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ELATIVELY FEW papers  on the physico-chemical 
propert ies  of nonionic detergents have appeared 

so fa r  in the l i terature,  in contrast  to the numerous 
papers  published on ionic detergents. This delay in 
exploring a field of growing industr ial  importance 
must  be a t t r ibuted to the fact  that  monodisperse 
materials are difficult to prepare.  Their  synthesis by 
the Will iamson method has been repor ted for a chain 
length of one to six ethylene oxide units only (9,34, 
35,50). Nonionic detergents, whieh have been pre-  
pared  by the condensation of ethylene oxide with 
aliphatie alcohols, earboxylic acids, amides, mercap-  
tans and alkylphenol% yield products  in which the 
chain length of the hydrophil ie  port ion has a Poisson 
distr ibution (14,15,20). In  order to cover a wide 
range of molecular structures,  these ethylene oxide 
condensates have been used in the last decade to 
elucidate the physico-chemieal propert ies  of nonionic 
detergents in aqueous solutions. In  many  instances, 
these samples were molecularly distilled in order to 
remove unreaeted components and reduce the width 
of molecular weight distribution. The inverse tem- 
pera ture  solubility relation of nonionie detergents 
indicates that  the overall solubility of these materials  
depends on the extent of hydrat ion of the hydro-  
philic port ion;  the water  molecules being affixed to 
the ether oxygens by hydrogen bonding. At  least 
four  to six ethylene oxide units per molecule are 
required, depending on the nature  of the hydrophobie 
group, in order to produce a sur fac tan t  with distinctly 
hydrophil ic  characteristics. 

Let  us first br ief ly  review the methods of prepara-  
tion of nonionic detergents  and the ana ly t i ca l  pro- 
cedures for the determinat ion of the average ethylene 
oxide chain length. Homogeneous samples of u-alkyl 
polyoxyethylene monoethers have been prepared  by 
means of the Williamson ether synthesis, wherein 
n-alkyl bromide was reacted with the monosodium 
salt of the appropr ia te  homogeneous polyoxyethylene 
glycol (9,34,35,50), e.g'., 

RBr  + Na 0 (CH2CH20)  6H ) 
RO (CH2CI-I20)~ H + NaBr  

A large excess of glycol assured format ion of the 
monosodium salt. The condensation of ethylene oxide 
with compounds containing an active hydrogen atom, 
such as aliphatie alcohols, alkylphenols, etc., is unique 
in tha t  it is an addition reaction without  termination.  
For  example, ethylene oxide adds to hydroxyl  radi-  
cals by ring cleavage with the regenerat ion of the 
hydroxyl  group (14,15,20,32,52) : 

R O - C H 2 - - C H 2 - - O H  + n CH2--Ctt2 > 
\ /  

0 
1~0-- CH.~- C I t 2 -  ( O C H 2 - C H 2 )  , ,-OH 

In  a mechanism of this kind, the growth of all the 
ethylene oxide condensates proceeds under  conditions 
affording equal opportuni t ies  for all;  and the re- 
sult ing distributions follow the Poisson formula,  
which is extremely narrow. This has been shown by 
F lo ry  in a s tudy of polyethylene glycols (14). I f  
the number  of monomers added to each chain is n, 

~w n 
- 1 +  

Xn (n + 1) 2 
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which approaehes uni ty  as n beeomes large. ~w signi- 
fies the weight average degree of polymerization and 
fin the number  average degree of polymerization. So 
far,  sufficiently high degrees of polymerization have 
not been achieved experimental ly  to demonstrate these 
unique properties.  Mayhew and H y a t t  have shown 
in a s tudy of polyoxyethylated nonylphenol that  the 
distr ibution of the ethylene oxide chain lengths fol- 
lows a Poisson distr ibution in a manner  analogous 
to the polyoxyethylene glycols (14,32). The impor- 
tance of the amount  and type of catalyst  in this 
polyeondensation reaction has been demonstrated by 
Tischbirek (52). The width of the ethylene oxide 
chain length distr ibution in polyeondensations of 
p r ima ry  aliphatie alcohols decreases in the following 
order of catalysts used: L i > N a > K > B F a > S n C 1 4 >  
SbC%. Results with SbCI~ conform exactly with a 
Poisson distribution. I t  is worth noting that  the 
influence of these catalysts on the rate  of the poly- 
condensation reaction follows the same order. 

The average chain length of the ethylene oxide 
adduets is generally determined f rom their hydroxyl  
values;  this method involves either acetylation or 
t rea tment  with hydriodie acid (39,49). The cor- 
responding results for polyoxyethylene alkylphenols 
can also be obtained f rom their  ultraviolet  absorption 
spectra in 1% ethanol solutions (21,43). In  a ho- 
mologous series of polyoxyethylene nonylphenols, the 
molar absorbancy index and the wave length of 
max imum absorption, 276 m~, did not change when 
the assigned ethylene oxide content varied f rom 1-30 
units. The accuracy of the speetrophotometric pro- 
eedure can be inferred f rom its demonstrated con- 
formi ty  to Beer ' s  law. Thus, molecular weights of 
a homologous series of polyoxyethylene nonylphenols, 
with n in the region of 1-30, are in close agreement 
when determined by either method. The homogeneity 
of the ethylene oxide chain length distribution in 
nonionic detergents may easily be assessed f rom the 
sharp breaks in the surface tension vs. logari thm of 
concentration plots, which correspond to the critical 
mieelle concentration, as shown in F igure  1 of ref- 
erences (43) and (44). i t  is worth noting that  
equimolar mixtures of nonylphenol + 10 EO with 
20 EO or 50 EO exhibited no sharp breaks in these 
plots, in contrast  to the sharp breaks observed in 
the plots of the individual components. Pract iona-  
tion of polyoxyethylene alkylphenols and aliphatic 
alcohols by molecular distillation, column chroma- 
tography,  and thin layer  chromatography  have shown 
so fa r  l imited success (21,32). 

