SEAN EDWARD QUINLAN












THERMOCHEMISTRY OF AQUEOUS SODIUM PHOSPHATE INTFRACTIONS

WITH METAL ONIDES INHIGH TEMPERATURE WA TR

by

Sean Edward Quinlan

A thesis submitted to the
School of Graduate Studies
in partial fulfilment of the
requirements for the degce of

Master of Sci

Department of Chemistry
Memorial University of Newloundland

1996

St John's Newdoundland



Natonal Library
of Canada

Acquisiions and

Bibliotheque nationale
nada

Direction des acqusitions et

fibliographic Services Branch  des services bibliographiques

A edweon St
Ottvesi Ol
FIA G4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395 rue Welinglon
Ottawa (Onlaro)
LA 0MA

Vouton Voo eserce

Owtie tiom retovence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a ia Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
théese a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d'auteur qui protége sa
thése. Ni la thése ri des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-17637-1

Canada



To my parents



ABSTRACT

Most fossil-fired electrical power generating stations emplov low concentrations of

sodium phosphate to control boiler water plT - Sodium phosphate “hideout™ has been
identified as a cause of major corrosion problems in some stations  The objective of this

maricite and sodium iron

tion products

work was to synthesize the principal iron r

1y and to d ine th A data pertinent to then tormation

in reactions of iron oxides with aqueous sodium phosphate undet hydiothermal cond

NaOIL is

Sodium iron(111) hydroxy phosphate (SUIP), Na,Fe(O1I)PO,

believed to be the major iron(111) reaction product causing sodium phosphate hideout
The compound was first reported in the carly 1980's, from pressure vessel stidies on

hideout, and its stoichiometry was inferred from elemental analyses on solid reaction

products and hydrothermal solutions during hideout expetiments Mancite, Nal'ePO,, s
the major iron(11) reaction product. and has been found both as a natural mineral and in

previous phosphate hideout studies

All syntheses of these solids were carried out at temperatures no higher than

ction vessels. These vessels

250°C in 45 mL Parr 4744 Teflon-lined stainless steel 1z

were modified to allow iz siu filtration of reaction products at high temperature by simply

ainless steel mesh

turning the cells upside-down to drain the solution through

Methods were i ped for izing sodium iron(111) hydioxy phosphate

from hematite, magnetite and iron phosphate, and maricite from iron powder at 951%
yield in these safe, rugged cells A novel method for synthesizing maricite by thermally



decomposing the complex of aqueous iron([11) nitrilotriacetic acid at 250°C has also been

developed

The crystal structure of SHIP was i and is i with

on boiler conosion product behavior. The erystal structure of maricite was also
determined, and found to be identical to that of the natural mineral

Solubility studies for SIP were carried out in a modified 450 mL Parr 4562

stined e

tion vessel fabricated fiom Hastelloy C. To avoid the need to control
teduction potential, solubility experiments were cartied out in the presence of hematite,

aceording to the following reaction

He0\(s) + 13/3Na"(ag) + 2HPO,Mag) + AOH (aq) »

NaFe(PO,), (N, H,,0)(s) + 5/6H,0()).

Results were obtained up to 325°C at a sodiunv/phosphate ratio of 2.5, and up to 260°C at
a ratio of 3.0 before severe corrosion reactions terminated the experiments. Kinetic

from and itions at

" confirmed that equilibrium had been achieved.
From this and previously reported data for the ionization of phosphoric acid, a
thermodynamic database for the formation and release of the main iron (111) species under

boiler conditions was developed
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L0 INTRODUCTION

L1 Phosphate Hideout in Steam Generators
Sodium phosphate is added 1o the feed water of fossil-fired utiling bolers at parts-

ed with

per-million levels to control corrosion and scale. A continuing problem assoc

phosphate treatment is “hideout™ (Stodola, 1991, 1986), characterized by the retention of

phosphate in the boiler during operation at high load, and the subsequent 1elease of
phosphate into boiler water under low-load conditions The uptake and release of
phosphate at local sites can be accompanied by large excursions to high and low pli,

ed in modern, high

leading to metal wastage and cracking Hideout i

performance drum-boilers which operate at temperatures up to 3607C
Before 1995, Electric Power Research Institute (EPRI) guidelines for phosphate

atio of Na/PO, in boil

chemistry control (AshofY, 1986) recommended that the water be

uent™ phosphate tieatment with

maintained in the range 2.2 to 2.8. This method of “cong

formation for the

“invariant-point control” (Panson et al., 1975) is based on detailed

pure sodium-phosphate-water phase diagram (Panson et al , 1975, Taylor et al | 1979,

Ravich et al , 1955; Broadbent et al., 1977). Within this range, cyclic precipitation and

dissolution of phosphate salts should not cause large excursions in pl1. In practice,
however, boilers can rarely be operated under congruent chemical conditions (Stodola,

ise the sodinm

1991, 1986). Accumulating evidence indicates that this oceurs be

phosphate interacts with components present in the boiler sludge. particulitly magnetite



(Stodola_ 1991, 1986; Broadbent et al, 1978; iconomy et al . 1975; Conner and Panson,
1983, Jonas, 1985, Balakrishnan, 1977, Straub, 1950; Wetton, 1981). EPRI has now
revised its guidelines (Dooley, 1994) to reflect the results of successful operating
experience at Ontario Hydro and other utilities with ~equilibrium™ phosphate treatments
and the results of new experimental work (Tremaine et al,, 1992, 1993; Ziemniak etal.,
1992)

The eflect of interactions with metal oxides on sodium phosphate solution
chemistry has been studied in some detail by Economy et al. (1975) and Connor and
Panson (1983) at temperatures up to 315°C. Their work showed that the reactivity of

nt deviations from the hideout behaviour associated with

metal ox SeS very si

the pure sodium-phosphate-water phase diagram. However, modern fossil steam

generators operate at temperatures and pressures that approach the critical point of water

(373°C and 221 bar). Recent work inour laboratory (Tremaine et al., 1993) has cxtended
the experiments of Connor and Panson up to 360°C for magnetite and three of the major
components of sludge, Cu, NiO, and ZnO. The solid products and mechanisms of the
magnetite hideout reactions have been identified from experiments in static vessels. The
1esults are consistent with experiments on sludge samples from Ontario Hydro's Nanticoke
Generating Station.

The two principal phases involved in phosphate hideout reactions with magnetite
are sadium iron (111) hydroxy phosphate, *Na,FeOH(PO,),"/aNaOH™ , and maricite,

Nake"PO,. The structural and thermodynamic properties of these compounds are not well



known. The purpose of this research is to develop methods for synthesizing both

compounds, and to measure accurate solubility data for *NaFe™OH(PO,) - ¥aNaOH™, s0

that a useful thermodynamic database can be developed

1.2 Standard State Properties of Aqueous Species and Solids
1.2.1 Solids

Equilibrium constants, K, for the formation of solid teaction products may be
calculated from the standard Gibbs energies of formation ol the solid, aqueous and
gaseous reactants and products. The temperature and pressue dependence of the

equilibrium constant is described by the standard enthalpies, heat capacities and volumes

of formation, according to the following cquations

The standard Gibbs energies and enthlapies of formation aut high temperatus
pressure are defined in terms of the formation of the species or compound fiom the

elements in their reference states at the same temperature and pressuie For the

hypothetical formation reaction of A,B from the clements A and B, Gibbs energies

of | ion at high temp and pressure are defined as

e, G, an

A/(]J,ILT,I' “.Ln.u- -2

A/”’r‘l/r,r.p ~ ”,ln‘:n.u‘ & 2”,]‘.1,1; ° ”1’:"1‘/; (12)

where P, is the refercnce pressure, 1 bar. The high temperature values of these propertics



are calculated from values at 298.15 K and 1 bar through the heat capacity change of

formation: AC, ,* and from the volume change AV.,:

i

o AR sogrs
A /I(IIJ'AI l//“3
L

A, =B85, (1 "'r)‘frAf{'/'{“” )
7

Volume is assumed to be constant in Equation (1.3) due to the fact that ionic solids have
only slight variation in volume with temperature and pressure, so that very little error is
introduced by this assumption.

The heat capacities of solids, liquids, and gases are commonly described by the
Muier-Kelley equation (1932)

Crl=a - el (1.4)
Expressions for the heat capacities and volume functions for aqueous species are more
complex.  These are described in the following section.

Standard Gibbs free encrgics and enthalpies of formation arcused extensively by
chenists; however, the calculation of AGr,® requires a knowledge of the heat capacity,
entropy, and volume of the elements in their reference states at the temperature and
pressure of interest.  There may be discontinuities in the properties of the clements at the
temperatures where phase changes occur, which make the calculation difficult.  Since the
properties of' the elements cancel in the expressions for balanced reactions, Benson (1968)

4



and Helgeson et al. (1978) have recommended the use of s

called “appatent” Gibbs
energies of formation, 8,G,°. These are defined in terms of the reactions fiom
compounds at T and P from the elements in their reference states at 208 15K and 1 bat

Thus the definitions of free energics and enthalpies become

-2, (15
-2y (16)
Equations (1.5) and (1.6) can also be written
A, Glyrp = 8GT gy, + (Glprp (17
A Hurp = S gp * (Wiprp = Wingr,) (18%)
The temperature dependence of A,Gy.,° is given by the express
A, Grn=b GE Y =87, (1= T,) ~[(7ﬂ"d7'- 'If" CoTdr {"l'um (19)

Equilibrium constants are related to the Gibbs encrgics of reaction 4,G, " by the



following equations
A G = -RTInK (1.10)

YA, G (producs) = Y A, G (reactants)
=3 A G (products) = 30 8, Gy (reactants)

.11y

122 Aqueous Species

By definition, Equations 1.3 and 1.9 require the use of the standard partial molar

and V,° for aqueous species. The

heat capacity and standard partial molar volume, C,,,
temperature dependence of standard partial molar properties for aqueous species is
controlled by ion-water interactions. These may be modelled by the semi-empirical
functions originally proposed by Helgeson, Kirkham and Flowers (1981), the “HKF"

cquations, as revised by Tanger and Helgeson (1988). At constant pressure,

Chze, vl e/(T-0) |+ wTX (1.12)

o

Vvl v(T-0) | - Q... (1.13)

Here, the terms c,, c,, v, and v, are species-dependent fitting parameters, © =228 K is a
solvent-dependent parameter. The terms @ TX,,,, and wQy,, are the electrostatic
contributions to the standard molar heat capacity and standard molar volume according to
the Born equation, in which Xy Qpen and < are given by

6



Q,

Ritom

=o't (@neldp), [AREN

Np= & (&I /2T ~(@ln el (1.15)

and

W=z Mk, (116)

where s the static diclectric constant of water, 11 -0 9466 + 10 J-m mol, 7 is ionic

charge, and r. is an eflective electrostatic radius of theion (1, 1, ¥ 0 94 Z tor cations; r,

= [y for anions) (Shock and Helgeson, 1988). Values for Ny, and Qy,,, were taken

from Helgeson and Kirkham (1976).

ons to describe the

Neglecting the pressure dependence of w, the full express

variations in C,° and V° with temperature and pressure take the form

A il 5
Cree v =2 - 2 doppy v a2 wry,,, 117
PO ey (r-ep| Tuer,) & o
b |
VIT,P) = a + —— . v P)(———ﬁ) - O (1.18)
Here a,, a,, a, and a, are species-d fitting parameters; 1) is a solvent

equal to 2600 bar. Xiao and Tremaine (1994) have made a preliminary assessment of the



application of more detailed semi-continuum solvation models by Abraham and Marcus
(1986), Abraham ct al. (1983), Goldman and Bates (1972) and others. While not
complete, the calculations confirm that standard-state and other terms arising from a
rigorous treatment of the solvation cycle arc small relative to the contribution of
configurational hydration to the empirical terms in Equations 1.7, 1.8 and 1.12 at
temperatures well-removed from 25°C

The cquations cited above form the basis for the thermodynamic modelling cade
Supert'92 (Johnson et al,, 1992). Supcrt'92is an interactive Fortran 77 program with a
thermodynamic database containing many minerals, gases, and aqueous specics. The
theoretical basis and its practical implementation for the model in this program have been
described by Helgeson and Kirkham (1974, 1976), Helgeson ct al. (1978, 1981), Tanger
and Helgeson (1988), Shock and Helgeson (1988) and Shock et al. (1992). Equations of
state for the thermodynamic properties and dielectric constant of water were taken from

Haar ctal. (1984).
13 Activity Coefficients in High Temperature Water
A model for the activity coeflicients of the aqueous species is required to describe

solubility equilibria at finite molalities. For example, for the reaction

A 2A° (ag) + B* (aq) (1.19)



Q = m(A”L ag) m(B3, ag) (2
where Q is the equilibrium quotient, and a B) is the activity of the solid, which is
usually unity.

K=m(A" aq)  y(A aq) - mB*, aq) - y(B' L aq) a(A, 1) (2

log K = log Q +log [y(A". aq) = y (B, aq) a(A,3)]

The activity coeflicients reflect the effect of ion-ion interactions At low temperatares
these are very specific for each ion and relatively comples semi-empirical models are

required to describe the activity coeflicients and other ex

ess properties (Pitzer, 1991) - At

temperatures above about 150°C, the long range hydration effeets that control the specific
nature of ion-ion interactions are weakened, and ions ol the same chage display much
more consistent behaviour  An example from the detailed experimental work by THolmes

and Mesmer (1983) is given in Figures 1.1 and 1.2, Lindsay (1989) and Helgeson (1969)

have proposed the use of a “model substance™ approach in this iegion, whereby the

activity coefficients at a given ionic strength are assumed to be equal to those of sodium

chloride. Lindsay's model is used in the EPRI computer code MULTEQ (Lindsay, 1989)
which is used to describe crevice corrosion in high pressute bailers and, for this reason,

was considered most appropriate for this study.



o1

LiCl (aq) NaCl (aq)

50 °C, 4+ -

Figure 1.1

i 2 3 4 5 60 1 2 3 4 5 6
m/mol kg™'

Mean activity i for 1:1 at various

(Holmes and Mesmer, 1983; Pitzer, 1991)




0.8

0.6

Figure 1.2

110°C

MqCl, ;
CaCl,,

SrCl, |

200°C

, and the

Mean activity

for1.2 lvies at various

Debye Hucke! limiting law, “LL" (Holmes and Mesmer, 1983, Pitzer, 1991}



The activity cocflicient of fons A are assumed to be given by the expression

= [y.WNaChF (1.23)

This expression is consistent with the Debye-Hiickel limiting law, and is approximately
valid in the range 150-325°C (Lindsay, 1989)
From the Gibbs-Duhem equation, the osmotic coeflicient of water, ¢, and the

activity of water, a, may be calculated from

(1.24)

The term X, m  is the total concentration of all dissolved constituents in the solution of
interest, and the subscript x on the derivative in the right hand side indicates that the
species distribution is held fixed. Each of the integrals in the sum of integrals is evaluated
for the range of total concentration from zero to the solution of interest. The activity of

water is given by

a, = exp(~0.018015¢:Y" m) (1.25)
sol -

“The result of this expression is the activity of water when the solution is at a total pressure

12



equal to the vapour pressure of pure water, which is greater than the pressure ol water

vapour in equilibriuin with the solution. The difference in water activity is negligible

except in cases of extreme temperatures and concentrations. The correction of this eflect

may be obtained with the following relationship
2la,
ap )y

in which V, is the partial molar volume of water in the solution

138
RT {25)

In the original Lindsay model, the activity coeflicients for y, (NaCl, aq) were
calculated from the Meissner equation (Meissner, 1980) which was found to fit the limited
experimental data available at the time. Recently, Archer and Wang (1990) have reported
a comprehensive equation of state for the excess propertics of NaCl (aq) that is valid up to
325°C. The values for y, (NaCl, aq) and a, used in our work were taken from the Archer

and Wang formulation.

14 The Na,0-P,0-H,0 System

The aqueous chemistry of phosphorus has been reviewed by many authors,
including Cotton and Wilkinson (1988), Corbridge (1980), Thilo (1965), and Van Wazer
(1958), among others. The main species dealt with in this study are dihydrogen
phosphate, H,PO,, hydrogen phosphate, HPO,*, and phosphate, PO,", the anions of

acid. These can condense, with removal of water, to




form ions ining more than one atom and Xy

bonds. The four most common types of are: pe

[P,0500 )" (for example, P,O," , p infinite-chai
[(PO;),]"; cyclic metaphosphates, [(PO5),]", n23; and ultraphosphates, containing
branching units, (for example P,0,).

‘The phase diagram for sodium-phosphate-water systems below 100°C is extremely
complex (Van Wazer, 1958; Wendrow and Kobe, 1955). At 25°C, there are several
multi-hydrated phases of the di- and trisodium salts and two complex salts,
Na,PO,12H,0-%NaOH and Na,HPO,2NaH,PO,2H,0. However, as the temperature
increases, the hydrated salts quickly become less stable., and at 100°C, only some of the
lower hydrated salts remain,

The phase behavior of several condensed phosphates at 30°C has been reported by
Griffith and Buxton (1968). At temperatures above 100°, these metastable salts hydrolyse
to form orthophosphates (Marshall and Begun, 1989). These salts are thermodynamically
unstable, and the hydrolysis reactions become kinetically favourable above 100°C. The
solubilities of many phosphates have been reported by Esseltova (1988).

The solubility and aqueous phase behaviour of monosodium phosphate has been
measured by Morey (1953) at temperatures up to 620°C. Similar studies on aqueous
disodium phosphate have been reported by Broadbent et al. (1977), Panson et al. (1975),
Ravich and Shcherbakova (1955) and Wetton (1981) at temperatures up to 350°C.

There are many similarities between the two salts in terms of their behavior. Both

14



form a series of hydrated compounds and the existence of these hydrates cause their
solubilities to increase with temperature. As temperature is increased, the water off
hydration are progressively removed until the salts are anhydrous  With further increases

in or are d

10 form py above 300°C and,

for the case of monosodium phosphate above 343°C, there is another dehydration to form

metaphosphate, NaPO,. The progression from hydrated salts to anhydrous salts to
pyrophosphates is shown for disodium phosphate in Figure 1 3 (Broadbent et al., 1977)

The actual temperatures of transition are determined by the vapour pressare of the water

of hydration relative to that of steam saturated water. These dehydration reactions are
reversible (Kiehl and Wallace, 1927) and can be predicted from thermodynamic
calculations (Taylor et al., 1979).

The complex salt, NaH,PO,-Na,HPO, has been studied by Wetton (1981) and
Taylor et al. (1979), and was found to be stable at 300°C It is thought to dissolve
congruently, (Taylor et al., 1979; Wendrow and Kobe ,1955) but dehydrates to form
Na,P,0,, and NaPO, between 300 and 350°C (Wetton, 1981; Edwards and Ilerzog,
1957).

Figure 1.4 shows the solubility of aqueous trisodium phosphate reported by
Schroeder et al. (1937). More recent studies have shown that the saturating phase above
200°C is not the expected trisodium salt, Na,PO,, but is a sodium deficient compound,
Na, 4(H,0),,P0,. Wendrow and Kobe's (1955) work showed that further uncertainty
exists in Schroeder's data because excess NaOH may have been present in the

15
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Soubiky of NasPO,
(Schroeder et al,1937)
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NazafH;0) P04

Temperature, °C

The solubility and equilibrium phases of trisodium phosphate, NayPOy, s a
function of temperature (Schroeder ct al., 1937).



dodecahydrate salt used to prepare the solutions. However, Figure 1.4 does illustrate the
sharp decrease in the solubility of trisodium phosphate systems above 120°C that has been
reported by later workers (Wetton, 1981; Marshall, 1982; Marshall, 1985, and references
cited therein) - N-ray diffraction studies by Taylor et al. (1977) and Wetton (1981)

showed that the cubic solid solution Na, ¢H, ,PO,, is structurally related to cubic Na,PO,.

