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hyclrogen-orthophosphate complexlng irave been studl-ed ln aciueous solu-

tlon at 25oC rvith lonlc strength maintained constant usíng 3M NaCL0O.

To determine copper-hydrogen-orthoirhosphate complexÍng, a serles of

potentiometríc titratÍons \,zere usecl , keeplng total acfcl and total copper

ín solutíon constant and varylng the total orthophosphate concentratíon.

During these tí-trations, the free hydrogen íon concentration' h, was

measured using a gLass electrode ancl the free cupric ion concentration,

c, was measure<l usÍng a cupric ion selecËive eLectrode. From the titra-

tion data, the average ligand number for hyclrogen íon-orthophosphate

complexing, Zn/g , and the average ligand number for cupric ion-

orthophosphate complexing, ZC/S , v¡ere calcul-atecl . By treating the ti-

tration data with the generaLízed J-east square program Letagrop, the

presence of one copper-hyclrogen-phosphate complex, CulIrPOO*, *"" estab-

1íshed at 25oC over the pl{ range of I to 3.7. The besÈ value of the

The solubllity of cuprfc hydrogen orthophosphate and copper-

4qqrsçf.

l_v

association constant, ß

ß r,r,'-

or tog ß

= þu'rrool

1r1

In orcler to stucly the solubíl:Lty of cupric hydrogen orthophosphate

(CuiIPO,) ín aqrreous solution, excess anìoLlnts o.f solícl were all-owed to
+

equilíbrate at 25oC rvith solutíons of hnorrn total hydrogen ion concen-

tratj-on or knovrn orthophosphate ccncentratÍon in 3M C104 After equi-

libration, it was found that the conrposítion of the solid resldues hacl

changed. Us:lng the sol.ubilíty data, it was possible to cal.culate values

of the solubil-i-ty products for troo r:uprlc orthr:pirosphate compounds,

c h Þtoo'-]

,L = 7'84!

1,1rl r tr'las

(o.g -.f 0.7) x to7

0.04



CuI{P0r,

\
so
I

K=
SO

and Cu3(P04)2

" þror,2-] =

"3 Þoo'-] ' =

, and the average values are

r-a
(2.11- - 0.14) X 10 "

+ -1¿(4.9s - 2.43) x 10 -'
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1.

1.1 Some General Propertíes of the OrthophosphaËe lon

The orthophosphates of alkalf rnetals, ammonLa, and the lower mole-

cular welght substituted ammonium lons are all quite soluble in waËer

except for trLlithlum orÈhophosphate. On the oËher hand, the ortho-

phosphates of multiply-charged or heavy metal-s are al-l relatively in-

sol-ubl-e. From Èhe viewpoint, of sËructural chemistry there are t\^lo

lirníting kinds of crystal-line orthophosphaÈes. One is the kind of

crystal in which the POO groups exhibit three negatl.ve charges each

(isolated P0, groups); and Ëhe other is a Ëhree-dímensionally bonded
4

crystal in r¡hich the oxygen aËoms share electrons not only with the

phosphorus atoms (four-rvay branching points) but also wíth those of

another element, also surrounded by four neighbouríng oxygen atoms (67).

The orthophosphate ion serves as a good complexing agent for the

transÍtj.on metals and orthophosphoric acid has long been used to de-

colorize solutions containing smal1 amounts of ferric ion (1-, 2).

I}IIRODUCTION

1.2 Structure of CrysÈall-ine Orthophosphoríc Acfd

anhydrous crystalline orthophosphoric acid (H3P04) and iËs hemihydrate

X-ray dÍffractíon structure studíes have been carrl-ed ouÈ on both

(H3P04' Lfr20)(3, 4). In both cases, four formul-a weÍghts were found

per unit cell of the crystal-s whích beLong to the monocllnic system.

In the anhydrous acíd, three of the oxygen atoms of the P04 group

(shown belorv) are bonded to hydrogen atoms r,¡hich form hydrogen bonds Ëo

oxygen of other POO Broups.



In this crysÈal the POO groups exhibit t,rígonal symnetry wíth the

axís of symmetry being the bond beÈween the phosphorus and the fsolated

oxygen atorn (67).

1-.3 Orthophosphate Complexes in Solution

The complexing of transítion metals by orthophosphat,es has been

known for a Long time. As earl-y as l-882, the decol-orízing action of

orthophosphoric acíd on ferric ion was used in anal-ytlcal- procedures

(L12). In adclitlon to this decol-orizÍng actíon, there j-s considerabl-y

more evidence Ëo indÍcate the exístence of orthophosphate-ferríc com-

plexes. Thus, the oxidation potentlal- of the ferrous-ferric system 1s

lowered in the presence of orthophosphoric acíd, and the conductlvity

of mixtures of phosphoric aeid and ferric salts 1s found to be higher

than the sum of Ëhe separate conductívities (5r6). In transference -

number experiments, it has been shown (7) that ferric ion ín the pre-

sence of excess orthophosphorfc acid moves toward the anode.

Aluminum acts simf-larl-y to lron 1n that it Ís strongly complexed

by orthophosphoric acid (6, B, 26, 27, 29, 30, 33). In addftion, the

probable exl'-stence of cornplexes of the orthophosphorlc lon has been re-

ported f.or a number of metal Íons lncLudtng cobalt (9, 35), copper (10,

35, 49), sllver (11, 40), thorium (L2), pluÈonium (13), uranlum (L4),

hydrogen bonds



and even calclum (15, 16). SoLublllty constants

stants for some metal- ofÈhophosphates are glven

1.4 Cuprlc Orthophosphate Compouncls

Several cupric orthophosphate compounds and ml-neral-s have been

prepared, for example'c.,r(r0O), 31120, CuHPOO.r20, cur(POO) (On¡

(Lfbethenite) , and Cu, (P0/,) 
2 

(0H) O (Pseudomalachite) . Hor,¡ever, the

compound of main interest in thls report Ís cupric hydrogen orLhophos-

phate (CuHPOO).

In l-885, Debray (44) reported the synthesis of cupríc hydrogen or-

thophosphate hydrate (CuHP0O.EZO) from cupric carbonate (CuCOr) and

dilute orËhophosphoric acirl (H3P0/r).

In 1933, Bassett ancl Bedwell (45) reported the synthesis of cuprf.c

hydrogen orÈhophosphaÈe hydrate (CuHPOO.rr0). The compound $/as syn-

thesized by refluxing a soLutíon of cupríc carbonate (CuCOr) for 3 days.

They found that the product $ras ín the form of grayish-bl-ue rosettes of

prisms. Anal-ysÍs gave the fol-Lowing resulËs:

and equllLbriun con-

fn. Tabl-e 1.

Found:

(TheoreticaL)
CuttPOO.HrO: Cu}, 44.82; Pr0, , 39.98; l-oss on ignitíon, L5.20

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

phosphates such as NHO}IBP04'6H20 is due to rearrangement and polymeri-

zation of structuraLLy unstable molecules. In the case of Cu}IPOO'rZO

there is only very slight 'rglowíngrr on ignition which is consistent rvith

a poLymeric structure. Bassett and Bedr+el1 proposed a quadramol-ecul-ar

structure f or CulIPO 
4'T120

CuO, 44.80; Pr0, , 40.20; loss on ignition, 15.41

þu 
(nro) 

+l 
' ' ." 

[reoocuroofi ooo."

Thls compouncl "glorrts" very 1itt1e on

noorl tu

ignítJ-on because the rate of
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rearrangement on lgnftlon ls very slow.

In 1950, Walton (46) reporÈed the formatlon of cuprLc hydrogen

orthophosphate when CuO fs Èreated wlth a ml-xture of 85 percent ortho-

phosphorlc acÍd (I{3P04), water, and glycol at 100oC.

In l-963, Royen and. BrenneÍs (47) reported that when CuHPO4'It20

(prepared as descrLbed by Bassett ancl Beclwell-) was heated at 200oC in

an attempc to form CuHPOO (anhydrous), cupric pyrophosphate (CurPrOr)

was formed.

In 1965, K1-emenÈ and HaseLbeck (48) tried tr'lal-tonrs method and ob-

tained ¿ clear blue solutÍon from which they could not separat.e a salt.

They synthesized CuHPOO'Hr0 accordíng Ëo Debray (44) and obtalned the

following results;

CuHPOOlIrO (L77.6) ca1c" : Cu,

exptrl : Cu;

Cu: POO=1

1.5 Solubility of Cupríc Orthophosphate Compounds

In 1961-, Chukhl-antsev and Alyarnovskaya (35) determíned Ëhe solubll-

ity of Cu"(P0,) in dÍluÈe nÍtrÍc acid and hydrochloríc acld at Lg-zOoCr +2
by gLass el-ectrode and solubiliEy measurements. They calculated the

solubility produet to be

K"o = F*'l'Foo']'= (r.3to.s)x Lo-37

1'.6 Cupric-Orthophosphate Complexes ín Solution

10

35.80 ; P04,-53,50

35.68 ; P0¿*, 53.28

:1.0

In 1945, lfercadj.e (10) determined the

reaction Cu (H,POO) ¡=ì g,r2+ + ZI,PO 4- in

excess of orthophosp.hate. Using a copper

KCl calomel reference electrode, lnlercadic

tial of soluLlons which were 0.00386514 Ín

equílíbríum. constant of the

solutlons contaíning a J:atge

electrode ancl a saturatecl

measured, at 25oC, the poten-

C,r2* rrrd varl-ed rn 
þaurrO, ]



t1

from 0.0727 to 2.09 1"1.. Each solution contafned a small amount of

phosphoric acid to prevent precipiËation. Thus for the reactfon
t+

Cu'- + 2H2P04-=Cu(IlrPO*), the formatLon constant at 25oC was cal-

culated to be 31 in solutions contalning a large excess of orthophos-

phate.

In 1970, ChiJ-ds (49) reported the presence in solutl-on of the

species cuHr(P0O)O* , arr"rOOo, C,rHr(P04)2 r and CuZH2(p04)ro over rhe

pH range of 3.0 to 4.4. He potentiometrically tlLrated aqueous solu-

tions of 0.15M potassíum nitrate (IN03) containing relaÈively small

amounts (about 3 x 10-3 to 9 x fO-3 lt) of orrhophosphoric acfd (H3P04)

and cupric nitrate (Cu(NOr)r) , with porassium hydroxide (K0H) sol-urion

at 37oC pH measurements \,¡ere made using the cell
-]

glass el-ecrrode 
f 
trtooCar> , cu(Nor) /cz) , Kor{(c) , ffi03(0.15 ¡nol. t.-tri

I
KCl (sat rd. ) | calomel el-ecÈrode

Using the computer program SCOGS, Chílds used Èhe data Èo calculaËe the

followíng equilÍbrium constanËs

*,,r = þ"r,rroo*] , þ"'l [rrroo]=ro
*,,2 = þ"rrool / [."'T F"oo']ãzooo

Kmlr2

Rm2 
rm2

= F""r(p04)2-] / þunryo4l F o4'] 
=sooo

= f.rrnr(po4)2d] / þuneo o'f ' 2 zzo

The resuLts obtaíned by Childs and Mercadie seem to be inconsist-

ent since different complexes are invol-ved alt.hough different media may

favor dLfferent complexes.

L.7 Technl-ques for Studying Complex Formatlon and Solubfllty

There are several experimenËal techniques rnrhfch may be used to

stucly complex formation an<l solubility. Two of these methods are



potentLometry and solubilfty.

. 
POTNNTIOMETRY

The potentiometrlc method is by far Ëhe most accurate and wtdely

appllcable technlque 
.currently 

avaJ-lable for the study of f.onic equi-

libria. The potentiai-s origlnate from two mal-n types of phenomena:

(1-) oxidaËion - reduction equÍ1ibria, and (2) the formaÈ1on of l-onic

concentratíon gradients across membranes.

If Ëhe reversible elecÈron-transfer reactl-on

xX * yY + ... * ze$pP + qQ + ...

can occur, the potential acquíred by

equillbrium mixture of P, Q, ..., X,

tion
TE=-E+RTln

zF

where the standard eLectrode potential

when all- species are at unit activiÈy.

as in so-called redox systems, or may

parÈicipating species.

L2

Since the activiÈy of a pure solid or 1-iquld or of a gas at atmos-

pheric pressure ls taken to be unity, the Nernst equatlon nay ofËen be

considerably simplified. Moreover, if the activity coefficients

lr, la, , Í* , l" ' ... are kept constantr e.8., by use of a

constanÈ ioníc medíum, then

E = E + Rr l-n [x]" [Ylvo 
"E W'

where the formal- el-ectrode potentiaL Eo 1s given by

an el-ecËrode ln contacË with an

Y, is given by the Nernst equa-

ItJn {q}q
fR'E is the potential- acquiredo^
The el-eetrode may be either inert,

ltself be composed of one of the

B=tr+oo
RT
zF

VX VY
tn 0x 0v

ðnn öqo
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In general, the presence of any other oxidlzlng or reducfng agent ¡.rhich

can reacË with the specles PrQrX, or Y shoul-d be avoided.

