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ABBREVIATIONS

TOCT total organic carbon

HS1 humic substances

HA i humic acids

FAT fulvic acids

FTIRT Fouier transform infrared (spectroscopy)

ESRI electron spin resonance

NMR i Nuclear magnetic resonan{spectroscopy)

Py-GC/MS 1 pyrolysis coupled with gas chromatography and mass
spectrometry

UV-Vis i Ultraviolet-visible (spectroscopy)



INTRODUCTION

Thereare enormous peat resources in the warldbout 2% of the total land
surface &3 million kn) are covered with peatlands, main deposits being located in
North America and the northern parts of Adiastern Europe, Scandinavia, Ireland,
Scotland, northern Germartjpe Netherlandsand Indonesia. The total volume of peat
in situ is up to 4P00 billion n? (Lappalainen, 1996 At present, the principal
producers of peat are Ireland, Finland, Belarus, the Russian Federation, Samellen
Ukraine. Despite the widespread distribution of peat resources, consumption of peat,
especially for eargy production, outside Europe is comparatively insignificahe
global consumption rate is approximately 17 million tonnes per year, extracted from a
very small part of the total area of peatlands (in the EU, only around 0.3418é of
total peatlands&(l,750 knf) are used for energy productiohjpppalainen, 1996

Peat has many applicatioris it is widely used for power generation, in
agriculture and horticulture, for production of various fertilizers, mulching, as well as
insulatingconstructionmaterals. Chemical and thermal processing of peat may yield
different substancets humic acids, alcohols, activated charcoal, wax, furfuaat
feed yeast§pedding, 1988

One of the major challenges of environmental scienseto study the
possibilities ofuse and protection of natural resources, especially focusingnon
effective use and production of innovative and high adddge products. Peat
processing products, especially humic substgrees environmentally friendly and
have low toxicity besides humic substances have major antus, ant
inflammatory, hormonal system stimulant, profibrinolytic and heavy rbetaling
capacites. Therefore nowadays they are usedfasd and food additives dyes and
cosmetics.

Peatlandscover 10.4% ofthe territory of Latvia, which contairs substantial
volumes (10.8 billion rf) of peat. 0.4% of the world's peat resources are situated in
Latvia, ranking it 8th among the calculated world's peat resources per &&pita (
Energy Council, 2007 Therefore peatis one of the most important natural resources
of Latvia with a high application potentialn the present decadpeatmining output
is 825000 tonnes per yean averaggereaching up tamillion tonnes per yeasturing
the last few yeardt is estimatedhat atthe current peat extraction intensity (taking
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into account the growth rate of pedlje peat resources can last ttoe next 800 years
(Kal ni A)a, 2000

In Latvia this essential natural resourcas been thugar usedmainly as a
sourceof fuel and in agriculture. Considering the need &wise use of natural
resourcesit is important to studythe possibilities of developng new peatbasel
products. Extensive studies of pdahds and peat resources Latvia have been
carried out in the first half ofthe 20" century, under supervision of Professor
Dr.PUt eri s Nomal s a tUtilisation Depaetment ohthedniversiy P e at
of Latvia, laterthe Peat | ands | nst iNowettemsive dha detaibed 2004)
scientific studies of peat bogs and peat properties have been conisuttgdia in
the last 20 years. Despite the fact that different peat products and humic substances
arecurrertly produced in significant quantitiegorldwide, the possibilities ofthe use
of peat for productiorof humic substancess well as the production process itself
have been investigated relatively little.

As proved by foreign experience, it is necessaigo research on peatlands and
theuses of peat resources, creating new high vatlgeed innovative products that do
not require largescale peat extraction, thus contributing to sustainable use of Latvian

peat resourcepreservingnature and promotingompetitiveness.

The Aim of the Thesis
Theaim of thework is to explorethe properties and composition of humic acids
isolated from raised bog peptospede for industrial use and the factors that

influence their properties and composition

The Tasks of theThesis:

1. to ollect peat samples from different bogs study their properties
humification ofpeat and factormfluencing it

2. to eplore theextractionprocessof humic acids from peat usingjfferent
high-intensity extraction methods;

3. to characterse the propertiesf peat humic acidand evaluate thmfluence

of the peapropertieon the propertieand compositiof humic acids.



The Scientific Novelty of the Study

The tesisis acomplex study othe prospects geat for industrialise, as well
astheimpact ofthe humification process on the composition of humic substaotces
peat The mssibilities of usng intensive extraction methods for extraction of humic
substances were verifieds were thehanges othe propertiesof humic substances
depending on thentensity of processing Humification indexes proposed for
charactesation of the humification process were compar@ad a new indexthat
could be prospectivepecifically for determination othe humification degree was
devdoped. Humic substances in preparative quantities were extrdaiad the peat
samples selected for this stydyalysis of theelemental compositioand functional
group contenof these substancess performegusingUV-Vis, fluorescence, FIR,
'H NMR, and *C NMR spectroscopy method3he impact of the pedbrming
material and its humification process on the properties of peat humic substances was

determined

Major Achievements

The @mplex multiparametenresearctof the compositiorand propertiesf peat
canserve as asefulreferencan the processf researching and developingwareas
of useof peat Furthermore, commercial production of peat HA can benefit from the
studiedpeat HAextraction methodslhe humification indexes of peat can be used
aneffective instrument for exploration and charastdion of peat

Complex researchallows to assesghe variation trend®f raised bog humic
acidsin the peat massrgspectivefor industrial production of humic acidas well as
to evaluatevariability of the features oHA andthe approacheso standardiation of
industriallyproducedoroducs.
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1 LITERATURE REVIEW

1.1 Bogsi the Genesis ofPeat

Peat isan eluvial sedimenthat forms from little transformed plant remains in
boggedup places (overgrown water bodies, land depressions, as well as areas where
the surface water runoff isinderedor high groundwater level persists). Dry peat
consistsof over50% of organic mattefKivinen and Pakarinen1981), it is formed
from incompletely decomposed bog plaimtsa process when due adigh water level
and low oxygen content decomposition of the plant material is significantly retarded.
As a result of condensation processesrarmiobial activity,during the humification
process dark-coloured heterogeneous organic substances with high molecular
weighti humic substances (H8)a r e f o r naadbtinkulke 49979.s

The following features pertain teept

1 Decompositiondegreei the ratioof fibrous and undecomposed peat material
to the dense, amorphous part which ferdguring the humification process
(Fuchsman 1980). It depends on the environmental conditions (mainly the
oxygen and moisture levels), plant compositi@nd the ageof peat.
According to the decomposition degree of peatan be subdividethto:

o peat of adw decomposition degree 20%);
0 peat of a redium decomposition degree (35%);
o well-decomposed peat (> 35%)

1 Thereis a close relationship betwedime decomposion degree of peat, its
colour, and plasticityi decomposed peat is darker and more plastic plea
of alow decompositiordegree Therefore for fieldworks thevon Post scale
with 10 divisionswascreatedi the decomposition degree can be determined
by squeezing fresh, wet peat sampie hand(von Post1924).

1 Peat moisture levél percentage othe amount ofwater in the whole peat
sample. It depends on the peat type and decomposition dagrben some
occasions it can reachi®8%

1 Peat ash coanti percentage of inorganic or mineral particlesaidry peat

sample. Peat ash can be dividatb constitutional (mineral content in plant
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residue) and fetched (by wind and water). This parameter substantially
influencesthe physical and mechanical grerties of peat.

1 Botanical compositioni the type of peatforming plantswhich characteres
peatforming conditionsDepending on the percentage of various trees, shrubs,
grassesand mosses, peat types are determiéglcan distinguishhtee types
of peat (Fuchsman1980):

o fentype peati formed from plants which feed agroundwater rich in
biogenic elements. For this peat type hypnum meésgrios, reed
(Phragmite$, and sedge Garex, as well as tree$ alder @Alnus,
willow (Sali®), and birch Betulg are characteristjc

o raised bogtype peati formed from plantswhich feed mostly from
atmospheric precipitation. It isxainly composed ofSphagnummoss
(Sphagnury cotton grassHriphorum), and different genera of heather.
Not all of the #resaidplantsare alwaysrepresented, bufphagnum
mossoccursthe most frequently

o transition miretype peai formed from mixed vegetation

0 some plants such as rusbaheucheripand cattail $cirpug are found in
both raisedbog peatandfentype peat. Classificatiohy the botanical
composition is used to supplement and confirm the geological
conditions, such athe impact of groundwater, since the plahtpical
of raised bogoeat grow orwaterspoor in mineral elements, whereas
for vegetation found idow-type peat more nutriens are necessary
(Fuchsman1980).

1 Subtypes of peat can also be determinedédubotanical classification: forest
peat forestmire peat,and mirepeat Peat groups can also be described by
vegetation: tregoeat treemosspeat grasspeat grassmosspeat and moss
peat

1 Botanical composition is closely related to plant nutrition conditions,
properties of the underlying layers of the peat libgmineralsation degree
of the groundwaterit significantly affects the degree of decomposition,

moisture and physicaaindmechanical propertiesf peat(Fuchsmanl1980)
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1 Peat deposits are formed from one or more types of peat. Three types of
deposits are distinguished: low, transitigraadd mixed type deposits.

i Naturally peat is characterized byhegh moisture content (896%) and low
density (1400 to 1600 kg/nf). Dry peat has an average density of 300 Rg/m
porosity from 70 to 80%, asmall coefficient of thermal conductivity, high
capability ofgas absorptioncapability ofmoisture absorptiofrom 500 to 1
500% and the combustionhelom1 8. 4 t o 23. 9 MJ/ kg (Dani

The development of peatlands takes many thousands of ,yaads for the
accumulation of peat as well as preventof complete decay of biomass produced by
the plant growth, excess water is needédp to recenttime, it was considered that the
water level keeps above the surrounding landscapdaaoapillary action and the
groundwater rises within the peat column (Charman, 2002). However, studies of
capillarity in Sphagrum peat withalow humification degree showed that the capillary
rise of water is insufficient to create a groundwater rise. Today it is generally accented
that domed profile probably forms mainly due to low hydraulic conductivity, decay
processesand thedifferent values of conductivity in the catotelire., the lower

anoxic part of the peat column (Charman, 2002).

% é% Bog surface

| Fluctuatmg “_j; ;;: ""'"'----...__
watertable
T oW decompogige s
e AAC CTEHPOSIIon -
CAROTTEL CATOTELM Corate oo

Figure 1. The acrotelm and catotelmi the main functional zones ofa raised peat
bog (Borgmark, 2005)
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Decay of plant material occurs majnh the acrotelm theupper aerated layer
of peat (Figurel) (Ingram, 1978, 1983; Charman, 2002). The decay rate in the
acrotelm considerably varies. Water content, temperature, oxygen conditions, plant
material and microbial populations are the maattors controlling the decay rate of
the peat (Clymo, 1983; Charman, 2002). In the catotelm (Fiduréhe decay
processes are almost nonexistent; the decay rate i0:1l%6 of that in the acrotelm
(Ingram, 1978, Belyea and Clymo, 2001). The rate of uhpasition isa complex
issue not yet fully understood because it is affected by various factors and
interactions.The lorder betweerthe acrotelm and catotelm is not evident, but
approximately matches the lowest level of groundwater levedummer(Clymo,
1984).The arotelm supplieghe catotelm with organic materiahnd in this transfer
process fromthe aerobic to anaerobic layer abouti86% of the total organic
production is lost (Clymo, 1984, Warnetral.,1993).

Decomposition of peat mainly depexoh the thickness dhe acrotelm, where
the plant decay takes place. The thickness of the acrotelm equals the degree of surface
wetness therefore decomposition of peat is a function of the degree of surface
wetness (Caseldinet al., 2000). In turn suface wetness mainly depends on
precipitation and evapotranspiration, but the exact relationship is unknown (Charman,
2002). There ara numberof internalandexternalfactorsthat affect surface wetness
and humidity of bog®n different scalesclimate isthe mostsignificant of these
factors(Charman, 2002).

1.2 The Significance of Humic Substances in the Carbon
Biogeochemical Cycle

Among the various organic substandkat occur naturallyhumic substances
(HS) are the most widespreéstevenson, 1982Humic substances form most of the

organic component of soil, peand natural waters (Figug.
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Aquatic humus

Peat humus

. . . . Sediment humus
Figure 2. Humic substances in the environment

Up to 70% of the organic carbamsoil and upto 90%in peat may occur in the
form of humic substances. Humiglstances influendée formation process of fossil
fuels andare significantin the global carbon geochemical cycle. The global pool of
humic matter is an important component in the formation of atmospheric carbon
dioxide. The estimated amount of carbam the atmosphere is 688023 10™ g,
which is in the same range as carbon accumulated as soil humus,(p0s 10" g),
peat humus (258 10'°g), and humic substances (86,7003 10" g) (Woodwellet
al., 1978). It has been recently estimated thatdlobal transport of organic carbon to
oceans is about 0.4 to 330" g/yr (Hopeet al.,1994).

