


ABSTRACT

Bismuth phosphate has been shown to exist in at least two allotropic
forms, differing in crystal structure and in gclubility in HNO4., As.ordi-~
narily precipitated under conditiocns of the BiPO,, process, BLFD, comes
down a8 hexageonal crystals, moderately soluble in 10N HNO;. Upon pro-
longed digestion at 75° thess hexagomal crystsls ave convérted to a mono~
clinic structure only about 0% as soluble in 10W HNG3.

The existence of these two forms of BiF0y is a complication in
dgetemining BiP);, solubilities which was not realized during the earlier
studies on solubility. In the present report new data are presented for
the sclubilily of the hexagonal orel ~form of BiPC; in various concentra-
tions of HNOg at four temperatures., These new solubilities were deter—
mined by a method involving approsch to equilibrivn from the undersaturated
gide, in which case there is less interference from conversion to the mono-
cliniec nryégnform.than was encountered in previous work.

In agreement with sarlier work, the new daia show BiF0Q; soclubility
in MO, to depend on the 2.35 power of the HNO5 concentration at 250,
Very nearly the same power dependence is also observed at 109, 509 and 75C,
Temperature ls shown to have litile effect on the solubility of BiFQ;, in
the vange 2 - O HNO3, bubt at 8 and JON W03 a steady decrease in solu-
bility with incressing temperabure is observed. AL 1N HND-, the solubility
was found unchangsd between 25° and 50°, about 10% higher 2t 1° and about
20% highor at 75°,

The available information concerning thaféf(mcn$clinic} form of BiPG,
is discussed and data are given for the solubility of ﬁhgﬁﬁ%fomm in various
concentrations of HN03 at 25°, The solubility of the,S-form is found to
show nearly the same power dependence upon HNOg concentration as does the

A--foma and 18 sbout 407 as great ab a given geidity., The solubility of

the L ~form in 10N HNOz is shown to decrease with increasing temperature
ag deeg the solubllity of theot -~Ifomm, .

In oxder to determine what chamical reaction cccurs when BIiFR0, diae-
goives In HNG,, the solublility of oL~ RIFQ, in various concenbraticons of
HC3O,, and in Zolutions conbainlng mixtures of 1010, , Nal0g and NaClO, has
beon determined. These studies have shom that nitrate ion plays an im-
portant park in the solution of BiFD, in HNO5 becange of the low degree of
dissocietion of Ei(N03)3 in HNC4 sclutions.

The solubility ofef ~-BiF0, in 10N HHU3 containing various concantrations
of IF has besn determined. The presence of IN HF in 9.6N HNO3 wes shown

te increass the solubility of BiPQ; from 82 gr./l. %o 100 gr.71.
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1. INTRODUCTION

The present report is intended to augment the data on BiPFY;, solu-
ity in HIEQq already aval ilable in CN~933, CN-589, CN-104), CN-1141,
d CN-1214., 1% covers the werk on the two forms of BiFQ; and taexr
eal 1hility behavior done since Junuary 1, 1944 by members of Cheuiﬁtry
Section C-III at Chicago {Sugarian) and of Chamlauwy Sections $~11 and
G I1 at C‘Liﬁuﬂﬂ (CO”yG ﬁ -:Qj‘d},

The BiFO; solubilifty data already reported includes the solubility
of the ordinary {hexagonal) form of BL“U& in various concentraticns of
HKGy and at various Lemperaturas, The sffect of urany? ion and of ferric
icn has also besn investigated. Subsequeni work has revezled the aexiat-

ce of cemplicating factors which affect the sclubility deterwination
of BiPFQy, namely the existence of & 8£$0ﬂd orm of BiF), and the slow
rabe at whsfﬁ HaU3 solutions supersaturated with 5130; come Lo mﬁvilibrium
The pressnt studies are intended to utilize this infomeaticn to make
arailable more accurate B3 POy, solubllity date by detailed redetermine-
tion of the selubllity by the method previcusly emploved of appreaching
equiiibrivm from the supersat uraiso side ond by the alternstive method
of approsching equilibriun £ran the underastursied side.
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2. The Two Forms of BiPQ, .

A.

¥ ]
.

The ©% ~Fom.

#hen BiPQ, is precipitated from 1N HENO3 at 7%° with low con-
centrations of H3FQ, {(e.g. .1 -~ .6 molar) and is digested at that
teaperature for short pericds, the crystals obtained are readily
solublie in 10N HNO3 and have been shown by H.C.L. Mooney to have
a hexagonal crystal stracture (CN-1457). %hen prepared from a
known weight of bismuth metal and thoreughly dried in high vacuum
at 25°, the weight of & ~BiP0; obtained is such as to indicate
ihe formule BiPG, (CN-12l4 and CC-14R83). It waz ab one time
thought that Gﬁ;~BiPQA might contain water of hydration or might
be BiOHzPQy, bul subsequent experiments have shown that all wabter
can be removed without alfecting the crystal structure. Chemical

analysis of o{ ~BiF0O, shows Bl and P present in 1:1 ratio {CH-1246) .

The denaity of o< -BiF0, has been found to be 5.5 (CH-1214).

