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Abstract
In this study, conductometry was used to enhance the solubility of the insecticide dicofol in aqueous anionic (SDS) and cationic (TMTFB) micellar media. To carry out this work, the concentration of dicofol was varied from 0 to 25 µmol L-1 and the temperature from 303.15 to 331.15 K. The critical micelle concentration (CMC) and the degree of dissociation (α) of surfactants, and the thermodynamic parameters (∆H°, ∆S° and ∆G°) of micellization were determined. The results demonstrate a decrease in CMC and α of surfactants, with elevated insecticide concentrations and temperatures. Furthermore, the negative values ​​of ΔG° which decrease as a function of dicofol concentration and temperature show that the micellization process is thermodynamically favorable. These results clearly indicate that dicofol solubilizes in both micellar media.
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1. INTRODUCTION
In the agricultural sector, the application of pesticides is a standard practice to safeguard crops and enhance yields. However, their use can pose potential risks to human health. The majority of pesticides generally exhibit low solubility. This property can affect their persistence, degradation, and photodegradation in the environment (Saleck et al., 2019; Diop-Seck et al., 2023; Bodian et al., 2022). In Senegal, pesticides are extensively utilized in the Niayes agricultural region, and the majority exhibit poor water solubility. Therefore, it is necessary to improve their solubility. To this end, we selected dicofol, an organophosphate with minimal water solubility (0.8 mg L-1in water at 298.15 K), which is commonly used in this area. Dicofol (2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol) is an organochlorine pesticide with a structure similar to that of dichlorodiphenyltrichloroethane (DDT). As a result of the chlorination reactions of the latter, a byproduct is formed (Qiu et al., 2005; Hang et al., 2018). Dicofol is registered for its broad-spectrum action by non-systematic contact in the control of enemy mites in a range of crops and products, including apples, tea, cotton, lemons and vegetables. The insecticide is also used in domestic and garden settings, as well as in the cultivation of ornamental plants. The maximum acceptable concentration (MAC) of this substance in drinking water is 15 mg L-1. Its water solubility is low, which explains its persistence in the environment and its capacity to contaminate surface and groundwater (Dang et al., 2015; Wang et al., 2015). Dicofol is stable in an acidic environment and the insecticide hydrolysis is relatively rapid in neutral and alkaline media. Dichlorobenzenone is one of the degradation products of this substance. The product is marketed under the name Kelthane 50 W and contains two stereoisomers: 80% p,p'-dicofol and 20% o,p'-dicofol (Turgut et al., 2009). Given its structural similarity to DDT, dicofol is considered a toxic and carcinogenic product. Due to its persistence and bioaccumulation potential, it can be transported over long distances, potentially impacting human health and the environment (Sanchez et al., 2010; Fujii et al., 2011). Dicofol has been shown to have endocrine-disrupting properties Panda et al., 2019). According to the findings of multiple epidemiological studies, there appears to be a correlation between exposure to dicofol and prostate cancer in men, Hodgkin's disease, and autistic disorders in children. The limitations of these studies often preclude the establishment of causal links; however, they do illustrate the concern that the pesticide may also have harmful effects on adults. Dicofol's inherent properties suggest that it may have substantial adverse environmental effects due to its potential for long-range transport in the environment. Its structural characteristics, toxicity, endocrine-disrupting capacity, and carcinogenicity are comparable to those of DDT, resulting in a significant negative impact on the environment and human health (Settimi et al., 2017)]. In the current business climate, many countries have expressed concerns regarding the presence of dicofol residues in cereals, vegetables, fruits, and certain animal-derived foods.
It is this context that we have undertaken a study on the solubilization mechanism of dicofol at low concentrations in cationic and anionic micellar systems in presence of surfactants, TMATFB and SDS, respectively. In this work, the simple and cost-effective conductometry method was used to improve the solubility of the pesticide dicofol in aqueous micellar media.

