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Comparative Assessment Of The Physicochemical Properties Of Military Chemical Agents In The Context Of Rhamnolipid-Based Surface Decontamination


Abstract
Aims: To compare the physicochemical properties of ten military chemical agents belonging to different toxicological classes in the context of rhamnolipid-based surface decontamination. Study design: A comparative analysis of physicochemical data obtained from publicly available chemical databases. Methodology: Molecular mass, lipophilicity, topological polar surface area, water solubility, and vapour pressure were examined. A heat map was prepared using normalised molecular mass and topological polar surface area values. Hierarchical cluster analysis was performed using Euclidean distance and Ward’s method. Results: The analysis revealed differences in molecular size and polar surface properties among the selected chemical agents. The comparative evaluation enabled the systematic characterisation of their physicochemical parameters, while material properties were considered separately in the theoretical assessment of surface interactions. Conclusion: The findings provide a comparative physicochemical framework for further investigation of rhamnolipid-based surface decontamination and the identification of additional evaluation criteria. 
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1. INTRODUCTION
Contamination by toxic chemical agents poses a threat not only to the health of personnel during military operations. In such cases, the use of equipment, weapon systems, means of communication and personal protective equipment may be limited. Toxic substances that remain on the surface then migrate to personnel and other equipment, creating secondary exposures that directly affect unit performance and operational continuity. Therefore, the main goal of military decontamination is not only to remove the contaminant from the surface but also to reduce the residual hazard and return the equipment to safe use as soon as possible (Labaška et al., 2024; Yang et al., 1992).
The behaviour of chemical agents on surfaces varies. Highly volatile substances are more likely to spread quickly and pose an inhalation hazard. Low-volatility and hydrophobic agents can remain on surfaces for longer periods. Such substances may not be completely removed after cleaning and may later become a source of danger again. It is therefore important to investigate alternative cleaning agents that facilitate the separation of hydrophobic contaminants remaining on the surface (Shumeiko & Korotkikh, 2024; Yang et al., 1992).
Rhamnolipids are biosurfactants with an amphiphilic structure and are notable for their properties that can facilitate the mobilisation of hydrophobic compounds in aqueous environments. Their effects on interfacial tension and contaminant distribution between phases suggest potential applications in various treatment systems. However, the effectiveness of such systems depends not only on the characteristics of the pollutant, but also on the cleaning environment and the surface properties of the material. Therefore, it is important to consider molecular and material factors together in evaluating rhamnolipid-based approaches (Labaška et al., 2024; Mulligan, 2005).
Research on rhamnolipid-assisted soil washing has reported the mobilisation of petroleum-derived contaminants; however, such findings do not establish effectiveness against the chemical agents or on the equipment materials considered in this study (Torres et al., 2018).
Studies screening biosurfactant-producing bacteria have also characterised surface activity without establishing performance in the specific surface-decontamination context examined here (Alappat & Remya, 2024).
Rhamnolipids were selected for this study because of their well-documented surface-active properties and potential applications in the removal of hydrophobic contaminants. Unlike conventional synthetic surfactants, rhamnolipids are biologically produced glycolipids containing hydrophilic rhamnose groups and hydrophobic fatty acid chains. This structure enables them to reduce surface and interfacial tension and facilitate the dispersion and mobilisation of poorly water-soluble compounds. Although other biosurfactants, such as sophorolipids and surfactin, also exhibit surface-active properties, rhamnolipids have been extensively investigated in environmental remediation, providing a substantial scientific basis for their selection. Furthermore, their biodegradability and potential applicability in aqueous cleaning systems make them relevant candidates for theoretical evaluation in surface decontamination. However, these properties do not establish their effectiveness against specific chemical warfare agents, which requires separate experimental validation (Azevedo et al., 2024; Labaška et al., 2024).
Recent reviews describe the diverse environmental applications of rhamnolipids while also noting that production conditions, practical deployment and application-specific evaluation remain important considerations (Kabeil et al., 2025; Lavanya, 2024; Wongsirichot & Winterburn, 2025).
In addition to metal components, modern military equipment contains protective coatings, polymers, rubber materials, textile structures and sensitive electronic parts. These materials may interact differently with chemical pollutants. In particular, porosity, surface energy, chemical stability, and the ability of contaminants to diffuse into the material are among the factors that affect the contaminant's retention and subsequent transfer back to the surface. In the evaluation of decontamination methods, in addition to the removal of the contaminant, the preservation of the functional properties of the material should be considered (Snider & Hill, 2023).
Although various cleaning mechanisms, biosurfactants and material properties have been investigated in research on the decontamination of chemical pollutants, the comparison of physicochemical profiles of agents belonging to different toxicological classes in a single analytical framework is of particular importance. Comparative analysis of molecular descriptors allows the identification of similarities and differences between substances, their grouping according to common properties, and the systematisation of theoretical considerations on surface interactions. This approach can be particularly useful for preliminary analytical evaluation in cases where experimental data are limited (Labaška et al., 2024; Snider & Hill, 2023).
The contribution of this work lies in placing descriptor-based molecular groupings alongside a separate, qualitative assessment of material properties. The combined perspective identifies questions for subsequent experimental work without assuming that molecular similarity predicts decontamination performance.
A specific analytical gap addressed by this study concerns the separate but complementary interpretation of descriptor-based molecular groupings and surface-material properties. Addressing this gap requires a comparison that does not treat similarity in selected molecular descriptors as evidence of comparable decontamination performance.
The aim of this study is to systematically compare the physicochemical properties of ten selected military chemical agents representing different toxicological classes and to identify similarities and differences in their molecular characteristics. The analysis focuses on five physicochemical descriptors: molecular mass (MW), lipophilicity (LogP), topological polar surface area (TPSA), water solubility, and vapour pressure. Heat map visualisation and hierarchical cluster analysis are performed using normalised MW and TPSA values to identify groups of compounds with similar molecular profiles. In addition, the study aims to theoretically evaluate the relevance of these physicochemical characteristics to interactions with different surface materials, including metals, protective coatings, polymers, rubber, and textiles, within the context of rhamnolipid-based surface decontamination.

