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A B S T R A C T

The development of sustainable drilling-fluid additives is essential for improving performance while reducing 
environmental impact. This study evaluates burnt coconut fibre (BCF) as a biodegradable bio-additive to enhance 
rheological properties, filtration control, and pH stability in water-based drilling fluids, in accordance with API 
standards. Five mud samples were formulated: a conventional NaOH-based control and four with BCF at con
centrations of 29–114 g/L. Key properties, including density, plastic viscosity (PV), apparent viscosity (AV), yield 
point (YP), gel strength, pH, and fluid loss, were measured using standard API procedures. BCF physicochemical 
characteristics were analyzed via Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy 
(SEM), and Energy Dispersive X-ray Spectroscopy (EDS). All measurements were performed in triplicate (n = 3), 
with statistical significance assessed using two-tailed Welch’s t-test (unequal variance; p < 0.01 for key im
provements). Results showed statistically significant reductions in PV and AV across BCF-modified samples 
(p < 0.01), with PV decreasing from 31.5 cP (control) to 14.07–11.20 cP at 29–57 g/L BCF, accompanied by a 
strong YP of 22–24 lb/100 ft². Low-to-moderate concentrations (29–57 g/L) yielded the most favorable rheo
logical profile, while higher loadings (86–114 g/L) caused excessive thinning. Gel strength developed progres
sively and remained stable, supporting effective solids suspension without excessive rigidity. Filtration tests 
revealed reduced early-stage filtrate invasion and thin, compact filter cakes at optimal concentrations. BCF 
moderated alkalinity, maintaining pH at favorable levels of ~8.0. FTIR confirmed hydroxyl and carbonyl groups; 
SEM showed a porous, fibrous microstructure; and EDS indicated high carbon content (82.7 wt%) with trace 
alkali elements aiding pH modulation. These findings demonstrate that BCF is a cost-effective, bio-based additive 
that enhances drilling fluid performance at optimal concentrations.

1. Introduction

The drilling operation is a pivotal part of any hydrocarbon explora
tion and production. Drilling fluids are complex, multicomponent sys
tems comprising base fluids and functional additives, with compositions 
that vary according to formulation and operational requirements [1]. 
The different characteristics of a drilling fluid include rheological 
properties, filtration and lost circulation control, lubrication, and dif
ferential sticking tendencies, as well as thermal and microbial inhibition 
abilities [2,3]. The basic functions of the drilling fluids in a well oper
ation are to remove and suspend cuttings, lubricate the wellbore and 
fluid pathway, provide buoyancy to the drill string, cool equipment, and 
clean the wellbore, help in wellbore stabilization by providing the 

needed hydrostatic pressure, as well as provide assistance during 
cementing and completion processes. Studies have shown that drilling 
mud properties are central to the success of drilling operations [4–6], 
and, like other non-Newtonian fluids, drilling fluids exhibit 
shear-thinning behavior. These fluids exhibit high viscosity at low shear 
rates, enabling effective transport and suspension of drill cuttings. 
Conversely, they showcase low viscosity under high shear rates, facili
tating efficient downhole pumping [7,8]. The conditions of the subsur
face and downhole portions of the well determine the driller’s design of 
the mud programme. In their study, [9] proposed that, during drilling 
operations, unfavourable downhole conditions frequently result in 
degraded drilling performance and can even lead to critical incidents 
such as blowouts and well collapses. As downhole conditions vary, the 
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drilling mud programme will also vary to meet subsurface demands. 
Regardless of bottom-hole conditions, drilling fluids are typically 
formulated to exhibit sufficient gel strength, optimal viscosity, appro
priate mud weight, and effective filtration and sealing properties. These 
properties ensure that cuttings are adequately suspended in the mud, 
pump requirements do not exceed the required horsepower, and thief 
(or lost circulation) zones are adequately sealed off.

The design of drilling fluid is crucial for the success of any drilling 
operation. While rheology significantly affects drilling fluid perfor
mance, pH is equally vital, especially because of the potential presence 
of acidic formations during drilling [10]. Understanding pH is key to 
optimizing operational efficiency and lowering costs. The most 
commonly used pH modifier is caustic soda (NaOH), due to its complete 
dissociation and quick reaction with hydronium ions compared to other 
bases like lime (Ca(OH)2) [11].

Recent research indicates that drilling fluids perform optimally in 
water-based mud within a pH range of 8.0–10.5 [12,13]. Contaminants 
like chlorides, sulfides, and carbonates, which are commonly found in 
formations, significantly influence mud properties. These substances are 
often components of natural gas during drilling and form acids in water, 
affecting the mud's pH. This can lead to issues such as flocculation, 
thickening, dispersion, and clay separation. Therefore, continuous 
monitoring of formation pressure allows for dynamic adjustment of mud 
weight to ensure optimal hydrostatic pressure, enabling secure drilling 
through contaminated formations. Furthermore, adverse 
contaminant-induced effects are minimized by keeping the pH of the 
water-based drilling fluid in the 10.5–11.5 range [14].

Due to the global release of large volumes of aqueous waste into 
streams, many oil and gas operators are actively seeking substitutes for 
highly toxic and environmentally harmful drilling fluid additives. A 
promising alternative is the use of natural or bio-based additives, which 
are characterized by low toxicity and high biodegradability [15–17]. In 
one of the earlier studies in this area, Alkinani et al. [18] evaluated palm 
tree leaf powder (PTLP) as a rheological and filtration control additive. 
The study reported moderate improvements in plastic viscosity and yield 
point, although its performance was somewhat lower than that of con
ventional starch-based additives. Building on this foundation, 
Al-Hameedi et al. [19] introduced black sunflower seed shell powder 
(BSSSP), reporting greater improvements in fluid loss control and 
rheological behavior, and establishing BSSSP as a viable eco-friendly 
alternative.

Subsequent works expanded the scope of materials. For instance, 
Shuvo et al. [20] assessed sawdust and found it moderately effective in 
reducing fluid loss. However, it produced thick, rough mud cakes, 
highlighting the importance of optimizing particle morphology. In the 
same study, rice husk outperformed sawdust in fluid loss reduction 
(~77%) but lacked supporting rheological data, revealing a recurring 
gap in comprehensive performance analysis. Seeking more structurally 
consistent additives, Zhou et al. [21] investigated wild jujube pit powder 
(WJPP). The results showed that wild jujube pit powder not only 
enhanced viscosity and shear-thinning behavior but also enhanced 
compact grid-like mud cake formation. Murtaza et al. [22] took an 
experimental and modeling approach to determine the suitability of 
okra as a fluid loss control additive, which, at low concentrations, 
formed thin, impermeable filter cakes and significantly reduced fluid 
loss, without negatively impacting rheology.

In a broader comparative study, Oladipo et al. [23] tested biode
gradable vegetable peels (pumpkin, courgette, squash) and found that 
finely ground pumpkin peel (10 µm) produced the most notable results, 
reducing fluid loss by 43.5%, improving gel strength, and increasing pH 
to around 10.5. This study reinforced previous findings on particle size 
dependency and further emphasized the multifunctional potential of 
certain plant-based materials.

Cellulose-based additives, particularly cellulose nanomaterials, cel
lulose nanofibers (CNFs), and cellulose nanocrystals (CNCs), have 
emerged as sustainable enhancers for water-based drilling fluids due to 

their superior rheological and filtration properties [24]. Their effec
tiveness depends strongly on structure and surface chemistry, with 
different CNF types offering distinct advantages in rheology and fluid 
loss control. However, performance degradation under 
high-temperature and high-salinity conditions remains a key limitation 
[25]. Recent studies show that polymer modification significantly im
proves thermal stability, salt tolerance, and filtration performance by 
enhancing colloidal stability [26].

