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Abstract

Clay deflocculants that are commonly used in water-based muds under high
temperature high pressure (HTHP) oilwell drilling conditions have been
found to contain chromium which is toxic. Tannin-based deflocculants are
regarded as a more environmentally friendly and suitable alternative to the
chrome-based deflocculants. However, tannin-based deflocculants have not
been studied extensively and understood completely, and for the past two
years, there have not been many active pieces of research in the area. To ad-
vance research in the area, there is a need to critically and holistically review
research works that have been done so far on tannin-based deflocculants as
drilling mud additives to identify research challenges and opportunities. This
review paper provides an overview of tannin-based deflocculants used in wa-
ter-based muds under HTHP drilling conditions, including the various forms,
thermal stability, deflocculating ability and environmental acceptance of the
deflocculant. The review revealed that under HTHP conditions, modified and
unmodified tannin-based deflocculants both deflocculate water muds well
and are thermostable. However, only a few studies have been conducted on
their usage as deflocculants at temperatures of 150°C or above. The research
gaps identified if pursued could advance the use of tannin-based defloccu-
lants as green substitutes for the conventional chrome-based deflocculants.
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Deflocculant, Tannin, Drilling Fluid, Bentonite, Flocculation, High
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1. Introduction

Fossil sources continue to dominate the world energy mix in spite of tremen-
dous efforts to produce energy from alternative sources [1]. Owing mainly to
population growth, energy demand is growing rapidly worldwide. As such,
drilling activity in deep oil and gas reservoirs is continually on the rise in order
to supply this demand [2]. Deep drilling entails drilling to vast depths in order to
reach the desired formations, which results in deep wells that are usually charac-
terized by high temperatures and pressures [3]. These deep wells have thus been
classified according to their bottom hole static temperature (BHST) and bottom
hole static pressure (BHSP). High-temperature high-pressure (HTHP) wells, for
example, have BHST and BHSP values ranging from 150°C to 205°C and 69 to
138 MPa [4].

During drilling operations, a drilling fluid must be circulated in order to re-
move the cuttings produced by the drill bit, among other things. Drilling fluid,
also known as drilling mud, includes a variety of chemicals in addition to the
base fluid and each of these chemicals serves a distinct function. The chemicals
or additions to the base fluid are generally called additives and the additives are
grouped according to the functions of additives. For example, additives that con-
trol filtration properties are called filtrate reducers, those that increase the den-
sity of drilling fluids are also called weighting materials, while those that modify
the fluid rheology are referred to as viscosifiers [5]. WBDFs are currently the
most widely used drilling fluids. Several WBDF systems exist and they generally
include bentonite clay, a cost-effective additive to provide the fluid with the de-
sired rheological properties. Oil-based drilling fluids are the traditional drilling
fluids used to drill high-temperature wells. Water-based drilling fluid systems
have various advantages over oil-based drilling fluid systems from an economic
and environmental standpoint. Water-based drilling fluid has gradually replaced
oil-based drilling fluid in high-temperature well drilling [6]. At these tempera-
tures, however, most typical water-based systems start to become unstable [7].
High temperatures in deep wells can cause clay particles in the drilling fluid to
flocculate and mud additives to deteriorate, resulting in undesirable departures
from the initially planned mud properties [8] [9]. As a consequence, the mud
becomes unstable, resulting in poor drilling fluid performance. Usually, defloc-
culants are added to such drilling fluids to curb flocculation issues as well as
disperse the muds. The dispersed WBDF system, for example, uses deflocculants
(also known as thinners) extensively to prevent the formation of gel structures,
thus reducing the propensity of the fluid to flocculate and thicken in HTHP ap-
plications [10] [11].

In HTHP drilling operations, chrome-based deflocculants such as chrome
lignosulfonates (CLS) are widely used because they are excellent deflocculants
and stable at these elevated temperatures. Chrome-based deflocculants have
been shown to be toxic in addition to having chromium, a heavy metal [12] [13].

Chromium is found in the environment in two valence states (trivalent and
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hexavalent), and while it is an essential element in many organisms, including
humans, and is useful in many industries, chromium toxicity has a negative im-
pact on plant metabolic activities (resulting in hampered crop growth and yield
and reduced quality of crop produce) as well as having toxicological, mutagenic
and carcinogenic effects in humans and other aquatic and terrestrial organisms
[14] [15]. Records have shown that reliable and environmentally friendly de-
flocculants are aimed at replacing existing ones that can cause environmental
problems [16] [17] [18]. Due to easy accessibility, thermostability and environ-
mental benign nature of tannins, a number of tannin-based deflocculants (TBD)
have been developed through studies and have gained special attention as a more
environmentally friendly and suitable alternative to chrome-based deflocculants.
However, tannin-based deflocculants have yet to be studied extensively and un-
derstood completely, and research on this subject appears to be at a standstill.
This paper provides an overview of tannin-based deflocculants used in wa-
ter-based muds under HTHP drilling conditions, including the various forms,
thermal stability, deflocculating ability and environmental safety of the defloc-
culant.

This paper is divided into nine sections: the first is the introduction; section 2
provides background information on plant tannins; section 3 describes floccula-
tion and deflocculation phenomena as they apply to the drilling fluids industry;
section 4 summarizes relevant previous literature on tannin-based deflocculants;
sections 5, 6, and 7 discuss performance, high temperature tolerance, and envi-
ronmental assessment and economic analysis of tannin-based deflocculants as
additives in high temperature water-based muds respectively; section 8 presents
some challenges facing the use of these deflocculants; and section 9 summarizes
the review’s findings, pointing out some knowledge gaps that need to be ad-

dressed more thoroughly.

