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Abstract: Wellbore instability is one of the most serious problems that can occur during drilling,
mainly during drilling oil or gas wells through rocks that contain a higher proportion of clay, such
as shales. To prevent wellbore instability, oil companies apply different approaches to strengthen
wellbore walls, and use different shale swelling inhibitors. The aim of this research was to apply a
green approach and the concept of the circular economy in mud design, and to determine whether
mandarin peel powder, which is a waste material, can be used as an inhibitor of shale swelling.
For that purpose, pellets consisting of bentonite and quartz in a 50:50 ratio were prepared using
a compactor, and bentonite-based drilling mud (BM) with and without mandarin peel powder in
concentrations of 0.5, 1, 1.5 and 2% by volume of water. The swelling of quartz–bentonite pellets after
2 and 24 h in each drilling-mud sample was determined at room temperature and 90 ◦C using a linear
swell meter. On the basis of laboratory research, we concluded that increasing the concentration of
mandarin peel powder reduces pellet swelling. By adding mandarin peel powder particles between
0.1 and 0.16 mm to the base mud at a concentration of 2% by volume of water, the following was
achieved: 44% reduction in API filtration, 61.54% reduction in PPT filtration, 45% reduction in pellet
swelling after 24 h at room temperature, and 48.6% reduction of pellet swelling after 24 h at 90 ◦C.

Keywords: waste mandarin peel; wellbore instability; drilling mud; quartz–bentonite pellet; swelling;
mud filtration

1. Introduction

The successful construction of a wellbore is an extremely challenging technical and
technological process, as each well presents its own specific challenges. Due to a number of
potential problems, drilling can be significantly slowed down, and, in extreme cases, the
well may be abandoned, resulting in significant financial losses. With the increasing depth
of drilled wells and the increasing number of horizontal extended reach wells, the oil and
gas industry faces many issues that were not as pronounced in vertical wells. According to
the available data, solving problems related to wellbore instability annually costs the oil
industry between USD 0.5 and 1 billion [1–3]. The most complex problems in the technology
of deep well drilling arise from the disturbed stability of the wellbore walls due to the effect
of various factors. Wellbore instability is defined as any undesirable change in the diameter
(narrowing or widening) of the wellbore relative to the diameter of the drill bit used to drill
a particular section of the wellbore, and is one of the major problems in drilling operations.
The consequences of wellbore instability can vary, such as the difficult cleaning of the well,
the demanding execution of cementing operations and logging measurements, problems
with drill string tripping or casing run-off, which ultimately leads to an increase in the time
planned for drilling, and the need to allocate additional resources to eliminate the negative
consequences [3–7].

The causes of wellbore instability are numerous and vary depending on how they
affect the stability of the wellbore. In most cases, wellbore instability is the result of several
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causes acting simultaneously. They are usually divided into two groups [5,8]: mechanical
and physicochemical causes. Figure 1 illustrates different situations that can cause wellbore
instability.
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Figure 1. Examples of situations that can cause wellbore instability (according to [3]).

Mechanical causes of wellbore instability result from the mechanical properties of
drilled subsurface formations and from changes in stresses on the wellbore walls, while
physicochemical causes are due to the interaction between rock and drilling mud. This
classification can only be considered to be a framework, while wellbore instability is usually
in reality the result of both groups of causes [9–11].

To understand the mechanical causes of wellbore instability, it is necessary to compare
the state of the rock immediately before and after the wellbore is drilled through. From
a rock mechanics point of view, the rock is in a natural stress equilibrium before drilling.
This equilibrium state of the rock at a given depth is primarily the result of overburden
(lithostatic) pressure, but also of various additional stresses resulting from tectonic activity.
The moment at which the drill bit penetrates a particular rock, the existing equilibrium state
is disturbed, and a new stress system is created on the wellbore walls and in the zone close
to the borehole. The new stress distribution is due to a certain drilled rock volume being
replaced by a mud column with a certain density. Axial (σa), radial (σr), and tangential (σt)
stresses occur at the wellbore walls, while the original local (in situ) stresses continue to
act at a certain distance from the well [12]. The values and stress distributions on wellbore
walls depend on the combined action of mechanical, chemical, thermal, and hydraulic
effects [13]. Another form of instability that can occur during drilling is rock fracture or
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tensile failure, which occurs when the effective value of any of the three principal stresses
exceeds the tensile strength of the rock. In addition, the angle connecting the axis of the
wellbore to a particular subsurface formation layer plays an important role in the stability
of the wellbore. According to Labensky et al. (2003), the probability of instability increases
as the angle between the axis of the wellbore and the dip angle (undip or downdip) of the
formation layer decreases, while the greatest stability is achieved when the formation layer
is drilled through at an angle of 90◦. When designing a well, the relationships between the
individual components of the local (in situ) stresses and their orientation must be taken
into account [4].

