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TECHNICAL PAPER

Migration of polycyclic aromatic hydrocarbons (PAHs) in urban
treatment sludge to the air during PAH removal applications
Gizem Karaca, S. Sıddık Cindoruk, and Yücel Tasdemir⁄
Department of Environmental Engineering, Faculty of Engineering, Uludag University, Nilüfer, Bursa, Turkey⁄Please address correspondence to: Yücel Tasdemir, Department of Environmental Engineering, Faculty of Engineering, UludagUniversity, 16059
Nilüfer, Bursa, Turkey; e-mail: tasdemir@uludag.edu.tr

In the present study, the amounts of polycylic aromatic hydrocarbons (PAHs) penetrating into air during PAH removal
applications from the urban treatment sludge were investigated. The effects of the temperature, photocatalyst type, and dose on
the PAH removal efficiencies and PAH evaporation were explained. The sludge samples were taken from an urban wastewater
treatment plant located in the city of Bursa, with 585,000 equivalent population. The ultraviolet C (UV-C) light of 254 nmwavelength
was used within the UV applications performed on a specially designed setup. Internal air of the setup was vacuumed through
polyurethane foam (PUF) columns in order to collect the evaporated PAHs from the sludge during the PAH removal applications. All
experiments were performed with three repetitions. The PAH concentrations were measured by gas chromatography–mass
spectrometry (GC-MS). It was observed that the amounts of PAHs penetrating into the air were increased with increase of
temperature, and more than 80% of PAHs migrated to the air consisted of 3-ring compounds during the UVand UV-diethylamine
(DEA) experiments at 38 and 53 �C. It was determined that 40% decrease was ensured in S12 (total of 12) PAH amounts with UV
application and 13% of PAHs in sludge penetrated into the air. In the UV-TiO2 applications, a maximum 80% of S12 PAH removal
was obtained by adding 0.5% TiO2 of dry weight of sludge. The quantity of PAH penetrating into air did not exceed 15%. UV-TiO2

applications ensured high levels of PAH removal in the sludge and also reduced the quantity of PAH penetrating into the air. Within
the scope of the samples added with DEA, there was no increase in PAH removal efficiencies and the penetration of PAHs into air was
not decreased. In light of these data, it was concluded that UV-TiO2 application is the most suitable PAH removal alternative that
restricts the convection of PAH pollution.

Implications: Polycyclic aromatic hydrocarbon (PAH) evaporation rates from sludge samples obtained from an urban wastewater
treatment plant were investigated here for the first time by employing removal applications. TiO2 and diethylamine were used as
photocatalysts in this study. A special device was designed and successfully used in this study. Treatment sludge can be a significant
source of PAHs for the atmosphere. The data highlight the need for removal of PAHs in treatment sludge via methods limiting their
evaporation to the air. It was observed that UV-TiO2 application was the most suitable PAH removal alternative that restricts the
convection of PAH pollution.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic pollu-
tants that are disposed to the environment as a result of incom-
plete combustion of fossil fuels. Most of these PAHs cause
environmental pollution and disrupt the biological balance due
to their persistence characteristics and accumulation in the envir-
onment (Sprovieri et al., 2007). The ecocide of PAHs has
become one of the most important environmental problems
that need to be solved due to PAH dispersion and accumulation
in the environment. The concentrations, convection, and removal
of PAHs in variousmatrices have been investigated by the several
researchers for a long period of time due to the carcinogenic and
mutagenic effects of PAHs (Fernandes et al., 1997; Karaca and
Tasdemir, 2013; Zhang et al., 2008; Flotron et al., 2005).

The studies in the literature reported that variation of atmo-
spheric PAH concentrations was based not only on their sources,
but also on the temperature, regional characteristics, and meteor-
ological conditions (Chen et al., 2011; Tasdemir and Esen,
2007). Hassan and Khoder (2012) indicated that the PAH
amount in the atmosphere was higher in winter season when
the fuel consumption for heating purposes was intensive, as
compared with the other seasons. In the studies performed by
Esen et al. (2008) and Tasdemir and Esen (2007), it was shown
that the PAH amounts in the regions having dense traffic loading
were at higher levels than the rural areas. Furthermore, several
researchers investigated the removal possibilities of PAHs accu-
mulated on the soil, flora, and snowflake matrices with sunlight
and the impact of evaporation on removal of PAHs (Wang et al.,
2005;Wild et al., 2005; Burks and Harmon, 2001). Among these

568

Journal of the Air & Waste Management Association, 64(5):568–577, 2014. Copyright © 2014 A&WMA. ISSN: 1096-2247 print
DOI: 10.1080/10962247.2013.874380 Submitted August 1, 2013; final version submitted November 9, 2013; accepted December 6, 2013.



matrices, the removal of PAHs is significant in terms of PAH
concentrations in the air. If there is significant amount of PAH
evaporation into air, the matrices can be potential PAH sources
for the atmosphere.

