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a  b  s  t  r  a  c  t

A  laboratory-scale  aerobic  activated  sludge  reactor  (AASR)  system  was  employed  to  investigate  the  effects
of SRT  on  the  removal  of  three  less  hydrophobic  and  six  more  hydrophobic  PAHs  in the  presence  of
rhamnolipid  (RD),  emulsan  (EM)  and  surfactine  (SR)  biosurfactants.  Among  the  biosurfactants  it  was
found  that  RD  exhibits  a better  performance  than  the  others  in  the  removal  of  PAHs.  At  a RD of  15  mg  l−1

aerobic  treatment  for  25  days  SRT  was  enough  to remove  over  90%  of the  total  PAHs,  88%  of the COD
originating  from  the  inert  organics  (CODinert) and  93%  of  the  COD  originating  from  the  inert  soluble
microbial  products  (CODimp). At  this  SRT  and  RD  concentration,  about  96–98%  of the  RD  was  biodegraded
by  the  AASR  system,  1.2–1.4%  was  accumulated  in  the  system,  1.1–1.3%  was  released  in the  effluent,  and

−1 −2

olyaromatic hydrocarbons
ludge retention time
cute toxicity

1.2–1.4%  remained  in  the  waste  sludge.  The  addition  of electron  acceptors  (NO3 , SO4 )  and  increasing
of  temperature  up to 45 ◦C enhanced  the  PAH  yields.  The  most  effective  PAH  degradation  occurred  in
high-oxygenated  and  neutral  pH  conditions.  The  PAH  concentration  affecting  half  of  the  Daphnia  magna
organism  (EC50 value)  was  reduced  from  EC50 =  45.02  ng  ml−1 to  the  PAH  concentration  affecting  only  6%
of  the  live  Daphnia  magna  (EC6 =  5.30  ng ml−1)  at the  end  of  the  aerobic  treatment  at  a  SRT  of  25  days.

ting  f
Toxicity  removals  origina

. Introduction

Many PAHs are priority pollutants listed by the US Environ-
ental Protection Agency and they cannot be removed effectively

n activated sludge systems. Not many studies have been per-
ormed investigating the effects of sludge retention time (SRT) on
he treatment of petrochemical wastewaters in aerobic activated
ludge reactor systems. Namkung and Ritmann found that the total
AH removal efficiencies varied between 1% and 61% in the acti-
ated sludge systems at a SRT of 20 days [1].  Some investigators
ave considered the yields of PAHs through the biological reaction
tage in an aerobic reactor at different SRTs [2,3]. Potential advan-
ages of biosurfactants include their unusual structural diversity
hat may  lead to unique properties, the possibility of cost-effective
roduction, and their biodegradability [4].  These properties make
iosurfactants a promising choice for applications in enhancing
AHs degradation.

In Izmir, Turkey, wastewaters from the petrochemical industry
re treated with conventional activated sludge systems. Petro-

hemical industry wastewater treatment plants may  have acted
s a source of PAH pollution in the environment because high
oncentrations of PAHs are usually detected in petrochemical

∗ Corresponding author. Tel.: +90 232 412 71 19; fax: +90 232 453 11 53.
E-mail address: delya.sponza@deu.edu.tr (D.T. Sponza).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.101
rom  the PAHs  were  96%.
© 2011 Elsevier B.V. All rights reserved.

industry wastewater treatment plant influent, effluent and dewa-
tered sludge [5,6].The studies performed by our team showed that
the PAHs are usually removed by processes such as biodegra-
dation, sorption, and volatilization, etc. in aerobic treatment
plants [7].  We  reported that volatilization and abiotic hydrolysis
of PAHs can be ignored [7].  Therefore, biodegradation in acti-
vated sludge systems could be the major mechanism for PAH
removal in petrochemical industry wastewater. Since such sys-
tems are unable to completely remove the three less hydrophobic
PAHs with three benzene rings [(acenaphthene (ACT), flourene
(FLN) and phenanthrene (PHE)] and six more hydrophobic PAHs
with five and six benzene rings [(benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), indeno(1,2,3-
cd)pyrene (IcdP), dibenz(a,h)anthracene (DahA) and benzo(g,h,i)
perylene (BghiP)] these are released into receiving bodies. In acti-
vated sludge systems the SRT should be long enough to provide
sufficient retention time for contact of biomass with toxic organ-
ics like PAHs and inhibitory substances. The SRT values typically
used in full-scale aerobic wastewater treatment plants are in the
range of 4–10 days for carbon oxidation [8].  For the treatment of
wastewaters containing inert and toxic compounds the activated
sludge systems should be operated as long as necessary in order

to maintain enough contact time between the microorganism and
organic substrates in question.

The studies performed until now have been concerned with the
aerobic degradability of low molecular weight hyrophilic PAHs [9].

dx.doi.org/10.1016/j.jhazmat.2011.09.101
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:delya.sponza@deu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2011.09.101
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he fates of more hydrophobic PAHs with high molecular weights
ave not been investigated in detail for petrochemical wastewaters.
n the other hand, high molecular weight compounds may  be com-
onents of bacterial cells that lysed during the endogenous stage or
ome extracellular polymeric substances derived from suspended
acteria within the aerobic sludge reactors [10]. A large proportion
f PAHs remained in the treatment system until discharged. In the
resence of surfactants the solubility and the biodegradability of
AHs were stimulated so that they could be taken up by the bac-
erial cells, could be used as carbon and energy source or could be
sed throughout co-metabolism [8–10]. Fast PAH and inert organic
ubstrate diffusion from aqueous media to bacteria cells occurred
ia increasing mass transfer rates in the presence of biosurfac-
ants. This caused a decrease in the inert fraction of the COD and
AH in the effluent [8,10].  The dissolved COD (CODdis) parameter
sed for substrate utilization cannot give enough information about
he degradation of organic matter [11]. The inert soluble microbial
roducts generated from the biomass decay, from the endogenous
espiration and from the hydrolysis of slowly degradable organics
n the AASR. The determination of soluble inert COD (CODinert) of
nfluent wastewater and CODimp generated in the biological treat-

ent gains importance for meeting the stringent discharge limits
nd aquatic toxicity. These fractions become the major constituents
f the effluent COD and they by-passed the AASR system without
eing affected by the biochemical reactions between substrate and
acteria. This is important for refractory wastewater treatment,
uch as in the petrochemical industry [11].

PAH removal efficiencies are low in the petrochemical indus-
ry wastewater treatment plants for activated sludge processes in
zmir. For this reason, in this study, it was aimed to determine
he best biosurfactant (among RD, EM and SR) to improve bac-
erial activity when treating the petrochemical wastewaters. The
ffects of increasing SRT and RD biosurfactant concentrations on the
emovals of three less hydrophobic (ACT, FLN and PHE PAHs with
hree benzene rings) and six more hydrophobic PAHs (BbF, BkF, BaP,
cdP, DahA, BghiP PAHs with five and six benzene rings) (Table 1)
nd on the removals of CODdis, CODimp, CODinert removals in a real
etrochemical industry wastewater were investigated in an AASR
ystem. The fates of RD and PAHs were investigated in the AASR sys-
em. The effects of some environmental conditions (dissolved oxy-
en, temperature, electron donors and pH) on the PAH yields were
nvestigated. Furthermore, the effect of increasing SRTs on acute
oxicity removals was investigated using the Daphnia magna test.

. Materials and methods

.1. Experimental set-up

An aerobic activated sludge (AASR) system made of stainless
teel was used in the experimental study. The configuration of the
ASR reactor is illustrated in Fig. 1. It consists of an aerobic (effective
olume = 9.0 l) and a settling compartment (effective volume = 1.3
). The AASR was continuously fed from the bottom by a feeding
ump with raw wastewater taken from the influent of the aeration
ank of wastewater from the petrochemical industry. The AASR was
erated by an air pump and porous diffusers to maintain the DO
oncentrations between 4 and 6 mg  l−1. The effluent wastewater
rom the aeration tank to the sedimentation tank passed through
oles in a plate inclined at 45◦ to the horizontal axis. Effluent leaving
he sedimentation tank was collected in an effluent tank.
.2. Chemicals

PAHs and solvents used in GC–MS, RD, EM and SRr were pur-
hased from Aldrich Chemical Company and have purities of 99%
Fig. 1. Configuration of aerobic activated sludge reactor (AASR) system.

or greater. A mixture of R1 and R2 RD biosurfactants (commer-
cially known as JBR natural biosurfactant) was used in this study.
The second biosurfactant EM is a complex extracellular acylated
polysaccharide produced by the Gram-negative bacterium Acine-
tobacter calcoaceticus. SR is a very powerful surfactant commonly
used as an antibiotic. It is a bacterial cyclic lipopeptide, mainly
known for its exceptional surfactant power. Its amphiphilic prop-
erties help this substance to survive in both hydrophilic and
hydrophobic environments.

