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ABSTRACT

pH is a fundamental physicochemical parameter that influences nearly every stage of pest control product
development and application, yet its role remains comparatively underrepresented in integrated discussions of
formulation science and pest management. Beyond serving as a routine quality control measure, pH directly
governs active ingredient stability, solubility, preservative efficiency, dispersion behaviour, emulsion
formation, and storage performance, thereby affecting overall product efficacy. Variations in pH may
accelerate degradation reactions, alter biological availability, and influence interactions between pest control
products and environmental matrices. In formulation development, pH determines the compatibility of active
compounds with surfactants, solvents, preservatives, and carrier systems. Improper pH adjustment may lead
to precipitation, hydrolysis, phase separation, reduced shelf life, and loss of biological activity. During
application, pH influences spray solution stability, water compatibility, residual performance, and persistence
on treated surfaces. Environmental conditions including water hardness, soil chemistry, and surface
characteristics further modify pH-dependent product behaviour. The importance of pH extends beyond
formulation characteristics and may affect pest physiology through changes in feeding responses, microbial
growth, sensory perception, and biochemical activity. Such interactions are increasingly relevant with the
growth of botanical repellents, bio-based formulations, and environmentally responsive pest management
technologies. This review consolidates current understanding of pH across formulation chemistry, application
science, pest interactions, and environmental performance. The paper highlights existing knowledge gaps and
discusses opportunities for improved formulation optimization and future development of more stable and

effective pest control systems.
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INTRODUCTION discovery and delivery technologies,

comparatively less attention has been directed

Effective pest control relies on the successful . . )
toward formulation variables that determine

interaction of active ingredients, formulation ) )
whether an active system performs as intended

components, application conditions, environmental ) . )
under practical conditions. Among these variables,

factors, and biological responses of target . )
pH represents one of the most influential yet

organisms. While considerable emphasis has . .
frequently underestimated parameters affecting

traditionally been placed on active ingredient
pest control outcomes.
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pH, defined as the negative logarithm of hydrogen
ion concentration, provides a measure of acidity or
alkalinity within a system and serves as an indicator
of chemical reactivity and biological compatibility.
In agricultural, structural, urban, industrial, and
public health pest management applications, pH
influences multiple interconnected processes
including active ingredient stability, solubility,
emulsion behaviour, preservative performance,
environmental

application  efficiency, and

persistence.

The influence of pH on pest control products begins
during formulation design. Commercial pest
management products rarely consist solely of
active ingredients; instead, they contain complex
mixtures of solvents, surfactants, stabilizers,
preservatives, emulsifiers, dispersants, fragrances,
and carrier materials. Each component may
contribute to the overall acid-base balance of the
formulation and alter the behaviour of the final
product  [McClement &  Jafari, 2018].
Consequently, pH optimization becomes necessary
not only to preserve ingredient compatibility but
also to maintain desired physicochemical
characteristics throughout manufacturing and

storage.

One of the most recognized consequences of
inappropriate pH control is accelerated chemical
degradation. Numerous pesticide classes exhibit
pH-sensitive decomposition pathways, particularly

hydrolysis and oxidation reactions.

Organophosphate  compounds, for example,

frequently undergo rapid degradation under

alkaline  conditions, whereas pyrethroid

compounds generally exhibit greater stability

within slightly acidic environments. Such

degradation can substantially reduce active
ingredient concentration before application or
during field use, resulting in diminished pest

control efficacy and increased treatment costs.

In addition to influencing chemical stability, pH
affects physical formulation properties including
solubility, suspension stability, droplet formation,
and emulsion integrity. Minor shifts in pH may
alter intermolecular interactions sufficiently to
cause precipitation, flocculation, creaming, or
phase separation [McClements, 2007]. These
effects become increasingly significant in modern
formulation systems such as suspension
concentrates, microemulsions, nano-emulsions,
encapsulated products, and botanical repellents
where product performance depends heavily on

controlled physicochemical behaviour.

The application stage introduces further
complexity because product pH interacts with
external variables including water quality, surface
chemistry, temperature, and environmental
exposure. Spray water characteristics, particularly
alkalinity and hardness, may modify formulation
pH after dilution and accelerate degradation
processes. Surface pH can influence adsorption,
residual activity, and persistence following
application. Consequently, products optimized
under conditions

laboratory may perform

differently under practical field environments.

