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Abstract: Compositional distribution and sources of polycyclic aromatic hydrocarbons (PAHs)  in  Nigerian
oil-based drill-cuttings have been studied for evidence of petrogenic and/or pyrogenic effects with
recommendations for the strict enforcement of the ban on the use of oil-based mud in drilling by government
regulatory agencies and prior bio-treatment of the drill cuttings before final fate. Laboratory analysis of the drill
cuttings with a Gas Chromatogram Model 6890N equipped with a flame ionization detector showed that the total
initial PAHs concentration of the drill-cuttings was 223.52mg/kg while the initial individual PAHs
concentrations ranged from 1.67 to 70.7 mg/kg, dry weight, with a 90% predominance of the combustion-specific
3-ring PAHs. The ratio of anthracene to (phenanthrene + anthracene) = 0.31 was found to be greater than the
0.10 pyrogenic source-criterion for PAHs fraction of molar-mass 178g/mol while the ratio of fluoranthene to
(pyrene + fluoranthene) = 0.40 was found to be less than the 0.50 petrogenic source-criterion for fraction of
molar-mass 202g/mol suggesting that the PAHs were from pyrogenic and petrogenic sources. Pyrogenic PAHs
might be from a possible local heat effect while petrogenic PAHs might be from anthropogenic petroleum
fractions in proprietary oil-based mud used in drilling. Consequently, the drill cuttings were composted by
homogenizing 4000g of the drill cuttings, 920g of top-soil and 154g of saw dust and poultry  droppings  in a
10-litre plastic container of very low thermal conductivity in the ratio of 26:6:1. Mixing and watering of the
reactors were done at 3 days interval under ambient temperature of 30°C for 42 days. After the bioremediation
exercise, the total PAHs remaining in the  drill  cuttings  were  4.25mg/kg  (representing  a  98.1%  reduction).
The half-lives of the PAHs in the medium ranged from 8 to 43 days.
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INTRODUCTION environmentally harmful drilling mud such as oil-based

It is widely known that the concentration and fractions [4, 5-7] has been used in the drilling process.
compositional distribution of polycyclic aromatic This is because, the chemical composition of the resulting
hydrocarbons  (PAHs)  in  an environmental sample is drill-cuttings is largely dictated by the chemistry of the
used in distinguishing between their sources in the drilling mud and additives used while drilling.
sample  into  two  major categories, namely: petrogenic Drill cuttings are mixtures of rocks and particulates
(i.e. from petroleum) and pyrogenic (i.e. from  combustion)
origins[1-3]. This is often done by taking into account any
or  a  combination  of  the  following  criteria:  (I.)  number
of  PAH  alkyl homologous series present (ii.) PAH
stability  (iii.)  number of source-specific PAHs present
and (iv.) principal component analysis [2]. Apparently, a
knowledge of the origins of the PAHs present in the
waste stream resulting from drilling operations, such as
drill-cuttings, may provide an insight into whether or not

mud (OBM) composed of PAH-carrying petroleum

released from geologic formations in the drill hole made
during crude-oil drilling operations. Drill cuttings  are
often characterised by (but not limited to) relatively high
total hydrocarbon content (THC) [8] and polycyclic
aromatic  hydrocarbons  (PAHs) [4]. PAHs are the class
of  hydrocarbons  containing  two  or  more fused
aromatic hydrocarbons. Due to their abundance in the
environment,     comparatively       simple     delectability
and   toxicity    to    mammals    and    aquatic   organisms,
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the  United   States   Environmental  Protection  Agency environment of Rivers and Delta States alone [10],
is  reported  to  have  identified and included in the according to a citation in Ayotamuno et al. [11]. Rivers
priority  list   of   pollutants   16   non-substituted  PAHs State falls within the lowland rain-forest ecological zone
as indicators of PAH pollution. They include; of the region and the micro-climatology of the State
naphthalene, acenaphthylene, acenaphthene, anthracene, shows that it has a mean annual rainfall of 2369 mm and a
phenanthrene, fluorene, pyrene, benzo [a] anthracene, mean maximum daily-temperature of 28°C [13].
fluoranthene, chrysene, dibenzo [a,h] anthracene, benzo
[b]  fluoranthene, benzo [k] fluoranthene, benzo [a] Experimental Design: Composite samples of the drill-
pyrene, benzo [g,h,i] perylene and indeno [1,2,3-cd] cuttings were  collected with plastic containers at
pyrene. It has also been reported that these compounds standard  atmospheric pressure strictly in line with DPR
are environmentally harmful because they are, or can [4] standards for quality assurance. The composting
become, carcinogenic or mutagenic [9]. experiment  was  conducted in the Research Campus of