These advances highlight the potential of engineered cellulose-based 
systems for developing robust drilling fluids for extreme environments.

Most recently, Safian et al. [27] explored a more engineered 
approach using bio-graphene derived from coconut husk, demonstrating 
improved thermal stability and fluid loss control. This research marks a 
shift toward value-added conversion of biodegradable lignocellulosic 
material, thereby combining structural benefits with environmental 
sustainability.

Across these studies, a consistent trend emerges: the effectiveness of 
natural additives is influenced not only by their chemical composition 
but also by their particle size, morphology, and concentration. Recent 
studies have explored bio-based and fibrous materials as alternative 
drilling fluid additives; however, their combined physicochemical 
properties and performance remain insufficiently understood. In 
particular, the behavior of thermally treated bio-based fibres, such as 
coconut fibre, has not been systematically investigated, especially in 
relation to their structural modification and its impact on rheological 
and filtration performance. Therefore, the core objective of this study is 
to investigate the potential of burnt coconut fibre (BCF) as a multi
functional additive for water-based drilling fluids by systematically 
evaluating its physicochemical properties and correlating these with its 
effects on rheological behavior, filtration performance, and pH stability. 
From a sustainability viewpoint, this study is in line with the United 
Nations Sustainable Development Goals, especially SDG 12 (Responsible 
Consumption and Production), because it encourages the use of agri
cultural waste as a function drilling fluid additive. Using BCF minimizes 
the need for synthetic materials and encourages sustainable resource 
utilization. The development of bio-based additives contributed to SDG 
9 (Industry, Innovation and Infrastructure) by advancing environmen
tally conscious drilling solutions, while offering potential benefits to 
SDG 13 (Climate Action) by having less effect on the environment. This 
study further aims to elucidate the underlying mechanisms governing its 
performance, particularly in relation to pore bridging, filter cake for
mation, and structural modification of the fluid system.

2. Methodology

For this study, five (5) water-based mud samples were prepared. The 
samples prepared are shown in Table 1. The analysis parameters are 
evaluated in relation to the reference conventional mud sample (Control 
(NaOH)). Fig. 1 outlines the complete experimental procedure, followed 
in this study from coconut fibre collection and preparation of BCF to 
mud formulation, physicochemical characterization, and performance 
evaluation. The concentration range (29–114 g/L) was deliberately 
selected based on typical dosages reported in previous studies on 
lignocellulosic and agro-waste-based additives for water-based drilling 
fluids [28,29]. This range allows systematic evaluation of the transition 
from beneficial effects at low-to-moderate concentrations to possible 
over-treatment effects at higher loadings.

2.1. Extraction and preparation of bio-additives

Waste coconut husks were sourced from a local market in Owerri, 
southeast Nigeria, and the fibres were manually extracted. Following 
extraction, the fibres were washed with distilled water to remove im
purities and then sun-dried for seven days at an ambient temperature of 
28–32⁰C. The sun-dried fibres were then subjected to calcination in a 
closed oven at 300◦C for 3 h. The thermal treatment ensured partial 
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carbonization while retaining essential fibrous characteristics beneficial 
for drilling fluid performance. In contrast, the sun-drying process 
ensured that the fibres were free of residual moisture, which could 
interfere with subsequent thermal processing. After calcination, the fi
bres were ground into fine ashes using a mechanical grinder to increase 
their surface area and improve their dispersibility in drilling fluids.

To assess the chemical properties of the BCF in its natural state, the 
pH of the material was measured prior to sample preparation for SEM 

analysis. Specifically, 1 g of BCF was dissolved in 10 mL of distilled 
water, and the pH of the resulting solution was determined using a 
calibrated pH meter.

For SEM analysis, BCF was prepared by drying the samples and 
sputter-coating them with a thin layer of gold to enhance electrical 
conductivity. The samples were then imaged using a UTM IT-300 
scanning electron microscope at an accelerating voltage of 5.0 kV, 
with a working distance ranging from 9.9 to 11.3 mm, under high vac
uum conditions. Imaging was conducted at magnifications ranging from 
×30 to ×3000 to capture both the overall structure and fine details of 
the fibre’s surface and internal morphology. The SEM images were 
analyzed to determine pore size distribution, surface roughness, and 
structural connectivity, which are key factors in assessing the material’s 
performance as a drilling fluid additive.

2.2. Mud preparation

The mud samples were prepared according to the specifications in 
Table 1. The control mud (Control (NaOH)) contained 0.6 g NaOH as the 
conventional pH modifier, while BCF was used as an alternative additive 
in other samples. BCF was added at concentrations of 29, 57, 86, and 
114 g/L, corresponding to 10–40 g per 350 mL of base fluid

The preparation process for each mud sample involved precise 
measurement of components using a weighing balance, followed by 
thorough mixing with a Hamilton Beach mixer to achieve a homoge
neous mixture. For the control mud, the sequence of addition was water, 
bentonite, carboxymethylcellulose (CMC), polyanionic cellulose (PAC- 
R), limestone, and barite. For the mud samples containing BCF additives, 
the sequence was: water, bentonite, BCF (as the additive), CMC, PAC-R, 
limestone, and barite. Bentonite serves as a crucial component in water- 
based drilling mud due to its gel-forming properties, which aid in sealing 
borehole walls and enhancing cuttings transport. CMC was incorporated 
to minimize water loss and stabilize reactive shales, thereby preventing 
wellbore collapse through its film-forming capabilities. Limestone 
functions to control downhole pressure, suspend cuttings, and cool the 
drill bit during operations. PAC-R was utilized to enhance filtration 
control and increase the mud's water absorption capacity. Barite and 
calcium carbonate (CaCO₃) were included in all samples as densifying 
agents to ensure that the resulting mud systems met API standards for 
density control. Each component was mixed sequentially under 
controlled stirring conditions, as detailed in the experimental procedure.

The mixing procedure for the mud samples was standardized to 
ensure consistency across all formulations. Each sample was prepared 
using 15 g of bentonite dispersed in 350 mL of water. The bentonite was 
hydrated under continuous stirring at approximately 11,000 rpm for 
20 min using a Hamilton Beach mixer to form a uniform base mud. For 
the control mud, 0.6 g of NaOH was then added and mixed at 
11,000 rpm for an additional 10 min. For the BCF-modified samples, the 
required amount of BCF (29–114 g/L) was added after bentonite hy
dration and mixed at 11,000 rpm for 10 min. Subsequently, carbox
ymethyl cellulose (CMC, 1.5 g), polyanionic cellulose regular (PAC-R, 
0.2 g), calcium carbonate (CaCO₃, 0.25 g), and barite (28 g) were added 
sequentially, with each component mixed at 11,000 rpm for 10 min to 
ensure uniform dispersion. The complete mixture was finally stirred at 
11,000 rpm for an additional 10 min to achieve homogeneity before 
rheological and filtration tests were performed.

Table 1 
Composition of control and BCF-modified water-based drilling fluids.

Sample Water (mL) Bentonite (g) Barite (g) CMC (g) PAC-R (g) CaCO₃₃ (g) BCF (g/L)

Control (NaOH) 350 15 28 1.5 0.2 0.25 0
BCF-29 350 15 28 1.5 0.2 0.25 29
BCF-57 350 15 28 1.5 0.2 0.25 57
BCF-86 350 15 28 1.5 0.2 0.25 86
BCF-114 350 15 28 1.5 0.2 0.25 114

Fig. 1. Flow chart illustrating experimental methodology adopted for the 
preparation, characterization and evaluation of BCF-modified water-based 
drilling fluid.
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This standardized high-shear mixing procedure ensured consistent 
hydration and dispersion across all formulations.