The atmosphere is an important pathway for transport of
PAHs. By means of meteorological conditions, the pollutants
in the atmosphere not only transport to remote sites but also
reach various matrices via wet and dry deposition (Ortiz
et al., 2012; Birgul et al., 2011; Inomata et al., 2012).
Restriction of the PAH concentrations in the atmosphere is
significant for minimizing transport of these pollutants.
Within this scope, it is necessary to decrease PAH penetra-
tion into the air (evaporation) from various matrices such as
soil, water, sludge, etc. Furthermore, restriction of PAH
penetration is necessary to ensure soil and wastewater pollu-
tion control. PAHs can transfer to soil by wet and dry
deposition (Soares et al., 2013; Kruger et al., 2012), and
groundwater can be polluted with PAHs via convection of
PAHs from soil to groundwater (Han et al., 2013).

PAHs reach the wastewater treatment plants and treatment
sludge by conveying through sewer systems or depositing from
atmosphere (Stevens et al., 2003; Blanchard et al., 2004; Manoli
and Samara, 1999), and these pollutants should be removed from
sludge masses due to their potential effects (Trably and Patureau,
2006). Various studies were performed that are related to the
PAH amounts in treatment sludge and removal of these pollu-
tants from sludge (Salihoglu et al., 2010; Trably and Patureau,
2006; Flotron et al., 2005; Blanchard et al., 2004). One of the
methods that shall be applied in order to remove PAHs from
sludge is the ultraviolet (UV) application where the photodegra-
dation mechanism is effective (Salihoglu et al., 2012). It is
known that UV light penetrates into persistent organic pollutants
(POPs) such as PAHs, polychlorinated biphenyls (PCBs), pesti-
cides, etc., in the liquid matrices and soil (Silva et al., 2009;
Chang et al., 2003). In the study performed by Salihoglu et al.
(2012), 70% of PAH removal has been accomplished in the UV
applications performed by titanium dioxide (TiO2) addition to
treatment sludge.

TiO2 is one of the mostly applied photocatalysts because of
characteristics such as large surface area, stability, easily
obtained, and nontoxic. It is known that TiO2 disintegrates
organic materials by the hydroxyl radicals (OH.) formed by
means of the spaces in its valence band and the electrons in its
conduction band (Zhang et al., 2008). Another catalyst used
within that scope is diethylamine (DEA); DEA initiates chain
reactions by serving as an electron source of the photodegrada-
tion reactions bymeans of the noncollective electrons of nitrogen
(Lin et al., 2004). The removal and disposal resources are impor-
tant in terms of sustainable environmental quality.

This study aimed to investigate both PAH removal amounts
during UV and UV-photocatalyst applications and evaporation
ratios into air on the urban treatment sludges during PAH
removal applications. Furthermore, the effects of temperature,
photocatalyst type, and doses on PAH removal were explained.
An appropriate PAH removal application in which environmen-
tal convection of PAHs was minimized was determined by com-
paring the PAH amounts removed from treatment sludge and
penetrating into air at the end of 24 hr.

Materials and Methods

Sludge sampling

Sludge samples were taken from the belt filter press of an
urban wastewater treatment plant located in Bursa having a total
flow rate of 87,500 m3�day�1. The domestic origin accounted for
65% of the wastewater. The chemical oxygen demand (COD)
value of influent was 600–700 mg�L�1, and COD value of
effluent was 50 mg�L�1. The pH (Method 4500-Hþ), dry matter
content, and total organic carbon (TOC) (Method 5310B) of the
sludge were determined in accordance with the Standard
Methods (Clescerl et al., 2005). TOCmeasurements were carried
out using a Shimadzu SSM-5000 TOC analyzer (Shimadzu
Corporation, Kyoto, Japan) TOC-V CPN. Volatile organic com-
pounds (VOCs) and ash content of sludge were measured with
LECO TGA701 thermogravimetric analysis device (LECO
Corporation, Michigan, USA) according to ASTM (American
Society for Testing and Materials) D 5142-04. Other details of
the sludge characteristics are given in Table 1.

