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The study of beryllium sulfate and its hydrates has

occupled the attention of a large number of investigators
duriné the past half-century. Their findings to date have been
largely contradictory and considerable confusion still exigts
in this field. The existence of hydrates of beryllium sul-
fate with water contents ranging frdm one to seven moles

of water per mole of salt, in addition to the hemihydrate
andvthe anhydrous form, has béén'reported. The evidence -
for the existence of several of these hydrates appears to

be somewhat superficial and has been disputed by several

workers in this field. More exhaustive investigations

appéar to indicate‘the exlstence of only those hydrates with

zero, one, two, four, and five moles of water per mole of

salt. The tetrahydrate 1s known to be the stable hydrate

‘under ordinary room conditions. At a higher temperaturevthe

tetrahydrate is transformed to the dihydrate. The presumed
metastdbility of the latter with respect to the monohydrate

(18) has been conélusively disproved by A. J. Sukava (22)
and the chief uncertainty at the present time seems to centre
on the existencéror non-existence of the monohydrate of

berylliium sulfate. The present study is largely cdneerned

with this problem.
The system, beryllium sulfate - sulfuric acld - water
has been investigated by Sukava over an extended range of

acid concentrations at 25, 50, and 75 degrees and for low
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acid concentrations only at 85 and 95 degrees., The Schreine-
maker method of "wet residues" was employed in each case
and the phase diagrams were represented by the familiar
Gibbs equilateral triangle method. The transition tempera-
ture for the transformation of the tetrshydrate to the next
"lower hydrate was accurately determined and was further
checked by a dilatometric study. The solid phase which
appeared, that is,‘the next lower hydrate, was found to be the
dihydrate and this‘was confirmed by X-ray studies. An approx-
imate_determination of the transition temperature for a
presumed dihydrate - anhydrous transformation was also made.
The present study is a sequel to the above inves-
tigation and is chiefly concerned with the transition from
the dihydrate td a lower hydrate or from the dihydrate to
‘the anhydrous form, An attempt has beenxmade to extend
the 95 degree isotherm for the system, beryllium sulfate -
sulfuric acid - water, to higher acid concentrations. The
isothermal phase diagram for the system, beryllium suifate -
ethyl alcohdl - water, has been determined at 25 degrees
and the system, beryllium sulfate - propyl alcohol - water,
has been investigated at 90 degrres, The two latter in-
vestigations were undertaken in order %o determine
the usefulness of these two algohols as dehydrating
agents, Further detailed X-ray studies have been made ué-
ing carefully dehydrated samples of beryiliuﬁvsulfate cor;

responding to water contents of zero to two moles of water




pef mole of salt. Vapor pressure measurements have been
made on samples of known water content at temperatures
from 30 to 300.degrees.

There has been of necessity a considerable amount
of repetition of the work of Sukava. Due acknowlsdgement
Of this fact has been made wherever poséible. The sections
deéling with a review of the preceding literature and with
some of the initial experimental procedure are practically

identical with the corresponding sections in Sukavals
thesis.
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Anhydrous Beryllium Sulfate = BeSOy

The exlstence of anhydrous beryllium sulfate has
been conélusively established. The only dispute seems to
be concerned with 1ts method of preparation. There are in
general three methods of preparing the anhydrous salt:

1 - direct dehydration of the salt hydrates by heating,

2 - dehydratlion of the hydrates by contact with concentrated
sulfuric acid, and 3 - reaction bf concentrated sulfuric
écid on the oxide or hyd50xide of berylliume. The latter

two methods have been used by F. Taboury (23) and F.

- Lebeau (13) respectively but neither author has suggested
any means for subsequent removal of the excess acide.

Krauss and Gerlach (11l) employed similar methods and removed
the excess acid by Washing with absolute alcohol, Most
authors are agreed that direct heating of the salt hydrates

| will produce the anhydrous form. The minimum temperatures
they have suggested as necessary 1h order to produce the
anhydrous éalt range from 220 to 320 dsgrees (9) (11) (12)
(14).

C. L. Parsons (16) has disputed the possibility of
Obtaining pure anhydrous beryllium sulfate by any of these
three methods and has claimed that between 300 and 400
degrees the hydrate will start to lose water and sulfuric
anhydride simultaneously. He has'based this claim on the
fact that whenever he prepared the anhydrous salt in any of

these ways, he‘always obtained a small amount of insoluble .
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residuee This residue he rasspmed:i >3 to be beryllium

oxide arising.from the partial decomposition of the sulfate.
Further experiments by Taboury (23) and Krauss and Gerlaca
\(11) on the progressive thermal dehydration of beryllium
sulfate tetrahydrate to the anhydrous form, followed by
heating the pfoduct to its decomposition temperature, have
indicated, however, that a temperature of at least 540 degrees
is requifed for the decomposition of the anhydrous éalt.
Hence they have reasoned that the sulfuric anhydride ob-
served by Parsons between 300 and 400 degrees must have been
due to the presence of traces of free sulfuric acid retained
by the hydrate even after seﬁeral crystallizations from ab-
solute alcohpl.' A later study by T. N. Hladun (10) has
shown a still higher decomposition temperature for the anhy-
drous salt, the deGOmposition beginning at 650 degrees and
becoming measurable only at 700 degrees. As far as can be
‘determined, none of these authors has suggested any explana-
tion for the small amount of insoluble residue presént when-
ever aﬁhydrous beryllium sulfate is prepared by any method

Involving concentrated sulfuric acid.

Beryllium Sulfate Hemihydrate - BeSO4°% HoO
The existence of thg hemihydrate of beryllium sul-
fate has been claimed by Taboury}(zs) but no other investi-
gatqr has verified this claimg 'in fact,Kréuss and Gerlach
{11) consider that valid evidence for the existence of the
hemihydrate does not exist.
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Beryllium Sulfate Monohydrate - BeS04°HoO

The preparation of the monohydfate of berjllium
sulfate by heating the tetrahydrate salt to approximately‘
150 degrees.has been claimed as early'as 1873 by A.
Atterberg and again in 1891 by G. Klatzo (11). Later in-

vestigators have verified the existence of the monohydrate

chiefly on the basis of experiments on the progressive de-
hydration of the tetrahydrate. The temperatures they have
suggested as necessary in order to produce the monohydrate

are as follows:

Fo Taboury (23)--=--- ———————— 100 degrees
M. ILevi-Malvano (1l4)=-=w~e--- 145-150 n
Te No Hladun (10)-mme=mcemea- 220 n

R. Fohmer (18) has made an extensive study of the
system, beryllium sulfate - sulfuriéc amcid - water, at 100
degrees, using Schreinemaker's method of "wet residues" to

determine the nature of the solid phase in equilibrium with

the various saturated solutions. The resulting isothermal
phase diagram indicates that the monbhydrate is the only
stable solid phase at that temperature at all acid concen~-

trations from zero to about 90 per cent.