2.3. Particle size characterization

The particle size distribution of the ground BCF was determined by 
dynamic light scattering (DLS) after dispersing the powder in distilled 
water at 25 ◦C. The analysis yielded a Z-average diameter of 1727 nm, 
with a dominant intensity-weighted peak at approximately 957 nm and 
a polydispersity index (PDI) of 0.718. This broad distribution, typical of 
ground carbonaceous biomass materials, indicates a heterogeneous mix 
of submicron to micron-sized particles. Such a size range is advanta
geous for drilling fluid applications, as finer particles contribute to pore 
plugging and filter cake compaction, while larger fibrous fragments 
enhance bridging and rheological structure. The results are consistent 
with the porous, fibrous morphology observed in SEM imaging and 
support the improved filtration control and rheological modifications 
reported in this study.

2.4. Mud density test

The densities of the mud samples were determined using a 4-scale 
baroid mud balance according to the following steps: First, the cali
bration of the balance was verified by referencing the calibration mark 
on the scale. The mud cup was cleaned, dried, and filled with the pre
pared mud sample. To eliminate any potential air bubbles trapped 
within, the lid was carefully placed onto the cup, causing excess mud to 
overflow. The outer surface of the cup was then wiped clean. Subse
quently, the balance was placed on its base, with the knife edges resting 
upon the fulcrum support. The rider was then adjusted along the balance 
arm until equilibrium was achieved, visually confirmed by the posi
tioning of a bubble. Once the balance was established, the weight of the 
mud was read at the point where the filtrate level reached the mark on 
the graduated cylinder, and this value was duly recorded. The entire 
procedure was iterated for each distinct mud sample being investigated.

2.5. Viscosity

The rheological properties of the various mud samples were evalu
ated using the Fann Model 35 Viscometer. Each mud sample was 
introduced into the viscometer's sample cup, ensuring the rotor sleeve 
was immersed precisely to the designated fill line by adjusting and 
securing the platform with the lock nut. The viscometer was then 
powered on, and the speed control was initially set to the 'STIR' mode to 
homogenize the sample. Subsequently, the speed was adjusted to 
600 rpm, and after allowing the dial reading to stabilize, the measure
ment was recorded. This procedure was repeated at 300 rpm. The ob
tained readings were used to calculate plastic viscosity, apparent 
viscosity, and yield point, in accordance with standard rheological 
equations [30].

Plastic Viscosity 

PV = θ600 − θ300 (1) 

Apparent Viscosity 

AV =
θ600

2
(2) 

Yield Point 

YP = θ300 − PV (3) 

pH Test
The pH levels of diverse mud samples were assessed using a pH 

meter. Before measurement, the pH meter was calibrated using standard 
buffer solutions with pH values of 4.0, 7.0, and 10.0 to ensure accuracy 
across the expected measurement range. Approximately 50 mL of each 

sample was transferred into a clean, dry beaker. The calibrated electrode 
was then immersed into the sample, and the solution was gently swirled 
to ensure homogeneity. The pH reading was allowed to stabilize for 60 s 
before the value was recorded. Between successive measurements, the 
electrode was thoroughly rinsed with distilled water to prevent cross- 
contamination.

2.6. Mud filtration properties

API filtration tests were conducted using a multi-unit filter press at 
100 psi for 30 min. The cells were cleaned, assembled with standard 
components (filter paper, screen, and gasket), and filled with freshly 
prepared mud samples to approximately 13 mL below the top. Filtrate 
was collected in graduated cylinders, and the volume was recorded after 
the test period. The filter cake was recovered and its thickness measured, 
while the filtrate pH was also determined.

2.7. Permeability estimation

The permeability of the filter cake was estimated using Darcy’s law 
for filtration, shown below 

k =
QμL
AΔPt

(4) 

where k is the permeability, Q is the filtrate volume is the filtrate vis
cosity (assumed as 1 cP), L is the filter cake thickness, and A is the 
filtration area (45.8 cm2). ΔP is the applied pressure, and t is the filtrate 
time.

All experiments were performed in triplicate (n = 3) to ensure 
reproducibility. Each replicate followed the identical formulation and 
testing protocol described above. Measured parameters (density, plastic 
viscosity, apparent viscosity, yield point, gel strength, fluid loss, mud- 
cake thickness, pH) are reported as mean ± standard deviation (SD). 
All rheological and filtration measurements were conducted at ambient 
laboratory temperature of 25 ◦C

3. Results and discussion

The SEM images of BCF (Fig. 2) reveal a highly porous, three- 
dimensional structure with interconnected pores, observed at magnifi
cations of × 430, × 1000, × 1500, × 2500, and × 3000. This porous and 
irregular morphology plays a crucial role in filtration control by facili
tating mechanical interlocking with bentonite particles and promoting 
effective pore bridging at the filter medium interface. During filtration, 
BCF particles initially block larger pore throats (spurt loss control), 
while finer fragments and ash residues fill interstitial voids, forming a 
compact, low-permeability filter cake.

This multiscale packing mechanism restricts fluid flow through the 
cake matrix, thereby reducing filtrate invasion into the formation [31]. 
At a higher magnification of ×3000, as shown in Fig. 2(a), the surface of 
the BCF fibre exhibits a rough, irregular texture with microscale pro
trusions, which could enhance particle bridging and sealing in fractured 
or porous formations. The rough surface morphology likely results from 
the calcination process, which removes organic components and leaves 
behind a textured, inorganic-rich structure. This microstructure sup
ports the idea that BCF can serve as an effective additive for bridging, 
reducing filtration loss, and possibly inhibiting shale in water-based 
mud systems.

At lower magnifications of ×1000 and ×430 shown in Fig. 2(d) and 
Fig. 2(e), the overall fibrous structure of BCF is evident, showing a 
layered, elongated morphology. Despite the calcination and grinding 
processes, the material retains a fibrous network, which can contribute 
to the mechanical strength of the drilling fluid, potentially improving its 
ability to suspend cuttings and maintain wellbore stability. The inter
connected nature of the pores also suggests that BCF could enhance the 
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Fig. 2. Scanning electron micrographs of BCF at magnifications of (a) ×3000, (b) ×2500, (c) ×1500, (d) ×1000, and (e) ×430, showing porous and fibrous 
morphology. The micrographs illustrate surface roughness and interconnected pore structure, which contribute to pore bridging and filter cake formation in drilling 
fluid systems.
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rheological properties of water-based drilling fluids by increasing vis
cosity and yield point, which are essential for efficient cuttings 
transport.

The calcination process at 300 ◦C likely enhanced the thermal sta
bility of the coconut fibre, making it more suitable for high-temperature 
drilling environments compared to its unprocessed form. However, the 
SEM images also reveal some limitations. The irregular pore size dis
tribution and the presence of fine debris on the fibre surface, visible at 
×3000 magnification, may lead to inconsistent performance in drilling 
fluids. Additionally, while the calcination process improves thermal 
stability, the biodegradability of the lignocellulosic material may still 
pose challenges in extremely high-temperature, high-pressure (HTHP) 
conditions, where further degradation could occur. The pH analysis of 
BCF in its natural state provides insight into its chemical behavior, 
which is critical for ensuring compatibility with other drilling fluid 
components, such as polymers and weighting agents.

