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Abstract  

An emerging trend of silicone-free cosmetics has become evident since some silicone 

compounds are considered to have bio-accumulative and toxic properties. Lip balm 

manufacturing involves melting the ingredients into a homogenous mixture, followed by a 

process of cooling, during which crystallisation occurs. Melting and crystallisation determine 

the inner structure of lip balms and affect lip balm properties such as hardness, rigidity, and 

pay-off that are usually evaluated using sensorial testing. This study is an instrumental 

approach to selecting the best candidate for silicone replacement material.  

 

Three series of lip balms with different ratios of carnauba and candelilla wax were studied. 

The functional agents in lip balms were either a multi domain silicone or one of four 

polyglycerol esters that served as the silicone replacement materials. Chemical 

characterisation of lip balms was performed using Thermal Gravimetric Analysis (TGA) and 
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Differential Scanning Calorimetry (DSC) while physical characterisation involved 

rheological and texture analysis (TA). The oxidative stability of the selected lip balms was 

measured. 

 

The parameters assessed were melting temperature, melting enthalpy, hardness, yield stress, 

and induction time. Based on the melting point of the silicone and esters, as well as the 

melting enthalpy of the lip balms with silicones or esters obtained in DSC analysis, esters E3 

and E4 were the best candidates to replace the silicone. Rheological and TA analyses of lip 

balms were consistent with the chemical findings. 

 

This study provided an instrumental approach to exploring the effectiveness of silicone 

replacement with four polyglycerol esters in three different types of lip balms. This approach 

to the selection of materials can be applied before sensorial analysis. 

 

Keywords: Lip balm; silicone replacement; polyglycerol esters; yield stress; hardness. 

 

Introduction 

Some silicones are considered to have persistent bio-accumulative and toxic (PBT) or very 

persistent very bio-accumulative properties (vPvB) properties [1]. PBT/vPvB substances 

have the potential to accumulate in the environment and cause effects that are unpredictable 

in the long-term and difficult to reverse. Therefore, there is a trend in the cosmetics industry 

to replace silicones with silicone alternative materials [2, 3, 4], without compromising the 

original sensorial properties of the product. Sensorial evaluation is a common approach to 

assess the effectiveness of silicone replacement materials in a product. While this approach 

allows reliable conclusions to be drawn, it is time-consuming and involves extensive 

planning of the experiment. Therefore, applying instrumental testing to select the best 

silicone replacement materials prior to sensorial testing can make the entire formulation 

process more efficient.  

 

Lip balms (LBs) are mostly anhydrous mixtures composed of 60–70% oils and butters, 10–

15% waxes, and 6–12% of other ingredients such as actives and preservatives [5]. They are 
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produced by heating the ingredients and pouring the melted mixture into a mould, which is 

then left to cool for a specific period, during which the crystallisation of the mixture occurs. 

The type and concentration of waxes, polarity and viscosity of oils, and the cooling rate used 

are some of the factors affecting the crystal formation and ultimately the internal structure of 

lip products [6]. 

 

 Polyglycerol esters (PGEs) are ingredients initially used in the food industry due to their 

ability to modify the process of crystallisation and the sensorial properties of the final 

products. A simplified formula of PGEs is given in Figure 1a, where the Rs are alkyl 

functional groups that determine properties of the compounds. PGEs were incorporated in 

lipid crystal systems [7, 8]their polarity and amphiphilic nature allowed them to be 

incorporated in cosmetic emulsions [9, 10]and oil-wax lipsticks, too [11, 12]. A multi-domain 

silicone (MDSi) is a silicone polymer comprising three clearly distinguishable regions: (a) 

solid alkyl, (b) liquid alkyl, and (c) silicone (Figure 1b). 

 

 

Figure 1. General formula: a polyglycerol ester (a) and a multi-domain silicone (b). R, R1, 

and R2 are alkyl functional groups. 

 

An instrumental approach to evaluating the effectiveness of PGEs to act as silicone 

replacement materials in LBs is suggested in this study. This approach consisted of two 

stages: (1) the selection of “the best fit” silicone replacement material achieved by 

performing chemical characterisation and (2) evaluation of the effectiveness of the selected 

silicone replacement material in LBs performed by applying physical characterisation. The 

selection considered the melting temperature of the materials and enthalpy of the LBs. The 

evaluation took account of the yield stress, hardness, and oxidative stability of LBs. The 

benefit of using this approach involved the selection of the best fit silicone replacement 
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assessed at a chemical level. It aimed to make the selection of the formulating process more 

efficient and complement sensorial testing, rather than replacing it. 

