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Analytical Chemistry 

Polarity of Nonionic Surfactants as 
Determined by Gas Chromatography 

Jan Szymanowski 

ABSTRACT 

The use of gas chromatography to determine the polarity of 
model and commercial surface active agents is discussed. Var- 
ious polarity parameters are presented, and their positive and 
negative features are discussed. Effects of chromatographic 
conditions upon these polarity parameters are presented. The 
use of the polarity index and the retention index of ethanol and 
methanol, and the sum of the first five McReynolds constants 
is favorable. 

Relationships between various polarity parameters and be- 
tween these parameters and the hydrophile lipophile balance 
(HLB) are discussed. The effect of surfactant structures upon 
their polarity parameters is presented. 

Polarity parameters can be used to estimate the HLB of 
surfactants and they can be used as analytical coefficients to 
characterize the average structure of nonionic surfactants. Some 
properties of nonionic surfactants can be predicted from their 
polarity parameters. They can be also used to predict and in- 
terpret the behavior of extractants and surfactants at various 
liquidliquid interfaces. They can be used to discuss the kinetic 
data and the mechanism of metal extraction by various ex- 
tractants. 

1. INTRODUCTION 

Surface active agents usually contain one hydrophobic hy- 
drocarbon chain and one hydrophilic group or block. They can 
be classified as anionic, cationic, and amphoteric surfactants. 
Among nonionic compounds, surfactants having one or more 
polyoxyethylene groups are the most important. They are usu- 
ally obtained in the reaction of various alcohols, alkylphenols, 
alkylamines, fatty acids, and their amides, etc., with ethylene 
oxide according to the following reactions: 

MOH 

RXH + n CHzCH2 -+ RX(CH2CH20)nH 
\ /  
0 

where X = O,@, COO, S, etc. 

Complex polydispersed mixtures are formed that contain 
various homologs having different numbers of oxyethylene 
units. Polyoxyethylene glycols, HO(CHZCH2O),H, are also 
formed as by-products. The composition of these mixtures has 
been extensively studied by several authors’ using the gas chro- 
matography (GC) method. A number of papers were also pub- 
lished by us on this subject.2”6 

Block copolymers of two different alkylene oxides, usually 
ethylene oxide and propylene oxide, are also manufactured and 
applied. Their formula can be as follows: 

EPE or EP or PEP (3) 

where E and P denotes polyoxyethylene and polyoxypropylene 
chains, respectively. Some other types of even more complex 
block copolymers are also manufactured. 

Various esters of polyhydroxylic alcohols and carbohy- 
drates also belong to this group of nonionic surfactants, i.e., 
glycerol mono- and diesters, sorbitan monoesters and their 
polyoxyethylene derivatives, sucrose mono- and diesters, etc. 

All these compounds exhibit asymmetry and because of this, 
they can adsorb at different interfaces and can decrease sur- 
face and interfacial tensions. Thus, such compounds in sys- 
tems containing an aqueous phase and an organic phase can 
(1) adsorb at the interface penetrating with their hydrophilic 
heads more or less deeply into the aqueous phase, or (2) dis- 
solve better in the aqueous phase or in the organic phase 
(Figure 1). This behavior, as well as other properties of SUT- 
factants, depend upon their affinity for the aqueous phase, 
which depends upon the length and structure of a hydro- 
philic group and/or the length and structure of a hydrophobic 
group. 

In 1943, Claytonz7 suggested that an appropriate balance 
should exist between a polar group and a hydrocarbon tail for 
surfactants used as emulsifiers. This hypothesis was further 
developed by G ~ i f f i n ~ * * ~ ~  into a hydrophile lipophile balance 
(HLB) system, which has been the subject of many papers.30’ 
39 

- 6 ), /aqueous “d \aqueou5 
d phase / phase 

FIGURE 1. Adsorption and solubilities of surfactants and their HLB . 
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Such original works usually looked for relations between 
HLB and the surfactants' structures, as well as relations be- 
tween the HLB values and other physicochemical parameters 
that can be easily and precisely determined. The application 
of GC has been proposed for HLB determination as well and 
this problem was discussed by Haken.34 However, it is nec- 
essary to state here that (1) there is no absolute scale both for 
the HLB and for surfactant polarity, (2) it is impossible to 
strictly define either considered term, (3) quite different prop- 
erties are measured when different techniques are used, and 
(4) that even within one technique different scales may exist 
and the relations between selected polarity parameters and sur- 
factant properties can be quite different. Therefore, further 
discussion here is concentrated upon the surfactant polarity 
determined by GC and upon the relations between the surfactant 
structures and their polarities as determined both for model 
pure compounds and for complex polydisperse mixtures. Po- 
larity Parameters discussed in this work are restricted only to 
those used for surface active agents. 

II. POLARITY PARAMETERS 

The determination of the liquid phase polarity in GC is a 
very complex problem. The use of many different polarity 
parameters has been proposed by several authors.4o How- 
ever, the Rohrschneider and McReynolds' systems,4143 which 
are based upon the retention indices determined for selected 
standard samples, are the most important ones. 
Rohrs~hneidef"*~~ proposed the use of benzene, ethanol, 
methyl ethyl ketone, nitromethane, and pyridine as solutes 
to characterize various types of interactions such as electron 
donor, proton donor, dipole orientation, electron acceptor, and 
proton acceptor, respectively. The increments of these inter- 
actions into the total polarity are characterized by the differ- 
ence of retention indices determined on an examined liquid 
phase, with squalane used as the standard nonpolar phase. 
McReyn01ds~~ used several higher homologs in place of those 
proposed by Rohrschneider, i.e., butanol, 2-pentanone, and 
nitropropane instead of ethanol, methyl ethyl ketone, and ni- 
tromethane, respectively. 

The methods used for the determination of surfactant po- 
larity are relavant for these systems, although they usually 
use only one standard sample (methanol or ethanol) instead 
of several different samples. Thus the polarity measurements 
are restricted only to proton donor-proton acceptor interac- 
tions. The use of squalane as a liquid nonpolar phase has 
also been abandoned. A surfactant is used as the liquid phase, 
and the retention time is determined for a selected standard 
sample under constant chromatographic conditions (temper- 
ature and flow of gas). Several different polarity parameters 
have been proposed. 

A. Partltion Coefficients of Water and Dlisobutylene 
The partition coefficient, K, defined as the ratio of the 

standard substance concentrations in the stationary and gas 
phases.44 

can be calculated from 

where VN and VL denote the net retention volume and the 
volume of the liquid phase, respectively. The net retention 
volume is given by 

where j ,  F,, and t; denote the pressure gradient correction 
factor, the flow rate at the column outlet and the adjusted 
retention time, respectively. The pressure gradient correction 
factor is defined by 

(7) 

where pi and p,, stand for the column inlet and outlet pressures, 
respectively. 

Harva et al.45 found the following linear relation between 
HLB values of sorbitan esters and their polyoxyethylene de- 
rivatives and the partition coefficient of diisobutylene: 

HLB = 26 - W2.6. (8) 

However, when Harva tried to use this relation to calculate the 
HLB values for other types of nonionic surfactants, significant 
deviations were sometimes observed. When water was used as 
a solute, different linear relations were observed for sorbitan 
esters and for their oxyethylene derivatives, respectively. 

It seems that partition coefficients can be used to characterize 
surfactants, but much more data are necessary for the various 
types of nonionic surfactants. The main inconvenience of this 
parameter in comparison to the parameters, IR, PI, and p, is 
the necessity for accurate flow rate and pressure determination. 
Due to this, the partition coefficient K probably was not used 
further by Harva or by other authors. 

6. Carbon Numbers and Retention Indices of 
Methanol and Ethanol 

The carbon number,T,  is the apparent number of carbon 
atoms in a hypothetical n-alkane having the same retention 
time as a standard alcohol. Its value is determined graphically 
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Analytical Chemistry 

or analytically from the relation: log retention time vs. number 
of carbon atoms in standard n-alkanes. 

The retention index of standard alcohol is calculated in the 
typical manner, using 

where tkOH denotes the adjusted retention time of the standard 
alcohol, and G and C + hn stand for the adjusted retention times 
of the standard hydrocarbons containing n and n + An carbon 
atoms whose peaks are eluted before and after the alcohol peak 
(usually An = 1). 

This parameter ( I d  is equivalent to the carbon number (IR 
= 100 C), although usually somewhat different values are 
obtained because of the use of different calculation methods. 
For example, for polyoxyethylene glycol dialkyl ethers,47 
somewhat higher values were obtained for the retention index 
in comparison to the carbon number: 1, = 105.2 C - 27.6 
(correlation coefficient, 0.9990). Small differences between C 
and IR values were also observed for block copolymers of 
ethylene oxide and a-butylene oxide. For a block copolymer 
of BE type, the following values were reported: 6.47, 6.47, 
6.49, 6.44, and 6.45, and 641, 646, 641, 641, and 642 for 
five independent measurements of the carbon number and re- 
tention index of methanol, respect i~ely.~~ For a block copol- 
ymer of BEB type those parameters were equal to 6.81, 6.90, 
6.90, 6.83, and 6.81, and 686, 697, 698, 693, and 692, re- 
~pec t ive ly .~~ Thus, these small differences are practically un- 
important. 

The carbon number and the retention index of the standard 
alcohol (methanol or ethanol) are determined with a similar 
accuracy. For most of the investigated individual compounds 
the confidence limits at a significance level of 0.05 do not 
exceed 0.02 and 2 for the carbon number and the retention 
index, re~pectively.~’*~~”~ Thus, they are significantly lower 
in comparison to the earlier values reported for block copoly- 
mers of alkylene oxides and for commercial polydisperse mix- 
tures of nonionic s u r f a ~ t a n t s . ~ ~ ~ ~ ~ - ~ ’  

The retention index of ethanol is shifted toward higher values 
in comparison to this index determined for methanol by a 
constant value characteristic for a considered homolog series 
of surfactants. The following linear relations were obtained: 

IgaH = 0.9038 IFoH + 112.8 

I,“” = 1.0044 I F O H  + 40.7 

IfoH = 0.9076 IFdH + 96.9 

IEaH = 0.9857 I F O H  + 58.7 

IitoH = 1.1261 I F O H  - 58.3 

(10) 

(11 )  

(12) 

(13) 

(14) 

for polyoxyethylene  glycol^,^' aminoether alcohols and their 
ethers ,50 1,3-bis[w-akoxyoligo(oxyethylene)]propan-2-01~,~~ 
polyoxyethylene alcohols, alkylamines and thioalcohols and 
for a ,o-diaminooligoethers and diazapolyoxyethylene ethers ,53*54 
respectively. The correlation coefficient is equal to 0.9942, 
0.9980, 0,9764, 0.9862, and 0.9748, respectively. 

C. Polarity Index 

is defined by the following empirical equation: 
The polarity index of methanol, PI, proposed by Huebner,62 

(15) PI = 100 log (C - 4.7) + 60. 
This form of Equation 13 was chosen to obtain a linear relation 
between the polarity index and the content of one surfactant 
in two-component mixtures. The factor 4.7 was determined 
statistically, and gave the smallest deviation from the regres- 
sion line. The value log (C - 4.7) was multiplied by 100 to 
convert the polarity index to a whole number, and a value of 
60 was added to give the polarity index a positive value. Thus, 
the polarity index of methanol for two-component mixtures can 
be calculated from the values of the polarity index determined 
separately for each component, or the polarity index of one 
component can be calculated from the polarity index of a two- 
component mixture and of the second surfactant. The additivity 
of the polarity index has been proven independently by different 
authors. Only small, practically nonsignificant deviations from 
the additivity rule have been observed in some  case^.^'.^^ An 
advantage of the polarity index over the carbon number and 
the relative retention of methanol (coefficient p discussed in 
Section U.D) is demonstrated in Figures 2 to 4. 

In early studies, methanol was used as the standard polar 
agent. However, for very hydrophobic liquid phases, methanol 
elutes before pentane and the polarity index cannot be caicu- 
lated, i.e., for C < 4.7. Due to this, the use of ethanol is 
preferred. Usually, linear relations are observed between po- 
larity indices of ethanol and methanol5w55 (Table l). Important 
deviations are only observed for very hydrophobic compounds, 
i.e., as the polarity index of methanol is approximately 50. In 
this region, the polarity index of methanol is not very sensitive 
on the structure of surfactants used as liquid phases, and quite 
similar PI values are obtained for compounds having different 
p~ la r i t i e s ,~~  e.g., for polyoxyethylene glycols having not more 
than six oxyethylene groups. The regression coefficients given 
in Table 1 can be used to recalculate the polarity indices of 
methanol determined in the first works into the polarity index 
of ethanol. 

The accuracy of the polarity index determination is high, 
and the confidence limits at a significance level of 0.05 do not 
exceed 0.5 and 1.0 U for ethanol and methanol used as the 
standard alcohol, r e ~ p e c t i v e l y . ~ ~ . ~ ~ ” ~  That accuracy is usually 
significantly lower, especially for individual compounds. 
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I ”  

0 20 4u 60 80 700 
Percentage by weight u f  Gompunenf ,, 8 ’’ 

FIGURE 2. Polarity index of methanol for binary mixturrs.” (1) Sucrose 
dipalmitate (A); sucrose monopalmitate (B); (2) sucrose distearate (A); Tween 
20 (B); (3) mono- and diglycerides of fatty acids (A), polyoxyethylated ccconut 
oil amine (B). 

0 20 4u 60 80 mu 
Percenlaqe by we&hf o f  component,, 6 ” 

FIGURE 3. Carbon number of methanol for binary mixtures.57 (I)  Sucrose 
dipalmitate (A); sucrose monopalmitate (B); (2) sucrose distearate (A); Tween 
20 (B). 

I I 1 1 
0 20 4u 60 80 700 
D@a/mifate Monop/mifufe 
o f  sucrose of sucrose 

FIGURE 4. Relative retention time of methanol in comparison to n-hexane 
for binary mixtures.” 

Table 1 
Regression (a and b) and Correlation (R) 
Coefficients for Relation PIEtoH = a + b PImaH 

Compounds a b R Ref. 

Polyoxyethylene alcohols, 30.0 0.8069 0.9826 55 

Polyoxyethylene glycol 39.3 0.6695 0.9952 47.49 

Amincether alcohols and their 25.2 0.8162 0.9950 50 

1,3-bis[o-AIkoxyoligo- 40.2 0.9487 0.9867 51 

a,o-Diaminooligoethers 25.5 0.9348 0.9225 5334 

alkylthiols, and alkylamines 

dialkyl ethers 

ethers 

(oxyethylene)]propan-2-ols 

Leca and Perezu proposed the use of the difference between 
the carbon numbers determined for the considered surfactant 
and for squalane, which was the reference nonpolar phase 
(methanol as polar solute): 

C’ = Crurfactanr - Csqu.llnc (16) 
All the results were shifted toward lower values by Cqd- - - 
3.65 and were not discussed further. 

D. Relative Retention of Alcohol 

coefficient p as 
Becher and B i r h e i e P  have defined this relative retention 
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Analytical Chemistry 

where tEaH and hame denote the retention times of ethanol 
and n-hexane, respectively. Using this coefficient for sorbitan 
derivatives, they have found that, as in the case of the polarity 
index, some deviations from the additivity rule are observed 
for two-component mixtures. Similar deviations were observed 
by us for other groups of nonionic surf act ant^.'^ 

Other alcohols such as methanol and isopropanoP’ and isoa- 
my1 alcoholw have also been used. Adjusted retention times 
(t’) are now used rather than uncorrected values: 

As in the case of previous parameters, the relative retention 
of ethanol (pEmH) is related to the relative retention time of 
methanol (pMeoH) by a linear equation, pEmH = a + bpMeoH. 
However, deviations from this linear relation are quite impor- 
tant for some homolog ~ e r i e s , ’ ~ . ~ ~  and the correlation coeffi- 
cient is in the range of 0.90 to 0.99. Statistical analyses carried 
out for different groups of surfactants showed that the accuracy 
of the p determination is much lower than that observed for 
the carbon number, the retention index, and the polarity index. 
For example, the error of determination of the last three pa- 
rameters for ethylene oxide and a-butylene oxide block co- 
polymers is 1 to 2%, while the emor of the Coefficient p de- 
termination is 6 to 10%. Similar values were reported for other 
groups of nonionic surfactants, including pure individual com- 
pounds. This relates to the connection between the retention 
time of the polar solute and that of a single reference n-alkane 
instead of the scale constructed for several n-alkanes.. There- 
fore, it was recently suggested that coefficient p can’be cal- 
culated from the slope of Equation 19 and from the carbon 
number, as calculated from Equation 20.67 

The adjusted retention time of standard alkanes is connected 
with the number of carbon atoms according to Equation 19: 

(19) log t,!, = A + Bn. 

The A and B constants can be calculated with good precision 
by the least square method. 

The carbon number C can be calculated in a manner to that 
of the retention index: 

Thus: 

When Equations 18 and 19 are introduced into Equation 21 
the following equation for log p’ is obtained: 

log p’ = B(C - 6). (22) 

Using Equation 22, the coefficient p’ can be calculated with 
higher precision than directly from the values of the retention 
times of alcohol and n-hexane, especially when nonsymmetr- 
ical andlor broadened peaks are obtained on chromatograms. 
In contrast to the polarity index, which has been considered 

in the majority of the earliest papers concerning surfactant 
polarity, the relative retention of alcohol to hexane considered 
as log p’ can be related to some physicochemical functions and 
coefficients, e.g., excess Gibbs free energy, enthalpy and en- 
tropy of mixing, and the activation coefficients of solutes in 
the liquid  phase^.^^.^^ All this shows the importance of log p’ 
as a potential polarity criterion having physicochemical mean- 
ing. 

Significantly different values of the polarity parameters are 
obtained when a large set of compounds having a different 
length of the hydrophilic block is considered. This is not only 
the result of surfactant polarity, but also reflects some small 
influence of the surfactants’ molecular mass and their prop- 
erties. Therefore, it was recently proposed that consideration 
be given to normalized values of log p’67 defined as 

A log pi = log P I  - log P:t - AV“(di/Mi - dJMst) (23) 

where P:~, dSt, and M,, denote the coefficient p‘, density at 
column temperature, and the molecular mass, respectively, of 
the surfactant selected as the standard, usually the one showing 
the lowest polarity: pi, di, and Mi denote the same parameters 
for the considered compound ‘7’’; and AVO is the difference 
of the molar volumes of methanol and hexane (AVO = 

VbOH - v&xme)* 

E. Retention limes of lsoamyl Alcohol and 2,4,4,- 
Trimeth ylpenten-1 

proposed the use of the retention time of 
isoamyl alcohol. The chromatographic conditions were stan- 
dardized at a constant temperature of 90°C, column length and 
diameter, the amount of liquid phase, and by adjusting for each 
column the flow-rate of the carrier gas to such level that the 
retention time of ethyl ether was constant and equal to 1.4 
min. A linear relation between the retention time of isoamyl 
alcohol and the HLB values of Span and Tween surfactants 
was demonstrated. Its mathematical formula is 

Mickle et 

HLB = -26.0 + 3.06t, R = 0.9864. (24) 

According to Mickle, this relationship can be used to estimate 
the HLB values of other surfactants with an error of 0.2 to 1.5 
HLB units. The HLB values for binary mixtures are obtained 
with similar accuracy. However, this parameter was not used 
in other works and for other groups of surfactants and their 
model compounds. 

