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ABSTRACT

The water solubilities of l-t^tradecanol and 1-hexadecanol were 
measured by gas-liquid chromatography at several temperatures in the 
4 to 61°C. range. The magnitudes involved are illustrated by the 
61°C. values: 44.9 x 10“° and 4.06 x 10“^ gram per 100 ml. for 1-
tetradecanol and 1-hexadecanol, respectively. The experimentally 
determined solubilities at 25°C. were found to be appreciably smaller 
than the values obtained by extrapolating data for the lower homologs. 
Estimates of heats of solution above and below the melting point were 
made for each.alcohol. They indicate that the amount of water in an 
alcohol rich phase at equilibrium with a water rich phase is not 
negligible.
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INTRODUCTION

One-sixth of the available wafer supply in^ the Great and Colorado 

River Basins is lost annually through evaporation (I). The water stored in 

a large reservoir is especially susceptible' to this fate. The loss can be 

minimized by locating the reservoir at as high an elevation as is feasible, 

shaping it so as to make the surface area to storage volume ratio as small 

as is practicable, covering the surface with an impervious barrier, and 

shielding it with windbreaks (2). Because considerations of cost, convene 

ience, and the need for recreational area often rule out these measures, we 

are forced to search for practical alternatives. One possibility involves 

the spreading of a chemical film on the water surface (3). At present mon- 

omolecular layers of the long-chain primary alcohols tetradecanpl through 

eicosonol are being intensively investigated for this purpose (4,5).

Before any chemical can be seriously considered for use as an evapora

tion retardant in a public water supply, it must be shown to have little or 

no deleterious biological effects. The United States Public Health Service 

has checked the human health aspects and has approved the use of hexadecan- 

ol and octadecanol monolayers for evaporation coptrol (6). . The results of 

several studies (7,8,9) indicate that long-chain alcohols do not pose seri

ous problems for plankton, most insects, aquatic plants, game fish, or wa

terfowl.

In addition to satisfying minimum health standards, a suitable evapo

ration retardant must also meet.certain economic criteria. One of these is
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a reasonable period of service in the monolayer. Long monolayer life de

pends on the minimization of alcohol attrition. Alcohol may leave through 

evaporation (10), bacterial action (6,8,9), oxidation-induced by the sun's 

radiation (11,12), and through solubilization in the water (5,10). It is 

with this last avenpe of escape that the present work is chiefly concerned.

In order to make reliable estimates of alcphol lops from solubiliza

tion, one needs fairly accurate solubility values.as a function of both 

temperature and chain length. The rate at which alcohol is consumed by 

bacteria could be more important than the solubility in determining the 

quantity of alcohol required to keep a reservoir covered with a monolayer. 

The development of effective and inexpensive bactericides, however, would 

make bacterial action irrelevant. Some .work has already, been done in this 

area (6). If alcohol solubilization were an extremely slow process, solu

bility data' would have only minor significance in loss calculations. The 

results of this study indicate that the movemeryt of alcohol from the sur

face to the interior of the water phase is not an extremely slow process 

■ and that saturation can occur in a relatively short time.

Solubilities of long-chain primary qlcohols have been estimated from 

logarithm of solubility vs. carbon number plots of to homologs 

(13,14,15)o Such plots are linear and may easily be extrapolated to give 

the solubilities of the higher molecular weight homoldgs. According to 

Kinoshita, Ishikawa, and Shinoda (15),

In G = .-1.39 n +.5,53

where C is the solubility in moles/liter at. 25°C. of a primary alcohol con

taining n carbon atoms. The water solubilities of tetradecanol, hexadecand,
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octadecanol, and eicosonol as calculated f^om this equation are given in 

Table I.

Alcohol

1-tetradecanol

1-hexadecanol

1-octadecanol

1-eicosonol

Table I

Extrapolated Solubilities
9Solubility— (moles/liter)plQ 

' 890 

55 

5.4 

0.21

Extrapolated values, while providing estimates of thq solubilities of 

long-chain alcohols, can be misleading. At 25°C. the alcohols of Table I 

are solids, whereas the equation pf Kinoshita et al summarizes solubility 

experiments for alcohols which are liquids at this temperature. Since the 

temperature dependence of a compound's solubility below the melting point 

can differ appreciably from the temperature dependence above the melting 

point, reliable solubility values' require direct determination. Two ap

proaches were initially considered by the author, a carbon-14 tracer tech

nique and a gas chromatographic technique. The carbon-14 work has been 

summarized elsewhere (16). Difficulties in obtaining alcohol solutions . 

free of labeled impurities and colloidal alcohol particles prevented the 

determination of accurate solubility values. The cgrbon-14 experiments 

were terminated when Krause and Lange reported successful determinations 

of dodecanol, hexadecanol, and octadecanol solubilities Ipy a radiotracer
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procedure (17). Research efforts were then • concentrated on the gas chro:-. 

matographic technique. All research described hereinafter concerns the 

solubility of tetradecanol or hexadecanol in a 50 parts per billion (ppb.) 

aqueous silver nitrate solution. The silver nitrate solution was used in 

lieu of water to prevent certain common bacteria, e.g., pseudomonas, from 

ingesting the alcohols (6,18). For reasons which will be discussed later, 

no attempts were made to measure the solubilities of octadecanol and

eicosonol.



EXPERIMENTAL

Instrumentation

The instruments used in this work included an analytical gas chromato

graph, a preparative gas chromatograph, and a 90° light scattering photom

eter. The analytical gas chromatograph, an F & M Biomedical Model #400, 

was employed to check alcohol purity and to determine quantitatively in

jected alcohol weights. Experimental details are given in Table II and on 

page 15. The preparative gas chromatograph, a Wilkins Aerograph Autoprep 

#A-700, was used solely for purifying tetradecanol. The purification de

tails are given in Table III. The light scattering photometer has been de

scribed by Anacker and Ghose (19).