Simultaneously with the process of stress redistribution on the wellbore walls that
occurs during drilling, physicochemical interactions between drilling mud and rock may
also occur. Various mechanisms that destabilize the wellbore can occur if the composition
of the mud is not properly defined. Wellbore instability caused by physicochemical causes
is most commonly associated with shale rocks due to their high clay mineral content and
extremely low permeability [14–16]. Shale is usually composed of the following minerals:
quartz, calcite, and clay from the smectite group (mostly montmorillonite), illite, chlorite,
and kaolinite in varying proportions [3,17,18]. In shale, which comprises a significant
amount of clay in its composition, hydration can occur during the drilling of this formation,
which is a significant obstacle to successful well construction. In addition, shale is composed
of mixed clay minerals in varying proportions, and their hydration behavior is difficult to
predict. The behavior of shale as a rock directly depends on the behavior of a particular
type of clay mineral. Each of these clay minerals has a specific crystalline structure that
also determines its reaction with the mud, especially in water-based mud with respect to
the reactivity of water with the clay minerals [3]. This problem is even more significant,
because this type of mud is the most commonly used for drilling [19–22], as it is more
environmentally friendly and cheaper than oil-based muds. Due to the relatively low
permeability of the shale, mud cake is not formed on the wellbore walls [23]. The direct
consequence of the nonexistence of mud cake is the rapid movement of water molecules
into the pore space of the shale and an increase in pore pressure in the near-wellbore zone
over time. In addition to the increase in pore pressure due to unfavorable interactions
between mud and shale rock, there may also be changes in the mechanical properties of the
rock, such as strength and Young’s modulus [24,25].

According to literature, 90% of all well stability problems occur when drilling through
shales, formations that account for 75% of all formations through which a well is drill-
ed [8,26–29]. The contact of shale with water from mud can cause shale hydration, changing
the volume of the rock and reducing its cohesive strength. The excessive hydration of shales
during drilling can lead to several problems. The main problem is the swelling of clay
minerals, which creates a condition for the occurrence of wellbore instability. In addition to
wellbore instability, there are other negative consequences of excessive hydration during
drilling, such as excessive mud viscosity, stuck pipes, lower mechanical drilling speed, and
bit balling [30–32]. However, it is very difficult to single out hydration as the cause of shale
swelling and wellbore instability. In addition, several different processes occur during
the contact between mud and rock, such as the aforementioned hydration (adsorption or
absorption of water), ion diffusion flow (change in the interlayer space of the clay particles),
mud filtrate flow due to overpressure in the wellbore, and capillary action [11]. A common
feature of these processes is the movement of water and ion molecules into or out of the
shale, and that they occur simultaneously. In some situations, different mechanisms can
simultaneously cause water and ions to move in opposite directions. These processes
continue until equilibrium is reached between rock and mud. Whether and to what extent
such processes develop primarily depend on the mineralogical composition of the clay
rock, but also on the properties of the mud in contact with the rock. In order to avoid the
physicochemical causes of wellbore instability, the composition of the mud used when
drilling through a particular rock must be precisely defined.
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Although a certain composition of drilling mud gives satisfactory results in wellbore
stabilization, recent research indicates that the problem has not yet been completely solved.
The most commonly used additives to prevent clay hydration are various types of salts
such as KCl, NaCl, NH4Cl, or CaCl2, and permanent inhibitors such as quaternary amine
polymers [3]. When drilling through rocks that are prone to wellbore instabilities, mud
composition can be optimized to have the lowest possible filtration value to minimize the
amount of filtrate that penetrates the rocks of the near-wellbore zone, reacting with the
clay components. However, a small amount of water always penetrates the rock before the
mud cake forms, if it is created at all, as in the case of drilling through the shale formation.
Therefore, it is necessary to minimize filtration by using additives such as starch, gum,
and cellulose.

Since some commercially available water-based drilling mud additives fall into the
category of environmentally hazardous substances (NaOH, KOH, K2SO4, polyamine,
chromium-containing thinners, many shale stabilizers and mud loss additives, etc.), the new
stricter environmental norms require the development of new ecofriendly additives for the
adequate control of drilling mud properties with minimal environmental impact [33–35].