2.3. Operational conditions

In this study real wastewater was taken from the influent of
the aerobic tank of the petrochemical industry wastewater treat-
ment plant in Izmir, Turkey. The activated sludge was taken from
the recycle line of the final settling unit of the aeration tank. The
flow rate and hydraulic retention time (HRT) were constant as
2 l d−1, and 5 days, respectively. The dissolved oxygen (DO) in
AASR was  adjusted to 4–6 mg  l−1 with an air pump at flow rates
of 2.5–4.5 l day−1 The SRTs were adjusted to 5, 15, 25 and 40 days
by discarding an appropriate volume of activated sludge daily from
the aeration tank of the AASR system. With each SRT change the
AASR reactor was  operated 20–25 days to reach steady-state con-
ditions. Steady-state conditions were defined by stable COD  and
PAH removals higher than 65–70% for seven consecutive days. The
results given in tables and figures are data representing the steady-
state conditions. The food to mass (F/M) ratio and organic loading
rate (OLR) in the AASR system were measured as 0.14 g COD g−1

VSS d−1 and 0.34 g COD l−1 d−1, respectively. The mixed liquor sus-
pended solid (MLSS) and mixed liquor volatile suspended solid
(MLVSS) concentrations in the AASR were 2950 and 2356 mg l−1,
respectively.

The OU, OUR tests were performed in 500 ml  glass flasks
containing mixed samples of wastewater-biomass taken from
the AASR. They were capped with silicone suba-seal septa
(Sigma–Aldrich) and wrapped with aluminium foil to prevent pho-
tolysis.

The flasks were divided into five groups, high-oxygen and low-
oxygen, anaerobic and anoxic conditions. For the high-oxygen con-
dition the flask was aerated with an air pump every day to reach
dissolved oxygen concentrations of 4–6 mg  l −1. For the low-oxygen
condition, the flask was  treated as that of non-oxygen condition

but about 2 ml  N2 gas in the flask was then replaced with puri-
fied oxygen gas (>99.9%), and the 2 mg  l −1 content was obtained
by replacing N2. During these tests the dissolved oxygen was
measured frequently. During the biodegradation experiment, the
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Table 1
Physical and chemical properties of the PAHs studied in this study.

PAHs CAS-No Molecular
formula

Mw (g mol−1) Tm (◦C) Tb (◦C) Sw (25 ◦C) (mg  l−1) Vp (25◦C)
(mmHg)

H (25 ◦C)
(atm m3 mol−1)

log KOA

(25 ◦C)
log KOW

ACT 83-32-9 C12H10 154 93 279 390E−02 2.15E−03 1.84E−04 6.52 3.92
FLN 86-73-7  C13H10 166 115 295 169E−02 6.00E−04 9.62E−05 6.9 4.18
PHE  85-01-8 C14H10 178 99 340 115E−02 1.21E−04 3.35E−05 7.68 4.46
BbF  205-99-2 C20H12 252 168 – 1.50E−03 5.00E−07 6.57E−07 11.34 5.78
BkF  207-08-9 C20H12 252 217 480 8.00E−04 9.70E−10 5.84E−07 11.37 6.11
BaP  50-32-8 C20H12 252 177 495 1.62E−03 5.49E−09 4.57E−07 11.56 6.13
IcdP 193-39-5 C22H12 276 164 536 1.90E−04 1.25E−10 3.48E−07 12.43 6.70
DahA 53-70-3 C22H14 278 270 524 2.49E−03 1.00E−10 1.23E−07 12.59 6.75
BghiP  191-24-2 C22H12 276 278 >500 2.60E−04 1.00E−10 3.31E−07 12.55 6.63

A (BbF),
d t, Tm
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cenaphthene (ACT), flourene (FLN), phenanthrene (PHE), benz[b]fluoranthene 

ibenzo[a,h]anthracene (DahA), benzo(ghi)perylene (BghiP), Mw: Molecular weigh
enry‘s law constant, log KOW: Octanol–water coefficient, log KOA: Octanol–air coef

ow- oxygen condition was maintained by refilling oxygen gas
very 2 days to compensate for the oxygen utilized by the microor-
anisms in the flask. The anaerobic condition was obtained by
acuuming the headspace in the conical flask for 30 s, then refill-
ng it with about 90 ml  purified N2 gas (>99.9) with a syringe.
his procedure was repeated three times to ensure that all of the
xygen inside the flask was replaced by N2 gas. The anoxic con-
ition was performed under zero dissolved oxygen and by adding
0–125 mg  l −1 NaNO3 to the glass flasks. The effects of Fe+2, SO4

−2

n PAH yields were investigated by adding 40–60 mg  l−1 FeSO4
−2

nd 55–125 mg  l −1 CaSO4
−2 to the glass flasks. The oxygen content

n each flask was monitored with an oxygen-meter. The pH of the
atch tests were adjusted by 0.5 N H2SO4 and 0.2 N NaOH (Table 1).

.4. Analytical procedures

.4.1. Measurement of conventional parameters
Dissolved chemical oxygen demand (CODdis), Oil-grease, BOD5,

otal suspended solid (TSS), mixed liquor volatile suspended solid
MLVSS) and mixed liquor suspended solid (MLSS) measure-

ents were carried out according to Standard Methods [12]. The
otal nitrogen, total phosphate, ammonia nitrogen, nitrite nitro-
en, and nitrate nitrogen were measured spectrophotometrically
sing Merck kits numbered 14537, 14729, 14752, 14547, and
4773, respectively. Dissolved oxygen (DO) was measured using an
xygen-meter (WTW Oxi330). The oxidation–reduction potential
ORP) and the pH were measured with ORP-meter (WTW DO-
ET) and pH-meter (WTW pH 33i). The oxygen utilization rate
OUR) was measured by measuring the DO versus time in closed
lass bottles containing mixed wastewater and biomass taken from
he AASR. Heavy metals were measured in an ICP-OES follow-
ng Standard Methods [12]. The CODinert was measured using the
lucose comparison method. This method involves running three
atch reactors, two with the wastewater to be studied and the
hird with glucose. One of the wastewater reactors has the total
OD, and the second has the total soluble COD, whereas the ini-
ial COD in the glucose reactor is adjusted to equal COD value.
he experimental studies are performed until all the biodegrad-
ble COD is depleted, where the COD profiles reach a plateau
nd stay unchanged. The difference between glucose COD and
astewater COD gives the CODinert [11]. The inert soluble COD

enerated as residual microbial products by means of growth or
ecay associated processes (CODimp) was calculated from the [(final
oluble COD (remaining COD) − (CODinert)] [11]. RD, EM and SR
easurements were performed in an AquaMED spectrophotome-

er at wavelengths of 221, 298 and 302 nm.  After centrifugation

f the samples, 0.1 ml  sample was added to 0.9 ml  of a solution
ontaining 0.19% sorcinol and 53% H2SO4 for RD measurement.
fter heating for 20 min. at 100 ◦C the samples were cooled
t room temperature and the absorbances were measured in a
 benz[k]fluoranthene (BkF), benz[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (IcdP),
: Melting point, Tb: Boiling point, Sw: Solubility in water, Vp: Vapor pressure, H:
.

spectrophotometer versus standard RD concentrations [13]. For
quantification of EM,  hexadecane and two-methylnaphthalene, in
a 1:1 volumetric ratio, in a 20 mM tris–HC1 buffer solution con-
taining 10 mM MgSO4 was added, keeping a volumetric ratio of
samples to water of 1:75. The assay mixtures were shaken at 30 ◦C
in baffled flasks for 1 h. The resulting turbidity of the EM formed was
measured in the spectrophotometer. The data were correlated with
the standard curve for EM [14]. For SR measurement the samples
were washed four times by filtration. Then methanol was added
to the retentate until the concentration of methanol reached about
70% (v/v), and the solution was filtered through a 0.2 �m mem-
brane. The final filtrate was  concentrated by evaporation using a
Heidolph VV 2000 Rotavaporator [15]. All the microbiological anal-
yses were performed in media given in Standard Methods [12]. For
Pseudomonas aeruginosa enumeration M-PA agar was used after
48 h incubation at 35 ◦C following the detection and the identifica-
tion steps of this bacteria with growth in selective Bushneel Haas
and Thioglycollate Broths, respectively, at 35 ◦C three days. The
biochemical tests namely Voges Proskaver, Indol, Oxidase, Methyl
Red and Catalase tests were performed. Gram staining was  per-
formed to the isolated bacteria. The floc bacteria based on Zoogloea
ramigera were enumerated using the M-ZR agar with glucose and
yeast extract after 150 h incubation at 30 ◦C. Some biochemical
tests (flagella, pigment formations and hydrolysis of gelatin tests)
applied to the colonies in M-ZR agar to identify the bacteria.

