
Abstract
Using beneficiated local bentonites as an alternative to imported Wyoming bentonite for drilling fluids preparation 
has technical, economic, and social advantages. However, the rheological properties of the fluids using these clays 
deteriorate at high temperatures. The objective of this study was to develop, analyze and optimize new water-
based mud prepared using silver nanoparticles-modified Ohia bentonite (SNPMB) in the presence of selected local 
additives. The rheological and filtration properties of the fluid were investigated. The nanoparticle was synthesized 
by catalytic reduction of silver ions using plantain peel extract. Characterization of nanoparticles, SNPMB, and local 
additives was done using UV – Spectroscopy, particle size analyses, Scanning Electron Microscopy (SEM), and 
Energy Dispersive Spectroscopy (EDS). The mud was evaluated by measuring plastic viscosity, yield point, fluid 
loss, and Gel strength. Ultimately, the obtained result shows that SNPMB exhibited superior rheology and filtration 
at 212 oF.
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Introduction
Drilling fluids are required to perform a range of 
specific functions, including transporting drill cuttings, 
cooling of drill bit, maintaining hydrostatic pressure, 
minimizing damages around a wellbore, supporting 
the wellbore, formation of low permeability thin cake, 
preventing  well control, and minimizing corrosion, 
among others [1]. Bentonite clay plays an important role 
in achieving these functions. Montmorillonite - based 
clay (Ca, Na and K – based) are preferred clay minerals 
for drilling and cementing oil and gas wells. However, 
the best drilling fluid performance is obtained with 
sodium montmorillonite which is usually imported from 
Wyoming, a state in the United States and often called 
Wyoming bentonite. Clay as a natural resource is found 
in many countries of the world. For example, the Nigerian 
bentonite proven reserve jumped from about 166.9 
million metric tons reported in 2007 to above 4 billion 
metric tons within 3 years [2]. Substantial bentonites 
(approximately 700 million tons) were reported in the 

North-Eastern part of Nigeria, covering Borno, Yola, 
Adamawa, and Taraba states due to favorable regional 
diagenetic alteration of volcanic glass or the formation of 
smectite-rich sediments [3]. The detail on the deposition 
of bentonites in Nigeria is available in RMRDC [4]. 
Previous work had focused on beneficiation and 
characterization. However, the consensus is that 
Nigerian clays have properties below API standard and 
are unsuitable for drilling activities in their natural states 
[5-7]. 
Several other studies investigated chemicals and polymer 
additives, including Na2CO3, NaOH, NaHCO3, H2SO4, 
carboxyl methylcellulose, PAC, Polypac, starches, and 
gum Arabic [8-10]. Encouraging experimental results 
have been reported for rheology, especially when Na2CO3 
and polymer were added to clay suspension in water 
at moderate temperatures [10, 11]. However, at high 
temperatures, the rheological and filtration properties 
of water-based drilling fluids deteriorate, causing low 
viscosity and high fluid losses.
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The application of nanotechnology has gained popularity in 
petroleum engineering. Nanotechnology is being applied in 
oil recovery, oil and gas exploration, well stimulation, drilling 
engineering, cementing operation, sensor development, and 
production [12]. Nanomaterials are characterized by small 
size (1–100 nm), high specific surface area, and a high 
ability for adsorption. Metallic nanoparticles, metal oxide 
nanoparticles, carbon nanotubes, and magnetic nanoparticles 
require high pressure, complex technology, and the use of toxic 
chemicals [12]. The necessary instrumentation and expertise 
are often beyond the reach of many researchers, especially 
in developing countries.  In this research, nanoparticles were 
produced by the green synthesis approach and used to modify 
Nigerian Ohia clay. This study is justified by using plantain 
peel, an agro-waste and biological technique that is not only 
eco-friendly but also very simple and sustainable.

Materials and Methods
The polymers (Cissus populnea and Detarium micocarpum) 
and fibers (rosaline and cocoanut fibers) were purchased from 
a market in Nigeria. The bentonite clay was obtained from the 
Ohia deposit (longitude 7o 24’E and latitude 5o 10’N), Abia 
State, Nigeria, through the Nigerian geological survey. The 
Plantain Peel (PP) was sourced from a food restaurant within 
the LAUTECH, Ogbomoso. All additives and PP were dried 
under ambient conditions, grind to a powder, and screened to 
a particle size between 6 – 10 microns.

