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voor Janne 

 

 

Not everything that can be counted, counts 

and not everything that counts can be counted 

(A. Einstein) 



 

 



Dankwoord 

 

 

“Doctor Fien”. Op het moment dat ik dit schrijf, is het nog niet zover, maar het einde van mijn 

queeste naar de doctorstitel nadert wel stilaan zijn einde. Tijd om eens achterom te kijken en 

iedereen te bedanken die mij geholpen of gesteund heeft in mijn zoektocht naar die titel. De 

titel “doctor” krijgen, leek mij echter niet het belangrijkste in het werk dat ik de voorbije jaren 

heb gedaan, en bovendien heb ik ontdekt dat ik er nog een heleboel andere leuke “titels” bij 

cadeau kreeg. Ik ben begonnen als “thesisstudent” bij Jurgen, en zijn enthousiasme, plagerijen 

en gedrevenheid moeten blijkbaar aanstekelijk gewerkt hebben. Want toen Erik vroeg of ik 

niet wat langer wou blijven, ging ik daar graag op in! Dus kreeg ik de titel “doctoraats-

student” en begon ik de wondere wereld van koper en DOM te ontdekken. Erik was daarbij de 

beste gids die ik me kon voorstellen. Altijd stond zijn deur open voor mijn vragen, problemen, 

vondsten en bedenkingen. Zonder Erik zou dit boekje er totaal anders uit gezien hebben. Ik 

wil ook de andere juryleden bedanken voor de goeie suggesties en opmerkingen waardoor ik 

mijn doctoraatstekst nog flink kon verbeteren. Als “aspirant” kreeg ik van het FWO 

financiële steun voor alle uitgedokterde (dit zou bijna een Stefan-mop kunnen zijn ;-)) 

experimenten. In mijn onderzoek stond ik nooit alleen, ik was immers “GOA-teamlid”. Merci 

Jan, Roel, Jan, Inne, Karlien, Erik, Dirk en Valentijn voor de vele suggesties tijdens de 

vergaderingen en de toffe veldwerkmomenten in en rond de gracht. Ik was ook 

“thesisbegeleidster” van 4 studenten die het aandurfden om samen met mij het koper-DOM-

vraagstuk verder te onderzoeken. Wim, Thomas, Christoff en Mara, bedankt voor de hulp, het 

meezoeken en de toffe labomomenten samen! Fien wil ik hier ook graag bedanken voor alle 

tijd, ideeën, verbeteringen, oplossingen voor mijn schijnbaar onoverkomelijke problemen en 

het mee verdedigen van de West-Vlaamse identiteit op ons labo. En op ons labo, daar is het 

heel plezant. Ik ben er “collega”, maar ik heb heel vaak beseft dat “vriendin” eigenlijk een 

betere benaming is. Samen lachen in de koffiepauze, samen meezingen met de laboradio, 

samen thesisstudenten proberen het menu van het kerstfeestje ontfutselen, samen de andere 

labo’s inmaken in frisbee- of korfbaltoernooitjes, samen spizza-avond houden, en zo kan ik 

nog even doorgaan! Heel erg bedankt om zo’n goeie vrienden te zijn met wie ik kan lachen en 

wenen. Kristin, Frans, Karlien, Karla en Peter verdienen hier nog een speciale vermelding 



ii                       Dankwoord 

voor al hun gezoek, geanalyseer, geknutsel en geadministratie, zonder hen draaide dit labo en 

mijn onderzoek vierkant! Tijdens al die jaren was ik ook “bureaugenootje”. Bedankt Jelle, 

Philip, Katinka, Vincent en Tekle voor het samen koukleumen in de winter, de wedstrijdjes 

deur-open-laten, de vele babbels en suggesties voor synoniemen en vertalingen als ik weer 

eens vastzat. Na een paar maand doctoreren werd ik overgehaald om ook “labo-loper” te 

worden. Het deed altijd deugd om over de middag een toertje in het bos te gaan lopen in 

aangenaam gezelschap! Met Kristel was ik “feestcomité” in ons eerste jaar. Hilarische 

brainstormmomenten gegarandeerd! Ook mijn andere jaargenootjes Miet, Jeroen, Katinka, 

Karlien en Iris wil ik bedanken voor het toffe parcours dat we samen hebben afgelegd. 

Na 1 jaar doctoreren in Leuven werd ik “pendelaar”. Misschien moet ik dus de NMBS 

bedanken die me toch zo’n 2000 keer tussen woning en werk heeft verplaatst? Delfien maakte 

de tripjes leuker door de treinbabbels en Jelle en Liesbeth zorgden vaak voor aangename 

fietstochtjes van en naar het station. En als het wat laat werd in Leuven, lag er bij Jurgen en 

Karlien altijd een matras klaar. 

Ook buiten het labo ben ik uiteraard al jarenlang “vriendin”. Bedankt lieve vrienden uit 

Leuven, Veurne, Gent om omstreken voor de nodige leute samen, spelletjesavonden, 

weekendjes, wandelingen en knuffels.  

Een titel die ik al 28 jaar heb, is “dochter”. Lieve moeke en vake, bedankt voor alle steun die 

ik in al die jaren altijd gekregen heb. Al even lang ben ik “zus”, en recenter ook “schoonzus”, 

“schoondochter” en “tante”. Lieve familie, bedankt voor alle plezier, babbels en ontspanning 

die ik soms wel kon gebruiken tussen het doctoreren door! 

Lieve Joachim, ik ben dit doctoraat begonnen als je “vriendin” maar nu ben ik al bijna drie 

jaar je “vrouw”. Wat hebben we veel meegemaakt, waarvan dit doctoraat maar een van de 

vele uitdagingen was. Bedankt voor alle onvoorwaardelijke steun en liefde! 

Ik word nu “doctor”, maar deze titel betekent bijna niets in vergelijking met de titel “mama” 

die jij me hebt gegeven, Janne. Ik had me al helemaal voorgesteld hoe jij vrolijk mijn 

doctoraatsverdediging ging verstoren met babygebrabbel. Bedankt lieve kleine meid dat je er 

even bent geweest en nu voor altijd in mijn hart zit. 



 

Samenvatting 

 

Langdurig gebruik van dierlijke mest, fungiciden en slib in de landbouw heeft het gehalte 

aan koper (Cu) in de bodem verhoogd. Door een verstrengd milieubeleid zijn de huidige 

koperemissies naar landbouwbodems lager dan vroeger. Toch blijft de koperconcentratie in de 

bodem stijgen in gebieden met intensieve landbouw. Op lange termijn kan dit tot negatieve 

effecten op de bodemkwaliteit leiden. Bovendien kan verhoogde uitloging van Cu vanuit 

bodem naar grondwater een effect hebben op de kwaliteit van het aquatisch systeem. Deze 

studie onderzoekt de processen die koperuitloging in de bodem beïnvloeden. Kopermobiliteit 

in de bodem is sterk gerelateerd aan de concentratie van de opgeloste organische stof (DOM, 

Dissolved Organic Matter), aanwezig in de bodemoplossing, die sterke complexen vormt met 

Cu2+. De samenstelling van DOM is bijzonder variabel en het is niet duidelijk in welke mate 

de kopermobilisatie beïnvloed wordt door deze structurele variabiliteit van DOM (hierna de 

DOM-kwaliteit genoemd). Het doel van deze studie is de variabiliteit in koperaffiniteit van 

DOM te kwantificeren en te relateren aan de variabiliteit in DOM-oorsprong en 

-eigenschappen. Daarnaast wordt het belang van de dissociatiekinetiek van Cu-DOM-

complexen voor koperuitloging in bodems nagegaan.  

In deze studie werd een methode ontwikkeld om het kopermobilisatiepotentieel (CuMP) 

van DOM te bepalen. In deze methode wordt de koperconcentratie gemeten die door DOM 

gecomplexeerd is bij een constante en voor de bodem relevante samenstelling (pCu 11,3; 

pH 7,0; [Ca] = 1,5 mM). Het CuMP, uitgedrukt per eenheid opgeloste organische koolstof 

(DOC, Dissolved Organic Carbon), varieerde tienvoudig voor DOM die geïsoleerd werd uit 

een reeks landbouwbodems. De specifieke UV-absorbantie van DOM bij 254 nm (SUVA, een 

maat voor de aromaticiteit) was significant positief gecorreleerd met het CuMP (r = 0,76). 

Bodemextracties (met water of zoutoplossingen) isoleerden meer én structureel verschillende 

DOM dan de DOM aanwezig in bodemoplossingen (poriewater) die bemonsterd werden via 

bodemcentrifugatie. Het courant gebruik van bodemextracties, eerder dan poriewaterisolatie-

methodes, om DOM te isoleren en te karakteriseren moet bijgevolg ontmoedigd worden. 
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Droog/nat-cycli of het lang droog bewaren van bodems verhogen DOM-concentraties. Deze 

extra DOM vertoont lage SUVA- en CuMP-waarden en is gemakkelijk afbreekbaar omdat het 

minder gehumificeerd is. In een akkerveld werden uitloogoplossingen gedurende 5 

opeenvolgende maanden bemonsterd op 45 cm diepte. Opgeloste Cu- en DOC-concentraties 

varieerden zevenvoudig en waren slechts zwak gecorreleerd (r = 0,56). De [Cu]/[DOC]-

verhouding varieerde vijfvoudig en vertoonde een significant positieve correlatie (r = 0,77) 

met de SUVA van DOM. Dit bevestigde de toenemende koperaffiniteit van DOM bij hogere 

aromaticiteit. De hoogste [Cu]/[DOC]-verhoudingen werden waargenomen bij de laagste 

DOC-concentraties. Voorspellingen van de koperconcentraties in oplossing met het WHAM6-

model verbeterden systematisch wanneer de DOM-eigenschappen, meer bepaald de SUVA-

waarden, in rekening gebracht werden. De resultaten van dit labo- en veldexperiment tonen 

het belang aan van de DOM-kwaliteit om de kopermobiliteit in bodems in te schatten.  

Om de koperaffiniteit te relateren aan de DOM-structuur zijn aangepaste methodes nodig 

voor de karakterisering van bodem-DOM. Er werd een geautomatiseerde 

kolomfractionatiemethode ontwikkeld die 10 mL DOM-stalen opsplitst in hydrofiele (HPI), 

hydrofobe zure (HPOA) en hydrofobe neutrale (HPON) fracties. De verdeling van DOM uit 8 

bodems varieerde tussen 31–72% HPI, 25–46% HPOA en 2–28% HPON DOM-

componenten. Binnen elk DOM-staal was de SUVA van HPI DOM steeds lager dan van 

HPOA DOM. Fractionatie resulteerde echter niet in een verminderde variabiliteit van de 

SUVA-waarden binnen de fracties ten opzichte van de niet-gefractioneerde stalen. Bijgevolg 

kan er getwijfeld worden aan de aanname dat fractionaties resulteren in meer homogene 

fracties. 

Het onderzoek naar de variatie van DOM-kwaliteit werd uitgebreid met een aantal 

bodembehandelingen, bodemoplossingsbemonsteringsmethodes en enkele niet-landbouw-

bodems, waaronder venen en bosbodems. De DOC-concentraties varieerden tussen 4 en 

175 mg L-1 waarbij de laagste waarden werden waargenomen voor akkerbodems. De SUVA 

varieerde tussen 18 en 54 L g-1 cm-1, het percentage humuszuren (%HA) tussen 17 en 76%, 

het %HPI tussen 4 en 34%, het %HPOA tussen 11 en 64% en het %HPON tussen 7 en 33%. 

Er werden geen duidelijke effecten van het landgebruik of de bodemeigenschappen op de 

DOM-concentratie en -kwaliteit waargenomen. Iets lagere DOC-concentraties, SUVA- en 

%HPI-waarden werden gemeten in kolom- en lysimeterpercolaten in vergelijking met de 
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bodemoplossingen die via centrifugatie bemonsterd werden. Toevoeging van plantenresidu’s 

(stro) aan de bodem deed het %HPI toenemen en de SUVA en %HA afnemen. De SUVA was 

significant gecorreleerd met %HA (positief, r = 0,81) en %HPI (negatief, r = 0,88). De 

variatie in DOM-kwaliteit was kleiner dan de variatie in DOC-concentratie, zo varieerde de 

SUVA slechts drievoudig terwijl de DOC-concentratie een bijna veertigvoudige variatie 

vertoonde. Dit suggereert dat de DOM-kwantiteit op grotere schaal belangrijker voor de 

kopermobilisatie is dan de DOM-kwaliteit. 

Cu-DOM-complexen die zeer traag dissociëren kunnen koperuitloging door diepere 

bodemlagen bewerkstelligen wanneer transportsnelheden groter zijn dan dissociatie- en 

adsorptiesnelheden. De dissociatiekinetiek van verschillende Cu-DOM-complexen afkomstig 

van bodem, afvalwater, varkensdrijfmest en afvalslib werd gemeten met CLEM (Competitive 

Ligand Exchange Method) en DGT (Diffusive Gradient in Thin films). De gemiddelde 

dissociatiesnelheidsconstante kd van de complexen, gemeten met CLEM, was ongeveer 

10-3 s-1 en de koperfracties in oplossing die niet gedissocieerd waren na 8 uur varieerden 

tussen <1 en 25%. Deze fracties waren significant gecorreleerd met de niet-labiele fracties 

gemeten met de DGT-methode (0–83%), en er werd aangetoond dat de DGT-data voorspeld 

konden worden met behulp van de CLEM-data. De dissociatiesnelheden daalden wanneer Cu-

DOM-complexen in evenwicht waren bij een lagere Cu2+ activiteit en bij langere Cu-DOM-

contacttijd (7–297 dagen). De positieve correlatie tussen de niet-labiele fracties en de SUVA 

van DOM suggereert dat aromatische groepen in DOM de niet-labiele koper binden. De niet-

labiele Cu-fracties waren echter te klein om hun aandeel in koperuitloging in 

bodemkolomexperimenten te bevestigen. 

