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Abstract: Over recent years, there has been an increase in the consumption of processed food, and its spread has made it 

the subject of numerous studies aimed at determining its impact on human health. The latest literature reports indicate the 

need to limit the use of food additives, including the most frequently used emulsifiers. The study attempted to determine 

the effect of caffeine and chlorogenic acid on the properties of sodium dodecyl sulfate in order to potentially reduce the 

amount of emulsifiers in food. In this work, research was carried out to determine the surface, antioxidant and thermal 

stability properties of SDS-caffeine/chlorogenic acid systems. Spectroscopic analyzes were also performed. The thermal 

stability of O/W emulsions with addition of caffeine or chlorogenic acid were the higher than the ones with no additives. 

These values were respectively, 75.56% and 71,11%. The effect of both additives on the CMC values of binary model 

systems was also observed, which were 4.53 mmol/dm3 for SDS-caffeine system and 4.59 mmol/dm3 for SDS-chlorogenic 

acid system. Moreover, for SDS-chlorogenic acid system at SDS concentration of 4·10-1 mmol/dm3 the higher increase 

in FRAP value (7.12 mmol Fe2+/g) compared to pure chlorogenic acid was observed. The obtained results allow us to 

conclude that the addition of caffeine or chlorogenic acid to food emulsion systems, due to positive effect on their stability, 

may enable an attempt to modify the recipes to reduce the concentration of the emulsifiers used.  
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INTRODUCTION 

 

Emulsions are heterogeneous systems composed of 

at least two immiscible phases in such a way that 

one of them is dispersed as droplets in the other 

called the continuous phase. Emulsion systems are 

used in food industry as popular individual foods 

like mayonnaise or cream as well as delivery 

systems which may improve stability and 

availability of bioactive ingredients (Ai, 2023). As 

thermodynamically unstable systems, emulsions 

may undergo the breakdown over the time due to 

physicochemical mechanisms such as coalescence, 

flocculation, Ostwald ripening, or combination of 

all these processes (McClements and Jafari, 2018, 

Tadros, 2013). Therefore, for the long-term stability 

achieving emulsifiers are used in emulsion 

formulations. These type of stabilizers are crucial 

components in the formation of emulsion system 

and determine the functional attributes of final  
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products. Among most commonly used food 

emulsifiers are small molecule surfactants, natural 

amphiphilic macromolecules, solid particles, and 

auxiliary emulsifiers (Ai, 2023). Literature data 

suggest that currently permitted food emulsifiers 

may adversely affect the functioning of the 

digestive system by impairing intestinal barrier 

function and modulation the biology of the gut 

microbiota which may contribute to increase the 

risk of inflammatory bowel disease or metabolic 

syndrome (Halmos et al 2019). For this reason any 

options to reduce the intake of these additives while 

ensuring the stability of products should be 

considered.  

In addition to emulsifiers, other types of additives, 

like e.g. β-glucans or proteins, are also used to 

obtain stable dispersion systems (Kaur et al. 2020; 

Liu et al 2024). It has been proven that interactions 

between proteins and emulsifiers at the interface are 

correlated with emulsion stability (Liu et al., 2024). 

Moreover, addition of selected bioactive 

compounds may influence the surface activity of 
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ionic surfactants, which affects their emulsifying 

ability (Kwaśniewska and Kiewlicz, 2022a, 2022b). 

In line with prevailing trends, consumers are paying 

more attention to the origin of additives used and 

increasingly prefer natural ingredients, especially 

those that have health-promoting properties. 

Caffeine (CA) and chlorogenic acid (CGA) are 

described in literature as valuable components in 

coffee beans with widely documented health-

promoting properties (Awwad, 2021). Literature 

data suggest that the preventive effect from the 

intake of CGA and CA is partly correlated with their 

ability to scavenge radicals, which in turn limits the 

formation of oxidative stress considered to be the 

etiological factor of some degenerative diseases 

Vieira et al. 2020). The dietary sources of CA and 

CGA may be lightly processed products such as 

coffee and tea, but also ultra-processed foods, e.g. 

energy drinks and cola-type soft drinks and many 

others (Thomson et al., 2014, Tajik et al., 2017). 

Although the benefits of limiting the use of 

emulsifiers are known, it seems that the literature 

data on the possibility of replacing them with 

health-promoting ingredients is very limited. 

All data above made the authors attempt to 

determine the effect of CA and CGA on the surface 

properties of SDS and the stability of a model 

emulsion containing SDS as an emulsifier. 

