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Abstract 

This study explores the preparation and characterization of mixed surfactant 
systems composed of cetyltrimethylammonium bromide (CTAB) and sodium 
dodecylbenzene sulfonate (SDBS) at various ratios and temperatures (283–313 K). 
Iron oxide (Fe3O4) nanoparticles were synthesized via a green method and 
characterized using FT-IR, SEM, EDX, and TEM, confirming their morphology, 
composition, and nanoscale structure. Rheological analysis revealed that the 
CTAB:SDBS (7:3) ratio exhibited the highest viscosity, ranging from 0.0018 to 
0.0260 × 10² Pa•s. Thermodynamic evaluation indicated spontaneous micellization 
(ΔG° = −2.25 to −4.40 kJ•mol⁻¹) and an exothermic process (ΔH = −67.270 
kJ•mol⁻¹), with negative entropy values. The incorporation of amoxicillin enhanced 
viscosity, reaching 0.0325 × 10² Pa•s at 200 ppm, while maintaining spontaneous 
and exothermic behavior. The combined system containing CTAB:SDBS (7:3), 
amoxicillin, thyme extract, and Fe₃O₄ nanoparticles demonstrated the highest 
viscosity (0.0372 × 10² Pa•s) and activation energy (0.812 kJ•mol⁻¹). 
Thermodynamic parameters confirmed stable and spontaneous micelle formation. 
Overall, the results highlight the potential of these mixed micellar systems as 
efficient drug delivery platforms. 

keywords: Iron oxide nanoparticles (Fe3O4), Micelle formation, promising micellar carrier, 
amoxicillin, green synthesis, thermodynamic parameters. 
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 Nanoscience is a multidisciplinary research field that studies 
materials and structures at the nanoscale (typically 1–100 nm), where the 
physical and chemical properties of matter change due to the extremely 
small size, enabling the design of materials and systems with unique features 

]1[ . In recent decades, nanoscience and nanotechnology have become central 
to advances in materials science and manufacturing technologies through the 
precise control of matter at the nanometer scale (10⁻⁹ m) [2]. Nanomaterials 
exhibit unique properties compared with their bulk counterparts, including a 
high surface-to-volume ratio, enhanced mechanical strength, improved 
electrical and thermal properties, and quantum effects that provide novel 
functionalities [3,4]. These features have promoted their use in numerous 
biomedical and industrial applications. In nanomedicine, nanotechnology has 
enabled the development of advanced potential drug delivery systems 
capable of selectively targeting specific cells and tissues, thereby improving 
drug bioavailability and therapeutic efficiency. Amoxicillin, a semi-synthetic 
β-lactam antibiotic, is widely used against Gram-positive and some Gram-
negative bacteria [5]. In addition, natural products such as thyme extract 
contain bioactive compounds, including thymol and carvacrol, which possess 
important pharmacological activities [6]. Potential Drug delivery systems 
can also be enhanced using nanomaterials such as iron oxide nanoparticles 
(Fe₃O₄NPs), which exhibit high surface area and efficient interaction with 
biological tissues [7]. These nanocarriers improve targeted drug delivery to 
sites such as tumors and inflamed tissues while reducing adverse side effects 
associated with conventional therapies  ]8[ .Fig. (1) illustrates the importance 
of nanomaterials in potential drug delivery systems. Surfactants are widely 
used in pharmaceutical, chemical, and nanotechnological applications 
because of their ability to reduce surface and interfacial tension between 
different phases, such as water–oil and water–air systems [9]. Their 
amphiphilic structure, containing both hydrophilic and hydrophobic 
moieties, enables adsorption at interfaces and modification of 
physicochemical properties. Above the critical micelle concentration (CMC), 
surfactant molecules self-assemble into nanosized micelles, where the 
hydrophobic groups orient inward and the hydrophilic groups outward, 
thereby enhancing stability in aqueous media. ]10[ . Surfactants are classified 
according to the charge of their polar head groups into cationic, anionic, 
nonionic, and zwitterionic types. For example, cetyltrimethylammonium 
bromide (CTAB) is one of the most prominent cationic surfactants belonging 
to quaternary ammonium compounds, with the structural formula (CH₃–
(CH₂)₁₅–N⁺(CH₃)₃ Br⁻), while sodium dodecylbenzene sulfonate (SDBS) is 
a well-known anionic surfactant with the structural formula (C₁₂H₂₅–C₆H₄–
SO₃Na). Each type exhibits distinct physicochemical properties that 
determine its applications ]11[ . Fig (2) illustrates the classification of 
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surfactants. These compounds have significantly contributed to the 
advancement of pharmaceutical industries, where they are used to improve 
the solubility of poorly water-soluble drugs, enhance bioavailability, and 
reduce side effects ]12[ . Moreover, they play a key role in the preparation 
and stabilization of nanoparticles by preventing aggregation, and they are 
essential components in the design of advanced  potential drug delivery 
systems, including micellar and nanoscale carriers, making them 
indispensable in modern nanotechnology and targeted therapeutic 
applications ]13[ . 

 

 
 

Fig (1). illustrates the role of nanomaterials in drug delivery systems ]14[ . 

 

Fig (2). illustrates the classification of surfactants ]15[ . 

 

Materials and Methods: 
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Preparation of Surfactant Solutions (SDBS and CTAB): 

Stock solutions of cetyltrimethylammonium bromide (CTAB) and sodium 
dodecylbenzene sulfonate (SDBS) were prepared at a concentration of 3 
wt%. This was achieved by dissolving 3.1 g of each surfactant separately in 
deionized distilled water in a 100 mL volumetric flask, followed by dilution 
to the mark with the same solvent. The solutions were thoroughly agitated to 
ensure complete dissolution. Mixed surfactant systems were then prepared 
by combining appropriate volumes of the CTAB and SDBS stock solutions 
to obtain different mixing ratios. The final volume of each prepared mixture 
was adjusted to 10 mL. This procedure allowed the preparation of solutions 
with varying composition ratios of the two surfactants. The specific volumes 
withdrawn from the stock solutions to prepare each mixture are presented in 
Table (1), and the preparation scheme is illustrated in Fig (3) . 

Table (1): Volumes withdrawn from the stock solutions of the surfactants. 

11A 10A 9A 8A 7A 6A 5A 4A 3A 2A 1A Sample  
0 1 2 3 4 5 6 7 8 9 10 CTAT  
10 9 8 7 6 5 4 3 2 1 0 SDBS 
10 10 10 10 10 10 10 10 10 10 10 V.total 

          

 

Fig (3): Arrangement of the prepared mixture samples after preparation. 

