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The knowledge-base of chemical product design 

The formulation and the solution of a chemical product design problem requires the collection and 

further availability of a large number of data and information, coming from different sources and 

specific to different disciplines: expertise in chemistry, engineering, marketing, manufacturing and 

economics are in fact necessary. 

In particular, the input information required by the design methodology (model-based, 

experiment-based or integrated) such as the customer needs, the product quality factors, the 

product technical specifications, etc. are obtained by means of different sources (market and 

customer surveys, patent, literature, etc.) and its collection and provision has been rarely 

systematized. 

In this work, a systematic knowledge-base has been developed, so that the necessary information 

and data obtained for the development of the case studies is stored and provided, when needed, 

in an efficient way. Moreover, the structure allows the integration of the above mentioned 



knowledge base with the information relative to other case studies previously developed13-16 and 

with any future work in the field of chemical product design. 

Figure S1 illustrates the multi-layer structure of the knowledge-base, developed in this work. 

The structure has been developed in order to reflect the systematic structure of the framework: 

first the problem definition stage, then the model-based stage for synthesis and design, and finally 

the experiment-based stage for validation and refinement.  

The knowledge-base plays a fundamental role in particular at the level of the problem definition 

described in the previous section, by providing information about the necessary classes of 

ingredients and the target properties, that is, the thermo-physical properties that the formulation 

need to satisfy. Moreover, it assists in the experiment-based stage in focusing the experimental 

efforts and in translating the measurements in further refinements for the candidate formulated 

product. 

Property Models 

As the objective of chemical product design is to find molecules (or mixtures of molecules) with a 

desired set of target properties, the latter represent the needs of the product, on the basis of 

which the design procedure is applied. Therefore, the product properties play a fundamental role 

in the design and development of chemical formulated products. It is through thermo-physical 

properties, in fact, that the stability of the product, the evaporation of the solvent mixture on 

application of the product, the spread-ability of the product, etc. are verified. 

A common approach to design chemical products is by measuring the important properties for 

each candidate product. While this approach is reliable, it is also time consuming, and it does not 

allow the consideration of all the potential product candidates. A hybrid approach is usually 

recommended, where model-based techniques are used to estimate the desired set of properties 



and a set of promising candidates are identified through a model-based stage, while in a second 

experiment-based stage, the properties are verified and the formulated product is further 

improved, if necessary. In both cases, however, a database of collected experimental data, 

supported by reliable mathematical models for prediction of thermo-physical properties is of 

fundamental importance. 

In this work, the models collected for estimation of key thermo-physical properties for the design 

of emulsified formulated products have been previously presented17. The collection of the 

available property models is structured according to the property type and the model type: 

general property models (that is, those that can be applied to a general liquid mixture) and 

surfactant-specific property models. Within each category, the models are distinguished between 

pure component property models and mixture property models, linear and non-linear. 

Property models of surfactants and surfactant mixtures, however, are scarcely available in the 

literature, and the available models are often lacking in accuracy or they are not predictive in 

nature. Because of these reasons, property models needed for some important surfactant 

properties have been developed in previous works by the authors and they are then applied in the 

integrated methodology for the design of emulsified formulated products. More specifically, 

group-contribution models, based on the Marrero and Gani method have been developed in 

relation to the cloud point13 and the critical micelle concentration18 of pure surfactants, while a 

thermodynamic-based approach for the assessment of the stability of an emulsified solvent 

mixture has also been proposed13. 

Structured databases (Methods and Tools) 

A chemicals database is a fundamental tool for the solution of chemical product design problems. 

In fact, most often, the generation of new molecules by means of computer-aided molecular 



design techniques is not necessary when designing a chemical formulation, both because of the 

complexity of the problem, and for the availability of the ingredients for experiments for validation 

and/or refinement. It is a common practice, therefore, that the different ingredients of a 

formulated chemical product are selected from dedicated databases, by means of model-based 

techniques. 

For this reason, several different databases have been created, as part of this work, collecting data 

for the categories of ingredients necessary for the solution of the different case studies. The above 

mentioned databases are structured on the basis of different criteria, such as, the type of 

ingredients (active ingredients, solvents, and additives), the activity of the ingredients (aromas, 

colorants, UV filters, etc.) and the qualitative solubility/miscibility of the ingredients. Such a 

distinction is necessary as different databases have different characteristics and requirements, 

defined in agreement with the overall methodology for the design of emulsified formulated 

products. 