Membrane electrodes acqufre a potentlal ff the solutlons on eLther

slde of the menbrane have <11-fferent concentratlons wiÈh respect to one

or more ions. Since'no electron transfer ls fnvolved, membrane elec-

trodes may, in principl-e, be used in the presence of any oxldfzlng ot

reducing agenÈ.

The el-ect,rodes usualLy empLoyed to study ionic equiJ-fbrta are re-

versibLe to metal ions, to protons, or to anions. The potentlal- shoul-d

reach Èhat predicted by the Nernst equation within a reasonabl-e Èl-me,

particularly íf the titration techníque is used and the elecErode should

not be decomposed by the sol-ution.

SOLUBILITY

lufeasurement of Ëhe solubil-ity of a sparingly soluble solld in the

aqueous solutíon of a conplexing agenÈ ís one of the oldest methods for

studyi-ng equilibria in soLution. DírecË and competitive sol-ubilíty

methods have been used to deËermíne stabiLity const.ants of metal Íon

complexes.

Many solubility data are difficult to ínterpret, sínce consíderable

varíat.íon has often occurred Ín Ëhe composiËion of the aqueous phase and

hence, in the stoícl"ríometríc solubility product

s_ = bac = tr" I;t l;"
Tof the sparingly solubl-e complex BA. ; here -S" ls the thermodynamlc

solubilíty product. Hor,rever, a constant lonfc medium can be used as

rvell for solubility stuclies as for rvork on homogeneous syst,ems and a

number of solubilíty measurements have been made uslng solutlons Ln

whl-ch the actívity coefficients are adequately controLi-ed.



L4

Equll-ibration beÈvleen solld and soLutLon may be effected either by

shalcfng Èhe two together in a closed vessel or by runnlng the aqueous

phase through a saturator packed with a col-umn of solid. Equilibration

must be carrled, ouÈ ln a thermosËat. SÍnce equlllbrlum ls often attafned

s1owLy, it ls advtsable to check that the same values of solubtlity are

obtained after different inÈervals of tlne.

The solid phase may be separated from Èhe saturated solution by

fiLtration or centrifugation r¡hich should be carried out at Èhe equili-

briu¡a temperature.

The cholce of anal-ytlcal- meÈhod depends Largely on the nagnítude of

the sol-ubility to be determinecl. Moderately hígh values are usually de-

determined gravimetrical-1-y or volumetrícally, and l-ow values by polaro-

graphic, co1-orfmetric, or radiometrÍc methods



2,

The obJect of thfs research was to deÈermine'the solublLlty of cu-

pric monohydrogen orthophosphaEe 1n aqueous soLutlon and to investigate

the existence of solubLe cupric-orthophosphaÈe complexes. Truo dfffer-

ent Èypes of experirnental procedures r¡rere used: potentlometrlc Ëitra-

tl-ons and solubílity. The fl-rsÈ method involved the potenÈl-ometrLc

titrations of aciclÍc copper solutlons l'rfth acidic orthophosphate solu-

tlons lceeplng Èhe total hydrogen Íon concentraÈlon and the toÈal cupric

ion concentration constant. The free hydrogen ion concentrations, h,

and Èhe free cupric Íon concent,rations, c, hrere det.ermfned using a glass

el-ectrode and a cuprÍc ion sel-ectíve el-ectTode calibrated to measure

free hydrogen ion concentration and free cuprl-c ion concenËration, res-

pectively. The second method invol-ved the equilibration of cupric hy-

drogen orÈhophosphate solid samples in sol-uËions of known total hydro-

gen ion concentratlon or known orthophosphat,e concentratíon. Det,ermina-

tions of free hydrogen ion concentratíon, h, and free euprfc Íon con-

centratior¡ c, \rere carried out on each equilibrated soluÈion. In ad-

dÍt,íon, both the equii-ibrated soLutions and theÍr coïresponding solíd

residues were analyzed for t.otal copper and toËal orthophosphate.

OBJECT OF THIS RESEARCH

15



3.

3.1 General

Although the copper phosphate solids \^rere not moisture sensitive,

they were kept elther Ln tíghtLy cappecl bottles (e.g. Èhe originaL

cuHP0o'HrO samples) or in a desiccator over Drferlte Èo prevent the

solids frorn piclcl-ng up furt.her mofsture. The concentrated aqueous solu-

tions of sodium perchloraËe (Nac1-00) were kept in tightly capped glass

bottles prevl-ously used to store concentrated perchloric acid (HC1O4).

3,2 Instrumental

G]]TTERÄ.L PROCEDUIìB , APPARATUS AND RFJ.GENTS

Infrared spectra T/,rere recorded by a Perkin-Elmer, Model 337, grating

spectrophotometer, linear in wave number and coverÍng the range of

4000-400 wave numbers. All the samples were ground r¿ith dried KBr and

run as KBr discs. rn addition some of the samples lrere run as nujol

rnul-ls which resulted in a less resolved spectrum for some samples and, a

spectrum similar to the KBr dísc specËrum for some other samples. Most

of the discs were made using a Beckman (Cat. No. 5020) vaccuum die" Later

the ciiscs were mad.e using a trIilks t'Mini-presst' KBr pelreË press and

Hol-der which was found, to produce much more transparent discs than the

other die. Later, the triillcs Press became unavaflable and the last fer^r

discs were made using an International Crystal Laboratories KBr Quick

Press. A1l peak posítions were determined. to tt.0 cm.-1 ,r"ing polysty-

rène for calibration.

X-ray díffractograms were recorded on a Philíps X-tay Diffractometer

Type No . L2045/3 over the range of 4o2A to about 650Zg using CuKx radia-

tion ancl a Nl filter.

L6

Po tenLio¡netrlc measrrremerÌts were

D1gítal Voltmeter (Type (Dl'f2022S) ) or

made reading elther a Dynamco

a l"letrohm Compensator (E3BB).



Atomle absorption measurements r.rere carried ouÈ on a Perkin Elurer

306 Atomlc Absorption Spectrophotoneter r,¡fth a Varlan Techtron Cu lamp

(No. Dr764).

Colorimetric measurements were made on a Carl ZeLss PlfQ II SpecËro-

photometer usfng matched quart.z cells" The reference solutions were 3 N

ammonium hydroxfde (NH40H) solution for the copper determinations and a

1: 1 tert-butanol-:benzene mixture for the orthophosphate determinations.

A Coleman Metrion III'pH meter, calibrated againsÈ standard buffer

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

pH before preparíng some of the copper orthophosphate sol-1ds"

3.3 Chemicals

Al-l- chenícals used r,rere at least of reagent gracle purity. Sodium

perchlorate (lIaClOO) was synthesized from reagent grade perchlorÍe acl-d

(HCl-04) and reagent grade sodium carbonate (l{arc0r) and purífied as

descríbed by Biedernann (50).

The water used was purified from in-house distilled water by dis-

tíl1-ation from alkaline potassium permanganate solution and acidic

potassium dÍchromate solution as described by Hickl-ing (51) 
"

L7

3.4

Figure I shows Ëhe all- glass apparaÈus used in the potentl-ometrie

titrations. It consists of a ticration vessel ancl one t'Wilhel-m bridgett

(52). The brídge serves to isolate the reference electrode from the

titration vessel, electrical contact being maíntained via a 3-ruay stop-

cock to a 3M NaC1OO sa1-t bríclge, dippíng l-nto the tesL solutlon. The

apparatus was kept 1n a parafftn o11 thermostat. at 25.010.1oC ln a room

at Z3!2oc. The oil Level- was such that the vessel anrl el-ectrode conpart-

ment were completely submerge<l, but alJ- stopcocks were readily accessÍble"

Potentiometric Titration Apparatus



1_B

Potentiometric Titratíon

The parts of the measuring
are acÈually bent 90" out
from the víewer.

FIGURIT 1

Apparatus (noÈ

bridge outside
of the plane of

to scale)

the dashed l-fnes
the paper away
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The e.m.f. measurentents were made usfng a SargenË-hrelch glass elec-

trode (Type 5-30050-15) and an Orfon cupric lon sel-ective electrode

(Model 94-29A). The reference elecLrode vras an Ag/AgCt coLl prepared

accordfng t,o Brown (64). The free hydrogen fon concentration, h, was

measured by means of the cel1

-RE/SolutlonS/cE+

where GE denotes a g1-ass eLectrocle, s the tesÈ solution, and RE a re-
ference hal-f cel-l of the compositlon

/ nE = 3M Nac10o / z.ou N"* , o.1lf ct , z.9M ct04- / Ãecr I Ae

The foLlowing cell rvas used to measrrre free cupric ion concentratlon, c

RE / Solurion S / cn+

r,¡here CE denotes the cuprfc íon selectíve el-ectrode ancl RE is the same

reference half-cel-l as descríbed previously.

The equil-lbrium soluËíon was stÍrred by a stream of nitrogen gas

lvhich had been washecl. to remove acidic and basíc impurities and. satur-

ated with the ionic medium by passing through four bottles contaínlng

l-02 H1S0/. , 1-0"Á NaOH, 3M NaClOr. , 3M NaClOr. , respectívely.¿444

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

20



---- VOLTMETER
OR COMPENSATOR
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FÍgure 2

Block Diagram of the Apparatus used for potentiometric

Measurements
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4.

4.1

EXPNRIMIINTAL

The Origfnal- CullP0, 'll^0 Samples¿|¿

cupric carbon¿rte (CuCOr) and phosphorl-c acLd (II3?04) Èo see if more

Two dífferent methods were usecl to synchesíze CuIIPOO'llr0 from

than one form of CuHPOO'iIr0 coukl be synthesizerl. Analyses for total

copper conlent and total orthophosphaLe content for both sampl-es con-

firrned that the emplrl-cal formula for both samples was CuHPO4'H20. The

experimental cletails are described belov¡.

Preparatíon I

Following Debray (44), cupric monohydrogen orthophosphate monohy-

drate (Cui{PO,'}I^0) rvas prepared by adcling, in porËions, 50 g. of cuprl-c+¿
carbonate (CuCO^) to a míxture of 100 url-. of orthophosphoric acid

5

(H3P04) and 100 ml. of water. The undissol-ved solid rvas fíLÈered off and

t.he resulting blue soluÈíon concentrat.ed on a steam bath for deveral

hours. A pure blue coloured product separaÈed ouË of the soluEion and

t,he product r^ras fíLtered onto a sintered glass crucible by suction. The

pro<luct v¡as rnashed with srnal-l amounts of water, vras drl-ed at 95oC for 1

hour, and then stored in a desíccaËor overnÍght. The procltrct consisted

22

of fairly large blue crystals.

(Theoretícal-) CuHP0O .Hr0: Cu,

Found : Cu,

molar Cu / P04 ratío

PreparaÈ.Íon TI

Fo11-owing Bassett ancl Bedwell (45), cupric monohyclrogen orthophos-

phate inonohyci.rate (CuIIPO 

^,ILZO) 

rrras prepared by adrltng, 1n portlons, 62 g.

of cuprÍc carbonate (CuCOr) to a mixture of 77 ntL. of phosphorlc acf.d

(il3e04) ancl 200 rnl. of vrater. The resulting soluÈion was r¿eLl stirred

35.79 ; P04, 53.49

34.77 ; P04,52,86

= 0.983



u4Ë11- evolutíon of carbon díoxide ceased and refluxed for 3 days duríng

rvhich a so1Íd formed ín the reacËion flask. The product vas filtered

off by suctíon, rvashed, dried, and stored as described in PreparaÈiorr I.

The producË consisted of small blue needlelíke crystals.

(Theoretical-) CuHP0O.H2O : Cu, 35.79 ; p04 , 53.49

Tound : Cu, 35.66 ; P0+ , 52.26

molar Cu / e1O rarío - 1.020

Analyses

The two CuIIPOO'lIr0 samples rn¡ere analyzed for total copper content

and total- orthophosphate content.

(r)

content by e1-ectrodeposition (53) of copper on a platínu¡r cathocle.

The electrodeposítions v¡ere performed by electroLyzing at about

100 mílliamperes a stÍrreC aqueous solution, acidifiecl wíth a few mil-l.i-

LÍt,ers of sulfuric acid (H2s0¿), of an accurateLy known amount of

CuHPOO'H,O samPl-e. Nitric acid (HNO3) improves the nature of rhe copper

deposít by prevenËíng the evolut,íon of hydrogen at Ëhe cathode. The

reaction involved produces nitrite (NOr-) via
Izt{+No3-+2.-+H2o+No2

After the blue color of the solutíon had disappeared: the N0, vras re-

moved by the addition of urea r¿hich reacts

The tr,zo samples were anal-yzed ín duplicate for total coppeï

¿J

2N02 + 2{ + (NH2)2 co: coz + 2N2 + 3rr2o.

the removal of N0,

copper.

(íÍ. ) Triplicare

coPPer content v7ere

Results of both

is necessary to enable the complete depositíon of

analyses of the t¡vo CuIlPO 4.H20 samples for totaL

performed by iodometríc titration (54).

meËhocls of analysís agreed \,líthín t 0.10 percent.