Preparation of Amoxicillin Solution and Standard Solutions 

A 100 mL stock solution of amoxicillin at a concentration of 500 ppm was 
prepared by dissolving 0.047 g of amoxicillin in an appropriate amount of 
deionized water in a 100 mL volumetric flask. The solution was then diluted 
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to the mark with deionized water and thoroughly shaken to ensure complete 
dissolution. From this stock solution, a series of diluted solutions with 
different concentrations (200, 100, 50, and 25 ppm) were prepared, each 
with a final volume of 100 mL, using the dilution equation. These solutions 
were subsequently used for mixing with different volumes of CTAB and 
SDBS solutions to investigate their viscosity behavior. 

Preparation of Thyme Extract [16]. 

Thyme extract was prepared using the maceration method with deionized 
water as the solvent, following the steps below: 

1. Ten grams of dried thyme were washed three times with deionized 
water and dried in an oven for 30 minutes to remove impurities.  

2. The dried plant material was ground and transferred into a 100 mL 
beaker, then 50 mL of deionized water was added. The mixture was 
heated at 50 °C with continuous stirring.  

3. The resulting mixture was filtered to obtain the crude plant extract.  
4. The filtrate was dried in an oven at 60 °C until complete evaporation 

of the solvent.  
5. A mass of 0.5 g of the dried extract was dissolved in a 100 mL 

volumetric flask to prepare a 500 ppm stock solution, from which 
further dilutions were prepared as needed.  

Preparation of Iron Oxide Nanoparticles (Fe₃O₄) 

Fe₃O₄ nanoparticles were synthesized via a green synthesis approach ]17[ .  
Initially, 6.5 g of FeCl₃·6H₂O and 4.5 g of FeCl₂·4H₂O were dissolved in 
deionized water at a molar ratio of 2:1 under constant stirring. Subsequently, 
50 mL of grape juice extract was added gradually in five portions (10 mL 
each), with a 10-minute interval between additions. The mixture was heated 
at 85 °C for 2.5 hours under continuous magnetic stirring. Upon addition of 
50 mL of 0.5 M NaOH solution dropwise, the pH was adjusted to 9, 
resulting in a color change from light green to black, indicating nanoparticle 
formation. The resulting suspension was centrifuged at 10,000 rpm to collect 
the precipitated nanoparticles. The solid product was washed several times 
with ethanol and deionized water to remove residual impurities and 
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unreacted species. Finally, the obtained nanoparticles were dried in an oven 
at 60 °C to yield the Fe₃O₄ nanoparticle powder, as shown in Fig (4). as 
represented by the following equation. 

O2+ 8NaCl + 20H   4O3Fe             O + 8NaOH       2.6H3O + 2FeCl2.4H2FeCl 
 

 
Fig (4): Iron oxide nanoparticles (Fe₃O₄) prepared via the green synthesis method. 

Viscosity Measurements 

The water bath was adjusted to the required temperatures, and the viscometer 
along with the sample holder was immersed in the bath, ensuring partial 
submersion. The system was left for 5 minutes to reach thermal equilibrium, 
with intermittent stirring to maintain uniform temperature distribution. The 
efflux time was measured using an Ostwald viscometer, as illustrated in Fig 
(5), by recording the time required for the solution to flow between the 
marked start and end points on the instrument. Each measurement was 
repeated five times, and the average flow time was calculated for accuracy. 
This procedure was carried out at four different temperatures (283, 293, 303, 
and 313 K) and applied to all prepared surfactant mixture samples . The 
viscosity was calculated using Poiseuille–Ostwald equation as follows ]18[ : 

!!
!"

 = "!#!""#"
                                                                                           (1) 

where: 

• σ1: density of water (g/cm³)  
• t1 : flow time of water (s)  
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• η1 : viscosity of water (Pa·s)  
• σ2: density of the sample (g/cm³)  
• t2: flow time of the sample (s)  
• η2 : viscosity of the sample (Pa·s) 

 
Fig (5): Ostwald viscometer used for viscosity measurements. 

Preparation of CTAB:SDBS Mixed Solutions with Different Amoxicillin 
Concentrations 

Four mixed surfactant solutions with a fixed ratio of 7:3 (CTAB:SDBS) 
were prepared. These mixtures were formulated in the presence of different 
amoxicillin concentrations (200, 100, 50, and 25 ppm), with a final total 
volume of 10 mL for each sample. The required volumes of the prepared 
CTAB and SDBS stock solutions were accurately measured and mixed to 
obtain the desired surfactant ratio for each drug concentration. The detailed 
volumes of the surfactant solutions used in each prepared sample are 
presented in Table (2). The prepared samples arrangement, labeled from B1 
to B4, after preparation is illustrated in Fig (6) . 

Table (2): Volumes of CTAB and SDBS solutions used in the preparation of samples at different amoxicillin 
concentrations. 

4B 3B 2B 1B Sample Code 
9 9 9 9 V(SDBS) + (CTAB)  

200 100 50 25 Conc. Amoxi 
1 1 1 1 V Amoxi 
10 10 10 10 V.total 

 



Al-Qadisiyah Journal of Pure Science Vol. (31) Issue (Special) (2026)	pp. 423– 462 
 

430	
	

 
Fig (6): Arrangement of the prepared mixture samples after preparation. 

Preparation of Surfactant Mixtures in the Presence of Iron Oxide 
Nanoparticles, Amoxicillin, and Thyme Extract 

A 100 mL stock solution of iron oxide nanoparticles (Fe₃O₄) at a 
concentration of 500 ppm was prepared by dissolving 0.05 g of the 
nanoparticles in an appropriate amount of deionized water in a 100 mL 
volumetric flask, and the volume was then completed to the calibration mark 
with the same solvent. From this stock solution, a series of diluted solutions 
with concentrations of 200, 100, 50, and 25 ppm were prepared using the 
dilution method. Subsequently, 1 mL of each nanoparticle concentration was 
added to a surfactant mixture with a fixed volume ratio of 7:3 
(SDBS:CTAB), in the presence of amoxicillin and thyme extract. The final 
volume of each prepared system was adjusted to 10 mL. The detailed 
compositions of the prepared mixtures are presented in Table (3). The 
arrangement and labeling of the prepared samples (D1–D4) after preparation 
are illustrated in Fig (7). 

Table (3): Volumes of CTAB and SDBS solutions used in the presence of amoxicillin, thyme extract, and 
different concentrations of iron oxide nanoparticles. 

4D 3D 2D 1D Sample Code 
7 7 7 7 V(SDBS) + (CTAB) (ml) 

200 100 50 25 Conc. Amoxi (ppm) 
1 1 1 1 V Amoxi (ml) 

200 100 50 25 Conc. Thyme (ppm) 
1 1 1 1 V Thyme (ml) 

200 100 50 25 (ppm) 3O2Conc. Fe 
1 1 1 1 (ml) 3O2V   Fe 
10 10 10 10 V.total (ml) 
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Fig (7): Arrangement of the prepared samples (D1–D4) after preparation. Thermodynamic Parameters for 

Micelle Formation 

Entropy (ΔS°) is a thermodynamic property that represents the degree of 
randomness within a system. An increase in system randomness corresponds 
to an increase in entropy. During micelle formation, the disruption of the 
structured water molecules leads to an increase in entropy. The relationship 
between the change in entropy (ΔS°) and the change in Gibbs free energy 
(ΔG°) is given by the following equation ]19[ . 