Er werd aangetoond dat structurele en functionele eigenschappen van bodem-DOM tot een 

factor tien kunnen variëren over verschillende bodems, bodemcondities en zelfs binnen één 

seizoen op veldschaal. De verschillende resultaten suggereren dat de koperaffiniteit van DOM 

toeneemt bij toenemende humificatie van DOM. Dit kan afgeleid worden uit de positieve 

correlaties tussen de CuMP-waarden of de [Cu]/[DOC]-verhouding en de SUVA, die op zijn 

beurt toeneemt met de fractie humuszuur in de oplossing en afneemt met de hydrofiele DOM-

fractie. Op grotere bodem- en landgebruikschaal blijkt de DOM-kwantiteit belangrijker dan 

de DOM-kwaliteit voor de kopermobilisatie. Kinetisch niet-labiele koperfracties maakten 

minder dan 25% uit van Cu-DOM. De eerder geformuleerde hypothese dat niet-labiele 
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kopercomplexen preferentiële uitspoeling van Cu veroorzaken in bodem, werd niet bevestigd 

in de experimenten van deze studie.  



 

Summary 

 

The copper (Cu) concentrations in agricultural soils exceed natural background values due 

to long-term applications of animal manure, fungicides and sewage sludge. Current Cu 

emissions to agricultural soils have decreased from historic ones, however the topsoil Cu 

concentrations still gradually increase in areas with intensive agriculture. On the long-term, 

this may lead to adverse effects on soil quality and, through leaching, on the quality of the 

aquatic system. This study is devoted to the processes controlling leaching of Cu in soil. It is 

well established that the mobility of Cu in soils is intimately related to the concentration of 

Dissolved Organic Matter (DOM) in soil solution that forms strong soluble complexes with 

Cu2+. The composition of DOM is extremely variable and it is unclear to what extent Cu 

mobilization is related to DOM structural variability (hereafter DOM quality). The goal of 

this study is to quantify the variability in Cu affinity of DOM and to relate this variability to 

DOM source and characteristics. In addition, the importance of the dissociation kinetics of 

Cu-DOM complexes for Cu leaching in soils is addressed.  

A method was developed to measure the Cu Mobilizing Potential (CuMP) of DOM which 

measures the Cu that is bound to DOM under constant, environmentally relevant composition 

(pCu 11.3, pH 7.0, [Ca] = 1.5 mM). The CuMP, expressed per unit dissolved organic carbon 

(DOC), varied tenfold for DOM isolated from a range of agricultural soils and using different 

extraction methods. A significant positive correlation between the specific UV-absorption at 

254 nm of DOM (SUVA, indicating aromaticity) and CuMP was found across all DOM 

samples (r = 0.76). Soil extractions isolate additional, and structurally different, DOM than 

that present in soil solutions isolated by soil centrifugation, therefore soil extractions should 

be discouraged to characterize soil DOM. Drying/wetting cycles or long dry storage of soil 

sharply increase DOM concentrations but this additional DOM has low SUVA and CuMP 

values and is easily degradable because it is less humified. In the field, leachates were 

collected during 5 subsequent months at 45 cm depth in one arable land. The dissolved Cu 

and DOC concentrations varied 7-fold and were only weakly correlated (r = 0.56). The 

[Cu]/[DOC] ratio varied 5-fold and exhibited a significant positive correlation (r = 0.77) with 
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SUVA of DOM, again indicating that the affinity of Cu to DOM increases with increasing 

aromaticity of DOM. Highest [Cu]/[DOC] ratios were observed at lowest DOC 

concentrations. Predictions of Cu concentrations with the assemblage model WHAM6 were 

consistently improved if the DOM characteristics, i.e. SUVA values, were taken into account. 

From this lab and field experiment it is concluded that the DOM quality should be considered 

when estimating Cu mobility in soils.  

Relating Cu affinity to DOM structure and source requires adapted methods for soil DOM 

characterization. An automated column based DOM fractionation method was set up for 

10 mL DOM samples dividing DOM into hydrophilic (HPI), hydrophobic acid (HPOA) and 

hydrophobic neutral (HPON) fractions. Distributions of DOM from 8 soils ranged 31–72% 

HPI, 25–46% HPOA and 2–28% HPON of total DOC. For each sample, the SUVA of the 

HPI DOM was consistently lower compared to the HPOA DOM. Fractionation did not result 

in smaller variability in SUVA values within the fractions compared to the unfractionated 

samples, which casts some doubts on the assumption that fractionation results in more 

homogeneous fractions.  

The survey of DOM quality was extended with a number of soil treatments, solution 

isolation methods and some non-agricultural soils, including wetlands and forest soils. Here, 

DOC concentrations ranged from 4 to 175 mg L-1 with the lowest values for the arable field 

soils. The SUVA of DOM varied from 18 to 54 L g-1 cm-1, percentage humic acid (%HA) 

ranged 17–76%, %HPI 4%–34%, %HPOA 11%–64% and %HPON 7%–33%. There were no 

clear effects of land use or soil properties on DOM concentrations and qualities. Somewhat 

lower DOC concentrations, SUVA and %HPI values were observed in column and lysimeter 

leachates than in corresponding soil solutions isolated by centrifugation. Plant residue 

incorporation (straw) largely increased %HPI and decreased SUVA and %HA. The SUVA of 

DOM significantly correlated with %HA (positive; r = 0.81) and %HPI (negative; r = 0.88). 

The variability in DOM quality was smaller than the variation in DOC concentration, e.g. the 

SUVA of DOM varied only a factor 3 compared to the almost 40-fold variation in DOC 

concentration. This suggests that, at a larger scale, DOM quantity is overall more important 

for Cu mobilization than DOM quality. 
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Copper-DOM complexes that dissociate very slowly may facilitate Cu leaching through 

subsurface soil horizons when transport rates exceed dissociation and soil Cu2+ adsorption 

rates. The dissociation kinetics of different Cu-DOM complexes from soil, wastewater, pig 

manure and sewage sludge was measured with the Competitive Ligand Exchange Method 

(CLEM) and Diffusive Gradient in Thin films (DGT) technique. The average dissociation rate 

constant kd of the complexes, as measured by CLEM, was about 10-3 s-1 and the fractions of 

dissolved Cu that were undissociated after 8 hours ranged from <1 to 25%. These fractions 

determined by CLEM were significantly correlated with the non-labile fractions determined in 

the DGT tests (0–83%) and data analysis show that DGT data can be predicted from CLEM 

data. The dissociation rates decreased when Cu-DOM complexes had been equilibrated at 

lower Cu2+ activities and at increasing Cu-DOM contact times (7–297 days). The non-labile 

fractions were positively correlated with SUVA suggesting that aromatic moieties in DOM 

hold non-labile Cu. However, inert Cu fractions were too small to confirm their contribution 

to Cu leaching in soil column experiments.  

In conclusion, it was shown that structural and functional properties of soil DOM can vary 

up to tenfold among different soils, soil conditions and even within one season at field scale. 

The weight of evidence suggests that the affinity of Cu to DOM increases with increasing 

extent of humification of DOM as revealed by the positive correlations between CuMP or 

[Cu]/[DOC] and SUVA, which, in turn, increases with the humic acid fraction and decreases 

with the hydrophilic fraction of DOM. At a wide scale of soil and land uses, it appears that 

DOM quantity is overall more important for Cu mobilization than DOM quality. Kinetically 

non-labile Cu fractions were less than 25% of Cu-DOM and previous claims that such 

complexes explain unretarded Cu transport in soil were not confirmed in experiments of this 

study. 



 



 

List of abbreviations 

 

AFA Active Fulvic Acid 

AgTU Silver Thiourea 

AHA Active Humic Acid 

AlHA Aldrich Humic Acid 

BV Bed Volume 

C Carbon 

CEC Cation Exchange Capacity 

CLEM  Competitive Ligand Exchange Method 

CuMP Copper Mobilizing Potential 

DGT  Diffusive Gradients in Thin films 

DOC Dissolved Organic Carbon 

DOM Dissolved Organic Matter 

DW  Dry Weight 

D/W  Drying/Wetting 

EDTA  Ethylene Diamine Tetraacetic acid 

EGTA  Ethylene Glycol Tetraacetic acid 

ESR  Electron Spin Resonance 

FA Fulvic Acid 

HA Humic Acid 

HPI Hydrophilic 

HPO Hydrophobic 

HPOA Hydrophobic acid 

HPON Hydrophobic neutral 

ICP-OES  Inductively Coupled Plasma - Optical Emission Spectroscopy 

IR  Infrared 

IHSS  International Humic Substances Society 

LMWA  Low Molecular Weight Acids 

MOPS  3-(N-Morpholino) Propanesulfonic acid 

MW Molecular Weight 
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N Nitrogen 

NI(C)CA  Non Ideal (Consistent) Competitive Adsorption  

NIST  National Institute of Standards and Technology 

NOM  Natural Organic Matter 

NTA Nitrilotriacetate 

OM Organic Matter 

P Phosphorus 

PAR 4-(2-pyridylazo)resorcinol 

PCAP   Passive Capillary (wick) sampler 

PM   Pig Manure 

PNEC   Predicted No Effect Concentrations 

PV   Pore Volume 

S   Sulfur 

SAC   Specific Absorbance Coefficient 

SE   Soil Extract 

SOM   Soil Organic Matter 

SRFA  Suwannee River Fulvic Acid 

SS  Sewage Sludge 

SUVA  Specific UV absorbance 

TOC  Total Organic Carbon 

UV-VIS   Ultraviolet – Visible 

VV   Void Volume 

WHAM   Windermere Humic Acid Model 

WW   Wastewater 



                                

List of symbols 

 
 
Symbol Discription Unit

 

A area m2 

A
254 absorbance at 254 nm  

b path length of spectrophotometer cm 

D diffusion coefficient m2 s-1 

F flux mol m-2 s-1 

kd dissociation rate constant s-1 

kf formation rate constant s-1 

K equilibrium constant variable 

Ka acid constant mol L-1 

K(Cu/Ca) Cu to Ca selectivity coefficient  

Kd distribution coefficient of the total metal L kg-1 

Kd
free distribution coefficient of the free metal L kg-1 

KML equilibrium complexation constant for M and L L mol-1 

Kow octanol water partition coefficient  

KSO,25 solubility product at 25 °C variable 

L/S liquid-solid ratio L kg-1 

n total number  

Q3–7 total acidity of DOM between pH 3 and 7 mmolc (g DOC)-1 

Q7–11 total acidity of DOM between pH 7 and 11 mmolc (g DOC)-1 

Q3–11 total acidity of DOM between pH 3 and 11 mmolc (g DOC)-1 

P probability  

r pearson correlation coefficient  

t time s 

v pore water velocity cm day-1 

V volume L 

ZM equivalent fraction of metal M on the resin  

µ mean  

σ standard deviation  

τ time scale s 

∆g thickness of the diffusive layer m 
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CHAPTER 1 

Complexation of copper with dissolved organic 

matter in soil solution: relationship with organic 

matter characteristics and effects on mobility of 

copper in the soil profile:  

 

background, rationale and research objectives 

 

 

Copper in soils: concentrations, emissions, effects 

Copper (Cu) is an essential nutrient for all living organisms as a co-factor for numerous 

biochemical redox reactions (Wild, 1988). Copper is also an environmental contaminant with 

widespread emissions and ecotoxicological effects on, for example, higher plants, algae and 

aquatic invertebrates (De Schamphelaere et al., 2004; Michaud et al., 2007). Toxic effects of 

Cu are related to oxidative damage in cell and specific inhibition of enzymes.  

The most abundant Cu mineral in the lithosphere is chalcopyrite (CuFeS2). The natural 

background concentration in soils is typically 10–20 mg kg-1 but varies largely in a range 

from 1 to over 200 mg Cu kg-1 (Table 1.1). Natural background concentrations generally 

increase with increasing soil organic matter (SOM) content and with increasing soil clay 

content (Baize, 1997; Tack et al., 1997). The variation of Cu concentration in soil parent 

materials also affects soil Cu concentrations. For example, the larger Cu concentration in 

basalt (30–160 mg kg-1) than in granite (4–30 mg kg-1) explains the larger Cu concentrations 
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in loamy soils developed from basalts (40–150 mg kg-1) compared to sandy soils developed 

from granite (~10 mg kg-1) (Alloway, 1995).  

Table 1.1 Background Cu concentrations in the top horizons of European soils. 

Cu concentrations min max median 

 (mg (kg dry weight)-1) 

Europea 1.0 239 12 

Franceb 2.8 40.0c 15 

Flandersd 1.7 39 10 

Annual increase in agricultural soilse   0.05–0.07 

Deficiency rangef   <1–3 

Ecotoxicological limits g   30–162 

a FOREGS database (http://www.gsf.fi/foregs/geochem); b Baize (1997); c 90th percentile instead of maximum; 
d Tack et al. (1997); e Groenenberg et al. (2006); f Alloway (2005); g Smolders et al. (2009). 

