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A B S T R A C T   

A Taylor dispersion method has been used to measure ternary mutual diffusion coefficients (D11, D22, D12 and 
D21) in aqueous sodium salicylate (NaSal) (component 1) + sodium dodecyl sulfate (NaDS) (component 2) so
lutions at 25.00 ◦C and concentrations up to 0.050 mol dm− 3. In general, the data show that diffusion of NaDS 
drives co-current flow of NaSal, and that diffusion of NaSal drives also co-current flows of NaDS. The experi
mental ternary diffusion coefficients are compared with Nernst-Planck coefficients allowing a better interpre
tation of the electrostatic mechanism for the coupled diffusion of NaSal and SDS. From these equations, at 
compositions below the critical micelle concentration (cmc) of NaDS, small positive values of D12 and D21 are 
obtained resulting from fully dissociation of NaDS; however, at compositions above the cmc, the coupled 
diffusion of NaSal and NaDS becomes significant, as indicated by the experimental and predicted large positive 
cross-diffusion coefficients, D21. There is a good agreement between our data and those predicted by the Nernst- 
Planck equations for NaDS concentrations below and above the cmc.   

1. Introduction 

Sodium salicylate (NaSal) is the deacetylated form of a well-known 
drug: aspirin; for that reason, the analgesic effect of NaSal is smaller; 
however, NaSal can be administrated to those patients showing intol
erance to salicylic acid [1]. Besides that, NaSal also acts as antipyretic, 
non-steroidal anti-inflammatory drug [2–3] and induces apoptosis in 
different cancer cells, such as colon, lung, and breast cancers [4–5]. 

However, administration of high doses of salicylate may induce 
several diseases including hearing loss and neurotoxicity resulting in 
hyperactivity or hearing loss as a consequence of interaction between 
NaSal and γ-aminobutyric acid [6–8]. 

Although soluble in water (ca. 700 mg/mL, at 25 ◦C [9]), NaSal 
shows amphiphilic properties due to its aromatic ring, quantified by a 
relatively low octanol/water partition coefficient (− 1.43 [10]), being 
classified as hydrotrope. These compounds have the ability to increase 
the solubility of poorly water soluble drugs [11,12]. Thus, the use of 
hydrotropes in chemical and pharmaceutical formulations containing 

surfactants and polymers leads to a synergistic effect with a significant 
modification of their properties (e.g., aggregation and viscosity) [13]. 

The interaction between NaSal and surfactants leads to a change in 
micellization properties of the latter [14,15]. This can be justified by the 
occurrence of the screening effect due to an increase in the ionic strength 
-the salicylate anion decreases the electrostatic repulsion between sur
factant’s head-groups- favoring the micelle formation and forming 
mixed micelles, once the aromatic ring interacts with the hydrophobic 
tails of surfactants [16–17]. This also induces the occurrence of worm
like micelles. It is worth noticing that the interaction between alkyl
trimethyl ammonium surfactants and NaSal may drive the formation of 
different micelle phase transitions. For example, for dodecyl trimethy
lammonium bromide and tetramethylammonium bromide the forma
tion of spherical and linear and branched wormlike micelles have been 
reported [18–20]; however, for hexadecyltrimethylammonium bromide 
[15,21] no spherical micelles are formed which highlights the impor
tance of the alkyl chain length on the interaction with salicylate anion. 
On the other hand, only few papers on interactions between anionic 
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surfactants and hydrotropes have been published so far [22,23]. Here 
we focus our study in the interactions between NaSal and SDS. This 
surfactant is the most used one in industrial applications and as a sur
factant model. By using electrical conductivity measurements, Sheikh 
et al. [22] have found that by increasing the NaSal concentration the 
NaDS critical micelle concentration (cmc) decreases and the interaction 
between the hydrotrope and the surfactant increases, suggesting the 
occurrence of mixed micelles with increasing stability, enhanced by the 
role of the hydrophobic hydration in the micellization process; i.e., sa
licylate anion increases the electrostatic repulsion between DS– head- 
groups, thereby disfavoring micelle formation and the formation of 
mixed micelles. 

In this manuscript we focus our attention on the interactions between 
SDS and NaSal, aiming two different issues: to investigate the interdif
fusion coefficient of sodium salicylate in the presence of the anionic 
surfactant SDS at pre- and post-micelle concentration and second to 
contribute for the elucidation of interaction mechanism and how they 
affect the transport phenomena in applied systems. For that we are using 
the Taylor dispersion technique (a powerful technique to measure 
interdiffusion coefficients in multicomponent systems). 

The present work provides experimental and theoretical ternary 
diffusion values for NaSal and NaDS at different compositions (pre-and 
post-micelle concentration) by using this experimental technique and 
the Nernst-Planck (NP) equations [24], which predicts the multicom
ponent diffusion coefficients for solutions micellar electrolytes with 
added salt [25]. The good agreement found between these values sug
gests that there is no significant evidence for mixed NaSal-NaDS micelle 
formation, contrary to what would be expected. Instead, added NaSal 
lowers the cmc by the well-known common ion effect. In other words, 
knowing that in this system there are micelle formation reaction 50Na+

+ 60DS– ⇆ (Na50DS60)10–, being the critical micelle concentration (cmc) 
of NaDS 0.0083 mol dm− 3 [26], added Na+ ions from added NaSal shift 
the equilibrium to the right, in favour of micelle formation, which in 
turn reduces the cmc. 

Support for this phenomenon is shown in Fig. 1, which provides 
further evidence that neither NaSal or NaCl are solubilized by NaDS 
micelles. In fact, for two aqueous systems {NaSal (C1) + NaCl (C2)}, and 
{NaSal (C1) + NaDS (C2)}, there is a good agreement between the 
experimental and predicted cmc, having been considered in this dis
cussion the absence of the NaCl-NaDS mixed micelles formation [26,27]. 
Moreover, the reduction in the NaDS cmc caused by added NaSal is 
similar to that observed in the presence of sodium chloride, suggesting 
the occurrence of no NaCl-NaDS mixed micelles. 

