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ABSTRACT 

Solubilizing power of anionic surfactants was 
studied with the aid of turbidimetry. The work was 
based on the finding that although the calcium salts 
of anionic surfactants are insoluble in water and pro- 
duce turbidity, they become soluble in the presence 
of excess calcium ions. The critical micelle values 
obtained by the turbidimetry were in good agreement 
with those of other authors. 

INTRODUCTION 

Solubilizing power is one of the most important proper- 
ties of surfactants. There are a few methods known by 
which critical micelle concentration (CMC) of surfactants 
can be experimentally determined through the use of solu- 
bilization measurements. A number of approaches have 
been taken to measure solubilizing phenomena. One of 
these is a colorimetric method (1-4) in which oil soluble 
dyes, such as orange OT (Benzidine orange), dimethyl- 
aminoazobenzene (DMAB), and azobenzolazo-fl-naphthol 
(SUDAN III) are dissolved above the CMC of the surfac- 
tants, and the solubilizing power of the surfactants is 
measured by optical density. Harkins (5) adopted a method 
of measuring the solubility of colored substances by color- 
imetry. In our study, it was found that the calcium salts, in 
contrast to the sodium salts, of anionic surfactants gener- 
ally used for detergents, are insoluble in water, making the 
solution turbid. Furthermore, in the presence of excess 
calcium ions, these calcium salts become soluble in the 
solution of the surfactants giving rise to transparent solu- 
tions. In connection with the above finding, the formation 
of the calcium salts of surfactants was closely examined, 
the solubilizing capacity of surfactants was measured by a 
turbidimetry method devised by us, and from this, CMC 
values were obtained, which agreed very well with the re- 

sults of other authors. 

EXPERIMENTAL PROCEDURES 

Materials 

The surfactants used were as follows: Linear alkyl ben- 
zene  sulfonate (LAS) (5&6-phenyl, 43.1%; 4-phenyl, 
22.0%; 3-phenyl, 20.7%; 2-phenyl, 14.2%) and alkyl ben- 
zene sulfonate ABS (tetra propylene benzene sulfonate 
[TPBS]) (Nissan-Kagaku Kogyo Co., Ltd., Tokyo, Japan), 
alpha olefin sulfonate (AOS) (C 15, 31%; C 16, 30%; C 17, 
25%; C18, 13%) (Lion Fat and Oil Co., Ltd., Tokyo, Ja- 
pan), sodium alkane sulfonate (SAS) (C] 3, 6.7%; C]4, 
90.6%; C~s, 2.7%) (Farbwerke Hoechst A.G., Frankfurt,  
West Germany), and sodium lauryl sulfate (SLS) of reagent 
grade. The surfactants were extracted with ether and re- 
crystallized from ethanol. 

Apparatus and Conditions 

Colorimetric determinations were carried out with an 
Electro photocolorimeter, Hirama 2B type with a filter 
655 m/a, cell length of 10.0 mm, at 28.0 C -+ 0.1 C. The 
concentrations of solutions in this study followed the 
Lambert-Beer Law. 

Formation of Calcium Salts of Surfactants 

Solutions of surfactants were prepared at concentrations 
of 0.10, 0.20, 0.25, and 0.50% by wt in carbon dioxide-free 
distilled water. The hard water used contained calcium ions 
at levels equivalent to 100, 200, and 300 ppm as calcium 
chloride. A 10 ml solution containing surfactant and 10 ml 
of hard water was placed separately into 50-ml glass stop- 
pered flasks and allowed to stand for 30 min at 28 C. The 2 
solutions then were mixed at once with vigorous stirring. 
The turbidity of the solution was measured with an Electro 
Photocolorimeter at regular intervals. 
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FIG. 1. Formation of calcium salts bY linear alkyl benzene sul- 
Donate (LAS). Calcium ion concentration: O = 100ppm; O = 
200 ppm;t~D = 300 ppm. 
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FIG. 2. Formation of calcium salts by alkyl benzene sulfonate 
(ABS). Calcium ion concentration:O = 100 ppm;O= 200 ppm;~= 
300 ppm. 
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FIG. 3. Formation of calcium salts by sodium lauryl sulfonate 
(SLS). Calcium ion concentration: O = 100 p p m ; •  = 200 ppm; ~ =  
300 ppm. 
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FIG. 5. Formation of calcium salts by sodium alkane sulfonate 
(SAS). Calcium ion concentration:O = 100 ppm; • =  200 p p m ; ~ =  
300 ppm. 
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FIG. 4. Formation of calcium salts by alpha otefin sulfonate 
(AOS). Calcium ion concentration: O = 100 ppm; • = 200 ppm;t~ = 
300 p p m ; ~  = 500 ppm. 

