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FORMATION AND STABILITY OF SUBSTITUTED
PYROMORPHITE: AMOLECULAR MODELING

STUDY

LAbhijit V. Shevade, Larry Erickson, ?Gary Pierzynski, and *Shaoyi Jiang

Department of Chemical Engineering, Kansas Sate University, Manhattan, KS 66506;
Phone: 785-532-5584; Fax: 785-532-7372; ?Department of Agronomy, Kansas Sate Univer-
sity, Manhattan, KS 66506; Phone: 785-532-7209; Fax: 785-532-6094.

ABSTRACT

Soils contaminated with lead pose significant risk to human aswell asterrestrial and agquatic ecosys-
tems. Theoretical phase relationships and field observations suggest that the interaction of lead and phosphorus
to form pyromorphites Pb, (PO, ), X (X=OH-, Br, CI', or F) isanimportant buffer mechanism controlling the
migration and fixation of ead {n the environment. We report amolecular modeling approach to investigate the
formation and stability of the substituted pyromorphites, which involved evaluating the lattice energy of the
minerals using ab initio quantum mechanics. The | attice energy values are used in a Born-Haber thermodynamic
cycleto calculate the heat of formation of the minerals. The Gibbs free energy of the substituted pyromorphites
isthen calculated from the changein entropy and heat of formation. The systems investigated in this study
include partial and total substitution of Pb* by Cd* and Zn** cationsin chloropyromorphite (Pb,(PO, ),Cl ).
Results indicate the unstable nature of the substituted Pb pyromorphite. The stability of the substitlited
mineralsisfound in the order Pb-pyromorphite > Cd-pyromorphite > Zn-pyromorphite.

K ey wor ds. pyromorphite, substitution, stability, formation, molecular modeling
- -

INTRODUCTION

Heavy metal contamination of soilsiscommon at many hazardouswaste sites. Lead (Ph),
cadmium (Cd), zinc (Zn), chromium (Cr), and mercury (Hg) are commonly observed contaminants
fromactivitiessuch as vehicleemisson, mining, smelting, and agricultural/industria chemica
applications (Chen and Hong, 1995; EPA, 1992; Lambertetal., 1997; McClean etal., 1992).
Theadverseimpact of heavy meta contaminantson environmenta quality and onhuman hedlth is
also known. Thecurrent study will focuson Pb astheelement of concerninthe Tri-State mining
region (southeast Kansas, southwest Missouri, and northeast Oklahoma), where Pb and Zn sulfide
oreshave been mined since 1870to 1970. Theremediation of heavy metalsinthe soil matrix is
difficult becauseof their retention. Ingenera, thepreferred remediation option availableissoil
remova (EPA, 1996). Other optionsfor excavated materialsinclude solidification, vitrification,
washing, and leaching (EPA, 1992; Pierzynski et a., 1994). Recently, theideaof amending Pb-
contaminated soilswith phosphorus (P) asanin situ remediation option hasbeen proposed asan
alternativeto soil removal (EPA, 1996). It hasbeen recognized for sometimethat Pb phosphates
arevery stableunder environmental conditions (Nriagu, 1974). Lead reactswith soluble Ptoform
various pyromorphites[Pb,(PO,), X, where X= OH-, Br, CI, or F] that are very insoluble. The
formation of Pb-pyromorphitesiscritically determined by theavailability of phosphorousin soils.
For heavy metal phosphateformation, free phosphateions (H PO, %) must beavailableinthesoil,
so moresolubleformsof Pareuseful for Pb-pyromorphiteformation (Cotter-Howellset a., 1996).
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Themost likely source of soluble Pwould becommon fertilizer materids. Early work identified
pyromorphitewith ascanning electron microscope (SEM) in Pb-contaminated soil sand suggested
that the occurrence of Pointhisform limited blood Pb-concentrationsin childrenlivinginthearea
(Cotter-Howellsand Thornton, 1991). Later work suggested that pyromorphitewasa natural
weathering product in Pb contaminated soils(Cotter-Howellset a.., 1994; Kleinet al., 1993).
Suggestionsof using Pto immobilize Pbinagueous solutionsor in soilssoon followed (Cotter-
Howellsand Caporn, 1996; Hettiarachchi et al., 2000; Maet al., 1993; Ruby et ., 1994). Be-
cause zinc and cadmium often occur S multaneoudy with P in contaminated soils, the potential
participation of the Zn?" and Cd?* in theformation of lead phosphatesisof interest.