Materials

Hexadecanol purity was checked by thin layer and gas-liquid chromatog

raphy. The checks verified a purity of 99.8+% which was claimed by the 

distributor, Applied Science Laboratory. The tetradecanol used was pur-? 

chased from Matheson, Coleman & Bell, and was purified by preparative gas 

chromatography. The chromatographed alcohol purity was determined to be 

99.5+%.
The water used in all experiments was doubly distilled, the second 

distillation being carried out over alkaline potassium permanganate.

Baker and Adamson reagent grade silver nitrate, without further purifica

tion, was used to prepare all silver nitrate solutions. Eighty-five mole 

percent minimum hexane, purchased from the Phillips Petroleum Company, was



Table IT

Operating Conditions--! & M Biomedical #400

Detector Flame ionization

Column: 122 cm. x 6 mm., glass

1% SE-30 on 80/100 Chromosorb W

Column Temperature: a. ) tetradecanolj 120°C.

b. ) hexadecanol, 140°C.

Flow Rate: a. ) helium, 75 ml./min.

b. ) hydrogen, 35 ml./min.

c. ) air, 475 ml./min.

Chart Speed: ineh/min.

Operating Conditions-

Table III

-Wilkens Aerograph Autoprep #A-700

Detector: Thermal Conductivity

Column: 101 x 3/8" stainless steel 

20% Carbowax 20-M on 60/80 

KOH washed Chromosorb W

Column Temperature: 250°C.

Flow Rate: helium, 200 ml./min.

Filament Current: 150 milliamperes

Chart Speed: \ inch/min.
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redistilled before use. The hydrogen, helium, nitrogen, and compressed air 

used in the course of this work were all of a standard grade supplied by 

National Cylinder and Gas.

Auxiliary Equipment

Various microliter syringes from the Hamilton Syringe Co., Inc. were 

employed. Models 705-N and 710-N were used in the dilution steps described 

on pages 18 and 27. A 10 /Lil. 7Ol-N was used to inject I jll. samples into 

the F & M gas chromatograph for analysis. The technique employed is worth 

describing. First, approximately I jLtl. of hexane was drawn into the syr

inge. Then, approximately 2 jLtl. of air were drawn in. Finally, I jul. of 

the alcohol sample, solvent hexane, was drawn into the syringe, the two 

menisci of the sample coincinding with two syringe graduations I /Ltl. apart 

(Figure I). This technique, while difficult to master, gave better repro

ducibility in this work than one employing a 10 jLtl. Hamilton Syringe e- 

quipped with a Chaney Adapter, Model 7Ol-NCH.

A 30 'cc. hypodermic syringe equipped with a Luer-Lok tip was used in 

conjunction with the Swinny Hypodermic Adapter to filter the alcohol-water 

mixtures employed in the initial solubility experiments. The Swinny adapter 

was first loaded with a 13 mm., white, type HA, 0.45 jit. pore diameter, 

Millipore. Filter and then attached to the syringe tip. Approximately 20 ml. 

of alcohol solution were poured into the syringe, the plunger was set in 

place, and the solution was filtered by depression of the plunger. In addi

tion to the initial solubility work, this procedure was followed in the 

light scattering experiment, page 2.3.



-8-

Figure I

Plunger

Sample

Injection SchematicSyringe
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Two similar wood constant temperature boxes were used in the solubil

ity determinations at 32, 43, and 45°C. One is shown in Figure 2. The 

heating elements are 110-120 volt infrared lamps and are controlled by a 

Fenwal Thermoswitch, catalog #17300-0, Fenwal Inc. Air is circulated 

throughout the box by a Deico Blower, Service No. 5062369, Delco Service . 

Division, General Motors Corporation. The 61°G. studies were carried out 

in a Blue M oven, Model OV-.480A, Blue M Electric Co., and the 4°C. studies 

in a cool room in the Montana State University Chemistry Department.

The following equipment was employed in various experimental situa

tions: a Burell Wrist Action Shaker, Model No. 00; a Blue M Constant Tem

perature Bath, Model MW-1172SS-A; Magnestirs, catalog #58945-1, Van Waters 

and Rogers, Inc; and Spinballs, Chemical Rubber Co.

Cleaning

Glassware was thoroughly cleaned in warn chromic acid, soaked in phos

phoric acid to remove adsorbed chromium, rinsed extensively with distilled 

water until the rinse water was neutral, and dried in an oven at IlO0C. 

(20). The teflon-lined Erlenmeyer flask caps were wiped thoroughly with 

lens tissue to remove dust, soaked in distilled water to dissolve soluble 

impurities, and dried at 110°C. before use.

Initial Solubility Experiments

The initial solubility experiments were conducted using a technique 

similar to that proposed by Noyes (21). A 3 mg. sample of hexadecanol was 

weighed into a I ml. beaker. The beaker and alcohol were then placed in a



Figure 2. Constant Temperature Box (32 - 45° C.)
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125 ml. screw top Erlenmeyer flask and 50 or 75 ml. of 50 ppb. aqueous 

AgNOg solution were added. The flask was capped, placed in a thermostated 

water bath at 30 + 0.1 G., and agitated for several weeks. Periodically, 

10 to 12 ml. aliquots were removed with a 15 ml. pipette and transferred 

to the 30 cc. syringe equipped with Swinny adapter.