2. General Evaluation of Tannins

Phenolic polymers (polyphenols), commonly known as tannins constitute one
main group under phenolic phytochemicals [19]. However, tannins are actually
a class of polyphenols. They are plant secondary metabolites mostly character-
ized by a molecular weight ranging from 500 to 20,000 Daltons. Also, they are
able to bind and precipitate proteins, alkaloids and carbohydrates. This class of
polyphenols is found in both vascular and non-vascular plants, including algae,
and is among the most common plant biopolymers. Tannins consist of many
functional groups but the dominant ones are the hydroxyl and carboxyl groups.
They also have a variety of technologically important properties as well as vari-
ous biological activities such as antioxidant, anti-carcinogenic, antiviral,
anti-inflammatory, antipyretic, antihyperglycemic, and analgesic, making them
useful in food, cosmetic, and pharmaceutical formulations [20]-[29].

For current technical applications, soluble tannins are usually extracted from

the bark and heartwood of black wattle (acacia), quebracho, pine, sumac, oak,
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chestnut, tara, and eucalyptus trees. Besides that, residual wastes generated by
the agricultural and food processing industries are another source to produce
large amounts of tannin extracts; waste from these industries is known to be a
rich and inexpensive source of tannin recovery. Significant amounts of waste
biomass are produced each year around the world, with few uses. Other than
composting [30] or being utilized as renewable energy resource, these wastes are
sent to landfills which emit methane (a greenhouse gas that contributes to global
warming) [20] [31] [32]. The efficient recovery of tannins from waste biomasses
increases profitability while lowering environmental effects [30] [33].

Since tannins have a number of molecular structures, they are usually divided
into condensed tannins (polymers of catechin and epicatechin) and hydrolysable
tannins (polymers of gallic acid or ellagic acid) [19] [34].

Hydrolysable tannins can easily be hydrolysed by acids or enzymes into phe-
nolic carboxylic acids and sugar or related polyhydric alcohols. Depending on
the nature of the phenolic carboxylic acids, hydrolysable tannins are classified
into gallotannins and ellagitannins. Gallotannins are hydrolysed to produce gal-
lic acid, while ellagitannins are hydrolysed to produce hexahydroxydiphenic
acid, which is usually isolated as its stable dilactone, ellagic acid (see Figure 1)
[22] [23]. Tannin extracts from Castanea sativa (chestnut) bark and Quercus va-
lonea (valonea) acorn cups are classified as ellagitannins, while those from Caes-
alpinia spinosa (tara) fruit pods are classified as gallotannins.

The structures of condensed tannins are far more complex than those of hy-
drolysable tannins. Condensed tannins, also known as proanthocyanidins, are
oligomers or polymers of the flavan-3-ol basic structure with C4-C6 or C4-C8
interflavonoid linkage, which may contain gallic acid esters [20] [22] [35] [36].
Condensed tannin monomers can have up to six hydroxyl groups, many of
which are located on aromatic A and B rings (see Figure 2). Procyanidin and
prodelphinidin are two forms of condensed tannins based on the distribution of
OH groups on the aromatic ring B; prodelphinidin has three OH groups on ring
B whereas procyanidin has only two [26]. Condensed tannins (non-hydrolysable
tannins) polymerize in the presence of acids, resulting in amorphous phlobaphenes
or tannin reds [23]. Condensed tannins can be found in Acacia mearnsii (black
wattle) bark, Schinopsis balansae and Schinopsis lorentzii (quebracho) barks,
pine barks, and eucalyptus species bark. Tannin extracts from plants such as
Rhus tripartitum (sumac) root bark and Phyllanthus niruri have roughly equal
amounts of both hydrolysable and condensed tannins [37] [38].

Tannins were used in some industries for a long time until synthetic chemi-
cals were developed to replace them. However, the majority of these synthetic
substances have now been discovered to be harmful to human and animal health
as well as the environment. Because tannins have a low environmental impact,
they have seen a renaissance in those industries, as well as in others where tan-
nins have found new uses [39]. For example, tannins have been extensively studied

as natural binders with mechanical properties comparable to synthetic resins
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Figure 1. Mechanism of the hydrolysis of tannins.
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Figure 2. Structure of a condensed tannin oligomer.

because urea or phenol formaldehyde adhesives, as well as other commonly used
synthetic resins, are known to emit formaldehyde (a chemical harmful to human
health) from wood boards when used as a bonding agent [40]. Condensed tan-
nins, in particular, are now widely recognized for their ability to be employed as
adhesive materials.

Plants produce tannins to protect themselves from herbivore attacks and mi-
crobial activity [22] [41]. Furthermore, these phytochemicals have been discov-
ered to provide plants with thermal defence [42] [43]. Tannins have also shown

excellent thermal stability in a variety of applications. Tannin-based rigid foams,
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for example, have been shown to have thermal insulating properties comparable
to synthetic foams like polyurethanes. They also have the advantage of not being
combustible and showing burning intumescence [36]. Soluble tannins or tannin
extracts have been the subject of many thermogravimetric studies. Table 1 sum-
marizes the findings of these studies. Natural tannins can generally be used at
temperatures below 240°C, according to the thermogravimetric data of tannin
extracts.

The peak degradation temperature (T, refers to the temperature at which
the maximum rate of weight loss of tannin samples occurs. The temperature at
which 10% and 50% weight loss of tannin sample occurs is represented by T,

and T, respectively. From Table 1, the thermal parameters T, ., T)4y and Ty,

pealo
ranges from 240°C to 486°C, 110°C to 300°C, and 290°C to 750°C respectively.
Thermal parameters and thermal decomposition profile of tannins may differ
with various tannin extracts. The changing thermal behaviour of different tannin
extracts can be explained in part by differences in operating parameters like
heating rate and heating atmosphere [22] [36] [37] and more importantly, in
part by tannin source, tannin types present, purity, extraction process and in-

herent chemistry of tannin samples [23] [24] [44] [45] [46].