2.4.2. PAH analysis and extraction of samples
Wastewater samples were filtered through a glass fiber filter

(47 mm diameter) to collect particle-phase in series with a resin
column (∼10 g XAD-2) to collect dissolved-phase PBDEs (poly-
brominated diphenyl ethers). All extracts were analysed for nine
PAHs with a gas chromatography (GC) (Agilent 7890) equipped
with a mass selective detector (Agilent 5975 inert MSD).  A cap-
illary column (HP 5-MS, 30 m,  0.25 mm,  0.25 �m) was used. High
purity helium was  used as the carrier gas at constant flow mode
(1.5 ml  min−1, 45 cm s−1 linear velocity). Signal to noise (S/N) was
taken into consideration for every PAH compound at their lowest
concentrations. The measured signal-to-noise (S/N) ratios varied
between 64 and 559. The limit of detection (LOD) and limit of quan-
tification (LOQ) data varied between 0.909 and 1.908 and between
1.175 and 5.201, respectively.

2.4.3. Daphnia magna acute toxicity test
Acute toxicity was  tested using 24 h born Daphnia magna as

described in Standard Methods [12]. Experiments were carried out

using 10 Daphnia magna introduced into the test beakers with
100 ml  effective volume at 7–8 pH, providing a minimum dissolved
oxygen concentration of 6 mg  l−1 at an ambient temperature of
20–22 ◦C. The results were expressed as the mortality percentage
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ffl.,  � IcdP effl., � DahA effl., © BghiP effl. (b); � ACT (%), © FLN(%), ♦ PHE (%), � Bb
D).

f the Daphnia magna after 24 h. Animals which were not able to
ove were determined as dead Daphnia magna.

.5. Statistical analysis

The regression analysis between y (dependent) and x (indepen-
ent) variables was carried out using Windows Excel data analysis.
n ANOVA test was performed in order to determine the statistical
ignificance between x and y variables.

. Results and discussion

.1. Start-up period of the AASR system for acclimation of
acteria to the petrochemical industry wastewater

The adaptation period is very important since the bacterial pop-
lation used as seed is going to be exposed to the petrochemical

ndustry wastewater in the AASR system. In order to ensure accli-
ation of the aerobic biomass to the petrochemical wastewater,

our lab-scale AASR systems were operated through 15–20 days
o reach steady-state conditions at each SRT from 5 up to 40 days

7]. Steady-state conditions were defined as COD and total PAH
emoval efficiencies higher than 75% and 65%, respectively, for 5–7
onsecutive days. The AASR systems reached steady-state condi-
ions after an operation period of 15–20 days, depending on the
ion times in AASR � ACT effl., � FLN effl; � PHE effl. (a); X BbF effl., – BkF effl., ♦ BaP
 � BkF(%), � BaP (%), X IcdP (%), � DahA (%), � BghiP (%) (c) (mean values) (without

SRTs studied. After this operation time, the PAHs and the total COD
removal efficiencies remained constant at approximately 69% and
between 70 and 79%, respectively, through continuous operation
in AASR systems without rhamnolipid [7].

3.2. Effects of increasing SRT on PAH, CODdis and CODinert, CODimp
removals in AASR system treating petrochemical wastewater

The results of this study showed that as the SRTs were increased
from 5 to 25 days the removals of less hydrophobic PAHs with
three benzene rings (ACT, FLN, and PHE) and more hydropho-
bic PAHs with five and six benzene rings (BbF, BkF, BaP, IcdP,
DahA, and BghiP) increased from 25 to 74% and from 69 to 87%
in the AASR system, respectively (Fig. 2). The removal yields of
the PAHs in question decreased from 70% to 63% and from 88%
to 67% as the SRTs were increased from 25 days up to 40 days.
Although the enzymatic activity of the biomass was highest at
low SRTs in the aerobic activated sludge reactor systems treat-
ing COD originating from the slowly degradable organics, long
SRTs are necessary to treat the wastewaters containing hydropho-
bic PAHs, the CODinert and the inhibitory substances. In this

study high SRTs such as 25 days provided enough contact time
between microorganisms and less and more hydrophobic PAHs
with low solubilities (1.90E-04; 3.90E-02 mg l−1), Henry’s law con-
stants (1.23E-07;1.84E-04 atm m3 mol−1) and low vapor pressures
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1.00E-10; 2.15E-03 mmHg) (Table 1). The reason for the decrease
n PAH yields at SRTs > 25 days could be attributed to the low enzy-

atic activities of the aged biomass and to the biomass decay in
he AASR system. Aged bacteria did not effectively degrade the
ydrophobic PAHs. As a result the PAHs accumulated in the AASR at
RTs > 25 days. The SRT increase induced more release of the inert
icrobial products due to decay mechanisms, endogenous respira-

ion and also metabolic products associated with bacteria. On the
ther hand, the increment of biomass in AASR was another factor
ecause high biomass or low F/M condition could cause a decrease

n the numbers of viable cells and consequently, an increase in
pecific decay rate of biomass. This caused more soluble inert isis-
etabolised cellular material concentration in the AASR system.

his soluble inert microbial products COD is usually the major com-
onent of the soluble organic matter, e.g., soluble COD in effluents
rom biological wastewater treatment plants [11].

There are approximately three to six orders of magnitude differ-
nce between ACT and BghiP PAHs in aqueous solubility, a tendency
o partition from hydrophobic organic matter into water, vapor
ressure at room temperature, and a tendency to partition between
ater and air Henry’s law constant. The octanol water partition

oefficient increased from 3.92 up to 6.75 indicating that aque-
us solubility decreased from PAHs with three benzene rings up
o PAHs with six benzene rings (Table 1). In general, PAHs become
ncreasingly less soluble in water with an increasing number of
enzenoid or other rings, and increasing molecular weight. ACT, a
hree-ring PAH, is soluble, with an estimated aqueous solubility of
round 390E-02 mg  l−1 at 25 ◦C. BghiP a six-ring PAH, has a much
ore limited aqueous solubility at a room temperature of approx-

mately 2.60E-04 mg  l−1. Lower molecular weight PAHs with three
ings also tend to be more volatile (i.e., have a higher vapor pres-
ure) and more readily partition into air from pure water (i.e., have a
igher Henry’s law constant). In this study, no significant difference

n PAHs yields was observed between some PAHs with three (ACT,
LN, and PHE), five (BbF, BkF, and BaP) and six rings (DahA, BghiP
nd BghiP) although the PAHs with high benzene rings became
ncreasingly less soluble in water with an increasing number of
enzenoid ring and molecular weight, and lower Henrry’s low con-
tant and less volatility which were biodegraded effectively in the
ASR system (Table 1).

Zheng et al. found that the lower weight PAHs with two, three,
nd four rings were biodegraded more rapidly than the higher
eight (≥5 ring) PAH compounds [16]. The transfer of PAHs from

he bulk liquid to the biomass is essential for aerobic removal
f hydrophobic PAHs. Since the hydrophobic PAHs are not solu-
le and the low Henry’s law constants characterize the relative
mount of a substrate that will enter the biomass; the removal of
hese PAHs causes serious problems in petrochemical wastewa-
ers. Haritash and Kaushik showed that the Henry’s law constant is
trongly associated with the transfer rate of PAHs to the biomass
ince the low Henry’s law constants or low vapor pressures of
he hydrophobic PAHs decrease their aerobic biodegradations [17].
n the other hand the studies performed by Feldmannova et al.

howed a linear correlation between PAH yields and physicho-
hemical properties of PAHs [18]. They reported that the PAH
emovals decreased in hydrophobic PAHs as the Henry’s law con-
tant and vapor pressure decreased. In contrast to these studies, in
he present research a significant linear correlation was  not found
etween hydrophobic PAHs and their physicochemical properties
R2 = 0.83, F = 2.45, p = 0.01). The aerobic degradation of hydropho-
ic PAHs is not dependent on the physichocemical properties of
AHs. In this study PAHs with three benzene rings (ACT, FLN, and

HE) were rapidly removed with more than 87% reduction at a
RT of 25 days (Fig. 2). The removal of other PAHs with five (BbF,
kF, and BaP) and six (IcdP, DahA, and BghiP) benzene rings var-

ed between 73 and 74% for the same sludge age indicating that
us Materials 197 (2011) 404– 416

the more hydrophobic PAHs were degraded with high removals
although these were not as high as the PAHs with lower weights.

