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ABSTRACT

The humic acids from podzolic soils of north-western and western
Tasmania havg the general chemical and optical properties of the group
~as described in the literature. They do not correspond closely to the
humic acids of the classical Northern Hemisphere podzol in that they
have higher C : H ratios and lower optical densities. In addition |
they provide.a far higher proportion of the total humic substances
than do the humic acids of the classical podzol.

All samples of humiq acids extracted from the Tasmanian soils
exhibit_ Qery strong solvent activity towards ﬁinerals,-particularly
those of economic depoéits.' For example, 50 ml of a 500 mg/l_solution
of the humic.acids from soil developed uhder white topped stringybark
(Eucalypéus delegatensis) and bracken fern (Ptéridium aquilinum),
extracted 2 500 ﬁg of lead from 7.6 g of 0.3 to 0.6 mﬁ diameter grains
of galena in 24.hqurs. Even gold is soluble in solutions of humic
acids and it is likely that the formation of gold humates is the
important mechanism of transport of this metal in wet temperature
climateé,

The aggressive action of humic acids towards minerals ip the
éxperimental studies, ieaves no doubt as to their potential in
weathering. Since the minerals of'éc0nomic deposits are highly
vulnerablé,7the rapid degradation of sulphidés and-secondéry minerals
may explain the poor development of'goéséns over mineralisation in
Tasmania during the current erosional cycle. The activity of humic
acids presénts a problem.in geochemical prospectihg since secondary
dispersion patterns may be weakened or obliterated.

The mechanism of the interaction of humic acids with minerals and

cations has been investigated by means of pH measurements, potentiometric



titration, polarography, x-réy diffraction, electrophoresis and
infra—réd spectroscopy. All these'indicate that complexation is an
important mechanism of reaction. Polarographié studies also suggest
that the most probable value for the standérd reduction potential of
humic acids is about 0.7V. Reaction kinetic studies of several of
the rapid reactions between humic acids and minerals indicate that
the reactions involved afe of first order.

The simple organic compounds of>soils, such as amino acids for
- example, are no more active in mineral degradation than are humic
acids. In view of the low concentration and rapid bacterial utilisation
of these compounds their contribution to weathering must be limited.
Waters enriched in 602 also appear less efficient as solvents than
humic acids, since on the basis of equivalent carbon contents the
blatter are far more effective. From an extremely conservative estimate,
if appears that some 150 000 tonhes of humic substances flow to the
sea from an aggregate catchment of about 20 000 km2 in westerﬁ Tasmania
every year. Thus these substances have both the power and quantity to

play an important role in the wet temperate weathering cycle.
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INTRODUCTION

In an early reporﬁ on south-western Tasmania, Baker (1957)
sugpested #hnt the extensive bleaching of Ehe'rocks in the area was
caused b& waters which drained through button grass (Gymnoschoenus
sphaerocéphalus) plains. The solvent power of such waters was made
apparent by the observation that boiled drinking water, taken from a
creek, completely corroded the tin plate from the water-air control
of the storage boiler within a few hours.

Dufing recent yeérs‘the Qriter haé had the opportunity té investigate
the possible feasons for the activity of waters draining from various
vegetation types in north-western and western Tasmania. To date the
study has had three major facets, namely the extraction of humic acids
from soiis developed under a number of differing types of végecation,
the interaction of these substances with minerals and the characteristics
of a number qf metal humatés. Chapters 1 and 2 of thisvthesis are
.concerned with ﬁhe occufrence of humic substances, their characteristics
and‘known;ac;ivity in geological processes, as reported in the literature.
 Chapter 3 deals with the extraction of humic substances from several
Tasmanian soil types and such of their characﬁeristics as could be
determined.Qith the limitéd facilities available. In Chapter-é'the effect
of the Tasmaﬁian samples of humic acids on a wide variety of minerals, with
emphasis on those associated with economic deposits, is examined.
'Comparisons.are made with the simple orgénic compounds of soils and with
CO, enriched w#ters._ Chépters 5, 6 and 7 deal with the applicatioﬁ'of_a
variety of electrochemical, x-ray diffraqtion and misceilaneous procedures
for the examination of the characteristics of metal humates. Some of«fhese
procedures are applied in Chapter 8 to an intensive study of interaction of
gold with humic acids and the mobilisation of this metal under wet
temperate conditions is discussed. Chapter 9 presenﬁé general summary and

comment on the activity of humic acids in the geochemical cycle.
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The investigations presented in this thesis are thus not so much
concerned with what humic substances are but yhat they are likely to do.
No research.project is without its problems and in the case of humic
acids there are often‘more‘problems than answers. Iﬁ making reference
to these’sﬁbstances Breger (1970) commented "It is not difficult to see
why such wﬁrk has been pretty much neglecfed. ‘Not only is the organic .
matter difficult to characterise, buﬁ it is also subject to continuing
chemical reaction, dehydration, ageing and other phenomena which may be
ei;her:rgversible or irreversible. Avoidance of such work, because of
its difficulty, cannot be seQerely criticiséd. To paraphrase a weil—
known qﬁotatién, "blame thém.not, for they know what they do not do."
The’wriper has found this étatement quité accuratg. An attempt has been
made to'éncouragg humic acids to reveal the mannef in which they operate
-in the geochemical cycle and it remains for the reader to ascertain if

this has been successful.



| CHAPTER 1
A BRIEF REVIEW OF THE OCCURRENCE AND CHARACTERISTICS OF HUMIC SUBSTANCES

1.1 Historical comment

Humus is a Latin word meaning ground or earth. The first
écientific use appears to have been méde in Sweden by Wallerius
- (1761) who épplied the term to.the decomposing plant materials of
soil. The Russian scientist and poet, Lomonosov (1763) noted that
the humué of soil originated from the slow rotting of plant and
animal fésidues with:time. These views have become the accepted
definiti§n of humus. Achard (1786) obtained organic concentrates
from-huﬁus by aikaline extraction of peag, and in the 100 years th&t
followed, similar materials were isolated from decomposing plants,
soils aﬁd waters. |

Throdghout early investigations, attempts were made to explain
the origin éf humus, and Braconnot (1807) produced humus-like materials
which hg'named ulmin, by.the action of mineral acids on carbohydrates.
Many other investigatqrsCof the period produced similar compounds by
the reactién of cafboh&drates §r cellﬁlose with mineral acids and
alkalis. These were believed to be individual chemical cdmpounds and
were giveﬂ names and empirical formulae. Julien (1879), for example,
found 25 such compounds described iﬁ the literature to ‘that time. In
attempts to justify their ciaims for the existence of these compounds,
~ the early investigators tended to emphésise the small compositional
differences between their produqts.- This resultea in much confusion
in terminology and some investigators became sceptical of the
existence of humic substances. |

German (1836), although constrained by the accepted views of
his time concerning chemiéal individualiﬁy, recognised that the

numerous substances extracted from humus and other sources could be-



classified into groups which were respectively water soluble, alkali
soluble ‘and insoluble. Over 50 years later the investigations of
Hoppe-Seyier (1889), 0dén (1919) and Shmuk (19305 provided the
basis for the currently accepted view that many substances found in
humus are not individual compounds, but rather groups of substances
displaying characteristic properties.
1.2 Terminology of humus

In this thesis the terminology applied to humus is essentially
that used by Kononova (1966). The substanées in humus fall into
'two major categories: they are either organic chemicals of individual
nature which belong to the many recognised groups in organic chemistry,
“or they belong to a ;ess well defined group referred to as humic
substances. The chemically individual compounds are minor constituents
and contribute up to 15% of the humus. In studies by Schreiner and
Shorey over the perioa 1908 to 1930, more than 40 individual chemicals
were identified in humus and some examples of these are parafin,
'oxalic acid, hydroxystearic acids, saliéylaldehyde, vanillin, pentose
and lysine.

The humié substances constitute the bulk of the organic reserves
‘of the soil and they are generally divided into three sub-groups:
humin, humic écid and fulvic aéid. T§ consider each of these,
further digrgssion into historical aspects of soil science is necessary.

Humin. This is the alkali insoluble fraction of humus. It was
‘originally referred to as 'humus coal' by Sprengel (1826) but the
;term'humin,‘introduced by Bergeiius:(1839),‘is now preferred by soil
scientists. Humin has béen'found to be largely a stable aésociation
of humic acid with soil mineral matter. Pre;treatment of soils with
acid generally enables release of much of this fraction on subsequent

alkaline extraction. 1In peaty soils, incompletely humified plant



-residues are included with the humin fraction, and in other moist

soils with restricted aeration carbonised plant residues may also
contribute.

Huﬁic acid. This is the alkali soluble, aéid insoluble fraction
of humus. .Sprengel (1826) who recognised the acidic charaéter Of,
this fraction credits DSbereiner for the name 'humus acids'.
Alexandrova et al. (1968) follow historical precedent in accepting
this term although tLe majority of soil scientisfs favour the term
humic acid introduced by Mulder (1862). Further subdivision of humic
acid has been made. That portion soluble in ethanol is called
hymatomelanic acid, a name which was introduced by Hoppe-Seyler
(1889). - Ffactionation>a¢cording to behaviour towards electrolytes
has also begn undertaken. Springer (1938) referred to that fraction
remaining dispersed.in the presence of electrolytes as Braunhuminsiure
(brown humicAacids) whilst the fraction precipitated was called
Grauhuminsdure (grey humic acids).

Fulvic acid. Tﬁe alkali soluble, acid soluble fraction of
humus was named fulvic acid by 0dén (1919). He considered this
fraction to be equivalenf to the humic substaﬂcesioccurring in waters
which were ﬁamed drenic and opocrenic écid by»Berzelius (1833).

Numerous attempts have been made to produce chehically aiscrete
fraétions of humus by use of solubility in various organic solvents,
chromatography, electrophoresis and gel permeatibn although the
resulté have not been encouraging. Dubach and Mehta (}963) have
commented that the fractionation appears to be endless and possibly
no two molecules of humic substances are-exactly alike,

1.3 The nature of humic substances

Wide differences of opinion are expressed about the nature of

humic substances in the geochemical literéture. - Rankama and Sahama

(1949) f¢llow the concept of Waksman (1936) that humus forms as the



result of reaction between lignin, which is of direct plant origin,
and proteins developed in the soil by microbial synthesis. Tyurin
(1937) drew éttention to the fact that Waksman's ligno-protein
model for the generatibn of humus did not account for its»production
under extehéivg grasslandé, which have low lignih c@ntent. Mason
(1958) made reference to ﬁumps—colloids, and suggested that they
are probably albumins whilst Krauskopf (1967) presented the view
that.humié acids are an ill-defined group of high molecular weight
Vcompounds, which are thained by the digestion of wood in strongly
alkaline solutions. Stevenson and Butler (1969) described humic .
‘substances as acidic. yellow .to black coloured, moderately high
mpleculé: weight polymers which have characteristics dissimilar to
any organic compounds occurring in living organisms.

Pub;ications in soil science present more eniightened_comment
on huﬁic substances. A;thorough review of knowledge in this field
of study has become available in the western wqud, by translation
of monographs on soil organic matter by Kononova-(196l, 1966). In
these works, humic éubstances are considered to be complex, essentially
aromatic hgteropolycondensates of high moiecuiar weight, produced by
baCte;ia; degradation and synthesis. Fiaig et al. (1975) have
presented a comprehensive teview of the chemical and physical propertiés
of humic suﬁstances. They follow views first éxpfesséd by Bromfield
and Coulson (1959), and define humic acids as high molecular weight-
structureless polyanions formed mainly by-polymérisation reacfioné
involving bhenolic and-nitrogenous‘cdmpounds, |

From the preceding summary.it is appareht thai ﬁuch geochemical
commeﬁt on the naturevof humic substances is of little value. Thé
views of Rankama and Sahama (1949) aie_at least cémpatible with those

expressed in more recent soil science literature. Whilst unaltered



lignin may not contribute directly tq the formation of humic substances,
the polyphenols resulting from degradation of lignin are certainly
important in this respect. The suggestion of Mason (1949) that the
humus colloids are albumins is not supported by reférence to the |
significant properties or published data. The statement by

Krauskopf (1967) that humic acids result from the digestion of wood

in stroﬁgly alkaline solutions, is of historical interest only. As

was noted in:section 1.1 of this chapter, early concepts of humus
formation were based on the action of mineral acids and alkalis on
cellulose. The argument as to whether humic substances are natural
components of the soil, or artifacts of the extraction procedures,

was settled by Williams (1939) who made use of a lysimeter to demonstate
their presence in drainage waters.

The humic substances are of extremely complex character and no
simple definition is possible. The statements_of Kononova (1961,
1966) stress the production ofAhumic substances by means of poly-
condensation reactions since these offer, where water is a by-product,
a readY'explanatién of the variation in molecular weights wiﬁh
_differing‘ciimétes.. She does not exclude the occurrence.of,poly-
merisation reactions, howeyet, which is the mechanism favoured by
Stevensoh and Butler (1969).and fiaig ef al. (1975).

1.4 Properties of humic substances

A comprehensive review of the properties of Humic substances is
f;r beyond the scope of this thesis. Some comment is desirablé,
howevef; on those properties which are most 1ike1ylto have a bearing
on the interéction between these substances and minerals. Since
humic subétances are mixtures of comparatively large molecuies their
properties are either expressed as ranges or as average values.

Estimétes of the molecular weight of humic substances have
been made by a number of methods. Dubach and Mehta (1963) comment

that cryoscopic and osmotic measurements yield erroneously low values,



of the order of 1000, whereas viscosimetry, ultracentrifugatisn and
gel permeation techniques yield a range of 2000 tq 300 000 with
average molecular weights in the range 3000 to 50 000. Gel permeation
has been widely used and with this method Dell' Agnola et al. (1964)
found ths molecuiar weigbt distributioﬁ of a humic acid extract over
the ranges 0 to 4000, 4000 to 9000, 9000 to 100 000 and 100 OOO.to
200 000 to be 12%, 3%, 23% and 62% respectively. Using a number of
the above'notsd methods Orldv et al. (1971) found that the weighted
averaée molecular weights of humic acids ranged'from 50 000 to 907000
.whereas fﬁlﬁic acids héd a iower.and.mqre limited range of 10 OQO to
12 000. Whilst gel permeation studies érovide useful data concerning
hﬁmis substances, S6chtig (1975) has drawn attention to two problems.
Firstly, the relationship between molecular weightlapdbretehtion by
dextran gels has been established with refersnce'to globular proteins,
which may not reflect the behaviour of humic sﬁbstances and secéndly,
it is not certain thét humic acids do in fact occur as molecules.
For these réssons S8chtig (1975) used gel éermeaﬁion data as an
indicatioﬂ of relative particle sizes only. In a study of a podzol B
- horizon he used ths ma#imum peak heights of the elution curves to
establish the following relative4particle sizes: total humic substances
extract (nearly 9000), total humic acid (13 000), grey humic acid
(20 000), brownAhumic acid (QdOO)and fulvic acid (4000) . |

Ranges in composition of fulvic and hﬁﬁis asids are given in
Table 1 which also includes other properties of these subspances.
The C:H ratiss indicats_that fulvic acids havela.lower aromatic
content than do humic acids. This feature is also reflected in the
light absorption characteristics of the fulvic acids since, as Kononova
(1966) indicates, the higher the degree of condensation to aromatic

structures in humic substances the greater their optical density.



Table 1. RANGES IN COMPOSITION AND PROPERTIES OF FULVIC
AND HUMIC ACIDS*

Fulvic acids Humic acids
% C _ 43 =52 58 -62
$ H 3.4'- 5.1 2.9 - 5.4
% N o 1.2 - 4.1 3.6 -~ 4.8
$ 0 ‘ 43 -51 29 -32
C:H ' ' ' 10.7 -14.9 10.8 -21.4
C:0 0.8 ~1.2 1.8 - 2.1
COOH (meq/100 g) 610 =910 150  -300
‘Phenolic OH (meqg/100 g) 270 =570 . 290 =570
Alcoholic OH (meq/100 g) 0 -490 0 -350
c=0 (meq/100 g) 110 =310 . 90 =300
Optical density S _ 4
726 to 465 my <0.1 - 0.5 0.1 - 2.5
Weighted average B 4 000 _7000‘ 50 000 -90 000

molecular weight

*Compiled from Kononova (1966), Manskaya and Drozdova (1968),

Stevenson and Butler (1969) and Orlov et al. (1971).



A cha;acteristic of humic substances is their possession of a variety
of functional groups. >The_mos£ active of these are the carboxyl and
phenolic.hydroxyl grbups. In addition, alcoholic hydroxyl, carbonfl
methoxy,'nitrogen and sulphur containing groups are known to occur.
For a soil humic acid, Wright and Schnitzer (1960) found the following
functioﬁal group content (meq/100 g) : carbéxyl (180), phenolic
hydroxyl (290), alcoholic hydroxyl (300), carbonyl (300) and methoxy
(50) . tFor a fulvic acid the same authors found: carboxyl (910),
phenolic hydroxide (270), alcoholic hydroxide (490), carbonyl (110)
éné methoxy (30). Dubach aﬁd-Mehta (1963) stéted that up to nearly
50% of the oxygen content of humic substances is not accounted for
in functional grpup analeis and that this is believed to ;épresenﬁ v
ether , qninone and lactpne linkages in the structure. The lower
c:0 ratié‘of fulvic acids compared with humic acids is largely the
1result of“the former substances having a high content of carboxyl
groups.
1.5 Sttuc;uré of humic substances

Most discussions of the possible structure of huﬁic substances
are concerned with humic acid. Fuéhs (1931) presénted a structure,
- shown in Figure 1, which was based on his vieﬁ that unaltered lignin

is an important component.

Figure |+ Fuchs (1931) structure of humic acids.



This structure does not allow for the existence of nitrogen compouncs
and carbohydrates in side chains which has been demonstrated in many
studigs (e.g. Hobson and Page; 1932; Coulson et al. 1959). As noted
earlier, Tyurin (1937) commented that liénin is'not:essential to
the de?elopment of humic substances since they develog under lignin
deficient grasslands. Finally studies such as those by Adler (1961)
have shown tpat iignin does not have the\cohdensed aromatic étructure
proposed by Fuchs (1931).

Diagunov e; al. (1948) suggested fhat humic substances have a
linear structure in which aromatic units are iinked largely through
~0-and =N- bridges. This strﬁcture, which is shown in Figure 2,

provides for both cyclic and side chain nitrogen.

' . SeMnos
COOH 0 : oW
cu - cnz CH — cnz
H : ;

0CH3
CO -NH-(gH1g04N

Figure 2. Bragunq§ et al. (1948) structure of humic acids.

This is compatible with the findings of Shmuk (1924) which show that
about half the total nitrogen of humic acids passes into solution on
acid hydrélysis. It also allows for the.pfesencé of catbohydratel
chains as found by Coulson et al. (1959) and others. Whilst the
structure saiisfies‘many of the restraints of the chemistry of humic
substances, carboxyi groups do not feature to.the extent their

analysed content (Table 1) suggests.
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Many other linear étructures, similar tb those of Dragdnov
et al. (1948), have been presented in the extensive literature of
soil SAienée. Murphy-ahd Moore (1960), for éxample, studied humic
acid exﬁfacts from §oung peat and then attempted to produce syhthetic
substances which satisfied botﬁ the chemical compésitioﬂ and reactivity
found for the natural products. Their synthesés were based upén
“polymerisation of either benzoquinone or catechol and two examples

are shown in Figure 3. These are probably not as complex as the

real structure of humic acids and only allow for phenolic functional

groups. _
R - R R R R R
0 | | o [ o 0 ] ) .
' . “ ~ s ~
N NN Nok N N0 N o YT N0 Y ok
OH OH OH OH OH © OH
. CHq CHy CHjy CH4 . CHj3 CH4
- | | ' | it 1
: N O/""\©/°\ O/“”\O/"\ /““\ ©/°\
: : XN .
] \0/ 1 \OH T \0/ ] \OH 1 \0/ 1 OH
. OH oM oH -OH OH OH

Figure 3. Murphy and Moore (1960) structures of humic acids.

Felbeck (1965) also sﬁggested a structure based upon a polymerisation
mechanism and this is shown in Figure 4. This structure also fails
to accohmpdate the functional groupé-and side chains known to be

present.

H---0. 0 H=---0
!
o o, 1
N ~
-0 1 [
—_C - —_— - —
N Hy 0 ;;2 N '(':'2 "

Figure 4. Felbeck (1965) structure of humic acids.
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- There is evidence that the aromatic components are of greater
complexiﬁy than is indicated by the structures which have been
discussed. Cﬁeshire et al. (1967) have found compounds such as
perylene and coronene amongst the oxidationAénd deﬁtructive
distillatién products of humic acids. Goodman and Cheshire (1976) have
found; by means of electron paramagnetic resonaﬁcé spectroscopy,

evidence for the occurrence of copper porphyrin complexes in humic acids.

Nissenbguﬁ ar;d Swaine ‘(19-76) _c_orr.xnex;t that humic substances have
feaﬁures in common with macrocyclic compounds. Suéh entities,
-examples of which are éhown in Figure's, increasé considerably the
éomplexity .that a model structure of humic acids must display. In
passing 1t is of interest to né_te the similarity betweeh pyrene and

the structure of Fuchs (1931).

CORONENE

+ PYRENE

CH2 

EXAMPLE OF MACROCYCLIC COMPOUND
COPPER "PORPHYRIN COMPLEX (DIBENZO 8 CROWN 6)

Figure 5. Examples of complex compounds which may exist in the
' structure of humic acids.
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.Fulvip ;cids haVe sgructural units similar to humic acids,
although they have less strongly expressed aromatic character and a
higher}proporﬁion‘ofASide chéins than the latter group. Kononova
(1966). suggests that fqlvic acids may be considereé to be the least
mature representatives of humic_lz substances.

1.6 Summary

Humus is generated in the soil during slow decomposition of plant
sl animal mattef. The humic substances contribute up to 95% of ﬁhe
coméosition of humus. On the basis of commenﬁ by Kononova (1961, 1966),
Stevenson and Butler (1969) and Flaig et al. (1973), they may be |
defined as a'grdup of yellow to blackf eSéentially aromatic substances
of relatively high mblecuiér weight, which iénise to varying degrees
in solutioﬁ and form complex polyanions. They ére dissimilar to the
organic cémpounds of living organisms, and are the result of poly-
condensation and polymerisation reactiohs, mainly betweeh phenolicr
and nitrogenous compéundsfproduced by_baéteriai decay and synthesis
in plang and animal :esidues.

Structurally, theihpmic substances are extremely complex, and
'_whilst it may‘eQentually be possible to determine with pieéision tﬁe
cbntiibuting units of structure, theAhighly variable pattern of linkage
of these is likely to be a matter of chance. The comment of Dubach
and Mehta (1963) that poésibiy ho two molécules of humic substances .
are the séme, may be a iittle éxtremevbut it hiéhlights the difficulty
pf éroducing.a structdral scheme to accommbda#e the complexitf of
these spbsténces. Orlov et al. (1971) found the molecules of humic
acid to be of.éllipsoidal shape with axial ratios ranging from 1:6
to-1;12. It is thus likely that structures of the type presented
by Dragunoy et al. (1948) approach feality, althouéh the character
of the ardmatic and other contributing entities is not as simple

as these presentations suggest.



