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Abstract \

The physicochemical properties of peat fibre, peat moss and two processed
forms of peat moss were studied The properties examined included thermal analysis
(by TGA and DSC), IR spectroscopy and the zero point of charge From DSC
analysis 1t was found that the 1gnition point for the peat materials occurred at about
200°C Above this temperature there were three exothermic peaks recorded, the first
at ¢ 333°C corresponded to the decomposition of cellulose, the second at ¢ 438°C to
the decomposition of bitumens and/or humic substance and the third at ¢ 479°C to

the decomposition of lignin

The surface area of the peat fibre was measured by methylene blue dye
adsorption, N, adsorption and the negative adsorption of chloride 1ons The surface
areas measured by the three methods were 307, 23 and 0 05 m2 g-! respectively
The vanation mn surface areas was in keeping with the large differences in surface
areas which have been reported for SOM

The sorption of a series of alcohols from vapour and aqueous phase by peat fibre
was also studied It was found that the sorption of alcohols from the vapour phase
decreased 1n the order ethanol > 2-propanol > 1-butanol > 1-pentanol while the
sorption from the aqueous phase decreased in the order 1-hexanol > 1-pentanol > 1-
butanol > 2-propanol > ethanol The results were inconclusive, but suggested that
the sorption from the vapour phase was principally by adsorption followed by
absorption 1nto the interior of the peat, while the sorption from the aqueous phase

was principally by adsorption

A lab-scale brofilter was set up to eliminate ethanol vapour from an artificial
waste gas stream using peat fibre as the filter material After about 80 days of
operation over 80 % of the ethanol vapour (inlet concentration ¢ 76 g dm-3) was
being eliminated The elimination capacity was calculated to be ¢ 61 g dm3 h-! and

the critical gas constant to be ¢ 60 g dm3
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Introduction

Peat 1s an organic soil which 1s denived from decayed vegetative matter that has
built up 1n areas of poor water dramnage It i1s a complex, heterogeneous material
which can vary considerably in its chemical composition and phystcal properties In
general, peat, along with other forms of so1l organic matter (SOM), 1s an amorphous
material with a poorly defined structural arrangement As a result, there 1s
considerable difficulty in estimating the surface area of peat materials and in
determining the sorption mechanism of peat for the uptake of organic compounds
Thus thesis 1s concerned basically with measuring the surface area of peat fibre using
three different methods of surface area determination, and 1n examining 1ts sorption
mechamism for the uptake of a series of alcohols from the vapour and aqueous
phases A separate project, which 1s reported 1in Chapter 4, examines the use of peat
fibre as the filter bed matenial of a biofilter for the elimmation of ethanol from an
artificial waste gas stream

A brief overview of soil discussing its formation, classification and its major
constituents, 1s given in Chapter 1 In particular, this introductory chapter describes
in Sections 1 2 to 14 the structure and physical properties of the soil mineral and

organic matter fractions of soil which are of relevance to the proceeding chapters

Chapter 2 begins by describing the formation, classification, chemical
composition and physical properties of peat in Sections 211 to 23 1 The thermal
analysis of peat 1s reviewed 1n Section 2 3 2 1n relation to the decomposition of the
various components of peat The experimental section (Sections 25 to 252)
presents and discusses the results from the analysis of peat fibre, peat moss and two
processed forms of peat moss The physiochemical properties which are reported 1n
this chapter are relevant to the surface area measurements that are described in
Chapter 3 The physicochemical properties of the peat materials examined included
their pH, moisture, ash content, point of zero charge, thermal analysis (by DSC and
TGA), SEM studies and IR spectroscopy

The results from the determination of the surface area of peat fibre and its
sorption mechanism for the uptake of a series of alcohols are reported in Chapter 3
This chapter begins by describing the various forces of adsorption and absorption
which are responsible for the uptake of organic compounds by soil The methods
used for measuring the surface area of the soil mineral and organic matter fractions
are discussed in Sections 32 to 323 In particular, attention 1s drawn to the
operationally defined nature of surface area when dealing with soil materials The

sorption of non-ionic organic compounds by SOM from aqueous and non-aqueous

Vil



phases are reviewed 1n Sections 3 3 1 and 3 3 2, while their sorption from the vapour
phase 1s examined 1n Section 3 3 3 The experimental section of this chapter, Section
3521, compares and discusses the results of the three methods used to estimate the
surface area of peat fibre The three methods used were the adsorption of N5 using
the single point BET method, the adsorption of methylene blue from aqueous
solutton and the negative adsorption of chloride 1ons from aqueous solution The
results from the sorption of a series of alcohols from the vapour and aqueous phases
are presented in Section 3 52 2 The results of the sorption studies are examined and
their implications for the sorption mechanism of peat fibre for its uptake of alcohols

from the vapour and aqueous phases are discussed

Chapter 4 examines the use of biofiltration for the elimination of contaminants
from waste gas streams It begins by briefly descrnibing in Section 4 1 the physical,
chemical, thermal and biological methods which are presently available for the
treatment of waste gases Section 4 2 describes 1n detail the various operational
parameters which are important for the efficient running of a biofilter Sections 4 4
and 4 § review the elimination of organic and inorganic compounds from waste
gases, under various headings of volatile organic compounds (VOCs) and volatile
inorganic compounds (VICs) The experimental section (Section 4 7) presents
results from a lab-scale biofilter, which used peat fibre as the filter matenal, for the

elimination of ethanol vapour from an artificial gas stream
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1 Introduction

Soil 1s a mixture of finely divided components consisting of weathered rock,
gas, water and organic matter, 1n varying proportions It 1s a naturally occurring
body of material which covers most of the upper crust of the earth as a continuum
On average soil covers the bed rock to a depth of 2 m but its thickness can vary
considerably from less than 1 m to depths of up to 50 m i1n some areas Due to
different environmental factors which acted on a particular soil during its formation
no two soils are 1dentical 1n their exact composition or physicochemical properties
The environmental factors responsible for the formation of a soil include the parent
rock from which 1t was derived, the climatic conditions under which the soil formed,

1its relationship to the local water table, 1its age, and the growth and activity of plants
and animals

Soi1l 1s important 1n sustaining life Apart from supplying vegetation with the
nutrients that are required for growth, soil also has an important role 1n a number of
natural cycles, such as the recycling of carbon, nitrogen and sulphur (1, 2)

This chapter discusses the origin and formation of soils and their major
inorganic and organic constituents The classification, structure, chemical

characterisation, and physical properties of soils which are relevant to this work are
also discussed

11 ormatign and Classification of Soil

(a) Formation

The formation of a particular soil 1s due to (1) the combined action of a
number of different physical and chemical processes, which are collectively referred
to as weathering, and (11) to biological activity which 1s carried out by soil orgamisms,
such as burrowing animals (e g worms) and so1l micro-organisms These processes
and some of their principal mechanisms of action are summarised 1n Table 1 1