(1ff.) The total orthophosphate content of the two sampl-es was de-

terminecl fn duplfcate .by a gravlmetric method (5s.¡ lnvolving the precJ.-

pltaÈ1on of orthophosphate as magnesfum ammonitrm phosphate ancl fgnltf.on

at about lOOOoC to magnesium pyrophosphate (MZ.PrOr).

Infrared Spectra

The Lnfrare<l spectra of both CuIIP}4.I7Z0 samples, ground \^rí.th drled

KBr and aLso as nujol rnulls, over the range of 1333 to /+00 
"*-l rr.

shown ín FÍ.gure 3. Ah.SoLut,e peak intensities of the infrarecl, spectra

cannot be compared since alJ- spectra vrere run under different conditions.

It is obvíous that the spectra taken as nujol mul-ls are less . re-

sol-ved than the spectra Èaken as KBr discs and therefore the latter wíli-

be used for comparison l¡ith themselves and other spectra. BoËh samples

give a very similar spectrum; for example, PreparaËion I shows peaks at

!272 and,1238 cur-l in the P=0 streÈchíng region, peaks aÈ 1083, 1065,

LOL2,990, 925, and 904 cn-l ín the P - 0 sËretching region, an<1 peaks

at 572 and 525 cm-l in Ëhe O-P-o bending region. Preparation rr shows

peaks at L27B and, 1-245 "r-1 in the P-0 stretching region, and. peaks at

1086, L072, L0L7, ggl, 927, and,906 cm-l in Éhe P-0 srreËching region,

ancl pealcs aE 57L and 523 "*-l ,r, the O-P-O bending region. Since the

peaks are not parLicularly sharp, sma1l d.iscrepancies ln Ëhe peak posl-

tions are to be expected. Overall-, the spectra suggest that both

samples have the same structure in the solid state.

24

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

and Lincoln (56), the spectra sho$/ eviclence of C2u symmetry 1n the rnol-

ecul-e. Stranlcs and Lincoln (S0¡ founcl the followlng frequencles for the

phosphai:e ligand of bl"denrare Co(NH3)*p02, )/12900 m and l/rz9l0 s ,

1045 s, and 1110 s "*-1. In the spectrum of CIIIPOO.Ilr0(PreparaÈfon I),



25

Infrared Spectra of the Two CuHPO 
h'HZ1 

Preparatíons

(í. ) CuHPOO.HrO (Preparatíon I)

. r (a.) KBr disc (solid line)
(b.) Nujol mull (dashed 1íne)

(ii. ) CuliP0O.HrO (Preparatíon II)

(a.) KBr dÍsc (soLid i.íne)
(b.) Nujol mulL (dashed line)

The calibration peaks indÍcate l-028.0 "*-1

Fígure 3
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the //, pealc seems to appear at 805 cm-l, however, ft seems t,hat theJ/,

peaks are each split fnto doublet,s (perhaps due to complexe<l water)and

appear at 1083 and 1065 "o-1, l-01-2 anct 990 cm-l, and 925 and 904 .*-1.

According to Table 2, C2,, "Y*"Ëry should result fn Èhree )/O bend,Lne

peaks but CuIlPO 
4.Il.2O 

seems to shor¿ only two peaks at 572 and 525 "r-1.
Iiowever, it is probable ÈhaÈ the third bending peak is burfed under

other peaks. The peaks at L276 ana lZ4Z "*-1"."* Èo correspond to P=0

stretchfng, but the oËher peaks in the range of 800 to 400 cm-l are dÍf-

ficul-t to assign and may be due to complexed rvater. The sma1l peak aË

-1751 cn ' appears in all the infrared spectra; its source is unknown but,

it rnay be inst,rumental-. Interpretatíon of the spectrum of CuHPOO.H,O

(Preparation II) is the same as for Preparatlon I. For both samples Ëhe

spectïum in the range 4000 to 1500 c¡n-l is raÈher ill-defÍned and is

probabl-y due to l-attice r,rater. In addition, KBr pícks up vrater from Ëhe

atmosphere during grÍnding and this r¿l-11- absorb in this region.

From the very faint "gl-orving" of CuHPOO.Hr0 on ígnition, BasseËt

and Bednell- (45) proposed a quadramol-ecul-ar structure for CuI{PO4.1120

[c,' {nro) +] 
' 'c"' ' 

þror*c,,roofi too..,too" ] rv

The above structure appears to have C2r, "@.try whích is the symmetry

indícated by the experimental- infrarecl spectra of. CuHP0O'r20.

X-ray Diffractograms

An X-ray díffracÈrogram was talr.en for both CuHPOO.IIr0 samples to

aid ín the ídentification of samples ín subsequenL experirnents. The re-

sults obtalned are presenEed in Table 3. Comparing the X-ray dlffrac-

tograms of the tr.ro CuIIP0 r,'HZ} samples, it ls easily seen that the posl-

tions (althougli not the inEensltfes) of most of the peaks ar:e quíte

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



RESULTS OF X-RAY

l¡s¿.1re!-i9!_!
ze d (Í) r/rr

17 .5 s.07 100
19.3 4.60 24

2L.6 4.11 I
27 .7 3.22 L7
29 .2 3.06 24
30.1 2.97 B

31,.2 2.87 23
32.5 2.7 5 52
34.5 2.60 16
35.3 2.s4 45
37.3 2.4L 11
37 .9 2.37 11_

39. 0 2.3L L7
42.4 2.L3 10

43.6 2.08 L2

45 .3 2.00 14

52.s L.74 "L0

54.0 1.70 L7

57 .1, 1. 61 13
60.2 L.54 14

TABLE 3

DIFFRÀCTOGRAMS OF CuHPO¿,.ltr0

sleperatlgglÄ
2s d(8) t/tr

L7.4 5.10
19. 3 4.60
20. B 4.27

27 .7 3.22
29 .L 3.07
30.1 2.97
31. t- 2. BB
32.s 2.75
34.4 2.6L
35.2 2.55
37.L 2.42
37.7 2.39
38.2 2.36
38.9 2.32
42.2 2.L4
42.6 2.L2
43.s 2.08
44.2 2.05
44.6 2.03
45 .3 2.00
51.5 L.77
52 .5 L.7 4
53. B 1.70
55.4 L.66
57.0 1.62
60. t- L.54
62.L L.49
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two CUIII'O 
4'1120 

samples are qulte sfmlLar.

In X-ray diffract,ometry several factors can cause varlatlons Ín

fntensitles, line breadÈhs, and shífts in the posftions of lfnes. If

the goníometer fs not properl-y aligned so that the speclmen surface re-

mains tangent to t,he: focuslng c1rcle, then the lntenslties are de-

creased, lÍne breadths Íncreasecl, and line posltlons are shiftecl. Be-

sides instrumental errors, sampl-e preparatíon also has an effect.

Ideally, the sample should consíst of very smal-l hígh1y absorblng

crystals in ranclom orientaËion. SmalJ- crystal-s ín random orientatLon

give a true representation of reLative íntensÍties and hlgh absorptlon

prevents díffraction at varíous depths. Unfortunately, these crÍterÍa

cannoL be completely met in practice.

Some of the uncertainties ínvolvecl ín the inËerpretation of the

diffractograms rnust also be taken ínto consideratíon. Firstl-y, the

lorver the 20 value of the peak positíon, the greater the uncertainty 1n

the corresponrlíng d values. For example, if the 20 value is 5.0 t O.f

degrees, then the corresponding cl value ís (L7.67 t O.:S) Â; if 20 is

10.0 t 0.1 degrees then the d value is (S.S4 t O.Og) Ã. ; and if 20 is

15.0 t 0.1 clegrees then the d value is (5.9L t O.O¿) 8.. Therefore,

rvhenever possible , díf.tractogram results v¡il1 be compared using 20

values rather than d values. Seconrlly, it is sometimes difficult to

tell the clifference betrveen pealts and noise, especlally ín the hígh 20

range. Therefore, sorne of the minor peaks may have been overl-ooked,

although the major peaks shoulcl. not be af:tected

30

In conclusíon, Ehe reproclucibillty of the X-tay <llffractograms

should be fairly goocl as far as peak posítions are concerned although

the rel-ative Íntensities t^roulrl be somervhat varlable clepending on sampl-e



preparatlon. To get accurate intensltles, lt may be necessary to talce

many dlffractograms of each sample and average them.

4.2 Temperature Study of CuHp0O.Ilr0 (preparatLon II)

rn order to determtne the effect of heat on the composftfon of

cullP0o'IIr0 and also to try Èo produce cullpOo (anhydrous) an,l cuprfc py-

rophosphate (curPr}r), 1t was decicled to do a Ëemperature study on

cullP0o''29, rn the previous sectÍon, it has been shown that the tï,7o

CUHPOO'llr0 samPles are quite sirnÍlar in crystal structure anl essen-

tially identícal ín molecular structure and. chemical composltion. A

temperature study on one of the two CuHP0 
4.1\20 sampl-es should be suffi-

cient to investigate 
"nrrr*"" whích occur after heating.

Preparations anrl Analyses

(f.)

was heatecl in an oven at l-10oc f.or 2 hours which resulted in no notíce-

able color change. After cooling in a desiccator, the sample was

weighed again and the percenË weíghË l-oss calculated. The results ob-

taÍned are presented in Table 4. If the soLid remaíns unchanged afËer

heatíng, then the percent weight loss ís expected. to be

Theoreticai- 7" wt. l-oss calc'd. for CuHpOO.H2O+ CuHp0O.HrO = 07"

An accurately rveighed sample of cuHp04.Tlzo (preparation rr)

3L

(ii. ¡

was heated, at L20-130oC for t hour v¡hich resultecl in no noticeable color

change. After cooling in a desiccator, the sample was rveíghed again and

the percent l¡elght l-oss calculated. The results obtainecl are presented

in Table 4. rf the sollcl remains unchanged after heatÍng, then the

percent weight loss'fs expectecl to be

TheoreticaL % wt Loss calc'd. f,or CuIIPOO'1120--Þ CuI{PO^. llr0 = 0%.

An accurately r.'eíghed sample of cullp}4.H20 (preparation rr)
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(111.) An accurately welghed sampl"e of CuUPOr*'llr0 (Preparatlon II)

rvas heatecl at 1BOoC fot 2 hours whfch resul-ted ln a col-or change golng

from blue to 1lght green. The percent welght l-oss was calculated and

the sample \¡râs .nalyreå for percent Cu content by electrocleposJ-tlon.

The results obtain"d' r." presentecl, 1n Table 4. If the solícl onLy loses

vrater of hydration afÈer heating, Ëhen the percent weight loss l-s ex-

pect,ed to be

TheoreticaL % wt. loss calctd. for

cul{Poo' tro (".)- tttttoo 
(". ) + H2o

(iv. )

was heated at 700oC overníght in a muffle furnace whích resul-ted in a

color change going from bl-ue to very pa1-e green. The percent weÍght

l-oss r¡as calculated and the sample was anaLyzed for percent Cu content

by eleccrodepositÍon. The resul-Ës obtaine,:1- are presented in Table 4.

If the solicl is convertecl to cupric pyrophosphate after heat.ing, Ëhen

the percent weight loss is e>lpected to be

An accurately weíghed sarnpLe of CuHP1 t+'1120 
(Preparation II)

33

TheoretícaL % wt. loss calcrd . f.or

2cutrPo r, ' Hro çs.)-Þ ,uz'zo7 
("1) 

3"zo

fnfrared Spectra

= L0.1-57.

The infrared spectra of. all the heated sampl-es and the oríginal

CuI-IPOO'LIrO (Preparation II) sampl-e, grouncl \,rith dried KBr, over the

range 1333 to 400 cm-1 are shov¡n ín Flgure 4. The absolute peak inten-

sities of the spectra cannot be compare<l since a1-1 spectra ïrere run

uncler different conditfons.

Roth the 1100 sample ancl the 120-1300 sample appear to glve the

sane spcictrun as the original CullP0 4'll.0 sample lnclicating that they

= L5.22%
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Infrared Spectra of CuIlP0O'lIr0 (Preparation II)
and al-l- the heated samples

(i. ) CuFiPO4'H20 (Ppn. II)

(iv. ) 1B0o Sampl-e

Figure 4

The calibratlon pealcs

(ii . ) 1-10o Sampi-e (íi j.. )

(v. ) 7000 Sample

indicaËe 1028.0 c*-l

l-20-l-30o Sample
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alL have the sane mol-ecular structltre.

However:, ttre L$Oo santple glves a much less resolvecl speetrum than

cul{p0r,.}ir0 due to the loss of \^Iater of hydration. For example, the

peaks at ¡1278 and l-245'"*-1 seem to have dlsappeared and the four peaks

at 1086 , L072, 101-7,'"rl.1 917 cm-l ín Èhe CuHP0O'H'0 sPectrum have been

repl-aced by 6vo broad pealcs at 1090 ancl l-019 "t-1. The pealcs at 927,

906, anð,629 "*-1 *l"o seem to have disappeared and the peak aL

450 cm-l is reduced to a smalL bump. Ilowever, the spectrum stÍll seems

t,o be consistent with C2r, "Y*"try 
perhaps

c,r, fnroocuPo4l PoocuPooll] 
tu.

