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a b s t r a c t

In this study, an aerobic bacterial strain capable of utilizing dimethyl phthalate (DMP), diethyl phthalate
(DEP) and di-n-butyl phthalate (DBP) as sole carbon source and energy was isolated from activated sludge
collected from a dyeing plant. According to its morphology, physiochemical characteristics and 16S rDNA
sequence, the strain was identified as Rhodococcus ruber. The biodegradation batch tests of DMP, DEP and
DBP by the Rhodococcus sp. L4 showed the optimal pH value, temperature and substrate concentration: pH
7.0–8.0, 30–37 ◦C and PAEs concentration ≤450 mg/L. Kinetics of degradation have also been performed at
different initial concentrations. The results show that the degradation can be described with exponential
model. The half-life of degradation was about 1.30 days when the concentration of PAEs mixture was lower
imethyl phthalate

iethyl phthalate
i-n-butyl phthalate
astewater

hodococcus ruber

than 300 mg/L. PAEs contaminated water samples (300 mg/L) with non-emulsification and completed
emulsification were prepared to investigate the effect on PAEs degradation rate. Little difference between
the above two sample preparations was observed in terms of ultimate degradation rate. Rhodococcus sp.
L4 can also grow on phenol, sodium benzoate or naphthalene solution as sole carbon source and energy
which suggests its ability in resisting environmental toxicants. This work provides some new evidence

ying R
for the possibility of appl

. Introduction

Phthalic acid esters (PAEs) which are widely used in plastic,
oatings and cosmetics industries are a class of refractory organic
ompounds. Some of PAEs have received more and more attention
n recent years since they are considered as estrogenic disrupt-
ng compounds (EDCs) and may have reproductive development
oxicity [1–4]. Animal studies have proved PAEs can cause repeti-
ive abortions [5,6] and male sterility [7]. In addition, some PAEs
re suspected to be mutagens and carcinogens [8–10]. The United
tates Environmental Protection Agency and China National Envi-
onmental Monitoring Center have classified most of the PAEs, such
s diethyl phthalate (DEP), benzyl butyl phthalate (BBP), di-n-butyl
hthalate (DBP) and di-(2-ethyl hexyl) phthalate (DEHP) as priority

ollutants [11,12].

There are more than 60 kinds of PAEs produced and con-
umed for diverse purposes, mainly as plasticizers. In particular,
oft polyvinyl chloride (PVC) has been manufactured with more

∗ Corresponding author at: Department of Environmental Health, School of Public
ealth, Tongji Medical College, Huazhong University of Science and Technology, 13
angkong Road, Wuhan, 430030, People’s Republic of China. Tel.: +86 27 83691962;

ax: +86 27 83692333.
E-mail address: lwangtj@yahoo.com.cn (L. Wang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.126
hodococcus for contaminated water remediation in the area of industry.
© 2009 Elsevier B.V. All rights reserved.

than 60% by weight of plasticizers [13]. As it bound covalently to
the plastic resin, PAEs are able to migrate into the environment
during use or disposal. Because of their low water solubility and
high octanol-water partition coefficients, they tend to accumulate
in the soil or sediment and in the biota living in the PAEs containing
waters [14]. Presently, pollution of PAEs is ubiquitous in variable
water environment including river water, ground water, drinking
water, open ocean and lake [15–18], which may do harm to aquatic
organisms and human health through food chain transmission and
bioamplification.

Unfortunately, due to its chemical structure, PAEs can not
be removed well by natural processes such as hydrolyzation
and photodecomposition. However, metabolic breakdown of PAEs
by microorganisms is considered as one of the major routes
of environmental degradation for this widespread pollutant
[19,20]. Many bacterial strains with the ability of degrading PAEs
and their isomers have been isolated from different sources
such as activated sludge, mangrove sediment and wastewater
[21,22].

In the present study, an aerobic bacterial strain was isolated from

PAEs acclimated activated sludge of a dyeing plant. This strain was
recognized to have the ability to utilize DMP, DEP and DBP individu-
ally and all together. Besides, some physiochemical characteristics,
the environmental factors and the kinetics of biodegradation were
also investigated.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lwangtj@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2009.02.126
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Table 1
Factors and levels for orthogonal test.