This phase is stable up 1o 350°C and its existence has significant implications for boiler

water chemistry control

A regsion of liquid-liquid phase ion at s above 275°C in aqueous
sodim phosphate systems with Na/PO, ratios between 1.0 and 2 1 has been discovered in
experimental work by Broadbent ct al. (1977) and Marshall (1982). In a study by
Marshall and Begun (1989), Raman spectra of the highly concentrated and dilute

immiscible liquid phases showed that orthophosphates are the main species present, In

Figure | 5, the boundaries of the two phase region are plotted as a function of

temperature, along with the solubilities of Na,HPO, and “Na,PO," from Figures 1.3 and
14
Liquid-liquid phase separation has been observed in potassium phosphate solutions

at slightly higher temperatures, and in other systems with very soluble salts of bulky anions

(Maishall, 1982 and 1985). This immiscibili is appi due to the
decrease in the dielectric constant of water as the temperature approaches the critical
point, and the high degree of solute non-ideality. This effect has been qualitatively

modelled by Pitzer (1984) with P ing state theory. i (1989)
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successfully applied the Pitzer ion-i ion model to I phase fon in

2 | electrolytes

Ravich and Scherbakova (1959) reported that incongruent precipitation of
Ny (11,0),,0, causes excursions to high pH in the Na,PO,-11,0 system at sodium
phosphate ratios Na/P = 2.8. Marcy and Halstead (1964) confirmed these results and
recommended the “congruent phosphate” control practice that is now in widespread use in
the power industry. Panson et al. (1975), Broadbent et al. (1977), and Wetton (1981)
conducted further solubility studies, extending these measurements to higher temperatures
and a wider range of compositions. Taylor et al. (1979) further developed these phase
diagrams, and identified equilibrium phases at 300°C by examining solids recovered from
dry-out experiments at different solution compositions in powder X-ray diffraction studies.
Wetton (1981) recovered and identified equilibrium solids formed at 350°C.

Figure | 6 presents the ternary phase diagram for the Na,0/P,04/H,0 system at
300°C. The diagram illustrates the complex sodium phosphates and pyrophosphates that
exist under boiler conditions and the region of liquid-liquid phase separation at sodium-
phosphate ratios near 2.0. For solutions with 2.2<Na/P0,<2.7, evaporating to dryness
does not cause excursions to highly acidic or alkaline conditions because they are trapped
between the congruent composition at 2.8 and the invariant point at 2.15. Figure 1.7
shows the increase in solubility at Na/PO, > 3.0 above 300°C, conditions that are very

corrosive.



205" 1.5 Nag0
g X (Nog0)—> Hoyp

— 4
NaHaPO 4 "NaHPO, =)
SRR 1 B-NooH
No,HPO 4 (290°C) NayPO,- NaOH (T}

NogP,07(300°C) Noy M, PO, x M0 ()

NapgHggPO, " 1Hp0 ()

Figure 1.6 Sodium-phosphate-water phase behavior at 300°C (Taylor etal., 1979).

21



pue

“(8961 ‘yorary

suonnjos

PIXOIPAY umipos uy

%W 'HOBN

ud wniposta o &

L1 2mSiy

%W "OdeN

[43

22



1.5 Magnetite-Phosphate Interactions
15.1  Hideout Reaction Simulations
The first reports of phosphate interactions with magnetite in high-temperature

water were made by Economy et al (1975) and Connor et al (198

). who conducted
detailed flow experiments at temperatures up to 316°C  Their experiments showed thit
the sodium phosphate sorption is reversible, and that the temperature must exceed 177°C
before significant uptake occurs. Economy and his coworkers also teported that the
sodium phosphate concentration must exceed a threshold value before reactivity with
magnetite is observed, and that the reaction is a bulk, rather than suiface, phenomenon
The amount that can be sorbed is many times in excess of the monolayer coverage At
316°C, the threshold concentrations lic within 10 10 20 percent of the solubility limit ol

the pure sodium phosphate Na, ((H,0),,PO, (Wetton, 1981)  Towever, the increase i

the sodium-phosphate ratio of the eMMuent solution is not consistent with the precipitation
of this sall, because the sodium/phosphate ratio in the aqueous phase increases, tather than
decreasing as would be the case when Na, (11,0),,P0, precipitated fiom aqueous
solutions at a lower sodium/phosphate ratio. Similar changes in Na/PO, 1atio and pl1 have
been observed by Broadbent et al. (1978) and Balakrishnan (1977) thiough experiments in

which magnetite-containing corrosion products were allowed to react with aqueous

phosphate in batch vessels. These observations

and the reversible nature of the uptake

reaction, suggested that sorption is due to the precipitation of a new phase, and that the

new phase contains iron



“Thiee major studies have been undertaken to extend the work on phosphate-iron
interactions The Central Electricity Generating Board (CEGB) (Broadbent et al., 1978;
Wetton, 1980 and in prep.), the Knolls Atomic Power Laboratory (Ziemniak et al., 1992,
1993), and the Canadian Electrical Association (Tremaine at al, 1992, 1994) have
reported studies to identify the phase relations and solid reaction products associated with
sodium phosphate/magnetite hideout reactions. Recent batch experiments by Ziemniak et
al (1992, 1993) up 10 300°C, and low studies up to 360°C (Tremainc at al , 1992, 1994)
have determined the molalities of aqueous sodium and phosphate in «quilibrium with

magnetite and the hideout reaction product mixtures at ratios typical of operating

diti The redox conditions needed to derive thermodynamic data were not well

defined in these experiments

1.5.2 Magnetite Reaction Products
In their studies on corrading steel systems, Broadbent et al. (1978) identified
several Fe(11) phases that appeared as major reaction products. These include NaFe"'PO,

(maricite), Na,,,Fe!\PO,, Na Fe'(OH)(HPO ), and two unidentified Fe(11) containing

compounds  Subsequent work (Wetton, 1980; Pollard and Edwards, 1963) showed that
NaFe"(O1)(11PO,), is not a stable phase, and that Na, . Fe'\ PO, is a major reaction
product in reduced environments along with maricite. Na,.,Fe",PO, is apparently a
solution of Fe(I1) in cubic y Na,PO,. Broadbent's results suggest that a 4.9 to 9.8 weight
percent iron (x <= 0.2 - 0.3) corresponds to a unit cell dimension of 7.392 A, while
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¥ Na,PO, has a unit cell of 7410 A (Mair. 1976) At low temperatures, pure ¥ Na PO,

transforms to orthorhombic & Na,PO,. In the absence of sodium, both Fe®HPO, and

Fe',P,0, have been observed at 300°C (Pollard and lidwards, 1963) while at

temperature. Fe',P,0, is probably the stable phase
Recently published research at the Knolls Atomic Power Laboratory (Galonian et
al., 1982; Ziemniak ct al., 1989) has shown that a fetric compound,

Na,Fe"OH(PO,),. ¥aNaOl I (designated sodium iron (111) hydioxy phosphate, o “SIP?),

forms as a major reaction product at 300°C. The X diffiaction pattern of this
compound has been confirmed (Ziemniak et al, 1981, 1992) 10 be the same as that
observed for reaction products in our work and in the studies reported by Connor and
Panson (1983) and Broadbem ct al. (1978).

The results for the batch solids characterization experiments canied out by
Tremaine et al. (1992, 1994) are summarized below At Na/PO), atios of’ 1 0, magnetite
reacts to form maricite along with a second unidentified product which must contain
Fe(11). This product is probably a phosphatc or pyrophosphate with a Na/PO, ratio of

1.0 and fer convenience, we designate it “Na,Fe"(11PO,)PO,".

Fe,0, + SNu*(aq) + SHPO, (aq) + H,0 =

NaFe"PO, + 2Na,Fe™(HPO,)PO, + SOH(aq) (127)

Reaction at higher sodiunvphosphate ratios (Na/PO, - | 5 and 2 0) yiclds marici
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sodium ferric hydroxyphosphate, the reaction product observed by Connor and Panson

(1983)

Fe,0, + 511PO; (aq) + 9%Na'(aq) =

Nake"PO(s) + 2Na Fe"OH(PO,),. aNaOH(s) + %OH (aq) + H,0(1) (1.28)

Still higher Na/PO, ratios apparently favour the formation of a solid solution in which Fe*

replaces some sodium jons in the lattice of yNa,PO,, according to the reaction,

Fe 0 .[4 : —']Hm:' ‘( !
v 3

W, b ”'rmu-ul):% NaOIl + ‘l Nty

](m +Luo
v

From XRD daia, solid solutions formed from the reactant mixture with Na/PO, = 3.0 are
consistent with values of x = 0.2. Those from reagents with Na/PO, = 3.5 are consistent
with lower Fe(1l) content (x <0.1).

Orthorhombic @ Na,PO, is the stable low temperature form of pure Na,PO,. lIts
presence as the major product from the run at Na/PO, = 4.0 indicates that no reaction
between phosphate and magnetite took place.

“The reaction products observed at 350°C are similar to those observed at 320°C,
except that the cubic solid solution, Na, , Fe"\PO, was only a minor product relative to the
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iron (11) hydroxyphosphate, Na,Fe"OH(PO,)%NaOI  This is an important difference
because it indicates that, at 350°C, the ferrous iron in the magnetite is oxidized according,

to the reaction

Fe,0, + 13Na” (aq) + 6H1PO,*(aq) =

STOH(PO, ) ANaOTE IV (ag) ¢ e Htag) (1 30)

The sodium phosphate ratio required to avoid the formation of maticite and SIHP

according to Reaction 1.28 rises from Na/P=2.3 at 315°C to Na/P -2 71 300°C - Sodium

phosphate ratios N appear to form only sodium phosphate phases without
undergoing iron reactions

“The solubilities of all the iron products except maricite appear o increase with

decreasing temperatures.

1.5.3 Phosphate Hideout in Magnetite Corrosion Product Deposits
Magnetite is the major protective corrosion praduct on carbon steel surfaces
under steam-generator conditions. Typically. the oxide has a two-layer structuie (Bornak,

1987, Potter and Mann, 1965), with a relatively thick continuous inner layer and a loose,

poraus outer layer of more well-developed magnetite crystals 1fideout ieactions niay

replace the i ite film with reaction products  Cortosion studies
P! P

near 300°C (Broadbent ct al., 1978) suggest that these products may not he protective
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The increase inlocal pH that accompanies the hideout process is also of concern if dryout
conditions are present

T'he Now experiments reported by Tremaine et al. (1992, 1994) confirmed the

results of Conner and Panson (1983) at 315°C, and showed for the first time that similar
sodium-inon-phosphate reactions also take place at 360°C. The major iron reaction
products that cause hideout at Na/PO, ratios near 2.5 have been identified from the batch
N:

experiments PO, (maricite) and Na,Fe"(OH)(PO,),-4NaOk1. At higher Na/PO,

d ratios, Nay,Fe'\ PO, (a solid solution with cubic trisodium phosphate, Na,PO,)
replaces maricite as the stable reaction preduct. At 360°C, hideout behaviour is similar

pt that there appear to be no significant amounts of iron(11)-containing reaction

products that form from boiler water with Na/PO, ratios of 2.5 or higher. If the sodium
phosphate ratio is sulticiently large (Na/PO, > 3.5) no hideout reactions involving
magnetite appear to take place. A schematic diagram of the hideout mechanisms is
presented in Figure 1.8

The reaction product mixtures, noted above, all have an inverse solubility gradient.
Since phosphate hideout only occurs in boilers when the local concentration exceeds the
saturation threshold of the reaction products, it is favoured by the high temperatures
associated with high-load operations where strong concentration mechanisms take place

within deposits. The preferential deposition of phosphate in the reaction products

increases the relative ion of sodium in the under-deposit fluids and in the bulk
boiler water, thereby creating more caustic solutions. Under dryout conditions these
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HIDEOUT REACTIONS

Aqueous Na/POy< 2.5
320°C and 350°C

n
NaFe'PO, NayFe' OH(PO4); 1 NaOH

A\ Vi

v Fe"Fe'; 0, ~ v

Agueous Na/P0422.5
320°C

350°C

([
H,(aq) NagFe"OH(POZ)z%, NaOH

/4

e
7 Fe'Fe, 0, £

Figure 1.8 Summary of phosphate hideout reactions with magnetite at 320 and 350°C
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processes may create the high local concentrations typically associated with caustic
gouging and cracking. When the load (and the temperature) are reduced, the reaction
products redissolve

The mechanism of redis: ion of the i reaction products has not

been studied in depth. Experiments at 360°C indicate that the dissolution reactions do
regenerate magnetite, when hydrogen is present. Hematite was regularly observed by
Conner and Panson (1983), in flow experiments with deacrated water, and has been found

with maricite on corroding steel surlaces in power station boilers (Dooley, 1994).



20 EXPERIME:

2.1 Chemicals and Materials
Sodium phosphate solutions were prepared from reagent grade Na PO 1211,0

(Fisher Scientific, ACS Reagent Grade, assay 98.9%), Na lIPO, (Aldrich. ACS Rea

ent

Grade, 99+%), NaH,P0,-2H,0 (BD11, assay 99.0-101 0%)

and NaOll (BDIL, ACS
Reagent Grade), used as received, with Nanopure water (resistivity “18MSQem) The
stoichiometry of waters of hydration in the reagent grade materials was confimed by
measuring the weight loss on drying overnight at 150°C. Otherwise, the solids were used
without purification. Solutions were prepared in units of molality to simplify high
temperature solution calculations.

Several solids were used as sources of iron in this study. including Fe,0, (Aldrich,
99+%, BDH, ~97%), Fe,0, (Aldrich, 98%), FePO, (Johnson-Matthey, FePO,xI1,0,
17% H,0), NH,Fe(S0,), (BDH, ACS Reagent Grade), and Fe powder (BDH)

The two supplies of hematite and the magnetite were analyzed by SEM and the
particle sizes were found to be 0.2 pm and 0.6 - 1.0 pm respectively for the Aldrich and
BDH hematite, and 0.2 - 1.0 pm for magnetite

Other chemicals used in these experiments were N(CIL,CO,11),, nitrilotriacetic acid

(Aldrich, 99%), CuO (BDH), and NaNO, (BDI1).



22 Apparatu

2.2.1 Teflon-Lined Filtration Cells

In order to synthesize the desired compounds, iz sifu filtration was required to
prevent hydration or redissolution of reaction products.  Steam could not simply be blown
off'without possible dehydration of the products.

Moadified Parr 4744 General Purpose Bombs were used to synthesize the solids at
high temperature. These are 45 mL 3 16 stainless sicel pressure vessels with Teflon liners.
“The liners were bored out to allow the insertion of an inner Teflon liner with a removable
cap lor holding a stainless stecl filter. Filters for use at high temperatures were fabricated

from 316 stainle:

teel mesh (100, 200, 325-mesh) obtained from Small Parts Inc., Miami

IFlorida
A schematic diagram of this vessel is shown in Figure 2 1. This design allows in
sitisolation of the solid reaction products by simply inverting the cell whilein a high
temperature oven, to permit theliquid to drain through the stainless steel filter Three
small grooves on the outside of the inner liner allowed vapour to escape from the bottom
compartment while filtration took place.

To avoid refluxing the filtrate, the cell was cooled 1o room temperature by placing
it onan aluminum plate in cold flowing water so that the lower compartment of the cell

was colder than the top during the cooling process.
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rred Reaction Vessel

A 450 ml. Parr Stirred Mini-Reactor (Model 4562) with a proportional-integral-
derivative (PID) temperature controller (Model 4842) was used to study the solubility of
the STHIP phase. This reactor is rated for a maximum pressure of 207 bars and
temperatures up 1o 350°C. A schematic diagram of this reactor can be found in Figure
22

Temperature was controlled to £1°C with a PID controller. The Parr 4842

temperature controller is a full feature, micr based, digital control
system with adjustable PID control - A variable speed control is provided for the stirrer
motor, along with a digital tachometer, and a high temperature cutofl'is provided to
prevent temperature excursions. “The pressure display module with a second high pressure
cutolT; provides an additional safety mechanism to protect against an unexpected pressure
buildup

Several modifications were made to the standard reactor to increase its suitability
for this project. I'he head, cylinder, and all inner parts were constructed of Hastelloy C
for corrosion resistance. A wider and lower impeller was also designed to provide
increased agitation, reducing deposition of solids. The reactor head was equipped with a
rupture disk lined with gold, to prevent corrosion and premature rupture. Despite the
precautions, severe pitting corrosion was encountered above 300°C under solids deposited
on the bottom of the vessel. This led to the purchase of an additional cylinder fabricated

from zirconium for use in with sodi ratios of 3.0.
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Figure 2.2 Schematic diagram of Parr 450 mL stirred reaction vessl
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Unfortunately, in the experiments with a Na/P ratio of 3 0 and temperatures above 300°C,
the zirconium vessel also had major problems with severe corrosion accompanied by
removal of the protective oside layer and considerable hydrogen evolution

Aside from corrosion problems, modifications were required to permit liquid

sampling at clevated A isting of a valve attached to alength

of 0125 in Hastelloy C tube inside a 0.25 in copper tube and cooled by cold flowing
water, was inserted in the system just before the liquid sampling valve 1o allow sampling at
high temperature - A filter, consisting of a madified 0.25 in Swagelok union containing a
{rit or several layers of stainless steel mesh, was connected to the inlet end of the liquid
sampling tube inside the vessel. Due to the small particle size of the hematite, it was
dificult to filter the samples. Several frit materials were used, including 316 stainless
steel, Inconel 600, and zirconium oxide. All of these frits clogged before finishing even a

le run - An alternative design that employed several layers of 325 mesh 316 stainless

steel filters was found to be suitable, although some carry-over of particulate material was

frequently encountered

23 Anal

ical Methods

231 Powder X-Ray Diffraction
Solid products were analyzed using a Rigaku RU-200 X-ray diffractometer (XRD)

witha 12 kW rotating anode Cu Ket X-ray source and a diffracted beam monochromator.

“The diffractometer was operated at 40 kV, and 100 mA and a scan rate of 10° (20) per
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minute, except where otherwise noted - Samples were prepared by winding to a fine

powder with a mortar and pestle  Methanol wa

added, and the tesulting miste was
transterred to a slide and placed under a lamp 10 dry - The JCPDS file was used for a

search-match

package MDEJades Tor its search-mateh

algorithm

The XRD was also used lor semi-quantitative an

o unreacted hematite in one

solid product, by a method of standard additions “The product was analvzed using the

NRD, recovered, and then re-analyzed with known mass fractions of hematite added - lus

was doneat 0 01,0.05, and 0 10 mass fraction hematite  The intensity of the hemanite
peak at 2 53A was measured relative to the main peak of the reaction product at 2 674

The relative peak height was plotted against the mass fiaction of hematite to obtaw the

original amount of unreacted starting material in the product

2.3.2 Single Crystal X-Ray Diffraction

The structure of single crystal

isolated in this study were analvzed by Dr John
Bridson and David Miller with a Rigaku AFCOS difTractometer with low temperature

capability and a VAX3100 workstation with a laser printer, tape diive, and the °I

TEXRAY Structure Analysis Package (Molecular Structure Corporation Ine ) - A

complete report of the methods and results of this work can he iound in Appendix 11



2.3.3 1CP Emi

on Spectroscopy

Liquid samples taken from the stirred reactor were diluted by mass to
approsimately 50-250 ppm in sodium and phosphorus and analyzed using an ARL 3520
DES 1CP specttometer at the Department of Mines and Energy, operated by Chris Finch

Haring The spectrometer was controlled by Plasma Vision 60 software, and

and Pet
samples were handled by a Gilson Model 222 sample changer

In all, nine batches of solutions were analyzed for sodium and phosphorus
concentrations by 1CP emission spectroscopy. Before each batch of samples was
amalyzed, thiee standard solutions were run - at concentrations of 0, 100, and 200 ppm
sodium and phosphorus. “The 3-point calibration curve was fitted by a simple quadratic
equation Two samples of deionized water were measured in order 1o establish a baseline
signal, followed by another 100 ppm standard solution. The 100 ppm standard was also
analyzed afler every ten unknown samples to detect any drift in the response of the
equipment during the analysis. Before a measurement was made on cach sample, the
solution was flushed through the system for approximately one minute to eliminate

contamination error. Once the solutions were placed in the sample changer, the entire

analysis was automated

When cach run was completed, the raw data was imported into a standard Lotus
1-2-3 spreadsheet where it was converted to concentrations of molality. These
concentrations were then used 1o calculate the original sodium and phosphate

concentrations before the solutions were diluted.



