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a b s t r a c t

Soil contamination by non-aqueous phase liquid compounds (NAPLs), mainly from petroleum hydrocar-
bons, has been a matter of great concern, especially due to aromatic and polycyclic aromatic hydrocarbon
contamination, which can pose a health risk due to its carcinogenic and mutagenic properties. In this
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study, oil sludge treatment was carried out using heterogeneous photocatalysis (H2O2/UV/TiO2). A 2
factorial design experimental plan was used, applying black and white light reactors; in addition the
effects of hydrogen peroxide (H2O2) concentration, TiO2 mass and irradiation time were evaluated using
TOC removal as a response. Heterogeneous photocatalysis provided efficient degradation and mineraliza-
tion of a large part of the organic matter. Moreover, the method also proved to be an alternative treatment
for removing PAH from oil sludge, eliminating 100% of all PAH content from the oil sludge sample after
olycyclic aromatic hydrocarbons 96 h of irradiation.

. Introduction

Oil spills cause significant environmental and economic damage
o a wide variety of natural resources. The degree of this damage
epends on where the spill occurs, type and discharge volume,
eason and environmental conditions [1,2]. In recent decades, soil
ontamination by non-aqueous phase liquid compounds, specifi-
ally oil hydrocarbons from oil spills has been a matter of great
oncern [3,4]. This concern is justified because polycyclic aromatic
ydrocarbons (PAH), an oil contaminant, pose a risk to human
ealth due to its carcinogenic and mutagenic properties [5–8].
ccording to Faria and Rosa [9], the complexity of PAH mixtures
epends on their emission sources. Generally, these mixtures have
wide variety of PAH at different concentrations. Thus, the knowl-
dge of the presence of these compounds in environmental samples
nd the search for suitable treatment methods are of great interest
o governments worldwide. Although the remediation for PAH-
ontaminated soil has been extensively investigated by various
esearch groups, especially in terms of biological treatment, few
orks were found in the literature on treating PAH with advanced

xidation processes (AOPs) [10,11].

PAH concentrations of ng L−1 have been detected in soil,

ater and plant samples [12,13]. In addition, due to their
hysical–chemical properties and their wide environmental distri-
ution, the risk of contamination by these substances is significant.
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Indeed, because of their lipophilic nature, PAH and their derivatives
can be absorbed by the skin, ingested or inhaled, and quickly spread
throughout the organism [8].

Advanced oxidation processes are defined as processes that can
generate radicals in a sufficient amount to oxidize most of the
complex chemicals present in environmental matrices. Hydroxyl
radicals (*OH) are powerful oxidizing reagents with an oxidation
potential of 2.8 V [14]. Furthermore, they react with most organic
and many inorganic compounds, exhibiting faster oxidation reac-
tion rates than those of conventional oxidants [15]. The main
advantage of these processes is that the contaminant is destroyed
and not transferred to another phase [16,17]. Among the AOPs, het-
erogeneous photocatalysis stands out as a promising technology in
the treatment of environmental pollutants [18–21]. The photocat-
alytic oxidation enables the utilization of near UV and sunlight for
irradiation, thus, resulting in a considerable saving especially for
large-scale operations [22]. These processes entail a photochemical
degradation of a lot of compounds present in wastewater, capable
of achieving total mineralization at mild conditions of tempera-
ture and pressure [23]. In these processes, the chemical reactions
are characterized by a free radical mechanism, thus radicals such
as “*OH and *HO2” can be produced by the homogeneous radia-
tions degradation of oxidizing compounds like hydrogen peroxide
(H2O2) and ozone. Another method to achieve and at the same time

enhance the production of free radicals is the photocatalytic oxi-
dation mechanism occurring at the surface of semiconductors e.g.,
TiO2 [24].

