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This work reports the remediation of a liquid residue derived from the thermal treatment of
petrochemical residues by advanced oxidation processes. Firstly, degradation studies of phenol
aqueous solutions by heterogeneous photocatalysis, Fenton, and photo-Fenton were conducted.
Fenton processes showed a higher efficiency, mainly in the UVA photo-assisted mode (94% in
3 min), and henceforward it was chosen for the remediation of the residue. However, the high organic
load of the raw residue (6,000 mg L' of chemical oxygen demand (COD)) limited the efficiency of
the Fenton processes. Hence, the raw liquid residue was diluted with the scrubber residue, produced
during the thermal treatment of the petrochemical residues, reducing the COD to values close
to 2,000 mg L. The photo-Fenton treatment allowed the removal of approximately 95% of the
COD load, decreasing the residual concentration of phenolic compounds from 213 to 0.5 mg L.
At the same time, the concentration of BTEXs (benzene, toluene, ethylbenzene and xylene) were
reduced to values lower than the limit of quantification (LOQ) of the chromatographic technique.
Therefore, the photo-Fenton process is an efficient alternative to the remediation of residues with
high complexity and with high COD values, like the ones obtained in the petrochemical industry.
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Introduction

In the context of the petroleum industry, which has a
well-known pollutant potential, oily sludge represents a
serious environmental problem.!* The oily sludge is a stable
W/O (water in oil) emulsion of water, solids and petroleum
hydrocarbons generated in the petroleum refining process
during the dissolved air flotation process.? According to the
literature,* it is constituted by water (90-99 wt.%), crude
oil waste (0.5-3 wt.%) and mineral particles (0.2-7 wt.%).
The organic composition of oily sludge varies with the
variety of crude oils. However, it is estimated that the
most common organic species are alkanes, cycloalkanes,
benzene, toluene, ethyl-benzene, xylenes, and lower
concentrations of phenolic compounds and polycyclic
aromatic hydrocarbons.’

Due to the mutagenic and teratogenic nature of many
hydrocarbons, oily sludge has been considered a priority
environmental pollutant by the US Environmental
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Protection Agency (US EPA).S Therefore, the effective
remediation of oily sludge and the safe disposal of the
wastes have become a worldwide problem,* obligatory
for oil industries.®

A large number of methods have been proposed to
treat oily sludge,* including chemical systems based on
solvent extraction,” physical systems based on filtration®
or centrifugation,” and biological methods based on
bioaugmentation strategies.! Furthermore, the treatment
of oily sludge by pyrolysis in circulating fluidized beds
has also been described.!" The thermal decomposition of
the waste at temperatures between 500 and 1000 °C under
inert atmosphere usually leads to the formation of low
molecular weight hydrocarbons, which can be recovered
as condensate.*

Considering this scenario, the companies Albrecht
(Joinville, Brazil) and Petrobras S.A. (Rio de Janeiro,
Brazil) developed a multiphase waste thermal treatment unit
called TELAB K200 (patent registry No. PI 0400305-5)."
In this pilot equipment, oily sludge is treated by thermal
processes of evaporation, desorption and pyrolysis,
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resulting in the breakdown of heavy molecules, such
as resins and asphaltenes. Despite the waste thermal
treatment, a liquid residue containing high concentration
of phenolic compounds is generated, implying the need for
an additional treatment before final disposal.

The toxic effect produced by phenolic compounds
has been extensively reported elsewhere.'*!'* In general,
toxic levels ranging between 10-24 and 9-25 mg L' are
accepted for human and fish, respectively.'> Therefore, the
US EPA® has set the maximum phenol level in wastewater
in0.1 mg L.

Aromatic compounds in wastewater are recalcitrant
and toxic to microorganisms in conventional biological
treatments.'®!” Many methods have been reported for the
treatment of phenolic waste water including air oxidation,'
adsorption,' and halogenation processes.’® Regarding
chemical treatments, advanced oxidation processes
(AOP) occupy a prominent place, mainly due to their
high mineralization capacity toward several biorefractory
organic compounds,?'?? typically with less energy
requirements.? Several studies have reported efficient
degradation of phenol by heterogeneous photocatalysis
assisted by TiO,** and ZnO,?® Fenton?” and photo-Fenton
processes.?