Aside from the previously mentioned zation procedure. up to nine known

standard solutions were included in each batch of unknown solutions as a second check

A summary of the accuracy of the analyses is given in Table A 111 1 in Appendix 11l Due

1o an oversight, no standards were analysed for the Na/P 3 runs  The results show the

ICP ES measurements to be within 0.03-3 percent of the expected ¢ ntrations of”

phosphorus, and 0.07-7 percent of the expected sodium concentrations  For the majority

of the samples, the results for identical samples agreed 1o within 3 percent For the fist
several batches, each sample was diluted to give three replicate aliquots, but this was

discontinued

found to be redundant, and the practice w

is of several

an elemental an

The ICP spectrometer was also used to obta

solid products. Approximately 0.1 g of cach sample and 0 § g ol LIBO, were

urately

weighed in graphite crucibles. The contents were m and fused in a

furnace at 1000°C for one hour. The fusion beads were pouted into plastic dig
bottles containing 25 mL of 4 percent hydrochloric acid by volume and § mi. of

concentrated hydrofluoric acid. The mixtures were digested in a bath at 90°C for one

hour. The samples were removed to cool. Once the samples cooled 1o room temperature,

50 mL of boric acid (50g/L.) was added, and the samples were returned to the bath for

additional one and a half hours. The samples were removed, and once cool, were

transferred to 100 mL polypropylene volumetric Nasks, and made up 1o the mark with

deionized water. The samples were then transferred to plastic storage bottles, and
analyzed by ICP ES as other samples described above.
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234 Electron Microscopy
Salid products from the iron phosphate, hematite, magnetite, and iron
nitrilotriacetate reactions were analyzed by scanning electron microscopy (SEM).

Samples were mounted on aluminum stubs with double sided tape and sputter coated with

gold inan I ds S1SOA sputter coater. The gold coated samples were examined in a
Hitachi $570 scanning electron microscor~ at an accelerating voltage of 20 kV. A Tracor
Northern $500 encrgy dispersive X-ray analyzer equipped with a Microtrace silicon X-ray

spectrometer, Model 70152, with a spectral resolution of 145 eV was used to perform X-

is in the beam spot mode. Detector/sample positioning gave an effective take-

1ay analy
ofF angle of 30°. Secondary electron images were recorded on Polaroid Type 655
Positive/Negative film,

and Characterization of Hideout Reaction Products

perimen

al Design

Problems associated with recovering the equilibrium phosphate phases are
formidable (Taylor et al., 1977; Tiemaine et al., 1993) because the expected iron (111)
phase, STHP, redissolves in the presence of liquid water below 177°C, and because
hydrates may form with other reaction products. Removal of water by evaporation to
dryness may precipitate non-equilibrium phases or cause pyrophosphate condensation
reactions.

The experiments were therefore designed to synthesize the equilibrium sodium iron
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phosphate phase of interest in an aqueous reaction medium, then to isokate and recover the
solid while avoiding dehydration or contact with liquid water using the suoditied Parr 17-14
reaction vessel

Initially in all synthesis experiments, the solid starting m=:crials were placed in the
Teflon insert on top of the filter. The solution was placed in the Tetlon liner, below the

filter. Care was taken to ensure that the liquid level would be below the filter when

cooling, allowing for the thermal expansion effect. The vessel was then assembled and

Is. the solution was allowed to diain

inverted in an oven at 250°C. By inverting the ve
through the filter and react with the solid starting material - The vessels were shaken daily
for 1-4 weeks, depending on the reaction, then set upright in the oven for 1-5 houts to

filter the reaction product. This filtration before cooling is necessary to prevent contact

with liquid water to avoid hydration of solid products during the cooling cycle

The vessels were then removed from the oven and placed on an atuminum plate in
cold running water. By caoling the bombs from the bottam, a temperature gradient
formed such that the top of the vessels was hotter than the bottom  This prevented
condensation from forming on the reaction product and causing redissolution Morcover,
the presence of unsaturated water vapour in the upper chamber of the vessel during
cooling also prevents dehydration of the reaction products. ‘The vessels could not be
directly quenched in water because the pressure seal would break — Once the bombs were
cooled to room temperature over a period of 2-3 hours, they were immiediately opened

and the resulting solids and solutions were collected 1he 1solated solids were analyzed by
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X-ray diffraction and electron microscopy.
“The risk of contamination by solids dropping through the screen made solution

analysis unreliable

2,42 Syntheses of Sodium Iron Hydroxy Phosphate (“SIIP™)
2421 Iron Phosphate Experiments
SIHP was synthesized according to the following reaction with iron phosphate as

the iton source:

3FePO,(s) + 13Na’(aq) + 3HPO,*(aq) + 7OH (aq) =

3Na,FeOH(PO,); %6NaOH(s) + 3H,0()  (2.1)

material were carried out during the

Fourteen runs using iron phosphate as a starti

study, with varying reaction times (5 days to 4 weeks), sodium-phosphate ratios (2.15 to
2.8), and both with and without frequent agitation. The initial mass of iron phosphate in
the vessels ranged from 0.8 to 2.1 g. The concentration of the initial phosphate solution
was from 0.5-1.5 mol kg™, The temperature was 250°C throughout cvery run. On the
basis of these runs, it was determined that frequent agitation and a reaction time of three
weeks was required to drive the reaction to completion. Typically under these conditions,
the product was a deep red solid.

When the vessels were removed before three weeks, or if there was not sufficient
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agitation, the solids were usually yellow-green, or red and vellow mitures Powder

patterns of the yellow-green mixtures did not match previously reported patterns for
SIHP, but did match that of iron phosphate. The red and yellow mixtures matched the
XRD powder patterns previously reported for SIHP, with some iron phosphate detected

These results suggest the reaction simply had not gone to completion, and the vellow-

green solid was unrcacted iron (111) phosphate.

2.4.2.2 Hema

ite Experiments
Hematite was used as a starting material for the synthesis of SIHIP according to the

following reaction:

3Fe,04(s) + 26Na” -+ 12HPO,*(aq) + 20H (aq) -*

6Na,FeOl(PO,), aNaOH(s) + 3H,0() 2y

Hematite was used as a starting material in 19 runs with sodium-phosphate ratio from 2 15

to 2.5. The initial mass of hematite was from 0.05 to 2. and the initial concentration of’

phosphate was 0.5 - 1.5 mol kg™*. Syntheses with hematite were maintained at 250°C° for
3 to 4 wecks with frequent shaking, Three runs were done to determine optimal reaction
conditions and a further 16 runs were carried out to obtain more reaction product

In one set of runs, designed to produce crystals large enough for single crystal
XRD analysis, a very small amount of hematite was used with a 0.6mol kg™ Niy 31,4520,
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et at 200°C for one week. then raised gradually over a

solution The temperature w
week 10 2507C and left for another week. The theory behind this experiment was that the
small amount of SIHP produced would be soluble at 200°C, then as the temperature was
raised, precipitation would oceur. Since there was no solid left in the vessel, there would

be fewer nucleation sites, and larger crystals could grow.

Magnetite Experiments

The following reaction was used for the synthesis of SIHP from magnetite:

2We,0,(s) + 26Na'(aq) + 12HPO, (aq) =

6Na,FeOH(PO,), 4NaOH(s) + 2H (aq) + Hy(aq) (2.3)

used as a starting material in 4 runs, with sodium-phosphate ratios of 2.15

Magnetite v
1025 The initial mass of magnetite was 0.2 to 0.4 g and the phosphate concentrations

were 0.5 to 1.8 mol kg™, All runs were allowed to react for 3 to 4 weeks at 250°C with

frequent agitation

In one experiment, parallel runs with iron phosphate, hematite, and magnetite in
separate vessels were carried out under identical “optimum” reaction conditions so that
the relative yield of reaction product could be analyzed by XRD and an elemental analysis

could be done by ICP emission spectroscopy to compare the difterent syntheses of SIHP.



243 Syntheses of Maricite
2.43.1 Iron Powder Experiments

The hydrothermal synthesis of maricite requires reducing conditions or the use of

reagents containing a low oxidation state o iron  Since magnetite is known to produce
maricite in addition to iron (I11) produets. it was thought that the use of iron powder

action

might produce maricite alone, according to the following

Na'(aq) + Fe(s) + 11,20, (aq) -* NaFePO(s) 1 11() (2

Three identical runs were carried out in which 0.5 g Fe was added to 10 ml.of 09 m

Is and allowed to react at 250°C foy

NaH,PO, solution in the 45 mL Tellon-lined ve:

leulated to ensure the

three weeks with frequent agitation. The amount of reagent was ca
vessels could contain the extra pressure tesulting from the hydiogen gas produced by the
reaction. Affer three weeks at 250°C, the vessels were removed from the oven The
vessels were opened under nitrogen and stored in a vacuum desiceator to avaid ait

oxidation.

2.43.2 Iron Nitriloacetate (FeNTA) Experiments

Booy and Swaddie (1978) have reported a procedure for the homogencous

precipitation of monodisperse crystallites of magnetite, by thermally decomposing

FeNTA(aq) in pressure vessels at 220°C for one week. 1t was thought that the reducing
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conditions created by the decomposition of the NTA (aq) would create suitable
conditions for the formation of maricite if the reaction was carried out in the presence of
sodium phosphate

FeNTA was prepared by boiling 20 g of ammenium ferric sulfate,
NH,Fe(S0,),212H,0 with 8 g of nitrilotriacetic acid, HNTA in 400 mL of deionized

watet for one hour according to the following reaction

Fe'(aq) + 1NTA(aq) -+ FeNTA(s) + 3H (aq) (2.3)

“The resulting yellow-green solid was suction filtered, washed with cold deionized water
and dried in air overnight.
“Twelve experiments were done with FeNTA as a starting material according to the

following reachion

FeNTA(aq) + HPO,*(aq) + Na’(aq) =

NaFePO,(s) + decomposition products of HNTA*(aq) (2.6)

The first two used 0.6 g FeNTA with 10 mL of 0.6 mol kg Na, ,;H, PO, solution at
250°C. Two more runs were carried out at the same conditions to synthesize more of the
reaction product for heat capacity measurements. In an attempt to grow crystals more
slowly, four more runs were done at 205°C.
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An attempt was also made to use FeNTA decomposition for the synthesis of single
crystals of SIHP, To create a more oxidizing environment suitable for synthesizing the

iron (I11) product, two runs were done with 6 mL of 1 mol kg™ NaNO, solution, 6 ml. of

0.6 m Na, 5H,PO, solution and 0.0 g FeNTA. In a second attempt, 04 g CuQ) w:

added to the reaction mixture for two runs. All runs were done at 250°C for 3-7 days

2.5 Solubility Measurcments in the Stirred Reaction Vessel
2.5.1  Kinetics
In order to determine the time required to reach equilibrium, and to conlirm that

ed for

the reaction was reversible, several kinetic studies were done using runs that

periods of up to two weeks. The kinetics study consisted of three parts “The first step

was the determination of the rate of approach to equilibrium at 250°C from

°C, and the Kinetic:

conditions. The temperature was then lowered to 2 were

determined approaching equilibrium from unsaturated conditions  The third step, an
independent cxperiment to measure the kinetics at 225°C while approaching equilibiium

from was d to ensure the reaction was reversible, 1t

was thought the excessive solid deposition would make redissolution slow

The experiments to determine the kinetics of SIHP formation at 225 and 250°C
were done in the following way. Approximately 25-30 g of hematite was placed in the
zirconium cylinder with 220-270 mL of 0.5 mol kg™ Na, t, PO, solution This is a laige

excess of hematite to ensure that all aqueous iron species were in equilibrium with the iron
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(1) oxide “The maximum allowable mass of water in the vessel was determined by
caleulating the volume after thermal expansion [rom the steam rables of Haar et al. (1984).
The vessel was then assembled and brought up to a temperature sufficient to exceed the

tion product. ‘The reaction was allowed to proceed under

satutation index of the re
isothermal conditions until equilibrium was reached. Samples of 4-5 ml. were withdrawn
at regular intervals The first 3-5 mL of solution withdrawn were discarded to ensure the
sample line was flushed adequately. At the end of every run, the solutions were diluted for

1CP E

S analysis The experiments were stopped when sample flow became erratic,
suggesting the liquid level had dropped below the sample tube
“The rate of the reverse reaction was determined immediately after the kinetic

experiment at 250°C. The redissolution reaction was initiated by quickly lowering the

temperature to 225°C so that the solutions were unsaturated relative to the SIHP reaction
product, and again allowing the reaction to proceed to equilibrium at constant
temperature

Fourteen such experiments were conducted  All but five ended prematurely due to

power fuilures, leaks, or clogging of the filter. The first three experiments were to

determine the kinetics of' SIHP formation at 250°C. Samples were taken regularly over a
period of up to 200 hours to determine the kinetics for the formation of the SIHP reaction
product. At this point, the temperature was lowered to 225°C, and samples were
withdrawn for an additional 200 hours to determine the kinetics of the reverse reaction. In

this phase of the experiment, equi was app d from
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Three of these experiments were required to obtain enough data points for analysis

In the other two experiments, the Kinetics of the SHHP formation reaction were
determined at 225°C. As in the previous experiments, the vessel was loaded with 28-30g
of hematite and 220-270 m. of 0. 5mol kg™ sodium phosphate solution with a Na/i? tatio

of 2.5, Samples were withdrawn for up to 300 hours to ensure

cquilibrium was achieved

252 Solubility
Due to time constraints and corrosion problems, it was impossible to determine the
equilibration time at cach temperature or to allow equilibration for more than two to four

days. In subsequent solubility studies, the reaction was for

maintained at a temperature

approximately two days before withdrawing samples. The results of the kinetics study

were used to estimate the equilibrium concentration
The temperature was raised in a stepwise mannet 1o keep the reaction conditions

supersaturated with respect to the iron-phosphate reaction product, but unsatuiated with

respect to the nickel-phosphate reaction product tily C is largely composed of nickel,
and as such can be very reactive with phosphate under suitable conditions  Figure 23 is a

plot of ion versus for the nickel

oxide-aqueous phosphate (Ziemniak and Opalka, 1986) and hematite-aqueous phosphate

reactions from this work. The iron reaction is more favourable, but large increas

s in
temperature could supersaturate the solution enough to cause the formation of the nickel-
phosphate reaction product, and thus corrode the vessel. As long as the
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iron oxide reaction products under uncontrolled redox conditions.
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temperature was raised in small increments, this problem could be essentially asoided
The vessel was loaded with 25-30 ¢ of hematite and approsimately 2530 mb. of 0 S

mol kg " sodium phosphate solution

in the Kinetic runs, a linge excess of hematite
was used to ensure equilibrium between aqueous mon and the won () oxide The vessel
was heated from room temperature to 200°C and allowed to react for up to o davs with

constant stirring. Approximately 5 mL of solution was collected to lush the sample line

wnd

before two 5 mL samples were withdrawn, and the temperature was taised 10-25

left for two days before this procedure w:

repeated  This continued unul the solution
level dropped below the sampling tube or until the temperature teached 325°C Solubilty
runs typically lasted up 1o three weeks.

Seven of these experiments were done at two initial sodium-phosphate ratios five
at Na/P= 2.5 and two at Na/P=3.0. As the temperature was raised, the precipitation of”
SIHP removed sodium and phosphate from the solution incongruently, causing the Na/i®

ratio to rise. The Na/P=

.5 solubility runs were done in the Hastelloy € cylinder

Unfortunately there was substantial corrosion on the bottom of the vessel under solid

deposits at some temperature above 300°C, where the large heat flux fiom the heater
jacket apparently caused the solution under the thin layer of unstitred hematite and SIHP
reaction product to be supersaturated with respect to the nickel-phosphate reaction The
zirconium cylinder was used in subsequent runs at Na/--3 0 Attemperatures above

300°C, there were also corrosion problems with this vessel duc to 1eaction of the



itconium to form zitconium oxide, a zirconium-phosphate reaction produst, and

Cscessive amounts of hydrogen gas

uilibrium Solid Reaction Product

253 Recovery of the
In order to confirm that the correct phase was being synthesized in the stirred

reaction vessel, it was ne ary to recover some of the solid reaction product for analysis.

