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Adsorpt ion  behavior of a mixture  of homologs  and 
isomers  of sodium linear a lkylbenzene sul fonates  from 
their aqueous so lut ions  in hard water  at the solution/air 
interface has been invest igated.  Increasing the con- 
centration of surfactant  in hard water results  in the 
precipitation of the surfactant ,  which starts  redissolv- 
ing in the solut ion with  further increases in surfactant  
concentrat ion beyond a certain value characteristic of  
the surfactant,  and finally results  in a clear solution. 
Surface tension versus  the logari thm of concentrat ion 
curves shows  an unusual  behavior of mult iple  breaks. 
A t t e m p t s  have  been made to  explain the results  in 
terms of the equilibrium exist ing among  the different 
forms of the surfactant,  namely  monomer,  precipitate 
and the micelle. 

The improved biodegradability of the surfactants 
derived from linear alkylbenzenes (LAB) over alkylbenzene 
sulfonates has given rise to a spectacular rise in their 
production and consumption all over the world (1). At 
present, linear alkylbenzene sulfonate is the single 
largest volume of surfactant used in the detergent 
industry (2,3). However, the presence of linear alkyl 
chain decreases its solubility in water and increases its 
sensitivity toward polyvalent cations frequently en- 
countered during usage, particularly in detergency and 
oil recovery by surfactant flooding (4-6). The precip- 
itation of these surfactants by polyvalent cations is 
detrimental to their performance, as it not only results 
in the loss of surfactant  but also modifies their 
adsorption characteristics at the solid/liquid, liquid/ 
liquid, and liquid/air interfaces, thereby changing their 
soil release, soil redeposition, oil recovery and foaming 
behavior. 

Although the precipitation of anionic surfactants in 
aqueous solutions by polyvalent cations has long been 
known, the mechanics of the phenomenon attracted 
attention only recently (7-10). It has been shown that 
the precipitated salts of the surfactants with polyvalent 
cations are redissolved in the solution by increasing the 
surfactant  concentration beyond a certain value, 
characteristic of the surfactant used (8-10). Most of 
these studies are based on pure surfactants and deal 
with the solubility product of the precipitated surfac- 
tant. In actual applications, a mixture of surfactants 
generally is used, and their adsorption characteristics 
at the solid/liquid and liquid/air interface determine 
their end-use performance. It was therefore thought 
worthwhile to study the effect of water hardness on the 
adsorption character is t ics  of a mixture  of LAB 
homologs and isomers commonly used in the detergent 
industry. 

EXPERIMENTAL 

Linear alkylbenzene sulfonate mixtures were derived 
from linear alkylbenzenes having different levels of 
alkyl chain length and phenyl isomer distribution 
prepared by alkylation of benzene with a mixture of 
linear internal monoolefins using hydrofluoric acid (HF) as 
catalyst. Homolog distribution in the LAB samples, used 
in the present investigation, is shown in Figure 1; typical 
distribution of phenyl isomer in the chain is shown in 
Figure 2 (11). A sample of dodecylbenzene, a propylene 
tetramer, also was studied for comparison and is noted 
as C. Samples having higher and lower levels of C14 are 
noted as A and B, respectively. 

All the alkylbenzene samples were sulfonated using 
20% oleum following the standard sulfonation proce- 
dure. Acid slurry was neutralized with aqueous sodium 
hydroxide. The unsulfonated matter was removed by 
repeated extraction with petroleum ether. Surfactant 
was then separated from the inorganic salt by repeated 
extraction with 95% (v/v) aqueous alcohol. It was then 
dried to constant oven dry weight. Calcium chloride 
(CaCI2 - 2H20) used for the preparation of hard water 
was of guaranteed reagent (GR) grade. The calcium salt 
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FIG. 1. Distribution of homologs in linear alkylbenzene, e, LAB 
A; A, LAB B. 
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FIG. 2. A typical isomer distribution in linear alkylbenzene. 
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FIG.  3. Calcium sensitivity of the aqueous surfactant solutions. 
o, Surfactant A; A, sur fac tan t  B; D, sur fac tan t  C. 

of the sur fac tan t  was prepared  by  precipi tat ion f rom 
aqueous solution of sodium salt  of the sur fac tan t  using 
aqueous calc ium chloride solution. The crys ta l l ine  
precipi tate  was washed repeatedly  with distilled water  
until  it was free of chloride and was then recrystal l ized 
f rom water. Distilled water  was redistilled over alkaline 
po tass ium pe rmangana te  before use. I t  had a specific 
conductance of the order of 1-2 X 10 -~ Ohm -1 Cm -1. 