3.1. Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectrum of BCF, shown in Fig. 3, revealed distinct ab
sorption peaks that confirm the presence of functional groups relevant to 
drilling mud enhancement. A broad band around 
3340 cm⁻¹ corresponds to O–H stretching vibrations from hydroxyl 
groups, indicative of cellulose and residual lignin content [32]. Peaks 
observed near 2915 cm⁻¹ represent aliphatic C–H stretching, while the 
strong absorption at approximately 1605 cm⁻¹ signifies C––C or aro
matic skeletal vibrations, confirming partial carbonization and the 
presence of aromatic structures [33,34]. Additional bands at 
1030 cm⁻¹ and 1240 cm⁻¹ are attributable to C–O–C and C–O stretching, 
respectively, associated with hemicellulose and lignin remnants [35, 
36]. These functionalities suggest the material retains surface reactivity 
and structural features necessary for interaction with clay particles and 
water molecules in a drilling fluid matrix. To evaluate the effect of 
thermal treatment on BCF, the FTIR spectrum of the BCF used in this 
study was compared with published spectra of raw coconut fibre. The 
comparison is presented in Table 2, as shown, BCF retains major hy
droxyl (O-H) and ether (C-O-C) groups observed in raw fibre, with 
notable reductions in the C––O and aromatic C––C bands, which are 
typically associated with hemicellulose and lignin. The attenuation or 
disappearance of these peaks in BCF indicates partial decomposition of 

hemicellulose and skeletal vibration band (1600 nm) also suggests 
increased aromatic character due to carbonization. The chemical func
tionality is further supported by the Energy Dispersive X-ray Spectros
copy (EDS) analysis shown in Table 3, which indicates a dominant 
carbon content (82.7 wt%), consistent with effective carbonization of 
lignocellulosic biomass [37]. Oxygen (8.7 wt%) supports the presence of 
functional groups such as hydroxyl and carbonyl, as confirmed by FTIR 
bands around 3300 cm⁻¹ and 1000 cm⁻¹. These functional groups 
contribute to hydration, swelling, and particle interaction within the 
mud, which are critical for suspension and filtration control.

Notably, potassium (4.6 wt%) and chlorine (2.4 wt%), present in 
higher quantities, suggest the additive’s potential contribution to ionic 
strength and cation exchange in clay-based drilling systems [38]. 

Fig. 3. Fourier Transform Infrared (FTIR) spectrum of BCF showing characteristic functional groups indicative of lignocellulosic components and carbonaceous 
structures relevant to its evaluation as a potential drilling mud additive.

Table 2 
Comparative FTIR peak assignment of raw and burnt coconut fibre, highlighting 
major functional groups changes due to thermal treatment.

Wavenumber 
(cm⁻¹)

Raw Coconut Fibre 
Freitas et al. [41]

Burnt 
Coconut 
Fibre (This 
study)

Interpretation

~3340 Broad O–H 
stretching 
(cellulose, lignin)

Broad O–H 
stretching

Retained hydroxyl 
groups.

~2915 Aliphatic C–H 
stretching

Aliphatic 
C–H 
stretching

Common in lignin/ 
hemicellulose; presence 
in both indicates partial 
preservation

~1730 C––O stretching 
(hemicellulose)

Absent or 
reduced

Suggests degradation of 
hemicellulose during 
burning

~1600–1610 Aromatic C––C 
skeletal vibration

Aromatic 
skeletal 
vibration 
(~1605)

Enhanced aromatic 
character due to 
carbonization

~1510–1520 Lignin-related 
aromatic ring 
vibrations

Weak or 
absent

Indicates breakdown of 
lignin structure with 
heat

~1240–1260 C–O stretching 
(lignin)

Present 
(~1240)

Still present in burnt 
fibre, suggesting partial 
degradation

~1030–1040 C–O–C stretching 
(cellulose/ 
hemicellulose)

Present 
(~1030)

Indicates retention of 
polysaccharide 
structures
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Potassium ions have also been widely recognized for their ability to 
reduce clay swelling in reactive shales through cation exchange and 
osmotic effects, although their efficacy is often limited by concentration 
thresholds and methodological variability [39,40]. Trace levels of 
aluminium, sodium, silicon, magnesium, iron, and sulphur further 
enhance the additive’s profile, indicating a mixture of organic and 
inorganic character that can influence the fluid’s pH, gel strength, and 
interaction with other mud components.

3.2. Thermogravimetric analysis (TGA) and differential thermal analysis 
(DTA)

The suitability of BCF as a drilling fluid additive was further evalu
ated based on its thermal degradation behavior obtained from ther
mogravimetric analysis (TGA). The TG and DTG profiles shown in Fig. 4
reveal that BCF exhibits minimal mass loss below approximately 120 ◦C, 
which is primarily ascribed to the removal of physically adsorbed 
moisture. This indicates that the material maintains structural integrity 
under low to moderate thermal conditions typically encountered in 
shallow to intermediate drilling operations. The onset of significant 
thermal degradation occurs at temperatures above 200 ◦C, corre
sponding to the decomposition of lignocellulosic constituents, including 
hemicellulose, cellulose, and lignin. Since the majority of water-based 

drilling fluids operate at temperatures well below this degradation 
threshold, BCF demonstrates adequate thermal stability for use as a 
drilling fluid additive without premature thermal breakdown. Further
more, the gradual mass loss beyond 400 ◦C, accompanied by a sub
stantial residual char yield at elevated temperatures, reflects the fibre’s 
lignin-rich composition and inherent resistance to thermal collapse. The 
formation of thermally stable char suggests that BCF can withstand 
transient temperature spikes without catastrophic degradation, an 
important consideration for downhole environments subject to thermal 
fluctuations.

3.3. Size distribution by intensity

The particle size distribution obtained from dynamic light scattering 
(DLS) analysis (Fig. 5) exhibits a single dominant intensity peak, sug
gesting an apparently monomodal distribution of BCF particles 
dispersed in water. The results yielded a Z-average diameter of 1727 nm 
with a dominant intensity-weighted peak at approximately 957 nm. The 
measured polydispersity index (PDI) of 0.718 indicates a broad particle 
size distribution, which is a hallmark attribute of heterogeneous, 
carbonaceous biomass-derived materials. The intensity-based size dis
tribution reveals a single dominant peak, suggesting that the system is 
primarily governed by submicron to micron-sized particles rather than a 
mixture of widely separated particle populations. The relatively high Z 
average compared to the peak position reflects the sensitivity of 
cumulant analysis to larger particles and weak agglomerates, which is 
typical of non-spherical and irregular materials such as thermally 
degraded natural fibres [42,43]. The high intercept value (0.925) con
firms good signal quality and measurement reliability, indicating suffi
cient particle concentration and stable scattering conditions during 
analysis. The presence of particles in the 1 µm range shows that thermal 
treatment of BCF transforms the original fibrous structures into frag
mented carbonaceous particles, rather than complete volatilization or 
collapse. This observation is consistent with the TGA results, which 
showed substantial char residue at elevated temperatures, confirming 
the formation of thermally stable solid products. The relatively high PDI 
reflects the non-uniform fragmentation behavior of lignocellulosic 

Table 3 
Elemental composition of BCF from EDS analysis.

Element Weight Percentage (wt%)

Carbon (C) 82.7
Oxygen (O) 8.7
Potassium (K) 4.6
Chlorine (Cl) 2.4
Aluminium (Al) 0.8
Sodium (Na) 0.3
Silicon (Si) 0.2
Magnesium (Mg) 0.1
Iron (Fe) 0.1
Sulfur (S) 0.1

Fig. 4. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of BCF showing multi-stage thermal degradation behavior. The initial mass loss 
below 120 ◦C corresponds to moisture evaporation, while the major decomposition region between 200 and 400 ◦C is associated with the degradation of ligno
cellulosic components.
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materials during thermal degradation, which results in a distribution of 
particle sizes rather than monodisperse nanoparticles. Such heteroge
neity is expected and acceptable for drilling-fluid additives, where 
functionality is governed more by bridging and packing effects rather 
than by monodispersity. The measured particle size confirms that 
grinding after calcination produced a suitable range for effective 
bridging and filtration control, as finer particles aid in reducing fluid loss 
while the fibrous network supports yield point development.