Area Main pH effect Practical consequence
Active ingredients Hydrolysis Reduced efficacy
Emulsions Instability Phase separation
Preservatives Reduced activity Microbial growth
Spray solutions Degradation Field failure
Pest physiology Iile(;l;ogé::l Variable control

Table 1: Major areas influenced by pH in pest

control
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Recent interest in sustainable and low-toxicity pest
management has further increased the relevance of
pH optimization. Botanical formulations, microbial
agents, and bio-based repellents frequently
demonstrate greater sensitivity to pH variation than
conventional synthetic chemistries. Essential oils
and naturally derived compounds may undergo
oxidation, hydrolysis, volatilization, or changes in
sensory profile under unsuitable pH conditions,

reducing product effectiveness and shelf stability.

Despite these broad implications, discussions of pH

in pest control remain fragmented across

Existing studies often evaluate pH as an isolated
quality parameter rather than recognizing its

integrated role across the entire product lifecycle.

Therefore, this review aims to provide a
comprehensive overview of the role of pH in pest
control by examining its effects on formulation
stability, product performance, pest interactions,
application  conditions, and environmental
behaviour. The review further identifies emerging
opportunities for formulation optimization and
highlights areas requiring additional investigation

to improve the design of future pest management

formulation chemistry, application technology, technologies.
environmental science, and pest biology literature.
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Figure 1: Role of pH throughout the pest control lifecycle

FUNDAMENTALS
CONTROL

OF pH IN PEST

Concept and Measurement of pH

pH is a quantitative measure of hydrogen ion
activity in a solution and is commonly used to
describe the acidic or alkaline nature of chemical
systems. Conventionally, pH is expressed as the
negative logarithm of hydrogen ion concentration,
where lower values indicate increased acidity and

higher values indicate greater alkalinity. Although

pH is often treated as a simple numerical parameter,
it functions as a broader indicator of chemical
reactivity and strongly influences interactions
among formulation ingredients and biological

systems.

In pest control applications, pH serves as a critical
determinant of product behaviour throughout
formulation development, storage, application, and
environmental exposure. Even relatively small

changes in pH may substantially alter reaction
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rates, molecular stability, and physical
characteristics of a product. As a result, pH
monitoring  is

routinely  incorporated into

formulation  quality  control, compatibility

assessment, and stability testing procedures.

The practical significance of pH arises from its
influence on ionization and equilibrium processes.
Many formulation ingredients contain functional

groups capable of gaining or losing hydrogen ions

depending on surrounding conditions. These
changes affect molecular charge, solubility,
intermolecular attraction, and chemical

susceptibility to degradation. Consequently, the

generally lack the precision required for
formulation development. Reliable pH
determination  requires  consideration  of

temperature, sample preparation, ionic strength,
and calibration procedures because these variables

influence measured values.

For concentrated formulations and multiphase
systems such as emulsions and suspensions, pH
measurement may require standardized dilution
methods to  obtain  representative  values.
Inadequate sampling or improper measurement
conditions can lead to inaccurate conclusions

regarding formulation performance and stability.

same formulation may exhibit substantially Sources of pH Variation in Pest Control Products

different characteristics

conditions [Akbari & Nour, 2018].

under different pH o
The pH of pest control products rarely originates

from a single component and instead results from

Measurcment, of PH. i jpest control systems. I3 combined interactions among active ingredients

typically performed using potentiometric methods

and auxiliary formulation materials. Several

based on calibrated pH meters equipped with glass variables contribute to final product pH and

electrodes. Indicator strips and colorimetric

determine whether that value remains stable during

methods may provide rapid field assessments but storage and use.
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Figure 2: Sources of pH variation in pest control formulations

Water quality represents one of the most significant
external factors affecting pH. Water used during

manufacturing or dilution may contain dissolved

minerals, bicarbonates, carbonates, and organic
matter that shift the acid-base balance of the final

system. Hard water containing elevated calcium
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and magnesium concentrations frequently alters
formulation behaviour and may indirectly

accelerate instability reactions.

Active ingredients themselves contribute to pH
variation depending on their chemical structure and
dissociation behaviour. Certain compounds may
produce acidic environments, while others
demonstrate alkaline tendencies or undergo pH-
dependent transformation reactions. Formulators
therefore must evaluate ingredient compatibility
across expected operating conditions.

Auxiliary ingredients including surfactants,
emulsifiers, preservatives, solvents, and stabilizers
further influence pH. lonic surfactants may alter
electrostatic interactions within formulations,
whereas preservatives often display narrow
functional pH ranges. Botanical extracts and
essential oils may also contribute weakly acidic or

oxidative components that influence formulation

equilibrium over time.

Packaging and storage conditions can introduce
additional variability. Exposure to temperature
fluctuations, oxygen, light, and moisture may
promote reactions that gradually shift formulation
pH during shelf life. Consequently, pH is not
merely a manufacturing specification but a
dynamic property that requires monitoring

throughout product storage and distribution.