LP0; precipitated from HEC10;, solution in the complete ab-
sence of nltrate ion also comes down as the OL ~form,

»3

he /ﬁ ~Fo1m.,

The poasible existence of a second form of BiF0; of lower
golubility was first pentioned in CH-11L1 as a plausible explana~
tion of the way in which the solubility of BiFO, in 1OW HNC3 was
cbserved to steadily decresse when the solution was held at T5e
or at 50°, This supposition was subsequent. 1y supported by an
A-ray study of the BiFQy precipitated frem 10N ENO, by haating
the solution te 75% and then digested at 75° for 10 hours or more
in the stroag acid., Such EiPQ@ was found 4o show an Xeray dif-
fraction pattern different from bhat of the ordinary of ~form,
and to have a higher density (6.3). Hore recent work haz shown
this new form of BiPO;, to be monoclinic {(CP-1576, CP-1723),

When dry el ~BiPO; is heated 1n sir at 2509, the resulting
powder showe the X-ray ciffraction pattern gf both the ol and of th
new form of BiPQ; which we shall call the /43 fgrm, By sufficientliy
prolonged heating complete comversion to the A5 form can be ef-
fected. This indicates 2 close velationship of the two Torms and
sioce the o€ ~forw has teen shewn Lo be anhydrous BiFO, it is iikel
Lhat the O -form is a different crystalline modification of the

P n -3

geme Lomula. Analysiz of fﬁﬁwEiPO& shows Bl and P pressnt i
ratio,

Interconversion of the Two Forms of BAFOy, .

Under the usual corditicns of tha BiPC; process, the BiF0;,
< T e

(4]
precipltetes consiot alrost entirsly of the ol ~forn, cspecially

eph
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when working in stainless steel equipment or in the presence of
Fa'3 gince the vreaence of even low concentrations of iron in
solutions from which BiPG, precipitates has been shown to inhibit
formation of the ~fomm (CN-1214). However, when BiPFOy is
precipitated from 1N HNO3, 0.6M HgPO, at 75° in the abssnce of
iren, increasing amounts mf;gf?ﬁiPO are found in the precipl-
tate the longer the time of digestion (5% {gaftnr 4 hours, 0%
after 8 hours, complete convarsion tg/ﬁ uuon prolonged digestion
Cp-1376).

Conversion of &% ~B170; to,&f?-&hf@h is also ohserved at
259 whengl ~BiP0) is stirred for leng pericds with 10N HHO3.
After 44D hours, the solld BLPOy in contact with the acid was
found by LK-ray d fifraction to be aboub «O' /( ={orm and after
1500 hours 1% wae found o be entirely A (CCwléB;) At 759
the conversion OfCVw'?D/fﬁ'mh.ﬁb in 100 H:EOm is much more
rapid ~ about 95% comverzion to waocgu ring “within one hour.
After 6 hours, conversion ta//’ i conplete (CC-13%L, CP-1375).

Ho conversion Oixég;ﬂlFUA wo & ~Bir 0; upon standing as
dry powder or 38 sclid in contact with udYUldued HNO4q solubions
hos been observed, and it appsars highly probable that the
S -form is the thermodynamically more st table form of Bik0;
throughout the temperaturaz rangs of interest to the BIFQ,
DIDCESS.

\

:

/\}»B*POA dissclved in HNCa and then reprec
dewn as the < ~form. For ex&rpleg whien a say l
was treated with 9.6N HNO,, only 24.2 gr. of bﬁ?’h/l. dissolv&d
in 2% hours stirring. imon the re ul ing HNO O sclution wea
diluted ¢o 1N heated to 75°, made 0.1 in HqPO) and digested

m@ nour at 75%, the resulting BiP0; was folnd %o be soluble

N b - s
in 9.05 HNO3 to the extent of 70 agr./i., a walue characteristic
of theow. form at this acid concentration

4, Betiwos of Solubility D@terminu ion

In approsching equllibrium from the undersaturated side,
tions of =g, and /& BiF0, weve prepared by stirring the &ﬁli& Bip

with bhe dasired comecenirabion of HNOz In S-unecked glass-stop
flasks, fitted with stirrers and Lha‘ momehers 3%4 1@1d in a thermo-

A A

gbab ah the desired temperature. After suitabple intervals

sapples wers wibthdrswn for ans alzsis unkil a nes rTy copatant ?%ld@
was reached. In studying solubilidies at 500 and 75° by 4

solid BiF0;, was added to the acid; already heated te the d

whe

tamperature, The aln,jﬂn$ ?@”@ o aratod from excess solid
by cenbr v*ugimb {at 259}, i the solid sebtle under
o by drawing the ldguid Lhr=3:" uuhc sonbalming & sintere

W
.3
A ¥
plate {ah Ggﬁ 509 and 759). In &ll cases where ‘lhb%iiu*y3 WG
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measured at Lemperatures other than 259, the saturated solutions
after being separated from the solid BiFQ;, were cooled or warmed
to 25% before being sampled for analysis. 7The sclubilities g;vsﬂ,
therefors, are all in temms of volwnes Qf M09 measured at P

The 0° ssmples remained supsrsatumbed during the time regui

to warm to 250 and take a sample.

In approaching equilibrivm from the auparsaturated gide {in
the case of ol BLPO,, only) a solution of & a,EﬂEOf in the stronges
acid concentration ta be studied was prepared at 0° and analyzed,
It was then ralsed to 25% and stirred until the amount of dissolved
BiPQ, fell to a nearly constent value; s mlla“ly at 50° and 75°,
1o guuuy the solubility in lower acid concenty txans, the original
zaturated solutlon was diluted to the ieCﬁz ed acidity, then sbirred
succeasively at 0%, 25°%, 50%, and 75Puntil apparent equilibrium values
wers obtained., The some sclt ion was used at a piven acidity for
zaen of the four temperatures.

