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ABSTRACT

The reuse of solidified/stabilized low-temperature thermally desorbed (pre-treated) oil-based drill cuttings for
construction purposes is becoming increasingly attractive in recent times; though, without screening a priori the
levels of target residual organic contaminants against environmental guidelines to ensure compliance. In this
study, pre-treated oil-based drill cuttings were collected from a waste treatment facility in the Niger Delta
Province (5.317°N; 6.467°E), Nigeria and subjected to cement-based solidification/stabilization (S/S) followed by
chemical leaching and screening of the data against local environmental guidelines. S/S was done with drill
cuttings contents of 0 (control), 2, 4, 6, 8, and 10 % as part replacement for fine aggregate at 0.6:1, 0.65:1, 0.7:1,
0.75:1, and 0.8:1 water-to-cement ratios using 1:2:4 mix design for a grade-20 concrete. Afterwards, the surface
microstructure, elemental composition, and unconfined compressive strength (UCS) of the solidified/stabilized
matrix were determined. Amounts of heavy metals and total petroleum hydrocarbons (TPH) leached were also
assessed. Results showed that the 2 % drill cuttings addition yielded the highest UCS (22.22-26.22 N/mm?) at
water-to-cement ratio of 0.6:1, which were well above the recommended minimum UGS of 20 N/mm? for a grade-
20 concrete. The average amount of residual TPH in the solidified/stabilized matrix (62.41 mg/kg) was slightly
higher than the local regulatory target value of 50 mg/kg; suggesting that the cement-based S/S failed to
immobilize completely all the hydrocarbons in the pre-treated oil-based drill cuttings. This shows that the so-
lidified/stabilized matrix is not in compliance with environmental guidelines on TPH for sustainable reuse as
construction materials.

1. Introduction

of the drill cuttings occasioned by the presence of harmful organic and
inorganic compounds including heavy metals, hydrocarbons, water-

The resulting waste stream during crude oil drilling operations is an
admixture of rock fragments, soil, crude oil, produced water, and spent
drilling mud and mud additives (among others); altogether referred to
generally as whole mud. Entire mud can be broadly divided into the
liquid and solid phases. The solid phase is referred to as drill cuttings,
named according to the type of drilling mud used during drilling. The
three types of drilling mud generally used in drilling are oil-based mud
(OBM), water-based mud (WBM), and synthetic-based mud (SBM)
(Lyons, 1996; Ratnayake and Sampei, 2019).

The amount of drill cuttings unavoidably generated during crude oil
drilling operations has remained one of the main environmental concerns
in the oil-producing countries. This is in addition to the hazardous nature
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soluble salts such as sulphates and chlorides (Ayotamuno et al., 2007).
Petroleum hydrocarbons such as polycyclic aromatic hydrocarbons
(PAHs) in drill cuttings originate from petrogenic and pyrogenic sources
(Okparanma et al., 2010), as well as geological processes involving recent
and ancient mud/mudstones (Ratnayake and Sampei, 2015). Heavy
metals and water-soluble salts are from the drilling mud and mud addi-
tives used during drilling (Ayotamuno et al., 2007). The adverse envi-
ronmental effects of disposing untreated drill cuttings on land and sea are
well documented (see Okparanma et al., 2018). To assuage these envi-
ronmental impacts, a number of treatment technologies have been
developed; one of which is thermal desorption.

Thermal desorption describes the heating of drill cuttings indirectly
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in a thermal desorption unit. As distinct from incineration, the indirect
heating enables the vapourization of the volatile and semi-volatile
components without necessarily converting the drill cuttings to ash.
This allows the recovery of the solid components for subsequent reuse as
construction materials (IOGP, 2016), application on land for forage
production (Kogbara et al., 2017), or other forms of application.
Depending on the target hydrocarbon fraction to be removed, two types
of thermal desorption units are available. Low-temperature thermal
desorption units (LTTDUs) operating between 250 and 350 °C) are often
used to remove the light aromatic hydrocarbons (e.g., benzene, toluene,
ethylbenzene, and xylenes) and aliphatics; and the resulting dry residues
are referred to as low-temperature thermally desorbed drill cuttings. To
remove heavier aromatic hydrocarbons such as the polycyclic aromatic
hydrocarbons (PAHs), high-temperature thermal desorption units
(HTTDUs) operating at temperarures of up to 520 °C are used (Owens
et al., 1993). However, according to a recent report (IOGP, 2016), some
levels of contamination still remain even after the thermal desorption of
the drill cuttings.