The recalcitrance of PAHs may  play an important role in decreas-
ing the COD removal efficiency in affected treatment systems.
Substantial parts of the COD and PAHs may  be biodegradable while
other parts of the COD may  be inert in petrochemical wastewaters.
The COD parameter alone used for substrate utilization cannot give
enough information about the degradation of the organic matter.
Therefore, biological degradation parts and inert fraction of COD
must be determined since all design calculations need to deal with
biodegradable COD [11]. This is important for refractory and toxic
wastewaters such as the petrochemical industry.

The amount of organic carbon is only meaningful when it is
expressed in terms of various fractions with different mechanisms
and rates of biodegradation in petrochemical industry wastewa-
ters. In this respect, COD fractionation has been introduced as a very
useful tool for the evaluation of the aerobic activated sludge process
treating petrochemical industry wastewater. COD fractionation
involves identification of CODdis together with soluble CODimp and
CODinert fractions since they do not give any reaction in the acti-
vated sludge system and are released together with wastewater
discharge [7,11].  High PAH concentrations, CODs originating from
the soluble inert compounds, from the bacterial metabolites and
from the slowly degradable compounds such as in the petrochemi-
cal industry wastewater may  reduce the performance of treatment
plants [7]. The CODdis is hypothesized to consist of simple soluble
molecules that can be absorbed by the organisms. In the aerobic
hydrolysis, the CODdis is transformed into readily degradable COD
and a small fraction of inert COD. The soluble CODimp generated by
the hydrolysis of slowly degradable organics to readily degradable
organics and by the decay of biomass through endogenous phase
is directly converted into stored material in bacterial cells [7,11].
These stored compounds are subsequently used as a carbon and
energy source for growth purposes.

The CODinert concentration in the influent wastewater was
260 mg  l−1 while the CODimp increased from 0 to 98 mg l−1 in the
effluent samples (Table 2). The influent CODinert was not con-
sumed by the microorganisms throughout PAH degradation in
the AASR system. The effluent organic matter of the AASR sys-
tem treating petrochemical wastewater is composed of refractory
compounds, residual degradable substrates, intermediates, end
products, complex organic compounds, and soluble microbial prod-
ucts. The characteristics of the effluent organic compounds from
different wastewater treatment plants vary due to differences in
treatment processes and their operational conditions. Formation
of inert microbial products is found to increase during stress con-
ditions, e.g., hydraulic shock loads, low pH, nutrient deficiency,
and in the presence of toxic non-biodegradable compounds such
as hydrophobic PAHs. The results of this study showed that the
CODinert and CODimp concentrations increased mainly at a SRT of
40 days in the effluent samples. This could be attributed to the death
of aged bacteria through cell lysis. Furthermore the accumulation
of hydrophobic PAHs and long contact times between bacteria and
PAHs and their metabolites caused toxicity to the bacteria in the
AASR system. The metabolites produced from some PAHs in the
presence of RD and the toxicity of PAHs were given in next sections
(Tables 5 and 9).

3.3. Selection of biosurfactant

To determine the influence of some biosurfactants on the
growth and viability of the cells of floc bacteria and Pseudomonas

sp. the petrochemical industry wastewaters were treated with
three different biosurfactants, namely rhamnolipid (RD), emulsan
(EM) and surfactin (SR) and tested at a constant SRT of 25 days,
since the optimum sludge age for maximum total PAH and CODdis
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removals was  found to be 25 days (Table 2). These two  organisms
were selected since the predominant bacterial population in AASR
was  comprised of 93% Gram-negative bacteria principally Pseu-
domonas aeruginosa (53%), Zoogloea ramigera (floc bacteria, 30%),
Flavobacterium (7%) and Comamonas (3%) (data not shown). Fur-
thermore, the preliminary studies performed by our team showed
that Pseudomonas aeruginosa and Zoogloea ramigera are able to
isismetabolise the PAHs effectively in the presence of some bio-
surfactants at optimum doses [7].  According to the biochemical
tests results it was  found that the Voges Proskaver, the Indol, the
Oxidase and Methyl Red tests were negative while the catalase
test was positive. Gram staining showed that the isolated bac-
teria were Gram negative and rod shaped Pseudomonas bacteria.
Among the biochemical tests applied to the colonies in M-ZR agar
the flagella, pigment formations and hydrolysis of gelatin tests were
positive while the acid production from glucose and hydrolysis of
starch tests were negative. Gram staining result showed that the
Gram-negative, rod-shaped bacterium that formed characteristic
cell aggregates surrounded by gelatinous matrices, was Zoogloea
ramigera.

Tables 3a and 3b show the effects of different concentrations
of RD, EM and SR on the growth of Zoogloea ramigera and Pseu-
domonas aeruginosa bacteria in the AASR system. The biosurfactant
concentrations were chosen according to the recent literature and
our preliminary studies [5,7,12]. The presence of RD supported and
stimulated the cell growth with respect to the control whereas EM
and SR biosurfactants did not encourage the growth of floc bacteria
and Pseudomonas aeruginosa significantly. The viability of bacteria
cells decreased in the control AASR system, which contained only
raw petrochemical wastewater without biosurfactant. The addition
of 10 mg  l−1 RD to the AASR system resulted in an enhancement of
cell growth compared to the control (Tables 3a and 3b). However,
in the presence of 15 mg  l−1 RD the cell growth reached the highest
values. Comparison of the cell growth and viability with different
concentrations of RD also revealed that such surfactant is utilized
by the floc and Pseudomonas aeuruginosa bacteria probably as an
additional carbon source in the AASR system [19]. Biosurfactants
can improve the PAH bioconversion process by increasing the mass
transfer rates to cells [20]. In this study the contribution of the bio-
surfactant might be (i) to increase the mass transfer of PAH and
the all COD fraction from the activated sludge liquid to bacteria cell
and (ii) to change the hydrophobicity of the cell, and the changed
hydrophobicity might enhance the direct cell attachment to PAHs
and COD components.

As shown in Table 3a,  the growth of floc (Zoogloea ramigera) and
Pseudomonas aeruginosa bacteria increased, as the RD, EM and SR
bisurfactant concentrations were increased from 10 to 15, 25 and
40 mg  l−1, respectively. These levels of biosurfactants were bene-
ficial to both the floc and Pseudomonas sp. Bacteria growth. The
maximum bacterial growth was  between 107 and 108 colony in
100 ml−1 wastewater sample at 15 mg  l−1 RD concentration. The
number of bacteria were 105 colony and 104 colony in 100 ml−1

wastewater samples for 25 and 40 mg l−1 EM and SR biosurfactants,
respectively. However, the growth of Zoogloea ramigera and Pseu-
domonas aeruginosa bacteria were significantly delayed or inhibited
by the added surfactants at high levels, such as RD (>15 mg  l−1), EM
(>25 mg  l−1),and SR (>40 mg  l−1).When the concentrations of RD,
EM and SR surfactants were <15 mg  l−1, <25 and <40 mg  l−1, respec-
tively, no obvious effects on the growth of bacteria were noticed,
indicating that these surfactants did not affect the uptake of the
hydrophobic PAHs by the floc and Pseudomonas bacteria.