Potential
consequence

Factor Mechanism

Water hardness Alters alkalinity Reduced stability

Changes ionic

Surfactants : Emulsion instability
environment
Preservatives | Restricted pH activity M1cr(?b1a}
contamination
Temperature Changes reaction rate pH drift
Stora.ge ProgreSS}ve Shelf-life reduction
duration degradation

Table 2: Typical factors affecting pH in pest control

formulations

Relationship  Between pH and  Product

Performance

The importance of pH in pest control extends
beyond analytical measurement because it directly
affects operational performance. Product stability,
biological efficacy, physical appearance, and
application consistency frequently depend on

maintaining pH within an optimized range.

Chemical stability is among the most immediate
consequences of pH variation. Hydrolysis reactions
often accelerate under strongly acidic or alkaline
conditions, reducing active ingredient
concentration and shortening shelf life. Oxidation
and polymerization reactions may also become

more favourable outside optimal pH ranges.

Physical stability is similarly affected through
changes in particle interaction and interfacial
behaviour [Akbari & Nour, 2018]. Suspension
systems may aggregate or settle, while emulsions
may exhibit creaming, coalescence, or separation.
Such changes influence dose uniformity and reduce
application reliability.

Biological performance can also become pH
dependent because formulation chemistry affects
availability and interaction of active compounds
with target organisms. Altered penetration, release
behaviour, volatility, and persistence may modify
the final pest control outcome despite unchanged

nominal concentrations.

Taken together, these effects demonstrate that pH
should not be considered an isolated laboratory
parameter but rather an integrated design variable
linking formulation chemistry to practical field

performance.
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ROLE OF PH IN PEST CONTROL
FORMULATION SCIENCE

Formulation science is a critical component of
modern pest control because the biological activity
of an active ingredient depends not only on its
intrinsic toxicity or repellency but also on the
environment in which it is delivered. Commercial
pest control products are highly engineered
systems designed to optimize stability, usability,
shelf life, and biological performance. Within these
systems, pH acts as a central control parameter
chemical compatibility,

governing physical

integrity, and application behaviour.

Unlike simple chemical mixtures, pest control

formulations  contain  multiple interacting
ingredients including active compounds, solvents,
emulsifiers, surfactants, preservatives, stabilizers,
rheology modifiers, fragrances, encapsulation
materials, and carrier phases. The acid-base
balance established among these components
determines the final physicochemical
characteristics of the product. Failure to maintain
appropriate pH conditions may compromise
performance long before the product reaches the

target pest.

Consequently, pH optimization has become an
essential component of formulation design and
quality assurance in both conventional synthetic
products and emerging bio-based pest management

technologies.

Effect of pH on Active Ingredient Stability

Among all formulation variables, active ingredient
stability is often the most directly influenced by
pH. Chemical degradation reduces available active
concentration and may generate by-products that

alter efficacy, appearance, odour, or safety.

Hydrolysis is one of the most common degradation
pathways affected by pH. Hydrolysis involves
cleavage of chemical bonds through reaction with
water and frequently accelerates under strongly
acidic or alkaline conditions. Since many pest
control products are water-based or become diluted
before application, understanding hydrolytic

behaviour is essential.

Several conventional pesticide classes exhibit
marked pH sensitivity —

Organophosphate compounds are particularly
susceptible to alkaline hydrolysis [Bokuli¢ Petri¢
et. al., 2023; Zamy et. al., 2004]. Elevated pH may
accelerate cleavage reactions and reduce active
ingredient concentration during storage or after
dilution. Such degradation may occur rapidly
enough to reduce field efficacy if formulations
remain exposed to unfavourable conditions for

extended periods.

Carbamate compounds may also demonstrate pH-
dependent decomposition, resulting in reduced
residual activity and shorter effective treatment
periods [Zamy et. al., 2004].

Pyrethroid compounds generally exhibit greater
stability under mildly acidic conditions but may
undergo increased degradation in alkaline
environments [Camilleri, 1984; Takahashi et al.,
1985]. Since pyrethroids are widely used in
structural and public health pest control
applications, pH control becomes especially

relevant for maintaining residual effectiveness.