Surface Films 
Surface film studies of aqueous solutions of poly- 

oxyethylene aliphatic alcohols and alkylphenols have 
led to the determinat ion of the configuration of non- 
ionic detergents  at the a i r /wa te r  interface (19,27, 
28,44,45). The mode of packing and the orientation 
of the polar  groups in these surface films have been 
determined f rom surface tension and surface po- 
tential  measurements  respectively. The surface pres- 
sure (~) vs. area (A) curves of adsorbed surface 
films of nonionic detergents have been evaluated by  
the Gibbs '  equation f rom the slopes of the surface 
tension vs. logari thm of concentration curves, and by 
way of i l lustration the molecular areas (A) at 
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T A B L E  I 
Molecular  A r e a s  in  S u r f a c e  F i lms  of Nonion ic  D e t e r g e n t s  

(Lange -27* ,  Schick-44)  ** 

Hydrophob ie  g roup  

n-Dodeeanol  

n-Octadeconal  

n EO 

m 

1 4  
2 3  

1 5  

100 

~ C H I C K :  N O N I O N I C  D E T E R G E N T S  

Molecular  area ,  ~2 

Adsorbed  film I n s o l u b l e  f i h n  
7 r z 2 0  

d y n e s / e m  

25:  

65 

1 6 0  

2 6 5  
2 0  
7 0  

1 6 0  
O6O 

7r ---- 2 0  ~r m a x .  
d y n e s / e r a  d y n e s / c m  

4 4  
54 

48 59 
71 
7 7  

65 
82 

1 0 7  

4 2  
9 4  

1 5 0  
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T A B L E  I I  
E q u i l i b r i u m  Su r f a c e  Moment s  in  Su r f a c e  F i lms  of Nonion ie  D e t e r g e n t s  

( Sehiek-45 ) 

Hydrophob ic  g roup  ]~Det.--/tAlc./n EO,  
mi l l idebyes  a 

specific surface pressures for  two homologous series 
are listed in Table I (27,44). I t  is evident that  the 
molecular areas are considerably larger  than  the 
cross-sectional area of the aliphatie hydrocarbon 
chain, 20 3~ '~, and increase with increasing length 
of the ethylene oxide chains in each homologous 
series. Hence, a vertical orientation of the ethylene 
oxide chains is ruled out. Variat ions in the s t ructure  
of the hydrophobic group at constant ethylene oxide 
mole ratio have a small effect on the molecular areas 
in contrast  to variat ions in the length of the ethylene 
oxide chains. F r o m  these results two possible con- 
figurations may  be assigned to nonionic detergents 
in adsorbed surface films: either the amphipathic  
molecules orient with the hydrophobic groups above 
the interface and the ethylene oxide chains in the 
a i r /wa te r  interface, or with the hydrophobic groups 
above the interface and the ethylene oxide chains 
forming coils in the aqueous phase. In  order to 
distinguish between these two possibilities the molecu- 
lar areas in adsorbed surface films have been compared 
with the corresponding" molecular areas in insoluble 
surface films and the results are also listed in Table 

(44). 
The surface pressure (~) vs. area (A) curves of 

insoluble surface films have been determined on a 
95% saturated sodium ni t rate  substrate, which effec- 
t ively prevented dissolution of the surface films. Re- 
lated results have been obtained by Lange on a 29% 
sodium chloride substrate (27). In  each homologous 
series the molecular areas at a comparable surface 
pressure increase with increasing length of the ethy- 
lene oxide chains. Variat ions in the s t ruc ture  of the 
hydrophobic group at  constant  ethylene oxide mole 
ratio have a small effect on the molecular areas in 
contrast  to variat ions in the length of the ethylene 
oxide chain. F r o m  this it follows that  in insoluble 
surface films the hydrophobic groups orient above 
the interface and the ethylene oxide chains lie hori- 
zontally in the interface. The molecular areas in 
insoluble surface films exceed by fa r  those in the 
corresponding adsorbed surface films, and, hence, a 
horizontal orientat ion of the ethylene oxide chains 
in adsorbed surface films is ruled out. I t  is concluded 
tha t  the amphipathic  molecules orient at the a i r /wa te r  
interface with the hydrophobie groups above the 
interface and the ethylene oxide chains forming' coils 
in the aqueous phase. The size of the coils increases 
with increasing number  of chain segments. 

In  order to complement these conclusions on the 
mode of packing in adsorbed surface films, the orien- 
tat ion of the POlar group has been defined (45). This 
has been achieved by a surface potential  study. F rom 

n-Dodecanol  

n - 0c t a de e a no l  

n E 0  N, m i l l i d e b y e s  

0 2 0 0  
1 2 7 0  
4 3 9 0  
7 3 6 0  

1 4  4 9 0  
2 3  5 6 0  
30  6 8 0  

0 2 2 5  
5 4 2 0  

1 4  6 0 0  
1 0 0  1 5 8 0  

a C h a n g e  in su r f ace  m o m e n t  pe r  e thylene oxide uni t .  

70 
48 
2 3  
2 1  
1 6  
16 

3~ 
27 
14 

the combined surface tension and surface potential  
data, the surface moments  in adsorbed surface films 
have been evaluated by the Gibbs and Helmholtz 
equations and the results for  two homologous series 
are given in Table I I  (45). Le t  us examine these 
data in order to distinguish among the three possible 
configurations, which may  be assigned to nonionie 
detergents in adsorbed surface fihns. First ly,  a verti- 
cal orientation of the polar  groups would require a 
l inear increase of the surface moments with increments 
corresponding to that  of a single ethylene oxide uni t  
on increasing the length of the ethylene oxide chains 
in a homologous series. Secondly, format ion of a coil 
by the polar  groups would require an increase of 
surface moments with increasing number  of ethylene 
oxide units. However,  since it is known that  in a 
polymeric coil of sufficient length the contribution 
of individual  dipoles is cancelled out by the completely 
random orientation, it would be expected that  the 
increments  p e r  ethylene oxide unit  decrease progres- 
sively with increasing number  of ethylene oxide units  
as the randomness of the coil increases. Thirdly,  a 
horizontal orientation of the polar  groups would re- 
quire a constant value of the surface moments  per  
ethylene oxide uni t  with increasing number  of ethy- 
lene oxide units. I t  is evident f rom the results of 
Table I I  that  in both homologous series the surface 
moments increase with increasing length of the ethy- 
lene oxide chains, and the increments per ethylene 
oxide unit  diminish with increasing length of the hy- 
drophilic group. Hence, a vertical or horizontal orien- 
tat ion of the polar groups is ruled out, and it is con- 
cluded that  the ethylene oxide chains form coils in 
the aqueous phase;  the size of the coils increases with 
increasing number  of chain segments without reach- 
ing complete randomness even with the longest hydro-  
philic groups. Consequently, the configuration 
assigned to nonionic detergents in adsorbed surface 
films f r o m  the surface tension and surface potent ial  
studies are in agreement  (44,45). 

lYiicel le  F o r m a t i o n  

Among the investigations of the physieo-ehemieal 
propert ies  of nonionie detergents in aqueous media, 
mieelle format ion has been studied more extensively 
than  any  other phenomenon (2,4-9, 11-13, 19, 22-27, 
29, 30, 38, 42-44, 47,51). The materials  general ly 
used in these investigations were ethylene oxide eon- 
densates of aliphatie alcohols and alkylphenols;  in 
contrast,  homogeneous alkyl hexaoxyethylene glycol 
monoethers have only been used in two investigations 
(2,9). General theories of mieelle format ion have 
been published by Debye, 0oshika, Reich, and Hoeve 
and Benson (10,18,40,41). These theories intended 
to explain why micelles do not grow indefinitely and 
do not lead to phase separation. Until  quite recently, 
only published data  on ionic detergents were avail- 
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TABLE III 

c.m.e, of ~olyoxyethylene n-Dodeeanols in Aqueous Solutions 
(Lange-19)  