The significanceof humic substanceis determined by their formatioduring
the humification (decay) process of living matter. Humic substances iforamn
intermediate phasef the transformation process of living matter (organic carbon
reservoir) which continues in the organic carbon gycteare deposited (as fossil
materials).Propertiesof humusdepend on its sources. Depending on the character of

thehumification process, thargestreservoirs of humic matter aeghersoil or peat.
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1.3 Humic Substances andr heir Properties

1.3.1 Classification of Humic Substances

The present knowledge indicates that humic substances form one of the most
important groups ofibmolecules (Stevenson, 1982). Humic substances do not belong
to any unique chemical categomheyare defined by combining all known aspects of
their properties, including the process of their isolation. The most common definition
is that iHumic substanes are a general category of naturally occurring, biogenic,
heterogeneous organic substances that can generally be cheeddasrbeing yellow
to black in colour, of high molecular weight, and refractory. Humic substances can be
divided in three fractiom(Figure 3)(Stevenson, 1982):

1 humin is the fraction of humic substances thansoluble in water at any
pH;

1 humic acié (HA) belong tothe fraction of humic substances thainisoluble
in water under acidic conditions (p¥2) but becomes soluble jgiti > 2;

71 fulvic acids (FA) belong tothe fraction of humic substances that is soluble

under all pH conditions

Nonhumic
substances
Natural organic matter
(decomposition products, Humin
metabolites of living (insoluble)
organic matter)
Humic | Humic acids
substances | (soluble at pH>2)

Fulvic acids
(soluble at any pH)

Figure 3. Classification of humic substances
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1.3.2 Isolation of Humic Substances

Isolation of humic substances from the natural environment mdred by
complicated environments, where alongside humic substances other macromolecular
compounds (amino acids, carbohydrasewl lipids) can be found. Currently there are
many methods of isolation and purificatiohrmmic substances, but in each case
method may be moraseful than othersand the results are difficult to compare.
Therefore, standard methods feolationof humic substances from different sources
have been developed to obtain comparable results. Stevenson (h88&atedhat
theideal method ofsolation ofHS from peat must meet four criteria

1. The nethod should not alter the natural characteristics of isoéated
material

2. The isolatedHS must be free of inorganic contaminants, such as clay
particles and polyvalent catians

3. Isodation is ideal if the acquired fractions of HS represent the entire
molecular mass series

4. The isolatiormethod is applicablm different environments.

The main problemwith isolation of humic substances from peat is that only a
small proportion of humuss in a free form. Mostof humusis bound to minerals and
decaying mossn different formsand in order to obtain the HS, it is necessary to
break these associations (Kononov, 13&@venson, 198Drlov, 1990).

For isolationof HS from peatsodium hyroxide solutions are mofiequently
used (Kononov, 19665chnitzer, 1978). Many researchelisapprove othe use of
NaOH solution because the presencamélkaline solution transforms the structure
and properties of obtained humic substances duedimlygis and oxidation reactions
(Stevenson, 1982j)t is recommended to performolationof humic substances with
NaOH solution in N atmosphere, reducing the structural changes dtinmgsolation
process. Already in the 193@gtempts were made toausther solution$or isolation
of HS, such as mineral acid salts (NAF,,R#&7, and NgP(Q,), low molecular acids,
inorganic and organic solvents, etc.

The use ofmineral acid saltdhas significant benefitsespecially the use of

sodium pyrophosphate (BRO7). The efficiency of this solution is determined by the
18



good solubility of the obtained salts of humic substandeserthelessit is believed

that HS are bound in complex forms in peat and mineral fractions, ansbtagon
efficiency of NaP,O; or other solutionsf such typeis lower thanthat of alkaline
solutions However, in some cases sodium pyrophosphate gives higher HS yields
(Drozdova, 1959).

According to standard methods (Schnitzer, 19tirmanandMalcolm, 1981)
isolation of HS is perfomed with 0.1 N NaOH, 0.5 N NaQH).1 N NaOH or
0.1 N NaP4Os.

The following substances are obtaiveith aNaOH solution:

1 non-extractable peat organic matter;
1 extractable peat organic matteir watersoluble fractions of humic
substances.

Humic acids a obtained by acidification of the alkaline extract with HCI
solution to pHof 1.5. Humic acidgrecipitateas dark brown or black residue, but

fulvic acids remainn the extract, usuallgf yellow colour.

1.3.3 Characterisation of PeatHumic Acids

Contemporaryanalytical methods have provided a large amount of information
on the characteristics of humic substances. Among such basic charadeastic
firstly, the elemental composition of HS. Knowledge of the elemental composition of
HS allows to evaluate thele of basic elements in the building of macromolecafes
humusand to analyzan simplified terns, the influence othe origin ofhumus on its
composition and even structure. The great variabilftpatural waters is related to
diverse humification mrcesses and theomposition of humus. The elemental
compositios of humic substances isolated from differéypies ofpeat indicate that
elemental composition depends the origin of humus seasonal factors, and other
variables (Tabld).

The variationsof the elemental composition of humic substanaeslifferent
peat samples isimilar to the differences between humic substances of different

origin.
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The varidions of the elemental compositiomf humusindicate the effect of
environmental conditions, esgally humification, on the structure and properties of

humic substances.

Tablel
Properties of peat humic acids
Ash, % EIeme_ntaI Functional groups
. N analysis %
Source materials in dried - Reference
HA C H N O COOH Phenolic OH
(cmol/kg) (cmol/kg)
Sphagumpeat 51 4614921350 @ 192 86
(Canada)
Reedsedge peat
(Belarus) 38 4835231286 186 & Yamaguchiet al, 1998
Reed peatJapan) 4.4 36.3 5.9 2.133.6 134 68
Woodypeat 4 7 554815287 324 25
(Indonesia)
Refe(rli,\;;)e peat nd 44.0 5.0 1.649.0 429 224 meqg/mg¢ Francioscet al, 2003
Sphagnumpeat 4 64 48559706452  n.d. n.d. Zacconeet al, 2007
(Switzerland)
Sawgrasspeat 4 57556 28365  n.d. n.d. Hatcheret al, 1986
(Florida)
Ringinglow bog
peat (England) nd. 498 45 2.342.0 3.00medg 1.65 medg Gaoet al,, 1999
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Figure 4. The content of carbon in humic acids isolated from peat, soil and
aquatic samples ljy Orlov, 1990)

Thedata orelemental analysis of 340 humic substances indicates differences in

the content ofcarbonin substances of different origin (Figu#e The carbon content
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of peatandsoil humic substancds similar; neverthelesshere are clear differences
in the compositionof different humic substances. Humic and fulvic acids also differ
in composition, except when the impacttbé source oHS on their composition is
more pronouncethan the differences between FA and HA.

In general, the carbon content in humic acids is higher than in fulvic acids
(Orlov, 1990) The content of other @inents can also indicate structural features of
humic substances. The content of oxygen indicatesntireber and the relative
content of oxygeftontaining moieties in the structure of humic substances: carboxyl,
hydroxyl, and carbonyl groups and oxygeartaining heterocyclic structures, as well
as carbohydrate€limination of oxygencontaining moietiesisually takes place
the humification process. Nitrogen content in humus also indicates the character and
intensity of the humification processeshe nirogen contentin humic acids is
commonlyal.5 times higher thaim fulvic acids.

Since humic substanceslso are able to bind elements by formation of
complexes in isolated and purified HS samples, microelements may be linked to the
structure of humic substances. Thereftine content of bound ieroelements reflects
both natural conditions and the ability of humic substances to form complexes (Riise
and Salbu, 1989). In HS reference samples, elements such as Ca, Mg, Ba, Al, Fe, Na,
andK have been found in quantities of &0200 ng/g. The concemations of Ag, B,

Cd, Cr, Hg, Mo, Ni, Pb, Sc, Sn, Sr, Th, @&ndZr are lower, ranging from 0.01 to 5
ny/g.

Elemental composition is often used for the calculation of atomic ratios (O/C,
H/C, N/C). Plots of these values (van Krevelen graphs) can heigetdify the
correlation betweerthe elemental composition and origin of humic substances
(Visser, 1983van Krevelen, 1984K Na v i A:Petterdsor@ al., 1994). Plots of
H/C vs O/C, acidity or molecular weight (y1 allow to assesgshe degree of the
humification process, or the degree to which plant residwetiaamsformed into
biochemically more stable, but more condensed aromatic structures. The degree of
dehydratation or oxidation of humic matter can also be estinvatadzan Krevelen
graphs.

Basedon the C/O and H/C proportions, the percentageof aromatic groups

can be estimated (Orlet al.,1987) as follows:
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a = [Caromatid/[Caromatid + [Caliphatid;
Caliphaiic= [(H/C + 20/C? K) / 1.67]1 0.20;

where: K = [AT (B + C + D)/A; AT numberof moles of oxygen in humic
sample; B, C, D numberof moles of oxygen in phenol, carboxgind carbohydrate
structural unitsrespectively.

Functional groups such as carbonyl, hydroxyl (alcoholic and phenolic
hydroxyls) methoxyl groups, aldehyde, ami@nd other functional groups, aa&
important part of thestructure ofhumus therefore,methods for estimation of their
numberhave been proposeld.is recommended to perform measurementsyafoxyl
group content by acetylay them with acetic anhydrid and subsequeiy
determinng the numbrof bound acetage(Tan, 2005).The ontent of alcohol and
phenol hydroxylss mostly calculated as a difference based on the total acddy
content ofcarboxyl group and hydroxyl groupdt is recommended to daimine the
total content ofcarbonyl group after oxime formation, titrating the excess of used
hydroxylamine with perchloric aci€Concentrations ofujnoidal carbonyl groupare
determined by redirg Fe in analkaline triethylamine solutioffan, 2003.

The concentrationof hydroxyl groups in HS rangdrom 0.3 to 2.5 mgeg/g
(the concentration of hydroxyl groups in humic acigisypically higher than in fulvic
acids). The oncentration of methoxyl groups in H&as been determined in few
studies, andt has been suggested that the hamcentrationof methoxyl groups
indicates humic substances of terrestrial origin and a low degree of humification.
Ketone and aldehyde carbonyl groups have been foundrynsmallamounts (0.06
0.3 mMol/g). Chemical m#nods are timeand workconsuming and the obtained
results can be influenceldly the conditionsduring the preparation of theample.
Contemporary analytical processes &@ NMR, IR and ESR spectroscopy, often
togetherwith corresponding derivaition methods (Leenheer and Noyes, 1989a).
The formation of humic substances, ,i.eumification involves transformation of
living organic matter, which, depending on its origin, can contain proteins,
carbohydrates, fragments of nucleic acidsd other biomolades. Peat humic
substances contain the$gomoleculesin varying amountslinked by bonds of
different strengthi from very loosely ionogenically bound substances that can be
partly lost during isolation to stablenks into the structure ofhumus througbut
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subsequent transformat®nMore loosely bound substances may be isolated after
hydrolysis, but more permanently linked substances can be identified only by analysis
of degradation products of humic substances.

Various spectroscopic methods have bedsely usedto characteris humic
substancesfrom simple but least informative methods (W& spectroscopy) to
more sophisticated methods. The Wis spectra of H®lo not give much information
due to the absence of individual sorption maximums #nedevenly decreasing
intensity of sorption. The main structural units that influence the sorption HigV
spectral regions are condensed structures conjugated with eggg&aining moieties
and the polyaromatic core of humic molecules (Larina and KasatockB&6).
Humic acids with higher percentage of aromatic condensed structures have higher
sorption at lower wavelengths (2ZB0 nm) than fulvic acids, which have higher
percentage of aliphatic structural units. Sorption in the spectral region around 280 nm
is determined by i p* electron transitions typicabf phenolic substances, aniline
derivatives, benzoic acid derivativeand polycyclic aromatic hydrocarbons. It is
possible to evaluate the percentage of aromatic structural units in the molecules of
humic substances based on their sorptiomnrJV region (Larina and Kasatockhin,
1966 Gauthieret al.,1987 Chinet al.,1994 Trainaet al.,1990)

UV-Vis spectra can also be used evaluatemolecular mass of humic
substances. The proportiof E4/Es (Kononova, 1966Chenet al.,1977) can be used
for this purposebecause of a rathegood correlation with the molecular masses
determined witlgel filtration. The E4/Es ratio also correlatewith free radical content,
contents of O, C;COOH, thus this paraneter can be regarded as a simpkans of
measuringnolecular mass and humification degree

Infrared spectra of humic substances can provide informatidhearstructure,
particularlyin regard totypical functional groups and their links in the struetof
humic substances. A great advantage of this method ithésamples do not require
pre-cleanng, but ratherconcentrationwith evaporation However,an unambiguous
interpretation of the obtained spectra is not always possible due to interfebgnces
adsorbed water and inorganic substances that are linked to the structure of humic
substances. IR spectral analysis is a common method (Dexeppel980Q Senesket
al., 1986 Peschel and Wildt, 198&enesi and Sakellariadou, 1994) to descitiige
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properties and the basic characteristics of humic substaheesfore,there ismuch
information on the IR spectra of humic substances.

IR spectra allow to identify the presence of most of the important functional
groups, to compare humic substances of feient origin and to estimatethe
concentration of functional groups, and they are importanthflerdevelopment of
structural models.

Wide scan range (@00 G) ESR spectra of humic substances are dominated by a
strong, very narrow symmetrical resonanoenmonto ESR spectra of humic matter
of any origin. Howeverdifferences are apparent in the relative intensity of the two
dominant resonance lines and in the presenca mwinor resonance. Line widths
(DHpp) and spin contents of free radicals (I') are agithe ESR spectral parameters
that provide the most informatiqAthertonet al.,1967). The structuresost possible
to bear organic free radicals are semiquinone structures conjugated with condensed
ring systems or substituted with aliphatic or hetemsetontaining substituents. ESR
spectra indicate the differences in the molecular structures of humic and fulvic acids.
The applicability of ESR spectia characterisation of humic substances is limited
some exten{Peuravuori, 1992). However, this rhetl is a powerful tool for the study
of the complexation process between HS and paramagnetic metal ions since it allows
to measureghe content of bound metal atoms and the types of their links in the
molecules.