                                                                       (2) 

The enthalpy contribution associated with micelle formation is often 
relatively small compared with entropy-driven effects. Therefore, an increase 
in entropy results in a decrease in Gibbs free energy (ΔG°). Processes 
associated with a decrease in Gibbs free energy occur spontaneously, as it 
results in a more thermodynamically stable system. Accordingly, micelle 
formation is considered a spontaneous process. The thermodynamic 
parameters, including standard Gibbs free energy (ΔG°), enthalpy change 
(ΔH), entropy change (ΔS°), and activation energy (Ea), can be determined 
based on viscosity measurements. Viscosity is considered an important 
indicator for the formation of rod-like and worm-like micelles. The standard 
Gibbs free energy (ΔG°) was calculated using the following equation ]0،212[  
: 

                                                      (3) 

S°T -H = G°

   )10×/2(ln  RT  = G° -3
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where: 

• T: absolute temperature (K),  
• R: universal gas constant (8.314 J·K⁻¹·mol⁻¹)  
• η: viscosity of the mixture (Pa·s)  

The enthalpy change (ΔH) was determined using the Van’t Hoff equation 
]22[ . 

                                                                    (4)  

where the slope is obtained from the linear plot of ln(η) versus 1/T, as shown 
in Fig (8). 

 

 

Fig (8): Determination of the slope using the Van’t Hoff relationship. 

The entropy change (ΔS°) for the micellization process was calculated using 
the following equation ]23[ . 

                                                                   (5) 

The activation energy (Ea) can be calculated using the following equation 
]24[ . 

                                                               (6)  

   R  Slop -  = 

G°/T -H = S°

   R  Slop  = Ea
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The slope can be obtained from the plot of viscosity versus the reciprocal of 
temperature (1/T), as illustrated in Fig (9). 

 
Fig (9): Determination of the slope from the relationship between viscosity and the reciprocal of temperature 

(1/T). 

The formation of micelles in aqueous solutions is a clear example of 
thermodynamically driven self-assembly processes ]25[ , where aggregation 
occurs when the system becomes energetically more stable than the 
individual dispersed molecules. This stability is reflected by a decrease in the 
Gibbs free energy of the system (ΔG° < 0). Such stabilization arises from a 
balance between enthalpic contributions, mainly due to attractive 
interactions among hydrophobic chains, and entropic effects associated with 
the release of structured water molecules ]26[ . Micellar structures are 
dynamic in nature and can vary depending on several factors, including 
chemical composition, alkyl chain length, head group charge, temperature, 
and concentration. These factors may induce morphological transitions such 
as spherical, cylindrical, or lamellar structures, all of which aim to minimize 
the system’s free energy. Moreover, micellar systems are considered stable 
nanoscale carriers capable of enhancing the solubility and stability of 
hydrophobic drugs while reducing their toxicity. This makes them a 
fundamental platform in the design of advanced potential drug delivery 
systems ]13[ . 
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Results and Discussion 

Viscosity Measurements and Thermodynamic Parameters of Wormlike 
Micelles in SDBS:CTAB Systems 

The formation of wormlike (thread-like) micelles is a significant 
structural phenomenon that has a direct and pronounced effect on the 
physicochemical properties of solutions, particularly viscosity. The transition 
of micelles from spherical to elongated wormlike structures leads to a 
substantial increase in solution viscosity due to the entanglement of these 
extended aggregates and the formation of a dynamic three-dimensional 
network. Therefore, viscosity can be considered a sensitive indirect indicator 
of wormlike micelle formation ]27[ . In this context, the present study 
investigates the ability of a binary surfactant system composed of oppositely 
charged species, the anionic sodium dodecylbenzene sulfonate (SDBS) and 
the cationic cetyltrimethylammonium bromide (CTAB), to form wormlike 
micelles. The electrostatic attraction between oppositely charged head 
groups is expected to reduce repulsive forces, thereby enhancing self-
assembly processes ]28[ .  This interaction facilitates a structural transition 
from spherical micelles to wormlike micelles at specific mixing ratios and 
concentrations. The rheological behavior of the system was examined 
through viscosity measurements at different CTAB:SDBS mixing ratios and 
at various temperatures (283, 293, 303, and 313 K), in order to evaluate the 
effect of both composition and temperature on micellar dynamics. The 
obtained results were correlated with thermodynamic parameters, as the 
formation of wormlike micelles is associated with a decrease in Gibbs free 
energy (ΔG°), indicating enhanced thermodynamic stability. In addition, 
both entropy change (ΔS°) and enthalpy change (ΔH) contribute 
significantly to defining the spontaneity and nature of micellization ]29[ . 
Table (4) presents the calculated viscosity values for a surfactant system 
containing 3% of both CTAB and SDBS at different mixing ratios and 
temperatures. The samples are labeled from A1 to A11, providing a 
quantitative understanding of the relationship between structural 
arrangement and the physicochemical properties of the system. 
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Table (4): Viscosity values of CTAB:SDBS surfactant mixtures at different mixing ratios and temperatures. 
2× 10)pa.s(ƞ sdbs 

3% 
ctab 
3% 

sample 
313 K 303 K 293 K 283 K 

0.000934 0.00098 0.001284 0.001616 0 10 1A 
0.001161 0.001673 0.001998 0.002507 1 9 2A 
0.001393 0.002099 0.003274 0.009139 2 8 3A 
0.001843 0.003021 0.010454 0.026031 3 7 4A 
0.00176 0.002303 0.004909 0.016797 4 6 5A 
0.001635 0.002033 0.003206 0.010494 5 5 6A 
0.001492 0.001764 0.002514 0.005635 6 4 7A 
0.001237 0.001454 0.002026 0.003708 7 3 8A 
0.001125 0.001109 0.00161 0.002306 8 2 9A 
0.001014 0.000986 0.001191 0.001607 9 1 10A 
0.000857 0.000869 0.001062 0.001339 10 0 11A 