Nevertheless, through cement-based solidification/stabilization (S/
S), drill cuttings have been reused as construction materials, especially as
partial replacement for sand or cement in concrete production (IOGP,
2016). This has been made possible because the drill cuttings react with
the solidifying/stabilizing agents, preventing contaminants retained in
the drill cuttings from leaching when the solidified/stabilized product is
in normal use. S/S of drill cuttings have been widely reported in the open
literature (e.g., Akinlade et al., 1996; Shaffer et al., 1998; Fleming, 2000;
Al-Ansary and Al-Tabbaa, 2007; Leonard and Stegemann, 2010; Opete
et al., 2010; Ghasemi et al., 2017).

However, most of these studies focused more on synthetic-based drill
cuttings than oil-based drill cuttings. This may be partly attributed to the
compliance with the ban on the use of OBMs during drilling. Oil-
producing countries that have outlawed the use of OBMs during dril-
ling include (among others) Nigeria, Norway, and Indonesia (DPR, 2002;
Norwegian Oil Industry Association, 2003; Permata and McBride, 2010).
Here in Nigeria, there are reports suggesting that OBMs are still being
used in deep-well drilling despite the ban (e.g., Okparanma et al., 2010).
It is, therefore, necessary for further studies to be conducted for a better
understanding of residual concentrations of contaminants and elemental
compositions of solidified/stabilized pre-treated oil-based drill cuttings
to help identify specific compounds present. This is in line with the
principles of sustainable reuse of hazardous wastes. According to IOGP
(2016), one of the principles of sustainable reuse of hazardous wastes is
to ensure that before the wastes are subjected to the intended use they
satisfy stipulated environmental guidelines, which are designed to pro-
tect the immediate and future environment. To determine compliance
before subjecting the resulting solidified/stabilized matrix to the inten-
ded use, the levels of target residual organic and inorganic contaminants
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in the matrix are screened against environmental guidelines to check if
the observed concentrations of the contaminants are either below or
above the guideline values. However, in recent studies (e.g., Opete et al.,
2010), screening of the level of residual organic contaminants like pe-
troleum hydrocarbons in the resulting solidified/stabilized matrix
against environmental guidelines has often been ignored.

In order to ascertain whether or not some form of action may be
required to avert immediate and future problems arising from the use of
the solidified/stabilized matrix for construction purposes, there is need
to screen the levels of target residual organic contaminants against local
environmental guidelines. The objectives of the current study were to
carry out cement-based S/S of pre-treated oil-based drill cuttings, assess
the leaching characteristics of the solidified/stabilized matrix, and screen
the levels of target residual contaminants against local environmental
guidelines.

2. Materials and methods
2.1. The study area

The study area is the Niger Delta region (5.317°N; 6.467°E), which is
in the southern part of Nigeria. The region is largely a natural wetland
area on a 70,000-km2 of land (NDES, 1995). According to reports in the
literature (Okparanma, 2013), the soil type in the Niger Delta is pre-
dominantly Oxisols. The population of the region is over 10 million
(NDES, 1995). Most of the oil and gas infrastructure supporting the
country's economy are locaed in the region (NDES, 1995). According to
multiple sources, due to the concentration of oil and gas industries in the
region, there have been several reports of exploration and production (E
& P) wastes, including drill cuttings, discharges both on land and sea in
the region with negative environmental impacts. In a recent study, the
total E & P wastes generated in six offshore platforms alone in Nigeria
from 2010 to 2013 have been conservatively estimated as 4,492,057.9
tons (Nwokedi et al., 2015). Thus, it has been suggested that the total E &
P wastes generated both offshore and onshore in Nigeria since records
began would be several millions of tons with a greater proportion of the
wastes coming from the Niger Delta region where most of the E & P
activities are concentrated (Okparanma, 2013).

2.2. Sample collection

Fig. 1 (a) and (b) show the two forms of drill cuttings collected from a
commercial treatment, storage, and disposal facility in the Niger Delta
region. Fig. 1 (a) shows the untreated oil-based drill cuttings while Fig. 1
(b) shows the pre-treated oil-based drill cuttings. Using plastic con-
tainers, composite samples of each form of the drill cuttings were
collected and taken to the laboratory for treatment and analyses. A priori

Fig. 1. The two forms of oil-based drill cuttings collected: (a) untreated oil-based drill cuttings being air-dried for 48 and 96 h, and (b) low-temperature thermally

desorbed oil-based drill cuttings in plastic container.
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air-drying of the untreated wet drill cuttings were done for 48 and 96 h.

