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Abstract
Melanoidin is a compound produced by food industries and distilleries, which has negative impacts on the water environ-
ment due to the high content of dissolved organic carbon and dark color. Consequently, this work aims to study the catalytic 
properties of multilayer graphene (MLG), molybdenum oxide (MoO2), and manganese ferrite (MnFe2O4) in the ozonation 
process to remove melanoidin from water solution. The results show that the reaction rate constant (k) of the melanoidin 
decolorization process using catalytic ozonation is 1.7 times higher than the non-catalytic ozonation process. The same 
results were observed for all catalytic materials with no significant difference among them. On the other hand, MLG was 
the most efficient catalyst in removing total organic carbon. The removal efficiency was 32% for the non-catalytic ozonation 
process and 63% for the catalytic ozonation using MLG. This increase in efficiency is attributed to a better production of 
hydroxyl radicals in the presence of MLG, which was confirmed using isopropanol as a radical scavenger. The efficiencies 
using MoO2 and MnFe2O4 were 46% and 51%, respectively. The results show that catalytic ozonation by MLG is a promis-
ing treatment for melanoidin removal.
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Introduction

Melanoidins are recalcitrant organic pollutants commonly 
found in urban wastewater (Dwyer et al. 2009), as well as in 
different industrial effluents, especially those associated with 
coffee and sugarcane processing, being the main compo-
nent for the dark color of these effluents (Satori and Kawase 
2014; Cabrera-Díaz et al. 2016; Chandra et al. 2018). Mela-
noidins are present in different foods, such as coffee, honey 
and beer, as they are a product of the Maillard reaction, a 
complex reaction that occurs during the heating of sugars 
and amino acids (Bruhns et al. 2019). The chemical proper-
ties of melanoidins are similar to those of humic substances; 
both being characterized as acidic, polymeric and highly 
dispersed colloids that present negative charge due to the 
dissociation of carboxylic and phenolic groups (Sachs and 
Bernhard 2011). However, an exact structure cannot be 
determined due to the wide variety of reaction paths and 
intermediates formed during the Maillard reaction (Mohsin 
et al. 2020; Ripper et al. 2020).
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Due to their structural complexity and dark color, mela-
noidins pose a threat to the aquatic and terrestrial ecosystem 
(Chowdhary et al. 2018; Vivekanandam et al. 2019). The 
antioxidant and chelating properties of these compounds 
cause them to be toxic to many microorganisms associated 
with wastewater treatment and the aquatic environment 
(Kaushik et al. 2018; Ripper et al. 2020) and its dark col-
our compromises photosynthesis (Otieno and Apollo 2021). 
Some dyes, such as melanoidins, are resistant to conven-
tional methods of biological treatment, whether aerobic or 
anaerobic, resulting in an incomplete color removal from 
wastewater (Li et al. 2017; Kaushik et al. 2018). During 
these processes, an increase in color may even occur due 
to the repolymerization of melanoidins (Peña et al. 2003; 
Mabuza et al. 2017). That said, the development of alterna-
tive technologies for the removal of melanoidins from urban 
wastewater is indispensable.

Recently, different approaches have been applied for the 
removal of melanoidins from wastewater, including mem-
brane separation methods such as ultra and nanofiltration 
(Guo et al. 2019), reverse osmosis (Silva et al. 2019) and 
dialysis (Singh et al. 2018); and physical–chemical treat-
ment methods such as coagulation/flocculation (Momeni 
et al. 2018), flotation/filtration (Christoforakos and Lazaridis 
2018) and adsorption (Ahmed et al. 2020; Li et al. 2020; 
Rafigh and Soleymani 2020; Rizvi et al. 2020; Wongcharee 
and Aravinthan 2020). Alternative methods of biological 
treatment of melanoidins have emerged using, for exam-
ple, microalgae (Tsioptsias et  al. 2016), photosynthetic 
bacteria (Talaiekhozani and Rezania 2017), other specific 
bacteria (Chandra et al. 2018; Omar et al. 2020) and fungi 
(Korniłłowicz-Kowalska and Rybczyńska-Tkaczyk 2021), 
or even isolated enzymes (Zhang et al. 2019; Toomsan et al. 
2020) and bio-electrochemical processes (Tsiakiri et al. 
2020).