2. MATERIALS AND METHODS
2.1. Study design
This theoretical and analytical study compared physicochemical descriptors of chemical agents from different toxicological classes. The analysis aimed to identify patterns in the available molecular data and to consider their relevance to surface materials in the context of rhamnolipid-based decontamination, without directly measuring removal or neutralisation efficiency.
Ten chemical agents representing different toxicological classes were included in the analysis: nerve agents — sarin (GB), soman (GD), and VX; vesicant agents — sulfur mustard (HD) and lewisite (L); suffocating agents — phosgene (CG) and diphosgene (DP); blood agents — hydrogen cyanide (AC) and cyanogen chloride (CK); inactivating agent — 3-quinuclidinyl benzilate (BZ).
In selecting the substances, differences in molecular mass, lipophilicity, polar surface area, water solubility and volatility were considered alongside their toxicological classification. This approach made it possible to analyse the physico-chemical profiles of substances belonging to different chemical classes in a single comparative framework.
2.2. Data collection and descriptor selection
Physicochemical information was compiled from publicly accessible resources, including PubChem, the EPA CompTox Chemicals Dashboard and CAMEO Chemicals, together with supporting technical references (Kim et al., 2025; National Oceanic and Atmospheric Administration, n.d.; U.S. Environmental Protection Agency, n.d.). Reported units and temperature conditions were retained where the available records did not support direct harmonisation.
Five main physicochemical descriptors were selected for comparative evaluation: molecular mass (MW), logarithm of octanol-water partition coefficient (LogP), topological polar surface area (TPSA), water solubility and vapour pressure.
Molecular mass (MW) was used as a descriptor of molecular size, the octanol–water partition coefficient (LogP) as an indicator of lipophilicity, and topological polar surface area (TPSA) as a structure-derived measure of polar surface features. Water solubility and vapour pressure supplied additional information on aqueous behaviour and volatility.
Descriptor selection for quantitative analysis was guided by completeness and comparability across the ten agents. MW and TPSA were available as numerical values for every compound and therefore formed a complete two-variable matrix. XLogP3 values were not available for all agents, while some solubility and vapour-pressure records were qualitative, temperature-dependent or reported under different conditions. These three properties were consequently retained for descriptive interpretation rather than included in the normalised clustering matrix. This choice avoided treating non-equivalent observations as directly comparable, although it does not eliminate uncertainty associated with database-derived estimates.
2.3. Heat Map and Hierarchical Cluster Analysis
Heat map visualisation and hierarchical cluster analysis were applied to illustrate the similarities and differences among the selected chemical agents on the basis of their molecular descriptors.
The initial data matrix consisted of ten chemical agents and two descriptors: molecular mass and TPSA. To ensure comparability between parameters expressed in different units of measurement, descriptor values were transformed into the 0-1 range using min-max normalisation:


 Here, X is the initial value of the descriptor, and Xmin and Xmax are the minimum and maximum values ​​observed for the corresponding descriptor.
The heat map was used to display the relative variation in normalised MW and TPSA across the ten agents.
Hierarchical cluster analysis was performed to assess multidimensional similarities between items. Euclidean distance was used to quantify differences between the descriptor profiles, and Ward's method was used to combine clusters. The resulting groups were presented in the form of a dendrogram (Ward, 1963).
Both visualizations were interpreted descriptively; the clusters represent similarity in MW and TPSA, not experimentally determined decontamination behaviour.
2.4. Surface-dependent theoretical assessment
The results of the comparative analysis of molecular descriptors were considered in the context of the general physicochemical properties of different surface materials. The evaluation included non-porous metal surfaces, protective coatings, polymer and rubber materials, as well as textiles and filter structures.
Surface porosity, chemical composition, potential retention and penetration of contaminants, and the nature of contaminant–surface contact were considered qualitatively using established material characteristics.
At this stage, possible relationships between physicochemical descriptors and material properties were considered qualitatively. A comparative matrix was developed to summarize the main physicochemical properties of different surface material categories, their potential interactions with contaminants, and the factors relevant to their theoretical assessment.

3. RESULTS
3.1 Descriptor-based differentiation of selected contaminants
The ten agents differed in molecular mass, XLogP3, TPSA, water solubility and vapour pressure. The available values are summarized in Table 1; only MW and TPSA were included in the quantitative comparisons presented in Figures 1 and 2.
Table 1. Comparative characteristics of physicochemical descriptors of selected military chemical agents
	Agent (code)
	MW
(g/mol)
	XLogP3
	TPSA
(Å²)
	Water solubility
	Vapor pressure

	Sarin (GB)
	140.09
	0.8
	26.3
	Miscible (qual.)
	2.86 mmHg (25°C)

	Soman (GD)
	182.17
	2.1
	26.3
	2.1×10⁴ mg/L (20°C)
	0.41 mmHg (25°C)

	VX (VX)
	267.37
	2.1
	54.8
	3×10⁴ mg/L
	7×10⁻⁴ mmHg (25°C)

	Sulfur mustard (HD)
	159.08
	2.1
	25.3
	684 mg/L (25°C)
	0.11 mmHg (25°C)

	Lewisite (L)
	207.31
	—
	0
	Slightly soluble
	0.58 mmHg (25°C)

	Phosgene (CG)
	98.91
	1.8
	17.1
	Reacts with water
	1215 mmHg (20°C)

	Diphosgene (DP)
	197.8
	3.1
	26.3
	Hydrolyses in water
	10 mmHg (20°C)

	Hydrogen cyanide (AC)
	27.025
	0.1
	23.8
	Miscible (qual.)
	742 mmHg (25°C)

	Cyanogen chloride (CK)
	61.47
	1
	23.8
	Soluble (qual.)
	1987 kPa (21.1°C)

	3-Quinuclidinyl benzilate (BZ)
	337.4
	3.3
	49.8
	Low (qual.)
	Very low (qual.)



Molecular mass ranged from 27.025 g/mol for hydrogen cyanide to 337.4 g/mol for 3-quinuclidinyl benzilate (BZ). VX also had a relatively high molecular mass (267.37 g/mol), whereas cyanogen chloride (61.47 g/mol) and phosgene (98.91 g/mol) were among the lower-mass compounds.
TPSA was highest for VX (54.8 Å²) and BZ (49.8 Å²). Sarin, soman and diphosgene each had a value of 26.3 Å²; sulfur mustard had 25.3 Å², hydrogen cyanide and cyanogen chloride each had 23.8 Å², and phosgene had 17.1 Å². Lewisite was assigned a TPSA of zero by the database calculation method. This computational descriptor value should not be interpreted as evidence of absent chemical reactivity.
Among the reported XLogP3 values, BZ (3.3) and diphosgene (3.1) were the most lipophilic by this descriptor; sarin and hydrogen cyanide had lower values of 0.8 and 0.1, respectively. A comparable XLogP3 entry was unavailable for Lewisite and was therefore not inferred.
The solubility and vapour-pressure entries could not be placed on a single numerical scale without further assumptions because they included qualitative descriptions, differing measurement temperatures and, in some cases, reactions with water. They were therefore used only to contextualize the comparison, not as inputs to hierarchical clustering.
3.2. Heat map-based comparison of contaminants
To visualise differences in the molecular properties of the selected chemical agents, a heat map was prepared based on the normalised values of molecular mass and topological polar surface area. Each descriptor was transformed into a 0–1 interval using the minimum–maximum normalisation method. The results are presented in Figure 1.
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Figure 1. Heat map of molecular mass and topological polar surface area normalized descriptors of ten selected chemical agents.