Soil Cu concentrations are influenced by anthropogenic emissions. The main diffuse 

emissions of Cu in the EU region in 1999 are listed in Table 1.2. Input of Cu to soils via 

manure has been the major source of Cu in agricultural areas with intensive livestock. The Cu 

in manure originates from the Cu2+ salt application that is added as a nutritional element to 

animal food (Eckel et al., 2005). Copper is added to pig diets because it acts as an anti-

bacterial agent in the gut, and it is required as poultry enzyme co-factor. Maximum permitted 

levels of Cu as additive in animal feed have been reduced since added Cu concentrations 

exceeded by far the nutritional requirements, e.g. European maximum permitted Cu 

concentration in finisher pig feed was 114 mg (kg dw)-1 in 1970, this was reduced to 

28 mg (kg dw)-1 in 2003 but nutritional requirements are only 3.5 mg (kg dw)-1. As a result of 

this food supplementation, pig manure contains high Cu concentrations up to more than 

1000 mg (kg dw)-1 (Eckel et al., 2005).  

The Cu mass balance in soil, taking into account the inputs by emissions and outputs by 

plant uptake and leaching, is positive in most managed agricultural topsoils leading to a 

gradual build-up of the total Cu concentration. For example, the probably longest record of 

soil Cu data in manured soils in Askov (Denmark) shows that soils that received animal 

manure at normal agricultural rates for 111 years contained about twice as much Cu 
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(10.3 mg kg-1) compared to the control soils that only received Cu through atmospheric 

deposition (5.9 mg Cu kg-1) (Oorts et al., 2007). A recent mass balance study for Dutch 

agricultural soils predicted a rate of Cu soil concentration increase of 0.07 mg kg-1 y-1 for 

grasslands and 0.05 mg kg-1 y-1 for arable lands during the next 100 years (Groenenberg et al., 

2006). Larger soil Cu enrichments (10–500 mg Cu kg-1) are found around industrial sites 

(smelters and mine waste sites), in soils that received large sewage sludge applications and 

under selected land uses such as vineyards and fruit orchards where Cu containing fungicides 

have been used. Old French vineyards contain typically 50–150 mg Cu kg-1 under the vine 

trees and occasional spills increase soil Cu up to 1000 mg Cu kg-1 (Michaud et al., 2007). 

Table 1.2. The total copper emissions towards soil for the theoretical EU region for 1999 (ECI, 2007). 
The total emission (4,738 ton y-1) spread over the agricultural area of the EU (~1.1 × 106 km2) gives an 
input value of ~40 g ha-1 y-1 which corresponds to a yearly input of ~0.1% of the Cu concentrations in 
soil.   

Source emissions (ton Cu y-1) 

Households 145 

 - corrosion copper installations 46 

 - domestic wastewater 27 

 - fireworks 72 

Agriculture
a 3,472 

 - manure 4,276 

 - fertilizers 158 

 - sewage sludge 1,003 

 - output through crops -1,503 

Traffic 1,090 

 - brake wear 449 

 - corrosion overhead wires from rail 557 

Miscellaneous sources 31 

TOTAL 4,738 

         a Localised releases as copper uses in vineyards are not given. 

Copper deficiency in crops occurs below about 2.5 mg EDTA extractable Cu kg-1 and 

3.0 mg 0.1 M HCl extractable Cu kg-1. The largest critical Cu concentrations refer to soils 

with largest pH and SOM content (Alloway, 2005). Above the adequate range, Cu becomes 

toxic. The EU risk assessment has defined Predicted No Effect Concentrations (PNEC) for 
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soils, to prevent effects on plant growth, invertebrates and soil microbial processes. These 

limits range 30–162 mg total Cu kg-1, again depending on soil properties with larger toxic 

thresholds found as soil pH, %SOM and %clay increases (Smolders et al., 2009). Soil clean-

up values are larger. For example, the Flemish soil Cu guidelines range 120–500 mg kg-1 

depending on land use, organic matter content, pH and clay content of the soil (OVAM, 

2009). 

A fraction of soil Cu is lost annually by leaching to the groundwater. The median and 90th 

percentile of groundwater dissolved Cu concentrations in the US are 3 and 50 µg L-1 (U.S. 

Geological Survey data bank). The estimated background Cu concentration for groundwater 

in Flanders is 20 µg L-1 (OVAM, 2009) and ranges 12–25 µg L-1 in the upper 5 m 

groundwater in The Netherlands (ECI, 2007). Average Cu losses by leaching in The 

Netherlands are predicted to increase from 36 to 62 g ha-1
 y

-1 for grasslands and from 51 to 

93 g ha-1 y-1 for arable lands in the next 100 years (Groenenberg et al., 2006). The 

groundwater limit value in Flanders is 100 µg L-1 (OVAM, 2009). Copper reaching the 

groundwater can be further transported to surface waters, where Cu concentrations are usually 

smaller than in groundwater. Background values for pristine surface waters in Europe range 

0.08–14.6 µg L-1 with a median of 0.88 µg L-1 (FOREGS database). The median of the site-

specific 90th percentiles of surface water Cu concentrations is 10.5 µg L-1 in Flanders (VMM 

data, 2001–2003) and 7.0 µg L-1 in Germany (ECI, 2007). For instance in the Rhine, Cu 

concentrations varied between 3 and 6 µg L-1 in 1999–2001. These values are relatively close 

to the PNEC values derived to protect aquatic freshwater species according to the species 

sensitivity distribution curves. These limits depend on pH, water hardness and Dissolved 

Organic Carbon (DOC) concentration. For example, the dissolved Cu PNEC is 8.2 µg L-1 for 

a river with pH 7.8, water hardness (as CaCO3) of 217 mg L-1 and a DOC concentration of 

2.8 mg L-1 (ECI, 2007). Current surface water quality standards are generally higher, e.g. 

50 µg Cu L-1 in Flanders (VLAREM II).  

The gradual build-up of soil Cu and predicted doubling of Cu leaching in 100 years hence 

calls for an environmental consideration. Natural attenuation of the diffuse Cu contamination 

by gradual fixation of added Cu in soil might offset the increase of total Cu concentrations. 

Fixation is, however, unlikely very pronounced since the fractions non-exchangeable Cu in 

soils are limited (Buekers et al., 2007). 
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Speciation and mobility of Cu in soil 

Copper in soil is mainly present as Cu(II), but small amounts of Cu(I) species can also 

exist since the second ionization potential of Cu is sufficiently higher than the first (Alloway, 

1995). Sorption rather than precipitation controls the Cu solubility. Copper concentrations in 

soils are generally too low for precipitation to occur. An exception is malachite 

(Cu2CO3(OH)2) that has been observed on carbonate rocks in Cu contaminated soils 

(McBride, 1989). Coprecipitation of Cu in Al, Fe and Mn oxyhydroxides may occur but 

several studies have shown that Cu is distributed near the solid surface (McBride, 1989). Soil 

organic matter has a pronounced affinity for Cu. Copper is bound by specific sorption to 

deprotonated functional groups of SOM (McBride, 1989). Water molecules surrounding the 

Cu2+ ion are replaced by SOM ligands giving rise to a coordinated inner sphere complex. 

Similar Cu adsorption processes are observed on the oxyhydroxides of Fe, Al and Mn. These 

Cu2+ complexation reactions strongly depend on the pH because protons compete with 

existing binding sites. Competition with Ca2+ and Na+ is less pronounced given the much 

stronger affinity for Cu2+. Clay minerals have restricted numbers of SiOH and AlOH groups 

at the edges that are also able to specifically adsorb Cu2+. The major part of metal binding by 

clays is however performed by the planar binding sites. Metals are bound by ion exchange as 

outer sphere complexes. Given the much higher abundance of other divalent metals as Ca2+ 

and Mg2+ in soils, this type of binding is less important for Cu2+ (McBride, 1989). Speciation 

calculations for a wide range of European soils predict that Cu is mainly (76% on average) 

present on SOM followed by oxyhydroxides and clay minerals (Buekers et al., 2008b). In the 

soil solution, copper can exist as free (hydrated) Cu2+ ion or complexed by anorganic or 

organic ligands. 

The extent of the solid-liquid partitioning of Cu in the soil is expressed by the distribution 

coefficient Kd, i.e. the ratio of the Cu concentration in the solid phase to that in solution 

(Figure 1.1). The sorption reactions of Cu2+ result in large Kd values of the free metal Cu2+ 

(Kd
free) that increase from about 104 to 107 L kg-1 between pH 4.5 and 7.5 (Yin et al., 2002). 

As a result, free Cu2+ activities in soils are low, e.g. only 10-11–10-9 M in the soil solution of 

pH neutral, uncontaminated soils (Vulkan et al., 2000). Such free Cu2+ activities in soil 

solution are borderline detectable with current analytical methods, however total dissolved Cu 

in soil solution largely exceeds the ionic Cu2+ concentration. Indeed, the colloidal material in 
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the soil solution, mainly dissolved organic matter (DOM), has a high affinity for Cu and 

largely increases the total Cu concentration in solution and decreases Kd of dissolved Cu to 

about 1 × 102–5 × 103 L kg-1 (Degryse et al., 2009) (Figure 1.1). Soil solution Cu is in most 

cases, especially at pH > 6, more than 98% complexed by DOM (Sauvé et al., 1997; Strobel 

et al., 2001a). The Kd of Cu is therefore strongly associated to the distribution of organic 

matter between the solid and liquid phase (Yin et al., 2002; Degryse et al., 2009) and any soil 

reaction that increases DOM leads to an almost proportional rise in dissolved Cu. The Kd of 

Cu shows, in contrast to nickel and zinc, limited variability with soil pH (Yin et al., 2002). 

Due to its negative charge at typical soil pH, DOM is very mobile in soil. Therefore, the 

formation of Cu-DOM complexes promotes Cu mobility (Ashworth & Alloway, 2004). 

Several flow cell and soil column experiments have demonstrated an increase in effluent Cu 

concentrations when influent DOC concentrations are raised (Temminghoff et al., 1997; 

Strobel et al., 2001a; Burton et al., 2005). A positive relationship between soil solution Cu 

concentrations and DOC concentrations was also observed in a range of agricultural soils 

(Römkens & Salomons, 1998). 

 

Figure 1.1. The distribution of Cu over the solid and liquid soil phase. The Cu2+ ion in solution can be 
sorbed by the solid phase (especially by SOM) and complexed by DOM in solution. The distribution 
coefficient of the free Cu2+ ion (Kd

free) is the ratio of the solid Cu concentration over the free Cu2+ 
concentration in solution, while the total distribution coefficient of Cu (Kd) takes the total dissolved Cu 
concentration into account (Cudiss, dashed line). 
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Despite Cu mobilization by DOM, retention of soil Cu by the solid phase is still large and 

Kd values referring to dissolved Cu in topsoils with pH > 5.5 are generally larger than 

200 L kg-1 (de Groot et al., 1998). Such Kd values correspond with very long residence times 

of Cu in the topsoil and, theoretically, very limited leaching of Cu. However, several studies 

showed direct and indirect evidence for Cu leaching after application of sewage sludge or 

manure to agricultural soils. Richards et al. (1998) and Baveye et al. (1999) noted that the 

mass balance of the Cu applied by sludge or manure could not be closed several years after 

application, suggesting Cu losses by leaching. Increased Cu concentrations in leachates have 

been observed following sewage sludge application in several field studies (Sidle & Kardos, 

1977; L'Herroux et al., 1997; Richards et al., 1998; Keller et al., 2002). Moreover, Speir et al. 

(2003) noticed elevated Cu concentrations in the groundwater after sludge application. The 

presence of stable DOM-metal complexes might explain leaching of metals in sludge-

amended or manured soils, even if equilibrium models predict no Cu leaching. If dissociation 

of the Cu-DOM complex is slow compared to the soil pore-water velocity, Cu can be 

transported by the percolating soil water instead of being readsorbed by the solid phase. 

Column experiments have indeed shown that the presence of stable or slowly dissociating 

metal complexes causes fast metal breakthrough (Schmitt et al., 2003). The Cu-DOM 

dissociation kinetics are however largely unexplored and the importance of unretarded 

transport of stable complexes for Cu leaching at field scale is unknown.  

Soil DOM: source, concentrations, structure and variable affinity for Cu
2+

 

Dissolved organic matter in soil originates from different sources such as the humified 

SOM, plant residues, root exudates and microbial biomass. Its concentration and composition 

is dynamic since DOM can be produced and consumed by microbial activities, it is in 

equilibrium with the SOM and it can be removed by leaching. A survey on DOC 

concentrations in the pore water of 87 agricultural topsoils showed that the 10th and 90th 

percentiles ranged 12–104 mg L-1 (De Troyer, 2010). Soil DOM has a heterogeneous 

composition with a high variety in structural properties, possibly having consequences on 

variation in functional properties such as Cu complexation. The DOM is a complex mixture 

of aromatic and aliphatic hydrocarbon structures that have attached functional groups 

(Figure 1.2). DOM is often classified in 2 groups, i.e. humic substances consisting of humic 
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acids (HA) and fulvic acids (FA), and non-humic components such as carbohydrates, amino 

acids and proteins. The latter group has traditionally received less attention in soil studies. 

(a) 

 

(b) 
 

Figure 1.2. General structure of (a) humic acid and (b) fulvic acid, components of soil DOM as 
proposed by Schultzen & Schnitzer (1993) and Buffle (1977). 