Concerns about the adverse environmental effects of the Rivers State University of Science and Technology,
oil-based drill-cuttings (OBDC) prompted government Nkpolu, Port Harcourt. The top-soil, which was obtained
regulatory agencies in the crude-oil producing countries from within the University Research Campus served as
to outlaw the use of OBMs [4]. However, whether or not both nutrients and microbes carrier. In a 10-litre plastic
this ban has been complied with by oil-producing container of very low thermal conductivity, 4000g of drill
multinational companies in these oil-bearing regions cuttings, 920g of top-soil and 154g of saw dust and
leaves  much  to be desired considering the spate of poultry droppings were homogenized. The mix ratio of
recent cases of environmental pollution arising from the cuttings  to  top-soil  to  saw-dust   and  poultry
large volumes of drilling waste discharges reported in droppings  was  26:6:1  [14].  The  mixture was watered at
these regions [10, 11]. Therefore, the main object of this 3 days interval under ambient temperature of 30°C over a
study is to assess the concentration and compositional period 42 days. The plastic containers were well lagged
distribution of individual PAH fractions in the oilfield with wood shavings to reduce conductive heat losses
drill-cuttings from drilling operations  in  the Niger Delta associated with small-scale reactors [15]. Temperature
of Nigeria for evidence of pyrogenic and/or petrogenic changes in the reactors were monitored throughout the
effects. This, as stated earlier, might provide an insight remediation period using mercury-in-glass thermometers.
into whether or not environmentally harmful OBMs are The experiment was replicated three times with no
still being used in drilling by the oil-producing addition of amendment to the control reactor. Composite
multinationals.  In  addition,  the  effectiveness (in terms samples of the treatment product were then taken after
of percent PAHs reduction) of composting as a every 14 days using garden trowel for chemical laboratory
bioremediation technology for the drill cuttings is analysis.
assessed while the biodegradation rates of the persistent
PAH fractions are determined to facilitate the assessment Theory: The biodegradation rates of selected PAHs were
of their respective half-life in the medium. evaluated by comparing their reaction rate constants of

MATERIALS AND METHODS [16], the integrated and linearized pseudo-first-order

The Study Area: The drill-cuttings samples were collected
from a mud-pit sited close to a just-completed crude oil (1)
well in the Niger Delta region (5°19'N, 6°28'E) of Nigeria.
Located in the Southern Nigeria coastal zone, the Niger
Delta region is Africa’s largest delta covering some 70,000 The value of the reaction rate constant, K  was
km . About one-third of the region is made up of wetlands determined using regression analysis by fitting on a2

and it contains the third largest mangrove forest in the number of experimental data points, using the LINEST
world. It is home to Nigeria’s oil and gas industries with function in Microsoft® Excel 2007. Then half-life (T ) of
most of the country’s oil and gas fields located in the area these selected PAHs was evaluated using the half-life
[12]. As a result, the region has also had more than its ‘fair expression below:
share’, as it were, of petroleum waste discharges. For
instance, during the last 25 years, approximately 7 million (2)
cubic meters of drilling wastes were discharged into the

the pseudo-first-order kinetics. According to Lagergren

kinetic expression is given as:

1
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Laboratory and Statistical Analyses: The drill cutting [3] (based on double-indicator ratio, due to source
samples were analyzed for the 16 priority polycyclic overlap) for an environmental sample, which was used
aromatic hydrocarbons (PAHs) according to the earlier by Hites and Gschwend [1] (based on single-
procedures of the USEPA [17] method 8270B using an indicator ratio). From the Table 2, the source of the PAHs
AGILENT TECH. Gas Chromatogram Model 6890N in the drill cuttings was confirmed as pyrogenic since the
equipped with a flame ionization detector (FID). The total ratio ANT/(PHE+ANT) > 0.10 for  PAH  fractions of
hydrocarbon content (THC) was analyzed according to molar-mass 178g/mol. Again, from same Table 2, another
the standards of the ASTM [18] method D3920 using a possible source of the PAHs in the drill cuttings might be
SHIMADZU Infra red Spectrophotometer by measuring anthropogenic petroleum origin (i.e. petrogenic) since the
the light absorbance at the wavelength range of 3333-3704 ratio FLR/(PYR+FLR)   0.50  for  PAH  fractions of
nm. Bonny light crude-oil was used to calibrate the molar-mass 202mg/kg. This observation strongly
equipment beforehand. suggests that an oil-based mud (OBM) containing

Standard deviation (SD), using the STDEV function petroleum fraction (such as diesel invert) may have been
in Microsoft Excel 2007 and simple percentages were used during drilling contrary to the claimed compliance to®

calculated. the ban on the use of OBMs in drilling by oil-producing

RESULTS AND DISCUSSION revelation  (by  a Mud Engineer and Mud man, staff of

THC and PAHS Characteristics of the Drill Cuttings: Delta in Nigeria who would prefer anonymity; personal
Table  1  shows  the  THC  and  PAHs  characteristics  of communication) that OBMs are often used especially
the  untreated  drill  cuttings.  From  the  table,  it is when drilling beyond certain depths because of their
evident that the THC level of the drill cuttings samples comparatively higher density, which facilitates the
(i.e. 18,195mg/kg) far exceeded the discharge limit of removal of cuttings from the well at such depths.
50,000mg/kg spelt out by the Nigerian Government
Department of Petroleum Resources (DPR) [4]. This PAHS Concentration in the Base Materials Used for the
implies that the drill cuttings are not safe for land disposal Composting: The PAHs profile of the base materials used
without prior treatment. in the composting is shown in Table 3. The table shows

Compositional Distribution and Sources of PAHS in the for the composting were free from PAHs as all the PAH
Drill Cuttings: The PAH profile of the drill cuttings is fractions were not within the laboratory detection limits.
also  shown  in  Table  1.  The  PAHs  are  composed  of However, the poultry droppings was found to contain a
2-6 fused rings with molecular-mass ranging from small amount of PAHs (19.59 mg/kg), which was
128g/mol (for Naphthalene) to 278g/mol (for dibenzo [a,h] considered negligible when compared with that of the drill
anthracene). The 3-ring PAHs made up 90%, 4- and  5-ring cuttings and was contained in just 0.03 portion of the
PAHs  4%  each and 2- and 6-ring PAHs 1% each of the entire mix. 
total PAHs concentration of the drill cuttings.
Considering the number of source-specific PAHs present Biodegradation   of   PAHS   in   the   Drill   Cuttings:
in the sample [2], it is evident from Table 1 that the The degree of degradation of individual PAHs in relation
predominance   of   the   combustion-specific   3-ring to molar-mass and ring groups over the 42 days
PAHs; acenaphthylene (70.7mg/kg) and acenaphthene remediation period showed distinct variations as depicted
(61.9mg/kg) in the drill cuttings, suggests that the PAHs in Table 4. For the 2-ring PAHs, characterized by identical
in the drill cuttings are from a combustion (i.e. pyrogenic) molar-mass of 128g/mol, their presence was short-lived
source. This may be attributed to the possible combustion shortly after treatment commenced as they were not
of the petroleum fraction due to the heat generated in the detected after the first 14 days of remediation and
drill-bit during drilling. In addition, Yunker and McDonald afterwards until treatment ended in the 42 day. This
[2] suggest that the best strategy to adopt when sudden disappearance of these 2-ring PAHs may have
assessing whether the source is pyrogenic is to consider much to do with their physical properties-such as high
the ratios of a number of PAHs of different molar-mass. In volatility, slight solubility in water (31mg/l), high vapour
view of this, Table 2 shows a modified PAH diagnostic pressure, two number of rings and low molar-mass
ratio analysis compared with that of the drill cuttings (128g/mol) [9]-than with biological degradation. This is
sample. This is an approach adopted by Okoro and Ikolo because,  these  low molecular-mass PAHs are less likely

