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ABSTRACT

Extensive sorption on mineral surfaces has been exam1ned using the
il

re1at1ve1y new technique of x-ray photoe]ectron spectroscopy (ESCA),

S combined with atomic absorption methods as analytical probes. The ESCA y
, - -

technique has extremely useful pioperties for fundamental studies of

\
e
-

ion sorption on solid surfaces,, i.e. qualitative and quantitative
trace metal surface analysis. Two mineral systems were examineg: A

N
1) 8a2* adsorption on single cdlcite crystals and 2) H92+, Hgo adsorp-

tion on cut and/or po]ished highly pure slabs of pyrrhotite (FeS) and
pyrite (FeS,) ore. ?nigia]1y, reasonable measures of the sorpﬁ?on
capacity (Xy) of the%ehﬁﬁo mineral sorbents weré determined. This was
accomplished by monitoring the uptaké of metal ioms exposed Zo

*

powdered samples of large surface area using atomic absorpfion methods. .

[ Tand

Estimates of the surface area of iron sulphide and calcite powderﬁyere
calculated from these adsorption results. The‘powdered study refﬁlts'
fit well to the Langmui} equatiqg. | \

Using x-ray photoelectron spectroscopy as the_sur%ace sensitive’
technique, }inéar reproducible calibration plots for monolayer and
sub-monolayer amounts (< 6 x 1077 gm/cmz) of barium and lead ions og

" cleaved calcite surfaces Weie obtained- The slopes of ‘these linear

plots are equated to theoretical estéhates. The effects of surface
contam?nation and ,analyser variafion (transmission function) Qith kinetic.
energies were also.examined us1ng “these plots. L1near,‘reproduc1b1e
ca11brat1on p]ots of mercury and chlorine ions on 1ron sulphide plates

were a]so produced and verified the usefulness of the technique for

/mono1ayer and sub-monolayer detection of sorbed species. An estimate of .
) {

iv




the mercury and chlorine atom escape depths (AHg ~ 7 K, My - 25 K)
was calculated from thé cajibration plots determined. Quali ative
calibration pTofs ﬁbr lanthanum, barium and nickel ions on precipjtated
amorphorus pyroluaﬁte (Mn0; ) p]atesfwere also determined. ¢ The results
of the ca]ibratioé studies indicated other metals will give calibration
results similar to these plots. The results strong]y~jnq1cate that
ESCA will be a very useful analytical probe for-direct surface analysis
of trace elements dowﬁ to = 107° gm/cmz& These calibration plots were ‘
then used for semi-quantitative ané quantitative analysis of trace
metals adsorbed .from aqueous sé1dtion by the aforementioned mineral
surfaces. In all cases, monolayer coverage ( :7015 ions/cm?) was
observed after reaction times'ranging from minutes for mercury uptake
by iron sulphide to days for barium édsorption on calcite. These
édsé‘ption reactions were also found to be very sbecific,as counter-
ions such as C17 or C10, were not adsorbed. e
Variation in pH and chloride concentration was found to affect the
rate of mercury adsorption on iron sulphides. Iron sulphide (FeS) ére
has the ability to very‘specifitally ctleanse solutions containing trace
mercuric ion species and mercury atoms. In situ pilot studies should

now be examined to best apply this finding. -

. .The mechanism (hydroxylation, ageing etc.) of adsorption pﬁto mineral

Sty

surfaces is discussed in detail. This étudy has lead toljgbetter, albeit

small, understanding of the adsorption mechanism and a greater under-
standing of aqueous reactions involving metal ions in contact with
oy [ 4 y

mineral surfaces. The importance of the adsorption process to waste

water treatment, mining flotation processing, nuclear waste disposal




incorporation into various mineral phases is shown. Adsorption,

-

dessvption, leaching and diffusion of metal species on the sg;fpces

4

of minerals must be more fully studied‘jf one is to prevent o;

temporarily postpone ecological suicide.
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. CHAPTER 1
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1.1 .  INTRODUCTION

The removal of ions fwom solution by solid surfaces’was studied
as early as 1819 by Gazzari! and in 1850 by Way? for sgﬁl:so]ution
interactions. Jenny3.used the terﬁs\"exchangé sorptio;; and "jonic
exchange" to describe the removal of ca ions from solution by
colloidal aluminum silicates. Many ear]y soilvchemists used the
term "adsorption compounds" or "base exchange constituents" to
describe the removal of ions fromﬂéo]ution by soil.!

Today, the solid-solution adsorption reaction is known to, be
part of a wide fange of physical, chemical, géqlogﬁcé] and biological
processes and in régu]ating many organic and heayj‘metaT micelles in.
the environment. = o . T -

LA ..

From an agricultural and an environmenta] stathoin§ the need

to understand the factors moderat1ng the part1t10n of ions between
\‘sol1d interfaces and aqueous solutlons is of cons1derab1e importance. >
\‘*App1ications of adsorption for minera],froth“flotakion, chemical

‘process%ﬁg,“air*pollution control and water treatment aﬁf known ;
;bﬁlications in waste waﬁérrtréatment, nuclear power plabt radioactive
waste and associated power plant water pollution contro]%are not as

LY

j well recognlzed nor weI] understood Therefore there i% renewed
interest in the adsorpt1on of heavy metals and rad1oactyve nuclides
on solid surfaces such as the metal alloys of nuc]eat power plant

reaction vessels and tubing and on the common rock for?ing minerals

o

-

s
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" understood and safe“guard measures developed if ecological shicide is

4

A8}

calcite®-16 oxides of iron,'si]icon,'manganese etc. 17724 silicates2°727
and metal sulphides.28-30

Adsorption of heavy metals, radioactive nuclides and organic
species onto minerals must be studied“in deta%? to alleviate pressing
environmental problems. Several examples serve to indicate the
relevance df this statement.;

In limestone deficient areas, e.g. Canadian Shield, lakes and
rivers arg‘éhemically unbuffered and thus extremely sensitive to pH
changes.' Large scale sulphur dioxide gas emissions from sulphide
ore smelters mixed with atmospher{z‘water vapour create (HZSOQ);Etidic
rainfall (i.e. pH < 5),

This steady 1owering of the ground water pH,causes destruction of
aquatic life, hinders tree growtﬂ*and creates increased leaching of
trace heavy metals from the ‘country rocE. In addition, the increasing
acidity enhances deéorption of previously adsorbed ions from colloidal
and lake sediment surfaces, causing additional heavy metal contamin- o

ation.31-3% Thys adsorption reactions may prevent and/or create water

pollutiorm problems at the same time.

-

‘Mercury pollution in Canadian lakes and rivers33-37 is a most
’ 14

urgent problem requiringﬁgggediate action. Again adsorption processes
s

may well play a dominant role in containing the present pollution and

preventing reoccurrences in the future.

Nuclear plant storage/di;posa] of ;its radfoactive reactor waste -
and associated water pollution p@ses a major threat to all life. The '
adsorption, desorption, leachiné and diffusion rates of these nuclides

on mineral and metal p]]oy suerEEQ must .be tgg?oughly stud§ed, fully

ow
PP b

to be pmventeibr;.,atmhasmeoupoued,xi&;&;.Q.w USSR S




In addition to these ecological aspects of adsorption, there is an
. increased geochemical awareness of thehore dgposit—adsorption re-
1ationsh{p, i.e. manganese nodules, and for understanding the
relationships of cation subs?%tution in minerals during crystal growth
and subsequent metamorphic r'eac.:tions."1

However, as J,W. Murray!® states,“adsorption in the marine

environment has not yet received the attention Jt deserves and neither

the qualitative nor quantitative aspects of -ian adsorption on solids

is well established in most cases.” For exémp]e, there is widespreéd .

disagreement on the kinetics of ion sorption on MnO,. ’
Morgan and Stumr‘n“2 and Posselt, et al.2! observed that the rate of

sorétion at constant pH was rapid (5 minutes). In contrast, Murray!®

found that equilibrium was:attained in one hour or less depending on

pH, while D.J. Murray23 and Loganathan and Buran2® found that tﬁg final’

attainment of equilibrium took hours\to days. These diééngpancieswgpy

well be due to difficulties in obtaining accurate sorhent surface

areas, aﬁd to the fact that the technique§ used to measure sorptioﬁ

o

# ~do not monitor tﬁe actual surface concentration of sorbed ions; but

- !

rather monitor decreases in solution concentration of the-sorbed” i
ions. Thus, classical chemicall®s#3, and instrumental methods such * H
: =

as*wtomic absorption!®s*“, and radioactive tracer techniques!9skb s - q

have beeﬁ used extensively to follow the decrease jn sorbate concentra-
tion in solution. Recently Sasti and Moller®6, Moller“? have used the

Paneth-Verweck radio tracer method to detect sorbed “*Ca on éa!cige

~ ~

surfaces.

In this study extensive sorption on mineral surfaces has Heen

N,
examined using the relatively new ‘technique of x-ray photoé1ectron~
1 ]
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spectroscopy (ESCA)“6>%9, combined with atomic absarption methods, as

analytical probes. The ESGA technique appeared to have extremely
“useful properties for fundamental studies of ion sorption on solid
‘J surfaces, i.e. qualitative and quantitative trace metal surface
analysis. Two mineral systems were studied: (i) Ba2* sorptiBn on
single calcite crystals and (i1) Hg2*, Hg® sorption on cut and/or
polished highly pure slabs of pyrrhotite (FeS) and pyrite (FeSz) ore.
To get-a reasonable measure of the sorption capacity ability of
these two sorbents, powdered iporganic calcite and jaw crushed pyrrho-
“tite ore were also studied by monitoring the decrease of sorbate in
so]qtﬁon using atomic absorption methods. .
- /;// ) These two adsorbate-adsorbent systems (i.e. Ba on cq}cite and
' . Hg on iron sulphide) were chosen for three major reasons: (i) because
yd of thear great geochem1ca1 importance; (ii) because of their world
wide ava11ab111ty and commerc1a‘ feasibility for use as a po]lutzon
Sorbent;and (111) because any exchange const1tuents i.e. Ca?t, fFe?*,
0327, §27 jons would not pose their own po]]ut1on hazard if released
. into the water'beiné cleansed. In addition, large cleaved single
crygtals of ;a]cife are easily obtained, prov%ﬂing a well defined
surface area of reaction and ESCA surface for analysis. Also the
sorption ability of iron sulphide ore minerals for reﬁoving dangerous
heavy metals such as Hg, Cd, etc. from sd?utioﬁ}had.not been studied

in detail previously.5?
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. CHAPTER 2

2.1 ANALYTICAL METHODS

2.1.1 Atomic Absorption Spectrophotometry (A.A.S.)

A model 403 Perkin-Elmer (PE-403)} double beam A.A.S. was employed
for barium, calcium, mercury and iron trace element analysis.
Atomization of mercury species“in solution was accomplished either
by flameless cold vapour chemical methods'»>? or by using the PE-2100
heated graphite analyser (HGA).3,% ' ,

These flameless techniques were found superior to normal flame
A.A.S. for mercury giving greater sensitivity, a lower detection limit
and fewer interference problemQ. Optimum working conditions' for all
elements analysed was as oqt1ined in the P.E. operation manuals> and
several A.A.S. newsletters.6s7

Basic A.A.S. theory and analytical procedures are well referenced
and thus omitted here. The apparatus for the cold vapour chemical
atomization (Fig. 1) is adapted from an earlier study.? Note, the
cold yapour chemical atomization procedure seemed easier and gave

more‘repnééugjble results than the HGA method for mercury analysis.

2.1.2 x-ﬁay Photoelectron Spectroscopy (XPS)

A McPherson 36 photoe1ectro€ spectrometer was available for this °
research. A concise historical summary of XPS development has recently

\ been published.8

K. Sxegbahn9 10 made the maJor advances in instrumentation and is

o ) ) - 9

— -
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credited with the development of high ‘resolution XPS*and its subsequen;
use in chemical analysis. Steinhardtl! however, should also be cited
for his many contributions. Theory and detailed instrumentation of ‘
XPS is examined-by several authorities.l2,13,1%

E.S.C.A. (Electron Spectroscopy for Chemical Analysis) is a
spectroscopic technique in which a flux:of high energy photons (x-rays) ‘
strike a samp]é in a high vacuum chamber, Core (inner s;ell)
electrons are ejectéd via the photojonization process.(A + hv »:A;* + é1+)
from atoms of this sample and the klnetic energies of these electrons | .
are analysed using a scanning analyser monochromator and electron
detector (Figure 2). ‘ | o

Instrumentation'required is simple in principle although complex
in practice. A detailed exp]anatioﬁ of each comﬁ&hé‘nt\j’s available ’
from the McPherson 36 operation manuallS and the recent bublication of
Carlsonl®, . '

The McPheron 36 instrument cqnsist§ of a x-ray source (magnesium
anode), a sample chamber with 8 posigion.sémp1e wheel, a semi-
spherical electrostatic aqa]yser for sepgrafion of electrons into
their range of kinetic energies (0 - 1253.6 eV) and an electron
photomultiplier to detect these&energetically non-equivalent electrons. -
To ensure\high instrument résoiution and prevent surfaé; contam{nation
du}ing ana1ysis,'a tgﬁﬁcal vacuum of 1078 torr. is attained\using a
turbomolecular pump. In addition, The sample chamber is di%ferential]y

pumped to approximately 10710 torr. by an auxiliary cryogenic pump. >
A 10 KeV argon ion gun is éttached to the Sample cRamber for cleaning .
(etching) the samplg surface and/or to depth profile thg sample. Data

\
accumylation and operating parameters are controlled by a small computer
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(PDP8e). ‘These data (i.e. spectra) are computer fit to combination

Lorentzian-Gaussian -peak shapes using the iterative program compiled :

at U.W.0.16 ‘

-

7

An ESCA spectrum consists of a plot of, number of electrons detected
(intensity) per unit time versus the kinetic ehergy (Ex) of the electrons.
Since the kinetic energy is related directly to the ionization potential

(binding energy, Ep) by the Einstein equation

a

Elray) = Bt B o= v M

and the incident photon energy hv (Ex-ray) is accurately known for
magnesium x-rays (i.e. 1253.6 eV), Ep can be determined. In practice
additional energy terms,(i.e. 'instrument effects) are necessary to

balance this 'expression'. Thus equation (1) becomes:
SN '

Ep = 1253.6 - Ex - dgps - dch. - 1)
where dsp. is the spectrometer work function: (a constant) and dch. 1s
the electric potential (charging) in the sample caused by poor'éamp1e
conductivity (variable, 0 » 4 eV). - The binding energy of each electron
is characteristic of the atom from which it was. photo-ejected and the

chemical environment of that atom (i.e. the atomic structure of‘eqch

3 ‘~“*,€.:?p-*3£b’;-lmmd‘xrmwv Vg e vt s W
i N

element is unique). TheSnumber of e]ectron§ analysed with a character-

istic binding energy is thus a quantitative mea;ure of that atom's

abundance on and near the sample surface because only electrons excited ~
in the first 5 - 15 & for metals, 15 - 25 A for 1norgan1c compounds and

50 - 100 A*for organic samples are detected.!’ )

This effgg;lve\\gpth ‘the escape depth (1) of photoejected electrons,
el

/Js~cfbsely related to Ehe\§g¢g}e~foat of their kinetic energ1es, 1 -

rd R
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}a Ek%“ Escape depth is defined as a measure of the mean free path

L

2
length of ejected e]ectrons that leave the sample surface w1thout loss
of energy by inelastic scattering. Thus ESCA can be used for structure

and bonding studies as well as qualitative and quantitative trace element

surface analysis.

2.2 ADSORPTION THEORY - "THE SOLID-SOLUTION INTERFACE"
L
2.2.17 Introduction
There are two principal cBncepts used  in discussing the control
of heavy metals in solution.!® These are (1) solubility controls,
h“‘ where prétipitation and dissolution of solid phases of the metal ion

dominate the variation-of metal concentration as a function of solution

parameters and time; (2) surface chemical controls where the presence
of insoluble phases provide sites where adsorption or interfacial !
reactions can occur. Evidence supporting this latter control was
provided during the course of this study. The growth of crystals
occurs in successive reaction stepsi® as follows:
, « (a) transport of solute to crystal 1nterfac§ :
‘l (b) adsorption of soiute ;t the surface . ) ﬂn?w -
(c) iqsorporation into the crystal lattice.
While dissolution reactions are nearly always diffusion controlled,
growth of crystals is frequently controlled.by interfacial processes

such as adsorption or dislocation steps. As adsorption control

mechanisms are also important in many natural waters, a discussion of -

adsorption and adsorption models besg explaining Héavy metal uptake
by mineral surfaces follows. Ligand concentration, metal concentration |

and pH are 1mportant to both so1ub111ty and adsorptlon mechanisms and




a clear distinction between these épncepts is thus not always possible.

. N N (; .
Atoms, ions and molecules bonded to the surface of a solid but

differing from the constituents of the lattice and not penetrating the
bgindary edges of the crystal are said to be adsorbed.?? ‘
Adsorbtion is usually subdivided into two catego}ies:

-
(1) Chemisorption (specific, inner Helmholtz layer, and stern plane

adsorption) involves a sharing of electrons between the solid surface

and the adsorBaté. This chemisorbe&y}gyer cannot exceed a single micellg
i

in thickness.

.

(2) Physisorption~}non-§pec1fic, outer Helmholtz Tayer, diffuse layer

o

and limiting Gouy plane adsorption) is caused /by van der Waal's

(London) dispersion forces aided by coulombic forces. No sharing of

electrons occurs. However a displacement of electrons either towards
or away- from the surface is possible. In solid-solution adsorption,

‘the borderline between these two types is quite blurred and additional®

o

reactions may occur. Galwey2? states “an exclusive division into two

classes cannot be made since molécules are capable of being attracted
X

to solid surfaces by bonds within the entire range of strengths of

chemical association.” In addiﬁ;pn, although ion exchange is not

considered a true adsorption process?! there is much evidence indicating
exchange occurs during adsorption reactions (e.g. hydrolysable metal -
mineral oxide surface).?? Ion exchange is defined as the process”by
'yhich the surface loses to ?he solution an amount of jons electrically
equivalent to the ions taken up. For true ngﬁ%ion sorption the

change in density near the interface is small but the composition of

the solution next to the solid may be drastically altered,~ However,

no part of the surface enters the solution.?! The Fajan-Paneth rule23
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states that an ion tends to be strongly adsorbed on a solid surface if '
it forms a difficultlysoluble or weakly dissociated compound with the
. dpposite charged ion Pf the crystal lattice, Where specific ‘chemical ~
effects are not dominant, the ion charge tends~t0 determine the extent
1 of adsorption. Results of Weiser?3 indicated that sorption of ions by
BaSO, correlated more with the solubility of the barium salt rather than

ion charge. Adsorbed igns can also become incorporated into the surface

lattice when rapid ageing occurs. Thus the amount of sorbate removed
from solution no longer corresponds to a simple adsorption process.
The term ageing is a process by which surfite'energy is decreased by

elimination of crys;a] edges, corners, point defects, dislocations, etc.

~

by means of surfacezdifoSTOn, bulk diffusion and reqr}s;a]?izétion. A
crystal with a high density of dislocations has a griatly'increased free
energy. Such crystals tend to "anneal" or recrystallize nn?e readily

than crystals with- low dislocation densities.2* In the abov? cﬁ
sorption can occur by surface exchange. Thus a sfmp]e electrdgtatic
picture is not complete and the kinetics of m1xed crysta] formatlon must
be examined. GOrlich et al.2% implies that the adsorpt1on process
initiates a double exchanée on sulphide mineral surfaces. Thus adsorption
encompasses a large range of surface reactions{ physisorptibn can

initiate chemisorption or vice versa, whicﬁ can then cause ion exchange

(23

and/or surface lattice site substitutfons.19’2f Therefore the more
_ S.

. general expression "sorption" processes seems better suited to describe

these surface reactions.

2.2.2 ' Interpretation of Sorption Reactions - "The Langmuir Isotherm"

" Sorption results in the removal of ions from solution and their

. concentratton on the surface until the amount remaining in sg]utzqnﬂls,m_mm_ﬁnwdm“Jmﬁz

y
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in equilibrium with the surfate. Sorption_ has been found to depend

upon adsorbent surface area, adsorbate concentration, time of reaction,
: !

solution pH, ionic strength, and temperature. This sorption equilibrium

condition is described by expressing the amount of sorbate adsorbed

L

per unit weight of sorbent (X), as a function of the Eoncentration

: .

of sorbate remaining in solution at™equilibrium (cequii

B

Ff sorption is considered as occurring on specific sites of the

‘surface,. then two simple-relatiohiships exist between X and Cequ11

w

(i.e. the Langmuir (3) and Freundlich (4) adsorption equations.)

Xp - B Cequil. E " (3)

X =3
THb e Cequin, | v

where Xm is the maximum adsorption capacity and b is a constant

related to the heat of adsorption; and -

]/n

X = k- Cequi].

N )

Ee——

where k and n are proportionality constan%s anﬁ n <1,
Derivations of the Langmuir and Freundlich gas-solid sorption
equations from first principles and their conversion to solid-solution

e

interaetions are found in several references.2’-3! Qver moderate

ranges of solution concentration, either equation gives similar results. |

However, at low concentrations (e.g. this present study) the Freundlich Y-

expression deviates greatly from linearity and thus was not aé;lied in

VeRWINCPFET 1Y SN N e ST
v

this research.

A plot of X vs. Cequi:r\biyes a Langmuir adsbrgtion isotherm of

shape shown in Figure 3. This curve plateaus at very low C values

equil.
and indicates completion of monolayer coverage, a chemisgrbed layer. 32
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Figure 3. éTypica] Langmuir Adsorption Isoth’erm\Plot.
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The maximum height of this plateau (Xm) denotes the surface adsorption .

capacity., For pﬁysisorption, the plateau continues to rise swiftly at

s “high C values, indicating multilayer coverage. The length.of the

equil.
plateau indicates the difficulty of formation of a second layer bécause
of charge repulsion between ‘the first sorbed layer and those ions still
in solution. 33
In addition, adsorption leads to a reversal of surface charge if
no counter ions are adsorbed (tge usual case). This charge reversal
‘causes the flattening of the isotherm before all available sites are
filled3* and decreases the X, value with an increasing solution pH. 33737
This classical interpretation.of sorption ({.e. specific site type)
has been applied to most experimental results. However, many other
' theories have been developed lately to.interpret observations (Section
2.2.3 Sorption Models): from a simple electrostatic surface charge
| interaction3® (Gouy-Chapman-étern) at non-spewific sites, ion exchange
‘ in several forms3%, to quantum mechanical models“®:%1 which apply band
theory to sorption on ionic crystals. However, the Langmuir inter-
pretation can describe adequately most experimental results to date and
~ js thus widely applied. Data consistently fitting the Langmuir equation

! 5 indicate surface selectivity and thus specific chemical sorption.%2

Note, a satisfactory fit of experimental data to the Langmuir equation

does not necessarily imply that the conditions which form the basis

p and mechanism of the Langmuir model are fulfilled.!®

<~\\‘

2.2. cher Sorption Models

TAis section is a summary of current theory and models used to ‘-\\

explain gorption from aqueous solution onto ionic surfaces. Adsorption

s s i i e asm oner ¢ “tale:
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theory and models were initially developed to explain the reaction

mechanism on clean and thus more simplistic solid-gas interface.2®,3%,40,41

The models became more comp]e{ and more speculative when modified to .
include the solid-solution interface. This is because of the interactien
of the solid surface (adéorbent), ions being adsorbed from solution
(absorbate) and polar water molecules (the solvent).