It was not possible to obtain this solid from the bottom of the vessel because SIHP is not
stable i water below 177°C (Conner and Panson, 1983). Fortunately, in one of the early
Na/P 2 5 runs at a maximum temperature of 275°C, some solid was recovered from an

area of the sampling tube above the level of the residual solution left in the vessel afler

) that the reaction product was isolated from the liquid at

measurements were complere, s
high temperature, preventing redissolution. This solid was analyzed by powder XRD and
found to be a mistuie of SIHP and hematite: Normally, powder patterns of the solids

obtamed fiom the bottom of the vessel showed little or no SIHP - This confirmed that the

se was produced in the solubility studies and that it reconverted to hematite

correet pi
and aqueous phosphate on cooling. as observed by Conner and Panson (1983). The

powder pattein for this solid can be found in Appendix |



3.0 SYNTHESIS OF HIDEOUT REACTION PRODUCTS

3.0 The Iron (111) Product: “Na,FeOH(PO,); 4NaON™
A summary of the sodium iron hydroxy phosphate reaction products recovered

from the experiments described in Sections 2.4.2 and 2 4 3 is found in Table 3.1 The

-1 weeks

most well-formed, homogeneous crystals were obtained with a reaction time of
with frequent shaking. Typically under these conditions, the product was a deep red
solid. Solid samples from all synthetic routes were analyzed by powder N-ray difliaction
and scanning electron microscopy. The energy-dispersive N-ray, (EDX) clemental
analyses in the SEM studies were qualitative, but the photographs were tevealing, The

results of the XRD study are listed in Appendix 1

The solids produced from the iron phosphate runs were typically a flaky light red

cake on the outside, with a hard, deep red center. The inner red solid consisted of hard

packed microcrystals, while the outer layer was much more lightly packed The XRD
powder patterns for both inner and outer layer were identical, and matched that of the
SIHP reported by Tremaine et al. (1992), Ziemniak et al. (1992), Conner and Panson

(1983), and ctal (1978). U the microcrystals were too small for a

single crystal X-ray diflraction analysis.
The powder patterns for the iron phosphate products and the EDX analysis of
random crystallites in the SEM studies show no trace of iron phosphate, hematite ot

magnetite. XRD studies of SIHP with standard additions of hematite suggest that the



Table 3 1 Summary of synthetic runs in Teflon-lined filtration cells. All
temperatures 250°C unless noted.
Starting mass ofiron |Na/P | m(Pr,,) [Time comments
materia! source
FePO, 1.35g 28 0.7m 5 days red/yellow solid mixture
1.35g 238 0.7m 2 weeks | red solid cake
1.35g 28 0.7m 2 weeks | red solid cake
1.35g 28 0.7m 3 wesks | red solid cake
1.35g 28 0.7m 3 weeks | red solid cake
FePO, 135g 28 0.7m 1 week red solid cake
1.35g 28 0.7m 1 week | red solid cake
FePO, 2.12g 215 [ L5m 10 days | yellow/green solid
2.12g 215 | 15m 3 weeks | red/yellow solid mixture
2.12g 215 | 1.5m 3 weeks | red/yellow solid mixture
FePO, 214g 215 |15m 3 weeks | rediyellow solid Na/P
sol'n ppt'd below filter.
2.14¢g 215 1.5m 3 weeks |
Fe,0, 214g 215 L5m 3 weeks | red solid. Na/P sol'n
ppt'd below filter
2.14g 215 1.5m 3 weeks |
Fe,0, 037g 215 |15m 3 weeks | redbrown solid
038g 215 |15m |3 weeks |
Fe,0, 038 2.15 | 1.5m 3 weeks | red solid
FePO, 1.63 g 2.15 [ L5m 3 weeks | red solid
Fe,0, 0.21g 25 0.5m 1 week | asbestos and HC tube in
good shape, red solid
0.22 g 25 0.5m | week | red solid
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Starting mass ofiron | Na/P | m(Py,,) | Time comments
material source
Fe,0, 0.19g 25 |05m Lweek | red brown solid
0.19g 2.5 0.5m 1 week asbestos urned black,
black solid, HC tube
good
FePO, 080g 25 0.5m 1 week yellow/green solid
Fe,0, 044g 25 1.Om 4weeks | red solids, Power
outage cau
04dg 25 [1.0m 4weeks | stoppage of run.
044g 25 1.0m 4 weeks | Solids recovered
04dg 25 | 1om 4weeks | before decomposition
044 g 2.5 1.0m 4 weeks | occurred.
Fe,0, 0.44g 2.5 1.0m 3 weeks | red solid
0.44g 25 1.0m 3 weeks |
044g 2.5 1.0m 3weeks |
044 g 25 1.0m 3weeks |
044 g 25 1.0m 3weeks |
Fe 05lg 10 |09m 3weeks | green solid (turned blue)
0.50g 1.0 0.9m 3weeks [
048g 25 0.9m 3 weeks | vessel leaked. NR
Fe,0, 013g 215 |0.6m 3weeks | 200-250°C gradually,
red microcrystalline
powder
O.l4g 215 |0.6m 3weeks |
0.06g 2.15 |0.6m 3weeks |
0.05g 215 |0.6m 3weeks |




Starting mass of iron | Na/P | m(Py,,y) | Time comments
material source
FeNTA 065g 215 | 0.6m 3days | creamy off-white solid
0.58 g 2.15 | 0.6m 2weeks [
FeNTA 05lg 2.15 | 0.6m 6 days 6mL 1m NaNO3 added.
07lg 2.15 [0.6m 6 days black/blue solid
FeNTA 068 g 215 | 0.6m 4days | 0.4g CuO added.
064 g 215 | 0.6m 5 days red/brown solid
FeNTA 065 g 2.15 | 0.6m 4 days creamy off-white solid
057g 215 [0.6m 4days |"
FeNTA 067¢g 215 0.6m 8 days 205°C
07lg 215 | 0.6m 8days |
083 g 2,15 | 0.6m 8 days e
084 g 215 | 0.6m 8 days i
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concentration of hematite, and presumably other impuriti

than S g

The detection limit is less than 3 percent under the scan conditions used.

A sample of the iron phosphate reaction product, shown in Figure 3 la, b, and ¢,

consisted of thin, needle-like crystals that were stacked in an organized £

layer had crystals lying perpendicular to the cry r above and below It

als in the lay

lved. No

appeared that the crystals had grown on a surface that subsequently

unreacted starting material could be found visually or by clemental analys

s using the
SEM. This suggests the crystals grew out of the solid iron phosphate starting material,

rather than from the solution. The crystals were approxiniately

3 um thick and up to

100 um long, and all roughly the same size. The clemental analysis confirmied the

presence of'iron, sodium, and phosphorus. While some of the:

crystals were long
enough for single crystal XRD, they were not thick enough.

The sodium-phosphate ratio did not have any noticeable efTect on the product
when varied between 2 15 and 2.8.

The hematite experiments also worked best when the vessels were left in the oven

for 3-4 weeks with frequent shaking. The solids produced were dark red microcrystalline
clumps. These solids were more homogenous than the iron phosphate products, but the
crystals were smaller,

In one set of experiments designed to obtain larger crystals, a very small amount of
hematite was used at 200°C for one week, then raised to 250°C gradually over a week,
and left at 250°C for a week. It was thought that by having less solid present, there would
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Figure 3.1 a, b, and c: Scanning electron micrographs of solid reaction products obtained
from iron phosphate and aqueous sodium phosphate (Na/P=2.15) at
250°C for three weeks.
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be fewer nucleation sites, leading to larger erystals  The temperature was adjusted in this

manner to take advantage of the inverse solubili dient of the SIHP The crystals

produced by this reaction were larger than normally obtained from hematite, but still not
large enough for single crystal N-ray diffraction
The powder patterns for these solids matched those previously reported for SIHP

equally well as specimens prepared from iron phosphate “There were, however, traces of

hematite in the solids. One batch of solids was analyzed by XRD with stan

ard additions
of hematite of 0, 1, 5, and 10 percent. The peak heights for the 2.53A hematite peak were

measured and plotted versus mass percent hematite and the results suggested the product

contained approximately 5 percent hematite. The powder patterns for this analy: ¢

described in Appendix 1, the plot can be found in Figure 3.2, and the data in Table 3 2

The crystals from the hematite reaction, as shown in re 3.3aand b were

slightly smaller, but were seen to be growing radially, as if” from

common center
Elsewhere on the specimen, round clumps were found with erystals growing from them in
a radial pattern. One of these clumps is shown in the upper right corner of Figure 3 3b,
and another is magnified in Figure 3.3c. The crystals were of the same composition as the
others in the sample, but the clump had sodium and phosphorus, with little or no iron
This suggests the SIHP crystals grew out of precipitated sodium phosphate, as opposed to
the mound of hematite.

There was a second type of crystal which was much larger than the others Figure

3.3a shows one which was approximately 18-20 um thick and 60-80 um long Both types
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Table 3.2 Summary of data from XRD quantiative analysis.

Weight % # of counts # of counts

SIHP 2.53A peak

0 4655 491
1 5267 718
1 5174 746
5 4710 116
5 4640 1124
10 4558 1598
10 4655 1576
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Figure 3.3 a, b, and c¢: Scanning electron micrographs of solid reaction products obtained
from hematite and aqueous sodium phosphate (Na/P=2.5) at 250°C
for three weeks.
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of crystals, however, had similar ratios of Na, Fe. and P consistent with SIH{P
Again, as in the iron phosphate runs, the Na/P ratio had no obvious eflect on the

size or morphology of the crystals,

The runs done with magnetite produced sohds very

milar in appearance to those
from the hematite experiments, except the solids were slightly darker than the hematite
reaction products, It was thought this was due to the presence of unreacted magnetite,

although there were no traces of magnetite in the powder patterns.

The reaction product from the magnetite reaction (Figure 3 .-k and b) contained

crystals of similar size to the iron phosphate and hematite reaction products, but the

crystals grew in clumps of parallel crystals. The erystals were not as uniform and there

appearcd to be many crystal fragments. The

DX clemental analys

crystals were of similar composition to the iron phosphate and hematite reaction products
In one set of experiments, all three of the above starting materials wer e used in

separate vessels under identical reaction conditions and 1eacted for three weeks with

frequent agitation. The products were all analyzed by XRI and found to be virtually

identical. Elemental analyses of these solids were done by ICP ES A sample of FePO,

was included in the unknown samples as a standard: the ratio of iron (o phosphate was

found to be 1.02, as expected. The ratios of Fe.P:Na are within experimental error of the

previously reported stoichiometry of STHP except for the hematite product  FHowever, if

the mole percent of unreacted hematite is included, the analysis is as predicted. The
results of these analyses can be found in “Table 3.3
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Figure 3.4 aandb: Scanning electron micrographs of solid reaction products obtained
from magnetite and aqueous sodium phosphate (Na/P=2.15) at 250°C
for three weeks.
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As previously mentioned, the EDX elemental analyses of these solids were
qualitative, but the relative abundances of the main elements could be observed. The
presence of the gold coating interfered with the phosphorus analysis since the peaks
averlapped, but its presence could be detected. The analyses showed that all crystalline
products contained iron, sodium, and phosphorus in similar ratios

In all the iron (111) reaction products examined by SEM, there appeared to be no
unreacted starting material, or other deposited material - Even in the hematite reaction
product, which had S percent hematite as determined by NRD, HO‘hcl\mlilc could be
found The erystals were apparently pure and the reactions presumably went to
completion. Figure 3.5 shows reaction products reported by Tremaine et al. (1992),

“These products have considerable deposition of materials other than SIHP, including

and sodium phosphate
Figures 3.6a, b, and ¢ are electron micrographs of the two hematite supplics and

the magnetite used in these experiments  These samples required a much higher

magnification than others examined, however, nothing resembling tnese particles was

found in any of the micrographs of the reaction products

32 The Iron (1) Produc

NaFePO,
3.2.1 The Iron Powder Synthesis

Inan eflort to produce maricite, NaFePO,, iron powder was added to a 1 mol kg™

Nall,PO; solution in the 45 mL vessels at 250°C and maintained at that temperature for
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Figure3.5aandb:  Scanning electron micrographs of solid reaction products obtained
from magnetite and aqueous sodium phosphate (Na/P=2.5) at 320°C
for two weeks (Tremaine et al., 1992).
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Figure 3.6 a, b, and c: Scanning electron micrographs of solid starting materials. Figures 3.6
aand b are the two hematite sources, and Figure 3.6 c is the magnetite
source.
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three weeks. The solid products recovered from the cooled vessel were orig

lly a green

powder, but over a few wecks, turncd dark blue despite being opened in a nitrogen
atmosphere and stored in a vacuum desiccator.
The powder patterns of the resulting solids matched that of maricite  These

powder patterns are described in Appendix 1

Figures 3.7a and b show electron micrographs of the solid produced in (1
experiments. The solid consisted of crystals approximately 60 pm long and 10 jum thick

A bread maximum in the NRD pattern, and the visual

appeatance of specimens suggested

that the sample contained amorphous material of unknown composition The EDN
elemental analysis of the whole mixture was consistent with what would be expected from

maricite, that is, approximately equal amounts of iron, phosphorus, and sodium.

3.2.2 The FeNTA Synthesis
Booy and Swaddle (1978) have reported a hydrothermal synthesis of magnetite
that produced crystals large enough to use in single crystal XRD  The key to producing

relatively large magnetite crystals was to use a soluble iron complex, FeNTA, as a source

ofiiron. The NTA™ ligand decomposed slowly over 2-3 days, relcasing the iron into a

reducing environment created by the NTA™ decomposition products This reducing

was ible for the ion of magnetite instead of the iron (111)

oxide, hematite. It was thought that this reaction could be used 1o produce m

was carried out in the presence of an excess of aqucous sodium phosphate - Severa
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Figure 3.7aandb:  Scanning electron micrographs of solid reaction products obtained
from iron powder and aqueous sodium phosphate (Na/P=1.0) at 250°C
for three weeks.
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were done using FeNTA with NaHPO,(aq) in the Teflon-lined pressure vessels at 205 and
250°C. When the vessels were opened, the product was found to be creamy white  This

solid was analyzed by XRD and was identified as maricite.

The reaction product from the FeNTA reaction was analyzed using the scanuing

electron microscope. Secondary electron images of these products can be found in Figure
3.8a and b, The ratios of iron, sodium, and phosphorus were much different from those of
the iron phosphate, hematite, and magnetite reaction products. The tatio ol iron to
sodium and phosphorus was much higher for the maricite sample than For the other
reaction products, as expected.

The crystals from the FeNTA reaction were much difterent fiom those of the othet

reaction products as well. From the blossom-like growth, it appears the crystals grew out

of solution by homogeneous nucleation, as opposed to nucleation or ¢pi

the mound of solid at the bottom of the vessel, as the case for the iron phosphate

Wi
reaction product. These products are much larger than the iron (111) solids and appear to
be longer versions of the block-like crystals reported by Tremaine et al (1992), shown in
Figure 3.9.

In an attempt to make individual crystals suitable for single crystal XRD, the

temperature was lowered to slow down the reaction. This proved 1o be successful since

large single crystals were obtained from these runs  Figure 3 10 a and b show single
crystals similar to the one used to obtain the structure. These samples were much larger
and separable, unlike those previously grown.
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Figure3.8aandb:  Scanning electron micrographs of solid reaction products obtained
from FeNTA and aqueous sodium phosphate (Na/P=2.15) at 250°C
for one week
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Figure3.9aandb: Scanning electron micrographs of solid reaction products obtained
from magnetite and aqueous sodium phosphate (Na/P=1.0 and 1.5) at
320°C for three weeks (Tremaine et al., 1992).
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Figure 3.10aand b: Scanning electron micrographs of solid reaction products obtained
from FeNTA and aqueous sodium phosphate (Na/P=2.15) at 205°C
for three weeks.
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Efforts were made to synthesize STHP from FeN'TA by carrving out the
hydrothermal decomposition in the presence of an oxidizing agent 1t was thought that
CuO might be used to prevent the formation of an iron (111) phase since Cu™* does not
react with phosphate. The experiment was repeated with 04 g of CuQ  The solid
product was brown and the XRD powder pattern matched copper(l) oxide, Cu,0, from
the JCPDS database. Traces of copper, Cu, copper (1) oside, CuQ), maricite and
magnetite were also found. No evidence of SHP could be found in the sample. This
suggests that the reaction proceeded as before, and that the presence of the CuO caused
the environment to be sufliciently oxidizing to form a mixture of magnetite and maricite,
but that CuO was not a strong enough oxidizing agent to produce SIHIP.

Another oxidizing agent that was tried was NaNO,  The initial experiment was

repeated with 6 mL. of | mol kg™ NaNO, solution. ‘The product was decp blue (almost
black) solid. Initially, this solid was thaught to be magnetite, but while preparing the solid
for XRD analysis, the color was found to be dark blue. The XRD analysis was

inconclusive, but there were traces of maricite, magnetite, and possibly hematite in these

solids. The powder patterns of these solids are described in Appendix 1

3.3 The Crystal Structures of the Iron (I11) and Iron (11) Product
Sodium iron(111) hydroxy phosphate, Na,Fe(OH)(PO,),ANaOll, is believed to be

the major iron(111) reaction product causing sodium phosphate hideout. The compound

was first reported in the early 1980's, from pressurc vessel studies on hideout (Conner and
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Panson, 1983, Ziemniak and Opalka, 1992), and its stoichiometry was inferred from
clemental analyses on solid reaction products and hydrothermal solutions during hideout
experiments. 1tis important to determine its structure, both to confirm the stoichiometry

and to gain insights into the mechanisms of its formation

As discussed in previous sections, several attempts to synthesize large crystals
were made in the low-pressure Teflon cells using Fe,0,, Fe,0, and FePO, as sources of’

fon(H) Attempts were made 1o mount the largest crystals (0.05 x 0.02 x 0.1 mm)

obtained from our synthesis for single crystal X-ray diflvaction but these proved to be

In the laboratory of a collaborator, crystals ol SIHP were formed

fortuitously during the preconditioning of a new stainless steel (Type 347) autoclave. A

concentrated alkaline sodium phosphate solution (26000 ppm, Na/P = 2.4) containing a

fesser amount of an inorganic oxidizing agent was heated beyond the expected threshold

ol reaction with magnetite. Upon opening the autoclave afler continuous operation at

288°C

i 4 refreshed mode for 400 hours, profuse growths of these reddish colored
crystals were observed on the walls of the vessel. The crystals ranged in size from 0.2 to
0.4 mm in length. A crystal structure was successfully determined using one of these
crystals. Scanning clectron micrographs of samples of these crystals are found in Figure
3 1l aandb. The crystals are very similar to the one shown in Figure 3.3 a,

“The coordinates of the atoms are given in Table 3.4, and the structure is shown in

e 312, A detailed analysis of the crystal structure of SIHP can be found in Appendix

1L The N-ray difliaction pattern is consistent with an ic unit cell ¢
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Figure 3.11aand b: Scanning electron micrographs of solid reaction products obtained
from flow experiment involving a stainless steel vessel and aqueous
sodium phosphate at 288°C for 17 days
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Table 3.4

Positional parameters for STHP.

atom X y 7 occupancy
Fe(l) 1/4 1/4 14 12
(1) 03811(1) 03780 12 12
1(2) 0.1209(1) 0.3833(1) 0 12
Na(1) 02701(2) 112 14 1”2
Na(2) 12 0.4721(3) 304 1/4
Na(3) 0 0.2628(2) 14 12
Na(4) 01384(2) 03814(2) 1”2 12
Na(5) 0 12 14 1/4
Na(6) 0.3806(4) 03777 0 0274
o) 0.3260(2) 0.3546(2) 0.3223(5)

o) 0.4732(3) 0.3347(3) 05000 12
o) 0.3914(3) 0.4767(3) 12 12
o) 0.1482(2) 03329(2) 0.1790(5)

o) 0.0168(3) 03914(3) 0 12
0(6) 0.1656(4) 0.4720(3) 0 12
o(n 0.3064(3) 02551(3) 0 12
H(1) 0.3296 03052 0 0226
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Figure 3.12 Crystal structure of SHIP.
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molecules with the formula NayFe(PO,)(Na,

sl O with x 022 This s similat, but

not identical, (o the formula NayFe(OH)(PO,); VaNaOH proposed by Ziemniak and

Opalka (1992). The main structural feature is a chain of Fe(1H) ions linked by bridging

oxygens and phosphate bridges. The erystal structure analysis in Appendix 11 indicates

that alternating iron and oxygen atoms with Fe-0-Fe and 0.

O angles of 12098 and

1 the centie o

1807 respectively form zig-zay chains paallel to the ¢ axis. Tron li

symmetry and the Fe-Fe distances are 3.58 A Completing the metal coordination sphere
are two phosphate ions linking adjacent iron atoms The phosphorus and ligating oxypen
atoms lie on the mirror plane, m. The structure can thus be visualised as a core of'iton
surrounded by an inner layer of coordinating oxygen atoms, one of which bridges irons

directly, the remainder belonging to phosphate ions  I'he outer of oxygen atoms

carrying the balance of phosphate negative charge includes sodium ions in § distinet sites

The analysis also indicates that the bridging oxygens of the central core are associated

with cither a proton or a sixth sodium non-stoichiometrically, and in a disordered fashion
However, a report of a double cell observed in powder analysis of another sample of this
compound (Tremainc et al., 1993) suggests the presence of a superdattice which could

reasonably exhibit regular alternation of sodiumi ions and protons and hence i 50 50 ratio

From a bonding point of view, & more realistic interpretation would have the iron chains

including both oxide and hydroxide bridges distributed in a random fashion along the chain

in the sample. or alternating in samples which display the superlattice. It is reasonable to

speculate that the

structure on one hand, and a
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stoichiometric superlattice on the other are extremes in a range of structures dependent

upon the exact conditions of crystallization A structural feature which may well be

I with this is the disordered distribution of one of the sodium ions
close 1o 222, Although the hypothesis has not been tested, it is certainly possible that this
sodium ion corresponds to two related but non-equivalent sites in the superlattice.

