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ABSTRACT

The kinetics and mechanism of the "roast-reaction" of lead
sulfide have been examined. The investigatiop, partitioned by
the nature of the problem, included a study of (a) the "roast"
which is the several reactions between galena (lead sulfide) and
oxygen (or air) yielding oxides, sulfates and basic sulfates of
lead, and (b) the reduction "reaction", between lead sulfide and
the oxidation products of the roast leading to the production of
lead metal.

The mechanism of the roasting of lead sulfide does not
lead to the formation of distinct PbO and PbSOuvphases. The
products appear to be a mixture of basic sulfates throughout.

The rate of the reaction between PbS and FPbO or PbSOu
has been shown to be controlled by the transport of S0, from
the reacting surface with gas velocities up to 5 cm./min. Uhder
conditions of reduged pressure (< Smm. of Hg) the reduction
reactions are shown to be heterogeneous and probaply proceed
by the adsorption of PbS vapor on the oxidized surface to form a
(PbS.beO)i basic sulfate type activated complex which sub-
sequentlyvdecomposes to lead metal. The stoichiometry of this
heterogeneous reaction has been checked for the Pb3-Pb0 case

212

with the use of a Pb tracer. The average value was measured

to be
1PbS + 3.4 PbO— L.4Po + - - - ,
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A STUDY OF THE "ROAST-REACTION"

OF LEAD SULFIDE
INTRODUCTION

The "Roast-Reaction", a High Temperature Oxidation-Reduetion
Process T

| The primary aims in the extraction of a metal froﬁ ah ore
are to obtain the maximum racovery of'metal of Suitablg‘pﬁrity
.with the minimum number of separate processes, and té'enéufthhat
each process is carried out with ﬁhelminimum 6f expgndituré for
process materials, enérgy and opefatiOnal costs. Dife¢t.reduction
processes for thevrecovery:of metals are therefore to be desired
but in the case of many ores, and in particular sulfides, direct
reduction is not readily achieved. It is common practice then
(14). to convert sulfides t§ some other chpdund more‘amenaﬁié'to
reduction. Often,‘sulfides are converted.to oxides and |
occasionally, with careful_COntrol of roastihg conditions, to
sulfates. In a few cases they are converted to chlorides’by‘
chloridising roasting. |

Having obtained thé metal in the form of a more easily

reducible compound, reduétion is carried out;’Carbon‘iB'the 
most ¢ommon reducing agent used in high temperature;proceSS -
metallurgy;.it also sérﬁes as a source of heat. In rebent
‘years hydrogen, iron, aluminum and ferrosilicon are: being uséd
in special proéesses. There are a fgw Select metals whose

extraction from their ores can be carried out by "mutual"
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oxide—sulfide'reduction; that is, the sulfide of the me?al can be
made'tovserve'as the reducing agent for its own oxide. Mutual
oxide-sulfide reduction caﬁ be‘predicted thermodynamically but
only a few processes based on it have‘proveh ecdnomical. Among
these are the converting of copper matte and the air-reduction
process for the recovery of lead from galena, the_bésis of which
is the "roast-reaction".

The-roast—reaction of lead sulfide was observed (6) as
early as 1833 and was probably applied to lead metéllurgy much
earlier (31),v The air-reduction pfocess was first carried out
in oré-hearth furnaces, later in reverberatory furnaces and'eﬁen
at.presenf (8) some lead is being produceé in ore hearths. It
is highiy probable that thé chemical.reactions which make up
the "roast-reaction" piay'an importént role in the blast-
roasting and blast furnace smelting steps of modern lead metallurgy.

The term "roast-reaction" is used with reference to‘the 
sequéncerof reactions which take place when. galena (lead sulfide)
is heated in the presence of oxygen. Lead sulfide reacts with
oxygen and, dépendiné on the temperature, pressure, physical
form and other characteristics of the sulfide; ﬁhe products of
reaction may be SO0, SOB,:PbO, PbSOu, lead metal, basic lead
sulfates and other oxides o lead. ‘

Metallurgists of the last century noted that byxcareful
control of the température the reactioné'could be separated
into two more or less distinct steps. The first step, called the
"roast™, occurred at low temperatures with moderatebor high oxygen

pressures. Under these conditions lead sulfide could be roasted
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and the products were found to be 802, 503, PbO PbSOu and basgic
"lead sulfates.' Little or no lead metal was produced, In the
: second step, the reactlon ¥ 1t was - observed that at. hlgher
temperatures and with lower oxygen pressures the solid products
of the "roast™ could be made to react w1th excess PbS to form
'metalliCﬂlead ‘and again SO0p and SOB.F'The'oVerall reaction
beoameiknown_as'the "roast—reaotion" snd,'if”oarried out with
B careful;éontrol oflthe’temperatureyoqould bexﬁgéé:to yield
enlefly 1iquid lead metal, soa."an‘d 30‘35?4 Consequently it formed
_the baS1s of the air reduction process of lead metallurgy
_ Many chemical equatlons have been written to explaln the
T_gsteps of the ' roast reactlon"f a limited few appear to describev
:tflthe overall reaction adequately.. The most signifisant of these
ufare.» | | '
For the roast S | o
S + 3/2 0, = PO + S0,
. S + 20, = PoS0, | - o
. 2PbS + 7/20, = PbO. PbsoLL + s02
PBS + 02_= Po + SO2
PbO + 50, = PoSO, |
. S0, + 1/202 = 503

. PbS + 2Pb0 = 3Fb + SO,

-l

. FbS+ PbSO, = 2Fb + 2505
3PS 2Fb0. PbsolL = 7P + 5so

. P+ PbSO) = 2P0 + so2

1
2
3
Ly
5
6
l'For the reactlon
‘1
2
3
Ly
5. S0, + 1/20p = 503
6

' S0p = 1/255 + 02
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‘It has been noted (11) that at temperatures below 450°C the
~product of the roast is mainly PbS0), , particulafly(if glow
oxidation is carried out in the presence of a catalyst. At
temperatures gfeater than L450°C- the product contains Pb0O, fhe
amount of which increases with‘temperature. When the temperéture
reaches 750°C the "reaction" takes place and lead metal is set
free. There is no evidence (17) of appreciable reaction between

lead and its sulfide or oxide; nor is there between SO, and lead

2
sulfide or sulfate, but at high témperatureé lead metal reacts
with excegs PbSOu to yield PbO and SOgQ _Thé effects of materials
éuch_as silica, caleium sulfate, ferric oxide, lime and.other
basic oxides either added to or présent»asAimpuritieé in

galena during roasting have been studied (18). It is not clear

in what manner, if any, they act as cétalets.

Thermodynamics of the "Roast-Reaction'

Probably the most useful method for assessing high temper-
ature oxidation-reduction reactions in the thermodynamic sense
is with the applicatiqn of the Ellingham (9) fypebof free energy
diagraﬁ. '. -

As has been mentioned previously, lead sulfide is oﬁe of
the group of sulfides from ﬁhich metals éan be extracted by
"mutual™ oxidation-reduction. The condition for this tjpe of
reaction is that the sum of the free energy of formation of the
sulfide plus that of the oxide be less negative than the free

energy of formation of sulfur dioxide from the elements at the
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same conditions. The general equation for oxide formation can

be written

2 =2 '
5% M, + 0p = MxOy + (AF oxide)

and that for sulfide formation

% M, + S, = .327 MSy, + (AF sulfide)

Dividing the sulfide equation in half and combining these one

gets

.%g_MZ 4 1/252 + 0, = .yj_-.»MXSy + %-Mxoy'4'(AF.t9tal)

The equétion for sulfur dioxide formation is

1/28, + 0, = 80, + (AF S0;) | o
and if "mutual" oxidation-reduction is to proceed, QSF total)
must be less negative than (AF SO0,). Figure I,iwhiéh'ig a
combined form of Ellingham diagram indicates‘the generéllpOSSi*
bilities for mutual oxidation-reduction. It is%évident'fhat
metals less noble than lead are not obtained at readi1y accessib1e
temperatures. The equation for the reaction between lead sulfide
and lead sulfate is shown as an example of mutual sulfate-sulfide
reduction.

The thérmodynamiés of the roast-reaction are usefully
illustrated by Ellingham diagramsj for this purpose two diagrams
have been prepared. Figure II shbws the sténdard free energies
of formation of the principal compounds.which také part in the
reactions. For purposes of ¢larity the free energy of formation
lines for other metal oxides and sulfides are not included on the

diagram but it is noteworthy that the oxidellines, all negative
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in the temperature range 0°C to 1000°C (with minor exceptions)
extend over a large region of stability; on the other hand
the sulfide lines are mostly grouped in the region of the lead
‘sulfide line. The positions of the free energy lines for

AY

CS,, E,S, Hy0, 002 and 2C0 confirm the relative merits of carbon
and hydrogen as reducing agents for metal sulfides and ox1des°
The effectiveness of oxygen in displacing sulphur from sulfides
is shown by the SO2 line. ‘

» Figure III shows the standard free energies of’ reaction
for those reactlens which are thought to play the leading parts
in the roasting and reduction ef lead sulfide. It wiil be
appreciated that values in Figure III are obtained by‘addition
or subtraction of the requisite values shown in Figure II. Straight
line plots have been used where devliations were small.

An examination of Figure III shows that most of the
reactions are thermodynamically favorable between 700°C and 1000°¢.
However, in the roast-reaction, restrictions on the partial
pressures of 0o, SOZ and 503 in the gas phase 1limit the number
of compounds which can be present in appr601able quantltles at
equilibrium. This is of particular 1mportance in the case of the
. basic lead sulfates >

The maximum partial pressure of oxygen whieh‘can be present
in the ordinary lead roastihg and smelting process is 0.21 atmos-
pheres; this would be normal air. The maximum partial pressure
of 502 can be 0.1} atmospheres; this would occur when the PbS was
roasted with the theoretical amount of air to form PbO. Operating

pressures will lie somewhere between these extremes.



FeS + 2Fe0 —» 3Fe + D,

PbS + 2Pb0 —> 3Fb * S0

1/38b2?+2/38b 203 =280 + L.