2. Experimental 

2.1. Materials 

Table 1 describes all reagents used as received in the present work. 
Solutions for the diffusion measurements were prepared at room tem
perature (296.15 K) before each experiment in calibrated volumetric 
flasks using Millipore Q water (specific conductivity less than 30 μS m− 1, 
at 298.15 K). The changes in the solute molarities caused by heating the 
solutions to 298.15 K (the temperature for the diffusion measurements) 
were negligible (− 0.04%) compared to the uncertainties in the 

Fig. 1. Comparison of measured and predicted critical micelle concentrations (cmc) of aqueous sodium salicylate (C1) + sodium dodecyl sulfate (C2) solutions (filled 
circles, [28]), and for sodium chloride (C1) + sodium dodecyl sulfate (C2) solutions (open circles, [27,28]). Predicted values: solid curve; for further details check 
section 4. 

Table 1 
Reagents used in the experiments.  

Chemical 
name 

Source CAS 
Number 

Mass fraction 
Puritya 

Sodium 
salicylate 

Panreac 54–21-7  >0.99 

Sodium dodecyl 
sulfate 

Merck 151–21-3  >0.99 

Water Millipore-Q water 
(specific conductivity less than 
30 μS m− 1 at 298.15 K) 

7732–18-5   

a As declared by the supplier. 
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concentrations from impurities in the NaSal and SDS samples used to 
prepare the solutions. 

2.2. Diffusion measurements using the Taylor dispersion technique 

Mutual diffusion coefficients for the mixed electrolyte solutions 
{NaSal(1) + NaDS(2) + water} are described by the coupled Fick’s 
equations [24]: 

J1 = − D11∇C1 − D12∇C2 (1)  

J2 = − D22∇C2 − D21∇C1 (2) 

where the main ternary mutual diffusion coefficients D11 and D22 
represent the flux of each component (1) and (2) produced by its own 
concentration gradient, and the cross-diffusion coefficients D12 and D21 
represent the flux of NaSal caused by the NaDS concentration gradient 
(∇C2) and the flux of NaDS caused by the concentration gradient of 
NaSal (∇C1), respectively. 

These parameters (D11, D12, D21 and D22) were measured by the 
Taylor dispersion technique. Once this technique is well described in the 
literature [29–31], we just summarize relevant points regarding the 
equipment and the method. At the start of each run a 0.063 cm3 sample 
of solution was injected into a laminar carrier solution of slightly 
different composition at the entrance to a Teflon capillary dispersion 
tube of length 3048.0 (±0.1) cm, and internal radius 0.03220 ± 
(0.00003) cm. This tube and the injection valve were kept at 298.15 
(±0.01) K in an air thermostat. The broadened distribution of the 
disperse samples was monitored at the tube outlet by a differential 
refractometer (Waters model 2410). The refractometer output voltages, 
V(t), were measured at 5 s intervals by a digital voltmeter (Agilent 
34401 A). 

The dispersion profiles for these mixed electrolyte solutions (NaSal 
(1) + NaDS(2)) were analyzed by fitting the following equation (Eq. 
(3)). 

V(t) = V0 + V1t + Vmax

(tR

t

)
1
2

[

W1exp

(

−
12D1(t − tR)

2

r2t

)

+ (1 − W1)exp

(

−
12D2(t − tR)

2

r2t

)]

(3) 

V0, V1 and Vmax represent baseline voltage, baseline slope and the 
peak height relative to the linear baseline voltage V0 + V1t, respectively, 
and tR, is the mean sample retention time. D1 and D2, are the eigenvalues 
of the ternary diffusion coefficient matrix. Ternary dispersion profiles 
were prepared by injecting NaSal(1) + NaDS (2) solution samples of 
composition C1 + ΔC1, C2 +ΔC2 into carrier streams of composition 
C1,C2. For flow solutions containing only one component (e.g., C1 ∕=

0 and C2 = 0), these data were obtained by injecting solution samples of 
composition C1 + ΔC1, C2 +ΔC2 into carrier solutions of composition C1. 

In the present work, the Dik values, shown in Table 2, at dilute solutions 
containing only one component (that is, C1 = 0.000 and C2 = 0.004 mol 
dm− 3) were obtained by injected two samples solutions of different 
composition:1) Δc1 = 0.010 mol dm− 3, Δc2 = 0, and 2) Δc1 = 0, Δc2 =

0.004 mol dm− 3. For solutions containing now C1 = 0.004, C2 = 0.000 
mol dm− 3, the compositions of two injected solutions were: 1) Δc1 =

0.010 mol dm− 3, Δc2 = 0; 2) Δc1 = 0 mol dm− 3, Δc2 = 0.005 mol dm− 3. 
Regarding the Dik values, presented in Table 3, obtained in solutions 
containing only C2 = 0.050 mol dm− 3, the following injection solutions 
were used: 1) ΔC1 = 0.020 mol dm− 3, ΔC2 = 0; 2) ΔC1 = 0, ΔC2 = 0.010 
mol dm− 3. Details of the analysis of the dispersion profiles are given in 
the literature [32,33]. 

3. Results 

Table 2 shows the ternary mutual diffusion coefficients for dilute 
aqueous solutions containing (C1 + C2) = 0.004 mol dm− 3, at NaDS pre- 
micelle concentrations. The guarantee that these compositions are 
below the cmc can be inferred from the analysis of Fig. 1. 

The reported mutual diffusion coefficients are the average of four to 
six replicate Dik measurements at each composition. The main diffusion 
coefficients D11 and D22 were generally reproducible within ± 0.02 ×
10–9 m2 s− 1. The cross-coefficients were reproducible within ± 0.05 ×
10–9 m2 s− 1. 

Table 2 
Ternary mutual diffusion coefficients, D11, D12, D21 and D22, and the respective standard deviations, SD, of aqueous NaSal (C1) + NaDS (C2 < cmc)a solutions at 298.15 
K and 101.3 kPa.  