Forces acting at interfaces are composed of extensions of forces
acting within the two phases; phenomena particular ﬁo interfaces result
from a non-balance of such force§.

Two broad Ezﬁories have been advancéd to explain colloid stability
and adsorption properties at the solid-solution interface. (1) Chemical

) Iﬂgggx: a surface charge arises from ionization of complex groupsx

’ 8
present on the surface, and destabilization of the surface is then due

to chemical interactions i.e. complex formation: (2) Physical Theory:

emphasizes the concept of an eléctrical double layer SE.D.L.) and the
significance of physical factors such as counter ion sorption,
f?duction of the Zeta potential and ion-pair formation,
This physical theory has become ﬁ%deiyjused in-interfacial
interpretation. However the two theories are not mutually exclusive.
It is clear that chemical factors mugt be cdnsidevad in addition to the
(E.D.L.) to explain many so]id-solutioﬁ*pheﬁomena.19’22’37’“2'“9 -
Solids in natural waters Dave electrically charged surfaces,’one
sidé of the interface assumes a net‘electrostatic charge, either positive
or negative; and an equivalent number of counter ioﬁz of opposite charge
form a diffuse layer in the,aqueous phase. This electric double layer

exists at all intenfaces in natural waters. The electrical pdtentia]}

across the dnterface is termed the Zeta Potential (s).
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In the case of ionic crystals, a surface can-also acquire an

//) electrical charge through lattice defect%, by gross mechanical
/ rupture or by isomorphic ionic replacements within the crystal lattice.
Thus eithgf positive or negative charge sites may occur,
The early electrostatic models of Gouy and Chapman were subsequently

modified by Ster538 to incl a sharp and a diffuse layer of ions

at this electric double laye (Fig. 4),
The electric potential drop ¥, across the double layer is givén by
the free energy {aG) involved to change the solid-solution junction to
b, : 0 (i.e. to the zero point of charge (Z.P.C.).
. -46 = Fy_ = RTInK (5)

*

and K is the potential determining species at the two electrical,

I

potentials (wo and v, = 0) and are usually either H* or OH™ ions.

£

+ Pl
he = ML GO0 (6)
[H,] [oH7] : .
. o
;’ ) . w"’*}
. Y, & surface potential \
F = Faraday (96,500 coulombs/equivalent), .

-

An additional term must be included in expression.(S) to indicate

the chemical (i.e. non-electrostatic) contribution to adsorption.

-6 = Fy o+ ¢ o (7)

k]
fx

This “chemical" term (&), incIngs'a1] chemical interactions such
as hydrolysis of the adsorbate, ﬁydroxylation of fhe sorbent, complex ‘
formation of the surfacg, Solvent effects, etc. This expression (7)

¢

is basic to the James-Healy Adso}ption Model discussed betow. The
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where A is the Stern plane (inner Helmho]tz) and B is the limiting
Gouy plang (outer Helmholtz).

-y

Figure,Q. “Stern Electric Double Layer (schemétic).
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double layer theory predicts that polar water molecules adsorb in a ¢

way as to neutralize a solid surface, thus producing a more kinetically

favorable state. There is much evidence supporting asthick surface

layer of vicinal water on mineral sutfqggsiﬂ, and this layer is altered
or partially rembved/py,%petT?TEi;;gbrptiqn. For example, ;;rge scale
;;juwﬁfzﬁ“separation of crushed ore from gangue.rock by froth
flotation hQ§ been employed for many years. However, the mechanism
‘ of enhanced separation by the addition of organig constituents to the
mixture is not well understood.®! Recent studies indicate that sorption
of these organic micelles (xanthates) onto a hydrophilic surface -renders
it hydrophobic. The colloidal mineral surface and air bubbles are then
able to move closer together, enhancing the flotation (separation) ‘
rétei I% this methanism is correct, the minera] surface originally holds
a thick water 1ayer and a sorption react1on alters this vicinal layer
S0 drast1c§11y as to substapt1a11y redice its thickness. Severa] recent
studies 5275“ indicate that strongly adsorbed ‘water on silica ($i0,) is
chemically bound to the surfacg through hydroxyl groups (OH™), and there
 may be three chemisorbed immobilized layers of water at the interface.
This sorbed water can be considered as forming a hydroxylated surface.
For ionic crystals, surface d{ssociation of a water molecule causes
the proton (H+) to associgte with a surface Tatﬁice anion (such as 02~
or $2-) forming an acidic (-0~H)’+ or (-S~H)+ group while the dissoci-
ated water (OH™) érbup becomes associated with a lattice cation (Me2+)
forming‘a basic hydroxyl group.52.>3 (-Me ~0H)". The acid (-0 ~H)+
hydroxyl groups are then possible sites of adsorption with. hydrated or

hydrolyzed metal sorbates (M ) .e.




=
e

2+ +

o~ o+ M —  (0-M° + H (8)
surf. o surf. -
. k
2 ,
or  2(-0-H)F + M S (o-mP 4 o (9)
surf. A 2 surf.

Additional support for the productioh of a hydroxylated surfacé comes
from Murray22, (sorption is pH debendant) and Gregg®®, (methylation of
an oxide-migera] surface greatly reduces its adsorption ability.)

This ;1&p1é'ipn exchange model fits many experimentafgdatae However
the expected proton increase -in solution is not always observed. 22
Possible coénter anion adsorption on.the basic hydroxyi group sites N
bccurs, however this is not usually the case. Therefore, “chemical"
processes must be active to explain the obserVa£ions. \

Bilinski“? states "for Iowa%harged inorganic surfaceg‘fhe electro-
static contribution to free energy of adsorption is often smaller than
thé coﬁtributions from covalent, hydrogen bonding or from so]Vation

_'. effects".

-~

. Balistrieri“? found that transition metals adsorbed on hydrous

oxides (FeOOH, Mn0O,) by ion exchange and with the mineral surface both
positively and negatively charged, suggesting specific adsorption. )
o LA N

e ‘ , /

+

(XM e+ M= o+ W (10)°

. surf,

On the same surfaces, group I and II cations were found to adsorb
only after the surface acquired a negative surface suggesting electro-

static adsorptidm, i.e.
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The Hohl and 5tumﬁ“7study indicated 1ead:ad§orption on A1,03 in
. a pH region well below that,of any hydrolysis and on a positively
charged surface and they thus postulated "specific" chemical interactions
of (A10”) groups withhunhydrolyzed lead ions. -
Thg‘enhanced sorption by hydrolyzed (partial 1og§ of hydration
- sheath) metal adsorbates on oxides has a]sb been observed and discussed

by many workers, 19,22,37,43-46

In particular, Murray?<, Posselt37 and Kinnburgh“? found that

sorption followed the series Ba > Sr > Ca > Mg on Mn0,. This sequence

?‘ follows the Holfmeister classification for the affinity of ions for

exchange sorption by cation exchange resins.®® Holfmeister found the

order of affinity for sorption is generally

-~

2+ 2+ 2

Li+<Na+<K+<Cs+<M92+<Ca < Sr 3+

<Ba+<A1 etc..

The explanation for this order is that affinity is a function of ijonic

size®®; i.e. degree hydration o #/y. Within a given group of elements,

,.w;

the “larger the:crystai]ine jonic radii, the larger is the exchange
affinity. '

This phenomena is related to the solvation of the ion, i.e. its
polarizabf]ity. This solvation energy term must be overcome to remove
the secondary hydration sheath, thereby enhancing;sonption. NGTe,
‘hydroxyl groups in the mineral surface cant1ower?£hg,é¥feétive charge
‘on the hydrated adsorbate, lowering its solvation-energy term, enabling
hydrolyzation and thus adsorption.!® Within a group of elements, the
smaller the cr&sta]Iine radius, thé'greatér is the actual idnic radius
of the hydrafécfion'.22 The strongly hydrated ions are less likely to
uhdergo sorption because of their increased size, which introduces

large steric hiddrances. Thus sorption processes are controlled by

&

e e 5 <t P b A AN P BTG T BT ) BT 2 A 30 N RS T YT 2 S My e ol

\




~_

v

26
‘ the interactioﬁ of the EDL (i.e. its production of a hygroxy]ated mineral .
' s surface) and hydrated:%r hydrolyzed adsorbateamicelles.
Thus there are two conceptual approaches to the sorption phenomena:!®
;(1) Calculation of adsorption isotherms usihg the e1ectrica[ double
'Iayer {EDL) from an estimation of free enehg;es of adsarption for each
hydrolytic species of an adsorbate metal; (2) postulation of ion
‘éichange reactions and derivations of exchange constants without
consideratio; of the physico-chemical structuring of the interface.
Fite modp]s based on the above concepts have been proposed éﬁd
are summarized as fo]]ows:is’“s’“7
. 1. Basic Gouy-Chapman electrostatic sorption at the EDL, modified .
later by Stern (Figure 4). ' ’
2. Surface hydrolysis-ion exchange mode1$of Dugger 1964, where
n(s-H) + MM = snM(m'“)+ + nn' (12)
This ﬁ%del has beenﬁwide1y used to describe éeta1 sorppion on
~hydrous mineral oxides.%4s57
3. Adsorption - surface induced hydrolysis
' s oM™ kL oo™ (13)
—
ko, som(om)™D* 4+ pt (14) =
e - ]
Kay  somon), (M2t 4 ot (15)
A : .
4. Adsorption of hydrolytic complexes using EDL theory "JAMES- %
HEALY' MODEL“> e 1
h '. m E"_.s. ’ (m-n)+. +
ydrolysis M7+ nH0 == M(OH), + nH (16) s
adsorption s§+ M(bH)n(m“”)+ K‘:_ﬁ' s~M(0H)n(““")+‘ (17 . «

2~
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K is e§t1matedqfrom Kads. = exp['AGads./RT}

ads.

Sorption of metal species from the entire suite of soluble hydrolysis
p;oducts is estimated from free energies 6f adsorption of each species.
The free énergy term from the EDL (Gouy-Chapman) 1is combined with the

"chemical" free energy term (¢).

8Gr4s. = AGCOU]. %, where ¢ is AGchem. AGsp]v, (18)

Equation 18 becomes
22 1 1 o
AG = Ry o+ F(EEH - ) + 46 —19)
ads. © " “Cinterface Ssolution chem.
oy
whiyre AGcou] = Fwo the simple Gouy-Chapman electrostatic free energy
at the inter?éce“ AG = F(Zzezf ! ! )), the change in ’
’ \ - ’
solv. . " ®int.  %sol.
»

secondary solution free energy as the adsorbing jon moves from the bulk-
) to its equilibrium

).

solution having a dielectric constant (eg,; +4n

position at the interface with a dielectric consfght, (Einterface

The terms z, r are the charge and radius for the adsorbing ion:

AG is the total "specific" sorétion free energy for the

chem.
reaction (i.e. usually 2 -~ 5 Kcal/mole)?2

This model in conjunction with the more complete Stern E.D.L.
model has Eeéent]y been ptoposed.34,58

5. Adsorption of hydrolyzable metal ijons as a surface complex

formation with EDL interactions (hydroxylated surface).47,48

Surface reactions

, 5ot K os-ono s W (20)
= .
. s~ o s.07 4 | (21)
E) . ‘t—— ] 5 i
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b}
Coordination reactions
- S<oH + MY ks s.ooMt o4yt (22)
=
_ Cand  2(-0H) + M K (s_opm o+ ot ‘ (23)

In these five models, "S" equals the concentration of surface
sites available for adsorption. Models g,aﬁh 3 assume the adsorption
interaction is specific and independent 6} the surface charge, and thus
are called "ion exchange" or "chemical” models. Models 1 and 4,
however, describe sorption from either a simple or a compiex "physical”
concept as well as taking into account any “cﬁemica]" interaction. These
lgbter models,"physical models", indicate no inner coordination sphere
interaction of the adsorbate upon adsorption.

As shown earlier not all experimental observations indicaté
similar mechanisms and no model adequately explains all phenomena to
date. However;“model 4 “5(Physisorption model) and model 5“7.*8

~<*chemisorption mgﬁel) have been widely discussed recently. The above
results indicate that sorption is a kinetically favoured, hydroxylated
solid surface and hydrated/hydrolyzed metal adsérbate interaction which
reduces the electrostatic surface charge to a minimum.1® Which model

\ -
chosen to represent this reaction is presently academic, as no verifi-

I3

e
i
H
4

cation is presently possible. Note however, the mechanisms can be «

o L Arsait G

extende& to include other hydrophilic ionic crystal surface reactions,

such as calcite and iron sulphides.

T
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CHAPTER 3 -

ESCA CALIBRATION STUDIES

3.1 Introduction

The application of ESCA to qualitative and quantitative analysis
of surfaces was a major aim of this thesis. Earlier results have
indicated its usefulness to this end.l-!3 The literature results
show that surface detection of trace elements in tﬁe Sub-mpnotayer
region is possible (5 10'89m./cm2)2’.S This extremely high surface
sensitivity has been demonstrated for adsorption studies of gases .
on metal surfaces? and for detection of cations in solutian i the
Tow ppb range.%>5 For quantitative studies of ions on surf;ces,
for example sorption studies, it is important that reproduceable
calibration p]&ts be obtained and that the ca]ibranr’ga;;;;e be
similar to the sorSéd surfaces. Apart from an earlier studyM
using a ratioing technique>, thére have been few attempts to obtain
semi-quantitative or quantitative results using ESCA. These calibrant
results are also useful for interpretation of the type of surface
coverage, thickness of coverage, and using appropriate equatiors,
can estimate’ the escape depth of the ion of interest. 1In additigzé
effects of carbon surface contamination on spectra intensities can

bé determined.Z,1%

) : 33
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3.2 Experimental

Semi-quantitative or quantitative chemical analysis require
calibration of the spectrometer used. It has been said that calibrant

sample“surfaces and surfaces of samples used as adsorbents must be_,

chemically and physically similar.? Cleaved Iceland Spar grade calcite
was therefore used as the calibrant standards in the barium-calcite
study; cut and polished FeS and FeS, surfaces %or the mercury-iron
sulphide work, and pfecipitated MnO, on aluminum plates for the barium,
Tanthanum and nickel - Mn0O, calibration st:E?es. The Iceland spar
calcite was cleaved to appropriate dimensions using a hammer and sharp
edged steel blades. The iron sulphide plates were cut into thin slabs
using a diamond tipped saw, ground on a 30 micron M dﬁamobﬁ wheel and
polished using an 8 micron lead lap using diamond powder. The productién
3 of Mn0, plates is J?scussed fully elsewhere.15 In all cases, the
calibrant specimehs had approximate dimensions of 15 x 10°x 5 mm.
This size was appropriate for mountiné in the XPS sample hglder (8
position carousel). Stock solutions (10,000 ppm).of barium, lead,
mercury, lanthanum and nickel were prepared using deionized distilled
water and the analytical grade salts BaCl,, Ba(C10,),,HgCl,, Pb{NO3),
LaCl; and Ni(NO3),. A]1‘ca11bratioﬂ solutions, (i.e. the stock and
dilutions from these stock concentrations) were stored in polypropylene
containers., Chemical analysis of these d11uted so]ut1ons were done
using the model P.E. 403 A.A.S. A1um1num masks with an open1ng 12.6 mm x
5.0 mm in each, and overa]l s1ze to exactly fit the sample holder were
used ‘to ensure that the ana]ysed area of the surface was constant for

each surface. The mask was then placgd in the spring loaded sample

. ‘ -
holder directly over each sample. These masks also acted as holders to
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keep the sample crystal or plate in place on the 360° rotating holder
wheel. It was found using thin threads of teflon that over 95% of tge
electrons counted by the XPS detector originated from a strip along
the middle of the sample, 1.8 mm wide and 12 mm long. This strip is
almost the identical size of the entrance slit to the XPS analyser. Thus
gﬁTx one third of the open mask area was actually analysed. XPS
ca1i¥q$tion curves were.produced by evaporating known amounts of
bariwnklead, mercury, nickel, lanthanum solutions from a 10 ml
- microsyringe onto the approgriate mineral ssurface. In the case of the
freshly cleaved calcite anédthe highly polished._iron sulphide plates,
surface tension created wetting prﬁb]ems. Two methods were examined 55
minfmize this effect. In the first, a large bubé1e‘of water was )
deposited so as to cover the crystal surface and then the trace element
droplet was added. This large solution bubblélwas then carefully
,f/stirred using the syringe tip and slowly evaporated using a heat Tamp.

The poor reproducibility of duplicate calibrants was attribdtab]e to

islanding of the trace metal on t;;\bgrface caused by non-unifarm
surface evaporation of the initial solution bubble. This technidde
was therefore rejected for accurate calibration studies. The second

method consisted of lightly etching the surface with fine crocus cloth

~-~wf'bé?5?égzﬂgN536iyion of the trace metal solution. The small droplet

-

was spread evenly over.the crystal surface using the syringe tip.
Evaporation in air occurred within minutes. Obviously this process may
lead to inhomogeneity of the surface an a micro level, but the re-

producibility of the results (vide infra) strongly indicates that

Dy

significant islanding of the metal over the XPS analysed area (12 x i\e

mm) does not occur." : ) >
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The precipitated amorphous Mn0O, on Al plates,. having a more’

.-

irregalar ﬁougheﬁed surface did not require any etching. Spreadiqg

of the met€¥‘§hFution5‘oqcurred readily. However, theé raprpd&cibi]ity

of fhgse‘caligfapt Mn0, plates was reduced somewhat by this irregular

\

| sdaface. r:QbL‘ '

~

It should fnated’that several crystals or plates, with only

-

sttilled deionik d wager evaporated on their surface, were aha]ysed

by XPS for the tr ce eTements of. interest. These blanks all found to

be v014 of the' trdde metals 1nd1cated that the deionized dlst111ed

water and the m1ner51 surfaces were free of- these metals."

3.3.1 Barium Ana]ysis on Calcite o,

3.3 Results and Dishussion

-‘

Representat1ve barlum 3dg /2, lead 4f, calcium Zp and carbon 1s ~

P

spectra are shown in F gure 5-7 Each of the barium and lead speqtra
s\

(50 scans, dwe1] time 1 sec for 111 pdThts) took approx1mate1y two’

&
hours to record. § Reasonab1e spectra ‘of these atomic 1evels could

‘9 still be obta1ned‘1nto the 107 gm/cm ‘region.
‘ carbon ‘spectra were, obtalned after two scans ( 4 min). - -
All peaks had 1line widths of about 2 0 er\de their b1nd1ng

energ1es (+ 0.2 eV), uncorrectedfﬁak1ng Au 4f7/2 = 84.0 eV arex

o

Exce]lent ca]clum and

Ca ?p]/g 353.2 eV; Ba 3d5;p 781.7 eV; Pb 4fy,p 146.1 eV; G ]S(contam1nat10n)

-

”286 6ev, C ls(co 2-) 291.6 eV,

i‘

|

i
A

Figure 5 shows\a typical XPS'sbectrum ‘of a cleaved calc1te s1ng1e
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crystal of area TOO'mm2 with 4 x 10“ gms. of barium deposited on its

" surface: The. amount of barium in the mask area (63 mm?) is then
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~-2.4 x 1078 gms,. wthe the amount‘of barium in the actual ana]ysed

s o

area (1.8 x 12 mm) is” thus ~1G‘8 gms. S1nce one could® detect‘*wg,]Q‘9;gmgaw~md;w;~‘ﬂ
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*.barium on 100 mm? of surface, the actual ana1y£ed barium detection

level is in’the order ~ 5 x ]0'1°{§ms. This great sensitivity is )
still possible, even when there is a farge contaminant surface film

on the samp]e;. Note, the large C 1s peak, Fig. 7'corresponds to
hyakocarbon contamination carbon on the calciteesurface. This
assignment was confirmed by argon ion etching. It was g:ss1b1e to
eliminate this igrbon 1s peak (position ~287 eV) by Argon etching, for
30 sec. However, this carbon peak Byi]ds up agafn in our 1078 torr.
vacuum chamber with time,‘indicating that }heééentamination is primarily

H
from the vacuum system (lubrication, fi1amenﬁkeegassing3 etc.) and

not from water or air contamination after cleaving of the calcite

crystals. In the first calibration s;bdy {(Ba(C104),, Table 1), the

intensity ratio of contamination C 1s peak to the substrate carbonate

/Csubst.
. L 4
(Tables 2, 3) this ratio dropped significantly (2 or 3:1). The lower

C 1s peak (C

contam. ) was approximately 4:1. In !fter studies

ratio was mostly due to a change from oil bearing Tubrication to
grease bearings in our vacuum tﬁrbomo]egy]ar pump.

Extra care was taken to completely clean the sample. chamber and
to pump the entire vacuum system while empty for several.days before
ana1ysis Because of the nature -of this stud]a i.e. mineral.surfaces
reacted in so]ut1on, it wou1d never be possible of course to eliminate
a]] surface contam1nat1on It should be emphasized that as 1ong as
the unknown and ca11brant samp]es are ana1ysed together, errors from
surface carbon contam1nat1oh will be m1n1m1zed 3o reduce the effects
of such contamination on these barium determinations, the ratio of
» intehsity (area) of barium 3q5/2 to the calcium 2p]/2 is always used

(i.e. IBa/ICa)’ As the barium coverage is less ‘than ‘a morf®layer in




/ T -

£

~ most of this work (vide infga) the surface cohtaminants will decrease
the area of both peaks proportionasely. The raifo of intensities also

largely compensates for non-random effects such as variation in x-ray

power, or detector voltage. These 1ntensitytarea ratios for several
experiments are given in Tables 1f 2, 3 along with calcufated weights

of barium or lead analysed. The results are plotted in Figures 8, 9, 10.