The heat map showed clear differences among the normalised molecular profiles. BZ had the highest normalised MW value (1.00) and a TPSA value of 0.91, while VX had values of 0.77 and 1.00, respectively. Both therefore occupied the high-value region of the two-descriptor comparison.
Soman, diphosgene, sulfur mustard and sarin fell within the range of 0.36–0.55 for normalised molecular mass. Their normalised TPSA values ranged from 0.46 to 0.48. These results showed that they had relatively similar profiles for the two selected structural descriptors.
Lewisite had a normalised molecular mass value of 0.58, whereas its normalised TPSA value was 0.00. Thus, despite its intermediate molecular mass, this compound showed a different profile from the other substances for the polar surface descriptor.
Hydrogen cyanide and cyanogen chloride had the lowest normalised values ​​for molecular mass. The corresponding values were 0.00 for hydrogen cyanide and 0.11 for cyanogen chloride. The normalised TPSA value for both substances was 0.43. For phosgene, the molecular mass value was 0.23, and the TPSA value was 0.31.
Differences observed in the heat map indicate that molecular mass and topological polar surface area do not vary in the same direction across substances. While some compounds showed high values for both descriptors, others showed a different distribution between these indicators.
3.3. Hierarchical cluster analysis
Hierarchical cluster analysis was performed to evaluate the descriptor differences identified in the heat map in terms of multidimensional similarity. The analysis was performed based on a data matrix consisting of normalised molecular mass and TPSA values. Euclidean distance was used to determine the distances between substances, and Ward's method was used to combine clusters. The results are presented in the form of a dendrogram in Figure 2.
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Figure 2. Ward's hierarchical cluster analysis based on molecular mass and TPSA of ten selected chemical agents.

Analysis of the dendrogram at the three-cluster level identified groups with different molecular descriptor profiles among the selected chemical agents.
The first cluster consisted of VX and BZ. Both substances were characterised by high molecular mass and TPSA values. The molecular mass and TPSA values were 267.37 g/mol and 54.8 Å² for VX and 337.4 g/mol and 49.8 Å² for BZ, respectively. The Euclidean distance calculated between these two items based on the normalised descriptors was approximately 0.24. This result indicated that they had relatively similar profiles in terms of the two selected molecular indicators.
The second cluster included sarin, soman, sulfur mustard, lewisite and diphosgene. The molecular masses of the substances within this group ranged from 140.09 to 207.31 g/mol. Sarin, soman, sulfur mustard and diphosgene showed values ​​close to each other in terms of TPSA indicators. Lewisite, however, had a TPSA value of zero and therefore occupied a different position within that group.
Within the second cluster, higher descriptor similarity was observed between soman and diphosgene. The normalised Euclidean distance between these two substances was approximately 0.05. The corresponding distance between sarin and sulfur mustard was approximately 0.06. These results showed that these substances were positioned close to one another in terms of selected structural indicators.
The third cluster comprised hydrogen cyanide, cyanogen chloride and phosgene. These substances were distinguished from the other groups primarily by their low molecular mass values. The normalised Euclidean distance between hydrogen cyanide and cyanogen chloride was approximately 0.11. Phosgene joined that group owing to the combined effect of molecular mass and TPSA indicators.
Cluster analysis showed that, regardless of their toxicological classification, the selected substances were divided into different groups based on molecular descriptors. However, because the formation of clusters depends only on the values ​​of the two descriptors included in the analysis, these groups were not interpreted as indicating identical physicochemical behaviour among the substances.
3.4. Surface-dependent theoretical assessment
Examining the descriptor-based comparative results in the context of surface materials indicates that assessing the interaction between chemical contaminants and materials cannot be limited solely to indicators of molecular structure. Characteristics such as the physical structure of the surface, porosity, surface energy, and chemical stability are additional factors that influence how contaminants interact with materials.
While molecular mass and topological polar surface area provide information regarding the structural properties of substances, they do not directly characterise their adsorption onto a specific material, their diffusion into the material, or the extent to which they desorb from the surface. Evaluating these processes requires the separate consideration of material-specific physicochemical parameters and relevant experimental data.
When assessing interactions on non-porous metal surfaces, factors such as the presence of a surface coating, surface energy and the chemical state of the material are relevant. In the case of coated surfaces, the composition and chemical stability of the protective layer must also be taken into account. These characteristics explain the potential reasons why the same contaminant may exhibit different behaviour on various materials.
In polymer and rubber materials, interactions between a contaminant and the material may involve not only surface phenomena but also the material's internal structure. In such materials, processes such as molecular diffusion and sorption can influence the distribution of the contaminant. Consequently, an assessment based solely on external surface properties may not fully capture the processes occurring within the material.
Textiles and filter materials constitute a distinct category due to their fibrous and porous structures. In such structures, the total surface area, pore size distribution, and the chemical composition of the material can influence the nature of the interaction with contaminants.
The general physicochemical properties of various surface categories, along with the assessment factors to be considered, are summarized in Table 2.