In the present work, the potentiality of advanced
oxidation processes (Fenton, photo-Fenton, TiO,/UV and
ZnO/UV) was investigated, regarding the degradation of
phenolic compounds in a liquid residue from the thermal
treatment of petrochemical residues (oily sludge).

Experimental
Chemicals

Phenol (Synth, 99% purity) was used to prepare
the synthetic effluent. Titanium dioxide Degussa P-25
(approximately 80% anatase and 20% rutile, surface area
50 m? g') and Nuclear zinc oxide (surface area 4 m> g)
were used in heterogeneous photocatalytic processes.
FeSO,.7H,0 and H,0, (Fenton reactants) of analytical
grade were purchased from Isofar and Synth, respectively.
High-performance liquid chromatography (HPLC)-grade
acetonitrile (J.T.Baker) was used in the chromatographic
analyses. All other chemicals used were of analytical grade.

Residue source

A generic representation of the transportable plant
for thermal treatment of oily sludge (TELAB) is shown
in Figure 1. The system consists of a tubular reactor
equipped with a fixed-pitch screw conveyor, where the
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residue is heated under reduced pressure in the presence
of nitrogen. The reactor has four heating zones. Zone 1
(to 100 °C) induces the evaporation of free and emulsified
water and light hydrocarbons. Zone 2 (to 250 °C) induces
the thermal desorption, while zone 3 (to 450 °C) promotes
a mild pyrolysis with partial conversion of the heavier
fraction into compounds of lower molecular weight.
Zone 4 (to 900 °C) corresponds to the muffle furnace. The
gas emerging from the four heating zones are exhausted
into a washing/cooling system that condensates water and
releases petroleum hydrocarbons, while not condensable
gases are treated in wet scrubbers prior to the release to the
atmosphere (scrubber residue).
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Figure 1. Representation of the multiphase wastes thermal treatment unit
(TELAB) used in the treatment of oily sludge.

The condensed oil and the water are stored in collecting
tanks and subsequently separated by decantation, obtaining
the recovered oil and the raw liquid residue. After reaching
900 °C, a solid residue is obtained in the muffle furnace,
with the removal of the remaining organic compounds.

Degradation procedure

Degradation studies were carried out in a 250 mL bench
photochemical reactor equipped with a water cooling
system and a magnetic stirrer. The radiation was provided
by a high-pressure mercury vapor lamp (125 W), which was
inserted into the solution using a quartz (UVC) or Pyrex
(UVA) bulb. The effect of photolysis on phenol degradation
was studied in the presence of UVC and UVA radiation and
absence of photocatalysts. Heterogeneous photocatalytic
processes were performed in the presence of UVA radiation
and 0.25 g L'! of photocatalyst (TiO, or ZnO). The studies
were carried out with 200 mL of aqueous solution of
phenol at 30 mg L', without adjustment of pH. To evaluate
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the adsorption of phenol into the photocatalyst surface,
experiments were carried out in the same conditions in the
absence of radiation.

Fenton and photo-Fenton UVA processes were
performed at pH 3 with 200 mL of aqueous solution,
containing phenol at 10 mg L' and Fenton reactants
(10 mg L' Fe?* and 100 mg L' H,0,). Due to the rapid
consumption of hydrogen peroxide observed in the
treatment of the liquid residue, the Fenton process was
applied with multiple additions of H,0, (200 mg L' every
20 min). Fenton reaction was interrupted by the addition
of NaHSO; in the final concentration of 40% m/v.

Aliquots were collected at regular time intervals up
to 120 min, and filtered through a 0.45 um cellulose ester
membrane filter (Whatman® Schleicher & Schuell®) before
spectrophotometric and HPLC analyses.

Analytical control

The degradation of phenol was preliminary
monitored by UV-Vis spectroscopy in a Varian Cary-50
spectrophotometer, by measuring the absorbance at 270 nm
and the spectral area integrated between 200 and 350 nm.
Phenol and its byproducts were determined with liquid
chromatography (HPLC) using water and acetonitrile as
solvents, a C18 column and a diode-array detector, as
priorly determined by Stets et al.”®

The chemical oxygen demand (COD) was measured
with UV-Vis spectrophotometry, according to the APHA
5220D Standard Method.* Calibration curves were
elaborated with standard potassium biphthalate for a
COD level ranging from 100 to 800 mg O, L. The
determination of total phenols was carried out using the
Folin-Ciocalteu method, according to the APHA 5550
Standard Method.*® Calibration curves were elaborated
with gallic acid in the concentration range between 1 and
100 mg L. The phenolic content (TPh) was expressed in
mg L' of equivalent gallic acid. Residual Fe" and hydrogen
peroxide were monitored UV-Vis spectrophotometry, using
methods based on the reaction with o-phenanthroline and
metavanadate, respectively.

