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ABSTRACT

Bismuth phosphate has been shcmi to exist in at least two allotropic
fors&Sj differing in crystal structure and in solubility in HNOo. As ••ordi
narily precipitated under conditions of the BiPO^ process, BiPO^ comes
down as hexagonal crystals, moderately soluble in ION. HNO3. Upon pro
longed digestion at 75° these hexagonal crystals are converted to a mono-
clinic structure only about l$% as soluble in ION KHO3.

The existence of these two forms of BiPO^ is a complication in
determining BiPO^ solubilities which was not realised during the earlier
studies on solubility. In the present report new data are presented for
the solubility of the hexagonal or<sC-£ona of BiPQ^ in various concentra
tions of m\0j at four temperatures. These new solubilities were deter
mined by a Dsethod involving approach to equilibrium from the underaaturated
sidej in ^hich case there is less interference from conversion to the mono-
clinic or/j-fora than was encountered in previous work.

In agreement with earlier work, the new data show BiPO/. solubility
in HNO3 to depend on the 2.35 power of the HHO3 concentration at 25°.
¥ery nearly the ssiae power dependence is also observed at 10°, 50° and 75°.
Temperature is shown to have little effect on -the solubility of BiFQ^ in
the range 2 - 63 HNO3, but at 8 and ION KNO3 a steady decrease in solu
bility with increasing temperature is observed. At IN WD->9 the solubility
was found unchanged between 25° and 50°5 about 10$ higher at 1° and about
20^ higher at 75°.

The available

is discussed and data ^ v __ ^
concentrations of HNO3 at 25°. The solubility of"the/3-form is found to
shov-j nearly the same power dependence upon HNO3 concentration as does the
oC-fjpm and is about 40^ as great at a given acidity. The solubility of
the/O -£om in 101 HNQ3 is shown to decrease with increasing temperature
as does the solubility of the<yC~fora.

la order to determine what chemical reaction occurs when BiPO, dis
solves in H.NO3. the solubility ofcC- BiPO, in various concentrations of
HCIO^ and in solutions containing mixtures of HC10?

information concerning the^(Ecnoelinic) form of BiPO^
ata are given for the solubility of the/5-fox®. In various

The solubility o£©£. -BiF0/4 in ION HNO3 containing various concentrations
HF has been determined. The presence of IN HF in 9.6-N HNO3 m.3 shown
increase the solubility of BxPOj frcsa 82 gr„/l, to 100 gr./l.
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1. DmrapuCTTON

h^itlhtPf^nt^ep0rt isiat8Rded t0 auenent the data on BiPO, sola-Dj-^ity An HII03 ai-reaay available in CK~9339 CN-989 CN-in/,/ rnSi/i
and CM-12U. ' It covers the work on the tn for*? of BiPO?'4^&

sssMgtSSif^r and of Ghs« secti-s *•* «*
^ .h?lSiP°4 s?rubili- dafca Greedy reported includes the solubility
Pmo tr^mrj, (h62fg0n£^ fo^ *f ^>U in prions concentrations o?A«03 «nd a, various temperatures. The effect of uranyl ion and of ferric
xon has alao bae^invaatigated. Subsequent work ha. revea'Jedthe ei"t"
one* of cheating factors which affect the solubility detention
^t^hT^ wjstence of a second for* of BiF04 and the slow
**-*. ^ wnicrt atfU3 solutions supersaturated rath BiPO. cooe to equilibrium
^present studies are intended to utilise this infection to iralce
i'Z ^r^af^-ate,Bif?4 "^^^y *** * detailed "rearterSna-
e^?b4^ ^??iW bj th? ffiSf °d P5"8^^3^ «»Pl<*ed of approachingoqa^io*.um lro,fl one supersaturated side and by the alternative method
ox approaching equilibrium froa the undersatursted aide.
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2. The Two Poms of BiPOj*.

A. The <<-Form.

When BlPO/4 is precipitated from IN HNO3 at 75° with low con
centrations of H3PO4 (e.g. .1 - .6 molar) and is digested at that
temperature for short periods, the crystals obtained are readily
soluble in ION HNO3 and have been shown by R.C.L. Mooney to have
a hexagonal crystal structure (CN-1457). when prepared from a
known weight of bismuth metal and thorcu^ly dried in high vacuum
at 25 , the weight of ©C-HLFO/. obtained is such as to indicate
the formula MPO4 (CH-1214 and CC-1683). It was at one time
thought that <s><--BiPO/,, might contain water of hydration or might
be B1OH2PO4, but subsequent experiments have shown that all. water
can be removed without affecting the crystal structure. ChanicaJ
analysis of ©6^BiP04 shows Bi and P present in la ratio (CN-1446).
The density of &C-BiPQ^ has been found to be 5,5 (CM-12I4).

B1P04 precipitated from HCIO4 solution in the complete ab
sence of nitrate ion also comes down as the oC-fona.

-Form.

The possible existence of a second form, of BifO< of lower
solubility was first mentioned in CN-1141 as a plausible explana
tion of the way in which the solubility of BiPO; in ION HNO-a was
observed to steadily decrease when the solutionis held at""75s
or at 50°, This supposition was subsequently supported by an
X-ray study of the B1P04 precipitated from ION HNOo by heating
the solution to 75° and then digested at 75° for 10 hour- or more
in the strong acid. Such BiPO^ was found to show an X-ray dif
fraction pattern different from that of the ordinary ©£.-fossa-
and to have a higher density (6.3). More recent work has shown
this new form of BiP0;4 to be monoclinic (C.P-1576, CP-1723).

