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Abstract: The highest biodegradation efficiency of petroleum
hydrocarbons 50% was observed for a C:N:P  ratio of 100:10:1
while it reached 28% for a C:N:P ratio of 60:2:1 and moisture of 15%
for both of them. For a higher N:P molar ratio greater than or equal
to 10, the recorded depletion and consequently biodegradation ratios
decreased significantly. The monitoring of temporal evolution of the
biomass and C:N:P ratios highlighted that the N: P molar ratio may
be a factor limiting which concurs with several studies. In addition to
the ability of the indigenous microbial population to oxide petroleum
hydrocarbons to a large extent, the results highlighted the remediation
feasibility in solid-phase bioreactors.

l. Introduction

Petroleum products and oils are among the most
frequent soil and groundwater contaminants and
pose a strong environmental problem. They find
their way into the environment as a result of pipeline
and underground storage tank leakages, improper
were disposal practices, or transportation accidents.
Many of these contaminants are toxic, mutagenic,
and carcinogenic [1].

Bioremediation is a viable option for remediation of
oil-contaminated sites and offers an economical and
ecological alternative to traditional physical-
chemical and thermal technologies [2,3]
Bioremediation either in situ or ex-situ accelerates
the naturally occurring biodegradation under
controlled conditions [4].

The results under aerobic conditions are
considerably better than those under anaerobic
conditions [5,6] Its application may be further
limited by several factors such as temperature, pH,
moisture, nutrients [7] electron acceptors availability
and soil type [8-10 and by degradation rates often
requiring several weeks to several months to reduce
the soil contamination to acceptable levels.

In this work, we have focused on treatment in solid-
phase bioreactors on a laboratory scale; which
involves mainly contacting contaminated soil with

water, nutrients, oxygen, microorganisms to enhance
the biodegradation rate.

Solid-phase bioreactors require less energy for
forced aeration so this makes them cost-effective
even when long treatment durations are required.
However, non-uniform contaminant removal and
low rates and extent of degradation; attributed to a
non-homogeneous distribution of nutrients, electron
acceptors, and micro-organisms in the soil; often
limit the efficiency of solid-phase treatment such as
biopiles [11].

The importance of nutrients to microbial processes
has long been known in most cases, the treatment of
oil-contaminated  environments involves the
biostimulation; where the activity of the indigenous
bacteria is stimulated by adding nutrients and/or by
aeration; as an effective approach to enhance oil
biodegradation. The requirements for nitrogen and
phosphorous vary with bacteria type, carbon source
metabolized, and environmental habitat. It depends
on the bacterial specific growth rate, the elemental
microbial cell composition, and the maximum
carbon conversion efficiency [12].

The recommended carbon: nitrogen: phosphorous
mole ratios for enhanced biodegradation commonly
cited as optimal C:N:P targets are in the range of
100:10:1to 100:1:0.5 or of 106:16: 1 [Redfield ratio]
[13-17]
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Other ratios have been used and considered as
suitable or ‘optimal’ for biodegradation. Ruberto et
al. [2003] suggested that the ratio of C:N:P needs to
be maintained at 100:12:3 to enable microbial
growth and activity to occur. Other studies
highlighted that biodegradation can be inhibited by
nutrient addition [18-20]. So it is important to ensure
an adequate amendment in nutrients and soil
moisture levels.

In general, the nutrients amendment required for
optimal biodegradation varies with the contaminant
and soil type The soil moisture is a very significant
parameter and is essential to the development and
growth of the micro-organisms, and the various
transfers. So it is essential to maintain sufficient
water content as recommended, the optimum soil
moisture range for microbial activity are 5-15% [21]
Several studies suggest a water content of 60% of the
field holding capacity [22-24].

On the other hand and despite the good
biodegradability of the majority of petroleum
hydrocarbons [25,26] ,their persistence in soils may
be attributed to the contaminated soil permeability.
Fine-grained soils restrict the oxygen transfer and its
bioavailability, decreasing consequently the
biodegradation efficiency.