Confirmation of the positive effect of the additives 

used on emulsion stability could constitute a basis 

for further research that would allow on a larger 

scale for limiting the use of food emulsifiers by 

adding bioactive ingredients. Moreover, an attempt 

was made to determine the antioxidant properties of 

model SDS-CA and SDS-CGA systems. 

 

 

MATERIALS AND METHODS 

 

Materials 

The following reagents were used for the research: 

caffeine (Thermo Fisher Scientific), chlorogenic 

acid (Angene), sodium dodecylsulfate (SDS) (Alfa 

Aesar), 2,4,6-tris-(2-pyridyl)-s-triazyne (TPTZ) 

(Sigma-Aldrich), acetic acid, hydrochloric acid (0.1 

mol/dm3, 0.1 N), sodium acetate trihydrate, iron (II) 

sulfate heptahydrate, and ferric chloride (III) 

anhydrous (all from Chempur).  

 

Surface tension measurements 

Tensiometric measurements were performed using 

a Kruss K100 tensiometer using the Wilhelmy 

method. The platinum plate was burned in a flame 

after each measurement. The tests were carried out 

at a temperature of 298 K for aqueous solutions with 

SDS concentration ranging from 0.0078 mmol/dm3 

to 16 mmol/dm3 and a constant content of CA or 

CGA of 40 mg/100 cm3. 

Tensiometric techniques provide information about 

the orientation of molecules at the interface and also 

enables the estimation of adsorption parameters. 

Based on the Gibbs adsorption equation, the excess 

surface concentration (Γ𝑚𝑎𝑥) was determined 

according to the equation below (Zhou and Rosen, 

2003): 

Γ𝑚𝑎𝑥 = −
1

2𝑛𝑅𝑇
(

𝜕𝛾

𝜕𝑙𝑜𝑔𝐶
)

𝑇,𝑃

 (1) 

 

According to available literature data (Chauhan et 

al., 2013) the value of n was set to 2, while the value 

(
𝜕𝛾

𝜕𝑙𝑜𝑔𝐶
)

𝑇,𝑃
 corresponds to the slope of the surface 

tension isotherm graph at a concentration lower than 

the CMC value. R represents the value of the gas 

constant (8.314 J mol−1 K−1), 𝛾 expresses the surface 

tension and C is the value of the surfactant 

concentration. The obtained surface excess value 

made it possible to estimate the value of the Gibbs 

energy of adsorption (Δ𝐺𝑎𝑑𝑠
0 ) in accordance with 

the relationship presented below (Alfakeer et al., 

2024): 

Δ𝐺𝑎𝑑𝑠
0 = Δ𝐺𝑚

0 −
Π𝑐𝑚𝑐

Γ𝑚𝑎𝑥
 (2) 

where the Gibbs free energy of micellization (Δ𝐺𝑚
0 ) 

can be expressed by the equation (Kiewlicz and 

Kwaśniewska, 2023): 

∆𝐺𝑚
0 = 𝑅𝑇𝑙𝑛𝑋𝑐𝑚𝑐 (3) 

However, surface pressure at CMC (Π𝑐𝑚𝑐) states a 

simple relationship between the surface tension of 

the solvent (𝛾0) and the surface tension of the 

surfactant solution at its concentration 

corresponding to CMC (𝛾𝑐𝑚𝑐) (Alfakeer et al., 

2024): 

Π𝑐𝑚𝑐 = 𝛾0 − 𝛾𝑐𝑚𝑐 (4) 

In addition to the value of surface excess, the 

parameter indicating packing in the surface layer is 

the minimum area per molecule (𝐴𝑚𝑖𝑛) at air–water 

interface (Kiewlicz and Kwaśniewska, 2023): 

𝐴𝑚𝑖𝑛 =
1

𝑁𝐴 Γ𝑚𝑎𝑥
 (5) 

were 𝑁𝐴 is Avogadro’s number.  

Estimating the value of the minimum area per 

molecule (𝐴𝑚𝑖𝑛) at air–water interface is helpful in 

determining the molar Gibbs energy at CMC at 

maximum adsorption (𝐺𝑚𝑖𝑛) (Sheng et al., 2021): 

𝐺𝑚𝑖𝑛 = 𝛾𝑐𝑚𝑐𝐴𝑚𝑖𝑛𝑁𝐴 (6) 
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Determination of total antioxidant capacity 

(TAC) as the FRAP value 

In order to determine the effect of SDS 

concentration on the total antioxidant capacity of 

the SDS-CA and SDS-CGA binary systems, FRAP 

assay were performed. For both investigated 

systems, sets of six solutions with different SDS 

concentrations were prepared, which in final 

samples were as follows: 0 mmol/dm3, 4·10-3 

mmol/dm3, 8·10-3 mmol/dm3, 4·10-2 mmol/dm3, 

8·10-2 mmol/dm3, and 4·10-1 mmol/dm3. The 

concentrations of caffeine and chlorogenic acid 

were constant in each set of solutions and were 

respectively, 15 µmol/dm3 of chlorogenic acid in 

SDS-CGA system and 2 mmol/dm3 of caffeine in 

SDS-CA system. These values were determined 

experimentally, having into regard the literature 

data and methodological limitations.  