The fluorescence spectra of humic substarslesny one broad band in the
excitation spectrum (ax= 320330 nm) and one in the emission spectrum (Ewéld
al., 1983 Belin et al., 1993). Studies of homogeneity of HS samples provide some
evidence for the presence of lignine fragments in the struofunemic substances.
Fluorescence spectra have been comparatively widely used to characterise interactions
between humic substances and metal ions or organic molecules since these substances
induce the quenching of fluorescence of HS.

NMR techniques are eery efficient toolto determire theproperties ohumus.

Among the NMR spectra'H i NMR spectragive less informatn, but the are the
most widely usedand provided valuable informatioan the structure of humic

substances (Lundquist al., 1985)."H NMR spectra have been used to estimate the
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location and quantity of hydrogen atoms in HS molecules anduimderof specific
functional groups.

The °C NMR technique allowso determinedirectly the relative numberof
major structural units in humic subaces.Signals in these NMR spectra represent
different types of carbon atoms and alldw determire their concentration (the
intensities of carbon signals are proportionathe number of carbon atonis the
substances). However, interpretation & NMR results can be misleading since the
nuclei canbe located ina wide variety of chemical environmentisat produe
different chemical shifts due to the very heterogeneous macromolecular nature of
humic substances (Peuravuori and Pihlaja, 1890 ¢ n dL ¢adnedma n nFr ¢Ind9 1
etal.,1994aF r ¢etal.,1994b).

The dimensions and shapes of humic substances directly influence their
solubility, their ability to migrate, and their interactions with suspended particulate
matter and living matter. Major pradshsin the studies of molecular masses of humic
substances are their polydispersity and the fact that humic substances are mixtures of
structurally similar substancesAverage values of variablesmust be used in
characterisation othe molecular propertieof humic substances. The molecular
masses of humic substances can be characterised byasiadiiesas mean molecular
mass,the shape and conformation of moleculéise degree of polydispersityand
distribution of molecular masses. The molecular charestics of humic substances
are closelyconnectedvith their environmental functions and geochemical roles. The
evaluation ofthe molecular mass and shape of the molecules is directly related to
analysis othestructure of humic substances.

Since humicsubstances are polydisperse mixtures, they can be characterised by
averagd molecular massesnumberaveraged (M) and weightaveraged (M)
(Peuravuori, 1992).

The most common methods for analysis of molecular weights of humic
substances are gel filtratiorhigh-performance sizexclusion chromatography,
vapour pressure osmometry, low angleray scattering, ultracentrifugation,
ultrafiltration, field flow fractionation, viscosimetry, electramcroscopy a.o.(Pansu
and Gantheyron, 200§. The obtained vaks of moleclar masses of humic

substances greatly differ, depending on the methods usexh&mel origin of HS.
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Molecular weights of humic substances vary in a broad range (400 to
1,000000), thus supporting the idea of two types of organisatidrumc molecules
organisation camake placet the moleculaor molecular aggregate levels.

1.4 Studies of theProperties of Humic Substances of Peat

A significant partof thetotal organic carbon (TOC) pool is storedleform of
peat humic substances. Frdms perspectivepeat humic substances are of definite
importancein industrial miningand processingf peat.lt has been statethat up to
500 Gt of humic acids of industrial importance can be mimeddwide (Markov et
al., 1998). Studies of peat humacids are of importance to understdredter the
biogeochemical cycling of carbothe development of peat resources well aghe
genesis of fossil fuels. At the same tintes surprising that irdepth studies of peat
humic substancesre rathescace. Only a few studiesf peat humic substancéscus
on the changes of their properties withithe peat profile, also considering the
influence of peatorming plants orthe properties of peat and its humic substances.

Anderson and Hepburn (1986) studiétb in two peat profiles with different
stratification and botanical composition. Some problems regarding their solubility in
aqueous alkakolution,especially in peats with significant amount of relatively low
decomposed plant material were notedthiis study several products of hydrolysis
were studiedto determinerelevance to molecular structure and changes in the
humification process. For example, & showed t@ontaina higher concentration
of levulinic acid, which originates from primary pgshccharides, representing
undecomposed plant carbohydrates, than can be obtained by conventtimads of
carbohydrate hydrolysis. This can be explained the presence of altered
carbohydrates attached to the ewllar structure of humic asd

The humification process affeet lignin-derived moieties as wellAnderson
and Hepburn, 1986). Characteristic phenolic acids were separated and quantified by
the conversion of the ethsoluble fractions of humic agdo volatile trimethysilil
hydrolysates.

The conditions hostile to biological activity stop the processes of humification

in peat at an early stage. Additionally, analysis of the mixture of extractable organic
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substances which comprise peat humic substances is more complenahgsisof
mineral ®ils becauseahe partial humification of peat appears to be much faster than
the subsequenthanges. These alterationstoé original plant materialetermine the
properties of humic substances. Oxidation of aromatic or alicyclic compounds can
produce aseries of very different products which can form more complex condensed
structures. This means that humic substancemdezdproductsderived from peat,

but their properties are influenced durihg isolationprocess.

Cellulose, hemicellulose, ligningd tannins are the founain plant ingredients.
Organic extract®f peatcontain quantitatively important fractions of polysaccharides,
but it is difficult to extract polysaccharide preparations covalently bound within humic
substances. Fractions of fulvacids that are rich in polysaccharidesyar their
content depending on the sourcand contain important peptide components
(Anderson and Hepburn, 1986).

In the process of peat formation, lignin appears to undergo gross degradation
and condensation, selting in the formation of fractions with a higher molecular
weight.

During humification gatforming plants, such a@hragmites, Carexand moss,
are subjected to demethylation, oxidatiand condensation; howeyehe losses of
lignin are much smallerPyrolysis mass spectrometric analyses of HA in well
decomposed peabnfirm that peat humic acids from deeper layars of ahigher
humificationdegree decreasing lignin and polysaccharide pyrolysis products.

Tannins are considerdd beprecursors andomponents of humic substances
however although some degradation products of humic acids casebeed from
tannins (e.g. resorcinol and phloroglucinol derivatives), more typical tannin fragments
(benzylsulphides and ketones) are not repordedi¢rsonand Hepburn, 1986)

In the peat samples studied by Anderson and Hepburn (1986), the amount of
total carbon presented as humic acid C in general increased with the sample depth,
except for the topmost samples which were subjected to increased oxidation and
thereforehadhigherconcentrations odrganic carbon.

Anderson and Hepburn (1986) alszportthat the use of th&4/Eg ratio as a
humification degree indicator rather reflects the molecular weight and patrticle size,

not the chemical structure of the sdenp
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Phenolic acids in peats are most probably produced by the microbial
degradation process of plant residhat contairs high amounts of phenols. Removal
of these structurelsecause othe water transport and washout of fulvic acids would
lower the valus of decomposition degrees. Therefdoetter understanding of the
flows of organic components in peat bogs is needed.

In a study by Zacconet al.(2007), HA isolated from a peat core (depth 81 cm)
divided into 27 slices of 3 cm each were studied. Humidsawere analyzed using
Fourier transform infrared spectroscopy and-\ig spectroscopy (#Es ratio).

Different conditions along the peat profile were shown in respect to physical
and chemical properties. In total 3 distinct zones vaisgnguished intie bog the
acrotelmi the zone of active decay, seasonally oxygenatkd;catotelmi always
anoxic with a very slow and partial decomposition of organic mdttetransitional
layer where complex interactions between organic and inorganic compouds tak
place. B/Eg ratio and FFIR spectra of HA confirmed different stages of humification
of peat in the profile. In the deeplayers agreater degree of aromatic condensation
was observed than in the surface layer.

Hatcheret al. (1986) investigated sawg® (Mariscus jamaicensjspeat from
Florida bydoing elemental analysis afdCNMR spectroscopy. It appears that during
humification loss of cellulose and other carbohydrates present in living plants takes
place and humic substances are fornfeaim lignin. Sincethe peat samples have a
low degree of humification, humic substances may com@mparativelyunchanged
compounds found in the living plants. In some situatithilesamount ohumic acid
decreasedlespite an increase in humificationhat can beexplained by selective
oxidation andsolubility of fragments ofhumic acid, as well asby the fact that
drainage watereemo\e humic acids

Geochemical studiesf organic mattetestify that plant polysaccharides and
proteins are degraded in the uppercg®of peatand with increasing deptmicrobial
polysaccharides (e.g. polyuronic acids) are mdrequent Therefore, early
decomposition removes pladerived carbohydrates.

To understand humificatiorbetter humified fractionsof peat and plant
polymersthat form asignificantpart of humic substances must be examined. Lignin

relatively unalteredin comparison with proteins or carbohydratés)peat humic
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substances. Humic substances undedigo most significanthanges in the upper
layers (020 cm) of peat, wherean active humification process takes plactte
amount of humic substances increases, but the amount of polysaccharides sharply
decreases as the plants degrade. In Idayars anunexplained decrease of humic
substancetakes placethe trend is oppositdo the increasing humification. This can

be explained with the mobsationor lossof HS.

H/C and O/C ratios allowo charactese the humification processNear the
surfacethe atomic H/C ratio is higher, but declineswith increasing deth due to
hydrolysis and increadearomaticity. O/C ratioslsodeclinewith depth Thatcan be
explainedby the abundance of carboxyl and carbonyl functional groups as well as
oxygenrich polysaccharides at the surface.

Solid-state®*C NMR allowsto study the chemical and structural composition of
peat during the humification procegsn important structural change is the loss of
carbohydrates with increasing depth, while aliphatic and aromatic groups gradually
increase with depth. In the deepest layeat jis less saturated with carbohydrates, but
it is enriched with lignin molecules. Humic substandeave relatively high
aromaticity at all depths, which suggest that humic substances in peat form
independently from th@lant material That could be relagd tothe fact that humic
substances are produced selectively from one component ofGmeaideringthe
high aromaticity of humic substances, they amest likely derived from lignin
(Hatcheret al.,1986)

Humic substances aref similar structure atall depthsof peat. They are
produced by oxidative processes andenenore aromatic groups than other peat
components due toeingderivedfrom lignin.

A study by McDonnell et al. (2001) estimated thevariation of concentrations
and characteristicdependingon thesourceof humic substances to understdradter
the significance of humic substancescarbon dynamics. Humic substances frém
peat and peaty mineral soil samples from the Va@etchment wereisolated
fractionated, quantified and characterise using the method adapted by the
International Humic Substance Society. Using X8Desin columns and dialysis
samples were isolated and analyB®adash, elements (carbon, hydrogen, nitrogen, and

oxygen), amino acids, and carbohydratexl by means ofT-IR spectroscopy
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Although details ofthe chemical processes were naported some differences
between forested and ndorested sites were identifiedthe HSfrom forested sites
consisted of more humified organic matter and had umpere different
demmposition processes. Two variables importtot the formation of HSwere
identifiedi land use and altitudesincetrends in HSoropertiegelated to altitude and
land use were observedor example, increased aromacity indicates greater
humification anl elevatedelemental ratios (both H/C and C/Njumic acids showed
that the humification degree increased with increasing altitudecskforested sites.
The soil chemical environment at forested amahforested sitesliffered in amino
acid and saccharidmncentrations.

Onedimensional NMR analysis of a fulvic and a humic acid obtained from
Eriophorum peat providd semiquantitative content®f humic constituents with
limited resolution in structurabdetail (Hertkorn et al., 2002). More accurate
arrangemet of humic substructuresas achieveavhen information from homaand
heterenuclear twedimensional NMR spectravas used. Detailed analysis shea
significantimpacts ofamino acids, aminocand desoxysugars, anthighly oxidized
aliphatic chains of intenediate length in the chemicdlift region normally attributed
to carbohydrates. Combined analysisall NMR spectra shoed avery significant
effect of the fractionatioprocedure on the composition and chemical structure of
humic substancesComparisa of the structures forming humic and fulvic acids
indicates thathe biopolymer degradation modef humificationappliesas the fulvic
acids are formed from humic acid constituents.

In astudyby Chefetzet al.(2002) the structure of peat humic acias studied
in comparison with soil humic acids using bleaching (NaCIO oxidation) and acid
hydrolysis with*C NMR and pyrolysisgyas chromatography/mass spectrometry. The
suggested approach (mild oxidation and acid hydrolysis) allows to remove known
structual fragments and to studthe building blocks and components of HS
macromoleculg Bleaching and hydrolysis allow® remowe lignin structures and
carbohydrates. Howevethis studydoes not provide more speciftonclusionsthat
would shed some light ahe specific structural features of peat humic substances.

Chemical methods and spectrosgdpchniques, including UWis, FT-IR, and

13C NMR used for charactestion of peat humic and fulvic acids isolated from a
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surface horizon ({0 cm) and deeper hadn (>60 cm) of an ombrotrophic peat bog
located in NW Spain showed that in the deeper horizon peat humic substances have a
greater degree of aromatic condensation than in the surface huaging from the

E4/Es ratios. The alkylC content of humic dastances remagd almostunchanged,
whereas the @lkyl-C content of humic acids decredswith depth. longation
constants of the carboxylic groups or the phenolic groups showed no variation with
depth. Ratios of carboxylic/phenolic content were simitaother peat bogs, with a
higher content of acid groups in the humic substances isolated from the lower horizon
mainly attributable to the carboxylic groups (Gonelfaal.,2005).