Bonadeo and Bottini7’ proposed the use of the retention time 
of 2,4,4-trimethylpenten-l and demonstrated a linear relation 
between the HLB values of polyoxyethylated alcohols and the 
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retention time of this solute. However, this parameter was not 
used in other works and for other groups of surfactants. As a 
result, it is impossible to predict the usefulness of this parameter 
as well as of the previous one. 

F. Difference in the Retention Indices of 
trans-Decaline and Water 

standards, and this polarity parameter was defined as71 
trans-Decaline and water were used as the nonpolar and polar 

This criterion was not used in further works, although it was 
shown that for a-monoglycerides of fatty acids AIR can be 
correlated with the HLB values on the Davies scale and with 
the critical micelle concentration (CMC) according to a simple 
linear relation. However, these relations were derived using 
only a few experimental data and therefore their validity should 
be proven after collecting more experimental data, i.e., AIR, 
HLB , and CMC for a greater number of nonionic surfactants. 

G. Sum of McReynolds Constants 
Such a typical parameter was not used in the earliest works 

in which polarity parameters for nonionic surfactants were de- 
termined and used for the estimation of their HLB. However, 
our recent work5o52 demonstrated that polarity parameters dis- 
cussed previously can be correlated with the sum of Mc- 
Reynolds constants approximately by simple linear equations. 
It means that proton donor-proton acceptor interactions are the 
most important for the considered nonionic surfactants and their 
model compounds. Thus, these simple and empiric polarity 
parameters calculated from the retention times of a standard 
alcohol and standard alkanes quite well characterize the polarity 
of nonionic surfactants. 

The sum of the first McReynolds constants, 

obtained for butanol, 2-pentanone, benzene, pyridine, and ni- 
tropropane used as standard solutes and squalane as a standard 
nonpolar phase, is determined with the same accuracy as the 
retention index of alcohols and the polarity index. 

H. Adsorption Coefficient of iso-Octane 

26 (proposed by 
This coefficient, KA, can be calculated according to Equation 

by plotting VNNL vs. VLIAL: 

where VN denotes the net retention volume per gram of column 

packing; VL and AL stand for the volume and the surface area 
of the solvent per gram of column packing, respectively; and 
KL and KA are the coefficients of distribution and of adsorption 
which indicate, respectively, the amount of solute dissolved 
per unit volume and the excess of solute per unit area of the 
solvent surface. 

The adsorption coefficient has not been widely used and its 
usefulness has been only shown for a few homologs of po- 
lyoxyethylene derivatives of sorbitan esters, for which the in- 
verse proportional relation between the adsorption coefficient 
and the HLB has been found.74 

Using data presented by Mysak et al.74,75 the following re- 
lation was obtained: 

290.2 
HLB = 3.91 + -. 

which is characterized by a relatively high value for the regres- 
sion coefficient (R = 0.9816). The existence of similar rela- 
tions has not been checked for other homolog series. The pro- 
cedure used for adsorption coefficient determination is quite 
sophisticated and time-consuming. The surface areas for dif- 
ferent amounts of surfactants must be experimentally deter- 
mined using appropriate support. Silanized and fluorocarbon 
supports are not recommended. The temperature of 100°C pro- 
posed for KA measurements seem too high because of the 
possible thermal degradation of nonionic surfactants, especially 
of block copolymer type (Figure 5).48 Degradation tempera- 
tures for some surface active agents are given in Table 2. Quick 
degradation of nonionic surfactants is observed at about 150°C. 
However, it can also occur slowly at lower temperatures during 
chromatographic column stabilization and analysis. 

FIGURE 5. Effect of temperature upon thermal degradation of a block co- 
polymer of EBE type (molecular mass of polyoxybutylene chain, 1500, content 
of polyoxyethylene chains, 75%; rate of heating, lO"C/min; furnace atmo- 
sphere, nitrogen)." 
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Talang all this into account, it seems that the proposed method 
is not good as a standard procedure and therefore cannot be 
broadly used to characterize surfactants’ polarity. 

1. Ratio of Partltlon Coefficients of Hexane and 
Ethanol 

The parameter proposed by Mysak et aL7’ can be determined 
(a = KL/KE) according to Equation 28, considering the linear 
relationship between VN/& and l/VL: 

where VN and VO, denote the net retention volumes, including 
the adsorption of hexane and ethanol, respectively; A is an 
empirical constant; and VL stands for the volume of the liquid 
phase. 

Taking only the four results (three of them were very close 
to each other) obtained for the polyoxyethylene derivatives of 
sorbitan esters, Mysak and associates derived the following 
relation correlating the HLB values with the a parameters: 

HLB = 20.3 - 20a. (29) 

However, Zajceva et al.,78 using this technique for polyox- 
yethylated polyamide, have found a more complex relation 
between a parameter and the percentage of the polyoxyethylene 
chain, which in some terms is equivalent to the HLB value. 
The explicit minimum of the a parameter was obtained for a 
content of the polyoxyethylene chain of about 20%. More data 
about the a parameter are not available in the literature. As in 
the case of the previous parameter, the procedure used for the 
determination of the partition coefficients’ ratio is quite so- 
phisticated and time-consuming. 

Table 2 
Susceptibility of Surfactants to 
Thermal Degradation 

Degradation 
Surfactant temp. (“C) 

Sulfonated a-olefines 
Oxyethylated fatty acids 
Sodium sulfates of oxyethylated alcohols 
Oxyethylated alcohols 
Sodium alkanesulfonates 
Sodium alkylsulfates 
Fatty acid monoethanolamides 
Sodium alkylbenzenesulfonates 
Sodium soaps 

130 
150 
150 
160 
160 
170 
250 
330 
380 
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J. Thermodynamic Functions of Soiutlon 
The specific retention volume of a solute, V,, is con- 

nected with its partial mold enthalpy, AH?, and the entropy 
of solution in a studied surfactant, AS:, according to Equation 
30:79.80 

In V, = -AH:/RT + ASFIR - 1000/273R. (30) 

where R stands for the gas constant and T denotes the tem- 
perature in degrees Kelvin. 

By matching Equation 30 to the chromatographic data ob- 
tained at different temperatures, usually by the least squares 
method, the values of AH? and AS: for the considered solutes 
are obtained. Then, the partial molal free energy can be cal- 
culated according to general relation 3 l: 

AGF = AH: - TAS?. (31) 

Assuming the additivity of the considered functions, the 
increments for characteristic fragments of the solutes can be 
c a l c ~ l a t e d . ~ ~ . ~ ~  The increments for the methylene group can be 
obtained from the partial mold enthalpy and entropy of solution 
of alkanes as slopes of the linear relations correlating these 
functions with the number of carbon atoms, z, in the considered 
alkanes. The slopes of the relation In V, = az + b, as de- 
termined at different temperatures, can also be used to calculate 
AF(CHz),  e.g., in the case of two different column temper- 
atures by means of Equation 32: 

where aTl and an denote the slopes of the relation In V, = 
az + b at temperatures TI and Tz. 

The partial molal enthalpy for the methyl group can then be 
calculated according to Equation 33: 

AH,”(CH3) = $[AH:(alkane) - (z - 2)AH?(CH2)]. (33) 

The partial mold entropy can be similarly calculated. 
The partial molal enthalpy and entropy for character- 

istic fragments present in the considered solutes, AW(FG) and 
AS:(FG), can be calculated in a similar way by using the 
determined values of the partial molal functions for the inves- 
tigated compounds and previously calculated values of these 
functions for the methylene and methyl groups by using Equa- 
tion 34: 

AHF(FG) = AH?(solute) - z(CH2) AH?(CH,) (34) 
- z(CH3) AHr(CH3). 
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where z(CH2) and z(CH3) denote the numbers of methylene 
and methyl groups, respectively. 
Partial molal free energy for characteristic fragments present 

in considered solutes, used as a polarity parameter, can be 
calculated according to general relation 3 1. 

A more sophisticated and modern approach, which resem- 
bles the one we recently described for the calculation of in- 
crements of the arithmetic index,I2 can also be used to deter- 
mine the increments of the considered thermodynamic functions. 
In such a case the chemical formula of the considered solutes 
can be expressed as 

where GI,  Gz, . . . G, are the characteristic groups present in 
the considered chemical system (in solutes used for measure- 
ments): ali, . . . % are the numbers of groups GI,  
G2, . , . G, in the compound Ai: i = 1, 2, . . . n are the 
numbers of the solutes considered in the system; and j = 1, 
2, . . . m are the numbers of the characteristic groups consid- 
ered. It is the case that n is always greater or equal to m. 

The set of subscripts {aj,), j = 1, 2, . . . m, forms the 
formula vector, ai, of the solute Ai: 

ai = [ali, a2i, . . . -IT. (36) 

where T donates transposition. 

into account each solute considered, is then defined as 
The formula matrix A of the chemical system, which takes 

Assuming the additivity of the thermodynamic functions in 
the system considered, the partial mold enthalpy and entropy 
of a solute Ai can be expressed as 

m 

AHP(AJ = aji AHT(Gj), (38) 

AST(Ai) = aji ASF(Gj), (39) 

j - 1  

rn 

j - 1  

where it is assumed that the increments of AH? and AS? for 
a group Gj are constant for all considered solutes. Thus, when 
the set of the partial molal enthalpy and entropy of solution 
obtained for all considered solutes is taken into consideration, 
the following sets of linear equations are obtained: 

and 

where 

and 

A(&?) = [AST(Gl), AS?(G2), . . . ASP(G31'. (45) 

The above sets. of linear equations can be solved using various 
methods, e.g., the orthogonalization method of Gram-Schmidt. 

The application of the considered thermodynamic functions 
is broadly discussed in GC, but up to now they have not been 
widely used to characterize surfactants' polarity. Although the 
usefulness of partial molal free energy for some functional 
groups (OH, C = 0, and CH2) for characterizing surfactants' 
polarity has been demonstrated in our we think 
they will probably not be broadly useful in surfactant chem- 
istry. Commercial nonionic surfactants are usually complex 
polydisperse mixtures and their direct analysis by GC is re- 
stricted to the products having a low molecular mass after 
blocking a terminal hydroxyl group(s). Using standard chro- 
matographic liquid phases it is possible to determine the ther- 
modynamic functions of solution in these phases for separated 
volatile derivatives, e .g . , acetates, trimethylsilyl ethers, of the 
analyzed nonionic surfactants. However, the polarities of these 
volatile derivatives do not reflect the polarities of nonionic 
surfactants. 

The direct determination of surfactants' thermodynamic 
functions of solution in standard liquid phases is only possible 
for the first homologs of nonionic surfactants having from one 
to four oxyethylene groups in their hydrophilic oligooxyethy- 
lene chain and up to six to eight carbon atoms in their hydro- 
phobic alkyLE3 Such products usually have no practical im- 
portance and can be considered only as models. Thus, the use 
of thermodynamic functions of solutions must be restricted to 
these functions determined for some volatile solutes dissolved 
in the studied surf act ant^.^^^^.^'.^^.^ 

Increments of the thermodynamic functions determined for 
a methylene group consider only the dispersive type interac- 
tions, and because of this, they are not very sensitive upon the 
structure and polarity of nonionic surfactants used as liquid 
phases. Corresponding increments for functional groups, e.g., 
hydroxyl and carboxyl, depend upon the type and molecular 
mass of solutess" as a result of some deviations from the 
additivity rule. These increments can be correlated according 
to simple linear relations (Table 3). However, deviations from 
these linear relations are quite significant and, as a result, 
relatively low values of the correlation coefficient are obtained. 

41 4 Volume 21, Issue 6 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Analytical Chemistry 

Table 3 
Regression (a and b) and Correlatlon Coefficients 
(R) for Relation Pi = a + b PI 

Compounds Parameter a b R Ref. 

Pol y oxy cth y lene AGY(0H) -0.5956 0.8597 0.9698 55 
alcohols, alkylthiok, AGXC=;O) - 0.5442 0.9943 0.95552 55 
and alkyamincs 

Aminoethcr alcohols AGY(0H) 2.12 1.0731 0.9700 55 
and their ethers 

1.3-Bis [o-alkoxyoligo- AGF(0H) -4.594 0.4423 0.9333 51 
(oxyethylene)] AGF(C=O) 0.8128 1.0333 0.9172 51 
propan-2-01s 

a,o-Diamino- AGF(0H) 2.023 1.0391 0.9671 53, 54 
oligoethers A G Y ( M )  -0.901 0.8645 0.9656 53, 54 

Note: i and j denote ethanol and methanol or pentanonc-2 and butanone-2, 
respectively. 

They vary from 0.92 to 0.97. The errors of thermodynamic 
functions’ determinations are significantly higher in compari- 
son to those observed in determinations of the retention index, 
polarity index, and the sum of the McReynolds constants. 

The determination of specific retention volume is trouble- 
some and time-consuming. The measurements must be made 
at strictly constant conditions, and precise values of the carrier 
gas flow rate, inlet and outlet pressures, temperature, and the 
weight of the liquid phase are necessary. The specific retention 
volume is calculated according to Equation 46: 

273 v t; j v, = 
TWL ’ 

where v = flow rate of the carrier gas at column temperature 
in cm3 min-’; t; = adjusted retention time of a solute in min; 
T = column temperature in K; wL = weight of the liquid 
phase in g; and j = pressure-gradient correction factor, as 
defined by Equation 7. Some other parameters must be known 
to calculate appropriate correction factors needed to determine 
the actual flow rate. 

K. Partial Molar Excess Gibbs Function of Solute 
Methylene Groups 

This function can be determined according to Equation 47,” 
using chromatographic data for two consecutive members of 
a homologous series: 

(47) 

where R = gas constant; T = temperature; V, = specific 
retention volume of the solute; pa = saturated vapor pressure 

of the solute at a given stationary phase; n and n + k = 
numbers of methylene groups in the solutes’ molecules. Al- 
kanes and alcohols are proposed as the standard solutes. 

According to Roth and N o v a l ~ , ~ ~  linear relationships exist 
between A@(CH2) and McReynolds constants. Similar rela- 
tionships were observed by V ~ e l k e l ~ ~ . ~ ~  for various groups of 
individual compounds having an oligooxyethylene chain or 
chains. AGE(CH2) can be easily and precisely determined as 
this function is calculated from the ratio of specific retention 
volumes of two solutes. However, significantly different values 
were reported as solutes from various homologous series or 
even if different molecular masses from the same homologous 
series were used.81*8Z We believe that this function will not 
find broader application in characterizing surfactants. How- 
ever, more data are necessary to prove this conclusion. 

L. Criterion A 
The importance of the dispersive forces in solute-solvent 

intermolecular interactions in GC has been indicated and some 
parameters describing these interactions have been evaluated, 
e.g., thermodynamic functions for a methylene group as dis- 
cussed in two previous chapters. 

SevEik and LowentapE6 proposed the use of so-called cri- 
terion A defined as 

where t&,+l, t k ,  and t&,- are the adjusted retention times of 
n-alkanes having n + 1, n, and n - 1 carbon atoms, respec- 
tively. 

The physical meaning of criterion A was also demonstrated: 

where AG,, AG,, and AG,-] are the free energies of the 
solution of n-alkanes having n + 1, n, and n - 1 carbon 
atoms, respectively. 

As in the cases of the previous two dispersive force param- 
eters, i.e., AH?(CH2) and AGE(CH2), criterion A is very little 
sensitive upon the stmcture of surfactants used as liquid phases.84 
As a result, the values of criterion A for surfactants having 
quite different polarities change very little. Similar values of 
criterion A were also obtained for hydroxyoxime extractants 
of copper and their intermediates.8’~82 Thus, although this pa- 
rameter can be calculated from simple measurements of the 
adjusted retention times of standard alkanes, its use in char- 
acterizing highly polar and hydrophilic nonionic surfactants is 
significantly limited. 
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M. Bs and BN Parameters Considerlng Electric 
Intermolecular Interactions 

the retention index relationship: 
Lamparczyk et aL8’ introduced electronic parameters into 

where A = 2/3kT; p and C are constants; T is absolute tem- 
perature; a p h  and as denote molecular polarizability of a sta- 
tionary phase and a solute, respectively; k p h  and & stand for 
dipole moments of a stationary phase and a solute, respectively; 
and Bs and BN are constants for a given stationary phase and 
analyzed compounds. They are calculated from the first ioni- 
zation potentials according to the following equations: 

where Iph, I,, and IN are the first ionization potentials for the 
stationary phase, solute, and n-alkane, respectively. 

In most of the cases the physicochemical data present in 
Equation 50 are not known. The structural and electrical pa- 
rameters for different liquid phases used in GC are also not 
available. Due to this, it is impossible to check the validity of 
this equation for typical chromatographic liquid phases. How- 
ever, when the structure of the liquid phase is known, the 
calculation of the structural parameters is easy and the ap- 
proximation of the electrical parameters is also possible. Equa- 
tion 50 can be rearranged into Equations 52 and 53: 

ali BN + aZiBs + a3i = 0 (53) 

where 1 = 1, 2, . . . n is the number of carbon atoms in 
alcohol, 

(54) 

and 

The connectivity index, x ,  represents the molecular polariza- 
bility of both the analyzed compounds and the liquid phase. 

The solution of the set of multilinear Equation 53 gives the 
values of BN and Bs. 

Assuming that the ionization potentials are approximately 
equal in both the n-alkane (IN = const) and the n-alcohol (Is = 
const) series, a set of linear equations is obtained for each 
stationary phase. The difference of the BN and Bs values for 
different stationary phases only depends on the first ionization 
potential of the stationary phase. Although these values are not 
available, they can be approximated in the following way. 
Equations 55 are obtained by rearranging Equation 51: 

where i denotes the given liquid phase. 
It is evident that Iphi should be equal to I’phi. Thus, 

where p = IN&, which remains constant for a given homologs 
series of n-alkanes and alcohols. 

The values of IN, p, and I, can be found by solving the set 
of linear Equations 56. 

Bs and BN parameters were used recently with success to 
characterize the polarity of individual polyoxyethylene glycol 
dialkyl ethers and some of their sulfur  analog^.^^,^^ However, 
the structural and electrical parameters needed to calculate Bs 
and BN for commercial nonionic surfactants that contain several 
various components are not known. Thus, the use of these 
components is only restricted to some model compounds. 