companies in Nigeria. And this goes to highlight the

two  different  oil-producing  companies  in  the  Niger

that both the sandy-loam soil and farm yard manure used

nd
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Table 1: Compositional distribution of the PAHs within ring group and total hydrocarbon content (THC) in the drill cuttings before composting
Molar mass (g/mol) Characteristics LDL (mg/kg) Value (mg/kg) Ring Group Composition (%) DPR  discharge limits (mg/kg) [4]

- THC - 82,195 ±302.52 - - 50,000
PAH fractions:

128 Naphthalene 1.00 nd 2-ring 1 -
128 2-Methylnaphthalene 0.20 1.96±0.16 -
166 Acenaphthylene 1.00 70.7±0.23 3-ring 90 -
166 Acenaphthene 0.70 61.9±0.22 -
166 Fluorene 0.70 36.9±0.24 -
178 Phenanthrene 0.20 21.4±0.22 -
178 Anthracene 0.40 9.83±0.17 -
202 Fluoranthene 0.20 1.67±0.19 4-ring 4 -
202 Pyrene 0.20 2.27±0.21 -
228 Benzo [a] anthracene 0.20 2.29±0.15 -
228 Chrysene 0.20 2.91±0.22 -
252 Benzo [b] fluoranthene 0.30 2.38±0.16 5-ring 4 -
252 Benzo [k] fluoranthene 0.20 3.03±0.19 -
252 Benzo [a] pyrene 0.20 2.10±0.21 -
278 Dibenzo [a,h] anthracene 0.20 1.74±0.24 -
276 Benzo [g,h,i] perylene 0.20 2.44±0.21 6-ring 1 -
276 Indeno [1,2,3-cd] pyrene 0.20 nd -
TOTAL 223.52 100 -
Values represent mean±standard deviation of three replicates;
 nd = not detected; 
LDL = Laboratory detection limits

Table 2: PAH diagnostic ratio analysis
PAHs source criteria*
--------------------------------------------------------------------------

PAHs ratio Drill cuttings (This study) Petrogenic Pyrogenic PAHs molar Mass
ANT/(PHE+ANT) 0.31 0.10 >0.10 178
FLR/(PYR+FLR) 0.40 0.50 >0.50 202
ANT = Anthracene; 
PHE = Phenanthrene; 
FLR = Fluoranthene; PYR = Pyrene;
*Hites and Gschwend [1] in Okoro and Ikolo [3]

Table 3: PAHs profile of the base materials used for the composting
Base materials (mg/kg)
-----------------------------------------------------------------------------------------------------

PAHs fraction LDL (mg/kg) Sandy-loam soil Farm yard manure Poultry droppings
Naphthalene 1.00 nd nd nd
2-Methylnaphthalene 0.20 nd nd 0.48±0.05
Acenaphthylene 1.00 nd nd nd
Acenaphthene 0.70 nd nd nd
Fluorene 0.70 nd nd nd
Phenanthrene 0.20 nd nd 0.47±0.06
Anthracene 0.40 nd nd nd
Fluoranthene 0.20 nd nd 0.70±0.06
Pyrene 0.20 nd nd 0.63±0.07
Benzo [a] anthracene 0.20 nd nd nd
Chrysene 0.20 nd nd nd
Benzo [b] fluoranthene 0.30 nd nd nd
Benzo [k] fluoranthene 0.20 nd nd 2.54±0.30
Benzo [a] pyrene 0.20 nd nd nd
Dibenzo [a,h] anthracene 0.20 nd nd 10.1±0.40
Benzo [g,h,i] perylene 0.20 nd nd 4.67±0.20
Indeno [1,2,3-cd] pyrene 0.20 nd nd nd
TOTAL PAHs nd nd 19.59
Values represent mean±standard deviation of three replicates; 
nd = not detected
LDL = Laboratory detection limits
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Table 4: PAHs remaining after days of composting
Days after composting
--------------------------------------------------------------------------------------------------------------