 

Materials and Methods 

Materials 

Candellila wax (Euphorbia cerifera cera) (CLW), Carnauba wax (Copernicia cerifera cera) 

(CRW), Beeswax (Cera alba) (BW), Shea butter (Butyrospermum parkii) (SB), 

Caprylic/capric triglyceride, and Castor oil (Ricinus communis oil) were purchased from 

Phoenix Natural Products (UK). Ester 1 (Polyglygerol Tetrabehenate Tetraisostearate 

Polyester, Carbon Number 20.2) (E1), Ester 2 (Polyglygerol Tetrabehenate Tetraisostearate 

Polyester (E2), Carbon Number 21.7), Ester 3 (Polyglygerol Tetrabehenate Tetraisostearate 

Polyester (E3), Carbon Number 19.2), and Ester 4 (Polyglygerol Tetrastearate 

Tetraisostearate Polyester, Carbon Number 18.0) (E4) were donated by SurfaTech 

(Lawrenceville, USA). Silwax D221M (Cetyl/hexacosyl dimethicone) (MDSi) was donated 

by Siltech Corporation (Toronto, Canada). Polylactic acid (PLA) Ultimaker filament in a 

black colour, was purchased from Ultimaker (Ultimaker B.V., the Netherlands). 

 

Methods 

Lip balm manufacturing 

Three different series of LBs: A, B and C, were formulated. Series A had 10% more CLW, 

series B had 10% more CRW, and series C had an equal amount of CLW and CRW. The 

formulation details are presented in Table 1. LBs were manufactured by adding all 

ingredients to a glass beaker and heating to 90 °C. The melted mixture was homogenised at 

9,000 rpm for 2 minutes using a T18 digital Ultra-Turrax mixer (IKA, UK).  The 

homogenised product was poured into a LB mould and cooled in a fridge to 5±1 °C for 20 

minutes. Moulded LBs were placed in a lipstick container and kept at 22±1 °C for 24 hours. 

LBs with silicone were labelled AMDSi, BMDSi, and CMDSi; and LBs with esters were 

labelled AE1–AE4, BE1–BE4, and CE1–CE4, Table 1. Series A comprised following six 

LBs: A, AMDSi, AE1, AE2, AE3, and AE4; Series B following six LBs: B, BMDSi, BE1, 

BE2, BE3, and BE4; and Series C following six LCs: C, CMDSi, CE1, CE2, CE3, and CE4.  
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Table 1. Lip balm formulations. 

     Trade name     Base lip balm formula (g)   

            A   B   C    

     Candellila wax   2.64 2.40  2.40   

     Carnauba wax   2.40 2.64 2.40   

     Beeswax     9.70 9.70 9.70   

     Shea butter     26.50 26.50 26.50   

     
Caprylic/capric triglyceride 11.00 11.00 11.00 

  

     Castor oil     38.76 38.76 38.76   

  Lip balms with Silicone Lip balms with Esters 

  AMDSi BMDSi CMDSi AE1-E4 BE1-E4 CE1-E4 

A, B, or C 🗸 🗸 🗸 🗸 🗸 🗸 

MDSi 3 g  3 g  3 g  - - - 

E1,2, 3, or 4 - - - 3 g  3 g  3 g  

 

 

3D printing 

Bespoke accessories to support sample preparation and physical characterisation were 

printed using an Untimaker S3 3D printer (Ultimaker, the Netherlands) and an Ultimaker 

Cura 4.9.1 software. The printing parameters were as follows: 0.06 mm layer height, 0.41 

mm line width, 210 °C printing temperature, 55 mm/s print speed. The printing material was 

a PLA filament with a diameter of 2.85 mm.  

 

Texture analysis  

Texture analysis (TA) penetration tests were performed by adapting ASTM Standard method 

D1321-9517 using a TA.XT. Plus Texture Analyser (Stable Micro System, UK) with a needle 

probe diameter of 2 mm. The parameters were set as follows: 1 mm/s test speed, 5 mm LB 

penetration depth, and 5 g trigger force. A LB sample was placed below the probe in the 

centre of the base of the instrument. The resistance is the measurement of the hardness of the 

LB. It is expressed as force (g) and detected while the needle probe penetrated the sample. 

