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Environmental scient ists have come to rely increasingly on 
physical and chemical properties of industr ia l  chemicals (including 
pesticides) in attempts to predict the i r  environmental behavior. 
However, the selection and determination of the appropriate 
properties are not always simple. 

The recent work of CHIOU et al. (1977), LU and METCALF (1975), 
and METCALF et al. (1975) offers a simplif ied approach to predicting 
the tendency of organic chemicals to bioaccumulate based on the 
degree of water solubiqi ty.  CHIOU et al. (1977) have developed an 
empirical equation for calculating n-octanol-water par t i t ion 
coeff ic ients using aqueous so lub i l i t i es .  The formula was developed 
using a wide variety of chemicals, and is claimed to allow the 
prediction of par t i t ion coeff ic ients to within an order of 
magnitude. The calculated par t i t ion coeff icients can be used in 
predicting soi l  absorption (BRIGGS 1973), biological uptake (KENAGA 
1972), l ipoph i l i c  storage (DAVIES et al. 1975), and biomagnification 
(LU and METCALF 1975, METCALF et al. 1973, 1975; NEELY et al. 
1974). CHIOU et al. have shown that for a number of chemicals, the 
water so lub i l i t y  is inversely proportional to bioconcentration in 
rainbow trout (Salmo gairdner i ) .  This correlat ion has also been 
previously shown ~LU and METCALF 1975, METCALF et al. 1975) for a 
number of other compounds using the mosquito f ish (Gambusia 
a f f in i s ) .  Both of these studies reveal high biomagnification 
factors for the more insoluble organic substances, while polar, 
water-soluble, fat- insoluble compounds accumulate to a lesser 
extent, i f  at a l l .  

The use of water so lub i l i t y  as a simple and rapid measure of an 
organic chemical's potential for bioaccumulating in the food chain 
has great appeal. However, numerous conf l ic t ing so lub i l i t y  values 
are given in the l i te ra ture  for many compounds of interest,  and 
re l iable water so lub i l i t y  data are lacking for many chemicals. One 
of the factors contr ibuting to this si tuat ion is the lack of 
adequate methods for determining the water so lub i l i t y  of highly 
insoluble organic compounds. Many of the techniques typ ica l ly  used 
have l imitat ions that res t r i c t  their  widespread application. For 
example, radiotracer techniques require expensive tagged materials 
and sophisticated equipment. Spectrophotometric approaches are 
generally restr ic ted to classes of compounds that can be measured at 
low levels by u l t rav io le t  or fluorometric means, and are subject to 
interferences caused by the presence of minor constituents. 
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One of the major sources of error in al l  of the above techniques 
is the preparation of the aqueous solution containing the 
solubi l ized test  material.  This is generally accomplished by 
exposure of an excess of the compound to water for an arb i t ra ry  
period of time for equi l ibr ium to be reached, followed by separation 
of the aqueous phase. D i f f i c u l t i e s  may be encountered due to 
several causes. For example, hydrolysis of the analyte may occur 
when long times are required for the substance and water to reach 
equi l ibr ium. Another is the d i f f i c u l t y  in obtaining the aqueous 
phase free of undissolved solute. Also, losses of analyte from the 
aqueous solut ion may occur because of adsorption onto f i l t e r  media 
and containers. 

This paper describes an approach that avoids many of the 
problems encountered in these other techniques. Based on ear l ie r  
work by DAVIS and PARKE (1942) and BROOKER and ELLISON (1974), a 
nephelometric standard curve extrapolat ion technique is used to 
obtain water s o l u b i l i t y  data. The test  substance is dissolved in a 
water-miscible solvent such as ethanol or acetone. Di lut ions of 
increasing amounts of th is  solution with re l a t i ve l y  large volumes of 
water give a series of turb id suspensions. The t u r b i d i t y  is 
measured nephelometrically and the re la t i ve  in tens i ty  of scattered 
l igh t  is plotted vs. concentration of test  material in each sample. 
Extrapolation of th is  standard curve to the re la t ive  in tens i t y  of a 
reagent blank gives an estimate of the experimental water s o l u b i l i t y .  

EXPERIMENTAL 

Apparatus. Nephelometric measurements were made with a 
spectrophotofluorometer (Aminco-Bowman No. 4-8202) equipped with a 
photomult ip l ier photometer, a potted RCA IP28 photomult ip l ier tube, 
and a 150-W xenon arc lamp. All studies were performed at constant 
s l i t  width, with the s l i t  arrangement 3,2,2,3,5.  Exci tat ion and 
emission monochromators were adjusted to 600 nm in order to achieve 
maximum scattered l igh t  in tens i t y .  A standard l-cm path length 
quartz fluorescence cuvette was used. Volumetric repipets and a 
syringe microburet (Micrometric Instrument Co., Model SB2) were used 
to prepare suspensions. A magnetic s t i r r e r  was used for mixing. 

