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Abstract: The environmental impact of chemical additives used in drilling fluids has increased
interest in sustainable alternatives. Wood ash, a byproduct of biomass combustion, represents
a potential alkaline and rheological modifier for water-based drilling mud systems. This
study investigates the performance of wood ash (45–75 μm) at concentrations of 2–8 wt%
in bentonite-based water-based mud under both ambient and thermal (hot rolling) conditions.
Results demonstrated a clear concentration-dependent response. Plastic viscosity and gel
strength decreased progressively up to 6 wt%, indicating improved dispersion and reduced
structural buildup. At 8 wt%, partial reversal of this trend was observed, suggesting
excessive solids loading may counteract dispersion effects. Yield point values decreased
from 6 to 3 lb/100 ft2 as concentration increased, confirming enhanced flowability. Wood
ash effectively increased mud pH into the desired operational range (9–11) under ambient
conditions, while higher concentrations under thermal aging approached the upper alkaline
limit. Mud density remained stable (~8.7 lb/gal) across all concentrations, confirming that wood
ash does not adversely affect hydrostatic pressure control. Thermal aging generally reduced
rheological parameters due to structural weakening of the bentonite network, althoughmoderate
concentrations maintained relatively stable performance. The findings indicate that 4–6 wt%
wood ash provides an optimal balance between rheological control and alkalinity enhancement.
While promising as a sustainable additive, further investigation is required to evaluate extended
filtration performance and compositional variability under field conditions.

Keywords: wood ash; drilling fluids; water-based mud; environmental sustainability;
green additives

1. Introduction

Drilling fluids, commonly referred to as drilling muds, play a fundamental role in
oil and gas operations. They are essential for maintaining wellbore stability, controlling
formation pressures, transporting drill cuttings to the surface, cooling and lubricating
the drill bit, and minimizing formation damage. Among the various types of drilling
fluids, water-based muds (WBMs) are widely used due to their cost-effectiveness,
operational simplicity, and comparatively lower environmental impact relative to
oil-based or synthetic-based systems [1].

Despite these advantages, conventional WBMs frequently rely on chemical
additives that may pose environmental concerns, particularly during disposal and
large-scale operations. With increasingly stringent environmental regulations, the
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industry is under growing pressure to adopt more sustainable drilling fluid formulations.
As a result, research efforts have focused on biodegradable and naturally derived
materials capable of maintaining or enhancing drilling performance while reducing
environmental risk [2].

Drilling fluid properties significantly influence overall well performance and cost
efficiency. Although drilling fluid expenses represent a relatively small fraction of total
well costs, improper fluid design can lead to borehole instability, stuck pipe, excessive
fluid loss, and reduced penetration rate, ultimately increasing operational time and
expenses [1]. Achieving appropriate rheological properties and forming a thin, stable
mud cake are therefore critical objectives in WBM formulation. The mud cake formed
along the borehole wall acts as a barrier that minimizes fluid invasion into permeable
formations; however, excessive cake thickness may increase the risk of differential
sticking and associated operational complications [3].

Wood ash is a byproduct of biomass combustion whose physical and chemical
properties depend onwood type, combustion temperature, and duration [4]. Hardwoods
generally produce ash with higher calcium, magnesium, and potassium contents than
softwoods [5]. The outer components of the tree, such as bark and leaves, typically
generate higher ash yield than inner woody portions. Reported ash yield from wood
combustion ranges between 6–10% [6]. Combustion temperature also significantly
affects ash characteristics; increasing temperature has been shown to reduce ash yield
and alter chemical composition [7]. Additionally, reported pH values of wood ash range
between 9 and 13.5, reflecting its strongly alkaline nature [8].