The present experimental work investigated how
much nutrients amendment is required in the case of
sandy-loam contaminated soil by petroleum
hydrocarbons [3%] to achieve higher biodegradation
efficiency.

I1. Materials and methods

11.1. Soil

Contaminated soil was collected, according to
AFNOR X31-100 [27], from a site with a history of
petroleum contamination over years, located at 36°
11'26,01 North, 3° East 11'08,0 in Dar El Beida. The
soil samples were taken depth of 0-20cm.

The soil was air-dried at room temperature, sieved at
0.8mm, homogenized according to the quartering
method; this method is repeated twice and then
stored at 4°C until used.

Soil characterization study focused on the
determination of pH according to 1SO 10390 [28],
size and texture by sieving and sedimento-metry,
organic matter by calcinations, organic carbon
according to NF T90-102 [29], nutrients after
removal of the soil matrix, after reducing nitrates to
nitrites, nitrates and nitrites were determined by
diazotization reactive method, and Ammonia
nitrogen was determined by the Nessler method
according to 1SO 14256-1 [30], and phosphorous
ions were determined according to the standard NF
EN 1189 [31].

11.2. Total petroleum hydrocarbons
The measurement of soil total petroleum
hydrocarbons content was based on the gravimetric

determination.  Petroleum hydrocarbons  were
extracted from 2g of soil; mixed and crushed with
2.5g of anhydrous sodium sulfate; using the
ultrasonic extraction method with dichloromethane
as solvent. Soil samples were extracted two times
[15min for each extraction] with 18ml of solvent.
The concentrated extract was weighed just after
filtration and solvent rotary evaporation at 40°C to
determine the residual petroleum hydrocarbons
contents. These contents were revised to dry weight
content obtained from the weight loss of soil dried at
105°C.

11.3. Total heterotrophic microorganisms

To enumerate the heterotrophic  microbial
population, 1g of soil was serially diluted and spread
on nutrient agar. Plates were incubated for 24-48
hours at 37°C before counting units forming colonies
[UFC]. Biomass was revised also to dry weight
content.

Experiments were carried out in aerobic conditions
in microcosms containing 210 g of polluted soil.
Two molar ratios of C:N:P of 100:10:1 [A] and
60:2:1 [B] and water content of 15% w/w dry weight
were used to investigate the extent of bioremediation
of the contaminated soil. Additional microcosms
without the addition of inorganic nutrients [NH4ClI
and KH,PO4] and water was used as control [C],
whereas microcosms sterilized with 2g of HgCl./kg
of dried soil according to Nam et al. [2001],
moistened to 15% and amended with inorganic
nutrients according to the C:N:P ratios of 100:10:1
[A’] and 60:2:1 [B’] acted as abiotic controls.
Nutrients were added only at the beginning of
biostimulation experiments. All microcosms, except
C, were covered with aluminum foil to avoid light
and incubated at 27°C for 9 weeks.

The soil moisture was controlled and adjusted up
15% by spraying water, and aeration was achieved
periodically by mixing thoroughly contaminated
soil.

The total petroleum hydrocarbons contents, total
microbial cell numbers, nutrients contents, pH,
moisture, and temperature in the reactors were
periodically monitored in both abiotic and biotic
systems for 9 weeks.

The total petroleum hydrocarbons removal and
biodegradation ratios were estimated from equations
[1] and [2]:

_ [TPH],~[TPH]bio

Petroleum removal ratio = ————— [1]
[TPH],
Petroleum biodegradation ratio = [TPH)abio—[TPHlbio
[TPH],

[2]With:

[TPH]o = initial concentration of petroleum
hydrocarbons;

[TPHlio = concentration of total petroleum

hydrocarbons at time “t” for biotic system;
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[TPH]aic= concentration of total petroleum
hydrocarbons at time “t” for abiotic system.

I11. Results and discussion

11..1. Soil characterization

The analysis soil studied reveals a sandy loam
texture with [15%] of clay, [35.75%] of silt and
[49.25%] of sand as consequence about the texture
triangle [31] and a fine-grained soil [160um].

