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Nanomaterials are materials that possess unique properties due to their high specific surface area and quantum
effects. Nanomaterials have diverse applications in different fields including the petroleum and gas industry as
additives. One of the classes of nanomaterials that currently have potential usage in the downstream, midstream,
and upstream processes of the petroleum industry is nanoparticles (NPs). Among the upstream processes in the
petroleum and gas industry is the drilling operations. It is popular that the most critical features that ensure the
success of a drilling operation are the rheological and filtration loss characteristics of the drilling fluid. The
current work deals with the synthesis of green uncoated and polymer-coated green magnetite nanoparticles
(MNPs). The MNPs were characterized and assessed as rheology and filtration loss modifiers for water-based
drilling fluids. The optimum formulation design of drilling fluids incorporated the MNPs for high-performance
drilling fluids in terms of density, rheological, filtration loss, and sagging properties was identified. The effect
of temperature (ambient — 80 °C), and aging time (6-248 h) on the investigated properties were evaluated. The
results confirmed that optimum values for plastic viscosity, apparent viscosity, yield Point, gel strength (10sec),
gel strength (10 min), mud thickness, and sag index were 13.77 cP, 69.69 cP, 89.87 1b/100ft2, 86.75 1b/ 100ft2,
128.38 1b/100ft> < 1 mm, and 0.511, respectively. Most of those values could be reached using an optimum
formulation involving 0.92 % MNPs at ambient temperature. Increasing the temperature displays a decrease in
the values while increasing the aging time displays an increase in the values. Drilling fluids with MNPs showed
insignificant changes in the investigated properties with increasing temperature in particular those incorporated
with polymer-coated MNPs compared to the water-based drilling fluids.

1. Introduction string, and helps in cementing operation (Zhang et al., 2023). When the

circulation system is stopped, the drilling mud keeps the cuttings sus-

Drilling fluids including water-based formulations have always been
a very important part of drilling engineering. Their proper functionality
helps reduce many drilling problems. Therefore, an efficient under-
standing of drilling fluids and their proper selection are essential to
ensure that the drilling fluid can perform its functions properly
including formation collapse prevention, and creating mud cake on the
wall of the hole (Faisal et al., 2023b; Adil et al., 2023). In addition, it
controls and maintains the stability of uncased well formations, resists
or reduces the formation fluid entrance to enter the well, and provides
mechanical energy (Alkalbani et al., 2023). Moreover, it protects the
drill string against corrosion, cooling and lubricating the bit and drill

pended, carry and transports the cuttings from the subsurface to the
surface, and provides a sufficient hydrostatic pressure to control and
balance the formation pressure (Ji et al., 2023). On another hand, mud
flow properties can be defined by rheological properties in different flow
circumstances (Jimoh et al., 2021). Flow rates vary for different sizes
and shapes of pipes in a drilling fluid circulating system, therefore it is
important to identify the rheological properties, and the mud flow
behavior in different points of interest in the mud circulating system.
Mud rheology affects the hole-cleaning ability, therefore, it is significant
to investigate and develop mud rheology in order to prepare a suitable
drilling mud with improved carrying capacity (Adil et al., 2023).
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Fig. 1. Left: Cactus plant extraction set-up, right: Scheme for the green mag-
netic NPs preparation.

The entrance of drilling fluid into a formation called mud filtrate,
filtration of drilling fluid causes several severe damages to the well such
as loss of drilling fluid, stuck pipe, sloughing, swelling, reducing the
penetration rate (Oseh et al., 2023). However, the deposits of solids in
the form of a cake lead to borehole stability and control the invasion of
the permeable zone by the liquid phase and thus decrease the formation
damage. Ideal mud guarantees small filter loss, thin and compact mud
cake. The main factors that influence the filtration properties are
permeability of mud cake, time, solids concentration, filtrate viscosity,
and differential pressure (Prakash et al., 2023).

In connection, designing a drilling fluid by using nanosized material
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has paid a lot of interest in the past years. Different nanoparticle type,
size and shapes were used to improve the rheology and filtration prop-
erties of water-based drilling fluids (Sarbast et al., 2022; Adil et al.,
2023). The formulated nanofluids have been shown the capability to
hinder the problems of formation damage (Zhong et al., 2023), and
improve the physical-mechanical properties of drilling fluids (Afolabi
et al., 2017). Advantageously, incorporation of metal oxide NPs in
drilling fluids displayed notable performance for HPHT conditions.
While, metal oxide nanocomposites and polymer-coated MNPs delivered
astonishing outcome for shale inhibition, rheology, fluid loss control,
mud cake thickness, and filtration properties (Alqahtani et al., 2023).
It was predicted that incorporation of nanosilica in water water-based
drilling fluids enhances lifting and hole cleaning efficiency and mud sta-
bility. Also, control the amount of fluid loss in the permeable zones since
the nanofluid will create a thin, compacted and impermeable filter cake
when added to conventional drilling fluid (Bardhan et al., 2023). It was
reported that a water-based drilling fluid fused with 5 % Grewia Optiva
fbre powder (GOFP), and 4 % silica nano particles (SNP) lead to decrease
the (high pressure, temperature) HPHT and (low pressure, temperature)
LPLT filtration loss and filter cake thickness by 78.12, 74.03 % and 42.8 %,
respectively compared to the base fluid. It was noted that SNP created an
impermeable filter cake that controlled the invasion of any solid and liquid
particle into the permeable formation and improved its mightiness due to
the cross-linking ability of the nanoparticles that helped in bridging the
micro sized (Prakash et al., 2021). The optimization of nano-silica in
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Fig. 2. Characterization on Fe304 NPs. a: UV spectra, b: EDX pattern, c: SEM image, d:, XRD pattern (for the uncoated MNPs), e: SEM image; f: EDX pattern (for the