Reagents and Standard Solutions. Reagent grade ethanol and 
acetone were used as the solvents for al l  chemicals. Standard 
solutions were generally prepared by dissolving 0.25 g or less of 
test  substance in 50 ml of absolute ethanol or acetone to give a 
concentration of 0.5% or less. This concentration was adjusted as 
necessary by ser ial  d i lu t ion  with the same solvent un t i l  between 0.5 
and 1.5 ml of the standard solut ion produced a v i s i b l y  turb id  
suspension in 40 ml of water. I f  the standard was too d i lu te ,  a 
more concentrated solut ion was prepared. 

D is t i l l ed  water (stored in closed repipet dispensers) was used 
for preparation of suspensions. Gum tragacanth (0. I0 g) was 
dissolved in 1L  of hot d i s t i l l e d  water, cooled, f i l t e r e d ,  and 
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stored in a closed repipet dispenser. The gum is an e f fec t ive  
s tab i l i ze r  for dispersions. Absence of dust or par t ic les  in al l  
solutions was confirmed nephelometrically. 

Procedure. Forty ml of water and 1 ml of gum solut ion were 
added to each of s ix to eight 50-ml beakers and mixed on a magnetic 
s t i r r e r .  A syringe microburet containing the test substance 
standard solut ion was posit ioned with the buret t i p  below the 
surface of a s t i r red  water-gum solut ion.  Test standard solut ion was 
added at the rate of about 0. I ml/min unt i l  the f i r s t  signs of 
t u r b i d i t y  appeared. The volume of test solut ion added was recorded 
and the concentration of the turb id solution calculated. The above 
steps were repeated using increasing quant i t ies (about O.l-ml 
increments) un t i l  s ix to eight turb id solutions had been prepared. 
All solutions were then allowed to "age" for a minimum of 15 min 
without s t i r r i n g .  Blanks were prepared s im i la r l y  but without 
addit ion of any of the test material .  Each sample was resuspended 
by s t i r r i n g  and transferred to the cuvette; nephelometric readings 
were taken and plotted against the sample concentration to produce a 
standard curve. Extrapolation of th is  curve to the blank reading 
yielded the s o l u b i l i t y  of the test  compound. Al l  determinations 
were conducted at room temperature (about 24 ~ + 2~ 

RESULTS AND DISCUSSION 

Using the procedure described here, experimental water 
s o l u b i l i t i e s  have been estimated for a number of chemicals of 
environmental in terest .  Practical grade compounds and mixtures, as 
well as pure chemicals, have been examined. These included 
representative hydrocarbons, phosphates, phthalates, chlorocarbons, 
and Aroclors. The experimentally determined s o l u b i l i t i e s  of 48 
chemicals are tabulated in Table 1 along with l i t e ra tu re  values for 
comparison. Our results represent the average of mult iple 
determinations. 

Accuracy and Precision. This procedure does have inherent 
l imi ta t ions due to solvent, vapor pressure, and surface effects on 
formation of stable, turb id solut ions. I ts  accuracy, however, is 
d i f f i c u l t  to assess without absolute water s o l u b i l i t y  values. There 
are few available data on sparingly soluble organic compounds for 
comparison, and the v a l i d i t y  of some of these is in question. We 
compared some of our experimental values with l i te ra tu re  values 
obtained using s imi lar  approaches and s e n s i t i v i t i e s .  For example, 
the experimental hydrocarbon data agree with those reported by DAVIS 
et al. (1942) who used a s imi lar  nephelometric technique. 
S imi lar ly ,  there is agreement wi th in an order of magnitude with 
l i t e ra tu re  values (LU et al. 1975, McKAY and LEINONEN 1975, METCALF 
1976) based on radiotracer trechniques for such compounds as 
~,~'-DDT, tr is(2,3-dibromopropyl)  phosphate, and t r i -~ -c resy l  
phosphate. Based on these comparisons, we feel that th is method may 
y ie ld  re l a t i ve l y  good estimates of s o l u b i l i t y  for pure chemicals. 
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On the other hand, the method yie lds values of uncertain 
accuracy for impure chemicals or mixtures of isomers and/or s imi lar  
substances. The experimental values in Table l for Aroclors are in 
general agreement wi th in an order of magnitude with published values 
(EPA 1976, HAQUE e t a l .  1974, McKAY and LEINONEN 1975). All  have 
very low s o l u b i l i t i e s .  Except for Aroclor 1268, whose measured 
s o l u b i l i t y  appears to be too great, the Aroclors exhibited 
decreasing s o l u b i l i t y  with increased chlor inat ion.  However, 
s ign i f i can t  changes in s o l u b i l i t y  are not apparent with small 
differences in chlorine content (10-20%). Several indust r ia l  
phthalate mixtures also showed decreasing s o l u b i l i t y  with increased 
molecular weight. 