1/2 Pb 1/2 PbS0, —> b + 382
1/3 BiyS; + 2/3 Big0; —> 2Bi~+ 5O
CuyS + 20up0 —» 6Cu + L3

AgoS+2Ag20 —> 6 Ag + 05

T

Region for less noblevmetal reac tion

: A L i 1
0 200 400 600 800
| | ' . TEMP.C.

Fig. 1 Mutual ox1ae—su1f1 de reduction. AF in Kilocalories per mole
of S0, gas.

100

50

-100



AF

-250

0 o 500 1000

lv']EPch 'O'Q.

Fig. I1 Standard free énergiés of,_fo“‘rmation. AF in
Kilocalories per mole of SO
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The formation and dec¢omposition of basic lead sulfates may
be assumed to take place through the following series of reactions:

1. PbS + 3/202 = Pb0 + S0,

2. ‘PbO + 80, # 1/20, = PbSO),

3. 2Pb80) = Fb0.PbSO) + S0, + 1/20,

L. 3Pb0.FbSO), = 2‘(1=bo)2PbsoLL + 80, + 1/20p |

5. 4 (Pb0) , PbSO), = 3(PbO)3PbSO)+ + 505 + 1/2'(;2
5+ 1/202
Calculations (32) (12) of the equilibrium constants for the

6. (Pb0),PbS0) = L4PbO + SO

reactions indicate that the basic lead sulfates cannbt exist under
equilibrium éonditions-at roasting temperatures (TQOOC to 80090)
.unless the atmosphere contacting them 1s aimostApure éir ﬁith no.
S0, or a SO0,- nitrogen mixtufe with-no_6xygen. Howeﬁé?; these
conditions may be attained at points (13) Withiﬁ'the‘séiid Bed°

A The standard free energy of a reaﬁtionvat a given tgmper—
ature is a measure of 1ts tendehby to ogcur uﬁderithose,COndi—
tions when all the partic¢ipating substances are at unit activity.
Generally the consumption of reactants and formation of products
of variable activity leadd to a progreséive detrease in free
energy whic¢h will become zZero at equilibrium, unless measures

are taken to prevent this approach to aquilibrium. The high
temperatures of pyrometallurgical practice usually ensure that

if a reaction has a positive tendeney to oc¢cur, it will take
place at a measurable rate. However, a pbsitive-driving force
for a reaction under specified conditions is no guarantee that
the reaction will take place with measureable velotity.

Reaction veloecities must be studied independently.



PoS + PO —3 3P0 + 02

1/2PbS + 1/2PbS0, —y Pb + D
PbS + 4Pb0O— 4Pb + Pb30,
l/.5Pb_S+2/5PbO.PbSOL—)7/%Pb"'""3.02
PbS0, + Pb —» 2Pb0 + SO

02 + 1/202 - 333

PbS + Og —> Pb + S0p

PDO + 03 — PbSO,
PbS + 3/2 Op —> Pb0 + S02

'Pb$+7/40251/2Pb0. PbS0, +1/250,

'PbS + 205 —> Pb0,

50

I

.50 -

-0T-

-100

=150

, | o o
0 ' 200 400 600
' TEMP.°C.

Fig. III Standard free energies of reaction.

i
800
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Kinetics and Mechanism of the "Roast-Reaction™

In general, reactions involved.in roasting and'réduétion
proCésSes are largely hetérogenéous and occur at interfaces.
Reactions between solids are likely to be very sldw as in the
 absence'of a gaseouf or liQuid phase, diffusion can oniy bncur_
at the points of contact ofbthe two solids. It has been sug-
gested (7) that many reactibns that appear to proceed via the
: solid‘stéte are in actual faCt»gaédéélid reac¢tions. “Hdﬁaver;f
Wennefﬂ(BB) hag assumed solid—solid_feactions in a‘ﬁhermbdynaﬁic
‘study §f4thé foasting of galena.‘_ | |
| - The mechanism for.é heterogéheousvreaction_such,ééﬁﬁhef”:
foést—reaction iﬁ“comprised of ﬁeﬁeral éohsebutiﬁéistapﬁufFQrif
the "roast" they may be the folléwing:'
- 1. Transport of oxygen molecules from'the bulk‘gas phase
to the gas-solid 1nterface. | v_

2. Adsorption of oxygen on the solid surface, either as
molecules or as atoms.

3. Diffusion of oxygen atoms or ions through the layér‘of
oxldes and sulfates to the reabtion interface.

k. Chemical reaction befween bxygen and lead sulfide, the
.oxygen replacing the sulphur in the lead sulfide
lattice and Eombining with the sulphur ion to.fOrm'802;

5. Diffusion of S0, from the Zone of'reahtian through the
product lattice to the surfaCe‘and probabléﬂfeaétion'
enroute with oxygen ions to form 803 and subaequently

PbSOu in the Pb0O lattics.
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6. Diggoeiation of PbSOﬁ'and sdiVat bdintﬁ"br lowsr S0,
Cbnbéntration;?“iqéuw; pointﬁ rGM6Véd“frbm thé reabtion
'reforming af SO and- Pbo

7. Désorptioén of S0, and 503 from the Pb0O surface layer at
“the solld—gaa 1ntsrface.. _ _

8. Transport of 805 and SO3 from the interface into the
bulk gas stréam. | A‘

The mechani$micf‘the'mréaﬁﬁian“;cannbé~édndidérédffrnm,twp view-
pointsﬁ aiternatély;ua solid—@olidibr a g&é*ébliﬂfr@ﬁétibn may-be‘
proposéd. Choosing the reaction PbS + 2Pb0 3Pb + 802 and
assuming a solld solid reaction the - steps follow.

1. Diffusion of-ﬁulphur long andz(or) diffu81on of oxygen
ioné;thrbngh therprgdnét»iayqr-(liquid laad,metal) to
the zsne‘Gfiéhémi351'reg§tion§it

2. Chemiecal reaction between:pxygén‘andggﬁiphur»iQnS“to
form SO, and S03. o |

3,_Diffusion of 802 and 803 threugh the produat layer to
the gas= liquid 1nterface.,'

u¢ Desorption of SOZ and . SO3 at thé:intérfaﬁé2

5. Transport of SOZ.and SO3 from the interface into the
bulk gas phase.b |

Assuming a gaﬁ*Solid réaétion;:uéing thé lééd Sulfidéhléad oxide
reaction again and letting lead oxide be the ‘#01id phaSe, there
are the initial steps. - '

1. Subllmatlon of solid PbS

2. TranSport of gaseouﬁ PbS to the produet interface.
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3. Adsorption of gaseous PbS on the product interface.
énd again, the five #teps for the solid-solid reaction. The lead
sulfide-lead sulfate reaction 1s almost certainly more complex.

As has been pointed out previously, the magnitude of the
free energy of a reaction i1s no méaéure of the velocity of the
reaction. Reaction velocities must be independently examined
and some knowledge of the mechanism must be at hand before
measurements of reaction rates can be interéreted. In the case
of é complex reactlon congisting of several steps each step may
be considered to have 1ts own activation eﬁergy and to proceed
at a rate common to all the steps. One step of the overall
mechanism will be rate-controllingj of necessity 1t will be
that step with the greatest activation energy. The observed
activation energy then will be‘the net energy increase from the
potential.energy minimum of the separate reactants to the energy
plateau of the activated complex of the rate controlliné step.
With gas-solid reactions in which there is a gaseous product
and a gaseous reactant the rates at which reactantS'are brought
to the surface and products removed from it may well c¢ontrol
the overall velocity of the reaction (3L). Reactiéns in fhe'
solid state are often controlled bylinterface diffusion pro-
cesses which are slow, this in turn maj result in lower activ-
ation energy values than expected for a given reaction at a

specified temperature.
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Fundamental Consideration of Structure and Chemical Re&étivity%

- The atoms: The eledtronib‘étruﬁtﬁréé‘of“oxygén (Iéa,

2, 29 \y 2p6, BS 5 3ph)vw1th tWo'urpaired

262, 2p%) and ‘sulphur (18
7electrons in outer ho] erbitals result in bonding direé¢tions at
.right anglaS’w1th the restrictions imposed by repulsion of
neigthPing iike charges andbhybridizatiene ThHe expetted valency

‘of’two ig realized with both atoms in ioni¢ bonding ard in
‘COVQIént bonding¥fsﬁlphur,eléo enters readily.into covalent
bondlng with valencles of 3, l} and 6 which is understandable'
a8 the number of valence electrons has Increaged from 4 to 6.
Oxygen belng,strongly electronegative has_thevadditional possi-
bility of forming hydrogen bonds. Pauling¥s #eale of electro-
negativities placés oxygen at 3.5 and sulphur at 2 D Radil of
the atoms and divalent iong dare O 66 A and 1. 32 A for: oxygen
and 1.04 A and. 1.7l 2 for sulphur. ' '

| The lead -atom has the electronlc configuration of the

10, Sfo, 65 g 6p iyt thus the chemical

xenon gore followed by 5@
properties will be irhersnt in the inert palr 65 and the two
unpaired 6p electrons; The,plumbous_lon 18 more Stablé than
';he plumhitkiony‘hénéﬁ'irUG lead salts are divalent but In

- covalent bonding plumbic compounds are more stable which sug-

g?‘tSZthe formati n of four h brid orbitals Eleﬁtrone‘at;vity,‘

" Thé data in thig seétion has been lar%ely taken fram

L. Paulingt%s "Nature of the Chemical Bond - Huckelts
"Stru¢tural Chemistry of Inorganic’ Comﬁounds N,V, Sidgewick's
"Chemical Elements and thelr Compounds ‘g and A F Wellts
"Structural Inorganie Chemistry
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'valuGS“afevgiven as 1.6 for Pb II and 2.4 for Pb I¥. The atomiC“
radius is 17).[. X,s the ionie radli 1.21 ?X for Pb II and 0.8l f\ for
Pb IV.