Pyromorphitesbel ong to the apatite group of minerals. The most common member of the
apatitefamily isfluorapatite (Ca,(PO, ), F). Thestructural characteristicsof fluorapatiteissuch that
variousionsbelonging to groupsl, I1, and 111, aswell asPb?, Zn?*, Cd*, etc., can substitutefor
Ca* whileSO,>, CO,*, CrO,?, etc., can be substituted for PO,* (Botto, 1997). Baravelli et al.
(1984) have dso reported the substitution of many bivalent metal cationssuchasMg?, M2+, Fe?,
Co?*, and Ni* for Ca#* in hydroxyapatite (Ca(PO,),OH). They found that these substitutions
resultedinareductioninthedegree of thecrystalinity of the apatite phase. Therehaveadsobeena
few studiesthat target possible substitutions occuring in the naturally existing pyromorphites(Botto
etal., 1997; Cotter- Howellset al., 1994). The substitution of Pb?* by Ca?* and Ba* ions, and CI-
by OH- has been detected. These studiesare experimenta and areaimed at identifying and charac-
terizing the substituted pyromorphites. Thethermochemical data(e.g., heat of formation, solubility
product, etc.) that are necessary to determinethe formation and stability of these substituted miner-
alswerenot reported. Theimportant issueiswhether the partial or total substitutionin Pb pyromor-
phite by other metal ions suchasCd?**, Zn?* ions, tc., that frequently occur simultaneoudly with
Po?*,isfavorable or not. Hence we have chosen to thermodynamicaly evaluate theformation and
stability of thesepartia or total substituted chloropyromorphite minerals. Weknow of no previous
theoretical study targeting thisissue. 1nthe subsequent sections, wereport amolecular modeling
approachto predict theformation and stability of substituted chloropyromorphitesformed by partia
or total substitution of Pb?* by the competing cations Cd** and Zn?*. In thisapproach, lattice energy
valuesevaluated by ab initio quantum mechanicsare used in aBorn-Haber thermodynamic cycleto
caculatethe heat of formation of the substituted chloropyromorphites. Thisisfollowed by predicting
theentropy changes based on the entropy of themineralsand their constituent elements. The
solubility product of themineralsisthen calculated from the Gibbsfree energy, whichisevauated
fromthe heat of formation and changein entropy.
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AHP (Heat 1
Pb(s)  + P,O(g + Clp (g) 7 (Heat of formation) Pb5(PO,)5Cl
Heat of formation Heat _of formation
of cation of anion
Pb2+(g)  + POS () 4 I ()
AHygg%= AU, (Lattice energy)

Figurel. Born-Haber cycleto predict theformation of Pb-pyromorphite.

21THEORY
Thegibbsfreeenergy of anionic crystal iscal culated using the equation

AG®, = AH°, - TAS, @)

where AG®,, AH°,, and TAS', arethe standard Gibbsfree energy, heat of formation, and entropy
change, respectively, of the crystal. Theestimation of Gibbsfreeenergy (AG®,) for ionic compounds
usudly involves separate estimation of the contributing entropy (TAS,) and heat of formation

(AH°,) terms. Theestimation of entropy change (AS’,) of anionic crystal require knowledgeof the
entropy (S,) of theionic compound and its constituent elementsin their tandard states. L atimer
(1952) has provided means of assessing thevaueof S forionic compounds by tabulating the
average contributionsmadeby variousionsto thetotal entropy of the solid. Theentropy vauesof
the constituent elements have also beenlisted (Dasent, 1970). Theheat of formation (AH°,) of the
Pb pyromorphitecrystal iseva uated by setting up aBorn-Haber thermodynamic cycleasshownin
Figure1l. Asseenfrom Figure 1, the heat of formation of the crystal dependson the heat of forma-
tion of theindividual cationsand anionsin the gas phase, and thel attice enthal py AH,... The heat of
formation of gaseouscationis, in the case of monoatomic species, the sum of heat of atomization
and the hesat of ionization. Theappropriate experimental data (heatsof sublimation of metalsand
ionization potentials) are availablein most cases. In the case of monoatomic anions, the heat of
formationissimilarly thesum of heat of atomization and an €l ectron affinity, and again the experi-
menta dataareavailablefor common species, such asthehalideanion. Thelatticeenthalpy AH,,
isgivenas