Botanical actives present additional challenges
because many plant-derived compounds contain
chemically reactive terpenes, aldehydes, esters, and
phenolic constituents. These compounds may

undergo oxidation, rearrangement, hydrolysis, or
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aroma changes when exposed to unsuitable pH produce disproportionately large reductions in

conditions. shelf life and efficacy.
Because degradation reactions follow kinetic
behaviour, relatively small changes in pH may
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Figure 3: Effects of pH on active ingredient stability

Influence of pH on Solubility and Ingredient This effect becomes particularly important in

Availability water-dispersible granules, suspension
Solubility determines whether active ingredients concentrates,  soluble  concentrates,  and
remain uniformly distributed and available for emulsifiable  concentrates ~ where  ingredient

biological action. pH directly affects molecular distribution must remain stable over prolonged

ionization and therefore alters dissolution
behaviour and partitioning between formulation

phases.

Many active compounds behave as weak acids or
weak bases. Their ionization state changes
depending on surrounding pH conditions,
influencing water compatibility and phase
distribution. Ionized molecules generally exhibit
increased aqueous solubility but reduced affinity
for hydrophobic environments, whereas non-

ionized molecules may display opposite behaviour.

Improper pH selection may produce incomplete

dissolution,  precipitation, or  non-uniform
distribution of active components. Such instability
creates inconsistency in delivered dose and may

reduce pest exposure.

storage periods.

For botanical formulations, pH-dependent changes
in oil-water interactions may influence release
kinetics and sensory characteristics that contribute

to repellent performance.

PH and Emulsion Stability

Emulsion-based systems represent one of the most
widely used formulation approaches in pest
control. These systems combine immiscible phases
using surfactants that reduce interfacial tension and

maintain dispersion.

The stability of emulsions is highly sensitive to pH
because surface charge and interfacial interactions

are controlled by ionization processes. Variations in
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pH may alter surfactant behaviour and reduce repulsion, while highly alkaline environments may
electrostatic stabilization. promote hydrolysis of susceptible surfactants.
When emulsion stability decreases, several Modern pest control products increasingly employ
undesirable outcomes may occur including advanced emulsion technologies including nano-
creaming, flocculation, coalescence, and complete emulsions and microemulsions [Marhamati et. al.,
phase separation [McClements, 2007]. Such 2021]. These systems provide improved dispersion
instability reduces appearance quality, complicates and release control but frequently exhibit narrower
dosing, and may compromise biological acceptable pH ranges than conventional
performance. formulations [Safaya & Rotliwala, 2020].

Acidic conditions may destabilize certain Accordingly, optimization of pH is often integrated
emulsifier systems through reduced charge with  surfactant  selection and emulsion

characterization during product development.
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Figure 4: Influence of pH on emulsion and suspension systems

PH and Suspension Stability redisperse and reducing consistency during
Suspension formulations contain dispersed solid application.
particles maintained within a liquid medium. Formulation . Practical
. pH influence
bilit d ds o trolli dticl attribute outcome
Stabili epen n controllin article
y P g P Active stability Hydrolysis Reduced potency
interactions and minimizing aggregation. Solubility Tonization Precipitation
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attract one another. Insufficient electrostatic Release behaviour Diffusion kinetics Variable efficacy
stabilization may produce flocculation and Table 3: Examples of formulation attributes
sedimentation influenced by pH

. . ) Control of pH therefore contributes not only to
Persistent sediment formation can create P u y

irveyersible caking, making profucts diffcult 15 physical appearance but also to accurate delivery of
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active ingredients and long-term formulation

reliability.

Influence of pH on Preservative Performance and

Microbial Stability

Preservation is an essential yet frequently
underestimated aspect of pest control formulation
science, particularly for water-based products and
formulations containing natural ingredients.
Microbial contamination during storage may
reduce active ingredient concentration, alter
product appearance, generate off-odours, and
shorten  commercial shelf life. Because
preservative activity is strongly influenced by acid-
base conditions, pH optimization becomes a

necessary component of formulation stabilization.

Preservatives function through mechanisms that

commonly involve membrane  disruption,
inhibition of enzyme systems, interference with
nutrient transport, or suppression of microbial
metabolism.  However, many  preservative
compounds exhibit activity only within defined pH
ranges because their antimicrobial effectiveness

depends on molecular ionization.

Weak-acid preservatives frequently demonstrate
improved performance under acidic conditions
where larger proportions remain in non-ionized
forms capable of penetrating microbial membranes
[Russell, 2003]. As pH increases, ionization may
reduce preservative penetration and lower

antimicrobial activity.

This phenomenon becomes particularly relevant in
botanical and low-solvent formulations because
natural extracts often introduce nutrients or organic
materials that increase microbial susceptibility.
Water-rich formulations may therefore require

simultaneous  optimization of  preservative

concentration and pH to maintain long-term
stability.

