


Natural Indicators in Quantitative Analysis: A Review with Special Reference to Acidimetry and Alkalimetry

Abstract

[bookmark: _GoBack]Acid–base titrimetry remains a cornerstone of quantitative chemical analysis in teaching, industrial quality control, and routine laboratory practice. Conventional endpoint detection in acidimetry and alkalimetry has long relied on synthetic halochromic indicators; however, growing emphasis on safer reagents, greener analytical practices, and wider accessibility has stimulated renewed interest in natural indicators derived from plants and other renewable sources. Natural indicators—most commonly anthocyanins, curcuminoids, and betalains—offer visually distinct and often broad pH-responsive colour transitions that can rival standard indicators for many neutralisation systems when appropriately extracted, stabilised, and validated. This review synthesises evidence from the modern literature on the chemical basis of natural indicator behaviour, extraction and standardisation strategies, analytical performance in common titration classes, and practical challenges such as stability, matrix effects, and observer variability. Particular attention is given to suitability in strong acid–strong base, weak acid–strong base, strong acid–weak base, and polyprotic titrations, alongside emerging approaches that immobilise natural dyes in solid supports to improve handling and reproducibility. The review also positions natural indicators within contemporary green analytical chemistry frameworks and highlights research directions for improving metrological robustness and broadening adoption in quantitative laboratories.
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1. Introduction

Within the framework of analytical chemistry, an indicator is characterized as a substance that undergoes distinct and observable color shifts in response to varying physical or chemical conditions, such as pH, oxidation state, or the presence of specific ions, determining the endpoint of a reaction in titrimetric analysis. Acid base titration is employed to ascertain the strength of acids as well as bases and their strength rely on the number of hydronium (H+) and hydroxyl ions (OH–), respectively, produced during their dissociation. Indicators used in acid-base titrations are known as pH indicators (Shi et al., 2022). Acidimetry and alkalimetry constitute foundational components of volumetric analysis and remain widely used for assay, purity testing, and routine control where speed and minimal instrumentation are valued. The interpretive heart of classical titrimetry is the endpoint: a practical signal that indicates completion of the intended stoichiometric reaction. Although potentiometric and spectrophotometric endpoints are common in high-throughput or regulated settings, indicator-based visual endpoints remain prevalent in teaching laboratories, small-scale industrial laboratories, and resource-limited contexts because they require minimal equipment and allow rapid determinations with acceptable uncertainty for many applications. The various parts of the plant impart colour due to the presence of their extensive distinct character. The number of phytoconstituents including anthocyanins, glucosylated acylated anthocyanin, quinines, anthraquinonoids, naphthoquinones, flavonoids, acylated flavonoids, flavanols, imines, indigoids, polymethines, diarylmethanes, dihydropyrans, and carotene is responsible for the colour property. Among them, flavones are water and alcohol soluble yellow pigments present in plant sources either in a free state or as glycosides or conjugated with tannins (Nag et al., 2023).

Over the past two decades, environmental and occupational safety drivers have helped reinvigorate interest in replacing persistent or potentially hazardous analytical reagents with safer alternatives. Green analytical chemistry has provided a structured conceptual basis for this shift, promoting reduced toxicity, reduced waste, and improved sustainability while retaining analytical fitness-for-purpose (Armenta et al., 2008). Within this context, indicator substitution is attractive because indicators are frequently used, are often disposed of after single use, and can contribute to laboratory chemical burden even when employed in small mass. A parallel development has been the rise of method greenness metrics intended to compare analytical procedures more transparently; the AGREE approach, for instance, provides a framework and software tool that can be used to assess analytical practices against multiple green chemistry dimensions (Peña-Pereira et al., 2020). Together, these perspectives encourage not only the adoption of “natural” reagents, but also careful evaluation of solvent choice, preparation energy, stability, and end-of-life impact.

Natural indicators are typically plant-derived extracts whose colour depends on proton activity and whose visible transition can approximate the function of synthetic indicators. Contemporary literature shows that interest in natural indicators spans two overlapping domains. One is classic titrimetry, where plant extracts are tested as substitutes for phenolphthalein, methyl orange, and related indicators. The other is pH-responsive colour materials for sensing and packaging, where pigment immobilisation in films and membranes is engineered for stability and ease of interpretation. Red cabbage anthocyanins, for example, have been reviewed extensively for their stability, extraction, and application as pH-responsive systems, illustrating both their strengths and their vulnerabilities to degradation (Ghareaghajlou et al., 2021). Similar pH-responsive behaviour underpins the development of smart packaging films and sensors, which often provide rigorous stability and colour-difference evaluation methods that can be repurposed for endpoint detection thinking (Abedi-Firoozjah et al., 2022; Zhao et al., 2022).

