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A B S T R A C T

An experimental study on the degradation of organic compounds from radioactive oil sludge by the ozonation
process is presented. The effects of different concentrations of ozone in the oil sludge degradation over time were
investigated. The experiments were performed in a 0.125 L glass reactor with magnetic stirring and a diffuser
plate at the bottom to feed the ozone. The ozone concentration varied from 13 to 53 mg L−1 and the total
interaction time was 1 h. To investigate the physicochemical properties of the oil sludge (solid and liquid
components) prior to and after the treatment, multiple analytical characterization methods were used: Thermal
Gravimetric Analysis, X-ray diffraction, Scanning Electron Microscopy coupled with Energy-Dispersive X-ray
Spectroscopy, Fourier Transform Infrared spectroscopy, Spectrophotometer, and Residual Gas Analyzer. The
most perceptive change is in the color of the liquid medium turned from dark brown to light yellow, especially
under ozone concentrations higher than 33 mg L−1. Absorbance values decreased about 3.5 times after 30 min of
treatment with [O3] =53 mg L−1. FTIR spectroscopy showed that the bands associated with the CH3 and CeH in
CH2 disappeared during treatment. On the other hand, a greater presence of C]C aromatics was observed. By
residual gas analysis, various organic and inorganic gases were identified during the treatment, such as CH4, H2,
CO2, and H2S. Finally, the ozonation of the oil sludge proved to be effective, due to its high reaction capacity.

1. Introduction

Oil sludge containing Naturally Occurring Radioactive Materials
(NORM) is often produced in oil platforms by accumulation in crude oil
tanks, desalters, and elsewhere during oil production by two mechan-
isms: incorporation or precipitation in the use of industrial equipment
[1]. Oil sludge is a mixture of oil, water, and sediment that accumulate
inside pipes, tanks, and other rigging equipment. It may contain
radionuclides from the natural radioactive series of thorium and ur-
anium, in addition to Potassium-40 [2].

The interest in the development of treatment methods for this type
of waste is increasing worldwide since it cannot be disposed of as
landfill and its accumulation in large quantities and with significant
levels of activity represents an economic burden and a licensing issue
for long term storage. Above all, it can cause concerns about environ-
mental pollution and health risks for workers and the local population
[3]. In this context, some treatment methods have been proposed for
further application on oil production networks. The most used are

conventional technologies, such as biological treatment, incineration,
etc. [4].

Jing et al. [5] compared these treatments in terms of effectiveness,
ease of operation, and cost. The authors concluded that none of the
traditional technologies described presented satisfactory results from
the environmental point of view and process efficiency. One possible
alternative for the treatment of radioactive wastes is their im-
mobilization with a material capable of reducing the possibility of
radionuclides being released into the environment, usually Portland
cement followed by permanent disposal in a facility with special natural
and engineered barriers [6]. However, the high amounts of organics
impede an adequate encapsulation of the waste due to the incompat-
ibility with the cement aqueous system [7].

Among efficient processes to degrade organic compounds, there are
those called advanced oxidative processes (AOP). These are character-
ized by the use of hydroxyl radical (•OH), a strong oxidizing species
(Eo = 2.80 V EPH) that reacts with second-order kinetics with most
organic substances [8]. Moreover, AOPs present low selectivity and
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velocity close to the limit established by diffusion (second-order rate
constant from 1010 to 1012 mol−1 L−1, and stationary concentration
between 10−10 to 10−12 mol L−1, according to [9]. AOPs have been
studied for the degradation of oil sludge as a result of the high presence
of organics, including processes such as activated persulfate [10] and
ozonation [11–13]. Other AOP have been used with an eye toward alter
insoluble/solid radioactive waste to less persistent compounds and/or
to organic acids that are water-soluble compounds [6,14].