Through the combined action of weathering and biological activity
consolidated bed rock 1s gradually transformed into soil Soil formation 1s a slow
process and 1t involves several stages of development, which are usually occurring
concurrently  Inttially, there 1s fragmentation of the parent rock by physical
weathering, which includes the abrasive action of running water wind and the

freeze-thaw cycle Further action on the soil can occur m siu or 1t can involve the
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Table 1 1 The Weathering and Biological Processes Occurring i Soil

Process Mechanism of action

Physical Abrasive processes leading to the break-up of bed-rock by the

action of water, wind, glacial movement and the freeze-thaw
cycle

Chemucal Transformation of primary minerals to secondary minerals by
hydration, hydrolyss, oxidation, reduction, complexation,
dissolution

Biological Action 1s principally on organic matter by decomposition,
transformation

of the soil by running water, gravity, or glacial movement to sites distant from the
parent rock As the accumulation of rock debris occurs 1t 1s acted on further by
chemical and biological processes This results m the transformatton of the original
minerals present in the parent rock, which are referred to as the primary minerals,
into new mineral compounds that are termed the secondary minerals It 1s the
dominance of one or more of the weathering/biological processes which results 1n the
formation of a particular soil type, e g desert soils which consist mainly of sand and
very Iittle organic matter 1n arid climates, or peat soils which consist mainly of
organic matter which has built up under water logged conditions It should be noted
that the formation of a particular soil 1s a dynamic process Any change 1n the
environmental conditions may alter the dominant weathering process, resulting in the
development of a new so1l type

The end product of weathering 1s the differentiation of the soil into various
layers, termed horizons  The horizons run parallel to the surface and are
distinguished from one another by the dommance of one or more of the
weathering/biological processes within a particular layer making 1t different from the
horizons above and below 1t Both the presence and thickness of a horizon 1s
variable, and 1s usually a characteristic of a particular soil type Up to five principal
horizons called O, A, B, C and R can be distinguished, see Table 1 2 (1)

The O-horizon 1s the topmost layer of the so1l and consists of organic matter
debris In well drained soils the O-horizon 1s usually about 2 to 5 cm in thickness It
represents the accumulation of dead organic matter from plant and animal sources
which are at various stages of decomposition Peat soils, which are typically between

3 and 15 m 1n depth, are composed almost exclusively of this horizon
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Table 1 2 The Principal Soil Horizons (1)

Honizon | Description

O Organic horizon, composed of dead organic residues at various stages
of decompostition

A Accumulation of washed down organic matter, horizon of highest
biological activity, removal of dissolved and suspended matenals by
water percolation

B Horizon of maximum transformation of muneral constituents

C Broken up bed-rock, very hittle weathering except for the
accumulation of salts and oxides from upper horizons

R Unweathered bed-rock

The A-horizon 1s immediately below the O-horizon Its dark colouring 1s due
to the accumulation of organic matter which has been washed down from the layer
above 1t by downwardly percolating water This 1s the horizon of maximum

biological activity due to its high levels of organic matter, water and oxygen

The B-horizon 1s the transitional horizon between A and C and 1t represents
the level of maximum mineral deposition The formation of minerals in this horizon
1s primarily due to the action to chemical weathering

The C-horizon 1s the layer of fragmented rock immediately above the bed-
rock The rock fragments have undergone very little weathering

The R-horizon refers to the unaltered bed rock of the soil, which has not been
altered by weathering

The process which results in the formation of the various soil horizons can be

divided 1nto the following (1)

(1) gams to the so1l, which include the addition of new organic matenal to the top
layer of the soil and also the addition of oxygen and water through oxidation
and hydration processes In addition, gains may be due to the precipitation of
dissolved salts and deposition of suspended material 1n water from the adjacent
water tables,



(i) losses of materjal, this occurs through the removal of dissolved and suspended
material by the downward percolation of water and their dispersion to adjacent
areas through the water table,

(1) transfers between horizons, these can be as a result of the downward movement
of water depositing materials from higher horizons mto lower ones  Also, 1t can
be from the activity of burrowing amimals which can mix soil components
between layers, or, as a result of plants absorbing nutrients such as cations

through their roots from lower honizons and returning them at the top layer by
the loss of leaves,

(1v) transformation of soil components, this 1s a result of the processes of chemical
weathering, and results 1n the break-up of the primary minerals and their
deposition as secondary minerals

Since 1975 the standard classification system used by the United States
Department of Agriculture (USDA) has been based on the measurement of the
physical and chemical properties of the soil n sutu (1, 2) This system has the
advantage of being able to broadly classify a so1l of unknown origin 1nto a particular
order on the basis of its properties There are 10 orders of soil recognised 1n this
system which are summarised in Table 1 3

The full classification of a soil requires statement of 1ts order, suborder, great
group, subgroup, family, and senies (1, 2) A complete discussion of the USDA
classification system falls beyond the scope of this work However, a brief definition

of each of these levels of categorisation 1s outlined as follows

(1) the soi) order broadly groups those soils together which were formed under
similar conditions and which are similar 1n their horizon profile and the level of

horizon development In addition, 1t also distinguishes, between mineral and
organic soils,

(1) the suborder (of which there are over 40) 1s a subdivision of the soil order It

subdivides soils belonging to the same soil order 1nto different groups based on
various physicals characteristics such as pH, moisture content, temperature and
the presence of other distinguishing sotl properties,



ble

The Soil Orders According to the USDA System (1)

Order General description

Alfisols Soils with grey to brown surface horizons, medium to high
base supply, with honzons of clay accumulation, usually moust,
but may be dry during summer

Arnidisols Soils with pedogenic horizons, low 1n organic matter and
usually dry

Entisols Soils without pedogenic horizons

Histosols Organic soils (peats and mucks)

Inceptisols Soils that are usually moist, with pedogenic horizons of
alteration of parent materials but not of illuviation

Mollisols Soils with nearly black, organic-rich surface horizons and high
base supply

Oxisols Soils with residual accumulation of 1nactive clays, free oxides,
kaolin, and quartz, mostly tropical

Spodosols Soils with accumulations of amorphous matenals 1n subsurface
horizons

Ultisols Sotls that are usually moist, with horizons of clay accumulation
and low supply of base

Vertisols

Soils with high contents of swelling clays and wide deep cracks
during some seasons

(i) the great group category groups soils together on the basis of having similar
horizons 1n the same sequence to one another and which also share similar

moisture and temperature characteristics,

(1v) the subgroup narrows the classification of the soils further by grouping those

sotls that are most similar 1n their major great group properties together,

(v) the famuly category of classification characterise the soils principally on their
mineralogy and physical properties for plant growth,