The analytical question for acidimetry and alkalimetry is therefore not simply whether a natural extract changes colour with pH, but whether it can produce a repeatable and appropriately located endpoint for the titration class in question. This requires attention to indicator transition breadth, solution matrix effects, extract composition variability, storage stability, and observer subjectivity. Recent titrimetric-focused reviews indicate that many plant extracts can yield titres comparable to standard indicators under certain conditions, but they also highlight inconsistent validation depth across studies (Maqsood et al., 2025). At the same time, new primary research is emerging that moves beyond simple strong acid–strong base titrations toward polyprotic systems, where multi-endpoint interpretation challenges are greater and thus more revealing of indicator suitability (Sofronievska et al., 2025).

1.1 Scope and objective

This review focuses on natural pH indicators relevant to quantitative acidimetry and alkalimetry. It examines (i) the dominant pigment classes and their chemical basis of pH response, (ii) extraction, formulation, and stabilisation strategies that affect analytical performance, (iii) evidence for applicability across major neutralisation titration types, including polyprotic systems, and (iv) methodological considerations for validation, standardisation, and routine laboratory implementation. It also situates natural indicators within contemporary green analytical chemistry thinking and outlines practical research directions.

2. Methods for literature selection

Literature was identified using Web of Science, Scopus, Google Scholar, and PubMed. Search strings combined terms including “natural indicator”, “plant extract indicator”, “anthocyanin pH indicator”, “curcumin indicator”, “betalain indicator”, “acid–base titration”, “acidimetry”, “alkalimetry”, “endpoint detection”, and “halochromic”. Searches prioritised publications from 2006 to 2026 and were supplemented by backward citation tracking from key review articles. Inclusion criteria were peer-reviewed journal articles or well-indexed conference proceedings with a stated DOI, explicit discussion of pH-dependent colour response and/or titration endpoint use, and sufficient methodological detail to assess relevance to quantitative titrimetry. Exclusion criteria included non-scholarly reports, items without DOIs, and papers focused solely on non-acid–base indicator chemistries unless they provided transferable insight into stabilisation or colourimetric endpoint design.

3. Conceptual basis: what makes a “natural indicator” fit for quantitative titrimetry?

In classical terms, an acid–base indicator is a weak acid or weak base whose conjugate forms differ in colour, producing a visible transition over a characteristic pH interval. In quantitative titrimetry, indicator suitability is determined by how well the colour transition aligns with the steep pH-change region around the equivalence point. In strong acid–strong base titrations, the pH jump is large and steep; consequently, a relatively broad transition interval can still yield a sharp visual endpoint. In contrast, weak acid–strong base titrations have an alkaline equivalence point and a less abrupt pH change near equivalence; hence, endpoint clarity becomes more sensitive to the effective transition region and to buffering by the analyte and its conjugate base.

Natural indicators complicate this classical picture because extracts are mixtures. Their apparent transition may be broadened by multiple pigment species and by co-extracted matrix components that modulate colour by copigmentation or complexation. This is one reason why work on red cabbage anthocyanins repeatedly emphasises extraction method and stability control as decisive factors for consistent pH-colour behaviour (Ghareaghajlou et al., 2021). The practical implication for acidimetry and alkalimetry is that extraction protocol becomes part of the analytical method. Where synthetic indicators offer reproducible performance due to high purity, natural indicators require deliberate standardisation of extraction solvent composition, extraction time, pigment concentration, and storage conditions.

A second requirement is stability during analysis and storage. Natural pigments can degrade under light, oxygen, or elevated temperature, altering colour intensity and sometimes shifting apparent hue. Comparative stability work designed for intelligent packaging has systematically assessed colourants such as curcumin, anthocyanins, and betanin under different storage conditions, demonstrating that stability differences can be substantial and that formulation and storage conditions materially affect practical usability (Etxabide et al., 2021). For titration work, this means that “freshly prepared” is not a trivial note; it is often an unacknowledged precision factor, particularly when endpoints are judged by eye.