AH,,, =AU, + IOZ% = (crystal) —c, (ion)gdT, ®)
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where AU isthelatticeenergy at OK, C, Isconstant pressure heat capacity, and T isthe absolute
temperature. For calculations, it isoften assumed that the attice energy doesnot alter muchwith
temperature (Dasent, 1970) and hence AH,,, =AU . L attice energy isdefined asthe energy
liberated when amole of therequisitefree gaseousionscomestogether frominfiniteinter ionic
separationtoformacrysta (Swaddle, 1990). Thesmplest empirica expressionsof latticeenergies
areobtained by regarding the crystal asan assembly of spherical ions(i.e., by adopting apureionic
model) and by evaluating () the energy of the attractive coulombic forces between the oppositely
charged ions, and (b) therepulsiveforcesresulting from theinterpenetration of the spherical charged
cloudsof the ions. Kapustinski (1956) has devel oped expressionsfor thelattice energy for usein
caseswhere experimenta dataarelacking. These equationsareonly applicableto sixfold coordina
tion of NaCl-typecrystal. Thereisno satisfactory experimental method for measuring lattice
energiesdirectly. Hencewe use ab initio quantum mechanicsto predict AU for the substituted
pyromorphite. Knowing the hegt of formation of individua ionsin gasphase and thelattice energy,
one should be ableto cal culate the heat of formation (AH°,) of thecrystal. In equation (1), the
enthal py changesinal casesaremuch larger than the entropy terms (Swaddle, 1990), and the
enthal py contribution dominatesAG®,. Normally, thevalueof TAS’ isnegativeinall casesfor the
reaction described inthe Born-Haber cycle.

22MOLECULAR MODELING APPROACH

Atomistic computer modeling techniques play animportant rolein studying both structural and
dynamical properties, and thereactivity of solids(Catlow et ., 1997). Ab initio quantum mechan-
ics(QM) techniquesare the most accurate molecular modeling methods. Requiring only theatomic
number of an element, they relate molecular and solid propertiesto theinteractions of eectrons. Al
QM methodswork by approximating asol ution to the Schrodinger equation. The disadvantage of
QM methods has been that even approximate sol utionsfor smple systems can be complex. Among
guantum mechanica methods, the choiceisbetween first-principle and semiempirica methods.
First-principle methodsinclude Density Functiona Theory (DFT) and Hartree-Fock (HF). These
methodsare computationally expens ve (depending on the system under investigation), and can be
used to predict highly accurate molecular and solid state properties. Whilethe semi empirica
methodsare computationally lessdemanding, they have the disadvantage of being applicableto
only molecular systems. Inrecent years, however, improvement in numerica agorithmsand com-
puter hardware has madefirst-principlescal culationson practica syssemsmorefeasible. Atthe
sametime, new methods offering novel approximations have enabled QM methodsto be applied
and extended to solid state systems. One such approach, called as Fast Structure (from Molecular
Simulationsinc.), can be used to predict thelattice energiesof the minerals. Fast Structureisan ab
initio software package based on aDFT approach specifically designed to determinethe structure
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Cl 177 o 9
Figure2. Schematic of aunit cell of the Pb-pyromorphite Pb, (PO, ).Cl, crystal.

of molecules, solids, and surfaces by cal culating the energy and force acting on thenucle, and
determining the nuclear locations corresponding to the energy minimum. Fast structure achievesits
speed viaagorithmicimprovements(e.g., by theuse of theso called Harrisfunction) (Harris,
1985). Thebase set in thisapproach (from Molecular Simulationsinc.) isdefined by the core