In direct contradiction to the above report, Krauss
and Gerlach (1l), using measurements based on Hﬁttig's
tensieudiometer, have found no evidence for the existence

of the monohydrate as a chemical individual. Their datsa

and diagrams for a progressive dehydration of beryllium sul-

fate tetrahydrate show an abrupt transformation at about
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120 degrees when the tetrahydrate changes to the dihydrate.
Krauss and Gerlach have suggested that the monohydrate may
still.exist but that its range of existence is probably re-
- stricted by its tendency to form solid solutions with both
the d@ihydrate and the anhydrous salt. The observations of
Hacksplll and Kieffer (9) differ only slightly from those of
Krauss and Gerlach. They indicate a fairly abrupt transition
from the tetrahydrate to the dihydrate but further dehydra-

tion seems to be continuous except for a slight departure

from continuity when the composition of the material corres-.
ponds to the monohydrate. The X-ray powder experiments of
Sukava on prOgressively dehydrated samples of beryllium
sulfate tetrahydrate reveal no evidence for the existence

of the monohydrate but appear to indicate that a series of
30lid solutions exists between the dihydrate and the anhy-
drous salt.

Beryllium Sulfate Dihydrate - BeSO4°2Hg0

The dihydrate of beryllium sulfate may be prepared
by dehydration of the tetrahydrgte at approximately 100
degrees (12) (14) (16). Taboury (23) haé accomplished the
tetrahydrate - dihydrate transformation by heating the

tetrahydrate in a current of dry air at 50 to 60 degrees.

The experiments of Krauss and Gerlach (11) as well as those
of Hackspill and Kieffer (9) indicate a more or less abrupt.
transformation at 120 degrees while Hladun (10) considers

160 degrees to be the transition temperature. ILevi-Malvano

(14) has obtained a tetrahydrate - dihydrate transition
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point of ill.5 degrees by moistening the dihydrate salt
with the requisite amount of water, immersing a the rmome ter
in the moist salt, and observing the temperature rise.
Previous experiments of a similar nature had indicated that
‘the dihydrate suffered no appreciablebhysteresis on rehydra-
tion.

Rohmer's study of‘the system, beryllium sulfate =-
sulfuric acid - water, and his experiments on boiling sat-
urated solutions of beryllium sulfate in water have led him
to conclude that the dihydrate ié metastable throughout its
range Of exlistence. According to Rohmer the boiling point
of such é saturated solution passes through three successive -
values: 117, 112, and 109vdegreés, corresponding to the
presence of tetrahydrate, dihydrate, and monohydrate respec-
tively as solid phases. His investigations show that thé
saturated solution in contact with excess solid boils ak
117 degrees for the first ten minutes of the experiment,
decreases to constancy at 112 degrees, and finally decreases
to 109 degrees after about ninety minutes have elapsed.,

He concludes that the monohydrate 1s the stable form above

76 degrees and that the dihydrate is metastable with respect
to the monohydrate throughout its range of existence. In a
-rather arbitrary manner he fixes the limits of this metastable
range of existence as from 88.4 to 111.6 degreess. He admits,

however, that the equilibria involving the dihydrate can last
"for more than a month despite continuous stirring and there-

fore might easily be regarded as stable.
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A recent experiment by Sukava 1s in direct contra-
diction: to the obssfvations of Rohmer. Using an equili-
brium st111 maintalned at exactly 760 mil;imetres of
" mercury by means of an eleétrohically controlled barostat,
he has found no change in the beiling point of saturated
solutions of beryllium sulfate eﬁen‘aftef several hours of
continuous operation. He maintains therefore that Rohmer's
conclusions as to the metastability of the dihydrata are
‘probably not well founded. Further dilatométric experiments

by Sukava_ as well as isothermal studles of the .system,

g
beryllium sulfate =~ sulfuric acid - water, 1ndicate a tetra-
hydrate - dihydrate transition temperature of 89.0 degrees
and a stable range of dihydrafe éxistence from 89.0 to at
least 200 degrees.

Beryllium Sulfate Trihydrate - BeSO4*3HgO

Only two investigators, Y. A. Fialkov and S. D.
Shargorodskl (5)5 have actually claimed the existence of
the trihydrate of beryllium sulfate. They base theilr
opinions on the interpretation of certain endothermal ef-
fects observed on heating the tetrahydrate. Krauss and
Gerlach (11) have reported the preparation of a hydra%e
of béryllium sulfate whose water content corresponds to the
‘trihydrate but they do not consider this as sufficient
evidence for regarding the trihydrate as g definite chéemi-

cal individual.
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Beryllium Sulfate Tetrahydrate - BeS04°4H20

Under ordinary room conditions the tetrahydrate of

beryllium sulfate is the stable hydrate. As indicated be-

fore 1t may be readlly dehydrated with a rise in temperature. .

Parsons (16) states that the presence of a dehydrating agent
such as phosphorus pentoxide 1is sufficient to produce a
slow but continuous loss of water. Taboury (23), however,

‘has found that no.dehydration will occur when the tetrahy-

drate is kept over concentrated sulfuric acid in an evacuated

desiccator.
According to J. W. Mellor (15) Berzelius first pre-

pared and studied the tetrahydrate of beryllium sulfate.

His method of preparation, still‘used by most investigators,

conglsted of heating the oxide, hydroxide, or carbonate cf 
beryllium with an excess of sulfuric acid and then removing
the excess acid by evaporation and by washing with strong
alcohol. Discussions of this method with slight modifice-
tions have been given by such suthors as Parsons (16),
levi-Malvano (14), Taboury (23), Krausé and Gerlach (11),
and L. Schreiner and A. Sieverts (20). In addition to the
above method, Schreiner and Sieverts prepared the tetra-
hydrate from bergllium nitrate by evaporating twice to
fuming with sulfuric acid and recrystallizing the beryllium
sulfate twice from dilute sulfuric acid.

- The crystalline structure of beryllium sulfate tetra-
hydfaﬁe has been reported as tetragonal body-centred by Re

Fricke and L. Havestadt (6)e The unit cell dimensions are
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given as a = 8,03 angstroms and ¢ = 10.75 angstroms. A
similar investigation by P+ Schonefeld (19) agrees very

well with these resultse.

Beryllium Sulfate Pentahydrate - BeS0,°5Hg0

A recent study of the system, beryllium sulfate -
sulfuric acid - water, has been made by Rohmer (18. His
isothermal phase dlagram for this systém at 17.5 degrees
indicates that the equilibrium solid phase at this tempera-
ture up to an écid concentration of 8,9 per'cent is the
pentahydrate._ From the dgta on this syétem~and from thermal
anaelysis experiments, he concludes that from =16.4 to =185
degrées the pentahydrate is the stable solid phase in équili-
brium with a.saturated solution of beryllium sulfate ih |
»water. According to his fesults a eutectic point exlsts
for ice-pentahydrate'at ~18.5 degrees while a metastable
lce-tetrahydrate eutectic lies at -21.5 degrees. Schreiner
and Sieverts, on the other hand, claim that a stable ice-
tetrahydrate eutectic exists at 18.0'degrées and that the
tetrahydrate is the equilibrium solid phase from -18.0
to 100 degrees.

Beryllium Sulfate Hexahydrate - BeSO4+6H20

The evidence for the existence of this hydrate of
beryllium sulfate appears to be largely contradictory.