In the last decade, researchers have conducted laboratory tests to examine if waste
materials can be added to water-based mud to optimize filtration properties. Table 1 lists
food waste that has been used to optimize the filtration properties of water-based muds.
Most of the tests were conducted with bentonite-based mud (bentonite suspension), which
mainly consists of water, bentonite, and additives for pH adjustment, so Table 1 does not
provide information on the composition of each mud type. Although the additives were
added at different concentrations, most of the examined additives generally reduce API
filtration by increasing the concentration, and Table 1 shows the highest measured value.
Exceptions are green olive pits, which decrease API filtration up to a concentration of 0.75%
of water volume and then increase it [36], and rice husk ash, which decreases API filtration
up to a concentration of 9.6% and then increases it [37]. The range of filtration reduction
for different waste materials is thus very wide, ranging from 9% to 68% for mandarin
peel powder. To gain better insight into the potential of using these additives to optimize
drilling mud, additional properties need to be tested. The effect of waste materials on rock
swelling has not yet been studied in detail. Zhang et al. (2020) measured the swelling of a
bentonite pellet in a pomelo powder solution. The pellets were compressed at 34.48 MPa
(5000 psi) for 30 min. The concentration of the pomelo powder was 0.3, 0.5, 0.7, and 1%
of the volume of water added to the base mud consisted of 600 mL of water and 18.6 g
of bentonite. They concluded that, as the concentration of pomelo powder increased, the
swelling of the pellet decreased to about 62, 60, 50, and 48% after 24 h compared to the
swelling in distilled water (about 70%) [38].

Table 1. Waste materials used to optimize the filtration properties of water-based muds.

Literature Waste Material Concentration (%) by
Volume of Water

Highest Measured
Reduction

in Filtration (%)

Al-Hameedi et al., 2019 and
2020 [35,36,39,40]

Potato peel
1, 2, 3, 4

30

Mandarin peel 68

Fibrous food 1, 2 30

Palm tree leaves 1.5, 3 32

Grass 0.5, 1, 1.5 48

Green olive pits 0.75 and 1.5 16.7

Ghaderi et al., 2020 [41] Saffron purple petals 1, 2, 3 45
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Table 1. Cont.

Literature Waste Material Concentration (%) by
Volume of Water

Highest Measured
Reduction

in Filtration (%)

Al-Saba et al., 2018 [42]

Banana peel 0.285, 0.57, 1.425 32

Olive pulp 0.57 44

Corncob 0.57, 1.71, 2.85 46.4

Corn starch 0.57 20.8

Pomegranate peel 0.57 20.0

Tamarind gum 1.425, 2.85 64.0

Peach pulp 1.425 44.0

Soya bean peel 1.425 60.0

Sugar cane 1.425 28.8

Henna 1.71, 2.85 48.0

Coconut shell 1.71, 2.85 52.0

Zhang et al., 2020 [38] Pomelo peel 1 26.2

Al-Hameedi et al., 2020 [43] Egg shell 0.75, 1.5 34.6

Yalman et al., 2021 [37] Rice husk ash 2.1, 4.3, 7.5, 9.6, 13.4, 16 9.6

In this research, mandarin peel powder (MPP) was used to determine its effect on the
filtration properties of drilling mud and particularly on clay swelling in bentonite-based
drilling mud. The main objective of the presented research was to determine whether
and to what extent the particle size of the MPP affects the rock swelling properties during
interaction with drilling mud. The novelty of this research is to determine the effect of MPP
particle size (less than 0.10 mm, and from 0.10 to 0.16 mm) on filtration properties (API and
PPT) and clay swelling at room temperature and 90 ◦C.

2. Materials and Methods

The effects of adding mandarin peel powder to a bentonite-based mud on filtration
properties and clay swelling was performed at the Drilling Fluid Laboratory of the Faculty
of Mining, Geology and Petroleum Engineering, University of Zagreb.

2.1. Preparation of Powder from Mandarin Peel

Figure 2 shows the whole procedure for the preparation of MPP. First, the mandarin
peels were dried in an oven for 2 days at 90 ◦C to completely dehydrate the source material
(Figure 2a). After dehydration, the peel was ground in a blender to obtain a fine powder
(Figure 2b). The MPP was then sieved through two sieves (the openings of the sieves were
0.10 and 0.16 mm), thus dividing it into two groups regarding particle size: from 0.10 to
0.16 mm, and less than 0.10 mm (Figure 2c).

