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Determination of CMC and Partial Specific Volume of 
Polysorbates 20, 60, and 80 from Densities of 
Their Aqueous Solutions 

BAHRAM FARHADIEH 

Abstract 0 The CMC of the surfactants was determined by measur- 
ing the density of their aqueous solutions at 24.88” with a new 
instrument which can measure accurately the change in natural 
frequency of a hollow oscillator of constant vclume when it is 
filled with a solution of unknown density. The frequency change is 
transformed into density by calibrating the instrument with liquids 
of known densities. The CMC values obtained were 12 X lo-* 
wt.% for polysorbate 20, 9 X w t . z  for polysorbate 60, and 
6.2 X wt.% for polysorbate 80. By applying the intercept 
method, partial specific volumes of water and the surfactant were 
obtained from the density of each surfactant solution. These partial 
quantities indicated that the formation of micelles is associated 
with an increase in the partial specific volume of the surfactant 
and a concomitant decrease in that of water. 

Keyphrases 0 Polysorbates 20, 60, and 80-determination of 
CMC’s and partial specific volumes from densities of their aqueous 
solutions 0 CMC and partial specific volume, polysorbates 20, 
60, and 80-determination from density of aqueous solution 0 
Density measurements, polysorbates 20. 60. and 80-used to  
determine CMC and partial specific volume 

Various methods have been used in the determination 
of the critical micelle concentration (CMC) of ionic 
and nonionic surfactants. In  general, these methods rely 
on the abrupt change that occurs in a number of physi- 
cochemical properties of the surfactant solutions as the 
CMC is approached (1-3). Partial volume quantities are 
a direct measure of the changes occurring in the body 

of the solutions but have rarely been used in the study of 
aggregation (4-8). The limited use of this method has 
been due mainly to difficulties involved in obtaining 
accurate measurements at constant temperatures and 
at low concentrations of the associating solute (6, 7). 
The availability of new instrumentation has greatly 
reduced such measurement difficulties. 

The study reported here deals with the determination 
of densities of the aqueous solutions of polysorbates 
20, 60, and 80 using a digital precision density meter’. 
The CMC for each surfactant and the partial specific 
volumes of the components of each surfactant solution 
are obtained from the corresponding density data. The 
results are used to describe changes that occurred in 
these solutions during aggregation. 

EXPERIMENTAL 

Chemicals-The nonionic surfactants examined were a group of 
three commercial products of pharmaceutical interest: polysorbate 
202 [polyoxyethylene (20) sorbitan monolaurate], polysorbate 60a 
[polyoxyethylene (20) sorbitan monostearate], and polysorbate 
80‘ [polyoxyethylene (20) sorbitan monooleate]. These surfactants 

1 Model DMA 02/C. Anton Paar Kg.. A-8054. Graz. Austria. 
* Lot 1337, Tween 20, Atlas Chemical Industries Inc.. Wilrnington. 

3 Lot 854, Tween 60, Atlas Chemical Industries, Inc. 
Del. 

Lot 1147, Tween 80, Atlas Chcmical Industries. Inc. 

Vol. 62, No. IO, October I973 0 1- 



Table I-Densities of Aqueous Solutions of Polysorbates 
20. 60, and 80 at 24.88" 

have the following general chemical formula: 

HCO(C2HJO). TH: 1 H 

H(OC:H,),OCH I \  
HT 
HCO(CII1 iO),,H 

I 
C'HIO(C,H ,O),OCR 

where the KCO - group represents the fatty acid moicty and ii  = 
w + s + y + z is the number ofethylene oxide unit<;, which is equal 
to 20 for the surfactants considered (9). In this study, samples from 
these commercially available lots were analyzed as received. Further 
refining was not attempted Lxcause methods available (10) can ef- 
fect only partial removal of the impurities. All solutions were pre- 
pared In distilled water on a weight-to-weight basis. 