In recent years, eco-friendly drilling fluid additives derived from biomass and
agricultural residues have attracted increasing attention [9]. Materials such as rice
husk ash, fly ash, nano-additives, and lignocellulosic fibers have been investigated
primarily for filtration control and general rheological enhancement [10,11]. In addition
to performance considerations, the transition toward environmentally responsible
drilling fluids is closely linked to broader sustainability concepts such as waste
valorization and circular economy principles. The reuse of industrial by-products,
including biomass-derived materials, provides an opportunity to reduce reliance on
conventional chemical additiveswhileminimizing the environmental burden associated
with waste disposal. Wood ash, as a readily available byproduct of biomass
combustion, represents a potential low-cost and sustainable alternative that can be
integrated into drilling fluid systems. Its utilization not only contributes to reducing
landfill accumulation but also supports resource efficiency by converting waste into a
functional engineering material. Therefore, evaluating such materials within drilling
applications is essential for developing environmentally compatible and economically
viable fluid systems [12, 13]. However, many of these studies focused on basic
performance evaluation without systematically examining concentration-dependent
threshold behavior or deflocculation mechanisms in bentonite-based systems [14,15].

2. Experiment

Drilling mud samples were prepared following API RP 13B-1 standards. Base
mud comprised deionized water and bentonite. Five samples of bentonite-based
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water-based mud were formulated by adding 14 g of bentonite to 350 mL of deionized
water. The mixture was then mixed in the mud mixer for 15 min to ensure thorough
mixing. One of the samples served as the control sample [1]. After the bentonite-based
water-based mud was mixed, (2%, 4%, 6%, 8%) by weight of wood ash was added to
each sample, respectively. The mixture was then mixed with a mud mixer for 20 min
to ensure thorough mixing of the mud samples (Table 1).

Table 1. Formulation of base mud [1].

Additive Description/Function Quantity Mixing time

Deionized water Base liquid 350 mL -
Bentonite Clay for viscosity/API filtrate control 14 g 20 min
Wood ash Alkaline w/w% 15 min

Deflocculant 2%, 4%, 6%, 8%. 20 min

The wood ash used in this study was sourced in Malaysia and sieved to obtain a
particle size range of 45–75 μm prior to mixing. The experimental scope of this study
focused on evaluating drilling fluid performance; therefore, no independent chemical
or mineralogical characterization (e.g., XRF or XRD analysis) was included.

Rheological measurements were conducted using a standard rotational viscometer
in accordance with API recommended practices. The measured dial readings were used
to calculate plastic viscosity and yield point based on the Bingham plastic model, which
is widely adopted in drilling fluid engineering due to its practical applicability and
direct interpretation of viscometer data. The Bingham model provides a simplified
representation of drilling fluid behavior and is commonly used for field evaluation
and operational decision-making. It is acknowledged that bentonite-based suspensions
may exhibit more complex non-Newtonian characteristics that can be described by
alternative models such as Herschel–Bulkley, Ostwald–de Waele, Casson, or Shulman
models. However, the present study focuses on comparative performance evaluation
using standard industry methodology, and therefore, extended rheological modeling
was considered beyond the scope of this work.

3. Results

This section presents and analyzes the experimental results obtained from
evaluating wood ash as an additive in water-based drilling mud formulations. The
analysis focuses on key performance parameters, including mud density, plastic
viscosity, apparent viscosity, yield point, gel strength, mud cake thickness, and pH.
These parameters were examined under both ambient and hot rolling conditions
to assess rheological behavior, filtration characteristics, and thermal stability.
Comparative evaluation among different concentration levels was conducted to
identify performance trends and determine the optimal additive range.

3.1. Density measurement
The base water-based mud (WBM) formulation exhibited stable and consistent

density measurements throughout the experimental evaluation. The addition of wood
ash did not significantly alter mud density, which remained approximately 8.7 lb/gal
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across the tested concentration range (2–8 wt%). This indicates that the selected
additive concentrations were insufficient to modify the overall mass-to-volume ratio of
the system, and that wood ash primarily influenced rheological properties rather than
bulk density characteristics. Similar observations have been reported in studies where
low concentrations of solid additives did not significantly affect mud density [7].

After hot rolling, mud density increased slightly to approximately 9 lb/gal. This
increase is attributed to partial water loss during thermal exposure rather than a
direct effect of wood ash addition. Thermal-induced density changes associated with
fluid loss at elevated temperatures have been documented in bentonite-based mud
systems [8]. The limited variation in density under both ambient and thermal conditions
suggests that wood ash does not compromise density control and may be incorporated
without adversely affecting weighting performance.