3. Flocculation and Deflocculation

Ostensibly, most WBDFs are bentonite dispersions because WBDFs need more
than just water to achieve the desired rheology. Drilling fluid viscosity must be
within certain limits, as it must be adequate to remove the cuttings while not
being too high to necessitate excessive pumping power and inflict unnecessary
wear and tear on the pumps. As a result, WBDFs usually include bentonite, a
low-cost additive whose main constituent is montmorillonite clay mineral, to
give the drilling fluid the desired rheology. Bentonite is used to build a thin, low
permeability filter cake on the wellbore wall to reduce filtration loss and prevent
formation damage, in addition to providing sufficient viscosity for transporting
cuttings out of the well.

The montmorillonite particles exist in packets and the small size and high
surface area of the clay packets, along with their high ability to hydrate, swell,
and disperse in water, are thought to be the cause of these unusual properties
previously mentioned. The individual montmorillonite particle has a plate-like
structure with an octahedral sheet in the middle and two tetrahedral sheets on
either side [47] [48] [49]. Also, the individual particles have two distinct sur-
faces: negatively charged face surfaces and depending on the mud pH, either
positively or negatively charged edge surfaces. Usually, at the regular mud pH
range of 9 to 11, the edge surfaces are positively charged. In the dry state, the
clay packets exist in face-to-face stacks like a deck of playing cards, but the clay
platelets begin to change when exposed to water. Depending on the clay-water
interactions that may occur when bentonite is exposed to water, the clay packets

will either maintain the original face-to-face stacks or change to face-to-edge,
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edge-to-edge or a combination of the associations [50] [51].

Water-based muds, like most drilling muds, are non-Newtonian and shear
thin, which means that the viscosity decreases as the shear rate increases. The
interaction of solids in the mud causes this non-Newtonian behaviour. Solid-solid
interaction causes flow resistance due to either electrical forces of attraction and
repulsion of the charged surfaces of the solids or purely mechanical resistance to
flow of the particles and fluid. The electrical interaction of solids is primarily re-
sponsible for low-shear-rate viscosities, while mechanical interactions are pri-
marily responsible for high-shear-rate viscosities [50].

In a clay-water environment like bentonite mud, five different interactions
can occur: hydration, dispersion, flocculation, deflocculation and aggregation.
Hydration is always the first stage of bentonite-water interaction. As dry ben-
tonite is mixed with water, it adsorbs water and expands. When exposed to wa-
ter, Na-bentonite, for example, can expand more than ten times its dry volume.

Dispersion follows hydration and is described as follows: when more water is
adsorbed, the water pushes the platelets further apart, reducing the attractive
forces, which are gradually lost when the platelets split apart into smaller ones
and scatter within the water medium due to mechanical agitation (and in some
other instances, heat or chemical means). In other words, hydration causes swell-
ing where the distance between the layers has increased so much that the attrac-
tive forces between the layers are reduced and agitation at a high shear rate in-
duces the layers to separate thus the clay platelets become smaller in size and
disperse in the mud. When more platelets are dispersed, the viscosity of the mud
increases. Flocculation occurs in dispersed clay suspensions when the mechani-
cal agitation is stopped or is at low shear rates. The dispersed clay platelets
spontaneously form flocs due to the attraction between negative face and posi-
tive edge charges. This interaction results in suspension gelation and an increase
in viscosity. As a chemical deflocculant is added to flocculated mud, the positive
edge charges are covered, and attraction forces are greatly reduced. The use of a
deflocculant, also known as a thinning agent or thinner reduces the viscosity and
gelation of the suspension [50].

Also, aggregation occurs as a result of ionic or thermal conditions, changes
the hydrational layer surrounding clay platelets and allows platelets to form a
dehydrated, face-to-face configuration in a water-based mud. Plastic viscosity,
yield point, and gel strength all reduce drastically as a result of aggregate forma-
tion. Both flocculation and aggregation may exist at the same time, or one inter-
action may predominate [47] [51]. Through chemical means, such as the addi-
tion of dispersing agents or dispersants, the aggregated mud can be dispersed
again. Deflocculants and dispersants are sometimes used interchangeably, owing
to the fact that both additives cause associated particles to break apart and dis-
perse in the mud, or that most deflocculants may also function as dispersants.

According to [50], the fundamental clay reactions of dispersion, defloccula-

tion, aggregation, and flocculation can be triggered in a variety of ways as tem-
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perature rises. Increased temperature, on the other hand, induces only two main
clay reactions in simple clay suspensions: flocculation and dispersion of the clay
plates. If there are a lot of electrolytes in the water, flocculation is normally fol-
lowed by aggregation [52].

Flocculation is undesired during mud circulation as it alters the rheological
properties of the fluid and causes high fluid losses into the formation. Rheologi-
cal and filtration properties such as yield point, gel strength, apparent viscosity,
filtrate volume and filter cake thickness are all affected [53]. It is still ambiguous
regarding the effect of flocculation and gelation on plastic viscosity and no con-
sensus exist whether deflocculants affect this rheological parameter. Gel-like
drilling muds can cause stuck pipes, potentially causing surges, and have a higher
viscosity, necessitating more pumping energy [54].

Since any change in the low shear rate of viscosity is expressed in the yield
point value, it is a good indicator of the propensity of clay particles to join to-
gether and form a flocculated structure. Furthermore, the gel strength estimates
the shear stress required to initiate the flow of a fluid that has been stationary for
some time, implying that something that encourages or inhibits the bonding of
clay layers will increase or decrease the dispersion’s tendency to gel [11] [55].
Owing to the neutralization of the positive edges of the clay particles in the
presence of deflocculants, the clay particles cannot be bound together. The yield
point and gel strength both decrease as a result of this. It is therefore well under-
stood that deflocculants reduce the yield point and gel strength of drilling fluids
[11].

