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Abstract A mesocosm study was evaluated to elucidate

the influence of amendments such as microbial consortium,

plant (Vetiveria zizanioides), bulking agent (wheat husk)

and nutrients on remediation of oil sludge over a period of

90 days. The experiment was conducted in a 15 m2 plot

which was divided into eight units comprising of soil

sludge mixture (1:1) at CSIR-NEERI premises. During the

experiment, oil degradation was estimated gravimetrically

and polyaromatic hydrocarbons (PAHs) were quantified on

GC–MS. Additionally, dehydrogenase activity was also

monitored. The treatment integrated with bulking agent,

nutrients, consortium and plant resulted in 28-fold

increased dehydrogenase activity and complete minerali-

zation of higher PAHs. Furthermore, 72.8 % total petro-

leum hydrocarbons (TPH) degradation was observed in

bulked treatment with plant, nutrients and consortium fol-

lowed by 69.6 and 65.4 % in bioaugmented treatments

with and without nutrients, respectively, as compared to

control (33.4 %). A lysimeter study was also conducted

simultaneously using Vetiver and consortium to monitor

groundwater contamination by heavy metals in oil sludge

which showed a marked decrease in the concentrations of

metals such as lead and cadmium in leachates. This study

validates a holistic approach for remediation of

oil sludge contaminated soils/sites which is a burning issue

since decades by the use of microbe assisted phytoreme-

diation technology which not only solves the problem of oil

contamination but also takes care of heavy metal

contamination.
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Introduction

The ever increasing reliance of humans on oil and petro-

chemicals has increased during the past few decades. Oil

sludge contamination occurs predominately during different

processes such as transport, storage, drilling, etc. Oil sludge

is a complex mixture of alkanes, aromatic hydrocarbons,

NSO (nitrogen-sulfur-oxygen containing compounds) and

asphaltene fractions (Beskoski et al. 2011). Due to the

structural complexity and low bioavailability of these

compounds, their natural degradation in the environment is

negligible. Among these, polycyclic aromatic hydrocarbons

(PAHs) are difficult to degrade as they are highly recalcitrant

in nature and persist in the environment due to their

hydrophobicity. The association of PAHs with co-pollutants

such as other hydrocarbons and heavy metals is another

factor that can prolong their residence time in the environ-

ment. It has long been known that PAHs can have serious

deleterious effects on human health, and toxic effects of

PAHs continue as they display acute carcinogenic, muta-

genic and teratogenic properties (Bamforth and Singleton

2005). The biodegradability of oil components in the

decreasing order can be shown as: n-alkanes [ branched-

chain alkanes [ branched alkenes [ low molecular weight

n-alkyl aromatics [ monoaromatics [ cyclic alkanes [
PAHs [asphaltenes (Tyagi et al. 2011). Remediation of oil

sludge due to these visible hazards has gained a substance.

There are many physico-chemical methods for remediation

of oil sludge (i.e., thermal treatment, dig and dump method,

chemical method, separation techniques and stabilization/
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solidification technology), but those are expensive and have

their own disadvantages for they not being environmental

friendly and lead to destruction of soil fertility. To overcome

the limitations of these physico-chemical technologies,

bioremediation can prove to be an effective and eco-friendly

technology which makes use of either indigenous bacteria or

introduces exogenous bacterial cultures capable of degrad-

ing the contaminant. It has many advantages over physico-

chemical methods for it being eco-friendly, safe, gives

complete mineralization of pollutant which in turn con-

serves soil texture and characteristics and is also cost-

effective (Salleh et al. 2003; Abdulsalam et al. 2011). Many

microbial strains are capable of degrading specific hydro-

carbon compounds. A single bacterial species has only

limited capacity to degrade all the fractions of hydrocarbons

present in oil sludge since it is a complex mixture of different

compounds as mentioned above. Hence, a mixture of bac-

terial armies that can degrade a broad range of the hydro-

carbon constituents of the oil sludge should be employed.

The remediation process can be accelerated by adding the

indigenous bacteria isolated from site that are already

adapted in the contaminated environment (Jain et al. 2010).

