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The solubility of cupric hydrogen orthophosphate and copper-
hydrogen—orﬁhophosphate complexing have been studied in aqueous solu~

tion at 25°¢ with ionic strength maintained constant using 3M NaClO4
To determine copper-hydrogen—-orthophosphate complexing, a series of
potentiometric titrations were used, keeping total acid and total copper
in solution comnstant and varying the total orthophosphate concentration.
During these titrations, the free hydrogen ion concentration, h, was
measured using a glass electrode and the free cupric ion concentration,
c, was measured using a cupric ion selective electrode. From the titra-
tion data, the average ligand number for hydrogen ion-orthophosphate
complexing, ZH/B , and the average ligand number for cupric ion-
orthophosphate complexing, Zc)g » vere calculated. By treating the ti-
tration data with the generalized least square program Letagrop, the
presence of one copper—hydrogen—phosphate complex, CuHl, PO +, was estab-

274
lished at 25°C over the pH range of 1 to 3.7. The best value of the

association constant, ﬁ , was
{: O+ .lalal
Cull P .
B = |Cu,PO, = 6.9 Y 0.7) x 107
1,1,1 5
c b [HPO ]
4
L
o = 7.84 ~ 0,
or lo? B 1,1,1 7.84 0.04

In order to study the solubility of cupric hydrogen orthophosphate
(CuHPO4) in aqueous solution, excess amounts of solid were allowed to
equilibrate at 250C with solutions of known total hydrogen ion concen;
tration or known orthophosphate ccncentration in 3M 0104—. After equi-
libration, it was found that the composition of the solid residues had
changed. Using the solubility data, it was possible to calculate values

of the solubility products for two cupric orthophosphate compounds,



CuHPO4 and Cu3(P04)2 , and the average values are

8

2~ + -
. 1 - - Vi
K, =c [mo, ] (2.11 < 0.14) X 10

1 — —
K=o [}o 3 ] 2~ .05 T augy x 1073,
SO .
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1. INTRODUCTION

1.1 Some General Properties of the Orthophosphate Ion

The orthophosphates of alkali metals, ammonia, and the lower mole-
cular weight substituted ammonium ions are all quite soluble inAwater
except for trilithium orthophosphate. On éhe other hand, the ortho-
phosphates of multiply-charged or heavy metals are all relatively in-

soluble. From the viewpoint of structural chemistry there are two

 limiting kinds of crystalline orthophosphates. One is the kind of

crystal in which the PO, groups exhibit three negative charges each

A

(isolated PO, groups); and the other is a three-dimensionally bonded

4
crystal in which the oxygen atoms share electrons not only with the
phosphorus atoms (four-way branching points) but also with those of
another elemeﬁt, also surrounded by four neighboufiﬁg oxygen atoms (67).
The orthophosphate ion serves as a good complexing agent for the

transition metals and orthophosphoric acid has long been used to de-

colorize solutions containihg small amounts of ferric ion (1, 2).

1.2 Structure of‘Crystalline Orthophosphoric Acid

X-ray diffraction structure studies have been carried out on both
anhydrous crystalline orthophosphoric acid (H3P04) and its hemihydrate

4' %HZO)(B, 4)., 1In both cases, four formula weights were found

per unit cell of the crystals which belong to the monoclinic system.

In the anhydrous acid, three of the oxygen atoms of the PO4 group

(shown below) are bonded to hydrogen atoms which form hydrogen bonds to

oxygen of other PO, groups.

4



__________ hydrogen bonds

In this crystal the PO, groups exhibit trigonal symmetry with the

4
axis of symmetry being the bond between the phosphorus and the isolated

oxygen atom (67).

1.3 Orthophosphate Complexes in Solution

The complexing of transition metals by orthophosphates has been
known for a long time. As early as 1882, the decolorizing action of
orthophosphoric acid on ferric ion was used in anmalytical procedures
(1,2). In addition to this decolorizing action, there is considerably
more evidence to indicate the existence of orthophosphate~-ferric com-~
plexes. Thus, the oxidation potential of the ferrous-ferric system is
lowered in the presence of orthophosphoric acid, and the conductivity
of mixtures of phosphoric acid and ferric salts is found to be higher
than the sum of the separate conductivities (5,6). In transference -
number experiments, it has been shown (7) that ferric ion in the pre-
sence of excess orthophosphoric acid moves toward the anode.

Aluminum acts similarly to iron in that it is strongly complexed
by orthophosphoric acid (6, 8, 26, 27,.29, 30, 33). In addition, the
probable existence of complexes of the orthophosphoric ion has been re-
ported for a number of metal ions including cobalt (9, 35), copper (10,

35, 49), silver (11, 40), thorium (12), plutonium (13), uranium (14),



and even calcium (15, 16). Solubility constants and equilibrium con-

stants for some metal orthophosphates are given in Table 1.

1.4 Cupric Orthophosphate Compounds

Several cupric orthophosphate compounds and minerals have been
prepared, for example:Cu3(P04)2 . 3H20 s CuHPO4-H20 , Cuz(PO4) (oH)
(Libethenite), and CuS(PO4)2(OH)4 (Pseudomalachite). However, the
compound of main interest in this report is cupric hydrogen orthophos-
phate (CuHPOa).

In 1885, Debray (44) reported the synthesis of cupric hydrogen or-
thophosphate hydrate (CuHP04-32
dilute orthophosphoric acid (H3P04).

0) from cupric carbonate (CuCOB) and

In 1933, Bassett and Bedwell (45) reported the synthesis of cupric

hydrogen orthophosphate hydrate (CuHP04-H20). The compound was syn-

thesized by refluxing a solution of cupric carbonate (CuCO3) for 3 days.
They found that the product was in the form of grayish-blue rosettes of
prisms. Analysis gave the following results:

Found: Cul, 44.80; PZO » 40.20; loss on ignition, 15.41

5 .
(Theoretical) ‘

CuHPOa-HZO: Cul, 44.82; P205 » 39.98; loss on ignition, 15.20

Bassett and Bedwell proposed that the "glowing" on ignition of

phosphates such as NH,6MgPO '6H20 is due to rearrangement and polymeri-

4 4

zation of structurally unstable molecules. In the case of CuHPOA'HZO

there is only very slight "glowing' on ignition which is consistent with
a polymeric structure. Bassett and Bedwell proposed a quadramolecular

structure for CuHPOA‘HzO

. . H v
[Cu(HzO)[J Cu EIPO4CuP04H PO, CuP0 H

4 4

This compound "glows" very little on ignition because the rate of
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rearrangement on ignition is very slow.

In 1956, Walton (46) reported the formation of cupric hYdrogen
orthophosphate when Cu0 is treated with a mixture of 85 percent ortho-
phosphoric acid (H3PO4), water, and glycol at 100°%.

In 1963, Royen and Brenneis (47) reported that when CuHP04°H20

(prepared as described by Bassett and Bedwell) was heated at 200°¢ in

an attempt to form CuHPO4 (anhydrous), cupric pyrophosphate (Cu2P207)

was formed.
In 1965, Klement and Haselbeck (48) tried Walton's method and ob-
tained a clear blue solution from which they could not separate a salt.

They synthesized CuHPO4'H20 according to Debray (44) and obtained the

following results:

CuHPO H20 (177.6) cale. : Cu, 35.80 ; PO,,-53.50

4 4’
expt'l : Cu, 35.68 ; POA’ 53.28

Cu : PO4 =1:1.0

1.5 Solubility of Cupric Orthophosphate Compounds

In 1961, Chukhlantsev and Alyamovskaya (35) determined the solubil-
ity of Cu3(P04)2 in dilute nitric acid and hydrochloric acid at 19-20°¢
by glass electrode and solubility measurements. They calculated the

solubility product to be

_ 2+3[ 3—]2 _ + -37
K - Elu i ro,” |" = .3%o0.8) x107 .

1.6 Cupric-Orthophosphate Complexes in Solution

In 1945, Mercadie (10) determined the equilibrium constant of the

2+ + 2H2P04— in solutions contaihing a large

excess of orthophosphate. Using a copper electrode and a saturated

. —
reaction Cu(H2P04)2¢-Cu

. . (o}
KC1l calomel reference electrode, Mercadie measured, at 25 C, the poten-

tial of solutions which were 0.003865M in Cu2+ and varied in[&aH2P04]
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from 0.0727 to 2.09 M. Each solution contained a small amount of
phosphoric acid to prevent precipitation. Thus for the reaction
Cu2+ + 2H2PO4_;;:iCu(H2PO4)2 the formation constant at 25°C was cal-
culated to be 31 in solutions containing a large excess of orthophos-
phate.

In 1970, Childs (49) reported the presence in solution of the
species CuHZ(P04)4+ s CuHPO4°, CuHB(PC4)2_ , and Cu2H2<P04)20 over ﬁhe
PH range of 3.0 to 4.4. He potentiometrically titrated aqueous solu-
tions of 0.15M potassium nitrate (KNOB) containing relatively small
amounts (about 3 X 10“3 to 9 X 10--3 M) of orthophosphoric acid (H3P04)
and cupric nitraté (Cu(N03)2) » with potassium hydroxide (XKOH) solution
at 37°¢ . PH measurements were made using the cell

)

glass electrode 3P0, (¢,

KC1 (sat'd.) ’ calomel electrode

17.
|

H.P0,(C.) , Cu(NOB)z(Cz) , KOH(C) , KN03(O.15 mol. 1.

Using the computer program SCOGS, Childs used the data to calculate the

following equilibrium constants

+ 2+_ = { '~
m1 [C"HZPOZ;J / E:“ ] [H2P°4 ]216

K
o] 2+] 27 ~
Ry, = E:uHP04:[ / [Cu | @904 ]_2000

- - P + 2] =~
Kppp = I:CZuHS(P04)2 ] / SuH2P04][:HP04 ]...5000
. d o} 2 /_\/_
Kipm = E:uznz ®0,), ] / E:uHPo4 :I = 320

The results obtained by Childs and Mercadie seem to be inconsist-
ent since different coﬁplexes are involved although different media may

favor different complexes.

1.7 Techniques for Studying Complex Formation and Solubility

There are several experimental techniques which may be used to

study complex formation and solubility. Two of these methods are
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potentiometry and solubility,

POTENTIOMETRY

The potentiometric method is by far the most accurate and widely
applicable technique currently available for the study of ionic equi-
libria. The potenti;ls originate from two main types of phenomena:

(1) oxidation - reduction equilibria, and (2) the formation of ionic
concentration gradients across membranes.