chitosan-coated MNPs).
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Fig. 3. A schematic diagram illustrating the set of processes carried out for drilling fluids formulation and properties.

Table 1
The rheological and filtration loss properties of the drilling fluids designed by RSM.

No Temp Nano wt. PV AP YP Gel strength 1b/ Gel strength 1b/100ft> (10 Filtrate volume Mud cake thickness

°c % (cP) (cP) (1b/100 100ft? min) (ml) (mm)
£t%) (10sec)

1 21.7 0.5 12 56 88 84 125 13 1.3

2 70.0 0.8 11 54 86 82 122 14 1.5

3 50.0 0.92 12.5 56.8 88.5 85 126 11.5 1.2

4 30.0 0.2 9 50 84 78 115 14.5 1.4

“5 50.0 0.5 11 54.5 87 83 123 15 1.5

6 30.0 0.8 13 57.5 89 86 127 12 1.3

7 78.3 0.5 10 52.5 85 79 119 18 2.5

8 70.0 0.2 8 49.5 83 76 113 17 2

9 50.0 0.075 7 48 82 72 109 18.5 2.5

* repetition

enhancing the drilling fluid property was studied by (Kevin and Mahmud,
2019). It was figured out that the designed mud for the 200°F and 350°F
yielded a non-Newtonian property even when silica nanoparticle added at
different concentrations, and the drilling mud rheology performance was
accelerated after nano silica inclusion up to 40 % concentration. In another
study, functional multi-walled carbon nanotubes (FMWCNTSs) due to its
higher surface area has improved drilling fluid rheological and filtration
properties at 0.01 wt% to 0.5 wt% (Sajjadian et al., 2020). Mixing 0.05 w/
v% of TiO, NPs to polyanionic cellulose (PAC) and xanthan gum (XG) at
different temperature ranges positively increased thermal stability and
rheology of drilling fluids (Beg et al., 2020). Moreover, the synergy effect
of TiOy/PAM at several concentrations 1 and 10 and 14 g significantly
increased the drilling mud viscosity. From the results mud thickness has
been decreased mainly and fluid loss improved by 64 % compared to
traditional drilling fluids (Sadeghalvaad and Sabbaghi, 2015).

On the other hand, among the challenges that face oil and gas pro-
ductions are increasing the pollution problem resulted from drilling
operations including the hazardous nature of some drilling fluid addi-
tives generated as wastes during the drilling activities. Thus, drilling

industry is looking for economical and biodegradable product to be
utilized for reducing the overdependence on such expensive chemicals.
Thus, natural products are preferred to be modified and employed in
water-based mud systems (Borah and Das, 2022). Tight carbonate res-
ervoirs which have microfractures and regarded as unconventional
reservoirs are distributed in the Middle East with average porosity and
permeability less than 10 % and 0.1mD, respectively (Rashid et al.,
2015). The main factors that control carbonate reservoir properties are
the pore microstructure, rock compositions, reservoir heterogeneity,
depositional environment and wettability. The pore system of tight
carbonate reservoir has a multiscale property ranging from the nano-to
micro-scale with high heterogeneity and poor connectivity causing
different multiscale formation damage (Bageri et al., 2021; Salih et al.,
2023). It was noted that in low permeability carbonate reservoirs water
block and stress sensitivity are the main damage mechanisms, and there
is an essential need to work with eco-friendly and high performance
drilling fluids for tight carbonate formations without formation damage
(Borah and Das, 2022).

The main objectives of the current work focus on preparation and
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Fig. 5. Effect of barite wt.% on the drilling mud rheological properties.

characterization of uncoated and polymer- coated green magnetite NPs,
and formulation of smart water-based drilling fluids (nanofluids) based
on using the green magnetite nanoparticles as additive. Then optimi-
zation and modeling the effect of MNPs content, type (coated with
polymer and uncoated) and temperature on the rheological, density and
filtration properties of the formulated drilling fluids using RSM. Further
optimization for the contents of bentonite were carried on the optimum
drilling fluid formulation. After finding the optimum concentration for
each of the drilling mud ingredients, the drilling mud of the optimum
formulation was tested for sagging.

2. Experimental part
2.1. Materials

Analytical grades of chemical reagents NaOH, Ethanol and chitosan
are purchased from the Merck and Aldrich chemical company.

Bentonite, barite, tap water and xanthan gum are used in formulation
the base drilling mud. Iron (III) chloride hexahydrate (FeCl3*6H20) and
iron (II) chloride Dihydrate (FeCly*2H,0) was purchased from Sigma
Aldrich to prepare the green magnetite nanoparticles. All chemicals
were used without any further purification.