 The results demonstrated a significant decrease in the viscosity of the 
studied solutions with increasing temperature. This behavior is mainly 
attributed to increased molecular kinetic energy, which weakens 
intermolecular interactions and reduces hydrogen bonding between water 
molecules, as well as diminishing the strength of interactions between 
surfactant molecules and water ]30[ .  Consequently, the resistance to flow 
decreases, leading to a reduction in viscosity. Furthermore, the system 
containing CTAB exhibited higher viscosity compared to that containing 
SDBS. This difference is mainly attributed to the longer hydrocarbon chain 
of CTAB relative to SDBS, which enhances hydrophobic interactions 
between hydrocarbon chains and contributes to increased viscosity ]31[ . On 
the other hand, the results suggest the formation of wormlike micelles within 
the investigated system, as a significant increase in viscosity was observed at 
specific mixing ratios between SDBS and CTAB. The maximum viscosity 
value was recorded at 283 K and a mixing ratio of 7:3 (SDBS:CTAB), 
reaching 0.02603 × 10² Pa·s for sample A4. This increase can be attributed 
to the formation of elongated and entangled micellar structures, which 
enhance flow resistance. These findings are consistent with previous studies 

]32[ , which reported that binary surfactant systems composed of oppositely 
charged species tend to form wormlike micelles at specific mixing ratios, 
resulting in a significant increase in viscosity ]33[ . 
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Standard Gibbs Free Energy (ΔG°) of SDBS:CTAB Mixtures at 
Different Mixing Ratios and Temperatures 

Micelle formation in aqueous solutions, arising from the self-assembly of 
surfactant molecules, is a thermodynamically controlled process ]34[ . 
Accordingly, a proper description of this phenomenon requires the 
evaluation of the associated thermodynamic parameters at different 
temperatures to understand the stability and nature of the formed micellar 
structures. In this study, the standard Gibbs free energy of micellization 
(ΔG°) was calculated over the temperature range of 283, 293, 303, and 313 
K using Equation (2). Table (5) presents the calculated ΔG° values for a 
binary system containing 3 wt% of both SDBS and CTAB at different 
mixing ratios, corresponding to samples labeled A1–A11. 

Table (5): Standard Gibbs free energy (ΔG°) values for 3 wt% SDBS:CTAB mixtures at different mixing 
ratios and temperatures. 

 
)1-(kJ.mol °GΔ           

SDBS 
3% 

CTAB 
3% 

Sample 

313 K 303 K 293 K 283 K 
6.173528 5.855566 5.005461 4.291401 0 10 1A 
5.605884 4.506234 3.926521 3.257303 1 9 2A 
5.132611 3.934677 2.722852 0.211972 2 8 3A 
4.403206 3.017176 - 0.10835 - 2.25218 3 7 4A 
4.523724 3.701333 1.734726 - 1.22088 4 6 5A 
4.715154 4.015552 2.773832 - 0.11344 5 5 6A 
4.953533 4.373291 3.366461 1.350414 6 4 7A 
5.440295 4.860498 3.893379 2.335298 7 3 8A 
5.688702 5.541983 4.453941 3.453932 8 2 9A 
5.959869 5.838323 5.188344 4.303311 9 1 10A 
6.36647 6.18733 5.467475 4.733937 10 0 11A 

From the analysis of the data presented in Table (5), it is observed 
that the standard Gibbs free energy (ΔG°) values increase (i.e., become less 
negative) with increasing temperature. This trend is accompanied by a 
noticeable decrease in viscosity values ]35[ .  This behavior indicates a 
reduced tendency of the system to form wormlike micelles at higher 
temperatures, which can be attributed to the weakening of intermolecular 
attractive forces and reduced aggregation of surfactant molecules ]36[ .  The 
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results further show that at 283 K and a mixing ratio of 7:3 (SDBS:CTAB), 
the standard Gibbs free energy value is −2.25218 kJ·mol⁻¹, indicating that 
micelle formation in this system is a spontaneous process. This indicates 
that, under these conditions, intermolecular interactions are sufficiently 
strong to favor self-assembly and reduce the free energy of the system. 

Enthalpy (ΔH) of SDBS:CTAB Mixtures at Different Mixing Ratios 

The enthalpy change (ΔH) associated with wormlike micelle 
formation was calculated using Equation (4), based on the Van’t Hoff 
approach by plotting ln(η) versus the reciprocal of temperature (1/T in 
Kelvin) ]37[ .  The slope of the linear relationship corresponds to (−ΔH/R), 
where R is the universal gas constant (8.314 J·mol⁻¹·K⁻¹). Figs (10-14), 
illustrate the determination of the slope for selected samples (A1, A2, A4, 
A5, and A11), respectively. The calculated values were subsequently 
summarized in Table (6). 

 

Fig (10): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (A1). 
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Fig (11): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (A2). 

 

Fig (12): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (A4). 

 

Fig (13): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (A5). 
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Fig (14): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (A11). 

Table (6): Enthalpy (ΔH) values for CTAB:SDBS mixtures at different mixing ratios and temperatures. 
2R Δ𝐻 

)1-(kJ.mol 
Slope CTAB 

3% 
SDBS 

3% 
Sample 

0.954 - 14.093 1695.1 10 0 1A 
0.961 - 17.979 2162.6 9 1 2A 
0.956 - 44.645 5369.9 8 2 3A 
0.986 - 67.270 8091.2 7 3 4A 
0.943 - 55.398 6663.3 6 4 5A 
0.901 - 44.475 5349.5 5 5 6A 
0.918 - 31.979 3846.4 4 6 7A 
0.947 - 26.654 3206.0 3 7 8A 
0.908 - 18.674 2246.2 2 8 9A 
0.849 - 11.667 1403.3 1 9 10A 
0.901 - 11.214 1348.9 0 10 11A 

 The standard enthalpy (ΔH) values, as presented in Table (6) for 
samples A1–A11 at different temperatures, were found to be negative, 
indicating that the mixing process of the surfactants CTAB and SDBS is an 
exothermic process ]38[ .  This behavior reflects the presence of strong 
attractive interactions between the molecules, particularly electrostatic 
interactions between oppositely charged head groups, as well as hydrophobic 
interactions among hydrocarbon chains in the aqueous medium. These 
interactions promote molecular aggregation in order to reduce disruption of 
the water structure and decrease the overall Gibbs free energy of the system, 
thereby facilitating spontaneous self-assembly and micelle formation. 
Consequently, energy is released during the aggregation process. 
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Furthermore, the results revealed strong linear relationships in the 
thermodynamic analysis, with high correlation coefficients observed for 
several samples such as A1, A2, A4, A5, and A11, among others ]39[ . 

Entropy (ΔS°) of SDBS:CTAB Mixtures at Different Mixing Ratios and 
Temperatures 

The standard entropy (ΔS°) values for the micellar system were calculated 
using Equation (5). Table (7) presents the ΔS° values for CTAB:SDBS 
surfactant mixtures at different mixing ratios, corresponding to samples A1–
A11 and evaluated at various temperatures. 

Table (7): Standard entropy (ΔS°) values for CTAB:SDBS surfactant mixtures at different mixing ratios and 
temperatures. 