If the reversible electron-~transfer reaction

XX+ yY + +¢c + ze =pP +qQ + *"-

can occur, the potential acquired by an electrode in contact with an
equilibrium mixture of P, Q, ..., X, Y, ... is given by the Nernst equa-
tion

B = g+ Rt In {x}* {y)7

2F e} fa}t

where the standard electrode potential TEo is the potential acquired
when all species are at unit activity. The electrode may be either inert,
as in so-called redox systems, or may itself be composed of one of the
participating speciés. |

Since the activity of a pure solid or liquid or of a gas at atmos~
pheric pressure is taken to be unity, the Nernst equation may often be
considerably simplified. Moreover, if the activity coefficients
XP’ Xé, e XX s XY s ++. are kept constant, e.g., by use of a

constant ionic medium, then

E=E + RT I1n _[xI* ) . ..
°  F [F]P [od - - -

where the formal electrode potential Eo is given by

X y
E = TE + RT 1n XX XY” o e
o o © zF XPP KQ(} ...
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In general, the presence of any other oxidizing or reducing agent which
can react with the species P,Q,X, or Y should be avoided.

Membrane electrodes acquire a potential if the solutions on either
side of the membrane have different concentrations with respect to one
or more lons. Since:no electron transfer is involved, membrane elec~
trodes may, in principle, be used in the presence of any oxidizing or
reducing agent.

The electrodes usually employed to study ionic equilibria are ré~
versible to metal ions, to protons, or to anions. The potential should
reach that predicted by the Nernst equation within a reasonable ;ime,
particularly if the titration technique is used and the electrode should

not be decomposed by the solution.

SOLUBILITY

Measurement of the sqlubility of a sparingly soluble solid in the
aqueous solution of a complexing agent is one of the oldest methods for
studying equilibria in solution. Direct and competitive éolubility
methods have been used to determine stability constants of metal ion
complexes.

Many solubility data are difficult to interpret, since considerable
variation has often occurred in the composition of the aqueous phase and
hence, in the stoichiometric solubility product

oo w7 VI
of the sparingly soluble complex BAc ; here TSC 1s the thermodynamic
solubility product. However, a constant ionic medium can be used as
well for solubility studies as for work on homogeneous systemé and a

number of solubility measurements have been made using solutions in

which the activity coefficients are adéquately controlled.



14

Equilibration between solld and solution may be effected either by
shaking the two together in a closed vessel or by running the aqueous
phase through a saturator packed with a column of solid. Equilibration
must be carried out in a thermostat. Since eéuilibrium is often attained
slowly, it is advisable to check that the same values of solubility are
obtained after different intervals of time.

The solid phase may be separated from the saturated solution by
filtration or centrifugation which should be carried out at the equili-
brium temperature.

The choice of analytical method depends largely on the magnitude of
the solubility to be determined. Moderately high values are usually de-
determined gravimetrically or volumetrically, and low values by polaro-

graphic, colorimetric, or radiometric methods.
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2. ' OBJECT OF THIS RESEARCH

The object of thié research was to determine-’ the solubility of cu-
pric monohydrogen orthophosphate in aqueous solution and to investigate
the existence of soluble cupric-orthophosphate complexes. Two differ-
ent types of experimental procedures were used: potentiometric titra-
tions and solubility. The first method involved the potentiometric
titrations of acidic copper solutions with acidic orthophosphate solu-
tions keeping the total hydrogen ion concentration and the total cupric
ion concentration constant. The‘free hydrogen ion concentrations, h,
and the free cupric ion concentrations, ¢, were determined using a glass
electrode and a cupric ion selective electrode calibrated to measure
free hydrogen ion concentration and free cupric ion concentration, reé—
pectively. The second method involved the equilibration of cupric hy-
drogen orthophpsphate solid samples in solutions of knownrtotal hydro-
gen ion concentration or known orthophosphate concentration. Determina-
tions of free hydrogen ion concentration, h, and frée cupric ion con-
centration, ¢, were carried out on each equilibrated solution. In ad-
dition, both the equilibratéd solutions and their corresponding solid

residues were analyzed for total copper and total orthophosphate.
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3. GENERAL PROCEDURE , APPARATUS AND REAGENTS

3.1  General
Although the copper phosphate solids were not moisture sensitive,
they were kept either in tightly capped bottles (e.g. the original
CuHPOd HZO samples) or in a desiccator over Drierite to prevent the =
solids from picking up further moisture. The concentrated aqueous solu-

tions of sodium perchlorate (NaClO4) were kept in tightly capped glass

bottles previously used toAstore concentrated perchloric acid (HC104).

3.2 Instrumental

Infrared spectra were recorded by a Perkin-Elmer, Model 337,-grating
spectrophotometer, linéar in wave number and covering the range of
4000-400 wave numbers. All the samples were ground with dried KBr and
run as KBr discs. 1In addition some of the samples were run as.nujol
mulls which resulted in a less resolved spectrum for some samples and a
spectrum similar to the KBr disc spectrum for some other samples. Most
of the discs were made using a Beckman (Cat. No. 5020) vaccuum die. Later
the discs were made using a Wilks "Mini-Press" KBr Pellet Press and
Holder which was found to produce much mére transparent disecs than the
other die. Later, the Wilks Press became unavailable and the last few
discs were made using.an International Crystal Laboratories KBr Quick
Press. All peak positions were determined to fl.O cm.—1 using polysty-
rene for calibration.

X-ray diffractograms were recorded on a Philips X-~ray Diffractometer
Type No. 12045/3 over the range of 4°20 to about 65°28 using CuKx radia-
tion and a Ni filterf |

Potentiometric measurements were made reading either a Dynamco

Digital Voltmeter (Type (DM2022S)) or a Metrohm Compensator (E388).
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AtomicAabsorption measurements were carried out on a Perkin Elmer
306 Atomic Absorption Spectrophotometer with a Varian Techtron Cu lamp
(No. DT764).

Colorimetric measurements were made on a Carl Zeiss PMQ II Spectro-
photometef using matched quartz cells. The reference solutions were 3 N

ammonium hydroxide (NH,OH) solution for the copper determinations and a

4
1:1 tert-butanol:benzene mixture for the orthophosphate determinations.
A Coleman Metrion III pH meter, calibrated against standard buffer

solution (pH4 and pH7), was used when adjusting solutions to a particular

pH before preparing some of the copper orthophosphate solids.

3.3 Chemicals

All chemicals used were at least of reagent grade purity. Sodium
perchlorate (NaClO4) was synthesized from reagent grade perchloric acid
(HClO4) and reagent grade sodium carbonate (NaZCOB) and purified as
described by Biedermann (50).

The water used was purified from in-house distilled ﬁater by dis-
tillation from alkaline potassium permanganate solution and acidic

potassium dichromate solution as described by Hickling (51).

3.4 Potentiometric Titration Apparatus

Figure 1 shows the all glass apparatus used in the potentiometric
titrations. It consists of a titration vessel and one "Wilhelm bridge"
(52). The bridge serves to isolate the reference electrode from the
titration vessel, elgctrical contact being maintained via a 3-way stop-
cock to a 3M NaClO4 salt bridge, dipping into the test solution. The
apparatus was kept ;n a paraffin oil thermostat at 25.Ot0.lOC in a room

4.
at 23-2°C. The oil level was such that the vessel and electrode compart-

ment were completely submerged, but all stopcocks were readily accessible.
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FIGURE 1

Potentiometric Titration Apparatus (not to scale)

The parts of the meaguring bridge outside the dashed lines
are actually bent 90 out of the plane of the paper away
from the viewer.
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The e.m.f. measurements were made using a Sargent-Welch glass elec-
trode (Type S-30050-15) and an Orion cupric ion selective electrode
(Model 94-29A). The reference electrode was an Ag/AgCl coil prepared
according to Brown (64). The free hydrogen ion concentration, h, was
measured by means of the cell

-RE / Solution S / GE +
where GE denotes a glass electrode, S the teét solution, and RE a re-
ference half cell of the composition

/ RE = 3M NaCl0, / 3.0M Na© , 0.1M c1” , 2.9M c104" / AgCl / Ag

The following cell was used to measure free cupric ion concentration, c
-~ RE / Solution S / CE +
where CE denotes the cupric ion selective electrode and RE is the same"
reference half-cell as described previously.
The equilibrium solution was stirred by a stream of nitrogen gas
which had been washed to remove acidic and basic impurities and satur-
ated with the ionic medium by passing through four bottles containing

107 H,SO 10% NaOH, 3M NaClO0

1,50, » 3M NaCl10, , respectively.

4 ° 4

A block diagram of the apparatus is given in Figure 2.



- VOLTMETER .
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Figure 2

Block Diagram of the Apparatus used for Potentiometric

Measurements
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b, EXPERIMENTAL

4,1 The Original CuHPO4-H20 Samples

Two different methods were used to synthesize CuHPO4~H20 from
cupric carbonate (CuCO3) and phosphoric acid (H3P04) to see if more
than one form of CuHPO4'H20 could be synthesized. Analyses for total
copper content and total orthophosphate content for both samples con-
firmed that the empirical formula for both samples was CuHPOA'HZO. The

experimental details are described below.

Preparation I

Following Debray (44), cupric monohydrogen orthophosphate monohy-

drate (CuHPO4'H2

carbonate (CuCOS) to a mixture of 100 ml. of orthophosphoric acid

0) was prepared by adding, in portions, 50 g. of cupric

(H3P04) and 100 ml. of water. The undissolved solid was filtered off and
the resulting blue solution concentrated on a steam bath for several
hours. A pure blue coloured product separated out of the solution and
the product was filtered onto a sintered glass crucible by suction. The
product was washed with small amounts of water, was dried at 950C for 1
hour, and then stored in a desiccator overnight. The product consisted
of fairly large blue crystals.

(Theoretical) CuHPO, .H_ 0: Cu, 35.79 ; P04, 53.49

4"

Found : Cu, 34.77 ; PO,, 52.86

4’

molar Cu / PO4 ratio = 0.983

Preparation IT

Following Bassett and Bedwell (45), cupric monohydrogen orthophos-

phate monohydrate (CuHPOA-H 0) was prepared by adding, in portions, 62 g.

2

of cupric carbonate (CuCOB) to a mixture of 77 ml. of phosphoric acid

(H3P04) and 200 ml. of water. The resulting solution was well stirred
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until evolution of carbon dioxide ceased and refluxed for 3 days during
which a solid formed in the reaction flask. The product was filtered
off by suction, washed, dried, and stored as described in Preparation I.
The product consisted of small blue needlelike crystals.

(Theoretical) CuHPO4-H20 : Cu, 35.79 ; PO 53.49

4
Found : Cu, 35.66 ; PO4 s 52.26

molar Cu / PO4 ratio = 1.020

Analyses

The two CuHPoé'HZO samples were analyzed for total copper content
and total orthophosphate content.
&8} The two samples were analyzed in duplicate for total copper
content by electrodeposition (53) of copper on a platinum cathode.

The electrodepositions were performed by electrolyzing at about
100 milliamperes a stirred aqueous solution, acidified with a few milli-
liters of sulfuric acid (H2804), of an accurately known amount of
CuHPO4-H20 sample. Nitric acid (HNO3) improves the nature of the copper
deposit by preventing the evolution of hydrogen at the cathode. The
reaction involved produces nitrite (N02—) via
| 2H" + NO,™ + 27— H,0 + N0,
After the blue color of the solution had disappeared, the NOZ‘ was re-
moved by the addition of urea which reacts |

2N02_ +oom 4 (NH2)2 CO=—=cO0, + 2N_ + 3H,0.