Characteristics of humic substances of importance in considering
the interaction with minerals or their weathering broducts, are the
molecular sizes and structures and the functional groups. Since
hﬁmic substances range to very high molecular sizes, .there is no
doubt j:hat they will have colloidal pmpert;ies which may be reflected
in their behaviour in the geochemical tyﬁle. The functional gfoups
present, particularly the carboxYl and phenolic hydroxyl, will be
of importance in ion exchange and complexation reactions. The present
of polyphenol groups, aldehyde groups and carbohydrate residues may
influence'the capacity of hdmic substances to act as reducing agents
invthe geochemical cycle. These possibilities will be examined in

subsequent sections of this thesis.
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CHAPTER 2

A REVIEW OF THE ACTIVITY OF HUMIC SUBSTANCES IN GEOLOGICAL PROCESSES

2.1 Early references to the activity of humic substances

Sprengel (1826) appears to have been the first to note the
acidic properties of humic substances and to propose that they
attack silicates. Berzelius k1839), Thenard (1870) and Senft (1871,
-1874) expressed Qimilar views. In an extensive review of humic
substances, Julien (1879), suggested that they were involved in a
wide variety of processes including the solubilisation of silica,l
the formation of bog iron ore and the precipitation of gold in placers.

Clarke (1911) dismiésed the claims of the early writers as he
found them lacking in experimental evidence; However, the claim by
Julien (1879) that humic substances were involved in the solubil-
isation of silica was based on the observation that where humus was
abundant in the drainage area, there was a high content of dissolved
silica iﬁ the river water. He found that in the Ottawa River, for
example, which drains.extensive forests and marshes, silica
contributed 33.7% of the total dissolved inorganic solids.
2.2. The effect of humic substances on silicates

| Many investigations have been made of the action of humic sub-

stances on silicates. Guillin (1928) found that feldspar had a
higher solubility in solutions of humic acids than in water in contact
with atmospheric carbon dioxide. Blanck (1933) maintained that the
solubilisation of silicates by solutions of humic acids was due to
a high concentration of carbon dioxide produced by their decay.
Graham (1941) found that on reaction of humic acids with anorthite,
calcium was released to the solution and the pH increased. On thé
basis of these results he stated that humic acids were effective
agents of weathering. Loughnan (1969) has criticised thg inter-
pretation of increasing pH as evidence for weathering effectiveness.
AHe suggested that the pH change is a hydrolysis effect and fhe final
valué in a reaction between silicates and water, will be the abrasion

PH values of Stevens and Carron (1948).



AFroﬁ a study of the mineraloéy of a éodzol soiliprofile,
Vén der Marel (1948) suggested that huﬁic supstances were active in
the weathering of ailicates, Furthérmore; Kononova et.al (1964)
exposed pulverised lepidomelane, nepheline, piagioclaée and kaolinite
to the action of 0.15% solutions of humic and fﬁlvic acidé for ten
days. Maximum activity was displayed by fulvic acids from a sod-

podzolié-soil which extracted 1.79 mg Fe and 2.47 mg Al1,0, from

2% 2%3
_lepidomelaﬁé’ and plagioclaée respectivély.._The work of Kononova -
ef al; (1964) was cohfirmed.in the studies of Ponomareva and

| Régim-Zade (1969),_thus allaying the doubt exbreséed by Krauskopf
(1967) as to tﬁe validity Qf cléims for the‘activity of humic

substances in geological processes.

2.3 The interaction of humic substances with minerals other than
silicates.

The iiteratute on the interaction between humic sﬁbstances and
minetalsvother than silicates is not extensive,b It has already
vvbeen npt§d=that Julien (1879) believed that humic substances were
. ‘active in‘the formation of bog iron ore. More recently sﬁrakhov
. (1947)-bas 1nd1cated tﬁac mﬁbilisétibn of_i;on'by humic'éubstahces
is ah important factor in the genesis of ;ﬁese,dépbsits. Experimental
evidencq'supgorting sqch v}ews was presented by Gruner (19#2). wh§
exposed_various mineralé to the action of water drawn through a bed
of peat. After 182 days} sbiutidns in contact with magnetite,
siderite and pyrite were respectively found to éontain 41, 48 and
14 yg Fe/ml, compared'vith a blank value of 2 ug Fé/ml.

Harden and Bateson (1963) considered that the action of humic
substances‘has been a pontribuging facto;'in the genesi§ of the
bahxiteaAof British Guidha. They propose that these substances are
acgive'in leaching silica and iron fromrkaolinitic clays td form
the bauxite. In addition, Lancho et al. (1976) have proposed that

‘the formation of fulvic acid complexes with aluminium is responsible
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for the devglopment of bauxite over g:anitic_rqcks of central
eastern Spain..

Following up his 1934 studies which showed.gqld to be insoluble,A
Fetzer (1946) made a more comprehensive investigation of the solubility
of minerals_in‘humic_acids. In addition fo repeating his study of
gold, he examined'the-solubility of a number of suiphide minerals,
and their oxidation products, in humic acids. Precipitated copper
sulphiﬁes and oxides were also exposed fo thé aétion of humic acids
and a‘widg variety of Simple organic aéids.. Froh these studies
Fetzer (1946) concluded that humic acids were no more effective
solvents of minerals than the water in which'they were dispefsed.
2.4"The action of humic substances on gold |

‘The suggestion by Julien (1879) that humic substancesvare'
involved‘in,the precipitation of gold in placers is worthy of
v furthef considerati§n. Manyvgeologists concerned witﬁ alluvial -
-gold déposits have observed composite nuggets of gold and organic
matter. The writer has‘observedvtheseifrdmvthe Jane River énd‘Lisle
alluvial gold deposits in Tasmania. "Friese (1931) exémined the
accumulation of gold in a nﬁmbér of Brazilian piaéer deposits, which
were a;leged to'have:exhibitedlregeneratidn of ngd about 20 years
Iaftef their initial exhaustion. Hebsuggested that the regeneration
was dﬁe'to the introduction of gold in solutionS'éf humic acids, andA
presentéd experimental evidence of the ability of such solutions to
dissolveuthis metal. A ﬁéximum of 175 mg-Au‘waé reported taken into
' splutioﬁ éfter exposure of.o.dos mm to 0.1 mﬁ‘gold dust to a 4%
solution of humic acids for 300 hours. Fetzer (1934) atéempted to
"repeat the e#periments of Friese (1931) withouﬁ éuccess and came

to the conclusion that the gold was not soluble in humic acids.
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Shchérbina (1956) and Steelink (1963) accebt the solution of géld
by humic acids whereas Ong and Swanson (1969) ‘have found no evidence
- for this process.. |

2.5 The role of humic substances as absorbents of ions from
‘solution :

The absorbent role of humic substances ié'a far less contentious
one than fhé role-of.minera1~solvent. Rodzyenko - (1892) -published
the earliest experimental evidence for the absérption of a number
of salts by humin. _Lovering (1927) suggested that the accumuiatipn
of native copper in a bog in Montana, U.S.A. was initiated by.the
absorption of Cu*? by the organic matter.

The accumulation of metals in peat deposits provides a mechanism
for the enrichment of trace elements in the vitrain of coal, which
iis formed from the humic substances of peat. ‘One of the classicial
geochemical studies was‘that of Goldschmidt (1930) who found
'germaniuﬁ to range up to 11 000 Hg/g in the ash of coals. Armands
. and- Landergren (1960) found up to SOdbug/g of uranium in peat deposits
‘of Sweden;  Szalay (1964) reported that a number of polyvalent cations
including UOI2 were enriched in peat by factors up to 10 000 times
the values found in associated waters. In later studies Szalay and
Szilagyi (1967) found enrichment of vanadium in peat of the order of.
50 000 tiﬁes the‘content of assoéiated water. ﬁaﬁSkaya and Drozdova
(1968) used selective extraction of uranium from peat to demonstrate
that 95.6%H6f the metal was present as uranyl humates and fulvates.
Rad;ke and Scheiner (1970) proposéd that theAcéncentration of gold
ih the Carliﬁ, Nevada, U.S.A. déposiﬁs was ip part due to the:
absorptioﬁ of gold‘complexes fromvhydrothe;mal solution by organic

matter similar to humic acids.
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2.6 AMEcbanisms of the interaction between humic acids and cations

The uncertain character of humic acids has resulted in a number
of interpretations being placed upon their reactions in the geochemical
cycle. Oriéinally, Sprengel (1826) regarded thé association of
humic acid and cations to be<the result of simple salt formation.
Tarkhov (188l1) drew attention to the fact that mﬁny associations
of humic acids with cations apéeared to be non-stoichiometric. The
work of Graham in 1861, had brought to light the unusual properties
of the_colloidal state and ihterpretations of humic acid activity
were sought in this field. Thus Tarkhov (1881) believed that the
associatiqns of humic acids and cations could be interpreted as
colloidal absorption phenomena. ' This became the general approach
in>SOil scigncé and Baumann and Gully (1910) applied the absorption
model ﬁidély in thevexplanation of many of the pxoéerties of humic
acids. In the geological.field,-recent»contributions by Ong and
Bisque (1968) and Ong et al. (1970) have stressed the colloidal
activity of humic acids. ‘

Largely as a result of the pioneering work on metal complexation
by Fisﬁer (1925, 1937), soil scientists began totlook at humic acids
as poSsiblé complexing agents.> The fact that humic acids possess a
high content of functional grbups suggests that tbey should be. |
capable of forming metal complexes. This explanation of the association
vof humic acids with cations has been-advanced>by a nﬁmber of investi-
gators‘inclﬁding Bremmer et al. (1946); Swindale and Jackson (1956)
an@ Wright’and Schnitzer (1963).

Humic acid has also been considered to be reducing aéent'by
Garrels and Pommer (1959) in the concentration of uranium thrduéh
reduction of the uranyl ion vot?. szalay and Szilaéyi (1967) have
proposed that humic aéids reduce the meta-vanadate ion VO3 to the
vanadyl cation vot?, allowing subsequent reaction to form vanadyl
humates. Ohg and Swanson (1969) also proposed that the reducing

properties of humic acids are a feature which influences the transport



of gold. Szalay (1964) has indicated that the mechanism of inter-
action between humic acids and cations can be interpreted as
reversible ion exchange and Bunzl (1974) has ma@e a detailed study
of such exchange reactions.
2.7 Summ_a‘ryl

The above review indicates that field observations and experi-
mental studies strongly favour the destruqtion of silicates either
by humi§ substances or, as éianck (1933) suggested, high carbén
dioxidé concentrations associated with their decay. The evidence
with respect to the non-silicate minerals is both scarce and
contradictofy.. It is the aim of this thesis to present further
&Ata and discussion on the aétivity of humic acids in mineral

degradation. A number of proceduies have been applied to gain an

insight into the type of association between humic acids and cations

and these are reported:in:later chapters. Gold is of particular
interest to the writer, and in view of the fact that its interaction
with humic acids has been a subject of long standing controversy a

chapter is devoted to this problem.
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CHAPTER 3
THE HUMIC SUBSTANCES OF SOME NORTH-WESTERN AND WESTERN TASMANIAN SOILS

According to Stephens (1951), the soils of Tasmania are largely
podzolic. In later studies Stephens (1961) classified these podzolic
soils as podzols, grey-brown podzolic soils, ground water podzols and

swamp soils. For this study, sites were selected where examples of

20

these soils were of residual origin, and were developed on predominantly

quartzose bedrock. As a result, the soils were of sandy character
with no marked profile development. They generally éonsisted of grey
to brownish humic sands with widely variagle contents of organic
matfer. The sample locations, soil type, Vegetation type and organié
matter coqtent are given in Table 2. In the following sections the
procedures used to extract and study the humic substances of the
selected soils are described.
3.1 Soil sampling and préparation

The soils were sampled by excavating a 1 m by 0.5 m pit to
bedrock and taking a bulk sample of the ﬁumic saﬁds over the total
vertical exposure, exclusive of the Ap (litter) horiéon. The bulk
samples were oven dried at 40°C, disaggregated by hand crushing in

a mortar, and sieved through a 1 mm mesh nylon sifting cloth to

- remove roots and fibres.

3.2 Dpetermination of total organic matter content

The total organic matter in a soil free of hydrated silicates
and carbonates can be determined by a simple ashing procedure. After
air drying at 110°C for ten hours, 10 g samples were -ashed at 800°C
for one hour and the organic @atter content measured by the
weight loss.
3.3 Extraction and estimation of the content of humic substances

A number of chemicai procedures have been developed for the
extraction of humic substances. Depending oh the soil type, it may

be necessary to pretreat the soil so that associations of mineral
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Table 2. LOCATION DATA, SOIL TYPE, VEGETATION COVER AND ORGANIC MATTER CONTENT FOR SOME TASMANIAN SOILS
Sample Location* Soil type Predominant vegetation/. Organic matter
) ' type - g : content %
TS-1 Oliver Hill . Podzol White topped stringybark
-[DP295035] (Eucalyptus delegatensis)
Bracken fern
(Pteridium aquilinum) 2.4
TS-2 ‘Machinery Creek Swamp soi1 Moss
' [DP303045] : - (Sphagnum spp.) 17.7 -
TS-3 Mt Roland Podzol Tea tree S
[DQ403120] (Melaleuca ericifolia) 12.8
TS-4 ‘Savage River Groundwater Button grass
[CP418037] Podzol (Gymnoschoenus
: sphaerocephalus) 26.2
TS-5 Paradise Grey-brown Radiata pine ,
[DQ436090] podzol (Pinus radiata) 27.4

*Universal grid reference. 1:100 000 Tasmanian topographic map series.



matter with the humic substances will be broken doun, before
attempting extraction of the latter. Dubach'et'al. (1964) have
investigated the most commonly applied procedures. Since the
organic'matter of podgolic soils developed over quartzose bedrock
_does not haye strong links with soil minerals; a relatively simple
ertraction_procedure may be usea. |

The.method used in this study is essentially that developed
hy Kononova and Bel'chikova (1960). 1In detail, the procedure was
as follows: 50°'g samples of the minus 1 mm soil were mixed with
- 200 ml 1:1 ¢2H50H—CHC13 in bottles sealed with air tight caps.
These were transferred to an oven at 60°C and shaken intermittently
for four hours._ After this treatmeht the soils were filtered in a
Buchner arrangement and washed with a’ further 100 ml of CZHSOH—CHC13.
The 5011s were drled to remove traces of the organic solvents,
returned to the bottles and mixed with 500 ml of an aqueous solutlon.
of 0.1 M NaOH-0.1 M ﬁa2P407. Dubach et al. (1964) have commented
that alkaline extractlon ls likely to increase the degree of oxidatlon
ef humic substances, and also results in a product of lower molecular
weight than is the case in the parent sample. These changes can be
minimised by carrying out the extraetion under nitrogen, and this
gas was used to sweep air out of the bottles before they were sealed
and shaken lntermittently over a 24 hour period.

,After the period of agltation the bettles were left for two hours
to allou the solids to settle. The solutions were then decanted
through O.lQ mm (200#l'n§lon_sieve cloth into beakers and stirred :
with an,4503H type cation exchange resin (Amberllte IR-120) ih.thez
Ht form. h resin grain size of 0.35 mm to 0;20 mm (50# to 100#)
was used to facilitate separation of the resin headslfrom~the soil
extracts which contained clay size mineral particles. The solutions
were stirrea continuously until the excess alkalinity had been

neutralised at about pH = 7. The soil residues were shaken with
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200‘m1 portions of distilled Hy0 and after ééftiing the washings
were added to the original extracts. Thié procedure was repeated
several -times to remove traces of soluble orgapic matter from the
soils. The soil residues were retained for estimation of the
hunin content.

When the soil extracts had a pH of about 7( they were filtered
‘througﬁ'the 0.10 mm sieve cloth to separate.the resin beads, and.
tﬁen passed through a Sharples supercentrifuge at-25 000 rpm to
reﬁove,the clay-size mineral pa;ticles. The solids from this
operation were added to the soil residue. The organic matter extracts
were pu;ified by ion exchange treatment as suggested by Hori and
'Okuéa (1961). This involved passinglthe solutions through ion
'exchange columns of Amberlité.IR-lzo (cation) and IRA-400 -(anion)
fo remove excess salts-and convert the humic substances to the.H+
- form. |

At this staée»of the extraction there were two fractions, which
were fhe 5611 residues with huﬁin and SOIQtions containing humic
écids,'fuivic acids and the individual organic compounds. The soil
residues were dried a£ 1105C as in the»éase of.the original soil
and ashed at éOO“CAto esfimaté the humin content;' The solutions were
adjusted to pH = 2 with stoq which precipitatéd humic acids. These
were separated by use of the supercentrifuge. _The humic acid samples‘
_ were'taken into solution with 0.1 M NaOH and iﬁmediately batch
treated with ion exchange resins IR-120 and IRA-400 to return them
. to the H*’form. They Qere then dried in an oveﬁ at 40°C and weighed.
The solutions from‘the supercentrifuge cohtaihed the fulvié acids.v
and the individual organic compounds. These were treated with the'
ion exchanée resin_IRA-400 to remove sulphate, dried at 40°C and
weighed.  The preparation of stocks of humic acidévfor the experimental
studies aescribed‘in this thesis, followed the précedures described

above, scaled up to accommodate 1 kg soil samples. The extraction



and fractionation scheme is summarised diagrammatically in Figure 6.
3.4 Fractions of humic substances in the Tasmanian soils

The humic substances of the selected Tasﬁénian soils were
extracted_and fractionated by the procedures described in 3.3.
The results, which are given in_Table'3, show thatvthe humin fraction
is high in all ;oils, ranging from 20% to 80%. These figures are
unlikély to reflect the true humin content of the soils, since the
quantity of alkali insolublé organic matter is masked by the presence
of large amounts of charcoal resulting from'thé'frequent bushfires
to which the localities have been subjected. If the values for
humin are ekcluded onbthe basis that this component should be lqw
in a p§dzolic éoil oVequuaftzose bedrock, then 80% to 95% of the
" organic matter of the soils is humic acids. Onl? the swamp soil
(TS2) and the grey-brown podzol (TS5) have a significant proportion
of ful§igaacids and individual organic compounds. The ash content
of the extracts of humic acids ranged froh 2.5%‘in THA-1 to 23.4%
in THA-5. Tfeatment»of the'samples Qith 40% HF fér one hour at
- 60°C as proposed by Brown ét al. k1959) reduced the ash contents of
all-but THA-5 to less than 2%.

Table 3. HUMIC SUBSTANCES IN THE TOTAL ORGANIC MATTER OF SOME
TASMANIAN SOILS

' Sample ' Humin - Humic acid % - Fulvic acid and
‘ : ' : 1ndlv1dual compounds
(%)

TS-1 25.2 74.2 o 0.2
7S-2 19.8 73.1 6.3
TS-3 : 70.3 . . 27.9 v 0.7
TS-4 © 79.4 _ 19.3 | 0.8

TS-5 69.7 24.8 5.0
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Minus 1 mm soil sample

Extraction with 1l:1
CHCl3 -~ CyHgOH

Filter
|

,Humic substances Soluti -l fats”
Residue —Individual organic orution ats
and waxes
compounds : -
Mineral components

L :
. Shake 24 hr with 0.1 M NaOH-

0.1 M NayP07 under nitrogen

Allow to settle, decant solution'and wash
soil with water until washings are clear.

" Run totalvsqlutiom through supercentrifuge

1 Humic acids
Solution — Fulvic acids
Individual organic

Residue - Humin and
" mineral components

compounds
Adjust pH to 2.0 with HySOy
Supercentrifuge
‘Residue - Humic ) © Solution - Fulvic acids and

- acids individual organic compounds

Treat with IR-120 and
IRA-400 to remove
excess salts convert
humic acids to H-form

Treat with 40X HF to
remove trace silicates

Figure 6. Extraction and fractionation scheme for humic substances.
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3.5 Cbmppsifion of the humic acids

Analytical data for the humic acids were provided by the
CSIRO Microanalytical Service, Melbourne, Australia. An optical
study was made of 20 ug/ml aqueous solﬁtions of the samples after
the method of Welte (1955) in which the:ébsorbance at 472 nm (E,)
and 664Anﬁ (Eg) is compared. These data are éiven in Table 4
which als§ includes for comparison, values for‘a'RuSSian chernozem
‘and podzoi. '

The humic acids from Tasmanian podzolic soils differ from that
~of a typical Russian podzbl. - The nitrogén cohtents of thevTasmanian
sémples are‘generally lower whilst there is a higher proporfion of
oxygen. Until more‘infbrmation’is available on the nature of the
orgapic matter of soils developed in wet tempeiate regions under.
indigenous Australian floras, the reasons for'thése variations will
remain cqnjecfural. Some chemical entities, which are ultimately
ihcluded in tﬁe humic acid structure, may vary in type and amount
according~to the pfedominant plant species from which they originate.
Thus the residues of éucalypts, fof example, ﬁay differ in
compositiOnvfrom those of a pine‘forest. . The low nitrogen values
of thevTasmanian samples of-humic‘aéids may be the result of the
removal of;hydrolysable nitrogén-containing'coﬁponents by thé
é#traction and ash ieduqtion procedures.

AOf the T#smanian s#mples,_only THA-5 apprpachés the
characteristics‘of a.podzol humic acid. The soil from which this
sample-Wés extracted was developedbﬁnderva forest of iﬁported
conifers'ﬁhich'weré-set.out about forty years ago."On the basis of
the limited chemical and optical data the other‘samples,'although
extracted from podzolic sqils, show an affinity with either |

chernozems or an intermediate between chernozems and podzols.
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Table 4. COMPOSITIONAL AND OPTICAL DATA FOR HUMIC ACIDS FROM TASMANIAN SOILS

H %

(Kononova, 1966)

Sample *C % N % 0% C:H C:0 Optical data
Eq, H Es
(472 nm) (664 nm)
THA-1 59.9 2.9 1.9 34.1 20.3 1.8 2.9
THA-2 56.8 3.6 2.4 37.0 . 20.5 1.5 3.0
THA-3 54.0 4.0 3.3 38.4  ‘13.5 1.4 3.6
THA-4 55.5 4.2 3.6 36.6 13.2 1.5 3.8
THA-5 52.8 4.7 3.2 38.9 11.2 1.4 4.2
Northern podzol
Arkhangel region 58.1 5.4 4.5 32.0 10.8 1.8 ca.5.0
Ordinary chernozem : _ :
Voronezh region = 62.1 2.9 3.6 31.4 21.4 2.0 . ca 3.5

*CompOSLtlon given on an ash-free basis from analyses by CSIRO Microanalytical
Service, Melbourne, Australia.
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More detailed comparisons of the organic matter of the relatively
few soils examined and the sbils of other regions are beyond the
scope of this thesis.

3.6 Nature_of humic acids in relation to chemical composition
and optical properties

_Kﬁnénova (1966) suggested that the C:H ratios for humic acids
may bé used gs an indication of their degreelof aromatisation.

From tﬁe values given in fable 4 this property-ihcieases,in the
order THA;l = ‘THA-2 >THA-3 = THA-4 >THA-S. Welte (1955) has
demonstrated that an indication of the distribution of carbon

.. between an aromatic network and aliphatic side chains is reflected
in the absorbance ratio E,:Eg. Tﬁe lower the Ey:Eg ratio the
greater the degree of condensation to aromatic structures. For the
Tasmanién'sémples of humic acids iﬁ is apparent from Table 4 that
the abSorsance ratio Ey:Eg are consistent with the C:H ratios.

The relative proportions of aromatic units with hydrophobié
_propertiés andraliphatic units with hydrophylic properties in the
structure of humic-acids_detgrmines their mobility.- On this basis
the mobility of the Tasmanian sampleé of humic acids could be
expected to increase from THA-1 to THA—S.Y This may be demonstrated

experimentally by use of paper chromatography with 0.04 M NajyBy07

as solvent; The‘result for THA-1 and'THA-S which have extremes

of C:H ratio and absorbance ratio, is shéwn in Figure 7. It-can

be séen tﬁat this indicates.thaf THA-5, which on éhe basis of C;H '
ra;ios,and optical propérties is more hydrophylic than THA—l,lis

in faét more mobile. Since both samples display considerable
movement however, théldifference in mobility is'not likely to be of

significance in geological processes.
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Figure 7. Paper chromatogram of humic acids THA-l and THA-5
with 0.04 M Na,B,07.