Table 3b shows the COD sub-categorisation in the presence of

15 mg  l−1 RD. The CODinert concentrations decreased to 30 mg  l−1

in the effluent of AASR resulting in a inert COD removal efficiency
of 88% at a SRT = 25 days. This could be explained by the uptake of
inert COD to the cell together with hydrolyzed slowly degradable
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Table 3a
Effects of biosurfactants on the bacterial cell number in AASR system treating PAHs (n = 3, mean values).

abn bc cRD dEM eSR

10 15 25 10 25 75 10 40 50

Z. ramigera f 2 × 102 4 × 103 8 × 107 9 × 105 3 × 102 2 × 105 2 × 104 4 × 102 5 × 104 6 × 102

g 2 3 8 4 3 × 2 5 4 2 4 3

a n (mg
f

o
T
e
t
g

w
w
t
a
t
b
s
I
l
o
i
c
T
t
t
o
b
R
b
i
w
a
b
d
r
P
h
b
b
c

3

r
(
5

T
V

w
o

P. aeruginosa 6 × 10 4 × 10 6 × 10 9 × 10

bn: Bacteria number (colony 100 ml−1); bc: Control; cRD: Rhamnolipid concentratio
:  floc bacteria, Zoogloea ramigera; g: Pseudomonas aeruginosa.

rganics through fast PAH diffusion with rhamnolipid. As shown in
able 3b,  the CODimp yield was 93% at a SRT = 25 days. In the pres-
nce of RD the bacteria released low extracellular materials since
he PAH could be used effectively by the PAH degrading microor-
anisms compared to no RD amended AASR as shown in Table 2.

The existence of surfactants could increase the solubility of PAHs
ith three, five and six benzene rings and they were probably used
ith PAHs as the carbon and energy source [20]. Normally, bac-

eria only utilize solubilized PAHs. Thus, the presence of RD, EM
nd SR biosurfactants at optimum concentrations may  stimulate
he biodegradation of hydrophobic PAHs to be taken up by the
acteria. In the present study, the growth of both bacteria was
lightly increased with low biosurfactant concentration (10 mg  l−1).
t was observed that Microbacterium sp. did not grow when the RD
evel exceeded 40 mg  l−1 [19]. Yin et al. showed that the addition
f 200 mg  l−1, RD increased the PHE, ANT PAH removals in an oil
ndustry wastewater [21]. Zhu and Zhang reported that a RD con-
entration of 50 mg  l−1 increased the PHE and CHR PAH yields [22].
his optimum RD concentration is significantly higher than that
he RD dose used in this study. Yin et al. found that the biodegrada-
ion of PAHs could be promoted by reducing the interfacial tension
f wastewater [21]. An exponential increase in bacterial cell num-
er even during hydrophobic PAHs degradation was observed with
D (Tables 3a and 4) and this can be attributed to the growth of
iomass on PAHs and their catabolic intermediates [20]. The stud-

es performed by Lei et al. showed that little or no PAH degradation
as observed at high biosurfactant concentrations [23]. The neg-

tive observations regarding the biosurfactants can be explained
y one or more of the following effects: (a) toxicity of surfactants
ue to surfactant-induced permeabilization or lysis of the bacte-
ial cell membrane, (b) toxicity of biosurfactant enhanced aqueous
AH concentrations, (c) prevention of bacterial adhesion to the
ydrophobic PAHs. Decreases in bacteria concentrations at high
iosurfactant concentrations could be attributed to the reduced
ioavailability of the biosurfactant as a barrier to hinder direct
ontact of bacterial cells to micellar-phase PAHs [22].

.4. Effect of SRT and RD concentrations on the removal of PAHs
In order to determine the optimum RD dose for the maximum
emovals of PAHs with three, five and six benzene rings; 10 mg  l−1

RD 10), 15 mg  l−1 (RD 15), 30 mg  l−1 (RD 30), and 50 mg  l−1 (RD
0) RD were administered to the feed of the AASR system at

able 3b
ariation in COD subcategories in the presence of 15 mg  l−1 RD (n = 3, mean values).

SRTa SRT 10 days 

CODdis CODinert CODimp

wi 1345 260 0 

we 121 83 29(65b) 

wr 86 68 55 

i: Influent wastewater; we: Effluent wastewater; wr: Removal efficiency in wastewate
riginating from the inert compounds (mg  l−1); CODimp: COD concentration originating fr
a SRT, Sludge retention time.
b The CODimp yield was  calculated according to CODimp concentration obtained in RD fr
c The CODimp yield was  calculated according to CODimp concentration obtained in RD fr
 10 2 × 10 2 × 10 2 × 10 5 × 10 6 × 10

 l−1); dEM: Emulsan concentration (mg l−1); eSR: surfactine concentration (mg l−1);

four increasing SRTs. As the SRT and the RD concentrations were
increased from 5 to 25 days and from 10 to 15 mg  l−1 the individual
hydrophobic PAH removals increased from 30 to 70% and 37–85%
to 70–90% and 94–97%, respectively (Table 4). In the presence of
15 mg  l−1 RD a longer SRT remarkably increased the hydrophobic
PAH removals in the AASR system. The yields of PAH increased as
the SRT was  increased from 5 to 25 days, but decreased as the SRT
was  further increased to 40 days. The presence of 15 mg  l−1 RD
increased the more hydrophobic PAH removals with five (BbF, BkF
and BaP) and six benzene rings (IcdP, DahA and BghiP) from 70 to
74% up to 94–98%, remarkably, at a SRT of 25 days compared to con-
trol without RD. The high PAH removals with 15 mg  l−1 RD could
be attributed to the increase in the surface area of the PAHs, which
subsequently increased the substrate, flux from aqueous medium
to bacterial cells [23].

At low and high RD concentrations (5, 10, 50 mg  l−1) the PAH
removals were low in the AASR systems for all studied SRTs
compared to the 15 mg  l−1 RD (Table 4). Addition of RD to the
AASR reactors improved both less and more hydrophobic PAH
removals (E > 95). Similarly, although BbF and BkF PAHs have sim-
ilar (same number of benzene rings, low Henry’s law constant,
high octanol–air and octanol–water coefficients) physichochemi-
cal properties BkF PAH was removed with low yields compared to
its counterpart BbF. During PAH degradation in the presence of RD,
a significant linear correlation was observed between increasing
SRT and PAH removals up to a SRT and a RD concentration of 40
days and 25 mg  l −1, respectively (R2 = 0.84, F = 2.56, p = 0.05). The
further addition of an external biosurfactant could have deleteri-
ous effects on bacteria in the AASR system. This may  be due to the
toxic effect of the biosurfactant on the biomass or it may  be uti-
lized partially as carbon and energy sources due to the restricted
rate of mass transport between surfactant micelles and aqueous
phase [24,25].

In  the presence of 15 mg  l−1 RD the metabolites produced
from ACT, PHE, FLN and DahA PAHs were analysed in GC-
MS for the samples taken from the effluent of the AASR at
a SRT of 25 days. NAP and 5,8-dihyrox-1,4-naphthoquinone
are the metabolites detected from the aerobic bio-degradation
of ACT in the AASR (Table 5). From 29.43 ng ml−1 ACT, 17.

27 ng ml−1 NAP and 3.89 ng ml−1 5,8-dihyrox-1,4-naphthoquinone
were produced. Although the ACT PAH yield was 96% in the
AASR, the effluent pollutant concentration (0.10 mg ml−1) con-
sisted only of its aerobic metabolites (0.04 ng ml−1 NAP and

SRT 25 days

CODdis CODinert CODimp

1345 260 0
78 30 5 (78c)
95 88 93

r(%); CODdis: dissolved COD concentration (mg  l−1); CODinert: COD concentration
om the inert microbial products (mg  l−1).

ee AASR at a SRT 10 days (Table 3a).
ee AASR at a SRT 25 days(Table 3a).
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0.06 ng ml−1 5,8-dihyrox-1,4-naphthoquinone). The metabolites of
PHE and FLN are 9-phenanthrol and 9-hydroxyflourene (Table 5).
15.01 ng ml−1 PHE and 9.38 ng ml−1 FLN converted to 13.57 ng ml−1

9-phenanthrol and 7.27 ng ml−1 9-hydroxyflourene, respectively,
throughout aerobic treatment in the AASR. Although these metabo-
lites were removed with a yield of 97%, the effluent PAH
concentration consisted only of PHE (0.45–0.25 = 0.15 ng ml−1)and
FLN(0.39–0.20 = 0.19 ng ml−1) not from metabolites (Table 5).
The metabolites of 0.27 ng ml−1 DahA consisted of 0.004 ng ml−1

Benz(a)anthracene, 0.002 ng ml−1 Benz(a)anthracene-7,12dione
and of 0.001 ng ml−1 1,2-benzenedicarboxaldehyde (phthaldialde-
hyde). These metabolites were not removed in the AASR. The
effluent of the AASR contained only DahA metabolites since
0.007 ng ml−1 is the sum of Benz(a)anthracene, Benz(a)anthracene-
7,12 dione and phthaldialdehyde.