UV setup

The setup, which was specifically designed for this study by
our group, is shown in Figure 1. Nonorganic materials were used
in the setup to prevent interference with PAHs and it was fully

Table 1. Urban treatment sludge characterization

Parameter Value

pH 7.5
Dry matter 22%
Volatile matter 60.65%
TOC 33%
Ash 24.44%

Element %

H 5.27
C 38.03
N 6.56
S 1.06
Al 4.439
As 0.005
Ba 0.112
Ca 11.540
Cl 0.055
Cr 0.146
Cu 0.073
Fe 2.416
K 3.946
Mg 5.106
Mn 0.094
Na 0.007
P 13.014
S 0.591
Si 7.547
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insulated from external environmental conditions. The air taken
into the setup was purified from any organic contaminants by
employing inlet polyurethane foam (PUF) cartridge. It is known
that PUFs can collect effectively the PAHs in ambient air
(Contini et al., 2011; Esen et al., 2008). This property of the
setup makes it different from those used for solid matrix in the
literature (Zhang et al., 2008). Details of the setup were
explained by Karaca and Tasdemir (2013).

The setup, manufactured from stainless steel, was designed
with the purpose of identifying the impacts of UV-C rays and
temperature on PAH removal in the sludge samples in a con-
trolled system. Three UV-C lamps (Philips TUV G8T5;
Amsterdam, Holland) with a total power of 24 W were fixed
on the top of the chamber with 2 cm distance from each other.
The size of the setup was 45 � 30 � 55 (width � length �
height) cm. A metal fan was installed on the right side to homo-
genize the air inside the setup. The setup temperature could be
adjusted by a heater placed on the external surface of the setup.
The moisture and temperature inside the setup were monitored
by a HOBO-S-Thb M002 series sensor (Onset Computer
Corporation, Massachusetts, USA) and the data were collected
using a HOBO H21-002 data logger.

PAH removal experiments

UV, UV-TiO2, and UV-DEA applications. UV and UV-
photocatalyst (TiO2 and DEA) applications were carried out at
different temperatures. Experimental conditions are given in
Table 2. In the present study, nano-crystalline powder form of
TiO2 with a pH 4, specific surface area (Brunauer, Emmett, and
Teller [BET] method) of 50 m2/g, and loss on ignition (LOI) of
2% was used (Degussa, Essen, Germany). The average particle
size diameter was 20–30 nm (Pierzchala, 2010). ATiO2 powder
(Degussa P-25) shows high activity as photocatalyst and has
often been used in photocatalytic reactions. The powder contains
anatase (80%) and rutile (20%) phases (Ohtani et al., 2010).
TiO2 was added to the sludge with ratios of 0.5% and 20% of
dry sludge weight. Another additive used in this study was DEA
(CH3CH2NHCH2CH3) and the addition ratios of DEA were
0.5% and 5%. DEA contribute to removal of PAHs by activating
the photodegradation reactions during UV applications. In this
study, gas chromatography (GC)-grade DEA (Merck

8.03010.2500; Washington, USA) was used; GC area of was
�99%, density was 0.7 g/cm3 (at 20 �C), and pH value was 13.

Twenty grams of wet sludge (5 mm height) was spread on an
8-cm-diameter glass Petri dishes and then placed onto a shelf
designed in a fashion similar to grill shelves. The distance
between the shelf and UV source was 18 cm. The UV-C light
intensity applied to sludge samples was 0.6 mW�cm�2. The light
intensity was determined with a UV radiometer at 254 nm
(UVR-1; Topcon Inc., Tokyo, Japan) and was kept at the same
level for all the experimental trials. At the end of 24 hr, sludge
samples and PUF samples were prepared for PAH analysis.
Other details about setup and PAH removal applications were
given in a previous study (Salihoglu et al., 2012).

Sampling of the evaporated PAHs. The internal air was
vacuumed through outlet PUF columns at a flow rate of 0.8
m3.hr�1 to determine the PAH content evaporating from the
sludge (Figure 1). The PUFs that were placed at the inlet of the
setup were used to capture airborne PAH compounds.