C1
b m1

c C2
b m2

c X1
d D11 ± SD

e  D12 ± SD
e  D21 ± SD

e  D22 ± SD
e   

0.0000  0.000000  0.0040  0.004015  0.0000 0.667 ± 0.006 0.045 ± 0.025 0.368 ± 0.005 0.700 ± 0.014  
0.0010  0.001001  0.0030  0.003011  0.2500 0.699 ± 0.006 0.029 ± 0.020 0.055 ± 0.030 0.714 ± 0.025  
0.0020  0.002002  0.0020  0.002003  0.5000 0.781 ± 0.023 0.076 ± 0.020 0.165 ± 0.033 0.739 ± 0.025  
0.0030  0.003006  0.0010  0.001003  0.7500 0.865 ± 0.010 0.130 ± 0.030 0.080 ± 0.024 0.687 ± 0.014  
0.0040  0.004004  0.0000  0.000000  1.000 0.936 ± 0.015 0.160 ± 0.056 0.034 ± 0.030 0.640 ± 0.020  

a The information that these compositions are below the cmc can be inferred from the analysis of Figure 1. bCi in units of mol dm− 3. cMolalities, mi, are given per 1 kg 
of water (mol kg− 1). Molalities, m1 and m2, of aqueous solutions of NaSal and NaDS, respectively, were calculated from our molarities and density measurements 
available in [34,35]. dX1 = C1/(C1 + C2) represents the NaSal solute mole fraction. eDij ± SD is the mean diffusion coefficient from 4 to 6 replicate measurements in 
units of 10− 9 m2 s− 1 and SD is the standard deviation of that mean. Relative standard uncertainty, ur, and standard uncertainties, u, are ur(C) = 0.03; u(T) = 0.01 K and 
u(p) = 2.03 kPa. 

Table 3 
Ternary mutual diffusion coefficients D11, D12, D21 and D22, and the respective 
standard deviations, SD, of aqueous NaSal (C1) + NaDS (C2 = 0.0500 
mol•dm− 3)a solutions at 298.15 K above the cmcb.  

C1
c m1

d X1
e D11 ± 

SD
f  

D12 ± SD
f  D21 ± 

SD
f  

D22 ± 
SD

f   

0.0000  0.00000  0.0000 0.906 
± 0.003 

0.009 ±
0.003 

0.449 
± 0.099 

0.460 
± 0.003  

0.0025  0.002502  0.0476 0.897 
± 0.005 

− 0.006 
± 0.001 

0.441 
± 0.070 

0.490 
± 0.006  

0.0050  0.005002  0.0909 0.971 
± 0.004 

0.014 ±
0.004 

0.446 
± 0.012 

0.496 
± 0.002  

0.0075  0.007504  0.1304 0.993 
± 0.010 

− 0.009 
± 0.001 

0.365 
± 0.034 

0.495 
± 0.013  

a Molality of this NaDS solution, given per 1 kg of water is m2 = 0.05001 
mol•kg− 1. 

b The information that these compositions are below the cmc can be inferred 
from the analysis of Figure 1. cCi in units of mol dm− 3. dMolalities, mi, are given 
per 1 kg of water (mol kg− 1). Molalities (m1) of aqueous solutions of NaSal were 
calculated from our molarities and density measurements available in Refer
ences [34,35]. eX1 = C1/(C1 + C2) represents the NaSal solute mole fraction fDij 
± SD is the mean diffusion coefficients from 4 to 6 replicate measurements in 
units of 10− 9 m2 s− 1 and SD is the standard deviation of that mean. Relative 
standard uncertainty, ur, and standard uncertainties, u, are ur(C) = 0.03; u(T) =
0.01 K and u(p) = 2.03 kPa. 
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In general, an increase of the NaSal solute mole fraction, defined as 
X1 = C1/(C1 + C2), has an opposite effect on the main diffusion co
efficients D11 and D22; i.e. D11 increases and D22 decreases by increasing 
the X1. Comparing the main (Table 2) and the binary ([34]) diffusion 
coefficients of NaSal, at the same experimental conditions, it can be 
concluded that there are changes in the rate of NaSal diffusion caused by 
the addition of NaDS. D11 is significantly smaller (by up to 34%) than the 
corresponding binary NaSal diffusion coefficients (D1). The D11 values 
for the composition limits X1 = 0 and X1 = 1 correspond to the tracer 
diffusion coefficient of NaSal in supporting NaDS solutions and the bi
nary mutual diffusion coefficient of aqueous NaSal, respectively. Simi
larly, the D22 values for X1 = 0 and X1 = 1 refer to the binary mutual 
diffusion coefficient of aqueous NaDS and the tracer diffusion coefficient 
of NaDS in NaSal aqueous solutions, respectively. 

Comparing D22 values with the corresponding binary NaDS diffusion 
coefficients [25,26], we can also verify that D22 assume smaller values 
(by up to 18%). However, in the limit X1 → 1, D21 is zero because NaSal 
concentration gradients cannot drive coupled flows of NaDS in solutions 
that do not contain NaDS. Similarly, D12 → 0 as X1 → 0. 

Coupled diffusion in these solutions is not negligible. For example, 
from the values of D12/D22 ratio, we can see that a mole of diffusing 
NaDS co-transports at most 0.25 mol of NaSal, whereas the values of 
D21/D11 show that a mole of diffusing NaSal can cotransport up to 0.55 
mol of NaDS. 

Table 3 shows the ternary mutual diffusion coefficients D11, D12, D21 
and D22 of aqueous NaSal + NaDS carrier solutions for concentrations of 
NaDS above the cmc (that is, C2 > 0.05 mol dm− 3). 

Tables 4 and 5 show also data for this system but at compositions C1 
+ C2 = 0.020 mol dm− and C1 + C2 = 0.050 mol dm− 3. It should be 
stressed that the cmc of NaDS in the presence of NaSal is indicated in 
Fig. 1. 

Data shown in Tables 3-5 show that D11 and D22 increase by 
increasing the solute molar fraction, X1. However, it is noteworthy that 
D22 values measured above the cmc are significantly lower than those 
obtained for the pre-micelle region (Tables 2, 4, 5). 