The structure i

ignificant in that it explains the variable stoichiometry observed in
powder diflraction patterns in this and other work (Tremaine et al, 1993), and it supports
the possibility of a superlattice in the structure. Also of importance is the identification of
the stoichiometry of hydrogen and oxygen, which cannot be determined from solubility
studies o1 routine methods for inorganic elemental analysis. The faci that there is no water
in the lattice helps to explain why SIHP is stable only at high temperatures - where the
activity of liquid water is small At lower temperatures, SIHP is unstable relative to
hychated aqueous phosphate species

Structural information for STHP had been limited. In a previous study (Ziemniak
and Opalka 1993), SIHIP was analyzed by Méssbauer and infrared spectroscopy. Results
from the Mossbauer analysis showed that iron was distributed nearly equally between two
distinet lattice sites. and that the iron ions in the crystal were solely in the Fe(I1T) oxidation
state  Absorption peaks at 3550 cm™ (major) and 3580 cm™ (minor) in the infrared
spectrum suggested the presence of hydroxyl ions. These results were confirmed by the

al structure of SIHP.

erys
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One of the crystals from the maricite prepared trom Fed

successfully mounted. The erystal structure and interatom

pacings wor

those reported by LePage and Dornay (1977) for a natural cry

al with 10 percent of the
Fe(I) sites substituted with Mn, My, and Ca The crystal stiucture is presented

Appendix 11



4.0 SOLUBILITY AND REACTION KINETICS

4.1 Kinetics of Phosphate-Hematite Reaction
The central premise of this work s that aqueous sodium phosphate solutions
undergo reves sible reactions with hematite to form sodium iron(11T) hydroxy phosphate

according to the reaction

Y e 00(s) £13/3 Na'(aq) + 2 PO, (aq) + ¥ OH'(aq) =

Na,Fe(PO,)(Nay H,,0)(s) + 5/6 11,0 .1

Kinetic experiments to determine the rate of SIHP formation were carried out in the
zirconium 450 ml. stirred reaction vessel at 225 and 250°C, according to the methods

described in Section 2 5.1, The rate of SIHP redi ion to form aqueous and

hematite was determined at 225°C only. The results are plotted in Figures 4.1 and 4.2.

The hydrodynamic conditions and the available surface areas for hematite and

SHIP could not be lled well in these i although the itions used in
the solubility measurements are duplicated. As a result, we chose to describe the data
with a simple rate equation commonly used in mincral dissolution studies (Stumm and

Morgan, 1970; Blesa et al.,, 1993):

dm(PO,) / dt = k a [m(PO,, sat) - m(PO,, 1)]" “2)
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Figure 4.2  Kinetics of precipitation and redissolution at 225°C.



where k is the rate constant, and a, is the oxide sur}

rea Her

MPO 1) and
m(PO,. sat) are the total molalities of phosphate species at time t and cquilibrium,

The valuen= 1 to diffusion controlled Kinctics, while values in

the range 3 > n'> 1 are typical of surface activation control. Integration yiclds the

expression

) =m(PO, sat) F[(n- ) kat+

§ PO 0) - m(PO, san))!! ™ | 13

The kinetic data in Figures 4.1 and 4 2 were represented well by least squares fits to

Equation 4.3 with n = 3 for precipitation and n 2 for redissolution The results are
shown by the solid curves in the figures. The rate constant for the redissolution reaction

ctions at

at 225°C was 0.251 mol” kg hr'm™. The rate constants for the precipitation re;

225 and 250°C were 181, and 8 10 mol ke ™' m™ respectively  The temperature
dependence of the rate constant for the formation reaction was used to define an
activation energy, according to the simple Arrhenius cquation. “The equation for the rate

constant, k, for the precipitation reaction is given below.

= Ae B (@.4)

where E, is 129.7 kI mol” and A is 7.27 x 10" mol*kghr'm*
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“The Arrhenius activation energy, E,, from Equation 4.4 is consistent with surface
activation contiol mechanisms (Stumm and Morgan, 1970). While the experimental
conditions in the measurements discussed above are too complex to allow us to identify
the rates with one Kinetic process, we can speculate about some of the factors controlling
the rate of formation of SIHP.

Blesa and coworkers (1994) have reviewed recent work on the dissolution
mechanisms o' iron oxides in considerable detail. While much is known about magnetite,
much less work has been done on hematite. Almost no work has been reported on studies
in high temperature water.

As discussed in Section 4.3.1, 11PO,*(aq) is the predominant phosphate species in
aqueous solutions with sodium phosphate ratios in the range 2.5 < Na/PO, < 3.0 at
temperatures above 250°C. HPO,*(aq), which is isoclectronic with $0,*(aq), is known
to form strong complexes with Fe** (aq) (Ziemniak et al., 1992, 1993, 1994). The

morphology of the SIHP formed in our experiments suggests that it was formed by

precipitation from aqueous solution, rather than by epitaxial growth, The reaction must

have been preceded by the dissolution of hematite, probably through the formation of a

surface phosphate complex. We speculate that the following reactions may be involved:

HPO,*(aq) ~ HPO,*(ads) (4.5)

Y2 Fe,04(s) + HPO,*(ads) + 3/2 H,0(1) ~ FeHPO, (aq) + 3 OH'(aq) (4.6)
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FeHPO, (aq) + 133 Na'(aq) ¢ HPO, (aq) + 1043 O (a

NayFe(PO) ANz 1L O)Ns) 1 730N (47

Diftusion of HPO,*(aq) to form the adsorbed comples is fast at these temperatures in
stirred vessel, and the rate-determining step is undoubtedly Reaction -1 o, 4 7 or some
other surface controlled process. Despite the high surtiace atea of finely divided hematite

in thes

experiments, access to the hematite surface may be impeded by a surtounding,
layer of reaction product during latter stages of the 1eaction

The data in Figure 4.2 are extremely significant because they confitm that the

same solubility value is obtained for SIHP in the presence of hematite from conditions of
both supersaturation and undersaturation, i.e. the results prove that Reaction 4 1 is

reversible

42 Solubility of the Iron (I11) Product
The solubility of SIHP was determined from several runs with sodiuni-phosphate

ratios of 2.5 and 3.0 using stepwisc temperature increments from 200-325"C. The

equilibration time used in these was limited by
to 24-48 hours. At the lower temperatures, this time was not suficient to achieve

equilibrium. As a result, the rate constant expressions [rom Section 4 1 were used to

correct the solubility data obtained in this study by extrapolating the initial and fi
phosphate concentrations to their equilibrium values, according to Equation 4.3 “The
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cquilibrum sodium concentrations were calculated from the change in phosphate
concentration, assuming all phosphate precipitated as SIHP. Table A.111.3 contains the
experimental and corrected concentrations from the Na/P = 2.5 and Na/P = 3.0 runs. All
conceatiations are expressed as molalities. The sodium and phosphate concentrations

3, and the hydroxide concentrations were determined from the

were measured by 1CP-[8
charge balance of the sodium and phosphate concentrations. Figure 4.3 shows a plot of
the phosphate concentrations obtained in this study and those observed by Ziemniak

(1980, 1992) with NiO and Fe,0,. From these results it can be seen that the

coneentrations were below those necessary for signifi ickel-ph i ions to
ocem

“The data from the Na/P = 3.0 runs above 280°C may be suspect due to serious

corrosion problems encountered in the zirconium vessel. The vessel reacted excessively
with the phosphate solution above 280°C, producing large amounts of hydrogen (a
hydrogen partial pressure in excess of 50 bars at 313°C when the vessel was shut down).
The extent of reaction below 280°C is not known, but deviations in the equilibrium
constants calculations (Section 4.3.3) from the Na/P = 2.5 and 3.0 data become noticeable
above 240°C suggesting the corrosion may have started carlier than previously thought.
“The lower temperature data for this run also deviates from the Na/P = 2 5 data. This may
be due to incomplete precipitation of SIHP. The reaction was allowed to proceed for four

before samples were taken, but this may not have been sufficient for the Na/P = 3.0

runs
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Figure4.3  Solubility of known hideout reaction products The top solid

linc is a fit of the data for NiO reaction products from Ziemniak
et al. (1989). The solid linc through the data points is a fit to the
data obtained in this study.
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43 A Thermodynamic Model

43.0 Phosphate fonization Equilibria

Supert'92 is a software package for calculating standard partial molal
thermodynamic propertics of minerals, gases, and aqucous species at elevated
temperatures and pressures from the HKF model presented in Section 1.2, The program
was used to caleulate the thermodynamic properties for the three ionization equilibria of
phosphoric acid from 25 10 350°C along the liquid side of the H,0 vaporization boundary

using data from Shock and Helgeson (1988)

The following are the reactions and equilibrium constants used in these

caleulations
H,PO,(aq) 1 OH(aq) = H,PO, (aq) + 11,0(1) (4.8)
a(H,P0,)
§ e (4.9)
a(H,PO YO )
H,PO,(aq) 1 Oli(aq) = HPO,(aq) + H,0()) (@.10)
a(HPO} )
& e .11
a(H,P0)a(OH )
HPO,*(aq) + OH'(aq) = PO,"(aq) + H,0(1) (4.12)
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atho;y

—_— ¢ 13
a(liPo; yaOH )
The standard state properties of relevant species are found in Table b 1 Phe HKE

equation-of-state coeflicients for relevant species are found in Table 4 2 The Maier-

Kelley coeflicients for hematite, magnetite, and SIHP are listed in

le-1 3 The data
abtained trom calculations of the first, second, and third ionizations of phosphoric acid are

tabulated in Tables 4.4, 4 5, and 1.6 respectively. 1

sre bl is a plot o log K for these

reactions versus temperature with Mesmer's (1973) data for the first two ionizations of

phosphoric acid. The agreem.ent between the caleulated valies and Mesmer's data is

excellent. The phosphate anion, 2O,", hydrolyses at elevated temperatures and rio

experimental values for the third ionization constant above 150°C have heen reported

The valucs in Table 4.6 do agree +cll with extrapolations based on solvent density

functions and 2 at capacity data (Anderson et al. 1991)
4.3.2  Activity Coefficient Model

The model discussed in Section 1.3 was used to estimate the activity coeflicients of
aqueous sodium, phosphate, and hydroxide specics in the solubility study - Figuie 4 5
shows the predicted and experimental (Mesmer and Baes, 1973) Q which is given by ike

following equation



Table 4 | Standard state properties at 25-C and 1 bar *

A A S
calmol’  cal mol” cal mol” K em® mol” cal mol K

1,00, (aq) 273100 307920 38000 482 236
H,P0, (aq) -270140  -309820  21.600 309 -6.9
PO, (aq) 266310 308815 -8.000 44 580
PO (a) 243500 -305300 -53.000 323 1143

Nar' (ag) 2591 57433 13.96 212 91
0 (ag) 0 0 0 0 0

O (i) 37505 -54977 2560 47 320
11, (aq) 4230 -1000 13860 253 399
11, (g) 0 0 31234 0 69
0, () 0 0 49.020 0 7.0
O, (ag) 3954 2900 26040 305 56.0
11,0 () SS6688  -08317 16712 181 180
Fe0, (s) 242574207250 34830 44524 363

0,0, (s) 178155 197720 20940 30274 250

S (s)" 831916 -880150 1483 1222 541
NaliePO, 333006 -353355° (40.39)°  4687°  (35.92)

Data from Shock and Helgeson (1988) unless noted

“This work

Values caleulated using data from flow experiments at 320°C (Tremaine et al.,
1993).

N Data for NaZnPO, (Ziemniak et al , 1990).

Caleulated from crystal structure
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Table 4 2 HIKF equation of state coeflicients for aqueous species **

ax 10" a,x10° a, ax A0t g ox 0t aniot

HPO,(aq) 82727 124182 08601 -
HPO, (aq) 64875 80594

32024 179708 17727 -02200
L0435 14008 1 3003

HPO,™ (aq) 36315 10887 53233 28239 27357 -L1VI03 33303

PO," (aq) -0.5259 -9.0654 93131 -2.042 04750 204397 S6l14

H,(aq) 51427 17758 38729 -29704 270251 S OU30 -0 2000

Na’ (aq) 1.8390 -2 285 18,1800 20810 0 33006

H’ (aq) 0 0 0 o o

OIT (aq) 12527 0.0738 18423 -27821 1500 -10 3400 1 7246

0, (aq) 57889 03536 -30417 S300 8 3720 -0 3043

% Units. a,, cal mol™ bar" cal mol™, a, cal K mol " bar, a,, cal K mol ', ¢, cal
mol K ¢, cal K mol, @, cal mol”

3

Shock and Helgeson (1988)
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Table 4 3 Maier-Kelley coeflicients for heat capacities of solds

bx 10" Tex 107

a
cal mol' K" cal mol K cal mol' K

Fie, 0, (sy° 2340 T Twen T

Tie 0, (s 2188 48.20

SIEP (5)" s4.1 00

* Shock and Helgeson (1988)
This work
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Table 4.4 Standard state properties of the following reaction caleulated tiom data in
Tables 4.1 to 4.3

1H,PO,(ag) © OIT (aq) -+ 1LPO, (ag) ¢ 11O

T P o lozK AGT AT X AN ALY
°C bar  goem’' cal mob! cal mol eal mol' K ' em*mol el mol' K

997 16133 15240 20 55 02
1,006 0988 10972 -16224 -14780 1

3 RNl 1os

1.000 0.975 102061 -10347 -143953 55 i3 (I
1013 0958 90062 -16498 -14019 [ 32 1w
2320 0939 9152 -16073 -130645 TN i3 151
4757 0917 8714 -16873 -13205 8 I8 153
8918 0892 8.330 -17094 -12882 93 A4S 153
15,536 0.865 8008 -17337 -12499 101 S3 138
25479 0834 7.721 -17599 -12108 109 02 159
39736 0799 7469 -17880 -1i726 117 72 2
59431 0759 7.247 -18176 -11-48+4 121 75 Lo
85838 0.712  7.043 -18471 -11870 s 20 =520
325.00 120,458 0655 6841 -18722 -14583 09 2303 017

-3027 1

350.00 165.211 0.575 6591 -18795 -30745 -192 -275
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Table 4 5 Standard state properties of the following reaction caleulated from data in
Tables 4 11043

1,00, (ag) + O (aq) -+ HPO, (aq) + 11,0(1)

P d  JowK AGT AHT AST AV 3,62
bar gem” cal mol" cal mol cal mol K em'mol” cal mol"* K

dos a7 05

2500 1000 0997 679

5000 1000 0988 06.089 -104 it 0.7
7500 1000 0975 5489 -104 -8 -1.2
0000 1013 0958 4907 -8482 -10.5 <15 -1.8
12500 2320 0939 4510 -8217 -10.7 8.1 225
15000 4757 0917 4105 -7948 -109 -8.6 233
17506 8018 0892 3743 7675 -1 -9 -42
20000 15536 086S -1397 113 -9.6 5.6
22500 25479 0834 -7 -104 -82
25000 39.736  0.799 -121 -11.6 -11.5
275.00 59431 0759 2127 -138 -13.0
30000 85838 0712 -13695 -13.1 -15.1 -39
325,00 120.458  0.655 -13445 -126 -94 57.7

350,00 165.211  0.575 I.‘)i)S -5602  -9558 -6.4 69.3 958.7




Table46  Standard state properties of the following reaction caleulated from data in
Tables 4.1 to 3.

HPO (aq) + OFL (ag) -+ PO, (aq) + 1O

T » oo g K A,G“ Al A AN AL
°c bar  gem? calmol cal mol* cal mol" K emmol " cal mol 'K *
2500 1.000 0997 1673 0823 257 3o

50.00 1.000 00988 1105 -1034 -9959 B B -l 2

75.00 1000 0075 0612 -975 1009 200 -177

100.00 1013 0958 0179 -306 -1024 270 I8 7

125.00 0 0939 -0.205 3741042 -274 =107

15000 4.757 0917 -0550 1065 -1003 280 2006 4
17500 8918 0892 -0862 1768 -10875 -85 16 -101
200.00 15.536 08065 -1.148 2485 -11ldo -1 -9
225.00 25479 0834 -1.410 32014 -11479 298 -8 1
250.00 39.736 0.799 -1.654 3959 -11887 2308 -174
275.00 59431 0759 -1.881 4719 -12247 <312 81
300.00 85.838 0.712 -2.089 5480 -12002 =307 2251 a8 4
325.00 120.458 6194 9214 =260 101 323
350.00 165.211 0.575 6714 9409 4l 334 3749 0
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WHPOR)
Y(H PO, )y (OH )

where y is the activity coeficient of the given species. Agreement is quite acceptable for
dilute solutions (1--0.1), but at higher ionic strength (I=1.0), the model is not as good.

Mesmer made measurements to only 250°C, and these were extrapolated to 300°C. For
the purposes of this study, activity coeflicients were required to 325°C, and although this

model is not ideal, it is the best available.

4.3.3  Equilibrium Constants for SIHP
The following is the equilibrium constant for the formation of SIHP from hematite
and aqueous sodium phosphate according to Reaction 4.1

s
HO)®
Ko WO (4.15)

) i
a(Na*)? a(HPO} Y (0l 7Y}

The ionization constants in Tables 4.4 to 4.6 and the rate cquations for SIHP formation
(Equation 4.4) were used to calculate equilibrium values for m(HPO,*, aq), m(OH',aq),
and m(Na’, aq) from the experimental results for m(Na, aq, total) and m(PO,, aq, total).
“These are tabulated in Table A.1IL3 along with the corresponding values of Q calculated
from them. Values for the activity coeflicients from the Lindsay model, a(H,0), and the
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resulting experimental values of In K for Reaction 4 1 are listed in Fable A 1114 These
are plotted as 4,G° (Reaction .1) in Figure 46
Experimental values for the apparent Gibbs energies of formation of S were

calculated from the expression

B GSIHP)=A, G VYD A G,

eactants) SI08 G IULO (4 o)

The results which are plotted in Figure 4.7, were used with a non-lincar least squares

algorithm to fit parameters in the equation

A, GF(SIHP)=A, G

(- T AT, T “117)

Here C,° is the mean value from 25-325°C. Values for the fitted parameters are included
in Tables 4.2 and 4.3. Equilibrium constants for the reaction of hematite with aqueous
sodium phosphate to give STHP which were calculated from these parameters are listed in
Table 4.7. The value for the mean heat capacity, C,°(SIHIP) = 54 | cal K'mol”, is
consistent with values for most solids, which typically lic in the range 20-100 cal K 'mol”!
The value undoubtedly includes artifacts of uncertainties in the heat capacity functions for
Na'(ag) and HPO,(aq) which arc very large at temperatures above 250°C (Table 4 6) 1t
should be regarded as a fitting parameter that reproduces the experimental values for Jog
K in the range 225-325°C
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Tabled 7

Standard state properties of the following reaction calculated from data in
Tables 4.1 to 4.6

3Fe,0,(s) + 26Na’(ag)t 12HP0, (aq) + 20H (aq) =
GNa,Fe(PO,)y(Na, H,,0)(s) + SH,0(1)

T b e logK  AG MM S AvVe  ACS
°C bar  gom? cal mol" cal mol” cal mol" K™ cm*mol” cal mol K™
2500 1.000 0.997 -30.668 41838 17900 -81.6 5.5 2369.5
5000 1.000 0.988 -28.104 41556 73929 99.0 4.0 2160.3
7500  1.000 0.975 -23.264 37061 127366  258.3 33 21333
10000 1.013 0.958 -16.821 28720 181304 4079 32 2193.4
12500 2320 0.939 -9.166 16698 237540  553.7 33 2318.0
15000 4757 0917 -0.537 1039 297592 699.9 38 2502.4
17500 8918 0.892 8.924 -18299 362914 8498 45 2757.4
200.00 15.536 0.865 19.142 -41442 436168 1008.6 53 3181.8
225.00 25479 0.834 30.133 -68684 522823 1186.6 6.2 3909.8
250.00 39.736 0.799 42.017 -100578 631356  1398.4 72 5107.9
27500 59.431 0.759 55.009 -137972 773795  1662.7 75 7055.8
300.00 85.838 0.712 69.409 -182029 970582 2010.4 26 10681.7
32500 120458 0.655 85.749 -234692 1286725 25429  -303 20928.8
350.00 165.211 0.575 105.956 -302116 2045369 3766.5 -275.6 70242.5
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The experimental design used in this work caused the Na/l* ratio to rise at
progressively higher temperatures. Thus as STHP was produced, the Na/P ratio went fron