The spectrum of the 7000 sample is obviously dÍfferent from the

original CuHPOO. I1r0 samPle and is apparently different from the spectrum

of the 1B0o sarnple in both the P-0 stretchÍng ancl 0-P-0 bendíng regions '

The specËrum of the 7000 sample ís consisÈent \'üith the foll-o\'ling

structure
o\ /o

9 
-]p 

- 

0 -- P---- 0

o'' -- o

36

In the 0-P-0 bencling region, the spectrum ís sírnilar ín

orËhophosphaËe probably índicating the presence of - 0

t.he molecule.

X-ray Diffractograms

The resulËs of the X-ray dlffraccograms of the heated samples, the

original CulIpOO.tlr0 (Preparation II), ancl the CuL-IP0O diffraction results

report,ed by Royen ancl Brenneis (47) are sTrown ín Table 5. The dtffrac-

tograms of the oríglnal CuLtP0O.llr0 sample, the 1100 sample, and the 120-

i-30o sampl-e are al-l very simíl-ar suggesting that they are a1l CuH.PO 4'Hz0'

appearance to
-t0

-pl- 0 in\-0
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The 1B0o sample and Ëhe 70Oo sanpl-e give diffrac.tograns v¡irich are notice-

ably dlfferent from each other and from the original CulIP0 
4'HZ0 

suggest-

ing that changes ín crystaL sÈructure have taken place. rn Tabl-e 5,

it can be seen that there ís poor agreeaent betr¡reen Ëhe diffractogram of

the L8Oo sampl-e (proposed to be CuIIPOO) and the CuPH0O results reporÈecl

by Royen and Brenneis (47).

Concl-usíons of TemperaLure Study

It has been shown that anhydrous cupric

(CuHPOO) may be preparecl by careful hearing

ture somewhat below 200oC and that overnight

hÍgh temperaËure resul-ts 1n the formation of

(curP 
r0r) .

4.3 Potentiometríc Titration of Acidlc Copper SoluÈions r,¡ith Aci<ííc
OrthophosphaËe Solutíons

In thís research, two different rnetho<ls rn'ere used t.o investígate the

sol-ubllity of cupríc hydrogen orthophosphate and cupric-hyclrogen-

phosphate complexing. The first method was to Ëitrate acidic copper

solutions potentíometrically r.rith acidic orthophosphate solutíons. Ttre

second method ínvolves allovríng CuHPOO.HnO or CuFIPOO samples to equili-
brate Ín 3M C10,- solutions of knor.¡n H* concentration.s or known ortho-4

phosphate 
"on""r,at"aions. The first nethod seems to be the ¡rore useful

one for studying cupric-hydrogen-phosphat.e complexíng and Ëhe second

method seems to be the more useful- one for studyíng solubílíty. The

first method ís d.escribed below

The E.ll.F. Measurements

hyrlrogen orthophosphate

of Cu}IPOO'HrO at a tempera-

heatíng of CuHPOO'HrO at

cupric pyrophosphate

The investigation rvas made as a series of potentiometric titra-
tions at 25o C. The extent of complexation ¡vas followe<i by measuring the

free hydrogen ion concentra.tion, h, and the free cupric íon concentra-

tíon, c. The free hydrogen ion concentration, h, was measured at



equtl-fbrium by means of the celL

- RE / solutfon s / GE +

where GIl clenoÈes a glass electrode, RE a reference electrode as

cribecl fn SecÈion 3.4, .r,¿ S the test solutfon. The e.m.f . of

can be wrltten as

E- = Eo^ + 59.156 1og h r E, ---.---- (1)gs-J
,-owhere E Ís a constant for the glass electrode and E, is theg-'J

junction potent,ial between thp test solutlon S and 3ll NaCl-O*. Follow-

ing Biedermann and Stllen (58), E. can be expressed as a function of h,

E, = jh, where J fs a constant ry -U rrV / M. Titratlon of l-M HC104 ,
J

agai.nst 3M NaCl0O performed by Ftncham (59) confirmed that the cell- used

gave a comparabl-e value of j.

The free cupric ion concentration, c, $/as measured at equilibrium

by means of the cell

- RE / soluËion S / cE +

where CE denotes a cuprlc ion selective eLectrode, RE Ëhe reference

electrode described Ín Section 3.4, and S the test solutl-on. The e.m.f.

of the cel1 can be r,¡rítten as

oEC,, = E-C,, + 29.578 1og c * E, (2)

-_orvhere E"a,, is a constant for the cupric lon selectÍve electrode and E.

is the liquid junction potential described earller (E, = jh where
J

t!-tl nv / M).

Before each titration, E, and Ea' were measured for a solutlon of

known total- hydrogen l-on concent,raÈion ancl known Ëotal cuprle l-on con-

centration which contalned no orthophosphate. Then usfng equatíons (1)

and (2), the values of Eo, and Eoa,, , respectively, v/ere calculated. For

Èhese calculatlons lt $ras assumed that the total hydrogen f-on concent,ra-

40
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The Z Values

4L

t,otal copper fon concentratlon = c because there was

present for complexing.

To cletermine the degree of compLexation of orËhophosphate lry I{+

ions and Crr2* iorr=, it was decicled to calctrlate values of average lÍgand

number for H*- orthophosphate complexlng, ancl Crr2*- orthophosphate com-

plexing.

Af ter each additj-on of títrant., the average l-igancl number, Z, was

calculated usíng equatíons (3) and (4).

zttls (Hror-h) /s ------(3)

where Zn¡U t" the averáge ligancl number for H*-orthophosphate compl-exÍng,

B is Ëhe total analytical concentration of orËhophosphate, IIT0T is the

total- analytical- concentration of hydrogen íons, and h is the free

hydrogen j-on concenÈTation calculated usíng ecluation (1). Simí1-ar1-y,

zcls (curor-c) /s ------(4)

where ZC¡U Ls

ingr CurO, is the total analytícal concentration of copper, c is the

free eupric ion concentration calculated usíng equation (2), and B is

the same as in equation (3). The values of.211¡O and Zç¡, are given in

Tables 6 17 ,8, ancl 9.

the average lÍgand number fot C.r2*- orLhophosphate compLor-

In addition, t-heoret,icaL ZU¡U values

serles of pH val-ues, from the clissociaËion

acid determined by llal-clrvin and Síllén (60)

IT -hZtlln = l0T-- ^'

assuming thaË HP0*2- ," origína1ly present
?-

Po,r'

r,zere calculated, for a

constants fcr orthophosphorfc

by the fol1-orving procedure:

------ (3)

J.n solutlon and neglectÍ.ng



Hror=ht

r = [rnoo'-] -F [rrroo-] + þtrtoo]

zÍt/.; l¡*r] .,t-rttJ
[nroo'-] + [n,rro,,-] +

_['r'g:] * _, ["r'oo]

[rrror,-] +2

zu/s =

Furooo]

[uror,2]

SubsËitutine ß, =

r ,_1
þror' J

+ Þrtoo] + [rrrool

znln

[rrroo]

F 
ror,t- ]

where ßt = t.SO * fO6 
"n¿ 

ß Z= L.4+ * tOB

neglects Cu2* - orthophosphate complexíng and

negligíble in the solutíons ut.easured.

The Potentíomecríc Tit.rations

FrtooJ and

ßrn

r +ßri, *ßrn'
+ zßrn

F*oo

2

42

,1

Four dífferent Ëypes of titratíons were performed at 25oC coverlng

a pH ra-nge of about 1 to about 3.7" I1ígher pll values resulted in pre-

cipitaLion. 50 ml Class A brrrets were used for all títrations except

f or Type IV wh.ere tr,ro L0 m1 burets were used . In Tables 6 17 ,8, and 9

the f ol-lovring subscripts are used:

o means inítial solution before tftration

t means LíËrant

ßr= Ftrtool

------ (s)

h2 ["roo']

ËC' me,ans copper Eitrant

tp means orthophosphate t,itrant

. The above formula
?-

assumes that P0O" is



(1. )
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The Type I-tltraËion r¡ras a one bureÈ tlËratlon and was performed

as fo110rvs: 50 ml. of 0.L016 I'f H+, 0.01002M Cr2*r.3M C1-04- solurl0n was

pipetted ínÈo the tltratlon vessel. Usfng a glass electrode an<l a cuprfc

lon selectl-ve electrocle, E, and t.,r r.t. determined at 25oC. Usfng E, r

Earr, and assumÍng [t{ro, = h and þ"'lT0T = c, rtre srandarcl porenr-

fals, Eo* and uoa,, , were calculated. The sol-ution r.ras then tíËratecl wl-th

0.1016 M H*, 0.01002 M crr2+, O.02367 tf orthophosphare, 3M cl04 solurion.

After each addition of orthophosphate solution, E* and Ea' were deter-

mined uslng a glass electrode and a cupric Íon selective electrocle, res:-

pectively. Using E, and ta., "rd the value" to, and Eoa,, caLcul-ated pre-

viously, the values of free hydrogen ion concentratíon, h, ancl free cupric

ion concentratíon, c, v/ere calculated. The Dynamco Vol-ËmeÈer r,ras used to

measure all potentíals. See th.ble 6 ard Eigures 5 and 6:for eiperimental data.

(ii.) The Type II titration v¡as a one buret titration and was per-

formed in duplícâte as follovrs: 50 m1. of 0.1016M Hf , 0.01002t4 ,u2* ,

3M C1O, solution \^/as used to cletermíne Eo and Eo- as before. This4-gcu
solution r.¡as then rirrated with 0.1016t"I H+ , 0.01002M Cu2* ,0.05019 M

orthophosphaËe, 3If C104 sol-ution. For each adclÍtíon of títrant, the

val-ues of h and c r,/ere calculated as for titration Type I. The Dynamco

VoLtmeter was used t.o meâsure all potenËials. See Table 7 and Figures 5

and 6 for experimental data.

(ííi.) The Type III titration l{as a two buret titratlon and rvas per-

formecl in trlplicare as follo¡,rs : 25 ml of 0.101-6 M I{+. 0.01002 l"f Cu2+,

3M C104 solutíon ancl 25 m1 of 3lf lrlaC10r, solutlon rvere pipetted into the

titration vessel . P'y measur:lng E, and Oau of thís soluLí.on, values of

Eo^ and Eo^ rvere calculated as Ín titratíon Type I. A knov¡n volune ofgcu
-L 

'-L0.1016 M il , 0.01C02If C*'-, 3l'f C104 solution nas acl.ded r,¡fth a buret
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and Eog and EoCu rvere calcuLated again. The averages of the two Eo
E

and Eo^, values were ùsed in subsequent calculations. An equal- volumeCu

of 0.1001M orthophosphate, 3M CL04 solutfon hras aclcled r¿ith another

buret and h and c Irrere calculated. The títraËion was contl-nued by add-

Íng equal volumes of C.r2* solutÍon and orthophosphate solution and the

values of h and c I¡/ere calcuLated f or each adclition of titrants. The

electrode potentials hTere measured on the Dynamco Dígital Vol_tmeter as

before excePt for Trial 1 fn which the Metrohrn Compensator was usec1,. See

Table B and Figures 5 and 6.for experímental- data.

(iv. )

the others, proceeded to preeipitation. This tltraËion was performed

once as follows ¿ 25 rnL of 0.00gg7 M H* , 0.01002M cu2*,3M c104- solu-

tÍon ard 25 ml. of 3M NaClOO solutíon were pipetÈed ínto the tÍtration

vessel-. Measurements of E, and Ea,, made on this solution were used, to

calculaËe Eo^ and Bo^-- for the electrodes. 0.00997 M H* , 0.01002 Mgcu
t+rCu-', 3M C10, so1-ution and O.l-001- ll orthophosphaÈe, 3M CLOr. solution' 4 F----r ' 4

were then added in 0.5 ml portions wiËh burets. For each addition of

titrants, the val-ues of h and c rvere calculated as before, The Dynamco

Voltmeter was used to measure all potential-s. AfËer about 4 ml- of each

titïant rr¡as adcled, a fluffy f-ight blue cupríc orthophosphate precl-pitate

of unknor,¡n composltion began Ëo form in the titration vessel. After

precipit.at.ion had .occurred, the value of Ec' remained. fairly constanË

with time but E began to rise slor'rly perhaps indicating a reaction re-oÞ

1-easing hydrogen ions. Ref er to Table 9 ancl Fí-gures 5 and 6 for experi-

mental data.

