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ABSTRACT

With the growth of deep drilling and the complexity of the well profile, the requirements for a more
complete and efficient exploitation of productive formations increase, which increases the risk of various
complications. Currently, reagents based on modified natural polymers (which are naturally occurring
compounds) and synthetic polymers (SPs) which are polymeric compounds created industrially, are
widely used to prevent emerging complications in the drilling process. However, compared to modified
natural polymers, SPs form a family of high-molecular-weight compounds that are fully synthesized by
undergoing chemical polymerization reactions. SPs provide substantial flexibility in their design.
Moreover, their size and chemical composition can be adjusted to provide properties for nearly all the
functional objectives of drilling fluids. They can be classified based on chemical ingredients, type of
reaction, and their responses to heating. However, some of SPs, due to their structural characteristics,
have a high cost, a poor temperature and salt resistance in drilling fluids, and degradation begins when
the temperature reaches 130 °C. These drawbacks prevent SP use in some medium and deep wells. Thus,
this review addresses the historical development, the characteristics, manufacturing methods, classifi-
cation, and the applications of SPs in drilling fluids. The contributions of SPs as additives to drilling fluids
to enhance rheology, filtrate generation, carrying of cuttings, fluid lubricity, and clay/shale stability are
explained in detail. The mechanisms, impacts, and advances achieved when SPs are added to drilling
fluids are also described. The typical challenges encountered by SPs when deployed in drilling fluids and
their advantages and drawbacks are also discussed. Economic issues also impact the applications of SPs
in drilling fluids. Consequently, the cost of the most relevant SPs, and the monomers used in their
synthesis, are assessed. Environmental impacts of SPs when deployed in drilling fluids, and their
manufacturing processes are identified, together with advances in SP-treatment methods aimed at
reducing those impacts. Recommendations for required future research addressing SP property and
performance gaps are provided.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0)).

1. Introduction

providing essential lubrication; cleaning the borehole; gaining in-
formation from the drilled formation; enhancing drilling rate;

The rapid development of well drilling technologies over the
past fifty years largely facilitated by improvements in the quality of
drilling fluids. To date, drilling fluids must perform a number of
functions, namely: suspending and transporting drill cuttings,
cooling the bit and drill string, maintaining wellbore stability,
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contributing to rock fragmentation at the bit face; providing
effective penetration of productive layers; reducing corrosive ac-
tivity, preventing blockages and other complications in the well-
bore; and, avoiding negative formation-damage effects on the
porosity and permeability properties of the reservoir (Fink, 2021; Li
et al., 2015; Morariu et al., 2022; Yahya et al., 2022). More than two
thousand years ago, in ancient China, wetting the bottom of a well
with water was applied to remove cuttings (He, 2010; Wang et al.,
2017). The term "drilling fluid" has evolved over time, along with
the operationally synonymous reference to "drilling mud", "drilling
fluid", with now largely redundant terms "clay mud" and "flushing
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mud" also used historically (Apaleke et al., 2012). In 1846, the
French engineer Fauvel discovered a method for continuously
removing cuttings from a well with a circulating stream of water
(Grattan-Guinness, 2014). That concept involved pumping water
into the wells through hollow pipes from ground level, and the
water ultimately returning to the surface carrying drill cuttings
with it. From that development drilling fluid deployment tech-
nology has not undergone significant changes (Hay, 2021; Riding,
2021). Chaudhary and Sharma (2019) received the first patents
for drilling fluids (Gerali, 2018). Over recent decades drilling fluids
have evolved to include water-based, oil-based, synthetic-based,
gas-based and foam-based formulations (Aboulrous et al., 2022;
Friedheim, 1997). As a new generation of drilling-fluid formula-
tions, in the last two decades synthetic-based drilling fluids (SBDF)
has greatly enhanced the performance of oil-based drilling fluid's
(OBDF). Specifically, in terms of environmental impacts, because
SBDF is less toxic, achieves fast penetration rates, results in less
fluid-related nonproductive time, and degrades faster than diesel
and mineral oils (Friedheim, 1997). Most of the base oils used in
SBDFs are synthetic chemicals. Esters were the first type of base oil
used in SBDFs followed by the SPs, such as poly alpha olefins (Fig. 1)
(Celino et al., 2022; Li et al., 2016a, b, c). Although SBDF has many
advantages, it also has several disadvantages. These include higher
cost, slower biodegradability, complex formulation, and reduced
stability in low temperature conditions, such as with ester-based
fluids (Fink, 2021).

Fig. 1 presents a classification of drilling fluids. It takes the na-
ture and composition of both the dispersed phase and the disper-
sion medium into account (Al-Shargabi et al., 2022a; Deville, 2022;
Friedheim, 1997; Li et al., 2016c).

Since the 1970s polymer solutions have been increasingly used
as drilling fluid additives. This has become possible due to the
development and production of macromolecular compounds by
the chemical industry (Wang et al., 2019). Polymer drilling fluid is a
solution of polymers in an aqueous dispersion medium with
different structures such as linear, branched-chain, crosslinked or
networked. They have mainly been exploited to drill abrasive rocks
of high hardness. The main advantages of polymer drilling fluids
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that distinguish them from others are hydrophilicity and pseudo-
plasticity, providing them with the ability to change viscosity
depending on the shear rate (Davoodi et al, 2019; Kariman
Moghaddam et al., 2022).

The first deployment of polymer drilling fluid dates back to the
1950s (Sun et al., 2021). In addition to water, that formulation
included: bentonite powder; copolymer of vinyl acetate and maleic
acid; and soda ash (Austin, 1983). Initially, the composition of
polymer drilling fluids was determined only by the need to main-
tain the stability of their functional properties and increase rate of
penetration (ROP). Subsequently, more attention has been paid to
their ability to maintain formation properties and/or avoid forma-
tion damage. However, traditional oil reservoirs are gradually being
depleted and the share of developed harder-to-recover oil reserves
is growing rapidly. Such dynamics involve a more complex range of
sub-surface conditions now being associated with productive for-
mations. As the depth of wells increases, the thermobaric condi-
tions of drilling become tougher and a number of accompanying
complicating factors arise. These factors require adjustments to be
made to drilling fluids to suit the sub-surface conditions of specific
reservoir targets (Ali et al., 2022; Kariman Moghaddam et al., 2022;
Saboorian-Jooybari et al., 2016). Currently, drilling fluid formula-
tion does not solely focus on increasing ROP, but also on wellbore
stability, environmental compliance and the ability to maintain
reservoir properties (Sun et al., 2021). Indeed, from a technological
point of view synthetic polymers (SP) are now designed with all of
these attributes in mind. SPs are obtained primarily from petro-
leum products. Unlike natural and modified natural polymers, SPs
tend to be built from relatively small molecules. SPs provide almost
unlimited flexibility in their design. Their size and chemical
composition can be adjusted to provide properties for nearly all
sub-surface functional objectives (Ali et al., 2022; Chu and Lin,
2019; Sepehri et al., 2018). SPs are synthesized under artificially
created conditions from various monomers. For example, ethylene
in its natural form is a colorless gas, however, following its poly-
merization, solid polyethylene granules are produced (Riley, 2012).
The conditions of the polymerization processes can be adjusted to
alter the characteristics of the resulting polymers (Li et al., 2021;

Drilling fluids
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solution system
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Fig. 1. Classification of drilling fluids.
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Sepehri et al., 2018). For instance, it is possible to:

> introduce additional monomers in order to obtain co-
polymers with improved properties (Davoodi et al., 2019);
modify the properties of a polymer, for example, changing its
resistance to shock or low temperatures (Sepehri et al.,
2018);

> adjust viscosity and fluidity of a polymers softening and
melting temperatures (Li et al., 2021);

change its visual properties, such as color, transparency and
other light-transmitting properties (Ali et al., 2022; Wang
et al., 2019).

>

However, potentially negative environmental impacts are
associated with some SPs. An important advantage of polymers,
their durability, turns into a negative attribute if waste products are
disposed of irresponsibly. Therefore, the key risk of the popularity
of SPs on the planet can be considered the risk of substantial and
long-lasting environmental pollution (Murtaza et al., 2021; Osipov
et al., 2022).

To date, few publications have reviewed the roles of bio-
polymers and SPs in drilling fluids (Abbas et al., 2021; Balaga and
Kulkarni, 2022; Davoodi et al.,, 2022b; Koh et al.,, 2022). The
following research gaps were identified in the aforementioned
reviews:

e Evaluation of the polymer's role in drilling fluids, and their
developments;

e Classification of SPs in terms of their chemical and physical
features and well their functions in drilling fluids;

e Manufacturing methods, characterization, classification, and
applications for synthesis of the SPs deployed in drilling fluids;

e Detailed applications of SP in drilling fluids;

e Considerations of the difficulties, economics, environmental
concerns, and process safety issues regarding the use of
different types of SP in drilling fluids.

Thus, this review highlights the characteristics, manufacturing
processes, and classification of SPs, and their responsible
petroleum-industry applications with a precise focus on drilling
fluids. It differs from existing reviews by collectively addressing:

e Manufacturing processes, property characteristics and SP
classes
0Oil and gas industry applications of SPs
e Detailed properties of polymer drilling fluids
e Economic and environmental impacts of SP drilling
applications
e Clay swelling and fluid filtration mechanisms
e SPs specific contributions to drilling fluids to improve:
a) rheology and associated properties
b) fluid-loss behaviors
c) lubricity
d) lifting of cuttings and wellbore cleansing
e) stabilization of clay-rich/shaley formations

2. Evolution of polymer deployments in drilling fluids
2.1. Developmental advances of polymers in drilling fluids

Historically, the initial evolution of polymer drilling fluids was
driven by the desire to increase ROP. Over time, with changing sub-
surface conditions of prospective strata, due to increasing well
depths, temperatures, pressures and the presence of unstable
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zones, drilling fluid designs have become more robust, resistant to
extreme conditions and environmentally friendly. They have pro-
gressively developed the ability to ensure stability of the rock for-
mations penetrated and preserve their reservoir properties (Fig. 2)
(Abbas et al., 2021). Currently, drilling fluid polymers can be clas-
sified according to their chemical composition, their use in drilling
fluids, and their origin. Chemically, they can be anionic, nonionic,
and cationic (Beg et al., 2018; Davoodi et al., 2022b). Moreover,
according to their structure, polymers are divided into linear,
branched-chain and crosslinked or network (Steube et al., 2022).
The linear molecule consists of a chain of monomers, these include
natural rubber, elastomers, carboxymethyl cellulose, partially hy-
drolyzed polyacrylamide, hydroxyethyl cellulose, and other poly-
mers of high elasticity (Baba Hamed and Belhadri, 2009; Liu J. et al.,
2020; Xia et al., 2020). A chain of branched-chain links has side
branches, for example, amylopectin, starch, and xanthan gum
(William et al., 2014). Cross-links exist between adjacent macro-
molecules, insoluble and inelastic polymers, for example, epoxy
resins in the curing stage, and cross-linked xanthan gum, a poly-
saccharide secreted by the bacteria Xanthomonas campestris
(Steube et al., 2022).

There are different types of natural, modified-natural polymers,
and SP which are utilized in drilling fluids. The most readily
available natural polymers (biopolymers) include: starch (Al-
Hameedi et al., 2019), xanthan gum (Akpan et al, 2020),
quebracho (Bergman and Fisher, 2002), guar gum (Ogunkunle et al.,
2022), scleroglucan (Chang et al., 2020), welan gum (Chang et al.,
2020; Li W. et al,, 2020; Xu et al, 2013a, b), lignosulfonates
(Browning, 1955; Neshat and Shadizadeh, 2016), and locust bean
gum (Hall et al., 2018; Ibrahim et al., 2019). The most applicable
modified-natural polymers include: carboxy methyl starch (CMS)
with salt resistance up to 0.7 x 10* mg/L and temperature tolerance
up to 100—120 °C (Davoodi et al., 2022b; El-Hamshary et al., 2014;
Xu et al., 2017a, b), carboxymethyl cellulose with salt resistance up
to 0.5 x 10* mg/L (part per million of degree of substitution) and
temperature tolerance up to 149 °C (CMC) (Fagundes et al., 2018;
Ibrahim et al., 2017), polyanionic cellulose (PAC) with salt resistance
up to 0.5 x 10% mg/L (part per million of degree of substitution) and
temperature tolerance up to 149 °C (Fagundes et al., 2018; Jia et al.,
2022), hydroxyethylcellulose with salt resistance up to
2.5 x 10 mg/L and temperature tolerance up to 150 °C (HEC)
(Ouaer and Gareche, 2018; Sun and Bai, 2023; Wang H. et al., 2022;
Wypych, 2022), and styrene copolymer with temperature tolerance
up to 190—195 °C (Luo et al., 2018; Mohamadian et al., 2019). Even
so, each modified-natural polymer has its own specific perfor-
mance limits in the presence of salt or at high temperatures. These
limits may rely on factors such as the degree of substitution of the
modified-natural polymer, as was shown with CMC and PAC, the
specific monomers employed or the type of chemical modification
to enhance the performance of the modified-natural polymer
(Davoodi et al., 2022b; Gautam et al., 2022).

However, every polymer has its advantages and disadvantages
when deployed in drilling fluids. For instance, one of the most
commonly utilized polymers for filtrate control is the starch but its
poor thermal stability and low biodegradability limiting its appli-
cation in drilling fluids. Consequently, CMS was developed to
enhance its application however, compared to polyanionic cellu-
lose, CMS polymer has a poorer filtering performance in high-
permeability rocks. Polyanionic cellulose can be utilized to raise
and stabilize viscosity in the return flow to improve wellbore
cleaning and decrease pressure loss (El-Hamshary et al., 2014; Jia
et al.,, 2022).

On the other hand, xanthan gum is a common biopolymer
which is widely utilized in drilling fluids to provide viscosity, solid
suspension, and fluid-loss control. However, it has a low tolerance
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Fig. 2. Functional evolution of polymer drilling fluids and their compositions.

to high temperature and tends to degrade temperature above
120 °C (Akpan et al., 2020). Hydroxyethylcellulose does perform
well at high temperature and can be utilized as a thickening agent
in various types of drilling fluids required for operations such as
drilling, cementing and hydraulic fracturing. It provides the
necessary stability and fluidity to the drilling fluid (Ouaer and
Gareche, 2018).

Some polymers are expensive to produce or in limited supply
such as quebracho, which was frequently used until the 1950s,
when lignosulfonate became commercially accessible and provided
the same function as quebracho at a lower cost (Bergman and
Fisher, 2002; Ghazali et al.,, 2018). All natural and modified-
natural polymers have their advantages and drawbacks which
have led to attempts to further modify them to enhance their
performance by utilizing suitable monomers in the synthesis of
new SPs (Davoodi et al., 2022b).

To ensure the effective performance of polymers in drilling
fluids, rheological and solution characteristics need to be evaluated
at simulated conditions as a function of polymer content, salinity,
temperature, and shear properties (El-hoshoudy et al., 2017). In the
last three decades, the evolution of polymer drilling fluid compo-
sitions has moved from a stability focus to ensuring effective per-
formance in harsh conditions such as high-pressure and high-
temperature (HPHT) and salt contamination (Davoodi et al.,
2022b; Deville, 2022). At moderate bottom-hole temperatures,
thermal motion of polymer molecules becomes considerable, and
temperature increases the distance between molecules. Friction
and a weak intermolecular force are the reason for this behavior. At
higher temperatures, water molecules can also move more freely
with a slight resistance to flow. When the temperature decreases,
the intermolecular distance shrinks and the intermolecular force
grows. More molecular entanglements are produced as a result of
the molecular chain's decreased activity and twisting (Bland et al.,
2006; Davoodi et al., 2022b; Deville, 2022).

At low temperatures, polymer solutions have a high viscosity
because many free-water molecules are trapped in the polymer
structures. Pressure increases cause the density of the drilling fluid
to rise, which lowers the drilling ROP. However, pressure tends to
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improve the viscosity of the drilling fluid filtrate and reduce
seepage losses, but it has minimal impact on the filtration rate
(Fig. 3(a)) (Davoodi et al., 2022b). The addition of salts to polymers
dramatically alters drilling fluid viscosity, with the reliance of the
drilling fluid effective viscosity on the shear rate reducing. In this
situation, the drilling fluid's effective viscosity approaches the
greatest "Newtonian" viscosity in conditions of low shear rates (i.e.,
near to zero shear rate). When the shear rate increases, the effective
viscosity of the drilling fluid drops, nearing the lowest effective
viscosity value, also known as the lowest Newtonian viscosity
(Fig. 3(b)) (Davoodi et al., 2022b; Oncsik et al., 2015).

The behaviour of polymers and their solutions is not only
determined by temperature or salt concentration, but also by the
stress and shear rate at which the solution flows. Although polymer
synthesis technology has progressively improved, it still has issues
that require attention. Polymer-based drilling fluids typically
exhibit a non-Newtonian flow behavior, which means that their
viscosity changes with the fluid's shear rate. At low shear rates, the
polymer chains are relaxed and entangled, resulting in high vis-
cosity. However, at high shear rates, such as those encountered
close to the drill bit, the polymer chains are stretched and aligned in
the flow direction, resulting in lower viscosity (Davoodi et al.,
2022b). These characteristics impede the further application and
improvement of polymer synthesis technologies. The severe
shearing action of polymer solution is one of the key difficulties
impacting their practical applications.

Under high mechanical-shear conditions, the solution perfor-
mance is greatly diminished, resulting in a major disparity between
the subterranean performance of the polymer and its performance
in ground-level preparation systems (Jiao et al., 2023). To deal with
the unavoidable mechanical shear impact in polymer applications
and increase polymer solution performance, the creation of shear-
resistant polymers is a major research area in polymer synthesis
(Gaillard et al., 2017; Jiao et al., 2023). The tolerance to shear of
polymers used in drilling fluids depends on several factors,
including the type and molecular weight of the polymer, the con-
centration of the polymer in the fluid, and the conditions of the
drilling operation. To improve the tolerance to shear, some
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Fig. 3. The effect of temperature and salt on polymer structure: (a) Temperature effects on polymer structures. (b) The molecular chain structures modifies the behavior of
polymeric solutions in the presence of salts. Reproduced from Elsevier (Davoodi et al., 2022b).

polymers are designed with a higher molecular weight, which
enhances their resistance to breakage and shear-induced degra-
dation. Additionally, some polymers are formulated with stabilizing
agents that help maintain their rheological properties under high
shear rates (Davoodi et al., 2022b; Gaillard et al., 2017; Jiao et al.,
2023). All these problems have led to researchers and oil and gas
companies continued efforts to develop and synthesize polymers
able to perform well in harsh subsurface conditions (Davoodi et al.,
2022b).

Section 3 explains the manufacturing methods typically used to
develop new SPs and their advantages and disadvantages. Section 4
explains the recent advances of SPs as deployed in different types of
drilling fluids. It also highlights the ways in which SPs may be
utilized to overcome harsh sub-surface conditions.

2.2. Nanopolymer contributions to drilling fluids

A nanocomposite is a multiphase material where, one of the
phases has one, two, or three dimensions less than 100 nm, or the
phases of the composite have nanoscale spaces between them (Al-
Shargabi et al., 2022a). Because the composite size is much smaller
than that of general macroscopic composite materials, this material
provides a new opportunities for the preparation of high-
performance new materials. The structure of polymers can be
designed and adjusted according to the performance requirements.
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Composites at the nanoscale make it possible to form polymer-
based nanocomposites (Rajak et al., 2022). Because of their spe-
cific structure, shape and orientation, nanoparticles (NPs) sub-
stantially impact the properties of nanofluids, including
physicochemical, hydrodynamic, thermal and electrical properties
(Al-Shargabi et al., 2022a, b; Davoodi et al., 2022a). Polymer
nanocomposites have excellent dimensional stability and adsorp-
tion properties, as well as good thermal stability and cutting
properties. They have become a key research topic in the field of
functional materials (Al-Shargabi et al., 2022a; Rajak et al., 2022).
There are many nanopolymers (nanocomposites) available for use
in drilling fluids. In particular, they help reduce drilling fluid
filtration loss, minimize differential pipe sticking, enable safer
drilling at HPHT conditions and improve shale stability (Al-Shargabi
et al., 2022a; Saleh and Ibrahim, 2021).

Nanocomposites for use in drilling fluids can be created as single
spheres making them more effective than NPs (Jia et al., 2022). The
most commonly used nanocomposites (nanopolymers) in drilling
fluids are polyacrylamide-grafted-polyethylene-glycol-silica and
the nanopolymer has a micro-spherical morphology with a particle
size of 200 nm (Jia et al., 2022), hydrophobic polymer-modified
nanosilica and the nanopolymer has a micro-spherical
morphology with a particle size of 200 nm (Saleh et al., 2022),
polyacrylamide-nanoclay and the nanopolymer has a micro-
spherical morphology with a particle size of 100 nm (Jain and
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Mahto, 2015), polystyrene-methyl methacrylate-acrylic acid with
nanoclay and the nanopolymer has a unique particle size of 1-2 nm
and a density of 300—370 kg/m> and specific surface area of
220—270 m?/g (Mohamadian et al., 2019), SP with carbon nano-
tubes/ZnO NPs (Ali Khan et al., 2018), styrene butadiene resin/
nano-SiO, the nanopolymer has a unique round particle size of
70 nm (Li X. et al., 2020), and lignosulfonate/acrylamide graft co-
polymers (Abdollahi et al., 2018). As an example, a nanopolymer
was developed and synthesized through microemulsions utilizing
butyl acrylate (BA), acrylic acid (AA), and styrene in water-based
fluid (WBDF) for use as a shale inhibitor (Xu et al., 2018). The
nanopolymer has a distributed size of 30—135 nm with a narrow
particle size distribution and the median particle size was 62 nm.
The results demonstrated that the shale samples absorbed water
much less in the nanopolymer solution than in deionized water.
The absorption mass reduced from 7.51% to 2.59% at a concentra-
tion of 2.0% of nanopolymer. The key factors that enabled the
nanopolymer to substantially reduce the capillary effect include its
nanoscale size, which acts to increase the contact angle of the shale
samples, and lower the surface tension of the fluids tested (Xu et al.,
2018).

In OBDF, a nanopolymer was developed based on a surface-
modified nanoscale polystyrene (nanopolystyrene) for use as a
plugging agent. The results revealed that after aging, the modified
nanopolystyrene at a concentration of 2% was able to reduce fluid
loss to 3.8 mL (Geng et al., 2021). In comparison to the base fluid
without nanopolystyrene, the filtration loss of the permeability
plugging equipment was reduced by 67%. In a pressure trans-
mission test, the downstream pressure remained constant after
60 h with no discernible change, demonstrating an excellent
plugging action (Geng et al.,, 2021). The mentioned tests confirm
that nanopolymers can be effective with their main applications in
drilling fluids being to enhance rheological properties (Oseh et al.,
2019), control filtration loss (Blkoor et al., 2022), and act as shale
formation stabilizers (Saleh and Ibrahim, 2021).

A novel nanopolymer was developed and named polyethylene-
nanosilica composite modified by sodium dodecyl sulfate to test its
impact of fluid filtration loss and rheological properties (Blkoor
et al., 2022). The nanopolymer has a narrow range of sizes, from
82 to 410 nm, and a specific surface area of 41.4 m?/g. The results
showed that at 25.6 and 121.1 °C, the addition of the nanopolymer
substantially increased the AV of the basic drilling fluid (CDO). The
nanopolymer particles were capable of interacting within the clay
pore structures and impart linkage with bentonite clay, resulting in
increased viscosity (Blkoor et al., 2022). In terms of filtration loss
control, the ability of the nanopolymer to offer efficient pore-
sealing integrity across the drilled formations resulted in a
decrease in the filtration loss volume and filter cake thickness at
both API and HPHT conditions. The ideal nanopolymer concentra-
tion was shown to be 1.5 g. At that concentration it produced a thin,
low-permeability filter cake on the surface of the borehole wall
(Blkoor et al., 2022).

