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ABSTRACT

A platinum-lined, flowing autoclave facility is used to investigate

the solubility/phase behavior of zinc(ll) oxide in aqueous sodium

phosphate solutions at temperatures between 290 and 560 K. ZnO

solubilities are observed to increase continuously with temperature

and phosphate concentration. At higher phosphate concentrations, a

solid phase transformation to NaZnPO, is observed. NaZnPO,

solubilities are retrograde with temperature.

The measured solubility behavior is examined via a Zn(ll) ion

hydrolysis/ complexing model and thermodynamic functions for the

hydrolysis/complexing reaction equilibria are obtained from a least-

squares analysis of the data. The existence of two new zinc(ll) ion

complexes is reported for the first time: Zn(OH)2(HPO,) = and

Zn(OH)3(H2PO,):. A summary of thermochemical properties for species

in the systems ZnO-H20 and ZnO-Na20-P2OB-H20 is also provided.
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Zinc(II)Oxide Solubilityand Phase Behavior in Aqueous

Sodium PhosphateSolutionsat ElevatedTemperatures

S.E, Zlemnlak,M.E. Jones,K.E.S. Combs

INTRODUCTION

Zinc is an alloyingconstituentof many brass and bronzecomponentsused

throughoutthe water-steamcircuit of power plants. In order to quantifythe

hydrothermalaspectsof the zinc oxide corrosionproductsthat are transportedo

in such systems,a priori knowledgeof zinc oxlde solubilityand phase

behaviormust be available.

Many solubllltystudiesof ZnO have been performedin alkalinemedia at

room temperature,cf. summariesprovidedby Baes and Hesmer(I) or Khodakovskll

and Elkln(2), so that reliablestandard free energiesof formationare

(2-n) (n = 2 3 4) Anavailablefor the series of hydroxocomplexesZ_(OH)n , , .

additienalhigh-temperatureZnO solubilitystudy was performedin pure water

and aqueous sodium hydroxide(2), so that a fairlyreliable solubilitydata

base exists over a broad range of alkalinityand temperature.

With regard to solid phase stabilityin the ZnO-H20system,ZnO is known

to be thermodynamicallystablerelative to _-Zn(OH)2at 298 K. However,the

hydrousoxide form is known to resist transformationfor times long enoughto

permitaccurate solubilitymeasurementsat room temperature(3). As phosphate

concentrationand temperatureincrease,phosphateion complexesof the

hydrolyzedzinc(II) ion are expected to dominateover the usual zinc(II)ion

hydroxocomplexespresent in solution. In alkalinesodium phosphatesolutions,

this situationeventuallyleads to the precipitationof a sodium salt of the

phosphato-hydroxo-zincateion. Under these circumstances,ZnO is no longer
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the stable solid phase. Thilo and Schulz (4) have already characterized

NaZnPO4"H20 as the stable sodium ion salt precipitated from aqueous Na2HP04

solutions at ambient temperatures. Dehydration to NaZnPO, is expected at

higher temperatures (,,s).

The present work was undertaken to establish the experimental and

theoretical bases for determining solubilities (and stabilities) of a zinc

oxide corrosion product (ZnO) in aqueous sodium phosphate solutions at

elevated temperatures. Our method involved pumping sodium orthophosphate

solutions of known compositions through a ZnO bed and analyzing the emerging

solution for Zn. Based on these solubility measurements, thermochemical

properties were established for the following Zn(II) anionic complexes:

Zn(OH)2(aq), Zn(OH)_, Zn(OH)_, Zn(OH)2(HPO,) =, and Zn(OH)s(H2PO_) =. Similar

properties were also established for NaZnPO, based on a thermodynamic analysis

of the ZnO/NaZnPO, solid phase transformation reaction equilibrium.

EXPERIMENTAL

Materials

Zinc oxide was prepared from "Baker Analyzed" reagent grade zinc oxide

powder supplied by the J. T. Baker Chemical Company. Because the as-received

powder was too fine to be retained as a packed column in a flowing autoclave

system, it was transformed into larger particles by compaction followed by

attrition through a I0 mesh sieve onto a 20 mesh sieve. The particles were

then fired at 1473 K for 16 hr in an air atmosphere and slowly cooled to room

temperature. The material produced in this manner consisted of hard,

irregular-shaped, pale yellow particles with dimensions of 1.3 to 2,5 mm. The

color change from white to yellow during and after sintering is _ naturally
[
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occurring phenomenon related to a thermal shift in the electron energy

absorption band to the visible region. No chemical change in the composition

of zinc oxide is produced by this phenomenon.