Variable Level

1 2 3 4

(A) Temperature ( ◦C) 12 23 30 37
(B) pH value 5 6 7 8
(C) Initial concentration (mg/L)a 50 100 150 200
Y. Lu et al. / Journal of Hazard

. Material and methods

.1. Chemicals

DMP, DEP and DBP (A.P.) were purchased from Beijing Chemical
eagent Factory, China. Dichloromethane (DCM, C.P.) and acetone
A.P.) were obtained from Shanghai Chemical Reagent Factory,
hina. Other chemicals used in this study were all of analytical grade
nd commercially available.

.2. Preparation of medium and PAEs wastewater

The inorganic salt solution used for acclimation of the acti-
ated sludge contained NaCl 1.0 g/L, NH4NO3 0.5 g/L, FeCl3 0.01 g/L,
2HPO4·3H2O 1.0 g/L, MgSO4·7H2O 0.4 g/L, CaCl2·2H2O 0.1 g/L.

The Luria-Bertani (LB) broth for bacteria enrichment consisted of
east extract (YE) 5 g/L, NaCl 10 g/L, peptone 10 g/L, pH 7.2. Nutrient
gar plate was made as LB broth but add powdered agar (1.5%). The
ineral salt medium (MSM) used for the degradation tests con-

ained 1.0 g/L NaCl, 1 g/L K2HPO4·3H2O, 0.5 g/L NH4Cl and 0.4 g/L
gSO4·7H2O. Media were sterilized at 121 ◦C for 20 min.
PAEs synthetic wastewater was made by adding DMP, DEP and

BP equally to 100 ml of MSM solution. DMP, DEP and DBP were
lter sterilized through 0.22 �m pore size filters.

.3. Acclimation and screening of dominant bacteria for PAEs
egradation

Activated sludge was collected at a dyeing plant of Wuhan, an
ndustrial city located in central region of China. Eight litres were

ixed with 24 L of the inorganic salt solution in an aerated basin.
he acclimation process was conducted at room temperature. The
MP, DEP and DBP were equally added as sole carbon and energy

ource. The total concentration of PAEs was increased gradually
rom 30 to 600 mg/L. After 8 weeks of acclimation, the activated
ludge was used to inoculate nutrient agar plates under aseptic con-
itions. The plates were incubated at 37 ◦C and different colonies
rew after 36 h. The pure clones were obtained by plate streak-
ng repeatedly. Then, each isolated bacterial strain was put into
astewater in order to screen dominant bacterium. All the flasks
ere put in swing bed with speed of 140 rpm under 37 ◦C. After 1
eek degradation, the dominant PAEs-degrading bacterium could
e confirmed in term of turbidity and degradation rate. After this
creening test, we obtained a high-performance strain named strain
4.

.4. 16S rDNA sequence analysis of strain L4

The strain L4 was enriched overnight in LB medium, and its
enomic DNA was extracted by Takara MiniBEST Bacterial Genomic
NA extract kit (Takara, Japan). 16S rRNA gene of the strain was
mplified from the genomic DNA by PCR. The eubacterial primers
27 and R1492 used for amplifying the full length of 16S rRNA gene
ragments were described elsewhere [23]. Takara Biotechnology
DaLian) co., Ltd. provided all the related reagents and service of
NA sequencing.

The 16S rDNA sequence was submitted to GenBank (accession
umber is EU552925). The similarity of the nucleotide sequence
as determined by BLAST search in NCBI (National Center for
iotechnology information Databases).
.5. Orthogonal test

Orthogonal experiment using L16 (4)3 table including three fac-
ors (temperature: A; pH value: B; substrate concentration: C) and
our levers were designed to explore the optimal PAEs degrading
a The initial concentrations of single chemical DMP, DEP and DBP were 50, 100,
150 and 200 mg/L. So the concentrations of total PAEs in each level were 150, 300,
450 and 600 mg/L.