2 2
The removal of NOZ— is necessary to enable the complete deposition of
copper.
(ii.) Triplicate analyses of the two CuHPOa-HZO samples for total

copper content were performed by iodometric titration (54).

Resﬁlts of both methods of analysis agreed within p 0.10 percent.
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(1it.) The total orthophosphate content of the two samples was de- -
termined in duplicate by a gravimetric method (55) involving the preci-
pitation of orthophosphate as magnesium ammonium phosphate and ignition

at about 1000°C to magnesium pyrophosphate (Mg2P207).

Infrared Spectra

The infrared spectra of both CullPQ N samples, ground with dried

oM _f
4 2
KBr and also as nujol mulls, over the range of 1333 to 490 cm--1 are
shown in Figure 3. AbBolute peak intensities of the infrared spectra

cannot be compared since all spectra were run under different conditions.

It is obvious that the spectra taken as nujol mulls are less . re-

solved than the spectra taken as KBr discs and therefore the latter will
be used for comparison with themselves and other spectra. Both samples
give a very similar spectrum; for example, Preparation I shows peaks at
1272 and 1238‘<:m—1 in the P=0 stretching region, peaks at 1083, 1065,
1012, 990, 925, and 904 cm—-1 in the P - 0 stretching region, and peaks
at 572 and 525 cm—l in the 0-P-0 bending region. ?reparation I1 shows
peaks at 1278 and 1245 cm“1 in the P-0 stretching region, and peaks at
1086, 1072, 1017, 991, 927,.and 906 cm-—1 in the P-0 stretching region,
and peaks at 571 and 523 cm_-l in the 0-P-0 bending region. Since the
peaks are not particularly sharp, small discrepancies in the peak posi-
tions are to be expected. Overall, the spectra suggest that both
samples have the same structure in the solid state. |

Referring to Figure 3, to Table 2 (Nakamoto (57)),and to Stranks

and Lincoln (56), the spectra show evidence of C symmetry in the mol-

2v

ecule. Stranks and Lincoln (56) found the following frequencies for the
phosphate ligand of bidentate Co(NH3)4PO4 j/l:900 m and .b3:920 s ,

'HZO(Preparation 1),

1045 s, and 1110 s em Y. In the spectrum of CulPO,
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Figure 3

Infrared Spectra of the Two CuHPO ?HZO Preparations

(i.)

(ii.)

4

CuHPO4-H20 (Preparation I)

(2.) KBr disc (solid line)
(b.) Nujol mull (dashed line)

CuHPOA-HZO (Preparation II)

(a.) KBr disc (solid line)
(b.) Nujol mull (dashed line)

The calibration peaks indicate 1028.0 cxrf_1
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the<J/1 peak seems to appear at 805 cmﬂl, however, it seems that thej/3
peaks are each split into doublets (perhaps due to complexed water)and
appear at 1083 and 1065 cm*l, 1012 and 990 cm ¥, and 925 and 904 em L,

According to Table 2, C_  symmetry should result in three L/4 bending

2v
peaks but CuHPO4-H20 seems to show only two peaks at 572 and 525 cm—l.

However, it is probable that the third bending peak is buried under
other peaks. The peaks at 1276 and 1243 cm—lseem to correspond to P=0
stretching, but the other peaks in the range of 800 to 400 c:m—1 are dif-

ficult to assign and may be due to complexed water. The small peak at

751 cm-—1 appears in all the infrared spectraj; its source is unknown but

it may be instrumental. Interpretation of the spectrum of CuHPOA-HZO

(Preparation II) is‘the same as for Preparation I. TFor both samples the
spectrum in the range 4000 to 1500 cm-l'is rather ill-defined and is
probably due to lattice water. In addition, KBr picks up water from the
atmosphere during grinding and this will absorb in this region.

From the very faint "glowing" of CuHPO 0 on ignitiomn, Bassett

4

and Bedwell (45) proposed a quadramolecular structure for CuHPO4fH20

CuP0 4H ] w

4

[bu(H20)4b Cu [§P04Cu90 .

H 5o
H

The above structure appears to have C symmetry which is the symmetry

2v
indicated by the experimental infrared spectra of CuHP04'H20.
X-ray Diffractograms
An X-ray diffractrogram was taken for both CuHPOA-HZO samples to

aid in the identification of samples in subsequent experiments. The re-
sults obtained are presented in Tabhle 3. Comparing the X—ray diffrac-

tograms of the two CuHPOa-H 0 samples, 1t 1s easily seen that the posi-

2

tions (although not the intensities) of most of the peaks are quite

comparable. Therefore, it appears that the crystal structures of the



TABLE 3

RESULTS OF X-RAY DIFFRACTOGRAMS OF CuHPOA-HZO

Preparation I Preparation II
26 a4y /gy 20 a4 T/g,
17.5 5.07 100 : 17.4 5.10 100
19.3 4.60 24 19.3 4.60 10

20.8 4.27 11

21.6 4.11 8

27.7 3.22 17 27.7 3.22 12

29.2 3.06 24 29.1 3.07 32

30.1 2.97 3 30.1 2.97 10

31.2 2.87 23 31.1 2.88 10

32.5 2.75 52 ' 32.5 2.75 26

34.5 2.60 16 ‘ 34.4 2,61 63

35.3 2.54 45 35.2 2.55 98
37.3 2.41 11 37.1 2.42 14 -

37.9 2,37 11 37.7 2.39 7

' 38.2 2.36 7

39.0 2.31 17 38.9 2.32 7

42.4 2.13 10 42.2 2,14 8

: 42.6 2.12 8

43.6 2.08 12 : 43.5 2.08 6

44.2 2,05 5

, 44,6 2.03 8

45.3 2.00 14 45.3 2.00 7

51.5 1.77 7

52.5 1.74 “10 52.5 1.74 5

54,0 1.70 17 53.8 1.70 24

55.4 1.66 12

57.1 1.61 13 57.0 1.62 9

60.2 1.54 14 ‘ 60.1 1.54 8

62.1 1.49 7
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two CuHPOA'HzO samples are quite similar.

In X-ray diffrac;ometry several factors can cause variations in
intensities, line breadths, and shifts in the positions of lines. If
the goniometer is not properly aligned so that the specimen surface re-
mains tangent to the: focusing circle, then the intensities are de-
creased, line breadths increased, and line positions are shifted. Be-
sides instrumental errors, sample preparation also has an effect.
Ideally, the sample should consist of very small highly absorbing
crystals in random orientation. Small crystals in random orientation
give a true representation of relative intensities and high absorption
prevents diffraction at various depths. Unfortunately, these criteria
cannot be completely'met in practice.

Some of the uncertainties involved in the interpretation of the
diffractograms must also be taken into consideration. TFirstly, the
lower the 26 value of the peak position, the greater the uncertainty in
the corresponding d values. For example, if the 26 value is 5.0 T 0.1
degrees, then the corresponding d value is (17.67 + 0.35) R s if 28 is
10.0 % O.lvdegrees then thebd value is (8.84 * 0.09) Jis ; and if 20 is
15.0 £ 0.1 degrees tﬁen the d value is (5.91 ¥ 0.04) R. Therefore,
whenever possible, diffractogram results will be compared using 26
values rather than d values. Secondly, it is sometimes difficult to
tell the difference between peaks and noise, especially in the high 26
range. Therefore,Asome of the minor peaks may have been overlooked,
although the major peaks should not be affected.

In conclusion, the reproducibility of the X-ray diffractograms
should be fairly good as far as peak positions are concerned although

the relative intensities would be somewhat variable depending on sample
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preparation. To get accurate intensities, it may be necessary to take

many diffractograms of each sample and average them.

4.2  Temperature Study of CuHPO -HZO (Preparation IT)

4

In order to determine the effect of heat on the composition of
CuHPO4'H20 and also to try to produce CuHPO4 (anhydrous) and cupric py-

rophosphate (Cu2P207), it was decided to do a temperature study on

CUHPO4'H20. In the previous section, it has been shown that the two
CuHPO4°H20 samples are quite similar in crystal structure and essen-
tially identical in molecular sfructure and chemical composition. A
temperature study on oée of the two CuﬁPOA-HZO samples should be'suffi-

cient to investigate changes which occur after heating.

Preparations and Analyses

(i.) An accurately weighed sample of CuHPO 'HZO (Preparation II)

4

was heatgd in an oven at 110°C for 2 hours which resulted in no notice-
able color change. After cooling in a desiccator, the sample was
weighed again and the percent weight loss calculated. The results ob-
tained are presented in Tabie 4. If the solid remains unchanged after
heating, then the percent weight loss is expected to be

Theoretical % wt. loss calc'd. for CuHPO4'H20'——9CuHPO4-H20 = 0%

(ii.) An accurately weighed sample of CuHPO4'H20 (Preparation II)
was heated at 120-130°C for 1 hour which resulted in no noticeable color
change. After cooling in a desiccatof, the sample was weighed again aﬁd
the percent weight loss calculated. The results obtained are presented
in Table 4. If the solid remains unchanged after heating, then the

percent weight loss 1s expected to be

Theoretical 7 wt. loss calec'd. for CuHPO4'H20->CuHPO4'H20 = 0%.
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(111.) An accurately weighed sample of CuHPOA'HZO (Preparation II)
was heated at 180°C for 2 hours which resulted in a color change going
from blue to light green. The percent weight loss was calculated and
the sample was analyzea for percent Cu content by electrodeposition.
The results obtained:are presented in Table 4. If the solid only loses
water of hydration after heating, then the percent weight loss is ex-
pected to be |

Theoretical % wt. loss cale'd. for

CuHPO4‘HZO(S.)~——>CuHPO4(S.) + HZO = 10.15%

(iv.) An accurately weighed sample of CuHPOA'H 0 (Preparation II)

2
was heated at 700°C overnight in a muffle furnace which resulted in a
color change going from blue to very pale green. The percent weight
losé was calculated and the sample was analyzed for percent Cu content
by electrodeposition., The results obtained are presented in Table 4.
If the solid is converted to cupric pyrophosphate after heating, then
the percent weight loss is expected to be

Theoretical 7% wt. loss calcid. for

*H """—9 = --oo
2CuIIPO4 HZO(S.) Cu2P207(ST)3H20 15.22%

Infrared Spectra

The infrared spectra of all the heated samples and the original
CuHPOa'HZO (Preparatiop 11) sample, ground with dried KBr, over the
range 1333 to 400 cm-~1 are shown in Figure 4. The absolute peak inten-
sities of the spectra cannot be compared since all spectra were run
under different conditions.