3.5. Effect of SRT on the fates of PAH and RD surfactant

The degradations and accumulations of PAHs and RD were
examined in the AASR system with the presence of varying rhamno-
lipids additions and SRTs. Usually PAH and surfactant accumulation
are not desirable in the AASR system due to environmental con-
cerns and these are regarded as important factors in various
applications. When the SRT was increased from 10 to 25 days,
the overall removal efficiency of more and less hydrophobic PAHs
by the AASR system increased from 88% to 97% (R2 = 0.87, F = 2.02,
p = 0.01). However, there was  no significant change when the SRT
was increased from 25 to 40 days (Table 6). The possible fate of PAHs
in AASR system most likely includes being discharged with the final
effluent and waste sludge, accumulating in the system, and being
degraded by microorganisms in activated sludge. The fate of PAHs
was  calculated based on the following mass balance equations:

PAH-Minlet − PAH-Moutlet = PAH-Msludge

+ PAH-Mbiodegradation + PAH-Maccumulation (1)

RD-Minlet − RD-Moutlet = RD-Msludge

+ RD-Mbiodegradation + RD-Maccumulation (2)

The unit in Eq. (1) was ng day−1 while the unit in Eq. (2) was
mg day−1. Here Minlet, Moutlet, and Msludge are PAH masses in the
inlet, effluent, and waste sludge, respectively. They were calcu-
lated based on the relevant PAH concentrations. Maccumulation is PAH
mass accumulated in the AASR system. Mbiodegradation is PAH mass
degraded by the activated sludge in AASR which was obtained from
Eq. (1).  With a similar equation, the mass balance of RD was  inves-
tigated in the AASR system. The PAH concentrations measured in
different parts of the AASR were shown in Table 6. It was  found that
the PAHs were mainly biodegraded in the AASR. 94–97% of PAHs
was  biodegraded, 1.1–1.5% and 0.7–1.2% of PAHs were accumulated
in the sludge and in the aerobic reactor, respectively, while 0.9–1.3%
of the PAHs were in the effluent of the AASR (Table 6). The concen-
trations of RD in the aerobic activated sludge and in the effluent
were in the range of 0.25–0.40 mg  l−1 and 0.20–0.38 mg l−1, respec-
tively, at initial RD concentrations of 15.01–15.09 mg l−1 (Table 6),
suggesting that 14.31–14.61 mg  l−1 RD was  biodegraded through-
out 94–97% PAH treatment in the AASR at a SRT of 25 days. It was
shown that the removal of rhamnolipids from the aqueous phase
of activated sludge caused the increase in surface tension in the
activated sludge system. This decrease in rhamnolipid concentra-

tion in the aqueous phase could be due to the biological utilization
as carbon sources by the microorganism as reported by [23]. The
quick adsorption of rhamnolipids on biomass could largely cause
the initially rapid decrease in surface tension in the beginning upon
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Table 5
Metabolites of ACT, PHE, FLN and DahA PAHs at a SRT of 25 days and at a RD concentration of 15 mg l−1 in AASR (n = 3, mean values).

PAH name ACT PHE FLN DahA

İa 29.43 15.01 9.38 0.27
Ef 0.10 0,45 0,39 0.007
PAHc 96 96 97 94
Metabolite name NAP and 5,8-dihyrox-

1,4-naphthoquinone
9-phenanthrol 9-hydroxyflourene Benz(a)anthracene;

Benz(a)anthracene-7,12dione and
1,2-benzenedicarboxaldehyde
(phthaldialdehyde)

Md 17.27 and 3.89 13.57 7.27 0.004; 0.002 and 0.001
Me 0.04; 0.05 0,25 0,20 0.004; 0.002 and 0.001
My 98 98 97 0

İa: PAH concentration in the influent of AASR (ng ml−1); Ef: PAH concentration in the effluent of AASR (ng ml−1); PAHc: PAH removal efficiency (%); Md: Metabolite concentration
in  the AASR (ng ml−1); Me: Metabolite concentration in the effluent of the AASR (ng ml−1); My: Metabolite removal efficiency (%).

Table  6
Fates of PAHs and 15 mg  l−1 RD in the AASR system at a SRT of 25 days and a HRT of 80 h (n = 3, mean values).

PAHs ar n PAHb PAHc PAHd PAHe PAHf RDg RDb RDi RDk RDl

ACT 3 29.4386 0.9606 1.1775 0.1092 96
FLN 3 9.3800 0.3538 0.2814 0.0984 97
PHE  3 15.0104 1.6347 0.6004 0.4502 96
BbF  5 0.8030 0.0041 0.0028 0.0021 95
BkF  5 0.4912 0.0920 0.0019 0.0025 96 15.01–15.09 0.20–0.38 0.25–0.40 0.23–0.41 14.31–14.61
BaP  5 0.0723 0.0028 0.0011 0.0018 95
IcdP  6 0.1292 0.0788 0.0025 0.0035 95
DahA  6 0.2797 0.0023 0.0068 0.0074 94
BghiP 6 0.0966 0.0092 0.0020 0.0027 95
Total  54.5783 2.8405 1.0986 0.0797 96

ar n: Ring number in PAHs; PAHb: (PAH inlet), influent PAH concentration (ng ml−1); PAHc: (PAH acc.), concentration of PAH accumulated in sludge (ng g−1 dw−1.); PAHd:
( tratio
c  RDi: 
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PAH outlet.), PAH concentration in effluent (ng ml−1); PAHe: (PAH AASR), PAH concen
oncentration in inlet (mg  l−1); RDh: (RDoutlet), RD concentration in outlet (mg l−1);
eration tank (ng ml−1); RDl: (RDbiodeg), RD concentration biodegraded in aeration t

eration while the microbial biodegradation of rhamnolipids dom-
nated the decrease in surface tensions at a late stage when the
AHs were consumed.

Among the removed RD in the AASR 96–98% was biodegraded
y the activated sludge process, 1.1–1.3% was discharged with
he effluent, 1.2–1.4% accumulated in the aerobic reactor and only
.3–1.5% remained in the waste sludge at a SRT of 25 days (Table 6).
reliminary studies showed that the main removal mechanism of
AHs was biodegradation (87%) while the contributions of adsorp-
ion and volatilization were only 7% and 4% [7].  As the SRT was
ecreased from 25 to 10 and 5 days, the proportion of 15 mg  l−1

D removed decreased from 96 to 98% to 68 and 34%, respec-
ively, (data not shown). In contrast, the proportion remaining in
he sludge increased from 1.2 to 1.4% to 45 and 62%, respectively
data not shown). This showed that an optimum SRT is necessary for
AH-degrading bacteria in order to metabolise RD together PAHs
n the AASR system.

If we assume that the accumulated PAHs and RD in the AASR
ystem are not degraded and are eventually discharged with the

ludge, we can also obtain a similar percentage in the sludge. Based
n the present data, we  observed that PAHs can be efficiently
egraded in the AASR along with a high RD removal efficiency.
he optimal SRT for both RD and PAH removal must be 25 days.

able 7
ariation of BOD5, BOD5/COD ratios, DO utilization and OUR (n = 3, mean values).

AASR CODa BOD5
b BOD5/COD

İh Ei İh Ei İk

15 RDm 2650 328 650 127 0.23 

O  RDn 2650 1278 650 340 0.23 

ODa: Total COD concentration (mg  l−1); BOD5
b: BOD5 concentration (mg  l−1); BOD5/COD

tilization (mg  l−1); OUf: Final cumulative oxygen utilization (mg  l−1); OURg:Oxygene uti
atio  in influent; El: Ratio in effluent; m:  AASR reactor containing 15 mg  l−1 RD; n: AASR 
n in aeration tank (ng ml−1); PAHf: PAH removal efficiency (%);RDg: (RD inlet), RD
(RDsludge), RD concentration in sludge (mg  l−1); RDk: (RDAASR), RD concentration in
g  l−1).

The decrease in RD concentration in the aqueous phase could be
due to uptake by the bacteria following the adsorption of activated
sludge as well as waste PAHs for only a few minutes or the bio-
logical utilization as carbon sources by the microorganism [26].
If optimum surfactant concentrations are applied, the hydropho-
bic contaminants such as PAHs can be solubilized by incorporation
into surfactant, i.e., aggregates of biosurfactant molecules where
the hydrophobic moieties form a core which is insulated from the
aqueous environment by the outward-oriented hydrophilic moi-
eties.