M / l  e.m:c., 
n 

Surface  tension method Iodine  method 

5 57 
7 80 71 
9 100 83 

12 140 108 

able to ver i fy  these theories. Therefore, investigations 
complementary  to those obtained with conventional 
ionic detergents were under taken to increase our 
experimental  knowledge of the factors  determining 
the critical mieelle concentration (c.m.c.) and niicellar 
size in aqueous and in electrolyte  solutions of non- 
ionic detergents. The findings of these investigations 
are more amenable to theoretical t reatment ,  because 
of the nonionic character  of the materials  used. 

Several methods, viz., surface tension, iodine con> 
plex, and spectral  change of a dye, have been found 
suitable for the determinat ion of the c.m.c, of nonionie 
detergents (4,8,19,27,42,44). Among these, the sur- 
face tension method gives the most reliable results. 
The c.m.c., which corresponds to the max imum con- 
centrat ion of molecular dispersion, is indicated by 
the sharp breaks in the surface tension vs. logari thm 
of concentration curves (19,27,44), by changes in 
the absorption spectrum of iodine (4,42), or by the 
spectral  change of eosin (19) and benzopurpur in  4B 
dye (8).  Results of the iodine method generally are 
lower in comparison to those of the surface tension 
method as shown in Table I I I .  The e.in.e, values of 
several homologous series of nonionic detergents in 
aqueous solutions, listed in Tables I I I  and IV, are 
seen to be considerably lower than those of ionic 
detergents  with comparable hydrophobic groups (19, 
43). This may be a t t r ibuted to the absence of elec- 
trical forces which resist the growth of ionic Inieelles 
at a smaller size level. For  comparison, the e.m.e. 
of sodimn laurylsulfate  is r e f e r r e d  to, which is 8,100 

M/1. The c.m.c, values in the homologous series 
of polyoxyethylene n-dodecanol and nonylphenol in- 
crease with increasing ethylene oxide chain length in 
the range studied. F r o m  this, it follows that  increased 
hydra t ion  or solubility resists the aggregation of non- 
ionic detergents.  The low c.m.c, value of n-oetadeeanol 
+ 100 EO as compared to n-oetadeeanol + 14 EO niay 
be a t t r ibuted to decreasing solubility of the ethylene 
oxide port ion with increasing nloleeular weight;  i.e., 
the overall solubility of a nonionic detergent  passes 

T A B L E  IV 

e.m.c, and Aggregate  Molecular  Weigh t  of Nonionie 
Detergents i n  Aqueous Solut ions 

(Sehiek, Atlas, E i r ich-43)  

Hydrophobie  
g roup  

Nonylphenol 
(branched)  

n-l)ode('anol 

n-Oc{odecanol 

No. of 
C. atoms in 

hydrophobie 
chain 

i 10.5 

12 

18 

C.ul.e., 
,~ N / l  

75 

110 
14o 
185 
28o 

5O 
55 
6o 
80 
60 
2O 

Agg. 
~[olwt  

t82 ,000  

70,000 
68,000 
67,000 
48,000 

lO0,OOO 

82,000[  
330,000 
465,000 

Agg. 
NO. 

(too) 
276 

80 
62 
44 
2O 

125 

55 
370 
lO0 

Nonylphenol  ~ n EO mo -- - -  

Nonylphenol  ~ n EO mo : 

n-1)odeeanol + n EO mo -- 

1330 
11.3 ( Sehiek,Atlas ,Eir ieh-43 ) 

n 
1215 

--22.5 (Beeher-6) n 
1025 

- - - - - - 5 . 1  (Becher-6) n 

TABLE V 
e.m.e, and Aggregate  Molecular "Weights of n Alky| Hexaoxyethylene 

Glycol Monoethers in Aqueous Solutions ~t 
(Corkill, Goodman and  Ottewil|-9, 

Balnlbra,Clunie;Corkill ,G oodman-2 ) 

Uydrophobie  c.m.c., 
g roup ,a M / I  

n-Oetanol 

n-Dodeeanol 

n-Hexadecanol  

Temp., o ... 

25 
15 

25 
30 
35 
42 
45 
25 

9,800 
2108 

87 

72 

1 

Agg. tool. wt. Agg. No. 

(M) (too) 
12,450 32 

63,000 140 
84,000 187 

180,000 400 
320,000 711 
630,000 14(10 

1,000,000 2220 
1,800,000 4000 

a A related s tudy by P. I t .  Ehvor th  and C. B. Maefar lane  J. Chem. 
Soc. 907 (1963)  has come to the au thor ' s  a t ten[ion after  completion 
of the manuscr ip t .  

through a maximunx with increasing ethylene oxide 
chain length. The c.m.e, values in each homologous 
series approximate ly  follow the relation In e.ra.c = 
A + Bn, where n is the number  of ethylene oxide 
mlits, and A,B are constants (4,19,27,44 }. According 
to Beeher, B depends on the nature  of the hydro- 
phobic group and decreases with increasing chain 
length of the hydrophobic group (4). Thus, the effect 
of hydra t ion  on aggregation diminishes with illcreas- 
ing hydrophobic chain length. Lange ' s  results, listed 
in Table I [ I ,  obtained f rom surface teusion measure- 
ments Oll the most eareful ly-prepared homologous 
series adhere best to this empirieal relation with 
A=0.128 and B=3.45 (19). The effect of the chain 
length of the hydrophobic group on the e.m.c, of 
nonionic detergents with coniparable ethylene oxide 
chain length of six units is shown in Table V (9). 
In  line with other results reported on ioific detergents, 
the e.m.c, values decrease markedly  with increasing 
'hydrophobic chain length. The hydrocarbon-chain 
at tract ion rises at constant hydrat ion of the ethylene 
oxide chain and enhances aggregation. Finally,  the 
effect of tenlperature on the c.m.e, of n-dodecanol + 
6 EO is given in Table V (9). The e.m.e, values 
deerease on increasing the temperature .  This is in 
line with the inverse tempera ture  solubility relation 
of noniouie detergents;  and indicates that  increased 
hydrat ion or solubility resists the aggregation of non- 
ionic detergents. 