The Type IV t1Èration r"ras a tr¡/o bureË títration rvhfch, unlike
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Ãvera9e 211¡, as a functíon of average pH plotted
for all- titratíons

ry9"r. I

O TÍÈratíon Type I

n TiËratíon Type II

A TiËration Type III

V Titration Type IV

Theoretical Ztl/y
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Average Zç¡U as a function of average pII plotted for all
tftrations

ÞesËe---q-

O Titration Type I

n Títration Type IT

A TiËration Type III

V Títration Type IV
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Results of Tltratlons

Referring to Figures 5 and 6 which are plots of average Z versus

pl{ (1.e. for titratlon Types II and III Ëhe results of trvo or three

trials \^rere averaged) for all Litratlons, 1t can be seen thaü the ex-

perimentaL ZH/ß val-tres are generally somer¿hat 1or¿er Ëhan the Ëheore-

tical curve for tÍtration Tyi>es I, II, and III (pll I to 2.3) and for tl-

tration Type IV (pH 2.3 to 3.7) the experl-mental Z¡1¡U vaLues are simil-ar

to or somewhat hígher than the ÈheoreÈicaL Zg¡, values. Tt can be seen

thaÈ the experímenta! ZC¡O values do not conform t,o any smooth curve

and are very snall compared to Zy1¡U . In Fj_gure 6 the error bars repre-

sent the deviations Ín average Zç¡"

Apparent Equilibrium Constants for Copper-Hyclroeen-?hosphate Association

The experimenËal data r,rere treated using the generalizecl l-east

squaïes pïogram Letagïop (56) in order to deterrnine if Èhe compl-exes re-

ported by Chílds (49) r,¡ere present and. to calculate Ëheir associaËíon

consÈarits. Since the reproclucibil-ity of the daËa ís noL as high as that

obtained by other r.¡orkers, Letagrop is partícularly useful- since it

al-lotus for adjustmenLs to conpensate for experimenEal errors.

55

In cal-culating Ëhe equilibriurn constarits for copper-hycir:ogen-

phosphate association, the component.s of the sysÈem r¿ere Lalcen to be

2++2-Cu-', H', and IIP04" whose concentratÍons r,¡í11 be clenoted c, h, and b,

respectivel-y.

The potent,iornetric titraLion data rvere tre¿rted uslng the general-

ized least squares program Letagrop (66) which min:Lmizes Ëhe error

square sum, u. u = )_] (ii ". II-^,- )2 rvhere H^-. is the conputecl¿---J' calc.' calc.

total hydrogen jon concentratíon. The program allowed for adjustments

to ttre characterj.stics of ttie electrocles used (j ancl Eo), the equil-ibrlum



constants ( ÍJ ts), and the analytLcal concentratfon llr., to compensate

for possibJ-e analyt,ical- errors.

Trvo serl-es of calculat.fons were done: Serles A whtch assumed onl-y

glass electrode potentfal-, Eo, was knovan and Serl-es B v¡hích assumed
b

both E, ancl the cuprlc lon selective el-ectrocle potentlal,8C,.,,

the

that

were lcnown.

A total of eight calculatíon sequences hrere done as

ealculation A I assumecl that HT'T , CuT.T , PT'T , and Eo

rect. (ii.) calculation A II assumed that Eoo vras in error and was
Þ

corrected in calculatíon. (ííi. ) calculation A III varied j along wlth

the ß ,rulrr"" and Eoo (ív.) calcu1-ation A ïV varied Ehe ß r"1r'r"",
Þ

-oE g , and assumed a constant error Ò lI tr 
"r0, 

(v. ) calcul-ation B I

assumed that \0, , CuT'T , ?T0T , Uo, , and Elu r.rere correct.

(vi.) calcul-atíon B II assumed, that Eo, and Eoa,, were in error

\¡rere corrected in cal-culation. (vii.) calculaËion B IV varied

valrres, uo* , oocr, , and assumed. a constant error f H irt. ttr.,

(viii.) calculation A V assumed that only one compl-exr CuH,POO

rras present, varied the ß .rulr.r"", Eoo , and. assumed a constant
Þ

ò tl in l{f'f . Tl-re results are summarizecl ín Table 10.

56

In calculation A I, the association constanEs ( ß ) of four pos-

sible copper-hyclrogen-phosphate complexes (CuHrP0O+ , CulI, (PO4)Z ,

CuIIPOr, , CI2I12(P04)r) rvere calculatecl but negative ß .r"1,r"" r,rere ob-

tained for trvo of these cornplexes (CullPOO and, CurHr(PO4)2) , therefore,

these complexes \ícrê rejectecl. It is seen for calculations A II,

A III , ancl A I\¡ that as nr.ore parametel:s are corrected, the beËter the

observecl f iÈ (i.e. the U value 1s lowerecl). Hov¡ever, slnce the ß

values are depenclent on j, it 1s not considerecl Justified to vary J

follows: (f.)

I.7ere COf-ob

and

af,. ß

+
,

error
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5B

(calcul-atlon A III). In calculatlon B I, the association constants

( ß I of four posslble complexes (CuH,POO+ r CuItr(PO4)2 , cuHPOO , and

Cu2HZ(P04)r) were calculated but three of these complexes (CuHr(POO), ,

CuHPOO , and ar2H2(P04)r) were rejected eíËher because tn" flfvalue was

negatlve or because the l;! values were l-ess than the standard devlatfon

(o- ). Sfnce the reproducibility of the dat,a was not as high as that ob-

tained by other workers, Ít was felt that quite a stringent test could

be app11ed to deÈermine i-f a parËlcular complex was actualLy present;

hence Ëhe requirement that ß tn¡t. IÈ is seen from calculations B II

and B IV that as more parameters are corrected, the fit ís Ímproved. If

on1-y one complex (CuH,POO+) was assumed. (cal-culation A V), ít resulted

in a better fit than any of the other Serles A calculatíons but of all

the eight calculations performecl, Ëhe best fic is obtained in Calcula-

tion B IV. Therefore Ëhe best association constanÈ value 1s

ß ,.,r,,. =

or 1-og ß ,,r,,
In 1970,

37oC, reported

þ""rtoo*]

rogKr,l=losffi=L.2
Uslng the experimenËal value of 1-og ß ,rrrl æd

determined by Baldwin and Síl-l-én (60), 1og K*,1

to be [i,rir-po . 
+l

r-oe Km,l= los ,# * rog 
dtn 

= r.os

= 7.Bt¡ - 6.27 = L.57

The agreemenË seems reasonable considering

perature and medía.

chb
= 7.84! o.04

Chil-ds (40¡, using a different medíum and a temperature of

the following assoeiation constant

= (o.g t 0.7) x 107

the val-ue of 1og ß ,r0,,
at 25oC was caLcutated

ß r,r,r - 1oB ß r,0,'.

the differences in tem-



Estl-mate of the Effect of Copper-llyclrogen-Phosphate Complexlng on Z¡¡7U

If CuIITPOO+ Ís present Ín sol-ution, the ZHTU values coul-cl be

calculated as follorqs:

assuming thaË IIP0O is orfginally presenÈ fn solutlon and neglectlng

too'-

rhor =h+ [nrroo-] + z[nrroo] + 
þ"rirroo+]

!= [ntoo2-] + [rrtoo] + ["rtoo] + þ"nreoo*]

zn/n = ^= HroT-h

znt^ = FrrooJ +2 [nrrool + [c"rrreooJ'-r B

[ireooz] + [nrrool + Ftrtoo] + 
þunrroo

Frroo] + r Frron] + þ"nr*oo*]

59

F oo'-] +

--.----- (3)

["roo'-]

subsrírurineßr= Itrï-1 =-- , ß2 =
h ftrc0 o2]

[nrroo-] + [rurrol +

["roo'J

ancl ß ]., r,, =

zfilg =

[c"nrpoo*]

" r., þooo2-]

ßrn + zßrn2 *ß,

þ"nreoo+]

1 + ßrn + ßrn'i- ßr_,r,r"h

["rtoo]
h2 [rroo

l- "h

,l

------ (6 )



vrhere ß1

ß2

ßr,

= t.gO * tO6

= 1.44 X 108

1r1 = 6'9 x'107

Uslng a number of experimental pof.nts coverfng the pH range of I to

about 3.7, it rvas found that zg¡u values calculated using equatton (6)

I^rere somer,¡hat lower than Ëhe theoretLcal. Z¡1¡U values cal-cul-ated from

equaËion (5) which did not use experimental poinËs. These resulËs are

general-ly consistent with the experimental 2117U val-ues for titratlon

Types r, rr, and rrr (Figure 5). IÏowever, Èhe experimentar zH¡, values

for the Type IV tiËration $rere somewhat hígher than those predtcted by

equation (6) perhaps due to analyt,icaL errors

Experimental Errors

The corrected values of Eor, nor., , and 5u, calculated uslng

Letagrop are presented in Table 11. It can be seen that in most cases

the Eo^ values do not change much (except for Calculation A III where Joö

is varied.) from the experimental resulË,s an,C the uncertaínties in Eoo
ó

are general-ly fairly small. Hovrever, Ëhe corrected Eo^ values are
Uu

often considerably different frorn the experimental- results and Ëhere are

large uncertalnties in Eo^-, ït can be seen that the f, tt ,r"lrr"s, which
Cu

represent Ëhe error in I'Io , are not very significant for the first three

títrations but become much more significanË as I{o is reduced. The Large

uncertaínÈj.es in 5r, rr" to be expected due to the small- values of 5rr.

60

wítl-rin

wlLhin

The Dynarnco Digital Vr:ltmeier is capable of measurlng poËentl-als

t O.OS mV and. the Ì'ietrohm Compensator (used for titratÍon 4) ;

t o.z mv.

Taltlng J.nto consiclel:¿rLion the results for llo ancl Eo^ cal-culatedguu
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Tltn. No. Cuo (rnlf )

"BEST Frrt'

Cal-culations A II
l-
2

3

4

5

6

7

TABLE J.l

5 n CALCULATIID BY LETAGROP FOR

FOR TIIE

Il (nrM)
o

r0.02
10.02
10.02
5.010
5. 010
5 .010
5.025

DIFFERNNT C¡,LCULATIONS

Cal-culatfons A III

Eot
oó

101. 6
101.6
101. 6

5C.76
50.76
s0.76
4.95

1
2

3

4

5

6

7

3o(mV)

366 . 1rtO.09
366. s4t0.06
366.19t0. 04

366 . SOto. r.4
366 .6910.09
366.57t0.63
36s . n!2 .64

364.1110.11
364.s610.07
364. 21t0.08
36s. 6410.19
365.51t0.17
365.4310. s6
36t+ .7 5t3.45

10. 02
L0.02
10.02

5.01-0
5.010
5.010
5.025

Eot
Cu

3cl(mv) 5n t ¡.r(*u)

Calculations A IV

6l

10r.6
101. 6

l-01. 6

50.76
s0.7 6

s0.76
4.9s

l-

2

J

4

5
6

7

l-0. 02

L0.02
10.02
5.010
5.010
5.01-0
5 .025

Cal-culatlons A V

0
0

0

0

0
0

0

101.6
101.6
101. 6

50.7 6

50.76
50.76
4.9s

1
2

3

4

5
6

7

36s . 69t0.08
36s.68t0.05
36s .76t0.04
367.42*.0.L3
367 . s110.08
366 .0010. s7
369.0r10.31

36s .77!O.OB
36s .9810.05
366.i2!0.04
366 .72t0.L3
366.24t0.L4
360.s7-l}.39
366.36-10.25

L0.02
10.02
L0.02

5 .010
5.010
5. 010
5.025

0
0

0

0

0

0

0

101. 6

10L.6
101.6

50.76
50.76
50.76
t*.95

2.028!0.402
3 .77 6!0 .227
r.808t0.187

-L.L76tO.23B
-1.551-10. 1ir7

t-. 025t1. 056
0.s06!0.L42

L.687!0 .3gg
2.548!0 .2oS

*0. sl6t0.163
0.230!0.244
o.g7gto.263

rL.423!0.864
-0.121t0.030



TARL]i

Titn.

lt

CalculatÍons B II

No.

(c on t Lnr-r ed )

Cuo (nù{)

1-
2

3

4

5
6

7

10.02
l-0. 02

L0.02
5.010
5.010
5.010
5.02.5

II^ (nùl) E9 t 3ø(rnv)o' ?,

(analogous to A II)

Calculatíons B IV
r L0.02
2 L0 "023 10.02
4 5. C10

5 5.010
6 5.010
7 5.025

101. 6
101. 6

101. 6
50.7 6
50.7 6

50.76
4.9s

366. 1710. 11 260 .62'!L44.90
366 .58t0.07 232.%!s .70
366.2Lt0 .05 229 .62!3.8L
366 .84t0. rS nO .42t5 .70
366 .7 4'10 . 0S 229 . BSIL .7 5
366.3L!0.72 22L.æts.36
36s. 7010. /i9 277 .7 4-!3.87

o3' t 3v(mv)

(analagous to A IV)
101. 6 366 . 2st0 .09
101 . 6 366 .7 3!O . 07
101. 6 366. 4Bt0.0s

50 .7 6 366 .gzt} .Lg
50 .7 6 367 .LL1:C .C8
so .7 6 361-. 1710. 50
4.9s 366.26t0.L6

Experinent,al Results (for reference)

1
2
3
4
5
6

7

5H t :v(*rr)

62

L0.02
10.02
10.02

5. 010
5"010
5.010
5. 025

370.76t26.3L
23L.36t6.03
228 "46!3.98
227 .ssts .7 6

226.92t7.s5
229 .02!L4.34
26s.L9!LL7 .6

0

0

0

0

0
0

0

101. 6

L0l. (r

101. 6
50"76
50.76
50.76
4.9s

366. 18
366.62
366.2¿t
366.8
366.67
366 .69
365. 87

-0. 38310. 393
-0.622!0.200
-l-.1s8t0.1s3
-0 . 156t0. 239

-0.7r14t0.l-01-
L0.997t0.864
-0 . 07 9t0 . 016

23L.97
230.57
229.23
230.2
228.L0
228.00
228.L3



usíng Letagrop,

cortcentraLion,

measurernents of

tgnc.!,le_.ig_ns_

:lt appears thaL

h, are probably

fr:ee cupríc ion

By this method, Êhe presence ín aqueous sol-ution, at 25oC, of one

copper-hyclrogen-,phosphate complex, CuIlrP0O* , orrl" establíshecl over Èhe

pll range of I to 3.7 ancl an associaÈion constant of (6.9 t 0.7) X fO7

was calculaËed for the complex.

the measurements of frec hyclrogen lon

fairly rellabl-e buL the val:lclity of the

concentratlon, c, is questÍonable.