Two methods of preparation of the hexahydrate have been
claimed by Levi-Malvano (1l4). These are; 1 =- treating

the carbonate or hydroxide of beryllium with a small excess




in pure water at 25 degrees 1is 29.94 grams of salt per 100

grams of solution. This agrees very well with later solu-
bility determinations by N. V. Sidgwick and N. B. Lawis (21).
| According to Wirth large, transparent hexahydrate
crystals persist in sulfuric acid solution until the acid
concentration becomes greater than 45 per cent, Then the
hexahydrate crystals become transformed intoc a finely |
divided white powder which settles slowly in the body of
the solution. Thils white powder he regards as the tetra-
hydrate. The change in appearance of the solid phase on
increasing the sulfuric acid content of the solution cor-
| responds'exéctly to that found by other investigators for
the transformatign of the tetrahydrate to a lower hydrate.
Numerous investigators (1), (11), (17), have attemp-
ted to prepare the hexahydrate, but to date none has been
successful. They have concluded thst the suggested methods
of preparation are questionable and that conclusive evidence
for the existence of 'the hexahydrate of beryllium sulfate
has not been produced.

Beryllium Sulfate Heptehydrate - BeS0 4. 7H50

The existence and preparation of beryllium sulfate
heptahydrate has been claimed by such early workers as
Ge Klatzo, C} Marignac, and A. Atterberg(8). More recent at-
tempts by Parsons (16), Levi-Malvano.(ié}, and Krauss and
~ Gerlach (11) to prepare the heptahydrate have all been un~
successful and these authors are agreed that this hydrate

. does not existe.
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A report published in 1943 by B. Ghosh (7) describes
an investiggtion of certain tfansient hydrates of beryllium
sulfate and indicates that the starting material was the |
heptahydrate; No informstion is given, however, asltO'the

source of this substance or the methods for its prebaration.




EXPERIMENTAL

PROCEDURE
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The System BeSOs - HpS04 - HeO abt 95.00°C.

It was decided to attempt a more complete isother-
mal study of the system, Be30, - HeS0. - Hp0 at 95 degrges,
because the region of high acid concentration had not been
investigated by Sukava at 85 and 95 degrees; Por this pur-

- bose pure beryllium sulfate tetrahydrate was prepared using

a procedure similgr to that employed by Parsons (16) énd
Krauss and Gerlach (11). Thisvprocedure has been adequate-
1y described by Sukava (22). As a check on the purity of
the preparation, quantitative analyses of the resulting
product were made for both beryllium and sulfate ion,

The agreement was invarlably good although the possibility
of a slight degree of dehydration in the process of prepara-
tion was always indicated. The calculated wéight per cent
of beryllium.sulfate in the pure tetrahydrate is 59.32 per
cent. The observed weight per cent of beryllium sulfate in

the prepared tetrahydrate was always one to two per cent

higher, As pointed out by Sukava this may be attributed to

the fact that the dehydrate crystallizes out of solution
above 89 degrees, Since the recrystallization from water

was always carried out by concentrating the solution by boil-

ing, it is possible that some of the solid would appear as
the dihydrate on crystallization.

For the determination of the isothermal solubility
curve of beryllium sulfate in aqueous sulfuric acid at 95

degrees, the solutions were saturated with excess solid




phase by intermittent stirring in an all-glass assembly
fitted with a removable ground-glass plug, a sintered-glass
filter, and a receiving vessel as shown in Figure 1, It
was found impossible to have the receiving vessel immersed

in the thermostat liquid, since on removal of the assembly
from the bath the contraction of the glass effectively
- sealed the receiving vessel to the rest of the assenbly.

To prevent undue»evaporation at this high temperature, a
mercury-seal stirrer Waé ugsed. The stirring time for eaéh
trial was ﬁsually'three or four days. The thermostat liquid --
paféffinol -- was controlled at 95.00 degrees by means of a
mercury thermoregulator with a gravity "make-break" relay.
7o minimize the'heating_lag on either side of the "make-break"
the thermostat vessel was surrounded by felt. A precision

of + 0.05 degrees was obtalned in this way. Beryllium sulfaté
tetrahydrate was used as the solid phése inltially. At the
very high acid conecentrations samples of the salt were care~
fully dehydrated to correspond to the water content of ths
dihydrate.

After stirring the solution intermittently for three

Vor four days to ensure proper equilibrium; the mercury-seal
stirrer was removed and the glass plug quickly withdrawn,
allowing the saturated solution and the s01id phase to settle
on the sinteredfglass filter. Suction was then applied to

the receiving vessel and the liquid bhase withdrawn into the

welighed contginer. The separation was made as rgpidly as

possible, the remaining solid being tampsdicontimjouwsly
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during this time, The equilibrium liquid phase was
then withdrawn from the solid as completely as poSsible,
without allowing the passage of an undue amount of air
through the solid mass, A sample of the wet solid was re-
moved and weighed in = stoppefed weighing bottle., A vessel
containing the liquid phase was detached from the remainder of
the glass assembly by gentle tabping, stoppered and weighed.,

| Both the liquid and wet solidvsamples were then dis-
solved in water and diluted to exactly 250 millilitres.
Sepérate aliquot portions of these solubtions were analyzed
for tptal sulfate and for beryllium. The sulfate ion was
Precipitated with barium chloride in the presence of hydro-
chloric acid, filtered under suction in sintered-glass
filters, and dried overnight at approximatély 120 degrees.
For the estimation of beryllium.the beryllium ion was pre-
cipitated as the hydroxide with Strong ammonia in the pre-
sence of ammonium chloride and filtered by ordinary means.
After standing overnight to allow for thorough drying, the
precipitate was ignited in a platinum cfﬁcible. The filter
paper waé first charred off and the residue reduced to &
greyish~yellow ash. The ash was then covered with concen-
trated nitric acid and heated very genbly until all the solid
.had dissolved. More aci@ was added if necessary. It was .
then evaporated to dryness by cautious heating to avoid '
spattering. A minimum of eight hours ignition of the final

residue was found necessary to produce a reasonably white
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product -- beryllium oxide ~- of constant weight. From

the welghts of barium sulfate and beryllium oxide obtained,
the beryllium sulfate and sulfuric acid contents of the li-
quid and wet solid phases could be readily calculated.
These were expressed in terms of weight per cent and the

results are given in Table 1. The corresponding phase dila-

gram 1s given In Figure 2. In each case the end of the

......

tie line indicates the'composition of the pure equilibrium

80l1id phase.

Discussion -~ The separation of liquid and wet solid

phaseé using the above assembly was. found to be increasingly
difficult as the sulfuric acid content of the solution in-
creased. Even with direct aspirator suction on the receive
ing vessel and continued tamping of the solid phase, ten to
‘?twenty mlnutes of continuous suction were normally required,‘
4%%&&%_the solid phase appeared to be reasonably free of”éul—

furic acid. The directlon of the tie lines.obtalned in this e

way almost invariably indicated a considerable dehydration
of the wet‘solid and yet in every case the percehtage of oc=-
cluded sulfuric acid was still unduly highe The"filter-

stick" technique described by Sukava was aiso attempted but

with no greater success. Hence the results ofkall these
trials are somewhat undertain and probably not very reliable.
They da@ verify the fact that in solution at 95 degrees the
dihydrate is the sfable form and they seem to indicate that

“in solutions whose sulfuric acid contents are below 76 per cent
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there 1s no transition to a lower hydrate at 95 degrees.
In all probability the eétimations'by Sukava of the appro=-
iimate compositions of the ternary solutions-correéponding

to a dihydrate - anhydrous salt transformation at 25, 50,

and 75 degrees are far too low. From the present study 1t
-seems likely that at 25 degrees, at least, there would be
no such transformation. Accordinglly the estimated transi-

tion temperature of 200 degreesvbased_on the above approxi-

‘mate compositions will in dll likelihood be well below the

true transition temperature.