Idhen dry c?C -BiPO,- is heated in air at 250°. the resulting
powder shows the X-ray aiffraction pattern of both the oCand of the
new fona of BiPO^ which ?ve shall call the /S form. By sufficiently
prolonged heating complete conversion to the/C?form can be ef
fected. This indicates, a close relationship of the two Corns and
since the c*C -form has teen shown to be anhydrous BiPO/, It is likely
that the/2 -forai is a different crystalline modificatfoa of the
same f onnula. Analysis of ^-BiPO^ shows Bi and P present is 1-1

C, Intereonversidn of the Two Forms of B1P%.

Under the usual coMltions of the BiP0| process, the BiPO/
precipitates consist almost entirely of the"oC-foral esoeeially
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when working in stainless steel equipment or in the presence of
Pa"1"3 since the presence of even low concentrations of iron in
solutions from which BXPO4 precipitates has been shown to inhibit
formation of the /7-foxsi (CN-1214). However, when B1P04 is
precipitated from IN HNO3, 0.6M H3PO4 at ?5° in the absence of
iron, increasing amounts of /^'Bi.VOr are found in the precipi
tate th* longer the time of digestion {% /Rafter 4 hours, 10$
after 8 hours, complete conversion to/5 upon prolonged digestion
CP-1376).

Conversion of c?C-BiP04 to/O ~BiP04 is also observed-at
2f>° «henc?!C"-BiP04 is stirred for long periods with ION HNO3.
After 440 hours, the solid BiPO/^ in contact with the acid was
found by X-ray diffraction to be about 50$ /(j -form and after
1400 hours it was found, to^be entirely^(CC-1683). At 75°,
the conversion ofC?&> to /CI? ~BiP0/+ in ION HNO3 is-rauch sore
rapid - about 95^ conversion to /C$ occurring'within one hour.
After 6 hours, conversion to^^'ia eoaplete (CC-1394s CP-1376).

No conversion of /O-BIPQ^ to tfC-BiFO^ upon standing as
dry powder or as solid in contact with saturated BNO3 solutions
has-been observed, sn& it appears highly probable that the
/S->form is the thermodynamically more stable forra of BiPO^
throughout the temperature range of interest to the BiPO^
process.

/O'-BiPOi dissolved in HNQ-a and then reprecipitated comes
down as the <sz£ -form. For* example, when a sample of/3» BiPO^
was treated with 9.6N HNO3, only 24.2 gr. of BiPO^/l. dissolved
in 23 hours stirring. Whbn the resulting HNO3 solution nes
diluted to IN heated to 75°, Bade 0.314 in H3FO4 and digested
one hour at ?5°? the resulting BiPQj. was found""to be soluble
in 9.ON HNO3 to the extent of 70 gr!/l.a a value characteristic
of theodfona at this acid concentration.

3. Methods of Splub.ll.ity Determination

In approaching equilibrium from the undersaturated side, solu
tions ofoC and /S? BiPO4 were prepared, by stirring the solid BiPO4
with the desired concentration of 8NG3 in 3-naeked glass-stoppered
flasks, fitted with stirrers and thermometers and held ia a thermo
stat at the desired temperature. After suitable intervals of stirring,
samples were withdrawn for analysis until a nearly constant value
uras reached. In studying solubilities at $0° and 75° by this? aiethod,
solid BiPO/. was added to the acid, already heated to the desired
temperature. The solutions rmre separated from excess solxa BiPO4
by centrifaging (at 25°), by letting the solid settle raider gravity,
or by drawing the liquid through a tubs containing & sintered glass
plate (at 0°^ 50° and 75°). In all cases where solubilities were
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measured at temperatures other than 25°, the saturated solutions
after being separated frosa the solid B1P04 were cooled or ttaraed
to 25° before being sampled for analysis. The solubilities given,
therefore, are all in terms of volumes of HNO3 asasured at 25°.
The 0° samples remained: supersaturated during" the time required
to warm to 25° and take a saaiple.

In approaching equilibrium from the supersaturated side (in
the case of oC BIPO4 only) a solution of 0CBIPG4 in the strongest
acid concentration to be studied was prepared at 0° and analysed.
It was then raised to 25° and stirred until the amount of dissolved
BiPO4 .fell to a nearly constant value; similarly at $0° and. 75°.
To study the solubility in lower acid concentrations, the original
saturated solution was diluted to the desired acidity, then stirred
successively at 0°, 25°, 50°s and 7^until apparent equilibrium values
mere obtained. The same solution was used at a given acidity for
each of the four temperatures.

At 50° and 75°3 particularly in strong nitric acid solutions,
it is necessary to take samples over a comparatively short- period
of time soon after starting the experiment because of the conversion to
/£?fona which occurs under these conditions, thereby causing low
results. This precaution was observed In the experiments In which
equilibrium was approached from below, but was not observed in the
experiment in which equilibrium was approached from above (Table III),
in which case the solutions were held at elevated temperatures for
long periods of time, resulting in sane cases in a large and un
determined amount of conversion to /£~£oxm.