The force as a function of the penetration distance was recorded in Exponent software (Stable 

Micro System, UK). The LB hardness was the average force within the distance 3.5–4.5 mm. 
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Oscillatory strain sweep rheology 

The rheological tests were conducted using a HAAKE MARS IQ Air Modular Advanced 

Rheometer (Thermo Fisher Scientific, Germany) with a stainless steel TMP35 serrated, 

parallel plate geometry. A LB sample was placed in the middle of the serrated platform. The 

applied method was an isothermal, oscillatory strain sweep mode at constant frequency. 

Angular displacement was ϕ = 1x10-5 – 0.05714 rad, with a strain γ = 0.0175–100% at 

constant angular frequency of 6.2832 rad/s. The sample was first equilibrated for 10 minutes 

at 32±1 °C, with a 3-mm gap size. The test temperature remained constant (32±1 °C) during 

the test. HAAKE RheoWin software was applied to calculate elastic (storage) modulus (G’), 

viscous (loss) modulus G”, and yield stress (τ). 

 

Oxidative stability testing 

Oxidation stability of the LBs was determined using a RapidOxy 100 instrument (Anton Paar, 

St Albans, U.K.). A sample with a mass of approximately 1 g was weighed using an analytical 

balance, evenly spread to cover the bottom of a glass sample holder and placed in the 

stainless-steel test chamber of the instrument. Rapid Small Scale Oxidation Test was 

completed under the accelerated conditions with a starting oxygen pressure of 700 kPa and 

temperature of 140 °C. The temperature was kept constant and the pressure continuously 

monitored. Due to the oxidation of the LB, oxygen was consumed which caused the pressure 

to drop. The parameter measured was the induction time. This was the time between the 

chamber first heating to the moment when a 10 % pressure drop was detected.  

 

Thermogravimetric Analysis  

Thermogravimetric Analysis (TGA) was performed using a Discovery TGA (TA 

Instruments, Waters, LLC, USA). The instrument was calibrated according to the 

manufacturer’s instructions for weight and temperature. Open aluminium pans were tared 

before the samples were loaded. The average sample weight was 3.0–5.0 mg. Samples were 

heated at a constant rate of 10 °C/min from 40 °C to 100 °C, and under the purge gas of 

nitrogen with a rate of 25 ml/min. TRIOS software (TA Instruments) was used to process 

TGA data, i.e., to calculate weight loss. 
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Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) experiments were conducted using a Q2000 DSC 

instrument (TA Instruments, Waters, LLC, USA). The instrument was calibrated with indium 

for cell constant and enthalpy prior to analysis. Nitrogen gas was purged with a flow rate of 

50 ml/min. The average sample mass was 3.0–5.0 mg. The LB samples were placed in TA 

aluminum pans and enclosed with Tzero hermetic lids. A pin-hole was made in the middle 

of the lid for each sample prior to loading the instrument to allow for any volatiles to escape. 

The mass of the samples, empty pans, and lids were calculated. An empty pan with a lid were 

used to provide a reference. All samples were heated from 0 °C to 100 °C at a heating rate of 

10 °C/min. The DSC profile was collected via TA Advantage software (TA Instruments) and 

the critical parameters including the peak of melting temperature (Tm) and transition enthalpy 

(ΔH) were analysed by TRIOS TA Instruments’ software. 

 

Results 

 

Sample preparation 

Ten LBs for each series A, B, and C (180 LBs in total) were formulated. Figure 2a depicts 

LBs series A. LBs were characterised within a couple of weeks after their production. For 

this project a single LB sample was used for both chemical and physical characterisation. A 

novel and bespoke method for sample preparation was developed to achieve this. A LB cutter 

(3DCut), Figure 2b, and a LB rheology guide (3DRheo), Figure 2c, were specifically 

designed and 3D printed to allow accurate sample preparation and characterisation. Each LB 

sample was prepared for analyses by placing it onto the 3Dcut (Figure 2d) and slicing it with 

a thin, sharp blade (Figure 2e). 3Dcut had grooves placed at specific distances to determine 

the thickness of each element of the LB, Figure 2f. Four individual LB elements formed after 

slicing a single LB and each one was used for the following analysis: Element 1–TA; Element 