2.5 to values as high as 9.9 at 325°C, and from 3.0 to values as high as 0.0 at 260°C To

confirm that HPO,™ was the main species even at thes
’

extreme sodium-phosphate ratios

the degree of dissociation to give PO, was calculated it found to be less than v 3

percent at 250°C and less than 0,02 percent at

4.4 Comparison With Data From Other Workers
4.4.1 Background

A principal objective of this work was to obtain unambiguous Gibbs energy data
for NaFe(PO,),(Na, H,,0)(s) by carrying out sotubility experiments in equilibrium with
Fe,0, rather than Fe,0,, so that the measurements did not require a knowledge ol the
reduction potential of the system. With the thermodynamic datain ‘Tables 4. 1-4 3, it is
pos:ible to reanalyze previous measurements in systems containing Fe,0,

Some of the most unambiguous experiments are the flow experiments done in
Alberta (Tremaine ct al., 1992). The experiments measured the uptake from sodium
phosphate solutions purged with hydrogen at 25°C flowing through a magnetite bed at
196 bar (saturation pressure 186.6 bar). The sodium phosphate reactions with magnetite
were reversible, and since an excess of magnetite was present, the molalitics of sodium
and phosphate in the outlet solutions can be used to calculate equilibrium quotients The

stoichiometry of the reaction product was calculated from mass balance from the
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difference m composition between the inlet and outlet solutions  These vield equilibrium
solubilities for ST and maricite in equilibrium with Fe,0, at 325 and 360°C and, at
higher sodiumphosphate ratios, S in equilibrium with Fe,0, and F(ag) at 360°C

Zaemniak ctal (1981, 1992, 1993) have reported solubility data for SIHP in

cquilibrium with Fe,0;up 10 300°C The hydrogen concentration was not fixed and was
assimed 10 be that of the Fe,0,/F¢,0, 1edox buffer  Experiments were carried out in a
platinum hmed stined vessel - With the exception of the uncertainty with reduction
potential, the results are of very high quality and are also suitable for solubility product
determinations

Equilibrium constants for the reaction of magnetite with aqueous sodium
phosphate to give SIHP were caleulated from the model and are presented in Table 4.8
These values are not direetly comparable to those obtained by Ziemniak and Opalka
(1992) due to the fact that the reaction was written with [ and H,(g) instead of OH" and
H,(aq) as in this work. The data from Ziemniak and Opalka’s (1992) paper (Table I) was
taken and values for log K were calculated with the second version of the reaction and

assuming that the amount of hydrogen present was solely due to the oxidation of the Fe**

in magnetite  The results of this comparison are shown in Figure 4.8. The fact that the
data are in good agreement suggests that the model developed in this work will prove to

be of use in future studies
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Table 48 Standard state properties of the following reaction caleulited fiom data in
Tables 4.1 104 6

26e,0,() 1 26Na' faq)+ 12HPO, aq) + 20H (ag) -+
ONaFe(PO,) (N 11,0)s) +H1LO0) 1+ 1)

T P e lzK AGT S TAS i

A N
3 "
°C bar  gem! cal mol! cal mol* cal mol ' K em*mol ' cal mol ' K

1.000 0997 71404 97413 28 0302 7300 8870
1000 0.988 80624 307258 7003 7104 61
1000 0.9 62499 323542 7a88 7208 ol 6
10000 1013 0,958 43199 340302 7953 7549 001
12500 2320 0939 22734 359375 ®MT 8137 si0d

088 382281 9003 903 1 10149
-22208 410495 90-1.8 10322 127041

15000 4.757 0917
175.00 8918 0.892 22

200.00 15.536 0.865 -47089 446705 10429 12175 1696 0
22500 25479 0.834 32486 -74048 490420 11445 1496 0 2208
250.00 39.736 0,799 43.329 -103720 568180 12837 1940 8 30304
275.00 5943) 0759 5463 37026 674138 14792 27007 5591 4
300.00 85838 0712 066806 -175201 835028 1762.0 40224 92529
32500 120 458 0.655 80.476 -220259 1116793 22348 045602 190357
35000 165211 0575 97.661 -278466 1848041 34120 123525 701196
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Figure4.8  Comparison of log K from previous studies and calculated
values using the model developed in this work
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4.4.2  Sodium Iron Hydroxy Phosphate (SIHP) at 360°C
Data were obtained by Tremaine et al. (1992) for the reaction
2Fe,0(s) + 26Na’(aq) * 1211PO,(aq) + 201 (aq)-*
ONaFe(PO,) (Na, 11, 0)s) + Hgag) HLOMY 1 18)
The molality of H,(aq) in the feed solutions is nominally 7 8 x 107 mol kg™, but we
estimate losses by reaction with oxides in the sealed pumps reduced m(il) to- 1 3x 10"

mol ke, Activity cocflicients for the phosphate species under these conditions are very

uncertain both because the data is limited and because of the fundanental problems in the

definition of activity coefticients according to the model presented above (Pitzer, 1991)

4.4.3  Maricite at 320 and 360°C

At Na/PO, ratios below 3.0, Fe,0, was observed to form both STHEP and miar
at 320 and 360°C according to the reaction
3Fe,0,(s) + 1511PO,* +29Na’(aq) =
6Na,Fe(PO,),(Na, t1,,0)(s) + 3NakePO,(s) + Oil{ag) + SH,0() (4 19)
The Gibbs phase rule requires that magnetite, SIHP, and maricite can coexist al

equilibrium at only one defined value of m(11,). To be consi:

ent with the equation above,
we must assume that the excess of magnetite in the flow experiments ensures that
Reaction 4.19 is at equilibrium, and that the system must act as a 1edox buffer,

independent of the concentration of H, originally added to the system

¢ inties in the itical activity licients and data for SIHP make the
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ation from the 360”C data impractical However an assessment of the data at 320°C
to obtain A G for maricite was completed

Lsing the data listed in Table 4.9, the equilibrium constant for Reaction 4.19 was

ated according to the following equation

adILOP(ON )
Kot — - (4.20)

-

alNa P athiro; )

The CGibbs free enerry of reaction, A,G,® was caleulated at 320°C from Equation 1.10.
The HIKF model was then used to calculate the free energies of the species other than
maricite in Reaction 4,19, so that the apparent free energy of maricite, A,G%,,. could be
abtained

The temperature dependence of the Gibbs energies, A,G,°, of maricite can be
calculated from the entropy and heat capacity, according to Equation 4.17. This data is
not available for maricite, but data has been reported for an analogous zinc compound,
NaZnPO, (Ziemniak et al , 1990). This data was used with the apparent frec energy of
maricite at 320°C in Equation 4.17 to estimate the standard state properties of maricite at
298. 15K The values are lisied in Table 4.1.

These results include Jarge uncertainties, but they provide the only means available
to estimate the temperature dependence of maricite equilibrium constants at this time, and
should be valid over a narrow range near 320°C and steam saturation. Experimental data
for $% and C,° of both maricite and SIHP arc needed to refine the results from this work.
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Table 4.9 Solubility data from flow experiment:
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4.5 Discussion

‘T'he thermodynamic data for SIHP obtained in this study and the provisional data
for maricite from the analysis of the flow experiments data from the Alberta Research
Council can be used to examine the key parameters governing hideout equilibria. As an
example, a plot of the log of activity of hydrogen versus temperature from 200-330°C for

the various equilibria is presented in Figure 4.9. The following reactions were considered;

2e,0,(s) + 26Na'(aq) ¢ 1211PO (aq) + 201 I(aq) =

ONayFe(PO,)y (Nay 3Hy 0)(s) + Hyaq) + 4H,0()  (4.21)

Fe,0,4(s) + 3Na'(aq) + 3HPO(aq) + Hi(aq) =

3NaFePO, + 30H (aq) + H:0(1) (4.22)

2Na Fe(PO,),(Na, ;H, ,0)(s) + Hy(aq) + %H,0(1) =

2NaFePO, + 20/3Na’(aq) + 2HPO,(aq) + 8/3011(aq) (4.23)

2Fe,0,(s) + H,0(1) +* 3Fe,05(s) + Hy(aq) (4.24)

Reaction 4.21 controls the oxidation of magnetite to form SIHP. It is extremely sensitive

to the molality of Na*(aq) and HPO,*(aq).



log a(H,)

15 ML 1 1 1 I P
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Figure 4.9  Equilibrium activities of aqueaus hydrogen, a(11,), for magnetite
and various phosphate hideout products for a 0.08m solution at Nw/PO, = 2.5
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a(tl,, ag) = m(Na’ aq)** - m(HPOZ, aq)"* - (O, aq)! (4.25)

is has practical implications for phosphate hideout and corrosion reactions in industrial
boilers in that dissolved sodium and phosphate may play a much larger role than dissolved
oxygen or hydrogen in controlling the redox chemistry of iron oxides. Because the
reduction potential is so sensitive to the molality of sodium and phosphate, values of

Tog a(ll,) are very sensitive to small errors in the activity coeflicient model. The
unrealistic values of log a(H,) in Figure 4.9 (~10* at 320°C) undoubtedly arise from

of smail inties. Rei to the database for redox calculations

are needed. Howeve:. the plot gives a good qualitative description of the system over the

temperature range. It shows that the ite/SIHP equilibri except under

highly reducing conditions, and that a high partial pressure of hydrogen was necessary to
produce maricite from magnetite.

“The lines representing the equilibria in Equations 4.21, 4.22, and 4.23 intersect at
320°C, as must be the case, since the calculation of the free energy of maricite was done

assuming all species were in equilibrium at 320°C.

4.6 Future Work
The work presented in this thesis has been successful in developing a
thermodynamic database for describing the role of SIHP in sodium phosphate hideout

under boiler conditions. Further experiments are needed to extend the thermodynamic
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model to maricite, and to describe redox equilibria with acceptable aceur For

example, more solubility data at lower Na/P ratios, and independent measurements of

C,°and AH for the solids would allow activity cocflicients of the fonic species ta he

nt model des

calculated directly, without using the activity coelli bed in Section |3,
which has limitations. Accurate values for the solubility of maricite over a similar

temperature range would complete the model.

1o



50 CONCLUSIONS

The work reported here has successfully identified the structure and stoichiometry
of the major iron (111) reaction product associated with phosphate hideout. Synthetic
routes have been developed to produce SIHP in bulk with a high degree of purity from
three starting materials - hematite, magnetite, and iron phosphate. Maricite has been
produced by two routes. The first synthesis yielded maricite from iron powder with
acceptable purity, but the second synthesis, the thermal decomposition of FeNTA in the
presence of aqueous sodium phosphate, gave much better results - large, well-formed
crystals, with no detectable impurities. This synthesis also has the potential to yield SIHP
if the right redox conditions can be found.

The crystal structure of SIHP has been determined and has removed much of the

ambiguity iated with the i accepted y. The structure of
maricite has been confirmed.
Equilibrium solubility data and kinetic data have been obtained at steam saturation

pressures from 200 to 325°C. The th d! ic model duces the

experimental solubility data over the experimental temperature range. The model is

consistent with the MULTEQ, except that Archer and Wang's (1990) database was used
instcad of the Meissner equation (Meissner, 1980, and Lindsay, 1989) to obtain values of
¥.(NaCl). It has the potential to be an important tool in modelling hideout reactions. An

improved activity coefficient model and independent heat capacity and enthalpy of solution



data for SIHP are nceded to extend the model over the full temperature range from 180-
360°C.

“The experimental techniques developed here can be extended to the maricite
system with proper modifications to control m(11,). Maricite is the major ivon (11) phase
identificd with phosphate hideout reactions. A compatible thermodynamic model for

l treatment for iron-

maricite i ions with ite will yield a

phosphate hideout reactions.

18
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7.0 APPENDIX |

Introduction

“The following report is a summary of x-ray diffraction data of relevant specics in the

reactions of iron phosphate hematite, magnetite, iron (I11) nitrilotriacetate, and iron powder
with sodium phosphate solutions

Description of samples

'Y

Unreacted iron (111) phosphate, FePO,, starting material.  (Johnson Matthey,
FePO,xIH0 - 17% 1,0). XRD file: Z00026,RAW

Unreacted hematite, Fe,0,, starting material. (BDH, ~97%). XRD file: Z00043 RAW

Unreacted hematite, Fe,O,, starting material. (Aldrich, 99+%). XRD file:
700042 RAW.

Unreacted magnetite, Fe,O,, starting material. (Aldrich, 98%). XRD file:
700027 .RAW.

Filtered reaction product of iron (111) phosphate and 1.4 mol kg" Nay ,Hy PO,
solution at 250°C for three weeks in 45 mL Teflon lined pressure vessel. (SQ30E).
XRD file: 20002 1 RAW

Filtered reaction product of hematite and 0.9 mol kg Nay ,H,4sPO, solution at 250°C
for three weeks in 45 mL Teflon lined pressure vessel. (SQ30C). XRD file:
200022 .RAW.

Filtered reaction product of magnetite and 1.9 mol kg Na,,sH,;PO, solution at
250°C for three weeks in 45 mL Teflon lined pressure vessel. (SQ30A). XRD file:
700023 RAW.

Reaction product of hematite and 0.5 mol kg™ Na,,H, sPO, solution at 200-250°C for
one week in450 mL Hastelloy pressure vessel. Solid was found attached to sampling
tube out of contact with liquid phase. (SQ79D). XRD file: Z00036.RAW.



Filtered reaction product of ammeonium terrie sulfate, NHLEFe(IINSO)- 12110 and
nitrilotriacetic acid, FL,NTA, boiled in aqueous solution for one howr to pive
Fe(ITNTA to be used as a starting material for subsequent pressure vessel reactions

(SQ2A). XRD file, SQ2AMDI

Filtered reaction product of iron (1) nitrilotiacetate, Fe(ITDNTA, (SQ2A), stating
material and 0.6 mol kg™ Nay ,H, (PO, solution at 250°C for two weeks in 5 ml.
Teflon lined pressure vessel. (SQ4A) XRD file Z00038 RAW

Filtered reaction product of iron (111) nitrilotriacetate, Fe(lIDNTA, (SQ2A), starting
material, 0.6 mol kg™ Nay 1, PO, solution with 04 g of Ca0) it 250°C for o
days in45 mL Teflon lined pressure vessel (2806C). NRD file 2506¢ MDI

Filtered reaction product of'iron (11 nitrilotriacetate, Fe(ITDNTA, (SQ2A), starting
material, 0.6 mol kg Nay, 1, 4sPO, solution with 6 ml. Im NaNO, solution at 250°C"
for six days in 45 mL Tellon lined pressure vessel (2505A) NRD file
28QS5A2.MDI

Filtered reaction product of iron powder and 0.9 mal kg Nal 1,P0, solution at
for threc weeks in 45 mL Teflon lined pressure vessel  (SQ39D)  XRD file
Z00057.RAW.

Filtered reaction product of hematite and 0,9 mal kg Na, o1, 00, solution at 250°C
for three weeks in 45 mlL Teflon lined pressure vessel  (SOISA-1)  XRD file
200045 RAW.

Filtered reaction product of hematite and 0.9 mol kg Na, 411,10, solution at 250°C"
for threc weeks in 45 mL Tetlon lined pressure vessel with 1% hematite by mass
(SQ35A-E). XRD file: Z00048 RAW.

Filtered reaction product of hematite and 0.9 mol kg Na, sH, O, solution at 250°C
for three weeks in 45 mL Teflon lined pressure vessel with 1% hematite by mass
(SQ35A-E). XRD file: Z00049.RAW.

Filtered reaction product of hematite and 0.9 mol kg Na, sH, 4O, solution at 250°C

for threc weeks in 45 ml. Teflon lined pressure vessel with 5% hematite by mass
(SQ35A-E). XRD file: Z000S0.RAW
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Filtered reaction product of hematite and 0.9 mol kg Na, (H, PO, solution at 250°C
for three weeks in 45 ml. Teflon lined pressure \csscl with 5% hematite by mass.
(SO35A-1) XRD file: Z00051 RAW.,

Filtered reaction product of hematite and 0.9 mol kg™ Na, (H, (PO, solution at 250°C
for thiee weeks in -5 ml. Teflon Jined pressure vessel with 10%6 hematite by mass
(SO3SA-E) XRD file. ZO0052.RAW

Filtered reaction product of hematite and 0.9 mol kg™ Nay H, PO, solution at 250°C
for thice weeks in 45 mL Teflon lined pressure vessel with 10% hematite by mass.
(SQ35A-E) XRD file 700053 RAW

Results of X-Ray Diffractometry

©

"

sample i1 _Iron phosphate sample.

The search-match program identified the solid as the mineral phosphosiderite,
with the formula FePO,2H,0. The match is not perfect, since a few peaks are
slightly off;, but the results are satisfactory. This may be due to poor sample
preparation, or the unknown number of waters of hydration.

Sample # 2_Unreacted hematite

The search-match program correctly identified this sample as hematite. The
pattern fits perfectly  There was no trace of magnetite in the sample.

Sample #3 Unreacted hematite, second supply

pattern was identified as hematite, but the peaks are all at slightly lower values
of 20 than expected. This is almost certainly due to poor sample preparation. If the
sample is t0o thick, the entire powder pattern is often shifted. Once again, there was
no trace of magnetite.

Sample #4 Unreacted magnetite
This powder pattern had slightly lower values of 20 than the JCPDS file. This
may be duc to sample preparation, as in #3. However, the match is satisfactory.

Sample #5_Iron phosphatz reaction product

The powder pattern for this sample did not match any minerals or other inorganic
compound in the JCPDS file, but was a match to previously reported patterns for the
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SIHP. ‘There was no trace of hematite, magnetite, maghemite, or maricite in the
sample.

Sample #6_H ction product
Again, there was no match found by the s
did match STHP, and the above sample. Th of hematite as shown by
the peaks at 20 = 33.1° and 35.5°. Neither magnetite nor maghemite were detected
in the sample The largest hematite peak overlaps a s LHP peak, but there are
enough large peaks in the hematite powder pattern that it is not difficult to identity
traces of hematite in the sample.

ematite_rea

ch-match program, but the pattern
At

Sample #7_Magnetite reaction product
This product matches the previous two powder patterns well, and as such, was

identified as SIHP. “There was no trace of magnetite, hematite, or maghemite in the
sample. The problem with detecting maguetite in the SIHP, is the overlap ofa strong,
SIHP peak with the fargest magnetite peak at 20 = 35 52 The second and thitd
largest peaks are then used to check for magnetite.

Sample #8_Hematite reaction product from 4 5
This sample matches the previous SIHP powder patterns, s e contribution
from hematite, since such a large excess was used in the reaction vessel The pattern
confirms the presence of SIHP in the reaction vessel

Sample #9_FeNTA starting material
This pattern was typical of organic solids. There were many sharp peaks, but
the search-match program could not identify the pattern

Sample #10_FeNTA reaction product

This powder pattern was identified as maricite. The differences in the patteins were
within experimental error except for one peak at a 20 value of 26.5¢
thought to be from Na,P,0,, as determined by the sofware.

his peak wis

Sample #11_FeNTA, CuQ reaction product
This pattern could not be found in the JCPDS file, but seemed to be a mixture
of Cu,0 with traces of CuO, Cu, and maricite
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Sample #12 FeNTA, NaNO, reaction product
This sample was difficult to identify, but it appeared to be a mixture of maricite,
magnetite and hematite.

ple f 0 ion product
The scarch-match program identified this sample as maricite. This pattern was
not of high quality, since it had a large hump in the baseline, and the count was
low, but the match to maricite was good nonetheless. When the sample was
run again, a similar pattern was obtained

ite reaction product
mples were identified as the SIHP in the first sample, but in subsequent
samples more hematite - dfed. The strongest hematite peak at 20 = 35.4°
increases substantially with small amounts added. These runs were used to determine
the amount of hematite in the reaction product. The range of 20 used for these
samples was reduced to the region containing the strong hematite and SIHP (26 =
33.3°) peaks - 32.0-36.5°,
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Table 7.1

XRD powder patterns of selected samples of ST and previous work

Calculated | Ziemniakand | This work, “This work,

Ziemniak and | Opalka (1992) | synthesized | synthesized !