‘The rigle¢ules: The oxygen molecule Op is linked bf four
electrons which are accommodated in one sigma &nd one pi bond;
each atom contalns in addlition two lgné electron pairs. The
structure of the mdlequle'is‘somewhat unusual, it 1s paramagnetic
due to parallel spins of the pi bond electrong and it demonstrates
a kind of molec¢ular unsaturation which results in great chemical
activity, often allowlng the whole molGCuie to combine with
oxidizable subgtances. The 0-0 distance is glven as 1.-21’1?. and
the bond energy %év Keal. | '

The sulphur dioxide molecﬁle SO2 has a bent_sﬁruﬁtureg
the O;_S;O angle being 120° with the very short S-0 diS’ta_n’ce-
of 1.45 X which suggests ‘p:r-obabie regonance batween the two
»0
v =0
of dissoclation values 1B 121 Kecal.

Structures S and S f,o._ The energy of the 5-0 bond from heat

The sulphur trioxide molecule SO. is planar with an 0-S-0

. 3 .
angle of 120° and the S-0 distance 1.43 A. The sStrutture is
| | | 0o . _ .
probably a resonance hybrid of 0= S ;’ 0¥ 0=3 i o'-, 0=3 g 0. and’

thé tendenty to polymerize is a sign of the instability of the
S-0 bond.  $S03 beging to dissociate £o~so2 at 300°C, the bond
energy b,,e;ing.‘given as 108 Keal. - | o

" The lé'ﬁd sulfide molecule PbS form§ infinite 3 dimensional
“c'.:'omplle'xeté“of’ the rock salt js'tru‘c_‘tur'e with ‘co-ord ihat,i,en num_bers
M:S = 6:6. The énvironment of the Pb atom then is 6 equi-
distant S atoms” at 2.97 X but the Pb-S binding 18 not pu’:b*ely
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ionic ag solid PbS i8 opaque with a briliiant metallie luﬁtref
The lattice is fate centred cubic with a lattice constant of
5.9362, there being L(PbS) per unit eell. The density afvsolid
PbS 18 given as 7.596 at 26°C, the melting point as 1114°C and
the vapor pressure at the melting point as 100 mm. of Hg. Lead
sulfide i8 found in nature as the mineral galena which is
believed to be formed by hydrochemical reactions. The disulfide
does not exist. .

Diffusion coefficients are availablé for PbS at temperaturses
from 700°C to 800°C. Anderson and Richards (1) observed dif-
fusion coefficients of the order of 10 10 em.Zsee.”l for the self
diffusion of lead in ﬁyntheticflead sﬁlfide pellets. Seanlon and

Brebrick!(Zh) obtained a diffusion coefficient bfleo-6

em.zsec.;l for the diffusion of sulphur in natural galena
<crystals and,Starkiewidz, Bate, Bennett and Hilsum (2) obtained
diffusion coeffielents of 10_é cmfasab;-; for the diffusion of
sulphur in single cryétalS"of.Synthetic galena. - |
.and oxide exiété in two polymorphiec forms, tetragonal
red and drthorhombic yellow. The orthorhombic form 18 stable
at high temperatures, the transition occurring at 489001_ The
tetragonal form has an extraordinary layer'structﬁre in which
the metal atom is bonded to four oxygen atoms which are arranged
in a square to one side of it. It is'Suggested that the inert
'paiﬁ of eleétrons of the metal atom occdpy the apex of the
tetragonal pyramid. There are 2(Pb0) per unit ¢ell, the 1attibe‘
constants are given as a=3.9759 and b=5.023, the density of the

solid 1s 9.355 at 27°%..



The self diffusion of lead in <Pb0 (tetragonal form) has

been measured (15) and 1§ expressed by the formula D#ﬁéexp(*Q/RT)

1 and Q=66 Kcal./mols. At 750°C this results

in a diffusion coefficient of 9x10 0 em.Zsec. .

where Do:105ém02566¢_

In the orthorhombic yellow Pb0 the lead atoms are arranged
in layers and between every layer of lead atoms there is a
pubkered layer of oxygen atoms. ,The Pb~0 distances are 2.20 X;
2;182 and 2.202 with Pb bond angles of 93.09, 89.6° and 73,60. -
The nature of the bonds between adjacent lead layers 1s not clear.
There are l(Pb0) per unit cell with lattice constants a=5,489,
b=li.755 and ¢=5.891, the density of the sold being 9.642 at
ZYOC, the mélting point 888°C with a vapor prefsure of 0.35 mm.
of Hg. »

With both forms of the oxide the striking colors suggest
that the bonds are not §imple types. Lead oxide 1g found in
nature as litharge, the red tetragonal férm and magsicot, the
yellow orthorhombic form. They are rare minerals of Secondary
origin ufually associated with galena. The~subpxids~Pb20 does
not exist.

The lead sulfate (PbSOM)-étructure hag an orthorh@mbic
lattice with u(PbSOu) per unit ¢ell:. The lattice c¢onstants are
given as a=8.480, b=5.398 and ©=6.958. The density of the
g0lid is 6.323 at ZSOCQ Thé ¢olor, transparent to white, sug-
gests that the bqnds may have c¢onsiderable ionic.character;.
Terem and Akalan (28) have studied the decomposition of'PbSOu
which they obServed to 'start at 860°C. ‘The activation énergy

of decomposition was measured to be 92 Kcal./molé in the
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temperature range 860° ¢ to 1300°C.

Lead sulfate is found in nature as. the mlneral ang1651te
it is of sécondary origin having been formed by the'oxidation
of lead sulfide and often 6ﬁﬁurs ih,boncehtrié(layers about a
nueleus of unaltgred‘galéna,

Various forms of basic lead sulfate have besn reported.
Schenck (25) discusses the ﬁompoundS'PbOngSOu;>(Pbo)ébesoh
“and (PbO)B,PbSOh while'Ciarkﬂ'Mrgudibh'and Schieltz (L) have
found only the 8tructures Pbo)u Pbsoh, Pb ) PbSOh ana‘
(PbO)Z PbSOu in an exténgive X-ray examination of basic sul-
fate preparations. All of the above compounds are l1stéd in
the A.S.T.M. ¢ard index of X=ray crystallographia data. Only
‘the monoba31c sulfate, PbobeSOA,‘is reported am@ng minerals,
the;mineralf lanafkiteyaforms‘monoplinic’cryStals of density

6;29; The melting point 1s reported as 977°C.

Objeetts and Limitatlons of the Investigation

A 1imited amount of information.(B) was found in the
recent literatﬁre'on'ths kinetics and mechanisms of the
noasting and feaétiOn of“léadvsulfide, The overall mechsnism
i¢ without doubt gomplex and any ﬁimplificatiqn that ¢ould be
invoked would be of as§istanée in a preiiminary study. For
;thiS’reasonvthé “rOaSt"fwas bonsidered aé diétinctlfram
the "raabtionﬁ although this divigion was arbitrary and
probably could not beé justified in a study of the combined

,rbast—reaction;
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Features of the separated mechanisms whic¢h were chosen for
study initially were (a) the mechanism of sulfate formation in
the,foast (b) the kineties of the reactions beéetween lead sulfide
and lead oxide and betwsen lead sulfide and lead gulfatée to form
lead metal and (c¢) the stoichiometry of the reaction& in (b):

It wa®& not planned to study the'effecté’of~ébruﬁtural'a1terh
‘ations, defects or impurities or thée thermodynamie equilibria

' of the Pb-0-S system in this research project.
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EXPERIMENTAL PROCEDURE AND RESULTS

Materials

The materials used ineluded reagent grades of lead sul-
fide, lead sulfate and lead oxide, Pueblo Brand test lead
| (C.P.) made by American.smelting and Refining Co. and sulphur
flowerS'(tetbnical grade), Baker and AdamsSon. Natural galena
wad obtained from thb-Departménﬁ_of'Geblogy and Geography of
the University of British Columbia. Synthetic galena was
ugsed in most of the tests, the preparation of this and of lead
$ulfate afé»déﬁqribed in Appendices A and B.. |

The Pbal2 isotope uwded in the tracer study wa® extracted

from a Th228

golution obtained from Atomie¢ Energy of Canada

Ltd. ;rChalk.River,'Ontario The éxtra%tion protedure and the

'preparatlon of labelled lead sulfide are described in Appendlx E.
The gsage's used wWere standard grades of eylinder nitrogen,

'oxygen,>sulphur dioxide and hydrogen sulfide, The nitrogen was

freed of water vapor and oxygen‘aﬁ'daﬁﬁribed in Appendix C.

Apparatus

The reactions weré carried out in alundum boats in c¢on-
ventiornal vitreosil tube fu?naqes. Temperature’¢bhtrol-was
obtained with ﬁhrqmel—a1umélfthQKMQcodpleS'bbnneétad to Wheelco
controllers giving an accuracy of’iSOCﬂiﬁuthe range 706°C-800°C.
Vacuum was obtained with‘a standard backing pump and checked

with a mercury U-tube. Atmospheres weére introduced by pa¥sing
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the.required gases through suitable purifi¢ation trains and thenge
into the furn&cea Thﬁiapparatu%“uséd_for"briquétting'samples
ﬁonﬁisted of a 100 ton hydfaulig*jenny,jfitted with décessories
forfpowderimetallurgy'Work,» :

The X-ray diffraction patterns'were'obtainéd by standard
powder methods using a Straumanig typewﬁaméra on a Noreléo
diffraction unit. Radiv—aﬁtiveiﬁoﬁnting wa#§ carried out in a
Na(T1)I "well™ type scintillation erystal (National Radiac¢ Inec.),
mounted in a countérfhead manufactured by Philips Co. The pulées
from the counter head were fed into an ampiifier*é%ﬁlerfbpmbin-
ation, also of Philipﬂ'deéign. All counting waS‘étandafdized
with an F655 solution giving‘éh_average counting rate of 29,500
counts per minute., the baﬁkgrbﬁnd'fhfbughqut the experiments

~ being about 1700 ¢ounts per minute.

Oxidation "Roagt" Reactions

Thé'mé%haniﬁm'of"éﬁlfaﬁe‘formation in the roast was
examined by two methods. The firstjmathod‘CQnsiﬁted of roast-
ing finely divided galena and analyzing the product® ehemically.
In fhe se¢ond approach galena Was brigquetted, ihe‘briQuetﬁ‘weré
roasted and subjected to microgcopie and X-ray diffraction

examination.