The following databases have been developed: 

• Active Ingredients and Additives Databases: UV-A absorbers database, UV-B absorber 

database, UV filters database, antioxidant database, preservative database, aromas 

database, co-surfactant database, builders database, buffering agents database, bleaching 

agents database, colorants database, anti-microbial agents database, emollients database; 

• Solvent Databases: water database, water insoluble alcohols database, water soluble 

alcohol database, esters database, vegetable oils database; 

• Surfactant Databases: anionic surfactants database, non-ionic surfactants database, 

commercial surfactants database. 



The above mentioned databases, however, do not consist of data of chemicals, as a minimum set 

of information and thermo-physical properties for chemicals are also necessary. This information 

has been retrieved from the literature and/or predicted through a dedicated pure component 

property model was available. 

 

Software Tool (Methods and Tools) 

The solution of a chemical product design problem by applying systematic integrated model-based 

and experiment-based methodologies requires the retrieval, the calculation, the use and the 

management of a wide range of models and procedures, as well as a very large amount of 

information and data. Computer-aided tools are necessary, in order to simplify the use of these 

procedures. The Virtual Process-Product Design Laboratory (VPPD-Lab), see Appendix A for more 

information and an example illustration, was originally developed for the design and analysis of 

homogeneous formulated products12. It has now been refined and extended to emulsified 

formulated products114. The work-flow for VPPD-Lab is outlined in Figure S2. 

The VPPD-Lab allows performing virtual experiments while searching for the most promising 

candidates. When these are found, the VPPD-Lab recommends experiments to verify the product 

formulations, thanks to the integrated knowledge-base. That is, computer-aided techniques are 

used to search through a wide range of alternatives; just as a process simulator is able to simulate 

and analyze different chemical processes, the VPPD-Lab is able to design and analyze different 

chemical products. 

The generic work-flow embedded in the VPPD-Lab consists of a set of hierarchical steps and it is 

supported by a collection of tools, such as, a property model library, a reliable knowledge-base, 

structured databases and calculation routines. 



The work-flow is based on a specifically developed ontology for knowledge representation 

covered by associated product attributes, their translation into properties, the corresponding 

property prediction models, and a wide range of data from different sources. In the first step, see 

Appendix A, the product type is selected from a list of products available in the database: 

homogeneous formulations, gasoline blends, lubricant blends, jet fuel blends and emulsion-based 

formulations. In the second step, a set of product needs is retrieved from the knowledge-base and 

augmented, if necessary. In the third step, the product needs are translated to product attributes 

(properties) by the knowledge base, which also helps to define the property target values. The 

fourth step employs the problem specific formulation design in terms of selecting the ingredients 

(chemicals) and their amounts such that the property targets are satisfied. The ingredients are 

classified in terms of active ingredients (performs the main function or activity of the product), 

solvents (to dissolve the active ingredient and/or to deliver the product) and additives (to enhance 

the product quality). In the final fifth step, each feasible product formulation is verified through 

model-based tests to check for stability, performance enhancement, etc. 

 

Stage 3: Experiment-based Stage 

The third stage of the integrated methodology, shown in Figure 2, for the design of emulsified 

formulated products is the experiment-based stage. Here, targeted experiments are performed in 

order to validate the candidate formulation generated in the model-based stage. If the product is 

not validated, however, this stage is in charge of suggesting refinements to the proposed 

formulation, by an ordered list of actions. This stage consists of four tasks, and several sub-tasks, 

as illustrated in Figure S3. 

 



Task 3.1 

In this first task, a list of experiments to be performed is generated, given the consumer needs (ψi) 

and their translation into target properties (ζi) and necessary classes of ingredients (ξi). Depending 

on the above mentioned distinction, experiments for the validation of both product properties 

and product performances are defined. All the thermo-physical properties involved in the model-

based stage (ζi) are collected here, as experiments are necessary to validate the model-based 

predictions. Consumer needs (previously translated to active ingredients) are collected separately, 

as these cannot be often related to thermo-physical properties. All product properties are then 

translated into a set of experiments to be performed, and therefore a list of experiments for the 

product validation is generated. 