The corresponding aggregate molecular weights of 
lmnionie detergents  in aqueous solutions are given in 
Tables I V  and V (!),43). Related results have been 
reported by Becher (6) and Dwiggins et al. (11-13). 
These aggregate molecular weights were determined 
f rom light scat ter ing measurements,  whereas Dwiggins 
et al. used the t ransient  state method in an analytical 
ul tracentr ifuge,  lit is worth noting that  a low came. 
value corresponds to a high aggregate molecular 
weight, and vice versa, a pheuomenon generally ob- 
served with micellar solutions. 

The degree of association, or the aggregation num- 
ber, is defined as the ratio of the aggregate molecular 
weight to the molecular weight of the monomerie 
detergent.  Wate r  of hydra t ion  in the aggregate,  which 
is unknown, has not been taken into account. In  
a homologous series of a nonionie detergent,  the aggre- 
gation numbers  mo and the aggregate molecular 
weights M follow an intricate pat tern.  This is due 
to the fact  tha t  mo decreases as a result  of increasing 
hydrophilici ty,  while M rises relat ively because of 
the increasing molecular weight of the monomeric 
detergent.  Thus, we see, for  example in Table IV, 
that  M increases for n-octadecanol + n EO, while 
mo falls. 
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TABLE Vl 

Effect  of Electrolyte  Concen t r a t i on  on the e.m.e, of Polyoxyethy]ene  
Nonylphenol  Solut ions 

(Sch ick-44)  

S C H I C K :  N O N I O N I C  D E T E R G E N T S  

/k c.m.c., g M/1 ( l ower ing )  
NaCI conc,, M/1 

N P  -5 15 EO N P  + 50 E O  

0.43 45 80 
0.86 55 130 
1.29 65 180 

The aggregate molecular weights and  aggregation 
numbers increase together with increasing chain 
length of the hydrophobic group at comparable ethy- 
lene oxide chain length of 14 or 15 units as listed 
in Table IV or of 6 units in Table V (9,43). These 
results show that  the hydrocarbon-chain at tract ion 
rises at constant hydrat ion of the ethylene oxide chain. 
The effect of ethylene oxide chain length on micelle 
formation for homologous series of nonionic deter- 
gents is also given in Table IV (43). Here the hydro- 
carbon-chain length, and therefore, the attraction, 
is maintained constant while the length of the ethylene 
oxide chain increases. Let  us first consider uonionic 
detergents with short hydrophobic groups, i.e., nonyl- 
phenol + n EO and n-dodecanol + n EO. Increasing 
the length of the ethylene oxide chain results in de- 
creased aggregation numbers. Analogous results were 
found by Becher (6). The same is t rue for n-oeta- 
decanol + n EO, but  here on increasing the length 
of the ethylene oxide chain, the aggregate molecular 
weight increases, in contrast to nonylphenol + n EO 
and n-dodecanol + n EO, because of the large molecu- 
lar weight of the monomeric unit. Finally,  the effect 
of temperature  on mieelle formation of n-dodecanol 
+ 6 EO, listed in Table V, shows an increase in 
aggregate molecular weight and aggregation number 
with increasing temperature  (2). This increase in 
aggregate molecular weight is exponential, reaching 
a value of nearly two million close to the lower con- 
solute temperature.  As stated previously, these ther- 
mal effects must be a t t r ibuted to decreasing hydrat ion 
of the hydrophilic group with increasing temperature.  

The results given so far  show that  the length of 
the ethylene oxide port ion of the monomeric detergent  
determines the aggregation in aqueous solution. This 
indicates hydrat ion as an important  stabilizing influ- 
ence. To elucidate this further ,  the effect of electro- 
lyte on micelle formation will be discussed and the 
per t inent  results are given in Tables VI, VI I  and 
V I I I  (44). Related results have been reported by 
Hsiao et al. (19), Beeher (7) and Kur iyama (23). 
An increase in NaC1 concentration results in a signifi- 
cant lowering in c.m.e, values of polyoxyethylene 
nonylphenols containing 15 or 50 ethylene oxide units 
as shown in Table VI, in a way comparable with elec- 
t rolyte effects on ionic detergents (44). This decrease 
in c.m.c, values is more pronounced with the more 
hydrophil ic nonylphenol + 50 EO than with nonyl- 
phenol + 15 EO. Since it is generally recognized that  
the overall solubility of nonionic detergents depends 
on the extent of hydrat ion of the hydrophil ic portion 
through the formation of hydrogen bonds between 
the ether oxygens and water molecules, these results 
imply that  the hydra ted  nonylphenols are salted out 
on addition of electrolyte. 

The mechanism of this "sa l t ing  o u t "  process may 
be elucidated from examination of the specific and 
nonspecific ion effects on the c.m.c, of polyoxyethylene 
nonylphenols in equivalent electrolyte solutions as 
shown in Table VI I  (44). I t  is well known that  
specific (uni-univalent) ion effects are related to the 
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T A B L E  V I I  
Effec t  of Electrolyte  T y p e  on the  e.m.c,  of  Po lyoxye thy lene  

Nonylphenol  Solut ions  
(Sch ick-44)  

Electrolyte,  
0.86 M/1 

LiC1 
NaC1 
KCI  
TMACI* 
�89 CaC12 
1~ MgC12 
1~ SrC12 
~ BaC12 
N a C N S  
N a I  
NaNOa 
N a B r  
NaC1 
N a B r O a  
Nal~ 
%~ NafSO~ 
x/3Nan c i t r a te  

Lyot rop ic  n u m b e r  /k c .m.c. , /z  M/1 ( l o w e r i n g )  

(C'ation)115 ( A n i o n )  

i00 
75 

< 7 5  

13.3 
12.5 
11.6 
11.3 
10.3 

9.6 
4.8 
2.0 

NP-5 15 EO 

45 
55 
60 
65 
53 
57 
60 
60 
25 
27 
30 
30 
55 
58 
78 
87 
85 

NP -5 50 EO 

80 
530 

180 

55 

130 

273 

* T e t r a m e t h y l a m m o n i u m  chloride.  