X-ray diffraction analysis confirmed the presence of a single phase

hexagonal lattice structure characteristic of zinc oxide (a = 3.2503 _+0.0003

and c = 5.2064 _+0.0005 _). Emission spectroscopy found iron to be the

majo," i_,p'Jrity: 60 ppm.

Deionized, deoxygenated water (obtained from Vapodur 607 and Amberlite

IRN-150 ion-exchange resin columns) was used throughout the experimental

i
program. This water had a resistivity >i Mohm-cm and contained <0.1 mg-L-

silica. Linde commercial grade nitrogenwas used to sparge dissolved oxygen

to vaiues <0.005 mg-L-I. Test solutions were prepared volumetrically in the

feed tanks using reagent grade sodium phosphate.

After completing the final solubility run (at high temperature), flow

through the solubility apparatus was terminated. The zinc oxide charge was

then removed and subjected to additional characterization. Digestion in acid,

followed by quantitative wet chemistry analyses revealed a Zn/Na/P atom ratio

of 200/1/I. Elemental microanalyses of fractured ZnO particles, performed via

the energy dispersive X-ray (EDX) attachment to a scanning electron micro-

scope, revealed significant P/Zn ratios (~0.6) at the surface edges. However,

the ZnO particle interiors were free of phosphate. Repeat X-ray diffraction

analyses (of powdered material) revealed no changes in ZnO lattice parameters,

although trace amounts of an additional phase, presumed to be NaZnP04, were

also detected. The ZnO surface deposits were solubilized by a brief, room-

temperature soak in dilute hydrochloric acid; analyses of the supernatant

3 KAPL-4716



liquidgave Na/P = i. The above analysesindicatethat a NaZnP04coating

formed on the ZnO surfacesduringexposurein the solubilityapparatus.

Apparatus

The solubilitymeasurementswere made using two identicalflowing auto-

clave systems. A diagramof an individualsystem is shown in Figure i.

Although each systemwasconstructed using stainlesssteel components,all

high-temperatureportionsas well as the samplinglines were platinum-lined.

Furtherdetailson the constructionand operationof the apparatusare

contained_n Reference(6). The experimentalprogramconsistedof solubility

measurementsconductedin deoxygenatedwater maintainedwith a one atmosphere

blanketof nic,ogen cover gas. Feedwatercompositionsare shown in Table I.

TABLE I. FeedwaterCompositions

Phosphate, Conduct_yity
Ru____n mmol/kq Na/P, molar pH at 298 K _S-cm

1 0.551 ± 0.016 2.300 ± 0.011 10.24 ± 0.03 150 ± 3
2 1.658 ± 0.032 2.334 ± 0.005 10.68 ± 0.05 438 ± 8
3 3.327 ± 0.042 2.328 ± 0.007 11.02 ± 0.01 805 ± 18
4 10.95 ± 0.32 2.349 ± 0.006 11.29 ± 0.02 2375 ± 20
5 53.07 ± 0.63 2.346 ± 0.013 11.38 ± 0.02 8375 ± 80
6 10.64 ± 0.ii 2.176 ± 0.003 10.98 ± 0.03 2090 ± 50
7 10.64 ± 0.II 2.810 ± 0.008 11.70 ± 0.02 3090 ± 70

Procedures

After the systemwas stabilizedat a desiredtemperature,steady-state

conditionswere maintainedfor at least 60 min; the system flow was then

diverted into the samplingsystem. Each sample,consistingof ~240 mL of

solution,was collectedin a polyethylenebcttle containing0.25 mL of

redistilledconcentratednitric acid. Triplicatesampleswere withdrawnat

each temperature. After the three sampleshad been collected,the temperature
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controllerand Variac settingswere changedto establisha new temperature.

From 30 to 90 min were requiredto stabilizethe systemat the new temper-

ature. After an additional60 min or longer,the samplingprocedurewas

repeated. This processof changingtemperature,allowingtime for equilibra-

tion, and sampling,continuedthroughouteach experimentalrun.

Each samplewas weighedand then concentratedto a volumeof 10.0 mL in a

Pyrex beaker. The resultingsolutionwas analyzedfor zinc by atomic absorp-

tion, utilizingstandardtechniques. A Perkin-ElmerModel 303 Atomic

AbsorptionSpectrophotometerwas used with an air-acetyleneflame. A set of

sodium phosphate solution_ containing known amounts of zinc was run several

times with each group of _;amples analyzed. Phosphate concentrations and
/

sodium-to-phosphatemolar ratioswere determinedby potentiometrictitration

with dilute hydrochloricacid.