It is apparent that linear calibration plots can be obtained and that

the reproducibi%itonf the results is rather good considering the S
potential difficulties of obtaining a homogene%?s layer of cations on,///
the ca]cite surfates. r»It should be noted that because the k1net1c/'/
eneréy ( k) of bar1um 3dg /o electrons (~470 eV) is much less thn

the Ek of calcium 2p electrons ( ~ 900 eV), 'fhe barium peak iﬁéénsjty
will be decreased more by surface carbon contamination thdn the calcium
peak. However, this-effect will cance], when the contaﬁ1nant con-

-

centration on ca11brant and sorbed surfaces are s1m11ar

The results of Table 1 indicate that IBa/ICafgeak area intensity
ratios for ca]ibrént éamp]es analysed, and stored {(e.g. in axyacuum
desiccator (8 weeks) before-re-analysis), are in rather good ad}eement.'
The slight decrease in the slope of the'plot{with storage time (Figure g)
is undoubtedly due to the increase in carbon contamination as indicated
by Table L, These Ba‘éd and Ca 2p peék ratios (i e. s]opé‘éf p]ot)rwere

quite reproducible over the three years that barium-calcite samp]ey ““*A\J/”'“‘wf“ﬁ :

S .J‘
were analysed; new calibrant samples were produced for re-calibration

of the XPS instrument—at—the beginAing of each allowed analysis
period (e.g. approx. two week periods, four times a year ).
The data for the BaCl, calibration study (with fresh Ba(C104),

s calibrants for comparison) is given in Table 24 and F%gure 9. The slope

- . e T = i 1 e

e o ey G e S
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of this plot (4.9 x 107) is appreciably higher tﬁﬁhwinxﬁigure 8

s

i.e. (4.2 x 107).- This is mainly due to the lower carbon contamifatieh
4 " on these surfaces. Note thé{ the anions €1~ and C10,
appear to have }itt]e effect‘on the peak area intensity ratios. All
of the calibration data strdngly suggest that errors in the plot
sTopes (for a given carbon contamination) are less than 10%. A
similar result is obtained for the lead calibrant samp]eé, Table 3,
Figure 10. However, the'slgpe;of this plot is substantially greater
than the barium results (vide infra).
‘ A1l three of these plots are linear beyond monolayer coverage.
However, the §1ope ce%tain]y decreases whgn larger amounts of barium
or lead were deposited. In addition, the calcium 2p peaks do net
decrease even with ~107% gm/cm? barium or lead on the surface. 2
The above two observations indicate islanding of the barium and lead .
on the surface with increasing weightsé
. Considering both the contaminatio% problems, anq the problem in
spreading the calibrant solutions evenly over the calcite surface,
Y the reproducibility of the resu;ts and the linearity of the plots are
very satisfying. The result strongly indicates that meaningful
quantitative calibration curves for calcite surfaces can be obtained.
Fiirther confirmation of the methodology comes froh a theoretical analysis
of the calibration plots. -

Assuming initially that the contaminants affect both Ba (and Pb)

and Ca peaks equally, one can writel$,17

(-d,./2) {
e Ba

e M o % 8 -

) (24)

£
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o (-dga/A) - ' :

Iy = I @ ‘ (25)

where dBa is the thickness (Z) of the barium layer, A are escape
depths in the barium layer, I” are intensities for thick samples and
'are'proportiona1 to cross-sections for excitation of electrons,
.1 are observed intensities (peak areas).

The calculations are simp]ifieg because dBa/x < 1. Barium plots

(Figures 8, 9) are linear to at least 6 x:m'7 ii‘szl This corresponds —

P i
to ~-3'x 10!° atoms/cm?2. A monolayer coverage of barium{éations on 1

cm? surface would total - 2 x 1015 atoms (rBa2+ = 1.34 R). Thus these

»

plots are Tinear-to at Tegst one monolayer barium coverage and
[o] o ]
dBa = 2.7 A. . Compared to the escape depths of = 12 A and 20 A for Ba 3d

and Ca 2p electrons respectively,?!8 dp, then is small. Taking

(‘dBa/}\) ! .
. 4. N @ 3,19

ratioing equations 24 and 25 we obtain

Ba 2 '
—. 2 1W0d,./» = 1.04d
Ica o aBa Ba
A linear calibration plot is expected.

In addition, the expected intensity ratfo and the obs&rved ratio

for the amounts of'barjum deposited is qualitatively close. For s

13

example, 4 x 1078 gm/cmf barium deposited corresponds to < 0.1 monolayer,

o

& ] N . .
and dBa is therefore - 0.27 A. The expected area ratio is thus 0.27

W

3
X

o
A

o

e

compared to the observed ratio of 0.06 (2/50 x 1.5).

AR

This lack of quantitative agreement can be explained by (1) a large .

53

/ . . N s . ! ‘ )
/ contribution caused by a variation in the transmission linearity of ~

<

/ Y- o
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‘contribUtion from the” surface carbon contaminant layer; both will,
substantiafiy decrease the barium signal relative to the calcium
. signal but not alter the lead intensit§ relative to the ca]cium..
Thesé two Factqf;.qre now discussed more fully. g o
~(1) The traﬁémission function (1inearity) of the analyser can be
.é;major problem contributing to‘in%ensity (peak area va%iation) >
from electrons Wﬁth de]x\sgparated Ek21 222, i.e. Ba 3dg /7 (470 ev)
“and Ca 2p (900 e The 1ntens1ty of a photoelectron peak fer a

samp}e of bn1form composition may be described-as follows23» 28,

\

. s I

1

O

n

0‘0( ., A‘

(a.)w " Ne)

4

(27)

o

where I, 1s the x-ray flux, n the density of atoms, c-photoexcitatioﬁ

cros§,§ection'of the atom, A(s) the mean free path of the electron
having energy (e) in the sample and T(g) the anafysef,transmissian .

= N -
L

-efficiency which is proportional to the electrons' Ek‘

-

. It can ngrmally -be assumed that Eo is-a cbnstént during an_XPS -

analysis. The ratio of“XPSapeak iﬁtedsities for a g%ven adsorbed’

\

atom s atomic-tevel and an 1on1c solid substrate atomic level tan ‘then

u/‘ -l

L4

be written as,” = . “ . . .

L. ) ' &ds. = (n o+ T)ads b ‘ (28) R
o ‘ubst : (" o )‘n T)subst. oL .

" JThe analyser effﬁciency (T) for the McPherson ESCA 36 1s near

) un1ty for efhgtrons hav1ng Ek d1fferentes of a few hundred eV

/'-‘\\. s
(anubb1shed‘resu4t) 2 However for*Targer var1at1ons AE > 200 eV, -
&' <2
'the rat1o of T may be sign1f1cant (peysona1 commun1cat1on) 26 -, : y

Y
-

. If'one assumes that analyser eff1c1ency s a'to Ey for these ..
- e . -

LY

1arger Aﬁk, then an esttmate of the intensity ratio, equation 28 caﬁ

ewr N - - + B .
* R N N
: ¢ . . : . e - ,
K Sy . o . R . . \
L « s - . . P

- e . N . -~ N o oy - -




be determined

and Tikewise
. Is .
Pb 4f7/2 .
I 6 np./n
pp’/"'Ca
ICﬁ 2p1/2, )

Mus1ng published va]ues of » 18:2% and'g ‘ X
- The major reasons for the discrepancy between the IBa/ICa and
P
| IPb/ICa rat1os is due to the escape depth values chosen aa%/or o

o

the transm1ss1on funct1on variation of our ?naIyser or to both; this

assumes that n cafor both bar1um and lead calibrant weights’

meta1/n )
on @cakite-surfacé ar?appreximate]y equal (the likely case).
-~ 8

From this calculation, the']ead/calcﬁum ratio should be approximate-

1y twice that of the bar1um/ca1c1um ratio in hgreement with the
)
expergmental results, Figure 10. Th1s .agreement indicates that- the

transmission factor (T) can be largely respons1ble for the low bar1um/

-

calcium slope, 1 e. the Tack of quant1tative agreement between: the

expected area rat1p (.27) and observed rat1o ( 96) g:" s

v

Severa] assumpt1ons are made 1n~th1s ca]cu]at1on

(a) s1wgh§653anges in the chosen values of escape depths for barium,

@ o

lead or‘ca1c1um drast1ca11y alter the results
l

(b) T T a g N and in turn_ effehts _the i ntgn 1;xmtailo“dlree£1y_u




Lo, Ta By | (30)
Iy

(c) the density of atoms ratios' %é-fok Tead on calcite and barium
on ca]cfte for similar weighte is nearly equal. &ote, there is no
doubt that the lack of a constant analyser sensitivity across the Ek
range of atomic levels can be largely responsible for the observed
cal-ibration s]obés; Figure 10; but it is also imbortant to realize
that another facfor could play a significant role in these results
as well (i:e. hydrocarbon surface contaminatidn-effects).

(2) The effect of the ‘carbon layer can be estimated from the following

equation? (assuming it affects both layers equally) o

S~

1 1
4l - 1)
Ba" e ¢ Mga. >‘Ca

Ca

: ED

T
: I,
where Ba is the expected ratio w1thout carbon contiﬁlnat1on The
. I’ . -
Ca

Eanbon film thickness .d_ is estimated from }he ratio of the contaminant

-

C 1s peak to the CO3 carbon 1s peak (Equation §2). Thus

]

1 ‘ {d /A‘"S{n'b)
0 . & ’ .,;;.., : .
3 . - .

-

Tak1ng Ac = 20 A for 1000 eV e]ectrons18 27, g = 45° for the McPherson
) 36 samp]e ho]der and the obsérved IC/I T3, qua;ion,SZ gives

dC 220 A. So1v1ng Equation 31, one obta1ns IBa < 0.2 which is in

- A

- ¢ 3 \ :, I Ca ’ :
reasonable agreemeﬁ% with the expected 0.27. Thus, thE‘b&rbon contam1nant

film decreasfs the Ba/Ca rat1o marked]y, and the var1g;1on in the slones

'from F1gure 8 to 9 could be due to the change in carbon cgn;amvnt
. : D <
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thickness. ‘

The Pb calibration plot further supports thi;‘methodo1ogy and the
above calculations. The slope of the Pb plot is éﬁout twice that of
the Ba plot (Figure 10), }et the Pb 4f772 cross-section 55 only 60% B

of the Ba 3dg/p cross-section.2® However, in contrast to the Ba/C@/‘

. ' |
ratio, the carbon contaminant layer should barely affect the Pb/Ca’

ratio (Equatibn 31) because the E; of the Pb 4f and Ca 2p electrons

-

are similar. " .

The lead plot is linear beyond one monolayer coverage and

. ° o
taking Tpp2t = 1.2 A, the monolayer thickness is 2.4 A. Compared to

7

E

the escape depth of = 20 A for Pb 4f electrons!®, d,_ is small.

Pb

Using thesearlier substitutions and taking I;;/IEZ z 63,13,20 one obtains:
I g
Pb . .
T - 0.3 de £33)

. Ca -

-~

Again, a Jinear plot is_z;pected. However, in this case the expected
intensity ratio is closer to the observed ratio, as suggested above.
For example, 4 x 10<3 gm/cm? of Pb corresponds to ~ 0.1 monolayers and
dPb is thé?efore ~ 0124~X. The expected area ratio is (0.3)-(.24) = .
0072 compared to’theAObserVedvratio*Uf 0.10 (2/50 x 2.5).
Considering the many assumptions and the very large pos;ible

errors in the escape depths, atom densities, etc. these calculations.
strongly- suggest that our calibration plots are meaningful and that
significant islanding is not occurring at the sub-monolayer level.

(For example, some of the recently calculated electron escape depths

ih a recent’ paper2! differ from my values by ~ 50%): Penn?" also

e T
’ .

mentions: that his. values for. insulaters-have-abouta 403 &rror. 1he
_mentions: | ) A : |

13
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o

relative slopes of the barium and lead calibration plots, or the carbon -

attenuation argument, are not affected qualitatively even if the carbon
- escape depth is -50 A (Figure 10). This in no way invglidates the
usefulness of this quantitative analysis technique as long as Ba/Ca

ratios are compared on ca]ibrang and unknown barium-calcite surfaces.

3.3.2 Mercury Analysis on Iron Sulphide

. The results of a mercury chloride calibration study are given
in Table 4, Fig. 11. Representative XPS spectra of Hg 4f and C1 2p
are given in Fig. 12. Typical XPS spectra parameters are. as fél]ows,
Hg 4f: 50.scans, 111 points, 1 sec. dwell-time; C1 2p: 20 scans, 111
points, 1 sec. dwell time.
’ Reasonable spectra of Fe 2p and S 2p levels were obtained in
20 minutes (10 scans). In addition, 0 1s-and C‘]salevelskwere obtained
in 4 min:?ces {2 scans). A1l peaks had I'inewidths of about 2.,0 eV,
and the binding energies (0.2 eV) uncorrected taking Au 4f7/2 = 84.0 eV)

_are -

Hg 4F;, =100.8 ; Hg 4fg,, =104.8 5 Cl2py,, =198.2 ;

7/2
€1 2pyyy =200.2 55 2py,) "=161.35 S 20y, =162.6 ;

Fe 2p3/2— =]}0.1 ; Fe 2p-|/2 =Nn2.2 ;C ]S(contamination) = 284.7 3
0 ]g(oxide)’ =529.8 ;0 ]S(éontamination) = 531.9, 533.2. i
As in the preceeding barium study, the detection level of mercury ‘ \

on iron sulphide-(FeS) polished plates was approximate]y 107 gms. The !

detection of C1~ anions was not as sens1tive The cailcite fechnique

of ratioing the metal cat1on of interest to a substrate atom did not _
P

give reproduc1b1e\resu1ts when attempted for mercury on. Lronwsulphzé; e T
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- The poor agreement stems from a surface lattice viewpoint. Cleaved
single crystals o; calcite have a stoichiometric surface lattice.
Therefore reproducible barium/calcium ratios were possible because the
lattice calcium ions are uniformly spaced on the surface. However, the
iron sulphide mineral pyrrhotite (FeS) has a non-stoichiometric
sunface, and-thus no substrate atom is useful for a rationing technique.
In addition, the sliced and polished sulphide ore erfacg contained a
vast number 5f small crystals each in a diffqrent lattice orientation.
Therefore, area intensity values of mercury 4f peaks alone were plotted
versu§ the weight og mercury microsyringed 6nto the calibrant surfaces.
These mercury XPS plots were taken to much larger weé¥ghts than for the
bar{um»calcite study because it was found, Chapterf5.3, that adsorption
of mercury on iron sulphide was very high. The linear region of tﬁé
mercury plot is approximately the same as the earlier barium and lead
study on calcite. However, the f]atten%ng of the curve at weights
3'1.5 X 10'6.gm mercury caused a very difficult problem. Reasons

for this flattening of the calibration plot are:

(1) ;;vaporation of a very thick mercury layer when ﬁreparing the
calibration sa@pleé, (i.e. mercury thickness (d) becomes larger” than
the'Hé 4f electron escape;depéh*whiphtis 7 R).

(2) Islanding of the mercury étoms on the surface during drying
(evaporatioms).. N ‘ e
(3) Some lossﬂof the evaporated HgCl, layer from the surface due to‘the
E.S.C.A. ultra-high vacuum (10'8 torr). thé HgCIQ°cog1d be volatile

quer such low pressure due to its Tow vapour pressure.28

The reproducibility of mercury calibrqnt plots was examined in

TQEIS.ﬁlﬁfigure“iﬁmforwsamples~analyzedgufmen“storedﬁfb?”Taﬁﬁ“fiméf’
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perio]sin a vacuum dessiedtor. The slope of theSe plots was not as

repro ucible as for the barium-calcite study. To check the reproduci-
bility of the XPS spectrometer for mercury analysis, fresh calibrant
9":

samples were also prepared, Table S.W The slope of this plot agreed

very well with the origina]ggample ana]ysik\before storage. Carbon
contamination was monitored ;nd not found to 1ncrq§se significantly
enough to account for this slope variation. This result indicated that
a small amount of HgCl, is lost during vacuum storage. Thus mercury
loss from the sulphide surface in the 10'8 torr. vacuum XPS chamber is
also highly 12ke1y to some degree, (i.;. when the evaporated HgCl,
layer is thickgr than a monolayer (-3 E)). :

This ﬁéd to problems when equating the calibrant surfaces t6
hea&i]y adsorbed mercury'- FéS surfaces. The adsorbed su;faces céntain
mé}cury strongly bonded to sulphide sites, but with very little or
nil C1° anion adsorption. Thus little or To Hg 1ossicanwbe due to the

.volatility of the HgCl, salt. Therefore far greater mercury weights
can be observed on the adsorbed samples than can be determi;:z us}ng
the calibrant methddj ‘In man} cases,'the actual sorbed mercury inten-
sities (Chapter 5.3):éﬁé.we11 beyond any calibrant sample. However, a
qualitative estimate of mercury sorption is still passibie.

Ca1ib£gpt and Hg reacted (sorbed) FeS surfaces were analysed

T ———

together, to reduce possible errors caused by instrument variation or
surface hydrocarbon contaminqtion.

In additiSn.to estimaf%ng adsorbed weights of mercury from solution )
onto FeS plates; an estimate of the mercury escape depth (X) was ‘
calculated from the calibration plots. Taking the mercﬁric atom radius

Q

as 1.5 A, the thjckness .__oifaneu monolayer....i sw-found-ute’Abew%-;»:wNM-MW'“ s s

* t

4




Using N
: ) -4 /xsing ; )
where, *
, . 3 ‘
s}
ng = thickness of mercury atoms (A) '
- A = the mercury escape depth (A) N
sing = 0.7071 for the -McPherson 36 sample holder (6 = 45°) / <
I = observ ’peak area Intensity
I” = peak #rea Intensity (i.e. for infinitely thick layer
whe ng >>> ) I
o a theoretical plot of I/1° versus ng, for increasing escape depths'(x) )

is thus obtained (F¥g. 14, Equation 34).
The two major’ assumptions in this calculation are:
(1) equating the weight of mercury analysed to a mercury thickness
(d), (i.e. one -monolayer of mercury (3 K thick) ove} a 63 mm2 surfacé;
Weighs x40 x 1078 gms) and
(2) assuming(;he flattening of the calibration plot was mainl} due
to the mercury layer thickness (d) being gre%ter than the dfcape depth--. o
. of mercury 4f electrons. (i.e. approaching 1%). c~~ '
, Re-plotting éhe mercyry caiibration data of Figs. 11,‘13, using
Eqéﬁtion 34, andtthen'combaring the result to the theoretical calculation i
plot (Fig. 14), it was fodﬁa that the best fit correspondedafo an .
escapé depth (1) of\6 R for mercury 4f e[gg?rons. Published escape
E » depths found qsing other technique§ indicate»va1§;{ between™7 + 12 3.39

The agreement with published values is quite good, considering. the .=
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assumpt1ons and d1ff1cu1t1es prev1ous]y mentloned * . ) ‘
4 - Ve .
) . ’ Add1t1ona] support for this technique came “from a caIcu]at1on -of ¢ S

¢ ‘ \ ~
"~ / - the chlor1ne 2p atomic ]eve] escape depth usaﬂg a ch10r1ne ca11brat1on

2 e ————

+ m
plot. (Fig. 15). A monoTayer coverage (~ 2 A) corresponds 0 a~we1ght

e L . H »

of 21077 gns/63 m? of suMace. The result of-this Studj Fig, 16, S

us1ng Equat1on(34)andthe ca11brat1on p1ot Fig. 15, {ndjce ed a chlorine-

L]
- 5 R ed

Zp escape depth of 25 A . T ., f

-

- 4‘ An-escape depth of - 30 A s~ determ1ned~from a s1mp1ewx a Ek

calculation and other~pub11shed results 2 5 L -

¥y S ¢ - o
. ¢ ‘

The experlmental errors in these escape depth determ1ﬁatﬁons are
.. 1arge (= 25%) However ‘thetqual1tat1ve agreemenf with other deter-

? . \

m1nat1ons Tend support to’ the«use of the XPS ca]1bratlon techn1que for

. quant1tat1~e traoe,meta] ana]ys1s;¢} ':ﬁg T EETE ' .

. . o . .
. s P . . “
-

3.3.3 Barium, Lanthanum, dnd Nickel Analysis on Mn0, sz,

” “
LY * " - - - »
F . . ¥ 'ﬂ% [

{hé’prOtedyre and the nfsu1ts of’ this ca]ibhation'stﬁdy,aréwe :

.. discussed elsewhere.15 ‘However; 1t seems appropr13te to 1nc1ude the . y ~ff(f“

: . .
three caﬁ1br§%ﬁon plots here to 1nd1cate the app11cab111ty of this . -~ o e
. techmﬁque. The peak area 1ntens1ty (50 scans) 1s re]ated to onlythat f . - - é;jgf
L we1ght of meta] actua}ly scanned on- the MnO, surface (1 e ap 63 mm2<;" ’ ) *»'iﬂ '
g

ﬂ”’-

th1s -was not doné in"the other study 15 The. p]ots are 11near to 1avge S
: g - '

we1ght§ of metal 1nd1cat1ng that evén on a roughen@d sgrface, (1 e, a

™
* [ 13 © . -

- f‘; A f*i?x S e : Yo ‘ . o
i X aAn mttbmpt to Hetermine bargpm and laad @scape depths on the galcite Lot
.. * - surface using the previous method (Equation 34) met with only Timited -
- @ saccess. Calibration.pléts-(Figures 9,710),were extended to cover:
. larger surfage weighty of lead and barium. Thi% was done so that an ‘
~ ‘estimate of I® for barjum and Tead ions on éhe calcite sGrface could ~ ~ .
v be. foupd. ¥The Yesults indicated that the esoape depths.were =712 A . -
for = : esé yalues were , Co
+ - - quite large (= 50%) ‘and refpre no deftnite anfenenéb 1Q\“,cnu1d ‘
v be 'shown' from this study: .
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W

= layer of precipitated Mn0, on Al plates), duaHt"atiye results can be

obtained (Fig.17,18). These calibration plots vfere th’en utilized to -

determine adsorbed weights of metal os MnO; (Appendix A.3). ”
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CHAPTER 4

v
&

BARIUM SORPTION ON CALCITE,
Tntroduction

The more common sedimentary minerals such as the oxides, clays

1

and carbonates are -the major adsorbent materials available for geo- -

chemical and physical processes in the natural énvironment. Both
the clays and ox1des have recelved intensive study with regard to their
- sorption ab111t1es of heavy metals and organic, micelles from marlne,

fresh and po]]utgd,water. However, ;he abunqancg and geological im--
—ortance of calcite (Timestones)‘as well as iﬁs'-economib value, i.e.
for production of bu1]d1ng mater1a]s, buffer1ng of the oceans, ba)anc1ng
agmospher1c €O, content” etc: 1nd1cated the needffor a detailed
1nvestigat10n‘of ifs adserption ability. It is common know]edge that
Timestone and coral format1ons improve the taste colour and odor of
water by slow natural f11trat10n processes. A literature survey,r

1nd1cated both organicl- -7 and 1norgan1c@ 15 m1ce1}es and ions "sorbed

from solution by ca1c1te surfaces have -been studled (Chapter 1).

