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Ievads

Darba aktualitate

Viens no ap mums eso$as dabas vides izpetes uzdevumiem ir izprast, kas vide
notiek ar dzivos organismus veidojoSajam vielam. Dabiskas izcelsmes organiskas vielas
ir ne tikai dzivos organismus veidojosas vielas, to metaboliti, bet arT dzivo organismu
sadaliSanas procesu noturigie produkti. Tie I1dz ar to uzskatami par nozimigu dabas vides
sastavdalu, kas ietekm& daba noritoSos procesus, ka arT piesarnojoso vielu parvertibas,
tam nonakot apkartgja vide.

P&c masas nozimigako dalu no dabiskas izcelsmes organiskajam vielam veido
humusvielas. Tas var uzskatit par visvairak izplatito organisko vielu grupu uz Zemes
(Stevenson, 1994). Humusvielas (HV) raksturo augsts noturigums vide, kas tas atSkir
no individualam identific€jama sastava organiskajam vielam. Humusvielas ir biologiski
noturigi, kimiski heterogéni augstmolekulari savienojumi, kuru sastava ir ar dazadam
skabekli saturo§am funkcionalam grupam aizvietotas aromatiskas struktiiras, ko savstarpgji
saista alifatiskas virknes. Humusvielas veidojas, sadaloties dzivajiem organismiem, ka
arT biosint€zes rezultata no zemmolekulariem savienojumiem. Humusvielu vecums vide
var sasniegt pat vairakus desmitus tiikstoSus gadu. HV multifunkcionalais sastavs un
sareZgita uzbuve nosaka to sp&ju mijiedarboties ar dazadam vides sastavdalam.

Augsnes un tidenu humusvielu veidoSanas gaita dzivo organismu organiskas vielas
transformejas un mijiedarbojas ar vide€ jau esosam vielam. L1dz ar to, lai izprastu augsnes
un Gdenu organisko vielu veidoSanos mehanismu, ir bitiski izp&tit HV un vides sastava
esoSo neorganisko vielu, mikroorganismu un dzivo organismu palieku savstarp&jo
iedarbibu. So iedarbibu izpéte ir svariga ne vien lai izprastu augsnes veidoSanas procesu
raksturu, bet arT lai izvertétu Gidens vid€é suspendéto vielu veidosanos. HV un augsnes
komponentu mijiedarbibas izp&te ir nozimiga, lai novertetu vidi piesarnojoso vielu
migracijas raksturu — gan hidrofobas vidi piesarnojosas organiskas vielas, gan metalu
joni migré kompleksu veida ar HV.

HV un augsnes ingredientu mijiedarbibas izp&te ir nozimiga ari, lai p&titu un adekvati
aprakstitu piesarnojoso vielu izturé$anos un plismas vid€, vispirms — piesarnojoso vielu
degradacijas gaitu. Sis mijiedarbibas izpéte ir bitiska arT dzerama @idens sagatavosanas
tehnologiju pilnveido$anai. Sagatavojot dzeramo Tdeni, ir svarigi, lai humusvielas,
kas atrodas tideni, tiktu izdalitas, pirms tidens tiek dezinficéts, jo hloréSanas gaita var
veidoties hlororganiskie savienojumi, kas negativi ietekmé tidens patérétaju veselibu.

HV un augsni veidojoSo mineralu dalinu mijiedarbibas rezultata mineralu
dalinu virsma dabas vid€ tiek parklata ar humusvielam, respektivi, humusvielas tiek
imobilizétas. Par nozimigu problému uzskatama imobiliz€to HV un vidi piesarnojoso
vielu mijiedarbibas rakstura izp&te, jo $1 mijiedarbiba savukart var ietekmét piesarnojoso
vielu kustigumu un parvertibu raksturu.

Darba merkis ir izpétit dazadas izcelsmes humusvielu un Latvijas apstakliem
nozimigako augsni veidojo$o mineralo sastavdalu mijiedarbibas raksturu, ka arT iesp€jas
ieglt ar nes€jiem kovalenti saistitas (imobilizetas) HV un pétit vidi piesarnojoso vielu
sorbciju uz tam.



Darba uzdevumi:

1) izdalit humusvielas no Latvijas apstakliem tipiskajam vidém un tas raksturot;

2) péetit humusvielu sorbcijas raksturu, tas kinétiku, atkaribu no jonu speka uz
augsni veidojosam mineralam un organiskam sastavdalam;

3) petit humusvielu sorbcijas raksturu uz augsné ietilpstos§iem mikroorganismiem,;

4) izstradat humusvielu imobilizacijas metodes un raksturot imobilizétas HV;

5) izpétit vidi piesarnojoso vielu sorbeiju uz imobilizétam humusvielam.

Darba novitate:

1) preparativos daudzumos no Latvijas dabas vides izdalitas un izp@titas humus-
vielas;

2) izpétits humusvielu sorbcijas raksturs uz neorganiskajiem augsnes vidi veido-
joSajiem mineraliem;

3) izpétits humusvielu sorbcijas raksturs uz augsnes vidi veidojoSiem mikro-
organismiem,;

4) izstradatas metodes humusvielu imobilizé$anai;

5) pieradits, ka imobilizeétas humusvielas ir perspektivas ka sorbenti vidi pie-
sarnojoso vielu sorbcijai.

Darba praktiska nozimiba:

1) izpetitais humusvielu un augsni veidojoSo vielu mijiedarbibas modelis ir
nozimigs videi draudzigu humusvielas saturosu lauksaimnieciba izmantojamu méslojumu
izstradei;

2) humusvielu sorbcijas rakstura izp&te uz pazemes tidenu maksligas papildinasanas
infiltracijas laukus veidojo$ajam mineralajam fazé€m ir nozimiga, lai pilnveidotu
gruntsiidenu maksligas papildinasanas tehnologiju;

3) imobilizeétas humusvielas uzskatamas par perspektiviem sorbentiem.
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Darba izmantotie saisinajumi

HV — humusvielas

FS — fulvoskabes

HS — huminskabes

DEAE — dietilaminoetil-

GH/MS — gazu hromatografija/masspektrometrija
SH/MS — $kidruma hromatografija/masspektrometrija
UV/Vis — ultravioleta/redzama gaisma

KMR - kodolmagnétiska rezonanse

IS — infrasarkana gaisma

EPR - elektronu paramagnétiska rezonanse



1. Literaturas apskats

1.1. Humusvielu veido$anas avoti un to loma vidé noritosajos procesos

Humusvielas (HV) ir dabas vidé biologiski noturigi augstmolekulari heterogénas
uzbtives daudzfunkcionali polikatjoniti, kas veido augsnes, tidenu un daudzu fosilo oglekli
saturo$o mineralu (kiidras, sapropela, briinoglu) galveno masu, uz Zemes (1. att€ls) ta sastada
2-3x10'° t (Jones and Bryan, 1998). Lielakie humusvielu daudzumi atrodas iz8kidusa veida
Pasaules okeana, ka arT ietilpst augsnes organiskas vielas sastava (Ziechman, 1994). Lidz
ar to humusvielas ir nozimigs oglekla biogeokimiskas aprites cikla elements.
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1. attels. Oglekla biogeokimiskas aprites cikls (tilpes un pliismas Gt vai Gt/gada) (Hedges and
Oades, 1997)
Figure 1. Carbon biogeochemical cycle (reservoirs and flows Gt or Gt/year) (Hedges and
Oades, 1997)

Humusvielas atkariba no to $kidibas tradicionali iedala tris grupas: a) huminskabes
(HS) — humusvielu dala, kas $kist tideni, ja vides pH>2; b) fulvoskabes (FS) — humusvielu
dala, kas $kist GidenT neatkarigi no pH; c¢) humins — Gdeni neskisto§a humusvielu dala
(Thurman, 1985). Humusvielas veidojas, sadaloties dzivajai organiskajai vielai, ka ari
tas degradacijas produktiem un dzivo organismu metabolitiem reagg€jot sava starpa
un mijiedarbojoties ar vidé un dzivajos organismos eso$am neorganiskajam vielam.
Dzivas organiskas vielas degradacija mikroorganismu un ekstracelularo un intracelularo



fermentu darbibas rezultata noved pie nestabilako savienojumu sabruksanas. Ta rezultata
HV veido struktiras, kas vidé ir biologiski noturigas. Paraléli norit ari humusvielu
struktiirelementu sintéze no zemmolekulariem savienojumiem, kuru avots var biit gan
dzivo organismu metabolisms, gan ar1 biomolekulu sabruks$ana (Aiken et al., 1985).
Nozimigakas vielu grupas, kas biitiskas HV izveidei, ir lignins un ta transformacijas
produkti, poliaromatiskas struktiiras saturo$i savienojumi, polisaharidi, nepiesatinatas
taukskabes, polifenoli (Bollag, 1983). Humusvielu veidoSanas notiek gan hidrosfera,
gan litosféra (Steinberg, 2003). Lai gan pastav dzivos organismus veidojoSo vielu
daudzveidiba (1. tabula), humifikacijas procesu rezultata veidojas vielu grupa ar izteikti
lidzigam ipasibam — humusvielas (Orlov et al., 2005).
1. tabula / Table 1
Dzivos organismus veidojoSo organisko vielu sastavs (%) (Orlov et al., 2005)
Composition of organic substances in living organisms (%) (Orlov et al., 2005)

Organisms Neorgamskas Olbaltumvielas Hemlcel_uloze, Celuloze Lignins Lip l_dl.’
vielas pektins tanini
Bakterijas 2-10 40-70 Nenozimigs 0 0 1-40
Alges 20-30 10-15 50-60 5-10 0 1-3
Keérpji 2-6 3-5 60-80 5-10 8-10 1-3
Stinas 3-10 5-10 30-60 15-25 0 5-10
Papardes 6-7 4-5 20-30 20-30 20-30 2-10
Skujkoki:
stumbrs 0,1-1 0,5-1 20-30 40-50 20-25 5-15
skujas 2-5 4-10 10-20 15-25 20-30 5-15
Lapu koki:
koksne 0,1-1 0,5-1 20-30 40-50 20-25 5-15
lapas 3-8 4-10 10-20 15-25 20-30 5-15
Graudaugi 5-10 5-12 25-35 25-40 15-20 2-10
Paksaugi 5-10 10-20 15-25 25-30 15-20 2-10

Humifikacija sakas péc biosint€zes un metabolisma procesu izbeigSanas
organisma (peéc organisma naves), vispirms ekstracelularajiem fermentiem citoplazma
sagraujot viegli degrad€jamas vielas, bet pakapeniski degradacija iesaistas art uz $iinas
membranam saistitiec fermenti. Peéc $tinas membranas sadaliSanas humifikacija iesaistas
mikroorganismi, iedarbojoties uz augu un dzivo organismu atlieckam. Organiskajas
atliekas esoSie savienojumi, kas sintez€ti augu un dzivo organismu dzives laika, ir baribas
vielas un energijas avots dazadam baktérijam un séném, kas ir iesaistitas destrukcijas
procesa. Tadgjadi mikroorganismi, nodrosinot savus dzivibas procesus, piedalas oglekla
aprit€ un noturigu organisko savienojumu — humusvielu sintézeé (MacCarthy, 2001).

Humifikacijas procesa mikroorganismi noarda un metabolismam patéré lielako
dalu no organisko atlieku sastava esosSajiem oglhidratiem, lipidiem, nuklelnskabém un
olbaltumvielam. ST mikroorganismu veikta baribas vielu asimilacija ir uzskatima par
pirmo soli humusvielu veidoSanas procesa. Dazas no mingtajam vielam, piem&ram,
cukuri un ciete, ir vieglak sadalamas, turpreti celuloze un hemiceluloze mikroorganismu
darbibas ietekm& noardas griitak, bet tauki, vaski un lignins ir visnoturigakie pret
biologisko degradaciju (Ziechmann, 1994).

Fulvoskabes ir mazak aromatiskas (Thomsen et al., 2002) un ar augstaku karboksil-
grupu koncentraciju. Tiek uzskatits, ka humusvielas var savstarpgji parversties humifi-
kacijas gaita (Kogel-Knabner, 2002). Dzivo organismu atlieckam sadaloties veidojas



mazakas molekulas (fulvoskabes), bet talaka humifikacijas procesa gaita tas var
savstarp&ji reagét un veidot lielakas molekulas (huminskabes). Savukart huminskabes,
tam sadaloties, var atkal veidot fulvoskabes, kuram ir maza molekulmasa, bet augsta
aromatisko grupu koncentracija (Kogel-Knabner, 2002).

Humifikacijas gaitu ietekmé organismu, kas sadalas, sastavs; domin&joso mikro-
organismu grupu, kas atbildigas par organisko vielu sagrausanu, vides reakcija un
reducesanas—oksid€Sanas apstakli; skabekla klatblitne un ar1 tadu vielu klatbiitne, kas var
paatrinat vai kavet humifikacijas gaitu un kas var ari ietekmét to vielu spektru, kuras tiek
sagrautas vai izmantotas humusvielu struktiiras izveidei. Piem@ram, ja vide ir anoksiska
un tas reakcija ir skaba, organisko vielu degradacija norit ieveérojami 1énak neka baziskas
vai neitralas vides apstaklos. Lidz ar to $ada videé veidotajas humusvielas ir ievérojami
augstaks oglhidratu palieku daudzums. Vide jau izveidojusas humusvielas var kavet
organismu atlieku degradaciju un humifikacijas procesu (Piccolo et al., 1992; Ziechmann,
1994). Biologisko procesu intensitate vide var ietekmét humusvielu vecumu. Ja humusvielu
vecumu, tas izdalot no fosilajiem nogulumiem (lignita, leonardita, kidras utt.), var vertet
pat ar kartu miljoni gadu, tad humusvielas idenos var biit dazus simtus gadu vecas, bet
produktivos @idenos vai atkritumos — gadu vai pat meéne$u vecas (Steinberg, 2003).

ligni l sadaliSanas
ignins

oglhidrati—| O

T sintéze

arom. aminoskabes

(i) . @ "
g ignins
’//'// &
tumsas krasas OH
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fenoli
1 u.c.
< m.r> @ OH
NH, . I:[> C=07°—> riboze, glikoze
HZO HCN 00— g]icins — oo

hv

—oo—> adenins

HV - humusvielas
m.r. - Meilarda reakcija
m - melanins

2. attéls. Principiala humifikacijas shéma (Ziechman, 1994)
Figure 2. Humification principle of organic matter (Ziechman, 1994)

Veéra pemami humusvielu veido$anos ietekmgjosi faktori ir arT temperatiira un tidens
daudzums vidg, ka arT oglekla/skabekla attieciba organiskajas atliekas, kas tiek sadalitas.
Paaugstinoties vides temperatiirai, palielinas arT mikroorganismu aktivitate, kas darbojas
humusvielu sadaliSanas procesos, tadél, analiz€jot humusvielu veidoSanas apstaklus
un izveidoto humusvielu struktiiru, ir biitiski nemt véra visus humifikacijas reakcijas
ietekmgjosos faktorus (Nardi et al., 1996; Klavins, 1998; Hayes and Clapp, 2001).
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HV raksturiga gan ipasibu dazadiba, gan ari neapSaubama lidziba. To nosaka atSkirigas
vides notiekosu humifikacijas procesu rakstura lidziba — humifikacijas apstakli vide, fizikali
geografiskie apstakli un biologisko procesu intensitate. Tas pierada, ka no atSkirigam
izejvielam (dzivajam organiskajam vielam) var rasties humusvielas — savienojumi ar
izteiktu Tpasibu un uzbiives lidzibu —, un to nosaka humifikacijas procesa gaita.

R R CH,0H
fenoloksidaze H 0. OH
H
oH H
OH (o) OH H
OH (0] H NH,
CH,OH
H 0. OH citi fenoli, peptidi
gH H un aminocukuri (R-NH ,)
OH H p
H HN
OH
OH
HUMUSVIELA

3. attéls. lespejama oglhidratu un lignina atlikumu iesaistiSanas shema humusvielu sastava
(péc Hessen and Tranvik, 1998)

Figure 3. Incorporation of remains of carbohydrate and lignin in structure of humic
substances (after Hessen and Tranvik, 1998)

Augsnés nozimiga ir humusvielu veido$anas no lignina (2., 3. attéls), mikroorganismu
degradacijas cela nepilnigi sadalita lignina atlikumiem ieklaujoties augsnes humusa
sastava. Izmainas lignina molekula ietver metoksigrupu (-OCH,) atSkelSanu, veidojot
fenolus un hinonus, un alifatisko sanu k&zu oksidé$anu lidz karboksilgrupam (Stevenson,
1982). Talak tas, mijiedarbojoties ar oglhidratiem un aminosavienojumiem, veido
huminskabes, un peéc tam, notieckot oksidacijai un fragmentacijai, rodas fulvoskabes
(Qualls, 2003).

Humusvielas var veidoties vid€, kura tas atrodas (autohtona izcelsme), vai arT var
tikt ienestas no saistitam videm (alohtona izcelsme), pieméram, augsnes humusvielam
ieskalojoties virszemes vai pazemes tidenos (Aiken et al., 1985).

Humusvielu uzbtive lauj tam mijiedarboties ar dazadu vielu grupam, pieméram,
ar neorganiskajiem joniem, veidojot salus un kompleksus savienojumus, ka ari ar
hidrofobam organiskajam vielam (Wershaw et al., 1969; Carter and Suffet, 1982; Senesi
et al., 1986). Humusvielu sp&ja aktivi mijiedarboties ar dazadam vidé eso$am vielam
nosaka to lielo nozimi daba noritoSajos procesos (4. att€ls), turklat vienlaikus, nemot
véra to lielo masu dazadas vidés (augsné, kudra), tas sp&j bitiski ietekmét ari pasas vides
pasibas, ieskaitot biologisko procesu raksturu taja (Chen and Aviad, 1990).
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4. attéls. Humusvielu nozime augsné (péc Orlov et al., 2002)
Figure 4. The role of humic substances in soil (after Orlov et al., 2002)

Humusvielu nozimigakas pasibas vid€ norito$ajos procesos ir:

1. Noturiba pret kimisko un biologisko degradaciju. HV ir noturigas pret mikrobialo
degradaciju, tadél HV vecums var sasniegt pat 15 000 un vairak gadus (Stevenson, 1982;
Malcolm, 1985), tacu taja pat laika humusvielas var tikt izmantotas ka oglekla avots anaeroba
vidé (Tranvik and Hofle, 1987, Lindell et al., 1995). Humusvielas ir ari stabilas attieciba
pret vidé sastopamo skabju un bazu iedarbibu un oksidétaju iedarbibu. Intensiva humusvielu
degradacija notiek fotokimiski, Tpasi katalizatoru klatbiitn€ (Brinkman et al., 2003).

2. Spéja saistities ar augsnes un iidens mineralajiem komponentiem un organiskajiem
savienojumiem (Stevenson, 1982; Lassen 1994). Tas ietekm€& piesarnojoso vielu
migracijas raksturu (Klavin$ and Apsite, 1998).

3. Spéja saistities ar metalu joniem. Humusvielas ir augsts tadu funkcionalo grupu
saturs, kuras nosaka humusvielu spgjas veidot savienojumus ar metalu joniem. Tadel ar
HV bagatos tidenos metali galvenokart atrodas nevis brivu jonu, bet gan huminskabju
un fulvoskabju salu un kompleksu savienojumu veida (Buffle, 1988; Baker and Khalili,
2003). Lidz ar to HV ietekm& metalu (1pasi smago metalu) transportu un likteni vide
(Town and Filella, 2000; Nierop et al., 2002).

HV spgjai veidot stabilus kompleksus ar augsnes vai tidens neorganiskajiem un
organiskajiem komponentiem ir biitiska loma vides piesarnpojuma Iimena veido$ana un
piesarnojoso vielu migracija, ka art to transformacijas procesa.

Nozimigakas humusvielu funkcijas vide ir §adas (Opmos, 1990):

1. Akumulativa funkcija. Nozimigakie biogénie elementi (slapekla, fosfora savie-
nojumi) ka arT K, Ca, Mn, Fe un gandriz visi mikroelementi vidé atrodas saistiti ar
humusvielam.

2. Transporta funkcija. Humusvielas nosaka mineralo un organisko vielu geokimisko
plismu veidosanos, pasi iidens vidg, veidojot noturigus, bet salidzinosi viegli $kistoSus
HV savienojumus ar metalu joniem, hidroksidiem, dazadam organiskajam vielam.
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3. Reguléjosa funkcija. Humusvielas tiesi ietekmé daudzus vid€ noritoSus procesus:

» augsnes, kiidras strukttiras un fizisko 1pasibu veidosanos;

+ reakciju [idzsvara uzturé€Sanu jonu apmainas reakcijas, skabju—bazu apmainu;

* dzivo organismu mineralo komponentu barosanos (regulé mineralo komponentu
$kiSanu tidenT un pieejamibu dzivajiem organismiem);

+ siltuma rezimu vid€ un fotosint€zes intensitati (iespaido spektralas atstaroSanas
sp€jas, augsnes masas siltumietilpibu un siltumvadamibu).

4. Protektora funkcija. Humusvielas var funkcionét ka barjera elementu geokimis-
kajas pliismas:

+ aizsarga augsni no sausuma un parmeriga mitruma;

* pasargd augsni no erozijas un deflacijas;

+ saglaba augsnes fizikalas 1pasibas antropogéno slodzu gadijumos;

* mazina toksisko vielu negativo iedarbibu un aiztur to migraciju vidg.

5. Fiziologiska funkcija. Izpauzas galvenokart ka humusvielu tiesa fiziologiska
iedarbiba uz augiem un citiem dzivajiem organismiem.

Tatad humusvielas ka viens no nozimigiem vides ingredientiem bitiski ietekme taja
norito$os procesus.

1.2. Humusvielu izdaliSanas un attiriSanas metodes

Humusvielas dabas vide€ atrodas saistitas gan ar detrTtu un citdm organiskam vielam
(zemmolekularam un arT augstmolekularam), gan ar neorganiskam vielam un mineraliem.
Lidz ar to viena no nozimigakajam problémam un butisks uzdevums humusvielu izp&te
joprojam ir augsti attiritu humusvielu paraugu izdaliSana, lai So paraugu iegiiSanas
laika biitu 11dz minimumam novérsta humusvielu destrukcija, bet iegiitais paraugs bitu
ar izejviela esosajam vielam identisku uzbiivi. Lai nodroSinatu izdalito humusvielu
preparatu salidzinamibu, humusvielu paraugu iegiiSanai no dazadam vidém tiek ieteikts
lietot standartmetodes (Stevenson, 1982), kuru izmanto$ana nodroSina minimalas
pielaujamas dabiska materiala Tpasibu izmainas, ka ar7 iegtito humusvielu attiriSanu no
neorganiskajiem piemaisijumiem un minimalu humusvielu makromolekulu degradaciju.

Humusvielu izdaliSanas metodes visai ievérojami atSkiras atkariba no ta, no kadas
vides HV tiek izdalitas. Humusvielu izdaliSanai no cietas fazes vides materialiem
(augsnes, kiidras, nogulumiem, lignita) vispirms nepiecieSams atdalit kalcija un citu
divvértigo jonu pamatmasu, kas ar humusvielam var veidot nekistofus salus. Sim
mérkim tradicionali izmanto paraugu apstradi ar skabém vai kompleksus veidojosiem
reagentiem (Aiken et al., 1985). Humusvielu ekstrakcijai no cietas fazes paraugiem
izmantojami sarmu metalu hidroksidi, karbonati, hidrogénkarbonati, pirofosfati, ka
ar1 citi savienojumi (Aiken et al., 1985). Visplasak kiidras HV ekstrah&$anai izmanto
natrija hidroksida skidumus (Kononova, 1966; Schnitzer, 1978), jo tie salidzinajuma ar
citiem ekstrahentiem lauj izdalit 30—60% augsnes vai kiidras humusvielu. Tomér daudzi
pétnieki natrija hidroksida skiduma izmantoS$anu neatzist, jo sarma klatbiitné hidrolizes
un oksidéSanas rezultata izmainas iegiito humusvielu ipasibas un struktiira (Stevenson,
1982).
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Natrija hidroksida un natrija pirofosfata izmantoSana tiek rekomend&ta ari Starp-
tautiskas Humusvielu p&tnieku savienibas (IHSS) ieteiktaja standartizétaja humusvielu
izdaliSanas procediira (Schnitzer, 1978; Thurman and Malcolm, 1981). Tiek rekomend&ts
HV ekstraheSanu ar natrija hidroksida Skidumu veikt N, atmosfera, tas samazina
izdaliSanas procesa radusas izmainas to struktiira (Kononova, 1966).

Ieveérojamas priekSrocibas piemit mineralskabju salu, 1pasi natrija pirofosfata
(Na,P,0,), izmantoSanai. So §kidumu lietosanas efektivitati nosaka humusvielu salu laba
Skidiba, lai gan pastav uzskats, ka HV ciesi saistitas ar augsnes, nogulumu un kiidras
mineralo daJu un, lietojot Na,P,O. vai citus Skidumus, ekstrahéSanas efektivitate ir zemaka,
neka HV ekstrahgjot ar sarmiem. Vienlaikus atzZim&jams tas, ka daudzos pé&tjjumos
pieradits, ka humusvielu izdaliSanas gaita atkariba no ekstrakcijas apstakliem notiek
ievérojamas izmainas to struktiira, bet tas var novest pie artefaktiem. Pieméram, apstrade
sarmaina vid€ skabekla klatbiitne var izsaukt fenolu grupu saturo$o HV struktiirelementu
oksidesanos, baziska vide var izsaukt labilako sturktiirelementu hidrolizi utt. Lidzigi
ekstrakcija ar etanolu skaba vid€ noved pie humusvielu esteru veidosanas, tie ilgu laiku
tika uzskatiti par humusvielu frakciju — himatomelanskabém. Ir piedavati art daudzi citi
neorganiskie ekstrahenti, ka arT organiski $kidinataji, tau to izmantoSana nodro$ina vai
nu ievérojami zemakus humusvielu iznakumus, vai art rada citas iesp&jamas nevélamas
ietekmes uz humusvielu struktaru.

Ir vairaki faktori, kas ietekm& humusvielu izdali§anas efektivitati: reagenta veids un
koncentracija, ekstrahenta un cietas fazes attieciba, temperatiira un pH, pie kuras notiek
izdaliSana, procediiras ilgums, skabekla klatbiitne un citi. P&¢ humusvielu izdaliSanas
no cietas fazes sastava tas nepiecieSams papildus attirit, lai pazeminatu neorganisko
jonu un individualo organisko vielu saturu tajas. Parasti humusvielu attiriSanai izmanto
sorbcijas metodi (uz jonu apmainas polimériem vai hidrofobiem sorbentiem), atkartotu
izgulsné$anu vai ultrafiltraciju, reverso osmozi. Huminskabes izdala, vidi paskabinot lidz
pH 2, bet fulvoskabes iesaka izdalit, izmantojot to sorbciju uz hidrofobiem sorbentiem

vai vajiem anjonitiem un turpmaku liofilizaciju (Thurman and Malcolm, 1981).

Humusvielu neskistoSo frakciju jeb huminu galvenokart veido organiskas vielas,
kuras ir cieSi saistitas ar augsnes (nogulumu) mineralo daJu un kuras raksturo liels
daudzums hidrofobu struktiru. Humina izdaliSanai rekomendé augsni, kiidru vai
nogulumus apstradat ar HCI, HF un HCI-HF $kidumiem. Tomé&r $ada veida apstrade
izmaina organisko vielu kimisko struktiiru, tadél tiek piedavata metilizobutilketona
metode (Rice and MacCarthy, 1989). Saskana ar So metodi péc ekstrakcijas ar
metilizobutilketonu HV tiek izolétas suspensijas veida. Ta tiek samazinata ekstrakcijas
procesa ietekme uz izdalita materiala Tpasibam.

Huminskabes ieglist, sarma ckstraktu paskabinot ar HCI skidumu lidz pH 1,5.
Huminskabe izkrit ka tumsi briinas vai melnas krasas nogulsnes, bet ekstrakta paliek
fulvoskabes (FS), kas parasti ir dzeltena krasa.

Humusvielas no tdens vides parasti koncentrg, izmantojot sorbcijas metodi, vai
izdala lietojot membrantehnologijas. Humusvielu izdali$anai var izmantot to sorbeiju uz
anjonitiem (DEAE celuloze, DEAE Sephadex) vai arT stipri skaba vidé uz hidrofobiem
sorbentiem (XAD 2, XAD 8). Sakotngji izmantotie stipri baziskie anjoniti nodro$inaja
visai zemus humusvielu iznakumus, miisdienas iesaka izmantot vaji baziskus sorbentus uz
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hidrofilu matricu pamatnes (dekstrans, celuloze, polialkilmetakrilata geli) ar makroporainu
uzbtvi un zemu funkcionalo grupu saturu. Humusvielu izoléSanai no fidens iesaka lietot
polim&rus: Dowex A-7, Lewatit MP-500, dazadus Sephadex jonitus (DEAE Sephadex)
un DEAE celulozi. XAD un DEAE sorbenti tick izmantoti HV izoléSana, apstradajot
lielus tidens daudzumus, pat ja humusvielu koncentracijas ir niecigas (Aiken et al., 1985;
Klavins, 1998). Jaatzimg, ka, izmantojot DEAE sorbentus, mazak tiek parveidots denu
HV dabiskais sastavs (Hejzlar et al., 1994).

Hidrofobo sorbentu izmanto$ana ir ieguvusi ievérojamu popularitati, kaut gan
izdaliSanas process notiek stipri skaba vide (pH <2), kas ietekm& humusvielu paraugu
degradaciju, un faktiski $aja izdaliSanas procesa var notikt humusvielu paraugu
frakciong$ana. Visos gadijumos péc humusvielu izdaliSanas no tidens vides tiek veikta to
sadaliSana huminskabés un fulvoskabés un talaka attiriSana, parasti izmantojot kolonnu
hromatografiju.

Humusvielu izdali$anas un attiriSanas procesa sarezgitiba ietekmé ari humusvielu
preparatu razoSanu. Maz attiritas humusvielas jau tiek razotas lieltonnazas apjomos,
un ar to raZzo$anu un izplatiSanu nodarbojas vairaki simti uzp€mumu, bet augsti attiritu
references paraugu cenas salidzinamas ar augsti attiritu fermentu cenam.

Humusvielas no kiidras pirmo reizi tika izdalitas 1786. gada (Achard, 1786), no
iidens tas izdalija Berceliuss (Berzelius, 1839). Paslaik izmantotas humusvielu metodes
ir standartiz€tas un to lietoSana lauj ieglit salidzinamus preparatus, tomér joprojam
turpinas tadu metozu izstrade, kas lautu ieglit humusvielas, kuram izdaliSanas laika biitu
iesp&jami maz ietekmétas 1pasibas (McDonald et al., 2004; Moredo-Pineiro et al., 2004;
Sierra et al., 2005).

1.3. Humusvielu ipasibas

Nemot vera humusvielu heterogéno uzbtivi, to raksturoS$anai nepiecieSams izmantot
veselu rindu metozu, ieskaitot visai tradicionalas, jo biezi vien tikai kompleksa pasibu
izpete (2. tabula) lauj tas raksturot (Abbt-Braun et al., 2004).

Oglekla saturs humusvielas svarstas robezas no 40% lidz 60%, skabekla saturs
30-35%, slapekla saturs 0,8-3%, Gdenraza saturs 4—6%. Vienlaikus pastav butiskas
atSkiribas starp dazadas izcelsmes huminskabju, fulvoskabju un humina elementsastavu
(3. tabula).

Humusvielu elementsastavs analiz€jams, izmantojot geokimija plasi lietotos van
Krevelena grafikus, kuros tiek attélotas elementsastava attiecibas (C/H, O/C, N/C, M,
funkcionalo grupu koncentracijas), kas atsedz kopsakaribas starp aromatisko strukttiru
veidosanos un skabekla un slapekla savienojumu daudzuma izmainam. Van Kravelena
grafiki ir izmantojami, lai pétitu humusvielu genézes jautajumus (Killops and Killops,
1994; Barancikova et al., 1997). Udenu humusvielas satur ievérojami vairak oglekla,
bet mazak skabekla, salidzinot ar augsnes HV. Fulvoskabes ir ar mazaku molekulmasu
un augstaku O/C attiecibu neka huminskabes, turklat C/N attieciba tidens fulvoskabém
(45-55:1) ir ievérojami augstaka augs$nu fulvoskabém (20:1), tas norada, ka tdenu
humusvielas ir daudz mazak slapekla neka augsnes HV sastava (Ishiwatari, 1971).
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2. tabula / Table 2

Nozimigakas humusvielu raksturoSanai izmantotas metodes
Methods used for characterization of humic substances

Metodes Informacija Literatiira
clementanalize elementu sastavs Huffman and Stuber, 1985; Abbt-Braun
(C,H,N, 0, S) and Frimmel, 2002
derivatizacija (metilé$ana, | funkcionalas grupas . .
sililegana) (-OR, -OOR) Schnitzer, 1978; Stevenson, 1982

Barak and Chen, 1992; De Wit et al.,

1]
-'; skabes/bazes titrésana protonu kapacitate 1993; Perdue, 1998; Abbt-Braun and
‘s Frimmel, 2002
I
g — —
=S tegna}a degrada.clza”_ o . . Bracewell et al., 1989; Abbt-Braun et
S (pirolize) korvnbmacua ar | degradacijas produkti (monoméri) al. 1989: Schulten et al.. 2002
.5 | GH/MS vai SH/MS ” ’ ?
= ksidativa ducgjosa
OkSICaLVa U [eCUice)05a . . . Schnitzer and Khan, 1972, 1972;
degradacija kombinacija | degradacijas produkti (monoméri) Christman et al..1989: Parson. 1989
ar GH/MS vai SH/MS ” ’ ’
mikroskopija izmérs, forma Chen and Schnitzer, 1989
viskozimetrija izmérs, forma Clapp et al., 1989
;:zirza:rlr?r{:ajz/ismé UV UV/Vis absorbcijas grupu noteik$ana, | Stevenson, 1982; Hayes et al., 1989;
Ve 43 & E4/E6 Abbt-Braun and Frimmel, 2002
infrasarkanaja gaisma (IS, funkcionilo erupu noteikiana Hayes et al., 1989; Abbt-Braun, 1992;
FT-IS, DRIFT) grup Niemeyer et. al., 1992
fluorescences spektri fluorescento grupu noteikSana Senesi, 1990; Senesi et al., 1991;
P grp Kumke et al., 1998
kodolu magnétiska ﬁmk.c 15)n€110 grups .kvahtaﬁ.va .
noteikSana: aromatiskas, alifatiskas . .
rezonanse _ - .. .| Wilson, 1987; Frimmel et al., 2002
(KMR 'H un C) uzbiives, oglhidratu sastava ietilpstoSo
< oglekla atomu daudzuma noteikSana
= ] -
Q. kvalitativa/kvantitativa monoméro
g .
§ KMR ('H, *C) vienibu un aizvietojuma veida ]Eg(r)riben ctal,, 1992; Hertkorn et al.,
E noteik$ana
S - P
& |KMR (“N) :L‘:Lkif(‘;fjaelememu kvalitativa Knicker et al., 1997
Ramana spektri funk-c lfmalo grupu kvalitativa Bloom and Leenheer, 1989
noteikSana
EPR organisko radikalu un paramagnetisko | go. o; ng gteelink, 1989
metalu pareju kvantitativa noteikSana
organisko molekulu noteik$ana
kombinacija ar citam metodem
.. (fizikali kimiskam degradacijas Schulten et al., 2002; Parson, 1989;
Masspektrometrija (MS) metodém, pirolizes-GH/MS, Christman et al., 1989
hidrolizes-GH/MS, oksidacijas- GH/
MS)
% Perminova et al., 1998; Schmitt-Kopplin
'¥" | gelhromatografija molekulu izmé@rs, masa et al., 1998; DeNobili and Chen, 1999;
§° Abbt-Braun and Frimmel, 2002
S
S .
S | apgrieztas fazes .
£ hromatografija (C18) hidrofobums Gremm et al., 1991
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3. tabula / Table 3

Humusvielu elementsastavs (péc Klavina, 1998)
Elemental composition of humic substances (after Klavins, 1998)

Humusvielas C, % H, % N, %
Ziemelvalstu references tidenu fulvoskabe 53,13 4,60 0,8
Ziemelvalstu references Gidenu huminskabe 54,62 4,53 1,02
References augsnes huminskabe 58,13 3,68 4,08
References kiidras huminskabe 56,37 3,82 3,69
Leonardita huminskabe 63,81 3,70 1,23
Riipnieciski razota huminskabe (Aldrich) 49,89 4,76 2,30

4. tabula / Table 4

Huminskabju un fulvoskabju funkcionalo grupu tipiskas vértibas (meq/g)
(Schnitzer and Khan, 1972)
Functional group concentration in humic and fulvic acids (meq/g)
(Schnitzer and Khan, 1972)

Funkcionalas grupas Huminskabe Fulvoskabe
Kopgjais skabums 6,7 10,3
Karboksilgrupas 3,6 8,2
Fenolu hidroksilgrupas 3,9 3,0
Spirtu hidroksilgrupas 2,6 6,1
Karbonilgrupas (C=0) 2,9 2,7
Metoksigrupas (OCH,) 0,6 0,8

Nozimigs humusvielu raksturo$anai ir ari funkcionalo grupu saturs molekula, tas ir
atkarigs no humusvielu tipa (4. tabula). Fulvoskabes satur ievérojami vairak karboksilgrupu
un hidroksilgrupu neka huminskabes. Humusvielu skabes—bazes Ipasibas nosaka atsevisku
funkcionalo grupu klatbiitne humusvielu molekula, $is ipaSibas ietekm&, pieméram,
karboksilgrupas, fenolu hidroksilgrupas, spirti, sulfonskabes un aktivas metiléngrupas.
Faktisko skabju grupu koncentraciju un skabju disociacijas konstantes (pK ) vértibas
nosaka HV struktiira, to izol€Sanas procediira un analizes apstakli. Pat nelielas atSkiribas
Sajos procesos biitiski ietekme iegiito datu vertibas. Galvenais parametrs, kuru izmanto,
lai aprakstitu HV skabes—bazes ipasibas, ir skabju saturoso funkcionalo grupu kopgjais
saturs. Ilgaja humusvielu izp&tes vesturé ir izméginatas daudzas analitiskas metodes skabju
saturo$o funkcionalo grupu satura noteikSanai — tie$a titréSana, attitréSana kombinacija
ar destilesanu vai ultrafiltrésanu, reakcijas ar dazadiem organiskiem un neorganiskiem
reagentiem, kompleksometriska titré$ana u. c. Galvena probléma, nosakot skabes saturosas
funkcionalas grupas, ir hidrolizes procesa ietekmes samazinasana uz humusvielu strukttiru
(HV oksideésanas gaisa skabekla klatbiitng). Plasak izmantotas metodes ir tiesa titréSana —
barija hidroksida metode, kalcija acetata jonu apmainas metode, potenciometriska titréSana
tdens vid€ un beztidens vide (Klavins, 1998).

Funkcionalajam grupam humusvielas ir atskirTga protonu saistiSanas spgja, ka arT
saites ar humusvielu struktiirelementiem. Lidz ar to ir svarigi noteikt gan HV kopgjo
skabju funkcionalo grupu koncentraciju, gan to sadaljjumu. Piedavati vairaki matematiskie
modeli (Perdue, 1985; Dempsey and O’Melia, 1983), kas apraksta humusvielu skabes—
bazes 1pasibas.
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Vienkarsakie modeli parada HV ka vairaku vienkarSu skabju maisijumu, bet plasak
tiek izmantoti modeli, kas pamatojas uz nepartrauktu saistiSanas vietu sadaljjumu. Saskana
ar $o modeli humusvielu makromolekulu potenciometriskas titréSanas liknes apraksta
pec modificeta Hendersona—Haselbaha vienadojuma (Ephraim et al., 1989). TitréSanas
liknes, protams, ir atkarigas no karboksilgrupu tipa, koncentracijas un poliméru kodola
hidrofobajam Tpasibam, ka arT no HV izcelsmes.

Lai petitu HV skabes—bazes 1pasibas, tiek izmantoti arT statistiskie modeli (Gamble,
1972), kuros summge atseviskas funkcionalas grupas.

Funkcionalo grupu nepartraukta sadalijuma modeli parada karboksilgrupu (tapat ka
hidroksilgrupu un citu funkcionalo grupu) sadalfjumu, kas atbilst Gausa sadalfjumam.
So Iidzibu nosaka nenoteiktais molekulu skaits un atskirigais saistisanas tips katra
humusvielu molekula.

AtSkiribas funkcionalo grupu koncentracija ir novérojamas arf atkariba no humusvielas
izcelsmes. Lidz ar to $o funkcionalo grupu raksturoSanai ir izmantojamas dazadas
titrimetriskas analizes metodes (skabes—bazes titréSana), lai galvenokart pétitu to sp&ju
mijiedarboties ar bazém (Aleixo et al., 1992; Avena et al., 1999; Ritchie and Perdue, 2003).

Humusvielas raksturo gan to hidrofobas, gan hidrofilas ipasibas. Humusvielu
hidrofobuma raksturo$anai var izmantot gan funkcionalo grupu koncentracijas to
molekulas gan ari Gdens—oktanola vai tdens—polietilénglikola sistému sadalijuma
koeficientus (De Paolis and Kukkonen, 1997; Zavarzina et al., 2002). Saskana ar
esoSajiem prieksstatiem tGidenu humusvielas ir hidrofilakas un ar mazaku molekulmasu
neka augsnes HV, kuras savukart satur vairak aromatisko struktiirelementu un lidz ar to
ir hidrofobakas (Zavarzina et al., 2002).