3.7 Infra-red §pectra of the humic acids
Infrafred spectra Were‘reédrded from humic acids THA-l, THA-2,

THA-3, THA-4 and THA?s over the‘freqyeﬁcy raﬂgé of 4000 to 600 cm‘l,
using é'Beckman iR—S instrument. The sambles were prepared for
study by mixing thoroughly dried huﬁic acids and KBr in the |
proportionvl:400‘and pélletising. The ;pectra.were recorded
aéainstia blank of KBr ahd'éré'shown in_Figqre 8;

. Thé sbectra are very similar to one another and show the broad‘v
absorption characteristics of humic acids. Accor&ing ;o the summary -
by ?laig et al. (1975), the absorption band; tecognisable'in

Figure 8 may be assigned to:

© 3450-3300 cm~! Hydrogen bonded OH groups, free OH,
) intermolecular bonded OH. .
2950-3850 cm™} Aliphatic C-H, C-Hp and C-Hj strctching.
1725-1640 cm~! C = O stretching of carboxylic acids,

cyclic and acyclic aldehydes and ketones,
-quinones. :



1640-1585 cm” ! C = C stretching vibration of double bonds
o in cyclic and acyclic compounds, benzene
rings, substitution.

1470-1420 cm” ! Aliphatic C-H deformation.
1280-1137 cm~! c-0 stretching of esters, ethers and
- phenols. )

The band_dué to aliphatic stretching (2950-285070m'1) is seen to
be more pronounced for THA-3, TﬁA-4 and THA-5 which is consistent
with the'compositional and optical data given in Table 4.

3.8 Trace‘element content of the humic acids

Since the Tasmanian sampies were extracted with a view to
studying their efféctivenéss in mineral degradation, it was essential
to have knowledge of their trace element composition. All trace
elément analyses_reported in this thesis were carried ouﬁ by atomic
absorptiop'épectrophotometry (AAS) using a Varian-Techtron AA4
“instrument. In the case of the humic acids, analyses were made of
vvsolutions préparéd by dissolving 0.5 g samples in 100 ml of 5%
ammoniacal‘EDTA. ‘The results, which ;ré given in Table 5, showed
" that except for TﬁA-S the trace elément content was low. The high iron
and silicén content of THA-5 éxplains the high ‘ash figure obtained '
ih the analysis of thié sample of humic aéids.

The sodium content of the samples wés relatively high and thi;
~may be related to the use of NaéH-NazPu07’in the extraction procedures.
If, as suggesfed by.Nissenbaum and Swaine (1976), humic acids behave
as macroéyclic cémpounds, tﬁen'sodium might be retained by being

fixed in protected sites in the structure.
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Figure 8. °  Infra-red spectra of Tasmanian samples of
' humic acids.



Table 5. TRACE ELEMENT CONTENT OF TASMANIAN HUMIC ACIDS (mg/g)

Humic acid sample

Element THA-1  THA-2  THA-3  THA-4  THA-5
ca ; 0.3 - 0.9 1.2 1.2 0.7
Fe 4.0 1.8 4.7 1.2 26.4
Mg 0.1 0.1 0.1 0.1 0.3
Na B 4.0 7.8 9.5 4.0 4.8
K | 0.2 - 0.3 0.2 0.2 0.4
a 4.0 2.0 4.0 <1.0 14.0
si <5.0 <0.2 <0.2 <0.2  <0.2

Mn, Ni, CO,\
Cu, Zn,_ ‘Pb,l

| <0.2 <0.2 <0.2 <0.2 <0.2
Ba, Sb,.Bi_J

*Range for these elenments <0.01-0.18



CHAPTER 4

EXPERIMENTAL STUDIES OF THE SOLVENT ACTIVITY OF HUMIC ACIDS

fhe literafuré review in Chapter 2 indicates that, despite
some comment to the contrary, experimental evidence favours solution
of silicates by humic acids. 1In the case of non-silicate minerals
and metals there is very little information available. It is thus
desirable that the role of humic acids as solvents of these materials
be critically evaluated, and comparisons made with the activify of
simple organic compounds and CO, enriched waters.

4.1 Constraints on experimental design

In the study by Fetzer (1946), polished mineral surfaces,
pulverised minerals and chemical precipitates were.used in association
with aqueous preparations of humic acids up to strengths of 2.5% (w/v).
Whilst such studies may provide usefﬁl information, the experimental
conditions are far removed from those existing in nature.

In order to design procedures which are compatible with the
natural environment, the type of weathering cbnditions must be taken
into account. Under wet cool temperature conditions, weathering of
minerals takes place at an irregular interface between soil and rock,
where the constituents of the soil water react with solid minéral
surfaces. ' The content of humic substances in soil water is not well
known but for the purposes of this study it is only:necessary to
set a rea;onable upper limit. Spectréphotometric determination
of the concentration of humic substances in creek and river waters
draining button grass plains in western Tasmania, by the methpa of
Welte (1956), has yielded values in the range of 5 mg/l1 to 40 mg/l.
Such waters are very much diluted by direct run-off and it would
be reasonable to expect the concentratién of humic substances in
soil water of these areas to exceed the drainage water values
by a factor of at léast ten. lSupport for this vie& was féund in a

seepage sample collected from a tunnel in the Gordon River hydro-
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electric power deveiopment scheme which was found to contain 430
mg/l of humic substances. This level of concentration also compares
favourably with valuég of up t6 300 mg/l1 given by Fotiyev (1971).
for marsh waters of‘the ﬁ.S;S.R. On the basis of thié information
it was decided to make use of concentrétions of 500 mg/l humic acids
for the experimental studies.

.The-use of pulverised mineral samplés,“as.has been the case in
most previous studies; results in the exposdre_of,la;ge surface areas
ﬁo poiéntial solvents and this is likely to substantially increase
regétion rates. In order to reduce this surféce area effect, samples
used invthe following studies were sieved td a grain size range of
0.30'mm to 0.60 mm (56# to.30#).~ Simulation of the seepage of water
over fractured surfaces at the interface between soil and rock was
attémpted with the experimental arrahgement shown in Figure 9.

The soiid sample was contained'in a glass tube sealed at one end with

0.10 mm mesh (140#) nylon sieve cloth. This tube was suspended in a

PERISTALTIC PUMP

- MINERAL SAMPLE

NYLON SIEEVE

~ SUVENT RESEVOIR

Figure 9. Experimental arrangement for study of the interaction
" between humic acids and minerals under normal
atmospheric conditions.
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reservoir containing 50 ml of the solvent under study and slow
circulation through the sample bed was‘mainfained by use of a
peristaltic pump. Although surface areas vary considerably according
to the manner in which samples crush, an attempt was made-té keep
this factor constant by taking a mass in grams equél to the specific
gravity of each of the samples studied.

The_nofmal exposure time of the samples to the action of
ﬁbtential solvents wa5124 hours, although differences in reaétivity
of-sampleg required some variation in the duration of experiments.
The-activity'of the various solvents was measured by analysis for
" a kej meta; in solution by means of AAS. The results were corrected
where necessary for the trace element content of the solvents. Some
inforﬁatibn concernipg silicates, precipitated sulphidesland phlvetised
minerals is included in this chapter. This has been taken from thé
results of preliminary studies of the activity of a 1 g/1 solution
of THA-1 (Baker, 1973).

4.2 The action of hqmic»acids on some minerals of economic deposits

A éroup of sulphide, oxide, secondary and carbonate minerals
found associa;ed with économic deposits, inifially crushed and sieved
to a grain size range'of 0:30 mm to 0.60 mm, were exposed to the
.action.of 500 mg/1 solﬁtions of THA-1, THA-2, THA-3, THA-4 and
THA-5 under the conditions described in section 4.1. The average
~analytical results for duplicate runs afe given in Table 6. The
'complete énalytical-dﬁta are giQen Appendix 1, Tables 1-6. The
‘variationlbetween duéliéate results ranged from about 10% to.40%.

The magnitude of this variation is not sﬁrprising in view of the
dynamic nature of the experiments, the uncertainty of surface areas
and the difficulty experienced in completely recovering reacgién

products from the sample layer prior to analysis.



36

Table 6. REACTION OF MINERALS WITH H,O/ATMOS. CO, AND 500 mg/l SOLUTIONS OF HUMIC ACIDS

ug/ml* in solution after 24 hours extraction

ey Element by:
Mineral Composition  determined HyO0/atmos. CO, THA~1 THA-2 THA-3 THA-4  THA-5
Galena PbS Pb 1.1 50 30 7.8 25 19.1
Bornite CugFeSy Cu 2.0 25 . 19.6 20 25 25
Sphalerite Zns Zn 1.6 2.6 2.1 - 2.3 1.9 1.9
Pyrite FeS) Fe 0.9 4.7  11.9 2.4° . 1.9 7.2
Loellingite FeAs) Fe 1.1 100 60 25 25 40
Bismuthinite BijS3 Bi 0.7 40 50 20 40 40
Stibnite Sb,S3 sb 0.3 2.8 9.6 1.4 3.9 0.7
Hematite Fe,03 Fe 1.1 11.6 3.8 1.6 1.8 6.7
Magnetite Fe30y Fe 2.0 '10.7 20 2.7 6.7 7.4
Pyrolusite MnO, ' Mn 3.3 30 15.5 11.4 25 11.6
Azuritet Cu3(OH)2(CO3)2 Cu 4.2 440 240 210 290 160
Anglésite+ PbSO, Pb 3.0 1110 510 1100 590 340
Calcitet CaCo3 ca 13.0 350 230 220 250 210
Magnesite MgCo3 Mg 4.3 20 18.6 8.6 17.8  11.2

“*Values above 20 ug/ml and 100 ug/ml rounded to nearest 5 énd 10 respéctively;

.fMetal_in solution calculated from 3 hour run.
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The ve;ues for metal extracted indicate that the humic acids
are strong solvents of minerals,Asince the 500 mg/l1 solutions
are far more aggressive then is water in equilibrium with atmospheric
carbon dioxide (H,0/atmos. CO,). For the sulphides, the extraction
of metals from fhe minerals by the humic acids varies over a range
of 0.7 u§ Sb/ml from stibnite to 50 ug Pb/ml from galena. These
are to be coﬁpared with values of 0.3 ug Sb/ml and 1.1 ug Pb/ml
for the extraction by H,0/atmos. COp. For the oxides; pyrolusite
is generelly more affected than the iron oxides, with almaximum of
30 ug Mn/ml being released. Anglesite is the most vulnerable of
the secendary minerals, yielding 11io g Pb/ml. Of the humic acid
samples-studied, THA-1 which developed in soil under an abundant
cover of-breeken fern (Pteridium aquilinum), appears to be the most
aggressive. ihis is compatible with the view expressed by Birrell
‘et al. (1970) that humic acids derived from this plant may accelerate
soil profile development.

The results of the iptexaction of the 1 g/1 THA-1 solution with
4§recipiteted sulphides ahdibulverised minerals are given in Table 7.
These were obtained by'cifculating 20 ml of the humic acia solution
for 30 minutes through the fine—grained samples, which were retained
on.a mecerated filter papef pad in a Biichner funnel. The'data are
seen to be large1§ compatible with those obtained fof the coarse-
gfained samples (Table 6). Some differences, such as the closer
extrection values for pyrolusite and hematite are apparent and

discussion of these will be undertaken in the nextxsection.



Table 7. REACTION OF PRECIPITATED SULPHIDES AND PULVERISED MINERALS
WITH H,O/ATMOS. COo AND A 1 g/1 SOLUTION OF THA-1.

pg/ml* metal in solution after
30 minutes extraction with:

Element
Sample determined HoO/atmos. CO» 1l g/1 THA-1
Lead sulphiae ) Pb ‘ <0.2 105
Zinc sulphiae . Zn 3.8 4.8
Cupric sulphide Cu | <0.1 25 |
Nickel sulphide Ni 20 | 70
Bismuth sulphide . Bi <0.3 . 3.5
Antimony sulphide Sb <0.3 v <0.3
Bismuthinité ' Bi <0.3 ' 20
Stibnite | Sb <0.3 : 1.2
Hematite - Fe _ : <0.3 17
Pyrolusite ._ Mn ‘ 0.3 _ 15.5

*Values above 20 pg/ml and 100 pug/ml rounded to nearest

5 and 10 respectively.
4.3 Interpretation of the inferaction of humic acids and minerals

As was noted in section 2.6 the interaction between humic acids
and the metallic elements has been explained with the humic acids
acting as simple acids, colloids, complexing agents or ion exchangers.
The vigorous activity of solutions of humic acids towards minerals,
which is evident in the extraction values of Table 6, is'most readily.
explained by assigning a complexing role to the humic acids. A
detailed analysis of such a possible role is extrémely Qifficult, due
to the fact that the abundant fuﬁctional groups of humic acids occur
as structurally indeterminate arrays. This is likely to lead to
variable stability of the metal complexes with different samples and
may also result in selective complexing properties. Further discussion
of this matter will be undertaken in Chapter 7 which deals with
miscellaneous approaches to the problems of the interaction between

cations and humic acids.



In‘the-natural environment, the wide variability in crystallisation
of minerals results in the development of surfaces of differing
character and reactivity. This is illustrated by the solubility
data for hematite and pyrolusite in THA-1 (tablgs 6, 7). 1In
experiments with the 0.30 mm to 0.60 mm grain size materiél, pyrolusite
(30 ug Mn/ml) had a greater solubility than hematite (11.6 ug Fe/ﬁl).
For the pulveriSed samples the respective amounts of metal enterihg
solution were 15.5 ug Mn/ml ana 17 ug Fe/ml. An explanation of this
pattern of solubility is to be found in the differing crystallisation
of the pyrolusite and hematite samples. The former mineral consisted
of a wvery finejgrained aggregate whilst the latter was coarsely
crystallihé; As a result,;size reduction has the greater'effect,
through increasing surface érea, on the solubility of the hematite.

The bonding energy of mingrals is an importahg factor in their
.étability, although unfortunétély there is considerable uncertainty
in the determination of this energy (Nockolds, 1966; Bachinski, 1969).
Despite this problem some correlation is evident between the
extiaction:of metals by huhic acid énd the relaﬁivé bond strengths
of the.sulphides involvea. Thus the high solubility of galena
compared'with,sphalerite.(£ab1e 6) ié c&mpatible with the relative
bonding energies of tﬁese minerais as given by Bachinski (1969) .

In an experiﬁenp with_coarse-grained'samples of the Cu sulphidés:
-chalcopyrite, bornite, covellite and chalcocite, the amounts of |
copper extracted after 24 héurs exposure to a 1 g/l solution of
"THA-1 wére-i.4, 18, 45 and 150 ug Cu/ml réspectiveiy,_ This is also
in accordance with the relative stabilities of these minerals as
given by Bachinski (1969).

‘The structural stability of several iron sulphideé and
arsenides from the ligand field theory approach has'been examined by
NickelA(19695. The arsenides are of lower stability than the

sulphides and this is reflected in the high solubility of loellingite
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relative to pyrite (table 6). Although similar.studies have not

been madée for nickel minerals, it is likely that the relative
structural stability of heazlewoodite (Ni3Sj;), breithauptite

(Nisb) ahd pararammelsbergite (NiAsz) explains their solubility

in THA-1.  These minerals were reacted with a 1 g/ml solution of
THA-1 for 24‘hours and this resulted in extractions of nickel from
the sulphide, antimonide and arsenide of 430, 590 and 740 ug/ml
respectively.

| Cbntrary to the sequence of bond strength§ given by Nockolds

(1966) is the high solubility of bismuthinite compared with étibnite
(40 ug Bi/ml and 2.8 pug Sb/Fl with THA-1 for example). It is not
clear whatbfactor céuses the differing behaviour of these structurally
-similar minerals, although possibly differences in.oxidstion
characteristics have some influence. CoﬁparatiVe thermodynamic data
for the,fqrmatioh of Bi3* and sb5t in solution are not available
although the-respective free energies‘ of formation of BijO3 and
Sb,05 of -4.97 x 10° joule/mole and —é.3§ x 10° joule/mole, indicate
that the oxi&ation of Sb proceeds readily fo‘the 5+ state. In terms
of the coﬁcept of ionic potentials of ihe elements, first applied in
geochemistry by Goldschmidt (1934, 1937) this would.ééuse a marked
separation of bismuth and antimony and could.explain their differing
behaviour.. This is iilustrated or the ionic potential diagram of
Shcherbina (1956) shown in Figure. 10, which gives approximate fields
of location of elements which occur as simple cations, complex ions

-and various anionic combinations.
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Figure 10. ronic potential diagram of the elements ( modified after
Shcherblna , 1956).

The activity of humic acids in mineral degradation which is

apparent from the results of Table 6 is contrary to the observations

of Fetzer (1946). The feason for the difference is not ob?ious,

although it could be due to the fact that in the latter investigations,

signs of activity were sought mainly in the etching of polished
mineral surfaces. Fetzer (1946).also carried out experiments with
preeipitated sulphides and reported no solvent acﬁivity for humic
acids. A'i'his is at variance with the results given in Table 7. If

- . :
all results are scaled te a common basis of metal in soihtion after
'24 heurs theAfollowi‘ng comparison ea_n be made. Fetzer (1946)“ found
that for CuS, a 1% solution of humic ecids yielded 1.4 ué Cu/ml |
whereas the value for H,O/atmos. CO; was 3.4 ug Cu/ml. In the present

study the comparable values are 1200 ug Cu/ml for a 1 g/1 (0.1%)

solution of THA-1 and <5 ug Cu/ml for HyO/atmos. CO;. It is possible

that the low values obtained in the earlier studies, may have been
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due to the  fact that the copper released occurred as insoluble
humates, which escaped analysis.

4.4 The action of some simple organic compounds on minerals of
economic deposits

A wide’variefy of simple organic compounds occur associated in
minor quéntities with the humic substances of soils. These include
many acids, éhenolic compounds and carbohydratesf A number of
critics of the role of humic acids in weathering (Murray énd Love,
1929; Fetzer, 1946; Xrauskopf, 1967) have advanced the view that
these simpie'organic compounds are more likely to be the active
" substances. To test the validity of this claim, ﬁhe éffectivenéss
of.Salicflic acid, citric acid,.glycine, alanine; catechin and
fructose as solvents of minerals was.examined by the proceaures used
for the samplés of humic acids.

The average resulté of these experiments are given in Table 8,
_and the qomplete aﬁalytical.data are given in Appendix 1, Tables
7-13. The values indiqate-that, with the exception of the attack
on coppef minerals by citric acid and glycine, the simple‘organic
compounds are marginally less effeétive than huﬁic acids. In view
of‘the'fact phaf these compounds seldom provide more than 5% of'tﬁe
total organiq reservés of the soil their contribution to weathering,
relative to humié acids, must be conéideted 1imited.v Furthermore,
Barber (1968) has drawn attention to the fact that the simple
substanées do not long survive in the soil éince they are rapidly:
céhverted to COp by the micro-brganisms bresent. |

4.5 A comparison of the effect of humic acid and CO; enriched
solutions on minerals ‘

It has been claimed by Blanck (1933) that it is the CO3
generéted by decay of humic acids that is the effective weathe:ing

agent. This proposition was tested by examining the effectiveness
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Table 8',

REACTION OF MINERALS WITH HpO/ATMOS. COp AND 500 mg/ml SOLUTIONS OF SIMPLE ORGANIC ACIDS

Element

ug/ml* in solution'after 24 hours extraction by:

. -H20/ Salicylic Citric ,
Mineral Composition determined atmos. COjp acid acid Glycine Alanine Catechin Fructose
Galena PbS Pb 1.1 14.6 18.3 1.7 2.1 5.2 1.6~
Bornite CugFeSy Cu 2.0 30 60 80 7.2 ' 9.8 2.3
~Sphalerite zZns Zn 1.6 1.6 1.4 1.4 1.4 1.6 1.5
Pyrite  FeSp Fe 0.9 1.1 1.5 . 0.9 1.0 1.0 0.8
Loellingite  FeAs, Fe 1.1 70 60 1.3 1.6 9.0 1.7
Bismuthinite Bi;Sj Bi 0.7 2.5 25 20 13.7 35 8.3
Stibnite Sb,S3 Sb 0.3 0.1 0.3 0.7 0.3 0.9 0.4
Hematite Fe,03 Fe 1.1 1.5 1.6 1.1 1.5 1.4 1.2
Magnetite Fe30y Fe 2.0 9.1 35 2.0 2.1 3.5 2.3
Pyrolusite MnOj Mn 3.3 60 50 7.5. 3.6 8.2 5.3
Azuritet Cug (OH) 5 (CO3) 5 Cu 4.2 - 580 1520 800 140 190 5.0
Anglesitet Pbsog\ Pb 3.0 270 480 180 190 230 140
Calcitet CaCo3 Ca 13.0 480 980 ° 80 55 110 55
Magnesite MgCO3 Mg 4.3 20 -45 7.0 5.6 8.0 4.4

*Values above 20 pg/ml and 100 ug/ml rounded to nearest 5 and 10 respectively.

tMetal in solutlon calculated from 3 hour run.
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of distilled Ho0 under a CO, enriched atmospherélas a solvent of
'minerals; On the basis that humic acids are-approximately 60% C
it follows that 50 ml of a 500 ug/l1 solution could theoretically
generate 28 ml of CO,.

Samples of galena, pyroiusite, calcite, dolomite and magnesite,
of grain size range 0.30 to 0.60 mm, were exposed to distilied Ho0
under an atmosphere of 22 ml air and 28 ml CO, for a period of
24 hours. These experiments were carried out with the experimental
arrangemeht shown in Figure 11. With the mineral sample in place,
the whole vessél-is filled.with distilled watér. The CO;, air and
humic acids (as a concentrated solution) are introduced at the top
. and thé displgced H,0 removed at the bottom. The averaged resulté
for this experiment are given in Table 9 and the complete analytical
* data in Appendix 1, Table 14. These show that“the pre#ence of high
concentrations of COy increases the solubility of minerals and, as
would be‘expected; the carbonates are most affected. The results -
obtained with the 500 ug/1 soiution of THA-1 however, indicate that
humic acids are far more aggressive than.is the_COz that would result
Ifrom their decay. .This does not support the claim by Blanck (1933)
that.the weathering phenomena observed in the p;esgnce of humic acids

are largely due to increasedAcoz..'

4.6 The action of humic acids on silicates

Although the writer's-interest is largely in minerals of economic
deposité, thé solubility of a few silicates ih humic acids was
investigatea. Samples of perthitic feldspaf, biotite, enstatite,
actinolitg and epidote were p£epared ih thé same manner as tﬁe non-
silicates and were subjected to the actiqn of the ; g/1 solution of

THA-1 for a period of 5 days. The results are given in Table 10.
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Experimental arrangement for study of interaction between
Hp0/CO9 enriched air and minerals.

Table 9. REACTION OF MINERALS WITH H,O/ATMOS. COy, H,0/CO, ENRICHED
~ AIR AND A 500 mg/1 THA-1 SOLUTION.