Inadequate pH control may permit gradual
microbial growth despite initially acceptable
preservative levels. Such contamination may
further modify formulation pH through metabolic
activity, creating feedback mechanisms that

accelerate product deterioration.

Consequently, preservative selection should be
considered together with formulation pH rather

than treated as an independent design decision.

PH and Shelf-Life Stability

Commercial pest control products are expected to

maintain  performance  throughout storage,

transportation, and use under  variable
environmental conditions. Shelf life therefore

represents a key indicator of formulation quality.

The stability of a formulation over time reflects
cumulative chemical and physical changes
occurring under storage conditions. Since many
degradation pathways exhibit pH dependence, pH
serves as both a predictive and diagnostic

parameter during stability evaluation.

Chemical instability may appear as active
ingredient loss, discoloration, odour changes,
precipitation, or viscosity shifts. Physical
instability may include phase separation,
sedimentation, crystallization, and changes in

droplet or particle size.

Accelerated stability testing is commonly
employed during product development to estimate
long-term storage behaviour. Products are exposed
to elevated temperatures and environmental stress
conditions to identify likely failure mechanisms.

Monitoring pH during these studies provides

13
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insight into degradation trends and formulation

robustness [Badruddoza et. al., 2018].

A formulation exhibiting stable pH over time
generally indicates greater resistance to internal
reaction processes. Conversely, progressive pH
drift may suggest ingredient incompatibility,
preservative failure, oxidation reactions, or

hydrolytic decomposition.

Accordingly, routine pH monitoring is widely
integrated into manufacturing quality control and

product release specifications.

Role of pH in Botanical and Bio-Based Pest

Control Formulations

The growing demand for environmentally

compatible pest control technologies has
accelerated development of botanical repellents
and biologically derived formulations. Compared
with many conventional synthetic systems, these
products often display increased sensitivity to pH

variation.

Essential oils and plant-derived actives contain
chemically diverse compounds including alcohols,
aldehydes, ketones, esters, terpenes, and phenolics
[Borges et. al., 2018]. These compounds may
undergo oxidation, hydrolysis, rearrangement,
polymerization, or volatilization depending on

surrounding conditions.

Changes in pH may alter not only chemical stability
but also odour profile and release characteristics,
both of which influence repellency performance.
Because many repellent products rely on controlled
volatilization = rather than direct toxicity,
preservation of sensory characteristics becomes

especially important.

Water-based botanical formulations present

additional challenges because hydrophobic oils

must remain uniformly dispersed within aqueous
environments. pH influences emulsifier behaviour,
droplet stability, and interactions between oil and

water phases.

Natural extracts may also contain pigments,
organic acids, proteins, or trace minerals capable of
changing formulation pH during storage. As a
result, botanical formulations frequently require
tighter pH control and more extensive
compatibility testing than equivalent synthetic

systems [Borges, et. al., 2018].

Future development of sustainable pest control
products will likely increase emphasis on pH-

responsive stabilization approaches.

PH in Encapsulation and Controlled-Release

Technologies

Controlled-release technologies are increasingly
used to improve persistence, reduce active
ingredient loading, and enhance safety profiles.
Encapsulation systems including microcapsules,
polymer matrices, nano-emulsions, and liposomal

carriers frequently exhibit pH-sensitive behaviour.

Encapsulation = performance  depends  on
maintaining structural integrity of carrier materials
while allowing controlled release of active
compounds. Because many encapsulating materials
contain ionizable functional groups, environmental
pH may influence swelling, permeability, diffusion

rates, and degradation.

Controlled-release systems may be designed
intentionally to respond to environmental pH
changes, enabling selective activation under target
conditions. Such approaches offer opportunities to
reduce non-target exposure while maintaining

treatment efficacy.
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However, unintended pH  shifts during
manufacturing or storage may destabilize carrier
systems and alter release profiles. Consequently,
pH monitoring remains essential throughout

product development and validation.

Manufacturing and Control

Quality

Considerations

From an industrial perspective, pH serves as both a
formulation variable and a process control
parameter. Manufacturing operations require
reproducible conditions to ensure batch-to-batch

consistency and regulatory compliance.

Process variables including ingredient addition
sequence, mixing intensity, temperature, dilution
procedures, and holding time may influence final
product pH. Establishing acceptable operating
windows helps reduce variability and improve

production efficiency.

Quality control programs commonly include pH
testing at multiple stages including raw material
evaluation, in-process monitoring, finished product

assessment, and shelf-life verification.

Rather than representing a final acceptance
criterion alone, pH should be considered an
integrated indicator of formulation health

throughout the product lifecycle.