In relation to the product properties, most of the experiments consist of measurements of the 

bulk product properties (such as density, surface tension, viscosity, etc.); of properties related to 

the phase stability (solubility, mutual miscibility, etc.) and, when possible, of specific properties 

related to the product itself, such as the sun protection factor (SPF) for a UV sunscreen. In relation 

to the product performances, instead, the validation experiments consists of a set of panel tests, 

where product attributes such as the color, the odor and the feeling on the skin are validated by 

direct observation. Usually, among these experiments, also properties which have not been 

numerically modeled are verified, such as the pH, and the product shelf-life, the latter is obtained 

by means of accelerated experiments. Experiments, which are simple and non-time consuming are 

performed first, so that if problems are identified during the experimental work, the procedure 

can stop and proper amendments are taken before the difficult tests, requiring more time and/or 

resources, are performed. 

Task 3.2 



In this task, a list of actions is generated in order to refine the candidate formulated product in 

case the experiments defined at task 3.1 do not validate it. Each experiment is then coupled with 

an action to be performed in case the results of the experiments are not satisfactory. Thus, all 

experiments mentioned in task 3.1 must be accompanied by one or a list of reasons for validation 

failure. This list of actions consists of a set of amendments that are recommended, in order to 

refine the products, in case of validation failures. There may be more than one action, coupled to 

a single validation failure, as well as the same action can be coupled to more than one reasons for 

a validation failure. 

For example, the addition of a proper thickener is an action usually suggested when the measured 

viscosity is lower than the lower boundary of acceptance. However, for an emulsified formulated 

product, also a little increase of the amount on the dispersed phase in the emulsified solvent 

mixture is recommended to increase the overall viscosity of the product. At the same time, the 

addition of a specific thickener is reported to have significant effects on the product stability, while 

the modification of the water-oil ratio of the emulsified solvent mixture influences all the bulk 

properties of the product, such as density, surface tension, etc. 

The generation of a reliable list of actions is possible thanks to thorough literature reviews, 

experimental evidences, industrial experience and common sense, all collected and stored in the 

knowledge base, presented before. 

Task 3.3 

In this task, the experiments defined in task 3.1 are performed. The availability of the chemicals is 

checked, and the experimental set-up is verified. Therefore, proper decisions about the detailed 

experiments to be performed are taken. If some of the necessary chemicals are not available, it is 

possible to go back to the model-based stage, to choose a proper replacement. If, on the contrary, 



it is not possible to perform one or more experiments because the relative experimental set-up 

cannot be used, then the work-flow goes back to Task 3.1, so that an alternative list of 

experiments can be generated. Then, a final list of experiments is outlined and performed. 

Task 3.4 

Here, the results of the experiments performed in task 3.3 are compared with the expected results 

defined in the model-based stage. If all the experimental results are satisfactory, then the 

candidate formulated product generated through the model-based stage is validated. On the 

contrary, if any of the experiment is not satisfactory, the list of actions generated in task 3.2 is 

retrieved and the actions relative to the non-satisfactory experiments are considered. These 

actions are then used as input information in the model-based stage to refine the candidate 

product and generate a new candidate formulation to be verified through the experiment-based 

stage again. These iterations continue until there is complete agreement between the results of 

the experiment-based stage and the predictions of the model-based stage. 

It has to be highlighted here that it is usually recommended to choose refinements involving the 

later steps of the model-based stage, rather than the first step, when possible. This is because a 

change of an active ingredient, for example, may be followed by the choice of a different solvent 

mixture (to ensure full solubility, for example), that may then cause different choices of the 

additives, ending up generating a completely different candidate product, the properties and 

performances of which need to be verified once more. In case, on the contrary, that no 

discrepancies appear from the comparison between measurements and predictions, the candidate 

formulated product is validated.  

 

 



Comparison to other well-documented approaches for product design  

It is of interest to compare the systematic methodology proposed here for emulsified product 

design to the general methodology for chemical product design outlined by Cussler and 

Moggridge5 and also by Wesselingh, Vigild and Kill6. This methodology is presented in Figure S4.  

The general methodology from literature starts with a very general problem definition or 

statement e.g. improve a chewing gum or ice cream without identifying the nature of the product 

or potential solution. In our case, the targeted product, an emulsified product, is defined a priori. 