The Swinny adapter permitted direct filtratipn of the aliquot into a 

weighed 5 dram vial. A second weighing gave the filtrate's weight. The 

alcohol was extracted from the filtrate by adding 5 ml. of hexane and then 

shaking for 18 hours in a Burell shaker, the shaker arms being rotated 90° 

from their normal position. The hexane layer was evaporated, I ml. at a 

time, in a I ml. centrifuge tube. This operation, carried out in an ice- 

water slurry with the aid of a stream of nitrogen, left the alcohol as a 

deposit in the tube's tip (Figure 3). The tube was then sealed with alu

minum foil and refrigerated until its contents could be analyzed by gas 

chromatography.

Final Solubility Experiments

The failure of the Noyeg technique (21) to provide colloid-free solu

tions— as shown by the light scattering work to be discussed later— led to 

the adoption of an experimental approach similar to that of, Krause and 

Lange (17). Solubilization was carried out in 2,000 ml., Pyrex, round 

bottom flasks with 24/40 ground glass joints. A 2.0 to 2.5 cm. fluted 

glass nipple with a 3 mm. opening was attached to each flask, the point of 

attachment being approximately 5 cm. on an arc from the intersection of the 

vertical axis of the flask and its bottom (Figure 4). To each nipple was
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Nitrogen

Micro
Pipette

Tube
Support

I ml. Centrifuge

K \\\ \ \ \ \ \ \ \ \ \ \ \T W y l Iron Ring

Alcohol
Residue

250 ml. Beaker

Ice-water
Slurry

Figure 3. Hexane Evaporation Apparatus
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Figure 4. Solubility Apparatus
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attached ca. 5 cm. of =§" diameter tygon tubing. A pinch clamp sealed the 

tubing when aliquots were not being withdrawn.'

After a stirrer arid I,'000 ml. of 50 ppb. aqueous silver nitrate had 

been placed in a flask, a I to 25 mg. alcohol sample was introduced at the 

air-water interface with minimum agitation. The flask was stoppered and 

the solution stirred very slowly. One-half inch ellipsoidal stirring bars 

or 5/8" diqmeter spirit alls, activated by Magnestirs set to operate at the 

slowest possible rate, were used for thi$ purpose.

An aliquot was withdrawn frqm a flask by removing the glass stopper 

and opening-the pinch clamp. The first 10 to 20 ml. of solution were dis

carded and the next portion retained. . For tetradecariol, 10 to 12 ml.- ali

quots, and for hexadecahol, -80 ml. aliquots were collected. Five ml. of 

hexane were added to the tet^adecanol aliquots, and 20 ml. to the hexadec- 

anol aliquots. The extraction and concentration steps leading to the gas 

chromatographic analysis were the same as those described for the initial 

solubility experiments.



RESULTS AND DISCUSSION

The weight of alcohol x in I jitl. of a hexane solution injected into 

the gas chromatograph is related to the resulting peak area y by

y = bx + a

where b and a are the least squares slope and intercept, respectively, of 

the alcohol's regression line. Figures 5 and 6 are regression plots for 

hexadecanol and tetradecanol, respectively. ■ The points in the hexadecanol 

scattergram, Figure 5, were obtained by injecting I jul. volumes of 2, 3, 4, 

5, 6 and 7 x IO-8 g./jtil. solutions of hexadecanol in hexane. For the tet

radecanol scattergram, Figure 6, I jil. volumes of I, 2, 3, 4, 5, 6 and 7 x 
—810 g./jLtl. solutions of tetradecanol in hexane were injected. Repeated 

points are designated by placing the second slightly to the right of the 

first and by placing the third slightly to the left of the first. Varia

tions in peak area for a given alcohol concentration arise from random 

errors in preparing, diluting, and injecting the solutions. The regression 

line for hexadecanol, Figure 5, is

y = 16.2x -6.8

while that for tetradecanol, Figure 6, is

y = 16.6x - 5.6

Experimental details for the gas chromatographic runs are recorded in Table 

II. The 95% confidence intervals (I^sL2) for a and 3, the true regression 

parameters estimated respectively by a and b, are given in Table IV.
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Table XV

95% Confidence limits for a and P

Alcohol Parameter Li L2

Hexadecanol .,a -9.1 -4.5

Hexadecanol 3 15.7 16.7

Tetradecanol a -7.7 -3. 5

Tetradecanol 3 16.1 17.0

Hexane Extraction

Possible sources of error in the extraction procedure include alcohol 

adsorption on container surfaces, alcohol evaporation during hexane remov

al, and incomplete removal of the solubilized alcohol from the aqueous 

phase in the one-step extraction process., ' Qf the two alcohols, tetradec- 

anol and hexadecanol, tetradecanol has the higher vapor pressure and should 

be the more susceptible to loss. In order to determine whether or not the
i1,"

above possibilities and any others which might cause error were significant, 

the hexane extraction procedure was tested with tetradecanol-water systems 

of known composition.

Twenty-five /il. samples of a 5 x ICT^ g.//Ltl. solution of tetradecanol 

in hexane, which served as a standard, were injected separately into 5 dram 

vials containing 10 ml. of 50 ppb. aqueous silver nitrate (Test #1) and 

into empty 5 dram vials (Test #2). The hexane was evaporated from each 

vial by a stream of nitrogen. Five ml. of hexane were added fo each vial
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containing aqueous silver nitrate and tetradecanol. To each vial contain

ing only tetradecanol, 10 ml. of the aqueous silver nitrate solution and 

5 ml. of hexane were added. The■extraction, evaporation of the hexane 

layers, and concentration of the alcohol were then carried out as previ

ously described. Twenty-five /il. of hexane were added to each of the 

centrifuge tube tips and I /il. of each resulting solution was injected 

into the gas chromatograph.