The aim of this work was to study the oil sludge treatment by
photocatalysis using titanium dioxide (TiO2) as catalyst, hydrogen

http://www.sciencedirect.com/science/journal/13858947
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eroxide, black and white light. During the experiments, PAH con-
entration and total organic carbon (TOC) were monitored. In order
o determine the best operational conditions for this treatment, fac-
orial plans were used. H2O2, TiO2, irradiation time and radiation
ources were studied using TOC removal as response.

. Materials and methods

.1. Oil sludge characterization and methods

The oil sludge used in this research was collected from the bot-
om of oil storage tanks (Petrobras S. A., Brazil). These reservoirs
re located in the State of Rio Grande do Norte, Brazil. The oil
ludge was initially characterized in terms of pH and metals. The
etals, including iron, were analyzed by flame atomic absorption

pectrometry (Varian AA240FS) following standard methodology
25].

The method used for PAH extraction followed EPA 3540 pro-
ocol (Soxhlet extraction), using 300 mg of oil sludge (before or
fter treatment). For PAH quantification, EPA 8270 was applied. The
ethod uses a gas chromatography column coupled to a mass spec-

rometer, Shimadsu models GC-17A and QP5050A, respectively.
DB-5 MS capillary column (length = 30 m, inner diameter = 0.25

nd film thickness = 0.25 �m) was used. The injector tempera-
ure was 280 ◦C (splitless). Chromatographic conditions included
n initial oven temperature of 80–120 ◦C with a program rate of
0 ◦C min−1, and 120–285 ◦C with 2.8 ◦C min−1. The detection limit
as 0.25 mg kg−1.

The methodology used to measure TOC was the modified Walk-
ey Black method [26]. This method consists of oxidizing the organic
arbon from the soil with potassium dichromate (K2Cr2O7, 0.4 N)
n sulfuric acid, forming carbonic gas and water.

.2. Photocatalysis using white and black light (TOC and PAH
emoval)

Photocatalytic experiments were carried out in Petri dishes with
surface area of 63.6 cm2 placed into photocatalytic reactors. The

eactors were equipped with black and white lamps placed on the
eactors lid. Each reactor was made up of three lamps and had the
apacity to irradiate four Petri dishes. The light sources used in
his study were a UV-365 black light mercury lamp (UV-A, Higuchi,
20T10 20W) and a white light lamp (Philips, 20 W). The black light
eactor was able to emit 98 lux and 373 �W cm−2 at the wavelength
ange from 290 to 390 nm and 10.4 �W cm−2 at 254 nm, while the

rite light reactor emitted 1900 lux and 74 �W cm−2 at wavelength

ange from 290 to 390 nm and 11.2 �W cm−2 at 254 nm. To carry
ut the experiments, 300 mg of samples were irradiated by black
nd white light inside the reactors (Fig. 1). To verify the influence

Fig. 1. Photocatalytic reactor.
ering Journal 157 (2010) 80–85 81

of the experimental conditions on process efficiency, a 23 factorial
plan was used and the UV radiation source (white and black), H2O2
(30%, w/w, Merck, Brazil) concentration (0.4 and 0.8 mol L−1), tita-
nium dioxide (Degussa P25) mass (5 and 6 mg) were the studied
variables. TOC removal was the response used in this experimental
plan. The comparison between TOC measurements before and after
photodegradation shows the efficiency of each individual experi-
ment. The hydrogen peroxide concentration cited to in this work
refers to the volume of 21 mL added every 24 h for a period of 96 h.

2.3. Photocatalysis using white light (TOC removal)

The second experimental plan was performed only with exper-
iments using the white light reactor; thus, the variable time was
added to the factorial plan. Hydrogen peroxide H2O2 (0.4 and
0.8 mol L−1), TiO2 mass (5 and 6 mg), and radiation time (96 and
144 h) were used in different combinations to determine the opti-
mal operating condition.

2.4. PHA removal by photocatalysis with white light

After investigating oil sludge mineralization obtained by hetero-
geneous photocatalysis, the individual removal level of each PAH
was also studied. Therefore, in this part of the study, experiments
were carried out using 5 mg of TiO2, and an H2O2 concentration of
0.8 mol L−1 for 24, 72 and 96 h of irradiation. Each PAH concentra-
tion was determined before and after irradiation and the results are
expressed as individual PAH removal.