;Exﬁ@?iﬁéﬁﬁéiﬁ In the initial study, two gram samples of
synthetic galens, =50 mesh, were roasted in alundum boats for
timed intervals in the temperature range 690°C-825°C. Gases

were passed over the sampleﬁiat,rates'up to two liters per
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minute. In all ¢ase$ samples wef@ placed in the furnace at room {
temperaturey‘the furnaee then being brought to the desired
temperature. The ‘samples were reémoved from the furnacs -
immediately after the roasting interval énd blank roast®s were
run to correct for the heating up period.

The sample® were analyzed for FPbS énd Pbsohf:PbG% being -
determined by difference; the analytical procedures are oub-
lined in Appendix D;i,. Thﬁ‘weight.éhangé‘on roasSting was
obtained for eabhlsample.

,Résﬁltéf A typical set of data»obﬁained when galena
was roasted in alr is shown In Table Ig’aé.is indicated,~£1agging
oecurred at a temperaturé of about SZSQCj‘thG Pb0 attacking the
alundum of the boat at this‘ané higher temperatures, The wéight
changes of the total roastg:PbS¢'PbSOu and Pb0 with temperature
for two hour period$ are shown in Figure IV.

The results of a 1argé~number'of roasts carried out with
various flow rates of oxygen énd air areléqmmarized in Figure V.
The PbSOh/EbO‘rAtiqé are plotted against hémpératnre, The
8scatter of the data did not allow the fitting of eurves but
Some significance ¢an be attached to the boundary cnhditionS“
shown. Evidently, sulfate formation at ¢onstant température
depénds on (a) the partial preéﬁﬁré of oxygen and (b) the gas
veloeity over the roasting surface. Also, the starting temp-
eréture*of the "reaﬁtion"‘isjdepehdent on oxygen pressure.

It was found that the "reéaction™ occurred at temperatures
greatef'than 825°C for all oxygéen roasts and for roasts in

air flowing at. two liters per mlnute Wlth lesser air flow

¥ Attempts to analyze for PbO dlrectly were unsatisfactory
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TABLE I

Data obtainéd on roasting PbS in air at various’ temp-
eratured. Two grams PbS, time 2 hours, rate of air
flow 2 liters per minute,

Temp. Wﬁ.ﬂdf' Mf,iaf:‘Ihéoi,“PBS ffbsdfwwbe' 1”T0£éi:'Tetal
oC, roast Ingol. found found found roast PbS

725  2.121 1.233 "1.222 0.6lly 0.234 ‘zgiob 1.980
765 2,137 1.122  1.117 0.746 0.262 2.125 1.983
780 2,148 1.033  1.022 0,810 0.304 2.136 1.986
795 | 2,155  0.946 0.928 0.900 0.370 2,198 1.990
810  2.173 0.725 0.732 0.966 0.47L 2,172 2.000
825 - 2,081 fufed 0.598 1,006 0.548 2,152 1.990
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Flg° Iv Welght changes on:roasting PbS in.air. Time. of
; roasting 2 hours. Alr flow 2 liters- per. mlnute»
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rates the "reaetion™ started at lower temperatures, the minimum
'beingFBlOOC‘at,zere: air flow@ The starting of the "reaction"
wasﬁtbnfirmed'by the'prEﬁende'of 1ead metal detected with the
steremscoplc microsvope. Thé:"reaetion‘ 1nvariab1y originated
at depth in the sample, never on the surfage.

In:the initial roasts difficulty wasg experienged in
obtainingie uniform temperature séress“the length.bf the
gample., A Zone of uniform temperature wa§ realized by pla01ng
the roast in an inverted boat cover within an ¢rdinary tom-
bustion boat and by preheeting the gas entering the roasting
zoney’ all as ﬁhomn in Plate L. A | |

Experimenﬁalu- The gamples used in the seccnd meehanlsm

}study of the roast were prépared by briquetting the finely
divided materials in a 1/2 inch diameter cylindrical steel diej
lead sulfide briquets Wers made by pnessing 12 grams of PbS
| to 20 tons per square inch, thig pressure giv1ng a strong bond
with a metsllic surface. :Synthetic galena Qr reagent grade lead
gulfide could be'briquétted'With'éasenﬁut-a*ﬁtrung'bbnd was not
-obtalned with lead oxide or lead sulfate. b

-The briquets were plaé¢ed in alundun boats, put into the
: furnaceland roasted in a manner'similar.to~that for poWdered
sgmples; ‘Gradual heating up wgs. found to'minimise.ﬁraﬁking
'ef”the*spetimens} the stMﬁSpher63‘in¢1uded air,“0xygﬁny and
suiphur dioxidé. Afﬁer“rOaBting'and examiﬁation‘un&er7é

?%eréostbpit miqréstope'the Samples"were mountéd in bakelite,'

J s Tt

\

" Zéro flow rates wery these in which a §light positive
prefgsure of gag was maintained in the furnate. :



N O Oxygen gas, zerO'flow
reaction O - O Air, zero flow
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Fig. V Dependence offthe}EbSO /Pb0 ratio on gas flow rate and oxygen pressure at various
temperatures., 2 gm. sample of PbS powder, time of roasting two hours. :
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Plate I The apparatus used for the roasting. Air or
oxygen was brought into the roasting zone from
the right through the 6 mm. open ended vitreo-
81l tube lying under the boat and withdrawn to
the right. A vycor tube has been substituted
for the vitreosll combustion tube for purposes
of illustration.
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Material for Xéréj diffraétioh was removed in layers from the
exposed face and'DebyéfSQHQQrerfpatterns of the layers were
obtained using'§tandérd'"powder“-tehhniQue, all material
being reduced tbypaﬁﬁ”a 200 mesh séreen. The mounted briquets
weré prepared for photomicrography. The average depth of the
reasted material on the periphery of the PbS was measured with'
'a'miﬁrometerféjepiaéa>fitted on a Reichert Metallograph. The
eyepilece wastbalibrated'mith a one millimeter standard scale

¢onsisting of 100 ten micron divisions ruled on an optical
mirror. | o |

Results: Plate II depicts a typical briquet before and
after roasting in air. Roasting femperatures.had to be kept
below BlOQC'in'airﬂta'preVent the "reactidn“ﬂsetting in. The
rate of roasting wasg much ﬁlower‘in air than in oxygen and as
a result attemp%ﬁ;tﬁ 55ﬁain,@uahtitative data on thé rate of
diffusion into théfbrique£ Were unsatisfactory. The rate of
roasting in oiygén W&ﬁ’méaﬁﬁréable and the roaét proceeded to
‘ a'ﬁniform depth Gvérfﬁhe‘énﬁire briquet. The progress of the
-_ﬁbaat into the PbS brigquet is illustrated in Piaté IIT which
eontainS‘phdﬁqmiﬁr@gfaphﬂ”of'fhe'PbS~bakelite interface after
'Varioué roasting fimeég Tﬁé'rate of diffusion into the
'briquet waS“appfoximatély*1ingar-as shown by Figure VI, the
avérage rate being 7 micrbnﬁ’(0;907 millimeters) per hour
for a 96 hour period.

Standard'Xkréy"diffraQtiOn patterns were obtained for
reagent grade PbSy: Pb0 and~PbSOh chemicals; these aré shown

in Plate IV. Patterns of the synthetic galena,-Synthetic lead
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~ sulfate and natural galena; in Plate V, demonstrate that the
VstrubturQSjof”thesé‘méterials aré in accord with the stanéérd
Structures. All powder patterns of the roasted layers~rembved
from PbS briquéﬁﬁ'ware eggentially the same regardless of the
lo¢ality of the roasteéd material. Materials from (a) the
Surfdce of the‘roaﬁfyi(b) the PbS-roast interface, (t) points
between the &urfaéé and the interface and (d) material from
deep>crack3’wifhin the PbS surface gave the pattern shown in
Plate VI. Atﬁempté“to indéx the lines in this pattern were
not ‘su¢céssfuly probably the Structure is a mixture of basie
sulfates,

vIt is of interest to point out, also shoéwn in Plate VI,
 that a very shallow bed of finely divided PbS tends to form a
distinet PbSOA latti¢e on roasting in oxygen.

Reduetion "Reaction™ Reactions

The kingtids of the reaction were first examined in
nitrogen atmospheréy the rate of the reaction wa® shown to be
dependerit on the rate of flow of nitrogen 8o the resction was
éxamined in vacuum. Thg study of the reaction as a gas-solid
%ype'reéulted frbm ob¥ervations made while running the
Tpeaction'™ klne ties in vatuumy finally, the work on the
stolchicmetry of the "rgaction" followed as a result of

establishing that the gas-8olid reaction did take place.

' The kineties in nitrogen were studied

2= i

w8ing powdered ‘samples. In the first instance one gram each of



Plate II PbS briquets before and after roasting in air.
Temp. 800°C, Air passed at two liters per minute.




one div.
equals
10 micron

Plate III Photomicrographs of the lead sulfide-bakelite
interface. A - unroasted PbS, B =~ roasted 2
hours, C - roasted 48 hours, D - roasted 96
hours. Temp. 810°C. Oxygen flow 0.1 liter

per minute. 100x.
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Fig. VI Rate of advance of roasted-layer for FPbS -

briquets. Temp. &10°C. Oxygen flow 0.1
liters per min, _
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Plate IV Debye-Scherrer patterns of PbS, PbO and PbSOLl_
reagent chemiecals
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PbS = SJM

PbS04-SJUM

Plate V Debye-Scherrer patterns of synthetie galena,
natural galena and synthetic PbSOLI.



Plate VI

Pbs -SJM

loose

PbS - SUM

bi‘iQqu

Debye~-Scherrer patterns for reagent PbS, synthetie
galena (-50 mesh) and synthetic galena briquetted,

roasted in oxygen. Temp. 800°C., time 2 hours,
oxygen flow rate 0.1 liter per minute
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lead suifide and lead sulfate or alternately lead sulfide and
lead oxide were intimately mixed, placgd in an alundum boat

and reacted in a conventional tube furnace in a purified nitro-
gen atmosphere. Reactions were carried out at 20° intervals

in the temperature range 650°C to 85000, a timed series at

each temperature. The reacted samples were analyzed for lead
metal only; a weight loss was also obtained.