At 50° and 75°, part ticularly in strong nitric acid soluticns,
it 1z necessary to take gsamples over a comparatively short period
of time soon after starting the sxperiment beecause of the conversion to
/dﬁj;afm which occurs under these condibions, thereby causing low
results. This precaution was observed in tne experiments in which
aquﬁishrium waa approached from below, but was not observed in the
experiment in which equilibrium was appreached £rom above (Table III),
in which case the solubicns were held at slevated temperatures for
long periods of time, resulbing in 3Une cases in a large and un-
gebermined apount of conversion moféamxafm,

The solubilitles of BiFC; in sclvent mixbures other then

+ Hao0 which are roporis :d here ware not determined as cave~
n? aa ware the soiubilities in various HNO, concentraticns. Im
egenaral, the sciatlions were shaken at ooz empﬁfmture for what
was thought to be sufficient time Lo achieve saturation, but the
ghtalnment of true @qulwﬂb?Ju, wag not proved. The experims 68
wers performed merely o ald in inberprebstion of the HF*B solu-
bility data and while Lthe resulis appsar to be relisble boesuse

thelr internsl consisbency, no greab accuracy is elsimed for

ir
when,

dethods of Analvels

3 P N ™S | SO L P . EY.
b, Cravimstric Bioauth Determination

QniutA ens of DiF0, Dq or ﬁﬁlgg conbalning rel:
large amcunbs of B Pﬁg g, BiF0;/1.) were analyzed by
dilating LQ aboul 0,58 acid, heating Lo 759, and makd: he soln-
tion .IM in pheoaphate with (NH,)p HPQy aalrﬁiam, After about an
nour's digestion on the sheam bath, the precipliated BiF0, was
+
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filtered off through a sintered glass crucible, washed with
01} HgPO;, then with water. It was finally dried at 2500 for
at ieaat % houras and weighed s BiPOA,

B, Volumeiric Bismath Determipation

Soluticns containing smaller amounts of Bi than 10 £r,
BiF0; /1. were analyzed by the volumetric "Oxine" method des-
cribed in CC~934. This methed gives very satisfactory accuracy
{about 1£) even on amounts of Bi as small as 1 mg. The pro-
cedure lnwolves precipitating the bismavh as the 8-hydroxyauinoline
addition compound of ths blsmuth iodide complex.

The precipitate is dissolved in HC1 and titrated £o 2 starch
end point with standard K103 solution in the presence of KCH.
© was found convenient to carry oub the precipitation in 50
or 100 cc. centrifuge tubss and to wash the precipitate by cen-
trifugation rather than by filtering ss recommended in the
origingl procedure.

C. Colerimetric Bismuth Determinaticn

Solutions containing very low concenbtrations of Bi were
anaiyzed by means of a colorimetric method based on the color
of “he bissmth lodide complex. (E.B. Sandell, “"Colorimetric
Determination of Traces of Metals® p, 161)

B. Acid Detemination

The HNO3 or HC10y content of the solubiens studied was
determined by dilution with water and direct titration with
sbandardized HaOH soluticn., The BiRY;, presermt precipitates
before the end point 1s reached and does not hydrolyze suffi-
ciently to alfact the resnlias.

5. Solubility of o ~BiF0, in HNG3

A. Boguilibrium Approsched from the Undersatursied Side.

BiPD), wae prepaved for these studies by slow additien of
concentrated H3F0; to a solubion of BI(NU2)3 in 1N HNO3 at 700,
The BiFQ; was allowed to settle and was washed by decantation
with 0,54 HNO3 several times $0 remove excess HoPOy. Firally
it was washed into a centrifuge bottle, and freed as well as
possibles from waeh liquid by centrifugabion,
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The freshly prepared sludge of BiPOA was added to the
N0y solution to be studied and the mixture was then stirred
and sampled at intervals, ‘n ample excess of BifU;, over that
required to saturate the soluticns was used in all cases, bul
the retic of solid BiPOh To volume of solution was not controlled
and hence few conclusions can be dravn from this data as to the
rate of solution of BiFQ), in HNC3.

The results obtained by this method of approsch Lo equilib-
riun are presented in Tables I and II and in Figures 1 ard 2
In the graphs, the solubility results obtained by both netho

-

of approaching equilibrium are lotted together for comnaris
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It is thought at present that Lhe results by method 4
mogt nearly correct, but it is of interest to note that t
sults chtained by methed B in the experiment reporter
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are in many cases not greatly differsnt. In more recent
ments in which solubilities at a given acidity were det
by both methods of appreacn to equilibrium, much larger
crepancies have been observed (CcC-1767).
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Tebie Ia
Solubility of CXBifUy, at Various HNO3 Concentrations

(Equilibrium approached from undersaturated side. Best values
picked fram results in Table I1.)

10
O3 Hormality Gr. BiPO,/1,

1.06 .50

3.03 5.36

6.60 31.5

8.81 83.0

12.3 150.0
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Table Ib
250
HEO4 Gr. BiF0,/1.
0.98 .37
3.0 4.73
5.9 26.5
70& &A'B
9.6 78.9
9.7 83.9
13.1 127.6
ﬁoo
HNO 4 Gr. BiFGC,/1.
1.00 A1
3.05 470
5,10 17.55
7.0 4£3.30
10,0 74.0
759
BNO, Gr. Bim&/l.
1.0 .535
300 ,;}o28
5,08 17,33
7.35 38.7
9.9 62.5
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Tabls IIa
Effect of Time of Stirring on Obae?vad<3£;EiF0& Solubilities in Varicus

Concentrations of HNO3 and abt Various Temperatures
{(Equilibrium approachad {ron undersaturated sids. )

