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ABSTRACT

Management of waste generated from oil and gas activities in the Niger Delta, is a major
environmental challenge given that if the spent mud is disposed without proper treatment, the
heavy metals will pose a lot of health risks to human through ingestion or inhalation. The heavy
metals are also toxic to marine organisms, if disposed into the sea, untreated. Spent synthetic
drilling mud is a major waste stream, among its components, are heavy metals. Samples collected
on day 0 and biweekly were digested and analysed using the atomic absorption spectrometer
(AAS). With nano Zero-Valent Iron, nZVI, concentration of 0.75mg/L of the spent mud, more than
95% removal were recorded for most metals in 6 weeks and over 99% in 12 weeks. The residual
heavy metal concentrations met global limits for effluent disposal. Mathematical models with the
goodness of fit, R? of 0.999, were developed to predict the removal process.
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mathematical model.
1. INTRODUCTION

Drilling and production operations are the two
major activities of the upstream petroleum
industry that produce a wide range of wastes that
potentially impact the environment [1-5]. In these
activities, two main types of waste are generated,
drill cuttings and spent drilling mud. Drilling fluids
including synthetic base fluids (SBFs) are the
suspension of solid in liquid emulsion and/or
dissolved materials with chemical additives which
play significant roles during drilling. In synthetic
mud, the base fluid is a synthetic oil which is
highly degradable, a quality not possessed by Oil
Based Mud (OBM) synthesised with crude oil.
Additionally, SBM, possess other qualities of Qil-
Based Mud (OBM) ,but more environmentally
friendly .Drilling fluids provide relatively better
shale inhibition, cool and lubricate the drill bit and
drill  strings and provide thermal stablity
characteristics. Other functions include lifting of
drill cuttings from the well, controlling the
hydraulic pressure to prevent blowouts, and
keeping the drilled well from collapsing before
casing installation.

However, after drilling, the treatment and
disposal of the spent mud becomes a major
challenge especially when reconditioning,
recycling or storage are no longer economically
feasible. Improper disposal of spent drilling mud
on land, can increase the soil acidity and
damage the vegetation.Humans stand a high risk
of ingesting the heavy metals through the food
chain.Untreated spent mud,disposed on water,is
toxic to marine organisms [6-8].

Heavy metals are some of the major
contaminants in impacted spent drilling mud, that
cause harm and pollution to the environment.
The use of nano Zero-Valent Iron (nZVI) in
treating soil and underground water containing
heavy metals has been documented [9-13]. nZVI
transforms the heavy metals to non or less toxic
compounds. Several treatment options have
been used to treat drilling waste of heavy metals,
with some level of success. For instance,
biosorption, whereby micro-organisms are used
to adsorb the heavy metals, is being practiced
[14]. However, being a natural process,
biosorption, could be slow. This study is aimed at
developing a cost effective and environmentally

friendly method of treating synthetic-based mud
of heavy metals, in a containment before
disposal.

A highly reactive, remediation grade nZVI,
manufactured by OnMaterials, Inc , Los Angeles,
USA , was employed in this study to treat spent
drilling mud of heavy metals. nZVI is cost
effective and provides the most in consideration
of reactivity and longevity in comparison to
chemical oxidants. It does not contain harmful
chemicals and is safer to handle when compared
to chemical oxidants. They are sustainable,
recycleable and green. nZVI interaction with
heavy metals, being an abiotic reaction destroys
contaminants with no toxic end products or by-
products, and are free of rust and dust.

Samples of spent drilling mud from five oil fields
in Niger Delta were treated with nZVI and tested
bi-weekly for six weeks for heavy metal removal
and results recorded. Control samples were also
tested. This low cost method of treating spent
mud will minimise indiscriminate dumping of the
waste and reduce environmental pollution.