Importantly, wood ash did not adversely affect mud density across the evaluated
concentration range, confirming its compatibility with hydrostatic pressure control
requirements (Figure 1).

Figure 1. Drilling Mud Density Results.

3.2. Plastic viscosity (PV)
Plastic viscosity decreased progressively with increasing wood ash concentration

up to 6% under ambient conditions, followed by a slight increase at 8%. The initial
reduction can be attributed to improved dispersion of bentonite particles promoted
by the alkaline environment introduced by wood ash, which enhances electrostatic
repulsion and reduces interparticle resistance. Similar dispersion-induced reductions
in viscosity have been reported in clay-based drilling mud systems under alkaline
conditions [16,17].

After hot rolling, a general decrease in plastic viscosity was observed across
all samples, reflecting thermal thinning associated with weakening of bentonite
structural interactions at elevated temperature. However, the improvement observed at
moderate concentrations under ambient conditions was less pronounced after thermal
exposure. This diminished benefit at higher concentrations may be associated with
increased solid loading and ionic strength effects under elevated temperature, which
can partially promote particle association. Temperature-induced rheological reduction
in water-based mud systems has been widely documented [17,18].

Despite this overall thermal thinning caused by the hot rolling process, the
fundamental relationship between concentration and viscosity remained unchanged; the
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fluid continued to exhibit the same opposite effects at 8% concentration. Therefore,
even though the hot rolling process succeeded in lowering the overall viscosity profile
compared to ambient conditions, the 8% addition level persisted in causing a relative
increase in viscosity, reinforcing the conclusion that the rheological benefits of wood
ash are strictly dose-dependent and that exceeding the optimal range negates the
thinning benefits, regardless of the thermal environment, see Figure 2.

Figure 2. Plastic Viscosity Results.

3.3. Yield point (YP)
Yield point exhibited a concentration-dependent response under ambient

conditions, where moderate wood ash additions reduced interparticle attractive
forces within the bentonite system, resulting in improved dispersion and controlled
yield behavior. This behavior reflects reduced structural resistance between clay
platelets under alkaline conditions. Similar reductions in yield strength under alkaline
dispersion environments have been reported in water-based mud systems [7,18].

Following hot rolling, a noticeable reduction in yield point was observed,
indicating weakening of the gel structure due to thermal degradation of interparticle
interactions. Elevated temperature reduces the strength of the clay network, leading
to lower resistance to flow. However, at higher wood ash concentrations, the
reduction in performance benefit became less pronounced, which may be attributed
to increased solid loading and ionic strength effects under thermal conditions.
Temperature-sensitive yield behavior has been documented in bentonite-based drilling
fluids [8,19] (Figure 3).

Figure 3. Yield Point vs. WA Concentration.
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3.4. Gel strength (10 s and 10 min)
Gel strength measurements (10 s and 10 min) exhibited a concentration-dependent

behavior under ambient conditions. Both initial and progressive gel strengths decreased
as wood ash concentration increased from 2% to 6%, indicating reduced structural
buildup and weaker interparticle association within the bentonite network. This
behavior reflects enhanced particle dispersion under alkaline conditions. Similar
reductions in gel strength under dispersive environments have been reported in
clay-based drilling mud systems [7,20] (Figure 4).

Figure 4. 10 s Gel Strength of Drilling Mud.

However, at 8% concentration, both 10 s and 10 min gel strengths increased,
indicating partial structural rebuilding. This reversal suggests that excessive wood ash
may introduce increased solid loading and ionic effects that promote particle interaction
rather than dispersion.

After hot rolling, gel strength values generally decreased compared to ambient
conditions, reflecting thermal weakening of the bentonite structural network. Elevated
temperature reduces interparticle bonding and limits the ability of the system to
rebuild structure during static periods. Nevertheless, at 8% concentration, the thermal
reduction was less pronounced, indicating diminished dispersion efficiency under
elevated temperature at high additive loading. Temperature-sensitive gel behavior in
bentonite-based systems has been widely documented [8] (Figure 5).