2–Rheology; Element 3–DCS and TGA; Element 4 – Oxidative stability. The number of 

replicas for each test was following: 10 for TA and rheological tests, 3 for TGA, DSC, and 

oxidative stability. 
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Figure 2. LBs series A (a); 3DCut (b); 3DRheo (c); LB on a 3DCut (d); LB slicing – 

preparation for analyses (e); sliced LB: elements 1–TA, element 2–Rheology, element 3–

TGA/DSC, element 4–Oxidative stability (f). 

 

Chemical characterisation 

Thermal analysis, TGA and DSC, was performed to determine which ester, E1, E2, E3 or 

E4, was the best silicone replacement material. 

 

TGA  

TGA analysis was conducted for SB, BW, CLW, CRW, MDSi, and E1-E4, which are 

referred to as raw materials (RMs) in this paper, and LBs for the temperature range 40–100 

°C. The thermograms and weight loss (WL) of each material and LB is shown in Figure 3. 

CRW had a highest WL of 0.25%. 
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Figure 3. TGA profile and weight loss for: Raw materials (1), LB A series (2), LB B series 

(3), LB C series (4). 

 

DSC  

DSC thermograms obtained for RMs and all three LB series in the temperature range 0–100 

°C with a scan rate of 10 °C/min are presented in Figure 4. Thermal profiles for RMs are 

shown is Figures 4.1 and 4.2. It was observed that BW, CLW, CRW, and E2 exhibited only 

one endothermic transition while the remaining materials showed two endothermic events. 

Figure 4.3 depicts how all four possible transitions (Tr 1–Tr 4) and for AE1 two DSC 

parameters were performed and calculated: (1) the melting maximum temperature of the 

transition (peak) (Tm) and (2) the mass normalised enthalpy (ΔH). Thermograms for all three 

LB series are presented in Figures 4.4, 4.5, and 4.6, respectively, and show that LBs undergo 

four endothermic transitions in the following temperature ranges: 0–14 °C, 28–44 °C, 45–60 

°C, and 61–75 °C. The temperature of lips is 32 °C so a melting event taking place in the 
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region 28– 44 °C (Transition 2) is of interest. Table 2 provides Tm and ΔH for all LB series 

for Transition 2. 

 

 

Figure 4. DSC profiles at 0-100 °C and scanning rate 10 °C/min. Raw materials (1 and 2), 

determination of transition (peak) (Tm) and enthalpy (ΔH) for AE3 transitions (Tr 1-Tr 4) (3), 

A series LBs (4), B series LBs (5), and C series LBs (6).  
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Table 2. DSC parameters, the melting temperature of the transition (Tm) and the enthalpy 

(ΔH) for Transition 2 for all LB series (n=10). 

 

      Transition 2  

      Tm (°C)  ΔΗ (J/g)  

A  

A  38.42  ±  0.61  15.88  ±  0.35  

AE1  33.71  ±  1.04  5.06  ±  0.61  

AE2  32.94  ±  0.65  2.68  ±  0.35  

AE3  36.54  ±  0.29  6.03  ±  0.68  

AE4  37.12  ±  0.53  7.28  ±  1.50  

AMDSi  37.48  ±  0.23  5.80  ±  0.89  

B  

B  37.32  ±  0.21  12.81  ±  0.40  

BE1  36.20  ±  0.52  2.11  ±  0.35  

BE2  36.33  ±  0.08  2.62  ±  0.34  

BE3  36.53  ±  0.35  5.77  ±  0.22  

BE4  36.28  ±  0.31  5.94  ±  0.80  

BMDSi  36.80  ±  0.61  8.14  ±  1.79  

C  

C  38.46  ±  0.13  14.39  ±  0.30  

CE1  34.72  ±  0.20  3.12  ±  0.53  

CE2  35.87  ±  0.15  2.71  ±  0.53  

CE3  37.40  ±  0.23  9.13  ±  0.48  

CE4  37.09  ±  0.15  8.24  ±  0.22  

CMDSi  36.96  ±  0.37  5.93  ±  0.94  

 

 

Physical Characterisation 

Assessment of the effectiveness of the selected silicone replacement esters was performed 

using TA and rheological characterisation. 

