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ABSTRACT: This research explotes the pH stability as an important factor affecting the
stability of herbal surface cleaners by longitudinal and statistical analysis. The leaves of
Azadirachta indica and peels of Citrus limon were used to prepare herbal extracts at 3-7%
at three different temperatures: 25°C (ambient), 30°C (tropical) and 45°C (stressful). The
pH levels were measured once a week and was found to be increasing in instability, with
an increase above +1.9 at 45°C. Cross-correlation analysis of the pH with the changes in
structure, sensory and microbiological properties showed that when pH increased above
3.90, the associated changes were indicative of a transition to failure; and when pH
decreased below 5.20, the associated changes were indicative of a transition to stability.
Variance analysis using a Two-Way approach. The effect of temperature was significant
(p<0.0001) and the effect of concentration was also significant (p<<0.05) on the stability
outcomes using ANOVA. The post-hoc evaluation cartied out with Tukey's HSD
validated the significant effect of heat stress induced instability compared to the baseline
and tropical situations. The regression prediction modeling showed that a 5%
concentration at 25°C is the optimum experimental setting for stability and the pH range
is kept within the tolerable range. The study shows that pH is a good indicator of the
degradation process and that both chemical and bacterial degradation are enhanced with
higher temperatures.

1. INTRODUCTION

A wide range of cleaning products are available designed to remove dust and dirt and to clean and disinfect surfaces [1]. It is
proposed that during the cleaning process a number of chemical reactions, such as the hydrolysis of inorganic salts or mineral
deposits by acidbase reactions, complexation or, formation of micelles to remove dust or lipid materials, are taking place [2].
Accordingly, there is likely to be a reduction in the surface counts. It has been shown that cleaning with a detergent removes
organic materials and suspended grease or oil, while disinfecting with an appropriate antimicrobial reduces or totally eliminates
bacteria [3]. The co-application of a detergent disinfectant will theoretically be able to perform dual functions which in
combination will drastically and rapidly reduce microbial counts. The dual functionality of combined product is a very attractive
option in domestic and institutional environments because the step of application is able to achieve both functions reducing
both labor and water and providing not only cleanliness but also hygiene. However, to successfully develop a product capable
of reliably functioning both cleaning and microbial requitements over its shelf-life must have a stable and compatible cleaning
and antimicrobial activity and this is a considerable challenge when the active principles are of botanical origin as opposed to
synthetically derived.

1.1 Stability Challenges in Herbal Formulation

The physical and chemical stability of the products shall be evaluated in the marketing container to ensure that a product can
be used during its shelf-life under specified storage conditions and a shelf-life shall be established for the product. The amount
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and stability of the raw materials, botanical products, and end products depend on the quality of the raw materials and the
stability of the raw materials upon storage [4]. Physical, sensory, microbiological, or chemical, chromatographic or spectral
stability tests can be performed, and stability studies can be used to establish a product's life and improve product quality [5].
Although the chemical stability of a herbal formulation is difficult to evaluate, this is because plant extracts may contain many
different chemicals and natural plant enzymes such as esterases, glycosidases, or oxidases are major contributors to secondary
plantmetabolite degradation [6]. Naturally occurring enzymes may be still partially active in processed extracts, catalyzing
degradation via both chemical and enzyme-mediated pathways, and this can lead to ambiguity when using a single marker
compound to represent overall stability. For herbal products, stability testing should be carried out, not on bulk properties but
on the degradation of certain 'significant' constituents which are characteristic of the product and include the 'active' and /ot
'market’ constituents, although constituents which are subject to deterioration should be monitored rather than constituents
which are unaffected [7]. This is especially true of multi-component botanical systems, for many of which the bulk of the
constituents may not change while a minority of markers undergo significant deterioration; hence monitoring of the whole
would fail to reveal the approach of declining quality. In this case, organic acids of the Citrus limon fraction and triterpenoids
of the Azadirachta indica fraction are the most relevant constituents since pH matrix and preservative characteristics are dictated

by the former and surfactant and antimicrobial behavior by the latter.
1.2 pH as stability indicator