Then, both our approach and the literature one includes a customer needs step, which is 

considered in both cases to be very crucial. In the literature case (and potentially this may be the 

typically used) way, the needs are determined from customer interviews, while we have identified 

a list of important needs based on literature studies and other sources. We have classified the 

needs in main and secondary and a similar approach is used in literature with needs classified in 

scales (1-5 or 1-3, depending on the source where either 5 or 3 is the highest; the needs which 

rank 4 and 5 in the 1-5 scale are the most important).  

The quantification of needs to specifications bears many similarities in the two approaches 

(literature and in this work). In both cases it is attempted to quantify the consumer needs into 

quantified target properties with target values and boundaries. However, while in the literature 

approach, needs which are hard to quantify are simply determined as “subjective” (with potential 

panel tests as potential solution), we use databases and ascribe those difficult needs to specific 

ingredients e.g. active ingredients and diverse additives. Of course, in our approach, this is 

facilitated as the form of “solution product” is known in advance (an emulsified product).  



Following the quantification of consumer needs (called specifications according to the literature 

approach) the two approaches differ significantly. The literature one includes first a brainstorming 

session to identify potential solutions – products which will satisfy the customer needs and the 

best potential products (still not identified what type of product it is) will be screened in a solution 

stage. The literature approach to finding the optimum solution is somewhat diffuse using diverse 

criteria and a concept-criteria matrix assisted by engineering calculations. Then, the finally chosen 

product is characterized (i.e. described in some detail) and a recipe is provided. None of the 

literature methods provide any quantification or systematic approach on how an appropriate 

recipe will be actually outlined.     

As mentioned, after the end of the quantification of needs stage (end of what we call Stage 1), our 

approach is much more quantifiable in the so-called Model-based Stage 2. Via databases, property 

models based on quantitative group contribution approaches, accompanied by the computer-

aided algorithm (EMUD) we arrive at a much more quantifiable and reliable solution as well as a 

recipe for the final product.  

Finally, in some sense, both literature and our approaches end with the recipe creation and 

ultimately experimental test-manufacture of a prototype. In the literature approaches are 

discussed the process flowsheet, equipment and scale-up stages as well, however these are 

presented via examples and not in any systematic approach. Thus, these steps are as yet to be 

systematized. This is, of course, absolutely necessary as the properties of micro-structured 

products are often much connected to their processing. Nevertheless, the simultaneous product 

and process design is a topic which, while not considered here, should be a topic of significant 

research interest in the future. Recent studies21 address this topic and illustrate equivalences in 

the methodology of computer aided product design and process design. 



Case Study 

Stage 3: Experiment-based Stage 

An integrated approach is considered necessary for a reliable design procedure, in order to 

validate the results obtained through the model-based stage. However, the validation process 

must follow two distinct routes: the validation of the property models used in the model-based 

methodology (Model Validation) as well as the validation of the expected product performances 

(Product Validation). 

In relation to this specific case study, the overall integrated methodology has been applied, that is, 

the experiment-based stage has been planned and the relative experiments have been performed. 

We discuss, hereafter, how this has been accomplished. 

Task 3.1 

First, the product properties to be measured for validation are collected. They consist of the target 

properties identified previously; Surface tension (ζ1); Critical micelle concentration (ζ1); Solubility 

parameters (ζ4); pH (ζ4); Surface tension (ζ1); Solubility parameters (ζ1); Hydrophilic-lipophilic 

balance (ζ1); Molar volume (ζ4); Dynamic viscosity (ζ4); Cloud point (ζ1); Krafft temperature (ζ1); 

Hydrophilic-lipophilic deviation (ζ4); Toxicity parameter (ζ3); and Flash point (ζ3). 

Then, the product performances to be assessed for validation are collected, as mentioned before: 

High foam-ability; Non irritability of the skin; Cleaning performances; Spread-ability; Good 

stability; Anti-bacterial performances; Pleasant color; Pleasant odor; Pleasant skin feeling; Low 

toxicity; High safety. 

Based on the product properties and performances mentioned above, a list of experiments for 

validation is generated, given in Table S4.  



It has to be noticed that some of the property models used are considered not to require 

experimental validation for the following reasons: 

• Hansen solubility parameters: experimental validation is time-consuming 

• Hydrophilic lipophilic balance: experimental measurement is not possible 

• Cloud point and Krafft temperature: the models used have been developed on large data-

set containing experimental measurement of the surfactant 

• Flash point ad toxicity parameter: experimental validation is complex 

Task 3.2 

For each of the experiment listed in Table S4, however, it is expected that the property measured 

matches the value of the property calculated through the property model used. 

