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Abstract

Previous investigators have shown that the boron-chlorinity ratios of rain waters are many
times greater than the boron-chlorinity ratio of sea water. The presence of boron in the at-
mosphere has been attributed to sea spray, volcanic activity, accumulation in dust, evapora-
tion from plants, and industrial pollution. In this paper data are presented to demonstrate that
boric acid in sea water has a vapor pressure at ordinary temperatures of the sea and, when sea
water evaporates, boric acid occurs in the condensate of the water vapor. It is postulated that,
while some of the boron in the atmosphere can be attributed to the sources mentioned above,
most of the boric acid results from evaporation from the sea.

Introduction

SucAwARA (1948), in his studies of the
composition of rain water, noted the presence
of boric acid and stressed the fact that the boron-
chlorinity ratio was hundreds of times greater
than the boron-chlorinity ratio of sea water.
Muro (1952) collected four different samples
of water during a continuous three-day rain.
His analyses showed that the chlorides decrease
more rapidly than the boric acid content as
the rain continued, and that the boron-chloride
ratio was from 50 to 270 times greater than
the boron-chlorinity ratio of sea water. Muto
(1953) examined the boron and chloride
content of snow and obtained results similar
to those on rain water.

Several theories have been advanced to ex-
plain the presence of boric acid in the atmos-
phere. TRUNINGER (1944) attributes the boron
to the accumulation of fine dust; KALLE (1945)
to volcanic activity and cyclic salts supplied
by sea water; LANDERGREN (1945) to vol-
canism; and MuTo (1956) to industrial pollution
of the atmosphere and to evaporation of boron

1 Contribution No. 229 of the University of Washing-
ton, Department of Oceanography.

compounds from plants. In support of this
latter theory Muto showed that boron com-
pounds are given off by some plants and that
the rain waters over heavy vegetated areas
have higher boron content than the rains
and snows of high altitudes.

The authors of this paper postulate that
much of the boron content of the atmosphere,
and thus of rain and snow, results largely from
the evaporation of boric acid from the sea.
Experimental evidence is presented to sub-
stantiate this hypothesis.

SCHAFFGOTSCH (1859) demonstrated that some
boric acid is removed with the water vapor
when an aqueous solution of the acid is evapor-
ated. TcHIJEWSKI (1884) stated that the loss of
boric acid by evaporation of aqueous solutions
is not proportional to the concentration of the
boric acidP in solution. Lescorur (1886, 1890)
made vapor pressure studies of boric acid and
its aqueous solutions. At 20° C boric acid had a
vapor pressure of 2 mm and at 43.5° C, s mm.
HeuNer (1891) stated that orthoboric acid
would vaporize from its solution at 100° C,
but WaTsoN (1893) maintained that it was the
metaboric acid that vaporized. KoNINGH (1897)
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Fig. 1. Schematic cross section of the evaporators.
A. Polyethylene carboy of so liter capacity
B. Solution of NaOH
C. Glass wool and NaOH pellets
D. Cooling condensers
E. Warming condensers.

concluded that the evaporation of orthoboric
acid noted by Schaffgotsch applied only to
concentrated solutions and that dilute solutions
could be evaporated without appreciable loss.
This small loss can now be easily determined
and is most pertinent to the present problem.

In the well-known mannitol method for the
determination of boric acid, the carbonates are
first destroyed by acidification and the resulting
carbon dioxide is expelled by boiling. In this
process the analyst always employs a reflux
condenser to prevent loss of boric acid. It has
been recognized for many years that boric acid
in aqueous solutions has a definite vapor
pressure depending upon the temperature and
concentration. As far as the present authors can
ascertain, this knowledge Igas not been con-
sidered in investigations of the evaporation of
sea water nor offered as an explanation for
the presence of boric acid in rain and snow at
atmospheric temperatures. RANKAMA and Sa-
HAMA (1949) cite references to some geochem-
ical studies which state that the boric acid is
volatile at 100° C.

Experimental

Methods of Analysis. The improved mannitol
method of Gast and THOMPSON (1958) was
used in the determination of boric acid in sea
water. The colorimetric method of PHiLipson
Tellus X1 (1959), 3

(1953), because of its sensitivity for deter-
mining traces of boric acid, was employed in
the analysis of distillates and condensates, a
Beckman DU spectrophotometer being used
for the measurement of optical densities.
Distillation of Sea Water. s00 ml of sea water
with a chlorinity of 16.22 %, and containing
3.753 mg/l of boron as boric acid was distilled,
using 2 Hopkins head, until 100 ml of distillate
was obtained. Distillates from samples of the
same water, which had been acidified before
distillation, were likewise collected and ana-
lyzed. Averaged results were as follows:

Sea water contained

3.7537 mg/l boric acid-boron
Distillate of untreated water,

0.1126 mg/l boric acid-boron
Distillate of acidified water,

0.1408 mg/1 boric acid-boron

None of the distillates showed the slightest
trace of chlorides.