3. Results and discussion

3.1. Oil sludge characterization

The first part of this study deals with the characterization of
raw oil sludge. Table 1 presents the metal content revealed by
the flame atomic absorption spectrometry analysis. According to
Table 1, the iron content (34,500 mg kg−1) was significant, which
could be explained due to the origin of the sludge. It came from
cleaning (scraping) oil storage tanks, which explains the high iron
content found in the sample. The considerable presence of iron
would contribute to the development of Fenton and photo-Fenton
reactions. However, as the pH of the samples was around 5.0, these
reactions were not favored. To verify this point, a previous experi-
ment only with H2O2 was carried out. Nevertheless, no significant
degradation took place. Once dissolved in water, the sample also
had a pH of around 5 and resembled black grease, exhibiting high
viscosity and a strong odor. PAH concentration in three different
oil sludge samples was measured and the mean concentration of
each PAH is given in Table 2. Two of the PAH listed in the analyt-
ical method (acenaphthylene and anthracene) were not detected

because their concentration was lower than the quantification limit
of 0.83 mg kg−1. The results are presented along with their standard
deviations.

It should be pointed out that in order to confirm the reliability of
the characterization method in terms of PAH concentration, GC–MS

Table 1
Metal content in the raw oil sludge.

Metal mg kg−1

Cobalt 100
Lead 565
Copper 213.5
Iron 34,500
Nickel 125
Zinc 769
Manganese 542
Chrome 119
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Table 2
PAH concentration in the raw oil sludge.

PAH mg kg−1 �

Naphthalene 6.34 ±1.54
Acenaphthylene <LQa –
Acenaphthene 7.99 ±0.34
Fluorene 21.29 ±0.22
Phenanthrene 40.90 ±0.68
Anthracene <LQa –
Fluoranthene 20.68 ±0.50
Pyrene 23.70 ±0.52
Benzo(a)anthracene 21.29 ±0.05
Chrysene 26.07 ±0.63
Benzo(b)fluoranthene 29.41 ±3.80
Benzo(k)fluoranthene 4.61 ±1.36
Benzo(a)pyrene 10.42 ±0.74
Indeno(1,2,3-cd)pyrene 4.56 ±0.96
Dibenzo(a,h)anthracene 7.02 ±1.70
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Benzo(ghi)perylene 8.58 ±0.91
Total 218.22 ±1.54

a LQ, lower than the quantification limit of 0.83 mg kg−1.

nalysis was performed after extraction in three different oil sludge
amples, as described in the experimental section. The low standard
eviations obtained in PAH measurements ensure the reliability of
he values.

.2. Oil sludge mineralization using white and black light

To study the influence of hydrogen peroxide, catalyst mass and
V source on oil sludge mineralization, a 23 experimental plan
as used. Accordingly, a group of eight experiments using dif-

erent factor combinations were carried out and the results are
resented in Fig. 2. The responses, in terms of TOC removal per-
entages, were used to determine the optimal operating conditions
f this treatment method. It is important to remark that prelimi-
ary experiments (blank tests) were carried out and no significant
egradation was obtained by single elements of the used photo-
atalysis such as UV light, hydrogen peroxide and TiO2. In addition,
he levels of the variables used in this factorial plan were based

n the experimental experience acquired during these preliminary
ests.

Fig. 2 shows that the organic matter content in the oil sludge
aste undergoes a high level of mineralization, which was around

1% on average. Besides, it was observed that the white light reac-

ig. 2. Cube showing the results in terms of % of the removal of TOC, for the eight
xperiments carried out within 144 h.
Fig. 3. Pareto chart of the variable effects and their interactions for the experimental
plan using black and white light.

tor (WLR) removed TOC more efficiently than the black light reactor
(BLR). The values ranged between 75.32% and 80.35% for the BLR,
and between 82.93% and 86.99% for the WLR. Considering that the
two photocatalytic reactors used have similar irradiance power,
it can be suggested that the visible wavelength emitted by white
light lamps can promote better oil sludge photocatalytic degrada-
tion when compared with the UV-A wavelength emitted by black
light lamps.