2.2. Preparation of the green uncoated and polymer-coated MNPs

Magnetite Fe3O4 NPs has been synthesized by eco-friendly approach
using a simple, green and one-step process. Cactus plant grow in wild
was collected, washed and cut to small pieces, and then stored fresh in
sealed containers for experimentation. Cactus extract was prepared by
refluxing 25 g of the fresh Cactus in 250 ml distilled water for three
hours at 60 °C. The extract was cooled and filtered two times. Sepa-
rately, 0.1 M iron (II) chloride dihydrate (FeCly-2H50), 0.2 M iron (III)
chloride hexahydrate (FeCl3-6H20), and 0.1 NaOH solutions were pre-
pared. The preparation procedures for the experiments include mixing
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Fig. 6. Variation of Mud cake thickness and filtrate volume.

equal volumes of the iron salt solutions with the plant extract. The
amount of the cactus extract is first alkalinized by 0.1 M NaOH stepwise
till pH reach 11. The alkalinized plant extract was dropped wisely to the
mixture of (equal volumes of metal salts solutions) under constant stir-
ring speed at 60 °C. The pH of the reaction was re-checked and main-
tained at 11 during the reaction period. The color of the reaction
solution changes from red to black. The reaction was kept under
continuous stirring for 1 h after changing the color. The NPs colloid was
filtered and then NPs were purified by washing three times with ethanol,
after that the pure NPs were dried in an oven at 70 °C till constant
weight. The dried NPs were characterized by using UV, XRD, EDX, and
SEM. Fig. 1 shows the scheme for the preparation of the green magnetic
NPs.

The coated green MNPs were prepared by coating the virgin MNPs
with chitosan. The cationic nature of chitosan has been considered for
the development of particulate systems: chitosan can absorb on the
negatively charged Fe3O4 nanoparticles. The procedure for the prepa-
ration of chitosan coated MNPs was carried out by dissolving 0.1 g of
chitosan in 15 ml acetic acid solution in 250 ml beaker. The chitosan
solution was stored overnight, then 1.5 g of (Fe304 NPs) is added and the
mixture was agitated for 2 h at 60 °C, then cooled. The polymer coated
MNPs were separated by centrifugation, washed, dried and stored.

2.3. Characterization of the green uncoated and polymer-coated MNPs

The green MNPs were prepared using cactus extract in an ecofriendly
method. Fe ions from Iron (III) chloride hexahydrate and iron (II)
chloride Dihydrate salt were used in the synthesis step, where they
reacted with the cactus plant extract phytochemicals to create MNPs.
UV-VIS spectroscopy, Energy Dispersive X-ray (EDX), X-ray diffraction
(XRD), and scanning electron microscopy (SEM) were used to charac-
terize the produced magnetite Fe3O4 NPs. SEM shows the geometry and
morphology of FesO4 NPs, and UV-VIS spectroscopy, were done on the
band gap and optical characteristics in the 300-700 nm wavelength.
Whereas Energy Dispersive X-ray (EDX) was used to determine their
elemental composition. Fig. 2 presents the results of characterizing
green magnetite FeoO3 NPs. Fig. 2a shows the UV-Visible spectra of
green Fe3O4 NPs. A maximum absorption peak around 370 nm confirms

the creation of Fe3O4 NPs. Similar UV results were found in the literature
for magnetite NPs [18-21]. The Energy Dispersive X-ray (EDX) plots
depicts that Fe is the main components of the MNPs structures (Fig. 2b).
Fig. 2c show the scanning electron microscopy (SEM) image of Fe3O4
NPs. The SEM image shows the spherical shape, cubic-like shapes of
MNPs with cluster formation morphologies. The XRD patterns of the
green Fe3O4 NPs are illustrated in Fig. 2d. Fe3O4 NPs were scanned at 20
to 80 degrees 2 theta in accordance with JSPDS cards 98-016—1291.
Fe304 nanoparticles have a diffraction pattern that closely matches the
crystalline magnetite peaks. The phytochemicals in the cactus plant
extract are caused the oxide peaks. The average crystallite size was
calculated by using Debye-Scherrer equation:

D = 0.951/B,Cos 6 (€3]

Where D is the particle size in nanometer, 6 is the diffraction angle, A is
the wave length of the incident X-ray (0.154 nm) and f is the corrected
full width at half maximum (FWHM). It was found that Fe;O3 NPs are
22.99 nm in average.

The polymer- coated MNPs were characterized by using EDX and
SEM. Fig. 2e shows the SEM image of chitosan-coated MNPs. The image
showed that the chitosan-coated MNPs have similar morphology of the
uncoated virgin MNPs, but they agglomerated with more spaces be-
tween agglomerates. Similar trend was observed in literature with
coated iron oxide NPs coated with xanthan gum [22]. The Energy
Dispersive X-ray (EDX) images in Fig. 2f shows that C of chitosan is one
of the components of the polymer coated MNPs structure, while Fe is the
main component.