size of the hydra ted  ion, namely, a decrease in the 
lyotropic number corresponds to a decrease in hy- 
drated ionic radius. The order of effectiveness in 
lowering the c.m.c, is in line with a decrease in the 
lyotropic number (Hofmeister  series) of the ions, and 
is more pronounced with the more hydrophil ic nonyl- 
phenol + 50 EO than with nonylphenol + 15 EO. I t  
is worth noting that  a change in the lyotropic number 
of the anions has a larger effect on the lowering of 
the c.m.c, than of the cations (19). Thus, the anions 
may be referred to as "counter"  ions in analogy with 
ionic detergents. F rom this, it follows again that  
"sa l t ing  o u t "  is a plausible mechanism for  the ob- 
served phenomena. I t  is generally recognized that  
nonspecific ion(or  valence effects) are the determining 
factor in the flocculation of charged colloids by elec- 
t rolytes;  the flocculation increases markedly if the 
valence of the electrolyte, par t icular ly  the valence of 
the " c o u n t e r "  ions, increases. To achieve the same 
degree of flocculation, the concentration of divalent 
" c o u n t e r "  ions necessary is only one hundredth  of 
that  for  the monovalent ions, and the corresponding 
fract ion for tr ivalent  ions is one thousandth. In 
order to confirm that  the electrolyte effect in this 
problem follows a " sa l t ing  o u t "  ra ther  than a "  floccu- 
lation of charged colloid" mechanism, the nonspecific 
ion effects on the c.m.c, of nonylphenol + 15 EO in 
equivalent electrolyte solutions are included in Table 
V I I  (44). First ly,  the replacement of sodium sulfate 
by sodium citrate has no observable effect on the 
c.m.c., and differences between sodium sulfate and 
sodium univalent-anion salts are small compared to 
those generally observed in flocculations of charged 
colloids (7). Secondly, the replacement of an uni- 

TABLE VIII 
Effec t  of Electrolyte  on the  A g g r e g a t e  Molecular  W e i g h t  

of Po lyoxye thy lene  Nonylphenols  
( Sch ick ,At ]as ,E  ir ich-43 ) 

Solvent  

H=O 
0.43 ~I 

NaC1 
0.86 M 

NaCNS 
0.86 M 

LiC1 
0.86 M 

NaG1 
0.86 M 

TMACI*  
0.86 M 

1~ Na~SO~ 
1.29 M 

Nacl  

Lyotropie n u m b e r  I Agg .  tool w t  

(Cahon) (An*on) 15 EO 50 EO 

- - ~  48,000 

46,000 

13.3 46,000 

115 46,000 

100 10 73,000 62,000 

< 7 5  59,000 

2 77,000 

62,000 

Agg .  n a m b e r  

NP + 
15 EO 

- - ~ -  - -  

83 

NP -5 
50 E O  

20 

19 

19 

19 

26 

24 

32 

26 

* T o t r a m e t h  d a m m o n i n m  chloride.  
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TABLE IX 
Aggregate ]Ko]ecular Weight in :~ixed :Ylicelles of Sodium Dodecyl 

Sulfate and 1YIethoxydodecyloxyethylene Dodecyl Ether 
(Kuriyama,Inoue,Nakagawa-24) 

% W. SDS in solution 
Terns,., ~ 

I 0 5 20 40 60 80 100 

30 61~00 60,200 53,600 45,500 40,000 37,600 31,800 
50 71,000 66,900 54,100 41,700 36,200 31,700 26,600 
70 96,200 86,100 57,300 43,900 33,800 28,300 23,100 

valent cation by a divalent one maintaining a constant 
anion has no significant effect on the c.m.e. These 
findings show that  the valence of the ions is not the 
determining factor in the electrolyte effects and con- 
firm "sa l t ing  o u t "  as the most plausible mechanism. 
I t  is worth noting that  the reduction of cloudpoints 
follows the same order as the lowering of the c.m.c. 
values. 

The corresponding aggregate molecular weights of 
nonionic detergents in electrolyte solutions are given 
in Table V I I I  (43). A low c.m.c, value again cor- 
responds to a high aggregate molecular weight, and 
vice versa. The aggregate molecular weight and the 
aggregation number increase only moderately for  
nonylphenol + 15 EO on addition of NaC1, but  both 
these quantities increase considerably for the more 
hydrophilic nonylphenol + 50 EO with increasing 
NaC1 concentration. The specific ion effects on the 
aggregate molecular weight and aggregation number 
of nonylphenol + 50 EO are included in Table V I I I  
(43). In equivalent electrolyte solutions, the aggre- 
gate molecular weights and the aggregation numbers 
increase with decreasing lyotropic number of the 
cation or anion, respectively, i.e., decreasing hydra-  
tion of the ions. This phenomenon is more pronounced 
with changes in the lyotropic number of the anions 
than of the cations. 

The following mechanism has been postulated for 
these "salting o u t "  phenomena of nonionie detergents 
(43,44). In general, "sa l t ing  o u t "  of neutral  mole- 
cules depends on the concentration and ionic radii  
of the electrolyte, and on the dielectric constant of 
the non-electrolyte. Small hydra ted  ions (low lyo- 
tropic number)  are more effective in "sa l t ing  o u t "  
neutral  molecules than large hydra ted  ions (high 
lyotropic number) .  This also follows from the results 
on nonionic detergents, where the "sa l t ing  o u t "  in- 
creases with increasing electrolyte concentration and 
with decreasing radii  of the hydra ted  ions; in this 
the hydrat ion of the " c o u n t e r "  anions is snore im- 
por tant  than of the cations. Thus, there is firstly 
the removal of hydrogen-bonded water molecules f rom 
the ether oxygens of the ethylene oxide chain by the 
increased electrolyte concentration. Secondly, the ex- 
tent  of the dehydrat ion of the ethylene oxide chain 
is then determined by the closeness of the approach of 
the cations to the ether oxygens, but  is part ia l ly  
counteracted by the tendency of the "counter" anions 
to be hydrated.  In contrast Becher has explained the 
electrolyte effects in terms of a positive double layer 
charge in the outer shell of the mieelle (7).  In  
addition, the aggregate shapes of nonionic detergents 
have been determined from light scattering aud sedi- 
mentation velocity measurements (43). For  the ag- 
gregate molecular weight region of 45,000-100,000, 
spheres appear  to be the most probable shape, and 
for larger micelles, disks or rods. By the way of 
illustration, the dimension of the micel]ar model of 
n-dodecanol + 14 EO expressed in terms of the radius 
of a sphere is r = 34s (light scat.) or 44s  (sed. vel.), 
and of n-octadecanol + 14 EO expressed in terms of 

the half axes (a,b) of a solvent penetrated ellipsoid 
or the diameter (d) of a rod is a = 2 5 0 • ,  b = 2 3 • ,  
and d = 37s 

In conclusion, the findings of these investigations 
on the micellar properties of nonionic detergents are 
briefly compared with results reported before on ionic 
detergents (43). The aggregation numbers of non- 
ionic mieelles depend on the length of both the hydro- 
phobic and hydrophilic groups, whereas those of ionic 
micelles depend on the length of the hydrophobie 
group and the state of charge. Differences due to 
variations of the nature  of the ionic groups are in- 
significant in ionic micelles. At constant hydrophilic 
group, the aggregation numbers of nonionic as well 
as ionic mieelles increase with increasing length of 
the. hydrophobic group. At  constant hydrophobic 
group, the aggregation number of nonionic mieelles 
increases with decreasing ethylene oxide chain length, 
whereas the corresponding change in aggregation 
number of ionic micelles is brought about by addition 
of electrolyte. Thus, reducing the hydrophilic group 
of nonionic detergents has the same effect as reducing 
the ionic repulsion of the polar groups in ionic de- 
tergents. However, addition of electrolyte also leads 
to an increased aggregation number for nonionic 
micelles, suggesting that  the ethylene oxide chains 
undergo a salting out process. This increase of the 
aggregation slumber due to extraneous electrolyte for  
ionic and nonionie micelles depends inversely on the 
lyotropie number of the "counter ions."  