FRAP assay was performed according to the method 

proposed by Benzie and Strain (1996) with further 

modifications (Kwaśniewska and Kiewlicz, 2022 

b). Before the measurements the FRAP reagent was 

prepared. Its composition included: acetic buffer 

solution (pH 3.6; Cm=300 mmol/dm3), TPTZ 

solution (Cm=10 mmol/dm3) in 40 mmol/dm3 

hydrochloric acid solution and ferric chloride 

solution (Cm=20 mmol/dm3), mixed in 10:1:1 ratio, 

respectively. Subsequently, 30 µL of the sample was 

added to 2970 µL of FRAP reagent, mixed, left for 

4 min and the absorbance was measured at 593 nm 

against blank with UV–Vis spectrometer (Metertech 

SP-8001, Taiwan). The standard curve was prepared 

using FeSO4·7H2O. The results were expressed as 

mmol Fe2+/g of the antioxidant.  

 

UV-vis analysis 

Before the measurements, the aqueous solutions of 

pure CA and CGA at the concentration of 0.11 

mmol/dm3 were prepared. This concentration was 

set based on the literature data (Navarra et al., 2017; 

Belay et al., 2008). Then, using constant 

concentrations of CA and CGA, sets of binary 

solutions as SDS-CA and SDS-CGA systems were 

prepared. SDS concentrations used in the research 

were 0.0, 0.2, 0.4, 2.0, 4.0 and 8.0 mmol/dm3, 

respectively. The solutions were analyzed in 

spectral range from 200 to 400 nm using UV–vis 

spectrometer (Metertech SP-8001, Taiwan). The 

baseline correction was performed using distilled 

water. 

 

FTIR analysis 

Infrared spectra were collected for solutions with a 

concentration of 6 mmol/dm3 and 0.25 mmol/dm3 

SDS which contained CA or CGA in an amount of 

40 mg/100 cm3 of solution, as well as for an SDS 

solution with a concentration of 32 mmol/dm3. IR 

spectra for pure CA and CGA were also collected. 

Measurements were made on a Jasco (Japan) FT-IR 

4700 device.  

 

Determination of the emulsion thermal stability 

In order to obtain an O/W emulsion, the water and 

oil phases in a ratio of 40:60 (%), previously heated 

to 70°C, were combined using a magnetic stirrer. 

SDS was added to the oil phase as an emulsifier, its 

content in the total emulsion was 5%. CA and CGA 

acid were added to the aqueous phase at a 

concentration of 40 mg/100 g of the emulsion. 

Three types of emulsions were obtained, i.e. with 

the addition of CA, CGA and without additives.  

The emulsions thus obtained were assessed for 

thermal stability. The emulsion samples were 

incubated for 30 min at 80°C and then placed in an 

ice bath for 15 min. The final step was 

centrifugation at 1300g for 5 min. The test was 

repeated three times and emulsion thermal stability 

(EST) was calculated using the formula (Kasiri and 

Fathi, 2018): 

𝐸𝑆𝑇 =
𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
∙ 100% 

(7) 

 

Statistical analysis 

The statistical analysis was conducted using 

Statistica 12.0 software (StatSoft, Inc. 2013). It 

included calculation of mean values and standard 

deviations from three determinations, one-way 

ANOVA and Fisher's Least Significant Differences 

(LSD) test. 

 

 

RESULTS AND DISCUSSION 

 

Determination of surface tension and adsorption 

parameters 

In the conducted analyzes of model binary systems 

(SDS-CA and SDS-CGA), tensiometric analysis 

was used. All parameters evaluated based on 

tensiometric measurements are presented in Table 1. 