Density Measuring Apparatus--The system consisted of a digital 
precision density meter'. circulators. and a digital thermistor ther- 
mometer6. The precision density meter consisted of a readout unit 
and a sample compartment. The sample Compartment contained a 
hollow. V-shaped oscillator made of glass. The oscillator had a lixed 
volume ( V ) .  and it was filled and emptied through two ports located 
on the outside of the sample compartment. The oscillator could be 
excited to an undamped oscillation by a magnetic rod which was 
activated electronically. The readout unit measured the frequency 
of the oscillation ( f ,  and displayed i t  as the oscillation period ( T ) .  
where T = l//: The circulator was connected with short rubber 
tubing to the sample compartment. When in operation, it  could 
maintain the temperature of the sample compartment to within 
&0.02'. The temperature of the saniple compartment was nionitorcd 
during each run with the digital thermistor thermometer. 

The digital precision density meter can be 
represented by an equivalent s)stem consisting of a hollow body of 
mass ( M )  and of volume ( V )  suspended from a spring with a spring 
constant ( C ) .  When the hollow body is lillcd with a liquid of density 
(land i s  set into motion. thc oscillation period for the system is given 
by the following cxpression ( 1  I): 

Instrument Theory 

T = I//' = 2a \/((/I' + M)IC (Eq.  1) 

According to this relationship. which is general for any liquid, the 
oscillation period is only a function of the density of the liquid used. 
Expansion of Eq. I and further transformation yield: 

T2 = A d +  8 (Eq. 2) 

where A and B are the instrument's constants and are defined by 
(A = 3a2V/C) and ( E  = 4nZM/C). 

0.997200 i - 
/ Too € 

tO.997150 

0.997050 > 
-L - L . - U  1-L- 

0.01 0.07 0.03 0.04 0.05 0.06 0.07 0.08 
CONCENTRATION, % w f w  

Figure 1 -Solu~ion derisiry versus coiiceiilrulioii of polysorbule 
20 (Trio), polysorbute 60 (Tea). uiid polysorbufr 80 (TJd iii ivulrr crl 
24.88". 

5 LaudiiiBrinkmann. model K-21 R, Brinkmann Instrument Inc.. 

a Modcl 1501. United Systcm Corp., Dayton, OH 45403 
Westbury, NY 11590 

-Density, g./crn.3u----- Concentra- -- __-- 
tion. wt. 9; Polysorbate 20 Polysorbate 60 Polysorbate 80 

0.oooO 
0.0020 
0.0041 
0.0046 
0.0062 
0,0069 
0.0082 
0.0091 
0.0103 
0.01 14 
0.0205 
0.0229 
0.0308 
0.0344 
0.0410 
0.0455 
0.0615 
0.0687 
0.0820 

0.997074 

0.67093 

0.997101 

0.9971 1 0  

0.9971 18 

0,9971 34 

0.9971 49 

0.9971 62 

0.9971 87 

- 

.- 

- 

- 

- 

- 

- 

- 

0 997074 

0 997088 

0 997096 

0 997102 

0 997103 

0 997110 

0 997117 

0 997124 

0 997138 

- 
- 

- 

- 

- 

- 

- 
- 

- 

- 

0.997074 
0.997081 
0.997089 - 

0.997096 

0.997098 

0.997100 

0.9971 10 

0.997121 

0,9971 29 

0.997150 

0.9971 71 

- 

- 

- 

- 

- 

- 

- 

18 Average of four determinations. 

For two  liquids of differing densities. it readily follows that the 
difference in their densities is given by the equation: 

( d l  - d*) = (TI* - 7 - 2 2 )  (EY. 3) A 

In this expression, A has the same delinition as before and therefore 
represents the calibration constant for the instrument; TI and T2 are 
the oscillation periods when the oscillator is tilled with liquids of 
densities d,  and da, respectively. 

Density Measurement Procedure-Generally. the instrument was 
started 1 hr. prior to any density measurements to assure tempcra- 
ture equilibration. The hollow oscillator was washed by injecting 
distilled water through the injection port and emptying it by forced 
air several times. Next. the instrument was calibrated by obtaining 
the oscillation period for distilled water ( T I )  and for anhydrous 
ethanol (T:).  These two liquidh were used hecause their respective 
densities at various temperatures iire reported in the literature ( 1  2). 
The densities of the aqueous solutions of the polysorbates were 
measured against distilled water as the reference. 