The variations in DO, CODtotal, BOD5/COD ratios were inves-
tigated in the AASR reactors with and without 15 mg l−1 RD
biosurfactant at the optimum SRT of 25 days throughout 35 days
of continuous operation in the AASRs. In the RD amended AASR
the BOD5/COD ratio increased from 0.23 to 0.37 indicating the
biodegradability of the effluent wastewater compared to AASR
without RD (Table 7). The biodegradability of an industrial wastew-
ater is dependent upon BOD5/COD ratio. It has generally been
accepted that when a biodegradability ratio is greater than 0.3, this

represents a readily biodegradable effluent [27]. An increase in the
BOD5/COD ratio indicates an improvement in the biodegradability
of the petrochemical wastewater containing PAHs due to for-
mation of inter-metabolite-products more biologically degradable

c PAHd DOe OUf OURg

El İh Ei

0.37 54.57 3.11 4–6 489 198
0.26 54.57 20.19 3–4 287 74

c: BOD5 to COD ratio; PAHd: PAH concentration (ng ml−1); DOe: Dissolved oxygen
lization rate (mg  l−1 h−1); İh: Influent concentration; Ei: Effluent concentration; İk:
reactor containing no RD.
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27].The aerobic transformation of PAHs into more biodegradable
nter-metabolites in the AASR increased the biodegradability ratio
f the petrochemical wastewater (Table 5). Meanwhile, the oxygen
tilization rate (OUR) levels increased from 70 to 198 mg  l−1 h−1,
ompared to the AASR containing no RD. The oxygen utilization
OU) values showed a short lag phase of 4 h which is reflective
f the acclimatisation time of PAH degraders in the AASR con-
aining RD (data not shown). The final measured cumulative OU
alue was 489 mg  l−1 (Table 7). The OU values exhibited a long lag
hase of 25 h (data not shown) indicating that the PAH degrad-

ng biomass takes a long time to acclimatise and the maximum
umulative final OU was recorded as 287 mg  l−1 in the AASR with-
ut RD (Table 7). The CODtotal and PAH yields were 89% and 95%
n the AASR containing 15 mg  l −1 RD while the BOD concentration
ecreased from 650 to 127 mg  l−1 yielding a BOD5 removal effi-
iency of 80% (Table 7).BOD5 removal efficiency remained as 47%
n the AASR containing no RD. In the AASR with 15 mg  l−1 RD, the
UR increased since the PAHs in wastewater could be effectively
ptaken by the biomass together with RD. As a result, the MLVSS
oncentrations in the AASR containing RD were higher than in the
eactor without RD (data not shown). Therefore, the DO utilization
evels and OUR of microorganisms increased in the AASR with RD.
t was reported that the OUR provides a suitable measure of cell

etabolic activity and information about the effects of different
onditions on cell viability [28]. Haritash and Kaushik and Mohan
t al. mentioned similar data with the DO levels in biological reactor
ontaining different biosurfactants at optimum dose throughout
erobic PAH degradation [17,29].

.6. Effects of environmental conditions on PAH yields

.6.1. Temperature
Increasing the temperature from 21 to 25 to 45 ◦C showed that

otal PAH yields increased from 95% up to 99% in the presence
f 15 mg  l−1 RD in AASR as reported by Nie et al. [30] (Table 8).
igher temperatures increase the solubility and mass transfer rates
f PAHs. It was reported that the diffusion coefficient and the sol-
bility of PHE in water increase by factors of 1.5 and 2.5 when
he temperature is raised from 20 to 45 ◦C. Similar enhancement
f degradation rates at high temperatures has been previously
bserved in tests with PY and ANT (Feitkenhauer and Marki, [31]).
ncreasing of temperature to 60 ◦C reduced the total PAH yields
ignificantly since the microorganisms present in activated sludge
ere mesophilic. Possibly these microorganisms could not accli-
ate to the high temperatures. A second factor that could limit the

AH yields at high temperatures is the low aqueous solubility of
xygen at high temperatures. Another factor that could lower PAH
ields could be the lowering of octanol–water partition coefficients
t higher temperatures [31].

.6.2. Dissolved oxygen
The impact of oxic, anaerobic and anoxic conditions on the

ate of PAHs was investigated. Five incubation conditions were
hosen: two bioreactors were subjected to alternations in aera-
ion (oscillating conditions). One of these reactors was aerated
ith 2–3 mg  l−1 DO while the second reactor was aerated with

–5 mg  l−1 DO. These reactors were operated continuously for 35
ays. Another reactor was operated without DO under anaerobic
onditions while the last reactor was also operated under anoxic
onditions (DO = 0 mg  l−1) by adding 25 mg  l−1 NO3-N to permanent
noxia. Permanent oxic (4–5 mg  l−1 DO)and sequential oxic/anoxic
scillation conditions showed total PAHs removal of about 95% and

8%, respectively, after 35 days of operation, at a SRT of 25 days
t 15 mg  l−1 RD concentration (Table 8). The reactor containing
–3 mg  l−1 DO exhibited low PAH yield compared to oxygenated
amples with 4–5 mg  l−1 DO. The PAH yields decreased to 61% Ta
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Table 9
Toxicity values in the influent, effluent of AASR system with Daphnia magna (n = 3, mean values).

adl ratio (%) einf.ww feff. SRT 5 geff. SRT 10 heff. SRT 25 ieff. SRT 40

bd.m.* cd. m. (I%)c cd. m.  (I%)d cd. m.* (I%)b cd. m.* (I%)d cd. m* (I%)d

0 10 0 100 0 100 0 100 0 100 0 100
10  10 1 90 3 70 3 70 4 60 6 40
30  10 2 80 5 50 6 40 6 40 7 30
50 10 3 70 8 20 9 10 10 0 9 10
80 10  5 50 10 0 10 0 10 0 10 0
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dl: dilution ratio (%); bd.m.*: number of living Daphnia magna at first start (t = 0); cd.

n  raw wastewater (t = 24 h); (I%) d: percentage of dead Daphnia magna in effluent w
eff. SRT 10, heff. SRT 25, ieff. SRT 40

: treated effluent wastewater in AASR system at SRT 5

nder anaerobic conditions (Table 8). The addition of anaerobic
ludge to the AASR increased the PAH yields to 89%. The inocu-
um effect was more significant under the non-oxygen condition
32]. The efficiency of the enriched consortia indicated that bioaug-

entation with the enriched consortia from sediments was useful
n bioremediation of PAHs in anaerobic contaminated sediment
32]. In the case of oscillating conditions, two days of aeration
ollowing the anoxic period was sufficient to reach the same per-
entage as under oxic conditions. The availability of oxygen exerts

 strong influence on PAH yields. Very low PAH yields without oxy-
en have been reported [33]. In very low oxygen environments,
here may  be microbial degradation of PAHs with low molecular
eights via non-oxygen dependent mechanisms [33,34].  Under the

ow-oxygen condition with the inoculation of the enriched consor-
ium the anaerobic biodegradation of some three-rings (FL, PHE)
nd four-rings (FLN, PRY) PAHs were detected [33]. The oxida-
ion reduction potentials (ORP) were measured as +145, +45, −340,
nd +8 mV  in high, low oxygenated, anaerobic and anoxic reactors,
espectively (Table 8). ORP value is considered an important fac-
or affecting the growth of anaerobic bacteria, especially for those
hich required a lower ORP range and were sensitive to higher ORP

alues, such as methanogens [32].

.6.3. Effects of electron acceptors
The effects of three electron acceptors (Fe +2; NO3

−1 and
O4

−2) on the PAH yields were investigated in AASR through
igh-oxygenated (4-6 mg  l−1 DO) and un-oxygenated anaerobic
onditions (O mg  l−1 DO). 25–45 mg  l−1 Fe +2, 56–98 mg  l−1 NO3

−1

nd 30–65 mg  l−1 SO4
−2 were added to the reactors. The effect of

e+2 on the PAH yields were found to be insignificant under oxida-
ive aerobic conditions (4–6 mg  l−1 DO). Good PAH consumption
as obtained in presence of NO3

−1 and SO4
−2 under anaerobic

onditions while the PAH yields were not changed under oxic con-
itions (Table 8). The reason for this is the destruction of PAHs by
he utilization of nitrate and sulphate as electron acceptors under
eductive anaerobic conditions resulting in high PAH yields, in the
resence of anaerobic specific bacteria. These data agree with the
esults obtained by Chang et al. under anaerobic PAH degradation
32].