To gain insight into the size of the MPP particles after grinding and sieving, micro-
graphs were taken with an FE-SEM Mira II LMU, Tescan at the University of Zagreb,
Faculty of Textile Technology. Figure 3 (left) shows SEM images of MPP with particles
less than 0.10 mm. The particles were irregularly shaped and had a wide range of sizes,
although they were all smaller than 0.10 mm. Figure 3 (right) shows a SEM image of MPP
containing particles from 0.10 to 0.16 mm. These particles were also irregularly shaped, and
some of them were elongated and longer than 0.16 mm, but due to their smaller thickness,
they still fit through the openings of the sieve.
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Laboratory tests showed that these two groups of particle sizes influenced the filtration
properties and swelling of the quartz–bentonite pellets.

2.2. Preparation of Quartz–Bentonite Pellets

The preparation of quartz–bentonite pellets is shown in Figure 4. A mixture of 6 g of
bentonite and 6 g of quartz (Figure 4a) was placed in a compactor cell (Figure 4b), which
was then subjected to pressure of 41.36 MPa (6000 psi), which remained constant in the
compactor for 30 min according to the manufacturer’s instructions (Figure 4c). At the end
of compression time, the swelling of the prepared pellet (Figure 4d) was measured using a
linear swell meter. The pressure at which the samples were compressed (41.36 MPa) was
determined as a function of the type of clay formation that the specific pellets simulate, and
the conditions to which the clay was subjected in the subsurface. Compression pressure
can be identified as geostatic pressure applied on the clay formation at the considered
depth. Assuming an average rock density of 2300 kg/m3, it is possible to calculate the
geostatic pressure affecting the clay formation at a given depth. Therefore, compression
pressure of 41.36 MPa (6000 psi) was selected because the objective of this study was to
determine the effect of water-based drilling mud containing mandarin powder on the
swelling properties of soft clay formations which are located at relatively shallow depths.
The selected compression pressure value corresponds to the geostatic pressure value at a
depth of about 1800 m.
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2.3. Preparation of Drilling Mud

All tested drilling-mud samples were prepared in accordance with the American
Petroleum Institute Standards, API Specifications 13A and API 13B-1 [44]. To determine
the effects of the adding MPP on filtration properties and clay swelling, nine drilling mud
samples were prepared and subjected to laboratory testing:

• bentonite-based drilling mud (BM);
• four drilling mud samples containing different concentrations of MPP with particle

size of less than 0.1 mm (marked A1–A4);
• four drilling mud samples containing different concentrations of MPP with particle

size from 0.1 to 0.16 mm (marked B1–B4).

In 1000 mL of water, 60 g of bentonite was added and stirred for 20 min. To adjust
the pH, 1 g NaOH was added, and bentonite-based drilling mud (BM) was prepared. To
examine the effect of the particle size and its concentration on filtration properties and clay
swelling, eight mud samples were tested with MPP (Table 2).

Table 2. Composition of tested drilling-mud samples which contain MPP.

Tested Mud Mandarin Peel Particle Size Mandarin Peel Powder
Concentration, % by Volume of Water

A1

Less than 0.1 mm

0.5

A2 1

A3 1.5

A4 2

B1

From 0.1 to 0.16 mm

0.5

B2 1

B3 1.5

B4 2
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2.4. Laboratory Test Equipment and Test Procedures

The used equipment and testing procedures are shown in Figure 5.
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The prepared drilling mud (Figure 5a) was poured into the cell of an API filter press
(Figure 5b), and pressure of 0.6895 MPa (100 psi) was applied for a period of 30 min. The
filtrate volume extracted from the drilling mud through a filter paper (Whatman No. 50,
filter area 45.8 cm2) was collected in a laboratory beaker, while a mud cake was formed on
the paper (Figure 5c). The collected filtrate volume is expressed as API filtration.

The capability of drilling mud to plug pores in a ceramic disc was determined using
a permeability plugging tester (PPT) (Figure 5d) and ceramic discs with permeabilities
of 0.4 µm2 (400 mD) and 0.75 µm2 (750 mD). The tests were performed at a differential
pressure of 3.447 MPa and a temperature of 88 ◦C. During the test, the filtrate was collected
in a measuring cylinder after 7.5 min and after 30 min. According to the manufacturer’s
instructions, to calculate PPT filtration, the collected volume after 30 min must be multiplied
by 2 (Equation (1)), while the volume of collected fluid before the formation of a drilling
mud cake (spurt loss) is calculated by using Equation (2) [45]:
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PPT filtrate volume = 2·V30 (1)

Spurt loss = 4·V7.5 − 2·V30 (2)

where PPT filtrate volume, mL; V7.5, fluid volume collected after 7.5 min, mL; V30, fluid
volume collected after 30 min, mL; spurt loss, fluid volume collected before forming a
drilling mud cake, mL.