(v1) the senes 1s the lowest category 1n soil taxonomy, and 1t refers to the common

name of a soil type The series name 1s usually taken from a town or region
where the soil was first described




1.2  Soil Minerals

Inorganic matenals comprise the dominant fraction of most soil types The
most important groups are the silicates, aluminosilicates, the metal oxides and metal
hydroxides, carbonates, and sulphates  These munerals are formed from the
weathered parent bed-rock materials The minerals may be classified as being either
primary munerals, if they are dertved directly from the parent rock, 1 e they have not
undergone any chemical transformations, or as secondary mmerals 1f they are
products of chemical weathering

Most minerals exist as crystalline solids and in particular as polymer type
structures composed of repeating units of single or mixed compounds A mineral
soil 1s referred to as being crystalline if the repeating structure extends over a
distance of at least 3 nm (3) If the repeating structure does not extend over this

distance the so1l 1s said to be an amorphous mineral soil
The two most important repeating units found in mineral soils are

(1) the silica tetrahedral unit, S104% (the oxygens at the comer of the tetrahedron
are called apical oxygens),

(1) the octahedral MXgMm-6> umt, where MM+ is a metal cation, usually Al or Mg,
and Xb- represents an anion

The tetrahedral and octahedral structures can exist in polymerised form to
give the sheet structures shown 1n Figure 1 1 (3) The sheet of silica tetrahedrons 1s
formed by the sharing of apical oxygens anions of the basic tetrahedral unit The
octahedral sheet 1s formed by the sharing of edge oxygens If all the possible cation
sites are filled 1n the octahedral sheet the sheet 1s said to be trioctahedral However,
usually only two thirds of the possible sites are occupied by metal cations and 1n this

case the sheet 1s referred to as dioctahedral, see Figure 1 1

Both of these sheet structures combine further to form an important group of
munerals called the phyllosilicates (or aluminosilictes), which are commonly referred
to as the clay minerals, clay soils or just clays The clays are formed by the joining
of the tetrahedral and octahedral sheet structures through the sharing of the apical
oxygen anions of the tetrahedral sheet (3), see Figure 1 2



| |

VAV =S
VAV B AV e
S THLIATFL
VAV, N7

Figurc 11  The Sheet Polymeric Structure of the Silica Tetrahedral Si104-
Unit and the Metal Octahedral MXm-6P Umit (3) Note The open circles at the

polyhedral vertices in each perspective view are shown directly below 1n a projection
along the crystallogtaphic a axis



The Three Layer Types for Pollysilicates Structures in Soils (3)

Figuie 12

ere are dioctahedral with hydroxy groups shown as shaded circles

Note All shown h
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The clays are distinguished 1nto three layer types by the ratio of tetrahedral
sheets to octahedral sheets, these are the 1 1 clays, the 2 1 clays, and the 2 1 clays
with hydroxyl interlayers, see Figure 12 The clays are further divided into five
groups based on the amount of 1somorphic substitution of the central cation which
has occurred, see Table 14 Isomorphic substitution refers to the replacing of the
central cation by a second cation of similar size, but not necessarily of the same
valency, without seriously distorting the crystal structure during the formation of the
clay Examples of 1somorphic substitution include the replacement of Si#+ by A3+
in the tetrahedral position, or the replacement of AI3* by Mg2*t in the octahedral
position  As a result of 1somorphic substitution the charges present in the cell-unit
may no longer sum to zero and there 1s a net negative charge on the clay This 1s
referred to as the permanent charge of the clay It 1s usually balanced by the presence
of adsorbed cations, such as K* or Ca?*, at the external surface of the clay particle, or
between the layers (1 the interlayer posn;ons) A second charge, referred to as the
pH-dependent charge, 1s due to the protonation/deprotonation of surface hydroxyl
groups, and as the name suggests, varies with the pH of the clay's environment Each
layer type will now be discussed below

ble 14 The Classification of the Clays (3)

Layer type | Group Layer Chemical formula coefficients
charge a b c c'
11 Kaolinite <001 - - - -
21 Smectite2 05-12 8 32 ctc'~0 2
21 Vermiculite 12-18 7 3 05 -
21 Mica (illitic) 14-20 68 3 ct+c'~0 25
21b Chlorite vanable | 24 84 05 15

Note (?) Principally montmorillonite (b) With hydroxide interlayers

(a) 11 Clays '

The 1 1 layer type consists of one tetrahedral sheet and one octahedral sheet
and has the following umit cell formula

[$1]4(AD4019(OH) g



where the cation 1n the square brackets 1s 1n the tetrahedral co-ordination position and
the cation in the parentheses 1s in the octahedral co-ordination position  An example
of the 1 1 clays 1s the kaolinite group This group has usually undergone very little
1somorphic substitution, and as a result they have a very small permanent negative
charge associated with them The arrangement of oxygen and hydroxide planes on
opposing faces of the nterlayer gives nise to hydrogen bonding between the sheets,
see Figure 1 3 This bonding 1s strong enough to prevent the intrusion of water and
cations into the interlayer regions As a result the adsorption of 1ons, organic
compounds, etc , 1s confined to the external surfaces of these clays (2, 3)

11 Layers —e
\

Interlayers

" | —Qctahedral sheet
L — Tetrahedral sheet

%) Oxygen - — Hydrogen bond

@ Hydroxyl (oxygen + hydrogen)

Figur¢ 1.3  The Hydrogen Bonding of Adjacent 1.1 Layers (2)

(b) 2 1 Clays

The 2 1 layer types consist of one octahedral sheet which 1s sandwiched

between two tetrahedral sheets as shown in Figure 12 They have the general unit
formula

M, [SiaAlg. o] (Al Fe(lll), Te()e Mgy p.c.c) Oz0(0H)q

where M represents one mole of cation charge on the surface layer and a, b, ¢ and ¢'

are the storchiometric coefficients The layer charge, x 1s given by Equation 1 1,

x=12-a-b-c Iquation 1 1

11



where a, b, ¢ are coefficients given in Table 1 4, and x 1s the number of moles of net
electron charge per unit cell that 1s produced by 1somorphic substitution

There are three layer groups within the 2 1 layer type, these are the mica,
vermiculite and smectite groups The 2 1 groups are distinguished by differences in
their layer charge which 1s found to decrease in the order mica > vermiculite >
smectite In addition the vermiculites are distinguished from the smectites 1n that the
former has more 1somorphic substitution 1n 1ts tetrahedral sheet (3)