conditions of strain L4 (Table 1). The degrading experiments were
carried out in 250 ml Erlenmeyer flasks, pretreated with chromic
acid to prevent PAEs contamination and filled with 100 ml of MSM.
DMP, DEP, and DBP dissolved in acetone were equally added to MSM.
The Erlenmeyer flasks were water-bathed at 65 ◦C in a swing bed
with speed of 200 rpm during 30 min to evaporate the acetone. Each
flask was inoculated with 108 degrading cells/ml bacteria, which
were collected from a 24 h LB culture and washed twice with phos-
phate buffer saline (PBS, pH 7.4). The flasks were kept rocking in
air-bath rocking bed with speed of 140 rpm during 5 days. Blank
control was set up as above but without cells addition. All the tests
were carried out under sterilized conditions. Each experimental
group designed in Table 1 was conducted in duplicate.

2.6. Kinetics studies

The kinetics of PAEs mixture degradation in water at different
initial concentrations were investigated on the strain L4 during
6 days. The initial concentrations of the PAEs synthetic wastew-
ater (pH 7.0) were 150 mg/L, 300 mg/L, 450 mg/L and 600 mg/L
by equally adding 50 mg/L, 100 mg/L, 150 mg/L, and 200 mg/L of
DMP, DEP and DBP, respectively. The flask in each concentra-
tion was removed from the rocking bed (37 ◦C, 140 rpm) everyday
and the degrading activity was stopped by addition of concen-
trated sulfuric acid. In addition, PAEs contaminated water samples
(300 mg/L) with non-emulsification and completed emulsification
were prepared to investigate the effect on PAEs degradation rate.
Non-emulsification solution was made by adding DMP, DEP and
DBP directly into 100 ml of MSM, while the completed emulsifica-
tion one was prepared as described in 2.5.

2.7. Analytical methods

The total volume of each flask was liquid–liquid extracted by
DCM three times. The total dosage of DCM was 50 mL. The extracts
were merged and volatilized to dry with rotary evaporator (Hei-
dolph, Germany) at 60 ◦C. The dried residue was redissolved with
20 mL DCM. Concentration of PAEs was determined by Agilent
6890N gas chromatogram (GC) equipped with FID detector and
HP-5 capillary column (30 m × 0.32 mm × 0.25 �m). The conditions
were as follows: FID detector, 280 ◦C; carrier gas, high pure nitrogen
gas (1 ml/min); injector temperature, 250 ◦C; column temperature,
programmed temperature increasing which started at 70 ◦C with
2 min and was ramped up to 130 ◦C at 20 ◦C/min and then to 270 ◦C
at 30 ◦C/min before being held for 5 min; injection volume, 1 �l.

2.8. Utilization of other aromatic compounds by strain L4

Frequent aromatic compounds including phenol, 2, 4-

dinitrophenol, p-nitrophenol, sodium benzoate and naphthalene
were used to explore the utilization spectrum of strain L4. The
concentration of each compound in MSM was 4 mmol/L. The
bacteria were inoculated and cultured in swing bed with speed
of 120 rpm under 37 ◦C. The biomass of strain L4 was recorded
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Table 3
Results of orthogonal test of Rhodococcus sp. L4 on DMP, DEP and DBP biodegradation.

No. A B C Degradation rate (%)a

DMP DEP DBP Totalc

1 12 5 50 27.0 16.4 16.5 20.0
2 12 6 100 26.0 28.9 12.9 22.6
3 12 7 150 23.4 21.5 11.3 18.7
4 12 8 200 23.8 22.4 1.7 16.0
5 23 5 100 17.7 14.3 1.9 11.3
6 23 6 50 37.3 32.8 57.0 42.4
7 23 7 200 19.8 21.6 0.0 13.8
8 23 8 150 38.8 30.0 16.1 28.3
9 30 5 150 71.2 77.5 42.3 63.7

10 30 6 200 31.6 44.2 48.7 41.5
11 30 7 50 100.0 100.0 83.2 94.4
12 30 8 100 40.6 40.3 53.7 44.9
13 37 5 200 41.7 64.3 28.6 44.9
14 37 6 150 90.3 97.7 87.4 91.8
15 37 7 100 100.0 100.0 97.2 99.1
16 37 8 50 100.0 100.0 88.1 96.0