Hug/ml metal* in solution after 24 hours

extraction by:

Element H0/CO3 500 mg/1

. Mineral determined HoO/atmos. CO,  enriched air THA-1
Galena Pb. 1.1 4.7 50
Pyrolusite Mn 3.3 4.2 30
Calcite Ca 13.0 55 350
Dolomite Ca 4. 9.0 150
Mg . 6.6 110

Magnésite Mg 4.3 5.5 20

*Values above 20 ug/ml and 100 ug/ml rounded to nearest

5 and 10 respectively.
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Table 10. REACTION OF SILICATES WITH HzO/ATMOS COo AND alg/l
SOLUTION OF THA-1

ug/ml* metal in solution after 5
days extraction by:

’ Element - .
Mineral determined HoO/atmos. CO»p 1 g/1 THA-1
Alkali ' Na 3.4 12.6
feldspar ' K 1.9 6.4
(Na,K)AlSi30g Al <0.1 2.2
’ Si <0.1 <0.1
Biotite ‘ K 0.6 1.0
K(Mg,Fe) 3 Mg 0.2 0.9
(A1Si301¢) (OH) 2 Fe <0.1 2.4
. ‘ Al - <0.1 3.0
Si <0.1 0.1
Enstatite Mg 0.8 6.2
(Mg,Fe)SiO3 . Fe <0.1 2.2
: : Si <0.1 <0.1
Actinolite Mg 0.3 0.8
_Ca(Mg,Fe) Fe <0.1 9.6
(Sig032) (OH,F) 2 Ca 7.5 30
. 81 <0.1 - 0.4
Epidote ‘ Ca '18.0 110
CaFeAl,0.0H , Fe 0.1 13.0
(8i207) (sioy) al 0.4 3.2
Si <0.1 0.1

*Values above 10 ug/mi and 100 ug/ml rounded to nearest
5 and 10 respectively

Whilst ﬁhe silicate minerals are more resistant'to‘attack than other
minerals stﬁdied, the amount of metal removed by the humic acids is
impressive. Biotite éppears the least affected whilst epidote has
been vigorously attacked. |

Because of differing experimental arrangements, it is not
possible to make a direct comparison with the studies of other
investigafors. The high extraction of K, Mg, Ca and Fe relatiﬁe to
Si and Al supports the claim §f Scﬁalsha et a1.‘(1967) that ﬁhe metals
are removed from the silicate framework by complexation. The results
obtained by éonomareva and Ragim-Zade (1969) for pulverised samples
of feldspar and biotite showed that the removai of K, Na, Fe and Mg

by fulvic and humic acids exceeded that of Si and Al, although
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considerable amounts of the latter two elements were found in the
leach solutions. For the present series of experiments, with coarser
grained samples, far higher relative extraction of metals other than
Si and Al has been found.

4.7 The action of humic acids on metals

Since the experiments with minefals.sﬁggest-that humic acids
afe strong solvents, experiments were carried out to determine the
effect of 500 mg/1 solufions of THA~1 and THA-4 on a number of metals.
Analyticgl grade powders of iron, copper, lead, zinc, bismuth and
_ antimony were sieved through 0.15 mm mesh cloth and the fines were
~washed out by repeated stirring in water. Weights of one-tenth the
specific gravity of the respective metals were supportéd in fritted
glass crucibles and exposed to ;he action of 50 ml volumes of the
humic acids. The solutions were circulated through the metais for
15»minutes by means of a peristaltic pump.

The average results are given in Table 11 and the complete
analytical déta in Appendix 1 show that all met&ls except antimony
are appteciably moré soluble‘in the solutions of huﬁic acidé than
in Hzo/atmés. Coz. .Thé maximum solubility is displayed by lead with

an‘extréction of 260 ug/ml by”THA-l, which had to be estimated from

Table 1l1. REACTION OF METALS WITH H,0/ATHOS. CO, AND 500 mg/1l
SOLUTIONS OF THA-1 AND THA-4.

pg/ml* metal in solution after 15 minutes extraction by :

Metall . HpO/atmos. CO, 500 mg/1 THA-1 500 mg/1 THA-4
Iron = 1.3 A 45 ‘ 25 é
Copper <0.1 ' 35 - 25 ;
Leadt . 70 260 | 200
Zinc 0.3 70 , 50
Bismuth - <0.1 14.5 5.0
Antimony 30 | 30 25

~
4.

*Values above 20 g/m and 100 g/m rounded to nearest 5
and 10 respectively.

+Metal extracted calculated from 5 minute run.
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a 5 minute run because of the speed of the reactibn. The solubility
of antimony in humic acids is not significantly different from that
in Hp,O0/atmos. CO,. As was the case with the sulphides of these metals,
antimony behaves in a very different manner from bismuth.
4.8 Summa?y

The results of experimentél studies reported in this chapter,
- which attempt to simulate cénditiohs in nature, leave no doubt.about
the potential of humic acids in mineral degradation. It is possible
_thét the activity of humic acids is greatest where they are generated _
in soils of podzolic affinities, and uﬁder cool temperate} high
raiﬁfall climatic conditions.

The miherals commonly associated wifh ore deposits are, with
few excep;ions;;rapidly attacked by solutions of humic acids. The
resglt of these reactions must be the introdpctién of some
association of humic acids and cations into-the_Qeathering cycle.
It remains in ;he foilowing chapters to investigéte the characferisﬁics

of this association.

EVEY S
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CHAPTER 5

pH AND POTENTIOMETRIC TITRATION STUDIES OF THE INTERACTION BETWEEN
HUMIC ACIDS AND CATIONS

Martell and Calvin (1952) have commented that the reaction of
a complexipg agent with a cation is accoﬁpanied by a decrease in pH.
The extent_qf displ#cement of H* from the complexing agent is a
measure of the strength of the complex formed. This is true only if
the reaction under study is solelf one of complexation. In the case
“of hqmié aéids, the occurrence of ion exchgnge and possibly, in view
of fhe,ébmplexity of tﬁese substances, more obscure phenomena are
likely to complicate the results of pH studies.

When titrations of solutions of metal ions with a base are
'mohitored by pH measurements, the forma#ion of metal hydroxides is
indicated by inflections in the titration curves. In the presence
of an excess of a complexing égént, no hydroxides are formed}and
hence theré are no infléctibns-in the titration'cufves. Use was made
of these two pH depeqdent~techniques to obtain infofmation on the
‘interaction of the Tasmanian samples of humic acids with a number of
cations;;_ |
5.1 PH ﬁaiiation'on interaction of humic acids with cations

The general pH’effect accompanying the interaction between
" humic acids and Qarious cations was investigated in fhe folléwing
manner; Bulk solutions of THA-1 and THA-4 cdntaining 1 g/1 humic
acids were prepared, and adjusted to pH = 4 with NaOH. To_Sd ml
aliquotSvof these were added 2 ml of 100 u'eq/ml solutions of Ag+1,
cat?, co*?, cu*?, Mg*?, nNit2, Pb*2 and zn'2. This-proceduré was
carried out in duplicate and the decreases in the PH values
accompanying‘the interactions were measured. Although use was made
of a Townson 0.00l pH resolution digital instrument and a Schott Mainz

N61 electrode, it would seem that in electrochemical studies,



humic acids display their greatest perversity. The pH of the
‘systems fluctuated widely with time and although the results are
given in 0.0l pH units in Téble 12 it is unlikely that the values
are better than *0.05.

The ?esults suggest thatA§b+2 and Cufz.are mosﬁ strongly bound
to the humic acids whiist Mg+2 is the most weakly b§und of the
divalent metals. Silver, alfhough univalent, is held to the same
degree as Mg+ . For Ca*z; co*2, Mn*2, Ni*2 and Zn*? the pH effects
;ie betﬁeen those for cu*? and Mg+2 and, whilst the order varies,
the diffeiences for each humic acid samplé aré small. The data for
ali metals indicate that the strehgth of cétion binding decreases
in the order THA-1> THA-3 > THA-2 > THA-4 > THA-5. |

5.2 Hydrogen ion and cation balances on interaction of humic acids
and cations

Experiments were carried out with THA-1 and THA-4 to monitor
the hydrqgeh ion ;e1ease and cation retentiqn by these samples of
humiC'acids. in.these experiments use was made of diaiysié tubes |
to separate free from bdund cations. The dialyéis bags, containing
5 ml of 1% (w/v) fHA—l or THA-4 and SIml'of distilléd water wefe
lowered into test tubes containing‘40,ml of distilled watér. The
systéms were allowed 48 hours to reach.equilibrium'and the pH values
were measured.- Next,_2 ml of water was removed ffom each of ;he

test tubes and 2 ml of 100 u eé/ml cation solutions added inside

the dialysis bags. After a further 48 hours the pH values and'metal

-contents of the solutions in the test tubes were determined. The

reservations expressed about pH’measuréments in humic acid solutions

also apply to these experiménts.
The initiai pH values of the THA-1 and THA-4 solutions in

distilled'Hzo averaged 3.30 and 3.31 respectively. This means that

50
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Table 12. DECREASE IN pH ACCOMPANYING HUMIC ACID INTERACTION WITH CATIONS

THA-3

THA-1 THA-2 THA-4 THA-5
Cation ApH Cation ApH Cation ApH C‘at':ion ApH Cation ApH
pbt2 1.04 pb+2 0.93 Pb*2 1.02 pbt2 0.74 pbt2 0.58
cu’? 0.95 cu*? 0.71 cut? 0.84 cut? 0.64 o2 0.53
Nit2 0.74 Nit2 0.53 zn*2 0.66 Nit2 0.41 Nit2 0.35
ot 071 Mn+2 0.52 Ni*2  0.65 co*2 0.40 co+2 0.33
ca*t? 0.68 cot? | 0.51 cot? 0.61 mnt2 0.35 Mn*2 0.31
Mn*2 0.67 zn*2 0.50 mnt2 0.60 ca*? 0.34 cat? 0.30
zn*2 0.64 cat? 0.48 cat? '0.58 znt?2 S 0.34 zn*2 0.27
Mg+2 0.51 Mgt2 ' 0.46 Mgt2 0.46 Mg*? | 0.23 agtl 0.23
ag*! 0.46 agt! 0.43 Ag+2 0.40 agt! 0.21 Mgt2 0.18
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the ionisation of the humic acids released approximately 25 peq H*.
_Alternatively the THA-1 and THA-4 polyanions had available the
corresponding negative sites for cation combination. The final pH
‘and metal content determinations yielded valueé_for the further
displacemgnt of HY on the addition of cations and also the quantity
of metal bound to the humic acids. The average data are given in
Tables 13 and 14.

Table 13. INTERACTION OF THA-1 AND CATIONS: pH, H' DISPLACEMENT
AND CATION BINDING

+

pH after addition Total weq HY* H' in excess of leq cation
Cation of cation N released* ionisation release bound*
pp*2 2.85 70 45 | 86
cut? 2.93 58 33 70
znt2 3.12 . 38 113 _ 30
Nit? 3.12 . 38 , 13 ' 36
ca*? 3.13 38 o 13 38
mn*2 314 36 1 38
cot+? | - 3.6 o | 9 38
Mg*2. - 3.22 30 | 5 | 18
agtl | 3.24 : 28 3 20

*H* and peq cations to nearest 2 ueq

When the pH values and the amount of metal'bouhd by the humic
acids are compéred, no clear relationship befween cation binding and
H' displacement emerges. In the case of THA-1l, which is generally
more effectivé than THA-4 in the binding of cations, the behaviour
of pb*? and cut? differs from that of tﬁe other cations. For these
two, the quantities'bound are greater than the amount of ut réleased
;nd hence a proportion of them must be held by some mechanism which

does not involve bonding to an anionic site. With Ag*l, Ca+2, Co+2,
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Table 14. . INTERACTION OF THA~-4 AND CATIONS: pH, H+ DISPLACEMENT
AND CATION BINDING '

- + + . '
pH after addition Total peq H H 1in excess of pyeq cation

Cation of cation released* - ionisation release bound*
b2 2.78 84 59 70
cut2 2.81 78 . 53 62
zn*2 2.99 52 S 27 _ 20
Nit2 , 2.9 52 | 27 24
Mn*+2 3.01 . 48 23 | 26
cot? 3.01 48 23 22
ca*? 3.02 46 21 14
ﬁg*z ' 3.05 44 _ 19 10
ag*! _ 3.07 ~ 42 17 ; 14

T A :
"*H and peq cations to nearest 2 ueq

Mn+2, Nit2 and Zn+2 the amouﬁt of cation binding approximates to the
H+ displaqed. For Mg*2, the initial ionisation would have ProQided
sufficient sites. That there has been further displacement of H+
on the addition of this-cation indicates that a nﬁmber'of the ionisa-
tion sifesvare unacceptable and that some form of selectivity is operating.
The éituation with THA-4 differs from THA-1, in that for all
cations, the'ambunt bound is less ﬁhan the H+ released as a result of
iﬁteraction. . fhefe is a markéd surplus of H+ and only'fhe amounts of
Pb+2 and Cu'+2 approximately balance the release of the former ion.
For-otherbcationé it appears that none of.the.sites created by.
ioniéatidn‘;re utilised in cafion_binding. The reason for the
differing behaviour of THA-1 and THA-4 probably lies in the structural
arrangeménf.of their functional groups, but with existing knowledge

this must remain a matter for conjecture.
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5.3 Potent%bmefric titration of metals in the presence of humic acids

Nuﬁerous potentiometric titration studies‘have been made of the
possible. complexation of metals by humic substances. Martin and
Reeve (1958) found no evidence for the complexation of metals by
fulvic Acids. Beckwith (1959) however, concluded that humic acids
compléxed méfals and that the stabilities 6f the metal humates-were
in accordance with the Irving-Williams series. Studies by Khanna and
SteQenson (1962), Khan (1969) and Van Dijk (1971) have all indicated
the formation of metal complexes with humic acidé, although Van Dijk
has found that the stability of the complexes do not follow the- |
Irving-Williams series.

In this study, 500 peq of Ag*l, cot2, cu*?, Nit2, Pb*2 and znt*2
in SO ml of 0.1 KC1 (KNO3 in the case of Ag+1) were titrated with
0.1 meq/ml NaOH. These titrations were repeated iﬁ the presence of
an excess of THA-1 and THA-4 (0.2 g). In order to assess the effedts
of adsofption phenomena on the titrations, these were also cérried
out in the presence of 0.2 g MnOj. The potentiometric titrations
were cariiéd out manuélly and the pH values measured with the same
equipment as in the preceding studies. The titration curves that
.were drawﬁ from the results are shown in Figures 12 and 13. The
measurements from whicﬁ these diagrams were produced are given in
Appendix 3;

Thelfitration curves for the cations studied exhibit inflections
in the regions of hydroxide precipitation. 1In Figure 12, these are
4éeen for co*?, Cﬁ+2 and pbt2 at-pH.values of about 8.5, 5.0 and 5.8

+2, ag*l and 2n*? (fig. 13) the respective pH

respectively. For Ni
values are about 8.5, 9.2 and 7.8. Adsorption of the cations on
MnOjy prior to potentiometric titration modifies their behaviour to

varying‘degrees. The presence of MnO; has only minor effect on the
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Figure 12 = Potentiometric titration curves for 500 u eq of (A)
cobalt, (B) copper and (C) lead, alone and in the
presence of 0.2 g Mnoz, THA-1 and THA-4.

v‘tittation-of Ni*t2 (fig. 13A) and 2n*2 (fig. 13C) in that a moderately

strong inflection, wﬁich_indicé;es the formation of hydroxides, is

still present for these cations. For Co+2 (fig. 12a) and cu*?

(fig. 12B) the inflections are less marked in the presence of MnO,,

whereas for pPb*2 (fig. 12C) and Ag+1 (fig. 13B) they are absent.

Whilst the adsorption on Mnoz modifies the titration curves to some

extent, they gll follow the same ‘general path as for the cations alone.
In the case of the humic acids THA-1l and THA-4, the titration

cu?ves éré of'the typical sigﬁdidal form. fﬁis indicaﬁes that' THA-1

and THA-4 titrate in a manner similar to monobasic acids. With the

titrations of the humic acids in the presence of the various cations

there is no development of inflections due to hydroxide formation.
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THA-4/In

: 1‘5

meq NoOM

Potentiometric titration curves' for 500 u eq of (A)
nickel, (B) silver and (C) zinc, alone and in the
ptesence of 0.2 g Mhoz, THA-1 and THA-4.'

Figure 13.

For all cations studied these titration curves are displaced from
the path followed by humi¢ acids alone, as would be expected in the

event of complex formation (MarCell and Calvin, 1952). It is thus

appatent that, although the pH effects attendxng interaction of humic
acids with cations have many obscure features, they confirm that

such interaction is at least in part complexation.
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CHAPTER €

POLAROGRAPHIC STUDIES OF THE INTERACTION BETWEEN HUMIC ACIDS AND CATIONS

Lingane (1941) demonstrated that polarographic analysis could

be applied to the ségdy df metal complexation. Changes in the state
of metal from ionic to complexed, or from one complex to anotherAare'
generally evident in the characteristics of the relevant polarogrgms.
Such chanées are accompanied,by variation in thg position of the half-
'wave_p§teﬁtial (E}) for a particular ;eductiqn and in the value of
the diffusion current (Id) associated witﬁ this évent. The effect

of humic écids on the polarographic reduction of metals thus yields
information on their complexation; Since reduction procésses are
,involved, polarographic studies may also be used to exanmine the
reduction characteristics of humic acids. The high electrolyte
concent;ation ﬁecesSary to c&rry the current in polaroéraphic analysis
cause§ broblems with the solubility of humié ﬁcids. The method can

be applied however, by making use of supporting glectrolytes~;hat

are aikaline; ofganic salts 6f élkali metals or combinations of these;
6.1 Compiekation_of.metals by humic aéids

V-Studies of complexation by humic acids were undertaken by.

carryin§ out polarbgraphic reduction of 1 p mole/ml solutions of

Pb+2, Cd*z‘and cut? in‘the absence and presence of 0.1% THA-1 and
THA-4. The supporting eiectrolYte in ;heléaég of pb*2 and cu*? was

an alkaline solution of sodium citrate (0.1 M NéOH-iM ﬁa3C55507). For the
;Cd+2 study the supporting electrolyte was alkaiine NH,Cl (1M NH,,OH-1M
NH4Cl). Polarograms were recorded by means of Dc.pulséd polarography

using a Bruker E 1000 unit. These are illustrated in Figures 14, 15 and 16.

In the case of pbt2 (fig. 14A) the Ey value in the citrate
electrolyte without humic acids was found to be -0.66 V* with an
Ig value of 3.7 uA. In the presence of both THA-1 and THA-4 (fig. 1 4B)

the Ey and I3 values were respectively ~0.65 V and 3.0 MA.

*All potentials are relative to the saturated calomel electrode.
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Figure 14. Polarograms of 1 u mole/ml Pb*2 in 1M Na3CgHg07~

0.1 M NaOH. (A) Pb*2. (B) Pb*2 & 50 mg THA-1 and THA-4.



—r
o
)
-
P
S—

cd
<
el
c
8 .
5
o‘—
o 1 1 1 .
-0 -10v
107 (B ' cd & THA-1
| « THA=
i —— 4 T THA—-4
<
Q
-~
[y
(.1
tv w—
pos |
.U
’ THA-1
4_————~”":::THA-4
11

-0 . | 10V
Applied voltage

Figure 15. Polarograms of 1 u mole/ml ¢cd*? in I M NHQOH/l M NH,CL.
. (A) cd*?. (B) cat? & 50 mg THA-1 and THA-4.



59 (A)
< .
N - Cu
-
S
[ -t
5
o
0 . ! T g
°02 . : _07 v
54 (B)
<
4
- . ,
e .
w .
b - . L
15 . .
o | | Cu & THA -]
y | o /Cu € THA-4
o 41’%-1
LU = — - THA=-4

=02 ' : o -0-7v
' Applied voltage

Figure 16, Polarograms of 1 u mole/ml Cu+2 .m 1 M Na3CgHs07/

0.1 M NaOH. (A) Cu*?2. (B) cu®? & 50 mg THA-1 and THA-4.

60



61

These minor changes in the characteristiés of the polarographic
waves for the reduction of pbt+2 suggests that the stability constants
of the complexes formed in the presence of THA-1, THA-4 and alkaline
citrate are of the same order of magnitude.

The polarograms for cd*? (fig. 15A) showed that the Ey, value
in the absence of humic acids was -0.75 V and the"Id value was 9.2
MA. In the presence of both THA-1 and THA-4 (fig. 15B) the EL value
was--b.72 V and I3 was 7.6 UA. Since the reduction occurs at a
slightly less negative value in the presence of hpmic acids it appears
that the complexes of ¢d+2 yith humic acids are of lower stability
than th#; formed in the preSehce of alkaline NH4Cl.

with cu*? (fig. 16A), polarographic reduction in alkaline
citrate occurred at an E% value of -0.35 V with an I3 value of 2.9
uAT In the:presence of_THA;l and THA-4 (fig. 16B) no polarographic‘
'wavé was devgloped. It thﬁs appears tﬁat the complexes formed with
humic acids are sufficiently strong to prevent pélarographic
reduction of.¢u+2.
6.2 _keducihg character of humic acids

A numbe; of comments have been made in tﬁe 1iterature_concerning
the reducing properties of humic acids;v“Dragunov et'él.'(lgso)
found reducing'suﬁstances, such as carbohydrates, to be present in-
extracts of humic acids. Koponova (1966) stated that there could be
no certainty that.suCH substances were in fact a éért of the ﬁumic
acid molecule. Gafrels and Pommer (1959) have suggested that lignin
¢ould réduce the uranyi ion toApitchblénde and on this basis Ong. and
‘Swanson (1969) have given a value for the reduc;ion potential of
humic acids at least as low asv+0.447 V: From a stud? of variation
of Ep valué.with concentration of peat humic acids and pH, Szilagyi

(1971) derived by eitrapolation to pH = 0 a value for E, of +0.7 V.
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If reductions of metal ions, which can be studied by polaro-
graphic précedures, Occur at potentials close to the value assigned
to humic acids then it should be possible to estimate the standard
electrode potential of these substances from their effect on the
polarographic reduction of the selected ions. The value of +0.7 V
suggested by Szilagyi (1971) is supéorted.by comprehensive
laboratory studies and it was thus chosen as a basis for polarographic
;nQestigations. This value is slightly less thén'thét for the
~ standard reduction potential of ferric to ferrbus,iron: Fetd3+ e €?=Fe+2
(0.770‘V) and slightly greater than that for the reduction of hexavalent
to quadrivalent uranium: UO'{2 + 4% + 2e2utt +'2ﬁ20 (+0.62 V).