2. ¶EXPERIMENTAL 
¶2.1 Apparatus¶
The pHenomenal® CO 3100L Conductivity/TDS/°C Meter Bench, accompanied by a measuring cell and temperature probe, was used in the study. The accuracy of the conductivity measurement is ±0.5%, with conductivity resolution down to 0.001 µS/cm (depending on the probe). The instrument was calibrated using solutions of 0.01 M KCl with conductivities of 1,278 μS cm-1 and 1,413 μS cm-1 at temperatures of 293.15 and 298.15 K, respectively, using the appropriate standard curve. A VELP SCIENTIFICA magnetic stirrer (Healing Magnetic Stirrer) was used to facilitate homogenization of the stock solutions. All weighing operations were carried out using a Sartorius U3600S electronic balance, with an accuracy of 0.1 mg. A variety of laboratory vessels, including beakers, test tubes, vials, and micropipettes, were used to implement the various measurements.

2.2 Reagents
Dicofol (97.5% m/m) was purchased from Cluzeau Info Labo (Sainte Foy la Grande, France). Sodium dodecyl sulfate (SDS) (98%, D = 1.01), tetraethylammonium tetrafluoroborate (C2H5)4N(BF4) (99% m/m) were also purchased from Sigma Aldrich. The distilled water used comes from the National Laboratory of Control of Drugs (Dakar). The physicochemical properties of dicofol and surfactant were presented in Table 1.






Table 1. Chemical properties of dicofol and surfactants
	


Dicofol





SDS







TMATFB

	Formula                              C14H9Cl5O                   
Molecular                           370.49 g mol-1
Water solubility (25°C)      0.8 mg L-1
Melting point                      78.5-79.5°C
Boiling point                           NIA


Formula                              NaC12H25SO4
Molecular                           288.372 g mol-1
Water solubility (20°C)      200 mg mL-1
Melting point                         206°C
Boiling point                           NIA       

Formula                               (C2H5)4N(BF4)  
Molecular                              217.6  g mol-1
Water solubility (20°C)      Highly soluble
Melting point                        370-380°C
Boiling point                              NIA
	











  
 
	


NIA = No information available








2.3¶   Solutions preparation
Stock solutions of dicofol (10-3 M) and surfactants (0.5 M) were prepared in distilled water. To prevent decomposition, all solutions were protected from light using aluminum foil and stored in a refrigerator  ¶ 
2.4¶ Methods measurement
The measurement method consists of a direct titration of the dicofol solution with a surfactant solution at a constant temperature. The dicofol solution is then placed in a 100 mL beaker. The beaker is positioned on a magnetic stirrer, which stabilizes the solution and allows it to be heated. To ensure the best possible product efficacy, it is vital that the volume of dicofol solution in the beaker is enough to fully immerse the cell. The titration process involves the addition of a precise quantity of 0.2 mL of the surfactant solution, previously introduced into a burette, at each step. The solution is then homogenized by stirring, and its specific conductivity is measured.¶


2.5 Determination of the thermodynamic parameters ¶
The formation of a micellar phase, on the one hand, and the degree of spontaneity of the micellar association reaction, on the other, can be determined from the thermodynamic parameters of micellization. The Gibbs free energy (∆G°), enthalpy (∆H°) and entropy (∆S°) of micellization are determined by measuring the variation of the critical micellar concentration (CMC) and the degree of dissociation as a function of temperature.
Equations 1, 2, 3 and 4 were used for the calculation of thermodynamic parameters.
		(1)
The degree of dissociation (α) is defined as being the fraction dissociated of the polar heads on the surface of micelles. ¶This parameter is given starting from conduct metric measurements by using the method of Raoul Zana (Sarr et al., 2017). T = absolute temperature, R = perfect gases constant and XCMC = molar fraction to the CMC.¶ ¶The ∆H° of micelle formation can be obtained from the Gibbs-Helmholtz equation:
			(2)
By replacing (1) in (2), the ∆H° of micellization can be written as follows:
	(3)
The term  corresponds to the slope of the linear curve line.
The ∆S° related to the micellization process was obtained by the following equation:¶
		(4)