Use of flash pyrolysigjas chromatographyass spectrometry, solitate™*C
NMR, and FFIR for analysis of different fractions of humic substances from different
depths of the peat bogs in Spain showed significant differences of molecular weight,
composition and structural characteristics (alkyD-alkyl and aromatic structusgin
different humic materials (Gonzalezt al., 2003). Humic acids contained lignin
structures, while fulvic acids consisted largely from carbohydrates and peptides. As
shown by infrared spectra, lignin origites from vascular plants, but humic
substanes do not characted the changes of biodiversity duritize peat formation
processsincehomogenisation and transformation of organic materials happens.

The disaggregation kinetics of peat humic acids at several pH values can be
studied using fluoresceaccorrelation spectroscopy (Avena and Wilkinson, 2002). It
measures diffusion coefficients of fluorescent molecules and aggregates, alowing
determire the disaggregation rates with a resolution of seconds to minutes.
Disaggregationis initiated by dilution of a peat concentrate containing large
aggregates and free monomers. At different pH valiles size ofaggregate
decreases and the proportion of free monomerghénsolution increases until
complete disaggregation occurs. The mechanism involvesseel& monomers from
the surface of the aggregates, with pH significantly affecting the disaggregation rate.
These results malye ofimportance for environmental systenmaplying that at low
pH HS could temporarily trap, prote@nd transport organic nmexules, pesticides,
metal ions and other substances in large aggregates, releasing them at higher pH

values by disaggregation. Therefoti@is mechanisnis prospectivefor transport and
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release of hydrophobic pollutants from areas of high HS concentratioh as soils,
to water bodies with lower concentrations, including rivers and lakes.

Investigating humic acids and humin from acidic peat with solid stat&iIMR
and pyrolysis with  tetramethylammonium  hydroxide (TMAH) and
tetraethylammonium acetate (AEc) derivatisation and comparing the results
obtained with solvent extractioit,was evidenthat more complex structures (lignins,
saturated and unsaturated hydrocarbons, methyl esteta@ned from insoluble
material were dominating the humic fractiowhereas lipids originag mostly from
plants were extracted with solvent (Guignatdal., 2005). The use of these methods
allows to identify a wide range of constituents of humic substances, indicating that
hydrogen bonds play a key role in their sttwe. The combination ofhe said
methods allows$o determire certain fatty acids and their esters in the structure of peat
humic substances.

Quantitative estimation of peat, brown goahd lignite humic acids using
chemical parameter¥i-NMR spectroscpy, and differential thermal analysis showed
a ratherhigh heterogeneity of peat HAs. Ordpmevariables out of 14 obtaing®€
concentration, aliphatic and aromatic components and the heat of reaction of the
second exothermic peak) were selected for amalyue tdow data correlation. The
multivariate discriminant analysis performed on these variables clearly distinguished
different HA extracted from distinctive sources and therefore is suggested as a method
for investigationof the humification procesduring coalification (Francioset al.,
2003).

Charactesation of organic matter from peat, leonarditasd lignites can be
done by combining humification parameters and electrofocusing. Humification index
can be used for distinguishing peat from leoitardnd lignite,since their values
overlap, whereas humification rate allowsto identify only leonardite. The
electrofocusing method reveals different band pattarral studied materials: HA
from peat samples do not show bands in the region with ©delgoint while
leonardite HA show very intense bands, but lignite HA samples have very different
band patters, and bands angoorly resolved (Cavarmit al.,2003).

In the followingstudies humic substances in bog profiles have been analyzed
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Dudarchiket al. (1997) analysed humic substances friantype sedge peat
using '"H NMR spectroscopy and stressed that NMR can provide important
information onthe origination and structural features of HA. Howewre authors
failed to differentiate major struatal units of peat humic acids.

A distinctive aspect of studies of peat humic substances is that their properties
have been analyzed from samples obtained in different places of the Garludf
Sillam et al., 1999, Fong and Mohamed, 2Q0@ith comparatiely simple methods
(analysis of elemental composition, functional groupgkEdgratio, UV-Vis, and IR
spectroscopy).

A study of HS isolated from peats in Sumatra (Indonesia) confirmsthieat
studied humic acids are generally aliphatic and significanitferdfrom humic
substances extracted from s@grnierSillamet al.,1999.

A study of humic substancem peat of Sarawak (Malaysia) shows high
concentrations of carboxylic and phenolic groups, rich in carbohydrates and oxygen.
The gudied HA have comgratively high molecular weight ands indicated byhe
EJEs ratio, are dominantly aliphatic. A study of metal complexing capacity
demonstrates high detoxifying capacity of humic substancé®rfg and Mohamed,
2006.

In-depth charactesation of peatfuvi ¢ aci ds has bet@&n done
(1993).Fractions of pat fulvic acid have been analyzewdth IR, NMR spectroscopy
and CuO oxidation. CuO oxidation demonstrated that the main products of all fulvic
acid fractions were -fiydroxybenzaldehyde dn 4-hydroxyacetophenone, both
indicators of 4-hydroxyphenylpropane building block3he authors of this study
emphasis that thenumberof aromatic structures in peat fulvic acids is low and it is
determined by presence of phinic double bonds. Howevearomaticity signals
found with®*C NMR canonly in partbe explainedy aromaticity.Thus,the structure
of peat humic substances could much diffepending omheir source

The impact of anthropogenic factors on the structure of humic substances has
beenassessed;omparing humic acids from peat in polluted amgpollutedremote
regions ofthe United Kingdomusing the method ofion-exchange equilibrium
between humic acids and metal ions. The analyses showed that pollutingometal

(Fe, Cu, Pb) can be dod in rather high concentrations closer to the urban and
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industrial regions, but the concentration of commonly occurring naial(Na, Mg,

Ca) decreased with proximity to industrial areas. This indicates that pollution of peat
with heavy and transitiometals mayccur bydisplacement of light metals an ion
exchange process as well as by precipitation and migration from soil €Galo,
1999).

As described by Heladt al. (2006), peat humin can serve as a good sorbent for
removal of radionuclides anidl demonstrates reasonable sorption capacity and can
retain up to 1.04 mmol/g of Ag1.63 mmol/g of ZA" and 1.73 mmol/g of C&. The
sorption process is tirgependent and the percentage of uptake increases with pH
(maximum pH&7.5), which corresponds to the p¥alue of humin.

Studies of the binding of Glito humic and fulvic acids extracted from two
horizons of an ombrotrophic peat bawth the help ofmetal titration experiments at
different pH values and at fixed ionic stgth showed that the amount of bound
to the humic fractions was greater than the amount bound to the fulvic fractions and
only at the highest concentrations of metalsidghe amount of Cii sorbed by both
fractions became equal. The protoametal on exchange ratios are similar for all
humic substances, with values ranging from 1.0 to 2.0, and decreasing with increased
pH. The amount dboundC?* is basicallyindependent of the horizon from which the
sample was extracted. The results indicatehlhbatic substances show similar cation
binding behaviour despite the differences in chemical composition. The eopper
binding data are quantitatively described with the NHB@nnan model which allows
to charactese only the binding sites ofcarboxylic type.The values of the binding
constants are higher for humic agidstfulvic acids (Gondaet al.,2006a).

Investigation of sorption of humic and fulvic acids (International Humic
Substance SocietyHSS), reference samples) on hematite and kaolinite shdtnesd
humic substances dissolved in groundwater can serve as sorbents for hydrophobic
organic compounds (HOC) as they adsorb to certain mineral surfaces, rendering
hydrophilic surfaces hydrophobic. The amount of sorption depemd the
concentration of hyaixylated surface sites on the mineral and the properties of the
humic substanee but sorption of humic substances to two solglproportional to
their aromatic carbon content and inversely proportional to the O/C ratio. Increased

quantities of sorbed mic substances 4f0.01% to 0.5%) increased the sorption of

34



carbazole, dibenzothiophene, and anthracbasidesthe most aromatipeat humic

acid showed the greatest sorption enhancement of HOC when sorbed to hematite.
Sorption capacity can be affectég thesurface of thenineral and the ionic strength

of the electrolyte determining the interfacial configuration of the sorbed humic
substance, altering the size or accessibly of hydrophobic domains on the humic
molecule to HOC (Murphet al.,1992).

Studies of the interaction between pesticides (chlordimeform and lindane),
herbicides (paraquat, .2dichlorophenoxyacetic acidand atrazine) and humic
substances (humic and fulvic acids) showed that humic substaspesially fulvic
acids can participatén the transport opesticide{Heskethet al.,1996).

Gondaret al. (2006b) studied the binding of Pb(Il), Cd(ll), and Cu(ll) to humic
and fulvic acidsisolated from an ombrotrophic peat bogith metal titration
experiments at different pH values (pH %uad 6.0) and fixed ionic strength (0.1 M
KNO3s), measuring free metal ion concentrations in solution usingsébective
electrodes. Maximum adsorption capacity was observed for Cu, with almost the same
saturation for Pb, but in the case of,@d the lowst concentrations of metal, the
binding isotherm wasan intermediate betwee€u and Pb. The protorto-metal
exchange ratios followed the order®wu Pif* > Cd?*. The binding data allowetd
charactese only thebinding sites otarboxylic type usinghe NICA-Donnan model.

The values of the binding constants were higbehumic acid than for fulvic acid
andhigherfor Pb than for Cd.

It has been proposed that peat derived fi@phagnummoss can serve as a
media for preservation of different biodegragamaterial, such as human bodies,
carcasses of domestic materials, dried fruits, kegs of pattgrfor up to 2000 years.

This can be explainetty U-keto-carboxylate groups that comprig®0% of the
holocellulose in the hyaline cell walls of the moss. The condensation of highly
reactive carbonyl compounds with primary amgroups or ammonia in the Maillard
reaction inhibits microbial growth. It hdseen suggested that these properties of
Shagnummosspeat could find broader or entirely new applications in preservation

of food and other products in the future (Painter, 1998).
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A brief review of studies done otie properties of peat humic substances
clearly revealsthe major contradictions in previous studies and their conclusions,
especiallythoserelevant for studies of peat HS from raised bogs in Latvia:

1) the differences ithe composition opeatforming plans, impacts of climatiand
hydrological factors and humification conditions are not consideredthia
reviewedstudies of peat humic substances;

2) amajor contradiction existregarding theproperties of peat HA: if some studies
stress their aromaticity, others indicate that aromaticity and impladgnin
residue is low;

3) a general statement could tmade classic studies dhe properties of peat M are

necessaryespecially ifpeat HAare prospective for industrial mining.
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2 MATERIALS AND METHODS

2.1 PeatSampling

28 peat samples from profiles of déivaised bogs of industrial importance
locatedin Latvia were collected (Figure 2.1). sampling strategy was developed to
study the properties of peat mass of industrial importance in sites where industrial
peat extraction is going on. Considering theuwmoé of peat needed for the
experiments, the peat monoliths (width, lengithd depttwereapproximately 0.5n |
05ml 1m) With the total dry peat weightf about 15 kg per monolith were
collected.The peat samples were obtained by cutting the monalithlayers inthe
height of 20 to 30 cm. Profiles were obtained after removal of top lgyessich
consised of bog plants, undecomposed pehe@crotelm) in depths varying from 0
cm to 145 cmthe acrotelm anaatotelm). During the peat mining processthe
selected sampling sitegshe upper (living) moss and plant materialdhbeen
previously removed andhe necessary melioration dabeen done to reduce the
groundwater. The agey*C dating) of the fAzerod horizon
of indudrial importance was between 400 andd0 years. Peat samples then were
placed into plastic bags for transportation angd afterwards at the laboratqrgt
first air-dried, then dried at a temperature of 108C. Then he samples were

homogenized andeied hrough a Imm sieve.
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2.2 PeatCharacterisation

The analysis of botanical composition was performed using aZe@$
binocular microscope. The decomposition degree (von Post, 1924; Lishtvan and
Korol, 1975) was determined usitige usual weltknown methods.**C dating was
conducted at the Institute of Geology of Tallinn Technical University (Estonia).
Elemental analysis (C, H, N, S, and O) was carried out using an Elemental Analyzer
Model EAT 11 (Carlo Erba Instrumentshe a&h content was measured after
heating 50 mg of peat sample at 7&Dfor 8 h. Metals (Na, Mg, K, Ca, Mn, Fe, Ni,

Cu, Zn, Cd, Pb) were determined after wet digestion with FINBICIO, (Tan, 2005)
with flame atomic absorptiorfPerkinElmer AAnalyst 200). FTIR spectra were
collected using Nicolet AVATAR 330 (Thermoelectron Co) spectrophotometer in
KBr pellets. Transmittance ratiosssbd2900 and T40d1600 Were used to charactes
major functional groups of humic substancésansmittance at 3400 ¢
characteristic of €H stretching to transmittance at 2900 'tncharacteristic of
aliphatic GH stretching and transmittance at 3400 tto transmittance at 1600 ¢
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characteristic of aromatic C=C and stronglybbinded C=0 of cgngated ketones)

The aganic carbon concentration peat extracts was determined usam§himadzu
TOC-VCSN. For carbohydrate analysis, humic samples (10 mg) were suspended in 10
mi| of 6 M HCI and h e @he eotcerdrationlofOcArbotisetes f o r
in hydrolysateswas determined using phenotsulphuric acid assay following the
method described by Chaplin and Kennedy (1994). Cation exchange capaeity (
ammonium acetate method) atite concentration of phosphates were determined
using methodssuggested for soil analysis (Tan, 2005). pts determined in
demineralised water extracts using a pH meter Hanna pH 213 (Tan, 2005). For
scanning electron microscopy (SEM) analysifier extraction residue of peaias
washed with distilled water and dd. Then dry residueas placed ira SEM sample
holder and covered with gol@he pepared samples were investigated usidgOL

ISM T1 200 scanning electron microscope.