A B C

DMP
K1 25.1 39.4 66.1
K2 28.4 46.3 46.1
K3 60.9 60.8 55.9
K4 83.0 50.8 29.2
Rb 57.9 21.4 36.9

DEP
K1 22.3 43.1 62.3
K2 24.7 50.9 45.9
K3 65.5 60.8 56.7
K4 90.5 48.2 38.1
Rb 68.2 17.7 24.2

DBP
K1 10.6 22.3 61.2
K2 18.8 51.5 41.4
K3 57.0 47.9 39.3
K4 75.3 39.9 19.8
Rb 64.7 29.2 41.4

Total
Fig. 1. Transmission electron micrograph of strain L4 (10000×, negative staining).

onsecutively through monitoring OD600. In order to avoid adsor-
ance interference with chemicals, the same solutions without
dding bacteria were prepared and uniformly operated as blank.

. Results and discussion

.1. Identification and characterization of the bacterial strain L4

Viable bacteria were isolated from activated sludge of a dye-
ng plant after 8 weeks PAEs acclimation in an aerated basin. One
ure bacterial strain named strain L4 was obtained as dominant
AEs-degrading strain through screening test. The strain with size
f 1.1–1.9 �m × 4.0–5.4 �m was gram-positive, non-flagellated and
hort rod shape. The morphology of strain L4 was shown in Fig. 1.
he colonies of this strain with diameter of 0.2–0.5 mm on LB agar
ultured in 18–24 h showed ivory, opaque and round morphology.
he color would turn to salmon pink if culture time was extended
o 48 h. The strain L4 can grow well in LB broth with temperature

etween 30–37 ◦C.

The physiochemical properties of strain L4 were shown in
able 2. The strain L4 can be identified as Rhodococcus ruber
hrough its morphology, physiochemical characteristics and 16S
DNA sequence.

able 2
hysiochemical properties of the Rhodococcus sp. L4.

haracteristics Strain L4

erobic growth +
xidase +
atalase +
-Glucose +
-Lactose −
accharose w
altose −

-Galactose −
-Cellobiose −
-Hydroxybutyric acid +
-Lactic acid +
-Methyl-glucose −
cetic acid +
denosine −
-Ketoglutaric Acid +
ridine −
-Ala −
-Ala −
-Alanyl-Gly −
-Serine −
emisuccinat +
ontrol −
ositive (+); negative (−); weakly positive (w).

K1 19.3 35.0 63.2
K2 24.0 50.0 44.5
K3 61.1 56.5 50.6
K4 83.0 46.3 29.1
Rb 63.6 21.5 34.2

a Degradation rate (%) = (Cinitial − Cfinal)/Cinitial .

b R value refers to the result of extreme analysis; R = max {K1 , K2 , K3 , K4}− min

{K1 , K2 , K3 , K4}.
c Total biodegradation rate refers to the change of amount of total PAEs.

3.2. Optimal conditions for PAEs degradation

Orthogonal test was used to explore the optimal degrading con-
ditions. In the orthogonal test, Ki (i = 1, 2, 3 . . .) was defined as mean
value of sum of degradation rate of every level and the optimal
level of variable can be confirmed by comparing the value of Ki. R
value was used to estimate the effect of variables, and R = max {K1,
K2, . . . Ki}− min {K1, K2, . . . Ki}. High R value of variable means
this variable has strong effect on the results. The results and data
analysis of orthogonal test were listed in Table 3. From orthogonal
test, regardless of single chemical or their mixture, the influence
of the variables to the degradation rate decreased in the order:
A > C > B. Temperature was found to be the most important factor
in degrading process, which was prior to substrate concentration
and pH value. For degradation, 37 ◦C, neutral pH and concentration