Both membrane separation methods and physical–chem-
ical treatment methods showed excellent performance for 
color and organic load removal. However, these treatments 
may present limitations for large-scale application associated 
with accelerated membrane clogging, high reagent doses and 
costs, and high volumes of sludge generated (Romero et al. 
2015; Thanapimmetha et al. 2017; Hoarau et al. 2018; Hol-
lman et al. 2020). Although biological methods continue to 
gain strength in the field of wastewater treatment methods 
due to their inherent economic and ecological viability, these 
methods take longer to achieve the same efficiency in color 
and organic load removal (Chowdhary et al. 2018).

Advanced oxidative processes (AOPs) have attracted 
attention as highly competitive alternatives for the removal 
of dyes and other recalcitrant compounds (Nguyen et al. 
2017; Alves et al. 2019; Araújo et al. 2020; Machado et al. 
2020; Poblete et al. 2020; Tripathy et al. 2020; Raji et al. 
2021). Ozone processes are AOPs of particular interest 

because they demonstrate ease of installation and opera-
tion, aptitude to remove turbidity, low influence on sub-
sequent processes in the treatment plant and are able to 
synergize with other agents (other oxidants, catalysts 
and/or radiation) (Nawrocki 2013; Takashina et al. 2017; 
Setareh et al. 2020). It is especially worth highlighting 
the AOPs aptitude to increase the biodegradability of 
recalcitrant compounds such as melanoidins by direct or 
indirect attack (Aquino and Pires 2016). Chain reactions 
break these molecules into colorless aliphatic compounds 
and even mineralize them into simple products such as 
CO2 and H2O (Malik et  al. 2019; Otieno et  al. 2019). 
Thus, although AOPs generally have high costs, ozona-
tion requires less energy and can be considered a cleaner 
solution, since it generates no secondary sludge (Romero 
et al. 2015; Malik et al. 2019).

However, the low transfer of ozone mass from the gas 
phase to the liquid phase and the resistance of some organic 
compounds to be degraded directly by ozone generally limit 
the efficiency of conventional ozonation technologies (Jank-
necht et al. 2001; Nawrocki 2013; Dias et al. 2020). By test-
ing the limits of ozonation as tertiary treatment for second-
ary effluents of molasses fermentation industries, Fall et al. 
(2020) visualized a maximum reduction of 95% in color, but 
only 35% in chemical oxygen demand (COD). The introduc-
tion of catalysts can significantly increase the efficiency of 
the ozonation process due to increased generation of reac-
tive oxygen species (ROS), such as hydroxyl radicals ( ⋅OH ), 
superoxide radicals (·O−

2  ) and singlet oxygen (1O2) (Naw-
rocki and Kasprzyk-Hordern 2010; Biernacki et al. 2019; 
Wei et al. 2019). The nature of the generated ROS seems to 
depend on the type of catalyst used and some studies have 
even suggested that the dominant ROS have an influence 
on which pollutants will be targeted (Nawrocki 2013; Bing 
et al. 2015).

The results of Oliveira et al. (2019) indicated that the 
presence of CoFe2O4, as a magnetic catalyst, during syn-
thetic melanoidin ozonation led to an increase from 75 to 
98% in color removal and from 60 to 80% in total organic 
carbon (TOC) removal, attributed to the higher generation 
of ⋅OH . Metals, metal oxides and carbon-based materials 
have shown an excellent role as catalysts of the ozonation 
process (Gümüş and Akbal 2017; Ayoubi-Feiz et al. 2019; 
Afzal et al. 2019; Yuan et al. 2020). It was also demon-
strated that the functional surface groups and structural 
properties (defect structures and textural properties) of a 
material highly influence its activity as catalyst (Liu et al. 
2009; Cao et al. 2014; Xing et al. 2014). Innovative materi-
als with unique structural properties such as graphene and 
graphene oxide are still poorly explored as catalysts in the 
ozonation process, having been used mainly as support for 
other materials that would act as catalysts (Wang et al. 2016; 
Zhang et al. 2018; Checa et al. 2019). Therefore, finding the 
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best catalyst for melanoidin ozonation is still an important 
demand to improve the treatment of urban wastewater.

In this context, this study aimed to evaluate the activity of 
three catalysts (i.e., multilayer graphene, MoO2, MnFe2O4) 
in the ozonation process for degradation (TOC removal) 
and decolorization of melanoidin. It is important to note 
that these catalytic materials were chosen based on simi-
lar catalysts, previously used for removing melanoidin by 
the ozonation process (Arimi et al. 2015; Gümüş and Akbal 
2017; Oliveira et al. 2019; Ayoubi-Feiz et al. 2019; Afzal 
et al. 2019; Yuan et al. 2020).