A third requirement is interpretability. If the transition is gradual or produces intermediate hues that are difficult to discriminate, inter-analyst variability increases. This is where immobilised indicator formats—films, membranes, and indicator papers—are increasingly relevant. pH-sensitive films containing anthocyanins from different sources have been shown to produce distinct, reproducible colour patterns across pH ranges, while also enabling systematic evaluation of storage effects on colour response (Prietto et al., 2017). Such immobilised systems, even when developed for packaging, offer design principles for more standardised endpoint aids in acidimetry and alkalimetry.

4. Major pigment classes used as natural pH indicators

4.1 Anthocyanins as multi-hue pH-responsive systems

Anthocyanins are among the most intensively studied natural pH-responsive pigments, largely because they can show vivid, multi-step colour changes across a wide pH span. Red cabbage is a major model source because its anthocyanins include acylated forms associated with extended colour behaviour, and because its extract shows a broad palette from reddish tones in acid to bluish/greenish tones in alkaline conditions, supporting endpoint visibility in multiple titration contexts (Ghareaghajlou et al., 2021). In terms of acidimetry and alkalimetry, anthocyanins are often most useful in strong acid–strong base titrations, where the large pH jump “compresses” the practical colour transition into a narrow volume window. They can also be useful in weak acid–strong base titrations depending on the extract’s most distinct alkaline colour shift and the analyst’s need for contrast near the alkaline equivalence region.

Anthocyanin-based systems are also prominent in smart packaging research, where the aim is to convert pH change into an easily interpretable colour change. Although this field is application-distinct from titrimetry, it provides sophisticated tools for evaluating colour response, such as colour space analysis, response reversibility, and time-dependent stability tracking. Reviews of anthocyanin-based pH-sensitive films for freshness monitoring highlight how matrix design and pigment–polymer interactions influence response clarity and stability (Zhao et al., 2022). Likewise, a broad review on red cabbage anthocyanins emphasises the interplay of extraction technique, stability, and application performance (Ghareaghajlou et al., 2021), which is directly relevant to reproducible titration endpoint behaviour.

4.2 Curcuminoids (curcumin) and alkaline-region transitions

Curcumin, chiefly sourced from turmeric, is another widely studied natural pigment relevant to alkalimetry because its colour change is often pronounced in more alkaline conditions. While curcumin is frequently discussed as a colourant and sensor component, its analytical appeal for titrimetry lies in its potential to provide a strong contrast near alkaline equivalence points typical of weak acid–strong base titrations. Contemporary research on turmeric-based natural indicators has expanded into more complex titration systems, including polyprotic titrations, suggesting that curcumin-rich extracts may support multi-endpoint interpretation under carefully controlled conditions (Sofronievska et al., 2025).

Stability remains a recurring concern. Packaging-oriented comparative studies have shown that curcumin-containing colourants can be particularly sensitive to storage conditions and light exposure, which can impact colour intensity and thus endpoint perception (Etxabide et al., 2021). For acidimetry and alkalimetry, this implies that turmeric extracts may require stricter storage control or standardised preparation schedules than some anthocyanin extracts, particularly when high repeatability is required.

4.3 Betalains (betanin) and alternative natural chromophores

Betalains such as betanin, common in beetroot, are also explored as pH-responsive colourants. Their behaviour can offer strong red-toned colours and visible shifts under certain pH conditions, but their stability can be constrained by temperature, oxygen, and chemical environment. Comparative studies that include betanin alongside curcumin and anthocyanin systems demonstrate that indicator choice is inseparable from stability planning and intended operating conditions (Etxabide et al., 2021). In titrimetric contexts, betalains can be effective when the matrix is simple and when colour contrast at the endpoint is strong, but broader adoption depends on improved standardisation, as with other natural indicators.

5. Extraction, preparation, and standardisation for quantitative use

5.1 Extraction solvents and process control

A persistent theme across the literature is that extraction conditions strongly determine indicator behaviour. More broadly, optimisation studies on natural dyes demonstrate that extraction pH, time, and temperature can be systematically tuned to standardise colour strength and response characteristics, which is directly transferable to designing reproducible natural indicator preparations (Devi et al., 2020). Extraction solvent polarity, solvent acidity, extraction temperature, and duration influence pigment yield and the co-extraction of other constituents that may alter hue or broaden transitions. Work on butterfly pea (Clitoria ternatea) illustrates how varying extraction conditions changes pigment profiles and functional colourimetric properties, reinforcing that “the same plant” can yield materially different indicator performance depending on method (Handayani et al., 2024). For quantitative titrimetry, such sensitivity necessitates documented protocols that can be replicated.