The solubilities of BIP0;( in solvent mixtures other than
HKQct f H9O niiieh are reported here ware not determined as ea;.*e>~
xuIxt as were the solubilities in various HNO-3 concentrations. In
general, the solutions were shaken at room temperature for wnat
was thought to be sufficient time to achieve saturation, but the
attainment of true equilibrlua was not proved. The experiiasnts
were performed merely to aid in interpretation of the HNO3 solu
bility data and sshile the results appear to be reliable because
of their internal consistency, so great accuracy is claimed for
them.

igfe^dj^of Jigajj^gis

A. Graviisstric Bioautn Determination

Solutions of BIFQ4 in HMO3 or HOICk containing relatively
large amounts of BIPO/^OlO gr. BiPO/,/!.) were analyzed by
diluting to about 0.5M acid, heating to 750, and making the solu
tion .III in phosphate with (NH"4)2 HPO4 solution. After about an
hour's digestion on the steam bath, trie orecioitated BiPO/. was
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fiitered off through a sintered glass crucible, wdshed with
.01M H3PO4, then with water. It was finally dried at 250° for
at least 3 hours and weighed as BiP0».

B, Volumetric Bismuth Determination

Solutions containing smaller amounts of Bi than 10 gr,
BiPp4/l. were analysed by the volumetric "Oxine" method des
cribed in GC--934. This method gives very satisfactory accuracy
(about 1$) even on amounts of Bi as small as 1 Eg. The pro
cedure involves precipitating the bismuth as 'the 8-hydroxyauinoline
addition compound of the bismuth Iodide complex.

The precipitate Is dissolved in HC1 and titrated to a starch
end point with standard OO3 solution in the presence of KCN.
It was found convenient to carry out the precipitation In 50
or 100 cc. centrifuge tubes and to wash the precipitate by cen-
trifugation rather than, by filtering as recommended In the
original procedure.

C. Colorimetric Bismuth Determination

Solutions containing very low concentrations of Bi were
analysed by means of a colorimetric method based on the color
of the bismuth iodide complex. jfa.B. Sandell, "Coloriiaetric
Determination of Traces cf Metals" p. 161)

D. Acid Determination

The HNO3 or HCIQ4 content of the solutions studied was
determined by dilution with teter and direct titration with
standardized MaOH solution. The BiPOj^ present precipitates
before the end point is reached and does not hydrolyze suffi
ciently to affect the results.

5» ggJJjMMty of oC ~BiP0/^in_ HMO3

A. Equilibrium. Approached from the Undersaturated Side.

BIPO4 was prepared, for these studies by slow addition of
concentrated H3PO4 to a solution of Bi(N03)3 in IN HNO3 at 70°.
The BIPO/, Was allowed tO settle find was Mcsohoril W (i«MnfaMnn

it was washed Into a centrifuge bottle, and freed as well as"
w possible from wash liquid by centrifligation.
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m^ ™? I* I7 Pr8pared sludge of BiP04 "a* «^ded to thelh03 solution to be studied and the /ulxture was then stirred
and sampled at Intervals, An ample excess of BiKh over Sat
required to saturate the solutions was used in alA^e! w
the ratio of solid BiPO, to ™i.w» J> i 1- Cases, but,
„»,,» i, * can;4 t0 volume of solution was not controlledand hence few conclusions can be drawn from this data as tt?t
rate 01 solution of 3iP04 in HN03.

r*-vn ^S resilitf °btalned by <*** method of anproach to ecuiHb-rlaj, are presented In Tables I and II and in Figures 1aS 2
£ tne graphs, the solubility results obtained hv both nethods
of approaching equilibrium are plotted together for comparlsol

It is thought at present that the results bv msth-d A ^
su^oS*? ^T^,^ UiS °f ^erest to „ote"hat the re~suits obtained by method Bin the experiment renorted *n Tabi- 7
are xn many cases not greatly different. Tn nore recent ^1
tTt:tin^u°h "J"*11"" *t agi,en aeliity^e^xSSrby both methods of approach to equilibrium, much larger d^~
crepancies have been observed (CC-176?).

Table la

Solubility ofc<BiP04 at Tarious HNO3 Concentrations

(Equilibrium approached from undersaturated side. Best values
picked from results in Table II.)

10

HNO3 Normality | Gr^ BIPO4/I.
1.06

3.03

6.60

8.-81

12.3

.50

5.36

83.0

150.0

TTT



25°

Y5£

v.,,-

HNO3

0.98

3.0

5.9

7.4

9.6

9.7

13.1

HNO3

1,00

3.05

5.10

7.40 '

10,0

HH0-

1.0

3.0

5.08

7.35

9.9
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Table lb

Gr. BIPO4/I.

.37

4.73

26.5

44-3

7S.9

83.9

127.6

Gr. BiP04/l.

.41

4*70

17.55

43.30

74.0

Gr» HUPO^/l.

.535

4.28

17,33

38.7

62.5
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Table Ila

Effect
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Table Il-b
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Table II-c



75l

-15-

Table Il-d

.-.^

HN03
TIME

Gr. BXPO4/I.
Mrs. Min.