The organ1c sorpt1on studies indicated conclus1ve1y that adsorption

occurred on .the calcite surface and the resu]t1ng organic veneer

PS

ihhibited ethbmum between the solution and the.surface. Aﬂtion

of amino acids on arigonite for example, (the high pressure -poly

<

h
’of calcite) influences its kinetiés of recryétalliiation ¥ caicité“7
The adsorpt1on of inorganic species by ca]c1te was origxnally studled

by soil chem1sts to determine effecfs of heavy metaT uptake by plants




from soil types with varying calcite content.8-10 Mannl! and Mureta!2

» .

investigated exchangeable manganese in soils and in sediments respectively.

Boischot et al.!3 studied calcium, iron and manganese exchange in cal-

L d

»careQus soil. Spitsyn'slu work included strontium 90 sorption on ca]— .

. careous S$0ils and on calcite crystals. However, no sorption studies
, of barium ions from dilute barium solution on calcite surfaces was
“found in the past literature.

Much information is available concerning solid state calcite and

)

calcite surface reactions, using several techniques.!3-20 Thomas20C
states a correlation between chemical reactivity and crystalline

imperfections (point.defects, dislocations, substitutions) was noted

et

early in the history of chemistry. He studied these probably enhanced

sites of reaction (i.e. adsorption) in detail on calcite. The c]eavea . ’

calcite surface (100} face was found to contain -103 dislecations /cm2.202

-

These Tine defects unlike point -defects are xhgrmddyngmicaliy unstab]ex

They enhance reactivity (dissolution,%adsorption, etc.) because of
their extra strain energy and the abnormal stereochemistry in their ’ -

vicinity. Barium sorpti?n reactions that‘ogcurred rapidly on powdered .

calcite due to its large surface area,. (- .5 m2/gm, vide infra) and.

P

*
+

huge dislocation density (> 103 defects /cm?) could be examined as

v A

At st ¥ L

both a time and initial barium concentration dependant reaction by S
s using cleaved single calcite crystals andjtﬁé XPS surface technique.”
Highly pure powdered caTtite, crushed limestone from a nearby cement v

quarry and Iceland Spar variety.éalcite single ;rjstats were studied
§ R & . ’ - g
by atomic absorption and x-ray photoelectron spectroscopy to determine
. \ . -~
the minerals'..ability to remove barium ions from solution. This study

A

£

was . useful in determining if calcite had practical applications. 0. i mum

treat waste water or polluted natural waters contaminated in elements

&

0




o

"such as barium, strontium, etc. In addition, geochemical information

could be obtained with respect to the effects of limestone deposits .
on ore bodies or reactigns of these trace elements in the natural

[y

environment, etc.

4.2 Powdered C;1cite - AAS Study:

4.2.1 Experimental ’
4.2.1.1 Powdered Calcige

The inorganic spec-pure grade calcium carbonate powder was -

gurchased from ROC/RIC (batch CA-32; 99.99%). The surface area of

this powder waé estimated to be approximately 0.5 m2/gm. from scanning

electron ;icr cope photographs (Apégndix A.4.4). Powder x-ray diffrac-

tipn resu]ts.confirmed the calcium carbonate po?ymorph‘asscé1cite and.
. ‘ analysis by atomic absorption spectrophotometry revealed no trace ° L\“
impurities, such as barium. A1l experiments were monitored for pH us1ng ’ -J ‘
a Corning T]O digital pH meter and Orion glass electrodes, ;oup1ed to &
a strip chart recorder. -Al11 reaction solutions were kept in poly-
propylene containers at room temperature. Selected weights of powdered
ca}cite (1 to 30 gms) in 500 ml deioﬁized-disti]]ed'Qater were af1owed

to equilibrate using constant stirring (teflon coated stirring bars and

st Borzutmy R Sane s

. ; - -
- Fisher Flexa-Mix Stirrers). The pH of each solution stabi]iigd at
).
Theoretical solubility.calculations for the systems CaCOz - H,0 - CO,
* 7

the theoretical value of - 8.40 + .05 after 24 hours (Fig.

and CaC03 -~ Hy0 - CO, - BaCO3 are given in Appendix A.4.1, A.4.2. At

ot

equilibrium, a 25 ml aliquot of solhtion was filtered using Whitman #42

| ‘; filter paper to remove colloidal ca0c1te. This igitial solution, ‘

L}
¢ analysed for barium and ca]cwum 1ons, served as a blank and~ns a check

u‘Q-

- e epenens e
o o o S

_j:.~u,m,~m»onuthe sotlubil tty-of the*caT“Tf”"lngéach beaker. The pH was usefu] as ©
? |

-

e
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: verification of the accuracy of thé‘calcium conccntrations. To »produce

the necessary barium concentpat1ons, ZSQm] of various d11ut1ons of -
the stock barium solution (10% ppm_ Ba2* as Ba(C]OQ)z) were added to each -
beaker tofobtaﬁh initial barium concentrations in the range 25 to 200

ppm, i.e.-1.82 x 107 M to 1.46 x 16'3.Ma The f01lpw1ng examp]e (10 —
gms calcite powder- 1n 200 ppm bar1um solution) is g1ven in some detail ~

to 111ustrate the procedure. 25 m]~c% a 4000 ppm “barium, stocE\‘D+ut1Q\¥

was added to a 475 ml equﬁ]ibr1um calcite solution. .At se]ected t1mes,

3 -

10 ml-of th1s reaction solut1on was removed by pipette and f11tered
The 1355 of bar1um from this-10 ml a]1quot by the f11ter paper was £~
checked by disso]{igg/severalvysed filter papers in 1M HCI] andh?nalysis
by A®A.S. LittTg‘or no barium was found in this so]uffon.indi&cting :
sorption of barium by fi{ter b?écr iswquite smclT. To pr?yent(A.A.S.
chemical interferences, T ml of 50 000 pphn laﬁthanum (LaC1,) was then

added tp each 10 m] a11quot.5 A]I results, i.e. barium concengrat1qn ¥ -

n

va]ues,A1nc1uded th1s dilution-factoy of

%

0909 (1/11) - ) B
The air-acetylene flame combination was used for: botq‘téléium-
and barium ana]&sis-zll (Chapter 2.1ﬁQ The nitreus oxide-dbetyiene . o s .

flame conditions were also examined for barium, analysis but rejected

-

because i'ts linear working.range was too' Tow for many of the samples . -
[

exdmined. 22 Additional d]lut1on§ of these samp]es to fit this reduced e ,jinﬁm;
11near range would have. 1ntroduced further .errors. The burner head was '
adgusted to 1ntersect .the hollow cathode ¥amp«beam at*‘J%BQ angle dur1ng

caicium analysxs to prevent detector saturation. Ca11brat10n .curves ‘.

-

‘were obta1ned for both bar1um and calcium 1ons,szng séveral soiatﬂons ¢

oﬁaqu]z and Ba(C104), of ad!urate]y kqown concentr@thn. These two

-

solutioné were mixed together along with 5000 pﬁm‘lanthanum‘(L§C12)8 .

<L N ) R
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" reﬁdired to prevent matrix and chemical intérfeﬂénces. The barium
céTibration~plot was ]ingar for the entire range studied (0 » 250 ppm),

while the calcium curve was slightly nonﬁlinear“zo ~ 100 ppm).

4.2.1.2 “Crushed Limestone"

N

Two varieties of Himestone were collected from the quarr} of the
St. Mary's Cement Company Ltd., St. Marys, Ontario ; a light coloured
-1imestone frqm the unqerlying Detroit River Group and a grey 1imestohe>
from the overlying Delaware (Dundee) formation.23=2“ Both groups are of
Middle De@onian age and are high]y.pure (= 96% CaCO;). Chemical analysis
'indicated~51ight1yaless magnesium in the under]yjng Detroit River
limestone. The samples from these two groups were waéhed thoroughly

and jaw crdshed. The crushed fractioné were then sieved, and wet sieved
into five size frac;ions, us%ng a set of Tyler Standard stainless steel
mesh sieves. Pyrex g]ass‘;élqmns (Fig. 20) were used to study the
sorption‘of b;}ium from-solution using 30 gms of these vérious sieved -
fractions-of both varieties of limestone. Each glass-column was fitted
with a removable 400 mesh nylon screen to ho{d ihe crushed iimeétone

but allow the solution to pass hnobstructed.'\gach limestone sample -«

was p gced in the co]umnéand eluted with deionized distilled water till

the eluted water was colourless, ( =250 mlf; 100 ml of deionized

distilled water (pH = 5.5) was then eluted and stored-ngjlater

- ~

analysis. s ) »

N
Next a 100 m1 aliquot of 100 ppm (7.3 x 10 "4 M) bén;um so]ut1on

(pH = 4.8) was eluted and saved. Finally, three, 50 ml port1ons of
deionized disti]]ed water were e]bted and stored. A1l solutions were

analysed:for calcium and barium, as prev1ous1y, by A.A.S. In addition,

" *aii sotutionp pﬂ“measurements and the time required to éfﬁfé each‘]OO ml

3
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- * T~
aliguot of barium solution through each limestone. fraction was recorded.

- §
Iy 3

yor “
4.2.2 Discussion

AN

4.2.2.1 Powdered Calcite

A'summary of the A.A.S. results for barium and Ea]cium concentrations
in the powdered calcite experiments ¥ given {n'Tgble 6. The barium ion
concentration decreased rapidly after its ad@ition to the stirred
ca1éi£é solution. In most reactions, the majority of barium had been

removed after only a few minutes, i.e. the time to ensure mixing.

v

~For the 200 ppm solution, the final barium concentration levelled out

co@plete?y after 30 minutes and did ﬂot-measurab1y decrease in,the(next
24 hours Tab}e 6. shows ihmediateTy that the finél concentration of
bar1um is dependent on the initialg#rium concentration and on the amount
of caleite powder 1n the solution - as expected for a sorpt1on process‘a
It is also apparent from Tab]e 6 that the amount -of barium ions sorbed.
is very closely equal to the am0u5t of calcium entering solution. This
re;ult verifies tha£ an exchange process is the major mechanism of

barium sorption on calcite powder, i.e.

S .
2+ 2+ :
BasoT'n Casurf. - Basurf. Caso]‘n 4 (35)
where K = [Ba surf ]{Caso1‘n] ' : (36)
[Ba

sol’ n][caSprf.}

More extensive results for this sorption is found in Fig. 21.
These curves are characteristic of a sorption process where the decrease
in barium in solution at each original concentration is proportional to

the weight (surface area) of calcite powder used. Of course, for a

’ s1mp]e prec1p1tat1on process, the barium concentratlon would be expected

. 80
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to level out at a constant value regardless of the initial concentration

of barium in solution. Solubility calculations (Appendix A.4.2)

indicate that the equilibrium concentration of calcium and barium should

remain in the ratio 0.933 for all cases. (i.e.

(Cac0;) = 107832 5 K_ (BaCO3) = 107°%°

KSP P

The data from these calcite adsorption experiments were fitted
to the Langmuir equation (Chapter 2.2) in the re-written form for
) ,
adsorption from solution.?2®

(i.e. y = ax + b)

C number of moles Ba2*/1itre remaining in

equil.
. solution at equilibrium.

quantity of Ba?* sorbed, in moles Ba/mole -

ot

calcite.

maximum sorption capacity of calcite,moles Ba*t/
mole calcite.

quantity related to the energy of sorption

which is related to the heat of sorption, Q
by anequation of the type; b a eQ/Ria(Gabano

et al.).26

C..0» '
Plotting —§9¥11L~versus Cequi1

%
Moe e

(Eqdation 37), oqéiﬁptajps a straight

Tine of slope -§L~ and y-axis intercept i;¥5' (ﬁ%gu%eﬁZQ).
m . m T

-

uThus.the calcite maximum sorption capacity for ba?iumkat 22°C and

a measure qf its sorption energy,is determined. -

.
Ik B
A
.

UsingifhﬁSe va]bes of Xm and b found from a linear least squares
e
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J

comphter program calculation, a theoretical sorption isotherm plot

was calculated froh the following: ,‘ El/\
u:,\njv
X b-C .. '
X = m "~ “equil. (38)
,(] b Cequﬂ )

Substituting a given set of C values into .expression (38), a

equil.
set of X values was calculated and plotted (Fig. 23). The experimental
data plotted using this same expression follows the theoretical curve

rather well; indicating the values of Xm(Z.] x 107% moles Ba/mole

calcite) and b{2 x 10%) calculated from the Langmuir plot are of prdber/

;

dimensions. //—ﬂ\\

" The sorption isotherm has an H-type curve dependence (See Chapter
. ¥
2.2 also). Giles?” states this shape indicates an jonic element sorbing
on an oppositely charged surface. The length of the plateau indicateg-

the difficulty of formation of a second layer due to charge repulsion

between the -first layer and those jons still in solution. ° .

-

o
e . P

~ The amount of bar1um'sorbed/gm of" ca1c1te versus origi barium

concentration was p]otted to test that_only a monolayer of barium was

actually sorbed (Fig. 24). For each set of results, the curves plateau

-

at about 2.5 x 107° gms barium/gm qf/ea cite. Taking the surface area
;f the powdered calcite as 0.5 mzfém, the above amount of barium
corresponds to 1.6 x 1015 atoms bar1um/cm2 of surface. If éS% of the
ca]c1te surface lattice is assumed to be occup1ed by calcium, {a
reasonable estimate), then 1 cm conta1ns x 1.0 x 1015 atoms of exchange-
able sites. Once again considering the er;ors in the surface area

measurement, these results are in very good -agreement with monolayer

> coverage. Using the following eguatjqnﬂn,mnm T R
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Avagadro's number (6.023 x 1023)
barium atom area (5.75 R 2)
molecular weight of barium (137.2 gm/mole)

" the maximum sorption capacity (3 x 1073 gms Ba/gm
calcite)

the surface area 6f the powdered calcite was calculated to be 0.73 m?/gm.
This area agrees quite well with the earlier estimate of 0.5 m?/gm from
fhe scanning electron microscopy method. These results also indicate
that a sorption-exchange process occurs on the'calcite surface  (See
Chapter 2.2 - Sorption Theories).

The results of this adsorpt;:n study can also be used to determine
the equilibrium constant (K) and hence the free energy of sorption (aG)

for barium exchigge. This is done by re-arranging the well known

expression (40),

86 = -RTInK ‘ (40)

into'the form

(Ba so] n][casurf ]

Note, only the [Cag, ¢ ] term,J£ expression (41) is not easily determined

experimentally. Fortunately, two methods can be used to estimate its
value. The first method assumed that the value of Xm ~ 2.1 x10"5moles/gm .
(determined above) also g@e a qualitative measure of the total number

I

of calcium jon surfacg/sites. The second method, a theoretical calculation

- _(vide infra) i"diCaE&Q:S;lﬁéilQlﬁmaalciummions/cm?woﬁmsurfacerw~Us+ng~“““5”“““““”““i
- o \
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the experimentally determined calcite surface area (.73 m?/gm), a

value of [Ca ]z 1.5 x 10°° moles/gm is found. Both methods give

surf.
readsonably similar results. Values of K and 4G were calculated and

are reported in Table 7. It is most interesting that the ca]cu}éted

free~energy~of formation for Equations 42, 43, i.e. BaCO; and Ba,Ca(C03),,
Cac0; + Ba?® — BaC0; + Ca2'  &G° = -0.6 Kcal/mole  (42)

2CaC0; + Ba?" = (a,Ba(C03), + Ca2* 46°

-1.42 Kcal/mole (43)

and the results of Table 7, {4G® =-0.5 Kcal/mole) are quite similar,

N
» It is highly probable this type of study has great potential in

determining thermodynamic parameters for surface exchange reactions.

‘ o
4,2.2.2 Crushed Limestone

Table 8 and Figure 25 indicate the results of this sorption study
on crushed limestone from the Dundee and Detroit River Formations. It
is in®eresting to note that the Dundee 1ihestone sorbs double that of
the other type. Several factbrs, other than calcium carbonate
composition must be responsible for this large different, as Both
varieties of limestone contain approximately 95% CaCO3;. In addition,
there was little difference in sorption rates from non-washed and washed
Dundee 1imestone fractions.

It was observed that the softer Detroit River limestone powdered
more readily than the Dundee 1imestone, but it was more prone to caking
when water was eluted through it (Note the elutiod time rates are
for 100 m1 of solution). The Dundee limestone contained more cherty
material and this is probably responsible for its extra hardness and

*y
freedom from caking. /

-
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orption sites.
A pa¥ticle size of approximate]y 50 mesh was found best} as this size

éave nearly optimum sorption at fast elution times. Bgyond 50 mesh,

the sorption rate increase was Tow while elution time intceased \\
sharply. ‘ .

As in the powdered calcite study (Chapter 4.2.2.1), nearly equal
moles of barium and calcium %on§ are exchanged using these columns
(Table 8). The max imum weight of barium sorbed (6.5 X 1073 gms) on

30 gms of 11mestoﬁe having a—particle size of 100 -mesh (calculated

surface area = ;3;5—m?/gm (Appendix A.4.4.7) also indicated a mono-

'

& -

-

layer exchange process. ' _ AN

\
The maximum exchange capacity of powdered calcite having a surface

area of = .75 m2/gm (Chapter 4.2.2.1) was found to be 3.0 x 1073 gms

barium/gm calcite. The column sorption results indicated a sorption

4

capacity of 2.2 x 107* gms barium/gm Dundee 1imestone. Because the °
sorption capacities are in a ratio 14:1, the surface areas can be

assumed to be probably near this ratio also; i.e. 0.75 : .054 m2/gm.

-~

. From Equat1on (39), a surface area of 0.06 mi/gm was calculatedxus1ng "
)

the maximum sorpt1on capacity .(2.2 x 10 “.gm/gm) of the Dundee crushed

"limestone. Note, this value 0.06 m2/gm and the crude\appr0x1mat1on

for 1 gm of 100 mesh limestone (.015 m2/gm) are in qualitatively

good agreeﬁent. These ca]cu!ations give further support to the monolayer .

. exchange mechan1sm, i.e * 30% exc?angeab]e surface sites. In addition,‘ .
these resu]ts 1nd1cated that approx1mate1y 50 mesh crusked 1imestone ’
could be of major use as an‘econom1ca1 method to remove metal cations

from aqueous solution either by elution through packed columns or by

v b]
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aﬁk““‘w~‘flpw bed ‘processes. . '
4.3 sSingle Crystal Calcite - XPS Study
4.3.1 Experimenta) .

~o B

Two varieties of calcite crystalgi Iceland Spar calcite and milky

(opaque) crystalline calcite, were stud1ed For their ability to adsorb

-

barium from dilute solutidn. These so]ut1ons were of two types. barium
ions in solution at (1) non-equilibrium and (2) equilibrium conditions
with respect to calcium carbonate at 22 + 2°C. Barium solutions were s
prepared us1nﬁ~Ba C104)» and deionized distilled water. The calcite
crystals were cleaved as_in Chapter 3. The milky calcite var;ety was
highly fractured,hcontainin@ large visible internal cracks while the
Iceland Spar calcite was gptically clear and free of visible internal
fgéctures, creating a'smooth, mirror-like surface when cleaved.
For the first type of reactions (non-equilibrium), crystals-of both
varieties of calcite were place in polypropylene beakers with 500 ml.
of deionized distilled water varying from 20 to ZQP ppm (1.46 x 107" M
. to 1.46 x 1073 M) in barium. No attempt was made to allow ‘the calcite
. crystals.to attain equilibrium with the water prior to barium sorption.
: The initial EH of these solutions was approximately 5.5 # .2.‘ .b
For the sec;;d type of reaction{ (equilibrium), the cleaved
calcite érystals were p]aced in 500 ml of deionized distilled Qater,
pre-safurated with powdered calcium carbonate for 48 hours (pH * 8.4).
Appropriate’aliquots of stock barium solutions were then added to each .
beak;;Jto obtain the final reqﬁired solution concentration of 1.46 x 10™"M
to 1.46 x 1Q‘3 M barium. Crystals were removed from,so1ution after .-
reaction-times varying from a few hours to over a mon;hnand immediately

dipped (washed) five t1mes in separate beakers of de1on1zed\d1st111ed
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water to remove original barium solution adhering to the surface
(See Appendix A.1 for details). Dipping five times was chosen after
several experiments were performed to determine the best method to
remove excess solution. For example, several calcite crystals were
placed in Zoqrppm barium solutions for thirty days, removed and each
crystal dipped from one to twenty times, in fresh water. Additional
fresh crystals were dipped in concentrated barium solutions for 10
secondsl removed and then rinsea in the above manner. In this second
type of experiment, no barium was déiected on the surfaces analysed.
A1l of these calcite surfaces were analysed using the XPS technique
outlined in Chapter13f‘

ESCA spectra of Ba 3d5/2, Ca 2p, C 1s, 6 1s and C1 2p were recorded
for each calcite crystal. In addition, unreacted.calcite crystals Qere‘
also examined an; used as reference blanks.

Many of these barium sorbed crystals. were stored for periods up

to 18 months, and re—ané]ysed to determine reproducibility of the ESCA

‘ technique and to check on diffusion rates at- the calcite surface.

It was observed during these studies that the carbSn 1s spectra

changed with the time of reaction. Several experiments were performed

to determine what surface changes may have oécurred. Cleaved Iceland
Spar calcite wzérreactgd in pure water at 22°C for selected times (0 -

50 days, (Appendix A.2)). The surface of these crystals and the barium
re;cted crystals were examined by Ar ion etching using the'jo K eV Ar

gun assembly. Depth profj]ing of these reacted surfaces made it possible
to estimate the effects of water and sorption of barium on the surface

with time of reaction. In addition, reactions of the calcite surface by

other processes were studied. They included heating to 500°C for

N et i v B e O S A ST AT & W N A
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P
15 minutes, reaction in 1 M HCI acﬁg for 30 seconds, exposure to the
XPS 10~ torr. vacuum for several days, exposure to x-ray radiation
.(200 watts) for 36 hours, and variable reaction times in steam vapour.

In these cases, the C 1s and Ca 2p spectra levels were examined with

increasing Ar ion etch time.

