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Abstract

Biodegradation is cost-effective, environmentally friendly treatment for oily contaminated sites by the use of microorganisms. In this study,
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aboratory experiments were conducted to establish the performance of bacterial isolates in degradation of organic compounds
ily sludge from the Jordanian Oil Refinery plant. As a result of the laboratory screening, three natural bacterial consortia capable o

otal organic carbons (TOC) were prepared from isolates enriched from the oil sludge. Experiments were conducted in Erlenm
nder aerobic conditions, with TOC removal percentage varied from 0.3 to 28% depending on consortia type and concentration
B and 13B exhibited the highest TOC removal percentage of 28 and 22%, respectively, before nutrient addition. TOC remova
nhanced after addition of nutrients to incubated flasks. The highest TOC reduction (43%) was estimated after addition of com
itrogen, phosphorus and sulphur to consortia 7B.
A significant variation (P< 0.005) was obser0ved between the effect of consortia type and concentration on TOC% reduction. No s

ariation was observed between incubation at 10 and 18 days in TOC% reduction. This is the first report concerning biological tr
OC by bacteria isolated from the oil refinery plants, where it lays the ground for full integrated studies recommended for the degr
rganic compounds that assist in solving sludge problems.
2005 Elsevier B.V. All rights reserved.

eywords:Bioremediation; Oil sludge; Total organic carbons (TOC); Degradation

. Introduction

Large quantities of organic and inorganic compounds are
eleased into the environment every year as a result of human
ctivities causing serious environmental problems. Among

hose problems are oil contamination of soil and water from
ndustrial sources and other activity, which create a great en-
ironmental hazard. Also, accidents are likely to occur in
he form of pipeline leaks, transport accidents, storage tank
uptures. Petroleum hydrocarbon continues to be used as the
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principle source of energy and hence a large global e
ronmental pollutant. Apart from accidental contaminatio
ecosystem, the vast amounts of oil sludge generated
fineries from water–oil separation systems and accumul
of waste oily materials in crude oil storage tanks poses
problems because of the expensive disposal methods[1,2].
Petroleum is a complex mixture of non-aqueous and
drophobic components liken-alkane, aromatics, resins a
asphaltenes. Many of these components are toxic[3], mu-
tagenic and carcinogenic[4,5]. Therefore, their release
the environment is strictly controlled and they are class
as priority environmental pollutants by the US Environm
tal Protection Agency, due to their adverse impact on
man health and environment[6]. A variety of methods hav
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been suggested to treat these materials. Physical or chemical
methods such as incineration, chlorination, ozonation, and
combustion are expensive, requiring elaborate equipment and
substantial amounts of additional fuel. Biological treatment
of organic pollutants is a promising field of research, which
gives reliable, simple and cheap technologies over chemical
and physical processes[7–9].

Several laboratory and field tests have demonstrated that
bioremediation could be a cost-effective clean-up technol-
ogy to treat oily sludge and sediments containing biodegrad-
able hydrocarbons and indigenous specialized microorgan-
isms[10–13]. Bioremediation has become a major method
employed in the restoration of oil-polluted environments, and
attempts to accelerate the natural hydrocarbon degradation
rates by overcoming factors that limit bacterial hydrocarbon
degrading activities[14,15]. Biodegradation of petroleum hy-
drocarbons is a complex process that depends on the nature
and amount of oil or hydrocarbon present.

During the last 20 years, many bacteria capable of envi-
ronmentally beneficial degradation properties have been iso-
lated and investigated, but it should be noted that there is no
single strain of bacteria with the metabolic capacity to de-
grade all the components found within oil sludge. In nature,
biodegradation of a crude oil typically involves a succession
of species within the consortia of microbes present. Degra-
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by sending numerous reports off-site for laboratory anal-
ysis of total petroleum hydrocarbons (TPH). If more than
one TPH weight fraction (gasoline, diesel, residual) may be
present at the site, multiple analysis will be required, result-
ing in high analytical costs that are further increased by the
rapid turnaround times often needed to insure timely deci-
sion making during the sampling event. Total organic carbon
(TOC), is a single analysis that can quantify all weight frac-
tions of TPH and that can be performed quickly and easily
on site. Determination of TOC values gives a gross mea-
sure of all forms of organic carbon including petroleum hy-
drocarbons and natural matter[18]. In this study our aim
was to measure the TOC% reduction without having to go
through special chemical analysis of the petroleum chem-
istry and fractionation. This could be recommended for future
research.