There are numerous DOM fractionation schemes that characterize DOM, most of them 

being either based on polarity and acid/base characteristics or on molecular size. The 

underlying idea of fractionation is that DOM fractions are structurally more homogeneous 

than the bulk samples (Leenheer, 1981), however this is rarely verified. A frequently used 

fractionation procedure is based on sorption of acidified DOM onto the weakly hydrophobic 

resin XAD-8 dividing DOM into hydrophobic and hydrophilic DOM fractions. These 

fractions can be subsequently subdivided in acid, base and neutral fractions by passage 

through cation and anion exchange columns (Leenheer, 1981). The International Humic 

Substances Society (IHSS) recommends a fractionation into humic, fulvic and hydrophilic 

acids (Aiken, 1985). The humic and fulvic acids, both assumed to be hydrophobic, are 

separated by acidification to pH 1 and subsequently removal of the precipitated humic acids. 

Methods differ whether this separation takes place before (Ma et al., 2001; Van Zomeren & 

Comans, 2007) or after (Aiken, 1985; Peuravuori et al., 1997; Impellitteri et al., 2002) the 

XAD-8 resin fractionation, and it is shown that this order influences the fractionation results 

(Hayes et al., 2008). Aiken et al. (1979) showed that fulvic acids extracted from soils are 
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almost completely retained by the XAD-8 resin at pH 2 and, therefore, are classified as 

hydrophobic acids. 

Gel permeation chromatography, ultrafiltration and high performance size exclusion 

chromatography fractionate DOM on the basis of molecular size (Amy et al., 1987). 

Measurements of DOM bulk properties can also be used to characterize DOM. The specific 

UV absorbance at 254 nm (SUVA) of DOM is related to its aromaticity (Weishaar et al., 

2003). The humification degree of DOM can be estimated by fluorescence measurement 

(Zsolnay et al., 1999). The DOM acidity and carboxylic and phenolic functional group 

concentration can be measured by acid/base titrations (Ritchie & Perdue, 2003).   

The DOM structure varies mainly with its source, the extent of biodegradation and the 

extent of selective filtration as it passes through soil horizons. In agricultural soils more small 

molecules as fulvic acids, hydrophilic acids, carbohydrates and amino acids are found, 

whereas forest soils contain more large recalcitrant components (Chantigny, 2003). 

Vegetation type and amount of litter returned to the soil have long-term effects on the 

structural properties of DOM, while management practices as liming and fertilization show 

mainly short-term effects. Apart from the different DOM sources, variations in DOM 

structure can also be related to differences in soil properties. Increasing Ca concentrations 

induce DOM flocculation, removing mainly the high molecular weight organic acids from the 

soil solution (Römkens & Dolfing, 1998). The DOM generated by drying-wetting events has 

a high proportion of hydrophilic bases and neutrals (Christ & David, 1996), is easily 

biodegradable (Merckx et al., 2001), and has a fluorescence emission spectrum which is 

indicative of cell lysis (Zsolnay et al., 1999). Therefore, it has been hypothesized that the 

DOM flush caused by drying-wetting results – at least partly – from disrupted microbial 

biomass. Seasonal variations of DOM properties observed in the field may also be related to a 

different contribution of the various DOM sources. Kaiser et al. (2002) examined DOM in 

seepage waters of organic forest soils, and observed larger abundances of neutral 

carbohydrates and amino sugars in winter and spring samples than in summer and autumn 

samples. This was attributed to the leaching of fresh disrupted biomass debris during spring 

and winter.  
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Biodegradation of DOM increases the humification index and the portion of aromatic 

compounds (Kalbitz et al., 2003b). The enrichment in aromatic compounds during 

biodegradation is attributed to the preferential degradation of other compounds 

(carbohydrates, amino acids, …). Hydrophobic components and high molecular weight 

fractions are difficult for microorganisms to mineralize (Marschner & Bredow, 2002; Qualls, 

2005). Soil acts as a chromatographic system as soil solution leaches to deeper soil layers: the 

fraction hydrophobic components, the specific UV absorbance and the humification index 

decrease through soil passage (Kaiser et al., 2001b; Corvasce et al., 2006). This is the reverse 

evolution compared to DOM changes by biodegradation, suggesting that DOM sorption rather 

than biodegradation is responsible for changes in DOM structural properties with soil depth.  

The DOM structure is also dependent on the sampling method of the soil solutions. The 

mobile soil solution is sampled by collecting percolates by e.g. lysimeters. Centrifugation and 

extraction of a soil sample can additionally deliver soil solution from immobile pores, with 

possibly deviating DOM characteristics. Centrifugation is shown to isolate additional DOM 

from probably biomass or roots due to the physical action (Lorenz et al., 1994; Tiensing et al., 

2001). This can have repercussions on the characteristics of the isolated DOM given the 

specific composition of DOM released from biomass lysis, i.e. simple molecules like sugars, 

amino acids and nucleotides (Merckx & Martin, 1987). Extraction releases more DOM than 

centrifugation, and this extra DOM has mostly a higher specific UV absorbance and 

molecular size distribution (Akkanen et al., 2005) and fluorescence efficiency (Zsolnay, 

2003). 

In contrast to natural organic matter in freshwaters (NOM-Typing Project in Norway 

(Abbt-Braun & Frimmel, 1999)), no large survey on variations of DOM concentrations and 

structural properties in soil solutions exists. Such studies are hampered by the large soil 

characteristics variability, the numerous available soil solution sampling methods and the 

needs for specific adaptation (e.g. small samples volumes) of DOM characterization methods 

that are often developed for freshwater DOM. Isolation methods such as retention by XAD 

resins are often used, but these techniques isolate only the humic or hydrophobic components, 

thereby neglecting the non-humic or hydrophilic DOM part. Many authors report that DOM 

characteristics are not constant in soil (see above), but the extent of variation in soils and the 

influence of soil treatment and soil solution sampling method is largely unexplored. 
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It may be hypothesized that processes that alter the structural properties of soil DOM will 

also change the functional properties as the Cu binding affinity. Marschner & Bredow (2002) 

found that the increase in the UV absorbance of (CaCl2-extractable) DOM upon incubation of 

the soil (12 days, 20 °C) was accompanied by an increase in the Cu complexation capacity of 

DOM with almost a factor of three, from 0.37 to 1.0 mmol (g DOC)-1. Merritt & Erich (2003) 

monitored early-stage humification of plant residues. Total acidity increased from 5.6 

(initially) to 12.2 mmolc (g DOC)-1 after one week of incubation for DOM derived from wheat 

straw, while Cu complexation capacity increased from 0.16 to 0.29 mmol (g DOC)-1. These 

increases may be related to the enrichment of DOM aromaticity and humification during 

biodegradation. Antelo et al. (1998) and Thacker et al. (2008) found only very small seasonal 

variations in Cu binding by river DOM, although other DOM characteristics as light 

absorbance, fluorescence and hydrophobicity varied more (Thacker et al., 2008). Lu & Allen 

(2002) observed also almost no variations in Cu binding capacities of DOM from three 

different freshwater sources. Bryan et al. (2002) found a more than twofold variation in the 

fraction of model fulvic acid needed to accurately predict Cu titration data of fifteen 

freshwater DOM samples. Indications for a larger variability of Cu affinity of freshwater 

DOM can be found in toxicity studies for aquatic organisms. For example, the 50 percent 

mortality concentration (LC50) for Cu to rainbow trout in DOM containing waters at equal 

DOC concentrations and water composition varied about sixfold depending on DOM source, 

i.e. surface water from 16 different sampling sites in Canada (Schwartz et al., 2004). A similar 

sixfold variation was found in the degree of reducing Cu toxicity to Daphnia magna of DOM 

from six surface water locations in Europe and North America (De Schamphelaere et al., 

2004). The higher variability in Cu complexation by DOM measured in these toxicity studies 

may be a result of the lower Cu loadings of the aquatic DOM compared to studies measuring 

total Cu binding capacities of DOM. The Cu binding capacities are not representative for Cu 

binding at trace (=environmentally relevant) levels. It is postulated that also differences in Cu 

complexation of soil DOM might be larger than the two- and three-fold variations found by 

Marschner & Bredow (2002) and Merritt & Erich (2003) if the Cu complexation is measured 

at low, environmentally relevant, Cu2+ activities. In this case only the sites with the highest 

affinity are occupied by Cu.  

Surface water DOM with higher Specific Absorbance Coefficient (SAC, similar to SUVA 

but measured at 340 nm) decreased Cu toxicity better than those with a low SAC indicating a 
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larger Cu complexation for DOM with higher aromaticity (De Schamphelaere et al., 2004). 

The question remains if a similar correlation with structural properties can also be found for 

soil DOM by more direct Cu-DOM complexation measurements.  

The extent of Cu leaching in soil is determined by both the DOM quantity and Cu affinity 

of DOM. It should be verified if the variability in Cu affinity of soil DOM is of similar or 

even larger importance compared to variability in DOC concentrations. The answer on this 

question is probably related to the scale of the studied soil solutions. The extent of variability 

in DOM quantity and quality should, therefore, be studied on different scales, from seasonal 

variations within one soil to solutions from soils with widely varying characteristics. 

Cu binding to DOM: mechanisms and models 

Dissolved organic matter has various functional groups contributing to the large affinity for 

Cu, with carboxyl and phenol groups as the principal complexing moieties. In a Cu 

complexation reaction one or two protons of functional groups are exchanged by the Cu ion: 

DOM – H   +   Cu2+  →   DOM – Cu+   +   H+ (1.1) 

DOM = H2  +   Cu2+  →   DOM = Cu   +   2 H+ (1.2) 

The phenolic functional groups are considered to account for the majority of Cu2+ 

complexation except at very high Cu concentrations (Lu & Allen, 2002). The pH and cation 

concentration in the soil solution affect Cu-DOM complexation not only by competition 

effects, but also by influencing the DOM concentration and quality. Increases in proton and 

Ca concentration decrease DOC concentrations with a preferential flocculation of the high 

molecular organic acids (Römkens & Dolfing, 1998).  

There are several models to describe ion binding by humic substances. A first group of 

models includes Model VI as used in the speciation program WHAM (Tipping, 1998). These 

models assume that there is a discrete distribution of ion binding affinities of humic 

compounds. A second group, with NIC(C)A-Donnan (Kinniburgh et al., 1999) as best known 

example, uses a continuous distribution of binding affinities.  
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A lot of authors, e.g. Temminghoff et al. (1998), have to adjust generic parameters of these 

models to accurately predict measured Cu complexation. More recently, Milne et al. (2001; 

2003) updated generic proton and metal-ion binding parameters for humic and fulvic acids for 

the NICA-Donnan model. The NIC(C)A-Donnan model and Model VI have fixed binding 

constants for only two model components for DOM (humic and fulvic acid), while in reality 

Cu can be complexed by a variety of very heterogeneous DOM components. Besides the 

humic components, DOM contains also less humified compounds as small organic acids and 

carbohydrates which have smaller Cu affinities, resulting in an overall smaller Cu 

concentration in solution compared to DOM consisting of humic components alone. This is 

often solved by introducing a fraction of ‘inert’ DOM, i.e. DOM without Cu affinity, but this 

fraction is also highly variable (Dwane & Tipping, 1998; Bryan et al., 2002). Assumptions for 

fractions fulvic acid, humic acid and inert DOM to predict Cu concentrations in soil solution 

vary widely (Vulkan et al., 2000; Weng et al., 2002; Cancès et al., 2003; Tye et al., 2004; 

Zhao et al., 2007). Dijkstra et al. (2004) used a multisurface model, with NICA-Donnan 

incorporated, to model Ni, Cu, Zn, Cd and Pb leaching from soils. Leached Cu concentrations 

were predicted reasonably well with the assumption of all DOM present as HA. However, a 

following study (Dijkstra et al., 2009) needed only 50% HA to model leaching of a larger 

range of metals, with consequently lower predicted Cu concentrations. Groenenberg et al. 

(2010) calculated that the uncertainty in the NICA-Donnan predictions of Cu concentrations 

was largely due to natural variations in binding characteristics of soil fulvic acids. This 

heterogeneity in Cu affinity of DOM is probably also the reason for the large variation in 

assumptions of DOM composition. It is unclear if information on structural DOM properties, 

e.g. spectroscopic properties as in the freshwater toxicity study of De Schampelaere et al. 

(2004), can be used to more accurately predict Cu mobility in soils. 

Objectives, hypotheses and thesis outline 

In summary, the gradual build-up of soil Cu is likely to increase Cu leaching and may 

increase ecotoxicological risk in the aquatic system on the long term. Copper leaching is 

mainly depending on DOM in soil solution and gradual changes in DOM concentrations or 

quality (structure) may have larger consequences on Cu leaching than the change in soil total 

Cu. Therefore, an in-depth description of the relationship between DOM quality and Cu 



14                       Chapter 1 

leaching is needed. In addition, the contribution of unretarded Cu-DOM transport on Cu 

leaching is unclear and requires dedicated studies.  

The general objectives of this study are to quantify the variability in DOM properties that 

affect the complexation of Cu and, hence, the mobilization of Cu in soils at different scales 

(lab to field).  In addition, the importance of Cu-DOM dissociation kinetics for Cu leaching in 

soils is analyzed. 

Based on the literature described above, the following hypotheses are proposed: 

1. Variations in structural properties and Cu affinity of soil DOM from varying source 

are large. 

2. Different soil solution sampling methods isolate DOM with different characteristics 

and Cu affinity. 

3. DOM fractions as obtained by hydrophobic fractionation are structurally more 

homogeneous than the bulk samples. 