All measurement5 were done at 24.88 I 0.02". It was necessary 
to wait for 15 min. betwcen each sample injection for the tempera- 
ture to reequilihrate. The accuracy of the measurements was in- 
vestigated with distilled water. I t  was determined to be +3.0 X 
g./cm.3 of the reported value (12). Accuracy of this order of magni- 
tude is easily obtainable since the instrument determines the density 
through precise measurcment of frequency rather than determina- 
tion of weight and volume. 

RESU1,TS AND DISCUSSION 

The densities of aqueous solutions of the three surfactants used 
in this study are reported in Table I .  Each reported density is the 
mean of four separate determinations. In  Fig. 1, the densities of the 
aqueous solutions of each surfactant are plotted against their re- 

W 1 
n. 
m 1.002800 L 

r, -1 1 1 1- 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
CONCENTRATION, % wfw 

Figure 2.- Specific calwne versus coiicerrtruriori of polysorhate 80 
irr wuter. 
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Table 11-Partial Specific Volume of Water in Aqueous 
Solutions of Polysorbates 20. 60, and 80 at 24.88" 

Concentra- --Partial Specific Volume of Water, cm. 3/g.- 
tion, wt. % Polysorbate 20 Polysorbate 60 Polysorbate 80 

0.0020 
O.OO40 
0.0050 
0.0055 
0.0060 
0.0065 
0.0070 
0.0075 
0.0080 
0.0085 
0.0090 
0.0095 
0.0100 
0.0110 
0.0120 
0.0140 
0.0160 
0.0180 
0.0200 
0.0300 
0.04oO 
0.0600 

1 .002934 
1 ,002934 
I ,002934 
1 .002934 

I ,002934 
1 ,002934 
1 ,002934 
1.002934 

1 ,002934 I ,002934 
1 ,002934 1 .002934 
I ,002934 I ,002934 
1 ,002934 1 ,002932 
1 ,002934 1 . W2929 
1 ,002934 1 ,002925 
1 ,002934 1 .OO2921 
1 ,002934 
1 ,002929 
1 . bO292l 
1.002915 
1 ,002907 
1.002902 
1.002901 
1 ,002901 
1.002901 
1 ,002901 
1.002901 

1 .  00291 5 
1.002911 
1 .GO2911 
I .002911 
1.002911 
1 ,00291 1 
1.002911 
1.002911 
1 ,002911 
1.002911 
1.OQ2911 

1 ,002934 
1 .&I2934 
I ,002934 
1 ,002929 
1 ,002924 
1.002919 
1.002918 
1.002918 
1 ,00291 8 
1.002918 
1.002918 
1.002918 
1.002918 
1 .002918 
1.002918 
1.002918 
1.002918 
1.002918 
1.002918 
1.002918 
1.002918 
1.002918 

spective concentration. Each curve consists of two linear segments 
of different slopes. The abrupt change in slope occurs at  the C M C  
of the surfactant (1-8). The C M C  values for polysorbate 80, poly- 
sorbate 60, and polysorbate 20 were 6.2 X lo-;, 9.0 X and 
12 X ]OF3 g./l00 g., respectively. Bjaastad er ul. (10) obtained 
CMC's of 6.0 X 10-: and 4.5 X g./IOO ml. for partially puri- 
fied polysorbate 80 and polysorbate 60, respectively, at room tem- 
perature. The higher value obtained for polysorbate 60 by the 
method employed in this investigation is probably due to impuri- 
tics in the commercial sample used. 

The volume ( V )  of a solution composed of til moles of constituent 
x1 and 1i2 moles of constituent x2 is related a t  constant temperature 
and pressure to 111 and t i2 by the relationship ( I  3): 

v = 111 PI + 112 V? (Eq. 4) 

where PI and p7 are the partial molal volumes of the constituents 
x1 and sz, respectively, and are defined by the following expressions: 

PI = (3Y/d1zI)T.P."r (Eq. 5 )  

v 2  = (dv/a11*)T,P." (Eq. 6) 

The subscripts T, P, i iI ,  and / i2  refer t o  the constant temperature and 
pressure conditions at constant amount of component one or two, 
respectively. If grams is chosen instead of moles as the concentra- 
tion unit. Eqs. 4-6 are valid for partial specific volumes: These 
multiplied by their respective molal weights give the corresponding 
partial molal volumes. 