2.4. Dirilling fluids formulations

The water based drilling fluid was of volume 400 ml, weighing 25.7 g
bentonite, 4 wt% volume barite, 0.1 % xanthan, 0.29 g NaOH and tap
water using an industrial scale electronic balance model LT1002T with a
maximum capacity of 1000 g. At the beginning half of the fresh water is
poured into a mixing cup and NaOH is added till dissolving, followed by
bentonite and barite. The digital high shear speed mixer dispersator 220
V £+ 5 % AC:50 Hz (model GJ-S5) was used to mix the drilling fluids
prepared in this study. The remaining water was added and stirred with
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Fig. 7. Pareto chart (a) standardized effects plot, (b) main effects on the plastic viscosity (c) 3-D estimated response surface,(d) 2-D counter plots, (e) Interaction

plots, (f) Normal probability plot for the plastic viscosity.

the handheld mixer for 5 min. The solution is allowed to stand for 16 h
minimum for the bentonite to swell. Ten samples of water-based drilling
fluids containing different percentage of the green magnetite NPs
(0.075—0.92) g were formulated at different temperatures (21.7-78.8)
°C according to a two factorial central composite design to investigate
the effect of MNPs content and temperature on the rheological and
filtration properties of the drilling mud.

2.5. The rheological, density and filtration loss testing

The rheological properties of the drilling muds were measured using
Electronic six - speed rotational viscometer ZNN - D6B drilling fluid
slurry viscosity shear rate tester 110/220 V. Plastic viscosity (PV),
apparent viscosity (AP) and yield point (YP) were calculated via Egs.
(2)-4.

Plastic Viscosity (PV) = reading at 600 rpm — reading at 300 rpm 2)

Yield Point (YP) = reading at 300 rpm — Plastic Viscosity (PV) 3)

4

The drilling mud density was calculated via mud balance equipment.
The device consists of a constant volume cup with a lever arm and rider
calibrated to read directly the density of the fluid in ppg. The API filter
presses cylindrical mold was used to calculate the fluid loss of the pre-
pared drilling fluids. The drilling fluid was exposed to 100 psi pressure.
Up to 30 min of liquids were recovered from the mud (API 13A). The test
consists of monitoring the rate at which fluid is forced from a filter press
under specific conditions of time (30 min), temperature and pressure
(100 psi), then measuring the fluid loss volume and the thickness of the
residue deposited upon the filter paper. Fig. 3 presents a schematic di-
agram for the processes for drilling fluids formulation and testing.

Extra experiments were designed manually to optimize the bentonite
and barite content. The experimental data of the rheology dial readings

Apparent viscosity (AP) = reading at 600 rpm / 2
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and filtration loss for 10 experiments designed using RSM are presented
in Table 1.

2.6. Sag test

After finding the optimum concentration for each of the drilling mud
ingredients. The sag tests were performed for the optimum formulation
of the drilling fluid using various barite concentrations (4, 5, 6, and 8)
wt.%. The sag test was conducted to evaluate the effect of barite con-
centration on the drilling fluid stability. Static sag test was performed at
vertical conditions by using static sag test apparatus. The test was run for
24 h at 250F. The idea of sag test is to estimate the drilling mud ho-
mogeneity by calculating the mud density at the top and bottom of the
drilling fluid column after 24 h. The sag factor is used to evaluate the
fluid homogeneity along the drilling fluid column. The sag factor is
calculated from the density of both top and bottom fluid samples using
eq. (5). The Sag factor should be within 0.50 and 0.53 rang for a stable
and homogeneous fluid, while particle settlement is predicted if the sag

factor is exceeding this value.

pbottom

— 5
pbottom + ptop ®

Where SF is the drilling mud safety factor, pbottom and ptop are the
density of the bottom and top fluid samples in ppg.

3. Experimental results and discussion
3.1. Barite optimization

Drilling mud density is one of the critical parameters that is used to
study the effect of drilling fluids on the filter cake properties, filtrate loss
and formation damage. In this study barite (BaSO4) as one of the most
common weighting material was used. Barite was used with a range of
(1, 2, 4, 6, and 8) wt.%. It was added gradually to the base drilling mud
formulation to increase the mud density. The effect of the barite wt.% on
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the density of the formulated muds is illustrated in Fig. 4.

It is clear that with increasing barite wt.%, the higher mud densities
are obtained. The control of density during drilling operation is signif-
icant since an unreasonably heavy drilling mud may lead to formation
breakdown, consequently cause partial or a complete loss of a well, and
increasing drilling cost. On the other hand, too small mud density value
may lead to well kick or blowout. The effects of barite wt. % on the
drilling mud rheology are shown in Fig. 5. It is indicated that rheological
properties changes with barite content, thus, to guarantee a favorable
rheological property of a drilling mud the barite concentrations must be
optimized. The results declared that increasing barite concentration
increases the PV, AP, YP, and gel strength value of the formulated water-
based muds. However, higher PV is achieved with 4 wt% of barite.