One of the most promising AOP is the ozonation process. Ozone is
very reactive and may oxidize various persistent compounds, such as
mineral hydrocarbons, and is readily produced when gaseous oxygen is
submitted to electrical discharge [15]. Another feature of the ozonation
process is that it also generates oxidizing radicals, especially %OH, that
are formed when ozone decomposes in water [16]. Ozone interaction
with matter is namely direct reaction, whereas the interaction of the
ozone-generated radicals with matter is namely indirect reaction [17].
Two of the strongest chemical oxidants are ozone and •OH, with high
electrochemical potentials (Eo): 2.07 and 2.33 V, respectively.

Table 1 shows that the ozone half-life is greatly influenced by
temperature and the physical phase. Furthermore, it shows that the
reaction rates are considerably affected depending on the mechanisms
involved (direct or indirect reactions) and on the organic compounds
present in the target waste.

Ozone has four forms of resonance with varying electrophilic and
nucleophilic states. This variety of forms makes ozone an extremely
reactive compound [20]. Furthermore, these resonance forms provide
contrasting behaviors for ozone. As a result of a delocalized π bond,
electrons are given to the atom (nucleophilic, –) and also releases
electrons from another (electrophilic, +). This feature is responsible for
giving a significantly higher oxidation potential for O3 (E° = 2.07 V)
compared to O2 (E° = 1.23 V). Note that ozone’s solubility is 10–20
times higher than O2 at room temperature [18,21].

As concerns the reactions of ozone with saturated hydrocarbons,
various mechanisms have been actively examined [22]. In these reac-
tions are included those of ozone with CeH bond. There is the direct
formation of free radicals (Eqs. (1)–(4)) and also the formation of the
transient molecular intermediate-hydrotrioxide ROOOH (Eq. (5))
[18,23].
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Hydrophilic products are generated as a result of ozone interaction
with saturated hydrocarbons, which are ROH, R]O, and ROOH.
Considering the H abstraction theory, there is the abstraction of the H

atom from the CeH bond by O3 to produce the HOOO radical. The
HOOO radical also abstracts an H atom, thus generating the transient
molecular intermediate-hydrotrioxide ROOOH [24–26]. The two H
abstractions drive the formation of a double bond. This bond is directly
attacked by the O3 molecule, decomposing HOOOH into H2O and O2

[24]. By an equivalent mechanism, the hydrophilic compounds men-
tioned earlier (ROH, R]O, and ROOH) can be further oxidized by O3.
Nevertheless, the latter reactions have been reported to have much
lower kinetics than their precursors. This is due to the stronger electron-
withdrawing power of the functional group [27].

Reactions between •OH and saturated hydrocarbons are also present
in ozone treatment. This radical is able to oxidize alkanes, branched
alkanes, and cycloalkanes, by the H-atom abstraction [28,29]. As ex-
pected, the decrease of the CeH bond dissociation energy results in
increased rate constants at room temperature. The role of the H-atom
abstraction by the •OH is that one hydrogen atom is released by the
radical, resulting in the formation of a hydrocarbon radical, as given by
Eq. (6) [18]. The hydrocarbon radical is then subject to reactions with
O2 or self-decomposition to form other water-soluble products.

+ +R OH R H O• •
2 (6)

In this regard, pH is crucial in determining the reaction pathways,
since, at low pH, ozone reacts with compounds with particular func-
tional groups. This is a consequence of selective reactions, like those
already mentioned, such as electrophilic, nucleophilic, or dipolar ad-
dition reaction [30]. On the other hand, at high pH, half of the in-
troduced ozone decomposes into known intermediate oxygen forms and
hydroxyl radicals by indirect pathways, which may promote faster
degradation of the target pollutant [31].