Then, a list of action corresponding to every validation experiment defined in Table S4 is 

generated. Table S5 gives the list of action built here. 

Task 3.3 

Then, we proceed with the Experimental Availability Check, and all the necessary chemicals listed 

in Table 6 are available. In terms of experimental setup, instead, a series of equipment and 

experimental procedures are chosen, on the bases of the setup availability. Moreover, the 

experiments are listed according to their difficulty and duration: from the most simple and/or fast 

to the most difficult and/or time consuming. 

1. Solubility test: the solubility of the active ingredients and of the additives in the respective 

solvent phases is assessed. As the aim of this test is not to identify the solubility limit, but 

just to check if the designed formulation was stable at the designed concentration, these 

tests are performed by mixing and observing if phase stability occurs; 



2. Solvent mixture stability test: the solvent mixture is manufactured at the designed optimal 

composition. The sample is mixed for 30 minutes at 1500 rpm in a mechanical stirrer (IKA 

T25 digital ultra-torrax) and it is then transferred in an equilibrium glass with an external 

jacket for temperature control. The temperature is changed at the speed of 1˚C per 

minute, and the conductivity is monitored in continuous (with a waterproof hand-held 

conductivity TDS meter, WPA CMD410). The temperature at which a sharp discontinuity in 

the conductivity is  observed is the phase inversion temperature, and it is considered the 

stability boundary, with respect to the temperature; 

3. A product prototype is manufactured by first homogenizing the two liquid phases, by 

mixing for 30 minutes at 1000 rpm with the same mechanical stirrer used for the previous 

experiment; then the dispersed phase (that is, the organic phase) is slowly poured in the 

aqueous phase, and the formulation is mixed for 30 more minutes at 1500 rpm; 

4. Measurement of the pH: indicator strips (Merck) are used to measure the pH of the 

product prototype; 

5. Measurement of the molar volume: a known volume of the prototype is weighted and then 

the molar volume is obtained by multiplying the ratio between the volume and the mass 

per the average molecular weight of the product; 

6. Measurement of the dynamic viscosity: a sample of the prototype is poured into a capillary 

viscometer and the capillary rise speed is measured; through the characteristic equation of 

the equipment, the dynamic viscosity is calculated; 

7. Measurement of the surface tension: a drop of the product prototype is poured on a glass 

surface and the contact angle is calculated by taking a high-resolution picture and using a 

dedicated software; then the equation of the capillary action is used to estimate the 

surface tension;  



8. Measurement of the phase inversion temperature: the same procedure of the experiment 

number 2 is applied to a sample of the product prototype; 

9. Panel test for spread-ability: a prototype sample is poured into a commercial hand-wash 

dispenser and the functionality of the device is tested; 

10. Panel test for cosmetic properties: the foam-ability, the non-irritancy to the skin, the 

pleasant odor, the pleasant color and the skin feeling are evaluated by applying a sample of 

the prototype on the skin; 

11. Shelf-life test: no adequate equipment has been retrieved for performing this experiment. 

 

Then, the experiments listed above are performed in order to verify and amend the candidate 

emulsified formulated product. The results are stored for comparison with the predictions. 

Following the experimental work, the results of the experiments are compared with the model-

based predictions and with the constraints set in the problem definition stage. 

1. Solubility test: the orange sweet oil and the orange colorant has been found to be soluble 

in the jojoba oil up to 50% in weight; higher concentrations have not been verified as this 

was out of the significance of these experiments; propylene glycol and sodium benzoate 

are found to be soluble in deionized water up to 50% in weight; higher concentrations have 

not been verified as above; Polyquaternium-7 has been found to be soluble up to 20% in 

weight; 

2. Solvent mixture stability test: the observed phase inversion temperature of the emulsified 

solvent mixture is 65˚C, compared with a prediction (via the HLD approach) of 68 ˚C; 

3. The product prototype is manufactured; 

4. The measured pH of the prototype is 8, corresponding to the upper boundary set in the 

problem definition stage; 



5. Measurement of the molar volume: the measured molar volume is 31.1 L/kmol, compared 

to a prediction of 32.7 L/kmol and lower and upper boundaries set to 30 and 150 L/kmol, 

respectively; 