4. Cu concentrations in soil leachates can not be predicted from soil and soil solution 

composition alone, but require also information on DOM quality (=characteristics) 

that, in turn, depends on the source of DOM in soil. 

5. Cu-DOM dissociation kinetics in solutions differs largely with source.  

6. Application of slowly dissociating Cu-DOM complexes to soil columns results in 

earlier Cu breakthrough compared to the equilibrium situation. 

To address these hypotheses, several experiments were conducted, discussed and analyzed. 

In Chapter 2 a new method was developed for measuring Cu affinities of DOM at constant 

relevant soil conditions. This method was applied to contrasting soil solutions from 13 

agricultural soils. The influence of soil solution sampling method, drying/wetting cycles and 

biodegradation on DOM structure (aromaticity) and functional properties (Cu mobilizing 

capacity and acidity) was assessed (hypotheses 1 and 2). The conclusions from this lab 

experiment are verified in the field experiment in Chapter 3. It was studied if information on 

functional properties of DOM was necessary to predict Cu concentrations in the leachates of 

an agricultural soil that were collected during 5 months (hypothesis 4). A method was 

developed to quantify fractions of hydrophilic and hydrophobic DOM components in small 

volumes of soil solution (Chapter 4). Soil waters from varying source and sampling method 
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were subjected to this method. It was verified if the variability in DOM characteristics was 

larger in the fractions compared to the bulk sample (hypothesis 3). In Chapter 5, this 

fractionation method and other structural and functional analyses were used to study 

variability in quantity and quality of DOM in soil solutions from freshly sampled Belgian 

soils (hypotheses 1 and 2). The extent in variability in Cu-DOM dissociation kinetics was 

studied in Chapter 6. The influence of DOM aromaticity, the free Cu2+ activity in equilibrium 

with the DOM and the Cu-DOM contact time on the dissociation kinetics was analyzed 

(hypothesis 5). It was verified if the presence of slowly dissociating Cu-DOM complexes 

enhanced fast Cu breakthrough in a column experiment (hypothesis 6). 





 

CHAPTER 2 

The copper mobilizing potential of dissolved organic 

matter in soils varies tenfold depending on soil 

incubation and extraction procedures 

 

 

Adapted from: Amery, F., Degryse, F., Degeling, W., Smolders, E. & Merckx, R. 2007. The 

copper-mobilizing-potential of dissolved organic matter in soils varies 10-fold depending 

on soil incubation and extraction procedures. Environmental Science & Technology, 41, 

2277-2281. 

 

Introduction 

Mobilization of Cu by DOM not only depends on the quantity of DOM, i.e. DOC 

concentration, but also on its quality. In surface waters, the source of DOM is known to affect 

Cu complexation and Cu toxicity to freshwater organisms (De Schamphelaere et al., 2004; 

Luider et al., 2004; Schwartz et al., 2004). Only a few studies have assessed how the Cu 

affinity of DOM in soil solutions varies. Copper binding capacities and stability constants of 

water-extractable C from fresh and 1 week microbially degraded plant residues have been 

measured, but no consistent pattern associated with the increasing structural complexity after 

incubation was observed (Merritt & Erich, 2003). Incubation experiments with an Ap horizon 

showed a 3-fold increase in Cu complexation capacities of DOM in percolates of non-sterile 

soil samples after 12 days of incubation at 20 °C (Marschner & Bredow, 2002). The authors 

attributed this augmentation to microbial production of low molecular weight compounds 

with high Cu complexing capacity. The Cu complexation capacities were measured at large 

activities (>10-5 M) that are well above those measured in soil solutions, which are around 

10-11-10-9 M at near neutral pH conditions in uncontaminated soils (Sauvé et al., 1997; Vulkan 
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et al., 2000). It is postulated that differences in Cu complexation among DOM might be larger 

at low, environmentally relevant, Cu activities in which case only the sites with the highest 

affinity are occupied by Cu. 

Two advanced models for ion binding to humic substances, model VI (Tipping, 1998) and 

NICA-Donnan (Kinniburgh et al., 1999), use generic parameters for purified humic and fulvic 

acid to predict complexation of heavy metals with humic substances. In soil, DOM is a 

complex mixture and may in addition to humic and fulvic acid contain non-humic substances 

derived from plant residues and biomass. These DOM components differ in metal 

complexation from purified humic or fulvic acid. The role of DOM quality on metal 

complexation can be taken into account by adjusting the humic to fulvic acid ratio and by 

introducing a fraction of inactive organic matter (35–40%) (Weng et al., 2002). Recently, a 

round-robin test for DOC with different laboratories was set up. While Cu concentrations in 

the soil solution were almost constant, DOC concentrations differed 10-fold, depending on the 

duration of the moist incubation after rewetting air-dried soil (Smolders, unpublished data). It 

has been shown that drying and rewetting of soils increases DOC concentration, probably 

mainly due to lysis of biomass (Merckx et al., 2001), and that this flush of DOM differs in 

spectroscopic properties from the more humified DOM in soils that haven’t been recently 

subjected to drying (Zsolnay et al., 1999). The DOM extraction method was also found to 

affect DOM properties such as fluorescence (Zsolnay, 2003). The nature of the extraction 

method applied to freshwater sediments (pore water isolation methods or water extractions) 

affected DOM quantity and quality (aromaticity, molecular size distribution and sorption of 

pyrene) (Akkanen et al., 2005). These results indicate that DOM quality may vary greatly 

depending on soil, incubation scenario and extraction procedure. 

The objectives of this study are to quantify the variability in Cu affinity of DOM among 

soils, extraction and incubation procedures, and to relate this variability to structural DOM 

properties. This allows verification of whether models predicting Cu mobility in soils should 

include information on DOM quality. To this purpose, a new method was developed to 

measure Cu complexation with small DOM quantities at constant solution composition and at 

environmentally relevant Cu activities. 
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Materials and Methods 

Soils and soil incubation procedures 

The topsoil of 13 uncontaminated soils was sampled (Table 2.1). Soils 1 to 8 and soils 10 

to 13 were air-dried (25 °C) and sieved (< 2 mm) after sampling, and stored dry for various 

periods (3.5–10 years, see Table 2.1) prior to incubation. The dried soils were wetted with 

deionized water to field capacity (9807 Pa, pF 2). The homogeneously wetted soils were 

covered in plastic reservoirs and incubated at 20 °C. Samples of soil 1 to 8 were incubated 

over a short (4 days) and a long period (> 1 month, see Table 2.1). The short-term incubation 

was always started 4 days before the end of the long-term incubation. Soils 1, 3 and 8 were 

also incubated for more than 2 months. Four days before the end of this long-term incubation, 

dry samples of soil 1, 3 and 8 were wetted and incubated again for a short period (4 days). 

These extra treatments were used for the determination of total DOM acidity (see further). For 

soils 10 to 13, two treatments were imposed. In the first treatment, soils were incubated 

continuously moist in closed jars at 20 °C. For the second treatment, soils were subjected to 

two drying/wetting cycles prior to incubation. After the soils were wetted a first time, they 

were spread out in a layer about 2 cm deep and dried at 25 °C under continuous illumination 

in a plant growth chamber for two days. Afterwards, the soils were rewetted with deionized 

water to field capacity, again dried at 25 °C for two days, rewetted to field capacity, and 

incubated as in treatment 1. For both treatments, soil samples were incubated for a short 

(6 days) and a long period (56 days) after the final soil wetting. Soil 9 was sampled directly 

from the field after a rainfall period. This soil was neither dried nor incubated, instead soil 

solutions were sampled immediately. Soils 4, 9 and 12 were sampled from the same field, but 

were collected on different dates and stored for different periods of time.  



 

Table 2.1. Selected soil characteristics and soil incubation scenarios before soil solution sampling.  

soil 

number 
origin 

duration of air-

dry storage 

length of moist 

incubation 
pH clay

a 
sand

a 
org. C

b 
CEC

c 

  (years) (days) (0.01 M CaCl2) (%) (%) (%) (cmolc kg-1) 

   short long      

1 Belgium (Oedelem) 10 4 37/105d 4.8 8 65 3.6 26.4 

2 Belgium (Blier) 10 4 54 5.4 17 25 5.3 22.3 

3 Belgium (Ochamps) 10 4 37/172d 5.8 14 11 5.7 15.7 

4 Belgium (Ter Munck) 3.5 4 77 6.7 16 13 1.0 9.5 

5 France 3.5 4 38 7.4 27 19 1.3 20.0 

6 Germany 3.5 4 38 3.0 7 83 5.1 5.8 

7 United Kingdom 3.5 4 42 4.2 13 51 12.9 15.2 

8 Netherlands 3.5 4 42/62d 4.7 24 48 23.3 35.3 

9 Belgium (Ter Munck) fresh - - 6.7 16 13 1.0 9.5 

10 Belgium (Lovenjoel) 10 6e 56e 5.0 10 37 2.1 13.8 

11 Belgium (Lo) 10 6e 56e 7.1 21 43 1.5 14.7 

12 Belgium (Ter Munck) 7f 6e 56e 6.7 16 13 1.0 9.5 

13 Belgium (Nethen) 7f 6e 56e 6.6 10 53 1.1 6.5 

a Soil texture was determined by the pipette method (Day, 1965); b organic C content was measured by a wet combustion technique using K2Cr2O7 and H2SO4 
followed by CO2 analysis (Amato, 1983); c CEC at soil pH was measured using the unbuffered AgTU procedure (Chhabra et al., 1975); d first long-term 
incubation (>1 month, no DOM acidity data) / second long-term incubation (> 2 months, with DOM acidity data); e with and without two drying/wetting cycles 
prior to incubation; f Storage at 4 °C.  
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DOM extraction procedure 

After incubation, soil solutions were isolated. For soils 1 to 9, soil solutions were sampled 

by centrifugation (pore water), water extraction and 0.01 M CaCl2 extraction. For soils 10 to 

13, only pore water was collected. Pore water was sampled with a double chamber method. A 

30 mL syringe without plunger was filled with quartz wool and approximately 50 g of moist 

soil, and placed into a 50 mL centrifuge tube. After centrifugation (2500 g, 30 minutes), the 

pore water obtained was filtered (0.45 µm). The CaCl2 extracts and water extracts were done 

using 5 g of moist soil and 20 mL of 0.01 M CaCl2 or deionized water in a 50 mL 

polypropylene centrifuge tube (Houba et al., 1996). The suspensions were shaken end-over-

end for 3 days. After phase separation by centrifugation (2500 g, 30 minutes), the supernatant 

was filtered (0.45 µm). 

Soil solution analyses  

Elemental analyses of all pore waters, water extracts and CaCl2 extracts was made by ICP-

OES (Perkin Elmer, Optima 3300 DV) after acidification to pH 1 with 5 M HNO3. 

Concentrations of DOC were measured by an Analytical Sciences Thermalox TOC-analyzer. 

Copper mobilizing potential (CuMP) 

A one-step resin-exchange method to measure Cu affinity of small quantities of DOM at 

environmentally relevant pCu (= -log free Cu2+ activity) was developed (Figure 2.1). A DOM 

solution was equilibrated with Chelex®-100 resin (Bio-rad; 0.62 mmolc (g wet weight)-1) in 

Cu/Ca form. The resin controls the free Cu2+ activity at pCu ~11.3. This value was checked 

by synthetic ligand experiments (see Annex 1 for more information on method development 

and verification). By complexing Cu, DOM increases the total Cu concentration in solution, 

[Cu]tot. Since the free Cu2+ concentration is negligible compared to [Cu]tot, the concentration 

of Cu complexed by DOM at equilibrium, [Cu]compl, is virtually equal to [Cu]tot. The copper 

mobilizing potential (CuMP, mmol Cu (kg DOC)-1) is calculated by dividing the total Cu 

concentration in solution by the DOC concentration: 
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CuMP = 
[ ]

[ ]DOC

Cu compl
 ≈  

[ ]
[ ]DOC

Cu tot     (2.1) 

The CuMP value, normalized for DOC concentration, only depends on the quality of DOM 

because the CuMP is measured at standard conditions of pH (7.0), calcium concentration 

(~1.5 mM) and free Cu2+ activity (buffered by the resin). Before measuring CuMP on soil 

solutions, the influence of varying Ca concentrations, Cu/Ca ratio on the resin, pH and DOC 

concentration, on the free Cu2+ activity and the amount of Cu mobilized by DOM was 

assessed, using synthetic ligands and the commercial Aldrich humic acid (see Annex 1).  

             

Figure 2.1. Determination of the Cu mobilizing potential. Free Cu2+ concentration is controlled by the 
resin (pCu ~11.3). In solution, Cu2+ forms complexes with DOM. Total dissolved Cu concentration in 
solution is measured and is approximately identical to the concentration of Cu complexed by DOM by 
neglecting free Cu2+ concentration. 

All experiments were performed in duplicate and all materials were acid washed prior to 

use. Chelex-100 resin (0.2 g, Na-form) and 10 mL 1.24 mM CuCl2 were transferred into a 

50 mL polypropylene centrifuge tube, after which 5 mL soil solution and 5 mL deionized 

water were added. The Ca concentration in the 20 mL solution was made up to 4.5 mM using 

1 M Ca(NO3)2. A constant pH of 7.0 ± 0.1 was reached by adding 260 µL 0.1 M NaOH. Since 

preliminary experiments reached equilibrium conditions only after 6 days, the tubes were 

shaken end-over-end for at least 6 days at 20 °C. During that period, pH was checked at least 

once and adjusted with small amounts of 0.1 M NaOH or HNO3 when necessary. After 

equilibration, the tubes were centrifuged (2500 g, 15 minutes) and pH was measured. 

