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Abstract

Increased environmental stringency, and focus on cost efficiency, drives the oil & gas
industry towards new and better solutions. Members of OSPAR have to follow strict
discharge requirements for oil contaminated drill cuttings, based on the BAT, and BEP
principles. The most successful technologies rely on thermal desorption. Only the TCC
have received acceptance to treat and discharge OBM cuttings on the NCS, at a require-
ment of 0.05 % oil by weight.

Norwegian-Group AS is currently developing an integrated treatment solution for
drilling fluids, waste water, and cuttings. In this thesis, thermal treatment of cuttings
is investigated. The treatment concept rely on dielectric heating with microwaves, in
combination with environmentally friendly, polar organic compounds. The initial study
shows that glycols can be distilled without significant degradation, especially MEG.
In addition to the benefits of increased process temperature, a significant reduction in
energy requirement is possible. The energy required to vaporize MEG is in the order of
magnitudes lower, than what is required to vaporize water.

Due to a higher process temperature , the vapor pressure contribution from the oil
was significantly increased. Drill cuttings was successfully treated to well below the
OSPAR limit of 1 % oil by weight, by the use of susceptors. The presence of susceptors
significantly increased the oil separation from cuttings, especially when the cuttings did
not contain water.

It is believed that the use of susceptors in combination with microwaves can challenge
the TCC technology as BAT.
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Chapter1
Introduction

In this chapter the background, and the main objectives of this master’s thesis is intro-
duced.

1.1 Background

From the beginning of the 20th century, rotary drilling has emerged as the primary
technology in the oil and gas industry (Teodoriu & Cheuffa, 2011). The definition of
rotary drilling, as described by (Bourgoyne et al. , 1986) is : “The hole is drilled by
rotating a bit to which a downward force is applied. Generally, the bit is turned by
rotating the entire drill string, using a rotary table at the surface, and the downward
force is applied to the bit by using sections of heavy thick-walled pipe, called drill collars,
in the drill string above the bit.” As the drill bit moves further into the earth, fragments
of sediment and rocks are produced. These fragments of sediment and rock are commonly
referred to as cuttings.

The rotary drilling process relies heavily on the use of drilling fluids, or so-called
drilling “mud”. The drilling fluid has a number of important roles during the drilling
process. including, but not limited to (1) transport of cuttings from the well bore,
(2) stabilize formation pressure, (3) provide lubrication and cooling, (4) provide buoy-
ancy of drill pipe and casing, (5) clean the face of the hole, (6) suspension of formation
soilds upon loss of circulation, (7) reduce fluid loss, and (8) corrosion control (El-sayed &
El-Naga, 2001). The choice of drilling fluid is crucial for the success of the drilling oper-
ation and depends on the type of formation, temperature, pressure, strength, permeabil-
ity, available water quality, and ecological and environmental considerations (Bourgoyne
et al. , 1986).

Drilling fluids are commonly divided into three subgroups: Water based mud (WBM),
Oil based mud (OBM) and Synthetic based mud (SBM). WBM may also be termed as
Aqueos based mud (ABM) while OBM and SBM fall under the category of Non-aqueous
based mud (NABM). Substantial amounts of cuttings contaminated with OBM were
released on the Norwegian continental shelf (NCS) up to 1993. Cuttings contaminated

1



Chapter 1 Introduction

with OBM was the main source of hydrocarbons entering the marine environment from
the oil and gas industry in the North sea (NS). Furthermore, the average discharge of
oil-on-cuttings (OOC) between the years of 1981 and 1986 was 1940 t per year. At the
peak of cuttings discharge, disturbances was found more than 5 km away from the source
of release (Reiersen et al. , 1989; Bakke et al. , 2013). Increased environmental focus
and stringency caused a required OOC level of less than 1 Percent by weight (wt%) in
the year of 1996 (OSPAR, 2000). Cuttings contaminated with WBM are discharged to
sea as long as the chemicals are environmentally friendly (Svensen & Taugbøl, 2011).
Upon reaching the surface, a primary treatment of the cuttings are normally performed
on site by the use of solids handling equipment such as shale shakers, hydrocyclones
and centrifuges as well as gravity settling in order to recover as much as possible of the
fluid. The primary treated cuttings contain more than 1 % oil from drilling fluid and/or
reservoir oil which means that practically no discharge of OBM cuttings is allowed.
The Martin Linge field development received acceptance to discharge treated cuttings
to the sea with the use of the thermo-mechanical cuttings cleaner (TCC) hammer-mill
technology (see Chapter 3). The OOC limit set by the Norwegian government for the
TCC at Martin Linge was 0.05 wt% (NEA, 2014) which is lower than the 1 wt% limit
set by the Convention for the Protection of the Marine Environment of the North-East
Atlantic (OSPAR). The requirement was set based on the TCC performance on the
UK continental shelf (UKCS). If the discharge limit is not met, the cuttings has to be
shipped to shore for further processing. The TCC technology did not successfully reach
the requirements for discharge on Martin Linge. In many ways this gives an indication
of where the bar will be set with regards to the discharge of oil contaminated cuttings in
the future. However, since the TCC did not consistently reach the 0.05 wt% goal, there
might be grounds for a less stringent requirement in the future.

1.2 Problem description

Norwegian-Group AS is currently developing an integrated treatment solution for drilling
fluids, waste water, and cuttings. The use of dielectric heating and especially microwaves
have been proposed as a promising technology in thermal treatment of cuttings. The
main focus of this thesis is the identification and use of polar organic susceptors1 in the
microwave treatment of OBM contaminated drill cuttings. The goal is, through theory
and experimental work, to gain proof of concept that the principle of steam distillation
in combination with susceptors will allow cuttings to be treated within the legislative
requirements set by OSPAR. To shed light on the potential benefits of this technology
and, how it can compete with the current and other upcoming technologies.

1Susceptors are lossy materials, which can be heated by EM fields
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Chapter 1 Introduction

1.3 Thesis objective

The objectives of this thesis is to further develop the cuttings treatment concept of
Norwegian Group. The concept consists of utilizing dielectric heating in combination
with steam distillation and susceptors. The following objectives are identified:

• Evaluate dielectric heat sources and possible combinations

• Identify potential susceptors and important characteristics

• Evaluate the use of susceptors in MW treatment of drill cuttings

• Review susceptor recovery methods

• Evaluate different conveyor configurations

• Analyze the BAT-potential of the treatment concept

In order to complete the objectives of this thesis it is crucial to have an understanding
of the nature of drilling waste and its characteristics, the relevant legislation applica-
ble to the NCS, other regions, and the current and upcoming treatment technologies.
Additionally, understanding the concept of Norwegian Groups treatment plant, steam
distillation, and the theory behind susceptors and dielectric heating is vital. These
subjects are covered in the thesis.
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Chapter 2
Drilling waste

2.1 The byproducts of drilling

The drilling process generate a substantial amount of waste and comprises of spent
drilling fluids (mud), formation fragments known as cuttings, and slop. The drilling
mud carries the cuttings from the well bore to the surface. Drilling fluids will always
adhere to the surface of cuttings. Slop is a common denotation applied to oil-containing
water and emulsions (Karlsen, 2013).

The main composition of WBM are solids, liquids, and chemicals where water is the
continuous phase. The water contains several dissolved substances such as alkalies, salts,
surfactants, organic polymers and insoluble constituents such as barite, clay, and cuttings
(Caenn et al. , 2011). The solids may be divided into active and inactive solids. The
main component of active solids are hydratable clays (Bourgoyne et al. , 1986). The
properties of the hydratable clays are mainly controlled by the addition of chemicals.
The inactive solids do not interact with water and other chemicals to a significant degree.
Any oil content of a WBM will be present as a oil in water (OIW) emulsion. Despite
WBMs being more environmentally friendly, they do not match the superior properties
of OBMs and SBMs for all drilling applications (Caenn et al. , 2011).

OBMs have a similar composition as WBM. However, in OBMs the continuous phase
is oil. Diesel and various mineral oils have commonly been used. It should be noted
that diesel is not used on the NCS today. Any water content of an OBM is present
as an water in oil (WIO) emulsion. The solids content of an OBM is considered to be
comprised only of inactive solids due to no interaction with the oil (Bourgoyne et al. ,
1986). As previously mentioned, OBMs are not as environmentally friendly as WBM
and is subject to more stringent requirements for discharge than WBM. The historical
and current legislation on discharge is presented in Chapter 2.

SBMs is another type of NABM where the base fluid is typically esters, polyolefins,
acetal, ether, and linear alkyl benzenes (Caenn & Chillingar, 1996). The development of
SBMs is a product of the increased environmental focus on the impact of drilling fluids
on the environment.
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Chapter 2 Drilling waste

Hydrocarbons, water, and other chemical constituents adsorb on the surface of cut-
tings. The volume of these components adhering to the surface is strongly dependent
on the type of formation and the cuttings Particle size distribution (PSD) (EPA, 1993).
Also, density, shape, and concentrations are factors that will ultimately affect every
piece of equipment utilized to separate cuttings from the drilling fluid. In the ideal well,
cuttings created at the drill bit is transported unaltered to the surface. In reality, cut-
tings are altered by physiochemical interactions with other solids, the drill string, and
the well bore. When cuttings reach the surface, they are generally smaller and more
round-shaped than at the moment of creation. For instance if we consider a particle
of 20 µm in diameter being broken up into 5 µm particles. This represents an increase
in surface area of 20 times the original particle and an increase of adsorbed mud by a
factor of 20 (Growcock & Harvey, 2005). As the drilling process progresses, additional
cuttings are continuously added to the drilling mud. Although a certain degree may be
tolerated, or even beneficial, the added cuttings contribute to a significant degree in low-
shear-rate and high-share-rate viscosity. This significantly reduce drilling rates and have
other negative consequences (Growcock & Harvey, 2005). Upon reaching the surface, a
primary treatment of the cuttings are normally performed. This is done on-site by the
use of solids handling equipment such as shale shakers, hydrocyclones and centrifuges
as well as gravity settling in order to recover as much as possible of the fluid. Figure
1 depicts a graphical illustration of the rotary drilling process and the mud circulation
system.
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Chapter 2 Drilling waste

Figure 1: Mud circulation system (IPIECA, 2009)

2.2 Handling, statistics, and cost

The primary separation of circulated drilling fluid is mainly to recover the fluid and
separate the drilled solids. The resulting residual of cuttings, slop, and oil needs to be
handled appropriately as typical NS cuttings are produced with 15 wt% OOC (Shang
et al. , 2005a). Generally, there is a limited number of choices related to the ways of
handling drilling waste such as cuttings, the typical alternatives are illustrated in Figure
2. These alternatives is further adressed in Chapter 3.

For years, operators such as Statoil have applied a holistic approach to drilling- fluids
and waste with an aim to plan towards a more cost, and resource efficient operation
coupled with a minimization of the environmental impact (Svensen & Taugbøl, 2011).
Furthermore, Svensen & Taugbøl (2011) describes the trend of the increasing complexity
of drilling operations where long sections, high inclinations and High Pressure High
Temperature (HTHP) conditions are a reality. The requirements of such conditions
simply cannot be met by WBM.

2.2.1 Statistics

The Norwegian Oil and Gas Association (NOGA) releases an annual environmental
report summarizing the “state” of the NCS regarding the oil and gas industry (NOGA,
2015). From the report a decline in the discharge of cuttings contaminated with WBM
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Circulated drilling mud

Solids handling

Solid waste

Re-injection Discharge Skip and ship

Recovered fluid

Figure 2: Alternatives of solid waste handling offshore (Bernier et al. , 2003)

between 2005 and 2014 can clearly be inferred (see Figure 3). An insignificant amount of
WBM contaminated cuttings are either shipped to shore or re-injected. Figure 4 depicts
the relationship between OBM contaminated cuttings that was either re-injected into
formation or sent ashore for further treatment. Both re-injection and ship to shore are
secondary treatment methods discussed in Chapter 3.
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Figure 3: WBM cuttings released on NCS between 2005-2014 (NOGA, 2015).

According to the Norwegian Petroleum Directorate (NPD), the number of develop-
ment wells drilled in the last years have increased while the number of wells drilled for
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Figure 4: OBM cuttings CRI or shipped to shore between 2004-2014 (NOGA, 2015).
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Figure 5: Number of wells drilled between 2005-2015 (NPD, 2016).

exploratory purposes are relatively stable (see Figure 5). This is somewhat contradictory
to the trends visible in Figure 3, and 4, where a decline in the amount of cuttings either
discharged, re-injected, or sent to shore is apparent. The explanation may be found in
the fact that a significant amount of the OBM cuttings are slurrified with water to ease
the transfer from rig to ship. This causes the cuttings to be reported as another category
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of waste (NPD, 2016).

2.2.2 Cost

In the report by Karlsen (2013) a comparison of the cost associated with onshore treat-
ment, offshore treatment and re-injection was performed. The cost of onshore treatment
is field specific and vary with (a) distance to shore, (b) transport to treatment facil-
ity, (c) price variation, (d) amount of waste, and (e) the required capacity. On the
other hand the costs for re-injection depends on (i) the lifetime of the injection well,
(ii) amount of cuttings to be injected and (iii) the receiving capacity of the well. Lastly,
the cost to treat cuttings offshore is dependent on (I) equipment cost, (II) equipment
operation, and (III) personnel cost. A general estimate is provided by Karlsen (2013)
(see Table 1), and it is evident that offshore treatment represents a significant lower
cost than any other option. At the time of writing this thesis, only one technology have
received acceptance for use on the NCS today (NEA, 2014).

Table 1: Cost of cuttings handling (Karlsen, 2013)

Alternative Cost (per ton cuttings)

Onshore treatment 9000 NOK
Re-injection 9600 NOK
Offshore treatment 6500 NOK

2.3 Legislation

2.3.1 The OSPAR area

The Oslo and Paris Commissions met in Paris in September 1992. The attendees in-
cluded the ministers responsible for the marine environment for the signatory states of
the conventions and other representatives. The most important outcome of this meet-
ing was the adoption of the new OSPAR. The convention also established the OSPAR
Commission as a successor to the Oslo and Paris Commissions to administer, and to
develop policies and international agreements. It is essential that the resources, biodi-
versity, and environmental aspects of the North-East Atlantic is preserved. The OSPAR
Commission’s task is to make sure that the 16 contracting parties work together in the
North-East Atlantic and honor their respective commitments (OSPAR, 2016). The most
important OSPAR decisions for the purpose of this thesis are summarized in Table 2.

The OSPAR convention requires its contracting parties to apply the principles of best
available technique (BAT) and best environmental practice (BEP). According to OSPAR
(2016) BAT is the latest and best suited technology for limiting waste, discharge, and
emissions. BEP is “the application of the most appropriate combination of environmental
control measures and strategies.” From this statement it is clear that for a technology to
achieve success in the OSPAR area, that particular technology must be considered BAT.
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In Norway the activities regulation (PSA, 2015) describes the regulations that governs
petroleum activities on the NCS.

§60 The water discharged to sea shall contain no more than 30 mg L−1 of oil and
otherwise be as low as possible.

§68 Cuttings and other solids are not to be discharged to sea if the adherence of oil
exceeds 1 % by weight on a dry basis.

Table 2: OSPAR decisions

Decision Summary

Decision 2000/2 Authorities shall ensure and actively promote the contin-
ued shift towards the use of less hazardous substances.
Introduces the Harmonized Offshore Notification Format
(HOCNF).

Decision 2000/3 Discharge of Organic Phase Fluids (OPF) is prohibited.
The maximum OOC is 1 wt%.

Recommendation 2005/2 The discharge of chemicals listed on OSPAR’s 2004 list of
priority chemicals should have been phased out by January
1 2010.

Recommendation 2006/3 By January 1 2017, contracting parties should have phased
out the discharge of chemicals that are, or contain, candi-
dates that are identified for substitution.

2.3.2 Other regions

Outside the OSPAR area there are various degrees of strictness in terms of cuttings
discharge. In the gulf of Mexico a 6.9 % wet weight limit exists for internal olefin base
fluids (SBM) while 9.4 % is allowed when the fluid is ester based (SBM). The discharge
of OBM cuttings is prohibited. In Australia a 1 % discharge limit for OBM is in effect,
however, in cases where SBM are used, the limit is 10 % on a dry basis (Whitford, 2009).
In Malaysia there is no limitation for discharge of either WBM, SBM, or OBM (Bernier
et al. , 2003).
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Chapter 3
Waste handling methods

Pollution can in many ways be regarded as a wasted resource incurring additional dis-
posal and treatment costs, as well as increased environmental load. The concept of waste
management, and minimization (see Figure 6), includes the identification of all sources
of waste. It also includes the evaluation of the potential for waste reduction at the
source, to re-use waste, or to recycle the waste (Ahnell & O’Leary, 2008). The amount
of waste generated is largely dependent on the depth, and diameter of the well that is
being drilled (Johnston & Rubin, 2000). The implementation of slim-hole, and extended
reach drilling in combination with advanced fluid systems have proven to significantly
reduce the amount of generated waste (Zaki & Barabadi, 2014; Ahnell & O’Leary, 2008).
However, it is not possible to eliminate the need for treatment and disposal. As previ-
ously mentioned in Chapter 2, the main options for treatment and disposal after primary
treatment of cuttings is ship to shore, cuttings re-injection (CRI), and discharge.

Figure 6: Waste management hierarchy (Zaki & Barabadi, 2014)
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3.1 Onshore

3.1.1 Skip and ship

The introduction of OSPARs 1 wt% limit have practically stopped the discharge of oil
contaminated cuttings on the NCS. In skip and ship operations, contaminated cuttings,
and the fluids that was not recovered in primary treatment are collected in skips. These
are sent ashore for further processing. The associated costs and operational challenges
are accompanied by Health, Safety, and Environment (HSE) risks related to the number
of crane lifts, use of deck space, and the use of high pressure pumping equipment (Morris
& Seaton, 2006). Furthermore, Morris & Seaton (2006) estimates that the number of
lifts per well may be as high as 1200, including onshore lifting operations.