Materials and methods

Materials

d-Glucose (C6H12O6) and glycine (C2H5NO2) were pur-
chased from Labsynth, Brazil. Sodium carbonate (Na2CO3), 
sodium sulfite (Na2SO3), and isopropyl alcohol (C3H8O) 
were purchased from Dinâmica, Brazil. Oxygen gas 
(99.5%) was supplied by IBG, Brazil. Molybdenum(IV) 
oxide (MoO2, 99.99%) and manganese ferrite (MnFe2O4, 
99.99%) were purchased from Sigma-Aldrich. The multi-
layer graphene (MLG) particles were obtained by thermal 
expansion of natural grafite donated by Nacional de Grafite 
Ltda, followed by mechanical exfoliation in organic solvent 
in an ultrasound bath, according to Machuno et al. (2015). 
MLG powder was obtained after organic solvent evapora-
tion. All the reagents, which were of analytical grade, were 
used as received. The working solutions were prepared using 
deionized water.

Preparation of synthetic melanoidin

The synthetic melanoidin stock solution was prepared based 
on the methodology described by Kotsiopoulou et al. (2016). 
First, 4.5 g glucose, 1.88 g glycine and 0.42 g sodium bicar-
bonate were dissolved in 100 mL of deionized water under 
magnetic stirring. Then, the solution was heated in an oven 
for 7 h at 95 °C. After 7 h, the mixture was removed from 
the oven, and left to reach ambient temperature, then another 
100 mL of deionized water were added (Liang et al. 2009).

Characterization of the catalysts

The morphology and chemical analysis of the catalysts were 
obtained with a scanning electron microscope (SEM) model 
LEO 1450VP with an Oxford energy dispersive spectrome-
ter (EDS) and also using an atomic force microscope (AFM) 
by Agilent. Atomic force microscopy was used in order to 
investigate the MLG surface before and after the ozone 
experiment. A Shimadzu SPM9700 microscope was used 

together with a cantilever for dynamic mode purchased from 
NT MDT Co. The images were obtained using Gwyddion 
software (Nečas et al. 2012).

Ozonation experiments

Ozonation experiments were performed in a water-jacketed 
glass reactor (300 mL) at 25 °C. The temperature was main-
tained at the desired value by circulating water from a ther-
mostatic bath (TECNAL TE-2005, Brazil) through a jacket 
surrounding the reactor. Ozone gas was generated from oxy-
gen gas by an ozone generator (myOZONE M10, Brazil) at a 
concentration of 74 mg/L. The ozone was fed into the reactor 
through a porous silica diffuser at a flow rate of 1 L/min. The 
residual ozone in the off-gas from the reactor was absorbed 
by a 10% Na2SO3 aqueous solution. The schematic diagram 
of the reaction system is shown in Fig. 1.

The ozonation experiments were carried out in triplicate 
for each of the tested catalysts (MoO2, MnFe2O4, and MLG) 
and without the presence of any catalysts at all (non-catalytic 
ozonation). Based upon Oliveira’s et al. (2019) work, the 
reactor was filled with 250 mL of melanoidin aqueous solu-
tion (initial concentration = 300 mg/L; initial pH 6.9) and 
0.1 g of catalyst, and posteriorly submitted to magnetic stir-
ring (Fisatom 752A, Brazil) until the equilibrium adsorption 
was reached (30 min). The doses of catalysts were chosen 
based on previous work by Oliveira et al. (2019). Subse-
quently, ozone gas was fed into the reactor, and aliquots of 
the aqueous solution were collected at various time intervals 
(0, 60, 120 and 180 min) and filtered.

Color and organic carbon analyses

Color was analyzed using a UV–vis spectrophotometer 
(PerkinElmer Lambda25) at a maximum absorption wave-
length of 475 nm, as suggested by Oliveira et al. (2019). A 
TOC analyzer (Shimadzu TOC-L CPH/CPN) was used for 
analyzing total organic carbon (TOC).

Fig. 1   Schematic representation of the ozonation system
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Reusability of catalysts

The MLG catalyst was recovered after each ozonation 
experiment by Millipore vacuum filtration, washed with 
ultra-pure water and dried. Extra experiments were carried 
out to compensate the loss of catalyst during the recovery 
process. Catalytic activity was measured, using the recov-
ered catalyst, and compared with the fresh catalyst.