10
THE, §
HNO3 Gr. BiPO,/1.
Hrs, Min, g
1.06 3 30 ; <500
21 o | 458
22 30 .509
43 50 4B8L
5,03 2 30 5,40
2 20 5.36
26 0 5.33
N3 30 5,12
50 30 5.15
£.60 2 45 24.0
25 0 | 314
oy 30 : 31.5
hé v j 25.4 ()
,
2.8 L5 ' Bl.h
2 0 83.0
27 L5 82,2
3k i5 81.3
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Table LI-b

285"
Hi04 Hfs.TIﬁE Hin, Gr. BLFO,/L.
.98 i 20 .368
17 50 367
22 5 361
L1 5 375
48 20 .308
3.0 1 2 k.43
17 50 ho51
22 5 4,65
A 5 Y
48 20 L.73
5.9 20 26.5
75 26.2
7.k | 2 1,08
A 54,0k
& LA4.16
8 Ly 31
9.7 55 83.2
2 10 83.9
i K0 : 82.0
20 81.7
i3.1 30 : 127.5
75  127.6
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Table II-d
75°
HNOg Hrs.TIEE Y Gr. BiPO,/1.
1.00 55 531
5 .535
3 10 .525
3 L5 .509
3.0 4O L.28
1 30 4.28
2 30 k.26
3 20 L.3%
5,08 40 17.33
1 30 17.33
2 30 17.30
3 20 17.10
7.35 40 39.4
1 30 38.7
2 30 38.7
3 20 38,8
9.9 11 63.0
20 62.5
32 62.3
L7 62,4
75 62.3
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B. Eouilibrium Approached from the Supersatursted Side

In the earlier studies on BiPO;, solubility in HNOg, the
technique employed involved diluting a saturated BiF0),"solution
in strong Hi03 to the desired lower acid concentration, whersupon
BilQy, present in excess of the solubility at that acidity was ex~
pected to precipitate out. The results reported in CN-933 and
CN-104l were obtained by this method. Subsequent nmore slaborate
determinations of solubility by the same method showed that when
the solubilities were followed as a function of time of stirring
that a steady decrease in the smount of BiFQ, found in the solu-~
tion was observed, especially at 50° and 75° (CN-1141).

in Table III a set 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 using
the same solution., Thus, in a1l cases (with the exception of the
strongest acid at the lowest temperature) the solntion was initially
supersaturated and BiPO, precipitated as it came to equilibriun,

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 thal 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
5(Pand 75° is due partly to transformation of the solid BiPOj, present
0 a modification which is only about 4LOF as soluble ag the ordi-
nary hexagonzl form and which is very slow in coming to ecuilibrium
with solutions containing more BiFO), than corresponds to th@y@?eqpilib—
rium solubility.

The results of solubility deéterminztions by this method plothed
on the same graphs as the raesulis obtalined by appreaching equilibrium
from the undersaturated eide (Figures i~2) show that in most cases
the two methods give fairly concordant results. A serious difficulty
in interpreting the results for soiubilities approached from the under-
saturated side lies in the fact that a steady decrease in anount of
dissolved BiFO), wit: time occurs. One cannot be sure whetner the de-
creaging trend of the solubility time curve at any given point is due
to the solution being still supersaturated or to the fact Shat appre—
ciable conversion to the less soluble /S form is oceurring.

Whether a true eguilibrium value is obtained or not for a Ziven
solution depends on the relative rates of approach to equilibrium and
of comversion to /3 form for that particular solution and temperature.

*One would suppose that the decreass in amount of dissclved
BiFO;, associated with conversion to thesJ form would cecur only after
all the solid phase present was changed to gaform. liowever, it has
been observed that the solubility falls below the eemilibrivm value
upon continued stirring even while ample amounts of o~BiR, are still
present 1n the solid phase. We are unable at present to explain
this ancmaly.
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Table III

Solubility of BiFO, in HNO3 at Various Temperatures
(Equilibrium approached from supersaturated side)

Time of
HNO o * Stirring Observed Solubility BiP0,/1.
Nonmafity Hours 10 . 250 500 750
2.0t~ 4 2.60 1.99 1 1.86 1.9
2.07 8 2.45 1.86 1.83 2,00
12 2.2 1.88 1.84 2,03
16 2.03
5.29~ k 33.0 21.9 19.2 18.5
5.35 8 22.9 21.3 18.9 18.5
12 22.9 21,0 18.7 18.8
7. 72~ L 67.0 56.1 b4.5 39.9
7.33 8 64.3 51.3 44.1 -
12 64,0 50.8 44.0 22.9
16 20.7
20 20.2
9a 68 b 98,9 86.3 68.5 35.3
9.75 8 8.1 8l.5 66.2 28.8
12 98.1 81.2 67.0 23.1
16 27.2
12,25~ L 149.8 | 133.9 | s1.1 37.0
12.46 8 150.0 127.9 68.1 34,2
12 124.6 62.8 33.5
16 ; 114.5 57.6 33.8
20 54.6 33.1
2 52.8 35.2

*The acid concentration was deternined frequently during these runs,
and wazs observed %o increase gradually as the run progressed Through
the mnze indicated. :
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At 1%, the rate of conversion to is slow, but the rate of
approach to equilibrium is also very sicw 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 sclubilities detemined by approaching equilibrium from
below.