It is possible to avoid crane lifts by slurrification of the cuttings. This can be beneficial
if the cuttings would be injected downhole. A major disadvantage of this methodology
is that the volume of waste increase considerably due to the addition of water. In
general, transportation to shore is sensitive to weather conditions. This may temporarily
halt the entire drilling operation. The treatment of cuttings that are taken to shore
can be accomplished through various means, including biological treatment (Châıneau
et al. , 2002), incineration, and thermal desorption (Bernier et al. , 2003). Thermal
desorption is also applicable for offshore discharge. Not restricted by the space and
weight requirements that apply offshore, many of these technologies can successfully
treat cuttings and recover base oil. The fate of the treated cuttings vary depending on
the options that are available, and are generally suited for land farming, or as an additive
in construction materials. The treatment and handling options restricted to onshore use
are not discussed further in this thesis.

3.2 Offshore

According to Stephenson et al. (2004), the footprint and weight of equipment is critical
in offshore operations. In many cases the equipment has to comply with the constraints
that is set by an existing rig, or installation. This may be a limiting factor when
considering the implementation of cuttings handling technology in locations offshore.

3.2.1 Cuttings re-injection

The re-injection of cuttings require slurrification in order to pump the cuttings downhole.
Typically the cuttings are disposed into a suitable formation or dedicated wells. Injection
has been performed on the NCS since the beginning of the 1990s, where most of the
cuttings have been injected into the Utsira formation. A number of incidents where
slurry has leached to the seabed has caused a decline in this practice (Karlsen, 2013).
Some of the advantages of this method of disposal includes the use of less expensive
drilling fluids, the need for transportation to shore is eliminated, and that the technology
is proven (Bernier et al. , 2003). However, it is costly to re-inject cuttings and this
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requires a suitable formation and extensive environmental monitoring (Karlsen, 2013).
A schematic representation of the CRI process i depicted in Figure 7.

Figure 7: CRI process (Bernier et al. , 2003)

3.2.2 Discharge

Cuttings dryer

The cuttings dryer is a secondary treatment method that was adapted from the mining
industry. The centrifuge is either vertical or horizontally oriented. The cuttings dryer is
commonly employed in regions such as the gulf of Mexico where the discharge require-
ment for SBMs is 6.9 % (Whitford, 2009). Cannon & Martin (2001) collected data on 23
wells where the retained SBM was recorded after primary treatment, following secondary
treatment by the use of a vertical basket centrifuge. An average value of 11.47 % after
primary treatment was recorded. The average value after undergoing treatment in the
centrifuge was 3.99 %. When operating in the OSPAR area, the cuttings dryer does not
fulfill the environmental discharge limit. A cuttings dryer configuration is depicted in
Figure 8.
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Figure 8: Secondary treatment including cuttings dryer (Bernier et al. , 2003)

Thermo-mechanical cuttings cleaner

The TCC is a thermal desorption technology in which the cuttings are subjected to
friction heat generated by the hammer mill. The technology has been available on
the market for some years and started its qualification on the UKCS during the 1990s
(Ormeloh, 2014). A diesel or electrical drive unit rotates the hammer mill. Solid parti-
cles are forced towards the wall of the process chamber where friction heat is generated.
The operation is continuous and automated by a Programmable logic controller (PLC)
system. The liquids are evaporated inside the process chamber and withdrawn to auxil-
iary processes comprising of a cyclone to remove fines, and a condenser train to separate
the water and oil. An additional oil-water separator is included as some lighter oil com-
ponents will condense with the water (Kleppe, 2009; Ormeloh, 2014). The recovered
liquids are reusable as the process temperature is low enough to avoid cracking of the
oil. The recovered water is within the 30 mg L−1 discharge limit (Svensen & Taugbøl,
2011). According to the TWMA website (TWMA, 2016), based on the trials performed
in the United Kingdom, the TCC was accepted as BAT and BEP by OSPAR.

As previously mentioned, the Martin Linge field development received acceptance
to discharge TCC treated cuttings provided the requirement of no more than 0.05 %
retained oil on cuttings was met. Should the limit be exceeded the cuttings had to be
shipped to shore. The 0.05 wt% requirement is extremely difficult to achieve consistently
and was set on the basis of empirical data from the use of the TCC on the UKCS.
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An audit was performed at Martin Linge, where the operator is Total, in the period
between 26. - 30. of October. The audit uncovered a breach on the agreed limitations
with respect to the OOC levels on discharged drill cuttings as well as a breach on §60
of the activity regulations (NEA, 2015). According to the report by the Norwegian
Environment Agency the cuttings discharged in May, August, and September of 2015
was measured to 0.35, 0.58, and 0.17 wt%, respectively. In October the discharged water
was recorded to contain as much as 754 mg L−1 oil. The use of the TCC was stopped on
the basis of the aforementioned audit. It is unclear if the situation has been resolved.
It is likely that the TCC uses a polishing step to remove the last traces of oil. In the
polishing step the remaining oil is oxidized (Monsen & Michelsen, 2015).

According to Svensen & Taugbøl (2011) the TCC represents 80 000 of the 110 000
tonne annular treatment capacity onshore in Norway.

The theoretical energy consumption was calculated by Murray et al. (2008) to be
215 kW h t−1. Kleppe (2009) reports the energy requirement to be 200 kW h t−1. In
both cases the composition of oil, water, and solids was 15/15/70 wt%. The actual
energy consumption was proven to be lower. The offshore treatment capacity of the
TCC was found to be between 5.2 to 7.1 t h−1 with a 945 kW drive. Thus, the energy
requirement was between 133 kW h t−1 and 181 kW h t−1.

The TCC treated cuttings are crushed inside the hammer mill. The process temper-
ature is between 240 ◦C and 260 ◦C, and the recovered oil may be reused (Kirkness &
Garrick, 2008). The discharged cuttings is a dry powder. According to Blytt et al.
(2014) a high content of particulates in the water column can have a negative impact on
fish and benthic organisms. Furthermore, Blytt et al. (2014) investigated the PSD of
TCC treated cuttings. The findings was that the powder could contain a high amount of
clay particles. Discharged clay particles could remain in the water column for prolonged
periods of time, which can negatively impact the marine ecosystem.

As the TCC is considered to be BAT and BEP, it is likely that any emerging tech-
nologies have to perform better than the TCC in order to achieve success. A schematic
representation of the TCC process can be seen in Figure 9 (Halliburton, 2014).
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Figure 9: TCC process diagram (Halliburton, 2014)
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Chapter 4
A brief introduction to dielectric heating

4.1 Electromagnetic theory

In conventional heating, the required thermal energy must pass through the surface
of the compound being heated, and the rate of heating is limited by temperature and
thermal diffusivity. Direct heating of materials is possible when the material in question
is neither a perfect insulator or a perfect conductor (Meredith, 1998). The theory of
electromagnetic (EM) radiation was first published by James Clerk Maxwell in 1865 and
resulted in the famous Maxwell equations (Equation 1) which represents the physical
laws that govern time dependent electromagnetic fields (Thostenson & Chou, 1999).
EM radiation is a form of energy traveling at the speed of light, comprising of waves of
electric, and magnetic fields that oscillate perpendicular to each other in the direction
of propagation (Gupta & Wai Leong, 2011). The propagation of EM fields is depicted
in Figure 10.

∇×
−→
E =

∂
−→
B
∂t

, ∇ ·
−→
B = 0
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−→
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∂
−→
D
∂t

+
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−→
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(1)

Where
−→
E is the electric field vector,

−→
H, the magnetic field vector,

−→
D , the electric flux

vector,
−→
B , the magnetic flux vector,

−→
I , the current density vector, and, % is the charge

density. It is particularly the electric field that contributes in radio frequency (RF), and
microwave (MW) heating (Meredith, 1998).

The main difference between RF and MW heating is the operating frequency and the
equipment used to generate the electromagnetic energy. RF heating operates in the 1 to
300 MHz range, and MW heating frequencies lie between 300 MHz and 30 GHz (Sumper
& Baggini, 2012). The electromagnetic spectrum and the designated use of Industrial,
Scientific, and Medical (ISM) frequency bands is depicted in Figure 11. Lunde (2015)
investigated the possible thermal heat sources for Norwegian-Groups treatment concept,
and identified RF heating and especially MW heating as promising technologies. Other
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Figure 10: The propagation of electromagnetic fields

heat sources discussed in the report include resistance heating, induction heating, and
infrared (IR) heating. The electromagnetic energy utilized in heating applications is
the same as used in radar and satellite, television, and radio communcations. Meredith
(1998) emphasize that care must be taken that no interference between electro-heating
and communication systems are allowed.

Figure 11: Electromagnetic spectrum (Mehdizadeh, 2009)
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When a molecule is subjected to an electric field
−→
E , the dipole moment −→µ (see Chapter

5.3.2) experience a torque, −→τ . It is this torque that causes the dipole moment to reorient
the material against the oscillating electric field (Stuerga, 2013). In other words, as
described by Thostenson & Chou (1999), “The interaction of microwaves with molecular
dipoles results in rotation of the dipoles, and energy is dissipated as heat from internal
resistance to the rotation.” Dielectric loss results from the fact that molecules are rarely
able to reorient in equilibrium with the alternating electric field resulting in a phase
lag.The extent of this behavior is dependent on frequency, and the rate of dissipation of
energy increase as the frequency is raised (Meredith, 1998), as evident from Equation 4.

There are several mechanisms in which polarization can occur. These include Elec-
tronic polarization, atomic polarization, orientation polarization, and Maxwell-Wagner
polarization (Metaxas & Meredith, 1983). At microwave frequencies, orientation po-
larization (dipole polarization) are thought to be the governing mechanism for energy
transfer (Chen et al. , 1993; Mehdizadeh, 2009).

The capacitive capabilities of dielectrics is described by the dielectric constant, ε
′
, and

the conductive capabilities are given by the dielectric loss factor, ε
′′
, both dimensionless

and dependent on temperature, and frequency. The relationship between the dielectric
constant and loss is given by the complex permittivity ε∗ (Equation 2). The loss tangent,
tan δ (Equation 3), is another term commonly used to quantify and compare the dielectric
loss of materials. Materials are considered good microwave absorbers if tan δ ≥ 0.01 and
poor microwave absorbers if tan δ ≤ 0.001 (Bykov et al. , 2001).

ε∗ = ε
′ − jε′′ (2)

tan δ =
ε
′′

ε′
(3)

The power density within the material may be determined by the dielectric heating
equation (Equation 4).

Pd = 2πfε0ε
′′
E2
i (4)

Where Pd is the power dissipation density in W m−3, f is the frequency in Hz, ε0 is
the permittivity of free space (8.8× 10−12 F m−1 (Meredith, 1998)), and Ei represents
the internal voltage stress in the dielectric (V m−1).

The penetration depth for low loss dielectrics, Dp (Equation 5), is a measure of the
depth of microwave penetration into the material. The penetration depth is the depth
at which the magnitude of the EM field is reduced to 1/e of its surface value (Gupta &
Wai Leong, 2011).
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Dp =
λ
√
ε′

2πε′′
(5)

It is evident that an increase in the dielectric loss factor will cause a decrease in the
penetration depth. Penetration depth is also dependent on wavelength, λ, and as the
wavelength increase the penetration depth increase due to higher attenuation into the
dielectric material. It is clear that the penetration depth is an important parameter in
EM heating. Low penetration depths may cause issues with non-uniformity of heating
and there is a possibility that the environmental discharge requirement of 1 % OOC by
weight cannot be met.

4.2 The components of dielectric heating

4.2.1 The RF heating circuit

In radio frequency heating the electric field component is generated by two electrodes
subjected to an alternating voltage and the material to be heated is positioned between
the two electrodes as shown in Figure 12. Various RF heating configurations are avail-
able depending on the material being heated. Stray field electrodes are used when the
depth, or thickness, of the material is relatively thin (10 mm or less). Staggered through
electrodes are useful when a homogenous field is required. Plate electrodes are commonly
utilized when the material is thick and complex in shape (Sumper & Baggini, 2012).

RF heating enjoys the general benefits of dielectric heating, including high efficiency in
the range of 50 to 70 %, high power densities, and heat transfer independent of ambient
conditions (Sumper & Baggini, 2012). The high efficiency is related to the electric field
coupling with water. As seen in Table 12, the penetration depth of RF energy at a
frequency of 30 MHz in distilled water is in the order of 35 m. According to Equation 4,
the electric field strength in RF heating has to be increased 10 times in order to match
the power dissipation of a microwave heating system. This may cause arcing inside the
applicator if the dielectric breakdown threshold of air (30 kV cm−1) is exceeded (Dev
et al. , 2012). Berger (2015) lists the dielectric breakdown of air as 0.97, normalized
against nitrogen gas. Due to similar dielectric breakdown thresholds, there is a risk of
RF arcing also in nitrogen atmospheres.
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Figure 12: RF heating circuit (Sumper & Baggini, 2012)

4.2.2 The microwave

The microwave generally consist of the following components : (a) a microwave gener-
ator, (b) a power supply, (c) a waveguide, and (d) an applicator.

Microwave generators are vacuum tubes capable of generating high power at high
frequencies. Vacuum tubes that have been utilized to generate microwave power include
magnetrons, traveling wave tubes, and klystrons (Love, 1995; Roach, 1995).

Magnetrons (Figure 13) commonly found in domestic microwave ovens are mass pro-
duced, cheap, and readily available on the market (Bogdal, 2006). Magnetrons use
resonant cavities to generate the EM field and are thus only capable of operating at
fixed frequencies. In vacuum tubes such as the magnetron, the difference in potential
between the anode and the catode produces the electric field component. By heating the
cathode, the loosely bound valence electrons are removed. By the use of a magnet, the
electrons are directed towards the anode, causes a electron cloud to form. As electrons
pass the resonant cavities the electron cloud oscillates and the frequency of this oscil-
lation depends upon the physical geometry of the cavities (Thostenson & Chou, 1999).
There are two types of magnetrons. Pulsed magnetrons are capable of outputting very
high amounts of power up to several megawatts for a short duration. Continuous wave
(CW) magnetrons are capable of continuous operation from a few watts up to 100 kW
at 915 MHz (Love, 1995; Osepchuk, 2002).
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Figure 13: Magnetron microwave tube (Thostenson & Chou, 1999)

Traveling Wave Tubes (TWTs) (see Figure 14) is one type of source that is commonly
employed in microwave applications that require a variable frequency of operation. In
this case the the TWT acts only as an amplifier and the microwave signal has to be
generated by a separate oscillator. Typically the frequency of the oscillator is voltage
controlled, and allows for rapid alterations in the output frequency of the vacuum tube.
Traveling wave tubes are comprised of two main components, the electron gun and the
helical transmission line (Thostenson & Chou, 1999).

Figure 14: Traveling wave tube (Thostenson & Chou, 1999)

According to Roach (1995) klystrons are narrow-band linear beam tubes, available
as both amplifiers, and oscillators and capable of either pulsed or CW mode. Typical
operating frequencies lie between 300 MHz and 40 GHz with a peak power output of up
to 150 MW. Applications can be found within UHF-television, industrial heating, and
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radar among others (Gupta & Wai Leong, 2011).

Figure 15: Simplified klystron circuit (Roach, 1995)

Waveguides are often the preferred choice when conveying high power at high frequen-
cies due to the losses in for example coaxial cables. Waveguides are hollow rectangular, or
cylindrical, tubes in which the EM energy propagates forward. Two modes of propaga-
tion is possible: Transverse electric (TE) or transverse magnetic (TM) where the electric
and magnetic intensity is zero in the direction of propagation, respectively (Thostenson
& Chou, 1999; Pereira, 2012).

Applicators , or cavities, are the means of which EM energy are transferred to the
material. The temperature distribution within the material matrix are highly dependent
on the geometry of the cavity. Applicators that are common include multimode and
single mode cavities with high field strengths. Single mode cavities typically have a
focused field strength, or , a “hot spot”. Multimode cavities support a variety of resonant
modes, which results in multiple hot spots. The uniformity of heating may be improved
by increasing the cavity size. However, for typical MW frequencies, the cavity would
become very large (Thostenson & Chou, 1999).

4.3 A literature review on microwave treatment of drill cuttings

Shang et al. (2005a) investigated the microwave treatment of oil contaminated drill
cuttings in a multimode cavity where a significant decrease in the residual oil concentra-
tion was achieved. The study concluded that a reduction of OOC can be achieved with
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an increase in the cavity power, residence time, and moisture content. Shang and co-
workers also discovered that the concentration of water in the samples was the limiting
factor for oil removal. The addition of extra water allowed for more oil to be separated.
This caused the OOC to be reduced to less than the environmental discharge limit of
1 % by weight. It was recognized that the multimode cavity was limiting the achievable
power density. Nitrogen sweep gas was found to be beneficial by providing even heat-
ing throughout the sample. A modified Reynolds number, Rem, was used to evaluate
the effects of laminar and turbulent gas flows. Supplying ambient temperature N2 gas
caused re-condensation of oil, and water vapors, lowering the treatment efficiency.

Shang et al. (2005b) continued the work by the utilization of a high power single
mode cavity (Figure 16). In these experiments there was evidence of plasma formation
when the treatment and power levels was high. A 0 - 15 kW magnetron operating at
2.45 GHz was used. Shang et al. identified two mechanisms for oil removal. The first
mechanism is the conventional heat transfer from water to oil. The second mechanism
is oil steam entrainment, where the oil is carried away by escaping steam. Again, the
amount of water in the sample seemed to be the limiting factor. Increasing the amount
of water in the sample reduced the OOC to below the environmental discharge limit.
The addition of activated carbon also caused a significant reduction of the OOC. The
use of a single mode cavity allowed shorter treatment times compared to a multimode
cavity.

Figure 16: Experimental seup in Shang et al. (2005b). (1) Generator, (2&3) E-H
tuner, (4) TE10n single mode cavity, (5) condensate collection, (6) pressure
relief valve, (7) vacuum pump

Shang et al. (2012) investigated the influence of dielectric materials on oil removal
from waste. Samples that contained up to 1 mol L−1 NaCl was shown to increase the
oil removal capacity, compared to water alone. The addition of 5 % activated carbon,
allowed the samples to be treated within OSPAR limits in less than 60 s. Carbon does
not evaporate, and thus absorbs energy during the entire treatment period.