Reactions with varying rates of flow of nitrogen were
carried out next, using lead sulfide-lead sulfate mixtures. The
samples were reacted for one hour at two temperatures, 700°C
and 750°C, the rates of flow of nitrogen were varied from zero"
to 0.3 liters per minute. The amount of lead metal formed was
determined as 1in the previous runs.

In the kinetic study in vacéuum, lead sulfide-lead ogide
mixtures were reacted in open alundum boats in the temperature
range 700°C to 75000, The furnace atmosphere was evacuated to
a pressure of 0.1 cm. of mercury and reactions were carried
out for periods up to two hours. Free leéd metal was deter-
mined in the products.

Results: The "reaction" samples before and after reaction
in nitrogen and vacuum are shown in Plate VII. It 1is apparent
in the photograph that the reaction proceeds uniformly through-
out the boat in vacuum whereas in nitrogen the reaction proceeds

in the direction of gas flow. Data for the various runs are

" Zero rates of flow of nitrogen were those in which the
apparatus was flushed as usual and the flow adjusted to a very
glight positive pressure.
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given in Tables II, III, IV, and V. The rate of formation of
lead metal with time or with nitrogen flow Was plotted -linearly
for the various temperature intervals. Examples of the plots
are shown in Figureé'VIIy,VIII, IX, and X. Arrhenius plots were
made for the time-temperature Series'in nitrogen and in vacuum,
activation énefgieS'Were calculated for these as qhown on the
plots Figures XI, XII, and XIII.

It was found during the first runs in vacuum that the
results were not reproducible unless a clean'furﬁace‘tube and
thermocouple well wére used for each reaction. This was origin-
ally attributed to reducing or oxidizing conditions in the
fbuled'VitreoSil tube, the walls of whi¢h contained condensed
galena on the cooler portions. There was also evidence of
slagging action éuch ag from a'PbO*SiO2 reaction,  this was most
apparehg on the thermocouple well. On running blank reactions
‘with lead oxide, lead sulfate and lead sulfide it became evident
that the magnitude of the reactionbwas quite largey furthery
lead sulfide showed no reaétion to lead metal in a fouléd
tube whereas both the oxide and the sulfate were reduced tb
the metal. Iﬁ was cohcluded that the PbS-Pb0 and PbePbSOu

reactions in vacuum proceeded by the heterogeneous mechanism

Pb0 —

PP rapor) T pos0 (oo1sq) T (metan) T

2

and the research was then diraéted:tpward the examination of
thig mechanism., vThé absence of the lead sulfide phasée in the
"reaction"™ produets suggested that a study of the stoichiometry

of the gas-solid reaction would be possible and usefuls.
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PbS + PbO

J—————

unreacred

reac -e' in vacuum
k—Dc’recfioﬂ of Gas Flow &—<

Plate VII The "reaction" between PbS and Pb0O in nitrogen
atmosphere and in vacuum. Temp. 750°C., time
1 hour.
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TABLE II

Data for PbS- PbSO% mixtures reacted in nitrogen. Two gram samples,
basis for calculation one gram of reactant mixture.

Temp; | Time - Pb metal o  Weight loss

?C, ; min. o gm. . em.
750 0 - o
60 105 «079
20 W43y , .13}
180 621 | 166
770 » o - -
30 | .26l . .,085
45 ~.348 o 093
60 | 401 112
790 o - .
0 357 o o8y
45 - .620 o138
816 ; 0 ’ -- C  f‘
| 15 <417 . .083
25 ' 690 ‘ 0 1ost
830 | 0 o - -
| 10 .250 . lost
15 425 096

20 .600 ~ lost
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TABLE III

Data for PbS-Pb0 mixtures reacted in nitrogen. Two gram -
sample s basis for calculation one gram of reacktant
mixture.

Temp. | Time - - " Pb metal Weight loss
650 0 hours  :' -— =
12 , .001 . 008
| 2L .026 - .021
675 | 0 v . - e
: 12 ~.108 .071
2l - .175 123
32 .212 .123
700 0 - s
3 == .048
6 .111 .09k
9 .203 - .108.
12 - .298 <132
750 0 -
1 .108 _048
2 .211 .072
3 .335 .09
L .510 2166 .
800 0 minutes - h i
15 B .196 %031
5 .525 v w130
0 :685 +206
825 0 == o S
15 097 066
30 273 123
850 0 -- ' . _.‘-_
_ 15 236 »071
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TABLE IV

Data for PbS-PbS0O), mixtures reacted in varying flow rates
of nitrogen. Timé& of reaction one hour, basls for
caleulation one gram of reactant mixture.

Temp. | . ‘ Nitrogen Flow | | ‘Pb Metal

oC. liters/minute gm.
700 0.0 .002
0.1 .095

0.2 .126

0.3 .140

750 0.0 -05l
0.1 <570

0.2 592

— 0.3 .600

TABLE V

Data for PbS~-Pb0 mixtures reacted in vacuum. Two gram
‘Samples, basis for calculation one gram of reactant mixture.

Temp. . Time - Pb metal Weight change
oC. minutes : gm. gm.,
720 0 -- -~
30 .063 .050
60 .193 .080
- 120 .365 115
735 0 -- | —
7.5 .010 .06
15 : .403 . 08!
30 ‘ 486 .102
750 0 - —
5 .619 .089

10 ‘ . ,811 - <111




M. Pb/GM. REACTANT

.600 |

400

.200F

0 . L. " i ' . : % .
o 60 120 | 180 240
TIVE - MINUES '

Fig. VII Rate of reaction of PbS—PbS)[+ mlxtures in-
' nltrogenn Temp- 75000., :



GM.Pb/GM. REACTANT

-4 3=

600

o 400°

.200

i) i

0 | - 30
TIE - MINUIES

Fig. VIII Rate of reaction of PbS?f-PbOFmixtures in
‘ nitrogen. Temp. 8000C. -

60




© 400

GM Fb/GM. REACTANT/HOUR

~ 750%. N
.600 |- | 206 o

.200

.700°¢; =

" v o - i " '
o - 0.1 0.2 - 0.3
NITROGEN - LITERS IER MIN.

Fig. IX Dependence of the PbS - Pb804 reaction rate on -
nitrogen flow rates. ' '



GM.Pb/GM, REACTANT

400 |-

0200 -l

[
L=

60 9

TIME - MINUIES -

Fig. X Rate of ;Ite_actt"i-on 0
 Temp. .720° .4

f PbS-FbO 'mi'i-tu‘rgs' in ‘vgc_uum‘;

120




1,100 |

.900 -
!
W
pis

<700

- 500 . L ‘ L
903 905 ! 9a7 ' 909

1/1°9K x 104

Fig. XI Arrhenius plot for PbS-PbsD, reactions in
' nitrogen. . : '



4

300

2,0k

106 K

1.0-

0 I . : O)
9,0 10.0° ' 11.0

1/ Prx10%

Fig. XII Arrhenius plot for PbS&Pb0 reactions in nitrogen.

7



I0G Kp

2.0

1.0

~48-

9.6 : 9.8 , 10.0
' 1/ '19,153104

Fig. XITI Arrhenius plot for _PbS—-PbO r_g_acti-ons__ in vac&umo



ho-

- Expérimertaly One gram $amples of lead sulfide and lead oxlde

were placed in.adjateﬁt alundun boatsy:Edered-and reatted in
Vacnumdas'inntné Prﬁ?io&sfvacnumistndygx'Tneftemperature‘was
'maintained.atf7509C*and'theetime,ef reaction varied from zero
to 90 minutes. Weight Ehanges‘were'determined*cndbeth'beats,
total lead wasg determined in the lead sulfide beat and metallic
lead in the lead exide boat RV -

Following the initial examination of the gas= solid
reaction the study wa s extended using labelled lead sulfide in the
distillation boat and lead exide or lead sulfate in the réaction
boat ' The neaction apparatus and teehnique remained unchanged,
the time of reaction was 30 minutes, the temperature 750 C for
the oxide and 800 C for the sulfate._ The specific actlvity
(counts” per minute per: gram of lead metal) for the lead gulfide
was obtained by counting the‘snlfideibefcre'reaeting;it in the
furnaceé. :The5spec1fietaﬁtiv1ty Of_thé'iead:metal produced by
the,reactien;ﬁég'obtained by>neanting,1ead'metal,mathaaisally
remcned'frem the.rGEEtien*beatJ'7Rem67al:of'the leademetal was
effected by placing the lead exide boat containing the radie-
active lead under a stereoscopic micrescope and picking off
the lead metal (present on the surfaee of the’ 1ead oxide in
the form of small isolatéd spheres) w1th a pair of pointed
tweezers° Usually the metal could be freed of exide by dropping
1t in a small crucible a few times The maximum amount of lead
metal which could be obtalned in a reasonable time by this
method (100—200 mg, in 15 minutes) was placed in a tared counter

vialyfcounted and welghed. The»time-ef countlng was noted_and
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the counting was continued teo follow the decay curve. Calculations
were made to relate the g8pecific activity to a chemical equation
for the reaction and thus obtain a figure for the stoichiometry.

Results: A reaction which was typical of all the vapor-
g0lid phasSe runs is depicted in Plate VIII, There was no evidence
of the formation of lead ﬁetal in any lead sulfide boat, nor was
there any lead sulfide sSeen in the lead oxide boatsj lead sul-
fate if present in the lead oxide boat was not observed under
the microscope. Data for the nonradicactive lead sulfide-lead
bxide reactians are glven in Table VI and a plot of the weight
‘changes with time is shown in Figure XIV. It is proposed that
the Weight loss of fhe lead sulfide corresponds approximately
to that expected if the loss took place a8 result of the
gistillation of molecular PbS.