5. tabula / Table 5

Humusvielu molekulmasa (dal) (Klavins, 1998)
Molecular weights of humic substances (Dal) (Klavins, 1998)

Humusvielas Huminskabes Fulvoskabes
Augsnes 10 000-100 000 1 000-30 000
Kudras 50 000-300 000 5 000-50 000
Udenu 2 000-5 000 500-2 000

Viens no nozimigakajiem humusvielu makromolekulu raksturojumiem ir to
molekulmasa. Tas noteikSanai sakotngji (no 20. gs. seSdesmito gadu vidus) izmantoja
gelfiltraciju (Gjessing, 1965), bet miisdienas humusvielu molekulmasu raksturo, izmantojot
gan augstefektivo Skidruma hromatografiju (Conte and Piccolo, 1999; Perminova et
al., 2003; Abbt-Braun et al., 2004), gan arT citas metodes: ultrafiltraciju (Aiken, 1984),
plusmas frakciongSanu (field-flow fractionation) (Becket et al., 1987), ultracentrifugéSanu
(Reid et al., 1990), kapilaro elektroforézi (Schmitt-Kopplin et al., 1998). Taja pat laika
visas izmantotas humusvielu molekulmasas analizes metodes parada, ka tas raksturo
augsta to molekulmasu dazadiba, respektivi, humusvielas ir daudzu lidzigu molekulu
maistfjums. Humusvielu molekulmasa svarstas no 500 Iidz 100 000 daltonu, tomer biezi
tas veido koloidas un suspend@tas dalinas. Augsnes FS ir ar zemaku molekulmasu (1000—
30 000 dal), salidzinot ar HS molekulmasu (10 000—100 000 dal) (Paul and Clark, 1989).
Udens FS, 1idzigi augsnes fulvoskabém, ir ar zemaku molekulmasu (500-2000 dal), bet
tidens HS molekulmasa svarstas no 2000 Iidz 5000 dal.
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Ta ka humusvielas veidojas, sadaloties dzivajai organiskajai vielai, tad tas sastava
saglabajas arT individualas zemmolekularas vielas, kuras (ja tas ir saistitas labili) var
tikt atbrivotas hidrolizes rezultata. Humusvielu elementsastava ietilpst zinams daudzums
slapekla (parasti mazak par 5%), tas norada uz slapekli saturosu savienojumu klatbiitni
humusvielu sastava. Slapekla saturs ir atkarigs no humusvielu vecuma un humifikacijas
pakapes, un, picaugot humusvielu vecumam, slapekla daudzums to sastava samazinas.
Tiek uzskatits, ka no kopgja slapekla savienojuma daudzuma augsnes huminskabes
25-55% veido aminoskabes, 1-2% aminocukuri, bet atlikumu veido heterociklisku
savienojumu sastava ietilpstosi slapek]a savienojumi (Turski and Chmielewska, 1986).
Savukart tidenu humusvielu slapeklis galvenokart atrodas amonija salu veida (Hejzlar
et al., 1994). Veicot humusvielu hidrolizi skaba vide un hidrolizata aminoskabju analizi,
ir pieradita daudzu aminoskabju klatbiitne humusvielas (Klavins, 1993). Izmantojot *C
KMR (kodolmagnétiskas rezonanses spektroskopiju) un "N KMR, pieradita piridina,
nitrozofenolu, okstmu, izocianidu, amidu, laktamu, izoksazola un formazana, ka ari citu
slapekla savienojumu klatbutne humusvielas (Thorn et al., 1992; Knicker et al., 1993).
Slapekla savienojumi nosaka humusvielu lielo nozimi biologiskajos procesos augsné un
tidens vid€, jo humusvielas var klit par biogéno elementu avotu, saistitajiem slapekla
savienojumiem atbrivojoties biologiski pieejamas formas (Tranvik, 1990).

Ir pieradits, ka Ii1dz 6% no humusvielu masas veido dazadi oglhidrati, kas var
tikt atbrivoti hidrolizes gaita skaba vidé (Barriuso et al., 1985). Humusvielu sastava
atrastas pentozes, heksozes, glikuronskabes un aminocukuri: glikoze, galaktoze,
mannoze, ksiloze, arabinoze, ramnoze, fukoze, glikuronskabe, ka ar1 galaktozamins. Arl
oglhidratu daudzums humusvielas ir atkarigs no to izcelsmes un vecuma, un augstakais
tas ir humusvielas, kas izdalitas no eitrofiem tdepiem (Klavins, 1993). Humusvielu
sastava ietilpstoSo oglhidratu analize izmantojama, lai izsekotu to genézes procesam,
jo mikroorganismu darbibas rezultata veidoto oglhidratu spektrs ievérojami atskiras no
augu sastava esosajiem oglhidratiem (Moers et al., 1990).

Humusvielu raksturosanai plasi izmanto dazadas spektroskopiskas analizes metodes,
sakot no vienkarsakajam lidz pat visjaunakajam.

UV redzamas gaismas spektri visai plasi tiek izmantoti humusvielu identificéSanai,
lai arT to sniegta informacija ir visai ierobezota, nemot véra spektru monotono raksturu
(Traina et al., 1990; Filip and Alberts, 1992; Chin et al., 1994). UV redzamas gaismas
spektri lauj konstatét aromatisko grupu, hromoforu grup&jumu klatbiitni humusvielu
molekulas, bet absorbcijas attiecibu izmantoSana ieteikta ari aromatisko grupu
(aromatiskuma) un humusvielu molekulmasas novértésanai (Kononova, 1966; Chin et
al., 1994).

Humusvielu infrasarkanie (IS) spektri lauj novertet un pieradit -OH, -CH,; -CH,-,
C=0, N-H, C=C un citu funkcionalo grupu klatbtitni humusvielu struktiira (Senesi et al.,
1986; Senesi and Sakellariadou, 1984). Sis metodes prieksrociba ir ta, ka humusvielu
raksturo$anai nav nepiecieSams izmantot augsti attiritus paraugus. Humusvielu IR
spektrus izmanto, lai salidzinatu dazadas izcelsmes humusvielas, noveértétu funkcionalo
grupu daudzumu to molekulas (Niemeyer et al., 1992).

Humusvielu fluorescences spektrus parasti raksturo viens izteikts maksimums, kura
novirze vai papildu ,,plecu” paradisanas saistama ar fluoroforu struktiiru klatbiitni un
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koncentraciju humusvielu molekulas (Senesi et al., 1989; Belin et al., 1993). Humusvielu
fluorescences spektru analize izmantota, lai pétitu lignina fragmentu klatbiitni
humusvielu molekulas. Visai plasi humusvielu fluorescences spektru analizi izmanto,
lai pétitu humusvielu mijiedarbibu ar organiskajam vielam (pieméram, policikliskajiem
aromatiskajiem ogliidenraziem) vai metalu joniem, jo So mijiedarbibu rezultata notiek
fluorescences signala intensitates samazinasanas (dz&Sana), ta ir proporcionala kompleksu
veidoSanas intensitatei (Kumke et al., 1998).

Elektronu paramagnétiskas rezonanses (EPR) spektrus raksturo izteikta simetriska
rezonanses linija. ST signdla un pavado$o rezonanses liniju intensitate humusvielu
spektros mainas atkariba no humusvielu izcelsmes. Pieradits, ka signalu EPR spektros
nosaka semihinona struktiras, kas saistitas ar kondensétam aromatiskam strukttram,
kuras ir alifatiskie vai heteroatomu aizvietotaji (Senesi and Steelink, 1989; Peuravuori,
1992). EPR spektrus plasi izmanto, lai p&titu humusvielu un paramagnétisko metalu jonu
mijiedarbibu.

Kodolmagnétiskas rezonanses spektroskopija (KMR) tiek izmantota ka viena no
visefektivakajam metodém humusvielu raksturoSanai. Protonu magnétiska spektroskopija
(KMR 'H) tiek izmantota protonu saistibas veida un ar tiem saistito funkcionalu grupu
daudzuma noveértésanai humusvielu molekulas. KMR 'H spektri lauj novertét metilgrupu
un metiléngrupu protonu daudzumu, metiléngrupas esosos protonus, kas atrodas o stavoklt
attieciba pret aromatiskiem gredzeniem, karboksilgrupam vai karbonilgrupam. KMR 'H
spektri lauj arT novertet protonus, kas saistiti ar metoksigrupam, ka arT ar olefinos un
aromatiskajas struktiirds esoSajiem oglekla atomiem (Peuravuori, 1992; Frimmel et al.,
2002). Ievérojami plasak izmanto *C KMR, tas Jauj raksturot humusvielas veidojosas
pamatstruktiras un novertet oglekla atomu daudzumu, kas saistiti ar nozimigakajiem
humusvielu uzbiives elementiem (Leinweber et al., 1993; Frund et al., 1994; Hertkorn et
al., 2001; Gelinas et al., 2001; Peuravuori et al., 2003; Keeler and Maciel, 2003). Plasi
attistas divdimensiju un trisdimensiju KMR izmantosana, un tas lauj pilnigak raksturot
humusvielu uzbtivi (Chien and Bleam, 1998; Kingery et al., 2000; Hertkorn et al., 2002;
Simpson et al., 2003).

Ar1 citu humusvielu sastava ietilpsto$o elementu (N, O, F, Cl) KMR spektri ir
izmantoti $o elementu nozimes raksturo$anai humusvielu molekulas (Almendros et al.,
1991; Thorn et al., 1992; Knicker et al., 1997; Kogel-Knabner, 2002).

Humusvielu 1pasibu izp&t€ nozimigu vietu ienem destruktivas metodes, kuru gaita
humusvielu molekulas tiek sagrautas Iidz zemmolekulariem struktiirelementiem, kurus
talak iesp&jams sadalit un identificét, izmantojot hromatografijas metodes. Humusvielu
degradacija ir veikta, tas hidrolizgjot un atskelot to uzbiives elementus gan skaba, gan
sarmaina vide. Plasi tika izmantota humusvielu oksideSana (ar KMnO,, O,, HNO, un
citiem oksidétajiem), ka arf reducésana (ar NaBH,, Zn amalgamu, CuO un citiem). Lai
nodro§inatu pietickamu ieglito humusvielu degradacijas produktu gaistamibu, tie tiek
derivatizéti un talak analiz&ti ar gazu hromatografiju—masspektrometriju (GH-MS) (Hayes
and Swift, 1978; Schnitzer and Khan, 1972; Liao et. al., 1982; Morinaga and Ishiwatari,
1987; Langvik et al., 1994). Misdienas visai plasi izmanto humusvielu pirolizi un tas
produktu GH-MS analizi (Abbt-Braun et al., 1989; Schulten et al., 2002).
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5. attéls. Kudras (a) un augsnes (b) huminskabju, kiidras (c) un augsnes (d) fulveskabju, ka
ar1 kiidras humina (e) *C KMR spektri (Klavins, 1998)

Figure 5. ®C NMR spectra of peat (a) and soil (b) humic acid, peat (c) and soil (d) fulvic acids
and peat humin (e) (Klavins, 1998)

Kaut arT humusvielu 1pasibu izpete ir lietotas gandriz visas miisdienas zinamas
organisko vielu un makromolekulu analizes metodes, ir acimredzams, ka neviena no
tam, atseviski lietota, nelauj pilniba aptvert $o vielu komplekso un sarezgito uzbiivi un
ka humusvielu raksturo$anai nepiecieSams izmantot vairaku metozu kombinaciju (Abbt-
Braun et al., 2004; Thomsen et al., 2002).
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1.4. Humusvielu struktiira

Pilnveidojoties zinaSanam par humusvielu veidoSanos un attistoties jaunam
petniecibas metodém, mainds ar1 prieksstati par HV molekulas uzbiivi. Analizgjot
HV struktirmodelus, parasti neizdala tGidens, augsnes un kiudras humusvielas, lai gan
ir acimredzami, ka pastav ievérojamas atskiribas starp humusvielam atkariba no to
izcelsmes.

Ir vairakas pieejas humusvielu struktiiras noteikSanai, un tas var iedalit §adas grupas
(Klavins, 1998):

+ teorttiska pieeja — izmanto atseviskus HV raksturlielumus: elementsastavu,

spektralas ipasibas, skabes—bazes Tpasibas, esoSos HV molekulu struktiiras modelus;

* degradacijas pieeja — pamatojas uz tadu zemmolekularo savienojumu analizi,

kurus iegiist, humusvielas sadalot; iegiitie dati tiek izmantoti HV struktiiras
modelu izveidoSanai;

* nedestruktiva pieeja — pamatojas uz tadam analizes metodém, kas minimali

iespaido humusvielu originalo strukttru;

* modeléSanas pieeja — attista humusvielu struktiiras modelus, pamatojoties uz

pétijumiem par HV lomu apkartgja vide.

Nemot véra to, ka ilgu laiku nebija vienotas koncepcijas par standartizétam HV
paraugu iegiisanas metodém, aprakstitic HV struktiiras modeli bija principiali atskirigi.
Pirmos HV struktiiru modelus izstradaja, pamatojoties uz ta laika priekSstatiem par
augsnes humusa struktiru un izmantojot saméra triicigo informaciju par pé&tamo
materialu. Humusvielu uzblives modeli, ko piedavaja Fukss (Fuchs, 1930) un
Kasatockins (Kasatockhin, 1951), tika attEloti ka telpiskas struktiiras, kuras veidoja
kondenséti aromatiskie gredzeni ar alifatiskam sanu virkném, ka ar ar karboksilgrupam
un hidroksilgrupam (6. att.). Sie modeli paradija HV nozimi organiskd materidla
transformé$ana un to iespgjamo lomu oglu, naftas un citu fosilo nogulumu veidosana.

A B

6. attéls. Huminskabes hipotétiska struktiira: (A) Kasatockhin, 1951, (B) Fuchs, 1930
Figure 6. Hypothetical structures of humic acid molecule: (A) Kasatockhin, 1951, (B) Fuchs,
1930



22

Otra pieeja balstijas uz dazadu struktirelementu (kondens€tu hinoidalu strukttiru,
ligntna atlikumu) grup@Sanu, ieglstot hipotétiskas struktiiras, kas izmantojamas, lai
izskaidrotu dazadas HV ipasibas (Dragunov, 1948). Sis modelis (7. att.) bija izveidots,
apkopojot pieejamo informaciju par humusvielu pamatipasibam un to veidoSanas gaitu.

HOOC\ O-CH, 0,
HO H2C I 611 HO (I)H
H - CH, CH - CH,
0 CH,-0O CH-N CH,-O- CH-N CH,-O-
0 CH,0 0 iCHZ 0
CO-NH-C{H,,O,N

7. attels. Huminskabes hipotétiska struktiira (Dragunov, 1948)
Figure 7. Hypothetical structure of humic acid molecule (Dragunov, 1948)

Lai gan Dragunova izstradatais modelis balstijas uz teorctiskiem pienémumiem,
vairakas vina atzinas eksperimentali apstiprinajas 20. gs. 90. gados. Dragunova modelis
sastav no kondensétam hinoidgrupas saturo$am struktiram, ligninu struktiirelementiem
un oglhidratu atlikumiem. So modeli iesp&jams izmantot HV raksturoSanai, jo tas
atspogulo humusvielu pamatipasibas, lauj paredzét HV lomu un pasibas apkartéja vide.

Ar_
o ©H

OH

—COAr

8. attels. Hipotetiska huminskabes struktara (Flaig, 1960)
Figure 8. Hypothetical structure of humic acid molecule (Flaig, 1960)

Kladaina datu interpretacija un bitiskas informacijas trikums par humusvielu
struktiiru noteica tiri teorétisku HV modelu izveidosanu, kas galvenokart izpaudas ka
zinamu ideju briva kombinacija. Pieméram, Kleinhempela (Kleinhempel, 1970), Flaiga
(Flaig, 1960) piedavata HV molekulas strukttra (8. att.) tika balstita uz zinaSanam par
lignina struktiiru 20. gs. 60. gados.

Pavérsienu humusvielu pasibu izpete izraisija HV makromolekulu degradéSanas
metodes izmanto$ana. So metodologiju plasi izmanto arT $odien. Humusvielu sadali$anai
izmanto tadus procesus ka oksideéSanu, reduc€$anu, hidrolizi un termisko degradésanu
(pirolizi). Galvenie etapi HV degradacijas analize ir :

* o dabas vides izdalita humusvielas parauga attiriSana;

+ priekSapstrade, lai aizsargatu pret oksidésanu labilas HV struktiiras;

* humusvielu degradacija;

» degradacijas produktu izdalisana;

* degradacijas produktu frakcionés$ana, identificSana un kvantitativa analize.
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Tomer, nemot veéra HV izteikti heterogéno dabu, iespgjams noteikt tikai dalu
humusvielu struktiirvienibu degradacijas produktu maisfjuma, un $1 metode nedod tik
labus rezultatus, ka analizgjot citas biomolekulas (proteinus, nukleinskabes, ligninus).

Humusvielu struktiiras analizei izmantotas arT nedestruktivas metodes: ultra-
violeta, infrasarkana spektrometrija, elektronu paramagnétiska rezonanse (EPR), kodol-
magnétiska rezonanse, rentgenstaru analize, elektronmikroskopija, viskozitates un
virsmas spraiguma noteikSana, dazadas metodes molekulmasas noteik$anai (piemé&ram,
gelfiltracija), titrimetrijas metodes un citas. PE€dgja laika $Tm metodem ir bijusi noteicosa
loma humusvielu struktiiras noteik$ana, tacu biezi tas kombin&tas ar informaciju, kas
ieglita, izmantojot humusvielu pirolizi/masspektrometriju, Skidruma hromatografiju/
masspektrometriju, gazes hromatografiju/masspektrometriju un citas metodes. Tomér
neviena no §Im metodém nedod visu informaciju, kas nepiecieS$ama humusvielu
struktiiras noteikSanai. Tadel, lai izveidotu humusvielu molekulu uzbtives modelus,
izmantotas vairakas metodes, ieskaitot arT kvantu kimijas pieejas. Lidz ar to jaunakas
humusvielu strukttiras koncepcijas pamatojas uz detalizétaku izpratni par HV lomu vidé
un HV netiek uzskatitas par viendabigam kimiskam vielam (Stevenson, 1982) (9. att.).

COOH COOH

HO O CH-COOH
M@ﬁ o o

NH- C H NH cukuri

9. attéls. Huminskabes hipotetiska struktiira (Stevenson, 1982)
Figure 9. Hypothetical structure of humic acid molecule (Stevenson, 1982)

Analizgjot iesp&jamos humusvielu uzbiives modelus, tiek nemti v&ra to iesp&jamie
prekursori. Aplikojot humusvielu strukttiras elementus, taja var saskatit dazadu vielu
sadaliSanas produktu sastavdalas. Ta, piem&ram, slapekla esamibu humusvielu molekula
nodro§ina amonjaka vai aminogrupu (veidojusas no aminoskab&m) savstarpgjas reakcijas
ar oglhidratiem. Nakama svarigaka savienojumu grupa ir vielas ar aromatiskam serdeém,
no kuram rodas dazadi fenoli un hinoni, kuri ir tieSie humusvielu prekursori un kuru
avots galvenokart ir augu atliekas. Humusvielu strukttiras veido$ana nozimigs ir lignins,
ne tikai nemot veéra ta lielo saturu augu atliekas un augsto noturibu, bet galvenokart ta
neregularas sazarotas poliméras uzbives d€l, jo to veido aizvietotie fenoli. LignTnam
parveidojoties, augsné samazinas hidroksilgrupu saturs un palielinas karboksilgrupu
koncentracija molekula — ta var sasniegt 140—160 mgekv/100 g, un tas jau ir pielidzinams
karboksilgrupu saturam humusvielu molekulas. Tadgjadi lignina sadaliSanas fragmentus
var uzskatit par humusvielu veidoSanas izejmaterialiem (OpmoB, 1990). Par humusvielu
aromatiskas struktiiras vl vienu izejvielu grupu var minét flavonoidus, lai gan tie ir mazak
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izplatiti un tiem piemit augstaka reagétsp&ja. Visbeidzot par humusvielu aromatisko
fragmentu avotu ir jamin daudzie pigmenti (gan augu, gan mikroorganismu producgtie),
kas var ieslégties humusviela bez izmainam vai péc dalgjas sadaliSanas. Humusvielu
struktlira var tikt ieklauti dazadu vidé nonakuSo piesarnojoSo vielu transformacijas
produkti, ka izplatitakos var minét lauksaimnieciba izmantojamos pesticidus (Klavins,
1998).

Saskana ar miisdienas domingjosajiem priekSstatiem, humusvielu molekulas
veido polim@ras dabas struktiirelementi, kuru galvenaja strukttra ietilpst divas vai tris
hidroksilgrupas saturo$i fenolu aromatiskie gredzeni ar -O-, -CH-, -NH-, -N=, -S- u. c.
grupu saitém, ka arf slapekla savienojumi cikliskas formas un peptidu k&des. Saja modeli
N paradas visas struktiiras (Stevenson, 1982).

COOH
HOOC COOH OH

OH
- HO )
COOH o eHOOC o
HOOC -

OH
H COOH  COOH

HOOC oH §
COOH
HO COOH.._ H COOH OH (”)
""" 0=C OH HOOC OC(CH,)nCH,
HooC COOH = O=C COOH
A OH H  coon

COOH OH

B

10. attéls. Fulvoskabes hipotétiska struktiira: (A) Schnitzer & Kahn, 1972; (B) Buffle, 1977
Figure 10. Hypothetical structures of fulvic acid molecule: (A) Schnitzer & Kahn, 1972,
(B) Buffle, 1977

Pastav uzskats (Schnitzer and Khan, 1972), ka FS molekulu veido fenolkarbonskabes
un benzolkarbonskabes jeb beznzoskabes (10. att. A), kuras kopa satur Gidenraza saites,
veidojot stabilas poliméra struktiiras. Savukart citi p&tnieki (J. Buffle, 1977) FS molekulas
struktiira saskata aromatiskos un alifatiskos komponentus (10. att. B), kas aizvietoti ar
skabekli saturo$am funkcionalam grupam.

Fulvoskabes molekulai ir mazak izteiktas aromatiskas struktiiras neka huminskabes
molekulai, jo ta satur mazak C un vairak H. Tadel FS ir vaji izteikts centralais kodols
(aromatiskos ogliidenrazus saturos$s kodols) un tas vairak satur alifatiskas sanu virknes
(Opnog, 1990) (11. att.).
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R-CH,-CH-COOH
N NH,
(CSH 1005)2

-(COOH)n  -(OH)m

O R -(NH,)x -(CH,)y-
NH-CH f
{0
CHZ-CO-CII—[-R (I)-CHZ-(CHZ)n-
OH OH o]
centrala kodola daja hidrolizejama daja

11. artéls. Huminskabes hipotéetiska struktara (OpJios, 1990)
Figure 11. Hypothetical structure of humic acid molecule (Op.ioB, 1990)

Misdienas par visbiezak citetajiem var uzskatit augsnes huminskabes (Schulten
and Schnitzer, 1993) un tudenu fulvoskabes struktirmodelus (Leenheer et al., 1995).
No iepriek$minétajiem batiski at3kirigs ir H. Sultena un M. Snitcera izstradatais augsnes
humusvielu struktiras modelis. Saskana ar to humusvielas molekulas veido lignina
degradacijas rezultata radies aromatisku kodolu tikls, kuru savstarpgji sasaista alifatiskas
struktiiras un fidenraza saites. Nesen izstradatais humusvielu struktiirmodelis (12. attels) tas
apliko ka alkilaromatisku strukttiru tiklu, ko veido augsti aizvietotas fenolkarbonskabes.
Divu un tris loceklu ar karboksilgrupam un fenolu hidroksilgrupam aizvietotas aromatiskas
vai heterocikliskas (skabekli un slapekli saturosas) struktiiras (saskana ar $o struktiiras modeli
— aromatiskas struktiiras elementus) saista alkilvirknes, kuru garums var bit Iidz 20 oglekla
atomiem un kuras var biit aizvietotas ar hidroksilgrupam, karboksilgrupam un keto grupam.
Sis struktirmodelis izskaidro HV un metalu jonu, un hidrofobo organisko vielu mijiedarbibas
raksturu, bet jautajumi par $adas HV struktiiras genézi humifikacijas procesa ir diskutabli.

Izmantojot ievérojamu skaitu dazadu petjjumu metozu, ir izstradati Suvani
upes (ASV) ddenu fulvoskabju iesp&jamie struktiras modeli. Saskana ar tiem @idenu
fulvoskabes ir relativi zemas masas strukttras, kuras liela nozime ir alifatiskiem uzbtives
elementiem, kas izkartoti ap aromatisku policiklisku “molekulas centru”. So modelu
izmantoSanas iesp&jas humusvielu IpasSibu izp&t€ un aprakstiSana ir plasi dokumentétas.
Udenu fulvoskabes modelis apraksta struktiiras ar ievérojami mazaku molekulmasu neka
augsnes huminskabes, un to kodolu veido augsti aizvietotas poliaromatiskas struktiiras,
kas aizvietotas ar fenolu un monokarbonskabju un dikarbonskabju atlikumiem.

Piedavatie humusvielu struktiiras modeli lauj aprakstit hipotétiskas struktiiras,
kadas varétu but raksturigas kadai (vai domingjosai) humusvielu veidojoso molekulu
grupai, bet nekada gadijuma tie nav identific§jami ar to, ar ko struktliras jédzienu
saprot, piem&ram, organiskaja kimija. Vienlaikus nav apSaubama méginajumu nozimiba
izstradat humusvielu struktirmodelus, jo tiesi pieeja izdalit vielu no objekta, kura ta
atrodas, to attirit, noteikt tas TpaSibas, noteikt struktiiru ir pamata miisdienu sasniegumiem
biomolekulu un biopoliméru izpéte. Pedgja laika attistas datormodeléSanas izmanto$ana
humusvielu strukttras izpéte (Diallo, 2003).



26

OH
[¢] / (CHy)y_,
O OH )
H

07 oH
OH OHO =N
OH (CHy), 7 G (CH;0), 5
HO__O o
~ 0o o0 O OH ~
o) Y
- OH OH

X OH
S A0e o O e
Z o o OH O

(CHR)O—S

12. attels. Augsnes huminskabes molekulas hipotetiska struktiira (Schulten and Shnitzer, 1993)
Figure 12. Hypothetical structure of soil humic acid molecule (Schulten and Shnitzer, 1993)

Papildus tam pieaug izpratne par humusvielu nozimi dabas vide noritosajos procesos,
ka ari par to, ka humusvielu izdalianas gaita to ipasibas tiek izmainitas un lidz ar to
izol&tu un augsti attiritu humusvielu preparatu ipasibas atSkiras no tam, kadas tas ir dabas
vidé. Attistoties prieksstatiem par humusvielu uzbiivi, tos papildina jaunas koncepcijas,
saskana ar kuram humusvielas tiek uzskatitas par micellu agregatiem, respektivi,
dabas vidé humusvielas veido supramolekularus agregatus. Sada tipa humusvielu
agregatiem var biit no attiritiem preparatiem atSkirigas kimiskas un fizikalas ipasibas.
Ta ka humusvielu makromolekula ir gan polarie, gan nepolarie regioni, tad, humusvielu
saturam tidens $kiduma parsniedzot kritisko micellu koncentraciju, veidojas agregati,
kuru iek$pusé atrodas hidrofobakas molekulu dalas (alifatiskas k&des, aromatiskas
un poliaromatiskas struktiiras), bet micellu virsmu veido humusvielu sastava eso$as
polaras grupas (karboksilgrupas un fenolu hidroksilgrupas) (13. attéls). Sadas micellaras
struktiiras ir viegli sagraujamas sarmu klatblitn€, un lidz ar to izdalitiec humusvielu
preparati var visai maz atgadinat tas struktiiras, kuras atrodas dabas vide. Saja humusvielu
agregatu veido$anas procesa liela nozime var biit gan citam organiskajam vielam (gan
zemmolekularam, gan augstmolekularam), gan ari metalu joniem un mineralu dalipam
(Wershaw, 1986; Wershaw, 1990). Humusvielu micellaro dabu apliecinajusi daudzi
pétijumi (Terashima et al., 2004; Yates and Wandruszka, 1999; Guetzloff and Rice, 1994;
Conte and Piccolo, 1999).
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13. attéls. Humusvielu micellaras uzbiives shematisks attélojums: A — amfifila humusvielu
molekula; B, C — ar humusvielam saistitie joni (Wershaw, 1993)

Figure 13. Schematic representation of micellar structure of humic molecules, A- amphiphilic
molecule; B,C- binded cations (Wershaw, 1993)

Ka jau iepriek$ minéts, paSreiz&jas humusvielu strukttiras noteikSanas koncepcijas
balstas uz izpratni par HV lomu apkartgja vidé un neuzskata HV par viendabigam kimiskam
vielam. Tomér joprojam nav izstradata teorija, kas atbildétu uz visiem jautajumiem, Iidz
ar to pilniga HV struktiiras modela izveidoSana ir viena no vissvarigakajam humusvielu
kimijas problémam.

Lai gan humusvielas ir intensivi pétitas, joprojam to struktiras defingSanas un
izzinas jautajums nav uzskatams par atrisinatu, jo, no vienas puses, neviens esosajiem
modeliem pilniba neatspogulo humusvielu 1pasibas (Burdon, 2001), bet, no otras puses,
esoSie prieksstati par organiskas vielas humifikacijas gaitu un biologiskas degradacijas
procesiem nespgj izskaidrot piedavato strukttiru izveidosanos.

1.5. Humusvielu mijiedarbiba ar augsnes komponentiem un to sorbcijas
loma pazemes tidenu maksligas papildinasanas procesa

Humusvielas dabas vid€ veidojas un atrodas cie$a mijiedarbiba ar daudzam organiskam
un neorganiskam vielam, ka arT ar dzivo organismu sastava esos$am vielam. Dazado
funkcionalo grupu klatblitne humusvielu molekulas nosaka to sp&ju mijiedarboties ar
dazadiem gan augsni, gan tidens vidi veidojoSiem mineralajiem komponentiem: katjoniem,
oksidiem, hidroksidiem, silikatiem, alumosilikatiem. Katrs atsevisks mijiedarbibas process
paklauts termodinamikas likumiem, ta¢u dazado faktoru mijiedarbiba un vienlaicigi vidé
norito$as kimiskas reakcijas un biologiskie procesi nosaka to, ka ne augsné, ne tdens
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vidé noritoSos kimiskos procesus nevar aprakstit, izmantojot klasiskas likumsakaribas.
Augsnés un tdenos dispergétajas mineralu dalinas notiek mijiedarbiba starp organiskajam
un mineralu fazém, fizikala sorbcija un hemosorbcija, organisko vielu iespiesanas starp
mineralu struktiram un koagulacija, vienlaikus notiek ari organisko vielu biologiska
degradacija un jaunu struktiru veidoSanas. Actmredzot tapéc humusvielu, augsnes un
tidenu neorganisko vielu (mineralu dalinas veidojosas vielas) mijiedarbiba [idz §im ir visai
maz pétita, lai gan §ada mijiedarbiba butiski ietekm& vid€ noritoSos procesus (Schulten and
Leinweber, 2002). Tomer, lai §adu izpratni attistitu, katru no Siem mijiedarbibas procesiem
ir nepiecieSams pétit atseviski, lai péc tam izzinato apvienotu, veidojot izpratni par procesu
komplekso raksturu, kas ietekmeé humusvielu veidosanos, pastavésanas formas un procesu
norisi dabas vide. Izpratne par humusvielu un mineralu mijiedarbibas raksturu ir biitiska
arl, lai novertétu humusvielu mijiedarbibu ar piesarnojosajam vielam un, pieméram, to
kustigumu @idens un pazemes vidés. Tas ir nozimigi, jo humusvielu sorbcija augsné var
samazinat ar tam saistito piesarnojoso vielu kustigumu, bet absorb&tas humusvielas var
biitiski izmainit augsnes dalinu Tpasibas (kustigumu elektriskaja lauka, koloidu stabilitati)
un [1dz ar to paaugstinat vielu parneses procesu atrumu (McCarthy et al., 1989). Par vienu
no nozimigakajiem procesiem, no §1 viedokla, var uzskatit mijiedarbibu starp humusvielu
un augsnes un tdenu mineralajiem ingredientiem.

Humusvielu sorbciju uz mineralu virsmam (Kretzschmar et al., 1997) nosaka
§adi procesi: a) elektrostatiska mijiedarbiba; b)jonu apmaina; c)ligandu apmaina;
d) hidrofoba mijiedarbiba; e) tidenraza saiSu un jonu sai$u veidosanas.

Humusvielu 1pasibas, kas var ietekm@t to sp&ju mijiedarboties ar augsnes un tidenu
mineralajam sastavdalam, ka arT adsorbé@t citas organiskas vielas, ir:

+ liels ladinu blivums, ko nosaka daudzo funkcionalo grupu klatbiitne;

» liels virsmas laukums, kas rodas lielo un sazaroto humusvielu molekulu dgl, ka

arT to dabas vid€ pastavosas micellaras formas dél.

Vairaki no faktoriem, kas ietekm& humusvielas un augsnes un tidenu neorganiskas
fazes veidojoSos mineralus, ir vairak vai mazak pétiti, lai gan pétjjumi pamata veikti,
izmantojot visai strikti defintas modelsistémas. Detalizéti pétits humusvielu sorbcijas
process uz dzelzs un aluminija oksidu virsmas, to galvenokart ietekmé ligandu apmainas
mehanisms (Gu et al., 1993). Pieradits, ka ezeru nogulumu huminskabes visai labi
sorbgjas uz gibsita un ka sorbcijas intensitate ir atkariga no pH. Pieradits, ka sorbcijas
process norit divas stadijas un ka p&c sakotngjas sorbcijas notiek humusvielu molekulas
konformacijas izmainas uz sorbenta virsmas (Aven and Koopal, 1999). Sorbcijas norisei
savukart nozimigs ir humusvielu transporta process $kiduma un to mijiedarbiba ar
sorbenta virsmu. Sorbcijas atkaribu no vides pH nosaka tas, ka, pieaugot pH, palielinas
aktivo funkciondlo grupu molekulas kop&jais negativais ladins. Sados apstaklos §is
funkcionalas grupas var piesaistit katjonus no apkartéjas vides vai mineralu virsmas, ta
radot katjonu apmainu. Pretéjs process norit, samazinot pH, — palielinot fidenraza jonu
koncentraciju $kiduma, humusvielu molekula iegiist pozitivu 1adinu un spgj iesaistities
anjonu apmainas reakcijas. Tas, kur§ no Siem procesiem kliist par domingjoso, ir atkarigs
no tas mineralas fazes Tpasibam, uz kuras sorbcija tiek pétita.

Skiduma pH nebiit nav vienigais apstaklis, kas nozimigi ietekmé sorbciju. Ja ir augsts
pH un liels jonu speks, negativais ladin§ uz humusvielu molekulas un mineralu virsmas
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var bt ekranéts, un [idz ar to elektriska atgriisanas starp mineralu virsmu un humusvielu
molekulu var klit vajaka. Humusvielu sorbeijas picaugumu, palielinoties jonu spékam,
var ietekm@t to makromolekulas konfiguracijas izmainas, jo liela jonu speka ietekmé
humusvielu molekulas var saritinaties, tadejadi klustot kompaktakas un hidrofobakas.
P&c tam, samazinoties jonu spekam Skiduma, negativie 1adini sak atgristies un sorbéta
humusvielu molekula uz minerala dalinas virsmas var atritinaties ka kustiga lineara poliméra
molekula. Sadas konfiguracijas molekulas aiznem vairak vietas uz virsmas, un ta rezultata
samazinas sorbcijas kapacitate (Davis, 1982). Lidzigi secinajumi iegtti, p&tot humusvielu
sorbciju uz aluminija oksida (Tombacz et al., 2000). Taja pat laika nepiecieSams atzimét,
ka praktiski visos $ajos pétijumos izmantotas sorbcijas sistémas, kas atSkiras augsnes iezu
sastava zina. Turklat Iidz §im veiktajos sorbcijas petfjumos ignoréta iespgja, ka humusvielu
molekulas var atrasties koloidu dalinu vai micellu forma.

Adsorbcija uz alumosilikatiem notiek tikai specifiskas lokaliz&tas vietas uz sorbenta
virsmas (sorbcijas centriem), un piesatinajums liecina par to, ka sorbcijas centri var
tikt pilniba aiznpemti. Lidz ar to tipiski humusvielu sorbcija uz augsnes ir atkariga no
alumosilikatu daudzuma taja (Shen, 1999). Alumosilikatu un dzelzs oksidu sorbcijas
sp&ja ir ieve@rojami augstaka neka citiem augsnes vidi veidojoSajiem mineraliem.
Savukart, ka tas pieradits petijuma, kura izmantoti montmorilonita mali (Koyama, 1995),
adsorbcija faktiski notiek tikai uz kristaliska rezga defekta vietam, bet, tas piesatinot,
notiek mazak efektiva humusvielu saistiSanas ar jau sorb&tam humusvielu molekulam
(daudzslanu struktiiru veidos$anas). Lidzigs ir sorbcijas raksturs uz getita un kaolinita
(Meier et al., 1999).

Nozimiga augsnes vides sastavdala ir dzelzs oksidi un hidroksidi. Pieradits, ka
humusvielu sorbcija uz ar dzelzs oksidiem bagatas tropu augsnes galvenokart notiek
ka fizikala sorbcija (Sibanda and Young, 1986; Jardine et al., 1989). Hidratéti dzelzs
oksidi var nodro§inat humusvielu sorbciju skaba vidg, jo to virsma kliist pozitivi ladéta
un iegiist sp&ju saistit arT fulvoskabes, pasi — ja tas satur daudz karboksilgrupu. Kvarca
virsma ir negativi ladéta neitrala vides reakcija, Iidz ar to elektrostatiska mijiedarbiba
nevar nodro§inat humusvielu sorbeiju un humusvielu sorbciju uz kvarca vispirms nosaka
hidrofoba mijiedarbiba (Aven and Koopal, 1999).

Nozimigi augsnes vides ingredienti ir arT tadi minerali ka karbonatu iezi, tomer
humusvielu sorbcijas raksturs uz tiem praktiski nav pétits. Augsnes vidi veido arl
organiska viela (detrits) un mikroorganismi (s€nes, raugi, bakterijas). Humusvielu
sorbcijas raksturs uz Siem dzivajiem organismiem pétits, peédeja laika izmantojot
rupnieciski kultivétu bakteriju biomasu.

Vairakos pétijumos pieradits, ka humusvielu sorbcijas procesa uz mineralu virsmas
notiek to frakcion&Sana, jo vispirms tiek sorbétas hidrofobakas un lielakas (ar augstaku
molekulmasu) humusvielu frakcijas (Dunnivant et al., 1992; Meier et al., 1999). Sads pat
secinajums izdarits, petot daudzu dazadas izcelsmes humusvielu sorbciju uz getita virsmas
(Kaiser, 2003). Jaatzime tas, ka galvenais humusvielu sorbcijas efektivitates determinants
ir to hidrofobums, respektivi, aromatisko struktiiru daudzums to molekulas.

Taja pat laika nepiecieSams atzimet, ka veiktie p&tfjumi nav lidzigi sorbcijas
procesiem dabas vidE, galvenokart pemot veéra praktiski jebkuras augsnes sareZgito
uzbuvi, ka arT to, ka augsnes dabiski elementi ir dazadas organiskas vielas (to skaita
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arT humusvielas) un ka augsnes vidé vienlaikus ar sorbcijas procesiem notiek augsnes
sastava eso$o vielu desorbcija.

Humusvielu un augsni veidojoSo mineralu mijiedarbibas rakstura izp&te ir Ipasi
butiska, petot pazemes uUdenu maksligas papildinasanas procesus (Bower, 2002).
Pazemes tidenu maksliga papildinasana nodro$ina virszemes fidenos eso$o piesarnojoso
vielu saistiSanu, tiem filtréjoties cauri pietiekami biezam augsnes/nogulumu/iezu slanim,
lai tiktu saistiti Gdenu nevélamie ingredienti un piesarnojosas vielas. S tehnologija
tika izstradata vairak neka pirms 150 gadiem, lai attiritu Gideni no taja esoSajiem
mikroorganismiem un suspendetajam vielam. Musdienas izvirzas prasiba, lai pazemes
fidenu maksligas papildinasanas gaita tiktu saistitas ar1 fidenu humusvielas, jo tas ir
trihalometanu prekursori (Rook, 1974), ka art lai tiktu saistitas vielas, kas var nodro§inat
daudzu piesarnojoso vielu transportu (Tan, 2003). Izmantojot modelkolonnas, ir pieradits,
ka humusvielu sorbcija uz infiltracijas baseinus veidojosajiem ieziem ir visai 1€na, bet
filtracijas procesa notiek humusvielu molekulmasas un ipasibu izmainas (Dunnivant
et al., 1992). To nosaka to hidrofobakas frakcijas intensivaka sorbcija uz mineralu
virsmas. Petfjumi par humusvielu aizturé$anas efektivitati pazemes fidenu maksligas
papildinasanas gaita ir visai pretrunigi: ir atzZimeta visai efektiva humusvielu aizturéSana
infiltracijas baseina aug$gjos slanos (Alborzfar et al., 2001) un arT baseinu veidojoso
iezu masa (Miettinen et al., 1994), savukart citos petijumos atzimeéta mazaka (~15%)
humusvielu koncentracijas samazinasanas infiltracijas procesa gaita (Hanson, 2000) vai
pat to koncentracijas pieaugums. Lai gan humusvielu aizturé$anas mehanisms infiltracijas
gaita nav ticis Ipasi pétits, tiek uzskatits, ka tas ir lidzigs humusvielu sorbcijai uz augsni
veidojosajiem ieziem (Fryckland and Jack, 1997).
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2. Petijjuma materiali un metodes

Detalizeti izmantoto humusvielu izp&tes un imobilizacijas metozu apraksti sniegti
disertacijas rezultatu publikacijas (Klavins et al., 2000; Klavins and Eglite, 2002); Eglite
and Klavins, 2002; Rozenbaha et al., 2002; Juhna et al., 2003; Eglite et al., 2003; Klavins
et al., 2006; Peuravuori et al., 2005).