The present paper investigates the physicochemical modifications of
oil sludge treated with several ozone concentrations in the carrier gas,
which varied from 13 to 53 mg L−1. Considering that the influence of
variation of ozone concentrations on oil sludge degradation was poorly
investigated, we now consider a detailed characterization and analysis
approach based on modifications of its chemical bonds, absorbance,
new species in the oil sludge, and by-products generated and eliminated
as gas, and others. For such characterizations, the following techniques
were used: Thermal Gravimetric Analysis (TGA), X-ray diffraction
(XRD), Scanning Electron Microscopy coupled with Energy-Dispersive
X-ray spectrometer (SEM/EDS), Fourier Transform Infrared spectro-
scopy (FTIR), Spectrophotometry, and Residual Gas Analyzer (RGA).

2. Materials and methods

2.1. Radioactive oil sludge samples

The experiments were conducted with oil sludge generated from
Brazilian oil and gas offshore platforms in the Southeast of the country.
The oil sludge is conditioned in thousands of drums and some of them
were selected for the sampling and, subsequently application of the
ozone treatment method. The effect of ozone (with varying con-
centrations) on the reactions and degradation of oil sludge components
was investigated.

2.2. Experimental setup

Fig. 1 illustrates the system used in the experiments. The system is
composed of a glass reactor (A) with a capacity of 0.125 L and openings
for feeding ozone (B) and sampling (C). For a homogeneous ozone
distribution, a glass diffusion plate (D) was positioned at the bottom of
the reactor. In the outlet of the reactor a reservoir (E) was placed in the
off-gas line to collect any liquid or solid particle carried by the gas flow.
A magnetic stirring (F) was used to promote uniform treatment of the
samples. Finally, a gas outlet port (G) was used to couple a gas analyzer.

Ozone was generated using the Ozone Solution equipment model
VMUS-4 coupled to a Respironics oxygen concentrator model

Table 1
Half-lives of ozone in air and water over the range of temperatures employed in
this work and the typical reaction rates of O3/•OH with a variety of organics.
Adapted from [18,19].

Ozone T (°C) Half-life (min)

Gas phase 20 4.3 × 103

Aqueous phase 20‒30 12–20

Reaction Rates O3 (L mol−1 s−1) Hydroxyl radical (L mol−1 s−1)

Phenols 10−1–103 109–1011

N-containing Organics 10–102 108–1010

Ketones 1 109–1010

Aromatics 1–102 108–1010

Alcohols 10−2–1 108–109

Alkanes 10−2 106–109
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Millenium M10. The variation in the ozone concentration was made by
varying the O2 flow rate between 14–6 L min−1 (Table 2). The increase
in the flow of O2 promotes a lower concentration of O3 and, in the
opposite way, the lower flow of O2 promotes a higher concentration of
O3 [32].

The ozone concentration at the inlet was measured using an ozone
gas analyzer (model 106-H, Ozone Solutions). In short, six experimental
conditions were carried out, one control (only oxygen) and five ozone
concentrations (13, 23, 33, 43, and 53 mg L−1) for 60 min each. In
order to verify possible variations, all experiments were made in tri-
plicate (in a total of 18 experiments). The experiments were conducted
in batch and, for each experiment, a sample of 0.075 L of oil sludge was
treated. Aliquots were collected every 5, 15, 30, 45, and 60 min, for
further analyses. Experiments were carried out at pH∼6, and no pH
adjustments were carried out at the beginning or during the tests. The
temperature was monitored during the ozone treatment reaching values
between 25–27 °C.

2.3. Materials characterization

Thermal Gravimetric Analysis (TGA) measurements of the oil sludge
were performed in nitrogen atmosphere. The experiments were carried
out with simultaneous thermal analyzer (Netzsch STA 449 F3 Jupiter)
in a temperature range from 30 to 300 °C for the liquid phase and from
30 to 900 °C for the solid phase. The nitrogen flow rate was set at 0.04 L
min−1 with a heating rate of 30 °C min−1.

X-ray diffraction (XRD) analyses of the solid portion were per-
formed using a PANalytical Empyrean diffractometer with 2θ varying
from 15 to 100° with a step size of 0.02°, at room temperature and step
time of 10 s.