3.4. Mud density

Table 4 summarizes the measured densities of the mud systems, 
while Fig. 6 visualizes the same data to illustrate the progressive in
crease in mud weight with BCF concentration. As shown, the control 
mud has a density of 8.59 ± 0.06 ppg. Density progressively increased 
with BCF concentration, reaching 9.13 ± 0.05 ppg at 114 g/L. The in
crease was statistically significant compared to the control (Welch’s t- 
test, two-tailed, unequal variance). Additionally, all mud densities 
remain within the API-recommended range (8.45–9.5 ppg) for normally 
pressured formations [44]. This suggests that BCF can achieve moderate 
density improvement without risking excessive equivalent circulating 
density (ECD) that can result in lost circulation.

The same observation also indicates that BCF not only contributes to 
fluid structuring but also to the total mud weight. The progressive 
densification can be considered a result of the presence of carbonaceous 
and mineral-rich residue within the fibre matrix, as evidenced by FTIR 
analysis, with the presence of hydroxyl, carbonyl, and aromatic groups. 
These functional groups promote hydration, dispersion, and inter- 
particle interactions within the mud system.

SEM micrographs of the additive revealed a highly porous and 
fibrous microstructure with irregular topography and microcracks. This 
morphology enhances the surface area, facilitating increased interaction 

with water molecules and clay particles, which likely contributed to the 
observed increase in mud viscosity and density. The structural rough
ness also suggests a potential bridging mechanism, where the fibres help 
in forming a more compact mud matrix capable of minimizing filtrate 
invasion and stabilizing the borehole wall.

3.5. Rheological behavior of BCF-modified drilling fluids

The rheograms presented in Fig. 7 illustrate the relationship between 
shear stress and shear rate for the control and BCF-modified drilling 
fluid systems. In all cases, shear stress increases with increasing shear 
rate, confirming the non-Newtonian behavior of the fluids, consistent 
with typical water-based drilling muds.

The control sample exhibits the highest shear stress at 1022 s⁻¹, 
indicating greater resistance to flow at high shear conditions. In 
contrast, BCF-modified samples show comparatively lower shear stress 
values at higher shear rates, particularly at elevated BCF concentrations 
(BCF-86 and BCF-114), suggesting a reduction in flow resistance and 
improved shear-thinning behavior.

At a lower shear rate (511 s⁻¹), Samples BCF-29 and BCF-57 exhibit 
higher shear stress compared to the control, indicating enhanced 
structural integrity and yield behavior. This suggests that the addition of 
BCF at low to moderate concentrations improves interparticle in
teractions, thereby enhancing the fluid’s ability to suspend drill cuttings 
under low shear conditions.

The near-linear relationship between shear stress and shear rate 
across all samples supports the applicability of the Bingham plastic 
model. The reduction in slope observed in BCF-modified systems reflects 
decreased plastic viscosity, while the elevated intercept at lower con
centrations indicates improved yield point. However, at higher BCF 
concentrations, the reduction in both slope and intercept suggests 
excessive thinning of the fluid structure.

Overall, the rheological response demonstrates that BCF acts as an 
effective rheology modifier, with optimal performance observed at low 
to moderate concentrations (29–57 g/L), where a balance between 
flowability and structural strength is achieved.

Fig. 8 and Table 5 summarize the key Bingham plastic parameters 
(plastic viscosity, apparent viscosity, and yield point) of the control and 
BCF-modified drilling fluid samples. As shown in Fig. 8, control (NaOH) 
exhibited the highest plastic viscosity (PV) of 31.5 ± 0.10 cP. In 
contrast, all BCF-containing formulations displayed a substantial and 
progressive reduction in PV, ranging from 14.07 ± 1.01 cP for BCF-29 to 
8.33 ± 0.29 cP for BCF-114. This consistent decrease in PV with 
increasing BCF concentration indicates a thinning effect, which reduces 
viscous drag and lowers the energy required for mud circulation and 
pumping. Lower PV values are advantageous for minimizing circulating 

Fig. 5. Particle size distribution of BCF obtained by dynamic light scattering (DLS), showing intensity-weighted size distribution and dominant particle size in the 
submicron range.

Table 4 
Mud density of water-based drilling fluid samples (mean ± SD, n = 3).

Mud Sample Concentration of 
additive (g/L)

Mud Density 
mean ± SD 
(ppg)

p value (vs 
control)

Control (NaOH) 
(conventional/ 
control)

- 8.59 ± 0.06 Conventional 
NaOH

BCF-29 29 8.94 ± 0.04 0.003*
BCF-57 57 9.03 ± 0.09 0.003*
BCF-86 86 9.09 ± 0.09 0.002*
BCF-114 114 9.13 ± 0.05 0.0004*

* p < 0.05 (Welch’s t-test, two-tailed, unequal variance).
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pressures and pump horsepower demands during drilling operations. All 
BCF-treated samples exhibited significantly lower PV compared to the 
control (p < 0.01).

Apparent viscosity (AV) followed a similar trend, decreasing from 
23.93 ± 0.51 cP in the control to values between 19.55 ± 1.63 cP (BCF- 
29) and 15.50 ± 0.20 cP (BCF-114). BCF-57 and BCF-86 showed rela
tively stable AV behavior within this range. The reduction in AV was 
statistically significant (p < 0.05 for Sample I; p < 0.01 for BCF 29-BCF 
114). These results highlight the dual role of BCF as an additive: it de
creases frictional resistance at high shear rates (contributing to lower PV 
and AV) while enhancing low-shear flow resistance, which supports 
improved cuttings suspension.

Yield point (YP) values further underscore the beneficial rheological 
impact of BCF. The control mud displayed a negligible YP, indicative of 
limited gel structure and cuttings-carrying capacity. In contrast, BCF 
incorporation markedly increased YP to 22.23–23.73 lb/100 ft², with 
the highest value observed in BCF-57 (23.73 ± 0.25 lb/100 ft²). All BCF- 
modified samples exhibited significantly elevated YP compared to the 
control (p < 0.01). This enhancement improves the mud's ability to 

suspend and transport drill cuttings through the annulus under static or 
low-shear conditions, without exceeding typical industry limits that 
could lead to issues such as excessive pressure losses, differential stick
ing, or gel-bed formation.

The YP/PV ratio was assessed to better understand the rheological 
behavior of the drilling fluids. Conversely, BCF-modified systems 
exhibited a significant increase in YP/PV, due to the combined effect of 
reduced plastic viscosity and relatively high yield point. This suggests an 
enhanced cutting transport across all BCF concentrations. Several au
thors have studied the ideal YP/PV range, with studies by Okrajni [45]
suggesting 0–2, while Gautam et al. [46] suggest 1–2. However, exces
sively high YP/PV value observed at higher BCF loading (40 g) may 
indicate over-structuring of the fluid, which could adversely affect flow 
behavior and circulation efficiency. Therefore, optimal performance is 
achieved at low to moderate BCF concentrations (29–86 g/L), where a 
balance of flowability and suspension capacity is maintained. The higher 
YP/PV ratios suggest that BCF improves hole cleaning efficiency while 
maintaining lower flow resistance, making it advantageous for opti
mized drilling performance.

Fig. 6. Mud density (ppg) of various mud samples with varying BCF concentrations (mean ± SD, n = 3). Error bars represent ±1 standard deviation.