Unlike the 1 1 clays, the opposite facing surfaces of 2 1 clays are composed
only of oxygen (2, 3) As a result, the adjacent layers are held weakly together by
van der Waals forces and by their mutua! attraction for interlayer cations The
weaker forces of attraction give nise to the swelling phenomena of 2 1 clays under
water saturated conditions 1n the soil The swelling 1s due to the ability of the water
molecules to gain access to the mterlayer regions of the clay and force the sheets
apart, see Figure 14 (2) The strength of the attraction between the adjacent layers
has been found to decrease with increasing 1somorphic substitution 1n the clay, and
with increasing stze of the hydrated interlayer cations (3) The swelling of the clay
results in large increases in 1ts surface area when fully swollen This 1n turn has

important consequences for the determination of surface area of the clays which 1s
discussed further in Chapter 3

Swollen 2 1 mineral

Nonswollen 2 1 mineral

pluswater 83 & (3 E3 (3 &3O —@

0@@@@@@ & ® v
@@ @@ D — G

,s SO &

H-E-E-O-B5-F-D

Tetrahedtal sheet -

@‘QQ‘@QO—@GB@ Octahedral sheet -

Tetrahedral sheet -

S-O-O-O-OS-GCO

e water @ Dwvalent interlayer cation

O Oxygen @ Monovalent interlayer cation
®  Hydrogen

Figurc 14 Swelling in a 2 1 Clay Mineral (2)
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(o) 1 Clays with roxide Interlayer

The 2 1 layer type with hydroxide interlayer 1s represented by the chlorite
group The unit cell formula for chlonte 1s

[StaAlg.a] (Al Fe(Ill)c Mgc) O50(OH)s6

The octahedrally co-ordinated metal cations are present in two sheets, namely 1n the
2 1 sheet structure as M(OH),0,M-10, where M™+ can be Al3*, Fe3* or Mg2*, and in
the interlayer sheet mainly as Al(OH)g3-

In addition to the clays there are numerous other minerals present 1n soil
These mainly consist of octahedrally co-ordinated metal cations, which like the
phyllosilicates, are present as sheet structures In particular the metals aluminium,
ron and magnesium predominate because of their abundance 1n the earth's crust and
due to their low water solubility in most soils A list of the most widespread
minerals found 1n soil 1s given 1n Table 15 The structure of two of the most
common minerals, goethite and gibbsite, are shown in Figure 1 5

[able1S The Metal Oxides, Oxyhydroxides and Hydroxides Commonly
Found in Mineral Soils (3)

Name Formula Name Formula

Anatase ThO, Hematite? a-Fe,O3

Birnessite Nag 7Cag sMny044 2 8§ HO | Ilmenite FeT10;

Boehmite? | y-AIOOH Lepidocrocite? | y-FeOOH
Fernhydrte | Fe;O3 2FeOOH 2 6 H,O Lithiophorite (AL,LL1)MnO,(OH),
Gibbsite? y-Al(OH), Maghemite®:b | y-Fe;Oj

Goethite2 a-FeOOH Magnetiteb FeFe,0,

Note () The y denotes cubic close-packing of anions, and the o denotes hexagonal
close-packing (%) Some of the Fe(III) 10ns are in tetrahedral co-ordination




»
’
l
/' 6 .

OH™~ Fe3* 02—

GIBBSITE, y-AI(OH)3

Figure 15  The Structure of Goethite and Gibbsite (3) Note The structure of
goethite and gibbsite are shown projected along the crystallographic ¢ axis (upper)

and a axis (lower) Hydrogen bonds in goethite are indicated by dashed lines, and an
FeO,(OH); octahedron s outlined in the a axts projection

14



1.3 il Orgam er

The orgamc matter content of mineral so1l usually accounts for only 1 to 5 %
of the soil's dry weight However, for the organic soils, such as peat, the organic
matter content varies from 20 % to over 99 % of the soil's dry weight All the
organic matter 1n soil 1s collectively referred to as soil organic matter (SOM) Thus,
SOM 1s composed of plant, animal and microbial residues which are at various stages
of decomposition The highly decomposed fraction of SOM, which 1s the most
abundant and most stable form of organic matter present in soil, consists of the
humic and fulvic acids (which are discussed 1n detail 1n the following sections) This
fraction of SOM 1s collectively referred to as the humic substances (other names
include humus or humates) In fact the humic substances account for 70 to 80 % of
the organic matter found 1n mineral soils For this reason the humic substances have
received the greatest attention by soil scientists, and most of the knowledge
concerning SOM 1s derived from the study of humic and fulvic acids (4)

131 The Formation of Humic Substances

The formation of humic substances 1s a complex process that 1s still poorly
understood It 1s thought that they are derived mainly from vegetative matter which
has undergone extensive decomposition and transformation 1n the soil, see Figure 1 6
(3) It 1s known that the synthesis of the humic substances does involve the
formation of phenolic compounds which are themselves derived from the
decomposition of proteins, carbohydrates and higmn In particular, soil micro-
organisms are thought to play an important part in the formation of the humic
substances both 1n the breakdown of the vegetative matter and 1n the formation of the
phenolic precursors of the humic substances (4, 5)

The organic matter residues which contribute to humic substances (and SOM

formation) can be classified into the following groups

(1) the plant carbohydrates, such as cellulose, hemicellulose, pectin, and chitin
(chitin 1s a major cell wall component of fungi),

(1) hgnin, and the lignin like matenals,

(1) nitrogen containing compounds, which consist mainly of amino acids derived
from micro-organisms,

(1v) microbial cell wall components, 1n particular peptidoglycan, and other microbial
synthesised materials such as melanin and aspergillin

A more detailed description of these materals 1s given in Section 2 2 1 1n relation to
their contribution to the formation of peat soils

15



DEGRADATION OF LIGNIN DEGRADATION OF PHENOLS BY

(CONIFERQUS LIGNIN) PROTEINS MICROBIAL SYNTHESIS
ALIPHATIC
: th
[ ) PROTEINS 1
OCH PEPTIDES ~
} AMINO ACIDS ~__ oo
AMMON (A R OH

HUMIC
FUNCTIONAL
GROUPS

H O
-COOH R-g-ch-Z_cfo
~OH{phenol} HN H H

-OH{aicohol) Niheterocyclel

¢/OCH3 ¢/V l‘]‘ (¢}
N GH OTHER PHENOLS
CH CH OF PLANTS
CooH Coou
OH OH
OCH, on DEGRADATION OF
—_— CARBOHYDRATES
ooH 9 00H
\¢OCH5
0

Figure 1,6  The Degradation of Plant Residues and the Formation of Humuic

Substances (5)

Several hypotheses have been proposed to explain the synthesis of humic

substances (4) which are as follows

)