The experimental ZH/B values calculated rvere quite reasonabl_e ín

most cases due to the relatively large values of Z¡1¡U and the rell-abil-

ity of the h cleterrninations. Ilowever, the experiment.al Zg¡O values

calculatecl Cid ïiot seem reasonable due to the relatively smal1 values of

ZC/y a-nd rnore signífícantly to the unreliabílity of the c determina-

tions.

4.4 Sclubj-1Ít.7 Studíes of Cupric llyclrogen 0rthophosphate ín

To deterini.ne the solubility product of cupríc hydrogen orLhophos-

phace (CuII?O, ) , ii vras decíclecl Ëo allor.r samples of CuHPO,.Ii^O or
4-LL¿

CuIlP0r, to eqrrilJ-br:ate ín 3lÍ C104 solutions of k-nor,¡n total hyclrogen

ion concentration or lcnorun orthophosphate concentr:ation. After equl-

libr:i.'.rn irad been achíevecl , the solutj.ons and the so1íd resíclues were

analyz:cd as clesc:.':Lbed l.ater. Infrarecl spectra and X-ray diffracto-

grarl:i r,'i:i:e also t¿rlcen of the solld res-ídrres to cletermine if they had

chang,.r,:L. The exi>erínental cielails are descrÍbecl below.

Preir¡.r.-:.r l-ion of St;'indard Sol.ut j-orrs

63

.4q!_e9!_s__q.9_Lu_!rgn

(¡.) A seri e.s of 50

coiìc,Êjì't:r:¡rtíons "ín 3}f C10,,

rnl . solut íorrs of

\rere preparecl

varyíng total hydrogen ion

and transferred lnto 125 ml.
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plastfc bottl-es. An excess clrranË1ty of CulÌPOr*.IIr0 (Preparation I) r,'as

added to each solutfon ancl the solutlons rvere equlljbratecl l-n a vrater

bath at 25oc. The slx solutíons of this flroup wtll be referre<l to as

04, 14, 2Ã, 34, 4A, and 54. The hydrogen ion concentrations of the orf-
ginal standard solutions are presented in Tal¡1e l_2.

(B)

tratiorrs in 3M C10O were. preparecl and transferred into 125 ml plastÍc

bottles. An excess quantíty of CuIIPOO (Preparatíon TI clried at lBOoC

fot 2 hours) was adclecl to each solution and the solutíons rvere equÍl-f-

brated at 25oC in a vrater bath. The four solutÍons j.n this group ruill

be referred to as 18, 28, 38, and lrß. The hyclrogen í-on concentrations

of the orÍ-ginal standard solutions are presented ín TabLe L2.

A series of 100 ml solutíons of varying hyclrogen íon concen-

(c)

cenÈrat,ions in 314 C104 Trere preparecl , l-r_'ansferrerl into 125 nl pl-astic

boËtles, and an excess quantíty of CuliPOO.Ilr0 (PreparatÍon TI) vas

added to each soluËíon. The soh-rt:ions r.re::e then equilibrated at 25oC

in a r,¡ater bath. Th.e ilive soluÈions i,¡i-li. be referred to as lC, 2C,

3C, 4C, and 5C. The o::thophosphat:e conce.ntratíons o:[ the origínal

stanciarrL so-l.uEions are presenLe<1 ín Tab.l-et 12.

lnaly"e" of Sof"tior l-j.bratjqg

After being stored in the \.rater bath at 25oC for at least one

A seríes of 100 ml solutions of varyíng orthophosphate con-

month, the soluËions r'¡ere ana1-yzed, at rueellly interrials, for free hy-

drogen íon concentration, h, ancl .[ree cupr:_c ion concentratíon, c.

After a ferv ntonths, rvhen the st;rnclarrl rlevj.¿ilion of three consecutj-ve <1e-

terrninations of h an<l c \'¡as less than 27(, the solutions r.¡ere con-

siderecl to be at equilii:rium. lr'or each so-1-r-rtion Tabl-e 12 shows the

averagc of Ëhree clet-crmínations o[ 1'r anci c ei-long rvith the aver¿ì.ge
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deviations. Glass and cupric ion seLectír,'e electrodes were used., read-

íng the Dynamco Voltmeter, to determine the elecËrode potentialsr E, and

Ecu, vrith reference to a Ag / 
^EcL 

reference el-ectrode. Befor:e and

after measurement.s on the solutions, the standard electïode potentía1s,

Eo^ and Eo^ ' \^7ere d.etermíned for the glass electrode and the cupricBCU
ion selective electrode, ïespectível1,, by poËentiometrically titratÍng
a solutíon oÍ. 25 m1 of 3M NaC1OO sol-utlon and 25 ml of C.Cl M H+ ,

7J- - J- 1L
0.01- M cu'' , 3M c104 soluËíon r,¡íth 0.0i$ JÌr , 0.0hr cu'* , 3If cl04

solution. The devíation between Eo values and Eo^ values obtai-nedgcu
before and after the measurements ranged, from t -0.02 mv to t o.te mv

for the glass electrode and ranged fro¡n t O.OZ mV to I O.Og mV for the

cupric ion selectíve electrode. After the standard electrode potentíals

had been calculated, the free hydrogen íon concentratÍons, h, and the

free cupríc ion concentrati.ons, c, hrere cal-culated using the follorvíng

equations:

E =Bo +59.1c g 561ogh+EJ

Ecr, = uoa,, * 29.578 1-og c + E,

where E, = jh (j ! -tl nrvÂ1). Sínce
J

same equation, the best values of h

proximations. The'values of h and c

gJ.ven in Table 12.

Each equilibrated solution was analyzed for total copper concentræ

tion by atomic absorption spectrophotometry on a Perkín-Elrner 306 Atomic

Absorption Spectrophotorneter and also by colorimetry involving the form-

atíon of the copper-anmonia complex as described by snel1 anc snell

(61). The ínstrument usecl for the colorimetry r¿as the carl Zeiss

Spectrophotometer. Since íË has been establ-isheC that there is copper-

1og h and h ï/ere present ín the

were calculated by successive ap-

for the equilibrated sol-utions are

------ (1)

(2)



6B

hydrogen-phosphate complexfng ln aqueous sol-utton (Sectlon 4.3), the

t,otal copper concenrratfon, [a"]ro, , should be slgnlffcantly greater

than c. The þu]r', values obÈafneci by colorimer,ry appear to be much

more relíable than the aÈomlc absorption results which are l-ower than

c in some cases. The [a"]r', values obtainecl by both methods are pre-

sented tn Table 12.

An analysis for Èotal phosphorus concentration was carried out

for each solution by the spectrophotometric measuremenÈ of extracted

phosphomolybdic acícl using the carl Zeiss spectrophotometer. The pro-

cedure used is that èuggested by Mozersky, Pettinati, and Kolman (62)

except that 1:1 terÈ-butanol:benzene mixture was used as ühe extractant.

The results are given in Table 12.

Analyses of Equilíbrated Solids

After al-l- of the equilibrated sol-utÍons had been anaLyzed, the

solid resíd.ues were filtered off by suction and. suclced. d.ry. The solícl

resj-dues were then anaLyzed. for total copper content by colorímeÈry 1n-

vol-víng Ëhe copper-ammonía complex anc1. for totaL phosphorus content by

the same method as $/as used for the sol-utions. Infrared spectra and

X-ray diffractograms r4lere also taken of all the solícl resldues. The

solíd residues will be referred to usfng the same labeLs as for the cor-

responding solutions. The results of the analyses ancl the Cu:P ratlos

are gÍven in Table l-3.

Uncertaínties Ín Analyses of Equilibratecl Solutions and So1lds

From Table L2, 1Ë can

È1ons, the maximum standard

t 1.4 percent for ", ! 3.7

[n]ro, . Assumfng rhar rhe

be deduced that for the equilibratecl sol-u-

clevíatlon (o") Ís t f .S percent for h,
r-Ipercent for Lt"l,0, , and 1- 3 percent for

uncertainty (u) fs 3 o., then the uncertaLrty
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1s about ! 4,5 percent for h, abouE t 4.2 percenË for c, abont t lt per-

- l'l , - r-ìcent for l_a"Jr', , ancl about t 9 percent for LOJTO, . ExperlmenraL

errors in the calculatecl Cu:P ratios of the sollds (Table l-3) resuLt

from errors ln tTre determlnatlons of percent Cu and percent P and al-so

possibly from variaÈlons ln the amorrnt of solld ::esiclue presenb after

equll-ibration. If the solid residue ln totally unaLtered or totall-y

altered afÈer equilibraLíon, then varlations in the amount of solld

residue are not important, but if only a fractÍon of the resldue 1s al-

Èered Ëhen t,he composítíon of the residue Ís depend.ent on the amount of

residue present. Since Ëhe amount of solid residue present after equl-

líbration ís generally quite small ¡ ãf,y change ín composition should be

readÍly apparent from the Cu:P ratios. All of the group A solids give

símil-ar infrared spectra and X-ray diffractograms (Figure 10 and Table

15), therefore Èhe uncertaínty in Cu:P rat,ios may perhaps be estimated

by averaging the Cu:P ratios of the group À solids and calculating the

uncertainty (3o-) r,zhích is about t 15 p.r"..rt. For the group R solids,

/10 and /it give similar infrarecl and X-ray data as do ll2, ll3, and ll4

(Figure 11 and Table L6). The estimatecl uncertainties in Cu:P ratios

are about t 63 percent for sol-ids /l0B and //18 and about t 72 percent

for solids l¿2s, ll3y, and #48. For the group C solíds, /11 and l!2 give

símilar ínf rared ancl X-ray daÈa as do //3 , ll4, and il5 (Fígure L2 and

Table 1-7). The estím¡¡ted uncertaínties ín Cu:P ratios are about t 33

peïcent for solids /llC and ll2C an<l about t 12 percent for soLíds il3C,

ll|C, ancl /15C. The estirnated uncertalntj.es in Cu:P ratios represent, a

coml¡inatfon of the '¡ncertaintíes ín percenl- Cu, the uncert.aintfes fn

percent. P, ancl possíbl.e uncertalntj.es clue to varj-atfons ín the amount of

so1fcl residue pr:esent.



Although estlmaLes have been made of the uncertainties l-n various

measurenìents, the actual errors ln these measurements are unknov¡n.

4.5 Preparatfon of other Cupric Orthophosphate Compounds

After t,he ecluillbrated solíds were analyzed and infrared spectra an<l

X-ray dfffractograms talcen, 1t became obvious that the sol-l-d residues had

changed during equilíbration. In order to determine what changes had

taken place it r"ras decicled that l-t would be useful Eo try to prepare

oËher cupríc orÈhophosphate compounds and compare them lvith Èhe equllí-

brated solíds,. Attempts were made to prepare four Jompounds:

Cur(r0') 
2.31120 , CI5H2(P0/+) 

4.4HZO 
, CuHpOO. HrO (by a differenr

method than Debray or nassett and Bedwell) and Cur(P04)(Off¡. These pre-

parations will be referred to as PreparaÈion III, Preparation IV, Pre-

paration V, and Preparation VI, respectively. The experímental detaiLs

are given be1ow.

Preparation III

Thís preparation r¿as carried out according to the "Steinschneíder

principle" as described by Klement and Haselbeck (4S¡ 6t ad,1íng at room

Èemperature, dropvrise, r+ith stírring, a solution of 5 g of diammonium

hycirogen phosphate ((t[H,)_HPO,) ín 100 ml of r{ater (adjusted to pH 642 ¿+

with acetic acid usíng the Col-eman Metrion III pH rneter) to a solutíon

of 50 g cupric sulfate pentahycl-rate (CuSOr,.5H20) ín 200 ml of water.