A grafted nanopolymer was developed and obtained from a less
hydrophobic acrylic acid-acrylamide-activated carbon-amyl ester
(less hydrophobic AA-AAm-C-Amyl) and a more hydrophobic
acrylic acid-acrylamide-octadecene-activated carbon-amyl ester
(more hydrophobic AA-AAm-0OD-C-Amyl) as shale inhibitor (Saleh
and Ibrahim, 2021). Fig. 4 presents the results revealing that the
two nanopolymer composites efficiently stabilized the wellbore,
with anti-swelling ratios of 93.7% and 95.2%, and shale recovery
capacities of 95.2% for the more hydrophobic nanopolymer and 97%
for less hydrophobic nanopolymer. The water-soluble acrylic acid
grafted activated carbon (C-g-AA-NH,) efficiently decreased shale
hydration and displayed exceptional inhibitive capabilities to so-
dium bentonite (Na-Bt) clay, which has a similar character to
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smectite components commonly present in shale formations (Saleh
and Ibrahim, 2021).

These results suggest that nanopolymers can be utilized in
drilling fluids as useful additives for enhancing the rheological
properties, control of filtration loss, and for stabilizing shale for-
mations, even at HPHT and salt contamination (Al-Shargabi et al.,
2022a). However, numerous types of nanopolymers are commer-
cially available, their varying quality, processing conditions, and
other factors make it hard to have generally unified techniques for
the manufacture of nanopolymer materials for use in drilling fluids
in accordance with API recommendations and processes. As a
result, a nanopolymer optimization study is necessary. This is
required to assess and determine the financial implications of their
use in drilling fluids (Oseh et al., 2023).

Table 1 describes some recent successful applications of nano-
polymers as drilling-fluid additives. Table 1 shows that polyanionic
cellulose with acrylamide quaternary monomer with grafting to
nano-silica demonstrated impressive performance at temperatures
up to 260 °C (Jia et al.,, 2022). On the other hand, polystyrene-
methyl methacrylate-acrylic acid/clay has a low tolerance to tem-
perature up to 12112 °C. Thus, the type monomers and nano-
particles involved are important when producing desirable
nanopolymer properties (Al-Shargabi et al., 2022a; Rajak et al,,
2022).

3. Synthetic polymers: characterization, manufacturing,
classification, and applications

SPs are materials consisting of long molecular chains (macro-
molecules) and organic compounds derived from the processing of
naturally occurring materials. They can also be synthesized from
petrochemicals (Balaji et al., 2017).

3.1. Characterization of SP

SPs tend to be based on low molecular weight organic com-
pounds (monomers) which form long chains as a result of poly-
merization or polycondensation reactions. The arrangement and
configuration of molecular chains and the type of their bonding
largely determine the mechanical characteristics of polymers
(Balaji et al., 2017).

SPs typically display high elasticity - the ability to resist de-
formations and restore the original shape (Ali Khan et al., 2018). SPs
can be characterized by their chemical composition; molecular
weight; thermal stability; water solution; degree of polymeriza-
tion; degree of crosslinking; tolerance to salinity; and, tolerance to
shear (Balaji et al., 2017). Depending on the chemical composition,
carbochain and heterochain polymers can be distinguished. Carbo-
chain SPs are polymers in which the main chain consists of C atoms.
Heterochain SP are polymers, whose main chain, apart from C
atoms, also includes atoms of Oy, S, P, Ny, Si and other elements
(Balaji et al., 2017).

SPs may dispay a variety of molecular weights until they are
purified. Various approaches used to determine SP molecular
weight result in various averages. The number-average and weight-
average molecular weights are the two most widely referred to. The
molecular weight of the SP directly affects the magnitude of the
intermolecular interaction forces. Therefore, the higher it is, the
more difficult it is to dissolve the SP (Balaji et al., 2017; Ebnesajjad,
2015). The same pattern can be observed in the same SP-homology
series. Fractions with higher molecular weight are less soluble in
the same solvent than fractions with lower molecular weight; a
characteristic that can used to separate the SP into fractions (Balaji
etal., 2017). The capacity of a SP to withstand the effects of heat and
to keep its qualities, such as strength, toughness, and elasticity at a
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Fig. 4. Result of shale inhibition formation tests involving nanopolymers: (a) Anti-sealing ratio. (b) Shale recovery test. Reproduced from Elsevier (Saleh and Ibrahim, 2021).

specific temperature, is known as thermal stability. Ideally, the
temperature affects the solubility of polymers in the usual way: as it
increases, the solubility of polymers tends to improve, since the
flexibility and mobility of macromolecules increases with temper-
ature (Davoodi et al., 2022b). Thermogravimetric analysis is often
used to assess the thermal stability of SP (Davoodi et al., 2019;
Kariman Moghaddam et al., 2022). The SP water solution can be
influenced by the polarity and flexibility of macromolecules
(Zangari, 2017). The polarity of the polymer, depending on its
chemical nature, significantly affects its solubility. The closer the
polarity of the polymer and the liquid, the more likely the polymer
is to be soluble. Polar polymers are most likely to be soluble in polar
solvents, non-polar polymers in non-polar solvents. For example,
non-polar polyvinyl alcohol is soluble in water, medium polar
polystyrene is soluble in xylenes, non-polar polyethylene is soluble
in higher-boiling-point aromatic hydrocarbons (McKeen, 2012).

The flexibility of macromolecules affects their solubility because
the dissolution mechanism consists of the separation of macro-
molecule chains from each other and their diffusion into the sol-
vent. Polymers with flexible macromolecules undergo this process
more easily than polymers with rigid macromolecules (Zangari,
2017). Polymerization is another important characteristic of SP. SP
can also be classified as polymers or copolymers according to the
type of methods used in their synthesis (Balla et al., 2021).

Polymerization consists of combining homogeneous (or het-
erogeneous) monomers with the subsequent formation of a new
high-molecular weight substance - polymer (without releasing any
by-products). Polymerization is a continuous (chain) or step pro-
cess. In copolymerization, two or more heterogeneous unsaturated
monomers are polymerized (Balla et al., 2021). Polycondensation
consists in the formation of a new high-molecular-weight sub-
stance - a polymer - and is accompanied by the release of many by-
products (e.g., H,0). Polycondensation is a stepwise process, where
the intermediate products formed at each stage can be separated
(Douka et al., 2018). The proportion of polymer chains that are
linked in this network, that is the density of the gel component,
controls the amount of crosslinking that takes place. More property
changes arise from higher crosslink densities, which are caused by
more links per length of polymer chain.

The degree of crosslinkage makes the different polymers more
cohesive, increasing the viscosity of the SP. By joining numerous
molecules together, a crosslinking agent substantially increases the
molecular weight of the basic polymer, increasing the molecular
weight of the linear gel (Balla et al., 2021). Water salinity and
divalent ions like calcium and magnesium, which reduce the vis-
cosity of the polymer solution, have an impact on polymer viscosity.
The distance between the polymer chain and the molecules gets
smaller as salinity rises. When salt is added to a polymer solution, a
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double layer of electrolytes forms to protect it against the repelling
forces (Davoodi et al., 2022b). Hence, SPs have a wide range of
characteristics, all of which depend on the structure and crystal-
linity of the polymer (Davoodi et al., 2022b).

3.2. SP manufacturing methods

The industrial synthesis of polymers can be carried out using
different techniques, which are to a large extent responsible for the
formation of a polymer's structure and properties (John et al.,
2019). The molecular weight and molecular weight distribution of
polymers, the ratio of differently structured units in the macro-
molecule and their mutual arrangement may change significantly,
depending on the synthesis process adopted, while the reaction
mechanism remains unchanged (Lin et al., 2021). This affects the
viscosity of polymer solutions and melts, which determines pro-
cessing conditions, which ultimately determines its operational
properties: strength, density, hardness, flexibility, etc. The method
of preparation determines the presence of impurities in the
finished polymer (initiators, stabilisers, inhibitors, viscosifier, etc.),
which, left in the polymer, significantly affect its properties, and the
resistance of the polymer to oxidative, thermal and other influences
to overcome in sub-surface environments (Balla et al., 2021; Fink,
2021). The technical methods of chain polymerization include
gaseous polymerization and polymerization in mass of liquid and
solid monomers, emulsions or suspensions (van Herk, 2013). Step
polymerization is generally carried out in a monomer melt as well
as in solution at the interface between two immiscible solvents and
in the solid phase of the monomer or oligomer (Canfarotta et al.,
2016).

The choice of polymerization method is determined by the
specific requirements of the polymerization product as well as the
nature of the monomer to be polymerized, the initiator used and
the objectives of the polymerization process (John et al., 2019). The
following manufacturing methods are commonly used:

1. Addition Polymerization: This method involves the addition of
monomers to an initiator, which causes a chain reaction that
leads to the formation of a polymer. Examples of addition
polymerization include the polymerization of ethylene to form
polyethylene and the polymerization of styrene to form poly-
styrene (Bergstrom, 2015). This method is applicable when
working with monomers containing double or triple bonds, as it
necessitates the use of heat or an initiator. In addition, the
resulting polymers have the same repeating unit structure as
the original monomers (Jain and Mahto, 2015).

. Condensation Polymerization: In this method, two or more
monomers react together with the elimination of a small
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Table 1
Some applications of nanopolymers as additives in drilling fluids.
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Type of nanopolymers Fluid Work conditions/The properties of the nano- Finding Ref.

type additive

(Polystyrene-methyl methacrylate- acrylic 'WBDF 2.1 MPa, 121.12 °C/Particle size: 1—-2 nm,
acid)/clay density: 300—370 kg/m?, mineral type:
montmorillonite, and specific surface area:

220-270 m?[g

Synthetic polymers plus ZnO NPs/carbon =~ WBDF 3.5 MPa, 204.45 °C/N.G

nanotubes

Polyanionic cellulose with acrylamide WBDF 690 KPa, 200—260 °C/Particle size: 200 nm,
quaternary monomer and grafting to the nanopolymer morphology: micro-
nano-silica (PAC-DDAS-Si0;) spherical.

Hydrophobic polymer-modified nanosilica WBDF 3.44738 MPa, 100 °C/Particle size: 200 nm,
the nanopolymer morphology: spherical and

more dispersed.

Nanopolymer based 2-acrylamide-2- WBDF 3.4 MPa, 150, 160, 170, 180,190, and 200 °C/
methylpropane sulfonic acid, acrylamide, Average diameter: 20 nm, average height:
dimethyl diallyl ammonium chloride and 1 nm.

nano-laponite

Nano-sized poly(styrene-lauryl acrylate) ~ OBDF 690 KPa, 180 °C/Average particle size:
300 nm, morphology: spherical, the median
particle size (Dsp): 541 nm.

At 121.12 °C, the rheology of the composite nano clay/ Mohamadian
NP wa stabilized. Compared to solid-based drilling fluid, et al. (2019)
composite NP decreased fluid losses in American

petroleum institute (API) composite nano clay of NPs by

22%, and losses in polymer-based API decreased fluid

losses by 65%. The introduction of terpolymer chains

between clay nanolayers caused an increase in fluid-

loss parameters. In an aqueous polar environment, clay

NP interact with charged polymer chains, introducing

clay NP into the structure of polymer. This acts to reduce

the mobility of polymer chains, resulting in higher flow
resistance.

At 204.45 °C, rheology stability and minimal filtering  Ali Khan et al.
losses occurred. Fine filtration crusts with low (2018)
permeability and minimum filtering losses were

developed under low pressure/low temperature (LP/LT)
conditions. Given NP are extremely small particles, they
present a high surface area that acts to improve thermal
stability, thermal conductivity and fluidity. This led to

water permeability reducing by 25% and rheology being
enhanced by 14%.

Adding PAC-DDAS-SiO, to the base fluid increased PV Jia et al.
from 4 to 30 MPa-s at 2% copolymer, raising the (2022)
dynamic shear to 14.308 Pa. This is explained by the
molecules of PAC-DDAS-SiO, being created at high
temperatures. It occurs when the dissociative

adsorption of water molecules by amide and sulfonic

acid groups present on the graft copolymer's side chains
increase, and the overall macromolecular side chains of

the copolymer are broken. This leads to a reduction in

the adsorption degree of on clay particles.

Introduction of PAC-DDAS-SiO, (2 wt%) into fluid

system decreased the volume of fluid loss from 20 to

5.4 mL before aging. After aging at 260 °C, the volume of

fluid loss reduced from 38 to 7.2 mL, demonstrating that
PAC-DDAS-Si0; can effectively control fluid loss at high
temperature.

PAM-SiO,NPs-WBDF block the nanopores in the shale, Saleh et al.
preventing water penetration into the clay. As a result, (2022)
the surface of the shale becomes hydrophobic,

protecting it from water damage. PAM-SiO,NPs- WBDF

has demonstrated improved shale-inhibition

performance compared to conventional drilling fluids

and commercial shale inhibitor-based fluids. PAM-
Si0,NPs-WBDF extracted 86.6% of shale dispersion

compared to 27.1%, 49.2%, 73.5% and 74.7% for water,

aqueous Potassium chloride (KCl) solution, standard

WBDF and commercial WBDF shale inhibitor,

respectively. Compared with swelling in water,
PAMSiO,NPs-WBDF reduced the linear swelling of

bentonite by 55%. Rheological analysis of PAM-SiO,NPs-

WBDF revealed reductions in PV, AV, YP, Gel;g sec and

Gel1o min of 30.7%, 38.5%, 32.1%, 31.9% and 44.3%.

This novel nanopolymer provides a high performance in Dong et al.
terms of salt resistance and high thermal stability. This (2022)
nanopolymer during thermal aging at 150 °C, saturated

brine achieved 6.4 mL of fluid loss, whereas bentonite-

based WBDF resulted in 10.4 mL of fluid loss after

thermal aging at 200 °C. The mechanisms involve

colloidal protection of nanopolymers and the colloidal
structure of drilling fluid, which jointly enhance the
aggregation stability of clay particles. This is

advantageous for maintaining the content of fine

particles in the drilling fluid and for forming a dense

filter cake, thereby reducing filtration.

Utilizing styrene and lauryl acrylate through free Du et al.
emulsion polymerization, the nanopolymer (2022)
poly(styrene-lauryl acrylate) rubber nanogels were

obtained as a plugging agent to improve wellbore

stability. the results demonstrated that at 3% the FLAPI

was decreased from 3.6 to 2.8 mL while the FLHTHP was
decreased from 10.2 to 7.8 mL As a resul, it is

reasonable to assume that the nanopolymer had
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Table 1 (continued )

Type of nanopolymers Fluid Work conditions/The properties of the nano- Finding Ref.

type additive

Nanopolymer based styrene, methyl

improved its ability to manage filtration and rheological
properties. The nanospheres have significant promise
for OBDF because they can be used without negatively
affecting the drilling fluid's qualities and can even
enhance its rheological and filtration characteristics,
especially after thermal aging.

OBDF 3.44738 MPa, 364 °C/Average size 108.70 nm, This nanopolymer was obtained as a plugging agent for Yang et al.

methacrylate, butyl acrylate as raw the particle size distribution:43.98—248.80, high temperature deployment up to 364 °C. The results (2022)
materials. morphology: hexagonal prism.

Polymeric nanocomposites based
multiwalled-carbon nanotubes and 15.56—82.3 °C/N.G
graphene-poly(lactic acid)

demonstrated that the nanopolymer at concentration
0.5% was able to reduce filter cake permeability to
6.3 x 107> mD (72.12% of reduction) and the artificial
core permeability was 4.1 x 10~4 mD (88.41% of
reduction). The nanopolymer was able to fill the filter
cake pores under the influence of formation pressure.

OBDF 3.44738 MPa, 148 °C for filtration test and  These two polymeric composites demonstrated Madkour

improved filtration characteristics which were 7 mL for et al. (2016)
graphene-poly(lactic acid) and 8 mL for multiwalled-

carbon nanotubes. Moreover, these polymeric

nanocomposites showed improved thermal stability,

rheology, and mechanical performance.

molecule such as water. Examples of condensation polymeri-
zation include the polymerization of adipic acid and hexame-
thylenediamine to form nylon-6,6 and the polymerization of
terephthalic acid and ethylene glycol to form polyethylene
terephthalate (Hernandez and Reyes-Romero, 2019). The
method is especially applicable when using monomers that
contain functional groups capable of reacting to form dimers
and losing small molecules. Heat is typically required to facili-
tate these reactions. The resulting polymers have a different
repeating unit structure than that of the original monomers
(Zhong et al., 2020a).

. Ring-Opening Polymerization: This method involves the
opening of cyclic monomers to form linear polymers. Examples
of ring-opening polymerization include the polymerization of
lactide to form polylactic acid and the polymerization of
e-caprolactone to form polycaprolactone (Nuyken and Pask,
2013). The method is applicable for producing linear polymers
from cyclic monomers and requires the involvement of an
initiator or catalyst to achieve the polymerization reaction. The
reaction can be performed in the presence or absence of a sol-
vent, depending on the specific monomer and initiator chosen at
moderate temperatures and pressures (Utracki and Wilkie,
2014).

. Emulsion Polymerization: This method involves the dispersion
of monomers in an aqueous solution containing an emulsifying
agent. The monomers are then polymerized to form a latex.
Examples of emulsion polymerization include the polymeriza-
tion of butadiene to form synthetic rubber and the polymeri-
zation of styrene to form latex (Zhong and Pan, 2022). This
method is effective for producing polymers using immiscible
monomers dissolved in water with the aid of a surfactant. An
initiator is required to achieve the polymerization reaction, and
agitation is needed for proper mixing of the monomers and
reactants (Yamak, 2013).

. Suspension Polymerization: This method involves the disper-
sion of monomers in a non-aqueous medium in the presence of
a suspending agent. The monomers are then polymerized to
form particles that are suspended in the medium. Examples of
suspension polymerization include the polymerization of vinyl
chloride to form polyvinyl chloride and the polymerization of
methyl methacrylate to form polymethyl methacrylate
(Jayaweera and Narayana, 2021). This method is particularly
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effective for producing polymer particles with a narrow size

distribution. It is performed by suspending monomer droplets

in a liquid medium, typically water, using a stabilizer to prevent
the droplets from coalescing and forming a single phase (Liu and

Chen, 2014).

6. Radical polymerization is a method of synthesizing polymers
through the initiation of a radical reaction. This method is
particularly used for producing a wide variety of polymers with
different properties using monomers that are able to form free
radicals through the initiation process (Zhong and Pan, 2022).
This method can be carried out in different phases, such as in the
gas phase and in mass (bulk):

a. In gas-phase radical polymerization, the monomer and
initiator are vaporized and introduced into a reactor vessel.
The vapor mixture is then heated to initiate the polymeri-
zation reaction (De Vos et al., 2021). The resulting polymer
forms as a solid powder, which is collected and purified after
the reaction. Gas-phase radical polymerization is often used
to produce polymers with high molecular weight and narrow
polydispersity (Cancelas et al., 2016).

b. Mass radical polymerization, also known as bulk polymeri-
zation, is a method of synthesizing polymers in the absence of
a solvent. The monomer and initiator are mixed together and
heated to initiate the polymerization reaction. The resulting
polymer forms as a solid, which can be collected and purified
after the reaction. Mass radical polymerization is often used
to produce thermoset polymers, which are cross-linked net-
works that are not soluble in any solvents (Fulcrand et al.,
1996).

Subsections 3.2.1—-3.2.4 explain in details the most applicable
manufacturing methods for synthesizing the SPs suitable for dril-
ling fluids. These are suspension polymerization (Chaudhary and
Sharma, 2019), emulsion polymerization (Cummings et al., 2019;
Yamak, 2013), solution free radial polymerization (Edeleva et al.,
2021), and ring opening polymerization (Zhang et al., 2020).

3.2.1. Suspension polymerization

Suspension polymerization is a process in which polymer par-
ticles are formed in a liquid medium, suspended in the form of
droplets, and then polymerized. The process involves the disper-
sion of monomers in a liquid medium containing a stabilizer and an
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initiator, which are agitated to form droplets of monomer. The
initiator then initiates polymerization within the droplets, resulting
in the formation of polymer particles. The polymer particles remain
suspended in the liquid medium and can be collected and used for a
range of applications (Chaudhary and Sharma, 2019).

The main applications of suspension polymerization include:
paints and coatings, plastics, adhesives, biomedical applications,
and SP for drilling fluids (Utracki and Wilkie, 2014). The typical
monomers used in suspension polymerization include styrene, vi-
nyl chloride, and acrylonitrile, among others. The choice of mono-
mer depends on the desired properties of the polymer and the
intended application. The initiators used in suspension polymeri-
zation are typically water-soluble, such as potassium persulfate or
ammonium persulfate, and are activated by a reducing agent, such
as sodium sulfite or sodium metabisulfite. The stabilizers used in
suspension polymerization are usually surfactants or other surface-
active agents, such as polyvinyl alcohol or sodium lauryl sulfate.

The key mechanism of suspension polymerization involves the
formation of small, uniform droplets of monomer in a liquid me-
dium, which are stabilized by surfactants or other stabilizing agents
(Liu and Chen, 2014). The initiators are added to the reaction
mixture and triggers the polymerization of the monomer droplets,
resulting in the formation of small polymer particles. As the reac-
tion proceeds, the particles grow in size and eventually become too
large to be stabilized by the surfactants, leading to agglomeration
and the formation of larger particles. The reaction is typically
terminated by cooling or by the addition of a terminating agent. The
resulting polymer particles are then washed and dried to remove
any residual solvent or other impurities (Liu and Chen, 2014).

Some of the common technical difficulties of suspension poly-
merization include: particle size control, agglomeration and coa-
lescence which can occur if the reaction conditions are not properly
controlled, heat transfer which can cause localized overheating and
affect the particle size and distribution, environment contamina-
tion from impurities or microorganisms, and reactor design
(Jayaweera and Narayana, 2021; Liu and Chen, 2014). The factors
that can influence the performance and properties of the polymer
particles produced by suspension polymerization include:

monomer concentration can affect the rate of polymerization
and the size and distribution of the resulting polymer particles;
stabilizer concentration can affect the size and distribution of
the polymer particles, as well as their stability and ability to
resist agglomeration and coalescence;

agitation rate can affect the size and distribution of the polymer
particles by influencing the mixing of the reactants and the ef-
ficiency of heat transfer;

temperature can affect the rate of polymerization, the size and
distribution of the polymer particles, and the stability of the
reaction mixture; and,

design of the reactor, including its size, shape, and configuration
of mixing and cooling systems, can affect the efficiency and
quality of the suspension polymerization process (Utracki and
Wilkie, 2014).

As an example of suspension polymerization, an oil-absorbent
polymer (OAP) to be used in drilling fluids to mitigate lost circu-
lation was manufactured containing monomers of methyl-
methacrylate (MMA) (6 g), BA and hexadecyl methacrylate (18 g),
cross-linking reagent N,N’-Methylenebis (acrylamide) (0.3 g),
porogen ethyl acetate (5 g), and initiator benzoyl peroxide (0.4 g),
which can easily decompose into benzoyl and oxygen radicals,
which can then initiate the polymerization of monomers (Zhong
et al.,, 2018). Suspension polymerization was utilized in this case
because it is highly economical and more environmentally friendly
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than other forms of polymerization. It can also be used to make
high-molecular-weight polymers in a short time period which is
required to mitigate lost circulation (Zhong et al., 2018). The reac-
tion was carried out in 0.5 L four-necked round-bottom flasks.
These were equipped with and heating devices and mechanical
stirrers. The polymerization process was carried out for 6 h at 80 °C
at a 600-rpm stirring rate. Following the completion of the reaction,
the products were washed multiple times with 100% ethanol, fol-
lowed by numerous washes with hot deionized water (60—70 °C).
The particle size may be adjusted by varying the monomer ratio
and the rate of stirring in the process (Zhong et al., 2018). Fig. 5
displays the possible oil-absorbent polymer chemical reaction
mechanism (OAP), and the (FT-IR) spectrum of suspension
polymerization.

Suspension polymerization was also used to create a novel type
of polymeric rheology modifier (PRM) due its ability to produce
high-quality, uniform polymer particles with a high solids content,
versatility, scalability, low cost, and allowing for precise control
over particle size. These characteristics are important for producing
polymeric rheology modifiers with consistent and predictable
properties (Ma et al., 2018). To do so, methyl styrene, dimethyl
azobis isobutyrate, methyl methacrylate, octadecyl acrylate, and
300 mL tetrahydrofuran were added to a 500 mL four-necked flask
equipped with magnetic stirrers and nitrogen inlets. The mixture
was swirled in nitrogen for 16 h at 80 °C. Following the removal of
the solvent at low pressure, the product was washed several times
with distilled water to remove residual tetrahydrofuran, dried for
24 h in a vacuum oven at 100 °C, pulverized through an 80100 grit
sieve, and the PRM is recovered as a white-colored powder (Ma
et al., 2018).