TABLE +—

BeS0y - HpS0, = HyO at 95.00°C. (+ 0,05)

Solution " Wet Residue Nature of Solid
#BeSO,  %HpS0, #BeSO, #HpS0,  Phase
l. 23,10 22.85 53,36 '9.82  BesO,*2H,0
Ze 16,04  33.89 52,20 = 12.96 m

Be 9416  46.40  44.39  20.98 C

4. 4.65  61.24  42.50  28.21 n
Be  4.89 68036  26.86  46.30 "
6. 6,04 70,95  38.80  37.35 n
Te 76490 75,42 34,75  45.20 R

8.  7.45 76,80  39.20  43.25 ?




BeS0,.4H,0

BeSO0,. 2H,0 o

BeSO, | | H,SO0,

Figure 2. System BeS304 = H S04 - Ho0 at 959¢,
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The System BeS0, - EtOH - Hg0 at 25.00°C.

The possibility of using an alcohol as a dehydrating

agent was considered and a study of the system, beryllium

sulfate - ethyl alcohol = water, was made at 25.00degrees.

As before the saturated solutions with excess solid phase
 were stirred vigorously for one to three days to ensurse

proper equilibrium and the liquid and wet so0lid phases sepa-

rated and diluted to 250 millilitres In the proper volumetric

flasks. Aliquot portlons were then analyzed for sulfate in

the normal manner. To determine the alcohol contents of the
two phases, allquot portions wére withdrawn from the volu-
metric flasks and the solutions distilled through an efficiént
condenser into a weighed receiving vessels The distillation
was prolonged until the remaining solution contained vir-
tually no alcohol, as shown by the temperature of the dis-
tillate. The receiving vessel was then filled by dilution
with water and.weighed againe Using a-small pylknometer and
alwater bath conﬁrolled at 25.00 degrees, the relative den=-

sity of the agueous aleohol in the receiving vessel was deter-

mined, that 1s, the density of the aqueous alcohol at 25
degrees relative to the density of pure water at the same

temperature. From tables in the Handbook of Chemistry and

Physics the corresponding weight per cent of alcohol was
found{26)Since the total weight of the agueous alcohol was
known, the amount of alcohol present in the aliquot portion
and hence the aléohol content of the original liguid or wet
‘-\{solid sample could be readily calculated.
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The solubllity curve for beryllium sulfate in

agqueous alcohol at 25 degrees was determined by the above

- method and the results plotted as before on triangular coor=-

dinate paper. The results are given in Table 2 and the eor=
‘responding isothermal phase dlagram is given in Figure 3.

Discussion -~ The slight discontinuity in the solu=

bllity curve corresponds to the tetrahydrate - dihydrate
transition. At all higher alcohol concentrations the stable
801id phase, as indicated by the ends of the tie lines, is

seen to be the dihydrate. The posslbility of a partial mis-

cibility phénomendn ocourriﬁg in thils system was considersd
.but was not observed in any of the trials. This may be ex-
plainéd by the fact that a range of alcohol concentrat;éhs
from 12 to 65 per cent was not investigated. From this in-
vestigation it was concluded that ethyl alcohol wouldAnot
have sufficient dehydrating power to cause any transforma-

tion beyond the tetrahydrate - dihydrate transition.

TABIE % ).

BeSO4 - EtOH = HgO AT 25.00°C.(+ 0.05)

Solution Wet Residue Nature of Solid

%BeSO, %EtOH  %BeSO4 ZEtOH Phase
1. 20.51 12.14  47.05 4.23 BeS04.4H0

20 2010 ’ 64.81 . 49050 11087 E e t?

3e 0,31 89.50 41,03  27.88 = BeS0,.4Hy0 and BeS04+2H50

4,  0.50  89.00 38,04 37,11 "
5. 0,29 89,20  42.70 29,95 "
6. 1.01  97.43  49.85  31.70 . BeS04.2Hg0
7.  1.05 = 98,95 48,10  36.27 "
Invarlant Solution Composition (mean of No.3,4, and 5)
' - 0.38% BeS0y ~

89.254  EtOH

1
;3




Figure 3, ~ System BesO, ~ EtoH - Hg0 at 25°¢
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The System BeS0, - PrOH - H,0 at 90,0°c.

To investigate the dehydrating action of propyl alcohol

on the hydrates of beryllium sulfate, the isothermal phase

diagram for the system, beryllium sulfate - propyl alcohol -

water, was determined at Q0.0vdegrees.

The procedure was

similar to that used for the system beryllium sulfate =-

ethyl alcohol - water.

The only literature values relating

relative densities of aqueous propyl alcohol solutions to

welght percentages are given for 15 degrees (4)s Because

of the practical difficulty of keeping a thermostat at 15

degrees, a series of relative density determinations were

made at 25 degrees on accurately weighed propyl alcohol

solutions correspondinv

to weight percentages of zero to ten.

The extrapolated results for the integral weight per -cent

values from zero to ten are shown in Table 3 and are . compared

with the literature values for 15 degrees.

TABIE ] ?{

RELATIVE DENSITIES OF PROPYL ALCOHOL - WATER

Solutions

e e e e

BPrOH Experimental Literature
Relative Density Relative Density (4)

25/25 15/15

0 0 1.0000 1.0000
1 - 0.9984 0.9983
2 09956 009966

3 0,9951 0.9952

4 0.9937 0.993%7

5 0.9922 0.9923

6 0.9907 0. 9909

7 0.9893 0.9896

8 0.9878 0.9883

9 0.9864 0.9871
10 - 009859

0.9850
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An extensive miscibility gap was found in this system

at 90.0 degrees and the limits of partial miscibility were

carefully determined, The remainder of the phase diagram

was also investigated. The results are given in Tables 4

and 5, and the corresponding phase diagram is shown in

Figure 4.

No transition was observed in this isothermal study

and it was concluded that propyl alcohol does not have suf-

. ficient déhydrating power to cause any further transformations.

Table_h

LIMITS OF PARTTAL MISCIBILITY IN SYSTEM
BeSO0s - PrOH - HeO at 90.0°C

Top Layer : . Bottom Layer
%BeS0, %P rOH %BeS0, %PTOH
1.01 . 80.88 4181 1.33
1.30 80.70 42.18 1.28
4 Mean ' ‘_ -Mean
1.15 80.80 L2.00 -~ 1.30
Table 5

BeSO, - PrOH - Hg0 at 90.0°C. (% 0.1)

Solution Wet.Résidué Nature of Solid
4BeS0, 4PTOH %#BeS0, %PTOH - Phase
0.3, . 89,60 50.01 . 29.26 Be304.2H0

0.08 . 99,15 L7.75 35,14 "