These measurements also made it possible to plot 

surface tension isotherms (Figure 1) and, on their 

basis, determine the value of the critical micelle 

concentration, these values are similar for both 

analyzed systems. 
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Table 1 Adsorption parameters for SDS-CA and SDS-CGA binary systems 

 𝐶𝑀𝐶 
[mmol/dm3] 

𝛥𝐺𝑚  

[kJ/mol] 

𝛥𝐺𝑎𝑑𝑠 

[kJ/mol] 

𝐺𝑚𝑖𝑛 

[kJ/mol] 
𝛤𝑚𝑎𝑥 ∙ 106 

[mol/m2] 

𝐴𝑚𝑖𝑛 [nm2] 

SDS-CA 4.53 -13.37 -27.45 16.06 2.38 0.70 

SDS-CGA 4.59 -13.34 -33.06 20.72 1.78 0.94 

 

 

         
Figure 1. Surface tension isotherms of SDS-CA and SDS-CGA binary systems 

 

The addition of CA or CGA resulted in the 

equilibrium between aggregates and monomers 

being achieved at a concentration of approximately 

4.5 mmol/dm3 for the binary systems, which is 

almost half the CMC value of the SDS solution 

without additives. For mixed micelles containing 

ionic surfactants, non-ideal behavior is usually 

observed as a result of synergistic or antagonistic 

phenomena (Naqvi and Panda, 2021). It is believed 

that achieving balance between the various forces 

allows the formation of mixed micelles, but the 

electrostatic forces between the heads are the most 

important in this process (Kabir-ud-Din et al., 

2011). Similarly, in the analyzed case, the addition 

of both CA and CGA prevents the negatively 

charged SDS heads from mutual repulsion. The 

spontaneous nature of the micellization process is 

evidenced by negative values of the Gibbs free 

energy of micellization. Comparing the Δ𝐺𝑚
0  values 

for both analyzed systems does not make it possible 

to conclude that the micellization process is more 

spontaneous and thermodynamically more 

favorable for either of them. Above insights 

regarding SDS-CA system are consistent with 

reports of Malik and Farooq (Malik and Farooq, 

2022). Analysis values of the Gibbs free energy of 

micellization (Δ𝐺𝑚
0 ) and the Gibbs energy of 

adsorption (∆𝐺𝑎𝑑𝑠
0 ) allows to conclude that 

adsorption processes are preferred and micellization 

is certainly a secondary process to adsorption for the 

analyzed binary systems. Adsorption processes may 

occur with different dynamics within a few seconds 

or hours (Li et al., 2011). Estimated values of the 

Gibbs energy of adsorption of the analyzed systems, 

expose that for the SDS-CGA system the adsorption 

process at the interface occurs slightly easier. At the 

interface between the adsorbing SDS molecules, 

repulsive interactions generated by the anionic 

heads arise. CA and CGA molecules partially 

eliminate this phenomenon. It appears that the 

imidazolopyrimidine stem derived from CA causes 

less steric hindrance compared to the CGA 

molecule, and therefore shields the repulsive effect 

of the heads less effectively. The intercalation of 

molecules between the anionic heads of the 

surfactant also increases the surface area occupied 

by the head; the greater steric hindrance of CGA 

results in a higher Amin value compared to the system 

containing CA. In light of this, Γ𝑚𝑎𝑥 adopts the 

opposite behavior.  

Phenomenon consisting in eliminating the repulsive 

action of the heads is known and more often 

described for binary systems of two anionic and 

non-ionic surfactants (Kabir-ud-Din et al., 2011). 

There are also reports on mixed systems with high 

application potential, such as surfactant-drug 

systems. The obtained results for SDS-CA and SDS-

CGA systems show similar trends with data known 

for surfactant-drug systems (Kumar et al., 2018; 

Nabi et al., 2018; Saha et al. 2023).  

A parameter that correlates with the phenomena of 

surface activity, and in particular with the stability 

of the formed surface at the interface, is molar free 

energy at the maximum adsorption attained at CMC 

(𝐺𝑚𝑖𝑛). It is assumed that the decrease in the value 

of 𝐺𝑚𝑖𝑛 indicates an increase in the stability of the 

formed surface (Kabir-ud-Din et al., 2011). 

Comparison of the data obtained for both analyzed 
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systems indicates that a slightly more stable 

structure on the adsorbed surface is created by the 

SDS-CA binary system. 

 

Determination of total antioxidant capacity 

(TAC) via FRAP assay 

The effect of SDS concentration on the total 

antioxidant capacity of SDS-CA and SDS-CGA 

binary systems was determined 

spectrophotometrically using FRAP assay. It should 

be noted that the investigated solutions prepared 

within SDS-CA and SDS-CGA binary systems had 

a constant antioxidant (CA or CGA) concentrations, 

but differed in SDS concentrations which were in 

the range from 0 to 0.4 mmol/dm3. The obtained 

results were shown in Table 2. 
 