Molar-mass PAH fractions (mg/kg) Ring group 0 14 28 42
128 Naphthalene 2-ring nd nd nd nd
128 2-Methylnaphthalene 1.96±0.16 nd nd nd
166 Acenaphthylene 3-ring 70.7±0.23 nd nd nd
166 Acenaphthene 61.9±0.22 nd nd nd
166 Fluorene 36.9±0.24 nd nd nd
178 Phenanthrene 21.4±0.22 nd 2.33±0.11 0.50±0.27
178 Anthracene 9.83±0.17 nd 1.64±0.24 nd
202 Fluoranthene 4-ring 1.67±0.19 1.09±0.14 3.42±0.22 0.84±0.21
202 Pyrene 2.27±0.21 0.84±0.05 4.44±0.52 0.76±0.12
228 Benzo [a] anthracene 2.29±0.15 nd 1.46±0.28 nd
228 Chrysene 2.91±0.22 0.58±0.03 1.23±0.32 1.39±0.19
252 Benzo [b] fluoranthene 5-ring 2.38±0.16 0.26±0.04 1.01±0.33 0.37±0.02
152 Benzo [k] fluoranthene 3.03±0.19 nd 0.88±0.02 nd
252 Benzo [a] pyrene 2.10±0.21 0.37±0.05 1.54±0.19 nd
278 Dibenzo [a,h] anthracene 1.74±0.24 0.20±0.02 9.89±0.26 nd
276 Benzo [g,h,i] perylene 6-ring 2.44±0.21 0.23±0.02 5.36±0.45 nd
276 Indeno [1,2,3-cd] pyrene nd 0.50±0.05 2.44±0.08 0.39±0.25
Total PAHs remaining (mg/kg) 223.52 4.07 35.64 4.25
Values represent mean±standard deviation of three replicates; 
nd = not detected;
Control is not shown

Table 5: Pseudo-first-order degradation rate constants and half-lives of persistent PAHs
PAHs Molar mass (g/mol) K (day ) T  (days)1 ½

1

Phenanthrene 178 8.9 x 10 82

Fluoranthene 202 1.6 x 10 432

Pyrene 202 2.6 x 10 272

Chrysene 228 1.8 x 10 392

Benzo [b] fluoranthene 252 4.4 x 10 162

Indeno [1,2,3-cd] pyrene 276 - -

sorbed onto solid matter hence, may be unavailable to of differences in molecular structure). For the 5-ring
PAH-degrading organisms [2, 19]. In the case of 3-ring PAHs, having molar-mass ranging from 252-278g/mol, an
PAHs with molar-mass ranging from 166-178g/mol, their almost similar tendency was exhibited  as in  the  case of
amount remaining after the first 14 days of treatment were 4-ring PAHs. However, unlike the 4-ring PAHs, the 5-ring
not detectable. But, in the remaining days of treatment, PAHs showed relatively lower losses especially towards
the amount of 3-ring PAHs remaining increased to the middle of the treatment period before dropping to
between 1.64-2.33mg/kg before plummeting to 0.5mg/kg in below detection level by the end of experiment. These
the last 42 days of treatment. The 4-ring PAHs have similarities resulted from similarities in their molecular
molar-mass ranging from 202-228g/mol (Table 5). composition as homologues [20]. Although Table 4
Fluoranthene and pyrene having the same molar-mass of showed that the 6-ring PAHs with molar-mass 276g/mol
202g/mol behaved in an almost similar fashion throughout showed relatively lower losses in their presence when
the treatment period. On the other hand, for the compared to the 5-ring PAHs, this occurred at the initial
homologues, benzo[a]anthracene and chrysene (molar- stages of the experiment. However, the 6-ring PAHs
mass 228g/mol), benzo[a]anthracene showed relatively behaved almost like the 5-ring PAHs especially in the
rapid losses from the early stages up until the end of the weeks leading up to the end of the experiment.
experiment while chrysene showed relatively lower losses However, it was observed that phenanthrene in the
from the early stages up until the end of the experiment. first 14 days of composting was not within the laboratory
These characteristics of the 4-ring PAHs were slightly at detection limit, but in the 28  day increased to 2.33mg/kg
variance with the observations of Oleszczuk and Baran (Table 5) and again dropped to 0.5mg/kg in the 42  day.
[20]. Of course, homologues may have similar chemical Such unexpected behavior was also observed in
behavior (because of similar molar mass) but may differ in anthracene, benzo[a]anthracene, benzo[k]fluoranthene
their physical behavior such as sorption ability (because and  indeno  [1,2,3-cd]  pyrene.  This  might   be  because,