Various treatments of the thermodynamics of 
micelle formation have offered explanations why 
micelles do not grow indefinitely and do not lead to 
phase separation. A recent experimental  study of 
the thermodynamics of mieelle formation of nonionic 
detergents has provided data, which are most amen- 
able to theoretical t reatment  than previous studies 
of ionic detergents (47). Values of the change in 
heat content, AHm, associated with micelle forma- 
tion of nonionie detergents have been estimated from 
the temperature  variat ion of the c.m.e, using an equa- 
tion of the Clausius Clapeyron type. For  nonionie 
detergents, the AHm values and the corresponding 
ASm values under  these equilibrium conditions are 
positive; e.g., the /~Hm values of aqueous solutions 
of n-dodecanol + 30 EO, n-dodecanol + 7 EO and 
n-hexadecanol + 30 EO are 3.7, 5.0 and 6.6 Kcal./mole 
in the temperature  range from 1-55C. These results 
imply that  the ent ropy loss caused by aggregation 
of nonionic detergents must be offset by desolvation 
and, consequently, solvent modification is an impor- 
tant  factor  stabilizing an equilibrium-size distribu- 
tion of micellar aggregates of nonionie detergents. 

Mixed Micelle Format ion  

In  the preceding section, a comparison of the micel- 
lar properties of nonionie and ionic detergents has 
been given. This is now complemented by a discussion 
of mixed micelle formation of nonionic and ionic 
detergents. The nonionie and ionic polar groups may 
either be par t  of a single detergent monomer, such 
as the sodium n-alkyl ether alcohol sulfates, or be 
par t  of separate detergent  monomers mixed in differ- 
ent ratios. Well et al. have shown that  the c.m.c. 
values of sodium n-alkyl ether alcohol sulfates, 
n-CmH2m+I-(0CH2CH2)~--S04Na,  decreased with 
increased hydrophobic group chain length at constant 
hydrophilic group in analogy with both nonionic and 
ionic detergents (53) ; the decrease in c.m.e, values in 
each homologous series with increasing number of 
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T A B L E  X 
Sa tu ra t ion  Concent ra t ion  of Solubi l izat ion of Long  Chain  Alkyl  

Compounds in  1 %  Aqueous Methoxy-decyloxyethylene 
Decyl E the r  Solut ions 

(Nakagawa  and Tori-37)  

S C H I C K :  N O N I O N I C  D E T E R G E N T S  6 8 5  

T A B L E  X I  

Effect of Added Solubilizates on Micellar Constitution of 
~Iethoxy-octaoxyethylene Decyl E t h e r  
(Nakagawa ,  Kuriyama and Inoue-38)  

No. of oil 
Aggrega te  Aggro- molecules 

Solubil izate Solubi l iza te /  molecular gation 
surfactant weigh t  n u m b e r  per  

x 10 -4 micelle 

n-Decane 

n-Octane n-Decane n-Dodecane 

11C. 7.0 m g / 1 0  ec 10.3C. 3.0 r a g / 1 0  ce 10C. 1.3 r a g / 1 0  cc 
27 9 0  27 3.9 27 1.6 
40 11.2 40 5.5 39.5 2.8 

n-0c tanol  n-Decanol n-Dodecanol 

10C. 32.5 m g / 1 0  cc 11C. 22.6 n l g / 1 0  cc 20.8 
27 31.2 27 23.8 27C'. mg/1O cc 
35.5 29.0 39.3 24.8 40 20.7 

n-Decyl chloride Capric  acid n-Decylamine 

10.5C. 2.6 r ag /10  cc I [0C. 33.6 r ag /10  cc 
27 4.5 27C. [23.0 r ag /10  cc ~)7 37.8 
40 7.7 I tO 39.2 

n-Decanol 

O 
5.32 
2.33 
3.16 
3.78 
4.93 

(12.o) 
(150.0)  

3.40 
6.19 
8.50 

11.42 
16.61 

4.31 
4.56 
4.78 
5.05 
5.20 
5.75 
8.85 
9.07 
4.78 
5.13 
6.13 
9.09 

21.3 

83 
87 
90 
94 
96 

105 
1 5 8  
162 

89 
93 

509 
157 
351 

0 
4 
8 

11 
13 
19 
46 
47 
10 
19 
30 
59 

192 

incorporated ethylene oxide units is in line with the 
transition from the high c.m.c, value of an ionic 
detergent to the low value of a nonionic detergent. 
I t  is worth noting that the difference in the tempera- 
ture dependence of the c.m.c, of ionic and nonionic 
detergents is reflected in the behavior of the sodium 
n-alkyl ether alcohol sulfates (47). For a homolog 
with a short polyether group, the results follow the 
pattern of an anionic detergent, whereas for a 
homolog with a long polyether group that of a non- 
ionic detergent. Kuriyama etal .  have determined the 
aggregate molecular weights of mixtures of a non- 
ionic and an ionic detergent at different temperatures, 
and the results are given in Table IX (24). The 
two components were methoxy-dodecyloxyethylene 
dodecyl ether and sodium dodecyl sulfate, which were 
added to 0.2 M sodium chloride solution in various 
mixing ratios. The aggregate molecular weight of 
the nonionic detergent increases with increasing tem- 
perature, whereas that of the ionic detergent de- 
creases. With the mixtures, the increase in aggregate 
molecular weight of the nonionic detergent is pro- 
gressively suppressed by increasing addition of the 
ionic detergent. When the addition of the ionic de- 
tergent exceeds a certain ratio (ca. 20%), the ag- 
gregate molecular weights begin to decrease with the 
temperature elevation. In other words, when the 
balance between hydrocarbon-chain attraction and 
opposing summation of hydration and repulsive forces 
is shifted to increased repulsive forces by the addition 
of the ionic detergent, the aggregate molecular weights 
decrease with the temperature elevation. The cor- 
responding c.m.c, values follow the same pattern (24). 