Table 2 Changes in FRAP values of tested binary systems 

depending on SDS concentration 

CSDS 

[mmol/dm3] 

FRAP value [mmol Fe2+/g] 

SDS-CA SDS-CGA 

0 not 

detected 

5.53±0.02a 

4·10-3 5.50±0.05a 

8·10-3 5.58±0.11a 

4·10-2 5.66±0.02ab 

8·10-2 5.80±0.03b 

4·10-1 7.12±0.18c 

Mean values marked with different letters in the column 

were significantly different at α = 0.05 
 

According to some authors (Vieira et al., 2020; 

León-Carmona and Galano, 2012) CA and its 

selected metabolites may be considered as effective 

antioxidants. Literature data confirm protective 

effect of CA against oxidative degradation of 

adenine and rat liver microsomes induced by 

hydroxyl radical (HO•) (Vieira et al., 2020). The 

available results of theoretical research confirmed a 

strong scavenging activity of CA towards hydroxyl 

radical (HO•), but indicated also weak or no activity 

toward alkoxylradical, hydroperoxyl radical 

(HOO•), and superoxide anion (O2
•-). Similarly, 

caffeine turned out to be inactive towards DPPH• 

and ABTS•+ which are described in the literature as 

moderate hydrogen/electron scavengers (Petrucci et 

al., 2018). Nevertheless, there was lack of objective 

studies regarding the activity of CA or SDS-CA 

binary systems toward reduction of Fe3+ -TPTZ 

complex, that prompted the authors to conduct such 

research. The results of FRAP assay did not show 

the reducing activity of CA, and the addition of SDS 

did not change this property.  

CGA is described in the literature as an phenolic 

antioxidant (Tošovic et al., 2017). Its radical 

scavenging activity towards DPPH• radical, 

hydroxyl radical (HO•), superoxide anion (O2
•-), and 

peroxide nitride (ONOO-) was emphasized in 

several studies and considered as comparable to 

those of ascorbic acid (Rojas-Gonzalez et al., 2022). 

On the other hand, so far, no studies have been 

conducted on the effect of surfactants concentration 

on the TAC of their binary systems with CGA. 

In our research, the FRAP value of pure CGA was 

5.53 mmol Fe2+/g that is in line with the existing 

data (Hajimehdipoor et al., 2014). Analyzing SDS-

CGA binary system  no significant changes in FRAP 

value compared to pure CGA were observed at SDS 

concentrations ranging from 4·10-3 mmol/dm3 to 

8·10-3 mmol/dm3, but at SDS concentrations above 

4·10-2 mmol/dm3 the successively increase of FRAP 

values was found, i.e., with the increase in the SDS 

concentration in the system, the total antioxidant 

capacity also increased.  

𝐶𝐺𝐴 ⇄ 𝐶𝐺𝐴− + 𝐻+ (8) 

𝐶𝐺𝐴− +  𝑅∙ → 𝐶𝐺𝐴∙ + 𝑅− (9) 

𝐶𝐺𝐴 + 𝑅− → 𝐶𝐺𝐴− + 𝑅𝐻 (10) 
 

The antioxidant activity of surfactant-antioxidant 

binary systems and its correlation with surfactant 

concentration has been already described in the 

literature and concerned binary systems such as 

ascorbic acid–CTAB, ascorbic acid–SDS, 

niacinamide-CTAB as well as catechin-SDS 

(Kwaśniewska and Kiewlicz, 2022a; Kwaśniewska 

and Kiewlicz, 2022b; Kiewlicz and Kwaśniewska, 

2023; Laguerre et al., 2014). For all examples 

mentioned, an increase in total antioxidant capacity 

was associated with the increase in surfactant 

concentration in the system that is consistent with 

our results The explanation is related to 

antioxidative mechanism of CGA based on electron 

transfer, which is dominant in the case of FRAP 

method (Irshad et al., 2012). Literature data 

suggested that according to thermodynamic 

approach the sequential proton loss electron transfer 

(SPLET) mechanism (Equations 8-10) is more 

favorable than single electron transfer-proton 

transfer (SET-PT) mechanism (Marković and 

Tosović, 2016). The first step of SPLET mechanism 

is deprotonation (Eq. 8). In base environment CGA 

can form three types of monoanion: carboxylate 

anion and two phenolate anions. The first of them 

does not show the ability to spontaneously react 

with radicals by electron transfer while the 

phenolate anions may donate electrons to radicals 

turning them into the form R- which may then act as 

base (Eq. 9-10) (Tosović et al., 2017). According to 

Tosović and Marković (2019), based on standard 

analytical approach, CGA in aqueous solution at pH 

of 7.4 exists primarily in the form of carboxylate 

monoanion and at lower concentration as dianion, 

that follows from experimental pKa values. Due to 

the fact that the FRAP assay was conducted at pH 
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of 3.6, most likely the concentration of phenolate 