Opalka (1992) from FePO, | from Fe,0, from Fe,0,
i | da | A | Vi | dee | U | dee | W | dee | Ul
100 7.728 771 15 7769 78 1777 32 7719 S8
010 7.348 731 35 7.367 73 73067 57 7301 S3
110 5.325 531 25 5.343 2 5344 49 5342 47
020 3.654 3.637 7 3.637 20
210 3.421 342 5 3432 15 3433 2 3431 18
120 | 3305 | 330 | 15 [3323 | 19 |32 | 2 |3 e
012 3.200 320 b 3.204 11
220 | 2660 | 2663 | 100 | 2668 [ 100 | 2668 | 100 | 20608 | 100
202 | 20621 | 2618 30 2624 | 6 |2023| 20 |20 | 7
022 2552 | 2552 20 25587 8 2557 24 2,557 7
030 2436 | 2443 S 2.450 13 2450 11 2.448 6
222 2129 [ 2112 10 2116 5 2134 8 2114 5
320 | 2108 216 5 |2ns| 9 fa0m2| 2
230 2062 | 2.075 5 2.081 8 2071 10
231 | 1980 1940 | 60
400 | 1935 | 1938 | 20 | 1935 | 34 | 1940 [ 15 [1910| 26
123 | 1928
410 | 1871 | 1872 | 5 |1876 | 4 |85 7 |18 | 4
040 | 1830 | 1835 | 40 |1837) 38 |1837| 18 [is36]| 12
411 | 1809 1832 [ 23 [1s37 | 18
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Caleulated | Ziemniakand | This work, “This work, This work,
Ziemniak and | Opalka (1992) i i i
Opalka (1992) from FePO, | from Fe,0, from Fe,0,

ikt da | dan | Voo | e | Voo | do | Vo | da | Vi
232 1784 | 1788 S

004 (1779 | 1778 | 10 (1779 | 4 |10 | 10 | 1777 | 5
313 1.699 | 1.696 5 1.691 6

024 1.600 | 1.599 5 1.597 7

422 1.543 | 1545 10 1.546 5 1.545 13 1.546 4
242 1.499 | 1.505 35 1.505 4 1.504 9 1.505 4
224 1.479 1.481 6

251 | 1.343 1334 s [1333] 6 |1334] 5
404 1.310

350 1272
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Table 7.2 XRD sowder patterns for selected maricite samples and previous work

Tremaine et al This work, “This work.
(1992) synthesized from | synthesized fiom
FeNTA Fe powder
o Ul | da W A [
450 5 4514 | as 4512 40
4.40 20 | 4417 | 31 4400 33
3757 10 | 3708 13 3715 54
3.705 40| 3714 18| 3721 03
2729 | 90 | 270 | 28 2728 81
2.707 80 | 2710 | 36 2713 85

2574 100 2.582 100 2579 100

2528 30 2,527 17 2522 43
243 15 2432 23 2431 30
2.401 10 2401 28
2.244 1 2203 8 2254 22

2.062 2 2.062 6 2027 19
1.881 30 1.883 15 1.880 <
1.853 60 1.854 21 1.852 s
1.714 15 1717 13 1.7 23
1.696 1 1.697 10 1.690 22
1.678 2 1681 21
1.654 5 1.654 T 1.653 21
1.519 10 1.520 28
1.508 15 1.509 27




8.0 APPENDIX II: X-RAY CRYSTAL STRUCTURE OF SODIUM
IRON (I TYDROXY PHOSPHATE (SIHP) AND MARICITE

Single Crystal X-Ray Diffraction Structure Report for SIHIP

. Bridson and D. Miller
Dept. Of Chemistry
Memorial University of Newfoundland

November 9, 1995
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INTRODUCTION

nn excellent data set was collected on a reascnable crystal
with no apparent flaws. The cell geometry was established
with case and Laue symmetry checks confirmed an orthorhombic
spacegroup. At this stage there was no evidence for a
long-range order/superlattice phenomenon although  when
powder  data was made available later this became a
possibility.

Absences and statistical analysis suggested the
spacegroup should be Ibam but initial attempts to extract a
solution in this spacegroup proved fruitless. An overall
idea of the structure was developed in P-1 and with this in
hand a systematic attack on the problem in 1222 gave an
essentially complete solution which was transferred to the
correct spacegroup (Ibam) for finishing.

The main structural feature is a chain of alternating
irons and oxygens with additional linking of the irons by
two phosphates. The bridging oxygen has an associated proton
in some instances and a sodium ion in others. Refinement of
the sodium occupancy suggests a ratio of Na:H = 55:45 - the
tempting 50:50 ratio fitted the data less well. Attempting
to find less than one hydrogen atom in a difference map is
not likely to be successful. However a peak at the correct
position was found and its designation as hydrogen did
improve the refinement. Furthermore, the hydrogen remained
in a scnsible position when allowed to refine positionally.
Wwhile doubt may be cast upon the crystallographic
reliability of this, in chemical terms the hydrogen is both
required to be present and expected at ‘*he assigned
location.

Five other sites in the lattice are occupied by sodium
ions, none having simple coordination geometry. In one of
these sites a very much flattened tetrahedral array of
oxygens holds a sodium which is disordered over two sites -
each having an almost linear O-Na-O arrangement. The two
sodium images are close to the 222 symmetry special position
and are on one agis. Placing the sodium at the 222 position
significantly worsened the least-squares fit.

As the disordered sites are close there 1is clearly a
possiblity that they are not strictly disordered at all but
that some correlation exists between the two. This probably
accounts for the superlattice found in the powder work.
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EXPERINENTAL
DATA COLLECTION

A red irregular crystal of Nay soun 150985FC having

approximate dimensions of 0.100 X 0.0EO X70.400 mm was
mounted on a glass fiber. All measurements werc made on a
Rigaku AFC6S diffractnmeter with graphite monochromated Mo
Ke radiation and a 2KW sealed tube gencrator.

Cell constants and an orientation matrix for data
collection, obtained from a least-squares refinement using
the setting angles of 19 carefully centered reflections in
the range 44.29 < 20 < 49.21° corresponded to an
orthorhombic cell with dimensions:

a = 14.698 (3)A
b= 15.522 (4)A
c = 7.114 54)&
vV = 1623 (1)A
For z = 8 and F.W. = 366.85, the calculated density is 3.002

g/cm”. Based on the systematic absences of:

hkl: h+k+l # 2n
0kl: k # 2n
hCl: h # 2n

packing considerations, a statistical analysis of intensity
distribution, and the successful solution and refinement of
the structure, the space group was detetmined to be:

Ibam (£72)

The data were collected at a temperature of 26 i 1°C
using the w-20 scan technigue to a maximum 20 value of
50.1°. Omega scans of several intense reflections, made
prior to data collection, had an average width al
half-height of 0.33° with a take-off angle of 6.0°. Scans of
{1.31 + 0.35 tan 8)° were made at a spced of 4.0°/min (in
omega). The weak reflections (I < 10.0¢(I)) were rescanncd
(maximum of 2 rescans) and the counts were accumulated Lo
assure good counting statistics. Stationary background
counts were recorded on each side of the reflection. The
ratio of peak counting time to background counting time was
2:1. The diameter of the incident beaw collimator was 1.0 mm
and the crystal to detector distance was 400.0 mm.
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DATA REDUCTION

A total of 848 reflections was collected. The
intensities of three representative reflections which were
measured after every 150 reflections remained constant
throughout data collection indicating crystal and electronic
stability (no decay correction was applied).

1 The linear absorption coefficient for Mo K« is 25.1
em ~. An empirical absorption correction, based on azimuthal
scans of several reflections, was applied which resulted in
transmission factors ranging from 0.87 to 1.00. The data
were corrected for Lorentz and polarization effects. A
correction for secondary extinction was applied (coefficient
= 0.30529E-06).

STRUCTURE SOLUTION AND REFINEMENT

the structure was solved by direct methods®. The
non-hydrogen atoms were refined anisotropicglly. The final
cycle of full-matrix least-squares refinement’ was based on
593 observed reflections (I > 2.00a(I)) and 97 variable
parameters and converged (largest parameter shift was 0.00
times its csd) with unweighted and weighted agreement
factors of:

R =& ||Fo| - |Fc|| / £ |Fo] = 0.034

R, = [( Ew ([Fo| - [Fc)? / £ w Fo? 11172 = 0.036

The standard deviation of an observation of unit
weight® was 2.48. The weighting scheme was based on counting
statistics and included a factor (p = 0.01) to dgwnweight
the intense reflections. Plots of £ w (|Fo| - |Fc|)® versus
|Fo|, reflection order in data colleciion, sin &/ , and
various classes of indices showed no unusual trends. The
maximum and minimum peaks on the final_ difference Fourier
map corresponded to 0.45 and -0.74 e” /A%, respectively.

Ncutrgl atom scattering factors were taken from Cromer
and waber®. Anomalous dispersion effects were included in
Fcalc’; the values for Af’ and 4f" were those of Cromer .
All  calculations were performed using the TEXSAN®

crystallographic software,
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EXPERIMENTAL DETAILS

Empirical Formula Na, 4 HHO,, 1,0,P,Fe
Formula Weight 366.85

Crystal Color red, irregular
Crystal Dimensions (mm) 0.100 x 0.050 x 0.400
Crystal System Orthorhombic

No. Reflections Used for Unit

Cell Determination (26 range) 19 (44.3-49.2°)

Omega Scan Peak Width 0.33

at half height

Lattice Parameters b=15.5224 c=7.114A
Space Group Ibam (#72)

z value 8

D, 3.002 g cm”

Fona 1428

1t (MoKa) 25.11 cm’’
Diffractometer Rigaku AFCES
Radiation MoKa (A=0.71069 A)
Temperature 26°C

Take off Angle 6.0°C

Detector Aperture 4.5 mm horizontal

3.0 mm vertical

Crystal to Detector Distance 490 cm
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Scan Type w-20

Scan Rate 4.0°/min (in omega)
(2 rescans)

Scan Width (1.31 + 0.35 tane)®
zemax 50.1°

No. of Reflections Measured Total: 848
Corrections Loren polavization

Absorption

(trans. factors: 0.87 - 1.00)
Sccondary Extinclion
(coefficient: 0.30529E-06)

C. Structure Solution and Refinement

Structure Solution Dircct Methods
Refinement Full-matrix least-squates
Function Minimized tw ([Fol = |Fc)?

: % B
Least-squares Weights 4F0”/a” (Fo©)
p-factor 0.01
Anomalous Dispersion All non-hydrogen atoms
No. Observations (I>2.00qi{1)) 593
No. Variables 97
Reflection/Parameter Ratio 6.11
Residuals: R; R, 0.034; 0.036
Goodness of Fit Indicator 2.48
Max Shift/Error in Final Cycle 0.00
Maximum Peak in Final Diff. Map 0.45 o™ /A3
Minimum Peak in Final Diff. Map -0.74 e /A
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Single-Crystal X-Ray Diffraction Structure Report for

Maricite
J. Bridson and D, Miller
Dept. of Chemistry

Memorial University of Newfoundland

January 29, 1996
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INTRODUCTION

The simple NaFePO4 structure was solved rapidly and with
excellent refinement results. Chains of Fe atoms are linked
by a bidentate phosphate and the single 0’s of two other PO4
groups. The remaining oxygens of the phosphates are involved
in other Fe chains thus producing a 3-D lattice. Parallel
to the Fe chains are Na - 0 - Na - O . chains in which Na
ions lie directly between the monodentate O's.




EXPERIKENTAL
DATA COLLECTION

A colorless plate crystal of NaFePO, having approximate
dimensions of 0.400 X 0.300 X 0.100 mm was mounted on a
glass fiber. All measurements were made on a Rigaku AFCES
diffractometer with graphite monochromated Mo K« radiation
and a 2KW sealed tube generator.

Cell constants and an orientation matrix for data
collection, obtained from a least-squares refinement using
the setting angles of 14 carefully centered reflections in
the range 47.54 < 28 < 49,50° corresponded to an
orthorhombic cell with dimensions:

a = 8.990 (3)A
b= 6.862 (4)A
c o= 5.047 (3)A
v = 311.3 (54

For = 4 and F.W. = 173.81, the calculated density is 3.708
g/cm”. Based on the systematic absences of:

0kl: k+l # 2n
hkO: h ¥ 2n

packing considerations, a statistical analysis of intensity
distribution, and the successful solution and refinement of
the structure, the space group was determined to be:

Pnma (#62)

using the w-20 scan technique to a maximum 26 value of
50.0°. Omega scans of several intense reflections, made
prior to data collection, had an average width at
half-height of 0.39° with a take-off angle of 6.0°. Scans of
(1.84 + 0.35 tan 6)° were made at a speed of 4.0°/min (in
omega). The weak reflections (I ¢ 10.00¢(I)) were rescanned
(maximum of 4 rescans) and the counts were accumulated to
assure good counting statistics. Stationary backg round
counts were recorded on each side of the reflection. fThe
ratio of peak counting time to background counting time was
2:1. The diameter of the incident beam collimator was 1.0 mm
and the crystal to detector distance was 400.0 mm.

The data were collected at a temperature of 26 + 1°C
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DATA REDUCTION

A total of 358 reflections was collected. The
intensities of three repressentative reflections which were
measured after every 150 reflections remained constant
throughout data collection indicating crystal and electronic
stability (no decay correction was applied).

The linear absorption coefficient for Mo Ka is 53.2
em™}, An empirical absorption correction, based on azimuthal
scans of several reflections, was applied which resulted in
transmission factors ranging from 0.53 to 1.00. The data
were corrected for Lorentz and polarization effects. A
correction Eor secondary extinction was applied (coefficient
= 0,30964E-05) .

STRUCTURE SOLUTION AND REFINEMENT

The structure was solved by direct methods’. The
non-hydrogen atoms were refined anisotropicglly. The final
cycle of full-matrix least-squares refinement” was based on
272 observed reflections (I > 2.000(I)) and 41 variable
parameters and converged (largest parameter shift was 0.00
times its esd) with unweighted and weighted agreement
factors of:

R= I ||Fe| - [Fcj| / L [Fo| =10.026

R, = [ £ w([Fo| - [reN? / v Fo? N2 < 0.0

The standard deviation of an observation of unit
weight® was 2.69. The weighting scheme was based on counting
statistics and included a factor (p = 0.01) to dgwnweight
the intense reflections. Plots of I w (|Fo} - |Fc|)” versus
| Fo|, reflection order in data collection, sin 8/X , and
various classes of indices showed no unusual trends. The
maximum and minimum peaks on the final, difference Fourier
map cor responded to 0.61 and -0.51 e /A, respectively.

Neutrgl atom scattering factors were taken from Cromer
and Waber®. Anomalous dispersion effects were included in
Fcalc'; the values for Af7 and Af" were those of Cromer™ .
All  calculations were  performed using the E2SAN
crystallographic software package of Molecular Structure
Corporation. 155
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Least-Squares: 5
Function minimized: [ w ({Fgl 5 [Fgl)
whee: ,w = 4Fg"/o”(Fo%)

o%(Fo?) = [S2(C+R%B) + (pFo®)?)/Lp?
s = Scan rate

€ = Total Integrated Peak Counl

R = Ratio of Scan Time Lo

background counting time.
B Total Background Count
Lp = Lorentz-polarization factor
= p-factor

(5) Standard deviation of an observation of unit weight:

1Z wilFo| - [Fc])?/(No - tw) )2

where: No = number of observations
Nv = number of variables
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EXPERIMENTAL DETAILS

Empirical Formula
Formula Weight

Crystal Color

Crystal Dimencions (mm)
Crystal System

No. Reflections Used for Unit
Cell Determination (20 range)

Omega Scan Peak Width
at half height

Lattice Parameters a=8.990
V=311.3

Do

Space Group

z value

Doy

Fogo

# (MoKa)
Diffractometer
Radiation
Temperature
Take off Angle

Detector Aperture

Crystal to Detector Distance

157

NaFePO,

173.81

colorless, plate

0.400 x 0

.300 x 0.100

Orthorhombic

14 (47.5-49.5¢)

0.39

b=6.862 A

c=5.047A

Pama (#62)

4

3.708 g cm™

336

53.17 cm’’

Rigaku AFC6S

MoKa (A=

26°C

6.0°C

71069 A)

4.3 mm horizontal
3.0 mm vertical

40 cm



Scan Type

Scan Rate

Scan width
zemax

No. of Reflections Measured

Corrections

C. Structure Solution and

Structure Solution

Refinement

Function Minimized
Least-squares Weights
p-factor

Anomalous Dispersion

No. Observations (I>2.00¢(I))
No. Variables
Reflection/Parameter Ratio
Residuals: R; R,
Goodness of Fit Indicator

Max Shift/Error in Final Cycle

Maximum Peak in Final Diff. Map
Minimum Peak in Final Diff. Map
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w-26

4.0°/min (in omega)
(4 rescans)

(1.84 + 0.35 tane)®

50.0°

Total: 358

Lorentz-polarization

Absorption

(trans. factors: 0.53 - 1.00)

Sccondary Extinclion

(cocfficient: 0.30964E-05)

Refinement

Direct Methods

Full-matrix least-squares
3

L w (|Fo] - |Fc|)

1F0? /6% (Fo®)

0.01

ALl non-hydrogen atoms

272

a1

6.63

0.026; 0.031

2.69

0.00

0.61 o”/A3
-0.51 ¢”/h






9.0 APPENDIX III: KINETIC AND SOLUBILITY DATA FOR
SODIUM IRON HYDROXY PHOSPHATE FORMATION
EQUILIBRIA WITH HEMATITE
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TABLEA N | Summary of ICP ES Results for Standard Solutions

junname stock m(iiPO7),, % dev mNa ), % dev
mol ky i
run | 0.4867 034 1.201 161
- 04759 256 1.189 256
- 0.4783 20 1129 7.50
n 2 SO6IA 0.4745 285 1.231 0.81
- 0.4732 313 1.220 0.09
- 04719 338 1.216 0.40
SOT2A 06157 1.55 1.369 1.82
- 06178 123 1373 213
- 06287 0.52 1.384 2.92
SOTIA 11094 0.08 2833 223
- 11203 1.07 2764 0.25
- 11230 131 2714 2.06
3 SO7IA 10959 113 2.969 7.12
- 11018 060 2972 7.21
kinetic 2 SO37A 1 0696 094 1058 01l
- 1.0633 03 1.045 136
- 1.0611 0.13 1048 L
SOSOA 0.5582 032 1434 213
- 0.5613 025 1.45% 362
- 0 5660 1.09 1480 542
Kinetic 3 SQ72A 1.59 260
- 222 3.88
- 2,62 321
kinctic SQU7C 0.23 0.55
. 0.42 1.80
. 0.03 1.89
Kinetic § S097C 229 0.22
¥ 275 0.07
. 288 3 033
wp 3 N/A s . s ¢
mp3un? SQSIA
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Kinetic Data

Time m(Na) m(ro,”), miro,”

hr mol ky! mol kg mol ket

Precipitation at 250°C

1.9 0.725 0212 02
1.9 0.737 0253 0244
23 0.725 0.254 0230
2k 0.651 0233 020
58 0511 0107 0177
58 04199 0102 0177
58 0.450 0150 0177
58 0.485 0.160 0177
1 04492 0.164 018
1.7 0445 01406 0148
125 0.465 0152 0146
12.5 0.454 0.150 0146
24.1 0476 0.156 0127
24.1 0.456 0.148 0127
95.5 0.302 00947 0i02
95.5 0.332 0.105 0102
1174 0306 0.0943 DIBR
174 0317 0.0990 00993
1703 0.292 0.08601 0095S
170.3 0.297 0.0891 06955
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TABLE A I 2 (Continued)

Time m(Na’) m(110,%),,, m(HPO,).,..

n ol k' mol kg mol kg

Precipitation at 225°C

32 1048 0391 0437
33 1020 0.382 0437
a0 1.321 0423
a0 1298 0.518 0423
60 0854 0308 0398
60 0.856 03l 0398
250 0920 0.328 0327
230 0907 0345 03527
240 0793 0.292 0.326
240 0.959 0352 0326
1o 0918 0339 0301
470 1007 0.3 0301
RatH) 0 863 0.il1¢ 0281
950 0.885 0322 0.281
193 08IS 0.299 0276
o3 0.889 0322 0.276
28 0.802 0.294 0272
1428 0.805 0314 0372
137 0 808 0.278 02
37 0.792 0.274 0.272
1o 8 0819 0.299 0.269
oo § 0.760 0.278 0.269
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TABLE A I11.2 (Continued)

Time m(Na') m(iPO,"),, miEIPo, ),

hr mol kg mol kg mol hg!