BeSO,.4H,0

BeS0,.2H,0

BeSO,

Figure 4. BeSO4 - PrOH = HgO at 900G,




- 24 -

Vapor Pressure Measurements

To investigate further the possibility of a transi-
tion from the dihydrate to a lower hydrate or from the di-
hydrate to the anhydrous salt, it was decided to do vapor
pressure measurements on samples of beryllium sulfate of
known water content. For pressures up to one atmosphere an
all-glass system including an ordinary closed mercury mano-
meter was used, as shown in Figﬁre 5. The mercury used in
the manometer was thoroughly cleaned by t"serubbing® with
nitric acid and by distilletion, The right—hand side of the
‘manométer was evacuated by means of a hyvaec oil pump and
the mercury heated to expel all vapors and gases. The evac-
uation was continued for about three hours and the‘manometer
was then sealed off, After placing a salt sample of known
water content in the bulb of the apparatus, the remainder
of the system was evacuated and eventually sealed off. The
apparatus was immersed in a bath of water - white "Wyrol Jn
0il with only the upper half 6f the closed end of the mano-
meter protruding above the surface, A cathetometer was used
to read the difference in the mercury levels. The initial
level of the mercury in the capillary tubing was 4.8 |
millimetrés below the level of the mercury in the reservoir,
This was in fair agreement with the calculated capillary
depression effect. The o0il bath was controlled at a
series of temperatures from 50 degrees to 180 degrees by

means of & mercury thermo - regulator and the corresponding
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— __closed menomebtsr

mercury reservoir

Figure 5. Aséembly for Vapor Pressure Measurements.
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vapor pressure readings were determined by means of the
cathetometer., Two samples of beryllium sulfate were
analyzed as to water content and were then carefully de-
hydrated by heating in an oven, The extent of dehydra-
tion was checked at frequent intervals by cooling in a
dessiéator and weighing, until the water contents of the
'salt samples corresponded to approximately 19 per cent,
" The data of Table 6 represents the mean vapor pressures
6btained for these two samples at the various controlled
temperatures.

For vaper pressures above one atmosphere it was

found necessary to use a manometer sealed off atvatmospheric

pressure, The apparatus, similar in design to that used before,

was constructed entirely of capillary glass tubing. An air

bath was constructed of wide glass tubing and alternate

layers of asbestos and Nichrome resistance W1r1ng. "Thej h"

‘glass furnace was made large enough to allow the whole vapor

pressure apparatus to be suspended entirely 1n31de 1t ‘and

'slits were cut through the asbestos layers front and back to

permit proper observation. After introduction of a salt

sample of known water content, both sides of the apparatus

were sealed off at atmospheric pressure and the assembly

was suspended inside the glass furnace, Two thermometers

were suspended inside the furnace in such a way that their

bulbs were respectively thréé:;nches above and below the
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salt sample. The temperature gradient was relatively small,
never exceeding five degrees. A variable resistance in
series with the heating coils was used to gdive an approximate

temperature control for various temperatures from 180 degrees

to 350 degrees. The corresponding vapor préssures were cal-
culated by applying Boyle'!s ILaw to the compressed volume of
alr above the mercury in the right-hand arm of the manometer.

Throughout the Investigation the initial volume Vy was the

difference in height between the sealed end of the capillary
and the mercury level at the time of sealing, while the ini-
tial pressure Pl was the atmospheric pressure at the time of
sealing. For each subsequent temperature setting the new
volume V2 wa.s ob#ained from the appropriate cathometer read-
ings and the corresponding pressure P2 for that tempsrature
could then be readily calculated by applying the Boyle's Law
relationship, Py V4 = Py Vge 1In order to‘détenmine the aé-
tual vapor pressure of the salt sample, it was necesgsary to

add to P, the difference in height between the two mercury

levels and subtract from this sum the observed atmospheric

pressure at the time of smealing. A sample of beryllium
sulfate whose water content corresponded to approximately 19

per cent was investigated in this way. Vapor ressure read-

ings were taken for both Increasing and decreasing tempera-
tures. The agreement throughout was very good. Mean vapor
pressure values obtained at the various controlled temperg-

tures are given in Table 7.

Individual graphicel plots of log P versus 1/T, where



P was the vapor pressure:of the salt sample at the absolute

temperature T, were made for pressures above and below one

atmosphere but it was not considered necessary to reproduce

them here.

Instead a combined plot of log P versus 1/T for

the complete temperature range investigated is given in

Figure 6.
TABEEQQ,il
VAPOR PRESSURE MEASUREMENTS: P<1 ATMOSPHERE
Temperature Vapor Pressure Log P 1/T x 10°
(To K.) (P mm.)
1. 324 1.3 0.115 3.086
2. 337 3ol 04492 2,967
3. 351 648 0.835 2.849
4. 368 17.1 1.234 2,717
56 381 33.5 1.525 2.625
6. 395 6449 1.812 2,532
7. 408 112 2,050 2.451
8., 420 182 2.261 2.381
9. 437 344 2.536 2,288
10. 440 383" 2,583 2.273
11. 449 510 2.708 2,227
12. 453 577 2,761 2.208
13. 457 684 2.835 2.188
Y .

i

e




- VAPOR PRESSURE MEASUREMENTS:

2B

TABIE R \ 2.

P> 1 ATMOSPHERE

=

e

Tempe rature Vapor Pressure Iog P 1/T x 109
T(To K.) [P mm.)

1 467 955 2.980 2,141
2 483 1556 3,192 2,070
3 492 1968 3.294 2,035
4 497 2296 30361 2,012

5 508 3034 5.482 1,969
6 513 3451 3,538 1.949
7 521 4345 3.638 1,919
8 528 5082 3.706 1,894
o 535 5932 3.773 1,869
10 540 6918 3.840 1.852
11 543 7295 3.863 1.842
12 545 7447 3.872 1.835
13 553 7889 3.897 1.808
14 563 8979 3,953 1.776
15 573 9530 3,979 1,745
16 578 10100 4.004 1,730
17 585 10870 4,036 1,709
18 593 11860 4,070 1.686
19 603 12420 4.094 1.658
20. 611 13300 2,124 1,637
21 622 14520 4.160 1.608
22 14860 4,172 1.600




Figure 6. Log P versus 1/T Plot.

.8 2.0 2.2 2.4 . 2.6 2.8 3,0
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A Visual Study of the Behavlior of

Beryllium Sulfate Dihydrate on Heating

An approximate determination of the upper limit for
the stable existence of beryllium sulfate dihydrate was
made. A small furnace was constructed of wide glass tubing
and alternate layers of asbestos and Nichrome resistance
wiring. A freshly prepared sample of slightly dehydrated
beryllium sulfate dihydrate was put into a short capillary
tube, sealéd 6ff, and suspended inside the furnace. A small
-window was cut into the asbestos layers to permit visual ob-
servation of the salt sample. To permit a slow uniform
rise in temperature several variable résistances were in-
cluded in the heating ecircuit. A sharply-defined transition
was observed at 269 to 270 degrees, with a considerable por-
tion of the s0lid sample appearing to go into solution.
Several similar determinations gave identical results with

the transition occurring sharply at 270 degrees.

X - Ray Powder Diffraction Measnrements

X-raj diffraction patterns serve as a means of iden-
tifying crystalline substances. Each crystalline species
produces its own dharactefisﬁic pattern which is different
from the patterns given by other species (3)s Thus a unique
diffraction pattern is sufficient evidence for the exlstence
of a chemical individual. A mixture of two or more substsnces
gives a pattern consisting of the sdperimposed patterns of
the individusl components. Solid solutions, on the other

‘hand, give diffraction patterns which are, in general, inter=
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mediete with respect to both the positions and the intensities
of the arcs between those of the pure constituents. Two cases
must, however, be distinguished here. If two solid substances

are miscible in all proportions, they will form a continuous

series of solid solutions with one another and the diffrac-
tion patterns of all such solid solutions will be in actual

fact intermediate between those of the two pure constituentso.