4,3.2 Discussion

The weights of barium sorbed on cleaved calcite crystal
surfaces at equilibrium and non-equilibrium conditions (22°C) as a
function of initial barium concentration and reaction time were ) -
determined using thé ESCA calibration plots from Chapter 3. These
results shown in Table 9, Fig. 26-29 strongly indicate that exchange
adsorption (rather than precipitation) is occurring; the amount of .
barium on the surface increaseé both with-increasing barium

concentration in solution and with time of reaction. Crystals from

ay,
e, .

. the non-equilibrium soTutions shown in Figures 26, 27 (i.e. barium-
pure water at a pH = 5.5) are sorbed more strongly than crystals
from the equi}i@rium sSlhtion, Figures 28, 29 (i.e. barium-saturated
calcium carbonate solutions at a pH = 8). Two faétors.would seem to

explain the enhanced sorption rate of crystals in the non-equilibrium

solutions. They are,an initial acidic solution pHAand a need %or

aeatihyr +

attainment of solution equilibrium with the crystals; both factors
would cause a greater dissolution of the calcite surface, hence a
greater sorption rate. -The exchange of barium for calcium would
be kinetically more favoured for surfaces undergoing dissolution .
(recrystallization).20C»29 ‘

- - B -

In the equilibrium solutions, the sorbed amountsof barium i%

~
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similar for both Iceland Spar and the milky calcite, indicating a
similar type Egicite surface. This effect would be expected because "
the sur%ace of both varieties of calcite had several days to age

in the pre-saturated calcium carbonate selution before addit%on of
barium. This‘long time period a1]oweq aéeing processes to decrease
surface imperfections and reduce charge sites. The milky calcite ‘
variety was found to have a greater sorption ability than the Iceland

Spar calcite. This was especially noted in the non-equilibrium

solutions. The best explanation for this effect is related to
differeﬁce§_in the surface properties of these two types\of calcite.
The Ice]and‘ggﬁr ca]qi}e cleaved surface is quite smooth”and free
of surface fractures.  This good cleavage produces few reaction
sites which in turn hinders a sorption exchange.

It should he eﬁphasized that the ‘qualitative aspect of Figures
26-29 are not dependant on the absolute accuracy of the~XPS calibra-
tion plot's slope (Chapter 3),

The time scale (i.e. days) of adsorption (exchange) on these

calcite single crystals in dilute barium solutions was, ideal for.

following these types of reactions by XPS. The reproducibility of XPS
)

é bariym 3d/calcium gp spectra ratios' are shown in Taé]e 10 when
f surfaces'@ere re-analysed 18 months apart. Such good agreement -
vegifies the stability of the XPS spectrometer, accuracy of the
3 technique and also indicates diffustbn to be nil at 22°6. Upon
| “’ heating to 500°C for one day, Ba 3d/Ca 2p ratios' became es;entially :;

]
zero as barium ions could not. be detected, Howevé?) heating at .

100°C .and 200°C increased the ratio, possibly because surface

hydrocarbon contamination was ‘'removed. (Table 10)




]

Reproducibility with Time and Thermal Effects on

L
Table 10

-

XPS Peak Area Intensity Ratios

Reacted ' ’IBa 3& / ICa 2p **
Sample* - “\\X' 5/2 /2
(non-saturated Initially 150 days heated 24 hours
w.r.t. calcite) - . . (500°C)
(A) 1
Iceland spar crystals
1. 10 gays in 200 ppm ) 8.86 10.60 0.7
Ba®" solution ’ .
2. 30 days in 200 ppm 9.65 10.27 NIL
Ba‘* solution
3. 20,3ays_in 100 ppm 5.11 6.77 0.70
Ba“t solution .
4. 10_days in 50 ppm 4.1 | 4.04 6.02"
Ba“* solution '
5. 10,days in 100 ppr 5.87 . 5.20 6.607"
Ba“* solution =~
(B) , .
Crystdlline (opaque)
Crystal
1. 10_days in 200 pom 10.80 9.92 NIL
Ba“* solution (

=7

Calcite crystal reacted in stated Ba?+ concentrations for stated re-
act;on time; each crystal dipped (washed) 5 times in water (Appendix
A). .

[l

*
as per Table 9.
Note C 1s contamination peak

* heated 24 hours at 100°C; | -
++ . . intensity reduced in both cases.
heated 24 hours at 200"‘§\éiEb Thus expect increase in I ratio.
' Ica
{See chapter 3.3.1)
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It is interesting to note the amount of barium sorbed on calcite,-

(4 x 1077 gm/cm? = 1.8 x 105 atoms/cm?) from the 1.46 x 1073 M

solution, after reacting 20 déys, (Figure 26) is consistent with

monolayer coverage.

Little or no chloride or perchlorate anions were detected
using the XPS technique (i.e. W] 2p) on any reacted calcite crystals o
placed.either in Ba(C10,), or BaCl, solutions, regardless of the
barium sorption measured. However, chlorine was always detectable
on the calibrant samples and in intensity proportions representative
of the evaporated solution concentration. This is very strong
evidence that anion specific adsorption (i.e. €17 or.C10, ) does
nét occur on the %onic calcite crystal surfacé?a‘This result {s
:also consistent with other ;tudies which indicated no anion .

adsorption on oxides.3U»31}

4.4 Conclusion
Fa

The explanation 5f barium sorption on calcite surfaces is to_Ei///’fT*\;
found"in the adsorption theory discussed in Chapté; 2. For ‘example,
the‘concéBts of electrical charge (EDL:-theory), lattice defect
consequences (ageing processes) and the Fajan-Paneth rule effects
seem best to expT;in barium sorption on calcite. Briefly, an EDL
of water is'anticipated because calcite in aqueous solution isv
hydrophilic32, and the pdint of zero charge (PZC) for ca]cite.is
pH -= 8.2.5 Using the many variations of hyd%o]ysis~exchange sorption
(Chapter 2), élpicture of barium, calcium exchange is seen. Hydrated

barium ions attracted to the EDL see localized sites of negative

charge caused by the ageing procedses (recrystallization). Specific

v
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sorption occurs once the barium cation enters the stern plane. Re-
arrangement at these sites is then possible, with incorporation of
barium into the lattice.

A possible mechanism then }s

. ky
+ Hzo o Ca" OH(

—

) ®co, - (48)

surf,) surf. H(surf.)

st

(i) hydroxylation of surface

. c .
_ . _ 2+ N _ -
Ca OH(surf.) + 00y H(surfl) ¥ Ba(aql); = Ba(surf.)(//—ggél\\

2+ ~
¥ Ca(surf.) *t H0

tii) sorpfion

Ca(surf.) + €03 Ba(surf.) < Bacoa(surf.) ¥ Ca(aq.) (46)

. (i1i) exchange

7\\\‘;3 ™ S

5,
kY

Thus a
CaC0s (g rp.y * Ba-%;q) :‘if BaCO3(Surf')v + Ca%;q.) (47)
(iJ; overall
(i.e. K=k +ky +ks) - _
) ‘ 2 t
Another possible mechanism is . '
. K "
2C3C03(surf.) + Ba(aq‘) K CﬁBﬁ(C?g)z + Ca(ag;Q I (48)

For this type of mechanism, no pﬂ\changes‘upon sorption-exchange are -

r

- + . . . .
anticipated as an H release into solution quickly reacts either

. with OH™ or 6032' or COZ.w The powdered calcite results Chapter 4.2.2.1,
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the lack of anion sorption and the single crystal rate effects
(Chapter 4.3.2) all suggest a specific chemical exchangé reaction
occurs for the barium-calcite system. Unlike oxide-metal cation

" sorption, the calcite sorption rate is slow. ‘ThiS'may well be due
to large differences in their point§ of zero charge (Chapter 2) and
unlike calcite, oxide-minerals are free of complex equilibria reactions
in so]utioﬁ. Note the pH (Z.P.C.) is = 8.2 for calcite but is

only = 3 forﬂoxide minerals.

The observation that water reacted surfaces of Iceland Spar
calcite which are initially transparent (i.e. a stoichiometric Tattice)
become opaque and white in time, (i.e. a non-stoichiometric lattice)
suggest that ageing (recrystallization) is the major mechanism for

barium reaction at the surface.
N\

Note the Tower (bottom) side of these reacted crystals (face

o

down against beaker bottom) showed no surface changes after reacting
; e ’ .

- fifty days. (Appendix A.2)
It 9s thus postulated that normal sorption processes, on the
" hydroxylated calcite surfaces, attract the p&Sitive1y charged,
hydrated/hydrolyzed barium jons to the surface region while slow
ageing of the surface allow the exchange reaction observed. As
previously stated, simple solubility (precipitation)’considerations}
cannot, apply to these reactions, remembering that barium loss from
so]ut?::withapter 4.2) is proportional to the ca1gite surface area, ¢
‘ initial barium concentration in solution and time of reaction.
The surface areas of\ghé'powdgrqd calcite and crushed limestone .

calculated from maximum adsorption capacities (Xm) agreed very well

with surface area estimates calculated<using other methods and thus

\ i 3 Ak Y e R AR B T Y A L L TSR WD
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provide fdrfher support to a mono]ayer'exchange mechanism.

In addition the single crystal calcite results, combined with
the earlier powdered calcium carbonate study, both indicating
monolayer coverage, lend Qtrength to the quantitative significance

of the XPS calibfation plots (Chapter 3)

.
o
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CHAPTER 5
MERCURY SORPTION ON IRON SULPHIDES®

5.1 Introduction

As discussed in Chapter 1, mercury pollution of natural waters by
industrial chemical processes!s? has created severg‘problems in many
countries of the world. In addition, an increased Qseyof coal and
geothermal steam for §1ectrical energy generatién will cause a further
strain on technology to prevent additiona%.widespread mercury contamin-
ation of the atmosphere and hydrosphere. -. Besides the huge sulphur
dioxide and nitroug oxide emissions, these energy sources contain large
concentrationskbf heavy metals inc]dding,mercury, cadmium, etc.3
Economical and efficient methods must be devi%éd to e]iminate.presént
mercury pollution as well as to reduce thesé future hazardous condit}ons.

The uptake of heavy metals, including mercury, have been examined

previously using cellulose“, silicon alloys®, peat moss®, and selected

agricultural products and by-products.’ From a geochemical viewpoint, ad-

sorption of mercury ions by mineral surfaces seemed quite feasable as wel
4%% common sulphide minerals, pyrrhotite (Fe]_xs) and pyrite (FeS,)

wgrranféd study to determine their sorbent properties in decreasing or

P

entirely removing mercuric ions and elemental mercury from aqueous

=3

solution. Sorption of mercury onto these mineral surfaces should also

give some indication of their ability to remove mercury from contaminated

atmospheric samples as well. But no gas sorption studies are attempted
&
in this thesis. Mercuric fon sorption on silica®:® and heated pyritel®,

*
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i.e.(feSz L FeS, have been studied previously, but not in detail.
As in the calcite work, Chapter 4, prﬁ1iminary studies using
powdeﬁed (crushed) pyrrhotite were necessary tg determine mercury
~ s‘rptjon properties undéer various ccnd;t;ons, eg. time of reaction,
9 surface area (weidht) o%vsorbent, initial mercury (sorbate) concentration,

pH, etc., before a detailed XPS study on small cut and polished mineral
section% could be initiated.

Py}rhotite and pyrite ores were chosen for three reasons. They
i

ére com@on and thus economical minerals to mine throughout the world
and arezusua1iy dﬁite accessible in localities where mercury contamina-
tion 1sia;m1nant.ﬂ For example, most massive sujphide mining operations
(Pb, Zn, Ni) separate aﬁd discard huge amounts {thousands of tons) of
. iron sulphides year]y.\ Secondly, these ores pose no large pollution
threat of their own if dumped into contaminated waterways. They are
highly insoluble and if exchange of mercury for iron ions occurred, «
the iron and/or sulphur is easily precipitated by natural processes.
Final}y, any sorbed mercury product (probably HgS or'HQO) {s highly -

insoluble and if properly disposed, precludes large desorption rates

T

E:

with time. This is essential %{ large scale water treatment projects

are to be done economically and efficiently.

B

i

BTz e 1 oot

5.2 Powdered Iron Sulphide - AAS Study

5.2.1

o
T

Experimental

R

The absofption of mercuric ions from s€¥ution using several weights
" of crushed, sieved iron sulphide (pyrrhotite) was examined. Highly pure
Sudbury pyrrhotite (Fe,_ ,S), obtained from the Geological Collection

(UWO) was crushed and-sieved using Tyler stainless steel sieves. The
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* non-equilibrium conditions, that is addition of crushed FeS directly to

various concentrations of mercuric chloride and (2) equilibrium condi-

_mercuric chloride (HgCl,) was purchased from J.T. Baker and used to

© oxide was—produced. Th}s was noted by the colour change of the powder

> 1000 mesh fraction was collected and used in the following study.

Two reaction mechanisms were studied, (1) reactions involving

tions, where concentrated mercuric chioride aliquots were added to

the crushed FeS at equi]ibriﬁm with water. A1l of these experiments
followed similar procédures as outlined in Qpapter 4.2. Only deionized
distilled water (pH = 5.5) and polypropylene beakers‘and storage bottles
were used. Stirring of each solution and pH determingifdns were done

e N
using equipment previously discussed (Chapter 4.2). Analytical grade

prepare a 10,000 ppm stock so]ﬁtion. Dilutions of this stock solution
were used to prepare each 500 ml reaction solution.

The initial pH of mercuric chloride solutions (i.e. non;gqui]ibrium
reactions) before addition of powdered iron sulphide, is cogﬁr d by i
the salt concentration. Because of pH variations in these solutions,
it was difficult to compare sorpgion rates for mercury ions on the FeS.
Therefore‘an equilibrium study was initiated, having the iron su1ph}de

powder equilfbrate in water at pH = 4 prior to mercury ion addition. For

these equilibrium type reactions, 0.25 to 1.0 gm of crushed iron
S ;_'\ry . -~

sulphide 9fe wa§ stirred in water approximately, two hours to attain

equilibrium, ,

FeS + H,0 1250 Fe2t 4 Hs™ 4+ oW (49)
<
.(.).?.) 2= +
2Fes(b1ack) + Hy0 — F9203(brown) + 25044 + 2H (50)
slow

Long reaction. times (> 24,hour§) posed problems because colloidal iron




0

and a pH drop in solution (Equation 50).

Additional study indicated the iron sulphide reached equilibrium
(Equation 49) 1in approximately one hoLr, with no appreciable production
of iron oxide. At selected times after addition yf mercury ions to each
reaction solution, 10 ml aliquots were removed ané céntrifuged 30
minutes at 3600 rpm t; remove any iron sulphide powder. This method
was found superior to filtering the aliquots with #42 Whitman filter
~paper as mercury retention by the fi]fer paper was avoided. One ml
-of 5% nitric acid was added to each 10 m aliquot to prevent mercury
sorption on the walls of the polypropylene bottles. The?samples were

Mhen analysed by cg]d vapour chemical or graphite furnace flameless
Atomic Absorption methods.

Mercury analysed by the cold vapour method involved reacting
either 20 ml or 50 mi of sample solution and 10 m1 of water, with 1 ml
of 10% sulphuric acid and 1 ml of 5% stannous chloridé tofproduce
mercury vapour. Th1s vapour was then detected using n?rmal Atomic
Absorption methods. ThE ‘graphite furnace method gave a lower detection
level, but because of the vo]at111ty of mercury even at 100°C, 25 ul
of 10%, sodium sulphide had Eo,ﬁé added. to each 50 1 sample p]ace&
in®the graphite tuée. The sddiu;‘§u1phidé acted as a fixing agent
preventing'premature loss of mercury during the drying stage, but it
is‘very hazardous due to escaping hydrogen su]phide gas. Recentl} any
improved Heated Graphite Analyser (HGA) technique has been proposed
which eliminates the sodium sulphide step.1! Both techniques offer
reliable analysis.to less than 1 ppb and can be used to éheck'dh each

other'saccuracy. However, the linear working (calibration) range is.

quite small for the graphite furnace method and extrg drlutions of




standards and samples was required. Therefore the chemical cold vapour

method seems better suited for analysis of trace mercury in solution.

5.2.2 Discussion

. The resu¥ts of the mercury jon interaction with powdered iron

sulphide surfaces is given in Table 11. This mercury ion loss from
solution was determined for the-three reaction typég discussed in

section 5.2.1. The data for the mercury ion uptake on increasingly
greater weights of FeS at pH = 4 (Table 11c) 1is plotted in Figure

30. Note, this plot indicates an adsorption process because the mercury

loss from solution is proportional to the weight of powdered FeS({sorbent)

N

and the initial mercury ion concentration (sorbate). The Langmuir
adsorption expression (Equation 37) was then used to determine the
maximum adsorption capacity (Xm) and the adsorption constant (b)
for the FeS powder at the three reaction types listed in Table 11. The
resulting Tinear adsorption plots are showﬁ in Figure 31. Using these
experimentally determined X and b values and Equation 38, the three
cérresponding adsorption %sotherms, Figure 32, were calculated. The
rather poor reproducibi]it& of the non-equilibrium reaction resuits
(Table 1ia, Figure 32a) can be explained as being due to tﬁe solution
ﬁH.dependance on the initial mercuric chloride content {(adsorption is
pH dependQQt). The variations in adsorption isotherms indicated the
effect of.Eﬂ and solution equilibrium on the §92+—Fe5 sorpgion rates.
In Egé second reaction type (Tab]é 11b), the iron sulphide powder
was stirred three weeks in water before addition of mercury. The

conversion of FeS to iron oxide was very high in this study. This was

easily observed due to the colour change of the powdered FeS (black -+
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pH ~4-0 , 22°C
Inttial ng’sol'n 100 x 1(53gms
—— . 30x10°gms

. . 5 x 10°gms

—_—— . 0-Bx10°gms

R .
o
——

1N
Q

$

20+

(Sorbate) wt Hg® sorbed (10°gms)

0 025 050 07% 10
(Sorbent) y'yt FeS (gms)

M=
Figure 30. Mercuric lon Adsorption on Powdered FeS.
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reddish brown). 'Using the Xm values determined from the Langmuir
Q]ots and Equation 39, an estimate of the surface area of the powdered
FeS was also found (Table 12).

Experiments in which jron‘su]phide was equilibrated in water two
hours and then adjusted to pH - 4, gave the most reproducible sorption
data and surface area determinations, (Table 12). These equilibrium
results fit well to the Langmuir adsorption equation and adsorption
isotherm, The good 1inear fit indicated a sorption process which was

proportional to sorbent surface area and sorbate concentration at
constant pH.

. %
These results and the non-equilibrium results do not vary signifi--

caﬁE]y however. Adsorption of mercuric ions‘by iron sulphide surfaces
‘occurred very quickly (minutes) over a pH fange of 3.5 » 5.5, and

L
ogéurred regardless of solution-mineral thermodyndmics. It is most

4

[’satisfying that even in n?ﬁ:eq6?1ibrium conditions, the iron sulphide
§ .

2

N’f

K\gréﬁorbsmercuric ions quifk]y and to a large &&gree. For large scale

S

applications to treat w§t€? polluted with mercuric ions, the crushed
ore could be placed 1n,eitﬁg;ﬁjon exchange fype columns or used in
fluidized-bed type processes. ‘~\;

The calculated solubility reaction of FeS in water, (Appendix A.5.1)
indicates that the congentration of iron and sulphur increases with ‘
solution acidity. A simple precipitation of mercury sulphide (HgS)
is not the dominant reaction causing mercuric ion loss from solution.

The results oﬁ‘}ab1e 11‘1ndicated that sorption of mercuric ions is

proportional to initial mercury concentration and surface area (weight)

of sorbent present in solution.- No mercury ion and lattice iron ion
&y exchange was noted for these adsorption reactions because no iron

increase in—solution was seen.— Thws no comparisons with the barium- T




-~

125

J

)* W0y LA

"6¢ uo{yenb3 aag it

‘(uotiduos yo ABuaaua) uotiduospe Jo.3eay ayj 03 paje(ad Jueysuod ‘q 4
|

[
1

*[€ uolijenb3 pue z¢ .pm saunbiy $sjold atnwbue wouay $

‘£31oeded uoyydaospe whwixew ayy Uy

4+
) . */f uollenb] 895 0s|e ‘g¢ ‘|f saanbig ‘sjo|d Jinibue wouay .
) (s4noy 2) .
v2°6 50°9 19" §6'¢ 92°82 S1{nsay wntuaqriinby | °
‘ \ ‘ (9)
. . A (sy3am ¢)
6°21 8702 1670 9% ¥ - SL 02 S3LNs3y wniaqiiinb3
u (8)
. . ' s3(ns3ay
1°£1 2L 102 9°9 eL°st wntdaqypinbi-uon
. - (v)
oL x oL x 0oL x
‘wh/w " w0l e-
3 JueIsuol 3dadudjuy S34 oo .
eaLy 3de4.ing uoL3daospy A ,,DH satou (adoys) " '
w W ) > ,
QX u _X
1443 19 in T I o .
7
*11 d1Qel JO SI|NSIY wWOA} SUOLIR{ND{R) ©3J4Y 3DBIUNG $3J
- ¢l 3lqel
N ? & //
,/@w pt~ .
p x% A
}
’ - | #

»

Liad




R

P €2 T sskon W <

) 126

-
calcite exchange sorption mechanism should be made in this case. .
Sorption of mercury on iron sulphide would seem to obey a similar

mechanism as sorption of metal cations on various mineral oxides of

manganese, iron, silicon, titanium, etc. (Chapter 2), i.e. j:)
XO-H + M. = x0-M + H (51a)
and 2(X0-H) + M* = 2(x0)-M + 2u' (51b)

where "X" refers to a surface lattice cation. In the case of mercuric |,

jon sorption on iron sulphides, possible reactions are then

-FeS-H + Hg2?' == FeS-Hg + H' (52a)

kS

and 2(-FeS ~H) + Hg2t = (FeS),~Hg + 2HT (52b)

“

The results of the powdered pyrrhotite study indicate the above reactions
may be possible. From the results of be]e 13, the decrease in Hg2*
concentration in solution caused by sorption onto the various weights
of pyrrhotite is usually balanced by a corresponding incre;se in
solution pH (i.e. in moles H+).