Even when titration performance appears satisfactory, the metrological status of the indicator remains tied to reproducibility of preparation. Studies exploring plant extracts as acid–base indicators often report agreement with standard indicators in strong acid–strong base titrations and reduced performance in weaker systems, which is consistent with the greater sensitivity of weak-system endpoints to small transition shifts (Kapilraj et al., 2019). This pattern supports a methodological recommendation: natural indicator studies should report not only titres and colour descriptions, but also extraction parameters and storage conditions as part of the analytical method specification.

5.2 Concentration control and batch-to-batch variation

Natural extracts usually lack a single defined indicator compound concentration. Without standardisation, an analyst may unintentionally change colour intensity by varying the extract concentration or dosing volume, affecting endpoint perception. One route to improved consistency is to characterise extracts spectroscopically to normalise indicator strength between batches, an approach common in packaging-sensor development where colour response is quantified rather than described qualitatively (Zhao et al., 2022). Another practical route is immobilisation, which reduces dosing variability altogether by embedding pigment in a defined substrate (Prietto et al., 2017).

The growing titrimetric review literature makes clear that some studies remain at a demonstration level, whereas a smaller subset attempts deeper characterisation of extract composition and optical response. A recent review focused on plant extracts as green indicators in titrimetric analysis argues that wider adoption requires explicit standardisation and validation rather than ad hoc extraction (Maqsood et al., 2025). This is particularly important for acidimetry and alkalimetry used in quality control, where reproducibility between laboratories is non-negotiable.

5.3 Stability during storage and use

The stability of natural pigments is not a secondary practical detail; it directly affects endpoint accuracy. Work comparing curcumin-, anthocyanin-, and betanin-containing colourants under storage conditions found measurable differences in colour stability and pH-indicator ability over time, highlighting the need for controlled storage and potentially for protective packaging and light exclusion (Etxabide et al., 2021). Beyond conventional storage stressors, irradiation exposure has also been shown to measurably alter the absorbance response of red cabbage extract solutions across pH conditions, reinforcing the need to treat stability as a controlled analytical variable when such extracts are used as indicators (Aljoumaa & Khalil, 2019). Similarly, red cabbage anthocyanins have been reviewed with an emphasis on extraction and stability challenges, including sensitivity to environmental stressors (Ghareaghajlou et al., 2021). In acidimetry and alkalimetry, such degradation can manifest as faded colours, shifted hues, or less distinct transitions, all of which increase endpoint uncertainty. 

6. Evidence base for acidimetry and alkalimetry applications

Evidence for natural indicators in acidimetry and alkalimetry is strongest where the neutralisation pH change is steep and the colour transition is distinct, but there is increasing interest in demonstrating quantitative utility beyond idealised aqueous laboratory systems. Beyond aqueous assay work, acid–base titrations also underpin routine industrial indices such as acid number measurements, where free acidity in resin systems is quantified by titration with a standard base, illustrating the continuing practical breadth of acidimetry and alkalimetry in quality control (Kalu et al., 2024).

6.1 Strong acid–strong base titrations: the most favourable domain

Strong acid–strong base titrations are generally the most forgiving environment for natural indicators because the pH change near equivalence is steep. Consequently, many natural extracts show good agreement with standard indicators in this class, provided that the colour change is distinct between acidic and basic forms. Reviews synthesising plant-based indicator studies repeatedly identify strong acid–strong base titrations as the category in which natural indicators most consistently match synthetic indicator titres (Maqsood et al., 2025). Primary research on multiple plant extracts similarly tends to report acceptable agreement for strong–strong systems, though methodological depth varies across publications (Kapilraj et al., 2019).

Anthocyanin-rich extracts such as red cabbage are particularly prominent here because they provide vivid colour contrast across the neutralisation region (Ghareaghajlou et al., 2021). Moreover, the extensive sensor and packaging literature surrounding anthocyanin films provides evidence that anthocyanin colour changes can be made visually unambiguous through matrix engineering and stabilisation (Zhao et al., 2022), suggesting that similar engineering logic could strengthen titration endpoints.