 

TA 

LB hardness is an important property that must be maintained during LB’s application and 

storage. It is dependent of the temperature, so LBs were stored and the TA was performed at 

22 °C. Hardness was measured using the penetration needle probe, Figure 5.1.Graphs of the 

force needed to be applied to penetrate 0–5 mm into LB series A, B, and C, as an average 

hardness curve (n=10), are presented in Figures 6.1-6.3. For each LB an average hardness 

for the region 3.5-4.5 mm was obtained and a summary of hardness values for all three series 
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is presented in Table 3. From TA graphs and Table 3 it can be noticed that the addition of E2 

and E1 improves, while the addition of E4 and DMSi lowers the hardness for all three series. 

 

 

Figure 5. Lip balm sample: element 1 prior to TA testing (a), positioning of the sample using 

Rheo guide (b), and sample centered on the serrated plate prior to rheological testing (c). 

 

Rheology 

To perform rheological analysis of stick products some researchers used parallel plates that 

are either sandblasted [13, 14], cross-hatched [15], or covered with sandpaper if smooth [16, 

17]. The method used in this study involved using the 3DRheo to position the sample on the 

serrated plate, Figures 5b and 5c. Rheological profiles for all three LB series (n=10) are 

presented in Figures 6.4-6.6. Linear Viscoelastic Region (LVR) in oscillatory strain sweep 

tests is the region with low amplitude strains that indicates non-destruction of the sample. 

The length of the LVR is a measure of the stability of LBs. The yield stress was determined 

for all rheology profiles as the data point when G’ drops 10% from its initial value. Table 3 

summarises three rheological parameters that determine the end of LVR. 

 

Oxidative stability  

LBs that were selected as the best silicone replacement fit were assessed using an oxidative 

stability kit. The drop in pressure is due to the oxidation of LBs. The parameter measured 

was the induction time. This was the time between the chamber first heating to the moment 

when a 10 % pressure drop was detected. The induction time for BE3, BE4, and CMDSi were 

196±9 min, 201±10 min, and 208±1 min, respectively.  
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Figure 6. Texture analysis graphs for LB series: A (1), B (2), and C (3). Rheology graphs for 

LB series: A (4), B (5), and C (6). 
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Table 3. LB series A, B, and C: average hardness data for the LB region 3.5–4.5 mm (n=10); 

and LVR elastic modulus (G'), yield stress (τ), and strain (ɣ). 

 

Series   Lip balm  Hardness (g)  G' (kPa)  τ (Pa)   ɣ (10%)  

A  

A  108.47  ±  2.40  75.29  ±  3.44  48.49  ±  2.60  0.70  ±  0.03  

AE1  139.31  ±  2.59  64.66  ±  2.69  44.53  ±  4.71  0.72  ±  0.01  

AE2  178.26  ±  6.78  82.76  ±  5.51  62.67  ±  5.75  0.83  ±  0.04  

AE3  100.35  ±  1.88  66.25  ±  6.76  43.72  ±  5.22  0.72  ±  0.03  

AE4  89.60 ±  1.77  62.22  ±  7.33  40.40  ±  4.6  0.70  ±  0.03  

AMDSi  64.68 ±  0.57  47.93  ±  3.51  38.06  ±  2.45  0.86  ±  0.07  

B  

B  84.90 ±  1.02  63.22  ±  3.65  41.64  ±  4.11  0.71  ±  0.08  

BE1  112.16  ±  2.61  58.77  ±  2.29  44.38  ±  2.19  0.82  ±  0.04  

BE2  143.80  ±  4.10  69.01  ±  2.34  54.23  ±  4.39  0.86  ±  0.07  

BE3  75.52 ±  1.50  58.06  ±  4.86  40.22  ±  3.65  0.75  ±  0.03  

BE4  68.31 ±  1.53  62.92  ±  5.85  40.68  ±  4.26  0.70  ±  0.03  

BMDSi  39.90 ±  0.21  44.42  ±  3.29  36.44  ±  1.51  0.89  ±  0.04  

C  

C  73.82 ±  1.07  62.25  ±  2.43  40.01  ±  1.48  0.69  ±  0.03  

CE1  108.21 ±  2.15  64.12  ±  3.53  46.40  ±  4.19  0.79  ±  0.03  

CE2  164.24  ±  4.88  78.99  ±  1.68  66.87  ±  5.05  0.93  ±  0.08  

CE3  84.91 ±  2.13  65.31  ±  2.45  44.31  ±  5.01  0.75  ±  0.09  

CE4  74.00 ±  1.76  61.71  ±  4.26  39.72  ±  2.49  0.69  ±  0.01  

CMDSi  61.66 ±  0.69  48.77  ±  3.38  37.48  ±  3.11  0.83  ±  0.02  

 