2.3. Solidification/stabilization of pre-treated oil-based drill cuttings and
determination of unconfined compressive strength (UCS)

Since there is no mix design procedure for low-temperature thermally
desorbed oil-based drill cuttings at the moment, solidified/stabilized drill
cuttings test cubes were prepared using the Marshal design-procedure for
asphalt concrete mixes as described in Igwe et al. (2009). However, for
the purpose of this study, asphalt was replaced with low-temperature
thermally desorbed oil-based drill cuttings. In this approach, a series of
test cubes were prepared with a range of low-temperature thermally
desorbed oil-based drill cuttings contents of 0, 2, 4, 6, 8, and 10 % as part
replacement for fine aggregate at 0.6:1, 0.65:1, 0.7:1, 0.75:1, and 0.8:1
water to cement ratio using 1:2:4 mix design. This mix design was chosen
because it yields a grade-20 concrete, which is commonly used in most
medium-weight concrete structures like lintels, pavements, and slabs.
The test cubes were replicated two times for each drill cuttings content
used and the average results were taken as representative. Fig. 2 shows
the stages involved in the preparation of the test cubes. As can be seen in
Fig. 2, prior to the preparation of the test cubes, the aggregates (Fig. 2a)
were first subjected to specific gravity tests (Figure not shown) and then
dried in a low-temperature oven overnight (Fig. 2c¢). Then, the mix was
poured into a cubic mould of volume 2.667 x 10~ m® and compacted
with 35 blows using a 6.5 kg-rammer falling freely from rest at a height of
450 mm. The compacted test cubes were then left in the mould for 24 h to
set (Fig. 2d), removed from the mould afterwards, and cured in water for
7, 14, 21, and 28 days (Fig. 2e). Before subjecting the test cubes to un-
confined compressive strength (UCS) tests (Fig. 2f), they were reweighed
to check their densities. Afterwards, some of the crushed cubes (Figure 2g
and h) and the untreated and thermally desorbed drill cuttings were
collected in Ziploc bags for shipment to Cranfield University in the
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United Kingdom (Fig. 2i) for further tests, including surface micro-
structure analysis by scanning electron microscopy (SEM).

2.4. Laboratory chemical analysis

2.4.1. Determination of total petroleum hydrocarbon (TPH) content of
sample

TPH content of the drill cuttings samples was determined according
to EPA (1994a) method 8270 for alkanes and EPA (1994b) method
8270B for PAHs. The leaching procedure used to extract TPH compounds
was the 5-hour sonication water bath method. The extraction solvent
used was a mixture of dichloromethane and n-hexane in the ratio of 1:1.
For the solidified/stabilized matrix, 5.0 £+ 0.1 g of the crushed, pulver-
ized, and sieved (<2 mm with a 2-mm sieve) sample was used. For the
pre-treated drill cuttings; no crushing was done, but the same 5.0 £ 0.1 g
of the sieved sample was used. A 7890B gas chromatograph (GC) coupled
to a 5977 mass spectrometer (MS) (Agilent Technologies Inc., USA) was
used for TPH analysis. The GC-MS operating conditions and the type of
autosampler installed, cleanup of the sample extract, TPH quantification
method, instrument calibration, and quality control measures adopted
are as described by Okparanma et al. (2017).

2.4.2. Determination of heavy metal content of sample

Levels of heavy metals in the samples were analyzed by flame
atomic absorption spectrometry using a UNICAM-969 Atomic Ab-
sorption Spectrophotometer by measuring the light absorbance of the
sample at the wavelength range of 357.9-228.8 nm according to APHA
(1998) method 3111C. For the solidified/stabilized matrix, the
leaching protocol used prior to analysis involved the crushing and
grinding of the solidified/stabilized matrix to fine powder while only
grinding was done for the pre-treated drill cuttings. The samples were
then digested by microwave-assisted acid digestion method according