En each example, the adsorbed ng+ and re]eﬁsed H+ content is
proportional to initial sulphide weight. Note, H+\increase in solution
is always less than the corresponding drop in Hg2+ concentration. .
Possible errors in pH measurement and analysis of Hg2* concentrat%on’iqk
solution may account for this“discrepancy. Parallel reactions of d

pyrrhotite in solution (i.e. FeS + H,0 » OH™ + HS™ + Fe2*) producirng

OH™ during adsorption,.however, could account for the observed

+ + . . ] . . -
(] < [Hg?"] + reaction i.e. via neutralization, (OH +
released sorbed produced
+
H released H20). )

b
e W

S . = ot o o YR T B T ) D L A i v s wn Yt i
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Table 13
-*
Solution Changes During Hg2+ Adsorption
\. _r n
fes 2+ ; + 2+
*Wt. FeS olzgzzzth?n Sotution. pH - {H ]released [Hg Jsorbed .

o reacted 500 nil sol'n Initial Final moles moles
N (gms) #5%{ moles(x10~") (30 minutes) V/7(x10‘“) (x107%)

Y > ‘; N
” 0.25 %t 0.25 1 4.02 3.86 0.21 0.25
0.25 1.50 4.04 3.81 0.32@ 0.75

. 0.25 5.00 4.00 3.Nn 0.48 1.00 -

‘ 0.50 1.50 3.98. 3.6 7 0.62 1.35
0.50 5.00 4.05 3.51 . 1.70 2.00
1.00 1.50 3.92 3.59 0.68 1.46
1.00 5.00 4.02 3.47 1.22 3.50

L

Results of Table 1lc.
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Evidence supporting this reaction comes from several reaction

samples where the initial Hg2+ co;centration in solution was very low
(0.1 and 1.0 ppm). In these cases, the solution pH actually deqneaged
upon sorption. Thus, when the parallel reactions producing OH are
larger than release of H+ caused by sorption processés, a drop in pH
is seen ([H+]re1eased < [OH—]produced)' At large initial Hg concentra-
tions, the sorption rate is enhanced; hydrogen jons are released in
excess of hydroxyl ions pfoduced by other reactions, and a pH increase -
in solution is ‘observed. ‘

Investigators studying sorption of metal cations on mineral oxide
surfaces also observed this pattern, i.e. [H ]re1eased (M2 ]sorbed
Thus, exchange reactions of Hg2+ on iron su]phide may be written as

+

" [FeSH™] + Hg2" = [FeSHg] + K (53a)

surf, surf.

+ Hg2t == [FeSHg] + H,0 - .(53b)

surf.

or [FeOH~SH]surf

Calculations of mercury ion coverage on the crushed iron sulphide
surfaces, using the data of (Table 11) indicate monolayer coverage.
Fo;.example, a calculated average estimate of avai]dble adsorption
sites on the non-stoichiometric Fe, ,S surface was found to be - 8 x 101"
sites/cm2. The data of Table 11, indicated a maximum surface covérdgg

of ~ 2-x 10!5 ions/cm2, assuming the iron sulphide surface area is

T -vx“%’z;i:*s‘réi:«m‘mx«-, B
i

* 10 m2/gm, (Tab]e 12). The surface area of the powdered FeS using
S.E.M. methods:was found to be approximately 1.9 m2/gm (Append1x A.5.3).
This value and the surface area determined exper1menta11y (10m2/?m) are
in qua11tat1ve1y good agreement considering ‘the errors and assumpt1ons
made in this calculation. )

A simple calculation follows which 1nd1cates the poss1b1e use of

L] e

s s e e T BT e S
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criished pyrrhotite in mercury pollution abatement work. If a polluted
water supply containing 10 ppb mercury was eluted at a flow rate of

1000 litres/minute through a column cohtajning } ton of 100 mesh crushed
pyrrhotite, it would take ~ 15 years Ed‘:ttain monolayer coverage
(saturation of the FeS). This sugface saturation time estimate assumes
that all mercury is removed from solution during elution.

From these preliminary sorption results, it is highly probable

that an economical and efficient mode of mercury ion removal from
~s§1ut16n (and atmosphere) is possible using crushed pyrrhotite. The
XPS study, to follow, collaborated this result and provided‘addition;}
information because much lower mercury concentrations in solution éndﬁ\\~
other solution variables, such as counter-ion effects, could be

examined.

=

5.3 Polished Iron Sulphide Plates - XPS Study

5.3.1 Experimental
H1gh grade pyrrhotite ng XS# and pyrite (FeSz) ores were studied
using the XPS technique to detenm1ne the1r ability to adsorb *erCUry jons

! /

from trace mercury chloride sofutions The Sudbury pyrrhotite was

highly pure but had\\iif7”§?]1ca and chalcopyrite as 1m2;:1t1es Two

varieties of pyr1te, a high grade massive ore from Tennessee and large

oY

single cubic crysta]s (1" x 1") from Spain were examined. These

w suiphide ores were cut to a size which easi]yAfit the XPS sample holder.

;
aenmroit o

The pyrrhotite slabs were then epoxyed onto identically sized aluminum
plates and ground and polished using a 30 micron diamond platter
followed by diamond powder on a lead lap. A.final 8 micron mirror-like

3

finish was attained. Several of the pyrrhotite plates were not polished




and several of the polished plates were roughened using fine grade
crocus cloth and used in a study of adsorption tates with surface
roughness. The cut pyrite slabs were not polished in 4this study. But
many of the naturally g;bwn outer surfaces of these large single cubic
crystals were compared to cut surfaces for variation in sorption
rates.

Each sulphide plate was washed thoroughly in acetone and distilled
deionized water and air dried prior to XPS analysis for surface trace
ippurities of silica (Si0,), mercury, chlorine, etc. These plates were

then reacted in 500 m] of vqrious concentration’ of mercuric chloride

or in elemental mercury (Hg®). A1l stock solutions and dilutions were -

prepared using analytical grade mercuric chloride and sodium chloride
supplied by BDH chemicals and freshly produced distilled deionized
water. Solutions containing mercuric ions were stored aﬁd reacted

in polypropylene storaéé containers and beakers. Preliminary studies
involved the reaction of FeS plates in various mercuric ion eoncentra-
tions without reégard to initial sdﬁugion pH (i.e. solution®*pH regulated
by mercuric chloride only). ‘More extensive experiments were then ~
undertaken with better cﬁntro]]ed and monitored reaction conditions.
Small additions_(drops) of concentrated HC1 (12 M) or NaOH (16 M) were
used to control the solution pH at constant values of either 4 or 7.
These sorption reaction rates were also monitored with time énd sodium
chloride concentration. Several sulphide plates were also p]écéd in
beakers of Hg°, pre;equi1ibrated with water for 2 days (10 ml Hg° +

500 ml H,0) or directly face down on the Hg°® (4 days), to determine Hg°

B

adsorption rates on iron sulphide. ' .

Practical applications of these results were then attempted using

130
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waste water effluent collected at a chlor-alkalipulp and paper complex.
These solutions contained both trace elemental mercury atoms (Hg°) and

mercuric ions as contaminants. Analysis using spark source mass

spectroscopy!? (unpublishgg) indicated a large sodium and chlorine
content as well. Two one ga]lyn aliquots were collected and storéd
in polypropylene containers:‘ka) a chemically treated portion leaving

" the plant site (returning to the natural environmentf with a pH -~ 6.2,
mercyry concentration = 5 ppb and sodium, chlorine concentration : Tow
100's ppm and‘(b) a non-treated process salu%ion used only with{ﬁ the
plant site having a pH ~ 5.5, mercury cogzentration * 2 ppm and sodium,
chlorine content > 2000 ppm.

-

Using procedures discussed above, sulphide plates were reacted in

.

500 ml of these two solutions for various time periods at their

natural pH and at_a constant pH ~ 4 (controlled by small additions of

concentrated hydrochloric acid).

After a specific period of reaction, each plate was ca;efully
removed from its reaction solution and washed (dipped) five separate
fimes in fresh distilled deionized water to remove uhadsorbed, adhering
mercury'ions (Appendix A.1), .Fach plate was then air dried and analysed
using XPS. Spectral parameters for-all elements examined, Hg 4f, C1 2p,
S 2p, Fe 2p, C 1s, 0 1s, are given in Chapter 3.3.2. IA addition, Na 1s

'specfra, Eb = 1072 eV, for 10 scans using 111 points énd 1.0 sec.
dwell time; and complete wide scan ;Pectra (0 ~ 1,000 eV) for 5 scansu
usiqg 1,000 points ?nd 1.0 sec. dwell timg were analysed for many of ;he

sulg;ide surfaces. Each spectrum was computer fit and interpreted using

calibration plots produced previously (Chapter 3.3.3).

b
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5.3.2 Discussion

The preliminary XPS analysis of sorbed mercuric ions on pyrrhotite
polished plates is given in Table 14, Figures 33, 34. Several repre-
sentative Hg 4f spectra are shown in Figdre 35. These spectral peak
areas were referred to appropriate calibration plots (Chapter 3.3.2) to

9e£¢rmine weights (gms.) of mercury adsorbed. "It is interesting that

" the weight of mercury sorbed decreases with increasing HgCl, solution

content\ A likely explanation for this odd behaviour is that the
so]utio; pH increases with increasing HgCl, content, and sorption is
pH dependent.i3 At pH values less than 7, the majqr mercuric ion species‘
in solution is HgC1? , however at éreate} pH values or when no chigrid;
ions are present, the dom!naﬁt $pecies is Hg(OH)° ® If as suggested by
McNaughton et al. studies?®, the HgCl; species is not sorbed on silica,
then it is apparent that Hg2+ and/or Hg(OH); species will. be, preferent-
ially sorbed. 'The results of my preliminary iron sulphide study usually
indicated Tow chloride ion sorption at any initial HgCl, solution
concentration. This observation is not consistent with the known
mercuric species (i.e. HgC];) in géidic solution. Obviously the réact%on
between the surfaqg apd mercuric ions iﬁg2+) is very specific or more # e
likely, the HgC]Z species reacts wi?ﬁ the surféfe sq1phur~sites)upon

sorption and liberates chloride ions into solution.

Several of the XPS spectra from Table 14 indicated two distinct

. -
L - *

mercuric 4f pedks is shown in F1gure 36, XPS ana?ysis of HgCl, and Hg,Cl,

powder, (prested 1?%0 pe]]ets) indicated on]y a sma11 chemical sh1ft of

N

-

niiiszgmate1y 0.2 eV between the two oxidation statsf Thus the-large

-y -
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s 1.0 360 56.0 30.3
. 10.0 360 16.0 o 10.0 i
50.0 360, 92.0 50.0 . —
(c) Polished FeS plates y — ) . /’
. 0.2 5 - 6.5 4.0
30 4.0 11.0 '
360 : 26.0 22.9 R
1440 55.0 . 46.0 '
1.0 " 30 - 22.0 17.0
360 ,27.0 - ,23.0 ,
1440 37.0 . 31.0 g
10.0 5 2.0 . - 17.0
10 420~ 35.0
3 - 48.0 41.0 E
360 ) 28.0 . 23.0
: , 1440 61.0 1 52.0 i
. .- ' 50.0 5 26.0 22.0 %
. \ 10 - 25.0 21.0 o
. 30 7 .23.0 20.0 - ;
360 R 2N R 36.0 o
1440 Y 64,0 5510, , [

Praovid

-

.m<§3b1e 4. Preliminary XPS Studyof Adsorption of ng+ on" fes

!

—

(b) Scratched FeS plates

o

" 500 m Hg2' solution used.”

*x - ’ @
FeS plates dipped 5 times in fresh water to remove adhering H92+ sglution

- (Appendix A.1).

~

¢

§
B

et

*Initial ng_+ "] *¥Reaction +  Mercury 4f *rkt ng+
cone. {ppm) 3 Time - Peak Area Intensity” *  {gmsi .
e (as HgZl, ) (min.Y (x103) (x10°%)
. — : i - ~ »
-{a) Polished FeS plates
1.0 30 i5.0 10.0
- ' 240 - 100.0 ~ >100.0 -
- 10.0 30 13.0 . 8.0 ¢
240 20.0 15.0 '
50.0 0.2 NIL NIL
30 " 8.0 5.0
N . 240 28.0 20.0
PR N 360 50.0 42.0"

L 124 .0
‘Equivalent weight c‘»f‘Hg2+ estimated from ng+ calibration plots (Chapter 3).

+ Peak Area Intensity for S50 scafus*Hg af. | "

ey ! .
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Figure 33. Preliminary ESCA Resu]ts Hg Sorptif)n on Polished
. FeS Plates. ‘ S




135

) L_{_)
/
- o
©
{oX *
»
£
E
Y
E
'.__
s o
o)
09' Q %
x X 2
<0 - *
[ ]
'y |
o
I
= 17
111 JN
P el
£ |
‘ a5
l ! AN
' ' I . " \\
| : \\,_. —~\—,<‘§1.;—;-\~——
-0 Q “O O
5 .9 ysew N = |
(Zﬁjw €0 UM “swl‘)‘g‘oLx paq.:ospeeﬁg-y),qﬁyam

Figure 34.

Ll

H

Preliminary ESCA Results, Hg2 Sorption on Polished
FeS Plates.

s,

o
N 15




e A e vy A, A e

FeS plate 10 Hg
- ' soluticn 1 nour

{ngf‘jl C AR T
{Cl']l T 2.8% 107 M

7000

pH 4

Hg 4f ~ 50 scans

$000

NUMBER Of COUNTS
3000

1000

0
1

l i H
105-’30 !.OI'I-SO }03-10

i T T 1 i
< 97.30 $9.50 101-10 162.70 10§-39

-4 FeS plate in Hg”
solution 24 hours .

100000

lHg®* 3 = 5 x 1077 0 M2
[y = 2.8x 1072 #

1 »
pHE - 4.

80000

- — Hg &f 50 scans

600100

-

1

40000
L

NUMBER OF COUNTS

{ i I T 1
97.30 2960 101-10 102.70  104.30
BINDING ENERGY / eV

I T 1
106.90 107.50 103.10

-

Figure 35. Representative Adsorbed Hg 4f ESCA Spectra.
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observed shift (Figure 36) of quroximate1x,}.0 eVAcannot be explained

as simply due to the two mercury oxidation g&ates. Mercuric ion

sorption-at both sulphur (s7) and oxygén (0 ) sites on the mineral

1°38

,‘f

surface is possible. The 0 1s spectra of atl pyrrhq;jte and pyrite //

plates (Figure 37) indicated three oxygen species on the surface.

The 0 1s peak at E_ -~ 530 eV is due to oxygen (02-) bonded to iron
as an oxide—andgis caused by oxidation of the sulphide surface during
cutting, polishing and geaction in aqueous solution. The 0 1s peak

located at E5~~ 532 eV is due to contamination water vapour or hydroxyl

. groups from the XPS vacuum system and/or reaction in water. The third

4

0 1s peak at Eb ~ 533 eV is attributable to physically adsorbed 0, gas
from the reaction solution.%s15 Neyl® found that sulphide minerals

adsorbed dissolved oxygen from aqueous solution to a much larger degree

than for most minerals.

It should be noted ;hat oxide peak (a) decreases with reaction
time, eg. as the surface becomes covered with sorbed mercury ions; peak
(b) at 532 eV wusually remained unchanged regardleés of }eaction‘time
and peak (c) at 533 eV increased with reaction time. Therefore
sorption of mercury ions onto both sulphide and oxide sites is a reason-
ab]gmgssumption.' | - g

Effects of pH upon sorption rates, Table 15, Figure 38, -were then
studied. These results indicated again that small initial mé?sur1c
chloride concentrations produced large weights of mercury‘torbed on -
the pyrrhotite surface. It was found that adsorption of mercuric ions

is large at pH - 4 while at pH - 8, the amounts are very much reduced.

Solubility considerations of FeS ‘may be‘xey to th]s sorption behaviour.

-The. dissolution..of. 1ronmand_su1nhun»jons<fnnmwtﬁa surface. latllgaﬂm-m.:
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Table 15. Effect of pH on Hg2+ Adsorption on FeS Plates

* ~
Initial Hg '

*k o
Reaction

fMercury af

¥k k
Equivalent

concentration time Peak Area Intensity

Weight of
(ppm) (min.) (x10%)

mercury adsorbed
(x10-8)

Polished FeS plates

(a) pH-~ 4.0

1.0

10.0

50.0

>>200.0
>>>200.0

90.0
150.0

50.0
>>>200.0

pH- 8.0
1.0

10.0

as per Table 14,

as per Table 14,

as per Table 14.

as per Table 14.

a
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increases in acidic conditions,
°
As“previously noted, in basic conditions the Hg(OH), species
dominates and thus at pH ~ 8 and low chloride content, large mercuric

“ion sorption rates should be observed if a‘simple hydrolysis mechanism

for sorption was in operation.gl Obviously for sulphide minerals,.other
factors dom{nate the-sorption rates.

More intensivéstudies using both pyrrhotite and pyrite plates,
Table 16, at a solution pH * 4 (HgCﬁZ species dominant) and varJable
sodium chloride content (0, 100, 1000 ppm), were then undertaken. These
results indicated that for each initial mercuric jon ‘concentration and

H

constant time of reaction, the sorption rate of mercury increased with
increasing chloride concentration (Figure 39). Mercury sorption rates
on iron sulphide minerals do not follow a simp]e'cAtion hydrolysis
relationship as previously suggested for oxides.®

In the preseﬁt XPS studies, 1ittle chloride and nil sodium ions
were detectable although the initial solution conceﬁtrations of NaCl
‘was as large as 1000 ppm C17. The large sorption of mercury ions from
these high]§ electrolytic but initially low concentrations of mercury
solutions, indicated that sorption is highly specific. Possibly the
addition of a large sal?fcontent into dilute mercury concentration creates
a positive pressure so'£§ speak, forcing the neutral/positive mercury
species towards the negative sulphide surche.17 The point o; g@rd

18

charge (P.Z.C.) for¥pyrrhotite occurs at pH - 3. The syrface and

mercury ion collision rate and thus rate of adsorption is therefore
enhanced. At largngiﬁ?tial mercury concentrations, the salt's influence
P v .
. is less pronounced, as expected, because the surfdce and mercury ion

il -~ ~

collision rate is initally very large.. .
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~Sulphide. plates studied at pH = 7, Table 16 produced a much Tower .

sorption rate with respect to the results at pH ~ 4.. 'This ingicatéd

=g

again‘the pH inf]uencé upbn sorption rates. It was also foynd that

pyrrhotite sorbed much largef weights of mercury jons than pyrite assuming

=

equivalent initial mercury, sodium and chloride jon coricentrations. Thus

surface lattice sites and so]ubility differences are important sdrption

-

reaction. parameéters.
»

T~

The ggtual 1detice arrangement 6f iron and su]phur iohs in pyrrhotite
&
1nd1cates vacanc1es at. iron s1tes (i.e. pyrrhot1te s not su]phur rich,

L 3

but is 1iron def3c1ent) These vacant iron sates wou]d be read11y

o

accessib!e‘to ‘adsorbing merghry ions. Mercury adsorptwon (substitution)

could then occur without the addition of iron to the solution and wiihqut
‘invok$ﬁg the hypothesis that hydroxylation of'surféce sites‘and/or'éxchange’
of hxdrogen 1ons is a pre- reQU1s1te to adsorpt1an. Of course dlssolut1on

oﬁ the-pyrrhot1te surface to atta1n so]ut1on equ111br1um'woqu 1ncrease

- ? avéq]ab]e‘adsorb1ng sites as wel]. Pyrrh0t1te, un11ke pyr1te is so1ub]e

f"’ﬂNh\g\\ in conceﬁtrqied HC1.1% Thus in acidic solutions con;a1n1ng a large C1°

c5nten14 surface diséo]gfion of pyrrhdtite. would be greatly enhanced.

"

Ihis~imp6rtant charaCterist%c of pyrrhotite p]us the previous1y

d1scussed_J1'went iron site vacantxes (¢reating a ]arge negative surface

[ : s
charge) can be used to exp1a1n 1ts greater rate of adsorpt1on of mercury

- " . » -

mns/—atoms.“ e \ ~ o g

- ,

Several pyrrhot1te and pyr1te p1ates reacted in e]ement&] mercury

;,Lﬂg~?‘°“d 1ﬂ e]emental"mercury in water, Tab]e 17 were also studied by

XPS for- sqrpt19n rates. Both su1phrde—m1nera1 surfaces proved to be .

excel]ent e1emental mercury adsorbentss An earlier study of Hg® -

e

s,

N
Suck wtsr st AFppn oAt g
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) Table 17. XPS Study 9§ Elemental Mercury Adsorption on Iron Sulphides
L ' } e - = .
* * R kS - Tk ok
Merqury Reaction ‘Mercury 4f Weight of
reaction type Time Peak Area Intensity Mercury,adsorbed -
. 4 (min.) ' (x10%) (gms) x10-¢ -
(A) Elemental ‘ l .
J mercury-water N .
.+ gquilibrium " "
1. FeS polished . 2880 2.54 200 .| - i
- ' 2. FeSy (Spain) ' . . ‘ +
- (i) natural surface 5760 . 22.2 >200.0 N
(ii)ut surface .. _ 5760 18.6 >200.0
. - 3. FeSz(Sudbury™ 5760 16.0 -200.0
. massive ore) s .
1 , ‘ o~ "~ a
) (B) Elemental - ) Q
. . mergury ° :
. : 1. FeS polished 2880 . n/s »>200.0 At .
5 <| 2. FeS, (Spain).s : : . :
(1) natural surfyte 5760 "31.6 >>200.0 :
- (i1)cut surface 5760 . 29:4 >>200.0 :
% . FeS, (Sudbury 5760 2% >>200.0
I massive orep N ' . :
+ - ~ “ ‘;é‘«
d , >, as per Table 14. % é
Y o ‘ R
o - as per Table 14. . - - . . c i
.- I o L
¢ . . as per Table 14. ] .
I L T ovas per Table 14. ) " N
) . . . . o C, ' " ¢
; - N - ! ) N r s
d ’I\ :‘ ) * < 4
N > " , Y ) [ '
O . - . v N v 4
.. “ “ ) H - . . iy § ’
. “i’ » : ‘ N -\ . Iy \
: 4 . . .
‘- . -,'a o ) . ‘ N , M . 4 ..




ol

_mercury coverage on the sulphide .surface 1s = 1 x 10!° atoms/cm?

sulphide’ m1nera1 surfaces and more importantly from aqueous solutions §

- » . .
. : . ' i L 7
. of extremely low mercury concentration. In addition, large chleride » H
o ) . A o 3
ion concentrations efthanced sorption rates (e.g. chloride ions may i |
L v - N sg “

solubility in water at 22°C indicated an equilibrium mercury content

of = 25 ppb220 It is very apparent, that iron sulphide minerals

concentrate mercury ions and atoms from extremely dilute mercury

~ solutions, efficient]y and very specifically.