The BTEXs’ (benzene, toluene, ethylbenzene and
xylene) analysis was conducted in the TASQA laboratory
(Paulinia, SP, Brazil) using gas chromatography,
according to the US EPA 8260B.3! The BTEXs were
determined with static headspace extraction followed
by gas chromatography-mass spectrometry (GC-MS).
The analysis of phenolic compounds was conducted
in the TASQA laboratory (Paulinia, SP, Brazil) by gas
chromatography-mass spectrometry (GC-MS), according
to the US EPA 8270D.* The phenolic compounds were
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extracted from the liquid petroleum residue using a method
of liquid-liquid extraction with dichloromethane, according
to the US EPA 3510C.*

The evaluation of the acute toxicity of the liquid
petroleum residue was carried out in the Laboprime
laboratory (Timbd, SC, Brazil). The toxicity tests were
applied to the diluted residue before and after the treatment
with the UVA photo-Fenton process. The microcrustacean
Daphnia magna and the bacteria Vibrio fischeri were the
toxicity bioindicators used in these tests. The methods used
for the evaluation of the acute toxicity were the ABNT NBR
12713%* for Daphnia magna, and ABNT NBR 15411-3%
for Vibrio fischeri.

Results and Discussion
Characterization of raw liquid residue

The oily sludge treatment produces four main residues:
a solid fraction, and three liquid fractions (an oily fraction
and two aqueous fractions), as shown in Figure 1. The
present study aims to treat the condensed aqueous fraction
from the decanter. A yellow to brown color and an offensive
odor characterizes this residue, named raw liquid residue.

Since the composition of industrial residues typically
varies, the raw liquid residue was firstly characterized.
The main components of this residue are presented in
Table 1. The high concentration of phenolic compounds
(213 mg L") indicates that after the treatment of the oily
sludge these compounds stay in the aqueous phase due to
their water solubility.*® The raw liquid residue exhibited
acute toxicity (154 and 4,096), high concentration of
ammoniacal nitrogen (257 mg L), COD (6,300 mg L"),
biological oxygen demand (BOD, 3,134 mg L"), and
oils and greases (73.6 mg L'). These parameters were
in disagreement with the standards®’ established by the
Brazilian legislation governing the discharge of effluents.

It is important to emphasize that the relatively high
value of the BOD/COD ratio (ca. 0.5) suggests the
feasibility of biological treatments, which represents an
interesting preliminary treatment alternative.

Another relevant residue treated herein comes from the
gas washing system. It was used for dilution of the raw
liquid residue before the treatment. The scrubber residue is
a turbid liquid characterized by a high COD (845 mg L")
and a low concentration of phenolic species (4.23 mg L').
The concentrations of BTEXs and phenolic compounds
of the diluted residue are presented in Table 2. Despite the
dilution, the phenolic compounds concentration stayed high
and likewise the BTEXs, which are mainly represented
by the extremely high concentration of toluene. Due to its
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Table 1. Main characteristics of the raw liquid residue

J. Braz. Chem. Soc.

Parameter Value Method
Chemical oxygen demand (COD) / (mg L) 6,300 APHA 5220D*
Total organic carbon (TOC) / (mg L) 1,570 APHA 5310B*
Biological oxygen demand (BOD) / (mg L") 3,134 APHA 5210B*
Acute toxicity with Daphnia magna | DF* 154 ABNT NBR 12713:2009%
Acute toxicity with Vibrio fischeri /| DF* 4,096 ABNT NBR 15411-3:2012%
Phenols / (mg L") 213 APHA 5550B*
Volatile organic compounds (VOCs) / (ug L") 2,181 US EPA 8260B*!
Total ammonia nitrogen / (mg L) 257 APHA 4500-NH, E*
pH 7.38 APHA 4500-H* B
Oils and greases / (mg L") 73.6 APHA 5520B*

“Dilution factor.

complexity, to reach the standards required by the current
environmental legislation,* this residue needs an efficient
treatment before its disposal in the receiving body.