Duplicate runs of Tests #1 and #2 demonstrated that the recovery of 

the tetradecanol from the aliquots was essentially quantitative. The peak 

areas corresponding to the extracted tetradecanol, Figure 7-, were 96% or 

more of the areas obtained from I /il. injections of the standard, Figure 

8. If adsorption of an alcohol on the walls of a glass vessel were to 

prevent its complete recovery during the hexane extraction, this should 

have become apparent in Test' #2 since at one point in the procedure only 

the alcohpl was in the vial. The virtual recovery of all of the alcohol 

showed that adsorption presents no problems. The tests also showed that 

any errors arising from alcohol evaporation during extraction and from 

incompleteness of the one-step extraction are negligible:

The extraction scheme used in the present work is somewhat simpler 

than that used by Krause and Lange (17).' The Krause and Lange scheme in

volved the addition of ethanol to the aqueous layer before the addition 

of the hexane. As shown above, this step is unnecessary and can be omitted

The amount of alcohol not recovered from the aqueous phase after the 

one-step extraction with hexane can be estimated with the help of the 

Nernst distribution law (22). For the case at hand, the law may be
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expressed in the form

V xh =K
where and X^ are the equilibrium alcohol mole fractions in the water 

and hexane phases, respectively. Under ideal'circumstances, the distribu

tion coefficient K is constant for a given temperature and total pressure 

and may be computed from thq solute concentrations in the•saturated solu

tions in equilibrium with one another and excess solute. Thus, we might 

expect in the present case that very roughly

V xh = V xh
where the s superscript signifies saturation with respect to the solute.

— 8According to Table I, X® is approximately 1.6 x 10 with tetrade'canol as
s '  -Ithe solute. X^ was crudely determined to be 3.5 x 10 . Consequently, if

5 ml. (~3„3 g,) of hexane were added to 10 ml. (~10 g.) pf water contain

ing n^ moles of tetradecanol, we may write for the equilibrium situation
n_____ w________

nw + -8______  18 g . / m o l e _______1.6 x 10
nt - nw 315 x 10"^

n+- - iy i 3.3 g. ~
86 g./mole

where n and n, - n are the moles of tetradecanol in the water and hexaneW L W
phases, respectively. Utilizing the fact that nt is very much less than 

I, we can rearrange the above expression to yield %/n-f- = 6.6 x 10 . The

amount of tetradecanol left in the aqueous phase after one hexane extrac

tion, i.e., 6.6. x 10“5% of the tetradecanol originally present in the sat

urated aqueous phase, is much less than the sensitivity of the gas chroma

tographic technique. We conclude that for our purposes 5 ml. of hexane
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will quantitatively extract solubilized tet'radecanol from 10 to 12 ml. of 

a 50 ppb. aqueous AgNOg solution.

The extraction of hexadecanql from aqueous silver nitrate with hexane 

(20-ml. hexane added to 80 ml. of the aqueous mixture) was checked with 

known mixtures in a manner similar to that used for tetradecanol. Again, 

the extraction removed essentially 100% of the alcohol from the aqueous 

phase.

Light Scattering

Hexadecanol solubility at SO0G. as determined by the initial solubil

ity experiments was ca. I x 10  ̂mole/liter. ■ This value is roughly 25 

times larger than that obtained by extrapolation (Table I) or by Krause 

and Lange (17). The possibility suggested itself that particles of col

loidal size migjit be present in the agitated mixtures of hexadecanol and 

water; The Millipore filters used to exclude undissolved alcohol parti

cles from the saturated solutions have a pore diameter of 0.45 /i. and 

could conceivably pass colloidal particles with diameters smaller than 

this dimension. The presence of undissolved colloidal alcohol particles 

in the saturated solutions would lead to erroneously high solubility val

ues. It was decided to check this possibility by light scattering.

Saturated solutions of hexadecanol were prepared as previously de-f- . 

scribed (page 11). After four days of shading, one 20 ml. and three 10 to 

12 ml. aliquots were withdrawn. The 20 ml. aliquot was used for the light 

scattering measurements and the others were used to determine the concent 

tration of hexadecanol. All aliqupts were filtered before use.-
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The Millipore filters were flushed with doubly distilled water until 

the water coming through the filters scattered no more light than water 

taken directly from the still; The scattering cell was then partially 

filled with 21.1 ml. of doubly distilled water. The hexadecanol pliquot 

was next filtered into the cell in measured increments. After each addi

tion, the solution was stirred and the scattering measured. The data col

lected are plotted in Figure 9. • .

The particle weight M, a weight average "molecular" weight, was esti

mated from the Debye equation (23)

H c/t = (1/M) + B e

The quantities H and t are defined in Table V. The solute concentration in 

g./ml. is denoted by c. In practice one plots H c/r. vs. c to get a 

straight line of slope B and intercept 1/M. In order to evaluate H, one 

requires the concentration gradient of the refractive index n. Because of 

the very low solubility of a long-chain alcohol in water, the gradient 

could not be measured directly. The value given in Table V was estimated 

from gradients reported by Schick, Aflgs, and Eirich (24) for ethylene ox

ide (E.O.) condensates of n-octadecanol. For n-octadecanol + 14 E.O. and 

for n-octadecanol + 100 E.O. they gave An/c values of 0.1356 and 0.1362, 

respectively.
Q

The calculated particle weight, 4.5 x 10 g./mole, is approximately 

2 x IO^ times as large as the molecular weight of hexadecanol, 242 g./mole, 

and therefore strongly supports the notion of a colloidal suspension. 

Moreover, the weight is not unreasonable when .compared with the particle 

weight of the largest spherical particle of hexadecanol that could pass
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Table V

Light Scattering Quantities

T - 16ttR90/3 (assuming i)o dissypnetry or depolarization) 

R90 = kCvCnG90
_ A

k = instrument constant = 2.22 x 10

Cv = volume correction factor = 0.3945

Cn .= refractive index correction factor.= 1.6735 .