choice (FULL, RELAXED, or FROZEN), orbital choice(MINIMAL, STANDARD, or EN-
HANCED), thedensity basischoice (MINIMAL, STANDARD, or ENHANCED), and the cutoff
radius. For the present investigation, the FUL L core basisoptionisused. Thistreatment considers
the coreelectrons to bethe same asthe valence electrons. The orbital basisusesthe STANDARD
treatment, wherefor each valence el ectron an additional basisfunctionisaddedtothe MINIMAL
orbital basischoice. TheMINIMAL choicefor basisdensity resultsin the use of onebasisfunction
for al valenceeectrons. A cutoff value of 0.5 nmisusedin present calculations. The cutoff radiusis
used by the Fast Structure approach for reconstructing the atomic density and orbitals. Thishelpsin
avoiding the overlap between the orbital s centered on different atoms. Thelattice energy reported
by Fast Structureisca culated asthe difference between thetotal energy of the crystal per formula
unit (computed for the optimized equilibrium structure) and the energies of theisolate atoms. The
resultsof Fast Structure are of comparable accuracy ascompared to other available approaches,
such asCASTEPR, ESOCS (from Molecular Smulationsinc.), etc. It can a so be used to perform
dynamical cal culationson an ensembleat agiven, constant energy or temperature.

Thecrystal dataof pyromorphite (Dai, 1989) isused to build acrystal using the software
package Cerius2 (fromMolecular Smulationsinc.). Thecrystal structure of Pb pyromorphiteis
showninFigure2. Thesubstituted pyromorphitesM Phb, (PO,).Cl inthisstudy wereformed by
substituting x number of Cd?* and Zn?* ions asM for Pb?*.
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3. RESULTSAND DISCUSSION

3.1 Formation of Substituted Cl-Pyromor phites

Thelatticeenergy (or binding energy) va ues of the substituted pyromorphite (for x=1,3,5),
calculated using ab initio quantum mechanics, are shown in Table 1. Based on thelattice energy
values, it can be seen that the order of decreasingly negativelatticeenergy for Cd?* substitutionsfor
Pb?* in Pb pyromorphiteis CdPb, (PO,),Cl < Cd,Pb, (PO,),Cl < Cd, (PO,),Cl. A similar lattice
energy trendisfollowed by Zn?* for its partial and total substitution of Pb?* ions, giving
ZnPb,(PO,),Cl <Zn,Ph,(PO,),Cl <Zn (PO,),Cl. Comparing theindividual ion latticeenergies
for various subgtitutions, it can been seenthat the Cd?* ion substitution haslower latticeenergy
valuesascompared to Zn?* for their partial andtotal substitution of Pb?* ionsinthe pyromorphite.
It can also be seen that the Pb, (PO, ) ,Cl hasthelowest | attice energy valueas compared to all
other substituted minerals, and it increasesasthe number of substitutionsfor the Pb?* increases.
We could roughly defineaqualitative stability based onthelattice energy and concludethat Pb
pyromorphiteisthe most stable phase, followed by Cd and Zn substituted pyromorphite.

In the previous section, we discussed that the heat of formation of acrystal could be deter-
mined by designing aBorn-Haber cycle (seeFigure 1). By knowing the heat of formation of the
individual constituent ionsin the gas phase and the | attice energy, we can cal cul ate the heeat of
formation of thecrystal. Wefirst take Pb pyromorphite asatest caseto comparethe experimental
and theoretical predictionsof AG®.. A Born-Haber cycleisset upto evaluatethe heat of formation
of the Pb pyromorphite. Thelatticeentha py of Pb pyromorphiteiscal culated for thefollowing

equation:
5Pb*"(g) +3(PO;")(g) +Cl™(g) - Pb,(PO,),CI(s). €)

Thethermochemical datafor variousionic speciesand compoundsissummarizedin Table 2.
The heat of formation of the phosphatei on( PO;” )i n the gas phaseisnot known, though the heat
of formationin theliquid phaseisknown (Swaddle, 1990). Because theformation of PO}~ ingas

Tablel. Latticeenergy of substituted pyromorphites

Mineral Lattice energy (kJ/mol)
Pb(PO,).Cl -13163.82
CdPb,(PO,),Cl -12980.19
ZnPb,(PO,).Cl -12875.79
Cd,Pb,(PO,).Cl -12602.45
Zn,Pb,(PO,).C -12281.96
Cd,(PO,).Cl -12240.71
Zn(PO,)Cl -11806.12
VolumeThree Jour nal of Hazar dous Substance Resear ch
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phase has not been reported inliterature, the heat of formation of H, PO, will be used to approxi-
matethe AH°, of the phosphateion. Thisassumptionisjustified by thefact that incorporation of
H,PO, inthe phosphateion sites hasbeen previously reported (Bottoet al., 1997) inthefluorapa-
titestructure. The gas-phase acidity of phosphoricacid (H,PO,) toformH,PO, (Bladesetal.,
1996; Morriset d., 1997) isgiven by