3. RESULTS AND DISCUSSION 
3.1 Effect of dicofol concentration 
The assay process involves the gradual addition of the surfactant to a solution containing a fixed concentration of dicofol. This process is carried out using a micropipette at an room temperature of 303.15 K. This assay was performed at various initial dicofol concentrations (0, 5, 10, 15, and 20 µmol L-1). For each fixed dosage of dicofol, the CMC of the surfactant was determined. After conducting a thorough analysis of the conductivity variation curve, we have arrived at our findings. This is divided into three parts. First, we observed a slight increase in specific conductivity as a function of surfactant concentration. As part of the process of dissolving the surfactant in water, the formation of simple monomers is observed. The latter are distinguished by an accumulated mobility compared to their aggregate form (Sambou et al., 2025). In the vicinity of the CMC, monomers gradually assemble to form micellar aggregates with an approximate spherical shape. At CMC, we observed a significant increase in specific conductivity. We observed that the linear increase in specific conductivity with increasing surfactant concentration continues with a lower slope after CMC. This approach resulted in a moderate increase in specific conductivity. Figure 1 illustrates the variation of the CMC of the surfactants as a function of the dicofol concentration. By varying the concentration of dicofol from 0 to 20 µmol L-1, a 21% change in the CMC of the anionic surfactant SDS is observed. It is important to note that the CMC of cationic surfactant TMATFB varies from 57.61%. The variation in CMC observed with TMATFB is 2.74 times greater than that with SDS. This variation in interaction can be attributed to the distinct structures of the two surfactants. The dicofol molecule contains five chlorine atoms and a hydroxide (OH) group. SDS contains four oxygen atoms, one of which carries a negative charge, and a sulfur atom. TMATFB has an ammonium cation that can easily attract the hydroxide group of dicofol. This variation of the CMC with the concentration of the insecticide clearly shows a possible interaction between dicofol and surfactants in an aqueous medium. This interaction is more pronounced with TMATFB. The reduction in the CMC of the surfactants leads to favorable micellization, which is advantageous for the insecticide dicofol, enhancing its solubility in an aqueous medium. 


Fig. 1. CMC variation of TMATFB (■) and SDS (●) as a function of dicofol concentration at 303.15 K.

As illustrated in Figure 2, a decrease in the degree of dissociation (α) was observed with increasing DCF concentration. For SDS, the α value decreased by only 6%. This slight variation may be attributed to the positioning of DCF between the head groups of the anionic micelles, where it reduces electrostatic repulsion without significantly affecting the overall degree of micellar dissociation. In the case of TMATFB, α decreases by 57.6% as the dicofol concentration increases. These findings demonstrate that dicofol not only attenuates the electrostatic repulsion between the polar head groups of the cationic micelles, but also acts as a co-surfactant, thereby promoting and stabilizing the micellization process (Sarr et al., 2017; Banjare et al., 2020).


Fig. 2. Degree of dissociation variation of TMATFB (■) and SDS (●) as a function of dicofol concentration at 303.15 K

The CMC and degree of dissociation (α) values obtained are presented in Table 2. Furthermore, the negative values of the standard free energy of micellization (ΔG°) confirm that the micellization process is thermodynamically favorable, with ΔG° becoming increasingly negative as the insecticide concentration rises. Similar trends have been reported in studies on the solubilization of chlorpyrifos and phosalone in anionic SDS and cationic CTAC micellar systems (Sarr et al., 2022; Cissé et al., 2024).












Table 2. ¶ Micellisation parameters according to the DCF concentration at 303.15 K
	
	
[DCF] 
(µmol L-1)
	
	 SDS
	[bookmark: _Hlk196689386]                       TMATFB
	

	Pesticide 
	
	CMCa
(mmol L-1)
	α (%) b

	[bookmark: _Hlk196687913]∆G° 
(kjmol-1)c
	CMC a (mmol L-1)
	α (%)b
	∆G°
(kjmol-1)c

	