)1-.K1-( J.mol °ΔS SDBS 
3% 

CTAB 
3% 

Sample 
Code 313 K 303 K 293 K 283 K 

- 45.023 - 46.508 - 48.091 - 49.787 0 10 1A 
- 57.434 - 59.325 - 61.346 - 63.510 1 9 2A 
- 142.585 - 147.284 - 152.305 - 157.675 2 8 3A 
- 214.832 - 221.914 - 229.473 - 237.570 3 7 4A 
- 176.922 - 182.756 - 188.983 - 195.647 4 6 5A 
- 142.042 - 146.725 - 151.726 - 157.074 5 5 6A 
- 102.136 - 105.503 - 109.099 - 112.945 6 4 7A 
- 85.135 - 87.941 - 90.938 - 94.144 7 3 8A 
- 59.653 - 61.621 - 63.719 - 65.966 8 2 9A 
- 37.276 - 38.505 - 39.816 - 41.219 9 1 10A 
- 35.833 - 37.014 - 38.274 - 39.623 10 0 11A 

 The results presented in Table (7) indicate that the standard entropy 
(ΔS°) values were negative at all studied temperatures. This behavior can be 
attributed to the structural nature of surfactant molecules, which consist of 
two main components: a hydrophobic hydrocarbon tail and a hydrophilic 
polar head group ]40[ .  In aqueous media, the nonpolar hydrocarbon chains 
disrupt the ordered structure of surrounding water molecules, forcing water 
molecules to reorganize themselves in a more ordered arrangement around 
these hydrophobic segments to minimize the free energy of the system. This 
reorganization leads to a reduction in system randomness, and consequently 
a decrease in entropy ]41[ .  During micelle formation, the hydrophobic tails 
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aggregate in the core of the micelle, away from water, while the polar head 
groups remain in contact with the aqueous environment. This structural 
arrangement reduces the degrees of freedom of molecules within the micellar 
assembly, leading to a decrease in the entropy of the system. However, this 
process is accompanied by the release of structured water molecules that 
were previously ordered around the hydrocarbon chains, which increases the 
randomness of these water molecules. Therefore, the overall entropy change 
represents a balance between two opposing effects: (i) a decrease in entropy 
due to the formation of ordered micellar structures, and (ii) an increase in 
entropy resulting from the release of water molecules and increased 
molecular freedom, in addition to the contribution of free ions present in the 
solution ]29[ .  The results also show a slight increase in entropy with 
increasing temperature, which can be attributed to enhanced molecular 
motion and increased degrees of freedom at higher thermal energy levels 

]42[ . 

Activation Energy (Ea) of CTAB:SDBS Mixtures at Different Mixing 
Ratios 

The activation energy (Ea) for the formation of wormlike micelles in the 
binary surfactant system (CTAB:SDBS) at different mixing ratios was 
calculated using the Arrhenius equation ]43[ . This was achieved by plotting 
viscosity (η) against the reciprocal of absolute temperature (1/T), as 
described in Equation (6) The calculated values were summarized in Table 
(8) 

Table (8): Activation energy (Ea) values for CTAB:SDBS surfactant mixtures at different mixing ratios. 

2R 
Ea -(kJ.mol

)1 
Slope 

CTAB 
3% 

SDBS 
3% 

Sample 
Code 

0.944 0.017 2.0829 10 0 1A 
0.987 0.031 3.8129 9 1 2A 
0.821 0.180 21.707 8 2 3A 
0.885 0.591 71.121 7 3 4A 
0.792 0.353 42.542 6 4 5A 
0.769 0.205 24.744 5 5 6A 
0.822 0.097 11.729 4 6 7A 
0.872 0.058 7.0923 3 7 8A 
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0.944 0.017 2.0829 2 8 9A 
0.987 0.031 3.8129 1 9 10A 
0.821 0.180 21.707 0 10 11A 

 The results presented in Table (8) show well-defined linear 
relationships with high correlation coefficients, indicating the suitability of 
the applied model for describing the temperature dependence of viscosity in 
the studied system. The calculated activation energy (Ea) values for the 
CTAB:SDBS mixtures revealed that the highest value was obtained at a 
mixing ratio of 7:3, reaching 0.591 kJ·mol⁻¹. This effect is attributed to  
formation of long and highly entangled wormlike micelles at this specific 
ratio, which increases internal flow resistance and therefore requires higher 
energy for molecular motion and flow ]44[ .  From a physical standpoint, 
relatively high activation energy values indicate the presence of well-
organized micellar structures, where viscosity increases due to micellar 
entanglement and the formation of a dynamic, polymer-like network. Several 
studies have reported that binary surfactant systems composed of oppositely 
charged species tend to form such structures at specific mixing ratios, 
resulting in a significant increase in both viscosity and activation energy 

]45[ .  Moreover, the application of the Arrhenius equation in viscosity 
analysis is widely recognized as an effective approach for characterizing 
micellar systems, as it provides a quantitative understanding of the effect of 
temperature on flow dynamics and micellar structural organization ]46[ . 

 

Viscosity Measurements and Thermodynamic Parameters of 
CTAB:SDBS Mixtures with Different Amoxicillin Concentrations 

The effect of incorporating amoxicillin (AMO) at different concentrations 
(200, 100, 50, and 25 ppm) on the viscosity of the CTAB:SDBS (7:3) 
surfactant mixture was investigated at different temperatures (283, 293, 303, 
and 313 K). The obtained viscosity values for samples B1, B2, B3, and B4 
were recorded and are presented in Table (9). 
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Table (9): Viscosity values of CTAB:SDBS (7:3) mixtures in the presence of different amoxicillin 
concentrations at various temperatures. 

2× 10)pa.s(ƞ Conc. 
AMO  

sdbs 
3% 

ctab 
3% 

Sample  
313 K 303 K 293 K 283 K 

0.00142 0.00303 0.01075 0.02648 25 3 7 1B 
0.00159 0.00318 0.01089 0.02799 50 3 7 2B 
0.00178 0.00336 0.01140 0.02902 100 3 7 3B 
0.00212 0.00360 0.01167 0.03251 200 3 7 4B 