Robinson et al. (2012) studied and compared a single mode, a fixed bed, and a stirred
bed microwave system (see Figure 17). The three different systems were all shown to
remove a varying degree of organic contaminants in two different samples. Sample 1
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contained 16.42 % water, and a total organic content of 1.08 %. Sample 2 contained
14.05 % water, and a total organic content of 2.06 %. The study revealed that a high
degree of separation, in combination with high energy efficiency, was achieved in the
stirred bed system. Mixing of the sample overcame issues of low penetration depth in
the stirred bed system, which caused an increase in organic removal. Figure 18 compares
the treatment efficiency of the three systems. It is clear that stirring of the sample bed
increased the oil removal significantly. The increase in energy efficiency between the the
single mode system and the other two systems was attributed to sample size. Larger
samples contain more water, which led to a more efficient dielectric coupling. Junior
et al. (2015) assessed three different types of stirrer blades. No significant difference
was observed. A 17 % increase in n-paraffin removal was achieved with the mixed system,
compared to a non-mixed system.

Figure 17: Stirred bed batch system (Robinson et al. , 2012)
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(a) Sample 1

(b) Sample 2

Figure 18: Results obtained in Robinson et al. (2012)

Robinson et al. (2010) demonstrated that the design of a single mode applicator
is highly dependent on the bulk dielectric properties of the treated material. In the
study a conveyor belt of Nomex fibers was used. Through electromagnetic simulations,
relatively small variations in bed depths was shown to significantly impact the uniformity
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of heating.
A transverse E-field applicator was compared to a single, and a multimode cavity in

the study by Robinson et al. (2009). Oil contaminated drill cuttings was treated in a
15 kW MW system at 2.45 GHz. The required energy input was significantly lower in the
continuous E-field processing mode. The continuous system treated the cuttings to 0.1
wt% with a energy requirement of approximately 140 kW h t−1. The multimode batch
system was able to reduce the OOC to 2 % requiring 450 kW h t−1. The single mode
batch system was able to treat the cuttings down to 1 % when the energy input was
around 110 kW h t−1. Thus, it was shown that a continuous process was more beneficial
than a batch process. A schematic of the continuous process is depicted in Figure 19

Figure 19: Continuous MW system (Robinson et al. , 2009)

Pereira (2012) found that nitrogen drying (20 L min−1 @ 16 ◦C) alone was insignificant
as an oil separation mechanism, see Figure 20. Furthermore, Pereira (2012) found that
the main mechanism of oil and water removal from cuttings is vaporization and entrain-
ment. The effects of nitrogen flow rate on the MW processing of cuttings was found
to be significant. Not as a direct desorption method, but due to improved uniformity
of heating, improved mass transfer, and less potential re-condensation. The increase in
N2 flow rate from 2 to 7 L min−1 caused a 70 % increase in liquid desorption by weight.
A modified Reynolds number of ≥203 was suggested in combination with a N2 supply
temperature of 80 ◦C or more. For the sweep gas to achieve a maximum effect it was
supplied below the sample. This enables the gas to flow though the sample and assist in
liquid desorption from the cuttings. A comparison of nitrogen drying and nitrogen dry-
ing in combination with microwaves was made by Pereira (2012). The results of which
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are depicted in Figure 20. It is seen that an OOC of 2 % was achieved. The sample was
treated at 720 W in combination with a N2 flowrate of 15 L min−1.

Figure 20: Comparison of N2 drying, and N2 in combination with MW (Pereira, 2012)

Samples with high oil content, and surface liquid, experienced a higher percentage of
separation through entrainment. Higher power density and energy input also caused a
higher percentage of separation to occur by entrainment. Due to higher heating rate,
high velocity and pressure steam was generated. This in turn led to more physical
carryover of oil. It was shown that most of the oil separation originated from particles
between 0.15 and 1 mm. Oil removal from larger particles was insignificant.

A pilot scale rig was used in combination with a 2.45 GHz magnetron source (see
Figure 21). At 2.45 GHz, continuous processing of cuttings with 3 % oil, and 12 % water,
required an energy input of 150 kW h t−1 to reach an OOC of 1 %. As a comparison,
250 kW h t−1 was required when the process was a batch type.

Pereira (2012) also investigated continuous processing at 896 MHz. This was shown to
significantly improve oil separation compared to processing at 2.45 GHz. 80-90 kW h t−1

was required to treat cuttings at 300 kg h−1 down to 1 % OOC by weight. A mass
flow rate of 800 kg h−1 was treated to 1.5 %, requiring only 50-60 kW h t−1. The initial
oil content was 7.8 wt%. The decrease in energy requirement between 2.45 GHz, and
896 MHz was attributed to a shift in polarization mechanisms, increased penetration
depth, and an increase in mass transfer due to larger surface area of the waveguide and
applicator.

Key attributes was determined to be particle size, nitrogen Rem numbers, initial oil
and water content, and energy requirements (Pereira, 2012).
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Figure 21: MW pilot scale rig (Pereira, 2012). (a) Hopper, (b) screw conveyor, (c) con-
veyor belt, (d) cuttings, (e + f) chokes, (g+i) applicators, (j+k) fume ex-
tractor, (l) treated cuttings, (m) cuttings collection, (n+o) microwave inlet,
(p) nitrogen bottle

Another technology utilizing electromagnetic heating is the “Cutcube” (Vasshus &
Malmin, 2013). Cutcube is an invention by Cubility AS. There is relatively little in-
formation to be found on this technology, apart from what is described in the patent
application. A video is also available which shows the technology in use (Fabel-Media,
2014). The technology seems to be a thermal desorption process where vacuum is com-
bined with a EM heating source. The patent specify the frequency of operation to be in
the MW range. However, there is no evidence of either waveguides or something that
resembles a vacuum tube in the video. It is possible that RF heating is utilized, as the
EM equipment in the video resembles electrodes. In the video it also looked like there
was several heating sources in series. Note that this is only speculation, and should not
be considered as facts. A screw conveyor was also seen in the video. Both the conveyor
and the EM equipment looks to be placed inside the “applicator”. The reported OOC
is claimed to be below 1 %.

There is still a gap between the capacity of the TCC and the microwave treatment of
cuttings. However, the energy requirement is lower when microwaves are utilized.

Conveying. All of the works cited in this literature review, used a flat bed conveyor
belt, with exception of the cutcube. Mixing is not achieved inside the process chamber
with the use of a flat bed. The cutcube is using a screw conveyor to propel the cuttings
through the applicator. In this way, mixing is also achieved within the process chamber.
Mixing have the potential to increase oil separation significantly. In order to avoid
arcing and inefficient applicator modes, the screw conveyor should preferably be of a
transparent material. The material has to withstand the wear and tear that the cuttings
will impose. In the case of the screw conveyor, it is likely that the shell of the screw,
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also will function as the applicator. Depending on the material of the rotating screw, it
may affect the uniformity of heating. If for example the screw is metal, it may act as
a mode stirrer. Mode stirrers are devices that are meant to improve the uniformity of
heating. Microwave treatment of cuttings would also allow the cuttings to remain in its
original shape.

All of the technologies discussed in Chapter 4.3 use thermal desorption. Steam dis-
tillation is an important principle in thermal desorption and are discussed in Chapter
5.
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Chapter 5
Distillation and chemical bonding

5.1 Distillation theory

Daltons law of partial pressures (Equation 6) states that in a mixture of non-reacting
gases, the total pressure exerted by these gases is equal to the sum of the partial pressures
of each individual gas.

Ptotal = p1 + p2 . . .+ pn−1 + pn (6)

where p1 + p2 . . .+ pn−1 + pn represents the partial pressure of each gas.

5.1.1 Miscible liquids

The behavior of ideal miscible liquids is described by Raoult’s law (Equation 7) where
pa and pb are the partial vapor pressures of components a and b. xa and xb is the molar
fraction of each component.

pa = xa × P 0
a

pb = xb × P 0
b

(7)

P 0
a and P 0

b represents the vapor pressure of the pure components and may be found
by Antoine’s equation (Equation 8).

log10 P
0
n = A− B

C + T
(8)
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where

• P 0
n – vapor pressure [mmHg]

• A,B, and C – Component specific constants [unitless]

• T – Temperature [◦C]

In Figure 22 an illustration of Raoult’s law combined with Dalton’s law gives a clear
picture of how the total pressure exerted by the gases is governed by the relative amounts
of compound (a), and compound (b), present in the mixture.

100 mol% (b) 100 mol% (a)

V
ap
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p

re
ss

u
re

pa
pb

Ptotal = pa + pb

Figure 22: Illustration of Raoult’s law in combination with Dalton’s law.

5.1.2 Immiscible liquids

Raoult’s law holds true for ideal miscible liquids described in Chapter 5.1.1. However,
the behavior of the mixture changes substantially when the system consists of immiscible
liquids due to no interaction at the molecular level. As a result, the landscape of Figure
22 will change dramatically as each individual compound will establish its own vapor
pressure, independent of the molar ratios in the mixture. This behavior is illustrated in
Figure 23. In the case where the objective is to isolate each component in the mixture,
this technique is not optimal due to the fact that the vapor composition above the
boiling liquid will be the same as in the liquid. However, this observation is valuable
when attempting a steam distillation.
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Figure 23: The behavior of immiscible liquids in combination with Dalton’s law.

5.2 Steam distillation

Liquids boil once the vapor pressure of the liquid is equal to the surrounding ambi-
ent pressure. At sea level the atmospheric pressure is 101.325 kPa or approximately
760 mmHg. If the total vapor pressure exerted by immiscible liquids at a given temper-
ature exceeds, or equal, the ambient pressure, the liquid is boiling. Another important
observation is the fact that immiscible mixtures will inevitably boil at a temperature
lower than the boiling point (bp) of either of the pure liquids.

Normal distillation of such liquids in their pure form would require a much higher
temperature for the liquid to boil. If we consider the immiscible mixture of toluene, an
organic compound with the formula C7H8, and water with the formula H2O the principle
of steam distillation is easily explained. At 84.5 ◦C Toluene has a vapor pressure of
approximately 339 mmHg, and water has a vapor pressure of 425 mmHg resulting in a
total pressure of 764 mmHg (Yaws & Satyro, 2015). Meaning, at this temperature the
mixture is boiling at atmospheric pressure. The bp of toulene is reported to be 111 ◦C
whereas water has an bp of 100 ◦C (ChemSpider, 2016).

Combining Dalton’s law, Antoine’s equation, and the principle of steam distillation
with the ideal gas law (Equation 9), allows for an estimation of the mole fractions in the
distillate.
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Ppolar × Vpolar
Poil × Voil

=
npolar ×R× Tpolar
noil ×R× Toil

(9)

where (a) P is the pressure of the gas, (b) V is the gas volume, (c) n is the number
of moles, (d) R is the ideal gas constant, and (e) T is the temperature of the gas.
Equation 9 reduces to Equation 10 due to the gases occupying the same space, distilling
at the same temperature, and that the universal gas constant apply to all gases.

Ppolar
Poil

=
npolar
noil

(10)

where the indexes polar and oil represents any polar, and any non-polar compound,
respectively.

Returning to the example with toluene and water. The theoretical estimations are
depicted in Table 3. The amount of toluene in the condensate is expected to be 4.7 mL
toluene / mL water. For comparison, examples where dodecane (C12H26) and hexade-
cane (C16H34) are distilled with water are also depicted in Table 3. Another important
comparison, shown in Table 4, is the energy required to evaporate the organic constituent
in the mixture.

Table 3: Theoretical distillation with select compounds mixed with water

Organic Theoretical bp, V apor pressure Distillation
compound ◦C ratio,mmHg ratio, mL oil/mL polar

Toluene/water 84.5 339/425 4.7
Dodecane/water 99 15/733 0.14
Hexadecane/water 100 0.8/760 0.008

It is evident that a large amount of energy is required due to the thermal properties
of water. This includes specific heat, but especially the heat of vaporization. Significant
energy savings can be achieved if the distillation ratio is moved in favor of the organic
compound, meaning that the vapor pressure of the organic compound is larger than the
vapor pressure of the second component in the boiling mixture. This principle, which is
highly dependent on chemical bonding, is further investigated in Chapter 6 and 7.

Steam distillation was proven to separate oil from cuttings by Pereira (2012), where
approximately 60 % oil by weight were removed during 120 minutes of processing time.
More than 50 % was separated between the first 40 to 50 minutes.
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Table 4: Energy required for distillation

Organic Polar Enthalpy of Energy
compound compound vaporization, [kJ kg−1] consumption

per kg oil
evaporated,
[kJ kg−1]

Toluene Water 2257 480
Dodecane —”— 2257 8680
Hexadecane —”— 2257 282 125

5.3 Chemical bonding and temperature

The operating temperature of the steam distillation will be crucial in the success of the
treatment process. In order to recover the value that the oil from the OBM contaminated
cuttings represent, it is important that any treatment method employed does not cause
the oil to crack. The distillation temperature will increase with an increase in the bp
of the susceptor, however the temperature will not exceed that of the oils bp as long as
the oil is present. The susceptor could also be in powdered form, as in the case with
activated carbon or graphite. Preheating the susceptor is also a possibility. The method
of applying the chemical is also something to be considered, if the susceptor is a powder
it might be easier to achieve a homogenous distribution within the cuttings matrix than
a liquid compound, depending on the viscosity of the liquid.

Chemistry can in many ways be described by the attraction between opposite charges
and repulsion between equal charges. This is relevant because it determines the forces
that act within and between molecules (Ashenhurst, 2016b). Properties such as boiling
points and melting points are a direct consequence of such forces and are measurements
of how strong the attractive forces are. Generally there are two extremes when it comes
to the interactions that can take place between individual atoms or molecules.

5.3.1 Ionic bonds

Ionic bonds are the strongest bonds and the attractive forces are governed by Coloumb′s
law. Ionic bonds are formed when electrons are transferred, one element loses its elec-
trons while the other element gain the electrons, and are held together in a crystal
structure due to the attractive forces (Shipman et al. , 2013). The attractive forces
increase with an increase in charge, and decrease as the atoms or molecules are spaced
further apart. A typical example of an ionic bond is sodium chloride, NaCl (Figure 24).
The melting point of NaCl is reported to be approximately 800 ◦C and the boiling point
to be 1413 ◦C (ChemSpider, 2016). Due to the very high melting and boiling points of
ionic compounds they are not likely to perform well as a susceptor for Norwegian-Groups
treatment concept. More information on susceptors are found in Chapter 6.
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Na + Cl Na+ Cl −

Figure 24: Lewis structure of sodium chloride

5.3.2 Covalent bonds

Covalent bonds is the result when electrons are shared between compounds. Due to
the nature of the bonds, the properties of covalent compounds differ significantly from
those subject to ionic bonds. Many covalent compounds are liquids or gases at room
temperature. A well known example of a covalent compound is water, H2O (Figure
25). Although covalent bonds are strong within the molecule only weak attractions
takes place between each molecule of the compound, a substantial lower melting point,
and boiling point may be seen compared to that of ionic compounds (Shipman et al.
, 2013). A comparison of ionic compounds and covalent compounds is represented in
Table 5. Ionic compounds exhibits very high boiling points and melting points compared
to covalent compounds. It is likely that a suitable susceptor is found within a covalent
compound. Another feature that is beneficial is the low conductance attributed to
covalent compounds. The three different types of covalent bonds are hydrogen bonds,
London dispersion forces, and dipole-dipole interactions.

δ2−
O

H
δ+

H
δ+

Figure 25: Lewis structure of water

Table 5: Characteristics of ionic and covalent compunds (Shipman et al. , 2013)

Ionic compounds Covalent compounds

Crystal solids Gases, liquids, or solids
High bp and melting points Low bp and melting points
Conduct electricity Poor conductance

Polar molecules

Polar molecules are molecules whose electrons are more attracted to one end than the
other end of the molecule, and results in a slight positive end and a slight negative end.
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Such a molecule is a dipole, and it has a dipole moment, represented by −→µ (Equation
11).

−→µ = q ×−→r (11)

Where q represents the magnitude of the charge in coloumb and r is the distance
between the charges in meters. The unit of −→µ is the debye.

Even if a molecule has polar bonds it is not given that the entire molecule is polar, it
depends upon the structure of the chemical. Linear molecules such as beryllium hydride,
BeH2, has two dipoles oriented in the opposite direction, causing the molecule to be non-
polar (Shipman et al. , 2013). Ultimately, to predict the polarity of a molecule, both
the polarity of the intramolecular bonds and the structure of the molecule has to be
known. From Figure 25 it is seen that water is a covalent, polar compound. Generally,
the polarity of molecules is determined by its functional groups. The relative strength
of some of the functional groups are represented in Figure 26. To sum up:

• If a molecule has no polar bonds, the overall polarity will be zero.

• A molecule with one polar bond is always polar.

• A molecule with multiple polar bonds will be polar depending on the structure of
the molecule. The bonds may cancel, causing no overall polarity.

Amides > Acids > Alcohols > Ketones > Aldehydes > Amines > Esters > Ethers > Alkanes

Figure 26: Relative strengths of functional groups (Ophardt, 2003)

Hydrogen bonds

Hydrogen bonds are a special kind of dipole-dipole interactions. Hydrogen bonds occur
whenever a compound contains hydrogen atoms that are covalently bound to small atoms
with a high electronegativity. Oxygen, Nitrogen, and Fluorine are the only elements
fulfilling the criteria to engage in hydrogen bonding. The strength of hydrogen bonds
are in the order of 5-10 % to that of covalent bonds. The bp is increased substantially
when hydrogen bonds are present. (Shipman et al. , 2013; Ashenhurst, 2016b).

Dipole-dipole interactions

Dipole-dipole interactions is another type of polar covalent bonding with electronegative
atoms. It is similar to hydrogen bonding. The molecules orient themselves so that the
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opposite charges attract. The nature of the bond is weaker than that of hydrogen bonds
(Ophardt, 2003).

Van der Waals dispersion forces

Van der Waals dispersion forces, or, London dispersion forces are interaction caused by
a momentary change in the electron cloud density of the molecule. These forces are the
attractive forces present in non-polar compounds such as oil. The strength of these forces
a primarily governed by surface area and polarizability. Dispersion forces increase as the
molecular weight of the molecule increase, giving rise to larger surface area. Polarizability
is a term that describes the compounds ability to form instantaneous dipoles. The
symmetry of the of the molecule also plays an important role where branching decrease
the boiling point, and more exposed functional groups will increase the boiling point.
(Ashenhurst, 2016a; King, 2014).
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Chapter6
Susceptor technology

6.1 What are susceptors ?

According to Mehdizadeh (2009), susceptors are lossy materials that are heated by the
EM fields and, transfers the thermal energy to the material which are to be processed.
The use of solid susceptors such as activated carbon and silicon carbide have a number of
reasons, and are described in the literature (Besson & Kappe, 2013; Gupta & Wai Leong,
2011).