Deflocculants with good tolerance to high salinity or contaminants are very
attractive because saltwater flows and salt formations, including salt domes, salt
stringers, etc., can alter the properties of the drilling fluid. As previously stated,
they can cause aggregation. Furthermore, calcium ions from gypsum/cement can
solubilize in drilling fluids and flocculate bentonite clays in the WBDF system,
so gypsum/cement and other salts are generally referred to as contaminants in
the WBDF system [56]. It is therefore desirable to have deflocculants that have
good tolerance to high salinity or contaminants and continues to deflocculate

flocculated muds.

4. Tannin-Based Deflocculants

Since the early years of the twentieth century, tannin-based deflocculants (TBD)
have been used in the drilling fluid industry for drilling under ambient condi-
tions until recently, when they are replacing commonly used chrome-based def-
locculants such as Cr-lignosulfonate (CLS) and Fe-Cr-lignosulfonate (FCLS) for
high-temperature applications [18] [57]. TBDs are divided into two categories in

this study: modified and unmodified forms.

4.1. Modified Tannin-Based Deflocculants

Reference [56] suggested that a deflocculant for drilling under high-temperature
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conditions must be thermally stable and effective as a deflocculant at the tem-
peratures encountered in wells, as well as economically and environmentally ac-
ceptable. Chromium and other metals like iron acted as thermal stabilizers in
chrome-based deflocculants. Similarly, in modified TBDs, tannin with or with-
out other metal ions such as iron, tin, etc. are added to existing deflocculants like
lignosulfonate/lignite to act as thermal stabilizers.

Chrome-based deflocculants such as CLS contain chromium because, in addi-
tion to causing flocculation, high temperatures may decompose thermolabile
additives such as lignosulfonate, and this affects the proper functioning of the
additive and the performance of the drilling fluids as a whole. This addition of
chromate salts was necessary in order to improve the thermal stability of ligno-
sulfonate. Instead of chromium, naturally occurring tannins are now used to
provide thermal stability that deflocculants such as lignosulfonate and lignite
require to be effective for high-temperature applications. Also, some researchers
believe that tannins promote the cross-linking process of lignosulfonate with
tannins [58].

Reference [59] used tannins derived from the bark of Rhizophora spp. to
make tannin-lignosulfonate (TLS), which they then tested as a deflocculant.
Drilling fluids formulated with Rhizophora tannin-lignosulfonate (RTLS) had
their rheological properties, such as plastic viscosity, yield point, and gel strength,
measured at room temperature and compared to a chrome-based deflocculant.
With higher RTLS deflocculant concentrations, the drilling fluid’s yield point
and gel strength were effectively decreased without a significant change in plastic
viscosity. Furthermore, the RTLS is classified as thermally stable because re-
search shows that, although it begins to degrade at 200°C, it reaches a peak deg-
radation temperature of around 280°C, which is much higher than the bottom
hole temperature of HTHP wells.

Reference [10] extracted tannins from Acacia spp. and used the extracts to
make Fe-tannin-lignosulfonate (FTLS), which is basically a TLS made by crosslink-
ing lignosulfonate with tannin extract in the presence of formaldehyde and then
chelating with ferrous ions. Only one rheological property, gel strength, was
measured, and it was done at room temperature. The gel strength of the drilling
fluid was decreased by the FTLS deflocculant, which was close to that of some
industrial grade deflocculants used in the analysis. The FTLS made from ligno-
sulfonate and Acacia spp. tannin are thermostable, according to thermogravim-
etric analysis, with a peak degradation temperature of about 294°C. The thermal
stability of the FTLS formed was found to be influenced by the ratio of tannins
to lignosulfonate used in the crosslinking process of lignosulfonate with natu-
rally occurring tannins.

Reference [18] also made Fe-tannin-lignosulfonate, a chrome-free lignosul-
fonate that is thermally stable at HTHP well conditions. The drilling mud test
analysis indicates that, when compared to the commonly used FCLS defloccu-

lant, FTLS has better thinning properties, resistance to a higher temperature
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(that is, 150°C), and comparable tolerance to high salinity. The adsorption iso-
therms of lignosulfonate, TLS, and FTLS on bentonite clay showed that both
crosslinking and chelation of lignosulfonate greatly enhance its adsorption onto
the clay [18]. Furthermore, FTLS adsorbed on both the positively and negatively
charged surfaces of bentonite platelets, while lignosulfonate and TLS only ad-
sorbed on the positively charged edges. The adsorption of FTLS to the faces of
the bentonite particles is attributed to the bridging of chelated divalent cations
(Fe™) between the polymer and the surface.

Reference [58] synthesized tin-tannin-lignosulfonate (TTLS), which was simi-
lar to the FTLS synthesized as in [18] but differed in the chelating ions used.
According to Reference [58], chelating with stannous ions was justified by the
fact that it was less toxic than chromium. The results of the performance assess-
ment test of TTLS as a deflocculant at temperatures up to 90°C showed that
TTLS had a good temperature tolerance and performed remarkably compared to
lignosulfonate. The TTLS, similar to the FTLS, showed good tolerance to high
salinity.

Reference [60] produced a new deflocculant product called Fe-tannin-lignin
(FTL) by reacting soda lignin with tannin and ferrous ion. Using 20 percent
(v/v) sulfuric acid, soda lignin was extracted from the black liquor of oil palm
empty fruit bunch fibres. The researchers wanted to see if lignin purification was
needed to improve FTL efficiency. Drilling fluids formulated with the pure FTL
(FTL purified) were compared with those formulated with the impure FTL (FTL
impurified) and a commercial thinner, lignosulfonate, for filtration and
rheological properties such as yield point, apparent and plastic viscosities. In
general, the FTL purified and the FTL impurified produced similar results, im-
plying that the purification step is unnecessary. This FTL deflocculant has also

been shown to be resistant to salt contamination and high temperatures (160°C).

