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The catalytic wet peroxide oxidation (CWPO) process is an advanced oxidation technology that
has shown great potential for the decontamination of wastewater. CWPO allows the removal of
recalcitrant organic compounds under mild conditions (temperatures and pressures in the range of
25–100 ◦C and 0.1–0.5 MPa, respectively) by using hydrogen peroxide (H2O2) as an oxidant, which
is considered an environmentally friendly agent. This process requires a solid catalyst with redox
properties to generate hydroxyl and hydroperoxyl radicals from the H2O2 decomposition. These
radical species easily react with the pollutants, oxidizing them into biodegradable forms and finally
into CO2 and water.

This special issue gives an overview of the state-of-the-art CWPO research for the treatment of
industrial and urban wastewaters and how this process can be integrated into the water treatment
process [1]. It is illustrated that the high versatility of this low-cost technology, thanks to the CWPO
operational flexibility, is easily adaptable to any kind of wastewater, either polluted by high-loaded
recalcitrant organics in industrial wastewaters or by emerging pollutants at micro-concentration levels
in urban waters., This versatility also stands on the application of different types of solid catalysts,
which can be tailored according to the process requirements.

For this reason, intensive research effort has been focused on the development of catalysts capable
of promoting the abatement of different pollutants in combination with an adequate stability for
long-term use and high efficiency of H2O2 consumption. In this sense, supported gold nanoparticles
have demonstrated to fit these requirements, and a rigorous revision of the main goals of CWPO
in presence of gold catalyst can be found in the special issue [2]. However, deactivation cannot be
completely avoided due progressive fouling of the catalyst by the condensation by-products formed
upon reaction. An insight into the CWPO reaction mechanism in order to understand the formation,
nature, and role of these species [3,4] as well as the hydroxyl radical production mechanism [5],
has been also covered.

On the other hand, different innovative solutions show the current trends in the CWPO technology,
mainly aimed at the development of an efficient process operated at ambient conditions, by assisting
CWPO with UV light irradiation [6], solar light [7], air flow [8], or additional radical activators [9,10];
and also by operated under neutral pH with efficient production of hydroxyl radicals [11]. All these
achievements, with significant impact on the operating cost of the CWPO units, were conditioned by
the presence of a proper catalyst designed and tailored to provide the best performance.

Finally, we would like to acknowledge the work of excellence developed by the authors of all
the contributions to this collection issue, the good aid provided by the involved editorial assistants,
and the efforts and comments provided by the reviewers to improve the quality of the articles. Without
them, this special issue would not have been possible.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Catalytic wet peroxide oxidation (CWPO) is emerging as an advanced oxidation process
(AOP) of significant promise, which is mainly due to its efficiency for the decomposition of recalcitrant
organic compounds in industrial and urban wastewaters and relatively low operating costs. In current
study, we have systemised and critically discussed the feasibility of CWPO for industrial and urban
wastewater treatment. More specifically, types of catalysts the effect of pH, temperature, and hydrogen
peroxide concentrations on the efficiency of CWPO were taken into consideration. The operating
and maintenance costs of CWPO applied to wastewater treatment and toxicity assessment were
also discussed. Knowledge gaps were identified and summarised. The main conclusions of this
work are: (i) catalyst leaching and deactivation is one of the main problematic issues; (ii) majority
of studies were performed in semi-batch and batch reactors, while continuous fixed bed reactors
were not extensively studied for treatment of real wastewaters; (iii) toxicity of wastewaters treated
by CWPO is of key importance for possible application, however it was not studied thoroughly;
and, (iv) CWPO can be regarded as economically viable for wastewater treatment, especially when
conducted at ambient temperature and natural pH of wastewater.

Keywords: catalytic wet peroxide oxidation; heterogeneous Fenton; wastewater; cost; toxicity;
iron leaching

1. Introduction

Water is a vital and limited resource, which is constantly under pressure from urbanisation,
pollution, etc. The majority of these activities produce an over-exploitation of fresh water. For instance,
at least 11% of the European population and 17% of its territory have been affected by water scarcity [1].
Even in highly developed countries, the majority of wastewater is discharged directly into the
environment without adequate treatment, with detrimental impacts on human health, economic
productivity, and the quality of freshwater resources and ecosystems [2]. In accordance with the Water
Framework Directive [3], the good status of the water should have been achieved by 2015. However,
only about half of European waters are able to meet the requirements of this directive [4].

Industrial and urban wastewater effluents have been recognised as one of the major sources of
many environmental contaminants, such as polychlorinated biphenyls (PCBs) [5], polycyclic aromatic
hydrocarbons (PAHs) [6], pharmaceutically active compounds (PhACs) [7], personal care products
(PCPs) [7], pesticides [8], metals [9], antibiotics [10], and other pollutants of emerging concern.
Neuroendocrine, mutagenic, and/or health effects on the aquatic environment when exposed to
pollutants of emerging concern were reported [11]. Even at a low concentration (μg/L), some emerging

Catalysts 2018, 8, 673; doi:10.3390/catal8120673 www.mdpi.com/journal/catalysts3
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contaminants (e.g. synthetic musks) are persistent and bio-accumulate due to their hydrophobicity [12],
so an improvement of the existing wastewater treatment process is needed in order to prevent the
spread of emerging pollutants into the environment.

Irrefutably, Advanced Oxidation Processes (AOPs) are promising methods for the degradation
of resistant and recalcitrant compounds or their transformation into biodegradable form (partial
mineralisation). It is generally accepted that during AOPs, the generation of highly reactive oxidising
species, such as hydroxyl radicals, occurs. These oxidising species possess high electrochemical
oxidation potential (standard oxidising potential for hydroxyl radicals varies between 2.8 V at pH 0
and 2.0 at pH 14 [13]) and a non-selective nature, leading to the degradation of organic contaminants,
including those that are resistant to conventional oxidation processes, such as chlorination and
ozonation [14]. When oxidising species react with organic pollutants in water, series of oxidation
reactions are initiated causing, in an ideal case, complete mineralisation with the formation of
CO2, water and inorganic ions as final products. After achieving the complete mineralisation of
contaminants and the generated by-products, the further treatment of water is not needed [15].
This way, the secondary loading of contaminants into the environment can be avoided and AOPs can
be considered as "clean technology" [15]. It is highly possible that AOPs can be among the most used
water treatment processes for the elimination of persistent organic compounds from wastewater in
the near future [16,17]. However, not all AOPs are feasible for the treatment of real wastewater due to
high electricity demand, a significant amount of oxidant, the necessity of pH adjustment for optimal
operation, etc. Among several AOPs that are studied and used for the purification of wastewater,
catalytic wet peroxide oxidation (CWPO) or the heterogeneous Fenton process is emerging as one with
significant promise (Figure 1).

Figure 1. Number of scientific publications (Scopus) containing keywords: "CWPO" in the title and/or
abstract and/or keywords of article (blue). Number of articles in the scope of the review (real wastewater
matrix was used) in orange.

However, although the number of scientific publications is increasing, there are not many studies
using real wastewaters (see Figure 1). The most common compounds that are used in CWPO tests are
phenols and textile dyes [18–24] as model pollutants.

Taking into account that the composition of real industrial and municipal wastewaters is very
complex, the matrix of wastewater may significantly affect the performance of CWPO in the removal
of target pollutants. For instance, the removal efficiency of pharmaceuticals from industrial, urban,
and hospital wastewater was reported to be lower than that from ultrapure water [25,26], due to
the possible complexation of inorganic ions, such as chloride, carbonate, sulphate, etc. with iron
or their role as scavengers [27,28]. The aim of this article is to provide systematisation and critical
discussion on the feasibility of CWPO for the treatment of industrial (textile, petrochemical, olive oil
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mill, pharmaceutical, cosmetic, winery, and coffee processing industries) and urban wastewaters.
Hence, only research papers that are devoted to treatment of real and/or synthetic wastewaters
(prepared based on a matrix of real wastewater) by CWPO were chosen for this review. Special
attention was also devoted to toxicity assays when real wastewater was used, because of the important
possible impact on the receiving environment.

2. Main Principles and Mechanism of CWPO

CWPO is considered to be a low-cost technology [28] because it can be operated without
lamps (leading to reduction of electrical consumption) and at atmospheric temperature and pressure.
The organic pollutants that are present in wastewater are degraded by hydroxyl radicals (HO·)
generated due to the partial decomposition of H2O2 promoted with an appropriate catalyst. Iron-based
materials are the most commonly used catalysts for the CWPO process. Generally, catalysts are
classified as supported and non-supported (Figure 2). Many studies focus on the development of
new catalysts for CWPO in order to increase the stability of catalysts (avoiding iron leaching) and
their efficiency in terms of organic compounds removal [29–32]. Some materials used in CWPO are
synthesised using Cu2+, Mn2+, and Co2+.

Figure 2. Classification of catalysts used for catalytic wet peroxide oxidation (CWPO).

In comparison with the widely studied homogeneous Fenton process, CWPO is especially
attractive because it significantly reduces (e.g. zero valent iron) or does not generate sludge and
it enables work in a wide pH range [33].

CWPO can be integrated into the water treatment process, as follows [34] (Figure 3):

(1) Increasing the quality of the industrial or urban wastewater effluent. In the final step of the
wastewater treatment process, CWPO is able to remove residual contaminants, such as persistent
toxic endocrine-disruption or refractory compounds, and to increase the quality of the treated
effluent for water reuse or safe discharge.

(2) Increasing the biodegradability of industrial wastewater. In this case, CWPO can be applied
before the biological process in order to increase the biodegradability of recalcitrant compounds
and their suitability for biological treatment (conventional or not). It is important to mention that
only non-biodegradable wastewaters are suitable for CWPO. The CWPO followed by biological
processes can enhance the efficiency of the biological process and the viability of treatment from
an economic point of view [35].
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The concentration of organic contaminants (e.g. TOC or COD) in industrial wastewaters is
significantly higher than that in urban effluents. Consequently, the operational conditions of CWPO
applied for industrial wastewaters (prior biological treatment) and urban wastewater effluents
(after biological treatment), such as temperature, catalyst load, and H2O2 consumption would
significantly vary.

Figure 3. Schematic diagram showing possible integration of CWPO into the wastewater treatment
process and potential risks.

It is generally accepted that the decomposition of organic contaminants during the CWPO process
(heterogeneous Fenton) occurs mainly due to the presence of highly oxidative species, such as hydroxyl
radicals [13,36,37], which are formed during the classical Fenton’s reaction.

Fe2+ + H2O2 → Fe3+ + HO·+ OH− (1)

Fe3+ + H2O2 → Fe2+ + HOO·+ H+ (2)

Iron-based catalysts that are usually used for CWPO possess a relatively low adsorption capacity
towards organic compounds. The oxidation potential of hydrogen peroxide towards organic pollutants
in wastewater is also known to be relatively weak, so the highly oxidative species that are generated as
a result of complex reactions between hydrogen peroxide and iron-based catalysts play a crucial role in
CWPO efficiency. Taking into consideration that different iron-based catalysts can be used for CWPO
(e.g. zero valent iron, iron minerals, supported iron-based materials), the efficiency of the process will
strongly depend on type of iron specie on the surface of catalyst [38]. For instance, the presence of Fe2+

on the surface of catalyst plays an important role in the formation of hydroxyl radicals (reaction 1).
Leaching of Fe2+/Fe3+ into water during CWPO especially at low pH is another important factor,

6
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affecting the overall efficiency of the process. In a recent review [36], it was suggested that hydroxyl
radicals, hydroperoxyl radicals, and high-valent iron species are among the main reactive oxygen
species that are responsible for the decomposition of organic pollutants during CWPO. Generalised
representation of the mechanism of CWPO catalysed by iron-based materials is shown in Figure 4A.
However, the mechanism of CWPO catalysed by iron-based materials is not fully understood [36].

Figure 4. Schematic representation of CWPO mechanism A—catalysed by iron-based materials;
B—catalysed by carbon materials (in the absence of iron).

The CWPO process catalysed by carbon-based materials (without iron) was reported to be efficient
in the elimination of organic compounds in water (Figure 4B) [39–41]. According to recent studies,
the generation of hydroxyl radicals occurs during the decomposition of hydrogen peroxide by carbon
materials (reactions 3 and 4), as follows [39,42,43]:

H2O2 + AC → HO·+ OH− + AC+ (3)

AC+ + H2O2 → AC + HOO· + H+ (4)

It was suggested that a predominant pathway of organic contaminant decomposition during
CWPO occurs due to the attack of organic pollutants that are freely dissolved in the pore volume
of activated carbon (AC) by hydroxyl radicals [44]. The adsorbed fraction of organic compounds
was found to be almost non-reactive [44]. According to Anfruns et al. [45], the H2O2 treatment for
the regeneration of activated carbon is limited for non-polar and hydrophobic compounds. Recently,
the mechanism of this process was suggested [13,46] to consist mainly of the following steps:

(1) reducing active sites on the surface of carbon materials promotes the decomposition of H2O2

and formation of HO· [13,46];
(2) H2O2 adsorbed on oxidized active sites leads to the formation of HOO· and H+ [13,46];
(3) adsorbed HOO· and H+ in contact with reducing active sites on the carbon surface can lead to

the generation of atomic oxygen and water [13,46];
(4) the reaction of H2O2 with formed HOO·, HO·, and O2

·− in the bulk can lead to the generation
of HOO·, HO·, O2, and H2O [13,46]

(5) HOO·, HO·, and O2
·− radicals react with each other, leading to the formation of H2O, O2,

and low amounts of H2O2 [13,46].

3. CWPO for the Enhancement of Industrial Wastewater Biodegradability

About 50% of studies reviewed in this article were devoted to the application of CWPO to
the enhancement of the biodegradability of industrial wastewater (textile, petrochemical, olive oil
mill, pharmaceutical, cosmetic, winery, and coffee processing industries). The values of TOC and
COD in the industrial wastewaters studied strongly varied. For instance, the COD of industrial
wastewaters subjected to CWPO was in the range 0.3–58 g/L. In general, the biodegradability of the
studied industrial wastewaters was poor, as indicated by a relatively low BOD/COD ratio (0.09–0.355).

7
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In more than half of the studies on the CWPO of industrial wastewater, the initial pH of wastewater
was adjusted to 3–4. The results of CWPO applied to the enhancement of industrial wastewater
biodegradability are summarised in Table 1. It should be mentioned that wastewaters from textile
dyeing, tannery, microelectronics, organic fertilizer production, dairy industries, etc. could be of
particular interest for CWPO, and, to the best of our knowledge, remain missing.

3.1. Catalysts

In the majority of studies on the CWPO of industrial wastewaters, supported catalysts were
used [47–52]. Mostly iron-based catalysts supported on silica [49,51], pillared clays (PILC) [47,48],
and alumina [52] were applied, while copper-based catalyst supported on organic material [50] was
also studied. To the best of our knowledge, non-supported catalyst (zero-valent iron) was only used
for the treatment of industrial wastewater in one study [53]. This is not surprising, because supported
catalysts are emerging as potential for CWPO, which is mainly due to the simplicity of catalyst
separation after treatment and the fact that sludge is not generated.

The dose of catalyst that was used in studies on industrial wastewater treatment by CWPO varied
from 0.5 to 5 g/L. Molina et al. [48] reported that iron loading (Fe/(Fe+Al) molar ratios 0.05–0.15) is
more important than catalyst concentration (1.25–3.75 mg/L), indicating the key importance to the
iron loading for the efficiency of the process. Iron concentration in the catalyst was also reported to be
more important than the surface area of the catalysts [54].

For the practical application of CWPO to real wastewater, the stability of catalyst and its efficiency
in the long term are crucial. Interestingly, the stability of catalysts may vary in a real wastewater
matrix and model solution. Thus, the stability of Al-Fe PILC catalyst during CWPO was higher in
industrial wastewater than in an aqueous solution of 4-Chlorophenol [48]. To the best of our knowledge,
only two studies evaluated long-term catalyst efficiency for the enhancement of industrial wastewater
biodegradability [49,52]. Melero et al. [49] studied the stability of Fe2O3/SBA-15 catalyst used in the
treatment of industrial wastewater at a continuous up-flow fixed-bed reactor over a 55-hour period.
A slight decrease in TOC removal and H2O2 consumption was observed after 20 hours of treatment.
This observation was attributed to the possible modification of iron species during CWPO [55]. Despite
this fact, the overall stability of the catalyst was high during the 55 hours of treatment, leading to
50–60% TOC elimination [49]. Interestingly, the leaching of iron was below 0.05 mg/L (detection limit
of ICP-AES), suggesting the high stability of this catalyst [49]. Bautista et al. [52] demonstrated the high
stability of Fe/γ-Al2O3 catalyst for the treatment of cosmetic wastewater over 100 hours. An increase
in C and S on the surface of the catalyst was observed after 100 hours, which was attributed to possible
the adsorption or deposition of organic compounds on the surface. Interestingly, no significant effect
of C and S deposits on the efficiency of the catalyst was observed. Moreover, the leaching of iron over
100 hours was below 3% of the initial iron weight [52].

The leaching of iron from catalysts after CWPO of industrial wastewater was studied in the
majority of the reviewed articles. Generally, the leaching of iron from catalysts increases as the
pH decreases. For example, the concentration of dissolved iron from Fe0 decreased from 13.8 to
0.39 mg/L with an increase of pH from 2 to 8 [53]. Moreover, with increase of iron concentration in the
catalyst, the dissolution of iron (leaching) rises, but not proportionally [48]. The effect of the initial
TOC concentration of wastewater on the leaching of iron from silica-supported iron oxide catalyst
(Fe2O3/SBA-15) was studied by Pariente et al. [51]. It was demonstrated that, as the initial TOC of
petrochemical wastewater increases, so does the leaching of iron from the catalyst.

A correlation between the percentage of eliminated TOC and amount of leached iron was
reported [48]. This was attributed to the generation of by-products during CWPO, such as oxalic
acid, which may significantly increase the leaching of iron from the catalyst due to possible iron
complexation [56]. Pariente et al. [51] reported a decrease in iron leaching from the catalyst with an
increase in temperature from 120 to 160 ◦C. This was explained by the fact that, at higher temperature,
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the decomposition of low molecular weight carboxylic acids (for instance, oxalic acid) is more efficient
than that at a lower temperature.

3.2. Temperature

Temperature is an important factor to be taken into account during CWPO. In reviewed studies
that are devoted to the enhancement of industrial wastewater biodegradability through the application
of CWPO, the employed temperature of the process varied from 25 to 160 ◦C. Interestingly, CWPO of
industrial wastewater was conducted at an ambient temperature only in two studies [50,53], while,
in majority of the studies, the temperature was higher than 50◦C [47–49,51,52]. An increase in reaction
temperature might significantly enhance the decomposition of organic pollutants from wastewaters
and the consumption of H2O2. COD removal from olive mill wastewater increased from 37 to 69%
as the process temperature was raised from 25 to 70 ◦C [47]. The elimination of COD and TOC from
cosmetic wastewater was significantly enhanced when the temperature of CWPO was elevated from
50 to 70 ◦C, while a further increase of temperature up to 85 ◦C did not result in a significant increase
in organic pollutants removal [52]. Interestingly, the removal of TOC of petrochemical wastewater
that was treated by CWPO at a temperature of 120–160 ◦C did not vary significantly with a change in
temperature [51]. One should keep in mind that, as the temperature of the process increases, so does
the cost of the treatment. Hence, optimization of operational conditions, such as the temperature of
CWPO, is of high importance for practical application.

3.3. Effect of Initial Concentration of Organic Pollutants in Wastewater

When working in water treatment, one should keep in mind fluctuations in pollutants
concentration, which can significantly affect the efficiency of the applied process. Domínguez et al. [54]
studied the effect of initial organic loading (COD 3.5, 17 and 35 g/L) of winery wastewater on the
efficiency of CWPO. Interestingly, it was demonstrated that the effect of the initial concentration of
organic pollutants on the efficiency of CWPO is insignificant when a stoichiometric amount of H2O2 is
added in accordance with the initial organic load [54].

The effect of the initial TOC (0.22–2.2 g/L) of petrochemical wastewater on the performance
of intensified CWPO was studied [51]. A notable increase in TOC elimination was reported
with a decrease in the initial TOC of the wastewater. However, it was suggested that the
optimization of operating conditions for more concentrated wastewaters would allow the application
of intensified CWPO.

3.4. Effect of pH

CWPO can be operated in a wide pH range, but the efficiency of CWPO can significantly vary at
different pHs. For instance, the degradation of model compound (benzoic acid) by Fe3O4@CeO2 was
studied in a wide pH range (3.2–10.3) [57]. About 80% of model compound removal was achieved at
acidic and neutral pH, while in alkaline conditions the performance of CWPO significantly decreased
(below 50%). The wastewater’s pH affects not only the performance of the process, but also the
mechanism (homogeneous or heterogeneous Fenton) that is involved during CWPO catalysed by
iron-based materials. Usually, a higher performance of CWPO catalysed by iron-based materials is
obtained at pH 3–4. For instance, the elimination of COD from industrial wastewater (coal-chemical
engineering wastewater effluent) during the CWPO (Fe0/H2O2) process increased up to 98% with a
decrease of pH from 8 to 3 [53]. Often, at pH below 3, the reaction slows down. It was demonstrated
that, at acidic and neutral pH, the consumption of hydrogen peroxide during the CWPO of industrial
wastewater is very similar, while the elimination of organic pollutants is higher in acidic conditions [54].
This can be explained by the fact that different a mechanism occurs at acidic and neutral/alkaline pH.
At pH above 4, some hydrogen peroxide decomposes into water and oxygen [58]. In the pH range
of 3–4, more iron dissolves from the catalyst (in the case of an iron-based catalyst), leading to the
occurrence of the homogenous Fenton process in parallel with heterogeneous Fenton. The occurrence
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of a homogeneous Fenton reaction during CWPO is not always desirable, as it may decrease the
operating time of the catalyst in the long-term perspective. In more than 70% of research papers
on the CWPO of industrial wastewater reviewed in this article, the initial pH of the wastewater
varied between 2.8 and 4. In some cases, the natural pH of wastewater was in this range, while,
in majority of the studies, wastewater was acidified in order to improve the efficiency of CWPO.
It should be mentioned that pH adjustment (decrease before and increase after treatment) of industrial
wastewater prior to CWPO could significantly increase the cost of the treatment when applied on an
industrial scale.

3.5. Effect of H2O2 Concentration

The initial concentration of H2O2 added to wastewater prior to the CWPO treatment of industrial
wastewaters varied from 100 mg/L to 17.8 g/L (in reviewed articles). Such variation can be explained
by the different initial loading of organic pollutants in wastewater. In the majority of reviewed articles,
a stoichiometric ratio of H2O2 0.5–2 times the concentration of unknown contaminants (like TOC
or COD) was used. Pliego et al. [59] reported that the stoichiometric amount of H2O2 required for the
complete mineralization of COD in real wastewaters is 2.125 g per g of COD. Generally, the removal of
organic pollutants from wastewaters by CWPO increases with a rise of added H2O2 concentration up
to a certain level. However, when the concentration of added H2O2 is too high, the opposite effect is
often reported [53]. This phenomenon can possibly be explained by the fact that an excessive amount
of H2O2 plays the role of a hydroxyl radical scavenger, as shown in reactions 5 and 6 [60].

H2O2 + HO· → H2O + HO·
2 (5)

HO·
2 + HO· → H2 + O2 (6)

The addition of hydrogen peroxide to the process can be conducted in two ways: (a) the single
addition of H2O2 at the beginning of the process and (b) the gradual addition of H2O2. The gradual
addition of H2O2 was reported to be more efficient than the addition of all the H2O2 at the beginning
of CWPO, leading to the higher removal of organic pollutants from industrial wastewater and the
almost full consumption of H2O2 during the treatment [54,61].

The effect of initial H2O2 concentration on the elimination of COD, TOC, and the toxicity
(Photobacterium phosphoreum) of winery wastewater by CWPO (125 ◦C, graphite 5 g/L, pH 3.8) was
studied [54]. The increase of initial H2O2 concentration in wastewater led to an increase in COD
and TOC removal (up to H2O2/COD 1.6 stoichiometric), but when the dose of the initial H2O2 was
between 0 and 0.5 times stoichiometric, the treated wastewater was relatively toxic. Interestingly,
with a further increase of the initial H2O2 dose (1 and 1.6 times the stoichiometric amount), the toxicity
of the wastewater after treatment significantly decreased, indicating that the toxic by-products were
decomposed [54]. Thus, the optimum dose of H2O2 for elimination of toxicity was about stoichiometric.

3.6. Toxicity

To the best of our knowledge, a toxicity assessment of industrial wastewater that was treated by
CWPO was carried out in only two studies [47,54]. Acute toxicity bioassays of Vibrio fischeri [47]
and Photobacterium phosphoreum [54] were used. Interestingly, in some cases, the effluent of
industrial wastewater after CWPO was significantly more toxic than raw wastewater, which can be
attributed to the generation of by-products with higher toxicity than parent pollutants [54]. However,
with an increase in reaction temperature, the toxicity of the final effluent decreased, indicating the
decomposition of toxic by-products [54]. An increase in toxicity during CWPO was observed during
the first two hours of the CWPO of industrial wastewater, followed by a decrease in toxicity with
an increase in treatment time [47]. It should be mentioned that, in both studies, residual hydrogen
peroxide was removed from the wastewater before toxicity assessment, so the possible synergetic
effect of hydrogen peroxide and formed by-products was not evaluated.
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3.7. Cost Estimation

Considering all of the advantages of CWPO for the pre-treatment (prior biological process)
of non-biodegradable industrial wastewater, its practical application on an industrial scale might
be beneficial. In order to evaluate the possibility of introducing CWPO on an industrial scale,
cost estimation should be taken into account. Among the scientific articles devoted to the treatment of
industrial wastewater by CWPO (reviewed in this study), a preliminary cost assessment was done only
in one study [53]. The operating cost of CWPO (Fe0/H2O2, 25 ◦C), followed by the aerobic biological
treatment of coal-chemical engineering wastewater, was estimated to be 0.35 $/m3 [53]. It should be
mentioned that a relatively low operating cost was achieved mostly by avoiding the adjustment of
wastewater pH (initial pH 6.8) and conducting CWPO at an ambient temperature. When considering
that the majority of the studies devoted to application of CWPO as pre-treatment step were conducted
at elevated temperatures and with preliminary pH adjustment, the main operational costs in this case
would be (1) energy cost for conducting CWPO at high temperatures, (2) acidification of wastewater,
(3) H2O2, and (4) cost of catalyst. Sulfuric acid is usually used for adjustment of wastewater pH.
The price of this reagent is about 0.25 €/kg [62]. Taking into account that the pH of wastewater treated
by CWPO is usually close to neutral, the decrease of wastewater pH can be associated with a relatively
high cost on the industrial scale. Moreover, the cost of possible water neutralization (usually conducted
using NaOH, 0.55 €/kg) after CWPO is not taken into account.

The initial organic load in wastewaters prior to biological treatment is usually relatively high;
therefore, the dose of hydrogen peroxide that is required for CWPO is also high. In some cases, CWPO as
a pre-treatment step for wastewater cannot be economically feasible due to the high cost of hydrogen
peroxide. We have estimated the cost of H2O2 as a function of the initial concentration of organic
compounds in wastewater (Figure 5A), while considering that the price of H2O2 is 0.45 €/L [63,64].
Different catalysts can be used for CWPO; hence, the cost can vary significantly.

Figure 5. Cost of the H2O2 reagent as a function of the initial wastewater TOC (when stoichiometric
amount of H2O2 is added) for CWPO as pre-treatment (A) and as a post-treatment (B).

4. CWPO as a Post-treatment Step for Urban and Industrial Wastewater Effluents

In the majority of studies that are devoted to the application of CWPO as a post-treatment step
(after the biological process), synthetic and real industrial wastewater effluents were used. To the best
of our knowledge, only in one study were urban wastewater effluent and hospital wastewater treated
by CWPO [26]. The initial COD and TOC values (when measured) for synthetic and real industrial
wastewater effluents that were treated by CWPO varied from 25 to 551 mg/L (COD) and from 15 to
27 mg/L (TOC), respectively. The TOC levels of urban wastewater effluent and hospital wastewater
that were treated by CWPO were 2.6 mg/L and 110 mg/L, respectively [26]. The main outcomes of
the studies where CWPO was applied as a post-treatment step are summarised in Table 2.
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4.1. Catalysts

Iron-based catalysts that were supported on pillared clays [65] and alumina [26] were used as
catalysts for the post-treatment of wastewater effluents by CWPO. The dose of iron-based supported
catalysts varied from 2 to 5 g/L. However, granular activated carbon (GAC) without supported metals
(such as iron, copper, etc.) was applied as a catalyst for the CWPO of real and synthetic industrial
wastewater effluents in more than 60% of the studies focused on CWPO as the post-treatment method.
For CWPO with carbon materials, a column of GAC was used (140.1 g of GAC). It is not surprising
that carbon materials were used in the majority of the studies devoted to the post-treatment of
wastewater effluents by CWPO, as they are highly beneficial for practical application due to the
following properties [13]:

• High stability in wide temperature range;
• Stability under different pH conditions;
• High surface area;
• No leaching;
• Efficient for decomposition of H2O2; and,
• Low cost.

Moreover, depending on the source of carbon materials, they may contain metals, such as iron
and copper, as impurities, which might affect the efficiency of CWPO. CWPO with carbon materials
as catalyst is especially efficient as a post-treatment step when applied after Fenton/photo-Fenton
and/or UV/H2O2 processes due to the high efficiency of H2O2 elimination and the removal of possibly
toxic pollutants [42]. Therefore, CWPO with GAC as catalysts were efficient in the decrease of the
initial TOC and COD of industrial wastewater effluent (previously treated by UV/H2O2 process)
from 27 to 16.7 mg/L and from 59 to 26.6 mg/L, respectively, only after five minutes of contact time
with GAC [66]. It should be noted that residual H2O2 after the UV/H2O2 process was sufficient
for CWPO. When the initial load of organic pollutants in wastewater effluent is lower, even shorter
contact time can be sufficient for the significant elimination of pollutants. For instance, already after
2.3 min of CWPO, the TOC of industrial wastewater effluent decreased from 15 to 3.75 mg/L, while
COD decreased from 35 to 14.9 mg/L [43].

Interestingly, about 50% of the mineralisation (initial COD 551 mg/L) of biologically treated
industrial wastewater was achieved after five hours of treatment with the Al-Ce-Fe-PILC catalyst [65].
The efficiency of CWPO with iron-based catalyst in the decomposition of widely used pharmaceuticals
from hospital and urban wastewater effluents was recently demonstrated [26].

4.2. Temperature and pH

All studies that were devoted to the post-treatment of industrial wastewater effluents by CWPO
reviewed in this article were conducted at an ambient temperature (20–25 ◦C). Only one study focusing
on the elimination of pharmaceuticals from hospital and urban wastewater by CWPO was performed
at a higher temperature (75 ◦C) [26].

When carbon materials were used as catalysts for the CWPO post-treatment of industrial
wastewater effluents, the experiments were conducted without adjustment of wastewater pH. However,
when iron-based catalysts were used, the pH of wastewaters was adjusted to 3–4.

4.3. H2O2 Concentration and Toxicity

The initial concentration of H2O2 used for CWPO applied as post-treatment step for industrial and
urban wastewater effluents (in reviewed papers) varied between 79.3 mg/L and 3.4 g/L. It should be
mentioned that the high efficiency of H2O2 consumption is one of the main advantages of CWPO [49],
so, after the post-treatment of industrial wastewater effluents by CWPO using GAC, full consumption
of H2O2 was reported [42,43,66,67]. Interestingly, very short contact time (between 2.3 and 6 min)
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was sufficient for the significant elimination of organic pollutants and complete decomposition of
H2O2 [42,43,66,67]. Complete consumption of hydrogen peroxide during CWPO is extremely beneficial
from a practical point of view due to the absence of residual hydrogen peroxide in wastewater effluent,
so the possible toxicity of the final effluent (when CWPO is applied as post-treatment step) might
be avoided. Interestingly, relatively high concentrations of residual H2O2 (about 70 mg/L) were
reported after the treatment of urban and hospital wastewater effluents spiked with environmentally
representative concentrations of pharmaceuticals (μg/L) [26]. It should be noted that the presence
of hydrogen peroxide, even at low concentrations in discharged effluent, could be toxic for aquatic
organisms in receiving water bodies [68]. It is therefore very important to ensure complete H2O2

consumption during CWPO when it is applied as a post-treatment step.
Assessment of the toxicity of industrial wastewater effluents after CWPO was performed using

acute toxicity bioassays with Vibrio fischeri [67], Sparus aurata [43], and Paracentrotus lividus (fertilisation
and embryo-larval development) [42]. It is worth noting that H2O2 was not removed from the
wastewater prior to toxicity assessment in any of the reviewed studies that were devoted to CWPO
post-treatment of wastewater, so the synergetic effect of pollutants and H2O2 in wastewaters was
estimated. To the best of our knowledge, no toxicity assessment of urban wastewater effluents that
were treated by CWPO has yet been reported. Generally, after CWPO, the toxicity of wastewater
effluent decreases. For instance, Rueda-Márquez et al. [67] reported that the toxicity of refinery
wastewater effluent after CWPO decreased enormously according to the most sensitive tested species
(EC50, P. lividus embryo-larval development). Based on a toxicity assessment of industrial wastewater
effluents that were treated with CWPO, the effluents were recommended for safe discharge [42,43,67].
As far as authors are aware, there were no reports of toxicity assessments during the CWPO of real
wastewater effluent when applied as a post-treatment step. Despite the fact that H2O2 is considered
an environmental-friendly agent [7,69], the presence of H2O2 at high concentration in discharged
wastewater effluents can be highly toxic for the aquatic environment [42,43,68].

4.4. Cost Estimation

Preliminary estimation of the operating and maintenance costs of CWPO that were applied to
the post-treatment of wastewater effluents included only the cost of the catalyst and H2O2 reagent.
Since the CWPO process was conducted at ambient temperature and at the natural pH of wastewater
effluents, additional costs related to heating and/or pH adjustment were eliminated. The cost of the
catalyst (GAC) was estimated to be 0.042 and 0.028 €/m3 (including the cost of regeneration) [70,71].
Generally, the concentration of organic carbon in wastewater effluents was relatively low (15–27 mg/L
of TOC). The occurrence of the oxidation process (CWPO) on the GAC surface prevented the saturation
of the activated carbon, and so it caused a decrease in the regeneration cost (about 90% of the total cost).
Therefore, the cost of the catalyst (GAC) was estimated to be 0.0035 €/m3 (without regeneration cost).
However, if the organic load of the wastewater is significantly higher (TOC > 3 g/L), the deposition of
some reaction products on the surface of AC can occur [72], leading to the necessity of AC regeneration.

The concentration of H2O2 used during CWPO depends on organic load of the wastewater.
Generally, when CWPO is applied as a post-treatment process, lower concentrations of H2O2 are used in
comparison with CWPO that is applied as pre-treatment process. Taking into account that that the cost
of H2O2 reagent is 0.45 €/L [63,64], the cost of H2O2 that is used during CWPO can be estimated to be
0.10–4.63 €/m3 (see Figure 5B). From this estimation, it can be seen that when the required concentration
of H2O2 is relatively high, CWPO is not economically viable. In the case of wastewater effluents,
the concentration of H2O2 required for decomposition of organic pollutants that are present in water can
be estimated according to [59], so an approximation of the H2O2 cost depending on the initial load of
organic pollutants in wastewater can be made (Figure 5B). Thus, the total cost of CWPO catalysed by
carbon materials applied as a post-treatment method for wastewater effluents (at ambient temperature
and the natural pH of wastewater) can be estimated at 0.11–0.22 €/m3 [42,43,67].
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5. Conclusions, Knowledge Gaps, and Future Perspectives

This study discusses the feasibility of catalytic wet peroxide oxidation (CWPO) for pre-treatment
(before biological treatment) and post-treatment (after the biological process) of industrial and urban
wastewaters. Based on the reviewed literature, it can be suggested that CWPO is feasible as both a
pre-treatment and post-treatment step for industrial and urban wastewaters. Interestingly, CWPO can
be regarded as economically viable when performed at an ambient temperature and at the natural pH
of the wastewater. For instance, the reported cost of CWPO as a pre-treatment step was 0.35 €/m3 and
0.11–0.22 €/m3 when CWPO is applied to post-treatment. The knowledge gaps and future perspectives
that were identified in this study are presented below:

• Metal leaching and deactivation (e.g. due to mechanical and thermal degradation, poisoning,
fouling, etc.) are among the main drawbacks of iron-based catalysts for practical application
of CWPO. Based on revised literature it can be suggested that carbon materials are among the most
promising catalysts for the practical application of CWPO for wastewater treatment. Properties
of carbon materials, such as stability in a wide range of pH and temperature, high surface area,
absence of leaching, possibility to control some surface properties, and relatively low cost of
catalysts [74], makes them especially attractive for application.

• It can be expected that the elimination of emerging pollutants and the decrease of toxicity of
municipal wastewater effluents by CWPO can be very efficient. However, there is a lack of studies
that are devoted to the application of CWPO as post-treatment for municipal wastewater effluents.

• To the best of our knowledge, there is a lack of data on the toxicity assessment of wastewater
during the CWPO process. Moreover, in all studies dealing with CWPO for the treatment of
wastewater, only acute toxicity bioassays were used.

• Cost estimation is very important to the evaluation of CWPO feasibility for wastewater treatment.
Cost assessment was reported in only a few studies (some reviewed in this work). Interestingly,
cost evaluation was reported only when CWPO was conducted at an ambient temperature and
the natural pH of wastewater.

• Despite the fact that CWPO was shown to be a promising treatment method, majority of studies
with industrial or urban wastewaters were conducted at the laboratory scale. Moreover, among the
revised studies, mostly batch or semi-batch reactors were used, while continuous catalytic systems,
such as fixed bed reactors, were less studied. Taking into account that fixed bed reactors are
promising from the practical point of view (especially for recovery and reuse of catalyst) and
the reaction mechanism in batch and fixed bed reactors may vary due to different ratio between
catalyst and water [75], it can be expected that in the future these will be more studied. Catalysts
with magnetic properties can also be of high interest for the practical application of CWPO for
wastewater treatment, which is mainly due to the simplicity of catalyst separation after treatment.
However, investigations that are focused on industrial wastewater treatment by CWPO catalysed
by magnetic catalysts are lacking.
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Abstract: Nowadays, there is an increasing interest in the development of promising, efficient,
and environmentally friendly wastewater treatment technologies. Among them are the advanced
oxidation processes (AOPs), in particular, catalytic wet peroxidation (CWPO), assisted or not by
radiation. One of the challenges for the industrial application of this process is the development of
stable and efficient catalysts, without leaching of the metal to the aqueous phase during the treatment.
Gold catalysts, in particular, have attracted much attention from researchers because they show
these characteristics. Recently, numerous studies have been reported in the literature regarding the
preparation of gold catalysts supported on various supports and testing their catalytic performance
in the treatment of real wastewaters or model pollutants by CWPO. This review summarizes this
research; the properties of such catalysts and their expected effects on the overall efficiency of
the CWPO process, together with a description of the effect of operational variables (such as pH,
temperature, oxidant concentration, catalyst, and gold content). In addition, an overview is given of
the main technical issues of this process aiming at its industrial application, namely the possibility of
using the catalyst in continuous flow reactors. Such considerations will provide useful information
for a faster and more effective analysis and optimization of the CWPO process.

Keywords: catalytic wet peroxidation; radiation; gold-based catalysts; wastewater treatment;
advanced oxidation processes

1. Introduction

The world’s population growth and increasing industrial development led to the intense usage of
natural resources with the water bodies being used as a final destination for wastewater containing
pollutants [1–3]. The discharge of untreated wastewater introduces persistent contaminants into the
environment, some examples being metals, organic, and inorganic compounds [4–6], which have
harmful effects on ecology and public health [7].

In an attempt to minimize the impacts of effluent discharges, the European Union Water Framework
Directive (EU-WFD), in 2000, imposed maximum permissible values for ecotoxic or possibly ecotoxic
substances [8]. Thus, it is mandatory to adopt practical, efficient, and low-cost effluent purification
technologies [9,10], which will allow the complete elimination or, at least, reduction of the contaminants

Catalysts 2019, 9, 478; doi:10.3390/catal9050478 www.mdpi.com/journal/catalysts21



Catalysts 2019, 9, 478

concentration up to the limit values imposed by legislation [10,11], before wastewaters are discharged
into water bodies.

The wastewaters can be treated by physical-chemical processes, such as sedimentation,
coagulation/flocculation, filtration, adsorption, ultrafiltration, reverse osmosis, ion exchange,
or chemical precipitation [12,13], by biological degradation [13–15], and/or by conventional oxidative
processes, which degrade the pollutant by the action of oxygen or other oxidants, such as hydrogen
peroxide, ozone, and permanganate [16–18]. Physical-chemical processes are not very appealing
because the pollutants are concentrated at another phase, which requires a subsequent treatment [10].
Biological degradation, although economically advantageous, is inefficient since the compounds
present in effluents are very often toxic and/or non-biodegradable [19,20]. Moreover, conventional
oxidative processes might not have enough capacity to completely oxidize refractory compounds
with high chemical stability and, therefore, there is a high risk of intermediate products being formed
during oxidation, which can be even more toxic than the initial ones [21–23].

Advanced oxidation processes (AOPs) are emergent and attractive treatment technologies to
degrade compounds with high chemical stability, toxicity, and non-biodegradability [10,24]. AOPs
generate the hydroxyl radical (HO•), responsible for oxidizing refractory organic compounds into
non-toxic products, such as CO2 and H2O [10,25–27]. Given the high efficiency of the hydroxyl
radical, the AOPs have been widely used, not only in wastewater treatment [9,19,28–30], but also
in soil and sediment remediation [31,32], decontamination of gaseous effluents containing volatile
organic compounds and elimination of odors [33–36], water and groundwater treatment [37–39],
and conditioning of municipal sludge [40,41].

Several AOPs are available, as will be detailed in the next section, that use different oxidants, with
or without catalysts, in the presence of absence of radiation. Herein, we will focus on the catalytic
wet peroxidation (CWPO) process using nano gold-based catalysts for wastewater treatment. This
process presents several advantages compared to other AOPs, namely: it uses environmentally friendly
reagents, does not require sophisticated equipment, and is operated under mild conditions of pressure
and temperature. Moreover, catalysis by gold presents additional advantages, such as non-leaching
of the metal to the treated effluent and efficient and stable performance, which are important for
industrial applications.

A survey of the catalyst properties, operating conditions, and their effect on the efficiency of the
process will be discussed. To the best of the authors knowledge, such review has not yet been reported
in the literature.

2. Advanced Oxidation Processes

As mentioned above, AOPs are based on the formation of the hydroxyl radical. This radical
has a high oxidation potential (2.8 eV [42,43]), being immediately below the fluorine (see Table 1),
and exhibits high oxidation reaction rates, compared to traditional oxidants, such as chlorine, hydrogen
peroxide, or potassium permanganate [11].

Table 1. Standard oxidation potential of some chemicals species (adapted from [42,43]).

Chemical Species Oxidation Potential (eV)

Fluorine 3.03
Hydroxyl radical 2.80
Atomic oxygen 2.42
Ozone 2.07
Hydrogen peroxide 1.77
Potassium permanganate 1.67
Hypobromous acid 1.59
Chlorine dioxide 1.50
Hypochlorous acid 1.49
Chlorine 1.36
Bromine 1.09
Iodine 0.54
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The hydroxyl radicals are able to react with almost every type of organic compounds [27], leading,
in some cases, to their complete oxidation into CO2 and H2O [10,25,26]. However, partial oxidation can
be the main route, usually leading to more biodegradable products [25,26]. The oxidation of organic
matter (RH) by hydroxyl radicals occurs by three mechanisms [19,42]: radical addition (Equation (1)),
electron transfer to radicals (Equation (2)), and hydrogen abstraction (Equation (3)) that generates
organic radicals, which yield peroxyl radicals by addition of molecular oxygen (Equation (4)).

HO• + RH→ RH2O (1)

HO• + RH→ RH•+ + OH− (2)

HO• + RH→ R• + H2O (3)

R• + O2 → RO•2 (4)

A large number of technologies are responsible for the generation of the hydroxyl radicals. Most
of them use a combination of oxidants, such as ozone or/and hydrogen peroxide, semiconductors
(like titanium dioxide or zinc oxide) or catalysts (e.g., transition metal ions), and irradiation (ultraviolet
and/or visible, sunlight or ultrasounds), as shown in Figure 1 [11,19,24,44]. Processes in which the
catalyst is dissolved in the effluent are called homogeneous, but when the catalyst is supported on a
solid matrix they are designated as heterogeneous.

AOPs

Homogeneous

Without Radiation

O3 (in alkaline medium);

O3/H2O2;

H2O2/catalyst 

(catalytic wet 
peroxidation).

With Radiation

O3/UV;

O3/H2O2/UV;

H2O2/UV;

H2O2/catalyst/UV;

O3/sonication;

H2O2/sonication.

Heterogeneous

Without Radiation

Electro-Fenton;

O3/solid catalyst;

H2O2/solid catalyst

(catalytic wet 
peroxidation).

With Radiation

TiO2/O2/UV;

H2O2/solid 
catalyst/UV;

O3/solid catalysts/UV.

Figure 1. Some relevant advanced oxidation processes (AOPs) for wastewater treatment (adapted from
Poyatos et al. [24]).