N. Conclusions 
Various parameters have been proposed to characterize the 

polarity of surfactants. Some of these are quite empirical, e.g., 
the polarity index, but they can be easily and precisely deter- 
mined since only the retention times of standard solutes must 
be measured. Other parameters have a more physical meaning, 
e.g., the thermodynamic functions of solution and the partial 
molal excess Gibbs function, or an easily evaluated physical 
meaning (as in the case of criterion A or relative retention time 
of solutes). Some physical parameters (such as partition coef- 
ficients, their ratios, and the adsorption coefficient) can be also 
used to characterize the polarity of surfactants. However, most 
of these parameters are determined according to complicated 
and time-consuming procedures. Simultaneously, the errors of 
their determinations are usually much higher in comparison to 
simple empirical parameters. 

If a polarity parameter is recognized as a tool to solve an 
analytical problem or is further used to predict another param- 
eter, then the accuracy and/or simplicity of the determination 
become very important. In such a case, the use of simple 
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empirical parameters such as the polarity index and the reten- 
tion index of alcohol seems best. However, if one decides to 
use polarity parameters to interpret some physicochemical phe- 
nomena, then appropriate parameters having such meaning seem 
more appropriate. 

Nonionic surfactants are usually quite polar products as they 
contain a polyoxyethylene chain(s) and/or one or several free 
hydroxyl groups. Due to this, parameters that take into account 
only dispersive forces (e.g., thermodynamic functions of so- 
lution of a methylene group, partial molar excess Gibbs func- 
tion of this group, or criterion A) are relatively insensitive to 
differences in structure and polarity of surfactants, and their 
application is limited. For contrast, parameters that take into 
account interactions between a polar part of the surfactant and 
of some polar solutes (e.g., alcohols) seem the most suitable 
and sensitive (e.g., retention index of alcohol) polarity index 
of alcohol and the sum of McReynolds constants). 

111. EFFECT OF CHROMATOGRAPHIC 
CONDITIONS ON POLARITY PARAMETERS 

The values of the considered polarity parameters are influ- 
enced by a change of chromatographic conditions, i.e., tem- 
perature, gas flow, and the content of the liquid phase. The 
size of the column and the type of support may also be im- 
portant. The change of surfactant polarity during the measure- 
ments may be caused by its thermal degradation. It is well 
known that such degradation easily occurs at higher temper- 
atures ,76 especially for nonionic surfactants having a polyox- 
yethylene chain. As it was presented in Table 2, the degradation 
of nonionic surfactants is already distinctly observed at tem- 
peratures near 150"C, e.g., at 130 to 150°C for block copoly- 
mers of ethylene oxide and a-butylene Due to this, 
temperatures useful for polarity measurements are usually re- 
stricted to the region below 100°C. At this temperature no 
essential degradation is observed and the constant values of 
the polarity parameters are registered. 

The time of column stabilization at 70°C only slightly affects 
the values of the empirical polarity parameters calculated from 
retention times of standard solutes (Table 4).48 An increase of 
the temperature of column stabilization from 70" to 100°C also 
does not seriously affect the values of these polarity parameters 
(Table 5).48 Thus, the thermal degradation of nonionic surfac- 
tants during column stabilization and analysis at 70 to 90°C 
can be neglected. 

In the case of compounds having a low molecular mass, a 
bleeding of the liquid phase must be taken under consideration. 
However, no significant loss of the liquid phase has been ob- 
served.56 Differences between amounts of liquid phases before 
and after chromatographic measurements were generally below 
0.2%. Thus, if one takes into account that the initial liquid 
phase concentration is 2596, then the loss is so small as to be 
negligible. 

Table 4 
Effect of Time of Column Stabilization upon Polarity 
Parameters for Ethylene Oxldeh-Butyiene Oxide 
Block Copolymer of BE Type" 

Time of column stabwtion 

Parameter l h  3 h  7 h  10 h 

C 7.27 7.22 7.21 7.20 
IR 727 724 722 722 
PI 101 100 100 99.8 
P 2.50 2.49 2.45 2.45 

Note: Molecular mass of polyoxybutylene chain. 1500; content of polyox- 
yethylene chain. 60%; methanol as a polar agent; average values from 
5 measurements. 

Table 5 
Effect of Temperature of Column Stabilization upon 
Polarity Parameters for Various Ethylene Oxlde/a- 
Butylene Oxide Block Copolymers" 

C Ill PI P 

Copolymer I I I I I I I I I I U  

BE type 
MH = 500 6.36 6.35 643 642 82.1 81.6 1.40 1.37 

%E = 27.1 
BE type 

BEB type 

MH = loo0 7.79 1.79 780 779 109 109 3.36 3.42 
%E = 77.6 

MH = 470 6.86 6.85 688 688 93.4 93.3 2.00 2.01 
%E = 25.9 

BEB type 
MH = 1000 8.01 8.01 801 801 112 112 3.96 3.97 

%E = 79.7 
EBE type 

MH = 1060 7.36 7.38 738 739 102 103 2.83 2.88 
%E = 56.4 

EBE type 
MH = 1500 7.73 7.76 779 780 110 109 3.40 3.31 

%E = 75.0 

Note: I: stabilization at 70°C, 10 h; ll: stabilization at 100°C. 10 h; analysis 
at 70°C; MH: molecular mass of polyoxybutylene chain or chains; %E: 
content of polyoxyethylene chains. 

In the case of pure model compounds the temperature of 70 
to 90°C can be below their melting points. In such cases, the 
polarity must be determined for two-component mixtures made 
up of the considered surfactant and an additional surfactant. 
The polarity of the considered surfactant can then be calculated 
from the polarity of this mixture according to the additivity 
rule: 
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where PM denotes a polarity parameter for a mixture of sur- 
factants, Pi is a polarity parameter for surfactant i, and wi is 
the weight fraction of surfactant i. The error of such deter- 
mination does not exceed a few percent, and is the lowest for 
polarity index in comparison to carbon number, retention in- 
dex, and relative retention of alcohol, as a result of various 
deviations of these parameters from the additivity rule. 

The influence of column temperature upon the polarity pa- 
rameters is rather small. Huebnef did not find any important 
influence of temperature on the carbon number and the polarity 
index. The same conclusions were drawn by WiSniewski et 
al.,57 Leca and Perez,@ and Krivich and Gluzman.w WiS- 
niewski et aLS7 showed that for typical nonionic surfactants 
the polarity index and the carbon number of methanol, ethanol, 
isopropanol, methyl ethyl ketone, and acetone are independent 
of the temperature, while coefficient pMaH usually decreases 
as the temperature increases. The decrease of p was also ob- 
served by Becher and Birkmeiefl' and Petrowski and Vat~atta,~~ 
who showed the existance of a logarithmic function of retention 
and temperature. WiSniewski et aLS7 showed that this relation 
depends upon the type of polar agent, and for acetone the p 
coefficient is almost constant, or even slightly increased, as 
the temperature increases (Figure 6). The strongest influence 
of temperature on the p coefficient is observed when isopro- 
pan01 or methyl ethyl ketone are used as the polar agents. For 
methanol this effect is rather small. 

In investigating the influence of column temperature upon 
the retention times of standard alkanes and methanol for dif- 
ferent sorbitan esters and their polyoxyethylene derivatives and 
for block copolymers of ethylene oxide and a-butylene oxide, 

FIGURE 6. Effect of temperature on relative retention of polar solute (n-  
hexane as standard alkane; 1 ,  methanol; 2, ethanol; 3,  isopmpanol; 4, methyl 
ethyl ketone; 5, acetone)." 

respectively, Petrowski and Vanatta" and Szymanowski and 
Voelkel;* observed linear relations between the logarithm of 
the retenton time and the reciprocal of the absolute temperature 
(Figure 7). The straight lines for methanol are more abrupt 
than those obtained for alkanes as a result of the different heats 
of solution of alcohol and alkanes in the considered liquid 
phase. Using, then, Antoine's equation: 

AH' 
2.303 RT' log V, = A + 

where V, = specific retention volume, AH' = heat of solution, 
T = absolute temperature, R = gas constant, and A = em- 
pirical constant, it is possible to determine the heat of solution 
of the considered solutes in the investigated surfactants. Due 
to this difference in the heat of solution for alcohols and al- 
kanes, the influence of temperature upon the polarity param- 
eters should be observed, although it can be different for dif- 
ferent surfactants. For block copolymers of ethylene oxide and 
a-butylene oxide, the polarity parameters decrease as the col- 
umn temperature decreases according to linear relations for C, 
IR, and PI and a nonlinear one for the coefficient p. This 

i 

FIGURE 7. Relationship between logarithm of retention time and column 
temperature for ethylene oxidela-butylene oxide block copolymer of BE type 
(molecular mass of polyoxybufylene chain, 1ooO; content of polyoxyethylene 
chain, 77.6%; 1, 2, 3, and 4, pentane, hexane, heptane, and nonane, respec- 
tively; 5 ,  methanol)." 
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influence depends upon the molecular mass of the block co- 
polymer and decreases as the molecular mass of the block 
copolymer increases.48 

Similar effects of column temperature on the discussed po- 
larity parameters were described recently by V ~ e l k e l ~ ~  for var- 
ious individual compounds having one or two short oligoox- 
yethylene chains. Criterion A also decreases with the increase 
of column temperature. The dependence of the polarity param- 
eters upon the column temperature was also observed for hy- 
droxyoximes and hydroxyketones. 8 1 m  However, this depen- 
dence is rather small, and under the investigated conditions, 
the values of the polarity parameters decrease less than 10%. 
Therefore, the positions of the surfactants in their order of 
polarity are usually not changed if slightly different tempera- 
tures are considered (as in the case of some substances having 
a too high melting point, the measurements cannot be made at 
the standard temperature). 

However, when greater changes of temperature are consid- 
ered, the sequence of surfactants, according to their increased 
polarity measured as relative retentions, may be altered be- 
cause, as was shown in works dealing with the polarity of 
liquid phases used in GC,92-w the dependence of the liquid 
phase polarity upon the temperature is different for various 
phases. According to P e t s e ~ ~ ~  and Lapkin and Nakina,93 the 
polarity may decrease or increase depending on the phase stud- 
ied, while  other^^^-^ show that the relative retention is in- 
versely proportional to the absolute temperature. 

In the region of the used liquid phase concentration (about 
25%) a small change of concentration does not influence the 
values of the polarity ~ a r a r n e t e n . ~ ~ * ~ ~ . ~ ~  Due to this large amount 
of the liquid phase, the type of support is also unimpor- 
tant.48,56*57*62*90 However, Petrowski and Vanatta91 have re- 
ported significantly different values of In p’ for Chromosorb 
W and Chromosorb P used as a support. It was also found that 
a change in the rate of the carrier gas (nitrogen) flow from 20 
cm3 min-’ to 50 cm3 min-’ does not substantially affect the 
polarity parameters of either typical nonionic surfactants or 
block copolymers having a high molecular mass.48~56*57*62*91 
No significant influence of carrier gas (nitrogen or helium) upon 
the considered polarity parameters was observed.56 The effect 
of column size upon the discussed polarity parameters is also 
negligible since adjusted retention times were consid- 
ered.48*56*57*62*91 Thus, the effects of column size, type of car- 
rier and support, and the flow of the carrier gas can be ignored 
(Tables 6 and 7). 

The considered polarity parameters are sensitive upon the 
sample size of the polar solute and the standard n-alkanes. 
Significantly high sensitivity upon the sample size of the polar 
probe is observed for the sum of the first five McReynolds 
probes, especially for low liquid loading and for the retention 
index of pyridine (Table 8).36 Retention index of alcohols, 
polarity index, coefficient p, and thermodynamic parameters 
of solution decrease their values as the sample size of the polar 

Table 6 
Effect of Some Chromatographic Parameters on 
Measured Polariw 

Column Cow. of Nitrogen 
length liquid phase flow 

Support (m) (%) ( d d h )  C PI p 

20 2.0 7.3 101.5 2.8 
7CX-100 mesh 1 25 2.0 7.3 101.5 2.8 

1 30 2.0 7.4 103.1 3.0 
1 25 0.5 7.3 101.5 2.8 

25 4.0 7.3 101.5 2.8 1 
2 25 2 .0  7.3 101.5 2.8 

25 2.0 7.3 105.5 2.8 Chromosorb 1 

Kieselguhr 1 

W/NAW 60-80 mesh 

Note: Temperature 70°C; Span 20 as Liquid phase. 

Table 7 
Comparison of Polarity Parameters as Measured by 
Using Helium and Nitrogen as Carrier Gas 

stationary Carrier 
Phase. I R  PI p AG?(OH) 

C&~O(EO)ZH Helium 

C8HL70(E0)zH Helium 

C~HI~NH(EO)~H Helium 

CaHl,S(EO)3H Helium 

Nitrogen 

Nitrogen 

Nitrogen 

Nitrogen 

751 106.6 3.62 
750 106.2 3.60 
710 97.2 1.50 
709 97.6 1.42 
810 112.3 5.66 
807 112.1 5.63 
720 99.5 3.62 
723 99.6 3.55 

- 10.3 
- 10.3 

-9.6 
-9.5 
- 10.6 
- 10.5 
-9 .4  
-9.4 

Note: Comparison takes place at 70°C; ethanol as solute; Bow of carrier gas, 
40 cm’ min-I. 

’ EO = CHICH~O. 

probe increases from 0.1 to 0.3 p1. As a result, the measured 
polarity decreases with the increasing ratio of a polar probe to 
standard n-alkanes. Criterion A increases with an increase of 
the sample size of n-alkanes and with an increase of the sta- 
tionary phase loading. The partial molal free energy of solution 
is much less sensitive but also slightly increases as the n-alkane 
sample size increases. Partial molar excess Gibbs free energy 
of solution per methylene group decreases significantly with 
an increase of alkanes sample size. The sample size dependence 
is much weaker when alcohols and ketones are used as solutes. 
In all cases, the influence of the solute sample size upon the 
considered dispersive force parameters is less significant for 
higher liquid loadings. 

The sensitivity of the retention index to variations in column 
liquid loading, support activity, and sample size has been ex- 
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Table a 
Variation of Retention Index with the Increase in Probe of Sample Size from 0.1 pl (Step 

0.1 pl); Al,/O.l pl for First Five McReynolds Solutes, and Their Sum C AIf - 
5 

f = 1  

A All 

Probe 

Loading X' Y' Z' U' S' 
Phase (46) Benzene I-Butanol 2-Pentanone 1-Nitropropan m d i n e  1-1 

A 10 
15 
20 
25 

B 10 
15 
20 
25 

C 10 
15 
20 
25 

+0.5 -0.5 
0.0 +0.6 

f 2 . 3  - 0.7 
+0.2 -0.1 
+ 1.3 +0.3 

0.0 0.0 
-0.3 -0.6 

0.0 0.0 
0.0 + 1.0 

+ 1.0 - 1.0 
-0.6 0.0 
+0.2 0.0 

+ 1.0 
+ 1.0 
- 1.0 
+ 1.0 

0.0 
0.0 

+ 0.3 
0.0 
0.0 

- 0.3 
0.0 
0.0 

+ 1.2 
+ 1.3 
+2.0 
+0.7 
+ 0.6 

0.0 
+0.6 

0.0 
+0.3 
+ 0.3 

0.0 
+0.3 

- 12.5 - 10.3 
- 11.6 - 8.7 
- 8.6 - 1.0 
-2.5 -0.7 
-5.8 - 3.6 
- 3.0 -3.0 
- 3.0 - 3.0 
-0.3 -0.3 

-21.0 - 19.7 
-7.7 -1.1 
-2.7 - 3.3 
-0.8 - 0.3 

amined by several workers. 1M)-106 Vernon and Suratman1Oo have 
pointed out that sample size and sample composition influence 
the retention index. These effects are much stronger on a polar 
than on a nonpolar phase. 

Jonsson and Mathiasson'@' have concluded that in the pres- 
ence of surface adsorption, both on the surface of the support 
and on the liquid phase, the retention volume usually varies 
with sample size. Accurate measurements of the retention data 
thus require the retention volume to be corrected for adsorp- 
tion. 102-105 It was foundlo5 that the contribution for adsorption 
varies strongly with sample size. Adsorption effects decrease 
significantly with the increase of the stationary phase loading. 
Variations of the Kovats retention indices, due to adsorption 
effects, are the most pronounced on nonpolar stationary phases 
with polar solutes.lo6 On polar columns, the variation in the 
Kovats retention index is essentially due to adsorption effects 
for the alkane reference compounds. Generally, both column 
loading and sample size ought to be high in order to keep the 
variation in retention index as small as possible.'06 

Examined surfactants and their model compounds are me- 
dium or strong polar and observed effects may be attributed 
both to the adsorption effects of polar probes and n-alkane 
reference compounds. The polarity parameters must be mea- 
sured in conditions that minimize their variation due to ad- 
sorption effects, i.e., the liquid loading of 25% and the sample 
size of 0.2 to 0.3 p1. 

Thus, although the influence of several chromatographic 
conditions is small or even often negligible, the polarity mea- 

surements are always carried out under constant standard con- 
ditions. They are as follows: column 1 m X 3 mm I.D.; column 
and sample injector temperatures, 70 and 160°C. respectively; 
column packing, 25% (w/w) surfactant on Kieselguhr (recently 
on Porolith, 0.2 to 0.5 mm, GDR); carrier gas (nitrogen) flow 
rate, 40 cm3 min-'; time for column stabilization, 10 h; and 
sample size, 0.2 to 0.3 ~ 1 .  

Under these standard conditions, the polarity measurements 
are quite reproducible. The effect of column preparation is also 
not observed, and almost the same values are obtained for 
various columns prepared in the same laboratory (Table 9)."8 

As all measurements are made under the same standard pa- 
rameters, broadened and skewed chromatographic peaks are 
also obtained, especially as pyridine is used as a polar solute. 

studied the problem of the correct measure of 
retention time in linear, nonideal elution chromatography and 
examined relations between three different retention measures: 
the maximum of a peak, the median and the center of gravity, 
and the skew and width of the observed elution peaks. The 
median of the peak denotes the retention time corresponding 
to elution of half the molecules, i.e., as half of the elution 
curve emerges. The elution time of the center of gravity of the 
peak is determined according to the following equation: 

~ ~ ~ ~ ~ ~ ~ 1 0 7 - 1 1 0  

$ t c(t) dt 
J c(t) dt ' tR cg = (59) 

where t denotes elution time of each point of the peak and c(t) 
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Table 9 
Effect of Preparation of Chromatographic Columns 
on Values of Polarity Parameters for Ethylene 
Oxideh-Butylene Oxide Block Copolymer of 
BE TypeM 

No. of column 
Polarity 

parameter 1 2 3 4 5 

C 6.47 6.47 6.49 6.44 6.45 
IR 641 646 641 641 641 
PI 84.9 84.7 85.3 84.2 84.5 
P 1.49 1.56 1.48 1.47 1.48 

Nore: 5 separately pnpared columns; molecular mass of polyoxybutylene 
chain, 2000, content of polyoxyethylene chain, 40.3%. 