PAH extraction, cleanup, and determination. The PAH con-
tent in the sludge and in the air before and after PAH removal
applications were measured. The targeted PAHs were chosen
from the priority pollutants list issued by the
U.S. Environmental Protection Agency (EPA). These PAHs are
phenanthrene (Phe), anthracene (Ant), fluoranthene, (Fl), pyrene
(Pyr), benzo(a)anthracene (BaA), chrysene (Chr), benzo(b)
fluoranthene (BbF), benzo(k)fluoranthene, (BkF), benzo(a)pyr-
ene (BaP), indeno(1,2,3-c,d)pyrene (InP), dibenzo(a,h)anthra-
cene (DahA), and benzo(g,h,i)-perylene (BghiP). Five grams of
raw wet sludge from urban wastewater treatment plant
(UWWTP) were weighted and placed in an amber colored
glass vial, and 20 mL of dichloromethane/petroleum ether
(DCM/PE) solvent with a mix ratio of 1:1 by volume was
added to the vial (Salihoglu et al., 2012). PAH experiments
were carried out on the samples to determine initial total PAH
content of the sludge. Sludge samples that were treated in the
setup were also placed in amber-colored glass vials and sub-
jected to PAH tests after the addition of 20 mL of DCM/PE (1:1)
(Salihoglu et al., 2012). Only GC-grade chemicals were used in
this study. The major chemicals used include DCM (Merck,
M106054; Washington, USA), PE (Merck, M101769), and hex-
ane (HEX) (Merck, M104371). The samples were ultrasonically
extracted (Karaca, 2013). Extracts were filtered through a
sodium sulfate column in order to remove any existing water
and impurities (Salihoğlu et al., 2010). Then, the sample was
concentrated to 5 mL in a rotary evaporator. The sample volume
was reduced to 2 mL under a gentle nitrogen stream. Then, it was
cleaned up with a cleaning column as described. Gentle nitrogen
stream was again used to decrease volume of the sample to 1 mL
(Vardar et al., 2008). Other details regarding extraction and PAH
analysis were described by Salihoglu et al. (2012).

Before their first usage, the PUFs were extracted with dis-
tilled water, methanol (MeOH), ACE/HEX (v:v, 1:1), and DCM
in a Soxhlet extractor (Isolab; Wertheim, Germany) for 24 hr and
then dried under 60 �C. PUF cartridges were kept in glass jars
with Teflon covers until usage (Cindoruk and Tasdemir, 2007).

Figure 1. The setup employed in the experiments (Karaca and Tasdemir, 2013).
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After sampling, the PUF cartridges were extracted for 24 hr in
the Soxhlet extractor with ACE/HEX (v:v, 1:1) mixture.

Quality assurance/quality control. Field blanks were used to
determine any contamination during the sample handling, trans-
portation, and analyses. They were prepared by filling thimbles
with 5 g of sodium sulfate (Salihoglu et al., 2010; Karaca, 2013).
Field blanks with 10% of the number of sludge samples were
collected (Wang et al., 2007).

During the sludge collection from the plant, amber-colored
bottles containing 5 g Na2SO4 were carried to the sampling site
and their lids were opened. At the end of the sample collection,
the bottle lids were closed and they were brought to the labora-
tory. In these blanks, we tried to determine any contamination
caused during the transportation, sample collection, and experi-
mental studies in the laboratory. A 20 mL DCM/PE (v:v, 1:1)
mixture and a 1-mL surrogate standard were added to all of the
blanks and stored at 4 �C until analysis. The blanks were
extracted and cleaned in the same manner as real samples. A
PAH surrogate standard at the amount of 4 ng�mL�1 (Standard
Mix A) was added to each sample (both sludge samples, field
blanks, and PUF samples) to determine recovery efficiencies of
targeted PAH compounds.

Pyrene d-10, 4 ng�mL�1, was spiked into the samples as an
internal standard for volume correction just before quantification of
the PAH compounds (Salihoglu et al., 2010). PAH concentrations
were measured using an Agilent model 7890 GC instrument
(Agilent; California, USA) equipped with an Agilent 5975C inert
XL mass-selective triple-axis detector (MSD). A limit of detection
(LOD) was determined for each PAH compounds. The LOD was
calculated as the mean blank plus 3 standard deviations (average þ
[3 � SD]) (Stevens et al., 2003; Tasdemir et al., 2004). All reported
values in this studywere higher than LODvalues and blank corrected
(Stevens et al., 2003; Tasdemir et al., 2004; Karaca, 2013).