The benefits of AOPs are: the possibility of degrading pollutants in lowa wide range of
concentrations, the easiness in combining with other processes, such as biological and adsorption,
and also the fact that some of them are conducted at near ambient pressure and temperature [9,44].
Nevertheless, each AOP has characteristic drawbacks associated. As an example, when using
ozone-based processes, sophisticated equipment is required, such as an ozone generator, a cooling
system, pre-and post-treatment setups to dry the air fed to the ozonator and to reduce the residual ozone
in the gas off, respectively [45], which increases the implementation and operation costs. The processes
that use radiation have high expenses of energy consumption, in addition to the costs of the installation
and equipment. However, when effective photocatalysts are used, this charge can be null in countries
with high incidence of solar radiation, which can replace artificial sources. Another disadvantage
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of these processes is that the compounds present in the effluent can filtrate or absorb the radiation,
limiting its reaction with the oxidant [46], which decreases the treatment efficiency.

The CWPO process is known for its simplicity, as it does not require any sophisticated equipment,
involves safe and easy to handle reactants, has high efficiency, and low investment cost [47,48]. This
review is focused on the wastewater treatment by CWPO using nano gold-based catalysts. The use of
gold catalysts shown benefits as there is no loss of metal into solution and materials are stable and
efficient, as will be further explained below.

3. Catalytic Wet Peroxidation

In the end of the 19th century, the CWPO process was firstly observed by H.J.H. Fenton, who
described the highly oxidative properties of hydrogen peroxide in presence of iron ions during
oxidation of tartaric acid [49]. Later, Haber and Weiss [27] discovered that the hydroxyl radical was
the responsible for the degradation of the organic compounds. So, CWPO is based on the catalytic
hydrogen peroxide decomposition by transition metallic cations (M) that generates hydroxyl radicals
(see Equation (5)) in mild reaction conditions [27,50–53]. In this process, the catalyst is oxidized in
the reaction with H2O2, generating HO• (Equation (5)), being regenerated (reduced) with additional
H2O2 molecules and even with the generated hydroperoxyl radicals (HO2

•), according to Equations
(6) and (7) [52–55].

Mn+ + H2O2 → M(n+1)+ + HO• + HO− (5)

M(n+1)+ + H2O2 → Mn+ + HO•2 + H+ (6)

M(n+1)+ + HO•2 → Mn+ + O2 + H+ (7)

The hydroxyl radical has an extremely short life-time but is very reactive as it can react with the
excess of catalyst (Equation (8)) or even oxidant (Equation (9)) [50,52–55], being such reactions the
undesired scavenging of the hydroxyl radicals.

Mn+ + HO• → M(n+1)+ + HO− (8)

H2O2 + HO• → HO•2 + H2O (9)

The main limitations of homogeneous CWPO are the following: (i) the narrow pH range (2 to 4)
in which the pollutants degradation efficiency is maximum [52,55,56], and (ii) the need to recover
the catalyst after treatment, in order to comply with environmental regulations, as shown by some
authors [57]. A subsequent unit is required afterwards, in which the generated sludge, containing
organic compounds as well as metals, has to be further treated, becoming the overall process more
complex and expensive [48,52,54–56]. In order to overcome this challenge, several studies have been
reported in literature dealing with supporting metals on solid porous matrices. By doing so, the metal
is deposited on the support, becoming a heterogeneous catalyst, which is present in solution in a solid
form, forming a slurry (batch reactors), being easily recovered; alternatively, it can be packed in a fixed
bed reactor.

The principles of the heterogeneous process are very similar to the homogeneous; however,
complexity increases due to the diffusion/adsorption phenomenon. It is widely accepted that hydrogen
peroxide is adsorbed on the matrix pores, but this is not completely proved [58].

The main reactions of heterogeneous CWPO (Equations (10)–(14)) are the same as the homogeneous
analogue, but with the addition of the support (X):

X-Mn+ + H2O2 → X-M(n+1)+ + HO• + HO− (10)

X-M(n+1)+ + H2O2 → X-Mn+ + HO•2 + H+ (11)

X-M(n+1)+ + HO•2 → X-Mn+ + O2 + H+ (12)
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X-Mn+ + HO• → X-M(n+1)+ + HO− (13)

H2O2 + HO• → HO•2 + H2O (14)

The wastewater treatment by CWPO has been extensively studied for decades, mostly using
supported iron as a catalyst [29,52,58–61] (in this case, the process being called Fenton or Fenton-like).
Recent studies report on catalysts where iron has been replaced by other metals, such as nickel, cobalt,
copper, cerium, and manganese, as well as bimetallic particles [47,51,62–65]. However, quite often,
such materials are not stable, leaching the metal to the effluent, making their reuse not possible,
and their industrial application unfeasible.

In order to overcome the problem of the catalysts lack of stability, some authors report on effluents
treated by CWPO using gold catalysts supported on porous matrices. Although this might seem less
economically attractive, given the price of gold, these catalysts present high stability, with negligible
metal leaching, and are efficient in hydrogen peroxide consumption and pollutants degradation [66–75].
In the next sections, we will discuss some methods of preparation of nano gold-based catalysts and the
treatment of effluents by CWPO catalyzed by gold.

4. Nano Gold-based Catalysts

For gold to be an active catalyst, its synthesis must be carefully made in order to obtain well
dispersed nanoparticles on the support. This preparation process of the gold catalysts starts by
obtaining colloidal gold in suspension, by reducing Au3+ to Au0 [76,77], using different reducing
agents (such as alcohols, ascorbic and citric acid, amines, citrate, hydrazines, and toluene) [77,78].
As atomic gold is formed and its concentration increases, the solution becomes saturated and the
metal gradually precipitates and forms nanoparticles. Nanoparticle formation is promoted by the
addition of stabilizers [76,77], like amines, quaternary alkyl ammonium ions, phosphine, carboxyl
acids, and thiols [77].

Usually, gold colloids are obtained by applying the Turkevich method [79], which consists on the
reaction between AuCl4− (using tetrachloroauric acid (HAuCl4) or sodium tetrachloroauric (NaAuCl4))
with sodium citrate as reducing agent and capping [80], resulting in gold nanoparticles with particle
diameters of 10–12 nm [76,77]. However, for catalytic purposes, it is advantageous that gold particles
have smaller sizes, between 2 and 10 nm [77]. This is achieved by reducing AuCl4− with a strong
reducing agent, such as NaBH4 [77,78].

Another method for generating gold colloids was developed by Brust et al. [76]. It is based
in the reaction of HAuCl4 solution with NaBH4 (reducing agent), in the presence of toluene and
tetraoctylammonium bromide (TOAB) which acts as a transfer cation, stabilizing agent, and anti-coagulant.
First, the migration of AuCl4− from water to the organic phase (toluene) takes place, by ion metathesis
of the counter anion on the phase transfer agent. Then, addition of sodium borohydride promotes
the precursor reduction to metallic gold. This method produces gold nanoparticles with particle sizes
between 2 to 6 nm [76,77].

The gold colloids can also be formed by dissolving AuCl4− in a solvent (like benzyl alcohol or
ethylene glycol [78]), other than water. Reduction occurs by thermal treatment or addition of reducing
agents [77].

The catalysts preparation is finalized by deposition of gold on a support (normally a metal oxide
or a carbon material). Both processes (colloid formation and deposition on the support) can occur
simultaneously and can be achieved by using several methods, namely deposition/precipitation (DP),
co-precipitation (CP), impregnation, vapor-phase deposition, grafting, sol-gel, ion-exchange, among
others [80–83]. These most common techniques are described below.

4.1. Deposition/Precipitation

The DP method is one of the most widely used for gold catalysts preparation. This procedure was
first described by Haruta [81], who adjusted the pH of HAuCl4 solution in the range 6–10 with NaOH,
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then added the metal oxide used as support [80], and readjusted the pH. The suspension was stirred
during 1 h for gold precipitation in the form of Au(OH)3, that was deposited on the metal oxide surface.
Finally, after the deposition step, the solid in suspension was recovered, washed, dried, and submitted
to a thermal treatment at 250 ◦C in air atmosphere [81], or at 300 ◦C in hydrogen atmosphere [77],
for gold reduction.

Haruta [81] referred the influence of pH on gold particle size. For pH about 6, the AuCl4− is
transformed into [Au(OH)nCl4-n]− (n = 1 to 3) and the mean size of gold particles size is less than
4 nm. For pH in the range 7 to 8, the n value is close to 3, which is preferable for the preparation of
the gold catalysts, depending on the support. At lower pH, the hydrolysis of the Au-Cl bond takes
place in a smaller extent. Moreover, for values of pH below the oxide isoelectric point, its surface
is positively charged and consequently adsorbs more negative charged gold species. This results
in a higher concentration of chloride on the surface, which promotes high mobility of gold, leading
to the formation of larger particles [80]. For pH values above the isoelectric point of the support,
the adsorption of negatively charged gold species decreases drastically. Consequently, the gold loading
is lower, and so is the chloride concentration, with smaller particles of Au being formed [80]. Figure 2a
shows a HR-TEM image and histogram of gold nanoparticle size distribution of a catalyst prepared
at pH 9 by deposition/precipitation. This procedure is reproducible, very reliable, and the obtained
catalysts show high catalytic activity.

 

 
Figure 2. -HR-TEM image and histogram of gold particle size distribution of Au/Al2O3 catalyst (a)
prepared at pH 9.0 by deposition/precipitation (DP) with NaOH and heating at 70 ◦C and -HR-TEM image
of an Au/α-Fe2O3 catalyst (b) prepared by the co-precipitation method calcined at 400 ◦C. Nanogold
particles are seen as dark spots. Adapted from Rodrigues et al. [67] and Hodge et al. [84], respectively.
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4.2. Co-Precipitation

This method is based on simultaneous CP of hydroxide or carbonate and gold. For that,
the gold precursor (HAuCl4) and the soluble metal salt precursor (preferably a nitrate) are added to a
Na2CO3 (and/or NH4OH) solution and the suspension is mixed for a few minutes. After 1 h aging,
the precipitates (Au and metal oxide) are washed and filtrated for five consecutive cycles, then dried
overnight, and finally calcined in air atmosphere, to obtain a powder material [80–82,85]. This method
differs from DP, in the sense that both oxide and gold are co-precipitated at the same time (in DP, Au is
deposited on the already prepared support).

The preparation of catalysts by CP needs a concentration of metal salt around 0.1-0.4 M, pH range
of 7–10 and temperature of precipitation and calcination between 47–87 and 227–397 ◦C. Within these
conditions, a homogeneous dispersion of gold nanoparticles can be obtained [82].

CP is the most useful and simple method; however, its applicability is limited, as only metal
hydroxides or carbonates can be co-precipitated with Au(OH)3; moreover, reducible supports (α-Fe2O3,
CO3O4, NiO, and ZnO) have to be employed in order to obtain a good dispersion of the gold
nanoparticles [80,82]. Figure 2b shows a HR-TEM image of a Au catalyst prepared by this method.

4.3. Impregnation Method

This method consists in impregnating the support with a gold salt solution. This may be done by
suspending the support on a large volume of metal salt, from which the solvent is removed, or by
filling the pores of the support with the solution (this later procedure being called incipient wetness
impregnation). Then, the precursor is dried and calcined at temperatures as high as 800 ◦C and reduced
with hydrogen atmosphere at 120–250 ◦C, or aqueous oxalic acid at 40 ◦C, or aqueous magnesium
citrate [80,83].

In the preparation of gold catalysts by this method, usually chloroauric acid (HAuCl4·3H2O)
or auric chloride (AuCl3 or Au2Cl6) are used as metal precursors. However, complex salts such as
potassium aurocyanide (KAu(CN)2) and the ethylenediamine complex [Au(en)2]Cl3 may also be
employed. Regarding the supports, silica, alumina, and magnesia are often used, but titanium oxide,
boehmite (AlO(OH)), magnesium hydroxide, or ferric oxide (α-Fe2O3) have also be employed [83].
Figure 3a shows a HR-TEM image of a Au/Al2O3 catalyst prepared by incipient wetness impregnation.

Although impregnation is a classical procedure in the preparation of platinum group metal
catalysts, it is not often applicable to gold, since the obtained catalysts show larger gold particle sizes
when compared to materials prepared by CP or DP techniques. Moreover, they show low catalytic
activity and it is difficult to obtain a good dispersion of the gold on the metal oxides. On one hand,
gold has less affinity for these supports and lower melting point (1063 ◦C) than those of Pd (1550 ◦C) or
Pt (1769 ◦C). On the other hand, during calcination of the precursor at low temperature (below 600 ◦C)
the crystals of HAuCl4 are dispersed on the surface of the support and the chloride ion markedly
enhances the coagulation of gold particles [80–82,86].

 

Figure 3. Cont.
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Figure 3. (a) HR-TEM image of an Au/Al2O3 catalyst prepared by incipient wetness impregnation,
reduced at 250 ◦C using 5% (vol.) of hydrogen in nitrogen as gas phase. (b) HR-TEM image and
respective histogram of gold particle size distribution of Au/CNT prepared by vapor-phase deposition
(dried overnight at 90 ◦C). Gold nanoparticles are seen as dark spots. Adapted from Baatz et al. [87]
and Lorençon et al. [88], respectively.

4.4. Vapor-phase Deposition and Grafting Methods

The procedures for preparation of gold-based catalysts by these two methods are similar, the only
difference being in the use (or not) of solvent. In the vapor-phase deposition method (also called
chemical vapor deposition), a vapor of an organic gold compound (such as dimethyl-gold(III)-acetyl
acetone, dimethyl-gold(III) β-diketone, or gold acetylacetonate) is transported onto a high area support
by an inert gas stream and chemically reacts with the support surface to form a precursor of gold.
The organic gold compound adsorbed on the support is pyrolyzed in air atmosphere, to be decomposed
into small gold particles [80,81,83]. This method can be applied to a variety of metal oxides, including
acidic supports, like silica oxide [80,81,83]. Figure 3b presents a HR-TEM image and histogram of
particle size distribution of a gold catalyst supported on carbon nanotubes prepared by the vapor-phase
deposition method.

In the grafting method, a gold complex ([Au(PPh3)]NO3 and/or [Au9(PPh3)8](NO3)3) in solution
is grafted onto the surface of a number of precipitated wet hydroxides (manganese and cobaltous
hydroxides being particularly effective), which have many OH groups at the surface, which react with
gold [80,83]. Then, drying in vacuum at room temperature and temperature-programmed calcination
in air atmosphere are carried out, in order to cause a simultaneous transformation of the precursor to
gold particles and oxides [80]. The deposition of gold on activated carbon is only achieved with the
grafting method, however, the gold particles have too large diameters, around 10 nm [82], which leads
to an inferior catalytic activity.

4.5. Sol-Gel Method

According to several authors, in the sol-gel method a sol solution of the support is obtained by
mixing the support precursor (like tetra-ethyl-ortho-silicate, aluminum tri-sec-butoxide, aluminum
isopropoxide, or tetrabutoxy-titanium) with water, ethanol and methanol, and/or nitric acid. Then,
the gold precursor (such as chloroauric acid, gold acetate, or hydrogen tetranitratoaurate) is added to
the sol solution of the support, stirring vigorously for a variable time until the gel begins to be formed.
The obtained gel is dried during 12–24 h at a temperature about 100–200 ◦C and a calcination step
follows [80].

The catalysts prepared by this method show gold nanoparticles with sizes below 6 nm, involving
materials resulting from soluble precursors which form three-dimensional networks with the addition
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of a base [80]. In Figure 4a it is possible to see a TEM image and gold particles size distribution of gold
nanoparticles support on activated carbon prepared by the sol immobilization method.

 

Figure 4. (a) TEM image and particle size distribution of Au/C prepared by the sol immobilization
method (dried at 60 ◦C until total evaporation of solution) and (b) TEM image of Au/Y prepared
by ion-exchange at 25 ◦C and pH = 5.0. Gold nanoparticles are seen as dark spots. Adapted from
Quintanilla et al. [68] and Lin et al. [89], respectively.

4.6. Ion-Exchange Method

The ion-exchange method consists in replacing the protons or other cations on surface, or within
the structure of the support, by gold, and this leads first to atomically dispersed species and then, after
calcination and reduction with hydrogen, to small gold particles [80,83].

This method is especially effective for depositing gold on zeolites, but the introduction of active
species into the cavities of these supports, instead of placing gold on their external surface, presents
several difficulties, for example, only limited cations or cationic complexes can be used ([Au(en)2]3+ –
en = ethylenediamine - or [Au(NH3)2]+) [80,83]. For this reason, the ion-exchange method is rarely
used in the preparation of gold catalysts, although small metal particles are obtained.

Figure 4b shows a TEM image of gold supported on zeolite (Au/Y) catalyst prepared by the
ion-exchange method.

In the next sections, we will present the treatment of wastewater by wet peroxidation using gold
catalysts. The influence of catalyst properties and operating conditions, as well the catalyst stability,
will be discussed.
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5. Application of CWPO using Gold Catalysts in Wastewater Treatment

In the last century, there was an increasing interest in the use of gold catalysts by the scientific
community. These materials have been used in chemical and environmental catalysis, in reactions
such as CO oxidation [85,90,91], hydrogenation [92], water-gas-shift [93–95], combustion of volatile
organic compounds [96–98], and organic compounds reduction [99] or oxidation [86,100–102]. Gold
catalysts have also been used in wastewater treatment by catalytic wet peroxidation, which is the focus
of this review, as said above. Gold has replaced catalysts that, although being efficient in the removal
of pollutants, present the disadvantage of high metal leaching, like iron-based catalysts [69,70,103,104].
Gold does not leach, is stable and efficient, as mentioned above and will be further discussed ahead.

The preparation methods previously described influence the gold particles size and, consequently,
the dispersion of the metal on the surface of the support. These two parameters are correlated as
demonstrated by Equation (15) and have a strong effect on the catalytic activity, as well as other
properties of gold-based catalysts like pore size, surface area (SBET), mesoporosity of the support,
and the oxidative state of gold.

Some authors correlate the effect of the gold amount and dispersion (and indirectly the particle
size) with the catalytic performance, by evaluating the turnover frequency (TOF), which provides the
number of molecules of target substrate degraded per gold atom and time unit (Equation (17)).

DM (%)=
6× ns×MM× 1000
ρ×N× dp

×100 (15)

n (moles of gold) =
YAu × Wcat

MM
(16)

TOF
(
h−1
)
=

C
DM
100 ×n× t

(17)

where: C refers to the molecules of substrate degraded, DM is the gold dispersion, n is the number
of moles of gold used, t is the time of reaction, ns is the number of atoms at the surface per unit area
(1.15 × 1019 m−2 for Au) [105], MM is the molar mass of gold (196.97 g/mol), ρ is the density of gold
(19.5 g/cm3), N is the Avogadro’s number (6.022 × 1023 mol−1), dp is the average gold particle size (nm),
YAu is the amount of gold in the catalyst (wt.%), and Wcat is the mass of catalyst (g).

The efforts to achieve active and stable gold catalysts to be used in the treatment of effluents by
CWPO, in view of industrial applications, have been reported in literature. Table 2 presents an outlook
of the research made, showing which pollutants were degraded, the wastewater treatment conditions
used, catalysts employed, and efficiency reached.

The efficiency of the catalytic wet peroxidation process for wastewater treatment is influenced
by the catalyst properties and many operating conditions, such as gold loading, pH, temperature,
hydrogen peroxide dose, catalyst concentration, and also the radiation intensity source (the latter in
the case of the photo-assisted wet peroxidation). The influence of the catalyst properties and the effect
of such operating conditions, as well as the stability of these catalysts, will be briefly described below.
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5.1. Influence of the Catalyst Properties

As already mentioned above, the catalytic properties directly affect the efficiency of the CPWO
process. Ge et al. [106] concluded that the textural properties influenced AO7 dye removal, and achieved
80% for Au/CeO2 with a lower SBET (55 m2/g) and an intermediate gold content (1 wt.%).

Alvaro et al. [109] concluded that the morphological properties of gold supported on mesoporous
titania had an influence in the decontamination of Soman wastewater. The authors reached the best
decontamination degree (~100%) for a catalyst with medium surface area (90 m2/g) and large pore
diameter (7.1 nm) associated to a highest gold loading (0.70 wt.%), among the studied samples.

Navalon et al. [74] evaluated phenol oxidation by CWPO using gold supported on CeO2, TiO2,
carbon, Fe2O3, npD, and HO-npD, and observed that catalysts with smaller gold particle size (< 1 nm)
and intermediate gold loading (1.0%) led to the highest performance (total phenol disappearance and
48.0% of hydrogen peroxide consumption). Moreover, a small amount of gold (0.7%) was leached from
the support to the solution.

However, in the three studies reported above, the authors do not indicate any explanation why
the efficiency of CPWO was the best for the catalysts selected. The main characteristics influencing the
catalysts performance in CPWO are morphology and porosity (adsorption capacity), gold loading,
and particle size.

The optimization of the gold loading of a catalyst is essential for economic aspects, as mentioned
above, and is determinant for catalysing the reaction that generates hydroxyl radicals, influencing the
efficiency of CWPO. In the work of Rodrigues et al. [67], the efficiency of CWPO decayed dramatically
when the loading of gold on iron oxide increased from 0.8 to 4.0 wt.%, reducing from 99.7 to 36.6% and
from 75.8 to 24.0% for OII dye and TOC removals, respectively. Moreover, a significant reduction was
observed in the production of hydroxyl radicals with increasing gold content.

However, in a work using CWPO assisted with radiation to treat an OII dye solution with gold on
iron oxide, the gold content had no effect on the colour removal [110]. This is due to the fact that the
dye is degraded in the presence of UV/vis radiation alone. However, the authors observed a slight
reduction in mineralization from 68.2 to 58.4% when the gold content increased, as well as in the
production of hydroxyl radicals [110].

In both studies mentioned above, the authors pointed out an explanation for the decay of the
process performance with the increase of the gold content; if in excess, gold reacts with the hydroxyl
radical (HO• + Fe2O3-Au0 → Fe2O3-Au+ + HO−), being less available to oxidize the dye, and the
reaction by-products [66,110].

The degradation of methyl orange decreased from ~40 to ~10% when the gold loading increased
from 1.0 to 4.0 wt.%, in a study dealing with the removal of this dye by CWPO, at 25 ◦C, using gold
supported on modified titanium nanotubes [107]. The authors attributed this decreased of process
efficiency to the fact that the catalyst with lower gold content had a smaller particle size and gold was
uniformly distributed on the surface of the support [107].

On the other hand, and as shown in Figure 5a, the degradation of AO7 dye increased with gold
loading until 1 wt.%; however, a further increase of catalyst content to 2 wt.% impaired the oxidation
of the dye by CWPO, using gold on cerium oxide as catalyst [106], increasing the ratio between the
AO7 concentration after 30 h of reaction (C) and the initial AO7 concentration (C0), C/C0, from 0.2 to
0.4. Furthermore, the combination of CWPO with visible radiation showed an optimum for 1 wt.%
of gold loading for shorter reaction times (less than 5 h), more notorious in the period from 2 to 5 h
(see Figure 5b) [106].

In contrast with the above-mentioned studies that showed the existence of an optimal gold loading,
Yang et al. [108] observed that the removal of bisphenol A and consumption of hydrogen peroxide
increased from 21.1 and 9% to 89.0 and 45%, respectively, after 12 h of reaction, when the gold content
in an Au/AC catalyst increased from 0 to 3 wt.%. Moreover, Sempere et al. [75] observed a decrease in
the turnover frequency (calculated according to Equations (15)–(17)) of phenol and hydrogen peroxide
from ~100 and 320 h−1 to ~70 and 180 h−1, respectively, when the gold loading increased from 0.1
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to 0.5 wt.% in Au/FH2, and subsequent annealing treatment with hydrogen for sunlight assisted
CWPO. The authors pointed out an explanation for the decay of the catalytic activity with increasing
particle size, i.e., the catalyst having a lower gold content had a smaller particle diameter and showed
more efficiency.

 
Figure 5. C/Co ratio during AO7 degradation by CWPO (a) and assisted with visible radiation (b)
processes at different gold loadings ([AO7] = 35 mg/L, [H2O2] = 20 mM and [Au/CeO2] = 0.5 g/L).
Adapted from Ge et al. [106].

The studies described above allow us to conclude that the effect of the gold loading in the efficiency
of CPWO depends on the type of catalyst used and the compound/wastewater to be treated.

Quintanilla et al. [68] evaluated the degradation of phenol, the mineralization and H2O2

consumption by wet peroxidation using Au/C, Au/Fe2O3, and Au/TiO2. They verified that activated
carbon is the preferable support because it has a higher adsorption capacity. Also, Au/C with less
amount of gold (0.13 wt.%), lower gold size (5.1 nm), and higher fraction of Auδ+ in the catalyst surface
(31%), presented the highest TOF for phenol oxidation (1.19 × 104 h−1), TOC reduction (1.08 × 104 h−1),
and H2O2 consumption (16.70 × 104 h−1), see Table 3. This catalyst (Au(3)/C) had gold particles with
about 5 nm size, which is beneficial for the catalytic performance.

Table 3. Gold loading, particle size and percentage of exposed surface gold species of the catalysts,
and turnover frequency (TOF) values of phenol, TOC oxidation, and hydrogen peroxide decomposition
(experimental conditions: [Phenol] = 5 g/L, [Catalyst] = 2.7 g/L, VH2O2 = 5 mL, t = 24 h and
Vsolution = 45 mL). Adapted from Quintanilla et al. [68].

Catalyst
[Au]total

(wt.%)
Au0 Fraction

(%)
Auδ+ Fraction

(%)

Au Size
(nm)

TOF × 10−4 (h−1)

Phenol TOC H2O2

Au/TiO2 0.80 79 21 3.1 ± 1.8 0.07 0.07 2.52
Au(3)/AC * 0.13 69 31 5.1 ± 2.0 1.19 1.08 16.70
Au(5)/AC * 0.47 72 28 4.9 ± 1.0 0.32 0.25 4.07
Au(7)/AC * 0.48 71 29 6.8 ± 1.7 0.25 0.25 2.27

Au(10)/AC * 0.50 69 31 9.1 ± 1.1 0.47 0.43 1.87
* The numbers correspond to the initial average size (nm) of gold in the colloidal solution used for the
catalyst preparation.

Rodrigues et al. [67] tested gold supported on titanium, zinc, aluminum, and iron oxides to
treat a dye solution by CWPO. They concluded that the Au/Al2O3 catalyst with higher surface area
(SBET = 210 m2/g), lower amount of gold (0.7 wt.%), and an intermediate gold particle size (3.6 nm),
had the best performance (removal of dye and TOC of ca. 98% and 47%, respectively, consumption of
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H2O2 ~96%, and higher hydroxyl radicals generation) and the highest TOF value for OII dye removal
(75.5 × 10−6 s−1).The best efficiency of CPWO for Au/Al2O3 was associated to its higher adsorption
capacity. The same was concluded for these same catalysts when light-assisted CWPO was used
for OII dye degradation [110]. Au/Al2O3 permitted total discoloration and TOC removal of about
80%, combining further formation of hydroxyl radicals [110]. In the same way, Drašinac et al. [107]
observed that the morphological properties of the catalysts and gold properties played an important
role in methyl orange (MO) dye degradation. These authors reached the best CPWO performance
(removals of 83 and 85% for TOC and MO dye, respectively) with gold supported on modified titanium
nanotubes with a gold nanoparticle size of 7 nm and 1.1 wt.% loading, which had the highest total
pore volume (1.31 cm3/g), pore diameter (14.8 nm), and surface area (335 m2/g). The authors reported
that, in addition to the low gold content in the catalyst, the smaller particle diameter and the uniform
distribution on the surface of the support benefit the catalytic process.

Yang et al. [108] reached the best performance of CWPO (89.0 and 44.1% for bisphenol A (BPA)
removal and oxidant conversion, respectively) using a gold supported on styrene-based activated
carbon (Au/SRAC) catalyst, wcih had an intermediate gold nanoparticle size (4.4 nm) and loading
(3.0 wt.%). The authors pointed out the small gold size of the material as being beneficial in the
degradation of the compound and oxidant conversion. On the other hand, Han et al. [70] reached
the maximum removal of phenol (82%) and space-time conversion (0.53 mmol h−1 L−1) when using
a gold supported on hydroxyapatite (Au/Hap) catalyst with higher gold particle size (4.9 nm) and
intermediate loading (2.4 wt.%). The authors stated that the best catalytic activity of this sample was
due to the gold particle size close to 5 nm.

These studies showed that the textural properties of the catalysts, as well as the gold particle size,
play an important role in the efficiency of the catalytic process.

5.2. Effect of the Operating Conditions

The efficiency of the catalytic wet peroxidation process for wastewater treatment is also influenced
by many operating conditions, such as catalyst dose, pH, temperature, hydrogen peroxide concentration,
and also the radiation intensity source (the latter in the case of the photo-assisted wet peroxidation).
The effect of such operating conditions will be briefly described below.

5.2.1. Catalyst Dose

The efficiency of the process increases with the catalyst concentration, since more gold will be
available in the reaction medium to catalyze CWPO, generating more hydroxyl radicals. However,
above a certain concentration of catalyst there is very often a negative effect, once scavenging of
hydroxyl radicals by the excess of gold occurs (Equation (13)). The ideal concentration of catalyst
depends on the type of effluent to treat, being necessary to optimize it. In the work developed by
Domínguez et al. [72], a linear increasing dependence was obtained for initial reaction rates of phenol
and oxidant disappearance for a Au/AC concentration in the range of 0–6 g/L.

As reported by Domínguez et al. [72], the work of Martín et al. [73] showed that an increase in the
Au/DNP catalyst concentration from 50 to 320 mg/L proportionately increased the initial reaction rate
of phenol degradation and oxidant consumption (see Figure 6). The same tendency was observed by
Navalon et al. [111], as the initial phenol degradation and H2O2 decomposition rates increased for
Au/HO-npD concentrations, in the range of 0 to 400 mg/L, for solar light assisted CWPO.

On the other hand, Rodrigues et al. [66] reached an optimum dose of Au/Al2O3 catalyst of 2.0 g/L
that maximized the OII degradation and mineralization, as well as the formation of hydroxyl radicals
(see Figure 7) when CWPO was applied to the dye solution. Moreover, the oxidant decomposition
increased with catalyst dose until 2.0 g/L, but remained equal for the highest concentration tested
(see Figure 7a). No gold leaching was found in any of the tests.
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Figure 6. Effect of catalyst dose on the initial reaction rate of phenol oxidation and oxidant decomposition
([phenol]initial = 1.0 g/L, [H2O2]initial = 1.44 g/L, T = 50 ◦C and pHinitial = 4.0). Adapted from
Martín et al. [73].

Figure 7. Influence of catalyst concentration in orange II dye and TOC removals and H2O2 consumption
after 4 h (a) and evolution of hydroxyl radical formation (b) ([OII]a) = 0.1 mM or [OII]b) = 0.0 mM,
[H2O2] = 6.0 mM, T = 30 ◦C and pHinitial = 3.0). Adapted from Rodrigues et al. [66].

Similarly to what was reported earlier by Rodrigues et al. [66], in a subsequent work of the same
authors [110], the effect of Au/Al2O3 concentration in OII oxidation by CWPO assisted by UV/visible
radiation was evaluated. The maximum dye and TOC removals were achieved for a dose of 2.0 g/L,
being 96.8 and 85.9%, respectively, after 2 h of reaction. The oxidant consumption increased with
catalyst dose in the range of 1.0 to 2.5 g/L. Furthermore, for all catalyst doses, no gold leaching
was found.

For an industrial application of CWPO in the treatment of effluents, the optimization of the catalyst
concentration is crucial, not only for the efficiency of the process, but also in economic aspects. So, it is
necessary to use the lowest catalyst quantity in order to reduce the costs of the treatment process, since
gold catalysts are expensive, compared to other catalysts containing iron, copper, and others.

5.2.2. Hydrogen Peroxide Concentration

The initial concentration of H2O2 also plays a very important role in the oxidation of organic
compounds in CWPO processes and in the operating costs of such treatment procedures; thus, it is
necessary to determine the optimum dose of this reagent.
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The improvement of the process by the addition of H2O2 is mostly due to the increased production
of hydroxyl radicals, as described in Equations (10), (11), and (20). However, at high peroxide
concentrations, the reaction between excess H2O2 and the strong oxidant HO• species becomes more
relevant and, as a consequence, no subsequent improvement on the heterogeneous CWPO rate can be
noticed, as the produced HO2

• radicals are less reactive than the HO• radicals (Equation (14)) [112].
Contrarily, if the concentration is low, the oxidation degree is small and there is the possibility
of formation of unwanted intermediate products, which, in most cases, are more toxic and less
biodegradable than the original compounds. Inherently, it is common to observe the existence of
an optimum oxidant (hydrogen peroxide) dose in either wet peroxidation or radiation-assisted wet
peroxidation processes.

The existence of an optimum oxidant dose was reported by several authors for CWPO catalyzed
by gold on different supports [66,88,108,110,111]. In the work developed by Rodrigues et al. [66],
the effect of this parameter was evaluated in the range of 3.0 to 12.0 mM. An increase in the removal of
dye and TOC was observed, as well as in the formation of hydroxyl radicals with hydrogen peroxide
concentration until 6.0 mM, but the efficiency of the process was reduced for higher oxidant doses
(see Figure 8). The consumption of H2O2 also increased until 6 mM and remained constant for the
higher doses. The authors reached 46.6 and 97.8% of TOC and dye removals, respectively, and ~100%
for hydrogen peroxide consumption after 4 h of reaction with the optimized oxidant dose.

 
Figure 8. Effect of hydrogen peroxide concentration in dye and TOC removals and hydrogen peroxide
consumption after 4 h of reaction (a) and hydroxyl radicals formation during CWPO (b) for a Au/Al2O3

catalyst ([OII]a) = 0.1 mM or [OII]b) = 0.0 mM, [catalyst] = 2.0 g/L, T = 30 ◦C and pHinitial = 3.0).
Adapted from Rodrigues et al. [66].

Another study evaluated the degradation of OII dye by photo-assisted CWPO, and the reduction
of color, mineralization, and oxidant consumption increased when the oxidant dose increased from
1.5 to 3.0 mM [110]; for concentrations of 6.0 and 12.0 mM, a negative effect was observed for dye
and TOC removals. For the optimal oxidant concentrations, efficiencies of 85.9, 96.8, and 94.5% were
reached for dye and TOC removals and H2O2 consumption, respectively. Moreover, authors reported
that the catalyst used (gold on alumina) did not show any leaching for any of the concentrations of
hydrogen peroxide evaluated.

Yang et al. [108] tested gold supported on carbon as a CWPO catalyst for the oxidation of BPA.
A smaller oxidant dose (275 mg/L) allowed to remove ~50% of the model compound and ca. 35%
of oxidant consumption was found after 12 h of reaction. An improvement of catalytic activity was
observed when the hydrogen peroxide concentration was increased to 530 mg/L, allowing, after 12 h,
to reach a bisphenol A reduction of ca. 70% and a consumption of oxidant of about 40%. However,
a further increase in the oxidant dosage (835 mg/L) did not influence the efficiency of CWPO. A similar
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tendency was reported by Lorençon et al. [88] for the CWPO catalyzed with Au/CNT for the degradation
of a lipophilic compound (DPPH). The removal of DPPH increased with H2O2 concentration until
250 mM and remained practically constant for higher oxidant doses, as shown in Figure 9. The authors
attained total degradation of DPPH for an optimal oxidant concentration of 250 mM. These two works
highlighted once again the existence of an optimum oxidant dose for the gold catalysed CWPO process.

Figure 9. Influence of initial hydrogen peroxide concentration in the degradation of a lipophilic
compound (DPPH) by CWPO using Au/CNT as catalyst ([DPPH]0 = 0.2 mM, [catalyst] = 1.0 mg/mL,
T = room temperature, stirring = 600 rpm). Adapted from Lorençon et al. [88].

Contrarily to what was reported in the studies mentioned above, in which an optimum oxidant
dose was found, in the work of Martín et al. [73] a reduction in the concentration (or even up to total
absence) of phenol and intermediate compounds (catechol, quinone, and hydroquinone) was found,
resulting from the oxidation of the pollutant when the H2O2 concentration was increased in the tested
range (362–1447 mg/L). On the other hand, the biodegradability of the effluent improved, increasing the
BOD5:COD ratio from ~ 0.05 to 0.4, when the oxidant dose increased from 362 to 1447 mg/L. However,
higher doses were not tested.

The optimization of hydrogen peroxide amount is not only important for economic reasons, as the
reagent is relatively expensive, but also to guarantee that H2O2 solution is not in excess. On one hand,
too much H2O2 is detrimental to the subsequent biological treatment, if required, having deleterious
effects on the microorganisms and leadingto a decrease in the efficiency of the biological process.
On the other hand, an excess of H2O2 contributes to the COD of the treated effluent, a commonly
legislated parameter, and can give an erroneous indication of the possibility of the effluent discharge
into water bodies.

5.2.3. Initial pH

The efficiency of wet peroxidation is also strongly dependent on the pH of the medium. A pH < 2.5
allows the scavenging reaction between the hydroxyl radical and H+ to take place (Equation (18)) [113].
Furthermore, at neutral or alkaline conditions, hydrogen peroxide self-decomposition into water and
oxygen (Equation (19)) is promoted, decreasing the amount of available oxidant to yield hydroxyl
radicals to promote organics degradation.

H+ + HO• + e− → H2O (18)

2 H2O2 → 2 H2O + O2 (19)
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In the homogeneous process, for very acidic pH values, Au+ is present in lesser amounts, while
higher pHs lead to precipitation of gold in insoluble form (AuHO), resulting in reduction of the
amount of Au available, which leads to small formation of radicals (Equation (5)). These drawbacks are
overcome when gold is supported on a porous support (heterogeneous process), once the metal is inside
the pores and confined within the structure of the solid matrix [52,114]. This reduces the precipitation
of gold that occurs in the homogeneous process; thus, the catalyst is available to decompose the
hydrogen peroxide and generate the hydroxyl radical.

However, Domínguez et al. [72] observed that the CWPO of phenol using gold supported on
activated carbon was efficient in acid and neutral pH range (3.5–7.5) and decreased significantly for
pH = 10.5. The authors achieved, after 24 h of reaction, removals of phenol and TOC of ~100 and
~60%, respectively, with an efficiency of hydrogen peroxide use (η, evaluated by the ratio between the
amount of TOC removal and oxidant consumption) of 0.8 for pH values between 3.5 to 7.5.

A similar behavior was found by Martín et al. [73]. These authors showed that gold supported
on diamond nanoparticles was catalytically active in the pH range between 4 and 7, with almost all
phenol being degraded. They also observed a strong decay in its removal for the pH of 8 and 9 and
total consumption of hydrogen peroxide for all values of pH tested (Figure 10). These authors reported
that the biodegradability (evaluated by the BOD5:COD ratio) was higher (~0.7) for the lower pH value
tested (4.0), which was associated with no phenol detection and the lowest concentration of catechol
and hydroquinone (intermediate compounds resulting from the oxidation of phenol) after CWPO
treatment at this pH value, and decreased to values near 0.4 for higher pHs (5.0–7.0) that present
phenol and higher concentrations of catechol and hydroquinone in solution after treatment.

Figure 10. Effect of pH in phenol (a) and hydrogen peroxide (b) concentration during CWPO reaction
with gold supported on diamond as catalyst at different pH values. Lines were added merely to better
illustrate the data trends ([phenol]initial = 1.0 g/L, [H2O2]initial = 1.44 g/L, [catalyst] = 320 mg/L and
T = 50 ◦C). Adapted from Martín et al. [73].

Studies of OII degradation by CWPO, without [66] and with radiation [110], using gold supported
on alumina showed that the initial pH has an effect on the efficiency of the process. The authors
observed optimum activity for initial pH = 3, which maximized the removal of OII (>97%) and TOC
(85.9%) (see Figure 11), as well as the generation of hydroxyl radicals. The formation of radicals was
evaluated in runs carried out without OII dye and when hydroxyl radicals were formed, and thus
became in contact with 1,5-diphenyl carbazide, 1,5-diphenyl carbazone was formed, which presented a
brown color that was measured at 563 nm. However, the oxidant consumption increased with pH
(see Figure 11). As the support used in this study was alkaline, it increased the pH of the medium and,
for the optimum initial pH found, the pH after 2 h of reaction was 4, which is in agreement with the
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best pH value reported by Domínguez et al. [72] and Martín et al. [73]. In these studies, all oxidant was
consumed and the gold did not leach into solution during the oxidation for the initial pH range tested.

Figure 11. Removals of TOC and dye and hydrogen peroxide consumption, after 4 h of CWPO,
with radiation, using Au/Al2O3 as catalyst ([OII] = 0.1 mM, [H2O2]initial = 6 mM, [catalyst] = 2.0 g/L,
T = 30 ◦C and I = 500 W/m2). Adapted from Rodrigues et al. [110].

In the work developed by Ferentz et al. [71], it was evaluated the degradation of phenol by CWPO
using gold supported on titanium oxide. The TOC conversion increased with the pH of the phenol
solution until 3.5, reduced about 20% for pH in the range of 4–8 and had a significant decrease for
pH higher than 9. The authors explanation for the high pH effect on the efficiency of the process was
associated with the adsorption of H2O2 on the titanium surface, which increases with the pH decrease.
This is due to the dissociation of hydroxyl groups from the titanium surface, leading to the creation of
Lewis acid sites (Ti4+) that attach the hydrogen peroxide, leaving the surface of Ti(H2O2)4+ prone to
O-O bond cleavage forming the hydroxyl radical.

Navalon et al. [74] observed that the performance of CPWO, when using Au/HO-npD as a catalyst,
was very affected by the pH of the phenol solution and the catalyst was abruptly inefficient at pH
above 5. This fact is explained by the change of the catalyst charge from positive (pH < 5) to negative
(pH > 5). On the other hand, in this study, high gold leaching (47%) was found, at pH less than 3, that
was much lower for pH higher than 3 (0.7% at pH 4).

The effect of pH was evaluated in others studies that reached the best performances when using
neutral or alkaline conditions (7.0-11.0) [70,75,108,111,115].

As mentioned above, the pH influences the efficiency of CPWO, with the use of gold catalysts.
In addition to the decomposition of H2O2 in water and oxygen (Equation (19)) in alkaline conditions,
the pH affects the surface chemical properties of the support that influence the adsorption of the
oxidant and, consequently, the generation of hydroxyl radicals, as reported in the study developed by
Ferentz et al. [71]. Changes in the colloids charge can also occur, which also affect the adsorption of
pollutants and oxidant as mentioned by Navalon et al. [74].

Concerning the industrial application perspective, the gold catalysts that allow the use of oxidative
processes at neutral pH are more advantageous, because they reduce the costs associated with the
acid consumption needed to decrease the pH to the acid range, and the base necessary to neutralize
the effluent after the treatment, before it is discharged into the water bodies or subsequent treatment
processes, as biological degradation.

5.2.4. Temperature

The temperature has a large influence on the efficiency of the CWPO process. The possibility
to increase the operating temperature, as a way of improving the efficiency of the process, has been
scarcely investigated, because the idea of thermal decomposition of H2O2 into O2 and H2O seems
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to be widely accepted as a serious drawback [11]. However, according to the Arrhenius law, higher
temperatures (often up to ca. 50–70 ◦C) can lead to a more efficient use of H2O2 upon enhanced
generation of HO• radicals, at low metal concentrations. A decrease of the metal dose is important,
since it improves the efficiency of H2O2 use, by minimizing competitive scavenging reactions [116].
Moreover, increasing the temperature accelerates oxidation of the organic compounds by the radicals.

Therefore, an increase in the temperature can be considered as a way to intensify the treatment
process. Domínguez et al. [72] observed a positive effect of temperature, in the range of 50–80 ◦C,
in the removal of phenol by CWPO using gold supported on activated carbon. The same tendency was
reported by Drašinac et al. [107], as the methyl orange dye removal increased from ~30% at 25 ◦C to
85% at 80 ◦C, after 250 min of reaction, when the process was catalyzed by gold supported on modified
titanium nanotubes.

Martín et al. [73] found that the reaction rate of phenol degradation and hydrogen peroxide
consumption, when using an Au/DNP catalyst, increased with temperature in the range of 40–100 ◦C,
reducing the reaction time from ~30 h to ~2.5 h, respectively, always reaching 100% compound removal
and total consumption of oxidant. The same tendency was observed in a study that evaluated the
methyl orange dye degradation, as its removal and TOC reduction increased with temperature in the
range of 25 to 80 ◦C (see Figure 12), reaching 85 and 83% for MO and TOC reduction, respectively, for
the optimal temperature (80 ◦C) [107].

ο

ο

ο

ο

Figure 12. Methyl Orange (MO) decolorization during CWPO using gold supported on titanium
nanotubes as catalyst, at different temperatures. Lines were added merely to better illustrate the data
trends ([MO]initial = 50 mg/L, [H2O2]initial = 0.15 M, [catalyst] = 2.0 g/L and pHinitial = 3.0). Adapted
from Drašinac et al. [107].

In contrast, the effect of decomposition of hydrogen peroxide in water and oxygen was observed
in the works of Yang et al. [108] and Rodrigues et al. [66,110]. Yang et al. [108] observed a significant
increase in bisphenol A degradation and consumption of the hydrogen peroxide during CWPO, using
Au/SRAC as catalyst, when the temperature increased from 30 to 40 ◦C (see Figure 13). Also when
the temperature was raised to 50 ◦C, a little increase in the process efficiency was obtained. However,
increasing the temperature to 60 ◦C, showed no improvement in the degradation of bisphenol A.
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Figure 13. Effect of temperature in bisphenol A (BPA) concentration (a) and hydrogen peroxide
conversion (b) during CWPO using Au/SRAC as catalyst ([BPA]initial = 89 ppm, [H2O2]initial = 530 ppm,
[catalyst] = 125 ppm and pHinitial = 3.0). Adapted from Yan et al. [108].