1000 55 •531

2 5 .535

3 10 .525

3 45 .509
.. .—

3.0

1

2

40

30

30

4«28

4.28

4.26

3 20 4.36
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B. Eouilibriura Approached from the Supersaturated Side

In the earlier studies on BilKU solubility in HNO3, the
technique employed involved diluting a saturated BiP04 solution
in strong HNO3 to the desired lower acid concentration, whereupon
BiK>4 present in excess of the solubility at that acidity was ex
pected to precipitate out. The results reported in CN-933 and
CN-1044 were obtained by this method. Subsequent more elaborate
determinations of solubility by the same method showed that when
the solubilities were followed as a function of tirre of stirring
that a steady decrease in the amount of BiPQ4 found in the solu
tion was observed, especially at 50° and 75° (CN-1141).

In Table III a 3et of results obtained by this method is
presented. The solubilities at a given acidity were determined
first at 1 and then at the successively higher temperatures U3ing
the same solution. Thus, in all cases (with the exception of the
strongest acid at the lowest temperature) the solution was initially
supersaturated and B1P04 precipitated as it came to eouilibrium.
It can be seen from Table III that the solubilities observed at a
given acidity are very markedly a function of the time of stirring
and that a decrease in solubility with increasing temperature oc~"
curs. It is now known that the pronounced steady decrease in solu
bility observed upon stirring the more strongly acid solutions at
50°and?5° is due partly to transformation of the solid B1P04 present
to a /£? modification which is only about 40^ a3 soluble as the ordi
nary hexagonal form and which is very slow in coming to equilibrium
with solutions containing more MPO4 than corresponds to the /? equilib
rium solubility. * . M

The results of solubility ^terminations by thi3 method plotted
on the same graphs as the results obtained by approaching equilibrium
from the undersaturated side (Figures 1-2) show that in most cases
the two methods give fairly concordant results. A serious difficulty
in interpreting the results for solubilities approached from the under-
saturated side lies in the fact that a steady decrease in amount of
dissolved B1P04 wit.i time occurs. One cannot be sure whether the de
creasing trend of tiie solubility time curve at any given point is due
to the solution being still supersaturated or to the fact that appre
ciable conversion to the less soluble /Sform is occurring.*

Whether a true equilibrium value is obtained or not for a given
solution depends on the relative rates of approach to equilibrium and
of conversion to^form for that particular solution and temperature.

*0ne would suppose that the decrease in amount of dissolved
BIPQ4 associated with conversion to the/5 form would occur only after
all the solid phase present was changed to j^fora. However it has
been observed that the solubility falls below the eomllbrium value
upon continued stirring even \<?hile ample amounts of o^-BiPOj, are still
present in the solid phase. ?fe are unable at present to explain
this aacsaly.
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Table m

S?^Ub^y.of aro4 ** HJ*°3 at *«*»• Temperatures
^Equilibrium approached from supersaturated side)

HNOr*
Normalityait

Time of

Stirring
Hours

Observed Solubility BiPQ^/l.

*The acid concentration was determined frequently during thesTrun^
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At 1 , the rate of conversion to/^is slow, but the rate of
approach to equilibrium is also very slow so that the solubilities
appear to level off at values slightly greater than those obtained
by approaching equilibrium from the other side. It can be seen in
Figure I that the points for solubilities determined from super
saturated solutions lie slightly above the curve drawn through the
points for solubilities determined by approaching equilibrium from
below.

At 25° and especially at 50°, the rate of approach to equilib
rium is favorable relative to the rate of formation of /Q forra and
consequently good agreement is obtained between the two methods of
solubility determination, gven at 25° however, it can be seen from
Table III that in 12.3N HN03, conversion of BiPO/. to the /?forai ap
pears to go on at a fairly rapid rate. /

At 75°, the values observed at 2 and 5N HNO3 are in fairly
good agreement with the values determined by the other^method, but
at higher acid concentrations so much conversion to /Sfcrs is now
known to occur when experiments extend over such a long period of
time (at 75°) that the results as given are meaningless in respect
to the solubility of the *&*£ form.

BIPO4 solubility determinations at 24-28° have been made by
the Clinton Plant Assistance group and are reported in CN-I446,
Their data extend to higher acid concentrations and their solu
bilities at a given acidity are considerably higher than those re
ported here, possibly due to their method of analysis which in
volved evaporating off HNO3 and H20 and weighing the residual BiP04.

The solubilities of B1P04 precipitates prepared under arocess
conditions have been studied by Section C-I (Chicago) and a"re re
ported in CN-1700.

6- 2&e_Sglability of^-BiPO/,.
The solubility of /3bLK>u in HNO3 can best be determined by approach

00 equilibrium from the undersaturated side since the precipitation of
BIFO4 in supersaturated solutions on solid /^BIPOa is an extremely slow
processc / n • *

/O-BLFQ4 was prepared for these solubility studies by heati'ie a
saturated solution of OC -BiKk in ION HNO3 at 90° for about 20 hours
rne resulting precipitate of^J-BiPT^ was washed several times wi;h ION
HNO3J then an excess of the solid was stirred with the desired concentra
tion of HNO3 and samples were taken at suitable intervals, usually until
approximate constancy was reached,

MNW If^^ff? f^i1^163 obsew*d *or various concentrations of..IN03 at 25° are listed m Table vr and graphed in Fig. 3. Table 7 contains
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the solubilities observed Jat various times of stirring and gives a rough
idea of the rate of solution. Since the relative amounts of solid BiPO,
find acid used for determinations of bothoC&nd S forms were approximately
tne same, one can see by «oaparison of Table Vwith Table II that the rate
of solution of the /S fora is appreciably less than that of the<X-form.