6.2 Weak acid–strong base titrations: alkaline equivalence and indicator selection

Weak acid–strong base titrations demand indicators that transition clearly in the alkaline region. Curcumin-based systems are often considered here because of their strong alkaline-region colour behaviour, and recent work indicates that turmeric extracts can be successfully applied in some titrimetric contexts, including more complex titration schemes (Sofronievska et al., 2025). However, the sensitivity of curcumin to storage and light conditions suggests that reproducibility may depend on careful preparation and storage discipline (Etxabide et al., 2021).

Anthocyanin-based indicators can also function in this titration class, but their suitability depends on the extract’s particular colour trajectory in the alkaline region and the clarity of its endpoint shift. Studies that treat anthocyanins as a general pH-responsive platform show that material format (solution versus immobilised) and pigment–matrix interactions can substantially alter visible response (Prietto et al., 2017; Zhao et al., 2022). This implies that, for weak acid–strong base titrations, immobilised anthocyanin indicators could be a route to more reproducible alkaline endpoints than free-solution extracts, especially in coloured or slightly turbid samples.

6.3 Strong acid–weak base titrations: acidic equivalence and endpoint visibility

Strong acid–weak base titrations have equivalence points below neutral pH and typically require indicators transitioning in the acidic region. Anthocyanin systems often show strong colour in acidic conditions and can display marked changes with increasing pH, which can support endpoint detection if the colour shift aligns with the titration’s rapid pH change zone (Ghareaghajlou et al., 2021). Nevertheless, because the pH jump may be less dramatic than in strong–strong systems, endpoint clarity can be more sensitive to extract composition and dosing.

Evidence for natural indicators in these systems appears in both general titrimetric studies and more specialised work where natural indicators are characterised for pKa-like transition behaviour and then compared with conventional indicators. For example, Euclea natalensis root extract has been explored explicitly as a green acid–base indicator with pKa determination and titration application, illustrating a model approach where indicator behaviour is characterised and benchmarked against standard indicators (Raimundo et al., 2024). Such studies are valuable because they strengthen the analytical defensibility of natural indicators beyond “titre agreement” alone.

6.4 Weak acid–weak base titrations: inherent limitations of visual indicators

Weak acid–weak base titrations generally do not provide a sharp pH change at equivalence, making visual indicators (natural or synthetic) intrinsically unreliable. While some reports claim performance using mixed-indicator strategies or carefully chosen natural extracts, the broader analytical consensus is that instrumental endpoint detection is preferable when equivalence-point definition is inherently diffuse. The literature that positions natural indicators as replacements generally frames the strongest case for their use in strong–strong titrations and selected weak–strong systems, rather than suggesting universal replacement (Maqsood et al., 2025). Where weak–weak titrations are discussed, the implications tend to be educational or exploratory rather than rigorous quantitative substitution.

6.5 Polyprotic systems and multi-endpoint titrations: emerging, higher-value evidence

Polyprotic acid and base titrations provide a more stringent test of indicator usefulness because they may involve more than one equivalence region. The recent study exploring aronia (anthocyanin-rich) and turmeric (curcumin-rich) extracts directly addressed polyprotic titrations and reported that performance can be endpoint-specific, with certain endpoints showing low relative errors and others being more challenging (Sofronievska et al., 2025). This result is analytically significant because it suggests that natural indicators may be deployed strategically—for example, for the second endpoint of carbonate titrations—rather than treated as one-size-fits-all solutions.

A related line of evidence comes from pomegranate-derived indicators. Work in the Journal of the Chilean Chemical Society reported preparation and evaluation of a pomegranate extract as an acid–base indicator, including potentiometric titration evaluation and discussion of stability effects (Emily et al., 2019). More recently, pomegranate peel extract has been developed as an eco-friendly acid–base indicator for titrimetric analysis, with attention to extraction method and evaluation of colour change behaviour (Pore et al., 2024). Together, these studies illustrate an important trajectory: moving from simple substitution demonstrations toward biomass utilisation, greener extraction strategies, and more systematic evaluation in titrimetric contexts.

7. Immobilised natural indicators: towards more reproducible endpoints

A notable development in the broader natural-pigment literature is the shift from solution-phase indicators to immobilised indicator formats. Immobilisation can stabilise pigment presentation, reduce variability from dosing volume, and support more uniform colour perception by providing a fixed optical path. In the context of endpoint detection, immobilised indicators can function as indicator strips or as dip-in membranes, potentially enabling a more reproducible endpoint cue than free-solution extract addition.