Fig. 2. Stages in the preparation and testing of test
cubes showing: (a) coarse and fine aggregates used,
(b) Portland limestone cement used, (c) a priori oven-
drying of aggregates, (d) moulding of test cubes, (e)
curing of test cubes in water, (f) determination of
unconfined compressive strength (UCS) of test cubes,
(g) crushed cubes in Ziploc bags for shipment to
Cranfield University, UK for SEM analysis, (h) a lump
of crushed cube, and (i) shipment of drill cuttings
samples and crushed cubes at Cranfield University,
UK.
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to EPA (1996) method 3052. In this method, 0.25 + 0.01g of the
crushed and ground sample was carefully weighed out in a beaker and
digested in 9 ml concentrated nitric acid (HNO3) and 3 ml hydrofluoric
acid for 15 min using a WX-6000 Microwave Digestion System (Persee,
OH, USA). Instrument temperature was maintained at 95 + 5 °C for 15
min. After cooling, the vessel content was allowed to settle and filtered
in a 100 ml volumetric flask. The residue and filter paper were washed
with 5 ml HCl and 5 ml hot deionized water. The wash was collected in
the same volumetric flask while the residue was digested further with
5 ml HCL Then the digestate and filtrate were combined in the same
volumetric flask and the volume made up to the 100-ml mark on the
flask and analyzed. Meanwhile, a priori instrument calibration was
done using the respective standard solution of the analyte of interest.

2.4.3. Determination of sample surface microstructure and elemental
composition

Sample surface microstructure and elemental composition were
determined by scanning electron microscopy (SEM) using a Philips
XL30 environmental scanning electron microscope coupled to a micro-
analysis system. Using a diamond blade circular saw, the crushed
cubes were cut to size, mounted individually on carbon SEM stubs, and
loaded into the chamber on carousel — 6 at once. For quantitative
analysis, the crushed cubes were polished to a flat, unscratched surface
while the thermally treated drill cuttings were vacuum impregnated
before sample preparation. Then the chamber was pumped down. The
following instrument operating conditions were used: voltage was
20kV; low-vacuum mode; spot size of 5; working distance set to 12
mm; and area selected for imaging and analysis was approximately
600%y. Samples were imaged in scattered electron and backscattered
electron modes with energy-dispersive x-ray (EDX) analysis taken at
200x magnification for 60 s. This analysis was carried out at the
Environmental Analytical Facility at Cranfield University, UK.

Table 1
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3. Results and discussion

3.1. Physicochemical characteristics of untreated and pre-treated oil-based
drill cuttings

Table 1 shows selected physicochemical characteristics of the oil-
based drill cuttings used in this study. It can be seen that oil-based drill
cuttings contain TPH, PAHs, and heavy metals (Table 1) as corroborated
in several literatures (e.g., Okparanma et al., 2010; IOGP, 2016). As
shown in Table 1, the density of the drill cuttings obtained in this study
falls within the range of 1.3-2.7 g/cm® reported in the literature
(Al-Ansary and Al-Tabbaa, 2007). Furthermore, the TPH contents of the
untreated, air-dried (for 48 and 96 h), and low-temperature thermally
desorbed oil-based drill cuttings were way beyond the prescribed target
value (DPR, 2002); suggesting that the drill cuttings even after thermal
desorption is unsafe for discharge into the environment. However, it is
important to note that there was a progressive drop in the level of TPH
with the type of treatment applied. Between the air-drying and thermal
desorption methods, the thermal desorption method resulted in the
higher amount of TPH reduction than the air-drying method; although,
the residual TPH content was way beyond the prescribed target value.
This, therefore, justifies the need for further treatment of thermally
desorbed drill cuttings before it can be finally disposed, applied on land
for agricultural purpose, or reused for civil engineering works like con-
crete production and/or road construction.

Table 1 further shows that in the untreated drill cuttings, 60 % of the
16 USEPA priority PAHs were less than the limit of quantitation of 0.02
mg/kg for PAHs in Nigerian soils and sediments. Limit of quantitation is
the lowest concentration at which an analyte can be reliably detected
(Mitra, 2003). This, therefore, means that these PAHs are present in the
drill cuttings, but not up to 0.02 mg/kg. Of the 16 USEPA priority PAHs in
Table 1, benzo[a]anthracene, dibenzo[a,h]anthracene, benzo[b]fluo-
ranthene, benzo[k]fluoranthene, benzo[alpyrene, and chrysene are

Selected physicochemical characteristics of untreated and low-temperature thermally desorbed oil-based drill cuttings from the Niger Delta region, Nigeria.