The application of wet peroxidation at high temperature can be beneficial in effluents that are
generated at high temperature, as in the case of textile dye effluents [73], minimizing the energy costs
for heating. However, for wastewater discharged from industrial processes at lower temperature,
it may be more advantageous to apply a treatment process at moderate temperatures. In any case,
a careful cost/benefit analysis should be made for each particular situation.

5.2.5. Effect of radiation use

In the literature, there are studies reporting the application of CWPO assisted with radiation.
Table 4 shows an outline of these studies, reporting the operating conditions used and the efficiencies
achieved. The use of radiation increases the rate of oxidation since there are additional mechanisms for
the formation of free radicals, according to the following three processes: i) the catalytic decomposition
H2O2 in the presence of radiation (Equation (20)) [42,117], ii) the decomposition of hydrogen peroxide
by incidence of radiation (Equation (21)), and iii) photolysis of gold hydroxide (Equation (22)).

X-Aun+ + H2O2 + hν → X-Au(n+1)+ + HO• + HO− (20)

H2O2 + hν → 2HO• (21)

X-Au(OH)n+ + hν → X-Aun+ + HO• (22)

On the other hand, an improvement of the performance in radiation-assisted CWPO can also
occur due to direct photolysis of the organic compounds to degrade.

Some authors report that an increased radiation intensity has a positive effect on the performance
of the treatment process. Navalon et al. [74] showed that an increase of laser power from 0 to 70 mJ/pulse
improved the phenol degradation when Au/OH-npD catalyst was used. Rodrigues et al. [110] observed
an increase of color and TOC removal, as well as of hydrogen consumption, with the radiation intensity
of a TQ150 mercury lamp when Au/Al2O3 was used as photo-catalyst.
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Table 4. Gold catalysts used in CWPO assisted with radiation for model compounds degradation or
wastewater treatment, operational conditions, and performances reached.

Model
Compound/Effluent

Catalyst Operation Conditions
Efficiency of CWPO

assisted with Radiation
Ref.

Phenol

Au/FH2 (0.1%)
pH = 4.0; Room temperature;
[phenol] = 100 mg/L; t = 3.5 h;

Radiation: Sunlight

Phenol removal = 100%;
H2O2 consumption = ~60%

[75]Au/FN2 (0.5%) pH = 4.0; Room temperature;
[H2O2] = 200 mg/L;

[phenol] = 100 mg/L; t = 8 h;
Radiation: Sunlight

Phenol removal = ~20%;
H2O2 consumption = ~20%

Au/F (0.5%) Phenol removal = ~10%;
H2O2 consumption = ~15%

Acid Orange 7 dye
(AO7) Au/CeO2 (1.0 at.%)

pH = 3.0; T = 30 ◦C;
[H2O2] = 20 mM; [catalyst] = 0.5 g/L;
[AO7] = 35 mg/L; t = 6 h; Radiation:

Visible light

Dye removal = 100% [106]

Orange II (OII) dye

Au/Al2O3 (0.7 wt.%)

pH = 3.0; T = 30 ◦C; [H2O2] = 6 mM;
[catalyst] = 2.0 g/L; [OII] = 0.1 mM;
t = 2 h; Radiation: UV/visible light

(500 W/m2)

Dye removal = 96.8%; TOC
removal = 80.5%

[110]

Au/Fe2O3 (0.8 wt.%) Dye removal = 97.8%; TOC
removal = 68.2%

Au/Fe2O3 (4.0 wt.%)
from WGC

Dye removal = 96.9%; TOC
removal = 58.4%

Au/TiO2 (1.6 wt.%) Dye removal = 98.5%; TOC
removal = 73.5%

Au/ZnO (1.2 wt.%) Dye removal = 99.8%; TOC
removal = 73.4%

Au/Al2O3 (0.7 wt.%)

pH = 3.0; T = 50 ◦C; [H2O2] = 3 mM;
[catalyst] = 2.0 g/L; [OII] = 0.1 mM;
t = 2 h; Radiation: UV/visible light

(500 W/m2)

Dye removal = 99.3%; TOC
removal = 90.9%; H2O2

consumption = 98.6%; Gold
leaching < 0.5 mg/L

Acrylic dyeing
wastewater Au/Al2O3 (0.7 wt.%)

pH = 3.0; T = 50 ◦C;
[H2O2] = 104 mM;

[catalyst] = 2.0 g/L; t = 2 h;
Radiation: UV/visible light

(500 W/m2)

Color removal = 100%; TOC
removal = 72.4%; COD

removal = 70.0%;
BOD5:COD = 0.5; Specific

Oxygen Uptake Rate = 17.9
mgO2/(gVSS.h); Inhibition of

Vibrio Fischeri = 0.0%

Phenol Au/HO-npD (1.0 wt%)

pH = 4.0; T = 30 ◦C;
[H2O2] = 2.5 g/L;

[catalyst] = 400 mg/L;
[phenol] = 100 mg/L; t = 2 h;

Radiation: Sunlight

Phenol removal = 100%;
H2O2 consumption = 100%;

COD removal = 69.7%;
BOD5:COD = 0.4

[111]

Phenol

Au/HO-npD (1.0 wt%)

pH = 4.0; [H2O2] = 200 mg/L;
[catalyst] = 160 mg/L;

[phenol] = 100 mg/L; t = 2 h;
Radiation: Laser Flash (70 mJ/pulse)

Phenol removal = 100%;
H2O2 consumption = ~90%

[115]
Au/CeO2 (1.0 wt%) pH = 4.0; [H2O2] = 200 mg/L;

[catalyst] = 160 mg/L;
[phenol] = 100 mg/L; t = 3 h;

Radiation: Laser Flash (70 mJ/pulse)

Phenol removal = ~15%;
H2O2 consumption = ~100%

Au/TiO2 (1.0 wt%) Phenol removal = ~10%;
H2O2 consumption = ~80%

5.3. Catalyst Stability

The deactivation of catalysts in CWPO is mostly associated with the loss of metal by leaching from
the solid support to the effluent during the treatment process, but also with possible gold nanoparticle
sintering and/or pore blockage. For application of catalytic wet peroxidation in the treatment of real
effluents, a crucial aspect to be taken into account is the reutilization of the catalysts, without reduction
of their efficiency and stability in consecutive cycles of use, making it imperative to evaluate how stable
and durable they are.

Ferentz et al. [71] evaluated the long-term stability of Au/TiO2, with 2.8 and 3.2 Au wt.%, in a fixed
bed reactor. The first catalyst was stable during 50 h, achieving constant removals of TOC and phenol
>90 and >99%, respectively. In the period of 50 to 75 h, the efficiency of CWPO dropped to ~65% of
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TOC removal and remained constant for higher reaction times, corresponding to the performance
reached with pristine TiO2. The authors associated the deactivation of the catalyst to the gold particles
growth (as the size increased from 3–4 nm in the fresh catalyst to 20–30 nm after CWPO). For the second
catalyst (3.2 wt.% Au/TiO2), the efficiency of the process, in terms of TOC removal, decreased from
~95% to ~80% during the first 50 h of reaction and remained practically constant for higher reaction
times. This loss of catalytic activity was attributed to: i) an increase of the gold size from 7–8 nm to
13–15 nm for fresh and used catalysts after 300 h, respectively, and ii) adsorption of dicarboxylates in
gold, with the equilibrium established at 50 h.

In the work developed by Domínguez et al. [72], the activated carbon supported gold deactivated
in the first cycle of CWPO of phenol. The removal of the model compound observed by the authors
in next three cycles was attributed to the activity of activated carbon alone (see Figure 14). Since the
authors did not observe any gold leaching for the solution, the catalyst deactivation was attributed
to the presence of dicarboxylic acids (by-products formed in the oxidation of phenol), which adsorb
on gold nanoparticles. In order to recover the catalytic activity, the catalyst was regenerated after the
first cycle by: i) alkaline washing to pH 14 with Na2CO3, in order to dissolve the absorbed species,
and subsequent washing with distilled water until neutralization, and ii) oxidative thermal treatment
at 200 ◦C, during 14 h, in air atmosphere, which allowed to burn-off the carboxylic acids adsorbed on
the gold nanoparticles. The first regeneration process led to an activity recovery of about 60% and the
catalyst loss was 2 wt.% of gold by leaching. For the second process, a more significant loss of gold
(10 wt.%) was observed, however, the catalyst activity was fully restored (see Figure 14).

Figure 14. Initial rate of phenol degradation during four consecutives cycles of CWPO using gold
supported on activated carbon and after regeneration ([phenol]initial = 5 g/L, [H2O2] = 25 g/L, pH = 3.5
and T = 80 ◦C). Adapted from Domínguez et al. [72].

In contrast to Ferentz et al. [71] and Domínguez et al. [72] that reported a loss of the catalytic
activity of gold catalysts during CWPO, several studies in the literature refer to the stability of gold
on different solid supports [66,67,70,73,108,110] when used in subsequent reutilization cycles. In the
investigations performed by Rodrigues et al. [66,67,110], the gold supported on alumina, zinc oxide,
titanium oxide, and iron oxide was stable during 3–5 consecutive cycles in acid medium (pH= 3.0), with
OII and TOC removals and H2O2 consumption remaining unchanged during the cycles. The authors
observed no catalyst loss of gold by leaching during the reactions.

Gold supported on activated carbon also did not deactivate in acidic pH (3.0) for degradation of
bisphenol A by CWPO, with the removal of BPA and the consumption of oxidant being more or less
constant, in ~80 and ~40%, respectively, during four consecutive cycles. This demonstrates that the
catalyst can be reused several times [108]. The same tendency was observed by Han et al. [70], who
evaluated the stability of gold supported on hydroxyapatite, showing that the conversion of phenol
was constant after five cycles, either at pH 2.0 (>90%) or 5.0 (~80%) (see Figure 15). Similar results were
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obtained by Sempere et al. [75] that reused diamond supported gold (submitted to a thermal treatment
at 420 ◦C and subsequent annealing treatment with hydrogen) three times in sunlight assisted CWPO
in the oxidation of phenol. This catalyst did not lose the catalytic activity and the leaching of gold was
negligible (< 1% of the initial gold in the first cycle of utilization) or was not observed (in the second
and third cycles).

Figure 15. Conversion of phenol by CWPO using gold supported on hydroxyapatite as catalyst
in consecutive five cycles of reutilization at pH = 2.0 and 5.0 ([phenol] = 100 mg/L, T = 70 ◦C,
[catalyst] = 0.1 g/L and VH2O2 with 30 wt.% = 1 mL). Adapted from Han et al. [70].

Martín et al. [73] evaluated the reuse of a diamond supported gold (Au/DNP) catalyst in phenol
oxidation by CWPO during four cycles. The authors exhaustively washed the material with water
at pH = 10 and, finally, with distilled water, in order to eliminate the deactivation of the catalyst by
adsorption of carboxylic acids (intermediate products generated by phenol oxidation) on gold, as
also pointed out by Domínguez et al. [72] as the main reason for deactivation. The Au/DNP, after
a simple treatment by washing, can be reused during four times, reaching, in all cycles, not only
total conversion of phenol and consumption of H2O2 in the end of reaction, but the same temporal
profiles [73] (see Figure 16). However, the washing of the catalyst led to a loss of gold to the solution,
but the leaching decreased with an increase of the cycles (from 3 to <0.1 wt.% after 1st use and 4th use,
respectively), so that the performance of the catalyst was not affected by the small leaching and no
deactivation was found [73].

 

Figure 16. Evolution of phenol (a) and hydrogen peroxide (b) concentration during consecutive reuse
cycles ([phenol] = 1 g/L, T = 50 ◦C, pH = 4.0, [Au/DNP] = 320 mg/L and [H2O2] = 1.44 g/L). Adapted
from Martín et al. [73].
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Navalon et al. [74] reused Au/HO-npD catalysts during three consecutive cycles, washing with
water at pH 10 after each cycle. The authors did not observe any significant change in phenol and
H2O2 disappearance profiles. Additionally, a run was carried out with a large excess of pollutant
(40 g/L) and 0.5 mg/L of catalyst, in order to have an equivalent of 400 consecutive reuse cycles and
use 5.5 equivalent of oxidant with respect to phenol. This run allowed to conclude that Au/HO-nDP
had the ability to remove 36% of the pollutant before being deactivated, however, an alkaline washing
before the second and third cycles allowed the catalyst to recover the catalytic activity.

6. Conclusions

This review showed that gold catalysts can be efficiently used in CWPO processes and that their
catalytic activity depends on several operational variables of the process (such as pH, temperature,
oxidant and catalyst concentrations, and gold content), as well as on the properties of the catalysts. We
believe that such gathered information will provide useful insights that might lead to a more rapid
and effective optimization of catalytic wet peroxidation processes using these materials.

Despite the recent progresses in this area, it is still crucial that work continues to be done to better
apply these catalysts in the treatment of real effluents by CWPO and to deepen the knowledge coming
from the laboratory studies for the scale-up of the process. The main limiting step in the application
of this technology might be the costs of the treatment, since gold has a high cost (compared to other
more common materials); however, gold also shows advantages, namely, high stability, high efficiency,
and absence of leaching into the solution, which might justify the investment.
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Abbreviations

AO7 Acid Orange dye
AOPs Advanced Oxidation Processes
Au/AC Gold on activated carbon
Au/C Gold on carbon
Au/CNF Gold on carbon nanofibers
Au/CNT Gold on carbon nanotubes
Au/X40s Gold on coconut shell carbon
Au/DNP Gold on diamond nanoparticles
Au/F Gold on diamond after thermal treatment at 420 ◦C in air atmosphere
Au/FH2 Gold on diamond after thermal treatment at 420 ◦C in air atmosphere and at 500 ◦C in

hydrogen atmosphere
Au/FN2 Gold on diamond after thermal treatment at 420 ◦C in air atmosphere and at 500 ◦C in

nitrogen atmosphere
Au/Hap Gold on hydroxyapatite
Au/npD Gold on nano power diamond
Au/HO-npD Gold on nano power diamond previously treated with Fenton reagent
Au/FDU-15 Gold on ordered mesoporous carbon
Au/PSAC Gold on pitch-based spherical activated carbon
Au/SRAC Gold on styrene-based activated carbon
Au/TN Gold on titanium nanotubes functionalization with hydrogen peroxide
Au/TiO2-AD Gold on titanium oxide prepared by adsorption method
BOD5 Biological oxygen demand after 5 days
BPA Bisphenol A
CWPO Catalytic Wet Peroxidation
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COD Chemical oxygen demand
DM Gold metal dispersion
DPPH 1,1-diphenyl-2-picrylhydzazyl
EU-WFD European Union Water Framework Directive
HR-TEM High-resolution transmission electron microscopy
hν Ultraviolet radiation
M Transmission of metallic cations
MB Methyl Blue dye
MO Methyl Orange dye
NHE Normal hydrogen electrode
OII Orange II dye
RH Organic matter
TOC Total organic carbon
TOF Turn off frequency
WGC World Gold Council
X Support
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Abstract: The present work is aimed at the understanding of the condensation by-products role
in wet peroxide oxidation processes. This study has been carried out in absence of catalyst to
isolate the (positive or negative) effect of the condensation by-products on the kinetics of the process,
and in presence of oxygen, to enhance the oxidation performance. This process was denoted as
oxygen-assisted wet peroxide oxidation (WPO-O2) and was applied to the treatment of phenol. First,
the influence of the reaction operating conditions (i.e., temperature, pH0, initial phenol concentration,
H2O2 dose and O2 pressure) was evaluated. The initial phenol concentration and, overall, the H2O2

dose, were identified as the most critical variables for the formation of condensation by-products and
thus, for the oxidation performance. Afterwards, a flow reactor packed with inert quartz beads was
used to facilitate the deposition of such species and thus, to evaluate their impact on the kinetics of
the process. It was found that as the quartz beads were covered by condensation by-products along
reaction, the disappearance rates of phenol, total organic carbon (TOC) and H2O2 were increased.
Consequently, an autocatalytic kinetic model, accounting for the catalytic role of the condensation by
products, provides a well description of wet peroxide oxidation performance.

Keywords: wet peroxide oxidation; wet air oxidation; condensation by-products; fouling;
autocatalytic kinetics

1. Introduction

The decline of water quality is a global concern issue as it is crucial to the environment and human
health, but also to our social and economic development. Over the last hundred years, the use of water
grew by a factor of seven and it is expected to increase by around 55% by 2050, including a 400% rise in
industry water demand [1]. This sector is not only one of the major water consumers but also the main
group responsible for its pollution by a wide variety of hazardous substances, particularly persistent
organic pollutants. These effluents must be treated prior to discharge, or involve recycling in the process.
Biological treatment is usually not feasible for industrial wastewater treatment as they commonly
contain highly toxic and non-biodegradable substances. Thermal treatments such as incineration can
lead to the generation of even more hazardous substances, like dioxins or furans [2]. Adsorption is
a non-destructive process and requires dealing with the resulting saturated adsorbent. Compared
to these technologies, catalytic wet air oxidation (CWAO) represents an interesting alternative for
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industrial wastewater treatment. In fact, it is a well-established technology for such goals [3]. A number
of commercial CWAO units such as LOPROX, Ciba-Geigy, ORCAN, WPO and ATHOS can be found [3].
This process involves the oxidation of the pollutants using a gaseous source of oxygen, commonly air,
in the presence of a catalyst (mainly precious metals) under relatively severe conditions (150–300 ◦C,
10–200 bar) [3]. The use of H2O2 as an oxidant precursor instead of air, in the so-called catalytic wet
peroxide oxidation (CWPO), is another well-known oxidation treatment that allows the process to
operate under considerably milder operating conditions (25–120 ◦C, <10 bar), and thus, it represents
a more environmentally-friendly alternative, although the high cost of hydrogen peroxide limits its
application to highly polluted wastewaters.

The main limitation for a widespread application of CWPO at an industrial scale is related to the
relatively fast deactivation of the Fe-bearing solid catalysts usually employed in this process [4–6].
Catalyst deactivation is a complex phenomenon but five main reasons are usually behind it: metal
leaching, fouling, poisoning, thermal sintering and mechanical damage. Among them, metal leaching
and fouling have been usually identified as the most important catalyst deactivation mechanisms in
CWPO [4] while fouling is the major deactivation cause of CWAO catalysts [7]. Metal leaching is an
irreversible process associated with the presence of organic acids in the reaction medium, refractory
species commonly formed upon the oxidation of organic pollutants, which promote the complex
formation and mobilization of iron [5]. Fe supported on Al2O3 or robust iron minerals appear as the
most resistant catalysts to iron leaching [4,8,9] but, unfortunately, it cannot be completely avoided,
especially with highly-polluted wastewaters, where organic acids will be formed in significant amounts.
In this context, the use of metal-free catalysts has gained great importance in recent years. In particular,
carbon materials like activated carbon, graphite, carbon black, carbon nanotubes and carbon xerogels
have been postulated as promising CWAO/CWPO catalysts due to their outstanding donor-acceptor
properties [10–13]. In any case, both metal-based and metal-free catalysts can suffer fouling, i.e.,
blocking of the catalytic active sites by carbonaceous deposits, mainly by condensation/polymerization
products formed by oxidative coupling reactions.

The generation of condensation by-products along the oxidation of persistent organic pollutants by
both CWPO and CWAO processes has been evidenced in the literature in a number of works [7,14–20].
Poerschmann et al. (2009) [15] deeply characterized for the first time the polymeric species generated
along the wet peroxide oxidation of phenol with dissolved iron. They demonstrated the formation of
different dimers such as biphenyls and diphenylethers, which ultimately resulted in the formation of a
dark brown solid oligomer that remained in suspension in the aquatic environment. When a solid
catalyst is used, those condensation by-products are adsorbed onto its surface, this phenomenon is
usually described as fouling. Commonly, it is a reversible process and the catalyst can be regenerated
by applying more efficient oxidation conditions, i.e., increasing H2O2 concentration or operating
temperature; or by direct catalyst calcination at temperatures around 350 ◦C [10], threshold value
assigned to the burn-off of these polymeric species, although it can also occur at lower temperatures if
supported-metal catalysts are used [21]. The deposition of those condensation by-products has been
usually regarded as a catalyst deactivation cause (coking) but recent studies have demonstrated that
there are many cases like oxidative dehydrogenation, hydrogenation, isomerization and Fischer-Tropsch
reactions where such deposits can even improve the catalytic performance [22]. In particular, it has
been proved that coke can promote the activity of the catalyst [23], enhance the selectivity to the
desired product [24] or even act as a new reaction site [25,26]. It is clear that a deep understanding of
the mechanisms by which carbon deposits cause catalyst deactivation or promote catalytic activity
is essential to optimize the efficiency of a given process. Nevertheless, the role of these species on
CWPO and CWAO processes remains unclear in the literature. In most studies, the adsorption of such
species on the catalyst surface was identified as the main reason to explain the loss of activity of the
catalysts [10,21,27–30]. Nevertheless, Delgado et al. (2012) [20] found that the covering of the catalyst
by carbonaceous deposits was actually the preliminary step for the CWAO of phenol. On the other
hand, little is known about the nature of the carbonaceous deposits although it is widely accepted
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that they are formed through condensation reactions of aromatic radical species [20,30]. Only in a
few works, catalyst regeneration by thermal oxidation treatments within the range 200–350 ◦C in air
atmosphere was investigated [10,20,27,29].

Inspired by the recent review of Collet et al. (2016) [22], where the beneficial role of carbonaceous
deposits in a number of catalytic processes has been summarized, this work aims to clarify the role of
those condensation by-products in wet oxidation. As industrial wastewater treatment is the target of
this study and given the wide commercial application of CWAO for such goal, the oxygen-assisted wet
peroxide oxidation process (WPO-O2) has been investigated in order to maximize the efficiency of
the system while operating under mild conditions. Phenol has been chosen as the target pollutant
given its toxicity and persistency as well as its regular use in research, which facilitates comparison
purposes. A complete operating condition study was initially performed in the absence of catalyst
to clarify the possible synergic effect between H2O2 and O2 as well as to learn on the formation of
condensation by-products in the homogeneous phase. Once selected the optimum operating conditions,
a flow reactor packed with inert quartz beads was used in order to facilitate the deposition of those
condensation by-products and thus, to evaluate their impact on the oxidation performance. On the
basis of the obtained results, the reaction pathway for phenol oxidation was proposed and a complete
kinetic model accounting for the activity promoted by the condensation by-products was developed to
describe the experimental data (temporal concentration of phenol, total organic carbon (TOC) and
H2O2).

2. Results and Discussion

2.1. Preliminary Study

The first set of experiments was focused on the comparison between wet air oxidation (WAO), wet
peroxide oxidation (WPO) and oxygen-assisted wet peroxide oxidation (WPO-O2) in the degradation
of phenol ([Phenol]0 = 1000 mg L−1) under moderate operating conditions ([H2O2]0 = 5000 mg L−1,
T = 127 ◦C, PO 2= 8 bar, QO2 = 92 NmL min−1, natural pH0). Figure 1 shows the evolution of the
target pollutant, TOC and H2O2 reactions, with the three treatment systems. It is clear that the
presence of H2O2 played a key role in the oxidation process. In this sense, both WPO-O2 and WPO
systems allowed to reach the complete conversion of phenol in 10 min reaction time, whereas only
20% phenol removal was achieved upon WAO at the same reaction time. Accordingly, the initial
phenol oxidation rates with the former processes were around 100 mgphenol L−1 min−1 and that of the
latter was 60 mgphenol L−1 min−1. The synergic effect between oxygen and hydrogen peroxide was
more clearly evidenced in the mineralization of TOC. The mineralization yield, i.e., the percentage
of TOC completely oxidized to CO2, was calculated by the difference between the TOC measured
in the final reaction samples and the initially present in the starting solution (1000 mg L−1 phenol).
Up to 80% mineralization yield was reached with the WPO-O2 process, whereas only 30% and 15%
were achieved with WPO and WAO, respectively. The initial TOC abatement rates were 44, 15 and
4 mgTOC L−1 min−1 for WPO-O2, WPO and WAO, respectively. On the other hand, the consumption
of H2O2 along reaction was slightly slower in the presence of oxygen (WPO-O2), giving rise to a higher
efficiency on the use of this reagent (η) –calculated as the ratio between the conversion of TOC and that
of H2O2 (82% and 32% for WPO and WPO-O2, respectively).

The kind of oxidation treatment system used also showed a significant impact on the distribution of
intermediates generated along the process. As can be seen in Figure 2, the WPO-O2 process warranted
the complete removal of the cyclic compounds, being the final oxidation products short-chain
organic acids, which represented 18% of the initial TOC. The remaining 82% of the initial TOC was
mineralized. The amount of CO2 was calculated as the difference between the TOC of the target
solution (1000 mg L−1 phenol) and the TOC of the final reaction effluent. Therefore, in this case,
the carbon balance was closed at almost 100% after 3 h reaction time. On the contrary, WPO and
WAO processes, which showed significantly lower mineralization yields (30% and 15%, respectively),
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led to a significant amount of aromatic intermediates (9% and 27%, respectively) and non-identified
products (47% and 53%, respectively), calculated by the difference between the TOC measured and
the calculated from the identified compounds, usually associated with condensation/polymerization
compounds [14,15]. Consequently, the presence of short-chain organic acids was of very low relevance
(9% and 7%, respectively). The evolution of the cyclic compounds (hydroquinone, resorcinol, catechol
and benzoquinone) along reaction as well as the amount of short-chain organic acids (maleic, malonic,
oxalic, acetic and formic) present in the final effluents are provided in Figures S1 and S2 of the
Supplementary Material, respectively.

Figure 1. Temporal concentration profiles of H2O2, phenol and TOC upon the treatment of
phenol by WAO, WPO and WPO-O2 processes. Operating conditions: [Phenol]0 = 1000 mg L−1,
[H2O2]0 = 5000 mg L−1, PO2 = 8 bar (92 N mLO2 min−1), T = 127 ◦C and natural pH0.
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Figure 2. By-product distribution upon the WAO, WPO and WPO-O2 of phenol after 3 h of reaction.
Operating conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 5000 mg L−1, PO2 = 8 bar (92 N mLO2 min−1),
T = 127 ◦C and natural pH0.

According to the obtained results, it is clear that the WPO-O2 process operated under moderate
conditions represents an interesting non-catalytic oxidation process in terms of degradation rate,
mineralization yields, H2O2 consumption efficiency and products distribution. Therefore, it represents
a suitable starting point to evaluate the role of condensation by-products on the oxidation performance.

2.2. Operating conditions study: Formation of condensation by-products

A complete operating condition study was performed, analyzing the effect of pH0 (3–9), initial
phenol concentration (1000–5000 mg L−1), H2O2 dose (20–100% of the stoichiometric amount),
O2 pressure (5–10 bar) and operating temperature (100–140 ◦C). A summary of the obtained results in
terms of TOC mineralization can be seen in Figure 3 (see Figures S3–S7 of the Supplementary Material
for all experimental data). As observed, the major impact on TOC mineralization was related to the
H2O2 dose, an essential variable to be optimized in the WPO-O2 process given its significant weight on
the economy of the process. On the other hand, the pressure of O2 did not show a relevant influence
on the oxidation performance, demonstrating the prominent role of hydroxyl radicals from H2O2 as
oxidant. Nevertheless, it should be noted that mineralization yields higher than the expected by only
H2O2-promoted oxidation were obtained with substoichiometric H2O2 doses, which confirms that
oxygen acted as supplemental oxidant. A neutral pH0 value led to a higher extension of the reaction.
At higher pH0, the decomposition of H2O2 follows another pathway and only a small fraction of
H2O2 leads to oxidants able to degrade the pollutants [31,32]. In the same line, at acidic conditions,
hydroxyl radicals interact with protons, leading to lower reactive species [33]. With regard to the
temperature, it presented a significant effect on the oxidation rate (initial phenol abatement rates
of 100, 150 and 180 mgPhenol L−1 min−1 were obtained at 100, 127 and 140 ◦C, respectively) but it
did not increase remarkably the extension of the reaction, which depends on the amount of oxidant
(see Figure S8 of the Supplementary Material for experimental data). Finally, the initial concentration
of phenol also showed an important influence on the mineralization yield, which can be explained by
the different efficiency on the consumption of H2O2 achieved with increasing phenol concentration.
The presence of higher H2O2 amounts from the beginning of the reaction unavoidably led to the
appearance of parasitic reactions, being especially important with an initial phenol concentration
of 5000 mg L−1. Furthermore, the presence of high amounts of phenol also led to the formation of
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high quantities of organic radicals, leading to the formation of higher concentrations of condensation
products. In this case, the distribution of the H2O2 dose along reaction would be required to achieve
higher mineralization yields. On the basis of these results, a neutral pH0 value, an initial phenol
concentration of 1000 mg L−1, an O2 pressure of 8 bar and 127 ◦C were the operating conditions selected
for further experiments while the effect of H2O2 was evaluated in more detail.
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Figure 3. Effect of the operating conditions on the phenol mineralization after 3 h of reaction upon
WPO-O2 process. Standard conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar,
T = 127 ◦C and natural pH0.

The operating condition study allowed to confirm the critical role of H2O2 on the performance of
the WPO-O2 process. On the other hand, taking into account previous works [14,15,34], it is expected
that this variable will be intimately related to the formation of condensation by-products. To better
understand the effect of H2O2 on the reaction, Figure 4 shows the evolution of this reagent as well as
the resulting mineralization yield along the treatment using different H2O2 doses. The evolution of
color, was also evaluated. As observed, after 3 h of reaction, the effluent color varied from dark-brown
to colorless depending on the H2O2 dose and therefore on the TOC conversion achieved (from 40 to
80%, respectively). The change in color upon phenol oxidation have been previously described in the
literature [12,14,15,20,34,35], not being attributed to low significance trace components but to the main
reaction intermediates, mostly condensation products. These species are formed by oxidative coupling
reactions of the highly reactive phenolic radical derivatives [36].

The results allowed the confirmation that the formation of condensation by-products was actually
a primary step on the oxidation reaction and that they could be completely eliminated along the
process when the stoichiometric amount of H2O2 was used. Accordingly, the color of the reaction
mixture can be seen as a direct indication of the oxidation level achieved. In fact, almost 40% TOC
mineralization was achieved in only a three minute reaction time (brown solution color), when the
stoichiometric amount of H2O2 was used. That mineralization yield was similar to the achieved when
20% of the stoichiometric amount of H2O2 was employed. In the same line, the light brown color
was associated with a mineralization yield around 55% while the colorless effluent showed a TOC
reduction above 80%.

In addition to the condensation by-products, aromatic species such as hydroquinone, catechol and
in lower amounts p-benzoquinone and resorcinol were detected upon the WPO-O2 at the operating
conditions of Figure 4b. Acids such as maleic, fumaric, oxalic, malonic, acetic and formic were also
identified. The aromatic species were completed oxidized after 3 h of reaction at the 100% H2O2
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stoichiometric dose. Only, oxalic, acetic and formic acids were detected in the reactor effluent at those
operating conditions. Based on these findings, the reaction pathway of Figure 5 is proposed for the
WPO-O2 of phenol.

 
(a) 
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100 % stoich. 50 % stoich. 

41%

41.4%

10.2%

0.3%4.7 %

 

20 % stoich. 
7.4 %

25.2%

15%

55.2% 81.5%

18.2%
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Figure 4. Effect of the H2O2 dose on the H2O2 consumption and mineralization (a) and by-product
distribution at 3 h of reaction (b) upon phenol WPO-O2. Operating conditions: [Phenol]0 = 1000 mg
L−1, PO2 = 8 bar (92 N mLO2 min−1), T = 127 ◦C and natural pH0. The inset images in (a) show the
aspect of the liquid effluent after 3 h of reaction.
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Figure 5. Proposed reaction pathway for the degradation of phenol by WPO-O2.

2.3. Role of condensation by-products on the kinetics of the process

In order to elucidate the role of the condensation by-products upon the WPO-O2 process,
the kinetics were investigated in a flow reactor. The reactor was packed with inert quartz beads
(mass: W = 29 g, particle diameter: φbeads= 2 mm, and bed porosity: εL= 0.32) to provide an available
surface for the deposition of condensation by-products. The oxidation runs were performed in
concurrent up-flow under the operating conditions previously selected: [Phenol]0 = 1000 mg L−1,
PO2 = 8 bar and neutral pH0. The dose of H2O2 was established at 50% of the stoichiometric amount
(2500 mg L−1) to warrant the presence of condensation by-products. The temperature was varied
within the range of 100–140 ◦C.

The concentration profiles of phenol, TOC and H2O2 vs. residence time (tr) at the different
operating conditions are shown in Figure 6 (in symbols).

Assuming isothermal plug-flow reactor, the mass balance of a given compound in liquid-phase (i)
can be expressed as:

−QL·dCi = (−ri)·dVL (1)

where Ci is the molar concentration of the i species in mol· L−1, (−ri) the reaction rate of i reactant in
mol L−1 s−1 and VL the liquid volume in the reactor, in L, calculated as εL•VR.

Considering that the flow rate (QL) remains constant, the residence time (tr) is defined as VL/QL,
then Equation (2) can be obtained from Equation (1):

− dCi
dtr

= (−ri) (2)

Accordingly, the corresponding mass balances for phenol disappearance, H2O2 consumption and
TOC abatement can be expressed as:

− dCH2O2

dtr
=
(
−rH2O2

)
(3)
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− dCPhenol
dtr

=
(
−rphenol

)
(4)

− dCTOC
dtr

= (−rTOC) (5)

Different reaction rate equations have been proposed to fit the experimental data (Figure 6),
viz. pseudo-first order for each species, Langmuir-Hinshelwood-Hougen-Watson (LHHW) and
autocatalytic rate equations. The numerical integration of the rate equations in the plug-flow reactor
with the initial conditions CPhenol= CPhenol,0, CH2O2= CH2O2,0 at t = 0 was solved by using the Microsoft
Excel Solver (Microsoft Office, 2010, MicrosoftCorp., Redmond, WA, USA) based on the Generalized
Reduced Gradient (GRG) algorithm for least squares minimization. The equations were fitted at all
temperatures simultaneously considering the Arrhenius equation to determine activation energy (Ea),
the pre-exponential factor (k0) and hence the kinetic constants (k).

The pseudo-first order and LHHW models failed to describe the experimental data (see Figures
S9 and S10, respectively, of Supplementary Material to compare the experimental and predicted
values). None of them consider the presence of an induction period in the concentration profiles of the
three species (phenol, H2O2 and TOC), which was particularly significant at 100 ◦C. On the contrary,
the autocatalytic model takes into account this phenomenon. This model considers that the catalyst
is formed during the reaction, as in the case of the condensation by-products. As it has been above
demonstrated, they are formed in the first stages of the reaction and afterwards, they are progressively
degraded. Therefore, it is proposed that the increase in the concentration of condensation by-products
in the beginning of the reaction enhances the decomposition of H2O2, and thus, the oxidation of phenol
and TOC. The scheme proposed to describe the autocatalysis of H2O2 decomposition into radical
species and the reaction of those radical species with phenol and TOC is the following:

H2O2
O2/T→ HO + OH− (6)

Phenol + HO→ Phenol + H2O (7)

Phenol + Phenol→ CP (8)

H2O2
CP→ HO + OH− (9)

where CP represents the condensation by-products.
The corresponding rate equations are:

(−rH2O2) = kH2O2 ·CH2O2 ·CCP = k′H2O2 ·CH2O2 ·
(
CH2O2,0 −CH2O2

)
(10)

(−rPhenol) = kPhenol·CPhenol·CCP

= k′Phenol·CPhenol·
(
CH2O2,0 −CH2O2

) (11)

(−rTOC) = kTOC·CTOC·CCP = k′TOC·CTOC·
(
CH2O2,0 −CH2O2

)
(12)

where the CP concentration is proportional to the decomposed H2O2 amount.
The resulting differential equations of this autocatalytic model are:

(−rH2O2) = 925· exp
(−4100

T

)
·CH2O2 ·

(
0.074−CH2O2

)
(13)

(−rPhenol) = 8.5·104· exp
(−9500

T

)
·CPhenol·

(
0.074−CH2O2

)
(14)

(−rTOC) = 1.5·104· exp
(−5700

T

)
·CH2O2 ·

(
0.074−CH2O2

)
(15)
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The good agreement found between the experimental and calculated values (in Figure 6) allows
to validate the autocatalytic model proposed and to demonstrate the catalytic role of condensation
by-products in the WPO process. The parity plot in Figure 7 finally compare the calculated and
measured concentrations of phenol, H2O2 and TOC evolution upon WPO-O2 of phenol over quartz
beads within the temperature range 100–140 ◦C using the autocatalytic kinetic model. The initial
low-activity period can be then explained by the formation of such species in the reaction medium
with the consequent coverage of the quartz beads, which is considerably slower at low temperatures.
For instance, at 10 min of residence time and 100 ◦C, no significant phenol conversion was observed
whereas up to 90% phenol removal was achieved at 140 ◦C. It is important to mention that only 50%
of the stoichiometric amount of H2O2 was used and thus, complete removal of the condensation
by-products was not completely achieved, as evidenced by the brown color of the used quartz beads
(Figure 8). Nevertheless, a higher degradation of these species at higher reaction temperatures
is expected.

Figure 6. Experimental (symbols) and predicted (lines) concentrations of H2O2, phenol and TOC by
the autocatalytic kinetic model of the phenol WPO-O2 over quartz beads at different temperatures.
Operating conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar, natural pH0 and
Wquartz = 29 g.
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Figure 7. Parity plot for phenol, H2O2 and TOC evolution upon WPO-O2 of phenol over quartz beads
within the temperature range 100 – 140 ◦C using the autocatalytic kinetic model. Operating conditions:
[Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar, natural pH0 and Wquartz = 29 g.

 
Figure 8. Image of the quartz beads before and after the WPO-O2 process under the operating conditions
of Figure 6.

The results obtained in this work allow us to demonstrate that the condensation by-products
formed with wet oxidation can catalyze the process. These results are in line of other studies where
the beneficial role of carbon deposits has been also proved in different reactions [22]. For instance,
Teschner et al. (2006) [24] found that the palladium-carbon surface formed in the early stages of alkyne
hydrogenation was actually the active phase responsible for the highly selective hydrogenation of
1-pentyne to 1-pentene. In the same line, Gornay et al. (2010) [23] demonstrated that the coke formed on
the walls of the reactor had an “accelerating” effect on the octanoic acid pyrolisis. All in all, the catalytic
effect promoted by the condensation by-products in the wet oxidation of phenol was not previously
demonstrated in the literature to the best of our knowledge. In fact, the coverage of the catalyst by those
species was usually associated to its loss of activity. For that reason, this study was performed in the
absence of catalyst. In fact, the obtained results are of the same order of magnitude as those achieved
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with metal-free catalysts of relatively low-activity, such as carbon black [12]. An initial TOC abatement
rate of 8 mgTOC L−1 min−1 was obtained in the CWPO of phenol under similar operating conditions
([Phenol]0 = 1000 mg L−1; [H2O2]0 = 5000 mg L−1; 130 ◦C), using a catalyst concentration of 5 g L−1,
while 12 mgTOC L−1 min−1 was obtained in the current work. Obviously, the activity of metal-free and
metal-based catalysts cannot lead to comparable yields. In fact, when a metal-based catalyst such as
Fe/AC or Fe/Al2O3 is used, the activity is much higher (up to one order of magnitude). In this sense,
initial TOC abatement rates of 72 mgTOC L−1 min−1 and 32 mgTOC L−1 min−1, were obtained with
those catalysts, respectively, in the CWPO of phenol under similar operating conditions [37]. It is
clear that in these cases, the coverage of the active sites even with catalytically active condensation
by-products would unavoidably lead to lower catalytic activities.

3. Experimental

3.1. Oxidation experiments

Oxidation experiments were carried out in a 75 mL autoclave reactor (Berghof). The reactor
consisted of a stainless-steel pressure vessel (PTFE) placed on a magnetic stirrer and surrounded by an
electric resistance heating block run by the corresponding control system. Pressure was measured
by a transducer. Six ports Valco valve VICI with two positions allowing the gas flow to pass through
the reactor or bypass it. The inlet gas flow-rate (92 NmL min−1 of pure N2 or O2) bubbling into the
liquid was adjusted by mass flow controllers (Hi-Tec Bronkhorst, Ruurlo, the Netherlands). In a typical
oxygen-assisted wet peroxide oxidation (WPO-O2), 70 mL of phenol solution at natural pH was charged
to the vessel. Then, the reactor was stoppered, heated and pressurized under nitrogen atmosphere
and a stirring rate of 750 rpm. After stabilization, the N2 flow was switched into O2. The O2 stream
flushed 5 mL of H2O2 aqueous solution of the appropriate concentration into the reactor. This was
considered the starting reaction time. In the wet peroxide oxidation experiments (WPO), H2O2 was
flushed with the N2 stream, the only gas employed in the experiment. In the wet air oxidation (WAO),
the experimental procedure was similar to the first described but H2O2 was not flushed to the reactor
and 75 mL of phenol solution was charged from the beginning.

The standard selected conditions for WPO-O2, WPO and WAO were natural pH0, 1000 mg L−1 of
phenol, 127 ◦C and 0.8 bar. If necessary, 5000 mg L−1 H2O2 was added (100% of the stoichiometric
amount relative to the initial phenol concentration). Also, WPO-O2 was performed in a wide range of
operating conditions: pH0 = 3–9, 1000–5000 mg L−1 of initial phenol, 20–100% stoichiometric dose of
H2O2, 100–140 ◦C and 0.5–1 bar to study the formation of condensation by-products.

WPO-O2 experiments were also conducted in a fixed-bed reactor consisting of a titanium tube
with a 0.91 cm internal diameter and 30 cm long (reactor volume, VR = 4 cm3), loaded with 29 g
of quartz beads (φbeads = 2mm and εL = 0.32). The temperature was measured by a thermocouple
located in the bed. The liquid and gas phases were passed through the bed in concurrent up-flow.
Detailed information about the components and operation procedure of this setup has been reported
elsewhere [38]. A 92 NmL min−1 pure oxygen was continuously passed in all the experiments. The
oxidation runs were performed at different temperatures (100–140 ◦C) and 0.8 bar of total pressure.
An aqueous solution of phenol at natural pH0 was continuously fed to the reactor at 1000 mg L−1

and 50% stoichiometric dose of H2O2 at different flow rates (QL) = 1–0.125 mL min−1 to cover the
experimental range of residence time (tr) = 5–41 min), calculated as the ratio of the liquid volume (VL)
and flow rate (QL). VL was equal to εL•VR.

Liquid samples were periodically withdrawn from the reactors and immediately injected in a vial
(submerged in crushed ice) containing a known volume of cold distilled water. The diluted samples
were filtered (0.45 μm Nylon filter) and subsequently analyzed by different techniques.
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3.2. Analytical methods

Phenol and aromatic intermediates evolution along oxidation reactions was followed by high
performance liquid chromatography (Ultimate 3000, Thermo Scientific, Waltham, MA, USA) using
a C18 5 μm column (Kinetex from Phenomenex, 4.6 mm diameter, 15 cm long) and a 4 mM H2SO4

aqueous solution as stationary and mobile phases, respectively. The quantification was performed at
wavelengths of 210 and 246 nm. The measurement of short-chain organic acids was carried out by
means of chromatography (Personal IC mod. 790, Metrohm). A mixture of Na2CO3 (3.2 mM) and
NaHCO3 (1 mM) aqueous solutions and a Metrosep A sup 5–250 column (4 mm diameter, 25 cm long)
were used. Total organic carbon (TOC) was quantified with a TOC analyzer (Shimadzu TOC VSCH,
Kyoto, Japan). H2O2 concentration was obtained by colorimetric titration TiOSO4 method [39] using a
UV2100 Shimadzu UV–vis spectrophotometer.