+3 and

- Polarographic studies were thus made~of the reduction of Fe
u*6 in the absence and présence of 0.1% THA-1 and THA-4.
| ‘The polarographic reduction of iron, Fet3-Fe*2 el
can be'sﬁudied in the presence of a tartrate supporting electrolyte.
Polarograms éf the reduction of 1 u mole/ml solutions of iron, in
ammonium:tartrate.adjustédAto pPH = 7 with tartaric acid (0.5 M
(NHH)ZCquOG-CquOé), were recorded in the absenée and preséhcé of
0.1% THA-1 aﬁ_d THA-4. The vreductibn Fe_*?-) Fel usuélly occurs at. a
potentiallmore negative than the discharge of Hfz (-1.6 V) and is
~ thus obscured by this. In the tartrate electrolyte at pH = 7,
however, slow attainment of equilibria for the various tar£rate
complexes present causés the reduction to proauce two waves,vone of
which occurs at a poténtial less negative than the Ht! discharge.
The polarograms for the reduction of irén are illustrated in Figuré'
17. '

In Figure 17A the reduction of Fe+34>Fe+2Ais seen to occur with
E3}; and Ig values of -0.30 V and 2.8 pA respectively. This is

followed by the first wave for the reduction Fet?23 Fel at E1; and

Iq values of -0.88 V and 1.1 uA respectively. In the presence of



THA-1 (fig. 17B) there is ﬁo sign’of the reduction of Fe'? 3 Fet+2
bﬁt the first wave of the reduction Fe*23 Fel occurs with Ex and
I4 values of -0.94 V and 1.8 uA respectively. With THA-4'(fig.l7C)
similar ;esult is apparent and the valueé of E% and I3 are -1.05 Vv
and 179 HA reépectivgly. These resulté indicate that humic acids
: reduce-Fe+3.to Fet?, thus removing the relevant wave from the
polaroéram: The displacement of'Eg values for tﬁe reduction
Fé"'z-) Fel of -0.88 V to -0.94 V and -1.05 V in the presence of TﬁA-l
and iHA—4 réspectively; indicates that the complexes of‘Fe+2 with
humic acids are'more stable than the tartrate complex. Since huﬁic
acids are Cépable of reducing Fet3 it appears that the standard
reduction potential of fhese substances is lower than that for the
" reduction Fet3 + e > Fe*2 of +0.770 V '

FOr.thé study of the polarographic redﬁction of ut6> yt* a
supéorting electrolyte'of alkaline sédiumAcitrafe was used
" (1 M Na3CgHs07-0.1 M NaOH) . Poiarograms for the reduction of uranium
in the absence and presence of THA-1 and THA-4 are illustrated in
Figure 18. 1In the absence~o£ humic acid (fig. 1 8A) polaroéraphic
reductioh océurred with-E%_and_Id values of ;0.93 V and 2.0 uA
respectively. "In the presence of THA-I,(fig. 188)'reduction.occurred
with vélpes for Ey and Ig of -1.11 V and 0.7 uA respectively;' In
the case of THA-4 (fig. iBC) the relevant values of.E%vana Iy were
1.25 v andadfs.uA. This indicates théf_tﬂe standard teduction
potentiél‘ofuhumic acid is higher than that for the;reduction vo32
+ a* 2e 2 U™ + 2H,0 of +0.62 V. It is also apparent that the
.complexes of TﬁA-l and.THA—4 with fhe uranyl ion are stronger than

that with citrate.
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Figure 18. PpPolarogram of 1 u mole/ml Uo32 in 1 M Na3CHs04/
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6.3 Summary
The po;arographic studies described above>§onfirm that one of
the possible interactions between humic acids and metals invoives
complexation. The strength of complexes formed is Qidely variable.
In the investigatiqns of pb*2, cu*? and 0052, thch were undertaken.
in a suéporting electrolyte of alkaline citrate, the strength of
the complexes between Pb*? and humic.acids were of the same order
of magnitudé as the citrate complex.. The complexes of Uozz‘with
humic acids were considerabiy stronger than that‘with citrate whilst
the complexeé with cu*? Qere so strong that they prevénted polarographic

3 +6
and U

. . ) S +
‘reduction. The results of the comparative studies of Fe
are compatible with a standard reduction potential of humic acids of

" +0.7 V, which was calculated'by Szilagyi (1971).
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CHAPTER 7

MISCELLANEOUS INVESTIGATIONS OF THE INTERACTION BETWEEN
HUMIC ACIDS AND VARIOUS INORGANIC SUBSTANCES

A number of procedures are available which<may be used to
provide inforﬁatién about the characteristics of reactions of humic
acids with inorganic substances. In this chapter the attempts;to
make usé of‘X-ray diffraction, electrophoresis, infra-red spectroscoéy,
leaching capabilitiesAof humic acids, reaction kinetic studies .and
comparative stability studies will be aiscussed.

7.1 x-;ay.diffractién

~The. fate of crystalline materials when they react with humic
acids should be indicated in X-ray diffractograms of the reactants
and the products of ény reaction. In a series of experiments_with
hetal hydfoxides and humic acids Ong ét al. (1970) §ﬁggested that
soluble metal was @ainﬁained by the peptisin§ of the hydfoxides.- If
'this'i5~the case, then the‘paﬁterns'for the.hydro#ides should be
observed in X-r&y diffractpgrams of the dried mixture of hydroxides
and humic acids. In order to investigaté the intéraction of humic
acids and hydroxides, 5 mg each of Zn(OHZZand Ni (OH) , were mixed
with 5 ml ofla 1% solution of THA-1 and:agitated fof & period of
three déyéi The solqtions were then driéa ana X~-ray diffraction
patterns obéained'from the resulting powders. Patterns were also
obtained from ph&sical mixtures of 5 mg each of Zn(OH), and Ni(OH)2
with 50 mg of THA-1.

These pétterns are shown in Figure 19. In the case of 2Zn(OH),,
the sharp peaks recorded for the (110) and (101)'p1anes at 20 values
of 20.1° an6‘20,8° respectively (fig. 19a) from the physical mixture

of the hydroxide and humic acids are absent from the sample obtained
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from the solution of THA-1 (fig. 19B). This leaves no doubt that

the interaction between humic acids and Zn(OH), has resulted in
desfruction of the hydroxide to form amorphous zinc humates rather
fhan a pebtising of the Zn(OH),. A similar situation was also found
for the Ni(OH);, with a sharp diffraction from (101) §1anes at a 26
value of 38.5° occurring in the pattern for the physical mixture
-(fig. 19C), whereas for the product of the solution.experiment the
diffraction from these planes is almost absent (fig. 19D). The

weak response which was recorded for the (lOi) planes indicates

that the reaction-had not been completed during the three day period.

The saﬁe type of study was made for metallic lead and thé léad

minerals galena, anglesite and cerussite. The resulting comparative
X-ra& diffractograms are shown in Figures 20 and 21. For metallic
lead the peak produéed by diffraction from the. (111) planes at a 26
value of 31.3° (fig. 20A) is absent from the sample‘which was égitated
for thrge'days with the solution of THA-1 (fig. ZOB).A A similar
resplf'ig seen in the diffraction from the (111) and (021) planes.

of cerussite at 260 values of 24.8° and 25.5° respectively (fig. 20C,
20D) . It is thus apparent that both metallic lead and cerussite have
diséolved_to form_amérphous lead humates.. For anglesite, the
comparativé.diffréction from the (2105 and (102) planes at 28 values
of 26.7°rand 27.7° respectively (fig. 21A, 21B), indicate that this
mineral has not been completely destroyed during the three day
exposure to the solution of THA-1l. 1In the case of galena, the
.diffraction résults from the (111) planes at a 26 value of 26.0°
(fig. 21C, 21D), indicate that this mineral is the least affected

of the lead minerals. These results are in keeping with the relative
vaihes for lead taken into solution by 1 g/1 THA-l in 24 hours, of
291 000, 218 000, 96 000 and 3000, ug/ml from metallic leéd, cerussite,

anglesite and galena respectively (Baker, 1973).
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Figure 19. X-ray diffraction patterns from:

(A) Physical mixture of 5 mg Zn(OH), with

: 50 mg THA-1. .

(B) ‘Reaction product of 5 mg Zn(OH); in 5 ml
1% solution of THA-1 after 3 days.

(C) Physical mixture.of 5 mg Ni(OH), with
(D) Reaction product of ‘5 mg Ni(OH) in 5 ml
1% solution of THA-1l after 3 days.
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20 33° - 26° 24°

Figure 20. x-ray diffraction patterns from:
(A) Physical mixture of 5 mg metallic lead with
' 50 mg THA-1.

(B) Reaction product of 5 mg metallic lead in 5 ml
: 1% solution of THA-l after 3 days. :
(C) Physical mixture of 5 mg cerussite with -

50 mg THA-1. |

(D) Reaction product of 5 mg cerussite in 5 ml
1% solution of THA-1 after 3 days. ‘
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(A) N
(102) (210) (111)
20 28°  26° 21° 25°
Fig&re 21l. Xx-ray dz.ffractzoﬁ patterns from:

" (A) Phgs1ca1 mixture of 5mg angleszte with

50 mg THA-1.

(B) Reaction product of 5 mg anglesite,.in 5 ml
1% solution of THA-1 after 3 days.

(C) Physical mixture of 5 mg galena with 50 mg

(D) Reaction product of 5 mg galena in 5 ml
18 solution of THA-1 after 3 days.
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7.2 Electrophoresis of humic acids in the presence of cations

Elecfrophoresis is an extremely useful iechnique for the
investigation of the interaction between humic acids and cations.
Drozdova and Emel}anéva'(1960),'for example, used this technique to
gtudy the interaction of copper with humic aéidsf In the investigations
 ;eported1ih this section, electrophoresis.was used to éxamine the
interaction between THA-1 and THA-4 and the cations Ag*!, Cco*2, cu*?,
Ni*2, pb*2 and zn*2. The eleétrophoresis WAs carried out on 160 mm
x 20 mm cellulose acetate membraﬂes kith a boféte electrolyte consisting '
of 0.02 M NayB407, adjusted to pH = 8.6 with H3BO,. .

A éoﬁntgr'current technique was hsed in which the humic acids-
were apglied as spots.(ZO Hg THA-1 or THA-4) ﬁear the cathodic end of
the ﬁembrang with excess catioﬂs being applied on the anodic side
of thisvlécation; A é§teﬁtia1 of 200 V was aéplied causing the humic
acids And cationé to migraﬁe through one anofher as the former moved
'to the anode and the latter to the cathodé- Approximaﬁely one hour
was réqui;ed for the humic acids to migrate aboht 60 mm, at which
point electroéhoresis was discontinﬁed. All cations yielded the
same pattern of migration and the appearance of the membrénes before

and after electrophoresis is illustrated in Figure 22.

THA Application
\ “Cation Applncatxon

-[of

*\\\\\\\\\\\\

Position of THA after 1hour

/

Figure 22. Appearance of membranes before and after electrophoresis
of humic acids and cations.
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The spots of humic acids were cut out of the membranes after
eéch run and placed in 0.5 ml of ammoniacal EDTA. This dissolved
the humic acids and the'solutions were analyséd for metal content
be an atomic absbrption carbon cﬂp technique (AACC). The metals
applied #s ;étions were all found to be associated with the humic
acids ag tﬁejanodic extremity of the membranes. The semi-quantitative
data obtaihed by the AACC analyses are given in Table 15. It is
thus apparént that substantial amounts of metal formed complexes of
sufficiently high stability to resist breakddQn under an applied
potehtiél of 200 .V.

Table 15. SEMI-QUANTITATIVE ANALYTICAL RESULTS FOR METALS ASSOCIATED
. WITH HUMIC ACIDS ON ELECTROPHORESIS MEMBRANES.

ng metal associated with 20 ug of

Metal o THA~1 : THA-4
cobalt 250 200
Coppei - 1350 1050
‘Nickel 300 300
Lead . 1650 1200
silver . 450 . 400
Zinc - 400 . 300

7.3 Infra-red spectra of associations’of cations with humiq acids

The infra-red spectra of the Tasmanian humic acid samples were
illustrated in"Chapter'B (fig. 8). Ambngst the absorption bands
recognised was one in the frequency range 1725 tq 1640 cm~! which was
in part due to C=0 stretching of éarboxyiic aéids. The effects of
interactions of cations wiph humic acids on thié absorption band were
investigated by recording ihfra?red speétra of the assbciatiéns of

cut?, Pb*2 and 2n*2 with THA-1 and THA-4.
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The metal humates were prepared by adding 2 ml of a 50 pmole/ml
solution‘of the required éatiqn to 5 ml of é 1% solution of the
humic aéidé. The excess cations were removed by dialysis and the
humates_dried at 40°C. The samples were mixed with KBr in the
proporfipn of 1:400 and pelletised. - The‘infrafred spectra were .
recorded agains; a blank of KBr and these are shoﬁn in Figure 23.
These spectra are seen to exhibit similar features; For all the
metal humates, the absorption in ﬁhe range'1725vto 1640 cm~! has
decreased relative  to its extent’in»the pure hﬁmié acids (e.g.
THA;I/Cu compared with THA-1). | This is apparently due to increased
ionisatidn of COOH‘with the formation of metal humates. 1In addition
the*speétra for the humates show a slight increase in absofption at
-a fréquency of about 1400 cm™} which, accordihg.to Wagner and
Stevenson (1965), is due to the formatién of salts QfAcarboxylic
acids. The infra—red spectra thus clearly show the involvement of
éarboxylic~acid grouPS'ih-the inferaction between humic acids and
cations. | |
7.4 Mefél‘humates as ﬁobile systems in thé weathering cycle
.The'céncept that metal humates, other than those formed with
alkali metals, are of low solubility originated with early studies,
such as those of bdéh (1919), which remains the basis of classification
~of these éubétances. This low solubility is with respect to distilled
Hz0, and the aqtualAvélues found are highly dependent on the means
of prepération of the humates and time of ageiﬂg éf the products
(KononoVé, 1566). In the>naturai envirénment offhumid climates,
fainfall supplies water to a soil lgyer.ih which bacterial action is
"continuaily produéing humic substances. These substances Along with
numerdus other biochemiéals produce a solvent which on iﬁteraétion

with»minerai surfaces forms metal humates.
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Figure 2.3. Infra-red spectra of humic acids THA-1 and THA-4
.and their associations with cu*?, Pb*? and zn*2.
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Whether or not these hgmates are immobile is largely dependent
on their subsequent history. Ip the humidaclimétes they muét be
frequently:in contact with recently generated solvents from_the
organic 1aye¥s of the soil. Experiﬁents were carried out to examine
thg behaﬁidur of metal humates whep exposed to humic acid solutions.
The-meta; humates were prepared by mixing 5 ml of 0.5% solutions
of THA-1 and THA-4 (25 mg) with 5 ml of 0.1 M solutions of Al*3,
cat2, co*?, cu*?, re*3, Mg+2, mn*2, Ni*2, pb*2and zn*2. The
coégulated humates were séparated by centrifuging, mixed with
m;cerated_filter paper and dried for thgee days at 30°C. The dried
pads of humétes were confined between 2 cm pads of compacted.macerated
filﬁer paper, in 5 cm x 2 cm glass columns with'basgs_of sintered
glass. |

The excess inorganic salts were washed from the coluﬁn with up
to 100 ml of distilled H20. In several cases, coloration of the
‘eluant indicafed that the humatés.had'commenCed‘to méve and where
~ this occurred washing was discontinued.  Each humate was leached-with
ten succeééive 10 ml aliquots of distilled H5,0, followed by a like
_ sefies 6f 500 mg/1 solutiops of THA-1 or THA-4. 'These were analysed
for ﬁetgl‘content by AAS. Where_the distilled H»0 eluants showed
soﬁe colour they weréscombined and the éveraée content of huﬁic acids
was détermined spectrophotometrically.v

The résulfs of the experiments are preéented diagramatically in
Figure 24 and the analyticél data on thch_thié is based are given
_ in Appendix 4. All humates, exéeptiﬁg’£hat of A1+3, exhibited
similar behaviour and the léaching paths fall within the shaded areas
of the diagrams, which also record the identitiés of the cations |
providing the extremes of the leaching fields. The humates all
diéplay low mobility in distilled H70 but become highly mobile in
the presence of humic acids. The humates of aluminium are the
exception as these remain of low mobility in both distilled Hy0

and solutions of humic acids. The humates of cat?, co*2, Mg*2, Mnt+?
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556 gifz‘é#%éicficcme;mobilitytih distilled H20 and as can be. seen
frcﬁ'iiéurc'25-cﬁe mctalé in solution shcw an approximace ccrrelatioh
: with-tce';ﬁoun;icf hﬁmic acids presenc; The steeper gradient in the
ccée ofﬂTHA-ﬁfiﬁaicates a higﬁer mobilicy for humates formed with this
SamPle-.Thic'is'consictent'with the relative mobilities of THA-1
.and THA-4 which‘was demonstrated by paper chrométography'aS'
illustiatcd in Figure 7 of éhépter'3. The results presented here
are ih general acreement with earlier studies with 1 g/1 solutions
of THA-1 (Baker, 1973) except for nickel humates. 'In‘the4earliec
studies these were found to‘hace a very high mobility in distilled
HyO0. As chis feature has noc been reproduced,the earlier result
must be considered in error; dce probably to'a.b:eakdown in the
physicél characteristics of the elution system.
'.Since_solcticns.of humic acids:have considerabie effect on
the mobility of humates a studY'Was-made of cations absorbed on
Fey03 and montmorillonite. Solutions of 0.1 M cot?, cu*?, Ni+2,
Pb*2 and zn*? were shaken with 25 mg.of Fezos or.ﬁontmocilionite
| for one hour, after which tﬁé solids.were concentrated by céﬁfrifuging,
washed several times with distilled H20 and subjected tc elucicn
studies by'the‘same procedures as were used for thevhumates. The
results are presented in Figures 26 and 27 and the analytical data
in'Appendi# 3._ It can_be~seen from these diagrams chat, whereas
the aasorbcd cations are relatively immobile in thc presence of
distilled H0, they are rapidly mobiliccd by the-humic acid solutions.
7.5 Reaction kinetic study of the act;;ity of THA-1 |
There do not appear to be any reports of studies cf the reaction
kinetics of the interaction between humic acids'and minerals. In a
éeries of papers Huang and Keller (1970; 1971, 1972) investigated
thé kinetics of reactions between a number of silicates and simple
organic acids. They found that thc dissolution of aluminium,
potassium and magnesium followed a first order reaction whereas the

removal of silicon and iron appeared to be diffusion controlled.

1
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Figure 24. Leaching of a1, ca, Co, Cu, Fe, Mg, Mn, Ni, Pb and zn
Co precipitated with 25 mg of THA-1 and THA-4 by 100 ml H30
followed by 100 ml of 500 mg/l solutions of THA-1 and
THA-4. Elements indicated show maximum and minimum mobilities
in Hy0 and humic acids. Note relative immobility of Al.
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Figure 25. Correlation of metal humates mobilised in distilled
Ho0 with the amount of humic acids present.
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Figure 26. Leaching of Co, Cu, Ni, Pb and Zn absorbed on 25 mg
‘ Fe03 by Hy0 and 500 mg/l solutions of THA-1 and THA-4.
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Figure 27. Leaching of Co, Cu, Ni, Pb and Zn absorbed on 25 mg
montmorillonite by Hy0 and 500 mg/l solutions of
THA-1 and THA~4.
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In this study, investigations were undertaken to find out whether
or not the rapid reactions of many minerals with humic acids, reported
in Chapter 4, were of first order. 1In a first order reaction the rate
of change in concentration is airectly proportional to the concentration.
Thus.if"a"is the initial concentration, and 'a - x' that after a lapse
of time:'t', the inétantaneous rate of reaction is given by:

de-w_a
dt dat

= k (a-x) .ooc‘(l)

where fk"is‘the velocity constant. Integration of (1) to evaluate
'k' yields:

a
a-Xx

k= -t 1n ieea(2)
t .

If thé‘time to_s.is taken as that required for the initial concentration
‘to be reduced by half, in which case x = —;: then substitﬁtion in (2)
results in: | |
in 2 V '
to,s = - » -..>..(3)
Hence the important featuré of a first ordér‘reaction is that the
time required to completé a definite proportion is independent of the
:initialvconcentration.'
Thus a satisfactory test for é’firsﬁ order reaction would be
to monitor its'progress,éfter starting with two different initial
concentrétions. This was applied to reactions of metallicilead,
cerussite and anglesite with 500'mg/i énd‘l g/1 solutioné of THA-1.
The depletion of the humic acid was monitored ﬁy detérndning tﬁe-
amount of lead entering'solutioﬁ'as a result éf reacfion.. The
experiments were carried out with.an arrangement similar to that in
Figure 9 of Chapter 4. The outer'veésel was increased fo 200 ml

capacity to enable use of 100 ml volumes of the humic acids,land_

was placed over a magnetic stirrer to enable continuous agitation



-of the solvent phase. The extraction of lead from thé minerals was
monitorea by taking 1 ml aliquots for analysis by AAS‘ovef a
twelve hour period. During the first hour aliquotslwere taken
every ten minutes and after this éeriod the sampling interval was
first increased to thirty minutes and finally to four hours. The
results are given in Tables 16, 17 and 18 and the graphs drawn
from thesé appear in Figures 28. 29 and 30.

| It is evidenf from Figures 28, 29 and 30 th#t tﬁere is rapid

‘depletion of the humic acids with a resultant decrease in the rate

Table 16. REACTION KINETIC STUDY OF. THE DISSOLUTION OF METALLIC
LEAD BY 1 g/1 AND 500 mg/l SOLUTIONS OF THA-1

500 mg/l1 THA-1l 1 g/1 THA-1
Time ug/ml Pb Total Pb ug/ml Pb Total Pb
(min) in aliquot extracted (mg) in aliquot ~ extracted (mg)
10 % 9.6 - 114 11.4
20 134 13.4 | 184 18.3
0 166 ~ 16.5 244  24.2
40 188 18.6 - . ' 290‘ 28.7
50 207 20.5 : 328 32.3
60 224 - 22.1 375 . 36.8
90 252 - 24.7 - 437 42.6
120 276 26.9 | 472 49.0
150 298 29.0 : 506 49.0
. 180 314 30.4 530 51.2
210 326 3.15 © 548 52.8
240 344 33.1 564 54.2
300 352 33.8 570 | 54.8
360 : 364 34.5 - 576 55.3
480 ‘ 370 35.0 582 55.8

720' 368 35.5 576 - 55.6

81
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'Figure 28.

Reaction rate cmfves for dissolution of metallic
lead by solutions of (A) 500 mg/l THA-1 and (B)
1l g/1 THA-1. k
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Table 17. REACTION KINETIC STUDY OF THE DISSOLUTION OF CERUSSITE
BY 1 g/1 AND 500 mg/1 SOLUTIQNS OF THA-1

500 mg/2 THA-1 _ 1 g/1 THA-1
Time Mg/ml Pb Total Pb ug/ml Pb Total Pb
(min). in aliquot extracted (mg) in aliquot  extracted (mg)
10 | 2 4.2 142 14.2
20 84 8.4 208 20.7
0 o131 13.0 - 264 26.2
40 R | 164 - 16.2 | 292 28.9
50 178 ~17.5 . 312 30.9
: 60 185 18.2 334 : 32.9
90 . 204 20.0 3715 36.8
. 120 2z 20.7 394 38.6
150,: - 220 21.4 - 405 . 39.6
180 220 2.4 . 420 40.9
210 . 228 22.2 432 . 4200
240 - 231 22.4 ' 450 43.6
300 ' 230 22.3 462 45.2
360 _." 238" 23.0 470 - 45.4
480 240 23.2 478 46.1
720 238 23.0 . ama 45.7

lof the reaction. In theory the teécﬁions should never end, but become
asymptotic to the time axis, alﬁhough for all préctical purposes

the humic acids are élmost'totally depleted after twelve hours. From
the amount of lead extracted at Ehis timé the quantity half this

vin value can be estimated, and from the graphs the related to.5 value
'can be obtained. These values are given in Téble 19. It can be

seen from the close agreement between pairs of to.5 values for the

systems investigated, that the reaction of humic. acids with minerals
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Figure 29. Reactipn rate curves for dissolution of cerussite
by solutions of (A) 500 mg/l THA-1 and (B) 1 g/1
THA-1. C
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Table 18. REACTION KINETIC STUDY OF THE DISSOLUTION OF ANGLESITE
: BY 1 g/1 AND 500 mg/1 SOLUTIONS OF THA-1
500 mg/1 THA-1 1l g/1 THA-1
Time wg/ml Pb Total Pb wg/ml Pb Total Pb
(min) - in aliquot = extracted (mg) in aliquot extracted (my)
10 17 1.7 37 3.7
20 34 3.4 64 6.4
30 47 4.6 80 7.9
40 56 5.4 94 9.3
50 | 62 6.0 105 10.4
60 71 6.8 117 11.5
90 82 8.0 137 13.4
120 88" 8.6 155 15.0
150 98 9.1 166 16.1
180 101 9.2 173 16.7
210 110 10.0 184 17.7
240 114 10.2 195 18.7
300 128 11.4- 214 20.3
366 - 134 11.8 220 20.8
-480 147 12.8 236 22.2
149 12.8 240 22.6

appeais‘to be of first order. This is an important result in that

it_validates the extrapolation of laboratory expefiments, which are

of necessity carried out with high concentrations of humic acids, to

the natural environment where solvents are of lower concentration.
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Table 19. Reaction kinetic data for the dissolhtion of lead
»minerals by TiA-1 :

System

Pb extracted at
completion of
reaction (mg)

Half total

. extraction

value (mg)

tg.s value
(min)

Metallic Pb -

500 mg/1 THA-1

Metallic Pb -
1 g/1 THA-1

Cerussite -
500 mg/l1 THA-1

Cerussite -
1 g/1 THA-1

.Anglesite>-

500 mg/1 THA-1

~Anglésite -
1 g/1 THA-1

35.5
55.6
123.0
4577
12.8

1 22.6

17.8
27.8
11.5
22.9
6.4

"11.3

35
37
26
23
55

58

7.6 ‘Stability of the metal humates

87

In'simple cases of metal complexation where the ratio of ligand.