Cu         Ca 

 
resin 

Cu2+   +   DOM 

Cu-DOM 

solution 
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Subsamples of the supernatant (9 mL) were filtered (0.45 µm) to remove small resin particles. 

One part of the filtered subsamples (5 mL) was acidified to pH 1 with 5 M HNO3 before 

analysis of Cu, Ca and Na by ICP-OES (Perkin Elmer, Optima 3300 DV). The other part was 

used to measure the equilibrium DOC concentration. The CuMP was calculated by 

Equation 2.1. For each determination two samples without DOM (blanks) and two reference 

samples with synthetic ligands (see Annex 1) were included.  

Specific absorbance at 254 nm 

The absorbance at 254 nm (A254) of all filtered soil solutions was measured by UV-VIS 

spectrometry (Perkin-Elmer, Lambda 20, quartz cells), with an path length (b) of 1 cm. If A254 

was higher than 2.5, soil solutions were diluted to assure linear relationships between A254 and 

DOC concentrations. The specific UV-absorbance (SUVA, L g-1 cm-1) was calculated as: 

[ ]DOC
SUVA

254

⋅
=

b

A
    (2.2) 

with A254 dimensionless, b in cm and [DOC] in g L-1. The specific UV-absorbance is used as 

an estimate of the aromaticity of DOM (Weishaar et al., 2003). Since there is little variation in 

absorbance with pH (Dilling & Kaiser, 2002; Weishaar et al., 2003), the SUVA was 

determined at the natural pH of the sample. The absorbance of NO3
- was found negligible in 

the NO3
- concentration range of the samples, compared to the UV-absorbance of soil 

solutions.  

Total DOM acidity 

The total acidity of DOM (mmolc (g DOC)-1) in three pH intervals, pH 3–7 (Q3–7), pH 7–

11 (Q7–11) and pH 3–11 (Q3–11), was measured by potentiometric titration on the soil solutions 

of second short- and long-term (> 2 months) incubated soils 1, 3 and 8. Titrations were 

performed using an automatic titration unit (702 SM Titrino, Metrohm) with a Metrohm 

combination pH micro-electrode which was calibrated daily with buffers at pH 3, 4, 7 and 10. 

Soil solutions were titrated in a titration cell under N2 atmosphere in order to exclude CO2 

contamination. Temperature was 22 ± 1 °C. Titrations were performed in duplicate or 
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triplicate. The acid titrant, 0.1 M HCl, was standardized against 0.05 M Na2CO3 (water free 

weighed). The base titrant, 0.02 M NaOH in 0.08 M NaCl, was then standardised against the 

0.1 M HCl. The base titrant was kept in a 500 mL polypropylene bottle and placed in a glass 

container with CO2 scrubber. The titrant was sparged with N2 scrubbed in 1 M NaOH. The 

ionic strength of the soil solutions were adjusted to 0.1 M by means of addition of small 

amounts of 2 M NaCl. Ten mL of the soil solution with adjusted ionic strength, sometimes 

diluted with 0.1 M NaCl, was transferred to the titration cell and the pH was reduced to 

approximately pH 2.95 with 0.1 M HCl. After 10 minutes sparging at pH 2.95 to eliminate 

CO2 in the soil solution and to reach equilibrium, the titration was started. During the whole 

titration process, soil solution was stirred and sparged with N2. The NaOH titrant was added 

in increments of 3 µL. Both the added volume of titrant and the stable pH (signal drift < 10 

mV min-1) were recorded after each addition of titrant. Each soil solution was titrated from pH 

2.95 to pH 11 in about 30 minutes. A blank solution (10 mL of 0.1 M NaCl) was titrated in 

the same way as the soil solutions, before each soil solution titration. From the titration data 

of the blank, the amount of OH- needed to increase the pH (with ∆pH) for a certain solution 

volume (10 mL + volume of titrant) was derived. This amount was subtracted from the 

amount of OH- needed to increase the pH of the soil solution sample in the same pH interval, 

but a volume correction was made, to take into account the larger volume of the sample (at 

the same pH) since more titrant was needed for the samples. This correction based on a blank 

solution was preferred over a theoretical correction, since small differences between 

theoretical and experimental pH values result in relatively large differences in volume of base 

titrant, certainly at low and high pH values. Because of the small total acidities, even small 

differences in the volume of base titrant result in large differences in acidity.  

Not only DOM in the soil solution, but also other weak acids are sources of the soil 

solution acidity. Solution analysis revealed that mainly ammonia (pKa = 9.24) and dissolved 

silica (pKa of H4SiO4 = 9.82) may account for a significant part of the OH- consumed between 

pH 7 and 11. Therefore, net solution acidity between pH 7 and 11 was corrected for ammonia 

and dissolved silica to obtain the estimated DOM acidity. The concentration of ammonia was 

measured by Skalar SA40 and silica by ICP-OES. Acidity of DOM in three pH intervals, pH 

3–7 (Q3–7), pH 7–11 (Q7–11) and pH 3–11 (Q3–11), was calculated by dividing the blank 

corrected amount of OH- consumed during titration in that pH interval, by the amount of DOC 

present in solution, and was expressed in mmolc (g DOC)-1. 
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Regression analysis 

Linear regression analysis was performed with the statistical program SAS® 9.1 (Cary, NC, 

USA) to relate CuMP to SUVA and total DOM acidity. 

Results 

DOC concentrations in soil solutions 

The DOC concentrations generally decreased following the order pore water > water 

extract > CaCl2 extract for each soil and incubation time (Table 2.2). This order changes into 

water extract > CaCl2 extract ≥ pore water when expressed in amount of DOC extracted per 

unit soil weight. In other words, the DOC concentrations in the extracts were larger than 

expected based on pure dilution. The lower DOC concentrations in the CaCl2 extracts 

compared to the water extracts can be explained by coagulation of DOM at high Ca 

concentrations. In some cases, coagulation caused slightly lower amounts of DOC extracted 

from soil by the CaCl2 extract compared to the pore water. The DOC concentrations in 

solutions of the long-term incubated soil were smaller than those in solutions of the short-term 

incubated soil, with the exception of soil 2. This incubation effect is probably related to DOM 

decomposition as discussed previously (Merckx et al., 2001). Between the first and second 

long-term incubation, DOC concentrations continued to decrease in all soil solutions of soil 1 

and 8 and in the water extract of soil 3. The pore waters of soils 1, 2 and 3 contained 

extremely high DOC concentrations, which are likely related to their long dry storage (10 

years). The DOC concentration was much lower in most samples that were incubated for a 

month, indicating that the DOM that was sampled after short incubation is easily 

biodegradable. The soils that had been stored air-dry for a shorter time (soils 4 to 8) had lower 

DOC concentrations in their pore water. Of these soils, the soil with the lowest organic matter 

content (soil 4), had the lowest DOC concentration in its pore water, while soil 7, a peat soil, 

had the highest DOC concentration. The freshly sampled soil 9, sampled at the same location 

as soil 4, had the lowest DOC concentration in pore water and extracts.  
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Table 2.2. DOC concentrations (mg L-1) in the soil solutions of soil 1 to 9 for different soil solution 
sampling methods and soil incubation times (short: 4 days; long: > 1 month / > 2 months). 

 pore water water extract 0.01 M CaCl2 extract 

soil number short long short long
 

short long
 

1 1702 645/466 179 128/44 81 48/29 

2 2030 2380 9 186 4 178 

3 1740 316/524 113 100/74 80 60/60 

4 68 37 158 18 114 8 

5 198 113 15 16 11 11 

6 535 352 224 145 36 43 

7 535 370 173 108 59 40 

8 128 120/81 112 52/42 115 33/29 

9a 12  8  5  

  a No short-term incubation, instead soil solutions were immediately sampled from the moist soil from the field.  

Drying/wetting cycles prior to incubation increased DOC concentrations, for both short- 

and long-term incubation, except for soil 11 (Table 2.3). The difference in DOC 

concentrations in pore water between soils subjected or not to drying/wetting cycles 

diminished at longer incubation. 

Table 2.3. DOC concentrations (mg L-1) and CuMP of DOM (mmol Cu (kg DOC)-1) in pore waters of 
soils 10 to 13, for short-term (6 days) and long-term (56 days) moist incubation, and with (+D/W) or 
without (-D/W) two drying/wetting cycles prior to incubation. Standard deviations in brackets (n = 2). 

 DOC CuMP 

soil -D/W +D/W -D/W +D/W 

number short long short long short long short long 

10 2013 694 2526 789 7.1 (0.1) 7.0 (0.7) 8.2 (1.1) 6.7 (0.1) 

11 503 316 382 125 8.6 (0.6) 7.7 (0.2) 9.9 (0.1) 16.4 (4.9) 

12 71 32 272 65 16.5 (0.9) 19.0 (2.2) 9.2 (0.2) 17.0 (0.1) 

13 43 30 212 94 19.1 (5.7) 17.5 (1.9) 8.9 (0.3) 13.3 (1.3) 
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CuMP of soil solution DOM 

Results on the experiments to assess the influence of varying Ca concentrations, Cu/Ca 

ratio on the resin, pH and DOC concentration, on the free Cu2+ activity and the amount of Cu 

mobilized by DOM are provided in Annex 1. The pCu at the standard conditions of the CuMP 

measurement is ~11.3. A linear relationship between Cu and DOC concentrations was found. 

Therefore, it was justified to normalize Cu concentration with respect to DOC concentration 

(Equation 2.1) to obtain CuMP, as a measure of the affinity of DOM for Cu. The equilibrium 

pH of the CuMP solutions varied between pH 6.9 and 7.1, giving an estimated uncertainty on 

the CuMP values of ±10%. Equilibrium Ca concentrations varied for almost all solutions 

between 0.7 and 2.5 mM. This gave an estimated maximum variation of CuMP values by a 

factor 1.8. However, no correlation between CuMP values and the equilibrium Ca 

concentration was detected among all samples.  

Table 2.4. CuMP (mmol Cu (kg DOC)-1) of soil solutions of soils 1 to 9 for different soil solution 
sampling methods and incubation times. Standard deviations in brackets (n = 2). 

soil pore water water extract 0.01 M CaCl2 extract 

number short long
a
 short long

a 
short long

a 

1 4.2 (0.2) 10.9 (0.4) 16.2 (0.2) 27.4 (5.4) 10.8 (0.6) 17.8 (2.5) 

2 4.9 (0.2) 3.8 (0.2) bdb 16.6 bd 10.5 (0.7) 

3 3.9 (0.1) 4.5 (0.0) 16.3 (0.1) 19.8 (0.0) 11.1 (0.2) 12.7 (1.2) 

4 15.2 (0.2) 24.9 (5.1) 21.2 (0.6) 28.9 (9.6) 12.0 (0.5) 30.4 (0.7) 

5 11.0 (1.5) 14.6 (0.7) 24.3 (2.0) 29.3 (11.9) 15.9 (3.8) 22.8 (8.6) 

6 7.7 (1.0) 9.0 (0.0) 22.6 (8.5) 23.7 (7.6) 10.6 (0.2) 11.2 (2.6) 

7 6.0 10.6 (0.1) 22.4 (0.4) 28.9 (4.3) 11.9 (0.0) 14.2 (0.4) 

8 8.5 (0.4) 17.4 (3.8) 11.9 (1.2) 15.6 (0.1) 9.5 (0.0) 12.6 (0.7) 

9c 37.0 (0.7)  34.0 (2.1)  bd  

a first long-term incubation (> 1 month); b bd = below detection limit; c no short-term incubation, instead soil 
solutions were immediately sampled from the moist soil from the field. 
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The CuMP for all soil solutions varied between 3.8 and 37.0 mmol Cu (kg DOC)-1 (Tables 

2.3 and 2.4). These values are significantly lower than the amount of Cu mobilized by Aldrich 

humic acid (120 mmol Cu (kg DOC)-1). This commercial humic acid is prepared by alkaline 

extraction of coal (Bob & Walker, 2001). Consequently, the properties, e.g. aromaticity 

(SUVA: 66 L g-1 cm-1, above that of DOM samples here, see below) and quality, e.g. Cu 

affinity, from this humic acid differ from natural DOM.  

The CuMP generally decreased in the order water extract > CaCl2 extract > pore water 

(Table 2.4), i.e. the same order as for the amount of DOC extracted from the soil (per kg of 

dry soil). In other words, the extra amount of DOM mobilized by the extracts, has a higher 

affinity for Cu compared to the DOM in pore water. Soil solutions of long-term incubated 

soils had higher CuMP values than their equivalents with short-term incubation, indicating 

that the degradable DOM has a lower Cu affinity than the DOM remaining after incubation. 

The DOM in pore waters of the soils that were stored air-dry for 10 years and that had very 

high DOC concentrations (soils 1–3, 10–11), had small CuMP values.  

For soils 12 and 13, the CuMP of the pore water was smaller when the soil was subjected 

to drying/wetting cycles (~9 mmol Cu (kg DOC)-1) than when no drying/wetting cycles were 

applied (~17 mmol Cu (kg DOC)-1), indicating that the extra DOM flush generated by drying 

and rewetting has relatively low Cu affinity (Table 2.3). The difference in CuMP between 

soils with and without drying/wetting cycles diminished after incubation of the soils, 

suggesting that this DOM with low Cu affinity released by drying/wetting cycles is easily 

degradable which agrees with the strong decrease in DOC concentrations during incubation. 