Table 2. BTEXs and phenols content before and after photo-Fenton
treatment of the diluted residue

Diluted residue /  Treated residue /

Parameter (ug L) (ug L) MAW*
BTEXs

Benzene 65.4+252 <2 1200
Toluene 4577 = 1705 <4 1200
Ethylbenzene 254+ 128 <2 840
Xylene 31,1124 <2 1600
Phenols 500
Phenol 99.7 <0.1 -
2-Methylphenol 6.24 £2.18 <0.25 -
3-Methylphenol 135+£33.6 <0.25 -
4-Methylphenol 135 +£33.6 <0.25 -

“Maximum allowed value according to the Brazilian legislation.”’

Preliminary studies on phenol degradation

Taking into account that the raw liquid residue has a
high content of phenolic species, photolysis (UVA and
UVC), heterogeneous photocatalysis (TiO,/UVA and
ZnO/UVA), Fenton, and photo-Fenton processes were
preliminarily evaluated with phenol aqueous solutions.
The main results of the treatments are briefly illustrated
in Figure 2.

Photolysis
It is well known that photo-assisted processes can
promote the degradation of substrates by concomitant

processes, including UV photolysis. Therefore, the isolated
effect of the radiation was evaluated using the conditions
previously detailed.

UVA photolysis does not cause a significant effect on
the spectroscopic signal of phenol, implying in a lower
phenol degradation, as also observed by Chun et al.*®
On the other hand, UVC irradiation leads to a significant
increase in the signal throughout the monitored spectral
region (200-350 nm), maintained until 120 min of
treatment. The chromatographic analysis showed a rapid
phenol degradation. This observation is in accordance with
Chun et al.*® work. These authors have found that phenol is
rapidly degraded by UVC photolysis, producing polymeric
forms that remain for long treatment times. Based on these
preliminary studies, further photo-assisted experiments
were carried out in the absence of UVC radiation, by
protecting the mercury lamp with a Pyrex glass jacket.

Heterogeneous photocatalysis (TiO,/UVA and ZnO/ UVA)

The adsorption of the substrate on the photocatalyst
has a significant role in the heterogeneous photocatalysis
since it is believed that this is the first step of the process.
The differentiation between degradation and adsorption is
also important in these studies. Thus, the phenol adsorption
was firstly evaluated and was shown to be negligible under
the evaluated conditions (4.5% for TiO, and 8% for ZnO).
Therefore, it can be disregarded in degradation studies.
Similar results were reported in the literature.*-*

In photocatalytic processes mediated by TiO,, few
changes were observed in the spectral profile, represented
by an increase in the absorption signal in the monitored
region followed by a slight decrease in posterior reaction
times. Based on this observation and on a similar behavior
exhibited by the total phenolic content, it can be assumed
that phenol degradation leads to the formation of phenolic
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Figure 2. Summary of phenol degradation studies by advanced oxidative processes.

byproducts, as suggested before. Suzuki e al.”> proposed
that phenol is firstly hydroxylated leading to hydroquinone
and catechol, which are further oxidized to o-benzoquinone
and p-benzoquinone, respectively. Chromatographic
analyses revealed a partial degradation of phenol (88%
in reaction time of 120 min), and the formation of
intermediates (hydroquinone, resorcinol, catechol and
p-benzoquinone) remaining until the highest assessed
reaction time (120 min), confirming the non-mineralization
of the substrate.

Similar results were observed in the presence of ZnO.
Considering the chromatographic peak areas, TiO, has a
slightly more favorable degradation, 88 against 77% of
7ZnO in 120 min of reaction time. In contrast, ZnO shows a
lower total phenolic species. In the ZnO/UVA, the formed
intermediates also remaining until 120 min. It is important
here that the degradation efficiency of both, ZnO/UVA and
TiO,/UVA, is not yet satisfactory and they present low
mineralization capacity.