 The results presented in Table (9) indicate a clear increase in 
viscosity with increasing amoxicillin concentration in the CTAB:SDBS 
surfactant system. The data further show that viscosity decreases with 
increasing temperature ]47[ .  while it increases with increasing solution 
concentration, which is a typical behavior observed in colloidal systems and 
surfactant-containing solutions. The highest viscosity value was recorded for 
sample (B4) at 283 K and a concentration of 200 ppm of amoxicillin, 
whereas the lowest viscosity value was observed for sample (B1) at 313 K 
and 25 ppm. The decrease in viscosity with increasing temperature is 
attributed to the increase in molecular kinetic energy, which weakens 
intermolecular attractive forces and reduces intermolecular cohesion. This 
enhances molecular mobility and decreases resistance to flow ]48[ .On the 
other hand, the increase in viscosity with increasing concentration is 
attributed to the higher number of interacting molecules in the system, which 
enhances intermolecular interactions and promotes the formation of more 
complex structures within the solution. In this context, the observed increase 
in viscosity can be explained by the formation of hydrogen bonds between 
the hydroxyl groups of amoxicillin molecules and the polar sulfonate groups 
(−OSO₃⁻) of sodium dodecylbenzene sulfonate (SDBS), thereby 
strengthening the interactions between system components.Moreover, these 
interactions may disrupt the electrostatic attraction between the oppositely 
charged head groups of SDBS and CTAB ]49[ .  , contributing to the 
formation of more complex micellar structures such as wormlike micelles. 
These structures are known to significantly increase viscosity due to their 
entanglement and the formation of transient, polymer-like networks within 
the solution ]50[ . These findings are consistent with previous reports, which 
have reported that mixed ionic surfactant systems with oppositely charged 
species exhibit a significant increase in viscosity due to the formation of 
extended and highly entangled micellar structures, particularly in the 
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presence of drug molecules capable of forming hydrogen bonds or 
electrostatic interactions ]51[ . 

Standard Gibbs Free Energy (ΔG°) of CTAB:SDBS Mixtures at 7:3 
Ratio in the Presence of Amoxicillin at Different Concentrations and 
Temperatures 

The standard Gibbs free energy (ΔG°) of the surfactant mixture at a 7:3 
(SDBS:CTAB) ratio was calculated in the presence of different 
concentrations of amoxicillin at various temperatures (283, 293, 303, and 
313 K), using Equation (2). The calculated values are summarized in Table 
(10). 

Table (10): Standard Gibbs free energy (ΔG°) values for CTAB:SDBS (7:3) mixtures in the presence of 
different amoxicillin concentrations at various temperatures. 

)1-(kJ.mol° GΔ Conc. 
AMO  

sdbs 
3% 

ctab 
3% 

Sample  
313 K 303 K 293 K 283 K 
5.072 3.083 - 0.177 - 2.292 25 3 7 1B 
4.979 3.034 - 0.208 - 2.423 50 3 7 2B 
4.163 2.904 - 0.319 - 2.508 100 3 7 3B 
3.835 2.384 - 0.376 - 2.775 200 3 7 4B 

 From the data presented in Table (10), it is observed that an increase 
in amoxicillin concentration is accompanied by a decrease in the standard 
Gibbs free energy (ΔG°) at a constant temperature, which in turn indicates an 
enhancement in micelle formation. At 283 K and a concentration of 200 ppm 
of amoxicillin, the ΔG° value reached −2.775 kJ·mol⁻¹, suggesting a higher 
tendency for the system to form stable micellar structures. This behavior 
reflects the thermodynamic driving forces governing aggregation processes 
in pharmaceutical colloidal systems ]52[ . 

Enthalpy (ΔH) of CTAB:SDBS Mixtures (7:3) in the Presence of 
Amoxicillin at Different Concentrations and Temperatures 

The enthalpy change (ΔH) for the surfactant system at a 7:3 (SDBS:CTAB) 
ratio in the presence of different concentrations of amoxicillin was 
determined at various temperatures (283, 293, 303, and 313 K). The 
calculations were performed using the Van’t Hoff method (Equation 1.3), by 
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plotting ln(η) versus the reciprocal of absolute temperature (1/T in Kelvin) 
(37). The slope of the linear relationship corresponds to (−ΔH/R), where R is 
the universal gas constant (8.314 J·mol⁻¹·K⁻¹). Figs (15-18) illustrate the 
determination of the slope for samples B4, B3, B2, and B1, respectively. The 
calculated values were summarized in Table (11).  The obtained enthalpy 
values indicate that micelle formation in the presence of different 
concentrations of amoxicillin is an exothermic process. 

 

 

Fig (15): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (B1). 

 

Fig (16): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (B2). 
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Fig (17): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (B3). 

 

 

Fig (18): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (B4). 

Table (11): Enthalpy (ΔH) values for CTAB:SDBS (7:3) mixtures in the presence of different amoxicillin 
concentrations at various temperatures. 

2R 
∆H 

)1-(kJ.mol 
Slope 

Conc. 
AMO 
ppm)( 

CTAB 
3% 

SDBS 
3% 

Sample 
Code 

0.995 - 73.233 8808.4 25 7 3 1B 
0.995 - 71.823 8638.8 50 7 3 2B 
0.993 - 70.048 8425.4 100 7 3 3B 
0.989 - 68.514 8240.9 200 7 3 4B 
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Entropy (ΔS°) Calculation for CTAB:SDBS (7:3) Mixture in the 
Presence of Amoxicillin at Different Concentrations and Temperatures 

The standard entropy (ΔS°) values for the CTAB:SDBS (7:3) surfactant 
system in the presence of different concentrations of amoxicillin and at 
various temperatures were calculated using Equation (5). The obtained 
results were summarized and presented in Table (12). 

Table (12): Standard entropy (ΔS°) values for CTAB:SDBS (7:3) mixtures in the presence of different 
amoxicillin concentrations at various temperatures. 

)1-.K1-( J.mol °ΔS Conc. 
AMO 

SDBS 
3% 

CTAB 
3% 

Sample 
313 K 303 K 293 K 283 K 

- 250.87 - 252.58 - 250.07 - 251.44 25 3 7 1B 
- 251.90 - 253.79 - 251.39 - 252.44 50 3 7 2B 
- 230.46 - 233.91 - 230.89 - 231.32 100 3 7 3B 
- 223.19 - 225.77 - 224.05 - 223.49 200 3 7 4B 

 From Table (12), it is observed that the entropy (ΔS°) values increase 
at constant temperatures. This behavior may be attributed to the spontaneous 
formation of wormlike micelles or to the formation of hydrogen bonds 
between amoxicillin molecules and the surfactant molecules (SDBS) ]53[ . In 
addition, increasing the drug concentration alters the ionic strength of the 
solution, which may reduce intermolecular interactions and enhance the 
mobility of ions, leading to an overall increase in system randomness. 

Activation Energy (Ea) of CTAB:SDBS (7:3) Mixture in the Presence of 
Amoxicillin at Different Concentrations and Temperatures 

The activation energy (Ea) for the CTAB and SDBS mixture at a 7:3 ratio in 
the presence of amoxicillin (AMO) at different concentrations and 
temperatures (283, 293, 303, and 313 K) was calculated based on the 
Arrhenius equation (Equation 6) ]54[ .  This was achieved by plotting the 
relationship between viscosity (η) and the reciprocal of absolute temperature 
(1/T). The calculated values were summarized in Table (13). 

Table (13): Activation energy (Ea) values for CTAB:SDBS (7:3) mixtures in the presence of different 
amoxicillin concentrations at various temperatures. 