While vaporization of lighter hydrocarbon fractions with lower boiling points require
less energy, an increase in both energy and temperature is expected in order to vaporize
the heavier fractions of oil that is typically found in oil based drilling fluids. Pereira
(2012) identifies that high processing temperatures may be an issue and difficult to
achieve when the main MW absorbing phase of the cuttings material matrix is water.
Replacing water with environmentally friendly organic polar compounds with a relatively
high bp enables the steam distillation to run at a higher temperature. By doing this, the
oil present in the mixture act as the “steam” component during the steam distillation
process due to the principles of Daltons law (see Chapter 5). The oil component will have
a higher vapor pressure. This will increase the amount of oil recovery from the OBM
cuttings. Another significant advantage with this technique is the fact that the heat of
vaporization offered by some compounds is magnitudes lower than the energy required to
vaporize water. As mentioned in Chapter 4.3, Pereira (2012) successfully treated cuttings
at 350 kg h−1 to less than 1.0 % OOC, requiring an energy input of 90-100 kW h t−1 at
896 MHz. In the same study, Pereira (2012) stated that a flow rate of 800 kg h−1 could be
treated to 1 % with an energy requirement of 50-60 kW h t−1. If we consider the previous
statement that the main absorbing phase of the cuttings is water, the energy requirement
can be significantly less when utilizing the susceptor technology. For example, ∆Hvap

of monoethylene glycol (MEG) is approximately 2.5 times less than water, causing a
decline in energy requirement from 100 kW h t−1 to 40 kW h t−1 at 350 kg h−1. Likewise
a decline from 60 kW h t−1 to 24 kW h t−1 at 800 kg h−1. As mentioned in Chapter 3,
the energy requirement for the TCC is 133 - 181 kW h t−1 (Ormeloh, 2014). This means
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that it may be possible to treat cuttings at a mere fraction of the energy required by the
TCC. This reduction in energy requirement may be optimistic. Water does not make
up the only energy requirement for treatment. However, this can represent a best case
scenario.

In order to screen chemicals that may be suitable for this application it is important
to define a set of favorable characteristics, and attributes that is required in such a com-
pound. The compound utilized as a susceptor also represents value, thus, the potential
for resource recovery is also to be evaluated. Depending on the nature of the susceptor,
the chemical may or may not be eligible for discharge to sea. If the chemical is not
allowed for discharge, a system for susceptor recovery has to be implemented in the de-
sign. There are many aspects that affect the suitability of a specific compound’s ability
to function as an efficient substitute for water as a microwave susceptor. Key attributes
such as the materials dielectric properties, bp, melting point, decomposition tempera-
ture, environmental toxicity, and price are all important factors that has to be taken
into account when evaluating potential susceptors. By the use of specific compounds
representing each functional group, potential susceptors are evaluated in this chapter.
Decomposition of compounds may result in either the compound returning to its original
building blocks or the decomposition process may form intermediate radicals that are
highly reactive and participate in the formation of other products. The decomposition
of the susceptor is an important topic because the formation of explosive, toxic, and
environmentally harmful compounds may be the result. Thermolysis of organic com-
pounds is not only dependent on temperature but also on other factors, including the
composition of the fluid mixture and the ambient atmosphere, and the material speci-
fication of the equipment. Organic compounds range in the thousands and individual
assessments of suitable susceptors are virtually impossible. The approach to evaluate
functional groups have made this task more manageable although still comprehensive.
Even though functional groups inhabit properties and behaviors that are general for
each specific group, there are still exceptions to the general behavior of each group,
which further complicates the process of eliminating groups such as ethers as potential
susceptors.

6.2 Alcohols and ethers

Alcohols and ethers can be considered as derivates of water. One or both of the hy-
drogen atoms are replaced with an organic group, see Figure 27. Alcohols are capable
of forming hydrogen bonds due to the substantial dipole moment provided by the O-H
bond. Alcohols have significantly higher bp’s than alkenes or alkanes of similar molecu-
lar weight. Alcohols are classified as primary, secondary, or tertiary depending on what
type of carbon the O-H group is bonded to. Particularly diols and triols are investi-
gated in this thesis. Glycols such as MEG, Diethylene glycol (DEG), Triethylene glycol
(TEG), Monopropylene Glycol (MPG), Dipropylene glycol (DPG), and glycerol are fa-
miliar chemicals that are employed in various applications such as anti-freeze, hydrate
inhibition, and food additives. MEG is currently on OSPAR’s Pose Little Or No Risk
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(PLONOR) list which is a very attractive feat in a susceptor.
Rossiter et al. (1985) found that the main degradation product of MEG was glycolic

acid with oxalic and, formic acid as minor products. Higher levels of glycolic acid was
observed when the oxidation took place in the presence of copper, and in the presence of
aluminum the degradation was less dependent on temperature. Furthermore, Rossiter
et al. found that in contrast, the main degradation product from the thermal oxida-
tion of MPG was found to be lactic acid with oxalic, formic, and acetic acids as minor
products. Likewise, in the case of propylene glycol, copper had a catalytic effect on
the degradation, causing primarily lactic acid byproducts. In the presence of aluminum
the degradation of propylene glycol was the same as for ethylene glycol. Observations
from the study concluded that glycolic acid and lactic acid precipitated with copper to
form copper(II) complexes. Another important observation from this study was that
glycol degradation was inhibited when an oxygen deprived atmosphere were introduced.
Typical signs of glycol degradation is discoloration, sweet and pungent odor, as well as
a pH level below 7.0. Dow chemical company reports that with proper installation and
maintenance, hot glycol fluid systems may last on average 5 to 10 years (Dow, 2016b).
In general, the higher the temperature the more degradation products is observed. The
kinetics of thermal degradation of glycols are generally slow under 100 ◦C and the re-
sistance against thermal degradation is in the order of MEG > MPG > DEG (Dow,
2016a).

Glycerol can theoretically yield eleven oxidation products, including Glyceraldehyde,
glyceric acid and dihydroxy acetone (SDA, 1963). In aqueous solutions glycerol is decom-
posed by alkali at high temperature and pressure. At 288 ◦C, and a period of 7 minutes,
4 % degradation of glycerol for each percent NaOH in the solution was observed. In the
investigations by Mattikow & Cohen (1943) no significant degradation was evident in
temperatures below 260 ◦C. Furthermore, Mattikow & Cohen found that substituting
air with nitrogen (N2) gas reduced the degradation of glycerol. It is likely that an inert
atmosphere reduces the degradation of other glycols as well. Due to glycols being em-
ployed in numerous applications world wide the the availability of these compounds are
high. The cost of common glycols are retrieved from Sigma-Aldrich and depicted along
with other properties such as boiling points for alcohols and ethers in Table 6.

δ−
O

H
δ+

R
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δ−
O

R′ R

(b) Ether

Figure 27: Functional group of alcohols and ethers

Ethers are on the other hand not capable of hydrogen bonding and thus experience
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boiling points of intermediate nature compared to alkenes and alkanes. Ethers gener-
ally have low reactivity compared to alcohols (Averill & Eldredge, 2011). Inhalation
of ether vapors cause unconsciousness by depressing the activity of the central nervous
system (Ball et al. , 2011). As a general rule, ethers absorb oxygen from the air re-
sulting in the formation of unstable peroxides that may detonate when distilled in the
presence of other compounds or disturbed in other ways by thermal radiation, friction,
or, shock. Exceptions to the peroxide forming ethers include methyl-tert-alkyl ethers
such as methyl tert-butyl ether (MTBE) and tert-amyl methyl ether (TAME), however,
these compounds have a boiling point of 55 ◦C and 86 ◦C , respectively (Karas & Piel,
1994). These temperatures are too low for steam distillation of oil. Aryl ethers such as
anisole (C7H8O) and anethole (C10H12O) are utilized as heat transfer fluids due to their
thermal stability, according to Karas & Piel (1994). Due to the potential formation of
peroxides, ethers are generally evaluated to be unsuited as potential susceptors, with the
exception of aryl ethers and glycol ethers. Glycol ethers such as triethylene glycol butyl
ether (TGBE) (C10H22O4) and triethylene glycol methyl ether (TGME) (C8H20O5) have
relatively high boiling points and low melting points as seen in Table 6.

Table 6: Properties of select alcohols & ethers

Polar Mw bp, mp, ρ, Cost, d

compound g mol−1 ◦C ◦C g cm−3 NOK
(@760 mmHg)

Alcohols

MEG 62.07 198c -13 c 1.11c 197i

DEG 106.12 245 c -10.5c 1.12c 970i

TEG 150.17 288c -7c 1.12c 370i

MPG 76.1 184 c -57c 1.03c 400i

DPG 134 232c -39c 1.02c 550i

Glycerol 92.1 290c 18c 1.26c 1200i

Ethers

Anisole 108.14 154 c -37c 0.99c 120h

Anethole 148.20 234 c 21c 1.00c 280h

TGBE 206 283e,g -39e 0.99e 561i

TGME 164 250e -44e 1.05e 690i

a Retrieved from NIST (2016)
b Retrieved from Chickos & Acree Jr. (2003) c Retrieved from
ChemSpider (2016) d Retrieved from Sigma-Aldrich
e Retrieved from UNEP (2016a)
f Dow chemical company Material Safety Data Sheet (MSDS)
g Decomposes h Cost per kg i Cost per L
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As previously mentioned in Chapter 5.2, Sipdrill and Clarisol are common base fluids
in OBM. The exact composition of these oils are not known but the boiling point range is
known. Sipdrill boils between 210 and 260 ◦C while Clarisol boils between 230 and 335 ◦C
according to their respective MSDS provided by Baker Hughes. As the composition is
unknown a substitute alkane is chosen based on the boiling point range. Dodecane
(C12H26) can act as a substitute for Sipdrill as it has a boiling point range of 214
to 218 ◦C and hexadecane (C16H34) as a substitute for Clarisol as the boiling point
is approximately 287 ◦C. It is clear from Table 7 that the theoretical advantages in
terms of potential energy savings are significant. Distilling dodecane with water requires
an energy input of 8680 kJ kg−1 oil evaporated as seen in Table 4, whereas the same
distillation with glycerol requires only 50 kJ kg−1 oil evaporated! This truly depicts the
potential energy savings of replacing water with environmentally friendly, polar organic
compounds. The required energy is a function of the distillation ratio and the heat of
vaporization, ∆Hvap.

Table 7: Distillation of dodecane with various alcohols & ethers

Polar Combined bpa, P 0
oil/P

0
polar

a, Distillation ∆Hvap, Required energy
compound ◦C mmHg/mmHg ratio, kJ kg−1 per kg oil evaporated,

kJ kg−1

Alcohols

MEG 182 0.7 2.9 858c 296
DEG 202 2.5 5.9 546c 93

TEG 210 6.0 10.3 416b 40

MPG 174 0.5 1.5 880b 587
DPG 199 1.9 3.3 455c 138

Glycerol 213 12.7 39.5 996b 25
Ethers

Anisole 148 0.2 0.3 388 b 1290

Anethole 197 1.6 3.2 466b 145

TGBEe - - - 231d -

TGMEe - - - 301d -

a Determined with Antoine’s equation b Retrieved from NIST (2016) c Retrieved from Chickos &
Acree Jr. (2003) d Dow chemical company MSDS e Antoine data not available
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Table 8: Distillation of hexadecane with various alcohols & ethers

Polar Combined bpa, P 0
oil/P

0
polar

a, Distillation ∆Hvap, Required energy
compound ◦C mmHg/mmHg ratio, kJ kg−1 per kg oil evaporated,

kJ kg−1

Alcohols

MEG 195 0.09 0.2 858c 4290
DEG 234 0.4 0.8 546c 680

TEG 250 0.7 1.8 416b 231

MPG 185 0.06 0.2 880b 4400
DPG 225 0.26 0.5 455c 910

Glycerol 262 1.25 5 996b 200

Ethers

Anisole 153 0.02 0.04 388 b 9700

Anethole 226 0.26 0.66 466b 706

TGBEe - - - 231d -

TGMEe - - - 301d -

a Determined with Antoine’s equation b Retrieved from NIST (2016) c Retrieved from Chickos &
Acree Jr. (2003) d Dow chemical company MSDS e Antoine data not available

6.3 Acids, esters, amides, and amines

Acids are highly polar compounds, and from this perspective a potential susceptor candi-
date. Strong acids are usually available commercially as concentrated acids in solution.
This means that when using a strong acid as a susceptor, one would also add water.
This is counterproductive due to the high heat capacity and heat of vaporization of
water. The toxicity and corrosive nature of especially mineral acids makes them unsuit-
able as susceptors. The fact that strong acids are very corrosive cause a more stringent
requirement to material specification in any equipment in contact with the acid.

Organic acids are commonly known as weak acids, typically inhabiting the carboxyl
functional group as seen in Figure 28. The boiling points of carboxylic acids are gen-
erally higher than alcohols due to the fact that most carboxylic acids form dimers in
liquid and vapor phase (Averill & Eldredge, 2011). Carboxylic acids with up to 4 car-
bons are completely miscible in water. As the number of carbons increase the properties
become more “alkane like”, thus the solubility decreases with increasing carbon chain
length. Concentrated organic acids, although weak, increases corrosion rates due to the
corrosive properties of acids in general. Citric acid melts at 153 ◦C and upon further
heating results in the formation of methyl maleic anhydride. An oxygen rich atmo-
sphere caused the decomposition rate to increase (Barbooti & Al-Sammerrai, 1986). In
a study by Wyrzykowski et al. (2011) the intermediate dehydration products of citric
acid, trans-aconitic acid, and its isomer cis-aconitic acid were investigated in an Argon
atmosphere. The use of IR and MS gave evidence that the compounds are dehydrated
and decarboxylated leading to the formation of citraconic anhydride or itaconic anhy-
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dride, or a mixture of these. In the experiments performed by Wyrzykowski et al. ,
the onset temperatures and the end temperatures of thermal degradation of the three
acids were investigated. The general trend is that the temperature of which the onset
of degradation occurs is increasing with the increase in heating rate. For citric acid
at a heating rate of 5 K min−1 the onset temperature is reported as 475.8 K while the
onset temperature at a rate of 15 K min−1 is reported to be 495.3 K. Similar trends are
observed for trans-aconitic acid and cis-aconitic acid. Although not discussed, it would
be most interesting to see if similar trends were achieved with a higher rate of heating,
and if this applies to other functional groups. The cost of organic acids are considered to
be low, however, reviewing the MSDSs of various organic acids including the ones listed
in Table 9 it is clear that the corrosive and toxic nature of these compounds make them
unsuitable as susceptors in Norwegian-Groups treatment concept.

C

R OH

O

Figure 28: Carboxyl functional group

Esters have polar covalent bonds but are not capable of hydrogen bonding as seen in
Figure 29. Esters have a considerable lower boiling point than their isomeric carboxylic
acid counterparts, and their solubility borders around 3-5 carbons (Ball et al. , 2011).
In order to reach a desired susceptor boiling point with esters a relatively large molecule
would have to be utilized. As an example pentyl acetate (C7H14O2) have a bp of
approximately 145 ◦C (ChemSpider, 2016). According to Tau et al. (1994) dry esters of
low molecular weight are relatively stable, and can be distilled without decomposition.

C

R OR′

O

Figure 29: Ester functional group

Amides have a nitrogen attached to the carbonyl functional group. In simple amides
the nitrogen is bonded to two hydrogen atoms while in secondary and tertiary amides one
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or two hydrogen atoms are replaced with alkyl groups as seen in Figure 30. Amides have
the ability to form hydrogen bonds which gives them relatively high melting and boiling
points. Formamide is a liquid at room temperature, while other amides are generally
solids (Clark, 2004). Loidreau & Besson (2011) reports that the thermal degradation
products from MW heating of formamide are carbon monoxide (CO) and ammonia
(NH3).

C

R

O

N

R′′

R′

Figure 30: Amide functional group
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Amines are derivatives of ammonia with either one, two, or three of the hydrogen
atoms replaced by alkyl groups as shown in Figure 31. Amines with alkyl groups of
five carbons or less are known as lower aliphatic amines, otherwise they are known as
fatty amines. According to Turcotte & Johnson (1992), monobutylamines have a high
solubility towards water and hydrocarbons and can be steam distilled, however, all four
isomers of butylamine have relatively low boiling points which makes them unsuitable as
susceptors. Alkylamines are corrosive to copper, aluminum, zinc, and galvanized surfaces
(Turcotte & Johnson, 1992). Amines have C-N bonds that are much less polar than C-O
bonds which indicate that the boiling point of amines are lower then for example alcohols
of similar molecular weight (Averill & Eldredge, 2011).

N

R
R′

R′′

Figure 31: Amine functional group
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Table 9: Properties of select carboxylic acids & derivatives

Polar Mw, bp, mp, ρ, Cost, f

compound g mol−1 ◦C ◦C g cm−3 NOK
(@760 mmHg)

Acids

Butanoic acid 88.11 163.5 -7.9 0.96 68d

Hexanoic acid 116.16 205.8 -3.4 0.93 120d

Nonanoic acid 158.24 255.6 12.5 0.90 160d

Esters

Pentyl acetate 130.18 149.3 -70 0.88c 310d

Dimethyl maleate 144.13 204 -41 1.15c 1150d

Diethyl maleate 172.18 225 c -10c 1.06c 227d

Dibutyl maleate 228.28 281 a -85f 0.99f 550e

Amides

Formamide 45 210c 2c 1.13 370e

Dimethyl formamide 73 153c -61c 0.94 930e

Amines

Di-n-butylamine 129.24 159.6 -61.9 0.76 330e

Tri-n-butylamine 185.35 214 <-70 0.78 542e

Triisobutylamine 185.35 191.5 -22 0.77 8840e

General note: Data retreived from Kirk-Othmer Encyclopedia of Chemi-
cal Technology unless otherwise indicated. a Retrieved from NIST (2016)
b Retrieved from Chickos & Acree Jr. (2003) c Retrieved from ChemSpi-
der (2016) d Cost per kg e Cost per L f Retrieved from Sigma-Aldrich

In Table 10 the theoretical advantages in terms of energy efficiency are depicted
when distilling dodecane with various carboxylic acids and derivatives. All of the
listed compounds have an energy requirement which is significantly lower than water
(2257 kJ kg−1), with exception of pentyl acetate, whose energy requirement are similar
to water.