()

the plant alteration hypothesis, which suggests that the more resistant plant
materials, notably lignin, are only superficially altered to form the humic
substances According to this theory the high-molecular weight humic acids
and humins are the first to be formed These are subsequently degraded to form
the fulvic acids which are further oxidised to CO, and H,O However, this
hypothesis 1s doubtful since 1t 1s known that Antarctic humic substances (which

arc similar to humic substances found elsewhere) are formed from mosses
which contain hittle 1f any hgnin (6),

the chemical polymensation hypothesis The soil-micro-organisms break down
the plant matenals, and synthesise phenols and ammo compounds which arc
eventually released into the surrounding environment These compounds are
subsequently oxidised and polymerised to form the humic substances There
are two possible mechanisms which have been proposed to describe the

formation of the humic substances (5)

e the biowing mechanism, this involves the reaction of an amino compound

with a sugar residue, a gencralised pathway for this mechanism 1s shown n

'gurc 17 lhe resultant amino-sugar compound undergoes rearrangement
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and fragmentation to form three intermediate types three-carbon aldehydes
and ketones, reductones, and furfurals These compounds can react further
with other amino-compounds to form the humic substances

® the polyphenol mechanism, this involves the reaction of an amino compound
with a phenolic residue, which 1s derived from lignin or from microbial
restdues The mechamism, which 1s shown schematically 1n Figure 1 8,
shows the reaction of a phenol (catechol) and an amimo compound (glycine)

to form an ammoqumone intermediate, which further condenses to form
nitrogen humates

(1) the cell autolysis hypothess, which suggests that the humic substances are the
products of the autolysis of plant and microbial cells which condense and
polymerise via free radicals,

(1v) the microbial synthesis hypothests This hypothesis suggests that the soil
micro-organisms utilise the plant matenals as a carbon and energy source for
the synthesis of intercellular high-molecular weight humic substances, or
humic-like substances such as melanin and aspergillin  These represent the first

stages of humic formation and are further degraded to humic acids, fulvic acids
and ultimately to CO, and H,O

It 1s difficult to determine which of the above four hypotheses 1s the most
likely It 1s probable that all four processes are occurring simultaneously and that
under particular conditions one or more of them dominates The overall trend
appears to be the mnitial formation of the high-molecular weight humic substances,

1e humic acids and humins, which are in turn oxidised to the lower molecular
weight constituents (fulvic acids) and finally to CO, and H,O

132 The Characterisation of Humic Substances

In appearance the humic substances are dark 1n colour, they are amorphous,
acidic and hydrophilic, and are known to contain flexible molecular polyelectrolytes
Their structure 1s thought to be based on an aromatic ring structure Prior to analysis,
the organic fraction must be separated from the rest of the soil substances This 1s
usually donc by extraction with dilute alkali solutions. usually NaOH or NasP,0,

Once extracted, they can be further divided into three fractions based on their
solubility in alkaly and acidic solutions (4)



(1) the humic acids, which are soluble in alkali solutions but precipitate out of

solution once 1t 1s acidified,

(11) the fulvic acids, which remain 1n solution once the humic acids have been
precipitated out by the addition of acid,

(i11) humn, which 1s the remaimng humic substance which is neither soluble mn
acidic nor alkali solutions It 1s thought that 1ts msolubility 1s due to 1ts strong
adsorption onto the surfaces of clay mmerals

Numerous methods of analysis have been applied to the study of the humic
and fulvic acids, both non-degradative and degradative methods and these are
discussed 1n the following sections In contrast to the well charactensed structures of
the muineral fraction of soil, there 1s considerable disagreement about the structure of

SOM, except that 1t 1s very complex and quite variable in 1ts composition (2, 4)

The elemental composition and the general charactenistics of "model" humic
and fulvic acid (the humins are similar in composition to the humic acids) are shown
in Table 1 6

['able 1.6 The Elemental Composition and Other Characteristics of
"Model" Humic and Fulvic Acid (4)

Characteristic Humic acid Fulvic acid
Element (%)

Carbon 562 457
Hydrogen 47 54
Nitrogen 32 21
Sulphur 08 19
Oxygen 355 44 8
Total 100 4 99 7
Functional groups (meq g-!)

Total acidity 67 103
‘COOH 36 82
Phenolic OH 39 30
Alcohohc OH 26 61
Quinone C=0 and

Ketone C=0 29 27
OCH; 06 08
E4/E¢ 48 96




From a study of Table 1 6 it can be seen that

¢ humic acid contains about 10 % more carbon and about 10 % less oxygen
than fulvic acid,

® both the fulvic and humic acids contain similar amounts of mitrogen, sulphur
and hydrogen,

e the total acidity and COOH content of fulvic acid 1s higher than that of
humaic acid,

® both the fulvic and humic acids contain similar amounts of phenolic OH,
ketone and quinone C=0 and OCHj groups, but the fulvic acids have a
higher amount of alcoholic OH groups,

o the E4/E¢ ratio (the ratio of absorbency at 465 nm to 665 nm) 1s about 2
times larger for the fulvic acids This indicates that the particle size of fulvic
acids 1s smaller than that of the humic acids (see next section)

1321 n- r 1

Analysis of humic substances can be divided into non-degradative and
degradative methods This body of work 1s extensive and only a brief summary of
the results 1s presented here For an in-depth review of these methods the reader 1s
referred to Schmtzer (4)

The non-degradative methods that have been used include the following
various types of spectrophotometry, spectroscopy, x-ray analysis, electron
microscopy, colloid-chemical and electrochemical methods (4)

(1) UV-visible spectra of fulvic and humic acids are charactenistically featureless,
with no maxima or minima, and show a gradual increase 1n the absorbency with

increasing wavelength The optical density ratio at 465 nm and 665 nm, termed
the E4/Eg ratio, 15 used to characterise humic and fulvic acid extracts

According to Chen ef al (7) the E4/E¢4 ratio 1s

e primanly related to the particle size of the humate molecule It was found
that the ratio 1s inversely related to the particle size

e s affected by pH The E4/Eq4 ratio was found to increase as the pH was

increased from pH 1 to 6, and to reach a maximum between pH 6 and 8
Above pH 8 there was a gradual decline 1n the E4/E ratio

® correlates with the concentration of free radicals, and the oxygen, carbon,
COOH, and the total acidity levels

® s independent of the humic or fulvic acid concentration, at least in the
range studied (100 to 500 ppm)
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(1)

® 1t does not appear to be related to the relative concentration of condensed
aromatic ring structures

the IR spectra of the humic substances tend to show broad adsorption bands
(due to overlapping), and an abundance of oxygen containing functional groups,
see Figure 19 (4) The maimn adsorption bands are 3,400 cm-! (hydrogen-
bonded OH), 2,900 cm-! (aliphatic C-H stretch), 1,725 ¢cm™! (C=0 of COOH,
C=0 stretch of ketonic C=0), 1630 cm-! (aromatic C=C, hydrogen-bonded
C=0 of carbonyl of quinone, COO"), 1,450 ¢m-! (aliphatic C-H), 1,400 cm-!