For soils 10 and 11, stored air-dry for 10 years, the CuMP values were low (~8 mmol Cu (kg 

DOC)-1), also when the soils were not subjected to drying/wetting cycles. Although the DOC 

concentrations decreased with incubation, they were still elevated, especially for soil 10, 

which explains why CuMP remains low after incubation.  

Specific UV absorbance (254 nm) 

The SUVA of all soil solutions varied between 6 and 63 L g-1 cm-1. Soil solutions generally 

showed SUVA values following the order water extract > CaCl2 extract > pore water for each 

soil (Figure 2.2), and the SUVA was generally higher when soils were incubated for a long 
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period than for a short period of time. Pore water of soils subjected to drying/wetting cycles 

had lower SUVA than their equivalents without drying/wetting cycles. All of these 

observations present an analogy between SUVA, which is a measure of aromaticity, and 

CuMP. Linear regression analysis was performed between SUVA and CuMP. Samples with 

DOC concentrations less than 12 mg L-1 were left out for accuracy reasons. A significant 

correlation (P < 0.0001, r = 0.76) was found (Figure 2.2). 
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Figure 2.2. The copper mobilizing potential of DOM (CuMP) increases with increasing specific UV 
absorbance of the DOM (SUVA at 254 nm) in soil solutions from all soils. Soil solutions were pore 
waters (♦), water extracts (■) and 0.01 M CaCl2 extracts (∆). Soil solutions were sampled after short-
term (4 days) or long-term (> 1 month and > 2 months) moist incubation.  

 Total DOM acidity 

The total DOM acidity between pH 3 and 7 (Q3–7) and between pH 7 and 11 (Q7–11) of the 

soil solutions of soils 1, 3 and 8 are listed in Table 2.5. In all cases, except for the long-term 

incubated soil 8, Q3–7 of the pore water was smaller than that of the extracts. There was no 

clear difference in Q3–7 between water extracts and CaCl2 extracts. The Q7–11 of all solutions 

with one exception, increased when the soils were incubated for a long time, which parallels 

with the increase in SUVA and CuMP after incubation. Generally, soil 8 showed higher 

SUVA, CuMP (data not shown for second short-term and long-term incubation) and total 
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DOM acidity values than soils 1 and 3, two soils that were stored air-dry for 10 years. 

However, overall there were no clear relationships between total DOM acidity and SUVA or 

CuMP. 

Table 2.5. Total DOM acidities (mmolc (g DOC)-1) between pH 3 and 7 (Q3–7) and between pH 7 and 
11 (Q7–11) of the soil solutions from soil 1, 3 and 8 for different extraction procedures and incubation 
times (short: 4 days; long: > 2 months). Standard deviations in brackets (n = 3). 

soil  pore water water extract 0.01 M CaCl2 extract 

number  short
 

long
 

short
 

long
 

short
 

long
 

Q3–7 2.2 (0.1) 2.1 (0.1) 3.4 (0.2) 3.6 (0.2)a ndb nd 
1 

Q7–11 1.4 (0.0) 5.6 (0.3) 1.9 (0.3) 3.8 (0.1) nd nd 

Q3–7 2.1 (0.0)a 2.3 (0.0)a 3.6 (0.9)a 3.1 (0.5)a 3.5 (0.0)a 4.8 (0.0)a 

3 
Q7–11 0.9 (0.1)a nd 3.4 (0.8)a 3.2 (1.1)a 1.1 (1.1)a 5.3 (0.7)a 

Q3–7 6.4 (0.3) 10.0 (0.6) 7.4 (0.4)a 8.2 (0.9)a 7.8 (0.4)a 8.3 (2.3)a 

8 
Q7–11 6.9 (0.2) nd 2.7 (0.4) 4.1 (0.6) nd 10.7 (0.8) 

a n = 2; b nd = not determined. 

In some cases, ammonia and dissolved silica concentrations accounted for a significant 

part of the total charge of the soil solution between pH 7 and 11 (mmolc L
-1). For ammonia, 

this was especially the case for the short-term incubated soil 1 (up to 50% of the total charge 

between pH 7 and 11) and for the short-term incubated soil 3 (up to 93%). Average ammonia 

and silica corrections were 24% and 26% of the total charge of the soil solutions between pH 

7 and 11. These large corrections increase the uncertainty of Q7–11. The small DOM quantities 

and the presence of other OH- consuming compounds in the soil solution reduce the accuracy 

of the determination of the total DOM acidity. However, this procedure was preferred over a 

titration with purified and isolated DOM (e.g. by collection on resins), since part of DOM can 

be lost during preparation (Peuravuori et al., 1997; Marhaba et al., 2003).  

Discussion 

The approximately tenfold variation in CuMP of DOM appears relatively large compared 

to that in other studies on Cu binding to DOM. Toxicity of dissolved Cu to several freshwater 

organisms was smaller for natural water DOM with higher SUVA values, indicating that Cu 
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binding was stronger for these samples (De Schamphelaere et al., 2004; Luider et al., 2004; 

Schwartz et al., 2004). The variability among DOM was 6-fold. The variability of Cu binding 

to DOM from soils varied at most about 3-fold (Marschner & Bredow, 2002; Merritt & Erich, 

2003). However, Cu binding was measured as Cu complexing capacity which might obscure 

larger differences in Cu affinity at low Cu concentrations. The procedure of Marschner & 

Bredow (2002) uses solid CuO to buffer Cu activity at a constant level (10-4 M at pH 6). Due 

to this high Cu activity, the amount of Cu bound by DOM is likely more a measure for the 

total Cu binding capacity than for the Cu affinity of DOM. In most soils (soils with ≥ 1% 

organic matter) copper activities in soil solutions are controlled by soil organic matter and are 

usually much lower: 10-11–10-9 M at near neutral pH conditions in uncontaminated soils 

(Sauvé et al., 1997; Vulkan et al., 2000). The method presented in this paper measures Cu 

binding at a free Cu2+ activity of about 10-11.3 M, in which case only a small fraction of the 

binding sites of DOM is occupied by Cu. The CuMP values ranged from 4 to 37 mmol Cu 

(kg DOC)-1 while total DOM acidities were around 6000 mmolc (kg DOC)-1. 

The results show that dry storage or drying/wetting cycles create a DOM flush, however 

this DOM has a low aromaticity and low affinity for Cu. It is hypothesized that this low 

quality DOM results mainly from lysis of biomass and consists of small, non-humified 

organic compounds (e.g. carbohydrates) (Merckx et al., 2001). Other studies suggested that 

air-drying causes a minor increase of more humified material (Zsolnay et al., 1999) or that it 

generates DOM from disruption of microbial biomass (Powlson & Jenkinson, 1976; Christ & 

David, 1996; Lundquist et al., 1999) and from decomposable organic matter that was trapped 

in small pores (Powlson & Jenkinson, 1976; Lundquist et al., 1999). The results here also 

indicate that the DOM, generated by dry storage and drying/rewetting cycles, is easily 

degraded as DOC concentrations decreased and SUVA increased during incubation. Easily 

degradable compounds with low aromaticity such as carbohydrates are preferentially utilized 

by microorganisms during degradation of different DOM compounds (Kalbitz et al., 2003a). 

Therefore, incubation results in an enrichment of the more humified organic matter with a 

higher affinity for Cu. This is also supported by the increase of Q7–11 during incubation, since 

most of the OH- consuming organic groups between pH 7 and 11 are phenolic (Stevenson, 

1994).  



32                       Chapter 2 

 

The soil solution sampling procedure has a large effect on DOC concentrations (mg DOC 

(kg soil)-1), SUVA and CuMP and generally followed the order water extract > CaCl2 extract 

> pore water. Water and CaCl2 extracts sample not only DOM present in pore water, but also 

extract a part of the solid organic matter. It can be inferred that this extra DOM is more 

humified and has a higher Cu affinity than the DOM in pore water. This difference among 

extraction procedure is most pronounced after air-drying or dry storage, likely due to the 

presence of relatively large amounts of non-humified, easy degradable DOM in the pore 

water. A conceptual scheme is given in Figure 2.3 to summarize the effects of soil solution 

sampling method and soil incubation scenarios on DOM quantity and quality. 

           
Figure 2.3. Conceptual scheme of DOM sampling: increasing aromaticity and CuMP is given by 
increasing grey scale. Different soil solution sampling procedures sample different parts of the soil 
organic matter. Pore water extraction only samples DOM from the in situ pore water (dashed line). 
Water and CaCl2 extractions also sample part of the solid organic matter (dotted line), which is 
assumed to consist mainly of humified material with high Cu affinity. The pore water DOM has high 
aromaticity and Cu affinity in case the soil has not been (recently) subjected to drying (a). When the 
soil has been subjected to drying, large amounts of DOM with low aromaticity and Cu affinity may be 
present in the pore water (b). 

 
 

solid organic 
matter 
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in pore water 

 

organic matter 
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          (a)                                               (b) 
    soil with basal,                       soil subjected to drying, 
  high quality DOM                    with low quality DOM 
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Conclusions 

It is clear that Cu affinity of DOM varies greatly among soils and incubation procedures. 

The prediction of Cu solubility and mobilization in soils requires not only information on 

DOM quantity but also on DOM quality. The use of DOM directly extracted from soils that 

are stored air-dry for a long time is probably of little environmental relevance. For example, 

the DOM of soil 9, sampled moist in the field, had an about twofold larger CuMP than that of 

the same soil stored dry for 3.5–7 years (soil 4 and 12). Soil extraction with water or dilute 

salts rather than pore water isolation should be discouraged for DOM isolation since extracts 

sample additional DOM not present in pore water and this additional DOM is structurally and 

functionally different from pore water DOM.  





 

CHAPTER 3 

The UV-absorbance of dissolved organic matter 

predicts the fivefold variation in its affinity for 

mobilizing Cu in an agricultural soil horizon 

 

 

Adapted from: Amery, F., Degryse, F., Cheyns, K., De Troyer, I., Mertens, J., Merckx, R. 

& Smolders, E. 2008. The UV-absorbance of dissolved organic matter predicts the fivefold 

variation in its affinity for mobilizing Cu in an agricultural soil horizon. European Journal 

of Soil Science, 59, 1087-1095. 

 

Introduction 

Several models have been developed to predict the solubility of Cu in soils (Temminghoff 

et al., 1998; Weng et al., 2002; Tipping et al., 2003; Tye et al., 2004). The Cu binding to 

either the solid organic matter or DOM is based on advanced models for ion binding to humic 

substances, e.g. model VI (Tipping et al., 2003) and NICA-Donnan (Kinniburgh et al., 1999). 

It is often noted that generic parameters of these models require adjustment to accurately 

predict the Cu solubility (e.g. Temminghoff et al. (1998)), while others (e.g. Dijkstra et al. 

(2004; 2009)) achieved good estimations of metal mobility without changing (updated) 

generic parameters (Milne et al., 2001; Milne et al., 2003). The latter group adjusts, however, 

often the fractions of the two model components for DOM, i.e. humic and fulvic acids (HA 

and FA), and the fraction of inert DOM. A range of assumptions about the distribution of 

these fractions in DOM is already used, e.g. 100% HA (Dijkstra et al., 2004), 50% HA and 

50% inert (Dijkstra et al., 2009), 50% FA and 50% HA (Cancès et al., 2003); 40% FA, 40% 

HA and 20% inert (Zhao et al., 2007); 50% FA and 50% inert (Tye et al., 2004), 65% FA and 

35% inert (Bryan et al., 2002; Weng et al., 2002; Tipping et al., 2003) and 69% FA and 31% 

inert (Vulkan et al., 2000). These differences in fitted parameters and fractions distribution are 
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likely due to the variation of DOM structure in soils, furthermore termed DOM quality. 

Dissolved organic matter quality is obviously variable depending on source, extent of 

decomposition and retention as it moves through soil (Kalbitz et al., 2000).  

Measuring Cu affinity of DOM in soils is often limited to analyzing Cu binding capacities 

of DOM (Marschner & Bredow, 2002; Merritt & Erich, 2003). In Chapter 2, a new method 

was developed to measure Cu affinity of DOM at constant and relevant conditions. The Cu 

mobilizing potentials of DOM varied tenfold and correlated significantly with the SUVA of 

DOM. This correlation was established for DOM extracted from soil in the laboratory and the 

majority of variation was related to effects of soil drying and rewetting. It is unclear if a 

similar variation of DOM quality is present in the field and if this variation in DOM quality is 

equally important as variation in DOM quantity (i.e. DOC concentration). 

The objective of this study is to evaluate the contribution of DOM quantity and quality to 

Cu leaching in an agricultural soil. To this purpose, leachate was sampled in the field by 

passive capillary wick samplers (PCAPS) over a five month period starting after plant harvest. 

Solution composition and DOM quality (SUVA) in these leachates were analyzed. Copper 

complexation by DOM was modelled by the speciation program WHAM6 (version 6.0.13, 

Natural Environment Research Council). It was verified if information on DOM quality 

(SUVA) improved prediction of Cu complexation by DOM compared to predictions using 

average or default parameters for DOM properties. 