The commercial polysorbates used in this study are impure and 
their exact molal weights cannot be used for such conversions 
without introducing some errors in the values of their partial molal 

.002930 

,002920 

002910 

1.002900 
E a a - 1 . L -  

0.01 0.02 0.03 0.04 0.05 0.06 
CONCENTRATION. % w/w 

Figure 3-Purtiul specific rolume of woier iu uqueous solutions of 
polyrorbute 20 (T20). polysorbute 60 (Tao), und polysorhute 80 (TBo). 
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0.01 0.02 0.03 0.04 0.05 0.06 
CONCENTRATION, % w/w 

Figure 4-Purtial specific colume ofpolysorbute 20 (Ty0), polysorbute 
60 (TeU), utidpolysorbute 80 (Tlo) in  uqueous solutions. 

volumes. Thus, the densities of each polysorbate solution were used 
to calculate the partial specific volumes of the surfactants (c2) and 
that of the water (PI) rather than their respective partial molal 
volumes. The mithod of intercepts (13) was uied in these calcula- 
tions. In this method. the specific volume (I/density) of each of 
the solutions was plotted cersus the surfactant concentration 
(weight percent). A smooth curve was fitted through the points. I f  a 
tangent is drawn to the curve of such a plot at  any one point, the 
intercept of this tangent upon the ordinate representing 100% 
water is equal to  El .  Similarly, the intercept upon the 100% sur- 
factant ordinate is equal to  CZ. Figure 2 is such a plot for polysorbate 
80 solutions. The broken line is a tangent drawn to the point on the 
curve corresponding to a solution containing 0.0065 g. of surfactant/ 
100 g. 0 1  solution. The partial specific volumes of the water in 
aqueous solutions of each surfactant were determined graphically. 
For the surfactants, however, graphical extrapolation of the tan- 
geqts to  the 100% surfactant ordinate was not practical. Therefore, 
all values for fi? were obtained by determining the straight-line 
e.quations fitting the tangent' lines. From these equations, the in- 
tercepts upon the ordinate representing 100;': surfactant were cal- 
cu!ated. 

The values of PI and P2 at several concentrations were obtained 
for the three surfactant solutions (Tables I I  and I l l )  and are 
plotted cersus concentration of the polysorbates in Figs. 3 and 4, 
respectively. An inspection of Figs. 3 and 4 shows that below the 
C M C  the values of o1 and Bz are constmt. indicating that the sur- 
factants behave as normal undissociable solutes at  these concen- 
trations, Depending on the magnitude of change in the slope of 
spetific volume rersur concentration plot, the values of fil and o2 

Table Ill-Partial Specific Volumes of Polysorbates 20, 60. and 
80 in Aqueous Solutions at 24.88 ' 

Concentra- -Partial Specific Volume of Surfactants. cm.3/g.- 
tion, wt. 7; Polysorbate 20 Polysorbate 60 Polysorbate 80 

0.0020 
0.0040 
0.0050 
0.0055 
0.0060 
0.a5 
0.0070 
0.0075 
0.0080 
0,0085 
O.Oo90 
0.0095 
0.0100 
0.0110 
0.0120 
0.0140 
0.0160 
0.0180 
0.0200 
0.0300 
0.O400 
0 . 0 3  

0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.602934 
0.655471 
0.735479 
0.77951 1 
0.844574 
0.876396 
0.885254 
0.885254 
0.885254 
0.885254 
0.885254 

0.683490 
0.683490 
0,683490 
0.6834% 
0.683490 
0.683490 
0.683493 
0,7091 82 
0.759339 
0.797043 
0.845027 
0.910607 
0,9541 31 
0.9541 31 
0.954131 
0.9541 31 
0.9541 3 1 
0.9541 31 
0.9541 31 
0.954131 
0.9541 31 
0,9541 3 1 