To determine their swelling, the bentonite–quartz pellets were removed from the
compactor cell after the compression time of 30 min had elapsed, and placed in the dynamic
linear swell meter cell (Figure 5e). The swelling test for each pellet in the selected drilling
mud was designed and run for 24 h in the linear swell meter (Figure 5f). In the first
case, the swelling of the pellets was determined at room temperature. To determine the
effect of temperature on pellet swelling, in the second case, pellet swelling at 90 ◦C was
determined. After 24 h, the swollen pellet was removed from the cell of the dynamic linear
swell meter (Figure 5g).

3. Results

Table 3 shows the results of API filtration measurements for the nine tested mud
samples. From the presented results, it can be concluded that API filtration decreased
with the increasing concentration of MPP. A significant reduction in filtration (from 18 to
13.5 mL) was observed by adding MPP particles less than 0.10 mm at the smallest tested
concentration of 0.5% by volume of water (A1), while a significant reduction was achieved
at a concentration of 1% by volume of water (B2) by adding larger particles from 0.1 to
0.16 mm (from 18 to 13 mL). The largest decrease in API filtration was gained for larger
MPP particles ranging in size from 0.1 to 0.16 mm, added at a concentration of 2% by
volume of water (B4), and was 10 mL compared to the measured API filtration of the base
mud (18 mL). The thickness of the mud cake, regardless of the concentration of MPP, was
slightly decreased by the addition of MPP in comparison with the thickness of the mud
cake measured with BM (1.5 mm).

Table 3. Influence of adding MPP on API filtration [46].

Drilling Muds

BM A1 A2 A3 A4 B1 B2 B3 B4

Mandarin peel powder concentration (%) by volume of water

0 0.5 1 1.5 2 0.5 1 1.5 2

API filtration (mL)

18 13.5 13.5 11.5 11.5 16 13 10.5 10

A certain amount of mandarin powder obtained from mandarin peel dissolved in
water [47], which led to an increase in the viscosity of the filtrate, contributing to a decrease
in filtration value. In addition, the MPP was assumed to plug the pores in the mud cake,
further reducing filtration. Figure 6 shows SEM images of the mud cakes obtained after
API filtration of base mud (BM), and two mud samples containing different sizes of MPP at
a concentration of 2% by volume of water (A4 and B4 mud samples).

Figure 6 shows the relief surfaces of the mud cake without the indicated pores. It can
be seen that for BM the surface is quite uniform with no significant change in texture, while
for muds containing MPP, larger accumulations are observed over the entire surface, which
are presumably mandarin particles filling small pores in the created mud cake, resulting in
a significant decrease in API filtration values.
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Figure 6. SEM images of mud cakes obtained after API filtration of BM (A4 and B4).

Table 4 summarizes the data of the PPT filtration measurements for both mud samples
containing 1% (A2 and B2) and 2% (A4 and B4) of MPP by volume of water.

Table 4. Influence of adding MPP on PPT filtration.

Differential Pressure—3.447 MPa
Temperature—88 ◦C

Disc permeability 0.4 µm2 (400 mD) 0.75 µm2 (750 mD)

Drilling mud BM A2 A4 B2 B4 BM A2 A4 [46] B2 B4 [46]

V7.5, mL 15 8 7.5 9.5 7 17 12.5 8 10.5 6

V30, mL 26 15 13 16 12 26 18.5 11 17.5 10

PPT filtrate volume, mL 52 30 26 32 24 52 37 22 35 20

Spurt loss, mL 8 2 4 6 4 16 13 10 7 4

The results for filtration through a 0.4 µm2 (400 mD) ceramic disc showed a significant
decrease in PPT filtrate volume after 30 min for mud A2 (30 mL) containing MPP with a
size less than 0.10 mm at a concentration of 1% by volume of water related to the results
obtained for BM (52 mL), while twice the concentration of MPP (2% by volume of water)
does not result in a significantly greater reduction in PPT filtrate volume (mud A4, 26 mL).