Suspension polymerization is the preferred technique for pro-
ducing polymeric rheology modifiers for drilling fluids because it
allows for precise control over particle size and yields high quan-
tities of the product. It is also a relatively low-cost and solvent-free
process, making it suitable for industrial-scale production
(Chaudhary and Sharma, 2019).

3.2.2. Emulsion polymerization

Emulsion polymerization is a type of free radical polymerization
that takes place in an aqueous medium. In this process, monomers
are dispersed in water, along with a surfactant and a water-soluble
initiator. The surfactant helps to stabilize the monomer droplets in
water and prevent them from coalescing, while the initiator gen-
erates free radicals that initiate polymerization (Zhong and Pan,
2022). Emulsion polymerization is a radical process, involving the
generation of free radicals, which are highly reactive species with
an unpaired electron. These free radicals are generated through the
use of initiators, which are typically water-soluble peroxides, such
as potassium persulfate or ammonium persulfate, so it requires the
use of real initiators, which are sources of radicals. The essential
components required for emulsion polymerization include:

1. Monomer: The monomer is the starting material for the poly-
merization reaction. It should be water-insoluble, or only
slightly soluble, to form an emulsion with the aqueous medium.
Common monomers used in emulsion polymerization include
styrene, butadiene, and methyl methacrylate.

2. Emulsifier: The emulsifier is a surfactant that is used to stabilize
the emulsion and prevent the coalescence of the monomer
droplets. It adsorbs onto the surface of the monomer droplets,
creating a protective layer that prevents them from coming into
contact with each other. Common emulsifiers used in emulsion
polymerization include sodium lauryl sulfate and polyvinyl
alcohol.
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Fig. 5. (a) An oil-absorbent polymer (OAP) chemical reaction mechanism. (b) (FT-IR) spectrum of suspension polymerization. Modified after (Zhong et al., 2018).

. Initiator: The initiator is a molecule that initiates the poly-
merization reaction by forming free radicals. It should be water-
soluble, or only slightly soluble, to be able to initiate polymeri-
zation in the aqueous medium. Common initiators used in
emulsion polymerization include ammonium persulfate and
potassium persulfate.

. Water: Water is the solvent and the dispersion medium for
emulsion polymerization. It is used to dissolve the initiator and
emulsifier and to maintain the emulsion stability.

In addition to these components, other additives such as co-
monomers, cross-linkers, and chain transfer agents may be added
to control certain polymer properties such as molecular weight,
degree of branching, and morphology (Cummings et al., 2019;
Yamak, 2013).

The mechanism of emulsion polymerization involves three
distinct steps. 1) the monomer is dispersed in the aqueous medium,
forming droplets that are stabilized by the surfactant or emulsifying
agent. The surfactant molecules form a layer around the droplets,
which prevents them from coalescing. 2) The initiator is added to
the system. The initiator may be water-soluble or oil-soluble,
depending on the type of monomer and surfactant used. When
the initiator is activated, it generates free radicals or other reactive
species that initiate polymerization within the micelles. As poly-
merization proceeds, the monomer droplets are consumed and the
polymer particles grow in size. The surfactant or emulsifying agent
continues to stabilize the particles, preventing them from coa-
lescing or aggregating. 3) Once the polymerization process is
complete, the resulting polymer particles can be isolated and used
for a range of applications.

The mechanism of emulsion polymerization can vary depending
on the specific type of monomer and surfactant used, as well as the
conditions of the reaction. However, the basic principle of forming
micelles around monomer droplets to stabilize them and initiate
polymerization is common to all emulsion polymerization pro-
cesses (Cummings et al., 2019; Yamak, 2013).

As an example of the emulsion polymerization, Davoodi et al.
(2019) synthesized a synthetic copolymer based on acrylamide
styrene monomers using inverse emulsion polymerization due to
its water-based system, ability to produce polymer particles with a
narrow size distribution, provide control over polymer
morphology, versatility, and low energy consumption. Firstly, the
hydrophobic monomer, styrene, was dissolved in an organic sol-
vent to control the polymerization reaction by regulating the sol-
ubility of the monomers and the growing polymer chains, whereas
acrylamide, the hydrophilic monomer, was dissolved in distilled
water. Next, the polymer reaction was carried out in a three-necked
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flask that was equipped with a mechanical stirrer, thermometer, a
nitrogen inlet (Davoodi et al.,, 2019). One advantage of using
aqueous emulsion polymerization for hydrophilic monomers is that
no organic solvents are needed, which can reduce costs and mini-
mize environmental concerns. However, the use of an organic
solvent may still be necessary in certain cases to improve the sol-
ubility of the monomer or to provide additional control over the
reaction (Zhong and Pan, 2022).

As a filtrate-loss-control agent, f-cyclodextrin polymer (3-CDP)
microspheres were synthesized by mixing 12 g-CD in 20 mL solu-
tion sodium hydroxide aqueous through inverse emulsion poly-
merization (Zhong et al., 2020b). The use of sodium hydroxide in
inverse emulsion polymerization can provide several benefits,
including improved initiator activation, pH control, and monomer
solubility. These factors can help to ensure the formation of high-
quality polymer particles with desirable properties for various ap-
plications. After 20 min, 14.8 g of EPI was gently introduced into the
solution and stirred for 1.5 h at a 60-rpm stirring rate at 30 °C. The
dispersing phase was then produced. The continuous phase was
made by magnetically swirling 0.5 g of Tween and 1.5 g of Span 80
into 80 g of kerosene. Vigorously agitating at 1000 rpm for 20 min,
the dispersing phase was then mixed with the continuous phase
solution to generate an inverse emulsion. The resulting mixture of
the dispersing and continuous phase solution was then placed in a
four-necked round flask (250 mL) fitted with a mechanical stirrer
and a water bath. The temperature was raised to 70 °C and held
there for 6 h. The speed of stirring was increased further to a stir-
ring speed of 2000 rpm to improve the mixing and dispersion of the
B-CDP in the water and facilitate the formation of smaller and more
uniform microspheres. Following the reaction, the mixture was
centrifuged and washed with diluted hydrochloric acid solution
(10 wt%), absolute ethanol, deionized water, and acetone in that
order. The subsequent washing steps were performed to remove
any residual impurities and solvents that could affect the final
properties of the microspheres. Finally, the B-CDP microspheres
were produced after 24 h of drying in a vacuum oven at 60 °C to
allow for the complete removal of any remaining moisture and
solvents, resulting in the production of dry B-CDP microspheres
(Fig. 6) (Zhong et al., 2020b).

3.2.3. Solution free radial polymerization

Radical polymerization is a process of polymer formation
applying the free-radical mechanism with sequential attachment of
monomer molecules to the growing macroradical. Radical poly-
merization is possible for most vinyl, vinylidene, diene monomers,
as well as for some dense cyclic compounds. Some unsaturated
monomers are unable to polymerize by the radical mechanism due
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Fig. 6. FT-IR spectrum of epichlorohydrin (EPI), 3-CD (B-cyclodextrin) and B-CDP (B-
cyclodextrin polymer) microsphere. Reproduced from (Zhong et al., 2020b).

to steric difficulties (e.g., 1,2-disubstituted vinyl monomers) or
because of degenerate chain transfer, for example propylene, allyl
monomers (Edeleva et al., 2021). The mechanism of free radical
polymerization involves several steps:

1. Initiation: This step involves the formation of free radicals that
will initiate the polymerization process. This can be achieved by
various methods such as thermal decomposition, photochem-
ical or redox reactions. For example, a common initiator for free
radical polymerization is benzoyl peroxide, which is thermally
decomposed to form benzoyl radicals.

2. Propagation: This step involves the addition of monomers to
the active center of the free radical, resulting in the growth of
the polymer chain. The addition of monomers leads to the for-
mation of a new radical at the end of the growing polymer chain.

. Termination: This step halts the polymerization process, where
the free radicals are either consumed by chain termination re-
actions or by combining with another free radical. This results in
the formation of a polymer with a defined molecular weight and
distribution (Krzysztof and Thomas, 2002).

Several factors can affect free radical polymerization including:

Temperature. The rate of polymerization increases with an in-
crease in temperature, but high temperatures can also lead to
side reactions such as chain transfer and chain termination.

o Monomer concentration. Higher monomer concentrations can
lead to faster polymerization rates, but can also result in a higher
degree of branching and crosslinking.

o Initiator concentration. The rate of polymerization is propor-
tional to the concentration of initiator used. Fourthly, the

e Presence of impurities. Certain impurities in the reaction
mixture can inhibit or interfere with the polymerization
process.

e Solvent effects. The choice of solvent can affect the rate of

polymerization, as well as the molecular weight and distribu-

tion of the resulting polymer.
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Overall, free radical polymerization is a versatile and popular
method for synthesizing polymers with a wide range of properties
(Edeleva et al., 2021; Krzysztof and Thomas, 2002). Many SP for use
in drilling fluids have been created by solution free radial poly-
merization such as the novel graft copolymer (Lei et al., 2021b),
viscosifier (SDKP) (Xie et al., 2018), and PAAN-G (A polymer/gra-
phene oxide (GO) composite) (Ma et al, 2021a). Solution free
radical polymerization is extensively used for synthesizing SPs used
in drilling fluids. This technique involves polymerizing monomers
in the absence of solvents or dispersants, and using thermal or
chemical initiators to generate free radicals that initiate polymeri-
zation. This method can be used to synthesize a wide range of
polymers, including copolymers, copolymers, and graft co-
polymers, which can be tailored to provide specific properties such
as rheology control, thermal stability, and fluid loss control in
drilling fluids. Overall, solution free radical polymerization is a
versatile and widely used method for synthesizing SPs for use in
drilling fluids (Edeleva et al., 2021; Lei et al., 2021b).

For instance, a low-molecular-weight quadripolymer to act as a
viscosifier additive was synthesized by solution free radial poly-
merization. AA plus 2-acryl-amido-2-methyl-1-propane sulfonic
acid (AMPS) plus methyl acrylate plus dimethyl diallyl ammonium
chloride were used to produce the quadripolymer in a 500 mL glass
reactor equipped with a teflon stirrer, thermometer, condenser, and
nitrogen inlet (Huang et al., 2015). The four monomers used in the
synthesis of low-molecular-weight quadripolymers can be chosen
based on their desired properties, such as their reactivity, solubility,
and compatibility with the other monomers. During the polymer-
ization reaction, the monomers react with each other to form a
copolymer with a specific molecular weight and composition. The
properties of the resulting quadripolymer can be tuned by adjust-
ing the reaction conditions, such as the temperature, initiator
concentration, and monomer feed ratios (Huang et al., 2015).

3.2.4. Ring opening (RO) polymerization

RO is a type of polymerization reaction that involves the open-
ing of cyclic monomers through the use of an initiator or catalyst.
RO can be divided into two types: cationic RO and anionic RO.

e Catonic RO. In cationic RO, a Lewis acid catalyst is used to
initiate the opening of the cyclic monomer. The monomer is
typically an epoxide, such as ethylene oxide or propylene oxide.
The cationic RO reaction proceeds by the coordination of the
catalyst with the epoxide, which results in the activation of the
epoxide ring. The activated epoxide then reacts with a nucleo-
phile, such as a water molecule or an alcohol, leading to the
formation of a polymer chain.

e Anionic RO, in anionic RO, a nucleophilic initiator, such as an
organolithium compound or an alkoxide, is used to initiate the
opening of the cyclic monomer. The monomer is typically a
lactone, such as e-caprolactone or lactide. The anionic RO reac-
tion proceeds by the coordination of the initiator with the
lactone, which results in the activation of the lactone ring. The
activated lactone then reacts with a nucleophile, such as the
initiator or a chain-terminating agent, leading to the formation
of a polymer chain (Takasu and Hayashi, 2015; Zhang et al.,
2020).

The essential components required for RO include:

1. Monomer. The cyclic monomer is the starting material for the
polymerization reaction. Examples of cyclic monomers used in
RO include lactones, lactams, and cyclic carbonates.

. Initiator/Catalyst, The initiator or catalyst is used to initiate the
RO reaction. Initiators such as alcohols or amines can be used in
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the absence of a catalyst for certain RO reactions. Catalysts can
be divided into two categories: metal-based catalysts and
organic-based catalysts. Examples of metal-based catalysts
include titanium and zinc compounds, while examples of
organic-based catalysts include organocatalysts and enzymes.

. Solvent: The solvent is used to dissolve the monomer and the
initiator/catalyst, and to control the reaction rate. Common
solvents used in RO include toluene, tetrahydrofuran, and
dimethylformamide.

In the RO mechanism, the cyclic monomer is opened by the
initiator or catalyst, leading to the formation of an activated
monomer. The activated monomer then reacts with additional
monomer molecules, leading to chain growth and the formation of
a polymer. Factors affecting RO include the rate and selectivity of RO
can be influenced by several factors, including the type of mono-
mer, the initiator or catalyst, the solvent, temperature, and pressure
(Nuyken and Pask, 2013; Takasu and Hayashi, 2015). Some technical
difficulties are associated with the RO process:

1. Control of molecular weight and polydispersity/Controlling the
molecular weight and polydispersity of the polymer can be
challenging due to the complex nature of the RO reaction.

. Catalyst poisoning. Catalyst poisoning can occur due to the
presence of impurities in the monomer or solvent, which can
result in the deactivation of the catalyst.

. Side reactions. Side reactions such as chain transfer, termina-
tion, and backbiting can occur during RO, leading to undesired
polymer properties.

. Stereoselectivity. Some RO reactions can exhibit stereo-
selectivity, leading to the formation of specific isomers or en-
antiomers. However, achieving high stereoselectivity can be
challenging due to the complex nature of the reaction (He et al.,
2021).

For drilling fluid applications, RO polymerization is used to
synthesize polymers for filtration control, viscosification, and/or as
inhibition additives; for example, polyethyleneimine (PEI) (Guan-
cheng et al., 2016). Two SP, branched Polyethyleneimine (BPEI) and
hexamethylenediamine, were synthesized by RO polymerization
for use as an inhibition additive. They achieved inhibition efficiency
of 65% due to the substantial number of primary amine groups. This
leads to a reduction in amine group adsorption on bentonite,
enabling it to adsorb more water (Xie et al., 2017). Additionally, the
amine groups present in BPEI and hexamethylenediamine are
highly reactive and can form strong bonds with clay particles,
further enhancing the inhibition efficiency of these polymers. The
use of these polymers as inhibition additives can also help to reduce
the adsorption of other additives onto clay particles, improving the
overall performance of the drilling fluid. Inhibition additives syn-
thesized through RO can be effective in reducing water adsorption
and improving the performance of drilling fluids by forming a
protective layer around clay particles and reducing their interaction
with water. The high molecular weight of the polymers synthesized
through RO allows them to effectively adsorb onto clay particles,
forming a stable and protective layer that inhibits clay swelling and
improves the stability of the drilling fluid (Xie et al., 2017).

For instance, the SP called SNF-FLOERGER has been used to
synthesize three polymers (copolymers P1, P2 and P3) using the RO
method (Ahmad et al,, 2018). P1 is a copolymer of AMPS and
acrylamide containing 10% degree of hydrolysis (DOH). P2 is a 25%
DOH copolymer of 2-acrylamido-2-methylpropane sulfonic acid
and acrylamide. P3 is a copolymer of acrylamide and AA containing
15% DOH (degree of hydrolysis) (Ahmad et al., 2018). The first phase
of the experimental procedure involves the preparation of polymer
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solutions using a magnetic stirrer. The stirring helps to dissolve the
polymer into the water, creating a homogeneous solution. The
concentration of the polymer in the solution is 0.25 wt%, which
means that there are 0.25 g of polymer for every 100 g of solution.
After stirring for 3 h, the solution is left undisturbed for the next 3 h
to allow for complete hydration of the polymers for surrounding
and interacting with the polymer chains, resulting in the formation
of a gel-like structure. The time given for hydration is important as
it allows the polymer chains to fully absorb water and swell, which
is necessary for the polymer to perform its intended function in the
bentonite (BT)/polymer dispersions. In the second phase,
bentonite/polymer dispersions are prepared by dispersing 5 wt%
bentonite in deionized water using a mechanical stirrer. The stir-
ring helps to disperse the bentonite particles throughout the water,
creating a homogeneous suspension. The concentration of
bentonite in the dispersion is 5 wt%, which means that there are 5 g
of bentonite for every 100 g of water. The 0.25 wt% polymer solu-
tions prepared in the first phase are then mixed with the bentonite
dispersions to prepare three bentonite/polymer dispersions: BT/P1,
BT/P2, and BT/P3. The stirring is applied for 30 min to ensure
complete homogenization of the bentonite with the polymer for
creating a uniform mixture of the bentonite and polymer. This is
important for obtaining consistent and reproducible results in the
rheological experiments. Finally, after homogenization, the dis-
persions are left undisturbed for 24 h before starting rheological
experiments. This time is given to allow the bentonite/polymer
dispersions to stabilize and reach equilibrium (Ahmad et al., 2018).
Incorporating high molecular weight polymer into the drilling fluid
under investigation, improved thermal stability, enhanced
rheology, and superior filtration properties were observed. How-
ever, the study also highlighted a significant concern regarding the
presence of a high proportion of electrolyte, as this has an adverse
effect on both the rheology and filtration characteristics (Ahmad
et al., 2018).

Graft copolymerization is often used to create SPs suitable for
drilling fluids (Abdollahi et al., 2018). Graft copolymerization is a
process in which one or more monomers are polymerized onto an
existing polymer backbone, resulting in a hybrid copolymer. This
technique is commonly used to modify the properties of the orig-
inal polymer by introducing new functional groups or enhancing its
molecular weight. The mechanism of graft copolymerization typi-
cally involves the following steps:

1. Initiation. The reaction is initiated by a suitable initiator, which
generates free radicals that can react with the monomer.

2. Adsorption. The monomer is adsorbed onto the surface of the
polymer backbone, usually through physical adsorption or
chemical bonding.

3. Polymerization. The monomer is polymerized onto the polymer
backbone, forming a graft copolymer.

Factors that can affect the success of graft copolymerization
include the type and concentration of the initiator, the nature of the
monomer and polymer backbone, reaction temperature and time,
and the presence of any additives or impurities (Thakur, 2018). In
the context of drilling fluids, graft copolymerization can be used to
improve the properties of the fluid, such as its rheological proper-
ties and stability. However, there are several technical difficulties
associated with this technique. For example, it can be challenging
to achieve a high degree of grafting without compromising the
stability or performance of the drilling fluid. Additionally, the
presence of impurities or contaminants in the drilling fluid can
interfere with the grafting process, leading to lower yields and
reduced performance (Abdollahi et al., 2018; Jain et al., 2017).

As an example, graft copolymerization was used to synthesize
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lignosulfonate plus acrylamide graft copolymers (LS-g-PAAm)
(Abdollahi et al., 2018). They selected acrylamide concentration and
initiator type as variables for their experiment. They prepared a
solution of lignosulfonate, CaCly, and distilled water, then added a
specific amount of acrylamide dissolved in water to the reaction
mixture. Nitrogen gas was bubbled into the solution for 30 min
while stirring, followed by the addition of a specific amount of
H,0,, which was purged with nitrogen gas for an additional 10 min.
The reaction mixture was sealed in a flask, immersed in a water
bath at 30 °C, and left to react for 48 h. To stop the reaction, a hy-
droquinone aqueous solution (1 wt%) was added as an inhibitor.
The mixture was diluted with water and slowly added to acetone
with an excess amount (about five times relative to the aqueous
solution) under stirring to precipitate the graft polymer, as well as
any potential free homopolymers. The precipitate was separated
from the solution, dissolved in water, and precipitated again in
excess acetone. The purified solid product was then dried under
vacuum at 60 °C for 24 h (Abdollahi et al., 2018).

Semi-continuous polymerization is another method that can be
used to synthesize SP for drilling fluids (Lei et al., 2021a). Semi-
continuous polymerization is a process that involves the contin-
uous addition of monomers and initiators into a reaction vessel. The
mechanism of semi-continuous polymerization involves the initi-
ation, propagation, and termination steps. In the initiation step, a
free radical initiator is added to the reaction vessel to start the re-
action. Then, monomers are added continuously to the reaction
vessel to undergo polymerization through the propagation step.
The reaction is terminated by adding a termination agent, which
stops the polymerization process. Several factors can influence the
semi-continuous polymerization process, including the concen-
tration of monomers, initiators, and termination agents, the tem-
perature, and the stirring rate. The monomer concentration can
affect the molecular weight and the properties of the resulting
polymer. The initiator concentration can impact the rate of poly-
merization and the size of the polymer particles. The temperature
can affect the reaction rate and the molecular weight of the poly-
mer, while the stirring rate can influence the size and distribution
of the polymer particles (Jonsson et al., 2007; Xu et al., 20133, b).
Some technical difficulties that can arise during semi-continuous
polymerization for drilling fluids include controlling the reaction
conditions, achieving a uniform distribution of the polymer parti-
cles, and minimizing the formation of by-products. These chal-
lenges can affect the quality and performance of the resulting
polymer, which is crucial for the effectiveness of the drilling fluid
(Jonsson et al., 2007; Xu et al., 2013a, b).

As an example, the semi-continuous polymerization was used to
synthesize self-crosslinking soap-free latexes (PMS) (Lei et al,
2021a). The process involved adding MMA and styrene mono-
mers into a water solution containing NaHCOs3 and 3-
aminopropiltrimetoksisilan (APMS) under intensive stirring. The
resulting mixture was then transferred into a 250 mL four-necked
round-bottomed flask and stirred under N, atmosphere at
340 rpm for 20 min. The temperature was then raised to 75 °C, and
a quarter of ammonium persulfate (APS) solution was added to
initiate the polymerization. After 30 min, a hydrophobic monomer
mixture consisting of MMA and styrene and a water solution con-
taining the remaining APS, AMPS, and variable amounts of N-
(hydroxymethyl)acrylamide were added simultaneously at con-
stant rates over a period of 3—3.5 h. The reaction was allowed to
proceed for an additional 2 h at 85 °C to consume the residual
monomers. The resulting latexes were cooled, filtered, and purified
to obtain self-crosslinking soap-free PMS latexes with different N-
(hydroxymethyl)acrylamide contents (1, 3, 5, and 7 wt%). The PMS
latexes were designated as PMS-N1, PMS-N3, PMS-N5, and PMS-N7,
respectively. Technical difficulties in this process may include
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controlling the addition rate of monomers and maintaining a
consistent temperature and N, flow rate throughout the reaction
(Lei et al., 2021a). The use of self-crosslinking latexes had a positive
impact on the rheological and microporous filtration properties of
the drilling fluid that was based on bentonite. These latexes had
stronger interparticle interactions, which resulted in better
viscosity-increasing effects after thermal treatment and stronger
ability to reduce fluid loss at high temperatures. The microporous
plugging mechanism was found to involve both heat deformation
and self-crosslinking film formation, in addition to physical
bridging and filling (Lei et al., 2021a).

Table 2 describes the main manufacturing methods used to
synthesize polymers and their advantages and disadvantages.
Table 2 describes each method together with its advantages and
disadvantages, and the choice of method depends on the specific
properties desired for the polymer and the intended application.
The most preferable manufacturing method for SPs in drilling fluids
depends on the specific type of polymer and the desired properties
of the drilling fluid. The most common manufacturing methods
include solution polymerization, emulsion polymerization, sus-
pension polymerization, and inverse emulsion polymerization. The
solution method is often used for producing high molecular weight
polymers. Emulsion polymerization method is commonly used for
producing latexes and other types of polymers that have low mo-
lecular weight and are water-soluble. Suspension polymerization
method is used for producing polymers that are insoluble in water.
Inverse emulsion method is used for producing polymers that are
soluble in organic solvents but insoluble in water (Bergstrom, 2015;
John et al., 2019). Graft copolymerization is sometimes preferred to
produce SP suitable for drilling-fluid applications because it allows
for the creation of a polymer that has both a backbone and pendant
chains. This unique structure provides the polymer with enhanced
performance characteristics, such as improved rheological proper-
ties, filtration control, and stability at high temperatures and
pressures (Thakur, 2018).