Fig. 7. Rheogram showing the relationship between shear stress (τ) and shear rate (γ̇) for the control mud and BCF-modified muds at different concentrations. The 
plots demonstrate the shear-thinning (pseudoplastic) behavior of all mud samples.
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The rheological properties of the drilling fluid systems were evalu
ated in relation to standard field guidelines. The plastic viscosity values 
for the BCF-modified samples fall within or below the typical opera
tional range (10–35 cP), indicating reduced flow resistance and 
improved pumpability. Yield point values remained within acceptable 
limits, suggesting adequate interparticle interaction for cuttings 
suspension.

In summary, the addition of BCF at concentrations of 29–57 g/L 
significantly reduced plastic and apparent viscosities while substantially 
increasing yield point (p < 0.01 for PV and YP across all samples; while 
p < 0.05 to p < 0.01 for AV depending on dose. These rheological im
provements align with prior observations that certain bio-additives, 
including fibrous materials, can function as thinning agents in water- 
based mud systems while enhancing suspension properties [47]. The 
observed trends suggest that BCF may provide an effective means of 
optimizing mud rheology to improve drilling performance.

3.6. Gel strength

Gel strengths (10-second initial and 10-minute progressive) of water- 
based mud samples are shown in Fig. 9 and summarized in Table 6. The 
control mud exhibited high gel strength values at 10 s and 10 min, 
measuring 32.67 ± 0.57 lb/100 ft² and 37.67 ± 1.41 lb/100 ft², 
respectively, indicating the formation of a strong gel structure under 
static conditions. A noticeable decrease was observed in BCF-29 with 
values dropping to 17.33 ± 1.53 lb/100 ft² and 26.07 ± 0.71 lb/100 ft² 
for 10 s and 10 min, respectively. This suggests that low concentrations 
of BCF initially weaken the gel network, probably by improving particle 
dispersion and disrupting excessive clay-to-clay interactions. As BCF 
concentration increases in samples BCF-57 to BCF-114, gel strength 
values also increase. The 10-second gel strength rises from 22.27 ± 0.38 
to 27.53 ± 0.5 lb/100 ft², and the 10-minute gel strength increases from 
32.67 ± 1.41 to 36.80 ± 0.82 lb/100 ft². This indicates that the additive 
helps the mud develop a stable gel structure under shear stress. The 
trend shows a gradual formation of a stable yet controllable gel as BCF 
concentration rises, due to enhanced interparticle interactions and 
network formation involving the fibrous char particles. Statistical 
comparisons to the control were conducted using a two-tailed Welch’s t- 
test assuming unequal variances. The 10-s gel strength decreased 
significantly in all BCF-modified samples (p < 0.05). Conversely, the 10- 
min gel strength showed a significant reduction only at low concentra
tions (BCF-29, p < 0.05); at higher concentrations, the differences were 
not statistically significant (p > 0.05), indicating a recovery toward 
control behavior.

This progressive enhancement in gel strength with increasing BCF 
concentration is strongly correlated with the fibre’s microstructural and 
chemical characteristics. SEM imaging revealed a porous, fibrous 
microstructure with rough surface features that increase available sur
face area and promote mechanical interlocking between particles in the 
mud. Simultaneously, FTIR analysis confirmed the presence of hydroxyl 
and carbonyl groups, which enable hydrogen bonding and improved 
water retention, fostering better interaction with clay particles. Addi
tionally, elemental analysis showed appreciable levels of potassium and 
sodium, which support dispersion and flocculation of clay platelets, 
thereby reinforcing the gel matrix. Together, these attributes enhance 
the mud’s ability to form a cohesive, yet flexible gel network that 
effectively suspends drill cuttings during static conditions.

The relatively subdued gel properties inherent to muds fortified with 
BCF offer advantageous attributes for operational viability within 

Fig. 8. Plastic viscosity (PV), apparent viscosity (AV), and yield point (YP) of control and BCF-modified drilling fluids as a function of BCF concentration. PV, AV, and 
YP are reported in cP. Values represent mean ± standard deviation (n = 3).

Table 5 
Summary of the plastic viscosity (PV), apparent viscosity (AV), and yield point 
(YP) results of the control mud and drilling fluids formulated with varying 
concentrations of BCF (mean ± SD, n = 3).

Sample Plastic 
Viscosity (cP)

Apparent 
Viscosity (cP)

Yield 
Point (cP)

Notes / 
Significance vs 
Control

Control 
(NaOH)

31.5 ± 0.10 23.93 ± 0.51 0 -

BCF-29 14.07 ± 1.01 19.55 ± 1.19 22.83 
± 0.29

PV: p < 0.01 
YP: p < 0.01; 
AV: p < 0.05

BCF-57 11.2 ± 0.26 16.97 ± 0.61 23.73 
± 0.25

PV: p < 0.01 
YP: p < 0.01 
AV: p < 0.01

Sample 
BCF-86

11.67 ± 0.58 16.1 ± 0.1 22.23 
± 1.25

PV: p < 0.01 
YP: p < 0.01 
AV: p < 0.01

BCF-114 8.33 ± 0.29 15.5 ± 0.2 22.9 
± 0.17

PV: p < 0.01 
YP: p < 0.01 
AV: p < 0.01

p < 0.01, *p < 0.05 vs control (Welch’s t-test, two-tailed, unequal variance, 
n = 3).

I. Oguamah et al.                                                                                                                                                                                                                               Next Materials 12 (2026) 102253 

10 



drilling operations. These gel structures display an aptitude for facile 
disruption under lower pump pressures, facilitating unimpeded circu
lation [48]. Contrastingly, the elevated gel strength values evident in 
muds containing sodium hydroxide engender heightened circulation 
breakdown pressures, coupled with augmented pumping costs due to the 
necessitated high pump power required to counterbalance the pro
nounced gelling tendencies [49].

To optimize hole cleaning and manage surge/swab pressures, field 
best practices recommend maintaining 10-second gel strengths within 
2–10 lb/100 ft² and 10-minute gel strengths within 6–30 lb/100 ft². The 
gel strengths recorded in this study were within these recommended 
limits, indicating sufficient cutting suspension.

3.7. pH of the mud samples

pH values of the water-based mud samples are presented in Fig. 10
and summarized in Table 7. The Control (NaOH)) exhibited a strongly 
alkaline pH of 10.03 ± 0.95, typical of NaOH-treated water-based dril
ling fluids. Addition of BCF significantly lowered the pH to 8.10 ± 0.10 
for BCF-29, with values remaining in a narrow range of 8.20 
± 0.30–8.47 ± 0.49 for BCF-59 to BCF-114.

Welch’s t-test showed that the pH reductions relative to the control 
were not statistically significant (p > 0.05 in all cases). Differences 
among the BCF-containing samples themselves were also not statisti
cally significant (p > 0.05), indicating that BCF concentration has only a 

Fig. 9. Ten-second and ten-minute gel strength of control and BCF-modified water-based drilling fluids at varying BCF concentrations. Gel strength values are 
reported in lb/100 ft². Error bars represent the standard deviation of triplicate measurements (n = 3).

Table 6 
Gel strength (10 s and 10 min) of water-based drilling mud samples (mean ± SD, n = 3).

Sample Gel Strength 10 s (lb/100 ft²) Gel Strength 10 min (lb/100 ft²) Significance vs Control (10 s) Significance vs Control (10 min)

Control (NaOH) 32.67 ± 0.57 37.67 ± 1.41 — —
BCF-29 17.33 ± 1.53 26.07 ± 0.71 p < 0.05 p < 0.05
BCF-57 22.27 ± 0.37 32.67 ± 1.41 p < 0.05 p < 0.05
BCF-86 25.33 ± 1.53 34.33 ± 0.70 p < 0.05 p < 0.05
BCF-114 27.53 ± 0.50 36.80 ± 0.28 p < 0.05 p > 0.05 (ns)

Notes: ns = not significant (p > 0.05).