For mud containing MPP with particles size from 0.10 to 0.16 mm, the PPT filtration
volume after 30 min for mud containing MPP at a concentration of 1% by volume of water
(B2) was similar (32 mL) to mud containing particles less than 0.10 mm (30 mL). At a
concentration of 2% by volume of water (B4), PPT filtration was similar (24 mL) to mud
containing particles less than 0.10 mm (26 mL).

Spurt loss is significantly lower for mud samples containing MPP less than 0.10 mm in
size for both tested concentrations (A2 and A4) (2 and 4 mL) compared to those measured
with BM (8 mL). For mud samples containing particles from 0.10 to 0.16 mm, at a concen-
tration of 1% by volume of water (B2), spurt loss decreased in relation to BM, but was still
slightly higher (6 mL) than the values obtained for mud samples containing particles less
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than 0.10 mm (A2 and A4). At a concentration of 2% by volume of water (B2), spurt loss
was considerably lower (4 mL) in comparison to values measured with BM (8 mL).

Filtration through a 0.75 µm2 (750 mD) ceramic disc showed a significant decrease in
filtration volume after 30 min for mud containing MPP less than 0.10 mm at a concentration
of 1% by volume of water (A2) (37 mL), related to values measured with BM (52 mL).
In contrast to the measurement through a 0.4 µm2 (400 mD) ceramic disc, increasing the
concentration to 2% by volume of water significantly reduced PPT filtration (22 mL with
A4). For mud samples containing particles from 0.10 to 0.16 mm, a similar trend was
observed as that for mud samples containing particles less than 0.10 mm, with a slightly
greater decrease in the value of PPT filtration (35 and 20 mL (B muds) compared to 37 and
22 mL (mud samples A)).

Spurt loss was significantly lower for mud samples containing MPP less than 0.10 mm
in size at a concentration of 2% by volume of water (A4) (10 mL) compared to values
measured with BM (16 mL). For muds containing particles from 0.10 to 0.16 mm, a similar
trend was observed as for muds containing particles smaller than 0.10 mm, with a slightly
larger decrease in the value of spurt loss (7 and 4 mL (mud samples B)) compared to 13 and
10 mL (A muds)).

Figure 7 shows the swelling of the pellets in the base mud (BM) and in mud samples
with added MPP (particles less than 0.1 mm) within 2 and 24 h (mud samples A1–A4) at
room temperature.
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Figure 7. Pellet swelling in base mud and in mud with added MPP (particles less than 0.1 mm) within
2 and 24 h at room temperature.

After 2 h, the swelling of the pellets in the different formulations of mud A was
reduced regardless of the concentration of MPP, and ranged from 11.2% to 15.2% compared
to the swelling of the pellets in the base mud (18.9%). After 24 h, pellet swelling was also
reduced regardless of MPP concentration, and ranged from 43% to 52.9% compared to
pellet swelling in the base mud (72.3%). With the addition of MPP, pellet swelling was
52.9% at the lowest tested concentration of 0.5% by volume of water (A1), while increasing
the concentration up to 2% did not express the same intensity of pellet-swelling decrease.
Moreover, a slight increase of 2.2% in pellet swelling (from 43% (A3) to 45.2% (A4)) was
observed after the addition of MPP at a higher concentration than 1.5% by volume of water.

Figure 8 shows the swelling of the pellets in the base mud (BM) and in muds with
added MPP (particles from 0.10 to 0.16 mm) within 2 and 24 h (mud samples B1–B4) at
room temperature.
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Figure 8. Pellet swelling in base mud and in mud with added MPP (particles from 0.1 to 0.16 mm)
within 2 and 24 h at room temperature.

After 2 h, the swelling of the pellets in the different formulations of mud B was reduced
regardless of the concentration of MPP and ranged from 10.1% to 16.5% compared to the
swelling of the pellets in the base mud (18.9%). After 24 h, pellet swelling was also reduced
regardless of the concentration of MPP, and ranged from 39.8% to 59.7% compared to pellet
swelling in the base mud (72.3%). When MPP was added at a concentration of 0.5% by
volume of water (B1), the measured swelling was 59.7%. A concentration of MPP of 1% by
volume of water and above is required to significantly reduce pellet swelling, ranging from
50.1% for mud B2 to the best result (39.8%) obtained for a mud containing 2% of MPP by
volume of water (B4).