Extraction, Synthesis, and Development of Clay Modified 
Bentonite
The hot water extraction method [13] was used to extract PP 
Extract (PPE). The Nanoparticles were synthesized using the 
PPE as a capping agent and silver nitrate (analytical grade, 
99% purity) as a precursor. Approximately 10 ml of the PPE 
was added to 40 ml of 1 mM AgNO3 solution in a reaction 
vessel where gradual reduction of silver ion took place in a 
photo-catalyzed reaction, as seen in Figure 1. 

Nanoparticles in the drilling fluid can bridge and create an 
impediment to the invasion of drilling fluid into the porous 
medium. The use of Nigerian Ohia clay for drilling mud 
formulation was reported before. However, the reported 
suboptimal rheology and fluid loss properties could limit 
its field application [6]. Therefore, the produced silver 
nanoparticles were deposited on the Ohia clay, resulting in the 
composite clay referred to as the silver nano-particles-modified 
Ohia bentonite (SNPMB). It was used fixedly in formulating 
the water-based drilling mud using the experimental design 
technique. To deposit the nanoparticles on clay, approximately 
100 ml of the silver nanoparticles (0.170 mg/L) was mixed 
with 5.0 g of clay in a 250 ml Erlenmeyer flask. The mixture 
was stirred vigorously using magnetic stirring at ambient 
temperature for 1 h. The silver nanoparticles-modified 
bentonite (SNPMB) was dried at 110 oC in an oven for about 5 
h after which characterization was done.

Characterization Studies 
The particle size distribution and elemental composition 
of SNPMB were analyzed using a particle size analyzer 
(Model: MS 2000) and EDX, respectively. The functional 
group present in PPE was determined using the FTIR (Perkin 
Elmer Spectrometer). The proximate constituents of Cissus 
populnea and Detarium micocarpum are available elsewhere 
[9]. The characterization of the prepared silver nanoparticles 
from PPE was achieved by visual evolution of color and UV-
Vis spectroscopy.

Preparation of Drilling Fluid
To prepare SNPMB slurry, 24 g of SNPMB was dispersed 
in 350 ml of fresh water. Barite and other additives were 
added in sequence following the modified central composite 
design (MCCD) according to Arinkoola et al. [6]. Each run 
was stirred vigorously for 5 minutes using a high-speed 
mixer with a rotating speed of 36,000 rpm and left for 24 h 
before the analysis. Table 1 presents the base composition of 
the proposed drilling fluid, while Table 2 presents the coded 
level of selected factors for the experiment. Table 3 shows the 
29 random experiments according to MCCD. The responses 
were analyzed using the response surface methodology 
(RSM) at a significance level of 5%. The final predictive 
models developed (equation 6 - 10) were subjected to multi-
objective function optimization.

Table 1 Formulation of drilling fluid [6].

Product Function
Per Lab. bbl (350 ml)
Mud composition

Water Base liquid 300 ml
Ohia clay Viscofier and fluid loss control 24 g
Barite Adjust mud density 12.49 g
Detarium micocarpum Viscofier 5.25 g
Cissus populnea Viscofier and filtration loss control 2.0 g
Roselin fiber Fluid loss control 0.63 g
C. fiber Fluid loss control 0.63g

Fig. 1 Schematic diagram for the synthesis of silver nanoparticles 
from plantain peel.
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Table 2 Additives coded levels for different increments values.
   Coded Level

 Factor α ± -2 -1 0 1 2

  A: D micocarpon 0.05 0.233 0.283 0.333 0.383 0.433

    B: C populnea 0.05 0.045 0.095 0.145 0.195 0.245

     C: Roseline fiber 0.01 0.028 0.038 0.048 0.058 0.068

     D: Coconut fiber 0.01 0.030 0.040 0.050 0.060 0.070

Table 3 Randomized CCD, actual factors, and corresponding rheological and filtration properties of drilling mud prepared using SNPMB 
at 212 oF.
 