Tt is often possible to estimate the percentage of each con-

stituent in such a solution by a visual comparison of the
s0lid solution pattern with those of the two pure constitu-
ents. If, however, two solid substances (A and B) are, v
miscible to a limited extent only, they will form a discon-
tinuous series of solid solutions. Pure A will dissolve
increasing amounts of B, forming a series of hombgeneous
solid solutions, until A becomes saturated with B. Similarly
pure B will dissolve increasing amounts of A, forming another
series of homogeneous solid solutions, until B becomes sat-
urated with A. Between theée two s aturation limits there

will be a so-called miscibility gap or range of heterogeneity

in which the two saturated end-members co-exist in varying
proportions. An X-ray investigation of the whole range of

composition between pure A and pure B will reveal three

types or series of diffraction patterns. The patterns cor-
responding to the range of composition from pure A to a
saturated solution of B in A will be essentially the pat-

tern of pure A with only a slight displacement of lines with

changing composition. Similarly the patterns corresponding
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to the range of composition from pure B to a sabturated sol-
wtion of A in B will be essentially the pattern of pure B
with only a slight displacement-of lines with changing com-
position. Since the miscibility gap contains a mixture of
‘the two saturated end-members , the patterns correspénding

to its range of composition will consist of the superimposed |
patterns of the two end-members.

The theory underlying the #arious aspects of X-ray
powder photogrephy can be found in any textbook on erystal-
lography. In practice a narrow monochromatic beam of X-rays
is passed through & small specimen of the powdered crystal-‘_
line solid. Numerous cones of diffracted beams emerge from
the specimen and these are recorded as arcs on a sbrip of
film encircling the specimen. BEach arec on the strip of
£ilm represénts the combined diffracted beams from all the
6rystalszin,the powder specimen which happen to be suitably
oriented for reflecting the primary X-ray beam with one
par@icﬁlar set of planes. The fundamental equdtion of
X=ray diffraction by crystalline solids is known as Bragg's
-Law and is of the form

= A __ (3
2 sin®

a
n
where A 1s the wave-length of the X-rays, | - EEE
d 1is the distance between successive identical
planes of atoms in the crystal,_“
© 1is the angle betwéen'the primary X-ray beam and

these atomic planes,

s

is any whole number. A measurement of the linear
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distances between corresponding arcs on either side of the
primary-beam direction pérmits an evaluation 6f.the angles
of diffraction €. Since the value of A is known and
constant for all the lines in any one photograph, it is then
possible to calculate the lattice spacings @ of the powder
specimen under investigation.

The X-ray photographs taken in this study were on
tained from powder rollings of samples of beryllium sulfate
whose water contents had been ad justed to the desired values
by proper dehydration. In every case the starting material
was the dihydrate and the dehydration was aGCOmplished by
heating. To prepare samples'of.thé anhydrous salt it was
necessary to heat the dihydrate at 300 degrees for several
hoﬁrse The powder rollihgs were made as quickly as possible
to minimize the possiﬁility of rehydration and the rolled
specimens were kept over concentrated sulfuric acid while
drjing. After drying ovér concentrated sulfuric acid for
a day,fhe specimens wére mounted in the cameras in the ap-
propriate manner and exposed to copper K-alpha radiation
for the required length of time. In>accordance with stan-
dard procedure, the lines or arcs on each negative were
 Ppeag" and'tébulatiOns of relative intensities I and lattice
spacings d were made (22); Tables 8 to 12, inclusive, re-
present data obtained in thisbway for beryllium sulfate sam-~
-ples of varying degrees of hydration. No attempt was made
to determine the uni? cell dimensions of the dihydrate and

the anhydrous forms. A prerequisite for such a determina~




tion is a knowledge of the crystal structure of the solid

and it was not found possible to do a crystallographic

BB

structure determinstion in this worke.

X-RAY POWDER DIFFRACTION PATTERN FOR BeSOéoZHZO

TABLE B S

~ X-BAY POWDER DIFFRACTION PATTERN FOR BeSO4,19.13% Ho0

I a I a
8 4,887 1 1,883
4 36975 1 1.854
10 30594 2 1,775
2 5('0 392 0.5 1,705
2. 2.614 065 1.601
2 2,535 065 1.554
3 2.598 1 1.508
5 2.185 1 1.449
005 29 056 095 lo 398
0.5 1,996 0e5 1,569
5 1.936 1 1,327
TaBIE § | lo

w - —
I a I a
8 4.860 1 1.894
4 3.923 1 1.84Y

10 3.580 3 1,786
2 B4 379 005 1.705
6 2.832 1. 1.656
2 2.629 0.5 1.608
2 2¢549 0.5 1.559
3 2,391 2 1.515
5 2.195 1 1.461
0.5 2,061 05 1,404
0.5 1.992 1 1.366
5 1,943 1.5 1.534




TABIE 20 |7)
X-RAY POWDER DIFFRAGTION PATTERN FOR BeSO,, 14.55% Hg0

I a I da

6 56293 0e5 2,061
8 4,834 065 1.996
0.5 4,471 4 1,951
9 5’. 906 4 lc894:
10 36580 2 1.845.
2 3¢ 392 3 1.789
3 5200 1 1.708
1 3,030 1 . 1656
5] 2,867 2 1.603
0.5 2,723 0¢85 1.559
2 - 20644 1 1.504
5 2549 2 1.481
2 2,398 1 1.404
3 2314 1 l.361
4 2.200 2 1,330
l 20121 Co

7aBIE T2 | ¥

- X-RAY POWDER DIEERAC?ION PATTERN FOR BeS0,, 10.80% H0

i

———

I d I d

7 50,293 P 2,116
0.5 4,449 1 2,043
10 3.925 005 10988 ’
8 5+566 2 1.883
1 36392 0.5 1.840
2 3.223 3 1.773
1 - 5089 1 1.726
3 2,860 2 1.603
0.5 24715 2 1,492
S 20542 1.5 l.402"
7 2,387 1 1.355
S 24200" 1 1.325
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TABLE 12 -
X=FAY POWDER DIFFRACTION PATTERN FOR BeSO, |

I a I 4a

7 5.325 2 | 2,107

005 4.427 0.5 1.984

10 3,889 1 1.879

7 B.552 2 1.773

0.5 | 34366 0.5 1.720

1 | 34200 2 1.601 

0.5 3,029 1 1,488

2 2.832 2 1,469

2 | 2.629 1 1,404

2 2.522 0.5 l 1,352

7 24355 0.5 1.324 |
3 2,195 o | .

Experlments on the Natvre of the Solid Phase in
Eqnillbrlvm with Saturated Solntions of Beryl-
llnm.Sulfate urlc Aeid~¢

In order to gain additional information on the nature

of the solid phase in equilibrium with agueous sulfuric acid
. at various temperatures, it was decided to apply a simple
techniqgue previously used by Sukava for a somewhat similar

purpose (22). Aqueous solutions of varying sulfuriec acid

content were made up and saturated with beryllium sulfate
dihydrate at their respective boiling pointse. In every
case the solution in contact with at least two or three

grams of exeess solid pbhase was refluxed for three to four

hours. The hot liquid and solid bhases were then rapidly
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separated by filtering under suction and a portion of the
hot liquid was immediately transferred to a stOppered _
wéighing bottle for analysis. The wet solid was washed with
acetone to remove water and sulfuric acid and was then trans-
ferred to a flask and refluxed with acetone for a few minutes
to complete the removal of occluded sulfuric acid. After
washing with acé£0n6 under suction once more, the solid was
transferred to a porous-plate and exposed to a current of
dry air for a few minutes to0 remove any adhering acetone.
Both solid and 1liquid phases were then analyzed for berylliﬁm
and for sulfate ion in the usual manner. The results of
these analyses were used tq calculate the sulfuric acid con-
tent of the original solution and the composition of the
s01id phase in equilibrium with the solution at its boiling
- point. ' It was found in every case that only negligible
amounts 6f sulfuric acid still adhered to the 301id phase
after the vigorous treatment with acetone.