Figure 9 shows the swelling of the pellets in the base mud (BM) and in mud with
added MPP (particles less than 0.10 mm) within 2 and 24 h (mud samples A1–A4) at 90 ◦C.
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Figure 9. Pellet swelling in base mud and in mud with added MPP (particles less than 0.1 mm) within
2 and 24 h at 90 ◦C.

After 2 h, the swelling of the pellets was lower regardless of the concentration of
MPP, ranging from 18.5% to 24.2% compared to the swelling of the pellets in the base
mud (27.3%). After 24 h, the swelling of the pellets was also decreased regardless of the



Appl. Sci. 2022, 12, 5348 14 of 19

concentration of the MPP, and ranged from 64.8% (A4) to 99.1% (A1) compared to the
swelling in the base mud (115.5%). Increasing the concentration of MPP from 0.5% (A1)
to 1% by volume of water (A2), pellet swelling continued to decrease (from 99.1% (A1) to
69.4% (A2)), but this trend did not continue with the same intensity with a further increase
in MPP concentration, so the pellet swelling was 69.4% (A3) and 64.8% (A4).

Figure 10 shows pellet swelling in the base mud (BM) and in muds with added MPP
(particles from 0.10 to 0.16 mm) within 2 and 24 h (mud samples B1–B4) at 90 ◦C.
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Figure 10. Pellet welling in base mud and in mud with added MPP (particles from 0.10 to 0.16 mm)
within 2 and 24 h at 90 ◦C.

After 2 h, the swelling of the pellets in the different formulations of mud B was reduced
regardless of the concentration of MPP, and ranged from 16.9% (B4) to 24.2% (B2) compared
to the swelling of the pellets in the base mud (27.3%). After 24 h, the swelling of the pellets
also decreased regardless of the concentration of MPP, and ranged from 59.4% (B4) to 86.4%
(B1) compared to the swelling of the base mud (115.5%). As the concentration of MPP
increased, the swelling of the pellets continuously and significantly decreased, from 86.4%
(B1) to 59.4% (B4).

4. Discussion

To determine the effect of MPP on filtration properties and pellet swelling, all results
were compared. From the data shown in the Table 5, reduction in API filtration was evident
for all tested mud samples relative to API filtration measured with the base mud (BM),
expressed as a percentage.

Comparing measured API filtration results with both particle sizes at the same concen-
trations of MPP, at higher concentrations (1% by volume of water and above) better results
were obtained, with powder having larger particles (from 0.10 to 0.16 mm), while at low
concentrations (0.5% by volume of water), better results were achieved with MPP having
smaller particles than 0.10 mm.

Regardless of the permeability of the disc used in the tests (0.4 or 0.75 µm2), a positive
effect of the addition of mandarin powder on the PPT filtration of the mud was observed,
since its value decreased significantly in all cases compared to the values obtained with the
base mud (BM).

A comparison of PPT filtration results measured with both particle sizes at the same
concentrations of MPP through a 0.4 µm2 (400 mD) ceramic disc shows that, at a concen-
tration of 1% by volume of water, slightly better results were obtained with MPP with
particles less than 0.10 mm (42.31% compared to 38.46%), while at a concentration of 2% by
volume of water, slightly better results were obtained with MPP with particles from 0.10 to
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0.16 mm (53.85% compared to 50%). At a concentration of 1% by volume of water, results of
spurt loss for mud samples containing MPP particles less than 0.10 mm were significantly
better (75% reduction) than the results for mud samples containing MPP particles from 0.10
to 0.16 mm (25%). At a concentration of 2% by volume of water, regardless of MPP size, the
reduction in spurt loss was similar (50%).

Table 5. Decrease in API filtration, PPT filtration, and spurt loss for all tested mud samples in regard
to base mud (BM).

Drilling Mud

A1 A2 A3 A4 B1 B2 B3 B4

Reduction in API filtration (%)

25 25 36 36 11 28 42 44

Reduction in PPT filtration (%) through 0.4 µm2 (400 mD) disk

- 42.31 - 50 - 38.46 - 53.85

Reduction in PPT filtration (%) through 0.75 µm2 (750 mD) disk

- 28.85 - 57.69 - 32.69 - 61.54

Reduction in spurt loss volume (%) through 0.40 µm2 (400 mD) disk

- 75 - 50 - 25 - 50

Reduction in spurt loss volume (%) through 0.75 µm2 (750 mD) disk

- 18.75 - 37.5 - 56.25 - 75

Comparing the PPT filtration results measured with both particle sizes at the same
concentrations of MPP through a 0.75 µm2 (750 mD) ceramic disc, it is shown that slightly
better results were obtained with MPP particles from 0.10 to 0.16 mm (32.69% compared to
28.85% at a concentration of 1% by volume of water and 61.54% compared to 57.69% at a
concentration of 2% by volume of water). The same trend was observed in determining the
value of spurt loss, with significantly better results obtained with powders with particles
from 0.10 to 0.16 mm (56.25% related to 18.75% at a concentration of 1% by volume of water
and 75% related to 37.75% at a concentration of 2% by volume of water).