The choice of polymerization method for drilling fluids also
depends on factors such as the desired molecular weight, poly-
dispersity, and particle size distribution of the polymer, as well as
the cost and availability of raw materials. Other factors that may
influence the choice of polymerization method include the stability
of the polymer in harsh drilling conditions, its resistance to
degradation by high temperature and pressure, high salinity and its
compatibility with other drilling fluid components (Balla et al.,
2021; Fink, 2021).

4. Synthetic polymer contributions to drilling fluids
4.1. Types of SP used in drilling fluids

4.1.1. SP in water-based fluid

SPs are widely used in the drilling industry, and they make
significant contributions to different types of drilling fluids (Balaga
and Kulkarni, 2022). Ideally, A WBDF that uses SPs typically in-
cludes several components: (i) either a single SP or multiple SPs, (ii)
API-grade bentonite, (iii) weighting agents like barite, calcium
carbonate, ilmenite, or hematite, (iv) loss circulation agents such as
micronized cellulose, bagasse, or mica flakes, (v) lubricants such as
PHPA, beads, graphite, poly-a-olefin, or crude tall oil, (vi) hole
stabilizers like PHPA, sodium silicate, or polyalkylene-glycols, (vii)
corrosion inhibitors like amides, imidazolines, polyoxylated
amines, zinc carbonate, or ammonium bisulfite, (viii) salts
including sodium chloride or potassium chloride, (ix) deflocculants
such as lignosulfonate, sodium acid pyrophosphate, or quebracho,
(x) pH control agents like magnesium oxide, caustic soda, caustic
potash, soda ash, or sodium bicarbonate, and (xi) surfactants such
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Table 2
Main manufacturing methods for synthesizing polymers and their advantages and disadvantages.
Method Chemical definition Advantages Disadvantages Ref.
Suspension The monomer is dispersed in water in the Efficient heat dissipation from the reaction The main problem is the need to keep the Jayaweera
polymerization  form of fine droplets. The monomer must be system. Control of kinetic chain length system in a dispersed state. and
water-soluble. (limiting the molecular weight distribution). The need for slurry stabilizers. The need for Narayana
Ease of separation from water. Easy solvent regeneration and wastewater (2021)
processing of the finished product. treatment. The need to remove stabilizer
residues from the polymer.
Emulsion The monomer is dispersed in the aqueous High polymerization rate. Low viscosity The need to use additional substances Zhong and
polymerization  phase as a homogeneous emulsion. variation. Easy control of heat transfer. Use (surfactants, emulsifiers). Pan (2022)

Solution free radial
polymerization

Radical
polymerization
in the gas phase

Radical
polymerization
in mass

Ring opening (RO)
polymerization

Addition
Polymerization

Condensation
Polymerization

Semi-continuous
polymerization

Graft
copolymerization

The monomer, initiator and chain transfer
agent are dissolved in an inert solvent.

Used if the monomer is characterized by a
low critical boiling point.

The monomer is a liquid. The initiator and
chain transfer agent are dissolved in the
monomer.

It is a chain process consisting of the
initiation, growth, and chain limitation
stages. In most cases, it is characterized by
signs of "live" ionic processes leading to
linear molecular-weight growth of polymers
with increasing monomer conversion to
form blocks of copolymer when an "alien”
monomer is added to the reaction mixture at
limiting conversions.

It is a type of polymerization reaction where
monomers are added together to form a
polymer. In this process, the double bonds in
the monomers are broken and replaced with
single bonds, forming a long chain polymer.
Addition polymerization can be initiated by
heat, light, or a chemical initiator.

It is a type of polymerization reaction where
monomers join together by forming
covalent bonds and releasing small
molecules. In this process, two or more
different monomers react with each other to
form a polymer with a repeating unit that
contains atoms from both monomers.

of water as solvent. Possibility to produce
high molecular weight compounds
displaying a narrow molecular-weight
distribution. Possibility to adjust the
molecular weight by the ratio monomer/
surfactant/water. Possibility to use obtained
emulsions of polymers for production of
components applying a wetting method.
Process takes place with simultaneous heat
dissipation. Possibility to vary the monomer
concentration in the solution. Possibility to
vary the temperature across a wide range.
Possibility to produce highly viscous
polymers. Ability to produce oligomers with
reactive end groups.

Possibility to produce varnishes and
concentrated polymer solutions.

No need to use solvents. Photo and radio
initiation can be effectively applied.

Minimum number of components. No
polymer extraction step from the reaction
medium.

Allows polymers to be obtained with a high
degree of purity. The only way to produce
optical organic glass. Minimal
environmental contamination.

Because of the low melt viscosity of the
cyclic oligomers, reactive injection molding
is preferred over prefabricated high-
molecular-weight polymers (cyclomers).

High yield simple reaction conditions. Can
produce polymers with high molecular
weight and narrow polydispersity. Allows
for the incorporation of functional groups in
the polymer chain

Versatile method that can be used to
produce a wide range of polymers. Can
produce high-quality polymers with a
narrow molecular weight distribution. Can
produce polymers with desirable properties
such as thermal stability and
biocompatibility.

This process is often used for the synthesis of Better control over particle size and

polymer particles or latexes with specific
size, shape, and composition, and is
commonly employed in the production of
polymer dispersions for various applications
such as coatings, adhesives, and paints.

It is a type of polymerization reaction where
one or more monomers are polymerized in
the presence of an already formed polymer
backbone. The result is a copolymer with
branches of one or more monomers attached
to the main polymer chain. This type of
copolymerization can be achieved through a
variety of methods, including radiation-
induced grafting, chemical grafting, and
surface-initiated polymerization.

morphology. Improved product quality.
Increased production efficiency.

The main advantage of this method of
making grafted copolymers is that the side
chains can be made from off-the-shelf
polymers with the desired properties.

Treatment of large quantities of wastewater.
A coagulant is needed to separate the
polymer from the emulsion.

The need for solvent separation and drying De Vos
of the polymer. The need for solvent et al.
regeneration. Significant energy costs. There (2021)
is a finite probability of chain transfer to the
solvent, making it difficult to obtain very

high molecular weight products.

The need for high pressure; Very poor heat Cancelas

dissipation; Change of polymerization et al.
kinetics when a solid phase appears. (2016)
Difficulty in dissipating heat when the Fulcrand
degree of conversion is deep. etal.
(1996)

Thermal fluctuations result in a wide
molecular weight distribution.

Local temperature fluctuations can lead to
degradation. Local evaporation of
monomers and formation of defects (shells).

The process is determined by monomer Nuyken
concentration and conversion, and initiator and Pask
concentration (as in "live" ionic (2013)
polymerization).

Limited to certain monomers. Can produce Bergstrom
low-quality polymers with impurities. Can (2015)
require the use of toxic initiators.

Can be a complex and lengthy process. Hernandez

Requires the removal of the small molecule and Reyes-

by-product, which can be challenging. Romero
(2019)

Complexity of the process. Limited scope of (Jonsson

applications. Risk of contamination. etal., 2007;
Xu et al,,
2013a, b)

The disadvantages are low condensation (Abdollahi
rate and small yields of graft copolymers due et al., 2018;
to difficulties in performing the reaction Jain et al,,
until the complete transformation of the 2017)
reagents
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as fatty alcohol ether sulfate or alkyl ether sulfate (Fink, 2021).

SPs in WBDF are mainly used as viscosifiers to increase the
viscosity and carrying capacity of the fluid (Huang et al., 2015). In
addition to viscosity, SP can also provide filtration control, which is
essential for preventing the loss of drilling fluids into the formation
(Davoodi et al., 2022b; Dias et al., 2015). This is achieved by forming
a thin, impermeable filter cake on the walls of the borehole and can
also be formulated to provide shale inhibition, which is important
in formations that are prone to swelling or disintegration
(Imohiosen and Akintola, 2021). The SPs can coat the shale particles
and prevent them from absorbing water, which can cause the for-
mation to swell or break apart (Jain and Mahto, 2015). For instance,
a zwitterionic copolymer through free-radical polymerization us-
ing acrylamide (AM), AMPS, diallyl dimethyl ammonium chloride
(DMDAAC), and the betaine-type monomer vinyl-phenyl sulfonate
(VPS), which they synthesized by mixing 1,3 propane sultone and
1-vinyl imidazole (MWyy: 5.8-10° Da, MWy: 2.56-10° Da, and PDI:
2.27). The composition of the fluid consists of 4.0 wt% of bentonite
for controlling rheology, 0.24 wt% of sodium carbonate as a calcium
ion inhibitor, and 1.5 wt% of a mixture containing the novel
copolymer for controlling fluid loss.

VPS, the primary constituent of the copolymer, contains an ar-
omatic heterocyclic imidazole ring linked with propyl-sulfonic acid
and hydrophobic vinyl end groups. The sulfonic acid group provides
hydrolytic stability in high salt contamination, while the cationic
quaternary ammonium group improves the stability of bentonite-
based fluid by being absorbed on negatively charged bentonite
surfaces at high temperature, thus preventing coalescence and
enhancing hydration dispersion of clay particles. The copolymer
also has multiple adsorptions points that aid in forming a net-
worked structure and controlling filtration loss and salt tolerance.
The copolymer's effectiveness in controlling rheology and filtration
loss was evaluated under high-temperature and high-salinity
conditions using freshwater, saturated brine, and composite
brine-based fluid. The copolymer was observed to maintain stable
rheology up to 200 °C and control filtration loss more effectively
than other common commercial filtration control additives (Ma
et al.,, 2017).

SPs for WBDF are expected to have specific traits such as solu-
bility in water, the ability to withstand high pressure and high-
temperature conditions without degrading, ease of thickening,
rheology modification, controlling fluid loss, and resistance to salt,
and reactive shale. These traits can be found in a single copolymer
or a blend of several polymers/copolymers (Davoodi et al., 2022b).

A new WBDF system called high-performance water-based fluid
(HPWBF) that aims to improve drilling performance compared to
conventional WBDF and emulsion-based fluid systems. The HPWBF
has been field tested on difficult onshore, deepwater, and conti-
nental shelf wells that would typically require the use of OBDF or
SBDFs (Dye et al., 2006). The HPWBEF utilizes an innovative tech-
nique that involves both mechanical and chemical methods to
create a selective membrane. A micronized and flexible sealing
polymer is used to mechanically connect shale pore throats and
microfractures. This polymer maintains a stable size distribution
even when exposed to high salt concentrations. Its flexible nature
allows it to mold itself to the shape of fractures, improving its
ability to plug gaps. Additionally, the use of SP PHPA polymer helps
to prevent the disintegration of cuttings when they are circulated
from the annulus. These anionic molecules attach to positive sites
on the cuttings and form a protective layer around them, mini-
mizing disintegration and making them easier to remove through
the solids control equipment available at the drilling rig (Dye et al.,
2006).
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4.1.2. SP in oil-based fluid

In OBDF, SPs are used for a variety of functions, including vis-
cosity control, filtration control, and shale inhibition (Apaleke et al.,
2012; Li et al., 2016¢). The formulation and composition of OBDF
can vary depending on the specific drilling conditions and re-
quirements, However some general characteristics are:

¢ Base 0il such as diesel oil, mineral oil, synthetic paraffin (min-
eral oil), and low aromatic mineral oil.

o Weighting Agents which include barite, calcium carbonate, and
hematite.

e Emulsifiers including non-ionic surfactants and fatty acid.

o Wetting agents such as barite. Rheology modifiers like orga-
nophilic clays and polymers.

e Stabilizers, including biocides and pH control agents.

Other additives may be added to the fluid to improve its per-
formance or address specific drilling challenges. Examples include
lubricants, corrosion inhibitors, and shale inhibitors (Fink, 2021).

The selection and use of SPs in OBDF can be more complex than
in WBDF for two main reasons. 1) the compatibility of the polymers
with the non-aqueous base fluid is crucial in OBDFs. The polymer
must be soluble in the base fluid and not adversely affect its per-
formance. This can limit the choice of polymers available for use in
OBDFs. 2) the temperature and pressure conditions encountered in
OBDFs can affect the performance of SPs.

SPs that are soluble in water are hydrophilic, meaning they have
an affinity for water molecules (Apaleke et al., 2012; Zhong et al.,
2019). These polymers typically have polar functional groups,
such as hydroxyl (—OH) or amine (—NH;) groups, which can
interact with water molecules through hydrogen bonding. On the
other hand, OBDFs are non-aqueous fluids composed of hydro-
phobic liquids, such as mineral oil or synthetic hydrocarbons. SPs
that are soluble in OBDF are typically hydrophobic, meaning they
have an affinity for hydrophobic molecules, such as oil (Balaga and
Kulkarni, 2022; Zhong et al., 2019).

As an example, the composition in OBDF was compared with
that of WBDF in the presence of SP. For this purpose the composi-
tion of the drilling fluid consisted of 90% white oil as the continuous
phase and 10% calcium chloride solution as the dispersed phase. To
control the rheology, 3% organic clay and 1% of a product made from
poly acid and polyethene polyamine were used. The primary
emulsifier was composed of 3% amidoamine, while the secondary
emulsifier consisted of 3% fatty acid. A wetting agent was included
at 2% concentration, and an emulsifier activator at 2% calcium oxide
was also used (Zhong et al., 2019). To this composition the swellable
polymer mesosphere-based MMA, BA, and lauryl methacrylate was
utilized as fluid loss controller agent (Zhong et al., 2019). The
copolymer that was produced displayed the ability to swell and
absorb base oil, resulting in deformation and compression under
high pressure and shear stress. This led to the formation of a close-
packed filter cake with other fine solids, which was effective in
reducing filtration loss and minimizing solid invasion. When the
concentration of the synthesized copolymer was less than 1.5 w/v%,
it did not have any effect on the rheology, but it still managed to
reduce HPHT filtration loss volume by 79% at 200 °C (Zhong et al.,
2019).

In case of low toxic drilling fluids, a non-aqueous system-based
paraffin was utilized with a modified starch (Dias et al., 2015). The
study aimed to assess the feasibility of using modified starch de-
rivatives with vinyl esters from fatty acids as additives for con-
trolling filtrate in invert-emulsion (W/O) drilling fluids. The
findings showed that none of the tested formulations exhibited
flocculation or progressive gelification. The emulsions produced by
the additives with molar ratios of 2:1 and 3:1 of vinyl ester/starch
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were more stable and had lower filtrate volumes compared to the
standard commercial fluid, even after aging. The incorporation of
the modified starch resulted in a significant reduction in the filtrate
volume, with reductions ranging from 40% to 75% and 61%—76% for
non-aged and aged systems formulated with 8.5 kg/m> of filtrate
controller, and 43%—85% and 62%—83% for non-aged and aged
systems formulated with 14.2 kg/m> of filtrate controller (Dias
et al., 2015).

4.1.3. SP in synthetic-based fluid

As advantages of using SBDF is that they are less damaging to the
environment than OBDF, and they have better chemical stability
than WBDFs. SBDFs can be used in high-temperature and high-
pressure drilling environments where WBDF may not be suitable.
SBDFs overcome the drawbacks of conventional WBDFs by
impeding the clays from absorbing water when the formation is
exposed to synthetic liquid. Unlike OBDFs, SBDFs solve the chal-
lenge of disposing of OBDF drill cuttings by allowing them to be
discharged into the marine environment. Additionally, SBDFs
exhibit lower gas solubility than OBDFs, which makes it easier to
detect kicks (Zevallos et al., 1996).

There are four main classifications of SBDFs: synthetic hydro-
carbons, ethers, esters, and acetals. Of these, ester-based drilling
fluids are highly regarded for their superior environmental per-
formance and complete biodegradability (Dardir et al., 2014). SPs
are also used in SBDF for similar functions as in WBDF and OBDF,
such as viscosity control, filtration control, and shale inhibition.
SBDF are typically composed of a synthetic hydrocarbon liquid as
the continuous phase and water as the dispersed phase. For
instance, the associative polymer (AP) based dimer acid, triethyle-
netetramine and polyoxyethylene lauramine was developed and
utilized in SBDF. The emulsions formulation of the fluid containing
water and oil (C14 linear alpha olefin) in ratios of 70:30 and 80:20
were prepared. Auxiliary treatment agents, such as 2 wt% organic
clay, 1.5 wt% wetting agent, and 1.5 wt% CaO, were added sequen-
tially, followed by the addition of 35 wt% and 85 wt% barite to
create SBDF with two different densities. To evaluate the impact of
AP on the SBDF, 2.0 wt% polymers were added to the SBDFs (Han
et al.,, 2014). Moreover, the addition of AP at a normal dosage of
2.0 wt% does not significantly alter the rheology of the emulsion, as
the yield point (YP) and gel strength (Gel) values remain low (<2).
However, when organic clay is added, the YP and Gel values in-
crease significantly. Without the addition of APs, the YP and Gel
values decreased by over 50% from 4 to 65 °C. In contrast, with the
addition of 2.0 wt% APs, the YP and Gel values only decreased by
less than 15%. The reason for changes in the rheology of drilling
fluid is primarily due to the disordered state that is observed when
the molecular chains of AP are distributed within clay layers. This
distribution can lead to a disorganized state, which can affect the
rheology of the drilling fluid (Han et al., 2014). These results
demonstrated that AP can be affected by the others additives uti-
lized in formulating the drilling fluids. Also, the interaction of the
SPs with the base fluid is different from that in WBDEF, as the SPs are
required to be compatible with the base fluid and maintain their
properties over a wide range of temperatures and pressures.
Therefore, the mechanism involved may depend on the specific
combinations of drilling fluid components and the type of drilling
fluid and SP used (Dye et al., 2006). However, the SPs are not easy to
classify but in general terms can be classified into three categories
(Fig. 7), which are based on:

1. chemical ingredients (homopolymers such as cross-linked
polystyrene microspheres (Wang et al., 2011), and copolymers
(or terpolymer if containing three types of repeated units) such
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as carboxymethyl-graft-polyacrylamide copolymer (Jain et al.,
2017));

. type of reaction, such as addition polymerization used to
generate polyacrylamide/clay composite (Jain and Mahto, 2015),
and condensation polymerization used to generate [-cyclo-
dextrin polymer microspheres (Zhong et al., 2020a); and,

. reaction to heating, such as thermoplastics forming poly-
propylene composites (Luz et al., 2008), and thermosets forming
shape memory polymers (blended smart polymer) used for lost
circulation (Li et al., 2021)) (see Fig. 7).

To evaluate the SP performance in drilling fluids, rheological
analysis helps to determine the fluid's behavior and its flow char-
acteristics under different shear rates and temperatures. Filtration
analysis determines the ability of the drilling fluid to maintain the
desired properties of the drilled formation while removing the drill
cuttings and to evaluate the fluid loss performance of SP. Addi-
tionally, chemical analysis is used to determine the chemical
composition of the drilling fluid and to identify any potential in-
compatibility issues with SPs (Davoodi et al., 2022b; Fink, 2021; Li
et al., 2015; Morariu et al., 2022; Yahya et al., 2022). These analyses
demonstrate the fundamental features with which to establish
whether an SP is applicable for use in drilling fluids (Zhong et al.,
2019).

Incompatibility between SPs and other drilling fluid additives
can lead to a loss of performance, such as reduced viscosity or
increased fluid loss. To address this, the following solutions can be
used:

(i) Compatibility testing can help to identify any incompatibility
issues between different additives.

(ii) Adjusting the formulation of the drilling fluid can help to
address incompatibility issues. For example, reducing the
concentration of an incompatible additive or replacing it
with a compatible one can help to improve performance.

(iii) A buffer system can be used to maintain a stable pH level in
the drilling fluid, which can help to reduce incompatibility
issues between different additives.

(iv) Diluting the drilling fluid with water or another compatible
fluid can help to reduce the concentration of incompatible
additives and improve performance (Abbas et al., 2021;
Aboulrous et al., 2022; Davoodi et al., 2022b; Gautam et al.,
2022; M-I SWACO, 2009).

One successful example of natural polymers in drilling fluids is
the use of xanthan gum. Xanthan gum is a water-soluble polymer
that has excellent stability and rheological properties, making it
suitable for use in a wide range of drilling conditions (Akpan et al.,
2020). Another successful example is the use of SP, such as sulfo-
nated styrene maleic anhydride (SSMA) copolymer with a low
molecular weight (MW: 1000—5000 Da), which has superior
filtration control and compatibility with other drilling fluid addi-
tives even at high temperatures. The high charge density provided
by the sulfonate functional groups in SSMA copolymer allows it to
remain absorbed on the edges of clay platelets even at high tem-
peratures, which helps to keep the fluid deflocculated. The thermal
stability of the copolymer is enhanced by the presence of a five-
member heterocyclic furan ring in maleic anhydride and a ben-
zene ring in the sodium p-styrenesulfonate (SSS) monomer. A study
using thermogravimetric analysis has revealed that the co-
polymer's thermal decomposition temperature is greater than
400 °C (Chesser and Enright, 1980).

Table 3 provides a summary of the most used SP, together with
the functions they are deployed to achieve as additives to drilling
fluids. It reveals that each SPs provides different functions. For
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instance, PHPA is commonly used in drilling fluids as a viscosifier,
fluid loss control agent, and shale inhibitor. It is highly effective in
improving the rheological properties of drilling fluids, such as
increasing their viscosity and improving their fluid loss character-
istics (WangJ. et al., 2022). Overall, SPs play a vital role in improving
the performance of drilling fluids and achieving various drilling
objectives. Their effectiveness depends on their concentration,
molecular weight, and the specific drilling conditions in which they
are used.

Table 4 describes the properties of the most common applicable
SPs used in drilling fluids based on acrylate derivatives (Davoodi
et al,, 2022b). Acrylic acid and its derivatives in WBDF, and in
some cases OBDF, can be utilized in complex wells or high tem-
perature deep wells (Ge et al., 2012). Anionic acrylate and nonionic
acrylamide monomer, an SP also referred to as PHPA, has a very
high adsorption capacity on clay surfaces. It is one of the most
applicable SPs for drilling fluids applications (Davoodi et al., 2022b;
Gautam et al., 2022; M-I SWACO, 2009) due to its high adsorption
capacity on clay surfaces, combined with good lubrication and anti-
flocculation characteristics. In addition, the dense filter cake
formed on the borehole walls in the presence of the reagent con-
tributes to the stability of the borehole, preventing caving and
collapse (Davoodi et al., 2022b; Jiang et al., 2015). However, its
higher molecular weight also provides it with an equilibrium
thickness of its adsorption layers. These adsorption characteristics
allow it to be used in drilling fluids as a highly effective colloidal
phase flocculant (Davoodi et al., 2022b).

Subsections 4.2—4.6 describe the main types of SPs and their
application in different types of drilling fluids.

4.2. SPs deployed to improve rheology

Key rheological characteristics of drilling fluids are viscosity and
gel strength. These characteristics determine a drilling fluid's
abilities in bottomhole cleaning, cooling the bottom-hole assembly,
cuttings carrying capacity and hydraulic resistance throughout the
wellbore fluid circulation system (Agwu et al., 2021a). The main
rheological properties of the drilling fluid include plastic viscosity
(PV) and apparent viscosity (AV), static and dynamic shear stress,
YP, alkalinity of the filtrate, content of sand, mineral salts and
hydrogen ions (Agwu et al., 2021a; Zhang et al., 2020). These
rheological properties can be controlled by using modified natural
polymers and SP to adjust fluidity at different levels of shear stress.
Hence, they play a major role in optimizing drilling performance.
Polymers are mainly required to control filtration and changes
viscosity (Davoodi et al., 2019).

Controlling fluid loss is a critical requirement in drilling opera-
tions as it can help reduce the amount of drilling fluid lost to the
formation, which in turn helps maintain wellbore stability and
prevent formation damage. Polymers such as starch and poly-
anionic cellulose work by forming a filter cake on the wellbore
surface, which helps to reduce fluid loss (Konstantin et al., 2018).
Additionally, polymers can enhance several rheological properties,
particularly PV, AV, YP, and gel strength, of drilling fluids through
their ability to interact with the fluid molecules and form a network
structure. When a polymer is added to a drilling fluid, it can in-
crease the concentration of long-chain molecules in the fluid,
which leads to increased viscosity and other rheological properties.
The specific mechanism by which polymers enhance rheological
properties depends on the type of polymer and the drilling fluid
composition (Davoodi et al., 2019; Kariman Moghaddam et al.,
2022).

