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Kinetic Study and Mechanism for the Surfactant Effect 

on Sulfur Nano-particle Formation 
 

Y.-T. Elise Li 
Taipei Municipal First Girls’ Senior High School, Taipei, Taiwan, Republic of China 

 
 
Abstract 
 

The surfactant effect to the formation of sulfur nano-particles resulted from disproportionation 
of thiosulfate in hydrochloric acid is studied by spectrophotometry.  Kinetic analysis provides a 
rate law that may be elucidated by an associative pre-equilibrium mechanism, indicating the 
surfactant molecules might protect the nuclei of sulfur particles from aggregation.   
 
 
1. Introduction 
 

The research of nano-particles is surfing a immensely rising tide in the frontier wave of science. 
Nano-particles in solutions have been traditionally known as colloids, and extensively studied for 
decades, although detailed understanding of the colloidal formation still remains elusive.1   
Sulfur-containing aqueous solutions are of classical but also typical colloidal systems.  Preliminary 
studies on sulfur formation in water indicate that surfactants can effectively hinder the aggregation 
of sulfur nano-particles.2  By viewing that the preparation of nano-particles are so crucial to the 
nano-technogies, it would be desirable to have a fundamental kinetic approach for the sulfur 
nano-particles of a simple forming process. 

 
Formation of sulfur nanoparticles may be readily achieved by disproportionation of thiosulfate 

in acidic aqueous solutions (eq. 1).3-5  The reaction solutions was found to remain  
 
 S2O3

2-
(aq) + H+

(aq)
 → S(S)(colloidal) + HSO3

-
(aq)    [1] 

 
clear first.  After an induction period, sudden formation of discrete particles could be observed by 
the appearance of scattered Tyndall beam.   
 

La Mer first proposed a mechanism involving the leading protonation of thiosulfonate, 
followed by association of HS2O3

- with S2O3
2-.  Davis suggested that the association process could 

be consecutive, resulting HSnO3
- (n=3-9) via S-S bond formation.  And, the stable S8 is finally 

formed from the decomposition of HS9O3
-.  Johnston and McMish determine an experimental rate 

law that is first order in [H+] and second order in [S2O3
2-] (eq. 2).  And the rate constant k was 
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evaluated as 1.64×1011exp (-15930 / RT)2 M-2 sec-1.6   
 

 d[S] / dt = k[H+][S2O3
2-]2 [2]            

               
On the other hand, the formation of sulfur colloids from S8 remains elusive.  The growth of 

nano-particles is generally believed to proceed via nucleation and aggregation.2  The facile 
reaction of eq. 1 allows the formation of molecularly dispersed sulfur upon the mix of the reactants.  
When the concentration of S8 in the solution reaches saturation, the sulfur produced may be 
clustered to meta-stable size, called nucleation.  Further saturation of the sulfur nuclei may 
conduct to their coagulation that is aggregation.  While the colloidal size reaches the wavelength 
of the incident visible light, Tyndall Effect brings forth a detectable turbidity of the solution. 

 

 

 
The latest Phase Transfer Method (PTM) to produce gold nano-particles is developed with use 

of surfactants for the control of stability and coagulation of gold atoms.7  The generation of gold 
nano-particles may take months, when long chain thiol was employed for aggregating gold into 
large particles.  Such a long period is certainly inconvenient for kinetic investigation. On the 
contrary, the reaction 1 with thiosulfate ion takes only a short time, usually less than 1 hour, to show 
the evident aggregation of sulfur particles and facilitates the kinetic analysis.       
 
 
2. Experimental 
 
Materials 

Sodium Thiosulfate(Na2S2O3•5H2O), hydrochloric acid, sodium dodecyl sulphate (SDS, 
CH3(CH2)11SO4Na), sodium dodecyl benzene sulphonate (DBN,  CH3(CH2)11C6H4SO3Na), 
cetyltrimethylammonium bromide (CTAB, C16H33N(CH3)3Br) were purchased from Acros. 
Polyoxyethylene(40) nonylphenolether (NP-9, 4-C9H19C6H4O(CH2CH2O)40H) was purchased from 
Aldrich.  All the chemicals were used without further purification. 

 
Instrumentation 

Kinetic runs were carried out on a Hitachi U-3310 UV-Vis Spectrophotometer.  Infrared 
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spectra were taken with a Nicolet Magna IR 550.  The XRD data were taken with a Scintag X1 
X-ray Diffractometer (λ= 0.154nm, Cu-kα).  