anions (pKa= 8.21 and 12.5) in the rection mixture 

was minor while the dominant ionic form was 

carboxylate anion (pKa= 3.35). It is assumed that the 

observed increase in the FRAP value at SDS 

concentrations above 4·10-2 mmol/dm3 may be a 

consequence of electrostatic interactions between 

CGA and surfactant molecules. Literature data show 

that negatively charged head groups of SDS repels 

anions while attracting H+ ions and probably hereby 

may promote the first step of SPLET mechanism 

(Jaiswal et al., 2005; Kwaśniewska and Kiewlicz, 

2022b). It should be noted that some authors 

(Jaiswal et al., 2005) described the possibility of 

shifting (increasing or decreasing) pKa values of 

different compounds by anionic micelles, but these 

observations concerned surfactant concentrations 

much above the CMC value. In the studies 

conducted by Jaiswal et al. (2005) using the pH-

metric and spectrophotometric techniques it was 

found that even at SDS concentrations of 10 

mmol/dm3, the effect of SDS micelles on the pKa 

value of ascorbic and maleic acids was minor and 

suggested a slight decrease in the pKa value. In our 

study, the SDS concentrations used were well below 

the CMC, therefore, only interactions between the 

antioxidant and monomeric surfactant molecules 

were considered. 

 

IR analysis  

In binary systems, various types of molecular 

interactions can be generated, including 

electrostatic, ion-dipole, steric, van der Waals and 

hydrogen interactions. Analysis of the infrared 

spectra of binary systems was used to assess the 

interaction between the head, tail of SDS and CA or 

CGA molecules. For the neat SDS solution 

spectrum, the antisymmetric stretching vibrations 

originating from the sulfate head group (νas S-O) are 

assigned a band at 1238 cm-1 and the band at 1087 

cm-1 to the symmetric vibrations (νs S-O), what is 

consistent whit literature data (Weers et al., 1990). 

In turn, information about the conformation of alkyl 

chains can be obtained from the analysis of CH2 

scissoring region and C-H stretching region. In the 

case of the analyzed spectrum of the aqueous SDS 

solution, there is a band at 1635 cm-1 indicating the 

trans conformation observed for methylene chains. 

This band is not wide, which may be correlated with 

side-by-side interactions of the chains (Viana et al., 

2012). The all-trans conformation of the 

hydrocarbon chain is also indicated by the bands: at 

2916 cm-1 and 2977 cm-1 correlated with symmetric 

and asymmetric stretching vibrations. A low-

intensity band is also visible at approximately 1467 

cm-1, its presence can be attributed to the end-

gauche conformation of the CH3 and CH2 groups of 

the alkyl chain. 

FTIR analysis of binary systems was used to 

confirm the existence of mutual interactions 

between individual components of the analyzed 

systems. Binary solutions intended for analysis 

were prepared assuming the use of SDS at two 

concentration variants, below and above CMC, and 

at the constant concentration of CA or CGA. 

Generally, it is believed that micellar processes, 

structural rearrangements of micelles and an 

increase in the ordering of surfactant alkyl chains 

will be accompanied by shifts in the wave number 

of the bands. 

It is considered that interactions with the heads will 

cause disturbances in the local environment, 

resulting in a shift of the bands generated by the 

sulfate group. The shifts of the νas S-O bands 

probably result from a decrease in the symmetry of 

the sulfate group, which is the result of side 

interactions with additives (CGA) (Khodaparast et 

al., 2021). Spectra taken for SDS-CGA binary 

systems (Figure 2.), regardless of the SDS 

concentration, indicate large shifts of the bands 

originating from asymmetric and symmetric 

stretching vibrations characteristic of the sulfate 

head. This indicates the occurrence of lateral 

electrostatic interactions of the surfactant heads 

with CGA molecules. These interactions eliminate 

the repulsion of the anionic heads, influencing the 

change in the size of the surface occupied by the 

hydrophobic heads, but at the same time, the change 

in the symmetry of the heads results in the spatial 

reorganization of the tails. The increase in 

organization and probably the appearance of a larger 

number of trans conformers is visible in the infrared 

spectra with significant shifts in the bands assigned 

to asymmetric and symmetric stretching vibrations 

of methylene groups. 