The data for the stoichiometry study with tﬁe use of the
Pb212 tracer 1s summarized in Table VII. Three PbS-Pb0O reactions
and one’Pbs—PbSOh reaction were carried out. The PbS—PbSOu
reaction did not give'feliable data, the amount of lead meéetal
produced was very small (20 mg.) and thée specific aectivity
appeared to be equal to that of the labelled PbS. One of the
difficulties encountered with the PbS—PbSOu reaction was that at
temperatureé less than 800°C the amount of Pb metal produced
was small while at temperatures of 800°C or higher the finely
diVidéd PbS sublimed very rapidly. A typical decay curve for
the.PbS4PbO produced lead metal'is showﬁ in Figure XV; a8 is
évident in the Figures XV and XVI the Bi°Y? was not in

212

equilibrium wilth Pb in the lead metal although in all the
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reactions examined it was in equilibrium in the PbS reactant.
The average Stoichiometry of the PbS-Pb0O reaction (corrected

for Biela) was given by 1PbS + 3.4Pb0 = [.4Pb + --- .
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Plate VIII The gas-solid reaction between PbS and Pb0O in
vacuyum. One gram each of PbS and Pb0O. Temp.
750°C., time 30 min.
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TABLE VI

Data for the stoichiometry study of the gas-solid PbS-PbO
reaction in vacuum. Temp. 750°C.

Reaction Time Pb0 gain PbS loss Pb metal PbS found

'No¢ | min, gm. gnm. gm. gm.
1 0 .00l 028 055 989
2 30 029 113 197 .896
'3 60 ..029 .129 .226 .872
N 90 .037 .210  .347 797
5 90 .063 .228 .385 771
Reacti;n | o ' - _._’
No. ‘ ‘ ‘Calculated Stoichiometry o |
1 1PbS + 6Pb0 = 7Pb + ---
2 1PbS +-3,8Pbo-= L.8Pb + -=-
3 1PbS # L.2Pb0 = 5.2Pb + ---
L 1PbS + 4.9Pb0 = 5.9Pb + --=
5 1PbS + 3.5Pb0 = 4.5Pb + ---
Average -~ 1PbS + L4.5Pb0 = 5.5Pb + ---




WEIGHT CHANGE - GRAMS

-5k

«400

.300

200

.100

0 30 60 90 120
TIME - MINUIES .
Fig XIV. Weight changes in PbS - PbO gas~solid reactions
in vacuum. Temp. 750°0C. -
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TABLE VII

Data for the stoichiometry studg gf the gas=-s8o0lld PbS-Pb0
reaction in vacuum using the Pb=l2 tracer.

Reaction  PbS  Specific Activity Pb  Specifiec Activity

No. mg. mg.

1 273 TTh 209 182

2 274 822 142 - 185

3 26l 723 15h 165
Reaction

No Calculated Stoichiometry

1 1PbS + 3.25Pb0 = 4.25Pb + ---

2 1PbS + 3.45Pb0 = 4.45Pb + --~

3 1PbS + 3.38Pb0 = 4.38Pb + ---

Average 1PbS + 3.4Pb0 = J.4Po + ---
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1x104

Counts / min,
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Measured half life 69 minutes
Bi?1? half life 60.5 min.
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Fig. XVI. Decay curve for non-equilibrium Bi 1
" metal.

in the Pb
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DISCUSSION OF RESULTS AND CONCLUSIONS

The Roast

The data obtained from the roasting of finely divided
PbS in air and in oxygen indicate the variables which
influence lead sulfate formation. It is apparent (Figure V
page 26) that lead sulfate formation is favored at low temp-
erature and lead oxide formation at higher temperature.
Superimposed on this fundamental characteristic of the roast-
- ing are the effects of the partial pressures of oxygen and
S05.

At constant temperature an oxygen rich atmosphere
results in a higher degree of sulfation thén does an oxygen
lean atmosphere. The influence of the partial pressure of
802 upon stlfation only becomes apparent when the velocity
of the gases passing over the solid surface of the roast is
varied. As 18 well known a stagnant gas film resides at the
surface of a 80lid when it is in a stream of flowing gas.
The thickness of the film is a fune¢tion of the véloeity of
the gas stream. The partial pressure of a gas such as S0,
resgident on the solid surface depends on both its partial
pressure in the gas stream and the pressure gradiént through
the gaS film. Whén the veloclty of the gases passing over
the solid surface is high the film 18 thin, the préssure
gradient 18 steep and there is little resistance to the

transport of~802 molecules from the surface. When the velocity
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of the gas is low the stagnant ?ilm becomes thicker, the
pressure gradient is gradual and the rate of transport of S0p
molecules through the film c¢ontrols the rate of‘sulfation.
This follows in that a high partial pressure of S0, on and

in the 80lid results in highér concentrationg of lead sulfate.

As the tempersgture is increased the eéffett of the
stagnant film lessens until the rate of sulfating becomes more
or less independent of gas veloc¢ity; this can only mean that
some other step in the sulfating mechanism has become slower than
the transport step.

- The equilibrium in the reaction SO, + 1/202-——>SO3
shifts to the leff with ineéreasing temperature and thus the rate
of formation of 503 and hence that of PbSOh becomes less favor-
able thermodynamically. This step probably becomes rate con-
trolling in the sulfate formation at highér temperatures.

The roasting of briquets of PbS was carried out with the
object of locating and identifying the phases preséht.in the roast.
The mechanism of sulfate formation in the roasting of éopper
sulfide has been determined in this manner (20) (16).

The X-ray diffraction patterns show that 1f distinct PbO
and EbSOu phases are formed when consolidated PbS is roasted
they exist over limited distances, the Bulk of roasted mat-
erial being a mixture of basic sulfates.

The rate of advance of the roasted layer was obEerved
to be linear when PbS waéerasted in oxygen atmosphere; also,
it was considerably faster than the rate when roasting in air.

Peretti (22) has explained a Simiiar linear roasting rate of
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.éugs by suggesting that the slow step is the diffusion of
reacting gases to the scene of the reaction through a film of
counter~-diffusing products. Diffusion dontrol.musf then oper-
ate acroas a layer of constant thickness, a layer of CﬁZO
for the case of CuZS roasting. Nonlinearity of roasting
rates was coincident with the appearance of the CuSdh phase.
In the preséence of a layer of basic sulfates of
increaging thickness as observed in the roasting of PbS bri-
quets the linear rate may resﬁit from the slowness of one of a
number of éteps which are not influenced by the depth of the
roasted material. Such steps include:
(a) The chemical reaction at the interface.
(b) Adsorption and desorption of O,, SOy and (or) 803 gases.
(¢) A diffusion mechanism analagous to that'obServed
in the roasting of CupS, "i.e.", diffusion _
through a phase of constant thickness. Such a
phase could be Pb0 or Pb,SO)_l_°
(d) Gas film transport at the surface of the roast.
Insufficient data have been obtained to assess the individual
offects of these steps for the roasting of FbS briquets.
It is not immediately obvious why the rate of advance
_of the roast in briquetted PbS is so slow (0.007 mm./hr.)
. compared with the rate in briquetted CupS (4.8 mm./hr.) at
the same temperature (21). A possible explanation is that
the Cu28 was much more porous being formed by the diffusion
of sulphur gas out of a CuS‘lattice (21).
Three observations were made, related to oxygen par-
tial pressure, which may indicate the nature of the roasting

mechanism.
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1. The roasting of briquets proceeds more slowly in air
than in oxygen. It is suggested that this is a structural
phenomenon, ™i,e.", the slowing of the rate with decrease in
oxygen pressure i8 due to diffusion. At low oxygen concen-
trations the tendency is to form a nonpermeable structure; at
higher oxygen conc¢entrations the structure is permeable.

2. The roasting of consolidated PbS in oxygen or air
leads to the formation of basie sulfates; the roasting of a
very shallow bed of PbS powder iﬂ oxygen leads to the formation
of normal PbSOLI_° The oxygen partial pressure at the reaction
interface will cértainly be lower in consolidated materials
than in a thin layer of PbS powder: the S0, partial pressure,
on the other hand, will not vary as much. The product of the
partial pressures of Oy, and SO, at the reaction interface will
then be considerably higher for shallow beds of powder. This *

leads to formation and stability of the normal Sulfates it also
presents an explanation for the absence of normal'Sﬁlfate in
the roasted layer surrounding consolidated PbS.

3. The formation of a Pb0O phase has been observed only
in the initial stages of roasting consolidated materials. When
PbS briquets were put into a hot (750°C) oxygen atmosphere,
distinet yellow-orange crystals form on the surface of the
PbS. These crystals“weré not found at any later stage of
roasting. It abpears then that Pb0 may be the primary
phase formed when PbS is roaéted but ity existence 18 con-

fined to regions where O, is adsorbed directly on the reacting
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surface and SO2 desorbed directly from it. These are the regions
of surface reactions only. It is perhaps of interest to note
that similar PbO crystals appear during the "reaction" of

PbS~PbSOu mixtures.

The Reaetion

The study of the kinetics of the PbS-PbSOu and PbS-PbO
reactions in nitrogen atmosphere indicate that the transport
nf 802 from thé solid surface is rate-controlling even when
the velocity of the gases‘over‘the surface is appreciable.
This is evident in Figure IX (page Lli) and in Plate VII (page 38).

The appearance of a reaction interface in nitrogen
atmosphere is. related to the cOncentration gradient of S0o in
the gas film which resides on the solid surface. The concen-
tration gradient will decrease in the direction of‘gas flow,
8tifling the reaction at points beyond the interfate.

The apparent activation energies for the reactions may
be considered to be a measure of the height of the barrier for
502 transport from the solid surfac¢e into the bulk gas stream.
The film thicknesses were not measured, hence the apparent
activation energies aré not of quantitative significance. »
Attempts to obtain reaetion rates completely independent of
gas flow were nobt successful although Figure IX (page Ll})
suggests the possibility.

The very high apparent activation energy (240 Kcal./

mole) for the PbS~-Pb0 reaction in vacuum is meaningless’in that
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the kinetic derivations used for isothermal systéms are invalid
in the system studied. In a system with pressures reduced to
less than 5 mm. of mercury the rate of heat transfer 1s slow.
With exothermic reactions temperatures at the reactlon inter-
face may go 100° to 200° higher than the measured furnace
temperature. If the reaction is allowed to proceed_nopiso—
thermally the true temperatures must be measured before the
reaction energetics can be evaluated. Cohn (5) has discussed
this situation with reference'tb,solid state reactlions.