The results of measurements of permeability show a
permeable soil for transfer between the various
phases and good oxygenation. The main
characteristics of the studied soil, are given in table
1. Soil pH was in the range for the growth of
microorganisms degraders of hydrocarbons [32] .
Contaminated soil samples reveal a TPH content of
[31+1]g/kg dried soil and the determination of C:N:P
molar ratio [100:0.07:0.002] highlighted the
amendment of the contaminated soil is required. The
microbial analysis confirmed the presence of
indigenous microorganisms able to initiate and
maintain diesel oil degradation [33]. After
amendment soil contaminated, this number would
increase according to several authors [4]

Table 1. Soil chemical and biological
characteristics

Deo [Hm] 160 pH 7.21

Do [pm] 15 Humidity[%] 2.46

Cu 10.66 Organic 5.97
[Dso/D10] matter[%]

BIm/s] 5.56*10 Organic 2.08
5 carbon[%]

Clay [%] 15
Silt [%] 35.75

NO> [g/g] 0.98%10°
NO3 [g/g] 1.020*10"
4

Sand [%] | 49.25 NH.* [0/g] 0.600*10°
6

Texture Sandy Plg/g] 1.625*10
loam 6

plg/cm®] 1.61
Porosity 0.41

C :N*10%:P*10% | 100:7:2
Biomass[CFU/g | 98.4*10°
sail]

111.2 Biological treatment

111.2.1 Total petroleum hydrocarbons

The results of measurements of the total petroleum
hydrocarbons residual [TPH] in systems A and B
highlighted negligible removal rate the first two
weeks, not exceeding 4%, the same as those
observed in the case of the natural attenuation [C].
This can be attributed to the age of the pollution and
the nature of petroleum hydrocarbons in the presence
but also has the inadequacy of degrader

A

microorganisms able to initiate and support TPH
degradation. Indeed, biodegradation did not occur
when the population of indigenous microorganisms
capable of degrading the target contaminants was
less than 10° CFU/g of soil.

After that, similar profiles of TPH removal [figure
1a] were observed for both systems A and B, and
TPH contents decreased significantly. This depletion
is, however, more important in the case of C:N:P
molar ratio of 100:10:1 from the 3" week. An
increase in TPH degradation was observed from the
3 week for systems A and B, to reach the end of
treatment TPH removal ratio of 62% and 39%
respectively. TPH removal was significantly
important for C:N:P molar ratio of 100:10:1 up to
62% compared to C:N:P molar ratio of 60:2:1.
After a period of adaptation, biostimulation resulted
in rapid degradation of TPH in the early stage [within
6 weeks] to reach at the end of treatment for systems
A and B, total removal efficiencies of 62% and 39%
respectively.

The C:N:P molar ratio of 100:10:1 improves the
removal performance of 59% compared to the C:N:P
molar ratio of 60:2:1.

In the case of natural attenuation [C], TPH removal
did not exceed 15% due probably to abiotic
processes such as volatilization, and/or photo-
oxidation.

TPH removal in abiotic systems [A” and B’] was in
the 10-11 % range due to the volatilization and
evaporation process after 9 weeks of incubation.
Over the whole treatment period, the evolution of
total petroleum hydrocarbons biodegradation
followed similar profiles that those of TPH removal.
After two weeks, TPH biodegradation ratios
increased from 3™ and 5™ weeks for systems A and
B respectively, and seemed to stabilize after the 71
week. This would correspond to the depletion of
nutrients and/or  biodegradable hydrocarbons
fraction and the presence of recalcitrant
hydrocarbons and toxic metabolites.

The optimum TPH biodegradation ratios varied
between 50% and 28% at the end of treatment for
systems A and B respectively
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Figure 1b. Temporal evolution of total petroleum
hydrocarbons biodegradation

111.2.2 Biomass

Biostimulation treatments increased significantly
total heterotrophic microorganisms regardless C:N:P
molar ratios studied after 1 week of treatment. The
same trend of biomass evolution was observed for
both systems A and B [figure 2b]. The biomass
seemed constant in the 1% week, in the order of 10°
CFU/g of dried soil for both systems, which could
explain the low biodegradation ratios rates.