QgO = spattering of solution/scattering of standard - 
scattering of solvent/scattering of standard

H = 3277 3n02( dn/dc ) 2/3NA* '

.n0 = refractive index of solvent = 1.3397

(dn/dc) concentration gradient of refractive index = 0.136.ml./g.

A. ' = wavelength of light = 4.358 x 10 ^ cm;



-27-

;

through a cylindrical pore of diameter 0.45 jLl., i.e., with (4/3)77(0.45 x 

10 ^ cm./2)^(0.818 g./cm. ̂ )(6.02 x IO2^ mole "*") ='2.3 x 10^° g./mole. The 

hexadecanol density is a handbook value (25). It should be noted that the 

light scattering particle weight, 4.5 x IO^ g./mole, is an average value . 

for all particles of alcohol present and must of necessity be less than 

that of the largest particle that could get through the filter.
DThe ratio of the intensity of the light scattered at 45 to that 

scattered at 135° was in the neighborhood of 6. This high dissymetry is 

independent ppoof of the existence of colloidal alcohol particles in the 

filtered mixtures. Qne cannot measure dissymmetry unless particles are 

present which have, at least one dimension in excess of l/20th of the wave 

length of the light uspd.

As a result of the light scattering experiments, the Noyes (21) tech

nique for preparing saturated solutions was discarded for that of Krause 

and Lange (17).

Tetradecanol and Hexadecanol Solubilities 

The alcohol residues in fhe centrifuge tubes from the solubility ex

periments, page 13, were dissolved in situ with 25 to 200 jLl I. of hexane 

before injection, into the gas chromatograph. The volume of hexane added 

to the unknowns was always such that the peak area obtained for a I jLll. 

injection would fall within the range of the regression plots. Hence, the 

weight of plcohol in I /4I. of solution was determined. Since the volume 

of hexane added to the centrifuge tube was known, the weight of soluble 

alcohol in the aqueous silver nitrate aliquot could be calculated.
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Tetradecanol solubilities in 50 ppb. aqueous silver nitrate were de

termined at 4, 32, 45, and 61°C. . Figures 10 to 17 are tetradecanol con

centration vs. time graphs for initially supersaturated and unsaturated 

solutions. Supersaturation was achieved by vigorously•stirring the alco

hol and aqueous silver nitrate at a temperature 20 to 4Q°C.. above that at 

which the solubility was desired. After one day of mixing at the elevated 

temperature, a mixture was allowed to cool until the desired temperature 

was reached. Sampling was then initiated. The weight of alcohol added to 

1,000 ml. of 50 ppb. aqueous silver nitrate is.recorded in parenthesis in 

the legend of each figure. Each run was repeated with a different amount 

of tetradecanol. The size of the initial charge of alcohol was found to 

have no affect on the solubility. Within.experimental error, the 32, 45, 

and 61°C. solubility curves for supersaturated and undersaturated solu

tions leveled off to the same alcohol concentration, indicating that equi

librium with the solute had been achieved.

In the 4°C. measurements, equilibrium in the initially supersaturated 

solutions was not established at the 95 day mark. It was necessary to 

discontinue the experiment at this time as the mixture levels were so low 

that the possibility of particle transfer from the surface to collected 

aliquots was great. It is reasonable to assume that had it been possible 

to continue .the sampling, the 4°C. supersaturated and unsaturated curves 

would have eventually coincided. The time required to reach this conditiop 

probably could be lowered by reducing the initial amount of tetradecanol 

added to the system and by supersaturating the aqueous silver nitrate at a 

temperature closer to 4°C. than 40°C., the temperature at which the
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O  Unsaturated (5.8 mg.)
®  Supersaturated (1.5 mg.) at 40°G.
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Figure 11. 4°C. Tetradecanol Solubility Plot #2
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Temperature 45 + I.5°C.
0  Unsaturated (2.4 mg.)
®  Supersaturated (2.9 mg.) at 60°C

Time (Days)

Figure 14. 45°C. Tetradecanol Solubility Plot #1
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O  Unsaturated (3.2 mg.)
®  Supersaturated (4.6 mg.) at 60°C.

Time (Days)

Figure 15. 45°C. Tetradecanol Solubility Plot #2
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Figure 16. 61°C. Tetradecanol Solubility Plot #1
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supersaturation was actually carried out. The concentration level a- 

chieved by the initially unsaturated solutions at 4°C. was taken as the 

solubility of tetradecanol.

Most of the concentration vs. time plots of.Figures 10 through 17 for 

initially unsaturated solutions are level from the first aliquot sampling 

on. To show that the solutions were indeed unsaturated at the beginning, 

two runs were made in which aliquots were taken at short intervals of time 

from the start. The results are shown in Figure 18. It is clear that at 

least two days are required for a solution to become saturated with alco

hol.

Hexadecanol solubilities at 43° and 61°C. were estimated from data 

obtained for initially unsaturated solutions (Figure 19). Because of time 

limitations, supersaturated hexadecanol solutions were not investigated; 

however, there is no reason to suspect a behavior different from that 

found by Krause and Lange (17). Their plots for supersaturated solutions 

of hexadecanol have the same general appearance as those obtained in this 

work for tetradecanol (Figures 10-17).