The actual experimentalprogramconsistedof seveh runs (see Table I) during

which the nominaltemperaturerange 294 to 560 K was covered. The first two runs

traversedthe temperaturerange in three intervals: (i) increasingfrom 294 to

408 K in 14 K increments,(2) decreasingfrom 533 to 422 in 28 K increments,and

(3) increasingfrom 408 to 560 K in 28 K increments.

In Runs 3 to 7 a transformationof the zinc oxide bed occurred at higher

temperatures. This transformationwas manifestedby decreasesin zinc solu-

bilitieswith time (at temperature)_nd by changesin the compositionof the

effluentsodium phosphatesolutions. Representativedata, as presented in

Table II, confirmedthat the bed transformationwas associatedwith the forma-

tion of a layer of NaZnP04(i.e.,Na/P = 1.0) on the ZnO surface. Therefore,

the sequenceof subsequentsampling/operatingevents became very important,

6 KAPL-4716
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because it was necessaryto ensurethat zinc solubilitieswere being measured

for the thermodynamicallystable solid phase at operatingconditions(i.e.,

NaZnP04). Run 3 omittedthe first AT intervaland Runs 4 to 7 were conducted

by increasingtemperatureFrom 380 to 560 K in 14 K _ncrements. Additional

(replicate)sampleswere withdrawnat 477, 455, and 408 K at the end of Runs 6

and 7.

RESULTS

Solubility Data

Results from the experimentalprogram,in terms of m',asuredzinc solu-

bilities as a "_nctionof temperature,are presentedin Table III. The

elementalzinc concentrationsrepresentaveragesof triplicatesamplestaken

~½ hr apart and are given in micromolalityunits,um (_molper kilogramof

water). The small amountsof material lost in the samplingline have been

neglected. The temperaturevalue listedfor a particularsamplewas the

averageof the two downstreamthermocouplereadingsat the start and

completionof sampling.

Consistentwith our previousdiscussion,the zinc solubilitiesreported b

in Table III includeonly those valuesunaffectedby beC transformation

effects.

_hermodynamicAnalysis

Zinc oxide is expectedto solubilizein aqueous solutionsvia the

followingreaction:

ZnO(s)+ 2H+ _ Zn+2 + H20 (I)
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TABLE III. Measured Zr,O/NaZnP04 Solubilities in Aqueous
Sodium Phosphate Solutions

Run 1 Run 2 Run 3 Run 4
T(K) Zn* T(K) Zn* T(K) Zn* T(K) Zn*

339.3 0,769 338.7 1.3_8
352,0 0.909 352.6 1.606
368.2 1.074 367.0 1.805
379.8 1.201 379.3 2.035
394.3 i. 391 395.4 2. 295
407.6 1.637 407.6 2.555
407.6 I. 75g 408.2 2.539
423.7 2.096 424.8 2.998
435.9 2,310 434.3 3.243 436.5 6.563
449.3 2.493 449.3 3.763 449,3 4.803
463.7 2.769 463.2 4.375 463.7 4.436
479.3 2.968 478.7 4.911 449.3 5.538 477.6 4.222
491,5 3.167 489.8 5.125 478.7 5.568 490.9 4.176
505.9 3. 304 504.8 5.813 504.8 5. 308 504.8 3.901
519.3 3.503 51'9.8 6.150 518.2 4.819 519.3 3.901
533.2 3.549 533.2 6.578 531.5 4.895 532.0 3.595
546.5 3.778 546.5 6.884 547.0 4.314 547°0 3.488
561.5 3.824 560.9 7.404 563.7 3.641 561_5 3.121

Run 5 Run 6 Run 7

TK_ Zn* T(K) Zn* T(K) Zn*

396.5 4. ,3
408.2 3./02
408.2 3.503 394.3 23.94

379.8 18,40 408.2 3.335 408.7 21.20
394.8 16.29 420.9 3.014 408.7 21.68
408.2 13.60 435.9 2.662 408.7 22.23
408.7 14.23 449.8 2.448 410.4 22.64
422.0 11.36 455.9 2.356 420.4 19.67
434.8 11.14 463.7 2.555 436,5 17.36
449.3 9.683 475.9 2.341 455.4 13.94
463.2 8.857 477.0 2.249 473.7 11.32
478.2 8.092 477.6 2.555 474.3 11.20
491.5 7.557 491.5 2.432 490.9 9.974
506.5 7.220 505.9 2.493 505.4 8.460
519.8 7.022 519.8 2,616 519.3 7.542
532.6 6.593 533.2 2.371 533.7 6.593
547.6 6.287 547.0 2.279 546.5 5.859
561,5 5.966 560.4 2.111 560.4 5.155