(COOr, aliphatic C-H), 1,200 cm-! (C-O stretch of OH-deformation of COOH)
and 1,050 cm-! (S1-O of silicate impunties),

HA
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Figure 1.9 IR Spectra of Humic Substances (4)
Note HA humic acid, FA fulvic acid

SEM analysis of fulvic acids by Chen and Schmitzer (8) demonstrated the
influence of pH on the physical structure of humic substances It was found that
at low pH levels (pH 2) fulvic acid appeared as elongated bundles of fibres
which formed a relatively open structure, see Figure 1 10 (a, b) As the pl{ was
incrcased (pH 4 to 7) there was a gradual change in the physical appearance of
the fibres they became thmnner and more {inely woven, and the overall structure
became sponge-bhke, Tigure 110 (c to j) Above pH 7, there was a distinct
change 1n the structural arrangement of the fulvic acid By pH 8 (Iigure 1 10 k,
1) the stiucture became sheet-like 1n appearance, and the sheets thickened as the

pH was increased, by pll 10 homogeneous grains were visible, Figure 1 10 (m,

n)

Similar structural changes were observed for humic acids, but due to their
lower solubility, 1t occuried over a narrower pH range (pH 6 to 10) The
physical change 1n appeatance of the fulvic and hunuc acids was cxplained as
follows  at the lower pH levels, the fulvic acids (o1 humic acids) aggrepated due

o intcrmolecular lorees ol attraction, such as hydrogen-bonding and van der
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Figure 110 Scanmng Electron Micrographs of Fulvic Acid at Various pHs
(10) Note a,batpH2,c,datpH4,e,fatpH6,g, hatpH8,1,jatpH9,k,1at pH
10
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Waals forces This allowed for the formation of the elongated structures seen
by SEM As the pH was increased these forces of attraction became weaker due
to the increasing 1onisation of the COOH and phenolic OH groups, which lead
to mutual repulsion between the molecules As a result the molecular
arrangement became smaller and smaller but better oriented, which lead to the
formation of sheet-like structures and the appearance of homogeneous grains at
the higher pH levels,

both 13C and 'H-NMR have been carried out on humic substances Grant (9)
concluded from the IH-NMR analysis of a humus fraction extracted from a
Podzol that CH3;(CH;), structures were present along with various
environments of CH,(CO), CH,-NH-, carbohydrate H-C-O, and only a small
amount of aromatic protons He reported that 72 % of the H-C groups occurred
in CH3(CH,),, structures, while 6% occurred 1n carbohydrates and less than 2 %
as aromatic protons Ruggiero et al (10) concluded, from 13C-NMR and !H-
NMR analysis on humic substances extracted from an Andosol, that aromatic
structures were much more significant It was noted that strong absorption
between 7 4 and 8 8 ppm of 1H-NMR spectra indicated the presence of aromatic
protons It was concluded that the percentage of protons present in aromatic
structures was as follows, fulvic acid 20 %, humic acid 19 % (10) However,
these values decreased to fulvic acid < 12% and humic acid 14 % for humic
substances extracted by oxidative extraction methods,

X-ray analysis and electron spin resonance (ESR) studies were carried out by
Eltantawy and Baverez (11) X-ray diffraction of the humic substances studied
showed diffraction bands at 36, 21 and 12 A, which were attributed to the
presence of aromatic layers or graphite-like layers, and also a band at 7 5 A
which indicated the presence of a non-aromatic fraction An ESR signal at G
~ 2 indicated the presence of free radicals, which are thought to be important in
polymensation-depolymerisation reactions of humic substances, and with

reactions with other organic compounds The level and stability of free radicals

were found to increase with increasing pH,

viscosity measurements were carried out by Chen and Schnitzer (12) to examine
the effects of pH on particle shape and dimensions, particle weight, and
polyelectrolyte behaviour It was found that fulvic and humic acids behaved
like flexible, linear polyelectrolytes At low pH levels (pH 1 to 1 5 for fulvic
acids and pH 7 for humic acids), the humic substances behaved as uncharged

polymers At higher pH levels both the fulvic and humic acids exhibited strong
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polyelectrolyte characteristics It was concluded from analysis of the results
that the particles of humic substance were rod shaped 1n structure,

various methods for measuring the molecular weights of humic and fulvic acids
have been used  These methods include wviscosity, gel filtration, and
sedimentation (4) The various methods have yielded a wide variation 1n values
from a few hundred for fulvic acids to several milhon for humic acids For
instance, using gel filtration, weight-averaged molecular weights (Mw) of 300
to > 200,000 have been reported for soil humic acids For humic and fulvic
acids extracted from marine sediments Mw ranging from 700 to >2,000,000

have been reported, and for humic acids extracted from natural waters Mw
varied from < 700 to 50,000 (4)

1322 radaty h

and

The degradative methods of analysis which have been used include oxidative

reductive degradation, hydrolysis, irradiation, thermal analysis, and biological

degradation (4)

)

oxidative degradation of unmethylated and methylated humic substances has

been carried out under various acidic and alkali conditions, using such oxidative
compounds as KMnQy4, CuO, H50,, and others (4) The dervatives of humic

and fulvic acid oxidation can be divided into three general classes
e aliphatic carboxylic compounds, mainly n-fatty acids of n-C;¢ and n-Cyg,

and also di- and tri-carboxylic acids,

®  benzenepolycarboxylic acids, particularly the tri-, tetra-, penta- and hexa-

forms,

e  phenolic acids, mainly those with between 1 and 3 OH groups and between
1 and S COOH groups

The data 1in Table 1 7 shows the major chemical constituent of "model" fulvic
and humic acid, determined from the oxidative breakdown products of the
humic and fulvic acids From Table 1 7 1t can be seen that
® humic acid contains similar amounts of aliphatic and phenolic structures but
a greater amount of benzenecarboxylic acid structures

e fulvic acid contains similar amounts of aliphatic and benzenecarboxylic
structures and higher percentage of phenolic structures

® both materials contain approximately equal proportions of ahphatic and

atomatic structures  Thus, according to Schnitzer (4), the “model” humic
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I'able 1.7 The Major Chemuical Structures 1n '"Model" Humic and

Fulvic Acid (4)

Major product Humic acid (%) | Fulvic acid (%)
Aliphatic 240 222
Phenolic 203 302
Benzenecarboxylic 320 230
Total 763 754
Benzenecarboxylic/Phenolic ratio 16 08
Aromaticity 69 71

and fulvic acid are very similar 1n chemical composition except that the fulvic

acid 1s richer in phenolic but poorer in benzenecarboxylic structures than the
humic acid