Property Untreated oil-based drill Air-dried oil-based LTTD oil-based drill DPR (2002) target
cuttings drill cuttings cuttings value
48 h 96 h

Specific gravity NDM NDM NDM 2.00

Density (g/cm®) NDM NDM NDM 1.46 -

TPH (mg/kg) 8,913.12 7,664.65 6,939.6 673.45 50

Heavy metals (mg/kg) Copper 31.40 29.78 20.45 18.45 NR
Iron 47.08 44.99 43.33 40.59 NR
Barium 80.65 60.60 50.62 44.56 NR
Chromium 21.00 20.10 19.01 10.19 380
Manganese 5.35 4.95 5.11 4.61 NR
Arsenic <0.001 <0.001 <0.001 <0.001 55
Nickel 14.27 13.63 13.19 12.30 NR
Cadmium 0.31 0.30 0.31 0.29 12

Polycyclic aromatic hydrocarbons (mg/  Naphthalene 3.01 2.00 1.10 <0.02 N/A

kg) Acenaphthylene 2.00 1.23 0.80 <0.02 N/A

Acenaphthene 2.90 1.55 <0.02 <0.02 N/A
Fluorene 0.29 0.11 <0.02 <0.02 N/A
Phenanthrene 3.89 2.12 1.10 <0.02 N/A
Anthracene 1.04 0.45 <0.02 <0.02 N/A
Fluoranthene <0.02 <0.02 <0.02 <0.02 N/A
Pyrene <0.02 <0.02 <0.02 <0.02 N/A
Benzo[a]anthracene <0.02 <0.02 <0.02 <0.02 N/A
Chrysene <0.02 <0.02 <0.02 <0.02 N/A
Dibenzo[a,h] <0.02 <0.02 <0.02 <0.02 N/A
anthracene
Benzo[b]fluoranthene <0.02 <0.02 <0.02 <0.02 N/A
Benzo[k]fluoranthene <0.02 <0.02 <0.02 <0.02 N/A
Benzo[a]pyrene <0.02 <0.02 <0.02 <0.02 N/A
Indeno[1,2,3-cd] <0.02 <0.02 <0.02 <0.02 N/A
pyrene
Benzo[gh,ilperylene <0.02 <0.02 <0.02 <0.02 N/A

LTTD, Low-temperature thermally desorbed; N/A, Not Available; NDM, Not Determined; NR, Not Reported; TPH, Total Petroleum Hydrocarbon; For PAHs 0.02 is the
limit of quantitation, which is the lowest concentration at which an analyte can be reliably detected (Mitra, 2003). For heavy metals, the limit of quantitation is 0.001.
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Table 2
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Statistics of residual heavy metal and TPH contents of the solidified/stabilized product produced with 2-10% of low-temperature thermally desorbed oil-based drill

cuttings from the Niger Delta region, Nigeria.

Chemical Property Number of samples LOQ (mg/kg) Minimum (mg/kg) Maximum (mg/kg) Mean (mg/kg) Range (mg/kg)
TPH 124 0.02 18.71 184.08 62.41 165.37
Cu 124 0.001 3.03 9.82 5.27 6.79
Fe (II) 124 0.001 3.34 10.81 5.80 7.47
Fe (11D 124 0.001 3.64 11.79 6.32 8.15
Ba 124 0.001 0.08 0.25 0.13 0.17
Cr 124 0.001 0.00 0.001 0.001 0.001
Mn 124 0.001 0.76 2.46 1.32 1.70
As 124 0.001 <0.001 <0.001 <0.001 <0.001
Ni 124 0.001 2.02 6.55 3.51 4.53
cd 124 0.001 0.00 0.001 0.001 0.001

ND, Not Detected; TPH, Total Petroleum Hydrocarbon; LOQ, Limit of Quantitation — the lowest concentration at which an analyte can be reliably detected (Mitra,

2003).

known non-threshold genotoxic carcinogens (CL:AIRE, 2010). This im-
plies that they can still cause cancer even if their concentrations are less
than 0.02 mg/kg. In the absence of a corresponding PAH target value for
compliance in Nigerian regulatory framework, the soil screening value of
0.24 mg/kg suggested in the literature for Nigerian soils (Okparanma
et al.,, 2014) was used as a basis for comparison with the PAH values
obtained in this study. It can be seen in Table 1 that in the untreated drill
cuttings, 40 % of the PAHs exceeded the suggested 0.24 mg/kg screening
value; suggesting that the drill cuttings are ecologically unsafe. After
thermal desorption, the concentrations of the PAHs dropped below 0.02
mg/kg (Table 1). Even then, because of the presence of the non-threshold
genotoxic carcinogens, the drill cuttings are still not safe for final
disposed, application on land for agricultural purpose, or reuse as con-
struction material.