Both the 110° sample and the 120~130O sample appear to give the

same spectrum as the original CuHPO -HOO sample indicating that they

4
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Figure 4

Infrared Spectra of CuHPO 'H20 (Preparation II)

4
and all the heated samples

(i.) CuHPO,’H,0 (Ppn.II) (ii.) 110° Sample (iii.) 120-130° Sample

(iv.) 180° sample (v.) 700° sample

The calibration peaks indicate 1028.0 Cm_l
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all have the same molecular structure.

However, the 1800'sample gives a much less resolved spectrum than
CuHPOA'Hzo due to the loss of water of hydration. For example, the
peaks at 1278 and 1245.cm-1 seem to have disappeared and the four peaks

at 1086, 1072, lOl7,Aand 917 cm"1 in the CuHP04-H20 spectrum have been

replaced by two broad peaks at 1090 and 1019 cm—l. The peaks at 927,
906, and 629 cm“1 also seem to have disappeared and the peak at
450 cm—1 is reduced to a small bump. However, the spectrum still seems

to be consistent with C2V symmetry perhaps

H ] v
P P -
Cu2 [ﬁ O4Cu O4H POACuPO4H .

The spectrum of the 700° sample is obviously different from the
original CuHPO4-H20 sample and is apparently different from the spectrum
of the 180° sample in both the P-0 stretching and 0~P-0 bending regions.

The spectrum of the 700O sample is consistent with the following

structure
oo\ p 0 P/Oo
0 0
In the O~P~O bending region, the spectrum is similar in appearance to
) 0
orthophosphate probably indicating the presence of — 0 — P:EE; 0 in
0

the molecule.

X-ray Diffractograms

The results of the X-ray diffractograms of the heated samples, the
original CuHPOA‘Hzo (Preparation IT), and the CuHPO4 diffraction results
reported by Royen and Brenneis (47) are shown in Table 5. The diffrac-

tograms of the original CuHPO4-H20 sample, the 110° sample, and the 120~

130° sample are all very similar suggesting that they are all CuHPOa'HZQ'
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The 180° sample and the 700° sample give diffractograms which are notice-

ably different from each other and from the original CuHPO 'HZO suggest~

4

ing that changes in crystal structure have taken place. In Table 5,
it can be seen that there is poor agreement between the diffractogram of

the 180° sample (proposed to be CuHPOA) and the CuPHO, results reported

4
by Royen and Brenmneis (47).

Conclusions of Temperature Study

It has been shown that anhydrous cupric hydrogen orthophosphate

(CuHPO4) may be prepared by careful heating of CuHPO4'H20 at a tempera-

ture somewhat below 200°C and that overnight heating of CuHP04‘H20 at

high témperature results in the formation of cupric pyrophosphate
(Cu2P207).

4.3 Potentiometric Titration of Acidic Copper Solutions with Acidic
Orthophosphate Solutions

In this research, two different methods were used to investigatg the
solubility of cupric hydrogen orthophosphate and cupric-hydrogen-
phosphate complexing. The first method was to titrate acidic copper
solutions potentiometrically with acidic orthophosphate solutions. The

- second method involves allowing CuHPO4-HOO or CuHPO4 samples to equili-

brate in 3M 0104‘ solutions of known H+ concentrations or known ortho-

phosphate concentrations. The first method seems to be the more useful

-

one for studying cupric-hydrogen-phosphate complexing and the second
method seems to be the more useful one for studying solubility. The
first method is described below.

The E.M.F. Measurements

The investigation was made as a series of potentiometric titra-
tions at 25° C. The extent of complexation was followed by measuring the

free hydrogen ion concentration, h, and the free cupric ion concentra-

tion, c¢. The free hydrogen ion concentration, h, was measured at
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equilibrium by means of the cell

- RE / solution S / GE +
where GE denotes a glass electrode, RE a reference electrode as des-
cribed in Section 3.4, ;nd S the test solution. The e.m.f. of the cell

can be written as

E = E°_+59.156 log h + E, =—-===- (1)

g g k|

where Eog is a constant for the glass electrode and E, is the liquid

i
junction potential between the test solution S and 3M NaClOa. Follow-
ing Biedermann and Sillen (58), Ej can be expressed as a function of h,
Ej = jh, where j is a constant < -17 mV / M. Titration of 1M HClO4 R

against 3M NaCl0, performed by Fincham (59) confirmed that the cell used

4
gave a comparable value of j.
The free cupric ion concentration, ¢, was measured at equilibrium
by means of the cell |
-~ RE / solution S / CE +
where CE denoteé a cupric ion selective electrode, RE the reference

electrode described in Section 3.4, and S the test solution. The e.m.f,

of the cell can be written as

o}

E. = E + 29,578 log ¢ + E, ————-—- (2)

Cu Cu h|

o . . ' .
where E Cu is a constant for the cupric ion selective electrode and Eﬁ

is the liduid junction potential described earlier (E, = jh where

B
3 ¥ -17 uv / M),

Before each titration, Eg and ECu were measured for a solution of
known total hydrogen ion concentration and known total cupriec ion con-
centration which contained no orthophosphate. Then using equations (1)

and (2), the values of Eog and E° , respectively, were calculated. For

Cu

these calculations it was assumed that the total hydrogen ion concentra-
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tion = h and the total copper 1lon concentration = ¢ because there was

no orthophosphate present for complexing.

The Z Values

To determine the degree of complexation of orthophosphate by H+
ions and Cu2+ ions, it was decided to calculate values of average ligand
number for H+— orthophosphate complexing, and Cu2+— orthophosphate com-
plexing.

After each addition of titrant, the average ligand number, Z, was
calculated using equations (3) and (4).

Ziyp = Wpgp =B /B e (3)
where ZH/B is the average ligand number for H+—orthophosphate complexing,

B is the total analytical concentration of orthophbsphate, is the

Bror
total analytical concentration of hydrogen ions, and h is the free
hydrogen ion concentration calculated using equation (1). Similarly,

Z = - .

C/p (CuTOT c) / (4?
where ZC/B is the average ligand number for Cu2+— orthophosphate complex-

ing, Cu T is the total analytical concentration of copper, ¢ is the .-

TO
free cupric ion concentration calculated using equation (2), and B is
tﬁe same as in equation (3). The values of ZH/B and ZC/B are given in
Tables 6,7,8, and 9. ‘

In addition, theoretical ZH/B values were calculated, for a
series of pH values, from the dissociation constants for orthophosphoric
acid determined by Baldwin and Sillﬁﬁ (60) by the following procedure:
' h

il - :
ZH/B = _TOT a S — (3)

assuming that HPO f is originally present in solution and neglecting

3-
PO4

4
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=0 [HZPOA“] + 2 [1—131304] |
[HP042"'] + [1{.2?04‘] + [H PO4]
2y, 5 [m,p0,7] + 2 [iypo,]
[Hpoaz"] + I:H PO "] + [1131304]
[H PO ] + 2 [}131304]

Zay, = [1e0, %]
[HPOZ}Z—J + [HZPOJ + [H3P04]

&9042“]

Substituting Bl = -[H2P04"] and Bz = l:HBPOA]
h E{Pof"] h? [HPO42—]
Blh + ‘Zﬁzhz

2 N (5)

7
+ Blh + B pn

where Bl = 1.86 X 106 and Bz = 1,44 X 108 . The above formula-

neglects Cu2+‘— orthophosphate complexing and assumes that P043“ is

negligible in the solutions measured.

The Potentiometric Titrations

Four different types of titrations were performed at 25°¢ covering‘
a pH range of about 1 to about 3.7. Higher pH values resulted in pre-
cipitation. 50 ml Class A burets were used for all titrations except
for Type IV where two 10 ml burets were used. In Tables 6,7,8, and 9
the following subscripts are used:
o means initial solution before titration
t means titrant
t means copper titrant

Cu

t, means orthophosphate titrant

p
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(1.) The Type I-titration was a one buret titratlon and was performed

as follows: 50 ml. of 00,1016 M H+, 0.01002M Cu2+, 3M 0104~ solution was

pipetted into the titration vessel. Using a glass electrode and a cupric

ion selective electrode, Eg and ECu were determined at 25°C. Using Eg s

. + _ 2-F _
ECu’ and assuming [H ]TOT = h and Ehx ] = ¢, the standard potent

TOT
ials, Eog and EoCu , were calculated. The solution was then titrated.with
+ —
0.1016 M H , 0.01002 M Cu2+, 0.02367 M orthophosphate, 3M ClO4 solution.
After each addition of orthophosphate solution, Eg and ECu were deter-

mined using a glass electrode and a cupric ion selective electrode, res-
pectively. Using E and E and the values E° and E° calculated pre-

g Cu g Cu
viously, the values of free hydrogen ion concentration, h, and free cupric

ion concentration, ¢, were calculated. The Dynamco Voltmeter was used to

measure all potentials. See Teble 6 and Figures 5 and 6 for erperimental data.

(i1.) The Type IT titration was a one buret titration and was per-

: +
formed in duplicate as follows: 50 ml. of 0.1016M H+ , 0.01002M Cu2 ,
3M C104— solution was used to determine EOg and EoCu as before. This

solution was then titrated with 0.1016M H+ , 0.01002M Cu2+ , 0.05019 M

orthophosphate, 3M ClO4 solution. For each addition of titrant, the

values of h and ¢ were calculated as for titration Type I. The Dynamco
Voltmeter was used to measure all potentials. See Table 7 and Figures 5
and 6 for experimental data.

(4dii.) The Type III titration was a two buret titration and was per-
+ 2+
formed in triplicate as follows: 25 ml of 0.1016 M H . 0.01002 M Cu” ,

3M 0104_ solution and 25 ml of 3M NaClO_4 solution were pipetted into the

titration vessel. By measuring E and ECu of this solution, values of

ol

Eog and EoCu were calculated as in titration Type I. A known volume of

0.1016 M H+ , 0.01002M Cu2+, 3M C104— solution was added with a buret
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and Eog and E° q vere calculated again. The averages of the two EOg

C
‘and EoCu values were used in subsequent calculations. An equal volume

4

buret and h and ¢ were calculated. The titration was continued by add-

of 0.1001M orthophosphate, 3M C10 solution was added with another

ing equal volumes of Cu2+ solution and orthophosphate solution and the
values of h and ¢ were calculated for each addition of titrants. The
electrode potentials were measured on the Dynamco Digital Voltmeter as
before except for Trial 1 in which the Metrohm Compensator was used. See

Table 8 and Figures 5 and 6 for experimental data.