Solubilization and Phase Equilibria 
In addition to these investigations of the micellar 

properties in binary systems of nonionic detergent 
and solvent, several studies in ternary systems of non- 
ionic detergent, solvent and solubilizate have been 
reported (22,36,37,38). In ternary systems contain- 
ing a surfactant, the complete disappearance of the 
original solid particle or liquid droplet of solubilizate 
into the micetlar aggregate is termed solubilization. 
Extensive studies of soap solutions have shown that 
solubilization of hydrocarbons results in swelling of 
the micellar aggregates. Nakagawa and Tori have 
investigated the solubilization of long chain alkyl 
compounds in aqueous solutions of methoxy-decyloxy- 
ethylene decyl ether as a function of temperature 
and the results are given in Table X (37). As antici- 
pated, the saturation concentration of solubilization 
decreases with increasing length of the alkyl chain of 
the solubilizate. The discrepancy between the results 
of hydrocarbons and alcohols may  be attributed to 

differences in the loci of solubilization. Whereas the 
hydrocarbons and chlorohydrocarbons penetrate into 
the oil droplet of the micellar core, the alcohols are 
held in the palisade layer and thus also cause swelling 
of the micellar aggregates. The anomalous results 
of n-decylamine have been explained in terms of for- 
mation of an ionic detergent owing to carbon dioxide 
absorption. The micellar sizes of these systems have 
also been studied as a function of solubilizate/surfact- 
ant ratio and temperature (22,38). 

The aggregate molecular weights, aggregation num- 
bers, and number of oil molecules solubilized per 
micelle increase with increasing amount of added 
solubilizate within the saturation limit as shown in 
Table XI (38). These maximum increases are more 
pronounced in solubilization of n-decanol than of 
n-decane. It  is deduced from the parallel increase of 
aggregate molecular weight and aggregation number 
that the increase of aggregate molecular weight does 
not originate f r o m  simple incorporation of solubili- 
zate into the micellar aggregate of definite composi- 
tion but also from an increase of the aggregation 
number on swelling by the solubilizate. Thus, the 
solubilization process is accompanied by the reconsti- 
tution of the micelles (38). The aggregate molecular 
weights of the solubilized systems increase with in- 
creasing temperature in line with the behavior of 
solubilizate-free micelles (22). 

1V[ulley and 1V[etcalf have determined the c.m.c, in 
ternary systems of a homogeneous nonionic detergent, 
water, and either benzene, n-octanol or 4-chloro-3,5- 
xylenol (36). The shifts in the c.m.c, of these ternary 
systems are small compared to those of corresponding 
systems containing an ionic detergent. 

Detergency and Dispersion 

Investigations of the mechanism of detergency in 
solutions of nonionic detergents have clarified some 
of the existing hypotheses with respect to the role 
played by solubilization. Natural soils may be divided 
into two major classes; nonparticulate soils, such as 
fa t ty  and oily matter, and particulate soils, such as 
carbonaceous matter and clay. The usual concept 
of fa t ty  soil removal is by preferential displacement 
or rolling up, followed by emulsification. However, 
McBain and Hutchinson, and Harris have indicated 
that solubilization of fa t ty  soil may also be an im- 
portant factor in detergency (17,33). This has been 
confirmed in a recent investigation of detergency 
in solutions of nonionic detergents, in which the 
amount of solubilized triolein and tristearin fa t ty  
soil was determined by a radio-tracer technique (16). 
Triolein was solubilized by polyoxyethylene aliphatic 
alcohols and alkylphenols to the extent of 0.058%, 
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whereas the amount  of triolein solubilized by anionic 
detergents was negligible. Maximum solubilization 
Occurred with nonionic detergents Containing ten 
ethylene oxide units in the hydrophilic group and at 
temperatures  slightly below the cloudpoint. Triolein 
was more prone to solubilization than tristearin, 
probably because of the steric factors involved. These 
findings are in line with micellar properties cited 
above, which are the determining factor  in solubiliza- 
tion phenomena; in particular,  that  the c.m.c, values 
of nonionic detergents are much lower than those 
of ionic detergents with comparable hydrophobic 
groups, and the micellar sizes of nonionic detergents 
increase markedly with increasing temperature.  No 
explanation can be given for the optimum chain 
length of ten units in the ethylene oxide adduct. 

Let  us now examine the concept of part iculate soil 
removal in nonionic detergent solutions. I t  is gen- 
erally accepted that  the dispersion of part iculate soil 
is a function of the amount  of surfactant  adsorbed 
at the liquid/solid interface. Therefore, Abe and 
Kuno have determined the adsorption isotherms of 
polyoxyethylene nonylphenols on dispersed carbon 
black from aqueous solutions as a function of ethylene 
oxide chain length (1).  These adsorption isotherms 
are of the Langmuir  type, and for a specific equilib- 
r ium concentration, the surface excess decreases with 
increasing hydrophi l ie i ty  of the polyoxyethylene 
nonylphenols. Hence, the cross-sectional areas calcu- 
lated from Langmuir ' s  equation for monolayer ad- 
sorption increase with increasing ethylene oxide chain 
length, but  are approximately five times larger than 
the corresponding areas at the a i r /water  interface 
determined by others (19). According to Abe and 
Kuno, the polyoxyethylene nonylphenols are adsorbed 
via their hydrophobic groups, but  no explanation is 
given for the discrepancy between the results at the 
two types of interfaces. Thus, the configuration of 
the nonionic detergents at the liquid/solid interface 
still remains an open question. 

Likewise, the mode of adsorption of nonionic de- 
tergents at the liquid/solid interface has been investi- 
gated by Mathai and Ottewill using homogeneous 
materials (31). The effects of a honlologous series 
of n-alkyl hexaoxyethylene glycol monoethers on the 
formation of positively or negatively charged silver 
iodide sols have been studied in the presence and 
absence of inorganic flocculating ions. The detergents 
did not appear  to influence the nucleation of silver 
iodide, but  had a re tarding effect on the rate of 
growth of the sol particles. As the concentration of 
nonionic detergent was increased, the concentration 
of inorganic salt required to produce flocculation also 
increased. F rom the extent of adsorption at equi- 
molar concentrations, which increased in the follow- 
ing order CsE6<C1sE6<C16E6, it is concluded that  
the nonionic detergents are adsorbed via the alkyl 
chain and the solvation of the ethylene oxide chains 
enhances the stability of the sols. The adsorp- 
tion approached a saturation value beyond the c.m.c. 
in analogy with results at the a i r /water  interface. 
These initial investigations of solubilization and dis- 
persion in aqueous and electrolyte solutions provide 
some background to explain the good detergency 
properties of nonionie detergents. 