0.621 355 
0.621 355 
0.621355 
0.712929 
0.802924 
0.877919 
0.90291 8 
0.902918 
0.902918 
0.90291 8 
0.90291 8 
0.90291 8 
0.902918 
0.902918 
0.90291 8 
0.90291 8 
0,90291 8 
0.902918 
0.90291 8 
0,90291 8 
0.90291 8 
0.90291 8 
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undergo a sharp change near or a t  the CMC of each surfactant, 
which continues over a narrow concentration range beyond the 
CMC. This type of behavior has been observed for potassium n- 
octoate ( 5 )  and for potassium laurate and lauryl sulfonic acid(8). The 
concentration dependency of DI and is due to the changing ratio 
of monomeric to micellar surfactant (14. IS). After this transition 
region, 6, and a2 begin to become constant again due to the di- 
minishing ratio of the monomeric surfactant to the micellar sur- 
factant. 

I t  also has been suggested (16) that the decrease in the partial 
specific volume of water with a concomitant rise in that of the 
surfactant is due to change of water structure upon micelle forma- 
tion. Below the CMC where the surfactant molecules exist in their 
monomeric form, the hydrophobic portions of these molecules are 
tightly surrounded by water molecules (17, 18). Thus, these mono- 
mers are subjected to high compression by the strong cohesive 
field of water molecules. At the same time, by their interposition be- 
tween water molecules, these monomers effectively reduce the attrac- 
tion of water molecules for each other which results in less com- 
pression on water. Upon aggregation, the area of contact between 
water and the hydrophobic portions of the surfactant is greatly 
reduced on account of the large size of the micelle as compared to 
single molecules. This reduction of the contact area releases most 
of the water molecules that were originally bound to the surfactant 
molecules and were the cause of their compression. For these 
reasons, micelle formation is accompanied by a reduced compres- 
sion of the surfactant molecules (larger partial specific volume) and 
by an increased compression of the water molecules (smaller partial 
specific volume). 
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precision density meter and familiarization with its use. 

Effect of Wavelength on Production of Previtamin D, 

ELIANE ABILLON’ and RENE MERMET-BOUVIER 

Abstract 0 On the basis of a previously established reaction scheme, 
the formation rate of various isomers produced by UV irradiation 
of ergosterol at low temperature was calculated for wavelengths 
between 240 and 320 nm. Particular attention was given to pre- 
vitamin DI, the precursor of vitamin a; the production optimum 
and the time required to obtain it  were investigated in relation to 
the irradiation wavelength. 

Keyphrases 0 Previtamin D2 photochemical formation from ergo- 
sterol --elkct of irradiation wavelengths 0 Ergosterol photochem- 
ical conversion to previtamin Dz-etfect of irradiation wavelength 
0 UV irradiation of ergosteroldonversion to previtamin D2, 
effect of various wavelengths 

Much work has been done on the photoisomerization 
of ergosterol (1-3), and various reaction schemes havc 
been proposcd (4-6). Only the thermal transformation 
of previtamin DP to vitamin D2 was reported (2) and is 
insignificant if the temperature of the irradiated medium 
is under 10”. 

The production of vitamin D2 is achieved in two steps: 

1 .  U V  irradiation of ergosterol (I) at a low tem- 
perature, which results in the formation of the following 
isomers: previtamin D2 (ll), tachysterolz (Ill), lumis- 
teroln (lV), and toxisterols. 

2. Separation of previtamin D2, which becomes 
vitamin D2 (V) through thermal transformation. 

The purpose of this work was to determine the effect 
of the irradiation wavelength on the percentage of the 
previtamin formed. The absorption properties were 
investigated as a function of wavelength for the isomers 
concerned i n  accordance with a recently determined re- 
action scheme representing the different photochemical 
transformations. 

PHOTOCHEMICAL REACTION SCHEME OF 
ERCaSTEROL AT LOW TEMPERATURE: 

CORRESPONDING KINETICS 

The reaction scheme (7. 8) used in this study is shown in Scheme I. 
The quanta transformation yield values are indicated and are ex- 
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