In Fig. 3 it will be acted that the log-log plot of £ BiPO, solu
bility versus HMO3 concentration is a straight line as in tne case of the
oC -form. The slope of the straight line (2ft2) is nearly the same as
that observed for solubility of thectCform (2.3), suggesting that the
solution reaction is the same for both as would be expected if the two
substances are allotropes. The equation describing /?BiPO, solubility
in HNO3 at 25° is /° h

2.2
O ™ o/CX V

where S = Solubility in Gr. B1P04 pur liter.
C - Normality of HMK.

''able IV

Solubility ofy£$,BiPQ4 at. Various HiiO3 Concentrations
(Equilibrium, approached irom undersaturated side). 25°

HNO3 Normality Gr. BIPO4/I.

2<,14 1,08

3 =57 3>42

5.25 8„B

7.3 20.6

7.9 21.0

10.4 36.8
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Table V

Effect of Time of Stirring on Observed/&B£EQ^ Solubilities in
Various Concentrations of HNO3 and at Various Temperatures

(Equilibrium approached from undersaturated side.)

HNO^

25° 2.H

Time

Hrs, Min. Gr. MPO4/I.
—-, -———'—"*——.-»-' — —-

2 40
43 30

.99
1.08
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7. Interpretation of Solubility Data for BiP0i,_in.HN03.

A. Introduction

It can be seen in Figures 1 and 2 that the solubility of
B1P04 varies approximately as the 2,3 power of the HNO3 concen
tration and that the power dependence is practically constant
from 0 -75° in the range 1- ION HNO3, In CN-933, it- was show^
that the same power dependence held even down to O.IN HNO3 at 30 .
The solubility ofoC -B1P04 in HNO3 at the temperatures studied
can be expressed approximately by the following equations;

10 S » 0.41C2*4 (1)

25° S = O.AQC2"35 ^

50° S ~0.40C2'32 O)

750 s-0.51c2*24 ^

where S = Solubility in Gr. B1P04 per liter
C = Normality of HNO3

At 50 and 75°, the equations are not valid at higi acidities.

Ve have heretofore assumed that the dissolution reaction for
BiP04 in HNO3 was essentially:

B1P04 + 3H* ^t Bi+3 -J-H3PO4 (5)

and the solubility product for RLPO4 has been calculated by
Coryell (CH-1205 p. 50) on the basis of the data in CN-933 and
using the expression;

K = (BLf3) (H3P04} %3H?4 (^Bi) (6)

a value of 6.1x10-3° for Kap was obtained.

According to equation (5l one would expect B1P04 solubility
to var* as the 1.5 power of the HNO3 concentration. Coryell was
able to show, assuming that reaction(5) ie correct,that the varia
tion in ratio of bisawth to hydrogen ion activity coefxicxents
with increaaing ionic strength is such that on® xrould predict an
Increase in the power dependence of 1.0 arising from this .factor.
To determine whether equation (5) is the correct solution reaction
for B1P04 in HMO3, a number of special experiments have been per
formed which are"described in the following sections.



B. The Solubility Df^Bi:^ in HCIO4

The aclubillty of BiPO/, In perchloric acid at 25-30° 3. was 1
determined by stirring or shaking HCIO4 solutions of various con
centrations with solid S1FO4 washed free of H^PO^ and HKO^. Suc
cessive samples were taken after suitable stirring periods to in
sure attainment of equilibrium, ami dissolved BIPO4 was determined
volumetrically or colorimetrieally.

HC10/
Cone.

.8

1.08

1..65

2.03

3.94

4.16

Table VI

Solubility of BIPO4 in HCIO4

BLFOj/l.

4-3*

27.6*

72*

98

185*

226

372

3S0*«-

HCIO4
Coac.

4,9

5*5

6»3

6.8

7.24

7,6

8.03

10,35

.3D, 4

* Analyzed oolorimatrically.

•^Equilibrium approached from supersaturated side,

eg,,

Bir«3j./l.

35?

450

380-'**

•2qot

4vs6

583"-*

1890

2150
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Table ¥11

Effect of lit Concentration on Solubility of B1PO4
at Constant CIO4" Concentration

HCIC'4
Molarity

NaC104
Molarity

r —*~- —-

iag. B.1P04
per liter

,197 1,8

~ ——— —-'—

11.5

.49 1.5 35

,98 1.0 89

1,48 0.5 163

2»vj 0.0 !
1

248

The results obtained are presented in Tables VI and VII
and in Fig, 4. It will be noted that much lower- solubilities
are observed for BiPXk in HClOi and that the log-log plot of
solubility versus acidity is linear up to about 2 or 3ifflC10,,
but shows rather strange behavior at higher acid concentrations.
The peculiar shape of the curve above 4N is probably due in part
to the large deviations from unity of the mean activity coeffi
cient of HCIO4 at high concentrations (Landolt Borastein Tabeilen
III p.2144). Below 2N, the solubility of MFO4 in HCIO4 varies
as the 1.3 power of the fft concentration and is independent of
the GIO4 concentration (Table VII). This suggests that when
BIPO4 dissolves in HCIO4 below 2N, the reaction occurring Is
principally;

BiPO- -f 2H"3 H20 BiOHf? -j- K3PO4 (?)