DCF

	0
5
10
15
20
	13.62
12.67
12.19
11.72
10.76
	22.43
21.95
21.91
21.40
21.07
	-36.56
-36.99
-37.18
-37.42
-37.80
	19.69
17.85
16.90
15.97
14.09
	26.28
16.97
17.91
12.95
11.14
	-34.29
-36.58
-36.52
-37.61
-38.26


a Critical micellar concentration
b Degree of dissociation
c Gibbs free energy

3.2. Effect of temperature on CMC
The same titration previously performed by conductometry was employed, monitoring the change in specific conductivity as a function of surfactant concentration at different temperatures and in the presence of 1 µmol L⁻¹ of DCF. The thermodynamic parameters (ΔG°, ΔH°, and ΔS°) were calculated using Equations (1), (2), (3), and (4), respectively. Analysis of Table 3 indicates that temperature significantly affects the CMC of both surfactants. Raising the temperature from 303.15 K to 331.15 K reduces the CMC of SDS by 33% and that of TMATFB by 21%. Overall, the CMC of the ionic surfactant decreases with increasing temperature, as shown in Figure 2.

 Fig. 3. CMC variation of TMATFB (■) and SDS (●) as a function of temperature

This type of temperature-dependent variation in the CMC of ionic surfactants is explained by the enhanced dehydration of the hydrophilic head group with increasing temperature, which promotes micellization (Sarr et al., 2022; Cissé et al., 2024). It has also been observed to cause the rupture of water molecules around the hydrophobic groups of the linear chains of surfactants, resulting in faster micellization (Sarr et al., 2022; Cissé et al., 2024). This decrease in CMC with increasing temperature may result in a reduction of the repulsive forces between the hydrophilic groups of neighboring surface agent molecules, leading to a decrease in the energy required for micelle formation. This phenomenon was attributed to the formation of inverse micelles with increasing temperature. Thiaré et al. observed this phenomenon during the analysis of fenvalerate in a reverse micellar medium using photo-induced fluorescence (Thiaré et al., 2024).
Additionally, the negative values of ΔG° indicate that the micellization process is spontaneous, meaning it is thermodynamically favorable. The ΔG° values decreases as the temperature rises. This clearly demonstrates that the solubility of dicofol increases with temperature. The process was identified as endothermic, as indicated by values of ΔH°>0. According to the laws of thermodynamics, for a process to occur, the change in ΔG° must be negative. The outcome is contingent upon the ΔH° and TΔS° factors (Sarr et al., 2022). ΔH°  is a measure of energy, while ΔS° is a measure of disorder that occurs during a process. As demonstrated in equation (4), if the ΔH° change of a process is positive, its ΔS° must necessarily be positive. The greater value of |TΔS°| compared to |ΔH°| indicates that micellization is entropic. This indicates that the rise in ΔH° during micellization is counterbalanced by the rise in disorder within the system. This process of self-assembly leads to the formation of hydrophobic chains and the release of counter-ions, resulting in the observed increase in entropy. It is also important to note that micellization is controlled by the aggregation of the surfactant, leading to the solubilization of DCF within the micelles (Sarr et al., 2022; Cissé et al., 2024).

Table 3. Micellization parameters according to the temperature 
	Surfactant
	T (K)
	         CMC (mmol L-1)
	      ∆G0 (kjmol-1)
	∆H0 (kjmol-1) d
	∆S0 (kjmol-1) e
	

	SDS
	303.15
	
	5.93
	
	-39.74
	18.33
	0.192
	

	



TMATFB



	310.15
317.15
324.15
331.15
303.15
310.15
317.15
324.15
331.15
	
	4.95
4.70
4.46
3.97
8.12
7.39
7.15
6.90
6.42
	
	-41.72
-43.28
-44.65
-46.52
-40.59
-42.75
-44.35
-45.65
-51.42
	19.30
20.34
21.34
22.45
10.47
11.43
11.81
12.37
12.78
	0.197
0.198
0.204
0.208
0.168
0.175
0.177
0.179
0.184
	







4. CONCLUSION 
In this work, we optimized the solubility of dicofol in cationic and anionic micellar media using conductometry. The critical micelle concentration (CMC) and the dissociation coefficient of the surfactants decrease with increasing dicofol concentration. Furthermore, the free enthalpy of micellization decreases in parallel with increasing insecticide concentration. These phenomena highlight the fact that the insecticide promotes micellization by solubilizing within the micelles core. In addition, it has been noted that the solubility of the insecticide is enhanced by elevated temperatures. This temperature increase leads to a decrease in CMC, alpha, and free enthalpy. This study is very important because most organophosphates don't dissolve well in water. So, no studies have been done on analysing these pesticides directly using methods like UV-visible and fluorescence spectroscopy. The results of this work suggest that we can use these spectroscopic methods to analyse dicofol and other organophosphate pesticides.