Fenton and photo-Fenton processes
Considering the chromatographic characterization,
phenol showed a fast degradation, which allowed its

almost complete removal (94%) in reaction times of 3 min
(Figure 3). The high activity of Fenton process in the first
reaction times is accompanied by the consumption of Fe?*
and H,0,, and their concentration decreased by half in 5 and
10 min, respectively. The production of the transient species
that characterizes the phenol degradation (e.g., catechol,
hydroquinone, p-benzoquinone, etc.) was not observed,
probably due to the low initial phenol concentration.

In the presence of UVA radiation (photo-Fenton
process), the degradation capacity of Fenton systems is
significantly improved, as a result of photoassisted Fe**
regeneration and the concomitant generation of another
equivalent of hydroxyl radical. However, as observed
during the Fenton process, phenol is rapidly decomposed
reaching residual concentration of approximately 2 mg L'
(98%) after 3 min, and the transient species were not
observed in 3 min of reaction (Figure 4), presumably
because of the low phenol concentration, and the high
efficiency of the process. Although the phenol degradation
does not appear to improve, when compared with the
Fenton process in absence of radiation, Fe** and H,0,
demonstrated a promising behavior. Fe** was quickly
transformed into Fe?* in the first 3 min of reaction, and then
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Figure 3. Variation of the H,O, (open balls) and Fe?* (closed squares)
concentrations during the degradation of phenol by Fenton processes.
Inset: chromatograms of the 0 and 3 min of the Fenton process.

was slowly regenerated. Hydrogen peroxide was rapidly
decomposed. This is possibly correlated with a higher
production of hydroxyl radical.
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Figure 4. Variation of the H,0, (open balls) and Fe** (closed squares)
concentrations during the degradation of phenol by UVA photo-Fenton
processes. Inset: chromatograms of the 0 and 3 min of the UVA photo-
Fenton process.

Comparison between the processes

In this section, all treatments based on the phenol
removing percentage (Figure 5) and the time of treatment
are compared. UVA photolysis is the most inefficient
treatment and UVC photolysis showed almost complete
degradation of phenol in 120 min of reaction. Although
this is a good removal percentage, it requires a long time,
which impedes an industrial application. Most importantly,
as discussed before (“Photolysis” sub-sub-section), UVC
irradiation may lead to the production of polymeric
species.’® Heterogeneous photocatalysis, TiO,/UVA
and ZnO/UVA, presented 88 and 77% of phenol degradation
in 120 min of reaction, respectively. In this case, the time is
again a problem and the efficiency needs to be enhanced.

J. Braz. Chem. Soc.

Fenton and photo-Fenton processes have achieved a
complete degradation in 3 min. Therefore, Fenton processes
need a very short time and achieve better removing
percentage. In a preliminary analysis, Fenton process
seems to be the best treatment since it did not use radiation.
However, as mentioned before (“Fenton and photo-Fenton
processes” sub-sub-section), the photo-Fenton system
produces more hydroxyl radical. Bearing in mind the
complexity and the high COD values of the studied residue,
amore aggressive treatment must be considered. Based on
the exposed results, it becomes clear that the best choice
to treat the raw liquid residue is the photo-Fenton process.

100 4
80
60
40

20

Phenol removal efficiency (%)

UVA photolysis UVC photolysis  TiO /UVA ZnO/UVA Fenton  photo-Fenton UVA

Figure 5. Comparison of the phenol degradation during the different
treatments.

Degradation of the raw liquid residue

Considering the excellent preliminary results, the
remediation study was initiated with Fenton process, using
the previous experimental conditions (Fe*: 10 mg L,
pH 3.0, H,O,: 100 mg L"), and the undiluted raw liquid
residue. Promising results are found in the literature using
the Fenton process. A petrochemical residue with 450 mg L"!
of initial COD presented approximately 80% of COD
removed by Fenton process.** Kakavandi and Babaei** found
satisfactory COD removal for a petrochemical residue (initial
COD range 50-1000 mg L") with the heterogeneous Fenton
process. However, as shown in Figure 6, Fenton and photo-
Fenton processes did not show satisfactory results. This may
be explained considering the complex composition of the raw
liquid residue, mainly due to the presence of high organic
load (6,000 mg L' of COD, which essentially consists of
phenolic compounds and petroleum hydrocarbon, e.g.,
BTEXSs). Furthermore, the presence of ions in the residue
can act as radical scavengers.*

Since advanced oxidation processes are not effective
against organic loads of this magnitude,* the raw liquid
residue was pre-diluted to an organic load of about
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Figure 6. Chromatographic monitoring of the raw residue degradation by Fenton processes (10 mg L' Fe**, 100 mg L' H,O,, pH 3).