Coded Level Actual (g) Response

Exp. X1 X2 X3 X4 A B C D E PV (cP) Yp (lb/100 ft2) FL (ml) 10 min GS (lb/100 ft2)
1 -1 -1 -1 -1 4.63 1.42 0.55 0.55 13.85 21 26 8 4

2 1 -1 -1 -1 5.82 1.32 0.51 0.51 12.84 24 42 8.5 5

3 -1 1 -1 -1 4.63 2.67 0.5 0.51 12.69 19 22 8 5

4 1 1 -1 -1 5.82 2.48 0.47 0.47 11.76 28 52 7.5 4

5 -1 -1 1 -1 4.63 1.42 0.82 0.54 13.59 17 17 8 5

6 1 -1 1 -1 5.82 1.32 0.76 0.5 12.6 23 38 6.4 4

7 -1 1 1 -1 4.63 2.67 0.75 0.5 12.45 20 15 7.8 5

8 1 1 1 -1 5.82 2.48 0.7 0.46 11.54 23 23 7.5 5

9 -1 -1 -1 1 4.63 1.42 0.55 0.82 13.58 12 6 7.8 3

10 1 -1 -1 1 5.82 1.32 0.51 0.76 12.59 12 11 7 4

11 -1 1 -1 1 4.63 2.67 0.5 0.75 12.45 27 27 8 3

12 1 1 -1 1 5.82 2.48 0.47 0.69 11.54 16 14 8 4

13 -1 -1 1 1 4.63 1.42 0.82 0.8 13.33 17 13 7.5 4

14 1 -1 1 1 5.82 1.32 0.76 0.74 12.36 22 26 8 6

15 -1 1 1 1 4.63 2.67 0.75 0.73 12.22 19 11 7 5

16 1 1 1 1 5.82 2.48 0.7 0.68 11.32 17 33 7.5 5

17 -2 0 0 0 3.97 2.16 0.68 0.68 13.51 12 7 8 4

18 0 -2 0 0 5.25 0.68 0.69 0.69 13.69 22 27 6.8 3

19 0 0 -2 0 5.25 2 0.37 0.64 12.74 12 5 8.5 5

20 0 0 0 -2 5.25 2 0.63 0.38 12.74 20 20 7.5 4

21 2 0 0 0 6.35 1.86 0.59 0.58 11.62 12 9 11 5

22 0 2 0 0 5.25 3.1 0.58 0.58 11.49 12 7 8 6

23 0 0 2 0 5.25 2 0.88 0.61 12.26 9 10 7.8 5

24 0 0 0 2 5.25 2 0.63 0.86 12.26 16 12 8 4

25 0 0 0 0 5.25 2 0.63 0.63 12.49 9 5 8.5 5

26 0 0 0 0 5.25 2 0.63 0.63 12.49 10 6 7 5

27 0 0 0 0 5.25 2 0.63 0.63 12.49 10 5 8 5

28 0 0 0 0 5.25 2 0.63 0.63 12.49 9 5 7.5 4

29 0 0 0 0 5.25 2 0.63 0.63 12.49 9 7 8.5 5

Results and Discussion

Characterization of Silver Nanoparticles
The evolution of colors was the first observation in the green 
synthesis of silver nanoparticles using PPE. The solution 
changed from yellow to golden brown and finally to dark 
brown. The change of color was observed from the start 

of the reaction until after 60 min at the ambient condition, 
which may be attributed to the excitation of surface plasmon 
resonance in silver nanoparticles [14] which was evident by 
the UV–visible spectrum (Figure 2a). The highest absorbance 
recorded was 1.982 at the wavenumber of 426.26 nm, 
which falls within the range previously reported for silver 
nanoparticles [15] and agrees with [13]. The FTIR band 
(Figure 2b) 
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at 3398.24 cm-1 is associated with NH (amine) and bonded 
OH groups of carboxylic acids. The band at 1616.22 cm-1 

indicates the presence of a C=C stretching vibrational group 
due to aromatic ring deformations [11]. The peaks at 1324.35 
and 745.6 cm-1 are associated with the C-H symmetric 
bending vibrations and C–N stretching vibration in aliphatic 
amines, respectively. These functional groups are important 
in the bio-reduction of AgNO3 to silver nanocrystals. The 
EDX analysis (Figure 2c) revealed the predominance of 
silver, which means the mechanical, electrical, thermal, and 
magnetic properties of the bulk clay minerals would improve 
after impregnation. The presence of other elements such as 
magnesium, sulfur, calcium, sodium, and carbon is from the 
plantain peel extract, which are impurities on the surface of 
the biosynthesized silver nanoparticles.