Anthocyanin-containing films have been studied extensively. pH-sensitive films containing anthocyanins from black bean seed coat and red cabbage showed clear, systematic colour changes across pH and provided evidence on storage effects that is directly relevant to creating robust indicator materials (Prietto et al., 2017). Biodegradable films based on cellulose and anthocyanins also demonstrate that mechanically stable and environmentally benign indicator materials can be produced, with clear colour response behaviour suitable for practical handling (Hailu et al., 2025). These findings support the idea that indicator strips for acidimetry and alkalimetry could be engineered to deliver consistent endpoints even when solution matrices vary modestly.

Membrane immobilisation offers a related strategy. An edible pH sensor based on red cabbage anthocyanins immobilised into bacterial cellulose membranes demonstrated wide-range pH colour response and a structured format conducive to reproducibility (Kuswandi et al., 2020). While developed for packaging, the method highlights how immobilisation can enhance response consistency and improve the practicality of indicator deployment, a theme echoed in broader packaging and sensor reviews (Abedi-Firoozjah et al., 2022; Zhao et al., 2022).

Beyond anthocyanins, immobilised-film research has also incorporated butterfly pea anthocyanins in starch-based films and explored their response behaviour in real storage scenarios, demonstrating that composite design can tune response intensity and stability (Mary et al., 2020). Although the application is freshness sensing, the analytical lesson is transferable: formulation and matrix additives can influence both response clarity and stability, offering design levers for endpoint materials in titration.

8. Analytical performance, validation, and metrological considerations

8.1 Validation logic: agreement is necessary but not sufficient

A common approach in the natural-indicator literature is to compare titres obtained using a natural extract against titres obtained with a standard indicator. While this is a useful first step, it is not sufficient to establish analytical reliability because visual endpoint selection introduces human judgement, and because extract composition may vary batch to batch. Recent review work emphasises that better studies incorporate replicate titrations, comparisons across titration classes, and (where possible) objective colour or spectroscopic characterisation (Maqsood et al., 2025).

A more analytically robust model is demonstrated in studies that combine indicator development with pKa-related behaviour estimation and benchmarking against conventional indicators. The investigation of Euclea natalensis root extract, for example, explicitly linked extraction method, pKa determination, and titration application, providing a more systematic analytical justification than simple substitution alone (Raimundo et al., 2024). Such designs align better with publication expectations in high-ranking analytical chemistry venues because they address mechanism, reproducibility, and benchmarking rather than reporting only agreement in a small set of demonstrations.

8.2 Precision contributors unique to natural indicators

In acidimetry and alkalimetry, precision is affected by burette reading uncertainty, titrant standardisation, temperature, and analyst technique. Natural indicators add extra contributors: variability in indicator concentration, ageing/degradation, and matrix interactions. Storage-condition studies show that colourants differ markedly in stability and pH response retention over time (Etxabide et al., 2021), implying that laboratories seeking repeatable endpoints must specify storage (amber containers, refrigeration, limited exposure), preparation frequency, and acceptable shelf life.

Another contributor is matrix colour and turbidity. In industrial samples, coloured matrices can mask subtle indicator transitions. Here, immobilised formats may help by increasing contrast and standardising the visual cue (Prietto et al., 2017; Kuswandi et al., 2020). Alternatively, simple photometric or digital colour analysis could reduce observer subjectivity, though such approaches must be validated for lighting and device variability.

8.3 Sustainability assessment in practice

From a green analytical chemistry standpoint, natural indicators are not automatically greener. The greenness depends on extraction solvent, energy input, waste profile, and shelf life. Green analytical chemistry principles argue for minimising hazardous reagents, reducing solvent use, and designing procedures that lower total environmental burden (Armenta et al., 2008). In indicator development, this means prioritising water-based or low-toxicity solvent extraction where feasible, using biomass waste streams when possible, and improving stability to avoid frequent disposal and re-preparation.

Greenness metrics such as AGREE can, in principle, help compare indicator approaches by making solvent choice, waste, and safety dimensions more explicit (Peña-Pereira et al., 2020). This is especially relevant where a “natural” indicator requires large volumes of organic solvent or produces a short-lived reagent that must be discarded frequently. Studies that explicitly develop indicators from biomass by-products, such as pomegranate peel, can be framed strongly within this sustainability logic when extraction and use are designed to minimise additional burdens (Pore et al., 2024). Similarly, water-based extraction strategies and systematic screening of multiple plant sources represent a pragmatic direction for reducing solvent burdens and improving accessibility, as shown in recent work in Next Research focusing on water-based extraction and titration applications (Samuel et al., 2025).