Surprisingly, no significant shifts of the νas S-O 

bands were found in the IR spectra (Figure 3.) of 

SDS-CA systems, which would indicate 

interactions of anionic heads with caffeine 

molecules, however, the Amni value obtained on the 

basis of tensiometric measurements suggests the 

existence of this type of interaction. Less significant 

shifts of the discussed bands for SDS-CA systems 

compared to the SDS-CGA system may indicate 

that the steric hindrance generated by CA is smaller 

or that CA molecules interact with long SDS chains, 

as previously suggested (Tasneem et al., 2020). 

However, the presence of CA in the SDS solution 

probably did not change the conformation of the 

long chains, as evidenced by the presence of bands 

in an almost unchanged range (2917-2920, 2975-

2977 cm-1) compared to the SDS spectra. 
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Figure 2. IR spectrum of the analyzed systems containing SDS and CA 

 
Figure 3. IR spectrum of the analyzed systems containing SDS and CA 

 

UV-vis analysis  

The UV-vis absorption spectra of investigated 

aqueous solutions were collected at spectral range 

200 – 400 nm. The analyzed systems included pure 

CA solution, pure CGA solution, binary solutions of 

CA and SDS, and binary solutions of CGA and SDS. 

In binary solutions, a constant concentration of CA 

or CGA was used, while the SDS concentrations 

were respectively, 0.0, 0.2, 0.4, 2.0, 4.0 and 8.0 

mmol/dm3. The results of UV-vis analysis confirms 

the findings above. UV-vis absorption spectrum of 

pure caffeine, shown in Figure 4. (A), displays two 

absorption bands at λmax=205 nm and λmax=273 nm 

that is consistent with literature data (Gayathri et al., 

2023). The first peak, at λmax=205 nm, resulted from 

π→π* transition related to the conjugation present 

in the ring and carbonyl groups, while the second 

one, at λmax=273 nm, resulted from n→π* transition 

associated with presence of carbonyl groups 

(Gayathri et al., 2023). As can be seen in Figure 4 

(A), the successively increase in SDS concentration 

in the SDS-CA system caused changes in UV-vis 

spectra such as splitting of the absorption band at 

the wavelengths ranging from 200 to 245 nm. 

Moreover, at SDS concentration of 4 and 8 

mmol/dm3 a slight hyperchromic effect for both 

absorption bands was identified. Literature data 

suggested that increase in the intensity of absorption 

bands as we observed may be related with 

chromophore association (Sigurdson et al., 2016). 

The SDS concentrations at which the hyperchromic 

effect was observed correspond to the region at 

which micelle formation can be expected and the 

observed effects may be due to the interactions 

between CA and surfactant head groups.  
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Figure 4. The UV–vis absorption spectra of SDS-CA (A) and SDS-CGA (B) systems at various SDS concentrations 

(marked with different colors) 

 

According to Tasneem et al. (2020) CA is 

incorporated into the micelle structure due to strong 

ion-dipolar attraction, with the most favorable 

interactions between the polar N atoms of caffeine 

ring attached with -CH3 group with the anionic head 

groups (SO4
-
 ) of SDS. Presumably, this kind of 

interaction is also responsible for the changes within 

the absorption band at the wavelengths ranging 

from 200 to 245 nm.  

UV-vis absorption spectrum of CGA (Figure 4. (B)) 

was characterized by two main absorption bands 

with the maxima at λmax=218 nm and λmax=324 nm. 

These results are comparable to those obtained by 

other authors (Belay and Gholap, 2009, Tosović and 

Marković, 2016). According to literature data 

(Tosović and Marković, 2016), the most intensive 

absorption band with maximum at λmax=324 nm 

corresponds to π→π* transition from orbitals 

delocalized over the caffeic moiety. Whereas, the 

band at λmax=218 nm may be attributed to π→π* 

electronic transition within carbonyl groups. Figure 

4. (B) shows that for SDS-CGA binary systems, as 

SDS concentration increased the absorption value at 

λmax=218 nm also increased. The most pronounced 

changes in absorbance values at this point 

concerned SDS concentration of 8 mmol/dm3 and 

similarly to the case of CA may indicate the 

incorporation of CGA molecules into the micelle 

structures. An analogous phenomenon of increasing 

absorbance values with increasing SDS 

concentration, caused by the penetration of solute 

molecules into the micelles, has been described in 

the literature for binary systems containing SDS and 

flavonoids, e.g. kaempferol. The authors pointed out 

that after incorporation of molecule into the micelle 

structure the chromophores still oriented at the 

surface of the micelles absorb light more favorably 

than that of the molecules dispersed in bulk aqueous 

phase which is reflected in hyperchromic effect. 

