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Coprecipitation of borate-boron with calcium carbonate
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   The behavior of borate-boron in a calcium bicarbonate parent solution during the precipitation of 

calcium carbonate has been studied experimentally.

   The amount of borate-boron coprecipitated with calcium carbonate is proportional to the concentra

tion of borate-boron dissolved in a parent solution, and this relationship is affected by the crystal form 

of calcium carbonate precipitated and the concentration of sodium chloride dissolved in the parent 

solution. Borate-boron is easily coprecipitated with aragonite rather than with calcite . These experimental 

results agree with the trend of boron content in carbonate skeletons of marine organisms such as bivalved 

mollusks. There is a difference in the influence of sodium chloride dissolved in a parent solution on the 

coprecipitation between calcite and aragonite: The amount of borate-boron coprecipitated with calcite 

increases with increasing concentration of sodium chloride in a parent solution
, whereas the amount of 

borate-boron coprecipitated with aragonite decreases with increasing concentration of sodium chloride 

in the parent solution. This fact suggests that the mechanism of the coprecipitation of borate-boron with 

calcite is different from that with aragonite. Borate-boron dissolved in a parent solution has little influence 

on the crystal form of precipitated calcium carbonate.

INTRODUCTION

   For the geochemical balance of chemical 

elements between input to and output from 

seawater, studies are needed on the geochemical 

behavior of chemical species at the separation of 

calcium carbonate. In this sense, the authors 

have studied the behaviors of bivalent cations 

such as Mg", Zn2+ Cu", Mn2+ Cd2+ Sr2+ Ba2+ 

UO+ and also anions such as Cl ; F ; S02 ; P03-  2 
at the separation of calcite and aragonite in 

water environments (KITANO and KAWASAKI, 

1958; KITANO et al., 1968, 1971, 1975, 1978; 

KITANO and OOMORI, 1971; KITANO and TERAO, 
1972; KITANO and OKUMURA, 1973). Very 

interesting observations were obtained experi

mentally for the influence of various anions in 

a parent solution on the crystal form of forming 

calcium carbonate and also for the uptake of 

the anions by forming calcium carbonate. The 

study on borate-boron, however, has not been 

made as yet.

   Concerning the distribution of borate-boron 

in Mytilus edulis shells, FURST et al. (1976)

found that the boron content of aragonite is 

higher than that of calcite by a factor of 1.5 

to 2. WASKOWIAK (1962) also found a similar 

distribution of boron in mollusk shells.

   MUTO (1952) studied on the boron content 

of travertines from Isobe Mineral Springs (Japan) 

to conclude that boron is taken by hydrous 

ferric oxide and also by hydrous magnesium 

oxide in travertines. ICHIKUNI and KIKUCHI 

(1972), however, reported that the boron con
tent of travertines is not related to A1203 or 

Fe203 in the samples but is controlled by the 

Freundlich adsorption isotherm for calcium 

carbonate, from their study on the boron con

tent of travertines from various hot springs in 

Japan. And they concluded that boron is mostly 

incorporated into carbonate portion of traver

tines through two different types of adsorption: 

One is caused through the process that mono

valent anion B(CH)4 electrostatically reacts with 

positively charged sites on calcium carbonate, and 
the other through the process, in which hydrogen 

bond is formed between B(OH)3 and carbonate 

of calcium carbonate. But the factors controll
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ing the incorporation of boron into calcium 

carbonate and the state of boron existing in 

calcium carbonate have not been clarified 

exactly.

  The primary purposes of this paper are to 

clarify the correlation between the boron con

tent of calcium carbonate and the boron con

centration in a parent solution from which the 

calcium carbonate has precipitated, the factor 

controlling the coprecipitation of borate-boron 

with calcium carbonate and the influence of 

borate-boron in a parent solution on the crystal 

form of precipitated calcium carbonate.
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EXPERIMENTAL PROCEDURES AND RESULTS

(1) Coprecipitation of borate-boron with cal
cium carbonate precipitated from a calcium bi
carbonate parent solution at 25°C Sodium 

chloride, magnesium chloride and boric acid in 

various ratios were placed in polyethylene reac

tion vessels containing calcium bicarbonate solu

tion prepared by bubbling carbon dioxide gas 

into calcium carbonate-suspended solution. Then 

the solutions in the reaction vessels were stirred 

with a magnetic stirrer until about 80% of cal

cium ions was precipitated as calcium carbonate 

at 25°C. Calcium carbonate precipitate was 

filtered off, washed with distilled water and then 

air-dried at room temperature. A part of the 

dried precipitate was used to determine the 

boron content, and the residue to identify the 

crystal form of calcium carbonate.