9. Natural indicators through the lens of green analytical chemistry

Natural indicators can meaningfully advance green analytical chemistry in acidimetry and alkalimetry, but only when their full life-cycle footprint is considered rather than assuming that “natural” is automatically “green”. Green analytical chemistry encourages replacement of hazardous substances, reduction of solvent and energy consumption, and minimisation of waste while retaining fitness-for-purpose (Armenta et al., 2008). In this framework, the principal sustainability advantage of plant-based indicators lies in their generally lower toxicity, renewability, and potential biodegradability compared with many synthetic dyes; however, these benefits can be offset if extraction relies on large volumes of organic solvents, requires repeated preparation due to poor shelf stability, or generates variable performance that increases replicate analyses and waste. Contemporary greenness metrics such as AGREE provide a structured means to make these trade-offs explicit by scoring an analytical procedure across multiple criteria, including reagent hazard, solvent burden, waste generation, and energy input (Peña-Pereira et al., 2020). Accordingly, the most defensible “green” natural-indicator procedures for routine titrimetry are those that prioritise water-based or low-toxicity extractions, use locally available biomass or by-products, and incorporate stabilisation or immobilisation strategies that extend usable lifetime and reduce disposal frequency (Maqsood et al., 2025; Pore et al., 2024; Samuel et al., 2025). When these design principles are followed, natural indicators can contribute not only to safer laboratory practice but also to more sustainable, accessible quantitative analysis without compromising endpoint clarity for chemically favourable titration classes.

The current literature suggests several concrete research directions that could make natural indicators more defensible for publication-grade quantitative use. First, indicator development should routinely incorporate extract characterisation, even at a basic level, to enable meaningful comparison between studies; this is consistent with approaches used in more analytically mature natural-indicator work (Raimundo et al., 2024; Sofronievska et al., 2025). Second, stability must be treated as a quantified performance parameter, drawing on approaches used in packaging and sensor research where colour retention and time dependence are evaluated systematically (Etxabide et al., 2021; Zhao et al., 2022). Third, immobilisation and standardised indicator formats should be developed explicitly for titrimetric workflows, not merely imported from packaging contexts, using known film and membrane preparation strategies that already demonstrate reliable pH colour response (Prietto et al., 2017; Hailu et al., 2025; Kuswandi et al., 2020).

Finally, application evidence should shift toward harder titration problems where natural indicators can demonstrate unique value. Polyprotic titrations and multi-endpoint determinations provide an opportunity for natural indicators with multi-hue transitions, and early evidence suggests endpoint-specific feasibility that merits deeper exploration (Sofronievska et al., 2025). The pomegranate indicator literature also suggests that natural indicators can be developed in ways that connect analytical chemistry with biomass utilisation and sustainability narratives while still delivering quantitative performance (Emily et al., 2019; Pore et al., 2024).

10. Conclusions

Natural indicators based on anthocyanins, curcuminoids, and betalains have strong potential as endpoint reagents in acidimetry and alkalimetry when used in chemically favourable systems and when extraction and handling are standardised. Evidence is strongest for strong acid–strong base titrations, with expanding support for selected weak acid–strong base and strong acid–weak base titrations under controlled conditions. Recent research addressing polyprotic systems indicates that natural indicators can contribute beyond simple substitution, enabling endpoint strategies that exploit multi-hue transitions. Immobilised formats, including films and membranes, appear particularly promising for reducing dosing variability and improving endpoint reproducibility. Overall, natural indicators are best viewed as method components that can be engineered, stabilised, and validated to meet quantitative needs while supporting safer and more sustainable analytical practice.

11. Limitations

The underlying literature remains methodologically uneven, with many studies emphasising feasibility demonstrations rather than full validation across operators, batches, and laboratory conditions. The inherent chemical complexity of natural extracts complicates reproducibility and cross-study comparison unless extraction and standardisation are tightly controlled. Additionally, much of the most rigorous stability and colour quantification evidence comes from packaging and sensor contexts rather than titrimetric endpoint studies, so translation to routine acidimetry and alkalimetry workflows requires further dedicated research.
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