 

 

Discussion 

LBs are comprised of a three-dimensional lipid crystal network formed in a two-staged 

mechanism: nucleation and crystal growth. Nucleation involves the organisation of 

monomers (e.g., triacylglycerols) into a domain to make a nucleus. The nucleus is the 

smallest crystal that can exist at a given temperature. External factors such as cooling rate 

[18], crystallisation temperature [15], and shear application during crystallisation [19], 

influence the formation of crystals. DSC transition enthalpy values can be used to 

characterise the strength of crystal networks in lipsticks [16]. 
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TGA is often conducted as a DSC-complimentary method to ascertain how samples behave 

in the investigated temperature range. Figure 3 shows that in the region 38–100 °C the 

greatest weight loss was <0.25%. This may be attributed to the loss of moisture or volatile 

materials present in RMs or LBs. Krist [20] has previously reported the presence of volatile 

compounds in most RMs found in the LBs. TGA confirmed the absence of RM degradation 

in the temperature range investigated.  This confirms that the DSC transitions were caused 

by phase transitions and not by sample degradation or evaporation [21]. 

 

The key consideration in DSC analysis are the parameters that indicate product performance 

such as the shape, size, and temperature of the peaks, Figure 4.3  [22]. The size and shape of 

DSC peaks are influenced by the concentration and distribution of the internal materials. The 

melting temperature of the peaks is dependent on the chemical composition of dominant 

components in the ingredient. The following trend of melting temperature maxima for RMs 

(Figure 4.1) is observed: Tm (SB) = 36.72 °C < Tm (BW) = 63.35 °C < Tm (CLW) = 70.07 

°C < Tm (CRW)= 83.67 °C. This is consistent with the trend for melting point temperature 

ranges published by other authors: SB 34.0–38.0 °C [23, 24], BW 61.0–66.0 °C [25], CLW 

68.5–72.5 °C [26], CRW 82.0–86.0 °C [26, 27]. 

 

The order of melting points for the silicone and esters (Figure 4.2) was the following: Tm 

(MDSi) = 37.38 °C < Tm (E4) = 40.53 °C < Tm (E3) = 45.71 °C < Tm (E1) = 50.86 °C < Tm 

(E2) = 65.10 °C. The general structural formulae for esters (PGEs) and MDSi are presented 

in Figure 1. Both groups of compounds have a solid alkyl region and a liquid alkyl region, 

and MDSi has the silicone region as well. The melting point of an ingredient or the final 

product, i.e., lip balm, depends on the type and ratio of the alkyl components. 

 

In esters E1-E4, as the solid region, behenic (docosanoic, C22) acid with Tm= 80.0 °C, and 

stearic (octadecanoic, C18) acid with Tm = 69.3 °C, were used and as the liquid region, iso-

stearic (16-methylheptadecanoic, i-C18) acid (liquid at room temperature) was used.  

 

E1, E2, and E3 contain behenic and iso-stearic acid in the ratios 56:44, 78:22, and 30:70, 

respectively. Due to behenic acid having the highest melting point of all three carboxylic 
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acids, the ester with the highest portion of behenic acid (E2) had the highest melting point 

(65.10 °C), and the one with the highest portion of iso-stearic acid (E3) had the lowest 

melting point (45.71 °C). E4 contains stearic acid and iso-stearic with a ratio of 50:50 and 

Tm determined from th DSC data was 40.53 °C.  

 

The MDSi had a silicone polymer backbone with three regions: (a) liquid alkyl, (b) solid 

alkyl, and (c) a silicone. The ratio was a:b:c=2.5:1.5:8. The solid region was cerotic 

(hexacosanoic, C26) acid with Tm = 87.70 °C, and the liquid region was palmitic 

(hexadecenoic, C16) acid. The cerotic and palmitic ratio was 50:50, and the Tm of 

determined from the DSC data was 37.38 °C. 