 
Kinetic measurements 

All reaction solutions were prepared with 15 mL of 0.33 M sodium thiosulfate with 5 mL pH 
1.90 hydrochloric acid and the surfactant of which the concentrations are varied.  Sulfur molecules 
do not absorb light under 300 nm, but colloidal sulfur suspended in aqueous solution can scatter 
light.  Thus in this research, the optical density, log(I0/I) wherein I0 and I are the light intensities of 
reference and sample beams respectively, was defined as scattering value.   
 

The resulting solution was monitored by 
spectrophotometry at 400 nm where the most 
prominent scattering value may be acquired.  And, 
the values of log(I0/I) were recorded every 1 sec.  
The concentrations of the reactants and surfactants 
were chosen so that the observation for the 
appearance of Tyndall Effect would be within 20 
min but no less than one minute. 

  
IR & XRD Characterization for the products 

The reaction solutions were first allowed to dry by evaporating off water.  The solid residue 
was then rinsed with distilled water and ethanol, and further dried in vacuo.  The solids then were 
made in KBr pellets for IR measurements, and were directly for XRD examination.   

 
      
3. Results and Discussion 
 
Influence of surfactant on sulfur nano-particles formation 
 

The scattering values against time for the 
reaction of eq. 1 in the presence of different 
concentrations of CTAB were measured since 30 
seconds from mixing to about 20 minutes.  An 
induction period was always detected before the 
Tyndall scattering appears.  Since scattering 
only occurs to the colloidal suspension with the 
sizes that are comparable to the wavelength of 
the incident light, the induction time(Ti) should 
comprises the formation of S8, the nucleation, as well as the beginning of aggregation.  The 
reciprocal value of the induction time (1/Ti) is thus defined as the reaction rate of the formation of 
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sulfur nano-particles (R). 

 
 
Addition of surfactant to the reaction solutions significantly prolongs the induction period, 

indicating that the association of surfactant molecules with the nuclei of sulfur particles can hinder 
the aggregation of sulfur nuclei.  Kinetic analysis shows that the induction time increases with the 
increasing concentrations of CTAB, when the concentrations of CTAB are more than 2.5×10-4 M.  
Detailed data are collected in Table 1.  Figure 2 shows the plots of ln R versus ln [CTAB], 
illustrating a rate relationship of eq. 3. 

 
 R = 1/Ti = A/[CTAB] [3] 
 

Assuming the nucleation from S8 is relatively fast, and a pre-equilibrium step of surfactant 
protection to the sulfur nuclei is conducted before aggregation as depicted in scheme I, wherein NS 
stands for the sulfur nuclei.  The association constant K is defined as [NS—Surf]/[NS][Surf]; and 
the rate constant of NS aggregation is k.                           
 Scheme I 

 

K
NS  +  Surf [NS Surf]            

 NS sulfur nano-particles
k

                       
   
 R = 1/ Ti = k[NS]    [4] 
 
 K= [NS—Surf] / [NS][Surf] [5] 
 
 [NS]T = [NS] + [NS—Surf]    [6] 
 
From [4] and [6],  R = k[NS]T / 1 + K[Surf] [7] 
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At high concentration of surfactant,  
 
 R ≒ k[NS]T／K[Surf]  [8] 

From experiment result,  
 

 R = 1/Ti =A / [Surf]  [9] 
 
As a result, A = k[NS]T／K [10] 

   
Similar retardation for sulfur colloid formation was also observed with use of anionic and 

neutral surfactants.  Detailed data are collected in Table 2-4 and Fig 3-9. Values for various 
surfactants are accordingly evaluated.  Assuming k[NS]T is constant in all the cases, since the value 
A follow the order of ACTAB < ANP-9 < ADBN < ASDS., the association constants follow the order of 
KCTAB > KNP-9 > KDBN > KSDS. 

 
ACTAB = 5.9×10-6 mol L-1 s-1 
ASDS  = 1.0×10-4 mol L-1 s-1 
ADBN  = 4.2×10-5mol L-1 s-1 
ANP-9  = 3.9×10-5 mol L-1 s-1 

 
Apparently, the cationic CTAB affords the most effective protection to the formation of sulfur 

colloids.  This should not be surprising, for the surface of sulfur clusters are generally believed to 
carry negative elevctrostatic charge.  Therefore the association of sulfur particles with cationic 
surfactant is more favorable; and the least with the anionic surfactants. 
 