Both surface characteristics and human health considerations are relevant to the pH of cleaning products. Cleaning products
with such low or high pH that they are capable of chemical etching of surfaces may have long-term adverse effects on material
longevity, especially on stainless steel [8]. Several low pH cleaning agents have been shown to cause microscopic corrosion of
surfaces on stainless steel, while also compromising physical integrity of the surface [9]. Even cleaning products with a neutral
pH rating have been shown to cause less damage to surfaces and not leave a residual film. PH shifts can affect the surface
chemistry and cleaning efficiency through various mechanisms [10,11]. Conditions above pH 10 (alkaline) are more suitable for
saponification of fatty acids and removal of organic residue, while conditions below pH 4 (acidic) are preferable for removal of
mineral deposits [9]. The surface charge of solid particles, which affects residual film formation and surfactant adsorption, is
also pH dependent [12]. Furthermore, the ionic state of surfactant molecules is pH dependent, thereby affecting their interfacial
properties and cleaning performance [13]. Because the state of ionisation of the surfactant molecules and target surface both
change with pH, even a relatively small shift within the acidic range can change the balance of cleaning effectiveness versus
surface compatibility, indicating that a formulation designed for use at pH 3.5-3.8 can act differently when the pH shifts toward
4.5. This is therefore not only a cause of performance, but an indicator of the state of the product, which simultaneously

encompasses chemical, colloidal, and microbiological factors.

The selection of pH as a stability parameter is additional supported by its low cost and convenience of measurement. Unlike
chromatographic or spectral testing, pH testing can be done inexpensively, quickly, and non-destructively in comparison to
other tests so that it can be more conveniently used for room-to-room quality control, and for measuring stability over time at
different storage temperatures. Even more importantly, pH represents a sensitive integration of the other decay pathways:
decarboxylation of the organic acids, hydrolysis of labile phytochemicals, microbial growth and the acid-base characteristics of
the surfactant system all combine to exert an influence on a single measurable test value. An alteration of pH therefore indicates
that at least one other process has occurred, even if it does not give away which process it is. This integrative property of pH
is therefore the reason that it can be used to differentiate a healthy from a transitional product, as well as a transitional product
from a failing one, informing the impetus of this study: how to correlate decreases in pH and calculation of the rate of pH loss
with storage temperature and extract concentration for use as a quality marker of herbal surface cleansers based on Azadirachta

indica and Citrus limon.
2. MATERIALS AND METHODS

Standardized extracts of Azadirachta indica and Citrus limon leaves were combined separately to produce five different herbal
surface cleaner formulations based on extract concentration (3%, 4%, 5%, 6% and 7%) under otherwise identical conditions
of preparation; Standardization was necessary to minimize inter-batch variability in the phytochemical profile, which was
especially critical for the citric and malic acid fractions of the Citrus limon extract and the triterpenoid fraction of the
Azadirachta indica extract, since these components influence the pH matrix of the product as well as its buffering capacity. In
addition, variations in the concentration of these compounds could affect the stability of the final product, so standardization

1241
Natural Resources for Human Health (NRFHH)

https://nrfhh.com



Natural Resources for
Human Health 9

elSSN: 2583-1194

was used to ensure that any differences in formulation stability could be attributed solely to the variations in extract

concentration. The reference values are as follows:

Parameter Initial Baseline Specification Value
Appearance Free flowing / Slightly Viscous
Colour Creamy Baseline Profile

Initial pH Matrix 3.50 — 3.77 Matrix Bracket

Grittiness Factor Completely Smooth Feel

Foam Stability Metric > 5 Minutes Continuous Hold

The storage was carried out at three different temperatures to simulate environmental variations: 25 °C (physical temperature,
25 °C, is referenced for baseline controls), 30 °C (extended tropical condition), and 45 °C (more intense thermal stress). The
25 °C condition is representative of storage at uncontrolled ambient conditions, as might be experienced by retail and domestic
products, respectively, and 30 °C, the elevated temperature of the major hot-spots in tropical conditions. 45 °C, is a more
aggressive thermal stress, which can accelerate degradation to identify failure modes. The three temperatures chosen allow for
direct comparison of what might be experienced in the real world, as well as Arrhenius analysis of the effective activation

energies of the dominant pH changing reactions.

Weekly pH values from Weeks 0 - 4 were measured with a fixed, appropriately calibrated potentiometric meter. Before
measurements, the meter was calibrated with standardized (also certified) buffer solutions. Measurements were made at a fixed
temperature throughout to eliminate temperature-dependent transient effects on measurements. For each sample,
measurements were taken in triplicate, and an average value was calculated; the minimum statistical error was thus achieved.
Concurrently, pH change was evaluated by matrix evaluation, and microbiological agar (i.e., total bacterial count (TBC) and
total fungal count (TFC); see below) enumeration studies were performed according to published techniques; the viability
testing of microbiological constituents is relevant because pH levels are mechanistically linked with microbial proliferation-pH
levels stabilize total spore activation and vegetative growth, and levels thereafter diminish as the pH levels gradually decline to
corrosive (inhibitory) levels. Sampling was aseptic and at each time point to prevent extrinsic conditions from appearing to

influence enumeration results, and all media and glassware were sterilized by routine microbiological methods beforehand.
2.1 Statistical Analysis