Regarding the effect of barite wt. % on the mud cake thickness and
filtrate volume, the study revealed that the thickness of the filter cake
and the filtrate volume ranges change with barite content. Adding the
proper content of the weighting material to drilling mud leads to better
mud cake quality and the filtrate volume (Osei et al., 2021). It is worthy
to notice that mud cake thickness and filtrate volume from a drilling
fluid with 4 wt% barite exhibits the lowest values (Fig. 6).

3.2. ANOVA results

The effect of two independent variables (temperature and MNPs
concentration) on the plastic viscosity, apparent viscosity, yield point,
10 sec and 10 min gel strength were investigated. Ten different
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Fig. 10. Pareto chart (a) standardized effects plot, (b) main effects on the 10 sec gel strength (c)3-D estimated response surface,(d) 2-D counter plots, (e) Interaction

plots, (f) Normal probability plot for the 10 sec gel strength.

experiments were developed using RSM including five temperature
ranges (21.7, 30, 50, 70, and 78.3) OC and five MNPs (0.075, 0.2, 0.5,
0.8 and 0.92) wt.%.

3.2.1. ANOVA results for plastic viscosity

The evaluation of the absolute magnitude, significance and in-
teractions of the standard effects of the temperature and nano content on
the plastic viscosity is constructed in the Pareto chart. The polynomial
equations, standardized effects, 3-D estimated response surface, 2-D
counter, normal probability and interaction plots are the output of
analysis by the software. Fig. 7a showed that the two operating variables
are significant reflecting by drawing the reference line on the graph,
however, the nano content concentration appeared more effective. The
positive sign of the effects of the nano content showed that as the con-
centration of the nanoparticle in the drilling mud increases, plastic

viscosity will increase. Whereas, the negative sign reflects that the
plastic viscosity decreases with increase in temperature degree.

The three-dimensional response surface and the effect of the tem-
perature and nano content on plastic viscosity are depicted in Fig. 7b
and c. There is no interaction between the factors and the response as
confirmed by non-oval-shaped contour estimated response surface lines
in Fig. 7d. The former situation is justified by parallel lines of the
interaction plots of Fig. 7e. Fig. 7f shows the normal probability plot,
which shows that all of the plotted points for the plastic viscosity are
very close to the fitted distribution line. This means a good agreement of
the experimental data with the predicted model results, so the generated
response model, and can be used to estimate the plastic viscosity.

The following mathematical model was derived from the results of
Analysis of Variance (ANOVA):
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plots, (f) Normal probability plot for the 10 min gel strength.

Plastic viscosity = 6.68 —0.0078T + 15.53N — 0.000078T*

(6)
—0.042 TN — 7.29 N?

Where N is the nanoparticle content and T is the temperature. The
polynomial estimated with a P-values < 0.05 that imply the model and
parameter are significant model with high accuracy. The model’s fitness
and adequacy are reflected by the computed high coefficients of deter-
mination (R?) = 99.6768 % and adjusted coefficients = 99.2727 %
estimated with an optimum PV value of 13.77 cP at 21.72 °C and 0.92 wt
% MNPs.

3.2.2. ANOVA results for the apparent viscosity
The ANOVA results for apparent viscosity of the drilling mud are

10

illustrated in Fig. 8. The impact of temperature and the MNPs content on
apparent viscosity was explored. The Pareto chart (Fig. 8a) revealed that
nano content has the maximum significant influence compared to the
temperature. The apparent viscosity increases as the amount of nano-
particle increases in the drilling mud formulation, nevertheless the
apparent viscosity decreases as the temperature rises as demonstrated in
Fig. 8b. The impact of the operating variables is understandable in the
3D-estimated response surface plot (Fig. 8c). The non-interaction in-
fluence of the nano content and the temperature degree with the
response is clarified in the shaped contour response surface lines in
Fig. 8d and the curved lines of the interaction plots in Fig. 8e. The
normal probability plot revealed that most of the plotted points for the
apparent viscosity are fitting to the distribution line which indicated the
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Fig. 15. Filtration property of the drilling mud samples having different temperature at constant mnps (0.5 wt%).

high tendency of the experimental results in Fig. 8f.
The generated mathematical model is defined in the following
polynomial equation:

Apparent viscosity % = 40.80+0.39 T—0.11 N —0.00378905 T*

@)
—0.125 TN + 28.2986 N*

Where N is the nanoparticle content and T is the temperature. The
model’s fitness and adequacy is confirmed by a P values < 0.05 and high
R? = 72.1508 % estimated with an optimum AV value of 69.69 cP at
35.62 °C and 0.92 wt% MNPs.

3.2.3. ANOVA results for the yield point
Similar to the other rheological properties the pareto chart was used

to evaluate the magnitude, importance, 3D estimated surface responses
and interactions of the standard effects of the temperature and nano
content on the yield point. In Fig. 9a, the reference line on the graph
explains the significance of the two operating variables. The positive
sign of the nano content effect confirms that YP improves with the MNPs
addition into the drilling mud composition. In contrast, the temperature
has negative effect on the yield point, Fig. 9b justified the effects. Fig. 9c
and 9d presents the effect of the two variables on the 3D response sur-
face and 2-D counter plots, respectively. The parallel lines of the inter-
action plots shown in Fig. 9e, declared that there is no interaction
between the factors and the response. The experimental data have been
studied to estimate the normality of actual values versus expected value
for yield point. Fig. 9f shows the normal probability plot which proves
that all the plotted points for the MNPs yield are very close to the fitted
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distribution line. This indicates that the experimental data were in good
correlation with the expected model outcomes, consequently the
generated response model is relevant and suitable for approximating the
yield point.