Infrared and XRD measurements of the reaction precipitate 
 

The reaction residue has been examined by IR spectroscopy.  The products collected from the 
runs with the addition of neutral or anionic surfactants show the absorption nearly the same as that 
of authentic sulfur.  Whereas, the precipitates obtained from the reactions involving CTAB 
exhibits strong C-H stretching band at 2900 cm-1, indicating the incorporation of CTAB in the 
colloids.  (Also see Fig 12, 13.) 
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The XRD spectra which are in agreement with the IR data, show that CTAB appears in the 

colloidal products, but only sulfur is detected in the products from the anionic or neutral 
surfactant-added reactions.  
(Also see Fig 15, 16.) 
 
 
 
 

If the CTAB-attached sulfur nuclei can also aggregate, the mechanism may be modified into 
Scheme II.  The rate law either in the form of eq. 11 or eq. 12 is derived.   
 Scheme II 

 

K
NS  +  CTAB [NS CTAB]

nano-products
k1 k2
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R = 1/Ti  
= {k1[NS]T / (1+K[CTAB])} + {k2K[CTAB][NS]T / (1+K[CTAB])}  [11]               

 
At high concentration of CTAB,  

 1/Ti ≒ {k1[NS]T/K[CTAB]} + k2 [NS]T  [12] 
 

 
      

Look back at Figure 3, which shows the plots of 1/Ti versus 1/[CTAB], can be written as: 
 
 1/Ti ≒ 5.9×10-6 /[CTAB] + 1.3×10-3 [13] 
 
According to the suggested Scheme Ⅱ, the intercept equals to the value k2[NS]T, which, in the 

case of CTAB, is 1.3×10-3. Comparatively, the intercepts in the case of anionic or neutral surfactants 
are relatively small; the plots almost pass the origin. 

 
CTAB: R=1/Ti=5.9×10-6 /[CTAB] + 1.3×10-3 

SDS: R=1/Ti=1.0×10-4 /[SDS] - 5.3×10-5 
DBN: R=1/Ti=4.2×10-5 /[DBN] + 5.2×10-5 
NP-9: R=1/Ti=3.9×10-5 /[NP-9] + 6.1×10-4 

 
The combination of CTAB with sulfur particles after the colloidal formation cannot be totally 

excluded without further studies.   
   

4. Conclusion 
 

Surfactant effect on the formation of sulfur nano-particles resulting from disproportionation of 
thiosulfate in acid is examined by using kinetic analysis.  The forming rates of the sulfur colloids 
are reciprocally proportional to the surfactant concentrations.  Such a rate law may be elucidated 
by a mechanism involving associative pre-equilibrium between the surfactant molecules and sulfur 
nuclei.  Two mechanisms, Scheme I and Scheme II, are suggested.    
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Appendix 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

Table 1. 
[CTAB] Ti (sec) R=1/Ti 

0.00025M 70 0.01429 
0.00050M 79 0.01266 
0.00075M 105 0.00952 
0.00100M 139 0.00719 
0.00125M 142 0.00704 
0.00150M 175 0.00571 
0.00175M 220 0.00455 
0.00200M 249 0.00402 
0.00225M 287 0.00348 
0.00250M 305 0.00328 

Table 2. 
[SDS] Ti (sec) R=1/Ti 

0.005M 118 0.00847 
0.010M 146 0.00685 
0.015M 142 0.00704 
0.020M 204 0.00490 
0.025M 263 0.00380 
0.030M 290 0.00345 
0.035M 337 0.00297 
0.040M 347 0.00288 
0.045M 438 0.00228 
0.050M 549 0.00182 

Table.4 
 [NP-9] Ti (sec) R=1/Ti 

0.00250M 90 0.01111 
0.0050M 123 0.00813 
0.0075M 172 0.00581 
0.0100M 192 0.00521 
0.0125M 256 0.00391 
0.0150M 280 0.00357 
0.0175M 347 0.00288 
0.0200M 385 0.00260 
0.0225M 510 0.00196 
0.0250M 584 0.00171 

Table 3. 
[DBN] Ti (sec) R=1/Ti 

0.005M 219 0.00457 
0.010M 237 0.00422 
0.015M 355 0.00282 
0.020M 499 0.00200 
0.025M 509 0.00196 
0.030M 780 0.00128 
0.035M 774 0.00129 
0.040M 825 0.00121 
0.045M 1116 0.000896 
0.050M 1202 0.000832 
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