2.3 Technologiesfor Extraction of Humic Substances fromPeat

The dficiency of five technologiedor extraction othumic substances from peat
has been studied and compared

1. Conventional extractiotechnigue low temperature treatmerilumic acids were

extracted and purified using procedures recommended by the International Humic
SubstancesSociety (IHSS) (Tan2005). Briefly, 20 g of aikdried and finely
ground peat samples were treatedN, with 1 | of extractant (P1 and P2 in Table
2.1) for 24 h stirring. The suspension was filtered and the filtrate was acidified
with con@ntratedHCI to pH < 2 to precipitate humic acids. The obtained humic
acids were further purifiedy repeatedly dissolving and precipitating as well as
dialyzing against Millipore water with final drying. To study the kinetics of the
extraction process, 10 ml of theaotion mixture were removed definite time
intervals and the concentrations of humic substances were determined using
transmittance at 410 nm (calibration using IHSS reference humig).acid

2. Conventional extractiotechnigue extraction under heatinganples P3, P4 and

P5in Table 3 is based on thermal treatment of the peat fibres with the same
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extractants as above (heating temperaturés@nd 100 UC) ,highn t
hydroxide concentrations are used

. Intensive treatment extraction: extractiosing cavitatioris based on generation,

subsequent growthand collapse of cavitation resulting in very high energy
densities of the order of 1 to ¥kw/m®. Cavitation can occur at millions of
microlocations in a reactor simultaneoysind generate mioconditions of very

high temperatures and pressiloeally (a few thousand atmosphere$ pressure
andafew thousand of Kelvins), whenthe overall environmens oneof ambient
conditions. Moreover, free radicals are generated in the process dusomation

of vapors trapped in the cavitation bubbles. Cavitation also results in generation of
local turbulence and liquid microcirculation in the reactor, enharttie@gates of
transport processes (Lin and Yen, 1993; Gogat.,2006). Extraction ohumic

acids from peat using hydrodynamic cavitation reactor (P6 and P7 in Table 2.1)
designed as described previously (Keil and Swany, 1999; Gegate 2006) by
Professor of Riga TechnicdUniversity Semyon Tsyfansky (Tsyfansky, 2007)
allows to treat peat in flow mode under intensive hydrodynamic and local heat
impact arising during generation and burst of cavitation bubbles. The extraction
was performed using 200 grams of peat and 3 | of extractan®? hours the
extractants varied (1% NaOH or 1#%0OH) (Table 2 andll). The extraction
experiments werperformed aRiga TechnicaUniversity.

. Intensive treatment extraction: extraction using electrical dischiargpased on

extraction of humic substances from peat in flow mode by processing peat
extractant (KOH or NaOH) media with electrical discharge (18 kByring
discharge,a plasma field with high temperatures and shock wave is formed
between the electrodeshichinducesintensive mixing of the extraction media as
well as degradation of peat fdm (Kuretset al., 1999; Gogateet al., 2006).
Extraction of humic acids from peat usiag electrical discharge reactor (P10 in
Table 2 andll) designed as described in Boiko and Mizineiik®70; Keil and
Swany(1999; Kuretset al. (1999 also allowsto treat peat in flow mode ard
dispersepeat in solution of extractant under strong electrical disch@@eV)
conditions (Kuretst al.,1999).Extraction was performed using 5 kg of peat and

20 | of 1 % NaOH asnextractant for 15 minutes (Table 2) areactor provided
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by Mainland Tech. The HS obtainaed certain periods were filteredand the
filtrate was acidified with corentratedHCI at pH < 2 to precipitate humic acids.
The obtained humic acids were further purified repeatedly dissolving and
precipitating as well as dialyzirggainstMillipore water with final drying

5. Intensive treatment extraction: extraction using ultrasdwaglbeen suggested to

facilitate extraction from plant material (Proestos and Koma&i@i86). In this case
pressure a&riations in the liquid phase are effected using sound waves g7
0.27 kW power).The udtrasound method involves sonification of extractpeat

mixture with ultrasound in commercial ultrasound baghkson et al., 2004;

Yasuaiet al.,2005; Gogatest al., 2006) Extraction of humic acids from pelay
treating itwith ultrasound was done using differing ultrasoymver (0.07 and
0.27 kW) (P8 and P9 in Table 2 arid) provided by industrially produced
ultrasound baths. The extraction was performedgug0d® g of peat and 3 1 of 1 %
NaOH asan extractant either for 2 hours (Table 2) or changing the extraction

period and the extractant.

Table 2
Conditions of extraction of humic acids (HA) from peat samples
Number of i i )
) Extraction procedure Extractant cC Time, h
technique
P1 Stirring 5% K,COs 20 24
P2 Stirring 1% NaOH 20 24
P3 Stirring with heating 1% NaOH 100 24
P4 Stirring with heating 1% NaOH 80 24
P5 Stirring with heating 1% K,P,O; 100 24
P6 Extraction in cavitation reactor 1% NaOH 60 1
pP7 Extraction in cavitation reactor 1% KOH 60 1
Treatment with ultrasound 0.07
P8 1% NaOH 30 6
kw
Treatment with ultrasound 0.27
P9 1% NaOH 40 6
kW
Extraction in electrical discharge
P10 1% NaOH 70 0.25

reactor
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Reference humic acid samples from industrial sar€éehum (P11) and
Aldrich (P12)) as well aghe International Humic Substances Society (IHSS)

reference sample from Pahokee peat (P13) were uUsiedmationon the extraction

conditions wasunavailable exceptfor the IHSS sample, for which 1M NaOH was

used.

2.4 Estimation of Humification I ndicators

1)

2)

Humification index (HI) (Cavanet al.,2003).2.0 g of peasamplein a

250 ml flaskwas shakerwith 100 ml of 0.1 M NaOH plus 0.1 M
NayP,O; for 48 h at 65/C in a thermostated shaker (Biosan, Latvia)

N2 atmaphere. After extraction the samples were centrifuged at
5,000rpm for 15 min and the supernatant was filtered throigh 1 & m
filter. This filtered solution constituted the total extract (TE) and was
fractionated into humified (humic acidsHA, fulvic acidsi FA) and
non-humified (NH) fractions. In short, 25 ml of TE was put into a 50 ml
centrifuge tube and acidifieat pH < 2 by adding a small volume (0.3

0.5 ml) of 9 M HSQ,, then centrifuged at,800 g for 20 minutes. The
precipitated fraction (HA) was collected and stored, and the supernatant
solution fed onto a small column packed with about 8 ofrinsoluble
polyvinylpyrrolidone, previously equilibrated in 0.005 M,$0s. The
eluate (NH) was collected in a 50 ml volumetric flask, then diluted to
volume with 0.005 M KHSO, and stored. The retained fraction (FA) was
eluted with 0.5 M NaOH solution and collected in trentcifuge tube
containing the HA precipitate, which was redissolved. Total organic
carbon (TOC) and humified carban HA, FA) were determined using a
TOC analyser as described elsewhere. The humification index (HI) was

calculated as follows:
Hi=— SN
Cha* Cra
Pyrophospate index (Pyl) (Schnitzer and Levesque, 1979). 0.50 g of
peat sample was shaken with 50 ml of 0.025 MPRN&; for 18 hrsat

room temperatureRPeat residue was separated by filtration, washed with
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3)

4)

5)

distilled water, and the filtrates with washings were tdiuto 250 ml
with distilled water. The optical density of this solution was measured at
550 nm and absorbance multiplied by 100 was referred tothas
pyrophosphate index Pyl.

Pyl = D55 3100

K value of humus quality(Hargitai, 1994). 1.00 g of peaamplewas
shakenwith 50 ml of 1% NaFfor 6 hrs filtered, and in the filtrate
adsorptionvas determinedt 410 nm (DHSNaF). Another 1.00 g portion
of the same peat sample wsmkenwith 50 ml of 0.5 % NaOHor 6 hrs
filtered, and in the filtrate adsorptiowas determing at 410 nm
(DHSNaOH). The value K¥f humus qualityvas calculated asllows:

K = _PHSNaF 1o
DhsNaoH

where C is the percentage of carbon in the sample.

Peat humification index (PHI). 1.00 g of peat sample was shaken with 50
ml of deionised watefor 24 hrs filtered, and m the filtrate the total
organic carbon of the aquatic extract (Cw) was determined. Another
1.00g portion of the same peat sample was shakth 50 ml of 0.1 M
NaOHfor 24 h filtered, and in the filtrate the total organic carbon of the
alkaline extrac{CNaOH) was determined. The peat humification index

was calculated asllows:

PHI = Cw 3100
CNaOH

Humification degree (HD). 1.00 g of peat sample was shaken with 50 ml
of 1.0 M NaOHfor 24 hrs filtered, and in the filtrate the total organic
carbon of the alkaline extraacontaining humic substances (CHS), was
determined (mg C/g). The peat humification degree was calculated as

follows:

HD = SHS. 3100

peat

where C is carbon in the sample (mg/qg).
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2.5 Isolation of Humic Acids

Humic acids werasolatedand purified usingechniquesecommende by the
International Humic Substances Society (IHSS) (Tan, 2005). Briefly, 20 g-dfied
and finely ground peat samples weelated inN, with 1 | of 1 M NaOH and stirred
for 24 h. The suspension was filtered and the solution was acidified witkrdoated
HCI at pH < 2 to precipitate humic acids, leaving fulvic acidghe solution. The
obtained humic acids were further purified repeatedly dissolving and precipitating
as well as dialyzinggainstMillipore water with final drying. Industriallyproduced
humic acié (Aldrich) and IHSS reference humic asigolated from Pahokepeat

(theUSA) were used for comparison.

2.6 Characterisation of Humic Acids

Elemental analysis (C, H, ,Nand S) was carried out using an Elemental
Analyzer Model EAi 1108(Carlo Erba Instrumentshe a&h content was measured
by heating 50 mg of each HA at 7%Q for 8 h. Amounts of oxygen in the samples
were calculate@s thedifference betweethetotal mass of the sample and C, H, N, S
and ash content. FTIR spectra wetellected usinga Nicolet AVATAR 330
(Thermoelectron Co) spectrophotometer in KBr pellets. Transmittance raiisodo
and Teaooneoo (transmittance at 3400 ¢ characteristicof O-H  stretching to
transmittance at 2900 ¢hcharacteristiof aliphaticC-H stretching and transmittance
at 3400 crh' to transmittance at 1600 ¢mcharacteristicof aromatic C=C and
strongly Hbonded C=0 of conjugated ketonesgre used tocharacterizemajor
functional groups of humic substances. UV/Vis spectra were recootecdh
Ther mospectronic Helios o9 UV (Thermoelectr
quartz cuvette. The JEs, Ex/Es, Es/E4, E4JEs ratios (Chenet al., 1977): ratio of
absorbance at 280, 340, 4@hd 665 nnweredetermined for the solution of 5 mg of
a humic or fulvic acid in 10 ml of 0.05 M NaHC£Organic carbon concentration in
HS was determined usingShimadzu TOG/CSN. An automatic titrator TitroLine
Easy (SchottGer 2t e GmbH) wa ghe total aclity iofoeacmid/a $ou r e
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estimatethat (Tan, 2006), known amount of humic acid, about 20 m@sdispersed

in 10 ml 0.1 M Ba(OHy solution, which was then shaken overnighh,, filtered and

washed with water. The filtrates together withe washing solution were
potentiometrically titrated with 0.1 MCI down to pH 8.4 under Nlow.

For nuclear magnetic resonance (NMR) spectra, solutions were prepared by
dissolving 50 mg of each sample in 1 ml of 1.0 N NaOD @#®)D'H and**C NMR
spectra were recorded at 300 and 75.47 MHz, respectively,avBtiuker DRX300
NMR. Inversegated decoupling was used under the conditmn0.2 s acquisition
time and 2.0 s interpulse delay to mirsendistortions.

Fluorescence spectra were recorded usiferkin Elmer LS 55 fluorescence
spectrometer on aqueous solutiasfseach sample at a concentration of 25 mg/l,
adjusted to pH 7 with 0.5 M HCI. Emission spectra were recorded over the
wavelength rangef 380 to 650 nm at a fixed excitation wavelength of 350(scan
speed 500 nm/min, with a slit of 10.0 nm)

Electron pin resonance (ESR) measurements were carried out with d.BES
spectrometerthat operated at >vand frequencies with 100 kHz magnetic field
modulation.

High pressure size exclusion chromatography (HPSEC) was used to determine

weightaveraged moleculaveight (M,,) of humic substances aftdwas calculated as

follows:
N
é. hl M |
My =5
ah

whereh; andM; are the respective peak height and molecular weight at retention
timei.