At 25° and especially at 50°, the rate of approach tp eguilib-
rivm 18 favorable relative to the rate of formation of form and
consequently good agreement is obtained between the two methods of
sclubility detemmination. Even at 25° however, it can be secen from
Teble III that in 12.3N HNO3, conversion of BiFO, to the ,%'form ap-
pears Lo go on at a fairly rapid rate.

At 75°, the values observed at 2 and 5N HNOg are in fairly
geod agreement with the values determmined by the cthex method, but
at higher acid concentrations so much conversion to /ﬁjform is now
krown to occur when experiments extend over such & long period of
time (at 75%) that the results as given are meaningless in respect
te the solubility of the e form.

BiFO, solubility determinations at 24-280 have been made by
the Clinton Plant Assistance group and are reported in CN-L}46.
Their data extend to higher acid concentrations and their solu-
bilities at a given acidity are considerably higher than those re-
perted here, possibly due to their method of analysis which in-
vclved evaporating off HNO3 and Hp0 and weighing the residual BiFQ,,.

The solubilities of Bir0,, precipitates prepared under AT0CESss

cenditions have been studied by Seetion C-I (Chicago) and are re-
perted in CN-1700.

The Solubility of;éngiPOA.

The sclubility of /ngiPoa in HNO3 can best be determined by approach
t0 equilibrium from the undersaturated” side since the precipitation of
BiROh in superssturated solutions on solid /é?BiPOh is an extremaly slow
process, '

,fg—BiPQL was prepared for these solubility studies by heating a
saturated solution of OX -BifD; in 10N fN03 at 90° for about 2C hours.
The resuliing precipitate of / ~BiP0;, was washed several times wi:h 10N
HNC3; then an excess of the =o0lid was stirred with the desired ecoicentra-
tion of HNC3 and samples were taken at suitable intervals, usuelly untili
approximate constancy wes reached,

The equilibrium solubilities observed for various concentrations of

HNO3 at 25° are listed in Table 1V and graphed in Fig. 3. Table 7 containg
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the solubilities observed ht various times of stirring and gives a rough
idea of the rate of solution., Since the relative amounts of s0lid BiFO
and acld used for detemminations of botheK and /5 forms were approximately
the zame, one can see by comparison of Table Vwith Table II that the rate
of solution of the &5 forn is appreciably less than that of the cC~fora.

In Fig. 3 1t will be aoted ttat the log-log plot of /3 BiFQ, solu-
bilily versus HNOg conceniration is a straight line as in the cage of the
ol ~form. The slope of the straight line (2:.2) is nearly the same as
that, observed for solubility of ths X form (2,3), suggesting that the
solution reaction is the 3ams for both as would be expacted if the two
substances ars allotropes, The squation describing ﬂ&im& solubility
in HNO3 at 25° is

s = .21 ¢>?

vhere S = Solubility in Gr. BiF0, por liter.
C = Normality of HNC:,

i

L]

Yable IV

Solubiiity of /43 BiPOy, at Various Hi0 3 Concentrations
(BEquilitriom approsched irom undersubarated side). 25°

HNO4 Normality Gr. HiFO,/1.
2.1 1.08
3.57 3.42
5,25 8.8
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/égﬁifob Solubilitles in
Various Concentrations of HNOj and at Various Temperatures
(Equilibrium spprosched from undersaturated side.)

Time
Temp, HNO4 Hrs. Min. Gr. BiPO,/1.
250 2.14 2 L0 +99
L3 0 J1.08
250 32.57 1 20 3.12
2 4,26
7 L5 3.42
250 5.25 35 7.48
1 35 8.4
18 50 8.8
250 7.3 1 15 18,4
2 L5 19.7
5 45 20.6
25° 7.9 30 12,72
1 30 14.52
18 10 20.96
250 10.4 1 32,34
3 36,24
5 36.24
25 36.76
1© 1§ 10.0 1 30 16.1
3 30 a3.1
é i5 37.6
10 10,2 L5 36.56
50° | 10.4 6 35 32.0
75° 10 § & 45 28.6







-21-

7. Interpretation of Sclubility Data for BirQ, in HNDj.

A. Introduction

It can bs seen in Figures 1 and 2 that the sclubility of
BiPQ;, varies approximately as the 2.3 power of the HiiQ3 concen-
tration and that the power depsndence is practically constant
from O ~ 75° in the range 1 - 10N HNO3, In CN-933, it was shown
that the same power dependence held even down to O.1N HNO3 at 30°,
The solubility of o ~BiPO;, in HNO3 at the temperatures sbudied
can be oxpregsed approximately by the following equations:

1 5 = 0.410%0 (1)
250 § = 0,400%3 (2)
500 § = 0.4002:37 (3)
750§ = 0,512k (4)

where S = Solubility in Gr. BiPOj, per liter
C = Normality of HNC3

A% 50 and 75°, the equations are not valid at high acidities.

“e have heretofore assumed that the dissolution resction for
BiPQ;, in HNO3 was essentially:

e

BiPO, + WT £ Bi*3 - HapO, (5)

and the solubility product for BiPC, has been calculated by
Coryell {CH-1205 p. 50) on the basis of the data in CH-633 and
using the expresgion:

(Bi#3) (H3p0,)  Kggpo, (JB1)

6)
()2 )3

Ksp

g value of 6.1x10-30 for Kgp was ebtained.