Results and discussion

Characterization of catalyst materials

It is well known that the surface area and pore size of a cata-
lyst material have huge impacts on the catalytic efficiency, 
as large surface area can provide more active sites where 
the reaction can occur (Gümüş and Akbal 2017; Bing et al. 
2015; Chen et al. 2014; Bensetiti et al. 1997). Based on this, 
it is extremely important to know the microstructure of the 
materials used as catalysts.

The original microstructure of the catalyst powders 
is shown in Fig.  2 for multilayer graphene (MLG) (a), 
MnFe2O4 (b) and MoO2 (c). From Fig. 2a it is possible to 
see that MLG is typically a platelet of thin layered struc-
ture with few graphene layers. The dispersion used herein 
consists of a diversity of particles with thickness ranging 
from 0.7 to 10 nm and area ranging from square nanometers 
to micrometers (about 1–5 µm2). The MnFe2O4 and MoO2 
powders show similar morphology, which are composed of 
irregular particles with a high degree of agglomeration with 
average size of 10–20 µm. The agglomeration of MnFe2O4 
can be attributed to the magnetic interactions between those 
particles (Li et al. 2009; Bakhteeva et al. 2015; Marimón-
Bolívar and González 2018). The use of the EDS technique 
was important to evaluate the expected composition of all 
the catalyst powders, presented in Table 1.

Effect of reaction time on the color removal

Decolorization processes using ozone usually produce 
fast results, where time is not a significant variable. Cor-
roborating this, the results of Fig. 3 show that the color of 
melanoidin solution was drastically reduced by almost 90% 
in just 10 min of reaction (with only ozone gas, see open 
circles). After 15 min, the impact of reaction time on color 
removal efficiency disappears and increasing the gas ozone 
dosage causes a significant increase in decolorization rates 
(not shown here). Peña et al. (2003) shows that ozonation of 
synthetic melanoidin under the same experimental condi-
tions provided similar color removal efficiencies.

Despite the high efficiency using only ozone flowing in 
the solution, we decided to check if the presence of MoO2, 

Fig. 2   SEM images of powders for a MLG, b MnFe2O4, and c MoO2

Table 1   EDS elemental analysis 
for a MLG, b MnFe2O4, and c 
MoO2 powders

Element Atomic %

(a) Carbon 100.00
(b) Oxygen 56.46

Manganese 14.82
Iron 28.72

(c) Oxygen 69.30
Molybdenum 30.70
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MnFe2O4 and MLG, with ozone combined, could interfere 
in the color removal process, at different reaction times. 
Those experimental results are also shown in Fig. 3. It is 
worth noting that the difference between the three cata-
lytic powders was not significant and all of them showed 
similar behavior in terms of color removal. Compared to 
the results for non-catalytic ozonation, it can predict that 
the catalysts under investigation have a potential impact 
on the color removal in solutions containing melanoidin. 
To confirm this assumption, first and second order reaction 
kinetic models were considered to evaluate the kinetics 
of melanoidin decolorization in the presence of the three 
hetero-catalyst powders. The fitting results, presented in 
the inset of the Fig. 3, indicate that the decolorization 
reaction follows second order kinetics for all the catalytic 
systems. Similar analysis was reported for melanoidin 
decolorization of industrial effluent by natural manganese 
oxides (Arimi et al. 2015). For this order reaction, a R2 
greater than 0.974 for all experiments was found. In spite 
of this, an adjustment considering a first-order kinetic 
model showed a maximum R2 of 0.884.

The reaction rate constants (k), for each system, could 
be calculated using the general pseudo-second order equa-
tion, as following:

where, t is the reaction time, C and C0 are the concen-
trations of melanoidin at reaction time t and 0, respec-
tively. The respective k were estimated by linear regression 
and are listed in the insets. We can observe that catalytic 
ozonation (k = 0.0025 L/mg/min for MoO2 and MLG, and 
k = 0.0026 L/mg/min for MnFe2O4) was approximately 
1.7 times higher than the non-catalytic ozonation reaction 
rate (k = 0.0015 L/mg/min). After 15 min, the efficiency 
of color removal was 87.2%, using the ozonation process, 
and 92.3% for all catalysts when using catalytic ozonation 
processes.