Environmental factors such as soil type and structure; pH;

temperature; and the presence of adequate levels of oxygen,

nutrients and water for the activity of the pollutant-degrad-

ing microbial community should be kept in mind while re-

mediating a contaminated site (Bamforth and Singleton.

2005). Thus, addition of microbial consortium at the site of

contamination is an effective method for remediation of oily

sludge (Vasudevan and Rajaram 2001; Mishra et al. 2001).

Furthermore, use of plant species for remediation of oil

sludge can also tackle the heavy metal contamination since

certain plant species are known to accumulate metals in

either roots or shoots (Juwarkar et al. 2010). Besides, deg-

radation of hydrocarbons in oil sludge is enhanced by the use

of bulking agents and inorganic nutrients (Vasudevan and

Rajaram 2001). Hence, to deal with all possible problems

created by oil sludge contamination including both heavy

metal and hydrocarbon contamination, the collective use of

plants, microbes, bulking agent and nutrients is suggested.

The aim of this study is to monitor the combined output of

all the above-mentioned amendments, resulting in a

microbe assisted phytoremediation technology (MAPT) for

remediation of oil sludge under natural environmental

conditions. To achieve this goal, a 90 days mesocosm study

was initiated at CSIR-NEERI premises in the month of

December, 2011. MAPT is an onsite remediation technol-

ogy unlike other physico-chemical techniques which trans-

fer the contaminant to other place for remediation, thereby

increasing the cost of transportation. Also, it is a low-input

approach for remediation in which one time bioaugmenta-

tion and plantation are the only interventions. Vetiver plant

used can serve as a resource to perfume industry as it is used

for extraction of aromatic oils. Moreover, the bulking agent

added is an inexpensive agricultural waste that is easily

available in bulk quantities. Thus, MAPT will prove to be

cost-effective, eco-friendly, deal with heavy metals problem

that is also a component of oil sludge and help to overcome

the environmental hazard of oil sludge contamination.

Materials and methods

Site preparation and experimental set up

The study was performed in a randomized block design

(RBD), and eight units were filled with 50 % oil sludge

contaminated soil to form about 20 cm surface layer. The

tank bottom oil sludge used for the experiment was col-

lected from Gujarat oil refinery, Vadodara, India. The plant

used for the study was Vetiveria zizanioides due to its

properties such as dense and massive root system, high

biomass production, rapid growth rate, high tolerance and

adaptability to a wide range of climatic and environmental

conditions, ability to accumulate heavy metals and toler-

ance to petroleum hydrocarbon toxicity (Danh et al. 2009).

V. zizanioides saplings (15 days old) of same the height

(30 cm) were purchased from Shri Shell nursery, Nagpur.

Bulking agent 4 % (wt./wt.) was mixed in the respective

treatments, and the plots were acclimatized for 7 days. The

bulking agent was ground and sieved through 2-mm mesh.

The characteristics of bulking agent were total N—0.51 %,

total P—0.030 % and total K—0.95 %. Total nitrogen was

estimated by standard Kjeldahl method, and total potas-

sium and phosphorus were estimated according to methods

reported by Jackson (1973).

Different treatments are mentioned in Table 1. Inor-

ganic supplementation of nitrogen was done by adding

commercially available urea-based fertilizer to maintain

the C/N ratio of 100:10. Also the moisture content of soil

Table 1 Treatments of mesocosm study

Treatments Amendments

Microbial

Consortium

Nutrients Bulking agent

(wheat husk)

Plant

(Vetiveria

zizanioides)

Control [a] – – – –

Control [b] – ? – –

T1 [a] ? – – –

T1 [b] ? ? – –

T2 [a] – – – ?

T2 [b] – ? – ?

T3 [a] ? – ? ?

T3 [b] ? ? ? ?
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was maintained between 60 and 70 %. Aeration was pro-

vided by manual plowing, thrice every month, to provide

increased interaction of microorganisms with the contam-

inant and amended nutrients.