The average solubilities of the alcohols at various temperatures were 

determined from the horizontal portions of the lower curves of Figures 

10-17,19. The average solubility (x) and the 95% confidence interval 

(L]_, L^) for the true population mean are recorded in Table VI. Also in 

Table VI are recorded the solubilities of hexadecanol in water reported by 

Krause and Lange (17). Since L2 - L1Zx is small, the average solubilities 

are reasonable point estimates of the true values. Krause and Lange (17) 

reported an experimental error of + 10% for their solubility estimates.
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Table VI

Tetradecanol and Hexadecanol Solubilities

Alcohol
i enijj.
( ° c . )

6(10 g./100 ml.) (106g./100 ml.)' (I06g./100

Tetradecanol 4 1.94 1.77 2.11

TT 32 ■ 12.3 11.6 13.0

Tf 45 23.7 2 2 . 8 2 4 .6

TT 61 4 4 . 9 4 3 . 6 4 6 . 2

Hexadecanol 61 4 . 0 6 3 . 8 6 4 . 2 6

Tl 43 1.55 1 . 4 8 1.62

Hexadecanol (a) 34 OCOO

II IT 55 3 . 0 8

(a) Data from Krause and Lange (17)
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The temperature effect on the aqueous solubilities of dodecanol, tet- 

radecanol, and hexadecanol is shown in Figures 20, 21, and 22. The data 

for Figure 20 is that of Krause and Lange (i7). Two of the points in the 

hexadecanol plot, Figure 22, also represent data from the work of Krause 

and Lange. Although smooth curves have been drawn through the experimen

tal points, the slope of each curve is probably discontinuous in the vi

cinity of the melting point. This cannot be demonstrated experimentally 

with the limited data available, but will be discussed later.

Solubility estimates from several sources for dodecanol, tetradecanol, 

and hexadecanol are plotted in Figure 23 at 25° (A), 35° (B), and 50° (C). 

Curve A is the equation of Kinoshita et al (15) and represents "extrapo

lated" solubilities. Curves B and C were constructed from the data in 

Figures 20-22 and are therefore based on the results of Krause and Lange 

(17) and on the present work. Two things are noted in a comparison of the 

three curves of Figure 23. First, the experimental solubilities of tetra

decanol "and hexadecanol in the neighborhood of 35°C. are less than those 

predicted for 25°C. by extrapolation. Second, curve C, which corresponds 

to a temperature at which the three alcohols are all liquids, is linear, 

whereas curve B, which corresponds to a temperature at which dodecanol is 

a liquid and tetradecanol and hexadecanol are solids, is non-linear.

Since alcohol solubility is known to increase with temperature, one can 

conclude that the extrapolation of solubility data for lower molecular 

weight homologs does not constitute, a valid estimate of alcohol solubil

ities above a carbon chain length of 12. The linearity of curve G 

suggests that logarithm of solubility versus carbon number plots will
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be linear when the homologs are of the same phase, i.e., all alcohols are 

solid or all are liquid. However, before firm conclusions on this point 

can be drawn, more data must be collected for the three alcohols in ques

tion and for other homologs, such as octadecanol and eicosonol.

The solubilities of octadecanol and eicosonol were not determined in 

this investigation. The gas chromatographic detector used was not sensi

tive enough to analyze the small amounts of these alcohols which are ex

tractable from reasonable volumes of the silver nitrate solutions. The 

limit of gas chromatographic sensitivity was approached in the hexadecanol 

solubility measurement. Since the water solubility of hexadecanol is 

roughly 16 times that of octadecanol and 260 times that of eicosonol 

(Table I), 1,280 ml. (16 x 80 ml.), and 20,800 ml. (260 x 80 ml.) aliquots 

would have been required for the measurement of the solubilities of octa

decanol and eicosonol, respectively, in the 30 to 60°C. temperature range. 

The future development of more sensitive gas chromatographic units may 

make solubility determinations of longer chain alcohols feasible.

Effect of Silver Nitrate on Alcohol Solubility

Thus far we have ignored the possible influence of silver nitrate on 

the solubility of long-chain alcohols in water. In Figure 22, for example, 

hexadecanol solubility data with respect to both water and 50 ppb. aqueous 

silver nitrate as solvents have been combined. We should try to justify 

this procedure.

Consider the equilibrium between a saturated aqueous solution of a 

long-chain alcohol and the pure alcohol, either in the solid or liquid
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state. The chemical potential of the.pure alcohol is equal to the chemi

cal potential of the alcohol in solution.. If upon the addition of silver 

nitrate to the system the pure solute phase remains unchanged, i.e., the 

silver nitrate dissolves only in the aqueous phase, the chemical poten

tial— and hence the activity— of the alcohol in solution must remain con

stant. Thus, Y ’m' = ym, or y ’/y - m/m' where m and y. are the alcohol mol

ality and activity coefficient in' water. The primed quantities refer to 

aqueous silver nitrate as the solvent. From solubility determipations of 

various nonelectrolytes in the presence of electrolytes, it has been found 

(26) that

log (y7y) = k Atm
where k for most electrolytes is between 0 and 0.1 and Pra is the ionic 

strength of the medium. For k = 0, y = y ', which means that m' = m and 

that the solubility of the nonelectrolyte is independent of the presence 

of the electrolyte. .When k = 0.1 and the electrolyte is 50 ppb. aqueous 

silver nitrate,
i-j

A4n = mAgNO3 = 3 x 10™

and

log (y7y) = 0.1 x 3 x !O'7 = S x  IO-3.

Because y 7 y is so close to unity, we would not expect to be able to meas

ure any effect of 50 ppb. silver nitrate on alcohol solubility.

Heats of Solution

From a knowledge of the solubilities of tetradecanol .and hexqdecanol 

at several, temperatures, it is possible to get rough estimates of their
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heats of solution. Although mpst of the necessary relationships are in 

the literature, it is desirable for purposes of discussion to outline 

their derivations.