Although a precipítate \,ras formecl immediately upon additlon of the or-

thophosphate solutíon, the result-ing míxture vTas stirred for a fevr

hours before the solid was fil-tered off by suction, rvashed rvíth rvater

and acet,one, anci left under vacurrm overníght. The proclucL v¡as rlrlecl Ín

an oven at 95oC for t hour ancl stored fn a clesl-ccator overnight. The

final- prorluct \{as a f.ight blue pow<ler.

7I



(TheoretfcaL) Cur(P0O) 
Z'3TIZO 

: Cu, 43.86 ; P04 , 43.7L

Found. : Cu, 43.32 ; P04 , 4L.89

molar C.t / P04 ratio = 1"55 : 1 .

Preparation IV

Thls sample was prepared as descrl-bed by Klement and llaselbeck

(aB) by addlng at room temperature, dropwíse, wíth stlrríng, a sol-utlon

of 4.42 g of sodíum phosphate monohydrate (NaHrPO;nr?) in 100 rnl. of

v/ater (adjusted Èo pH 7 with NaOH solution) to a solution of 20 g of.

cuprie suLfate pentahydrate (CuS04'5H20) Ín l-00 ml. of water. The re-

sulËing mixture was stirred for a fer¿ hours before the solid residue was

isol-ated and treat.ed using the same procedure as for Preparation III.

The fínal producÈ $ras a light blue powder.

(Theoretícal) CurH, (P04) 
4'4H20 

: Cu, 4L.L7 ; P04, 49,23

(Theorecical) Cur(P0O), 3H20 : Cu, 43.86 ; P04, 43.7L

Found : Cu, 4L.69; P04,45.33

molar Cu / PO4 raÈio = l-.38:l-

Preparatfon V

This sampl-e r¿as prepared by the same procedure as for Preparation

IV except thaÈ the proportíon of copper to orthophosphate was d.lfferent

(Klement and llaseLbeck (48)). A solution of B.B5 g of so<l1-um phosphate

monohydrare (tlanrfOO'I120) ín 100 ml of \¡rater (adjusred ro pH 7 wirh NaoH

soluËion) was added at roon temperature, dropruise, wíth stlrríng, to a

solution of 10 g of cupric sul-fate pentahydrate (CuSOr,'5I'I20) in 100 ml

of water. After the resul-tlng mixture had been stirred for a f.ew hours,

the resiclue v¡as lsolated and treated as before. The final product, rùas a

light blue powder.
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(Theoretlcal) CullP0¿' ll?0

(Theoretical) Cu, (P04) ' 3HZ0

Found

molar C,-r / P04 ratio = l-.30:1

Preparatl-on VI

About 1 g of PreparatÍon III was placed ln a thick-wall-ed gl-ass

tube and 10 ml of triply-dlstil"led waÈer was added. After mixlng, the

Èube v¡as sealed an<l then heated l-n an oven at about 1B5oC for 18 hours.

After coolÍng to room t,emperaËure, the tube was broken open and the

sol-id residue was filtered off by suction, vrashed with water and ace-

tone, and sucked dry. The fínal product was a fÍne1y crystallized

light green sol-id.

(Theoretícal) Cu, (?00) (0H) : Cu, 53.l-6 ; P04 , 39.73

Founcl : Cu, 52.98 ; P04 ' 33.91-

molar Cu / P0. ratio = 2.33:1
4

Analyses

The four preparat,ions rrere anaLyzed for total- copper content and

total orthophosphate content.

: cu, 35,79 ; P0,, 53.49
.+

: Cu, 43.86 ; P0,, 43,7L
.+

: Cu, 40.42 ; P0, , 46.48
4'
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(í.)

by iodometrlc titratíon (54). The fírst Ëhree preparations (III' IV'

and V) were analyzed in tripl-icate but due to the small amounË of sample,

Preparation VI was analyzed onJ-y once.

(íí.) The tot,al orthophosphate content of each of the four prepara-

tions rvas cletermj-necl by a gravfmetric method (SS¡ ínvolving tlie prectpl-

taÈfon of orthophosphaÈe as magneslum arunoníurn phosptrate and igní.tf-on

A1l- four preparations I¡rere anaLyzed for total copper content,

at about l-OOOoC to magneslum pyrophosphate $fgrP rOr) 
.

preparatlons (III, TV, and V) lrere anaLyzed J-n dupllcate but agaJ-n clue

The flrst three



to the small amount

Infrared Spectra

The lnfrared speçtra of a1-l four samples, grourrd rvlth drlecl KBr

and al-so as nuJol mulls, over the range of l-333 to 400 "*-1 rru shoryn

in Figure 7. It can be seen that there are fer+ signlffcant dlfferences

between the spectra taken as nujol mul-ls ancl those talcen as KBr dÍscs,

therefore, only the latter will be dlscussed. The first three prepara-

Lions give fairly slmílar spectra except Èhat the spectrum seems to be-

come more resolved going from Preparation rrr-âPreparation rv +

of sampLe, Preparatlon VI was anal.yzecl onl-y once.

Preparation v. For example, Preparation rrr shows peaks at LL47, L092,

1062, and 993 "*-1 tn the P - 0 strerchíng region and peaks at 628 anð,

558 cm-l ín the 0-P-0 bending region. Preparation IV shovrs a slight

bump at 1206 cin-l in the P=0 sËretchlng regÍon, pealcs aË ll5l, 1093,

1C60, ggir, 953, ancl 863 cm-l ín the P - O srretching region, and peaks

at 622, 556, and 506 ern-l in the 0-P-0 bending region. Preparation V

gíves a specLrum essentially símílar to Preparation IV except that ft

seems Ëo be slíghtly better resolved. The infrared spectrum of

Preparat,ion VI is obviously different from those of the fírst three pre-

parations (rrr, rv, and v) and is rather unresolved due perhaps to Ëhe

Lack of \,/ater of hyclration.

X*ray Diffractograms

74

The X-ray dj.ffractogram results obtainecl for the four preparations

and the r:esults f or Cu" (P0, ) ^' 3Ii.0 and Cu^ (P0, ) (0ll) reported by Ìlanawal-tJ 42 z ¿ 4

et a1 (65) are shor,m in Tabl-e 14. For the first Ëhre-e preparatíons (III,

IV, and V), it 1s seen that the i:esults obtaíned for Preparation IT-I are

sonewhat different from the results obtained for Preparation IV and V

whj.ch ít-tcij.cates some crystal structure differences betrveerr Preparatíon
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rrr and PreparatÍon rv and v. From Table 14, ft can also be seen that

the X-ray diffractogram results for Cur(POO) '31120 reported by llanawal-t

et al- (65) agree quite wel-l wlth the results obtalned for Preparatfons

IV ancl V. There fs quite good agreement between the experÍmental re-

sults obtained for Preparation VI ancl the Cu, (P04) (0H) resuLts reported

by llanawalt et al- (65) excepË that the experlmental diffractogram has

several extra peaks. Finally, it should be noted that PreparatÍon vI

gave a diffractogram with very sharp peaks due to fts deflnite fine

crystal-J-ine structure. I{owever, the cllffractograms obtained for Pre-

parations rrr, rv, and v had very broad peaks due to the Íl-l-defined

crystal structure of the solíds.

Concl-usfons

Taking ínto consÍcleration the analytical resul_ts,

and X-ray diff::actograms, it. appears that Preparations

are essentially Cur(POO) 
r'xltr} 

and PreparaËion VI is

cu, (P0O) (0H) .
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5. RBSUT,TS AND CO}ICLUSTONS OF SCLUBILITY STIIDTES

5.1 CornmenÈs on the Equilibration of CuHPO, H^0 or CuHpO, in
Aqueous Sol_utions of I(nor,¡n IH-J or l(nov¡n forthophosphate]

To determine if any changes had talcen place in the cupric orthophos-

phate sol-ids during equilibration, the Cr::P ratios of the equilibrated

sol-ids were calculated and will be compared. rníth the relative [c il-ul rot
and [t]ro, values for the corresponding solrrtions. rn adoition, any un-

expected changes in pH of Ëhe solutions after equilíbration will be noted

and final-ly, Èhe infrared spectra and the x-ray diffractograms of the

equilibra.ted solids wíll be compared with each other, wíth Ëhose of the

orÍgÍnaL solids, and the prepared Cur(P04) 
r'xif.r} 

samples.

Comments on the Analyses of Solutions and Sol-ids after Equílibrati<¡n

(A)

gen ion concentration, h, ís surprisingly high considerJ-ng thaË the

3M NaC1OO solution was slightly basic. Thís rvould indicate that more

than the símple <lissolution of CuHpOO Hr} may be involved.

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

[t]ro, is consíderabl-y grearer rnan [c"]r'r ir rhe case of solurion

//04, but Ëhe difference in concentratíons gradually narro\{s until for

solutÍon +Sa [Cu]rOr-F']fCr. Ho¡,¡ever, for Ëhe corresponcting solíds

there is not much change ín Èhe Cu:P ratios (Table 13).
T -l r--1Plots of LC"JrOr r".pH (Figure B) and LtJrO, vs. pH (Figure 9)

for the six solutlons of group A show a correlation betr.¡een solu-

biliÈy and pH.

(B) In Tabi-e 12, it can be seen that going from solutíon ll2Z to

sofu,rtion il3B, the h value increases by about a facÈor of ten but the

e value increases only about four percent.

rn Table 12 ít can be seen that for solution ilOA, the free hydro-
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Fígure 8

[a"]r', as a function of plt for the equilibrared

solutÍons of groups A, B, and C

O Group A

A Group B

tr Group C

Data fro¡o Reference (3S¡ (HN03 medÍum)

Data from Reference (35) (HC1- medÍum)

o
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Ffgure 9

[t]r', as a function of pH for rhe equil-íbrared

soLutíons of groups A and B

O Group A

A Group B
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Tt should be noted that for al-l four equflfbrated soLutions of group

B (Table 12), the [a"]r', v¿rl-ues are somerühat hlgher rhan .f'tu [r]r',
values. However, for the correspondl-ng soL1¿" ur,¿ also solld #08 (TabLe

13), the molar Cu:P rat.íos are al-so greater than 1. It seems inexpl-ic-

abl-e that there can be an excess of copper in both the solutlons and

solids. There are also wlde varlations fn the Cu:P ratios of the soll-cls

perhaps due to Èhe rel-atively small values of. "/. P l"hích woul<l tend to in-

crease experimental- errors.

Prots "t [.{ror r". p}I (Fígure B) and [tlro, vs. pH (Fígure 9)

both illustrate the l-arge jump in pH Letween solutions //2n and //38.

(c)

nifícantly greateï tftan lc"]T'T and even for soluÈions ll3}, !!4C, and. llilC,

where F{ro, is immeasurably smaLl-, the [t]ro, values are abour 8 per-

cent higher than the [t]r', values of the oríginal phosphate val-ues of

the original phosphate soLuËions. For the corresponding solid residues

(Table 13), the Cu:P ratios seem to decrease as orthophosphate concentïa-

tion is increased unËi1 the ratio reaches about l:1 for solíds ll3crll4c

and /l5C

r1
A plot of La"lrO, vs. pil (Figure 3) for the group C solutions seems

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

Tn groups A, B, or C Ëhere does not appear to be any apparenË absorp-

tion of copper by the plastic vessels although no blank samples r¡iere run.

Horvever, if some absorption of copper did occur, the copper/phosphate

ratios of the equl.librated solutions rvould be reduced but the solubllíty

products of the solid reslclue.s woul-d be unaffected because the equilibrltrm

r¿oulcl shift ín order to keep õhe solubíl-Lty product, constant.

þÉre¡s(-.sreç-t¡g
Figr.rre 10 siroru's the infrarerl spectra of the group A solíds along wlth

For the group C solutions (Table 12) Èhe Íncrease i.n ÞJrO, is stg-
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Flgure 10

Infrared Spectra of the Group

(Preparation I), and CurP0O .

A solids CUHPO¿ HrO

xllr0 (Preparatíon V)

(r. ) CuHPOO llr0 (Ppn. I)

(iÍt. ) SolÍd llLL

(v.) Sol-íd ll3L

(viÍ. ) Sol-íd llS¿,

(Í1.)