Microbial consortium, approximately 109 CFU/g soil,

was mixed directly with soil without any carrier material.

Composite sampling of surface soil (20 cm) was carried

out at an interval of 30 days during the course of experi-

ment. The samples were homogenized, sieved through

2-mm mesh and preserved at 4 �C until further analysis.

Preparation of microbial consortium

The consortium was formed with organisms isolated from

oil-sludge-contaminated site through enrichment studies

using modified minimal salts medium (MSM) adopted

from Verma et al. (2006) with additionally supplemented

vitamin solution, 1 ml/L (HiMedia). Oil sludge was used as

sole carbon and energy source. After several enrichment

cycles, 0.1 ml from appropriate dilution was spread on

MSM agar plates with crude oil as carbon source. The

bacterial strains were identified through biochemical tests

and 16S-rRNA sequencing. The consortium was formed of

four hydrocarbon-degrading organisms, identified as

Bacillus subtilis, Bacillus pumilis, Pseudomonas aerugin-

osa and Pseudomonas azotoformans. These cultures were

then grown till mid-log phase individually in MSM and

mixed in equal proportions to form a consortium. The cells

were concentrated by centrifuging the broth at 8,000 rpm

for 10 min and the pellet was dissolved in autoclaved

distilled water, and this consortium was then mixed with

the contaminated soil in respective treatments.

Initial characterization oil sludge and soil

Oil sludge was characterized for oil content, total petroleum

hydrocarbons (TPH) and its fractions, ash and moisture

content. Ash and moisture content were determined by

ASTM D 2974 (2000) method. The soil was characterized

for parameters such as organic carbon, organic matter, total

nitrogen and total microbial count. Nitrogen content of soil

was determined using the Kjeldahl method, and organic

carbon and organic matter were determined by Walkley and

Black method. The pH was determined using pH meter

(HANNA, HI4521) on 1:2 (wt./vol.) soil/distilled water after

30-min equilibration. Total microbial count was performed

by standard plate count method.

Estimation of oil and TPH

The oil content in the samples was determined by soxhlet

extraction method (USEPA. Method 3540C 1996) with

DCM:Acetone (1:1) as extracting solvent. The different TPH

fractions [aliphatic, aromatic, NSO (nitrogen-sulfur-oxy-

gen containing compounds) and asphaltene] were separated

using method given by Mishra et al. (2001). The samples

were dissolved in 30 ml n-pentane to separate insoluble as-

phaltene fraction from the soluble ones. The soluble fractions

were laid on glass columns (50 9 1.5 cm) filled with acti-

vated silica gel of mesh size 60–120. Aliphatic fractions were

separated using hexane as eluting solvent; benzene was used

for eluting out aromatic fractions containing PAH. Similarly,

methanol was used to separate NSO fraction. Fractions were

dried at room temperature in a fume hood. The degradation

of TPH fractions was calculated gravimetrically in com-

parison with the controls that contained only a soil and sludge

mixture.

Quantification of PAH degradation using GC–MS

The aromatic fractions separated by silica gel fractionation

procedure were subjected to GC–MS analysis for quanti-

fication of PAH compounds. The dried fractions were

dissolved in benzene and made up to 10 ml before analysis.

Varian 450 GC and MS 240 was used for PAH analysis.

Separation was carried out using DB-5 MS column having

length 30 m, 0.25 mm ID and 0.25 l film thickness.

Injector temperature was set at 270 �C. Oven temperature

Fig. 1 Standard chromatograph for PAH compounds. 1—Naphtha-

lene, 2—Naphthalene,1-methyl-, 3—Acenaphthylene, 4—Acenaph-

thene, 5—Fluorene, 6—Phenanthrene, 7—Fluoranthene, 8—Pyrene,

9—Chrysene, 10—Benzo[e] pyrene, 11—Benzo[b] fluoranthene,

12—Benzo[GHI] perylene, 13—Dibenzo[a,h] anthracene, 14—

Indeno[1,2,3-CD] Pyrene

Int. J. Environ. Sci. Technol. (2015) 12:193–202 195

123



was programmed from 60 �C, hold for 1 min, heated to

270 �C at rate of 15 �C/min and hold for 5 min. Ion trap

was heated to 150 �C and acquisition mass range from 50

to 1,000 dalton; 1 ll sample was injected into GC, and

fragmentation pattern was observed. The 14 mix PAH

standard used was from Dr. Ehrenstorfer GmbH (Augs-

burg, Germany) (Fig. 1).