Let A represent the alcohol rich phase, either a solid or liquid, 

which is in equilibrium with B, the water rich phase. Call water compq- 

nent I and alcohol component 2. At equilibrium, the chemical potential of 

a component is the same in both phases. Thus for the alcohol,

H2 = IJi2 , (eq. I)

If equilibrium is maintained for an infinitesimal change in conditions,

djLi2A = djLt2B (eq. 2)

Since JLt2 may be taken as a function of temperature T, pressure P, and sol

ute mole fraction Xg,

Ctyi2 “ - O p5X 2^  +  ^ d P +  (5 /I2Z(Px2)1J1 ̂ pdx2 (e Q.* 3)
We now digress to find expressions for the three partial derivatives 

on the right hand side of equation 3. The solute activity a2 and chemical 

potential are related by

/I2 = RT In a2 + jLt2° (eq. 4)

where R is the gas constant and jU2'° is the chemical potential of component 

2 in its standard state. jU2° is a function of T but not of P or x-2.

Hence

. GPAi2/?T)PjX = R In a2 + RT(Sln a ^ T ) ^ ^  + d/Lt2°/dT ' (eq. 5)

But

(Jin a2/?T)p ̂  = (H2° - H2) /^ (eq. 6)
0 ? 2 __

where H2 is the enthalpy of component 2 in the standard state and H2 is
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the partial molar enthalpy Of component 2 (27). Hence

(2/i2/ST)p?x2 = R In a2 + (H2 - H2)/T + d̂..2°/dT (eq. 7)

Activity is .related to fugacity f by

a2 = f2/f2° (eq. 8)

where fg^ is the fugacity of component 2 in the standard state. If • 

equation 8' is substituted into equation 4, we get

JLt2 = RT In fg - -RT, In f2° + jLt2° (eq. 9)

From this we get

(SZLt2Zdx2) ^ p = RT(dln f2/3x2)T ^p (eq. 10)

If phase B is dilute with respect to component 2 and phase A is dilute 

with respect to component I, the alcohol will obey Raoultts law in phase A 

and Henry’s law in.phase B, i.e.,

f2A = fg^xg^ (eq. 11)

f2B = k2Bx2B (eq. 12)
A BSince f2- , fugacity of pure component 2, and k2 , Henry's law constant,

are not functions of x , combinations of equation 10 with equations 11 and

12 yield

(3M2A/dx2A )TjP - RT/x 2A (eq. 13)

and
B B B .

(3,U2 /3x2 )T p = RT/x 2 (eq. 14)

We recall (28) that

(SjUg/PP) = V2 (eq. 15)

where V2 is the partial molar volume of component 2. If equations 7, 13, 

14, and 15 are substituted into equation 3 and the results are combined in
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equation 2, we eventually get

d In (x2B/x2A )/dT = (H2B - H2A)/RT2 (eq. 16)

for constant P.

Let us now apply equation 16 to. four cases: I, phase A is pure solid

alcohol; II, phase A is a solid solution of water in alcohol; III, phase A 

is pure liquid alcohol; and IV, phase A is a liquid solution of water in 

alcohol. In cases I and III, X^a  = I. In cases II and IV3 with component 

2 as tetradecanol or hexadecanol, we assume that there is so little water 

in phase A, that XgA = I is an excellent approximation. Thus, for cases 

I and II, we can write

(Sin x 2B/ST)p = (H2^ _ H2(s))/RT% (eq. 17)
- B

where Hg - H2(s) is the differential heat of.solution of solid tetradec

anol or hexadecanol in wafer. For eases III and IV, we have

(Sin x2^/aT)p = (H2B - H2(4))/RT^ (eq. 18)

where H2^ - H 2(A) is the differential heat of solution of liquid tetradec

anol or hexadecanol in water. For dilute solutions, differential heats of 

solution are not appreciably different from integral heats of solution 

(29).
If H28 - H2(s ) and H26 - H2(A), now respectively abbreviated to AHs 

and AUjii,. can be considered constant over the temperature range under 

study, equations 17 and 18 become

In x 2B = - (AHS/RT) + Cg (eq. 19)

In x 2B = - (AH/RT) + C£ (eq. 20)

where Cg and are constants of integration. Accordingly, the heat of
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solution equals - 2.303 R times the slope of the log vs. l/T plot. . 

Heats of solution calculated from the slopes of such plots in Figures 24 

and 25 for tetradecanol and hexadecanol are given in Table VII.

• Table VII

Heats of Solution

Alcohol ■AHg(kcal./mole) AH^(kcal./mole)

Tetradecanol 11.1 8.5

Hexadecanol 13.1 9.0

It seems appropriate at this point to make two remarks. First, equa

tion 19 (hence 20) was first derived by Schroder (30). No reference to 

the general expression, equation 16, could be found, however. ■ Second, the 

slopes of log x ^  vs. l/T plots should theoretically have breaks at the 

melting point. At the melting point of the solute we may write

- (AHs/RT) + Cs = - (AH/RT) + Cj6 

or H2(s) - H2(A) = RTtC6 - Cg)'

where H2(s) - H2(A) is the heat of fusion of the pure alcohol. Since the 

heat of fusion is not zero (Davies and Kybett (31) obtained 13..8 and 9.5 

kcal./mole for the heats of fusion of hexadecanol and tetradecanol, re

spectively), Ĉ 6 / Cg. If there were no change in slope at the melting 

point, C^ would equal Cg.

In the foregoing discussion we have assumed the heats of solution to 

be temperature independent. Because the necessary heat capacity data are 

not available, we cannot make an accurate appraisal of the error resulting
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— 8.0

Figure 24. Tetradecanol Logarithm of x ^ vs. 1/T Plot
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from this assumption. The following remarks will serve little more than 

to indicate what is involved.