(L) to metal (M) is 1:1 the equilibrium equation is:

"and the equilibrium constant is given by:

M+ L& ML

K = (ML)

T (M) (L)

In reactions involving complexation, the equilibrium.constant is

referred as the stability constant since it is a measure of the

~stability of the complex. Whilst stability constants may be

‘determined for well defined chemical systems, the very nature of

humic acids renders impossible the absolute determination of the

stability of metal humates. Mellor and Maley (1947, 1948) established

that the stability of M*? complexes follows the order Pd>Cu>Ni>Co>Zn>
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Cd>Fe$Mn>Mg irrespective of the nature of the ligand involved. This
work was extended by Irving and William; (1948) and the series given
above is identified by the use of their némeé.

Stability constant values for the metal complexes formed by
the action of humic suﬁstances'have beeﬁ calculated in a number of
investigations. Beckwith (1959) and Kanna and Stevenson (1962)
concluded that the stability of the metal humates followed the
Irving-Williams series. Schnitzer and Skinner (1966, 1967) found
Ehat for metal fﬁlvates the order of stabilities at pH = 5 was:
Cu>Pb>Fe>Ni>Mn = Co>Ca>2n>Mg. They commented that this was at

vv;riance with the Irving-Wiliiams series; particularly with reference
to the high stability.of the fﬁlvates of iron relative to those of
izinc. Gﬁy‘and Chakrabarti (1976) found an‘order of Pb>Cu>Cd>Zn

for complexes of both humic and tannic acids. -

The problem with stability constant data de;erminéd.fo: the
metal complexes of humic substances is thét.they are based on two
averaging‘processes.' Firstly, an. average molecular‘weight is assigned
and; is was noted in Chapter_l, the range is large and the averaging
p;ocgdu;e of dubious validify. Secondly, the humic substanées present
an'afray'of functional groups, each with their own.particular
stability characteristics, which'are.assignéd a value of average

pegformance. _Considerable effort has been expended on the development

of ;n acceptable cohcept of average-stability_conStahts for humic
'gubstanqés (e.g. Macéarthy, 1977). The fact:reﬁéins, however,
that qqité different distfibutions of stability constants could
yield the same éverage value. Furthermore, sinée_the molecular
weight of.the humic substances is not an accurateiy known value,
the numbers which result from the various calculations are not

referable to any standard physiochemical scale. Despite these
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'iiﬁitationé the concepﬁ of average stability constants find wide
usage.within the confines of soil sqience. It is of lesser value
‘in the more general field of geochemistry.
fholo.limithtions suggest that it would be useful to have

séme'measuro, in absolute terms, of the range in~stabi1ity of the
various compleging sites of humic acidé. In tﬁis Study a completely
empiricai_approacﬁ has been made to tﬂis préblém and to date only
preliminary experiments have been carried out. Copper humates were
forﬁed with THA-I and THA-4 and the excess metal rémoved'by dialysis.
Analysis of the humafes revealed that the copper content of the THA-1
an& THA-4 preparations Qere.respectively 2.84 and 2.46 ueq/100 mg.
The:humafes were them shaken with a series of 0.05 M solutions of
éomplexiné agents which‘formed-éopper complexes of varying stability.
The copper released was monitbred by ihtroducing dialysis.bags
cohtaining distilled H,0 into the mixed copper humate and complexing
agent systems, After thfee.days the copper displaced frqm the humic
agids:wa§ analysed by AAS' and the results are given in Téble 20.

_~The‘results indiéate that this approach may prove useful in
‘cqnsiderations of th§ fate of metal humates in‘the geochemical cycle.
On the basis éf thevlimited data available, the copper humates of

. THA-1 and THA-4 appear to exhibit similar patterns of stability.

The complexiné'agents used were restricted by ready availability at
the tiﬁe”of conducting the experiments.i Further studies with a
bettéf graded series are desirable,.particularly in the range of
Lngioxlvbetween 3.4‘and 4.2.wherevthére is a marked increased in
‘the cﬁppef released from_tﬁe humates. It would also be desirable
to check that the literature values for the stability constants of
the selected complexing agents, do not vary under the conditions

of experimentation used in these preliminary studies. From Table 1
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it appecars that most of the éopper.hgld By THA-1 and THA-4 forms
complexes which have a rgnge of stabilit} equivalent to Logloxl
.values of 4 to 6. About 15% of the copper is bound with sufficient
strength to requiro thevaction of EDTA for removal. This is in
keeping with the comments of Nissenbaum and Swaine (1976) who found
A trace metals to be very tenaciogsly held byvmarine humic acids.

Table 20, RELEASE OF COPPER FROM THA-1 AND THA~4 HUMATES BY 0.05 M
COMPLEXING AGENTS -

3 THA-4 THA-1
Complexing Stability ’ - _

agent - constant Cu released Total Cu Cu released Total Cu
(Log)0K}) (Meq) (%) (ueq) (%)
Succinic acid 2.93 0.20 8 . 0.18 6
Maleic acid 3.4 0.22 9 . 0.26 9
Acetylactone 4.2 © 1.04 44 1.18 42
Malonic acid 5.55 1,72 720 - 7 2.12 76
citric acid - 5.9 - 2.00 84 2.36 85

E.D.T.A. - 18.3 . .2.38 97 2.78 98
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CHAPTER 8

THE ROLE OF WUMIC ACIDS IN THE TRANSPORT OF GOLD

The migration of gold in the weathering cycle has been the
subject of many investigations. Conflicting views and experimental
evidence ﬁavé been.adVanced favouring both inorgahic and organic
processes for the solution and transport of gold Stokes (19065
_and others studied the solution of-gold by inorgahic solvents, such
as Fez(SOg)s, which may occur-in nature and found that substantial
solution occurred only invthe presence of cl . Krauskopf (1951,

1967) presented experimental evidence and therrodynamic data for the
dissolution of c¢old as AuCly. ‘Lakin et al. (1974) have suggested

that HCN resulting from-hydroiyéis of naturally occurring cyanoglycosides,
‘which are present in many plants,-éould be-responsible for the mobility
of gold.in soils.

As noted in Chapter 2 (section 2.4) Julien (1872) made a
géneralisgd propésal.that humic acids were activé in the precipitation
of gold in alluvial deposits. Freise (1931) drew attention to thp
facf that some of the gold of Brazilian ailﬁvial deposits was extrenrely
finengraiﬁed and of high purity, in cohtrast with detrital gold which

.contéinedvcépper. The high purity gold often cgrried a brown to black
éoating which was found to be iron humates. This 'black gold’ as it

has been named by prospectots, occurs in many alluvial gold deposits

and has been observed by the writer from the Lisle and Jane River goid

. deposits in Tasmania. Ong and Swanson (1969) have noted the occurrence

of carbonaceous matter with gold in seéimentary rocks from séveral

regions including the Witwatersrand in South Africa and Héllbauer (1975) has
presented a comprehensiVe review of the association of carbon with the

former deposits. It is possible that such carbonaceous matter originated

as humates.
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Freise (1931) also presented experimental eyidence for the
solubiliéy of gold in humic acids and Baker (l§73) confirmed this.
_ The theoretxcal plau51b111ty of the formatlon OL gold complexes
with hum1c ac1ds was established by Shcherblpa (1056) Contrary
views have'been_expressed by Fetzer (1934, 1946) and Ong and Swanson
(1969). The latter investigators proposed that golé is transported
as a coiloid, in a system in which humic acid acts as a reductor and
as a protective colloid. Xrauskopf (19745 accepted this rodel but
also suggested that gold is mobilised as AuClj.

Modern reviews of the transportation of gold,.such as that by
Krauskopf (1974), do not mention any evidence of the potential of
humic acids to form complexeé with gold. Such omissions have
prompted-é further and'more thordugh examination of the interaétion
of gold ﬁith humic acids, involving solution, electrophoresis,
polarographic, solvent extraction and X-ray diffréétion investigations.
8.1 Solubility of gold in humic acids -

The pofentiﬁl of humic'acids to dissolve gold was investigated
“in the following manner; Since it was énticipated that several weeks
of_reaction would be feduired.to bring detectable gold into solution,
the experimental arrangement consisted of six test tubes attached to
a horizontal shaft which could be rotated at 100 rph.l
| ‘with-this.arrangement 2 g of gold haviﬁg a particle size range
of 0.07 mr to 0.15 mm were placed in each of the six test tubes,

.and allowed to react in duplicate with 20 ml of distilled H0, and
500 mg/llsélutions of:THA—l and THA-4 for a periéd of 50 days. The
initial pH and Eh values of thé solutions of the humic acids were
3.7 and +340 mV for THA-1 and 3.4 and +330 mV for.THA-4. These
values are compatible with those of natural solutions between rain
water and bog waters, as giQen by Garrels (1960), and are probably

representative of many soil waters.
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At the completion of the 50 days reaction period the solutions
were filtered through Whatman No. 42 paper and analysed by the AAAC
teéhnique thch allowed a precision of aboﬁt +10 ng Au/ml. The
results, given in Table 21 show average yields of 10, 190 and 336
ng Au/ml for distilled H,0, THA-1 and THA-4 respectivél?, which
indicates considerable mobilisation of gold in the presehce of humié
acids. There was no significant change in the pH and Eh values of
the humic acid §olutions as a result of their reaction with gold.

Table 21. DISSOLUTION OF Au (ng/ml) BY H,0 AT ATMOSPHERIC CO
PRESSURE AND HUMIC ACID SOLUTIaNS (THA-1 AND THA-4;

IN 50 DAYS
~Run No.. 'H,0/C0,, '0.05% THA-1 0.05% THA-4
1 8 200 300
2 1 170 ' 360
3 10 210 320
Average | 10 190 330

8.2 Electrophqresis study of gold mobility

| As was seen in Chapter 7 (section 7.2) electrophoresis can be
used to stuéy complexation of cations by humic acids. To apply the
technique in this study it was necessary to impregnate the electro-
phoresis membranes with a confined spot of gold. This was achieved
by applying, in succession, 5 ul drops of solutions of 1% SnCl2 and

1 mg Au/ml as HAuCl4 (5 ﬁg Au) af equivalent points of four 100 mm x
20 mm membrane strips. After excess reagents were leached away by
leaving the membranes in a large volume of distilled H20 for 24 hours
there remained spots of precipitated gold. Blank membranes were
treafed'in the same manner, with the 6mission of the HAuCll+ application.
Before use, the membranes were soaked in a borate buffer of 0.02 M

NayB407 adjusted to pH 8.6 with H3BO3. A 1% THA-1 solution (pH 3.2)
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was applied as a 5 ul drop (50 ug THA-1) on the cathodic side

of the gold spot on two of the membranes and in an equivalent
position on the two blanks. AA eiectrophoresis céll was set up with
tﬂefborate buffer and the membranes carrying géld, THA-1 and gold
with THA-1 were subjected to eleétropporesis at a potential of 300 Vv
for 15 minutes. The runs were made in dupliééte. One set of
membranes was used for analytical purposes'Whilst the other was kept
as a record of ﬁhe eleétropho;etogfams which are illustrated in
.Figure'31._
The comparative gold contents of the humic acid_froﬁts and the
équivalent site‘fo; the gold ruﬁ were determined by AACC analysis

of 1 'mm sections of the membranes. The analyses reveal that the front

(A) — | % : - 10 ng Au +

- o \
(8) ® _ | .<5 ng Au +
€ — SCae = 550 ng Au -+ | +
Tt 1
THA-! Au Sampled
Application section
Figure 3.1. Electrophoretograms of (A) Au, (B) THA-1 and (C) Au

with THA=-1. Au contents of sampled membrane sections
. as indicated. '
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on the gold with THA-1 membrane contains 550 ng Au, which is far in
excess of the 10 ng Au in the equivalént position of the membrane
carrying gold alone. A small amount of gold (<5 ng), which is near
the detecﬁion limit, was found in the blank membrane and this is
believed to be a contaminant acquired during the leaching of excess
reagents from the membranes. The high content éf‘gold inbthe sample
from the ﬁembrane carrying gold with THA-1 suggests that the mgtal
has been mobilised as complexes with the humic acids.

8.3 Pblarographic_investigations of the association of gold with
humic acids

In 6rder to study the poiarographic reduction of Au+3 a

supporting electrolyte of 1 M NaOH appeared to be the only choice
which offered a well developed polarographic wave for gold, and also
ensured solubility of the humic acids. Using this system, polarograms

were recorded for the reduction of 10 ug Aut3 /ml in the absence and

presence of 50 mg THA-1 by means of pulsed DC polarography. The Au(OH)j§

complei was stable in NaOH for seyeral hours but eventually ﬁhe
formation of colloidal gold was indicated by the appearancé of a
red-blue colour in the solution. For this reason polarograms were
recorded as soon as the solutions had been prepared and flushed with Nj
and again after a period of 24 hours. The resulting polarograms

are shown in Figure 32.

In Figﬁre 32A the polarographic reduction of Au+3 is seen to
occur wifh-a half-wave potential of -0.53 V (vs SCE) and a diffusion
current of 8.2 yA. The residual current in this case is near zero.
Reduction in the presence of THA-1 is shown in Figure 32B whiéh

reveals that for this system the half-wave potential has moved to
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-0.75V and the diffusion current has decreased to 3.6 yA. There

is a small residual current due to the electrolytic prbperties-of

the humic acids. This change in wave characteristics is cleaf
evidence of the complexation of gold by humic acids.. The large shift
of the half-wave potential of -0.22 V in the presence of THA-1
indicates tﬁat the average stability constant of the complexes of
gold with the humic acids is greater than that of Au(OH),. Figure
32C shows the results of repeating the poiarographic.reduction of
Aut3 jn NaOH after 24 hours. The half-wave potential remains at
-0.53 Vv althoughithe presence of colloidal gold has caused a sharp

increase in the residual current. Since the concentration of Au+3

has been decreased by the formation of colloidal gold, the diffusion
current has fallen to 3.2 pA. The polarogram of Aut3 in NaOH with
THA-1, repeated after 24 hours, was found to be identical with
Figure 32B;. Thus in the presence of THA-1l, complexes with gold have

formed which remain stable and prevent the formation of colloidal gold.

- 8.4 Solvent extraction studies of gold complexes

Shcherbina (1956) suggested that the complexes of gold with

humic acids are stronger than AuCly and possibly of similar strength

to Au(SCN)j. This was investigated by examining the extraction of
10 ug Au/ml as AuClh and Au(SCN)T into amyl methyl ketone in the

absence and presence of 50 mg THA-1. 1In the absence of THA-1, 90%
6f the AuClj and 85% of the Au(SCN)j were extracted in two minutes.
With THA-i present the extraction of AuClp decreased io 30% whereas

that of Au(SCN)% remained at 85%. The lower extraction of AuCliy

could be due to the displacement of Cl~ by humic acids to yield
stronger non-extractable complexes with gold. Alternatively since

the oxidation potential of the humic .acids is less positive than
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that of AuCl;, reduction to metallic gold would aiéo cause a decrease
in the extraction. In the case of Au(SCN)y, the fact that humicvaéids
have no effect on the extraction is an indi¢ation that the stabilities
of tﬁe4thiOCyanate complex and those with humic acids are of ﬁhe
same order of magnitude.

8.5 Xx-ray diffraction investigation of the association of gold with
humic acids '

As was seen in Chapter 7 (section 7.1) X-ray diffraction offers
a means of investigating the fate of chemical compounds and minerals
when they afe associated with solutions of humic acids.

In an association of gold with humic acids the metal may exist.
as a dispersed colloidal phase or as some form of complex. Provided
that fhe association contains sufficient gold to be detected by X-ray
diffraction it should be possible to distinguish between these two
possibilities. It was found that when 1 mg of colloidaily dispersed
gold was dried in the presence of 100 mg of humic acids, the Au(1lll)
planes yieided a sharp diffraction peak. The results of the solution
experiment however, indicate that the time required ﬁo produce such
high contents of gold in humic acids, underlcopditions approacﬁing
thoée in nature would be extremely long.

A concentred associatién of gold with humic acids was produced
by mixing 2 mg Au as HAuCl, with 20 ﬁl of 1% TﬁA-l. The solution
was adjusted to pH =.5 with NH,OH and ib mg of KMnOu were added to
ensure the dissolution of the gold. After shaking for 24 hours the
humic acids were precipitated by the addition of Al;(S04) 3,
separated by centrifuging and dried. The gold conteh£ of the residual
solution was less than 0.1 mg/l whereas analysis of the dried humic
acids revealed a gold content of 0.9%.

The gold humates and the colloidal dispersion of 1 mg Au in

100 mg THA-1 were examined by X-ray diffraction. The resulting
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diffractograms are illustrated in Figure 33. It is apparent from
the strength of the diffraction by the Au (111) planes that the metal
~ is present only in the physical mixture with THA-1. The reaction of
gold wiﬁh the solution of humic acids produced an amorphous complex |
of the metal.
8.6 Summary and discussion

The possiblé means of gold transport in the weathering cycle
include ionic, colloidal and organic complexation. The low contenﬁ
of gold in river water, stated by Fischer (1966) to be 0.002 ug/1,
.§tevents direct assessment of these possibilities. Ionic and colloidal
transpért require that gold enters the hydrosphere largely as AuClK.
Krauskopf (1967) has sho&n that AuClE can be produced duriné weathering
of a gold bearing ore body. The conditions necessary for this to
occur are that both H' and c1” are present, with one of these in
relatively high concentration and in addition on oxidising agent,
such as MnOjy, must also be present. As Krauskopf (1967) points out,
guch c§nditions occur rarely and reﬁﬁlt only locally in appreciable
tran#port of gold.

'Ongbahd Swanson (1969) have éalculated the theoretical
concentration of Qold in river water from mean composition values
(LiQingstoné, 1963)'and equilibrium constant data for the various

vpossible ionic gold séecies (Martell andjsilleﬁ, 1964). The maximum
value obtained of 107 (0.006 ﬁg/i) is compatible with the
concenfrationvg;ven‘by Fischer (1966). At pH 4 the~dominant species
-was found to be AnClE_wheréas at pH 9 it was AuOE. This presents

a problem at the lower pH since, as Baes and Mesmer (1976) indicate,

Au+3 roduces more stable species than au+l and, in the presence of
P

' .
the latter valence state, disproportionation reactions of the type :

3 Aux-z'é Aux; + 2Auo + 2x" will occur. If the stable species is
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gy s,
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Figure 33, X-ray diffraction results for (A) 1 mg.colloidal Au in

physical admixture with 100 mg THA-1 and (B) 1 mg Au
as HAuCl, reacted 24 hours with 10 ml 1% THA-1 in
presence of KMnO,, .
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AuCl;, then the theoretically possible concentration of 10-17M

1 as calculated by Ong and Swanson (1969) indicates that the observed
concentration cannot be explained in terms éf this ion. Baes and
Mesmer (1976)_have also noted the exiétence of the neutral complexes
‘AuClj, Au(oa)g; Au(OH)Cl, and Au(OH) 5C1 which, with solubilities of
the order Of‘lO-s.SM (0.6 ppm), would more than adequately solve the
concentration problem. However since AuClj is stable only ét pH >2
and also, for the reaction: Au(OH)j + 3+ 3e.aiPAuo + 3H26,

AG =-5.8 x 10S joule/mole (-140 k cal/mole), it is unlikely that
these species would occur under natural condiéions. The formation
of the very stable'Au(CN)E ion by.the action of byanoglycosides could

explain the gold uptake by plants but, as Lakin et al. (1974) comment

Au(CN) 2 would have limited mobility due to the rapid hydrolysis and
enzymic destruction of the CN™ ién in nature. Thus the mobility éf
gold in the weathéring cycle does not appear to.be adequately explained
in terms of inorganic complexes of gbld.

| There is no doubt that the molecular weight range of humic
substances,_estimated by Dub#ch and Mehta (1963) to be in the range
~ of 2000 to 300 000, demaﬁds that a large proportion of such molecules
are of colloidal size. Colloidal phenomena ha&e been observed by
"Ong and Swanson (1969) in experiments with gold and humic acids. These
"investigators founé that AuCly was reduced to éolloidal gold in the

- presence of humic acids which were also found to act as a protective
coiloid for the gold sél'so formed. As a result_of’such observations

a colloidal model of éold mobilisation in the weathering cycle was
proposed. Although‘the reducing groups of humic acids are capable

of prodﬁciné colloidal goid from AuCI; the problem of concentrétion
“of the former ion remains. Also, given sufficient residence time in

an environment with an excess of humic acids, it is likely that the
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complexing groups of these materials will react with colloidal gold
to pfoduce complexes of the metal.

The results of experiments reported above clearly indicate the
coﬁplexation of gold by humic acids. The gold solubility in the
presence of 500 mg/l1 humic acids; which was up to 300 ug/1 is'far
_in excess éf that found in rivér water (0.002 ug/1l). An organic
complexatiqn model could thus readily explaiﬁ the observed gold
~solubility_in the hydrosphere. Although analytical resfrictions made
it necessaty to carry out.experimental work at higher~concentrations
than‘those in nature, the results are believed.to be applicable to the
mobilisation of'gold. In the experiments the concentiation of humic
acids Qas kept well in excess of gold, as is the case in the natural

environment. Whereas the content of humic substances in river water
| is highly variable, a value of only 5 ug/ml (bpm) would be in excess

- 6
of gold by the order of 10 . From a more general point of view,

 Reuter and Perdue (1977) have shown that complexation of trace metals
 in river waters by humic substances can be significant even in the
presenée‘of‘high ekcesseﬁwof major cations.

~‘The concept that gold cannot be complexed by humic acids
derives from the fact that comple#ation involves oxidation, and that ..
humic acids have been generally(qonsidered‘redﬁcing agents. Although
reducing conditions occur in areas of peat formation, such conditions
are>not necessarily due to the presence of ﬁumic acids nor do they
apply uﬁiversally to interfaces between soil and rock. The Eh values
of the 506 mg/1 preparations of humic acidé, which are of. the order
>of +300 mv, indicate that these are not strongly reducing in chafacter;
Waters such as these, which contain atﬁospheric oxygen, would be'
relatively common in soil profiles where.free drainaées exists. Szilagyi

(1971) made a comprehensive study of the redox characteristics of
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suspensioné ofvpeat humic acidé in Hy0 and derived a value for Eo
of +0.7 V. Shcherbina (1956) has noted that the redox potential of
complexes of gold decreqsés with their increasing stability. Thus for
reactions of the type: AuXy + 3e éAuo + 4x where X is respectively
cl”, Br and SCN~ the Eo values are +1.00 V. +0.86 V and +0.66 V. 1If
the stability of the éomplexes of humic acids with gold is near that
of Au (SCN);, as suggested by Shcherbina (1956) .and supported by the
solvent éxtraction results, it is possible thatvoxidation of gold caﬁ
occur under natural conditions.

Dfaeger and Lauer (1967) have noted that almost 70% of the earth's
land surface ié covered by forest or grassland. The sulphide'deposits
carrying gold, from which AuCl; may be,readily generafed,(occupy an
insignificant proportion'of this surface. It therefore seems plausible
that a substantial amount of gold, which has its origin as a trace
element iﬁ the lithospbere, is mobilised by soﬁe.process other than
the fofmation of Aucl;. Hﬁmic acids, origin#ting through microbial
action in the products of degeneration of the extensive vegetation
cover,lappears_well éuited to such a role. Since they are present in
- soil water from the time of formatidn of the interface between soil
and roék, they could-generate complexes of humic acids with gold
by reactioﬂ with traces of the metal. Such édmplexes of'goid are
not subject to the problems of stability and solubility, to the same

degree as ionic or -colloidal gold, and they could migrate readily

in the hydrosphere.
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CHAPTER 9
GENERAL SUMMARY AND CONCLUSIONS.