Estimation of dehydrogenase activity

Dehydrogenase activity was estimated by 2,3,5-triphenyl-

tetrazolium chloride (TTC) reduction method (Casida et al.

1964). The mixture of soil, 1 % TTC and glucose was

incubated at 37 �C for 24 h. The triphenylformazone (TPF)

formed was extracted by ethanol and read at 484 nm on

UV–vis Spectrophotometer (Perkin Elmer, Lamda 900).

One unit activity was represented as lg TPF/g/h.

Heavy metal analysis

A column lysimeter study was conducted parallel to mes-

ocosm study to monitor the ground water pollution due to

water-soluble heavy metals in oil sludge. The treatments

used in lysimeter study were control (soil and oil sludge

only), L1 (V. zizanioides ? soil ? oil sludge) and L2

(Microbial consortium ? V. zizanioides ? soil ? oil

Fig. 2 Comparative GC–MS chromatographs on 0 and 90 days of control [a], control [b], Treatment T3 [a] and T3 [b]
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sludge). PVC Columns of height 1.5 m and diameter 15 cm

were filled with layers of gravels, sand and soil; 5 % oil

sludge was laid on the top layer. A small pipe was fitted at

the bottom to collect the leachate. The leachate samples

after 60 days study were subjected to analysis on ICP-OES

for quantification of different heavy metals. (ICP-OES

Thermo Fisher ICAP 6300DUO)

Data analysis

The experiments were carried out in triplicates. The mean,

standard deviation and correlation between dehydrogenase

activity and percentage oil degradation (Pearson’s corre-

lation coefficient) were calculated using analysis of vari-

ance (ANOVA). The statistical significance in this analysis

was defined at p B 0.05.

Results and discussion

Initial characterization of soil and oil sludge

The initial characterization of oil sludge and soil is presented

in Table 2. The moisture and ash content of oil sludge were

1.6 and 22.01 %, respectively. Tank bottom sludge was rich

in oil having 62.3 g/kg oil content, and among TPH fractions,

the lowest concentration was of NSO (36.2 g/kg) fraction and

highest was of asphaltene (98.6 g/kg). The composition of oil

and its fraction varies with source of crude (light or heavy),

refining process and location of refinery. The oil sludge used

in this study is an end product of mixed crude which resulted

in heavy asphaltene fraction. The C/N ratio of soil sludge

mixture was estimated as 365:1 and nitrogen was supple-

mented to maintain optimum ratio (100:10) which was also

maintained by Xu and Lu (2010). The initial bacterial count

was 25 9 104 which implies that bioaugmentation was

required for enhanced degradation, as the population of

microorganisms for optimal degradation should be around

105 CFU/g or more (Mittal and Singh 2010).

Mesocosm studies

Control [a]

At the end of study (90 days), no significant reduction in

concentration of PAH compounds was observed (Fig. 2).

However, the oil content of contaminated soil reduced by

40.64 % (Fig. 3) and TPH content reduced from

222.6 ± 0.52 to 148.2 ± 0.76 g/kg (33.4 %) Table 4. A

slight increase in dehydrogenase activity was observed

which might be due to metabolic activity of native micro-

flora as per the results in Fig. 3. The reduction in oil and TPH

might be attributed to the abiotic losses such as evaporation

of low volatile fraction of oil sludge, photooxidation, etc.,

and some degradation by indigenous microbes present in the

soil sludge mixture. Mittal and Singh (2010) have also

reported losses due to volatilization and photooxidation.