4. Conclusions

The results obtained in this work allowed us to demonstrate that the condensation by-products
formed along wet peroxide oxidation can act as catalytic promoters. It was found that as reactions
proceeded, the inert quartz beads were covered with condensation by-products and the disappearance
rates of phenol, TOC and H2O2 were significantly increased. An initial low-period activity was
clearly observed at low operating temperatures, especially 100 ◦C. The experimental data, obtained
in the range of 100–140 ◦C, could not be described by conventional kinetic models like first order or
Langmuir-Hinshelwood-Hougen-Watson. On the opposite, a good fit was reached by an autocatalytic
kinetic model, which accounted for the activity promoted by the condensation by-products formed
during the reaction. Interestingly, the activity of these species was found to be of the same order of
magnitude as the reported with metal-free catalysts such as carbon black. Nevertheless, it was clearly
lower than the achieved with metal-based catalysts, which explains that condensation by-products are
usually seen as catalyst deactivators in the literature.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/516/s1,
Figure S1. Temporal concentration profiles of hydroquinone, resorcinol, catechol and benzoquinone upon the
treatment of phenol by WPO-O2. Operating conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 5000 mg L−1,
PO2 = 8 bar (92 N mLO2 min−1), T = 127 ◦C and natural pH0.; Figure S2. Short-chain organic acid distribution
upon the WAO, WPO and WPO-O2 of phenol after 3 h of reaction. Operating conditions: [Phenol]0 = 1000 mg L−1,
[H2O2]0 = 5000 mg L−1, PO2 = 8 bar (92 N mLO2 min−1), T = 127 ◦C and natural pH0; Figure S3. Effect of
the pH0 on the phenol WPO-O2. Operating conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1,
T = 127 ◦C and PO2 = 8 bar; Figure S4. Effect of the H2O2 dose on the phenol WPO-O2. Operating conditions:
[Phenol]0 = 1000 mg L−1, T = 127 ◦C, PO2 = 8 bar and natural pH0; Figure S5. Effect of the initial phenol
concentration on the phenol WPO-O2. Operating conditions: T = 127 ◦C, PO2 = 8 bar and natural pH0;
Figure S6. Effect of the oxygen pressure on the phenol WPO-O2. Operating conditions: [Phenol]0 = 1000 mg L−1,
[H2O2]0 = 2500 mg L−1, T = 127 ◦C, PO2 = 8 bar and natural pH0; Figure S7. Effect of the temperature on the
phenol WPO-O2. Operating conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar and natural
pH0; Figure S8. Effect of the operating conditions on the initial TOC abatement rate upon WPO-O2 process.
Standard conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar, T = 127 ◦C and natural
pH0; Figure S9. Experimental (symbols) and predicted (lines) concentrations of H2O2, phenol and TOC by the
pseudo-first order kinetic model of the phenol WPO-O2 over quartz beads at different temperatures. Operating
conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar, natural pH0 and Wquartz beads = 29 g;
Figure S10. Experimental (symbols) and predicted (lines) concentrations of H2O2, phenol and TOC by the
LHHW kinetic model of the phenol WPO-O2 over quartz beads at different temperatures. Operating conditions:
[Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar, natural pH0 and Wquartz beads = 29 g.
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Abstract: The deposition of condensation by-products onto the catalyst surface upon wet peroxide and
wet air oxidation processes has usually been associated with catalyst deactivation. However, in Part I
of this paper, it was demonstrated that these carbonaceous deposits actually act as catalytic promoters
in the oxygen-assisted wet peroxide oxidation (WPO-O2) of phenol. Herein, the intrinsic activity,
nature and stability of these species have been investigated. To achieve this goal, an up-flow fixed bed
reactor packed with porous Al2O3 spheres was used to facilitate the deposition of the condensation
by-products formed in the liquid phase. It was demonstrated that the condensation by-products
catalyzed the decomposition of H2O2 and a higher amount of these species leads to a higher degree of
oxidation degree The reaction rates, conversion values and intermediates’ distribution were analyzed.
The characterization of the carbonaceous deposits on the Al2O3 spheres showed a significant amount
of condensation by-products (~6 wt.%) after 650 h of time on stream. They are of aromatic nature
and present oxygen functional groups consisting of quinones, phenols, aldehydes, carboxylics and
ketones. The initial phenol concentration and H2O2 dose were found to be crucial variables for the
generation and consumption of such species, respectively.

Keywords: wet peroxide oxidation; wet air oxidation; condensation by-products nature; fouling;
autocatalytic kinetics

1. Introduction

The treatment of wastewater containing aromatic compounds by oxidizing radicals, like those
generated in catalytic wet peroxide oxidation (CWPO) and catalytic wet air oxidation (CWAO)
processes, unavoidably involve oxidative coupling or polymerization reactions [1–4]. In these reactions,
the aromatic molecules polymerize leading to a complex mixture of intermediates usually known
as condensation by-products, which remain adsorbed onto the porous catalyst surface. By using
the appropriate operating conditions, such as H2O2 dose [5] or temperature [1,6], and also by the
integration of different treatments [7], these species can be further oxidized to CO2.

The presence of such carbonaceous deposits or “coke” on the catalyst has been recognized as a
major cause of its deactivation as these deposits can cover the catalytic active sites and thus, block the
redox cycle [1,3,8–13]. However, recent studies have shown that the presence of those species enhances
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the catalytic performance in a number of processes such as oxidative dehydrogenation, hydrogenation,
isomerization and Fischer-Tropsch [14]. In fact, the poly-aromatic structure of condensation by-products
could also have a positive effect in CWPO and CWAO processes since it could facilitate the electron
transfer to the oxidants initiating the radical reaction mechanism, as if it was a carbocatalyst surface.
However, to the best of our knowledge, this theory has not been addressed in the literature so far.

Table 1 presents a brief summary of the studies which have considered the formation of
condensation by-products during aromatic-polluted wastewater treatment using both CWAO and
CWPO processes. As can be seen, in all studies the deposition of carbonaceous deposits was
identified as the main reason for the deactivation of the catalysts. However, it is not possible to
generalize the results since this mechanism depends on the nature of the catalyst and the operating
conditions, in particular temperature, initial pollutant concentration and oxidant dose. On the
other hand, it must be noted that the deactivation was significantly more pronounced when metal-based
catalysts were used [1,11,12], whereas carbocatalysts were much more resistant [3]. In the same line,
the regeneration of solids by calcination treatments allowed the complete recovery of the initial activity
of the carbocatalysts [3]. Although the regeneration of some metal-based catalysts by calcination has
also been demonstrated [1,15], it is not so straightforward in this case because the metal nanoparticles
would also be oxidized, which could be counterproductive for the process, for instance, if the popular
magnetic catalysts are used. On the other hand, as shown in Table 1, the nature of condensation
by-products deposited onto the catalyst surface upon CWAO and CWPO reactions has not been deeply
investigated and many questions remain.

In our previous contribution, Part I of this study [16], it was demonstrated that the carbonaceous
materials deposited on the surface of inert quartz beads during the WPO-O2 of phenol were able to
catalyze the oxidation process. That is, the disappearance rates of phenol, total organic carbon (TOC)
and H2O2 were progressively increased during the reaction as the quartz beads were covered by the
condensation by-products, which was successfully described by an autocatalytic kinetic model. Here,
the activity, nature and stability of those species have been more deeply investigated. To achieve
this goal, inert Al2O3 spheres were used instead of quartz beads in the fixed bed reactor as they provide
a significantly higher surface area for the deposition of the condensation by-products. The effect of
these deposits on the kinetics of the process were investigated in the decomposition of H2O2 and also
in the WPO-O2 of phenol. The amount of condensation by-products deposited onto the Al2O3 spheres
were measured and their nature was fully characterized by several techniques. Finally, the stability of
these species was evaluated under different process operating conditions.
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2. Results and Discussion

2.1. Catalytic Activity Promoted by Condensation By-Products Deposits

In a first approach to directly assess the activity promoted by the carbonaceous by-products
deposited on the surface of inert solids in a fixed bed reactor during the WPO-O2 of phenol, their
ability to decompose H2O2 was investigated. The decomposition of H2O2 over fresh Al2O3 spheres
and those used in the WPO-O2 of phenol during 145 h on stream were assessed. Al2O3 spheres were
used instead of quartz beads in this work because they are also catalytically inert particles for the
decomposition of H2O2 but provide higher available specific surface area (SBET = 275 m2 g−1) for the
deposition of condensation by-products formed in the liquid phase. The concentration of H2O2 tested
was established at the same amount used in the WPO-O2 of phenol (2500 mg L−1) [16]. The rest of the
operating conditions were fixed at PO2 = 8 bar (100 N mLO2 min−1), T = 150 ◦C and neutral pH0.

The obtained results can be seen in Figure 1. It should be noted that the used Al2O3 spheres
showed a dark brown color according to the presence of carbonaceous deposits on their surface [16].
Although H2O2 was decomposed in both cases, significant differences were found in the oxidation rate.
The resulting pseudo-first order rate constant values for H2O2 decomposition were 0.181 and
0.345 L gcat

−1 h−1 with fresh and used Al2O3 spheres, respectively. The C-coated Al2O3 solid (Al2O3

covered by condensation by-products) decomposed H2O2 about two times faster than the fresh one,
confirming the important role of condensation by-products on the kinetics of the process. These results
are consistent with those of Part I of this study [16], the condensation by-products are catalytic species
able to promote the redox reactions to decompose H2O2 into hydroxyl and hydroperoxyl radicals.
Therefore, the formation of condensation by-products is the preliminary step in the phenol wet peroxide
oxidation. To the best of our knowledge, the activity promoted by the typical carbonaceous deposits
formed upon the CWPO, and also CWAO of organic pollutants has not been previously reported in the
literature. On the contrary, the catalyst coverage by those species has commonly been identified as an
important reason for the loss of its activity [9–13]. Clearly, when highly active metal-based catalysts
are covered by condensation by-products, the activity of the solid is unavoidably decreased as the
activity promoted by those species cannot compete with that of metal particles. Accordingly, to prove
the intrinsic activity of the carbonaceous deposits, the process must be carried out in the absence of
catalyst with an inert solid, as demonstrated in this work.

Figure 1. H2O2 decomposition over fresh and 145 h-used Al2O3 upon the phenol WPO-O2. Operating
conditions: [H2O2]0 = 2500 mg L−1, PO2 = 8 bar (92 N mLO2 min−1), T = 150 ◦C, natural pH0 and
WAl2O3 = 2 g. The inset images show the Al2O3 spheres before and after being used in the WPO-O2

of phenol.
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To get a better insight into the catalytic performance of condensation by-products, the WPO-O2

performance was studied over a Al2O3 fixed bed, and the results were compared to those obtained over
quartz beads, as reported in Part I of this work [16]. It was expected that the amount of the condensation
by-products deposited would be different in both beds due to the highest specific surface area of the
porous Al2O3. The results in terms of phenol, TOC and H2O2 conversion at the following operating
conditions: [phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, T = 100–140 ◦C, PO2 = 8 bar, natural pH0

and tR= 7 min, are summarized in Figure 2. The resulting initial oxidation rate values (gi gsolid
−1 h−1)

are also included. In all cases, the conversion values were significantly higher in the presence of Al2O3

spheres. Accordingly, the reaction proceeded much faster with Al2O3, obtaining rate values around
one order of magnitude higher. Also, higher extension of the reaction was reached, as indicated in the
intermediate distribution obtained with both systems at given operating conditions (Figure 3). In this
sense, the mineralization yield (or TOC conversion) was around 72% with the Al2O3 fixed bed while
only 5% was obtained with the quartz one. In the same line, dissolved aromatic compounds (mainly
p-benzoquinone, catechol and hydroquinone) were almost completely eliminated in the presence of
Al2O3 while they were the main reaction products (representing 84% of the initial TOC) with quartz
beads. Taking into account that both quartz and Al2O3 are inert materials, the only difference among
them can be attributed to the available surface area provided for the deposition of condensation
by-products, which is remarkably higher in the case of Al2O3 area (SBET = 275 m2 g−1). Accordingly,
the catalytic activity promoted by condensation by-products is significantly stronger with this solid.

Figure 2. Phenol disappearance, TOC removal and H2O2 consumption upon the phenol WPO-O2

over quartz and Al2O3 beads (Wquarzt = 29 g and WAl2O3 = 2 g, respectively) at different temperatures.
Operating conditions: [phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar (92 N mLO2 min−1),
natural pH0 and tR = 7 min. The inset numbers correspond to the initial rate values calculated in
gi gsolid

−1 h−1.
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Figure 3. Comparison of the reaction products distribution using quartz and Al2O3 beads at 7 min of
reaction. Operating conditions are the same as Figure 2.

2.2. Nature of the Condensation By-Product Deposits

Once it was demonstrated that the condensation by-products deposited on the surface of an inert
solid (Al2O3 or quartz beads) were able to decompose H2O2 and thus, to autocatalyze the WPO-O2

of phenol, an in-depth characterization of the solids before and after being used in the reaction was
carried out. Given the significantly higher specific surface area of Al2O3 for the deposition of the
by-product species, this solid was selected for the characterization study. The main goals were to learn
about the amount, composition and nature of the deposited carbonaceous by-products.

The textural properties of both fresh and used Al2O3 spheres (after 650 h in stream) were first
determined. Up to 70% fall on the SBET was observed, from 275 to 84 m2 g−1, which seems to be due to
the presence of carbonaceous deposits, although the possible hydration of Al2O3 under the WPO-O2

operating conditions should also be considered, as was further confirmed by thermogravimetric
analysis (TGA) and Fourier transform infrared spectroscopy (FTIR). Also, the mesopore volume was
reduced from 0.32 to 0.15 cm3 g−1. Scanning Electron Microscope (SEM) images of the Al2O3 spheres
before and after being used in the WPO-O2 of phenol can be seen in Figure 4. As observed, the fresh
sphere presents a clearly rough surface, consistent with the porosity of the solid, while the used one
shows a smooth aspect, which could be indicative of the coverage of the material by carbonaceous
deposits. This effect can be better appreciated in the images taken at high resolution (x1K, x10K). These
results are consistent with the decrease of SBET and porosity previously described. The bright areas
that are observed in some images, i.e., Figure 4e, correspond to the presence of metals, mainly iron (Fe)
and titanium (Ti), as was confirmed by Energy Dispersive X-ray spectroscopy (EDX) (Figure S1 in the
Supplementary Material shows the EDX spectra). These metals come from the leaching of the tubes
and reactor, respectively. Their total content is less than 0.2 wt.% (measured by inductively coupled
plasma mass spectrometry, ICP-MS), therefore their effect on the reaction can be considered negligible.

The presence of carbonaceous deposits on the Al2O3 spheres was further confirmed by
thermogravimetric analysis (TGA) of the solids in air atmosphere. The obtained results are depicted in
Figure 5. Al2O3 suffered dehydration and a consequent phase transformation at temperatures around
450–500 ◦C [17–19], which can be clearly observed in both fresh and used samples. Nevertheless,
in the latter, there was a shoulder at 350 ◦C and the weight loss from 300 to 600 ◦C was significantly
higher than that observed in the fresh material. This peak at 350 ◦C was ascribed to the carbonaceous
deposits, which were removed during the thermal treatment as indicated by the white color of the
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resulting Al2O3 spheres. By integrating the curves corresponding to the fresh and used samples,
the weight loss due to the condensation by-products burned-offwas calculated to be around 6% within
the temperature range of 30–900 ◦C, which is consistent with the results of the ICP (provided above).

 

Figure 4. SEM micrographs of the Al2O3 spheres before (a,b,c) and after (d,e,f) being used in the
WPO-O2 of phenol.

Figure 5. Differential thermogravimetric profiles (wt.%·◦C−1) of the fresh and used Al2O3 in helium
atmosphere at 10 ◦C min−1.

The characterization of the fresh and used Al2O3 spheres by different techniques such as elemental
analysis (EA) and ICP-MS allowed us to get an insight on the composition of the condensation.
The content of carbon and hydrogen increased from 0.11 to 2.90 wt.% and 1.61 to 2.07 wt.%, for the fresh
and spent Al2O3, respectively. The high content of hydrogen in the fresh Al2O3 spheres (1.61 wt.%)
could indicate the presence of bohemite phase AlO(OH). In fact, X-Ray Diffraction (XRD) confirmed
the coexistence of both phases, bohemite and γ-Al2O3, the spectrum is shown in Figure S2 in the
Supplementary Material. Taking into account that the sum of carbon and hydrogen content in the used
Al2O3 spheres is lower than the 6 wt.% of reaction products, identified as the condensation by TGA,
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it is expected that the carbonaceous by-products contain oxygen in their structure. The amount of
Al (measured by IPC-MS) decreased from 46.1 to 43.1 wt.%, which corresponds to the 6 wt.% of the
condensation deposits.

To learn more about the functionalization of the condensation by-products deposited on the Al2O3

spheres, FTIR and X-Ray photoelectron spectroscopy (XPS) analyses were performed on the fresh and
used Al2O3. FTIR spectra are given in Figure 6. The characteristic bands of fresh Al2O3 appear in
the range of 1070–1150 cm−1, which are typical of bohemite (AlO(OH)) [20,21], and also in the range
of 3093–3295 cm−1, which correspond to the vibration of OH bonds. These bands were of greater
intensity in the used Al2O3 sample, in line with the hydration of the alumina upon the oxidation
process, as observed by TGA. Nevertheless, the band at around 3100 cm−1 can also be assigned to the
= C–H stretch in the aromatics [9], which could indicate that carbonaceous deposits show an aromatic
character. On the other hand, by comparing both spectra, the appearance of some new bands in the
used solid can be clearly seen. In fact, the new band in the range between 1025 and 1250 cm−1 can
also be assigned to the C–H in-plane banding of the phenyl group [9]. The aromatic nature of the
carbonaceous deposits is consistent with previous works where the precipitation of a solid polymer
following the CWPO of phenol was observed [4,5]. Poerschmann et al. (2009) [4] postulated that
carbonaceous solids showed features of humic acids, as they were formed by the oxidative coupling
reactions of phenolic rings. The band at 1427 cm−1 revealed the presence of C–O and OH groups in
carboxylic acids, while those at 1698 and 1718 cm−1 indicated the occurrence of C=O groups and C=O
from quinones, aldehydes and ketones, respectively. The bands in the range of 2100–2300 cm−1 could
be due to C≡C stretch [22]. Therefore, the carbonaceous deposits exhibit a complex composition of
phenols, carboxylic acids, aldehydes, ketones, aromatic carbon rings and aliphatic carbons.

Figure 6. FTIR spectra of the Al2O3 spheres before and after being used in the phenol WPO-O2.

In line with the previous characterization analyses, XPS spectrum of the used Al2O3 spheres also
allowed us to confirm the presence of carbonaceous deposits on the solid surface, as indicated by
the strong C1s peak observed (Figure 7). Its asymmetric shape, with decreasing intensity towards
higher binding energies indicate that there is a contribution from oxygenated functional groups [23].
The C1s spectrum was fitted to three peaks: a peak for polyaromatic carbons (284.8 eV, C–C and
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C–H), for carbon singly bonded to one oxygen atom (285.8 eV, C–O) and for carboxylate groups (288.5,
O–C=O) [24].

Figure 7. Deconvolution spectrum of C1s for the Al2O3 spheres after being used in the phenol WPO-O2.

2.3. Kinetic Modeling

The kinetic model developed in Part I of this work [16] for phenol WPO-O2 in the presence of
quartz beads explained that the condensation by-products catalyzed the decomposition of H2O2 into
oxidizing radicals able to degrade the organic pollutant, according to the following autocatalytic
rate equations:
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The concentration profiles of phenol, TOC and H2O2 vs. residence time (tr) obtained in the presence
of Al2O3 at different temperatures are shown in Figure 8 (in symbols). As observed, the disappearance
of phenol is not significantly affected by the temperature, the same for TOC and H2O2 decomposition
at temperatures above 127 ◦C.

The numerical integration of the rate equations of Equations (1–3) assuming plug-flow reactor,
with the initial conditions [Phenol] = [Phenol]0, [H2O2] = [H2O2]0 at t = 0 was solved by using the
Microsoft Excel Solver (Microsoft Office, 2010, Microsoft Corp., Redmond, WA, USA) based on the
Generalized Reduced Gradient (GRG) algorithm for least squares minimization. The equations were
solved at all temperatures simultaneously considering the Arrhenius equation to determine activation
energy and the pre-exponential factor.

The resulting differential equations of this autocatalytic model are:
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The good agreement found between the experimental (symbols) and calculated values (lines)
validates this model, as can be seen in Figure 8. Nevertheless, it must be noted that the values obtained
for the pre-exponential factor (L mol−1 min−1) and activation energy (Ea/R) are actually a lumping of
different reactions including H2O2 decomposition, CP production and phenol or TOC evolution rate.
The existence of these various phenomena occurring simultaneously but with opposite effects makes it
difficult to assign a physical meaning to those values.

Figure 8. Experimental (symbols) and predicted (lines) concentrations of H2O2, phenol and TOC by
the autocatalytic kinetic model of the phenol WPO-O2 over Al2O3 at different temperatures. Operating
conditions: [Phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar, natural pH0 and WAl2O3 = 2 g.

2.4. Stability of the Condensation By-Product Deposits

The condensation by-products generated upon reaction can also be consumed, depending on
the operating conditions. It is then clear that reaching a stable concentration of these species is a key
issue to ensure the efficiency and reproducibility of the results. The main aspects that are expected
to determine the generation and consumption of condensation by-products during reactions are the
initial target pollutant concentration and the dose of H2O2, respectively [16]. Both process variables
are analyzed below.

Figure 9 shows the initial oxidation rate values obtained for phenol disappearance, TOC removal
and H2O2 consumption when the initial concentration of phenol was evaluated within 100–5000 mg L−1,
maintaining the dose of H2O2 at 50% of the stoichiometric amount for its complete mineralization.
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As observed, the highest initial oxidation rate was achieved with the highest phenol concentration
tested (5000 mg L−1). The difference was quite significant, around one and even two orders of magnitude
higher, when comparing 5000 mg L−1 to 1000 and 100 mg L−1, respectively. This is indicative of a higher
amount of “catalytic” carbonaceous deposits formed by increasing the initial concentration of phenol.
On the other hand, it should be mentioned that the efficiency of the consumption of H2O2 (calculated
as the ratio between the conversion of TOC and that of H2O2) also increased with the amount of phenol,
from 15 to 60%, when the concentration was varied from 100 to 5000 mg L−1. Therefore, the amount of
condensation by-products deposited on the Al2O3 spheres not only affected the kinetics but also the
extension of the reaction. In fact, the intermediate distribution was strongly dependent on the initial
concentration of phenol tested (see Figure S3 in the Supplementary Material for experimental data).
Notably, the amount of dissolved condensation by-products increased with the initial concentration
of phenol (from 1 to 13% of the initial TOC was attributed to dissolved condensation by-products
with 100 and 5000 mg L−1 initial phenol concentration, respectively). This is consistent with the fact
that those species are generated by condensation of phenolic radicals, which would be in significantly
higher amounts at higher initial phenol concentrations.

Figure 9. Effect of the initial phenol concentration on the initial rate of phenol disappearance,
TOC removal and H2O2 consumption upon the phenol WPO-O2 over Al2O3 spheres. Operating
conditions: [H2O2]0 equivalent to the 50% stoichiometric dose for phenol mineralization, PO2 = 8 bar
(92 N mLO2 min−1), T = 140 ◦C, natural pH0 and WAl2O3 = 2g.

The results obtained in terms of TOC conversion at different H2O2 doses (from 50–300% of the
stoichiometric amount for complete phenol oxidation), maintaining the initial phenol concentration at
1000 mg L−1, are summarized in Figure 10. It should be noted that at the residence time established
for all experiments (7 min), complete phenol degradation and total H2O2 consumption was reached.
As observed, the increase in H2O2 concentration resulted in higher mineralization yields, even above
90% when two-times the stoichiometric amount of H2O2 was used. Nevertheless, a further increase
in the amount of H2O2 did not lead to a higher degree of mineralization, which could be due to the
inefficient consumption of this reagent by the radical auto-scavenging reactions, and also to the fact
that the amount of carbonaceous deposits present to catalyze the reaction would be significantly lower
as they would be oxidized due to the harsher operating conditions. The images of the Al2O3 spheres
at the exit of the reactor with the lowest and highest H2O2 doses tested confirmed this hypothesis
(Figure 10). While the used solids showed a brown color when H2O2 doses below the stoichiometric
amount were used, Al2O3 spheres recovered their original white color at or above that threshold value,
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which proved that the condensation by-products deposits were completely removed. It should also be
noted that the efficiency of H2O2 consumption (calculated as the ratio between the conversion of TOC
and that of H2O2) was progressively decreased with increasing the H2O2 dose. Values of the efficiency
of 43, 31, 26, 14 and 9.3% were obtained with H2O2 doses of 50%, 75%, 100%, 200% and 300% of the
stoichiometric amount, respectively.

Figure 10. Effect of the H2O2 dose on the TOC conversion achieved upon the phenol WPO-O2 over
Al2O3 at 7 min of reaction time. Operating conditions: [Phenol]0 = 1000 mg L−1, PO2 = 8 bar (92 N
mLO2 min−1), T = 140 ◦C, natural pH0 and WAl2O3 = 2 g. The inset images show the Al2O3 spheres at
the exit of the reactor.

3. Experimental Methods

3.1. Al2O3 Spheres and Characterization

Commercial Al2O3 spheres (φp = 24 mm) supplied by Sigma Aldrich (ref.: 414069, Kyoto, Japan)
were used as inert material to arrange a bed to adsorb the condensation by-products formed during
the WPO-O2 process.

Al2O3 spheres before and after the WPO-O2 experiments (fresh and used Al2O3) were characterized
by different techniques. The porous structure of the catalysts was characterized from the 77 K N2

adsorption/desorption using a Micromeritics Tristar apparatus. The samples were first outgassed
overnight at 150 ◦C to a reduced pressure < 10−3 Torr in order to ensure a dry clean surface.
The morphology of the Al2O3 spheres was observed by scanning electron microscopy (SEM) using
a Hitachi S-3000N apparatus at an accelerating voltage of 20 kV. Evidence for the presence of
carbonaceous deposits on the spent Al2O3 spheres were obtained by thermogravimetric analysis
(TGA/SDTA851e thermobalance, Mettler-Toledo) coupled to a Thermostat (model GSD 301 TC)
from Pfeiffer Vacuum MS. The samples were heated in helium from room temperature to 900 ◦C at
10 ◦C min−1. Besides, the chemical composition of the condensation by-products was investigated
by EA and ICP-MS. EA for carbon and hydrogen were carried out with a LECO Model CHNS-932
analyzer. Aluminum quantification by ICP-MS in a PerkinElmer’s NexION 2000. The samples
were prepared by closed microwave digestion in acid solution, containing H3PO4 and HF, at 270 ◦C
for 2 h. XRD was performed with a PANalytical X’Pert Pro Theta/2Theta diffractometer with CuK
radiation on Al2O3 spheres previously crushed into powder. Data were collected from 10◦ to 100◦ (2θ),
with steps of 0.0167◦. Information about the functionalization of the condensation by-products was
obtained by the FTIR (Bruker IFS66v spectrophotometer, 4 cm−1 resolution, 250 scans in normal
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conditions, 7000–550 cm−1) and XPS analyses (Physical Electronics, mod. ESCA 5701, equipped with a
monochromatic Mg Ka X-ray excitation source, hυ = 1253.6 eV). The deconvolution of the C 1s profile
at 284.6 eV was carried out with the provided software ‘Multipak v8.2b’, which obtains the relative
amounts of the different surface groups. The procedure involves smoothing, background subtraction
and mixed Gaussian–Lorentzian peak shape by a least-squared method curve fitting.

3.2. Oxidation Experiments

Oxidation experiments were conducted in a fixed-bed reactor consisting of a titanium tube
with a 0.91 cm internal diameter and 30 cm long (reactor volume, VR = 4 cm3), loaded with 2 g of
glass beads (φbeads = 2.4 mm and εL = 0.45). The temperature was measured by a thermocouple
located in the bed. The liquid and gas phases were passed through the bed in concurrent up-flow.
Detailed information about the components and operation procedure of this setup has been reported
elsewhere [25]. An aqueous solution of H2O2 with or without phenol at natural pH0 was continuously
fed to the reactor along with a 92 NmL min−1 pure oxygen stream. H2O2 decomposition reactions were
performed with fresh and used Al2O3. The same results were obtained in the presence and absence
of Al2O3, which demonstrated that it is an inert material for the decomposition of H2O2. The runs
were conducted at [H2O2]0 = 2500 mg L−1, PO2 = 8 bar (92 N mLO2 min−1), T = 150 ◦C, natural pH0

and at different flow rates (QL) = 10 and 5 mL min−1 equivalent to residence times (tr) of c.a. 5.5 and
11 s. This tr is calculated as the ratio of the liquid volume (VL) and flow rate (QL). VL was equal to
εL·VR. The used Al2O3 was obtained after 145 h on stream upon phenol WPO-O2 at the following
operating conditions: [phenol]0 = 1000 mg L−1, [H2O2]0 = 2500 mg L−1, PO2 = 8 bar (92 N mLO2 min−1),
T = 140 ◦C, natural pH0 and tr = 4.5 min.

The phenol WPO-O2 runs were conducted in a wide range of operating conditions: [phenol]0

= 100–5000 mg L−1, [H2O2]0 = 250–12500 mg L−1 (from 50 to 300% stoichiometric dose of H2O2,
depending on the initial phenol concentration), PO2 = 8 bar (92 N mLO2 min−1), T = 100–140 ◦C and
QL = 1–0.125 mL min−1 to cover the experimental range of tr = 0.9–7 min.

Liquid samples were periodically withdrawn from the reactors and immediately injected in a vial
(submerged in crushed ice) containing a known volume of cold distilled water. The diluted samples
were filtered (0.45 μm Nylon filter) and subsequently analyzed by different techniques.

3.3. Analytical Methods

High performance liquid chromatography (Ultimate 3000, Thermo Scientific, Waltham, MA, USA)
was used to follow the evolution of phenol and aromatic intermediates during WPO-O2 reactions.
A C18 5 μm column (Kinetex from Phenomenex, 4.6 mm diameter, 15 cm long) and a 4 mM H2SO4

aqueous solution were employed as stationary and mobile phases, respectively. Wavelengths of 210
and 246 nm were used for the quantification. Short-chain organic acids were analyzed by means of
chromatography (Personal IC mod. 790, Metrohm). A mixture of Na2CO3 (3.2 mM) and NaHCO3

(1 mM) aqueous solutions and a Metrosep A sup 5–250 column (4 mm diameter, 25 cm long) were used.
A TOC analyzer (Shimadzu TOC VSCH, Kyoto, Japan) was used to quantify total organic carbon (TOC).

4. Conclusions

This work demonstrates that the condensation by-products formed during the WPO process
promote H2O2 decomposition into radical species. This is achieved by the electron donor-acceptor
groups in the condensation species (which are represented as aromatic carbon functionalized with
quinone, phenolic, aldehyde, carboxylic and ketones groups) that make the electron-transfer to the
H2O2 molecules and vice versa possible. Their beneficial effect on the oxidation process can be
described through an autocatalytic kinetic model.

The oxidation rate and the extension of the reaction is determined by the amount of the condensation
by-product deposits. In the presence of porous Al2O3 spheres in a packed bed, the oxidation rate
values were one order of magnitude higher than the quartz beads, the mineralization yield was also
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significantly greater (XTOC = 72% vs. 5%, respectively), and the intermediate distribution was very
different, with a 90% less concentration of aromatic by-products in the media.

The amount of the deposits is a trade-off between the initial concentration of phenol (which favors
the polycondensation reactions and therefore the production of condensation by-products) and the dose
of H2O2 (which mineralizes the condensation by-products when used at high enough concentrations).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/518/s1,
Figure S1. EDX spectra of the Al2O3 spheres after being used in the WPO-O2 of phenol; Figure S2. XRD spectra of
the fresh Al2O3; Figure S3. Influence of the initial phenol concentration on the by-product distribution in the
WPO-O2 process.
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Abstract: The metal-free CDots/g-C3N4 composite, normally used as the photocatalyst in H2

generation and organic degradation, can also be applied as an environmental catalyst by in-situ
production of strong oxidant hydroxyl radical (HO·) via catalytic decomposition of hydrogen
peroxide (H2O2) without light irradiation. In this work, CDots/g-C3N4 composite was synthesized
via an electrochemical method preparing CDots followed by the thermal polymerization of urea.
Transmission electron microscopy (TEM), X-Ray diffraction (XRD), Fourier Transform Infrared (FTIR),
N2 adsorption/desorption isotherm and pore width distribution were carried out for characterization.
The intrinsic catalytic performance, including kinetics and thermodynamic, was studied in terms
of catalytic decomposition of H2O2 without light irradiation. The second-order rate constant of the
reaction was calculated to be (1.42 ± 0.07) × 10−9 m·s−1 and the activation energy was calculated to be
(29.05 ± 0.80) kJ·mol−1. Tris(hydroxymethyl) aminomethane (Tris) was selected to probe the produced
HO· during the decomposing of H2O2 as well as to buffer the pH of the solution. The composite
was shown to be base-catalyzed and the optimal performance was achieved at pH 8.0. A detailed
mechanism involving the adsorb-catalyze double reaction site was proposed. Overall, CDots/g-C3N4

composite can be further applied in advanced oxidation technology in the presence of H2O2 and the
instinct dynamics and the mechanism can be referred to further applications in related fields.

Keywords: CDots/g-C3N4; H2O2; hydroxyl radical; Tris; advanced oxidation technology

1. Introduction

Advanced oxidation technology (AOT) is one of the most effective and economical approaches
dealing with non-biodegradable organic pollutants (NBDOPs) in water, such as dyestuffs, pesticides,
pharmaceutical and personal care products (PPCPs), synthetic chemicals and leachate of landfills [1–5].
In typical AOTs, different strategies like chemical, photochemical, sonochemical and electrochemical
pathways, are employed to produce intermediate active oxidant radicals [1,6–8]. With an oxidation
potential of 2.7 eV and nanosecond-level life time, hydroxyl radical (HO·) is one of the most typical
radicals, which can decompose NBDOPs non-selectively, forming CO2, H2O, inorganic ions or other
biodegradable molecules [9–11]. It is worthy to note that the degradation of NBDOPs and the
generation of HO· take place simultaneously [12]. Thus, the core process of various AOTs is to
improve the yield of HO·, which mainly leads to the decomposition of NBDOPs.

The concentration of instantaneous HO· can be hardly determined directly but can be
determined indirectly by probes like Rhodamine B [13], terephthalic acid [14], dimethyl sulfoxide [15],
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phenylalanine [16] and Tris(hydroxymethyl)aminomethane (Tris) [17]. Among the various probes, Tris
can be applied in both homogeneous and heterogeneous systems as HO· scavenger and pH buffer
at the same time [18]. Hydroxyl radical captures hydrogen atom from Tris, producing formaldehyde
(CH2O) and other compounds. Since the produced CH2O can be quantified by the modified Hantzsch
method [19], the concentration of HO· can be indirectly quantified. The detailed mechanism of the
reaction between HO· and Tris was reported, involving the effects of O2 and pH [17].

H2O2 is one of the most common sources of HO· in the presence of metal salt solution,
carbon-based species, metal or metal oxide via Fenton/Fenton-like reaction, electron-transfer
mechanism or catalytic decomposition on the solid-liquid interface [18,20–24]. The well-known
Fenton/Fenton-like reaction may occur in both homogeneous and heterogeneous system according to
many works [18,20–23]. Similar to the Fenton reaction, HO· and HO2· can be formed on the surface of
carbon-based catalysts via the electron-transfer mechanism due to the donor-acceptor properties of
the carbon surface. The redox cycle is necessary to keep the production of HO· and HO2· species [24].
The catalytic decomposition of H2O2 on the surface of metal or metal oxides has also been studied
to some extent in recent years, including Fe, W, Cu, UO2, ZrO2, CuO, CuO2 and so on [18,22,25–27].
It is known that HO· and HO2· will be formed as intermediates during the decomposition of H2O2

while the disproportion reaction of HO2· ends up with H2O2 and O2. The disproportionation may
also occur in the Fenton/Fenton-like reaction and the reaction between H2O2 and carbon-based
catalyst. From previous work, it is known that the reaction between scavenger and HO· will affect the
production of O2 [28].

Despite its high efficiency and effectiveness, the application of classic Fenton reaction faces the
disadvantages of strict pH restrictions, iron precipitation and the cost for catalyst recycling [29–31].
The formation rate of HO· is strongly dependent on the pH value while the oxidation potential of
HO· declines as the pH increases [31,32]. Furthermore, the generation of HO· is directly limited by
the formation of iron sludge in alkaline condition [30]. Since iron precipitation remains the bottleneck
of classic iron-based Fenton reaction, non-ferrous heterogeneous catalysts with multiple oxidation
states and redox stability (Ce, Cu, Mn and Ru) [11] and transition metal substituted iron oxide (Cr,
Co and Ti) [32], have been developed for the replacement. Nevertheless, the abovementioned metal
materials still face the drawbacks of high cost, high toxicity and/or environmental unfriendliness.
Hence, a number of metal-free catalysts have been developed for the generation and/or decomposition
of H2O2 regarding to their high earth abundance, good biocompatibility and environment-friendly
properties, including graphene [6], carbon nanotubes [33], activated carbon fibers [34], graphitic carbon
nitride (g-C3N4) [35–38] and carbon nanodots (CDots) [39].

As a metal-free polymer semiconductor material with suitable band gap and band position,
g-C3N4 has embodied its research value in the field of H2 production, CO2 reduction, selective
oxidation of alcohols and pollutant degradation [40–43]. The combination of CDots and g-C3N4 was
firstly introduced in 2015 by J. Liu and her co-workers for water splitting, solving the chock point that
g-C3N4 is poisoned by in-situ generated H2O2 in hydrogen evolution [44]. H2O can be catalytically split
into H2O2 and H2 by g-C3N4 in the presence of photo irradiation. However, with the two-dimensional
structure and large accessible area on the surface of g-C3N4, the in-situ generated hydrogen peroxides
are strongly bonded and difficult to remove, which leads to the poisoning of catalyst, thereby limiting
the yield of H2 [45–47]. CDots was introduced to solve this problem by decomposing the bonded
H2O2 on the surface of g-C3N4 into H2O and O2, thereby remitting the poisoning of g-C3N4. It is
known that intermediate HO· will be formed via electron-transfer on the surface of carbon-based
catalyst [24]. Inspired from these, it can be hypothesized that the CDots/g-C3N4 composite can be
used as a catalyst providing promising yield of HO· via decomposing adsorbed H2O2 on the surface
of g-C3N4 by embedded CDots. To the best of our knowledge, the kinetics and mechanism of catalytic
decomposition of H2O2 on CDots/g-C3N4 composite has been rarely studied.

In this work, CDots/g-C3N4 composite was synthesized via an electrochemical method followed
by a thermal polymerization process. The obtained composites were characterized by TEM, FTIR,
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Brunauer-Emmett-Teller (B.E.T) and XRD. The catalytic performance of CDots/g-C3N4 composite
for H2O2 decomposition was also investigated. The second-order reaction rate constant of H2O2

decomposition and reaction activation energy were obtained by varying the dosage of composite and
temperature. Furthermore, a detailed mechanism involving the adsorb-catalyze double reaction sites
was proposed.

2. Results and Discussion

2.1. Morphology of the Catalyst

The obtained CDots/g-C3N4 composite was prepared via an electrochemical method followed
by a thermal polymerization process. To confirm the modification of CDots on g-C3N4, FTIR spectra
and XRD patterns of pure g-C3N4 and CDots/g-C3N4 composite were obtained and exhibited in
Figure 1A,B. The influence of CDots modification on the specific surface area was investigated
by the B.E.T. method with isothermal adsorption and desorption of high purity nitrogen. The N2

adsorption-desorption isotherms and pore size distributions of g-C3N4 and CDots/g-C3N4 composite
are shown in Figure 1C. The TEM images of CDots/g-C3N4 are shown in Figure 1D,E.

 
Figure 1. Cont.
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Figure 1. (A) Fourier Transform Infrared (FTIR) spectra; (B) X-Ray diffraction (XRD) patterns; (C) N2

adsorption/desorption isotherm and pore width distribution of pure g-C3N4 and CDots/g-C3N4

composite; (D,E) Transmission electron microscopy (TEM) images of CDots/g-C3N4 composite.

As can be seen in Figure 1A, the sharp peak for g-C3N4 at 810 cm−1 is attributed to stretching
vibration bond of tri-s-triazine [48]. Vibration peaks between 1200–1650 cm−1 corresponds to the
typical stretching modes of CN heterocycles [49]. A wider band can be seen at 3100–3300 cm−1, which
belongs to the stretching vibration modes for the unreacted –NH [50]. The same characteristic peaks
are observed in CDots/g-C3N4 composite and the peak at 1405 cm−1 can be seen as the indicator for
the coupling of CDots and g-C3N4 [48].

XRD patterns of g-C3N4 and CDots/g-C3N4 are displayed in Figure 1B. The main diffraction
peaks observed at 12.9◦ and 27.5◦ in both g-C3N4 and CDots/g-C3N4 composite are indexed to the
(100) peak of the in-plane structure of tri-s-triszine unit and (002) crystal facets of the inter-layer
stacking of aromatic segments [51,52]. The two patterns fit well with graphitic carbon nitride (JCPDS
87-1526) and no significant difference is observed, implying the low content of CDots in CDots/g-C3N4

composite. However, it is remarkable that the difference in relative intensity, together with the shift
observed in the (002) peak location from 27.51◦ for g-C3N4 to 27.59◦ for CDots/g-C3N4, can be seen
as the evidence of CDots introduction [45]. As can be seen in Figure 1C, the introduction of CDots in
CDots/g-C3N4 leads to a 20% increase (from 120.92 to 145.24 m2/g) in specific surface area, which
favors the decomposition of H2O2.

Figure 1D clearly shows the two-dimensional structure of g-C3N4 together with the embedding of
CDots (the white circles). The close look of the CDots embedded in g-C3N4 matrix is given in Figure 1E.
The CDots are non-uniformly distributed, ranging from 2 to 10 nm, which is in line with previous
studies [45,51,53].

From the results and analysis above, it can be confirmed that CDots have been successfully decorated
in g-C3N4 and the inlay of CDots brings an improvement in specific surface area of the composite.

2.2. Kinetic Study

The effect of CDots content in the catalyst has been investigated in several previous works proving
that a certain amount of CDots can enhance the catalytic properties of the catalysts while an excessive
loading may work opposite [45,51,53]. Thus, in this work the CDots/g-C3N4 composite was fabricated
with a fixed fraction of CDots (1.26 wt.%) selected by preliminary experiments. It is known that
the surface reaction is dominating in the present heterogeneous system, therefore surface area to
solution volume ratio (SA/V) is used to represent the dosage of the composites other than the mass
concentration, which has been applied in many reported works [17,18,22,27,28,54–56]. The SA/V value
is obtained by combining the mass concentration (g/L) with specific surface area (m2/g) and can be
normalized to m−1.
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To verify the synergistic effect of CDots and g-C3N4 in H2O2 decomposition, five samples were
prepared according to the proportion of CDots and g-C3N4 in the composite. Sample 5 is the CDots/g-C3N4

composite with SA/V of 4 × 105 m−1. The pure g-C3N4 with the same SA/V value was identified as
Sample 2. The single-component CDots solution containing the equivalent amount of CDots as Sample 5
(13.4 mg/L) was named as Sample 1 and it was obtained by directly diluting the originally prepared CDots
solution. The physical mixture of Sample 1 and 2 is identified as Sample 3. Additionally, the originally
prepared CDots solution with a high concentration (133 mg/L) was named as Sample 4.

Detailed descriptions of the samples are listed in Table 1. It should be noted that sample 1, 3 and
5 has equivalent amount of CDots and sample 3 is a simple mixture of CDots and g-C3N4 while sample
5 is the composite. The catalytic decomposition of H2O2 by each sample was investigated under
the same experimental condition where initial concentration of H2O2 ([H2O2]0) is 0.5 mM and the
temperature is 298K. Normalized concentration of H2O2 ([H2O2]/[H2O2]0) of each case is plotted
against reaction time respectively (shown in Figure 2).

Table 1. Samples prepared for the investigation of synergistic effect of CDots and g-C3N4.

Sample Description

1 13.4 mg/L CDots
2 4 × 105 m−1 g-C3N4
3 physical mixture of Sample 1 and Sample 2
4 133 mg/L CDots
5 4 × 105 m−1 CDots/g-C3N4 composite

Figure 2. [H2O2]/[H2O2]0 ([H2O2]0 = 0.5 mM) as a function of reaction time in the presence of sample
1–5 at 298 K.

As shown in Figure 2, Sample 4 (the originally prepared CDots, 133 mg/L) incurs a gradely
decline in H2O2 concentration in darkness, demonstrating the inherent catalytic property of CDots
for H2O2 decomposition. However, the catalytic performance becomes faint after diluting CDots to a
10.2% concentration when comparing sample 1 and 4, indicating that such catalysis process is strongly
dependent on the applied CDots concentration, which is in accordance with reported work [57].
Sample 2 (pure g-C3N4) also incurs slight decline in H2O2, which can be attributed to the adsorption of
g-C3N4 and catalytic decomposition by carbon-based material through the delocalization of electrons
on the surface [24]. However, the decomposition of H2O2 catalyzed by the pure g-C3N4 should not
be considered as the main process in the system with CDots/g-C3N4 composite. It is remarkable
that the consumption rate of H2O2 for sample 5 is much larger than sample 3, implying the thermal
polymerization process gives rise to the remarkable synergy and the proximity between the CDots and
the adsorption sites of H2O2 in g-C3N4 is necessary for the high efficiency of H2O2 decomposition [44].
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It has been previously reported that [18,54], the catalytic decomposition of H2O2 in the heterogeneous
system follows pseudo first-order kinetics with respect to H2O2 when solid is excess to H2O2 and the
reaction rate equation can be described as −d[H2O2]

dt = k1 × [H2O2], which can be integrated as

ln
[H2O2]

[H2O2]0
= −k1t (1)

where k1 is the pseudo first-order rate constant at a given temperature and dosage of the solid, t is the
reaction time, [H2O2] is the concentration of H2O2 at a time and [H2O2]0 is the concentration of H2O2

at t = 0. When the solid catalyst is excess to H2O2, the second-order rate constant in the system can be
determined by studying the pseudo first-order rate constant (k1) as a function of SA/V (surface area of
solid to volume of solution). The second-order rate expression is given as

−d[H2O2]

dt
= k2 × SA

V
× [H2O2] (2)

where k2 denotes the second-order reaction rate constant, SA denotes the surface area of the CDots/g-C3N4

and V is the volume of the reaction solution. The term SA/V has been applied to denote the catalyst
concentration in a number of studies regarding the heterogeneous catalysis system [18,22,27,54].