Table 10 
Polarity Parameters Calculated from 
Retention Times of Polar Solutes Estimated 
by Different Methods for 
CeH13OCH&H( OH)CH20CH&H20CeH13M 

Polarity parameter 
Method of 
calculation PIMrnR P"OR IR-0" Ill- 

Peak maximum 89.4 1.77 855 929 
Peak median 89.2 1.76 853 91 1 
Center of gravity 89.1 1.76 852 903 

stands for concentration (height of the peak) at this point. For 
symmetrical peaks, these three measures of retention time or 
retention volume are identical. For skew peaks, the median is 
the correct measure of the retention time; however, its deter- 
mination is much more complicated and time-consuming and 
usually much less accurate in comparison to the peak maxi- 
mum. 

Results obtained by Voelkels6 have shown that chromato- 
graphic peaks of alcohols are only slightly skewed. Retention 
times obtained by using median, center of gravity, and max- 
imum of the peak as retention time measures are different. 
Retention times of alcohols as measured at the point of the 
center of gravity are higher, while those obtained at peak max- 
imum are lower in comparison to the time of the median. 
However, polarity parameters calculated from these three sets 
of retention times are generally equal to each other (Table 
The observed differences are random and statistically insig- 
nificant. Only in the case of pyridine peaks are the differences 
in retention time and retention index lugh, systematic, and 
significant for all stationary phases examined. 

Another factor that may influence the polarity parameters is 
the method of the dead time estimation. Wainwright and Haken'" 

pointed out that the dead time can be determined the most 
accurately by the method of Grobler and Balizs"' using at least 
four n-alkanes. Other methods in which three alkanes are used 
are also recommended. l 3  

air peak 
method, and the SevEik and Lowentap method'14 for deter- 
mining various polarity parameters. He obtained different val- 
ues of the dead time. However, the values of the polarity 
parameters were practically the same. Observed small differ- 
ences are random and statistically insignificant (Table 1 l).s6 

VoelkelJ6 used the Grobler and Balizs 

IV. RELATIONS BETWEEN POLARITY 
PARAMETERS 

The polarity parameters increase as the content of the hy- 
drophilic block increases or the content of the hydrophobic 
block decreases. With the increased polarity of the liquid phase, 
stronger interactions occur in chromatographic columns and 
the relative retention time of the polar agent increases. This 
dependence is different for the considered polarity parameters. 
Therefore, curves are obtained on the graphs showing the re- 
lations between different polarity parameters, i.e., PI vs. p, IR 
vs. p, and IR vs. PI (Figure 8).47*'0~52~67~8'~82 Regression coef- 
ficients (%, a,, and az) and the correlation coefficient (R) for 
relation: 

where P, and P, denote IR, PI, and p, respectively, are given 
for various types of compounds in Table 12."' Correlation 
coefficients are in the range of 0.95 to 1 .OO. Regression coef- 
ficients are different for various series of considered com- 
pounds used as liquid phases and for various alcohols. Both 
1R and PI increases as the coefficient p increases. The greatest 
changes are observed for the most hydrophobic compounds for 
which IR < 600, PI < 70, and p < 1.0. The influence of p 
upon 1R and PI decreases as the polarity increases, and a p  
proximately straight lines are obtained for highly polar com- 
pounds. 

Table 11 
Polarlty Parameters Calculated Using Dead Times 
Estimated According to Various Methods for 
CeH130CH&H( OH)CH20CH2CH20CeH13M 

Method of dead AGP(0H) Criterion 
time estimation ~ ~ E t o € l  pIMe0O" od md-'1 A 

Grobler and BalizslL2 666.2 81.5 - 8.4 2.330 
Air peak 662.2 81.6 - 8.4 2.330 
SevEik and U ~ e n t a p " ~  666.3 81.8 - 8.3 2.331 
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FIGURE 8. Relationships between the empirical polarity parameters (1.3- 
bis-[o-akoxyoligo(oxyethylene)]ppan-2-0ls; 70°C; ethanol as a polar agent).s2 

Relationships between the retention and polarity indices are 
usually almost linear (Figure 9).52 As a result, regression coef- 
ficient az is low in comparison to regression coefficient al. 
Thus, the retention and polarity indices of alcohol can be re- 
garded as equivalent and the same orders of surfactants are 
obtained according to increasing values of the retention and 
polarity indices. Using these two polarity parameters, the com- 
pounds can be classified in the same order of increasing po- 
larity. Thus, the scales of the polarity and retention indices of 
alcohol are quite convertible. 

Similar orders can be obtained as the polarity index and 
coefficient p are considered. However, in this case, depending 
on the polarity parameter considered, the differences in the 
values of these parameters can be different and higher or lower 
relative polarities can be estimated in comparison to the com- 
pound having the lowest polarity. This means that the consid- 
ered scales of PI and p as well as of IR and p are not fully 
convertible. 

Similar relationships are observed between other discussed 
polarity parameters, i.e., AGF(0H) vs. PI or AGF(0H) vs. IR 
(Figure AGF(0H) vs. AGF(C==O) (Figure 11),52 and 
AGF(C=O)MPK vs. AGF(C==O)MEK (Figure 12),52 where MPK 
and MEK denote 2-pentanone and 2-butanone, respectively. 
However, for some compounds important deviations are ob- 
served. 

In homologous series, approximately linear relations can be 
also observed between some dispersive force parameters, e.g., 
AGF(CH2) vs. A and AGE(CH2) vs. A reported for 1,3-bis- 
[o-alkoxyoligo(oxyethylene)]propan-2-ols and aminoether al- 
cohols and their ethers (Figure 13)84 and between a dispersive 
force parameter (AGF(CH,), AGE(CH2), or A) and a polarity 

parameter obtained from the retention of a standard alcohol 
(PI, IR, or AGF(0H)) (Figure 14).55 

Relationships of the simple empirical polarity parameters 
determined from retention of a standard alcohol with those 
considering intermolecular electric interactions are more com- 
plex because various relations are observed for the same ho- 
mologous series as different lengths of the alkyl groups are 
considered (Figure 15).89 

The discussed polarity parameters can be also correlated with 
the sum of the first McReynolds constants approximately ac- 
cording to linear relations (Figures 16 and 17).52 Some im- 
portant deviations are observed and usually the correlation 
coefficient is about 0.9. Thus, it is not too high, but such an 
order can be still acceptable (Table 13).l15 For various ho- 
mologous series, different relationships are obtained as a result 
of different importance of proton donor-proton acceptor inter- 
actions and their contribution to the sum of the first five 
McReynolds constants. However, the similar linear character 
of the discussed relationships demonstrates that proton donor- 
proton acceptor interactions make an important contribution to 
the total interactions occuning in the GC column during the 
polarity measurements. As a result, the polarity calculated only 
from the retention times of alcohols and alkanes can charac- 
terize the polarity of the compounds considered quite satisfac- 

It seems that each one of the discussed polarity parameters 
can be used to characterize the polarity of nonionic surfactants. 
The scales of these parameters are quite satisfactorily con- 
vertible, although some important differences in the relative 
polarities are observed. The order of surfactants arranged ac- 
cording to their increased polarity is almost the same as various 
polarity parameters are considered. Small differences are only 
observed for compounds having similar polarities, and espe- 
cially in the case of polar compounds. 

However, the practical importance of various polarity pa- 
rameters is different. A good parameter should be quickly and 
precisely determined. A procedure used for its determination 
should be simple and brief. These factors favor the polarity 
parameters obtained from the retention of the standard alcohol, 
i.e., the retention and polarity indices of ethanol or methanol. 

A good polarity parameter should be also sensitive enough 
upon structural changes of compounds investigated, i.e., it 
should change its values with a change of the structures of the 
compound. This effect can be estimated by calculating relative 
differences of the discussed polarity parameters for various 
homologous series: 

torily. 

P,, - P& 
S =  100% 

P& 

where S is the sensitivity parameter and P, and Pmi, are 
maximal and minimal values in the considered homologous 
series, respectively. 
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Table 12 
Regression (a,,, a,, and a,) and Correlation Coefficients for Relation P, = + a, p, + a, p‘, 115 

.- 
650, 

$ 
600.. 

Regression eoefecienh 
Correlation 

Compounds p, PX Solute Po a1 a2 coefficient 

A IR 

IR 

PI 

B IR 

IR 

PI 

C IR 

b 

PI 

D I R  

b 

PI 

E IR 
IR 
PI 

PI 

P 

P 

P I  

P 

P 

PI 

P 

P 

PI 

P 

P 

PI 
P 
P 

Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Methanol 
Methanol 

617.9 
821.1 
536.9 
564.5 
56.6 
67.11 
483.5 
539.1 
422.1 
471.1 
-5.529 
27.15 
825.2 
328.4 
436.2 
518.3 
34.22 
63.20 
1028.8 
1435.6 
521.2 
533.4 
41.33 
52.18 
589.9 
374.2 
8.60 

- 3.595 
-7.94 
72.46 
54.12 
17.5 
11.27 
-0.035 
- 1.384 
216.3 
150.7 
98.86 
50.69 
-7.537 
2.135 

153.4 
99.82 
37.01 
18.25 
- 13.09 
-21.29 
92.43 
101.11 
42.08 
47.83 
- 2.870 
270.1 
75.16 

0.046 
0.069 

-3.644 
- 1.944 
- 1.089 
-0.523 
0.024 
0.032 

-40.78 
-20.35 
- 25.02 
- 8.65 
0.065 
0.018 

- 17.79 
-8.85 
-4.74 
- 1.70 
0.100 
0.141 

-6.39 
-5.83 
-3.25 
- 1.88 

-49.13 
- 14.64 

0.042 

0.9867 
0.9761 
0.9768 
0.9700 
0.9443 
0.9464 
0.9923 
0.9867 
0.9988 
0.9830 
0.991 1 
0.9945 
0.9929 
0.9951 
0.9917 
0.9971 
0.9726 
0.9982 
0.9565 
0.9796 
0.9165 
0.9223 
0.9553 
0.9718 
0.9998 
0.9933 
0.9932 

Nore: A: polyoxyethylene alcohols, alkylthiols, and alkylamines;” B: polyoxyethylene glycol dialkyl 
1 ,3-bis-[w-alkoxyoligo-(oxyethylene)]-propan-2-ols;s’ D: a,o-diamino~ligoethes;~~~~ and E hydroxyoximes.*’*** 

C: aminoether alchols and their etherss0 and 

FIGURE 9. Relationship between the retention index and the polarity index 
(1 ,3-bis-[w-alkoxyoligo(oxyethylene)]pmpan-2-ols; 70°C; ethanol as a polar 
agent).’* 

The data presented in Table 14 demonstrate that the sensi- 
tivity of each polarity parameter upon structural changes de- 
pends on the type of compounds considered, e.g., quite dif- 
ferent S values were obtained for various homologous s e r i e ~ . ~ ~ * ~  
The effect of a solute (methanol or ethanol) is relatively small 
and can be neglected. The most sensitive parameter is the 
coefficient p, however, the accuracy of its determination is 
very low (the lowest among the polarity parameters calculated 
from appropriate retention times). Sensitivities of criterion A 
and the partial molal free energy of solution of methylene group 
are very low. Thus, if used, they must be determined with very 
high precision. The sensitivities of the sum of the first five 
McReynolds constants and of the partial molar excess Gibbs 
function of the solute methylene group are of a similar order 
and higher in comparison to the retention and polarity indices 
of the standard alcohol. Although these two last polarity pa- 
rameters are not very sensitive upon structural changes, they 
reflect quite well changes in compound structure, including the 
increase of a hydrocarbon and/or a polyoxyethylene chain, the 
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FIGURE 10. Relationship between the partial mold free energy of hydroxyl 
group solution and the retention index of ethanol (1,3-bis-[o-akoxy- 
oligo(oxyethylene)]pmpan-2-ols; 70 to 90°C).52 

FIGURE 11. Relationship between the partial molal free energies of solution 
of hydroxyl and carbonyl groups ( I  ,3-bis-[w-akoxyoligo-(oxyethylene)]pro- 
pan-2-01s; 70 to 90°C; ethanol and 2-butanone as polar agents).52 

presence of various heteroatoms, and the changes in the sym- 
metries of the compound (discussed in Section VI). These two 
parameters, IA and PI, can be precisely determined according 
to the routine standard procedure. As a result, they can be used 
to characterize the polarity of various surface active agents and 
different model compounds. They can also be used to study 
the effects of structural changes in surfactant molecules on 
their polarities andlor their HLB, and their surface active and 
usage properties. 

V. POLARITY PARAMETERS AND 
HYDROPHILE LlPOPHlLE BALANCE 

Polarity data have been used by several  author^^'-^^ to de- 
termine the HLB of nonionic surfactants. Linear relations are 

FIGURE 12. Relationship between the partial molal free energies of solution 
of carbony1 groups (1,3-bis-[o-akoxyoligo(oxyethylene)]propar1-2-01~; MEK, 
2-butanone: MPK, 2-~entanone).~* 

I I , 
0 1 2 3 L O 1 2 3 L  

"ilterlOP P Number d myethylene graps.m 

FIGURE 13. Relationships between dispersive force parameters (x. 1.3-bis- 
[w-akoxyoligo(oxyethyhylcne)]propan-2-ols; 0. amincether alcohols and their 
ethers) .w 

provided in the literature between the HLB and the polarity 
parameters determined by GC, although not always in the form 
of mathematical equations (Tables 15 to 17). These relations 
are usually proposed for the determination of HLB values. 
However, they are valid only for the homologous series of 
surfactants having the same structure, but different lengths of 
the polyoxyethylene and/or the hydrophobic chain. No general 
relations exist, as is shown in Figures 18 and 19. However, 
Becher and BirkmeieP pointed out that the different relations 
observed for the different groups of nonionic surfactants can 
be caused by the presence of impurities in commercial surfac- 
tants. By extracting nonreacted polyol from sorbitan derivatives 
they obtained corrected values for the p coefficient, which were 
in agreement with those obtained for polyoxyethylene fatty 
alcohols. Because of this, the so-called general relation 

HLBG = 8.55 pEoH - 6.36 (62) 
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AGURE 14. Relationships between polarity parameters for polyoxyethylene 
glycol dialky ethers (a), polyoxyethylene alkylamincs (b), and polyoxyethylene 
thioalcohols (c)." 

was obtained for the considered groups of surfactants. The 
influence of the impurities on the values of the polarity index 
was also demonstrated by Krivich and Gluzman.go However, 
using pure model compounds having different structures, we 
have found that such a generalization is i ~ n p o s s i b l e . ~ ' ~ ~ ~ ~ ~ ~  

Another drawback to the relations cited in the literature and 

'i 6 

a ,  

6 0 .  . 
5 

J 
L 

m lorn 1m 

El 

AGURE 16. Relationships between the empirical polarity parameters and 
the sum of the 6rst five McReynolds constants (x, A, methanol; 0.0, ethanol; 
A, 0, aminocther alcohols and their ethers; x. 0, 1,3-bis[o-alkoxyoligo- 
(oxyethylene)] propan-Z-~ls).~ 

presented in Tables 15 to 17 is connected to the omission of 
the procedure used for the HLB determination. 

Two different scales of HLB exist, i.e., Griffin and Davies. 
In the case of the Griffin scale, the HLB can be determined 
from appropriate emulsion tests, or in some cases for typical 
nonionic surfactants having one short hydrophobic hydrocar- 
bon chain and a polyoxyethylene chain. The HLB can be es- 
timated according to one of the equivalent Equations 63:2-9 

E 
MH and HL,BG=- 

5' 
HLBG = 20- 

M (63) 

where M and MH denote the molecular mass of a surfactant 
and the molecular mass of its hydrophilic polyoxyethylene 
chain, respectively, and E stands for the content (96) of the 
polyoxyethylene chain. Some other equations are cited in the 

The authors usually use the calculation procedure 
(Equations 63), but they do not mention it because it causes a 
great deal of confusion. Moreover, such calculations give only 
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FIGURE 17. Relationships between the partial mold free energy of solution 
of a functional group and the sum of the 6rst five McReynolds constants (x, 
A, methanol; 0, 0, ethanol; 0,  A, 2-pentanone; A, 0, A, aminoether 
alcohols and their ethers; x, 0, 0, 1,3-bis[o-akoxyoligo(oxyethylene)]- 
propan-24s) .= 

very rough estimation because they do not reflect the influence 
of the surroundings. It is well known that the HLB can change, 
and one constant value cannot be attributed to the considered 
surfactant or to a surfactant’s mixture. 

In the case of the Davies scale, the HLBD is calculated from 
appropriate increments (Table 18) according to the following 
relation: 128~129 

where AHLBq are increments of HLB for characteristic groups 
present in a surfactant molecule. This procedure also gives 
only rough estimation of the HLB , and HLBD values are usually 
significantly different in comparison to HLBO values. More- 
over, HLBD values for various homologous series change by 
an appropriate increment, while HLBG changes with different 
rate, finally achieving a constant value of an appropriate asymp- 
tote. 