2. METHODOLOGY
2.1 Study Area

This study was carried out with spent drilling mud
obtained from five oilfields in the Niger Delta.
Niger Delta is located at an elevation of 96m
above mean sea level. It lies between Longitude
5° and 8° East and Latitude 3° and 6° North.
Samples A, B, C, D and E were taken at
Longitude 5°9'40.58" East and Latitude
5°19'17.71" North, Longitude 6°47'4.91" East
and Latitude 3°11'37.64" North, Longitude
6°16'41.97" East and Latitude 4°11'42.95" North,
Longitude 6°21'20.38" East and Latitude
4°54'28.65" North, Longitude 6°42'12.08" East
and Latitude 4°59'30.06" North, respectively (See
Fig. 1).

The region has a population of 30 million people
[15]. Over 90% of Nigeria’s proven oil and gas
reserves are domiciled in the region. The Delta
covers a coastline of 56Okm2, and it is
formed primarily by sediment deposition. It's a
rich mangrove  swamp  coverin over
20,000km? within wetlands of 70,000km* [16,17].
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Fig. 1. Location map of study area

Oil was first discovered in the delta by shell-BP in
1957 at Oloibiri and production began in 1958.
Oil and gas industry plays an important role in
Nigeria’s economy accounting for about 90% of
its gross earnings. Fig. 1 shows the map of Niger
Delta and spent drilling mud sample locations
amongst other features.

2.2 Data Collection

Adequate quantities of the spent mud from the
five oil fields were sampled from well agitated
mud tanks and transported to the laboratory in
less than 24 hrs. To ensure that the parameters
of the mud did not change before testing. In the
laboratory, the samples were again thoroughly
agitated with 30 litre planetary mixer, for 30 mins,
at the speed of 239 rpm, to ensure proper
mixing. The samples were marked MUD-A to E.
For each field, adequate quantities of the spent
mud were transferred into 25 different containers.
Each container was filled with 20 Litres of the
mud. One sample was tested for baseline values
of the physicochemical parameters. Six samples
were set aside for control while 5, 10, and 15 g of
nZVI| were added to six samples each.

The temperature and pH of the samples were
tested in line with ASTM-E2251-14 and ASTM
D1293-15 respectively. Ambient temperature and
neutral pH were recorded during the test. Control
sample was the original spent mud without
treatment The amended samples were
thoroughly mixed for effective chemical reaction.
To evaluate the effectiveness of nano-Zero-
Valent Iron in the treatment of heavy metals
encountered in spent drilling mud, 4 digested
samples, one from 5, 10 and 15 g treatment ,
and control were tested by Atomic Absorption
Spectrometer (AAS,PinAAcle 900H model). for
the concentration of residual heavy metals ,every
two weeks for twelve weeks and results
recorded, Sample concentration was determined
by comparing absorbance with that of standard.
The same experiment was carried out
simultaneously for MUD-B, MUD-C, MUD-D and
MUD-E.

2.3 Predictive Model

Linear multiple regression analyses were applied
in modelling the duration of effective removal of
heavy metals from the spent drilling mud.
XLSTAT 2016 was the statistical tool employed



as an aid for the model development [18,19]. The
data for the resultant reduction of the heavy
metals for the various doses of treatment with
nZVI for 12 weeks were used for modelling. The
model was verified by using the data generated
from the laboratory plotted against the predicted
values.

3. RESULTS AND DISCUSSION
3.1 Results
Baseline concentration of heavy metals

Part of the samples collected from the field were
analysed to establish the existing initial
concentrations of the heavy metals and this is
what is termed baseline data The initial
concentrations of a total of seven heavy metals
as well as pH and temperature are presented in
Table 1. The maximum allowable values for
effluent land disposal for Nigeria, some countries
and United States Environmental Protection
Agency (US EPA), are shown in Table 2.

Heavy Metal removal

Control Sample

The result of control sample (no treatment) is
shown in Fig. 2.

The results of heavy metal treatment of sample-A
with 5g, 10g and 15g of nZVI, at near neutral pH
and ambient temperatures are presented in Figs.
3, 4 and 5, respectively.