Figure 4 shows the color of melanoidin solutions during 
the ozonation reaction (without catalytic material). The 
first container (indicated as “0”) corresponds to the raw 
solution, which has a brown color characteristic of the 
presence of melanoidin molecules. The solution decolori-
zation increases as a function of reaction time so that, at 
the end of 15 min, a practically transparent solution was 
observed. The same apparent color behavior was observed 
in the catalytic ozonation processes.

(1)
1

C
=

1

C0

+ kt,

Fig. 3   Comparison of melanoidin decolorization by the non-catalytic 
system (with only ozone gas, see open circles) and catalytic ozona-
tion processes using a MoO2, b MnFe2O4, and c MLG, with ozone 
combined. The insets show the kinetics of melanoidin decolorization 

using non-catalytic and catalytic ozonation. The experiments were 
carried out in triplicate with O3 at 1 L/min and 0.1 g catalysts (cata-
lytic ozonation)
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Total organic carbon (TOC) oxidation in melanoidin 
solutions

The most important parameter of wastewaters is color; 
however, this single parameter does not guarantee that the 
organic matter, present in these solutions, has been partially 
or completely mineralized (oxidized). Thus, total organic 
carbon (TOC) measurements were conducted to verify the 
effect of reaction time on catalytic oxidation capacity. Fig-
ure 5 shows the normalized TOC/TOC0 (where TOC0 is 
the total carbon organic estimated from the raw solution) 
in melanoidin solutions by ozonation (see open circles) and 
catalytic ozonation using MoO2 (a), MnFe2O4 (b) and MLG 
(c), at different experimental times.

The results indicate that the content of total organic car-
bon in the solutions gradually decreased with catalyzed reac-
tion time. The maximum removal rates of TOC at 180 min 
were 32%, 46%, 51% and 63%, using ozone alone, MoO2, 
MnFe2O4 and MLG, respectively. Among these catalysts, 
MLG illustrated the highest removal efficiency. In addition, 
no adsorption of melanoidin was observed during 30 min 
prior to the reaction, with no ozone flowing into the system. 
In comparison, Oliveira et al. (2019) showed that, in similar 
conditions, catalytic ozonation of melanoidin in aqueous 
solution over catalyst showed about 80% removal of TOC 
at 180 min. In their work, CoFe2O4 showed a mesoporous 
structure with a large surface area, which can justify the 
greater efficiency of their catalyst.

Fig. 4   Image of melanoidin 
solutions collected during the 
non-catalytic ozonation process 
for 0, 1.5, 3, 6, 10 and 15 min of 
reaction time

Fig. 5   Normalized TOC 
removal in melanoidin solutions 
by non-catalytic ozonation 
(open circles) and catalytic 
ozonation using a MoO2, b 
MnFe2O4, and c MLG, at dif-
ferent experimental times (the 
lines connecting the experimen-
tal points are only a guide for 
eyes). The experiments were 
carried out in triplicate with O3 
at 1 L/min and 0.1 g catalysts 
(catalytic ozonation)
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Figure 5 also shows that, when the catalytic oxidation 
time exceeded 180 min, the removal rates of TOC seem 
to saturate for all the catalytic systems. After that, mac-
romolecular organics were degraded into small organic 
molecules, which could no longer be oxidized by ozona-
tion and catalytic ozonation.

In addition, it is important to note that a further increase 
in the catalytic dosage did not show significant improve-
ments in the degradation of organic matter, for all systems 
studied. This can be explained by the saturation of active 
sites due to the agglomeration of catalysts in the solu-
tion. In fact, powder agglomeration plays an important 
role in the efficiency of a catalyst, since accessibility to 
active sites decreases, with the consequent decrease in 
surface area in aggregate systems. (Bakhteeva et al. 2015; 
Marimón-Bolívar and González 2018). To reduce the 
agglomeration issue, different materials and treatments 
have been employed (Luciano et al. 2020; Baig et al. 2021; 
Zhu et al. 2020). However, the high cost involved in these 
catalytic processes is not welcome in wastewater treat-
ment plants. However, even without reaching a complete 
organic matter oxidation, our results are promising and 
can serve as a basis for the development of more effec-
tive wastewater treatment systems, especially when using 
MLG as a catalyst. There is therefore a need to conduct 
intensive analysis of cost and compare it with other similar 
treatment methods.