(iv.) The Type IV titration was a two buret titration which, unlike
the others, proceeded to precipitation. This titration was performed |
once as follows: 25 ml of 0.00997 M H' , 0.01002M cu’¥, 3u c10,” solu-
tion and 25 ml. of 3M NaClO4 solution were pipetted into the titration
vessel. Measurements of Eg and ECu made on this solution were used to
calculate EOg and EOCu for the electrodes. 0.00997 M H+ , 0.01002 M
Cu2+, 3M C104; solution and 0.1001 M orthophosphate, 3M 0164_ solution
were thén added in 0.5 ml portions with burets. For each addition of
titrants, the values of h and ¢ were calculated as before. The Dynamco
"Voltmeter was used to measure all potentials. After about 4 ml of each ‘
titrant was added, a fluffy light blue cupric orthophosphate precipitate
of unknown composition began to form in the titration vessel. After

precipitation had occurred, the value of E remained fairly constant

Cu
with time but Eg began to rise slowly perhaps indicating a reaction re-

leasing hydrogen ions. Refer to Table 9 and Figures 5 and 6 for experi-

mental data.
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Results of Titrations

Referring to Figures 5 and 6 which are plots of average Z versus
pH (i.e. for titration Types II and III the results of two or three
trials were averaged) for all titrations, it can bhe seen that the ex—
perimental ZH/B values are generally somewhat lower than the theore-
tical curve for titration Types I, II, and IIT (pH 1l to 2.3) and for ti-
tration Type IV (pH 2.3 to 3.7) the experimental ZH/B values are similar
to or somewhat higher than the theoretical Zp/p values. It can be seen
that the experimental Zc/B values do not conform to any smooth curve
and are very small compared to ZH/g . In Figure 6 the error bars repre-

sent the deviations in average ZC/B .

‘Apparent Equilibrium Constants for Copper-Hydrogen—Phosphate Association

The experimental data were treated using the generalized least
squares program Letagrop (66) in order to determine if the complexes re-
ported by Childs (49) were present and to calculate their association
constants. Since the reproducibility of the data ié not as high as that
obtained by other workers, Letagrop is particularly useful since it
allows for adjustments to cémpensate for experimental errors.

In calculating the equilibrium constants for copper-hydrogen-
phosphate association, the components of the system were taken to be

2+

+ —_—
Cu , H, and HPO whose concentrations will be denoted ¢, h, and b,

2
A
respectively.

The potentiometric titration data were treated using the general-
ized least squares program Letagrop (66) which minimizes the error
_ 2 .
square sum, U. U = E (0 - Hcalc.) where Hcalc. is the computed

total hydrogen ion concentration. The program allowed for adjustments

to the characteristics of the electrodes used (j and EO), the equilibrium
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constants ( ’3'8), and the analytical concentration H to compensate

TOT

for possible analytical errors.
Two series of calculations were done: Series A which assumed only
the glass electrode potential, Eg’ was known and Series B which assumed

that both Eg and the cupric ion selective electrode potential, ECu s

were known.
A total of eight calculation sequences were done as follows: (1i.)

calculation A I assumed that H P , and Eog were cor-

ror > ““ror * Pror

. s . ) (o} .
rect. (di.) calculation A II assumed that E g was in error and was

corrected in calculation. (iii.) calculation A III varied j along with

the I3 values and Eo . (iv.) calculation A IV wvaried the f? values,

g

o .
E o 2 and assumed a constant error_g Hin H

. 0T (v.) calculation B I

o o '
assumed that HTOT E g and EC‘1 were correct.

> Cupop > Prgr o

(vi.) calculation B II assumed that EOg and E° were in error and

Cu
were corrected in calculation. (vii.) calculation B IV varied the ﬂ

o o) ,
values, E g’ E Cu and assumed a constant error S’H in HT

oT

(viii.) calculation A V assumed that only one complex, CuH2P04+ ,

. o
was present, varied the B values, E g’ and assumed a constant error

. The results are summarized in Table 10.

8 H in HTOT

In calculation A I, the association constants ( B ) of four pos-
sible copper-hydrogen-phosphate complexes (CuH2P04+ ) CuH3(PO4)2f .
QuHPO4 , CuZHZ(POA)z) were calculated but negative I3 values were ob-
tained for two of these complexes (CuHPO4 and CuZHZ(PO4)2) s therefore;
these complexes were rejected. It is seen for calculations A 1T,

A IIT , and A IV that as more parameters are corrected, the better the

observed fit (i.e. the U value is lowered). However, since the ﬂ

values are dependent on j, it 1s not considered justified to vary j
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(calculation A III). 1In calculation B I, the association constants
([3 ) of four possible complexes (CuH2P04+ R CuHB(Poa)z_ , CuHPO4 , and
Cu2H2<PO4)2) were calculated but three of these complexes (CuH3(P04)2 s

CuHPO4 , and Cu (P04)2) were rejected either because the B value was

2H2
negative or because the ]3 values were less than the standard deviation
(o). Since the reproducibility of the data was not as high as that ob-
tained by other workers, it was felt that quite a stringent test could
be applied to determine if a particular complex was actually present;
hence the requirement that 13/0’)1. It is seen from calculations B II
and B IV that as more parameters are corrected, the fit is improved. If
only one complex (CuH2P04+) was assumed (calculation A V), it resulted
in a better fit than any of the other Series A calculations but of all

the eight calculations performed, the best fit is obtained in Calcula-

tion B IV. Therefore the best association constant value is

+
@uH PO ]
5] = z 4 - 6.9 ¥ 0.7) x 107
11,1 chb
or logBlll = 7.84 Y 0.04 .
b ) ]

In 1970, Childs (49), ﬁsing a different medium and a temperature of

0
37°C, reported the following association constant

[C“H2P04+]
log Km 1 = log 5 — = 1.2
’ o T,
Using the experimental value of log B and the value of log B
1,1,1 1,0,1
determined by Baldwin and Sillén (60), log Km 1 at 25°C was calculated
3

to be IEuH2P04+] h b n B
log X _= log ~——"———= + log == = lo 1o

& m,1 & chb l—i{ZPO4—] g 1,1,1 & 1,0,1

= 7.84 ~ 6.27 = 1.57
The agreement seems reasonable considering the differences in tem-

perature and media.



Estimate of the Effect of Copper-Hydrogen-Phosphate Complexing on ZH/B

If CquP04+ is present in solution, the ZH/B values could be

calculated as follows:

H
ZH/B = TOT - h ________ (3)
B

assuming that HPO,  is originally present in solution and neglecting

4
3_.
PO4

Frgp =0+ [1,70,7] o+ 2 [mro, ]+ [oun po, ]
5= [wo,] + [npo,7] + [1570,] + [oomyeo,” ]
s - [0 L[] s ]
[0, o+ [rpro,] 4 [rgro,] + [ounyro7]
70,7 + 2 [mgro,] [CUH2P°4+]

[HP°42 ‘]

i [HPOZ}Z“] + [112?04“] + [HSP04] + [CuHZP04+:|

2

bbbbb Substituting B = [HZPOZ;] , B _ [H PO]
1 5 2 = "3y
h [11?04 ] B [H.PO 2‘]
_ 4
‘ "
and ﬁl 11 © [CUH2P04]
>~ 2
¢ n [meo,*]
2 .
By, - Bion + 2B,0° + B, cn
~ 2
1+ Blh + ﬁz'h + Bl,l,lch
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where [31 = 1.86 x 10°
‘ _ 8
Bz = 1.44 X 10
B = 6.9 x-107
1,1,1 .

Using a number of experimental points covering the pH range of 1 to
about 3.7, it was found that ZH/B values calculated using equation (6)
were somewhat lower than the theoretical ZH/B values calculated from
equation (5) which did not use experimental points. These results are
generally consistent with the experimental ZH/B values for titration
Types I, II, and IIT (Figure 5). However, the experimental ZH/B values
for the Type IV titration were somewhat higher than those predicted by

equation (6) perhaps due to analytical errors.

Experimental Errors

, and 5'H calculated using

The corrected values of EO , E°
g Cu

Letagrop are presented in Table 11. It can be seen that in most céses
the Eog'values do not change much (except for Calculation A III where j
is varied) from the experimental results and the uncertainties in E
are generally fairly small. However, the corrected EOCu values are

often considerably different from the experimental results and there are

large uncertainties in o It can be seen that the Sllvalues, which

Cu
represent the error in HO , are not very significant for the first three
titrations but become much more significant as H 1is reduced. The large
o]
uncertainties din gllare to be expected due to the small values of 5IL
The Dynamco Digital Voltmeter is capable of measuring potentials
+

within £ 0.05 mV and the Metrohm Compensator (used for titration 4)

within £ 0.2 mv.

Taking into consideration the results for Eog and EOCu calculated



TABLE 11
Eg , Egu , AND $TE CALCULATED BY LETAGROP FOR
"BEST FIT" TFOR THE DIFFERENT CALCULATIONS
Titn. No. Cu_(mM) HO(mM) Eg + 30(mV) Eg *+ 30(mV) Su t 3¢(mM)
u

Calculations A IT

1 10.02 101.6 366.11%0.09 0

2 10.02 101.6  366.54%0.06 0

3 10.02 101.6  366.19%0.04 0

4 5.010 50.76 366.80%0.14 0

5 5.010 50.76 366.69%0.09 0

6 5,010 50.76 366.57%0.63 0

7 5.025 4,95 365.23%2.64 0
Calculations A III

1 10.02 101.6 - 364.11%0.11 0

2 10.02 101.6  364.5610.07 0

3 10.02  101.6  364.21%0.08 0

4 5.010 50.76 365.64%0.19 0

5 5.010 50.76 365.51%0.17 0

6 5.010 50.76 365.43%0.56 0

7 5.025 4,95 364.75%3.45 0
Calculations A IV

1 ' 10.02 101.6  365.69%0.08 2.028%0.402

2 10.02 101.6  365.68%0.05 3.776%0.227

3 10.02 101.6  365.76%0.04 1.808%0.187

4 5.010 50.76 367.42%0.13 ~-1.176%0.238

5 5.010  50.76 367.51%0.08 -1.551%0.147

6 5.010 50.76 366.00%0.57 1.025%1.056

7 5,025 4.95 369.0110.31 0.506%0.142
Calculations A V

1 10.02 101.6  365.77%10.08 1.687%0.399
2 10.02 101.6 365.98%0.05 2.548%0.208
3 10.02 101.6  366.32%0.04 ~0.516%0.168
4 5.010 50.76 366.72%0.13 0.230%0.244
5 5.010 50.76 366.24%0.14 0.979%0.263
6 5.010 50.76 360.97%0.39 11.423%0.864
7 5.025 4,95 366.36%0.25 -0.121%0.030

61



62

TABLE 11  (continued)
Titn. No. Cu_(mi) 1, (mt) Eg:t3o(mv) EQ * 30(mV) St 3o(md)
Caléuléti@ns B II (analogous to A II)

i 10.02 101.6  366.17%0.11  260.62%144.90 0

2 10.02 101.6  366.5330.07  232.93%5.70 0

3 10.02 101.6  366.2170.05 229.62%3.81 0

4 5.010 50.76 366.84T0.18  230.42%5.70 0

5 5.010 50.76 366.74%0.08  229.88%1.75 0

6 5.010 50.76 366.31170.72  221.43%9.36 0

7 5.025 4.95 365.70%0.49  277.74%3.87 0
Calculations B IV (analagous to A IV)

1 10.02 101.6  366.25%0.09  370.76%26.31 -0.383%0.393
2 10.02 101.6  366.73%0.07  231.36%6.03 ~0.622%0.200
3 10.02 101.6  366.48%0.05  228.4613.93 ~1.158%0.153
4 5.010 50.76 366.9250.19 227.95%5.76 -0.156%0.239
5 5.010 50.76 367.1130.03  226.92%1.55 ~-0.7n4%0.101
6 5.010 50.76 361.17%0.50  229.02%14.34 10.997+0.864
7 5.025 4.95 366.2670.16  265.19%117.6 -0.079%0.016
Experimental Results (for reference)

1 10.02 101.6 366.18 231.97 -

2 10.02 101.6 366.62 230.57 -

3 10.02 101.6 366.24 229.28 -

4 5.010 50.76 366.8 230.2 -

5 5.010 50.76 366.67 228.10 -

6 5.010 50.76 366.69 228.00 -

7 5.025 4.95 365.87 228.13 -
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using Letagrop, 1t appears that the measurements of free hydrogen ion
concentration, h, are probably fairly reliable but the validity of the

measurements of free cupric ion concentration, ¢, is questionable.