The effects 6f humic acids onlnoh—silicate minerals and the
characteristics of the metal humates,.which were investigated by
a number of procedures, have been discussed in this thesis. The
humic acids studied were extracted from north-western and western
Tasmanian soils of podzolic affinities. A large proportion of the

organic matter of these soils is humic acids which are relatively

‘'mobile as is general for occurrences of these substances in podzols
~ (Kononova, 1966). The chemical data that were acquired with the

available equipment reveal that the Tasmanian samples, although from

soils of podzolic type, have a range.in composition and optical
properties different from the podzol (sensu strictu) of the Northern
Hemisphere. Possibly some future detailed chemical sfudy may provide
interesting daté on the relationships between Tasmanién indigenous
flora and the humic acids which result from their decay.

There can be no doubt about the aggressive capabilities of the
humic acids in the weathering cycle. Since the writer's interests
are in the field of applied geochemistry the majority of studiesvhave
been concerned with the minerals of economic deposits. Most sulphide
minegals are more rapidly degraded than silicates by humic acids.

Iron and manganese oxides together with numerous secondary minerals
produced during the oxidation of an ore body are particularly vulnerable.
These féatures of the activity of humic acids may expléin the poor
development of gossans in Tasmania during the current erosional cycle.

In a number'of localities, sulphides may be seen to be weathering at

the surface with little evidence of oxides or secondary minerals

being developed. Apparently the rate of solution is sufficiently

rapid for the metals to pass into solution as humates. It is likely



thAt the few substantial developments of gossans in western Tasmania
were produced during a past erosional cycle. Since the glaciation of
the Pleistocene, Tasmania has had a cool, wet temperate climate and
it is under these conditions that humic substances are probably
most active. Their activity is likely to-preseht a serious»problem
in geochemical prospecting. In circumstances where the chemical
aqtivity exceeds the physical removal of weatheréd pfoducts and
consequential exposure of new ﬁaterials, secondary dispersion patterns
may be weakened or entirely obliterated by removal of the trace metals
from the profile as mobile humates.

Over twenty years ago Schatz et al. (1954) suggested that
complexation was an active weathering process and that possibly humic
substances were complexing agents. Little notice was subsequently -

taken of this proposal and in fact, to the contrary, it was suggested

‘that since humic substances were reducing agents they could not complex

metals because this process involves oxidation (e.g. Ong and Swanson,

1969). -The stddy of solubility of pure metals in humic acids reveals

that these substances must be far more active as complexing agents than

_ as reductants. Szilagyi (1971) determined an Eg value for peat humic

acids of +0.7V which is more positive than has been generally accepted.

Ong and Swanson (1969), for example suggested a value of less than
+0.447V. The polarographic studies of Fet3
the higher value which was assigned by Szilagyi (1971). The study of

gold reported in this thesis demonstrates that this metal may be

complexed by humic acids. The gold solubility shows that in the

presence of humic acids the normal reduction potential for autd + 3e —

Aau® of +1.42V must be decreased to a value of less than +0.7V. Since

-

the presence of thiocyanate, for example, causes a decrease to +0.66V

and Ufs are consistent with
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there is no reason to expect that naturally occurring complexing
agents cannot achieve the same result.

In view of the rapid dissolution of iron in humic acids and the
. f;ct thaﬁ silicates are attaéked, it is pertinent to consider the
fate of coﬁcrete‘structures. From a stuéy of Portland cement it
was found that this material released 5.3 mg Ca to a’l g/l solution
of THA-1 dﬁring a period of 24 hours. This suggests than in an
environhenﬁ where humic acids are active i; would be essential to make
use of profective drainage, to ensure a reasonable'life expectancy
for éoncrete piping or foundations.

Several papers (Ong and Bisque, 1968; Ong and Swanson, 1969;
QnQ et al., 1970) havg stressed the importance of colloidal propérties
of humic. acids in the weathering cycle. Experimental studies, such
‘as those of Ong and Bisque (1968), which show that interactions
between humic acids and cations are compatible with‘thg Schulze-
Hardy rule and DLVO theory ére generally carried out at far higher
electrolyte concentrations than are found in nature. The observed
colloidal phenomena are the result of the rapid neutralisation of
ﬁegative charges on.the humic acids by the presence of a high concentration
of cations; This ﬁechanismAéf interaction is restrictéd to estuarine
and minerai spring environments or to regions Qhete human pollution
pro&ides an excessively high supply of cations. Tﬁe writer takes the
view that whilst aggregates of molecules of humic acids range into
colloidal dimensions, the major activity of these substances is by
means of complexation.

In nature, an équeous solvgpt~carrying a relatively high
concenfration of humic substances (possibly up to 500 mg/1) which is
generated in the soil layer, percdlates along the interface between

soil and rock. Hence the reactions which occur are not the result of
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a colloidal response to the presence of a high concentration of cations,
but rather éne of a solvent acting on solid mineral surfaces. Thi§
>resu1ts in the gradual removal of cafions-from the lattices of
minerals by a complexation mechanism. Some of the complexes are
dispersed in the hydrosphere at concentrations well below those likely
to give riée to colloidal instability whilst other§ remain temporarily
in the soil. The study of leaching by hﬁmic acids shows that.in weﬁ
temperate climates the continual generation. of solventé in the soii
will ensure eventual migration of most humates. Only aluminigm humate
appears to be resistant to transport and this is in keeping with the
suggestioq by Harden and Bateson (1963), Grubb (1970), Petersen (1971)
and others that humic substances are active in removing componeqts
other thah alqminiuﬁ, in bauxite formation.

The evidence from potentiometric titrations, polarography,
electrophoresis and infra-red spectra independently support the view
‘the complexatioh is an important.mechanism in the interaction between
humic subétances‘and cations. This does hoﬁ exclude such other
phenomena as salt formation and adsorption which also cbntribute to
the.associatiqn. Complexation reactions are often of first order and
‘as has been shown for sévefal lead minerals the interactions of humic
acidélfOIIOWéd first order kingtics. This suggests that extrapolatioﬁ
from the laboratory to nature can be undertaken with reasonable certainty.

The‘uitimate‘destination of much of the humic substances generated
6n the -land must be the seas. The average total discharge from the |
major rivers of western Tasﬁania, of’which a‘typical example is shown in
Plate I, is of the order of 3.0 x 1010 m3 annually.from an_aggrégate
catchmenp of about 20 000 km?. Even with an estimate for the
~average cont;nt of humic substances as low as 5 mg/l1 the resulting
quantity delivered to the sea each year is 150 000 tonnes.

Given that the formation of an ore body may be the result of several
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Plate 1. Franklin River - a typical example of the
drainage waters of Western Tasmania.
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stagés of concentration, it is possible that the ability of‘humic
acids to transport ﬁetals may be an important eérly eventﬁ In
restricted areas, the excessive weathering of existing ore bodigs

and disperééd mineralisation in the presence of humic substaﬁces‘

may resqlt in'higher than average metal concentrations being
developed in swamps, estuaries and near shore marine eﬁvironments.
Whilst these are unlikely to represént’economic‘sources of metals

.at ;his'stage they are undoubtedly associations from which subsequent
pioqesses could produce ore bodies. Thus a cycle may eﬁist in which
the humic éﬁbsténces érevent,the wide dispefsion of metals which

. would be likely to occur if transport was largely an ionic phenomenon.
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APPENDIX 1

'ANALYTICAL DATA FOR THE REACTION OF MINERALS

~ “AND METALS WITH DISTILLED H,0 IN EQUILIBRIUM
WITH ATMOSPHERIC CO,, HUMIC ACIDS,

SIMPLE ORGANIC COMPOUNDS AND DISTILLED H

IN THE PRESENCE OF A CO

20

2 ENRICHED ATMOSPHERE

LY
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Table 1. REACTION OF MINERALS WITH DISTILLED H,0 IN EQUILIBRIUM
'WITH ATMOSPHERIC COy. (H,O/ATMOS. COy)

_ Element ug/ml metal in solution
Mineral determined __after 24 hours
o ' .Run-1 Run 2 Average

Galena . PbS . P 1.2 0.9 1.1
Bornite . CugFes; - . Cu 1.8 2.2 2.0
Séhaletite Zns _._ - Zn 1.3 1;8' ;1.6

' ‘Pyrite . Fes. o Fe 0.7 1.0 0.9
Légllingite. FeAsS | _ . Fe ' 0}9 1.3 1.1
.Eismuthinitg  81253 - Bi 0.8 0.5 0.7
Stibnite - SbyS3 sb o.é} . 0.3 - 0.3
Hematite = Fe,03 :  Fe 1.2 1.0 1.1
Magnetite ~  Fe30, : Fe 1.8 2.2 2.0
Pyrolusite MnO, [  Mn 3.0 3.6 3.3
Azﬁritev<‘ : cu3§oa)2(¢o§)2 ‘Cul 4.5 3.8 4.2
'Anglesite | inSoq o " pb , '3;2 2.7 3.0 -

"Calciﬁél  cacoy ca - 12.4 14.0  13.0
Dolomite icafug)cog “Ca}‘ 4f5 5.2‘ 4.9

e Mg 5.4 6.1 2.7

-9
.
w

Magnesite Mgo03 = ' Mg 3.8 . .4.7
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Table 2. REACTION OF MINERALS WITH 500 mg/1l SOLUTION OF THA-1
IN H,O/ATMOS. COy.

, . . Element ug/ml metal in solution
" Mineral determined after 24 hours
' ’ Run 1 Run 2 Average

Galena. . PbS Pb 56.6 48.1 52.4

aornife_ : CusFeSy . Cu f' ©23.7 24.7 - 24.2
'sphalerite “zms. Zn 2.4 2.7 2.6
pyrite  FeS; Fe 5.0 4.3 4.7
Lﬁéllingiteﬁ Fes, | Fe  103.4. 99.4  101.4
Bismuthinite BijSj | Bi sa.8 3.3 a1l
Stibnite 1 | 'sbyS; | : Sb 3.1 2.4 2.8
Hematite . Fey03 o Fe '11.2v 12.0 11.6
ﬁagnetite Fe30, -Fe 15,4 11.9 10.7
Pyrolusite - MnO, ‘Mn 27.3  31.5  29.4
Azurite  Cuy(OH)2(C03), Cu 458.0 424.0%  441.0
Anglesite ébsoq : _ Pb 1120.0 1104.0% 1112.0
calcite Caco3 ca  319.0 376.0% 348.0
Dolomite (Ca,ﬁg)COg. \ 'Ca}'  157.0 143.0%  150.0

o " Mg 116.0 110.0* 113.0

Magnesite ‘MgCO3 ' . Mg - . 20.0 22.5 21.3

*Estimated from a 3 hour run



Table 3. REACTION OF MINERALS WITH 500 mg/1l SOLUTION OF THA-2
IN HZO/ATMOS. coz.
Element ug/ml-métal in solution
Mineral ‘determined after 24 hours
Run 1 Run 2 Average
Galena Pbs Pb 33.8  26.4 30.1
Bornite cﬁsFesq Cu 16.7  22.5 19.6
Sphalerite ZnS Zn 2.0 2.2 2.1
Pyrite . FeSy Fe 12.7. 11.1 11.9
Loellingite Feész Fe 56.0  65.0 60.5
Bismuthinite Bi;S3 Bi 46.0 . s5.2 50.6
Stibnite SbyS3 Sb 8.8 10.4 9.6
Hematite Fey03 Fe 3.3 4.3 3.8
Magnetite Fe30y _Fe 24,5 17.4 21.0
Pyrolusite MnO» Mn 17.7 13.3 15.5
" Azurite Cu3(on)2(co352 Cu 249.0  234.0%  242.0
Anglesite PbSOy, Pb | 478.0  534.0%  506.0
Calcite CaCOg3 Ca 221.0 234.0* 228.0
polomite (Ca,Mg)CO3 Ca} 100.0°  100.0%* 100.0
Mg | 76.0 74.0*  75.0
Magnesite Mécdg, Mg 17.7 19.5

18.6

*Estimated from a 3 hour run
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Table 4. REACTION OF MINERALS WITH 500 mg/l SOLUTION OF THA-3
"IN HyO/ATMOS. CO,.

L Element Hg/ml metal in solution
‘ ‘Mineral determined “after 24 hours
L Run 1 Run 2 Average
Galena PbS Pb 8.1 7.5 7.8
Bornite 'Custesg Cu 19.2 23.6 21.4
Sphalerite. - 2nS Zn 2.2 2.4 2.3
Pyrite | FeSj Fe 2.5 2.3 2.4
',Loellinéifeh FeAs, Fe 27.8  23.4 25.6
Bismuthinite BijS3 Bi 24.4 206 2.5
stibnite SbaS3 sb 1.5 1.2 1.4
) Hematite;“ Fe,03 ‘Fe 1.4 1.8 1.6
Magnetite  Fe3Oy Fe 2.8 2.6 2.7
_ pyrolusite . MnO, Mn 12.5  10.2 11.4
Azurite cug(ony2(c03)2 cﬁ 195.0  215.0% ‘295'0
Anglesite Pbso, . 1136.0 1088.0% 1112.6_”
calcité Ccacos. | ‘ca. 297.0 222.0%  215.0
 Doi§mite’ (Ca,Mg)CO3 - Ca}‘ 77.0 82.0% 80.0
: Mg 46.0 = 50.0*  48.0
 Magnesite MgCO4 Mg ' 8.4 8.8. 8.6

_ *Estimated from a 3 hour run
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Table 5.

REACTION OF MINERALS WITH 500 mg/l SOLUTION OF THA-4
IN HyO/ATMOS. CO,.
, Element Hg/ml metal in solution
Mineral determined after 24 hours
: Run 1 Run 2 Average
Galena PbS Pb 26.5  24.4 25.5
Bornite CusFeSy Cu 23.5 $27.3 25.4
_Sphaletiﬁe" . ZnS Zn i.7 2.1 1.9
Pyrite FeSy Fe 2.0 1.7 . 1.9
Loellingite  FeAs, Fe S 25.5  22.5 24.0
" Bismuthinite -Biés3' éi 28.8 42.3 40.6
StibniteA -s52s3' 'sbg- : 4.2 3.5 3.9
‘Hematite ‘Fey03 Fe 1.9 1.7 1.8
Magnetite Fe30y ‘Fe 7.0 6.4 6.7
'Pyr§iusite Mo, - Mn 23.8  25.9 24.9
Azurite .  Cugz(OH) » (CO3) 5 Cu - 295.0 289.0%* 292.0
Anglesite PbSO,, Pb © 610.0 570.0¢ * 590.0
calcite - Caco; ca 256.0 243.0%  250.0
 bolomite (Ca,Mg)CcO3 - Ca} 114.0 110.0* 112.0
: ~ Mg 103.0.  94.0%  99.0
ﬁagﬁeéiﬁe _M§C03 Mg | 17.3 18.2 17.8

*Estimated from a 3 hour run
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Tablé_G.'

IN HyO/ATMOS. CO.

REACTION OF . MINE’RAIS WITH 500 Mg/l SOLUTION 'OF THA-5

" ug/ml metal in solution

- j Element
Mineral determined “after 24 hours
: : Run 1 Run 2 Average
Galena PbS Pb 20.0 18.2  19.1
_ﬁornite OusFesg‘ Cu 22.9- 25.1 24.0
Sph#Lerite Zns Zn 1.7 2.1A 1.9
) Pyrite FeS, Fe 5,9. 8.4 7.2
Loellingite  Fehs; ) Fe 43.4  40.4 41.9
Bismuthinite  BipSj - Bi 37.0  40.9 39.0
'lsﬁibni£év  35253 sb . 0.8 0.6 0.7
Hematifei» v_Fe203. Fe 5.7 7.7 6.7
Magnetite Fe30y ' Fe 6.2 8.6 7.4
Pyrolusite MnO, Mn. 12;3 10.8 11.6
A;uxice.' Cu3 (OH) 2 (CO3) » cu 166.0 157.0% 162.0
Anglesite ébso;' Pb 332;0 334.0%  333.0
Ca;cite. caco3 ca 199.0  208.0¢  204.0
Dolomite (Ca,Mg)CO3 Ca} 70.0  66.0*  68.0
- | Mg 63.0  57.0%*  60.0
_négﬁesite . MgCo3 1.4 - 11.0 © 1.2

*Estimated from a 3 hour run
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‘Table 7.

" REACTION OF MINERALS WITH 500 mg/l SOLUTION OF SALICYLIC
ACID IN H,O/ATMOS. CO;.
S | Element ug/ml metal in solution
Mineral determined after 24 hours

' ' Run 1 Run 2 Average

’Galena PbS Pb 13.§ 15.3 14;6.'
Bornite | CusFeSy cu 36.5 28.4 29.5
Sphaierite ZnS Zn | . 1.5 1.7 1.6
Pyrite Fes, Fe . 1.0 1.2 1.1
. Loellingite  FeAsjp Fe | 70.4 6?.6 69.0
Bismuthinite BipS3 | Bi 2.7 2.2 2.5
Stibnite sbzés sb p.i 0.1 0.1
Hematite Fe,03 Fe 1.4 1.6 1.5
uaqnetiﬁe Fe30y - Fe 9.4 8.8 9.1
_Pgroiusite-' MnO, Mn B 58.0  62.6 0.3
Azurite Cu3 (OH) 2 (CO3) 2 Cu = 608.0 544.0* 576.0
Anglesite PbSOy : Pb  280.0 263.0% 272.0
Calcite Caco3 ca 496.0 474.0%  485.0
polomite = (Ca,Mg)CO3 cé} 212.0 = 202.0* ' 207.0

‘ Mo .

Magnesiﬁe- MgCO3 ‘Mg 20.6 = 18.8  22.3

*Estimated from a 3 hour run
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Table 8. 'REACTION OF MINERALS WITH 500 mg/l SOLUTION OF CITRIC

ACID IN H,0/ATMOS. CO,.

Element

44.6

_ ﬁg/ml‘metal in solution
Mineral determined ~__after 24 hours
‘ ' Run 1 Run 2 Average
Galena PbS Pb 17.3 19.2 - 18.3
Bérnige CusFeSy Cu | 56.1 64.6 60.4
Sphaleri;e. Zns 2n | 1.2 1.6 1.4
Pyrite | FeS, Fe 1.7 1.3 1.5 -
Logl;iégite'. FeAs - Fe 60.4  65.2 62.8
Bismuthinite' BisS3 Biv N | _>26.9 55.0 26.0
Stibnite SbyS3 sb 0.2 0.3 0.3
. Hematite Fey03 Fe 1.7 1.5 1.6
'Magﬁéfite- Fego; Fe  37.0  35.3 136.2
Pyrolusite = MnOj Mo 50.6  48.0 49.3
Azurite cug(on)z(cog)é cCu 1498.0 1539.0% 1518.0
Anglesiiej  PbSOy Pb  467.0 4é§.o* 477.0
célcigé Caco3 ca 995.0  960.0%  978.0
Dolomite (Ca,Mg)CO3 - Ca}‘- 420.0 411.0* 416.0°
o » Mg) 355.0 . 325.0%  340.0
_Magnesite:_ M§c03 Mg | '47.21 45.9

*Estimated from

a 3 hour run
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Table 9. REACTION OF MINERALS WITH 500 mg/l SOLUTION OF GLYCINE
IN Hy0/ATMOS. CO3.

 Magnesite

o . Element ug/mi metal in solution

- Mineral determined ___after 24 hours =
Run 1 .Run 2 Average
Galena PbS- Pb 1.5 1.9 1.7
Bornite.;' CusFeSy Cu 75.8  80.2 78.0
sphalerite Zns Zn 1.5 1.2 1.4
Pyrite Fész Fe 0.8 1.0 0.9
Loellingite  Fehs, Fe 1.4 1.2 1.3
Bismuthiniie Bi,S3 . Bi 22.8 20.9 21.9
Stibnité SbyS3 sb 0.5 0.8 0.7
Hémétité.. Fe03 - Fe vo.é 1.3 1.1
o ﬁégnétite. Fe30y fé 2.1 1.8 2.0
Py;olusité Mnoé' ﬁn 6.5 8.4 7.5
Azurite " Cug (OH) 5 (CO3) Cu  794;9 786.0%  795.0
Anglesite  PDSO, 1S 187.0  173.0%  180.0
calcite CaC03 ca | 80.0  86.0%  83.0
Dolomite (Ca,Mg)CO3. Ca} 18.0  14.0%*  16.0
Mgf 22.0 16.0*  19.0
MgCO3 Mg 7.7 6.2 7.0

' *Estimated from a 3 hour run
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‘Table 10. REACTION OF MINERALS WITH 500 mg/l SOLUTION OF ALANINE
' IN H,0/ATMOS. CO,. '

Element ug/ml metal in solution
Mineral determined after 24 hours
Ru_n 1 Run 2 Average .

. Galena PbS Pb 2.4 1.8 2.1
Bornite CusFe54 _ Cu 7.0 7.4 7.2
Sphalerite ZnS Zn 1.6 1.2 1.4
Pyrite _FeSz. Fe 1.1 0.8 1.0
Loellingité  Fehs, Fe 1.4 1.7 1.6

" Bismuthinite BiySj Bi 4.8  12.6 13.7
Stibnite SbSs Sb 0.4 0.2 0.3
ﬁemétité_ Fe,03 Fe 1.4 1.6 1.5
Hagnet§te Fe30y ' Fe 2.3 1.9 2.1
.Pyrélqsite ~ MnOy Mn 3.4 3.8 3.6
' Azurite ' Cu3(0H) 2 (CO3) 2 cu 132.0  138.0% 135.0
Angieéite' PbSOy, - Pb 196.0 1190.0*  190.0
Célcité  - CaCO3 - ca 54.0 ss.o#. 56.0
odlpmitél (cang)cogf Ca} . 14.0 14.0% 14.0

~ : : Mg 19.0 17.0*  18.0
Magnesite MgCo3 Mg 5.2 5.9 5.6

- *Estimated from-a 3 hour run
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Table 11. REACTION OF MINERALS WITH 500 m/gl SQLUTION OF
CATECHIN in Ho0/ATMOS. COj.-

ug/ml metal in solution

N Element :
Mineral - determined after 24 hours
: - Run_l Run 2 Average
Galena PbS Pb 5.6 4.8 5.2
Bornite CugFeSy ‘Cu 9.4 10.1 9.8
Sphale:ite'A‘ zns Zn 1.4 1.7 1.6
Pyrite- FeS, Fe 1.2 0.8 1.0
Loellingite  FeAs, Fe 9;4 'é.e 9.0
sismpthinite ‘BisS3  Bi - - 35.0 37.4 36.2
Stibnite 55233 Sb. 1.0 0.8 0.9
vHemafite ’ Fe,03 Fe 1.6 1.2 1.4
M;gnetitg.’ ‘ Fe 304 Fe.T 3.8 3.2 3.5
‘pyrolusite MnOy’ Mn. 7.8 8.6 8.2
Azurite Cu3(og)§f¢og)2. Cu 188.0  192.0% 190.0
Anglesite PbSég Pb 244.0  218.0* 231.0
calcite cacoy ca 116.0 102.0%  109.0
Dolomite . (Ca,Mg)CO3 Ca} 45.0  38.0%  42.0
o : , ‘Mg 51.0  43.0%  47.0
Magnesite :fMgcog Mg 7.8 é.z 8.0

' *Estimated from a 3 hour run
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‘Table 12. . REACTION OF MINERALS WITH 500 mg/l SOLUTION OF FRUCTOSE
- IN H20/ATMOS. CO.