Characterization of Modified Clay
The particle size distribution of the modified clay sample 
shown in Figure 3a revealed intercalated particles of different 
sizes in the nanometer range (190 nm – 37.29 µm), which 
confirmed the presence of silver nanoparticles after the 
impregnation. The SEM images in Figure 3b show loosely 
packed aggregates (5.6 – 37.29 µm) with rough surfaces, 
and Figure 3c shows well-defined exfoliated, irregular, 
and loosely packed platelets with fine-looked particles. 

This change in surface morphology can be attributed to the 
intercalation of Na+ and dissolution of H+ presence in the 
unreacted PP solution onto the layers of the clay platelets. 
The presence of multiple voids and channels in the raw clay 
can result in artificial free water movement conduits, which 
may be responsible for the appreciable fluid loss reported 
for using raw Ohia clay [6]. The EDX analysis (Table 4) 
revealed changes in weight% and atomic composition of the 
Ohia clay after the modification. The silicon and aluminum 
composition increased from 35.48 to 51.58 weight% and 18 to 
25.03 weight%, respectively. The increment may be ascribed 
to dissolution and decomposition of organic composition 
while drying, as can be observed by reducing a carbon atom 
from 39.19 to 13.34 weight% after the impregnation.

Sensitivity Analysis
The estimated coded coefficients for the full quadratic model 
are presented in Table 5 after ANOVA. The correlation 
coefficients for PV, Yp, 10 min Gel strength, and filtration 
losses were 0.971, 0.972, 0.951, and 0.919, respectively. 
Based on the t-test at α=0.05, the model coefficients estimated 
depict the expected change in responses per unit change in 
one factor when others were kept constant.
The dominant additives for PV, YP, FL, and 10 min GS are B, 
(A, B, C), (B, D), and (A, B, C), respectively. In addition, the 
analysis shows the synergistic effect of factors (AB, AC, AD, 
CD, BC, BD) on rheological and filtration properties. Factor 
B, however, shows a significant positive effect on all these 
properties; therefore, it is ranked as the highest effective 
main additive in the proposed drilling fluid.

Fig. 2 (a) UV spectrum (b) FTIR and (c) EDX of biosynthesized 
silver nanoparticles.

Fig. 3 (a) Particle size distribution after impregnation (b) SEM im-
ages of raw clay (20 µm average particle size) and (c) SEM images 
of SNPMB.

a)

b)

c)
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Table 4. eZAF Smart Quant Results after impregnation.

Raw clay Ag-NPs-modified clay

Element % Weight % Atomic K Ratio % Weight % Atomic K Ratio

C  K 39.19 59.69 0.095 13.34 26.27 0.024

O  K 2.36 2.69 0.0088 2.53 3.74 0.0112

Al K 18 12.2 0.1617 25.03 21.94 0.2384

Si K 35.38 23.04 0.3035 51.89 43.69 0.4566

K  K 5.08 2.38 0.0425 7.2 4.36 0.0622

Table 5 Estimated coefficients based on t-value for the rheological and fluid loss.

PV (cP) YP (lb/ft2) Fluid Loss (ml) 10 min GS (lb/100ft2)