Looking to D12/D22 ratio values, it can be concluded that a mole of 
diffusing NaDS co-transports at most 0.5 mol of NaSal. However, this 
coupled diffusion cannot be justified by the solubilization of NaSal in 
NaDS micelles. In fact, having in mind the tracer experimental D11 value 
(D11 = 0.906 × 10− 9 m2 s− 1, Table 3), and assuming D0

Sal− = 0.918 ×
10− 9 m2 s− 1 [32] and Dmicelle = 0.10 × 10− 9 m2 s− 1 [25], the fraction of 
Sal− ions solubilized by the NaDS micelles, s, can be estimated by using 
equation (4), 

D11 = (1 − s)DSal− + sDmicelle ≈ (1 − s)D0
Sal− + sDmicelle (4) 

obtaining s = 0.015, that is ca. zero, indicating that the encapsulation 
of salicylate ions into micelles may be negligible. This fact can be also 
reinforced if we consider that the tracer diffusion coefficient of Sal- ions 
in 0.05 mol dm− 3 NaDS solutions (above the cmc) is 0.906 × 10− 9 m2 

s− 1, does not differ significantly from the limiting D0
Sal− = 0.918 ×

10− 9 m2 s− 1 value, suggesting also that solubilization of Sal− ions in the 

slower-diffusing micelles (Dmicelle = 0.10 × 10-9 m2 s-1) is, thus, 
neglected. This effect is contrary to the effect of salicylate ions on the 
micellization of cationic surfactants as, for example, dodecyl
trimethylammonium chloride, as demonstrated by Šarac et al. [36]. 

4. Interpretation of data using Nernst-Planck equations 

For better understanding our experimental data, the ternary mutual 
diffusion coefficients for this system were compared with those pre
dicted from NP equations [24], which provide a concise description of 
transport in terms of the fluxes of the NaSal and NaDS components. 
However, to interpret the results, including possible mechanisms for 
coupled diffusion, it is necessary to relate the fluxes of the components 
to the fluxes of the actual diffusing species: Sal− , DS− , Na+ ions and 
micelles formed by the equilibrium reaction [25]. 

50 Na+ + 60 DS− ⇄ (Na50DS60)
10− (5) 

For the sake of simplicity, we are assuming the NaSD micelle ag
gregation number and the degree of dissociation of counter ions in mi
celles equal to 60 and 0.17, respectively. It should be stressed that these 
numbers are an approximation, once they depend on the technique used 
for their determination (see, for example, reference [37]). 

Once the solutions investigated in the present study are dilute, in this 
theoretical treatment it is assumed that the ionic strength effects (e.g., 
screening effect [38,39]) and activity coefficient corrections can be 
neglected. 

Considering the mass balance (Eqs. (6) and (7)), the electroneutrality 
condition (Eq. (8)) and mass action law equilibrium constant (Eq. (9)), 
the concentrations of the sodium salicylate (C1) and sodium dodecyl 
sulfate (C2) can be described in terms of concentrations of the diffusing 
species: Na+, Sal− , DS− , and micelles (m): 

C1 = cSal− (6)  

C2 = cDS− + 60cm (7)  

0 = cNa+ − cSal− − cDS− − 10cm (8)  

K =
Cm

C50
NaC60

DS
(9) 

The equilibrium constant K is evaluated by using the accurate 
approximation K = cm

− 110 [25] and the critical micelle concentration 
cmc = 0.0083 mol dm− 3 for binary aqueous sodium dodecyl sulfate 
solutions. 

According to the NP equations [24], the flux of each solute species s 
(s = Sal− , Na+, DS− ) is the sum of two contributions: the pure diffusional 
flux, js(D), driven by the species concentration gradient ∇cs, and the flux 
js(E) of species s caused by the diffusion - induced electric field (valid for 
charged species). 

ji = js(D) + js(E) (10) 

Table 4 
Ternary mutual diffusion coefficients, D11, D12, D21 and D22, and the respective standard deviations, SD, of aqueous NaSal (C1) + NaDS (C2) solutions at 298.15 K and 
101.3 kPa. C1 + C2 = 0.020 mol•dm− 3.  

C1
a m1

b C2
a m2

b X1
c D11 ± SD

d  D12 ± SD
d  D21 ± SD

d  D22 ± SD
d  

Below the cmce 

0.018  0.01809  0.002  0.002007  0.9000 1.160 ± 0.023 0.340 ± 0.015 − 0.035 ± 0.009 0.698 ± 0.002 
Above the cmce 

0.012  0.01207  0.008  0.008039  0.6000 1.150 ± 0.022 0.140 ± 0.0010 − 0.045 ± 0.010 0.275 ± 0.001  

a Ci in units of mol dm− 3. b Molalities, mi, are given per 1 kg of water (mol kg− 1). Molalities m1 and m2 of aqueous solutions of NaSal and NaDS, respectively, were 
calculated from our molarities and density measurements available in References [34,35]. cX1 = C1/(C1 + C2) represents the NaSal solute mole fraction. dDij ± SD is the 
mean diffusion coefficients from 4 to 6 replicate measurements in units of 10− 9 m2 s− 1 and SD is the standard deviation of that mean. Relative standard uncertainty, ur, 
and standard uncertainties, u, are ur(C) = 0.03; u(T) = 0.01 K and u(p) = 2.03 kPa. eThe information that these compositions are below the cmc can be inferred from the 
analysis of Figure 1. 
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where. 

js(D) = − Di∇Ci (11)  

js(E) =

(
F

RT

)

DiCiziE (12) 

Di, Ci and zi represent the concentration, the diffusion coefficient 
and the charge number of species s, and,E, F, R, T are the electric field, 
Faraday constant, gas constant and the temperature, respectively. 

Mutual diffusion in dilute aqueous NaSal + NaDS solutions produces 
fluxes of three different solute species (Na+, Sal− , DS− monomer). 
Having in mind the electroneutrality condition, 
∑

s
zs js = 0 (13) 

we can consider that there are two independent diffusion fluxes. In 
turn, each flux of the solute component (NaSal and NaDS), Ji, used in the 
Fick equations can always be expressed as the sum of the fluxes of the i- 
containing solute species, js, 

Comparing the Fick equations (Eqs. (1) and (2)) for the flows of 
components NaSal and NaDS with the NP equations (Eqs. 10–12) for the 
flows of the species, and after some rearrangement, it is shown that each 
Fick diffusion coefficient can be the sum of two contributions (Eq. (14)): 
pure diffusion (Eq. (15)) and ionic transport caused by the electric field 
induced by the diffusion (Eq. (16)). 