- ‘ Element ug/ml metal iﬁ solution

Mineral determined after 24 hours '

Run 1 Run 2 Average .
Galena PbS Pb 1.8 1.4 1.6
Bornite | Cu5Feng Cu 2.6 1.9 2.3
sphalerite ZnS | zn 1.6 1.4 1.5
Pyrite FeS; Fe 0.6 0.9 0.8
‘Loellingite  FeAs; Fe. 1.3 2.1 1.7
Bismuthipite . BipSj Bi ‘8;9  7.6 8.3
stibnite  sbyss Ssb 0.3 0.4 0.4.
Hematite | Fe203 ‘Fe 1.0 1.3 1.2
Magnetiﬁe Fe30y4 Fe | 2.4 | 2.1 2.3
Pyrolusite MnO, ‘Mn 4.3 6.2 5.3
Azuriﬁe- Cu3(OH) 2(CO3) 5 Cu ' 5;0 6.0% 5.6
Anglesite ; PbSOy - | ‘Pb | 148.0 138.0% 143.0
‘calcite caco; ca 52.0. 58.0*  55.0
Dolomite (Ca,ug)éos Ca} 10.0  12.0*  11.0
. - Mg 17 19.0*  18.0
Magnesite = MgCOj Mg 4.6 4.2 4.4

*Estimated from-a 3 hour run
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Table 13. REACTION OF MINERALS WITH H,O IN THE PRESENCE OF CO,

ENRICHED AIR.

(28 ml CO, v 0.025 g HUMIC ACID).

ug/ml metal in-solution

_ : Element
Mineral determined after 24 hours
Run 1 Run 2 - Average

Galena PbS Pb 4.2 5.1 4.7
Pyrolusite Mno, Mn 4.4 3.9 4.2
Calcite caco; ca 51.5 54.3  52.9
. Dolomite (Ca,Mg)CO3 Ca 8.8 9.2 9.0
Mgi{ - 6.4 6.7 6.6
Magnesite . MgCO3 Mg 5.2 5.8 5.5




Table 14. REACTION OF METALS WITH 500 mg/l SOLUTIONS OF THA-1 AND
' THA-4 AND HoO/ATMOS. COj.

pg/ml metal in solution after 15

Solvent Metal minutes extraction by humic acids
' Run 1 Run 2 Average
THA-1 Iron 38.7 48.8 43.8
. Copper- - 32.0 " 36.6 34.3
Lead* 106 67 87
Zinc -70 74 72
Bismuth 12.4 16.5 14.5
Antimony 27.5 31.5 29.5
THA-4 Iron 25.2 28.2. 26.7
Copper 23.7 27.5 5.6
Lead* 74 56 65
Zinc 45 52’L: 48
pismuth 5.0 5.1 5.0
Antimony - 26.0 28.1 27.1
HzO/Atmps;- Iron 1.4 1.2 1.3
CO» ' . - '
Copper 0.1 0.1 071
Lead* 24.2 21.3 22.8
' Zinc 0.3 0.3 0.3
Bismuth 0.1 0.1 0.1
_Antimony 27.8 28.5 28.2

" *Metal extracted in 5 ‘minutes.
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APPENDIX 2

pH DATA FOR HUMIC ACID INTERACTION
WITH CATIONS



Table 15. DECREASE IN pH ACCOMPANYING ADDITION OF 200 U eg CATIONS

TO 50 ml  1g/1 SOLUTIONS OF HUMIC ACIDS INITIALLY AT pH = 4

138

pH value after addition of

Humic Run : -

acid No.  ag*! ca*? co*? cu*t? Mg*2 Mn*?  Nit2  pp*t2  znt2
THA-1 1 3.50 3.36 3.25 2.97 3.45 3.30 3.21 2.98 3.33
2 3,58 3.28 3.33 3.13 3.53 3.36 3.31 2.94 3.39
Av.  3.54 3.32 3.29 3.05 3.49° 3.33 3.26 2.96 3.36
THA-2 - 1 . .3.59 3.49 3.52 3.32 3.48 3.49 3.52 3.03 3.46
2 3.55 3.55 3.46 3.26 3.60 3.47 3.42 3.11 3.54
Av.  3.57 3.52 . 3.49 3.29 3.54 3.48 3.47 3.07 3.50
THA-3 1 . 3.62 3.38 3.40 3.13 . 3.55 3.45 3.34 2.94 3.32
2 3.58 '3.46 3.38 3.19 3.53° 3.35 3.36 3.02 3.36
Av..  3.60 3.42 3.39 3.16 3.54 3.40 3.35 2.98 3.34
THA-4 1 3.8l 3.68 3.55 3.38 3.73 3.62 3.58 3.27 3.63
‘2 3.77 3.64 3.65 3.38 3.81 3.68 3.60 3.25 3.69
 Av.  © 3.79 3.66 - 3.60 3.36 3.77 3.65 3.59 3.26 3.66
‘THA-5 1 - 3.78 3.64 3.69 3.48 3.77 3.7l 3.6l 3.45 3.74
2 3.79 3.76 3.65 3.46 3.87 3.67 3.69. 3.39 3.72

Av.  3.77 3.70 3.67 = 3.47 3.82 3.69 3.65 3.42

3.73




Table 16. pH AND FREE CATION DATA AFTER ADDITION OF 200 | eq CATIONS
‘ TO 50 ml OF A 1 g/1 THA-1 SOLUTION AND DIALYSIS FOR 2 DAYS

‘Cations not held by THA-1

Cation PH (4 eqg/ml)
Run 1  Run 2 Average Run‘ 1l ' Run 2 Ajerage
vAg+1 3.26 3.22 3.24 3.58 3.64 3.61
Cat2 3.09  3.17  3.13 332 3.20  3.26
co*2 3.14 = 3.18  3.16 3.20  3.30 3.25
cut? 2.93  2.93 2,03 2;64 2.60 '2,62'
Mg+2 3.24  3.20  3.22 3.64  3.68 3.66
Mn+2 3.12  3.16  3.14 3.22 - 3.28  3.25
T 3.13 3}11_ 3.12 324 3.32 328
pb*Z' 2.85 2.84  2.85 2.28. fxé.ze 2.27
zn*2 '3.14  3.10  3.12 3.36  3.42 3.39
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Table 17. pH AND FREE CATION DATA AFTER ADDITION OF 200 yu eq CATIONS
"TO 50 ml OF A 1g/1 THA-4 SOLUTION AND DIALYSIS FOR 2 DAYS

Cations not held by THA-1

Cation - | PH . (u eq/ml)

" . Run 1 Run 2 Average Run» 1 Run 2 Average
agtl .~ 3.09 3.05 3.07 3.76  3.70 3.73
ca*? ;'i» 3.00 3.0  3.02 . 3.68  3.74  3.71
co*tz 3,01 3.01 - 3.0 | 3.50  3.60 3.55
cu*2 . 2.80 »2.8§ 2.81 2.74  2.76 2.75
Mgtz 3.05'A 3.05  3.05 3.82  3.76 3.79
Mn*2 3.00 3.02 3.01 3.54  3.42  3.48
Nit2 ', 2,98 ©3.00 0 2.99 3.50  3.54 3.52
pb*2 2,78 2.77  2.78 . 2.60  2.64 2.62.

zn*2 | 2.99  2.99  2.99 3.60  3.64 3.62
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APPENDIX 3

POTENTIOMETRIC TITRATION DATA

-
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Table 18. POTENTIOMETRIC TITRATION OF 50 ml OF 4 g/1 SOLUTION
' OF THA-1 AND THA-4 (0.2 g) BY 0.1 meq/ml NaOH.

meq NaOH ‘pH values

added THA-1 THA-4
o 2.97 2.85
0.1 R 3.22 3.04
0.2 ~. - 3.53 3.30
0.3 o 3.93 13.56
0.4 4.46 3.84
0.5 . | 4.98 - 4.23
0.6 ,. o 5.55 4.61
0.7 | 6.26  5.02
0.8 o T.22 , '5.5;.
0.9 ‘ 8.12 6.08
1.0 A . 8.80 6.84
1.1 - - 9.52 | 7.87
1.2 | A - 10.24 8.77
1.3 : f  10.73 ) 9.53
1.4 . 11.02 ©10.15

1.5 ‘ . 11.18 ©10.59




. Table 19.

POTENTIOMETRIC TITRATION OF 50 ml OF 10 U eq/ml VARIOUS

' CATIONS WITH 0.1 meq/ml NaOH

meq NaOH'added

pH values
agtl cot2 cut? Nit2 pbt2 zn*2
0" 3.18 3.04 3.05 2.89 3.03 2.90
0.1 8.99  5.03  4.95 3.09  5.15 3.56
0.2 9.35  8.37  5.03  3.34 5.5  7.55
0.3 10.00 = 8.50 5.12  3.65  5.98 . 7.77
0.4 10.69  8.65 5.41  4.02 10.20  7.87
0.5 11.03  9.02 10.36  4.30 10.32 '8.03
0.6 11.22 10.53 10.96  5.04 10.89  8.40
0.7 11.33  11.01 11.16 - 5.78 11.15  9.66
0.8 11.43 11.22 11.30  6.67 11.29 10.67
0.9 11.52 11.35 11.40 7.21 11.40 11.01
1.0 11.58 1;.44 11.48  7.63 11.48 11.19
1.1 11.64 11.53 11.55 8.16 11.55 11.32
i,é_-. 11.69 11.60 - 11.61 §.69 11.61  11.42
1.3 11.73 11.65 11.66  9.39  11.66 11.50
1.4 11.77  11.70 11.70  10.00  11.70 11.56
1.5 11.79- 11.74 . 10.54 11.74 11.62

11.75
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Table 20. POTENTIOMETRIC TITRATION OF 50 ml OF 10 U eq/ml VARIOUS
~ CATIONS IN THE PRESENCE OF 0.2 g THA-1 WITH 0.1 meq/ml
NaOH o ' :

. pH values
agt! cot? cut? Nit2 pbt2  gzn+2

meq NaOH added .

[¢ 2.88  2.89  2.77  2.89. 2.76  2.91

0.1 | 3.06  3.10 2.91  3.09  2.91 3.09
o,;- - 3.32 3.36  3.09 3.3  3.09  3.33
0.3 364 3.67 3.8 3.65  3.30  3.63
0.4 . 4.02  4.05 3.51 4.02  3.54  3.95
0.5 4.4 4.47  3.79 4.30  3.89 4.35
0.6 4.96 5.03 4.17 5.04  4.40  4.87
0.7 | 5.60 5.73  4.74  5.78  5.27  5.53
‘0.8 . 6.33  6.62 5.5  6.67 . 6.24 6.38
0.9 731 7.26 6.57  7.21 7.03-"_5.99
1.0 8.0  7.68 7.14 7.63 7.5 7.38
1.1 8.60 8.09 7.57 8.16 ° Vefzsj 7.84
L2 f ':9.30}, 8.50  8.20  8.69 8.86  8.40
1.3 979 9.07 . 8.95 9.39  9.51  8.87
1.4 10.20 9.88 9.5 10.00 10.08  9.31

1.5 _ ~10.57 10.35 10.10 10.54 | 10.31 9.67




Table 21. POTENTIOMETRIC TITRATION OF 50 ml OF 10 u eq/ml° VARIOUS

CATIONS IN THE PRESENCE OF 0.2 g THA-4 WITH 0.1 meq/ml

_ NaQH k
meq NabH‘added - _pH values - :
_ Cagtl . co*2 cut2 C Ni*2  pb*2  znt?
o 2.82 2.78 2.72  2.73  2.67  2.76
0.1 2.96. 2.90 2.85  2.90 2.8  2.92
0.2 3.18 3.08 3.01  3.11  2.96  3.13
0.3 3.40 3.30 3.17  3.35  3.12  3.36
0.4 3.64 3.55 3.3¢  3.61 . 3.32  3.60
0.5 3.96 3.82 3.53  3.86  3.53 4.17'
0.6 - 4.24 4.13 3.74 4.19 3.7 4.52
0.7 4.57 4.49 4.03  4.55  4.07 4.9l
0.8 4.89 4.82 4.35 4.98  4.54  5.37
0.9 5.22 5.30 4.81 5.45 5.20  5.97
i.0 6.08 5.81 5.39  6.00 5.97 6.63
R 6.91 6.46 6.11  6.74 . 6.82  7.23
1.2 7.58 7.20 6.83  7.35  7.48 7.84
1.3 8.24 7.64 7.47  8.03  8.12  8.31 .
1.4 9.09 8.35 8.01 8.65  8.58  8.67
1.5 9.27 8.64  9.05 9.07 = 9.06

9.54
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Table 22. POTENTIOMETRIC TITRATION OF 50 ml OF 10 v eg/ml VARIOUS
' CATIONS IN THE PRESENCE OF 0.2 g MnO, WITH 0.1 y eq/ml

NaOH
meq NadH added pH values

o Ag+1 cot?2 cut? Nit2 pbt2 ont2

0 3.22 3.38 3.19 3.55 2.86 3.63
0.1 4.04 4.45 3.71  5.20  3.75  5.50
0.2 - 5.50 6.03 4.56 7.27 4.80 7.00
0.3 7.63 7.10 5.19 7.87 6.05 7.42
0.4 8.96 7.81 5.56 8.28 ‘7.59 7.79
0.5 | 9.89 8.22 7.25 8.67 9.67 8.11
0.6 10.54  9.49 9.46 9.60 10.45 8.84
0.7 10.88 10.15 . 10.49  10.51  10.93 9.67
0.8.  11.09 10.66 10.84 10.88 11.13  10.40
0.9 11.23 10.93 11.13' 11.11  11.27  10.80
1.0 11.34 11.12 11.27 11.26 11.39 11.07
1.1 11.43 11.25 - 11.37 11;37 11.48 11.25
1.2 11.50 11.34 | 11.46 11.46 11.55 11.37
1.3 i1;57 11.43  11.54 11.54 11.61  11.46
1.4 - 11.62 11.50 11.59° 11.60 11.67 11.54
i}s 11.67 11.56 11.65 11.72 11.61

11.65
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APPENDIX 4

~ DATA FROM ELUTION STUDIES OF |
METAL HUMATES AND ADSORBED CATIONS
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Table 23. ELUTION OF VARIOUS METAL HUMATES PREPARED FROM 25 mg THA-1 ~
" WITH 10 ml ALIQUOTS OF DISTILLED H,O FOLLOWED BY 10 ml
ALIQUOTS OF A SOLUTION OF 500 mg/l THA-1

Metals leached from humate (ug/ml)

Type and No.

of aliquot Aa1t3 ca*2 co*t2 cut? Fetd Mg*2 Mn*t? Nit2 pp*t2 gpt2
H0 1 1 2.0 2.4 2.2 0.8 1.0 2.2 2.4 0.8 0.7
2 1 2.0 2.4 2.2 0.8 1.0 2.1 2.4 0.8 0.5
3. <« 2.0 2.2 0.7 0.8 0.8 2.1 2.3 0.7 0.5
. ""  <1. 1.8 2.2 0.4 0.7 0.8 2.0 2.3 0.6 0.2
5 <1 1.6 2.2 0.3 0.5 0.7 1.8 2.2 0.2 o.1
6 <1 1.6 2.1 0.2 0.5 0.6 1.8 2.3 0.1 ‘\Qil_
7 <1 1.4 1.8 0.1 0.3 0.6 1.4 1.5 <0.1 0.1 4
8 <1 1.2 2.1 0.1 0.1 0.6 0.8 1.2 <0.1 <0.1
9 . - <1v 1.2 1.5 0.1 <0.1 0.6 0.8 1.2 <0.1 '<0.1
10 a4 1.2 1.5 0.1 <0.1° 0.6 0.5 1.2 <0.1 <0.1
THA-1 1 <1 . 9.0 9.1 15.9 ‘3.2 3.0 3.8 10.3 60.0 13.1
'2  o <1 5.5 7.7 7.8 2.7 2.4 2.7 10.3 52.7 11.4
3  ;_ < 3.2 6.1 4.3 2.7 L5 2.7 8.5 28.0 8.5
4 - <1 2.9 4.8 2.8 1.8 1.2 1.6 7.6 19.7 6.5
5 . <1 2.6 4.0 2.5 -1.8 1.2 16 6.5 155 5.6
e _<i 2.6 3.5 2.0 1.3 1.0 1.6 6.5 15.7 4.6
7 a 2.4' 3.6 2.1 6.9 1;0" 1.4 5.6 12.4 4.5
8 a 2.2 3.2 1.8 0.9 1.0 0.5 5.3 11.4 3.7
o <1 2.2 2.7 1.4 0.9 0.7 0.5 s,o: 0.4 3.5
10 <1 2.2 25 0.9 0.9 0.7 0.5 4.4 9.3 3.5

THA-1 in final
HyO aliquot R - . _ :
(ug/ml) . <2 55 50 @ <2 <2 52 25 45 <2 <2
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Table 24. ELUTION OF VARIOUS METAL HUMATES PREPARED FROM 25 mg THA-4
WITH 10 ml ALIQUOTS OF DISTILLED H,0 FOLLOWED BY 10 ml
ALIQUOTS OF A SOLUTION OF 500 mg/1 THA-4

Metals leached from humate (ug/ml)

Type and No.

of aliquot a1t3 ca*? cot? cut? Fetd mMg*2 Mnt2 Nit2 ppt2 Zn+2»
H0 1 1 1.6 2.3 0.5 1.6 1.2 3.0 2.2 3.1 0.8
2 1 1.4 2.1 0.1 1.5 1.2 3.0 2.0 2.4 0.7

3. 1. 1.4 2.1 <0.1 1.5 1.0 2.6 1.8 1.0 0.3

4 1 1.4 2.0 <0.1 1.4 1.1 2.8 1.8 0.6 0.3

5 4 1.2 1.8 <0.1 1.6 1.1 2.8 1.8 0.4 0.2

6 a4 0.8 1.8 <0.1 1.3 0.7 1.6 1.2 0.4 0.2

7 <1 0.8 1.2 <0.1 0.7 1.0 1.4 0.9 .0.4 <0.1

8 <1 0.6 1.5 <0.1 0.4 1.0 0.8 1.2 0.2 <0.1

9 <1 0.6 1.5 <0.1 0.2 0.7 0.8 1.0 0.1 <0.1

10 <1 0.6 1.5 <0.1 0.1 0.7 0.5 1.2 0.1 <0.1
THA-4 1 <4 6.3 12.1 13.0 3.8 3.4 9.6 12.0 43.5 14.7
2 <1 5.0 12.1 11.6 3.3 2.8 7.1 10.3 39.3 12.8
3« 3.1 8.2 8.0 2.3 2.3 4.7 6.2 28.0 7.8

4 <1 2.5 5.9 5.8 1.9 1.7 3.8 4.4:'20.7 5.6

5 4 2.1 4.1 4.5 1.5 1.5 3.00 3.5 16.6 4.6

6 o« 1.9 3.5 3.7 1.9 1.2 2.7 2.9 15.5 3.6

7 1.7 2.9 3.3 1}4 1.2 2.5 2.6 12.4 3.3

8 '._ a4 1.7 2.9 3.2 1.0 1.2 19 2.3 114 2.6

9 <1 1.4 2.4 2.7 1.1 0.9 1.4 2.1 10.2 2.8

10 <1 - 1.3 2.1 2.4 1.2 1.0 1.6 2.1 10.2 2.2

'THA-4 in final
H,O aliquot : :
(vg/ml1) <2 14 22 <2 <2 25 12 17 <2 <2
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Table 25. ELUTION OF CATIONS ADSORBED ON 25 mg Fep03 WITH 10 ml

ALIQUOTS OF DISTILLED H»O FOLLOWED BY 10 ml ALIQUOTS OF
A SOLUTION OF 500 mg/l1 THA-1 OR THA-4

o and No. Cations leached from Fe,03; (ug/ml)

of aliquot cot? cu*? Nit? pbt+? Znt2
HoO0* 1 : 2.7 2.6 1.4 5.2 2.1
2 2.6 2.2 1.2 4.8 2.1

3 L 2.6 . 2.2 1.2 5.1 2.0

4 2.2 2.0 1.4 3.6 1.8

5 2.1 1.7 1.3~ 3.0 2.2

6 . 2.2 1.6 0.9 3.2 1.6
7. 1.8 1.3 0.9 2.1 1.8

8 1.4 1.3 0.6 2.0 1.4

9 1.4 1.5 . 0.3 ‘1.8 1.2

10 1.6 0.9 0.3 . 2.0 0.6
THA-lF 1 : ' 12;6 17.3 12.0 .49.7 16.7
2 6.6 9;6 4.7 19.8 8.8

3 | 2;9 5.5 2.6 9.3 4.6

4 2.0 | 4.0 1.5 7.2 3.4

s 2.1 3.2 0.6 5.4 3.0

6 1.9 3.2 1.2 4.1 2.0

7 2.1 3.4 0.8 3.0 2.4

8 1.6 2.6 0.8 3.5 1.8

9 1.2 2.8 0.s 2.0 1.6

10 1.4 2.8 . 0.6 2.4 1.6
THA-4 1 6.4 17.6 12.0 43.5 14.7
2 10.0 8.4 5.3 20.7 9.2

3 7.4 5.2 . 3.2 11.4 4.9

4 4.6 4.9 2.4 7.2 3.4

5 3.6 3.2 2.8 5.6 2.6

6 3.6 3.8 1.6 4.8 2.2

7 3.4 2.6 0.8 3.2 2.8

8 3.8 2.2 1.0 3.2 2.0

9 3.2 2.4 0.6 3.0 - 1.6

10 3.2 2.0 0.8 3.4 1.0

*Averages of H,0 runs preceding THA-1 and THA-4
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Table 26. ELUTION OF CATIONS ADSORBED ON 25 mg MONTMORILLONITE WITH
10 ml ALIQUOTS OF DISTILLED H,0 FOLLOWED BY 10 ml ALIQUOTS
OF A SOLUTION OF 500 mg/l THA-1 OR THA-4

Cations leached from montmorillonite (ug/ml)

Type and ‘No. .. ,
of aliquot . -Co*Z cu*? Nit2 pbt? zn*2 -

Hpo* 1 0.8 1.4 2.9 1.4 2.4
0.5 - 0.6 2.6 1.4 2.4

0.5 0.3 1.3 1.2 1.6

c4 0.2 0.2 0.8 1.2 1.2

5 0.2 0.1 0.6 1.2 0.8

6 0.2 0.1 0.3 1.3 0.3

7 <0.1 0.1 0.2 N 1.0 0.2

8 ,. <0.1 0.1 0.1 0.8 | 0.2

9 <0.1 0.1 <0.1 0.8 0.2

10 - <0.1 0.1 <0.1 0.8 0.2

THA-1 1 9.8 15.9  13.2 52.8 14.?
| 2 4.5 - 7.8 | 6.8 33.1 9.2

3 2.6 4.3 3.5 18.6 4.9

4 18 2.8 2.6 13.5 2.9

5 1.6 2.5 2.0 12.4 . 2.6

6 '7_ 1.6 2.0 1.8 10.4 2.2

7. 1.5 2.1 . ls 9.3 2.0

8 1.4 1.8 1.2 7.3 2.2

9 1.1 1.4 1.2 6.2 1.6

10 o 1.4 1.2 5.2 1.2

THA-4 1 12.2 18.0 12.0  49.7 15.4
2 6.5 1.1 6.2 25.9 8.2

3 3.8 6.0 3.8 13.4 - 4.9

4 2.3 3.6 2.6 9.3 5.4

5 1.5 2.8 1.8 7.2 3.0

6 1.5 2.4 1.5 6.2 2.6

c7 1.3 2.4 1.6 6.5 1.5

8 1.5 1.4 1.2 4.2 2.0

9 1.0 1.2 1.2 4.8 1.3

10 1.0 1.2 1.2 3.3 0.6

*Averages of Hy0 runs preceding THA-1 and THA-4