Table 2. Comparative assessment of physicochemical properties and potential contaminant interactions across different surface materials

	Surface materials
	Main Physicochemical Properties
	Potential Interactions
	Factors to Considering in the Assessment

	Metal surfaces
	Low porosity, surface energy
	Surface adsorption and desorption
	Chemical state of the surface, presence of coatings

	Protective coatings
	Chemical composition, surface energy
	Adsorption, interactions with the coating
	Coating integrity and chemical resistance

	Polymers
	Macromolecular structure, hydrophobicity
	Sorption and diffusion into the material
	Polymer composition, sorption properties

	Rubber and elastomers
	Elasticity, polymer network structure
	Sorption, diffusion
	Chemical resistance of the material

	Textile materials
	Fibrous structure, porosity
	Adsorption onto fiber surfaces, retention within the material
	Fiber composition and porosity

	Filter materials
	Porous structure, specific surface area
	Adsorption and retention within pores
	Pore structure, material composition



4. DISCUSSION
The results showed that chemical agents grouped by toxicological function can differ markedly in their molecular descriptors. This distinction is relevant to an initial physicochemical assessment because toxicological classifications describe biological effects, whereas MW and TPSA describe selected molecular features. The present analysis brings these two ways of organizing the agents into a common descriptive framework, without equating descriptor similarity with a shared mechanism of action.
The heat map and dendrogram yielded complementary views of the same two-variable dataset. VX and BZ grouped together because both had relatively high MW and TPSA values; the lower-mass compounds hydrogen cyanide, cyanogen chloride and phosgene formed another group. These clusters describe proximity in the chosen variables rather than chemical interchangeability or comparable decontamination outcomes. The separation of toxicological classes from descriptor-based groups is consistent with the different purposes of these classification schemes.
The results of the cluster analysis also demonstrated the scientific significance of descriptor selection. Molecular mass characterizes the overall size of a substance, while TPSA (Topological Polar Surface Area) characterizes specific polar surface features within its structure. Nevertheless, these parameters do not fully capture a substance's lipophilicity, volatility, chemical reactivity, or its interactions with materials. Therefore, the similarities identified in the heat map and dendrogram must be interpreted within the context of the selected molecular descriptors. The data regarding LogP, water solubility, and vapour pressure—presented in the data table—allow for a broader consideration of the physicochemical properties of these substances.
Rhamnolipids provide a relevant context for considering these differences because their amphiphilic structure can alter interfacial behaviour and promote the mobilisation of certain hydrophobic contaminants (Azevedo et al., 2024; Liu et al., 2018; Mulligan, 2005). Nevertheless, the extent of mobilisation depends on formulation conditions, the contaminant and the surface material. The descriptor-based clusters in this study cannot by themselves predict whether a rhamnolipid formulation will remove or neutralise a particular agent.
Compared with some conventional chemical cleaning approaches, rhamnolipid-based formulations may offer benefits associated with their biological production, biodegradability and surface activity (Azevedo et al., 2024; Khan et al., 2025; Liu et al., 2018). These are potential advantages rather than demonstrated benefits for the agents examined here. Production and purification costs, formulation stability, environmental conditions and the possibility of concentration-dependent toxicity remain important considerations (Khan et al., 2025). The removal of an agent into a washing medium must also be distinguished from its chemical destruction; any proposed formulation requires separate efficacy, material-compatibility and environmental-safety testing (Khan et al., 2025; Labaška et al., 2024).
The structure of a material is particularly relevant when considering the interaction between chemical substances and surfaces. While the behaviour of a contaminant on non-porous metal surfaces is linked to the surface's chemical state and adsorption characteristics, processes such as sorption and internal diffusion can play an additional role in polymer and elastomer materials. Furthermore, the fibrous and porous structure of textiles and filter materials makes the distribution of contaminants within the material more complex. The material properties presented in Table 2 indicate that, rather than applying a uniform approach to the theoretical assessment of surface materials, their specific structural and physicochemical characteristics must be considered individually.