Mass balance calculations. The quantities of the 12 PAH
species in the sludge (ng) were determined prior to the PAH
removal applications. The PAH masses (ng) remaining in the
sludge and migrating to air after the PAH removal applications
were then calculated. When the incoming air was purified from

PAHs, it could be stated that the sludge was the only PAH source
in the setup environment. At the end of each 24-hr experimental
period, the PAHs were expected to disappear, remain in the
sludge, or migrate to the indoor air. The total PAH content in
the device prior to the PAH removal application is shown asP

Input PAH in eq 1, whereas the total PAH content in the device
after the PAH removal application is shown as

P
Output

PAH. They should be equal to each other unless there is
transformation.

X
Input PAH ¼

X
Output PAH

P1þ P2 ¼ P3þ P4 (1)

where
P1 ¼ PAH content in the incoming air ¼ 0 ng;
P2 ¼ PAH content in the sludge at the beginning (ng);
P3¼ PAH content remained in the sludge after experiment (ng);

and
P4 ¼ PAH content in the outgoing air (migrated to the air) (ng).

Results and Discussion

Temperature variation applications—Evaporated
PAH ring distribution

The PAH removal studies in the sludge were performed in the
temperature range of 25, 34, 38, and 53 �C. There were some
increases in the PAH amounts evaporating based on increasing
temperature (Figure 2). It was observed that the dominant com-
pounds evaporating from the sludge were the 3-ring ones (Phe
and Ant), composing 80% of total PAHs. It is known that the
light compounds tend to evaporate more than the heavy com-
pounds based on high vapor pressures, which were promoted by
increasing temperature (Huang et al., 2004; Wang et al., 2005).
The 4-ring compounds (Fl, Pyr, BaA, and Chr) compose 15% of
the PAHs penetrating into the air, and the 5-ring compounds
(BbF, BkF, BaP, InP, DahA, and BghiP) compose approximately

Table 2. Experimental conditions

Parameters

Sample Number UV Temperature (�C)* TiO2 Dose (%) DEA Dose (%)

1 � 34 — —

2 þ 34 — —

3 þ 25 0.5 —

4 þ 25 20 —

5 þ 53 0.5 —

6 þ 53 20 —

7 þ 38 — 0.5
8 þ 38 — 5
9 þ 53 — 0.5
10 þ 53 — 5

Note: *Average temperature value for 24 hr.

Karaca et al. / Journal of the Air & Waste Management Association 64 (2014) 568–577 571



1%. It was determined that the amount of 3-ring PAH com-
pounds increased with temperature. A 25% increase was deter-
mined in the amount of 3-ring compounds in the air by
increasing of temperature from 25 to 53 �C.

In the PAH removal applications (without UV,with UV,UV-TiO2,
and UV-DEA), it was observed that although the experimental con-
ditions were different, the evaporating PAH amount increased with
temperature. Evaporated PAH amounts increased with temperature
(Figure 2) and they were statistically significant (t test, P ¼ 0.05).
The loss with temperature was statistically significant especially for
Phe, Ant, BaA, BbF, and BkF (P ¼ 0.05).

In the first removal application performed at 34 �C, the 3-ring
PAH amount (Phe and Ant) in PUF sample was determined with
80% in the UV-free case, whereas this amount was 91% during
UVapplication. On the other hand, it was determined that 20% of
the evaporated PAHs at 34 �C without UVapplication consisted
of the 4-ring compounds (Fl, Pyr, BaA, and Chr), whereas the 5-
and 6-ring ones (BbF, BkF, BaP, InP, DahA, and BghiP) were not
found in air. As a result of the applications performed with UV
light at the same temperature, 6% of the PAHs consisted of 4-ring
compounds, whereas 3% consisted of 5-ring compounds. During

UV application, the 5-ring BbF and BkF compounds also pene-
trated into air. Furthermore, no 6-ring compounds were found in
the air samples.

When the UV-DEA applications were performed, it was observed
that the 3-ring PAH compounds were the dominant ones in evapo-
rated air from the sludge for both temperature ranges (38 and 53 �C).
Whereas the 3-, 4-, and 5-ring compounds were found with percen-
tages of 88%, 10%, and 2%, respectively, in the PUF samples at
38 �C, these percentages were 92%, 5%, and 2%, respectively at
53 �C. It can be stated that the increasing amounts of 3- and 4-ring
compounds rather than the 5-ring ones were due to higher evapora-
tion tendency than the 5-ring ones (Huang et al., 2004).