According to equation(5) one would expect BiFO; solubility
to vary sg the 1.5 powsr of the HNC 4 concentration. OCoryell was
able to show, assuming that reaction(s) ie correct,thal the varis-
tion ia ratio of bismth to hydrogen ion activily coeflicients
with increasing ionic sbrength is such that one would predict an
increase in the power dependence of 1.0 arising from this factor.
To determine whether equation (5) is the corract solutlicn reaction
for BiPQy in W03, a nunber of special experiments have been per-
formed which are deseribed in the following sactions.,
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Table VIiI

Effect of HT Concentration on Solubility of EBiPO,
at Constant CJDh" Concentration

£10y, NaC10;, ng. BiFO,
Molarity Molarity per liter
97 1.8 1.5
49 1.5 35
- 98 1.0 &9
1.48 .5 163
2,0 0.0 248

The results obtained are presented in Tables VI and VIX
and in Fig, 4. It will be noted that much lower solubilities
are observed for BiR); in HC10, and that the log-~log plot of
solubllity versus aciéity is 1inear up to about 2 or BMHClQ&,
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 HCIO0, at high concentrations (lLandolt Rornstein Tebellen
I1¥ p.2144), Below 2H, the solubility of BiPQ; in HC10;, varies
as the 1.3 power of the HY concentration and is independent o
the C10;, concentration (Table ¥IL). This suggests that when
BiFQ, dissolves in HC10y below ZN, the reaction occurring is
principally:

BiFO, 4 2M* -+ Hx0 z2 BiOHP® 4 HgPO, ()

Most significent for the present purpose is the faect thah
HC10; gives much lower solubilities than HNO3 ever at low concen~
trations at which thelr activity coefficients are nearly the zame,
Thiz cannot be due to limited sclubility of Bi{C10) )4 in HC10; since
in 1IN HC1Y,, Bi(Cth)B is soluble to the extent of 362 gr./1.

The lower solubility obtaiped in HC10,, suggests that in INO
the nitrate lon plays an important part in solution of the Bir0, .
To determine the effect of nitrate iom, the solubility of BiPOA in
mixtures of HNOq and HC10, and in 2N HC10; containing varions
amounte of NsNO3 was determined as deseribed in sections C and D
below. To determine the effect of the (K*) at constant nitraie
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concentration; the solubility of BiPO; in mixtures of HNO5 and
Nali03 was determined as described in section E. The effect of
HqPO, on the solubility of BiPOh in 10N YNO3 is described in
gection F,
Solubility of BiFO; in Hixtures of HNOB and HCth

Solutions of HNO3 and HC10, of equal normality were made up
(~10N). Various nixtures of the two were made to give solutions
of constant total acidity, and varying nitrate concentration. Ex-
cess, freshly precipitated oG BiFOy, washed free of H3P0;, was added

to each, and the solutions allowsd to stand at 25° for 2/ hours
with freguent shaldng, then analyzed for Bi.

The regults obtained are shown in Table VIII and in Fig. 5.

Table VIII

Solubility of BiPOy in HN03 - HC10, Mixtures

Total NO4™ Gr. BiPOy
Acidity Normality per liter
9.65 G : 1,75
" 2.9 7.85
" 4.8 18.7
" 6.8 38.7
" 2.65 g2.5

On log-iog paper, a plot of solubility vs, N03° glves a straight
line of slope 2.11.
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D. Effect of NO9™ Concentraticn on BiF); Solubility at Constant HT

Concentration,

Mixtures of HC10y, i#aClOy, and NaNO3 solutione were prepared
£0 as to give final solutions all 2N in 1810, with a total ionic
strength of 4, and containing various concentrations of NalO4.
Excess freanly prepared OfF BiFOy, washed free of H3P0y and HNO3,
was added to each and after standing 6 dsys with frequent. shaking
at room temperature the solutions were analyzed for Bi by the
volumetric “oxine” method,

The results obtained are shewn in Tzble IX and in Fig. 6,
It was net known whether the solid phase in conmbact with the solu-
tions remained entirely ol BiFC, during tue time allowed to reach
equilibrium.

Table IX

Effect of NOB' Concentration on Solubility of BiPOA

HC10,, NaC10,, NaNO5 Mg. BiPO,
i M M per liter
2 2 o 183
2 1.9 .1 230
2 1.5 o5 L3k
2 1.0 1.C 763
2 0] 2 1540
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E. Effect of HY Concentration on BirQ; Solubility at Constant NOg3™
Concentration

Since the preceding experimert has shown that at constant
H" concentration, BiPC, sclubility increases directly with the
nitrate concentration, it is evident that both the H' and NO4™
fran HNO3 contribute to the 2.4 power dependence on HNC3 concen~
tration observed for solubility of BiFO, in HNO3. To detemniue
the power dependence on HV only, various mixtures of HNO 3 and
NaNO3 solution were prepared Lo give solutions of total ionic
strengbh five, total nitrate = 5M, and HY from .1 to 4N. Excess
freshly prepared and washed <X BiFQ, was added to each and after
standing two days ab 259 with freguent shaking the solutions were
analyzed for Bi by the volumetric "oxine" method,

e mmenldha chbefead ame b o DI T oamd 3, Bl
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F. Effect of H-PO, on Solubility of ok BiFO, in 10N HNOS.

&

It has already been shown (CN-933) that in 1N HNOg the solu-
bility of BiPOA is markedly decreased by H3F0y, .

To determine whether the same thing is true in 10N HNOB, the
solubility of C%ifﬁfné in 9.94N HNOg containing .29 HyPOy, Was
determined. Excess BiPO, was added to the mixture of HNO, and
H Pok and after 24 hours at 25° with occasional hand shaking, the
obssrved eolubility was 55.1 gr. BiPO,/1. as compared with 89 gr./1.
in the abserecs of the H3P0A.