Table 13 
Regression (a and b) and Correlation Coefficients 

(R) for Relation P = a + b 2 AIJl5 
5 

I s 1  

Llquid Polarity 
phase parameter Solute a b R 

A IR 

PI 

P 

A 

AG.” (OH) 

P 

A 

AGF (OH) 

A W  ( C d )  

AGe (CH2) 

PI 

AGF (-0) 

CS4 b 

PI 

AG? (OH) 

Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
At 70°C 
At 90°C 
Methanol 
Ethanol 
2-Butanone 
2-Pentanone 
Alkanes 
Alcohols 
Ketones 
Alkanes 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
At 70°C 
At 90°C 
Methanol 
Ethanol 

2-Pentanone 
Alkanes 
Alcohols 
Ketones 

Alkanes 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
2-Butanone 
2-Pentanone 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
2-Butanone 
2-Pentanone 

2-Butan01~ 

- 

390.98 
443.03 
30.707 
55.447 

-4.888 
-5.808 

2.542 
2.376 

-6.363 
-5.589 
-4.421 
-3.643 
95.36 
30.73 

413.78 
-2.892 
439.62 
469.49 
38.067 
49.147 

-1.211 
-1.162 

2.361 
2.291 

-7.180 
-5.689 - 6.576 
-6.598 

3.878 
-49.45 
214.57 
52.04 

-2.371 
393.7 
427.8 
42.004 
55.700 
- 4.18 
-4.70 
-7.316 
-5.587 
-6.137 
-6.649 
452.1 
463.7 
45.53 
56.25 
- 2.53 
-3.73 
-7.005 
-4.879 
-5.723 
-5.518 

0.2575 0.9479 
0.2548 0.9384 
0.0484 0.9824 
0.0387 0.9584 
6.589 l@ 0.9308 
8.584 W3 0.9470 

-2.078 lo-‘ 0.8932 
-2.022 lp 0.9175 
-3.731 llT3 0.8673 
-3.272 I@ 0.8577 
-3.676 lW3 0.8776 
-3.837 lW3 0.8577 

0.0692 0.8592 
0.0596 0.8700 
0.1474 0.8668 
4.124 10-4 0.9008 
0.2132 0.9595 
0.2086 0.9673 
6.0469 0.9653 
0.0418 0.9536 
2.80 l(r3 0.9521 
3.07 10-3 0.9422 

-3.349 104 0.9712 
-1.970 l p  0.9355 
-2.620 l@ 0.9361 
-2.688 I r 3  0.9785 
-2.633 * l r 3  0.9361 
-2.355 lo-’ 0.9647 

0.1850 0.9897 
0.1631 0.9834 
0.3982 0.9908 
0.2540 0.9869 
3.614 lo-‘ 0.9758 
0.308 0.8953 
0.296 0.9185 
0.0533 0.8526 
0.0422 0.9244 
6.670 * IW’ 0.9378 
7.611 I F 3  0.9466 

-3.641 l@ 0.7688 
-3.692 lV3 0.7632 
-2.091 IF3 0.8812 
-1.890 lW3 0.8651 

0.2340 0.9071 
0.2551 0.9472 
0.0470 0,8725 
0.0428 0.9165 
4.73 l p  0.8995 
6.66 lo-’ 0.9186 

-3.781 lW3 0.8428 
-4.381 I F 3  0.8804 
-3.113 lW3 0.8414 
-2.991 lCr3 0.8260 

Nore: A: polyoxyethylene alcohols, akylthiols, and akylamines;” B: 1,3- 
bis[o-alkoxyoligo(oxyethylene)]propan-2-01~;~* and C: a,o-diaminoo- 
ligoethers . 5324 
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Pmmx - Pmln 
Table 14 
Sensitivity of Polarity Parameters 

Pmln 1000/0115 

Group of compounds used 89 liquid 
Ph- 

Polarity 
parameter Solute A B C D E a E s F  

IR Methanol 
Ethanol 

PI Methanol 
Ethanol 

P Methanol 
Ethanol 

AG? (OH) Methanol 
Ethanol 

AG.“ (C=O) 2-Butanone 
2-Pentanone 

74 27 22 35 42 20 79 

165 87 35 19 34 38 117 

1957 198 224 393 225 171 356 

75 23 18 28 56 20 - 

120 44 25 48 27 29 - 

1162 184 191 292 416 171 - 
76 - 16 23 28 30 - 
91 - 20 25 32 21 - 

105 - - - 31 23 - 
160 - 14 22 25 22 - 

J 

AI, - 331 - 62 128 172 67 - 
A Alkanes 24 - 8 1 7 - -  10 

AE(CHz) Alkanes 86 - 55 109 - - 43 

, - I  

AG:(CHz) Alkanes 37 - 8 1 3 - - -  

Note: A: polyoxyethylene alcohols, alkylthiols, and alkylamine~;’~ B: po- 
lyoxyethylene glycol diaUcyl C: aminoether alcohols and 
their ethers;” D: 1.3-bis-[o-allro~yolig~oxycthylene)]-~-2~~~’ 
E: a,o-diaminooligoether~;~~*~ and F hydroxyoximes.*’~*2 

When the structure of a surfactant is not known, its ap- 
proximate HLB value can be estimated from the polarity index 
according to Equation 6 P  

HLBG = 0.309 PIMdH - 18.3. (65) 

This equation was obtained using the calculated HLBG values 
and the polarity index of methanol experimentally determined 
for the following groups of surfactants: sorbitan esters and their 
polyoxyethylene ethers (Span and Tween surfactants), polyox- 
yethylene derivatives of alkylphenols, dinonylphenol, alcohols 
and fatty acids, and sucrose esters of fatty acids.” However, 
the error in such an estimation can be great and even for typical 
surfactants can be equal to 2 HLB units. The use of specific 
relations obtained, e.g., for sorbitan esters and their polyox- 
yethylene ethers or for polyoxyethylene alcohols, to determine 
the HLB values for other groups of surfactants from their po- 
larity parameters has been proposed.45*122*123 However, such 
calculations often lead to great errors in HLB estimation. 
Therefore, two special procedures have been recently devel- 
oped to more accurately obtain HLB. 

The first procedure for HLB calculation is as follows.133 An 
appropriate homologous series of surfactants for which the 
relation between HLB and a polarity parameter, e.g., PI, is 

known, as in the case of polyoxyethylene nonylphenols (Equa- 
tion 66): 

is selected as the standard series of surfactants. For a new 
series of surfactants, it is necessary to determine the HLB and 
PI for two homologs: HLBml, PIml, and HLBd and PId. 
Then, introducing HLBmI and H B L  into Equation 66, ap- 
propriate values of the polarity index PIsI and PIs2 are calcu- 
lated. These values of the polarity index are shown by standard 
surfactants exhibiting the same HLB values as the investigated 
surfactants, The values of PIsi and PId are connected according 
to Equation 67: 

PId - PI,1 
PI,, - P1,l 

= A  

Introducing into this equation the values of PIml, PI&, PIsl, 
and PIs2, the constant A is obtained. At this point the HLB for 
another homolog can be determined from the value of its po- 
larity index. Introducing PId into Equation 67, an appropriate 
value of PI,, is obtained. Placing, then, PI,i into Equation 66, 
the HLB for a standard surfactant having the same HLB as the 
considered surfactant is obtained. The idea of this method is 
presented in Figure 20. 

As linear relations between HLB and PI are considered for 
both series of surfactants, then: 

HLBd = a, + b, PId (68) 

and 

HLB,, = + b, PI,,. (69) 

Thus, as HLBd = HLB,i then 

where D and E are regression coefficients. 

linear equation for HLB is obtained: 
By introducing Equation 70 into Equation 69, the appropriate 

HLB,, = HLBd = a, + b,(D + E PId). (71) 

The values of D and E regression coefficients for some prac- 
tically important groups of nonionic surfactants are given in 
Table 19; a, and b, are equal to 0.435 and - 3 1.4, respectively, 
as polyoxyethylene nonylphenols were selected as standard 
surfactants. 
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Table 15 
Relations between HLB Values, as Expressed on Griffin (HLBO) and Davies (HLBO) Scales, and Polarity Index 
(Methanol as a Polar Agent)ll8 

No. Equation 

HLB' = 0.248 PI - 14.37 
HLB' = 0.201 PI - 6.35 
HLB' = 0.435 PI - 31.43 
HLB' = 0.237 PI - 8.84 
HLB' = 0.213 PI - 7.05 
HLB' = 0.350PI - 21.96 
HLB' = 0.282 PI - 16.92 
HLB' = a PI + b 

9 HLB' = 0.154 PI - 7.56 
10 HLB' = 0.154 PI - 2.97 
11 HLB' = 0.332 PI - 21.0 

Temp 
("C) 

70 
70 
70 
70 
70 
70 
70 
65 

65 

60-95 
- 

12 HLB' = 0.376PI - 24.9 6c-95 
13 HLB' = 0.325 PI - 19.5 60-95 
14 HLB' = 45.45 log PI - 71.14 70 

15 HLB' = 0.3251 PI - 24.1 70 

16 HLB' = 109.89 log PI - 211.7 70 
17 HLBD = 0.192 PI - 12.6 65 

The error of the HLB determination using this procedure 
does not exceed 0.5 HLB units, while the average error is 0.2 
HLB units (Table 20). The method is generally valid and ac- 
curate, but accurate values of HLB for a standard series and 
for two homologs of the new surfactant series are necessary. 

The HLB of nonionic surfactants can also be estimated ac- 
cording to modified Equation 72:'34-'36 

HIE E 
HLB = - 

5 '  

where HIE denotes the hydrophilicity index. This equation can 
be used for surfactants containing various heteroatoms (nitro- 
gen, sulfur) and for block copolymers for which Equation 63 
is not valid. It can be also used for typical polydisperse mixtures 
of nonionic surfactants as well as for various model individual 
compounds. 

The hydrophilicity index can be defined similarly to the 
hydrophobicity index,"'-" which has been defined as the ratio 
of the effective number of methylene groups in a hydrophobic 
chain to the actual number in it. Thus, the hydrophilicity index 
can be defined as the ratio of the effective content or the 

Surfactants and comments Ref. 

Sorbitan esters 
Polyoxyethylene sorbitan esters 
Polyoxyethylene akylphenols 
Polyoxyethylene dinonylphenols 
Polyoxyethylene alcohols 
Polyoxyethylene akylamines 
Sucrose esters 
Polyoxyethylene nonylphenols; 

equations were not given; 
deviations for low HLB values 

Polyoxyethylene monoglicerides 
Polyoxyethylene fatty acids 
Sorbitan esters and their 

polyoxyethylene derivatives; 
equation was not given 

Sorbitan esters 
Polyoxyethylene sorbitan esters 
Purified sorbitan esters and their 

polyoxyethylene ethers, 
polyoxyethylene fatty alcohols, 
and pentaerythritol 

Pluronic surfactants; only 4 products: 

Polyoxyethylene fatty alcohols 
Polyoxyethylene monoglycerides 

PL-68, PL-64, PL-61 and PL-44 

58, 117 
58, 117 
58, 117 
58, 117 
58, 117 
58, 117 

63 
58, 117-119 

120 
121 
64 

64 
64 
122-125 

126 

127 
1 20 

effective length of a hydrophilic polyoxyethylene chain to the 
actual content or the actual length of this chain (Equation 73): 

HIE = E,dE. (73) 

Instead of the actual content of the polyoxyethylene chain, 
the use of the effective content of the polyoxyethylene chain 
is proposed for HLB calculations. This effective content of the 
hydrophilic chain is defined by the actual content of the po- 
lyoxyethylene chain in a hypothetical surfactant from the stan- 
dard series, having the same polarity as the considered sur- 
factant. Knowing the relation between the content of the 
polyoxyethylene chain and the polarity for the standard series 
of surfactants, which in this case is characterized by the polarity 
index, e.g., 

(74) E = 1.065 PIMaH - 35.25 

for polyoxyethylene alcohols, the effective content of the hy- 
drophilic block in a considered surfactant can be estimated by 
introducing its experimentally determined polarity index in 
Equation 74. 

The values of the effective content of the hydrophilic block 
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Table 16 
Relations between HLB Values, as Expressed on Griffin (HLB') and Davles (HLBD) Scales, 
and Coefficient p116 

No. 

1 
2 

3 

4 
5 

6 

7 

8 

9 

10 

11 

Equation 

HLBO = 
HLB' = 31.2 

8.55 p - 6.36 
p - 30.7 

HLB' = 3.37 p' + 0.58 

HLB' = 8.21 p + 3.93 
HLB' = 8.08 In p' - 0.36 

HLB' = 8.78 In p' + 0.24 

HLB' = 10.2 In p' + 0.45 

HLB' = a p' + b 

HLB' = 

HLB' = 

HLBD = 10.25 log p + 1.90 

5.83 p - 7.72 

1.78 p + 0.23 

Temp Polar 
("C) agent 

80 EtOH 
80 EtOH 

80 EtOH 

65 MeOH 
40 EtOH 

60 EtOH 

80 EtOH 

iso-PeOH pentane 

80 EtOH 

80 EtOH 

65 MeOH 
pentane 

Surfactants 

Polyoxyethylene alcohols 
Sorbitan esters and their 

polyoxyethylene ethers 
Sorbitan esters and their 

polyoxyethylene ethers 
Polyoxyethylene monoglycerides 
Sorbitan esters and their 

Sorbitan esters and their 

Sorbitan esters and their 

Sorbitan esters and their 

polyoxyethylene ethers 

polyoxyethylene ethers 

polyoxyethylene ethers 

polyoxyethylene ethers; 
equations are not given 

block copolymers 
Ethylene oxidda-butylene oxide 

Polyoxyethylene fatty alcohols 

Polyoxyethylene monoglycerides 

Table 17 
Relations between HLB Values, as Expressed on Griffin (HLBO) and Davies (HLBD) Scales, 
and Polarity Parameters Determined by GC116 

Equation 
Temp 
("C) 

HLB' = 26 - IU2.6 80 

HBL' = 21.3 - V6.4 80 

HLB' 20.3 - 2Oa 100 

HBLG = 3.91 + 290.UKA 100 

HLB' = 9.091 CMmH - 52.3 6&90 

HLB' = 5.405 CMeoH - 26.0 s 9 5  
HLB" = 19.4 - 0.045 A1 100 
HLBD = 0.0133 AI - 1.33 100 
HLBD = 0.0179 A1 - 3.46 100 

depend in some way upon the polarity parameter (Figure 21)'36 
and on the polar solute used as the standard (Figure 22).'36 
These two effects are relatively small and are caused by dif- 
ferent interactions between the surfactant considered and stan- 
dard alcohols. However, somewhat different sets of HLB are 
estimated using various polarity parameters and polar solutes, 
respectively. Other groups of surfactants can also be used as 

Ref. 

65 
91 

91 

75 
91 

91 

91 

121 

127 

120 

Surfactants and comments Ref. 

Sorbitan esters and their polyoxyethylene ethers; 
K: partition coefficient of diisobutylene 

Polyoxyethylene fatty alcohols; retention of 
2,4,4-trimethylpentene, mm 

Polyoxyethylene sorbitan esters; a: ratio of 
partition coefficients of hexane and ethanol 

Polyoxyethylene sorbitan esters; KA: adsorption 
coefficeint of isooctane 

Sorbitan esters; CMmH: carbon number of 
MeOH 

Polyoxyethylene sorbitan esters 
a-Monoglicerides; AI = IRM. - I R ~ ~ ~ ~  
a-Monoglicerides of octadecenoic acids 
a-Monoglicerides of octadecenoic acids 

45 

70 

76 

74 

64 

64 
71 
71 
71 

the standards, i.e., polyoxyethylene nonylphenols for which 
appropriate data were determined (Figure 23). 134 Using this 
data, somewhat different HLB values are obtained in compar- 
ison to those estimated from the polarity data of polyoxyethy- 
lene alcohols. 

The choice of an appropriate standard group of surfactants 
is not always easy because these standard surfactants should 
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FIGURE 18. Relations between the HLB values and the polarity index 
(relations’ numbers are the same as in Table 15).’16 

exhibit similar polarities and HLB as studied surfactants. The 
proposed method of HLB estimation is quite general, and other 
parameters of surfactant polarity or hydrophilicity, taking into 
account the influence of the surfactants’ surroundings, can be 
used as polarity criteria. 

VI. RELATIONS BETWEEN SURFACTANTS’ 
STRUCTURES AND THEIR POLARITY 
PARAMETERS 

The formula of a nonionic surfactant having one hydrocarbon 
chain and one polyoxyethylene chain can be presented as fol- 
lows: 

RX(CH2CH20),H, abbreviated as L(EO),H and LH (75) 

where X denotes 0, S, etc., depending upon the class of com- 
pounds considered, and L stands for the hydrophobic part of 

HLB‘ 
20 

18 

16 

?It 

12 

10 

8 

6 

4 

1 2 3 P  
FIGURE 19. Relations between the HLF3 values and the coefficient p (re- 
lations’ numbers are the same as in Table 16).Il6 

the surfactant molecule. If we also assume the additivity of the 
polarity and neglect the influence of the terminal hydroxyl 
group, which is quite reliable for surfactants having a high 
enough molecular mass, the following equation for the sur- 
factant polarity can be written: 

P = A P H f  + APL(1 - f ) ,  (76) 

where A P H  and APL denote the polarities of the hydrophilic 
chain and the hydrophobic group, respectively, and f stands 
for the weight fraction of the polyoxyethylene chain content. 
APH and APL are constant, and the straight lines are obtained 
when the relations between the polarity parameters and the 
weight fractions of the oxyethylene group content are consid- 
ered: 

which is fully supported by our experimental results (Figure 
24).61,136 The same results were obtained by Fineman,63 who 
divided surfactants into three parts: a hydrophobic group, a 
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Table 18 
Davies HLB Increments for Molecule Characteristic 

Molecular characteristic 
fragment ~ B I  

Hydrophilic groups 
S o f i a  
-COOK 
4 O O N a  
-N< (tertially amine) 
4 O O R  (sorbitan esters) 
4 O O R  
4 O O H  
- O H  
-0- 
- O H  (sorbitan ring) 
4 H 2 H C 2 S  

Hydrophobic groups 
4 H 3  
4 H Z -  
4 H <  
4 3  

X F 2 -  
41H70- 

38.7 
21.1 
19.1 
9.4 
6.8 
2.4 
2.1 
1.9 
1.3 
0.5 
0.33 

-0.475 
-0.475 
-0.475 
-0.870 
-0.870 
-0.15 

polyoxyethylene chain and a terminal -CHzCHzOH group. 
Assuming a constant influence of the terminal -CHzCH20H 
group upon the surfactant polarity, he pointed out that the 
hydrophobe and -CH2CHz0H group can be considered to- 
gether as one term. As a result, Equation 77 was obtained in 
which APL denotes the sum of both the hydrophobe and the 
hydrophilic -CH2CHz0H group. 
Thus, by extrapolating the polarity of surfactants to the con- 

tent of the polyoxyethylene chain of loo%, the polarity of this 
hydrophilic chain can be determined. Quite the same values 
of the polarity index are obtained when data determined for 
different classes of surfactants are considered (Table 
21).47.58~61,63,1*7.136 These values are also in agreement with 
the values determined for polyoxyethylene glycols having an 
appropriate high molecular mass for which the influence of the 
terminal hydroxyl group can be neglected. 

It is interesting that quite similar values were obtained as 
ethanol was used as the polar solute. In this case, APH values 
reported for symmetrical l,3-bis-[o-alkoxyoligo(oxyethylene)]- 
propan-2-01s having 4 and 6 carbon atoms in their each terminal 
alkyl were 122 and 123, re~pectively. '~~ The value of 123.5 
was obtained for polyoxyethylene alcohols, alkylphenols, and 
fatty acids. 136 

Such a simple approximation of the hydrophilic block pol- 
arity is not always possible. The polarity parameters of asym- 
metric 1,3-bis-[ o-alkoxyoligo(oxyethylene)]-propan-2-ols hav- 
ing two terminal alkyls, R'(OCHzCHz),OCHzCH(OH)CH~O 
(CH2CHZO),RZ, where n and m and R' and Rz are different, 
respectively, also increase as the content of the hydrophilic 

/ I  I 

FIGURE 20. HLB estimation using standard group of surfactants. 