However, along with natural and modified polymers, SP are
widely used in both water- and hydrocarbon-based drilling fluids.
They are used as clay and shale inhibitors (by encapsulation),
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drilling-fluid thickeners, flocculants, water reducing agents and
lubricants (Fink, 2021). For instance, the addition of a novel graft
copolymer (CSGO) to a Na-bentonite dispersion increased viscosity
and decreased filtration volume by aggregating bentonite particles
and producing a polymer film, as evidenced by SEM and particle
size distributions measurements (Lei et al., 2021b). The effects of
CSGO on filtration and rheological characteristics are concentration
dependent. The greater the concentration, the greater the viscosity
and the lower the filtration volume. Because of the enhanced inter-
particle electrostatic repulsion, particle aggregations were shown
to disassemble in the opposite direction at 3 wt% CSGO concen-
tration (Lei et al., 2021b). Another SP, poly(SSS/AM/AMPS), has been
synthesized through inverse emulsion polymerization. It was syn-
thesized from sodium p-styrenesulfonate (SSS)/AM/AMPS. Pol-
y(SSS/AM/AMPS) impacts rheology by improving a drilling fluid's
AV, PV, and gel rate as SP concentrations increase up to 1.2 wt%.
Furthermore, the values of YP and YP/PV ratio were shown to
satisfy the API standard values. Abundant non-ionic amide and
sulfonic acid molecular groups caused the adsorption action of
poly(SSS/AM/AMPS) to be strong, and clay particles to be well
dispersed in the drilling fluids tested. As a result, the rheological
characteristics of the drilling fluid systems were enhanced by the
addition of poly(SSS/AM/AMPS) (Fig. 8) (Huo et al., 2018).

This indicates that the colloidal stability of the fluid was excel-
lent. The micro-structure analysis showed that the copolymer
helped reduce filtration loss by physically plugging the pores. The
copolymer contains the surface-active monomer SSS, which has a
benzene sulfonate unit that makes it effective as a salt-resistant and
high-temperature deflocculant. The thermal stability of SSS is
attributed to the resonance stabilization of its benzene sulfonate
unit (Huo et al., 2018). However, the performance of the copolymer-
based drilling fluid was not significantly affected by exposure to
high temperatures of 160 °C, as seen by the stable rheological and
filtration parameters (Huo et al., 2018).

SPs influences on drilling fluid viscosity can be explained partly
in terms of interactions between SP chain length and fluid prop-
erties: as the SP chain length increases so does the fluid viscosity.
Also, water adsorption, effectively increases the size of the SP
molecules thereby acting to increase viscosity. Moreover, in-
teractions between SP molecules and other drilling-fluid solids
tend to create an interconnected network acting to increase fluid
viscosity (Davoodi et al., 2022b). For example, reactive clay drilling
cuttings and high molecular weight polyacrylamides enter into
crosslinking reactions with SP chains (Gautam et al., 2022).

Unsatisfactory rheological properties can lead to such serious
complications as hole plugging, bottomhole zone plugging, reduced
mechanical drilling speed, stuck drill string, wellbore wall and core
column washout and shale hollowing (Davoodi et al., 2022b). Salt
contamination plays a very important role in determining SP per-
formance and can lead to a rapid degeneration of rheological
properties and reduced tolerance to temperature of SP used in
drilling fluids. Salt-contamination effects can vary depending on
the specific polymer and the conditions under which it is used (Mao
et al., 2021). Chlorides and other salts inhibit polymer unfolding
that occurs when a soluble polymer is added to water. Instead of
unfolding and expanding, the polymer takes on a compact spherical
shape and the solubility of the polymer is reduced. This occurs as a
result of the polymer molecules "fighting" for water. Salt limits the
amount of free water in which the polymer can hydrate and
expand. As salinity increases, the amount of water attached to the
polymer decreases and the viscosity does not increase as dramat-
ically. When salt is added to a freshwater drilling fluid with fully
expanded polymers, a jump in viscosity is usually observed. As the
salt dissolves, it takes up water from the polymers and inhibits fluid
loses stability for a period of time; this is when the viscosity
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increases. The polymers intertwine with drill cuttings and other
polymers, at the same time they decrease in size and return to their
original spherical shape. Once in the spherical shape, viscosity is
greatly reduced (Davoodi et al., 2022b).

Normally the performance of polymers in a salty environment is
not good, but this problem can be solved by the utilizing monomers
in SP synthesis that are able to overcome the influence of salts (Sun
etal., 2022). For instance, the monomers AM, SSS, maleic anhydride
(MA), and lauryl methacrylate (LMA) were used to create a SP called
hydrophobic ASML (Sun et al, 2022). ASML with 30% of NaCl
showed a high performance of rheological properties because the
hydrophobic association units in ASML solutions form various
spatial bridge structures that display excellent viscosity-enhancing
effects. These hydrophobic moieties are also responsible for the
shear thinning behavior of ASML solutions (Sun et al., 2022).

AM, AMPS, DMDAAC, and SSS monomers were utilized to obtain
the copolymer called AADS (Huang et al., 2019). At 240 °C and 30 wt
% NaCl, AADS showed a high performance with respect to salt
resistance and the rheological properties were stable due to the
presence of carboxylic acid and sulfonic acid salts (Huang et al.,
2019). The zwitterionic copolymer called DCS was synthesized
through radical copolymerization by utilizing the N, N-dimethyl
acrylamide, 1-(2-carboxyethyl)-3-vinyl imidazolium chloride, sul-
fobetaine vinyl imidazole monomers for use as a fluid-loss reducer
(Li et al., 2023). In the presence of NaCl, the addition of 2% DCS to
different concentrations of NaCl showed that the transmittance
became gradually cleaner. This phenomenon can be attributed to
the anionic groups which mainly are sulfonate and carboxylate and
cationic groups which is imidazolium cation in the DCS chain, or
between different DCS chains being electrostatically connected in
fresh water. This causes the DCS chain to curl and entangle, which
reduces the DCS copolymer's solubility (Fig. 9(a)). However, when
NaCl electrolyte was added, the sodium ions and chloride ions
disrupted the "internal salt link" established by the anionic and
cationic groups, which in turn encouraged the expansion of the
polymer chain and enhanced the solubility of DCS in saline water.
Furthermore, when shear rate increased, the viscosity of the DCS
solution was reduced (Fig. 9(b)), demonstrating superior shear-
thinning behavior, which was advantageous for breaking rock at a
high shear rate and conveying drill cuttings at a low shear rate (Li
et al.,, 2023).

Lignosulfonate combined with acrylamide-graft copolymer was
utilized in drill fluids for its strong resistance to salinity and high
temperatures due to its chemical structure (Abdollahi et al., 2018).
The results demonstrated that at concentrations of 2.45—3.50 g per
350 mL water, the grafted copolymer enhanced the rheological
behavior of drilling fluid and reduced fluid losses. It also controlled
pH values in the temperature range of 25.5-121.1 °C (Abdollahi
et al., 2018).

Most SP can provide a high-performance rheological property in
salt-contamination condition. However, it highly depends on the
utilized monomers, for instance, the DCS zwitterionic copolymer
(Li et al., 2023) and hydrophobic ASML (Sun et al., 2022) showed a
high performance of viscosity in the presence of NaCl even at high
concentrations (up to 30%) but in the presence of CaCl, showed
poor calcium contamination tolerance. This may be due to the
greater impact of Ca®* on the extent of polymer molecular coiling.
Ca®* with a greater valence number than Na* is better able to
balance the negative charge on the polymer surface than Na™.
however, further research is required to establish whether hydro-
phobic monomers can achieve high salt resistance (Davoodi et al.,
2022b).

Table 5 describes recent research assessing the deployment of
SPs to improve drilling fluid rheology. Amphoteric polymer (PEX)
showed the highest tolerance to temperature (up to 220 °C) due to
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the presence of inflexible monomers in PEX and their contribution
to PEX's tangled molecular framework (Adnan Hamad et al., 2020).

4.3. SPs deployed to improve fluid filtration

Filtration in drilling fluids is the process of removing solids and
other impurities from the fluids as they flow through the formation
being drilled. The filtration mechanism in drilling fluids is primarily
governed by the pore size and permeability of the formation, the
particle size and distribution of the solids in the fluid, and other
properties of the drilling fluid, such as its viscosity and filtration
control agents. The filtration process in drilling fluids typically in-
volves three stages (Ali et al., 2022; Osipov et al., 2022): (i) Filter
cake formation: As the drilling fluid flows through the formation,
the solids in the fluid begin to deposit on the surface of the for-
mation, forming a thin layer of solids, called the filter cake. The
filter cake acts as a physical barrier that prevents further solids from
passing through it into the formation (Fig. 10). (ii) Filter cake
consolidation: Over time, the filter cake becomes denser and more
consolidated, reducing its permeability and further preventing
solids from passing through it. (iii) Fluid loss: As the drilling fluid is
filtered through the formation, some of the fluid is lost to the for-
mation. This loss of fluid can lead to changes in the properties of the
drilling fluid, such as an increase in viscosity and changes in its
solids content (Ali et al., 2022; Balaga and Kulkarni, 2022; Osipov
et al.,, 2022).

To control the filtration mechanism in drilling fluids, various
additives are used, including filtration control agents, which help to
reduce the permeability of the filter cake and improve the retention
of solids in the fluid. These additives can be bentonite, polymers,
starches, or thinners. Polymers were some of the earliest and most
commonly used drilling fluid additives, and are still used today for a
variety of purposes such as controlling fluid loss and viscosity, as
well as functioning as flocculants and surfactants due to their
reactive groups and structural properties (Ali et al., 2022). SPs are
mainly used in drilling fluids to control filtration and viscosity. For
filtration control purposes, SPs are usually added to bentonite
(Davoodi et al., 2021). SPs used for this purpose are PHPA (Kuma
et al., 2020), polyanionic cellulose (Li et al., 2016), and sodium 4-
styrenesulfonate (Chu and Lin, 2019). The ASML based Acryl-
amide, sodium p-styrenesulfonate, maleic anhydride, maleic an-
hydride and lauryl methacrylate was synthesized applying the
emulsion polymerization method. This combined SSS, AM, lauryl
methacrylate and maleic anhydride monomers (Sun et al., 2022).
Fig. 11 shows diagrammatically the role of ASML in improving the
performances of drilling fluids under extreme salinity and tem-
perature conditions.

Hydrophobic side chains and hydrophilic groups associated
with the ASML copolymer allow it to bind to the surface of
bentonite and forming hydrophobic structures in the aqueous so-
lutions. The presence of such structures increase the hydrodynamic
radii, causing fluid viscosity to increase. With introduction of salt
and temperature aging treatments, NaCl increases water polarity
and promotes the hydrophobic interaction of ASML, resulting in
stable rheology. In addition, bentonite particles become dispersed
in the WBDF. This reduces filtration and maintains borehole sta-
bility, thereby improving wellbore integrity. Moreover, at 200 °C
and 30% Na(l, the fluid loss recorded for ASML fluids was only 5 mL,
representing about 95% less than the fluid loss recorded for drilling
fluid that contained carboxymethylcellulose (Sun et al., 2022).

Synthetic acrylamide-styrene copolymer (SBASC) has been used
to improve fluid filtration of drilling fluid (Davoodi et al., 2019). It
was developed through inverse-emulsion polymerization, with the
hydrophobic monomer, styrene, and hydrophilic monomer, acryl-
amide, were dissolved in organic solvent and in water, respectively.
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The polymer reaction was carried out in a three-neck flask equip-
ped with a mechanical stirrer, thermometer, and baffle to introduce
nitrogen. 3 g of SBASC added to the fluid decreased the LP-LT fluid
loss volume by 66%. The decrease in volume of fluid loss was
attributed to the adsorption of polymer chains on the surface of the
dispersed solids. The long polymer chains adsorbed and located
between the solid particles tend to clog the pores of the filter cake,
resulting in a significant reduction in the permeability of the filter
cake, thereby reducing liquid loss from the drilling fluid (Fig. 12).
The results indicate that synthetic acrylamido-styrene copolymers
can be usefully deployed as an impervious additive for use in WBDF.
Moreover, synthetic acrylamido-styrene copolymers are superior to
starch in terms of leachate volume reduction (Davoodi et al., 2019).

In OBDF in HPHT conditions, SP additives can also be effective.
Swelling polymer microspheres (SPM), can be synthesized by sus-
pension polymerization, involving a mixture of BA, and lauryl
methacrylate, MMA (Zhong et al., 2019). Oil adsorption capacity
measurements were used to describe the SPM's swelling charac-
teristics. Following hot rolling (200 °C), an OBDF sample with 1 wt%
SPM showed an 85% reduction in LTLP fluid loss and a 79% reduc-
tion in HTHP filtration loss in comparison with the base fluid. When
the base fluid contained 1 wt% asphalt-containing additive, modi-
fied lignite and SPM, the LP-LT fluid loss was reduced by 2%, 24%
and 53% respectively, and HTHP filtration loss was reduced by 42%,
54% and 65% after hot rolling at 180 °C (Zhong et al., 2019). SPM can
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absorb base oil and swell significantly to increase its volume.
Moreover, SPM advantageously deforms and compresses under
pressure or shear stress because of its elastic and swellable nature.
This makes it more effective, when packed with other fine solids, in
creating a filter cake, advantageously and efficiently filling void
spaces and decreasing the permeability of the created filter cake.
That mechanism is responsible for low filtration loss and solids
migration in the drilling fluids tested with SPM additives (Fig. 13)
(Zhong et al., 2019).

An oil-absorbent polymer (OAP) composed of MMA, BA, and
hexadecyl methacrylate (HMA) was developed for use in OBDF
(Zhong et al., 2018). The OAP particles formed had a spherical and
porous structure, and were able to absorb white oil and diesel oil
many times their own weight at temperatures between room
temperature and 120 °C. Under downhole conditions, OAP particles
were found to effectively reduce the FLyryp and improve the sealing
ability of OBDFs (120 °C, 3.4 MPa). When used in isolation, OAP
particles had limited capacity to seal fractures, but when used in
combination with calcium carbonate particles, rubbers, and fibers,
a synergistic effect was observed and fluid loss was effectively
reduced. Over time, the volume of OAP in the OBDF increased,
causing the viscosity of the fluid to increase and slowing down the
rate of fluid loss. Swollen and deformable OAP particles were able
to enter small openings of various shapes and conform to their size
and shape (Zhong et al., 2018).
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Table 3

Description of the most widely used SPs and their function in drilling fluids.

Petroleum Science 21 (2024) 475—518

Name Viscosity Fluid Loss Control Flocculation/Deflocculation (Thinning) Shale Inhibition Lubricity Ref.

Polyacrylates + + + - - M-I SWACO (2009)

Sodium polyacrylate + + + — — M-I SWACO (2009)

Partially hydrolyzed polyacrylamide + + + + + Wang H. et al. (2022)

Styrene butadiene latexesin in oil based fluids + + — - + Li et al. (2020)

Sodium acrylate/acrylamide — + - + — Singh and Singhal (2013)

*+ = Polymer used (as one of its primary functions), *- = Polymer not used for that function.
Table 4
The properties of commonly used SPs in drilling fluids based on acrylate derivatives.

Type of synthetic Type of chemical structure Chemical Field of application Advantages Disadvantages

polymer/Ref. formula/
Degradation
temperature

Sodium H H H H (C3H3NaO2),/ Low molecular weight sodium Thermally stable, salt-resistant Sodium polyacrylate can cause
polyacrylate | >260 °C (M-I polyacrylate is designed to and not susceptible to bacterial severe plugging and
(M-I SWACO, —C¢—Ch—Cc—Ch— SWACO, 2009). reduce water retention in fresh decomposition, in contrast to  substantially increases the risk
2009) o -l and saline WBDFs, to natural polymers. It also differentially stuck drill pipe.

encapsulate drilled rock displays rapid solubility.
cuttings, and to strengthen It is non-toxic with low
wellbore walls. environmental impacts.

Polyhydrolyzed (CH—cH) (CH: CH) (CHy— CHjnnn (C3H3NaN),/90  Mainly used for fluid-loss Features: good thermal Mostly used for drilling coalbed
(Na-HPAN) (Gu X A ‘Z —150°C (Liet al., control. stability, controllable gel methane reservoir. The
et al., 2019) CH c=o C=0 2019). formation time, no cross- polymer is temperature

N‘H, ONa linking at room temperature, sensitive and intolerant of sub-
low surface viscosity, easy surface contaminants.
pumping, high gel strength,
water scouring resistance and
no special requirements for
water-based preparations.

Partially 9 CONH;[CH,CH],/ It is used as a shale inhibitor It has a high molecular weight It is not recommended to
hydrolyzed —T— H,C —CH L H cfcnﬁﬂ» 149 °C (M-I and solids encapsulant in fresh and a relatively long molecular increase the pH of the solution
polyacrylamide - ‘ =0 ] " SWACO, 2009;  water, seawater, KCl, Sodium  structure, enabling it to bond to more above 10.5 or the content
(PHPA) (M-1 /cio /Cio Pinho De Aguiar chloride (NaCl) based solutions. several sections along the of divalent cations (total
SWACO, 2009; HN 0 et al., 2020) In addition to its shale wellbore. The result is a layer hardness) above 500 mg/L.
Pinho De Aguiar inhibiting properties, it also on the borehole walls that PHPA concentration must be
et al., 2020) provides encapsulation of limits water penetration into  increased to induce substantial

drilled rock cuttings and the clay. It also acts as a changes in filtrate viscosity in
viscosity control in fresh water- selective flocculant, minimizing saline environments.
based systems. contents of the colloidal clay

phase in solutions. PHPA

improves lubricating properties

of solutions, and is highly

soluble in water.

Potassium ° o K (C3H3KO2),/ The main applications of It has a low specific gravity. It is Potassium polyacrylate
polyacrylate B o 180 °C potassium polyacrylate are to  highly soluble in water, so it is solution offers limited benefits
(NPA or NH4- 7] inhibit lost circulation, and for used for preparing many types for drilling fluids. Solution
HPAN) ,{/\\/ fluid retention or pore blocking. of drilling fluid solutions. qualities need to be adjusted to

Qi (2014) n suit specific applications. It can

be used in solutions saturated
with salts or with fresh water,
and in solutions of different
density and viscosity. In some
circumstances it can cause
formation damage.

*n - Degree of polymerization.

SP can also function effectively in SBDF. For instance, a poly-
saccharide was modified with hydrophobic properties by reacting
carboxymethylcellulose with dodecylamine in water (Lima et al.,
2022). This modified polysaccharide, known as CMC-DDA, was
tested as an environmentally friendly additive in an olefin-based
fluid. CMC-DDA had a larger hydrodynamic volume than CMC in
water and became cloudy in water and saline solutions due to
intermolecular interactions between hydrophobically modified
polyelectrolytes. Despite being unstable in organic solvents, CMC-
DDA was able to swell in pure olefin, indicating that the hydro-
phobic groups on the CMC backbone can interact with nonpolar
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solvents. The modified polymer was found to help stabilize emul-
sions in brine-in-oil drilling fluids, making it a useful additive.
CMC-DDA also showed promising results as a rheological modifier
for non-aqueous drilling fluids, reducing filtrate loss under high
temperature and high pressure conditions (93 °C, 3.4 MPa). The
CMC-DDA olefin-based fluid had the lowest filtrate value (2.6 mL)
and no water was observed in any of the filtrates, indicating that the
emulsions formed were stable (Lima et al., 2022).

Table 6 describes research studies testing SPs capable of posi-
tively adjusting drilling fluid filtration. Two SPs, f-CDPMs (-
cyclodextrin polymer microspheres) (Zhong et al.,, 2020a) and
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copolymer AM/AMPS/DMDAAC/SSS (Huang et al., 2019) demon-
strated their high performance in controlling filtration (Table 6).
The creation of nano-carbon spheres and nanostructured com-
posites in the B-CDPMs (B-cyclodextrin polymer microspheres)
allows for the formation of a bridge that effectively reduces the
volume of fluid loss (Zhong et al., 2020a). The copolymer AM/
AMPS/DMDAAC/SSS molecules contain carboxyl groups, amide
groups, sulfonic acid groups, and benzene rings, which impart
strong polarity to the molecules. This results in the formation of a
durable polarization layer that effectively blocks water molecules
from filtering out of the drilling fluid (Huang et al., 2019).

4.4. SPs deployed to improve fluid lubricity

Lubricants play a critical role in drilling fluids by reducing fric-
tion and wear between the drill bit and the formation, protecting
the drill bit from damage, and enhancing drilling efficiency (Kania
etal., 2015). The main evaluation indicators for lubricants in drilling
fluids are:

1. Coefficient of friction (COF). COF measures the friction between
the drill bit and the formation. Lower COF indicates better
lubricity;

. Wear scar diameter (WSD). WSD measures the wear on the drill
bit surface. Lower WSD indicates better wear protection;

. Hot rolling contact fatigue (HRCF). HRCF measures the ability of
the lubricant to prevent heat-induced wear on the drill bit.
Higher HRCF indicates better heat resistance;

. Four-ball wear test (FBWT). FBWT measures the wear protec-
tion of the lubricant. Lower wear scar diameter indicates better
wear protection;

. Timken OK load test. This test measures the load-carrying ca-
pacity of the lubricant. Higher OK load indicates better load-
carrying capacity;

. Copper corrosion test. This test measures the corrosiveness of
the lubricant to copper. Lower copper corrosion rating indicates
less corrosiveness;

. Emulsion stability test. This test measures the ability of the
lubricant to maintain stability in the presence of water. Higher
emulsion stability indicates better water resistance;

. Thermal stability test: This test measures the ability of the
lubricant to maintain stability at high temperatures. Higher
thermal stability indicates better heat resistance.

These evaluation indicators are important to ensure the lubri-
cants in drilling fluids are effective in reducing friction and wear
between the drill bit and the formation, protecting the drill bit from
damage, and maintaining stability under different drilling condi-
tions (Kania et al., 2015; Ma et al., 2021b; Zhao et al., 2022).
Furthermore, good lubrication properties of drilling fluids increase
bit life, reduce torque and possibly reduce the risk of drill-string
differential sticking. Difficulties due to high torque forces are a
particular problem in inclined and horizontal well sections with
convoluted wellbore trajectories. In such conditions, the drill string
tends to rest, due to gravity, on the bottom wall of the wellbore and
has a large contact area with the formation and/or the casing. Un-
der these conditions, the use of a lubricant additive can provide
significant benefits, provided other drilling fluid properties are
optimal and good drilling techniques are employed (Al-Shargabi
et al,, 2022a; Kania et al., 2015; Zheng et al., 2021).

On the other hand, the choice of lubricant additives may be
limited by environmental and economic considerations, as well as
additive compatibility with base drilling fluids. If experience in
drilling similar wells does not allow a particular choice to be made,
certain SP can be deployed to improve drilling efficiency and avoid
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problems while drilling, such as inhibiting stuck pipe and
improving hole cleaning. The SP provides similar functional bene-
fits as lubricant additives (Al-Muhailan et al., 2014).

The mechanisms of SP lubricants in drilling fluids are mainly
related to the formation of a protective layer between the drill bit
and the formation. SPs are long-chain molecules with a high mo-
lecular weight, which makes them excellent lubricants due to their
ability to reduce friction and wear. The mechanism of action of SP
lubricants in drilling fluids involves adsorption onto the surface of
the drill bit and the formation. This adsorption creates a lubricating
film that reduces the frictional forces between the drill bit and the
formation. As the drill bit rotates, the lubricant is sheared, forming a
layer that continuously protects the drill bit from wear (Al-Shargabi
et al.,, 2022a; Kania et al., 2015; Ma et al., 2021b; Zhao et al., 2022;
Zheng et al., 2021).

In addition to reducing friction and wear, SP lubricants in dril-
ling fluids can also enhance the stability of the drilling fluid by
reducing the aggregation of particles in the fluid. SPs are also able to
withstand high temperatures and pressures, making them suitable
for use in HPHT drilling applications. Overall, the use of SP lubri-
cants in drilling fluids improves drilling efficiency by reducing
friction and wear, protecting the drill bit from damage, and
enhancing the stability of the drilling fluid (Al-Shargabi et al.,
2022a; Kania et al., 2015; Zheng et al., 2021).