Discussion

It is evident f£rom the foregoing results that the dissolution
mechanism previously assumed for BiPOy in HNOg is incorrect. Nitrate
ion plays a part in the solution of BiFOA'in HNOB, and the reason
for its effect is probably the low degree of disscciation of Bi(NO3)3n
The much lower =olubility of BiPOj, in HC10y than in HNO3 can be
interpreted as due to the fact that Bi(C10y)3is much more highly
dissociated at a given HC10), concentration than is Bi(NO3)= at a
corragponding HNO3 concentration.

D.F. Spith (Section 11-E) has studied the solubility of BiONO4
in H¥Og and the conductance of Bi{NO )3 in various concentrations
of HNO3. He concludes from his results that Bi in such solutions
exisis largely in the form of partially ionized Bi(NO3)3.

Applyirg this conception to the sclution of BiPO;, in EHOs3,
majkes it assem likely that the reaction occurring when BiPO; dis-
solives in HNO3 isa of the following type:

BiFO, + 3H' +NO3™ 32 Bi(N03)'" 4 Hgpo, &)
BiFO; < 3HT + 2M05” <2 BL(H03)) - HgPO), )
BiPO, 4 3HT 4+ 3WO3=z= Bi(NOg); 4 HPO, {10)
BiFO, + MY LNO3 b Bi{NO3),” 4 HqPO, (11)

Reaction 9 abcve predicts B1FQ, solubility dependent cn the
1.5 power of the N+ and the 1.0 power of the NO3~ concentration
(neglecting activity coefficients). See squation 13. Separate
determinaticns of the effect of HY and NO3™ ion concentration on
BiF0, solubility (Figures 6 and 7) have actually shown a 1.5 power
dependence cn BY and a 1.0 power dependence on NO3™ under condi~
tiona of corstant ioniec strength.

It seems reascnable to assume that the degree of disscclation
of Bi(NO3)3 would vary considersbly in going from weak to concen~
trated HNO3 and that consequently cne of the feregoing resctions
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would occur predominantly in one range of acidity and some other
reaction in another range. If this occurred, the pows:r depend-
ence of solubility on NO3~ (and consequently on HNO3) concentra-—
tion would change in going from low to high acidity. Actually
one observes a fairly uniform 2.3 power dependence throughcut the
ranga .1 to 10N HN03. From this one might be tampted to ccnclude
that reacticn (9) cccurred at all acidities, It is more likely,
bowever, that all of the reactions play a part, and that the
changes in activity coefficients of the ions involved that occur
upon going irom low to high aeld concentration largely counteract
the increasing dependence on NO3~ concentration which cccurs as wse
go from reactien (8) to reaction {11).

In Fig. 5 it will be notied that at H* = 9,6, the BirQ, solu-
bility varies about as the 2.1 power of the HNOB. This car be
interpreted as indicating that reaction (11) is involved at this
acidity if cne assumes that the activity coefficients of HCth :
and HN03 are the same in all the solutions.

The effect of temperature upon the golubility of BiFQ is
different for 10N HNO3 than for 5.0M HNOy (Fig. &). This slso
tends to indicate thag the type of reactlon occurring between
Bir0;, and HNO3 chenges as we go to higher acidities.

If one assumes that solution of BiP03 in HNC4 cccurs accord-
ing to reaction (9), then an equilibrium constant for the reaction
can be expressed asg follows:

/ _ [ﬁc(NO.s)ZJ [mevsﬂ } [,’";3 f Q‘J 2 (12)
(Bi :’Oz;)[H * 3[“@?[ 574*] 3{ ?5‘,%“]

When BiPO, dissclves in ENO3, Bi(l03), = HgPO,

hence %/ %2 (13)
— 2 1 Far
R Tl o W U
i), - Ve [ o) L],
&(rJL\.;)iA

(14)

or . 1 . -
_ ; o
—_— + W ZHNO JS/Z, [6“_} / [‘{;Wbi{
2. ‘ - . 74
Bilts), R 2 L mont ]'°
Thls equation agrees closely with the observed 2.3 powér“dependence
of BiFQ, solubility in H0g if one assumes that the ratic of the
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activity coefficients involved remains nearly constarnt throuvghout
the range .1 to 10N HNO3,

Regardless of which of the reactions (2-11) one uses to deg-
cribe the soiubility of BiPOQ in HNO3, the effect of H3POy on the
solubllity will be given by the following expression:

- - 3 -y, PR -
' (K: LH fJ !‘:Nﬁﬁj ZWHJ [%03:5 (15)
[Hatog + 5°] [oeim™]

where S' is the solubility of Bir0, in the presence of H3POy.

Comparison of this equation with the corresponding expression
for the solubility in the absence of added H3PG»£§, namely:

S = ‘%{?KUR [H "’J i [NO;_];W [?{;’3 }3 [ij\@j] (16)
S | Fa. fwa):“"f“

where S = solubility in the sbsence of H3F0) 4n moles/liter

enables us to derive the following equation for tie effect of HaPQy,
on the solubility of BiPOy,

2’ - HQPOAS + s’
2 (17)
or S = S°(H3P0A + &)

In an analogous way, one can show that the solubility (5'°) of BiFO L
in HKO3 containing low concentrations of Bi(NO3)2 is related to the
soinbility in the same concentration of pure HNOg {8) by the equation

= 57" o) (18)

where Cpj represents the concentration of added Bl (N03)3. a CN-933,
the eclubility of BiPOh in 1.3H HNOq, G.IM H3POy, is given as 18.5 ng,
BiF0,/1. at 25° as compared with 768 mg./L. in the absence of H POy, -
Using equation (17) one would predict a solubility of 15.3 1g. /20