Most significant for the present, purpose is the fact that
HCIO4 gives much lower solubilities than HNO3 even at low concen
trations at which their activity coefficients are nearly the same.
This cannot be due to limited solubility of 61(0104)3 in HCIO4 since
in IN HC10/+, Bi(0104)3 is soluble to the extent of >62 gr./l.

The loser solubility obtained in HCIO4 suggests that in UNO3
the nitrate ion plays an important part in solution of the BIPQa ,
To determine the effect of nitrate ion, the solubility of IS.FO4 in
mixtures of HMO3 and HCIO4, and in 2N HGIO4 containing various
amounts of NSNO3 was determined as described in sections C and D
below. To determine the effect of the (K+) at constant nitrate
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concentration, the solubility of BIP04 in mixtures of HNO3 and
NaN03 was determined as described in section E. The effect of
H3PO4 on the solubility of BiP04 in ION KNO3 is described in
section F.

C. Solubility of BiPO^ in Mixtures of IINO3 and HCIO4

Solutions of HNO3 and HCIO4 of equal normality were made up
(^-"lON). Various mixtures of the two were made to give solutions
of constant total acidity, and varying nitrate concentration. Ex
cess, freshly precipitated «C B1P04, washed free of H3PO4 was added
to each, and the solutions allowed to stand at 25° for 24 hours
with frequent shaking, then analyzed for Si.

The results obtained are shown in Table VIII and In Fig. 5.

Table VIII

Solubility of B1P04 in HMO3 - HCIO4 Mixtures

Total

Acidity

9.65

NO3-
Normalit

2.9

4.8

6.8

9.65

Gr. BIPO4
per liter

1.75

7.35

18.7

38.7

82.5

On log-log paper, a plot of solubility vs. NO3" gives a straight
line of slope 2.11.
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D. Effect of N03~ Concentration on BiPO/^ Solubility at Constant H"**
C oncentration.

Mixtures of HCIO4, i«aC104 and NaN03 solutions were prepared
so as to give final solutions all 2N in'HCK^, with a total ionic
strength of 4, and containing various concentrations of NaN03.
Excess freshly prepared oC B1P04, washed free of H3PO4 and HUO3,
was added to each and after standing 6 days with frequent shaking
at room temperature the solutions were analyzed for Bi by the
volumetric (ioxine" method.

The results obtained are shown in Table IX and in Fig. 6.
It was not known whether the solid phase in contact with the solu
tions .remained entirelyoC BIPO4 during the time allowed to reach
equilibrium.

Table IX

Effect of NO3- Concentration on Solubility of BiPO^

HC10,
*•*

M

1 NaC104
M

Mg. BiP04
^t liter

- •

2 2 0 183

2 1.9 .1 230

2 X e, i5 434

2 1.0 1.0 1 763

2 0

1

2 1 1540
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Effect of Ht Concentration on BiP04 Solubility at Constant NO3""
Concentration

Since the preceding experiment has shown that at constant
Kh concentration, BiP04 solubility increases directly v&th the
nitrate concentration, it is evident that both the Hf and NO3"
from HNO3 contribute to the 2o4 power dependence on HNO3 concen
tration observed for solubility of BIPO4 in HNO3. To determine
the power dependence on H* only, various mixtures of HNO3 and
NaN03 solution were prepared to give solutions of total ionic
strength five, total nitrate •= 5M, and H* from .1 to 4N. Excess
freshly prepared and washedo< BiP04 was added to each and after
standing two days at 25° with frequent shaking the solutions wsre
analysed for Bi by the volumetric "oxine" method.



»' 0.1

HNO Normality

wing 45*

July 30, 1944

A 5 6 7 B 9 1



-27-

F. Effect of H3P04 on Solubility of o<. BiP04 in ION HNO3.

It ^s already been shown (CN-933) that in IN HNOq the solu
bility of B1P04 is markedly decreased by H3FO4.

To determine whether the same thing is true in ION HNC*>. the
soluoility of O4.MP0, in 9.94N HNO3 containing .29M H3P0. was
determined. Sxcess B1PO4 was added to the mixture of fiNQo and
HoP04 and after 24 hours at 25° with occasional hand shaking, the
observed solubility was 55.1 gr. MFOiTi. as compared with 89 gr./l.
m the absence of the H3PO4.

G. Discussion

It is evident from the foregoing results that the dissolution
mechanism previously assumed for BiP04 in HNO3 is incorrect, Nitrate
ion plays a part in the solution of BiP04 in HNO3, and the reason
for its effect is probably the low degree of dissociation of Bi(NGqK
The much loner solubility of BiP04 in HCIO4 than in HMO3 can be i ''
interpreted as due to the fact that 81(0104)3is much more highly
dissociated at a given HCIO4 concentration than is M(NGcsh at a
corresponding HNO3 concentration. "

D.F. Sirith (Section 11-E) has studied the solubility of BiONO*
in HNO3 and the conductance of 81(1103)3 in various concentrations
of fMQ3. He concludes from his results that Bi in such solutions
exists largely in the form of partially ionized Bi(1*03)3.