(iv. )

(vi. )

(vr-r-l-. )

SolÍd #04

Sol-íd lnz{

Solid ll+t

Cu^ (P0, )J '+2
. dZO (Ppn. v)

The calibration peaks Íniicate l-028. O 
"*-1



(r. )

t-a

16€tdl

HI â¡

l-ld-tV bÇl

(1v. )

ffi(r¡¡

ld¡l-!V Hry,

(vi i. )

s¡ra rt¡

Blø(a.¡t

ffilrl,

Htt r!¡

ærFt.y'l

t¿¡fEq (crf¡t
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Infrared Spectra of the Group B solids r CuIIPOO (CuHPOro'HrO

heated at l-80oC f.ox 2 hours), and CuHPOO'HrO (Preparation II)

(i.) CuHPoo H,0 (Ppn. ÏI) (íi;) CuItPoo (CuHPoo.H,O heated at ']-B0oc)

(iii.) Solid /tOB (iv.) sol-íd /11-B

(v.) solid /l2B (vi.) soLíd 1l3B

(víí. Sol-id lllrB

-1
The cal-Íbration peaks indícate LO28'0 cm -



M..t¡t
lÞn.H¡l

(iii. )

(rf. )

@lú¡¡,
èñ.1tr1
aÈÈár a hd,

(Ív.)

t@f (ar¡¡

(ví. )

(vit. )
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Ffgure 12

Infrared SpecÉra

(Preparation II),

of the Group C

and Cu^ (P0, )5 42

so1-ids,

. ,,t20

(ii. ) solid //1c

(ív. ) sql-id /É3c

(v1. ) Sol-id /l5C

xllrO (Preparation V)

CuHPOO'HrO

(Preparation V)

(i.) Cui{P0O.HrO (Ppn. II)

(f Íf . ) solfd /l2c

(v. ) Solid /l4C

(vfi. ) Cr3 (rOO);

The cal-fbratíon peaks fndicate 1028.0
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Ehe spectra of CuÌIPOO HrO (Preparatlon I) ancl Cur(P04)r' xltrO

(Preparatfon V); Flgure i.l shows the lnfrared spçctra of the group B

solfds along with the specÈra of CuI{POO (CuHP0O'I-1,0 heated at tBOoC

f.or 2 hours), and CuHPOO'I{,O (Preparatton II); and Flgure l-2 shows

the ínfrared spectra of the group C solíds along with the spectra of

Cu}IPOO.IIr0 (Preparatlon II) and Cur(P04) 
,' 

xllr} (Preparation V).

From Figures 10, 11, and 12 it is obvíous thaÈ the soLicl resídues

had changed during equilibraËion. The Ínfrared spectra of the group A

sollds (Figure 10) are similar to the specËrum of Cur(pO)Z'xllr0 (Pre-

paration V). The spect,ra of solids llLC and ll2C (Figure L2) are sirniLar

to the spectra of group A solids except Èhat the peak at about 1090 cm-l

is much more prominent which indicates that perhaps some CuHPOO'xHrO is

present, as rve1l as Cu, (P04) 
,'xllr}. 

The diff erences betr¡¡een the spectrum

of CuHPOO'lIr0 (Preparation II) and the spectra of solíds /13C, ll4C, and

5C (Fígure 1-2) may be due to an increase in water of hydration during

equilíbration (í.e. CuIlPOO'xlIr0 where x ís much greater than 1). In

Figure 11, iË uray be seen. that there is a defíníte dífference in specËrum

going from solfd #08 to solid 1/19 to solid /128. The original- CuHPOO

(CuHPOr,'nrO heated at t8Ooc for 2 hours) may actually have contained some

CuzPZ07 and after equilibration thís mixture may have been converüed to a

mixture of CuHPOO'xHr0 and CurPrOr'xHrO. The composítion of thl-s mixture

would vary with pII which could expLain the varlaÈíon ln Ínfrared spectrum

beËween solid /l0B an<l solid /128.

X-ray Diffractograms

92

Table 15 shor'rs Èhe results of the X-ray dlffractograms

A soll-ds along wlth the results for CuHPO+'HZ1 (Preparation

Cur(POO) r' xBr} (Preparatíon V); Table 16 shows the resul-ts

of the group

I) and

of the dff-
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9B

fractograms of the group B sollds along with the results for CuHpOO

(CuIIP0O'llrO heated at 1B0oC for 2 hours) and CuHP0 4'Il2O 
(Preparation TI);

and TabLe 17 shows t,he results of the dtffractograms of the group C solids

along wlth the results ior CuIIPO4'ILZO (Preparatton II) and Cur(PO4) 
r'xnr}

(Preparatfon V).

It is apparent frorn Tables 15, L6, and 17 thaË the sol-fds had changed

during equilibratfon. The X-ray diffractogram results of the group A

sol-Íds (Table 15) are simíl-ar to the diffractogïam resul-ts for

Cu, (POO) 
,'xltr} 

(Preparation V) . The díf f ractogram results of solids /ll-C

and ll2C (table 17) show characrerisrics of both CuItpOO'UrO and

Cur(PoO),'xlf-r} which indícates that Ëhey may be mixÈures of CuHPOO'rili20

and Cur(POO) 
2*H20. 

The diffractogram results for solids //3C, lf4c, and

llSC (Table 17) do nor agree r,¡ith eíÈher CuIIpOO'HrO or Cu.(pOO)r'xHr0 bur

it is speculated that equí1-ibratíon resulted only in a Large Íncrease in

waËer of hydration. IË is specul-ated that CulIPoO (CuHfOO'Hro dríed at

1B0oC for 2 hours) aetuaLly conËained some CurPrOr. After equillbratfon,

both components would probably become hydrated and Èhe diffractogram re-

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

CullPOO'HrO and r¿íth the supposed. mixture of CuIìPOO anð. CurPrlr. Due to

different soLubilities of CuHP0O'xHrO and CurPr0r'xHrO, the composítion of

the mixture would vary with pH whích could explain the varíation in díf-

fractogram results going from solid /¡08 to solid if2B.

Summary

(A) From the Cu:P ratios (TabJ-e 13), l-nfrared spectra (Figure L0),

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

equil-Íbrated solld of group A consfst essentially of Cur(POO) 
r'xlF-r}.

(B) It is speculated that Èhe original CulIP0O solfd equíllbrated 1n

and

the
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group ß actuaLly containecl somc Cn2PZ07 whlch resultecl in a mlxture of

CullP0r,'xilrO and CurPr0r'xllr0 af ter equil-tbratlon. . Thfs coul<l explafn

the relatfvely l.or" v¿rlues of percent P ancl the very hlgh apparent, Cu:P

rat,ios (Table 1-3) calculated for some of the group B solíds sfnce the

analytíca1 technique nsed for phosphate woul<l only detect orthophosphate.

(c)

and X-ray diffractograms (Table 17), 1t l-s specuLated that the equíl-f-

braËed solids #lC and li2C are míxtures of CuHPOO xHrO ancl Cur(f0O) 
,,xiF'r}

and equilibrated solíds //3C, ll4C, and /l5C are highly hyclrated forms of

CuHPOO xllr1. From the analytical data gíven in Table 13, esÈímated

values of x rvere calculated and are /v B for so1-id /13C, N 5 for solíd

lÌ4C, and r-v 7 for solicl //5C.

From the Cu:P ratfos (Table l-3), Ínfrared spectra (Figure L2),

5.2 CalculaËion of the Solubility Products of CuIÌPOO and Cur(P0+)Z

The results of Ëhe solubílíty studies may be use<1 to calculate solu-

bility products (I(so) for CulIPO r, und Cua(POO), dependÍng on rvhether the

compound is present in the eqrrij.ibrated solirl . In Section 5.1, it was

speculated that Cur(f0r,) 
,'xïr} 

ryrâs prêsênt after ecluíJ-ibration ín aLl

tlre group A solíds and solícis illC and ll2C ancl therefore solubility pro-

ducÈ values for Cu.(P0,) rnay be calculated using the anaLytícal re-.) Ltz

sults from the corresponding sol-utj.ons. Simil-arly, it r.¡as speculated

that CuIIPO,. xII^0 \^/as present after equllibratíon Ín all the group B
4¿

solids an,l all the group C solj-cls and Eher:efore solubility product

values for CuI-iP04 míry be calcul-ateci using Eire analytical resulÈs from

the correspor-r<1ing soltrtions except for sol.utÍons /13C, ll 4C, and /l5C fn

which the solubílity \'/as apparently neglíg:Lble. Values of the sol-u-

bllicy procltrcL for Cu^(I'0,) may be calcul.aLed fromJ 42



ti"o = c [*o'oo'-l

and simfLarly, values

calculated from

Kr = "3 [roor]

The values of [tttor2-
be calculated from h,

--*- (7 )

of the solubíl:lry product fcir Cur(fOO), may be

2 
------ (B)

phosphoric acicl, and Èhe associatíon constant for the CullrPOO+ complex

as fol1

þrroo

ovls :

,1

] '"a þo
c ' [n]ro,

and

þoo

1-r
4- J for each equilfbrate<l sol-ution may

, the equÍlibrium constants for ortho-

3-l

v¡here

ß1

ß-r*h+ß1h2-,

ß_r

100

n ['] ro,

ß-r*tnßrn'+ßrn'

ßrn3 *

[n],0,

ß2

["rroo-]
h ["roo'-']

[riruon I

ß_1

ß r,r,r"n'

ana ß r,r-,r =

h2 [nroo2-]

h [ror,'-]

The calculated and average values of K and Kt are givenso so

The calculated I("o values for sol-utions il3B and ll4S appear

error and vrere ignored in the caLculatJ.on of average K"o.

the a',¡erage calculated solubí1lty procluct for Culil?O* f"

ßr,r,Lch2 
-------(ro¡

------ ( e )

[utroo'-]

[c""rtoo*]

1-.86 x 106

" r' þroo2- ]

1.44 x 108

_1 1

L.4 X 10 ^-

= 6,9 X 107

ín Table 18.

Eo be in

Therefore,



SOLUTION

CAICULATÐ SOLUBILTTY PRODUCTS

i/o A
#LA
#2A
/l¡ a
ll4 A

#sA

#LB
liz s
#gs
#4s

llL c
ll2 c

TABLE 18

_ K"o

x t-O-B

x 10-3
^¿x l_o-v'
^¿x 10-v^

7.99

2.23

l-. 99

L.82

2.27

L.94

I
Kso

4.76

3.94

3.64

2.84

l_.83

5.L7

101

x 10-34

x l-o-34

x l-0-34

x 10'-34

x 10-34

x 10-34

Average:

* neglected in average
t standard deviaËions are given

(z.rrt o.r+f

X

x

10-B

t-0-B

x 10-B

1. 01

7 .29

(4.sstz.+afxl-o-34

X

X

t-0-33

10-34



K
so

and'the

r-a
= (2.tt: o.t4) x t-o "

average calculated sol-ubtl-ity product for Cur(POO)2 t"

-L -a l,Kr = (4.95 : 2.48) X 10 --
so

In 1961, Chulchlantsev and Alyamovskoya (35) determined the solubll-

lty of Cur(POO) 
Z 

tn dilute nltric acÍrl and hydrochlorLc acid at l-9 -

20oC Uy glass electrode and solubillty measurements. They calculaËed

the solubil-ity product Ëo be

K"o = [."'l' [roo'J 
2 - (r.g t 0.18) x ].0-37

The large díscrepaney between thís resul-t, and the value obtained

above may be due to sevêral- factors: dífferent temperature, different

medium, the questionabl-e reliability of the c measurements (Sectl-on 4.3),

and the questionable accuracy of the very sma11 calculated [tOO-'j
values. Any errors in c ""a [rOO-] v¡ou1d be greatly magnifÍed in the

calculatÍon of Kf
so

l-i

The solubil-ity ciaÈa for cur(P0O) 
2 

( [a"'*] vs. pH tn borh HNo,

and HC1 media) reported by Chukhl-antsev and Alyamovskoya (35) are shown

pl-otted in Table B along wíth Ëhe experimentaL solubílity data obtained

for this thesis. It is easíLy seen thaË the points from Reference (35)

are essentialty parallel to the solubilíty curve for Èhe group A soLutions

which lends credence Èo the concl-usion that Ehe group A solids are es-

senrially Cu, (POO) 
,'xll/.rl

L02



6.

Since it rvas dernonstrat,ed in Sectíon 4.3 that the cuprÍc ion sel-

ecÈive electrode used for this research was of quest,íonable reliabilíty,

it ¡vould be useful Èo repeat, the potentiometric titraËion of acidic

copper solutions with aci<lfc orËhophosphate solutions usíng different

cupric Íon selective electrodes and hopefully obtain m.ore reliable mea-

surements of free cuprÍc ion concenËrations. IÈ would also be useful to

isolate and analyze the cupric orthophosphate precipitate formed at a

pH greater than 3.7.

SUGGESTIONS FOR FURTIIER RESEARCH

rt vrould be useful to repeat the equilibration of cuHp0o'HrO tn

3M clo, solutj-ons starting r¿ith accuraÈely known amounts of solid,4-
usl-ng a nore rel-iable cuprÍc ion selective electrode, and using more re-

fined techniques for some of the analyses. For the analyses of total

coPper concentration, the method usíng amrnonia is probabLy satísfactory

for most solutions but for solurions in which [a"]r', is very snall-

(e.g. solutions /i3C, lÍ4C, and il5c in this thesis) a more sensLtive ana-

lytical method could be tríed such as extraction with dithizone. For the

analyses of total orthophosphate, iË would be useful Ëo try an alterna-

tive rneihod ín addíËion to the rnethod used in this thesis, for example,

the direct deternínatíon of phosirhorrrs by atornic absorpticn flame spec-

trophotomeÈry suggested by Kirkbríght and Marshall (.63).

In spite of some of the complications ínvo1ved, fairly good re-

sults r,¡ere stíl1- obtained for thís thesís.
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