System Primary concern

Emulsions Phase separation

Suspensions Sedimentation

Water-based repellents Microbial growth

Botanical formulations | Oxidation and odour loss

Encapsulation systems Release instability

Table 4: Formulation systems and typical pH-

related concerns

pH AND PEST MANAGEMENT

PERFORMANCE

While formulation quality establishes the potential
effectiveness of a pest control product, actual field
performance depends on how that formulation
behaves under application and environmental
conditions. Products that demonstrate acceptable
laboratory stability may still perform inconsistently
if pH changes occur during dilution, application,
environmental exposure, or interaction with target
organisms. Consequently, pH should be considered
not only a formulation parameter but also an
operational variable influencing pest management

outcomes.

The transition from formulation to application
introduces multiple sources of pH variability
including spray water composition, environmental
conditions, treated surface characteristics, and
biological interactions. These variables determine
whether the active system reaches and affects the

target pest as intended.

Influence of pH on Spray Solutions and Water
Quality
Water is one of the most important yet frequently

overlooked components in pest control
applications. Most liquid formulations undergo
dilution before use, making the final spray solution

substantially different from the original product.

Water chemistry varies according to geographical
location and may contain dissolved bicarbonates,
carbonates, calcium, magnesium, iron, and organic
impurities [Bokuli¢ Petri¢ et. al., 2023]. These
constituents influence both pH and alkalinity,
which in turn affect formulation behaviour after

mixing.

15
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High-pH spray solutions accelerate

reactions,

may
alkaline

hydrolysis [Fishel & Ferrell, 2007; Bokuli¢ Petri¢

degradation particularly

et. al, 2023]. Consequently, active ingredient

concentration may decline during holding periods

before application. In operational settings where
prepared solutions remain unused for extended
periods, losses may become sufficiently large to

influence treatment outcomes.
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Figure 5: Relationship between spray water pH and pesticide degradation

Water hardness may further reduce effectiveness
through interactions with surfactants and charged
molecules. Such interactions can alter droplet

behaviour, reduce dispersion efficiency, and

increase formulation instability.

To minimize variability, many pest management
programs recommend evaluating source water
characteristics and using buffering or conditioning
agents where necessary. Maintaining suitable pH
after dilution can substantially improve consistency
of field performance [Fishel & Ferrell, 2007;
Bokuli¢ Petri¢ et. al., 2023].

Because water quality differs among regions and
facilities, application protocols should include pH
assessment rather than assuming compatibility

under all operating conditions.

Effect of pH on Surface Interaction and Residual

Performance

Following application, pest control products
interact with treated surfaces before contacting
target organisms. These interactions strongly
influence persistence, availability, and residual

efficacy.

Surface properties including porosity, mineral
composition, moisture content, and surface pH
determine the extent of adsorption and chemical
transformation. Porous or chemically active
surfaces may alter local pH conditions and

accelerate active ingredient degradation.

Concrete surfaces provide a commonly cited
example because they often exhibit alkaline
characteristics capable of influencing residual
performance. Similar effects may occur on painted
walls, and treated

masonry materials, metals,

wood.
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Figure 6: Surface pH effects on residual performance

Surface-induced pH changes may alter molecular
stability and reduce the amount of active ingredient
remaining available for pest exposure. In repellent
products, altered surface chemistry may also

influence release rates and volatilization behaviour.

Residual performance therefore depends not only
on the formulation itself but also on maintaining
compatibility between the product and the treated

environment.

Understanding  these interactions becomes

increasingly important in  structural pest
management where products are expected to

remain active for prolonged periods.

Influence of pH on Pest Physiology and

Biological Response

Although pH is commonly discussed in relation to
formulation chemistry, its influence extends into

biological interactions with target organisms.

Many physiological processes in pests are
regulated by local pH conditions. Digestive
activity, enzyme function, sensory perception,
membrane transport, and microbial associations

may all respond to acid-base changes.

In insects, digestive environments often exhibit
controlled pH ranges that optimize nutrient
processing and enzymatic reactions. Alterations in
formulation chemistry may influence active
ingredient availability and uptake within these

biological systems.

Contact formulations may also exhibit pH-
dependent penetration through cuticular layers,
thereby affecting delivered dose. Variations in
ionization state can modify transport behaviour and

alter biological effectiveness.

For repellent technologies, pH may influence
release characteristics and sensory detection.
Botanical formulations frequently depend on
volatile compounds whose evaporation profiles and
odour intensity are affected by formulation

conditions.