Studies on surface tension of sur fac tan t  solutions in 
distilled water  and hard water  were carried out by the 
drop weight  method.  The exper imenta l  set-up and 
procedure used were the same as tha t  described earlier 
(12). As the mass  of drop under  flowing conditions 
depends not  only on the surface tension but  also on the 
drop format ion ra te  due to hydrodynamic  effect, the 
observed drop mass  was corrected for the lat ter .  The 
corrected drop mass  of the sur fac tan t  solution was 
calculated f rom the observed t ime dependent  drop mass  
us ing the " m a s t e r  equat ion" sugges ted  by  Jho  and 
Carreras (13,14). 

9.44 M(t) + 5.37 t -3/4 
Ms(t) : [1] 

9.44 + t -3/4 

where Mr(t) and M(t) are the corrected and observed 
masses  of the drop, respectively,  at  drop t ime t, defined 
experimental ly  as the t ime between the release of two 
successive drops. The dynamic  surface tension y(t) at 
different intervals  of t ime was then calculated f rom the 

c o r r e s p o n d i n g  cor rec ted  m a s s  of d rops  us ing  the  
equat ion (15): 

7(t) = Me(t)g F [2] 

R 

where g is the acceleration due to gravi ty ,  R is the 
radius of the capillary t ip and F is a correction factor, 
the values of which were taken  f rom (15). 

Precipi tat ion of sodium alkylbenzene sulfonates wi th  
aqueous  ca lc ium chlor ide  so lu t ions  was  o b s e r v e d  
visually. Sur fac tan t  solutions of increasing concentra- 
t ion were prepared  in hard water  containing the same 
concentrat ion of calcium chloride corresponding to 10 
p p m  calcium. Turbid i ty  of the solution was assessed 
v i s u a l l y  and  r a t e d  on an a r b i t r a r y  t u r b i d i t y  
scale of eight units.  

All the measuremen t s  were carried out at  a cons tant  
t empera tu re  of 30 -- 0.1 C. 

RESULTS AND DISCUSSION 

Presence of Ca ++ ions was found to precipi ta te  the 
anionic sur fac tan t s  from aqueous solution. Under  fixed 
concentra t ion of Ca **+ ions, precipi ta t ion increased with 
increasing concentrat ion of the surfactant ,  reached a 
m a x i m u m  and then s ta r ted  redissolving in the solution 
wi th  fur ther  increase in concen t ra t ion  and finally 
resul ted in a clear solution. Resul ts  of the precipi tat ion 
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and redissolution of different sur fac tan ts  in the presence 
of 20 p p m  Ca ++ ions are compared  in Figure 3. it can be 
seen f rom the figure that :  
• Concentrat ion of the sur fac tan t  corresponding to (i) 

the occurrence of precipitation; (ii} m a x i m u m  in the 
turb id i ty  versus concentrat ion of sur fac tan t  curve, 
and  (iii) comp l e t e  d i s a p p e a r a n c e  of p r e c i p i t a t e  
dec rea se  wi th  i n c r e a s i n g  p e r c e n t a g e  of h igher  
homologs in the mixture.  

• M a x i m u m  turbid i ty  of the sur fac tan t  solution was 
higher for the sur fac tan ts  having a higher percent- 
age of higher homologs in the mixture.  

• Sur fac tan t  C, which is a branched sur fac tan t  derived 
f rom propylene te t ramer ,  exhibits  the least  sensitiv- 
i ty toward  hard water.  
Results  of the precipi tat ion of these sur fac tan ts  are 

in accordance with the expecta t ions  on the basis  of the 
length and branching  of their  hydrophobic  chain. I t  
may  be noted tha t  resul ts  similar to the above have 
been observed by  other  inves t igators  (8,10). 