of wastewater lower than 450 mg/L would be the optimal condition.
However, in the degrading experiment, this bacterium can survive
in all the above conditions and this adaptability must be a good
quality for biodegradation. The relationship between factorial level
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Rhodococcus adhere to oil droplets may be due to their hydropho-
bic cell surface containing mycolic acids [27]. Regardless of total or
single PAE, little difference between the above two sample prepara-
tions was observed in terms of ultimate biodegradation rate after 5
ig. 2. The relationship between factorial level and the degrading rates of Rhodococ-
us sp. L4 in orthogonal experiment. Temperature: 12 ◦C (A1), 23 ◦C (A2), 30 ◦C (A3),
7 ◦C (A4); initial pH value: 5.0 (B1), 6.0 (B2), 7.0 (B3), 8.0 (B4); initial concentration
f each PAE: 50 mg/L (C1), 100 mg/L (C2), 150 mg/L (C3), 200 mg/L (C4).

nd the degrading rates in orthogonal experiment was revealed in
ig. 2. From Fig. 2, it can also be found that the biodegradation rate
f DBP in five days was lower than DEP or DMP. In other words, the
egradation rate may decrease with increasing alkyl chain length,
ince the branched chain of DBP is longer than DEP and DMP. There-
ore, the effect of stereospecific blockade of DBP is stronger than
thers. Similar reports can be found in previous studies [24,25].

Control experiments were carried out on PAEs synthetic
astewater with no bacteria. The results showed no obvious degra-
ation which suggests that abiotic losses can be neglected in this
tudy. The recovery rates of PAEs after sample pretreatment were
etween 95–105%.

.3. Kinetics of PAEs degradation

The PAEs degradation in water by Rhodococcus sp. L4 was fit well
ith exponential model. A first-order kinetics model, ln C = −k t + A,

ould be constructed by logarithmic transformation, where C is the
nitial concentration (mg/L), k is the biodegradation rate constant, t
s the time period, A is the constant. The degradation half life (t1/2)
f PAEs is ln 2/k. Table 4 showed the PAEs degradation kinetics equa-
ion with different initial concentration. From the results, it can be
ound that the half-life of degradation was about 1.30 days when
he concentration of total PAEs lower than 300 mg/L. The half life
ould be extended while the initial concentration increased.

These kinetics equations are different from those of the Gom-
ertz model referred by Jiaxi Li to be used to describe R. ruber Sa

n transformation of dimethyl phthalate (DMP) and its isomers,
imethyl isophthalate (DMI) and dimethyl terephthalate (DMT)
26]. Gompertz model is usually applied to describe sigmoidal
urves. That is to say, lag phases must exist during degradation pro-

ess. For the study of Li et al., DMI and DMT were easily degraded
y R. ruber Sa compared to DMP. The transformation of DMP started
fter DMI and DMT depleted (Inhibitor disappeared). So the lag
ime cannot be ignored when describing DMP degradation. Actu-
lly, apparent lag time was observed in DMP transformation by R.

able 4
AEs degradation kinetics equation under different initial concentrations.

otal initial
oncentration
mg/L)

Kinetics equation Half life (days) Correlation
coefficient

150 ln C = −0.5336t + 5.1496 1.30 0.9951
00 ln C = −0.5420t + 6.0371 1.28 0.9853
50 ln C = −0.3113t + 6.3403 2.23 0.9618
00 ln C = −0.1497t + 6.4226 4.63 0.9944
Fig. 3. Degradation of PAEs synthetic wastewater by Rhodococcus sp. L4. The initial
concentrations of each compound were 50, 100, 150 and 200 mg/L. The degradation
time was 6 days.

ruber Sa. The competitive inhibition between the compounds and
the amount of dominant bacteria should be considered. However,
the exponential model is more suitable to fit the degradation pro-
cess with vigorous reaction at the beginning. In our research, the
tendency of degrading curve of PAEs by strain L4 appeared in the
first degrading day and persisted to the last day (Fig. 3). The com-
petitive inhibition among DMP, DEP and DBP seemed not strong. No
lag time was observed in the degradation of the three compounds.