Statistical methods included two-way ANOVA, to test the main effects of temperature and extract concentration and their
interaction on pH change over time, and Tukey's HSD post hoc analysis, to determine which formulation-temperature
combinations showed significant differences. Linear regression modeling was performed, in order to obtain rate estimates and
thus determine shelf-life models. A two-way ANOVA was used because both temperature and concentration were expected to
affect stability independently and interactively. For instance, was the buffering benefit of increased extract concentration
persistent or is the thermal acceleration effect such high that concentration becomes insignificant? Tukey's HSD was employed
in order to account for the family-wise error when making multiple pairwise comparisons using all five concentrations at each
of the three temperatures. Regression modeling was used because it produced quantitative rate constants for plots in Arrhenius
form as well as prediction intervals and other necessary features for setting specifications.

The regression methodology was also partially aimed to support shelf-life estimation of products in real storage conditions by
extrapolating from the accelerated data, and to establish the pH value beyond which the product is transitioning and then
becoming unstable and failing. For each item statistical significance was set for a p-value below 0.05, and the detived p-values
being below 0.0001, where relevant to highlight the strength of the temperature influence. All statistical tests were performed
using established statistical software and the data was considered in parallel with microbiological counts data so that
physicochemical and biological indications of stability can be considered together and in context rather than separately. This
method provides the relevant information necessary to inform decision-making and form the basis for determination of optimal
products and shelf-life in the work towards product development and specification.
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3. RESULTS AND DISCUSSION

3.1 Analytical Longitudinal Longitudinal pH Tracker

Temp Conc Week 0 Week 1 Week 2 Week 3 Week 4 Net A pH
25°C 3% 3.77 3.83 3.93 4.07 413 +0.36
4% 3.63 3.73 3.83 3.93 4.07 +0.44
5% 3.57 3.67 3.77 3.90 3.97 +0.40
6% 3.50 3.60 3.73 3.83 3.90 +0.40
7% 3.50 3.60 3.73 3.80 3.87 +0.37
30°C 3% 3.77 4.03 4.27 4.53 477 +1.00
4% 3.63 3.93 413 4.33 4.63 +1.00
5% 3.57 3.83 4.00 4.20 4.40 +0.83
6% 3.50 3.70 3.93 413 4.30 +0.80
7% 3.50 3.63 3.87 4.07 4.20 +0.70
45°C 3% 3.77 4.23 4.63 5.17 5.70 +1.93
4% 3.63 4.10 4.43 4.90 5.47 +1.84
5% 3.57 4.00 4.33 4.73 5.13 +1.56
6% 3.50 3.93 423 4.63 5.00 +1.50
7% 3.50 3.87 417 4.50 4.83 +1.33
3.2 Longitudinal Graphic Curve Formations
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Figure 1: Mean pH shifts over a 4-week window under room temperature conditions (25°C).
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pH Kinetics Profile at 30°C (Accelerated Tropical Profile)
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Figure 2: Accelerated longitudinal pH metrics under tropical storage profiling (30°C).
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Figure 3: Severe pH inflation and system instability under thermal stress environments (45°C).

3.3 Multi-Parametric Cross-Correlation Mapping
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3.4. Statistical Evaluation & Addendum

3.4.1 Two-Way ANOVA Evaluation (Week 4 Stability Endpoint)

The Two-Way ANOVA model was run to get empirical validation of the dataset using the variance at the terminal frontier at

Week 4. The results show how significant the effect of temperature is on the solution space.

Source of Sum Squares Mean Square L.
df F-Val -Val S fi
Variation (SS) (MS) alue p-Value ignificance
Highl
Storage ) l_g y
3.9036 2 1.9518 130.67 < 0.0001 Significant
Temperature
(p<0.01)
xtract 0.6525 4 0.1631 10.92 0.0025 igrutieant
Concentration (p<0.05)
Residual
(Error 0.1195 8 0.0149 — — _
Variance)
Total
Variance 4.6756 14 — — I _
Block

3.4.2 Tukey's Honestly Significant Difference (HSD) Pairwise Post-Hoc Test

A post hoc Tukey HSD test was used to determine the specific significant difference between the various thermal testing
conditions. The calculated critical HSD value was +0.221 at o = 0.05.

* 45°C vs. 25°C (Forced Stress vs. Baseline Control): Mean Absolute Difference = 1.238 [g-value = 22.68] - Highly
Significant (p < 0.01). It means that there is a significant difference between the forced stress and base cases, which proves
considerable thermal instability at 45°C.