6. Measurement of the dynamic viscosity: the measured viscosity is 18 cP, compared to a 

prediction of 14.11 cP and lower and upper boundaries set to 5 and 25000 cP, respectively; 

7. Measurement of the surface tension: the measured surface tension is 24 mN/m, compared 

to a prediction of 21 mN/m and the lower boundary set to 25 mN/m;  

8. Measurement of the phase inversion temperature: the observed phase inversion 

temperature is 65˚C, compared to a prediction of 73˚C; 

9. Panel test for spread-ability: the prototype sample flows through the commercial hand-

wash dispenser; 

10. Panel test for cosmetic properties: the foam-ability is considered sufficient; the skin feeling 

is pleasant (no irritability has been detected, even 48 hours after the application), but a 

higher viscosity is preferred; the odor is considered very pleasant, and persistent even a 

few hours after the application; the color is considered also pleasant; 

11. Shelf-life test: the test has not been performed, however a few days after the manufacture 

of the product prototype, signs of instability are observed (tendency to creaming). 

 

The main output obtained from the experimental validation is summarized here: 

1. The solubility of the active ingredients and of the additives in the respective solvent phases 

has been successfully verified; 

2. The stability of the solvent mixture at the designed composition has been successfully 

verified, and the prediction has been found in good agreement with the observation; 

3. No comments for this section; 



4. The pH has been found to correspond to the higher boundary of acceptance set; actions 

must be taken; 

5. The molar volume has been found to be successfully into the boundaries of acceptance set, 

and the prediction has been found in good agreement with the measurement; 

6. The viscosity has been found to be successfully into the boundaries of acceptance set, and 

the prediction has been found to be in agreement with the measurement; 

7. The surface tension has been found to be just into the boundaries of acceptance set, and 

the prediction has been found quite in agreement with the measurement;  

8. The prediction of the phase inversion temperature has been found to be in agreement with 

the observed value; 

9. The spread-ability through a commercial dispenser has been successfully verified; 

10. The foam-ability, the non-irritability of the skin, the odor, and the color has been 

successfully verified; the product viscosity is considered insufficient, from the point of view 

of the skin feeling; actions must be taken; 

11. The stability of the product prototype has not been verified; however the tendency to 

creaming observed a few days after the product manufacture suggests a non-acceptable 

product stability; actions must be taken. 

 

Task 3.4 

According to the list above, actions to lower the product pH, to increase the product viscosity 

and to improve the product stability must be taken. The list of action generated above is then 

used to generate a list of refinements. The final results are presented below: 

• The addition of a mild acidic buffer is necessary to reduce the pH; 0.5% in weigh of 

citric acid (water-soluble) is added to the emulsified formulation; 



• The addition of a thickener is necessary to increase the viscosity; 1% in weight of 

polyethylene glycol (water-soluble) is added to the emulsified formulation; 

• The reduction of the average droplet size and the achievement of a narrower droplet 

size distribution are necessary to increase the stability; a different stirring equipment, 

characterized by higher stirring speed is recommended. 

From the point of view of the product formulation, therefore, Table S6 gives the refined 

composition of a detergent hand-wash in the emulsified form, obtained first by a model-based 

design technique, verified and refined through experiments. 

 

 

 

 

 

 

 

 

 

 

 



Appendix A: The Virtual Product-Process Design Laboratory for Design and 

Analysis of Emulsified Formulated Products 

 

In this appendix, the new template of the Virtual Product-Process Design Laboratory for emulsified 

formulated product design is introduced. In order to carry out this specific design, the option “Emulsions” 

has to be selected from the main menu, as in Figure A.1 

 

 

Figure A.1 Main menu of the VPPD-Lab 

A template for emulsion design will be shown, as in Figure A.2. 

 



 

Figure A.2 Template for the design of emulsified formulated  

products in the VPPD-Lab 

 

The case study relative to the hand-wash in the emulsified form is chosen to highlight the work-flow of the 

new template. 

Task 1: Problem Definition 

The option “Hand-wash” has to be selected, so that the relative knowledge base is retrieved. This way, the 

consumer needs are identified and translated into target properties: high foam-ability, non-irritability of 

the skin, cleaning performances, spread-ability, stability, safety and non-toxicity, as illustrated in Figure A.3. 