Table 19 
Regression Coefficients for Relation PImI = D + E 
PImI (Polyoxyethylene Nonylphenols as 
 standard^)'^^ 

Group of surfactants D E 

Span 39.1 0.570 
Tween 57.7 0.462 
Polyoxyethylene dmonylphenols 52.0 0.545 
Polyoxyethylene fatty alcohols 56.1 0.487 
Polyoxyethylene fatty acids 21.6 0.805 
Sucrose esters of fatty acids 33.3 0.648 

1990 43 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Critical Reviews In 

Table 20 
Calculated HLB Values (Polyoxyethylene 
Nonylphenols as Standards)lm 

Surfactant Producer PIs HLB H L B d  

Span 80 
span 60 
span 40 
span 20 
Tween 80 
Tween 60 
Tween 40 
Tween 20 
Serdox NES 8 
Serdox NES 12 
Serdox NKS 25 
Serdox NSG 200 
Serdox NSG 264 
Serdox NSG 400 
Serdox NSG 600 

Koch-Light Lab 73.9 4.3 3.9 
77.6 4.1 4.8 
86.0 6.7 6.9 
93.0 8.6 8.7 

Schuchardt 107.0 15.0 15.1 
107.0 14.9 15.1 
108.4 15.6 15.5 
114.8 16.7 16.8 

N. V. Servo 96.9 13.5 13.0 
101.0 14.4 14.4 
109.4 16.2 16.2 
86.3 8.6 8.2 
91.8 9.8 10.1 
97.7 12.0 12.2 
101.5 13.8 13.5 

AHL.B 

-4.3 
+0.1 
+0.2 
+0.1 
+0.1 
+0.2 
-0.1 
+0.1 
+0.5 
0.0 
0.0 

- 0.4 
+0.3 
+ 0.2 
-0.3 

P 
a 
0 10 20 30 40 50 60 70 

Actual content of hydrophlllc groups ,% 

FIGURE 21. Effect of polarity parameters on relationship between effective 
and actual contents of hydrophilic groups for 1,3-bis-[o-alkoxyoligo(oxy- 
ethylene)]ppan-2-01~, R(OCHzCH& OCH~CH(OH)CHZO(CH~CH~O),,,R (A, 
R = C&; A, R = CSHI~) .”~  

group increases, but the derivation of a linear relation is im- 
possible. Experimental data are too scattered and a new pa- 
rameter for characterizing the symmetry of compounds should 
be considered. 136 Such simple linear relations for approxima- 
tion to the hydrophilic group content of 100% give constant 
values for the hydrophilic block polarity were also not obtained 
for polyoxyethylene 4-alkylphenylamines. ’40 

The extrapolation of the hydrophilic group content to 0% 

vl a. 3 
2 
0) 90, 

a 

u 
c 
- - 
9 80.. 
D r 
.J= 

v- 

c 70.. 

8 
% 

C 

c c 

60, 
.- 
+ U 
W - 

so. 

4 0 1  0 1 0 2 0 3 0 4 0 5 0 6 0 7 0  

Actual content of hydrophilic groups ,% 

FIGURE 22. Effect of polar agent on relationship between effective and 
actual contents of hydrophilic groups for 1,3-bis-[o-alkoxyoligo(oxyethylene)] 
propan-2-ols, R(OCH2CH2).0CH2CH(OH)CH20(CH2CH20)mR; (0, A, R = 
C a 9 ;  0, A, R = c6H13; 0. 0,  methanol; A, A, ethanol).136 

0 20 40 Ethylene 60 oxwk mfed 60 [%J 

FIGURE 23. Polarity index of polyoxyethylene nonylphenols and deter- 
mination of the effective content of polyoxyethylene chain.134 
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Actual content of hydrophilic groups ,o/o 

FIGURE 24. Polarity index for symmetrical 1,3-bis-[o-akoxyoligo- 
(oxyethylene)]propan-2-oh, R ( o C H ~ ~ ~ ) . o C H ~ C H ( O ~ ~ ~ O ( c H 2 c H ~ O ) , R  
(A, R = m9; A, R = Ca13; ethanol as the solute; dashed lines denote the 
confidence limits for significance level of 0.05).'36 

Table 21 
Polarity Index for Polyoxyethylene Chain 

No. 

1 
2 
3 
4 
5 
6 
7 

8 

9 

10 

Surfactants 

Polyoxyethylene monoalkylphenols 
Polyoxyethylene dinonylphenols 
N,N-di-polyoxyethylene alkylamines 
Polyoxyethylene alcohols 
Surfactants of groups 1, 2, 3, and 4 
Polyoxyethylene glycol dialkyl ethers 
Ethylene oxide/a-butylene oxide 

Symmetrical 1,3-bis-[o-alkoxyoligo- 
block copolymers 

(oxyethylene)]-propann-2-ols 
R = C.& 
R = CsHi3 

Sorbitan esters and their 

Polyoxyethylene glycols 
polyoxyethylene ethers 

200 
400 
600 
1000 
2000 
4000 
Carbowax 20 M 

DItl 

118 
122 
120 
127 
121 
123 
122 

122 

126 
123 
122 

139 
133 
131 
130 
128 
123.5 
126 

Ref. 

58, 117 
58, 117 
58, 117 
58, 17 
58, 17 
47 
61 

61 

136 
136 
58, 117 

61 
61 
61 
61 
61 
61 
63 

gives appropriate polarities of hydrophobic chains. The fol- 
lowing values of this increment were obtained: approximately 
60 for hydrocarbon chains present in polyoxyethylene alcohols, 
alkylphenols , fatty acids, and polyoxyethylene glycol dialkyl 

ethers;136 70 to 75 for short terminal hydrocarbon chains in 
symmetrical 1,3-bis-[w-alkoxyoligo(oxyethhylene)]-propan-Z 
01s ; '~~  and 70 to 85 for polyoxyethylene glycols having various 
molecular masses.6' Thus, the polarity of these hydrophobic 
chains increases in the following order: a long carbon chain < 
two short terminal hydrocarbon chains < a polyoxybutylene 
chain. The polarity of the polyoxybutylene chain decreases as 
the molecular mass of the polyoxybutylene chain increases, 
both in polyoxybutylene glycols and in various types of eth- 
ylene oxideh-butylene oxide block copolymers. 

According to Equation 75, the polarity of nonionic surfac- 
tants can be also described as 

P = m APm2 + APx + n APEo, (78) 

where APcH2, APx, and APEo denote the increments of the 
polarity parameters for the considered groups, while m and n 
represent the numbers of the methylene (the methyl group is 
recognized as equivalent to the methylene group) and the ox- 
yethylene groups, respectively. In reality, APx is the sum of 
the constituent value typical for the considered group of sur- 
factants and of the increment for the characteristic group con- 
sidered. However, it is not always possible to find the values 
of both these components, and therefore they can be calculated 
as a sum. However, in this case it is impossible to attribute 
any physical meaning to such determined increments. 

The values obtained for some structural fragments of sur- 
factants having Equation 75 are given in Table 22. Using these 
increments, it is possible to estimate the polarity index of the 
individual surfactants having a low number of oxyethylene 
groups with absolute and relative errors of 1.5 PI units and 
1.6%, respectively. 14' The absolute and relative errors of such 
estimation for polydisperse mixtures are equal to 3.8 PI units 
and 1.6%, respectively. 141 

Polarity increments having a physical meaning can be ob- 
tained as constituent values characteristic for various homol- 
ogous series, and appropriate increments for structural frag- 
ments of surfactant molecules are computed assuming a constant 
constituent value characteristic for the considered group of 

Table 22 
Increments of Polarity Index of Methanol for 
Structural Fragments of Surfactants 
RX(CH2CH20),H'41 

Structural fragments Increments 

- - C H r - ,  - 4 3 3  -2.985 
-0- 103.058 
-s- 102.2 12 
-NH- 119.238 
--CH~CHIO--. 4HzCH20H 3.838 
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compounds and positive and negative values for polar and 
nonpolar groups, respectively. Thus, the polarity of a com- 
pound Ai (PAi) can be expressed as 

PAi = constant + c a j i  APGj, (79) 

where it is assumed that the increment of AP for a group Gj 
is constant for all compounds present in the system, and the 
coefficient aji denotes the number of Gj group in a compound 

The values of these increments for the polarity index, re- 
tention index, and the sum of McReynolds constants are given 
in Table 23.115 Various increments were obtained for different 
homologous series. They can be used to predict the polarity 
parameters for the compounds considered and their homologs 
only from their formulas. The accuracies of such predictions 
are good and the errors are below 3% and 4 to 5% for the 
retention and polarity indices of alcohol, respectively. The sum 
of the McReynolds constants is estimated with the higher rel- 
ative error of 4 to 9%. 

Although different increments were obtained for the same 
structural fragments present in various homologous series, it 
was possible to compute the average increments (group D in 
Table 23), which can be used to predict the polarity parameters 
of different groups of surfactants and model compounds. The 

Aj . 

Table 23 

errors of such predictions are then about 4, 5 to 7, and 10% 
for the retention index, polarity index, and the sum of Mc- 
Reynolds constants, respectively. 

Appropriate increments for other polarity parameters, i.e., 
AGF(OH), AG?(C=O), p, A, AG?(CH2) and AGE(CH2), are 
also given in the l i t e r a t ~ r e , ~ ~ ‘ ~ ~ * ~ ~ * * ~  and can be used to predict 
appropriate polarity parameters. They can also be estimated 
using relations between various polarity parameters, as pre- 
sented in Section IV. 

Hydroxyl groups and nitrogen atoms have the most signif- 
icant effect on the polarity of the examined compounds. The 
relative polarities of the structural fragments depend both upon 
the type of the compounds and the polarity parameter (Tables 
24 and 25)119 as a result of different structures of compounds 
considered and various interactions measured by different pa- 
rameters. However, the considered polarity parameters can 
be arranged in the following order of their decreasing polarity: 
- - O H  > -N ( > -NH-> 2 1  > -0-> 45-. Only 
in the case of 1,3-bis-[o-alkoxyoligo(oxyethylene)]-propan-2- 
ols, R(OCH2CH2),0CH2CH(OH)CH20(CH2CH20)MR, were 
somewhat higher increments obtained for nitrogen atoms in 
comparison to hydroxyl groups. However, in this case, the 
hydroxyl group is the secondary one and it is screened by 
oligooxyethylene chains. 

A linear effect of the polyoxyethylene chain length upon the 

Increments of Polarity Parameters for Characteristic  fragment^"^ 

Increments Error 

Liquid 
P Solute phase 

IR MeOH A 
B 
C 
D 

EtOH A 
B 
C 
D 

PI MeOH A 
B 
C 
D 

EtOH A 
B 
C 
D 

- i* I, 
i- 1 

A 
C 
D 

--CHZ- 

- 17.5 
-5.8 
- 8.9 
- 10.1 
- 17.4 
-5.1 
-9.0 
- 9.7 
-3.11 
-1.77 
- 1.86 
-2.05 
-2.67 
- 1.27 
-1.69 
- 1.66 
- 78 
- 38 
- 57 

-0- 

72.9 
31.5 
36.0 
37.9 
70.2 
27.8 
34.6 
32.9 
12.3 
9.68 
7.93 
8.06 

6.91 
6.48 
5.94 

10.4 

289 
163 
171 

164.6 166.7 

- 55.4 
124.4 128.2 
152.7 156.8 

- 68.1 
105.1 121.8 
28.81 30.01 

- 12.75 
27.86 29.65 
21.85 22.85 

- 12.85 
19.26 20.51 

- - 

- - 

- - 

- - 

523 549 
- 22 1 

419 495 

-s- 

55.8 
22.6 

27.8 
48.2 
18.0 

22.2 

- 

- 

8.82 
6.70 

6.33 
5.03 
4.46 

4.34 

- 

- 

212 

168 
- 

--OH 

197.0 

25.1 
110.1 
183.9 

21.9 
84.1 
42.82 

21.97 
27.51 
30.54 

13.87 
17.87 

- 

- 

- 

- 

632 
194 
346 

4 1  

135.0 
- 
- 
62.7 
105.1 
- 
- 
53.9 
19.55 
- 
- 
8.66 
14.26 
- 
- 
9.39 

453 

253 
- 

const 

530.9 
538.1 
643.7 
590.6 
610.9 
604.2 
690.4 
672.1 
58.73 
48.32 
81.42 
65.40 
81.26 
70.78 
93.98 
85.84 
853 
848 
1040 

Abs 

19 
1 1  
12 
27 
21 
9 
7 
32 
3.8 
4.1 
3.0 
5.3 
3.5 
2.4 
1.6 
4.7 

105 
34 
118 

Rel. 
46 

2.7 
2.7 
1.8 
4.0 
2.8 
1.9 
1 .o 
4.5 
4.7 
6.9 
3.2 
6.6 
3.7 
3.0 
1.6 
4.9 
8.6 
3.2 
10.5 

Nore: A; polyoxyethylene alcohols, alkylthiols, and allcylamine~;~’ B: polyoxyethylene glycol dialkyl ethers;4749 C: aminoether alcohols and their etherss0 and 
l.3-bis-[w-alkoxy-oligo(oxyethylene)]-pmpan-2-ol~;5’ D: weight average for groups A, B, C, and a-o-diaminooligoetrs. 
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Table 24 
Realtive Polarlties of Structural Fragments for 1,3- 
bis-[o-alkoxyoligo(oxyethylene)]-propan-2-ols1 

Parameter 

IR 

PI 

P 

AGF (OH) 

AGF ( C 4 )  

i 1, 
I =  1 

A 

AGE (CH2) 
AGE (CHI) 

AGF ((332) - 

Table 25 

Polar 
solute 

Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
Methanol 
Ethanol 
2-Butanone 
2-Pentanone 
McRe ynolds 

solutes 

Allcanes 
Alkanes 

Alkanes 
Alcohols 
Ketones 

- 

-N= 

1.54 
1.97 
1.61 
1.98 
1.37 
2.12 
1.85 
2.29 
1.32 
2.21 
1.35 

1.33 
1.77 
1.36 
1.33 
1.34 
1.34 

-OH 

0.69 
0.63 
1.77 
0.59 
0.24 
0.37 
1.23 
1.16 
0.97 
1.19 
1.18 

1.20 
1.42 
1.23 
1.16 
1.33 
1.25 

4)- 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

Relative Polarities of Structural Fragments for 
Polyoxyethylene Alcohols, Alkylthiols, and 
Alkylarnine~’~~ 

Polar 
Parameter solute -OH- -N= -NH- 4 1  -0- -S- 

IR Methanol 
Ethanol 

PI Methanol 
Ethanol 

P Methanol 
Ethanol 

AGF (OH) Methanol 
Ethanol 

AGF ( C 4 )  2-Butanone 
2-Pentanone 

s McReynolds 
Ii solutes 

, - I  

A Alkanes 
AGF (CH2) Alkanes 

AGE (CHI) Alkanes 
Ketones 
Alcohols 

- AGE (CHz) - 

2.69 2.28 2.26 1.85 1 
2.62 2.24 2.17 1.50 1 
3.47 2.43 2.33 1.58 1 
2.95 2.21 2.11 1.38 1 
2.35 2.43 2.23 1.90 1 
2.36 2.41 2.28 1.56 1 
2.65 2.24 2.19 1.39 1 
2.85 1.79 1.62 1.48 1 
2.68 2.24 2.07 1.47 1 
3.15 2.60 2.01 2.00 1 
2.19 1.90 1.81 1.57 1 

1.64 1.34 1.29 1.27 1 
2.43 2.61 2.29 2.28 1 
1.49 1.24 1.06 0.95 1 
1.63 1.25 1.01 1.14 1 
1.52 1.23 1.05 0.83 1 
1.42 1.24 1.07 0.92 I 

0.76 
0.69 
0.71 
0.48 
0.71 
0.85 
0.35 
0.13 
0.22 
0.35 
0.74 

0.88 
0.45 
0.83 
0.84 
0.84 
0.82 

polarity index of polydisperse mixtures of nonionic surfactants 
has been also demonstrated by Krivich and Bakholdina, lz2 who 
have derived the following relation between the polarity index 
of polydisperse polyoxyethylene derivatives of the thioalco- 
hols, the number of carbon atoms in the hydrophobe (n), and 
the number of oxyethylene groups (m): 

PIMeoH 70T = (0.12 nz - 2.25 n 
+ 14.9)m + 81.8. (80) 

Similar relationships are probably valid for other groups of 
nonionic surfactants having a low number of oxyethylene groups 
in their molecules. 

For polyoxyethylene derivatives of pentaerythntol esters, the 
following relation was obtained:1u 

log PI = 2.07 + 0.002m - (0.013 - 0.0004m)n, (81) 

where n denotes the number of carbon atoms in the acyl group 
and m stands for the number of oxyethylene groups. 

Shilov and M~lova,’~’ investigating the polarity of three 
different sodium akylsulfates, have demonstrated the follow- 
ing linear relation between the polarity index and the number 
of the carbon atoms (n): 

PIMeoH = 139.6 - 2.68 n. (82) 

Similar linear relations were presented by us47349-55 for var- 
ious homologous series and different polarity parameters. 

For a,o-diaminoethers derivatives, RNHCHz(CHzOCHz), 
CHzNHR, linear relations of P vs. 1/C, and P vs. 1/M were 
found, where P denotes the polarity parameter, C, is the num- 
ber of carbon atoms in the alkyl group, and M is the molecular 
weight (Figure 25).53 The following linear relations having high 
correlation coefficients (R) were obtained: 

93.33 + 7790A4, R = 0.9950, (83) 

PIEtoH = 79.39 + 6408/M, R = 0.9874. (84) 

p1MeOH = 

However, such approaches are only valid when the change 
in the number of the oxyethylene or methylene groups is rather 
small, and only for the first homologs having a short polyox- 
yethylene chain. Only for the first homologs of nonionic sur- 
factants is the measured polarity proportional to the number of 
oxyethylene ~ n i t s , ~ ~ ’ ~ ~ * ~ ~ ~  e.g., up to the homologs containing 
8 and 16 oxyethylene groups for polyoxyethylene alcohols 
containing 6 and 14 carbon atoms in their alkyl, respectively. 
A similar situation occurs for other groups or surfactants. 123.143 

This means that constant increments for structural fragments 
of surfactants can be determined only for the first homologs 
having an appropriate short polyoxyethylene chain, but a longer 
chain for surfactants having more methylene groups in their 
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9 4  

120 I 

FIGURE 25. Polarity vs. reciprocal of alkyl chain length and of molecular 
mass for a,w-diaminooligoether derivatives, RNH(CHzCH20)nCH&H~NHR 
(0, methanol; A, ethanol).s3 

hydrophobic hydrocarbon chains. However, when surfactants 
having a longer polyoxyethylene chain are considered, each 
oxyethylene group that follows causes a smaller increase of 
the measured polarity, which tends to the constant value char- 
acteristic for the polyoxyethylene chain. Thus, in this region, 
the additivity of the polarity for structural fragments cannot be 
considered. Moreover, the influence of the polyoxyethylene 
chain upon surfactant polarity also depends upon the alkyl 
length. 