Humusvielas tika izdalitas no Latvijas purvu kudras, kas parstav dazadus kadras
tipus un to veidoSanas mehanismus. Augsnes paraugi tika ievakti dazadas Latvijas vietas
no augsnes aug$eja horizonta. Izveletie augSnu paraugi (dazam augsném tika ievakti
vairaki paraugi) no visas Latvijas teritorijas pamata ataino visus Latvija sastopamos
augsnu tipus. Augsnes tika klasificgtas, pamatojoties uz Latvijas aug$nu klasifikacijas
sisttmu (Karklins, 1995). Organiska oglekla saturs tika noteikts, izmantojot Volklija-
Bleka (Walkley-Black) metodi (Tan, 2005). Aug$nu un kudras pH noteikts 0,1 M KCI
Skiduma ekstrakta.

Humusvielas tika izdalitas un attiritas pec Starptautiskds Humusvielu biedribas
ieteiktajam metodeém (Stevenson, 1994). Kilograms gaisa sausas augsnes vai kiidras
tiek izsijats caur 2 mm sietu, apliets ar 10 litriem 0,1 M HCI skiduma un izturgts 1
stundu. P&c masas nostavéSanas un atdziSanas tdens faze tiek dekant&ta. Atlikusajai
masai pielej apméram 1 | Gdens un atstaj uz 30 minttém. P&c tam, pievienojot 1 M
NaOH, panak, ka vides pH ir 7. Turpmak vides pH uzturéSana notick N, atmosfera,
pievienojot 0,1 M NaOH, Iidz kopgjais tilpums sasniedz 10 litrus, un maisa 24 stundas.
P&c tam sarmaino masu filtré caur stiklSkiedras vati vai audumu un filtratu paskabina
ar 6 M HCI, lidz pH ir 1. legiito skidumu nostadina, tad filtr€ vai centrifuge. Atdalito
fazi, kas satur huminskabes, skalo ar destileétu Gideni, atkartoti centrifug€jot un nolejot
Skidro fazi. Cietais atlikums p&c centrifugéSanas tiek suspendéts 0,1 M HCl un 0,3 M HF
maisTjuma, lai atbrivotos no mineralajam dalinam. Sis process tiek atkartots, Iidz pelnu
saturs neparsniedz 2%. P&c tam huminskabju dispersija destiléta tident tiek dializéta, lai
attiritu no neorganisko salu piemaisijumiem, un pé&c filtréSanas — izzavéeta.

Fulvoskabju iegtisanai tika izmantota dzidra briini krasota Skidra faze, kas iegta
péc humusvielu izgulsnésanas ar salsskabi. legiitais fulvoskabju $kidums tika parvérsts
skabes forma (H"), laizot cauri stipra katjonita KY-23 kolonnai, un sausa veida izdalits,
liofili zavgjot Lai nodroSinatu reprezentativus paraugus talakai analizei, tika veiktas
divas ekstrakcijas no viena un ta pasa augsnes parauga. Huminskabes un fulvoskabes no
tdens tika izdalitas péc Turmana un Malkolma (Thurman and Malcolm, 1981) metodes.
Salidzinagjumam tika izmantotas Cetras riipnieciski razotas huminskabes (Aldrich
Chemical Company, Arctech Inc, IHSS, Tehum), un tad huminskabes un fulvoskabes
tika $adi analiz&tas:

1. Elementanalize: C, H, N un pelnu saturs tika noteikts ar Carlo Erba Elemental

Analyser EA-1108. Skabekla koncentracija tika aprékinata ka starpiba.
2. Funkcionalo grupu saturs tika noteikts, izmantojot standartmetodes (Tan, 2005).
3. Molekulmasu sadalijums tika noteikts, izmantojot gelfiltraciju uz Sephadex
G-100 (frakcija 40-120 um) kolonna (1x40 cm). Eluents 0,01 M Tris-HCI
buferskidums (pH 9,0) tika stiknéts cauri kolonnai ar atrumu 1 ml'min’', sakrajot
1 ml frakcijas. 25 mg humusvielas tika uznesti uz kolonnas nesgja ka 1%
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Skidums 0,1 M NaOH. Kolonnas kalibrésanai tika izmantots proteinu standartu
komplekts. Kolonnas brivais tilpums tika noteikts, izmantojot zilo dekstranu
2000000 (Blue Dextran). Noteiksana tika veikta pie 280 nm.

UV-Vis spektri tika uznemti 200700 nm apgabala, izmantojot 1 cm kvarca
kivetes ar ThermoSpectronic Helios y 50 mg-1"'FA $kidumam un 33 mg-1"HA
0,05 N NaHCO, (pH 8-9).

Attieciba E /E, tika mérTta, ka noradits literatdra (Chin ef al. 1994). Humusvielu
un 665 nm pret Skidinataju 0,05 M NaHCO, ar spektrofotometru HACH 2000.
Fluorescences spektri tika uzpemti, izmantojot Hitachi 850 fluorescences
spektrometru humusvielu tidens $kidumiem ar koncentraciju 100 mg-1', panakot
pH 8 ar 0,05 M NaOH. Emisijas spektri tika registréti vilpu garumu apgabala
360-640 nm (skang€Sanas atrums 60 nm/min, atbildes laiks 2 s) ar konstantu
ierosino$o vilpu garumu 335 nm.

Humusvielu Furjé transformacijas infrasarkanie spektri (FT-IS) tika uznemti
ar Galaxy 6030 FT-IS spektrofotometru (Mattson Instruments), paraugus
sagatavojot KBr tablete. Apméram 1,5 mg eksikatora izzavétu humusvielu un
200 mg KBr pulvera tika kopa samalti un hidrauliski saspiesti tablete (13x0,5
mm). Sapresetas KBr tabletes tika zavetas eksikatora 1idz analizu veikSanai, lai
samazinatu absorbeta fidens ietekmi. FT-IS spektri tika uznemti no 4000 lidz
400 cm™.

Elektronu paramagnétiskas rezonanses spektri (EPR) tika uznemti, izmantojot
RE-1306 spektrometru ar 100 kHz magnétiska lauka modulaciju.

Humusvielu struktiiras pétfjumi tika veikti ar pirolizes—gazu hromatografijas/
masspektrometrijas (Py-GH-MS) metodi. Paraugs, ievietots kvarca turétaja, tika
metiléts 10 min ar tetrametilamonija hidroksida (TMAH) 25% tdens $kidumu
100 °C temperatira un péc tam pirolizéts 10 s 600 °C CDS Pyroprobe 1000
pirolizes iekarta, kas tiesi savienota ar gazu hromatografijas injektoru (karsésanas
atrums 15,00 °C m/s) He plisma. Pirolizes produkti tika 5 min uzkrati térauda
uztvergja, kas tika dzeséts skidraja slapekli. Péc tam uztveéréjs tika pievienots
GH/MS kapilarajai kolonnai (NB-1701, 50 m, iek$gjais diametrs 0,32 mm) un
tika uznemta hromatogramma, bet pirolizes produkti tika detektéti un identificéti,
uznemot to masspektrus.

10. Protonu kodolmagnétiskas rezonanses ('"H-KMR) spektri tika uznemti ar Jeol

I1.

GX 400 KMR spektrometru. 10 mg analiz€jamas humusvielas tika izskidinatas
0,5 ml D,O, pievienojot daZus pilienus NaOD, tad paraugs tika filtréts un tika
uznemti 'H-KMR spektri, pie 400 MHz, uzstadot $adus spektra registracijas
apstaklus: detektésanas laiks 4,68 s, skan&Sanas reizu skaits — 200.

Oglekla 13 krospolarizacijas kodolmagnétiskas rezonanses spektri (*C-KPML-
KMR), kas uznemti zem magiska lenka, tika iegiti, izmantojot Bruker DSX300
NMR spektrometru ar 7 mm Zrrotoru un 4 kHz rotacijas atrumu. Spektra
uznems$ana tika veikta 200 mg paraugam.
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3. Rezultati un to apsprieSana

3.1. Pétijuma izmantoto humusvielu ipasibas un raksturojums

Disertacijas izstrades gaita no Latvijas dabas vides (augsnes, kiidras, tideniem,
(6. tabula), izmantojot standartiztas Starptautiskas Humusvielu pétnieku savienibas
rekomendeétas metodes, laika no 1998. lidz 2003. gadam preparativos daudzumos
(5250 g) tika izdaliti humusvielu paraugi — huminskabes. Ta ka humusvielu uzbtvi
raksturo lielmolekulara un heterogéna struktiira, to raksturoSanai izmantotas dazadas
fizikali ktmiskas analizes metodes. Visas humusvielas, kas izdalitas no Latvijas vides, un
rapnieciski razotas humusvielas tika analiz&tas, izmantojot gan spektroskopiskas analizes
metodes, gan arT molekulu struktiiru sagraujosas analizes metodes. Pie izmantotajam
spektrometriskajam analizes metodém var minét infrasarkana un ultravioleta starojuma
spektrometriju, ka arT protonu un oglekla kodolmagnétiskas rezonanses spektrometriju.
Humusvielu elementu (C, H, N) saturs tika noteikts, izmantojot CHN analizatoru.
Savukart ieskatu humusvielu struktiiras uzbivé deva to analize, kas veikta, izmantojot
pirolizes—gazu hromatografu/masspektrometru. Sis analizes metodes gaita humusvielas
tika sadalitas atseviSskos to struktiiras fragmentos pirolizes kamera un radusies
mazmolekularie savienojumi tika atdaliti gazes hromatografa, produktu struktiiras tika
noteiktas ar masspektrometrijas detektoru.

6. tabula / Table 6

Pétito huminskabju izcelsme
Origin of investigated humic acids

Huminskabju saisinati

Vides, no kuras huminskabes izdalitas

apziméjumi

Daugava (lejpus Rigas HES)

Daugava

Islienas ezers Isliena
Siksalas ezers Siksala
Salaca (M&rnieki) Salaca

Baltezera pazemes fideni, kvartarnogulumi no 18 m dziluma

Baltezers kv

Baltezers pazemes tdeni, devona nogulumi no 64 m dziluma

Baltezers de

Incupe, pie ietekas jura InCupe
Irkutskas (Krievija) purvu kiidra Irkutska
Kacoru purva kudra Kacoru
Olaines purva kiidra Olaine
Bohémijas (Cehija) oksihumolits Tehum
Augsnes standartpreparats Aldrich

Analizgjot no Latvijas vides izdaltto huminskabju elementsastavu (7. tabula), ka ar1
komerciali razotas humusvielas, iegiitie rezultati labi saskan ar literatira noraditajiem
(Stevenson, 1994; Klavins, 1998). Oglekla saturs mainas no 50 lidz 60%, un mazaks tas
ir huminskabegs, kas izdalitas no idens vides. Nedaudz lielaks oglekla saturs ir no kiidras
izdalitajas un komerciali razotajas humusvielas. Udenraza saturs humusvielu uzbiive
sastada 4-6%. Slapekla saturs humusvielas ir atkarigs no konkrétas humusvielas izcelsmes
avota. Upju iidenu huminskabgs slapekla saturs ir nedaudz augstaks, salidzinot ar purvu
ezeru Gdenu huminskabém. Tas varétu bt izskaidrojams ar noteci no lauksaimniecibas
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zemém un atSkirtbam tidenu organisko vielu veidoSanas procesos. Abi ezeri (Islienas
un Siksalas), no kuriem tika izdalitas un analizétas huminskabes, atrodas mezu ieskauta
apvidii TeiCu rezervata teritorija, kur Gidens sastavu maz ietekmé lauksaimnieciska
darbiba. Skabek]a saturs analiz&tajos paraugos tika aprekinats ka starpiba starp parauga
masu (nemot véra mitrumu un pelnu saturu) un elementanalizes gaita noteikto oglekla,
slapekla un tidenraza saturu.

7. tabula / Table 7

Pétito huminskabju elementsastavs
Elemental composition of investigated humic acids

Huminskabes C, % H, % N, % 0, %
Daugava 52,1 4,7 22 41,0
Isliena 53,4 3,6 1,0 42,0
Siksala 46,8 3,5 0,8 48,9
Salaca 51,9 4,5 23 41,3
Baltezers kv 51,6 5,2 3,0 40,2
Baltezers de 53,3 5,0 2,4 39,3
Incupe 53,6 4,2 1,3 40,9
Irkutska 62,7 3,5 1,7 32,1
Kacoru 53,0 4,4 2,6 40,0
Olaine 57,6 5,1 32 34,1
Tehum 60,7 3,7 1,5 34,1
Aldrich 49,9 4,7 2,3 43,1

Humusvielu elementsastava attiecibu grafisku att€élojumu (Van Krevelena grafikus)
plasi izmanto ne tikai fosilo nogulumu raksturo§ana, bet arT humusvielu izblives izpé&te
(Barancikova et al., 1997; Ziechman, 1994).

1,3

1,2 + Baltez. kv.

1,1 Baltez. de «

+ Olaine + Daugava

1.0 4 . * Salacas
o Kacoru ¢
= + IncCupes

0,9 1 + Siksala

0,8 - + Islienas

+ Tehum
0,7 1
+ TIrkutskas
0,6 T T T T T
0,3 0,4 0,5 0,6 0,7 0,8 0,9
o/C

14. attéls. Huminskabju van Krevelena diagramma
Figure 14. Van Krevelen diagram of humic acids
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Humusvielu transformacijas pakapi var raksturot, izmantojot elementsastava attiecibas:

H/C attiecibu. Ar §is attiecibas palidzibu var noteikt organiska materiala
avotu. Jaras organismi un alges, pieméram, pamata ir veidoti no taukiem un
proteiniem bagata organiska materiala, kur attieciba H pret C ir augstaka neka ar
oglhidratiem bagatajos sauszemes augus veidojoSajos savienojumos.

O/C attieciba. ST attieciba ir augsta ar polisaharidiem bagatajas sauszemes augu
atliekas.

Sis attiecibas ievietojot grafika, var iegit van Krevelena diagrammas (14. attgls).
Petito humusvielu izvietojums van Krevelena diagrammas uzrada ripnieciski razoto
huminskabju paraugu un @idenu huminskabju ievérojamu lidzibu, savukart purvu tdenu
un pazemes tdenu huminskabes atrodas starpstavokli.

Humusvielu raksturoSanai plasi izmanto spektralas analizes metodes, lai gan katrs at-
sevis$ki nemts paraugs sniedz ierobezotu informaciju par humusvielu uzbiivi un ipasibam.

Intensitate

3,5 4
’1 = [rkutskas, Tehum
3 4
- Kacoru, Islienas,
Ing 1
25 1 ncupes, Salacas
Baltez. de
2 4
= Olaines, Daugavas,
Baltez. kv
1,5 1
1 4
0,5 1
0 T T T T T T T T

200 250 300 350 400 450 500 550 600 650 700
Vilpu garums, nm

15. attéls. Humusvielu paraugu spektri ultravioletaja un redzamas gaismas apgabala
Figure 15. UV/Vis spectra of humic substances

Humusvielu skidumu sorbcija samazinas, palielinoties vilpu garumam (15. attéls).
Pec UV/Vis spektra formas tos var nosaciti iedalit tris grupas:

I grupas humusvielu $kidumiem ir augsta gaismas absorbcijas intensitate 150
vilpu apgabala no 200 lidz 215 nm, bet ta strauji samazinas Iidz 230 nm, talak
absorbcija samazinas pakapeniski, spektra dala no 240 lidz 300 nm novérojams
plecs, kas, iesp&jams, liecina par hinoidu struktiiru klatbiitni. Saja grupa ietilpst
humusvielas, kas izdalitas no Daugavas tdens, no Baltezera gruntsidenu
maksligas papildinasanas akam devona un kvartara iezu slani, ka arT no Olaines
kiidras. Vairak atSkiras huminskabes, kas izdalitas no Baltezera devona slani,
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jo §im humusvielam ir izteiktaks absorbcijas plecs 240-300 nm apgabala
un, palielinoties vilnpu garumam, absorbcija samazinas mazak neka pargjam
mingtajam humusvielam.

e II grupas humusvielam spektra Tso vilpu apgabala absorbcijas intensitates
samazina$anas nav tik loti izteikta k& pirmas grupas humusvielam, savukart
spektra apgabala no 240 Iidz 325 nm ir novérojams izteikts maksimums un,
palielinoties vilpu garumam, absorbcijas intensitite samazinas pakapeniski. Sai
grupai pieder riipnieciski razotas huminskabes (Irkutskas un Tehum).

» III grupas humusvielam spektra Tso vilnu apgabala absorbcija strauji samazinas,
225-325 nm apgabala sorbcijas intensitates kritums klist 18zenaks, bet nav
izteikta absorbcijas maksimuma. Talak spektra dala ir loti I1dziga pirmas grupas
humusvielam. Pie tresas grupas var pieskaitit huminskabes, kas izdalitas no
Islienas ezera, InCupes un Salacas upes fideniem, ka arT no Kacoru purva kiidras.

Humusvielu raksturo$anai plasi izmanto absorbcijas attiecibu 465/665 nm (E4/
E6). ST attieciba nav atkariga no humusvielu koncentracijas $kiduma, bet ta samazinas,
pieaugot humusvielu molekulu izméram, 1idz ar to liecinot par polikondensacijas pakapes
palielinasanos (Chin et al., 1994). Tas uzskatami paradas 8. tabula. No tdens izdalitajam
huminskabém ST attieciba ir ievérojami lielaka neka kiidras huminskabém.

8. tabula / Table 8

Huminskabju $kidumu absorbciju attieciba E4/E6
Adsorption ratio E4/E6 of solution of humic acids

Huminskabes E4/E6
Daugava 8,97
Isliena 6,22
Salaca 7,79
Baltezers kv. 10,38
Baltezers dev. 7,27
Incupe 6,09
Irkutska 4,17
Kacoru 4,24
Olaine 5,95
Tehum 429

Gan no Udens, gan arl no kidras izdalito un pétito huminskabju FT-IS spektri
savstarpgji ir lidzigi (16., 17. att€ls), jo daudzi humusvielu struktiirelementi un to
funkcionalas grupas ir vienadas un humusvielu izcelsme tos ietekmé relativi maz.

Visu huminskabju FT-IS spektros (9. tabula) nozimigakie maksimumi ir spektra
dala no 3700 lidz 3300 cm’!, kas raksturiga hidroksilgrupam, kas atrodas vai nu briva
forma, vai saistitas ar tidepraza saitém. Atskiribas starp humusvielam izpauzas tikai ka §1
maksimuma intensitate attieciba pret citiem FT-IS spektra maksimumiem. Slapekla saturs
huminskabgés parasti ir zems, tadél arT izteikti aminu un amidu absorbcijas maksimumi
FT-IS spektros nav novérojami. Absorbciju 2950-2850 cm! rada alifatiskas metilgrupu
un metiléngrupu C-H valences svarstibas, un $1 josla vairak izteikta ir humusvielam,
kas izdalitas no kiidras. Relativi intensiva absorbcija $aja spektra dala ir 1pasi izteikta
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Olaines kuidras HS, kas saskana ar huminskabju struktiiras petjjumiem apstiprina to,
ka Sajas no kiidras izdalitajas humusvielas ir lielaks aromatisku struktiiru saturs neka
humusvielas, kas izdalitas no tidens (Klavins, 1998). Spektra maksimums, kas raksturigs
karboksilatjonu klatbatnei (2850-2500 cm™), skaidrak ir redzams visu no Gidens izdalito
huminskabju spektros. Visizteiktakie §ie maksimumi ir no Siksalas ezera izdalito
huminskabju spektra, ka art Islienas ezera huminskabju parauga spektra. Karbonskabju
C=0 valences svarstibas (1725-1640 cm™') @idens humusvielu spektros ir ar lielaku
intensitati, savukart ktidras huminskabju paraugiem izteiktaks absorbcijas maksimums ir
tiesi ketonu un aldehidu C=0 dubultsaisu svarstibu de] gan cikliskos savienojumos, gan
ar1 ketonos un hinonos (1640-1585 cm™).

B

Siksala

ST

Absorbcijas relativa intensitate

Salaca
Isliena
._.--v‘\
Daugava /\f\l\/
3900 3400 2900 2400 1900 1400 900 400

Vilnu skaitlis, cm-1

16. attels. No Latvijas upeém un ezeriem izdalito huminskabju un Ziemelvalstu references
huminskabju paraugu FT-IS spektri

Figure 16. FT-IR spectra of aquatic humic acids from lakes and rivers of Latvia and Nordic
lake reference sample

Gandriz visos Gdenu humusvielu spektros ir neizteikts absorbcijas maksimums,
kas raksturigs benzolu un piridinu oglekla dubultsaiSu deformacijas svarstibam
(1515 cm™), bet 8is nelielais maksimums ir noveérojams ari divos no kiidras izdalito Kacoru
un Olaines purva kiidras huminskabju paraugu FT-IS spektros. Regiona zem 1500 cm’!
huminskabju IS spektru ir griti interpretét, jo $aja regiona raksturigas spektra linijas
var piederét loti dazadam struktiirelementu grupam. Neliels absorbcijas maksimums pie
1400 cm™! ir novérojams visos analiz&tajos huminskabju paraugu spektros, tas varétu biit
raksturigs hidroksilgrupu deformacijam un C-O valences svarstibam fenolu OH grupas.
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Gan udenu, gan kiidras huminskabju spektros ir novérojama absorbcijas josla 1200 cm'
apgabala, kas raksturiga C-O valences svarstibam un O-H deformacijas svarstibam
COOH grupas, ka ar 1050 cm™! apgabala redzama spirtos vai oglhidratos eso§o C-O
grupu valences svarstibu josla.

Irkutska

Absorbcijas ralativa intensitate

3900 3400 2900 2400 1900 1400 900 400
Vilpu skaitlis, cm-1

17. attéls. No purva kiidras izdalito un riipnieciski raZzoto huminskabju FT-IS spektri
Figure 17. FT-IR spectra of humic substances isolated from peat and commercial humic acid

Humusvielu skidumu protonu kodolmagnétiskas rezonanses spektros (18. attéls),
nemot véra HV komplic&to uzbiivi, neparadas izteikti maksimumi, kas biitu izmantojami
to struktiiras atSifréSanai. Tomeér ir iesp&ams relativi novertét, kadas struktiiras
humusvielu molekula esosie idenraza atomi ir iesaistiti (10., 11. tabula). Pirmais spektra
apgabals no 0-3,0 m.d. atbilst alifatiskajiem protoniem, tai skaita apgabala no 2,0-2,8
m.d. protoni ir saistiti ar elektronegativiem atomiem (O vai N). Rezonanses maksimumu
no 0,9 Iidz 1,3 m.d. var attiecinat uz protoniem metilgrupas sazarotas alifatiskas
struktliras un metilgrupas alifatiskas virkngs. P&titajas humusvielas intensivaka sorbcija
Sajos spektra apgabalos ir raksturiga tidenu humusvielam. Spektra apgabala 3,0-4,5 m.d.
rezong protoni, kas saistiti ar oglekla atomiem, kas savukart saistiti ar skabekli. Sadi
rezonanses signali raksturigi oglhidratiem, poli€teriem vai metoksigrupu protoniem.
Intensivaki signali no pétitajam humusvielam raksturigi kiidras un Gdenu humusvielam,
bet ripnieciski razoto humusvielu paraugos tiesi So signalu intensitate ir loti zema.
Visbeidzot treSo protonu kodolmagnétiskas rezonanses spektra maksimumu 6,0-8,5 m.d.
var attiecinat uz tidenradi, kas atrodas heterocikliskos un augsti aizvietotos aromatiskos
gredzenos. Signala intensitate $aja regiona ir maz izteikta pazemes un Incupes tdenu
humusvielam.
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Galvenas humusvielu absorbciju linijas to FT-IS spektros

9. tabula / Table 9

(péc Aiken et al., 1985; Sposito, 1989)

Typical FT-IR spectra sorption lines for humic substances

(after Aiken et al., 1985; Sposito, 1989)

Vilnu skaitlis (cm™) Raksturojums
3670-3300 Ar Gdenraza saitém saistitas OH grupas, brivas OH
3077-3030 Aromatiskas C—H valences svarstibas
2950-2850 Alifatiskas C-H, CH,, CH, valences svarstibas
2850-2500 Karboksilatjoni
1725-1640 karbonskabju C=O valences svarstibas
C=0 dubultsaisu deformacijas svarstibas cikliskos un acikliskos savienojumos,
1640-1585 .
ketonos un hinonos
1515 Benzola un piridina gredzenu C=C deformacijas svarstibas
1470-1420 Alifatiskas C—H deformacijas svarstibas
1400-1390 OH Eleformécijas un C-O valences svarstibas fenolu OH, C-H deformacijas CH,
grupas
1390-1332 Karbonskabju salu C=0
1280-1137 C-0 esteru, €teru un fenolu valences svarstibas
1090-1040 C-O spirtu un polisaharidu valences svarstibas
880-750 Ar Udenraza saitém saistitas OH grupu deformacijas svarstibas karboksilgrupas
650-510 COOH deformacijas svarstibas
20
18 1 — Daugavas HS
16 - Olaine purva kaidras HS

Relativa intensitate
=)
L

9 -8 -7 6 -5 4 3 2 -1 0

m.d.

18. attels. Protonu kodolmagnétiskas rezonanses ('H-KMR) spektri huminskabém, kas
izdalitas no Daugavas tidens un Olaines purva kiidras
Figure 18. '"H-NMR spectra of humic acid isolated from water of River Daugava and peat

from bog Olaine
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10. tabula / Table 10

"H-KMR spektru raksturigie regioni
Typical regions in '"TH-NMR spectra

Kimiska nobide, m.d. Protona pozicija

0-2 H-C-C

2 H-C-C=0

~3 H-C-N

~4 H-C-O

~5 H-C=C

6-7 H-aromatiskais
~9 H-C=0

~12 H-O-C=0

11. tabula / Table 11
Signalu intensitates relativais sadalijums (%) humusvielu protonu kodolmagnétiskas
rezonanses ('H-KMR) spektros
Relative distributions of signal intensity (%) in "H-NMR spectra of humic substances

Huminskabes 5,6 — 8 m.d. 2,8 - 4,3 m.d. 1,4 - 2,8 m.d. 0-1,4 m.d.
Daugava 14,2 34,4 423 9,2
Isliena 24,8 32,6 29,2 13,4
Siksala 21,9 31,6 31,2 15,3
Salaca 17,7 32,5 31,4 18,4
Baltezers kv 9,9 34,7 43,1 12,3
Baltezers de 15,0 39,0 24.4 21,6
In¢upe 6,6 41,9 37,9 13,6
Irkutska 339 18,4 24,0 23,7
Kacoru 15,2 42,8 243 17,6
Olaine 22,9 42,9 16,8 17,4
Tehum 31,8 16,3 27,3 24,6

Ieveérojami vairak informacijas par humusvielu veidoj oSo struktiiru sadalfjumu sniedz
3C kodolmagnétiskas rezonanses spektri (19., 20. att€ls), kas uznemti zem “magiska” lenka.

12. tabula / Table 12

BC-KMR spektru raksturigie regioni (Shin et al., 1999)
Typical regions in *C -NMR spectra

Kimiska nobide, m.d. Oglekla savienojuma veids

0-50 Alifatiskais ogleklis vai ogleklis, kas saistits tikai ar citiem oglekla atomiem
50-110 C-0, C-N saites oglhidratos, spirtos, esteros un aminos

110-160 Oglekla atomi, kas atrodas aromatiskas un fenolu struktiiras

160-190 Oglekla atomi, kas atrodas karboksilstruktiiras, esteru un amidu struktiiras
190-215 Oglekla atomi, kas atrodas karbonilgrupu, ketonu, aldehidu strukttras
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13. tabula / Table 13
Signalu intensitates relativais sadalijums (%) humusvielu oglekla kodolmagn&etiskas
rezonanses (*C-KMR) spektros
Relative distributions of signal intensity (%) in *C -NMR spectra of humic substances

Kimiska nobide, m. d.
Huminskabes -
0-50 50-100 100-160 160-190 190-215

Daugava 15 44 29 7 5
Baltezers kv. 10 53 25 8 4
Baltezers dev. 14 43 28 11 4
Irkutska 30 15 31 21 2
Kacoru 24 22 39 11 4
Olaine 32 25 30 11 3
Tehum 45 12 26 13 4
Podzolétas augsnes 39 24 24 10 2
Aldrich 52 10 23 11 4

4

3

2

1

pam 200 100 0 100

19. attéls. Oglekla kodolmagnétiskas rezonanses (*C-KMR) spektri Tehum (1), Olaines purva
kadras (2), Kac¢oru purva kiidras (3), velenu podzolétas augsnes (4) huminskabém

Figure 19. ®C-NMR spectra of Tehum (1), Olaine peat (2), Kacoru peat (3), podsolic soil (4)
humic acids

Salidzinot humusvielu C kodolmagnétiskas rezonanses spektru integréSanas
rezultatus (12., 13. tabula), var secinat, ka alifatiski saistits ogleklis butiski vairak ir
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humusvielas, kas izdalitas no kiidras un no podzol&tas augsnes. Savukart ogleklis, kas
saistits ar skabekla vai slapekla atomiem, relativi vairak ir huminskabgs, kas izdalitas
no udens vides. Aromatiski saistita oglekla attiecibas biitiski nemainas atkariba no
humusvielu izdaliSanas avota. Salidzinot oglekla kodolmagnétiskas rezonanses spektra
maksimumus 160-190 m. d. apgabala, var novérot, ka oglekla atomi, kas veido karboksil-
grupas, esterus un amidus, nedaudz mazak ir atrodami humusvielas, kas izdalitas
no Daugavas @idens un Baltezera maksligas papildinasanas infiltracijas akam. Visam
analizetajam huminskabém ir Iidziga relativa intensitate spektra maksimumiem, kuros
rezon€ oglekla atomi, kas iesaistiti karbonilgrupu, ketonu un aldehidu struktiiras.

pam 200 100 0 100

20. attels. Oglekla kodolmagnétiskas rezonanses (*C-KMR) spektri huminskabém, kas
izdalitas no Daugavas (1), pazemes tidens Baltezers kv. (2), Baltezers dev. (3), un komerciali
razotajam Aldrich (4) huminskabém

Figure 20. BC-NMR spectra of humic acids isolated from River Daugava (1), Baltezers
(Quaternary) groundwater (2), Baltezers (Devonian) groundwater (3) and Aldrich
commercially produced humic acid (4)

Humusvielu struktiiras izpéte butiska loma ir ne tikai destruktivajam metodem, bet
arm1 HV uzbuves izpétei, kas veikta, izmantojot destruktivas pieejas. P&tijuma ietvaros
tika izmantota humusvielu pirolize, pirms tas veicot labilo funkcionalo grupu aizsardzibu
metilgjot (ar tetrametilamonija hidroksidu — TMHA) un p&c tam ieglito maistjumu
analizgjot, izmantojot gazu hromatografiju/masspektrometriju (Peuravuori et al., 2005).
Piedavata pieeja lauj samazinat artefaktu veidoSanas iesp&ju un pasarga vispirms fenolu
struktiiras no to saskelSanas pirolizes procesa gaita, [idz ar to iev@rojami uzlabojas iegtito
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rezultatu ticamiba. Peétito humusvielu pirolizes gazu hromatografiju/masspektrometrijas
analize (21. att€ls, 14. tabula) uzrada ievérojamas atskiribas starp humusvielam atkariba
no to izcelsmes. Ta ka izdevas identificét vairak neka 150 dazadus degradacijas produktus,
bija iesp&jams iegiit padzilinatu prieksstatu par humusvielu uzbuvi.

100
Salacas HS
% FS
0
100
Olaines kudras HS
% FS

100 |
Irkutskas kiidras HS
% FS
1
Scn 1000 2000 3000 4000 5000

21. attels. Salacas tidens, Olaines un Irkutskas purvu kiidras humusvielu pirolizes produktu,
kas apstradati ar TMHA, kopé€jo jonu hromatogrammas

Figure 21. Total ion chromatogram of humic acids isolated from river water Salaca, Olaine
and Irkutska peat after TMAH thermo hemolysis
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14. tabula / Table 14

Humusvielu pirolizes degradacijas produktu relativais iznakums, %
Relative yield (%) of pyrolysis degradation products of humic substances

Virszemes iidenu HS Pazemes udens Kiadras HS Rﬁ!) m_ecnskl
. d HS razotas HS
Produkti Balt Balt
Incupe | Salaca | Isliena | Daugava 2;(vez. ge\?z' Kacoru | Olaine | Irkutska | Tehum

Alkilbenzoli 0,8 2,5 2,3 1,6 0,5 1,3 2,2 1,3 6,9 4,7
Fenoli 5.8 6,0 9,0 8,3 7,2 10,2 6,9 4,7 6,9 1,7
Alkilfenoli 5,6 12,4 10,5 10,0 4,2 6,0 12,5 134 10,7 4,6
Arom?ltlskle aldehidi un _ 12 1.4 0.8 03 0.4 15 0.9 3 _
ketoni
Fenolu aldehidi un 50 | 17| 35 | 59 | 37 | 41 | 85 | 47 - 02
ketoni
Benzokarbonskabes 5,0 42 4,0 2,9 5,4 2,5 1,4 0,3 9,8 10,6
Alkilbenzokarbonskabes | 0,7 2,0 1,0 0,7 - 0,6 1,0 0,3 2,4 2,1
Fenolkarbonskabes 27,7 18,9 24,8 22,0 11,2 14,5 22,0 13,6 6,0 9,4
Alkilfenolkarbonskabes 6,7 1,7 2,5 1,9 1,2 2,7 1,1 - 4,7 5,9
Citas fenolkarbonskabes | 3,5 1,7 3,0 42 3,0 2,7 14,1 11,2 - 0,2
Poliaromatiskie sav. - 1,1 0,3 - - 0,2 1,0 0,1 29 5,6
Citi neklasificeti 58 | 34 | 37 32 34 | 27 | 46 | 46 8,5 9,6
aromatiskie sav.
Arom. (bifenili) 1,2 0,8 1,1 0,6 0,4 0,4 1,5 0,6 - 0,6
Alkani - - - - - - - 0,2 2,9 5,0
Alkeni - - - - - 0,3 - - 2,0 0,5
Spirti - - - 0,2 0,2 0,2 0,1 4,5 1,3 38
Alifatiskie aldehidiun | o3| o3 | o3 0,1 02 | 03 | o1 | 07 - 0,5
ketoni
Alifatiskas 45 | 59 | 40 6,8 13 | 70 7,0 1209 | 231 | 215
monokarbonskabes
Alifatiskas
dikarbonskabes 10,8 14,1 10,1 7.4 3,7 4,6 34 6,2 2,4 32
Alifatiskas
trikarbonskabes 27 30 27 1.8 B 1.9 - B B B
:;c;klamﬁcétl alifatiskie 04 04 B 0.4 25 0.8 0.7 1.8 1.6 1.9
Furani 1,8 35 38 1,9 1,4 2,6 1,7 1,9 1,5 2,8
Alifatiskie cikliskie sav. 0,2 0,4 0,4 0,4 0,4 0,0 0,3 0,1 0,9 1,3
Citl ogludeprazu ~ oo | - 61 | 85 | s4 | 00 | 14 | - 03
atvasindjumi
Pirolu atvasinajumi 0,1 0,9 0,5 1,2 1,4 2,9 0,6 0,6 0,4 0,4
Piridina atvasinajumi - — — - 0,3 0,6 0,2 — - —
Aromatiski N ~ lor [ o1 | o1 | o6 | L1 | 04 |00 | - -
savienojumi
Citi N savienojumi 2,8 2,1 2,1 4,6 11,2 9,2 33 1,5 2,4 -
P savienojumi - 0,9 0,1 0,7 1,2 0,7 - - - -
S savienojumi 0,3 0,1 0,3 0,3 - 0,1 0,0 0,1 0,4 0,7
Neidentificetie 83 | 108 | 86 62 | 168 | 138 | 39 | 45 22 2,9
savienojumi
Pirolizes prod. skaits 158 158 155 150 140 160 170 52 72 37
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Analizgjot humusvielas ar pirolizes gazu hromatografiju/masspektrometrijas
metodi, tika iegiita informaciju par humusvielu struktiiru veidojoSiem elementiem. Vidgji
humusvielu pirolizes gaitd veidojas 150 hromatografiski izdalami un identific&jami
pirolizes produkti. No virszemes un pazemes tidens ekstrah&tajas huminskabeés pirolizes
produktu skaits atskiras relativi maz, tas vari€ no 140 Iidz 160 individualiem sadali$anas
produktiem. Lidzigais pirolizes produktu skaits varétu liecinat, ka ar no virszemes un
pazemes Udeniem izdalitas humusvielas ir ar Iidzigu struktiiras dazadibu. Situacija ir
atskiriga huminskabém, kas izdalitas no Latvijas purvu kiidras, un riipnieciski razotajam
humusvielam, kuras pirolizes produktu skaits ir Joti atSkirigs. Visvairak to Saja grupa
ir huminskabém, kas izdalttas no Kacoru purva kiidras (170 produkti). Olaines purva
kiidras huminskabes pirolizes gaita tika sadalitas Iidz 52 individualiem produktiem.
Savukart Irkutskas riipnieciski ieglitajam huminskab&m ir 72 dazadi pirolizes produkti.
Vismazakais pirolitiskas degradacijas produktu skaits — 37 ir no oksihumolita komerciali
iegitajam humusvielam. To vargtu izskaidrot gan ar agresivajiem humusvielu
ekstrah&Sanas apstakliem rupnieciskas razoSanas gaita, kuru laikda netiek saglabata
informacija par izejas materialu struktiru, gan arT ar bitisko atSkiribu izejvielas uzbiive
(oksihumolita organiskas vielas transformacijas — humifikacijas pakape ir ievérojami
augstaka neka organiskajai vielai kidra un Gdenos).

Pirolizes produkti tika iedaliti 31 apakSgrupa, pamatojoties uz to kimiskajam
struktiram.

3.2. Humusvielu imobilizacijas metoZu izstrade un imobilizéto
humusvielu izmantoSanas iesp&ju izp&te

Viena no pieejam, kas ir plasi izmantota biomolekulu p&tijumos, ir to imobilizacija,
jo p&tamaja vide saistitas biomolekulas iesp&jams ievérojami plasak izmantot (vispirms
ripnieciskiem mérkiem), ir vieglak izpétit to Ipasibas, pieaug stabilitate un atkariba no
izmantotas imobilizacijas metodes ir iesp&jams saglabat to Tpasibas. Viss ieprieks teiktais
pilna méra attiecas uz humusvielu imobilizacijas iesp&ju izpéti. Dazadu biomolekulu
(olbaltumvielu, nukleinskabju, polisaharidu un citu) imobilizacijas metodes ir plasi
pétitas, un miisdienas tas tiek izmantotas liela apjoma razo$anas procesos un pasu
biomolekulu Tpasibu izp&te. Taja pat laika ir tikai dazi pétijumi, kas veltiti humusvielu
imobilizacijas metozu izstradei un to praktiskas izmantoSanas iesp&ju izp&tei. Ir pétitas
principialas iesp€jas iegiit pie cietiem nesgjiem saistitas humusvielas (Klavins, 1993),
piem&ram, jonu saistibas veida vai izmantojot glutaraldehidu (Yang and Koopal, 1999)
imobiliz&tas humusvielas uz aminogrupas saturosu silicija nes€ju virsmas, lai noskaidrotu
radioaktivo izotopu migracijas raksturu tidenos (Szabo and Bulman, 1994).

Disertacijas darba iectvaros pétitas iesp&jas imobilizét humusvielas, izmantojot
dazadas to funkcionalas grupas (vispirms hidroksilgrupas un karboksilgrupas, kas
pieejamas humusvielu makromolekulas lielakas koncentracijas), ka arl humusvielu
struktiirelementus (fenolu gredzenus), kuru izmantoSana lauj humusvielu molekulas
iesaistit polimeru struktiiru sastava. Piedavatas pieejas mérkis lidz ar to ir nodroSinat
humusvielu molekulas stabilas saistibas ar poliméro nesgju izveidosanos (22. att€ls).
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22. attéls. Humusvielu imobilizacijai izmantotas metodes

Figure 22. Methods used for immobilisation of humic substances

Ka izejas poliméri (nesgji) izmantoti biomolekulu imobilizacija plasi lietotie
hlormetilétie stirola divinilbenzola kopoliméri (gelveida Merifilda polimérs un makro-
poraini kopoliméri), celuloze (modificgjot to ar epoksigrupam), epoksipropilgrupas
vai aminopropilgrupas saturosi silicija nes¢ji (humusvielas piesaistei izmantojot fidenT
SkistoSus karbodiimidus). Humusvielas imobiliz&tas, tas iesaistot polikondensacijas
reakcijas ar formaldehidu un vielam, kas aktivi spgj veidot fenola-formaldehida svekus.