6 ¸

* Units: 10- mol/kg
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Furthermore, the dissolved zinc(II) ion is known to be stabilized in aqueous

solutions by the formation of aquo and hydroxocomplexes. That is, the

divalent zinc ion becomes surrounded by an inner hydration sheath of six water

molecules with octahedral symmetry(7). Stepwise dissociation of these

complexed water molecules occurs as the pH of the solution is elevated. Thus,

the overall zinc oxide dissolution reaction becomes the following sequence:

ZnO(s) + (2-n)H + , Zn(OH)n2-n + (l-n) H20, (2)

where n refers to the state of hydrolysis and may take on the values O, I, 2,

3, or 4. Due to the cnaracteristic hydrolysis behavior of the zinc(ll) ion,

(cf. Reference i) and the alkaline pH range employed during the present study,

concentrations of the species corresponding to n = 0 and I are expected to

contribute insignificantly to the zinc oxide solubility database.

On the other hand, if the high'temperature portions of Runs 3 to 7 indeed

represent an equilibrium with another solid phase in the system ZnO-Na20-P2Os-

H_O, then a dissolution reaction involving the NaZnPO, solid is required.

Recall also that various Zn(ll) phosphatocomplex forms are possible in aqueous

phos,phate solutions. The following phosphato complexes of the unhydrolyzed

zinc(ll) ion have been reported: Zn(HPO4)(aq) (8) and Zn(H2PO,)+(9); similar

complexes involving hydrolyzed, divalent zinc ions are possible, although

information concerning these equilibria is not yet available. By similarity

to the reported solubility behavior of copper(ll) oxide in aqueous sodium

phosphate (_°), we may expect significant concentrations of Zn(OH)2(HPO,) = to

be present. Therefore, the suggested dissolution reactions are:

ZnO(s) + H20 + HPO_ $ Zn(OH)2(HPO.) = (3)

I0 KAPL-4716



and NaZnPO_(s)+ 2H20 + HPO_ _ Na+ + Zn(OH)2(HP04)= + H2PO_ (4)

The concentrationsof each possible zinc(II)ion complexwere then

calculatedin terms of an equilibriumconstantfor either a stepwise

hydrolysisreaction,i.e.:

Zn(OH)2(aq) + H20 _ Zn(OH); + H+

(s)

Zn(OH)_ + H20 _ Zn(OH)_,+ H+

or a phosphatocomplexingreaction,i.e.:

Zn(OH)2(aq)+ HPO_ _ Zn(OH)2(HPO_)=

(6)

Zn(OH)_+ H2PO_ _ Zn(OH)3(H2PO_)=, etc.

The thermodynamicrelationships

-RT _n K = AG = AH - T AS (7)

were introducedat this point to allow calculationof all zinc(II)ion complex

concentrationsas functionsof temperature. The total molalityof zinc in

solutionwas then calculableby summationover the mononuclearzinc(II)

speciespresent. Where possible,a three parametermodel was used to describe

AG as a functionof temperature. This approximationassumesthat the diFFer-

ence in heat capacitiesbetweenreactantsand productsfor each reactionis a

constant (C). Integrationof the applicablethermodynamicrelationshipsgives
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AH = A + CT and AS = B + C_nT, (B)

where A, B, and C are fitted constants.

To evaluate the experimentalsolubilitiesof Table III in terms G_

concentrationsof the possiblecomplexed/hydrolyzedzinc speciespresent

requiredthat the pH (hydroniumion concentration)be known at the existing

solutionconditions. This quantitydepended on the sodium phosphatemolality,

as well as the orthophosphateion and water dissociationconstants. These

parameters,which are functionsof solUtiontemperature,are definedbelow and

tabulatedin Table IV.

Kw = [H+IIOH-1 (9)

[H2PO_]
Qz = (10)

[H3PO_][OH-]

[HPO:]
Q2 = (lOa)

[H2PO_][OH-]

[PO_]
Q3- (lOb)m

[HPO_][OH]

with log K = + B + C _n T + T2 (11)

Deviationsfrom ideal solutionbehaviorwere accountedfor by

distinguishingbetween ionic concentrationand thermodynamicactivity:

12 KAPL-4716



ai : YiCi (12)

where ai is the thermodynamic activity, Yi the ionic activity and Ci is the

ionic concentration. General]y, it was assumed that ionic activity

coefficients could be related to ionic strength by an extended Debye-Huckel

expression(14)..