Sludge samples were dried in an oven at 80 °C and ground for the
Scanning Electron Microscopy (SEM) and Energy-dispersive
Spectroscopy (EDS) analysis. The analysis was performed in an electron
microscopy HITACHI TM3000, with a tungsten source and acceleration
voltages of 5 and 15 kV with an electron beam resolution of 30 nm.
Images were obtained with magnification from 15 to 30,000 times.

Fourier-transform infrared (FTIR) spectroscopy analyses were per-
formed using a Perkin Elmer Frontier apparatus using universal atte-
nuated total reflectance (UATR) with 16 accumulations. The spectrum
was analyzed in the region from 600 to 4000 cm−1. Absorbance was
measured using a Shimadzu UV–vis (model 1800) and the software UV-
Probe version 2.7; wavelength ranged from 300 to 750 nm. Dilutions
(10×) were made to the original samples to keep absorbance between
0.1–1.0, to avoid misinterpretations in comparing values of absorbance
higher than 1.0.

The composition of the outlet gases for both control and ozonation
experiments was analyzed using a Stanford Research Systems model
SRS – RGA 200 residual gas analyzer (Fig. 1(G)). Measurements were
taken at 2, 30, and 60 min. A control test using only O2 flow (flow rate:
10 L min−1) was carried out. The objective of this experiment was to
trace any loss of compounds in the gas-phase by volatilization and not
by the ozone action. The only significant peak observed stood for O2

(32m/z), indicating that no degradation of the oil sludge had occurred.

3. Results and discussions

3.1. Characterization of the oil sludge prior to the ozone treatments

The characterization of the oil sludge prior to the ozone treatment
was performed in the liquid and solid phases. Fig. 2 shows the TGA
analysis for the liquid phase (constituted mainly of oil + water) and
solid phase as a function of time and temperature.

The mass of the liquid phase started to decrease at approximately
30 °C and reached its maximum removal of about 75 % at approxi-
mately 100 °C. It took less than 30 min to reach such degradation, in-
dicating that the liquid phase of the oil sludge contains mainly water
and other volatile species, such as H2S. No significant loss of mass was
observed at higher temperatures, from 100 to 300 °C (maximum tem-
perature analyzed for the liquid phase). The residual compounds (25 %
of the total mass) were vitrified in a crucible. XRD and EDS spectrum
analysis of the material confirmed the presence of barium, as will be
shown later on. Under moderate/high temperatures, the barium can
solidify in sulfate or oxide forms, which requires temperatures much
higher than those utilized for reaching its melting temperature.

The TGA analysis for solid oil sludge highlighted the major presence
of inorganic compounds, once only 5 % of mass loss was presented,
even for temperatures reaching the 800 °C. This result shows that ba-
sically all organics compounds are presented in the liquid phase.

The XRD pattern of the solid part of oil sludge is presented in Fig. 3.
The identification of the main diffraction peaks by using the

Fig. 1. The experimental setup used in the ozonation experiments. (A) glass
reactor with the oil sludge sample; (B) O3 inlet; (C) sampling point; (D) glass
diffusion plate; (E) reservoir; (F) magnetic stirring; and (G) gas outlet.

Table 2
Relationship between oxygen flow and ozone concentration.

Experiment Flow of O2 (L min−1) Concentration of O3 (mg L−1)

1 14 13
2 12 23
3 10 33
4 8 43
5 6 53
Control test 10 –

Fig. 2. TGA pyrolysis curves of oil sludge samples. Liquid phase: (black square)
mass (%) and (empty square and black line) temperature. Solid-phase: (black
round) mass (%), (empty round and black line) temperature. The temperature
varied from 30 to 300 °C for the liquid phase and from 30 to 900 °C for the solid
phase. The heating rate was 30 °C min−1.
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HIGHSCORE software. It shows the presence of sodium chloride (NaCl)
cubic phase, barium sulfate (BaSO4) in its orthorhombic phase, vana-
dium sulfite (V2(SO3)5) in its hexagonal phase, vanadium oxide (V2O3)
in its rhombohedral phase, sulfur in its hexagonal phase and aluminum
oxide (Al2O3) in its cubic phase.