* 45°C vs. 30°C (Forced Stress vs. Tropical Profile): Mean Absolute Difference = 0.766 [g-value = 14.03] — Highly
Significant (p < 0.01). This shows the presence of a significant increase in thermal responses for the high-stress level in
comparison with the tropical temperature distribution.

* 30°C vs. 25°C (Tropical Profile vs. Baseline Control): Mean Absolute Difference = 0.472 [q-value = 8.65] — Statistically
Significant (p < 0.05). This is an indication of the difference between tropical profile and the control condition due to
temperature dependence at moderate heat exposure.

3.4.3 Predictive Decomposition Linear Regression Modeling

Linear regression models were established using the least squares method for plotting decomposition rates (slope 'm') versus

theoretical values ('c"):
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25°C Controlled Room Environment
e 3%  Active Matrixx pH = 009% x  (Week) +
. 4% Active Matrix: pH = 0.108 X (Week) +
* 5% Active Matrixx pH = 0103 X (Week) + 3.570 |
* 6%  Active Matrixx pH = 0.103 X (Week)  +
. 7% Active Matrix: pH = 0.094 X (Week) +
30°C Accelerated Tropical Storage
e 3%  Active Matrixx pH = 0250 X  (Week) +
e 4%  Active Matrixx pH = 0240 X = (Week) +
e 5%  Active Matrixx pH = 0203 X  (Week) +
. 6%  Active  Matrix: pH = 0.203 X (Week) +
. 7%  Active  Matrix: pH = 0.184 X (Week) +
45°C Forced Stress Environment
. 3% Active Matrix: pH = 0.480 X (Week) +
. 4% Active Matrix: pH = 0.448 X (Week) +
. 5% Active Matrix: pH = 0.385 X (Week) +
. 6%  Active  Matrix: pH = 0.370 X (Week) +

* 7% Active Matrix: pH = 0.329 X (Week) + 3.516 | R>=0.9992

3.4.4 Predictive Shelf-Life Projections to Degradation Limits
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Figure 4: Kinetic shelf-life forecasting projections identifying the critical stability cross-over boundary (pH 4.50).

3.5. Discussion

The highly acid initial pH-range (3.50-3.77) indicates presence of unbuffered organic carboxylic acids, most notably citric and

malic acid, both of which are likely sourced from the organic acid Citrus limon fruit extracts [17]. It is suggested that requiring

the maintenance of this strongly acidic base is critical, as it has the potential to suppress cellular vegetative growth and spore

germination, establishing a primary microbiological batrier independent of thermal treatment. As no counter-ion buffer is added

to the media, and the polyprotic acids are predominately found in their non-salt form, the medium behaves as a weakly buffered,

strongly acidic system. With pH values in this range, the system approaches the affinity-pH of the first- and second-dissociation
constants of both citric (pKal 3.13, pKa2 4.76) and malic (pKal 3.40, pKa2 5.11), generating a monoanion/dianion ratio that
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is sensitive to small changes in acid or base addition, and potentially explaining why a slow consumption of acid correlates with
an observed pH drift during storage, and why the medium exhibits only limited acid resistance [18].

The architectural changes in the longitudinal storage vectors indicate the role of alternative chemical degradation mechanisms
that may be occurring in tandem. There is likely a thermally driven, slow decarboxylation of citric acid that depletes hydronium
in solution and slightly raises pH over time until it approaches a value that balances the pH rise and pH drift. On the other
hand, the molecular architecture of neem triterpenoids are sufficiently complex that hydrolytically labile limonoids (eg
azadirachtin contains an enol ether, an epoxide, and a tiglate ester) as well as nimbin and nimbidin are cleaved upon contact
with water, constantly releasing counterbuffering molecular fragments (eg carboxylic acid fragments) and hydroxylated
degradation products that may somehow mitigate the magnitude of acid loss and offset a pH rise so that while the pH migrates
over the storage window, the system "loses" pH until it approaches (but does not cross) the upper stability boundary.

Furthermore, the pH 4.50 upper limit is significant because proteins and fragile colloids are susceptible to phase segregation
into isolectric zones. Close to their isolectric points of zero net surface charge (in the 4-5 pH range for plant-derived proteins
and colloidal debris), the electrostatic repulsive effects are effectively neutralized as the zeta potential is destabilized to below
its conventional minimum level for electrostatic stabilization (usually comprised between approximately £20-30mV). With the
repulsive barrier effectively eliminated, the force interactions are dominated by the attraction component of the van der Waals
between molecules, with the resulting molecular aggregation, flocculation and sedimentation [14]. This is a concern for
homogeneity and dispersability of the active ingredients in the preparation and the pH4.50 level can be viewed as a practical

upper boundary rather than merely an empirical observation.