Iegiitas imobilizetas humusvielas raksturotas, veicot ieglito poliméru elementanalizi
un titrimetriski nosakot nozimigakas funkcionalas grupas (karboksilgrupas), analizgjot
IS spektrus iegiitajam imobilizétajam humusvielam, ka ar1 spektrofotometriski nosakot
to degradacijas produktu koncentraciju péc hidrolizes sarma vidé. Ta, piem&ram,
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imobilizéto humusvielu IS spektrus raksturo intensiva absorbcija spektra regiona
3600-2800 cm™', kas raksturiga hidroksilgrupam, un absorbcija regiona ~1700 cm™, kas
raksturiga karboksilgrupam. Izmantoto metozu kopums lauj kontrolét imobilizacijas
gaitu un raksturot iegiitos polim@rus. Izmantotds imobilizacijas metodes Iidz ar to
lauj ieglt imobilizé€tas humusvielas uz dazadu poliméru bazes ar mainigu humusvielu
koncentraciju un dazadam poliméra Tpasibam (15. tabula).

15. tabula / Table 15

Imobilizéto humusvielu Ipasibas
Properties of immobilised humic substances

Imobilizetas HS | C,% | H, % | N, % HS saturs, I_szr_ieéana Uzbrifx§ana
mg/g udeni, ml/g benzola, ml/g
LHS,, . . 86,17 | 7,29 - 20 0,87 1,85
LHS e 76,06 | 895 | 195 223 0,54 1,03
LHS, . 76,12 | 9,16 | 0,97 228 0,59 1,06
LHS, 77,03 | 821 | 043 208 0,48 1,01
I-HS,, 1232 | 3,74 | 0,12 57 0,11 0,35
I-HS, 12,31 | 476 | 032 85 0,12 0,45
m-HS,_ 43,86 | 730 | 1,50 83 0,18 0,56
ILHS 4220 | 6,13 | 030 87 022 0,64
IV-HS,, .. 46,70 | 0,59 | 031 7 0,12 0,12
V,-HS,,. 53,93 | 3,59 | 1,33 373 1,15 2,35
HS, 66,24 | 639 | 0,05 340 0,73 1,87
VHS, 58,60 | 651 | 0,13 185 0,82 1,84
V-HS,. 60,98 | 630 | 0,78 430 1,14 2,40

Par galvenajiem kriterijiem sekmigas humusvielu imobilizacijas nodroSinasanai
var uzskatit reag€tsp&jigu grupu klatbitni izejas poliméra, pietickamu reakcijas laiku un
temperattiru, ka arT augstu humusvielu koncentracijas nodrosinasanu reakcijas vide. Lidz
ar to, lai humusvielas imobilizetu uz stirola divinilbenzola kopolim&riem, par butiskako
uzskatama to pietickami augstas humusvielu skidibas nodrosinasana, vienlaikus noveérsot
hlormetilgrupu hidrolizes iesp&jas. Lai iegiitu uz stirola divinilbenzola kopolim&riem
imobilizétas humusvielas ar pietickami augstu aizvietotibas pakapi, reakciju nepiecieSams
veikt baziska vide, iidens/dimetilformamida skiduma 15-30 stundas 100 °C temperatiira.
Reakcija ar nes€ja hlormetilgrupam norit visai 1€ni, un to, iesp&jams, ietekmeé humusvielu
diftizijas atrums gelveida poliméra struktira un reakcija iesaistito grupu visai zema
reag€tspeja. Jaatzime, ka Sajos visai bargajos apstaklos iesp&jams imobilizét dazadas
izcelsmes humusvielas, turklat to reagétsp&ja pétitajas reakcijas atskiras nebitiski.

Ieveérojami augstaku imobilizacijas efektivitati iesp&jams sasniegt, izmantojot ar
reag@tspejigam funkcionalam grupam aktivétus hidrofilus polimérus — epoksigrupas
saturosos silikagela un celulozes atvasinajumus. Imobilize€to humusvielu sintezei lidz
ar to izmantojami $adi poliméri, kas pieejami komerciali vai arT vienkarSi iegiistami,
apstradajot izejas poliméru matricu ar epoksigrupas saturo$iem reagentiem (pieméram,
epihlorhidrinu vai epoksipropilsilanu). Izejas polim€ru matricu iesp&jams aktivét ar
epoksigrupam, mainot to ievadiSanas pakapi. Savukart epoksigrupu augsta reagétspéja
lauj imobilizét humusvielas relativi maigos apstaklos (t = 20-60 °C, t = 0,5-3 st),
imobilizacijas reakciju veicot tidens vide.

Humusvielas tiek imobilizétas, ari izmantojot to karboksilgrupu aktivéSanu ar
tdent $kistoSiem karbodiimidiem un saistot ar aminogrupas saturosu silikagela nes&ju.
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So reakciju iespéjams veikt maigos apstaklos, kas novér§ humusvielu degradaciju, bet,
nemot v&ra izmantoto reagentu augsto reagetsp&ju, var sasniegt augstu imobiliz&to
humusvielu koncentraciju gala poliméra. Sis metodes izmantogana lauj saglabat izejas
polim@ra struktliru nemainigu, un lidz ar to var ieglit imobiliz€tas humusvielas, kuras
potenciali iespgjams izmantot ka nes€jus augstefektivaja skidruma hromatografija,
pieméram, farmacijas riipnieciba un citur.

Visas iepriek§minétas metodes lauj saistit humusvielas pie polim&ra matricas,
atdalot tas ar distancétaja starpniecibu, 1idz ar to vienlaikus tiek nodrosinata vairakcentru
saistibas iesp€ja un tiek saglabats augsts humusvielu struktiirelementu kustigums.
Humusvielas iesp&jams imobilizét ari, izmantojot to struktiira ietilpstoSo fenolu spgju
staties polikondensacijas reakcijas ar formaldehidu. Ta ka fenolu struktiirelementi
humusvielu molekulas tipiski ir poliaizvietoti vai atrodas steriski griiti pieejamas
pozicijas, tad to reag€tspéja polikondensacijas reakcijas ir zema un iegito poliméru
mehaniska stabilitate arT ir zema. Tacu, reakcijas maisijumam pievienojot vielas ar
augstaku reagétspeju polikondensacijas reakcijas (pieméram, fenolus, toluolu un citas),
iesp&jams vienlaikus nodro$inat kvantitativu humusvielu iesaistiS$anos polimera sastava,
ieverojami uzlabojot ieglito imobiliz€to humusvielu mehanisko stabilitati. Izmantojot
polikondensacijas reakciju, iesp&jams iegiit gelveida blokpolimérus.

16. tabula / Table 16

Imobilizéto humusvielu hidrolitiska stabilitate
Hydrolytic stability of immobilised humic substances

Imobilizeétas HS Hidrolitiska stabilitate (desorbétas HS péc 24 stundam, %)
0,05 N HC1 0,05 N NaCl 0,05 N NaOH
I-HS ... 1 0 3
I-HSm“gM 2 0 4
I-HSuugm 2 0 5
I-HS,,.. 6 0 3
MI-HS,, . 4 0 2
V-HS, .. 0 0 5
VB_HS()Iainc 5 0 8

Izmantojot minétas humusvielu reakcijas, ir iesp&jams iegiit imobilizEtas humusvielas,
kas noturigas pret hidrolizi (16. tabula), bet kuru mehaniska stabilitate ir atkariga no
izejas poliméra matricas Tpasibam. Imobilizetajam humusvielam noteikta to Tpatngja
virsma un sorbenta poru izméra sadalfjums. Imobilizéto humusvielu Tpatngja virsma
galvenokart atkariga no izejas poliméra virsmas. Ta tipiski ir zema polikondensacijas
reakcijas ieghtajiem polimériem (0,326-0,580 m%g), bet, pieméram, humusvielam, kas
iegiitas uz makroporaina stirola-divinilbenzola bazes, tas sastada 51,6 m%g un attiecigi uz
aminopropilsilikagela bazes —106 m?/g. Tipiski, imobilizacijas reakcijas gaita modificgjot
nesgju ar humusvielam, izejas sorbenta Tpatn&ja virsma nesamazinas. L1dz ar to var uzskatit,
ka izstradatas humusvielu imobilizacijas metodes var nodrosinat humusvielu imobilizaciju
ar augstu iznakumu uz atskirTgas struktiiras un 1pasibu polimériem un ka ir iesp&jams iegit
potencialus sorbentus, kuru Ipasibas nosaka humusvielu polifunkcionala daba.

Imobiliz€to humusvielu praktiskas izmantoSanas iesp&jas saistas ar to lietojumu
pasu humusvielu izpéteé. Par nozimigu uzskatamas to izmantoSanas iesp&jas ne tikai
lai modelétu humusvielu izturéSanos skiduma, bet arT lai pétitu uz cietas fazes sorbetu
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humusvielu ipasibas ($ada veida tas atrodas augsné un nogulumos, sorbgjoties gan uz
augsni un nogulumus veidojoso mineralu dalinam, gan arTuz detrita). Tiesi p&€d&jo procesu
izp@tei imobilizéto humusvielu izmantoSana uzskatama par 1pasi perspektivu, jo dabiska
vide sorb&to humusvielu mijiedarbibas raksturu ar skidruma esosam vielam kave sorb&to
humusvielu Iidzsvara desorbcijas procesi, ka tas redzams, p&tot humusvielu sorbciju uz
infiltracijas baseinu nogulumiem. Taja pat laika par perspektivako imobilizéto humusvielu
izmantoSanas jomu var uzskatit to izmantoSanu par sorbentiem, kas izmantojami vielu
attiriSanai un izdaliSanai, notekiidenu attiriSanai un citiem mérkiem.

Disertacijas darba ietvaros pétita metalu jonu un dazadu organisko vielu grupu
modelsavienojumu sorbcija uz imobilizétam humusvielam.

P&fjuma izmantoto polim&ru matricas (siliciju saturoSas matricas, stiroladivinil-
benzola kopolimérs, celuloze) raksturo zema to sp&a sorbét metalu jonus, un Iidz ar to
var uzskatit, ka to sorbcija notiek imobiliz€to humusvielu fenolu hidroksilgrupu un
karboksilgrupu mijiedarbibas dél. Metalu jonu (Cu'?, Co*, Mn*2, Cd"?) sorbcija norit relativi
atri, un tipiski sorbcijas lidzsvars tiek sasniegts vismaz 30 miniiSu laika. Mingto divvertigo
jonu starpa nepastav ievérojamas atSkiribas to sp&ja mijiedarboties ar imobilizétajam
humusvielam (17. tabula). Katra konkréta sorbenta sorbcijas spgja ir atkariga no poliméra
matricas IpasSibam un imobiliz€to humusvielu koncentracijas. Augstaka sorbcijas spgja ir
raksturiga sorbentiem, kas iegfiti, izmantojot polikondensacijas reakcijas.

17. tabula / Table 17

Metalu jonu sorbcija uz imobilizétajam humusvielam
Sorption of metal ions on immobilised humic substances

Polimérs Cu?, pmol/g Co*, umol/g Mn?*, pmol/g Cd*, pmol/g
LHS,, 39 23 44 80
LHS, 39 27 34 80
LHS, 34 33 33 80
1I-HS,,,. - - 104 120
1I-HS,,, 72 38 50 85
V,-HS,,. 108 61 60 99
V,-HS,. 187 166 183 177

Tika pétits dazadu organisko vielu sorbcijas raksturs uz imobilizetajam humusvielam,
izmantojot gan hidrofobas organiskas vielas (p-aminoazobenzols), gan arT hidrofilas vielas
(kristalvioletais, metilénzalais, flavina mononukleotids). P&tito organisko vielu sorbciju
var nodro§inat to mijiedarbiba ar humusvielu sastava ietilpstoSajam funkcionalajam
grupam (vispirms karboksilgrupam vai fenolu hidroksilgrupam) vai arT hidrofoba
mijiedarbiba ar imobiliz€to humusvielu hidrofobajiem uzbiives sturkttirelementiem.

Sorbcijas atrums, to p&tot statiskos apstak]os, visos pétitajos gadijumos ir bijis atkarigs
no sorbenta matricas tipa, ka tas redzams aminozobenzola sorbcijas pieméra (23. attéls). Ja
sorbcija notiek uz makroporaina poliméra vai celulozes, sorbcijas maksimums parasti tick
sasniegts dazu mintisu laika, bet, ja sorbcija ir uz gelveida polimériem (polikondensacijas
polimériem un gelveida stirola-divinilbenzola kopolimériem), sorbcijas maksimums
var iestaties pat péc 10 un vairak stundam. Sorbcijas gaita ir atkariga no sorbcijas vidé
iz8kiduso salu koncentracijas (24. att€ls), un jonu spéka ietekme ir liela, ja sorbcija ir
iesaistitas hidrofobas vielas, bet, ja poliméra matrica ir bliva vai ari vielas un poliméra
matrica ir pietiekami hidrofila, jonu spéka ietekme ir nieciga.
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23. attéls. p-Aminoazobenzola sorbcijas kinétika uz humusvielam, kas imobilizétas uz
aminopropilsilohroma un hlormetiléta stirola-divinilbenzola kopoliméra
Figure 23. Sorption Kinetics of p-aminoazobenzene (p-AAB) on the immobilised humic acids
onto aminopropilsilica and chloromethylated styrene-divinylbenzene copolymer

Pétito vielu sorbcijas efektivitati vispirms ietekmé humusvielu koncentracija
pétitajas imobilizétajas humusvields un to matricas ipasibas. So faktoru ietekme labi
redzama (25. att€ls), analiz&jot p-aminoazobenzola sorbcijas izotermas uz imobilizétam
humusvielam: uz stirola divinilbenzola kopoliméra bazes, izmantojot polikondensacijas
pieeju, un uz aminopropilsilohroma, humusvielu piesaistei izmantojot Gideni $kistoSos
karbodiimidus. Jaatzimé, ka sorbcijas efektivitati $aja konkrétaja sorbenta-sorbata
sistéma ietekm@ ne tikai humusvielu, bet arf stirola divilnilbenzola un polikondensacijas
poliméru veidojoso struktiiru sp&ja mijiedarboties ar aminoazobenzolu.
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24. attels. p-Aminoazobenzola sorbcijas uz imobilizétajam humusvielam atkariba no NaCl

koncentracijas sorbcijas vidée
Figure 24. Sorption of p-aminoazobenzene on immobilised humic acids depending on the

ionic strength of the solution

Ievérojami citadaka ir kristalvioleta, metilénzala un flavina mononukleotida sorbcijas
gaita. To ilustré flavina mononukleotida sorbcijas uz 5 imobilizétam humusvielam izo-
termas (26. attels).
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25. attels. p-Aminoazobenzola sorbcijas izoterma uz imobilizétajam humusvielam
Figure 25. Sorption of p-aminoazobenzene onto immobilised humic acids
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26. attéls. Flavina mononukleotida sorbcijas izoterma uz imobilizétajam humusvielam
Figure 26. Sorption of flavine mononucleotide (FMN) onto immobilised humic acids

Hidrofila rakstura sorbatu sorbcijas intensitate nav tik loti atkariga no sorbenta
matricas Tpasibam ka hidrofobo sorbatu gadijuma (26. attels). Turklat redzams, ka
sorbcijas izotermas nevar aprakstit ar klasiskajiem sorbcijas modeliem un ka sorbcijas
gaitu nosaka sorbcija noteiktos sorbcijas centros, kas acimredzami ir imobilizétas
humusvielu molekulas.

Par nozimigu faktoru, kas ietekm& sorbcijas gaitu, var uzskatit sorbata molekulu
diftiziju poliméra dalinu iekSieng. Polim&ra dalinu izmérs Iidz ar to izskirigi ietekmé
sorbcijas sp&ju un sorbcijas izotermu raksturu (27. attels).

Sorbcijas izotermu raksturs ir atkarigs no procesiem, kas notiek uz cietas fazes
virsmas (diftzija/sorbcija). Jaatzime, ka dalinu izmers korel@ ar to Tpatn&jo virsmu un ka
1-2 mm dalinam ipatngja virsma ir 0,326 m?/g, 0,2-0,25 mm dalinam — 0,481 m?/g, bet
0,063-0,160 mm da]inam — 0,580 m?/g. Vielu difuzija makroporaino poliméru sorbcijas
raksturu dalinas iekSiené neietekmé&, un par galveno sorbcijas raksturu ietekmejoso
procesu kliist polim&ra matricas un imobiliz&€to humusvielu spg&ja saistit sorbatus.
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27. attéls. p-Aminoazobenzola sorbcijas uz poliméra V -HS . ~atkaribas raksturs no sor-

benta dalinu izméra
Figure 27. Sorption of p-aminoazobenzene onto immobilized humic substances V -HS
depending on the size of polymer particles

olaine

Veiktais pétijums kopuma parliecino$i pierada, ka imobiliz€tds humusvielas
uzskatamas par perspektivu sorbentu grupu, tas var izmantot ne tikai pasu humusvielu
izp@tei, bet arT analitisku un preparativu problému risinaSanai, ka ar tas var izmantot
piesarpotu notektidenu attirisanai.

3.3. Humusvielu mijiedarbiba ar pazemes iidenu maksligas
papildinasanas baseinus veidojoSajiem ieZiem un mineraliem

Pazemes tdenu maksligas papildinasanas process tiek istenots, virszemes tideniem
filtrgjoties caur iezu slanim, lidz tie sasniedz tidensnesoSos horizontus. Ir pieradits, ka
sada veida iespg&jams nodroSinat mikroorganismu un tdeni suspend&to vielu aizturi,
tadgjadi Gdeni attirot (Huisman and Olsthoorn, 1983). Miisdienas par aizvien aktualaku
kltst jautajums par humusvielu atdaliSanu dzerama tidens sagatavoSanas procesa.
Virszemes tUdenu eitrofikacijas un piesarnosanas rezultata humusvielu koncentracijas
virszemes fidenos ir ieveérojami pieaugusas, un to klatbiitne pasliktina Gdens est&tisko
kvalitati, ka arT var izraisit nepatikamu Gidens garSu vai smaku. HV var palielinat toksisko
organisko vielu, metalu un radionuklidu transportu. Dezinficgjot dzeramo @ideni, no kura
nav pietiekami attiritas humusvielas, hloréSanas ietekmé var veidoties hlororganiskie
savienojumi, kas ir kancerogénas vielas — trihalometani (Rook, 1974).

Disertacijas izstrades ietvaros tika pétita humusvielu sorbcija uz Baltezera
pazemes tidenu maksligas papildinasanas baseinus veidojo$ajam ieziem, mineraliem un
modelvielam. Baltezera pazemes tdens maksligas papildinasanas baseini ir izveidoti
kvartara nogulumos, un tos veido 17 baseini. Baseinu materialu pamata veido kvarca
smiltis ar alumosilikatu piejaukumu, turklat tie var bt viendabigi piejaukumi visai
infiltracijas baseina ieZu masai (mala dalinu piejaukumiem neparsniedzot 1-3%) un art
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koncentréti nogulumi, kuru izplatiba nav viendabiga visa baseina teritorija (malu lecas),
ka ar tie var biit dzelzi saturosi minerali (getits, celadonits un glaukonits). Lidz ar to
kopuma infiltracijas baseina ieZu sastavs ir [1dzigs augsnes sastavam, tomer ar ieveérojami
zemaku organisko vielu, dzelzs, mangana oksidu saturu. Baseinu iezu granulometriskais
sastavs ir raksturigs kvarca smilSu nogulumiem, bet organisko vielu saturs tajos parasti
ir mazak par 0,5% (18. tabula). Lai gan humusvielu sorbcijai ir liela nozime augsnes
sastava veidoSana, nepiecieSams atzimét, ka §im jautajumam veltito petjjumu skaits ir
niecigs (Sposito, 1989; McBride, 1994) un to rezultata izteiktie viedokli ir vertgjami
visai pretrunigi (Shen, 1999; Jardine et al., 1989; Gu et al., 1993). EsoSie pétijumi par
humusvielu sorbciju uz augsni veidojoSajiem ieZiem uzsver jonogenas sorbcijas lielo
nozimi, un galvenokart uz dzelzs oksidu un alumosilikatu virsmas.

18. tabula / Table 18

Infiltracijas materialu fizikali kimiskais raksturojums paraugiem, kas ievakti no Baltezera
maksliga papildinasanas diku virséjiem slaniem (0—4 cm) un salidzinati ar Jardine et al.
(1989) analizéto grunts sastavu
Physical and chemical characteristics of aquifer material (filtersand) recovered from
surfacial layers (0—4 cm) of infiltration ponds used for artificial groundwater recharged
from Lake Baltezers compared to composition of soil analysed by Jardine et al. (1989)

a 0,
Paraugs Virsmas laukums, m¥g| C, % smilﬁl;ara;:g;ls;:lsl:::s, A)Mﬁ]i l:;/’g
8B* - 0,5 77,0 22,0 1,0 0,64
3A? 0,49 0,6 65,7 31,0 3,3 0,71
4A2 0,85 0,5 40,8 37,2 22,0 0,69
References grunts® - 0,2 32,2 445 23,6 -

* infiltracijas dika numurs un parauga ievaksSanas vieta diki
® Jardine et al., (1989)

Izvertgjot humusvielu sorbcijas sp&jas uz iespgjamiem Baltezera pazemes fidens
maksligas papildinaSanas baseinus veidojoSajiem materialiem, nepiecieSams atzimét, ka
sorbcija uz maliem acimredzami ir izteiktaka (19. tabula), turklat ta ir atkariga no pétito
humusvielu 1pasibam.

19. tabula / Table 19

Dazadu huminskabju (HS) un fulveskabju (FS) sorbcija (mg/g)
uz dazadiem malu paraugiem
Sorption (mg/g) of different humic and fulvic acids on different clay samples

Humusvielas Malu paraugs no. 1* Malu paraugs no. 2° Malu paraugs no. 3¢
Aldrich HS 27,1 29,2 16,0
Augsnes HS 26,3 28,4 13,5
Daugavas FS 12,1 14,2 6,4

*domingjosi — smektits; ® domingjosi — smekfits; ¢ domingjosi — kaolinits

Humusvielu sorbcija uz Baltezera pazemes tidens maksligas papildinasanas baseinus
veidojosajiem ieziem, ka tas redzams 28. attéla, ir atkariga no to mineralogiska sastava
un mainas visai plasa diapazona pat viena infiltracijas baseina robezas.
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Faktoru vidi, kas ietekm& humusvielu sorbciju uz Baltezera pazemes fidens maksligas
papildinasanas baseinus veidojoSajiem ieziem, var min&t alumosilikatu daudzumu tajos un
organisko vielu saturu. NepiecieSams atzimét, ka sorbcijas kapacitate palielinas, pieaugot
attalumam no baseinu virsmas. To, iesp&jams, nosaka aug$gjo slanu piesatinasanas
ar Udenl eso$am organiskajam vielam, ka arT to kolonizacija ar mikroorganismiem,
par ko liecina organisko vielu satura relativi paaugstinatas vertibas baseinu veidojoSo
iezu augsgjos horizontos. Tas pierada, ka liela dala no potenciali pieejamiem sorbcijas
centriem var biit aiznemti, l1dz ar to izmainot arT ar organiskajam vielam parklato dalinu
virsmas ladigu (Day et al., 1994). Organisko vielu klatbutnes lielo nozimi humusvielu
augstas sorbcijas spgjas veidoSana apliecina arT tas, ka humusvielu sorbcijas spgja uz
Baltezera pazemes tidens maksligas papildinasanas baseinus veidojosajiem ieziem kritiski
samazinas, ja tajas esos$as organiskas vielas tiek aizvaktas, tas oksid€jot. Humusvielu
sorbcija picaug, palielinoties alumosilikatu (malu) daudzumam iezu masa, ko nosaka ne
tikai alumosilikatu daligu liela virsma, bet arT virsmas ladins.
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28. attéls. Aldrich huminskabju sorbcija uz smilSu paraugiem, kas ievakti no dazadiem
infiltracijas dikiem

Figure 28. Sorption of Aldrich humic acid on filtersand samples from different infiltration
basins

Humusvielu sorbcija uz Baltezera pazemes tidens maksligas papildinasanas baseinus
veidojosajiem ieziem ir atkariga no vides pH reakcijas, un skabaka vide ta ievérojami
picaug (29. att€ls). To var saistit gan ar karboksilgrupu domingjoso lomu sorbcijas
procesa, gan ari ar to, ka skaba vide humusvielu molekulas to savstarp&jas mijiedarbibas
rezultata veido lielakus agregatus. Savukart vides pH reakcijas izmainas, protams,
ietekm& Baltezera pazemes Gidens maksligas papildinasanas baseinus veidojoSo iezu
virsmas ladinu.
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29. attéls. Aldrich huminskabju sorbcija (-[1-) uz 8A dika infiltracijas smiltim atkariba no to

dziluma zem baseina
Figure 29. Relationship between sorption (-L-) of Aldrich humic acid to filtersand and the

different depths below infiltration basin no. 8A.
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30. attéls. Humusvielu sorbcijas atkariba no pH infiltracijas smilSu paraugos, kas ievakti no
visiem pétitajiem dikiem daZados dzilumos un vietas

Figure 30. Relationship between the sorption of humic substances and pH of filtersand
samples from the infiltration basins. Each data point represents mean values of filtersand
collected from all basins at different depths and positions

Salidzinot atSkirigas izcelsmes humusvielu sorbciju uz Baltezera pazemes tidens
maksligas papildinasanas baseinus veidojoSajiem ieziem (30. attels), ir jaatzime
ievérojamas atskiribas gan humusvielu sorbcijas kopgja sp€ja, gan arl sorbcijas rakstura.
Augsnes un riipnieciski razoto humusvielu sorbcijas spgja pieaug, palielinoties humusvielu
koncentracijai skiduma, bet, pieméram, tidenu humusvielu sorbcija pat samazinas, pieaugot
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to koncentracijai vide. Tas, iespgjams, ir saistits ar organisko vielu desorbciju, ko nosaka
Baltezera pazemes tidens maksligas papildinaSanas baseinus veidojosie iezi. lesp&jams,
ieveérojama dala no organiskas vielas, kas ietilpst Baltezera pazemes tdens maksligas
papildinasanas baseinus veidojosajos ieZos, ir vaji saistita (adsorb&ta) un var tikt atbrivota
vai aizvietota mijiedarbibas rezultata ar humusvielam, kuras tiek piesaistitas kimiskas
sorbcijas cela. Ka pierada veiktie eksperimenti, tas raksturigs tidenu fulvoskabém, kuras
raksturo augsts karboksilgrupu saturs. Sads humusvielu sorbcijas procesu kopums ir biitisks,
izvertgjot pazemes tidenu maksligas papildinasanas metodes attistibu, jo tas ir tiesi saistams
ar pazemes Udens maksligas papildinasanas baseinus veidojoso iezu ekspluatacijas laiku, ka
ari ar to, ka §T tehnologija var nenodrosinat humusvielu pilnigu atdaliSanu papildinasanas
procesa gaita, ja iezu masa ir noteikts organisko savienojumu koncentracijas Iimenis.

Salidzinosi ir pétita arT humusvielu sorbcija uz Baltezera pazemes tidens maksligas
papildinasanas baseinus veidojoso iezu mode]savienojumiem (31. att€ls). Ka redzams,
huminskabes sorb&jas labak neka fulvoskabes, iznpemot dzelzs oksidu gadijuma,
kad fulvoksabju sorbcija ir augstaka. Huminskabas ir ar augstaku molekulmasu un
hidrofobakas neka fulvoskabes, un Iidz ar to sorbciju liela mera nosaka fizikali procesi,
nevis kimiska mijiedarbiba (hemosorbcija). Savukart fulvoskabju molekulas ir ar
augstaku karbosilgrupu koncentraciju, un tas var paaugstinat to sorbcijas efektivitati uz
dzelzs oksidus saturo$iem ieziem. NepiecieSams atziméet, ka pec humusvielu molekulu
sorbcijas uz iezu virsmas izveidojas parklajuma slanis, kas ieve@rojami izmaina citu
humusvielu molekulu sorbciju. Kopuma sorbcijas mehanismu atSkiribas lauj izskaidrot
visai ievérojamas atSkiribas starp huminskabju un fulvoskabju sorbciju. Lai gan kvarcs
ir galvenais Baltezera pazemes tidens maksligas papildinasanas baseinus veidojoSo iezu
ingredients, tome@r sorbcija uz ta ir ar relativi mazaku nozimi, ko apliecina arT humusvielu
sorbcijas izpéte uz augsnes (Spark et. al., 1997).

12
—0— Augsnes HV 8B
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—— Upes FA 3A
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31. attéls. Dazadas izcelsmes humusvielu sorbcija uz augsejo slanu infiltracijas smilttm no
dikiem 8B un 3A

Figure 31. Sorption of different humic substances on the upper layer of filtersand from basin
8A and 3A
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Nozimigs procesu kopums, kas ietekm& humusvielu sorbciju pazemes udenu
maksligas papildinasanas gaita, ir to mijiedarbiba ar iezu masu veidojoSajiem mikro-
organismiem. Tie$i humusvielu mijiedarbibas procesiem ar mikroorganismu séniSu
biomasu — biosorbcijai pedgja laika tiek pieversta Ipasa veriba, uzskatot to par nozimigu
procesu, par kopumu, kas ietekm& augsnes sastava veidoSanos. Disertacijas ietvaros
tika veikti petjjumi, izmantojot imobilizétu mikroorganismu biomasu, un tika noteikta
humusvielu sorbcija uz tas (33. attéls).
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32. attéls. Aldrich humusvielu sorbcija uz Trichodermas spp. atkariba no humusvielu
koncentracijas

Figure 32. Sorption of Aldrich humic substances on Trichoderma spp. depending on the
concentration of humic acid solution

Veiktais pétijums pierada visai sarezgito humusvielu aizturé$anas procesu pazemes
tidens maksligas papildinasanas norisi un humusvielu saistiSanos to gaita. Ta ka centru
daudzums Baltezera pazemes Gidens maksligas papildinasanas baseinus veidojoSajos iezos
ir zems un actimredzami dala no tiem jau ir aiznpemti, tad fidenos eso$as humusvielas
(galvenokart fulvoskabes) var aizvietot sorb&tas vielas. Savukart huminskabes, kas
ir hidrofobas un ar augstaku molekulmasu, tiek ievérojami intensivak sorb&tas neka
fulvoskabes. Lidz ar to tiek nodro§inata humusvielu kopuma frakcioné$ana maksligas
papildinasanas procesa gaita, turklat vispirms tiek saistitas huminskabes, bet tdeni
papildinas ar mikrobialas izcelsmes un zemakas molekulmasas fulvoskabam.

Tomer tieSi augstmolekulara humusvielu dala (huminskabes) ir galvenais trihalo-

metanu un tidenu krasainibas avots, un lidz ar to huminskabju sorbcija var bitiski sekmét
tdenu kvalitates paaugstinasanos dzerama tidens sagatavoS$anas procesa.
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4. Secinajumi

. No Latvijas dabas vides izdalitie, references un riipnieciski razotie humusvielu

paraugi uzrada ievérojamas atskiribas to 1pasibas (funkcionalo grupu daudzums,
kas raksturots izmantojot funkcionalo grupu analizi, IS, UV spektroskopiju;
humusvielu pamatstruktiiru uzbiive, kas raksturota izmantojot elementanalizi,
'H KMR, *C KMR spektroskopiju). Humusvielu ipasibas ir atkarigas no to
veidoSanas apstakliem, kas ietekm& aromatisko/alifatisko struktiirelementu
relativo daudzumu (noteikti izmantojot pirolizi GH-MS analizi) humusvielas
molekula, ka arT to strukttiru veidojoSo elementu saturu.

Galvenie faktori, kas ietekm& humusvielu mijiedarbibas raksturu (sorbcijas
kapacitati un tas kinétiku, k@ ar atkaribas raksturu no jonu spéka un vides
pH reakcijas) ar Latvijas apstakliem nozimigakajam augsni veidojosajam
mineralajam sastavdalam, pazemes Gdenu maksligas papildinasanas gaita, ir
humusvielu struktiiras specifika un molekulmasa, ka arT minerala sorbenta
pasibas.

Humusvielas iesp&jams imobilizet, tas kovalenti saistot ar dazadu noturibu
gan uz neorganiskas izcelsmes, gan uz organiskiem nesg€jiem iegiistot praktiski
izmantojamus sorbentus. Imobilizétas humusvielas ir hidrolitiski stabilas un to
mehaniska stabilitate ir atkariga no izejas poliméra matricas Tpasibam, vienlaikus
humusvielas saglaba tam raksturigas sp&jas mijiedarboties ar citam vielam.
Imobiliz&jot humusvielas iesp&jams ieglt sorbentus ar atSkirigdm Tpasibam un
dazadu funkcionalo grupu aizvietotibas pakapi, kas uzskatami par perspektiviem
materialiem vidi piesarnojoso vielu sorbcijai un to mijiedarbibas rakstura izpé&tei
ar humusvielam.
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Pateiciba

S darba tap$anas process ir bijis ilgs, un ta gaita ir sanemta nenovértéjama palidziba
un atbalsts no kolégiem gan tepat, gan arT laboratorijas arpus Latvijas, kuras man bija
iesp€ja pastradat — Leipciga, Stokholma un Turku. Es gribtu pateikties tiem cilvékiem,
bez kuru lidzdalibas $is darbs biitu griti iedomajams.
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Aim of the study

Aim of the research was to investigate interaction process between humic substances
isolated from water, soil and peat with inorganic soil components typical for Latvia,
as well as to obtain immobilised humic substances by covalent binding with different
carriers and to study their properties and sorption process of pollutants on immobilised
humic substances.

Main tasks:

1) to isolate humic substances from different natural environments of Latvia, and
characterise them;

2) to investigate the sorption characteristic of humic substances on soil mineral
and organic components,

3) to investigate sorption characteristics of humic substances on soil
microorganisms;

4) to develop methods for immobilisation of humic substances and characterise
obtained immobilised humic substances;

5) to investigate the sorption of organic pollutants on immobilised humic
substances.

Scientific novelty:

1) isolation of humic substances from different natural environments of Latvia,
and characterisation of isolated samples were done;

2) investigation of humic substances sorption characteristic on inorganic soil
minerals were done;

3) investigation of humic substances sorption characteristic on soil microorganisms
were done;

4) method for immobilisation of humic substances were developed;

5) immobilised humic substances were tested as sorbents for removal of organic
pollutants.

Practical importance of the study:

1) investigation of humic substances interaction with soil mineral components is
important contribution for development of environmentally friendly humic containing
fertilizers for use in agriculture;

2) investigation of humic substances sorption characteristic on inorganic materials
forming groundwater artificial recharge infiltration layers, is important for optimization
of groundwater artificial recharge technology;

3) immobilised humic substances can be considered as a prospective sorbents.
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Approbation of Results

Main results of this study were presented in the following international
conferences:

1.

Eglite, L., Juhna, T., Klavins, M. (2000) Sorption of humic substances onto solid
sorbents during natural and artificial water purification process. In: Abstracts of
Symposium on Refractory organic substances in the environment. Karlsruhe,
Germany, 198-200.

Eglite, L., Odham, G., Rozenbaha, 1., Klavins, M. (2001) Reductive degradation
of humic substances for elucidation of their core structures. In: Proceedings of
8% Nordic IHSS Symposium, Copenhagen, 44-45.

Eglite, L., Klavins, M. (2001) Methods of immobilisation of humic substances.
IT World Latvians Scientists congress, Riga, 351.
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environment, Wroclaw, 33.
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The main results of the study are described in publication:
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1. Introduction

Humic substances (HS) are the main component of soil organic matter (SOM),
composing up to 60 — 70 % of them, but at the same time humic substances can be
considered as one of the key elements in the biogeochemical turnover of carbon, possibly
being the most abundant of naturally occurring organic macromolecules on the Earth
(2-3 x10'* t) (Jones and Bryan, 1998). As far as HS are able to interact with inorganic
and organic substances, they act as carriers of them much influencing fluxes of elements
in the environment. They also play an important role also in the formation of fossil fuels
and mineral deposits (MacCarthy, 2001).

Humic substances are a general category of naturally occurring, biogenic,
heterogeneous organic substances that can generally be characterized as being yellow to
black in color, of high molecular weight, and refractory (Aiken et al., 1985).

They consist of several groups of substances that depending on their solubility can
be grouped as follows: humin is the fraction of humic substances that is not soluble in
water at any pH; humic acid (HA) is the fraction of humic substances that is not soluble
in water under acidic conditions (below pH 2), but becomes soluble at greater pH; fulvic
acid (FA) is the fraction of humic substances that is soluble under all pH conditions
(Aiken et al., 1985).

Humic substances have many functions in the environment (Orlov et al., 2002). In
soils they participate in the formation of soil structure and thermal regime, but interacting
with dissolved substances, they influence the accumulation and release processes of
nutrients and trace elements. Humic substances much influence soil biota and especially
microbial activity.

The interaction of humic substances with organic compounds can change their
properties and fate in the environment. The most important impacts are:
1. increased apparent solubility of nonionic hydrophobic substances;
reduced solubility of ionic organic substances;
reduced volatility of organic substances;
modified chemical reactivity of organic substances in the environment;
change in rate of organic bioaccumulation in the environments;

A

increased association of organic substances with sedimentary phases and
particulate matter (Klavins, 1998).

In general terms, humic substances can be considered as a matrix onto which
environmental processes are imprinted, but on the other hand they can be considered as
an reactive ingredient, actively participating in reactions and processes going on in the
soil and aquatic environment. As far as the major reservoir of humic substances are soils,
they are an important factor in various areas of agriculture, such as soil chemistry, fertility,
plant physiology and others. At the same time humic substances can be considered as an
important resource, as far as they can be extracted in industrial amounts from sources
(soil, peat, coal and others) in which they are abundant and consecutively applied to
achieve or increase their positive impacts.

Humic substances are generally extracted from soil and peat by extracting with a
basic solution (Stevenson, 1994), while humic and fulvic acids are solubilised, but the
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residue contains the humin. After the acidification of the alkaline extract by addition of
a strong acid, humic acid precipitates, and the remaining organic material in solution is
referred to as the fulvic acid (Stevenson, 1994). Often further purification is needed to
clean up the HA and to separate the FA from other materials in the fulvic acid fraction, as
well as to reduce the ash contents of the humic and fulvic extracts, and to fully convert
the acid salts to their hydrogen forms. Evidently quite a lot of chemical degradation
occurs during the extraction of HS. Thus, base-extracted HS generally is a combination
of native and altered materials. The extracted HS are frequently dried by conventional
evaporation or by lyophilization. It is also likely that some chemical changes, such as the
formation of anhydrides and lactones and/or loss of carbon dioxide, occur when HS are
dried, particularly when dried at elevated temperatures. There are numerous variations
of the extraction procedure including the variation of the nature and concentration of
the extractant; the temperature at which the extraction is performed; period of contact
with base; steps taken to minimize ash content of extracted products; and the choice
of aerobic versus anaerobic conditions during the extraction. Many other extraction
procedures and variations have been used, some involving various organic solvents such
as dimethylsulfoxide, dimethylformamide, and formic acid (Hayes and Clapp, 2001). It
is not surprising that materials extracted from soils or sediments according to procedures
based on the above definitions actually consist of mixtures and their properties depend
on the specific conditions of extraction. Nevertheless, there is a remarkable uniformity in
the average properties of all HA, FA, and humins (Schnitzer and Khan, 1972). Elemental
contents of HA, FA from very different sources are remarkably consistent (Klavins,
1998). Humic acids have been reported to have average MW varying from about 800
Da for aquatic materials to greater than 1x10° Da for soil- and peat derived materials
(Klavins, 1998). Humic substances have an abundance of oxygen-containing functional
groups (carboxyl-, phenolic-, alcoholic-) which dominate their chemical properties.
Humic substances occur in close association with other organic and inorganic materials
in soil and sediments. Aquatic HS also occur in association with nonhumic materials and
may exist in colloidal or larger aggregate forms.

The concept of structure of aquatic humic substances is closely linked with the
understanding of their genesis. Generally, the approaches used for identification of
humus structure can be divided into the following groups:

+ speculative approaches, e.g., based on some integrative characteristics, such
as elemental composition, spectral properties, acidity, and developed structural
models;

* degradative approaches. Degradation of the original humus structure and
analysis of the formed low molecular compounds, with their later combination
in structural models;

* nondegradative approaches. Analysis of humus structure by methods which
minimally affect the original structure;

« environmental approach. Development of structural models based on the
understanding of the environmental roles of humic substances.

The use of a wide variety of analytical methods, including degradative and
nondegradative approaches, to characterise Suwanee River fulvic acids, led to a model
proposed by Leenheer et al., (1995). This model shows the most possible average
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structural formulas and considers also the possible precursors in the humification process.
The aromatic and aliphatic structures in the proposed formulas indicate hypothetical
residues of parent compounds, such as lignins, tannins, carbohydrates and lipids, which
are incorporated into the structure of humic substances. The multitude of possible links
of these structural units and their degree of biodegradation can explain the large diversity
of structural formulas for the possible humus structure.

Schulten and Schnitzer (1993) proposed a carbon skeleton model for humic acid
(Figure 1) in which alkylbenzene structures played a dominant role. This model is based
on extensive mass spectrometric (pyrolysis GC/MS and pyrolysis-FIMS), degradative
studies (chemical, oxidative and reductive degradation), colloid-chemical and electron
microscope investigations of humus samples.
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Figure 1. Biomacromolecular humic acid structure after Schulten and Schnitzer (1993)
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Oxygen according to this model is present in humus structure in the form of
carboxyls, phenolic and alcoholic hydroxyls, carboxylic esters and ethers. Nitrogen
occurs in heterocyclic structures and as nitriles. The elemental composition of the
proposed HA is about C, H,, O, N, with an approximate molecular weight of 5540 Da.
Carbohydrates and proteinaceous materials are regarded to be present as loosely bound
materials, but possessing the integral characteristics of humic substances. The comparison
of the elemental and functional composition of the proposed structure with existing data
reveals good agreement. The network structure allows to explain binding not only with
metals and hydrophobic organic molecules, but also binding and incorporation into the

molecular structure of molecules such as carbohydrates and proteins, as well as inorganics
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such as clay minerals and hydrous oxides. It can be expected that this chemical network
structure is flexible in accordance with previous observations from surface pressure and
viscosity measurements and from electron microscopy of humic substances.