Applying this conception to the solution of BIP04 in FNO3,
makes it seem likely that the reaction occurring when BiPO/ dis
solves in HNO3 is of the following type; '

BiP04 +JS* + MO3-35 Bi(N03)+t + H3PO4 (8)

BiP04 + 3H+ + 2N03-£g BI(H03)^ -f H3PO4 (9)
BiP04 + 3H+ r ?m3-j* Bi(N03)3 + H3P04 (10)
BiP04 f SB* + 4NO3 ^t BI(N03)4- ^ H3PO4 (11)
Reaction 9 above predicts BIPO4 solubility dependent on the

1.5 power of the Wr and the 1,0 power of the NO3- concentration
(neglecting activity coefficients). See equation 13. Separate
^terminations of the effect of IF and N03~ ion concentration on
BiP04 solubility (Figures 6 and 7) have actually shown a 1.5 power
dependence on H+ and al.O power dependence on NO3- under condi
tions of constant ionic strength.

* wL8?351'8 reasosmble to assume that the degree of dissociation
of Bi(N03)3 would vary considerably in going from weak to concen-
sratea HNO3 and that consequently one of the foregoing reactions
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would occur predominantly in one range of acidity and some other
reaction in another range. If this occurred, the power depend
ence of solubility on NO3" (and consequently on HNO3) concentra
tion would change in going from low to high acidity. Actually
one observer a fairly uniform 2.3 power dependence throughout the
range ,1 to ION HNO3. From this one miidit be tempted to conclude
that reaction (9) occurred at all acidities. It is more likely,
however, that all of the reactions play a part, and that the
changes in activity coefficients of the ions involved that occur
upon going from low to high acid concentration largely counteract
the Increasing dependence on NO3- concentration which occurs as w©
go from reaction (8) to reaction (11).

In Fig. 5 it will be noted that at H+ - 9„6, the BIPO, solu
bility varies about as the 2.1 power of the HN03. This can be
interpreted as indicating that reaction (11) is involved at this
acidity if one assumes that the activity coefficients of HCKb
and HNO3 are the saaie in all the solutions.

The effect of temperature upon the solubility of BiPO. is
different for ION HNO3 than for 5.ON HKO3 (Fig. 8). This also
tends to Indicate that the type of reaction occurring between
BIPO4 and HNO3 changes as we go to higher acidities.

If one assumes that solution of BiPCj in HNOq occurs accord
ing to reaction (9), then an equilibrium constant for the reaction
can be expressed as follows!

When SLPO4 dissolves in HNO3, BL(SO^)^« H3PO4

3/ (13)
%,. „TrlABiwo£. fe[,-if[,^#^y

[*;
71

or 5/ P^.f/z ffJ (14)

This equation agrees closely with the observed 2,3 power dependence
of BiPQ^ solubility in HNO3 if one assumes that the ratio of the
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activity coefficients involved remains nearly constant throughout
the range .1 to ION HNO3.

Regardless of which of the reactions (8-11) one uses to des
cribe the solubility of BiPO^ in HNO3, the effect of H3PO4 on the
solubility will be given by the following expression:

where S' is the solubility of BiP04 in the presence of H3PO4.

Comparison of this equation with the corresponding expression
for the solubility in the absence of added HoFO^, namely;

s -_ &fMi [%r m (16)
where S- solubility in the absence of H3PO4 in moles/liter

enables us to derive the following equation for the effect of HqPQi
on the solubility of B1P04 •* 4

5 _ H3PO4 f S1
s' s

0 (1?)
or S* a S9(H3P04fS')

In an analogous way, one can show that the solubility (S58) of BiPO.
in HNC^ containing low concentrations of 81(^3)3 is related to the**-
solubility in the same concentration of pure HNO3 (S) by the equation

s2 = s"(s"tcBi) (18)
where Csi represents the concentration of added Bl(NQqH. "Da CN-933,

18„5 mg.
H3POA.

In the present report (section 7-P) the solubility of BIPOi in
9.%N HNO3 containing .29M H3PO4 is found to be 55.1 gr./l. at 2*&
as compared with 89 gr./l. in the absence of HoPO,. Using equation
(17) one would predict the solubility to be 563 gr./l.
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Whereas H3PO4 reduces the solubility of B.1P04 in HN03, It
does not affect the solubility of MPO4 in HC1. K.A. Jensen (11-C)
has shown from aastudy of the solubility of BiP04 in solutions
containing CI", H4* and H3PO4 that the solubility is. proportional
to the square of the fi+, the cube of the Cl~ concentration, and
is independent of the H3PO4 concentration. He attributes this to
the fact that the reaction occurring when B1P04 dissolves in HC1
is mainly

B1P04 f-2H* -f 3C1" B1C13
H2PO4

*v

(19)
/

The Effect of Temperature on BIPO/, Solubility

A. ThecC -Form,

In Table XI are presented the solubilities of BiP04 at various
acidities and temperatures, read off from the graphs in Figures 1
and 2. The curves drawn on these graphs are determined by the
points representing solubilities determined by approach to equilib
rium from the undersaturated side.

It can be seen in Table XI and in Fig. 8 that in the range of
acidity from 2 - 6M the solubility of B1P04 is practically unaffected
by temperature in the range 0 - 750. In IS, the solubility curve has
a flat minimura, being practically constant frora 25-50°, about 10$
higher at 0° and about 20$ higher at 75°. In 8 and ION RHO55, there
is a steady downward trend of solubility with increasing temperature.

Table XI

Effect of Temperature on the Solubility ofoC-BirTty in Various
Concentrations of HNO3. (Using values obtained by approaching

equilibrium from the undersaturated side.)