-SZi 2
• /I

log Yi = i +'1.5 /I (13)

where S is the limiting Debye-Huckel slope (_ 0.51 at 298 K)(_I), Zi is the
2

ionic charge number, and I is the ionic strength = Z ½CiZi . Dissociation

constants Kw , QI, and Q2 were corrected for ionic strength via literature

correlations (II and 12). Kw was corrected to a pressure of 8.97 MPa using the

correlation presented in Reference 11.

TABLE IV. Dissociation Behavior of Selected Compounds

Compound Undergoing

Dissociation A B C D E Reference Cited

H20 31,286.0 '606.522 94.9734 -0.097611 -2,170,870 Sweeton, Mesmer
and Baes(l 1)

(12)H3PO 4 17,655.8 -253.198 39.4277 -0.0325405 -810,134 Mesmer and Baes

H2PO 4 17,156.9 -246.045 37.7345 -0.0322082 -897,579 Mesmer and Baes (12)

(13)
HPOC -106.5! 7.1.340 - -0.017459 - Treloar

An overall neutrality balance was finally used to determine {H+] for each

data point. For the most general case, the balance is-

13 KAPL-4716



4 3 4 (2_ro_k).

(2-n) [Zn(OH)n(2-n)+} + Z _'2(2-m-k)[Zn(OH)m(H_P04) k ]n=3 k=l m=

3 4

(2-p-21)+1 H+
+ Z Z (2-p-2i) [Zn(OH)p(HP04)i + [Na+ ] + [ ] =

i=1 p=2

[OH-],+3[PO_]+ 2[HPO_]+ [H2PO;] (14)

Since the Zn(OH)2(HP04)= ion concentration was given in terms of the

equilibrium constant for Equation (3) or (4), and the concentrations of the

hydrolyzed and complexed Zn(II) species were calculable in terms of

equilibrium constants for Equations (5) to (6), the neutrality balance was

reduced to an algebraic equation in terms of the unknown, [H+]. To determine

how a given scheme of Zn(II) complexes in solution could fit the results, a

set of thermodynamic constants was substituted into the neutrality balance

(Equation 14), and [H+] concentrations were calctJlatedby a Newton-Raphson

iteration procedure. These [H+] values were then used to compute all the

soluble zinc species which, after being summed, could be compared with the

measured Zn solubilities. The differences were then minimized via a general-

ized, nonlinear, least-squares curve-Fitting routine based on Marquardt's

algorithm(IS).

When the solubility data were analyzed, the importance of relative errors

(i.e., percentage errors), rather than absolute errors, was accounted For by

minimizing differences between the logarithms of the experimental and the

predicted solubilities. The thermodynamic functions obtained in this manner

were then resubstituted into the neutrality balance, and the two-step process

14 KAPL-4716



was repeated. Convergence,i.e,, the conditionwhen the calculatedthermo-

dynamicfunctionsceased to change,was attainedin a few cycles becausethe

dissolvedmetal ion concentrationswere low and had only a minor influenceon

changes in solutim pH.

Resultsof the data-fittingprocedureare illustratedgraphicallyin

Figures2 through4. The predominantspecieswere found to be Zn(OH)2(HPO,)=,

Zn(OH)_and Zn(OH)2(aq);three parameterfits yielded statistically

significantcorrelations. The presenceof two other anionic Zn(II)complexes

[Zn(OH)_and Zn(OH)3(H2PO,)] were also fitted in a statisticallysignificant

manner. Due to their lower concentrations,a two parameterthermodynamic

model proved to be sufficient;i.e., AH and AS were taken to be independentof

temperature.

Table V presentsthe thermodynamicquantitiesfitted to the ZnO and

NaZnPO,dissolutionreactionsand the subsequentZn(II) ion hydrolysisand

complexingreactions. This fit resultedin an overall standarddeviation

between measured and fitted Zn solubilitiesof 9%.

DISCUSSION

Zinc Oxide Dissolutioninto Zn(OH_2a_

Because solutionpH, hence the hydrolyticstate of the zinc(II)ion, was

controlledby the quantityof sodiumphosphateadded, it was not possibleto

complexmeasureablelevelsof Zn+2 and Zn(OH)+ in the presentexperimental

program.