48



Chapter 6 Susceptor technology

Table 10: Distillation of dodecane with various acids & derivatives

Polar Combined bpa, P 0
oil/P

0
polar,

a Distillation ∆Hvap, Required energy

compound ◦C mmHg/mmHg ratio, kJ kg−1 per kg oil evaporated,
(@bp) kJ kg−1

Acids

Butanoic acid 157 0.23 0.57 540c 950
Hexanoic acid 185 0.82 1.50 567c 378
Nonanoic acid 205 3.4 4.40 487b 110

Esters

Pentyl acetate 144 0.14 0.21 388b 1850
Dimethyl maleate 184 1.00 1.80 375b 208
Diethyl maleate 194 1.31 1.80 320b 178
Dibutyl maleate 209 5.50 5.40 180 b 33

Amides

Formamide 192 1.17 6.70 1420b 212
Dimethyl formamide 148 0.16 0.47 671 c 1430

Amines

Di-n-butylamine 153 0.20 0.27 379 b 1400
Tri-n-butylamine 188 0.95 0.90 260c 290
Triisobutylamine 174 0.94 0.46 291c 630

a Determined with Antoine’s equation b Retrieved from NIST (2016) c Retrieved from Chickos & Acree Jr.
(2003)
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Table 11: Distillation of hexadecane with various acids & derivatives

Polar Combined bpa, P 0
oil/P

0
polar,

a Distillation ∆Hvap, Required energy

compound ◦C mmHg/mmHg ratio, kJ kg−1 per kg oil evaporated,
(@bp) kJ kg−1

Acids

Butanoic acid 162 0.02 0.08 540c 6750
Hexanoic acid 202 0.11 0.26 567c 2180
Nonanoic acid 247 0.48 0.81 487b 600

Esters

Pentyl acetate 148 0.01 0.03 388b 12930
Dimethyl maleate 201 0.10 0.27 375b 1390
Diethyl maleate 218 0.20 0.36 320b 890
Dibutyl maleate 255 0.86 1.10 180 b 164

Amides

Formamide 214 0.17 0.54 1420b 2630
Dimethyl formamide 152 0.02 0.06 671 c 11180

Amines

Di-n-butylamine 158 0.02 0.04 379 b 9475
Tri-n-butylamine 209 0.14 0.18 260c 1445
Triisobutylamine 189 0.07 0.08 291c 3638

a Determined with Antoine’s equation b Retrieved from NIST (2016) c Retrieved from Chickos & Acree Jr.
(2003)

6.4 Ketones and aldehydes

Ketones and aldehydes both contain the carbonyl functional group. They possess a
significant dipole moment due to the polar C=O bond, evident from Figure 32. As
the molecular weight of the compound increases the functional group become less and
less important in defining the properties of the compound. Aldehydes are a group of
very reactive compounds. Generally, aldehydes have boiling points between those of
the corresponding alkane and alcohol and the C3 to C11 aldehydes are liquids (Miller,
1991). Ketones typically consist of the most toxic compounds found in essential oils and
according to Cheremisinoff (2003) may cause epileptic seizures, convulsions and mental
confusion among others. Not all ketones are toxic, however, no advantages over other
susceptors have been identified. Aldehydes nor ketones are considered as a potential
susceptor and are not discussed further in this thesis.
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Figure 32: Functional group of aldehydes and ketones

6.5 Solid susceptors

Graphite and amorphous carbon couple very strongly with microwaves. At 2.45 GHz
temperatures in excess of 1000 ◦C within 1 min is possible, additionally graphite may
also exhibit catalytic behavior. In some occasions, process optimizations have resulted
in rapid and strong heating by the use of 10 wt% graphite (Besson & Kappe, 2013).
Another high MW absorbing material is found in sintered silicon carbide(SiC). Besson &
Kappe (2013) describes various ways that SiC may be employed, including small reaction
vessels made of SiC, and powdered and granular SiC. The mechanism of heating is not
orientation polarization as described in Chapter 4.1 but rather through ohmic heating
mechanisms. Sumper & Baggini (2012) provides an overview over such mechanisms.

Shang et al. (2012) investigated the influence of dielectric properties of materials on
oil removal from solid waste and found that water, although high in dielectric properties
was not efficiently removing heavy oils. Furthermore, Shang et al. (2012) found that
a NaCl concentration of up to 1.0 M improved the removal efficiency and that residual
OOC of 0.1 % was obtainable with the addition of 5 % activated carbon.

The use of solid susceptors instead of liquid compounds is not considered to be attrac-
tive for the application of drill cuttings treatment, due to loss of benefits from the steam
distillation process. However, adding a small amount of graphite or SiC can potentially
increase the effect of the treatment process when low amounts of liquid phase MW ab-
sorbers are present. Another application of solid susceptors, or, susceptor aids, can be
in the pretreatment step where dielectrically heated graphite or another carbon species
are used to supply the sensible heat. Graphite is currently on OSPAR’s PLONOR list.
Solid susceptors can possibly be applied in a polishing step where the temperature is
increased drastically to burn of any remaining oil before disharge.

6.6 Potential susceptors

Based on Chapter 6.2 throughout 6.4 it is evident that a susceptor is most likely found
within the alcohol, ether, or ester functional group. The following potential susceptors
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have been identified: (1) MEG, (2) DEG, (3) TEG, (4) MPG, (5) DPG, (6) glycerol,
(7) anethole, (8) dibutyl maleate, and (9) diethyl maleate. The compounds listed above
are potential susceptors evaluated on a theoretical basis, and in order to evaluate the
compounds further the chemicals have been tested using a laboratory setup described in
Chapter 7. Note that only MEG, DEG, TEG, MPG, DPG, and glycerol was available
during the experimental work of this thesis. As discussed in Chapter 4, it is crucial to
have knowledge about the dielectric properties of materials subject to electromagnetic
heating. Dielectric data of typical susceptors at microwave and radio frequency is not
readily available in the literature, however, an attempt to summarize properties of iden-
tified potential susceptors is provided in Table 12. Along with other compounds. The
frequencies are approximate and the reader is referred to the original author for the ex-
act experimental conditions, in some cases the dielectric properties are determined with
linear interpolation between adjacent frequencies.

Table 12: Dielectric properties of compounds

ε
′′
/ε

′
(Dp[cm])

Polar Temperature, 30 MHz 915 MHz 2.45 GHz Ref.
compound ◦C

MEG 25 3.5/41 (291) 8/20 (2.7) 12/12 (0.6) b

DEG 25 - 10.5/23.7 (2.2) 12.3/10.6 (0.5) c

MPG 25 - 11/10 (1.4) 6.0/5.0 (0.7) d

Glycerol - 8.30/42.1 (124) 6.4/8.4 (2.2) 3.4/6.3 (1.4) a

Activated carbon - - - 2/7 (2.6) e

SiC 20 - - 11/30 (1.0) b

Water, distilled 25 0.4/78 (3515) 5.2/77 (8.0) 13/77 (1.3) b

Water, distilled 85 0.3/58 (4040) 1/56 (35.7) 3/56 (4.9) b

Water, 1.0 M NaCl 25 480/76 (3.0) 30/76 (1.4) 20/76 (0.8) b

Fuel oil 25 - - 0.002/2 (1378) f

a Gabriel et al. (1998) b Meredith (1998) c Sengwa & Kaur (1999) d Sengwa et al. (2002)
e Vos et al. (2003) f Robinson et al. (2008)

6.7 Susceptor recovery

The potential susceptors listed in Chapter 6.6 are all liquids. During the thermal treat-
ment the susceptors will be vaporized and withdrawn together with oil, and water vapor.
A condenser operated at a suitable temperature will allow the susceptor to be recovered
in the same way as the oil, and water. Depending on the boiling point of the susceptor,
the oil will typically be condensed first, followed by the susceptor. Lastly the water
phase will be condensed. A similar arrangement (see Figure 9) is provided by Hallibur-
ton (2014) on page 16 for the TCC unit. In this case the process mill and the drive unit
would be replaced by the MW heating equipment. One additional condenser would be
needed to recover the susceptor.
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It is likely that some susceptor will remain on the cuttings after treatment. This was
shown to be the case during microwave treatment of drill cuttings in Chapter 9. Liquid
and solids may for example be separated by the use of a centrifuge, or a solid-liquid
cyclone. Cyclones require a pressure drop in order to function. Taking this into account,
a mechanical separation method such as a decanter centrifuge or a disc stack centrifuge
may be more suitable, depending on the particle size (Alfa-Laval, 2016). If the susceptor
is not eligible for discharge this step has to be implemented. If the susceptor is eligible
for discharge, as in the case of MEG, the benefits has to be weighed up against the
disadvantages. This includes, cost, energy requirements, operation, and maintenance.
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Chapter 7
Distilling susceptors and base oils

To the author’s knowledge, steam distillation in combination with microwaves, liquid
organic susceptors, and OBM base oils are performed here for the first time. Note that
pictures are best viewed in the electronic version of the report. The experiment goal
was to determine if the steam distillation process will cause the oil, or the susceptor, to
decompose.

7.1 Experimental setup and method

The materials utilized in these experiments are depicted in Table 13.

Table 13: Microwave and distillation equipment

Equipment Model Manufacturer

Domestic microwave MW-2706 Tr̈ıstar
Pressurized N2 gas Yara Praxair -
Standard distillation glassware
Sipdrill - Baker-Hughes
Clarisol - Baker-Hughes
MEG VWR Chemicals
DEG Sigma-Aldrich
TEG Sigma-Aldrich

A domestic microwave oven was modified to allow the sample flask to be placed inside
the microwave applicator while connected to the rest of the distillation glassware which
were situated outside of the applicator. This allowed the vapors to escape the cavity,
condense, and be collected in a receiving cylinder, see Figure 33. The susceptor was
added to the boiling flask along with the oil. The respective volumes of each liquid
was not recorded since the goal of the experiment was to unveil any degradation of
the distilled liquids. The distillation equipment was assembled and the boiling flask
placed inside the modified domestic microwave oven cavity. As mentioned in Chapter
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6.2, an inert atmosphere reduced the degradation of glycerol. To confirm this behavior
the experiments were performed in both aerated and inert conditions, where the inert
atmosphere was provided by pressurized N2 gas. The gas was introduced to the boiling
flask through a vertical glass pipe from the top of the glassware as seen in Figure 33b.
Power was applied in the form of microwaves until the volume of the condensed liquids
was sufficient for analysis. The selected susceptors were distilled with both sipdrill and
clarisol which are common base oils found in OBM. The susceptor and the oil was
separated by the use of a separation funnel. The distilled liquids physical appearance
was used as an indication for degradation. Additonally, one sample of sipdrill base oil
and one sample of the same oil distilled with MEG as susceptor was analyzed by GC-
FID. Intertek Westlab in Stavanger performed the analysis. The exact runtime for each
experiment was not recorded, however, most of the distillations required between 20 and
40 min.

(a) (b)

Figure 33: Initial experimental setup
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7.2 Results

7.2.1 Distilling monoethylene glycol

Experiment 1. The distillation of MEG (Figure 34a), and sipdrill (Figure 34b) in
an aerated atmosphere did not show any visual signs of degradation. The observed
distillation ratio was 0.58 compared to a theoretical ratio of 2.9 mL oil per mL MEG.

(a) Distilled MEG (b) Distilled sipdrill (c) Pure MEG

Figure 34: Experiment 1. MEG and sipdrill distilled in an aerated atmosphere
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Experiment 2. When distilling MEG (Figure 35a), and sipdrill (Figure 35b) in an inert
N2 atmosphere the initial observations revealed no discoloration or sweet pungent smell.
The theoretical distillation ratio of 2.9 (Table 7) is substantially lower than the observed
ratio of 4.5 mL oil per mL MEG.

(a) Distilled MEG (b) Distilled sipdrill (c) Pure MEG

Figure 35: Experiment 2. MEG and sipdrill distilled in an inert atmosphere
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Experiment 3. Low discrepancy was evident when distilling MEG (Figure 36a) with
clarisol (Figure 36b) where the observed ratio of oil to MEG was 0.36, and the theoretical
is 0.2 mL oil per mL MEG. Samples were also collected from the boiling flask (Figure
36c and 36d). A slight discoloration is visible, indicating that some degradation of the
susceptor took place.

(a) MEG (distilled) (b) Clarisol (distilled) (c) MEG (flask) (d) Clarisol (flask)

Figure 36: Experiment 3. MEG and clarisol distilled in an aerated atmosphere
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Experiment 4. Distillation of MEG (Figure 37a), and clarisol (Figure 37b), in combi-
nation with N2 gas yielded a distillation ratio of 0.84 which is higher than the expected
ratio of 0.2 mL oil per mL MEG. Figures 37c and 37d show MEG and clarisol from the
boiling flask, respectively. The EM power was applied for a duration of 40 minutes.

(a) MEG (distilled) (b) Clarisol (distilled) (c) MEG (flask) (d) Clarisol (flask)

Figure 37: Experiment 4. MEG and clarisol distilled in an inert atmosphere
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Intertek Westlab was not able to detect the composition of the oil, which made it
difficult to verify if the oil decomposed or not. Traces of C6 was found in the distilled
oil. This most likely comes from n-Hexane which was used to wash the condenser and
receiving cylinder. Overall, based on the visual analysis and GC-FID (Figure 38), the
sipdrill base oil did not seem to decompose.

Figure 38: GC-FID overlay of sipdrill and sipdrill distilled with MEG
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7.2.2 Distilling diethylene glycol

Experiment 5. No visual impairment of the distilled liquids was evident (Figure 39).
Microwave power was applied intermittently for a duration of approximately 40 minutes.
The distillation ratio was not recorded. Figure 39a and 39b shows the distilled DEG
and clarisol, respectively. Figure 39c and 39d is DEG, and clarisol collected from the
boiling flask. The liquids collected from the boiling flask show a slight discoloration.

(a) DEG (distilled) (b) Clarisol (distilled) (c) DEG (flask) (d) Clarisol (flask)

Figure 39: Experiment 5. DEG and clarisol distilled in an aerated atmosphere
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Experiment 6. The volumetric distillation ratio of DEG (Figure 40a) and clarisol (Fig-
ure 40b) in an inert atmosphere was recorded to be 2.0 mL oil per mL DEG which is
higher than the theoretical ratio of 0.8 as seen in Table 8. No visual discoloration of the
distilled liquids was evident during 30 minutes of microwave heating. Some discoloration
is still evident in the liquids collected from the boiling flask as seen in Figure 40c and
40d.

(a) DEG (distilled) (b) Clarisol (distilled) (c) DEG (flask) (d) Clarisol (flask)

Figure 40: Experiment 6. DEG and clarisol distilled in an inert atmosphere
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7.2.3 Distilling triethylene glycol

Experiment 7. TEG (Figure 41a) was distilled with sipdrill. Without N2 gas the
distillation ratio was 6.67 mL oil per mL TEG which is lower than the theoretical ratio
of 10.3. The distilled oil was cloudy but clarified after some time (Figure 41b) or when
centrifuged (Figure 41c). No apparent degradation was observed.

(a) TEG (distilled) (b) Sipdrill (clarified) (c) Sipdrill (centrif.)

Figure 41: Experiment 7. TEG and sipdrill distilled in an aerated atmosphere
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Experiment 8. TEG (Figure 42a) distilled with sipdrill (Figure 42b) in combination
with N2 yielded a distillation ratio of 1.47 which is significantly lower than the theoretical
ratio. This is the opposite of that observed for MEG in combination with N2 gas. No
visual impairment was visible.

(a) TEG (distilled) (b) Sipdrill (distilled) (c) TEG (pure)

Figure 42: Experiment 8. TEG and sipdrill distilled in an inert atmosphere
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Experiment 9. Distilling TEG (Figure 43a) with clarisol (Figure 43b) in an aerated
atmosphere resulted in a distillation ratio of 1.36 mL oil per mL TEG which is in line
with the theoretical ratio of 1.80. Some discoloration of TEG was evident, suggesting
that degradation of the compound did take place. Heavily discoloration of the TEG, and
clarisol collected from the boiling flask was observed (Figure 43c and 43d, respectively).

(a) TEG (distilled) (b) Clarisol (distilled) (c) TEG (flask) (d) Clarisol (flask)

Figure 43: Experiment 9. TEG and clarisol distilled in an aerated atmosphere
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Experiment 10. When distilling clarisol (Figure 44b) with TEG (Figure 44a) in an
inert atmosphere the distillation ratio appeared to be 5.67 mL oil per mL TEG, which is
higher than the theoretical distillation ratio of 1.80. The distillate revealed little evidence
of degradation. Discoloration of the susceptor recovered from the boiling flask is also
evident in this case (Figure 44c). The volume of oil remaining in the boiling flask was
less than that required for analysis.

(a) TEG (distilled) (b) Clarisol (distilled) (c) TEG (flask)

Figure 44: Experiment 10. TEG and clarisol distilled in an inert atmosphere

7.3 Discussion

A general note, especially for cases where clarisol was distilled, is that vapors was con-
tinuously condensing on the N2 supply line and the glassware around the N2 tube before
reaching the actual condenser. Due to this behavior the susceptor and oil are likely to be
condensed and re-vaporized a number of times before being collected for analysis, which
may impact the results. Premature condensing was also an issue during treatment of
cuttings, see Chapter 9. After a sufficient amount of power was applied, the vapors suc-
cessfully reached the condenser, and condensed into the receiving cylinder. Premature
condensing can compare to the recycling of susceptors in an actual treatment process,
however, the susceptor is likely to spend less time absorbing EM power in an actual
treatment process. This is most likely beneficial when considering degradation due to
less power being absorbed. Another observation that was made is that higher flows of N2

gas is more beneficial to avoid re-condensation, as it provides a sweeping effect. In the
study by Pereira (2012), where drill cuttings was treated with microwaves and N2 sweep
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gas, benefits of increased nitrogen flow rate was also observed up to a certain point. The
behavior was also evident in experiments without N2 gas. It should be noted that the
distillation ratios in the preceding experiments were only recorded once and are meant
as an indication, due to the fact that not all of the vapors were successfully condensed,
this is most likely due to an undersized condenser. The theoretical distillation ratios
were calculated using dodecane and hexadecane. In reality the actual bp of sipdrill and
clarisol is likely to differ from dodecane and hexadecane. This cause a difference in
the distillation ratios. Another error may be that the ambient temperature N2 gas was
causing a lot of premature condensation. The main disadvantage of using a domestic
microwave oven of this type is the pulsating duty mode cycle utilized to control the
amount of power applied, i.e. the magnetron is switched off and on at a fixed powerlevel
(Bogdal, 2006). This was evident during the experiments, resulting in very vigorous
boiling. At certain points the mixture was boiling almost at the inlet of the condenser,
this could also affect the distillation ratio. It is believed that the discoloration in the
samples arise from the decomposition of the organic compound at high temperatures.
However, it may be possible that the oil degrades and cause the discoloration at high
temperatures as well.