Solubility Measurement of Calcium Salts of Surfactant and 
Determination of CMC 

Calc ium salts  o f  an ion ic  su r fac tan t s ,  excep t  AOS,  were  

p r epa red  f r o m  the  su r f ac t an t s  and  ca lc ium chlor ide  solu- 
t ions  b y  p rec ip i t a t ion ,  f i l t ra t ion ,  wash ing  w i th  water ,  dry- 
ing in a vacuum,  and  keep ing  in a des icca to r  for  ca. 2 
m o n t h s .  I n t o  a 50-ml  glass s t o p p e r e d  E r l e n m e y e r  f lask in 

w h i c h  a given a m o u n t  o f  ca lc ium salt of  a su r f ac t an t  h a d  
b e e n  placed,  20  ml su r f ac t an t  so lu t ion  was a d d e d  w i t h  

t h o r o u g h  stirr ing.  A f t e r  equ i l ib r ium was es tabl i shed,  the  
t u r b i d i t y  of  t he  so lu t ion  was measured .  T he  CMC of  the  

an ion ic  su r f ac t an t s  was d e t e r m i n e d  f rom t he  solubi l i t ies  of  
ca lc ium salts of  su r f ac t an t s  in  the  su r fac t an t  so lu t ions  at  

var ious c o n c e n t r a t i o n s .  
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FIG. 6. Optical density of various concentrations of linear alkyl 
benzene sulfonate (LAS) solution with increasing amount of dis- 
solved calcium salt. O = 0.10% LAS; ~ =  0.20% L A S ; ~  = 0.25% 
LAS;(~ = 0.50% LAS; I = intensity of permeable light; I o = intensity 
of incident light. 

RESULTS AND DISCUSSION 

Behavior of Anionic Surfactants in Hard Water 

Figures  I-5 show the  f o r m a t i o n  of  ca lc ium salts b y  re- 
ac t ion  of  ca lc ium ion  w i th  sur fac tan ts .  In  100 a n d  200  p p m  
hard  water ,  t he  so lu t ion  b e c a m e  gradual ly  t u r b i d  at  differ-  
en t  c o n c e n t r a t i o n s  of  LAS due  to  the  f o r m a t i o n  o f  wh i t e  
p rec ip i ta tes  of  ca lc ium su l fona te ,  whi le  in  300  p p m  hard  
water ,  t he  t u r b i d i t y  increased  rap id ly  at  first,  b u t  la te r  de- 
creased gradual ly ,  excep t  for  0 .50% LAS (Fig. 1). Tab le  II 
shows the  mater ia l  ba lances  for  respect ive  c o n c e n t r a t i o n s  of  
LAS a n d  ca lc ium ion  in so lu t ion .  It  is s h o w n  in Table  II 
t h a t  in  the  case of  100 p p m  of  ca lc ium ion,  where  the re  is 
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FIG. 7. Sotubilization power and critical micelle concentration 
of linear alkyl benzene sulfonate (LAS). A = Critical micelle concen- 
tration of LAS in water. 
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FIG, 8, Solubilization power and critical micelle concentration 
of: O = alkyt benzene sulfonate (ABS);~= sodium lauryl sulfonate 
(SLS); andO= sodium alkane sulfonate (SAS). 

T A B L E  I 

Critical Micelle Concentrat ion 
(CMC) o f  Anionic  Surface Active Agents  

CMC 

Observe d Reference b 
Sample a (% by vet) (% by w~) 

LAS 0.025 0.025(8) 
ABS 0.035 0.041 (9) 
SLS 0.14 0.20(10) 
AOS 0.028 0.031(1 l)a 
SAS 0.14 0.1(t2) 

aLAS = linear alkyl  be nz e ne  sul fonate;  ABS = alkyl  benzene  sul- 
fonate;  SLS = s o d i u m  lauryl sul fonate;  AOS = alpha-olef in sulfo- 
nate; S A S  = s o d i u m  alkane sul fonate .  

b( ) = reference number.  