15 KAPL-4716
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Figure 2. Comparison of Measured and Fitted Solubilities of Zinc
Oxide in Sodium Phosphate Solutions (Na/P = 2.3).
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Figure 3. Comparison of Measuredand Fitted Solubilities of
NaZnP04in SodiumPhosphateSolutions (Na/P = 2.3).
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Figure 4. Comparison of Measured and Fitted Solubilities of
NaZnPO 4 in Sodium Phosphate Solutions (P = 10.5 mmol/kg).
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The standardfree energychange for zinc oxide dissolutioninto the

lowestzinc(il)hydrolyticstate,Zn(OH)2(aq),was determinedfrom Table V to

be 38.16 ± 3.56 kj/mol. This result indicatesa Zn(OH)2(aq)solubilityof 0.2

um at room temperature. A "literature"value for comparisonpurposesmay be

obtainedby combiningstandardfree energy changesreportedfor

ZnO(s)+ 2H+ _ Zn+2 + H20 (15)

and

Zn+2 + 2H20 _ Zn(OH)2(aq)+ 2H+ (16)

Schindleret al(_6) have measured-63.58± 0.18 kJ for Equation (15), while

Baes and Mesmer(_) recommend96.44± ?kJ for Equation(16), b'Jtstate that a

higher value would be expected. These values combineto give the Equation (2)

equilibriumfor n = 2 as AG°(298)= 32.86 kJ. This estimate indicatesa

Zn(OH)2(aq)solubilityiof 1.75 _m, which is clearlytoo high comparedwith our

ZnO solubilitymeasurements(see Figure2).

Free energy changesfor zinc oxide dissolutionat elevatedtemperatures,

as determinedfrom a combinationof equilibriasummarizedin Table V, are

plotted in Figure 5. The resultsof Khodakovskiiand Elkin(2), obtainedat

temperaturesbetween373 and 473 K, are seen to be higherby a maximum of 5 kJ

at 473 K. Given an estimateduncertaintyof ±2.9 kJ for our experimental

results at 473 K, the differenceis not statisticallysignificant. Note that

the lowest ZnO solubilityvalue reportedby Khodakovskiiand Elkin at 373 K

(1.8 um) is also consistentwith our higherAG°(298)estimate,becausemost of

the solubleZn(II)was presentas Zn(OH)_rather than Zn(OH)2(aq).
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The above discussion is consistent with an equilibrium that exhibits a

nonlinear AG(T) behavior. On the basis of the fitted AC_(298) for the ZnO

dissolution reaction (-i17.9 J/K) and tabulated standard heat capacities (see

Table VI), the standard heat capacity for the Zn(OH)2(aq) hydroxocomplex is

calculated to be -2.3 J/K.

Zn(ll) lon Hydrolysis

Standard free ertergy changes for the third and fourth stepwise hydro'!ysis

reactions of the Zn(ll) ion were determined to be 58.83 ± !.11 and 68.43 ±

4.43 kj, respectively. A literature value for AG°(298) of the third stepwise

hydrolysis reaction, derived via difference between AG° for the triple

hydrolysis reaction recommended by Baes and Mesmer(_) and our revised AG°

estimate for Equation (16), is 60.34 kJ. Similarly, literature values

recommended by Baes and Mesmer(_) give AG°(298) = 73.05 ± 1.14 kJ for the

fourth stepwise hydrolysis reaction. In neither case is the disagreement

considered to be statistically significant.

The high-temperature equilibria for the above hydrolysis reactions are

shown in Figure 6. These results are compared with the results of

Khodakovskii and Elkin(2), who determined these hydrolysis equilibria in terms

of reaction with the hydroxyl ion:

Zn(OH)_(aq) + OH- $ Zn(OH)_ (17)

aG(T) = 15314 - 99.41 T

and Zn(OH)_ + OH- $ Zn(OH)_ (18)

aG(T) = -17324 + 35.32 T
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These free energy changeswere convertedto the form of Equations(5) by

adding AGw. Results of the two investigationsare seen to differ by up to 6

kJ over the temperaturerange 298 - 473 K.

The sourceof this discrepancy,with regard to calculationof the third

stepwisehydrolysisreactionequilibrium,lies in the analyticalmethodology

selectedby Khodakovskiiand Elkin(_): an assumed linearAG(T) dependency

fitted to the Equation (17) equilibriumnecessarilyimpliesthat the

correspondingEquation (5) equilibriumwill exhibit the nonlinearAG(T)

characteristicsshown in Figure 6. This phenomenonis not believedto be

real, becausesubsequentintroductionof a heat capacity term into the

Equation (5) equilibriumdid not yield a meaningfulfit.