Some SPs have been tested in HP conditions for mitigating
differential-sticking-related problems by acting to minimize pore-
pressure transfers (Mirabbasi et al., 2022). High differential pres-
sures resulting in wellbore tightness, casing failure, induced losses
and differential stuck pipe contribute to significant non-productive
time in many drilling operations. In an example well, the presence
of HP salt zone situated beneath a problematic interval, and the use
of a casing configuration involving seven strings, eliminated the
possibility of isolating zones with additional casing (Al-Muhailan
et al, 2014). Traditionally, petroleum-based fluids containing
various sizes of calcium carbonate have been used to reduce fluid
intrusion, but without much success. The borehole formation was
an extremely permeable sandstone/shale sequence formation (A1)
that exists below approximately 2743.2 m in deep wells in Kuwait
(Fig. 14), and is drilled in a 16-inch hole section in deep wells. The
minimum pore pressure above this reservoir is 1042.49 kg/m> of
equivalent drilling-fluid weight, but the required drilling-fluid
weight at the outlet of this section exceeds 2156.88 kg/m>.

The high pressure drop over the porous sandstone creates op-
timum conditions for differential pipe bridging. Frequent pipe
sticking accidents in this formation resulted in significant rig
downtime and sometimes the loss of the entire 16-inch section,
leading to sidetracking. In the troubled shale-sand sequence in the
16-inch section of two deep Kuwait wells, a special SP (not spe-
cifically identified) combined with graphite and marble improved
pore bridging and reduced pore pressure transfer, increasing
wellbore stability. Concentrations of 10-um and 50-um marble at 7
and 8 pounds per barrel, respectively, together with 3 pounds per
barrel of graphite and the specialized SP, were effective in over-
coming the problems associated with drilling the A1 sand-shale
sequence. Overpressure exceeding 24.13 MPa was effectively
controlled without incidents of differential sticking (Al-Muhailan
et al., 2014). However, using graphite/or nanographene with SPs
such as PHPA can improve their lubricity (Aftab et al., 2017; Agwu
et al., 2021b).

Applying potassium persulfate as an initiator, a novel polymer
latex, called SDNL, was created via emulsion polymerizing (Xu et al.,
2017a, b). Polymerization was conducted in a four-necked flask that
was fitted with a mechanical stirrer, reflux condenser, thermom-
eter, and feed inlet tube. By introducing 2.0 w/v % of SDNL to the
drilling fluid at the ratio of lubrication reduced by 64.4%,
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Fig. 8. Effects of synthetic poly(sodium p-styrenesulfonate (SSS)/acrylamide (AM)/2-acrylamido-2-methy-1-propanesulfonic acid (AMPS)) polymer on rheological parameters. ((a):

AV, PV, YP, (b): Gelig min, Gelyo sec and YP/PV). Reproduced from Elsevier (Huo et al., 2018).

demonstrating that SDNL has strong lubricating properties. SDNL's
lubrication mechanisms vary from that of conventional lubricants
(Fig. 15), as SDNL relies on micro "rolling" and "film creation." The
tiny NPs have a spherical form and may easily roll between the
friction pairs. They function essentially as "roller bearings" con-
verting sliding friction to rolling friction and therefore lowering
torque. Furthermore, polymeric NP distributed throughout the
drilling fluid may readily compress and deform during the friction
process. This enables them to generate a dense and thin boundary
lubricating layer on the friction surface, which aids in friction
reduction and wear prevention. As a result, SDNL may effectively
enhance the lubricating properties of drilling fluids in shale drilling,
which can assist in minimizing torque and drag during drilling, and,
consequently, minimizing tool wear (Xu et al, 2017a, b). The
lubricating ability of the drilling fluids was evaluated by measuring
their lubrication coefficients. In the pressure transmission test,
when the drilling fluid containing 2.0 w/v% SDNL was exposed to
the base fluid, the pore pressure remained stable at 1.8 MPa for
16,300 s, even when the temperature varied between room tem-
perature and 150 °C. This suggests that a dense film was formed
over the shale surface, indicating that SDNL is highly effective in
plugging and delaying the transmission of pore pressure, which
helps to maintain shale stability (Xu et al., 20173, b).

Poly(vinyl alcohol) is another water-soluble SP which can be
applied as an environmentally friendly lubricant additive in drilling
fluids (Li et al., 2004; Zhang et al., 2021). It demonstrates good
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lubricating performance and shale inhibiting performance. This
lubrication inhibitor can be used to prepare fresh water or brine or
saturated brine drilling fluid, in which the lubrication inhibitor
accounts for 1%—10% of the weight of the drilling fluid, preferably
1%—5% (Li et al., 2004).

SPs which contain AMPS can provide lubricity properties due to
the hydrolytic stability in the monomer's structure (Gautam and
Guria, 2020; Xian and Oren, 2012). For instance, A polyanionic
cellulose was synthesized through radical polymerization utilizing
AM, AMPS, and SSS monomers. Its lubrication characteristics were
enhanced by the increased concentration of the AMPS monomer
and acrylamide—AMPS, as well as by the AMPS—SSS interacting
effect. The PAC graft also displays high filtration control perfor-
mance and favorable rheological properties due to the presence of a
hydrophobic polysaccharide backbone and hydrophilic carboxyl
groups (Gautam and Guria, 2020). However, much more research
and testing of the lubricity properties of other novel SPs is required.
Available information suggests that itaconic acid, fatty acid esters,
acrylamide, diallyl dimethyl ammonium chloride, and sulfonate
also have beneficial properties with the potential to improve the
lubricity properties of drilling fluids (Davoodi et al., 2022b; Gautam
et al., 2022; Lin and Luo, 2015).

4.5. SPs deployed to improve hole cleaning capabilities

Ineffective wellbore cleaning especially for horizontal and
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Fig. 9. DCS copolymer performance in different concentrations of NaCl solution: (a) The DCS copolymer transmittance, (b) The DCS copolymer viscosity curves in NaCl solutions.

Reproduced from Elsevier (Li et al., 2023).
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Table 5
Recent studies assessing deployments of SPs to improve drilling fluid rheology.

Type of SP Chemical structure Optimal concentration/The Work Finding Ref.
properties of the SP condition

Novel graft copolymer CSGO 1 wt% CSGO/N.G Laboratory Through free radical polymerization, a new Lei
conditions graft copolymer (CSGO) was developed using et al.
l (40—120°C, carboxymethyl chitosan (CMCS). It contained a (2021b)

(2] 0.5—1.0 MPa) side chain of thermosensitive poly (oligo

(ethylene glycol) methyl ether methacrylate)
: \T [~ A=Y | (POEGMA). The findings revealed that CSGO
: enhanced the filtration and rheological
. F behaviors of Na-bentonite dispersion before
0 and after hot rolling at a temperature of 120 °C.

i This was caused by the integrated impacts of
aggregation and film-forming actions on the
bentonite particles. More intriguingly, the
thermally induced transition of hydrophilic-to-
hydrophobic behavior resulted in the creation
of partially desorbed polymer aggregates and
association of Na-bentonite/CSGO flocculants.

These contributed to lower filtration losses, a
beneficial thermo-thickening rheology, and
improved shale inhibition at high temperatures.
HAH-Polymer (The ks 0.8 wt% HAH/N.G Laboratory In micellar media, free-radical polymerization Nagre
hydrophobically associating Pl conditions was applied for creating HAH-Polymer, which et al.
heteropolymer) ‘ (150 °C, contains sodium 2-acrylamido-2- (2021)
& 33 0.10 MPa) methylpropanesulfonate, acrylamide,
hydroxyethyl methacrylate, and lauryl
i o methacrylate.
The HAH-polymers can improve the rheological
characteristics, thermal and salt stability of
drilling fluid systems up to 150 °C (YP: 8.0 Ib/
100 ft?, PV: 22.0 cP, and AV: 25.0 cP). This
feature is ascribed to the presence of the large
AMPS side chain's dimethyl and sulfomethyl
groups, which offer steric hindrance to the
amide functionality as well as hydrolytic, salt,
and thermal stability in the HAH-Polymer
—drilling fluid.
Amphoteric polymer (PEX) coone coov 1.2 wt% PEX/IDT: 245 °C,  Laboratory  The rheological properties increased Adnan
— L we' Type: amphoteric conditions significantly until they reached the optimum Hamad
Lg Hr o N — th— N‘A (180—220 °C, concentration (0.3 wt%). Above that et al.
VSN / | /4
o

cH.

3.4 MPa) concentration rheological properties decreased. (2020)
This outcome was attributed to two substantial
interactions related to PEX incorporation: the
cationic and anionic groups provided excellent
dispersion and increased particle friction,
improving particle contact within the system. It
appears that increased contact improves fluid
rheology with increasing PEX content up to a
concentration of 0.3 wt%).

Poly(sodium p- i 1T r 1.2 wt% Poly(SSS/AM/ Laboratory Substantial quantities of non-ionic amide and Huo
styrenesulfonate/ [ N ! AMPS)/MWyy: 2.3 - 10° Da, conditions sulfonic acid molecular groups increase the et al.
acrylamide/2-acrylamido-2- e J J : MWy: 1.4 - 10% Da, PDI: (160 °C for  adsorption effect of poly(SSS/AM/AMPS). Also  (2018)

|
|

HoOC NaoOC

methy-l-propanesulfonic 1.653, IDT: >267.778 °C 16 h, clay particles were well distributed in the

acid) poly(SSS/AM/AMPS) . 0.69 MPa) drilling fluid system, improving its rheology.

- : - Poly(SSS/AM/AMPS) is thermally stable, with
drilling-fluid FLap; pre- and post-thermal aging
tests being 9.2 and 9.4 mL, respectively, at
1.2 wt% concentration.

Novel viscosifier (SDKP) 5o, 1.0 wt% SDKP/MWyy: 8.9 - Laboratory The copolymer viscosifier (SDKP) was Xie

,‘~ 10° Da, MWjy: 6.2 - 106 Da, conditions synthesized by micellar radical polymerization et al.

PDI: 1.458, IDT: >330°C  (180-220 °C, from N-vinylcaprolactam (98%), (AMPS, 99%), (2018)

3.4 MPa) sodium dodecyl sulfate, sodium hydroxide
(NaOH), divinyl benzene (DVB) and acetone for
bentonite-free water-based drilling. SDKP
improved the rheological characteristics of
bentonite-free fluids. Furthermore, the strong
tolerance to salt and temperature in enhancing
fluid rheological behaviors made SDKP more
appealing at high temperatures ranging from 80
to 140 °C, even in systems with high salinity.
The AV, PV, and YP of bentonite-free base fluids
(BFBF) with SDKP rose dramatically with

on increasing concentrations, especially at higher

ois copolymer concentrations. These findings

demonstrated that SDKP aided the formation of
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Table 5 (continued )
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Type of SP Chemical structure

Optimal concentration/The
properties of the SP

Work Ref.

condition

Finding

An amine cross-linked
polymeric fluid-loss-control "
material (ACP)

A novel associative polymer
(AP) =

3 g of ACP/MWyy: 1.56 -
105 Da, MWy: 9.34 -
10° Da, PDI: 1.67.

2~2.5 wt% of AP/N.G

fluid network structures, hence increasing
rheological characteristics. SDKP was more
successful in enhancing the rheological

behavior of BFBF in general. This was

considered unusual because the molecular

weight of SDKP was lower than that of HE300
(rheology modifier).

The ACP was created by combining poly(maleic Chen
anhydride-alt-1-octadecene) with amine ina et al.
process called cross-linking for OBDFs. The (2021)
hydrophilic amino molecules in the resulting
crosslinked polymer ACP form a dense structure

that prevents oil from passing through the

polymer network, thus reducing filtration loss
effectively. Before hot rolling, the drilling fluid's

AV, PV, and YP values were relatively low.

However, after hot rolling at 232 °C, the

viscosity of OBDFs increased. This increase is
because the ACP polymer does not fully swell at
room temperature, but after hot rolling, the ACP

fully absorbs oil, leading to an increase in the
viscosity of the drilling fluid.

Laboratory
conditions
(232 °C,
3.4 MPa)

Laboratory
conditions (4
—65 °C)

The SP AP for use in SBDF was created using
dimer acid, triethylenetetramine, and
polyoxyethylene lauramine through chemical
modification in an aqueous environment. The
mud-making tests were conducted at two
densities and oil/water ratios to assess the
rheology performance of AP. This AP can greatly
enhance the rheology of SBDF at low
temperatures, particularly barite-weighted
drilling fluid. By analyzing the mechanism
above, the associative polymer is seen to
effectively decrease the specific surface area of
organic clay and minimize the force between
the organic clay and dispersed water droplets
due to its unique amphiphilic structure. This
leads to reduced joint strength between clay
particles and liquid droplets and less friction
between barite particles and clay particles. As a
result, the slipping and dispersion between the
layers of particles and water droplets are
increased.

(Han
etal,
2014)

*n - Degree of polymerization; N.G- Not given.

directional well causes cuttings to accumulate downhole, thereby
significantly reducing drilling efficiency and potentially causing
costly problems. Well-designed drilling fluid additives can mitigate
these problems at relatively low cost (Ahmed et al., 2020; Ji et al.,
2021).

Drilling fluids with acceptable rheology (high yield strength, low
plastic viscosity, adequate gel strength) facilitate efficient cuttings
transport throughout the drilling process and this can be achieved
in some cases by using SP (Ahmed et al., 2020; Ji et al., 2021; Osipov
et al., 2022). For instance, solution-free radical polymerization was
used to synthesizes a quadri-polymer from AMPS, DMDAAC, SSS,
and AM (Osipov et al., 2022). At a polymer concentration of 0.9 wt%,
the quadri-polymer system displayed YP/PV ratios up to 0.80,
reflecting its excellent shear thinning properties. A drilling fluid's
gel strength reflects its ability to suspend drilling cuttings once the
fluid pumps are turned off. The interactions between polymer
molecules are responsible for the increased gel strength. As a result,
a quadri-polymer drilling fluid, without bentonite, demonstrates an
outstanding cutting carrying capabilities (Osipov et al., 2022).

The SP amphoteric polymer (PEX) also increased a drilling fluid's
efficiency at carrying drilling cuttings and hole cleaning (Adnan
Hamad et al., 2020). Under controlled thermal conditions in DMF
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(N,N-dimethylformamide), amphoteric polymer (PEX) was pro-
duced by quaternizing Na EDTA with a DPF quaternizing agent.
0.3 wt% PEX displayed a 3D-network molecular structure capable of
enhancing flow resistance and fluid viscosity. A drilling fluid with a
suitable viscosity minimizes the settling of drilling cuttings,
thereby reducing risks of drill pipe sticking. Furthermore, when
compared to other drilling fluids, WBDF with PEX displayed higher
10 s/10 min gel strengths. With that gel profile, the drilling fluid
could maintain its cuttings carrying during periods of non-
circulation (Adnan Hamad et al., 2020). This enhancement in car-
rying drilling cuttings and hole cleaning is due to the complex web-
like structure that causes increased resistance to flow and higher
fluid viscosity.

The inclusion of functional groups with positively charged ions
(sodium salt), no charge (amide), and negatively charged ions
(carboxylic salt) leads to effective dispersion in the formulation of
the drilling fluid (Adnan Hamad et al., 2020). The presence of both
cationic, neutral, and anionic functional groups in the drilling fluid
formulation is beneficial for several reasons. The different types of
functional groups provide a balanced charge distribution that helps
to disperse the drilling fluid evenly throughout the wellbore. This
allows the fluid to effectively carry the cuttings to the surface and
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Fig. 10. The filtration mechanism from wellbore drilling fluids into a porous rock
formation.

prevent them from settling, which enhances the hole cleaning
process. Additionally, the neutral group (amide) can act as a sur-
factant and help to reduce interfacial tension between the drilling
fluid and the rock surfaces, which further improves the fluid's
ability to clean the wellbore. Also, the combination of these
different functional groups can help to stabilize the fluid properties
and prevent issues such as undesirable rheological properties, fluid
loss or formation damage (Adnan Hamad et al., 2020; Davoodi et al.,
2022b).
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Another critical parameter in drilling fluid management is the
equivalent cycling density (ECD), which refers to the pressure
exerted on the formation by the drilling fluid. High ECD values can
lead to lost circulation, formation damage, and other drilling
problems. One of the main factors that contribute to high ECD is the
viscosity of the drilling fluid, which can be increased by the addi-
tion of SP additives (Abdelgawad et al., 2019). SP additives can
enhance the viscosity and yield strength of the drilling fluid, which
can improve the suspension of cuttings and preventing them from
settling in the wellbore. However, excessive amounts of SP addi-
tives can lead to high ECD and reduce the efficiency of the cuttings-
carrying capability of the fluid. This can result in cuttings accu-
mulation, reduced ROP, and other drilling problems.

The relationship between SP additives and ECD in drilling fluids
is complex and depends on several factors, including the type and
concentration of the SP, the drilling fluid properties, and the for-
mation characteristics. In general, the addition of SPs to drilling
fluids can increase the ECD due to the increase in fluid viscosity. The
higher the concentration of SP in the drilling fluid, the higher the
ECD will be. However, the increase in ECD due to the addition of SPs
can be mitigated by optimizing the concentration of the polymer,
the properties of the drilling fluid, and the drilling parameters. For
example, reducing the concentration of SPs in the drilling fluid can
reduce the ECD while still providing the desired rheological prop-
erties. Adjusting other drilling parameters such as the flow rate and
drilling-fluid weight can also help to control the ECD. In general, the
addition of SPs can increase the viscosity and yield strength of the
drilling fluid, which can lead to higher ECD. More importantly, a
balance must be struck between the desired rheological properties
of the fluid and the potential impact on ECD and hole cleaning.

By selecting the appropriate SP additives and concentrations,
drilling fluid engineers can improve the efficiency of the cuttings-
carrying capability of the fluid while minimizing the risk of lost
circulation and other drilling problems (Abdelgawad et al., 2019;
Ezell et al., 2010; Gaurina-medimurec et al.,, 2021; Gautam and
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Fig. 11. The mechanism by which ASML improves the filtration behavior and rheology of drilling fluids under extreme saline and temperature conditions. Reproduced from Elsevier

(Sun et al., 2022).
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Fig. 12. Fluid loss reduction mechanism from drilling fluids involving long-chain SP additives. Reproduced from Elsevier (Davoodi et al., 2019).

Guria, 2020). Low molecular weight SPs, such as PHPA, can provide
the desired rheological properties while having a lower impact on
drilling-fluid ECD (M-I SWACO, 2009; Pinho De Aguiar et al., 2020).
Copolymers made up of two or more different types of monomers,
can be designed to provide the desired rheological properties while
minimizing their impact on ECD. For example, a co-polymer of
acrylamide and acrylic acid, created as inverse-emulsion polymers,
can be designed to have a lower impact on ECD by forming smaller
particles in the drilling fluid (Wan et al., 2011).

4.6. SPs deployed to stabilize clay formations
Shale formations can contain different types of clays with

diverse mineral structures that can cause issues with wellbore
instability and disintegration of cuttings due to their surface charge

and properties (Gholami et al., 2018). The commonly occurring clay
minerals are usefully grouped as:

(i) Smectites. Montmorillonite is the main type of smectite
encountered. It has a high cation exchange capacity that can
influence the hydration of shales based on the type of cations
present in the drilling fluid and its pH. Smectites consist of
three repeating units: a silica tetrahedron, an alumina octa-
hedron, and another silica tetrahedron. These clays tend to
swell due to their weak bonding and the wide gaps between
their layered units, but the swelling can be reduced by
substituting counterions, such as Na't and Ca*" into the
shales (Caenn et al., 2016).

(ii) Hite. This type of clay mineral has similar silica and alumina
sheets to montmorillonite, but lacks an expanding lattice,
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Fig. 13. The mechanism enabling SPM to beneficially influence drilling fluid filtration characteristics. Reproduced from Elsevier (Zhong et al., 2019).
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preventing water from penetrating between its layers. While
ion exchange can occur on the exterior surfaces of each layer,
the increase in volume is less than that caused by hydration
of montmorillonite. Illite forms from the degradation of
muscovite and feldspar during weathering and in subsurface
hydrothermal environments. Its lattice is occupied by poorly
hydrated potassium cations, which act to prevent swelling
(Patel et al., 2007).

(iii) Chlorite and kaolinite. This type of clay mineral is not able to
hydrate or swell substantially, although kaolinite can
disperse. Kaolinite has a low swelling tendency and poor
cation exchange capacity and is produced by the chemical
weathering of aluminum silicates such as feldspar. Shales
with a considerable amount of kaolinite are brittle and can
pose mechanical stability issues in wellbores (Anderson
et al.,, 2010).

In order to maintain stability in the wellbore, it is necessary to
prevent shale formations from hydrating and swelling. This can be
achieved by neutralizing the reactive charges present on the sur-
faces and in the interlayers of clay minerals. Various inhibitors are
added to WBDF fluids for this purpose, which act as physical, me-
chanical, or chemical inhibitors depending on their interaction with
the shale formation. Inorganic salts, polymers, and ionic liquids are
commonly used shale inhibitors, with polymers of different func-
tional groups being the most effective. However, some of these
polymers may not be efficient due to their high temperature
degradation and less efficient functional group (Gholami et al.,
2018). For example, polyethyleneimine can interact with clay
through hydrogen bonding and electrostatic interaction, but it
cannot withstand high temperatures above 120 °C, resulting in
desorption from the shale surfaces, which subsequently swell (An
and Yu, 2018).

Water is the most desirable dispersion phase for drilling and
completion fluids, owing to its low cost and its beneficial envi-
ronmental/safety attributes (Rana et al, 2019). In WBDF it is
desirable to decrease the activity of the water in order to stabilize
the clay in the borehole. The effect is achieved by chemically
binding water molecules, preventing them from penetrating deep
into clay formations. The rate of hydration and the response to
different types of swelling inhibitors in plastic and non-plastic clays
are not the same. Non-plastic clays bind a small amount of water
and collapse immediately, making it imperative to reduce the rate
of hydration, by reducing the activity of water molecules, to
maintain formation stability in such clays (Rana et al., 2019).

Establishing an SP's ability to inhibit shale swelling is a prime
concern. In this regard, SPs can be classified as follows:

1. Water-soluble polymers such as polyvinylpyrrolidone display
an ability to adsorb onto the surface of the clay minerals in shale
formations and reduce their swelling. Polyacrylamide can also
interact with the clay minerals in shale formations and prevent
water from penetrating into the interlayers.

. Cationic polymers such as polyetheramine display an ability to
neutralize the negative charges on the surface of the clay min-
erals in shale formations and reduce their swelling (Beg et al.,
2019).

. Polymers that contain both positive and negative charges such
as polyampholytes also display an ability to interact with the
clay minerals in shale formations and prevent water from
penetrating into the interlayers (Ma et al., 2017).

. High molecular weight polymers such as polyacrylamides
display an ability to adsorb onto a shale formation's surface and
form a protective layer, preventing water from penetrating into
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the shale and its component clay minerals (Jain and Mahto,
2017).

An example field application involved an SP comprised of PHPA
and KCL used to provide shale inhibition in high-density drilling
fluid conditions (Gueciouer et al., 2017). It resulted in a reduced
level of shale dispersion, which was attributed to the function of
PHPA in encapsulating the shale, and the inhibition mechanism of
K+ cation acting to prevent shale swelling (Gueciouer et al., 2017).

Fig. 16 provides a diagrammatic representation of the stabili-
zation process of clay-rich formations in a borehole wall in the
presence of SP-bearing WBDF. Initially, polar reagents, due to their
low molecular weight, penetrate into the rock together with the
aqueous phase of the solution. This contributes to neutralizing ions
in the rock structure and stabilizing the pore pressure. Simulta-
neously, high-molecular-mass compounds (the SPs) are adsorbed
onto the borehole walls, forming a protective layer inhibiting
drilling-fluid penetration from its filtrate into the formation
(Gholami et al., 2018; Rana et al., 2019).