Foaming 
Finally,  the foaming properties of nonionic deter- 

gents are described. These have been studied for 
several homologous series as a function ethylene oxide 

chain length (46). In  general, nonionic detergents 
form unstable foams; the most stable foams formed 
by nonionic detergents are comparable to that  of 
sodium dodecylbenzenesulfonate in the absence of 
foam promoters. In each homologous series the foam 
formation and foam stability pass through a maxi- 
mum at a critical hydrophilic-hydrophobie balance 
( C H H B ) .  I t  has been shown that the CI IHB cor- 
responds to conditions of minimum foam drainage, 
as determined from foam fractionation experiments, 
and maximum resistance to film rupture.  The resist- 
ance to film rup ture  is dependent on the magnitude 
of the cohesive forces existing in the adsorbed fihn. 
The cohesive forces are the summation of the van der 
Waals '  forces between the hydrophobic groups and 
of inter- or intra-molecular hydrogen bonding forces 
operating between the ether oxygens of the hydrated 
ethylene oxide coils. Their  magnitude may be deduced 
from the molecular configurations in the surface films 
(44). I t  has been shown that  in each homologous 
series, the size of the ethylene oxide coils increases 
with increasing number of chain segments. From 
this, it follows that  the spacing between neighboring 
hydrophobic groups in the a i r /water  interface in- 
creases with increasing coil size, and consequently, 
the van der Waals '  forces decrease. Thus, from con- 
sideration of the van der Waals '  forces alone, a con- 
tinuous decrease in cohesive forces with increasing 
length of the hydrophilic groups is expected. On the 
other hand, the reverse phenomenon is expected from 
consideration of the hydrogen bonding forces. How- 
ever, since the effective range of hydrogen bridges 
is limited to a distance of 2.5A, the inter- and intra- 
molecular hydrogen bonding forces are expected to 
pass through a maximum with increasing coil size. 
I t  is evident f rom the summation of the two types 
of forces that  the resul tant  cohesive forces pass 
through a maximum at an intermediate ethylene oxide 
chain length. Hence, the maximum resistance to film 
rupture  at the C H H B  or the corresponding maximum 
in foam formation and foam stability at the CHHB  
is explained. 

Emulsions 
One of the main applications of nonionie detergents 

is in emulsion technology, where these surfactants 
form now the largest and fastest growing group of 
emulsifying agents. A discussion of their function 
in emulsification would be beyond the scope of this 
paper on the physico-chemical properties of nonionic 
detergents in aqueous solutions, and, therefore, the 
reader is referred to Becher 's  comprehensive treat- 
ment of this subject (3).  
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Advances in the Analysis of Surface-Active 
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T HIS PAPER will deal with some of the recent ad- 
vances in the non-inst rumental  analysis of sur- 

face-active agents. I t  will not presume to be an ex- 
haustive compilation of all the recent advances in the 
field. The first port ion of this paper  will be devoted to 
applications of chromatography  to the analysis of 
surface-active agents, the second port ion will be de- 
voted to the systematic detection of funct ional  groups 
in surfac tants  by  chemical means and the last  por- 
tion to some recent  chemical methods for  the quanti- 
tat ive analysis of surface-active agents. 

Chromatographic Methods 
Recent applications of chromatography  to the anal- 

ysis of surface-active agents have developed along 
two major  lines: 1) the use of ion-exchange resins 
to separate ionics f rom nonionics, and 2) the use of 
paper  chromatography  to separate  and /o r  ident i fy  
individual surfactants .  There are a number  of other 
applications for  which chromatography  has been 
used in this field, but  the major  efforts have been 
in the two directions mentioned. There are a num- 
ber of sound reasons for  this: The use of ion-ex- 
change resins for the removal  of ionic materials  
f rom nonionic is fundamenta l ly  a sounder approach 
than the use of nonionic adsorbents, such as silica 
gel, carbon, etc., which do not involve an ion exchange. 
The adsorption of an ionic su r fac tan t  by an ion ex- 
change resin involves the exchange of an ion on the 
resin for  a sur fac tan t  ion, and therefore the surf-  
actant  ion can be removed f rom the resin only by  
another, similarly-charged, ion. Washing with water  
or other solvents containing no ions cannot  remove 
the su r fac tan t  ion f rom the resin. This is in contrast  
to adsorption on nonionic surfaces which do not in- 
volve ion exchange, where washing with a solvent 
may  elute the adsorbed material .  The numerous  
papers  which have recently been published on the 
use of pape r  chromatography  for  the separat ion a n d /  
or identification of individual  sur fac tants  at test  to 
the need tha t  has existed for  a convenient method 
for  the separat ion and identification of homologs- -  

tha t  is, sur fac tants  having the same funct ional  group 
but  with hydrophobic groups of different length or 
s tructure.  Very  litt le work has been done in the past  
on this problem. The approach via paper  chromatog- 
r aphy  is convenient and has a mul t i tude of precedents 
in other fields. I t  may  be used for samples as small 
as 1 /~g and requires only the simplest apparatus .  

Ion Exchange 
The principle involved in the use of ion exchange 

resins for the separat ion of nonionie and ionic surf-  
actants  can be i l lustrated, as follows: 

Ra+[X -] + 3s - ~__ Ra+[A -] + M+X - 
anion-exchange anionic anion-exchange 

resin surfactant resin + surfactant 
anion 

Rc-[~[ +] + 0+X - ~ Rc-[C+] + ~+X- 
c a t i o n  c a t i o n i c  c a t i o n - e x c h a n g e  

exchange surfactant resin + surfactant 
resin cation 

The nonionie surfactant ,  having no ion to exchange 
with the resin, is not adsorbed by the resin and may  
be quant i ta t ively  recovered, unchanged, by washing 
the resin with an appropr ia te  solvent. 

There are a number  of ways in which this princi-  
ple can be applied. Voogt (45) separates nonionics 
f rom soaps, sulfonates and alkyl sulfates by passing 
the mixture  first through a column of cation-exchange 
resin in the tt-P fo rm to convert  the carboxylates,  
sulfonates and sulfates to the corresponding free 
acids, then through an anion-exchange resin in the 
acetate fo rm to adsorb the s t rongly acidic sulfonic 
and alkylsulfuric acids, and finally through an 
anion-exchange resin in the O H -  form to adsorb the 
carboxylic acids, leaving the nonionics in the filtrate. 

l R c o o - • +  f ~COOH 
[ RSOs-M + | RSO3H 

~ c - [ H  +] + ~ ~OSOcM + ~ -  ~c- [M +] + ~  ~OSO,H 
[ Nonionic [ Nonionic 

RCOOK 
RSOsH r [ RCOOH [RSO~-] Ra+[OAc -] + ROSO,H ~ Ba+ ~ [ROSO~-] +JAcOH 
Nonionic [ Nonionic 