HPSEC was performed using a Waters 510 solvent pump, a Waters 486 variable
wavelength detector, and a Waters Profeak 125 modified silica column. Phosphate
buffer (0.028 M, pH 6.8) was used as a mobile phase at a flow rate of 1 ml/min. The
SEC column was calibrated using polydextrans (kDa: 0.83, 4.4, 9.9, 21.4, 43.5) and
sodium polystyrene sulfonates (kDa: 1.37, 3.8, 6.71, 8.0, 8.6, 13.4, 16.9). The

standard kits were purchased from the Polymer Standard Service (Mainz, Germany).
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The calibration curve was expanded into the low MW region by means of-rando
oligosaccharides (18342, 504 Da) and glycerol. Blue dextranO@0 kDa) served as

a void volume probe, methariohs a permeation volume probe.

2.7 Data Analysis

Principal component analysis (PCApfation method: Varimax with Kaiser
Normalisation(rotation converged in 8 itations) was conducted usingPSS.2.0 for
Windows Figures were prepared and data relevance and correlation analysis was

performed withOrigin 6.1 programusing the correlation function.

2.8 Py-GC/MS Analysis

The chemical nature and structural compositibrimumic acids were analyzed
with Py-GC/MS. Humic acid samples before pyrolysis were treated wath
tetramethylammonium hydroxide (TMAH) solution. 1.36 mg of humic acid sample
were heatedin 106C for 30 min together with 30
Shot Pyrolyzer P¥2020 (Frontier Lab) combined wita Shimadzu GC/MS 2010
(Japan) was used to pyretyand analse humic acid sample§.he temperature of
pyrolysis was 500%C in helium (99.555% pus) atmosphere. GC capillary column
RTX-1701and6 0 m I 0.25 mm [ 0.25 em film
temperature was 258 C  a ntempératues ofon source was 256C with El of 70
eV. The oven program was 1 min isothermal af®0then 62C min™ to 270AC, and
finally, 10 min at 2704C. The MS scan range was m/Z 350. The carrier gas was
helium at a flow rate of 1 ml mih and the split ratiovas1 : 20.

The identification of the degradation products was based on NIST library search
and manuainterpretation. The relative proportions of the degradation products were
directly estimated using the peak area of TIC chromatograms.
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3 RESULTS AND DISCUSSION

3.1 Properties of theStudied Peat and Approachesto the Estimation
of Humification Indicators of Peat

In this study peat from five raised bogs of industrial importaocatedin
Latvia was used. Samplegere obtained atlifferent depths, representing boiiat
reflect bog development conditions in Northern Euroed, at the same timasing
peat masshat isof industrial importance. The botanical composition of the deepest
layers of peat was mostly raised cotton gr@phagnumpeat anduscumpeat, while
the upper layes consisted ofaised boguscumpeat and the botanical composition
was consideredto be comparatively homogeneous. The age of the samples varied
from 400 to 260 years, and their decomposition degtee yon Post scale) varied
from H2 to H6 (Table3).

The elemental compositiorof all obtained peat samplesas determined
(Table4). The age of peat gradually incredssvith increasing depth, but the
decomposition degree evidently vadwithin the peat columin these changes can be
explained by the changes in climatiee hydrologicaland oxygenregime of the bog
during its developmentas well asother factorsthat commonly affect bog
development. Possibly these factors have determined the fact that peat layers with
higher decomposition are coverdoy peat layers with lower decomposition.
Moreover,preparation of the bogs for peat miniogn be consideretb be amajor
factor affecting the stratigraphy and properties of peat.

However, the basic parameters of peat do not display random changes of
elemental compositionThe C concentration in the the studied peat sampéeges
from 41%to 54%, Nconcentratiori from 0.41%to up to 2.38% , Honcentratiori
from 4.96%to 6.15%, Sconcentratiori from 0.5%to 1.3% (Table4). The @arbon
and nitrogen contenih p e a t sampl es f r o Bog Maeases with Vei geni
increasing age (depth andcdenposition degree), but the content of sulphur decreases
with increasing age. Howevan the other studied bogs, the variability of elemental

composition is not so random and most probably depends on the botanical
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composition and specific peat formatioconditions (the hydrological regime in the

bog).
Table 3
Basic characteristics of the peat samples
Depth, Peat age, | Decomposition, P
Sample em Peat type 1C years H Decomposition,%
01 30 1460 H5 24
317 6| Raised boduscum n.d*x 8
6171 8 peat n.d. 14
PloceBog 557 1 n.d. H2 14
1117 Raised bog cotton 1670 11
grassphagnunpeat
0120 . n.d. 29
211 4 S&S"Sssepdhgoguc‘m::t n.d. H6 32
] 4116 9 gnunp n.d. 31
G Uas Bog 61718 n.d. H4 20
8111 Raised boduscum n.d. 13
1017 peat n.d. H2 13
1217 ] 1640 11
07 25 Raised bog cotton 810 H6 33
grassYphagnunpeat
2671 4| Raised boduscum n.d. 10
Kaigas Bo 4617 peat 1590 11
g 9 7171 9| Raised bog narrow n.d. Ho 13
961 1| IleafShagnunpeat n.d. 7
1261 Raised boduscum 2260 9
peat
01 25 520 12
Di gai i 26 ! 5 Raised boduscum n.d. 12
Vei deBoi 5317 eat n.d. H2 6
ge®ol ™67 9 P n.d. 9
9911 1350 6
07 30 Raised bg fuscum 400 Ho 8
peat
- Rai sed bog
Mazais 31716 Shagnunpeat n.d H3 14
Vei §ebBog 61171 9 Transition type tree nd. H5 27
grass peat
917 1 fentype tree grass 1180 H6 31
peat

* n.d.T not determined

Alongside abasic characterisatioof peat(elemental omposition),a study of
the changes of propertiesf peatwas performed, whicheflecied the character othe
humification process (Tabk.

The impact of peat development conditions on peat properties is also evident
from the carbohydrate concentratiooation exchange capacity, and the metal
concentration in th@nalysedpeat samples (Tablg). The results of the extensive
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charactesation of peathave been used to study the impact of the peat formation

conditions on the major peat properties dhd claracter ofhumification of peat

organic matter. The ash content in the studied peat samples can be corisidered

low T that influences peat application possibilities. The KCI extract of the peat

samples demonstratea rather acidic environment, butthe concentratioa of

phosphorus and carbohydrates @therlow. Major and trace element concentrations

in the samples significally differ. In peat from Pld@ega n d

Mazai sBoyei geni e

ratherhigh concentrations of Caere found as werein theu p per

Bog, Kaigas Bog,a n d

consideredo below, and charactese background impact.

aper s

Di § ai sBogV Erace elemene dorscentrations can be

Elemental composition of the studied peat samples

sample Depth, 1 c oo | H | N |s% | 0%

cm %
07 30[50.78] 5.18 | 1.38 | 0.69 | 37.78
3171 6|54.26] 573 1.08 | 0.44 | 36.19
PloceBog 611 8|48.46| 534 0.65 | 0.79 | 43.72
861 1]5241] 531 1.05 | 0.67 | 39.87
1117 152.18] 5.16] 0.79 | 0.63 | 40.70
07 20[48.54| 554 | 1.15 | 0.84 [ 40.79
2171 4[49.09] 567 0.93 | 1.34 | 43.06
4171 6|48.82] 560 075 | 0.58 | 43.86
G Uas Bog 611 8[4841] 562 0.68 | 0.52 | 44.62
8171 1(49.45| 552 0.83 | 0.92 | 43.28
1017 149.68] 549 0.73 | 0.67 | 43.23
12171 1508 560] 085 | 1.01 | 42.09
07 25[48.26] 576 | 1.15 | 0.69 | 41.57
261 4/49.31| 576 [ 0.85 | 1.01 | 43.39
Kaigas Bog 461 7|49.56] 571 | 0.80 [ 0.77 | 43.16
711 9[4853| 583 [ 0.86 | 0.81 | 43.97
961 1]4854| 559 0.78 | 0.72 | 44.44
12671 141.75] 496 0.70 | 0.67 | 51.73
07 25[46.85] 539 | 0.59 | 0.89 [ 46.23
Di gaige nV 2615|4819/ 553 | 0.66 | 0.58 | 44.88
Bog 53171 7|4753] 552 | 045 | 0.53 | 45.82
761 9/46.96] 540 0.41 | 0.58 | 46.52
9971 1]46.72] 547 043 | 0.81 | 46.92
07 30[45.67| 5.65| 0.73 | 0.69 | 46.87
Mazais Ve 3171 6|46.49( 580 | 053 | 0.54| 45.87
Bog 611 9|5246| 6.15[ 1.88 | 1.08 | 37.19
9171 1]53.01] 6.09] 2.38 | 0.94 | 35.37
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Although knowledge of the transformation process of living organic matter
(humification) is of importance in understanding the carbon biogeochemical cycle, the
numker of studies dedicated to this topic is rather small (Jerzykiegticd., 1999;
Domeizelet al.,2004; Zsolnayet al.,1999; Cavanet al.,2003; Ikeya and Watanabe,
2003; Roseet al.,2005; Corvascet al.,2006). Peat can be considered an especially
appropriate subject of studies of humification because it is possible to establish links
between the properties of peat and the decomposition degree of original organic
matter. In addition, the studies of peat humification are of definite applied and
theoreical interest. To studyhe humification process, principal component analysis
was used to determine the main factiwat affect peat composition (Tab& 7). Six
principal components were extractexkplaining 87% of the total variance of data
(Table6, 7). The six components define the main peat property factors: component 1
is characterised byhe depth of the peat layer, ash content, as well as the
concentration of phosphate ions, carbohydrataad potassium (Table7).
Concentration of metals (mosity anthropogenic origin, for example, Cd, Pb) in peat
can be explained by this very component. Component 2 is associatethevibat
decomposition degree, ash content, carbon content, and also metals of, most likely,
natural origin (Ca, Mg, Fe); it caalso be suggested that this factor describes peat
genesis. Component 3 is associated with biogenic processesesence of
carbdwydrates abundant in living plants, but rapidly consumed during the decay
process) presence of phosphate ions and nitrogen sodium. Component 4 is
characterised bthe depth and agef the peat layercomponent 5 by magnesium
and calcium concentratipmnd component 6 by the sulphur content in peat and

cation exchange capacity.
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Composition of the studied peat samigs

Table5

sample Depth, |, | Ash, CEC 1 Po,®, hggrr;’t‘;'s Na, | Mg, | K | ca | Mn | Fe, | Ni, | cu | zn | cd, | Pb,
cm % kg mg/kg malg " | mg/kg | mg/k mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg | mg/kg

01 30 295 5.18 13.8 0.69 37.78 66 584 109 7483 6.51 659 1.16 2.42 8.94 0.07 4.76

31171 6| 246 5.73 10.8 0.44 36.19 63 639 66 2590 2.74 534 0.97 2.12 6.67 0.30 5.86

PloceBog 6171 8| 251 5.34 6.5 0.79 43.72 69 632 54 2628 2.92 279 0.55 1.17 11.38 0.07 5.61
8671 1| 240 5.31 10.5 0.67 39.87 72 886 27 1434 0.91 146 0.31 0.60 2.02 0.01 0.69

11171 ] 250 5.16 7.9 0.63 40.70 61 961 51 1984 5.06 168 0.32 2.00 2.42 0.04 0.79

01 20 250 5.54 11.5 0.84 40.79 60 502 165 1726 | 15.15 | 756 1.23 3.37 9.38 0.58 7.74

211 4 0] 2.47 5.67 9.3 1.34 43.06 81 389 67 813 6.44 185 0.33 0.64 8.51 0.06 3.88

4171 6| 241 5.60 7.5 0.58 43.86 74 372 65 523 2.00 147 0.33 0.76 4.56 0.05 6.31

G Dags Bog 6171 8| 236 5.62 6.8 0.52 44.62 82 437 68 522 2.55 141 0.27 0.77 3.94 0.03 0.70
811 1| 246 5.2 8.3 0.92 43.28 83 365 86 453 2.01 130 0.25 0.69 3.30 0.03 0.96

1011 2.42 5.49 7.3 0.67 43.23 77 363 79 425 0.73 106 0.23 0.78 2.19 0.02 0.59

12171 ] 245 5.60 8.5 1.01 42.09 80 373 72 506 1.72 113 0.33 1.24 2.20 0.03 1.18

01 25 3.02 5.76 115 0.69 41.57 64 558 202 1786 | 17.31 566 1.08 2.00 3.39 0.18 1.78

261 4| 3.07 5.76 8.5 1.01 43.39 51 250 80 443 0.86 113 0.23 0.49 2.09 0.03 0.42

Kaigas Bog 4 6 I 7| 3.11 5.71 8.0 0.77 43.16 54 333 74 503 1.73 128 0.28 0.90 3.71 0.03 0.98
7171 9| 3.15 5.83 8.6 0.81 43.97 62 313 83 476 1.22 109 0.29 0.63 3.25 0.27 0.84

9671 1| 3.26 5.59 7.8 0.72 44.44 47 359 63 424 1.03 83 0.20 0.55 2.46 0.01 0.40

1261 ] 331 4.96 7.0 0.67 51.73 34 665 54 782 2.70 127 0.19 0.71 2.26 0.01 0.33

01 25 294 5.3 5.9 0.89 46.23 81 507 94 704 6.98 115 0.35 0.59 5.84 0.05 5.53

Di g ai's V 26 I 5| 2.90 5.53 6.6 0.58 44.88 80 312 90 329 1.05 95 0.18 0.44 2.67 0.02 3.04
Bog 53 1 7| 2.28 5.52 4.5 0.53 45.82 115 336 99 414 0.77 120 0.08 0.53 2.48 0.01 0.55
7671 9| 229 5.40 4.1 0.58 46.52 102 333 81 537 0.98 157 0.12 0.31 2.57 0.02 0.23