Rate of heavy metal removal by 5, 10 and 15g
doses of nZVI

The rate of mercury removal in the spent mud,
using 5, 10 and 15g doses of nZVI is shown in
Fig. 6. It can be seen from Fig. 6 that for the
period of treatment, 15g nZVI treatment proved
to be more effective than 5 and 10 g treatments.
The same trend was observed with other metals.

Model for the prediction of residual heavy
metals in impacted spent drilling mud using
5g, 10g and 15g of nZVI treatment

The average of the collected data for the
experiments (MUD-A to E) with 59 nZVI are
presented in Table 3.

Table 4 shows a summary of regression power
modeling of Hg treatment using 5g nZVI. The 4"
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order polynomial model is the best model with
respect to R2, Mean Square Error, MSE and
Root Mean Square Error, RMSE values.

A repetition of regression power modeling was
carried out for the other heavy metals, based on
R2, MSE and RMSE values. The resultant model
equations for heavy metal removal in spent
synthetic based mud using 5g, 10g and 15g nZVI
are presented in Table 5.

3.2 Discussion

Heavy metal Concentration in Impacted Media
(Spent Drilling Mud)

The baseline results of the spent drilling mud
(Table 1), show that most of the heavy metals
exceeded the maximum allowable limits for
effluent disposal on land according to the
Department of Petroleum Resources (DPR) [19],
the regulatory body in Nigeria, some selected
countries, and US EPA [20] as shown in Table 2.
Zinc concentration is in the range of 15.3 to
98.6mg/L while Chromium concentration is 17.3
to 60.2mg/L. Copper and Arsenic concentration
are 104 to 26.5mg/L and 5.8 to 94.3mgl/L,
respectively. Mercury is present in the range of
1.3-2.29mg/L while Cadmium concentration is
0.037 to 6.2mg/L. Nickel and Vanadium are
present in negligible concentrations. The pH is in
the neutral range of 7.3 to 7.9. Temperature is
ambient (28-29°C).

The high level of heavy metals in the spent mud
is capable of impacting on human health and the
environment, if disposed on land untreated [21-
24]. This means that the spent mud has to be
treated before disposal.

Residual heavy metals

The five samples of the spent drilling mud
studied had different levels of concentration of
the heavy metals, most of which were above
allowable limits by regulatory authorities (Table
2). However, after separate treatment with 5g,
10g and 15g of nzZVI for 12 weeks, the
concentration of the heavy metals dropped
remarkably. A sharp drop was recorded in 4
weeks, after which the contaminant reduction
continued progressively (Figs. 3 to 5). The
ability of Iron as Fe(0) and Fe(ll) to reduce
redox sensitive elements has been demonstrated
at both laboratory scale and field tests [10,25-
29].
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Table 1. Baseline distribution of heavy metals, pH and temperature of the spent drilling mud

Sample designation

S/NO Parameters A B C D E

1 pH 7.5+ 0.01° 7.320.01° 7.8+0.00° 7.40.09° 7.9+0.00°

2 Temperature (°C) 28+0.00° 28.3+0.10° 28.7+0.05° 29.0+0.00° 28.5+0.10"
3 Pb (mg/L) 39.0+0.00° 52.2+0.2° 5.640.2° 18.6+0.3" 38.6+1.4°

4 Zn (mg/L) 59.2+0.8° 79.3+0.3° 15.35+0.45° 98.6+0.2° 80.2+0.2°

5 Cr (mg/L) 59.0+0.4° 60.2+0.1° 17.3+0.3° 23.4+0.4° 39.240.2°

6 Cu (mg/L) 10.4+0.4° 22.9+0.0° 26.5+0.3° 17.4%0.4° 15.0+0.3°

7 As (mg/L) 94.3+0.3° 56.1+0.1° 8.7+0.2° 5.8+0.2° 9.8+0.2°

8 Hg (mg/L) 0.005+ 0.001? 1.70+0.25" 2.29+0.03° 1.9+0.3"° 1.320.2°

9 Cd (mg/L) 0.037+ 0.002° 0.039+0.003° 6.2+0.2° 5.2+0.4° 2.7+0.3°

10 Ni (mg/L) 0.00+0.00° 0.045+0.0025° 0.001+0.00* 0.001%°+0.00%° 0.00+0.00°
11 V (mg/L) 0.005+0.001° 0.00820.001° 0.003+0.001%° 0.003%0.001% 0.004+0.001°