Formulate at 25 °C to optimize the maximum active concentration of 5%. A decrease below 5% will reduce active concentration
and thereby reduce preservative activity further as well as impairing the mass balance; thus set points would be gradually lost
until the system is open to challenge. Howevert, raising the level at 7% implies an ovet-crowding of the biological/colloidal
system, leading to increased particle number density and consequently increased collision rates with shorter average inter-
particle separation; this causes acceleration of the aggregation process as described by Smoluchowski-type coagulation, meaning
that the particles precipitate on themselves without "calling in" materials from outside the system. Therefore, the reason for
failure of the 7% level need not be chemical, but physical.

These findings, taken together, indicate that an otherwise precariously balanced acidic colloidal system is at stake with three
subtly intercalated factors: pH trajectory, colloidal stability, active-ingredient loading. The organic acids of the Citrus limon
impart a low-pH shield that protects from microbial growth; pathways for thermal and hydrolytic degradation extract acids
from the colloid slowly while liberating equipping substances with a counterbuffer effect; the pH maximum of 4.50 is the point
of colloid destabilization through isoelectric precipitation; and the formulation maximum of 5.00% by weight for active
ingredient at 25 °C has been detived as the point of maximum stability with the lowest chance of either biological activity ot
coalescence. Clearly, any changes — in pH trajectory or in active-ingredient loading — will tend to shift these borderline balances
toward either microbial activity or physical destabilization. This work thereby elucidates the mechanisms of formulation control,
can indicate that pH and active loading must be balanced for stability in order to minimize biosafety risk while preventing which

may induce destabilization through coagulation or sedimentation.
4. CONCLUSION

The findings of the research show that pH is a good predictor for the stability of these herbal surfactants and used for surface
cleaning. Stability of herbal surfactants decreased with rising in temperature, and pH variation increased; that resulted in lower
petformance of the formula with increasing storage temperature; and formula stored at 45 °C gave the best results of the
accelerated stability test. Both factors of temperature and concentration had a significant effect on the stability of the products

and maximum stability of the formula was at 25 °C at 5% extract concentration.

The major implications and conclusion reached within this study are listed as follows. First, pH is observed as an adequate and
sensitive biomarker for the stability of herbal surface cleansers in that the latter underwent a transition from a stable state to a
transitional, and subsequently failed, state. Such a threefold interpretation not only affords formulators the visualizability of
potential product failure, but also adds a temporal gradient by forecasting that failure for the given product. Second, temperature
seemed to be the major determinant of stability, imparting a highly significant (p < 0.0001) kinetic effect on pH shift. The
reversals of Arrhenius kinetics are consistent with the increases in thermal energy likely facilitating both the decarboxylation of
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fruit originated organic acids and the hydrolytic degradation of labile phytochemicals with time, which may contribute to the
downward pH drift. Lastly, extract concentration also significantly affects the stability of the products (p < 0.05), with
concentrated extracts providing a greater buffer capacity whereby the greater amounts of released organic acids and counter-

buffers of functional phytochemicals are likely to absorb the degradative acid loss without succumbing to instability.

In addition, the formulation and storage conditions that resulted in the greatest stability was the most effective (5% extract at
25 degrees), which demonstrated no greater than a 0.5 change in pH over periods of greater than 10 weeks at room temperature
and thus would be considered the optimal time for ambient storage conditions. Conversely, the 45 degrees temperature stress
condition probably increased the rate of degradation and curtailed the shelf-life to less than 2 weeks, this therefore validation it
as an effective, time saving tool for rapid formulation screening. Again, the significant correlation between increased
microbiological growth and an increase in pH confirmed the first hypothesis for the importance of low pH. Because of the
general mechanism behind the linkage between acidification and microbiological stability, this also further proved the second
hypothesis stating the importance of low pH for microbiological stability. As pH approaches 4.50 this barrier is believed to
start to weaken allowing further growth and more destabilization of the system. Finally, the predictive capabilities of the models
aid in price and time reducing shelf-life estimation techniques through the use of simply pH data as opposed to microbiological

and physicochemical analysis.

Together, this study advances scientific knowledge about the stability of herbal products and provides practical information
about product development, storage and quality assurance. It shows that pH determination is an inexpensive, quick, and
sensitive analytical test for product stability in this industry and may be used as a surrogate marker, saving expense compared
to more sophisticated analytical techniques. The data may also provide a scientifically based guideline for setting specification
limits, determining storage conditions, and designing an accelerated stability test for herbal surface cleaners. The regression
models may be adapted to other similar systems based on plant-based surfactants.
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