9971 1| 235 5.47 4.3 0.81 46.92 90 465 69 973 2.36 352 0.12 0.47 3.22 0.03 0.36

01 309 301 5.65 7.3 0.69 46.87 51 456 54 1058 1.55 398 0.17 1.14 3.45 0.02 2.43

Mazais Vg 311 6| 314 5.80 5.3 0.54 45.87 30 445 43 2191 2.00 665 0.51 211 2.68 0.01 2.63
Bog 6171 9| 3.66 6.15 18.8 1.08 37.19 28 352 73 3051 5.58 1503 1.24 1.50 4.34 0.03 4.60
9171 1| 417 6.09 23.8 0.94 35.37 26 387 51 4473 6.48 2464 2.88 2.02 2.84 0.02 1.02
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Table6
Summary statistics of PCA of the data on selected peat properties
(VARIMAX rotation and Kaiser &6 normalisation were used on the initial

component structure)

Component| Variance| % of explained varianc{ Cumulative % of variancy
1 6.064 24.254 24.254
2 5.020 20.081 44.335
3 4.841 19.365 63.699
4 2.248 8.991 72.690
5 2.138 8.552 81.242
6 1.362 5.449 86.691

Table7
Loading structure of the first six components extracted by PCA analysis of

the data on selected peat properties

. Component
Variable/acronym 1 > 3 2 5 6
Type PV1 | 0.006 | 0.393 | 0.761 |10.042|10.255| 0.084
Depth, cm PV2 | 10.453| 0.008 | 0.129 [10.719| 0.061 | 0.001
C,% PV3 | 0.022 | 0.912 {10.132(10.229|10.107| 0.082
H, % PV4 | 0.057 | 0.406 | 0.394 | 0.197 |10.733| 0.116
N, % PV5 | 0.172 | 0.763 | 0.498 | 0.051 | 0.017 | 0.256
S, % PV6 | 0.019 | 0.143 | 0.142 |10.010|710.231| 0.826
0,% PV7 | 10.233|10.948|10.051| 0.057 | 0.011 | 10.095
Ash content% PV8 | 0.609 | 0.575 | 0.183 | 0.271 | 0.363 | 10.004
pH PV9 | 10.073| 0.174 | 0.913 | 0.162 |10.047| 0.146

CEC, mEq/g PV10| 0.234 |10.079|10.556| 0.274 |10.109|10.465
PO?", mgkg PV11| 0.557 | 0.229 |10.675| 0.125 | 0.311 | 0.026
Carbohydrates, mg/d PV12| 0.557 | 0.229 |10.675| 0.125| 0.311 | 0.026
Decomposition degre| PV13| 0.587 | 0.401 | 0.307 | 0.344 | 0.106 | 0.294

Age, years PV14|10.055|70.035| 0.001 |10.860| 0.228 | 0.068
Na, mg/kg PV15|70.112|710.167 | 10.890| 0.133 |70.115|10.042
Mg, mg/kg PV16| 0.128 | 0.150 |10.080|70.298| 0.792 [ 10.134
K, mg/kg PV17| 0.708 | 10.086|10.144] 0.410 | 710.039] 0.240
Ca, mg/kg PV18| 0.136 | 0.668 | 0.261 | 0.258 | 0.502 | 10.105
Mn, mg/kg PV19| 0.768 | 0.153 | 0.133 | 0.320 | 0.228 | 0.324
Fe, mg/kg PV20| 0.132 | 0.659 | 0.608 | 0.233 | 10.051| 10.022
Ni, mg/kg PV21| 0.321| 0.707 | 0.508 | 0.182 | 0.053 | 0.039
Cu, mg/kg PV22| 0.683 | 0.468 | 0.248 | 0.093 | 0.302 | 10.143
Zn, mglkg PV23| 0.943 | 0.153 |710.125| 0.065 | 0.058 | 10.059
Cd, mg/kg PV24| 0.936 | 0.085 |10.050]70.130{70.139]10.115
Pb, mg/kg PV25| 0.938 | 0.158 |10.090| 0.088 | 710.010]10.124
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Figure 6. Van Krevelen (H/C vs O/C atomic ratio) grapls of bog plants #), peat
samples from studied bogs in Latvia®), reference peat samples (IHSS) and peat

samples from common peat bogsMl), brown coal &) , coal (eg) ., i gni
([tedztse, 1990)

The peat humification process was examined using van Krevelen graphs
frequently applied for analysis d@he carbon biogeochemical cycle and genesis of
fossil fuel (Van Krevelen, 1950). Tab&shows the lemental ratios of the studied
peat samples. According to Steelink (1985), the atomic ratios O/C, H/C, and N/C are
useful in the identification of structural changes and the degree of maturity of peat in
different depositional environments.

The H/C ratiosin the studied bogs range from 1.17 to 1.44, but mostly these
values are around 1.35. The N/C ratios typically are around fbrlhe samples
analyzed only for the deeper layers bfa z ai s V Bag thesevialeek are up to
0.38. The O/C relationship varies between different peat baogsPloceBog these
values are in range between 0.501 and 0.677, bilting ai s VRBog theyni ek s
oscillate between 0.699 and 0.77



Elemental ratios and humification coefficients of peat

Table8

Sample Depth,cm | HIC N/C o/C ExEs | E4JEs | EJEs | E3E, PHI HI K Pyl HD
01 30| 1.216 | 0.023 | 0.558 | 24.100 | 2.700 | 2.060 | 4.333 | 18.139 | 0.113 | 0.534 | 31.6 | 1.014
3171 6( 1258 | 0.017 | 0.501 | 22.000 | 2.600 | 2.056 | 4.115 | 27.507 | 0.155 | 0.515| 18.2 | 0.942
PloceBog 6171 8% 1.312| 0.011 | 0.677 | 15.875| 2.000 | 2.082 | 3.813 | 35.362 | 0.140 | 0.636 | 16.6 | 1.055
861 11 1.207| 0.017 | 0.571 | 17.833 | 2.000 | 2.058 | 4.333 | 31.742 | 0.134 | 0.290 | 13.8 | 0.994
11171 1| 1179 | 0.013| 0.586 | 18.600 | 2.760 | 1.938 | 3.478 | 39.033 | 0.139 | 0.307 | 15.3 | 1.102
01 20| 1359 | 0.020 | 0.631 | 10.438 | 1.813 | 1.942 | 2.966 | 27.007 | 0.142 | 0.971 | 16.2 | 1.029
217140 1376 | 0.016 | 0.658 | 15.778 | 2.167 | 1.986 | 3.667 | 52.431 | 0.150 | 0.424 | 16.8 | 1.107
417 6(¢ 1.368| 0.013| 0.674 | 12.313 | 1.875| 1.931 | 3.400 | 66.310 | 0.171 | 0.400 | 39.1 | 1.124
G L'_'Jags Bog 6171 8( 1.383| 0.012 | 0.692 | 12.071 | 1.929 | 1.920 | 3.259 | 63.467 | 0.195 | 0.609 | 39.0 | 1.214
8171 10 1.330| 0.014 | 0.657 | 13.222 | 2.056 | 1.935 | 3.324 | 48.207 | 0.171 | 0.474 | 21.7 | 1.168
10171 1| 1317 | 0.013 | 0.653 | 15955 | 2.273 | 2.006 | 3.500 | 39.179 | 0.191 | 0.305 | 19.7 | 1.048
12171 1| 1313 | 0.014| 0.622 | 19.095| 2.476 | 1.985 | 3.885 | 33.268 | 0.125| 0.307 | 15.8 | 1.059
0T 25| 1421 | 0.020 | 0.647 | 11.444 | 1.889 | 1.943 | 3.118 7.042 0.070 | 0.946 | 21.9 | 1.182
2671 45 1391 | 0.015| 0.661 | 10.526 | 1.842 | 1.923 | 2.971 | 12.334 | 0.122 | 0.271 | 12.1 | 1.106
Kaigas Bog 46 I 7 ( 1.373 | 0.014 | 0.654 | 16.250 | 2.125 | 1.970 | 3.882 7.992 0.083 | 0.188 | 14.7 | 1.113
7171 95 1431 | 0.015| 0.680 | 24.091 | 2.727 | 2.008 | 4.400 7.228 0.068 | 0.191 | 11.5 | 1.187
961 12 1.372| 0.014 | 0.687 | 16.571 | 2.000 | 2.035 | 4.071 6.442 0.072 | 0.209 | 9.1 1.187
12671 1| 1.47 | 0.014 | 0.930 | 29.500 | 2.700 | 1.916 | 5.704 1.670 0.067 | 0.323 | 10.8 | 1.348
01 25| 1372 | 0.011 | 0.741 | 24.300 | 2.650 | 1.876 | 4.887 | 27.909 | 0.314 | 0.804 | 45,5 | 1.170
2671 52 1368 | 0.012 | 0.699 | 11.947 | 1.737 | 2.009 | 3.424 | 69.336 | 0.404 | 0.721 | 24.1 | 1.123
Di gai s VBag ¢ 5 376 1.383 | 0.008 | 0.724 | 13.308 | 2.000 | 2.012 | 3.308 | 89.385 | 0.298 | 0.843 | 24.7 | 1.144
761 9§ 1.369| 0.008 | 0.744 | 12.083 | 1.833 | 1.986 | 3.318 | 199.601 | 0.406 | 1.277 | 27.7 | 1.157
9971 11 1395| 0.008 | 0.754 | 17.750 | 2.375 | 2.014 | 3.711 | 126.397 | 0.349 | 1.177 | 22.7 | 1.206
O1 30| 1.473 | 0.014 | 0.770 | 16.167 | 1.667 | 2.021 | 4.800 | 23.807 | 0.087 | 0.814 | 19.2 | 1.184
. ., 3171 6( 1.488| 0.010 | 0.741 | 12.667 | 1.500 | 2.000 | 4.222 | 10.220 | 0.077 | 0.610 | 17.6 | 1.237
Ma z ai s ekéBag ¢ =
6171 9(C 1.398| 0.031 | 0.532 | 26.333 | 2.667 | 2.079 | 4.750 2.984 0.069 | 0.326 | 39.1 | 1.055
9171 12 1.369| 0.038 | 0.501 | 23.182 | 2.727 | 2.056 | 4.133 2.485 0.071 | 0.545| 36.6 | 1.035

54



The spectroscopic parameters suctEdBs andEs/E, ratios are fluctuating in
relatively wide regions between 10.526 and 29,5@0d 2.966 and 4.887
respectively. Fluctuations ofsfEs andE,/E; ratios are less pronounced and statha
rangebetween 1.66&nd2.76Q and 1.876and2.082 respectively.

The graph of H/C atomic ratio versus O/C atomic ratio reveals changes in the
properties associated with coalification reactions.ufeédg shows the relatiship
between H/C atomic ratio and O/C atomic ratio of organic material of a differing
decomposition degréebeginning with bog plants up to brown coal, lignite, and coal.
Figure6 could be considered a graphical statistical repitas@®n ofthe humification
process, indicating the degree of maturity and intensity of degradation processes such
as dehydrogenation (reduction of H/C ratio), decarboxylation (reduction of O/C ratio),
demethylation occurring durinfpe decay of peatorming plants, and peat maturation
into coal. These changes are especially evident when atomic ratios -dbrpaag
plants are compared the atomic ratio of organic matter of a high decomposition
degree (low moor peat, coal). From the point of view of ¢y humification can
be consideretio bea process in which more labile structures (carbohydrates, amino
acids, etc) are destroyed, but thermodynamically more stable aromatic and
polyaromatic structures emerge. It follows that the atomic ratios areiatesbwith
the processes transpiring during peat humification. As shown in FeguiéC ratio
decreases with increasing decomposition degree of the original living matter, starting
with peatforming plants, cellulose, and proteins, and up to bituminooal. c
Comparatively, the studied peats are at the start of the transformation process of living
organic matter.