  Calcium ions and pH value in the parent 

solution were determined volumetrically with 
EDTA standard solution and with pH meter, 

respectively. The borate-boron content of cal

cium carbonate was determined with a method 

modified from GRINSTEAD and SNIDER (1967) 

as follows: Dried calcium carbonate precipitate 

(0.5 to 1.0g) was dissolved with hydrochloric 
acid solution and then calcium ions in the solu

tion was separated as calcium sulfate by adding 

ammonium sulfate to the solution. After the 

calcium sulfate-suspended solution had been 
filtered, both curcumin solution and ammonium 

acetate-acetic acid buffer solution were added 

to an aliquot of the filtrate to develop color. 
The boron concentration was determined colori

metrically at 555mµ of wave length. The crystal 

form of precipitated calcium carbonate was

0

Fig. 1. 

against 
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identified with an X-ray diffractometer (KITANO 

et al., 1968, 1970, 1971, 1975, 1978; KITANO 

and OOMORI, 1971; KITANO and OKUMURA, 

1973). 

(1-1) Ca(HC03)2 (Ca": 360 mg/1) + H3B03

(B: 4 to 100 mg/1) + NaCl (Na+ : 0 to 
10.5g) - calcite

  Only calcite was precipitated from the parent 
calcium bicarbonate solution containing only 
boric acid or both boric acid and sodium chlo

ride. Figure 1 shows the relationship between 
the concentration of borate-boron in a parent 
solution and the amount of borate-boron co

precipitated with calcium carbonate. In this 
figure, the amount of borate-boron coprecipitat
ed with calcite is proportional to the concentra

tion of borate-boron in the parent solution. 
From the calcium bicarbonate solution contain

ing 10.5 g/1 of sodium ions as sodium chloride, 
the boron content of calcite is higher than that 
from the solution without sodium chloride. The 
influence of sodium chloride dissolved in the 

parent solution on the coprecipitation of borate
boron with calcite is seen more clearly from 
Fig. 2, where the amount of borate-boron co

precipitated with calcite increases with increas
ing concentration of sodium chloride in the so
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Fig. 2. Influence of Na+ in a parent solution on the 

coprecipitation of borate-boron with calcium carbonate.
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Fig. 3. Influence of Mg"' in a parent solution on the 

coprecipitation of borate-boron with calcium carbonate.
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(1-2)

  Only g 
and aragonite was precipitated from the calcium 
bicarbonate parent solution containing boric 
acid, sodium chloride and magnesium chloride. 
Figure 1 includes the relationship between the 
amount of borate-boron coprecipitated with 
aragonite and the concentration of borate-boron 
in the parent solution containing 1.27g/l of 
magnesium ions and also in the parent solution 
containing both 1.27g/1 of magnesium ions and 
10.5 g/1 of sodium ions. The boron content of 
aragonite is proportional to the concentration 
of borate-boron in the solution as is the boron 
content of calcite, and is very higher than the 
boron content of calcite as seen from Fig. 1. 
Contrary to the influence of sodium chloride 
dissolved in the parent solution on the co

precipitation of borate-boron with calcite, the 
amount of borate-boron coprecipitated with 

aragonite decreases with increasing concentra
tion of sodium chloride in the parent solution

Ca(HCO3)2 (Ca 2+: 360mg/1) + H3BO3 

(B: 4 to 100mg/1) + NaCI (Na+: 0 to 
10.5g/1) + MgC12 (Mg2+: 0 to 1.27g/1) 
-- calcite and/or aragonite

  onite ara or the mixture of calcite

(Figs. 1 and 2).
   Figure 3 shows the influence of magnesium 
chloride dissolved in the parent solution on the 
coprecipitation of borate-boron with calcium 
carbonate. The influence of magnesium chloride 
is clearly different from that of sodium chlo
ride. The amount of borate-boron coprecipitated 
with calcium carbonate remarkably increases 

with increasing concentration of magnesium ions 
in the parent solution within the range of 0 to 
0.2g/l of magnesium ions in the solution. And 
the concentration of magnesium ions is kept 

almost constant in the solutions containing more 
than 0.2g/l of magnesium ions. The propor

tion of aragonite in the precipitated calcium 
carbonate increases with increasing concentra
tion of magnesium ions in the parent solution 
within the magnesium concentration of 0 to 

0.3g/1 (see Fig. 4). And almost pure aragonite is 

precipitated from the solution containing more 
than 0.4g/1 of magnesium ions (Fig. 4). This 
result indicates that the crystal form of pre
cipitated calcium carbonate influences the 
amount of borate-boron coprecipitated with cal
cium carbonate.