.6.4. Effect of pH
The pH was monitored through the experiment. No significant

H reductions were observed in aerated AASRs while a signifi-
ant reduction in pH was observed due to acidification and volatile
atty acid (VFA) productions in anaerobic AASRs (Table 8). The

aximum PAH yields were obtained at pH 7 and 8 for aerobic
nd anaerobic conditions, respectively. The accumulation of H+

r other acidic metabolites could reduce the pH (Table 8). If the

ctivity of methanogenic bacteria is slowed down by unfavor-
ble environmental conditions they will not utilize the VFAs at
pproximately the same rate as the VFAs produced by the acid
ormers. The pH change may  signify metabolic activity leading
mber of living Daphnia magna after 24 h; (I%) c: percentage of dead Daphnia magna
ater at different SRTs (t = 24 h); einf.ww: influent raw wastewater in AASR; feff. SRT 5,

5 and 45 days, respectively.

to production of acidic or alkaline metabolites during breakdown
of PAHs. Kim et al. observed that acidic pH conditions promote
uptake of PAHs for degradation [35]. Therefore, monitoring the pH
of the media may  be used to check the progress of PAH degrada-
tion.PAH degradation depends on the environmental conditions,
number and type of the microorganisms and the nature and chem-
ical structure of the chemical compound being degraded. They are
biodegraded/biotransformed into less complex metabolites, and
through mineralization into inorganic minerals, H2O, CO2 (aero-
bic) or CH4 (anaerobic) and the rate of biodegradation depends on
pH, temperature, oxygen, microbial population, degree of acclima-
tion, accessibility of nutrients, chemical structure of the compound,
cellular transport properties, and chemical partitioning in growth
medium.

3.7. Effect of increasing SRT on the Daphnia magna acute toxicity

Daphnia magna test is accepted as an acute toxicity test to
determine the toxicity of refractory organics [16,36,37].  Table 9
shows the Daphnia magna toxicity test results at an influent PAH
concentration of 54.57 ng ml−1 in the AASR at SRTs of between 5
and 40 days. In order to determine the acute toxicity of the raw
wastewater, dilutions varying between 0%, 10%, 30%, 50% and 80%
were performed in the influent and effluents of the AASR system
(Table 9). The inhibition percentage was  calculated by the ratio of
the number of dead Daphnia magna to the total number of living
daphnids. The inhibition percentage increased at low dilutions in
the influent samples. For example, the inhibitions (the percentage
of dead Daphnids) decreased from 100% to 70% and 50% as the dilu-
tion ratios increased from 0 to 50% and 80%, respectively (Table 9).
Table 10 shows the EC50 values (the concentration affected 50% of
Daphnia magna number) in the influent and effluent of the AASR
at increasing SRTs based on PAH. The 50% inhibitions of the Daph-
nia magna (EC50 values) decreased from an initial 45.02 ng ml−1 to
EC9 = 8.38, EC8 = 7.47, EC6 = 5.30 and EC12 = 6.69 ng ml−1 at SRTs 5,
10, 25 and 40 days, respectively, when PAHs were taken into consid-
eration (Table 10 and Fig. 3a–d). As shown, the maximum reduction
in EC50 values was observed at a SRT of 25 days. The petrochemi-
cal wastewater was  not treated effectively at short SRTs since short
SRTs did not provide enough time for sludge bacteria in the AASR to
make contact with and isismetabolise the PAHs in the petrochemi-
cal industry wastewater. Therefore, low toxicity was observed at a
SRT as high as 25 days. However, the toxicity was  high at SRTs > 25
days since the PAHs in petrochemical wastewater caused toxicity to
the activated sludge bacteria at high contact times. The continuous
accumulation of PAHs could not be isismetabolised by the bacte-
ria in the activated sludge resulting in high toxicity and lower PAH
yields compared to a 25 day SRT. In this study it was found that the

optimum SRT was 25 days for the lowest EC50 value at a dilution
ratio of 75% (Table 10). This could be explained by the uptake of
the PAHs by the activated bacteria cells through fast PAH diffusion
with rhamnolipid.
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Table  10
The effect of raw and treated petrochemical industry wastewater on Daphnia magna at increasing SRTs (n = 3, mean values).

Influent Effluent b

a c Inf.ww dl PAHinf. EC50 PAHeff Eff.ww dl PAHeff .EC

5 54.57 80 43.66 11.68 65 EC15 = 7.59 83
10  54.57 80 43.66 9.92 70 EC10 = 6.94 84
25 54.57  80 43.66 6.51 75 EC2 = 4.88 89
40 54.57  80 43.66 7.69 70 EC12 = 6.69 88

c: (PAHinf
.): influent PAHs concentration in raw wastewater (ng ml−1); Inf.ww dl

.: dilution ratio of influent wastewater (%); Eff.ww dl: dilution ratio of effluent wastewater (%);
PAHeff: effluent PAHs concentration in treated wastewater (ng ml−1); a: (SRT), sludge retention time (day); PAH- EC50: PAH concentration inhibiting the half of the Daphnia
magna  number(ng ml−1); PAHinf. EC50: PAH concentration inhibiting the half of the Daphnia magna number (EC50 values) in the influent (ng ml−1); PAHeff.EC

: EC values in
enfluent (ng ml−1); b: (ATR), acute toxicity removal (%).
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ig. 3. Variation of percent inhibition in (a): influent wastewater (EC50 = 45.02 ng
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Acute toxicity of aromatic hydrocarbon compounds (naph-
halene, benzene, toluene and xylene) and toxic effects after an
ctivated sludge continuous-flow completely mixed reactor were
tudied with the Daphnia magna test by Gomez et al. [36]. Although
he removals of the organics in question varied between 77% and
3% the acute toxicity removals were low (34–56%) in untreated
nd treated effluents. The EC50 values were observed to be between
8.44 and 30.81 at 24 h (v/v). Eom et al. evaluated the toxicity of 16
AHs (total concentration 17.7 ng ml−1) in contaminated soil sam-
les using Daphnia magna bioassay [37]. The ecotoxicity results of
his study showed that the EC50 values were very toxic to Daphnia
agna. In our study the EC50 values of PAH in the effluent of AASR

ystem exhibited higher toxicity removals than those of Gomez
t al. and Eom et al. [36,37]. Sepic et al. investigated the toxicity
f 20 mg  l−1, fluoranthene and its biodegradation metabolites to
ure bacterial strain Pasteurella sp.  and Daphnia magna [38]. 34%
nd 56% acute toxicity removals were obtained for the organism in
uestion, respectively, a result which is comparably lower than the
oxicity yields obtained in our study.

. Conclusions

A higher SRT is preferable to establish activated sludge in AASR
ystem adapted to degrade the hydrophobic PAHs and tends to
ower the effluent concentrations of PAHs. The results of this study
howed that the optimum SRT and RD concentrations for total
aximum PAH, CODinert, COD imp removals (96%, 88% and 93%,
espectively) were 25 days and 15 mg  l−1, respectively. RD con-
entrations >15 mg  l−1 decreased the number of bacteria present
n the AASR system. The addition of RD to AASR system signifi-
antly improved the more hydrophobic PAH degradations. The RD
; (b) effluent wastewater in AASR at SRT = 5 days (EC9 = 8.38 ng ml−1); (c) effluent
Rs at SRT = 25 days (EC6 = 5.30 ng ml−1).

was  biodegraded by the sludge microbial communities and was
thus environmentally friendly. Among the RD removed in the AASR,
96–98% was biodegraded by the activated sludge process, 1.1–1.3%
was  discharged with the effluent and only 1.3–1.5% remained in
the waste sludge while a maximum PAH biodegradation efficiency
of 97% occurred. The temperature increase up to 45 ◦C and both
additions of NO3

−1 and SO4
−2 enhanced the PAH yields in the pres-

ence of RD. The BOD5/COD ratio increased from 0.23 to 0.37 with
simultaneous PAH biotreatment. The results of the toxicity tests
performed with Daphnia magna showed that EC50 value decreased
from EC50 = 45.02 ng ml−1 to EC6 = 5.30 ng ml−1 with removal effi-
ciency of 96% at the end of aerobic treatment at SRT of 25 days and
15 mg  l−1 RD concentration.
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