4.2. Unmodified Tannin-Based Deflocculants

The unmodified TBDs make up the second category of TBDs. They are essen-
tially soluble tannins (crude tannin extracts). From the early decades of the
twentieth century, they have mainly been used as deflocculants for drilling under
atmospheric conditions even before modified TBDs were introduced in the
drilling fluid industry. Several feasibility studies on the use of naturally occur-
ring tannins as high-temperature deflocculants without any modifications have
recently been published [47] [61] [62] [63]. These studies were probably influ-
enced by the discovery that tannins can withstand high temperatures as depicted
by the use of modified forms, together with the knowledge that they are good
deflocculants.

Reference [63] investigated the effects of tannins extracted from Caesalpinia
coriaria (dividivi) fruit pods on the rheological properties of WBDF contami-
nated with gypsum and at high temperatures up to 177°C. Before ageing, un-
modified dividivi tannins (UDT) in a water-based drilling fluid with gypsum
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showed deflocculating properties similar to commercial tannins (modified que-
bracho). The deflocculating performance of the dividivi tannins formulated mud
was nine times higher than that of commercial tannins after ageing. According
to [63], the high deflocculating efficiency of dividivi tannins at 177°C without
chemical modifications indicates that dividivi tannin extracts have chemical
characteristics that do not require modification for use as deflocculating agents
at such a high temperature.

Reference [62] reported the deflocculating efficiency of UDT as an additive
for WBDF in subsequent analysis. The results were close to those in [63], who
found that the dividivi tannins formulated mud had a deflocculating effi-
ciency that was nine times higher than commercial tannins. Bioassays per-
formed on UDT-formulated drilling fluids using bioindicators, freshwater mi-
croalgae (Scenedesmus dimorphus) and freshwater fish (Poecilia reticulata)
showed no effect on population growth. As a result, UDT is regarded as non-toxic
and environmentally friendly. Field test results from four oilwells showed that
the rheological behaviour of UDT-formulated drilling fluids was satisfactory.
Even so, these wells are not indicated as high temperature, high pressure wells
[62].

The effect of black myrobalan tannin extract on the rheological behaviour of a
heavy weight mud contaminated with salt was investigated as in [64]. They
studied the effect of ageing and hot rolling at 93°C and discovered that hot roll-
ing decreases the rheological properties of drilling mud while ageing statically
increases them. Both before and after hot rolling, black myrobalan tannin extract
was found to minimize mud rheological properties and increase filtration vol-
ume without affecting mud weight. Yield point decreased more than other
rheological parameters studied, such as gel strength and viscosity. While defloc-
culants are designed to reduce the gel strength and yield point of thickened
drilling muds, increasing the filtration volume is undesirable. The explanation
for this is that a high filtration volume implies a higher incidence of drilling fluid
seepage through the bentonite filter cake.

Reference [47] evaluated the efficacy of Oak Seed Extract (OSE) as a chrome-free,
bio-based deflocculant in water-based drilling mud, taking into account the im-
pact of temperature (ranging from 28°C to 149°C) and contaminants (for exam-
ple, sodium chloride, calcium chloride, and cement). The OSE kept the aqueous
suspension stable by limiting the tendency of water-based drilling fluid to floc-
culate and thicken. While not being able to reduce plastic viscosity, OSE reduces
rheological and filtration parameters such as yield point, gel strength, and fluid
loss. In cement-contaminated mud, the deflocculating efficiency of OSE was
more profound due to its acidic nature. As a result, it was suggested that when
dealing with ultra-high pH conditions caused by cement, pre-treating the drill-
ing mud with OSE is necessary.

Reference [61] used Rhizophora mucronata spp. tannin extract (RMTE) as a

deflocculant in water-based muds. The effectiveness of RMTE as a deflocculant
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was compared to that of Modified Desco Tannin (MDT), a commercial defloc-
culant. Rheological and filtration properties tests were carried out on RMTE and
MDT formulated drilling muds before and after hot rolling tests at different
temperatures of 107°C, 121°C, 135°C and 149°C. The experimental data indicate
that the RMTE has similar drilling fluid properties to the commercial MDT, but
its use as a drilling fluid should be limited to 8 g per laboratory barrel, which is
equal to 350 ml WBDF, and under the same working conditions, where it out-
performs the commercial deflocculant. The newly developed RMTE deflocculant
was found to be temperature resistant and stable with high temperatures. Fur-
thermore, Reference [61] studied the extraction of RMTE using various solvents
and concluded that water is the safest solvent to use since it is safer and less
costly than methanol and yields the most RMTE.

Reference [65] studied the rheological and filtration properties of WBDF
when Rhizophora mucronata tannin was used as a deflocculant. At a maximum
post-ageing temperature of 177°C, the formulated mud-rheological properties
such as plastic viscosity, yield point, 10 sec gel strength and 10 min gel strength
tend to decrease significantly by 28.2 percent, 33.3 percent, 33.3 percent and 27.3
percent, respectively. As far as filtration performance is concerned, the HTHP
filtration volume and the mud cake thickness decreased significantly by 69.2
percent and 27.3 percent respectively at the highest post-ageing temperature of
177°C. The rheological and filtration properties were affected by tannin concen-
trations and the optimal tannin dosage was 6 g per single laboratory barrel. The
rheological and filtration properties of tannin were compared with commercial
deflocculants, with differences between 5 and 14 percent. WBDFs formulated with
Rhizophora mucronata tannin have been found to be able to withstand high
temperatures of approximately 177°C, which is suitable for HTHP drilling op-

erations.