Indeed, Pelaez et al. [35] reported that the guidelines
of the USEPA suggest that bioremediation was
feasible when there was at least 10° CFU/g soil of the
microbial population according to Lin et al., 2010
and when indigenous microorganisms capable of
degrading the pollutant are less than 10° CFU/g of
soil, bioremediation will not occur at a significant
rate according to Forsyth et al., 1995.

The number of heterotrophic microorganisms
increased to reach its maximum in the 4" week of
7.5%10%° CFU/g soil and 8.0*10° CFU/g soil,
corresponding to biodegradation ratios of 42% and
2% for systems A and B respectively. Kumar et al.
[36] showed that a better soil biodegradation, with a
moisture of 15%, pH 8, a temperature of 28°C and

inoculums concentration of 106 CFU/g soil. The low
biodegradation ratio for higher C: N ratio [B] despite
the content of 8.0*10° CFU/g soil could be probably
due to the use of another substrate in the organic
matter [6%] than petroleum hydrocarbons. It is
generally recognized that microorganisms require
about 10 parts of carbon and 1 part of nitrogen for
efficient biodegradation. If this ratio becomes higher
the growth and utilization of carbon sources will be
retarded [37].The other hand, the addition of
nutrients according to the C:N:P ratio of 60:2:1
affect the community dynamics of heterotrophic
microbial populations and as consequence affect the
rate and the extent of biodegradation according to
[37,38]

After 7 weeks of treatment, total microorganisms
decreased to reach between 1.2*103-2.2*10° CFU/g
soil for treatments A and B, due probably to nutrients
depletion. For natural attenuation [C], total bacterial
counts decreased until it becomes negligible from
the 3 week. Stimulation of microorganisms
improved microbial growth microbial in comparison
to natural attenuation [C] while but did not enhance
biodegradation efficiency according to C:N:P ratio.
At the end of the essays, the number of
microorganisms was at the same order of magnitude
in both treatments.

A Treatment A | 1,00E+11

B Treatment B
® Treatment C

a”ag

—— =1 ooe+03
0o 1 2 3 4 5 6 7 8 9

1,00E+09

——
—td—
—-

- 1,00E+07

Biomasse(CFU/g dried soil)

Time (weeks)
Figure 2. Biomass temporal evolution for Biotic
systems

IVV.  Discussion

Contaminated soils poor in nitrogen [N] and
phosphorous [P] contents require the addition of
nutrients to allow a sufficient increase in biomass
and therefore significant degradation rates of
petroleum hydrocarbons. These must be used at
appropriate concentrations in a certain ratio of
carbon/nitrogen/phosphorous [C:N:P], which is the
aim of our study. In general, the molar ratios C: N
ranging from 14:1 to 560:1 have been proposed as a
suitable or optimum for biodegradation.

Petroleum hydrocarbons degradation in both
biostimulation treatment A and B showed a similar
trend but different biodegradation ratios depending
on the C:N:P ratio. The addition of nutrients
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enhanced oxidation of petroleum hydrocarbons up
62% and 39% for C: N: P ratios 100:10:1 and 60:2:1
respectively.

During the first two weeks of treatments, the C:N:P
molar ratios seemed constant, negligible TPH
biodegradation occurred [<2%] and an increase in
heterotrophic microorganisms in the order of 10°
CFU/g soil for both systems was observed. These
results confirmed the use of microorganisms of
another substrate in organic matter than petroleum
hydrocarbons.

After that, an increase in heterotrophic
microorganisms to reach their maximum of 7.5*10%°
CFU/g at the 4™-week soil was followed by a
microbial activity with 42% biodegradation
efficiency although the C:N:P molar ratio increased
from 100:10:1 to 125:7:1 [figure 3a].