Ziechman (1994) stressed the role of humus genesis in the development of the
understanding of its structure.

Wershaw introduced the phase concept in the theory of humus structure. He regarded
humic substances as mixtures that cannot be represented by conventional structural
diagrams of functional groups held together by covalent bonds. Rather, they exist as
membranelike or micellelike aggregates (Wershaw, 1989; 1993).

Furthermore, the physical and chemical properties of these humic aggregates are
more a function of the structure of the aggregates, rather than the properties of individual
components. In terms of this model, the division of humic substances into humic acid,
fulvic acid and humin is a totally artificial division that tends to obscure the close
interactions between the organic constituents of natural water systems. According to
Wershaw (1993), the humic aggregates are composed of partially degraded molecular
components of plants. This partial degradation consists, at least, of the oxidation
and formation of carboxylic acid groups. These carboxylic groups are attached to
hydrophobic or less polar functional groups. Therefore, the constituent molecules of the
humic aggregates are amphiphiles.

The recent structural concepts of humic substances focus on the understanding
of their environmental role, and no longer regard them as chemical molecules in the
environment. A final understanding and unanimously regarded theories have not been
developed, and the final definition of humus structure is one of the most important
problems in humus research (Burdon, 2001).

The complexation of metals by humic substances is of particular interest because
this complexation alters the toxicity and bioavailability of metal ions. The complexation
of metals ions much reduce their toxicity in comparison with that of free, hydrated
metal ions; however, substantial differences exist between different metal ions, and the
modification of metal ion toxicity depends also on properties of humic matter (Winner,
1985). The interaction of humic substances with metals is important in plant nutrition,
and availability of metal ions as well as nutrients to plants in soils is a function of the
speciation of the metals in the soil solutions surrounding the plant roots. These forms
have seen classified these forms into the following categories: a) particulate (metals
incorporated into sediment particles); b) simple hydrated metal ion; c) simple inorganic
complex; d) simple organic complex; e) stable inorganic complex; f) adsorbed on
inorganic complexes; g) adsorbed on organic complexes. Considering the much differing
toxicity and biological availability of different speciation forms, thus it is important to
consider not so much the total amount of metals, but rather their extractable forms. Humic
substances exist both in the bound and in the dissolved phase. In the solid phase the humic
substances are present as coatings on mineral grains and possibly, in some instances, as
separate particles. The fact that humic substances are present as thin coatings on the soil
mineral grains causes the humic substances to be one of the most important components
in soils, even when the organic carbon content of them may be only a few percent. Thus,
the distribution of metals between the dissolved and solid phase will involve interactions
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with humic substances in both phases. The most common type of interaction of metal
ions with humic substances is ion exchange, in which protons on carboxylic acid groups
are replaced by metal ions. The analysis of fulvic acid titration data (Ephraim et al.,
1986) indicated that fulvic acid molecules, in general, behave as rigid polyions that are
impermeable to salt ions; however, of importance can be the presence of micellelike
structures with charged groups on the exterior surfaces of the micelles. The simple
picture of metal ions interacting with humic and fulvic acid molecules or micelles in
solution is complicated by the fact that polyvalent cations cause aggregation of humic
and fulvic acids (Ghosh et al., 1983). Humic and fulvic acids also form charge-transfer
complexes with metal ions. Senesi et al. (1986) have found that soil humic acids have
several different classes of binding sites for metal ions: stronger sites in which the metal-
ligand complexes are covalent in character and which are stable to proton exchange, and
sites that form weaker complexes that are readily disrupted by protons.

Organic compounds interact with humic substances in a number of different
ways. Nonionic organic compounds partition into insoluble humic substances in soils,
whereas soluble humic substances solubilize nonionic organics (Wershaw et al., 1969;
Chiou et al., 1983). Ionic organic compounds can undergo ionic exchange reactions and
charge-transfer complexation. In addition, some evidence exists for oxidative coupling
reactions between xenobiotic organic compounds and humic substances. The sorption
of nonionic organic compounds by wet soils involves partitioning of the organic
compounds between the soil-water phase and the soil-organic phase. This partitioning is
analogous to partitioning between water and an immiscible organic solvent phase (Chiou
et al., 1983) and can be described by the same equations that are used for solutions
of high molecular weight polymers in low molecular weight solvents, suggesting that
the polymer molecule is a long chain composed of segments that are about the same
size as the solvent molecules. An analogous process to partitioning into an insoluble
organic phase is solubilization of hydrophobic organic compounds by dissolved humic
substances. It has been found that humic acid enhances the solubility of DDT, but also
of other hydrophobic pesticides in water. This increase in solubility apparently is brought
about by the partitioning of the DDT molecules in the hydrophobic interiors of humic
acid micelles. In a number of studies a variety of other hydrophobic organic compounds
has been included as well as other humic substances, and generally similar solubilization
behavior has been found (Carter and Suffet, 1982).

It has been found (Perdue, 1983) that partition of an organic substrate into a humic
micellelike phase can modify the rate of hydrolysis of the substrate. Acid-catalyzed
hydrolysis reactions will be accelerated, and base-catalyzed reactions will be inhibited.
In addition to the effects on acid-base hydrolysis, partition into a humic micelle phase
can also alter the general reactivity of a substrate. Recent studies demonstrated that the
catalytic activity of humic substances can be considered as a key factor influencing the
fate of contaminants in soil environments (Klavins et al., 1999).

In dry soil hydrophobic organic compounds adsorb to the surface of soil particles
(Chiou et al., 1983). This adsorption is characterized by different equations than the
partition reactions that take place in wet soils and the adsorption that takes place on
mineral surfaces. However, a number of studies have shown that metal oxide surfaces
in natural waters bind humic substances and that this alters the surface properties of the
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metal oxides (Tipping, 1981). Clay minerals also form complexes with humic substances
(Klavins and Apsite, 1998). These complexes consist of humic substances coating the
surfaces of the clay particles and, in some instances, entering into interlayer positions in
the clay particles. These results suggest that a substantial part of the mineral surfaces in
soils and sediments are coated with humic substances; however, uncoated surfaces also
may be present.

A number of different types of ionic interactions have been reported between humic
substances and organic compounds. In the simplest case, the organic compound exists in
solution as cations that can be bound by carboxylate groups of humic substances. Amino
acids and triazine herbicides would bind to humic substances by this mechanism at low
pH values where the nitrogen containing groups would be protonated, but hydrogen
bonding can also take place between humic substances and basic herbicides such as
substituted urea herbicides. The groups most likely to enter into hydrogen-bonding
interactions would be hydroxyl and carboxylic acid groups on the surfaces of the humic
substance membranelike aggregates (Klavins, 1998).

Humic substances contain significant quantities of stable free radicals. The presence
of these radicals has led some researchers to conclude that oxidative coupling reactions
are important both in the formation of humic substances and in their interactions with
other organic compounds (Bollag, 1983). Most of the work on the oxidative coupling in
humic substances has been concerned with coupling of phenolate free radicals. Evidence
for the presence of radicals of this type in humic substances is obtained from electron
spin resonance (ESR) studies.

Therefore the aims of the thesis includes the isolation of humic substances from
common environments in Latvia, the study of their properties as well as possibilities
to isolate them from water, soil, peat, studying their basic properties indicating their
structural composition, as well as the development of immobilization metods of humic
substances and both sorption of organic and inorganic substances onto immobilized
humic substances, both the sorption of humic substances onto inorganic materials of
importance at the development of soil structure.
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2. Properties of humic substances from different sources

Properties of humic substances are influenced by geographical, geological,
geochemical and many other processes. The selected aquatic, soil and peat samples can
be considered as representative for Latvia, and so are the studied humic substances. The
selected humic substances have been compared with humic substances studied previously
and references, and commercial humic substances.

The elemental composition of humic substances from soils and peat of Latvia is
generally similar to that of soil humic substances presented previously, however, differing
from composition of commercially available preparations, possibly isolated from coal
and other sources.

Humic acids commonly have much higher carbon concentrations than fulvic acids,
but at the same time oxygen, carboxyl group concentrations are higher in fulvic acids. To
characterise elemental composition, atomic ratios (Van Krevelen graphs) are often used.
H/C versus O/C ratios reflect the relative percentage of aromaticity in structures of humic
substances. Chemical processes influencing the formation of HA’s can be evaluated by
the Van Krevelen diagram. As far as most important processes influencing the structure
of HS can be described as demethylation (removal of “CH, group), dehydration and
decarboxylation (removal of -COOH group), the same diagram can be also used to
study humification process. Demethylation, dehydration and decarboxylation processes
result in increased aromaticity and an increased degree of humification. Demethylation
and dehydration processes dominate in the generation of humic acids. Highest is the
aromaticity of peat HA and HA from soils and peat as well as in commercial preparations.
Lowest among humic acids is the humification degree for HA’s from aquatic sources.

The UV-Vis spectra of FA and HA examined are featureless, and they monotonically
decrease with increasing wavelength. Only in case of humic substances from peat
shoulders at 360 nm can be observed. The ultraviolet spectra of both humic and fulvic
acids are similar, differing only slightly in optical density.

The slope of the adsorption curves as measured by the ratios of UV absorbancy
at 465 and 665 nm, have been suggested to be inversely related to the condensation of
aromatic groups (aromaticity), and also to particle size and molecular weight (Chin et
al.,, 1994). The higher E4/E¢ ratios measured for the aquatic FA, with respect to those
of soil origin, are in general agreement with data in the literature and suggest a lower
degree of condensed aromatic systems and smaller particle sizes or molecular weights
than for aquatic HS. The E4/Eg ratio for fulvic acids is higher than for humic acids, thus
this ratio correlates with the changes in molecular mass of humic substances. Within
the UV spectra, the molar absorptivities of the humic substances were measured at 280
nm. This wavelength was chosen, since n-n" electron transition occurs in this region for
phenolic substances, aniline derivatives, benzoic acids, polyenes, and polycylic aromatic
hydrocarbons (Chin et al., 1994). Since many of these substances are precursors of
components of certain types of humic substances, molar absorptivity (3) may serve as a
basis for the calculation of aromaticity of humic matter.

The IR spectra of the FA and HA examined are in general similar to one another
in the main position of adsorption, but differences of various entities are apparent in
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the relative intensity of some bands, depending on the origin and nature of the sample.
IR spectra of analysed humic substances can be divided by regions depending on the
information given by them and the presence of important functional groups. Absorption
bands in the spectral region 36002800 cm™ are very broad and are typical not only for
humic substances, but also for mineral constituents. Absorbance in this spectral region is
determined by the presence of -OH groups. Sorption at wavelengths 2920 and 2860-2850
cm’ identifies the presence of —-CH, and —CH.- groups. IR spectra data of soil humic
substances show that methylene groups —(CH,) — exist in the form of comparatively
short alkane chains (n< 4). Typical intensive sorption lines are common for the region
around 1700 cm™ (1725-1700 cm™), which is characteristic for carbonyl groups in
aldehydes, ketones and carbonic acids. The actual sorption maximum greatly depends on
the conjugation degree, presence of substituents and hydrogen bonding. In the spectral
region 1690-1500 cm™ it is possible to identify the sorption maximum of amide bonds
(1650-1640 cm™ and 1550-1540 cm™). In region 1625-1610 cm™, the sorption indicates
the presence of aromatic C=C and carbonyl groups, quinones. At wavelengths 1470-1370
cm’', there are bands typical for C—H and O-H bonding and sorption maximums typical
for C-O. For wavelengths below 1000 cm™ fingerprint patterns are evident. Sorption in
this spectral region provides information about possible role of carbohydrate percentage
in the structure in humic molecules. Sorption at 1080 cm™ shows OH deformation or
C-O stretch of phenolic and alcohol OH groups, and 1040 cm™! indicates C—O stretch of
polysaccharide components.

The distinctive distribution of functional groups and the major building blocks of
humic substances may reflect the way of their production and structure alteration due
to microbial degradation and geochemical alteration. Fulvic acid formation may occur
through condensation reactions involving compounds derived from precursor organic
materials or through the production of residual recalcitrant compounds in the microbial
degradation of precursor organic material. For peat humic acids, lignin is not included
in the set of precursor materials and carbohydrates and aliphatic structures are relatively
abundant. Carbohydrate structures, however, are the most labile and are rapidly degraded
by microorganisms. Similarity between humic substances from peat and soil indicate
either the dominance of allochthonous peat humus or the deep transformation of
autochthonous humic material.

The molecular weight distribution of HS can be characterized by number average
molecular weight (Mp), weight average molecular weight (My) and their ratio, which
indicates the polydispersity. According to the molecular masses, the humic substances
can be arbitrarily divided, depending on their type and origin. In all cases, the found
molecular masses of humic substances are higher than those of fulvic acids and they
are more heterogeneous. Also, AHS from eutrophic waters are more heterogeneous, but
with lower molecular mass than humic substances from oligo- or dystrophic waters.
Fractionation of isolated humic substances in Tris-HCI buffer confirmed that AHS in
eutrophic waters are more heterogeneous, since more individual fractions were evident.

The studies of the structure of humic matter are confirmed using C NMR
spectroscopy (crosspolarization/magic angle spinning (CP/MAS) technique) which
allows direct evaluation of the dominant structural units of HS. Comparison of *C CP/
MAS NMR spectra makes it possible to directly determine major structural units of
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humic substances. The signals in these NMR spectra’s represent different types of carbon
atoms and makes it possible to determine their concentrations. The '* C NMR spectra
can be divided into eight chemical shift ranges. Region A (0-50 ppm) consists primarily
of aliphatic carbon resonance’s (methyl, methylene and methine carbons). Region B
(50 to 60 ppm) consists of methoxylcarbon (-OCH,) resonance signals. Region C (60
to 90 ppm) is believed to be primarily due to C-O, since the nitrogen content of humic
substances is commonly low. In this region carbohydrate-type compounds and ether type
bonds can resonate. Region D (90 to 110 ppm) is determined by resonance signals of
dioxygenated carbons (present in polysaccharides). Signals ranging from 50 to 110 ppm
correspond to carbons bonded to electronegative atoms (O, N, Cl), but this range can
be dominated by the resonance signals originating from carbohydrate structures. Region
E (110 to 140 ppm) is assigned to the resonances of unsubstituted and alkysubstituted
aromatic carbons (aromatic carbon ortho to the oxygen- substituted aromatic carbon).
Region F (140 to 160 ppm) consists of the resonance of the aromatic carbons substituted
by oxygen and nitrogen (e.g. phenols, aromatic ethers or amines). Region G (160 to 190
ppm) represents resonances mostly due to carboxyl carbons, and region H (190 to 220
ppm) is characteristic of the carbonyl carbons (aldehyde and ketone carbons). Analyzing
BC NMR spectra of analyzed HS there are evident differences in their structure:
namely higher aromaticity of humic acids, in comparison with fulvic acids, but higher
content of aliphatic structures in the molecules of the latter. In general, the pattern of
BC NMR spectra confirms the information provided by elemental, functional and other
spectroscopic studies of humic substances and the proportions of aliphatic structures
calculated based on the spectral properties of HS.
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3. Immobilisation of humic substances

The immobilisation of humic substances (HS) on solid carriers is an interesting
approach for investigation of their interaction with various substances, as shown by Klavins
(1993), Szabo and Bulman (1994). Although immobilisation has shown its usefulness for
investigation of the structure, catalytic activity and other properties of proteins, nucleic
acids and other macromolecules, in the case of HS there are few publications. Also,
immobilised HS can serve as sorbents for organic and inorganic substances, enabling
study of their interactions. Since humic substances mostly are present in immobilised
form (bound to mineral or organic matrixes) in natural environments, they are likely to
be important in the fate of different xenobiotics.

The aim of this part of the study was to compare different methods for immobilisation
of humic substances and their subsequent use as sorbents. The most probable structures
in humic substances that can be used for their immobilisation, according to hypothetical
structural models, are residues of phenolic structures in their core, and functional groups
such as phenolic hydroxylgroups, carboxylgroups, and aminogroups (Figure 1) in the
peripheral part of the humic macromolecules. Alkylation, acylation and condensation
are potential reactions for use in immobilisation by linking of humic substances via
these structures to the solid phase of the polymer. For effective sorption, the responsible
functional groups should be present in sufficient quantities.

Five different methods were used for the immobilisation of HS:

1. Immobilisation by grafting on chloromethylated styrene-divinylbenzene copolymer;

2. Immobilisation on epoxypropylsilica;

3. Immobilisation on epoxypropylcellulose;

4. Immobilisation on aminopropylsilica using coupling by means of water soluble
carbodiimide;

5. Polycondensation of humic substances with formaldehyde and molecules able to
enter in condensation reactions (phenols and alkylaromatic substances).

Immobilisation of HS on chloromethylated styrene-divinylbenzene copolymers
(Merrifield resin) was conducted in a mixture of water with organic solvents (under
conditions similar to those used in solid phase organic synthesis) in the presence of
alkaline reagents, yielding stable polymers with high concentrations of immobilised
humic substances.

Hydroxylgroups dominate among the functional groups in humic substances, and
they are sufficiently reactive to react in the presence of catalysts in alkaline media with
epoxygroups. This reaction was used to immobilise HS on cellulose or silica matrix
via carriers containing epoxygroups. The conditions used for immobilisation of humic
substances, selected as those commonly used for immobilisation of similar biomolecules,
made it possible to obtain immobilised HS with high yield.

Carboxylgroups can be used for immobilisation using approaches widely adopted in
peptide synthesis and solid phase organic synthesis — coupling by means of carbodiimides.
Also, immobilised humic substances can be obtained using as a matrix silica carrier
containing amino groups removed from the surface of the polymer via a spacer and
water-soluble carbodiimide.
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The basic properties of the humus core can be utilised for immobilisation, by virtue
of the presence of phenolic units in the structure of humic substances. As phenols and
ethers can enter in polycondensation reactions with formaldehyde, humic substances
can form polycondensation polymers. Phenolic groups in the humic substances are in
constrained positions and thus the corresponding sites in the aromatic core of HS are
of low reactivity, yields of polycondensation polymers using pure humic substances are
low, and the mechanical stability of the obtained polymers is poor. If other low-molecular
weight substances (phenols, alkylaromatic substances) capable of entering in condensation
reactions are added to the reaction mixture, the yields of the obtained polymers increase
greatly and it is possible to obtain polymers with high mechanical stability.

The proposed immobilisation methods make it possible to immobilise not only
commercial humic substances, but also humic substances from water, peat and soil with
different properties. The immobilisation efficiency of different humic substances tested
was found to differ only slightly.

The obtained polymers were characterised by weight gain during reaction, elemental
analysis and IR spectra of polymers after the reaction. The IR spectra of immobilised
humic substances show general features common for humic substances, sometimes with
overlapping of lines from the polymer matrix used for immobilisation of HS. Absorption
bands in the spectral region 3600-2800 cm™ are very broad and due to the presence of
-OH groups. Sorption at wavelengths 2920 and 2860-2850 cm™!' indicates the presence
of CH,- and CH,- groups. Typical intensive sorption lines are common for the region
around 1700 cm (1725-1700 cm™), characteristic for carbonylgroups.

The total content of immobilised HS was determined by alkaline hydrolysis
followed by spectrophotometric analysis. All immobilised humic substances were
coloured polymers, and the porosity and particle size of the polymer matrix during
the immobilisation process decreased minimally. The content of immobilised humic
substances varied between 7 mg/g and 430 mg HS/g sorbent. The immobilised HS were
hydrolytically stable.

The observed uptake of metal ions (Cu**, Co?*, Mn*", Cd*") by obtained sorbents
is efficient. The uptake of metals was relatively rapid, and commonly the equilibrium
conditions were reached within less than 30 minutes. The initial polymer matrix did
not absorb appreciable quantities of metals. The uptake capacity for different metals
depended on the polymer matrix and type of humic matter bound to the polymer. Among
the tested humic substances, the highest sorption capacity was found for immobilised
humic substances obtained using polycondensation reaction.

The sorption kinetics on the immobilized humic acids depends on porosity of
the polymeric matrix and the hydrophilicity/hydrophobicity balance of the sorbates,
being fast for sorption on macroreticular polymers, but comparatively slow on gel-type
polymers (immobilized humic substances on styrene-divinylbenzene copolymers or
polycondensation polymers).

The character of the sorption process depends on the salt concentration in the
solution. Also in this case the sorption capacity depends on the porosity of the polymer
structure, which is insignificant for gel-type polymers and substantial for sorbents on
aminopropylsilica.
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The adsorption of p-aminoazobenzene on immobilized humic substances differs
substantially depending on the properties of the original polymeric carrier. On silica
polymers the sorption capacity is low (Yang and Koopal, 1999), while on humic substances
immobilized on Merrifield resin it can be quite high. However, for polymers obtained using
polycondensation with formaldehyde, the specific polymeric matrix as such does not exist.
To compare the obtained immobilized humic substances, the sorption was expressed as mg of
p-AAB/g of sorbent. The experimental data were fitted to empirical Freundlich and Langmuir
adsorption equations. We found that the Langmuir isotherm gave the best fit for the description
of the p-aminoazobenzene sorption. Comparison of adsorption isotherms shows substantial
differences between the obtained polymers and possibly also the major impact of the original
polymeric matrix: for polymer obtained by grafting humic acid onto Merrifield resin the
sorption capacity is higher and can be described by the Langmuir model, while the sorption
capacity on humic substances immobilized onto silica is lower. The Langmuir constants K
and b, indicating bonding energy and the maximum sorption capacity, respectively, differed
from sample to sample, suggesting that various mechanisms of sorption may occur.

The sorption on HS immobilized on a carrier, especially on a polymer carrier,
obtained using polycondensation much depends on the size of the polymeric particles.
The sorption takes place faster for small polymer particles and follows the Langmuir
model. However, on large polymer particles obtained using polycondensation, the
sorption follows the so-called S-type form, indicating a low surface affinity that increases
with surface saturation with sorbate. The polycondensation polymers are gel-type, their
swelling in aquatic media much depends on the polymer composition, the sorption in
this case is evidently lower than on macroreticular polymers, it takes place on the surface
layers of sorbent, and it is diffusion controlled.

The obtained immobilized humic acids demonstrated good sorption properties for
column processes. For column proceses, the most effective sorbents are obtained using more
rigid matrices (silica, crosslinked styrene-divinylbensene copolymer with a high degree of
crosslinking) and the retention processes much depend on the concentration of sorbate.

In comparison to the sorption process of p-aminoazobenzene the character of
sorption differs for higher molecular-weight polar sorbates, such as the dyes Crystal
Violet, Methylene Green, and flavine mononucleotide. All of these isotherms clearly
exhibited evidence for a sequence of adsorption steps and a comparatively low affinity of
immobilized humic substances with respect to hydrophilic cationic sorbates.

The first stage of the adsorption is characterized by comparatively low sorption
efficiency, but is followed by a significant increase of the sorbed amount. The affinity
of selected sorbates towards the sorbent significantly increases after surface saturation
of sorbents is reached. However, immobilized humic substances cannot be considered a
good sorbent for sorption of hydrophilic cationic sorbates.

As it is well known, humic substances in solution can form stable complexes with
metal ions as well as with organic molecules. The same is also true for immobilized
humic substances, as shown by the observed sorption of some metal ions and some
organic substances. Immobilized HS have a rather good sorption capacity for a wide
range of substances. They are prospective for the investigation of humus properties and
can serve as a potential sorbent with an inexpensive ligand for purification procedures.
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4. Interaction of humic substances with aquifer material during
artificial groundwater recharge

Artificial recharge of groundwater (ARG) is achieved by putting surface water in
basins or other facilities where it infiltrates into the ground and moves through porous
media downwards to recharge aquifers. In this process, without adding any reagents,
suspended particles and human pathogens are effectively removed from the water
(Huisman and Olsthoorn, 1983). Therefore, in areas where permeable aquifers are
available, ARG has been used for drinking water production for more than 150 years.
Nowadays, it is recognized that removing humic substances (HS) (humic acids (HA) and
fulvic acids (FA)) from drinking water is important, because they impart a yellow colour
to water and may lead to the formation of carcinogenic by-products during disinfections
(Rook, 1974) as well as undesirable bacterial biofilm growth in distribution systems. The
removal efficiency of HS during ARG varies from place to place; the causes of these
variations are often not understood. So, to advance knowledge about interaction between
humic substances and mineral materials of importance at the ARG basin, but also during
development of the soil composition, the retention of humic substances onto different
model compounds has been studied.

The composition of the filtersand used for ARG systems was similar to that of soils
but with lower amounts of clay and iron oxide, the surfaces bearing major binding sites for
sorption of HS. A relatively high amount of OC indicated that a large proportion of these
sites had already been occupied with organic matter, making their surfaces negatively
charged, and thus unavailable for ligand exchange. Quartz was a major constituent
of the filtersand. Ligand exchange of HS with quartz surfaces is minor, as proven in
experiments by Spark et al., (1997), in which no proton consumption was observed in
the interaction between quartz and HS. Thus, under conditions where filtersand has a
limited number of binding sites, ligand exchange is probably not the dominant process
for removing HS during ARG.

Sorption of Aldrich HS increased with increased amounts of clay and decreased
with increased amount of OC in the filtersand. Sorption was heterogeneous among
samples, but generally increased with the depth below the basins. Sorption experiments
of different HS on clays revealed that HS sorption exceeded the FA sorption, while it
was better on smectite (the expandable clays) compared to koalinite. Sorption to the
filtersand from which organic matter was chemically removed was low or negative. At
the same pH, Aldrich and soil HA were sorbed better than river FA to typical filtersand.
Regardless of the filtersand composition, the lowering of pH significantly increased the
sorption efficiency of HS. To understand the influence of different phases composing
the filtersand, the sorption of HA and FA to iron, aluminium oxides, and organic rich
sediments were tested. HA were always better or similarly sorbed to all filtersand
components except iron oxide, which better sorbed FA instead.

It can be suggested that chemisorption (ligand exchange) is the dominant mechanism
for sorption of HS to soil; however, physical sorption driven by entropy changes
(hydrophobic attraction) can also be important as far as most positively charged sites (e.g
iron oxides, broken edges of clay surfaces) are occupied with organic matter, the ligand
exchange is unlikely to be a dominant interaction in the soil system.
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The results showed that sorption of HS increases with an increase in the fraction of
clay in the filtersand. Due to their small size, clay particles have a large specific surface
area that, depending on chemical and physical properties of clay (not identified herein),
can be conductive for either physical or chemical sorption to occur. The results from this
study showed that HA, more aromatic and with higher molecular mass fraction of HS
were better removed than FA, more acidic fraction with higher amounts of functional
groups, Fig. 3. This might indicate that physical interaction rather than ligand exchange
between HS and the filtersand are important. However, this should be carefully considered
since lower sorption efficiency of HS with a higher amount of functional groups (e.g.
FA) is not always indicative of a lack of coordinative interaction (ligand exchange). HS
are macromolecules that behave like polyelectrolytes; thus their sorption is determined
not only by the availability of sites, but also by lateral interaction between themselves
and the steric arrangements of the macromolecule. Due to a high amount of functional
groups, HS stretches (due to lateral repelling between the functional groups) and when
it becomes sorbed on the surfaces occupies a large area that makes overall sorption
efficiency of FA lower than that of HA. This is also demonstrated by the finding that
HS, with high amounts of aromatic groups and lower amounts of carboxyl groups, can
be preferably sorbed to the surface with high amounts of binding sites such as iron or
aluminium oxides. This occurs even though ligand exchange is the dominant mechanism
of interactions of HS with those surfaces. In the sorption process HS replaced nearly
all previously retained HS before any sorption could occur. This indicates that HS
were weakly sorbed on the bare filtersand, perhaps as a result of physical interaction.
Elemental analyses showed an insignificant increase of oxygen and carboxyl groups in
the filtersand HS compared to HS of the water used for recharge. Thus, chemisorption,
which generally contributes to a higher level of theses moieties in the sorbed HS, was
not significant.

A change of pH affected both HS and filtersand properties. A decrease of pH
should increase the positive charge of oxides, thereby making an electrostatic attraction
with negatively charged HS molecules possible. However, at acidic pH HS become
more hydrophobic, thus increasing the possibility for hydrophobic attraction. Since the
filtersand contained low amounts of iron and clay, the strong positive effect of sorption
that was due to a lowering of pH was perhaps also due to a hydrophobic effect rather
than an increase of electrostatic attraction. Therefore, the sorption may be dominated
not so much by the forces between the filtersand surface and HS, but rather by the
intermolecular association forces between HS and its incompatibility with water.

However, we observed that background organic matter also plays an important role.
HS are better attracted to organic rich sediments than to filters and had a relatively lower
amount of OC. Elemental analyses revealed that filtersand showed significantly lower H/
O ratio compared to sediments. The H/O ratio indicates the humification degree of humic
substances. Thus, the higher ratio indicated that HS in sediments were more humified
than the filtersand HS, which apparently also increases the ability to remove HS from
water.

From this discussion, we conclude that due to low amounts of binding sites in
filtersand, a hydrophobic fraction such as HA is preferably removed over a more acidic
fraction such as FA. This may lead to a fractionation of HS during ARG where large
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hydrophobic and aromatic molecules are removed earlier in the process, though FA are
conserved unless the aquifer is rich with iron oxides or clay. The aromatic fractions
of HS are a major source of by-products and colour, thus ARG decreases the risk of
carcinogenicity and improves the aesthetic quality of surface water. If filtersand, through
which ARG is accomplished, is poor in iron oxide minerals or clay, the removal of FA
would be low even after long infiltration distances.

Sorption experiments showed that clay content increased whereas organic matter
decreased the sorption of HS to filtersand at ARG. Organic matter was released because
it was not chemically bound and completely stabilized. More aromatic, hydrophobic
fractions of HS (HA) were to a higher extent sorbed than acidic fractions of HS (FA).
Chemisorption appears to be less important than physical sorption (hydrophobic sorption
enhanced by polyelectrolytic effect) for HS removal during ARG.
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Conclusions

1.

The humic substances isolated from different natural environments of Latvia,
commercially produced and reference samples of humic substances shows
significant dissimilarities in their properties. The properties of humic substances
depend on conditions of their formation, which affect relative amount of
aromatic/aliphatic structural elements in molecule of humic substances as well
as content of other functional group in molecule structure.

The main factor influencing interaction of humic substances with major soil
mineral components typical for Latvia, during artificial groundwater recharge
process, is specific character of structure and molecular weight of humic
substances, as well as properties of soil mineral components.

The immobilisation of humic substances on inorganic or organic carriers can be
performed by covalent binding. Immobilised humic substances are hydrolytically
stable and their mechanical properties depend from primary polymer.

By immobilisation of humic substances sorbents with different properties of
matrices and various substitution degrees of functional groups can be obtained,
that can be used as a sorbents for removal of pollutants.
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ABSTRACT: Methods designed for analysis of aquatic humic substances are summarized and compared. A need
to evaluate just the concentration of true humic substances, rather than summary parameters, characterizing
dissolved organic substances such as COD, DOC, TOC, and others is stressed. Possible future trends in the studies

of dissolved humic substances are touched on.
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L. INTRODUCTION

Among the various naturally occurring or-
ganic substances, humic substances (HS) are the
most widespread. Humic substances form most of
the organic component of soil, peat, lignite, natu-
ral waters, and their sediments. Up to 70% of the
soil organic carbon and up to 90% of dissolved
organic carbon may occur in the form of humic
substances, Humic substances influence ground-
water properties and the process of formation of
fossil fuels; however, in concert they play a major
role in the global carbon geochemical cycle. The
global pool of humic matter is an important com-
ponent in the formation of atmospheric carbon
dioxide. The estimated amount of carbon in the
atmosphere is 638 to 702 x 10'5 g C, which is in
the same range as carbon accumulated as soil
humus (700 to 3000 x 10 g C), peat humus
(250 x 10" g C), and aquatic humic substances
(850 to 1700 x 10'5 g C) (Klavins, 1998). Re-
cently, it has been estimated that the global trans-
port of organic carbon to oceans is about 0.4 to
0.9 x 10%5 g C yr.”' (Hope et al., 1994).

The roles of humic substances is determined
by their formation during the humification (de-
cay) process of living matter. Humic substances
form an intermediate phase in the transformation
process of living matter (organic carbon reser-
voir) that continue in the organic carbon cycle or
be deposited (as fossil materials). Humic sub-

1040-8347/99/$.50
© 1999 by CRC Press LLC

stances are known to complex heavy metals and
persistent organic xenobiotics. The interaction of
humic substances with xenobiotics may modify
the uptake and toxicity of these compounds by
living organisms and affect the fate of pollutants
in the environment. Considering these aspects the
roles of humic substances in the environments
may be regarded as important. Humus properties
depend on its sources. Depending on the charac-
ter of humification process, the greatest reser-
voirs of humic matter are distinguished as soil,
peat, and aquatic humic substances (AHS).

The present level of knowledge indicates that
humic substances form one of the most important
groups of biomolecules. However, their proper-
ties are confusing from the viewpoint of
monodisciplinary sciences — chemistry, biology,
and Earth sciences. Humic substances can be re-
garded as one of the chemical anomalies. This
attitude is evident even from the definition of
humic substances (Stevenson, 1982). The most
common definition is (Humic Substances, 1985):
“Humic substances are a general category of natu-
rally occutring, biogenic, heterogeneous organic
substances that can generally be characterized as
being yellow to black in color, of high molecular
weight, and refractory. Humic substances can be
divided in three fractions:

+ Humin is the fraction of humic substances that
is not soluble in water at any pH
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* Humic acid (HA) is the fraction of humic sub-
stances that is not soluble in water under acidic
conditions (below pH 2), but becomes scluble
at greater pH

« Fulvic acid (FA) is the fraction of hurnic sub-
stances that is soluble under all pH conditions

The main forms of organic carbon (and hu-
mic substances) in aquatic environments are dis-
solved and particulate (colloidal) organic matter.

The division between dissolved organic matter
(DOM) and particulate organic matter (POM) is
generally made on the basis of whether it passes
through a 0.45-pum filter (Figure 4). The genera-
tion of these forms proceeds during the genesis
and transformation of organic matter and is linked
with processes such as decomposition of living
matter, association of organic molecules with in-
organic particulate matter and aggregation of
smaller particles.

Neatural organic matter
(decomposition products, metabalites of |lving organic matter)

Nonhumic substances

{known classes of organic compounds)

Fulvic acids

(soluble at any pH)

(soluble if pH>2)

Humic substances
(pigmented refractory polymers)

Humin
(insduble)

Humicacids

FIGURE 1. Classification of humic substances.
0-45 micron boundaty
1 10t 0% 100 10t f0° 109 107 10° 10" 10™pum
| { L 1 1 | ] [ i 1 L
POM

Zooplankton

Phytoplankton
Bacterla:l

Viruses

Clay-humic-
metal
camplexes

POM

Colloids size of water
- T T

T T T T
10* 107 10° 10° 10° 10°10% 107

molecular welght

DOM

FIGURE 2. Size range of particulate and dissolved organic matter and carbon compounds in natural waters. AA,
amino acids; CH, carbohydrates; DOM, dissolved organic matter; POM, particulate organic matter; Fa, fatty acids;
Ha, hydrophilic acids; HC, hydrocarbons. (Adapted from Thurman, 1985a.)
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Aquatic humic substances originate mostly
from three processes:

1. Allochthonous aquatic humic substances
derived from terrestrial organic matter

2. Autochthonous aquatic humic substances
derived from in situ biological production

3. Humic substances derived from agricultural,
domestic, and industrial activities (Degens,
1982)

Contemporary structural models considers

humic substances as polifunctional macromol-
ecules (Figure 3).

CHjy COOH
HO
o o 0 coon

o
HooC oH B
¢}
COOH
o
COOH
OH
COOH
H
COOH
o OH C=0 c
|
HOOC. OH
o
'COOH

FIGURE 3. Three structural models (A-C) of fulvic
acid molecules from the Suwannee River (Leenheer et
al., 1995).

The use of a wide variety of analytical meth-
ods, including degradative and nondegradative
approaches, to characterize Suwanee River fulvic
acids, led to a model proposed by Leenheer et al.
(1989, 1995b). This model shows the most pos-
sible average structural formulas (Figure 3) and
also considers the possible precursors in the hu-
mification process. The aromatic and aliphatic
structures in the proposed formulas indicate hy-
pothetical residues of parent compounds, such as
lignins, tannins, carbohydrates, and lipids, which
are incorporated into the structure of humic sub-
stances. The multitude of possible links of these
structural units and their biodegradation degree
can explain the large diversity of structural for-
mulas for the possible humus structure, The pro-
posed structures at best can explain the actually
found physical and chemical properties of humic
substances isolated from the given environments,
but the coexistence of HS as complexes with
mineral particles is neglected.

Despite the great role of aquatic humic sub-
stances in the environment, many aspects of their
functions and properties are still unclear, includ-
ing the analytical determination of AHS.

IIl. PRINCIPLES FOR ANALYSIS OF
HUMIC SUBSTANCES

A commonly required water characteristic is
the concentration of aquatic humic substances.
Despite comparatively high concentrations in
natural waters and yet higher concentrations of
humic substances in waste waters, their analytical
determination is, however, problematic. This is
surprising, regarding the importance of humic
substances in geochemical cycles of elements and
metals, in other xenobiotic speciation, and as in-
dicators of biological processes in waterbodies.
In the early period of humus investigations, AHS
has been characterized by spectrophotometrical
determination of water color, chemical oxygen
demand (COD), and biological oxygen demand
(BOD). Improved instrumental techniques and
organic carbon analysers allows the evaluation of
the concentrations of humic substances as organic
carbon content (TOC, total organic carbon, DOC,
dissolved organic carbon, POC, particulate or-
ganic carbon) in waters. Contemporary recom-
mended methods are based on such approaches.
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However, all of these analytical methods provide
only indirect measures of humus concentration in
water.

The problems of analytical determination of
concentrations of aquatic humic substances in

TABLE 1

natural waters are closely related to their proper-
ties and the lack of strict boundaries between
humic and nonhumic substances. The fundamen-
tal properties that may be used for analytical de-
termination of AHS are (Table 1):

Major Functional Groups and Building Blocks of Aquatic Humic and Associated Substances

Loosely bound substances

Metal ions: (Ca+2, Fet3, Nat etc.), adsorbed inorganic particulate materials, low molecular

weight organic substances

Functional groups

-COOH Carboxyl groups

-OH Hydroxylgroups

>C=0 Carbonylgroups

-O- Ether groups

~OCHg Methoxylgroups

~CHg Methylgroups

~C(N Cyanogroups

-SH, -SOgH Sulphur containing groups
-NHg, >N- Amino groups

Major structures of aquatic humic substances

~CHy-CHy—, —CH = CH—, ~CHp -NH)

Aliphatic structures

H
COOH

Phenoles, phenolecarboxylic acids

COOH
COOH

Benzenecarboxylic acids

8 OR eV

Aromatic and polyaromatic structures

.,_O_u

Quinones

N E&®

Oxygen containing heterocycles

oo e O

Nitrogen containing heterocycles

c

Sulphur containing heterocycles

Pentoses and hexoses

Carbohydrates
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o Organic carbon as a building element of humic
matter (they are organic substances)

o Their acidic character (humic substances are
polycationites)

« Ability of humic substances to form insoluble
salts with some cations

o The presence of chromophores and fluorophores
in their structure

« Presence of hydrophobic structural units in their
structure

The most common method for the analysis of
humic substances in surface waters is the determi-
nation of organic carbon (COD, BOD, TOC, DOC,
POC). This is a very powerful and widely used
method to study organic matter in natural waters
(Datsko, 1959; Degens, 1982; Coel et al., 1984
Agren, 1991), but it neglects the differences be-
tween low molecular organic substances and hu-
mic substances.

l. CONTEMPORARY ANALYTICAL
METHODS OF HUMIC SUBSTANCES

The sorption of humic substances in the
UV-Vis spectral region allows this characteristic
and water color to be used for their analytical
determination. Water color has been determined
for many years and hence may be used for trend
analysis of humus concentrations in surface wa-
ters. Associated analytical problems are sensitivity
and interference, particularly from iron and polyphe-
nolic substances (lignin). A more powerful method
is the fluorimetric method, which allows the deter-
mination of lignin sulfonates and humic substances
simultaneously in waters. The fluorimetric method
has been used to measure fulvic acids in seawater,
after preconcentration on DEAE cellulose and sub-
sequent desorption and final fluorimetric determi-
nation (Ivanova et al., 1986). Also, simultaneous
absorbance measurements at two wavelengths can
be used to determine humic acid and iron concen-
trations in natural waters (Carpenter and Smith,
1984). This method requires sample volumes of
less than 15 ml and is sensitive enough for direct
application to most natural waters (limit of detec-
tion is 0.01 mg/1 for humic acid).

To isolate humic matter from a pool of or-
ganic and inorganic substances and to separate

humic acids from fulvic acids, chromatographic
methods are most successful. Their application is
based on the use of polymeric anionites (contain-
ing tertiary amino groups or diethylamino-
ethylgroups) or on the use of hydrophobic sor-
bents (styrene-divinylbenzene or acrylic acid
copolymers). Functional groups in these sorbents
may interact with carboxylgroups or hydrophobic
structural units in humic substances, allowing their
selective isolation from aquatic environments and
their separation from accompanying substances.
An example of this method is based on the isola-
tion of humic substances from waters by their
chromatographic sorption on DEAE cellulose,
elution precipitation of humic acids at pH 2, and
spectrophotometric determination of both humic
and fulvic acids (Krasiukov and Lapin, 1988).
Nonionic macroreticular sorbents (Amberlite XAD
resins) have been proposed for analysis of humic
substances (Sorouradin et al., 1993). Analytical
determination of humic substances has been
achieved by sorption and desorption with subse-
quent spectrophotometric analysis. To achieve
quantitative desorption, elution of polymers with
sodium dodecyl sulfate solution in strongly alka-
line media was used.