The UV-TiO2 application results showed that the penetration of
PAHs from sludge to air was 73% for 3-ring compounds, 25% for
4-ring compounds, and 2% for 5-ring compounds at 25 �C. These
ratios were determined as 90% for 3-ring and 10% for 4-ring
compounds at 53 �C. It was shown that more volatile PAH
compounds evaporated with increasing temperature.

UV applications

The total PAH amount in the urban treatment sludge decreased
40% by keeping the sludge samples at 34 �C in an environment
isolated from UV lights for 24 hr. Under these conditions, the
evaporation based on temperature was the basic mechanism on
removal of PAH. Similarly, in the study performed by Wang et al.
(2005), it was found that the PAH amount in a solid matrix
decreased by evaporating over time. The PAH removal by the
UVapplication performed at the same temperature increased up to
45%. After the UVapplication, it was determined that the removal
of 4-, 5-, and 6-ring compounds had especially increased. In the
solid matrices, it is known that the UV-C lights easily penetrate
into heavier compounds and facilitate removal (Guieysse et al.,
2004; Zhang et al., 2008). In the present study, it was reasonable
to expect a 5% increase of PAH removal during UVapplications
by removal of 4-, 5-, and 6-ring compounds with photodegrada-
tion, as can be seen in Figure 3. The comparison of the removal

Figure 2. Evaporation of PAHs in sludge with increasing temperature.

Figure 3. Effect of UVon removal and evaporation of PAHs. (a) 34 �C; (b) UV, 34 �C.
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ratio among UVapplications was tested by considering t test and
they were not statistically significant at P ¼ 0.05. Detailed dis-
cussions about removal of PAH from urban treatment sludge
during UVapplication can be seen in Salihoglu et al. (2012).

The total PAH amount evaporating from the sludge to the air
at 34 �C without and with UV were 468 ng (23% of total PAH)
and 259 ng (13% of total PAH), respectively. The decreased
amount of PAH evaporating into air by increasing the removal
efficiency after UV application showed that some part of the
PAH compounds turned into other organic compounds after the
photodegradation process. It is known that PAHs in various
matrices (such as air, soil, etc.) can convert to PAH-dione com-
pounds with the effects of the radicals and/or oxygen induced at
a singlet level (Wang et al., 2009; Sotero and Arce, 2008;
Fioressi and Arce, 2005). In the present study, PAH amount in
the sludge decreased after the UVapplication, and PAH amount
in the air also decreased by possible convertion of PAHs to
various other organic compounds during photodegradation. On
the other hand, it is thought that some 4-ring compounds might
have converted to 3-ring PAH compounds (Guieysse et al.,
2004). After convertion, 3-ring compounds evaporated. It is
possible to explain the increased concentration of Ant in the air
after the UVapplication by this way.

P
Input Ant amount was 25

ng. At the end of the 24-hr experimental study, residual Ant
amount in the sludge was measured as 11 ng and evaporated

Ant amount was 27 ng. Mass balance calculations for Ant
compound showed that

P
Input Ant <

P
Output Ant, as can be

seen below.
X

Input for Ant P1þ P2ð Þ <
X

Output for Ant P3þ P4ð Þ

0þ 25 < 11þ 27

In the light of these data, it can be stated that heavy PAH species
(4- and 5- rings) or other organic compounds in the sludge
content were transformed into relatively light PAHs, such as
Ant, during the UV application. Sludge was the unique PAH
source in the setup and there was no other PAH sources.
Therefore, it is possible to have phototransformation to Ant.
Schnoor (1996) reported a table where phototransformation
was a significant reaction for Ant.

UV-DEA applications

The variations in PAH removal ratios and evaporated PAH
amounts during UV-DEA experiments are shown in Figure 4.
Approximately 40% S12 (total of 12) PAH removal was obtained
as a result of the UV-DEA application with 0.5% DEA addition

Figure 4. The effect of UV-DEA applications on removal and evaporation of PAHs. (a) 0.5%DEA, 38 �C; (b) 5%DEA, 38 �C; (c) 0.5%DEA, 53 �C; (d) 5%DEA, 53 �C.
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at 38 �C. The PAH removal ratio decreased to 10% by increasing
the amount of DEA added to the sludge at 5%. It is estimated that
the decreasing PAH removal efficiencies by increasing DEA
dose are attributed to “poisoning effect.” It is known that cata-
lysts behave in a system-inhibiting manner at particular doses
(Cebe, 1995). Detailed evaluations on the effects of DEA for the
removal of PAHs in urban sludge are found in a study by Karaca
and Tasdemir (2011).