According to the preliminary experiments, the lower limit of SA/V is 3.2 × 105 m−1 after which it
is excess to the fixed initial H2O2 concentration (0.5 mM). A series of experiments were carried out by
varying the dosage of catalyst (SA/V) from 3.2 to 6.4 × 105 m−1 under the same condition at 298 K to
explore the kinetics of the present system. The logarithm of normalized H2O2 concentration is plotted
as a function of reaction time (Figure 3A) and the slope of the linearly fitted curve of these plots (k1) is
plotted against SA/V accordingly (Figure 3B).

Figure 3. (A) ln([H2O2]/[H2O2]0) ([H2O2]0 = 0.5 mM) as a function of reaction time with different
SA/V values of catalyst (3.2–6.4 × 105 m−1) at 298 K; (B) pseudo first-order reaction rate constant as a
function of SA/V at 298 K. The k1 values were obtained from Figure 3A.
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From Figure 3A, it can be seen that all the ln([H2O2]/[H2O2]0) plots are linearly fitted with
reaction time which indicates it follows pseudo first-order kinetics at given dosage of the composite
and the slopes of the fitted curves are denoted as k1. In addition, it is clearly that the observed
decomposition rate of H2O2 increases with increasing the dosage of the composite. The key parameters
of the fitted curves, including SA/V, slopes (k1), standard deviation and R2, are listed in Table 2.

Table 2. The key parameters of the fitted curves with different SA/V values.

SA/V (105 m−1) k1 (10−4 s−1) Standard Deviation (10−4 s−1) R2 (%)

3.2 2.61 0.078 99.38
4.0 3.52 0.068 99.74
4.8 4.53 0.084 99.76
5.6 6.05 1.063 99.49
6.4 7.16 0.094 99.88

The obtained k1 values from Table 2 were plotted in Figure 3B against SA/V. As can be seen from
Figure 3B, k1 is linearly correlated to SA/V in the range of 3.2–6.4 × 105 m−1 and the slope of the fitted
curve is calculated as (1.42 ± 0.07) × 10−9 m·s−1 which can be denoted as the overall second-order
rate constant. This value is far from the rate constant of a diffusion controlled reaction in the order of
10−5 m·s−1 but still higher than some metal oxide catalysts like ZrO2 ((2.39 ± 0.09) × 10−10 m·s−1),
CuO ((1.23 ± 0.06) × 10−9 m·s−1) and Gd2O3 ((9.4 ± 1.0) × 10−10 m·s−1) [18,54].

Generally, the first-order rate constant k1 is strongly related to the reaction temperature according
to the Arrhenius equation:

k1 = Ae−Ea/RT (3)

where Ea denotes the activation energy for the reaction, R is the gas constant, T is the absolute
temperature and A is the pre-exponential factor. The logarithm of k1 obtained by plotting
ln([H2O2]/[H2O2]0) against T (shown in Figure 4A) is plotted as a function of 1/T in Figure 4B
so as to calculate Ea.

Figure 4. Cont.
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Figure 4. (A) ln([H2O2]/[H2O2]0) ([H2O2]0 = 0.5 mM) as a function of reaction time at different reaction
temperatures (293–318 K) with the catalyst dosage of 4.0 × 105 m−1; (B) ln(k1) as a function of (1/T)
where k1 were obtained from Figure 4A.

As shown in Figure 4A, ln([H2O2]/[H2O2]0) declines with reaction time and the slope of the fitted
curves increases as temperature increases. In addition, ln([H2O2]/[H2O2]0) drops sharply in the initial
period (~20 min) indicating the adsorption dominates this period, after which adsorbed H2O2 on the
surface of the CDots/g-C3N4 composite reaches an equilibrium state and the decomposition of H2O2

catalyzed by embedded CDots turns the dominant role.
It can be seen from Figure 4B, ln(k1) is linearly dependent on 1/T and the slope of the fitted curve

is obtained. Based on the slope, the activation energy of the reaction is calculated to be (29.05 ± 0.80)
kJ·mol−1, which is to some extent lower than a series of metal oxides developed before, including ZrO2

((33 ± 1) kJ·mol−1), TiO2 ((37 ± 1) kJ·mol−1), Y2O3 ((47 ± 5) kJ·mol−1), Fe2O3 ((47 ± 1) kJ·mol−1),
CuO ((76 ± 1) kJ·mol−1), CeO2 ((40 ± 1) kJ·mol−1), Gd2O3 ((63 ± 1) kJ·mol−1) and HfO2 ((60 ± 1)
kJ·mol−1) [18,54,58].

The key parameters of the fitted curves, including T, pseudo first-order reaction rate constants
(k1), standard deviation and R2, are listed in Table 3.

Table 3. The key parameters of the fitted curves with different temperatures.

T(K) k1 (10−4 s−1) Standard Deviation (10−4 s−1) R2 (%)

293 3.02 0.071 99.61
298 3.52 0.068 99.74
303 4.50 0.088 99.74
308 5.37 0.090 99.80
313 6.27 0.104 99.81
318 7.44 0.129 99.80

2.3. The Effect of pH

To investigate the mechanism of the present system containing H2O2 and CDots/g-C3N4

composite, it is significant to study the pH effect as well as quantify the in-situ produced hydroxyl
radicals. Due to its scavenging capacity against HO· and pH buffering ability, Tris is chosen to carry
out the mechanistic study. The pKa and the buffering range of Tris are 8.07 and 7.0–9.0 respectively,
so the pH values were selected within this range. The decline of H2O2 together with the production of
CH2O against the reaction time with different pH are exhibited in Figure 5.
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Figure 5. The concentration of H2O2 ([H2O2]0 = 5 mM) and CH2O as a function of reaction time in the
presence of Tris ([Tris]0 = 100 mM) with the catalyst dosage of 4.0 × 105 m−1 at 298.15K in pH from
7.0 to 9.0.

It can be clearly seen in Figure 5 that the decomposition rate of H2O2 increases with pH increases
in the whole range. However, the formation of CH2O shows a different trend. The evolution of CH2O
remains relatively low in neutral condition (pH 7.0), then it starts to accelerate until pH 8.0, after which
the formation rate of CH2O declines as pH increases. This indicates that the formation of CH2O and
probably the production of HO· are alkaline favored while the production is to some degree related to
the pKa of Tris [54].

To figure out whether the production of HO· is also pH dependent, it is necessary to introduce
the yield (Y) of CH2O formed by HO· and Tris. Y is defined by the equation:

Y = [CH2O]/[HO·] (4)

where [HO·] is the production of HO· and [CH2O] is the accumulated CH2O in H2O2 decomposition
experiment. According to a previous study using γ-radiation in homogeneous system [17], the yield
(Y) of CH2O increases from 25% to 51% as increasing pH from 7.0 to 9.0. Provided that the yield (Y) in
heterogeneous system is consistent with that in homogeneous system, the production of HO· in H2O2

decomposition on CDots/g-C3N4 composite can be estimated by this value together with the final
concentration of CH2O. The results are shown in Figure 6.

Figure 6. Final production of CH2O and estimated production of HO· as a function of pH. The final
productions of CH2O were extracted from Figure 5. The estimated [HO·] = [CH2O]/Y and the yields
(Y) were derived from a previous work [17].

93



Catalysts 2018, 8, 445

As appeared in Figure 6, the plots of estimated production of HO· exhibit the similar tendency
as that of final production of CH2O and it still peaks at pH 8.0 with the maximum concentration of
2.10 mM ([HO·] = [CH2O]/Y where Y = 37.5% at pH 8.0). This means the stoichiometry between
H2O2 and CH2O is approximately 1:0.158 and 42.1% of H2O2 ([H2O2]0 = 5 mM, Tris is excess to
H2O2) end up with HO· at the optimal pH. The efficiency of H2O2 consumption towards HO· is much
higher as compared to that of the H2O2/ZrO2/Tris system (13.4% at pH 8.0) [17]. Therefore, it can be
concluded that the production of HO· is also pH-dependent and there is an optimal pH which may
have something to do with the Tris [22].

Based on the results in present work, the intrinsic chemical catalytic properties of the synthesized
CDots/g-C3N4 composite, other than the photocatalytic properties, have been revealed to some extent.
The hypothesis in the introduction section could be confirmed as following: firstly, as demonstrated in
Figure 2, the pure CDots synthesized via an electrochemical pathway showed excellent catalytic ability,
in line with the literature [59]; secondly, similar as the reported property of g-C3N4 [60], Figure 2 also
shows that the concentration of H2O2 in the solution decreases slightly in the presence of the pure g-C3N4

which indicates g-C3N4 does provide sufficient reaction site for H2O2 to adsorb; thirdly, by analyzing the
results in Figures 2, 3, 5 and 6, it is known that hydroxyl radical can be formed during the decomposition
of H2O2 catalyzed by the CDots/g-C3N4 composite in the heterogeneous system as hypothesized in the
former section. Besides the strong affinity of g-C3N4 towards H2O2 and the catalytic property of CDots
against the adsorbed H2O2 [47], the delocalization of the electrons on the surface of g-C3N4 may also
leads to the decomposition of H2O2 via electron-transfer mechanism [24]. In conclusion, the synthesized
CDots/g-C3N4 composite exhibits the synergy of adsorption of H2O2 and delocalization of electrons on
g-C3N4 and catalytic decomposition of H2O2 by g-C3N4 and CDots producing hydroxyl radicals.

Based on the results and discussion above, the mechanism of catalytic decomposition of H2O2 in
the heterogeneous system with CDots/g-C3N4 composite is proposed and illustrated in Figure 7.

 

Figure 7. The mechanism of catalytic decomposition of H2O2 on CDots/g-C3N4 composite.

Key of the mechanism is the so-called adsorb-catalyze double reaction sites. With plenty of
accessible adsorption sites on the surface of g-C3N4, CDots/g-C3N4 composite shows high selective
adsorption ability towards aqueous H2O2. From previous works studying similar heterogeneous
system with H2O2 and solid catalyst [18,22,54], it is known that H2O2 concentration exhibits an initial
drop indicating the adsorption on the surface of catalyst, after which the H2O2 decomposition obeys
pseudo first-order kinetic when the surface reaches equilibrium state. As can be seen in Figure 3A,
the H2O2 concentration follows the similar trend and kinetics. Hence, it can be demonstrated
that the adsorption of H2O2 is also dominating in the initial short period. Tris was introduced
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in the present work as a probe of hydroxyl radical and pH buffer. It is known that Tris can be
partially oxidized to CH2O and other byproducts and the ratio between the concentration of hydroxyl
radicals and formed CH2O is relatively fixed under given condition (pH and dissolved oxygen
concentration) [17,27]. Therefore, the formation of CH2O can be used to probe the formed hydroxyl
radicals in the heterogeneous system containing H2O2 and CDots/g-C3N4 composite. It is in line
with previous works that [17,18,22,27], CH2O formation is reflected by the decomposition of H2O2

and is pH-dependent (Figures 5 and 6). Hence, it can be deduced that after the initial period,
the adsorbed H2O2 on the surface of the CDots/g-C3N4 composite reaches an equilibrium state
and the decomposition of H2O2 catalyzed by embedded CDots on the surface sites turns the dominant
role. During this procedure, large quantities of HO· was produced, exhibiting strong oxidation ability
towards scavengers like Tris. It should be noted that the production of HO· is strongly pH dependent.
To sum up, the CDots/g-C3N4 composite shows synergetic effect on the decomposition of H2O2 via
adsorb-catalyze double reaction sites and more importantly, is proved to be a promising catalyst for the
degradation of NBDOPs since it is a metal-free pathway of producing HO· efficiently.

3. Experimental Section

3.1. Instrumentation

The morphology and microstructure of samples were observed by JET-2100F (JEOL, Wuhan,
China) transmission electron microscope (TEM). The Fourier transform infrared spectroscopy (FTIR) of
the samples were recorded by Nicolet iS5 (Thermo Fisher Scientific, Wuhan, China) FTIR spectrometer
with KBr pellets. The specific surface area of CDots/g-C3N4 composite and pure g-C3N4 were
determined by the Brunauer-Emmett-Teller (B.E.T) method via isothermal adsorption and desorption
of high purity nitrogen using a TriStar II 3020 (Micromeritics, Wuhan, China) instrument. X-ray
diffraction (XRD) patterns were recorded with D8 advance (Bruker, Wuhan, China) diffractometer
using Bragg-Brentano geometry in the 2θ angle from 10◦ to 40◦ and Cu Kα irradiation (λ = 1.54 Å).
The samples were weighted to ± 10−4 g in a ME104E (Mettler Toledo, Wuhan, China) microbalance.
UV/Vis spectra were collected by V-5600 (METASH, Wuhan, China) and UV-5500PC (METASH,
Wuhan, China) spectrophotometer. The pH of reaction solution was measured by PHS-3C (YOKE,
Wuhan, China) pH meter with an accuracy of ± 0.01 pH units.

3.2. Reagents and Experiments

All the solutions used in this study were prepared using deionized water.
Preparation of the catalyst: CDots were synthesized via an electrochemical method based on

previous reported work [59]. In a typical preparation process, two graphite rods were insert parallel
into 300 mL ultrapure water as electrodes with a separation of 7.5 cm and 4 cm depth under water.
60 V static potentials were applied to the rods by a direct-current (DC). After electrolyzing for 120 h,
the anode graphite rod corroded and a dark brown solution was formed. The solution was filtered with
slow-speed quantitative filter paper and then centrifuged at 10,000 rpm for 10 min. Finally, the soluble
CDots was obtained and the concentration can be quantified by drying and weighting.

A thermal polymerization method was applied for the synthesis of pure g-C3N4 [61].
Typically, 40 g urea (CAS[57-13-6], 99%, Sinopharm, Wuhan, China) was dissolved in 40 mL ultrapure
water in a quartz crucible, then heated to 550 ◦C with the rate of 7 ◦C/min in a muffle furnace and kept
at 550 ◦C for 2 h. After naturally cooling down to room temperature, the resultant yellow product was
collected and ground into powder to obtain pure g-C3N4. CDots/g-C3N4 composite was synthesized
via in-situ thermal polymerization [51]. Following the same procedure, 40 g urea was dissolved in
40 mL CDots solution and calcined in muffle furnace. The dark gray product CDots/g-C3N4 was
collected and ground for further use.

Kinetic studies: Hydrogen peroxide H2O2 (CAS[7722-84-1], 30 wt.%, Sinopharm, Wuhan, China),
glacial acetic acid HAc (CAS[64-19-7], 99.5%, Sinopharm, Wuhan, China), sodium acetate NaAc
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(CAS[127-09-3], 99%, Sinopharm, Wuhan, China), ammoniumdimolybdate ADM (CAS[27546-07-2],
Mo 56.5%, Macklin, Wuhan, China) and potassium iodide KI (CAS[7681-11-0], 99%, Sinopharm,
Wuhan, China) were used in kinetic studies. H2O2 decomposition experiments were performed in
lucifugal bottles with different dosages of CDots/g-C3N4 composite and under variable temperatures.
The suspension was dispersed with ultrasonic sound for 1 min before the reaction. Afterwards, H2O2

was added to the suspension to trigger the reaction. Samples were extracted with a syringe and a filter
(220 nm, cellulose membrane) at fixed time intervals. The concentration of H2O2 as a function of time
was determined by Ghormley triiodide method, where I− can be oxidized to I3

− by H2O2 in faintly acid
conditions catalyzed by ADM [62,63]. In detail, 0.2 mL sample was added to 1.6 mL water, followed
by the addition of 0.1 mL 1M KI and 0.1 mL 1M HAc/NaAc containing 0.03% ADM. The absorbance
of produced I3

− was measured at 350 nm by UV-vis spectrophotometer and the calibration curve
of the absorbance of I3

− as a function of H2O2 concentration was obtained with a linear correlation
between absorbance and concentration in the range of 0.1–1 mM H2O2. The experimental error in the
determination of H2O2 was less than 2%.

Mechanistic studies: Tris(hydroxymethyl) aminomethane Tris (CAS[77-86-1], 99%, Aldrich, Wuhan,
China), acetoacetanilide AAA (CAS[102-01-2], 98%, Macklin, Wuhan, China), ammonium acetate NH4Ac
(CAS[631-61-8], 98%, Sinopharm, Wuhan, China) and formaldehyde CH2O (CAS[50-00-0], Sinopharm, 37%
wt.%, Wuhan, China) were used in mechanistic studies. The experiments were carried out by using Tris as
HO· scavenger (forming CH2O) to quantify the produced HO· indirectly. It is known that the amount of
formed CH2O is quantitatively correlated with that of HO· [17]. The decomposition experiments were
carried out in 100 mM Tris solution with fixed quantities of CDots/g-C3N4 (SA/V = 4 × 105 m−1, SA
and V stands for the surface area of solid and the volume of solution) and H2O2 (5 mM). The pH values
of solution were selected within the valid buffering range of Tris, namely pH 7.0–9.0 for investigating
the effect of pH. The produced CH2O was quantitatively determined by a modified Hantzsch method,
where CH2O reacts with AAA in the presence of NH4Ac to form a dihydropyridine derivative with a
maximum absorbance wavelength at 368 nm [19]. The calibration curve where the absorbance of produced
dihydropyridine derivative was plotted as a function of CH2O concentration with linear correlation
was obtained at 368 nm in the range of 0.04–1.3 mM CH2O for the conversion of absorbance to CH2O
concentration. The experimental error in the determination of CH2O was less than 2%.

4. Conclusions

In this work, a promising catalyst CDots/g-C3N4 composite for degradation of non-biodegradable
organic pollutants was synthesized via a two-step pathway including electrochemical exfoliation of
graphite rod preparing CDots and thermal polymerization of CDots mixed urea. Through different
characterization methods and kinetic experiments, it has been confirmed that CDots embed
in g-C3N4 matrix and such structure accounts for the synergetic catalytic performance of the
composite. Kinetics of catalytic decomposition of H2O2 on CDots/g-C3N4 composite were researched.
The second-order rate constant (k2) was measured to be (1.42 ± 0.07) × 10−9 m·s−1 and the activation
energy of the reaction was measured to be (29.05 ± 0.80) kJ·mol−1 under the applied conditions.
The effect of pH (pH 7.0–9.0) on the production of HO· was also investigated by using Tris as a probe.
It has been shown that the production of HO· is strongly alkaline dependent and the maximum reaches
at pH 8.0 which is close to the pKa of Tris. A mechanism based on the adsorb-catalyze double reaction
site theory has been proposed. This work implies that the photocatalyst (CDots/g-C3N4 composite)
for water splitting or H2 evolution may also be applied as an alternative catalyst in degradation of
non-biodegradable organic pollutants. The instinct kinetics and the mechanism can be referred to for
further applications in related fields.
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Abstract: Textile industries produce a complex wastewater which is difficult to be treated. In this
work, a catalytic degradation of wastewater effluent composed of sulphur black coloring agent
discharged by industry was studied. UV lamp power, peroxide concentration, pH, and iron oxide
catalyst were varied to determine the best conditions for oxidative treatment. Kinetic parameters
were evaluated based on the reaction model proposed. In the absence of iron oxide catalyst, chemical
oxygen demand (COD) and biological oxygen demand (BOD) degradation of up to 80% and 75%,
respectively, were observed as resulting from using an H2O2 concentration of 0.61 moles/L, UV lamp
power of 30 watts, and pH of 6. When using an iron oxide catalyst combined with UV light irradiation,
the degradation rate could be increased significantly, while similar final COD and BOD degradation
percentages resulted. It is found that the reaction rate order was shifted from first order to second
order when using an H2O2/UV/Fe2O3 system. The results could be an alternative for treating textile
industry wastewater, and the parameters obtained can be used for equipment scale-up.

Keywords: biochemical oxygen demand; chemical oxygen demand; Fenton reaction; wastewater effluent

1. Introduction

Textile industries produce wastewater which is considered dangerous for the environment.
The combined waste from every process and stage can produce solutions with high chemical oxygen
demand (COD), biological oxygen demand (BOD), thick color, and a total suspended solids (TSS)
parameter which is alkaline [1]. It is reported that ~20% of dyes, which are the main component
in wastewater effluent, are released to natural water environments [2–4]. Solutions with high COD
and BOD can cause a rapid reduction in dissolved oxygen and are toxic to biological life if they are
directly discharged into the environment. Furthermore, due to aesthetic concerns, the textile industry
could face a serious challenge from the public to treat its dye effluent before releasing it to water bodies.

Traditional physical treatment can be used to treat wastewater effluent, with methods such
as adsorption using activated carbon [5], ultrafiltration [6], ion exchange [7], and coagulation [8].
However, these treatments just transfer the pollutant to another phase, hence a further handling is
needed. Destructive methods are an alternative approach, i.e., biological treatment using microorganisms
and advanced oxidation processes (AOPs). Degradation by microorganism typically requires a large
area and volume due to slow rates. Also, it is possible that dyes are adsorbed in the sludge, hence not
degraded [9]. AOPs have the potential to be effective and efficient methods, since they can quickly
destruct the contaminants, forming other acceptable constituents [10–12]. However, when the colorants
are complexes, a modification of this process is necessary, like using photo assisted oxidation [13–15].
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Fenton and photo-Fenton reactions have significant advantages compared to other advanced
oxidation processes. Energy utilization is reduced due to the dark usage of cheap reagent hydrogen
peroxide (H2O2) in a Fenton reaction. By adding iron, there will be more hydroxyl radical formation
when H2O2 is mixed with wastewater following the reaction of Equation (1) [16].

Fe2+ + H2O2 + H+ → Fe3+ + ∗OH + H2O (1)

UV radiation can decompose H2O2 more efficiently and initiate photo-reduction of ferric to ferrous
iron. Free solar radiation can be utilized to carry out the photochemical stages of the photo-Fenton
reaction so that complete mineralization of organic compounds is possible in a short period of time [17].
The photo-Fenton reaction has been proven to be efficient intreating water contaminated with a variety
of organic and biological pollutants and in organic synthesis [18].

In this work, a comprehensive study was performed to obtain the optimal conditions to treat
a complex and real textile wastewater effluent based on sulphur black coloring agent using Fenton
reaction assisted by UV light irradiation. UV lamp power, peroxide concentration, pH and iron oxide
catalyst were adjusted and their effects on the degradation of sulphur black wastewater were studied.
Because the photo-Fenton reaction is very complex, reaction models for the reaction rate prediction
are based on empirical correlations. The reaction behaviors using only UV and combination of UV
and iron oxide catalyst is presented. We demonstrate that with a good combination of different factors,
it is possible to treat wastewater quickly and effectively.

2. Results and Discussion

2.1. Influence of UV Lamp Power on the Dye Effluent Degradation

UV lamp power is one of the factors that influences textile wastewater degradation. The lamp
power was varied to 10, 20, and 30 watts. Figure 1 shows that with the usage of stronger UV lamp power,
the degradation of textile wastewater will be greater, as can be seen from COD (Figure 1a) and BOD
(Figure 1b) values. That is because the stronger the UV lamp power is, the faster the decomposition
rate of H2O2 to *OH radical will be. However, the increase of degradation seems not to be linear
with increasing lamp power. There is only a slight change of degradation rates of COD and BOD
with UV lamp powers of 10 and 20 watts. There is a deviation, that the BOD degradation rate
at 30 min at 20 watts power was lower than the rate measured at 10 watts power. This is likely due to
the limitations of measurement accuracy. When the UV lamp power was 30 watts, the degradation
rates of COD and BOD were more powerful than those of 10 and 20 watts as shown by a strong
decrease of COD and BOD values.

The influence of the research variable with the performance of oxidation reaction can be depicted
from the reaction rate constant. The constant value of the reaction rate is the slope of the graph between
−ln(1 − x) and reaction time. The relation between −ln(1 − x) and reaction time is shown in Figure 2a.
The values of the constants used are summarized in Table 1. The higher the power of the UV lamp,
the greater the value of the reaction rate constant. This can be seen from the UV lamp power of 30 watts,
the reaction rate constant is 0.025 min−1. UV radiation has photonic energy of sufficient strength to
break the chemical bonds. Absorption of a photon provides the energy required to force electrons into
higher energy states. Upon absorbing sufficient energy, electrons may be freed from an atom. Some
of this released energy becomes heat, fluorescence, or activating light by chemicals that can lead to
a reaction, which does not exist in lightless media.
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Figure 1. (A) Chemical oxygen demand (COD) and (B) biological oxygen demand (BOD) degradations
of textile wastewater as functions of UV lamp power and irradiation time.

Figure 2. (A) Correlation of −ln(1 − x) and reaction time in UV lamp power variation. (B) Data fitted
with a reaction model in the case of UV lamp power variation. Concentration of peroxide: 0.61 moles/L
solution, pH 9.

Table 1. Kinetic parameters as a function of UV lamp power variation.

UV Lamp Power, watt k’, min−1

10 0.0070
20 0.0100
30 0.0250

The correlation between lamp power with k’ value reviewed from COD degradation can be seen
in Table 1. The greater the UV lamp power, the faster the reaction rate. This is because the UV lamp
power of 30 watts can decompose and change hydrogen peroxide to hydroxyl radical optimally. This is
marked by a 78.15% decrease of COD and a 70.45% decrease of BOD, with the k’ value of 0.025 min−1.

2.2. Influence of Peroxide Concentration

Figure 3a,b depicts the correlation between radiation time and the degradation of COD and BOD.
It is meant to find the optimum concentration of H2O2 needed to degrade textile wastewater with
the COD parameter. Without H2O2, it is shown that there is no degradation because there is no hydroxyl
radical formed without addition of hydrogen peroxide. But when H2O2 is added with a concentration of
0.20 moles/L and 0.41 moles/L, there are some changes in the degradation, by about 19.97% and 46.85%
in 60 min, respectively. When the concentration of H2O2 added was increased to 0.61 moles/L, there was
a remarkable change of degradation that reached 78.91% in 60 min. Addition of higher concentrations
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of H2O2 (0.82 moles/L and 1.02 moles/L) resulted in the degradation efficiency becoming less than
before, (66.35% and 56.83%, respectively).

When the addition of H2O2 exceeded a concentration of 0.61 moles/L, it did not give more
degradation efficiency. On the contrary, it resulted in lower efficiency, which made the degradation
percentage lower too. This is because an excessive amount of *OH can react with H2O2 to produce
*HO2 which has a weaker ability to degrade organic compounds compared to hydroxyl radicals.
Formation of *HO2 reduces the amount of hydroxyl radical that is produced from photolysis reaction of
H2O2 and UV light, where the *OH radical formed will react with H2O2 according to Equation (2) [14].

∗OH + H2O2 → ∗HO2 + H2O (2)

By the occurrence of this reaction, the hydroxyl radical produced is not proportional with
the addition of H2O2 concentration. Therefore, it is understandable that the addition of higher H2O2

concentrations does not give a significant change of degradation percentage.

Figure 3. (A) COD and (B) BOD degradation of textile wastewater with concentration of hydrogen
peroxide variation.

From Figure 4a, the reaction rate constant value increased with the increase of H2O2 concentration,
which is because the amount of hydroxyl radical formed also increased as an oxidation agent.
However, when the concentration of H2O2 exceeded 0.61 moles/L, the reaction rate constant decreased.
As mentioned before, this is because an excessive amount of H2O2 concentration will form hydroperoxyl
radicals (*HO2) which are less reactive compared to hydroxyl radicals and result in a decrease of its
reaction rate or its oxidation rate. The values of the reaction rate constant can be seen in Table 2 and with
the reaction constraints, the data are well fitted with reaction model (Figure 4b). It can be concluded
from the degradation of COD and BOD that the optimum reaction rate constant is 0.0250 min−1.

Table 2. Kinetic parameters of hydrogen peroxide concentration variation.

Hydrogen Peroxide Concentration, moles/L k’, min−1

0 0.0010
0.2 0.0040
0.41 0.0120
0.61 0.0250
0.82 0.0160
1.02 0.0130
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Figure 4. (A) Correlation of −ln(1 − x) and reaction time in concentration of hydrogen peroxide
variation. (B) Data fitted with reaction model in the case of peroxide variation. UV lamp power:
30 watts.

2.3. Influence of pH

To examine the effect of pH, reaction experiments were carried out in different pH levels but
at a fixed concentration of H2O2 (0.61 moles/L) and lamp power (30 watts). Figure 5a shows degradation
of COD over the reaction time. The results display that acidic pH is more favorable for dye degradation.
As described in the literature [19], at higher pH (more OH–) it is possible that hydroxyl reacts with
peroxide to produce water and oxygen, hence finally, it will reduce the production of hydroxyl radicals.
The reaction rate constant was evaluated based on the experimental data (see Figure 5b). In the acidic
and basic regions, the values of k’ were ~0.0250 min−1 and ~0.020 min−1, respectively.

Figure 5. (A) Effects of pH in the degradation of COD and (B) reaction rate constant evaluated from
experiment when varying pH of solutions.

2.4. Influence of Iron Oxide Catalyst

Finally, the oxide catalyst was added to the reaction system to further promote the degradation
of wastewater. The UV lamp power, H2O2 concentration, and pH were set to the optimal values of
30 watts, 0.61 moles/L and pH 6, respectively. As shown in Figure 6a,b the addition of Fe2O3 made
the degradation of textile wastewater faster. The greater the concentration of Fe2O3 added, the greater
was the degradation of COD and BOD. This is because Fe2O3 is functioning as a catalyst which
able to decompose H2O2 to hydroxyl radicals, and it can further react with the organic compounds
in the textile wastewater [20]. According to Koprivana and Kusic, the minimal concentration of

105



Catalysts 2019, 9, 509

Fe2+ or Fe3+ required for the Fenton reaction is in the range 3–15 mg/L (0.05–0.3 mM) [21]. Hence,
the concentration of catalyst in this work is enough to decompose pollutant in wastewater.

Figure 6. (A) COD and (B) BOD degradation of textile wastewater with concentration of iron (III) oxide
catalyst variation. Conditions: pH 6, 0.61 moles/L concentration of H2O2, and 30-watt lamp power.

From the data observed, it is likely that, the reaction order changes with the addition of Fe2O3

catalyst. The data were fitted with reaction order one (Figure 7a) and order two (Figure 7b). It can
be seen that the order two reaction is more precise to be used in this catalytic reaction. The change
of the reaction order also showed that the reaction speed was increased by adding Fe2O3 catalyst to
decompose H2O2 to hydroxyl radicals. The comparison of the values of the reaction rate constants
between order one and order two can be seen in Table 3.

Table 3. Kinetic parameter of iron (III) oxide concentration variation.

Iron (III) Oxide Concentration, moles/L
First Order
k’, min−1

Second Order
k’, L.(mg·min)−1

6 × 10−4 0.0254 1.12 × 10−5

1 × 10−3 0.0255 9.71 × 10−6

2 × 10−3 0.0410 1.28 × 10−5

Figure 7. Fitting conversion data with reaction model order one (A) and order two (B). Conditions: pH
6, 0.61 moles/L concentration of H2O2, and 30-watt lamp power.
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3. Materials and Methods

3.1. Wastewater-Effluent Characteristics

Wastewater was obtained from textile industry located in Bandung, Indonesia. The sulphuric
coloring agent was the main component. Before given treatment, the initial conditions of the waste
were measured including COD, BOD, color, and pH parameters. The parameter measurement results
can be seen in Table 4.

Table 4. Initial characteristics of sulphuric coloring agent of the textile industry.

No. Parameter Value

1 Color (TCU) 47,000
2 COD (mg/L) 9906
3 BOD5 (mg/L) 3175
4 pH 9

3.2. Fenton Reactions

Up to 1000 mL of wastewater was placed in the reactor (shown in Figure 8) and then peroxide
was added. The reaction was started when the UV lamp (254 nm) and stirrer were turned on.
Samples were taken (as much as 50 mL) with radiation time 0, 10, 20, 30, 40, 50, and 60 min to analyze
the COD and BOD. The experimental set-up and reaction conditions were based on reports of [22,23].
Variations of conditions were performed to evaluate the effects of reaction condition to degradation of
dyes as follows.

(i) Hydrogen peroxide (H2O2) concentration variation: concentrations of hydrogen peroxide were
set to 0.20; 0.41; 0.61; 0.82; and 1.02 moles/L while UV lamp was set to 30 watts;

(ii) Variation of UV lamp power: the UV lamp power was set to 10, 20, and 30 watts while peroxide
concentration employed was 0.61 moles/L;

(iii) Variation of pH: pH was changed in the range of 5–9, while peroxide concentration employed
was 0.61 moles/L and UV lamp power was 30 watts. pH was measured using a pH meter
(Hanna Instruments, USA);

(iv) The effect of the reaction with Fe2O3 catalyst (phase: α-Fe2O3, particle size <5 μm, pro-analysis,
from Merck, Germany): pH, peroxide concentration, and UV lamp power were set to 6,
0.61 moles/L, and 30 watts, respectively. Iron (III) oxide was added at the concentrations
of 0.00063 moles/L, 0.00126 moles/L, and 0.00190 moles/L.

Figure 8. Scheme of reactor to perform textile wastewater degradation by peroxide oxidation assisted by
UV light irradiation. Reactor dimensions: 32 cm length, 9 cm diameter, and 1.2 L capacity. Intensity of
UV light: 35 watt/m2.
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3.3. Sample Analyses

3.3.1. Determination of COD Values

The H2SO4 pro-COD was prepared by dissolving 1 g of AgSO4 with 100 mL of H2SO4 98%.
Ferrous ammonium sulfate (FAS) 0.1 N was made by solving 39 g of (NH4)2SO4.6H2O with 20 mL
of H2SO4 98% and then distilled water was added until the volume was 1 L. The ferroin indicator
was prepared by dissolving 1.485 g of phenanthroline monohydrate and 0.695 g FeSO4.7H2O with
distilled water until the volume was 100 mL. Two screw cap tubes were provided, one was filled
with 2 mL of distilled water and the other was filled with the sample. After adding 40 mg of HgSO4,
3 mL of H2SO4 pro COD, and 1 mL of K2Cr2O7 0.25 N to the sample, it was then heated in the COD
reactor for 2 h. After that, the sample was cooled down until room temperature, moved to a 100 mL
Erlenmeyer flask, and three drops of ferroin indicator were added. The sample was titrated with
FAS 0.1 N until an equivalent point or until the color changed to reddish brown. The volume of FAS
needed was recorded.

The COD value was calculated by Equations (3) and (4).

Normality =
mLK2Cr2O7 × 0.1N

mLFAS needed
(3)

COD =

(
Vblank titration −Vsample titration

)
× (NFAS) × (8000) × (Dilution Factor)

2
(4)

3.3.2. Determination of BOD Values

As much as 25 mL of sample which had been incubated with Sanyo MIR-153 incubator was tested
to get the initial BOD values and the pH was measured (about 6.5–7.5). If the pH was higher or lower,
neutralization was performed. The temperature was set to be about 20 ± 1 ◦C, after the temperature
was reached, as much as 40 mL of samples were put into BOD bottles with a magnetic stirrer and added
with 100 mL of distilled water. Then the bottle was placed in the BOD unit, a seal was installed that
had been given two drops of KOH 40%, and a cap was used to close the bottle. The BOD unit was
connected to an electric current, and the motor was turned on. The screw cap of the pressure meter
and the cap of the sample bottle were loosened up until about 30 min to get the temperature to 20 ◦C.
After the temperature was reached, the screw cap of the temperature meter and the sample bottle’s
cap were fastened. The mercury column was adjusted at zero points and the measurement time was
started. The BOD values were determined on day five and entered in the datasheet.

The BOD was calculated by Equation (5).

BODb = BODa × n (5)

BODa = readable value, mg/L
BODb = actual BOD, mg/L
n = dilution factor.

3.4. Kinetic Models

The oxidation reaction with hydrogen peroxide was performed through three steps: (i) degradation
reaction of hydrogen peroxide to hydroxyl free radicals with UV ray; (ii) reaction between COD
and hydroxyl free radical; and (iii) degradation of COD* to other molecules as described in
Equations (6)–(8) [11].

H2O2
UV→ ∗OH (6)

∗OH + COD→ COD∗ + H2O (7)
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COD∗ + O2/H+ → CO2 + H2O (8)

The degradation reaction of hydrogen peroxide with UV ray is fast, so the determining reaction is
the reaction between COD with hydroxyl radicals (Equation (7)). The reaction between COD and *OH
is a one-way reaction. The reaction model is shown in Equation (9).

(−rCOD) = k(CCOD)
α(C∗OH)

β (9)

With:

−rCOD = Oxidation of COD reaction rate, (mg/L.minute)
K = Reaction rate constant, mg/(L.minute)/(mg/L)α+ β

CCOD = COD concentration, (mg/L)
C*OH = Hydroxy radical concentration, (mg/L)
α = COD concentration order reaction
β = Hydroxy ion concentration order reaction

By making excessive hydroxyl radicals relatively unchanged during the reaction, Equation (9)
becomes Equation (10).

(−rCOD) = k′(CCOD)
α (10)

where k’ is defined as Equation (11).

k′ = k(C∗OH)
β ≈ k

(
C∗OH0

)β
(11)

For order one reaction, or α = 1, Equation (10) becomes Equation (12).

(−rCOD) = k′(CCOD) (12)

where, −rCOD = Oxidation of COD reaction rate, (mg/L.minute);
k’ = Reaction rate constant with C*OH relatively constant, (min−1);
CCOD = COD concentration, (mg/L).
Using mass balance and integration, we obtain Equation (13):

− ln
(

CCODi
CCOD0

)
= k′t (13)

By defining conversion, x, as Equation (14):

x =
CCOD0 −CCODi

CCOD0
, (14)

Equation (14) is inserted to Equation (13), hence:

− ln(1− x) = k′t (15)

For order one reaction or α = 2, Equation (10) becomes Equation (16):

(−rCOD) = k′(CCOD)
2 (16)

Using mass balance and integration, Equation (16) becomes Equation (17):

CCODi =
CCOD0

1 + k′tCCOD0
(17)

where, t = oxidation time, (minute) and k’ = kinetics constant, (L.mg−1 min−1).

109



Catalysts 2019, 9, 509

4. Conclusions

An oxidative method assisted by UV light irradiation was carried out to treat textile wastewater
based sulphur coloring agent. It was found that the optimal conditions without iron oxide addition
were an H2O2 concentration of 0.61 moles/L, UV lamp power of 30 watts, and pH 6; from which COD
and BOD degradations of up to 80% and 75% (respectively) resulted. In this condition, the reaction
rate followed a first order reaction with k’ of 0.0250 min−1. The addition of Fe2O3 could increase
degradation rate significantly, while similar COD and BOD degradation percentages were obtained.
When Fe2O3 was present, the reaction followed a second order reaction model.
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Abstract: Increasing demand for fresh water in extreme drought regions necessitates potable water
reuse. However, current membrane-based water reclamation approaches cannot effectively remove
carcinogenic 1,4-dioxane. The current study reports on the solar-driven removal of 1,4-dioxane (50 mg
L−1) using a homemade WO3/nγ-Al2O3 nano-catalyst. Characterization methods including scanning
electron microscope (SEM), X-ray photoelectron spectroscopy (XPS) and X-ray fluorescence (XRF)
analyses are used to investigate the surface features of the catalyst. The 1,4-dioxane mineralization
performance of this catalyst under various reaction conditions is studied. The effect of the catalyst
dosage is tested. The mean oxidation state carbon (MOSC) values of the 1,4-dioxane solution are
followed during the reaction. The short chain organic acids after treatment are measured. The results
showed that over 75% total organic carbon (TOC) removal was achieved in the presence of 300 mg
L−1 of the catalyst with a simulated solar irradiation intensity of 40 mW cm−2. Increasing the dose of
the catalyst from 100 to 700 mg L−1 can improve the treatment efficiency to some extent. The TOC
reduction curve fits well with an apparent zero-order kinetic model and the corresponding constant
rates are within 0.0927 and 0.1059 mg L−1 s−1, respectively. The MOSC values of the 1,4-dioxane
solution increase from 1.3 to 3 along the reaction, which is associated with the formation of some
short chain acids. The catalyst can be effectively reused 7 times. This work provides an oxidant-free
and energy saving approach to achieve efficient removal of 1,4-dioxane and thus shows promising
potential for potable reuse applications.

Keywords: 1,4-dioxane; photocatalysis; WO3/nγ-Al2O3; solar radiation; water treatment;
potable reuse

1. Introduction

Rapid population expansion of cities results in increasing water consumption and requires
exploitation of alternative water resources for potable purposes, especially in extremely water-scarce
regions [1–4]. Membrane-based water purification techniques including ultrafiltration (UF) and
reverse osmosis (RO) can effectively remove the major proportion of salts and organic contaminants in
municipal wastewater secondary effluent (MWSE) [5–9]. However, some micropollutants including
1,4-dioxane (1,4-D) present in the MWSE in trace concentrations cannot be easily removed [10]. 1,4-D
is a reagent stabilizer in industrial chlorinated solvents, which commonly exists in cosmetics, toiletries,
and food addictive [11–13]. Uncontrolled exposure to 1,4-D can cause failures of human organs
including kidney and liver [14,15]. It can even cause cancer when it exists in drinking water. Thus,
it has been classified as a Group 2B human carcinogen [1].

Therefore, 1,4-D should be eliminated if the reclamation of MWSE for potable reuse is required [10].
Advanced oxidation processes (AOPs) have been extensively applied to decompose or even mineralize
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organic pollutants in water [8,16–21]. Reactive free radicals, or more specifically reactive oxygen
species (ROS) like HO• and HO2

•/O•−, can be formed from the activation of oxidants by reagents
or energy in these systems. These ROS tend to attack organic pollutants and result in their
degradation [22–26]. Photolytic AOPs can take advantage of the photons’ energy, especially ultraviolet
(UV), to activate the oxidants [27]. In order to eliminate 1,4-D from water for potable reuse, recent
studies provided several possible solutions based on photolytic AOP approaches [1,28,29]. Patton
et al. investigated the performance of UV/H2O2-based system for 1,4-D removal in the presence
of mono- and dichloramines [1]. On that basis, Li et al. used another oxidant (persulfate, S2O8

2−)
to establish a UV/S2O8

2− system to eliminate 1,4-D [5]. Although these works revealed that mono-
or dichloramines can promote treatment efficiency to some extent by participating in the reaction
processes, these systems inevitably introduce external reagents (the oxidants) into the target solution.
This compromises the practical application of those methods for potable water reuse since the effect of
the residual reagents on human health needs to be further considered.

Photocatalytic oxidation systems are possible candidates to avoid that drawback. In photocatalytic
systems, oxidants are not indispensable since ROS can be formed from the activation of dissolved
oxygen or even water molecules by the photocatalysts under photoirradiation [30–32]. Electrons on
the valence band (VB) of the catalyst can be excited to transit to the conduction band (CB) when the
energy of photoirradiation reaches the band gap [33]. Electron/hole (h+/e−) pairs can be formed on
the catalysts during this process and lead to formation of ROS from dissolved oxygen and water
molecules [30,34]. Photocatalytic approaches have been used to treat 1,4-D contaminated water [35–37].
However, these systems were mainly activated by UV light rather than visible light, since the band gap
of traditional photocatalysts (like TiO2) is so broad that photons with lower energy (visible light) are
not capable of inducing the formation of ROS [38,39].

Tungsten-based catalysts have been developed in recent years since they are sensitive to visible
light and thus can improve the photocatalytic efficiency [40–43]. Meanwhile, γ-Al2O3 supporter
showed more desirable stability in AOP systems than conventional supporters like activated carbon
due to its high active phase-supporter interaction [16]. Moreover, using nano-size supporters may
provide a stronger active phase-supporter link due to their unique features like extremely large specific
surface area. Thus, the nano-size supporters have the potential to improve the reusability of the
catalyst [44]. However, to the best of our knowledge, no previous study applied nano tungsten-based
catalysts with γ-Al2O3 as the supporter for the photocatalytic breakdown of 1,4-D.

The current study aimed at the removal of 1,4-D using an oxidant-free photocatalytic system
with a homemade nano-size tungsten-based catalyst (WO3/nγ-Al2O3) under solar light irradiation.
The characteristics of the catalyst were studied using scanning electron microscope (SEM), X-ray
photoelectron spectroscopy (XPS) and X-ray fluorescence (XRF). 1,4-D mineralization efficiency under
various conditions was considered and the reaction kinetic rates were calculated. The effect of the
catalyst dosage was tested. The oxidation state of the effluent solution during the reaction was followed
and the formation of short chain organic acids after the reaction was measured.

2. Results and Discussion

2.1. Characterization of the Catalyst

To have an insight into the features of the WO3/nγ-Al2O3 catalyst, characterization was conducted.
The SEM image (Figure 1a) shows the appearance of the prepared catalyst. It can be seen that the shape
of the catalyst is roughly sphere-like.

The diameter of the catalyst is around 50 nm (Figure 1a). XPS analyses of the WO3/nγ-Al2O3

catalyst were also conducted. Figure 1b depicts the W 4f core level XPS spectra. There are two
symmetric peaks at binding energies 35.9 and 37.4 eV, which are associated with the W-Al band and
WO3, respectively [45,46]. The O 1s XPS profile (Figure 1c) shows two symmetric peaks at 530.8 and
532.7 eV. These two peaks correspond to WO3 and Al2O3, respectively [47,48]. Al 2p XPS spectra
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profile (Figure 1d) shows two peaks at 74.5 and 75.9 eV, which are associated to the Al-W band and
Al2O3 [45,49], respectively. The XPS spectra profiles support the fact that a certain amount of active
phase (WO3) has been loaded on the carrier (nγ-Al2O3). It can be inferred from the results that the
three elements (W, O, and Al) are interconnected in terms of WO3 and Al2O3 and the former two
compounds are probably connected by the W-Al band.

Figure 1. (a) SEM image and (b) W 4f, (c) O 1s and (d) Al 2p core level X-ray photoelectron spectroscopy
(XPS) spectra of the WO3/nγ-Al2O3 catalyst.