(1) reductive degradation of humic and fulvic acids that have been carried out

include  Zn-distillation, Na-amalgam reduction, hydrogenation and
hydrogenolysis (4) The main products of reductive methods have been
polycyclic aromatic hydrocarbons (4, 6) The results of the reductive methods
have tended to be poor and according to Schnitzer (4) are to be doubted He has

suggested that the reaction conditions used may be too severe in some cases,

and excessive bond breakage and molecular rearrangement may have occurred

Thus, the degradative products may bare no resemblance to the actual structures

found in the humic substances Some of the compounds which have been
identified include the following naphthalenes, anthracenes, phenanthrenes, 2,3-

benzofluorene, 1,2-benzofluorene, fluoranthene, 1,2-benzanthracene, chysene,

triphenylene, pyrenc, methyl pyrenes, perylene, 1,2-benzopyrene, 3,4-

benzopyrene, 1,12-benzopyrene, coronene, naphta (2'3'1,2) pyrene, and
carbazole

() thermal methods of analysis used to study fulvic and humic acids include

thermogravimetry, differential thermogravimetry, differential thermal analysis,
and pyrolysis-gas chromatography  Schnitzer and Hoffman (13) found that
fulvic and humic acid samples heated 1n air showed

an ncrease 1n their elemental carbon content with an increase mn
temperature, while the clemental oxygen content decreases  Charred

samples heated to 540°C contamed both elemental carbon and hydrogen,

but no oxygen
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o that the phenolic OH groups were more stable to heating than the COOH
groups, but that both were degraded between 250° and 400°C  Also, that
these two functional groups were found to be more stable in fulvic acids
than in humic acids

(1v) biological methods have been used to study the humic substances Enzyme
degradation was considered to be a more promusing techmque than other
degradation methods, since there was less likely to be molecular rearrangement
Majumdar and Rao (14) used the enzymes pronase and hemucellulase to degrade
fulvic acids The enzymes released several of the ammo acids found 1n fulvic
acid (valine, alanine, tryptophane, serine, glycine, glutamic acid and aspartic
acid) and carbohydrates (galactose and arabinose), while leaving the fulvic acid
core untouched It was concluded that the carbohydrate and amino acid
portions are present as side chains which are attached to an aromatic core and
not as bridging units between the aromatic cores

1323 h re of 1 n

It 1s surprising that after such intensive study as noted above that the structure
of humic substances still remains unclear Thus 1s partially due to the complex nature
of the matenal and because of disagreements about the interpretation of results,
particularly those gained from degradation studies Several possible structures have

been proposed for the humic substances based on their chemical composition and
their behaviour 1n solution

Haworth (6) considered the structure of humic acid to consist of a complex
aromatic core to which were attached, either chemically or physically,

polysaccharides, proteins, simple phenols, and metals, see Figure 1 11
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Figurc1 11 The Schematic Structure of Humue Acid as Proposed by Haworth
(6)



With regard to the nature of the core, the ESR spectra of an ortho-benzoquinone
polymer was found to be remarkably similar to that of an acid boiled humic acid,
though not to be 1dentical (6) The structure of the ortho-benzoquinone polymer was
unclear though there was evidence of polyphenyl linkages, see Figure 112, and
possibly diphenyl ether (dibenzofruran) groups

- -

OH OH HO OH

OO0

L n
HO OH

Figure 112 Possible Polyphenyl Linkages of SOM Core (6)

Majumdar and Rao (14) concluded from enzyme-degradation studies on
fulvic acids that the carbohydrates and amino acids which were present existed as
long side chains attached to aromatic cores These long chain structures were not
considered to act as bridging units between the aromatic cores

Schnitzer (4) concluded that up to 50 % of the aliphatic structures 1n humic
and fulvic acids existed as n-fatty acids which were covalently joined to the phenolic
OH groups through ester linkages, see Figure 1 13

Il
R O—C —(Cti,),— CHy

Figure 1 13 Structure of Phenol-Fatty Acid Esters mn Humic and Fulvic Acids
Proposed by Schnitzer (4) Note R, = COOH or COCHj or OH, R, =H or OH or
COOH, Ry = H or OH or OCH3 or COOH, R4 = OH esteified to fatty acid, Rs = H or
OH of OCHj3, Rg=H or COOCH3 For the humic acids n = 14 to 16, for fulvic acids
n=14,15,16,and 18
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According to Schrutzer (4) the remaining aliphatics were "loosely” bound to
the aromatic core by physical adsorption The basic "building block" of the humic
substances was concluded to be phenolic and benzenecarboxylic acid units, see
Figure 1 14 This model could explain the flexible nature of the humic substances
which shows dependence on the pH of their environment At low pH levels the
fulvic and humic acids aggregate to form elongated fibres, through various attractive
forces such as hydrogen bonding, van der Waals forces, hydrophobic mteractions
between aromatic rings, etc  As the pH increases these forces become weaker due to
the 1omsation of the phenolic OH and COOH groups This results 1n an electrostatic
repulsion between the molecules, so that the molecular arrangements become
increasingly smaller but better oriented, see Figure 1 10
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Figure 1 14  Structure of Fulvic Acid as Proposed by Schmtzer (4)

Ghosh and Schmitzer (15) investigated the macromolecular arrangement of
humic and {ulvic acids  They reported that the structural arrangement of the humic
substances was dependent on three main factors, namely the humic substance
concentration, the pH of the solution, and the 1onic strength of the solution It was
found that humic substances behaved as ngid, spherical, colloid structures in
solutions containing high concentrations of the sample ( > 35-50 x10-4 g cm-3), or for
lower concentrations of sample when the pH 1s low ( < pH 3 5), or in the presence of
high concentrations of neutral electrolytes (> 0 05 M), see Tigure 1 15 In contrast,
1t was obscived that the humic substances behaved like flexible, hinear colloids at low
sample concentrations provided that the 1onic stiength was relatively low (< 0 05 M),
or that the pH of the solution was not too low ( > pH 35) The foimer case

represents the normal conditions found in sotls

s
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Figure 1 15 Model Macromolecular Structures for (a) Fulvic and (b) Humic
Acids (15)

Morc complicated models for the structure of humic substances have also
been proposed, such as the structure shown n Figure 1 16 (16) This model 1s of a

looscly associated, three-dimensional macro-molecule consisting of a number of

flexible side chains that interlink the aromatic units  These lhinkages include aliphatic

chains, sugar residues, amino acids, and co-ordinated metal 10ns

In summary, none

of the modcls which have been discussed are completely satisfactory, but they do

reflect the complexity and transient arrangement of the humic substances and SOM

in general
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14 The Surface Properties of Soil

In aqueous solution the surfaces of both the mineral and organic fractions of
the soil are usually charged The sign and magmtude of the surface charge has
important consequences for the physicochemical properties of the soil, specifically m
relation to 1ts water and nutrient holding capacity for plant growth In particular, the
surface charge influences the cation exchange capacity (CEC) and anion exchange
capacity (AEC) of the soil, 1ts colloidal stability and its aggregation properties