In this context, a crucial distinction lies between the removal of a contaminant from a surface and its chemical neutralisation. Although biosurfactants can facilitate the mobilisation of a contaminant and alter its distribution between phases, the transfer of a substance into a cleaning medium is not synonymous with the breakdown of its chemical structure or the elimination of its toxicity. Therefore, when evaluating decontamination systems, it is necessary to consider not only the amount of substance remaining on a surface but also its subsequent fate and the residual risk it poses.
The main contribution of this study is the integration of molecular descriptor analysis with a theoretical assessment of surface material properties. This approach highlights the importance of considering both molecular characteristics and material-related factors when evaluating potential interactions between chemical contaminants and surfaces. The resulting comparative framework may support the selection of relevant parameters for future investigations of rhamnolipid-based decontamination systems.
The interpretation is constrained by the scope and comparability of the available data. Clustering was based on MW and TPSA, not on direct measurements of adsorption, transport, chemical reactivity or rhamnolipid performance. Solubility and vapour-pressure values were described under non-uniform conditions and could not be combined consistently with the two structural descriptors. In addition, the surface assessment was qualitative rather than experimental. Measurement conditions and differences between calculated and measured database entries may affect cross-agent comparisons; normalisation places variables on a common scale but does not remove such uncertainty. Consequently, the analysis supports descriptor-based grouping and the identification of questions for follow-up experiments, not predictions of decontamination efficiency.
Future research could supplement molecular descriptors with a broader dataset, compare experimental results across various surface materials and incorporate additional indicators that characterise the performance of biosurfactant-based systems. In particular, investigating the relationships between molecular properties, material parameters, and experimental decontamination outcomes could provide a foundation for integrating the current comparative approach into more comprehensive analytical models.

5. CONCLUSION
The present study provided a comparative assessment of the physicochemical properties of ten military chemical agents representing different toxicological classes. Heat map visualisation and hierarchical cluster analysis, based on normalised molecular mass (MW) and topological polar surface area (TPSA), identified three groups of compounds. VX and BZ formed a cluster characterised by relatively high MW and TPSA values, while hydrogen cyanide, cyanogen chloride, and phosgene were grouped primarily according to their lower molecular masses. Sarin, soman, sulfur mustard, lewisite, and diphosgene formed an intermediate group with varying molecular characteristics. These findings demonstrate that similarities in molecular descriptors do not necessarily correspond to the toxicological classification of chemical agents.
The theoretical assessment of metals, protective coatings, polymers, rubber, textiles, and filter materials further highlighted the relevance of surface porosity, chemical composition, adsorption, and diffusion characteristics in contaminant–material interactions. The main scientific contribution of this study is the integration of molecular descriptor analysis with the theoretical evaluation of surface material properties within a unified comparative framework. This approach provides a basis for identifying relevant physicochemical parameters in future investigations of rhamnolipid-based surface decontamination. The findings may also inform the development of more comprehensive experimental and computational models for evaluating contaminant–surface interactions.

Limitations
This analysis relied on publicly available physicochemical records, which differed in reporting conditions and included both measured and calculated values. Quantitative clustering used only molecular mass and topological polar surface area because comparable numerical records were not available for all five descriptors. The surface-material assessment was qualitative. Accordingly, the results cannot establish contaminant adsorption, transport, removal or chemical neutralisation, nor can they predict the performance of a rhamnolipid formulation on a particular material. These interpretations are restricted to the ten selected agents and the descriptors evaluated.
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Figure 1. Descriptor heat map: 10 agents
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Figure 2. Hierarchical clustering: 10 agents
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