Wellbore stability is ensured through the use of sodium or po-
tassium polyacrylates as part of the drilling fluid when combined
with glycerine and with sodium formate (Chudinova et al., 2019).
Polyvinylpyrrolidone tends to bind complex and low molecular
weight compounds. Therefore, the introduction of poly-
vinylpyrrolidone into WBDF contributes to reduction of the
dispersion medium's activity of the fluid. This acts to suppress pore
pressure growth in the formations present in the borehole walls,
thereby increasing borehole stability when drilling in clay-rich
formations (Ma et al., 2022).

Acrylic-acid-grafted-activated carbon (C-g-AA-NH,) was syn-
thesized by free-radical polymerization (Ibrahim and Saleh, 2020).
16 g of AA and 1.5 g of C-A were added to 100 mL of deionized water
and mixed in a three-neck flask equipped with a condenser, mag-
netic stirrer, and nitrogen gas. To remove dissolved oxygen, a
nitrogen-gas purge (10 min) was necessary before reducing and
maintaining the flow rate throughout the reaction. A solution made
of 0.5 g of potassium persulfate dissolved in 10 mL deionized water
was added gradually as an initiator to promote polymerization.
After 3 h at 60 °C, 6.7 g ethylenediamine in 200 mL ethanol was
introduced. The resulting solution was vigorously stirred for 24 h at
room temperature. Fig. 17 illustrates that this caused the formation
of hydrogen bonds and electrostatic interactions existing between
the surface of clay and the grafted polymer part of —OH and —NHo.
A 2 wt% aqueous solution of C-g-AA-NH; develops a thin layer on
the Na-Bt surface. Meanwhile, carbon NPs centered on the core
help to prevent water penetration by sealing the nanopores. The
ether group on the surface of the core-centered carbon NP further
prevents the penetration of water into the clay, due to its hydro-
phobic nature (Ibrahim and Saleh, 2020).

The SP amidocyanogenesilanols (HAS) were introduced as a
promising shale inhibitor after conversion of methacrylox-
ypropyltrimethoxysilane with polyethylene polyamine (Chu et al.,
2020). This created high-temperature stable shale inhibitors suit-
able for WBDF. HAS permeating into a clay interlayer tends to be
adsorbed into more sites, reducing the affinity between water
molecules and clay, and the degree of hydration degree at the clay
surface (Fig. 18). HAS-bound neighboring clay plates also tend to
eject some of adsorbed water molecules from the interlayers,
thereby decreasing the osmotic hydration of the clay-rich forma-
tion (Chu et al., 2020).

Table 7 describes selected research focused on improving the
clay stabilization capabilities of drilling fluids. The polyampholyte
(DAM) can tolerate heat up to 288 °C, but only provides 47% inhi-
bition of shale. This low efficiency is due to its inability to diffuse
charged clay minerals, which is attributed to its poor hydrogen-
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Table 6
Selected studies of SP to enhance the filtration behavior of drilling fluids.

Type of SP/SP properties Chemical structure Optimal Work Finding Ref.
concentration condition

PAAN-G (A polymer/GO composite)/MW:
3500 Da

2.0 wt%PAAN- Laboratory (PAAN-G) was generated by aqueous free Ma
G conditions radical polymerization to copolymerize 3 et al.

(25, 150, 180, monomers: N-vinylpyrrolidone; AMPS; (2021a)

and 240 °C,  AM, in the presence of and GO.

3.5 MPa) The volume of LTLP fluid loss of the base
fluid with 2.0 wt% PAAN-0.5G or 2.0 wt%
PAAN-0.2G was recorded ove the interval
180—240 °C. At 240 °C, the API filtration
volume was only 12.5 and 12.3 mL,
respectively. At 180 °C and at 1.0 wt %, the
rate of change of AV, PV, and YP were 26.6%,
27.2%, 25.0%, respectively. In the presence
of salt, 25% of NaCl at 150 °C and
concentration 2.0 wt%, the AV, PV, and YP
were 25, 17, 8 mPa-S, respectively.
The results indicate that PAAN-0.5G and
PAAN-0.2G can perform in ultra-high-
temperatures. When the LTLP fluid loss
volumes were compared the two forms of
PAAN-G additive behaved in a similar
manner. This indicated that increasing the
GO concentration does not considerably
improve the capacity of PAAN-G in
filtration reduction. This may be a
consequence of the GO's grafting rate on
PAAN not increasing remarkably as GO
concentration increased. After aging,
PAAN-G adsorption enhanced the particle
size distribution range of bentonite.
Furthermore, because of the GO flake
structure, the free PAAN-G was able to
enter into the microscopic holes of filter
cakes. This contributed to the filter cakes’

ot
PAAN-G cOO COOH COOH o
|

compactness.

P (ANAN)(acrylamide, N-vinyl-2-pyrrolidone d L o l 0.8 wt%P Laboratory P (ANAN) was produced by free-radical Mao
and 2-acrylamide-2-methylpropanesulfonic [ CH, —CH J{ CH, —CH H CH, — CH JF (ANAN) fluid  conditions polymerization triggered by 2,2’-Azobis (2- et al.
acid)/MW: 5.332 - 10° Da 3 S LB i loss control: (180 °C, methylpropionamide) dihydrochloride. It  (2021)

i L ( \fo 1.5 wt% 4.1 MPa) can be deployed into WBDF, at high
¢ | Ol \_/ P(ANAN) temperature conditions, for controlling
BT 4 magnesium and calcium contamination

i and reducing fluid loss. The performance
deliverability after aging at 180 °C was YP:
4.0 N/m?, PV: 19.0 mPa-S, and AV:

23.0 mPa-S, FLap:2.4 mL, FLyryp: 28 mL).
The results of fluid loss control mechanisms
revealed that P (ANAN) had a greater
contact with the bentonite particles at
elevated temperatures. It could clearly
enhance the colloidal dispersion capability
of WBDF that has been polluted by salts
leading to magnesium and calcium
contamination, and invasion of acid gas
under bottom-hole conditions. Because of
the excellent quality of the filter cake, the
filtration volume was lowered, and a high
filtrate viscosity of the WBDF could be
maintained at high-temperature
conditions. As a result, P (ANAN) has the
potential to be a viable additive in WBDFs
for controlling fluid loss. It is suitable for
deep and ultra-deep drilling operations.

B-CDPMs (B-cyclodextrin polymer 1.0 w/v% B-  Laboratory B-CDPMs provided improved fluid loss Zhong

microspheres)/DT: 366.667 °C, Particle CDPM conditions control at temperatures of >160 °C. It could et al.
size(Dsp): 74.49 pm ) (240 °C, withstand temperatures up to 240 °C (2020a)
0.7 MPa) without significant rheological effect.

When thermal ageing exceeded 160 °C, the
hydrothermal process produces many
nanocarbon spheres and nanostructured
composites. These high-temperature
resistant NP overlap the nanoscale gaps and
promote the formation of a thick filter cake,
resulting in good filtration control. The

(continued on next page)
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Table 6 (continued )

Type of SP/SP properties Chemical structure Optimal Work Finding Ref.
concentration condition

filtration control method used provides a
new means of controlling HT filtration in
WBDFs. The volume of filtrate was 17.2 mL,
indicating 53.8% lower filtration. As the
concentration of microspheres increased,
the volume of filtration loss dropped
somewhat. The performance deliverability
results (AHR at 240 °C,16 h) at
concentration 1.0 w/v% p-CDPM, were: YP:
13.5 Pa, PV: 39 mPa-S, and AV: 52.5 mPa-S.
The synthetic copolymer AM/AMPS/DMDAAC/ fon- wHFH m}_ on onffom-—on 2 wt% AADS  Laboratory Two system of drilling fluids: (S1) 2 wt% of Huang

SSS is comprised of ADS, 2-acrylamide-2- | ( ) conditions AADS+ 2 wt% NaCl; and (S2) 2 wt% of et al.
methylpropanesulfonic acid, acrylamide, O:‘C J:T \J . \ (240 °C for AADS+ 4 wt% NaCl) were prepared and (2019)
dimethyl diallylammonium chloride, and - i soa  ch 16 h, 3.5 MPa) tested. Their fluid losses at LTLP conditions
sodium styrene sulfonate,lt is abbreviated CH,—C—CH reduced to 8.5 and 9.8 mL, respectively, in

here to AADS./MWy: 1.161 - 10° Da, MWy: w,éo Na the presence of 2 wt% of AADS. Meanwhile,

6.84 - 10° Da, PDI: 1.697, MWn: 1. - 10° Da their fluid losses at HTHP conditions

remained relatively low at 18.9 and

22.5 mL, respectively. The rheological
properties results after adding the
copolymer were YP: 10 Pa, PV: 19 mPa-S,
and AV: 29.0 mPa-S.

Moreover, the carboxyl groups, amide
groups, sulfonic acid groups, and benzene
ring, existing on copolymer molecules
provides strong polarity that generates a
robust polarization layer acting to prevent
molecules of water from filtering out of the

drilling fluid.
*m and n are degrees of polymerization; for styrene copolymer n = m.
Stratigraphy Lithology PP Formation description
Soft clean fine grained sandstone
Al 8.7-10.2 interbedded with thin gray shale
and some limestone
Grayish green to dark gray shale
A2 10.2-13.2 with some layers of sandstone
andlimestone
A3 13.2-13.8 Limestone with some shale
= Upper dense hard limestone
A4 o8 13.8-14.7 middle oolitic limestone
upper dense hard limestone
Hard fine grained poorly sorted lime
A5 - 14.7-16 mud stone, yellowish brown at top
and dark gray at base with some shale
AARAAAAAAAAARA
A6 ik U‘IL‘ Lﬁ Ah— 16-18.8 Thick sequence of anhydrite interbeded
— ) with limestone and someshale
AAAAAAAAARAAARA

Fig. 14. Sandstone/shale sequence in 16-inch-hole section of a problematic well (A1) drilled in Kuwait with drilling fluid lubricity improved by an SP additive. Modified after (Al-
Muhailan et al., 2014).
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bond-making ability. The polymer works better when combined
with KCl, which helps neutralize clay charges through electrostatic
interaction (Ma et al., 2017). Glycyrrhiza glabra root extract con-
tains several functional groups like —OH, —COOH, and —CH3s, but
requires higher concentrations to perform effectively as a shale
inhibitor, which can negatively impact the rheological and filtration
properties of drilling fluids (Moslemizadeh et al., 2017). Polymers
containing amine, amide, imine, and hydroxyl groups are able to
create electrostatic forces, helping them to achieve maximum shale
inhibition up to 76%. Polymers based on ammonium, however,
display lower inhibition, typically around 25% (Abbas et al., 2021;
Gholami et al., 2018).

5. Environmental and economic aspects of SPs used in
drilling fluids

5.1. Environmental considerations

Depending on the type of polymer or SP used and the specific
environmental conditions of the drilling operation, some drilling
fluid types can have greater environmental impacts than others.
WBDFs are generally believed to be less harmful to the environ-
ment compared to OBDF or SBDF. OBDFs are typically more harmful
to the environment than WBDFs because they are made with SPs
that can be toxic to aquatic life and can lead to long-term damage to
soil and water quality. SBDFs are designed to be more environ-
mentally friendly than traditional OBDFs but they may still pose
environmental risks if not managed appropriately and the additives
they contained are not carefully selected (Bakke et al., 2013;
Davoodi et al.,, 2022b; Fadairo et al.,, 2012). Using appropriately
manufactured and handled polyacrylamide-based friction reducers
in WBDF in preference to OBDF offers a more environmentally
friendly alternative (Metwally et al., 2022). Environmental regula-
tions now limit the use of OBDFs in many jurisdictions, placing
more pressure on the industry to develop and use more
environmentally-friendly WBDF and SBDF in place of OBDF
(Metwally et al., 2022). Some of the SPs used in OBDF, such as
polyalphaolefins, that are known to be toxic to aquatic life can also
accumulate in the human food chain (Kania et al., 2015).

SPs used in various types of drilling fluids have environmental
implications that need to be considered (Davoodi et al., 2022b).
From an environmental perspective, it is preferrable to preferen-
tially apply polymerization processes in aqueous solutions when
synthesizing polymers from acrylamide. That approach should lead
to a reduction of energy costs for initial monomer separation, a
decrease in environmental pollution, and the avoidance of a
dissolution stage requiring some toxic polymer reagents (Rokhade
et al., 2007). The drilling fluids with minimum solid phase content
using biodegradable organic additives, including water-soluble
polymers (natural or synthetic), such as CMC, starch and their
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derivatives and some acrylic polymers have substantially lower
toxicity than traditional drilling fluid formulations (Daneshfar et al.,
2018; Madani et al., 2022).

Furthermore, there are concerns that polyacrylamide (any
polymer containing acrylamide monomers) used as a drilling-fluid
can, if not handled appropriately, contaminate the environment
(Dai and Zhao, 2018). Although polyacrylamide itself is non-toxic,
because it is hydrophilic, its degradation products could poten-
tially be widely transported to contaminate groundwater systems.
SP, such as various modified cellulose, modified starch (and poly-
acrylamide) that are widely used in drilling fluids, display relatively
low toxicity but further studies are required to determine the long-
term biostability and impacts of such polymers in sub-surface en-
vironments (Dai and Zhao, 2018).

The creation and use of polymers can have direct and/or indirect
impacts on the environment. If waste-materials containing certain
polymers are buried in landfill waste sites there is a risk that they
will contribute to soil and groundwater contamination as they
decompose. Consequently, carefully designed treatments are
required prior to disposal of drilling wastes to avoid such adverse
outcomes (Lambert et al, 2014). More importantly, the
manufacturing methods for SPs used in different types of drilling
fluids can also have significant environmental impacts. The pro-
cesses involved in producing these polymers can generate large
amounts of waste, consume significant amounts of energy, and
release harmful pollutants into the air, water, and soil. The
manufacturing of SPs used in OBDF and SBDF can generate large
amounts of waste and release harmful pollutants, which can have
adverse effects on the environment. SBDF are designed to be more
environmentally friendly, but their manufacturing still involves the
use of various chemicals that need proper handling and disposal
(Davoodi et al., 2022b; Gautam et al., 2022). When evaluating the
toxicity, bioaccumulation, and biodegradation of SPs in drilling
fluids before disposal, the following protocol is recommended:

1. Toxicity testing. Toxicity testing should be conducted to deter-
mine the potential adverse effects of the SP on aquatic organ-
isms. This can include acute and chronic toxicity tests using
different species of fish, invertebrates, and algae. The tests
should follow standardized protocols, such as those recom-
mended by the Organization for Economic Cooperation and
Development (OECD), and measure parameters such as mor-
tality, growth, and reproduction. Specifically, the applicable test
protocols are: (i) ISO 10253 to examine the impact of drilling
wastewater on the growth of single-celled marine algae Skel-
etonema and Phaeodactylum tricornutum in seawater, with a
threshold of half maximal effective concentration (ECsgp)
(72 h) > 10,000 ppm deemed acceptable (ISO10253, 2006). (ii)
ISO 14669 and ISO 16778 to assess the acute lethal toxicity of
marine copepods Acertie tonsa, with an acceptable limit of

(a)

OQO

Fig. 15. Drilling fluid lubrication mechanisms: (a) "roller bearing" of polymer NP; and, (b) "lubrication film formation" of polymer NP. Reproduced from Elsevier (Xu et al., 2017a, b).

505



S. Davoodi, M. Al-Shargabi, D.A. Wood et al.

lethal concentration (LCsg) (48 h) > 10000 ppm (ISO14669,
1999; 1SO16778, 2015). (iii) OSPAR utilizes an amphipod spe-
cies Corophium sp. to investigate burrowing behavior and acute
lethal toxicity, which determines the concentration of contam-
inants that kill 50% of the test organisms (OSPAR, 2006). (iv) EPA
utilizes a test organism Mysidopsis bahia to define lethal
contamination in suspended particulate phase of drilling fluid
containing SP, which kills 50% of the test organisms within 96 h
(EPA,1993). (v) ASTM E1367 - 03 regulates the discharge of SBDF
drill cuttings by utilizing a test organism L. plumulosus (ASTM
E1367 - 03, 2014).

2. Bioaccumulation testing. Bioaccumulation testing is conducted
to determine whether an SP is likely to accumulate in the tissues
of aquatic organisms. This can include bioconcentration tests
using fish or other aquatic organisms and measuring the con-
centration of the SP in the tissues over time. Specifically, the
most applicable test protocols are: (i) OECD 117 evaluates the
partition coefficient of a dissolved substance in a two-phase
system (octanol and water) as a ratio of equilibrium concen-
trations. This ratio indicates the tendency of a chemical to
partition into octane (fatty tissue of an organism) compared to
water, and the acceptable limits are represented by a ratio value
without a unit (log Kow) between 3.0 and 6.0 (OCED 117, 2004).
(ii) OECD 305 evaluates the bioconcentration factor by exposing
test organisms to a constant concentration of effluent in water
until an equilibrium is reached between the concentration of
effluent in water and the test organism. The acceptable limits for
the bioconcentration factor are values < 3.0 (OCED305, 2012).

3. Biodegradation testing: Biodegradation testing is used to
evaluate the potential of SPs to break down in the environment.
Standardized tests, such as the OECD 301 Ready Biodegrad-
ability Test or the OECD 308 Aerobic and Anaerobic Trans-
formation in Soil, can be used to determine the biodegradability
of SPs. The tests involve exposing the SP to microorganisms
under controlled conditions and measuring the rate of biodeg-
radation (OCED 301, 1992).

Table 8 identifies certain polymers that have the potential to be
hazardous to the environment and human/animal health. The
hazard class of hazardous substances is a conventional value
intended to provide a simplified classification of potentially haz-
ardous substances in terms of their potential impact on the envi-
ronment, human, and animal health (Davoodi et al., 2022b) and
includes limiting value of harm (Byzov et al., 2019) and hazard
value (ISO14971, 2015). For instance, the copolymer of methacry-
late with butyl acrylate and methacrylic acid is categorized in the
high hazard class (IV) with the potential for causing toxicological

= Mud pressure

Capillary pressure * Water

\

SP contained filter cake

Water

. Synthetic polymer (SP)
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environmental impacts. When polymerizing SPs, it is clearly
beneficial to avoid or minimize the involvement/creation of these
hazardous polymers and seek to identify non-hazardous and non-
toxic alternatives (Lithner et al., 2011; Zhang and Dubé, 2018).

The technologies used to drill gas and oil wells results in sub-
stantial, difficult and costly to handle, waste materials, including:
drilling cuttings, spent drilling fluids and produced formation wa-
ter. The greatest difficulty is associated with handling spent drilling
fluid and rock formation cuttings. Furthermore, the volumes of
waste generated, particularly rock cuttings, is substantial. Up to 80%
of the drill cuttings volume tends to be clay-rich/shale fine-grained
rock material (Van Oort et al., 2015). Drilled rock particles tend to
swell during hydro-transport from the bottomhole to the surface,
and the volume of cuttings increases by about 20%—25% (Pereira
et al., 2022). Treatments applied to drilling cuttings depend upon
their physical and chemical properties, which will determine what
can and cannot be readily reused (Boutammine et al., 2020; Pereira
et al., 2022). The most commonly applied drilling fluids waste
treatment are: physicochemical (Boutammine et al., 2020); biore-
mediation (Imam et al., 2019); thermal (Pham and Pakrasi, 2019);
supercritical fluids (Manjare and Dhingra, 2019); electrokinetic
(Adhami et al., 2021); and stabilization/solidification (Fig. 19)
(Boutammine et al., 2020). The physicochemical properties of
drilling wastes varies depending on the geological section drilled
and with the various drilling fluid additives involved to deal with
variable sub-surface environments. The drilling-fluid additives
include various temperature stabilizers, surface-active substances,
antifoam additives, specific gravity weighting agents, flowing
agents, friction reducers, etc. Traditionally, some of these additives
have not been environmentally friendly (e.g. diesel-based lubri-
cants) or biodegradable. Inorganic contaminants are also present in
drill cuttings, including various metals, in addition to complex
materials such as sulfur-bearing compounds, asphaltenes, resins
and heavy waxes deposited from some formation hydrocarbons
(Manjare and Dhingra, 2019; Pereira et al., 2022).

In order to improve the environmental acceptability of SPs in
drilling fluids, several strategies can be adopted. An obvious
approach is to reduce the quantity of hazardous waste of SPs used
in drilling fluids, and the many other chemicals involved in drilling
activities, particularly those associated with uncertainties
regarding their health and environmental impacts. To assess the
hazardous potential of these chemicals, one can analyze the Fire
and Explosion Damage Index, Toxicity Damage Index, Primary
Dermal Irritation Index, and Eye Irritation Index (Draize Score)
while developing drilling fluids. This information can assist in
choosing the appropriate category of monomers, polymers, and
additives for creating SPs that are effective drilling-fluid additives

& ciayrock

Hydrophilicity of the filter cake surface decreased

Fig. 16. Diagrammatic representation of the stabilization process of a clay-rich formation in the borehole walls in response to a WBDF containing SP.
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Hydrogen bond

Carbon core

Shale surface

Fig. 17. The mechanism of inhibitor C-g-AA-NH,. Reproduced from Elsevier (Ibrahim and Saleh, 2020).
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Fig. 18. The mechanism of interaction of amidocyanogenesilanol (HAS) with clay plates. Reproduced from Elsevier (Chu et al., 2020).

that can withstand high-pressure, high-temperature reservoir
conditions (Tikadar et al., 2021a, b).

Preferentially using biodegradable polymers in drilling fluids
can reduce their environmental impact. These polymers can be
derived from natural sources such as starch, cellulose, and chitosan,
or can be synthetic but designed to break down rapidly in the
environment (Gautam and Guria, 2020). Also, by maintaining a low
aromatic content (less than 1%) and n-paraffin content (less than
5%), it is possible to decrease the toxicity level of SBDF (Gautam
et al, 2022). The implementation of appropriate disposal
methods for SPs used in drilling fluids is essential to prevent
contamination of the environment. This can be achieved by
ensuring that the drilling fluids are properly contained and
disposed of in designated locations, such as landfills or treatment
facilities (Tikadar et al., 2021a, b) and that procedure is carefully
monitored and regulated.

5.2. Economic considerations

Both natural and modified polymers are widely used as drilling
fluid additives, particularly to improve rheology and filtration
properties (Safi et al., 2016). These include xanthan gum, cellulose,
guar gum, maleic anhydride and polyacrylate derivatives. However,
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the benefits of the cheaper natural polymers are limited due to
weak thermal stability, such as that of starch (Al-Hameedi et al.,
2019) up to 120 °C, compared to that of SP Poly(SSS/AM/AMPS)
160 °C (Huo et al., 2018). Similarly natural polymers typically
display low tolerance to salt, such as that of guar gum (Lugman
Hasan et al., 2018), while the SP AADS displays high tolerance to
Nacl (up to 100000 ppm) and CaCl, (up to 1000 ppm) (Huang et al.,
2019). For instance (Konstantin et al., 2018), demonstrated that
starch-based reagents are of limited use in reservoir drill-in fluid
systems because starch-derived filter cakes become damaged by
biodegradation and/or acid treatments, degrading the drilling
fluids filtration properties.

When drilling the top-hole sections of oil/gas wells (surface/
intermediate casing intervals), starch derivatives are rarely used as
filtration reducers. If they are used, it tends to be in salt-water-
based drilling fluids, or in saline conditions, reducing the rate of
polymer biodegradation compared to freshwater systems. The
synthetic introduction of a significant amount of carboxymethyl
groups into the polymer structure can eliminate this drawback and
increase thermal stability. Economic feasibility of this solution is
provided by 30%—50% lower cost compared to low viscosity CMC.
Most often CMC is produced from corn or potato starch (Konstantin
et al., 2018). Consequently, such SP solutions offer significant
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Table 7
Research involving drilling fluids with SP to improve the clay stabilization.
Type of SP Chemical structure Optimal Work Finding Ref.
concentration condition
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inhibitor which was based on CMCS. The mechanism of

inhibition of CMCS differs from that of conventional

encapsulation and cationic inhibitors and inorganic salts. The
greater CMCS's inhibition is attributed mostly to abundant

NH, (—NH3), —OH, and —COO~, CMCS being easily adsorbed

at many sites on Na-Bentonite particles. This occurs through
hydrogen bonding and electrostatic interactions, partly
neutralizing the clay surface with negative charges. Also, by

firmly surrounding the clay particles, CMCS molecular chains

form a continuous polymer film. This increases surface
hydrophobicity and resists invasion by free water molecules.
Electrostatic interactions and hydrogen bonding with clay = Zhang et al.
minerals are the most likely inhibition mechanisms involved. (2018)
ASBA only inhibited shale swelling by 37.8%. It is not known

what accounts for its relatively poor inhibition. It could be

due to the inability of the active sites to neutralize reactive

clay minerals. In addition, ASBA was incompatible with

additives used in drilling fluids.