Jordan is a country faced with significant volume of oil
sludge being produced from the Jordan Oil Refinery and dis-
posed into ponds causing environmental problems. Although,
there is evidence that bioremediation can be used to treat oil
sludge effectively, the main limitation is the difficulty in for-
mulation treatment strategies that produce a specified out-
come in term of degradation rate while residual contaminant
concentration remains.

In this study, the ability of different consortia to degrade
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ation of petroleum involves progressive or sequential r
ions, in which certain organisms may carry out the in
ttack on the petroleum constituents. This produce inte
iate compounds that are subsequently utilized by a d
nt group of organisms, in the process that results in fu
egradation[16].

The indigenous populations of microorganisms, which
biquitous in soil and groundwater and self adapted to
onditions, actually grow by using the carbon from the po
ants as energy source and cells building blocks. This b
own the contaminants into carbon dioxide and wate
nd products[17]. Despite decades of research, succe
iotreatment of petroleum hydrocarbon contaminated
emains a challenge and several factors must be fulfilled
ptimized to determine the outcome of the biodegrada
rocess such as: biomass concentration, population
ity, bacterial growth, metabolic pathways, nature and
entration of pollutants, chemical structure of organic c
ounds, toxicity of contaminants, and presence of nutr

17].
The oil sludge generated from the Jordanian Oil Refi

epresent one of the most serious environmental proble
ordan, and efforts started to develop a strategy to solve
roblem, where small scale analysis has been conduct

he company laboratories. But the urgent need for a biot
ent approach has arisen to fully utilize the large num
f microorganisms found in the oil-contaminated sites

o optimize the environmental conditions for biodegra
ion. However, before impacts at site can be approxim
anaged, the type, degree and location of the impacts
e determined for hydrocarbon site. This is typically d
OC in oily sludge was investigated for the first time.
ciency of consortia supplemented with different nutrie
as also compared.

. Materials and methods

.1. Microorganisms isolation and characterization

A number of nine bacterial isolates were selected by cl
al enrichment culture method and developed in minima
edium as described by Lal and Khanna[19]. These bacteria

solates were selectively obtained from naturally occur
icrobiota of composite sludge samples collected from

ocations at the effluent of Jordan Oil Refinery Plant. M
hological identification procedures of isolated strains w
erformed according to Buchanan and Gibbons[20] after the
olour and shape of the colonies of bacterial isolates
etermined, gram stain, shape of isolates were perfor
lso physiological and biochemical tests using API 20

Bio-Merieux, France) were used for preliminary charac
zation.

.2. Bacterial consortia preparation

Bacterial isolates were selected based on their a
f oil-sludge degradation and were grown at two temp

ures 43 and 37◦C. The following consortia were prepar
rom the selected isolates harvested at their mid log p
108 CFU/ml) and mixed in equal proportion. Three diff
nt bacterial consortia were prepared as follows.
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(a) Bacterial consortia number 7 was prepared from iso-
lates 1, 3, 4, and 5 with a corresponding cell density of
108 CFU/ml for each, and then all isolates were grown at
43◦C.

(b) Bacterial consortia number 13 was prepared from iso-
lates 2, 3, and 7 with a corresponding cell density of
108 CFU/ml for each, and then all isolates were grown at
43◦C.

(c) Bacterial consortia number 16 was prepared from isolates
5 and 7 with a corresponding cell density of 108 CFU/ml
for each, and then all isolates were grown at 37◦C.

These three natural bacterial consortia have been tested
for their ability to utilize the oily sludge as their sole carbon
source under aerobic conditions.

2.3. Biodegradation experiments

These experiments were conducted to examine the ability
of consortium 7, 13, and 16 to degrade oily sludge collected
from Jordan Oil Refinery treatment plant. The initial content
of total organic compound in oily sludge was 83.3% estimated
as described in Section2.5, which was considered as base line
control sample.

The laboratory tests were carried out in duplicate under
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(b) Ten percent potassium hydrogen orthophosphate was
added sludge sample, where bacterial consortium and
nutrient broth were then added and all were incubated at
43◦C in 250 ml Erlenmeyer flask under moving condi-
tion on a rotary shaker at 200 rpm.

(c) Ten percent ammonia was added to sludge sample, where
bacterial consortium and nutrient broth were added, then
all incubated at 43◦C in 250 ml Erlenmeyer flask under
moving condition on a rotary shaker at 200 rpm.

(d) 0.005% potassium sulphate, 0.005% ferrous sulphate,
10% potassium hydrogen orthophosphate, and 10% am-
monia were added to sludge sample, where bacterial con-
sortium and nutrient broth were then added, all incubated
at 43◦C in 250 ml Erlenmeyer flask under moving con-
dition on a rotary shaker at 200 rpm.