7.4 Conclusion

Experiments 1-10 have shown that it is possible to distill common OBM base oils by
the use of polar organic liquids with microwaves as the heat source. Based on the GC-
FID and the visual observations, it seems that sipdrill does not decompose in the MW
distillation process. Likewise, based on the visual analysis, clarisol shows little evidence
of discoloration. Ambient temperature N2 gas was found to negatively affect the process.
The gas caused premature condensation causing the susceptor to absorb more energy
than what was needed for vaporization. MEG did not seem to decompose significantly
based on the visual analysis.
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Chapter 8
Characteristics of cuttings

In order to evaluate the effects of susceptors and dielectric heating, it is important
to know the initial oil, and water content in the cuttings. Three methods have been
identified for OOC determination; Retort, traditional soxhlet extraction, and automated
solvent extraction. The oil contaminated cuttings used in the following experiments
were of North Sea origin with high clay content. Note that the characteristics presented
below are only applicable for the cuttings used in the experiments of this thesis. The
goal of this experiment is to determine the OOC and water levels of cuttings that have
been centrifuged, and to verify that retort and soxhlet extraction are suitable principal
methods for OOC determination. The OBM base oil was proven to evaporate relatively
fast, and in an attempt to quantify this behavior a simple bench-top experiment was
conducted.

8.1 Materials and method

In addition to the specific equipment described in Table 14, the following chemicals and
equipment were also used in the experiments:

• Analytical scale (0.1 g)

• Analytical scale (0.0001 g)

• n-Hexane

• Dichloromethane

• Acetone

• Petroleum Ether

• Various glassware

• Protective clothing
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• Plastic container with lid

• Centrifuge (Hettich rotofix 46)

• Rotary evaporator

• Anhydrous Calcium sulfate (Drierite)

• Defatted cotton pads

• 10-100 µL pipette

• 1-10 µL pipette

Table 14: Retort and soxhlet equipment

Equipment Model Manufacturer Method

50 mL electronic retort kit 165-14-3 OFITE Retort
Soxhlet extractor 250 mL – Soxhlet
Graham condenser – – Soxhlet
Heating mantle PILZ LG2/ER/500 mL Isopad Soxhlet
Extraction thimble 33 x 80 mm Whatman Soxhlet
Glass wool – – Soxhlet
Soxtec system HT 1043 Foss-Tecator Soxtec

8.1.1 Sample preparation

In order to determine the initial OOC approximately 2 L of cuttings were collected. Any
free liquid was disposed of as waste. The cuttings was centrifuged at 2000 rounds per
minute (RPM) for 2 minutes to remove free liquid and the resulting supernatant was
disposed of as waste. The cuttings was transferred to a suitable container and mixed
until homogenous and the sample was kept in a cool room to keep biological activity to
a minimum. When needed, the container was retrieved to collect samples and placed
back in the cooling room.

8.1.2 Retort

A retort test is a relatively fast and uncomplicated method to measure water and oil
content in cuttings. In this report, a gravimetric approach to the retort analysis was
applied, as it is more accurate than a volumetric approach. A known mass of OBM
containing cuttings is heated in a retort instrument. Upon vaporization the gases are
collected and condensed. The condensed liquids are employed to determine the OOC
concentrations gravimetrically. The methodology applied is based on the equipment in-
structions supplied with the OFITE 50 mL retort kit and API RP 13B-2 - Recommended
practice for field-testing Oil-Based Drilling Fluids. The procedure below was employed

69



Chapter 8 Characteristics of cuttings

to determine the OOC levels in eight separate samples of cuttings originating from the
same drilling waste.

The retort chamber was cleaned and care was taken to make sure that the condenser
pipe was not plugged by using the T-handle drill bit and pipe cleaner included in the
retort kit. The tare weight of the retort assembly including the wool was noted. The
homogeneously mixed sample was added to the retort cup sample holder and the weight
of the assembly including the wool and the wet sample weight was noted. Care was
taken to make sure that no air remained in the sample cup by compressing the sample
with the spatula, and that the threads were lubricated sufficiently. The wet sample
weight, Mw, was determined by weighing. The liquid receiver weight was noted. The
retort assembly was placed inside the heating chamber, the condenser attached and the
graduated receiver placed underneath. The heating chamber was turned on and allowed
to run for approximately one hour until no more liquid was condensing. Afterwards, the
liquid receiver and the equipment were allowed to cool.

The total water volume was determined by reading the water level, VH2O (MH2O), in
the liquid receiver. It is an assumption that the water has a density of 1 g L−1, that
the water contains no oil-in-water emulsion and as a result the total water volume may
be directly translated as mass, where 1 mL = 1 g. The weight of the liquids (Mliquid)
was determined by subtracting the weight of the liquid receiver from the weight of the
receiver, including the liquid. The mass of the retort assembly including the dry cuttings
was determined. Finally, the weight of the dried retort cuttings, Md, was determined by
subtracting the tare weight of the retort assembly from the measured dry weight. The
mass of the oil, Moil, was determined from the total liquid weight and subtraction of
the water weight. Finally, the oil on dry cuttings (OOC) was determined by Equation
12 and the oil on wet cuttings by Equation 13. Additional information regarding the
experimental methodology of the retort test may be found in API RP 13B-2 (API, 2014).
The experimental results from 8 separate retort analyses are shown in Table 17.

OOCdry =
Moil

Moil +Md
× 100% (12)

OOCwet =
Moil

Mw
× 100% (13)

8.1.3 Soxhlet extraction

By using the soxhlet extraction technique, and a solvent such as n-Hexane, the OOC
may be determined gravimetrically. The soxhlet extraction is a reflux method in the
sense that the solvent that is used for extraction is passed through the sample multiple
times until the solvent has extracted all of the non-polar compounds, in this case, oil.
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The hexane solvent has a bp of 67 ◦C which is lower than the bp of the oil. The solvent
may be evaporated after the extraction in order to determine the OOC of the sample.
The methodology employed in this report is a procedure for extraction of non-volatile
and semi-volatile compounds.

Two samples of approximately the same weight were collected from previously cen-
trifuged drill cuttings. One of the samples were used to determine the dry cuttings
weight by drying the sample at 105 degrees overnight in a crucible with a known weight.
The dry cuttings weight was noted as Md.

The other sample was used for extraction with n-Hexane. Approximately 30 g of
sample was added to an extraction thimble. Glass wool was also added on top of the
sample inside the extraction thimble to reduce the amount of solids carried into the
solvent. Attaching the extractor column onto the boiling flask and adding hexane to the
column until the level reached the siphoning tube and the solvent was withdrawn into
the flask determined the required amount of hexane. The thimble was then placed inside
the extractor and a small amount of additional hexane was added to wet the sample and
the glass wool. Upon attaching the condenser and starting the coolant flow the heating
jacket was switched on and the extraction was run for a sufficient amount of time. EPA
3540C refers to an extraction time of 16-24 h with 4-6 cycles per hour.

When the extraction completed the extract was allowed to cool down to room temper-
ature and transferred to another boiling flask suitable for use on the rotary evaporator.
A small amount of hexane were used to wash the extract boiling flask and also trans-
ferred to the rotavapor boiling flask. Care was taken to ensure as little transfer of solids
as possible.

By the use of a rotary evaporator the solvent was evaporated from the sample at 40 ◦C
and a vacuum of approximately 200 mbar. The vacuum was in some cases lowered to
shorten the time for evaporation. When no more solvent was present in the sample, the
weight of the oil were determined as Moil . The dry and wet OOC was then calculated
by Equation 12 and 13. Additional information on soxhlet extraction may be found in
EPA 3540 C (EPA, 1996). One successful soxhlet analysis was conducted. The results
are depicted in Table 18.

8.1.4 Automated solvent extraction

By utilizing the Randall modification, the Soxtec method requires only 20 - 25 % of the
time required for traditional soxhlet extraction. The sample is submersed in boiling
solvent and the fact that oil is more soluble in hot solvent forms the principle for this
method (Anderson, 2004).

The handling and preparation of samples in the soxtec method is very important,
especially as the sample sizes are typically smaller than traditional soxhlet extraction.
Anderson (2004) provides a guideline on sample sizes (15), however, it is recommended
that the size of the sample is as large as possible in order to mitigate errors. According
to the literature, water can affect the outcome of the analysis by decreasing the efficiency
of the solvent extraction. Samples containing moisture are typically dried or mixed with
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a drying agent such as anhydrous calcium sulfate (CaSO4), commercially available as
Drierite, which is suitable for most organic compounds (Armarego & Chai, 2013).

Table 15: Soxtec sample sizes

Oil content (%) Sample weight (g)

0-10 2-3
10-25 1-2
>25 0.5-1

Six samples of centrifuged cuttings was prepared according to Table 16 and weighed
directly into extraction thimbles appropriate for the Soxtec system. In order to keep
the samples in place a defatted cotton pad was placed on top of the sample. Samples
3, 4, and 6 were mixed with Drierite in order to determine if the moisture content of
the samples affected the outcome of the analysis. The thimbles were then placed in the
Soxtec machine.

Table 16: Soxtec sample matrix

Sample Mcuttings, MCaSO4 , Mtot,
g g g

1 3.0225 (-) 3.0225
2 3.0894 (-) 3.0894
3 1.496 1.5046 3.0006
4 1.5179 1.4500 2.9679
5 3.0843 (-) 3.0843
6 1.5116 1.5629 3.0745

Six extraction cups containing boiling chips were dried at 105 ◦C for 1 h and placed
in a desiccator until the weight of the cups (Mcup) stabilized. The Soxtec system was
turned on and an appropriate solvent boiling temperature was set, for a light petroleum
ether (bp range of 30-40) this is in the range of 100 - 110 ◦C. Approximately 50 mL of
light petroleum ether were added to each of the cups and placed in the machine. It is
paramount that the cups are secure in place to prevent any leakage of solvent, which will
most likely ruin the sample and also pose HSE risk. If any of the cups were not secure
the cups was reseated again until secure. The thimbles was lowered into the solvent and
boiled for 1 h, followed by 1 h of rinsing. Afterwards the condenser valves were closed
and solvent was recovered for 2 min. Care was taken that there was solvent left in the
extraction cups after the solvent recovery step as a significant amount of the oil being
analyzed have proven to evaporate if all of the solvent is attempted to be recovered.
After the extraction completed, the cups were placed inside a fume hood and the weight
of the cups were recorded every 10 min over a period of 120 min. The weight of the cups
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were plotted against time, and the mass of the oil, Moil, was determined at the time
when all of the solvent was evaporated from the sample. This was seen from the slope
of the weight curves.

8.1.5 A simple bench-top experiment

Knowing that the OBM base oil evaporates in ambient conditions, two small bench-top
experiments was conducted. Assuming that the extraction of 10 g of treated cuttings
yielded 0.088 g (0.1 mL) of oil. Two samples was prepared in separate beakers. Sample 1
contained 3 mL light petroleum ether and 0.088 g of C12 oil (dodecane). This simulates
an OOC of 0.88 %. Sample 2 contained only 0.0752 g of C12 oil, which simulates an OOC
of 0.752 %. The weight of the samples was then recorded over a period of 1 h in order
to determine the oil evaporation at ambient conditions.

8.2 Results & discussion

Retort. The results depicted in Table 17, show that the oil and water within the cut-
tings are homogenously distributed when the wet sample mass is relatively large (95 g).
In order to determine if the oil and water content of the cuttings varied significantly over
time, a new batch of centrifuged cuttings was prepared 6 months after tests 1-5. The
results of retort number 6, 7, and 8 show that the cuttings does not vary significantly
over time with respects to the oil and water content. The retort analysis showed that the
centrifuged cuttings comprised of approximately 10 % oil, 18 % water, and 72 % solids on
a dry weight basis. The soxhlet result in Table 18 show similar results to that of the re-
tort. The retort analysis is a fast and reliable method for OOC determination. However,
when the OOC concentration is towards the lower end the method becomes increasingly
inaccurate, and the use of soxhlet extraction principle is necesseary. Erroneous reading
of the liquid receiver may cause inaccurate results. A 50 mL glass cylinder of ± 1 mL
accuracy was used to collect the liquid and due to the capillary forces it is easy to over
estimate the collected water volume. Another source of error in the retort occurs when
there is air trapped within the retort sample chamber, so care must be taken to avoid
air entrainment.

Table 17: Retort: OOC determination of centrifuged cuttings

Test # 1 2 3 4† 5† 6‡ 7‡ 8‡ mean Unit S.E. 95% CI

Mw 97.0 95.2 94.9 89.9 96.7 97 95.5 96.4 95.33 g 0.29 ±1.1
Md 72.1 70.4 70.3 66.6 71.5 72.5 71.1 71.9 70.80 g 0.30 ±1.2
MH2O 16.0 15.5 15.5 14.8 15.9 15.1 15.2 15.3 15.41 g 0.05 ±0.2
Moil 7.6 7.6 7.7 7.1 7.8 7.7 7.8 8.0 7.66 g 0.03 ±0.1
H2Odry 18.2 18.0 18.0 18.2 18.2 17.2 17.6 17.5 17.9 % 0.05 ±0.2
H2Owet 16.5 16.3 16.3 16.5 16.4 15.6 15.9 15.8 16.2 % 0.04 ±0.2
OOCwet 7.84 7.98 8.11 7.90 8.07 7.9 8.17 8.25 8.03 % 0.02 ±0.1
OOCdry 9.54 9.74 9.87 9.63 9.84 9.6 9.89 9.96 9.76 % 0.02 ±0.1

†Not performed by the author of this report. ‡ Performed approximately 6 months after tests 1-5.
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Soxhlet. In the initial runs of the soxhlet extraction process, it was easy to observe that
the solvent contained a significant amount of solids when the extraction was complete.
This is most likely related to the fact that glass wool was used to stop solids from
traveling from the sample and into the solvent boiling flask. The glass wool was then
replaced with proper extraction thimbles, which still produced undesirable results with
solids in the solvent. It is likely that the solids was transferred into the solvent when
the solvent was poured into the soxhlet before the start of the experiment. The results
from the three initial soxhlet analyses are not represented as they contain little value
towards the OOC determination. It should be noted however, that this information is
valuable towards the final set-up of the experiment. In the final experiment the solvent
was transferred prior to the introduction of the sample in the soxhlet extractor. Also,
glass wool was used as additional insulation on the top of the thimble. The solvent
showed significantly less amount of solids. The use of n-Hexane instead of a 1:1 (v/v)
hexane/acetone solvent system is considered a possible error source. Water was present
in the sample, which may have caused inaccurate results as well. In literature, it is
recommended to dry the sample at 105 ◦C or to add a drying agent. The base oil of the
drilling fluid is likely to evaporate to some extent upon drying, and drying agents was
unavailable at the time of the soxhlet experiments.

Table 18: Soxhlet: OOC determination of centrifuged cuttings

Test # 1 Unit

Runtime 9.5 h
Md 23.40 g
Moil 2.60 g
OOCdry 10 %

A simple benchtop experiment. In the course of 1 h Sample 1 lost 0.008 g which means
the OOC decreased from 0.88 to 0.80 %. Sample 2 lost 0.0072 g in the course of 1 h which
means that the OOC decreased from 0.752 to 0.68 %. The oil was dodecane, and for
higher bp oils the evaporation is likely to be less than what is presented here.

Soxtec. A large effort was directed towards this method due to the short time required
for analysis compared to the traditional soxhlet. A significant amount of base oil evap-
orates from the samples when attempting to recover all of the solvent in the Soxtec
system, depending on the bp of the oil. To ensure solvent free samples the suggested
steps in the Soxtec manual include drying of the samples post extraction. This was
proven to evaporate a substantial amount of the base oil, causing any analysis to be
void. In the initial runs of the Soxtec system, the samples was most likely affected dur-
ing solvent recovery. To mitigate this effect the samples were not dried post extraction
but rather heated just above the solvents bp and swirled on a hot plate inside a fume
hood to evaporate the last traces of solvent, however, this method was also proven to
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cause a significant amount of oil to evaporate. The final method that was employed was
to avoid solvent recovery entirely. When the rinsing period was over the soxtec system
was turned off and the extraction cups were allowed to cool to room temperature (∼
10 min) and placed under a fume hood. When the amount of solvent in the cups became
low (approximately 5-10 mL) the weight of the cups was recorded every 2 min to deter-
mine the exact time when the extract became solvent-free. Since the the vapor pressure
of the solvent is much higher than the vapor pressure of the oil it is expected that the
slope of the curve is much higher when the sample is containing solvent compared to
the slope of the curve when only oil is present. The resulting plots of the 6 samples is
depicted in Figure 45 and suggests that all of the solvent had evaporated at 50 min. The
resulting wet weight OOC at 50 min is seen in Figure 46. Note that the results depicted
in Figure 45 and 46 followed a 10 min weighing schedule, which is most likely to long and
that solvent recovery was performed for 2 min which may have caused some premature
oil evaporation due to the cups being almost solvent free at the start of the weighing
schedule. There is a discrepancy between the soxtec and retort results, the reasons for
this discrepancy can be that the retort sample size is much larger than the soxtec sample
size (meaning that larger variations in oil content is seen in smaller samples), inaccurate
reading of the retort liquid receiver, and due to the evaporation of oil along with solvent
during analysis in the soxtec method, which have been discussed previously. Taking into
account these error sources, including the fact that some oil evaporates during weighing
it is likely that the soxtec produce accurate results and is a suitable method for OOC
analysis.
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Figure 45: Decreasing sample mass

76



Chapter 8 Characteristics of cuttings

0

2

4

6

8

O
O
C
w
et

,
w

t%

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6

Figure 46: Measured OOC for Samples 1-6.