 



 

Figure A.3 User-interface for the problem definition in the VPPD-Lab, 

relative to the case-study of a hand-wash in the emulsified form 

The product needs are then translated into target properties, as in Figure A.4. 

 

 

Figure A.4 User-interface for the definition of the target properties in the  

VPPD-Lab, relative to the case-study of a hand-wash in the emulsified form 

Where SurT is the surface tension, HanD, HanP and HanH are the Hansen solubility parameters, Vm is the 

molar volume, and DynVis is the dynamic viscosity. 

The numerical constraints are then generated from the knowledge base, but the software allows also 

manual input, as illustrated in Figure A.5. 



 

Figure A.5 User-interface for the definition of the constraints on the target properties in the VPPD-Lab, 

relative to the case-study of a hand-wash in the emulsified form 

Task 2: Active Ingredient Selection 

The databases of ionic and non-ionic surfactants are retrieved, and the property constraints can be 

selected, together with the selection criteria, as in Figure A.6. 

 

 



 

Figure A.6 User-interface for the active ingredient selection in the VPPD-Lab, 

relative to the case-study of a hand-wash in the emulsified form 

Task 3: Solvent Mixture Design 

By clicking the button “Step 3”, the software automatically set the boundaries on the mixture properties, 

select the necessary property models and optimize the composition of the emulsified solvent mixture. The 

results are summarized in Figure A.7. 

 

Figure A.7 Results of the solvent mixture design in the VPPD-Lab, 

relative to the case-study of a hand-wash in the emulsified form 

Task 4: Additives Selection 

The user is asked to choose the phase in which the additives are desired to be soluble (aqueous or organic) 

and only the relative candidate ingredients are proposed by the software, as illustrated in Figure A.8. 



 

Figure A.8 User-interface for the additives selection in the VPPD-Lab, 

relative to the case-study of a hand-wash in the emulsified form 

As the final output of the template, the candidate composition of the emulsified formulated product is 

generated, and it is given in Figure A.9. 

 

Figure A.9 Results of the additives selection in the VPPD-Lab, relative to the  

case-study of a hand-wash in the emulsified form; the final formulation is proposed 
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Figure S1. Structure of the knowledge-base for chemical product design. 
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Figure S2. Generic work-flow integrated in the VPPD-Lab. 

 

 

 

 

 

 

 

 

 

 

 

 



TASK 3.1
Design of Experiments

Sub-task 3.1.1 Collection of the 
Product Properties to be validated
Sub-task 3.1.2 Collection of the 
Product Performances to be validated
Sub-task 3.1.3 Generation of a List of 
Experiments

TASK 3.2
List of Action

Sub-task 3.2.1 Collection of the 
possible Non-validations
Sub-task 3.2.2 Generation of a List of 
Actions

TASK 3.3
Experimental Work

Sub-task 3.3.1 Experimental 
Availability Check
Sub-task 3.3.2 Experiments

INPUT
Consumer needs, candidate product 

with thermo-physycal properties

OUTPUT
Validated Product

TASK 3.4
Validation or Refinement

Sub-task 3.4.1 Comparison between 
Model-based Calculations and 
Experimental Results
Sub-task 3.4.2 Generation of a List of 
Refinements

To Stage 2

 

Figure S3. The work-flow of the experiment-based stage for the design of emulsified formulated 

products. 

 

 

 



 

 

 

Figure S4. Process vs. Product Design. The Product Design template is based on the approach 

proposed by Cussler and Moggridge5. 

 

 

 

 

 

 

 

 



Table S1. Candidate active ingredients with thermo-physical properties, for a hand-wash in the 

emulsified form 

Comm.  

Name 

CMC 

[mol/L] 

Tk/CP 

[˚C] 

σ 

[mN/m] 

HLB 

[-] 

MW 

[g/mol] 

ρ 

g/ml 

μ 

[cP] 

Tf 

[˚C] 

-Log(LC50) 

[mol/m3] 

Cost 

$/kg 

Sodium 

Dodecyl  

Sulfate 

0.004 16.0 24.8 40 288.37 1.01 197 >100 3.51 163 

Tween 60 0.011 94 31 13.4 438.73 1.04 450 >100 5.04 203 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Thermo-physical properties of jojoba oil 

Comm.  