5. Performance of Tannin-Based Deflocculants under
High-Temperature Conditions

Deflocculating or thinning ability of additives is mainly determined by the
measurement of rheological and filtration properties because flocculation ad-
versely alters the rheological and filtration properties of drilling fluids, as it has
already been advanced. Rheological data are most frequently fitted to the Bing-
ham plastic model and, in addition to gel strength; rheological parameters such
as yield point, plastic and apparent viscosity are calculated. Regarding filtration
properties, the parameters usually defined are the filtrate volume and filter cake
thickness. Moreover, the potency of new additives supposedly functioning as
high-temperature deflocculants capable of restoring the drilling fluid properties
after flocculation of the fluid can be supported with particle size and zeta poten-
tial measurements [18] [47].

TBDs used as high-temperature deflocculants have generally been successful

in significantly lowering both the rheological and filtration parameters that in-
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crease as a result of flocculation [63] [65]. Furthermore, TBDs have shown
comparable or increased thinning efficiency at high temperatures when com-
pared with commercial deflocculants, which also means that they are thermally
stable at those temperatures [18] [60]. There are, however, some exceptions; for
example, when used as a high-temperature deflocculant, the black myrobalan
tannin extract reduced all measured parameters except one: with the addition of
the deflocculant, the filtrate volume increased [64].

While some TBDs tend to increase or decrease plastic viscosity, other TBDs
have no significant effect on this parameter. In the case of RTLS, when small
amounts of RTLS are added, plastic viscosity increased and decreased with the
further addition of RTLS [59]. Besides, it is clearly shown that the quantity of
TBDs applied to drilling fluids has an impact on their ability to deflocculate.
Many TBDs are effective when small quantities of TBD are used and some effi-
ciency increases with increasing amounts of TBD, but when they exceed a thresh-
old, they become inefficient [61] [65]. The term optimal dosage or quantity
typically refers to that specific quantity or concentration of TBD that gives the
best deflocculating efficacy just before the threshold quantity that results in inef-
ficiency is reached.

In terms of efficiency, TBDs are found to be more compatible within the
working pH range (that is, 9 to 11) of bentonite containing WBDFs. The effi-
ciency of most TBDs as deflocculants is compromised when the mud pH is be-
yond this range [18] [58]. With or without the addition of TBDs, the mud den-
sity, another drilling fluid property, remains reasonably constant [64]. In other
words, the TBDs do not change the mud density. In the meantime, different
TBDs have worked well in various WBDF freshwater systems with different mud
densities.

Supporting an argument with adequate evidence is crucial, and in the case of
deflocculants, particle size and zeta potential measurements will accomplish this.
An increase in the size of bentonite particles can be considered the first physical
alteration of bentonite mud flocculation. The estimation of the particle size of
bentonite particles in the presence of aqueous TBDs solution could provide a clear
sign of bentonite flocculation or deflocculation [47]. Bentonite, which is a smec-
tite-type clay mineral, may also exhibit complex electrokinetic and rheological
properties when dispersed in aqueous media, in particular with electrolyte spe-
cies [66]. For the characterization of particle suspensions, Zeta potential meas-
urements are valuable. If all the suspended particles have a strong negative or
positive zeta potential, they appear to repel each other and the particles would
have no tendency to come together. However, if the particles have low zeta po-
tential values, there will be insufficient repulsion to prevent the particles from
coming together and flocculating. In general, the dividing line between stable
and unstable suspensions is known to be +30 or —30 mV, with particles having
zeta potentials beyond these limits considered stable [67].

As far as electrolytes are concerned, the majority of contaminants considered
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in the drilling fluid industry are electrolytes and the presence of contaminants
tends to further destabilize the WBDF system as a result of aggregation. More-
over, most of the early deflocculants used in the industry not only had low tol-
erance of temperature but also electrolyte tolerance [68]. TBDs, however, have
demonstrated high electrolyte tolerance and continue to work well in the pres-
ence of these contaminants [18] [47]. Also, TBDs tested by far have no inhibi-
tion properties, unlike potassium chloride and polyamine, which are used as clay
stabilizers [11] [47]. The common outcomes of these studies on the efficacy of
TBDs as high-temperature deflocculants were positive, confirming TBDs as effi-

cient deflocculants under high-temperature drilling operations.

6. High Temperature-Tolerance of Tannin-Based
Deflocculants

A further requirement of deflocculants used under high-temperature conditions
is that they must be thermally stable at temperatures encountered in drilling oil
wells (in this context HTHP conditions) in addition to their capacity as defloc-
culants in this temperature range. As explained above, high temperatures can
lead to flocculation and degradation of additives, including deflocculants with
poor temperature stability. Natural tannins are phytochemicals that are thermo-
stable and may be inferred from Table 1. Moreover, both modified and unmodi-
fied TBDs are shown to be tolerant of high temperatures encountered under
HTHP conditions [10] [63].

Testing of thermal stability of tannins (mostly plant extracts) in the laboratory
is usually performed using thermogravimetric analysis (TGA). However, the
TGA approach is scarcely used in the assessment of TBD temperature tolerance
[59]. The most prevalent approach is to measure and compare the rheological
and filtration properties at different temperatures (done by ageing thermally) of
drilling fluids formulated with TBD and the control drilling fluid that is, without
TBD or formulated with commercial deflocculant (whose temperature-tolerance
range is known). So, the rheological and filtration properties of drilling fluids
formulated with TBD with and without thermal ageing treatment are measured.
Second, the performance of TBD as a deflocculant, with and without thermal
ageing treatment, is contrasted with each other by using a commercial defloccu-
lant as a control agent [61]. According to [64], thermal ageing using hot rolling
treatments reduces rheological parameters and thermal ageing statically raises

the same parameters.