Fig. 3 shows the Pareto chart for all study variables and their
interactions for the planned usage of black and white light. The
independent variables and their interactions are on the Y axis, while
the estimated absolute effect is shown on the X axis, and calcu-
lated from the ratio between the estimated effect and its respective
standard deviation. All Pareto chart values greater than the P value
(0.05) are statistically significant. Thus, it can be observed in Fig. 3
that UV light is the only statistically significant effect. In this case,
the other variables and their interaction are not statistically signif-
icant.

3.3. Oil sludge mineralization using white light

Since the experiments carried out with white light showed the
best TOC removal results, the second experimental plan was car-
ried out using data from this group of experiments. Thus, another 23

experimental plan was performed and the responses were in terms
of TOC removal. The data obtained was useful for studying the effect
of hydrogen peroxide concentration, catalyst mass and irradiation
time. Fig. 4 shows a group of eight experiments using different fac-
tor combinations. To ensure reproducibility, all experiments were
conducted in duplicate.

Fig. 5 illustrates the Pareto diagram, which shows the effects of
study variables and their interactions. The graph demonstrates that
irradiation time, H2O2 concentration, TiO2 mass and the interac-
tion between TiO2 and time was statistically significant. However,
irradiation time proved to be the most important experimental fac-
tor for oil sludge mineralization. The interaction between TiO2 and
H2O2 and between H2O2 and time was not statistically significant.
The overall results also demonstrate that TiO2 mass had not signif-
icant effect on the final TOC removal using black light, as showed in
the previous section. In the case of write light, this factor has signif-

icance. Besides, the fact that the oil sludge degradation increased
with the augment of TiO2 mass only with 96 h (Fig. 4) and not with
144 h of irradiation might be because higher quantity of catalyst
accelerates the degradation mainly in the early step of degradation.
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ig. 4. Cube showing the results in terms of % of the removal of TOC, for the eight
uplicate experiments using the white light reactor.

The next step in this study was to observe the behavior of the
xperimental data on the response surface methodology. Fig. 6
resents three different surface response graphics, which represent

he behavior of overall factor influence on oil sludge mineraliza-
ion. Response surface graphics explore the relationship between
wo variables and one response.

From the obtained data, an empirical model capable of predict-
ng the system efficiency in terms of TOC degradation (%), applying

ig. 6. Response surface graphics for the mineralization of oil sludge sample, using white
Fig. 5. Pareto chart of the variable effects and their interactions for the factorial plan
using white light.

the studied variables, was generated with the help of the Statistica
Experimental Design programme (Eq. (1)).

D = 80.43063 + 1.22688 XTiO2
+ 2.13438 XH2O2 + 4.41938 XTime

− 0.23437 XTiO2
XH2O2 − 1.11687 XTiO2

XTime

− 0.45938 XH2O2 XTime (1)
The analyses of the response surfaces are from the Statistica
Experimental Design programme. In Fig. 6a the response surface
using the variation of H2O2 and TiO2 can be observed. It was found

light. (a) H2O2 (%) vs. TiO2 (mg); (b) time (h) vs. TiO2 (mg); (c) time (h) vs. H2O2 (%).
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Table 3
PAH removal using different irradiation times and lamps (%).