On the other hand, the limitedpH range covered by the present investiga-

tion was responsiblefor relativelyimpreciseestimatesof the fourth stepwise

hydrolysisreactionequilibrium. Becausehigher alkalinitieswere tested by

Khodakov_kiiand Elkin (the pH range 11 through 13 was representedby iB data

points),their estimateof this equilibriumwas more precisethan ours.

Therefore,the above data pointswere includedin our databaseand a new

least-squaresfit was performed*. The new fit is comparedwith the added data

in Figure 7. With the exceptionof the fourth hydrolysisreactionequilib-

rium, the modifiedfit yielded resultsvirtuallyidenticalto the original

fit. Upgraded thermodynamicparametersfor the fourth hydrolysisequilibrium

are given in Table V. As shown in Table V and Figure 6, the modifiedfit

* System pressuresat the threetemperaturestested were assumedto b__10_

above saturation.
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increasesthe precisionof the fourth hydrolysisequilibriumand brings about

a much closer agreementbetweenthe two studies.

By way of closure,Table VI providesa summaryof thermochemical

propertiesof species in the ZnO-H20system. Inconsistenciesin the

literaturehave led to differentrecommendedpropertiesfor Zn(OH)+ by two

independentreviews(_'2). We concludethat the subsequentinclusionof three

ZnO solubilitymeasurementsin pure water by Khodakovskiiand Elkin(2) is

insufficientto reliablydeterminetwo Zn(OH)+ properties(AH_, S°). However,

by assumingthat Zn(II) hydrolysisis similarto that for Cu(II),we expect

Zn(OH). to exhibitAG°(298)= 55 kJ-mol-I for stepwisehydrolysis(similarto

(_)) and to possess a large,positiveionic entropy(similarto (2)).

All ionic entropiesfor the Familiesof Zn(II)and Cu(II) hydroxo-

complexes,therefore,are positivequantities(see Figure8). Since

unhydrolyzedmetal ion entropiesare negative,hydroxocomplexformationis

viewed as a structure-breakingprocess. This behaviormay indicatea change

in coordinationnumberof the centralmetal ion from six to four.

ZnO/NaZnPO4Transformation

The thermodynamicinstabilityof zinc oxide in concentratedsodium

phosphatesolutionsis explainedby the precipitationof a sodium salt of the

phosphato-hydroxo-zincateion. By combiningFittedchemicalequilibriafor

the ZnO and NaZnP04dissolutionreactions,an equilibriumconstantmay be

derivedfor the overalltransformationreaction:

ZnO(s) + Na+ + H2PO_ $ NaZnPO,(s) + H20 (19)
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TABLE VI. ThermochemicalParametersfor Species in the ZnO-H20System

C_(298) S°(298) aH_(298) aG_(298) Reference

Species J-mol-1-K-I -_ _ m kJ-mol _ CitedJ-moI -__KK- kJ-mo I - i _

Zn(s) 25.40 41.63 + 0.21 0 0 17

E-Zn(OH)2(S) 72.4 76.99 + 0.21 -645.47 -555.93 + 0.21 2

ZnO(s) 40.25 43.64 + 0.42 -350.83 + 0.21 -320.91 + 0.25 17

H2(g) 28.83 130.58 + 0.08 0 0 17

02(g) 29.37 205.02 + 0.04 0 0 17

H+(aq) -71 -22.2 0 0 18, 19

H20 75.31 69.96 + 0.08 -285.85 + 0.04 -237.19 + 0.04 17

Zn+2(aq) -164 -154.8 + 1.3 -153.64 + 0.42 -147.23 2, 19

Zn(OH)+(aq) - * * -333.3 i
-342.0 2

Zn(OH)2(aq) -2.3 68.5 -611.74 -519.67 This Work

Zn(OH)_(aq) - 54.9 -870.31 -698.08 This Work

Zn(OH),(aq) - 5.8 -1125.96 -862.97 This Work

* No values are recommended due to widely conflicting results, i.e., S°(ZnOH+) =
-46 2(_) and +42.7 (2) J-mol-Z-K -_. , see DISCUSSION.
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2S¢I
where log ko = -log [Na+][H2PO_]+ i + 15¢I (20)

On the basis of Table V values, it is found that

4638.9
log ko = - 60.886+ 9.213 _n T.