At 38 �C, evaporated S12 PAH amounts from the samples
containing 0.5% and 5%DEAwere 196 and 243 ng, respectively
(Figure 4). The molar ratios of the initialS12 PAH amounts in the
sludge were 18% and 22% for 0.5% and 5% DEA, respectively.
The PAH amounts evaporating from the sludge containing 0.5%
and 5% DEA increased up to 200 ng (19%) and 260 ng (24%)
with an increased temperature (53 �C). The amounts of evapo-
rated PAHs (Figure 4) at different temperatures were statistically
different (t test, P ¼ 0.05). During UV-DEA applications, it was
also found that evaporation was especially effective in removal of
light compounds from the sludge (Salihoglu et al., 2012; Karaca
and Tasdemir, 2011; Karaca, 2013). In previous studies, DEA
was used as an additive in photodegradation of PCBs (Lin et al.,
2000, 2004). In the study performed by Lin et al. (2004), it was
suggested that the PCBs turn into low chlorine PCBs via radicals
of DEA and de-chlorination reactions. In the present study, it was

thought that PAH compounds having higher rings turned into
lower rings. Furthermore, the PAH compounds other than the 12
compounds examined or other organic compounds might have
transformed into light PAH compounds via photodegradation.
Therefore, it was concluded that DEA addition did not make
high contribution to removal of PAHs. Furthermore, it was also
concluded that it would be a correct approach to add a photo-
catalyst other than DEA.

UV-TiO2 applications

The variations in PAH removal ratios and evaporated PAH
amounts during UV-TiO2 experiment are shown in Figure 5. At
25 �C, PAH removal efficiencies of the samples containing 0.5%
and 5%TiO2 ratiowere 80% and 71%, respectively. These values
at 53 �C were determined to be 71% and 63%, respectively. The
highest PAH removal value was achieved by using a 0.5% TiO2

at low temperature. When TiO2 absorbs UV-C light, a paired
negatively charged electron and positively charged holes (elec-
tron [e�] and cell [hþ]) emerges (Fujishima et al., 1999). The
positive hole degrades water molecules, producing a hydroxyl
radical (OH.) (Quan et al., 2005; Kawahara et al., 1995). In the
present study, the humidity of the sewage sludge used in this
study was about 78%. It is believed that the H2O molecules

Figure 5. The effect of UV-TiO2 applications on removal and evaporation of PAHs. (a) 0.5% TiO2, 25 �C; (b) 20% TiO2, 25 �C; (c) 0.5% TiO2, 53 �C; (d) 20% TiO2,
53 �C.
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adsorbed by the TiO2 on the surface and produced OH
. radicals.

Moreover, O2
.� might have been created from the reactions

between O2 absorbed from the atmosphere on the sludge surface
and electrons in the environment (Quan et al., 2005). These
radicals might have degraded PAH compounds in the sludge. It
is possible for these radicals to break the benzene ring in the
structure of the PAHs together with UV rays to cause photode-
gradation (Kubat et al., 2000). Thus, PAH removal ratios
decreased with increasing of TiO2 dose.

Increasing the TiO2 amount added to sludge may have caused
the light to be scattered and thus not able to penetrate into the
sludge (Zhang et al., 2008). Zhang et al. (2008) studied the PAH
removal from soils with UV-TiO2 applications. They reported that
increasing the amount of TiO2 may cause a scattering effect by
catalyst particles attenuating the light absorption inside the setup.
One possible explanation of the decrease in PAH removal when the
amount of TiO2 increased from 0.5% to 20% is that low loading of
TiO2 has provided enough catalyst surface area and the rest could
have caused a scattering effect. Moreover, surface poisoning may
have occurred in the catalysts (Cebe, 1995). Here, the matter in
question is whether the reaction products forming on the surface of
the catalyst diffused in the capillary pores of the catalyst by com-
peting with the reactant to cause surface poisoning.