Using these results (Table 14 -~ 17), estimates of surface coverage
were determined. For examble, a sorbed mercury weight of = 10°° gm/cm2

of surface is approximately 3 x 101 atoms/cm®. Calculated monolayer

(vide infra). The XPS reéu]ts once agéin indicate that sorption on the
mineral surface proceeds till monolayer cpverage occurs, Factors chh
as chloride concentration, mercury ion concentration, pH and time of
rgacfion dictate completion of this 1ayer.‘ In most cases examinedy the
limiting weighé of mercury adsorbed is = 1078 gms/cmZ2. 'Unfortunate]y,
as discussed in Chapter 3, the XPS calibration plots could not be
extended to the peak area jintensitites observed on many o; the ;dsdrbed
sulphide plates. No technique was therefore aVai]ab]e to compare these

large peak intenéities to mercury weights (gms). It is most 1nterest1ng

oy

‘that both e]ementa] fercury and mercur1c ions were adsorbed by iron

catalyse the sdrption reaction rate ). These promising results prompted

further studies of practical significance.

Process water samples containing mercury were collected at a 1arge

H

chlor-alkali plant in Canada and studied us1ng 1ron su]ph1de blates

and methods dﬁscussed,above. These results, Table‘]8, indicated
o

s1gn1f1cant sorption onto the minera] surfaces “and_an_ eﬂhﬂﬂgedwsorpxlanwmm,-wwNu;

3

TN

e

.




rate with increasing pH.

A recent study? has indicated mercury pollution from chlor-alkali

plants and their associated dump sites, both active and closed, is an

extremely dangerous ecological problem. High mercury levels in sludge

ponds contribute approximately equally to atmospheric and water‘ﬁé}lution

in the vicinity of the plant. A value, ranging from 150 » 1500§kg/yr
mercury loss to the environment by Swedish ch]or—a]ka]j plants is
reported. In Canada, with more a1ka;i producing plants?l,-a correspond-
ingly larger loss is therefore expec%éd. Lindberg? states "the most
significant mercury waste problem in this industry involves disposal
of ]argg gquantities of solid waste materials" and "given the comion

) dispos?l practice 5% ponding these solid wastes, g]ong with the *
residence time of mercury in existing largg scale waste deposits,
(= 100 years) it becomes apparent that the‘:zge of such residual waste
deposits in local mercury cyc1é§ will continue to grow". An excellent
review of mercury equi]ibr{um in the environment has been prepared by
Kothny. 22

The results found in the present thesis indicate that iron sulphides,

pyrrhotite in pdft{cular, sorb mbnoiayer amounts of mercur} atoms and.
jons from dilute-solution. Crusﬁga pyrrhotite would thu;lseem ideal

" .as an insulating jacket t&QStore<§o1id chlor-alkali plant wastes and
cleanse process waters containing merchry: A thick layer of pyrrhotite
surrounding these wastes could then drastically reduce mercury loss to

the environment. Pilot studies are therefore required to improve and

better define commercial app]icationé of this sorption mechanism.

=
+
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XPS Study of Mercury Sorption by Iron Sulphides

Table 18

from Chlor Alkali Processing Waters

*Chlor Alkali
Processing
Solution Type
{500 m})

T

Iron Sulphide
Ore

**Reaction
Time
{hours)

*XPS Peak Area
Intensity
Hg 4f {x10%)

***yerght of l
Mercury
Adsorbed .,

{gms) x 107~

1. A

(a) pH-5.5 FeS . 1.1

(polished)

FeS
(polished)

11.0

" . >>>100.0

"FeS, {a) Sudbury
massive ore.

{b) Spanish Single
crystal natural surface |

45.0

. 5.0

2, Hcp-2

(a) pH~6.2 FeS

(polighed) .

1.0
3.5

»>>>100.0
45.0
»>>100.0

FeS
(po1i§hed)

vy -

FeS, (3a) Sudbury
- (b} Spain

(b} FpH -4.0

5.0
15.0

* as per Table 14.
- ek
w  as per Table 14,
*h Kk
as per Table 14.
T as per Table 14. l
t* non-treated chior alkali processing water, initial pH-5.5, ng+-2 ppm and high NalLl.
i
¥ pH adjusted to =4 (dropwise additiomof 1 M HC1). ) :

# treated chlor alkali processing water initial,pH-6.2, H92+~5 ppb and Tow NaCl.

.
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5.4 Conclusion

The explanation of mercury sorption on iron sulphide surfaces .

is to be found in the adsorption theory dbscuséed in Chapter 2..

As in the calcite study, Chapter 4, concepts of‘the electric
double layer kE.D.L.) theory, surface hydroxylation, ageing processes
and ﬁinera] solubility can explain the specific adsorption of mercury
on sulphide minerals. Using these previously discussed sorption
factors and invoking models of James et al.®8,22 possible sorption
mechanisms can be written (Equations 52a,b). .

A specific type sorption reaction is postulated as no increase in
iron concentration was observed in solution, little or no chloride,
and sodium ions were adsorbed¢ and hydrogen ions released to solution
nearly always approached the amount of mercury adsorbed.

Polished, and partially oxidized sulphide surfaces contain $2° and

"5YZ adsorptid{ siteg?“ Both S-Hg and 0-Hg adsorpfion reactions may

therefore occur. Note, the dominant mercury species in solution will

be HgC1;:‘“5~ ‘
Sulphide )
i FeS + HgCl, = FeS-Hg + 201" . (54a)
21FeS) + HgCl, == (FeS);~-Hg + "2C1° (54b)
- ' ‘ )
Oxide : )
Fe0 + HgCly = Fed~Hg + 201~ (55a)
2(Fe0) + HgCl, = (FeO)Hg * 21° : (55b)

_Possible mechanisms of the above reactions can be written, assusing

initial hydroxylation of the mineral SUPfaCE. . .o moosim oo

o e s T S L . ARt T o RT3 0 A




— .
FeS(sy * Ha0 &= [FeOH-SHI, ¢

__ Thus, for reaction 54a (see Figure AOa)

-

5

[FeOH-SH] ¢ * HC1S = [FeOH-SHgly: <o + 2017 + H'

-

surf.

= [FeSHg] + 2C17 + Hy0

surf.
and for reaction 54b (see Figure 40b)

2[FeOH-SH], ¢, + HGC1S = [{FeOH-S),Hgl o + 2017 + 2"  (58a)

surf.

= [FeOH-FeS,Hg] . +2C17 +H +Ho0 *(58b)

surf,

= [{FeS)aHgl_ . + 2017 + 2H,0 1{58¢)

The 6xide mechanism (Equgtions 55a,b) is identical in nature to the

above equations for iron su]Rhide-mercury adsonggiﬁn. Beééﬁsé-of fhe
. excess iron site vacancies on the mirieral's surface, a net négatdve

charge is created with exchanéeab]e hydrogen ions-associated with the

surface anibns Filling of the empty iron sites by mercury ions/atoms

)

~

from so]ut1on.as possible and possibly can exp1a1n the observed Behaviour.

sy s

For example, a variation of ghe reaction mechanisms represented by

m?l'i % rew

.-/ ~ . ) A4 .
equations 57a,biand 58a,b,c with/without invoking surface hydroxylation :

) )
can be writtemnés 59a,b and 60a,b respectively (Figure 40c).

2y

4

+ HgC1g [HgS1 ¢ +.2C1 (592)

KRS

ECDFe'S]surf.

co, o - ,.,_»,'+ ) _ B
or [ OFeSH]s\ur,f. + HgC1) [HgST ¢ * H +2C1 (59b)

Y

© [Fe, O koS Jourg, * HICTS = [Fe.HgS,]g o+ 2017 “(60a)

B e i

.or [Fe*@’!-‘e(“s“msuﬁ“ »ﬂgf:i [J G52 Tt ¥OH +2C1 (60b)

~




AT T AT TSN M 2 NIl N D A VT ATITASY £ ATV 6 11 0 VI RN TR T A ¢ AT YT A U Y A T S8 5 s o s sm m T ¥ A A e

154

&
(a) Reaction Mechanism 54a T
- 4+
[FeS), . +H,0 —= [SE-S] g -i‘i {aa) {2’2-2? . " |
surf, 2 surf.: surf,
+ ' -
. W —  [Fe—S—Hg) ¢ + OH
\
(b} Reaction Mechanism 54b
’ O’H }li
fe— ) fe—g | H™ (1q)
I +o2M0 — l o 3 e o
S~——rFe —F'e \ v
surf. | N '
Ho O surf.\\\
"‘1
r- —
H OH
S Fe
-7 + < r -
_Hg +H—) i/ Hg + OH “ 1
————Fte ; Fe .
(;H surf. \
L _| surf,
e ,,';M}' N \\.
\ Fe = B e |
o J Hg + OH |
Z Fe e
, surf, ;
() Reaction Mechanism 59 {Op, refers to iron site vacancy) . ¢
2+ . H ‘ '
(1) [0p,—S] ___..>Hg (2a) (o -ég] = {Hg-5) )
fe surf. - Fe surf, 8-> surf, .
. :
~ . {
(11)| Fe— - Fe -~ Fe—
Hg ”
. ) {ag) |.. ’,Hg —_— .
. O, - s< 0 S—Hg ’
. : Ff surf. Fe | surf. surf
-

Figure 40. Mechanism of Hg Adsorption on Non-Stoichiometric' FeS.
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C)Fe represents an empty iron site at the lattice surface.

‘But other sorption mechanisms (Chapter-2}, e.g. EDL theory,
surface hydroxytation, ageing, dissolution, etc. must still be used
to explain the extent and speea of surface mercury Ebverage and the
increase in hydrogen ion concentration in solution.

There are many difficulties in explaining all observations and 7
ihierpreting the res&]ts found in terms of the adsorption models available. .
One should reniember that the present knowledge of colloidal stability,
compiex solubilities, complex ion‘formation, indeed adsorption itge\f'

is still at an early stage of development. Hopefully, future work can

unravel many of the unknowns and uncertainties -giscussed here.

N
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l . - CHAPTER 6

CONCLUDING REMARKS

k2

X-ray phofoelectron spect;oscopy has been shqwn to be useful for.
quantitative analysis 2; trace metal ions adsorbed onto mineral surfaces.
The detection level i;westimated to be greater than 1077 gm/cm?.
Surfaqe reactjons (dissolution) of calcite c}ysta]s in water were also
detected by monitoring the C 1s spectra region using the XPS technique.

Linear reproducible calibration plots were obtained fo} barium, lead,

mercury: lanthanum, nickel and chlorine ions micro-syringed on various -

mineral surfaces. It would thus seem that most elements can be analysed

and give reproducible linear calibration plots using this technique.

It is important, however, that these calibrant surfaceg be chemically

and physically similar to the unknown surfaces to be analysed. »

The calcite and iron sulphide powdered ad;orption studies gave
estimates of their sorption uptake and rates; using apg:gpriate equafions

an estimate of the péwders' surface area was found. These powder studies

were also yseful in verifying the adsorbed weights determined from the

P

Ml

XPS calibration plots and gave further validity to these~ XPS calibration

4 .
fth

- procedures. These powderedAmineral*adsorption results also verified ;

St 1

thatﬂgrecipitation was not significant for the metal concentration ranges

3

used in these experiments.

-

Both the atomic abtssorption and XPS results indicated monolayer
coverage for these ion<mineral surface reactions. It was also determined
" that counter-ions such as C1” or C10,  were not sorbed to any degree

on the mineral surfaces studied.

k e
__The results of mercury-adserption-on -iron-sulphides indicate the

¢

. +

158
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potential use in eliminating both mercuric ions, and elemental mercury
atoms from polluted natural waters, industrial waste and process waters.

A more detailed investigation involving the most efficient design of R

m "

a pilot plant and relatéd chemical parameters to best use iron sulphide

¢

ore should be examined. L )

In addition, this work should invoive in situ tréﬁtment of polluted
i

water on a large scale so that problems associated with a bulk apb]ication

can be eliminated. The use of iron sulphide ore for adsorption of
mercury vapour should glso Be\studied to determine its effecfiveGess v
N on an {ndustria] scalg.
The XPS technidue has great potential in examining other adsorption
systems such as the actinide elements and radioactive nuclides on metal

- alloys and geologically important surfaces. These surfaces include the -

oxides, sulphidés, phosphates and large chain and sheet ‘silicates. These

2 j\
future studied would be of great practical application in understanding ‘\

our fragile environment and correcting past and future indiscretions. K*»’"“ii
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‘ ¢ ‘1\ ’ < - ¢ - i
NASHING%&PIPPING) PROCEDURE U§EP FOR. ESCA STUDIES ~.

- .
- *

1]

v - ’ N
¢ [ .

-‘\
To en$ure no 1n1t1a1 barium soiut1en was adher1ng to ca1c1te
‘ '(’f ‘ - 9

crysta1 surfaces. afterdremoval from react1on so1ut1ons LChapter 4 3), o-'

- S .
Lk

a wash1ng (d1pp1ng) procedure us1ng deionized d1st1]led water was devel—

E

oped Table A L F1gure A 1 1nd1cates the resutts of th1s studﬁ.

F1gure A.l a]so 1nd1cates more bar1um is- sonbed onto, crystals pJaced in

t N

non equ111br1um bar1um 501ut1ons, (1 e. not, pr&-saturated w1th respett

to ca1c1um carbonate) D]pp1ng each crysta] 1nto fresh water made Tittle

d1fference 1n the XPS,BaJCa ﬁntens1ty rat1o»results and 1nd1cated -
that barium is Ftrong]& bonded to the.ca1c1te surface.~ The smal] dectease '
in teese ratvos w;th 1ncréas1ng dipping 1nd1ca%2d a}sma11 amount of -
desorpt1on intp the wash water. Emen agteruone d1p 16 water; adhering

‘ barium solut1on shou]d be great]y ﬂa]uted and lost from’ the surface-'\

e

As further ev1dence to support the. usefu11ness of th1s techn1que, several
K

ca1c1§e\crystals were f1rst d1pped 1nto 200 ppm barlum sd]ut1ons for teg

v N T

secondsi removed and washed "as above.- In-each case, no bar]qm'adher1gg to

LI )

:‘ the: surface was_detected usxng XPS techn1ques.

<y ey o




RN

+
o
P

P

3 - o 17w L A A, e W rebART wt el P - e
- se w.\ * ...
. . 13 < ! LI &
., . oo A
- » < § ¢ ) . “ Mn - .m,-,w.m.u
am 4 ' “ : - RN
. ) - . m ﬁ .ﬁr»
< o s T
- 4. | . N -
i "R02 ¥z "SIM ug.sdoadl ‘(¢ 49idey))siold uopyeaqied .. ® <mumm_ mumtaogan E»o..,._
: . ‘ A
¢ ’ mw ’ N i - “ A\u =
A ) e 2 - -(sueds 2) &/ Ew....mu eaLy jead : I
. u e © (sueds og) 2790 eg ea.y Aeay a 5
., . « a% yoes- Lou, ;pasn ._39: .._mm.g [ m‘.m & .
M ) .o " ) \"/ N a T . ,, ,nf
. : - T STRL SRR P vl 1
. X . , - . . . b , ) R
0°€2 st 51 0°s1 806, ¥ oL
. . I . * L . T P A
0'0e - ezt N T 179 8
, - % c - o Looeor
_oee €€l oo K 591 " H mw. 2 o
oee-” | < et . | - S R I 8t S IR O
19 - i3 i . ﬁ \m.x ] h @q“ o B t. - - ‘m .wﬂ
y(swbg-01x) [s o | (suBg-01x) L S wa el
/. paquos (4). oﬁmm J93eM aang ut o - nwmmom i A: mr % . ;w”
. 1. ey Lauua m.:& Uy
) mm TN, bpmcouﬁ mm._< Ssdig 40 aaqun ) . &
WM mo m m z 4z%8 .uz*.i \.fm:ﬁ_m: moék mnE .3 .hma___:zwz;q
: m?m 0g LE amm udd oom. o . '+ shep [ .Sm + mm wdd. 002 S
i (vor3n108 £03e3) . (uorinyos E:wgn::&u L. .
. polp amm uoN ul m_Bmiu ajoey  (2). moum“: kufﬁmm UL ${e3sAun axtolen A..:.. *
) ,. i
¢ @ . * . -
: - S9I04uNS 3312318 vmu.:umwm wo.ary co.pw__.mom 228 mmwuxu m: u>osmx - S
c.; ' n:n .“_ a|p £ A ~ ‘ " b i.@” " ) - ’ ' u\ ”
] \ l < 1qel . . A . .
£
~-

y

. i .(
o A
RS M
T -
W e

\ T
me Y L

e B

SEST g
O

& ML
. >
JE =
- e I
cL
&
Lot
R,
- *
-~
«
- T
",
- A
o
..

A

e e

- A3

B
'
- ..W
-
. .

.- 4

«

- -

.

- -

= <.

~



(505 ans\ .
P scans/
&

" Ba3d 5/2
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= — - -non-saturated water; pH~53

saturated water (CaCOa), pH~83
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’ : *DiPS IN WATER :
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“‘ - Figure A.1. Calcite Crystal Dipping Procedure, ‘
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CALCITE SURFACE REACTIONS STUDIED BY ESCA

The carbon 1s XPS spectra of barium réacted’ta]qite crys@a]s indicated
. “significant changes with time of weaction. Therefore, effects of water
contact time on the calcité surface were examined. It is apparent that

the calcite-water interaction causes a third surface carbon species at

PR AR AN TP 5 A T g Y

a binding energy of ~ 289 eV (Table A.2, A.3, Figure A.2). This peak
in;reases in size with reaction time. The peak at ~ 287 eV i|r‘ sidﬁed
to vacuum hydrocarbon contamination, Tab]e,A.3. Sample charging is thus '
- 2.0 eV for calcite, an insulator. Noticé\that Ar jon etching decreases
the contamination peak intensity but it increases when the crystal is
left in the XPS vacuun for additiondl time. The C 1s peak seen at
~ 292 eV can then be assigned to the carbongfe (C032') cérbon species.
"Evaporatioﬁ of twoqmicrofitres of water bnto the calcite surface q
produced this third carbon specie% as we]],(Tab!eyA.Z).; Analysis of
fhfs same water supply evaporated on a]hminum and staiéléss steel plates
did not produce this third carbon species to any deg?ée. Contaminant
organics in the water is thus un11kely In addition,.it was found that
for a calcite crystal in water 28 days only the upper (top) exposed
“surface was gré@tly altered whj]e the Tower (bottom);s1de, restjng:
against thé beaker , Was not affected (Table A%Z).
Xps & 1s g;egira bifiding energies indicated fhfs third peak (~289 eV)
) is either a C-O og C0, species Argon 1on etching of the surface reduced
t this th1rd peak to a minimum very quzck]y, (Table A 4) and, it d1d not

increase when left in the vacuum.system for‘an add1t1ona1 ggx,,.Not1te,
-« " R o

also that the é'[s peak at 284'.6 (.e. uncharged hydrocarbon contamination

"""""" ——w o= " on-the-aumimum mask) d1d Hiot incréase during, this time in the vacuum.

MR T
ke -




This observation indicates the hydrocarbon contamination preferentially

<

coats the calcite crystal, possibly due to electrostatic considerations.
) -

Argon ion re-etching after this one day, again removed the hydrocarbon

Tayer from the calcite surface. The C 1s peak (289 eV) intensity did

+

not increase after its quick removal by the Ar ion étching; supporting
the claim it is situated only on the outer surface of the calcite surface
and is caused by the reaction with water e.q. |i a €0 or CO, species,

This carbon species could originate two ways rstly, the hydrocarﬂon R

contamination from the vacuum system could interact with the greatly
\perturbed (aged) calcium carﬁgn@te surface 1éttice,we.g. C(hydrocarbon)
+ Oi(;urface) Second]y, thevﬁe}iurbéd calcite latticE generates this
new C 1s peak. Because it does not reappear after Ar ion etching and
it's intensity 1ncreases with water reactﬂﬂn t1me oné may con<¢lude that
we are seeing the recrysta11lzed surface.(non—sto1ch1ometr1c) wh1ch

contains, sorbed C0,, H,0 and a recrystallized, hydroxylated calcite

. surface lattice.

L -
—

It is 1nterest1ng that heatrng to 500°C does not alter the C ?s

v
spectra, (Table A.3) although the calc1ie surface 1stgreat1y a]tered .
& X ]
visually., The Ca 2p,spectra howevqr indicated’ surface-dgg9m9951t10n of -~ Y.

ot

calcite (i.e. Ca"Cﬁg"‘é Cad + C0p).
The effects of x-ray bombardment on the ca1c1te were a]so examined

(Table A.3). These (C 1s) results 1nd1cated increasing hydrocarbbn N L

] contamjnation> during 36 hours exposuﬁe»to 200 watt x-rays but né ﬁe; o

- carbon species were observed. The Qg prspectra again 1nd1ca;e¢ surface

decomposition to ca1c1um,agwq% No decomp051t1on of the surﬁﬁce was

AP h«w”
-

£
observed using only the? 10‘3 tdrr vacuum, even after 36 hoyrs ..

VDU RS

.

Reac;1on of qg?cwte 1n ac1d (1M HCY) and 1n steam vapour (Table A.3)

P e




. “:ﬁ ) - 1 6 7

e

ndicated no surface- decomposition but the € 1s spectra indicated the

P

pnﬂouction of the CO type carbon species (i.e. the ageing product at

L

E, - 289-eV). . . - ’ -
These resu]ts,'esoecially the calcite reaction results in water,
(i.e. development of a non-stoichiometric surface) indicated care must be.

taken to ensure that greatly altered barium sorbed caleite surfaces be
rejected as no accurate weight of sorbed-baritim could be determined using
the Ba/Ca ratio methods The greatly altered (aged) sorbed samples canoot

be related to the cleaved stoichiometric calibration samples‘

The results of Table A.5.indicate the aforementioned poteﬁtia]
s ,

problems. For example, a calcite crystal surface in a 50 bpm barium sol-

ution for ten days was not greatly altered by the reaction. Thus Ar ion

/

etching for 120 seconds indicated no Ba/Ca intensity rat1o’changes

L 4

However another crysta] in 100 ppm bar1um solution for 50/days showed

large Ba/Ca ratwo dlfferences before and after Ar ion egﬁh1ng for 120

seconds In the above case, the surface was drast1ca11§ affected by the

solution. This was observed from the Ca Zpy and ¢ 1s épectra peak 1ntens1-

, ties and peak envelopes After Ar etch1ng, the- Ba[C§ ratio was .greatly

S .,

reduced due to a large 1ﬁcrease in the Ca Zp; peakﬁ?ﬁ%ensity,,becaUSe the
etching exposed fresh surface 1att1ce calcium ions{ Therefore, there is
an upper t1me 11m1t in which' bar1um reacted ca]czée ¢rystals can be

equated to the XPS calibration p]ots and stwll have a qualitative meanlng
In many cases, crystaTs reacted for, extended periods of time (30 -> 50 days)

did not undergo severe surface destruct1on as And1cated from their hearly

/

normal Ca Qp{and C s spectra. Generally, reactedycrystal Ba/Ca

rat1os and ca11bratlon crystal_results cou] be equated.for,.reaction

et f o et o spnts

t1mes of ~ 30“days for equilibrjum (i e,prd~saturated calcite solut1ons§ !