Conclusions
. . . o)
By this method, the presence in aqueous solution, at 25 C, of one

+ ;
, was established over the
7

copper—-hydrogen-phosphate complex, CuH2P04
pH range of 1 to 3.7 and an association constant of (6.9 £ 0.7) X 10
was calculated for the complex.

The experimental ZH/B» values calculated were quite reasonable in
most cases due to the relatively large values of ZH/B and the reliabil~
ity of the h determinations. However, the experimental ZC/B values
calculated did not seem reasonable due to the relatively small values of

ZC/B and more significantly to the unreliability of the ¢ determina-

tions.

4.4 Solubility Studies of Cupric Hydrogen Orthophosphate in

Aqueous Solution

To determine the solubility product of cupric hydrogen orthophos=

phate (CuHPOA) , 1t was decided to allow samples of CuHP04°H20 or

4

ion concentration or known orthophosphate concentration. After equi-

CuHPOZ to equilibrate in 3M C10 solutions of known total hydrogen
1ibrium had been achieved, the solutions and the solid residues were
analyzod as described later. Infrared spectra and X-ray diffracto-
grams were also taken of the solid residues to determine if they had

changed. The experimental details are described below.

Preparation of Standard Solutions

(A) A series of 50 ml. solutions of varying total hydrogen ilon

concentrations in 3M ClOl were prepared and transferred into 125 ml.
1
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plastic bottles. An excess quantity of CuHPOA-H 0 (Preparation I) was

2
added to each solution and the solutions were equilibrated in a water
bath at 25°C. The six solutions of this group will be referred to as
0A, 1A, 2A, 3A, 4A, and 5A. The hydrogen ion concentrations of the ori-
ginal standard solutions are presented in Table 12.

(B) A series of 100 ml solutions of varying hydrogen ion concen-
trations in 3M ClO[;~ were prepared and transferred into 125 ml plastic
bottles. An excess quantity of CuHPO4 (Preparation II dried at 180°%¢
for 2 hours) was added to each solution and the solutions were equili—v
brated at 25°C in a water bath. The four solutions in this group will
be referred to as 1B, 2B, 3B, and 4B. The hydrogen ion concentrations
of the original standard solutions are presented in Table 12.

©) A series of 100 ml solutions of varying orthophosphate con-
centrations in 3M C104~ were prepared, transferred into 125 ml plastic
bottles, and an excess quantity of CuHPO4-H20 (Preparation II) was

added to each solution. The solutions were then equilibrated at 250C

in a water bath. The five solutions will be referred to as 1C, 2C,

3C, 4C, and 5C. The orthophosphate concentrations of the original
phosp

standard solutions are presented in Table 12.

Analyses of Solutions after Fquilibration

After being stored in the water bath at 25°¢C for at least one
month, the solutions were analyzed, at weekly intervals, for free hy-
drogen ion concentration, h, and free cupric ion concentration, c.

After a few months, when the standard deviation of three consecutive de-
terminations of h and ¢ was less than 2%, the solutions were con-
sidered to be at equilibrium. Tor each solution Table 12 shows the

average of three determinations of h and ¢ along with the average
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deviations. Glass and cupric ion selective electrodes were used, read-
ing the Dynamco Voltmeter, to determine the electrode potentials, Eg and
ECu’ with reference to a Ag / AgCl reference electrode. Before and
after measurements on the solutions, the standard electrode potentials,
Eog and EOCu » were determined for the glass electrode and the cupric

ion selective electrode, respectively, by potentiometrically titrating

a solution of 25 ml of 3M NaCl0, solution ard 25 ml of C.01 M H+ s

4
24+ - ’ + -
0.01 M Cu s 3M ClO4 solution with 0.014 H+ , 0.0 Cu2 , 3M ClO4
solution. The deviation between Eog values and EOCu values obtained

before and after the measurements ranged from £ 0.02 mV to T 0.16 mv
for the glass electrode and ranged from T 0.02 mV to T 0.09 mV for the
cupric ion selective electrode. After the standard electrode potentials
had been calculated, the free hydrogen ion concentrations, h, and the
free cupric ion concentrations, c, were calculated using the following
equations:
B, = B0 +59.156 log h + E; e (1)

o

= + 29, 2. mmeee 2
Ecy Ecu 29.578 1ogc+xzJ (2)

where Ej = jh (§ ¥ -17 mV /). Since log h and h were present in the
same equation, the best values of h were calculated by successive ap-
proximations. The 'values of h and ¢ for the equilibrated solutions are
given in Table 12.

Each equilibrated solution was analyzed for total copper concentra-
tion by atomic absorption spectrophotometry on a Perkin-FElmer 306 Atomic
Absorption Spectrophotometer and also by colorimetry involving the form-
ation of the copper-ammonia complex as described by Snell and Snell
(61). The instrument used for the colorimetry was the Carl Zeiss

Spectrophotometer. Since it has been established that there is copper-
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hydrogen-phosphate complexing in aqueous solution (Section 4.3), the
total copper concentration, [?u]TOT s should be significantly‘greater
than ¢. The [?u]TOT values obtained by colorimetry appear to be much
more reliable than the.atomic absorption results which are lower than
¢ in some cases. The [?u TOT values obtained by both methods are pre-
sented in Table 12. |
An analysis for total phosphorus concentration was carried out
for each solution by the spectrophotometric measurement of extracted
phosphomolybdic acid using the Carl Zeiss Spectrophotometer. The pro-
cedure used is that suggested by Mozersky, Pettinati, and Kolman (62)
except that 1:1 tert-butanol:benzene mixture was used as the extractant.

The results are given in Table 12.

Analyses of Equilibrated Solids

After all of the equilibrated solutions had been analyzed, the
solid residues were filtered off by suction and sucked dry. The solid
residues were then analyzed for total copper content by colorimetry in-
volving'the copper-ammonia complex and for total phosphorus content by -
the same method as was used for the solutions. Infrared spectra and
X-ray diffractograms. were also taken of all the solid residues. The
solid residues will be referred to using the same labels as for the cor-
responding solutidns., The results of the analyses and the Cu:P ratios

are given in Table 13.

Uncertainties in Analyses of Equilibrated Solutions and Solids

From Table 12, it can be deduced that for the equilibrated solu-
tions, the maximum standard deviation (ov) is * 1.5 percent for h,

T 1.4 percent for c, T 3.7 percent for [?u T and t 3 percent for

TO
[f]TOT . Assuming that the uncertainty (u) is 3 o, then the uncertairty
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is about * 4.5 percent for h, about * 4.2 percent for c, about * 11 per-

cent for (CU}TOT , and about + 9 percent for [P] . Experimental

TOT
errors in the calculated Cu:P ratios of the solids (Table 13) result
from errors in the determinations of percent Cu and percent P and also
possibly from variations in the amount of solid residue present after
equilibration. If the solid residue in totally unaltered or totally
altered after equilibration, then variations in the amount of solid
residue are not important, but if only a fraction of the residue is al-
tered then the composition of the residue is dependent on the amount of
residue present. Since the amount of solid residue present after equi-
libration is generally quite small, any éhange in composition should be
readily apparent from the Cu:P ratios. All of the group A solids give
similar infrared spectra and X-ray diffractograms (Figure 10 and Table
15), therefore the uncertainty in Cu:P ratios may perhaps be estimated
by averaging the Cu:P ratios of the group A solids and calculating the
uncertainty (30~) which is about ¥ 15 percent. For the group B solids,
#0 and #1 give similar infrared and X-ray data as do #2, #3, and #4

(Figure 11 and Table 16). The estimated uncertainties in Cu:P ratios
are about ¥ 63 percent for solids #0B and #1B and about ¥ 72 percent

for solids #2B, #3B, and #4B. Tor the group C solids, #1 and #2 give
similar infrared and X-ray data as do #3, #4, and #5 (Figure 12 and
Table 17). The estimated uncertainties in Cu:P ratios are about f‘33
percent for solids #1C and #2C and about t 12 percent for solids #3C,
#4C, and #5C. The estimated uncertainties in Cu:P ratios represent a
combination of the uncertainties in percent Cu, the uncertainties in
percent P, and possible uncertainties due to variations in the amount of

so0lid residue present.
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Although estimates have been made of the uncertainties in various

measurements, the actual errors in these measurements are unknown.

4.5 Preparation of other Cupric Orthophosphate Compounds

After the equilibrated solids were analyzed and infrared spectra and
X~ray diffractograms taken, it became obvious that the solid residues had
changed during equilibration. 1In order to determine what changes had
taken place it was decided that it would be useful to try to prepare
other cupric orthophosphate compounds and compare them with the equili-~
brated solids. Attempts were made to prepare four ébmpounds:

Cu, (PO . . i '
u3( 4)2 31{20 R CuSHZ(PO4)4.4HZO, CuHPO HZO (by a different

4
method than Debray or Bassett and Bedwell) and Cu?(PO4)(OH). These pre-
parations will be referred to as Preparation III, Preparation IV, Pre-
paration V, and Preparation VI, respectively. The experimental details

are given below.

Preparation IIT

This preparation was carried out according to the "Steinschneider
principle" as described by Klement and Haselbeck (48) by adding at room
temperature, dropwise, with stirring, a solution of 5 g of diammonium
hydrogen phosphate ((NH4)2HP04) in 100 ml of water (adjusted to pH 6
with acetic acid using the Coleman Metrion III pH meter) to a solution
of 50 g cupric sulfate pentahydrate (CuSO4.5H20) in 200 ml of water.
Although a precipitate was formed immediately upon addition of the or-
thophosphate solution, the resulting mixture was stirred for a few
hours before the solid was filtered off by suction, washed with water
and acetone, and left under vacuum overnight. The product was.dried in
an oven at 950C for 1 hour and stored in a desiccator overnight. The

final product was a light blue powder.
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(Theoretical) Cu3(PO4)2'3H20 : Cu, 43.86 ; PO, , 43.71

4

Found : Cu, 43.32 ; PO, , 41.89

4

molar Cu / PO4 ratio = 1.55 : 1 .