In the present report (section 7-F) the solubility of 3iP0, in
9.4k HNO3 containing .2GH H3PO, is found to be 55.1 gr./L. at 956G
as compared with 89 gr./1. in the absence of HBPO . Using equaticsn
(17) one wouid predict the solubility to be 5673 gr./1.
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@hereas 3P0, reduces the solubility of BiPY;, in 04, it
does not affect the solubility of BiFQ, in HC1. k.A. Jensen (11-C)
has shown from a study of the solubility of BiF0, in solutions
centaining C17, HY and H3PQ4 that the solubility is proportional
to the square of the HF, the cube of the C1~ concentration, and

is independent of the H3P0) concentration. He attributes this to
the fact that the reaction occurring when BiPQ), dissolves in HC1
is minly

BiPO;, 4 2H* 4 3C17 2 /Bi g;goh] (19)

ihe Effect of Temperature on BiPO; Solubility

A, Theo< ~-Fomm,

In Table XI are presented the solubilities of BiPQ;, 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
peints representing solubilities dstermined 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 ~ 6N the solubility of BiF0, is practically wnaffected
by temperature in the range O - 752, 1In 1N, the solubility curve has
a flat minimum, being practically constant from 25-50°, about 10%
higher at 0° and about 20% higher at 75°, In 8 and 1ON HNO%, there
is a steady downward trend of solubility with increasing tenperature.

Table XI

Effect of Temperature on the Solubility o1‘3(2::»{.:-'13113‘0_1+ in Various
Concentrations of HNO3. (Using values obtained by approaching
equilibrium from the undersaturated side,)

HNO Gr, BiPOL/1, at™
Normality 1° 25° 50° 75°
1.0 42 .38 .39 5
2.9 2.1 2.0 1.80 2.0
4.0 10.0 10.0 9.5 5.7
5.0 26.0 27.0 25.0 25.5
8.0 59.0 54,0 47.0 £45.0
10.0 100.0 S0.0 74L.0 64.0

#* Interpolated values from Figures 1 - 2,
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B. The ig—Form

The effect of tempsrature on the solubility of the ,{3 ~form
has been studied only in 1ON HNO3. The results are listed in Table
X1I and shown graphically in Figure 9, It will be noted tiat Just
as with the K ~form the solubility steadily decreases with in-
creasing temperature,

Table XII

Solubility of A ~BiPO, in 10.0N HNO3 as a Function of Temperature,
(Corrected to 10.0N from the observed values, asgsuming that the
rate of variation of solubility with acid concentration is the
same at all temperatures).

Temperature Gr. BiFO,/1.
1° 36.3
250 33.6
500 ; 29.8
75° j 25.4
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S. The Effect of UF on Solubility of X. BiPJ, in 10N HHO3.

Mixtures of HAC3 and HF (e.g. 10N HNO3, IN HF) have been reported
by J. McBride (private comnunication) to dissolve A? BiFrQ; more rapidly
than does HNO3 alone. Since the presence of fluoride ion in the solu-
tions may permit formation of more soluble complexes it was thought to
be of interest to determine the extent to which the solubility of c.BiPQy,
in 10N HNO3 is increased by the presence of various amounts of HF.

Freshly precipitated and washed BiPQ,, was dissolved in HNG3 until
the solution was nearly saturated, The acid strength was then TFound to
be 9.62N., To three separate portions of the solution in lusteroid tubes,
sufficient 27N HF was added to make the solutions i, 0,5 and 0.1N in HF.
Additional solid BiPO, was then added and the amount of dissolved BiFC;,
present in each of the solutions after two hours stirring at 250 was
detemmined (volumetric oxine method). The results obtained are Ziven
in Table XIII,

Table XITI

Effect of HF on Solubility ofed BiPO) in 9.6N HNO3
(2 brs. stirring at 250)

HF Gr. BiFO
Normality per liter
0 82.0
0.1 87.0
0.5 91.8
1.0 99.5

The solubilities were followed as a function of time, and showed a
slight decregge with continued stirring, possibly attributable to con-
version to BiFO;, e.g. after 22 hours the observed solubilities wera:
1.0N HF ~ 97.2 gr, BiPOh/l.; O.5N HF ~ 90.2 gr./1.; 0.1N HF - 85.5 gr./1,
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10. The Density of HNO4 Sojutions of BiPQ, .

The effect of dissolved BiRO) on the density of HNO3 solutions
of varicus concentrations are shown in Table XIV in which the den~
sities of HNO3 solutions nearly saturated with BiFO; are given at
25% and compered with the density of the same concentration of nure
HNOg. :

Table XIV

Densities at 25° of ENO3 Solutions of BiPO,,
{Saturated with BiPO, at 250)

HNO3 Grams BiPOh Dengity at 250 Density at 250
Nommality per liter gr./cec. of HNOg ~ HaO
' Mixture only *
2,01 2.39 1.062 1.070
5.10 R3.42 1.179 1.162
7.9k 58.%8 1.287(28.50) 1.242
9.98 95.68 1.376 1.297
11.95 132,25 1.449 1.341

# I.C. T. Vol, III, p. 58.

The temperature coefficient of dengity of a BiPQ; solution in
HNO3 has been studied by the Plant Assistance Group of Section S-I,
The density of a 5N HNO3 solution containing 14.L gr. BiPOh/lo was
found to vary from 1.175 at 259, to 1,157 st 50° and to 1.151 at
60°. (R.S. Apple, Private Communication),
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