7. Environmental Acceptability and Cost Assessment of
Tannin-Based Deflocculants

The study of TBDs as high-temperature deflocculants resulted from a search for
chromium-free or eco-friendly deflocculants. TBDs were deemed safe and envi-
ronmentally friendly due to the fact that tannins used in both groups of TBDs

are plant extracts (or natural). Not long ago, an ecotoxicological assessment of

DOI: 10.4236/aces.2021.114017

276 Advances in Chemical Engineering and Science


https://doi.org/10.4236/aces.2021.114017

M. K. Fokuo et al.

WBDF formulated with an unmodified TBD showed that WBDF is non-toxic,
supporting the notion that natural tannins are environmentally safe and there-
fore eligible for TBDs to meet another criterion for high-temperature defloccu-
lants [62].

Additionally, high-temperature deflocculants must be cost-effective. In the
first place, with regard to TBDs of both classes, they are more economical and
sustainable products due to the low cost and easy accessibility of the raw materi-
als (plants and waste from the agricultural and food processing industries) from
which extracts are produced, as well as, the simple and inexpensive production
methods [32] [47]. Secondly, field test results show that TBDs can yield addi-
tional economic savings as unlike commercial deflocculants, as smaller quanti-
ties of TBDs are needed for drilling operations [62]. Finally, it can be asserted
that the cost of discharging waste drilling fluids can reduce with the use of TBDs
and also eliminate the additional costs that could occur as a result of drilling
problems caused by the use of an eco-friendly but less productive HTHP well
deflocculant. Therefore, when TBDs are used as the deflocculant in a specific
drilling operation, the total drilling cost of developing the HTHP well can be

considerably reduced.

8. Challenges

Moving tannin-based deflocculants from the lab to the field is a hurdle for the
industry. Inadequate laboratory tests are a significant issue since most laboratory
experiments contradict the fact that new additives or products should be tested
in conditions as close to real-world conditions as possible. Currently, defloccu-
lants are used in a variety of conditions, and tannin-based deflocculants, for
example, can also serve as corrosion inhibitors or bactericides, or shale control
inhibitors. Most laboratory studies, on the other hand, do not inform industry
on how tannin-based deflocculants perform under these various conditions or
on their secondary functions. Additionally, any interactions between the tan-
nin-based deflocculant and other common additives used in real-world condi-
tions must be considered at all times, which is typically neglected in many labo-
ratory studies. Furthermore, in any performance evaluation, the cost of the mud
additive in question is crucial. Laboratory research on tannin-based defloccu-
lants, on the other hand, is not designed to compare the costs of the new product
under study, that is, the tannin-based deflocculant, with the costs of conven-
tional deflocculants. The laboratory tests performed to evaluate the performance
of tannin-based deflocculants appear to be insufficient to justify a field trial.
Aside from the issue of insufficient laboratory tests, another key issue is acces-
sibility. Regardless of the fact that tannins can be found almost everywhere in
the world (in almost every plant), tannin-based deflocculants may be difficult to
obtain since tannin content varies between plant species and plant sections such
as bark and leaves. The effect of this difference in tannin composition with dif-

ferent plant species or plant sections on the efficacy of tannin-based defloccu-
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lants is unknown to researchers. If the results of this research show that varia-
tions in tannin content have no effect on deflocculant efficacy, then accessibility
will not be an issue. If some impacts do emerge, however, accessibility may or
may not be an issue, depending on the magnitude of the impact. Tannin-based
deflocculants have only been developed from a few plants. If new tannin sources
do not prove to be at least as successful as those already in use, these tan-

nin-based deflocculants might not be sustainable in the long run.

9. Summary and Conclusions

WBDF systems are apparently bentonite dispersions. The use of WBDF systems
in deep wells and reservoirs, especially dispersed systems, has increased enor-
mously because there are environmental limitations on the widely used OBDFs.
To avoid such systems from undergoing flocculation at high temperatures,
WBDF systems are often pre-treated with deflocculants. However, the distinctly
used chrome-based deflocculants are no longer permissible in certain regions
around the globe because they comprise chromium.

The composition, efficiency and environmental safety of tannin-based de-
flocculants suitable for HTHP well applications were discussed. Different types
of TBDs have been developed and can be primarily divided into two types,
namely modified forms and unmodified forms. Pre-treatment of drilling fluids
with TBDs typically stabilizes rheological parameters such as the yield point and
gel strength of drilling fluids or minimize rheological parameters when added to
the flocculated mud. Similarly, these bio-based deflocculants usually minimize
filtration parameters such as filtrate volume and filter cake thickness. They are
stable at higher temperatures and tolerant to contaminants such as salts, etc.
They also work well in the presence of these contaminants, although the con-
taminants themselves may cause flocculation. Bioassay information on tannin
extracts supports the view that naturally occurring tannins are environmentally
safe. In summary, TBDs are considered to be environmentally friendly and equally
effective, if not better than chrome-based deflocculants for HTHP well applica-
tions.

While thermogravimetric analysis is recommended for future studies to assess
the thermal stability of TBDs that have the potential to be used under HTHP well
conditions, the assessment of water-based muds formulated with these TBDs
should also be done at high temperatures. However, no research has been con-
ducted to investigate the effectiveness of TBDs above 177°C. Moreover, there is
no consensus about whether plastic viscosity, is a reasonable parameter to use
when evaluating the performance of deflocculants. Also, little is known about
the relationship between thermal ageing (hot rolling and static) treatments and
flocculation and deflocculation phenomena. Moreover, the effect of different
plant species from which the tannins are sourced, as well as different extraction
processes, on the deflocculating performance of TBDs is still unknown. Tannins

are known to have different structures and thus variations in tannin composi-
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tions of tannin extracts from different origins (ie., plant species) and tannin
production methods (dry and wet extraction). These studies will reveal whether
certain plant species are indeed superior to others in terms of deflocculating ca-
pacity, requiring no chemical modifications or requiring some extraction proc-
esses to be optimized and some followed by additional processes to improve the
deflocculating ability of TBDs.