Table 13 gives a tabular summary of the experimental
results, including. the observed boiling points of the
various solutions, & graphical plot of the sulfuric acid
contents of the solutions versus the water contents of the
equilibrium solid phase is given in Figure 7. L distinct
break in the curve is evident at a water content of approx=-
imately 19 per cent. Since this experiment was performed
well invadvance of the vapor pressure and the X=ray work,
the signifieance of the discontinuity at 19 per cent was

not fully realigzed until later. It did, however, result
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4

in the use of beryllium sulfate samples of approximately
19 per cent water content for the vapor pressure

measurements,.

TABLE 13
Composition of Solid Phase in Equilibrium
with Boiling Aqueous Sulfuric Acid

Observed Boiling. HoS50, Content of  H,O Content of

Point Solution §olid Phase
(°c.) . (BH,80,) (%H0)
115 - 38,5 25,2
128 . B2.5 22,2
139 L B9.1 2l.4
146 6340 21.0
165 70.0 2044
194 78,2 19.6
229 86,0 16,0
241 88,0 14.6
/

N,
L gy




H,S0,

cent

Psr

| | | : | | i
16 18 .20 22 24 26

Per cent H,0

Figure 7. Plot of Ho80, Content of Solution versus
Water Content of Solid Phase.
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The Ternary Investigations

The evidence obtained from the three ternary investi-
gations undertaken in this work has served mainly to confirm
fhe previous observations of Sukava (20). The investigation
of the system, beryllium sulfate - sulfuric acid - water,
at 95.0 degrees has confirmed that at that temperature the
tetrahydrate no longer exists and that up to a minimum acid
concentration of 76 per cent the dihydrate is the only stable
solid phase encountered . With increasing acid concentration
there is a tendéncy for the tle lines, notably numbers 7 and
8 to "wander". According to elementary phase rule theory
this indicates the formation of so0lid solutions between the
dihydrete and a form of lower water content. The isothermal
phase diagram for the system, beryllium sulfate - propyl al-
cohol - water, provides a further indicatlion of the fact that
the dihydrate of beryllium sulfate forms solid solutions with
a form of lower water content.

X=-Ray Evidence

A careful and extensive study of the patterﬁs of the
numerous X-ray photographs taken reveals only two uniq;e
diffraction patterns in the range of composition investiga-
ted, namely, those of the dihydrate and of the anhydrous
salte The data for these two unique patterns are giv;n in
Tables 8 and 12, There is, however, conclusive evidence
of the formation of a discontinuous segies of solid solu-
tions between these two chemical individuals. With de-
creasing water content of the powder samples, the dihydrate

pattern persists, except for a very slight but definite
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displacement of the lines, until a water content of approx-
imately 19 per cent is reached. On further dehydration

the X-ray diffraction patterns become siddenly morevGOmplex.
All the lines of the dihydrate pattern can still be readily
recognized but there are a considerable numbér of additional
lines which coincide exactly with the lines of the anhydrous
pattern. The pattern complexity persists down to a water
content of épproximately 1l per cente On further dehydra-
tion the lines corresponding to the dihydrate pattern dis-
appear entirely and the anhydrous pattern, with only.a.slight
displacement of lines, characterizes all powder photographs
of samples of 1ower.water content. The data for the patterns
of the two so-called end-members of the above range of heter-
ogenéity are given in Tables 9 and 1ll, and a tabular summary
of the observed pattern changes 1s gilven in Table 14,

There was no indication of any unique monohydrate
diffraction pattern. A number of X-ray photographs were
taken of samples of‘berylliuﬁ sulfate whose water céntents.
corresponded to that of the monohydrate. Table 10 gives
‘the data obtained from one of these photographs. A'compari;k
~s§n of only the first few lineé of Table 10 with those of
.Table 9 and 11 indicates clearly that the monohydrate pat-
tern is in actual fact a composite of the 19 per cent and
‘thé 11 per cept patterns. The possibilitj of the existence
of the monohydrate as a chemical individual is thus conclu=
sively eliminated.

The numerous X-ray diffraction photographs, which were

taken in the course of this investigation, indicate clearly




that there is no abrupt tranéition from thg dihydrate to a
form of lower water content, such as was foundeor the tetra-
hydrate - dihydrate transformation. With progressive dehy-
dration of the dihydrate, homogeneous solid solutions (df

the alpha series, say), are formeé, consisting of the dihy-
drate plus increasing amounts of the anhydrous salt. The

solid system remains hOmogeneous untll a water content of

approximately 19 per cent is reached. At that point the
dihydrate is saturated with anhydrous salt andlfurther de=
hydration causes the appearancé of the other saturated end;
mémbef (of the beta series, say,) that is, a saturated solu-
tion of dihydrate‘in the anhydrous sélt. The system reﬁains
heberogeneous, forming more and more of the beta end-member
- at the expense of the alpha, until an overall water content
of approximately 11 per cent is reached. The alpha end-
member then dlsappears entirely and homogensous solid solu-
" tions df;the beta series, containing decreasing amounts of

dihydrate, persist until the salt 1s completely dehydrated

to the anhydrous form.




TABULAR SUMMARY OF PATTERN CHANGES

WITH DECREASING WATER CONTENT

N m—
——
et s =

Water Content of Powder ' Type of X-Ray Pattern

Sample

25,50 per cent ' dihydrate only
19.153 n " ' _ Ton o

18,00 " dihydrate and anhydrous

17,00 " w " o
16,00 M no. | - 1 o u
14,56 " .m ' " n | 1"
. 12076 ‘1 4 13 ' i . 1 ". f
lO.SO oo ~ anhydrous only

8.85 " n o _ : ‘ fn i

5.10 _u. w0 oo

0,00 M 1 ' o n

Vapor Pressure Data and Visual Ev1denee

The two linear portions of the log p versus 1/T plot

- given in Figure 6 are in excellent agreement with the Clausius =~

e

Clapeyron relation for wivariant: equilibria. Their point of

intersection at 27, degrees must accordingly correspond to
a point of- invarlance._ Applying the basic relatlonship af_
Phase Rule to a univariant, two-component system, it is seen

that the number of phases must be three to justify the ex~

perimental linearity above and below 270 degrees. 'Conse@uent-

lj the systems under investigation both above and below 270
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degrees must consist of two condensed phases and a vapor
phase. On the basis of X-ray evidence the 19 per cent water
content of the salt samples investigated,corresponds approx=
imately to the upper limit of the miscibility gap in the
discontinuous series of solid solutions formed between the
dihydrate and the anhydrous salt. The two condensed phases
of the univariant system below 270 degrees must therefore
be the two end-members of the alpha and beta series (< and
%o » say), forming the three-phase system

o, + %o + vapore
At 270 degrees liquid solution'makes 1ts appeﬁrance and the
system.becomes invariant under an observed equilibrium pres-
sure of 7130 millimetres of mercury or 9.38 atmospheres.
With the appliéation of more heat the alpha end-member 0(0
eventually disappears and the three-phase syétem |

?g,+ liguid solution + vapor

1s formed. As the tgmperaéuré”rises above 270 degrees and

the solution begins to evaporate, the beta end-member F%;under-
goes progressive dehydration forming solid solutions of the
beta series with decreasing'water conténts. The linear por-
tion of the log P versus 1/T plot above 270 degrees therefore -
corresponds to the univariant, three-phase system

: ? + liquid solution + vapor

The phase change at 276 degrees involving the disappearance
of the alpha end-member oXjand the appearance of liquid
solution is borne out in é striking manner by the visual
experiment in which a slightly dehydrated sample of beryl-

1ium~sulfate dihydrate was carefully heated in a sealed



capsule.