8.3 Conclusion

When relatively large samples were analyzed in the retort, a homogenous distribution
of the oil within the material matrix was evident. It was found that the heterogeneity
of the samples increased with a decrease in sample size, to a certain extent.The soxtec
method is considered to be the most suitable method when a low oil content is expected
in the sample. The centrifuged cuttings used in the experimental work of this thesis
contain between 7 and 8 % oil, 16-17 % water, and 76 % solids on a dry weight basis.
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Chapter 9
Treating cuttings with susceptors and
microwaves

The experiments described in Chapter 7 have confirmed that it is possible to distill min-
eral oils which are commonly used as base fluids in OBM with the use of susceptors and
microwave power. In actual drilling fluids there are more chemical components than just
the base oil, hence, there is a need to evaluate the effects when actual OBM cuttings
are processed. As discussed in Chapter 4.3, treating cuttings utilizing microwaves as the
heat source have been confirmed by many workers, but never combined with the use of
organic liquids as susceptors. Two types of cuttings have been treated. Centrifuged cut-
tings containing both water and oil in combination with susceptors, as well as cuttings
that contained oil in combination with susceptors or water. The second type of cuttings
was prepared by retorting cuttings and then adding the preferred amount of oil, and
susceptor or water. In order to demonstrate the true effects of the susceptor, a compar-
ison was made. First, cuttings where pure water acted as the susceptor was treated and
analyzed. Secondly, cuttings where a polar organic liquid acted as susceptor was treated
and analyzed. In these experiments a known amount of oil is added to a known amount
of retorted cuttings, along with a known amount of water or susceptor. The oils used to
simulate base oil was dodecane (C12H26) with a bp of 216 ◦C and hexadecane (C16H34)
with a bp of 287 ◦C (ChemSpider, 2016).
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9.1 Materials

The equipment employed in the following experiments are depicted in Table 19.

Table 19: Microwave and distillation equipment

Equipment Model Manufacturer

Microwave chemical reactor WBFY-205 Zenhzhou Keda Machinery & Inst. Equip. Co., Ltd
Hot air gun KX2200K-QS Black & Decker
Hot air gun - Meec tools
Pressurized N2 gas Yara Praxair -
Standard distillation glassware
2 x large casserolles 20 L -
North Sea cuttings
Dodecane - Sigma-Aldrich
Hexadecane - Sigma-Aldrich
MEG VWR Chemicals
DEG Sigma-Aldrich
TEG Sigma-Aldrich
MPG Sigma-Aldrich
DPG Sigma-Aldrich
Glycerol Sigma-Aldrich

9.2 Experimental setup

The microwave reactor supplied a maximum of 750 W in a multimode applicator and the
magnetron input power is adjustable up to 1100 W. The microwave was also equipped
with an onboard magnetic stirrer and the applicator floor was lined with a material that
directs EM energy towards the material being heated.

Initial operating and start up issues. In the start of the experimental work, the mi-
crowave reactor would instantly cease to function when power was applied. Inspection of
the magnetron revealed that metal fragments from the manufacturing of the reactor was
attached to the magnetron causing the equipment to malfunction. When the fragments
were removed the MW reactor functioned more satisfactory. The microwave reactor had
some operational issues, the fuse would sometimes burn out when the amount of EM
absorbing material became too low. When the amount of EM absorbing material is
low, it is more difficult to achieve MW coupling. It is believed that as a result of poor
MW coupling the electronics in the microwave absorbed more power and caused the fuse
to burn out. Another likely cause is the previously mentioned metal fragments. The
microwave functioned satisfactory at 900 W input power, which means that the power
available to heat the cuttings is approximately 700 W due to the power efficiency of the
microwave. Figure 47 depicts the initial setup of the microwave with the distillation
equipment in place.
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(a) (b)

Figure 47: Initial experimental setup

Mixing. Mixing of the cuttings during treatment is a parameter which has been shown
to improve the treatment process and mitigate the effects of low penetration depth
(Junior et al. , 2015; Robinson et al. , 2012), see Chapter 4.3. It became evident during
the initial trials that the onboard magnetic stirrer was unable to sufficiently stir the
cuttings as the cuttings become quite hard when water and oil leave the sample, this
applies to samples containing centrifuged cuttings. If the sample is dry cuttings from
the retort it may be possible to achieve mixing with a suitable magnet. An attempt to
equip an external mixing device was made by the use of an electric drill and a stirring
rod soldered onto to a metal extension piece. After several attempts, stirring of cuttings
during treatment was abandoned as the stirring rod would repeatedly brake at the point
of soldering as the cuttings solidified. A more rigorous stirring rod could be used.
Otherwise, modification of the microwave reactor is most likely necessary to incorporate
mechanical mixing of the cuttings during treatment.

The problem of re-condensation. During the first runs it became clear that vapors
were condensing prematurely. This means that instead of condensing in the designated
condensers, a substantial amount of gas were condensing on the glassware immediately
outside of the microwave reactor, causing the condensed liquids to fall back into the
boiling flask. Condensed liquids that returned to the boiling flask affected the analysis
of the dried cuttings, which produced inaccurate results. To counter this problem, a hot
air gun was used to heat the glassware upstream of the condensers. In order to reduce
the heat loss a large casserole with a lid was utilized to cover the glassware, and holes
was drilled to accommodate the hot air gun and the glassware.

Sweep gas and inerting. When distilling compounds such as hydrocarbons of various
volatility it is important to ensure an inert atmosphere to lower the risk of explosions. In
these experiments pressurized nitrogen gas was utilized to provide the inert atmosphere
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required. Previous works have also proved that nitrogen is useful as it can provide a
sweeping effect in addition to the inert capabilities of the gas. Injection of ambient
temperature nitrogen gas had a negative effect on the premature condensing mentioned
in the previous paragraph. In order to mitigate this effect, a large casserole with a lid
was equipped with a copper coil including an inlet and an outlet for the nitrogen gas.
A hot air gun was utilized to heat the copper coil and in effect, the nitrogen gas. The
gas was routed into the microwave reactor, and into the boiling flask through modified
glass tubes, as seen in Figure 48b. As the goal of the experiment is not to determine
the effects of nitrogens sweeping effect, the flow rate of the injected nitrogen gas was
not measured, however, the supply pressure of the gas was adjusted to the same level
for each experiment. The final setup of the experiment is shown in Figure 48.

(a) (b)

Figure 48: Final experimental setup

9.3 Methodology

A flowchart of the method developed for MW cuttings treatment is depicted in Figure 49.
The experimental methodology to analyze collected samples are provided in Chapter 8.
Typical sample sizes was 50 - 200 g. The experiment allowed for a variation of microwave
power, treatment time, sample sizes, and the added volume of susceptors. In some cases
the effect of re-mixing with additional susceptor was investigated by first running the
experiment for a designated time, T1, and thereafter adding additional susceptor which
was mixed into the sample. Afterwards, the experiment ran for a designated time, T2,
causing the total runtime for each experiment to be T1 + T2. The experiments in Chapter
9.4.1 were analyzed in the retort while the experiments described in Chapter 9.4.2 were
analyzed by automated solvent extraction. The volume of remaining susceptor was
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recorded during the retort analysis, as this can be used as an indication of the amount
of susceptor that will remain on the cuttings.

Step 1:
Add a known mass of cuttings to a
suitable boiling flask.

Step 2:
Add desired volume of susceptor to
boiling flask and mix sample
until homogenous.

Step 3:
Assemble the distillation equipment,
thermometers, and make sure water
is flowing through the condensers.

Step 4:
Heat the N2 gas and the glassware to
atleast 220 ◦C and record the
temperature.

Step 5:
Run the experiment at the chosen
input power and duration. Turn
the gas and water off.

Step 6:
Let equipment cool down. Record
volume of distilled liquids, note
any color change etc., and collect
cuttings sample or move to step 7.

Step 7:
Optional

Figure 49: Cuttings treatment flow diagram

9.3.1 Wet cuttings experiment matrix

Table 20 depicts the experimental parameters used in the experiments involving cen-
trifuged cuttings containing both oil and water. In these experiments the susceptor,
amount of susceptor, and treatment time was variable.
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Table 20: Centrifuged cuttings experiment matrix

Parameters Distillate volume

Experiment # Power T imea, Sample Susceptor, V olume N2 temp., Vliquid, Vpolar
b, Voil,

inputc, min weight,g added,mL ◦C mL mL mL
W T1 (T2) @T1(T2) @T1(T2) @T1(T2) @T1(T2) @T1(T2)

11 900 5 (5) 200.0 MEG 40 (40) 216 (216) 51 (81) 41 (75) 10 (11)
12 900 5 (-) 200.0 MEG 40 (-) 226 (-) 51 (-) 41 (-) 10 (-)
13 900 5 (5) 200.1 MEG - (40) 230 (230) 28 (60) 21 (50) 7.5 (10)
14 900 5 (-) 200.0 MEG 20 (-) 240 (-) 45 (-) 34 (-) 11 (-)
15 900 5 (-) 201.6 MEG 10 (-) 245 (-) 39 (-) 28 (-) 11 (-)
16 900 5 (-) 200.7 MEG 5 (-) 240 (-) 34 (-) 25 (-) 9 (-)
17 900 5 (5) 200.0 MPG 40 (40) 233 (230) 54 (91) 44 (79) 10 (11)
18 900 5 (-) 200.6 MPG 20 (-) 240 (-) 45 (-) 34 (-) 11 (-)
19 900 5 (-) 201.1 MPG 10 (-) 240 (-) 36 (-) 28 (-) 8 (-)
20 900 5 (5) 200.1 DEG 40 (40) 230 (230) 47 (87) 36 (70) 11 (11.5)
21 900 5 (5) 202.3 DEG - (40) 240 (240) 29 (60) 22 (49) 7 (11)
22 900 5 (5) 200.6 DPG 40 (40) 240 (243) 44 (85) 34 (74) 9.5 (11)
23 900 5 (-) 200.0 - - (-) 230 (-) 31 (-) 24 (-) 7 (-)

a Total treatment time for each sample = T1 + T2. b Vpolar represents all polar compounds.
c Refers to magnetron input power.
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9.3.2 Dry cuttings experiment matrix

Table 21 depicts the experimental conditions for tests that was performed using dry
cuttings1. In these experiments the type and amount of susceptor, and oil was the
variable parameters.

Table 21: Dry cuttings experiment matrix

Parameters

Experiment # Power T ime, Sample Oil OOC Susceptor, Amount
input,W min weight,g Initial,% added,

wt% (mL)

24 900 5 50.5 Dodecane 15.0 MEG 22 (10)
25 900 5 51.1 Dodecane 15.1 MEG 33 (15)
26 900 5 51.2 Dodecane 14.8 MEG 43 (20)
27 900 5 104.3 Dodecane 14.8 MEG 27 (25)
28 900 5 104.4 Dodecane 14.4 MEG 21 (20)
29 900 5 101.3 Dodecane 15.4 MEG 33 (30)
30 900 5 101.6 Dodecane 15.9 Water 25 (25)
31 900 5 100.9 Dodecane 15.0 Water 30 (30)
32 900 5 107.3 Dodecane 15.6 Water 33 (35)
33 900 5 100.4 Dodecane 14.9 Water 40 (40)
34 900 5 105.8 Dodecane 15.1 Water 43 (45)
35 900 5 101.9 Dodecane 15.3 Water 20 (20)
36 900 5 99.7 Hexadecane 15.3 MEG 22 (20)
37 900 5 107.1 Hexadecane 14.4 MEG 26 (25)
38 900 5 100.1 Hexadecane 15.1 MEG 33 (30)
39 900 5 100.6 Hexadecane 15.2 MEG 39 (35)
40 900 5 101.2 Hexadecane 15.1 MEG 44 (40)
41 900 5 100.2 Hexadecane 15.3 MEG 50 (45)
42 900 5 101.1 Hexadecane 15.0 Water 20 (20)
43 900 5 102.0 Hexadecane 14.7 Water 25 (25)
44 900 5 101.6 Hexadecane 15.1 Water 30 (30)
45 900 5 101.7 Hexadecane 15.1 Water 34 (35)
46 900 5 100.2 Hexadecane 15.3 Water 40 (40)
47 900 5 100.2 Hexadecane 15.2 Water 45 (45)

9.4 Results

9.4.1 Effects of susceptor on centrifuged cuttings oil removal

For experiment parameters the reader is referred to Table 20. From Figure 50 it is clear
that the addition of susceptors has a significant impact on the initial recovery of oil when
treated in the microwave setup described Chapter in 9.2. Treating 200 g of centrifuged
cuttings for 5 minutes at 900 W without any addition of susceptor in experiment 23
removes approximately 50 % of the oil, causing the remaining OOC to be 3.8 % on a wet
weight basis and 4 % on a dry weight basis.

The addition of 5 mL MEG in experiment 16 caused a decrease in the remaining OOC
to 2.6 %, which represents a 5 % decline in oil content. Increasing the susceptor volume

1Cuttings containing no water.
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up to 10 mL MEG caused a further increase in oil removal causing the remaining oil
content to be 1.6 % on a dry basis in experiment 15, while the addition of 20 mL MEG
caused the OOC to drop to 1.2 % in experiment 14. When the sample was treated with
40 mL MEG in experiment 12 the remaining OOC was recorded to 1 wt%. In experiment
13, centrifuged cuttings were first treated for 5 min, remixed with 40 mL susceptor, and
treated for additional 5 min which resulted in an OOC of 0.5 %. By treating cuttings
with 40 mL MEG for 5 min, and remixing the cuttings with another 40 mL of MEG the
resulting OOC was recorded to 0.7 %.

In experiment 17 the sample was treated twice with 40 mL MPG for 5 minutes which
resulted in an OOC of 0.5 %. In experiments 18, and 19, centrifuged cuttings were
treated for 5 minutes with 20 mL and 10 mL MPG, respectively. The resulting oil on
cuttings was 2.4 % in both experiments.

Two experiments utilizing DEG as the susceptor were conducted. Treating 200 g
of cuttings twice with 40 mL for 5 minutes gave a remaining oil content of 0.4 % in
experiment 20. An OOC of 0.6 % was recorded when treating the centrifuged cuttings
for 5 minutes following remixing with 40 mL DEG in experiment 21.

Treating cuttings twice with 40 mL DPG reduced the OOC to 0.9 % in experiment 22.
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Figure 50: Retort analysis of experiments 11-23.
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MEG and MPG does not suffer from any notable discoloration, DEG and DPG expe-
rience a moderate discoloration, whereas TEG was repeatedly subject to a high amount
of discoloration. Treating cuttings with glycerol in a microwave caused the glycerol to
immediately decompose. This behavior is in line with the theory presented in Chap-
ter 6. After treatment the sample cuttings become very hard and resembles a type of
light expanded clay aggregate, a material commonly utilized in construction. The aggre-
gate seems to loose some of its hardiness when it is broken up. Small variations in N2

gas supply temperature does not seem to have a significant impact on the level of oil
recovered.

Figure 51 gives an indication on the volume of susceptor that is still remaining on the
cuttings after treatment, except for experiments 17 and 22. The volumes of susceptor
remaining on the cuttings are varying from 4.4 mL in experiment 12 to 1 mL in exper-
iment 11. It is difficult to identify a trend and it seems that the volume of susceptor
remaining on the cuttings are relatively stable regardless of the type and added volume
prior to the treatment.
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Figure 51: Volume of susceptor remaining after treatment.
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9.4.2 Effects of susceptor on dry cuttings oil removal

Compared to the centrifuged cuttings which became very hard and resembled a light
expanded clay aggregate, the dry cuttings prepared in the retort and treated in the
microwave became less hard and remained more powder like. This can indicate that the
retort affects the attraction forces that act between the cuttings particles.

Dodecane and water. Dry cuttings containing approximately 15 wt% dodecane oil, was
treated with various amounts of water as microwave susceptor. The results are depicted
in Figure 52. Exact experiment parameters is provided in Table 21. In experiment 35
20 wt% water was added to the sample and treated for 5 min in the microwave. The
remaining OOC was recorded to 2.25 wt%. The OOC decreased to 1.72 % when 25 wt%
water was added in experiment 30. A further decrease was observed in experiment 31
where 30 wt% water decreased the OOC to 0.65 %. The remaining oil on cuttings in
experiment 32 was 0.99 % when 33 wt% water was added to the sample. In experiments
33, and 34, where 40 and 43 % water was added, the OOC was recorded to 0.78 % and
0.86 %, respectively. The results are depicted graphically in Figure 52.
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Figure 52: OOC of water treated cuttings contaminated with dodecane.
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Dodecane and MEG. The oil on cuttings analysis of experiments 24-29 are depicted
in Figure 53. In experiment 24, 22 wt% MEG was added to the sample and the sample
was subjected to MW power for 5 min. The OOC was recorded to 0.05 %. In experiment
25, a sample containing 33 wt% MEG , was treated to an oil content of 0.02 wt%.
When cuttings containing 43 % MEG (Experiment 26) was treated, the remaining oil on
cuttings was recorded to 0.05 %. In experiment 27, the sample contained 27 wt% MEG,
and the OOC was recorded to 0.028 %. In experiment 28 and 29, which contained 20
and 30 % MEG, the OOC was recorded to 0.026 and 0.027 wt%, respectively. Note that
in experiments 24-26 the sample mass was approximately 50 g and in experiments 28-29
the sample mass was approximately 100 g. A comparison of the percentage oil removal
is shown in Figure 54. MEG increased the oil separation compared to water.
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Figure 53: OOC of MEG treated cuttings contaminated with dodecane.
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Figure 54: %-removal of dodecane

Hexadecane and water. Figure 55 depicts the results of the oil on cuttings analysis for
experiments 42-47 (Table 21). All of the samples initially contained 15 wt% hexadecane.
In experiment 42, a sample containing 20 wt% water was treated to an OOC of 8.6 wt%.
When the sample contained 25 wt% water in experiment 43 the observed OOC was 9 %.
Similarly, the remaining oil on cuttings was 9 wt%, when the water content was 30 %
by weight in experiment 44. The observed OOC decreased to 7.7 wt% in experiment 45
when the sample contained 34 % water. In experiments 46 and 47, which contained 40
and 45 % water, the OOC was recorded to 8.5 and 8.6 wt%, respectively. The highest
removal of hexadecane with water was 48.9 %.
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Figure 55: OOC of water treated cuttings contaminated with hexadecane.