Microbial pest management systems demonstrate
additional sensitivity because microbial growth and
viability are directly linked to environmental pH.
Conditions that favour survival during storage may
differ from those promoting field performance,

creating formulation challenges.
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These observations suggest that pH influences pest
control outcomes through both direct biological
effects and indirect changes in formulation

behaviour.

PH and Environmental Persistence

Environmental persistence represents a critical
determinant of both  effectiveness and
sustainability. Products that degrade too rapidly
may fail to achieve adequate control, whereas
excessive persistence may increase environmental

cxposurc.

Environmental compartments including soil, water,
and treated surfaces exhibit distinct pH conditions
capable of modifying product behaviour after

application.

Soil pH influences adsorption, mobility,
degradation kinetics, and biological availability of
applied compounds [Stangroom et. al., 2000].
Acidic and alkaline soils may therefore produce

different persistence profiles for the same product.

Aquatic  environments introduce additional
complexity because pH influences hydrolysis,
photochemical reactions, and interactions with
dissolved constituents [Stangroom et. al., 2000].
Such effects become relevant in applications where

runoff or environmental exposure may occur.

Environmental pH may also affect degradation
products and transformation pathways, influencing

both efficacy and ecological outcomes.

Accordingly, optimization of pest control systems

increasingly requires consideration of

environmental compatibility in addition to

immediate biological performance.

pH as a Component of Integrated Pest

Management

Integrated Pest Management (IPM) emphasizes

coordinated use of chemical, biological,
environmental, and operational approaches to
achieve sustainable control. Within this framework,
pH can be viewed as a supporting parameter that
improves efficiency rather than as an isolated

treatment factor.

Optimization of formulation pH may reduce active
ingredient requirements by improving delivery

efficiency and reducing degradation losses.

Water conditioning and compatibility assessment

may improve treatment consistency.

Selection of products appropriate for local
environmental conditions may extend residual

performance.

Monitoring pH during preparation and application
may contribute to more predictable pest control

outcomes and reduce unnecessary retreatment.

As pest management continues moving toward
lower chemical loads and increased precision,
incorporation of pH-based optimization strategies

may become increasingly important.

Therefore, pH management should be recognized
as an enabling tool that supports formulation
performance, environmental compatibility, and

overall treatment success.

Stage " actor g cqpees
Dilution Water alkalinity Active degradation
Application Surface chemistry | Reduced persistence
Exposure Environmental pH Variable efficacy
B(i:(;l::tii;al Uptake changes Altered response

Table 5: Application-stage factors affecting pH

performance
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ENVIRONMENTAL, REGULATORY AND
FUTURE PERSPECTIVES

Environmental Considerations of pH in Pest

Control

Environmental sustainability has become a major
consideration in modern pest management due to
increasing concerns regarding ecological safety,
non-target effects, and long-term environmental

impacts. Within this context, pH influences not

environmental behaviour of pest control agents

after application.

The environmental fate of active ingredients is
largely determined by degradation processes
including hydrolysis, oxidation, photolysis, and
microbial transformation. Since many of these
reactions are pH dependent, environmental acidity
or alkalinity can substantially alter persistence and
mobility. Consequently, identical products may

exhibit different environmental behaviours when

only product performance but also the
applied under different soil or water conditions.
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Figure 7: Environmental fate of pest control products under different pH conditions

Soil pH is particularly important because it affects
adsorption to soil particles, movement through the
soil profile, and availability for biological
degradation. Acidic soils may increase adsorption
of certain compounds, reducing mobility but
potentially prolonging persistence. Conversely,
alkaline soils may promote degradation or alter
chemical speciation, affecting both efficacy and

environmental exposure.

Aquatic systems present additional challenges
because water pH directly influences chemical
stability and transformation pathways. Changes in
pH may affect degradation rates, toxicity profiles,

and interactions with dissolved organic matter.

Such considerations are especially relevant in areas
where pesticide runoff into aquatic ecosystems is

possible.

In addition to synthetic pesticides, pH also affects
the environmental behaviour of botanical products
and biological control agents. Essential oils,
microbial formulations, and naturally derived
compounds may undergo  pH-dependent
degradation or transformation processes that
influence persistence and effectiveness. Therefore,
environmental pH should be considered during
product development and environmental risk

assessment.
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Emyireamental Role of pH Potential impact
compartment
: Adsorption and Persistence
Soil :
degradation changes
Hydrolysis and
Surface water < Altered efficacy
transformation
Groundwater Chemical mobility Environimental
exposure
Stability and Performance
Tredtedisurfices residual activity variability

Table 6: Environmental effects of pH on pest

control products

Regulatory Importance of pH Evaluation

Regulatory agencies worldwide recognize the
importance of physicochemical properties in
determining product quality, safety, and
performance. Although pH alone does not define
product effectiveness, it serves as an important

indicator of formulation consistency and stability.