HNOO

Normality
Gr. BiFOj/L. at*

i° 25° i 50° 15°

1.0 .42

"* —1

.38 .39 .54
2.0 2.1 2.0 1.80 2.0
4.0 10.0 10.0 9.5 9.7
6.0 26.0 27.0 25.0 25.5
8.0 59.0 54.0 47.O 45.0

10.0 100.0 90.0 1 74.0 64.O

* Interpolated values from Figures 1-2.
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B. The jO-Form

The effect of temperature on the solubility of the /3 -form
has been studied only in ION HNO3. The results are listed in Table
XII and shown graphically in Figure 9. It will be noted tmt just
as with the g^-form the solubility steadily decreases with in
creasing temperature.

Table XII

SolubiUty of /3~B±PQk in 10.ON HNO3 as aFunction of Temperature.
(Corrected to 10.ON from the observed values, assuming that the
rate of variation of solubility with acid concentration is the

same at all temperatures).

Temperature

1°

25°

50°

75°

Gr. BiFO^/l.

36.3

33.6

29.8

25.4
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9' SjS^ffecJLSOLwLS^^ ofPC BIPO,, in ION Hfj)o.

bv J Mm^H3 f m°l Wld HF (e's' 10M m°l> MHF> ha^ **n reported
than'doS hS (P-fVSte *.™isati™- ^o dissolve /? BiP04 more rapidly
tion™ HN°3.f1°ne- 5"ce the presence of fluoride ion in the solu
tions may permit formation of more soluble complexes it was thought to
Sn iL H^H! dete^e ^e extent to which the solubility oFoCBIPOain ION HNQ3 is increased by the presence of various amounts of HP. 4

the iTnfSn preCipitfed and washed BiP04 was dissolved in HNO3 until
be%&£ ?oW?h °early Sa!urated' The acid strength was then found to
sufflcieM ??M S? S9P^fte portions of the solution in lusteroid tubes,
Additional ZliTnTm &***J° ^ th* «***>»« L 0.5 and O.U in HF.Additional solid 81PO4 "as then added and the amount of dissolved BiPO/
present in each of the eolations after two hours sUrrinTat So was
detained (volumetric oxine method). The results obtained are ,iven

Table XIII

Effect of HF on Solubility ofo< BiP04 in 906N HNO3
(2 hrg. stirring at 25°)25g)

Gr„ B1P04
per literNonaality

0

0,1

0„5

1.0

82o0

87.0

91,8

99.5

The solubilities were followed as a function of time, and showed a
verSL tTW^T* ^T* Stl™^, possibly attrSanle toTot
1WHF J 21™%^}-,aftnri2 h0UrS the obse*^d solubilities were,1.0N HF - 97 =2 gr. BIPO4/I.J 0.5N HF - 90.2 gr./l,; O.IN HF ~ 35„5 gr./l.
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10• Iba-£fiBgi3bi_ef_HN03 Solutions of BjPp^.

The effect of dissolved BiK>4 on the density of HNOo solutions
of various concentrations are shown in Table XIV in which the den
sities of HNO3 solutions nearly saturated with BiPO, are piven at
25 and compared with the density of the same concentration of oure
HNO3.

HNO-

Table XI?

Densities at 25» of ENO3 Solutions of BiPO;
(Saturated with BiP04 at 25°) *

Normality
Grams B1P04
per liter

Density at 250
gr,;/cc.

Density at 25°
of HNO3 - H-jO
Mixture only •»

2,01

5.10

7.94

9.98

11.95

2.39

23.42

58.98

95.68

132.25

* I. C. T. Vol. HI, p. 58.

1.062

1.179

1.287(28.5°)

1.376

1.449

1.070

1.162

I.242

1.297

1.341

«xm 1 *8m^erature coefficient of density of a B1P04 solution in
MO3 has been studied by the Plant Assistance Group of Section S-I
The density of a 5N HNO3 solution containing 14.4 gr. BiFO./l. was
found to vary from 1,175 at 250, to I.157 st 500 and to 1.151 at
50°. (R.So Apple, Private Communication).
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A. Determination of Bismuth as Phosphate

8'352B(1TO6 ^ V*C' Parle* lnd* Eng' Cheffi* Anal* Ed">
B. Crystal Structure of BiP04.

A. DeSchulten Bull, Soc. Chem, (3) 29 723 (1903)

C. SolubiUty of Bi?04 *** HC1.
K.A. Jensen z. Anorg. U. Allgem. Chemie 219 238 (I934).

D. Bismuth Oxychloride and Bismuth Chloride Complexes
A.A. Noyes and W. Hall, J. Ao C. S. 32 2526 (191?)!

E. Bismuth Nitrate - Conductivity of Solutions in HNO3.
D.F. Smith, J. A. C. s. 45 360 (1923).

F. Bismuth Nitrate -Solubility in HNO3.
G.1I. Rutten Z. Anorg. U. Allgem. Chemie 28 210 (1901); 30 386 (1902)

G. Bismuth oaynitrate - Solubility in HNO,
D.F. Smith, J. a. C. S. 4J> 360 (1923)/

H. Bismuth Perchlorate.
D.F. Smith, J. a. C. S. 45 36O (1923).
F. Fichter and E. Jenny, Helvetica Chem. Acta 6 225-31 (1923),

I. Bismuth Oxalate -Solubility in HNO3
A. Keschan. Z. Anal. Chemie 6£ 81 (1925).
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