Fig. 10. pH values of control and BCF-modified water-based drilling fluids at varying BCF concentrations. Values are reported as mean ± standard deviation of 
triplicate measurements.
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modest influence on final pH within the 29–114 g/L range tested.
This moderate rise in pH is attributed to the presence of alkali metals 

such as potassium (4.6 wt%) and sodium (0.3 wt%) identified through 
elemental analysis of the BCF shown in Table 3. These elements, present 
in the ash residue of the thermally treated fibre, dissociate in solution to 
contribute hydroxide ions, thus mildly elevating the mud's alkalinity 
[50,51].

Additionally, the FTIR spectrum confirmed oxygen-rich functional 
groups such as hydroxyl and carbonyl, which enhance the material's 
buffering capacity and help maintain chemical stability within the mud 
system. Unlike sodium hydroxide, which causes an abrupt and strong pH 
shift, BCF exerts a more controlled and gradual modulation of pH, 
supporting stable fluid behavior and minimizing the risk of over- 
alkalinization. According to API guidelines, the acceptable pH range 
for water-based muds is typically 8.5–10.5. All samples in this study fell 
within or near this range, confirming compatibility.

3.8. Filtration loss test

The proposed mechanism for control of filtration in BCF-enhanced 
fluids is illustrated in Fig. 11. The fibrous structure of BCF promotes 
initial bridging of pore throats, followed by a progressive filling of 
interstitial voids by finer particles. This results in the formation of a 
compact, low-permeable filter cake. Additionally, the fibrous network 

encourages interparticle interactions within the fluid, contributing to 
improved rheological behavior and cuttings suspension. Fig. 12 repre
sents the filtrate volume from the formulated muds collected after 5, 10, 
and 15 min. The control mud exhibits filtration losses of 5.53 ± 0.46, 
6.63 ± 0.55, and 8.87 ± 0.77 mL at 5, 10, and 15 min, respectively. 
These values indicate moderate filtrate invasion and the formation of a 
relatively permeable filter cake [52].

A general reduction in filtration loss with increasing BCF concen
tration was observed, particularly at longer filtration times. At 15 min, 
the control mud exhibited a fluid loss of 8.87 ± 0.77 mL, the BCF 
modified muds showed comparable or reduced filtrate volumes, with 
BCF-29 recording a slightly higher value of 8.88 ± 0.33 mL, while BCF- 
57, BCF-86, and BCF-114 recorded progressively lower fluid losses of 
8.17 ± 0.15 mL, 7.73 ± 0.20 mL, and 7.60 ± 0.52 mL, respectively. 
Notably, BCF-114 exhibits the lowest filtration loss at extended filtration 
time, indicating improved fluid-loss control at higher BCF concentra
tions. This suggests that higher concentrations of the BCF additive 
contribute to improved fluid retention and reduced fluid loss into the 
formation. At the early stage of filtration (5 min), the BCF-modified 
muds exhibited lower filtrate volumes compared to the control sam
ple. The reduction in early-stage filtration suggests improved control of 
spurt loss, which is critical in minimizing rapid fluid invasion during 
initial filter cake formation.

The control mud recorded a filtrate volume of 5.53 ± 0.46 mL, 
which increased to 5.90 ± 0.08 mL and 5.91 ± 0.07 mL for BCF-29 and 
BCF-57, respectively. A reduction was observed for BCF-86 and BCF- 
114, with filtrate volumes of 4.90 ± 0.09 mL and 4.99 ± 0.1 mL, 
respectively.

Statistical analysis of filtration loss was conducted using Welch’s t- 
test to compare each BCF-containing sample with the control at 5, 10, 
and 15 min (Table 8). At 5 min, no statistically significant reductions 
were observed for any BCF sample (all p > 0.13; range: 0.14–0.30). At 
10 min, significant reductions were detected for BCF-29 (p = 0.020) and 
II (p = 0.041), whereas BCF-86 and BCF-114 did not differ significantly 

Table 7 
Influence of BCF concentration on drilling fluid pH: mean values and statistical 
significance.

Sample pH Value Significance vs Control

Control (NaOH) 10.03 ± 0.95 —
BCF-29 8.10 ± 0.10 p > 0.05 (ns)
BCF-57 8.20 ± 0.30 p > 0.05 (ns)
BCF-86 8.42 ± 0.36 p > 0.05 (ns)
BCF-114 8.47 ± 0.49 p > 0.05 (ns)

Fig. 11. Schematic illustration of the mechanism of BCF in water-based drilling fluids, showing pore bridging, particle packing, and formation of a low-permeability 
dense filter cake that reduces filtrate invasion.
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from the control (p > 0.11). By 15 min, filtration losses for all BCF 
samples remained statistically comparable to the control (all p > 0.08; 
range of 0.086–0.98), with the lowest p value observed for BCF-114.

Overall, these results indicate that BCF reduces filtration volumes in 
a dose-dependent manner; however, statistically significant effects were 
observed only at the 10-minute interval for the lower BCF concentra
tions (29–57 g/L).

In addition to filtrate volume, filter cake thickness was evaluated to 
provide further insight into filtration performance. The results indicate 
that BCF-modified systems, particularly at higher concentrations 
(86–114 g/L), produced significantly thicker filter cakes (0.09 ± 0.01) 
compared to the control (0.06 ± 0.01). This observation suggests that 
BCF enhances rapid pore plugging and facilitates early filter cake 
formation.

To quantitatively evaluate the sealing efficiency of the formed filter 
cakes, permeability was estimated using Darcy’s law for static filtration. 
The calculated permeabilities are presented in Table 9. The lowest 
permeability values were recorded at 29 g/L and 57 g/L BCF concen
trations (0.071 and 0.078 mD, respectively), indicating the formation of 
tighter and more effective filter cakes compared to the control 
(0.085 mD). Although higher BCF loadings (86–114 g/L) produced 
thicker cakes, they resulted in slightly higher permeability. Overall, the 
addition of BCF at optimal concentrations improved the filter cake 

quality by reducing its permeability, which correlates well with the 
observed reduction in early-stage filtrate invasion.

The improved filtration behavior is attributed to the fibrous and 
carbonaceous nature of BCF, which promotes effective pore bridging 
and the development of a dense, low-permeability filter cake. With 
increasing filtration time, enhanced particle packing and interlocking 
within the cake structure further restrict filtrate invasion, resulting in 
improved long-term fluid loss control. Conventional filtration control 
additives such as polyanionic cellulose (PAC) and starch primarily 
reduce fluid loss through the formation of thin, low-permeability poly
meric films on the wellbore wall [53].

Despite these difference in filtration mechanisms, the observed 
reduction in filtrate volume and formation of compact filter cakes in 
BCF-modified systems suggest comparable filtration performance. This 
indicates that BCF may serve as a complementary or alternative addi
tive, particularly in formulations requiring both structural reinforce
ment and filtration control.

3.9. Mud cake thickness

Fig. 13 shows the mud cake thickness of various mud samples, each 
with different amounts of BCF. The control sample had a mud cake 
thickness of about 0.06 ± 0.01 in., which falls within the acceptable 
range for conventional water-based drilling fluids. After adding the BCF 
additive, BCF-29 had a mud cake thickness of 0.05 ± 0.008, while BCF- 
57 recorded a thickness of 0.06 ± 0.0008, similar to the control value, 
indicating a balanced contribution of BCF to filter cake formation 
without excessive buildup. However, increasing BCF concentrations 
further caused noticeable thickening of the mud cake, as BCF-86 and 
BCF-114 showed higher thicknesses of approximately 0.09 in., reflecting 
increased solids buildup at higher fiber loadings.