White light Black light

24 h 72 h 96 h 24 h 72 h 96 h

Naphthalene 26.4 100.00 100.00 36.90 50.04 50.04
Acenaphthylene – – – – – –
Acenaphthene 27.03 100.00 100.00 38.79 100.00 100.00
Fluorene 21.72 100.00 100.00 37.38 65.15 100.00
Phenanthrene 36.43 42.95 100.00 38.88 42.95 42.95
Anthracene – – – – – –
Fluoranthene 36.33 59.70 100.00 27.46 46.81 59.79
Pyrene 52.17 65.54 100.00 29.67 55.69 66.4
Benzo(a)anthracene 14.68 100.00 100.00 19.37 29.55 100.00
Chrysene 5.39 100.00 100.00 0.00 58.45 62.86
Benzo(b)fluoranthene 39.94 100.00 100.00 32.00 45.60 100.00
Benzo(k)fluoranthene 100.00 100.00 100.00 0.00 0.00 100.00
Benzo(a)pyrene 0.00 100.00 100.00 0.00 100.00 100.00
Indeno(1,2,3-cd)pyrene 0.00 100.00 100.00 0.00 100.00 100.00
Dibenzo(a,h)anthracene 100.00 100.00 100.00 0.00 100.00 100.00
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Benzo(ghi)perylene 0.00 0.00

Total removal 24.69 76.89

hat the percentage of TOC removal increases with TiO2 mass and
2O2 concentration. The calculus of the effects showed that a rise in
iO2 mass from 5 to 6 mg promoted a mean TOC removal increase of
.45% and the increment in hydrogen peroxide promoted a removal

ncrease of 4.27%.
Fig. 6b presents the response surface for TOC removal with

he TiO2 and irradiation time. The results show that time
as a significant influence on TOC removal. It was observed
hat for high values of time, TiO2 mass became statistically
rrelevant.

The last surface response relates the influence of H2O2 and time
n TOC removal, and follows the trend of previous results. Fig. 6c
hows that the best TOC removal outcomes are related to high irra-
iation times; however, H2O2 concentration was also statistically
ignificant. The time increment from 96 to 144 h promoted an aug-
ent of 8.84% on the TOC removal, while the H2O2 increase from

.4 to 0.8 mol L−1 resulted in a TOC removal increment of 4.27%.
hese results confirm the irradiation time dependence of oil sludge
ineralization using photocatalysis.

.4. PAH removal

The previous experimental design was useful to obtain the opti-
al operating conditions for mineralizing oil sludge. According

o the previous factorial plan, the best TOC removal results were
btained using 6 mg of TiO2 and H2O2 concentration of 0.8 mol L−1.
hese experimental conditions were used to perform the irradia-
ion experiments with black and white light using irradiation times
f 24, 72 and 96 h. Table 3 shows the removal of 16 PAH after the
espective irradiation times.

It was observed that the best results were obtained with the
LR, following the trend of the TOC removal study. Moreover,

ncreased PAH removal as a function of irradiation time, occurred
ven at 24 h, where considerable removal was observed for most
f the studied PAH. With respect to total PAH removal, the white
ight reactor removed 76.89% after 72 h of irradiation, similar to the
ercentage obtained by the BLR (75.52%) after 96 h of treatment. In
ddition, after 96 h of treatment, the WLR achieved a 100% removal
ate for all the PAH studied.
. Conclusions

The results obtained from the present study allow observing the
ollowing conclusions:
100.00 0.00 100.00 100.00

100.00 15.74 50.49 75.52

1. The experiments using white light generally achieved higher
mineralization than those carried out with black light.

2. Concerning the irradiation time, although higher PAH removal
was obtained with 96 h, in order to find a suitable treatment, the
good results obtained at shorter irradiation time should be taken
into account.

3. The experimental plan carried out only with the WLR demon-
strated that irradiation time is the most important experimental
variable for TOC removal.

4. Photocatalysis proved to be an efficient method for removing
PAH from oil sludge waste, and due to the high performance
of the photocatalytic treatment with visible wavelength (white
light), it is possible that the use of solar radiation would be a
good alternative for cost reduction.

5. Photocatalytic treatment proved to be a suitable alternative to
remove and mineralize PAH from oil sludge and to reduce its
harmfulness to humans and the environment.
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