The excellent linearity of the two portions of the
log P versus 1/T plot givenvin Figure 6 permits a calculation
of the enthalpy changes involved in the corresponding phase
reactions. The Clausius-Clapeyron relation for univariant
equllibrie may be readily integrated over a finite tempera-
ture and pressure change, if the enthalpy changse H is
assumed %o be‘cénstant within the integration limits.
An expression of the form o
2.303 log %- = AF (%2- %1)
is obtained where
P, and T, are the initial pressure and ftemperature,
Po anq T, are the final pressure and temperature,
A H 1s the enthalpy change for the reactlon considered,
and R 1s the molar gas constant: 2 calories per degree |
per molee. | |
The phase reaction for the linear portion of the log

P versus 1/T plot below 270 degrees is
g (s) = @o(s) + HyO (g8) « « o (1)
Applying the integrated form 60f the Clausius-Clapeyron rela-

tion to this portion of the plot, the enthalpy change is

found to be 13630 calories, that is, QH, = =~ 13630 calories.
The phase reaction for the linear portion of the log
P versus 1/T plot above 270 degrees is |

solution (X) = P(s)»+ HzO‘ (g) « « . )

where solution () refers to an aqueous solution saturated



ﬁith respect to the beta serises of solid solutions. The
calculated enthalpy change for this reaction is found tq be
6160 calories,

that is, A H2 = = £160 calories.

The phase reaction at the transition point and the
enthalpy change involved in this transition reaction are ob=-
tained by applying the Hess Law of Constant Heat Summation
to the above two reactions, that is, subtracting (2) from
(1), to get

| x,(s) = fo(s) + HO (g) a4H = - 13630 calories
solution (&) = B(s) + Hy0(g) aH, = - 6160 calories

¢x°(s) = golution (0 ) A Hz = = 7470 calories.
- The cancellation of Po(s) and P (s) in the above subtrac-
tion is justified since at the transition point _{Bov(s) is
identical with ‘3 (s)e The net reaction at the transition
point is thus seen to be a transformation of the éolid alpha
end-member to a saturated solution of the beta series of

solid solutions. The sclid bets end~-member is, of course,

present before the transition point and is unchanged at o
270 degrees. With a rise in temperature, however, the beta
énd-member immediately begins to dehydrate forming the beta

series of s0lid solutionse.

The Dihydrate - Anhydrous Salt Trangition

The tetrahydrate - dihydrate transition has been
shown by Sukava (22) to oceur at 89.0 degrees under atmos-
pheric pressure. The quadruple poinﬁ cbrresponding to this

transi tion must of necessity be somewhat different from



89,0 degrees since 1t represents the temperature at which

the transition would occur if the system were under its own
equilibrium vapor pressure. A complete investigation of
the binary system, beryllium sulfate - water, in the region
Of the tetrahydrate - dihydrate transition femperature would
result in a diagram similar to that represented by Figure 8.
Four pressure - temperature curves, representing the equili-
brium pressures of four univariant three-phase systems. at
various temperatures, intersect &t the quadruple point.

The four curves might possibly be labelled as follows:

1 - tetrahydrate - dihydrate - vapor

2 -- dihydrate = solution - vapor

3 == tetrahydrate - solution - vapor

4 == tetrahydrate - dihydrate - solution.

As has been shown by the present study, the dihydrate
and the anhydrous salt form a discontinuous seriss of solid
solutions. The dihydrate - anhydrous salt transition is
therefore not a transition between bwo chemical individuals
but it is a transition between two series of solid solutions.
The temperature of the quadruple point corresponding to this
transition has been shown to be 270 degrees. In order to
describe accurately the bressure~temperature reiationships
of the four univariant three-phase>systems in the regioﬁ of
the dihydrate - anhydrous salt transitibn témperaturé,

the four univariant curves of Figure 8 should be labelle

as follows:




1 == alphs end-member - beta end-member - yapor
2 =-- beta s0lid solutions - solution - vapor

8 =~ alpha solid solutions = solution - vapor
4

-=- alpha end-member - beta end-member - solutione.

The pressure - temperature coordinates of the quadruple

point are 9.38 atmospheres and 270 degrees.




Pressure

Temperdture

Figure 8. Pressure -~ Temperature Relationships.




GENERAL DISCUSSION :




~485

The results of this investigation have shown that of
the hydrates of beryllium sulfate with two moles or less of
water per mole of salt only the dihydrate and the anhydrous
salt can be considered as chemical individualse. The con-
clusions regarding the non-existence of the monohydrafe are
in close agreement with the findings of most recent investi~
gators. Using measurements based on H&ttig's tensi-eudio-
meter, Krauss and Gerlach (11l) found novconclusive evidence
for the existence of the monohydrate as a chemical individual.
Théy suggested, however, that the lack of evidence regarding
the existence of the monohydrate might be due to a tendency
of the monohydrate to form solid solutions with both the
~dibhydrate and the anhydrous salt. .This possibility has been
conclusively disproved by a careful study of the large num-
ber of X-ray difffaction photOgraphs taken in the course of
the present investigation. Hackspill and Kieffer (9) also
found no econclusive evidence for the existence of the mono-
hydrate. The progressive dehydration of the dihydrate seemed
to be continuous except for a very slight departure from con-
tinulty when the composition of the material corresponded ap-'
proximately to that of the monohydrate. On the basis of the
present evidence the discontinuity observed by Rackspill and
Kieffer probably corresponded to the miscibility gap in the
discontinuous series of solid solutions formed between the

dihydrate and the anhydrous salt.
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1. The existence of the monohydrate of beryllium sulfate
has been conclusively disproved by exhaustive X-ray diffrac-
tion studies. |

e The range of composition between the dihydrate of
beryllium sulfate and the anhydrous salt has been found to
correspond to a discontinuous series of solid solutionse.

Se The miscibility gap in this discontinuous ssries of
s0lid solutions has been found to be bounded by two satﬁr-
ated end-members, a saturated solid solutlon of anhydrous
salt in dihydrate and a saturated solld solution of dihy=-
drate in anhydrous salt, with respective water contents of
19 per cent and 11 per cent.

4, The dihydrate = anhydrous salt trénsition occurring
at 270 degrees under an equilibrium pressure of 9,38 atmos=-
pheres has been found to be a transition from the dihydrate
(or alpha) end-member of the miscibility gap to the anhyé
drous (or beta) end-member of the miscibility gap, and hence,
essentially a transition from one series of solid solutions

t0o the other series of solid solutions,
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