Dik = Dik (D) +Dik(E) (14)  

Dik(D) =
∑

s
νisDs

(
∂Cs

∂Ck

)

C i∕=k
(15)  

Dik(E) = −
∑

p

∑

s
νis

(
ts

zs

)

zpDp

(
∂Cs

∂Ck

)

C i∕=k
(16) 

where transference number ts gives the fraction of the total current 
carried by each solute species (i.e. Sal− , Na+ and DS− ) (Eq. (17)) [34]. 

ts =
zs js(E)
∑

pzp jp(E)
(17) 

For compositions below the cmc (no micelle formation or other ion 
association), Dik coefficients predicted by the NP equations (Eqs. 14–17) 
simplify to the much simpler limiting Nernst equations (Eqs. 18–21). 

D0
11 = D0

Sat + tSal
(
D0

Na − D0
Sal

)
(18)  

D0
12 = tSal

(
D0

Na − D0
DS

)
(19)  

D0
21 = tDS

(
D0

Na − D0
Sal

)
(20)  

D0
22 = D0

DS + tDS
(
D0

Na − D0
DS

)
(21) 

DSal
0 , DNa

0 , and DDS
0 are the limiting diffusion coefficients of the Sal− , 

Na+, and DS− ions, respectively, and tSal and tDS represent the fraction of 
the total current carried by the Sal− and DS− ions, respectively. The 
latter parameters can be estimated by using the following equations, 

tSal =
C1DSal

c1DSal + c2DDS + (c1 + c2)DNa
(22) 

and. 

tDS =
C1DDS

c1DSal + c2DDS + (c1 + c2)DNa
(23) 

where DSal, DNa and DDS are the limiting diffusion coefficients of the 
Sal− , Na+, and DS− ions, respectively. 

The diffusion coefficients of these ionic species, D0
s , used in the 

Nernst equations (Eqs. 18–23) were computed by using Eq. (24) [40], 

D0
s =

RTλ0
s

z2
s F2 (24) 

and considering the values of the respective limiting ionic conduc
tivities, λ0

s , indicated in the references [25,40,41] (Table 6). 
From analysis of equations (18) and (23), it can see that each main 

coefficient is defined by the sum of a pure diffusion contribution and an 
electrostatic contribution from the drift of ions in the electric generated 
by mutual diffusion. 

In contrast, cross-diffusion coefficients D12 and D21, are purely 
electrostatic. 

Cross-coefficient D21
0 for the coupled diffusion of NaSal driven by 

NaSal concentration gradients is proportional to the difference DNa
0 – 

DSal
0 . Thus, the electric field produced by NaSal concentration gradient 

leads to a slowing of the Na+ ions and, concomitantly, a co-current 
coupled flow of DS− ions (DSal

0 = 0.918 × 10− 9 m2 s− 1) is generated. 
This is supported by the positive D21

0 values. The same is observed for the 
analysis of D12

0 values. 
In Fig. 2, the ternary diffusion coefficients (Dik

0 ) measured (Table 2) 
and predicted by using Nernst equations (Eqs. 18–23) [24] for solutions 
at C1 + C2 = 0.004 mol dm− 3 are plotted against the mole fraction of 
NaSal. 

As shown in Fig. 2, in general, a good qualitative agreement is ob
tained for the predicted Nernst Dik

0 compared to the experimental ones. 
The small deviations can be justified by the absence of any electropho
retic term in Nernst equations or by the nonideal solution behaviour. In 
Supplementary material, Figs. S1 and S2 allow us to analyse the 
behaviour of two contributions (D1k

0
(D) and D1k

0
(E)) for each Dik

0 for the 
same mole fraction range. That, it can be seen that the pure-diffusion 
contributions D11

0
(D) and D22

0
(D) for the main diffusion are dominant. 

Concerning cross-diffusion coefficient values, D12
0 and D21

0 , the diffusion- 

Table 5 
Ternary mutual diffusion coefficients, D11, D12, D21 and D22, and the respective standard deviations, SD, of aqueous NaSal (C1) + NaDS (C2) at 298.15 K and 101.3 kPa. 
C1 + C2 = 0.050 mol•dm− 3.  

C1
a m1

b C2
a m2

b X1
c D11 ± SD

d  D12 ± SD
d  D21 ± SD

d  D22 ± SD
d   

0.049  0.04975  0.001  0.001003  0.9800 1.267 ± 0.013 0.399 ± 0.016 − 0.030 ± 0.009 0.840 ± 0.003  
0.040  0.04052  0.010  0.01005  0.8000 1.078 ± 0.022 0.020 ± 0.010 0.020 ± 0.010 0.297 ± 0.001  

a C1 and C2 in units of mol dm− 3. bMolalities, mi, are given per 1 kg of water (mol kg− 1). Molalities m1 and m2 of aqueous solutions of NaSal and NaDS, respectively, 
were calculated from our molarities and density measurements available in References [34,35]. cX1 = C1/(C1 + C2) represents the NaSal solute mole fraction. eMean 
diffusion coefficient from 4 to 6 replicate measurements in units of 10− 9 m2 s− 1. Relative standard uncertainty, ur, and standard uncertainties, u, are ur(C) = 0.03; u(T) 
= 0.01 K and u(p) = 2.03 kPa. 

Table 6 
Diffusion coefficients (Ds0) and conductivities (λ0

s ) for ionic species at infini
tesimal concentration and at 298.15 K.  

Species λ0
s /(10− 4S m2mol− 1) Ds0 /(10¡9 m2 s¡1)d 

Na+ 50.1a 1.330a 

Sal− 34.5b 0.918b 

DS− 22.9c 0.609c 

a [40]. b [41]. c [25]. d Values estimated from Eq. (24) and using the limiting 
ionic conductivities here indicated. 
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induced electric fields, quantified by the positive values of D12
0

(E) and 
D21

0
(E), respectively, explain the behaviour of these transport 

coefficients. 
The validation of this model (Eqs.14–16) was also made by the 

experimental determination of ternary diffusion coefficients for C1 + C2 
= 0.020 and 0.050 mol dm− 3, at pre- and post-micelle concentrations 
(Table 7). 

Table 7 also shows the pure-diffusion and electrostatic contributions 
for these Dik coefficients. The values for D12 and D21 clearly indicates 
that pure-diffusion contributions to the coupled diffusion are negligible; 
however, considering the electrostatic contributions, it can be 
concluded that they are higher for NaDS at concentrations below the 
cmc. Because Na+ ions are more mobile than DS- ions (Table 5), the 
electric field along the NaDS gradients speeds up the diffusing Sal- and, 
consequently, D12 > 0. Regarding the main Dii coefficients, the NP 
analysis suggests that pure-diffusion contributions for these parameters 
are the most important. 