 

Based on the similarity of RMs’ Tm, it can be concluded that E4 (40.53 °C), followed by E3 

(45.71 °C), are the best MDSi (37.38 °C) replacement candidates.  

 

From DSC of LBs (Figure 4.4-4.6), four peaks in four different temperature regions are 

observed. The temperature of the lips is around 32 °C so it is of the interest to study Transition 

2 or the second peak (28–44 °C). Transition 2 enthalpy values for A, B, and C (Table 2) were 

15.88 J/g, 12.81 J/g, and 14.39 J/g, respectively, and these values drop with addition of esters 

and MDSi. This is probably because the LB internal structure becomes weaker when these 

materials are added. 

 

Transition 2 enthalpy value is an indication of how much heat is needed to melt LB during 

application. Therefore, the LB with ester with the closest enthalpy value to the MDSi LB is 

likely to be the best silicone replacement material. From Table 2 based on the closest enthalpy 

values following replacements can be found: AMDSi: BE4, BE3, and AE3; BMDSi: CE4, 

AE4, and CE3; CMDSi: BE4, BE3, and AE3. 

 

Based on the thermal analysis it can be concluded that the best MDSi replacement materials 

were E4 and E3 in the LB application temperature range. 
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G’ and G’’ are indicators for the solid- and viscous-like behaviour of the LBs, respectively, 

while the τ represents the critical stress required to shift the viscoelastic response of the 

network. An oscillatory strain sweep test was performed at 32 °C, to imitate the temperature 

of lips. At 32 °C LBs were midway through thermal Transition 2 as observed from their 

thermal profiles, Figures 4.4-4.6. At low strain amplitudes, in the LVR, LBs were dominated 

by an elastic behaviour (G’>G”) and dependent solely on their structure rather than the strain. 

This is a characteristic of lip products [16, 17, 28]. In this paper it was found that LBs with 

different esters (PGEs) have different hardness, elastic modulus, and yield stress and this was 

observed throughout all three series. Even though crystallinity was not measured in this 

study, the hypothesis is that different esters produce LBs with different crystallinity. Indeed, 

Shimamura, et al. [29] and Saitou, et al. [30] have demonstrated that PGEs of different fatty 

acids greatly influence the promotion or retardation of crystallization. 

 

The hardness data in Figure 6 and Table 3 show that the hardness of all three base 

formulations, A, B, and C decreases with the addition of MDSi and increases when adding 

E1 and E2. Therefore, E1 and E2 are not the most suitable silicone replacement candidates. 

 

Yield value of LB is the amount of pressure/force needed in order to break its original 

structure. When applying LB on the lips, it melts leaving the LB layer, so yield stress is the 

monitored parameter when using rheology. From Table 2 it is observed that for yield stress 

the closest values were following: AMDSi: AE4; BMDSi: BE3 and BE4; CMDSi: CE4.  

 

It can therefore be concluded based on texture analysis and rheological parameters that E4, 

followed by E3 are the best candidates for silicone replacement materials. 

 

Since chemical and physical characterisation found that E4 and E3 were the best MDSi 

replacement materials, oxidative stability testing was performed for selected LBs containing 

E3 and E4 (BE3 and BE4) and CMDSi, as the LBs with an equal amount of high temperature 

melting waxes. The values for the induction time were close, so whichever ester is selected 

the oxidative stability will not be affected. 
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Based on the physical characterisation and stability testing, the sample E4 followed by E3 

provide LBs of similar quality to the silicone-based LBs with equal amount of carnauba and 

candelilla wax. 

 

 

Conclusion  

This study describes an instrumental approach to evaluating the effectiveness of polyglycerol 

esters in the process of selection of silicone replacement materials in lip balms. Using thermal 

techniques, the melting temperature, and melting enthalpy, E4 and E3 were selected as “the 

best fit” silicone replacement materials which was in line with TA and rheology findings. 

The benefit of using this approach involves the selection of the best silicone replacement 

material assessed at the chemical level. It aims to make the formulating process less time-

consuming and to complement sensorial testing rather than replace it. 
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