Figure 5. 10 min Gel Strength of Drilling Mud.
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3.5. Mud cake thickness
Mud cake thickness decreased at moderate wood ash concentrations (2–6%)

under ambient conditions, indicating improved particle packing and enhanced filtration
control. The alkaline environment promotes better dispersion of bentonite particles,
leading to the formation of a thinner and more compact filter cake. Similar
improvements in filtration behavior under dispersive conditions have been reported in
water-based drilling fluids [7,21] (Figure 6).

Figure 6. Drilling Mud Cake Thickness.

However, at 8% concentration, mud cake thickness increased, suggesting that
excessive solid loading may alter particle arrangement and promote thicker cake
formation. While a thinner mud cake is generally desirable for minimizing fluid
loss, excessively thick cake can increase the risk of differential sticking during
drilling operations. Therefore, an optimal concentration range must balance filtration
performance and operational safety.

After hot rolling, variations in mud cake characteristics reflected thermal
modification of the bentonite structure. Elevated temperature may alter particle
interactions and cake compaction behavior. Although moderate concentrations
maintained relatively favorable cake properties under thermal conditions, the
performance benefit at higher concentrations was reduced. Temperature-dependent
filtration behavior in bentonite-based systems has been widely documented [8].

3.6. PH
Wood ash addition significantly increased the pH of the mud formulations under

ambient conditions, showing a clear concentration-dependent trend as wood ash content
increased. All treated samples achieved the targeted alkaline operational range, while
the control sample remained below this level (Figure 7).

At 8% concentration, the highest pH value was recorded (11.7), reflecting increased
availability of alkaline constituents. While elevated alkalinity supports mud stability and
additive activation, excessively high pH levels may require careful monitoring to avoid
over-treatment and potential compatibility issues with other drilling fluid components.
Excessively high pH may also accelerate corrosion in susceptible drilling equipment and
alter formationmineral interactions, particularly in clay-rich or reactive formations where
elevated alkalinity can modify surface chemistry and stability.
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Figure 7. Drilling Mud pH Values.

Following hot rolling, pH values increased further across all samples. This
behavior is attributed to enhanced dissolution of alkaline components under elevated
temperature andmechanical agitation, promoting greater release of reactive species into
the fluid phase.

3.7. Comparison
A comprehensive comparison between ambient and hot rolling conditions

demonstrates that thermal exposure significantly influences the rheological and
filtration characteristics of the bentonite-based mud system. Under ambient conditions,
moderate wood ash concentrations improved dispersion, optimized rheological
parameters, and contributed to more favorable mud cake characteristics. However,
after hot rolling, a general reduction in rheological stability was observed due
to thermal thinning associated with weakening of interparticle forces and partial
breakdown of the bentonite structural network at elevated temperature.

Thermal aging modifies clay platelet interactions and reduces the strength of the
structured gel network, which explains the observed decreases in plastic viscosity,
yield point, and gel strength after hot rolling. Additionally, while moderate wood ash
additions retained part of their dispersion-enhancing effect under thermal conditions,
higher concentrations exhibited reduced performance benefits. This behavior is
attributed to increased solid loading and ionic strength, which become more influential
at elevated temperatures and may promote partial particle association.

In terms of filtration behavior, variations inmud cake characteristics under thermal
conditions further reflect temperature-induced structural adjustments within the system.
These findings collectively highlight the importance of evaluating additive performance
under both ambient and thermal environments to ensure operational reliability and
minimize wellbore risks during drilling operations.

4. Discussion

Environmental impact and sustainability of wood ash in water-based
drilling fluids

The behavior of wood ash observed in the present study can be interpreted in
relation to its alkaline nature and reported composition, which typically includes
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calcium- and potassium-bearing compounds capable of increasing system pH and
modifying particle interactions within bentonite-based mud systems [7,8]. The results
demonstrate that wood ash effectively elevated pH while influencing rheological and
filtration characteristics in a concentration-dependent manner [21].