Precipitation at 225°C

107.3 0.769 0.202 0200
1673 0782 0208 02649
190.8 0.788 0280 0267
190.8 0.704 0255 0267
1920 ons 0244 0207
1920 0.753 0256 0267
212.0 0.799 0290 0205
2190 0758 0288 0205
240.0 0.647 0.218 0203
240.0 0.697 0234 0203
262.3 0725 0212 0202
2888 0674 0220 0261
288§ 0697 9327 0261
3008 0085 0223 0200
3098 0.728 0237 0260

lution at 2257C

26 0403 0127 o
6.5 0429 0139 0137
9.4 0.482 0155 0146
237 0.509 0166 0179
451 0.565 0.188 0204




TABLE A 111 2 (Continued)

Time m(Na’) m(l "’0."')“, m(HPO,™), .
hr mol kg mol kg mol kg™

Redissolution at 225°C

19 0475 0143 0115
69 0521 0.163 0.138
289 0.595 0.194 0187
532 0589 0.191 6.210
703 0.634 0211 0.221
1640 0713 0237 0239
1920 0.778 0.253 0242
1020 0770 0257 0242
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TABLE AIIL3 Experimental Data for the Reaction

3Fe,0,(s) + 26Na’ + 12HPO, (aq) + 20H (aq)  6Na,Fe(PO,); (Na,;Hy,0)(s) + SH,0()

Experimental Results Results from Kinetic Correction

; m(HPO®) m(Na’) t m(HPO,*) m(Na") m(OH) nQ

°C mol kg* mol kg he mol kg mol kg* mol kg

Na/P=2.5, run [

2200 0412 1.017 24 0.299 0.773 0.175 4.106
2200 0.410 1.025 24 0.297 0.781 0.186 4.056
2200 0.413 1.017 24 0.301 0.772 0.171 4.108
0422 1.025 24 0311 0.810 0.188 3.802
0.420 i.0le 24 0.309 0.797 0.189 3.902
0421 1051 2+ 0310 ©.808 0.189 3.822
240.0 0.279 1039 24 0214 0.588 0.160 5.990
240.0 0230 1.049 24 0.216 0.586 0.153 6.008
2400 0.234 0.727 24 0.189 0549 0.172 6.520
2400 0.255 0.724 24 0.190 0.553 0174 6.463

250.0 0.163 0.690 24 114 0357 0.128 9.490




0¥zl o 9€T0 LL900 81 00¢'0 €L60°0 0'L9T
80¥°T1 1010 9€T0 SL900 81 00£°0 TL60'0 0'L9T
wssTl 9¥60°0 0£T0 SL900 81 ¥62°0 TL60°0 0'L9T
L9€°6 Lel'o 9¢0 811’0 bid €IFo wro 0°09T
66£°6 8T1'0 19¢€°0 9110 8t Tiro or1ro 009T
096 PELo 69€0 8110 bl 0cy'o 1¥1'o 0709t
16501 Ny $oE'0 L¥60'0 hi4 6SE'0 ozl'o 0°09¢
££9°01 vIro g0 w600 8t LSE0 6110 0092
€zLol zio 8620 62600 8t £5€°0 8110 009z
€rs LS1°0 8EV0 wro e 150 881°0 0'0sT
L6908 9510 6€F'0 wio T wso 6810 0'0sT
£80'¢ sS1'0 ovy'o wio ¥ $69°0 0610 0'0sT
1 Uns ‘' Z=d/eN
8y jow 1.3y jour -3y jow T 3y jow 5y Jow O
oy (HOw (eNw (FOdH)w 1 (N (odH)w L

UONDALIOT) ANAUNY WOY SINSAY

sinsay [ewawuadxg

(panunuo) €11’V 314VL

167



891

TABLE A 113 (Continued)

Experimental Results

Results from Kinetic Correction

T m(HPO,™) m(Na") t m(HPO,?) m(Na") m(OH") InQ
°C mol kg mol kg™ hr mol kg mol kg mol kg
Na/P=2.5, run 1

267.0 0.0970 0.303 18 0.0673 0.238 0.104 12367
270.0 0.0862 0.267 18 0.0618 0.214 0.0900 13.058
270.0 0.106 0.320 18 0.101 0311 0.108 10.378
270.0 0.106 0.321 18 0.102 0311 0.108 10.363
270.0 0.105 0322 18 0.101 0314 0.112 10332
282.0 0.0610 0.188 46 0.0465 0.145 0.0626 15.424
2820 0.0719 0.215 46 0.0584 0.175 0.0680 14.121
2820 0.0721 0.214 46 0.0585 0.174 0.0669 14.140
290.0 0.0481 0.148 48 0.0370 0.111 0.0488 17.107
2900 00519 0.139 48 00414 0.125 0.0527 16.353
290.0 0.0518 0.162 48 0.0413 0.128 0.0560 16.237
295.0 00344 0.114 24 0.0268 0.0831 0.0424 19.074
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TABLE A.IIL3 (Continued)

Experimental Results

Results from Kinetic Correction

T m(HPO,™) m(Na’) t m(HPO,™) m(Na") m(OH) nQ
°%C mol kg mol kg hr mol kg! mol kg! mol kg
Na/P=2.5, run 1

293.0 0.0366 c.124 24 0.0291 0.0944 0.0487 18.309
293.0 0.0365 0.124 24 0.0290 0.0946 0.0491 18.303
303.0 0.0203 0.0767 24 0.0150 0.0518 0.0341 22.360
303.0 0.0248 0.101 24 0.0195 0.0776 0.0499 19.947
303.0 0.0251 0.101 24 0.0199 0.0777 0.0493 19.909
313.0 0.0148 0.0644 48 0.0110 0.0511 0.0339 23.044
313.0 0.0180 0.0849 48 0.0147 0.0736 0.0480 20.762
313.0 0.0183 0.0839 48 0.0150 0.0729 0.0465 20.774
325.0 0.0108 0.0530 48 0.00790 0.0429 0.0306 24,493
325.0 0.00926 0.0534 48 0.00691 0.0429 0.0341 24725
3250 0.00920 0.0533 48 0.00684 0.0427 0.0341 24,759
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TABLE A.II1.3 (Continued)

Experimental Results

Results from Kinetic Correction

T m(HPO,*) m(Na") t m(HPO,") m(Na") m(OH’) InQ
°C mol kg mol kg hr mol kg mol kg ol kg
Na/P=3.0 run 1

200.0 0.439 1.381 48 0356 1201 0.490 1511
200.0 0471 1.497 48 0.364 1.266 0.537 1.204
216.0 0.497 1.571 71 0.416 1.397 0.564 0.496
210.0 0.489 1.547 71 0.407 1.368 0.553 0.637
219.0 0.506 1.618 a7 0.433 1.460 0.594 0.207
219.0 0.493 1.563 47 0.416 1.398 0.566 0.489
230.0 0.467 1.484 S0 0.414 1370 0.542 0.600
230.0 0479 1.550 50 0.430 1.444 0.584 0.272
241.0 0.197 0.847 71 0.159 0.765 0.446 5.103
241.0 0.207 0.900 71 0.169 0.817 0.479 4.670
250.0 . 0127 0618 47 0.0930 0.544 0.358 7731
250.0 0.143 0.712 47 0.1098 0.640 0.420 6.642
261.0 0.113 0.626 52 0.0882 0.572 0.396 7.582
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TABLE A IIL4 Equilibrium Constant Calculation From the Model System

3Fe,0,(s) + 26Na” -+ 12HPO, (aq) + 20H (ag) = 6Na,Fe(PO,), (Na,H, ,0)(s) + SHO()

il nQ I Y.(NaCl)  v,(HPO)  y.(Na)  v.(OH) a(H,0) InK
26 mol kg
Na/P=25 munl

220.0 4.106 1.073 0.440 0.0374 0.440 0.440 0.968 14.484
220.0 4.057 1.078 0.440 0.0373 0.440 0.440 0.097 14.443
220.0 4.108 1.074 0.440 0.0374 0.440 0.440 0.968 14.488
220.0 3.802 1122 0.437 0.0365 0.437 0.437 0.966 14.257
2200 3.902 1.106 0.438 0.0368 0.438 0.438 0.967 14334
220.0 3.822 1.118 0.437 0.0366 0.437 0.437 0.967 14.270
240.0 5.989 0.803 0.420 0.0310 0.420 0.420 0.977 16.973
240.0 6.001 0.802 0.420 0.0310 0.420 0.420 0.977 16.988
240.0 6.520 0.738 0.426 0.0330 0.426 0.426 0.979 17.308
240.0 6.463 0.744 0.425 0.0327 0.425 0.425 0.978 17.272
250.0 9.490 0.471 0.444 0.0390 0.444 0.444 0.986 19.749

250.0 8.083 0.582 0.426 0.0328 0.426 0.426 0.983 18.890
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TABLE AIlL6

Experimental and Fitted Values for SUIP

TPE K A,G™(SIHPY /eal mol”!
experimental model experimental model
NUP=25  runl
220.0 14.484 13.761 BEIR) -13485
220.0 14.443 13.761 BEIRR) -13485
220.0 14.488 13.761 BEIRH -13485
220.0 14.257 13.761 -13971 -13485
220.0 14334 13.761 =100 -13485
220.0 14.270 13.761 -13985 ~13485
240.0 16,973 16.983 -17308 -17318
240.0 16.988 16.983 -17323 -17318
240.0 17.308 16 983 -176:49 -17318
240.0 17272 16.983 -17612 -17318
250.0 19.749 18.620 -20530 -19357
250.0 18.890 18.620 -19638 -19357
250.0 18.897 18.620 -19645 -19357
250.0 18.908 18.620 -19656 -19357
260.0 21.050 20,286 22302 21492
260.0 20,997 20.286 -22245 -21492
260.0 20973 20.286 22220 21492
260.0 20.204 20.286 -21405 -21492
260.0 20.285 20.286 -2149] -21492
260.0 20.257 20.286 -21461 -21492
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TABLE A 1116 (Continued)

T/ InK AG™(SIHP) /cal mol™!
cexperimental model cexperimental model
Na/P=2.5 run |
267.0 22.492 21.474 -24142 -23049
267.0 22411 21.474 -24056 -23049
267.0 22411 21474 -24055 -23049
267.0 22.390 21474 -24032 -23049
270.0 22.945 21.990 -24766 -23734
270.0 21.478 21.990 -23182 -23734
270.0 2i.470 21.990 -23173 -23734
270.0 21.450 21.990 -23152 -23734
2820 25.049 24.099 -27369 -26585
2820 24317 24.099 -26643 -26585
282.0 24.326 24.099 -26655 -26585
290.0 26.454 25.553 -29229 -28595
290.0 26.021 25.553 -28818 -28595
290.0 25,959 25553 -28748 -28595
203.0 27.816 26.109 -30674 -29374
2930 27.360 26.109 -30241 -29374
2930 27.359 26.109 -30237 -29374
303.0 29.968 28.015 -33103 -32075
303.0 28.992 28015 -32405 -32075
303.0 28.952 28.015 -32382 -32075
3130 31134 30016 -35706 -34962
313.0 29.809 30.016 -34408 -34962




TABLE A LG (Continued)

TrC nK AGMSIHP) feal mal!

experimental model experimental model

NaP=2.5  runl

313.0 29.798 30.016 -3H10 -34902
325.0 32716 32.584 -38289 -38730
325.0 33.237 32.584 -38427 -38730
325.0 33273 32.584 S3RIS3 -3I8730

Na/P=2.5 run 2

200.0 12.230 10.552 -11499 -2921

200.0 12,458 10.552 -H71 -9921

200.0 i2.099 10.552 -11370 -9921

2250 14.429 14.562 142849 -Ldls
2250 14.362 14.562 -14217 BREIR]
225.0 14.276 14.562 -141031 ~1da1s
250.0 19.505 18.620 -20277 -19357
250.0 19.464 18.620 -20235 -19157
250.0 19.561 18.620 -203%0 -19357
250.0 19.624 18.620 -20401 -19357
250.0 19.572 18.620 -20347 -16357
2500 19.547 18.620 -20321 -19357
275.0 24.406 22.859 -26584 -24899
275.0 24.418 22.859 -26598 -24899
275.0 24.370 22.859 -26546 -24899
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TABLE A 116 (Continued )

Tee InK AG*"(SIHP) /cal mol”
experimental model cexperimental model
Na/P=30  nnl
2000 11246 10.552 -10574 -9921
200.0 10,977 10.552 -10321 -9921
210.0 10960 12,158 -10523 -11673
210.0 11.081 12,158 -10639 -11673
219.0 11.309 13 600 -11060 -13301
219.0 11.548 13.600 -11294 -13301
2300 12426 15.366 -12424 -15364
230.0 12,164 15.366 -12162 -15364
241.0 16.467 17.146 -16825 -17518
2410 16.178 17.146 -16530 -17518
2500 18770 18 620 -19514 -19357
250.0 18.098 18.620 -18814 -19357
201.0 19.447 20.454 -20643 221711
261.0 19.193 20.454 -20372 -21711
273.0 20.630 22510 -22390 -24429
2713.0 20.613 22510 -22372 -24429
Na/P=3.0 run 2
281.0 22,002 23.920 -24228 -26340
291.0 23.852 25.737 -26739 -28853
291.0 23.784 25.737 -266064 28853
303.0 25.900 28.015 -29654 -32075
3030 25.626 28.015 -29340 -32075
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TABLE A IIL5 (Continued)

T InK A,G°(experimental) ZAG *(other species) AG™(SIHP, exp)
°C cal mol” cal mol” cal mol*
Na/P=25mun |

270.0 21.470 -23173 848738 -871910
270.0 21.450 -23152 848738 -871889
282.0 25.049 -27369 848731 -875664
282.0 24317 -26643 848731 -874856
282.0 24.326 -26655 848731 -874866
290.0 26.454 -29229 847456 -877059
290.0 26.021 -28818 847456 -876574
290.0 25.959 -28748 847456 -876505
293.0 27.816 -30674 847217 -878509
293.0 27.360 -30241 847217 -877996
293.0 27.359 -30237 847217 -877995
303.0 29.968 -33103 846316 -880625
303.0 28.992 -32405 846316 -879508

303.0 28.952 -32382 846316 -879462
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TABLE A.1IL6

Experimental and Fitted Values for STHP

T/PC K A,GU(SITEP) /eal mol”!
experimental model experimental model
Na/P=25 un |
220.0 14.484 13.761 =119 -13485
220.0 14.443 13.761 -1153 -13485
220.0 14.488 13.761 14108 -13I85
220.0 14.257 13.761 -13971 -13I8S
2200 14.334 13.761 -140:40 -13488
220.0 14.270 13.761 -13985 -13:485
240.0 16.973 16.983 -17308 -17318
240.0 16.988 16.983 -17323 -17318
240.0 17.308 16 983 -17649 -17318
240.0 17.272 16,983 -17612 -17318
250.0 19.749 18.620 -20530 19357
250.0 18.890 18.620 -19638 -19357
250.0 18.897 18.620 -19645 -10357
250.0 18.908 18.620 -19656 -19357
260.0 21.050 20.286 -22302 -21492
260.0 20.997 20.286 -22245 -21492
260.0 20.973 20.286 -22220 -21492
260.0 20.204 20.286 -21405 -21492
260.0 20.285 20.286 -21491 -21492
260.0 20257 20.286 -21461 -21492
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TABLE A 16 (Continued)

TG InK A,G™(SIHP) feal mol”
experimental  model experimental model
Na/P=25  runl
267.0 22,492 21.474 -24142 -23049
267.0 22.411 21.474 -24056 -23049
267.0 22411 21.474 -24055 -23049
267.0 22.3%0 21474 -24032 -23049
270.0 22.945 21.990 -24766 -23734
2700 21478 21.990 -23182 -23734
2700 2i.470 21.990 -23173 -23734
2700 21.450 21.990 -23152 -23734
282.0 25.049 24.099 -27369 -26585
282.0 24317 24.099 -26643 -26585
282.0 24.326 24.099 -26655 -26585
290.0 26.454 25553 -29229 -28595
2900 26.021 25553 -28818 28595
290.0 25.959 25.553 -28748 -28595
293.0 27.816 26.109 -30674 -29374
293.0 27.360 26.109 -30241 -29374
293.0 27.359 26.109 -30237 -29374
303.0 29.968 28.015 -33103 -32075
303.0 28.992 28.015 -32405 -32075
3030 28.952 28.015 -32382 -32075
3130 31134 30,016 35706 -34962
313.0 29.809 30.016 -34408 -34962
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TABLE A.111.6 (Continued)

T/rC K AGT(STIP) feal mol!
uxperimental model experimental madel
mun |
313.0 29.798 =310 -34062
325.0 32716 -38289 -38730
325.0 33.237 -38427 -38730
3250 33273 -38453 -38730
Na/P=2.5 run 2
200.0 12.230 10.552 -11499 -92|
200.0 12,458 10.552 -7 -9924
200.0 i2.099 10.552 -11376 -0921
225.0 14.429 14.562 112844 -1441S
225.0 14.362 14.562 -14217 BEAIR)
225.0 14.276 14.562 -3 -14415
250.0 19.505 18.620 -20277 -19357
250.0 19.464 18.620 -20235 -19357
250.0 19.561 18.620 -20326 -19357
250.0 19.624 18.620 -20401 -19357
250.0 19.572 18.620 -20347 -19357
2500 19.547 18.620 -20321 -19357
275.0 24.406 22.859 -26584 -24899
275.0 24.418 22.859 -26598 -24899
275.0 24.370 22.859 -26546 -24899
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TABLE A 111.6 (Continued)

TrC InK A,G*(SIHP) /cal mol™

experimental model experimental model

Na/P=3.0 mn |

200.0 11.246 10.552 -10574 -9921
200.0 10.977 10.552 -10321 -9921
210.0 10.960 12,158 -10523 -11673
210.0 11.081 12,158 -10639 -11673
219.0 11.309 13 600 -11060 -13301
219.0 11.548 13.600 -11294 -13301
2300 12426 15.366 -12424 -15364
230.0 12.164 15.366 -12162 -15364
241.0 16.467 17.146 -16825 -17518
410 16.178 17.146 -16530 -17518
250 0 18.770 18 620 -19514 -19357
250.0 18.098 18.620 -18814 -19357
261.0 19.447 20454 -20643 21711
261.0 19.193 20.454 -20372 -21711
273.0 20.630 22510 -22390 -24429
273.0 20.613 22510 -22372 -24429

Na/P=3.0  run2

281.0 22.002 23.920 -24228 -26340
291.0 23.852 25.737 -26739 -28853
291.0 23.784 25737 -26664 -28853
303.0 25.900 28.015 -29654 32075
303 0 25.626 28.015 -29340 -32075
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