Methods based on use of DEAE or XAD
sorbents for analytical determination of AHS are
now standard methods (Standard Methods, 1992).
Aquatic humic substances are concentrated by
column chromatography on DEAE cellulose or
XAD resin, then desorbed and measured as dis-
solved organic carbon concentrations (Figure 4).
The estimated detection limit is 1.1 mg/l for a 50-
ml sample, A recommended analytical method
based on the use of sorbents is included in the
appendix.

Thin layer chromatography onsilica gel plates
has also been used successfully to analyze humic
substances in surface waters after their pre-con-
centration on Amberlite XAD 4 column (Katalan-
Macan et al., 1992).

Later developed method is based on the oxi-
dation of humic acid with hydrogen peroxide in
the presence of formaldehyde in alkaline solution
(Kitano et al., 1994). This method is sensitive and
selective (detection limit 50 ppb and relative stan-
dard deviation for five measurements 1.8%) for
the determination of HA in natural waters with
little interference from substances common in
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[ Water sample J
J

Filtration
(0.45 pm)
- DOC, UV-Vis
L‘Xcidiﬁcaﬁon to pH 2 |
v
lorption on XAD resin
Washing - —> DOC, UV-Vis
[ Elution |
0 DOC, UV-Vis

FIGURE 4. Sequence of steps for analysis of aquatic humic substances.

natural waters. The method can also be realized
continuously. Humic acids in natural waters have
been analysed also by chemiluminiscence pro-
duced by the reaction between humic acid and
NaBrO in alkaline solution (Hu et al., 1994).

Enzyme-linked immunoassay for the deter-
mination of humic acids in natural waters has
been proposed (Ulrich et al., 1993) using humic
acid coupled to snail Helix pomatia hemocyanin
and a humic acid horseradish peroxidase conju-
gate as a tracer. This detection method has
achieved high sensitivity (detection limit was es-
timated to be 0.5 pg/l) and allowed to elucidate
structural differences among humic substances of
different origin.

Because suspended particles in surface wa-
ters are covered by humic substances, it is impor-
tant determine their amount. This can be achieved
by selective desorption of humic substances from
particulate matter (Hiraide et al., 1988). It has
been found that the major part of metals on or in
suspended particles exist as humic complexes
(Hiraide, 1992).

IV. CONCLUSIONS

Unless substantial efforts to develop analyti-
cal methods for determination of humic substances
in surface waters, the problem still is open and
versatile, efficient, and unified methods are
needed. As the most promising approaches can be
regarded use of chromatographic techniques, as
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well as different approaches based on pre-
concentraiton of humic substances.
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Abstract

The removal of humic substances during drinking water preparation by artificial recharge of groundwaters
using synthetic sorbents, activated carbon and anthracite was assessed. Humic (HA) and fulvic (FA) acids iso-
lated from soil, peat, water, filters, from the infiltration basin for artificial groundwater recharge, as well as com-
mercial humic acid, were used in study. It was found that adsorption is determined by the sorbent properties,
and the nature of the humic substance. The sorption process is slow, controlled by pH and ionic strength (sorp-
tion increases in acidic and high ion strength conditions), and depends on the porosity of the used sorbents and
the character of their functional groups. The tested sorbents proved their efficiency in pilot scale experiments.

Key words — humic substances, sorption, drinking water, artificial groundwater recharge.

Introduction

Water treatment aimed at drinking water preparation is
the removal of undesired water ingredients. Numerous
techniques can be used for these purposes, including
coagulation, filtration and sorption approaches (Water
Quality and Treatment... 1990). Humic substances are
among the different groups of substances present in
natural waters which adversely influence the quality of
drinking water (Thurman 1985, Klavin$ 1998). These
high molecular weight polycationites form carcinogenic
and mutagenic organochlorines upon chlorination
(Loper 1980, Kronberg and Vartiainen 1988). Humic
substances also form stable complexes with metal ions
and persistent organic xenobiotics, and thus are respon-
sible for the transport of many contaminants during the
drinking water preparation process. The presence of
humic substances also gives an unpleasant odour, colour
and taste to drinking water. Substantial efforts have been
made to develop drinking water treatment technologies
to reduce the concentration of humic substances during
drinking water treatment process (Eikebrokk 1989).
The sorption of humic substances from the aqueous
phase on solid surfaces occurs as a result of attractive in-
teractions due to Van der Waals forces, hydrogen bond-
ing and electrostatic forces (Klavins 1998). As the mol-
ecular mass of humic substances can reach up to several
thousands Daltons, high porosity of the sorbents
(Thurman and Malcolm 1981) is of importance. More
effort should be paid to the development of efficient
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sorbent systems for preparation of drinking water. The
main problems related to removal of humic substances
are comparatively high concentrations in surface waters
and major differences in their properties depending on
their origin. In surface waters, use of sorbents for re-
moval of HS may be economically unacceptable, but
their concentrations in groundwater are much lower
and use of sorbents may be practical. There is a need
to develop techniques for removal of organic sub-
stances after artificial recharge of groundwater — a
sustainable, energy saving method used in water supply
in Riga (Juhna et al. 1999). This process consists of
fileration of lake waters (Lake Baltezers) through the
surface sediment layer mostly consisting from loose
quaternary sediments, composed from silica, clays,
minor amounts of organic sediments and iron oxides,
thus allowing to remove bacteria, fungi, algae, parti-
culate matter from treated water and to reduce the
concentration of organic substances (from 15 mg
O, I'! CODy, in infiltration ponds, to 7 mg O, I-!
in groundwater). However, the achieved organic
matter concentration can be considered as too high for
further use without purification but too low to effi-
ciently use the common water treatment methods
(coagulation etc.)

The objectives of the study were to assess in respect to
humic substances the sorption properties of different
sorbents and to evaluate the possibilities to use sorbents
for drinking water treatment with additional cleaning of
water after artificial recharge.
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Table 1. Elemental and functional composition, of humic substances used for adsorption experiments.

s sl Elemental composition, % -COOH ArOH Aromaticity

Humic substance ¢  H N mmol o %

Aquatic FA from Lake Islienas (FA-I) 56.41 3.85 0.87 3.87 1.43 22.4
Commercial HA (Aldrich) (HA-A) 49.89 4.76 2.30 2.15 1.17 53.5
Soil FA (FA-So) 46.13 4.09 2.48 3.10 1.65 28.7
Soil HA (HA-So) 54.05 5.21 3.71 2.10 1.56 34.3
Peat HA (Sphagnum peat) (HA-Sp) 51.39 4.08 2.25 — — —

Peat HA (pine peat) (HA-P) 52.34 4,28 3.86 1.84 0.96 65.3

Materials and methods

Isolation and analyses of humic substances

Humic (HA) and fulvic (FA) acids were isolated from
soil and peat by extraction with 0.1M NaOH (Methods
of Soil Analysis, 1989), but from water of Lake Islienas
by a method described by Klavind and Cinis (1990).
The elemental composition of isolated humic substances
was determined on a Perkin Elmer 240 B CHN ana-
lyzer. The content of carboxyl groups was determined
using Ba(OH), titration, and the content of hydroxyl
groups after acetylation (Methods of Soil Analysis, 1989).
Aromaticity of the humic matter was calculated using
the following equation: aromaticity=0.05 3+6.74
where: 3- molar absorptivity (at 280 nm) of humic sub-
stances (I(mol cm)~!) (Chin et al. 1994). Commercial
(Aldrich) humic substances were used for comparison.
Properties of used humic substances are summarised in
Table 1. Concentrations of humic substances in water
were determined spectrophotometrically (410 nm)
using a HACH DR 2000 spectrophotometer.

Adsorption Studies

Sorbents used in this study were used as obtained from
Dow Chemicals, Enola Ltd., Lachema, Biolar, Chem-
viron Carbon, Reachim, Rohm&Haas (Table 2). Before
the sorbents were conditioned and washed.
Adsorption studies of humic substances on different sor-
bents were conducted as batch experiments performed
in 100 ml sealed glass bottles on a rotary shaker table 24
h at 20°C. 100 ml of either 5, 10, 25, 50, 75, 100, 250
mg 11 solutions of humic substances with 1 g of sorbent
were shaken until equilibrium occurred (24 hrs.). After
separation of phases by filtration, the concentrations of
humic matter in the supernatant phase were determined
spectrophotometrically (HACH 2000, glass cell with
path length 2.5 cm) as absorption at 410 nm (values ob-
tained from initially prepared calibration graph). The
quantity of humic substances adsorbed to different
phases was determined from the difference of the initial
aqueous phase concentration and the amount in solu-
tion at equilibrium. The type of humic substance, pH of
the solution, and sorption time were varied. The sorp-

use

Table 2. Properties of sorbents used for testing of sorption of humic substances.

" e e Exchange capacity

Name Type Matrix’ Porosity meqg-|
Activated carbon (GAC) Hydrophobic Carbon MR —
Amberlite IRA-405 Strong anion™® St-Dvb MR 4.2
AB-17-8 Strong anion* St-Dvb Gel-type 4.4
Spheron DEAE Weak anion Ma MR 0.34
Amberlite IR-120 Strong cation St-Dvb Gel-type 4.3
Amino propyl silica Weak anion Silica MR 0.18
Diaion PA-17-8 Weak anion St-Dvb MR —
Amberlite IRA-95 Weak anion St-Dvb MR 4.7
Amberlite IR-124 Strong cation St-Dvb MR 4.3
Anthracite Hydrophobic Carbon — —
Polisorb-1 Hydrophobic St-Dvb MR —

* Strong anion — strong anion exchange resin (commonly containing functional groups such as
-N(CH,);*; Weak anion — weak anion exchange resin (commonly containing functional groups
such as -NH, or -N(C,Hs),; Strong cation — strong cation exchange resin (contain functional

groups —-SO;H").

** St-Dvb — styrene-divinylbenzene; Ma — Methacrylic acid derivatives.

*** MR — macroreticular.
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Figure 1. Sorption of humic acid (Aldrich) onto ion exchange

resins.

tion test was performed in a laboratory scale column
(30 %250 mm) filled with sorbents (GAC, Polysorb-1,
Amberlite IRA-95). A humic acid solution (Aldrich, 25
mg I!) was percolated through the column with a
velocity 6 ml min!, sampling fractions of 10 ml with a
“Pharmacia Fine Chemicals” fraction collector and
analysing concentrations of the remaining humic acids
in solution. The sorption test in a pilot scale column was
performed taking groundwater from a depth of 15 m at
the artificial recharge plant “Baltezers”. A pilot scale
column (820 x 200 mm; volume — 25 dm3) was filled
with GAC or anion exchange resin AB-17-8 and tested
(flow rate 100 | h}, volume of sorbent 5 liters, CODyy,
of ingoing water 8.5 mgO, I}). In the outler, CODy,,
TDS, Ny, and P, were estimated for 2 months, taking
weekly samples.

Results and discussion

Since humic substances are anionic polyelectrolytes,
macroporous anion exchange resins can be considered to
be well suited for their removal. However, the preference
of the resin type (strong base resins vs. weak base resins)
and the rigidity of the resin matrix are highly controver-
sial (Fu and Symons 1990, Hand et al. 1994). In real
processes the interaction with other ions in treated water
should be considered (Eikebrokk 1989). Also carbona-
ceous resins have been recommended for drinking water
treatment (Hand et al. 1994), which seems yet more
prospective as such polymers are used for isolation of
aquatic humic substances (XAD-8). Other resins com-
paratively widely studied for treatment include granu-
lated activated carbon (GAC), obtained from wood and
cleaned for use in water purification, and more recently,
anthracite (Removal of humic substances... 1999).
Sorption of humic substances on carbon-based sorbents
proceeds due to Van der Waals interaction and depends
on the pore size of the sorbent. In the case of GAC,
macropores (~ 40 % of total pore volume) and microp-
ores (>1 nm) dominate, but the specific surface area is
1000-1400 m?2 g~!. In comparison, the specific surface
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Figure 2. Sorption of humic acid (Aldrich) onto ion exchange
resins.

area of anthracite is - 5 m2? g™! and it does not contain
micro and mesopores, but only a relatively increased
(eroded) surface (Removal of humic substances... 1999)

Humic substances present in the groundwater after its
artificial recharge can originate from aquatic, soil, peat
and sedimentary HS. As the properties of HS depend on
their origin, we have separately studied the sorptive be-
haviour of these substances, using as a surrogate com-
mercially available humic acid (Table 1). The properties
of the studied HS fall into the range common for humic
substances (Orlov 1990, Klavins, 1998). The humic
substances differ in their aromaticity, since the domi-
nant structures of humic substances are benzene- and
phenolecarboxylic acids (Klavins 1998) (aromatic struc-
tural units), and residues of carbohydrates and mono-
and dicarboxylic acids (aliphatic structural units). The
aromaticity is highest for peat and soil humic substances,
and lowest for aquatic humic substances (Klavin$ et al.
1999).

The sorptive properties of studied humic substances
were determined in batchwise test conditions, in a labo-
ratory scale column and in a pilot scale column. Among
the studied sorbents (Figures 1-3), the macroreticular
weak anion exchange resins (DEAE Spheron, Amino
propyl silica, Diaion PA-408) were the most efficient.
Porosity appeared to prevail over functional group con-

16
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o0
g /A —A— Polysorb-1
=)

8
=}
8 /A/ . — =
B -
2 4
o
<

0

0 50 100 150

C,mgl’

Figure 3. Sorption of humic acid (Aldrich) onto GAC, anthracite
and Polysorb-1.
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Figure 4. Sorption of humic acid onto sorbents depending on pH
(sorbent: 1 g, sorption conditions and pH adjustment as in
experimental part: sorption time 24 hrs).

centration and type in determining sorption efficiency:
weak anion exchangers with a low concentration of
functional groups were more efficient than strong anion
exchange resins with nearly ten times higher concentra-
tions of functional groups.

Sorption on anthracite led to lower equilibrium con-
centrations (<90 mg I!), which is to be expected in
water treatment, and the sorption was improved over
that on GAC which is more commonly used for water
purification. These differences show that the micropores
in GAC are not easily accessible to humic substances.
The sorption efficiency was high on carbonaceous
(hydrophobic) resins (Polysorb-1) and moderate on
cation exchange resins, implying that there are several
mechanisms involved in retention of humic substance.
The observed differences in sorption, depending on the
sorbent properties, shows the importance of optimisa-
tion of sorbent selection or even a need to design special
resin types for removal of humic substances.

The sorption of humic substances on the sorbents
(Figure 4) is highest at low pH of the humic matter so-
lution. At pH that is more common in the real environ-

10

Adsorption, mg g

-1

Adsorption, mg g
w

~X-GAC
—O Anthracite
—— Amberlite IRA-95

0 10 20 30 40 50 60
Time, hrs.

Figure 5. Kinetic curves of sorption.

ment, sorption of humic matter is much lower. The de-
pendence on pH is higher for hydrophobic sorbents, but
less expressed for ion exchangers. However, the sorption
is low at pH where the humic substances as polycation-
ites are thermodynamically less stable and tend to pre-
cipitate, which means that the sorption is dominated not
so much by the forces of adsorption of humic matter
onto sorbents, but rather by the intermolecular associa-
tion forces between humic matter.

Study of sorption kinetics (Figure 5) shows that the
sorption process is slow (especially for GAC and
Anthracite). The observed pore size values for nitrogen
adsorption (BET method) were much higher than size of
humic macromolecule. The sorption kinetics indicate
that the sorption process is diffusion controlled. The
sorption of humic substances much depends also on the
type and properties of humic substances (Figure 6). De-
pending on their humic substance origin, the sorption
efficiency could be optimal on hydrophobic sorbents
(GACQ) or ion exchangers (Amberlite IRA-95). There-
fore, the optimal sorbent for each case, depending on the
dominant sources of humic substances can differ.

To study the potential for practical groundwater
purification, the most perspective sorbents were tested
first in laboratory scale columns (Figure 7), but after-
wards in a pilot scale system (Figure 8).
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>
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Figure 6. Sorption depending on type of humic substances.
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Figure 7. Breakthrough curves for three types of resins in labora-
tory scale column.
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Figure 8. Breakthrough curves for two types of resins in pilot scale
column.

The use of the tested sorbents increased the quality of
treated water (Figure 7, 8). Anion exchange resins and
GAC proved to be more efficient for removal of organic
matter. The sorption curves show comparatively rapid
saturation of the used sorbents and achievement of equi-
librium with organic matter in aqueous phase. A possi-
ble explanation for this may be that humic substances
comprise up to 60-80% of the total dissolved organic
matter in groundwater (and this is in general agreement
with data from literature) (Klavin 1998). To confirm
this suggestion, biologically degradable organic carbon
(BDOC) was estimated (Volk et al. 1997). In water of
lake Baltezers, BDOC comprised 30—40 % of the total
DOC, compared to 15-25 % of total DOC in ground-
water. The experimental pilot scale experiments showed
that the major part of HS are removed during the test
period, while low molecular weight organic substances
are not retained, but those may be efficiently removed
using known biodegradation methods or other ap-
proaches.

Conclusions

Humic substances may be efficiently removed from
groundwater using different types of sorbents. Macro-
reticular anion exchange resins and GAC were found to
be the most efficient. The sorption depends also on the
properties of HS.
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Abstract

Attempts were made to immobilise humic substances (HS) by grafting them onto different carriers (styrene-divinyl-
benzene copolymers, cellulose and silica) as well as by their crosslinking with formaldehyde. Reaction with Merrifield
resin was used for the immobilisation of HS, coupling by means of water-soluble carbodiimides to carriers containing
amino-groups. Crosslinking of HS with formaldehyde (also in presence of other substances able to enter polyconden-
sation reactions with formaldehyde) was shown to be an efficient method for their insolubilisation. Properties of the
obtained immobilised HS were studied, including their potential use as sorbents for several metal ions and organic
substances. The adsorption efficiency was found to depend both on the sorbate used, type of humic substance
immobilised and character of the polymeric matrix. Immobilised HS can be regarded as a prospective sorbents for the
removal of different organic molecules and metals ions from the aquatic environment. © 2002 Elsevier Science B.V.

All rights reserved.

Keywords: Humic substances; Sorbents; Immobilisation

1. Introduction

Humic substances (HS) are among the many
factors, which affect soil fertility, and they play a
major role in organic carbon turnover. HS form
the major organic component of soil, peat and
natural waters, and as resources they are abun-
dant. About 60-85% of the organic matter in
surface waters derived from natural sources con-
sists of HS [1]. Regarding their function in ecosys-
tems, HS are able to complex heavy metals and
persistent organic xenobiotics [2]. Interaction of
HS with xenobiotics may modify the uptake and

* Corresponding author. Fax: + 371-733-2704.
E-mail address: mklavins@lanet.lv (M. Klavins).

toxicity of these compounds to living organisms,
and affect the fate of pollutants in the environ-
ment. The immobilisation of HS on solid carriers
is an interesting approach for investigation of
their interaction with various substances, as
shown by Klavins [3] Szabo and Bulman [4] and
Koopal et al. [5,6]. Although, immobilisation has
shown its usefulness for investigation of the struc-
ture, catalytic activity and other properties of
proteins, nucleic acids and other macromolecules
[7], in the case of HS, there are few publications
[3-6]. Also, immobilised HS can serve as sorbents
for organic and inorganic substances, enabling
study of their interactions. Since, HS are mostly
present in immobilised form (bound to mineral or
organic matrixes) in natural environments, they

0927-7757/02/S - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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are likely to be important in the fate of different
xenobiotics.

The aim of the present study is to compare
different methods for immobilisation of HS and
their subsequent use as sorbents.

2. Materials and methods

Merrifield resin (chloromethylated styrene—di-
vinylbenzene copolymer) (100-200 mesh, -CH,C1
group content 1.6 mmol g~', Bapeks Ltd) and
aminopropylsilica (particle size 0.1-0.25 mm,
content of aminogroups 130 pumol g~!, Enola
Ltd) were used as a carriers. Analytical grade
metal salts (excepting in the case of Cu and Co
sulphates, Mn chloride and Cd nitrate) were used
to prepare 0.01 M stock solutions (pH 6.5). Com-
mercial humic acid (HA.) was obtained from
Aldrich, and N-ethyl-N' (3-dimethyl-amino-
propyl)-carbodiimide hydrochloride from Senn-
chemicals. For comparison, humic acids (HA)
were isolated from soil and peat by extraction
with 0.1 M NaOH [8], and from water by Thur-
man and Malcolm method [9]. Concentrations of
functional groups were determined by standard
methods [10]. IR spectra of finely ground poly-
mers in nujol or hexachlorobutadiene were
recorded on a Perkin—Elmer 58B apparatus for
suspensions. UV spectra were recorded on an
Unicam SP 1800 spectrophotometer. Elemental
analysis was carried out using a Carlo Erba EA-
1108 analyser.

2.1. Immobilisation of humic substances on
Merrifield resin (polymer I)

Merrifield resin 10.00 g (1.60 mmol g~! of
—CH,Cl) was added to a solution of 0.50 g humic
acid (Aldrich) in 100 ml, 0.05 M NaOH and 100
ml 50% dimethylformamide—water. The mixture
was stirred at 80 °C for 20 h. The polymer was
filtered off, washed with dimethylformamide, 0.1
M Na,CO;, water, 0.1 M HCI, water, acetone and
dried at 50 °C to give 10.43 g of immobilised
humic substance I.

Found: C 86.17; H 7.29; CI 0.32%, concentra-
tion of immobilised HS 20.5 mg g~ ".

2.2. Immobilisation of humic substances on
epoxypropylsilica (polymer II)

To 5.00 g of epoxypropylsilica (concentration
of epoxygroups 0.18 mmol g~!, Enola Ltd) were
added 0.60 g HA (Aldrich) dissolved in 50 ml of
0.25 M NaOH, and gently stirred for 10 h at
40 °C. The resulting polymer was filtered off,
washed with water, 0.1 M HCI, water, acetone
and dried at 50 °C to give 5.02 g of polymer II.

Found: C 12.32; H 3.74; N 0.12%, concentra-
tion of HA: 57 mg g— 1.

2.3. Immobilisation of humic substances on
epoxypropylcellulose (polymer I11)

To 5.00 g of cellulose in 50 ml of 0.3 M NaOH
at 40 °C was added 10 ml of epichlorohydrine
dropwise within 1 h. The mixture was stirred at
60 °C for 2 h. Then, 0.60 g HA were dissolved in
50 ml of 0.025 M NaOH, and 5 ml of epichloro-
hydrine (dropwise) was added and stirred at
40 °C for 4 h. The polymer was filtered off,
washed with acetone, water, 0.1 M HCI, water,
acetone and dried at 50 °C to give 4.65 g of
polymer IIL.

Found: C 42.20; H 6.13; N 0.10%, concentra-
tion of carboxylgroups 0.098 mmol g~ !; concen-
tration of HA: 87 mg g~ .

2.4. Immobilisation of humic substances by means
of carbodiimides (polymer IV)

To 10.00 g of aminopropylsilica were added 100
mg of humic acid dissolved in 50 ml of 0.1 M
NaHCO;, and the pH of the reaction mixture
were adjusted to pH 4.6 by means of 0.5 M HCL
After addition of 500 mg of N-ethyl-N' (3-
dimethyl-aminopropyl)-carbodiimide hydrochlo-
ride, the mixture was stirred, maintaining the
reaction pH 4-5 by addition of small portions of
0.1 M HCI. After stirring for 4 h, the mixture was
kept overnight. The polymer was filtered off,
washed with acetone, water, 0.1 M HCI, water,
acetone and dried at 50 °C to give 10.05 g of
polymer IV.

Found: C 4.67; H 0.59; N 0.31%, concentration
of HA: 7mg g~ .
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2.5. Immobilisation of humic substances by
polycondensation reaction with formaldehyde
(polymer V)

Paraformaldehyde (13.6 g) was added in small
portions to a stirred suspension of 10.00 g of
humic acid in 20 ml {ormic acid at 100 °C, stir-
ring being continued until gelation of the reaction
mixture began (approximately 3 h). The stirring
pad was removed and the heating prolonged for a
further 5 h. The obtained polymer was cut into
large pieces and crushed. The product was care-
fully washed with water, 0.1 M NaOH, water,
dimethylformamide, water, 0.5 M HCI, water and
extracted with acetone. The yield of polymer ¥,
was 5.35 g.

Found: C 53.93; H 3.59; N 1.33%. Calculated
content of HS 373 mg g~ .

Other immobilised HS (V- V) were prepared
similarly, and their characteristics are given
below.

2.5.1. Polymer V,

Polymer V5 was obtained as polymer V,, with
addition of 10.0 g of phenol during the polycon-
densation process into the reaction mixture.
Found: C 66.24%, H 6.39. Calculated content of
HS 340 mg g .

2.5.2. Polymer V.

Polymer V. was obtained as polymer V,, with
addition of 10.0 g of toluene during the polycon-
densation process into the reaction mixture.
Found: C 58.60%, H 6.51. Calculated content of
HS 185 mg g~ .

Table 1
Properties of HA from soil, peat and water
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2.5.3. Polymer V

Polymer V, was obtained as polymer V,, with
addition of 10.0 g of resorcinol during the poly-
condensation process into the reaction mixture.
Found: C 60.98, H 6.30, N 0.78%. Calculated
content of HS 430 mg g~ .

2.6. Determination of immobilised humic matter
content

Samples of 1.00 g of polymer containing immo-
bilised HS were treated by stirring at 80 °C for 6
h with 50 ml of 5 M NaOH. After filtration, the
filtrate was diluted to 100 ml with 3 M HCL
Absorbance of the solution was measured at 410
nm and the content of HS was calculated from a
calibration graph, prepared by hydrolysing a
known amount of the same humic substance un-
der the same conditions.

2.7. Determination of sorption on immobilised
humic substances

One hundred milligram of the respective sor-
bent (Table 2) was suspended in 25 ml of metal
salt (1 x 1073 M) or p-aminoazobenzene (1 x
107%-1 x 1072 M). After shaking for 24 h, the
polymer was filtered off and the concentration of
metal (by flame AAS Perkin Elmer 403) or p-
aminoazobenzene (spectrophotometrically) was
determined in liquid phase.

3. Results and discussion

The HS used in this study (Table 1) were iso-
lated from peat, soil and water according to

Humic acids Elemental composition, (%)

~COOH, (mmol g—1) ArOH, (mmol g~ 1)

C H N
Water HAy 57.21 3.94 1.03 4.15 1.42
Soil HAg 54.05 5.21 3.71 2.10 1.56
Commercial HA: 49.89 4.76 2.30 2.15 1.17
Peat HA, 52.34 4.28 3.86 1.84 0.96
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Table 2
Properties of immobilised HS

Immobilised C (%) H (%) N (%) Content of HS Swelling with water Swelling with benzene
HS (mg g™ " (mlg=h) (ml g—1)
I-HA( 86.17 7.29 - 20 0.87 1.85
I-HAy, 76.06 895 1.95 223 0.54 1.03
I-HA( 76.12  9.16 0.97 228 0.59 1.06
I-HA, 77.03  8.21 0.43 208 0.48 1.01
1I-HA 1232 374 0.12 57 0.11 0.35
1I-HA( 1231 496 0.32 85 0.12 0.45
1II-HAg 4386 730 1.50 83 0.18 0.56
I-HA- 4220  6.13 0.30 87 0.22 0.64
IV-HAC 4.67  0.59 0.31 7 0.12 0.12
VA-HAC 5393 3359 1.33 373 1.15 2.35
Vg-HA. 66.24  6.39 0.03 340 0.73 1.87
Ve-HA- 58.60  6.51 0.13 185 0.82 1.84
Vp-HA- 60.98  6.30 0.78 430 1.14 2.40

HA type is explained in Table 1 and method of immobilisation is numbered similar as in Fig. 2.

known methods [11]. HA( (Aldrich) was used for

comparison. The main characteristics of the stud-

ied HS were found to be within the range of
values common for humic matter of similar origin

[12]. The most probable structures in HS that can

be used for their immobilisation, according to

hypothetical structural models, are residues of
phenolic structures in their core, and functional
groups such as phenolic hydroxylgroups, car-
boxylgroups, and aminogroups (Fig. 1) in the
peripheral part of the humic macromolecules.

Alkylation, acylation and condensation are poten-

tial reactions for use in immobilisation by linking

of HS via these structures to the solid phase of the
polymer. For effective sorption, the responsible
functional groups should be present in sufficient
quantities.

Five different methods were used for the immo-

bilisation of HS (Fig. 2):

1. Immobilisation by grafting on chloromethy-
lated styrene—divinylbenzene copolymer;

2. Immobilisation on epoxypropylsilica;

3. Immobilisation on epoxypropylcellulose;

4. Immobilisation on aminopropylsilica using
coupling by means of water soluble
carbodiimide;

5. Polycondensation of HS with formaldehyde
and molecules able to enter in condensation
reactions  (phenols and  alkylaromatic
substances).

Immobilisation of HS on chloromethylated sty-
rene-divinylbenzene copolymers (Merrifield resin)
was conducted in a mixture of water with organic
solvents (under conditions similar to those used in
solid phase organic synthesis) in the presence of
alkaline reagents, yielding stable polymers with
high concentrations of immobilised HS.

Hydroxylgroups dominate among the func-
tional groups in HS, and they are sufficiently
reactive to react in the presence of catalysts in
alkaline media with epoxygroups. This reaction
was used to immobilise HS on cellulose or silica
matrix via carricrs containing epoxygroups. The
conditions used for immobilisation of HS, selected
as those commonly used for immobilisation of
similar biomolecules [7], allowed to obtain immo-
bilised HS with high yield.

HOOC

Fig. 1. Structures in hypothetical molecules [I1] of HS for
potential use in their immobilisation.
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Fig. 2. Methods and carriers used for immobilisation of HS.
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Carboxylgroups can be used for immobilisation
using approaches widely adopted in peptide syn-
thesis and solid phase organic synthesis—cou-
pling by means of carbodiimides [7]. Also,
immobilised HS can be obtained using as a matrix
silica carrier containing amino groups removed
from the surface of the polymer via a spacer and
water-soluble carbodiimide.

The basic properties of the humus core can be
utilised for immobilisation, by virtue of the pres-
ence of phenolic units in the structure of HS. As
phenols and ethers can enter in polycondensation
reactions with formaldehyde, HS can form poly-
condensation polymers. Phenolic groups in the
HS are in constrained positions and thus the
corresponding sites in the aromatic core of HS are
of low reactivity, yields of polycondensation poly-
mers using pure HS are low, and the mechanical
stability of the obtained polymers is poor. If other
low molecular weight substances (phenols, alky-
laromatic substances) capable of entering in con-
densation reactions are added to the reaction
mixture, the yields of the obtained polymers in-
crease greatly and it is possible to obtain polymers
with high mechanical stability.

The proposed immobilisation methods allow to
immobilise not only commercial HS, but also HS
from water, peat and soil with different properties
(Table 1). The immobilisation efficiency of differ-
ent HS tested was found to differ only slightly.

The obtained polymers were characterised by
weight gain during reaction, elemental analysis
and IR spectra of polymers after the reaction
(Fig. 3). The IR spectra of immobilised HS show
general features common for HS, sometimes with
overlapping of lines from the polymer matrix used
for immobilisation of HS. Absorption bands in
the spectral region 3600-2800 cm~! are very
broad and due to the presence of -OH groups.
Sorption at wavelengths 2920 and 2860-2850
cm ! indicates the presence of CH;~ and CH,—
groups. Typical intensive sorption lines are com-
mon for the region around 1700 cm~' (1725-
1700 cm ~ 1), characteristic for carbonylgroups.

The total content of immobilised HS was deter-
mined by alkaline hydrolysis followed by spec-
trophotometric analysis. All immobilised HS were
coloured polymers, and the porosity and particle

111

4000 3000 2000 1000 !

4000 3000 2000 1000 em-l

Fig. 3. IR spectra if immobilised HS I, IIIL, IV, V,4.

size of polymer matrix during the immobilisation
process decreased minimally. The content of im-
mobilised HS varied between 7 and 430 mg HS
¢~ " sorbent. The immobilised HS were hydrolyti-
cally stable (Table 3).

The observed uptake of metal ions (Cu?*,
Co?*, Mn?*, Cd®>*) by obtained sorbents is
presented in Table 4. The uptake of metals was
relatively rapid, and commonly the equilibrium
conditions were reached within less than 30 min.
The initial polymer matrix did not absorb appre-
ciable quantities of metals. The uptake capacity
for different metals depended on the polymer
matrix and type of humic matter bound to the

Table 3
Hydrolytic stability of immobilised HS

Immobilised  Hydrolytic stability (% of HS desorbed

HS after 24 h)
0.05 N HCI 0.05 N NaCl 0.05 N
NaOH
I-HA- 1 0 3
I-HAg 2 0 4
I-HA, 2 0 5
II-HAg 6 0 3
III-HA4 4 0 2
Ve-HAC 0 0 5
Vg-HAc 5 0 8
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Table 4
Sorption of metal ions on immobilised HS

Polymer Cu?* (umol g=1) Co®~ (umol g% Mn?* (umol g~ Cd?* (umol g™")
I-HA 39 23 44 80
II-HA¢ 39 27 34 80
IV-HA 34 33 33 80
7 -HA - - 104 120
Vo-HAC 72 38 50 85
Ve-HA 108 61 60 99
Vp-HAc 187 166 183 177

polymer. Among the tested HS, the highest sorp-
tion capacity of immobilised HS obtained using
polycondensation reaction was found for polymer
V.

The obtained immobilised HS, can also be used
as sorbents for hydrophobic organic chemicals, as
demonstrated by sorption of p-aminoazobenzene
on the obtained polymers (Fig. 4). The sorption
was rapid, especially in the case of macroporous
sorbents. For polymers obtained using polycon-
densation, the sorption was slower. The sorption
of hydrophobic organic chemicals was dependent

=)
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B o«
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=
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Cxacpy mol 1

>

o
—
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1
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Fig. 4. Sorption of p-aminoazobenzene onto immobilised HS
(A) depending on concentration of NaCl; (B) kinetics of
sorption.

on the presence of other dissolved substances
(NaCl); and increased as the dissolved substance
concentration was raised. This effect could be
explained by the decreasing solubility of p-
aminoazobenzene in solutions with high ionic
strength. The sorption efficiency of p-amino-
azobenzene differed greatly between sorbents, be-
ing highest for polycondensation polymers and
lowest for HS immobilised onto silica carriers
(possibly due to low concentration of immobilised
HS).

4. Conclusions

The described methods allow to obtain HS
immobilised on different carriers. The obtained
immobilised HS can be regarded as prospective
sorbents for both hydrophobic organic substances
and metal ions.
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Abstract

Experiments in batch equilibrium system were carried out to evaluate the importance of physical and chemical
factors determining the sorption efficiency of humic substances (HS) on aquifer material, which has been used for
artificial recharge of groundwater (ARG) in drinking water production. Results showed that an increasc of the amount
of clay in the aquifer material and a decrease of pH in water increased the sorption efficiency. The sorption of higher
molecular weight, more hydrophobic and aromatic HS (Aldrich and forest soil humic acids) were greater than the
sorption of acidic HS (river fulvic acids), either on the aquifer material or to its representative sorbing phases, clay and
organic matter. The sorption on the aquifer material was largely duc to physical sorption (hydrophobic attractions).
This study showed the importance of HS composition on their removal during ARG and contributed to an under-
standing of the HS sorption mechanisms in this process.

© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Humic substances; Sorption; Artificial recharge of groundwater; Aquiler material; Drinking water

1. Introduction

Artificial recharge of groundwater (ARG) is achieved
by putting surface water in basins or other facilities
where it infiltrates into the ground and moves through
porous media downwards to recharge aquifers. In this
process, without adding any reagents, suspended parti-
cles and human pathogens are effectively removed from
the water (Huisman and Olsthoorn, 1983). Therefore, in
areas where permeable aquifers are available, ARG has
been used for drinking water production for more than
150 years. Nowadays, it is recognized that removing

" Corresponding author. Tel.: +371-7331766; fax: +371-
7332704.
E-mail address: mklavins@lanet.lv (M. Klavins).

humic substances (HS) (humic acids (HA) and ful-
vic acids (FA)) from drinking water is important be-
cause they impart a yellow colour to water and may lead
to the formation of carcinogenic by-products dur-
ing disinfections (Rook, 1974) as well as undesirable
bacterial biofilm growth (Ellis et al., 2000) in distribu-
tion systems. The removal efficiently of HS dur-
ing ARG varies from place to place; the causes of
these variations are often not understood. Thus, more
knowledge about the mechanisms involved in removing
HS is of interest.

Due to partially colloidal properties (Jones and
Bryan, 1998) and its ability to associate with inorganic
colloids (Burba et al., 2001), straining and interception
in porous media both in solid-water and gas—water in-
terface may be involved in HS retention during the
ARG. However, sorption to aquifer material (hereafter
filtersand) (McCarthy et al., 1993) followed by micro-
bial degradation are the most important mechanisms.

0045-6535/03/$ - sce front matter © 2003 Elscvier Science Ltd. All rights reserved.

doi:10.1016/S0045-6535(03)00108-5
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Because HS are relatively resistant to degradation
whereas attachment to surfaces may increase their
availability for bacteria (Camper, 2002), sorption is
most likely a limiting step for HS removal during ARG.
The mechanisms of HS sorption to filtersand have not
been widely studied. However, given the similarity in
composition of material, these mechanisms are assumed
to be similar to those occurring in soils (Jacks and
Frycklund, 1995), river sediments, and natural aquifer
materials. Among the different mechanisms proposed,
ligand exchange (chemisorption), hydrophobic attrac-
tion, and electrostatic attraction (physical sorption)
are considered the most important for removal of HS by
surfaces (Stumm, 1992) because HS has both acidic
functional groups (carboxyl and phenol) and hydro-
phobic moieties. Due to the carboxyl groups, HS
may participate in ligand exchange or electrostatic in-
teraction with oxide surfaces, whereas hydrophobic
properties allow HS to accumulate on surfaces because
of their incompatibility with water, which is more polar
than the surface (Lai and Chen, 2001). The importance
of these mechanisms can be evaluated by comparing the
sorption of FA (i.e. more acid fraction of HS) with HA
(i.e. more hydrophobic fraction of HS). In addition to
the type of HS, the physical-chemical properties of
sorbing material (e.g. texture, surface areas, amount of
oxides groups) and of water (e.g. pH, ion strength,
concentration of divalent metals) govern the sorption
mechanisms.

In the present study the sorption of FA and HA on
the filtersand and its major composing phases partici-
pating in the sorption (i.e. iron and aluminium oxides,
organic matter) was evaluated in laboratory batch eq-
uilibrium systems. The objective of the study was to
investigate how the composition of the filtersand and HS
influence sorption efficiency of HS on the filtersand, and
to evaluate importance of the sorption mechanisms in
removal of HS during ARG.

Table 1

2. Materials and methods
2.1. Isolation and analyses of humic substances

HA and FA from typical forest soil (podzolic) in
Latvia and filtersand from the infiltration basin used for
drinking water production at Baltezers ARG plant in
Riga, Latvia were isolated by extraction with 0.1 M
NaOH (Thurman, 1985). HA and FA from water of
Lake Baltezers (used for ARG) and the Salaca River
were isolated by the Thurman and Malcolm method
(Thurman and Malcolm, 1981), which was modified by
Klavins and Cinis (1990). Commercial (Aldrich Chemi-
cal Company—Milwaukee, WI) HA isolated from coal
was used for comparison. The elemental composition of
isolated HS was determined on a Perkin-Elmer 240 B
CHN analyser. Ash content was determined by ignition
of samples at 500 °C for 5 h. The content of carboxyl
groups was determined using Ba(OH), titration, and the
content of hydroxyl groups was done after acetylation
(APHA, 1988). Aromaticity of HS was determined
based on measurement of their ultraviolet light absorp-
tion and calculated according to Chin et al. (1994). The
(O + N)/C atomic ratio was used to establish hydrophi-
licity/hydrophobicity of HS as suggested by De Paolis
and Kukkonen (1997). The higher is this ratio the more
hydrophilic is the substance. Molecular weight distri-
bution was determined with gel filtration on Sephadex
G-100. Properties of the HS used are summarised in
Table 1. Concentrations of HS in water were measured
colorimetrically at 410 nm wavelengths using a HACH
DR 2000 spectrophotometer and calculated from cali-
bration graphs initially prepared for each HS.

2.2. Sampling, preparation and analysis of the filtersand

Filtersand was sampled at the Baltezers plant where
groundwater is artificially recharged by infiltration of

Elemental and functional composition of HS from filtersand of infiltration basins at Baltezers plant (Filtersand HA); HA from water of
Lake Baltezers (Lake HA); HA from deposits of Lake Baltezers (Sediment HA); FA from Salaca River (River FA); podzolic soil HA

(Soil HA) and Aldrich HA

HS Elemental composition (%) Atomic ratio 2C_coon SCaron Clromaticity

(mmol/g) (mmol/g) (%)
C H N o H/O (N+0)/C

Filtersand HA ~ 54.6 3.7 0.9 40.8 1.45 0.57 4.88 1.18 32.5

Lake HA 57.2 3.9 1.0 40.2 1.57 0.63 4.15 1.42 19.3

Sediment HA 52.1 6.0 43 37.5 2.58 0.61 2.43 - -

River FA 46.3 3.7 2.9 47.1 1.26 0.82 4.45 0.98 16.3

Soil HA 49.8 4.7 2.1 433 1.75 0.69 2.21 - 65.3

Aldrich HA 49.9 4.7 23 43.1 1.76 0.69 2.15 - 53.5

“ Carboxylic groups.
® Phenolic hydroxyl groups.
¢ Aromaticity.
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water from Lake Baltezers through the infiltration ba-
sins. The basins were excavated in quaternary deposits
at the end of the 1950s. In 1997, samples were collected
from the bottoms of three infiltration ponds numbered
accordingly 3, 4, and 8. Samples from each basin were
taken close to the periphery (A), the centre (C) of the
basins and in between these sampling points (B). The sur-
facial filtersand layer (0-4 c¢cm) was sampled by Ekman
drag, and deeper layers (4-24 cm) were taken using a
core sampler and dissected into segments of 4 cm. The
samples were air dried, sieved (<2 mm), and subse-
quently used for analyses and sorption experiments.