Equi l ibr ium surface tension of aqueous sur fac tan t  
solutions in the presence of 10 p p m  Ca ++ ions, obtained 
f rom the surface tension versus  drop t ime plots, are 
given in Figures  4, 5 and 6 for sur fac tan ts  A, B and C, 
respectively,  wherein surface tension, y values have 
been plot ted against  the sur fac tan t  concentrat ion on a 
logari thmic scale. Corresponding resul ts  in the case of 
sur fac tan t  solutions in distilled water  also are included 
for comparison.  I t  can be seen f rom the figures tha t  in 
all cases: 
• Surface tension versus  logar i thm of concentrat ion {y 

vs log C) curves exhibit  two breaks  in the presence of 

Ca +* ions as compared  to only one corresponding to 
the CMC of the sur fac tan t  in distilled water.  Both  
the  b reaks  are sharp  enough  to enable  precise  
determinat ion of the point of inflections. 

• Surface tension decreases s teeply with increasing 
concentrat ion of the sur fac tan t  up to the concen- 
t ra t ion  corresponding to the first  break, and then 
relatively slowly to the second break. Increase in 
concentrat ion of the sur fac tan t  beyond the second 
break results  in an increase in surface tension of the 
solution which tends to approach the value obtained 
wi th  the  s u r f a c t a n t  so lu t ion  in the absence  of 
calcium ions. 

• The initial ra te  of decrease of surface tension with 
increasing concentrat ion in the presence of Ca ++ ions 
is steeper than  the value obtained in their absence. 
Sur fac tan t  solution in hard water  exhibited surface 
tension much  lower than  the value obtained with the 
sur fac tan t  solution in distilled water  with the extent  
of lowering decreasing with increasing concentrat ion 
of the surfactant .  

• Concent ra t ions  cor responding  to the b reaks  are 
lower for the sur fac tan t  having a higher percentage 
of higher homologs in the mixture.  Further,  second 
break in the y vs log C curves is in the region of the 
critical micelle concentrat ion of the sur fac tan t  in the 
absence of Ca +* . 

Further,  an examinat ion of Figures 3-6 indicates 
tha t  the concentrat ions where precipi tat ion appears  
and completely redissolves correspond to the first  
and second breaks,  respectively,  and t ha t  corre- 
sponding to the m a x i m u m  in the turb id i ty  versus 
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FIG. 4. Surface tension of the aqueous solution of surfactant A in 
@, water, and e ,  hard water (10 ppm Ca++). 
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FIG. 5. Surface tension of the aqueous solution of surfactant B in 
/% water, and &, hard water (10 ppm Ca *÷). 
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FIG. 6. Surface tension of the aqueous solution of the surfactant 
C in 51, water, and I ,  hard water (10 ppm Ca++). 

small, the decreasing t rend in turb id i ty  versus  concen- 
t ra t ion  curves m a y  be observed at  a concentrat ion 
slightly higher than  the CMC of the sur fac tan t  in the 
presence of added CaC12. I t  m a y  be noted tha t  a similar 
observat ion was made earlier by  Baviere et al. (9). The 
steep decrease in surface tension of the solut ionup to the 
first  b reak  and increase in surface tension beyond the 
second break with increasing concentrat ion of the surfac- 
t an t  are, however, difficult to explain sat isfactori ly with 
the  help of the  above model based  on Ca-LAS precipita- 
t ion boundary.  

We have proposed a model for the a r rangement  of 
s u r f a c t a n t  mo lecu le s  for  t he  e x p l a n a t i o n  of the  
o b s e r v e d  unusua l  b e h a v i o r  of su r face  t ens ion  of 
sur fac tan t  solutions in hard water.  The y versus  log C 
curves, shown in Figures  4-6, in the absence of Ca ++ 
ions can be divided into two par t s  denoted I and I I  and 
represent ing the port ions of the curves before and af ter  
break,  respectively,  whereas  those  in the presence of 
Ca ++ ions consist  of three segments  denoted I I I ,  IV and 
V and represent ing port ions of the curves up to the first  
break, between the breaks  and af ter  the second break,  
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concentrat ion curves lies in the region between the 
two breaks  in y versus  log C curves in the presence of 
Ca ++ ions. 