2,000 mg L', using the scrubber residue in the proportion
of 1:9 (raw liquid residue:scrubber residue).

According to Garcia and Pargament,*® industrial residue
reuse is a promising way to solve the water problem. It was
decided to take another liquid residue, produced by the
TELAB system in scrubbing operations. This residue is
characterized by the low content of organic compounds and

total phenolic forms, as suggested by the chromatographic
profile (Figure 7). Moreover, the continuous addition of
H,0, was shown to be more efficient,*’*® due to the higher
availability of hydroxyl radicals.** Thus, experimental
conditions were adjusted to higher concentrations of H,O,
and iron (200 and 15 mg L, respectively), and H,0, was
added every 20 min.
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Figure 7. Chromatographic monitoring of the diluted residue (1:9) degradation by UVA photo-Fenton processes (15 mg L' Fe?*, 200 mg L' H,0,, pH 3).



1522 Advanced Oxidation Processes to the Remediation of Liquid Residue from the Thermal Treatment of Oily Sludge

In these conditions, the photo-Fenton process applied
for 120 min showed a COD reduction of approximately
75%, and a removal of 80% of total phenols, as well as
an almost complete removal of phenolic compounds,
according to the chromatographic signals presented in
Figure 7. New high-intense chromatographic signals were
detected at lower retention times, probably associated
with short-chain organic acids, arising from aromatic ring
opening reactions.” These species accumulate at the end of
the process, because they are more resistant to the oxidative
treatment.*” Corroborating with this argument, qualitative
chromatographic studies allowed to suppose the formation
of this short-chain organic acids, a fact that may explain the
difficulties encountered in the removal of COD.

When the treatment was extended until 240 min, it
was possible to observe a reduction of COD of about
95%, and a residual concentration of total phenolic
forms of 0.5 mg L', which is in accordance with
the CONAMA No. 430 (Brazilian legislation).>” The
chromatographic signal associated with carboxylic acids
was also significantly reduced, showing a residual signal
that should be responsible for the remaining 5% of COD.
After the last treatment time (240 min), samples were
characterized using chromatography for the quantification
of BTEXs and phenolic compounds. The results (Table 2)
show that the treatment made it possible to reduce the
concentration of all monitored species, to values below
the limit of quantification (LOQ), which corresponds to
4 pug L for toluene and 2 ug L' for benzene, ethylbenzene,
and xylenes.

Toxicity assessments were performed using
Daphnia magna and Vibrio fischeri as test organisms.
Despite the high efficiency of the photo-Fenton process
considering the degradation of phenolic species and
petroleum hydrocarbons, the acute toxicity of the residue
did not change during the treatment. These results might be
related to the toxicity associated to other chemical species
present in the raw liquid residue, such as ammoniacal
nitrogen and metallic species, as well as carboxylic acids
originated from the phenol oxidation.

The presented results showed that Fenton is a promising
process to the treatment of petrochemical residue. However,
considering the toxicity of the final treated residue, the
association of Fenton with another treatment such as
post-coagulation is worth testing, as discussed in the work
of Saber et al.*

Conclusions

The remediation of a liquid residue resulting from the
thermal treatment of petrochemical residues by AOPs was
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a major challenge, particularly because of its high organic
load (6,000 mg L' of COD). Fenton processes, although
demonstrating the best aqueous phenol degradation, were
inefficient in the removal of organic matter and total
phenolic species from the raw undiluted residue. Due to this
limitation, the raw liquid residue was diluted with another
liquid residue generated in the thermal process, achieving
approximately 2,000 mg L' of COD. The diluted residue
was applied in further studies, as well as higher Fe** and
H,O, concentrations and H,O, addition every 20 min.
Photo-Fenton treatment, adjusted to these conditions,
allowed the removal of approximately 95% of the COD
load, and led to total residual phenol concentrations of
about 0.5 mg L'. At the same time, the concentration of
BTEXSs was reduced to values lower than the LOQ of the
chromatographic technique. Finally, the photo-Fenton
process represents an excellent alternative for the treatment
of wastes containing refractory organic species.
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