CBecause insoluble  calc ium salt o f  AOS are not  formed,  the CMC 
value was  determined by using conduct iv i ty  method .  
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an excess of LAS and no free calcium ions are present in 
the solution, a rapid decrease in the turbidity of the solu- 
tions with increasing concentrations of LAS was not ob- 
served. In 200 ppm of calcium ion, turbidity measurements 
looked similar to those for 100 ppm of calcium ion, except 
for the 0.10% LAS solution. When 300 ppm of calcium ion 
were mixed with solutions of 0.50% LAS, results were 
similar to those for 100 ppm and 200 ppm of calcium ion 
because of the absence of free calcium ion. In reactions of 
300 ppm of calcium ion with 0.10, 0.20, and 0.25% LAS, 
the counter ion effect appeared for the first time, exhib- 
iting an unusual feature, as shown in Figure I, for solutions 
of 0.20 and 0.25% LAS. This was due to the effect of free 
calcium ions and large quantities of sodium chloride on the 
miceUe formation, and can be explained in terms of recta- 
thesis to form calcium salts of surfactants and sodium 
chloride. On the other hand, a large excess of calcium ions 
facilitated either a lowering of the CMC or a formation of 
more micelles of smaller size. In other words, tendency for 
micelle formation depended on the builder effects due to 
counter ions, and we wotild have expected the turbidity of 
the solutions to decrease. 

As is evident from Figure 2, ABS behaved like LAS, but 
differed with respect to the reaction of 200 ppm of calcium 
ion with various concentrations of ABS. When 300 ppm 
calcium ion was mixed with solutions of 0.50% ABS, the 
turbidity of the solutions decreased slightly in spite of the 
absence of free calcium ion, indicating that calcium salt was 
dispersed by the surfactant anion. In a comparison of 
Figures 1 and 2, the difference between normal paraffinic 
chain compounds and branched chain compounds was ob- 
vious. 

SLS behaved very differently from LAS or ABS as 
shown in Figure 3. In the case of SLS, the solubilization 
was almost independent of the presence of free calcium ion 
and of inorganic electrolytes. The structure of SLS, a sul- 
fate, is different from that of the sulfonates, of LAS or of 
ABS. SLS plus calcium ion formed an insoluble salt. 

The results for AOS are shown in Figure 4. As is evident 
from the Figure 4, the turbidity curves were very different 
from the 3 surfactants mentioned above. All curves lay in 
the 90-100% transparency region and remained almost un- 
changed. This was due to the effects of the hydroxyl group 
and the double bond in the AOS molecule (6-7). In the 
presence of calcium ion, the protons from the hydroxyl 
groups of adjacent AOS molecules were replaced by cal- 
cium ion. Insoluble calcium salts, thus, were not formed 
because the calcium ion was packed within the AOS mole- 
cules. This explained why the turbidity of the solutions was 
not increased. Details on this will be reported in the near 
future. SAS, shown in Figure 5, is a biodegradable commer- 
cial anionic surfactant and behaved like LAS and ABS. 

In summary, our interpretation of the results is that all 
sulfonates, except AOS, form insoluble calcium salts, and 
these salts are partially solubilized by a large excess of cal- 
cium ion. However, AOS was not affected by the amount 
of calcium ion present. Furthermore, in the sulfonate series, 
there was a large difference between normal parafinic and 
branched chain compounds. 

SLS, a sulfate, produced an insoluble calcium salt which 
was not solubilized readily by large amounts of calcium ion; 
hence SLS was not affected by a large excess of calcium 
ion. 

Solubilizing Capacity and Determination of CMC 

Figure 6 shows the optical density of various concentra- 
tions of LAS solution with increasing amounts of dissolved 
calcium salt of surfactant. The increase of log I o/1 was rapid 
when insoluble calcium salts particles first appeared. The 
point of intersection with the abscissa was considered to 
indicate the solubility of calcium salt in the surfactant solu- 
tion. 

Figure 7 shows the solubility of the calcium salt of LAS 
in dilute LAS solutions. The solubility remained constant 
until  the critical concentration was reached beyond which 
there was a sharp increase in surfactant micelles due to 
solubilization. Point A shows the CMC of LAS in water. 
The CMC of LAS (0.025% by wt) obtained here is in good 
agreement with published data (8-12). 

Figure 8 shows the solubitizing power and the CMC of 
ABS, SLS, and SAS, respectively. A comparison of our 
results with those of other investigators is shown in Table I. 
The CMCs of the surfactants measured are in good agree- 
ment with the data of other authors. 
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