Preparation IV

This sample was prepared as described by Klement and Haselbeck
(48) by adding at room temperature, dropwise, with stirring, a solution
of 4.42 g of sodium phosphate monohydrate (NaHzPod HZO) in 100 ml. of
water (adjusted to pH 7 with NaOH solution) to a solution of 20 g of

cupric sulfate pentahydrate (CuSO ‘5H20) in 100 ml. of water. The re-

4
sulting mixture was stirred for a few hours before the solid residue was

isolated and treated using the same procedure as for Preparation III.

The final product was a light blue powder.

(Theoretical) CuSH2 (P04)4 ‘4H20 : Cu, 41.17 ; P04, 49,23
(Theoretical) Cu3(P04)2 . 3H20 : Cu, 43.86 ; P04, 43.71
Found : Cu, 41.69 ; PO4, 45,33

molar Cu / PO4 ratio = 1.38:1

Preparation V

This sémple was prepared by the same procedure as for Preparation
IV except that the proportion of copper to orthophosphate was different
(Klement and Haselbeck (48)). A solution of 8.85 g of sodium phosphate

monohydrate (NaH2P04' 0) in 100 ml of water (adjusted to pH 7 with NaOH

H
2
solution) was added at room temperature, dropwise, with stirring, to a
solution of 10 g of cupric sulfate pentahydrate (CuSO4'5H20) in 100 ml
of water. After the resulting mixture had been stirred for a few hours,

the residue was isolated and treated as before. The final product was a

light blue powder.
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53,49

(Theoretical) CuHPOd H,0 : Cu, 35,79 3 POQ,
(Theoretical) Cu.(PO,) *3H O : Cu, 43.86 ; PO,, 43.71
3V 4 2 2 4
Found : Cu, 40.42 ; POA’ 46,48

molar Cu / PO4 ratio = 1.30:1

Preparation VI

About 1 g of Preparation III was placed in a thick-walled glass
tube and 10 ml of triply-distilled water was added. After mixing, the
tube was sealed and then heated in an oven at about 185°C for 18 hours.
After cooling to room temperature, the tube was broken open and the
solid residue was filtered off by suction, washed with water and ace-
tone, and sucked dry. _The final product was a finely crystallized
light green solid.

(Theoretical) Cuz(PO4) (on) : Cu, 53fl6 s PO 39.73

4 b4

Found : Cu, 52.98 ; PO 33.91

4
molar Cu / PO4 ratio = 2.33:1
Analyses

The four preparations were analyzed for total copper content and
total orthophosphate content.
(i.) All four preparations were analyzed for total copper content
by iodometric titration (54). The first three preparations (III, IV,
and V) were analyzed in triplicate but due to the small amounﬁ of sample,
Preparation VI was analyzed only once.
(ii.) The total orthophosphate content of each of the four prepara-
tions was determined by a gravimetric method (55) involving ﬁhe precipi-
tation of orthophosphate as magnesium ammonium phosphate and ignition
at about 1000°C to magnesium pyrophosphate (Mg2P207). The first three

preparations (III, IV, and V) were analyzed in duplicate but again due
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to the small amount of sample, Preparation VI was analyzed only once.

Infrared Spectra

The infrared spectra of all four samples, ground with dried KBr
and also as nujol mulls, over the range of 1333 to 400 cm"l are shown
in Figure 7. It can be seen that there are few significant differences
between the spectra taken as nujol mulls and those taken as KBr discs,
therefore, only the latter will be discussed. The first three prepara-
tions give fairly similar spectra except that the spectrum seems to be-
come more resolved going from Preparation III—>Preparation IV —>
Preparation V. For example, Preparation III shows peaks at 1147, 1092,
1062, and 993 c:m—1 in the P - O stretching region and peaks at 628 and.
558 cm—l in the 0-P-0 bending region. Preparation IV shows a slight
bump at 1206 cm—l in the P=0 stretching region, peaks at 1151, 1093,
1060, 991, 953, and 863 o::m"l in the P - 0 stretching region, and peaks
at 622, 556, and 506 cmml in the 0-P-0 bending region. Preparation V
gives a spectfum essentially similar to Preparation IV except that it
seems té be slightly better resolved. The infrared spectrum of
Preparation VI is obviously different from those of the first three pre-
parations (IIL, IV, and V) and is rather unresolved due perhaps to the

lack of water of hydration.

X-ray Diffractograms

The X-ray diffractogram results obtained for the four preparations
and the results for Cu3(P04)2=3H20 and Cuz(PO4)(OH) reportedAby Hanawalt
et al (65) are shown in Table 14. For the first three preparations (III,
IV, and V), it 1s seen that the results obtained for Preparation III are
somewhat different from the results obtained for Preparation IV and V

which indicates some crystal structure differences between Preparation



Figure 7

Infrared Spectra of Preparations III, IV, V, and VI

(i.) Preparation IIT " (4di.) Preparation IV
(a.) KBr disc (solid line) (a.) KBr disc (solid line)
(b.) Nujol mull (dashed line) (b.) Nujol mull (dashed 1ine)
(iii.) Preparation V (iv.) Preparation VI
(a2.) KBr disc (solid line) (a.) XBr disc (solid 1line)
(b.) Nujol mull (dashed line) (b.) Mujol mull (dashed line)

The calibration peaks indicate 1028.0 cm”l
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ITTI and Preparation IV and V. From Table 14, it can also be seen that

the X~ray diffractogram results for CUB(Poé)i 31,0 reported by Hanawalt

2
et al (65) agree quite well with the results obtained for Preparations
IV and V. There is quife good agreement between the experimental re-
sults obtained for Preparation VI and the Cuz(Poa)(OH) results reported
by Hanawalt et al (65) except that the experimental diffractogram has
several extra peaks. Finally, it should be noted that Preparation VI
gave a diffractogram with very sharp peaks due to its definite fine
crystalline structure. However, the diffractograms obtained for Pre-

parations III, IV, and V had very broad peaks due to the ill-defined

crystal structure of the solids.

Conclusions
Taking into consideration the analytical results, infrared spectra,
and X-ray diffractograms, it appears that Preparations III, IV, and V

0 and Preparation VI is essentially

are essentially Cu3(PO4)2 ‘xH2

Cuz(P04)F0H).
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5. RESULTS. AND CONCLUSIONS OF SOLUBILITY STUDIES

5.1 Comments on the Equilibration of CuHPO4 HZO or CuHPO4 in

Aqueous Solutions of Known [H*]or Known [Orthophosphate]

To determine if any changes had taken place in the cupric orthophos-
phate solids during equilibration, the Cu:P ratios of the equilibrated
solids were calculated and will be compared with the relative [Cu TOT
and [P]TOT values for the corresponding solutions. In addition, any un-
expected changes in pH of the solutions after equilibration will be noted
and finally, the infrared spectra and the X-ray diffractograms of the

equilibrated solids will be compared with each other, with those of the

original solids, and the prepared Cu3(P04)2 'tzO samples.

Comments on the Analyses of Solutions and Solids after Equilibration

(a) In Table 12 it can be seen that for solution #0A, the free hydro-
gen ion concentration, h, is surprisingly high considering that the
3M NaClO4 solution was slightly basic. This would indicate that more

than the simple dissolution of CuHP04 HZO may be involved.

For the equilibrated solutions of group A (Table 12), the value of

TOT

#0A, but the difference in concentrations gradually narrows until for

[P]TOT is considerably greater than [Cq] in the case of solution

. ‘ ~ P] ] . (d
solution #5A [bu TOT [ 70T However, for the corresponding solids
there is not much change in the Cu:P ratios (Table 13).

Plots of [?u vs. pH (Figure 8) and [P} vs. pH (Figure 9)

T0T TOT

for the six solutions of group A show a correlation between solu-
bility and pH.

(B) In Table 12, it can be seen that going from solution #23 to
solution #3B, the h value increases by about a factor of ten but the

¢ value increases only about four percent.
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Figure 8

[bu Tor 25 2 function of pH for the equilibrated

solutions of groups A, B, and C

£ 00 Do

Group A
Group B
Group C
3 medium)
Data from Reference (35) (HC1 medium)

Data from Reference (35) (HNO
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Figure 9

[b]TOT as a function of pH for the equilibrated

solutions of groups A and‘ B

O -Group A

A Group B




[P]TOT X 102
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It should be noted that for all four equilibrated solutions of group

B (Table 12), the [Cu] values are somewhat higher than the [P]TOT

TOT
values. However, for the corresponding solids and also solid #0B (Table
13), the molar Cu:P ratios are also greater than 1. It seems inexplic-
able that there can be an excess of copper in both the solutions and
solids. There are also wide variations in the Cu:P ratios of the solids
perhaps due to the relatively small values of % P which would tend to in-
crease experimental errors.

Plots of [Cu ror VS pH (Figure 8) and [ﬁ]TOT vs. pH (Figure 9)
both illustrate the large jump in pH Letween solutions #2B and #3B.

) For the group C solutions (Table 12) the increase:hl[? ig gig-

]TOT

nificantly greater than [Cu and even for solutions #3C, #4C, and #5C,

TOT
where [bu]TOT is immeasurably small, the [P]TOT values are about 8 per-
cent higher than the [?]TOT values of the original phosphate values of
the original phosphate solutions. For the corresponding solid residues
(Table 13), the Cu:P ratios seem to decrease as orthophosphate concentra-
tion is increased until the ratio reaches about 1:1 for solids #3C,#4C
and #5C.

A plot of [Cu] vs. pH (Figure 8) for the group C solutions seems

TOT
to correlate smoothly with the curve for the group A solutions.

In groups A, B, or C there does not appear to be any apparent absorp-
tion of copper by the plastic vessels although no blank samples were run.
However, if some absorption of copper did occur, the copper/phosphate‘
ratios of the equilibrated solutions would be reduced but the solubility

products of the solid residues would be unaffected because the equilibrium

would shift in order to keep the solubility product constant.

Infrared Spectra

Figure 10 shows the infrared spectra of the group A solids along with
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Figure 10

Infrared Spectra of the Group A solids CuHPO,( H O

4 72
(Preparation I), and Cu3PO4 -xHZO(Preparation V)
(1.) CuHPO4 HZO:(Ppn.I) (i1.) Solid {0A
| (iii.) Solid #1A (iv.) Solid #2A
(v.) Solid #3A (vi.) Solid #4A
| (vii.) Solid #5A (viii.) Cuy(PO,) - x,0 (Ppn. V)

The calibration peaks irdicate 1028.0 cm_l
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Figure 11

Infrared Spectra of the Group B solids , CuHPO4 (CuHPOQ-HZO

heated at 180°C for 2 hours), and CuHP04'H20 (Preparation II)

‘H O 180°
4 H2 heated at 180°C)

(i.) CuHPO4 HZO (Ppn. II)  (ii.) CuHPO4 (CuBPO
(iii.) Solid #0B (iv.) Solid #1B

(v.) Solid #2B (vi.) Solid #3B

I (vii. Solid {43B

The calibration peaks indicate 1028.0 cm
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Figure 12

Infrared Spectra of the Group C solids, CuHP04'H70

- (Preparation II), and Cu3(PO4) « xH,0 (Preparation V)
2 . .