TPH and nutrient contents analysis highlighted both
microbial growth and microbial activity for C:N:P
ratios between100:10- 180:10. In the case of C:N:P
molar ratio of 60:2:1 [B], an increase in
heterotrophic microorganisms number after the
second week of treatment to reach a maximum of
8*10° CFU/qg soil was not followed by an increase in
biodegradation efficiency [3%] [Figure3b].

The low biodegradation efficiencies were probably
due to the high level of C: N: P between 88:2:1-
537.5: 1.3: 1. Thus, the microbial growth would be
the result of the used substrate in organic matter. For
this latter C:N:P ratio, a biodegradation efficiency of
total hydrocarbons of 82% was obtained in the case
of artificially diesel-oil contaminated soil [results no
shown] while it doesn't exceed 29% in this study for
an aged contaminated soil.

After the 4" week, we observed a decrease in
heterotrophic microorganisms to reach at the end of
treatment 2.2*10° CFU/g soil and 1.2*10° CFU/g
soil corresponding to TPH removal of 62% and 39%
and C:N:P molar ratio of 85:5:1 and 300:2:1 for
treatments A and B respectively. These results would
correspond to  nutrients  depletion  and/or
biodegradation of most of the recalcitrant
hydrocarbons and the presence of toxic metabolites.
The highest degradation rate has been obtained with
the first one, which was 62% for 9 weeks of
treatment. This ratio was frequently reported as a
baseline for approaches biostimulation [39] and it
was considered as optimal [40]

Ghazali et al. [17] reported that the ratio of C:N:P
needs to be maintained at 120:10:1 to enable
microbial growth and activity to occur for better
biodegradation of hydrocarbons according to
Thomas et al. [1992]. Cerqueira et al. [2014]
demonstrated that nutrient ratios of C:N:P of 100:
0.4: 0.2 and 100:10:1 were to be effective for
hydrocarbon-degrading. Although it was generally
accepted that optimal C: N ratio for bioremediation

A

in the soil is 10, Barresen et al. [42] highlighted
optimal C: N ratios between 11 and 27 [on the weight
basis].

Trindade et al. [2005] reported that no nitrogen
addition was necessary, as the nitrogen
concentration in soil was sufficient to maintain the
C:N:P ratio to 100:1.25:1.

Venosa et al. [43] obtained a removal efficiency of
petroleum hydrocarbons of 90% for alkanes and
809% for aromatics for a ratio of 150: 10: 3. Sanscarta
et al. [2009] used a ratio of 100:7.5:0.5 to obtain a
diesel removal efficiency of 97%.

Grace et al. [44] study consisted of the use of three
different C:N:P ratios 100: 27: 6.5, 100: 11: 3.7 and
100: 4.6: 3.1. Successful stimulation to the
communities was achieved with 100:11:3.7
corresponding to TPH removal > 80%; this ratio
was close to the nutrients required for the
recommended C:N:P ratio [100:10:1] for biopiles
operation [USEPA, 2002] and also the desired ratio
[100:15:1] forex bioremediation [45].

V. Conclusion

This study reported the ability of biostimulation to
eliminate 62% and 39% of petroleum hydrocarbons
in a long-term contaminated soil for molar ratio
C:N:P 100:10:1 and 60:2:1 respectively.

The addition of sources of nitrogen and phosphorous
was necessary to enhance the biodegradation of
petroleum hydrocarbons from the fact that intrinsic
contents of the soil nutrients essential for the activity
and growth of microorganisms are very low. Abiotic
loss played an important role in petroleum
hydrocarbons reduction.

The oxidation of petroleum hydrocarbons in
different systems showed a similar trend but
different biodegradation ratios depending on the
C:N:P molar ratio 100:10:1, resulted in enhanced
oxidation of petroleum hydrocarbons. The highest
biodegradation ratio obtained was 50%. In addition
to the ability of the indigenous microbial to oxide
petroleum hydrocarbons to a large extent, the results
highlighted that the microbial activity remains for
C:N:P molar ratio such as 220:4:1, 538:1:1,
967:2:1and poor in nitrogen content.
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