th
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according to several literatures, complete biodegradation The PAHs in the drill cuttings have dual origin. Some
of toxic and recalcitrant organic compounds like PAHs to
harmless end-products may not always occur; instead the
biotransformation of some fractions may occur as to
cause the concentrations of fractions previously less than
the laboratory detection limits to rise above such limits.

Biodegradation Rates of Persistent PAHS in the Drill
Cuttings: Table 5 shows that the rate of degradation of
the persistent PAHs varied distinctly in terms of their
properties (i.e. molar mass and ring group). The values of
the pseudo-first-order degradation rate constant for
individual PAHs varied between 1.6 x 10 day  in2 1

fluoranthene  and  8.9  x  10  day  in phenanthrene.2 1

From the Table 5, the half-life of phenanthrene (3-ring)
was  8  days  and  this  was  found  not  to  be  in  the
range  of  16 to 123 days suggested in the literature [21]
for phenanthrene in soils and sediments. For the higher
ring PAHs, results of Table 5 showed that benzo [b]
fluoranthene (5-ring), for instance, had a half-life of 16
days, which was also not within the range of 229 to over
1400 days for B [b] F in soils and sediments suggested in
the literature [21]. These may be because unlike nuclear
decay, the half-lives for decay of chemical toxins are
affected by external conditions such as temperature,
pressure, or state of chemical combination since chemical
toxins, unlike radioactive atoms, can be rendered harmless
by chemical reactions or by any other practical treatment
[22], which may be brought about by bioremediation [23].

CONCLUSION

Based on the results obtained in this study, the
following conclusions are drawn:

The chemical characteristics of the drill cuttings are
by far more than the safe limits spelt out by the
Nigerian Government DPR. Therefore, the drill
cuttings are unsafe for land disposal without prior
treatment.
The polycyclic aromatic hydrocarbons (PAHs) of the
drill cuttings consists of  2-6  fused  rings  with
molar-mass ranging from 128-278g/mol. The total
PAHs concentration of the drill cuttings is
223.52mg/kg. The most abundant PAH fraction is
acenaphthylene (70.7mg/kg, dry weight) while the
predominant PAHs ring-group in the drill cuttings is
the 3-ring PAHs (representing 90% of the total PAHs
concentration) and consists of acenaphthylene,
acenaphthene, fluorene, phenanthrene and
anthracene.

are from pyrogenic source while others are from
petrogenic source. The pyrogenic source of the
PAHs is due to a possible local heat effect during
drilling operations. The petrogenic source of the
PAHs in the drill cuttings is a strong indication that
an oil-based mud (OBM) containing petroleum
fraction (such as diesel invert) may have been used
during drilling, which completely contravenes the
ban by the Nigerian Government DPR on the use of
OBMs while drilling in its shore and near-shore lines.
The degree of degradation of individual PAHs over
the 42 days remediation period shows that the total
PAHs remaining at the end of the experiment is
4.25mg/kg (representing a 98.1% reduction).  The
half-life of the PAHs ranged from 8 to 43 days.

Recommendations: From the foregoing, this study
therefore, recommends that:

Drill cuttings should be bio-treated, to bring the
contaminants level to acceptable limits, before its
land disposal to reduce the level of environmental
pollution.
The Department of Petroleum Resources (DPR) in
Nigeria should redouble efforts to enforce the ban on
the use of oil-based mud (OBM) by crude-oil
producing companies operating in the country.
The findings of this study should be adopted by
exploration and production (EandP) waste
management companies that are into drill cuttings
treatment to reduce the enormous amounts of money,
energy and pollution associated with thermal
treatment.
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