Particle size was estimated by dry sieve analysis or by
the hydrometer method. BET surface area for minerals
was determined by Micrometric FlowSorb II 2300 (30%
H,, 70% He) or Coulter SA 3100. The mineral compo-
sition was estimated using X-ray diffraction (diffrac-
tometer DRON-3). The filtersand chemical composition
was determined by standard methods (APHA, 1988).
For chemical analyses iron was extracted from filtersand
samples (~10 g) with 25 ml conc. HNO;, together with
5 ml 60% HCIO,. The content of organic carbon (OC)
in the filtersand was determined by K,Cr,0O; digestion
(Methods of Soil Analysis, 1989).

2.3. Filtersand with organic matter removed

The organic matter in filtersand samples was re-
moved by oxidation in acidic media: 500 g of the filter-
sand treated with a mixture of 375 ml 15% H,0, and
10% CH3COOH (55 ml) at 75 °C for 4 h, after which a
new portion (100 ml) of 30% H,0, was added with
heating for an additional 2 h. Next, the samples were
washed with 0.01 M NaCl to remove the entrained salts,
then by distilled water, and dried at 105 °C (24 h).

2.4. Oxides, clays and lake sediments

To determine more specifically what phases contrib-
uting to HS sorption on aquifer material, phases repre-
senting those found in aquifer material were obtained
for the study. Reanal supplied Alumina (a-Al,O5). Go-
ethite (0-FeOOH) was synthesised accordingly (Lattimer
and Jones, 1992). Clays were collected in Latvia; their
characteristics are given in Table 2. Surfacial sediments

Table 2

863

layer (67% OC, BET of 1.51 m?%/g, 7.37 mg/g Fe) were
collected by Ekman drag from the bottom of Lake
Baltezers and analysed as per the methods cited above.

2.5. Sorption experiments

Sorption studies for HS on different phases were
conducted as batch experiments performed in 50 ml
sealed glass bottles on a rotary shaker table for 16 h at
20 °C. In 50 ml glassware, 5, 10, 25, 50, 75, 100, and 250
mg/l solutions of HS were equilibrated with 0.5 g of
sorbent until equilibrium occurred. After separation of
the sorbent by filtration through filter paper, the con-
centration of HS in the filtrate was analysed. The
quantity of HS sorbed to different phases was deter-
mined from the difference between the initial aqueous
phase concentration and the concentration in solution at
equilibrium. Due to the release of organic matter from
the filtersand and lake sediments, the results of the
sorption experiments could not be interpreted by Fre-
undlich or Langmuir isotherms. When initially sorbed
(background) organic matter needs to be considered, the
initial mass approach (Nodvin et al., 1986) is useful.
This approach was also used in this study. In the initial
mass approach, the concentration of a substance re-
tained or released (normalized to sorbent mass) is plot-
ted as a function of the initial concentration of the
substances (also normalized to sorbent mass).

3. Results
3.1. Composition of the filtersand

Mineralogical analysis using X-ray diffraction spec-
troscopy revealed that the filtersand, regardless the
sampling location and depth, was dominantly composed
of SiO, (quartz) with some admixture of aluminium
silicate (labradorite plagioclase). An absence of iron
oxide minerals (e.g. celadonite and glauconite) indi-
cated that iron, detected by chemical analyses, (Table 3)
presumably infiltrated in via surface water. The texture
of the aquifer material ranged from clay to fine sand.
Typical concentrations of clay in filtersand ranged be-
tween 1% and 3% (basins no. 8 and 3), whereas it was as

Sorption (mg/g) of different HA and FAs (FA) of different origins on clay (pH 3.4, temperature 20 °C and 100 mg of clay)

HS Clay sample no. 1* Clay sample no. 2° Clay sample no. 3¢
Aldrich HA 27.1 29.2 16.0
Soil HA 26.3 28.4 13.5
River FA 12.1 14.2 6.4

“Greenish gray, calcareous clay, dominantly smectite.
P Reddish brown fat clay, dominantly smectite.
¢Black, lean clay, dominantly kaolinite.
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Physical and chemical characteristics of aquifer material (filtersand) recovered from surfacial layers (0—4 cm) of infiltration ponds used
for artificial groundwater recharged from Lake Baltezers compared to composition of soil analysed by Jardine et al. (1989)

Sampling site BET oC Particle size analyses (dry wt.%) Fe
(m?/g) (Wt.%) Sand Silt Clay (mg/g)
8B* n.d. 0.5 77.0 22.0 1.0 0.64
3A* 0.49 0.6 65.7 31.0 33 0.71
4A* 0.85 0.5 40.8 37.2 22.0 0.69
Reference soil® n.d. 0.2 322 44.5 23.6 16.82¢

n.d.: not determined, BET: surface area and OC: percent of organic matter.
4 Number represents the no. of basin, letter represents sampling locations in the basin (see part 2.1 in the text).

® Jardine et al. (1989).
¢ Dithionite-citrate-bicarbonate extractable Fe.

Humic substances retained, mg/g

8A 8B 8C

3A

3B 4A 4B 4C

Sampling position

Fig. 1. Sorption of Aldrich HA (100 mg/l) on filtersand samples from different infiltration basins (sample size 500 mg; pH 6.5; sorption
time 16 h). All samples were taken from the uppermost layer, 0-4 cm, but at different positions (A, B, C) in the basin. See composition

of filtersand in Table 3.

higher in basin no. 4 close to that found in soils, see
Table 3. The amount of OC was about 0.5%.

3.2. Composition of humic substances

Soil HA and commercially available (Aldrich) HA,
were more aromatic and contained less from the carb-
oxyl groups than river FA, Table 1. The (O + N/C)
atomic ratios for Aldrich HA and soil HA were signifi-
cantly lower than for river FA (Table 1) and indicated
that both HAs were more hydrophobic than the FA.
The molecular mass of the aquatic FA was lower (500
1000 Da) than for both HAs (500-3000 Da).

3.3. HS sorption on filtersand and related phases

Sorption of Aldrich HS increased with increased
amounts of clay and decreased with increased amount of
OC in the filtersand, Figs. 1 and 2. Sorption was hetero-
geneous among samples, but generally increased with the
depth below the basins, Fig. 2. Sorption experiments of
different HS on clays revealed that HS sorption exceeded
the FA sorption, while it was better on smectite (the ex-

pandable clays) compared to koalinite, Table 2. Sorption
to the filtersand from which organic matter was chemi-
cally removed was low or negative. At the same pH,

2.5 0.6

®
SR
95
El S
T
g =
=

o

Humic substances retained, mg/g

0-4

4-8 8-12 12-16  16-20

Depth in basin, cm

Fig. 2. Relationship between sorption of Aldrich HA (100 mg/
1) to filtersand and the different depths below infiltration basin
no. 8A (sample size 500 mg; pH 6.5; sorption time 16 h). Leg-
end: left y-axis, OC, organic carbon (white bars); clay (black
bars); right y-axis, adsorbed HS (open squares).
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Fig. 4. Relationship between the sorption of HS and pII of
filtersand samples from the infiltration basins. Each data point
represents mean values of filtersand collected from all basins at
different depths and positions. Vertical error bars represent the
standard deviation from mean values.
Aldrich and soil HA were sorbed better than river FA to
typical filtersand (basins no. 3 and 8) from Baltezers
lant, Fig. 3. Regardless of the filtersand composition,
p g g P 0 10 20 30

the lowering of pH significantly increased the sorption
efficiently of HS, Fig. 4. To understand the influence of
different phases composing the filtersand, the sorption of
HA and FA to iron, aluminium oxides, and organic rich
sediments were tested. HA were always better or similarly
sorbed to all filtersand components except iron oxide,
which instead better sorbed FA (Fig. 5).

Humic substances added, mg/g

Fig. 5. Sorption (sample size 500 mg; pH 6.5; sorption time 16
h; temp 20 °C) of FA and different HA on (A) crystalline
Alumina (ALO;), (B) sediments {rom Lake Baltezers (13.3%
OC) and (C) crystalline goethite (a-FeOOH).
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4. Discussion

Shen (1999) suggested that chemisorption (ligand
exchange) is the dominant mechanism for sorption of
HS to soil. Jardine ct al. (1989), after obscrving tem-
perature independency of HS sorption to soil, suggested
that physical sorption driven by entropy changes (hy-
drophobic attraction) is more important. Gu ct al.
(1994) argued that due to fact that most of positively
charged sites (e.g iron oxides, broken edges of clay
surfaces) are occupied with organic matter, the ligand
exchange is unlikely to be a dominant interaction in the
soil system.

The composition of the filtersand used for ARG
systems was similar to that of soils but with lower
amounts of clay and iron oxide (Table 3), the surfaces
bearing major binding sites for sorption of HS. A rela-
tively high amount of OC (Table 3) indicated that a
large proportion of these sites had already been occu-
pied with organic matter making their surfaces nega-
tively charged (Day et al., 1994), and thus unavailable
for ligand exchange. The quartz was a major constituent
of the filtersand. Ligand exchange of HS with quartz
surfaces is minor, as proven in experiments by Spark
et al. (1997), in which no proton consumption was
observed in the interaction between the quartz and
HS. Thus, under conditions where filtersand has a lim-
ited number of binding sites, ligand exchange is proba-
bly not the dominant process for removing HS during
ARG.

The results showed that sorption of HS increases
with an increase the fraction of clay in the filtersand.
Due to small size the clay particles have a large specific
surface area that, depending of chemical and physical
properties of clay (not identified herein), can be con-
ductive for either physical or chemical sorption to occur.
The results from this study showed that HA, more ar-
omatic and with higher molecular mass fraction of HS
were better removed than FA, more acidic fraction with
higher amounts of functional groups, Fig. 3. This might
indicate that physical interaction rather than ligand ex-
change between HS and the filtersand are important.
However, this should be carefully considered since lower
sorption efficiency of HS with a higher amount of
functional groups (e.g. FA) is not always indicative of a
lack of coordinative interaction (ligand exchange). HS
are macromolecules which behave like polyelectrolytes;
thus their sorption is determined not only by the avail-
ability of sites, but also by lateral interaction between
themsclves and the steric arrangements of the macro-
molecule (Kaiser and Zech, 1997; Vermeer et al., 1998).
Due to a high amount of functional groups, HS stretches
(due to lateral repelling between the functional groups)
and when becomes sorbed on the surfaces occupics a
large area that makes overall sorption efficiency of FA
lower than of HA. This is also demonstrated by the

finding that HS, with high amounts of aromatic groups
and lower amounts of carboxyl groups, can be prefera-
bly sorbed to the surface with high amounts of binding
sitcs such as iron or aluminium oxides (Evanko and
Dzombak, 1999; Meicr ct al., 1999). This occurs cven
though ligand exchange is the dominant mechanism of
interactions of HS with those surfaces (Tipping, 1981;
Day ct al., 1994; Gu ct al., 1994; Edwards ct al., 1996;
Tombdcz et al., 2000).

In the sorption process HS replaced nearly all pre-
viously retained HS before any sorption could occur,
Fig. 3. This indicates that HS were weakly sorbed on the
bare filtersand, perhaps as a result of physical interac-
tion. Elemental analyses showed an insignificant in-
creases of oxygen and carboxyl groups in the filtersand
HS compared to HS of the water used for recharge.
Thus, chemisorption, which generally contributes to
higher level of theses moieties in the sorbed HS, was not
significant.

A change of pH affected both HS and filtersand
properties. A decrease of pH should increase the positive
charge of oxides, thereby making an electrostatic at-
traction with negatively charged HS molecules possible.
However, at acidic pH HS become more hydrophobic,
thus increasing the possibility for hydrophobic attrac-
tion. Since the filtersand contained low amounts of iron
and clay, the strong positive effect of sorption (Fig. 4)
that was due to a lowering of pH, was perhaps also due
to a hydrophobic effect rather than an increase of clec-
trostatic attraction. Therefore, the sorption may be
dominated not so much by the forces between the fil-
tersand surface and HS, but rather by the intermolecular
association forces between HS and its incompatibility
with water.

However, we observed that background organic
matter also plays an important role. HS is better at-
tracted to organic rich sediments than to filtersand,
which had a relatively lower amount of OC. Elemental
analyses revealed that filtersand showed significantly
lower H/O ratio compared to sediments, Table 1. The
H/O ratio indicates the humification degree of HS (De
Paolis and Kukkonen, 1997). Thus, the higher ratio in-
dicated that HS in sediments were more humified than
the filtersand HS, which apparently also increases the
ability to remove HS from water.

From this discussion, we conclude that due to low
amounts of binding sites in filtersand, a hydrophobic
fraction such as HA is preferably removed over more
acidic fraction such as FA. This may lead to a frac-
tionation of HS during ARG where large hydrophobic
and aromatic molecules are removed in the earlier in the
process, though FA are conserved unless the aquifer is
rich with iron oxides or clay. The conclusion reached
from this laboratory scale study is consistent with carlier
findings from full-scale studies presented by McCarthy
et al. (1993) and Schwarzenbach et al. (1983).
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The aromatic fractions of HS are a major source
of by-products and colour, thus ARG decreases the risk
of carcinogenicity and improves the aesthetic quality of
surface water. If filtersand, through which ARG is ac-
complished, is poor in iron oxide minerals or clay, the
removal of FA would be low even after long infiltration
distances.

5. Conclusion

Sorption experiments showed that clay content in-
creased whereas organic matter decreased the sorption
of HS to filtersand at ARG. Organic matter was released
because it was not chemically bound and completely
stabilized. More aromatic, hydrophobic fractions of HS
(HA) were to a higher extend sorbed than acidic frac-
tions of HS (FA). Chemisorption appears to be less
important than physical sorption (hydrophobic sorption
enhanced by polyelectrolytic effect) for HS removal
during ARG.
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Abstract

Aquatic humic-type solutes were separated in parallel from the same fresh water source by four different procedures: non-ionic polymethyl
methacrylate (DAX-8) and functional cross-linked polyvinylpyrrolidone (PVP) resins, functional diethylaminoethyl cellulose (DEAE) and
tangential ultrafiltration completed with a weakly basic anion exchange resin (IRA-67). The similarity—dissimilarity between the quantities
and qualities of the different humic samples is discussed, especially in the light of the original dissolved organic matter (DOM). During the
past two decades, a significant progress has occurred in the aquatic humic research due to the so-called hydrophobic—hydrophilic properties
possessed by certain non-ionic sorbing solids. As a result of many coincidences, it may be justifiable to examine critically the prevailing
isolation techniques of aquatic humic solutes and to try to update their complicated definitions. For that reason, it is reasonable to summarize
the leading principles of different isolation techniques in Section 1 of this article. The results of the present study strongly support the
applicability of the PVP resin, alone or completed in sequence with a suitable non-ionic sorbing solid, for isolation of aquatic humic-type
solutes from both quantitative and qualitative points of view. In certain cases, the DEAE cellulose gives a useful alternative for conventional
sorbing solids in the isolation of the bulk of aquatic humic solutes. The base-catalyzed ester hydrolysis of the HM during the chromatographic
isolation of the DOM seems to be relative minor.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Humic substances; DOM; DAX-8; PVP; DEAE; SEC; FT-IR

tional humic (HA) and fulvic (FA) acids based on their sol-
ubilities in aqueous acids and bases. This humic—fulvic acid
fractionation at strongly acidic conditions (pH =~ 1) is be-

1. Introduction

The importance of the macromolecular, unidentifiable and

very complicated heterogenous mixture of natural organic
matter (NOM) in all environmental systems can be consid-
ered as a consensus of opinion. These scattered mosaic-like
organic constituents are most frequently extracted from the
solid NOM with aqueous bases (e.g. [1]). These extracts of
so-called humic substances are further partitioned into func-

* Corresponding author. Fax: +358 2 3336700.
E-mail address: juhpeur@utu.fi (J. Peuravuori).

0039-9140/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2004.06.042

lieved [2] to be useful and meaningful for characterization and
separation of humic substances. The nomenclature and defi-
nition of these humic substances are not easy-to-understand
and they have features of scientifically hair-splitting [3]. The
common denominator in the humus chemistry is that all clas-
sifications and definitions of humic substances, regardless of
the nature of the sample (dissolved or solid), are only opera-
tional based on the procedure used for their isolation and no
ideal system is available that would satisfy each scientist.



136

J. Peuravuori et al. / Talanta 65 (2005) 408-422 409

The carbon cycling in aquatic ecosystems is extremely
complicated and the origin of aquatic humic solutes can be
dated back to many complex interacting sources (e.g. [4]).
The formation of aquatic humic solutes occurs as the result
of several processes in the aquatic environment and it is a
dynamic process with no unidirectional vector, as has been
pointed out in the literature (e.g. [5]). In general, the dis-
solved organic matter (DOM) in natural water is classified
[6] roughly into two groups: (i) non-humic solutes, consist-
ing of compounds belonging to the well-known classes of
organic substances such as amino acids, hydrocarbons, car-
bohydrates, fats, waxes, resins, low-molecular acids, etc. and
(ii) very complicated heterogenous humic solutes. These two
groups are not completely, neither physically nor chemically,
distinguishable from each other, because some natural non-
humic solutes, such as carbohydrates, can be an integral part
in the structural composition constructing humic solutes.

Nevertheless, the phrase of aquatic humus is very popular
in water chemistry, this term is as indefinite as that of the
humic substances, and it remains open what is dealt with:
DOM, humic solutes in full without partition or something
else. The use of specific terms of fulvic and humic acids is
based on an assumption that they represent real entities of or-
ganic constituents. On the contrary, the abbreviation of humic
matter (HM) refers to the generic term of all humic solutes
regardless of certain specific isolation—fractionation proce-
dure. The HM, which may, at best, account for as much as
90% of the DOM, has an essential role in the carbon cycle of
the dissolved organic carbon (DOC). The ability of the HM,
e.g. to inactivate various pesticides and other organic pol-
lutants via complexation—copolymerization [7], to influence
transport processes of organic and inorganic pollutants [8],
to lower bio-availability of harmful heavy metals via com-
plexation [9], to act as precursors for the formation of several
mutagenic organic chemicals during chlorine treatment of
natural waters [ 10] in addition to the structural chemistry, es-
pecially in the light of its environmental impact (e.g. [11]),
have led to world-wide interest in research of this natural
organic material.

The modern humus chemistry has progressed strongly re-
cently, thanks to modern analytical techniques. However, the
major problem in the aquatic humus chemistry is still how
to separate the HM selectively from other organic and inor-
ganic solutes for obtaining a representative sample. Because
ofthe dilute solutions of the aquatic NOMs, they must be con-
centrated for further studies. Several techniques, with their
advantages and disadvantages, for concentrating and also si-
multaneously for isolating the aquatic HM from the DOM
are available [12], including freeze-drying, chemical precip-
itation, solvent extraction, reverse osmosis, ultrafiltration and
adsorption to solids.

The most frequently applied procedures for simultaneous
concentration and fractionation of aquatic humic solutes from
most other dissolved constituents are at present the column
chromatographic methods by non-ionic sorbing solids (such
as XAD resins or analogues). Unfortunately, the manufacture

of the reliable XAD-8 resin (Amberlite®) was ceased some
years ago. It has been reported [13,14] that XAD-8 resin
possibly can be substituted by Supelite™ DAX-8 resin. The
potential of the DAX-8 resin as a research tool in the hu-
mic sciences has been also tested using several analyses of
structural fine-chemistry [15-17]. Despite some promising
attempts, it seems, however, to be troublesome and uncertain
to substitute the workable XAD-8 resin for a comparable
one. In the light of this problem, it may be justifiable to try to
adopt a more physical definition for humic-type constituents,
not solely based on some fictional hydrophobic-hydrophilic
interactions at certain acidity but more real and distinctive
functionalities.

The leading principle in using non-ionic sorbing solids
is that the method classifies organic solutes in a water
sample at preadjusted acidity (pH = 2) into fictional hy-
drophobic and hydrophilic fractions (in fact, to be dissolved,
the original DOM at natural acidities must in reality be
quite hydrophilic anyhow). According to certain preadjusted
hydrophobic—hydrophilic interactions between organic so-
futes and the non-ionic sorbing solid, the relatively most hy-
drophobic macromolecular organic acids (humic substances
[18]) are retained onto the adsorbent. This primary organic
fraction is most frequently partitioned at strongly acidic con-
ditions (pH = 1) into humic- and fulvic-type acids. The back-
ground of the multi-stage non-ionic sorbing solid technique
is thoroughly reported and discussed in the literature [18,19].
It has been underlined [20,21] that the utilization of this tech-
nique alone may include certain risks for uncontrolled frac-
tionation, reactions and conclusions.

The most peculiar characteristic for different kinds of
humic-type constituents is the occurrence of acidic functional
(mainly carboxylic) groups which render them into polyelec-
trolytes. This quality permits the isolation of practically all
humic-type solutes in one step from water by certain anion
exchange resins. The most popular material for this purpose
has been the DEAE cellulose (Sigma, [25249-54-1]) which
is a weak anion exchanger with tertiary amine functional
groups bound to a hydrophilic matrix (—OC;H4N(CyHs)o).
The quantities of ionized organic humic solutes isolated with
this procedure have generally been relatively high (about
80% to nearly 100% of the DOM) in fresh water as compared
to the so-called XAD technique [22-27]. The optimum re-
covery of organic acids of the DOC occurs between pH 4 and
6, and it is possible to isolate almost all organic acids from a
fresh water sample without any pH adjustments. On the other
hand, it has been reported [28] by studying aquatic marine
HM that even the relatively low salinity of, e.g. brackish
water will decrease the retention of acidic solutes, especially
those with lower molecular sizes, onto the DEAE cellulose.
The utilization of anion exchangers in the humus chemistry
has been discussed more closely in the literature (e.g.
[19).

Other peculiar characteristics of humic-type organic con-
stituents are their relatively high content of phenolic func-
tional groups, in addition to those of acidic groups, and the
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abundance of aromatic C=C moieties. These properties per-
mit the utilization of the cross-linked PVP for the fraction-
ation of the DOM into humic-type constituents and other
organic residues (primarily comprising carbohydrates, pro-
teins, amino acids and uronic acids) under acidic conditions
(pH ~ 2). Although PVP in its insoluble form has been used
in several fields of research, including also the HM beginning
in 1968 [29], its utilization in the humus chemistry is lesser-
known. However, this does not prove the unsuitability of
PVP resins for the isolation—fractionation of the HM [30-35].
The PVP procedure is similar to that of non-ionic sorbing
solids, concerning the acidity of the original water, which
must first be acidified to about pH 2. The PVP resin forms
strong hydrogen bonds with phenolic, hydroxyl and carboxyl
groups of the DOM (e.g. [33]), while non-ionic macroporous
copolymers classify at a given preadjusted acidity organic
humic solutes in a water sample according to their relative
hydrophobic—hydrophilic interactions between the surface of
the sorbent bed.

Tangential-flow membrane-ultrafiltration provides a
method for concentrating the original DOM according to
its molecular size. In addition, this procedure (continuous
operation) will minimize (e.g. [36,37]), as recently verified
[38-40], a number of problems connected (e.g. [41-43]) with
the bath operation (dead-ended) even though a slight foul-
ing of the membranes cannot be avoided (e.g. [44]), and
large volumes of water can be easily processed for obtaining
gram quantities of DOM concentrates with different molec-
ular sizes, e.g. for freeze-drying.

Molecular weight-size distributions are essential prop-
erties for estimating physical and chemical characteristics
of dissolved humic-type organic constituents. The most ex-
tensively used technique for this purpose is apparently the
high-performance size-exclusion chromatography (HPSEC)
by UV-detection. In all, the UV--vis spectroscopy has its own
function in the study of aquatic organic solutes, e.g. UV
254 nm is the most commonly utilized wavelength for mon-
itoring water quality changes, but the absorptivity of smaller
molecular size fractions at this wavelength is somewhat re-
duced. In summary, determining molecular sizes of DOM
by different HPSEC applications is not a simple task as re-
ported and reviewed previously (e.g. [39.45]). Worth of con-
sidering in this context, is the view stressed in literature that
a chromatographic column of the TSK G3000SW-type and
10 mmol sodium acetate buffer at pH 7 as the eluent is the only
system being able to separate efficiently different molecular
size fractions ofthe aquatic very heterogenous NOM [46-48].

In the present study, three different sorbing solids (namely
DAX, PVP and DEAE) and tangential ultrafiltration (UF,
1 kDa of nominal molecular size, NMW, cutoff), followed
with XAD-8/2 (65/35 (w/w)), weakly basic anion (IRA-67)
and strongly acidic cation (Dowex 50W x-8) exchange resins,
were applied for isolation—fractionation of humic-type or-
ganic solutes from the same lake water sample. Several humic
isolates separated previously by XAD-8 and DEAE resins
from different fresh water sources were utilized as refer-

ence samples. Principal basic analyses (molecular size dis-
tribution, elemental organic analyses, UV—-vis and Fourier-
transform infrared (FT-IR) characteristics) were performed
to illustrate the general ability of different sorbing solids in
isolating humic constituents in comparison with the original
DOM.

2. Experimental

2.1. Origin and isolation of samples

A natural fresh water sample was collected from Lake
Savojérvi (SSS) situated in a marshy region in the south-
western part of Finland, in autumn 2002. Lake Savojirvi
has very brown water (colour as cobalt—platinum units about
150mg PtI~'; DOC 20mg C1™'; conductivity at 25°C,
about 6mSm~' and pH 5.8) [39]. The SSS-water sam-
ple (about 1501) was collected 1 m below the surface into
glass containers. The original water sample was at first pre-
filtrated (0.2 wm, Nuclepore polycarbonate filter cartridge,
no. 611101) directly after sampling and, thereafter, stored
in hermetic containers in the dark at 4 °C during the analy-
sis and isolation procedures. The International Humic Sub-
stances Society reference samples of Nordic aquatic fulvic
acid (No. FA, code IR105F) and humic acid (No. HA, code
IR105H) were isolated by the conventional XAD-8 technique
in summer 1986 from the runoff water (colour about 200 mg
Pt1~" and DOC 20 mg C 1~!) of a Norwegian mire (symbols
R8 and R9 in Table 1, respectively). The reference samples
R1-R7 were isolated in 1994 from Lake Savojirvi (SS, [26])
by an enlarged XAD technique, XAD-8 — cation exchanger
— weakly basic anion exchanger, and in 1989, by the conven-
tional XAD-8 technique from Lake Mekkojérvi (M3, [38]),
also a highly coloured lake (colour about 200 mg Pt1~! and
DOC about 22mg C17, [39]).

The different analytical procedures applied in this study
for isolation and fractionation of the DOM are shown in
Scheme 1. A part of the prefiltrated original SSS-water (51)
was first directly concentrated with a rotary evaporatorto 11
and then dialysed (from about 1.3 mScm™! to 70 uSem ™!,
20 °C) with Spectra/Por 6 dialyse tube (1 kDa of NMW cut-
off) against distilled water and finally freeze-dried (fraction
A[orig.wat.])» in order to obtain a point of reference for com-
parisons.

The chromatographic isolation methods of HMs by
DAX-8 resin and DEAE cellulose in Scheme 1 have been
thoroughly reported previously [15-19,26,27]. The organic
constituents not eluted from the DAX-8 resin with base
(so-called [18] hydrophobic neutrals being relatively too
hydrophobic to be eluted with base) were eluted with
methanol and labelled as [MeOH] (fraction Cymeony). It is
notable that the alkaline extracts of the primary HM solutes
(hydrophobic humic substances) eluted from the DAX-8
(fraction Byywmi) and DEAE (fraction Dywm;) sorbents were
not, in the present study, further divided at strongly acidic
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Scheme 1. Analytical procedures for classification of the DOM into different humic-type fractions. For symbols of samples, see Table 1.
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conditions into functional HA- and FA-type fractions. The
amounts of the original SSS-water used for the DAX-8
and DEAE procedures were 10.0 and 44.91, respectively.
All cation exchanged concentrates By (1.001), Cpmeon
(0.251) and Dyumj (1.501) were finally freeze-dried.

As shown in Scheme 1, the PVP (Sigma [25249-54-1])
resin was first washed with distilled water, dilute NaOH, 10%
HCl, distilled water until free of C1~, acetone, distilled water,
and thereafter, suspended in 0.01 M HCI (pH 2). Pretreated
slurry of PVP resin (160 g dry weight) was placed in a glass
bottle (10 1) and the original SSS-water samples (7-9 1 per an
isolation cycle, in all, 45.01), acidified (HCI) to pH 2, were
added and the mixture was stirred for 16 h (batch method).
The suspension was filtered and the resin slurry washed with
distilled water before eluting (0.1 M NaOH) the retained
humic-type organics (fraction Ejym)). The combined acidic
(pH 2) filtrates (Eeguent, in all, 40.0 1) were further treated by
the bath method, first with XAD-8/2 resin (fraction Fjxapj)
and next with IRA-67 anion exchanger (fraction Gyraj)
for obtaining the rest of humic-type macromolecular or-
ganic acids. All cation exchanged concentrates Ejymj (4.43 1),
Fixap) (0.211) and Gpraj (0.601) were finally freeze-
dried.

The UF procedure in Scheme 1 was carried out using a
tangential-flow membrane-filtration system (4 GPM Pelli-
con Cassete System by Millipore). The original SSS-water
sample (51.161) was concentrated (concentration degree,
20; the consistency of the molecular size distribution with
that of original water was verified by HPSEC during the
concentration process) by a membrane of 1 kDa NMW (filter
code: PCAC, cellulosic material by Millipore). The dialysed
(from about 290 to 85uS cm’l) UF concentrate Hipm
(1.001) was freeze-dried for obtaining solid HM/DOM
for analyses. The UF filtrate (Hgjraee, 46.651) was further
acidified (HCI) to pH 2 and treated with weakly basic anion
exchanger (IRA-67) followed with cation exchanger for
characterizing the nature of remained humic-type solutes
with NMW of <1kDa. The basic extract from the IRA-67
resin was cation exchanged for obtaining the actual macro-
molecular organic acids/humic-type constituents of smaller
molecular sizes (fraction Ifjraj). Onto the cation exchanger
retained various organic constituents (fraction Jipow]) were
eluted with NaOH solution. The basic extract of the fraction
Jipow] Was neutralized to pH 7 with HCI and the salt (NaCl)
formed was removed by dialysis. The purified concen-
trates Ifiraj (0.761) and Jipow (0.871) were finally freeze-
dried.

2.2. Chemical, chromatographic and spectroscopic
analyses

The determination of the moisture and ash contents of the
freeze-dried HMs as well as their elemental compositions
(carbon, hydrogen, nitrogen and sulphur; the content of oxy-
gen was taken as a difference from 100%) has been discussed
previously [15]. Table 1 shows the results of the elemental

organic analyses on ash- and moisture-free basis for the dif-
ferent humic isolates. _

The number- (M) and weight-averaged (M,,) molecular
weights before freeze-drying the different HM-type concen-
trates (diluted about 10-fold with the sodium acetate eluent
solution) were determined by HPSEC using a silica-based
TSK G3000SW column (7.5 mm x 300 mm with a 7.5 mm
x 75 mm precolumn) and 10 mmol sodium acetate solution
(pH was adjusted to 7.0 with acetic acid) as an eluent at 20 °C
[39,46-48]. The flow rate of the eluent was 0.80 mlmin~!
and the injection volume, 80 pl. The pumping system was an
L-6200A Intelligent Pump (Merck Hitachi) and the eluted so-
lute was detected at 254 nm (L-4250 UV-vis Detector, Merck
Hitachi). The void (¥;, 6.67 ml) and total permeation (¥, +
Vi, 15.98 ml) volumes were determined using Blue Dextran
2000 and acetone, respectively; the total volume (V}) of the
gel bed was 16.57 ml. Elution parameters were calculated as
a distribution coefficient [39]: kpy = (Ve — Vo)(Vo + Vi) —
V), where Ve, elution volume of the solute. Averaged M,
and M, values for the heterogenous humic mixtures were
calculated by the equations: M, = Zni/Xn/MW; and M,, =
TnMWi/Zn;, where n; is the number/weight (in this case,
relative response at 254 nm) of a solute i with the molec-
ular weight MW;. Distribution of MW; values for sample
solutes, at some eluted volume 7, were estimated by the cal-
ibration equation presented previously [39] for this HPSEC
column system. The maximum absorbance-scale for each
SEC chromatogram in Fig. 1 is the same, thus making the
results more comparable with each other. Relative UVs4-
absorbances {(UV abs at 254 nm/OC in the original solution,
mgl~!) x 100} were calculated for the chromatograms, ir-
respective of the fact that the real OC concentration of the
eluted sample was not exactly known but the injection vol-
umes were constant, in order to bring the samples into the
same line. The quotient M,,/M, is a coarse estimate for the
degree of polydispersity of the mixture (the value 1 is given
for homogenous polymers). The previous results obtained by
different aromatic acids implied that the charge exclusion ef-
fect of the applied HPSEC system is quite insignificant, i.e.
the charged aquatic humic solutes have a fair chance to per-
meate into the stationary phase pores while using a 10 mmol
sodium acetate, at pH 7.0, as the eluent [39].

The UV-vis spectrophotometric analyses for the differ-
ent HM-type concentrates (diluted about 10-fold with the
sodium acetate eluent solution) were performed on a dual-
beam Spectrometer Lamda 12 (Perkin-Elmer) for the calcu-
lation of the E»/E3-ratio (absorbances at 250 and 365 nm)
and € (molar absorptivity at 280 nm, Imol~! em™! of OC).
Samples were placed in a 1.cm quartz window cuvette and
scanned (60 nm min~'; data interval, 0.20 nm) from 670 to
200 nm. The previously isolated reference samples have been
also dissolved in corresponding sodium acetate eluent solu-
tion.

Fourier-transform infrared (FT-IR) spectra for different
solid samples in Fig. 2 were collected in the transmission
mode using a Galaxy 6030 FT-IR spectrophotometer (Matt-
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Fig. 1. Molecular size distributions for the organic solutes in the original water sample and different fractions obtained by several separation procedures. TSK
G3000SW, 7.5 mm x 300 mm with a 7.5 mm x 75 mm guard column; 10 mmol sodium acetate; pH 7.0; 20 °C; sample loop, 80 pl; flow rate, 0.80 ml min~!;
Vo =6.67; Vo + Vi =15.98 and ¥; = 16.57 ml. Some chromatograms are enlarged 2- to 500-fold for better visualizing. For symbols of samples, see Table 1.

son Instruments) equipped with a DTGS detector. The orig-
inal spectral bandwidth was 4cm™'. About 1.5mg of the
freeze-dried sample (desiccator dried) and 200 mg of KBr
powder (dried in an oven at 100 °C) were ground together
and hydraulically pressed into a small pellet (—13 mm in di-

ameter, —0.5 mm thick). The pelletized KBr samples were
further dried overnight in a desiccator prior to analysis to
minimize interferences from absorbed water. All samples
were measured at a constant temperature (20 °C). The in-
tensities of the recorded FT-IR spectra were standardized
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Fig. 2. FT-IR spectra in the zone 1900-400cm™" for the original water
sample and different humic-type fractions obtained by several separation
procedures. The numbers of the regrouped spectra point to the clusters in
Fig. 4. For symbols of samples, sce Table 1.

against the OM contents of the samples to reduce their
weighing differences and ash contents for obtaining more
semi-quantitative spectra. Although the FT-IR spectra were
scanned between 4000 and 400cm~!, Fig. 2 shows only
the region 1900-400 cm™" where the major differences were
observed. The transmittance-scale for each spectrum is the
same thus making the results more comparable with each
other.

3. Results and discussion

3.1. Effects of different isolation methods on the
quantities of humic-type organic solutes, molecular size
distributions of separated mixtures

Scheme I sums up the efficiency of a given isolation
method (percent of the original DOM) in dividing original
organic solutes into different specific subfractions. Likewise,
Fig. 1 illustrates the molecular size distributions of obtained
mixtures in relation to their quantities. The applied HPSEC
system separated the heterogenous mixture of the original
SSS-water sample into eight different molecular size groups,
i.e. humps of the chromatogram at the elution volumes of
about 7.1, 9.6, 9.8, 10.2, 10.8, 11.9, 13.3 and 16.3 ml corre-
sponding to molecular sizes of about 115300, 11200, 9300,
6400, 3660, 1300, 360 and <100 Da, respectively. The exclu-
sion volume of the last hump at 16.3 ml was clearly greater
than the total permeation volume (¥, + Vi, 1598 ml) in-
dicating that some interactions occur between these small-
molecular size constituents and the gel matrix.

3.1.1. DAX-8 procedure

The ability of the non-ionic DAX-8 resin (in Scheme 1)
to divide the original DOM at pH 2 into so-called hydropho-
bic acids (Bym, “humic substances™), hydrophobic neutrals
(Cpyeony) and less hydrophobic effluent (Beguent) Was of the
same magnitude as reported previously (e.g. [15-17,26]). The
quantitatively significant and relatively more hydrophilic or-
ganic constituents remaining in the Begyent are occasionally
further divided by weakly basic anion exchangers or certain
suitable non-ionic sorbing solids into a so-called “transphilic”
fraction (hydrophilic acids, about 14-25% of the fresh water
DOC [19,26]) and hydrophilic neutrals. It has been recently
[16] demonstrated that the substitute DAX-8 resin can, at
best, isolate about 20% more hydrophobic HM-type organic
constituents than the previous XAD-8 resin. However, it ap-
pears that certain failures occur in the manufacturing of the
DAX-8 resin thus perverting the reliability of the isolation.
This, among other thinks, speaks for arguments to test also
other isolation techniques.

Fig. 1 indicates that the molecular size distribution of dif-
ferent humic-type constituents in fraction Bjym resembles
closely to that of the original SSS-water. This single HPSEC
analysis verifies the previous statement, obtained [27,40]
by complicated fine-structural analyses, that HM-type
solutes obtained by the DAX-XAD procedure must play
a role as certain definite entities in the original DOM and
they cannot be merely accidental products of the isolation
process. However, during the isolation procedure, some
aggregation-rearrangement of certain constituents were
taken place which is also visible from the decreased M ,,/M,
value in Table 1, i.e. the molecular size distribution became
narrower and the fingerprint humps in the chromatogram
shifted slightly towards higher molecular sizes. The shapes
of the elution profiles in the chromatograms obtained for
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the more hydrophobic Cpveon; fraction and transphilic
effluent (Befmyent) are rather similar to those of the original
SSS-water and the fraction Byn). Most noteworthy is the
continuous existence of the relatively high-molecular size
constituents at the elution volumes of 9.8 and 10.8 ml. The
loss of these constituents during the conventional single
isolation procedures is a notable drawback because previous
studies [49,50] prove that the organic constituents belonging
to this, so-called non-humic, category contain qualitatively
the same principal building blocks and the most powerful
discriminating factor appears to be their relative content.

3.1.2. DEAE procedure

Scheme 1 proves the high retaining capacity of the
DEAE cellulose for HM-type organic macromolecular acids
(about 17% more HM, fraction Dyym), was obtained than
with the DAX-8 procedure) analogously to previous stud-
ies [15,16,26]. It has been recently verified [11,26,27], by
fine-structural analyses, that the integrated whole of macro-
molecular organic acids isolated by the DEAE technique re-
sembles both quantitatively and qualitatively very closely to
an average combination of the four different acidic fractions
obtained by the multi-stage DAX-XAD procedure, i.e. so-
called: (1) hydrophobic FA- and (2) HA-type acids, (3) hy-
drophobic neutral solutes ({MeOH]) and (4) hydrophilic acids
(atransphilic fraction). This is an essential advantage from the
structural chemistry point of view and shows that the DEAE
isolate represents a clear-cut average HM for fresh waters.
From a practical point of view, it should be emphasized that
a complete back-elution of the adsorbed humic solutes from
the DEAE cellulose is somewhat more difficult than in the
case of DAX-8 resin or its homologues.

Fig. 1 proves that the same fingerprint information as
shown in the chromatogram of the original SSS-water is
partly retained in that of the fraction Dpymj; namely, two
humps at the elution volumes of about 9.8 and 10.8 ml and
one more slightly after 11.9 ml (at 12.2 ml, equal to 990 Da).
In contrast, the maximum elution of organic solutes appears
now, as early as, at about 8.7 ml (equal to 26,000 Da). This
discrepancy shows that certain rearrangements take place
among the macromolecular constituents during the isolation
procedure. However, the averaged M, and M,,/M,, values in
Table 1 speak for that these compositional changes are not,
in reality, so drastic as compared to the situation predomi-
nating in the original water. On the other hand, the effluent
of the DEAE column (Degfuent) Was mainly composed of or-
ganic constituents with relative small molecular sizes, about
87% of organics were eluted after 12.2 ml contributing to the
benefits of the DEAE technique.