T

Zinc oxide will remain stableas long as the sodiumphosphateconcentration

product, [Na+][H2PO_],correctedfor nonidealbehaviorby Equation (13), is

less than the 1/ko value at a given temperature. Conversely,if the phosphate

contentincreasesso that [Na+I[HPO_I> i/ko, then ZnO becomesunstableand will

transformto NaZnP04. This equilibriumconcept is illustratedin Figure9.

Anotherway of viewingthis transformationis that the zinc compoundwith

the lowest solubilityis the one that precipitatesfrom solution. Zinc oxide

is stable at lower temperaturesbecausethe solubilitylimits of NaZnPO,are

very high. However,at high temperaturesNaZnP04becomessparinglysoluble

while the ZnO solubilitylimits increasegreatly. The transformationline

(i.e.,phase boundary)shown in Figure9 representsthe locus of points at

which the zinc solubilitylimitsof the two phases -- ZnO and NaZnPO,-- are

equal.

Zn(ll)Ion PhosphatocomplexFormation

The distributionof zinc(II)ion hydrolyticand phosphatocomplexspecies

" presentin solutionat 298 and 560 K is plottedin Figure 10 as a functionof

. sodiumphosphateconcentration° lt is readilyseen that Zn(OH)_(HPO,)= was

the most prevalentphosphatocomplexform presentin solutionat high

temperatures. Table Vll summarizesthe thermochemicalpropertiesof the
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TABLE VII. ThermochemicalParametersfor Phosphate-BasedSpecies
in the ZnO-Na20-P2Os-H20System

Cp°(298)* S°(29B)* AH_(298) aG_(298) Reference
Species J-mol-_-K-I J-mol-1-K-_ kJ-mol-_ kJ-mol-_ Cited

Na(s) 28.2 51.21 0 0 20

Na+(aq) -28 41.0 -240.12 -261.92 20

P(s) 23.8 41.1 0 0 20

PO_(aq) -283 -153,6 -1277.4 -1018.8 20, 21

HPO_(aq) -112 -32.6 -1305.5 -1089.7 13, 21

H2PO_(aq) 37 72.4 -1308.8 -1130.8 12, 21

NaZnPO,(s) 150.3 98.7 -1650.0 -1517.3 This Work

Zn(HPO,)°(aq) ...... 12.48.4 8

Zn(H2PO,)+(aq) .... 1285.2 9

Zn(OH)2(HPO,)=(aq) -115.9 145.5 -1889.1 -1613.9 This Work

Zn(OH)3(H2PO4)=(aq) - 57.1 -2234.8 -1863.8 This Work

* Ionic heat capacitiesand entropiesare referredto an absolutescale where
o -- --

Cp (H+) = -71 J-mol _-K"_ and S°(H+) = -22.2 J-mol _-K-_ (see Table VI).
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presently known species in the ZnO-Na_O-P2Os-H20sysi_,_ based on the Table V

equilibria and tabulated thermochemical properties of H2PO_, HPO_, and PO_.

As calculated from Table VII, AG°(298) for complexing the HPO_ion with

the Zn+2 and Zn(OH)2(aq) ions is -II.4 and -4.50 ± 2.25 kJ, respectively.

Thus, hydrolysis does not appreciably shift these phosphatocomplexing

• equilibria. The highly positive entropy change determined for the latter

complexing reaction is indicative of phosphatocomplex stability at elevated
t

temperatures(see Figure I0). Similarbehaviorwas also observed for the

Cu(OH)2(HPO,)= phosphatocomplexingreaction.(I°)

The presenceof an additionalZn(II) ion phosphatocomplex,

Zn(OH)3(H2P04)=, was indicatedat lower temperatures. AG°(298) values for

formingH2PO_ ion complexeswith the Zn+2 and Zn(OH)_ ions, however,differ

appreciably: -7.1 vs. -34.9 ± 2.2 kJ. This result indicatesthat hydrolysis

promotesstabilityof Zn(II)-H2PO_complexesat low temperatures. The

crossoverpoint at which concentrationsof the high temperature

phosphatocomplexexceed those of the low temperaturephosphatocomplexis

determined by evaluating the equilibrium:

Zn(OH)2(HPO,)= + H20 $ Zn(OH)H(HHPO,)= (21)

This equilibrium is independent of phosphate concentration and depends only on

temperature; TABLEVII values indicate that the high temperature form

dominates above 378 K.
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