Name 

δD 

 

[MPa1/2] 

δP 

 

[MPa1/2] 

δH 

 

[MPa1/2] 

MW 

 

[g/mol] 

Density 

 

[g/ml] 

Liquid 

Viscosity 

[cP] 

Flash 

Point 

[˚C] 

Toxicity 

Parameter 

[mol/m3] 

Cost 

 

$/kg 

Jojoba 

Oil  

16.0 2.8 6.2 295 0.88 35 >100 5.32 182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Candidate additives with thermo-physical properties, for a hand-wash detergent in the 

emulsified form 

Commercial  

Name 

Qualitative 

Solubility 

[-] 

MW 

 

[g/mol] 

Density 

 

[g/ml] 

Liquid 

Viscosity 

[cP] 

Flash 

Point 

[˚C] 

Toxicity 

Parameter 

[mol/m3] 

Cost 

 

[$/kg] 

Orange Sweet 

Oil 
Organic 136.23 0.84 1.32 92 3.55 92 

Orange Colorant Organic - 0.97 1.12 >100 7.18 13 

Propylene 

Glycol 
Water 76.09 1.04 52.4 96 6.12 63 

Polyquaternium

-7 
Water 63.87 1.02 - >100 3.71 51 

Sodium 

Benzoate 
Water 144.10 1.50 12 >100 4.02 50 

 

 

 

 

 

 

 

 

 



Table S4. List of experiments for a hand-wash in the emulsified form (- indicates that no 

experiments are planned). 

Consumer Needs (ψi) 
Product Property 

Validation Experiment 

Product Performance 

Validation Experiment 

High foam-ability - 
Panel test for the 

foam-ability 

Non irritability of the skin Measurement of the pH 
Panel test for the  

irritability of the skin  

Wetting of the substrate 
Measurement of the 

surface tension 
- 

Dissolution of the dirt - - 

Suspension of the dirt - - 

Spread-ability 

Measurement of the  

molar volume Panel test for the 

spread-ability Measurement of the 

viscosity 

Good stability 
Measurement of the 

phase inversion temperature 

Solubility test 

Solvent mixture 

stability test 

Shelf-life test 

Anti-bacterial 

performances 
- - 

Pleasant color - Panel test for the 



color 

Pleasant odor - 
Panel test for the 

odor 

Pleasant skin feeling - 
Panel test for the 

skin feeling 

Low toxicity - - 

High safety - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S5. List of actions for a hand-wash in the emulsified form 

Validation Experiment Action 1 Action 2 

Measurement of pH Add an adequate additive Change the additive 

Measurement of σ 
Change the solvent 

mixture 

Change the active 

ingredient 

Measurement of Vm 
Add an adequate additive Change the solvent 

mixture 

Measurement of μ 
Change the droplet size 

distribution 
Add an adequate additive 

Measurement of the PIT 
Add an adequate additive Change the solvent 

mixture 

Panel test for the foam-ability 
Change the concentration 

of the active ingredient 

Change the active 

ingredient 

Panel test for the irritability  

of the skin  
Add an adequate additive Change the additive 

Panel test for the spread-ability 
Change the solvent 

mixture 
- 

Solubility test 
Change the solvent 

mixture 
- 

Solvent mixture stability test 
Change the solvent 

mixture 
- 

Shelf-life test 
Change the solvent 

mixture 
- 



Panel test for the color Add an adequate additive Change the additive 

Panel test for the odor Add an adequate additive Change the additive 

Panel test for the skin feeling Add an adequate additive 
Change the solvent 

mixture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6. Refined formulation for a hand-wash in the emulsified form 

 Class of Ingredient Commercial Name Weight Percentage 
Ac

tiv
e 

 

In
gr

ed
ie

nt
s Ionic Surfactant Sodium dodecyl sulfate 7.4 

Non-Ionic Surfactant Tween 60 7.4 

So
lv

en
t 

M
ix

tu
re

 

Aqueous solvent Water 53.1 

Organic solvent Jojoba oil 24.6 

Ad
di

tiv
es

 

Aroma Orange Sweet Oil 1.5 

Colorant Orange Colorant 1 

Co-surfactant Propylene Glycol 2.5 

Emollient Polyquaternium-7 0.5 

Preservative Sodium Benzoate 0.5 

Acidic buffer Citric Acid 0.5 

Thickener Polyethylene Glycol 1 
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