Consider the process in which one mole of liquid alcohol— similar 

statements can be made with respect to solid alcohol— dissolves in n moles 

of water at the temperature T-̂  to give a dilute solution consisting of n + 

I moles of water and alcohol. If the process is repeated at the higher 

temperature Tg, we can express the difference between the.heats of solu

tion at the two temperatures by ifieans of Kirchhoff rs relation (32)
^ 2

AH^(T2) - AHĵ (T1 ) = J  [(n + ! ^ ( s o l ' n . )  - nC^(H^O) - (liq. ale.)] dT

where the T s are the molar heat capacities of the various reactants and 

products.

Although heat capacity data for water is readily available, there is 

essentially none for tetradecanol, hexadecanol, and water solutions of 

these alcohols. If we substitute the relation (solution) = Cp(H2O)+6 

into our Kirchhoff expression, we get

AH^(T2) -AHa(Tp)J
Tl

[(n + l)e + C (H2O) - G (liq. ale.)] dT.

Although e is undoubtedly very small, the product (n + l)e may not be 

negligible since for a dilute solution containing one mole of alcohol, n 

is very large. If e is positive (we might expect this since ^(liquid 

alcohol) > C (HO), but there is no guarantee of this for dilute solutions)
J 2  P

[C (HgO) - C (liq. ale.)] dT would serve as a lower bound
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to the difference between AH^(Tg) and AH^(T-^). If we take the specific 

heat of water as I cal./g./deg. (33), and the specific heat of liquid 

alcohol at 0.52 cal./g./deg. (Cline and Andrew found the specific heat of 

octanol at IS0C. to be 0.523 cal./g./deg. (34), we get Gp(H^O) = 18 cal./ 

mole/deg. and Cp (liquid tetradecanol) = 1.1 x 10% cal./mole/deg. Thus 

for - T^ = 10° and neglect of any variation of the Cp's with tempera

ture, AH^(Tg) - AH^T-^) would be roughly -0.9 kcal./mole. This crude- 

calculation suggests that the heats of solution of Table VII may be in 

error by 10% or more.

Two additional factors Which could influence the heats of solution 

should be mentioned. One is the known existence of polymorphic forms of 

solid alcohol and the other is the possibility of alcohol hydrates. Ac

cording to the work of several-investigators (11,31,35,36), both tetra

decanol and hexadecanol exist in three polymorphic forms; a , (3 and y. 

Davies and Kybett (37) have shown that the heats of solution of the three 

forms in benzene show significant differences. This could be the case for 

water also. However, since the metastable a and 3 forms rearrange to the 

stable Y form in a relatively short time (31), this work has probably in

volved only the y form.

Lawrence et al (38) have given evidence for the formation of solid 

solutions of alkanols and water. Also they have shown that liquid dodec- 

anol can solubilize up to 3% water; this amounts to one molecule of water 

per 3 molecules of dodecanol. If approximately the same degree of water 

solubility pertains for tetradecanol and hexadecanol, equations (17) and 

(18) are not applicable and 'the heats of solution in Table VII could be in
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considerable error. Under these circumstances? one should go back to e- 

quation (16). One might proceed by plotting log (xg /x ) vs. T. Multi 

plication of the slope at .any T by 2.303 RT^ should yield - Hg^1 at T

This procedure requires, of course, knowledge of or its equivalent,
A • 

xI ’



GUIDELINES. FOR FUTURE RESEARCH

The present research has indicated that a number of aspects merit 

further investigation. These include the following:

1. The solubility of water in liquid tetradecanol and liquid 

hexadecanol. One method of accomplishing this would be to 

employ tritiated water in conjunction with liquid scintilla

tion counting.

2. The existence and nature of hydrates and/or solid, solutions 

of tetradecanol and hexadecanol.

3. The temperature dependence of the heats of solution of 

tetradecanol and hexadecanol in water. The solubility of 

each alcohol should be determined at a number of additional 

temperatures both above and below the melting point. By 

plotting log Xg^ vs. T (if Xg^ can be set equal to unity), 

one may obtain the heat of solution at the temperature T 

by multiplying the slope by 2'. 303 RT^.

4. The water solubilities of octadecanol and eicosonol. A 

combination of Krause and Lange's technique for preparing 

saturated solutions with carbon-14 tagged alcohols and the gas 

chromatographic technique of analysis described in this work, 

with a radioactivity detector, might provide an extremely 

sensitive method for determining solubilities.
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5. The possibility that isothermal logarithm solubility vs. 

carbon number plots are linear- for a series of alcohols 

in the same state, i.e., liquid or solid. .

6. ■ The rate at which long-chain alcohols leave monolayers 

' and pass into the bulk water. Factors affecting the

rate would include degree of agitation of the bulk 

water and the surface, temperature, film pressure, 

and depth of water.



SUMMARY

The Noyes (21) method for determining solubility was shown to be in

adequate for long-chain alcohols in water, a s 'colloid-free solutions could 

not be prepared. ' The method of preparing saturated solutions described by 

Krause and Lange (17), who successfully measured the solubilities of do- 

dec anol, hexadecanol, and octadecanol, was combined with a gas-liquid 

chromatographic technique to give a procedure for measuring long-chain 

alcohol solubilities. This procedure has the advantage that no radioac

tive material is required, an important consideration if one desires to 

develop it for field use.

Tetradecanol and hexadecanol solubilities in 50 ppb. aqueous silver 

nitrate were measured at several temperatures over a 4 to 61°C. range.

The results, Table VI, confirm JCrause and Lange's observation that the ex

perimentally determined solubilities are substantially lower than those 

predicted by extrapolation.

• Heats of solution (Table VII) of liquid and solid tetradecanol and 

hexadecanol in water have been estimated by Schroder's (30) relation. The 

approximations and reservations accompanying the calculations and results 

have been discussed. Suggestions for clarifying and augmenting our pres

ent knowledge of long-chain alcohol solubilities and heats of solution 

have been made.
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