Control [b]: effect of biostimulation

An eightfold increase in dehydrogenase activity was found

after 90 days, and during same duration oil and TPH

content reduced by 41.5 % (Fig. 3; Table 4). Previous

studies reveal that addition of nutrients enhances the deg-

radation process by providing optimum growth parameters

for microorganisms (Pelletier et al. 2004). However, in the

present study, addition of N alone had a minor effect on

degradation and dehydrogenase activity as compared to

other soil amendments.

T1 [a]: effect of bioaugmentation

The amendment of microbial consortium proved efficient

in depleting 65 % of TPH (235 ± 0.81 to 82 ± 0.76 g/kg)

and 65.8 % of oil from the contaminated soil with

increased enzyme activity from 71.36 ± 1 to 682.06 ±

0.5 lg TPF/g/h after 90 days (Table 4; Fig. 3). The bio-

augmentation also resulted in complete removal of higher

weight PAH and dibenzo (a,h) anthracene. A comparative

higher activity and degradation rates in this treatment can

be attributed to the consortium augmented at the beginning

of the study which adapted to oil and its components for

functional growth. Additionally, the induced catabolic

system of microbes on exposure to toxic organic com-

pounds improves the degradation rate.

Table 2 Initial characterization of oil sludge and soil used for study

Constituents Concentration

Oil sludge

Moisture (%) 1.65

Ash (%) 22.01

Oil content (g/kg) 62.3

TPH fractions

Aliphatic fraction (g/kg) 75

Aromatic fraction (g/kg) 42

NSO fraction (g/kg) 36.2

Asphaltene fraction (g/kg) 98.6

Soil

pH 6.8

Organic matter (%) 1.98

Organic carbon (%) 0.9

Total nitrogen (mg/kg) 196

Total bacterial count (CFU/g) 25 9 104

C/N (after mixing sludge and soil) 365:1
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T1 [b]: effect of bioaugmentation and biostimulation

The combined effect of biostimulation and bioaugmentation

of contaminated soil resulted in 69.5 % reduction in TPH

(230.3 ± 0.65 to 70 ± 0.81 g/kg) along with 68.5 % oil

removal (Table 4; Fig. 3). There was a sudden increase in

dehydrogenase activity after 30 days (84.6 ± 0.5 lg TPF/

g/h) which almost doubled at the end of the study as com-

pared to 60 day (830.2 ± 0.7 to 1536.5 ± 0.5 lg TPF/g/h)

(Fig. 3). Microorganisms are known to produce dehydro-

genase enzymes that catalyze the degradation process by

oxidizing hydrocarbons. During this process, the double

bond of carbon is broken and the adjacent hydrogen atom is

transferred to hydrogen receptor (Li et al. 2002). The deg-

radation of oil was more rapid during the first 30 days

(47.4 %) which increased gradually till 90 days (68.5 %).

This shows that microorganisms have acclimatized to the

contamination and are utilizing oil sludge as a carbon

source for growth. As a result, by using oil sludge as carbon

source, the microorganisms might have increased in number

showing corresponding increase in dehydrogenase activity.

Similar kind of results were observed by Zhang et al. (2009)

where they observed increase in dehydrogenase activity in

unplanted petroleum contaminated soil till 150 days. The

GC–MS profile shown in Table 5 confirms 100 % degra-

dation of acenaphthene and dibenzo (a,h) anthracene.

Maintaining C/N ratio to the requirement of microbes

proved beneficial in degradation as it enhanced the process

by increasing the microbial activity, and also bioaugmen-

tation proved beneficial in depleting oil and TPH content.