The stoichiometry of the PbS-Pb0 reaction 1is often
written as PbS + 2Pb0 = 3Pb + S0o. The data of nonradioactive
"reactions" suggested a stoichiometry greater than 1PbS:3Pb0
for the reaction in vacuum; the more accurate tracer study gave
for the stoichiometry

1PbS + 3.4Pb0 = L.4Po + ~== |

The non-equilibrium amount of B1212

which appeared in
the lead metal product is not easily explained. It would seem
that at some point 1n the reaction mechanism there exlsts a

greater affinity for Bi®l2S than for Pb212g,

The Modified Mechanism

In view of the randomness of the observatlons resulting
from the study of the "roast-reaction" it is perhaps worthwhile
to recapitulate the entire model. The stéps in the mechanism
of the roasting of lead sulfide will be restated and examined,

the steps in the "reaction™ will be dealt with in 1like fashion.
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The steps proposed for the roast are:

1. Op(gag) transported through gas film to solid surfatce
of the roast. '

2. Diffusion of Op(gag) through the roasted layer to the
scene of the chemical reaction.

3. 02(gas) * Po-S(gite) &=Fb~S...02(equilibrium chemisorption)
Iy, Pb=S...0p = (Pb-S-02)¢activated complex—> Pb=0(gite)
+ S0(ag50rbed)

5. 80 + 0 & S-03 '
6. Pb'o(site) ¥'5‘03‘;2(Ibsoh)structure

or with lower oxygeén concentrations

S-03 &2 S0p + 1/20,

and
7. At points of lower SO, pressure

where x > 1 and integer.
8. 8-04 & 505 + 1/20p
9. Diffusion of SO, to roasted surface.

10. Transport of S0, through gas film into roasting
atmosphere.

It is suggested that the modt critical feature of the roasting
mechanism is the Sensitivity of the lattice structure to oxygen
and S0p pressure. This is illustrated by the absence of
. distinet PbO and PbSOh gtructures at depth.

Some modifications ocecur in the "reaction" mec¢hanism as
a result of the kineti¢ and 8toichiometri¢ studies of the

PbS=Pb0 reaction in vacuum. The main PbS-Pb0 reaction is
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agsumed to take place between PbS vapor and a Pb0 '§olid surface.

The model is assumed to involve the following steps:

1.
20
3.

- .
Pbs(solid) €« PbS(vapor)

PbS ) transported to Pb0 s§olid surface.

(vapor

PbS(vap.or) + Pb-0O(gite) =2 Pb-0. .. POS (gquilibrium
chemisorption)

Pb-0...PbS = (beOthé)iactiyated complex —> (x+1) Pb

+ Sox(ad§0rbed)
—_ a
Sox(adsorbed) e S0
or

3(gas)

SO, (adsorbed) += S0z + 1/205(4qg)

 803(gas) €= S0z * 1/207

Transport of SO3§,SOZ~and 0o gases from §o0lid surface.

Stép.-l.: The heat of sublimation of PbS is 56.7 Kcal./

mole at 720°C and the vapor préasure is 3°1x10—2mm. at the same

temperature. The true reaction temperatures are unknown for

~the §0l1id reactant mixture but if one assumes that the measured

low

the

“val.

the

the

temperature rate (0.003 gm./min. at 72000) i8 correct then

reaction rate increases 40 timés in the temperature inter-

For the rate of siiblimation of PbS to be the Slow Step

true final temperature must reach the vieinity of 865°¢,

vapor pressure of PbS being 1.2l mm. here. Thig is not

impo#8ible for the case of the iIntimateéely mixed sgolids. How-

ever, for the vapor-solid reac¢tion performed with isolated

PbS and Pb0O phases Figure XIV (page-SQ)'SuggestE that the

rate of reaction 18 not linearly'dependent on the sublimation
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rate of PbS. If step 1. is assumed to be a fast step the
activation energy will be of the order of 56 Kecal./mole, the
heat of sublimation of solid PbS.

Step.:2,: With intimately mixed §olids such as in the

reaction studied it is unlikely that transport of PbS vaper
will eontrol the reattion rate. Thig step is then assumed to
be at equilibrium with a négligible activation energy.

Step.3.: ©Step 3. 18 concerned with the chemisorption
of gaseous PbS molecﬁleﬁ on the g0lid PbO surface sites. The
PbS molecule may approach the 'surface and be ¢hemisorbed on
an active site, resulting in the formation of an activated
complex on the surface and reaction to products or the molecule
may be adsorbed on inac¢tive sites and SubSeq&ently degorbed.
Experimental data for heats or activation energies of adsorp-
tion for PbS have not béen found. Further, it is neot known
what the nature of the active tenters are on a PbO ‘surface.
It may be possible to adsorb gases on two different typesd of
centers on a Pb0 surfacej thuB'PbS_vapor ¢ould feasibly be
adsorbed in at leadt four ways (26). The veloéity of gaseous
adsorptién on oxide surfacés varies ¢onsiderably (27), glow
adgorption usually being indicative of higher activation
energies. This step will involve the large entropy deéreaSG
.characteristic of gaseous-solid transditions.

.Steg,g,z Judging from the experimentally méasured
stoichiometry of 1PbS:3.4Fb0 the formabtion of the activated
complex on the surface of the Pb0 must involve adsorbed PbsS

molecules and some x(Pb-0) groups where x is a multiple of
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3.4. Such a formation may involve surface migration of oxygen
atoms or ion8; it could conceivably have a high activation energy
and be the slow step In the process.

Steg_ﬁ,s Depending on the partial pressure of oxygen
in the region of the chemical reaction it is suggested that the
desorption étep may go either to SOBIgas or to S0p gas and 0Oy,
Desorption data for such steps has not been found but again,
the step may be slow, the minimum activation energy being the
heat of desorption of the gas.

.Stepﬁém: The dissociation of 503 to S0, 18 probably
a fast step as the equilibrium in the reaetion SO, + 1/20, & 503
is well to the left at the temperatures encountered.

,SteE [s: As has been experimentally confirmed the
transport of SO, is rate-determining in nitrogen atmoaphere at
low gas veloeity. Undeér conditions of reduced pressure this
econtrol is removed,

It will be observed that the possibility of diffusion
of reactants and products through the liquid lsad metal
product has not been considered in the mechanism. The lead
metal product in all reactions was observed to form in’tiny
spheres on the surfate of the solid reactant leaving much of
the surface expo8ed. This sphere formation is illustrated
in Plate IX. The assumption has been made that PbS vapor 1is
transported directly to the reactant Pb0O surface and gaseous
products desorbed directly from the reacting surface.

The model for the PbS—PbSOu reaction and for the

PbS-basic lead sulfate reaction is still in doubt. It is
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probable that normal Sulfate must undergo a trangition to the
basic structure before any reaction can proceed, this is sug-
gested by the position of the "reaection" starting line on
Figure V (page 26). The partial pressure of oxygen appears
to be the critical factor in "reactions™ then, ag well as in

the structurée of the roast.

Concludions

This research has been concerned with a general examin-
ation of the roasting and reduction of lead sulfide. The
setting up of a modél based on an assortment of information
obtained by both early and recent workers has proven uSeful in
that it shows c¢learly the many gaps in our knowledge of the
kinetics and mechanism of the "roast-reaction™. The arbitrary
division of the process into the ™roast' and the "reaction™
is felt to.be essential for a fundamental étudy; it i8 the
first step toward simplification of a complex.problem,

The results of experimentation have been valuablé in
two ways. Firstly they have supplied one or two of the missing
gtepd in the mechanism and have indicated possible methods of
filling other gaps. Secondly they have provided a guide for
further theoretical and experimental study by uncovering pit-

falls which must be avoided.
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10x

Plate IX The spherical formation of lead metal in the
PbS~Pb0 reaction.
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RECOMMENDAT IONS

It is recommended that the model proposed in this
research project for the "roast-reaction" of léad sulfide be
used as a starting point for further work. A few suggestions
are listed which may prove helpful in experimental work.

1. The kinetics and mechanism of the roasting of lead
Sulfide\should be examined u®ing pure materials (synthetic
galeha) in the form of single c¢rystals. Pure single crystals
of galena of a size suitable for roasting (as large as two
inches long and one half inch in diameter) have been prepared
(ég)u Single crystal work is required to make available the
surface area data for absolute reaction rate calculations
(18) and to avoid the uncertainty inherent in proposing dif-
fusion mechanisms for briquetted or polyecrystalline materials.
The methods of obtaining kinetic data should include welight
change studies, preferably with the use of an autographic
weighing system (17). It is suggested that the usual means of
oriehting and identifying phase boundaries in the roast
(chemical analysis, petrography and X-ray diffraction) be
supplemented by the use of the sulphpnr isotope S35 and the
'radioautographing of roasted e¢rogs-sections. This can be
applied to single crystals or polycrystalline material alike.
Roasting atmospheres may range from 100% oxygen through air
to 100% nitrogen, pressures either reduced or greater than one

atmosphere may be applied and gas flow rates varied from the
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static conditions for equilibria studies to the ¢onditions
necessary to freées chemical reaction rates from gas film trans-
port control., -
It is not recommended that the defect nature of the
lead ‘Sulfidé prepared or the effects of impurities (present in
-naturalhgaléna or added) be considered initially. Nor should
SO2 atmospheres (added SOZ) be used at first. Qﬁalitative
roasting tests carried out (not discussed in this project)
with these variables were very confusing. It is felt that the
- consglderation of such variables should be postponed until a
c¢learer understanding of the roasting mechanism 18 at hand.
| 2. The stoichiometry of (a) the PbS-Pb0 solid-solid
reaction and (b) the PbSéPbSOu 80lid-solid and gas-solid
reactions should be examined. These reactions ¢an be carried
out in vacuum and in nitrogen, the sz12 tracer technique is
rééommended for the examinations. The sulphur isotopebs35
may have an application in some of the re&ctions;
| The kinetits of (a) the PbS-Pb0 gas-golid and solid-solid
reactions and (b) the PbS—PbSOLL gas-solid and solid-solid
reactions should be. checked. It has been shown that some
dbstablés'muét be overcome in this. The rate—nontrblling SOZ
film must be removed for nitrogen atmosphere kinetic measurements.
Inereased flow rates, coarser particle size and solid reactant
surfaces may all help. :The heat transfer block in the vacuum
gtudy 1s anélagOus to film control. Inﬁimately mixed solids
cdn only be studiéd with the application of nonisothermal

kinétic theory. The true reactant surface temperature must be
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measured. It may be possible to approach isothermal conditions
by obtaining erystals or fused lumps of PbSOu and PBO and
allowing PbS films to evaporate and react on the surfaces. In
all of the kinetic studies it is probable that the autographic
weighing technique and the use of Pb212 and SBS tracers would
be useful. |