All samples were incubated for 10 days, the set of flasks
were sampled and TOC% degradation was determined as
mentioned in Section2.5.

2.5. Extraction of total petroleum hydrocarbon (TOC)
from oil-sludge sample

TOC determined by High-Temperature Combus-
tion/(5310) Method, where 2 ml of oily sludge were filtered
through 0.45�m-pore-diameter. Filter and filtrate were
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erobic conditions in Erlenmeyer flasks (250 ml) as in
ation reactors. Flasks were shaken on a rotary shak
00 rpm at 43 and 37◦C (field temperature range of the stu

ed area). The oily sludge-degrading efficiency of diffe
onsortia was screened on minimal salt medium as desc
lsewhere[19]. In three sets of Erlenmeyer flasks, oily slud
100 ml sample) was inoculated with bacterial consort
repared at different concentration of minimal salt med
0.1, 1 and 0.05%) designated as A, B, and C, respect
he total final volume of sludge, nutrient broth and con

ia was 100 ml. The final consortia concentration was m
ained as indicated. In addition control samples on bac
ells-free basis were run in parallel. Flasks were incub
or 10 and 18 days. TOC% degradation was determine
entioned in Section2.5, which was considered as our b

ine control sample.

.4. Effect of nutrients on biodegradation capacity of
onsortium 7B

Other experiments were carried out under aerobic co
ion to investigate the effect of supplementary nutrient s
s nitrogen, sulphur and phosphorus on the TOC% d
ation in different samples by consortium 7B. Four set
xperiments for each consortium were designed as follo

(a) 0.005% potassium sulphate and 0.005% ferrous sul
were added to sludge sample, bacterial consortium
nutrient broth were then added and all were incubat
43◦C in 250 ml Erlenmeyer flask under moving con
tion on a rotary shaker at 200 rpm.
eated in the oven to 600◦C for 90 min and then was cool
own to 25◦C [21].

.6. Statistical analysis

One-way ANOVA and LSD tests were used to determ
hether, TOC% degradation differs significantly accord

o type of consortium and nutrient.P value of less than 0.0
as considered to indicate statistical significance[22].

. Results

.1. Biodegradation experiments

Nine bacterial strains able to utilize oil-sludge as a sole
on and energy source were isolated from enrichment ae
ultures containing petroleum oil-sludge. Their taxono
valuation according to Berg’s Manual[20] allowed the pre

iminary designation of isolates asBacillussp. and they wer
lassified into two groups based on the growth tempera
roup one was grown at 43◦C, while group two was grow
t 37◦C. Selection of strains was made on preliminary e
ation of their degrading activity and taxonomic distribut

nto strain 1, 2, 3, 4, 5 and 7 from group one, and strain
, and 7 from group two for designing degradation exp
ents (Section2.2). The effect of the different consortia
OC% reduction activity is shown inTable 1. The initial
OC% reduction activity before addition of consortium w
3.3%, which was considered as a baseline control sa
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Table 1
Effect of consortia type and concentration on TOC reduction after 10 days
of incubation (initial TOC 83.3%) (blank)

Consortium Final TOC% estimation

7A 62.3
7B 55.3
7C 65.3
13A 77.3
13B 61.3
13C 78.3
16A 79.6
16B 80.8
16C 83.0

A, B, C: bacterial consortia.

A significant variation (P< 0.005) was observed between the
effect of consortia type and concentration on TOC% reduc-
tion. The highest TOC% reduction was achieved (83.3–55.3)
after 10 days incubation period by consortium 7B, followed
by consortium 13B (83.3–61.3). Moreover, the total TOC%
reduction achieved by different consortia type and concentra-
tion was 0.3 and 28.0 (Fig. 1). The degradation of oil sludge
as a whole was determined by measuring total organic carbon
(TOC) percentage reduction by different consortia prepared
from the isolated strains. The data inFig. 1 revealed that
the maximum TOC% removal achieved by consortium 7B
followed by consortium 13B with a corresponding values of
28 and 22%, respectively. On the other hand, incubation of
consortium 16C under the indicated experimental conditions
resulted in negligible TOC reduction (0.3% TOC). Further-
more, a significant effect of temperature was displayed in

Fig. 1.These results suggested that bacterial consortium pre-
pared from isolates grown at 43◦C were more active in TOC
degradation than consortium prepared from isolates grown at
37◦C. Addition of consortia 7A and 13A at concentration of
0.1% to the sludge sample (100 ml) provided a total TOC re-
duction of 21 and 6%, respectively. However, a total reduction
of 3.0% was obtained by consortium 16A. Moreover addition
of different consortia at 1% concentration revealed similar re-
sults where the highest and the lowest TOC reduction were
28.0 and 1.5% for consortia 7B and 16B, respectively.