3.1.3. PVP procedure

Scheme 1 demonstrates that the ability of the PVP resin
to retain HM-type solutes at pH 2 (fraction Efymj), even by
a simple batch technique, was particularly effective corre-
sponding to the results of Chen et al. [34,35]. The content
of organic solutes in the Eefyent Was of the same order of

magnitude (19-23% of the original DOM) than in the case
of the DEAE procedure. The DAX—XAD technique (in this
case, XAD-8/2 resin) was able to isolate a significant part (ca.
52%) of organic solutes from the Ecmyent as HM-type con-
stituents (fraction Fixap)). The weakly basic IRA-67 anion
exchanger further retained from the Femyent very effectively
(ca. 89%) certain kinds of macromolecular HM-type acids
(fraction Gpiraj, which corresponds, according to the XAD
terminology, to a so-called transphilic fraction). The final
content of organic solutes in the last Gemyent Was compara-
tively low (ca. 1% of the original DOM).

Fig. | confirms that PVP is a workable resin for retaining
HM-type constituents, which are found in the original wa-
ter. Three elution humps of the fraction Eym) positioned at
about9.8,10.2 and 10.8 mland two humps at 11.3 and 13.0 ml
(2300 and 470 Da, respectively). However, the distinct high-
molecular size hump at the elution volume of about 7.1 ml
(115,300 Da), which was visible in the chromatogram of the
original SSS-water, was now missing. Likewise, the molecu-
lar size distribution was narrower for the fraction Efyy) than
that obtained for the original SSS-water (cf. M,, and M,,/M,
values of Ajorig.wat.] in Table 1) speaking for the fact that
certain compositional rearrangements take place during the
isolation procedure. The chromatogram of the Eefjyent con-
tained almost the same elution humps, yet with somewhat
improved resolution power, which were also obtained for the
fraction Efm) (namely at 10.2, 10.8, 11.3 and 13.0 ml, only
the elution hump for the largest molecular size at 9.8 ml was
absent). This outcome is apparently a result of the slightly
different retaining capacity of the PVP resin. The fraction
Fixap) contained the three elution humps at 10.2, 10.8 and
11.3 mlalso characteristic for the Efnv and Eefuent fractions.
However, the relative proportion of the elution hump at about
10.2 ml was significantly higher, compared with the situation
in the original E¢gyen¢ fraction, and the small elution hump at
about 9.6 ml, specific for the original DOM, was now visible
in the fraction Fxapj, in addition to the molecular size of the
latest elution hump being slightly increased from about 470
t0 620 Da (13.0 versus 12.7 ml). The Fefyent contained again
the same four molecular size fractions (namely those at 10.2,
10.8, 11.3 and 12.7 ml) which were specific for the preced-
ing Fixap; fraction but the molecular size distribution was
now narrower (cf. Table 1). On the other hand, the fine struc-
ture of the chromatogram for the Gyra| fraction was fully
different, only a small shoulder was visible at about 10.8 ml
indicating a possible similarity with the previous Femyent.
The dissimilarity may be caused by the aggregation degree
of these small-molecular size organic macromolecular HM-
type acids being too high for the complete penetration into
the gel matrix. The remaining Gegyen fraction was split into
several scattered elution humps with small molecular sizes.
The intensive elution humps at about 16.3 ml and especially at
18.3 ml (total volume of the gel bed (V;) was ca. 16.6 ml) indi-
cate strong interactions with the gel matrix. The sequence of
the six HPSEC chromatograms given for the enlarged PVP
application demonstrates that the isolation of HM-type or-
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ganic solutes is not a straightforward and very simple task,
especially since after a certain separation phase the remain-
ing organic constituents seem to attain again a certain com-
positional equilibrium state resembling those of the previous
fractions in the isolation flow chart. Similar re-configuration
of humic solutes after separation has been postulated earlier
[39,51].

3.1.4. UF procedure

Scheme 1 shows that the 20-fold concentrate using a mem-
brane of 1 kDa cutoff includes about 97% organic solutes of
the original DOM with molecular size greater than the applied
NMW value (fraction Hjg ). The cutoff range of the applied
tangential UF membrane was in accordance with the HPSEC
results (cf. Table 1) and previous findings [39]. The ability of
the weakly basic IRA-67 resin to retain small-molecular size
constituents (organic acids, etc.) from the Hgjirate Was very
effective (ca. 91% of the remaining organic solutes were re-
moved from the parent solution). Cation exchanger retained
about 21% of miscellaneous organic constituents from the
basic extract of the IRA-67 resin (fraction Jpow]; amines,
amino acids, peptides, etc.), and the rest (ca. 70%) consisted
of certain kinds of macromolecular HM-type acids (frac-
tion Ijra]). The content of organic constituents in the final
[efnuent Was negligible and thus it represents practically mere
water.

Fig. 1 proves that a controlled concentration of the orig-
inal water sample does not increase the relative content of
small-molecular size constituents, as stated [52] previously,
but the fingerprint information of the chromatogram Hyvy
was totally identical with that obtained for the original SSS-
water (cf. M, and M,/M,, values of A[orig wat.] in Table 1).
The chromatogram of the Hjyrae possessed three new elu-
tion humps at about 10.5, 11.3 and 12.8 ml (4850, 2300 and
570 Da, respectively), which significantly differed from the
corresponding candidates obtained for the previous Hyym
sample, one minor hump at 16.3 ml (<100 Da) being com-
mon with the previous head samples and a new very marginal
one at about 17.8 ml (<100 Da) indicating possibly slight
interactions with the gel matrix. This outcome speaks for the
tendency, occurring after removing of the DOM, that the re-
maining organic solutes take readily a new re-configuration,
ie. find a new equilibrium state. The molecular size distri-
bution of organic constituents in the fraction ijjra| Was quite
different from that obtained for the previous parent solutes
in the Heprae. In accordance with this outcome, the molec-
ular size distribution of the Jpowj fraction, obtained during
the purification procedure of the fraction Ijjra) by a cation
exchanger, had nothing in common with those obtained in
the whole isolation flow chart. On the other hand, as a pe-
culiarity, the molecular size distribution of the final Imyent
fraction resembled very closely to the parent Hgyyate fraction.
This irregularity illustrates that certain kinds of organic con-
stituents of the original heterogenous DOM do not behave as
definite entities but after they are removed from their original
equilibrium state they form new aggregates.

3.2. Spectroscopic behaviours of organic solutes during
different isolation procedure

Each isolation procedure in Scheme 1 divided the original
DOM into a specific main fraction and an effluent-filtrate,
which was further divided into several subfractions. The
different fractions of each isolation procedure, weighted with
their relative contents, were computationally combined for
estimating how well the sum functions of these individual
pieces correspond to the molecular size distribution of
the original state of the DOM, and what was the effect
of the isolation procedure on the absorbance-abilities of
chromophores at 254 nm. The combined chromatograms
correlated surprisingly well, in the case of DAX-8, DEAE
and PVP procedures, with that obtained for the original
water sample (» = 0.943 £ 0.001, Py ¢s), and the decreasc
in the total chromatogram area was only 8§ + 1% which
was, considering experimental errors, almost insignificant.
This recalculation indicates that the absorbance-ability of
different chromophores remains reversible in the different
chemical treatments and each isolation method gives, to a
certain degree, a representative candidate for the HM model,
especially in the light of the molecular size distribution.

3.3. Differentiation of solid isolates obtained by applied
procedures

In addition to experimental results in Table 1, some values
were derived by certain theoretical or experimental equations.
Molar absorptivities (€, 1 mol™! em™ of OC) were measured
at 280nm. A good correlation was observed, by means of
equations presented [39] previously, between €, total aro-
maticity (Ar. (%)) and M, values being also consistent with
the results of Chin et al. [533]. It has been stated [54] that the
absorbance of humic waters at 365 nm will increase relatively
more with increasing molecular size than that at 250 nm thus
permitting an estimate (E>/E3-ratio) for the relative degree of
humification. The correlation obtained in the present study
between the quotient £>/E3 and € was acceptable (» = 0.89,
Pg.95) demonstrating that when the £/£3-ratio increased, the
estimated Ar. (%) and M, values decreased. The total amount
of unsaturation (@otar ) in mmol g’l was calculated, for better
describing the nature of different isolated fractions, by means
of the method presented in [55] specially for the complex
mixture of humic solutes: ¢otal = Ciotal T Niowal/2 — Hioa/2
+ 1000/M ,,, where Cigpat, Nigtal and Hiorar are the contents
of carbon, nitrogen and hydrogen in molg~! and M, is the
number-averaged molecular size. It is notable that ¢y is
the sum of carboxyl (¢coon), carbonyl (¢c=0, a pi-bond),
aromatic (¢a) and aliphatic (¢a1, cycloalkyl groups) unsat-
urations and unsaturation due to alkenes, esters, amides, etc.
(¢xs). The ditferent ¢ values obtained in the present study
for HM-type isolates were in good accordance with those re-
ported [11,27,40] previously for various HM-type mixtures.
The average molecular formulas for different solid isolates in
Table 1 were calculated, by means of unprocessed number-
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averaged M, values estimated by HPSEC, for better visual-
izing the composition of a sample. The use of more reliable
M, values, obtained by vapor—pressure osmometry (VPO),
as a standard for comparison is a common practice in humus
chemistry. The relationship between the M), values obtained
by the VPO and the applied HPSEC was [39]: M,vpo =
591.249+0.049 x Mympsec +7.531E7¢ x Mi, (? =0.984,
n=19, Py .95), which was also previously adopted [11,27,40]
for calculating structural characteristics per an average humic
molecule.

Table 1 shows that although some variation occurred,
e.g. between the elemental compositions of different actual
HM-type isolates, the parameters were fairly similar with
each other. Likewise, the discriminating power between the
hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ra-
tios (van Kravelens diagram [56], whose application is still
under intensive studies [57]) is not very easy to realize. For
better extracting the small differences among the nineteen dif-
ferent isolates and to find a possible similarity—dissimilarity
between samples, the original data was slightly manipu-
lated. The multi-dimensional dataset of Table 1 was examined
closer with a statistical-graphical principal components anal-
ysis (PCA). The fundamental idea of the PCA is to reduce
the numerous variables and to seek for linear combinations
of those variables explaining most of the variability. Accord-
ingly, PCA (eigenanalysis) and subsequent inspection of the
eigenvector plots is one of the first and foremost procedures
that can be done when tackling a multi-dimensional dataset.
The credit of multivariate methods is that a huge amount of
data can be presented in a graphical form, which would be
very hard to do using tables of numbers or univariate statis-
tics. For the PCA, from the dataset of Table 1,a 19 x 6 matrix
(19 objects (samples) and 6 variables: M, €, H/C, O/C, N/C
and E»/F3) was generated for calculating variances and co-

variances. From this, eigenvectors and eigenvalues have been
extracted.

Fig. 3 shows the biplot (scatterplot) of the six variables
for the different samples (19 cases) isolated and processed
with different techniques and chemical treatments (level of
statement, 86% for the first two PC). The six arrowhead lines
intersecting at (0,0) represent the weights of the variables.
The direction and length of each vector (variable) are pro-
portional to its contribution to the principal components, and
the angle between any two is inversely proportional to the cor-
relation between them. According to the statistical-graphical
analysis of Fig. 3, the actual HM-type isolates (Bjam], Diumy»
Erevy, R1vy and R2pmvy) formed a compact cluster 1, re-
gardless of the applied isolation procedure. In other words,
the averaged values of the studied parameters for these sam-
ples were almost similar. The original DOM (A/orig war.|) and
its UF concentrate (Hny) formed, as expected, also a com-
pact cluster Il quite close to that of T (the only significant
discriminating factor between clusters [ and 11 was the H/C-
ratio). The so-called hydrophobic neutral isolate Cimeon) and
its reference R4pveon; fell into cluster 111, and the strongest
discriminating parameters in respect of their HM homologues
(cluster I) were M, € and E»/E3. The same three structural
parameters discriminated also the HA-type R3[yv) sample
from its FA-type R2jm) counterpart and the HA-type R7jppv;
and R9nm) samples from their FA-type R6pym) and R8pymy
counterparts (respectively). The environmental impact was
also revealed clearest by these three parameters, i.e. the FA-
type R6;mnvy and R8mngy samples became clearly separated
from their R2[yny homologue, and the HA-type R7gn and
ROjum; samples were positioned far from their R3jy ho-
mologue. The discriminating effect of these three parame-
ters prevailed also for the Fjxap) sample, i.e. the £5/E3-ratio
was slightly greater and M, as well € values smaller than

4 H/C

J \
3| a NIC, \

PC2 (25.2%)

T
-3.3 -2.2 -1.1

0 1.1 2.2 3.3

PC1 (60.4%)

Fig. 3. Graphical two-dimensional perspective of projections (biplot) ol the six basic structural variables on the {irst two principal components {or the distribution
of the different humic-type isolates obtained by several procedures. For symbols of samples and variables, see Table 1.
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those obtained for the corresponding main Dy fraction.
The O/C-ratio was exceptionally high for Gyraj, [j1ra} and
R5prAy samples resulting, together with other parameters, in
their positioning far from other samples. The divergence of
R5ra; from Gyraj and Ijraj is due to their different iso-
lation procedures. The special Jipow) sample formed its own
group, far from other samples, particularly owing to very
high N/C- and H/C-ratios, in addition to other parameters.
The statistical-graphical analysis of Fig. 3 confirms that the
molecular size distribution and certain simple spectroscopic
properties are very powerful discriminating parameters be-
tween different natural organic isolates.

3.4. FT-IR analysis

Infrared spectroscopy has been widely used for gross char-
acterization of humic-type constituents and can provide valu-
able information on the structural and functional properties
of NOMs, e.g. oxygen-containing functional groups, occur-
rence of protein and carbohydrate moieties and relative pro-
portions of aromatic versus aliphatic moieties. However, the
unambiguous assignments of different spectral bands are not
possible for humic-type very hetcrogenous organic material.

All spectra in Fig. 2 are characterized by a number of ab-
sorption bands, exhibiting variable relative intensities, typical
of humic-type materials [32,34,58-61]:

Aband around 1724 cm ™!, typically associated to the C=0
stretching of carbonyl functions, particularly aldehydes,
ketones and carboxyl groups (COOH);

The range of 1650-1600 em™!, C=0 stretch (amide),
aromatic C=C, hydrogen bonded C=0, double bond
conjugated with carbonyl and COO™ vibrations, COO™
symmetrical stretch;

A discrete small band at about 1510cm™t, possible as-
cribed to C—C stretching of aromatic rings (lignin indica-
tor), to conjugated C=N systems and amino functionalities;
A broad band around 1400cm™! describing several
functionalities, aliphatic C—H, CC—Hj3, C—H stretching of
methyl groups, C—H bending, O—H deformation and C—O
stretching of phenolic groups, COO™ antisymmetrical
stretch, salts of COOH;

Near 1224em™!, C—O stretching and O—H deformation of
COOH groups, aromatic and ester linkage C—O, phenolic
C—OH;

Around 1054cm™!, C—C, C—OH, C—O—C typical of
glucosidic linkages, Si-O impurities, especially C—O
stretches of carbohydrates and peptides;

A small band at 840 cm™!, aromatic C—H vibrations;

For low-enetgy vibrations a broad band at about 600 cm™—',
specific for inorganic and organometallic compounds.

'

3.4.1. Differentiation of samples according to FT-IR
analysis

Fig. 2 verifies that it is practically impossible to draw def-
inite conclusions about the influence of the isolation proce-

dure on the structural compositions of separated fractions di-
rectly from their multidimensional functionalities. The only
IR spectrum which definitely differed from other was ob-
tained for the special Jipow) faction which is, according to the
XAD nomenclature, equal to the so-called hydrophilic bases.
The broad absorbance bands positioned at 1633, 1395, 1100
and 802 cm™! speak for the high contents of carbohydrates
and peptides in this fraction, in addition to small amounts of
aromatics. The functionality of this Jjpow) fraction was sur-
prisingly similar to the IR spectrum reported earlier for an
analogous hydrophilic base-fraction [18]. The coarse struc-
tural similarity-dissimilarity, in the light of applied isolation
procedures, of the other fourteen IR spectra of Fig. 2 was
proved in Fig. 4 using the statistical—graphical analysis.

Fig. 4 proves the power of the PCA in solving compli-
cated problems. For the PCA, from the IR dataset, a 14 x
300 matrix (14 objects (samples) and 300 variables, intensi-
ties of IR spectra between 1900 and 400 em™!; bandwidth,
5em™") was generated for calculating variances and covari-
ances. From this, eigenvectors and eigenvalues have been
extracted. Fig. 4 shows the three-dimensional scatterplot of
projections (referred also to scores) of the multi-dimensional
IR dataset on the first three principal components (arbitrary
units). The overall level of the statement of the structural func-
tionalities was 95% on the first three PCs. The discriminating
effect of the PC1 between different samples/isolation proce-
dures was very high (level of the statement was near 76% of
the total variance). The most effective on the PC1 were the
multiple functionalities between 1760 and 1350cm™! and
two more specific functionalities centred on near 1224 and
1054 cm~". The most effective remaining unexplained spe-
cific variations between the samples on the PC2 were the
functionalities arising from the intensities around 1700, 1500
and 1200 cm™" and from a distinct intensity centred on near
1054 cm~!, The remaining unexplained variation between
certain samples on the PC3 was quite specific attached to the

(7.3%)

PC3

Fig. 4. Graphical three-dimensional perspective of projections of the mul-
tidimensional FT-IR datasct (in the zone, 1900400 cm™") on the first three
principal components for the distribution of the different humic-type iso-
lates obtained by several isolation procedures. For symbols ol samples, see
Table 1.
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single functionalities centred on near 1724, 1630, 1383, 1224
and 1554cm™".

Fig. 4 demonstrates that the PCA divides the different
samples according to their IR functionalities into distinct
clusters. The greatest dissimilarity appears between the clus-
ter 1 (samples A[orig.wat] and Hpym) and cluster 2 (samples
Diumy» Efamys RIvy, Grirag and Ijirap). In view of the to-
tal reliability (95%, including the PC3), the structural func-
tionality of the samples Dy, Efamy and Rlppwy is quite
similar but totally different from that obtained for the spe-
cial samples Gyira] and Ifiraj. This is in agreement with the
situation in Fig. 3 (cluster 1). On the other hand, the struc-
tural similarity—dissimilarity in Fig. 4 among the three actual
HM-type isolates and the samples A[orig.wat] and Hyuwmy is
clearly different from that obtained by means of elemental
analyses and other simple parameters in Fig. 3. This is a nat-
ural result of the chemical, even relative mild, treatment of
the original DOM. Figs. 3 and 4 verify also that it is pos-
sible to isolate by the same procedure from the same fresh
water sampling source reasonably similar HM-type isolates
(Dyum versus R1jvy) and that the seasonal variation is quite
marginal. The variation of the many functionalities dominat-
ing the PC1 was quite minor between the samples positioned
in the clusters 3 and 4, and certain specific functionalities typ-
ifying the PC2 were the most significant difference between
these samples. The samples R6pv) and R8[pn, representing
so-called FA-type fractions of the XAD-8 technique, formed
their own cluster 3, thus indicating similar uniformity as that
obtained in Fig. 3. On the other hand, the sample Fixapj,
representing a specific fraction separated by the XAD-8/2
resin, also positioned in cluster 3 unlike in Fig. 3 where its
most important discriminating factor was the molecular size
distribution. This is a quite sensible result because the isola-
tion mechanism of the XAD resins (or analogues) is based on
certain functionalities of the DOM prevailing in the pread-
justed conditions. The variation among the R6(m), R8[1m;
and Fjxap) samples was practically attached to certain sin-
gle minor functionalities dominating the PC3. The HA-type
samples R7[iv) and R9ymy also formed their own cluster 4
thus being consistent with the results in Fig. 3. The sample
Bium, representing a total amount (HA + FA) of so-called
hydrophobic humic substances isolated by the DAX-8 resin,
formed its own group quite close to the combined cluster
3 (FA-type isolates). The structural similarity of the By
sample with these FA-type isolates is in agreement with that
in Fig. 3 (Biuwm versus R2(ywmj), with the environmental im-
pact on the quality of structural composition as well as with
the previous results [ 15-17]. The sample Cpmeomp, which, ac-
cording to the XAD nomenclature, represents the so-called
very hydrophobic fraction, also formed a separate cluster but
without any close relationship to other clusters or samples.
On the other hand, the IR spectrum of the Cmeon; sample
resembles, excepting certain minor functionalities, those ob-
tained for FA- or HA-type isolates, or their primary mixture,
separated by XAD-8 or DAX-8 resins. This is quite evident
since it has been previously verified [49,50] that the different

hydrophobic FA-, HA- and MeOH-type functional fractions
contained qualitatively the same principal building blocks
and only the relative content of which was the most powerful
discriminating factor.

3.4.2. Possible ester hydrolyses during isolation by
FT-IR analysis

The FT-IR technique has been intensive adapted for
determining the carboxylic acid content of humic-type
constituents and analogues [62—64]. Nevertheless the car-
boxylate groups generate different absorption bands within
a large frequency region and also other functional groups
will absorb at the same wavelengths (overlapping), the main
interest is directed to spectral ranges at about 1580-1630 and
1710-1730 cm™! generally assigned to the carboxylate anion
(—=COO~") and protonated —COOH groups, respectively. It is
noteworthy that traces of carboxylate bands are present in all
FT-IR spectra of humic-type constituents, even those at pH ~
2, indicating the presence of very strongly acidic groups—as
also remarked by Cabaniss [64]. Maurice et al. have recently
reported [65] that a small shoulder being comprised in the
absorption band of the protonated —COOH groups, at higher
frequency with a maximum near 1770cm™!, corresponds
to the ester carbonyl groups (~COOR). The separation of
this hardly visible small shoulder (cf. Fig. 2) as a distinct
absorption band from the spectral profile is not an easy task
requiring different kind of data manipulation, e.g. linear
Gaussian/Lorentzian band shapes and/or special multi-point
method for baseline correction [66,67]. All chromatographic
isolation techniques contain the basic extraction (pH ~ 13)
of the organic matter retained onto the sorbing solid thus
permitting a possibility for potential base-catalyzed ester
hydrolyses of the HM [65,68,69].

Table 2 proves that the loss of ester groups (—=COOR)
in concentrating (20-fold) the original water by the tangen-
tial UF technique (1 kDa of NMW cutoff) was quite minor
(A[Orig.wat.] versus Hiumy). The Ijiraj fraction obtained from
Hiitrate (cf. Scheme 1) contained still a significant amount
of —COOR groups (ca. 2% of original), and it was possi-
ble to find even some traces from the Jipow] fraction after
the two-fold base extraction of OM indicating the relatively
permanent nature of some —COOR groups. It was possible
to obtain about 70% of the original =COOR content by the
DAX-8 technique (Bjym) + Cpmeon ) and 72% by the DEAE
technique (Dypmyp) thus speaking for the fact that the effect
of the acidic pretreatment of the original water on the ester
hydrolysis is practically negligible. The PAP technique alone
separated from the original SSS-water about 81% of the orig-
inal —COOR content and its enlarged application (Epgm) +
FiBap] + Gpira)) as much as about 92%. The above mass
balance estimation expresses that the base-catalyzed ester
hydrolysis of the DOM is not as disadvantageous factor in
the chromatographic isolation of the HM as speculated (e.g.
[65,68,69]).

Table 2 also indicates that only about 3% of carboxylic
groups of the DOM were in their protonated form in the orig-
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Table 2
Selected FT-IR data for different isolated humic-type samples®
Sample® Method ~ —COOR —COOH —C00™! —COOR —COOH —CO0~! —COOR —COOH
(em~hye (em™"ye (em™"ye (rel. area) ¢ (rel. areal)? (rel. area2)? (percent of (percent of
Aforig.Wat.]) Trel. areas
1 and 2)
Aorigwa)  FD. 1770 1715 1585 237.2 33.3 1189.8 100.0 2.7
Hinwvy UF 1770 1715 1585 229.9 29.9 1179.1 96.9 2.5
Ijra) UF 1770 1725 1630 43 21.3 5.5 1.8 79.6
Jipow] UF 1770 1735 1630 0.1 0.3 11.0 0.02 3.0
Bium DAX-8 1780 1720 1615 163.1 358.5 214.9 68.8 62.5
Cimeon) DAX-8 1780 1720 1620 3.1 9.1 18.2 1.3 333
Dinmy DEAE 1785 1710 1605 170.0 408.4 126.7 7.7 76.3
Efnmy PVP 1780 1725 1625 191.4 721.7 108.8 80.7 86.9
Fxan) PVP 1775 1715 1620 19.1 99.7 73.9 8.1 57.5
Gpirap PVP 1770 1725 1630 7.4 98.6 29.1 3.1 712

# For symbols of samples, see Table 1.
b All isolates were separated in parallel from the same SSS-water.
¢ Maximum frequency of the absorption band.

d Relative areas of estimated distinct absorption bands are standardized proportional to their quantities in the original DOM.

inal acidity (pH 5.8) of the water. This outcome is in line with
the heterogeneity of different acid constants (pK,) of HM re-
ported in the literature (e.g. [26,70,71]). All chromatographic
HM isolates were finally treated by strongly acidic cation ex-
changer before freeze-drying for protonating the —COO™!
groups. Despite that the frequency range between 1580 and
1630 cm~! does not merely represent the absorption of car-
boxylic groups, it is well justifiable to attribute, at least, a
small part to remaining carboxylate anions.

4. Conclusions

It is evident that no ideal system is available for isolating
pure hypothetical humic substances from a water sample, and
during each isolation procedure based on a chemically as-
sisted sorption—desorption technique, certain changes in the
structural composition of the DOM take place, as shown in
this study and also verified [11] previously. Most important
is that researchers choosing between different isolation pro-
cedures do consider the purpose of the isolation, i.e. whether
humic fraction is desirable, as it has also been emphasized
[65]. According to this study, the following conclusions can
be drawn:

e The DEAE cellulose serves as a practicable choice for fresh
water studies. The overwhelming advantage of this sorbing
solid is that any adjustments of the original acidity of the
water are not needed, and it is possible to isolate a signif-
icant amount (about 75-80% of DOM) of organic solutes
as humic matter. A minor disadvantage is the somewhat
tedious back-elution of the adsorbed organic solutes.

The PVP resin seems to be very useful in isolating humic-
type constituents from the fresh water sample, especially
in relation to their original form. The ability of the PVP
resin to retain organic humic solutes was exceptionally
high (>80% of DOM), and when connected in sequence

with a non-ionic sorbing solid about 90% of the DOM was
retained. The critical disadvantage of the PVP procedure
is that the original acidity of the water sample must be
adjusted to the pH 2 for protonating the acidic functional
groups of the DOM.

The mass balance estimation of ester carbonyl carbons
speaks for the fact that the base-catalyzed ester hydrol-
ysis of the DOM, possibly taking place during the chro-
matographic isolation phases of the HM, is not as critical
disadvantage as speculated.

To better characterize the different isolated humic-type
samples in relation to applied isolation procedures more
sensitive analyses (e.g. 'H and '>*C NMR and thermal
degradation) are in progress.
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Abstract

A new method was developed for the immobilization of humic substances. Humic acids (HA) immobilized onto dif-
ferent carriers were studied as sorbents for organic and inorganic substances. The sorption isotherms of 4-aminoazo-
benzene, Crystal Violet, Mecthylene Green, and flavine mononucleotide on immobilized HA show that pH and salt
concentration have a significant effect on the sorption process, largely depending on the properties of polymeric matrix.

Humic acids from different sources showed differing sorption capacity for the studied groups of substances.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Humic acids; Sorbents; Immobilization

1. Introduction

Humic substances (HS) play a major role in the bio-
geochemical cycling of carbon and they are major or-
ganic substances in soils and waters, thus being of
importance also in fossil organic deposits, especially
peat and low rank coal (MacCarthy, 2001). Due to their
multifunctional character (presence of numerous car-
boxylic and phenolic, but also keto-, and aminogroups)
humic substances are able to complex heavy metals and
persistent organic xenobiotics (Leenheer et al., 2003).
Many important processes in the environment are influ-
enced through interaction with humic substances, for
example with solid phases in soils and natural waters.
At the interactions both organic (usually detritus parti-
cles) and inorganic (mineral matter) substances become
covered with humic substances and thus contaminant

* Corresponding author. Tel.: +371 7331766; fax: +371
7332704.
E-mail address: maris.klavins@lu.lv (M. Klavins).

movement can be largely modified by interaction with
humic substances (De Paolis and Kukkonen, 1997).
Interaction of humic substances with xenobiotics can
modify the uptake and toxicity of these compounds
and affect the fate of pollutants in the environment.
The properties and the structure of the HS depend on
their origin (Ritchie and Perdue, 2003).

To offer new areas of use and to study the interaction
between xenobiotics and humic substances, their immo-
bilization on solid carriers (Bulman and Szabo, 1991;
Klavins, 1993; Klavins and Eglite, 2000) has been sug-
gested. Considering the wide application of immobilized
enzymes and low molecular biologically active molecules
in chromatography and biotechnology, immobilization
of HS has received substantial interest. Several ap-
proaches for immobilization of HS have been suggested.
Immobilized HS were used to study the interactions of
HS with metal ions and organic substances (Koopal
et al., 1998; Yang and Koopal, 1999; Laor et al., 2002;
de la Rosa et al., 2003; Prado et al., 2003), and as models
of humate-coated minerals to study migration of **' Am
around nuclear waste repositories (Szabo et al., 1998).

0045-6535/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.chemosphere.2005.06.015
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Considering immobilized HS as prospective sorbents
for organic and inorganic substances, the aim of the
present study is to study the sorption character of organ-
ic substances and metal ions onto humic substances
isolated from different environments and immobilized
onto differing polymeric matrixes.

2. Materials and methods

The properties of commercial humic acid (Aldrich
Chemical Co. Ltd.) and obtained humic acids isolated
from soil, peat and water as are described earlier (Klav-
ins and Eglite, 2000). Elemental analysis was carried out
by a Perkin—Elmer 240B analyzer.

The specific surface areas of the prepared solid
phases were determined by the Brunauer—Emmet-Teller
(BET) method using a EMS-61 Sorptometer. Adsorp-
tion isotherms of N, were determined volumetrically at
100 °C. Prior to the measurements each sample was
dried in vacuum at 383 K for 1 h. The maximum error
in these measurements was about 5%.

Humic substances were immobilized as described ear-
lier (Klavins and Eglite, 2000) and their basic properties
are summarized in Table 1.

Adsorption of p-aminoazobenzene (4-amino-1,1'-
azobenzene, p-AAB) on immobilized humic acids was
conducted as batch experiments in 100 ml sealed glass
bottles on a rotary shaker table 24 h at 20 °C. 30 ml of
either 10, 30, 50, 70, 90, 120 mg 17! solutions of
p-aminoazobenzene with 100 mg of sorbent were shaken
until equilibrium was reached (24 h). After separation of
the phases by filtration through Watman paper filter, the
concentrations of p-AAB in the supernatant phase were
determined spectrophotometrically (using a HACH
2000, glass cell with path length 2.5 cm) as absorption
at 470 nm (values obtained from initially prepared cali-
bration graph). The quantity of p-AAB adsorbed to dif-

ferent phases was determined from the difference of the
initial aqueous phase concentration and the amount in
solution at equilibrium. Sorption of Crystal Violet
(CrV), Methylene Green (MethG), flavine mononucleo-
tide (FMN) and metal ions on immobilized humic sub-
stances was performed similarly. Concentrations of
metal ions were determined using atomic absorption
spectrometry in an air-acetylene flame (Perkin—Elmer
2380 with double beam and deuterium background cor-
rector). pH of solution has been adjusted using citric
acid—phosphate buflers.

The sorption test was performed in a laboratory scale
column (10 x 250 mm) filled with humic acid immobi-
lized onto aminopropylsilica (IV). A p-AAB solution
(1; 2; 3 mg 1™!) was percolated through the column with
a velocity 6 ml min ', sampling fractions of 18 ml with a
“Pharmacia Fine Chemicals™ fraction collector and ana-
lyzing concentrations of the humic acids remaining in
solution.

3. Results and discussion

Considering that the properties of humic substances
depend on their origin, humic acids of commercial origin
(HA() as well as HA isolated from the major sources,
soil (HAg) and peat (HAp), were used to cover the
variability in properties of humic acids.

The following methods (Klavins and Eglite, 2000)
have previously been used for the immobilization of
HS (Fig. 1):

(I) Immobilization by grafting on Merrifield resin or
chloromethylated macroreticular styrene—divinyl-
benzene copolymer;

(IT) Immobilization on epoxypropylsilica;
(L1I) Immobilization on epoxypropycellulose;

Table 1

Properties of immobilized humic acids

Immobilized C H N COOH Content of Swelling with Swelling with
HA (%) (%) (%) (mmol g™1) HA (mgg™") water (mlg™") benzene (mlg™")
I-HAC 86.17 7.29 0.21 0.185 120 0.87 1.85

I-HAg 76.12 9.16 0.97 0.153 228 0.59 1.06

I-I1Ap 77.03 8.21 0.43 0.131 208 0.48 1.01

TI-HTA 12.32 3.74 0.12 0.072 57 0.11 0.35

II-HAg 12.31 4.76 0.32 0.065 85 0.12 0.45

[II-HAg 43.86 7.30 1.50 0.098 83 0.18 0.56

III-HA¢ 42.20 6.13 0.30 0.86 87 0.22 0.64

IV-HAc 4.67 0.59 0.31 - 7 0.12 0.12
Va-HAc 53.93 3.59 1.33 0.723 373 1.15 2.35

Ve-HA¢ 66.24 6.39 0.05 1.180 340 0.73 1.87

Ve~HAc 58.60 6.51 0.13 0.943 185 0.82 1.84
Vp-HAc 60.98 6.30 0.78 1.322 430 1.14 2.40
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Fig. 1. Methods used for immobilization of humic substances: (I) by grafting on Merrifield resin; (IT) on epoxypropylsilica; (III) on
epoxypropycellulose: (IV) on aminopropylsilica; (V) by polycondensation with formaldehyde (¥); phenol (¥g); toluene (V) and

resorcinol (Vp).

(IV) Immobilization on aminopropylsilica using cou-
pling by means of water soluble carbodimide;

(V) Polycondensation of HA with formaldehyde and
molecules able to enter in condensation reactions
(phenols).

The suggested approaches allow to remove the
immobilized humic macromolecule from the surface of
polymer chain and to increase the flexibility of
interactions of immobilized humic substances with
sorbates.

The obtained immobilized HS were characterized
by elemental and functional analysis, as well as by the

amount of immobilized HS (Table 1). The differing
matrices used in the study and the variability of humic
substances employed allow to obtain a range of sorbents
with different hydrophobicity of the polymeric matrix,
concentration of immobilized humic substances, and
also porosity. The surface area of polymers obtained
using polycondensation (Va-Vp, Fig. 1) is low (0.326—
0.580 m? g~!), higher for sorbents (I) on macroreticular
styrene~divinylbenzene copolymer (51.6m?g™!), and
for sorbents on silica (II, IV) it can reach even
106 m>g".

The sorption kinetics (Fig. 2) on the immobilized
humic acids depends on porosity of the polymeric
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Fig. 2. Sorption kinetics of p-aminoazobenzene (p-AAB) on
immobilized humic acids: (1) I-HAs, (2) IV-HAc.

matrix and the hydrophilicity/hydrophobicity balance
of the sorbates, being fast for sorption on macrore-
ticular polymers, but comparatively slow on gel-type
polymers (immobilized humic substances on styrene
divinylbenzene  copolymers or polycondensation
polymers).

The character of the sorption process depends on the
salt concentration in the solution (Fig. 3). Also in this
case the sorption capacity depends on the porosity of
the polymer structure which is insignificant for gel-type
polymers and substantial for sorbents on aminopropyl-
silica. The p-AAB sorption ability on immobilized
humic substances depends also from pH, and with in-
crease of pH in the solution the sorption capacity is
increasing (Fig. 4).

The sorption isotherms of p-aminoazobenzene (p-
AAB) on immobilized humic substances are shown in
Fig. 5. The adsorption of p-aminoazobenzene on immo-
bilized humic substances differs substantially depending
on the properties of the original polymeric carrier. On
silica polymers the sorption capacity is low (Yang and
Koopal, 1999), while on humic substances immobilized

16
< 14
o0
50
g
o 10
b
& 8
g 6
24
<,
0 . . . . .
0 1 2 3 4 5 6
Crocr M

Fig. 3. Sorption of p-aminoazobenzene on immobilized humic
acids: (1) V—HAp, (2) I-HAs, (3) IV-HA( depending on the
ionic strength of the solution.

Tig. 4. Sorption of p-aminoazobenzene on immobilized humic
substances Vp-HA o, (size of polymer particles 0.063
0.160 mm) depending on the pH of the solution.

Adsorbed p-AAB, mg !
© .
[=]

0 T T T T T
0 10 20 30 40 50

Cpasp mg I

60 70 80

Fig. 5. Sorption of p-aminoazobenzene on immobilized humic
acids: (1) I-HAg, (2) 1V-HA¢, (3) Ve—HAp depending on the
type of polymeric matrix.

on Merrifield resin it can be quite high. However, for
polymers obtained using polycondensation with formal-
dehyde, the specific polymeric matrix as such does not
exist. To compare the obtained immobilized humic sub-
stances, the sorption was expressed as mg of p-AAB on
1 g of sorbent. The cxperimental data were fitted to
empirical Freundlich and Langmuir adsorption equa-
tions. We found that the Langmuir isotherm gave the

Table 2

Langmuir constants (K and b are empirical constants related to
bonding energy and sorption maximum, respectively) for the
sorption of p-aminoazobenzene on immobilized humic acids

2

Immobilized HA K b I

I-HAg 3.226 0.066 0.88
II-HA¢ 0.021 0.01 0.91
II-HAg 0.085 0.018 0.94
1IV-HAc 0.043 0.031 0.98
Va-HAc 0.121 0.039 0.99
Ve-HAc 6.599 0.055 0.95
Vp-HAc 0.024 0.028 0.97
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Fig. 8. Sorption of (a) Crystal Violet (CrV), (b) MethyleneGreen (MethG) and (c¢) flavine mononucleotide (FMN) on immobilized
humic acids: (1) I-HAg, (2) Vg-HAp, (3) III-HA(, (4) IV-HAc, (5) Vc-HAp depending on the type of polymeric matrix.
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Table 3

Sorption of metal ions and organic molecules on immobilized humic substances

IM HV Cu*’ Co*’ Ni*! Mn** cd*!

(mgg ") (mgg ") (mgg ") (mgg ) (mgg")

I-HA¢ 2.5 1.3 1.3 24 9.0
I-HAp 10.6 2.8 1.7 3.7 0.0
II-HAg 2.5 1.6 0.3 1.9 9.0
III-HA¢ 4.6 23 1.6 2.7 9.5
IV-HAc 11.9 9.8 5.9 10.1 19.8
Va-HA¢ 2.2 1.9 1.3 1.8 9.0
Vp-HAc 6.9 3.6 23 33 11.0
Ve-HAc 3.1 1.7 1.1 28 7.3
Vp-HAc 43 1.9 1.7 5.7 13.5

best fit for the description of the p-aminoazobenzene
sorption. The r? values together with Langmuir empiri-
cal constants are given in Table 2. Comparison of
adsorption isotherms shows substantial differences be-
tween the obtained polymers and, possibly also the
major impact of the original polymeric matrix: for poly-
mer obtained by grafting humic acid onto Merrifield re-
sin the sorption capacity is higher and can be described
by the Langmuir model, while the sorption capacity on
humic substances immobilized onto silica is lower. The
Langmuir constants K and b, indicating bonding energy
and the maximum sorption capacity, respectively dif-
fered from sample to sample, suggesting that various
mechanisms of sorption may occur.

The sorption on HS immobilized on a carrier espe-
cially on a polymer carrier obtained using polyconden-
sation much depends on the size of the polymeric
particles (Fig. 6). The sorption takes place faster for
small polymer particles and follows the Langmuir model.
However, on large polymer particles obtained using
polycondensation (¥o-Vp, Fig. 1), the sorption follows
the so-called S-type form, indicating a low surface affin-
ity that increases with surface saturation with sorbate.
The polycondensation polymers are gel-type, their swell-
ing in aquatic media much depends on the polymer com-
position, the sorption in this case is evidently lower than
on macroreticular polymers, it takes place on the surface
layers of sorbent, and it is diffusion controlled.

The obtained immobilized humic acids demonstrated
good sorption properties for column processes (after
Fig. 7). For column processes, the most effective sorbents
are obtained using more rigid matrices (silica, crosslinked
styrene-divinylbenzene copolymer with a high degree of
crosslinking) and the retention processes much depend
on the concentration of sorbate.

In comparison to the sorption process of p-amin-
oazobenzene, the character of sorption differs for higher
molecular-weight polar sorbates, such as the dyes Crys-
tal Violet, Methylene Green, and flavine mononucleo-
tide (Fig. 8). All of these isotherms clearly exhibited

evidence for a sequence of adsorption steps and a rela-
tively low affinity of immobilized humic substances with
respect to hydrophilic cationic sorbates.

The first stage of the adsorption is characterized by
relatively low sorption efficiency, but is followed with
a significant increase of the sorbed amount. The affinity
of selected sorbates towards the sorbent significantly in-
creases after surface saturation of sorbents is reached.
However, immobilized humic substances cannot be con-
sidered as good sorbent for sorption of hydrophilic cat-
ionic sorbates.

As it is well known, humic substances in solution
can form stable complexes with metal ions as well as
with organic molecules (after Fig. 8). The same is
true also for immobilized humic substances, as shown
by the observed sorption of some metal ions and some
organic substances (Table 3). Immobilized HS have
rather good sorption capacity for a wide range of sub-
stances. They are prospective for the investigation of hu-
mus properties and can serve as a potential inexpensive
sorbents for removal of metal ions and both hydro-
phobic and hydrophilic organic substances during
waste water treatment and drinking water purification
procedures.
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