Based on these observations, i t  appears that th is procedure 
gives experimental s o l u b i l i t y  values for mixtures that may be only 
approximations. The tendency to show some correlat ions with groups 
of closely related mixtures is encouraging, however. I f  the nature 
of the test samples is kept in mind, such approximations may s t i l l  
be useful. 

In general, good precision (~ 5%) was obtained for pure 
compounds in repl icate measurements. Results were less precise for 
the Aroclors and pract ical  grade materials (about + 20%). Precision 
was poor for compounds such as lindane and hexachl~robenzene. In 
each case, excessive par t ic le  growth occurred. In addit ion, scum 
formation occurred over the lindane suspensions. These aberrations 
probably contributed to the poor resul ts.  Volat i le  l iquids such as 
benzene, toluene, and xylene gave extremely poor precision, possibly 
because they escape too rapid ly from s t i r red water solut ions. The 
procedure appears unsuitable for measuring the water s o l u b i l i t y  at 
room temperature of vo la t i l e  materials such as these. 

Application Cr i te r ia .  A given test material must meet two 
pr incipal  c r i t e r i a  for th is  procedure to be suitable. F i rs t ,  the 
par t ic les of the substance must d i f f e r  from water in re f rac t ive  
index so that l i gh t -sca t te r ing  readings can be made. Second, the 
substance should form dispersions which are stable for a reasonable 
time (30-60 min) so that re l iab le  nephelometric measurements may be 
taken. Slow rates of p rec ip i ta t ion ,  crystal  growth, and par t ic le  
coagulation contribute to the formation of more stable dispersions. 
Col l igat ive property effects have been discussed in greater detai l  
by DAVIS and PARKE (1942). 

Experimental Parameters. Good precision is dependent on proper 
aging of the dispersion solution at a reasonably constant 
temperature. Selected dispersions were aged O, 15, 30, and 60 mill 
at room temperature (about 24 ~ + 2~ Scattered l igh t  in tens i ty  
for the test substances peaked after about 15 min and remained 
constant up to about 30 min, after which i t  began to decrease. As 
aging increases, an equi l ibr ium between solution and suspended 
par t ic les is approached. Following th is  state, crystal  growth and 
coagulation become more pronounced. The use of gum tragacanth slows 
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th is  la t te r  process. Based on our observations, we concluded that 
15-min aging was adequate for most of the substances encountered in 
th is  study. Al l  compounds w i l l  not approach equi l ibr ium at the same 
rates, and ideal ly  should be checked ind iv idua l l y  to determine 
optimum aging requirements. 

The ef fect  of ethanol and acetone on s o l u b i l i t y  measurements 
appeared negl ig ib le up to concentrations of about 5%. Higher levels 
were not tested. These solutions also gave a horizontal 
nephelometric baseline equivalent to water-gum solutions alone, 
i . e . ,  the presence of solvent did not af fect  background l i gh t  
scatter.  As a resul t ,  water-gum solutions were rout ine ly  used as 
blanks. 

The method described here provides a rapid and simple means for 
estimating the water s o l u b i l i t i e s  of pure chemicals and the 
"apparent" s o l u b i l i t y  behavior of less pure compounds and mixtures. 
I t  allows rapid comparisons of a test  material with s imi lar  
chemicals that are known environmental hazards. I t  permits quick 
c lass i f i ca t ion  of a substance as to i t s  re la t i ve  s o l u b i l i t y  range 
which can then used in the empirical equations of CHIOU et al. 
(1977) and NEELY et al. (1974) to predict octanol-water part i t ionm 
behavior and bioaccumulation factors,  in such cases, the 
uncertaint ies in the empirical equations are so great compared to 
that of the s o l u b i l i t y  value that an order of magnitude variance in 
s o l u b i l i t y  has only a small impact on the signif icance of the 
resul t .  Consequently, the approximate s o l u b i l i t i e s  given by th is  
method for most chemical mixtures as well as pure chemicals may be 
s u f f i c i e n t l y  accurate for many purposes, 

This procedure offers an alternative approach to slower, more 
expensive, and sophisticated methods of determining water 
solubi l i t ies of relat ively insoluble pure compounds. I t  also 
provides a means of obtaining rough solubi l i ty  estimates of impure 
chemicals and mixtures. I t  is thought to be relat ively accurate for 
pure chemicals, and fa i r l y  reliable as an indicator of the 
approximate solubi l i ty  behavior of many mixtures, but not suitable 
for volat i le or relat ively soluble materials. The data obtained may 
be useful for predicting octanol-water part i t ion behavior, which in 
turn may serve to assess a chemical's potential for environmental 
biomagnification. 
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