3.2. Effect of nutrients on TOC reduction

Consortium 7B was selected for this study based on its
demonstrated success for oil-sludge degradation. Experi-
ments were conducted in 250 ml Erlenmeyer flask containing
100 ml sludge sample, incubated for 10 days at 43◦C on rotat-
ing shaker. The response of this consortium to the degradation
of oil-sludge was positive and differed according to the type
of nutrient added as illustrated inFig. 2. The addition of either
10% potassium hydrogen orthophosphate or 10% ammonia
to the incubation flask enhanced the ability of consortium
7B to reduce TOC percentage by 37 and 32%, respectively.
This means an increase on TOC reduction percentage by 9%
after P addition and 4% after N addition in comparison to
t oval
( tion
o hate
( 10%
a On

d conc

ddition on the total TOC% removal.
Fig. 1. Effect of consortia type an

Fig. 2. Effect of nutrients a
he blank flask (no P or N added). The highest TOC rem
43%) was observed in the flask treated with combina
f 0.005% potassium sulphate (S), 0.005% ferrous sulp
S), 10% potassium hydrogen orthophosphate (P), and
mmonia (N), which is 15% higher than for blank flask.

entration on the total TOC% removal.
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Fig. 3. Effect of incubation time on TOC% removal.

the other hand, less significant reduction on TOC percentage
was noticed after S addition with corresponding value of 29%
(1% increase over blank flask).

3.3. Effect of time on TOC degradation

Although bacterial consortia were incubated with the oily
sludge aerobically for 10 and 18 days, a noticeable TOC re-
duction was observed only after 10 days and was lowered to
nearly 57% of is initial level by consortia 7B (Fig. 3). On the
other hand, after 18 days of incubation no further significant
decrease in TOC was observed. And the same trend was ob-
served for the remaining consortia (Fig. 3). This suggests that
for this period of time (10 days) the microorganisms accom-
plished the process.

4. Discussion

This study was carried out to investigate for the first
time the ability of different bacterial consortia isolated from
the Jordanian Oil Refinery treatment plant to metabolize
petroleum oily sludge as a source of energy and carbon for
growth under aerobic conditions. These isolates have been
characterized with the standard API 20NE identification sys-
t s as
B the
f nc-
i A

base ratio determinations, whole cell protein and fatty acid
analysis and extensive biochemical characterization could be
beneficial[23]. As it might appear, this work is the first study
to be conducted in Jordan in this regard which could lay the
ground for future researchers to conduct an integrated study
including a full analysis using CS-MS techniques that could
be acquired thought funded projects or other international as-
sistance. Furthermore, the finding of this study could assist
decision makers in establishing a baseline or a benchmark
for TOC-associated pollution.

The biodegradation experiments carried out in this study
have assessed the efficiency of three different consortia based
exclusively on the percentage of TOC removal from the oily
sludge sample, but we did not monitor other variables that
could influence TOC biodegradation such as pH, or dissolved
oxygen[24], which could be investigated in future studies.
The treatment carried out by applying enriched specific pop-
ulations isolated from the sludge to the contaminated sample,
where the population of oil-degrading microorganisms was
low [25]. However, the degradation capacities of the three
consortia were studied in the presence of initial TOC (83.3%)
concentration in the oily sludge samples. Consortium 7B pro-
vided the highest removal percentage of 28.0%, while con-
sortium 16C showed the lowest degradation percentage of
0.3% after 10 days of incubation (Fig. 1). Both the effect
o ated,
a cen-
t sing
i fold
em, which allowed preliminary designation of the isolate
acillusspecies. Further studies could be carried out in

uture to fully identify the bacterial strains including seque
ng of the 16S rDNA genes, DNA–DNA hybridization, DN
f consortia type and concentration has been investig
nd it was observed that increasing the inoculums con