2R Ea 
)1-(kJ.mol 

Slope Conc. 
AMO 

CTAB 
3% 

SDBS 
3% 

Sample 
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ppm)( 
0.993 0.612 8839.1 25 7 3 1B 
0.994 0.646 8889.1 50 7 3 2B 
0.982 0.660 8179.9 100 7 3 3B 
0.990 0.724 7978.2 200 7 3 4B 

  It is observed from Table (13) that the highest activation energy 
value corresponds to sample (B4), reaching 0.724 kJ·mol⁻¹, which contains 
the highest concentration of amoxicillin. This increase can be attributed to 
the rise in viscosity, which reduces molecular mobility. As a result, drug 
molecules require higher energy to overcome the increased hindrance to 
motion, leading to an increase in the activation energy ]55[ .Fig (19) 
illustrates the method used to determine the slope of the linear relationship 
(Ea/R), which is employed to calculate the activation energy (Ea) for sample 
(B4). The obtained plot exhibited good linearity with a high correlation 
coefficient, as representative examples. 

 

Fig (19): Relationship between η and (1/T) for the calculation of activation energy of sample (B4). 

Viscosity Measurements and Thermodynamic Parameters of 
CTAB:SDBS (7:3) Mixture in the Presence of Amoxicillin, Thyme 
Extract, and Iron Oxide Nanoparticles 

The ability of the binary surfactant system composed of CTAB and SDBS at 
a fixed ratio of 7:3 to form wormlike micelles was investigated in the 
presence of amoxicillin, thyme extract, and iron oxide nanoparticles (Fe₃O₄) 
at different concentrations (200, 100, 50, and 25 ppm) and temperatures 
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(283, 293, 303, and 313 K). The viscosity values obtained for the prepared 
samples (D1–D4) are presented in Table (14). 

Table (14): Viscosity values of CTAB:SDBS (7:3) mixtures in the presence of different concentrations of 
amoxicillin, thyme extract, and iron oxide nanoparticles. 

2× 10)pa.s(ƞ Conc. 
4 O3Fe 

Conc. 
Thyme  

Conc. 
AMO  

sdbs 
3% 

ctab 
3% 

Sample  
313 K 303 K 293 K 283 K 

0.00249 0.00414 0.01174 0.03328 25 25 25 3 7 1D 
0.00265 0.00450 0.01233 0.03469 50 50 50 3 7 2D 
0.00303 0.00485 0.01316 0.03559 100 100 100 3 7 3D 
0.00350 0.00538 0.01408 0.03721 200 200 200 3 7 4D 

 It is observed from Table (14) that the viscosity values increase with 
increasing concentration of iron oxide nanoparticles (Fe₃O₄) compared to the 
system before their addition. This increase can be attributed to the rise in the 
effective molecular weight of the mixture, which promotes the formation of 
larger molecular aggregates. In addition, the high specific surface area of the 
nanoparticles acts as a bridging network between micelles, facilitating their 
interconnection and continuity, which ultimately leads to an increase in 
viscosity ]57،56[ .  Fig (20) illustrates the enhanced cross-linking of 
surfactant micelles in the presence of nanoparticles. It is also observed that 
temperature has a significant effect on the micellar structure of the surfactant 
mixture in the presence of nanoparticles, where an increase in temperature 
reduces micellar entanglement, leading to a decrease in viscosity ]58[ . 

 
Fig (20): Increased micellar cross-linking of surfactant molecules. 
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Standard Gibbs Free Energy (ΔG°) Calculation for CTAB:SDBS (7:3) 
Mixture in the Presence of Thyme Extract, Amoxicillin, and Iron Oxide 
Nanoparticles 

The standard Gibbs free energy (ΔG°) of the CTAB:SDBS surfactant system 
at a fixed ratio of 7:3 was calculated in the presence of different 
concentrations of amoxicillin, thyme extract, and iron oxide nanoparticles 
(Fe₃O₄) at concentrations of 200, 100, 50, and 25 ppm and at various 
temperatures (283, 293, 303, and 313 K). The calculations were performed 
using Equation (2), and the obtained results are presented in Table (15). 

Table (15): Standard Gibbs free energy (ΔG°) values for CTAB:SDBS (7:3) mixtures in the presence of 
different concentrations of amoxicillin, thyme extract, and iron oxide nanoparticles. 

)1-(kJ.mol °ΔG Conc 
O3Fe

4 

Conc. 
Thyme  

Conc. 
AMO  

SDBS 
3% 

CTAB 
3% Sample  313 K 303 K 293 K 283 K 

3.611 2.222 - 0.392 - 2.830 25 25 25 3 7 1D 
3.449 2.012 - 0.511 - 2.928 50 50 50 3 7 2D 
3.104 1.821 - 0.670 - 2.988 100 100 100 3 7 3D 
2.731 1.560 - 0.834 - 3.093 200 200 200 3 7 4D 

 From Table (15), it is observed that the standard Gibbs free energy 
(ΔG°) decreases with increasing concentration of iron oxide nanoparticles. 
The lowest value recorded was (−3.093 kJ·mol⁻¹) at 200 ppm of Fe₃O₄ in the 
presence of amoxicillin and thyme extract at 283 K. This behavior indicates 
an enhanced tendency of the system to form stable micellar structures, 
reflecting the thermodynamic driving forces governing aggregation in 
colloidal drug systems ]52[ . 

Enthalpy (ΔH) Calculation for CTAB:SDBS (7:3) Mixture in the 
Presence of Amoxicillin, Thyme Extract, and Iron Oxide Nanoparticles 

The enthalpy change (ΔH) for the CTAB:SDBS surfactant system at 
a 7:3 ratio in the presence of different concentrations of amoxicillin, thyme 
extract, and iron oxide nanoparticles (200, 100, 50, and 25 ppm) was 
calculated using Equation (4) at temperatures of 283, 293, 303, and 313 K. 
This was done by determining the slope (−ΔH/R) from the linear plots 
obtained via the Van’t Hoff relationship.  Figs (21-24) illustrate the 
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procedure used to extract the slope of the linear relationship for the studied 
samples, and the obtained results were summarized in Table (16). 

 
Fig (21): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (D1). 

 

Fig (22): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (D2). 

 

Fig (23): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (D3). 
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Fig (24): Relationship between ln(η) and (1/T) for the calculation of enthalpy of sample (D4). 

 

Table (16): Enthalpy (ΔH) values for CTAB:SDBS (7:3) mixtures in the presence of different concentrations 
of amoxicillin, thyme extract, and iron oxide nanoparticles. 

2R 
Δ𝐻 

)1-(kJ.mol 
Slope Conc. 