Hexadecane and MEG. The effects of adding MEG to hexadecane contaminated cut-
tings is shown in Figure 56. For initial oil content refer to Table 21. A sample containing
22 wt% MEG was treated to 1.8 % OOC in experiment 36. Increasing the amount of
MEG to 26 wt% in experiment 37 caused a decrease in the OOC to 0.8 wt%. The
addition of 33 wt% MEG in experiment 38 caused the observed oil on cuttings to be
0.5 %. A sample containing 39 wt% MEG was treated to 0.45 % in experiment 39. In
experiment 40, a sample containing 44 % MEG resulted in an OOC of 0.17 %. A further
increase in oil removal was acheived in experiment 41 when the amount of MEG was 50
wt%. The recorded oil on cuttings was 0.15 %. The percent removals of hexadecane is
depicted in Figure 57. The highest removal of hexadecane with MEG was 99.0 %.
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Figure 56: OOC of MEG treated cuttings contaminated with hexadecane.
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Figure 57: %-removal of hexadecane

9.5 Discussion

The treatment of centrifuged cuttings in Chapter 9.4.1 have shown that it is possible
to achieve an OOC lower than the 1 wt% set by OSPAR by the use of polar organic
liquids. The samples in these experiments were analyzed using the retort method. In the
retort, inaccurate readings of the liquid receiving cylinder (as a result of high capillary
forces), causes erroneus results. In experiments where a susceptor was employed there
was no water left in the treated cuttings, thus there was no water in the retort receiving
cylinder. The amount of oil was typically very low which caused an exact determination
of Moil to be difficult. Due to this, the results from the retort are weighted less. In
retrospect it might have been better to analyze these samples using the soxtec method.

As discussed in Chapter 5.2, with water present in the cuttings the steam distillation
process remain at a lower temperature (bp of water). As the water is vaporized, it
is also likely that a significant amount of the susceptor was vaporized. Less susceptor
is therefore available for dielectric heating and steam distillation of oil, as the sample
become water free. Lower process temperature equals lower vapor pressure contribution
from the oil. Ultimately, this leads to a lower oil recovery from the cuttings. If the sample
was water free from the beginning or had less water content than 16 % it could have
improved the oil removal efficiency. After the samples had been treated in the microwave,
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a cool down period followed before the sample could be safely handled. During this
period, some of the oil could have evaporated. However, this error is difficult to mitigate
and it is assumed to be insignificant compared to the oil remaining on the cuttings. The
amount of susceptor remaining on the cuttings was relatively stable and not affected by
the added amount prior to treatment. This suggests that it can be possible to recover
most of the susceptor by distillation as long as the process of condensing is maintained
properly.

It was possible to achieve an OOC of less than 1 % when dry cuttings contaminated
with dodecane oil was treated with water. In experiments 31-34 the remaining oil on
cuttings was fluctuating between 0.65 and 0.86 wt% which suggests that the limitation
of the experimental setup had been reached for these parameters. Increasing the applied
power, or the utilization of stirring may further help the oil desorption process (Pereira,
2012; Shang et al. , 2005a; Robinson et al. , 2012). The experiments were performed with
the addition of 20 mL water and up to 45 mL, which, for a sample size of 100 g conforms
to a water content from 20 to 45 % by weight. Considering that the TCC was restricted
to an OOC of 0.05 % or less on the Martin Linge field, the amount of water that would
have to be added to reach this goal is likely to be very high. Another solution could be
to incorporate a polishing step to separate the last traces of oil from the cuttings. The
TCC is most likely depending on a polishing step as well (Monsen & Michelsen, 2015),
see Chapter 3.2.2.

By utilizing MEG as susceptor to treat dry cuttings contaminated with dodecane the
remaining oil on cuttings was demonstrated to be very low. Even the addition of 22 wt%
MEG to cuttings containing 15 wt% dodecane was successfully treated to 0.05 % on a
dry weight basis. The boiling point of dodecane is in the lower range of what can be
expected in a OBM base oil, so the oil content reported for these experiments is likely
to be lower than the OOC for higher bp base oils with the particular equipment that
was employed. Dodecane oil was observed to evaporate at some extent when left in a
fume hood, it may be possible that this caused the reported OOC to be lower. However,
a small amount of solvent is likely to remain in the oil which somewhat mitigates the
effect of the evaporation of dodecane oil.

When using water to distill samples containing 15 % hexadecane on dry cuttings in
experiments 42-45, the various amounts of added water had very little effect on the OOC
of the treated sample. This is likely due to the low oil vapor pressure at the bp of water.
All of the treated samples seemed to have a remaining OOC between 7.7 (Ex.45), and
9.0 % (Ex.43). The addition of 34 wt% water caused an OOC of 7.7 wt% in Experiment
45. However, the OOC increased when more water was added. This indicates that an
OOC of 7.7 % is unlikely. A decrease from 15 to approximately 9 % oil for all samples is
more likely. Samples containing a high hexadecane content was not successfully treated
with water as susceptor. This illustrates that it can be unlikely to achieve the required
OOC with the only MW absorber being water or that an extremely large amount of
water, and energy have to be supplied in order to achieve the desired OOC. A better
setup, and optimization of sweep gas may also improve the oil separation when water is
the susceptor.
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As previously discussed in Chapter 4.3 (Pereira, 2012; Shang et al. , 2005a,b), N2

sweep gas was flowing through the sample. This is believed to be more beneficial than
the “surface drying” effect that most likely was the case in the work of this thesis. Figure
20 shows that a decrease from 5 to 2 % was achievable. The sample was treated at 720 W
with a N2 flow rate of 15 L min−1. The power levels are comparable to the ones expected
in the work of this thesis. A direct comparison of the results may therefore be possible.
The oil related to the sample treated in Figure 20, included C11-C17 components. The
bulk composition was C12-C14 chains (Pereira, 2012). In this thesis, C12 oil was used, so
this can provide a good comparison. In experiments 24-29, cuttings contaminated with
15 % dodecane were treated. The lowest recorded OOC was 0.02 %, and the highest was
0.05 %. Another important observation is the fact that in this work, N2 sweep gas was
not supplied from below the sample like it was in Pereira (2012). Allowing the sweep
gas to percolate through the sample improves heating, and may cause additional liquid
separation. These benefits was not present in this work. Further improvements on the
OOC is therefore likely through sweep gas optimization.

The addition of MEG to dry cuttings contaminated with 15 wt% hexadecane caused
an incremental decrease in the recorded OOC, as expected. This truly depicts the
potential of the technology. An OOC of less than 1 % was achieved when 26 wt% MEG
was added to the sample. A stepwise decrease was observed when more susceptor was
added. Treating samples containing 50 wt% MEG resulted in an OOC of 0.15 wt%
which is significantly lower than the OSPAR limit. The 0.05 % TCC requirement was
not met, however, it is likely that it is possible to reach this goal by optimizing the
process in terms of the amount of susceptor added, residence time, power density, and
applicator design as well as mixing and sweep gas. Many of the other works cited, were
able to reduce the OOC below 1 % as well. It should be noted that for example in the
work by Pereira (2012), the cuttings contained a maximum of 10.3 % oil. Ultimately,
the percentage of oil reduction, was higher in this work.

Mixing was not present in the experiments of this thesis. As discussed in Chapter
4.3, Robinson et al. (2012) and Junior et al. (2015) investigated the effects of mixing.
In these studies it was demonstrated that mixing of the sample could overcome the
limitations of non-uniformity of heating, and penetration depth. A significant increase
in oil removal was also evident. In addition to a proper sweep gas set-up, mixing have the
possibility to further increase the separation efficiency. In combination with susceptors,
it is possible that this technology will be very attractive in the near future.

The attraction forces between retorted cuttings, oil, and water/susceptor are most
likely not as strong as the attraction forces in centrifuged cuttings, which may cause the
oil content where dry cuttings was used to be lower than the result would be if cuttings
which was not subjected to the high temperature in the retort. As the dry cuttings was
treated immediately after the addition of oil and susceptor there might not be a sufficient
amount of time for the cuttings to establish a strong equilibrium condition in terms of
attraction forces, which may cause the oil desorption to require less energy and volume
of susceptor than if a strong equilibrium condition was established. However, based on
the results it is highly recommended that Norwegian-Group pursue this concept further.

94



Chapter 9 Treating cuttings with susceptors and microwaves

9.6 Conclusion

The general conclusion is that it is possible to successfully treat cuttings well below the
OSPAR limit with susceptors. An incremental reduction of the OOC was possible by
increasing the amount of susceptor added. A higher water content negatively affected
the oil removal, due to lowering of the process temperature. Efficient pre-treatment
is therefore important. Based on the visual analysis of the distilled liquids, MEG is
believed to be the most suited susceptor.

The volume of susceptor remaining on the cuttings after treatment seemed to be
consistent, and unaltered by the initial amount.

The treatment of centrifuged cuttings left the sample resembling a light expanded
clay aggregate. The aggregate was very hard and difficult to crush into smaller pieces of
rock. This is most likely beneficial when considering the discharge of treated cuttings.
If mixing is applied, the aggregate will most likely be broken into smaller fragments.

When the EM absorbing phase was water, cuttings contaminated with a low bp oil,
could be treated within OSPAR limits. When the oil contaminant was a high bp oil, it
was not possible to reduce the OOC further than 7 % with the tested amounts of water.
In general, water alone is not considered to provide sufficient oil removal.

The addition of MEG significantly enhanced the oil separation efficiency. When the
contaminant was a low bp oil, the oil retention was below 0.05 % in several cases. Cut-
tings contaminated with a high bp oil, was successfully treated to 0.15 %. By imple-
mentation of mixing, and optimized sweep gas, a further OOC reduction is considered
possible. A continuous cuttings treatment plant, of very high efficiency, is likely to be
achievable with susceptors and microwaves.
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Technology applications

10.1 Not only for dielectric heating

The advantages that susceptors offer can not only be utilized in dielectric heating. Ther-
mal processes employed by technologies such as the TCC, may also take advantage
through the replacement of water with other compounds. In this type of treatment, the
benefit would only arise from lower energy requirements for vaporization. As claimed by
Kleppe (2009), water represents 60 % of the energy requirement in a cuttings treatment
process. If water was replaced with a compound where the energy requirements was less,
a lowering of the energy requirement would likely occur. However, the full potential of
energy decrease that dielectric heating represents would not be present in such a case.

10.2 Geography unlimited

The main focus of this thesis have been the NCS and OSPAR area. However, the oil and
gas industry is international in nature. Ormeloh (2014) states that 55 TCC units are
scattered over the globe. Both in countries where discharge is subject to strict regulation
(e.g. Norway), and countries with less strict requirements apply (e.g. Congo). Due to
the potential energy savings of the combined microwave, and susceptor technology, there
should be no reason that the marked of such a technology is limited.

The literature investigated in this thesis, gave little evidence of the footprint, and
weight that can be expected from a MW cuttings plant. The TWMA Rotomill (TCC) is
12.8 m long, 3.5 m wide, and 4.35 m high. The equipment is divided in three containerized
modules. The operational weight is specified to 63.5 t. Where the mill module weighs
19 t, the process module weighs 17 t, and the engine module weighs 27.5 t (Ormeloh,
2014).

In comparison, a 100 kW microwave generator weighs approximately 2.7 t. The size
of the generator is only 1.2 m wide, 1.8 m long, and 2 m high (Thermex-Thermatron,
2016). The waveguide are not included in the previous remark. The size of a waveguide
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is very much dependent on the frequency of operation. One of the configurations that
was used by Pereira (2012), consisted of two applicators in series. The report states that
the length of this setup was approximately 3 m. Based on these observations, it may be
possible, that a full scale MW treatment can have less footprint, and weight, than the
TCC. More research is required to accurately predict the full scale size of a MW cuttings
treatment plant.

The size and weight of the equipment is likely to increase with capacity. A high
treatment capacity is needed for offshore implementation. Microwave equipment has a
small footprint, and weight. In combination with the high energy efficiency, there may
be an opportunity for the construction of a small, mobile unit. Such a unit may easily be
implemented in hard to reach places for in-situ remediation. One example of where this
could be implemented is Nigeria. The United Nations Environment Programme (UNEP)
is, upon request from The Federal Republic of Nigeria, assessing the environmental, and
health impacts of oil contamination in Ogoniland of the Niger Delta. The assessment
will also include options for remediation (UNEP, 2016b).

97



Chapter11
Conclusions

The goal of thesis was, through theory and experimental work, to gain proof of concept
that the principle of steam distillation in combination with susceptors will allow cuttings
to be treated within the legislative requirements set by the OSPAR. To shed light on
the potential benefits of this technology, and how it can compete with the current and
other upcoming technologies.

11.1 Evaluation of dielectric heat sources

Many workers have successfully treated cuttings within environmental requirements by
the use of microwave heating. To the authors knowledge, no applications of RF heating
have been found for this purpose. The high power density that a microwave heating
system offers is highly attractive and is the recommended thermal heating source.

11.2 Evaluating the use of susceptors

Through the theoretical analysis in Chapters 5 and 6, and the experiments performed
in Chapters 7 and 9, the following conclusions can be drawn.

Steam distillation of oil by the use of water, requires a high amount of energy. A
higher process temperature, will cause a higher vapor pressure contribution from the oil.
In order to achieve a higher process temperature, water can be replaced with environ-
mentally friendly polar organic compounds. Depending on the compound, the energy
requirement will be significantly reduced.

Of the investigated organic compounds, glycols are the most suitable. Especially
MEG, as it did not seem to decompose significantly during MW treatment. The fact that
MEG is currently on OSPARs PLONOR list contributes to its value as the recommended
choice of susceptor.

Based on the reviewed literature, water was the only MW absorbing phase, and the
limiting factor for oil removal. In this work, when distilling with susceptors, it was
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found that water had a negative effect on the treatment efficiency, due to lowering of
the process temperature.

The treatment of centrifuged cuttings left the sample resembling a light expanded
clay aggregate. This is most likely beneficial when considering the discharge of treated
cuttings. The treatment of retorted cuttings did not result in the same hardy aggregate.
More research is required in order to determine if water is the reason for this behavior,
or if the attractive forces was destroyed in the retort.

Susceptors was added to centrifuged cuttings containing 7-8 wt% oil, and 16 - 17 %
water. In several cases, the OOC was reduced to 0.5 % or less, which is below the
environmental discharge limit. In samples where no susceptor was added, the OOC was
recorded to 4 % on a dry basis. This clearly shows that the use of susceptors can increase
oil separation from cuttings.

The OOC of susceptor treated dry cuttings was recorded to well below the OSPAR
limit of 1 %. When a low bp oil was the base, OOC levels below 0.05 % was possible.
When the base oil had a high bp the OOC was reduced to 0.15 %. The same level of
treatment with water did not match the results obtained with MEG. A very low OOC
was obtainable when there was no water content in the cuttings. It is therefore highly
recommended to eliminate, or lower, the amount of water present in the cuttings. This
applies when susceptors are to be used.

The recovery of the vaporized susceptor is possible through condensing. Current tech-
nology also uses this principle. The use of susceptors most likely require one additional
condenser, compared to existing thermal desorption methods. Some of the susceptor
was shown to remain on the cuttings post treatment. Recovering susceptor from treated
cuttings may be accomplished through centrifugal separation. More research with re-
spects to the amount of susceptor that will remain on the cuttings and the method of
recovery is needed.

11.3 Conveyor configurations

Norwegian-Groups treatment concept is still in the early stages of development. The
methods of conveying in other works have been a flat bed conveyor. With the exception
of Cutcube, which utilize a screw conveyor. It is difficult to give a recommendation at
this stage. However, screw conveying have the added benefit of stirring the cuttings
during treatment. Stirring can increase the oil separation from cuttings. The presence
of a screw conveyor is likely to complicate the design of a suitable applicator. One of
the benefits of the flat bed conveyor is that it allows for the investigation of bed height
adjustments. Another benefit offered by the bed conveyor is that the cuttings, which
may become hardy agglomerates, are not broken up into smaller fractions. In order
for Norwegian-Group to explore the concept further, a continuous MW processing rig
of pilot size is very useful, if not needed. In this respect, a flat bed conveyor is a good
choice. The use of such a conveyor is found many places in the literature, and experience
may be drawn from that.
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11.4 BAT and BEP potential

It is believed that the use of susceptors in combination with microwaves can challenge
the TCC technology as BAT. A decrease in energy requirement to treat cuttings is
evident with the use of microwaves compared to the TCC. Additional reduction in energy
requirements is possible with the use of susceptors. The TCC energy requirement was
133 kW h t−1 to treat 5 t cuttings. The use of microwaves and susceptors can reduce the
requirement to 24 kW h t−1 in a best case scenario. In order to determine the actual
energy requirements to treat cutting with the use of susceptors and microwaves, the
use of a continuous processing rig is necessary. Energy requirements have shown to be
significantly less in continuous processing than batch processing.
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Further work

In this thesis, an overall indication of the benefits of microwave treatment in combination
with susceptors have been presented. More research is required in most aspects of the
treatment concept. Including susceptors, pretreatment, sweep gas optimization, mixing,
and conveying. Suggested research are itemized below.

• The amount of susceptors added are important as they represent value. Therefore
it is recommended that more research is directed towards finding the optimal ratio
of added susceptor to the initial oil content.

• It was shown that water lowered the treatment efficiency of susceptors. Although
it may be difficult to achieve a cuttings feed that are completely water-free, a
lower water content is beneficial. It is suggested that future endeavors focus on a
pretreatment step that effectively lowers the liquid content of the cuttings. This
will enable a more efficient treatment process. The author recognizes that an
ongoing research on this matter is performed by Norwegian-Group, parallel to the
work performed in this thesis.

• An optimization of the sweep gas set up can increase oil separation. It is therefore
recommended that this is a priority in future research. Determination of the drying
effects that heated nitrogen gas is also of interest.

• Mixing of the sample during treatment is believed to enhance oil separation sig-
nificantly. Upgrading the microwave set up to include mixing is included in the
recommended further work.

• Research the possibilities to replace nitrogen sweep gas with steam.

• Estimate the footprint of a MW treatment cuttings plant in order to assess the
suitability for implementation offshore.

• Research the possibilities of an onboard nitrogen generator. Membrane separation
is one possibility.
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