The observed resul ts  on the precipi tat ion and 
redissolution of the sur fac tan t  can be explained in Eu 40 
t e rms  of the calcium-LAS precipi tat ion boundaries  "~ 
(8-10,16). c 

An increase in sur fac tan t  concentrat ion resul ts  in 
the precipi tat ion of the calcium salt  of the sur fac tan t  ~_. 
when its solubility limit in the presence of Ca ++ ions 
is reached. This resul ts  in an increase in turb id i ty  of 30 
the solution with increasing concentrat ion of the 
surfactant .  The decrease in turbidi ty  with increase in 
concen t ra t ion  beyond  a cer ta in  value is due to 
resolubilization of the precipi tated calcium surfac- 
ran t  by  the sur fac tan t  micelles, or in other words due 
to adso rp t ion /a s soc ia t ion  of Ca ++ ions onto  the  
micelle. I t  appears,  therefore, tha t  the critical micelle 20 .2 
concentrat ion of the sur fac tan t  in the presence of 
added CaC12 lies in the region of the m a x i m u m  in 
t u r b i d i t y  ve r su s  concen t r a t i on  curves .  Because  
addition of sur fac tan t  increases the precipi tat ion of 
Ca salt  due to ' common ion effect '  and the number  of 
micelles in the neighborhood of CMC is relat ively 
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FIG. 7. Comparison of surface tension of surfactant A in hard 
water (10 ppm Ca ++) with its calcium salt in water, o ,  NaLAS in 
hard water (10 ppm Ca++), and ¢,  Ca(LAS)2 in water. 
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F I G .  8. A schematic representation of the arrangement of surfaetant molecules for adsorption from aqueous solutions in the p r e s e n c e  
and absence of  Ca  *+ ions. 

respect ively.  A r r a n g e m e n t  of su r f ac t an t  molecules, 
pos tu la ted  for the explanat ion of different segments  of 
curves given in Figures 4-6, is shown schematically in 
Figure 8. In the absence of Ca ++, the nature of y vs. log C 
curves is well known (6). Addition of surfactant up to a 
concentrat ion corresponding to the break determined as 
critical micelle concentrat ion resul ts  in a preferential  
adsorpt ion of sur fac tan t  at solution/air interface (Fig. 
8-I) beyond  which fu r the r  addi t ion  resu l t s  in the  
format ion of sur fac tan t  clusters  or micelles which res t  
in e q u i l i b r i u m  w i t h  t he  m o n o m e r i c  f o r m  of t he  
sur fac tan t  (Fig. 8-II). In  the presence of Ca ++ ions, the 
in i t ia l  s h a r p  dec r ea s e  of s u r f a c e  t en s i on  of the  
sur fac tan t  solution seems to be due to the format ion  of 
the calcium salt  of the sur fac tan t  and its preferential  
adsorpt ion at  the solution/air interface (Fig. 8-III).  The 

presence of Ca ++ as counter  ions probably  forms a more 
coherent  s t ructure  at  the solution/air interface, thereby 
resul t ing in a higher decrease in surface tension of the 
solution than  in the absence of Ca ++ ions. The first  b reak  
in the y versus  log C curves in the presence of Ca ++ ions 
may,  therefore, be due to the format ion  of micelles or 
precipi tat ion of the calcium salt  of the surfac tant  or a 
combinat ion of both  factors.  

To ascertain the val idi ty  of the above mechanism, 
the adsorpt ion behavior  of calcium salt  of the surfac- 
rant  f rom aqueous solution at  the solution/air interface 
was studied. D a t a  on surface tension obtained with 
calcium salt  of the sur fac tan t  in distilled water  are 
compared  with those obtained with the sodium salt  of 
sur fac tan t  in the presence of 10 p p m  Ca ++ for sur fac tan t  
A in Figure 7. The similari ty in the nature  of the two 
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curves clearly indicates that  the sharp decrease in 
surface tension with concentration up to the first break 
is due mainly to the preferential adsorption of the 
calcium salt of the su r fac tan t  at  the solution/air  
interface. 