The van Krevelen gragh(Figure 6) also indicate a decrease in O/C ratio,
illustrating the decrease in tmeimberof oxygenrcontaining functionagroups, such
as methoxyl, carboxylic, and carbonyl functional groups, in the fossil material with
increasing humification degree. In order to provide reliable and quantity information
about the early diagenesis, we carried out further studidbeodepedence of the
elemental composition of the peat samples on their égeth and decomposition

degree (Figur@).
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H/C value showed a negative relation with peat depth;d&aBpgand Mazais
Vei geBogeklsad the highest negative correlat
Bog showed a strong positivelation. This demonstrates ththe atomic ratio cannot
be usedor precise studies @he humification process due to the significant impact of
the original plant composition and peat formation conditmmghis parameter
Changes of carbohydrate congatibn in peat correlate more strongly with peat
depth and, evidently, peat age (Fig@)e The carbohydrate concentration in peat
decreased with depth of the studied peat layers (Figurelearly indicating that
carbohydrate degradation is amongst tregomprocesses describing peat formation

and humification.
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Variability of the 18 parameterghat descrile peat properties, their
decomposition degree, agend peat humification process were examined using
principal component analysis. The first five components extracted explained 84% of
the total variance (Tabl®). The first component involved parameters describing the
development of peadt its elemental amposition (C, Nand O) and correlated well
with the suggested humification degree HD. The second component chaeakctee
correlation between peat type, hydrogen, and nitrogen; these parameters correlated
with peat humification index PHI. The third roponent characteséd the
humification processes, as it was associated with most of the humification coefficients
used in our study. Association of peat age and type with this component was also
suggested. It is supposed that all the used humificatiofic@eats can be applieih
analysis ofthe peat humification process since each of them describes ediffer

aspects of the humification process. The fourth component was chaexttby a
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close relation between the extinction ratios of humic extractather described the

properties of peat humisubstanceshan the transformation degree of peat organic

matter. However, the very simple parameterextinction ratio B/Egs 1 is well

correlated with the depth of the peat samples and peat age; it can al$cibptly

used to analyse the humification process. The fifth component can be designated as

the fage

indicators such as /s, H/C, K, Pyl, and HD. Therefore, these humification
indicators can be recommended for characterisation of the peat humification process

(Figure9, 10).
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Summary statistics of PCA analysis of the data oselected peat properties

and humification coefficients

1,0

Table9

Component | Variance | % of explained variance | Cumulative % of variance
1 6.582 34.641 34.641
2 3.201 16.847 51.489
3 3.137 16.509 67.998
4 1.945 10.239 78.237
5 1.091 5.742 83.979
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Tablel0
Loading structure of the first five components extracted by PCA analysis of

the data on selected peat properties and humification coefficients

Component

1 2 3 4 5
Type Hv1 |710.095| 0.836 |[10.268| 0.093 | 0.031

Depth, cm| HV2 | 0.069 | 0.095 | 0.077 | 0.159 | 0.913
C,% Hv3 |[710.939| 0.236 | 10.063| 0.010 | 0.105
H, % Hv4 |10.158| 0.866 | 10.028|10.136| 10.255
N, % HV5 |10.545| 0.600 | 10.217| 0.433 | 10.115
S, % Hv6 |10.061| 0.516 |10.108| 0.123 | 0.111
0,% HvV7 | 0.906 | 10.322| 0.143 | 10.151| 0.101
H/C Hv8 | 0.770| 0.487 | 0.020 | 10.125|10.313
N/C HV9 |10.482| 0.600 | 10.249| 0.452 [ 10.138
o/C HV10 | 0.937 | 10.296| 0.094 | 10.043| 0.041

Age, years HV11 |10.069|10.227|10.325| 0.139 | 0.816
E./Eg HV12 | 10.044| 0.050 | 10.214| 0.853 | 0.271
E4/Es HV13 | 10.276| 0.028 | 10.067| 0.803 | 0.394

Variable/acronym

HI HV14 | 0.085 | 10.232| 0.889 | 10.276| 0.146
PHI HV15 | 0.093 | 10.343| 0.860 | 10.082|10.078
K HvV16 | 0.197 [ 10.112| 0.700 | 10.086| 1 0.436
Pyl HV17 |10.143| 0.152 | 0.530 | 0.462 | 10.456

HD HV18 |10.471{10.180| 0.079 | 10.627| 0.247

The peat age, depth, and the suggested humification indicators are located
closel in the 3D space of the first threemponents obtained using PCA analysis
(Figure 11). Other parameters, such as H/C ratio angtEdgratio (Figurell), also
groupaccording tqeat age. These varias reflect the formation conditions of peat.

Humification has been mostly studied with the aim to analyse composting and
soil formation processes. However, the humification process in peat very much differs
from that in composts ansbils in a quite rapid decomposition of organic matter in
early humification stages. In bogs, under the impact of the anaerobic and acidic
environment, the humification process of the saturated peat layers is very much
retarded. Nevertheless, in peat itpgssible to follow the humificatioprocessfor
very long periods (several thousand years are not the limit). The obtained results
demonstrate that it is possible to study the stage of humification of organic matter in
peat according to its age and apghe suggested methods of analysis to the

estimation othehumification degreef peat(peat humification indexes).
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The firstissuet o be resolved is the definition
degreedo and Ahumi ficat i oreedbsigoesahe extentiohe dec
which original (living) organic matter is transformed. The decomposition process thus
includes: a) transformation processes of living organisms and their tissues; b)
degradation of molecules forming a living organism; c¢) mingaéibn (transformation
of organic carbon compounds containing organic nitrogen, phosphorus, and sulphur
compounds into their inorganic species); and d) formation of refractory organic
substancesi humic substances. Decomposition can also be described eas th
breakdown of plant material by microorganisms that use decaying organic matter as a
source of energy and building material.

The estimation of the humification degree is often based on the monitoring of

humic substances (HS), humic acids (HA), and fulaimds (FA) isolated by
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extraction inan alkaline solution (Stevenson, 1994). Among the proposed indexes of
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Figure 11. Ordination of variables representing selected peat properties and

humification coefficients on the first three PCA axes

maturity, thog most representative of the evolution of the maturity of the compost
were presented, particularly indexemasuring the evolution of humic acids (HA)
compared to fulvic fraction (FF) or fulvic acids (FAjumification is a narrower
concept, describing théevelopment of humus (humic substancé@g).calculate the
humification degregthe ratio of the total amount of organic matter to the amount of

formed humic substancean be suggested for use
HD = SHs.
Cpeat ’
As the results othis study show, this parameter corresds well to the peat

depth and agethus, it can also be used to study the transformation processes of
organic matter.
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The peat properties in the bog prefilvary significantly, most probably due to peat format
conditions (oxygen and hydrological regimes) and the botanical composition of peat. Anal
the changes of peat properties indicate decreasirigphydrate concentrations atation exchange
cgpacityas well as variable metal, major and trace element concentrations.

To studythe humification process, principal component analysis was used to determit
main factorsthat affect peat compositionas were varKrevelen graphdo identify structur&
changes and the degree of maturity of p&#te main factors that impact the peat humificat
process are: hydrological/oxygen regime, composition offoeating plants geological processes
and climate.

The obtained resultwere used for the develogmt of new approachdse the estimation of
the peat humification degree (peat humification index&gp ratio of the total amount of organ
matter to the amount of formed humic substansesiggested for description of the humificati

degree, as thisgpameter corresponds well to the peat properties and parameters describi

formation.
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3.2 Impact of the Processof Isolation of Humic Acids from Peat on
Their Properties

It has been estimated thatly peat can be a source of up to 500 Gt C of humic
acids of industriaproductionvalue (Markovet al., 1988). Peat can be considertd
be a significant source of humic substances (fastl foremosthumic acids), but
technologically relevanmethodsfor extraction of HA hge not been studiedhuch
and most producers do not use peathasaw material.To an extentgfficiency of
extraction of humic acids depends on the extractantrendtensity of the treatment
thus, from a wide array of differeh extractants recommended in several studies
(Martin-Netoet al.,2001; Olket al., 1995; Kaschkt al.,2002; Mahiewet al.,20032),
hydroxides (NaOH, KOH) and metal salts {R&s;, Ko.COs, K4P,0O7) have been used.
However recently suggested intensive treatrh technologies (Gogat al., 2006;
Tsyfansky, 2007) hae not been used for extraction of humic substances. Depending
on the intensity of treatmentive methodsof extraction of humic substances from
peat hae been studieth this research.

1) Low temperdure peat treatment with NaOH or KOH under mixing.
Although this method des not require special machinery or energy
inputs, each extraction cycle takegherlong time and high hydroxide
concentrationsbesides extraction cannot be performed in flow neod
This method is well suited for laboratory experiments, where small
amounts of humic substances exquired

2) Extraction under heating is based on thermal treatment of peat fibres
with the same extractants under heating. As in traditional methods, this
methodrequireshigh hydroxide concentrations, but the extraction time
can be radically decreased (up to 4 hdess.

3) Extraction using cavitation is based dhe generation, subsequent
growth, and collapse of cavitation resulting in very high energy
densties, generation of local turbulence and increasing circulation in the
reactor, thus enhancire rates of transport processes. High doses of
kinetical and thermal energy releasedaitvery small area can cause

complete destruction of peat fdsr, as wellas mixing of the extraction



environment. Cavitation increaseelocity of chemical reactions and can
be performed in flow mode

4) The dectrical discharge method is based on extraction of humic
substances from peat in flow mode tbyatingthe peatextractat media
with electrical dischargeguring dischargea plasma fieldwith a high
temperature and shock wave is generdtetiveen the electrode¥he
shock wave inducesntensive mixing of the extraction medand
degradation of peat fibres

5) The dtrasoundmethod involves sonification of extractgsgat mixture
with ultrasound in commercial ultrasound baths. Ultrasound does not
only shred the peat fibs, but also provides intensive mixing of the

extraction environment.

Changes in isolation efficiency of imic substances (their concentration in the

extraction mixture)over time (Figure12) show that the differences in extraction

efficiency depend on thatensityof treatment.
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Figure 12. Changes of the concentration of humic substances in the extraction
mixture over time depending on the character of the extraction process
(extractant 1% NaOH) (P31 stirring with heating; P6 T extraction in a cavitation
reactor; P8 i treatment with ultrasound of 0.07 kW; P9 i treatment with
ultrasound of 0.27 kW; P10i extraction in an electrical discharge reactor)
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The e of electrical discharge and cavitatiomethods allows to obtain
comparatively high concentrations (11 and 13 r@épectively) of solution of humic
substances much faster and more effectively tharug of other methods (besides
thesetwo methods are very effectivieconcentration®f about 7 g/l can be obtained
during the first few minutes of extraction). The effectiveness of ultrasound is
proportional to its power, butin general this process is nmah slower and less
effective thanthe two former methods. Using ultrasound withpower of 0.27 kW,
concentratios similar tothoseobtained with electrical discharge candieainedonly
in 120 minutes of treatment.

The yields of humic substances dep@mdthe properties ahe extractant and
the intensity of treatment (Figur#3, 14) T NaOH appears to be the most effective
from the teste@xtractantsand the effectiveness of ultrasound is closely relat¢eto
usedpower i ultrasound treatment with power of 0.27 kW isfour times more
effective thantreatmentwith a power of 0.07 kW, using NaOH (Figure 14).
Comparingdifferent extractantsit is evidentthat sodium hydroxide is about 20%
more effective than potassium hydroxide, but application of ptiaspyrophosphate
Is ineffective because the concentrations obtained are atfileasimes lower than

using NaOH or KOH.
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Figure 13. Changes of the concentrations of humic substances in the extraction
mixture depending on thepopertiesof extractants, extraction under heating
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Figure 14. Changes of the concentration of humic substances in the extraction
mixture over time depending on theproperties of the extractant andthe intensity
of ultrasound treatment

To evaluate the impact of different extiiao methods on peat fies, scanning
electron microscopy was used (Figurs 18). Figure 15 showspeat fibes before
treatment. The surface and stomataa §fhagnunmmoss leaf without any damagee
clearly visible.Treatment with 1% NaOH under elevatietnperatures breaks down
the structure of peat particldsgure 16 showsslightly changed formand shapeof
stomatasandthe surface layer of peat fés has been broken and partly ripped off.
When peat is treateavith ultrasound, degradation of itsrsttural elements is
promoted since treatment with ultrasound destroys the plant and moss renpaiats
increasing the yield of humic substances. After yet more intensive treatmerthevith
cavitation method (Figure 18), a completely eroded surface layand damaged
internal structures can be seefhus we concludethat intensive treatment

technologies allowto obtain significantly higher yields of humic substances than
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traditional extraction methodand the efficiencyf these technologieis explainel
by destruction of peat fibs during treatment.
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Figure 15. Peat fibres (raised bogfusé:urh péat, decop
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Figure 16. Peat fibres after 4 h of treatment with 1% NaOH under elevated
temperatures
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Figure 17. Peat fibres after 100 mof treatment with ultrasound (0.27 kW) using
1% NaOH as an extractant
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Figure 18. Peat fibres after 20 mof tre
1% NaOH as a extractant

The impact ofthe isolation process othe properties of humic@ads from peat
was analyzed using elemental, functional, molecular mass and spectral (U IR,
NMR) analysis.The taracter ofthe isolation process does haaemajor impact on
the properties otheisolated humic acidasthe elemental analysisvidenty suggests
(Table 11). Depending orihe intensity of treatmenthe amount of carbon in humic

substances and their molecular massreduced, ass the E4/Eg ratio. Van Krevelen
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graphs which are usuallywidely applied for analysis of basic structureshoimic
acids (Barancikovat al.,1997)were also used for analysiBhe van Krevelen graph
in Figure 19 shows that variabilityof humic acids isolated from different sources
(from peatof different bogs)s lower thanvariability of theelemental composdn of

humic acids isolated using different extractienhniques (treatment)

Figure 19. Relationships between H/C and O/C elemeat ratios of humic acids
extracted with various extractants and/ortechniquesfrom a peat sample andof
HA from several ped bogsin Latvia extracted with the technique recommended

by the International Humic Substances Society (IHSS)

Position in van Krevelen graphs allows to identify major procetfsdsaffect
the structure and properties of organic mattetehydration, deydratation (reduction
of the H/C ratio), decarboxylation (reduction tfie O/C ratio), and demethylation
(Barancikovaet al., 1997). The graphs show thahtensive extractiontechniques
result at first in dehydratation and decarboxylation of humic sulketarihe same
trend is evident analyzintipe functional characteristics and molecular mass changes
of isolated humic acids intensive treatment methods (ultrasound, electrical

discharge, cavitatignas well as treatment with increased concentrations of