For polyoxyethylene glycol dialkyl ethers, RO(CH2CH20)$, 
having from four to eight oxyethylene groups, the polarity of 
considered compounds ,47.49 measured by the retention index 
of methanol and ethanol, the polarity index, and the coefficient 
p, is proportional to the number of oxyethylene groups (Figure 
26).  Because of this, the additivity rule is satisfied. However, 
the increments for the oxyethylene group are not constant and 
their values depend upon the length of the alkyl, decreasing 
for longer a l k ~ l s . ~ ~ , ~ ~  

Polyoxyethylene glycol dialkyl ethers are significantly less 
polar than polyoxyethylene alcohols, R(CH2CH20),H, due to 
the blocking of the terminal hydroxyl group and the screening 
of the polyoxyethylene chain by terminal alkyls. This differ- 
ence in polarities of the considered homologous series dimin- 
ishes as the length of the polyoxyethylene chain increases and 
disappears for compounds containing above 12 oxyethylene 
groups (Figure 27). 144 This suggests that the first oxyethylene 
groups in the polyoxyethylene glycol dialkyl ethers act as hy- 
drophobes under the experimental conditions of GC. 

The replacement of the oxygen atom by sulfur atoms causes 
decreased polarity. For symmetrical compounds having one 

- 2 4 6 8 40 

Number of oxyethylene units 

FIGURE 26. Influence of polyoxyethylene chain in polyoxyethylene glycol 
dialkyl ethers, RO(CH2CH2O).R, on retention index of 

I .L 

2 4 5 8 10 

numbor of oxyethylene groups 

FIGURE 27. Effect of polyoxyethylene chain upon decrease of polarity 
index for polyoxyethylene glycol dibutyl ethers in comparison to polyoxy- 
ethylene alwohols.'" 

central sulfur atom, R(OCHzCH2),S(CH2CHzO),R, straight line 
relations between the polarity parameters and the sum of the 
numbers of oxyethylene and thioethylene w u p s  have been 
obtained, and they are shifted in a parallel manner toward lower 
values of the polarity parameters as compared to analogs con- 
taining oxygen (Figure 28).49 This replacement of the central 
oxygen by a sulfur atom is approximately equivalent to a de- 
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X aa 
-0 
C .- 

.- 5 &O, 
c 
C 
0) 

aa c a 
600, k 
YO e 4 6 B r'o 

Sum of numbers of oxyethylene and 
thioethylene groups 

FIGURE 24. Polarity index for symmetrical 1,3-bis-[w-alkoxyoligo- 
(oxyethylene)]ppan-2~k, R ( ~ z ~ ~ ) . ~ ~ ( ( O H ) ~ H ~ O ( C H ~ ~ H ~ O ) ~  
(A, R = us; A, R = Ml3; ethanol as the solute; dashed lines denote the 
confidence limits for significance level of 0.05).'36 

crease in the length of the polyoxyethylene chain by one ox- 
yethylene group. Hence, the effective length of a hydrophilic 
chain for such sulfur analogs is lower than for the appropriate 
oxygen homologs by about one oxyethylene group. The po- 
larity of sulfur analogs depends on the location of the sulfur 
atom in the surfactant molecule, and when the asymmetry 
increases the polarity increases. Thus, the following order of 
the polarity is observed: Bu(OE)~O(EO)~BU > BuS(EO)~BU 
> Bu(OE)S(EO)~BU > Bu(OE)~S(EO)~BU (compounds 9, 19, 
20, and 16 in Figure 28), where EO means CH2CH20. 

When the next oxygen atoms in the neighborhood of the 
central sulfur atom are replaced by sulfur atoms, i.e., as the 
number of thioethylene groups increases, the polarity of such 
compounds, R(OE),(SE),S(ES),(EO),R, is lower than ap- 
propriate oxygen analogs, but increases proportionally for com- 
pounds having a constant number of oxyethylene units (Figure 
29) .47*49 

The polarity of compounds having the same alkyls and the 
same polyoxyethylene groups depends significantly upon the 
type of the end group bonded with the polyoxyethylene chain. 
Derivatives of alcohols having a polyoxyethylene chain ter- 
minated by methoxyl group, CH30, exhibit higher retention 
indices on apolar phases (Apiezon K, SE-30) than their analogs 
having a hydroxyl group. 145 An increase of the stationary phase 
polarity reverses this relationship. 

The change of the polarity caused by the introduction of the 

Number of sulphur atoms 

FIGURE 29. Muence of the number of sulfur atoms on retention index of 
ethanol for polyoxyethylene glycol diakyl ethers and their sulfur 

chlorine atom, as measured by GC, is lower than that of the 
hydmxyl group but higher in comparison to the methoxy pup.s5  
As a result, the polarity changes in the following order of 
compounds con~idered:~~ RO(CH2CH20),CH2CH20H > 
RO(CH2CH20)nCH2CH2C1 > RO(CH2CH20)nCH2CH20CHS 
> RO(CH2CH20),CH2CH20R. 

An important factor influencing the polarities of compounds 
is the type of heteroatom linked to the alkyl group. The highest 
polarities are exhibited by alkylamine derivatives, while the 
lowest, by derivatives of alkylthiols. Polyoxyethylene dialky- 
lamines exhibit higher polarities than polyoxyethylene mon- 
oalkylamines containing the same numbers of carbon atoms 
in their alkyls. As a result, the polarity of appropriate poly- 
oxyethylene ethers changes in the following order:s5 

RO(CH2CH20),H > RS(CH2CH20),H, where R' + R2 = R. 
The polarity of 1,3-bis-[o-alkoxyoligo(oxyethylene)]-pro- 

pan-2-01s depends significantly upon their symmetry. Com- 
pounds having symmetrical oligooxyethylene chains exhibit 
lower polarity than those having two different oligooxyethylene 

> RO(CH2CH20),CH2CH(OH)CH2 (OCH2CH2),0R, where n 
and m are different. 

The effect of alkoxy groups is quite opposite of that of the 
oligooxyethylene chains, and compounds having the same ter- 
minal alkoxy groups exhibit higher polarities than those having 
two different alkoxy groups:52 RO(CHZCHZO),~~CH(OH)CH, 

(OCH2CH2),0R2, where R' + R2 = 2R. 

R'(RZ)N(CH2CH20)nH > RNH(CH2CHzO)nH > 

RO(CH2CH20),CH2CH(OH)CH2 (OCH2CH2),0R 

(OCH2CH2),0R > R10(CH2CH20),CH2CH(OH)CH2 
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The polarity of a,o-diaminooligoether derivatives of the 
following types:53 

\ q-\ /-I-\ R ‘mHl7\ /-[-\ /-I-\ / ‘mH17 

H /  n /  n \ H  

i 2 

R 
\ q-\ 3-\ / 

\ N I-[’ 0 ’-1: N ( COPh $1 n \R‘ PhOC 
- 3 9 

where R and R’ denote alkyl groups (CH3 to C I ~ H ~ ~ ) ,  a cy- 
clohexyl, or a benzoyl group and n equals 2, 3, and 4 depends 
significantly upon their structures, and increases as the lengths 
of the alkyl groups and of the oligooxyethylene chain decrease 
and increase, respectively. These compounds contain two ni- 
trogen atoms bridged by an oligooxyethylene chain, and each 
linked to combinations of hydrogen atoms and alkyl and acyl 
groups. 

For the first homologs having short alkyls (methyl, ethyl, 
and butyl) their polarity decreases rapidly as the alkyl length 
increases (Figure 30). However, a further increase of the alkyl 
length causes a much weaker decrease in polarity, and ap- 
proximately linear relations are observed for compounds having 
from 4 to 12 carbon atoms in each alkyl group. The different 

1050~ , 
1000 

950, 

9M) 

% 853. 
c_ 

X 

S e o o  

h 

c 
C 

750.. 

700. 

650 

2 L 6 8 1012  2 4 6 8 1 0 1 2  
Length of alkyl chain Length of alkyl chain 

FIGURE 30. Effect of the length of akyl chain on the polarity of a,w- 
diaminooligoethers of the following type, RNHCH~(CH~OCH~)ZCH~NHR 
(compounds y.53 

gradients of these relations for each polarity parameter do not 
significantly depend upon the type of the polar solute and they 
are similar for methanol and ethanol and for 2-butanone and 
2-pentanone, respectively. The effect of the number of oxy- 
ethylene groups upon the polarities of the compounds is also 
approximately linear.53 

Isomers having each nitrogen atom linked with two short 
alkyls are much more polar than isomers, in which each ni- 
trogen atom is linked with only one, but a long alkyl group, 
as in the case of compounds and 3. 

The polarity parameters for compound 3a are higher than 

for compound & by about 100 U for IR and Z A Ii, 15 U for 

PI, and 2 U for coefficient p and AGF(0H). This effect is 
therefore very strong and much more important than the effect 
of the lengths of the nonpolar alkyl groups and of the polar 
oligooxyethylene chain. The same effect becomes even stronger 
as the length of the polar oligooxyethylene chain increases. As 
compounds 2 and 3 are compared for which n = 4, then 
the observed increase of the polarity parameters is about 50% 
higher than in the case of compounds and 3. This increase 
is already observed as the hydrogen atoms are replaced by the 
methyl groups (compound 2). This replacement causes a sim- 
ilar increase of the polarity parameters with a further change 
from methyl to butyl group (compounds & and 3bJ 

5 

i = l  

The effect of the oligooxyethylene chain length is also much 
stronger for compounds having two short alkyls linked with 
each nitrogen atom (for compounds 2 in comparison to com- 
pounds 1 and 3, e. g., for compounds 2 and 2 in comparison 
to compounds & and a. In this case, Pi (3b) - Pi (3a) >> 
Pi(2b) - Pi(lel), where Pi denotes the polarity parameters 
considered (PI, I R ,  p, AGF(OH), AGr(CO), and ZAO. It is 
interesting that the linear compound 2 exhibits the same po- 
larity as the cyclic compound 5. The same values of the polarity 
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parameters, including the contributions for the McReynolds 
constants, were obtained for these two compounds. 

This is probably a result of hydrogen bonding in compound 
- 2b between hydrogen atoms bonded with nitrogen atoms and 
oxygen atoms present in the oxyethylene groups linked with 
nitrogen atoms. 

'0 - ,H . . . .  
N\CHz CHz 

- 

The comparison of the polarity parameters obtained for com- 
pounds and & demonstrates that these compounds exhibit 
similar polarities as retention times of alcohols and ketones are 
considered. Retention indices of alcohols, polarity indices, 
coefficients p, and partial mold Gibbs free energies of solution 
are almost the same for both these two compounds. However, 

as more complex McReynolds constants are considered, a higher 

2 AIi is obtained for compound g. 
The replacement of the octyl group by the benzyl group 

results in only a small polarity increase (compounds jg and 
hJ, which rapidly increases as the octyl group is replaced by 
the benzoyl group (compounds & and &). Thus, 

5 

i = l  

0 0 

This effect is so strong that compounds 4b, &, and are 
much more polar than compounds le, a, and 2b, respectively, 
and they exhibit the polarity near the polarities of compounds 

- 3a and a in which each nitrogen atom is bonded with two 
short butyl groups. Thus, 

0 0 

*.&*a LQze.a.2k 
n - 2. 3 and 4 ,  respectively, 

and 

0 0 

4b.a &.a 
n - 2 and 4,  respectively 

Compounds 5 have slightly acidic nitrogen atoms and they 
form two mesomer structures: 

0 151 
I (  R + f  

< --- > \N = C - R2 
R 
\N - C - R2 

R'/ R'/ 

As a result, they are more polar than appropriate compounds 
- 1,2 ,  3, and 5, in which nitrogen atoms are strongly basic due 
to the free electron pairs. 

The polarity of various isomers of apdiaminooligoether 
derivatives that contain two nitrogen atoms bridged by an oli- 
gooxyethylene chain or by two methylene groups as also con- 
~ i d e r e d . ~ ~  Their structures are as follows: 

where R and R' denote alkyl groups (CH3 to CsH,,) or hy- 
drogen (R') and m is equal 0, 1, or 2. 

As demonstrated in Figure 31,54 the polarity of these com- 
pounds depends to a great extent upon the distribution of ox- 
yethylene groups and alkyl chains in the molecule. For com- 
pounds 2c, 6a, and 3 having heteroatom bonded protons (=-I*- 
H; &H), the polarity increases as the oxyethylene groups 
are shifted from the molecule center into terminal positions 
(left side of the scheme). The analogous effect is observed for 
compounds jg and B: 
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Quite opposite effects are observed for compounds 3c, 6b, 
and @ and compounds 3a, &, and a (the middle and right 
columns in Figure 31) having four alkyl substituents. The effect 
is stronger for compounds having four butyl groups (3a, &, 
and 8dJ than for compounds having two heptyl or nonyl groups 
and two methyl groups (compounds 3c, 6b, and 8bJ. For a,o- 
bis-aminooligoethers having two nitrogen atoms bridged by an 
oligooxyethylene chain it was demonstrated that compounds 
having four short butyl groups exhibit higher polarities in com- 
parison to those compounds having two octyl groups (first line 
in Figure 31).53 As a result, compounds 3 and & are more 
polar than compound a. The decrease of the polarity of com- 
pounds & and a is probably caused by the diminishing of the 
length of the oligooxyethylene chain present in the molecule 
center and by the screening of the terminal oxygens by hydro- 
phobic akyl groups. Because of this, oxyethylene groups linked 
with nitrogen and butyl groups become less polar or even act 
as nonpolar groups. Such a supposition is confirmed by the 
comparison of the polarities of compounds 6b, 6d, 8b, and &. 

The lowest and highest polarities are shown by compounds 
- 6d and a, respectively, having two oxyethylene groups in the 
centers of the molecules and two oxyethylene groups at the 
outskirts of the molecules. The screening of the oxygen atom 
by the bulk octyl group is so effective that the polar character 
of this oxyethylene group disappears and compound a shows 
such low polarity. The methyl group is small and its effect is 
relatively weak. Compounds @ and & are only slightly less 
polar than compound 6b, but much more polar than compound 
- 6d. It means that the presence of two oxyethylene groups on 
each side of the molecule decreases significantly the screening 
effect of the terminal alkyl groups. Moreover, the polarities of 
compounds @ and 8c, having the bulk octyl group linked with 
nitrogen and oxygen, respectively, are almost the same. It 
means also that all compounds with the ethylene diamine struc- 
ture exhibit only a weak influence over the number of oxy- 
ethylene chains and the distribution of alkyl chains in the mol- 
ecule upon their polarity, as shown for compounds 2 and 8. 

The effect of the screening of oxygen atoms by alkyl groups 
is clearly observed as the polarity of compound & is compared 
to the polarities of and 2. 

Compound & is not only less polar then compound 3b, having 
four oxyethylene units, but is also somewhat less polar than 
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I '  
800. 

compound 3a, having only two oxyethylene groups in the mol- 
ecule center. It means that the polar character of the oxygen at- 
oms diminishes so signtficantly that the oxyethylene groups linked 
with the terminal butyls become even somewhat nonpolar. 

Compounds &a, &, and & are isomers having different 
distributions of carbon atoms in their alkyls while the number 
and the distribution of the oxyethylene groups are the same. 
Their polarities change in the following order: 

HO/-\N/-[-\O/-] -\N/-\OH 

I ' I  
c. H. 7 c. H I  7 

63 

In this case, compounds having short alkyls linked with each ni- 
trogen atom and each terminal oxygen are more polar than com- 
pounds having the long alkyl linked with each nitrogen atom. 
Thus, the conclusion is similar to that reported p ~ v i o u s l y , ~ ~  where 
it was demonstrated that compounds having two short alkyls con- 
nected with the nitrogen atom are more polar than compounds 
having only one long alkyl group. This effect is even more im- 
portant than the screening of the oxygen atoms by short alkyl 
groups. However, thepolaritydecreases asthelengthofthis alkyl 
increases. As a result, compound & is less polar than compound 
- 6e. Similarly, compound a is less polar than compound a. 
CH O/-\N/-[-\O/-];\N/-\OcH,)c, H~70/-\N/-[-\o/-]-\N/- I ' I  \OC.H, 7 

CH. CH. 
I 
c. H. 7 

' I  
c. H i  7 

The latter compounds are also less polarthan compounds 6a, @, 
and & as a result of two additional methylene groups present in 
their molecules. 

The effect of the lengths of the alkyl groups bonded with 
nitrogen and oxygen atoms, respectively, can be described 
quantitatively (Figure 32) as the differences between carbon 
numbers in the alkyls and taken under considerati~n;~~ for An 
= m-n 

For low and high An values, low polarity is observed and it in- 
creases as the differences between the numbers of carbon atoms 
in both alkyls diminish. However, the maximal polarity is not 
obtained for An = 0, but is somewhat shifted to positive An val- 
ues. As the relation IR vs. n is considered, where n denotes the 

0 5 a an 
@lo-#. : 

-7 -5 

FIGURE 32. Influence of distribution of carbon atoms in akyl chains upon 
retention index of alcohol for compounds 6, R'OCH2CH2N(R)CH2- 
(CH20CH2)2CH2N(R)CH2CH~OR' (x, A, methanol; 0, 0, ethanol; x, 0, 
70°C; A, 0, 90"C).y 

number of carbon atoms in the alkyl group bonded with the ox- 
ygen atom, the maximal polarity is observed for n = 2. It means 
that the polarity increases only as the alkyl group increases up to 
the ethyl group. The further increase of this group length results 
in the decrease of the polarities of the compound. 

The screening effect of the small methyl group is weak and 
almost negligible. As a result, compounds having free hydroxyl 
groups exhibit polarity similar to that observed for compounds 
having terminal methyl groups, i.e., the polarities of com- 
pounds B and 3 are similar to those compounds & and &. 
The limited decrease in polarity for compound @ may be 
attributed to the internal hydrogen bonding which is much 
weaker for compounds B and &. 
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Thus, the effects of the methoxy and hydroxyl groups upon 
compound polarities are quite similar. Similar relations are 
observed for compounds of types RNH(CH2CH20),H and 
RNH(CH2CH20),CH3, although differences in their polarities 
are somewhat higher than for compounds having two nitrogen 
atoms. 

For block copolymers of alkylene oxides, which are very 
complex fragments, calculation of the polarity increments for 
structural fragments is impossible. However, for three different 
types of block copolymers of ethylene oxide and a-butylene 
oxide having a polyoxyethylene chain (E) and a polyoxybu- 
tylene chain (B) in the center or at the terminal positions of 
the molecule, i.e., for block copolymers of the following type: 
EBE,'& BEB,'47 and BE,'48 empirical polynomials correlating 
the polarity parameters with the content of the polyoxyethylene 
chain (E) and the molecular mass of the polyoxybutylene chain 
(MB) were determined,61.'35*149 e.g., for PI: 

PI = + alE + a2MB + a3E2 + hM& + a5EMB, (85)  

where E and MB are in coded forms. 
For each group of the considered block copolymers the par- 

ticular form of Equation 85 is a little different (Table 26),6' 
but in each case the polarity depends mainly upon the content 
of the polyoxyethylene chain, and the influence of the molec- 
ular mass of the polyoxybutylene block is much less important. 
Thus, the polarity of the block copolymers significantly in- 
creases as the content of the polyoxyethylene chain increases, 
but an increase of the molecular mass of the polyoxybutylene 
chain causes only a small decrease in the polarity. Using equa- 
tions presented in Table 26, the polarity parameters of ethylene 
oxidela-butylene oxide block copolymers can be estimated with 
satisfactory errors. They are usually below 2% for the carbon 
atom, retention index, and the polarity index, and about 6% 
for coefficient p . 