For the heavy metals, the drill cuttings were found to not contain
arsenic to any appreciable extent as the concentration of arsenic was
below the detection limit of the instrument (Table 1). However, there
was a preponderance of barium in the drill cuttings, constituting 40.31 %
of the total heavy metal content of the drill cuttings (Table 1). This result
agrees with reports in the literature that barium is by far the most
abundant heavy metal in drill cuttings. Compared with local regulatory
target values, Table 1 shows that some heavy metals were above their
prescribed target values while others were below, making the drill

cuttings environmentally unsafe to that extent.

3.2. Residual heavy metal and TPH contents of the solidified/stabilized
pre-treated oil-based drill cuttings

Table 2 shows the statistics of the residual contents of heavy metals
and TPH in the solidified/stabilized product containing 2-10 % of low-
temperature thermally desorbed oil-based drill cuttings. As evident in
Table 2, the average amount of TPH remaining after cement-based so-
lidification/stabilization of the low-temperature thermally desorbed oil-
based drill cuttings slightly exceeded the local regulatory target value of
50 mg/kg (see Table 1). On average, this suggests that cement-based
solidified/stabilized low-temperature thermally desorbed oil-based drill
cuttings are not suitable for use for construction purposes because of the
potential environmental health risks. It must be stated that the assess-
ment of the associated environmental health risks of solidified/stabilized
low-temperature thermally desorbed oil-based drill cuttings is outside
the scope of the current study. However, Table 2 shows that cement-
based solidification/stabilization of low-temperature thermally des-
orbed oil-based drill cuttings was quite effective in reducing the level of
heavy metals to less than their respective local regulatory target values
(see Table 1). This suggests that, in terms of heavy metal contents, the
cement-based solidified/stabilized low-temperature thermally desorbed

Fig. 3. SEM micrographs of solidified/stabilized test cubes produced with 4% low-temperature thermally desorbed Nigerian oil-based drill cuttings at (a) 7 days, (b)

14 days, (c) 21 days, and (d) 28 days of curing in water.
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Fig. 4. Energy dispersive X-ray (EDX) spectra of scanning electron microscopy of solidified/stabilized cubes containing 4% low-temperature thermally desorbed oil-
based drill cuttings at (a) 7 days, (b) 14 days, (c) 21 days, and (d) 28 days of curing in water. The shell levels associated with the energy level of the X-rays (keV) are

not shown.

oil-based drill cuttings are ecologically sound for construction purposes.

According to a recent review (Vaddoriya, 2016), immobilization of
contaminants in S/S processes involves chemical fixation of contami-
nants by interactions between the hydration products of binding ma-
terial and the contaminants or physical adsorption of contaminants on
the surface of binding products. It is likely that in the studied solid-
ified/stabilized matrix, the mechanism for TPH removal was physical
adsorption of TPH on the surface of binding products. On the other
hand, chemical fixation may be the mechanism for heavy metal removal
in the studied solidified/stabilized matrix. As it may be recalled from
basic chemistry, chemical reactions result in entirely new products

while physical reactions do not. The high amount of TPH leached
(Table 2) suggests that TPH is merely sorbed to the surface of binding
products in the solidified/stabilized matrix. The physical sorption of
TPH on the surface of binding products in the solidified/stabilized
matrix obviously will determine its fate and transport in the solid-
ified/stabilized matrix. Chemical interactions between the hydration
products of Portland cement and the heavy metals at early stages of
hydration may likely convert the heavy metals into entirely new
chemical complexes. This explains the poor heavy metal leaching
characteristics (Table 2) of the cement-based solidified/stabilized
pre-treated oil-based drill cuttings.
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Table 3
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The elemental composition (weight %) of solidified/stabilized cubes containing 4 % low-temperature thermally desorbed oil-based drill cuttings.

Spectrum Label Elemental composition (weight %)”

Total (%)

C o Na Mg Al Si P S K Ca Ti Fe Cu
Spectrum a 8.38 51.5 0.28 0.24 1.11 6.51 ND 0.10 0.51 30.76 ND 0.61 ND 100
Spectrum b 8.52 47.75 0.61 0.15 6.70 21.05 ND 0.11 7.87 6.75 0.13 0.37 ND 100
Spectrum ¢ 10.33 48.73 0.68 0.25 2.41 10.03 ND ND 1.00 21.9 0.25 4.41 ND 100
Spectrum d 9.90 46.9 1.84 0.22 6.10 15.89 ND ND 1.71 15.89 0.14 1.42 ND 100

ND, Not Detected.
2 Data from the SEM EDX spectra shown in Figure 4 (a — d).