Evaporation of Sea Water. Both the early
literature cited above and the fact that some
boric acid is removed from solution by distilla-
tion indicate that boric acid in solution has a
definite vapor pressure at atmospheric tempera-
tures. When sea water evaporates the water
vapor should also include small quantities of
boric acid. To demonstrate this the apparatus
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shown in Fig. 1 was assembled. Two carboys
of polyethylene were used (A). One carboy
was filled with so liters of sea water having
a chlorinity of 16 %, and the other with the
same quantity of distilled water. Air was
gently blown over the surfaces of the waters.
No sFray or bubbles formed. The air was
first cleaned by passing through a concentrated
solution of sodium hydroxide (B), passed over
pellets of sodium hydroxide (C), to remove
much of the water vapor, and then warmed
in condensers (E). A common air supply,
used simultaneously in both carboys, eliminated
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the possibility of variable contamination,
should such a condition exist. The dried air
entered the carboys at a temperature of 32° C,
plus or minus 3° C. The waters in the carboy
were kept at a temperature of 25° C. The air,
after passing over tﬁe water surfaces, entered
cooling condensers (D), to condense much of
the water that had evaporated. Portions of
100 ml of condensates were collected and
analyzed. In one series of experiments the tem-~
perature of the cooling concﬁ)cnsers was 12° C,
and in another series 0° C. The results are
summarized as follows:

Air Water Condenser Boric Acid-Boron
Temp Temp. Temp. in Condensate
°C °C °C ug/L
Distilled Water.............. ..., 32° 25° 12° 5.0
Sea Water .............cc.iiiiiiiinninnn.. 32 25° 12° 60.0
Sea Water ............coiiiiiiiiiiiiiiann, 32 25° o’ 65.0

The condensate from the distilled water
gieldcd the equivalent of § pg of boric acid-

oron per liter. This result is considered as a
blank determination.

Evaporation of Dilute Solutions of Boric Acid:
Dilute solutions of so liters of boric acid were
prepared by dissolving boric acid in distilled

water. The concentrations of these solutions
were 1.083 mg, 2.166 mg, and 3.249 mg
boric acid-boron per liter, respectively. Dry
air was passed over these solutions and the
condensates were collected and analyzed as
described above with the following results:

Air Water Condenser Boric Acid-Boron
Temp. Temp. Temp. in Condensate
°C °C °C /L
Solution, 1.083 mg B/[L .................. 32° 25° 12° 19.0
Solution, 2.166 mg B/L .................. 32° 25° 12° 42.0
Solution, 3.249 mg BIL .................. 32° 25° 12° 60.0
Solution, 3.249 mg B/L .................. 32° 25° o° 66.0

Graphical portrayal of the above results in-di
cates that the concentration of boric acid evapo-
rating is proportional to the boric acid in
solution and confirms the observations of
SCHAFEGOTSCH (1859).

Discussion of the results

In both series of experiments with sea water
and the experiment with dilute solutions of
boric acid, the boron content of the condensates
at 0° C showed slightly higher concentrations
than at 12° C, indicating a vapor pressure of
boric acid at these lower temperatures. Thus,
the boron content of the condensates is actually
less than the boron that had evaporated from
the sea water and the solutions.

The vapor pressure of boric acid is a function
of the temperature and the salinity (boric
acid concentration) of the sea water. The rate

at which boric acid may evaporate or be
‘steamed distilled’ from the sea surface is
directly proportional to the rate of evapora-
tion. The concentration of boron in the rains
or snows resulting from this evaporation is a
function of the temperature of condensation
and the temperature at time of precipitation.
In tropical regions, during periods of little
rainfall, the evaporation of boric acid into the
atmosphere would tend to give a boron-
chlorinity ratio of the surface waters slightly
lower than normal. In areas where water and
air temperatures were considerably lower, the
amount of boric acid entering the atmosphere
would be less and thus lessen the effect on the
boron-chlorinity ratios of the waters. These
ratios might even be slightly higher than
normal if cold waters were subjected to the
influence of air and moisture coming from

tropical or warmer regions.
Tellus X1 (1959), 3
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In a recent paper, the authors (1958) cited
data by the United States Geological Survey
showing the boron content of several rivers
of the Pacific Northwest. The waters of these
rivers on the western slope of the Cascade
mountains represent the drainage of rains
falling in the region. These rains had their
origin over the Pacific Ocean. The boron
content of the river waters are comparable
with the boron found in the condensates ob-
tained from sea water in the above experi-
ments.

Morpy (1957), in his report of the 3rd
Annual Conference on Atmospheric Chemistry,
cites the data of several investigators who
reported on the analyses of the boron content
ofP rain waters collected over northern Europe.

347

These tesults are much lower than those re-
ported by any of the Japanese investigators;
however, all the data tend to support the
hypothesis that much of the boron in the
atmosphere and in rains and snows is the result
of evaporation from sca water. Most of the
rain fa]llbing over Japan had its origin in warmer
regions of the Pacific Ocean. The origins of
the rains mentioned by Mordy are more com-
plicated, having come from the evaporation
of colder sea water or from the evaporation
of fresh water on land areas.
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