The morphology and the elemental composition of the oil sludge
investigated by SEM/EDS analysis are shown in Fig. 4. The solid sample
is heterogeneous and it can be noted the presence of the Cl, Ca, O, Ba,

Na, S, and Al. These results are in line with those obtained by XRD,
which ensures the correct identification of the components of this
sample.

The mid-infrared (mid-IR) spectra of the solid and liquid phases that
constitute the oil sludge are shown in Fig. 5. It present absorption bands
at 3356, 2938, 2924, 2854, 1631, 1458, 1377 cm−1 for the liquid phase
and 3356, 1651, 1536, 1436, 1103, 1082, 982, 874, 631, and 608 cm−1

for the solid phase. The absorption bands located in the
3400–3600 cm−1 region were mainly associated with the OeH stretch
from water [33,34]. The bands at 2938, 2924, and 2854 cm−1 were
associated with CeH stretching, CeH in-phase stretch in CH2, and CeH
out-of-phase stretch in CH2, respectively [33,35–37]. These bands were
identified only for the liquid phase.

For both solids and liquids, the band at 1631 cm−1 was found and
represent the C]C aromatic skeletal stretching [36]. As expected, since
the liquid presents a higher presence of organics, the intensity for this
peak was more relevant in this phase. The band at 1536 cm−1 was
detected only for the solid phase. According to Saleh [33], this peak
represents the C]C stretching vibration. Therefore, although the liquid
portion presented a higher presence of C]C aromatic skeletal
stretching, the solid portion presented C]C in its aromatic and non-
aromatic forms. The band at 1458 (in the liquid) and 1436 (in the solid)
represent the CeH asymmetric deform in CH2 and CH3 [33,36].

Finally, the peak 1377 cm−1, for the liquid phase, was identified
and corresponds to the CeH symmetric bond. The bands at 1103 cm−1

and at 1082 cm−1 represent the SeO bond, demonstrating the presence
of barite (BaSO4) [38], 982 cm−1 was associated with the Si–O stretch
and the band at 874 cm−1 corresponds to CeO, evidencing the presence
of calcite (CaCO3) [39]. The bands 631 and 608 cm−1 were associated
with SO4

2- bend, that also confirm the occurrence of barite [36].

Fig. 3. X-ray diffractogram of the solid part of the Brazilian oil sludge petro-
leum. 2θ varied from 15 to 100° with a step size of 0.02°, room temperature and
step time of 10 s.

Fig. 4. Micrographs (A, 1200 ×; C, 250 ×) and Energy-dispersive X-ray spectra (B and D) before the oxidation treatment by ozone. Tungsten source, acceleration
voltages of 5 and 15 kV, electron beam resolution of 30 nm.
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3.2. Characterization of oil sludge after ozonation

The ozonation process promoted considerable differences in the
color of the treated solutions indicating the presence of an important
oxidation process, as shown in Fig. 6. Note that color changed sig-
nificantly with the increase of the treatment time and the increase of
ozone concentration. It was observed a tendency of a slight decrease in
the efficiency in turning clearer the samples treated with higher ozone
concentration values, 43 and 53 mg L−1. This must be due to the fact
that to increase the ozone concentration we need to decrease the
oxygen flow. Then, despite we have a higher ozone concentration we
have a small flow of gas interacting with the oil sludge, which decreases
the efficiency of the system. In order to improve that, we must have a
powerful ozone generator that allows us to increase the ozone con-
centration keeping constant the oxygen gas flow.