-

%
land
-
J
H




.
-
e

type reactions and - 21 days for the non-equilibrium (i.e. pure water,%

AR

£

barjum) solutions. Longer reaction time results were less accurate due:
to the surface ageing processes and hence omitted. - S .
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Pid

- | _ . ADSORPTION OF METAL IONS ON Mn02

" The removal of barium, lanthanium, and nickel species from dilute T~

solutipn by the sorption process was examined using the ‘XPS technique.
A detailed account oféthis study has recently been prepared.! A s&ort
* summary of those .results, with some modifications, are included here

~ N for completeness.

S e g
f

Precipitated Mhoz deposited onto aluminum plates of the proper

} size to fit the ESCA sample wheel (Chapter 3.2) were placed in various

| ) concentrations of the chosen metals. After s¢Tected periods of -time,

ST,

é ‘ A these plates were removed from so1ut1on rinded (dipped as }p Appendix
A.1) and ana]ysed by XPS for the appropriate metal (La, Ba, Ni) adsorbed
on their surface. - ‘. \\/;/**~ .
\ A1l XPS spéctrahwereﬁcomputer fit using'previ&us]y discussed
o methods (Chapter 3.2). The computed peak area intensities were then ,
equated to a correspond1ng cal?hratlon plot (Chapter 3.3.3). "The resu]ts
of'this work are shown in Figures A.3 » A.5. Briefly, the resu]tg
indicated an adsorption process occurred dependent upon initial solution
metal ion concentration and time hf reactign; Calculations. of -adsorbed
N surface weights, indicated monolayer coverage.! wAs in other oxide
m1nera1-meta1 ion sorpt1an stud1es, an _exchange sorption mechanlsm is
proposed for the MnOz surface reaction, 1% Note the XPS surface techn1que .

gave semi-quantitative: resu]ts in th1s study, once agaln indicating the

. usefh]ness_gnd.accuracy of the XPS calibration plots of Chapter 3.

1.” D. Brule, M.Sc. thesis, Univ. Western Qntario, (f977).

2. J.W. Murray, J. Colloid Interface Sci., 46, 357, (1974).

3. R.0. James and T.W. Healy, J. Colloid Interface Sci., 40, 65, (1972).
4

R.0. Jdmes, P.J. Stiglich and T.W. Healy, Faraday Discuss. Chem. Soc.
59, 142, (1975) . \
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e
CALCITE DATA
A.4.1 Calcite - Hy0 - CO, Equilibria -

The simultaneous equilibrium of powdered calcite (CaCQa) and
distilled deiénized water open to the atmosphere (i.e. containing CO,;
PCog = Td-s_s ) is calculated using the method of Garrels and Christ.!-

’ {See references 2, 3 also) ’
Important reaction; in this equi]ibr{é are written “as follows:
CaC0; &= Ca2® + (0,2 K, = 10783 (A.1)
- + - . - -6, 4
H,€0; & H + HCO3 | KH2C03 10 (A.2)
- + 2= ’ ' -10.3
HCO; &= H + (0, , KHCO3' 10 (A.3)
00, + H0 =2 H,C0;* Ko, = 10717 (A.4)
Hy0 & H + oW Ky, = 107" (A.5)
The charge balance for the reaction is
2[ca?™] + [H'] = 2004271 + [HCO,T] + [OHT]  (A.6)
For- a constant pressure of PCoz - 107%° and using Equation (A.4),
[H,C03] can be calculated, i.e. ,
[Ha03] = 10735 x107%7 = 1070 (A.7)
LY

Rearranging Equations (A.1 - A.5) into terms of [H+] (équations*A.S -+
A.11), and then substituting intp Equation (A.6), a value of the [H+]
(i.e. the pH) ap equilibrium jsxfound. (Equatiod‘A.IZ, 13) Substituting'
this [H+] value back into Equations A.8 » A.11, the other species con-

centrations at equilibrium are then calculated.




[HCO,™] . = 107/ W) ' .- (A.8)
[c0,2°1 = 10719 %[Heo,"] / [HT] = 10721 7/[H'32 (A.9)
[H"] = 1071/ W]~ | (A.10)-

[caz*].= 1078 3/[c0527] = 10**“[H'y2 (A.11)
Substituting into Equation (A.6)

‘ -21.7 =1l.4 -1u
20001 12) + ] = 2( ) s 0L 10 a2

[H*]2 ] [H*]
multiplying both sides by [H*]Z, A ‘
1T R 74 R 7 RN [V Rl 41 TR [ R W E)
LY = 107

¥

At equilibrium (22°C), the pH is = 8.34. Concentration of each species “

in solution at equilibrium is shown in Table A_6. Note the derivation

of this simultaneous equilibria is only valid when“mi s a, (i.e. if

Y * 1.0). This is because in Equations A.1 = A.5, concentrations are
measured in activities (ai) while in Equation-A.6, concentrations are
measured in molarities (m.). The ionic strength of this solution at

" equilibrium was calculated from Equation A.14.

I = pom oz ' (K.14)

i ' :

and found to be = .0015.
Using the Debye-Hiickel 1imiting expression, (Equatiag A.15), a

‘solution activity co-efficient of 0.84 was calculated

- logy; = Az I | (A.15)

Yso-!n. 0084 * " , * -
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Table A.6

Calcite-H,0-C0, Equitibria

Species Species Concentration
in Solution -
at Equilibrium moles/%. ppm

qy Equilibrium

7

+

[H]

[ca?*]

o atae

[Cﬂaz-]
[HC05™ ]
[OH"]

[H,C03]

T e AR w3 i g i A WSk s 8 < )




-
. .
: ) -_/

Thus the assumption that m. = ay is justified for the calcite - C0, -
dr

H,0 equilibria. . R

, o~
1. R.M. Garrels and C.L. Christ, “Solutions, Minerals and Equilibria",
Harper and Row, 100, (1965). x
2. K.H. ﬁbdepohl, “Geochemistry", Holt, Rinehart and Winston, 144,
(1971). .
3. R.A. Horne, "Marine Chemistry", Academic Press, 203, {1969).
A.4.2 Calcite - Ba(Cl104), - H,0 - CO, Equilibria
Simultaneous équilibria of barium percﬁﬁorate reacted with calcite
and w;ker open-to the atmosphere is calculated. y
\ . *
The method is similar to that of Appendix A.4.1, but the barium
_énd perchlorate ions must now be included in the charge balance expression
of Equation A.6. In addition the solubility product(KSp)of.Ba603 must -
also be known (Equation A.16).
BaC0, = Ba’t + (05" Kep 1078 80 (A.16)
[Ba2*] = 107%%/[c0,27] = 10'2- W'} (A.17) L
Equation 6 then becomes
+ + ' - - - -
2[ca®] + 2[Ba®"] + [H'] = 2[C0,°7] + [HCO3™] + [OH™] + [C10,7] (A.18)-
Subsfituting Equations A.8 + A,11, and A.17 into expression A.18, y

reiylts in the following | ] Lo

~

210" [H2) + 2010'2°%.[1*1%) + (W'

. H\
-21,7 -11,4 -1y "
10~ 10 - .
) + e + =— + [(10 © (A19 f’/,
[H+] [H+] [ 3 ] ( )

10
2
([H*]Z-

*

Sy

25

multiplying through by [H+]2

ey
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1013821471 + (W' - [010.730HTTE - 107t - 107 T

1
* H
-

' =gt (A.20) f
In this study, the perchlorate jon concentration, [C10,7], varied

from 0 - = 3 x 107° M.
Thus Equation A.20 can be solved for-[H+J throughout that [C10, ] ’

range. (Table A.7) It was found that the [H+] increased from 107¢%!

to
~ 1078°15 as the [C10,"] was increased from 0 » = 3 x 107° M.

For equilibrium conditions, the concentration ratio of barium/calcium
would be = 0.925, (Table A.7) This ratio should remain constant for the
Ba(CiOq)z concenfrations studied. Take the case when calcite and a
solution of ¢ 1.46 x 10™% M Ba(C104), (20.0 ppm Ba2+) open to the at-
mosphere, equilibrate. The resulting soldtion should be ~ 1.38 x 107" M

barium (19 ppm) and ~ 4.37 x 107 M calcium (17.5 ppm) Table A.7. Calcu-

lations of ionic strength (I = .004) and activity coefficient (Yi z 0.75)

again verified the assumption that a. = m, for this reaction. (See g,
\ A.4.1 for method of calculation) Note in the adsorption studies of g
. Chapter 4, the barium and calcium equilibrium concentrations did not %
nearly approximate these solubility calculations. Other factors (eég. %
sorﬁ%ion) must then be responsible for overruling simple so]ugion %
thermodynamics. ' “g”"
A.4.3 Calcite Crystal Chemistry : 3 IS
- ‘ Extensive literature is avai{able describing the crystal structure ;'%
of calcite and it's éhysica] and chemical properties.,l+5 The crystal i %
structure is shown in Figure 'A.6. Calcite has a {1Qfl} perfect cleavage "?
(more commonly labelled {100}). It has a trigonal (face-centred ; E
s ' '

g
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rhombohedral) unit cell lattice. The calcium ions are in six co- ' aﬂj?
ordination with oxygen ibns of the planar sp? hybrid CO32' grdups. %? .
7 b

Dissolution reactions of calcite in solution have been examined in

detail by Thomas"“»S.

1. W.A. Deer, R.A. Howie and J. Zussman, "An Introduction to the
Rock-Forming Minerals", Longman, (1975).

2. R.C. Evans, "Crystal Chemistry", Cambridge Press, 220, (1966).

J. Verhoogen, F.J. Turner, L.E. Weiss, C. Wahrhaftig, and W.S.
Fyfe, "The Earth", Holt, Rinehart and Winston, {1970).

4. J.M. Thomas and G. Renshaw, Trans. Faraday Society, 61, 791, (1965).
J.M. Thomas and G. Renshaw, J. Chem. Soc., A, 2753, (f969)‘
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A.4.4 Calcite Surface Area Calcufations .

»

A.4.4.1 Crushed St. Mary's Limestone (100-120 mesh)
/-
The averagé\%ﬁmestone part1c1e size was taken from the 100 120°

mesh sieve screen s1ze (1 e. 100 mesh 0.7149 mm). Therefore the
average particle had a radlus of = 7.5 x.10°3 " cm. The surface area of
one gram of 100 mesh limestone could then be estxmated from Equations

A 21, A.22 below

= 4nr2 = 7 x 10 *gm? (surface area of one particle} (A.21)

-

nr® = 1,8 x 1076cm3___(volume .of oneipantfc1e) . (A.22). .

i
]
Qi

From 'the known density of 11mestone (2.77 gm/cm3) and the est1mated
volume of one partlcle, the number of 100 mesh particles 1s.found to be

‘

m

w 2.1 x 105 part1c1es/gram. ) Y

This number of part1c1es (one gram) is therefore equivalent to

v

= ,015 m2, the surface area.
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A.4.4.2, The RIC/ROC Spec-Pure Calcite (<1000 mesh)

The chemically 'precipitated spec-pure grade calcite was found to

’

contain particles of much less than 1000 mesh (Tyler standard size).

Scanning electron microphotographs, taken 'at.1000 X magnif?cafiﬂn
indicated an average particle length of = 5 x 10'“ cm. The particles

] -

are rhombohedng} in shape, allowing a simp]e'ca]&u]ation Eo‘?ind an " -
§Verage.bartic1e volume (1.25 x 10-10 cﬁ3) and surface area (1.5 x 107°
cm®). The volume of dne gram of calcite (.369 cm;) is taken from its
known density. Usingfthis data, the surface area of one gram of this
K caicite was estimatedl,cOné gram of calcite contains ~ 3 x 109 particles
o? the abovéusize. 'The surface area 6f - 3" x 109 particles (1 gm) ié

= 4.5 x 103 cm? or 0.45 cm2. //"’/'
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IRON SULPHIBE DATA
t A
A.5.1 FeS-H20 Equilibria

Important reactions are as follows,

Fe?t + 2" g™ (A.23)

FeS
(A.24)

HS™ (A.25)

T 1 1w

H,0 (A.26)

*The values of K;, K deviate two orders of magnitude in recent literature.!
Thus, so1d ility calculationsf&an dhly be estimates for this reaction.
In addition, FeS oxidizes in water containing dissolved oxygen to

~produce Fe,03 as-follows,

-

FeS + H0 28 pe?h 4 psT 4 oH (A.27)

+

2FeS + H,0 + 50, S Fe,04 + 50,27 + 2H

(A.28)

\

Thus the reaction qf FeS fn water is not a simple equilibrium problem.

For example, electrochemistry considerations’of the reaction are

~—

important, i.e.

+

< (A.29)

Fe?* + H0 = FeoH' + H

FeOH" + 20, & Fe0(0H) E° = .771 eV .(A.30)

derogen jons are consumed by this oxidation process. Note that 2[Fe0(OH)]
can be re-written in the form (Fe203oH20). However, when only the initial
(fast)reaction A.27 is considered, calculations of speéies solubilities |

are possible,

e b b bt

et st i o e bt
e o o e A OBt L

LB AT e Bt e 0
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The equilibria species of Reaction A.27, can be determined from

Equations A.23 -~ A.26 and the mass and charge balance expressions given

below (A.31, 32).

- [Fe?*] = (8271 % [HST] + [HoS] (A.31)

2[Fe* 1+ (W] = 2[s%7] F[HST]-, (A.32)

. Rearranging in terms of [52'] in Equation A.31, A.32, and then
substituting A.32 into A.3¥, a 5th order quadratic equation in the [S%71

4

species is produced i.e.

A

- _.2 _ 2-42 —17.?:
107170 = 18277 4 [527] 2[S°7]" - 2x10 ",
: 1071292 | [527]

\

. 2-n2 -17.312 ﬁ
107°°7° - [§27]

Solving,

[SZ'] = 10", = 10—11.5

Therefore g e >
o

) [H'] =10 2107%°  [Fel =107 %5 2107 \

‘[HS-'] > 10-5.99+ ~ ]O"‘S-LQB [HZS] - ]0“6.9_> :]0“‘5. 38

1

I

Note, this calculated hydrogen concentration (10’7‘9) isnot initially

2

observed experiméntal]y when FeS is placed in water. Instead a sudden
ncrease in pH is seen, indicating that a mineral surface - H,0 reaction
may initia]%)\?ominate. i.e. {onic hydro]yfis or surface hydroxy]atioﬁ‘
’étc. With inc?easing'reaction time, the solution pH Qecreased, apprggching

the above cajculated value.

' - AR P AR & sw bk & ok A A Yo B SR A L S0
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A.5.2 FeS - Hg{l2 - H20 Equilibria
e . ' .
Equitibria of HgCl, in water is first discussed. . :

i

HgCl, = Hg’™ +. 2¢1” Kep = 10735 (A.34) Lo
= Hglt o+ o Cox o= 207" ()
| = ‘HgCl;~ A Ko = 1.9[C17] (A.36)
= HeC1.% Ky = 19[C177? (A.37)

The species solubility results for the salt, HgCl, added to water

e

are givep below. These values are taken from the calculations of .Butler.!

ETLL

(HgC1,°] = 107°%7 Hg *1 = o107 T
4
[Hgc1"] - 1073 % [HgoH'] = 107°-%8
[HgC13™] - 1073* [Hg(OH),] = 107*!
[HgC1,%7] = 107817 [c17J = 1077
[H+} . ]0-4.11 ! *
Figure 8- Amn Butler! also 1nd1cated the dominant species in solution §
is [HgC1,°] for C1” concentrat1ons between 10”7 arid 10™° M. §
The additiog of dissolved HgCiz to equilibrium FeS solutions is now R ,§‘A
discussed. %
The solubility product of HgS is given below. .
\\__’\ » » r
o 23 ) o

HeS = Hg®™ + s kg . 075200 (A.38)

[y

This equilibria react1on (FeS - HgCl, - HQO) can be swmp11f1ed because

of this extremely low K value (A.38). TPe me thods d1scussed 1n A.5.1 -

p 4
* can then be applied to this equilibria, and concentration valles de;erm1ned

*

v ot i it ) 8 A A 2 5 . i oA P AT 18 B T g3 4 30 21
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.

are as in A.SfT.
Obviéus]y the equilibrium concentration of HgS is dependant on the
sulphide species conéentration in solution. The method of Krauskoft?

was used to determine equilibrium values of sulphur species at the pH

values used in this study. -

For reaction A.27 the %ol]oﬁing expression can then be written,

o + +42 1,
2ty L ], 1=
[Fe™ ] = (Kp( + S+ vy ) (A.39)

Expression (A.39) was solved to deteggine the species concentration

at pH ~ 4, 5, 6 respectively (Table A.8). Note the dominant sulphide

species is H,S at these pH values. Thus the solution mercury ion con- gf

R
centrations will be extremely low (not measurable) in an equilibrium

O
¥

FeS - H,0 - HgCl, solﬂfion (<107%% ). The experimental results
(Chapter 5), however, indicated values of mercury in solution greater

than calculated here and, mercury ion loss from solution dependant- on

-

surface-.area of FeS (weight) and reaction time. Processes of adsorption(/
P . <

B \\ . {7
are thus dominant and overrule simple solubility considerations discussed ~~
; . -

above. ’ S -

J.N. Butler, "Ionic Equilibrium", Addison-Wesley, 300, (1964).

K.B. Krauskoft, “Introduction to Geochemistry", McGraw-Hill, N.Y.,
486, (1967).

i

A.5.3 Iron Sulphide Crystal Chemistry

A.5.3.1 Fe,_,S Crystal Chemistry

The composition of.pyrrhotite {; bounded by FeS and FesSgz. The
majority of terrestrial pyrrhotite is an intergrowth of hexagonal FegS;q

with monoclinic Fe,Sg (Fig. A7). This solid solution equilibria produces
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: ' Table A.8
FeS-H,0 Equilibria
) S Species Concen}\trati‘ori‘: at . .
Species J * pH shown (moles/z.) g
Solution - -
6 5 4
[H'] - 1078 - 1077 ' . 107
2 oy, 1 - - -
{Fe f] . -lc L.69 s : - -:0 3.69 . 10 2:69
' [52-] - 10712-81 - mwls.sz‘_ - ]O-lhz.SI ‘ .

; [HS™] . 107569 ; w-s.és - 1075-69
[H,S] -1074-©2 . 107369 - 107289 5
-
4 based on method of Krauskoft. -
- = T
§

) -
: J

-




PYRRHOTITE
(a) - 48 4 :
& . ges &
| P !
X in Fe,S L 1 ! 1 : ] Il
0o : 04 108 1H2 -
X in FeS 1 s 1 1t 1 PR B |
0 o as a ‘ :
\ AT-%Fe L L1 L 1 Ao 1 ;
b N . . )
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a non-stoi ic mineral structure because of iron atom vacancies.

Fe/ .S is usdally considered to be ionic with composition

-X

3+ 2w
[Fe1 3x Fe2x o X 5°]

Y

where r resents an iron vacancy and x < .334., Pyrrhotite is

also a good conductor Unlike pyrite (FeS,), pyrrhotite is attacked

B

by concentrated HCI.

TN o~ -
/ﬁore detailed discussions of Fe1 XS can be found 1n Shuey!,

~

and’Deer et al.3 P

A. 5 3 2 FeSz Crystal Chem1stry . -

the p]ace of C1~ hence 1ts reduced symmetry Like diamond,

strong covalent bonding (d2sp3).. Pyrite has poor- cleavage pflanes and- -

is insoluble in concentrated HC1. A detailed description

-~

1. R.T. Shuey, Developments in Economic Geolégy, Vol. 4]
Conducting Ore Minerals", (1975).

R.C. Evans, “Crystal Chemistry", Cambridge Press, 2

W.A. Deer, R.A. Howié and J. Zussman, "An Intrdducfion to the
Rock-Forming Minerals", Longman, (1975).

4, J. Verhoogen, F.J. Tutrner, L.E. Weiss, C. Wahrhaftig, and W.S.
Fyfe, "The Earth", Holt, Rinehart and Winston, /

A.5.4 Crushed FeS Surface Area-Calculation
The crushed‘iron sulphide was found to conthin particles of less

than 1000 mesh (.Q143EMm). Scanning electron mjcrophotographs, taken

had B K]

at 3000 X magnificafion indicated an avéraggﬂp_n;jgferizeMof;waMxJJQZEemh~mmmwn"m~vﬁ

a
et

Bk




&

~ The particles are spherical in shape. .Equations A.21, A.22 were then

used to determine the surface area (1.54 x 1078 sz) and volume

(1.8 x 10713 cm3) of one such particle. The known density of FeS is

- 4.7 gms/cm3. Therefore 1 gram would contain ~ 1.2 x 1012 particles.
This number of particles (1 gm.) i; thus equivalent to -~ 1.83 m2,
the surface area.

The experimentally determined surface grea of FeS using mercury
adsorption coverage was = 10 m?/gm. (Chapter 5.2). Qualitatively good

agreement is apparent in these measurements.
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PREVIOUSLY COPYRIGHTED MATERIAL,
IN APPENDIX A.6+, LEAVES 200-219,
NOT MICROFILMED.

QUANTITATIVE X- RAY PHOTOELECTRON SPECTROSCOPY (ESCA):
STUDIES OF B2 SORPTION ON CALCITE, by G. Michael Bancroft,
James R. Brown and W.S. Fyfe, Departments of Chemistry and
Geology, University of Western Ontario, ‘London, Ontario,
Canada, N6A 5B8. Chemical Geology, 19 (1977) 131-144.
Copyr1ghted by Elsevier Scientific Publishing Company,
Amsterdam - Printed in the Netherlands.

CALIBRATION STUDIES FOR QUANTITATIVE X-~RAY PHOTOELECTRON
SPECTROSCOPY OF IONS, by G. Michael Bancroft, James R. Brown,
Univérsity
of Western Ontario, London, Ontaris, Canada, N6A séa

Reprinted from Analytical Chemistry, Vol. 49, Page 1044, June 1977.

Copyright 1977 by the American Chemical Soc1ety and repr1nted by
permission of the copyr1ght owner.
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