The generated mathematical model is defined in the following
polynomial equation:

Yield point = 79.07 +-0.076 T + 22.09 N —0.00085 T>—0.083TN — 10.76 N
(8

Where N is the nanoparticle content and T is the temperature. The
model’s fitness and adequacy is confirmed by a P values < 0.05 (P =
0.0337) and high R? = 99.0896 % and 97.9517 % for determined and
adjusted coefficients respectively estimated for optimum YP value of
89.87 1b/100ft2 at 24.72 °C and 0.92 wt% MNPs.

3.2.4. ANOVA results for the gel strength

The ANOVA results for 10 sec and 10 min gel strength are shown in
Figs. 10 and 11, respectively. The Pareto chart (Fig. 10a and 11a) dis-
plays that the nano concentration has a positive significant effect on gel
strength, while the temperature negatively influences it. The situation is
supported by studying the effect of two variables plots in Fig. 10b and
11b. In addition, Fig. 10e and 11e shows that there is no interaction
between the two factors. The mathematical models from ANOVA for the
effect of two variables on the 10 sec and 10 min gel strength were
estimated with high regression coefficients of 98.4655 and 99.4102 with
an optimum value of 86.75 1b/100ft2 at 21.72 °C and 0.83 wt% MNPs,
and 128.38 1b/100ft2 at 21.72 °C and 0.85 wt% MNPs for10 sec and 10
min gel strength respectively. The high values of the adjusted regression
coefficients R? = 96.55 % and 98.67 % confirmed the accuracy of the
models and their high capability to explain the experimental results. The
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Table 2
The effect of temperature on PV, AV, YP, gel strength, filtration volume, mud cake thickness and density for drilling fluid with uncoated and polymer- coated MNPs.
Mud Type % Decrease
PV AV YP Gel strength (10sec) Gel strength (10 min) filtrate volume Cake thickness Mud density
(ml) (mm) g/cm®
Reference 25 18.4 13.6 41.7 22.2 24 50 1.12
MNPs 25 16.6 10 30 16.1 22 14.2 1.11
Polymer- coated MNPs 15.4 12.2 9.6 25.6 15.6 18.8 0
1.11

14
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estimated polynomial regression model equations (second order) for 10
sec and 10 min gel strength are represented in Egs. (9) and (10),
respectively.

Gel strength = 68.72 +0.097T + 41.62N —0.001T> —0.08TN — 23.96 N°.
9

Gel strength = 103.44 40.12T + 56.96N —0.0016T> —0.13 TN — 31.94N*
10)

Where N is the nanoparticle content and T is the temperature.

Fig. 12 shows the effect of MNPs content on rheological properties of
the drilling fluids at constant temperature (50 °C). It is well remarkable
that increasing the MNPs content cause an increase in PV. Besides, AV
was also increased; this could lead to better cutting lifting ability by the
drilling mud [19]. Regarding the YP, the increase in YP results from an

15

increase in electrochemical forces between the drilling fluid formula-
tions due to the addition of MNPs [20]. The increase in the gel strength
value by the increase of the MNPs concentration affects the cutting
suspension when the drilling operation stops. However, lower gel
strength is needed to reduce the pump power required to recirculate
flow after stopping the operation [21]. Fig. 13 shows the effect of
increasing the temperature at constant content of the MNPs (0.5 wt%). It
can be inferred that when the temperature increases the rheological
properties decreases. The situation is in line with that reported in
literature for water-based drilling fluids incorporated with zinc oxide
NPs (Alvi et al., 2020; Faisal et al., 2023a).

On another hand, regarding the filtration loss properties, Fig. 14 il-
lustrates that mud cake thickness and the filtrate volume decrease as the
mass fraction of the nano particles increases at constant temperature,
the situation demonstrated that by using small amounts of MNPs, better
and easier solid control and less formation damage can be guaranteed.
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The reduction in filtration volume obtained after blending MNPs in the
drilling mud confirmed the capability of the drilling mud to form a thin,
low-permeability mud cake layer to block the liquid from flowing by
formation a barrier to avoid the infiltration of drilling fluid into the
formation due to its high specific surface area with an enormous area of
interaction.(Kalhori et al., 2023). The results confirm the stronger
ability of MNPs to create bonds between the particles to hold more fluid.
It is worthy to note that mud formulation must have as low as possible
fluid loss to mitigate the problems of wellbore instability (Retnanto

etal., 2023). However, increasing the temperature resulted in increasing
the mud cake thickness and the filtrate volume at a constant mass
fraction of the nano particles as shown in Fig. 15.

For full optimization of the drilling fluid ingredients and to guar-
antee better drilling fluid performance, the rheological and filtration
characteristics were optimized in term of bentonite content. The opti-
mum drilling fluid formulation was incorporated with different
bentonite concentration (10, 15, 20, and 25.7) wt.%. The rheological
properties along with various bentonite content are illustrates in Fig. 16.