Wi th  the increase .m the concent ra t ion  of the 
sur fac tan t  beyond the first break it appears  tha t  
additional surfactant  goes into the precipitate or the 
surfactant  micelle. In the region between the breaks, 
bo th  micelle and p rec ip i t a t e  coexis t  and res t  in 
equilibrium with each other through the monomeric form 
of the surfactant.  As adsorption capacity of Ca*+ ions 
onto the micelle is higher than that  of the Na ÷ ion, the 
equilibrium between the precipitate of CalLAS}2 and 
monomeric surfactant  is shifted toward the latter, 
resulting in the gradual dissolution of the precipitate 
{Fig. 8-IV}. Hence, the precipitate acts as a reservoir 
for the supply of the Ca ÷+ ions to the micelle. In the 
region of the second break complete redissolution of the 
precipitate occurs, resulting in a clear solution. The 
continued decrease in surface tension between the 
breaks may be due part ly to the preferential adsorption 
of the more surface active homolog/isomer at the 
solution/air interface and part ly to modification in 
activities of the monomers with increasing concentra- 
tion of the surfactant  beyond first break under the 
influence of micellization, precipitation and redissolu- 
tion of the precipitate. 

With the increase in concentration of the surfactant  
beyond the second break we believe the demand for Ca +* 
ion assoc ia t ion  with the micelle is met  by their  
replacement from the surface by Na* ions from the 
solution, with the extent of the replacement increasing 
with increasing concentration of the surfactant  (Fig. 
8-V). As  a result, the surface tension of aqueous 
surfactant  solution in the presence of Ca++ ions beyond 
the second break shows an increasing trend and finally 
tends to approach the value obtained in the absence of 
Ca ÷~ ions in the solution. 

ACKNOWLEDGMENTS 

S. Satish and K.N. Thala did sulfonation of the alkylbenzene 
samples, and R.M. Patel assisted in experimental work. T.S.R. 
Prasada Rao showed keen interest in the work, and the 
management of Indian Petrochemicals Corp. Ltd. gave permission 
to publish this manuscript. 

REFERENCES 

1. Anionic Surfactants, Part I, edited by W.M. Linfield, Marcel 
Dekker Inc., New York, 1976. 

2. Matheson, K.L., and T.P. Matson, J. Am. Oil Chem. Soc. 
60:1693 {1983}. 

3. Cox, M.F., T.P. Matson, J.L. Berna, A. Moreno, S. Kawakani 
and M. Suzuki, Ibid. 61:330 {1984}. 

4. Detergency, Theory and Test Methods, Part II, edited by 
W.G. Cutler and R.C. Davis, Marcel Dekker Inc., New York, 
1975. 

5. Improved Oil Recovery by Surfactant and Polymer Flooding, 
edited by D.O. Shah and R.S. Schechter, Academic Press 
Inc., New York, 1977. 

6. Rosen, M.J., Surfactants and Interfacial Phenomena, John 
Wiley and Sons, New York, 1978 

7. Bozik, J., I. Kraznarik and N. Kallay, J. Colloid Polymer Sci. 
257:201 (1979}. 

8. Peacock, J.M., and E. Matijevic, J. Colloid Interface Sci. 
77:548 {1980}. 

9. Baviere, M., B. Bazin and R. Aude, Ibid 92:580 t1983}. 
10. Chou, S.I., and J.H. Bae, Ibid 96:192 {1983}. 
11. Srisankar, E.V., and S.G.T. Bhat, J. Surf. Sci. and Tech. 1:29 

(1985t. 
12. Kumar, Raj, and S.G.T. Bhat, Tenside Detergents 24 ~1985}. 
13. Jho, C., and R. Burke, J. Colloid Interface Sci. 95:61 {1983}. 
14. Jho, C., and M. Carreras, Ibid 99:543 {1984}. 
15. Alexander, A.E., and J.B. Hayter, in Techniques of 

Chemistry, Vol. I, edited by A. Weissberger and B.W. 
Rossiter, Wiley-Interscience, New York, 1971. 

16. Matheson, K.L., J. Am. Oil Chem. Soc. 62:1269 {1985}. 

IReceived September 23, 1985] 

JAOCS, Vol. 64, no. 4 (April 1987) 