H,PO,(g) - H"(g) +H,PO, (g) AH° = 1383 kJ/mol, 4

where AH° isthe heat of reaction. The heat of formation of H, PO, in the gas phase can be evalu-
ated knowing the heat of formation valuesof H* and H, PO, inthe gas phase from equation (4).
Thisvaluewas calculated to be-742.38 kJ/mol. Using the Born-Haber cycle and knowing the heat
of formation of Pb**, H,PO, and Cl- ionsin the gas phase, the heat of formation (AH°) of Pb
pyromorphiteiscal culated as-3754.80 kJmol. Theentropy change (AS) is cal cul ated based on
theknowledge of total entropy of the Pb pyromorphitecrystal through the average contributions
made by theindividual ionsinthe solid phase and also the contributionsto the entropy madeby the
reactingionsintheir standard states (Dasent, 1970). Thetotal calculated entropy S, valuesfor the

Table 2. Thermochemica datafor ionic speciesin gaseous/agueous phaseat 298 K

Compound AH°, (kJ/mol) 48, (kJ/moal) A4G®, (kJ/mol)
P2 (1) : . -24.39
Pb2*(g)° 2373 -
Caz*(ly> - - -77.73
Cd?*(g)° 2623.85 -
Zre(ly - - -147.19
ZreH(g)P 2781.94 -
H*(g)* 1530 -
Cl(l) - - -131.25
CH(gF -233 -
PO, ()2 - - -1018.9
H,PO,(9) -595.38 -
H,PO, (I)° - 90.4
H,PO, (9)° -742.36 -

a Nriagu, 1974

b Rossini et al., 1952

¢ Swaddle, 1990

d Karpet'yants, 1970

¢ This Work
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O CdyPbs,(PO,4);Cl

O Zn,Pbs(PO,4);Cl1

1000 ® PosPONCI

-2000 4

-3000 +

Gibbs free energy AG, (kJ/mol)

0 1 2 3 4 5
Number of metal jons substituted for Pb** x)

Figure3. Gibbsfreeenergy (AG®,) valuesfor thepartial and total substitutionsof Cd** and Zn**
cationsfor Pb?* in Pb-pyromorphite.

reactants (individual ions) and the product (solid) are 702 Jmol K and 572 Jmol K, respectively.
Thus, we can see the expected decreasein entropy when the solid isformed. The contribution by
the-TAS, termisonly 38.74 kJmol, which isvery small ascompared to AH°,. The Gibbsfree
energy (AG) isthen cal culated using equation (1). The predicted valuefor Pb, (PO, ), Cl fromthe
molecular modeling approach is-3716.06 k¥mol, whichisclosetothe reported experimental
valueof -3791.54kJmol (Nriagu, 1974). The AH°, and AG", vaues of other substituted pyro-
morphitesare calculated in the sameway, and aretabulated in Table 3. It can be seenthat the
order of decreasingly negative Gibbsfree energy for the Cd?* subgtitution for Pb?** in pyromorphite
isCdPp, (PO,),Cl < Cd,Pb,(PO,),Cl < Cd, (PO,),Cl. The order of AG®, valuesfor Zn* substitu-
tionin pyromorphitea so followsthe sametrend as Cd?*. The Gibbsfreeenergy valueincreases

Table 3. Predicted thermodynamic datafor the substitued pyromorphitesat 298 K

Mineral AHe (kdimol) | T4, (kdimol) | AGS, (kd/mol)
Pb,(PO,).Cl -3754.80 38.74 -3716.06*
CdPb,(PO,).Cl -3173.56 39.54 -3134.02
ZnPb,(PO,)Cl -3060.30 38.81 -3021.49
Cd,Pb,(PO,).Cl -2369.60 38.35 -2330.75
ZnPb,(PO,).Cl -1648.66 36.38 -1612.28
Cd,(PO,),Cl -1581.48 37.16 -1544.32
Zn(PO,).Cl -356.43 33.88 -322.55

*Experimental value -3791.54 kJ/mol (Nriagu, 1974).
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with the number of Pb?* ions substituted. The Gibbsfreeenergy valuesof the substituted Cdand Zn
pyromorphitesare plotted in Figure 3 along with that of Pb pyromorphite. It can be seenthat the Pb
pyromorphitecrystal hasthelowest AG®, value. Interestingly, thetrends observed for AG®, values
for thesubstituted pyromorphitesaresimilar to thosefor | attice energy.