XRF profile provides quantitative proportions of the surface compounds on the catalyst (Table 1)
where the weight percentage of WO3 is 4.73% on the catalyst surface, confirming that WO3 was formed
and fixed on the surface of the catalysts.

Table 1. Percentages of surface compounds on the WO3/nγ-Al2O3 catalyst from X-ray fluorescence
(XRF).

Compound Wt (%) * Error

Al2O3 94.15 0.12
WO3 4.73 0.11

Others 1.12 –

* Wt (%), the weight percent.
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2.2. Solar-Driven Removal of 1,4-D

Solar-driven oxidation of 1,4-D was firstly conducted without the catalyst. As can be seen in
Figure 2a, less than 17% of mineralization can be achieved after 4 h. This limited removal is due to the
non-photosensitive structure of 1,4-D [15,36]. A comparative experiment using the catalyst in dark
conditions was also carried out to check the contribution of adsorption for 1,4-D removal. Figure 2a
shows that almost no total organic carbon (TOC) removal can be observed under these conditions,
indicating the negligible effect of adsorption. Then, 1,4-D was exposed under solar radiation in the
presence of the WO3/nγ-Al2O3 nano-catalyst. Under this condition, a significant TOC reduction (over
75%) was obtained following a reaction time of 4 h Figure 2a. The above results indicate that the
current WO3/nγ-Al2O3 nano-catalyst can effectively mineralize 1,4-D and the effect is mainly due to
photocatalytic decomposition.

Figure 2. (a) Total organic carbon (TOC) reduction of 1,4-D at different reaction conditions and (b) the
effect of catalyst dose on TOC reduction. [1,4-D]0 = 50 mg L−1. In (a) for both runs in the presence and
absence of solar light, [catalyst] = 300 mg L−1.

To check the effect of catalyst dose on mineralization of 1,4-D, various amounts from 100 to
700 mg L−1 were tested (Figure 2b). It can be observed that increasing the catalyst dose can improve
the treatment efficiency with the final mineralization extent within 67% and 85%. The TOC evolution
was fitted to a zero-order kinetic model which has been used in previous photo-oxidation systems [26].
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Table 2 collects the corresponding mineralization rate constants with the correlation coefficients (≥ 0.95).
It also includes the rate constants obtained using 300 mg L−1 of the catalyst alone and using solar light
alone. It can be seen that the rate constant of the run using 700 mg L−1 of the catalyst reaches up to
0.1059 mg L−1 s−1, which is over 4 folds and 81 folds the results achieved when using 300 mg L−1

catalyst alone and using solar light alone, respectively. The results confirm the high efficiency of the
current WO3/nγ-Al2O3 nano-catalyst for improving the solar-driven photocatalytic systems for the
breakdown of 1,4-D.

Table 2. Apparent zero-order kinetic constant rates at different conditions.

Catalysts Dosage (mg L−1) kTOC (mg L−1 s−1) R2

700 0.1059 0.99
500 0.0990 0.99
300 0.0971 0.98
100 0.0927 0.97

300 mg L−1catalyst only 0.0227 0.99
Solar light only 0.0013 0.95

2.3. Oxidation State and Formation of Short-Chain Acids

The mean oxidation state carbon (MOSC) of a solution provides an overall oxidation state of all
the compounds in the solution in terms of their averaged MOSC values [50]. MOSC value can be
calculated considering both chemical oxidation demand (COD) and TOC via the following equation
(Equation (1)).

MOSC = 4− 1.5
COD
TOC

(1)

A higher MOSC value indicates a higher oxidation state, whereas negative ones stand for a higher
potential for further oxidation of the compounds in the solution. A previous study reported that the
MOSC values of a chemical industrial wastewater containing 1,4-D were within the interval of [4,−4]
and 1,4-D had an MOSC value of around 1 [36].

In the current study, to better reveal the oxidation state of the effluent during the course of the
reaction, the evolution of solution MOSC was followed and the corresponding results are included in
Figure 3a. As can be observed in the figure, the MOSC value of the solution increases from around
1.3 to approximately 3 after 4 h of reaction. This trend is in agreement with a previous work [36].
Extension of reaction time can hardly increase the MOSC value, indicating that the solution reaches a
relatively stable oxidation state in the current photocatalytic system.

Some short-chain organic acids were formed after 4 h, including acetic, formic, and fumaric ones
(Figure 3b). Among them, acetic acid shows the highest concentration. These short-chain acids have
been frequently reported as the final oxidation byproducts in advanced oxidation systems with low
ecotoxicity [16,18,51]. It can be concluded that the high MOSC value after reaction must be associated
with the formation of these reaction byproducts.
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Figure 3. (a) Evolution of the mean oxidation state carbon (MOSC) values of 1,4-D aqueous solution
during the solar-driven catalytic oxidation and (b) the amounts of short-chain acids formed after 4 h of
reaction. [1,4-D]0 = 50 mg L−1; [catalyst] = 300 mg L−1.

2.4. Reusability of the Catalyst

Reusability is an important factor impacting on the potential for practical application of a
photocatalyst. In that respect, 300 mg L−1 catalyst was added to the system to lead the solar-driven
decomposition of 1,4-D for 4 h. Then, the catalyst was separated and dried at 60 ◦C after reaction, and
the same amount of 1,4-D was added again to repeat the reaction. As is shown in Figure 4, a TOC
removal of 72.1% is achieved after 7 times of reuse of the catalyst, showing fairly desirable reusability.
The slight decline of mineralization extent may be due to the inactivation of the catalyst by adsorption
of some reaction byproducts on the active sites.
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Figure 4. TOC removal of 1,4-D after reuse. [1,4-D]0 = 50 mg L−1; [catalyst] = 300 mg L−1; reaction
time = 4 h.

2.5. Postulation of Photocatalytic Mechanisms

The results so far prove that the current WO3/nγ-Al2O3-based photocatalytic system can effectively
remove 1,4-D and the byproducts include some short-chain organic acids. HO• and O2

•−/HO2
• radicals

must be responsible for the high efficiency of the current system. These reactive free radicals can be
generated through the following scheme: the photon from solar light with certain energy excites the
electrons, causing them to transit from the valence band (VB) to the conduction band (CB) and thus,
holes are formed on VB. The electron-hole pairs can further excite the dissolved oxygen and water
to form ROS (Figure 5). The electrons have a strong reducing ability and can promote the formation
of O2

•−/HO2
• radicals from dissolved oxygen. In the meantime, the holes act as positions with high

oxidation ability and thus tend to take electrons from water molecules to generate HO• radicals.
In addition, the combination of excessive HO• radicals may occur to further form hydrogen peroxide
(H2O2) [34,52–54]. The above mechanisms enable the current system for the efficient mineralization of
the target pollutant 1,4-D in the absence of oxidant (Figure 5).

Figure 5. Mechanisms of the degradation of 1,4-D in the current WO3/nγ-Al2O3-based photo-
catalytic system.
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3. Materials and Methods

3.1. Materials

Na2WO4·2H2O was purchased from Sigma-Aldrich company, St. Louis, MO, USA. 1,4-D, nano-size
γ-Al2O3 (nγ-Al2O3, diameter < 20 nm) and other reagents were supplied by Aladdin Reagent company,
Shanghai, China. All the reagents were of AR grade and used without further purification. Ultrapure
water was used throughout the experiments.

The WO3/nγ-Al2O3 catalyst was prepared by incipient wetness impregnation. Na2WO4·2H2O
(0.08 M) was added drop by drop onto nγ-Al2O3 to adjust W load to achieve nominal 5% (w/w).
The impregnated nγ-Al2O3 was shaken at room temperature at 60 rpm for 2 h and then dried at 60 ◦C
for 12 h. After that, the sample was calcinated at 300 ◦C with a heating rate of 4.5 ◦C min−1 from room
temperature. The total calcination time was 8 h.

3.2. Characterization of the Catalyst

Surface morphology of the catalyst was observed using SEM (Zeiss Merlin VP Compact,
Oberkochen, Germany).

XPS (PHI Quantera SXM, produced by ULVAC-PHI, Chigasaki, Japan) was used to analyze the
components on the surface of the catalyst. An Al-Kα X-radiation source was used with a vacuum in
the analysis chamber lower than 1.0 × 10−7 Pa. The X-ray beam spot size was 200 μm at an incident
angle of 45◦ with pass energy of 55 eV and step length of 0.1 eV. XPS profiles of W 4f, O 1s and Al 2p
were recorded and fitted using XPS Peak 4.1 software.

Quantitative analysis of the compounds on the catalyst surface was conducted using XRF
(Shimadzu XRF-1800 SEQUENTIAL, Kyoto, Japan). Based on the protocol, the weight percentage of
each compound was presented.

3.3. Solar-Driven Photocatalytic Processes

The solar-driven photocatalytic experiments were conducted in cylinder quartz reactors with
a diameter of 6 cm and a height of 7 cm, which were placed in a solar simulator. For a typical run,
100 mL 1,4-D (50 mg L−1) and certain amount of catalyst (100 to 700 mg L−1) were added in the reactor
with magnetic stirring at 200 rpm. Then, the lamp was turned on to start the reaction. The light source
was a Xe lamp with an irradiation intensity of 40 mW cm−2. The spectrum of the light source is in the
range of 190–1100 nm with peaks at 436 nm and 546 nm. The initial pH value of the 1,4-D solution
was around 6.8 and not adjusted during the reaction. Solution temperature was controlled by water
circulation (< 40 ◦C after 4 h of reaction), during which no obvious evaporation was observed.

3.4. Analytical Methods

TOC of solution was measured using a TOC analyzer (Shimadzu, model 5000A, Kyoto, Japan).
COD was determined by a Hach COD reactor (DRB200, Hach, Loveland, CO, USA) equipped with
a spectrophotometer. Organic short-chain acids were measured by an ionic chromatography (IC)
equipped with a conductivity detector (Thermo ICS5000+, Waltham, MA, USA). 3.2 mM Na2CO3 and
1mM of NaHCO3 were used as mobile phases at pumping rate of 0.7 mL min−1.

4. Conclusions

The current work reports an oxidant-free solar-driven photocatalytic system for the breakdown of
1,4-D based on a homemade WO3/nγ-Al2O3 nano-catalyst. More than 75% mineralization extent can
be achieved using 300 mg L−1 catalyst at solar light intensity of 40 mW m−2 after 4 h of irradiation.
Increasing the dose of catalyst to 700 mg L−1 can improve the TOC removal to 85%. The MOSC values
of the solution were followed and it was found that the oxidation state was greatly raised after reaction.
The short-chain acids formed during the reaction—including acetic, formic and fumaric acids—were
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believed to be associated with the high solution oxidation state. A reusability study indicates that the
current catalyst can still be efficient after being reused seven times.

The current work provides a promising approach to eliminate 1,4-D from water for potable reuse.
It is not only oxidant-free but can also make use of solar light radiation to lead 1,4-D mineralization.
However, it should be noticed that around 20% of organic carbons still remain in the solution after
treatment. In that sense, future studies should be conducted to either analyze the composition of these
organic carbons or evaluate their ecotoxicity.
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Abstract: The environment protection has been the starting point for the development of new
technologies, which allow the control of highly toxic substances present in the effluents of various
industries, whose removal is not feasible by conventional methods. In this research, mixed oxide
catalysts Mn and Cu in different molar ratios were prepared from the autocombustion method and
characterized by XRD, XRF, TPR-H2, and N2 adsorption–desorption isotherms. The solids were
evaluated in the catalytic wet peroxide oxidation of crystal violet (CV) with mild conditions of
reaction: 25 ◦C, normal pressure, airflow of 2 mL/min, and H2O2 0.1 M (2 mL/h). The experimental
results indicated degradations of 100% of CV, conversion of the total organic carbon (TOC) of 74%,
and elimination of chemical oxygen demand (COD) of 71% in 90 min of reaction. Additionally,
the selectivity was monitored by CG-MS, finding that there was almost complete mineralization
in a short reaction time, generating intermediate products such as carboxylic acids, alcohols, and
amines that do not cause a serious risk to the environment. The Mn–Cu catalyst with molar ratios of
1:2 was the most promising catalyst, displaying a cooperative effect between the two metals, and
demonstrating the importance of the redox properties for the elimination of CV dye in wastewater.

Keywords: catalytic wet peroxide oxidation; degradation; autocombustion; crystal violet

1. Introduction

The aim of wastewater treatment in industry is to reduce the load of pollutants from water
and meet the discharge regulations. Wastewaters containing high concentrations of persistent, toxic,
and nonbiodegradable organic pollutants (e.g., aromatics, pesticides, etc.) are hard to treat with
conventional physical–chemical or biological methods.

Water treatment recalcitrant and toxic residuals have been studied because of their danger with
various methods used in order to obtain efficiency and profitability at the industrial level [1]. Within the
wastewater emanating from textile, leather, plastic, and pharmaceutical companies there are dissolved
substances that generate an increase in the chemical oxygen demand (COD) due to organic chemical
matter not being biodegradable. The synthetic dye crystal violet, used often in staining processes,
histological staining, as a dermatological agent, and in forensic medicine, has been cataloged as a
highly toxic cationic dye, even at very low concentrations, susceptible to oxidation reactions and
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hydrolysis, where toxic metabolites are produced in waters, which generate adverse effects in both
animals and human health [2,3].

According to the multiple adverse effects of crystal violet (CV) as a carcinogenic and mutagenic agent,
different methods, including adsorption techniques, bioremediation, photolysis, and photocatalysis,
have been studied for removing water residuals, taking into account that many of these show
limitations, such as a high cost for manipulation of conditions such as pressure and temperature,
processes subsequent separation due to generated byproducts, and low efficiency [4]. On the other
side, the advanced processes of oxidation (APOs) arises as one of the most promising alternatives,
with high yields obtained; in which oxidation with hydrogen peroxide (CWPO: catalytic wet peroxide
oxidation) is highlighted because it uses heterogeneous catalysts with low cost and easy handling [5].
The axis fundamental to the process is the reaction of Fenton, where hydrogen peroxide and Fe+2

salts are mainly used as reagents for the formation of the radical hydroxyl (HO·), being the active
intermediate that facilitates the elimination of contaminants in the effluents [6,7]. The behavior of the
CWPO reaction using salts of iron is very susceptible to the values of pH [8,9]. According to some
authors, the maximum speed of elimination of this reaction is obtained in a range of pH values between
2.5 and 3.5, which coincides with the interval in which the decomposition of hydrogen peroxide is
minimal [10]. Because of this, studies have been carried out that allow an extension of the pH range by
implementing others metals such as Cu [11], presenting an advantage in wastewater treatment where
pH ranges from around 6 to 9, which is characteristic for an alkaline medium.

CWPO has been employed as both a homogeneous and a heterogeneous catalyst, seeking to improve
conditions of pressure, temperature, and residence time. However, an oxidation process that can employ
a solid catalyst greatly facilitates the decontamination process [12]. The mixed oxides show large
advantages as catalysts, due to the textural, morphological, structural, and catalytic properties conferred
within the crystalline structure that characterizes them with high superficial areas, good stability, and
activity [13]. Their synthesis is by numerous methods, such as hydrothermal, coprecipitation, sol-gel,
autocombustion, and microemulsion impregnation, in which more efficient molecular structures are
sought for the oxidation mechanisms involved [14]. Within these methods, the autocombustion method
allows synthesis in short times, does not need intermediaries, and is simple and versatile to implement.
The solids obtained have a wide range of particle sizes, crystallinity, and high purity [15,16].

Regarding the metal used for CWPO, the transition metal oxides Cu, Ni, Co, and Mn have
advantages among other metals due to their easy availability and low cost. Concerning their oxides,
Cu and Mn oxides are the most active potential candidates for catalytic oxidation processes. The catalytic
properties of Mn are attributed to its ability to form oxides with different oxidation states, Mn2+/Mn3+

or Mn3+/Mn4+, and its oxygen storage capacity in the crystalline lattice [17].
Considering the latest aspects, in this work, mixed oxides of Mn and Cu were synthesized by the

autocombustion method for the catalytic wet peroxide oxidation of violet crystal, with a more extended
range of the pH than is normally employed in Fenton-type reactions. In addition, the evaluation of a
possible cooperative effect within these transition metals was studied.

2. Results

2.1. Mixed Oxide Catalyst

In order to evaluate the degradation of CV, five solids were synthesized, defined by the following
nomenclature: Mn, Cu, Mn–Cu (1:1), Mn–Cu (1:2), and Mn–Cu (2:1), with the stoichiometric ratio
(Table 1).
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Table 1. Stoichiometric ratio and nomenclature of oxide-mixed catalyst.

Catalyst Mn/Cu Al Mg Glycine

Mn–Cu (1:1) 1 20 30 100
Mn–Cu (1:2) 0.5 20 30 100
Mn–Cu (2:1) 2 20 30 100

Mn 0 20 30 100
Cu 5 20 30 100

2.2. Characterization of Catalyst

Table 2 summarizes the results of the chemical and structural properties of mixed manganese–copper
oxides. The X-ray diffraction (XRD) profiles (Figure 1) provided evidence for the presence of the
husmanite phase (Mn3O4) and copper oxide (CuO) for the oxides that present as active phase Mn and
Cu, respectively, and periclase (MgO) in all the oxides. The size of particle reduction of solid Mn after
the incorporation of Cu (MnCu) revealed a possible effect of Cu distribution on manganese oxides,
being more important the change in the size of particle in the MnCu (1:2) oxide.

Table 2. Particle size of the mixed solids, according to the crystalline phase determined from the XRD
signals. Ratios determined by XRF.

Catalyst Crystaline
Phase

FWHM 2θ Crystal Size
(nm) *

Ratios

Mn Cu Mn Cu Cu/Al Mn/Al Mg/Al

Mn Mn3O4 0.2525 - 44.4 - 6.59 - - 0.4 1.8
Cu Cu2O - 0.8762 - 42.5 - 1.89 0.4 - 1.8

Mn–Cu (1:1) Mn3O4; Cu2O 0.2800 0.3244 44.4 42.5 5.51 5.09 0.2 0.2 1.7
Mn–Cu (2:1) Mn3O4; Cu2O 0.9153 0.8840 44.4 42.5 1.82 1.87 0.1 0.3 1.8
Mn–Cu (1:2) Mn3O4; Cu2O 1.2066 1.2212 44.4 42.5 1.38 1.35 0.3 0.1 1.8

* Crystal size was determined with the angles 2θ of 44.35 and 42.5 for the manganese and copper metals, respectively.
FWHM: full width at half maximum.

Figure 1. XRD patterns of catalyst.

Regarding the chemical composition by X-ray fluorescence XRF (Table 2) indicated through
molar relationships between the elements, the catalysts revealed a similar and consistent chemical
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composition with the nominal ratio used in the synthesis, highlighting that the autocombustion method
allows solids to be obtained without loss of the nominal value.

Concerning the surface analysis, the solids had isotherms of type IV (IUPAC classification) with a
hysteresis H3 type (Figure 2), which corresponds to the solids with rough surfaces that are in aggregates
of particles in the form of plates and that give rise to pores in the form of slits [18,19].

Figure 2. Nitrogen adsorption/desorption isotherms for catalyst.

BET areas are in Table 3. Table 3 also records the maximum temperature values of reduction in
the analysis by TPR-H2. Comparing the reduction temperatures of the solid Mn with the solids that
have copper, the displacement at lower temperatures for mixed oxides MnCu indicated that reduction
of manganese oxides is easier when Cu is added, with a further shift observed in the MnCu (1:2)
oxide (Figure 3). This result can be related to the increased mobility of oxygen by the presence of a
second metal of transition (Cu) and the particle size reduction that can facilitate the redox behavior in
solids [15].

Table 3. Superficial area BET and maximum temperature values of reduction by TPR-H2.

Catalyst BET Area [m2/g] T Max (◦C) TPR-H2

Mn 71 505
Cu 112 211

Mn–Cu (1:2) 92 367
Mn–Cu (1:1) 55 194
Mn–Cu (2:1) 62 412

126



Catalysts 2019, 9, 530

Figure 3. TPR-H2 profiles for catalysts.

2.3. Catalytic Activity

Catalytic activity in CV oxidation is shown in Figure 4, where it can be appreciated that the
activity was significantly influenced by the mixed oxide synthesis method, and a cooperative effect
was observed between the two metals; the solid Cu–Mn (1:2) was the most active. These results are
associated with the good redox properties of Mn and Cu, which are enhanced when they are together.
Likewise, Figure 4 shows that the activity was directly related to the presence of a catalyst and not to
the medium of reaction (H2O2 and air).

Figure 4. Effect of the catalyst loading in the catalytic wet peroxide oxidation (CWPO) of crystal
violet (CV).

Additionally, with solid Mn–Cu (1:1), the effect of catalyst loading was evaluated (1, 0.5 and
0.25 g), finding as a result that only 0.25 g of catalyst yielded a degradation of 100% CV in 150 min
(Figure 5), a selectivity in TOC of 70%, and an elimination in COD of 59% (Table 4). The results clearly
indicated the great potential of these solids in respect to other catalysts reported in literature [20,21],
under environmental conditions and low charges of active metal.

In order to clarify changes in the molecular and structural characteristics through CV oxidation as
a function of time (Figure 5), GC-MS was used to further identify the intermediate products formed
during the reaction (Figure 6). Equipment AGILENT 5975B VL MSD was used. At the beginning,
the results showed evidence of the color degradation of the aromatic fragment in the molecule and the
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appearance of different intermediaries due to breaks by •OH radicals. Finally, the gradual breakdown
of aromatic intermediate compounds led to the formation of carboxylic acids, before the conversion to
carbon dioxide.

Figure 5. Catalytic activity for CWPO of CV by Mn–Cu catalyst.

 

Figure 6. GC-MS chromatogram for CWPO in CV after 80 min of reaction.
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Table 4. Catalytic activity in CV degradation of Mn–Cu catalyst.

Catalyst Mn Cu
Mn–Cu

1:1 1:2 2:1

Removal time 100% (min) 360 150 150 60 240
%TOC 1 (±2) 49 68 70 74 52
%COD 2 (±1) 52 60 59 71 50

1 % TOC: total organic carbon; 2 % COD: chemical oxygen demand.

Concerning lixiviation during the reaction process, at the end of the catalytic test, the stability of
the active phases was evaluated by taking the solutions after the final reaction time, filtering them to
separate the solid from the aqueous phase, and assessing the possible leaching of the catalyst metals
during the reaction. The analysis was done by atomic absorption spectrophotometry technique using
equipment Agilent 280.

The nonexistence of leaching of metals (Mn and Cu), measured by atomic adsorption, indicated
that the active phase was stable under the reaction conditions and avoided the generation of additional
pollutant [22].

3. Discussion

Regarding the XRD patterns (Figure 1), the non-formation of Al2O3 suggested that Al was part of
the crystal lattice, and allowed better Cu dispersion as the active phase. Also, peaks observed in 2θ
values of 44.6 and 66.3 corresponded to the spinel phase (Al2MgO4) and regarded the mixed oxides
that were generated.

One of the principal signals for copper is in 2θ = 37.5 as the copper oxide (CuO) crystalline phase,
followed by two minor peaks in 2θ = 36 and 42.5, which are attributed to the Cu2O cuprite (JCPDS
99-200-3728). These phases are essential in the Fenton oxidation process, since the Cu (II)/Cu (I) redox
couples activate H2O2 molecules for the production of hydroxyl radical [23,24].

In contrast to Cu, the manganese pattern Mn (Figure 1) exposed different peaks associated with its
multiple oxidation states and recorded signals corresponding to the periclase (MgO) phase. In addition,
signals were related with spinel-type phases, which were preferential due to the high temperatures
reached during the synthesis and subsequent calcination. This result showed the effectiveness of
autocombustion as a novel method when compared with similar phases with traditional methods,
such as co-precipitation [25].

Signals of MnO2 at 2θ = 21, 28, and 36 are shown (Figure 1). MnO at 2θ = 26.8 and Mn3O4 at
2θ = 0.5 and 44.35 were related with these oxidative states as the most active phases. During the
oxidation process, manganese oxide (III) and the husmanite phase Mn3O4 (JCPDS 99-200-4045) is
highlighted as the most important phase in the decomposition of hydrogen peroxide during degradation
processes [26–28].

The diffraction signals of the mixed catalyst of Mn–Cu (x:y) displayed the periclase phase and
the formation of spinels, as occurred with the oxides separately. The crystalline phases that were
related to the solids and standard signals evaluated previously, presented a favorable relationship
with oxidizing agents such as oxygen and hydrogen peroxide for the production of radicals in the
degradation of pollutants, evidenced by the most intense peaks belonging to Cu2O, with values
2θ = 42.5 and 2θ = 44.35, respectively.

The increase of FWHM of XRD in mixed solids Mn–Cu (1:2) and Mn–Cu (2:1), with respect to Cu,
Mn, and Mn–Cu (1: 1) solids, indicated that after the incorporation of Cu in the structure, a decrease
in the crystallinity occurred. The latest result suggesting that the oxides are amorphous and highly
dispersed structures. The decrease of the particle size of the solid of Mn, after the incorporation of
the metal Cu (Mn–Cu), revealed a possible effect of distribution of cooper in the manganese oxides,
being more significant than the change of the particle size in the oxide Mn–Cu (1:2).
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The addition of Mn to the solids with copper led to lower surface areas being obtained, possibly
due to processes of agglomeration of this metal on the surface. For the solid of Mn the particle size
was greater in relation to the catalysts that present Cu, concluding that the adding of Cu as an active
phase produced a decrease in particle size, which could result in a better distribution in the catalyst.
The crystal size turned out to be better for the solid Mn–Cu (1:2), indicating high distribution on the
surface of the active phase [29,30].

The average particle size (Table 2) was calculated from the Scherrer equation. For Mn solid,
the particle size was greater in relation to the catalysts with Cu, so when adding Cu as an active
phase there was a decrease in particle size, which could result in a better distribution in the catalyst.
The smaller particle size of solid Mn–Cu (1:2) and Mn–Cu (2:1) indicated a good distribution of the
active phase on the surface and therefore a possible better catalytic activity, which is evident in the
reaction [27].

Regarding the results from the surface area BET, type IV isotherms characteristic of mesoporous
solids were observed (Figure 2). In addition, according to the (IUPAC), the hysteresis type (H3)
representative of a structure containing pores with different sizes and non-uniform shapes, as well
as a large internal surface area, indicated the possible efficiency in the activity of the reaction [18,19].
The BET surface areas of the solids were summarized in Table 3. The Mn–Cu (1:2) sample had a surface
area of 92 m2/g, being smaller than the Cu solid (112 m2/g), probably due to the partial obstruction
of the pores and the addition of the active phase, where the introduction of Mn into the structure
decreased the surface area and the pore volume of the material.

The resulting area was related to the evolution of gases such as CO2 and H2O, which were
generated during the combustion process. Therefore, the solids with the greatest surface area were
those with copper as the major phase. Thus, the mixed solid Mn–Cu (1:2) was the solid with the largest
area compared to the other double-metal solids in the active phase.

According to the TPR-H2 analysis (Figure 3), Cu catalyst showed a reduction peak between 200 ◦C
and 300 ◦C, belonging to the reduction of cations from Cu+2 to Cu0, and another reduction peak above
450 ◦C. According to the literature, the peak of low temperature can be attributed to the reduction of
cations from Cu+2 to Cu0, while the broad, but slightly pronounced peak is due to the hydrogenation
of residual carbonates [31].

The Mn showed multiple peaks due to different oxidation states (Table 5) and finally, in binary
samples Mn–Cu (x:y), comparing the reduction temperatures of the solid with only Mn or Cu, there
was evidence of a shift to lower temperatures for the mixed oxides Mn–Cu, with a more pronounced
shift in the Mn–Cu oxide (1:2) being observed, which indicated that the reduction of manganese oxides
is easier when Cu is added (Table 3). This result can be attributed to the oxygen mobility increasing
due to the presence of a second transition metal (Cu) and the decrease in particle sizes that can facilitate
the redox behavior of the materials [32]. When Cu is added within the mixed oxides, lower reducibility
temperatures are evident, which would favor the reaction to moderate conditions.

Table 5. Temperature range for reduction peaks in Mn.

Solid Temperature ◦C Reduction Signal

Mn

<300 Mn5O8 to Mn2O3 (Mn+4 ->Mn+3)
350–450 Mn2O3 to Mn3O4 (Mn+3 ->Mn+2)
500–600 Mn3O4 a MnO
>600 Mn spinel phase

Catalytic Activity

In order to establish the ideal catalyst ratio for the CWOP of CV, the effect of the catalyst load was
assessed with solid Mn–Cu (1:1). This solid was used to determine a cooperative effect between the
metals Mn and Cu for the oxidation of the contaminant. At the same time, it established a possible
reduction for raw material, increased the available amount of solid for subsequent tests, and ensured a
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good performance in the reaction times. According to the literature, the quantities chosen were 1 g,
0.5 g, 0.25 g, and 0.1 g

As a result, only 0.25 g of catalyst (Figure 4) achieved a degradation of 100% CV in 1 h, selectivity
in COT of 74%, and elimination in the COD of 70% (Table 4). The results highlight the great potential
of these solids compared with catalysts reported previously in the literature [1,2]. Although with
any selected amount of catalyst 100% degradation is obtained, increasing the catalytic dose leads to
considerable diminution in degradation times, thanks to the increase of active sites of the solid. Then,
the highest efficiency was achieved with 1 g of catalyst in a time of 60 min. However, in consideration
of both efficiency and costs, a catalyst amount of 0.25 g was selected, with short reaction times of
approximately 110 min, with Mn–Cu catalyst (1:1), achieving lower raw material expense, compared
with that used for each reaction. Taking into account the ratio of degradation time and the amount of
catalyst, with 75% less catalyst compared to 1 g, the increase in the removal time was 45%. Due to
these results, a value of 0.25 g was established as the amount of catalyst in the subsequent reactions.

The catalytic wet peroxide oxidation of CV using 0.25 g of catalyst is shown in Figure 5, where the
activity was significantly influenced by the mixed oxide synthesis method, and a cooperative effect
between the two metals was observed. The results showed that the catalytic activities of the sample
Mn–Cu (1:2) were higher than those of the samples of Mn–Cu (1:1) >Mn–Cu (2:1) > Cu >Mn, with
degradation times of only 80 min, presenting a clear influence of the molar ratio on the catalytic activity.
In this way, a cooperative effect was evidenced, since there was a synergic phenomenon with the molar
ratio, and a correlation in which the use of mixed active phases also optimized the physicochemical
characteristics and the catalytic properties, in comparison with the system exclusively of Mn or Cu.
Additionally, a clear influence was evidenced in shorter times of degradation of the CV in those solids
whose Cu ratio was higher, compared to those that had Mn, for which Cu plays an important role in
radicals production.

This behavior is related to the TPR-H2 profiles (Figure 3), where the temperatures with minor
reduction, corresponding to the solid of the best catalytic activity, validated the efficiency under
moderate conditions proposed for the degradation of the CV dye.

Additionally a catalytic test was done without catalyst in order to determine if only H2O2/air is
enough for the oxidation of CV. The percentage of degradation did not exceed 3%, so the presence of
catalyst is necessary, confirming the catalytic character of the process and not the reaction medium.
Likewise, to see the feasibility of the technique, a test was generated without the addition of H2O2 or
air, and presented a percentage of degradation greater than 50% in 350 min, three times longer than the
result with the oxidizing agent. In consequence, the importance of an oxidizing agent such as air and
H2O2 is evident.

A supplementary analysis was done by UV-Vis spectrophotometry. The changes of the UV-visible
spectra are shown in Figure 7, where the behavior of the Mn–Cu catalyst (1:2) is highlighted. The signal
decrease at 600 nm showed the rupture of the aromatic rings and the formation of aliphatic and easily
biodegradable molecules, as evidenced by the appearance of the peaks at 380 and 220 nm, related with
the appearance of intermediate compounds during the reaction.

These results confirmed the decomposition of the molecule and the development of by-products
that were analyzed by GC-MS (Figure 6). The results in GC-MS for the different characteristic peaks in
the spectra allowed the substances to be classified as oxalic acid, ethylbenzene, toluene, carbamic acid,
and ethanol, which are probably due to the triphenylmethane breakdown. All these breaks prove that
the CV can be degraded into non-toxic small molecules and ensures the elimination of the contaminant
in effluents from the proposed method [33].

Based on previous studies about the degradation of CV, it occurs through N-demethylation,
chromophore excision and rupture of the trajectories of the ring structure, until the final formation of the
desired products. According to the results, it can be stated that the oxidation route was N-demethylation,
as a consequence of the reaction caused by the addition of hydroxyl, decomposition of the conjugated
structures, elimination of the benzene ring, and the ring opening in smaller molecules [34].
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Figure 7. UV-Vis spectra for CWPO of CV with Mn–Cu (1:2) catalyst.

4. Materials and Methods

4.1. Catalyst Synthesis

The mixed oxides were synthesized from hydrated nitrate solutions by the self-combustion
method. For the synthesis of Mn–Cu catalysts, Mn(NO3)2·6H2O, Mg(NO3)2·6H2O, Al(NO3)3·9H2O,
and Cu(NO3)2·3H2O (Merck (Darmstadt, Germany), 95.0% purity), reagents which act as oxidants
were used, and glycine [CH2NH2COOH] (Merck (Darmstadt, Germany), reagent analytical degree)
was used as combustible. Molar ratios for the preparation were Mn = 5, Mn/Cu 1:1 = 1, Mn/Cu 2:1 = 2,
Mn/Cu 1:2 = 0.5, and Cu = 5, and a ratio (nitrates/glycine) = 0.8 [35,36]. The aqueous solution obtained
was subjected to a slow evaporation process at a temperature of 110 ◦C, during 120–140 min, and with
constant agitation between 200 and 300 rpm, until gel formation. The gel was heated to a temperature
of 500 ◦C to provide a thermal shock and carry out the ignition process, which happened in a matter
of seconds. Once the solid was obtained, calcination was carried out at a temperature of 700 ◦C
for 14 h, where the elimination of glycine residues, conformation of the grains, and formation of a
well-consolidated crystalline structure were ensured (Figure 8).

Figure 8. Procedure for catalysts synthesis using the autocombustión technique.
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4.2. Characterization

The catalysts were characterized by X-ray Diffraction XRD (powder sample), using a Panalytical
X’Pert PRO MPD (Almelo, The Netherlands) diffractometer equipped with a copper anode (λ= 1.5406 Å),
using an angular velocity of 1◦/min and a step size of 0.02◦ θ to evaluate the crystalline phases
present. The chemical analysis of catalysts was carried out using the X-ray fluorescence XRF
technique on a Philips MagiX Pro PW2440 device (PHILIPS / PANALYTICAL, AUSTIN, TX, USA).
The oxidative–reductive properties of the materials were measured by means of TPR-H2 in a CHEMBET
3000 QUANTACHROME (Anton-Paar, Boynton Beach, FL, USA) equipment, where a reduction was
carried out with a gaseous mixture of H2/Ar, analyzing the processes of reducibility as a function of
the temperature. The textural characteristics were determined through N2 adsorption–desorption
isotherms using ASAP 2020 Micromeritics equipment (Micromeritics Instrument Corp. Norcross,
GA, USA).

4.3. Catalytic Evaluation

In order to evaluate the efficiency of the catalyst in the elimination of CV, a semi-batch reactor was
used, adding 200 mL of water at a concentration of CV of 50 ppm. It was provided with continuous
agitation of 500 rpm, a temperature of 25 ◦C, constant flow of peroxide of hydrogen 0.1 M 2 mL/h,
and air flow of 2 mL/min (Figure 9).

 

Figure 9. Reactor used for the catalytic degradation of CV.

To monitor the elimination of the CV, a Thermo Scientific GENESYS 20 spectrophotometer (Thermo
Fisher Scientific Inc, Waltham, MA, USA) was used. The degradation process was measured at a
wavelength of 590 nm. In order to determine the selectivity, the amount of total organic carbon (TOC)
still present in each reaction time was measured using a Shimadzu Model TOC-L CPH analyzer
(Shimadzu, Columbia, MD, USA. The COD was determined through an adaptation of the method
approved by EPA 410.4; in a HANNA HI839800 reactor (Hanna Instruments SAS, Madrid, Spain)
which determined the amount of oxygen that was required to oxidize the organic matter still present in
the samples during the degradation treatment. The reaction was also followed by the GC-MS, which
identified the formation of several by-products by the oxidation of the CV during the Fenton-type
reaction. Intermediates were identified using a program from the NIST14.L library, with settings
around 80%. The reaction mechanisms proposed in this research should be useful for the future
application of dye treatment technologies.

5. Conclusions

The catalytic activity of the Mn–Cu solids was highly influenced by the association of copper and
manganese, exposing a short time of removal of the contaminant (CV) at environmental conditions,
where the catalyst Mn–Cu (1:2), with an elimination time of 80 min, was the catalyst with greater
efficiency when compared with the other synthesized solids.
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The implementation of the method with hydrogen peroxide in heterogeneous phase was efficient
in the oxidation of the pollutant, where its catalytic degradation was observed by obtaining by-products
(carboxylic acids), until mineralization was achieved.

Additionally, the method showed that no new pollutants were generated. In addition, the mild
conditions of temperature and pressure, low airflow and hydrogen peroxide flow are promising for
large-scale pilot and industrial implementation, where effluents are handled with high concentrations,
being preferred to the techniques exposed in the reference literature, with the aim of reducing pollution
and potential toxicity.

The stability of Mn–Cu mixed oxide catalysts during the Fenton reaction process indicated that
there was no dissolved metal content in the final water samples, so no additional contamination would
be present, excluding some indication of homogeneous catalysis phenomena and indicating, in turn,
that the specified operating conditions were suitable within the catalytic system.
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Abstract: In this work, the abatement of several chlorobenzenes commonly found as pollutants in the
aqueous phase has been carried out by catalytic wet peroxide oxidation using goethite as the catalyst
and hydroxylamine as the promotor. Spiked water with monochlorobenzene and different positional
isomers of dichlorobenzene, trichlorobenzene, and tetrachlorobenzene, at concentrations ranging
from 0.4 to 16.9 mg L−1 was treated. Runs were carried out batch-way, at room conditions, without
headspace. The heterogeneous catalyst was commercial goethite, with a specific surface area (SBET)
of 10.24 m2 g−1 and a total iron content of 57.3 wt%. Iron acts as a catalyst of hydrogen peroxide
decomposition to hydroxyl radicals. Hydroxylamine (in a range from 0 to 4.9 mM) was added to
enhance the iron redox cycle from Fe (III) to Fe (II), remarkably increasing the radical production
rate and therefore, the conversion of chlorobenzenes. Iron was stable (not leached to the aqueous
phase) even at the lowest pH tested (pH = 1). The effect of pH (from 2 to 7), hydrogen peroxide
(from 1 to 10 times the stoichiometric dosage), hydroxylamine, and catalyst concentration (from 0.25
to 1 g/L) was studied. Pollutant removal increased with hydroxylamine and hydrogen peroxide
concentration. An operating conditions study demonstrated that the higher the hydroxylamine and
hydrogen peroxide concentrations, the higher the removal of pollutants. The optimal pH value and
catalyst concentration was 3 and 0.5 g L−1, respectively. Operating with 2.4 mM of hydroxylamine
and 10 times the stoichiometric H2O2 amount, a chlorobenzenes conversion of 90% was achieved in
2.5 h. Additionally, no toxic byproducts were obtained.

Keywords: chlorobenzenes; goethite; catalytic wet peroxide oxidation; hydroxylamine; iron
redox cycle

1. Introduction

A drawback of industrial activities is the generation of toxic wastes. In the last decades, these
wastes were often dumped without environmental concern near the production sites, resulting in an
important soil and groundwater contamination in the nearby area [1,2]. Among these toxic wastes,
the most concerning are those known as persistent organic pollutants (POPs) since they are poorly
biodegradable and frequently pose a notable risk for health and the ecosystems [3–5]. Therefore,
the development of effective techniques for the removal of these organic compounds is mandatory.

Compounds with chlorine atoms are among the more toxic organic compounds frequently
appearing in soil and groundwater [6,7]. Between these chlorinated organic compounds (COCs),
chlorobenzenes (nCBs, (n = mono, di, tri, tetra)) are commonly chlorinated pollutants in soil and
groundwater [8]. Their occurrence in the environment is because they are often used in the manufacture
of pesticides, dyes, and other widely used chemicals [9–13].

Monochlorobenzene (CB) is mainly used as a raw material in the production of nitrochlorobenzenes,
diphenyl oxide, and diphenyldichlorosilane, and as a solvent in the production of isocyanates and
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in the dyes industry [14]. On the other hand, 1,4 dichlorobenzene (DCB), and 1,2,3 and 1,2,4
trichlorobenzene (TCBs) are raw materials in the synthesis of pesticides, resins, and in the production
of several fine chemicals, particularly herbicides, pigments, and dyes [9,12,13,15–17]. Some pesticides
as hexachlorocyclohexanes and heptachlorocyclohexanes are transformed in trichlorobenzenes and
tetrachlorobenzenes, respectively, at alkaline pH [18].

The technologies developed for the treatment of chlorobenzenes in aqueous phase include
reductive and oxidative treatments. Reductive treatments, mainly using zerovalent iron, are effective
but the times required to achieve high pollutant conversion are often too long. The use of iron
nanoparticles reduces this time [19–21] from iron microparticles [22], although they are more expensive,
and their stability needs to be improved. Dominguez et al. found that the dechlorination rate increased
with the chlorine content of the organic molecule and that the non-aromatic chlorinated organic
compounds, as hexachlorocyclohexanes (HCHs), were more rapidly eliminated in the presence of
zero valent iron microparticles via dechloroelimination, than chlorobenzenes, while the last ones were
dechlorinated via hydrogenolysis [22].

Among the oxidative technologies, advanced oxidation processes (AOPs) stand out [23]. These
methods are suitable for the treatment of water-soluble contaminants and their applicability has
already been documented for water, groundwater, and wastewater decontamination [24]. Among
the AOPs treatments proposed for nCBs abatement are the photo-oxidation process, coupling UV,
and H2O2 [23,25]. These treatments have achieved conversions up to 90% in several hours but imply
high operation costs [24]. Santos et al. used persulfate activated by alkali for the removal of nCBS in
groundwater polluted with lindane wastes [26]. The complete conversion of nCBS was obtained in
15 days. This technology could be adapted for an in situ remediation process due to the high stability
of persulfate in the subsurface.

Fenton’s reagent (iron +H2O2) has been also tested in nCBs oxidation in aqueous phase, using
several sources of iron. Sedlak and Andren reported the effectivity of adding a Fe (II) salt to hydrogen
peroxide in the removal of nCBS from wastewaters [27]. Kuang et al. used iron nanoparticles and
Pagano et al. used iron powder as a source of Fe2+ ions [28,29]. In all these works, soluble iron cation
catalyzed the decomposition of hydrogen peroxide in homogenous phase.

Despite the classical Fenton process, using iron in solution at low pH, is an efficient process [30],
but has a major drawback: the catalyst is lost after each reaction cycle. Additionally, additional
treatments are usually required (i.e., neutralization, separation, and management of the iron hydroxide
sludge generated) [31–33].

To overcome these drawbacks, several heterogeneous catalysts, that can be easily recovered at
the end of the process, have been tested [31], giving rise to the process known as Fenton-like or
catalytic wet peroxide oxidation (CWPO). Many researchers studied this process using mainly iron
minerals [31,34–37]. Those that attract the most attention, due to their availability and low cost, are the
naturally occurring iron materials, such as magnetite, hematite, ilmenite, goethite, etc. [34]. The
only catalytic species considered in literature when these minerals are employed is iron [31,32,34–37],
responsible for the production of hydroxyl radicals by reaction with the oxidant (hydrogen peroxide).
These kinds of heterogeneous catalysts, specifically hematite, were successfully applied in the oxidation
of nCBS (1,3,5 TCB and 1,2,3,4 TetraCB) with hydrogen peroxide [38]. The main drawback of these
heterogeneous catalysts is the lower rate of H2O2 decomposition and therefore, hydroxyl radical (·OH)
generation vs. the classical Fenton process which leads to longer reaction times and restricts their
full-scale applications [32,39]. However, heterogeneous catalysts based on iron oxides prepared in the
laboratory often promote the iron leaching at acidic pH and the process turns from heterogeneous to
homogeneous (Fenton’s reagent) [34].

The use of reducing agent compounds, such as hydroxylamine, to enhance the redox iron cycle in
the Fenton and Fenton-like reactions, and therefore, the pollutant oxidation performance, has been
recently explored [40–42]. Some authors reported the use of hydroxylamine to accelerate the Fenton
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reaction applied to the abatement of different organics such as benzyl alcohol [42], methylene blue [43],
and carbamazepine [44].

A very recent work reported the combined use of goethite (a naturally occurring iron material) and
hydroxylamine to enhance the oxidation of alachlor with hydrogen peroxide, finding very interesting
results [32]. However, to the best of our knowledge, neither goethite nor hydroxylamine have been
applied for the degradation of pollutants as nCBs, which is the goal of the present work. Moreover,
more information is required on the role of hydroxylamine, as well as its oxidation byproducts.

Therefore, in the current work, the use of goethite, as an inexpensive heterogeneous source of
supported iron (Fe III), coupled with hydroxylamine, has been explored for the first time to promote
the oxidation of nCBS with hydrogen peroxide. Moreover, the effect of the main operating variables
influencing the performance of the process was evaluated.