The dependency of predicted Dik from the referred equations 
(Eqs.14–16) as a function of mole fraction, for C1 + C2 = 0.020 mol 
dm− 3, is plotted as solid lines in Fig. 3. Focusing on the main diffusion 
coefficient for sodium dodecyl sulfate (D22), it can be seen that at the low 
mole fractions X1, D22 are significantly lower than those obtained for the 
pre-micelle region (Fig. 3), indicating the presence of micelles. A 
possible explanation is that as the NaDS concentration is raised above 
the cmc, the micelles start to form, and consequently, there is a very 
sharp drop in D22. Because the composition is above the cmc, part of the 
NaDS component diffuses as the slower-moving micelles, so D22 is much 
lower than the D22 values below the cmc you’ve measured. At high mole 
fractions (X1 = 0.90), because NaDS diffuses as Na+ and DS- ions (no 
micelles are present), a sharp D22 increase is noticed. 

Despite the approximations assumed in these theoretical calcula
tions, the good agreement between predicted Dik coefficients and the 
measured Dik coefficients shows the lowering of the NaDS cmc is 
accounted for, almost quantitatively, the well-known common-ion 
effect. 

5. Conclusions 

The effects of added sodium dodecyl sulfate on the diffusion of 
aqueous sodium salicylate at 298.15 K have been investigated by 
measuring ternary mutual diffusion coefficients for aqueous solutions of 
NaSal + NaDS. The measured Dik coefficients have been compared with 
Do

ik coefficients predicted by the Nernst-Planck equations. Based on the 
ionic mobilities and diffusion coefficients, these equations predict small 
positive values of D12 and D21 below the critical micelle concentration 
(cmc), where ionic dissociation is complete and NaSal + NaDS solutions 

Fig. 2. Ternary diffusion coefficients Dik for NaSal (C1) + NaDS (C2) solutions measured below the cmc, experimental values D11, filled circles; D12, hollow circles; 
D21, hollow squares; D22, filled squares; the solid curves represent the calculated values obtained by the Nernst model according to Eqs.18–23 [24]. 

Table 7 
Predicted ternary mutual diffusion coefficientsa, Dik, and the respective pure- 
diffusion Dij (D), and electric contributions Dij (E) for aqueous NaSal (C1) +
NaDS (C2) solutions.  

C1
b C2

b X1
c D11 D12 D21 D22 

(C1 þ C2 ¼ 0.020 mol•dm¡3) 
Below the cmcd) 

0.018  0.002  0.90 1.071 0.269 0.013 0.629    
D11 (D) =

0.918 
D12 (D) = 0 D21 (D) = 0 D22 (D) =

0.609    
D11 (E) =

0.153 
D12 (E) =

0.269 
D21 (E) =

0.013 
D22 (E) =

0.020 
Above the cmcd) 

0.012  0.008  0.60 1.019 0.061 − 0.032 0.129    
D11 (D) =

0.918 
D12 (D) = 0 D21 (D) = −

0.092 
D22 (D) =

0.093    
D11 (E) =

0.101 
D12 (E) =

0.061 
D21 (E) =

0.060 
D221 (E) =

0.036 
(C1 þ C2 ¼ 0.050 mol•dm¡3) 
Below the cmcd) 

0.018  0.002  0.90 1.083 0.289 0.002 0.613    
D11 (D) =

0.918 
D11 (E) =

0.165  

D12 (D) = 0 
D12 (E) =

0.289  

D21 (D) = 0 
D21 (E) =

0.002  

D22 (D) =

0.609 
D22 (E) =

0.004  

Above the cmcd) 

0.012  0.008  0.60 1.069 0.078 0.022 0.119    
D11 (D) =

0.918 
D12 (D) = 0 D21 (D) = −

0.016 
D22 (D) =

0.099    
D11 (E) =

0.151 
D12 (E) =

0.078 
D21 (E) =

0.038 
D22 (E) =

0.020  

a D11, D12, D21 and D22 coefficients and the respective contributions (Dik (D) 
and Dik (E)) in units of 10− 9 m2 s− 1. bC1 and C2 in units of mol dm− 3. cX1 = C1/(C1 
+ C2) represents the NaSal solute mole fraction. d) The information that these 
compositions are below or above cmc can be inferred from the analysis of Fig. 1. 
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should behave as strong ternary mixed electrolyte. 
Above the cmc, which the presence of micelles only of type 

(Na50DS60)10− is assumed, the good agreement between our data and 
predicted ones suggests that the solubilization of Sal− ions by the NaDS 
micelles is negligible, and so the diffusion of mixed-micelle species such 
as (Na50Sal1DS59)10− can be ignored without serious error. 

In addition, it is also possible to conclude that the common ion effect 
can be considered the main reason for obtaining significant coupled 
fluxes of NaSal, resulting from NaDS concentration gradients in solution. 

CRediT authorship contribution statement 

M. Melia Rodrigo: Conceptualization, Investigation, Methodology, 
Software, Data curation, Writing – review & editing, Resources. Artur J. 
M. Valente: Conceptualization, Investigation, Methodology, Data 
curation, Writing – review & editing, Resources, Funding acquisition. 
Miguel A. Esteso: Conceptualization, Investigation, Methodology, 
Software, Writing – original draft, Writing – review & editing, Super
vision, Resources, Funding acquisition. Ana M.T.D.P.V. Cabral: 
Conceptualization, Investigation, Methodology, Software, Data cura
tion, Writing – review & editing, Resources. Ana C.F. Ribeiro: 
Conceptualization, Investigation, Methodology, Software, Data cura
tion, Writing – original draft, Writing – review & editing, Supervision, 
Resources, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank Prof Derek Leaist for the helpful suggestions and valuable 
discussions on the interpretation of diffusion data. 

The authors are grateful for funding from “The Coimbra Chemistry 
Centre” which is supported by the Fundação para a Ciência e a Tecno
logia (FCT), Portuguese Agency for Scientific Research, through the 
projects UIDB/QUI/UI0313/2020 and COMPETE Programme 

(Operational Programme for Competitiveness) and CIROS. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jct.2022.106859. 