4O3Fe 

Conc. 
Thyme 

Conc. 
AMO 

SDBS 
3% 

CTAB 
3% 

Sample 

0.989 - 64.557 7764.9 25 25 25 3 7 1D 
0.990 - 63.825 7676.9 50 50 50 3 7 2D 
0.988 - 61.435 7389.4 100 100 100 3 7 3D 
0.985 - 59.019 7098.8 200 200 200 3 7 4D 

 Table (16) shows the enthalpy (ΔH) values for the CTAB:SDBS 
surfactant system in the presence of amoxicillin, thyme extract, and iron 
oxide nanoparticles. The results indicate that micelle formation is an 
exothermic process, as reflected by the negative enthalpy values 
(Exothermic). Moreover, the magnitude of ΔH increases with increasing 
concentration, with good correlation coefficients, indicating a consistent 
thermodynamic behavior across the studied systems ]59[ . 

Entropy (ΔS°) Calculation for CTAB:SDBS (7:3) Mixture in the 
Presence of Amoxicillin, Thyme Extract, and Iron Oxide Nanoparticles 

The standard entropy change (ΔS°) associated with wormlike micelle 
formation for the CTAB:SDBS (7:3) system in the presence of different 
concentrations of amoxicillin, thyme extract, and iron oxide nanoparticles 
(200, 100, 50, and 25 ppm) was calculated using Equation (5). The 
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calculations were performed at the previously mentioned temperatures, and 
the obtained results are presented in Table (17). 

Table (17): Standard entropy (ΔS°) values for CTAB:SDBS (7:3) mixtures in the presence of different 
concentrations of amoxicillin, thyme extract, and iron oxide nanoparticles. 

Δ𝑆° (kJ.mol-1) Conc. 
Fe3O4  

Conc. 
Thyme  

Conc. 
AMO 

SDBS 
3% 

CTAB 
3% 

Sample  
313 K 303 K 293 K 283 K 

- 217.68 - 220.28 - 218.87 - 218.01 25 25 25 3 7 D1 
- 214.83 - 217.18 - 215.97 - 215.07 50 50 50 3 7 D2 
- 206.10 - 208.66 - 207.28 - 206.41 100 100 100 3 7 D3 
- 197.19 - 199.83 - 198.48 - 197.51 200 200 200 3 7 D4 

 From Table (17), it is observed that the entropy (ΔS°) values are 
negative, and the increase in disorder is limited, which is mainly attributed to 
the spontaneous formation of micelles. In the ternary system consisting of 
ionic surfactants, the drug, plant extract, and iron oxide nanoparticles, 
micellization occurs in a highly ordered manner, leading to a reduction in 
system randomness ]60[ .  Therefore, the overall entropy decreases as the 
structured micellar assemblies are formed. 

Activation Energy (Ea) of CTAB:SDBS (7:3) Mixture in the Presence of 
Amoxicillin, Thyme Extract, and Iron Oxide Nanoparticles 

The activation energy (Ea) for the CTAB and SDBS mixture at a 7:3 ratio 
was determined in the presence of different concentrations of amoxicillin, 
thyme extract, and iron oxide nanoparticles (200, 100, 50, and 25 ppm) at 
temperatures of 283, 293, 303, and 313 K. The calculations were based on 
the Arrhenius equation (Equation 1.5) (43), by plotting the relationship 
between viscosity (η) and the reciprocal of absolute temperature (1/T). The 
obtained results are presented in Table (18). 

Table (18): Activation energy (Ea) values for CTAB:SDBS (7:3) mixtures in the presence of different 
concentrations of amoxicillin, thyme extract, and iron oxide nanoparticles. 

2R Ea 
)1-(kJ.mol 

Slope Conc. 
4 O3Fe 

Conc. 
Thyme  

Conc. 
AMO  

CTAB 
3% 

SDBS 
3% 

Sample 

0.855 0.7393 88.929 25 25 25 7 3 1D 
0.857 0.7687 92.465 50 50 50 7 3 2D 
0.862 0.7838 94.275 100 100 100 7 3 3D 
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0.864 0.8121 97.683 200 200 200 7 3 4D 

 From Table (18), it is observed that the activation energy (Ea) 
reaches its highest value compared to the previously obtained systems prior 
to the addition of iron oxide nanoparticles, particularly at the highest 
concentration (200 ppm). This behavior can be attributed to the increase in 
viscosity induced by the presence of the nanoparticles, which reduces 
molecular mobility. Consequently, drug molecules require higher energy to 
overcome the increased flow resistance, leading to an increase in activation 
energy ]61[ .  Fig (25) illustrates the method used to determine the slope of 
the linear relationship (Ea/R) for calculating the activation energy of sample 
(D4). The obtained plot exhibited a clear linear relationship with a good 
correlation coefficient, confirming the applicability of the Arrhenius model 
in describing the temperature-dependent behavior of the system. 

 

Fig (25): Relationship between η and (1/T) for the calculation of activation energy of sample (D4). 

Zeta potential analysis 
 

To further support micelle formation beyond viscosity measurements, 
zeta potential analysis was considered. As shown in Fig. 26, the zeta 
potential values decreased progressively with increasing surfactant 
concentration and exhibited a sharp transition near the critical micelle 
concentration (CMC). This behavior indicates the formation of mixed 
micellar aggregates and confirms the electrostatic interactions between the 
cationic CTAB and anionic SDBS surfactants. Moreover, the transition from 
positive to highly negative zeta potential values after the CMC suggests 
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charge reversal and the formation of stable colloidal micellar structures. The 
high absolute zeta potential values (approximately −40 to −55 mV) indicate 
good colloidal stability due to strong electrostatic repulsion between 
micelles. 

 

 
 

Fig (26). Illustrate Zeta potential vs concentration for CTAB:SDBS in Surfactant System 

 
 
Conclusions 

Based on the obtained results and discussion, the following conclusions can 
be drawn: 

1. The highest viscosity of the CTAB:SDBS surfactant mixture was 
observed at the mixing ratio of 7:3.  

2. Increasing temperature leads to a decrease in the viscosity of all 
studied systems, including:  

o CTAB:SDBS  
o CTAB:SDBS in the presence of amoxicillin  
o CTAB:SDBS in the presence of amoxicillin, thyme extract, 

and iron oxide nanoparticles  
3. The viscosity of the studied systems increases with increasing 

concentrations of amoxicillin, thyme extract, and iron oxide 
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nanoparticles. This is attributed to strong hydrogen bonding 
interactions, in addition to the role of nanoparticles acting as a 
bridging network between micelles, enhancing their entanglement 
and interconnection.  

4. The viscosity of the CTAB:SDBS system in the presence of 
amoxicillin, thyme extract, and iron oxide nanoparticles is higher 
than that of the CTAB:SDBS system containing only amoxicillin.  

5. Most micelle formation processes are spontaneous (ΔG° < 0), 
exothermic (ΔH < 0), and associated with a decrease in entropy (ΔS° 
< 0), indicating the formation of more ordered and 
thermodynamically stable micellar structures.  
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