Product registration processes commonly require
physicochemical characterization including pH
determination, storage stability assessment,
compatibility evaluation, and shelf-life studies.
These data help demonstrate that a formulation
maintains acceptable performance throughout its

intended storage period.

Monitoring pH during product development can
assist in identifying potential incompatibilities
among  formulation = components  before
commercialization. Similarly, routine quality-
control testing helps ensure that manufactured

batches remain within established specifications.

International testing guidelines frequently include
pH measurement as part of formulation evaluation
protocols because pH changes may indicate
chemical degradation, ingredient incompatibility,
microbial contamination, or

variability [FAO, 2024].

manufacturing
Consequently, pH
monitoring contributes to both product quality

assurance and regulatory compliance.

As regulatory expectations increasingly emphasize
product safety, sustainability, and performance
consistency, the importance of comprehensive pH

characterization is likely to expand further.

Emerging Technologies and Future Research

Directions

The future of pest control formulation science is
increasingly focused on improving efficacy while
minimizing environmental impact. Within this
evolving landscape, pH optimization offers

numerous opportunities for innovation.

One promising area involves development of pH-
responsive delivery systems capable of altering
release behaviour under specific environmental
conditions. Such systems may improve target
specificity, reduce active ingredient requirements,

and enhance persistence where needed.
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Figure 8: Future pH-responsive pest control technologies

Advances 1n nanotechnology have created Another important research area involves
opportunities for pH-sensitive nano-emulsions, predictive modelling of pH-dependent stability
polymeric carriers, and encapsulated formulations [Niu et. al., 2023; Badruddoza et al., 2023].
[Safaya & Rotliwala, 2020]. These technologies Combining formulation science with
may enable improved protection of active computational approaches may help identify
ingredients from degradation while providing optimal formulation conditions more efficiently
controlled release following application. than traditional trial-and-error methods.
Growing interest in botanical and biologically Finally, increased collaboration among formulation
derived pest management products also highlights chemists, entomologists, microbiologists,
the need for additional research regarding pH toxicologists, and environmental scientists will be
stability and compatibility. Although botanical essential for developing a more comprehensive
formulations are often  promoted as understanding of pH-related processes across the
environmentally friendly alternatives, relatively entire pest control lifecycle.
limited information is available regarding the Current
) ) Research area . Research need
influence of pH on their long-term storage 5
Bofanical Liied Stability optimization
performance, release characteristics, and field repellents
Nano- E ; Long-term
efﬁcacy. formulations SRIEE performance
. o Microbial St d field
Future investigations should also focus on fornlflfl(;tilgns Moderate ;’gff;a?ﬁ,ﬂig
interactions among pH, microbial communities, Smart delivery Harlysstage Commercial
systems application
and pest behaviour et al, 2023]. -
P [N ] IPM integration Limited . Practlcal.
implementation

Understanding how  formulation  chemistry
Table 7: Research priorities for future pH studies in

influences biological responses may provide new
pest control

opportunities for improving Integrated Pest

Management programs.
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CONCLUSION

pH is one of the most influential physicochemical
parameters affecting pest control products and their
performance. Its effects extend far beyond simple
measurement of acidity or alkalinity and
encompass formulation stability, active ingredient
preservation, emulsion behaviour, suspension
integrity, preservative effectiveness, application
performance, environmental persistence, and

biological interactions.

Throughout the lifecycle of a pest control product,
from formulation development to field application
and environmental exposure, pH influences both
chemical and physical processes that determine
overall effectiveness. Improper pH conditions may
accelerate degradation, reduce stability, alter
release characteristics, and ultimately compromise
pest  management  outcomes. Conversely,
optimization of pH can improve product reliability,
enhance efficacy, extend shelf life, and support

sustainable pest management practices.

The growing adoption of botanical formulations,
biological control products, nano-enabled delivery
systems, and environmentally conscious pest
management approaches further increases the
importance of understanding pH-dependent
behaviour. These emerging technologies often
exhibit greater sensitivity to pH variation than

conventional formulations and therefore require

careful optimization during development.

Despite its recognized significance, pH remains an
underappreciated factor in many areas of pest
control research and practice. Future studies should
adopt a more integrated perspective that considers

pH as a connecting variable linking formulation

chemistry, application technology, pest biology,

and environmental performance.

A greater emphasis on pH-based optimization has
the potential to improve the effectiveness,
consistency, and sustainability of next-generation

pest management technologies.
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