141 The Surface Charge of Soil Constituents .

It has already been mentioned 1in Section 1 2 that the intrinsic surface charge
of the minerals arise from two sources, the first 1s the permanent surface charge
which arises from 1somorphic substitution, and the second 1s the 1onisation of the
functional groups present at the surface of the clay, 1¢ the pH-dependent charge
The pH-dependent charge is also important for the organic matter fraction For the
minerals the most important functional group present 1s the hydroxyl group which 1s
found on the surfaces of clays, amorphous silicate materials, and on metal oxides,
oxyhydroxides and hydroxides Simularly, for the SOM the two principal functional
groups are the carboxyl and the phenolic OH groups In general the surface charge 1s
determined by the adsorption of Ht and OH- 10ons This 1s known to be the case for
the metallic oxides and 1t has been suggested to be probably the case for the other
mineral and organic components of the soil (17)

As a result of the adsorption of H* and OH- 10ns, the surface of the soil can
become positively or negatively charged depending on the pH of the aqueous
solution Thus, the sign and the magnitude of the surface charge 1s a pH-dependent
quantity It can be seen from Equations 12 and 1 3, that at low pH values a
positively charged surface will develop from the protonation of the surface functional
groups,

>Al-OH + H* —» Al-OH,* Equation 1 2
R-COOH + H* —» R-COOH,* Equation 1 3

whereas at high pH values (Equation 1 4 and 1 5) the deprotonation of the functional
groups will result 1n the formation of a negative charge on the surface

>Al-OH + OH™ — Al-O- + H,0O Equation 1 4
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R-COOH + OH- = R-COO~ + H,0 Equation 1 5

The surface charge of the soil 1s the sum of several distinct surface charge

densities (3) which are as follows

®

()

(1)

the permanent surface charge density, ©, which 1s due to 1somorphic

substitution occurring 1n the clay minerals,

the net protons charge density, oy Thus, the wntrinsic surface charge density,
oy, Of the soil 1s given by the relationship 6, + 6y = oy,

the inner-sphere complex charge density, o,5, which 1s equal to the net total

surface charge of adsorbed 10ns (other than Ht and OH-) which have formed
inner-sphere complexes with the surface functional groups An inner-sphere
complex forms when an 10n 1s bound directly to the surface functional group
In such nstances there are no molecules of the bathing solvent (1e water)
interposed between the functional group and the adsorbed 1on  An example of
an nner-sphere complex can be seen 1n Figure 1 17(a) which 1illustrates the
adsorption of the K* cation directly to the surface of a vermiculite clay with no
water molecules between the cation and the surface

INNER- SPHERE SURFACE COMPLE X OUTER-SPHERE SURFACE COMPLEX
K* ON VERMICULITE Ca(H,02" ON MONTMORILLONITE

(a) (b)

igure 1 17 Surface Complexes between Metal Cations and the Surface
of 2 1 Phyllosilicates (3)

On the other hand, an outer-sphere complex occurs when there 1s at least one
solvent molecule 1n between the adsorbed 10n and the surface functional group

Iis can be scen in Tiguie 1 17(b) which shows an outer-sphere complex
formed between the hydrated Ca(11,0)2'¢ 1on and the sutface of a

montmorillonite clay, the watcr molecules are interposed between the CaZt jon
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and the clay surface As a general rule outer-sphere complexes involve
electrostatic bonding mechanisms and are consequently less stable than inner-
sphere complexes which 1nvolve either 10nic or covalent bonding,

(1v) the outer-sphere complex charge denstty, 6,5, Which 1s equal to the total surface

charge of the 10ons that have formed outer-sphere complexes with the surface
functional groups

Thus, the overall surface charge density of the soil, o, can be expressed by

the following equation
Ogc = 0o T O+ 01+ O Equation 1 6

Each of the terms on the right hand side of Equation 1 6 can be either positive or
negative depending on the environmental conditions of the soil and 1n general their
sum will not equal zero However, balancing the surface charge 1s an associated
opposite charge 1n the solution close to the surface of the soi1l which give rise to the
electric double layer (or the diffused double layer) The opposite charge 1s due to the
swarm of 1ons 1n solution close to the surface of the soil particles which have not

formed complexes with the surface functional groups This counter charge 1s
referred to as the dissociated charge density, 64 The dissociated charge 1s equal 1n

magnitude but opposite 1n sign to the overall surface charge density,1e o4+ o, =0

The overall balance of surface charge can be expressed by the following equation
CotOoytO s+t G toyg=0 Equation 1 7

This 1s a fundamental conservation law that must be satisfied by the electric field
interface of any soil

142 The Pomnt of Zero Charge

It follows from the previous section that for a particular soil there will exist a
characteristic pH value at which the surface charge, or the sum of the surface
charges, will be zero, this 1s referred to as the point of zero charge (The point of
zero charge 1s also referred to as the zero point charge, or the 1soelectric point where
it 1s measured by electrokinetic methods) Below the point of zero charge there 1s an
excess of positively charged functional groups, thus, the surface of the soil 1s

positively charged Conversely, above the point of zero charge of the soil there 1s an
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excess of negative charges at the surface of the soil so the surface 1s negatively
charged

The point of zero charge can be measured by several techmques such as
potentiometric titration or by electrophoretic mobility methods, these are described in
several sources (3, 16, 18) Sposito (3) noted that there are several distinct points of

zero charge which can be distinguished for mineral surfaces, these are summarised in
Table 1 8

Table1 8 Definition of Points of Zero Charge (3)

Name Defining equation
Point of zero charge (PZC) cg=0

Point of zero net proton charge (PZNPC) | oy =0

Point of zero salt effect (PZSE) Qoy/dl)p=02
Point of zero net charge (PZNC) Gos t04=0

Note (?) I 1s the 1onic strength of the background electrolyte solution and T the
absolute temperature

Sposito (3) defined the points of zero charge as follows
(1) the conventional point of zero charge (PZC), this 1s the pH at which the net

surface charge 1s equal to zero,1e o4 =0 In electrokinetic experiments this 1s
known as the 1soelectric point,

(1) the point of zero net proton charge (PZNPC) 1s the pH at which the surface
charge density of protons (o) 1s zero The PZNPC can be measured by

potentiometric titration provided that only proton-selective functional groups
are being titrated,

(1) the point of zero salt effect (PZSE), this 1s the pH value for the common point
of intersection of several titration curves of o versus pH at several fixed 1onic
strengths,

(1v) the point of zero net charge (PZNC) 1s the pH of the solution at which the
difference between the CEC and AEC is zero

As can be seen the various points of zero charge are not 1dentical and their

values can differ significantly from each other for the same soil sample Sposito (3)
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