References 

[1] R.B. Supernaw, Simple Analgesics, Pain Management 2 (2007) 927–933, https:// 
doi.org/10.1016/B978-0-7216-0334-6.50115-1. 

[2] K. Sairam, K.S. Saravanan, R. Banerjee, K.P. Mohanakumar, Non-steroidal anti- 
inflammatory drug sodium salicylate, but not diclofenac or celecoxib, protects 
against 1-methyl-4-phenyl pyridinium-induced dopaminergic neurotoxicity in rats, 
Brain Res. 966 (2003) 245–252, https://doi.org/10.1016/S0006-8993(02)04174- 
4. 

[3] R.C. Paes Leme, R.B. da Silva, Antimicrobial Activity of Non-steroidal Anti- 
inflammatory Drugs on Biofilm: Current Evidence and Potential for Drug 
Repurposing, Front. Microbiol. 12 (2021), 707629, https://doi.org/10.3389/ 
fmicb.2021.707629. 

[4] L. Klampfer, J. Cammenga, H.-G. Wisniewski, S.D. Nimer, Sodium Salicylate 
Activates Caspases and Induces Apoptosis of Myeloid Leukemia Cell Lines, Blood. 
93 (1999) 2386–2394, https://doi.org/10.1182/blood.V93.7.2386. 

[5] Y.-J. Kim, H.-B. Park, P.-H. Kim, J.S. Park, K.-S. Kim, Enhanced Anti-cancer 
Efficacy in MCF-7 Breast Cancer Cells by Combined Drugs of Metformin and 
Sodium Salicylate, Biomed. Sci. Lett. 23 (2017) 290–294. https://doi.org/10.1561 
6/BSL.2017.23.3.290. 

[6] A. Sheppard, S.H. Hayes, G.-D. Chen, M. Ralli, R. Salvi, Review of salicylate- 
induced hearing loss, neurotoxicity, tinnitus and neuropathophysiology, Acta 
Otorhinolaryngol Ital. 34 (2014) 79–93. 

[7] C.R. Patel, H. Zhang, Local Application of Sodium Salicylate Enhances Auditory 
Responses in the Rat’s Dorsal Cortex of the Inferior Colliculus, Front. Neurol. 5 
(2014), 235, https://doi.org/10.3389/fneur.2014.00235. 

[8] J.B. Tarloff, Analgesics and Nonsteroidal Anti-Inflammatory Drugs, Comprehensive 
Toxicol. 7 (2010) 387–403, https://doi.org/10.1016/B978-0-08-046884-6.00821- 
6. 

[9] A.N. Paruta, J.W. Mauger, Solubility of Sodium Salicylate in Mixed Solvent 
Systems, J. Pharm. Sci. 60 (1971) 432–437, https://doi.org/10.1002/ 
jps.2600600319. 

[10] C. Hansch, A. Leo, D. Hoekman, D. Livingstone, Exploring QSAR: Hydrophobic, 
Electronic, and Steric Constants, American Chemical Society, Washington, DC, 
1995. 

[11] J.Y. Kim, S. Kim, M. Papp, K. Park, R. Pinal, Hydrotropic Solubilization of Poorly 
Water-Soluble Drugs, J. Pharm. Sci. 99 (2010) 3953–3965, https://doi.org/ 
10.1002/jps.22241. 

[12] R. Paul, K.G. Chattaraj, S. Paul, Role of Hydrotropes in Sparingly Soluble Drug 
Solubilization: Insight from a Molecular Dynamics Simulation and Experimental 

Fig. 3. The dependence of ternary Dik coefficients for NaSal (C1) + NaDS (C2) solutions containing 0.020 mol dm− 3 total solute as calculated by using NP equations 
(Eqs (14) to (18)). 

M. Melia Rodrigo et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/j.jct.2022.106859
https://doi.org/10.1016/j.jct.2022.106859
https://doi.org/10.1016/B978-0-7216-0334-6.50115-1
https://doi.org/10.1016/B978-0-7216-0334-6.50115-1
https://doi.org/10.1016/S0006-8993(02)04174-4
https://doi.org/10.1016/S0006-8993(02)04174-4
https://doi.org/10.3389/fmicb.2021.707629
https://doi.org/10.3389/fmicb.2021.707629
https://doi.org/10.1182/blood.V93.7.2386
https://doi.org/10.15616/BSL.2017.23.3.290
https://doi.org/10.15616/BSL.2017.23.3.290
http://refhub.elsevier.com/S0021-9614(22)00138-0/h0030
http://refhub.elsevier.com/S0021-9614(22)00138-0/h0030
http://refhub.elsevier.com/S0021-9614(22)00138-0/h0030
https://doi.org/10.3389/fneur.2014.00235
https://doi.org/10.1016/B978-0-08-046884-6.00821-6
https://doi.org/10.1016/B978-0-08-046884-6.00821-6
https://doi.org/10.1002/jps.2600600319
https://doi.org/10.1002/jps.2600600319
http://refhub.elsevier.com/S0021-9614(22)00138-0/h0050
http://refhub.elsevier.com/S0021-9614(22)00138-0/h0050
http://refhub.elsevier.com/S0021-9614(22)00138-0/h0050
https://doi.org/10.1002/jps.22241
https://doi.org/10.1002/jps.22241


The Journal of Chemical Thermodynamics 174 (2022) 106859

8

Perspectives, Langmuir. 37 (2021) 4745–4762, https://doi.org/10.1021/acs. 
langmuir.1c00169. 

[13] T.K. Hodgdon, E.W. Kaler, Hydrotropic solutions, Curr. Opin. Colloid Interface Sci. 
12 (2007) 121–128, https://doi.org/10.1016/j.cocis.2007.06.004. 

[14] U. Olsson, O. Soderman, P. Guering, Characterization of micellar aggregates in 
viscoelastic surfactant solutions. A nuclear magnetic resonance and light scattering 
study, J. Phys. Chem. 90 (1986) 5223–5232, https://doi.org/10.1021/ 
j100412a066. 

[15] W.H. Ansari, J. Aslam, U.S. Siddiqui, Kabir-ud-Din, Micellar growth of m-2-m type 
gemini surfactants (m=10, 12, 14) with higher chain length alcohols/amines 
(C6–C8) in the absence and presence of organic salts (sodium salicylate, sodium 
tosylate), J. Mol. Liq. 174 (2012) 5–10, https://doi.org/10.1016/j. 
molliq.2012.07.014. 