Table 3 Heavy metal content in different treatments after 60 days

Heavy metal 0 Day 60 Days

Control L1 L2 Control L1 L2

Zn 0.026 0.089 0.0155 0.021 0.088 0.0055

Pb 0.02775 0.02465 0.0235 0.02705 0.0211 0.01915

Cd 0.02035 0.01225 0.01745 0.01925 0.01095 0.01085

Ni 0.0985 0.089 0.0855 0.097 0.08 0.0835

Mn 0.0365 0.039 0.0385 0.0335 0.036 0.036

Fe 0.003 0.008 0.014 0.02 0.0075 0.011

Cr 0.032 0.053 0.0555 0.0315 0.046 0.04
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T2 [a]: effect of phytoremediation

During the course of experiment, TPH degradation of 55 and

57.6 % oil removal was observed in presence of Vetiver plant

(Table 4; Fig. 3). An increase in dehydrogenase activity from

47.4 ± 0.4 to 451.03 ± 1.05 lg TPF/g/h was also recorded

(Fig. 3). Additionally, disappearance of naphthalene

1-methyl, chrysene and benzo[b] fluoranthene was also

noticed at the end of study (Table 5). Plants may be used for

enhanced degradation of PAH compounds as they are known

to stimulate microbial growth/activity and increase the

availability of PAH compounds in rhizosphere (Parrish et al.

2005). Furthermore, air-filled macro-pores in soil as a result

of dead and decomposing roots facilitate oxygen diffusion in

the subsurface and stimulate the degradation process (Kathi

and Khan 2011). Also the increase in dehydrogenase activity

may be attributed to increase in microbial community by root

exudates which serve as direct source of nutrients (Shi. 2009).

T2 [b]: effect of phytoremediation and biostimulation

The biostimulation of Vetiver rhizosphere resulted in degra-

dation of TPH compounds from 260.3 ± 0.75 to

102.3 ± 1.04 g/kg (60.7 %) and nearly 65 % reduction in oil

content. Results are depicted in Table 4 and Fig. 3. The GC–

MS results showed that after completion of the experiment,

PAHs such as naphthalene, 1-methyl, acenaphthylene, ace-

naphthene, fluorene, phenanthrene, fluoranthene, pyrene and

chrysene were found with reduced concentrations. Out of the

above-mentioned 8 PAH compounds, naphthalene, 1-methyl

was degraded from 214 to 42 ppm, acenaphthene from 356 to

245 ppm and fluorine from 850 to 762 ppm showed maxi-

mum reduction after 90 days (Table 5). The overall TPH

degradation was better as compared to that of with only plant.

Dehydrogenase activity increased 29 times from 38.3 ± 0.7

to 1148.17 ± 0.7 lg TPF/g/h (Fig. 3). Brandt et al. (2006)

has mentioned in his study that petroleum hydrocarbons have

high carbon content but poor nitrogen and phosphorus con-

tent, and microbes use up the available nutrients during min-

eralization of hydrocarbons. Hence, supplementation of

nutrients helps in increasing the degradation rate.

T3 [a]: effect of bioaugmentation, phytoremediation

and bulking agent

This treatment had an additional advantage of bulking

agent to increase the porosity of soil. The outcome of this

Table 4 Total petroleum

hydrocarbon degradation in

different treatments

a Values are the mean ± SD of

3 replications

Treatments Total petroleum hydrocarbons (TPH)

Incubation

period (days)

Initial concentration

(g/kg)

Final concentration

(g/kg)

Degradation

(%)