2. Results

2.1. Blank Experiments

Seven experiments, gathered as B1a–g, in Table 1, were carried out. Each one was carried out at a
different initial pH value within the range of 1 to 7, using the same goethite concentration (0.5 g L−1).
After 48 h at room temperature, the concentration of the iron leached was measured in the filtered
aqueous phase. At pH = 1, a concentration of 0.52 mg L−1 of total iron in the aqueous phase was
found, whereas concentrations below the detection limit were measured at higher pHs. Therefore, it is
assumed that the iron leached from the heterogeneous catalyst is negligible even at the lowest pH used.

Table 1. Experimental conditions of the runs carried out. Variables: initial concentration of
hydroxylamine (CHA), theoretical stoichiometric amount of hydrogen peroxide for the complete
mineralization of the chlorobenzenes (nCBs; n = mono, di, tri, tetra). (CH2O2,0/Cst

H2O2,0), goethite
concentration (CGOE), pH using either milliQ or spiked water with chlorinated organic compounds
(COCs).

CHA
mM

CH2O2 ,0

Cst
H2O2 ,0

CGOE
g L−1 pH0

∑
COCs

mg L−1

B1 a–g* 0 0 0.5 1–7

0
B2 2.4 0 0.5 3
B3 2.4 5 0 3
B4 2.4 5 0.5 3

S1 a, b, c 2.4 5 0.5 7, 5, 2 31.73

S2 0

5 0.5 3
S3 0.6

31.73
S4 1.2
S5 2.4
S6 4.9

S7
2.4

1
0.5 3 31.73S8 10

S9
2.4 5

0.25
3 31.73S10 1

* A total of seven experiments were carried out in the run gathered as B1.

To investigate the reaction between hydroxylamine (HA) and hydrogen peroxide in the presence
or absence of goethite, the experiments B2, B3, and B4 were carried out at pH 3. HA conversions
at 300 min of reaction time, calculated from Equation (1), are plotted in Figure 1. As can be seen,
the conversion of HA was almost negligible in the presence of the catalyst without H2O2 (B2), whereas
around 0.25 of HA conversion was obtained when hydrogen peroxide (without catalyst addition) was
used (B3). On the contrary, the consumption of HA was almost total when goethite and hydrogen
peroxide were added simultaneously (B4). The evolution of HA and hydrogen peroxide with reaction
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time in this run (B4) is plotted in Figure 2. HA was rapidly consumed in the first stage, achieving
more than 90% of the conversion at 300 min. After 24 h of reaction time the amount of HA detected in
the media was negligible. Therefore, this compound does not remain in the media for longer times.
However, the hydrogen peroxide conversion at the end of the experiment (300 min) was only around
0.2, which suggests that HA is the limiting reagent.

XHA = 1− CHA
CHA,0

(1)

where XHA is the conversion of HA, CHA is the remaining concentration of HA at a given reaction time,
and CHA,0 is the initial concentration of HA.

Figure 1. Hydroxylamine conversion (XHA) in runs B2, B3, and B4 after 300 min of reaction time
(CGOE = 0.5 g L−1, CHA,0 = 2.4 mM, and CH2O20 = 12.35 mM, pH = 3).

Figure 2. Hydroxylamine (HA) and hydrogen peroxide conversion (Xj) vs. reaction time (run B4)
(CGOE = 0.5 g L−1, CHA = 2.44 mM, and CH2O2 = 12.35 mM, pH = 3).

It has been described that the oxidation of HA produced inorganic anions (i.e., nitrates and
nitrites) [42,45]. In the present work, only nitrates were identified by ion chromatography, which
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agrees with the results obtained by Chen et al. [42]. It should be noted that this result was expeceted
since hydrogen peroxide was used in high stoichiometric excess.

The profile of the molar yield of HA to nitrates with reaction time, plotted in Figure 3, has been
calculated using Equation (2). As can be seen, an asymptotic value on nitrate concentration was
achieved after 30 min of reaction time. However, the hydroxylamine conversion at that time was
only around 0.5. The consumption of this compound continued increasing until it reached almost
the complete conversion. This fact could be explained if nitrates are intermediate byproducts of HA
oxidation. The products proposed in the literature for the oxidation of hydroxylamine are, besides
nitrates, N2 and N2O [42]. Moreover, it was found that the formation of N2O was preferred at pH = 3
(the pH used in run B4), which would explain the nitrogen mismatch.

YNO−3 =
CNO−3

CHA,0·XHA
(2)

where YNO−3 is the yield of the oxidation of HA to nitrate. It is calculated as the ratio between the
nitrate concentration (CNO−3 ) measured at a given reaction time (quantified by ion chromatography
(IC)), and the concentration of HA reacted.

Figure 3. Nitrogen yield to nitrates (YNO−3 ) in the oxidation of hydroxylamine (CGOE = 0.5 g L−1,
CHA = 2.44 mM, and CH2O2 = 12.35 mM, pH = 3).

2.2. CWPO Experiments

A systematic study of the pH, HA, H2O2, and catalyst concentrations on nCBS (n = mono, di,
three, and tetra) removal in the aqueous phase has been carried out. It should be pointed out that there
was neither evaporation nor reaction of nCBs during the 24 h (control experiments).

2.2.1. Study of pH Effect

The effect of the initial pH was evaluated within the range 7–2, by comparison of nCBs conversion
obtained at 300 min in runs S1 a, b, c, carried out at pH = 7, 5, and 2, respectively, and S5, carried
out at pH = 3. The operation conditions for these runs are summarized in Table 1. Taking the CB
conversion vs. pH as representative of the profile for the other nCBS, it was noticed that its conversion
is greatly increased by acidifying the pH from 7 (XCB = 0.05) to 3 (XCB = 0.76), as can be seen in Figure 4.
At pH 5, the conversion of CB obtained at 300 min was about 0.2. The same trend was noticed for the
other pollutants studied: the lower the initial pH used, the higher the conversion of chlorobenzenes
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was found. However, when using lower pHs (pH = 2), only slight differences were found in nCBs
conversion over time.

Figure 4. Conversion of chlorobenzene XCB vs. initial pH at 300 min using CGOE = 0.5 g L−1 and
(CH2O2,0 )/(C

st
H2 O2

) = 5 (12.43 mM), and CGOE = 2.4 mM.

The influence of pH on nCBs abatement found here can be related to the oxidation mechanism of
hydroxylamine, which is affected by the pH of the solution [42]. The pH value selected in this work,
using the system goethite-H2O2 and hydroxylamine, agrees with the optimal pH value reported in
the literature for the homogeneous Fenton reaction [24,30]. In fact, it is widely documented that the
highest rate for the hydroxyl radical generation takes place at this pH range using Fenton’s reagent.
Chen et al. [42] studied the abatement of benzyl alcohol by homogeneous Fenton reagent (H2O2)
enhanced with HA and found that the optimal pH range was also in the acidic range (3–4).

It has been described that at pH values above 6, hydroxylamine can act as a strong termination
agent [42]. Consequently, the initial pH selected for further experiments was 3.

The nCBs conversion was checked when 1 mg L−1 of homogeneous iron, Fe (II) (the maximum iron
leached value found in blank runs, B1a, pH = 1, t = 48 h was 0.52 mg L−1), was added to the aqueous
phase as a catalyst instead of goethite, using the same H2O2 and HA concentrations, as well as the pH
used in run S5. At these operating conditions, nCBs conversion (<0.05) at 300 min was found negligible.
Therefore, it can be concluded that the Fenton reaction studied here was heterogeneously promoted by
the iron in the surface of the solid catalyst, in agreement with that reported in the literature [32].

When using an initial pH of about 3, a decrease in the pH value was noticed during the runs,
because of the generation of short chain organic acids [46]. A minimum value pH of about 2.3 was
achieved. However, in the pH range 2–3, a significant effect of the pH on the nCBS conversion was not
noticed, as was shown in Figure 4.

2.2.2. HA Concentration Effect

To study the influence of the HA addition on the pollutant’s abatement, several HA concentrations
(from 0 to 4.9 mM, runs S2 to S6) have been used to treat the contaminated water, keeping a constant
concentration of goethite (0.5 g L−1) and hydrogen peroxide (12.34 mmol L−1). As can be deduced
from Table 2, where the initial concentration of each chlorinated compound is included, the selected
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concentration of the oxidant is 5 times the theoretical stoichiometric amount considering the complete
mineralization of the nCBs in the polluted water.

Table 2. Initial concentration of chlorobenzene compounds (nCBs) in the spiked water.

COCs
Chemical

Acronym
Initial Concentration Initial Concentration Cst

H2O2

Formula (mg L−1) (mM) (mM) a

chlorobenzene C6H5Cl CB 16.29 0.145 2.030
1,3-dichlorobenzene C6H4Cl2 1,3 DCB 0.33 0.002 0.026
1,4-dichlorobenzene C6H4Cl2 1,4 DCB 4.77 0.032 0.416
1,2-dichlorobenzene C6H4Cl2 1,2 DCB 4.64 0.032 0.416

1,2,4-trichlorobenzene C6H3Cl3 1,2,4 TCB 3.86 0.021 0.252
1,2,3-trichlorobenzene C6H3Cl3 1,2,3 TCB 0.75 0.004 0.048

1,2,4,5
tetrachlorobenzene C6H2Cl4 TetraCB-a 0.41 0.002 0.020

1,2,3,4
tetrachlorobenzene C6H2Cl4 TetraCB-b 0.68 0.003 0.030

a Theoretical stoichiometric dosage of H2O2 required for the mineralization of each compound.

The normalized remaining concentration of mono CB with reaction time in runs S2 to S6 is
plotted in Figure 5. The normalized profiles of the positional isomers of DCB (1,2-DCB, 1,3-DCB, and
1,4-DCB), TCBs (1,2,3-TCB and 1,2,4-TCB), and TetraCBs (TetraCB-a and TetraCB-b) concentrations are
represented in Figures 6 and 7a–d. The normalized concentration of each chlorinated compound has
been calculated using Equation (3):

1−Xj = Cj/Cj,0 (3)

where Xj is the conversion of the pollutant j, Cj and Cj,0 are the concentration of pollutant j at a given
reaction time and at zero time, respectively.

As can be seen in these figures, in the absence of hydroxylamine (run S2), the reaction rate
was very slow, and the concentration of the pollutants hardly decreased with reaction time. On the
contrary, when hydroxylamine was added to the reaction medium, the abatement of the pollutants was
greatly increased. This could be explained considering that the presence of hydroxylamine facilitates
the reduction of Fe (III) to Fe (II) in the catalyst surface, accelerating the decomposition of H2O2 to
generate hydroxyl radicals, which are responsible for the oxidation of organic matter in the solution,
in agreement with that previously reported in the literature [32]. As the iron redox cycle is enhanced
by the presence of hydroxylamine and nitrate being the only inorganic product detected in the reaction
media, the mechanism in Equations (4–6) can be proposed to explain the iron redox cycle in the
presence of hydroxylamine, in accordance with the mechanism reported in literature [47].

Fe3+ + NH2OH→ NH2O·+ Fe2+ + H+ (4)

Fe3+ + NH2O· → NHO·+ Fe2+ + H+ (5)

5Fe3+ + 2H2O + NH2O· → NO−3 + 5Fe2+ + 6H+ (6)

In Figure 4, Figure 5, and Figure 6 it can be noted that a fast depletion of the contaminants took
place during the first 5 h of the reaction. Following, the pollutant oxidation rate decreased, which
can be related to the consumption of HA in the fast stage. In fact, as noted in Figure 2, the almost
complete conversion of HA was obtained at 5 h when using the same oxidant and catalyst concentration
employed in run S5 (run B4). Therefore, the slow stage in the depletion of COCs observed in Figure 5,
Figure 6, and Figure 7 is a consequence of the absence of HA in this period. Concluding, the presence
of HA improves the reduction of Fe (III) to Fe (II) over the goethite surface, enhancing the hydroxyl
radical formation and the pollutant abatement.

Attending to the results shown in Figures 5–7, it can be noticed that the higher the concentration
of hydroxylamine used, the higher the conversions of nCBs. However, the differences seem to be
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narrower when HA concentration raised from 2.4 to 4.9 mM. This fact can be explained considering that
HA snot only participate in the iron redox cycle but also competes with the pollutant for the oxidant.

Comparing the profiles obtained for the different COCs (Figures 5–7), it can be concluded that the
oxidation rates followed the subsequent order: CBs > DCBs >> TCBS = TetraCBs. As can be seen in
Figures 6 and 7, the positional stereoisomers of DCBs, TCBs, and TetraCBs showed similar normalized
concentration profiles with reaction time, indicating that the catalyst is not regioselective.

On the other hand, the maximum conversion achieved of H2O2 was about 10%, obtained in S6,
when a concentration of 4.9 mM of HA was used (data not shown). Therefore, it can be assumed
that, at the operating conditions, the limiting reagent was HA, as previously proposed, and in this
case, the concentration of hydrogen peroxide can be considered almost constant with reaction time.
To confirm that at the operating conditions HA was the limiting reagent, two new reaction vials were
prepared at the conditions of run S5 in Table 1. At a reaction time of 2.5 h, a volume of 0.2 mL of
the aqueous reaction media was replaced by an aliquot of 0.2 mL of a concentrated HA solution.
The amount of HA added in the aliquot corresponds to an amount of 2.4 mM in the final aqueous
volume in the vial. At 2.5 and 5 h after the HA aliquots were added, the vials were sacrificed and
the pollutants in the aqueous phase were analyzed. Results obtained are shown as open symbols
in Figures 5–7. As can be seen, the further addition of HA after 2.5 h produced a significant rise in
the pollutant conversions, confirming that HA is the limiting reagent. Further, the concentration of
hydrogen peroxide was found to be almost constant with the reaction time.

Figure 5. Remaining fractional chlorobenzene concentration (1−XCB) vs. reaction time at pH0 = 3,
CGOE = 0.5 g L−1, and (CH2O2,0 )/(C

st
H2 O2

) = 5 (12.43 mM), at room temperature (controlled at 22 ◦C).
Conversions obtained after addition of further aliquots of HA (+2.4 mM) in run S5 at 2.5 h are shown
with open symbols.
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Figure 6. Remaining fractional concentration of (a) 1,2-dichlorobenzene (1 − X1,2−DCB);
(b) 1,3-dichlorobenzene (1−X1,3−DCB); and (c) 1,4-dichlorobenzene (1−X1,4−DCB) vs. reaction time at
pH0 = 3, CGOE = 0.5 g L−1, and (CH2O2,0 )/(C

st
H2 O2

) = 5 (12.43 mM), at room temperature (controlled
at 22 ◦C). Conversions obtained after addition of further aliquots of HA (+2.4 mM) in run S5 at 2.5 h are
shown with open symbols.

To evaluate if the removal of nCBs was linked to the loss of the chlorine atoms from the
pollutant molecule, the release of chloride to the reaction media was analyzed. The profile of chloride
concentration in the aqueous phase in run S5 was measured and the results are shown in Figure 8.
The predicted chloride concentration was calculated assuming that the conversion of the chlorinated
pollutant corresponds to the loss of all the chlorine atoms of the molecule, as indicated in Equation (7).

Cstc
Cl− =

∑
Cj,0·Xj·n·35.5 (7)
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where Cstc
Cl− is the stoichiometric amount of chloride released assuming the complete dechlorination

of each nCBs (n = 1, 2, 3, 4) in mg L−1; Cj,0 is the initial concentration of the pollutant j (in mM,
summarized in Table 2); Xj is the experimental conversion of each nCBs; and n is the number of
chlorine atoms in the starting pollutant (1 for CB, 2 for DCBs, 3 for TCBs and 4 for TetraCB).

Figure 7. Remaining fractional concentration of (a) 1,2,3-trichlorobenzene (1 − X1,2,3−TCB); (b)
1,2,4-trichlorobenzene (1−X1,2,4−TCB); (c) tetrachlorobenzene-a (1−XTetraCB−a); (d) tetrachlorobenzene-b
(1−XTetraCB−b) vs. reaction time at pH0 = 3, CGOE = 0.5 g L−1, and (CH2O2,0)/(C

st
H2 O2

) = 5 (12.43 mM),
at room temperature (controlled at 22 ◦C). Conversions obtained after addition of further aliquots of HA
(+2.4 mM) in run S5 at 2.5 h are shown with open symbols.

The profile of the chloride concentration predicted by Equation (7) with the data obtained is
compared with that experimentally measured (Figure 8). As can be seen, both experimental and
predicted values are similar, confirming that the dehalogenation of the organic molecules was achieved.
As the toxicity of the organic molecules is related to its chlorine content, this a desirable result if the
detoxification of the contaminated water is required. No aromatic compounds different than those
present in the initial polluted water were detected by gas chromatography/mass spectrometry (GC/MS)
analysis of the reaction samples. The only byproduct detected in the oxidation of nCBs with goethite
was acetic acid, identified by ion chromatography.

Moreover, the iron leached was measured with the reaction time in all the runs in Table 1. In all
the runs the maximum iron concentration in the aqueous phase was less than 0.6 mg/L. The presence
of chlorides at the end of the reaction did not increase the amount of iron leached. To check for further
reaction in the absence of the solid, a hot filtration test was carried out at the conditions of run S5 in
Table 1. To do this, two GC vials of 20 mL were prepared with the corresponding goethite, oxidant
and HA concentration employed in run S5. After 2.5 h of reaction time, the stirring was stopped,
the liquid of each vial was filtered, an aliquot of the liquid was analyzed by GC/MS and two aliquots
of 10 mL of the remaining aqueous phase were placed in two 10 mL GC vials to check the reaction
progress in absence of the solid. Vials containing the filtered aqueous phase were sacrificed at 2.5
and 5 h and the pollutant concentration in the aqueous phase was measured. A negligible increase in
pollutant conversion in the filtered media was noticed, confirming that the reaction took place in a
heterogeneous way.
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Considering the nCBs profiles shown in Figures 5–7, it can be deduced that serial reactions as
tetrachlorobenzene to trichlorobenzene, trichlorobenzene to dichlorobenzene, and dichlorobenzene to
monochlorobenzene did not take place.

Figure 8. Predicted and experimental chloride concentration vs. reaction time (run S5), at pH0 = 3
CGOE = 0.5 g L−1, and (CH2O2,0 )/(C

st
H2 O2

) = 5 (12.43 mM), at room temperature (controlled at 22 ◦C).

2.2.3. Hydrogen Peroxide Concentration Effect

To study the effect of the oxidant on the COCs abatement, runs S5, S7, and S8 (Table 1) were carried
out. The dose of hydrogen peroxide varied from 1 to 10 times the stoichiometric amount calculated for
the complete mineralization of the starting nCBs (listed in Table 2). The normalized concentration
profiles of remaining CB, DCBs, TCBs, and TetraCBs concentration vs. reaction time, are plotted in
Figures 9–11, respectively.

Figure 9. Remaining fractional chlorobenzene concentration (1−XCB) vs. reaction time using different
doses of hydrogen peroxide in a range of 1–10 times the theoretical stoichiometric amount for the
complete mineralization of the nCBs at pH0 = 3, CGOE = 0.5 g L−1, and CHA = 2.4 mM, at room
temperature (controlled at 22 ◦C).
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Figure 10. Remaining fractional concentration of (a) 1,2-dichlorobenzene (1 − X1,2−DCB); (b)
1,3-dichlorobenzene (1 − X1,3−DCB); and (c) 1.4-dichlorobenzene (1 − X1,4−DCB) vs. reaction time
using different doses of hydrogen peroxide in a range of 1–10 times the theoretical stoichiometric
amount for the complete mineralization of the CBs at pH0 = 3, CGOE = 0.5 g L−1, and CHA = 2.4 mM,
at room temperature (controlled at 22 ◦C).

As can be observed, the higher concentration of hydrogen peroxide, the higher conversion of
nCBs, due to a higher production of hydroxyl radicals. This trend was maintained regardless of the
type of chlorobenzene. Thus, when a concentration of hydrogen peroxide 10 times the stoichiometric
one was used, the reaction time was greatly decreased. For instance, in the case of CB (Figure 9),
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a conversion of the pollutant above 0.9 was reached in 2 h. On the other hand, more than 24 h of
reaction time was needed to reach this conversion value when the stoichiometric dose of H2O2 was
used. The samples obtained at 24 h in S7 were analyzed to quantify the remaining hydrogen peroxide
and the leaches of iron. For a stoichiometric ratio for H2O2 of 1, the conversion factor was roughly 85%.

Figure 11. Remaining fractional concentration of (a) 1,2,3-trichlorobenzene (1 − X1,2,3−TCB);
(b) 1,2,4-trichlorobenzene (1 − X1,2,4−TCB); (c) tetrachlorobenzene-a (1 − XTetraCB−a); and
(d) tetrachlorobenzene-b (1−XTetraCB−b) vs. reaction time using different doses of hydrogen peroxide
in a range of 1–10 times the theoretical stoichiometric amount for the complete mineralization of the
CHBs at pH0 = 3, CGOE = 0.5 g L−1, and CHA = 2.4 mM, at room temperature (controlled at 22 ◦C).

2.2.4. Effect of Goethite Concentration

Finally, the influence of the goethite concentration on nCBs removal was also evaluated (runs
S5, S9 and S10 of Table 1). The concentration of HA was kept as 2.4 mM, the initial pH was set to 3,
and the dose of hydrogen peroxide was fixed at 5 times the stoichiometric amount.

It was noticed that the addition of the heterogeneous catalyst produced a sludge with an orange
color (the higher the concentration of goethite, the higher the color intensity). The reaction samples
were filtered using nylon filters to remove the heterogenous catalyst, obtaining a colorless aqueous
solution. As commented before, the iron leaching at these conditions was negligible.

The fractional remaining concentration of nCBs measured in runs S5, S9, and S10 are plotted
in Figures 12–14. As expected, when 0.25 g L−1 of goethite was used, the conversion of CB, DCB,
TCBS, and TetraCB isomers was lower than those obtained with a catalyst concentration of 0.5 g L−1.
Surprisingly, an increase in the concentration of goethite from 0.5 to 1 g·L−1 did not produce an
improvement in the removal of COCs. When the catalyst concentration is higher than a critical value
in slurry reactors it is common that the slurry formed is not well mixed and the catalyst agglomerates
at the bottom of the reactor, resulting in a defective contact between the solid and the aqueous phase.
In our work, this effect was noticed at values of 1 g/L or higher of the iron mineral. This fact has also
been reported in literature, where an optimal catalyst concentration in slurry systems was found [48].
However, it should be considered that the optimal value for catalyst loading to avoid agglomeration and
defective liquid–solid contact will depend on the reactor construction and the agitation system used.
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Figure 12. Remaining fractional chlorobenzene concentration (1 − XCB) at different goethite
concentrations vs. reaction time at pH0 = 3, CHA = 2.4 mM and (CH2O2,0 )/(C

st
H2 O2

) = 5 (12.43 mM),
at room temperature (controlled at 22 ◦C).

Figure 13. Remaining fractional concentration of (a) 1,2-dichlorobenzene (1 − X1,2−DCB); (b) 1,3-
dichlorobenzene (1−X1,3−DCB); and (c) 1,4-dichlorobenzene (1−X1,4−DCB) vs. reaction time at pH0 = 3,
CHA = 2.4 mM and (CH2O2,0 )/(C

st
H2 O2

) = 5 (12.43 mM), at room temperature (controlled at 22 ◦C).
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Figure 14. Remaining fractional concentration of (a) 1,2,3-trichlorobenzene (1−X1,2,3−TCB); (b) 1,2,4-
trichlorobenzene (1−X1,2,4−TCB); (c) tetrachlorobenzene-a (1−XTetraCB−a); and (d) tetrachlorobenzene-b
(1−XTetraCB−b) vs. reaction time at pH0 = 3, CHA = 2.4 mM and (CH2O2,0 )/(C

st
H2 O2

) = 5 (12.43 mM),
at room temperature (controlled at 22 ◦C).

3. Methods

3.1. Reagents and Catalyst

Chlorobenzene (CB), 1,2-dicholorobenzene (1,2-DCB), 1,3-dicholorobenzene (1,3-DCB),
1,4-dicholorobenzene (1,3-DCB), 1,2,3-trichlorobenzene (1,2,3-TCB), 1,2,3,4-tetrachlorobenzene (1,2,3,4-
TetraCB), 1,2,3,5-tetrachlorobenzene (1,2,3,5-TetraCB), and 1,2,3,4-tetrachlorobenzene (1,2,3,4-TetraCB),
all of analytical quality, were purchased from Sigma-Aldrich (Darmstadt, Germany) and dissolved in
n-hexane to prepare the standards used in the calibration curves of these compounds. Bicyclohexyl, also
purchased from Sigma-Aldrich (Darmstadt, Germany), was selected as the internal standard (ISTD).
The polluted water used in this work was prepared by spiking milli-Q water with chlorobenzenes
(nCBs, being n =mono, di, tri, and tetra). The concentration of each compound, summarized in Table 2,
was selected to simulate the concentration range found in the groundwater of the hot spots where
these compounds were usually dumped [49]. As can be seen, 1,3 DCB has a lower concentration than
1,2 and 1,4 DCB in accordance with the occurrence of these compounds noticed in groundwaters.
The concentration of COCs used in the spiked water also considered that the solubility of each nCB
in aqueous phase decreases with the number of chlorine atoms in the molecule. The theoretical
stoichiometric dosage of H2O2 required for the mineralization of each compound is also given in this
table. As can be seen, the total amount of H2O2 required for the complete oxidation of COCs was
3.24 mmol L−1 (0.11 g L−1).

Hydrogen peroxide (33 wt%), employed as an oxidant, was supplied by Sigma-Aldrich;
hydroxylamine, used to enhance the reduction of Fe (III) to Fe (II) in the Fenton redox cycle, was added
as hydroxylammonium sulfate (HAS), being supplied by Acros Organics (Geel, Belgium).

Goethite, used as a catalyst in CWPO reactions, was supplied by Sigma-Aldrich (Darmstadt,
Germany). Goethite is a soil mineral compounded by Fe(III), being one of the most thermodynamically
stable iron oxides. It presents an orthorhombic structure, where the iron atoms are in the center of
an the octahedral formed by O2− and OH− anions, and the molecular formula is Fe(III)OOH [50–52].
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A specific surface area (SBET) of 10.24 m2 g−1 was measured by the N2 adsorption–desorption isotherms
at 77 K (Figure 15). The total iron content of the catalyst was determined by spectroscopy of atomic
emission at 259.94 nm. Previously, 0.5 g of the catalyst was dissolved in 15 mL of chlorhydric acid
(Sigma-Aldrich, Darmstadt, Germany 35 wt%), finding that the iron mass percentage in the goethite
was 57.3 wt%. Other metals were also measured by atomic emission spectrometry, but only a small
amount of potassium (<0.01%) was found. Therefore, the Fe(III)OOH percentage in goethite can be
calculated as 91.3 wt%. The corresponding mass percentages of oxygen and hydrogen happens to be
33.2 wt% and 1.03 wt%, respectively. About 8.6 wt% of the mineral mass could not be identified but it
did not correspond with transition metals.

Figure 15. N2 adsorption–desorption isotherm of goethite at 77 K, used as a solid catalyst.

Other reagents used in the present work were: titanium oxysulfate, ferric sulfate heptahydrate,
n-hexane, and cyclohexanone (Sigma-Aldrich), carbonate, bicarbonate, H2SO4, acetone, nitrite,
and nitrate (for Ion Chromatography analyses).

3.2. Blank Experiments

The leaching of iron from the heterogeneous catalyst (0.5 g L−1 of goethite) was evaluated in the
seven runs gathered as B1a–g in Table 1. A concentrated solution of hydroxylamine sulfate (HAS) in
water (400 g/L) was used to achieve the desired hydroxylammonium (HA, Sigma-Aldrich Darmstadt,
Germany) concentration in the reaction media. It must be considered that each mol of HAS yields
2 moles of HA. A pH range from 1 to 7 was investigated and leached iron was measured in the batch
reactor after 48 h at room temperature. Previously to the leached iron quantification, the goethite was
separated from the aqueous phase using a nylon filter (0.22 μm).

In order to discriminate the interaction among the oxidant, the reductant, HA, and the catalyst in
the absence of pollutants, a set of control experiments were carried out using milli-Q water without
pollutants. The experimental conditions of these runs (B2, B3, and B4) are summarized in Table 1.
These runs were carried out at room temperature (22 ◦C) in a well-mixed batch reactor of 250 mL using
a magnetic plate, IKA C-MG HS 7 (Staufen, Germany). A stirring speed of 500 rpm was selected for the
blank runs because almost the same HA conversions were obtained in run B4 at 400, 500, and 600 rpm.

Reaction samples were taken at different times to follow the evolution of the reagents in the
aqueous phase.
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3.3. CWPO Experiments

The effect of the initial pH value, as well as the oxidant (H2O2), reductant (HAS), and catalyst
(goethite) concentration on the nCBs removal was investigated (runs S1 to S10, Table 1). Runs were
carried out by duplicate with the standard deviation being lower than 5% in all cases.

A volume of 0.4 mL of an aqueous solution containing AS and H2O2 was added to 19.6 mL of the
polluted water in a cap-sealed vial (20 mL) without headspace, in order to minimize the evaporation of
CBs during the reaction time. The concentration of reagents (H2O2 and HAS) in the 0.4 mL volume was
selected to achieve the corresponding concentration of each run (conditions collected in Table 1) in the
final reaction volume (20 mL). The corresponding amount of catalyst was added at zero time. Several
vials were prepared for each reaction and a vial was sacrificed at each reaction time. The vials were
agitated using a rotatory agitator (Labolan, ref 51752, Navarra, Spain). The agitation speed was fixed
to 90% of the maximum speed of the rotatory agitator employed. No differences were found in the
pollutant conversion obtained in run S5 in the range of 80% to 100% of the maximum rotatory speed

As the addition of HAS acidified the pH of the spiked water, the pH of the polluted water and the
HAS solution was adjusted before these solutions were mixed. To do this, H2SO4 and NaOH were
used when necessary.

As can be seen in Table 1, the influence of pH was tested in runs S1 a, b, c and S5. Runs S2–S6 were
carried out to study the influence of the hydroxylamine concentration (in the range of 0.6 to 4.9 mmol
L−1) on the nCBs abatement. Runs S5, S7, and S8 were carried out using different doses of hydrogen
peroxide in a range of 1–10 times the theoretical stoichiometric amount, calculated for the complete
mineralization to carbon dioxide, water and chloride of the nCBs (Table 2). Finally, the influence of the
solid catalyst concentration on the removal of CBs was tested in runs S5, S9, and S10 within the range
1–0.25 g L−1. Operation conditions of run S5 were selected as the central values for the study of other
variables than H2O2.

A blank experiment with the polluted water in the absence of the reagents (H2O2 and HA) and
the catalyst (goethite) was also carried out (by triplicate).

3.4. Analytical Methods

Firstly, COCs were identified by gas chromatography (Agilent 6890N, Santa Clara, CA, USA)
coupled to a mass spectrometry detector (GC/MS). The concentration of nCBs in the aqueous phase
during the experiments was determined by extracting 10 mL of the reaction mixture with 5 mL of
n-hexane by the agitation during 2 min and after 10 min of settlement. It was experimentally confirmed
that more than 95% of the COCs in the aqueous phase were extracted to the organic phase by this
procedure. Both phases were separated by decantation and the concentration of nCBs in the organic
phase was measured using a gas chromatograph coupled with a flame ionization detector (GC/FID)
and an electron capture detector (ECD). On the other hand, the catalyst was separated from the aqueous
phase using a nylon filter (0.22 μm). After that, the concentration of hydrogen peroxide, chloride,
carboxylic acids, and iron was determined.

GC/MSD analysis: COCs were identified by gas chromatography (Agilent 6890N, Santa Clara,
CA, USA) coupled to a mass spectrometry detector (Agilent MSD 5975B, Santa Clara, CA, USA), which
operates under a vacuum. A column HP-5MS (30 m × 0.25 mm ID × 0.25 μm) was used as stationary
phase. A flow rate of 1.7 mL min−1 of helium was used as the carrier gas and 1 μL of liquid samples was
injected. The GC injection port temperature was set to 250 ◦C and a programed-temperature gradient
was used for the GC oven, starting at 80 ◦C, increasing the temperature at a rate of 18 ◦C min−1 up to
180 ◦C, and then keeping it constant for 15 min.

GC/ECD-FID analysis: The quantification of nCBs was carried out using an Agilent 6890 gas
chromatograph (Santa Clara, CA, USA) with FID and ECD detectors. An HP-5MS column (30 m ×
0.25 mm ID × 0.25 μm) was also used. The same conditions as for the gas GC/MSD analysis (carrier gas,
injector temperature, and oven program) were selected. The output flow of the capillary column was
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split (1:1), using FID and ECD detectors simultaneously. More details of the experimental procedure
can be found elsewhere [18].

The concentration of hydrogen peroxide was determined by colorimetric titration with a BOECO
S-20 UV–Vis (Hamburg, Germany) spectrophotometer at 410 nm (Eisenberg, 1943), while the pH
evolution was measured using a Basic 20-CRISON pH (Barcelona, Spain) electrode. Ionic compounds
such as carboxylic acids, nitrate, and chloride, coming from the oxidation of the starting compounds,
were measured by ion chromatography (Metrohm 761 Compact IC, Gallen, Suiza) with anionic chemical
suppression and a conductivity detector. A Metrosep (Gallen, Suiza) A SUPP5 5-250 column (25 cm
length, 4 mm diameter) was used as stationary phase and an aqueous solution (0.7 mL min−1) of
Na2CO3 (3.2 mM) and NaHCO3 (1 mM) as the mobile phase.

The total iron content in the aqueous solution was measured by spectroscopy of atomic
emission (AES MP-4100 Agilent Technology, Santa Clara, CA, USA). Aqueous solutions with different
concentration of ferric sulfate (Sigma-Aldrich Darmstadt, Germany) were measured at a weight length
of 259.94 nm, a nebulizer pressure of 100 kPa, and a viewing position of 10 to calibrate.

The specific surface area (SBET) value of the fresh catalyst was obtained from the N2

adsorption/desorption isotherm at 77 K using a Micromeritics Tristar (Norcross, GA, USA) apparatus
with the sample previously outgassed overnight at 150 ◦C to a reduced pressure <10−3 torr in order to
ensure a dry clean surface.

The HA concentration in the aqueous phase was determined by derivatization of this compound
with cyclohexanone. Cyclohexanone reacts with HA in the aqueous phase to produce cyclohexanone
oxime, which was quantified by GC/FID. The reaction was carried out adding 1.5 g of cyclohexanone to
3 mL of the aqueous phase. After 15 min of reaction time at 40 ◦C, the cyclohexanone oxime formed was
quantified in the organic phase, composed of the non-reacted cyclohexanone and the cyclohexanone
oxime, by GC/FID. To do this, a calibration curve using different concentrations of HA in water was
previously accomplished.

4. Conclusions

It has been probed that goethite is an effective and stable catalyst in the CWPO of several COCs
such as chlorobenzene, di, tri and tetrachlorobenzene isomers at room conditions. These chlorinated
compounds are common pollutants found in aqueous phase because they are often used in the
manufacture of a high number of chemicals.

It was confirmed that the addition of hydroxylamine (as hydroxylammonium sulfate) greatly
enhances the chlorobenzenes conversion with time. This can be explained because hydroxylamine
reduces Fe (III) in the goethite surface to Fe (II) and the reduced iron catalyzes faster (than Fe (III)) than
the decomposition of hydrogen peroxide, yielding hydroxyl radicals. On the other hand, hydroxylamine
competes with the pollutants for the oxidant and its consumption slows down the iron redox cycle and
therefore, the pollutant removal rate. The only byproduct detected from hydroxylamine oxidation at
the condition tested was nitrate ion.

The oxidation of COCs (around 90% at the selected conditions: 2.4 mM of HA, 10 times the
stoichiometric H2O2 amount, 2.5 h) results in their dehalogenation (confirmed by the chlorine balance)
and only short chain organic acids (mainly acetic acid) were detected as oxidation byproducts, meaning
that this treatment leads to the detoxification of the polluted water. The oxidation rate follows the
subsequent order: CBs > DCBs >> TCBS = TetraCBs, the catalyst not being regioselective. A positive
effect of hydrogen peroxide and hydroxylamine concentrations on the reaction rate, and an optimal
value of catalyst concentration (0.5 g L−1) was found.
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Notation

Acronyms

1,2 DCB = 1,2-dicholorbenzene
1,2,3 TCB = 1,2,3-tricholorbenzene
1,2,4 TCB = 1,2,4-tricholorbenzene
1,3 DCB = 1,3-dicholorbenzene
1,4 DCB = 1,4-dicholorbenzene
AOPs = Advanced oxidation processes
AES = atomic emission spectroscopy
B# = number of blank experiments
CB =monochlorobenzene
Cl− = chloride
COCs = chlorinated organic compounds
CWPO = catalytic wet peroxide oxidation
FID = flame ionization detector
GC = gas chromatography
GOE = goethite
HA = hydroxylamine
HCHs = hexachlorocyclohexanes
IC = ion chromatography
MS =mass spectrometry detector
nCBS = chlorobenzenes (n =mono, di, tri, tetra)
POPs = persistent organic compounds
S# = number of experiments using spiked water
TetraCB-a = tetrachlorobenzenes-a
TetraCB-b = tetrachlorobenzenes-b
Symbols

Cj = concentration of compound j, mM
n = number of clorines in nCBS
P = pressure, bar
SBET = specific surface area, m2·g−1

T = temperature ◦C
t = time, min or h
V = adsorbed volume, cm3·g−1

Xj = conversion compound j
Yj = yield compound j
Subscripts

0 = initial
j = compounds j =

{
GOE, HA, H2O2, NO−3 , Cl−, nCBs

}
Superscripts

St = stoichiometric
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Abstract: Biochars from spent olive stones were tested for the degradation of sulfamethoxazole (SMX)
in water matrices. Batch degradation experiments were performed using sodium persulfate (SPS)
as the source of radicals in the range 250–1500 mg/L, with biochar as the SPS activator in the range
100–300 mg/L and SMX as the model micro-pollutant in the range 250–2000 μg/L. Ultrapure water
(UPW), bottled water (BW), and secondary treated wastewater (WW) were employed as the water
matrix. Removal of SMX by adsorption only was moderate and favored at acidic conditions, while SPS
alone did not practically oxidize SMX. At these conditions, biochar was capable of activating SPS and,
consequently, of degrading SMX, with the pseudo-first order rate increasing with increasing biochar
and oxidant concentration and decreasing SMX concentration. Experiments in BW or UPW spiked
with various anions showed little or no effect on degradation. Similar experiments in WW resulted in
a rate reduction of about 30%, and this was attributed to the competitive consumption of reactive
radicals by non-target water constituents. Experiments with methanol and t-butanol at excessive
concentrations resulted in partial but generally not complete inhibition of degradation; this indicates
that, besides the liquid bulk, reactions may also occur close to or on the biochar surface.

Keywords: adsorption; antibiotics; emerging micro-pollutants; waste valorization; water matrix

1. Introduction

Over the past decades, the occurrence of harmful xenobiotic compounds in the environment has
constantly been increasing. This causes a number of serious problems related to human health, the
quality of surface- and groundwaters, and generally, ecosystem protection. Thus, much work has been
performed for the remediation of sites contaminated by persistent pollutants [1,2].

Amongst different classes of pollutants, pharmaceuticals and especially antibiotics have attracted
the interest of the scientific community due to adverse effects associated with their existence in water
bodies [3]. In particular, many scientists alarmingly state that exposure to antibiotics can lead to
increased antimicrobial resistance [4]. It is, therefore, not surprising that a large number of studies
deal with the removal of common antibiotics, such as sulfamethoxazole (SMX) and amoxicillin, with
different physicochemical processes, such as photocatalysis [5], ozonation [6], Fenton-like reaction [7],
electrochemical oxidation [8], and sonochemistry [9].

Catalysts 2019, 9, 419; doi:10.3390/catal9050419 www.mdpi.com/journal/catalysts159
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In recent years, the use of persulfates as a source of the sulfate radical, SO4•−, has become
attractive for in situ oxidation, since it is more stable, easy to store, and less costly than other oxidants
such as hydrogen peroxide [10]. The conversion of persulfates to sulfate radicals requires some kind of
activation agent, including transition metals, high temperatures, UV irradiation, ultrasound irradiation,
and microwaves, amongst others [11–15]. Of these, heterogeneous catalysis exhibits several advantages
such as easy recovery of the catalysts and possible reuse, relatively low concentrations, and higher
efficiency [14,15]. In recent years, there have been several reports concerning the use of carbonaqueous
materials such as graphene, graphene oxide, carbon nanotubes, and activated carbons as persulfate
activators [16–19].

Biochars, the solid residue produced from biomass thermal decomposition with no or little oxygen
at moderate temperatures, are low-cost materials with high surface area and desirable physicochemical
properties in terms of pore size distribution, the amount of functional groups (e.g., C−O, C=O, −COOH,
–OH), and minerals (e.g., N, P, S, Ca, Mg, and K) that can be employed as adsorbents, catalysts or
catalytic supports [20–24]. Moreover, they can be employed for carbon storage, thus avoiding the
emission of 0.1–0.3 billion tons of CO2 annually [25]. Although any kind of lignocellulosic biomass
can be used for biochar production, its origin may have a significant effect on properties, such as
the moisture content and the composition in terms of organic carbon, minerals, and ash content.
Furthermore, the pyrolysis temperature can influence the surface area and the point of zero charge,
pzc, of the produced biochars [26,27].

The ability of biochars to activate persulfates has been demonstrated in a few recent studies [28–30].
The use of a metal-free material originating from valorized biomass is a rather attractive concept since
conventional catalysts can be replaced by a green material [28,29].

In a recent study of our group [30], we demonstrated the use of biochar from spent malt rootlets
for persulfate activation and the subsequent oxidation of the antibiotic SMX. Effective persulfate
activation took place on the biochar surface followed by considerable degradation of SMX in various
environmental matrices, such as bottled water and secondary treated wastewater.

In this work, biochar from olive stones was prepared, exhaustively characterized, and eventually
tested for the adsorption and oxidative degradation of SMX by means of activated persulfate.

2. Results and Discussion

2.1. Biochar Properties

The thermogravimetric analysis (TGA) curve of the prepared biochar is shown in Figure 1.
As can be seen, there is a significant mass loss of about 10% starting at about 100 ◦C. This is due to
water and moisture content that has been adsorbed in the biochar. Between 450 and 600 ◦C, the biochar
is almost completely burned, while only a small amount (ca. 7%) corresponding to minerals remains.
The carbonaqueous phase is almost homogeneous, as can be seen from the differential curve of the
TGA results.

Figure 2 presents the titration curves for a blank solution and the biochar suspension. The point of
zero charge coincides with the section point between these two curves, which is at around 3. The rather
expected acidic character of the biochar has to do with the increased oxygen content of the starting
biomass and the limited O2 atmosphere in the pyrolysis step. Oxygen helps the formation of surface
groups with acidic behavior, while the presence of minerals at low concentrations (see Figure 1) is
also consistent with the reduced sample basicity. Interestingly, the biochar surface does not exchange
significant amounts of H+ at pH > 3, as can be seen from the titration curve in the 10 > pH > 4 region,
as well as in the inset of Figure 2. The inset of Figure 2 represents the amount of H+ consumed by the
surface groups. As a result, the total negative charge of the surface is not expected to be high at pH > 3.

The specific surface area (SSA) of the sample was measured equal to 50 m2/g using the BET
equation. The microporous surface area, calculated with the t-plot method, was found equal to
44 m2/g. The pore size distribution is presented in Figure 3. The microporous has a diameter of 2 nm,
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while there are some mesoporous-macroporous with an average diameter greater than 160 nm. Almost
no mesoporous was observed in the range of 5–100 nm.

Figure 1. TGA curve obtained at a heating rate of 10 ◦C/min under 20 mL/min air flow. Inset: Differential
TGA graph.

Figure 2. PMT curves for the blank solution (solid line) and the biochar suspension (dotted line). Inset:
Consumption of H+ ions by the surface as a function of suspension pH.

Figure 3. Pore size distribution of the biochar.
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Representative SEM images in Figure 4a,b shows that the surface is covered with deposits. Due to
the moderate SSA and the absence of mesoporosity, the content of these deposits is not expected to
be significant since it is limited to the external surface area in accordance with the TGA results. EDS
analysis (Figure 4c) shows that C and O, respectively, comprise almost 90% and 6% in atomic ratio,
while the two elements account for almost 90% of the total mass. Other elements detected are K, Ca,
Na, Mg, Si, and Cl, with Cl (1.53% atomic ratio), Na (0.9% atomic ratio), and K (0.6% atomic ratio)
existing in higher amounts.

Figure 4. SEM images (a) and (b) and EDS analysis (c) of the biochar.

The FTIR spectrum of the biochar (Figure 5) exhibits a wide band at 3436 cm−1 and a peak at
1045 cm−1 mainly due to H2O content, in accordance with TGA results and surface C–OH groups.
The aromatic character is not significant as evidenced by the absence of peaks above 3000 cm−1

(C−H in aromatic compounds). The low intensity of the peaks in the region 1000–1800 cm−1 is
characteristic of the heterogeneity of the biochar. The peak at 1580 cm−1 can be attributed to C=C with
conjugation of π electrons [31] by functional groups with high electronegativity. Finally, the peak at
1742 cm−1 can be assigned to C=O groups, while the peaks at 2922 and 2846 cm−1 are due to C–H
bonds [32,33].

Figure 5. The FTIR spectrum of the biochar.
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The XRD pattern of the biochar (Figure 6) clearly shows the amorphous carbon phase with a wide
peak at 25◦. This peak is typical of a carbonaceous material with a less ordered structure due to
pyrolysis. The intense sharp peaks are identified as halite, and this is supported by the EDS analysis
shown in Figure 4c.