3.3. Surface microstructure and elemental composition of the solidified/
stabilized pre-treated oil-based drill cuttings

The surface microstructure of the solidified/stabilized matrix was
studied using the SEM. For obvious reasons, the SEM micrographs of all
the 124 solidified/stabilized test cubes produced in this study cannot be
shown here. However, typical SEM micrographs (250 pm) of the solidi-
fied/stabilized test cubes; all produced with 4 % low-temperature ther-
mally desorbed oil-based drill cuttings at various days of curing are
shown in Fig. 3. Variations in the micrographs are clear. It can be seen in
the 250 pm micrographs as well as the 500 pm micrograph (inset in
Fig. 3) that there is the absence of needle-like crystals of ettringite and
the presence of gel-like hydration products characteristic of calcium sil-
icate hydrate. A similar observation was reported by Al-Ansary and
Al-Tabbaa (2007) for synthetic-based drill cuttings stabilized with ten
different binder systems at 28 days of curing.

Ettringite, also known as calcium sulphuraluminate, is normally
found in Portland cement concretes (Portland Cement Association,
2001). Reports in literature show that the presence of ettringite in con-
cretes is dependent on the ratio of calcium sulphate to tri-calcium
aluminate; the higher this ratio is, the less likely it is for ettringite to
convert to the calcium aluminate mono-sulphate phase at early stages of
hydration (Portland Cement Association, 2001). The SEM energy
dispersive X-ray (EDX) spectra showing the elemental compositions of
some of the solidified/stabilized cubes produced in this study are shown
in Fig. 4 while the percentage compositions by element on weight basis
(insets in Figure 4 (a—d)) are interpreted in Table 3. Giving the little or no
presence of sulphur in the studied solidified/stabilized cubes (Fig. 4 and
Table 3), resulting in a low calcium sulphate to tri-calcium aluminate

ratio, it is likely that primary ettringite formed at the early hours of hy-
dration would have converted to the calcium aluminate mono-sulphate
phase. This may explain the reason for the absence of ettringite in the
micrographs in Fig. 3. It has also been reported in the literature that
crystals of primary ettringite are often observed in air voids or cracks in
concretes that have been exposed to water for long periods of time
(Portland Cement Association, 2001). Therefore, the absence of ettringite
in the micrographs of Fig. 3 may suggest the absence of air voids in the
studied solidified/stabilized cubes, which may be attributed to the
fluidity of the low-temperature, thermally desorbed oil-based drill cut-
tings as compared to the gritty nature of fine aggregates.

Furthermore, there is the abundance of calcium, silicon, and oxygen
in the concrete as can be seen in the number of counts per second (cps) of
their characteristic X-rays (Fig. 4) and their percentage weight compo-
sition (Table 3). This is indicative of the presence of reactive silicate and
aluminate reported to be necessary for the formation of gel-like hydra-
tion products of calcium silicate hydrate (Paya et al., 2017).

3.4. Combined effects of drill cuttings content, age (days of curing), and
water-to-cement ratio on the compressive strength of solidified/stabilized
pre-treated oil-based drill cuttings

It should be stated that from this point onward, solidified/stabilized
products containing low-temperature thermally desorbed oil-based drill
cuttings would be referred to simply as treatment cubes while solidified/
stabilized products not containing low-temperature thermally desorbed
oil-based drill cuttings would be referred to simply as control cubes.
Depending on the intended use of the treatment cubes, different mini-
mum values of compressive strength apply. In the current study, the
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treatment cubes were intended for use in the design of reinforced con-
crete columns, beams, and slabs. For these purposes, literature recom-
mend a concrete grade/strength class of C20, for which the minimum
value of compressive strength should be 20N/mm? (BSI, 2004). Fig. 5
shows the compressive strength values of solidified/stabilized products
produced with various quantities of low-temperature thermally desorbed
oil-based drill cuttings at different water-to-cement ratios and ages of
curing. As shown in Fig. 5, the compressive strength of the control cubes
varied between 15 and 20 N/mm? approximately; attaining the recom-
mended minimum compressive strength of 20 N/mm? at 0.6:1
water-to-cement ratio at 21 days of curing. The choice of the control
cubes was arrived at after a series of trial water-to-cement ratios using the
design mix ratio of 1:2:4 (results not shown). It is important to state that
due to cost other design mixes were not considered in this study. Further
studies should, therefore, focus on other mix ratios.