Control [a] 30 222.6 ± 0.52a 196.9 ± 1a 11.5

60 222.6 ± 0.52a 173.2 ± 1.7a 22.2

90 222.6 ± 0.52a 148.2 ± 0.76a 33.4

Control [b] 30 254.8 ± 0.91a 230.2 ± 0.87a 9.7

60 254.8 ± 0.91a 180.4 ± 0.77a 29.1

90 254.8 ± 0.91a 151.6 ± 0.4a 40.5

T1 [a] 30 234.4 ± 0.81a 201.2 ± 0.65a 14.2

60 234.4 ± 0.81a 135.7 ± 0.55a 42.1

90 234.4 ± 0.81a 81.3 ± 0.76a 65.4

T1 [b] 30 231 ± 0.65a 180.7 ± 0.43a 21.7

60 231 ± 0.65a 110.3 ± 0.98a 52.3

90 231 ± 0.65a 70.2 ± 0.87a 69.6

T2 [a] 30 267.4 ± 0.60a 210.9 ± 0.45a 21.1

60 267.4 ± 0.60a 161.2 ± 0.47a 39.7

90 267.4 ± 0.60a 120.1 ± 0.80a 55.1

T2 [b] 30 260.3 ± 0.75a 230.8 ± 0.65a 11.3

60 260.3 ± 0.75a 155.9 ± 0.90a 40.1

90 260.3 ± 0.75a 102.3 ± 1.04a 60.7

T3 [a] 30 249.5 ± 0.95a 191.6 ± 0.75a 23.2

60 249.5 ± 0.95a 138.2 ± 0.7a 44.6

90 249.5 ± 0.95a 77.6 ± 0.55a 68.9

T3 [b] 30 227.4 ± 0.92a 185.4 ± 0.52a 18.4

60 227.4 ± 0.92a 110.9 ± 0.35a 51.2

90 227.4 ± 0.92a 61.8 ± 0.56a 72.8

Int. J. Environ. Sci. Technol. (2015) 12:193–202 199

123



addition was degradation of oil and TPH, 69.6 and 68.9 %,

respectively (Fig. 3; Table 4). Though this treatment was

effective as compared to other treatments discussed above

in degrading oil, but treatment T1 [a] and T1 [b] showed

much better TPH degradation. This might be attributed to

competition for nutrients between rhizospheric bacteria and

added consortium. Dehydrogenase activity increased from

90.96 ± 1.05 to 975.2 ± 1.1 lg TPF/g/h (Fig. 3). Ben-

zo[GHI]Perylene and chrysene were degraded completely

(Table 5). Addition of bulking agent reduces remediation

time for oil-contaminated soil by reducing the oil-saturated

aggregates and thus making them available for microbial

degradation (Rhykerd et al. 1999). The addition of bulking

agent might be reason for enhanced dehydrogenase activ-

ity, TPH and oil degradation as compared to control. Also

bulking agent addition increases porosity of soil providing

aeration favouring microbial growth.

T3 [b]: effect of bioaugmentation, biostimulation,

phytoremediation and bulking agent

This treatment was the best among all the other treatments.

Maximum reduction in oil and TPH content was observed

after 90 days. TPH content reduced from 228 ± 0.9 to

62 ± 0.5 g/kg, i.e., 72.8 % (Table 4). Also, oil was degra-

ded up to 75.02 % (Fig. 3). The reduced TPH degradation

shown by treatment T3 [b] as compared to treatments T1

[a] and T1 [b] seems to be handled by the addition of

nutrients, bulking agent and Vetiver in this treatment

resulting in maximum TPH degradation. Dehydrogenase

activity increased 28 folds after 90 days (Fig. 3). Maximum

degradation can be justified by complete mineralization of

three higher PAH compounds, benzo[e] pyrene, dibezo[a,h]

anthracene and benzo[b] fluoranthene. The concentration of

indeno [1,2,3-CD] pyrene is reduced from 38.4 to 10 ppm

and that of phenanthrene from 1,150 to 299 ppm (Table 5).

Oil degradation by using microbial consortium and nutrient

amendments have been reported by Alvarez et al. (2011)

with positive results. Also Chang and Richard (1998) have

reported enhanced oil remediation by addition of bulking

agent. Brandt et al. (2006) during their research carried out

on phytoremediation of petroleum contamination found that

Vetiver was efficient in degrading the contaminant. This

study resulted in degradation of oil and TPH compounds by

using all possible technologies implemented till date by

making use of plant (phytoremediation), microbial consor-

tium (bioremediation), addition of bulking agent and nutri-

ent (biostimulation) together, and hence has proved its

efficiency over conventional remediation technologies.

A common observation in some of the treatments was

that along with degradation of higher-ring compounds

there was increase in the concentration of lower molecular

weight compounds. This increase in concentration ofT
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lower-ring compounds may be due to conversion of one

form into another as a drop in metabolism process. Similar

types of results were observed by Edema et al. (2011). The

results are depicted in Table 5. GC–MS chromatographs

for treatments T3 [a], T3 [b], control [a] and control [b] are

depicted in Fig. 2.