#°Results are presented as mean + standard error. Means with different superscript, the homogenous subset of means, (a, ab, b, bc, ¢, d and e) within the same rows indicate
significant differences (p < 0.05),

Table 2. Nigeria (DPR), some countries, and US EPA guidelines and standards for heavy metals on land

Heavy metals (mg/L)

Country As Pb Hg Cd Cr(Vl) Cu Zn
Bulgaria 100.0 26.0 0.03 0.4 65.0 34.0 88.0
Argentina 0.5 10.0 0.20 0.2 8.0 - -
Tanzania 1.0 200.0 2.00 1.0 100.0 200.0 150.0
South Africa 58.0 20.0 0.93 75 6.5 16.0 240.0
Nigeria [19] 5.0 5.0 0.20 1.0 5.0 0.05 50.0
US EPA [20] 10.0 1.3 0.90 0.2 114 5.20 66.6

Source: [30,31]
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Table 3. Average results of heavy metal removal using 5g of nZVI

Heavy metal (mg/L)

Time(week) Hg Cd Pb Zn Cr Cu As

0 1.85 4.70 30.60 60.4 39.82 19.93 34.94
2 1.25 2.94 19.84 39.96 2476 13.27 24.04
4 0.86 2.1 12.34 24.76 15.16 9.00 17.06
6 0.63 1.26 7.80 14.36 8.88 5.80 11.96
8 0.42 0.84 4.90 8.90 5.84 410 8.21
10 0.28 0.54 3.12 5.36 3.54 2.77 5.76
12 0.21 0.31 2.22 3.24 2.19 1.80 4.01

Table 4. Summary of regression power modeling of Hg using 5g nZVI treatment

Model type Equation R? MSE RMSE
Exponential Hg = 1.80e7 ™" 0.9986 0 0.018
Polynomial ]

2nd order Hg = 0.117t° - 0.2711t + 1.8024 0.9948 0.003 0.052
3rd order Hg = -0.0008t° + 0.0261t - 0.335t + 1.8407 0.999 0.001 0.027
* 4th order Hg = 0.0001t* - 0.0038t’ + 0.0484t*- 0.3857t + 1.85 0.9999 0 0.012
5th order Hg = 5E-06t° - 3E-05t* -0.0022t" + 0.0415t* - 0.3761t + 1.8506 0.9999 0 0.017
6th order Hg = -1E05t° + 0.0004t° - 0.0055t" + 0.0323t° - 0.0565t - 0.2783t + 1.85 1

* The best model with respect to R, Mean Square Error, MSE and Root Mean Square Error, RMSE values
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Heavy metal Model type Model equation R? MSE
59 nZVI application

Hg 4th order Polynomial 0.0001t*- 0.0038t> + 0.0484t* - 0.3857t + 1.85 0.9999 0.000
cd 5th order Polynomial - 0.0001t° + 0.0047t* -0.055t° + 0.3238t" - 1.3282t + 4.6966 0.9993 0.011
Pb 5th order Polynomial 0.0002t° - 0.0047t* + 0283t + 0.3568t* - 6.181t + 30.603 1.0000 0.006
Zn 5th order Polynomial 0.0003t° - 0.0091t* + 0.0928t° + 0.2874t* - 11.061t + 60.39 1.0000 0.096
Cr Exponential 39.692e % 0.9996 0.048
Cu 3rd order Polynomial - 0.0095t® + 0.308t* - 3.8403t + 19.9 0.9998 0.022
As 5th order Polynomial - 0.0003t° + 0.0093t* -0.1272t° + 1.0253t° - 7.0617t + 34.94 1.0000 0.000
10g nZVI application