Factor Coeff. t-Value Coeff. t-Value Coeff. t-Value Coeff. t-Value

bo 9.400 5.201 5.600 4.874 8.500 0.593 5.000 -0.777

A -0.394 -1.211 4.148 0.934 -0.747 0.586 0.483 2.913

B 3.500 -4.411 1.667 -9.164 0.549 5.292 0.250 8.858

C -2.061 -3.623 2.019 -3.356 -0.243 -0.018 0.750 -4.882

D -4.000 -3.539 -4.481 -5.394 0.140 0.306 -0.183 0.735

AB -5.500 -2.915 -16.056 -4.729 0.670 3.091 -2.100 -7.701

AC 7.182 4.033 7.667 2.258 0.998 4.331 1.100 4.034

AD -5.500 -2.915 -10.833 -3.191 1.550 6.717 -0.100 -0.367

BC -7.000 -3.711 3.556 1.047 -1.100 -4.765 1.600 5.868

BD -1.682 -0.945 24.056 7.086 -0.948 -4.114 -1.600 -5.868

CD 6.000 3.180 17.333 5.106 -0.020 -0.094 2.600 9.535

A² 2.600 1.969 2.400 0.976 -1.340 -6.202 -0.450 -2.653

B² 33.782 12.414 60.233 11.763 -1.150 -6.734 -1.650 -7.367

C² 1.100 0.833 -2.600 -1.057 -0.396 -2.328 -0.650 -2.902

D² 8.600 6.512 10.400 4.228 -0.796 -4.678 -0.950 -5.601

R2 0.971 0.972 0.951 0.919

Predictive Model Development
The summary of ANOVA based on the quadratic model 
for PV, Yp, 10 min Gel strength, and filtration losses are 
presented in Table 6. The F-values for quadratic PV, Yp, 
10 min Gel strength, and filtration losses are 70.10, 82.26, 
8.26, and 10.13, respectively. These values are significant, 

with at most a 0.04% chance that they would occur due to 
noise. None of the selected independent variables for various 
responses have p-values higher than 0.05. Thus, Equations 
(1– 4) are proxies of the experimental data and capture at 
least 89.6% of data variability.

Table 6 Quadratic ANOVA of SNPMB - based drilling fluids properties at 212 oF.
 
 

Sum of Squares df Mean Square F-value p-value Remark Adj.R2

Model 805.38 12 67.12 70.1 < 0.0001 significant 0.988
PV Lack of Fit 8.37 6 1.4 4.65 0.0793 not significant

Model 2233.07 12 186.09 82.26 < 0.0001 significant 0.989
YP Lack of Fit 21.68 7 3.1 3.87 0.1043 not significant

Model 7.13 12 0.5939 8.62 0.0004 significant 0.896
FL Lack of Fit 0.6604 10 0.066 0.7925 0.6754 not significant

Model 8.57 12 0.8572 16.39 < 0.0001 significant 0.937
10’ GS Lack of Fit 0.4087 9 0.0454 0.5449 0.7854 not significant

PV=9.40-0.394A+3.50B-2.061C-4.00D-5.5AB+7.182AC+5.5AD-7.0BC-1.682BD+6.0CD+2.6A2+33.782B2+1.1C2+8.6D2 
                                                                                                                                                                                                      (1)
Yp=5.60+4.148A+1.667B+2.019C-4.481D-16.056AB+7.667AC-10.833AD+24.056BD+17.333CD+2.40A2+60.233B2-
2.60C2+10.40D2                                                                                                                                                                    (2)
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A positive sign in front of the factors in Equations 1 to 4 
indicates a synergistic effect, while a negative sign implies 
an antagonistic effect. The positive factors are the main 
parameters responsible for increasing each response and vice 
versa.

Synergistic Effects of Factors
The synergy between factors B and D plays a dominant 
role in controlling the PV, YP, and fluid loss tested at 212 
oF, and they are well expressed as shown in contour maps, 
as seen in Figure 4. The additive B is a good alternative to 
synthetic viscosity builders such as CMC and PAC. High 
viscosity is not desirable due to high energy demand and poor 
penetration rate [16,6]. Still, the reasonably high yield stress 
is advantageous for effective cutting suspension, especially 
while the drilling is stopped. With B between 0.68 – 1.285 
g in the mix, any slight increase in coconut fiber (D) would 
cause a reduction in PV and YP. Also, an increase in cocoanut 
above 0.62 g (Figure 4c) leads to an increase in fluid loss. The 
interaction AB showed a positive effect on the Gel strength. 
For 10 min Gel development, a reasonable amount of A must 
be included in the mix.   