The kinetics of degradation of PAEs wastewater with non-
emulsification and completed emulsification at an initial concen-
tration of 300 mg/L were compared. Data were shown in Fig. 4. In
non-emulsification group, during the degrading process, the strain
L4 can conglutinate and coat the oil droplets gradually to form cyt-
orrhyctes with different sizes (the diameter was from 0.2 mm to
1.5 mm) (Fig. 5), which can be easily observed by naked eyes. These
orange droplets were picked out and the amount of bacteria was
counted subsequently. The result showed that the amount of bacte-
ria of cytorrhyctes with different size can reach to 103–106 cfu. The
cytorrhyctes would disappear along with the degrading process,
from which it could be concluded that the formation of cytorrhyctes
may be a critical step for strain L4 in catabolism of PAEs oil droplets.
Fig. 4. Degradation of DMP, DEP and DBP mixture in water by Rhodococcus sp. L4
with two different sample preparation: Emulsification (E) and non-Emulsification
(N). The initial concentration of each PAE was 100 mg /L.
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Fig. 5. Cytorrhyctes formed (�) during degradation process. Formation of coat-
ing bodies may extend the contact area between bacteria and its objective oil
droplets. This could be a critical process for improving degrading efficacy in non-
emulsification group. The picture was taken from the top of the Erlenmeyer flask.

F
t

d
l
o

3

p
p
n
b
s
s
d

p
p
r
l
d
r

[

ig. 6. The biomass of strain L4 grew in glucose, phenol, sodium benzoate, naph-
halene, p-nitrophenol and 2, 4-dinitrophenol as the sole carbon source and energy.

ays. For non-emulsification group, it may be conferred that cong-
utination or production of biosurfactants [28] may offset the effect
f emulsification.

.4. Utilization of other aromatic compounds

In order to investigate the utilization spectrum of aromatic com-
ounds by strain L4 in water, some organic compounds including
henol, 2, 4-dinitrophenol, p-nitrophenol, sodium benzoate and
aphthalene were tested as sole carbon source and energy. The
iomass of L4 was monitored continuously with OD600. The result
howed the strain L4 can grow well in MSM containing phenol,
odium benzoate or naphthalene but cannot grow by utilizing 2,4-
initrophenol or p-nitrophenol (Fig. 6).

The genus Rhodococcus is a very diverse group of bacteria that
ossesses the ability to degrade a large number of organic com-

ounds, including some of the most difficult compounds with
egard to recalcitrance and toxicity such as endosulfan, quino-
ine, 2,4,6-trichloro-phenol, and so on [29–31]. These studies
escribed the industrial value of Rhodococcus. Li et al. [32] have
eported that R. ruber CQ0301 after DBP–inducing can express cat-
aterials 168 (2009) 938–943

echol 1, 2–dioxygenase significantly higher than the one before
DBP–inducing. To our knowledge, catechol is the metabolic inter-
mediate product of aromatic hydrocarbon compounds and cleaving
benzene ring is the common pathway of aromatic hydrocarbon
metabolism.

Rhodococcus is a bacterial genus distributing in variable envi-
ronments, including sediments, soil, sludge or waste water. In other
words, the genus has ability to stand with variable environmental
pollutants. This is just why we can isolate Rhodococcus strain to uti-
lize different substrates from different environments. In order to
use this genus to remediate polluted environment more effectively
and rationally, the mechanism of catabolism should be further
investigated in future on the level of molecular biology.

4. Conclusions

A strain able to degrade PAEs, isolated from activated sludge of a
dyeing plant was identified as R. ruber through analysis of morphol-
ogy, physiochemical properties and 16S rDNA sequence. This strain
can survive by using DMP, DEP and DBP mixture as carbon source
and energy. The article showed the optimal pH value, tempera-
ture and substrate’s concentration that influenced the degradation
rate in water. Kinetics of degradation can be described with expo-
nential model. Little difference was observed in terms of ultimate
degradation rate between PAEs contaminated water samples with
non-emulsification and samples with completed emulsification.
Besides DMP, DEP and DBP, Rhodococcus sp. L4 can also metabolize
phenol, sodium benzoate and naphthalene. This broad-spectrum
utilization suggested Rhodococcus sp. L4 be used as a potential can-
didate for remedying PAEs containing wastes.
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