16
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Fig. 25. Filtrate volume and mud cake thickness of the mud incorporated with uncoated MNPs at different temperature.

It is noted that increasing the concentrations of bentonite resulted in
increasing the drilling mud rheological properties. However, it was re-
ported that excessive increasing of the yield point and gel strength by
adding bentonite may lead to the drilling mud aggregation and floccu-
lation which causes particles to join together (Al-Malki et al., 2016).
The effect of bentonite concentration on the filtration properties
are depicted in Fig. 17. It seemed that as the content of the bentonite
increases the filtration volume decreases. Similar trends were

observed by Yu Zhang team (Zhang et al., 2022). It can be seen from
Fig. 17 that the thickness of the mud cake decreases by 20 % with the
increase of the bentonite slurry concentration from 5 to 10 wt%.
Beyond 15 wt% bentonite, there was no change in the mud cake
thickness. A conclusion may be withdrawn that the concentration 15
wt% bentonite could be considered to control the filtration properties.
Regarding the effect of bentonite concentration on the drilling mud
density, it is clear from Fig. 18 that the increase of bentonite
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Fig. 27. Density of the three mud sample having different temperature degree.

concentration has minimal effect on the drilling mud density this is
due to the bentonite functionality. Bentonite is effective for improving
the drilling mud viscosity unlike barite which is used to control the
mud density (Osei et al., 2021).

3.3. Barite sag

Sag test was conducted based on standard protocol (Mohamed et al.,
2020). It was documented that the acceptable sag factor should be
within the range of 0.50—0.53 (AlAbdullatif et al., 2014). Fig. 19
showed that the sag factor range for drilling fluids contain barite (4, 5,6
and 8) wt. % were 0.511 and 0.518 and 0.522, respectively. These values
are within the acceptable range. The sag factor results declared that all
the drilling muds including our drilling mud of optimum rheology and
filtration loss performance that contain 4 % wt. % barite have good fluid
stability.

Based on the aforementioned results, the formulation of the drilling
fluid for optimum rheology and filtration performance is: 4 wt% barite,
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15 wt% bentonite, 0.92 wt% green magnetite NPs.

3.4. The optimum drilling fluid formulation: The effect of temperature on
rheological and filtration properties using uncoated and polymer coated
MNPs

The effect of different temperature (ambient, 30, 50, and 80) °C on
rheological, density and filtration loss properties of a base drilling mud
with the optimized ingredient contents including uncoated green MNPs,
and mud with the optimized ingredient contents including polymer
coated green MNPs were investigated. It was observed that the values of
all the properties investigated decreased with increasing the tempera-
ture from ambient to 80 °C (Table 2).

PV represents the frictional forces resulted from solid to solid, solid
to liquid and liquid to liquid itself. The change in PV of the drilling fluids
isillustrated in Fig. 20. The results confirmed that PV of the drilling fluid
increased with the incorporation of MNPs and polymer coated magnetic
nanoparticle in the base mud. Here, nano particles work as chain joiner



R. Faisal et al.

Arabian Journal of Chemistry 17 (2024) 105492

35 + =¢==PV (Uncoated
MNPs)
30 - — —X  —m=PV(Polymer
+
e coated MNPs)
=PV (Base)
2 20 - ®
T
S =34=AV (Uncoatted
2 15 MNPs)
== AV(Polymer
10
e A coated MNPs)
5 =@=AV (Base)
0 T T T T T T 1
0 10 20 30 40 50 60
Aging time (hour)
Fig. 28. Plastic viscosity and apparent viscosity of the three mud samples at different aging time.
35
— ]
30 $ ¢
25
e 20 ;
©
a
3
() -
= 15
10 -
> =9=YP (Uncoated MNPs) == YP(Polymer coated MNPs) YP (Base)
0 T T T T 1
0 10 20 30 40 50 60
Aging time (hour)

Fig. 29. Yield point of the three mud samples at different aging time.

points and let the chains have higher molecular weight and boosts vis-
cosity increasing. Increasing the temperature resulted in decreasing PV
value due to the thermal scission of the attractive forces among the
drilling fluid particles. However, the results proved that there is less
change in the value of the rheological characteristics after addition of
the polymer coated MNPs compared to the mud formulated with the
uncoated MNPs and the base mud The phenomena indicate the
enhancing of the thermal stability of the drilling mud incorporated with
the polymer coated MNPs when the drilling fluid employed at high
temperature.

Besides, the same trend was found for AV and YP (Figs. 21 and 22).
However, It is obvious to note that at higher temperatures nanoparticles
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may aggregate, while the polymer coated MNPs stabilizes and hinders
the nanoparticle agglomeration and settlement (Alvi et al., 2020).
Therefore, drilling fluids incorporated with polymer coated MNPs can
withstand high temperature environment as compared to the base
drilling fluid and the fluid incorporated with uncoated MNPs.

Like other rheological properties gel strength is also affected by
incorporation MNPs in drilling muds. Most of the studies proved that the
incorporation of NPs lead to increase the gel strength [34, 35]. However,
by increasing the temperature, the drilling muds incorporated with the
green MNPs showed more resistance for gel strength decrement
compared to the base fluid as seen in Fig. 23.