4. STABILITY OF SUBSTITUTED PYROMORPHITES
The stability of acompound isdetermined by itssolubility product, K Thesolubility
product for Pb-pyromorphite can be evaluated using the following equations:

Pl (PO,)CI(s) — 5Pb> (1) +3PO3 (1) +Cl~(1). ©)

AG = AC°, et = DG oetam = ~2-303 RT logK_, (6)
whereR istheuniversal gasconstant. Thetheoretically predicted valueof | ongp for Cl-pyromor-
phite, using datafrom Tables2 and 3, is-72.12, whilethe experimental IogKSp 1S-84.47. Solubil-
ity productsfor the Cd- and Zn- substituted pyromorphitesarelisted in Table 4. It can be seen that
theseare highly soluble (even higher than PbO, which hasalogKSp of 12.9). It can be concluded
that the partia and total substitution of Cd?** and Zn?* ionsfor P?* may affect thecystdlinity of the
origina pyromorphitedueto the different sizesof theionsbeing substituted for Pb?*. Thiskind of
instability hasalso been observed previoudy for substitutionsin hydroxyapetite (Baravelli etd.,
1984). Thus, the partial and total substitution of the other metal cationsfor Po?* affectsmorphology
and stability of the substituted pyromorphites. Table 5 shows somelead, cadmium, and zinc phos-
phatesthat arefoundin soil. 1t can be seen that Pb-pyromorphiteishighly stableand henceis

Table4. Predicted solubility product of the Tableb5. Solubility productsof somelead, zinc,

substutued pyromorphitesat 298 K and cadmium phosphate mineralsat 298 K
Mineral logK, Mineral logK
Pb_(PO,).Cl -71.12* Pb,(PO,),Cl -84.4
CdPb,(PO,).Cl 40.01 Pb,(PO)OH 823
Pb_(PO,).F -71.6
ZnPb,(PO,),Cl 72.04
Zn(PO,),.4H,0 -35.3
Cd,Pb,(PO,).Cl 199.56
Zn,(PO,),OH -26.6
2P0, (PO.)Cl 362.07 Zn,(PO,),(OH),.3H,0 -52.8
Cd,(PO,),Cl 356.21 Zn(PO,),0OH -63.1
Zn (PO, ClI 631.21 Cd,(PO)), -38.1
*Experimental value -84.47 kJ/mol (Nriagu, 1974). *Data from Nriagu, 1974 and 1984.
Jour nal of Hazar dous Substance Resear ch VolumeThree 2-9
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thought to control thelead activitiesinthe natural system. Inthecaseof zinc, it can be assumed that
hopeite (Zn,(PO,), 4H.0) may regulate zinc inthe ecosystem (Nriagu, 1974). Cadmium phos-
phatesarevery rarein nature; thiscould be attributed to thelow cadmium activity in soils(Barak et
al., 1993).

5.CONCLUSIONS

Inthiswork the partial and total substitution of Pb?* by Cd?* and Zn?* ionsin Cl-pyromorphite
arestudied by abinitio quantum mechanics. Results show that AH°, and AG®, valuesof the
substituted Cl-pyromorphites show the sametrend asseen inthelatticeenergy values. The
caculated solubility productsof the substituted Cl-pyromorphitesindicatethe highly unstable nature
of the substituted minerals. The stability of the substituted minera sisfoundin theorder Pb-pyro-
morphite >> Cd- pyromorphite > Zn-pyromorphitefor al substitutions. Both partial and total
substitutions of Pb?* by Cd?* and Zn?* seemto be unfavorable; thismay be dueto the effect of
subgtitution onthecrystallinity and morphology of the pyromorphitestructure. Themolecular
modeling approach can serve asan important tool for predicting theformation and stability of
complex crystalswhose experimenta dataare not available.

Thenomenclatureispresentedin Table®6.
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