Figure 11 shows the pellet swelling reduction in mud samples with added MPP within
24 h related to the pellet swelling measured with the base mud at room temperature and
90 ◦C, expressed as a percentage.
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Regardless of the concentration of MPP and particle size, a decrease in pellet swelling
between 17.4% (B1) and 45% (B4) was observed at room temperature, and a decrease in
swelling between 14.2% (A1) and 48.6% (B4) was determined at 90 ◦C. When the con-
centration of MPP increased, the reduction in pellet swelling increased for mud samples
containing particles from 0.1 to 0.16 mm (mud samples B1–B4), from 17.4% (B1) at a con-
centration of 0.5% by volume of water up to 45% measured with mud B4 containing 2% by
volume of water at room temperature. At 90 ◦C, results were similar to those measured at
room temperature, but the reduction in pellet swelling was slightly greater, from 25.2% (B1)
to 48.6% (B4).

At room temperature, a similar trend was observed in measurements with mud
containing MPP particles less than 0.10 mm (mud samples A1–A4), with one exception. The
greatest reduction in swelling was observed for mud A3, containing MPP at a concentration
of 1.5% by volume of water (40.5%). However, at a concentration of 2% by volume of water
(A4), the reduction in pellet swelling was less than that (37.5%), indicating that it is not
necessary to increase the concentration of MPP beyond 1.5% by volume of water. At 90 ◦C,
the reduction in pellet swelling at a concentration of MPP of 1% by volume of water or
more was similar (from 39.9% to 43.9%); at a low concentration of 0.5% by volume of water
(A1; 14.2%), a slightly lower value of reduction in pellet swelling was observed compared
to the reduction measured at room temperature (26.8%).

Although this research shows that the best results were obtained at higher concen-
trations of MPP (1.5% and 2% by volume of water), the effects on other properties of the
drilling mud, especially rheology, need to be further studied to determine the potential of
these muds for adequate wellbore cleaning. Considering that satisfactory results were also
obtained at lower concentrations (up to 1% by volume of water), it is necessary to select
those concentrations that had a satisfactory effect on API filtration and shale swelling, but
that also present other adequate properties to allow for the wellbore to be safely drilled
while reducing the negative environmental impact of drilling mud.

5. Conclusions

On the basis of laboratory tests, the following conclusions can be drawn:

• MPP added to water-based mud reduces API filtration, PPT filtration, spurt loss, and
pellet swelling regardless of particle size and concentration;

• the best results were obtained by adding MPP with particles from 0.10 to 0.16 mm at a
concentration of 2% by volume of water;

• a 44% reduction in API filtration was achieved with mud B4 containing MPP particles
from 0.10 to 0.16 mm at a concentration of 2% by volume of water;

• a 61.54% reduction in PPT filtration through a 0.75 µm2 (750 mD) ceramic disk was
achieved with mud B4 containing MPP particles from 0.10 to 0.16 mm at a concentra-
tion of 2% by volume of water;

• a 53.85% reduction in PPT filtration through a 0.4 µm2 (400 mD) ceramic disk was
achieved with mud B4 containing MPP particles from 0.10 to 0.16 mm at a concentra-
tion of 2% by volume of water;

• a 45% reduction in pellet swelling after 24 h was measured with mud B4 containing
MPP particles from 0.10 to 0.16 mm at a concentration of 2% by volume of water at
room temperature;

• a 48.6% reduction in pellet swelling after 24 h was obtained with mud B4 containing
MPP particles from 0.10 to 0.16 mm added at a concentration of 2% by volume of water
at 90 ◦C;

• satisfactory results were obtained up to a MPP concentration of 1% by volume of water;
• the swelling reduction results correlated very well with the API filtration reduction results.

In general, it can be concluded that the addition of MPP to the drilling mud can
increase wellbore stability. However, further measurements of the properties of the drilling
mud are necessary to determine the optimal concentration that ensures adequate mud
properties for the safe drilling of the well.
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