Figure 6. The XRD pattern of the biochar.

2.2. Adsorption Capacity

The adsorption isotherm of SMX at pH = 6.5 and ambient temperature is shown in Figure 7.

Figure 7. Adsorption isotherm of sulfamethoxazole (SMX) at pH = 6.5, ambient temperature,
and 200 mg/L biochar.

As can be seen, SMX concentrations up to 500 μg/L can saturate the surface with the adsorption
maximum being about 150 μg/g of the biochar (BC). The amount of adsorbed SMX on biochar in
the range 100–300 mg/L is almost constant and equal to 8%, leaving more than 90% of SMX in the
solution (data not shown). The starting solution pH was 5.8 and slightly increased after sorption to
6.5–7. This pH shift is typical of an anion sorption behavior, implying that the adsorption of SMX is
closely related to the negative charge of SMX. The pKa value of the sulfonamide group of SMX is about
5.7 and the isoelectric point 4.5. Generally, at pH values <1.4, SMX exists as a cation with the terminal
–NH2 group being protonated, while at a pH >5.8, SMX is negatively charged with deprotonation of
–NH in the sulfonoamido group. On the other hand, SMX is characterized by a low positive charge and
can be considered as neutral at 1.4 < pH < 5.8 [34,35].

Briefly, when an anion concentration increases in the interfacial region, the surface releases OH−
into the solution to partially neutralize the negative charge of the surface. The increment of pH results
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in a more negatively charged surface as well as more negatively charged SMX species and thus a lower
deposition of SMX onto the biochar surface. Even if SMX interacts with the C=C bonds, as has been
reported in the literature [36], the negative charge increases and should be partially neutralized.

The influence of the solution pH on the adsorption is significant. As can be seen in Figure 8,
the deposition of SMX is rather low at high pH (i.e., final pH > 7), while it is significant at low pH
in accordance with the literature [37,38]. Since the pzc of the biochar is 3 and the isoelectric point of
SMX 4.5, both the surface and SMX are negatively charged at high pH values, so adsorption is not
favored. Two experiments were performed at an initial pH value of 5.7: one was buffered at this value,
while the other was left uncontrolled reaching a final value of 7.2. In the latter case, SMX adsorption is
evidently slower than in the former, thus pointing out the significance of pH. Fast adsorption occurs at
pH = 3, where the biochar has almost zero charge and has the ability to consume a significant amount
of H+ ions without altering the solution pH, while SMX is slightly positively charged and therefore can
approach the surface and become adsorbed. The ability of biochar to consume H+ in this pH region
helps the sorption process, which can be either electrostatic, due to the different charged surface sites
and SMX molecules, or due to the reaction of SMX with the surface –OH groups.

Figure 8. Kinetics of 500 μg/L SMX adsorption as a function of solution pH with 200 mg/L biochar.
For each experiment, the starting and final pH values are indicated.

On the other hand, the biochar surface exhibits small differences at 4 < pH < 10, showing a small
degree of H+ consumption. At higher than pzc, the surface is charged negatively releasing H+ in the
solution and thus lowering the solution pH and making SMX less negative, both of which help the
deposition of SMX onto the biochar surface. At pH = 5.7, the total negative surface charge of biochar is
less than it is at pH = 9, and the SMX is also less negative. Therefore, it is easier for SMX to approach
the surface and become sorbed. In the 4 < pH < 10 region, deposition is not electrostatic but probably
involves surface reactions between surface groups and SMX or hydrogen bonding due to high –O
content of the biochar. As pH increases, SMX deposition becomes more difficult, and equilibrium is
reached more slowly. This explains why the adsorption/deposition of SMX onto the biochar surface is
almost the same at pH 7–7.7 regardless of the starting pH. In a buffer system, there are no changes in
pH, while the speciation of SMX and the surface of biochar are not altered during deposition. The pH
value remains low and the deposition is higher, as can be seen in Figure 8.

2.3. Oxidative Degradation of SMX

2.3.1. Effect of Biochar, Sodium Persulfate, and SMX Concentration

Figure 9 shows the effect of biochar concentration on SMX degradation in the presence of sodium
persulfate (SPS). The concentration profiles are normalized against the equilibrium concentration of
SMX, Ceq, after adsorption for 15 min.
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Figure 9. Effect of biochar concentration on 500 μg/L SMX degradation with 1000 mg/L sodium
persulfate (SPS) in ultrapure water (UPW) and inherent pH.

Persulfate alone, although a mild oxidant itself, is not capable of degrading SMX to an appreciable
extent, leading to ca. 10% removal after 75 min of reaction. Similarly, the extent of adsorption onto
300 mg/L biochar without oxidant is not considerable, and this is consistent with the adsorption data
shown in Figure 8 for experiments at neutral conditions (i.e., the pH changed from 5.7 to 7.3 during the
adsorption experiment shown in Figure 9). The simultaneous use of biochar and oxidant is evidently
beneficial for SMX degradation, leading to 65–70% conversion after 75 min at either of the three biochar
concentrations tested; this said, it appears that the effect of concentration is more pronounced during
the early stages of the reaction (i.e., 15 min) as conversion takes values of 22%, 30%, and 47% at 100,
200, and 300 mg/L of biochar, respectively.

Figure 10 shows the effect of SPS concentration in the range of 0–1500 mg/L on SMX degradation
with 200 mg/L biochar.

Figure 10. Effect of SPS concentration on 500 μg/L SMX degradation with 200 mg/L biochar in UPW
and inherent pH.

Adsorption alone is insignificant, but the extent of degradation increases with increasing oxidant
concentration up to 1000 mg/L and remains practically constant thereafter. On the assumption that
SMX degradation follows a pseudo-first order kinetic expression, the logarithm of the normalized
concentration profiles can be plotted against time to compute the respective apparent rate constants;
these are equal to 5.4 × 10−3, 9.4 × 10−3, 13.3 × 10−3, and 12.2 × 10−3 min−1 for the runs at 250, 500,
1000, and 1500 mg/L SPS, respectively. Although increased oxidant concentrations will expectedly
generate more radicals, i.e., SO4•− and OH•, this may be counterbalanced by a stronger competitive
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adsorption between SMX and SPS for the biochar’s active sites. Furthermore, radicals in excess may
suffer partial scavenging and be converted to less reactive species, such as S2O8•− and O2 [39].

The effect of initial SMX concentration in the range 250–2000 μg/L on its degradation is depicted
in Figure 11.

Figure 11. Effect of initial SMX concentration on its degradation with 200 mg/L biochar and 1000 mg/L
SPS in UPW and inherent pH.

Degradation is clearly retarded at higher substrate concentrations and the apparent rate constants
are computed equal to 17.9 × 10−3, 13.3 × 10−3, 9.7 × 10−3, and 5.6 × 10−3 min−1 for the runs at 250,
500, 1000, and 2000 μg/L SMX, respectively. These results clearly show that the reaction is not truly
first order (although data fitting is still satisfactory) since the rate constant depends on the initial
concentration. The fact that the constant decreases with increasing SMX concentration indicates that
the reaction shifts towards orders lower than first, reaching eventually the zeroth order. The rationale
behind this is associated with the concentration of reactive species relative to the substrate. At a
fixed set of operating conditions (i.e., the concentration of biochar and oxidant, pH, water matrix),
the concentration of the generated radicals is expected to be nearly constant (this is particularly true
at the early stages of the reaction), so the critical factor determining kinetics would be the substrate
concentration. As the latter increases, lower rates will occur [30].

2.3.2. The Water Matrix Effect

All the experiments described so far were performed in UPW, thus ignoring the possible interactions
of the inorganic and organic species typically found in real water matrices. In this respect, additional
experiments were performed spiking bottled water (BW) and secondary treated wastewater (WW)
with 500 μg/L SMX to study its degradation in the presence of 200 mg/L biochar and 1000 mg/L SPS.
Interestingly, SMX degradation in BW was as fast as it was in UPW, with the respective rate constants
being identical (13.4 ± 0.1 × 10−3 min−1), but it decreased by about 30% in WW with a rate constant of
9.3 × 10−3 min−1 (constants were computed from the respective concentration–time profiles, which
are not shown for brevity. The same also happens for the experiments with various anions and HA
spiked in UPW).

Since bicarbonate is the dominant, in terms of concentration, anion in waters, experiments were
performed in UPW adding bicarbonate in the range 50–250 mg/L; the rate constant decreased from
13.3 × 10−3 in UPW to 11.8 × 10−3, 8.9 × 10−3, and 8.4 × 10−3 min−1 at 50, 100, and 250 mg/L bicarbonate,
respectively. Similarly, experiments were performed adding chloride or nitrate in UPW; the addition
of chloride at 50–250 mg/L slightly retarded the SMX degradation with a rate constant equal to
11.5 ± 0.3 × 10−3 min−1, while the addition of nitrate at 50–250 mg/L slightly enhanced degradation
with a rate constant equal to 15.1 ± 1 × 10−3 min−1. These results are in agreement with those in BW
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that contains, amongst others, bicarbonate, chloride, and nitrate anions; although the radicals formed
through SPS activation may partly be scavenged by either of these anions, the formation of secondary
oxidizing species (e.g., carbonate or chloride radicals) cannot be disregarded, thus compensating for
the undesired radical consumption.

An additional experiment was performed adding 10 mg/L humic acid in UPW to simulate the
organic content of the WW sample. The addition of HA had a mild negative effect on SMX degradation
with a rate constant equal to 10.9 × 10−3 min−1, in line with the results in WW. Non-target organic
species in water may either react with the relatively non-selective radicals or/and compete with the
substrate for the surface active sites.

Figure 12a shows temporal SMX profiles normalized against initial (solid lines) and equilibrium
(dotted lines) SMX concentrations for UPW and WW. In the case of WW, the two lines practically
overlap, implying that SMX adsorption is very low. On the other hand, adsorption partially contributes
to SMX removal in UPW, and this contribution is more pronounced during the early stages of the
reaction. This implies that non-target matrix components in WW compete with SMX for the active
sites. Figure 12b shows the temporal profile of the logarithm of the SMX concentration ratio in UPW
and WW. The dependence of the above parameter (the logarithm arises from the fact that the reaction
is modeled as pseudo-first order) on time is linear, indicating that the mechanism of degradation
is common for the two water matrices. Therefore, the lower degree of degradation in WW can be
attributed to the interactions of SPS with non-target matrix components that have competitively been
adsorbed on the biochar surface and the subsequent consumption of the generated radicals.

Figure 12. (a) Comparison between the actual oxidation and adsorption process and oxidation alone for
SMX removal in UPW and wastewater (WW) with 200 mg/L biochar and 1000 mg/L SPS. (b) The linear
dependence of the logarithm of SMX concentration ratio in UPW and WW.

2.3.3. The Role of Radical Scavengers

In an attempt to evaluate indirectly the role of sulfate and hydroxyl radicals on SMX degradation,
experiments were conducted in UPW, adding methanol or t-butanol in excess (i.e., 10 and 100 g/L).
Both alcohols act as radical scavengers; methanol reacts with both sulfate and hydroxyl radicals
at comparable rates, while t-butanol reacts preferentially with hydroxyl radicals [40,41]. As seen in
Figure 13a, SMX degradation is only partly impeded in the presence of methanol, with the rate constant
decreasing by about 25% and 40% at 10 and 100 g/L alcohol, respectively. The detrimental effect of
t-butanol (Figure 13b) is more pronounced with the rate constant decreasing by about 45% at 10 g/L,
while the reaction is completely hindered at 100 g/L. These findings may imply that (i) hydroxyl
radicals dominate over sulfate radicals, and/or (ii) reactions occur not only in the liquid bulk but also
in the vicinity of the biochar surface, where adsorption becomes important; this is consistent with the
fact that SMX adsorption is not affected in the presence of methanol, but it is completely hindered in
the presence of t-butanol.
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Figure 13. Effect of methanol (a) and t-butanol (b) on 500 μg/L SMX degradation with 200 mg/L biochar
and 1000 mg/L SPS in UPW and inherent pH.

3. Materials and Methods

3.1. Preparation of Biochar

The biochar used in this study was prepared from olive stones, the main by-product of the olive-oil-
and table-olive-producing companies. They were dried overnight at 50 ◦C and then heated up to 850 ◦C
in a limited amount of air. The yield to biochar was 22% due to the high calcination temperature [27].

3.2. Chemicals

Sulfamethoxazole (SMX, C10H11N3O3S, analytical standard, CAS number: 723-46-6) and sodium
persulfate (SPS, Na2S2O8, 99+%, CAS number: 7775-27-1) were purchased from Sigma-Aldrich,
St. Louis, MO, USA. Acetonitrile (99.9 wt %), humic acid (HA, technical grade), sodium hydroxide
(98 wt %), and sulfuric acid (95 wt %) were also obtained from Sigma Aldrich. Methanol (99.9%) and
t-butanol (99%) were purchased from Fluka, Loughborough, England.

3.3. Experimental Procedures

Experiments were conducted in a cylindrical glass reaction vessel of a 250 mL capacity that was
open to the atmosphere (open air equilibrium). A stock SMX solution was prepared in ultrapure
water (UPW), and a measured volume was mixed with the water matrix to achieve the desired SMX
concentration (from 250 to 2000 μg/L). The range of SMX concentrations tested was chosen so that
at least 90% of SMX conversion could be measured. The solution was then supplemented with SPS
to achieve the desired concentration of up to 1500 mg/L biochar to start the reaction under magnetic
stirring (400 rpm) and at ambient temperature. Samples of 1.2 mL were periodically withdrawn
from the vessel (every 2.5 min in the first 10 min of reaction and every 15 min from 15 to 120 min
of reaction), filtered and analyzed by liquid chromatography. In most experiments, UPW (pH = 6;
0.056 μS/cm conductivity) was the water matrix, while some experiments were also performed in
bottled water (BW, pH = 7.5; 396 μS/cm conductivity; 211 mg/L bicarbonates; 15 mg/L sulfates; 9.8 mg/L
chlorides) and secondary treated wastewater (WW, pH = 8; 7 mg/L total organic carbon; 4.5 mg/L total
suspended solids; 21 mg/L chemical oxygen demand; 311 μS/cm conductivity; 30 mg/L sulfates; 0.44
mg/L chlorides). Unless otherwise stated, experiments were performed at the matrix’s inherent pH; in
some experiments, the initial pH was adjusted or buffered. Most of the experiments were performed in
duplicate, and mean values (<5% difference) are quoted as results.

The general kinetic model for a n-th order reaction rate is as follows:

Rate = −dC
dt

= kappCn (1)
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where C is the concentration of SMX, kapp the apparent rate constant, and n is the reaction order.
The value of kapp can be calculated from the slope of the integrated form of Equation (1). For the case of
zeroth order reaction (n = 0), the integrated form of Equation (1) becomes

C = Co − kapp t (2)

where Co is the initial concentration of SMX. For the case of a first order reaction (n = 1), the integrated
form of Equation (1) becomes

lnC = lnCo − kapp t. (3)

3.4. High Performance Liquid Chromatography (HPLC)

SMX was analyzed by chromatography using an Alliance HPLC system equipped with
a photodiode array detector (Waters 2996 Milford, PA, USA), a gradient pump (Waters 2695, Milford,
PA, USA) for solvent delivery (0.35 mL/min), and a Kinetex C18 100A column (150 × 3 mm; 2.6
μm particle size) maintained at 45 ◦C. The isocratic mobile phase consisted of UPW (68%) and
acetonitrile (32%). The SMX absorbance peaked at 270 nm, as determined from the corresponding
UV-vis absorbance spectrum. The limits of SMX detection and quantitation were 6.9 and 20.7 μg/L,
respectively [42].

3.5. Physicochemical Characterization

The biochar was characterized by several techniques as follows: (i) Nitrogen adsorption isotherms
were used at liquid N2 temperature (Tristar 3000 porosimeter) for the determination of specific surface
area (SSA), micropore surface area, and pore size distribution. (ii) X-ray diffraction (XRD) patterns were
recorded in a Bruker D8 (Billerica, MA, USA) Advance diffractometer equipped with a nickel-filtered
CuKa (1.5418 Å) radiation source. (iii) Surface topography images were obtained using scanning
electron microscopy (SEM), EVO MA10 (ZEISS, Oberkochen, Germany), with high vacuum mode
in which the chamber vacuum was 1 × 10−5 mbar. The samples before SEM measurements were
sputtered with an 18 nm Au thin film in order to avoid electron beam charging phenomena observed
in non-conductive samples. For the highest resolution images, the lowest possible beam current used,
which was 50 pA. (iv) Fourier transform infrared (FTIR) spectroscopy was performed using a Perkin
Elmer Spectrum RX FTIR system. The measurement range was 4000–400 cm−1. (v) Thermogravimetric
analysis (TGA) was performed in a TGA Perkin Elmer system (Waltham, MA, USA) under air
atmosphere, with a heating rate of 10 ◦C/min in the range 50–900 ◦C. (vi) To study the acid–base
behavior of the biochar, potentiometric mass titration (PMT) was applied [43]. According to PMT,
the pzc value of the biochar is the common intersection point of the titration curves of suspensions
with different amounts of biochar and the titration curve of a blank solution. The latter contains exactly
the same amounts of inert electrolyte and base solution without biochar. Applying the mass balance
equation for the H+ ions for each titration curve [44], the H+ consumption on the biochar surface was
determined. More details about the techniques used can be found elsewhere [30].

4. Conclusions

In this work, biochars from spent olive stones were synthesized, characterized, and tested for
the activation of persulfate to reactive radicals and the subsequent degradation of a model antibiotic
micro-pollutant in water matrices. The main conclusions of this study are as follows:

(1) Biochars are characterized by low pzc and mineral content and a moderate specific surface area;
the latter is associated with a moderate capacity for SMX adsorption.

(2) Adsorption is strongly affected by solution pH and is enhanced at acidic environments.
(3) Biochars are capable of activating persulfate, thus inducing SMX oxidative degradation; the single

use of either biochar (without oxidant) or oxidants (without biochar) does not practically contribute
to SMX removal.
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(4) Degradation rates depend on factors, such as biochar, oxidant, and substrate concentration.
An increase in the concentration of the latter retards degradation, while the opposite occurs for
the other two factors.

(5) Environmental matrices such as bottled water and wastewater have no or a moderately detrimental
effect on degradation; this is encouraging since the process could be applied in real life applications.

(6) It appears that reactions occur both in the liquid bulk and in the vicinity of the biochar surface;
this has indirectly been evidenced by the partial inhibition of SMX degradation in the presence
of excessive amounts of alcohols in the liquid bulk (i.e., at concentrations 20,000–200,000 times
greater than SMX).

(7) Biochars from different biomass sources should be tested for persulfate activation and subsequent
organic pollutant degradation to gain a more thorough understanding of the oxidation mechanism
and tailor their properties according to specific environmental applications.
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Abstract: This work deals with the degradation of phenol based on the classical Fenton process,
which is enhanced by the presence of chelating agents. Several iron-chelating agents such as
ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), diethylenetriamine pentaacetic
acid (DTPA), and ethylenediamine-N,N’-diacetic acid (EDDA) were explored, although particular
attention was given to EDTA. The effect of the molar ligand to iron ratio, EDTA:Fe, initial pH, and
temperature on the oxidation process was studied. The results demonstrate that the proposed
alternative approach allows the capacity for degrading phenol to be extended from the usual acidic
pH (around 3.0) to circumneutral pH range (6.5–7.5). The overall feasibility of the process depends
on the concentration of the chelating agent and the initial pH of the solution. The maximum phenol
conversion, over 95%, is achieved using a 0.3 to 1 molar ratio of EDTA:Fe, stoichiometric ratio of
H2O2 at an initial pH of 7.0, and a temperature of 30 ◦C after 2 hours of reaction, whereas only 10%
of phenol conversion is obtained without EDTA. However, in excess of ligand (EDTA:Fe > 1), the
generation of radicals seems to be strongly suppressed. Improvement of the phenol removal efficiency
at neutral pH also occurs for the other chelating agents tested.

Keywords: phenol degradation; EDTA; circumneutral pH; Fenton system; ligands

1. Introduction

The treatment of wastewater has increasingly become a challenge for a number of industries.
In many cases, biological treatment is sufficient and the most economical solution for this problem.
Nevertheless, many industrial and some urban effluents contain refractory and/or biotoxic compounds,
which need a specific chemical treatment in order to eliminate or partly reduce the concentration of
contaminants to the required level allowing for direct discharge to conventional sewage plants [1,2].
Phenols are the major organic constituents found in effluents of petroleum refineries, phenolic resin
manufacturing, herbicide manufacturing, and petrochemicals [3,4]. Phenol and its derivatives are
a major source of environmental pollutants.

Most of the applied technologies to treat refractory compounds are based on expensive chemical
oxidation, either because of the drastic operating conditions in catalytic wet air oxidation (CWAO),
costly equipment (H2O2/UV), or dedicated oxidants (O3) [5]. In this regard, the well-known Fenton
reagent (Fe2+/H2O2) has shown interesting results and some significant advantages: (i) iron is a widely
available and a non-toxic element, (ii) H2O2 is easy to handle and its decomposition leads to harmless
products [6], and (iii) the process can be applied at room conditions and with simple equipment [7–9].
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However, its application to the treatment of real wastewater has so far been limited mainly due to the
requirements of chemicals to acidify the wastewater, which results in major operational costs [10,11].
Classical Fenton-based process is restricted to an acidic pH range, the optimum pH being 3.0, due to the
inability of the homogeneous iron catalyst to remain in solution at a pH beyond 4.0. This means that,
as the pH increases from strongly acidic to neutral, the application of Fenton’s reagent to wastewater
remediation is hampered by the formation of amorphous iron oxide precipitates [12–14]. This reduces
the efficiency of reagents during the reaction and generates a high amount of chemical sludge too [15].

Many studies have been devoted to applying modifications in order to circumvent the drawbacks
associated with conventional Fenton and Fenton-like processes. Among many others, use of different
sources of oxyradicals, photo irradiation, ultrasound, and electrochemical methods have been tested
for their intensified performance [16–19]. In this sense, addition of chelating agents in the reaction
system could prevent precipitation of iron in the solution at higher pH (6.0-7.0) by forming stable
chelates with iron ions and promoting its availability for hydroxyl radical generation from peroxide in
a wider pH range [13].

Some studies have reported a quick entire destruction of chlorophenols using hydrogen peroxide
activated with iron catalysts complexed with tetraamidomacrocylic ligand (TAML). This provides an
efficiency of one order of magnitude higher than the classic Fenton [20,21]. The route has also been
tested for destruction of phenolic structures [22] and oxidation of the colorant Orange II [23]. Moreover,
it has been demonstrated that other ligands like EDTA have been widely used to enhance the efficiency
of Fenton’s reaction due to their strong complexing ability with multivalent cation [24,25] and also their
capability to activate the formation of hydroxyl radical when they are added in Fenton systems [26].
In addition, the capacity of the chelating ligands to activate the decomposition of the peroxides and
to intensify the generation of radicals has been widely confirmed [27]. In recent studies [28], ligand
enhanced Fenton reaction was successfully used for the oxidation of As(III) to As(V), but As(III)
oxidation was inhibited in the presence of excess EDTA at acidic and neutral pH. Rastogi et al. [29] also
reported the effect of inorganic, synthetic, and naturally occurring chelating agents on Fe(II) mediated
advanced oxidation of chlorophenols. Even though there are different studies that deal with how to
overcome the drawbacks of the Fenton reaction, there is a lack of systematic investigation about the
effect of different operational parameters and the possibilities of the addition of different ligands on
the oxidation of phenol with Fenton process. Therefore, a comparison study in the oxidation of phenol
under acidic and basic initial pH conditions was accomplished using different EDTA:Fe molar ratios.
Furthermore, decomposition rate of H2O2 during the reaction, effect of other iron-chelating agents,
effect of iron concentration, and temperature were also investigated.

2. Results and Discussion

2.1. Effect of Ligand to Metal (L:M) Molar Ratio

The effect of EDTA:Fe molar ratio was investigated in the range from 0 to 2 in order to determine
the optimum conditions for best phenol removal at initial phenol concentration of 1000 mg/L and
7 mg/L of Fe2+ for 2 hours at pH 3.0. The results are illustrated in Figure 1a. Similar phenol conversion
(95%) was obtained for the free iron catalyst and for the Fe2+-EDTA complexes in the range from 0 to
0.5 of L:M molar ratio after 2 hours of reaction. This implies that no improvement was obtained in
acidic conditions due to the addition of EDTA. From the result, it is important to note that L:M molar
ratios beyond 1:1 inhibited the oxidation of phenol. This fact can be related with the degradation of
EDTA with H2O2 in the presence of different catalysts [30–34]. Thus, the presence of excess EDTA
does not improve the catalytic behavior; rather, it may inhibit the generation of radicals. It has been
reported elsewhere that the ratio of ligand to metal is of significant importance since the generation of
radicals can be reduced in the presence of excess ligand [35–37].

Figure 1b shows the consumption of hydrogen peroxide for different L:M molar ratio at pH 3.0 in
the absence of phenol. At higher ligand concentration, hydrogen peroxide decomposition rate was
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negligible as the H2O2 decomposition is inhibited with the presence of excess EDTA, as observed
elsewhere [35]. Therefore, it shows the same tendency as the phenol removal efficiency, which depends
on the L:M ratio.

 

Figure 1. Phenol (a) and H2O2 (b) conversion versus time for different EDTA:Fe molar ratios. [Phenol]
= 1000 mg/L, [H2O2] = 5000 mg/L, [Fe2+]0 = 7 mg/L, T = 30 ◦C, [pH]0 = 3.0, and t = 120 min.

2.2. Speciation of Fe2+ and Fe3+ in the Presence of EDTA

It is well-known that Fe and EDTA in solution form a diversity of species, whose distribution
depends on the pH to a great extent. However, this speciation not only depends on the pH, but also
on the complex formation kinetics [36,37] and the probability of EDTA degradation when exposed
to H2O2 [38]. The speciation diagrams of both Fe2+ and Fe3+ with EDTA as a function of pH were
obtained using the thermodynamic data from the MINTEQA2 [39] database and are shown in Figure 2
for an overall iron concentration range from 0 to 0.125 mM. As can be seen from Figure 2a, Fe2+

precipitates in the form of hydroxides at pH above 4.0. However, both Fe2+ and Fe3+ form stable
complexes in the presence of strong complex forming agents like EDTA in a wide pH range, up to
pH 11 [9]. DTPA, EDDA, and NTA give similar behavior (diagrams not shown) too.
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Figure 2. Equilibrium distribution of [Fe-EDTA] species as a function of pH for (a) Fe2+ and (b) Fe3+,
assuming 0.125 mM concentration of Fe and EDTA [40].

Furthermore, this distribution diagram shows that Fe3+-EDTA is the predominant species at
a pH range of 2.0–7.0, whereas Fe2+-EDTA is the major species in the range of 3.0–9.0. Based on the
speciation distribution in Figure 2b, pH range was divided into three regions, i.e., low pH (pH < 3.0,
Region I), mid pH (3.0 < pH < 7.0, Region II), and high pH (pH > 7.0, Region III). The speciation in
the low pH range contains protonated Fe2+/3+-EDTA complexes and free Fe2+, whereas the high pH
range contains the hydroxyl complexes. The above experiments were conducted at pH 3.0, so there
was already highly active free Fe2+ and no possibility for Fe3+ to form insoluble precipitate. Therefore,
the presence of EDTA does not modify the conditions of the classical Fenton, hence the nil effect of
the EDTA. However, at higher pH, where Fe3+ precipitation in the form of hydroxide occurs, the
addition of EDTA should play a relevant role. Thus, mid pH, where the Fe2+-EDTA and Fe3+-EDTA
are predominant species, was chosen for the subsequent experiments.

2.3. Effect of Initial pH

Considering the Fe-EDTA species diagrams, different initial pHs were evaluated in order to
explore the effect of pH over the Fenton process in the presence of EDTA. As can be seen in Figure 3b,
only small performance changes were noted again for acidic conditions (pH 3.0 and 5.0) in the presence
of EDTA (0.3:1 L:M ratio at 7 mg/L Fe2+, i.e., 0.125 mM) compared to the equivalent free Fe2+ catalyst
(Figure 3a), reaching a final 95% phenol conversion with both Fe2+ and Fe2+-EDTA.
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However, under circumneutral conditions (pH 6.5–7.0), the addition of EDTA brings to phenol
conversion over 95% (Figure 3b). It is important to note that the conversion at circumneutral pH without
EDTA only reaches 10% of phenol conversion (Figure 3a). As expected, at pH above 4–5 without EDTA,
the reaction does not proceed because the iron precipitation yields inactive iron. Moreover, Figure 3a,b
respectively show that at higher pH, e.g., 8.0, the conversion drops again both in the absence and in
presence of EDTA. For instance, under the same operating conditions, only 10% was achieved in the
absence of EDTA and 35% in the presence of EDTA. The decrease in the reaction rates at pH 8.0 can
be due to changes in the speciation of Fe3+ towards hydroxide complex species, which are probably
not active for the generation of radicals and suppress the catalytic properties of iron. In this case, the
presence of EDTA only partially prevents the formation of such less active iron species. In addition,
hydrogen peroxide stability is also strongly affected by pH conditions [36]. Thus, a further increase of
the pH above neutral values results in favoring the H2O2 decomposition into water and molecular
oxygen [41].

 

 

Figure 3. Phenol conversion versus time for different initial pH solution: (a) without EDTA (L:M = 0:1),
(b) with EDTA (L:M = 0.3:1). [Phenol] = 1000 mg/L, [H2O2] = 5000 mg/L, [Fe2+]0 = 7 mg/L, T = 30 ◦C,
and t = 120 min.

Figure 4 shows the pH evolution, phenol, and TOC conversion against time for different L:M
ratios under the same experimental conditions but at initial pH solution of 7.0. The result illustrates
that the feasibility of the process mainly depends on both the chelating agent concentration used to
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promote the reaction and the initial pH of the solution. This means that the presence of EDTA resulted
in increased iron solubility at higher pH. Consequently, the Fenton reaction can be conducted over
a broader range of pH when iron is complexed with EDTA.

 
 

 
 

Figure 4. Phenol conversion (a), TOC conversion (b), and pH evolution (c) versus time for different
EDTA:Fe molar ratio. [Phenol] = 1000 mg/L, [H2O2] = 5000 mg/L, [Fe2+]0 = 7 mg/L, T = 30 ◦C, [pH]0 =

7.0, and t = 120 min.
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Figure 4a shows the degradation rate of phenol for each EDTA:Fe ratio, which follows the order
0.3:1 > 0.5:1 > 1:1. However, in excess of ligand (EDTA:Fe >1), only 10% of phenol conversion was
achieved, because the presence of excess EDTA inhibited the generation of radicals, and this strongly
negatively impacts the efficiency of phenol removal. Overall, the presence of EDTA highly increased
the pH range where the classical Fenton system is feasible, which results in major cost savings as this
eliminates the need for initial acidification.

Enhanced TOC removal was also observed during the oxidation. As can be seen in Figure 4b, the
TOC reduction was 4.7%, 20.1%, 19.0%, 16.6%, and 0.6% for L:M ratio of 0:1, 0.3:1, 0.5:1, 1:1, and 2:1,
respectively, after 2 hours of reaction. From the results, it can be seen that the amount of ligand also has
a great effect on phenol total mineralization. Thus, the phenol and TOC conversion at initial pH of 7.0,
in the absence (0:1) and excess (2:1) of EDTA is insignificant. However, the addition of small amounts
of EDTA in the range of 0.3:1 to 1:1 EDTA:Fe ratio shows a significant improvement on the degradation.

Figure 4c illustrates the pH variation of the solution during the reaction. After starting the reaction,
the pH of the solution decreases dramatically in the first 15 min from original pH 7.0 to pH 5.8, 2.7, 4.9,
5.5, and 6.2 for L:M ratio of 0:1, 0.3:1, 0.5:1, 1:1, and 2:1, respectively. During the reaction, the decrease
of the pH of the solution is very significant for the EDTA:Fe ratio of 0.3:1, 0.5:1, 1:1, which agrees with
the formation of low molecular weight acid intermediates. For the EDTA:Fe ratio of 0.3:1, the solution
pH plateaus after 30 min of reaction. In this experiment, the best results were obtained using 0.3:1
EDTA:Fe molar ratio (Figure 4), reaching over 95 % of phenol and 20.1% TOC conversion under neutral
pH. Subsequently, the EDTA:Fe ratio was set at 0.3:1 in the following experiments.

2.4. Effect of Temperature and Iron Concentration

The influence of two temperatures (30 ◦C and 60 ◦C) and two iron concentrations (7 mg/L and
28 mg/L) on the oxidation of phenol was studied under the optimal EDTA:Fe molar ratio previously
found, i.e., 0.3:1, and without EDTA (0:1); in all cases, the initial pH of the solution was 7.0. Figure 5a
clearly demonstrates that an increase in iron concentration and temperature favors phenol degradation.
The phenol degradation profile obtained in the presence of EDTA at 30 ◦C and 7 mg/L of iron showed
that, even at the lower temperature, 96% of phenol disappears after 2 hours of reaction. As expected,
a higher temperature and iron concentration led to the increase of the reaction rate. At 60 ◦C with
7 mg/L of iron, the same conversion of 96% was found after only 60 min and the conversion was
complete in just 30 min when 28 mg/L of iron was applied at 30 ◦C. Interestingly, without EDTA
(L:M = 0:1), the results obtained for the phenol removal indicated a maximum phenol conversion of
10% and 36% for 7 mg/L of iron at 30 and 60 ◦C, respectively, whereas, at 30 ◦C and 28 mg/L of iron,
the conversion was 58%. This confirms that, at neutral pH, the presence of EDTA plays a major role.
Thus, the addition of EDTA at one-third of the molar stoichiometric ratio with respect to the iron is
able to increase the phenol conversion from 10% to 96% at 30 ◦C with 7 mg/L of iron; this is almost ten
times higher.

Figure 5b shows the hydrogen peroxide consumption at the two different temperatures and iron
concentrations in the presence of EDTA using an EDTA:Fe molar ratio of 0.3:1 and without EDTA
(0:1); in all the cases, the initial pH of the solution was again 7.0. At a higher temperature and iron
concentration, the hydrogen peroxide decomposition rate also improved. Accordingly, phenol removal
efficiency shows the same tendency as the peroxide decomposition rate, so small values of hydrogen
peroxide conversion were encountered for the systems without EDTA at pH 7.0, even at a higher
temperature and iron concentration.

This trend has already been reported in the literature for different cases. Walling [42] and Oakes
and Smith [43] confirmed that while Fenton’s reaction is effective in many cases, Fe2+ catalyzed
hydrogen peroxide decomposition rate takes feasible values only in a narrow pH range (3–4) where
the activity is significant. However, it has also been reported that complexed forms of iron are active
for hydrogen peroxide decomposition over a much wider pH range [44].
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Figure 5. Effect of temperature and Fe concentration on (a) phenol and (b) H2O2 conversion. [Phenol]
= 1000 mg/L, [H2O2]0 = 5000 mg/L, [pH]0 = 7.0, L:M = 0.3:1, and t = 120 min.

There are several studies on the reaction between hydrogen peroxide and free or complexed iron
ions in aqueous solution. Two different reaction mechanisms have been proposed. The first reaction
pathway considers the generation of radicals through a classical set of reactions as proposed by Haber
and Weiss [45].

Fe2+ + H2O2 → Fe3+ + HO• + OH− (1)

Fe2+ + HO• → Fe3+ + OH− (2)

Fe3+ + H2O2 → FeOOH2+ + H+ (3)

FeOOH2+→ Fe2+ + HO2
• (4)

Fe2+ + HO2
• → Fe3+ + HO2

− (5)

Fe3+ + HO2
• → Fe2+ + O2 +H+ (6)

HO• + H2O2 → H2O + HO2
• (7)

In the presence of a radical scavenger, e.g., some organic compound, the radicals can attack
it and this alternative pathway can compete, often favorably, with the self-decomposition of the
hydrogen peroxide into water and molecular oxygen [46]. If Fe3+ is removed from the system, Fe2+ is
progressively exhausted and the reaction stops, which occurs when the pH is not acidic enough for
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preventing the formation of inactive, insoluble Fe(OH)3. Hence, the main role of the EDTA seems to be
maintaining Fe3+ in solution even at neutral pH, without negative impact on the rest of steps.

Although other researchers have alternatively suggested the intermediate generation of highly
reactive ferryl ion (Fe4+) [46–48], in spite of their fundamental differences, the two schemes are
surprisingly hard to distinguish. Rahhal and Ritcher [48] suggested that the pH of the system is the
determining factor as to whether hydroxyl radicals or ferryl ions are generated.

Therefore, from our results, the addition of EDTA in the Fenton system indeed leads to a more
efficient consumption of H2O2, which indicates an enhanced iron-catalyzed H2O2 decomposition into
radicals and, in accordance, an improved phenol removal rate. In conclusion, this can be considered as
an intensification of the conventional Fenton process.

2.5. Effect of the Chelating Agent

To study the effect of the chelating agent over this oxidation process, four different chelating
species were tested (EDTA, EDDA, DTPA, and NTA). These compounds were used in this study
because they are commercially available, similar in structure, and represent a potentially useful class of
Fe2+/Fe3+ chelate catalysts. Table 1 shows the structures of these compounds.

Table 1. Formula and structure of the different chelating agents tested.

Compound Structure
Molecular
Formula

Molecular Weight
(g/mol)

Ethylenediaminetetraacetic acid
(EDTA)

 

C10H16N2O8 292.24

Ethylenediamine-N,N’-diacetic
acid (EDDA)  

C6H12N2O4 176.17

Diethylenetriaminepenta-acetic
acid (DTPA)

 

C14H23N3O10 393.35

Nitrilotriacetic acid (NTA)

 

C6H9NO6 191.14

The tests were carried out for each chelating agent with an L:M ratio of 0.3:1 (except NTA 0.6:1, as
NTA is tridentated) [13], 7 mg/L of iron concentration, an initial concentration of phenol of 1000 mg/L,
a stoichiometric ratio of H2O2, at initial pH solution of 7.0, and a temperature of 30 ◦C.

As can be seen in Figure 6, the phenol degradation markedly depends on the chelating agent
used for enhancing the oxidation. At 30 min of reaction, in terms of phenol conversion, the reactivity
order observed was EDDA (93%) > EDTA (85%) > DTPA (81%) > NTA (63%). However, quite similar
conversions (96%) were obtained for all chelating agents after 60 min of reaction. These results could
be due to the fact that the stability of Fe2+ complex formed with each chelating agent could follow the
speciation of Fe2+, thus avoiding precipitation of iron at higher pH as suggested for EDTA. The pH
evolution (data not shown) exhibits almost the same values, a minimum value (2.5) at approximately
120 min for all chelating agents, again suggesting the formation of organic acids. Although the
identification of the partial oxidation products was not a main objective, we occasionally conducted
a complete analysis of the treated samples. In such cases, the partial oxidation intermediates did not
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differ from those identified in previous studies [49] conducted with powdered zero valent iron and air,
which indeed included several short-chain organic acids present as later intermediates or end products.

 

Figure 6. Phenol conversion for different chelating agent. [Phenol] = 1000 mg/L, [H2O2] = 5000 mg/L,
[Fe2+]0 = 7 mg/L, T = 30 ◦C, [pH]0 = 7.0, L:M = 0.3:1, and t = 120 min.

Although the main role of the chelating agent is believed to be preventing the formation of
Fe(OH)3, the complex formed must somehow modify the reaction steps where Fe3+ participates,
particularly in Eq. 3 where it is reduced back to Fe2+, allowing the generation of oxyradicals from the
hydrogen peroxide to continue. This reaction is the slowest and often is the rate-controlling step for
the overall process. Therefore, a too stable Fe(III)-chelant complex may slow down this step. From this
point of view, EDDA seems to possess a structure less favorable to forming a very stable complex so
the reduction of the Fe3+ is facilitated, yet it is able to keep it in solution.

3. Materials and Methods

3.1. Chemicals

Phenol (PhOH), used as model compound, was purchased from Panreac (>99% purity). Fenton
reagents, hydrogen peroxide (H2O2 30% w/v solution), and Iron(II) sulphate heptahydrated (>98%
purity) were also purchased from Panreac (Barcelona, Spain). The chelating agents used in this study
were: ethylenediaminetetraacetic acid disodium salt dihydrate (98% purity) purchased from Panreac;
nitrilotriacetic acid trisodium salt (98% purity) supplied by Sigma-Aldrich (St. Louis, MS, USA);
diethylentriamine pentaacetic acid (≥98% purity); and ethylenediamine diacetic acid (≥98% purity)
obtained from Fluka (Seelze, Germany). Sulphuric acid (95-97% purity) and sodium hydroxide (98%
purity) were also purchased from Sigma-Aldrich; these reagents were used to adjust the initial pH
values. Deionized water was used to prepare all the aqueous solutions.

3.2. Experimental Set-Up and Procedure

A magnetically stirred jacketed reactor was used for all oxidation reactions. The reactor has
a 200 mL capacity. The reaction temperature was set and controlled by circulating deionized water
from a thermostatic bath through a jacket.

The reactor was filled with 100 mL of solution containing 1000 mg/L of phenol, 7 mg/L of Fe2+,
and a variable concentration of EDTA, selected to give the desired EDTA:Fe ratio (0:1, 0.3:1, 0.5:1,
1:1, and 2:1). The pH was adjusted by adding NaOH or H2SO4. Once the desired temperature was
reached (30 ◦C), a small volume (1.7 mL) of concentrated hydrogen peroxide was added to provide the
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stoichiometric amount of H2O2 (5000 mg/L) and, thus, to start the reaction. All the experiments were
carried out at a stirring rate of 300 rpm and for 2 hours.

During the reaction, 1 mL samples were withdrawn at 0, 3, 5, 10, 15, 30, 60, 90, and 120 min. Each
sample was immediately quenched by using 40 μL of NaOH 6 N to stop the Fenton reaction. Then,
it was filtered with a syringe filter of 0.45 μm nylon (Teknokroma, ref.TR-200101) and placed in a glass
vial (Agilent) for immediate analysis. Some experiments were conducted three times to check the
reproducibility of the results. The experimental error was within ±4%.

The main parameter used to compare the results in the discussion section is the conversion of
phenol, XPhOH, defined as:

XPhOH(%) =
[PhOH]0 − [PhOH]t

[PhOH]0
, (8)

where [PhOH]0 is the initial concentration and [PhOH]t is the concentration at time t.

3.3. Analytical Methods

The concentration of phenol was determined by HPLC (Agilent Technologies, model 1220 Infinity
LC, Santa Clara, CA, USA) equipped with a C18 reverse phase column (Hypersil ODS, 5μm, 25 ×
0.4 cm from Agilent technologies, Santa Clara, CA, USA). The analyses were performed with a mobile
phase of a 40/60 mixture (volume %) of methanol and ultrapure water (Milli-Q water) at a flow rate
of 1 mL/min. The pH of the water was adjusted at 1.41 with sulphuric acid (H2SO4). The detection
was performed using UV absorbance at a wavelength of 254 nm. The automatic injection volume was
20 μL of sample.

The total organic carbon (TOC) was measured in a TC Multi Analyzer 2100 N/C, equipment from
Analytik Jena AG, with a non-diffractive IR detector (Jena, Germany). The non-purgeable organic
carbon (NPOC) combustion infrared standard method 5310B [50] was used. TOC determination was
performed using chemical oxidation of the sample in a high temperature furnace (800 ◦C) in presence of
a platinum catalyst. The carbon dioxide produced during the oxidation was quantitatively determined
by means of an infrared spectrophotometer detector. Sample acidification and aeration was carried out
prior to analysis to eliminate inorganic carbon.

The TOC conversion, XTOC, was defined as:

XTOC(%) =
[TOC]0 − [TOC]t

[TOC]0
and (9)

[TOC]0 = [TOC](PhOH)0 + [TOC](EDTA)0, (10)

where [TOC]0 is the initial total TOC according to Equation (10); [TOC](PhOH)0, the initial TOC from
phenol; [TOC](EDTA)0, the initial TOC from EDTA; and [TOC]t, the total TOC at time t.

Finally, hydrogen peroxide concentration was determined by iodometric titration.

4. Conclusions

Aqueous phase oxidation of phenol solutions (1000 mg/L) was conducted from acidic up to
circumneutral pH using a classical Fenton system (Fe2+/H2O2) with or without the addition of
a chelating agent in order to enhance oxidation performance. EDTA was selected for most of the tests
under the same Fe2+ catalyst load (7 mg/L) and H2O2 dose (stoichiometric with respect to phenol).

In acidic conditions, close to the optimal pH (3–4), the presence of EDTA does not improve the
phenol conversion achieved under classical Fenton conditions while, in EDTA excess, the phenol
conversion becomes insignificant.

On the contrary, the phenol removal efficiency and peroxide decomposition rate significantly
improved in the presence of EDTA at near circumneutral pH. Over 95% of phenol conversion was
obtained using an EDTA:Fe ratio of 0.3:1 at pH 7.0, which is almost tenfold that obtained in the absence
of EDTA. Among the different EDTA:Fe molar ratios tested, the ratio 0.3:1 was found to be the optimum.
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Other chelating agents, like EDDA, DTPA, and NTA, were also tested in this study. They all
enhanced the oxidation ability of the Fenton system at neutral pH, although EDDA provided the best
oxidation performance.

Overall, the presence of a chelating agent in small quantities greatly broadens the pH range
where the Fenton-like system is feasible, up to circumneutral pH. Thus, pH adjustment would not be
required or would be just limited to caustic real wastewaters, which could result in major savings of
operational costs.
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