The increasing regulatory focus on environmentally responsible drilling
operations has encouraged the development of alternative additives for water-based
mud systems. In this context, the utilization of wood ash, a byproduct of biomass
combustion, presents a potential pathway for reducing reliance on conventional
synthetic alkaline agents. Traditional additives such as caustic soda are widely used for
pH control; however, they require careful handling and may pose environmental and
occupational considerations. Wood ash, due to its inherent alkalinity, demonstrated
the ability to achieve and maintain the desired pH range required for mud stability in
the present study [22].

From a sustainability standpoint, the use of wood ash aligns with resource recovery
and waste valorization principles by repurposing an industrial byproduct [23]. This
approach may reduce landfill disposal and partially offset the demand for manufactured
chemical additives. In addition, the observed improvements in filtration performance
at moderate concentrations suggest potential operational benefits that could contribute
to reduced fluid loss during drilling [24].

The behavior of wood ash observed in this study can also be interpreted from
an electrochemical perspective. The increase in alkalinity enhances the dissociation
of clay particles, promoting electrostatic repulsion and reducing particle aggregation
at moderate concentrations. However, at higher concentrations, the increase in ionic
strength and solid content may compress the electrical double layer surrounding clay
particles, reducing repulsive forces and facilitating partial flocculation. This dual
effect explains the observed transition from improved dispersion at moderate wood ash
loading to rheological reversal at higher concentrations. Such behavior is characteristic
of clay-based suspensions subjected to varying ionic environments.

However, the environmental suitability of wood ash-based systems depends
on proper sourcing and characterization, as biomass-derived ash may contain trace
elements that require monitoring. Therefore, while the present findings support
the technical feasibility of wood ash as an alternative additive, comprehensive
environmental assessment and compositional control remain essential for field-scale
implementation [25].

5. Conclusion

This study evaluated the performance of wood ash as an alkaline additive and
rheological modifier in bentonite-based water-based drilling mud systems across
a concentration range of 2–8 wt% under both ambient and thermal (hot rolling)
conditions.

The results demonstrated a clear concentration-dependent response. Moderate
wood ash concentrations (4–6 wt%) provided the most balanced performance, reducing
plastic viscosity, yield point, and gel strength while improving mud cake characteristics.
These concentrations promoted improved dispersion without compromising structural
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stability. Importantly, mud density remained stable across all tested concentrations,
confirming that wood ash does not adversely affect hydrostatic pressure control within
the evaluated range.

At higher concentration (8 wt%), partial reversal of rheological improvements
was observed, including increases in gel strength and mud cake thickness, indicating
that excessive solids loading may counteract dispersion benefits. Additionally, pH
values approached the upper alkaline range at this concentration, suggesting that dosage
control is necessary to avoid excessive alkalinity.

Thermal aging through hot rolling generally reduced rheological parameters due
to weakening of the bentonite structural network. While moderate concentrations
maintained relatively stable performance under thermal conditions, higher additive
loading showed diminished benefits.

Despite these promising findings, several limitations must be acknowledged. API
filtration loss, permeability assessment, and filter cake friction properties were not
evaluated due to equipment limitations during the experimental phase. Furthermore,
detailed mineralogical and trace element characterization of wood ash was not
conducted, which limits a comprehensive environmental and compositional assessment.
The rheological analysis was based on the Bingham model; alternative constitutive
models were not examined and may provide additional insight into non-Newtonian
behavior.

Future research should therefore include comprehensive filtration testing,
permeability and friction evaluation, detailed compositional analysis, application of
alternative rheological models, and pilot-scale validation to confirm field applicability
and long-term performance.

The observed rheological trends highlight the importance of concentration control
when incorporating particulate additives into bentonite-based systems. The transition
from dispersion-dominated behavior at moderate concentrations to partial structural
rebuilding at higher loading reflects the balance between electrochemical repulsion
and increased solids interaction within the fluid. This behavior is consistent with the
known sensitivity of clay-based suspensions to ionic strength and particle concentration,
particularly under alkaline conditions. Therefore, the effectiveness of wood ash as a
functional additive is governed not only by its contribution to alkalinity but also by its
influence on interparticle forces and system structure.
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