Hg 5th order Polynomial -0.0002t° + 0.0058t* - 0.0803t> + 0.5379t° - 1.9537t + 4.16 1.0000 0.000
Cd 5th order Polynomial -0.003t° + 0.0105t* - 0.1266t% + 0.7064t° - 2.1532t + 4.6951 0.9986 0.022
Pb Exponential 30.60e™* 1.0000 0.005
Zn 5th order Polynomial -0.003t° + 0.0139t* - 0.2832t° + 3.2218t* - 21.28t + 66.412 1.0000 0.057
Cr Exponential 19.93¢ %™ 1.0000 0.002
Cu 4th order Polynomial 0.0006t* - 0.0289t° + 0.5317t° - 4.8907t + 19.938 1.0000 0.004
As 5th order Polynomial -0.002t° + 0.0064t* - 0.1057t° + 1.0863t° - 8.1829t + 34.941 1.0000 0.001
159 nZVI application

Hg 4th order Polynomial 7E-05t* - 0.0033t° + 0.0588t* - 0.5031t + 1.8494 1.0000 0.000
cd 5th order Polynomial - 7E-051° + 0.0026t" - 0.0404t> + 0.3438t* - 1.7608t + 4.7001 1.0000 0.000
Pb 5th order Polynomial -0.0002t° + 0.0102t* - 0.1821t° + 1.8193t° - 10.739t + 30.6 1.0000 0.000
Zn 5th order Polynomial -0.001t° + 0.0411t" - 0.678t° + 5.923t° - 28.938t + 66.418 1.0000 0.006
Cr Exponential 19.93¢4" 0.9999 0.004
Cu 5th order Polynomial - 0.0003t° + 0.0097t* - 0.1409t> + 1.1776t° - 6.5369t + 19.928 1.0000 0.004
As Exponential 34.94e%%™ 1.0000 0.004
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Fig. 6. Rate of mercury removal by 5,10 and 15 g treatments

Rate of heavy metal removal by 5, 10 and
15g doses of nZVI

The concentration of heavy metals in the spent
drilling mud was brought down to 90%, 95% and
9% by 5, 10 and 15g nZVI treatments,
respectively in twelve weeks (Figure 6). Iron
based technologies for remediation of
contaminated groundwater and soil has been
documented [20,32,33,34]. nZVI has been
proven to be a strong chemical reductant and is
able to convert many mobile oxidised oxyanions
e.g CrO? and oxycations e.g UO,”" into immobile
forms [35].

Control Sample

The control sample showed slight reduction in
concentration of the heavy metals as can be
seen in Fig. 1. This little reduction could be
attributed to biosorption by some microorganisms
like Bacillus thuringiensis, Geomyces pannorum,
Pseudomonas sp., Citrobacter sp., etc. [36-39].

Nonlinear Regression Equations

Nonlinear regression equations developed for
heavy metal treatment with 5g, 15g and 20g of
nano Zero-Valent Iron show high goodness of fit,
R? of 0.999 generally. With these models, it will
no longer be necessary to repeat all the
experiments in the chemical treatment of spent
drilling mud with nZVI. Once the parameters in
the model equations are established, the model
can be used to predict the residual concentration
of the heavy metal at any time, to a high

accuracy. This will show when the attenuation
process would be completed and save a lot of
time and resources in the treatment of spent
drilling mud using this method.

4. CONCLUSION

Based on this study, it can be concluded that
spent drilling mud from different fields in the
Niger Delta have different concentrations of
heavy metals, and nZVI can effectively treat
spent synthetic based mud laden with heavy
metals. A reduction of over 99% in 12 weeks was
recorded. The heavy metal concentrations in the
treated spent mud, for the five mud samples
tested complied with Nigerian DPR and other
international  prescribed limits (Table 2).
Regression models of exponential and higher
order polynomials can predict with high accuracy,
the residual concentration of heavy metals in the
spent drilling mud, at any point in time, using
nZVI.
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