The sludge samples containing 0.5% and 5% dry weight of
TiO2 were exposed to UV lights for 24 hr at two different tem-
peratures of 25 and 53 �C. The evaporated PAHs from sludgewere
determined as 15% (0.5% TiO2) and 17% (5%TiO2) at 25 �C, and
12% (0.5% TiO2) and 11% (5% TiO2) at 53 �C. It was observed
that the evaporated PAH levels did not rise with increasing tem-
perature, as it did during UV-DEA application. The comparisons
of the evaporated PAH amounts (Figure 5) at different tempera-
tures were not statistically significant (t test, P ¼ 0.05). It was
concluded that this situation was caused by the removal of the
PAHs by instant degradation because of the impact of the radicals
with very high reaction tendency not finding any opportunity for
evaporation. It was stated that photodegradation of PAHs happens
faster than evaporation (Wang et al., 2005).

In the UVapplications performed at 53 �C, when the effects of
DEA and TiO2 on removal of PAHs were considered, it was
observed that the average efficiency values for S12 PAH were
25% and 70%, respectively. After the UV-TiO2 applications with
high PAH removal, the total PAH levels found to be penetrating
the air were lower than the PAH levels obtained by application of
UV-DEA. This case has shown that the PAH compounds turned
into intermediate compounds at the end of the photodegradation
reactions by absorption of UV light with TiO2 (Dabrowska et al.,
2008). Wen et al. (2003) suggested that Phe and Pyr turned into
phenanthrene dialdehyde and 1,6-pyrenedione compounds by
photodegradation during UV-TiO2 applications. In another
study, after the UV-TiO2 applications, it was emphasized that the
3-, 4-, and 5-ring PAHs turned into different organic compounds
and the final products did not have any toxic characteristics in
accordance with the EC50 toxicity tests (Woo et al., 2009).
Moreover, some researchers have stated that the products formed
as a result of photodegradation of PAHs may have toxic charac-
teristics like PAHs (Kot-Wasik et al., 2004; Mallakin et al., 2000).

In the UV-TiO2 applications, it can be considered to be an
advantage that the PAH removal ratio is high and the PAH amount

released to the air is low. Therefore, it was concluded that using
TiO2 as a photocatalyst is a more effective solution than DEA to
minimize PAH pollution of sludge and the atmosphere. It was
suggested that the PAHs in the sludge were not only sent away,
they were also removed by means of the UV-TiO2 applications.

Conclusion

It is important to restrict the evaporation of pollutants in the
sludge during removal process. After the removal applications, it
is an undesired circumstance that the pollutant amount in the
sludge decreases and the air pollution increases. There are some
alternative methods for removing semivolatile organic com-
pounds (SVOCs) in solid matrices such as treatment sludge. In
these applications, the tendency of convection into air due to
volatility of SVOCs such as PAHs should be taken into consid-
eration in terms of convection of pollutants. In the present study,
the effects of temperature and photocatalysts on removal process
of PAHs in urban treatment sludge have been taken into con-
sideration and analyzed and the PAH amounts penetrating into
air environment during these removal applications were
determined.

It was determined that the temperature rise in PAH removal
applications increases the amount of PAH evaporating into air.
Three-ring compounds accounted for more than 80% of evapo-
rated PAHs. Approximately half amount of the removed PAHs
has evaporated after the UVapplication. In the UVapplication, it
was thought that the transformation of heavy PAH compounds
(4- and 5-ring compounds) into light compounds (3-ring com-
pounds) and formation of various compound groups during the
photodegradation process has been effective on the PAH removal
process. It was observed that DEAwas not an appropriate cata-
lyst neither for the PAH removal process nor for restricting
penetration of PAHs into air during UV application, such that
the PAH removal efficiencies of the sludge added with DEA
have not increased over 40%. In the UV-TiO2 applications,
although the PAH removal ratios up to 80% were obtained, it
was determined that the PAHs penetrating into air were at low
levels and did not exceed 15%.When the PAH removal studies of
the sludge samples containing DEA and TiO2 were compared, it
was observed that not only higher PAH removal rate was
obtained by UV-TiO2 applications, but also the PAH amount
released to air was lower. It was concluded that the UV-TiO2

application is a more appropriate removal alternative for mini-
mizing PAH pollution of sludge and atmosphere.

In future studies, the optimum dose for UV-TiO2 applications
should be determined and more detailed evaluations should be
performed by analyzing the toxicity of the formed products. On
the other hand, the impact of temperature on the PAH removal
process should be taken into consideration and it should be tried
to keep the PAH amount evaporating into air at minimum level
by determining the optimum operating temperature.
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