The column temperature influences the values of the polarity 
parameters. This influence largely depends upon the molecular 
mass of the block copolymers, and the differences between the 
values of the polarity parameters at two standard temperatures, 
50 and 100°C, decrease almost proportionally as the molecular 
mass of the block copolymer increases (Figure 33).48 This 
relationship can be used to estimate the molecular mass of the 
considered block copolymers. 

The content of the polyoxyethylene chains can be estimated 
from the polarity index and the effective length of the hydro- 
philic blocks according to empirical relations presented in Ta- 
ble 27. 61 The effective length of the polyoxyethylene chain can 
be calculated according to the following relation: 

E,e = 1.545 PIMcoH - 91.5, (86) 

obtained by rearrangement of Equation 65, or according to 
Equation 74, discussed in Section V. The relative errors of 

Table 26 
Relations Correlating Polarity of Ethylene Oxideh- 
Butylene Oxide Block Copolymers with Considered 
Structural Parameters6' 

Copolymer 
No. type 

1 BE 

2 BE 
3 BE 

4 BE 

5 BEB 

6 BEB 

7 BEB 

8 BEB 

9 EBE 
10 EBE 

1 1  EBE 
12 EBE 

correlation 

C = 6.84 + 0.9012 XI + 0.210675 XI' - 0.03581 
7.2 

PI = 92.23 + 17.5712 XI - 0.80919 ~2 

IR = 688.17 + 86.8497 XI + 18.8216 xi2 - 
5.59099 XZ?? 

p = 1.923 + 1.27482 XI + 0.530991 xi2 - 0.06296 
x2 

xi2 + 0.129732 ~2~ + 0.150231 ~ 1 x 2  

~ 1 x 2  + 2.56784 Xz2 

C = 7.07 + 0.7821 XI - 0.11195 ~2 + 0.109326 
PI = 97.53 + 14.4014 XI - 2.0379 ~2 + 4.18135 
IR = 711.25 + 76.5223 XI - 10.5966 xz + 13.7053 

x22 

p = 2.204 + 1.11297 XI - 0.109368 ~2 + 0.316016 
xi2 + 0.215989 ~ 1 x 2  + 0.175525 ~2~ 

C = 6.96 + 0.744032 XI - 0.181925 ~2 

PI = 96.69 + 13.939 XI - 4.014 xz - 3.1377 xi2 

+ 3.6757 ~ 1 x 2  
IR = 701.12 + 69.7832 XI - 21.3767 ~2 

p = 2.094 + 0.78035 XI - 0.25216 XZ 

Codes for correlations: 

MH - 1216.5 E - 47.6 NO. 1 4 :  XI = - ; NO. %8: XI = 
27.5 ' x2 = 618.5 

E - 51.8 E - 153.3 MH - 1308.5 
; NO. %12: XI = - 

21.4 ' x2 = 840.5 27.5 ' x2 = 
Mu - 1256 

758 ' 

I 
0 nm mw OQ, (ooo 5000 Mm c 

&Lr mm*s dcy+r 

FIGURE 33. Relationship between difference of polarity index of methanol 
(APIMeOH = PIso - PI loo, and molecular mass of ethylene oxiddu-butylene 
oxide block copolymers." 
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Table 27 
Relations Correlating Polarity index with Content of 
Polyoxyethyiene Chain6' 

Type of 
copolymer Correlation 

_ -  'I - exp 3.15017 - 0.64995 In E BE 
&I? 

BEB PI 

1 
20.0825 - 2.51252 lW3 E2 

- - 

1 - PI 
& 0.852143 - 12.42UE 
- -  EBE 

Correlation 
coefliclent 

0.99 

0.98 

0.99 

I& = 1.545 PI - 91.5 

such estimations are 4, 11.5, and 14% for block copolymers 
for BE, BEB, and EBE types, respectively.61 

Ethylene oxidda-butylene oxide block copolymers exhibit 
somewhat higher hydrophilicity than nonionic surfactants hav- 
ing one hydrophobic hydrocarbon chain and one short polyox- 
yethylene chain. This is connected with the presence of a po- 
lyoxybutylene block in the copolymer. 

To quantitatively determine the influence of the polyoxy- 
butylene chain on the polarity of block copolymers, the hy- 
drophilicity index (HI', Equation 73) and the hydrophobicity 
index (HI') were used? 

(87) 

where Ecff and Eat, respectively, denote the effective and actual 
content of the polyoxyethylene chain. 

It has been found that both the hydrophilicity and hydro- 
phobicity indices do not undergo greater changes for block 
copolymers of BE type. However, for other groups of copol- 
ymers, i.e., of EBE and BEB type, the influence of the mo- 
lecular mass of the hydrophobic block and the content of the 
polyoxyethylene chain are important. The hydrophilicity index 
decreases and the hydrophobicity index increases with the in- 
crease of the molecular mass of hydrophobe, and with the 
increase of the polyoxyethylene block content (Figure 34).61 
The highest changes are observed for compounds having a low 
molecular mass of the hydrophobe and a low polyoxyethylene 
chain content. 

The polarity of block copolymers can also be characterized 
by other parameters such as the water value (WV)I5O and the 

t t 

rm ma am m c  

M&-.rthe*q&& ca&t.f"rl/r+ucun 

FIGURE 34. Influence of molecular mass of polyoxybutylene block and of 
polyoxyethylene block content upon hydrophilicity index of ethylene oxide/u- 
butylene oxide block copolymers of BEB type.'' 

0.8 5- s. 
'8 0.7 

8 

Y c 
a 

.- 
I: 0.6 
;. 
.I 

0 . 5  
.I - UY 

a 

0.4 
$ 

0.3 

0.2 ' 
70 80 90 100 110 120 

polarity index (PI) 

FIGURE 35. Contour l i e s  of constant molecular mass for ethylene oxidda- 
butylene oxide block copolymers of EBE type.lS2 

emulsion inversion point (EIP)."' Other parameters can also 
be con~idered.~" It has been found that the molecular mass of 
the block copolymers (M), the content of the polyoxyethylene 
chains (E), and the molecular mass of the polyoxybutylene 
chains can be correlated with the polarity parameters according 
to empirical polynomial equations, which can be used to es- 
timate the considered  parameter^.'^' Statistical analysis of dif- 
ferent relations has shown that the most convenient for esti- 
mations are the following relations: M vs. EIP and PI (Figure 
35). MB vs. EIP and PI (Figure 36), and E vs. EIP and PI 
(Figure 37).15' Some other relations can be also considered. 
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- 0.8 k 
tJ 
*g 0.7 

g 
Y 

Y 
E 

a 

.- I: 0.6 

c: 

g 0.5 

a 

1" 

.- - In 
0.4 E 

0.3 

0.2 
70 80 90 too I10 I20 

polarity index (PI) 

FIGURE 36. Contour lines of constant polyoxybutylene group molecular 
mass for ethylene oxidela-butylene oxide block copolymers of EBE type.lS2 

0 . 8  
c( 

W 

.s 0.7 0 a 
E 
0 
I: 0.6 
0 

v 

c) 

.- 

2 ." 
g 0.5 

' 0.4 
.- - r n  

1 

0.3 

0.2 
70 80 90 100 110 I20 

polarity index (PI) 

FIGURE 37. Contour lines of constant polyoxyethylene chain content for 
ethylene oxide/ a-butylene oxide block copolymers of EBE type.'52 

VII. RELATIONS BETWEEN PROPERTIES 
OF NONlONlC SURFACTANTS AND THEIR 
POLARITY PARAMETERS 

It has been accepted that some properties of nonionic sur- 
factants are connected with their HLB.27"9 This concerns the 

solubility of surfactants, their capacity for emulsion formation, 
and their applications. Thus, if HLB is correlated with the 
polarity parameters determined by GC, an appropriate modi- 
fication of Griffin's traditional tables is possible, and some 
properties and applications of surfactants can be predicted from 
their polarity parameters, e. g . , from the polarity index of meth- 
anol (Table 28). 

As already mentioned, the block copolymers of ethylene 
oxide and a-butylene oxide can be characterized by a set of 
two different polarity parameters; the first determined by GC, 
and the second characterizing the behavior of block copolymers 
in an aqueous solution, e.g., the emulsion inversion point (EIP), 
the point of temperature inversion (PIT), or the water value 
(WV). Statistically valid polynomial equations were derived 
to correlate the surface tension of aqueous solutions, foaming, 
wetting, washing abilities, and emulsion formation for block 
copolymers with the considered structural and polarity param- 
e t e r ~ . ' ~ ~ . ' ' ~  Thus, it is possible to correlate properties of block 
copolymers both with parameters characterizing their average 
structure, i.e., E, MB, and M, and with parameters character- 
izing their polarity according to the following types of relations: 

n n n  

Yi = a,, + Z aixi + Z Z aijxixj (88) 
i =  1 i = l  j = 1  

or 

n n n  

In Yi = a, + Z aixi + Z Z aijxixj (89) 
i =  1 i = l  j -1  

where Yi denotes properties of surfactants considered, xi and 
xj are structural and polarity parameters taken under consid- 
eration (E, M, MB, PI, EP, PIT, and WV), and a,,, ai, and aij 
are appropriate regression coefficients. These equations were 
further used to estimate the appropriate optimal polarity pa- 
rameters for block copolymers exhibiting different properties 
and to determine the optimal ratios between the content of the 
polyoxyethylene blocks and the molecular mass of the po- 
lyoxybutylene chains (Figures 38 and 39). 146~1'4 

Good surface, foaming, wetting, and washing properties are 
exhibited by block copolymers of the EBE type, having the 
following values for the parameters con~ ide red : '~ . ' ~~  (1) de- 
creasing surface tension: 800 < MB < 1300, 20% < E < 
50%, 80 < PI < 100, 7 < WV < 22; (2) foaming properties: 

wetting: lo00 < MB < 1500, 30% < E < 60%, 85 < PI < 
100,7 < WV < 16; (4) washing: lo00 < MB < 1600, E > 
50%, PI > 95, WV > 9; and (5) emulsion stability: 800 < 

< 0.5. The optimal states of the HLB are as follows: (1) 
decreasing surface tension: E = 0.048 MB - 10.1 or WV = 

1000 < MB < 1600, E > 70%, PI > 105, WV > 13; (3) 

MB < 1600, E < 50%, 80 < PI < 90, 8 < WV < 12, EIP 

444 Volume 21, Issue 6 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
2
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Analytical Chemistry 

Table 28 
Polarity Index and Properties of Nonionic Surfactants 

p1-m Application PIMrnE Emulsion formation PIM&B Solubility in aqueous phase 

5 4 6 0  Antifoaming agent 52-68 Emulsifier is soluble in oil 5 9 8  Compound does not disperse 
phase; emulsion is not 
formed 

in water 

60-76 Emulsifier W/O 68-76 Emulsion W/O 60-76 Wrong dispersion 
80-88 Wetting agent 84-9 1 Inversion point 7 6 - 8 4  Milky dispersion after stirring 

10>111 Detergent s e l l 1  Emulsion O N  84-9 1 Stable milky dispersion 
11 1-123 Solubht ion agent 115-130 Emulsifier is soluble in water 103 Clear solution 

phase; emulsion is formed 

?I PI 

FIGURE 38. Influence of molecular mass and polarity index on surface 
tension of water solutions of ethylene oxidela-butylene oxide block copolymers 
of EBE type (contour lines of constant surface tension of water solutions).1Y 

Molecular moss of polyoxybutylene chain 

FIGURE 39. Optimal regions of surface activity and usage properties of 
ethylene oxideh-butylene oxide block copolymers of EBE type (1, surface 
activity; 2, foaming; 3, wetting; 4, washing).'& 

1.277 PI - 110.5; (2) foaming properties: E = 0.258 MB - 
240.2; (3) wetting: E = 0.32 MB - 285; and (4)' washing: 
MB = 1200 for WFK Krefeld standard fabric, and E = 60% 
for EMPA 101 standard f a b r i ~ . ' ~ ~ . ~ ~ ~  

VIII. HYDROPHILE LlPOPHlLE BALANCE 
OF HYDROXYOXIME EXTRACTANTS AND 
KINETICS AND MECHANISM OF COPPER 
EXTRACTION 

Hydroxyoximes of the following general formula: 

R 

where R denotes a long alkyl and Y stands for the hydrogen, 
a short alkyl, or the phenyl, have two slightly hydrophilic 
groups, i.e., phenolic and oximino groups, and a hydrophobic 
alky1.81.82*155-165 Depending upon the length of the alkyl these 
oximes can exhibit higher affinity for the aqueous or for the 
organic phase, or they can adsorb at the interface, thus de- 
creasing the interfacial tension. 

It has been found that the polarity parameters determined 
by GC are proportional to the content of the hydrophilic groups 
in the oxime molecule (Figure 40), and that the phenolic group 
shows a contribution to hydroxyoxime polarity which is two 
times higher than that of the oximino g r o ~ p . ~ ' * ~ ~ * ' ~  The ef- 
fective molecular mass of the oximino group as used to cal- 
culate the HLB is 8.7, while its AHLBD increment amounts 
to 1.0. 

The HLB on the Griffin and Davies scales are correlated 
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I 
I I 

5 Ig 43 ao 
Hydrophilic g~ov content , % w t  

flGURE 40. Influence of hydrophilic group contents in hydroxyoxirnes upon 
polarity index of methanol ( 1 ,  OH; 2, NOH; 3, OH + NOH).'62 

with the number of carbon atoms in the R and Y groups ac- 
cording to Equations 90 and 91, re~pectively:'~' 

5 14 
HLBG = 137 + 14n' 

HLBD = 9.9 - 0.475(7 + n), (91) 

where n denotes the sum of the carbon atoms in the R and Y 
groups. Thus, the relation between the considered HLB coef- 
ficients is as follows: 

5 14 
331 - 29.5 HLBD HLBG = 

The solubility of the hydroxyoximes in the aqueous solutions 
depends upon the hydroxyoxime HLB, and the logarithm of 
the oxime solubility in the aqueous phase increases propor- 
tionally to its HLB value on the Griffin ~ca1e.l~'  

The rate of copper extraction under constant extraction con- 
ditions can be correlated with hydroxyoxime HLB values, and 
depending upon the method used for kinetic studies, somewhat 
different relations are obtained. When the interface is constant, 
the extraction rate increases as the HLB of oximes in- 
creases. 158~162 

For hydroxyoximes considered HLB' values vary in the 
range of 1.5 to 3.5, and HLBD values vary from 1 to 6. Such 
high hydrophobicity of hydroxyoximes supports the interfacial 
mechanism for the oxime reaction with copper. The largest 
part of the hydroxyoxime molecule should be within the organic 
region of the interphase as the weakly hydrophilic groups can- 
not penetrate deeply into the aqueous phase. However, due to 

the very low hydrophilicity of hydroxyoximes having a large 
alkyl group, the decrease in the length of the hydrocarbon chain 
causes a sharp increase in the polarity, although the hydro- 
phobic part of the molecule always dominates the hydrophilic 
groups. As a result, the oxime molecule may penetrate more! 
deeply into the aqueous layers in the direct neighborhood of 
the interface, and eventually a change in the extraction mech- 
anism occurs. In the homogeneous phase, the reaction proceeds 
more quickly than in the heterogeneous system with a small 
interfacial area. 

In the region of low HLB values (below HLB' = 2.2 and 
HLBD = 3), the extraction rate depends strongly upon the 
oxime structure, and some deviations of the experimental data 
are observed (Figure 41).'62 Thus, this effect is observed in 
the region where extraction proceeds at the interface, or the 
interfacial reaction dominates the volume reaction in the aqueous 
phase. It is assumed that depending upon the HLB values 
complexing can proceed in the bulk of the aqueous phase (for 
oximes having HLB' > 2.8), at the interface (for oximes 
having HLB' C 1.7), or simultaneously in the bulk of the 
aqueous phase and at the interface (for oximes having 1.7 C 
HLBG C 2.8).'62 Thus, the extraction of copper by hydrox- 
yoximes proceeds at the interface or in the bulk of the aqueous 
phase when the number of carbon atoms in both R and Y groups 
is not less than 11 or not greater than 3, respectively. For 
oximes having a total of from 3 to 11 carbon atoms in these 
two groups, the extraction occurs at the interface as well as in 
the bulk of the aqueous phase. The mechanism of these pro- 
cesses is discussed elsewhere. 1'9-165 

This critical number of carbon atoms can change slightly 

0.0 1 / 
I ./ ' 

FIGURE 41. 
traction by hydroxyoximes . 

Influence of hydrophilic lipophilic balance upon copper ex- 
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depending upon the experimental conditions and upon the method 
used for the extraction rate determination. This is due to dif- 
ferent hydrodynamic conditions and different physicochemical 
parameters describing the extraction system; in particular, the 
influence of the diluent type should be quite substantial. 

The contribution (p) of the volume reaction to the measured 
reaction rate (v) can be expressed by Equation 93: 

v = v, p + vs (1 - p). (93) 

Thus, 

(94) 
v - v, 

V" - vs 
p=- 100%. 

The results presented in Figure 42162 show that for oximes 
having a total of not less than 11 carbon atoms in the alkyl 
groups the contribution of the volume reaction is less than 
lo%, while for oximes having a total of not more than 3 carbon 
atoms the contribution is above 90%. A contribution of 50% 
is obtained for oximes containing 6 to 7 carbon atoms both in 
the R and Y groups. Thus, the contributions of the volume 
reaction for some commercial extractants can be estimated as 
5,15, and 20% for Lix 65N, SME 529, and P 50, respectively. 

IX. CONCLUSIONS 

In the published literature concerning surfactants, measure- 
ments of the surfactants' polarities by means of GC are con- 

Number of carbon atoms the alkyl groups 

FIGURE 42. Influence of number of carbon atoms in R and Y groups upon 
contribution of volume reaction. 16* 

sidered as the measurements of the HLB, and appropriate em- 
pirical relations between these parameters have been derived. 
Certain polarity parameters can also be used as analwcal coef- 
ficients to characterize the average structure of nonionic sur- 
factants. It is also possible to correlate the properties of sur- 
factants and extractants with their polarity parameters, which 
can be precisely and accurately determined. These relationships 
can be used to predict the properties of surfactants from their 
polarity parameters. The use of polarity and the retention in- 
dices of ethanol or methanol and the sum of the first five 
McReynolds constants is favorable. These parameters can be 
estimated with reasonable accuracy from structural increments 
determined for characteristic fragments of surfactants. The po- 
larity parameters can also be used to describe the behavior of 
extractants and surfactants at various liquid/liquid interfaces; 
as a result, they can be used to assess kinetic data and the 
mechanism of metal extraction by various extractants. Some 
new applications of polarity parameters for surfactants and 
extractants will continue to be examined in the future. 
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