Optimization of Fluid Properties
The optimized condition for the proposed drilling fluid is 
shown in Figure 5. The new drilling fluid formulation is 
therefore given as water (300 ml), SNPMB (24 g), A (5.82 
g), B (1.32 g), C (0.76 g), D (0.74 g), and E (17.36 g). The 
drilling fluid properties that correspond to this condition are 

FL=8.50-0.747A+0.549B-0.243C+0.140D+0.670AB+0.998AC+1.550AD-1.10BC-0.948BD-0.020CD-1.340A2-1.550B2-
0.396C2-0.796D2                                                                                                                                                                        (3)
GS=5.0+0.483A+0.250B+0.750C-0.183D-2.10AB+1.10AC-0.10AD+1.600BC-1.60BD+2.60CD-0.45A2-1.65B2-0.65C2-
0.95D2                                                                                                                                                                                    (4)

PV (16.566 cP), Yp (31.302 lb/100 ft2), fluid loss (7.54 ml/30 
min/100 psi), and 10 min GS (4.957 lb/ft2). Table 7 shows 
the comparison of experimentally validated values with the 
literature, the control samples, and the standard [17].

Effects of Heat on Rheology, Gel Strength, and Fluid Loss
The rheological and filtration properties of the SNPMB 
before and after heating are presented in Figure 6. The plastic 
viscosity, the yield point, 10-sec gel strength, and fluid loss 
of the optimized drilling mud formulated using the SNPMB 
were measured and compared at 86, 185, and 212 oF. By 
increasing the heating temperature from 86 to 185 oF, the PV 
and the Yp of the drilling mud decrease, with PV remaining 
above its value before the heating. At the same time, the 
Yp becomes lower than the initial value before the heating. 
On heating the mud to 212 oF, the rheological properties 
increased. This behavior can be attributed to the reduction 
of bonds holding the particles as thermal energy increases 
[18]. Also, as the aging temperature increases, it is observed 
that the 10-sec gel strength decreases, which  can make the 
internal mud structure harder, indicating  that undesirably, 
more energy would be needed to initiate flow from static 
conditions [10]. Regarding the filtration loss, Figure 6 shows 
a reduction of fluid loss with temperature. Compared with 
the unmodified clay sample, the composite sample, SNPMB 
exhibits improved rheological properties with a significant 
reduction in fluid loss, which may be ascribed to the 
intercalated small-sized silver nanoparticles of high specific 
surface area, capable of binding the free water molecules and 
block pore spaces.

Fig. 4 Contour plot showing synergistic effects of dominant interaction factors on (a) PV (b) Yp (c) Fluid loss, and (d) 10 min gel strength 
of proposed drilling fluid.
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Fig. 5 Optimized A, B, C, and D and corresponding PV, Yp, 10 min 
Gel strength and filtration losses.

Table 7 Comparison of the present, existing formulation, and API standard.

Factors Numerical value Experimental value Arinkoola et al [6] API RP13B-1 [17]

Plastic viscosity (cP) 16.566 17.07±0.10 19.40±1.50 8 – 35

Yield point (lb/ft2) 31.302 29.601±1.25 21.50±0.79
Min = 5
Max = YP ≤ 3*PV

Filtration loss (ml) 7.541 6.84±0.002 10.12±0.45 3 – 15

10 Sec Gel (lb/ft2) 4.957 4.957±0.27 5.1±0.001 2 – 5

Mud density (ppg) ---- 9.57 8.6 ----

Cake thickness ---- 0.025 0.09 ----

89 °F
185 °F
212 °F
Unm odified @212 °F

Fig. 6 Rheological, gel strength, and filtration properties of wa-
ter-based mud formulated using SNPMB.
Conclusions 
This present study attempted to investigate the effect of silver 
nanoparticles on the performance of Nigerian Ohia clay to 
improve the rheological and filtration properties of the 
proposed water-based drilling fluid. Rheological properties 
and filtration characteristics of local bentonite muds without 
silver nanoparticles showed a higher fluid loss and reduced 
rheological properties at 212 oF. SNPMB-based slurries 
perform better regarding rheological and filtration properties 
and can resist degradation at the same temperature as the raw 
Ohia clay. High temperatures substantially negatively affect 
raw bentonite muds' yield and rheological properties. The 
finer grain sizes of the silver nanoparticles have increased the 
surface area, thereby improving the rheological, gel strength, 
and yield point properties of the SNPMB-based slurry.
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