Statistical comparisons against the control (Table 10). Indicated that 

Fig. 12. API filtration loss of control and BCF-modified water-based drilling fluids measured at 5, 10, and 15 min under a constant pressure of 100 psi. Filtrate 
volumes are presented as mean ± standard deviation (n = 3).

Table 8 
Time-dependent API filtration loss and statistical significance of BCF-modified drilling fluids.

Sample 5 min (mL) Significance (5 min) 10 min (mL) Significance (10 min) 15 min (mL) Significance (15 min)

Control (NaOH) 5.53 ± 0.46 — 6.63 ± 0.55 — 8.87 ± 0.77 ​
BCF-29 5.90 ± 0.08 p > 0.05 (ns) 8.30 ± 0.26 p < 0.05* 8.88 ± 0.33 p > 0.05 (ns)
BCF-57 5.91 ± 0.07 p > 0.05 (ns) 8.07 ± 0.11 p < 0.05* 8.17 ± 0.15 p > 0.05 (ns)
BCF-86 4.90 ± 0.08 p > 0.05 (ns) 7.30 ± 0.26 p > 0.05 (ns) 7.73 ± 0.20 p > 0.05 (ns)
BCF-114 4.99 ± 0.01 p > 0.05 (ns) 6.99 ± 0.01 p > 0.05 (ns) 7.60 ± 0.52 p > 0.05 (ns)

Notes: 
• ns = not significant (p > 0.05); *p < 0.05.

• All filtration losses remain well below typical API limits (e.g., <15 mL at 30 min), indicating good overall fluid-loss control.

Table 9 
Estimated filter cake permeability of the formulated muds.

Mud Sample BCF Concentration (g/L) Estimated Permeability (mD)

Control (NaOH) 0 0.085
BCF-29 29 0.071
BCF-57 57 0.078
BCF-86 86 0.112
BCF-114 114 0.110
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BCF-29 and BCF-57 showed no statistically significant difference from 
the control (p > 0.05), while BCF-86 and BCF-114 produced signifi
cantly thicker mud cakes than the control (p < 0.05). Differences among 
the BCF samples themselves were not statistically significant (p > 0.05), 
indicating that fiber concentration has a modest but clear effect on cake 
thickness within the tested range.

The observed increase in mud cake thickness at elevated BCF con
centrations can be attributed to the fibrous nature of the additive, which 
promotes particle interlocking and structural buildup within the filter 
cake matrix. While thicker cakes can enhance wellbore sealing and 
reduce deep filtrate invasion, excessively thick mud cakes may increase 
the risk of differential sticking if not properly controlled.

These findings suggest that BCF is a bio-based additive that can 
enhance drilling fluid efficiency through both structural and chemical 
methods. More studies are needed under high-pressure, high-tempera
ture conditions and with detailed compositional analysis to confirm its 
use in field operations.

Although physicochemical characterization was performed, a 
comprehensive analysis of ash composition was not conducted. The 
study also did not examine long-term stability, environmental impact, or 
directly compare results with common additives like PAC or starch. 
These aspects require further investigation to confirm their applicability 
in the field.

4. Conclusion

This study demonstrates that BCF is an effective multifunctional 

additive for water-based drilling fluids, with performance strongly 
governed by its physicochemical characteristics. The size distribution 
showed a finely divided material, with average particle sizes of 
1727 nm. This characteristic can be advantageous for effective filtration 
control.

The SEM images revealed a highly porous, fibrous morphology that 
promotes mechanical interlocking and efficient pore bridging, facili
tating the formation of a compact, low-permeability filter cake. It is 
noted that the rough surface morphology observed in BCF results from 
the calcination process, which alters the surface structure.

The FTIR spectra confirm the components reported in the coconut 
fiber literature and also show the degradation of hemicellulose struc
tures during burning. The compositional insights from EDS further 
indicate the presence of inorganic constituents capable of contributing 
to mild alkalinity, thereby supporting pH stabilization. Thermogravi
metric analyses investigated the application of BCF, and it was found 
that the material presents thermal stability at low to moderate 
temperatures.

Rheological evaluation showed that low to moderate BCF concen
trations (29–57 g/L) produced the most favorable performance, char
acterized by a substantial reduction in plastic and apparent viscosity 
alongside the development of a robust yield point. resulting in improved 
flow efficiency and enhanced cuttings transport. In contrast, higher BCF 
concentrations (86–114 g/L) resulted in excessive thinning, high
lighting the importance of dosage optimization. Gel strength measure
ments further confirmed that BCF enhances structural integrity during 
static conditions without inducing overly rigid gels that could impede 
circulation restart. Filtration tests indicated that the sample modified 
with BCF exhibited reduced early-stage filtrate invasion and formed 
thin, compact filter cakes at optimal concentrations, suggesting 
improved wellbore sealing and reduced formation damage potential. 
The observed pH moderation, from strongly alkaline values in the 
NaOH-based control to near-neutral levels (~8.0) across all BCF- 
containing samples, further highlights the additive's chemical stability. 
Lastly, BCF shows strong potential for field application as a supple
mentary additive in water-based drilling fluids, particularly for 
improving hole cleaning, filtration control, and pH stability. Its perfor
mance suggests suitability for conventional drilling operations.

5. Future studies

While the laboratory-scale performance of BCF as a drilling fluid 

Fig. 13. Variation of filter cake thickness for control and BCF-modified drilling fluids after API filtration tests. Values are reported as mean ± standard deviation 
(n = 3), with statistical comparison performed using Welch’s t-test (α = 0.05).

Table 10 
Effect of BCF concentration on mud cake thickness and statistical significance 
relative to control.

Sample BCF (g/ 
L)

Mud Cake Thickness 
(inches)

Significance vs Control 
(Welch’s t-test)

Control 
(NaOH)

0 0.06 ± 0.01 -

BCF-29 29 0.05 ± 0.008 p > 0.05 (ns)
BCF-57 57 0.06 ± 0.0008 p > 0.05 (ns)
BCF-86 86 0.09 ± 0.012 p < 0.05*
BCF-114 114 0.09 ± 0.007 p < 0.05*

Note
ns = not significant (p > 0.05).

* p < 0.05.
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additive is promising, more studies will be required to advance its 
application toward field-scale deployment. Therefore, future studies 
should give top priority to high-pressure, high-temperature (HPHT) 
testing to determine the thermal stability, rheological resilience, and 
filtration performance of BCF-modified fluids under practical downhole 
conditions.

Further research on the compatibility of BCF with conventional 
drilling fluid components, including bentonite, polymers, shale in
hibitors, lubricants, and weighting agents, is needed to ensure stable 
performance in complex mud systems. Surface modification or 
controlled thermal activation of BCF can also be investigated to enhance 
its yield-point contribution while mitigating excessive thinning at higher 
dosages.

Future studies should also include SEM characterization of filter cake 
morphology to directly visualize particle packing, pore bridging, and the 
structural evolution of BCF-modified mud systems during filtration.

Advanced interfacial and microstructural analyses, including zeta 
potential measurements, rheo-optical studies, and dynamic filtration 
visualization, will be beneficial in elucidating the mechanisms control
ling particle interactions, gel development, and filter cake formation.

From a sustainability perspective, life-cycle assessment and techno- 
economic analysis are recommended for future studies to quantify the 
environmental and cost advantages of BCF relative to conventional 
chemical additives.
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