Overall, Fig. 5 revealed that the compressive strength of the treatment
cubes varied between 5 and 26 N/mm? approximately. In a similar study,
concretes produced with synthetic-based drill cuttings using a water-to-
cement ratio of 0.4:1 yielded compressive strength values ranging be-
tween 0.092 and 4.708 N/mm? (Al-Ansary and Al-Tabbaa., 2007). Fig. 5
further revealed that for the 2 % drill cuttings addition, the compressive
strength ranged between 22.22 and 26.22 N/mm?, for the 4 % between
11.56 and 23.11 N/mm?, for the 6 % between 8.89 and 22.67 N/mm?, for
8 % between 5.33 and 23.56 N/mm?, and for 10 % addition between
5.33 and 24.44 N/mm?. From the wide range of compressive strength
values given above, it is clear that not all of the grade C20 concretes
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produced in the current study yielded the recommended minimum
compressive strength of 20 N/mm?2. As expected, this is because of the
effects of different proportions of drill cuttings and water-to-cement ra-
tios used, as well as differences in the curing ages on the compressive
strength. Although most of the treatment cubes yielded compressive
strength values less than the required minimum value of 20 N/mm?, the
lower compressive strength values could be used in areas where
low-grade concretes are needed such as production of blocks and bricks.

Additionally, Fig. 5 revealed that the three factors considered here
(i.e., drill cuttings content, water-to-cement ratio, and curing age) did
have some discernible effects on the compressive strength of the treat-
ment concretes. At the least drill cuttings content of 2 % and water-to-
cement ratio of 0.6:1, the treatment cubes yielded the highest compres-
sive strength values (22-26 N/mm?, approximately) across the various
curing ages, which were well above the recommended minimum
compressive strength of 20 N/mm?. At the higher water-to-cement ratios,
especially from 0.7:1 to 0.8:1, the compressive strength of the treatment
cubes dropped to below the recommended minimum value. This implies
that for best compressive strength for studied grade C20 concrete, low
quantities of drill cuttings of up to 2 % may be most appropriate at a
water-to-cement ratio of 0.6:1. On the other hand, from 4 to 10 % drill
cuttings addition, the treatment cubes had compressive strength values
ranging from 20-24 N/mm? approximately, a majority of which occur-
ring at the water-to-cement ratio of 0.65:1. It thus appears like higher
water-to-cement ratios are not suitable for production of grade C20
concrete with low-temperature thermally desorbed oil-based drill
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cuttings, especially at higher drill cuttings content. This was evident in
Fig. 6, which revealed that for the treatment cubes, the compressive
strength decreased as the water-to-cement ratio increased for drill cut-
tings content of 2-6 % at the various curing ages. However, for 8 and 10
% drill cuttings content, this trend was less defined with the compressive
strength becoming almost independent of the water-to-cement ratio at 8
% drill cuttings content (Fig. 6d) and increasing with water-to-cement
ratio at 10 % drill cuttings content (Fig. 6e). The reason for this odd
behaviour for the 8 and 10 % drill cuttings content is still unclear.

4. Conclusions

In this study, the diagnostic screening against local environmental
guidelines of levels of target contaminants in cement-based solidified/
stabilized low-temperature thermally desorbed oil-based drill cuttings
was carried out. This was done to ascertain whether or not some form of
action may be required to avert future problems that may arise from the
use of solidified/stabilized pre-treated oil-based drill cuttings for con-
struction purposes. Results obtained showed that the 2 % drill cuttings
addition yielded the highest UCS (22.22-26.22 N/mmz) at water-to-
cement ratio of 0.6:1, which were well above the recommended mini-
mum UGS of 20 N/mm? for a grade-20 concrete. The average amount of
TPH remaining after cement-based S/S of the pre-treated oil-based drill
cuttings was 62.41 mg/kg, which slightly exceeded the local regulatory
target value of 50 mg/kg. This suggests that cement-based S/S failed to
immobilize completely all the hydrocarbons in the pre-treated oil-based
drill cuttings. Similarly, there were relics of heavy metals (albeit less than
regulatory target values) in the solidified/stabilized matrix. This implies
that the solidified/stabilized matrix is not in compliance with environ-
mental guidelines on TPH for sustainable reuse of the pre-treated oil-
based drill cuttings as construction materials. As a result, before putting
the solidified/stabilized pre-treated oil-based drill cuttings to the inten-
ded use, some form of corrective action is required due to the potential
environmental health risks of exposure to petroleum hydrocarbons.
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