Furthermore, the potential for producing TBDs from waste or residue from
agri-food processing, as well as from chemically synthesized tannins has not
been explored. More research is also required to back up the argument that
TBDs, especially modified TBDs, are environmentally safe and non-toxic to a
variety of bio-indicators found in the marine environment where waste drilling
fluid is discharged. Finally, TBDs may serve as multifunctional additives such as
temperature stabilizers, dispersants, corrosion inhibitors, bactericides or lubric-
ity enhancers, which can be beneficial both technically and economically if in-

vestigated.
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Appendix

Table 1. Thermogravimetric analysis of vegetable-based tannins.

Sample Analysis conditions Parameters Reference

Tpeak 333°C
Heated from room temperature to O oo 261°C

750°C at 20°C/min under Nitrogen .
atmosphere Tsos 354°C

Char remaining  27%
Tannic acid [36]
Tpeak 325°C
Heated from room temperature to T 258°C
750°C at 20°C/min under Air

atmosphere Tsom 402°C

Char remaining  1.4%

Tpea 285°C
Tyon 240°C
Catechin

Tso0 590°C

Char remaining  49%
Tpea 350°C
Heated from room temperature to T 250°C

Pinus radiatabark 800°C at 5°C/min under Nitrogen [44]

atmosphere Tson 460°C

Char remaining  40%
Tpeat 280°C
Water Tio 270°C
insoluble tannins Taon, 650°C

Char remaining  47%

Tpear 312°C

Tion 260°C
Chestnut extract

Tso0 590°C

Char remaining  40%

Tpea 302°C
Tio% 250°C
Valonea extract
Tson 550°C
Heated from room temperature to  char remaining  40%
900°C at 20°C/min under Argon [45]
atmosphere Thear 305°C
Tyon 240°C
Tara extract
Taos 340°C

Char remaining  28%

Tpeak 275°C

Tyon 270°C
Quebracho extract

Ts00 750°C

Char remaining  49%
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Continued
Tpea 270°C
Ton 260°C
Mimosa extract
Tso% 665°C
Char remaining  48%
Tpeak 276°C
Heated from room temperature to Tion 120°C
600°C at 10°C/min under Nitrogen above
atmosphere Tsom 600°C
Sumac root Char remaining  54%
(37]
bark extract
Tpea 460°C
Heated from room temperature to Tyon 110°C
600°C at 10°C/min under Air
atmosphere Tson 435°C
Char remaining  16%
Tpea 257°C
Acacia Heated from room temperature to Tyon 240°C
dealbata 600°C at 10°C/min under Nitrogen [69]
bark extract atmosphere Tsos 500°C
Char remaining  44%
Tpeak 294°C
Heated from room temperature to Toon 250°C
700°C at 20°C/min under Helium
atmosphere Tsoy 550°C
Acacia Char remaining 36.3%
catechu [22]
extract Theax 486°C
Heated from room temperature to T 250°C
700°C at 20°C/min under Air
atmosphere T, 430°C
Char remaining 0.15%
Tpear 250°C
Schinopsis quebracho Tion 120°C
colorado bark extract T 600°C
Heated from room temperature to  Char remaining 55.3%
500°C at 5°C/min under Nitrogen [46]
atmosphere Theak 255°C
Tron 200°C
Tannic acid
T 290°C
Char remaining 28.3%
Tpea 310°C
Heated from room temperature to T 280°C
Catechin 800°C at 10°C/min under Nitrogen [24]
atmosphere T 650°C
Char remaining  47%
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Continued
Tpea 280°C
Crude HW TIO% 270°C
(Hot water extract
of pine bark) Tiso% 520°C
Char remaining  32%
Tpeak 275°C
Sulphited HW
(Pine bark T 0% 230°C
extracted with sodium T 570°C
sulphite)
Char remaining  34%
Tpea 340°C
Tannin acetate Tyon 250°C
(Acetylated pine bark
tannin) Tsos 400°C
Char remaining  24%
Purified HW Tpea 280°C
(HW extract purified by Tron 300°C
anovel
fractionation Tso, 550°C
process) Char remaining  38%
Tpea 280°C
Ultafiltered HW Tion 300°C
(HW pine bark extract
ultrafiltered) Tso% 730°C
Char remaining  48%
Tpea 280°C
Carbohydrate rich HW Tron 270°C
(A carbohydrate rich
HW extract) Tso0 520°C
Char remaining  32%
Tpea 240°C
Quebracho tannin Tron 250°C
(Commercial extract
from Quebracho) Tso% 625°C

Char remaining  37%

a. The peak degradation temperature (T ., is the temperature at which the maximum rate of weight loss of
tannin samples occurs. b. The temperature at which 10% and 50% weight loss of tannin sample occurs is
represented by T, and Ty, respectively.

Nomenclature

BHSP—Bottom hole Static Pressure
BHST—Bottom hole Static Temperature
CLS—Chrome Lignosulfonate
FCLS—Ferrochrome Lignosulfonate
FTL—Ferro-Tannin-Lignin

FTLS—Ferro-Tannin-Lignosulfonate
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HTHP—High Temperature High Pressure
LS—Lignosulfonate

MDT—Modified Desco Tannin

OSE—Oak Seed Extract

OBDF—Oil-Based Drilling Fluid
RMTE—Rhizophora Mucronata Tannin Extract
RTLS—Rhizophora Tannin-Lignosulfonate
TBD—Tannin-Based Deflocculant
TGA—Thermogravimetric Analysis
TTLS—Tin-Tannin-Lignosulfonate
UDT—Unmodified Dividivi Tannins
WBDF—Water-Based Drilling Fluid
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