The color changes observed during the oil sludge oxidation process
are related to the changes of its composition that consequently changes
the solution absorption of the light. Fig. 7 shows the absorbance spectra
in the visible range for three ozone treatment concentrations for two
different treatment times. The raw oil sludge absorbance is also pre-
sented for comparison. Confirming the visual observation, absorbance decreased with the

increase of treatment time and ozone concentration, except for the case
of ozone concentration of 53 mg L−1, for reason already mentioned.
This result is similar to that observed by [40]. They employed coagu-
lation and ozone catalytic oxidation for pretreating cocking wastewater.
As soon as ozone was employed, Chen et al. [40] observed that ab-
sorbance values decreased fast, particularly in the range from 300 to
400 nm. According to the authors, the decrease in absorbance is related
to the reaction between ozone and the organic compounds. The results
here presented indicate that the oxidation process is breaking down the
heavy molecular-weight species on the sludge oil in low molecular-
weight species as will be shown in the next results.

The mid-IR transmittance spectra of the untreated and ozone-
treated oil sludge are shown in Fig. 8. Important changes are observed
with the presence of new bands and variation intensities even for only
5 min of ozone treatment. These changes increase in a significant way
up to treatment time of 30 min and then decrease for longer treatment
times.

The absorption bands located in the 3400–3600 cm−1 region, as-
sociated with the OeH stretch from water, presented higher intensities
after ozone treatment, probably because of the degradation of the or-
ganic compounds by mineralization, leading to the formation of CO2

and H2O. Many bands disappeared after the ozonation process, which
indicated some extent of modification in liquid waste structure. These
bands are at 2954, 2923, and 2854 cm−1 related to the CH3 stretching

Fig. 5. Mid-IR spectra of the constituents of the oil sludge for liquid phase (red - upper line) and dry solid (black - bottom line). (A) Region 400‒4000 cm−1. (B)
Magnification of the bands in the region 400–1800 cm−1. UATR with 16 accumulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Fig. 6. The color change of the oil sludge samples during the ozone treatment
from 5 to 60 min and [O3] = 13 to 53 mg L−1.

Fig. 7. Absorbance analyses for diluted samples (×10) of the raw oil sludge
and after ozone treatment for times 30 and 60 min and ozone concentrations of
13, 33, and 53 mg L−1.

L.G.d. Araujo, et al. Journal of Environmental Chemical Engineering 8 (2020) 104128

5



vibration, CeH in-phase stretch in CH2, and CeH out-of-phase stretch
in CH2, respectively.

Furthermore, the ozone process promoted a greater presence of
C]C aromatic skeletal stretching, as indicated by the increase in the
peak band intensity at 1634 cm−1. In this regard, the results, so far,
suggest that the by-products formed by the ozonation process may have
been formed by the degradation of compounds containing CeH bonds
followed by intermediate reactions that resulted in aromatic com-
pounds (C]C aromatic skeletal stretching, 1634 cm−1). The band lo-
cated at 1460 cm−1 (CeH asymmetric deform in CH2 and CH3) and at
1377 cm−1 (CeH symmetric) also disappeared after treatment. The
bands at 1080 and at 600 cm−1 may be attributed to the SeO and SO4

2-

bends due to the degradation of small solid BaSO4 particles at the
bottom of the oil sludge.

As previously mentioned, an ozone gas analyzer was coupled to the
gas outlet of the system. Fig. 9 shows the composition of the gases with
masses lower than 50 m/z produced at 2, 30, and 60 min during the
ozonation of the oil sludge.

In the first min of the treatment, the intensity of the peak corre-
sponding to ozone is very low, possibly because almost all ozone in-
jected is reacting with the oil sludge and being consumed in low mo-
lecular weight species containing H, C, and S [41]. Organic gases such
as CH2 (14m/z), CH4 (16m/z), CH5 (17m/z), C2H4 (28m/z), C2H5

(29m/z), C2H6 (30m/z) and C3H4 (40m/z) accounted for the majority
of the total gases [42]. Moreover, inorganic gases such as H2 (4m/z),
CO (28m/z), H2S (34m/z), and CO2 (44m/z) were also detected.