(Naseem et al., 2004). It might be expected that 

analogous effect resulting from the location of 

chlorogenic acid chromophores oriented at the 

surface of the micelles would concern also 

investigated SDS-CGA system. 

 

Determination of the emulsion thermal stability 

Stability is an important parameter that determines 

the quality of the product. Typically, emulsion 

destabilization may occur by creaming, 

sedimentation, flocculation, and coalescing, and the 

factors limiting emulsion stability are temperature, 

centrifugation, stirring, and shaking.  

SDS, in accordance with the guidelines of U. S. 

Food and Drug Administration, is defined as “the 

food multipurpose additive permitted for direct 

addition to food for human consumption” as an 

emulsifier, a whipping agent, surfactant or wetting 

agent, and besides that is also a popular emulsifier 

used in non-food formulations (FDA, 2024; Banipal 

et al., 2016). SDS as an emulsifier exhibits typical 

properties attributed to a single ionic emulsifier. Too 

low a concentration that does not ensure 

electrostatic stabilization leads to coalescence. A 

concentration close to CMC allows obtaining an 

emulsion resistant to coalescence and creaming. 

Higher concentrations associated with excess 

surfactant lead to destabilization of the emulsion 

(Dickinson and Ritzoulis, 2000). In this study, an 

emulsion characterized by a significant excess of 

emulsifier was prepared, assuming that it would be 

a system with less stability, and then an attempt was 

made to determine the impact of the addition of CA 

and CGA on this quality parameter. 

In the discussed O/W emulsion, SDS particles are 

adsorbed on the rapeseed oil droplets, which acts as 

an emulsifier, reducing the surface tension at the oil-
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water interface. The anionic SDS heads orient 

towards the water phase, giving the oil droplets a 

negative charge. The repulsion of negatively 

charged droplets prevents the flocculation of 

particles and thus prolongs the stability of the 

emulsion. As can be seen in Figure 6., the addition 

of CA and CGA improved the stability of the 

emulsion. This suggests that the presence of CA or 

CGA induces greater migration of surfactant 

molecules to the phase barrier. Additionally, the 

obtained results (Figure 5) indicate that even a small 

addition (0.04%) of CA/CGA improves the stability 

of the emulsion. 

 

 

 

 

 

 

 

 

 

Figure 5. The thermal stability of emulsions with the 

addition of caffeine (SDS-CA), chlorogenic acid (SDS-

CGA) and reference emulsion (RE). Mean values marked 

with different letters were significantly different at 

α = 0.05 

CONCLUSIONS 

 

Achieving food quality that is satisfactory for the 

consumer is currently associated with meeting a 

number of requirements regarding: taste, smell, 

appearance, form, texture and durability. This result 

can be obtained by using food additives, the most 

frequently used are emulsifiers. Although the 

conditions for safe use and, consequently, the 

standards of acceptable daily intake for emulsifiers 

are known, literature reports indicate a negative 

impact of the consumption of emulsifiers on the 

intestinal microbiota, the occurrence of 

inflammation and the possibility of cancer (Sellem 

et all 2024).  

The disturbing data should encourage consideration 

of the possibility of limiting the use of food 

additives. The expected effect would be to modify 

the recipe in such a way that the useful effect of the 

emulsifier is maintained while limiting its 

concentration in the product. In their model studies, 

the authors attempted to assess the influence of 

caffeine and chlorogenic acid on the functional 

activity of SDS as an emulsifier. The decision to 

choose caffeine and chlorogenic acid was 

determined by reports of their health-promoting 

activity. Which is also in line with observable 

market trends related to functional food. 

The conducted studies indicated that in the model 

system, the addition of caffeine and chlorogenic 

acid influenced the reduction of the surface tension 

of the system containing SDS. Surface activity 

correlates with the emulsifying potential, which 

suggests that in appropriately selected 

concentrations, SDS-caffeine/chlorogenic acid 

systems will exhibit comparable emulsifying 

properties to SDS used alone in a higher 

concentration. Analysis of thermal stability 

indicated a slightly higher stability of emulsions 

containing SDS and the addition of 

caffeine/chlorogenic acid than the emulsion in 

which only SDS was used as an emulsifier. 

The enrichment of food with antioxidants is 

important for two reasons: their health-promoting 

effect and the ability to extend the oxidative stability 

of product. The antiradical activity of chlorogenic 

acid and caffeine is widely known, but our studies 

have shown that the addition of SDS at 

concentrations above 4 10-2 mmol/dm3 improves the 

antioxidant effectiveness of chlorogenic acid. 
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