(2) Influence of borate-boron in a parent solu
tion on the crystal form of precipitated calcium 
carbonate Sodium chloride , magnesium 
chloride and boric acid in various ratios were
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Fig. 4. Influence of borate-boron in a parent solution 
on the crystal form of precipitated calcium carbonate.

o Borate -B 0mg/1 
• Borate -B : 50mg/1

placed in reaction vessels containing calcium 
bicarbonate solution. The solutions in the reac

tion vessels were kept to stand with occasional 

agitation at 25°C, until about 50% of calcium 

ions in the parent solution was precipitated as 

calcium carbonate. The crystal form of pre

cipitated calcium carbonate was identified with 

an X-ray diffractometer.

  Figure 4 shows the influence of borate
boron dissolved in the calcium bicarbonate 

parent solution containing 0 to 0.8g/l of mag
nesium ions on the crystal form of precipitated 
calcium carbonate. The aragonite proportion 
in precipitated calcium carbonate increases with 

increasing concentration of magnesium ions, 
because magnesium ions in a parent solution 
favor aragonite formation and inhibit calcite 
formation (KITANO, 1962; KITANO and HOOD, 
1962; KITANO et al., 1962, 1969, 1972). In 

the calcium bicarbonate solution containing 50 
mg/l of borate-boron, the trend of increase in 
the aragonite proportion in precipitated calcium 
carbonate with increasing concentration of mag
nesium ions is almost similar to that in the 
solution without borate-boron. That is, the 

presence of borate-boron in the parent solution 
has no significant influence on the crystal form 
of precipitated calcium carbonate.

nesium ions in a parent solution effectively in
fluence the crystal form of calcium carboante 

precipitated from the solution, that is, the 
aragonite proportion in precipitated calcium car
bonate increases with increasing concentration 
of magnesium ions and also with increasing ratio 
of [Mg"] / [Ca"] in a parent solution (KITANO, 
1962; KITANO and HOOD, 1962; KITANO et al., 

1962, 1969, 1972).
  The present experiment also shows that the 

aragonite proportion in precipitated calcium car
bonate increases with increasing concentration 
of magnesium ions in the calcium bicarbonate 
solution containing magnesium ions of 0 to 
0.4g/l, and in the solution containing more than 

0.4g/1 of magnesium ions almost pure aragonite 
is precipitated.

  Figure 5 indicates that the amount of borate

boron coprecipitated with calcium carbonate in

creases with increasing aragonite proportion in 

the calcium carbonate, that is, with increasing 

concentration of magnesium ions in the parent 

solution. These experimental results indicate 

that the crystal form of precipitated calcium 

carbonate is the important factor controlling 

the coprecipitation of borate-boron and that 

borate-boron is more easily coprecipitated with 

aragonite than with calcite. Such a phenomenon 

was observed for the coprecipitation of fluoride, 

chloride and phosphate ions with calcium car
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              DISCUSSION 

(1) Effect of magnesium ions in a parent solu
tion on coprecipitation of borate-boron with cal
cium carbonate It was reported that mag

Fig. 5. Influence of the crystal form of precipitated 

calcium carbonate on the coprecipitation of borate

boron with calcium carboante.

o Borate-B : 4 mg/i 
• Borate -B : 50mg/i
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bonate (KITANO and OKUMURA, 1973; KITANO 

et al., 1975, 1978).

(2) Influence of sodium chloride in a parent 
solution on coprecipitation of borate-boron with 

calcium carbonate The amounts of borate

boron coprecipitated with calcite and with 

aragonite respectively increase and decrease with 

increasing concentration of sodium chloride in 

a parent solution. The formation of stable com

plexes in a solution between sodium ions and 
borate ions is not known.

   Borate ions in the solution form partly 

polymers such as B303(OH)4 beside monomers 
at the high concentrations. But at the con
centrations lower than 0.025M, borate-boron in 

the solution exists essentially only as monomers 
such as B(OH)3 and B(OH)4 (COTTON and 
WILKINSON, 1966). And the ratio of [B(OH) 4 ] / 

[B(OH)3] increases with increasing pH value and 
also with increasing concentration of salts co
existing in the solution (OWEN and KING, 1943; 
EDMOND and GIESKES, 1970). In the present 

experiment, the concentration of borate-boron 
in the solution is lower than 0.025M and pH 
value changes within the range of 7.5 to 8.2 
during the process of calcium carbonate pre
cipitation. Borate-boron in the solution of the 

present experiment is dissolved dominantly as 
the undissociated form of B(OH)3 rather than 
monovalent anion B(OH)4
 -The      activity of borate ions in a solution is 

important for the discussion on the coprecipita

tion of borate-boron with calcium carbonate. 