Although the amounts of the inorganic gases were much lower than
those of the organic gases, their significance in the characterization of
the ozone interaction with oil sludge could not be ignored. There is a
remarkable distinction regarding the presence of C2H4 (ethylene, 28m/
z) and CO (28m/z) over time in the mass spectra (see Fig. 9). At 2 and
30 min of reaction, the peak identified as ethylene and CO has a high
intensity. This is likely due to the combination of these two compounds
in the spectra. On the other hand, at 60 min, there is no such peak.
Herron and Huie [43] studied the ozone-ethylene reaction and found as
intermediates CO, CO2, H2, and 2H. Here these intermediates com-
pounds were also found during the reactions between ozone and the
oxide matter of the oil sludge (Fig. 9).

As regards H2S, some researchers have revealed that its generation
can be promoted by the catalytic effect of minerals the increase in light
hydrocarbons in the exhaust line [44]

The results show that the amount of formed species decreases as the
treatment time increases. The spectrum of Fig. 9b clearly shows that
after 30 min of treatment, several undefined peaks (low relative in-
tensities) disappeared or significantly reduced. On the other hand, two
peaks clearly increased, i.e. CO2 (44m/z) and O3 (48m/z). The former

is due to the degradation of organic compounds that are oxidized and
mineralized to CO2 and H2O [45–47]. The latter indicates that less
ozone reacted over time.

The increase in the peak of ozone in the final treatment time of one
hour (Fig. 9c) is related to the ozone surplus since almost all organic
matter has already been reacted. At this stage, there are still gases being
produced from the oxidation process, namely H2S (34m/z), CO2 (44m/
z), and H2 (2m/z).

Fig. 8. Mid-IR spectra of the liquid phase of the oil sludge petroleum prior and after ozonation, for selected times (5, 30, and 60 min) and ozone concentration of
53 mg L−1. (a) Region 4000–400 cm−1. (b) Magnification of the bands in the region 1800–400 cm−1.

Fig. 9. Mass spectra obtained by residual gas analyzer during the oil sludge
ozonation at three different times: 2 min; 30 min; 60 min. [O3] =53 mg L−1.
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4. Conclusions

The application of ozone with different concentrations (13, 23, 33,
43, and 53 mg L−1) proves to be an effective method of treatment of
radioactive oil sludge and was evaluated in the solid, liquid, and gas-
phase products during its decomposition. The most visible modification
was observed by the different colors of liquid samples during the tests,
mainly by the concentration of 33 mg L−1. Therefore, all experimental
conditions resulted in a decrease of absorbance with the increase of
ozone concentration, as confirmed by spectrophotometric analyses.

The TGA analysis indicated that liquid and solid samples contained
about 25% and 5% of non-degradable compounds, respectively. The
presence of Cl, Ca, O, Ba, Na, Al, and barium oxide in the solid samples
were confirmed by XRD and SEM/EDS analysis.

FTIR spectrometry indicates that ozone promoted alterations in the
bonds and structure of the samples. An important formation of CO2 and
H2O was observed after 5 min of ozone treatment. Organic gases ac-
counted for the majority of the total gases, but inorganic gases such as
H2, CO, CO2, H, and H2S were also detected. A saturation of ozone
(48m/z) was observed for a treatment time of 30 min at [O3] =53 mg
L−1 while the amount of ethylene and/or CO (28m/z) decreases in-
dicating that most oil sludge degradation reaction had already occurred
and disappear at 60 min of treatment. The production of CO, CO2, H2,
and 2H, is probably a result of the degradation of ethylene and other
low-chain hydrocarbons present or formed during the process. The
catalytic effect that occurred in the sludge was responsible for produ-
cing H2S and partially producing some of the light hydrocarbons pre-
sented in the exhaust line.
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