The ability of this polymer to form hydrogen bonds is rather Ma et al.
weak. Therefore, it could not completely suppress shale. It (2017)
performed well in the presence of KCl, because the

electrostatic contact neutralizes the clay charges.

Glycyrrhiza glabra is a tree with a highly effective saponin, a Moslemizadeh
biosurfactant, that has been tested and proposed for etal. (2017)
enhanced oil recovery (EOR) purposes. Hydrophobic and

hydrophilic groups provide Saponin with its surfactant

properties. It is extracted from Glycyrrhiza glabra through a

spray drying process. It contains many functional groups

including —COOH, —OH, and —CH3. A shale slurry inhibition

test was used to determine the inhibition of shale slurry. The

results showed that high concentrations of inhibitor are

needed which is a disadvantage of its use. Moreover, at high
concentrations, it impairs drilling fluids' rheology and

filtration properties.

The inhibitor was created in a chemical reactor at 125 °C. The Ferreira et al.
inhibitor's interaction mechanism involves electrostatic and (2016)
hydrogen bonding. Abundant hydroxyl groups work as active
sites to neutralize reactive clay particles and prevent water
penetration. HPG achieved thermal stability up to 200 °C,
although its effectiveness depends on its concentration.
Significant interaction of the solution with the solvent above
2 wt% concentration caused agglomeration. This affected the
fluid's rheology. In the absence of KCl, this polymer cannot
inhibit effectively.

PEI was synthesized by ring polymerization of
ethyleneimine. The ethylenimine group works as an active
site to inhibit clay minerals. PEI was tested on
montmorillonite clay (Mt-clay). It was found to inhibit Mt-
clay through electrostatic interaction and hydrogen bonding.
The swelling rate of the shale was estimated to be 76.2%. A
possible explanation for the low efficiency is the dependence
of inhibition on PEI's molecular weight. The higher its
molecular weight, the higher the clay-mineral inhibition.
However, high molecular weights resulted in lower water
solubility.

OPLL was synthesized by thermal co-polymerization. OPLL Xuan et al.
can be used as a high-performing, environmentally (2015)
acceptable inhibitor for the hydration of shale. The

remarkable efficiency of OPLL is related to the synergistic

impacts of the inhibition of montmorillonite crystals and the

decrease in the diffuse double-layer repulsion between the

particles of clay. Linear swelling and shale dispersion

experiments revealed that OPLL performs exceptionally well

in montmorillonite- and illite-rich shales.

POAA was synthesized by condensing a low molar mass of Zhong et al.
polyoxypropylene diamine POP230 with diacids. The POAA (2012)
compounds were then tested as possible shale inhibitors.

POAA (POP230-ethane diacid) has the benefit of a simple

Jiang et al.
(2016)
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Type of SP Chemical structure Optimal Work

concentration condition

Finding Ref.

molecular structure and a low molecular weight. POAA acts
to suppress shale swelling due to the monolayer polycation
arrangement it forms in the interlayers of shales. POAA
interacts with the surface of some clay minerals that convert
it into a somewhat hydrophobic condition, giving it the
ability to reduce hydration and swelling of shales. POAA was
tested in various conditions, and observed to establish
hydrogen-bond connections between amide and siloxane
groups. Such bonds, together with van der Waals interactions
and electrostatic forces, act as the primary variables
responsible for reducing shale swelling and dispersion
difficulties.

*n Degrees of polymerization.

advantages in terms of resistance to biodegradation, stability, water
solubility and cost of supply (Ma et al., 2017).

Nevertheless, many traditional SPs used in WBDF have many
problems such as high operating costs, poor stability, high reac-
tivity, and strong corrosion consequences. In addition, conven-
tionally manufactured polymers readily degrade during high-
temperature drilling, thus adversely impacting the rheological
and filtration properties of the drilling fluid system. Many con-
ventional SP provide good outcomes at temperatures below 150 °C.
Therefore, in order to meet the requirements of drilling operations,
it is necessary to develop more polymers with higher temperature
resistance and that can be manufactured at lower costs of supply
(Ghasemi et al., 2018; Khalil and Mohamed Jan, 2012).

Huo et al. (2018) synthesized the novel polymer poly(SSS/AM/
AMPS). The monomers employed to produce that SP are quite
inexpensive, such as AMPS, AM, and SSS, Some costly cationic
monomers, such as DMDAAC, were not employed in synthesis.
Thus, when compared to natural polymers such as xanthan gum
(the cost of 1000 kg is approximately $4300) and standard SPs
(“Alibaba, 2023), the cost of 1000 kg of poly(SSS/AM/AMPS) is
approximately $4500 (Huo et al., 2018). However, when comparing
poly(SSS/AM/AMPS) to xanthan gum, it should be taken into ac-
count that xanthan gum has weak thermal stability (120 °C), and
low tolerance to salt (Agwu et al., 2021b). Another relatively low-
cost SP application is WBDF with polyacrylamide-based friction
reducer (AFR) additives, which has a lower cost of supply than
OBDEF. WBDF with AFR has outperformed the WBDF without AFR in
terms of thermal stability and shear rate viscosity. Its beneficial
properties improve hole cleaning, fluid rheology and stability, as
wells limiting filtration losses to the formation, thereby reducing
formation damage (Metwally et al., 2022).

Fig. 20 provides indicative costs (first quarter 2023) of selected
SPs commonly used in drilling fluids. The SPs considered are PHPA,
potassium polyacrylate (NPA Or NH4-HPAN), sodium polyacrylate,
polyhydrolyzed (Na-HPAN), and sodium acrylate/acrylamide (SAA).
PHPA is the cheapest of the five considered, due to the low cost of
the acrylamide monomer (approximately US$1.5/g). SAA is the
most expensive due to the high cost of sodium acrylate monomers
(US$21 to 27/g). In general, the cost of an SP depends largely on the
cost of the monomer used in its production. The costs of common
monomers are provided in Fig. 21. DMDAAC monomer is the most
expensive (approximately US$35$/g). Thus, it can be inferred that
any SPs developed containing high concentrations of DMDAAC will
also be expensive. The costs reported in Figs. 20 and 21 are derived
from the Alibaba website (Accessed in March 2023- https://www.
alibaba.com) (Alibaba, 2023).
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6. Recommendations for future research

The behavior of synthetic compounds in drilling fluids is influ-
enced not only by the composition, structure and molecular weight
of the particular polymer, but also by the composition and tem-
perature of the system into which they are added. A particular
polymer can work as a flocculant at low concentrations and as a
filtration reducer at high concentrations. These variables make it
necessary to conduct extensive testing programs before a new
product can demonstrate its reliability and confidently enter the
market.

Further research to develop novel and modified SPs is required
for a number of reasons.

1. Modified-natural polymers in current usage have a number
of disadvantages. These include sensitivity to formation li-
thology and fluid compositions, salinity, pH environment,
water hardness and high temperature. In this regard, the
search for inexpensive SPs with high encapsulating capacity,
providing drilling fluids with a flat rheological profile and
high viscosity at low shear rates remains a key ongoing
research objective.

. There are some disadvantages of the SPs in drilling fluids: (1)
many geological factors can affect the performance of SP such
as HPHT and salt contamination. Thus, to improve the SP
performance it is beneficial to use suitable monomers. For
example, in case of high temperature, monomers containing
molecular groups such as sulfonate, methyl, phenyl, furan,
lactam, and pyrrolidine can enhance SP thermal stability; for
example, SP based sodium 4-styrene sulfonate in (Liu T. et al.,
2020) which displays effective thermal stability up to 200 °C.
On the other hand, monomers which contain carboxylic acid
and sulfonic acid salts can highly enhance the salt tolerance
of SP. such as the SP based AM, AMPS, DMDAAC, and SSS
(Huang et al., 2019). (2) The monomers use to manufacture
some SP are expensive. Therefore, part of SP synthesis
planning should be to seek monomers that are inexpensive
yet capable of providing the desired functionality. For
example, poly(SSS/AM/AMPS) was developed by combining
inexpensive monomers yet demonstrated its ability to
enhance the filtration and rheological properties at high
temperatures up to 160 °C (Huo et al., 2018). However,
further research is required to develop additional low-cost SP
which can be applicable in harsh condition. (3) The compo-
nent monomers in some SPs are not environmentally
friendly; for example, the copolymer based on methacrylate
with butyl acrylate and methacrylic acid (Davoodi et al.,
2022b). Therefore, it is necessary to conduct additional
research to identify SPs composed of environmentally
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Limiting value and class of SP and natural polymers; the higher the hazard class the lower the toxicity (Buru Energy (Company), 2021; Lithner et al., 2011).

N2

Name of Polymer

Limiting Value of Harm (LVH) Hazard class

.

O oo~ U A WN

Copolymer of methacrylic acid and its ester

Copolymer of methacrylate with butyl acrylate and methacrylic acid

Acrylamide copolymer and 75% sodium salt of acrylic acid
Hydrolyzed polyacrylamide

Cellulose derivative and synthetic polymeric polyalcohol
Xanthan Gum

N,N-dimethylacrylamide copolymer with calcium AMPS
Sulfonated organic polymer

Partially hydrolyzed polyacrylamide

Toxicological/or v
Sanitary and toxicological Il

Sanitary and toxicological v
Toxicological v
Toxicological v
Toxicological v
Non-toxicological v
Toxicological Il

Toxicological Il

Toxicological v

3.

5.

friendly monomers such as AMPS and AM that contain
acrylamide and sulfonic acid groups (Davoodi et al., 2022b)
for deployment in drilling fluids used in harsh conditions,
e.g., high salt contamination, HPHT, and lost circulation.
There are two major disadvantages in using polymers based
on polysaccharides as drilling fluid additives: (a) reaction
with calcium and (b) insolubility. To overcome these issues, it
is necessary to identify additional modifying additives that
can withstand reactions with calcium and improve the sol-
ubility of polysaccharide-based polymers in drilling fluids.
One approach is to modify the polysaccharides chemically to
enhance their stability and solubility in the presence of
divalent cations. Another approach is to combine poly-
saccharides with other materials, such as surfactants and/or
nanoparticles, to improve their performance as drilling fluid
additives.

. In the process of developing a drilling fluid composition, it is

necessary to consider the complex interactions between SPs
and others chemical reagents present in the fluids, an SP's
use should not adversely affect the other properties of the
drilling fluid. Further research and testing is required to
better delineate such interactions.

While using SP with WBDF and OBDF, the stability of the SP
with bentonite and barite is limited. Moreover, some cross-
linkers have unacceptable levels of toxicity, although poly-
ethyleneimine is less toxic. Consequently, it is necessary to
develop new environmentally-friendly crosslinkers.

. Drilling fluid formulations with SP used to drill unstable clay-

rich formations, have to provide sufficient inhibiting capacity

10.

combined with appropriate rheology and lubrication. In
addition, a rock stability analysis must be performed in order
to successfully drill wells in unstable clay-rich formations.
New SPs are required that can deliver such properties under
harsh sub-surface conditions which are mainly HPHT and
salt contamination.

. Many SPs, such as various modified cellulose, poly-

acrylamide, modified starch, used in drilling fluids display
relatively low toxicity. However, more information is
required regarding their biostability and long-term risks to
the environment of their degradation products entering
groundwater system.

. Traditional SPs deployed in WBDF systems experience many

problems such as high operating costs, poor stability, high
reactivity, and strong corrosion. Therefore, in order to meet
the requirements of drilling operations, it is necessary to
develop new SPs with higher temperature resistance in
WABDF that can be delivered at lower costs of supply.

. The use of polymers as shale inhibitors is subject to certain

limitations. High-temperature applications may cause poly-
mer degradation, and the use of cationic polymers in WBDF
can lead to the flocculation of bentonite clay, resulting in the
segregation of drilling fluid components. There is, therefore,
a need to develop biodegradable SPs that combine polymers
and NPs, with low environmental impacts, that effectively
control drilling fluid hydration by neutralizing reactive clay
minerals and blocking pores.

Polymer-based materials, including SPs, polymer nano-
composites, and ionic liquids, which possess high thermal

E&P industry a $

Drilling waste

f Environmental impacts

Treatment mythologies

Bioremediation

Thermal
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Electrokinetic

Stabilization/solidification

Fig. 19. Waste drilling fluid and rock cuttings treatment options. Reproduced from Elsevier (Pereira et al., 2022).
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Fig. 20. Cost of commonly used SP in drilling fluids (Alibaba, 2023).
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Fig. 21. Cost of common monomers used to synthesize SPs (the abbreviations can be
found in the nomenclature) (“Alibaba Website,” 2023).

stability, are regarded as potential shale inhibitors for use in
the drilling of gas and oil reservoirs. However, the practicality
of using these materials, specifically ionic liquids, co-
polymers, and nanocomposites, as shale inhibitors in drilling
fluid additives requires further evaluation. Factors such as
the cost of synthesizing copolymers and polymer nano-
composites, their toxicity, and hazard analysis for field ap-
plications should be taken into account. Although there is
limited literature on the use of copolymers, polymer nano-
composites, and ionic liquids as shale inhibitors, preliminary
lab-scale studies have identified them as strong contenders
for shale inhibition applications in WBDF.

11. Many monomers that are commonly used to synthesize
polymers are extremely expensive, such as DMDAAC. Some
monomers are inexpensive, such as AMPS, AM, and SSS.
More effort is required to develop and utilize these lower-
cost monomers in SP synthesis.

12. Current understanding of SP properties come from labora-
tory experiments. Many more field-scale tests are required
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for the novel SPs identified in the laboratory in recent years.
Moreover, many SPs designed for HPHT conditions are
developed in laboratory conditions without due consider-
ation of their cost of supply for commercial-scale de-
ployments. Therefore, economic assessments should
accompany laboratory tests associated with SPs, particularly
those designed for HPHT conditions.

13. Operations associated with synthesizing polymers at com-
mercial scales involve chemical hazards. The importance of
avoiding environmental problems has led to stringent re-
quirements for SP manufacturing technologies. It is neces-
sary to further reinforce the requirements that production of
SPs should be environmentally friendly, or at least have a
minimal impact on the environment. Moreover, SPs consid-
ered for commercial-scale manufacture should be techno-
logically recoverable and recyclable at the end of drilling
operations, or rapidly biodegradable.

14. While polymerizing SPs for laboratory studies, inadequate
attention is often paid to the type of monomer(s) involved,
their unit costs and potential environmental/health impacts.
It is essential that more attention be paid to such commer-
cial, environmental and toxicological considerations when
developing new SP for technically beneficial deployments in
drilling fluids or for other industrial applications.

7. Summary and conclusions

This review presents a comprehensive assessment of SP appli-
cations as drilling fluid additives, the manufacturing methods used
in SP synthesis, and their advantages and disadvantages. The main
types of SPs tested in the field or in laboratory conditions are
identified, with a focus on the novel SPs developed specifically to
enhance drilling fluid performance. The applications of SPs in
drilling fluids relating to fluid-loss reduction, viscosification, and
clay/shale stabilization are addressed in detail. The environmental
and economic consequences of SPs deployed in drilling fluids are
also evaluated. The analysis leads to the following findings:

e The mechanisms of SPs in each type of drilling fluid are as fol-
lows: 1. WBDF: SPs provide a range of properties such as vis-
cosity, fluid-loss control, and shale inhibition. The SPs interact
with the water phase of the drilling fluid, providing a thickening
effect that increases viscosity and reduces fluid loss. The SPs also
adsorb onto the surface of the shale, preventing hydration and
swelling, and reducing the risk of wellbore instability. 2. OBDF:
SPs provide rheological properties such as viscosity, yield point,
and gel strength. The SPs interact with the oil phase of the
drilling fluid, improving the stability of the emulsion and pre-
venting oil/water separation. The SPs also form a protective film
on the borehole wall, reducing the risk of differential sticking
and improving hole stability. 3. SBDF: SPs act as key components
of the base fluid. SBDF typically contains synthetic hydrocarbon
or ester-based fluids, which are less prone to contamination and
provide improved environmental performance. The SPs provide
a range of properties, including viscosity, fluid-loss control, and
shale inhibition, similar to those involved in WBDF. However,
the interaction of the SPs with the base fluid is different from
that in WBDF, as the SPs are required to be compatible with the
base fluid and maintain their properties over a wide range of
temperatures and pressures. Overall, SPs play a critical role in
improving the properties of drilling fluids and enhancing dril-
ling efficiency in a range of drilling applications.

o The characteristics of SPs in drilling fluids are determined by the
type of monomers used in their formation, as well as the



S. Davoodi, M. Al-Shargabi, D.A. Wood et al.

presence of cross-linking or branching groups within the poly-
mer chain. These factors can impact the polymer's properties
and its effectiveness in drilling fluids, such as its ability to inhibit
shale hydration or control fluid loss. Additionally, the presence
of cross-linking or branching groups can make SPs more or less
susceptible to chemical alteration. The number of monomers
employed in an SP's synthesis tend to determine its molecular
weight.

o In terms of rheological properties, nano-polymer-based drilling
fluids tend to outperform conventional drilling fluids under
severe HPHT conditions. In addition, the enhanced sealing
ability of nano-polymers preserves the formation by minimizing
pressure transfer, increasing carrying capacity and reducing
fluid contact between the wellbore wall and/or formation. By
doing so it avoids formation damage and improves wellbore
stability.

e SPs can be applied to improve drilling efficiency and avoid
problems while drilling, such as stuck pipe or poor hole clean-
ing, thereby functioning as lubricant additives.

e Copolymers impart several desirable properties to low-solids
solutions. As selective flocculants, these copolymers enhance
the thickening properties of bentonite, thereby improving
wellbore cleanup. Copolymers also improve cuttings separation
from low-solids drilling fluids. In addition, they reduce friction
losses in turbulent drilling-fluid-flow conditions.

e Based on worldwide experience, various chemical groups of
monomers proved their high performance while synthesizing
the SPs used in drilling fluids to improve their properties. For
example, sulfonate, methyl, phenyl, furan, lactam, and pyrroli-
dine groups can enhance the thermal stability of SPs. Amide,
hydroxyl, cellulose derivatives, quaternary ammonium, and ac-
rylates can improve the rheological performance of SPs. Qua-
ternary ammonium, pyridine, and cellulose derivatives help
enhance the filtration control of SPs. Sulfonate, acrylamide,
diallyl dimethyl ammonium chloride, itaconic acid, and fatty
acid esters can improve the lubrication behavior of SPs.
Carboxylate, sulfonate, quaternary ammonium, and polyoxy-
ethylene chains help prevent flocculation of SPs at high tem-
peratures. Also, carboxylic acid and sulfonic acid salts provide
salt tolerance to SPs.

e In terms of environmental and cost aspects, SPs derived from
acrylamide are best polymerized in aqueous solutions. This re-
duces energy costs involved in the separation of the initial
monomers, reduces environmental pollution, and eliminates
the dissolution of polymer reagents in aqueous solutions.
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Nomenclature

Acronyms

AA Acrylic acid

AA-AAm-C-Amyl A grafted nanopolymer with Less Hydrophobic

AA-AAmM-0OD-C-Amyl A grafted nanopolymer with More

Hydrophobic

AADS 2-acrylamide-2-methylpropanesulfonic acid,
acrylamide, dimethyl diallylammonium chloride, and
sodium styrene sulfonate

AAMPSA 2-acryl-amido-2-methyl-1-propane sulfonic acid
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AFR Handled polyacrylamide-based friction reducers

AM Acrylamide

AMPS 2-acrylamido-2-methy-l-propanesulfonic acid

AP Associative Polymer Based Dimer Acid,
Triethylenetetramine and Polyoxyethylene Lauramine

API American petroleum institute

APS Ammonium Persulfate

ASBA Amphoteric polymer

ASML Acrylamide, sodium p-styrenesulfonate, maleic
anhydride, and lauryl methacrylate

BA Butyl acrylate

BPEI Polyethyleneimine

BPO Initiator benzoyl peroxide

BT Bentonite

CaCl, Calcium Chloride

Cao Calcium Oxide

CD Cyclodextrin

C-g-AA-NH, Acrylic acid grafted activated carbon

CMC Carboxymethyl cellulose

CMC-DDA Carboxymethylcellulose with Dodecylamine Polymer
CMCS Carboxymethyl chitosan

CMS Carboxy methyl starch
COF Coefficient of Friction
CSGO Novel graft copolymer
CuO Copper oxide

DAM Polyampholyte

DCS Zwitterionic Copolymer
DMDAAC Diallyl dimethyl ammonium chloride
DOH Degree of hydrolysis

ECD Equivalent Cycling Density
EOR Enhanced oil recovery

EPI Epichlorohydrin

FBWT Four-Ball Wear Test

GGRE Glycyrrhiza glabra root extract

GO Graphene oxide

H,0 Water

H;0, Hydrogen Peroxide

HAH-Polymer The hydrophobically associating heteropolymer

HAS Amidocyanogenesilanols

HEC Hydroxyethyl cellulose

HM Hexadecyl methacrylate

HPG Partially hydrophobized hyperbranched polyglycerols

HPWBDF High-Performance water-based drilling fluid
HRCF Hot Rolling Contact Fatigue

KCl Potassium chloride

LHV Limiting Value of Harm

LMA Lauryl methacrylate

LS-g-PAAm Lignosulfonate/acrylamide graft copolymers
MA Methyl acrylate

MMA Methyl methacrylate

Na-Bt Sodium bentonite

NaCl Sodium chloride

NaHCO3 Bicarbonate of Soda

Na-HPAN Polyhydrolyzed

—NH, Amino group

NMA N’-methylenebis (acrylamide)
NP Nanoparticle

NPA Or NH4-HPAN Potassium polyacrylate
NVCL N-vinyl-e-caprolactam

NVP N-vinyl-2-pyrrolidone

OAP Oil-absorbent polymer

OBDF Oil-based drilling fluid

OECD Economic Cooperation and Development
—OH Hydroxyl group

OPLL Oligo (poly-L-lysine)
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P (ANAN) Acrylamide, n-vinyl-2-pyrrolidone and 2-acrylamide-2-
methylpropanesulfonic acid

PAAN-G Polymer/graphene oxide composite
PAAS Sodium polyacrylate
PAC Polyanionic cellulose

PAC-DDAS-SiO, Polyanionic cellulose with acrylamide quaternary
monomer and grafting to nano-silica
PAM-SiO,NPs Hydrophobic polymer-modified nanosilica

PEI Polyethyleneimine

PEX Amphoteric polymer

PHPA Partially hydrolyzed poly-acrylamide
PMS Self-Crosslinking Soap-Free Latexes
POAA Poly(oxypropylene)-amidoamine
PRM Polymeric rheology modifier

RO Ring opening

ROP Rate of penetration

SA Sodium acrylate

SAA Sodium acrylate/acrylamide

SBASC Synthetic based acrylamide-styrene copolymer
SDKP A copolymer viscosifier

SDNL A novel polymer latex

SNF-FLOERGER Copolymers with Different Degree of Hydrolysis
Si0; Silicon Dioxide
SNF-FLOERGER SNF Holding Company Inc

SP Synthetic polymers

SPM Swelling polymer microspheres

SSMA Sulfonated Styrene Maleic Anhydride Copolymer
SSS Sodium p-styrenesulfonate

VPS Vinyl-Phenyl Sulfonate

WBDF Water-based drilling fluid

WSD Wear Scar Diameter

Zn0O Zinc oxide

B-CD B-Cyclodextrin

3-CDP B-Cyclodextrin polymer

B-CDPMs B-Cyclodextrin polymer microspheres

Parameters and variables

AV Apparent viscosity

DT Decomposition Temperature

Gelyo sec/Gelio min Gel strength per 10 sec/per 10 min

HPHT High-pressure/high-temperature
LP-LT Low pressure and low temperature
MW Molecular weight

MWy Number Average Molecular Weight
MWw Weight Average Molecular Weight
MWn Viscosity Average Molecular Weight
PDI poly dispersity index

PV Plastic viscosity

rpm Revolutions per minute

YP Yield points
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