It can be deducted from the above explanation that the rheological
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parameters of the drilling mud decreased to a certain degree at high
temperature environment. however, it can be understood from
Figs. 20-23 that the drilling mud samples containing MNPs and polymer
coated MNPs after rolling at high temperature withstand the thermal
effect and did not show a sharp decrease in the rheological properties.
On the other hand, the filtration loss represents the ability of drilling
fluid to plug permeable or producing formations by forming low filtrate
volume and a thinner mud cake (36). A remarkable resistance in alteration
of the mud cake thickness and filtrate volume for the drilling fluids
incorporated with polymer MNPs exposed to 80 °C was observed
compared to the base fluid as shown in Figs. 24-26. The findings indicated
that the drilling fluids incorporated with polymer coated MNPs have the
higher filtration loss control ability at high temperature environments.
Although the three types of the investigated drilling muds showed
inverse relation of density with temperature as shown in Fig. 27.
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Nevertheless, drilling fluids incorporated with MNPs seemed to poses
slightly higher density compared to the base fluid, but showed less
remarkable change in density with increasing the temperature in
particular for drilling fluid incorporated with polymer coated MNPs,
which reflected less value of thermal expansion coefficient, similar trend
was documented in literature (Ahmed and Makwashi, 2021).

3.5. Aging time effect on the drilling mud rheology, filtration loss and
density

The aging of drilling muds is the process whereby a drilling mud
formulated can more fully develop its rheological and filtration prop-
erties. Thus, in drilling operation it is important to understand how the
mud properties will vary as it age. This section aims to assess the in-
fluence of time ageing on rheological and filtration properties. Thus,
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static aging experiments were conducted for the prepared samples by
storing them in a sealed container and allowed to age at room temper-
ature for 0, 16, 24 and 48 h, then the density, rheological and filtration
testes of the samples were determined. It is evident from the findings in
(Figs. 28, 29 and 30) that the rheological properties of the three mud
types are steadily increasing as the aging time increases. Regarding the
mud viscosity the explanation for the increase may be related to the
composition of the formulated mud and to the fact that the degree of
dispersion and flocculation increased when the mud was aged statically.
Regarding the increase in yield point and gel strength it could be
explained that as ageing increases, the internal structure of the mud
becomes stronger and will require more pressure to initiate flow (Ahmed
and Makwashi, 2021). However, the aging effect is diminishing as the
aging time increases especially for the polymer coated MNPs drilling
mud type. This result is in good agreement with that found in literature
(Wang et al., 2012).

As explained earlier, a good mud must keep the loss of fluid to the
formation as less as possible while preventing excessively thick filter
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cake. Thus, thinner and less permeable are desired characteristics of a
good filter cake. It was observed that the effect of time aging on the mud
cake thickness and filtration volume was minimal for drilling mud
occupied nano and polymer- coated MNPs (Figs. 32 and 33). However,
for the base mud a notable decrease in mud cake thickness and filtrate
volume was observed (Fig. 31).The independent of the filtration loss
properties on aging time for the drilling mud incorporated polymer-
coated MNPs is a promising factor from economical point of view.

Fig. 34 showed the effect of aging time on density. It can be deducted
from the results that aging time has a minimal effect on the density of all
the three mud types (base, uncoated MNPs and polymer coated MNPs).
From Fig. 34 it is evidence that the effect of aging time on the three mud
samples was only in early aging stages, this could be due to the fact that
the degree of dispersion and flocculation increased when the mud was
aged statically. The effect diminished with the increase in aging time.
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Fig. 34. The effect of the aging time on the density of the drilling muds.

4. Conclusions

Rheology and filtration loss characteristics of drilling fluids are -
critical aspects to study while ensuring the efficacy of a drilling opera-
tion. On another hand, the incorporation of green MNPs in drilling fluids
is one of the developed processes that have potential contribution to
improve the performance of drilling fluids. In connection, modification
the surface properties of the MNPs by simple and cost-effective processes
like coating with polymers, form another prominence factor to enhance
the performance of drilling fluids occupied MNPs. The integration in
rheological and filtration loss properties of the drilling fluids with MNPs,
in particular the polymer-coated MNPs serves in minimizing the for-
mation damage via decreasing the filtration volume and mud cake
thickness by 49 % and 53 % respectively compared to the base drilling
mud at 80 °C. The green MNPs are cheap additives could be easily
manufactured using biosynthesis approaches, also the produced drilling
fluids that used the green MNPs as additive could be employed directly
after formulation without aging, and its rheological and filtration loss
characteristics resist the alteration during applications at relatively high
temperatures. Besides, optimization of the effect of incorporation of
MNPs on rheological and filtration loss performance is of great signifi-
cance to identify the optimum drilling formulation for high performance
drilling operations. The optimum drilling fluid formulation is considered
as one of drilling fluid success factors in the planning and construction of
an extended reach well. Response Surface Methodology is one of the
efficient tools that could be used in optimization and modeling drilling
fluid formulation and properties.
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