2

0 (Ppn. II)k ~(ii.) Solid #1C

(i.) CuHPO4'H2
(iii.) Solid #2C (iv.) Solid #3C

(v.) Solid #4C (vi.) Solid #5C

(vii.) Cu3(PO4)é-xH20 (Preparation V)

The calibration peaks indicate 1028.0 cm--l
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the spectra of CuliPO 0 (Preparation I) and Cu3(PO4)2' xH,0

4 My 2
(Preparation V); Figure 11 shows the infrared spectra of the group B

solids along with the spectra of CuHPO4 (CuHPO4'H20 heated at 180°C

for 2 hours), and CuHPO4'H20 (Preparation II); and Figure 12 shows

the infrared spectra of the group C solids along with the spectra of

CulPO, .B, 0 (Preparation II) and Cu_(PO,) * xH_ 0 (Preparation V).
4" 37047,

From Figures 10, 11, and 12 it is obvious that the solid residues
had changed during equilibration. The infrared spectra of the group A

solids (Figure 10) are similar to the spectrum of CuB(PO)z'xHZO (Pre-

paration V). The spectra of solids #1C and #2C (Figure 12) are similar

to the spectra of group A solids except that the peak at about 1090 cm~l

is much more prominent which indicates that perhaps some CuHPO4'KH20 is
present as well as Cu3(P04)2'xH20. The differences between the spectrum

of CuHPO4'H20 (Preparation II) and the spectra of solids #3C, #4C, and

5C (Figure 12) may be due to an increase in water of hydration during

equilibration (i.e. CuHPO 'xHZO where x is much greater than 1). In

4

Figure 11, it may.be seen that there is a definite difference in spectrum
going from solid #0B to solid #1B to solid #2B. The original CuHPO4

(CuHPO4°H 0 heated at 180°C for 2 hours) may actually have contained some

2

Cu2P207 and after equilibration this mixture may have been converted to a

mixture of CuHPOA'xHZO and Cu2P207'XH20. The composition of this mixture
would vary with pH which could explain the variation in infrared spectrum

between solid #0B and solid #2B.

X¥-ray Diffractograms

Table 15 shows the results of the X-ray diffractograms of the group

A solids along with the results for CuHPO, H_ 0 (Preparation I) and

4 Ty
Cu3(P04)2' xH20 (Preparation V); Table 16 shows the results of the dif-
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fractograms of the group B solids along with the results for CuHP04

(CulP0, "'H,.0 heated at 180°¢ for 2 hours) and CuHPO 'H20 (Preparation II);

) 4
and Table 17 shows the results of the diffractograms of the group C solidks

along with the results for CuHPO 'HZO (Preparation II) and Cu3(P04)2'xH20

4
(Preparation V).

It is apparent from Tables 15, 16, and 17 that the solids had changed
during equilibration. The X-ray diffractogram results of the group A
solids (Table 15) are similar to the diffractogram results for

Cu3(P04)2'xH 0 (Preparation V). The diffractogram results of solids #1C

2

and #2C (Table 17) show characteristics of both CuHPOa'HZO and

Cu3(P04)2°xH20 which indicates that they may be mixtures of CuHPO, xH,0

4 2

and Cu3(PO4)2'xH20. The diffractogram results for solids #3C, #4C, and

#5C (Table 17) do not agree with either CuHP04'H20 or Cu3(P04)2.XH20 but

it is speculated that equilibration resulted only in a large increase in

water of hydration. It is speculated that CuHPO4 (CuHPO4'H?O dried. at

180°C for 2 hours) actually contained some Cu After equilibration,

2F2%7°
both components would probably become hydrated and the diffractogram re-—

sults for the group B solids (Table 16) do show some peaks in common with

CuHPOA'HZO and with the supposed mixture of CuHPO4 and Cu2P207. Due to

different solubilities of CuHPO4°XH20 and Cu2P207'xH20, the composition of

the mixture would vary with pH which could explain the variation in dif-

fractogram results going from solid #0B to solid #2B.

Summary
(A) From the Cu:P ratios (Table 13), infrared spectra (Figure 10), and

X-ray diffractograms (Table 15), it seems reasonable to conclude that the

equilibrated solid of group A conslst essentially of Cu3(PO4)2'xH20.

(B) It is speculated that the original CuHP0O, solid equilibrated in

4



group B actually contained some Cu2P207 which resulted in a mixture of

2P907‘XH20 after equilibration. This could explain

the relatively low values of percent P and the very high apparent Cu:P

CuHPOZ-xH 0 and Cu
+ 2

ratios (Table 13) calculated for some of the group B solids since the

analytical technique used for phosphate would only detect orthophosphate.

(9] From the Cu:P ratios (Table 13), infrared spectra (Figure 12),
and X-ray diffractograms (Table 17), it is speculated that the equili-

brated solids #1C and #2C are mixtures of CuHPO4 XHZO and Cu3(P04)2'xH20

and equilibrated solids #3C, #4C, and #5C are highly hydrated forms of

CuHPO4 XHZO. From the analytical data given in Table 13, estimated

values of x were calculated and are ~v 8 for solid #3C, ~/ 5 for solid

#4C, and ~~~ 7 for solid #5C.

5.2 Calculation of the Solubility Products of CuHPO, and Cu3(PO4)2

4

The results of the solubility studies may be used to calculate solu-

bility products (KSO) for CuHPO4 and Cug(P04)2 depending on whether the

compound is'present in the equilibrated solid. 1In Section 5.1, it was
speculated that Cu3(P04)2'XH20 was present after equilibration in all
the group A solids and solids #1C and #2C and therefore solﬁbility pro-
duct values for Cu3(P04)2 may be calculated using the analytical re-
sults from the corresponding solutions. Similarly, it was speculated
that CuHP04 XHZO was present after equilibration In all the group B
solids and all the group C solids and therefore solubility product
values for CuHPO4 may be calculated using the analytical results from
the corresponding solutions except for solutionms #3C, #4C, and #5C in

which the solubility was apparently negligible. Values of the solu-

bility product for Cu3(P04) may be calculated from
, : 2
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92—
r = > e e po tros e
K o c [HlO4 ] ¥))
and similarly, values of the solubility product for Cu3(P04)2 may be

calculated from

[ I — ®

S0
The values of [HPOzz—] and [?043f] for each equilibrated solution may
be calculated from h, c, [P]TOT , the equilibrium constants for ortho-
phosphoric acid, and the association constant for the Cul PO4+ complex

2

as follows:

- e h [P] YOT
[P0, ] B, +n+ Blhz + Bzh3 + Bl,l’fhz —————— (9
ancé?o 3‘] i B..l [:P] TOT
4 B, +n+ Blhz * Bth - Bl,llehZ ——————— (10)
wher ’ -
she é B _ [ﬁZPO4 ] = 1,8 X 106
1 h [HPOAZ*]
]
B, = hg E}IPO42_] P
] h [Pof'] _ -11
By = [}1?042—] I
ol _ [cun po,* ] - 6.9 x 10

1,1,1 =
7]

¢ h LHPO4

The calculated and average values of Kso and K;O are given in Table 18.

The calculated Koo values for solutions #3B and #4B appear to be in

error and were ignored in the calculation of average Kso' Therefore,

the average calculated solubility product for Culﬂ?i)l+ is
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TABLE 18

CALCULATED SOLUBILITY PRODUCTS

SOLUTION K, Keo
#0 A - 4.76 X 10~34
#1 A - 3.94 X 10~34
#2 A - 3.64 X 10~34
#3 A - 2.84 X 1034
#4 A - 1.83 X 10-34
#5 A - 5.17 X 10-34
#1 B 1.99 x 1078 -
#2 B 2.23 x 1078 -
#3 B 1.99 x 1079% -
#4 B 1.82 X 1079% -
#1 ¢ 2.27 x 1078 1.01 x 10733
#2 ¢ 1.94 x 1078 7.29 X 10734
+ I -8 + 5 aad ~34
Average:  (2.11%0.14) X 10 (4.95 + 2.48) X 10

* neglected in average
T standard deviations are given
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kK = .11 %0.14) x 1078
S0

and ‘the average calculated solubility product for Cu3(P04)2 is

K' = (4.95 T 2.48) x 1073%
S0

In 1961, Chukhlantsev and Alyamovskoya (35) determined the solubil-
ity of CUS(PO4)2 in dilute nitric acid and hydrochloric acid at 19 -~
20°¢ by glass electrode and solubility measurements. They calculated

the solubility product to be

K, = [Cu2+:| > [0,>] % = @3 ¥os x 107

The large discrepancy between this result and the value obtained
above may be due to several factors: different temperature, different
medium, the questionable reliability of the ¢ measurements (Section 4.3),
and the questionable accuracy of the very small calculated [?04-3]

values. Any errors in ¢ and [?04_?] would be greatly magnified in the

calculation of XK' .
so

The solubility data for Cu3(P04)2 ( [Cu2+] vs. pﬁ in both HNO3
and HC1 media) reported by Chukhlantsev and Alyamovskoya (35) are shown
plotted in Table 8 along with the experimental solubility data obtained
fof this thesis. It is easily seen that the points from Reference (35)
are essentially parallel to the solubility curve.for the group A solutions

which lends credence to the conclusion that the group A solids are es-

sentially Cu3(PO4)2°xH20.
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6. SUGGESTIONS FOR FURTHER RESEARCH

Since it was demonstrated in Seétion 4.3 that the cupric ion sel-
ective electrode used for this research was of questicnable reliability,
it would be useful to repeat the potentiometric titration of acidic
copper solutions with acidic orthophosphate solutions using different
cupric ion selective electrodes and hopefully obtain more reliable mea-
surements of free cupric ion concentrétions. It would also be useful to
isolate and analyze the cupric orthophosphate precipitate formed at a
pH greater than 3.7.

It would be useful to repeat the equilibration of CuHPO,*H_0 in

4 2

3M C104— solutions starting with accurately known amounts of solid,
usiﬁg a more reliable cupric ion selective electrode, and using more re-
fined techniques for some of the analyses. For the analyses of total

copper concentration, the methoa using ammonia is probably satisfactory

for most solutions but for solutions in which [Cu is very small

TOT
(e.g. solutions #3C, #4C, and #5C in this thesis) a more sensitive ana-
lytical method could be tried such as extraction with dithizone. For the
analyses of total orthophosphate, it would be useful to try an alterna-
tive method in addition to the method used in this thesis, for example,
the direct determination of phosphorus by atomic absorption flame spec-
trophotometry suggested by Kirkbright and Marshall (63).

In spite of some of the complications involved, fairly good re-

sults were still obtained for this thesis.
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