The activity coefficient of undissociated B(OH)3 

(slightly larger than unity) increases and that 
of monovalent anion B(OH)4 (smaller than 

unity) decreases with increasing concentration 

of dissolved chemical species (HARNED and OWEN, 

1959; GARRELS and CHRIST, 1965). Then it is 

supposed that the change in the amount of 

borate-boron coprecipitated with calcium car
bonate, according to the change in the sodium 

chloride concentration in a parent solution, is 

dependent on the dissolved state of borate-boron 

in the parent solution, B(OH)3 or B(OH)4. The 

surface of aragonite in a solution is more basic 

than that of calcite. If the coprecipitation of 

B(OH)4 is dominant for aragonite and that of 

B(OH)3 for calcite, the trend of the coprecpita

tion of borate-boron with varying concentration 

of sodium chloride seen from Fig. 2 seems to 

be understood qualitatively. But there is a 

difficulty in explaining the big difference in 

the amount of the coprecipitation of borate

boron between calcite and aragonite only from 

the idea. The following has been microscopically 

ascertained: The particle size of aragonite form

ed from the calcium bicarbonate solution con

taining sodium chloride is generally larger than, 

those formed from the parent solution without 

sodium chloride. The particle size of calcite 

formed from the calcium bicarbonate solution 

containing sodium chloride is almost similar in

dependently of the sodium chloride concentra

tion. The adsorption mechanism proposed by 

ICHIKUNI and KIKUCHI (1972) may partly explain 

the difference in the coprecipitation of borate

boron between calcite and aragonite. The exact 

mechanism for the difference, however, remains 

unsolved to be studied.

(3) The boron content of marine calcareous 
skeletons MILLIMAN (1974) compiled the 
data on the concentrations of various elements 
in marine calcareous skeletons. The boron con
tent of pelecypods is higher in nacreous layers 

the range of some ppm to some tens ppm. 
According to WASKOWIAK (1962), the boron con
tent of pelecypods is higher in nucreous layers 

(aragonite) than in prismatic layers (calcite). 
Concerning the distribution of boron in recent 

mollusk shells, FURST et al. (1976) observed 
the following facts: (a) Boron is concentrated 
in calcium carbonate inorganic parts rather than 
in shell organic matrix parts, and is enriched 
more greatly in aragonite portion than in calcite 

portion by a factor of 1.5 to 2. (b) There is a 
good correlation between the boron content of 
aragonite portion and the salinity of seawater 
in which the shell has grown.
   From the extrapolation of the relationship 

shown in Fig. 4, the borate-boron content of 
calcium carbonate precipitated from the calcium 
bicarbonate solution containing 4mg/l of borate
boron with 0.7 of ionic strength is about 5 ppm 
in aragonite and about 3.5 ppm in calcite. These 
results roughly agree with WASKOWIAK (1962) 
and FURST et al. (1976) for mollusk shells.

   The present experiment shows a good cor

relation between the concentration of borate

boron in a parent solution and the boron con

tent of calcium carbonate precipitated from the 

solution (Fig. 1). Considering that the constant 

ratio of borate-boron concentration to salinity 

is kept in seawater (CULKIN, 1965), we presume 

that this good correlation suggests that the boron 

content of calcareous shell fossils possibly indi

cates paleosalinity, as FURST et al. (1976) 

pointed out.
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(4) Influence of borate-boron dissolved in a 

parent solution on the crystal form of precipitat
ed calcium carbonate Concerning the co

precipitation of anions with calcium carbonate, 
the present authors have reported the following 

facts: Fluoride, chloride and phosphate ions are 
more easily coprecipitated with aragonite than 
with calcite, although the presence of these 
anions in a parent solution favors the formation 
of calcite and inhibits that of aragonite (KITANO, 

1962; KITANO and OKUMURA, 1973; KITANO et 
al., 1975, 1978). Sulfate ions are more easily 
coprecipitated with calcite than with aragonite, 
although the presence of sulfate ions in a parent 

solution favors the formation of aragonite and 
inhibits that of calcite (KITANO, 1962; KITANO 
et al.. 1975).

   It may be expected from these facts that 

borate-boron in a solution favors the formation 

of calcitic calcium carbonate rather than 

aragonitic calcium carbonate, because borate

boron is more easily coprecipitated with arag

onite than with calcite. However, as seen from 

Fig. 4, the presence of borate-boron dissolved 

in a parent solution does not give any significant 

influence on the crystal form of precipitated 

calcium carbonate. This may be attributed to 

the dissolved state of borate-boron in the solu

tion, which is presumed to be mostly undis

sociated form of B(OH)3
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