ration would enhance the TOC degradation rate. Increa
noculums concentration from 0.05 up to 1% lead to four-
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rise on TOC percentage removal A similar observation was
also reported by other researchers[26,27], where removal of
crude oil degradation by mixed microbial consortium isolated
from oil-contaminated soil samples, was observed. Other re-
searchers have described the ability of mixed bacterial con-
sortia to degrade 28–51% of saturates and 0–18% of aromat-
ics present in crude oil[28–30]. On the contrary, Venosa et
al. [11] showed that microbial inoculation did not enhance
the removal of hydrocarbons from soil contaminated with
crude oil, which might be due to other environmental pa-
rameters[31]. The significance of consortium concentration
on TOC% removal obtained in this study is in agreement
with other study by Forsyth et al.[25] who showed that
biodegradation would not occur at a significant rate if popu-
lation of indigenous microorganisms is less than 105 CFU/g
of soil. It was also observed that TOC% reduction obtained
by consortium 7B after10 and 18 days incubation were 28
and 25% (Fig. 3), which might be due to environmental pa-
rameters[31]. Similarly, Aldrett et al.[32] observed that the
highest aromatic petroleum hydrocarbons degradation was
observed after 7 days. The same observation reported by
other researchers[33], where the disappearance of TOC from
treated plots was faster during the first 3 months of inocula-
tion. This observation is in agreements with our study where
incubation time plays an important role in TOC% removal
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ficient increase in biomass for environmentally significant
hydrocarbon degradation to occur.

In this paper, the effect of nutrients addition such as N, P,
and S individually and in combination on TOC removal by
the bacterial consortia was investigated. Improvement on re-
moval rate was noticed after adding all nutrients together. The
highest TOC removal was 43% (Fig. 2). Also, it was noticed
that addition of N and P individually resulted in more signif-
icant improvement on biodegradation rate that the addition
of S. The effect of nutrients addition on biodegradation have
been studied extensively[42–45], and it was concluded that
different organisms have different requirements for N and
P, and provision of these nutrients at different concentration
(both absolute and relative to each other) will differentiate for
the organisms most able to utilize the nutrients at levels pro-
vided in the oiled habitat. Thus, addition of N and P at differ-
ent concentrations should be considered for different groups
of organisms[46,47]. Additionally, other study indicated that
addition of NaNO3 had beneficial effects on hydrocarbon
degradation[46], which is in agreement with our study.

In summary, the performance of hydrocarbon degradation
bacterial consortia selectively isolated from naturally occur-
ring microbiota of the oily sludge could be utilized for future
oily sludge bioremediation application. No previous reports
were published concerning the biotreatment of oil sludge in
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Temperature influences petroleum biodegradation b

ects on the, physical, chemical properties of the oil, w
ate of hydrocarbon metabolism by microorganisms and
osition of the microbial community were reported[14,34].

n our study, it was observed that consortia prepared
solates grown at 43◦C were more active than consortia p
ared from group 2 (isolates grown at 37◦C). The same ob
ervation reported by other researchers during biodegrad
f crude oil by a mixed bacterial consortium[27,35]. They

ound that percentage of degradation decreased with de
ng temperature, where higher temperature increased th
f hydrocarbon metabolism to a maximum, typically in
ange of 30–40◦C, which agree with results obtained in t
tudy.

The highest TOC% reduction rate obtained in this s
as under aerobic condition, which is in agreement with o

eported studies[36–38]where aerobic conditions are gen
lly considered necessary for extensive degradation of h
arbons in the environment. Many studies have shown
xygen depletion leads to sharply reduced biodegradatio

ivities in marine sediments and soils[39,40]. Another facto
volved in this study was the influence of the availabilit
utrients on the biodegradation process of microorgan

40]. The importance of nutrients to microbial processes
ong been known, nitrogen (N) is required in amino acids
hosphorus (P) is involved in energy transport as aden

riphosphate. Compositional analysis of microbial biom
ndicates that C, N and P are present in the ratio of 106:
espectively[41]. Contaminated soils that have intrinsica
ow N and P will require nutrient additions to allow a s
-

ordan, and the results obtained in this study represen
upport for developing investigations concerning the us
uch bacteria consortia for degradation of petroleum hy
arbons from the Jordan Oil Refinery. To fully explore
otential use of such bacteria for the treatment of the w
ffluents, future studies should be carried out to optimiz
ifferent factors that influence the rate of biodegradation.
ould be achieved by increasing the financial and tech
upport from funding agencies, companies, decision m
nd governments.

. Conclusions

Based on the results obtained from laboratory st
iodegradation could be considered as a key compone

he clean-up strategy developed in the future for treatme
il-sludge contaminants. In addition, evaluation of envi
ental conditions and optimization of biodegradation

ess based on several factors such as biomass type an
entration, temperature, nutrients, and pH are areas w
urther research is necessary.

Unlike the conventional treatment technologies, biore
iation technique must be tailored specifically to each

uted site. Each waste site has unique characteristics
hus requires individual attention, so an official criterium
valuating the success or failure of a particular strate
eeded. In addition, a successful biodegradation progra
uires a multidisciplinary approach, integrating fields suc
icrobiology, engineering, geology, soil science, and pro
anagement.
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