Back to the catalytic ozonation results, ozone molecules 
dissolved in aqueous solution can be decomposed into ⋅OH 
and oxidize melanoidin, even without the presence of a 
catalyst material. On the other hand, MoO2, MnFe2O4 and 
MLG powders significantly accelerated the ozonation pro-
cess, improving the O3 decomposition and consequently 
⋅OH production. Several mechanisms for catalytic ozona-
tion have been reported in the literature (Oliveira et al. 2019; 
Zhao et al. 2020). For MoO2 and MnFe2O4, an interaction 
model has been assumed, previously reported in the litera-
ture (Oliveira et al. 2019), based on the following steps. In 
a first step, H2O molecules are adsorbed and activated on 
the catalytic surface, where Mo and Mn ions serve as the 
active sites to transfer redox electrons to the deoxidizing 
agent. After that, ozone molecules are interconnected in the 
form of MnFe2O4-OH

−-O3 and MoO2-OH
−-O3 , forming 

activated species such as ⋅O2H , ⋅O−

2  , as shown in the equa-
tions (Oliveira et al. 2019):

In the next steps, ⋅O−

2  reacts with further O3 , produc-
ing ⋅O−

3  , which decomposes into ⋅OH species, according to 
Eqs. (4), (5) and (6):

(2)MnFe2O4-OH
−
+ O3 → ⋅O2H + ⋅ O

−

2
+MnFe2O4,

(3)MoO2-OH
−
+ O3 → ⋅O2H + ⋅ O

−

2
+MoO2.

An increase in the production of ⋅OH in the presence 
of MoO2 and MnFe2O4 explains the increase in oxidized 
organic matter, compared to the ozonation process. When 
comparing both materials, MnFe2O4 is the most efficient 
catalyst. This can be attributed to the fact that Mn has supe-
rior electron transport properties than Mo, which can boost 
electron transfer accelerating the ozone decomposition pro-
cess. MnFe2O4 can be easily recovered from the melanoidin 
solution, using an external magnetic field (Oliveira et al. 
2019), and several authors have shown that MnFe2O4 can 
be reused as a catalyst in similar ozonation processes (Wang 
et al. 2018; Chen et al. 2014 and references therein). In addi-
tion, Bento et al. (2015) have reported the reusability of 
MoO2 in olefin epoxidation catalytic experiments.

Now, let us discuss what happens during catalytic ozona-
tion using MLG, which resulted in the greatest efficiency 
of removing organic matter among the catalytic ozona-
tion processes. The mechanism involved follows the same 
above discussed processes for the other catalysts, in which 
hydroxyl radicals are responsible for degrading macromo-
lecular melanoidin since the graphene structure presents a 
great ability to donate electrons to ozone, inducing reaction 
and decomposition. To confirm this, a set of experiments 
were conducted using isopropanol as scavenger to trap the 
generated ⋅OH . The same experiments shown in Fig. 5 were 
repeated for MLG in the presence, and absence, of isopro-
panol (see Fig. 6).

It is possible to observe that the TOC removal rate is 
reduced when the scavenger is added ( O3 + MLG + scaven-
ger), becoming almost the same as for non-catalytic ozona-
tion. This result indicates that ⋅OH is the oxidative species 
involved in the degradation of melanoidin using MLG as a 
catalyst.

Isopropanol reduces the TOC removal efficiency from 63 
to 39%, indicating that the addition of isopropanol (scaven-
ger) has no influence on the degradation of melanoidin in the 
non-catalytic ozonation process. With this information, it is 
possible to conclude that in the absence of MLG, mineraliza-
tion occurs almost directly by O3 , while in the presence of 
the catalyst there is an expressive contribution from ⋅OH pro-
duction. Oliveira et al. (2019) showed similar results, using 
CoFe2O4 as a heterogeneous catalyst. They report that, in 
the catalytic ozonation process, hydroxyl radicals are created 
with an oxidation potential of 2.80 eV, bigger than 2.07 eV 
for the ozonation process.

(4)⋅O
−

2
+ O3 → O2+ ⋅ O

−

3
,

(5)⋅O
−

3
+ H → ⋅O3H,

(6)⋅O3H → O2+ ⋅ OH.
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Figure 6 also shows that melanoidin molecules are not 
adsorbed by MLG. Adsorption experiments were performed 
during 180 min to show that oxidation is the only process 
for removing TOC during the ozonation and catalytic ozona-
tion processes. The adsorption experiments were carried out 
under two different conditions: using raw MLG and ozone-
treated MLG (the MLG powder was exposed to ozone for 
180 min, in deionized water).