Dehydrogenase activity versus oil degradation

Dehydrogenase is an oxidoreductase enzyme present only

in viable cells and is considered as a biomarker for changes

in microbial activity due to changes in soil management

and climatic conditions (Roldan et al. 2004). In the present

study, a gradual increase in dehydrogenase activity was

observed with incubation time till the end of study. Addi-

tionally, bioaugmented treatments (T1 and T3) resulted in

20 % higher activity as compared to control. At the same

time, biostimulation of treatments also showed an

enhanced activity as compared to non-stimulated counter-

parts. The increase in activity was more in T3 [b] treatment

as compared to biostimulation and bioaugmentation alone.

This can be justified by all favorable conditions provided

for growth of hydrocarbon degraders, i.e., addition of

consortium, root exudates by Vetiver, nutrients for stimu-

lation of augmented and indigenous bacteria and proper

aeration by bulking agent addition. Oil degradation rate

during 30 days was higher as compared to 60 and 90 days.

This might be due to the reason that lower and easily

available hydrocarbons are preferred to degradation and the

rest higher-ring compounds are left to degrade at the end.

Similar results were observed with oil degradation rates as

in dehydrogenase activity in which T3 [b] proved most

efficient in degradation. The end results of study show that

a strong positive correlation was found between dehydro-

genase activity and percent oil degradation with Pearson’s

correlation coefficient R = 0.89 which was significant at

p B 0.05. This correlation infers that increase in dehydro-

genase activity can be used to estimate oil degradation

rates.

Heavy metal analysis

The treatments L1 and L2 showed reduced concentrations

of lead (Pb) and cadmium (Cd) after 60 days. In L1

treatment, Pb concentration reduced from 0.0246 to

0.0211 ppm and that of Cd from 0.01225 to 0.01095 ppm

(Table 3).The concentrations of Pb (0.0235–0.01915 ppm)

and Cd (0.01745–0.01085 ppm) were also found to reduce

in treatment L2. During this study, a reduction in the

concentration of all metals was observed but it was more

prominent in case of Pb and Cd. The reduction in con-

centration of other metals in the treatments L1 and L2 was

found to be negligible. Some metals in soil are not

bioavailable as they are in soil precipitate form and/or

embedded in structure of silicate minerals in the soil (Lasat

2000). Hence, the plant might not have been able to uptake

other metals, resulting in negligible reduction in concen-

tration of these metals in the leachates. In a phytoremedi-

ation study, Danh et al. (2009) mentioned that Cd is

accumulated in the shoots of Vetiver plant while Pb is

accumulated both in shoots as well as roots. Hooda (2007)

also reported that rhizospheric bacteria facilitate the uptake

of heavy metals by phytoextraction/phytosequestration

mechanism. On the other side, the reduction in metal

concentration may be contributed by adsorption of metals

on bacterial cell wall. The structural polymers in bacterial

cell wall provide acidic surface functional groups such as

carboxyl, phosphoryl and amino groups that are responsi-

ble for the reactivity of bacterial cells which is responsible

for forming metal scavenging properties of bacteria (Ku-

lczycki et al. 2002).

Conclusion

The use of different amendments has emerged as a viable

and eco-friendly solution to remediate oil-sludge-contam-

inated soils/sites. The concoction of different additives

such as Vetiver for rhizodegradation, bioaugmentation for

enhanced microbial degradation, addition of nutrients for

stimulation of indigenous and augmented consortium and

addition of bulking to increase porosity and aeration helped

to remove maximum oil and TPH from the contaminated

soil very efficiently. Also results of lysimeter study infer

that use of Vetiver and consortium was helpful in reducing

the concentration of heavy metals such as lead and cad-

mium which otherwise could have polluted groundwater.

In addition, the positive correlation between dehydroge-

nase activity and oil degradation indicates that degradation

can be monitored by measuring the soil dehydrogenase

activity. Concluding over the findings, MAPT is a better

option than bioremediation alone for remediating

oil sludge contaminated sites and to maintain the fertility

of soil.
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