[bookmark: _GoBack]
REFERENCES 
Banjare, R. K., Banjare, M. K., & Panda, S. (2020). Effect of Acetonitrile on the Colloidal Behavior of Conventional Cationic Surfactants: A Combined Conductivity, Surface Tension, Fluorescence and FTIR Study. Journal of Solution Chemistry, 49, 34-51.
https://doi.org/10.1007/s10953-019-00937-4 
Bodian, E. T., Thiaré, D.D., Bakhoum, J. P., Mbaye, O. M. A., Diop, N. A., Diaw, P. A., Le Jeune, B., Coly, A., & Giamarchi, P. (2022). Determination of Flumethrin and Tau-Fluvalinate Pyrethroid Insecticides in Surface and Groundwater by Photochemically Induced Fluorescence (PIF). Analytical Letter, 55, 1980-1996.
 https://doi.org/10.1080/00032719.2022.2040524
Cissé, A.K., Diouf, N., Faye, C., Sarr, I., Sambou, S., Cissé, A., Sidibé, B., Ndiaye, A., Bodian, E. T., Thiaré, D.D., & Coly, A. (2024). Enhanced Solubilisation of Insecticide Phosalone by Using Anionic and Cationic Surfactants in Aqueous Solution by Micellisation, Asian Journal of Chemical Science 14(6), 137-147.
https://doi.org/10.9734/ajocs/2024/v14i6340 
Dang, J., Tian, S., & Zhang, Q. (2015). Mechanism and kinetics studies of the atmospheric oxidation of p,p'-Dicofol by OH and NO3 radicals. Chemosphere, 219, 645-654. https://doi.org/10.1016/j.chemosphere.2018.12.048
Diop-Seck, N. A., Diouf, D., Bodian, E. T., Faye, C., Bakhoum, J. P., Thiaré, D. D., Diaw, P. A., Gaye-Seye, M. D., Coly, A., Le Jeune, B., & Giamarchi, P. (2023). High Sensitivity on-Site Early Warning System Monitoring of Pesticides by Photo-Induced Fluorescence. Analytica Chimica Acta, 1250, 340969. 
https://doi.org/10.1016/j.aca.2023.340969
Fujii, Y., Haraguchi, K., Harada, K. H., Hitomi, T., Inoue, K., Itoh, Y.,  Watanabe, T., Takenaka, K., Uehara, S., Yang, H-R., Kim, M-Y., Moon, C-S., Kim, H-S., Wangi, P.,  Liu, A., Hung, N. N., & Koizumi, A. (2011). Detection of Dicofol and related pesticides in human breast milk from China, Korea and Japan. Chemosphere, 82, 25-31. 
https://doi.org/10.1016/j.chemosphere.2010.10.036
Huang, H., Zhang, Y., Chen, W., Yuen, D. A., Ding, Y., Chen, Y., Mao, Y., & Qi, S. (2018). Sources and transformation pathways for dichlorodiphenyltrichloroethane (DDT) and metabolites in soils from nothwest Fujian, China. Environmental Polllution, 23, 560-570. https://doi.org/10.1016/j.envpol.2017.12.071
Panda, D., & Manickam, S. (2019). Hydrodynamic cavitation assisted degradation of persistent endocrine-disrupting organochlorine pesticide Dicofol: optimization of operating parameters and investigations on the mechanism of intensification , Ultrasonics Sonochemistry, 51, 526-532. https://doi.org/10.1016/j.ultsonch.2018.04.003
Qiu, X., Zhu, T., Yao, B., Hu, J., & Hu, S. (2005). Contribution of Dicofol to the current DDT pollution in China. Environmental Science & Technology, 39(12), 4385-4390.  https://doi.org/10.1021/es050342a                                                                                                                                                                       