Additionally, the inset of Fig. 6 shows the reusability of 
MLG catalysts through five successive TOC measurements. 
The results show that MLG is reusable with relatively weak 
loss of catalytic activity. Percentage of relatively TOC 
removal decreased only 7%, comparing fresh MLG (taken 
as 100%), with the four-time reused catalyst. The loss of 
catalytic activity could be attributed to changes in the sur-
face of MLG during the ozonation process. In fact, multi-
layer graphene (MLG) has excellent characteristics, such as 
high electrical and thermal conductivities (Natividade et al. 
2019) and it is supposed to have a large surface area (Bal-
andin 2011). It is also known that releasing similar materi-
als, such as graphene and graphene oxide (GO), into water 
and wastewater treatment plants can cause physicochemical 
transformations in these materials, especially when ozone is 
flowing in the system (Tao et al. 2011; Yang et al. 2014; Du 
et al. 2019). For example, microscopie analyses showed that 
ozonation led to crumpling of GO nanosheets, truncation of 
GO edges, formation of holes, and production of small-sized 
graphenic fragments (Du et al. 2019). Figure 7 shows atomic 
force microscopy (AFM) images of an agglomeration of 
MLG pellets before and after the ozonation process. It can be 

observed that, after being exposed to ozone the MLG surface 
changes in appearance, especially in the graphene borders. 
After the ozone exposition, the border of the material has a 
more accentuated enhancement that may be associated with 
the oxidation of carbon atoms in this region, since breaking 
bonds in graphene edges is easier (Pereira et al. 2019). It is 
also possible to observe the presence of particulates of dif-
ferent sizes on the graphene surface, probably from MLG. 
So, we conclude that the ozonation process increases the 
concentration of defective sites in MLG, which highly influ-
ence the ⋅OH production leading to the greatest efficiency in 
removing organic matter among the other catalytic materials. 
In addition, the MLG has a huge surface area, which also 
positively assists in catalytic processes.

Conclusions

This work evaluated the effect of the catalysts MoO2, 
MnFe2O4 and MLG on the ozonation process to decolor-
ize and degrade melanoidin in water solution. To do this, a 
jacketed reactor (300 mL) was used where the solution was 
kept at 25 °C, and received ozone gas (flow rate = 1 L/min; 
concentration = 74 mg/L). The main conclusions are:

1.	 All catalytic materials improved the performance of the 
ozonation process for both color removal and TOC deg-
radation in the melanoidin solution.

2.	 The performance among the catalysts was practically the 
same in terms of color removal.

3.	 Catalytic ozonation using MLG showed the best effi-
ciency in removing TOC from the melanoidin solution 
after 180 min of reaction. The efficiency practically dou-
bled when compared to non-catalytic ozonation.

4.	 The increase in TOC removal efficiency, using MLG, is 
attributed to the generation of more hydroxyl radicals in 
the presence of this catalyst.

5.	 MLG showed changes in its surface during the ozona-
tion process. However, these changes apparently did not 
affect its functions as a catalyst in the ozonation process 
and also did not add other removal mechanisms to the 
process, such as adsorption.

Based on the above, it is concluded that catalytic ozo-
nation is a promising process for removing melanoidin, 
which is currently found in industrial effluents. This work 
contributed to expand the options of catalysts that can be 
used to increase the efficiency of effluent treatment plants, 
indicating that MLG (a heterogeneous catalyst never before 
evaluated) has great potential for this purpose. Corroborat-
ing this, MGL is a metal-free material, mainly free of noble 
and transition metals, which are toxic and can pollute the 
environment.

Fig. 6   Normalized TOC removal in melanoidin solutions by ozona-
tion (open circles) and catalytic ozonation using MLG with (closed 
square) and without scavenger (closed diamond), at different experi-
mental times. The figure also shows adsorption experiments carried 
out only with MLG ( ⊕ ) and with MLG + O3 (⊠).The experiments 
were carried out in triplicate with O3 at 1 L/min and 0.1 g catalysts 
(catalytic ozonation)
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Finally, this work should improve the understanding 
of catalytic ozonation processes and promote their future 
application, especially for removal of emerging pollut-
ants. It could assist in the development of new ozonation 
processes, especially for applications of graphene-based 
materials.
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