[16] T.H. Ito, P.C.M.L. Miranda, N.H. Morgon, G. Heerdt, C.A. Dreiss, E. Sabadini, 
Molecular Variations in Aromatic Cosolutes: Critical Role in the Rheology of 
Cationic Wormlike Micelles, Langmuir 30 (2014) 11535–11542, https://doi.org/ 
10.1021/la502649j. 

[17] A.A. Adams, M.J. Solomon, R.G. Larson, X. Xia, Concentration, salt and 
temperature dependence of strain hardening of step shear in CTAB/NaSal 
surfactant solutions, J. Rheol. 61 (2017) 967–977, https://doi.org/10.1122/ 
1.4996008. 

[18] R.N. de Souza, M.Z. Jora, L.G.T.A. Duarte, K.J. Clinckspoor, T.D.Z. Atvars, 
E. Sabadini, A new interpretation of the mechanism of wormlike micelle formation 
involving a cationic surfactant and salicylate, J. Colloid Interface Sci. 552 (2019) 
794–800, https://doi.org/10.1016/j.jcis.2019.05.025. 

[19] T.H. Ito, K.J. Clinckspoor, R.N. de Souza, E. Sabadini, The thermal signature of 
wormlike micelles, J. Chem. Thermodyn. 94 (2016) 61–66, https://doi.org/ 
10.1016/j.jct.2015.10.021. 

[20] S.W. Holder, S.C. Grant, H. Mohammadigoushki, Nuclear Magnetic Resonance 
Diffusometry of Linear and Branched Wormlike Micelles, Langmuir 37 (2021) 
3585–3596, https://doi.org/10.1021/acs.langmuir.0c03486. 

[21] C.N. Lam, C. Do, Y. Wang, G.-R. Huang, W.-R. Chen, Structural properties of the 
evolution of CTAB/NaSal micelles investigated by SANS and rheometry, Phys. 
Chem. Chem. Phys. 21 (2019) 18346–18351, https://doi.org/10.1039/ 
C9CP02868D. 

[22] M.S. Sheikh, A.J. Khanam, N. Shafi, A. Amin, M.A. Rub, Effect of hydrotropes on 
the micellization behavior of sodium dodecyl sulfate/sodium dodecyl benzene 
sulfonate at various temperatures, J. Dispers. Sci. Technol. 38 (2017) 1625–1632, 
https://doi.org/10.1080/01932691.2016.1269650. 

[23] L.K. El-Khordagui, Effect of sodium salicylate on the solution properties of sodium 
dodecyl sulphate, Int. J. Pharm. 83 (1992) 53–58, https://doi.org/10.1016/0378- 
5173(82)90007-2. 

[24] D.G. Leaist, L. Hao, Diffusion in buffered protein solutions - combined Nernst- 
Planck and multicomponent Fick equations, J. Chem. Soc., Faraday Trans. 89 
(1993) 2775–2782, https://doi.org/10.1039/FT9938902775. 

[25] D.G. Leaist, Diffusion of ionic micelles in salt-solutions - sodium dodecylsulfate +
sodium chloride + water, J. Colloid Interface Sci. 111 (1986) 240–249, https:// 
doi.org/10.1016/0021-9797(86)90023-8. 

[26] A.C.F. Ribeiro, V.M.M. Lobo, E.F.G. Azevedo, M. da G. Miguel, H.D. Burrows, 
Diffusion coefficients of sodium dodecylsulfate in aqueous solutions and in aqueous 
solutions of sucrose, J. Mol. Liquids 94 (2001) 193–201, https://doi.org/10.1016/ 
S0167-7322(01)00268-9. 

[27] E. Dutkiewicz, A. Jakubowska, Effect of electrolytes on the physicochemical 
behaviour of sodium dodecyl sulphate micelles, Colloid Polym. Sci. 280 (2002) 
1009–1014, https://doi.org/10.1007/s00396-002-0723-y. 

[28] I.M. Umlong, K. Ismail, Micellization behavior of sodium dodecyl sulfate and 
dioctyl sulfosuccinate in the presence of sodium salicylate, J. Surface Sci. Technol. 
22 (2006) 101–117. 

[29] H.J.V. Tyrrell, K.R. Harris, Diffusion in liquids: a theoretical and experimental 
study, Butterworth’s monographs in Chemistry, London, 1984. ISBN: 
9780408175913. 

[30] W.E. Price, Theory of the Taylor Dispersion Technique for three-component-system 
Diffusion Measurements, J. Chem. Soc. Faraday Trans. 1 (84) (1988) 2431–2439, 
https://doi.org/10.1039/F19888402431. 

[31] L. Chen, D.G. Leaist, Multicomponent Taylor Dispersion Coefficients, J. Solution 
Chem. 43 (2014) (2014) 2224–2237, https://doi.org/10.1007/s10953-014-0268- 
y. 

[32] D.G. Leaist, Ternary diffusion coefficients of 18-crown-6 ether-kcl-water by direct 
least-squares analysis of Taylor dispersion, J. Cherm. Soc. Faraday Trans. 87 
(1991) 597–601, https://doi.org/10.1039/ft9918700597. 

[33] Z. Deng, D.G. Leaist, Ternary mutual diffusion-coefficients of MgCl2 + MgSO4 +
H2O and Na2SO4 + MgSO4 + H2O from Taylor dispersion profiles, Can. J. Chem. 
69 (1991) 1548–1553, https://doi.org/10.1139/v91-229. 

[34] A.C.F. Ribeiro, M.C.F. Barros, L.M.P. Verissimo, M.A. Esteso, D.G. Leaist, Coupled 
mutual diffusion in aqueous sodium (salicylate + sodium chloride) solutions at 25 
◦C, J. Chem. Thermodyn. 138 (2019) 282–287, https://doi.org/10.1016/j. 
jct.2019.06.022. 

[35] M. Kaur, S. Chauhan, Volumetric and Compressibility Studies of Ionic Surfactants 
in Aqueous Solutions of Tetraalkylammonium Cation-Based Ionic Liquids, J. Chem. 
Eng. Data 65 (2020) 3438–3447, https://doi.org/10.1021/acs.jced.9b01184. 
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