[bookmark: bau0025]Saleck, M. L. O., Thiaré, D. D., Sambou, S., Bodian, E. T., Sarr, I., Sarr, D., Diop, C., Gaye-Seye, M. D., Fall, M., & Coly, A. (2019). Photochemically-Induced Fluorescence (PIF) and UV-vis Absorption Determination of Diuron and Metalaxyl in Well Water, Kinetic of Photodegradation and Rate of Leach Ability in Soils. Analytical Chemistry Letters, 9, 806-815. https://doi.org/10.1080/22297928.2020.1712237
Sambou, S., Sarr, I., Diouf, N., Faye, C., Cisse, A. K., Sidibe, B., Cisse, A.,  Diongue, K., Bodian, E. T., Thiare, D. D., & Coly, A. (2025). Enhanced Solubility of Herbicide Diuron in Aqueous Solution by Micellisation, American Journal of Physical Chemistry, 14(4) (2025) 100-109. https://doi.org/10.11648/j.ajpc.20251404.12
Sánchez, A. I., Hernando, M. D., Vaquero, J. J., García, E., & Navas, J. M. (2010). Hazard Assessment of Alternatives to Dicofol. Journal of Environmental Protection, 1(03), 231-241. https://doi.org/10.4236/jep.2010.13028 
Sarr, I., Thiaré, D. D., Diaw, P.A., Bodian, E. T., Sambou, S., K. Kital, Mendy, A., Sarr, D., Fall, M., Delattre, F., & Coly, A. (2022). Solubility and thermodynamic micellization studies of the insecticide chlorpyrifos in aqueous medium, Journal of Materials and Environmental Science 13(1), 70-81. https://www.jmaterenvironsci.com/Document/vol13/vol13_N1/JMES-2022-13006-Sarr.pdf
Sarr, I., Bodian, E. T., Sambou, S., Mendy, A., Thiaré, D. D., Diaw, P.A., Gaye-Seye, M. D., Coly, A., & Tine, A. (2017). Conductometric Study of the Interaction of Insecticide Profenofos with Cationic and Anionic Surfactants in Aqueous Medium. International Research Journal of Pure and Applied Chemistry, 15(1), 1-9.
https://doi.org/10.9734/IRJPAC/2017/37087 
Settimi, L., Masina, A., Andrion, A., & Axelson, O. (2003).  Prostate cancer and exposure to pesticides in agricultural settings. International Journal of Cancer, 104, 458-461. 
https://doi.org/10.1002/ijc.10955
Thiaré, D. D., Sarr, D., Delattre, F., Giamarchi, P., & Coly, A. (2024). Direct and reverse micellar-enhanced photo-induced fluorescence determination of fenvalerate in Senegalese surface and groundwater. Journal of Photochemistry and Photobiology A, 456, 115841.
https://doi.org/10.1016/j.jphotochem.2024.115841               
Turgut, C., Gokbulut, C., & Cutright, T. J. (2009). Contents and sources of DDT impurities
in Dicofol formulations in Turkey. Environmental Science and Pollution Research, 16, 214-217. https://doi.org/10.1007/s11356-008-0083-3 
Wang, Z., Yang, T., Zhai, Z., Zhang B., & Zhang, J. (2015). Reaction mechanism of dicofol removal by cellulose. Journal of Environmental Sciences, 36, 22-28.
https://doi.org/10.1016/j.jes.2015.03.015






image2.emf
Na

+

S O O

O

O

-



image3.emf
N

+

B

-

F

F

F

F



image4.emf
0 5 10 15 20

10

12

14

16

18

20

CMC 

(

mmol L

-1

)

[DIC] (



mol L

-1

)


oleObject4.bin

image5.emf
0 4 8 12 16 20

0,12

0,15

0,18

0,21

0,24

0,27

Degree of dissociation 

(



)

[DIC] (



mol L

-1

)


oleObject5.bin

image6.emf
305 310 315 320 325 330 335

4

5

6

7

8

9

CMC 

(

mmol L

-1

)

Temperature (K)


oleObject6.bin

image1.emf
Cl

Cl

Cl Cl

Cl

HO