The dependence of the "reaction" starting temperature
on oxygen pressure should be kept in mind and perhaps 1is
worthy of closer examination in a futﬁre study of the "reaction"
mechaniSm, It is suggested that this is closely related to the
structural changes in the product with depth of the roasting

layer over the PbS surface and with the degree of eonsolidation

of reactants and products.
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APPENDICES

Appendix A: The Preparation of Synthetic Galena

Synthetic galena was prepared by reacting test lead
and excess sulphur together in a vented graphite érucible at
a temperature of SOOOC, Forty grams of sulphur weré placed
in the bottom of the crucible and covered with 80 grams of test
lead, giving approximately 90 grams of galena in a batch. This
galena was in the form of a blue-grey porous mass not unlike
sinter, the individual particle size beihg about 1l mesh.
This matérial was purified by fusion inva larger covered
graphite trucible in the reducing flame of a gas muffle. Excess
sulphur was added to the charge and it was taken to and held
at 1200°C for fifteen minutes§ then cooled slowly in the fur-
nace. The product, which appeared identical to ngtural galena,
was crushed to pea-size, blown free of carbon and reduced to
~50 mesh in a mortar. The production of fines was minimized
by repeated sereening and a small amount of metallie lead was
‘Separated in this manner. Lead analyses of a carefully sampled
portion of this galena gave an average purity of 99,2% PbS.
‘The material was stored in a desgieator throughout the experi-

ments.
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Appendix B: The Preparation of Lead Sulfate

It was not ofiginally intended to prepare lead sulfate,
the reagent grade chemical being sultable for most purposes,
However, in the course of mixing lead sulfide and dried
reagent gradé lead sulfate and on heating the mixtures, the
evolution of HoS was detected. Ignition of the lead sulfate at
600°C with the intention of drying it and driving off any free
sulfuric aé¢id invariably résulted in decolorization of the sul-
fate to a grey shade similar to Portland cement. Minute quan-
tities of carbon present in the ignited sulfate might cause the
discoloration, consequently it was felt this lead sulfate might
not give reliable results in the "reaction" study and other lead
sulfate was prepared. _

The lead sulfate used in the study was prepared by dis-
solving test lead in dilute nitric acid and precipitating the
1eéd out with sulfurie¢ ac¢id. Repeated dryings with excess con=
céntratéed sulfuric¢ acid and repeéated washings with very dilute
sulfuric acid were carried out until it was felt that the lead
sulf'ate was free of nitrate.

Lead sulfate prepared in this manner remained pure white
aftervignition at 600°C for one hour periods and gave no
detectable odor of HsS on thorough mixing with PbS. It was

uséd in all subsequent experiments. -
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Appendix C: The Purification of Nitrogen

Cylinder nitrogen (Prémium Graae) was found to contain
too much oxygen to be used in the "reaction" studies. The
nitrogen was freed of oxygen and water vapor by passing it
through a traiﬁ,consisting of two gas washing bottles in'SPries
containing chrOmous chloride solution; two drying towers in
series COntaihing phosphorus pentoxide and a small vitreosil
tube furnace charged with copper turnings and heated to 600°C.,
Liead sulfide heated in nitrogen which was passed through the
train showed no signs of oxidation. The chromous chloride
gas waShérs_were operated such that the first one contained
the Solution of lesser ac¢tivity and the second the fresh
solution. Chromous chloride solution was prepared (27) in a
JoneS'type-reduéer ¢harged with amalgamated zinc. The
golution was placeéd direectly in a washing bottle and kept out

of ¢ontaét with air until used.

Appendix D: Analysis

I Anslysig of the "roast! samples for PbS, PbO _and PbSQ) ¢

The combustion boats* containing thée roasts were placed in one
liter beakers and leached with a saturated Solution of ammonium
acetate for 6 hours. The temperature of leaching was kept just

R I

“ A1l alundum boats used in the project were leached in boiling
1:1 HNO,, leached in water, dried, fired at 900°C in a sSmall pot
furnace”and stored in a dessicator until used. DBoats wers
refired before reuse. Heavily slagged boats were discarded.
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below the beiling point, The ammonium acetate golution, con-
tainiﬁg the dissolved lead oxide and lead sulfate was filtered
off through a pyrex gooch filter of medium porosity. The
filter, containing the boat and unreacted lead sulfide, wa s
washed through with acetone and ether, placed in a vacuum des-
‘sicator and pumped off. A gross weight was taken and the
filter and contents were placed in the originél beaker, covered
with concentrated nitric acid and boiled until ¢lear. After
reducing the volume of nitric acid and precipitated lead salts
‘to 150 ml. the solution was made to 600 ml. with distilled
water and heated to dissolve the lead salts. The filter was
then removed and washed; 10ml. of HpS0) were added to the
sblﬁtion and the lead contents were determined by the ﬁsual
gulfate procedure.

Lead and Sulfate were determined on the ammonium ace-
tate filtrate as follows: the solution was made to 500 ml. and
divided into two parts. Lead was determined on one part by
preécipitation as the oxalate and titration with standard per-
manganaté. Sulfate was détermined on the other part by first
removing the lead by passage through an ion exchange C¢olumn
(Dowex 50-X12), then precipitating as barium sulfate in the
usual way. Having the total armmonium acetate soluble lead, the
total lead as sulfate and total lead as sulfide, the lead as
Oxide was calculated by differénce. The analysis was subject
to a eheck by means of ﬁhe weight changes recorded; all

combustion boats and filters being tared previous to use.
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II The gnalysis of,mréabtionﬂ,samples_fpr.Pb,vPbS,:PbO

andJEbSO

: The analytical procedure differed from that for
"roast“'sﬁmpleé‘in ﬁhat the ammonium acetate Insocluble portion
consisted of a mixture of lead 8sulfide and lead metal. Two
alternate protedures were used for the lead sulfide-lead deter-
mination. In the first procedure the boat plus lead metal-
lead sulfide insoluble were weighed, the lead-lead sulfide was
leached out with nitric aecid and total lead was deterﬁined as
the sulfate, the boat being tared within the pyrex filter.

In the second procedure the lead was extracdted by an ion
exchange_resin and determined as sulfate, the sulfide $ulphur
was determined as barium sulfate. When desired, lead oxide and
lead sulfate were determined in the ammonium acetate soluble

portion by the procedure ufed for "roast" samplews.

Appendix E: The Preparation of Labelled Lead Sulfide

‘The Pb212 1sotope was obtained by dithizone extraction

of a solution Of:the'Th?28 parent isotope. A one millicurie
solution of Th228¢1 was obtained. This solution was diluted
with 1:1 nitri¢ aeid and aliquoted to obtain an extraction

212 activity. The aliquot (two

solution with the desired Pb
ml.); termed the parent Solution, was placed in a 100 ml.
pyrex Separatory funnel and mixed with 5 ml. of a thorium
nitrate solution (25’mg, Th in 1:100 nitric aeid), 15 ml. of
ammonium citrate solution (SO_gmo in 100 ml. Hy0 and basic

with NHMOH to pH 9) were added, the sSolution was mixed well and



-78-

made baéib‘(pH 9) with NHuoHd

b212

Extraction of the P isotope waé‘Carried out as

follows: 100 microliters of a lead solution (0.5 mierograms
pér microliter) were added to the parent Solution with a miero-
pipette. The solution was mixed well and the pH checked with
thymol blue,:NHAOH being added if required. Three extractions
with 5 ml. portions of dithizone ¥ solution (50 mg. dithizone
per liter of chlorbform) were carried out using standard tech-
nique (23). The third extraction invariably gave a clear

green dithizone solution. The lead was back-extracted from the
ehloroform phase by shaking with 2 - 15 ml. portions of’

1:100 HNOB. The aqueous phase was drawn off into a 400 ml.

' beaker, mixed with 10 ml. of a lead solution (25 mg. Pb per ml.
in 1:100 HNOB) and made to 200 ml. with water. This solution
was mixed well, gassed with HoS until clear (about one hour)

. and filtered onto a 8mall disk of No. 42 Whatman filter paper
in a stainless steel suetion filter. The sulfide was washed
with ¢old water, acetone and finally ether. The paper disk
with precipitate'waé‘transferred to a small porcelain crucible,
covered and placed in a vacuum dessicator. The dessicator was
evacuated with a backing pump for one hour,; after which the lead
sulfide could usually be freed from the filter paper with a few
taps. This lead sulfide was transferred to a tared glass
(counter) vial, counted, weighed and then placed in an alundum
boat and utilized in the "reaction" studies. The extraction

procedure was repeated every L8 hours whieh maintained the
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activity of the lead sulfide at a suitable level.

The Th228 solution was c¢hecked to determine whether it
eontained equilibrium amounts of lead and bismuth before any
extraction§ were ¢arried out. An aliquot of the solution was
counted twice daily for a week and showed a constant level of
activity after background correction. This was taken as satis-
factory evidence of secular équilibrium, the half 1ife of
Th228 peing 1.90 years (10).

The degree of sgparation of the lead isotope from the
thorium parent isotope was checked by preparing a sample of the
active lead sulfide, counting it to obtain a decay curve and
measuring the half 1life as given by the curve. Separate
samples gave meadured half lifes of 10.7 and 11.5 hoursj the

212

published valué for the half 1lifs of the Pb isotope being

given as 10.6 hours (10).
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