Materials and methods 

Field experiment 

A field experiment was set up in 2006. The experimental site is situated in Leuven 

(Belgium), on a loamy soil classified as Luvisol (FAO et al., 1998). The agricultural field has 

been cultivated for over 30 years rotating maize, winter wheat and winter barley. Local 

average annual rainfall equals 775 mm distributed uniformly over the year. Average annual 

evaporation is 450 mm. On both sides of an 18 m long, 2 m wide and 2.5 m deep trench, four 

small experimental plots (4 m × 4 m) were positioned. Treatments were conventional tillage 
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(n = 4), reduced tillage (n = 2, not ploughed after harvest), and pig manure application (n = 2, 

2 L m-2 end September 2006). Winter barley was sown in October 2006.  

Under each of the eight plots, two passive capillary wick samplers (PCAPS) (Brown et al., 

1986) each with three fiberglass wicks were installed horizontally at 45 cm depth in May 

2006. By creating suction using a hanging water column inside the fiberglass wick (100 cm), 

each wick sampled leachate water from the soil directly above their wick compartment 

(900 cm2). The inner compartment (wick 1) is surrounded by the compartments of wick 2 and 

wick 3. The water leachate travels through the wick into a 10 L glass container, from where 

the leachate was collected approximately every two weeks. A separate experiment showed 

that leachate DOC concentrations did not change significantly during 1 month stored in a 

glass bottle located outside. The water leachate of wick 3 (closest to the trench) was 

considered to be most influenced by boundary conditions (Mertens et al., 2007a) and was 

discarded. Tensiometers and time domain reflectometry probes were installed to monitor the 

prevailing soil tension and water content. The differences between soil tensions measured at 

5 cm above the PCAPSs (sampling tension) and in the undisturbed soil (reference tension) 

were less than a few hPa, indicating that the leachate is sampled at the prevailing soil moisture 

conditions. The volume of leachate sampled by the wicks coincided with the potential 

infiltration capacity during autumn and winter of 2006 (rainfall minus actual crop 

evapotranspiration, without change in soil moisture content; details not shown). Prior to use, 

the wicks were combusted in a muffle oven (400 °C) for four hours to remove organic 

impurities (Knutson et al., 1993). The wicks were then soaked in deionized water for at least 

one week, replacing the water daily. Breakthrough experiments on the wicks were performed 

to check possible retention by the wicks of Cu and DOM from the percolating solution. Soil 

solution was extracted from a soil sample of the plough layer of the experimental field 

(soil:solution = 0.2 kg L-1, 16 hours end-over-end shaking, filtered over 0.45 µm) and spiked 

with 1 µM CuCl2. The solution was passed over combusted and not-combusted 60 cm long 

wicks inserted in PVC tubes, similarly to their use in the PCAPS, at a flow rate of 1.3 mL h-1 

and 2.6 mL h-1. After three pore volumes, the influent was diluted twofold and after two more 

pore volumes, the influent was changed to deionized water. The effluent was sampled and 

analyzed at regular intervals. The Cu concentrations were measured by ICP-OES. 

Concentrations of DOC were measured as in Chapter 2. Apart from an initial phase where 

part of Cu was slightly retarded, both Cu and DOC moved through the combusted wick 
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unretarded. As no breakthrough was observed after four pore volumes, the untreated wicks 

showed considerable retardation of Cu on the wicks. The combustion treatment therefore 

proved essential to make the wicks sufficiently chemically inert. 

Leachate analysis 

The leachates of wick 1 and 2 of the 16 PCAPSs were sampled approximately every two 

weeks between 22 November 2006 and 7 March 2007, resulting in 250 collected leachates 

with a volume larger than 10 mL. Cation concentrations in the leachates were measured by 

ICP-OES. Detection limit for Cu is 1 µg L-1 (0.02 µM). Anion concentrations were analyzed 

by anion chromatography (Dionex, ICS-2000 with AS18 column). The DOC concentrations 

and SUVA of DOM were measured as in Chapter 2. The SUVA was determined at the natural 

pH of the samples (pH 7.5–8.6) as SUVA does not vary appreciably in that pH range 

(Weishaar et al., 2003). The absorbance of NO3
- was found negligible in the NO3

- 

concentration range of the samples, compared to the UV-absorbance of the leachates.  

 Soil analysis 

In each of the eight plots, an undisturbed soil column of 8 cm diameter and 60 cm deep 

was sampled. Soil was sampled from between 36 and 47 cm deep to represent the soil 

overlaying the PCAPS and sieved while moist (1 cm). The pH of these eight soil samples was 

measured in a 5 g soil : 25 mL 1 mM CaCl2 suspension after shaking end-over-end for two 

hours. A 1 mM concentration instead of the more usual 10 mM CaCl2 was used as this 

resembled more the leachate composition (Table 3.2). The eight soil samples were oven dried 

(105 °C) for 72 hours to determine the soil moisture content. Total carbon concentration was 

measured by combustion at 1200 °C (Elementar, vario MAX CN). Total Cu concentration of 

the soil was measured by ICP-OES after aqua regia digestion of the soil. The CaCO3 

concentration of the soil was analyzed by measuring the increase in pressure due to CO2 build 

up after reaction of the soil with HCl 37% in a closed system. The unbuffered AgTU method 

was used to measure the cation exchange capacity (CEC) at soil pH (Chhabra et al., 1975). 

The clay concentration was measured by the pipette method (Day, 1965), the non- and quasi-
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crystalline oxide concentration (Fe, Al, Mn) by oxalate extraction of the soil and measurement 

by ICP-OES (Schwertmann, 1964).   

Modelling Cu concentration in soil leachates 

The concentrations of total dissolved Cu in the 250 leachate samples were predicted with 

an assemblage model (WHAM6, version 6.0.13, Natural Environment Research Council) to 

assess the role of DOM quantity and quality on Cu mobilization in soil. This model assumes 

local equilibrium of the Cu2+ ion for adsorption to the solid phase and for complexation in the 

liquid phase (Lofts & Tipping, 1998). The Cu binding to organic matter in that model is based 

on Model VI (Tipping, 1998). The free ion activity (Cu2+) was predicted with the full 

assemblage model from the reactive Cu concentration, solution composition and 

concentrations of soil organic matter, clay and amorphous oxides of Fe, Al and Mn (see 

below). It was previously shown that this model successfully predicted total dissolved metal 

concentrations of 28 soils (Buekers et al., 2008b). However, the prediction of (Cu2+) by such a 

model requires several assumptions, i.e. there is uncertainty about the accuracy. Measured 

values of (Cu2+) (see below) are similarly uncertain in an uncontaminated soil since no 

method allows an accurate value at the prevailing activities (about 10-11 M) within about a 

factor of 10.  

The measured leachate concentrations of Na, Mg, Ca, K, Ni, Zn, Cl-, NO3
-, SO4

2- and 

dissolved inorganic carbon were entered as total dissolved species. For Al and Fe, the free ion 

activity was entered, calculated by the ion activity product of Al and Fe hydroxide and the 

average pH of the eight soil samples. The solubility product at 25 °C, KSO,25 (=(M3+)/(H+)³), 

was taken from Tipping et al. (2003): log KSO,25 of 8.5 for Al and 2.5 for Fe. The DOC 

concentration was entered as colloidal fulvic acid based on the assumption that 50% of DOM 

is carbon. In most modelling studies, not all DOM is assumed to be active as FA. The part of 

DOM active as FA (%AFA) was initially set at 65% (Bryan et al., 2002; Weng et al., 2002; 

Tipping et al., 2003). All other inputs (pH, reactive Cu concentration in the soil, particulate 

humic acid, clay concentration, Fe, Mn and Al oxide concentration) were kept constant for the 

250 samples and were based on the average measured value of the eight soil samples taken 

from between 36 and 47 cm depth. Values measured on the oven dried soil samples were 

converted to units expressed per soil solution volume using the average soil moisture content 
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of the eight soil samples. Hourly measurements of the soil moisture content in the field 

showed that it varied only between 34% and 40% between 22 November 2006 and 7 March 

2007. The total Cu concentration in the soil was multiplied by a factor of 0.30 to convert to 

reactive Cu (reversibly bound), as this is the labile Cu fraction measured in the topsoil at that 

location (Nolan et al., 2004). The particulate humic acid concentration (HA) was entered as 

the difference between the total carbon concentration and the CaCO3 concentration, 

multiplied by a factor 2 based on the assumption that 50% of humic acid is carbon. It was 

assumed that all organic matter was active as humic acid (%AHA = 100%). The parameter 

%AHA is difficult to confirm based on the CEC value of the soil since the CEC is for > 85% 

affected by the soil minerals in this low organic matter soil. However, data of Tipping et al. 

(2003) suggest that %AHA values of low organic matter soils (%C = 0.5% in this subsoil, see 

below) is close to 100%. The sensitivity of the model results to this value and the reactive Cu 

fraction (0.3) is included in the Discussion. Oxides were assumed to occur as FeOOH, Al2O3 

and MnO2 with a default specific surface area of 600 m2 g-1 (Lofts & Tipping, 1998). Generic 

parameters of metal and proton binding by the Fe oxide in WHAM6 were replaced by 

parameters for goethite fitted by Buekers et al. (2008a). The generic specific surface of clay in 

WHAM6 was adapted in order that the average measured CEC of the eight soil samples 

equaled the CEC as calculated by WHAM6. The calculated CEC of the soil at the prevailing 

pH was the theoretical exchangeable Ca concentration predicted by WHAM6 for the solid 

components (HA, clay and oxides) in contact with 1 mM CaCl2 at corresponding pH. 

Estimation of the free Cu
2+

 activity 

The free Cu2+ activity in soil was not measured directly since the activity was too low to 

obtain reliable results with a Cu electrode or with the Donnan technique (Nolan et al., 2003), 

and the free ion fraction was too low to use an ion exchange method (e.g. Holm et al. (1995)). 

Therefore, the Cu2+ activity was estimated indirectly with a method similar to that described 

by Fuji et al. (1983). The principle of this method is to estimate the free ion activity from the 

difference in soluble metal between soil extracted with a neutral salt and neutral salt plus a 

chelator (e.g. NTA). The difference in metal concentration is the concentration of the metal-

chelate complex and, in principle, allows estimating the free ion activity from the stability 

constant and the free ligand concentration. To avoid uncertainties about the free ligand 

concentration, calculations are made with concentration measurements of both the metal of 
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interest (Cu) and of a reference metal with known free ion activity. The method described by 

Fuji et al. (1983) used Cd as a reference metal, whereas Ni and Co were used here. The soil 

was spiked with Co and Ni to overcome detection limits. It is assumed that this spiking has 

limited effect on the free Cu2+ activity. This was verified by comparing the predicted free 

Cu2+ activity by the assemblage model (see above) with and without the extra Co and Ni 

concentration.  

Two g of the sieved soil sampled at a depth of 36–47 cm was weighed in a centrifuge tube 

and 10 mL solution was added. For the reference treatment, this solution contained 1 mM 

CaCl2, 4 mg Ni L-1 (as NiCl2) and 3 mg Co L-1 (as CoCl2). In the NTA treatment, the solution 

also contained 0.2 mM NTA. After two days end-over-end shaking, the soil suspensions were 

centrifuged (4000 g, 30 min) and the supernatant was filtered (0.45 µm). Cation 

concentrations were measured by ICP-OES. When equilibrium is reached, following equation 

applies for Cu, Co and Ni (generalized as M): 

(L))(M

(ML)

L
2ML

⋅
=

+

+
K     (3.1) 

with KML the equilibrium constant for the complexation reaction between metal M and ligand 

L (NTA) from the NIST Database (Smith & Martell, 1997), (ML) the activity of metal 

complexed with the ligand, (M2+)+L the activity of free metal in the NTA extract, and (L) the 

activity of the free ligand. The free ligand activity is uncertain given the numerous possible 

reactions with protons and cations in the soil solution. When combining the equations for the 

complexation constants of Cu and Ni (or Co), the free ligand activity can be eliminated and 

following equation is obtained for the free Cu2+ activity: 
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Activity coefficients can be eliminated from Equation 3.2, which yields: 
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The concentration of [CuL] is the difference in dissolved Cu between NTA and reference 

treatments, i.e. 10 µg Cu L-1 in NTA treatment and below detection limit (<1 µg Cu L-1) in the 

reference. The free metal concentration of M (= Ni or Co) was measured in the reference 

treatment ([M2+]ref; see further), but Co and Ni were not sufficiently buffered to justify the 

assumption that free metal concentrations were the same in the NTA treatment as in the 

reference treatment. Instead, it is assumed that the solid–liquid partitioning of the free metal 

ions (Kd
free, L kg-1) was the same in the NTA (denoted +L) and the reference treatment 

(denoted as ref): 
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with s+L the metal concentration (mol kg-1) on the solid phase of the soil in the NTA treatment 

and sref the metal concentration (mol kg-1) on the solid phase in the reference treatment. From 

Equation 3.5, it follows that the ratio [M2+]+L/[ML] can be written as: 
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The concentration of the complex in the NTA treatment [ML] was assumed to be equal to the 

total solution concentration (c+L), as the Co and Ni concentrations in the NTA extract were 

nearly 100-fold higher than those in the reference extract. Substitution of Equation 3.6 in 

Equation 3.3 yields: 

CuL

ML
free

refd,

Ld,
ref

2
L

2 ][CuL][Cu][Cu
K

K

K

K
⋅⋅==

++

+

+     (3.7) 



The UV absorbance of DOM predicts Cu mobilization in the field                  43                                                                

 

The Cu2+ activities in the NTA and reference treatments were assumed to be equal since 

buffering was large enough to justify this assumption, i.e. the amount of Cu in solution was 

small (< 1%) compared to the amount on the solid phase, even in the NTA treatment. The Kd 

of total and free Ni or Co were calculated as: 
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where Mtot is the total metal concentration in the soil system (mg (kg soil)-1), L/S the liquid–

solid ratio (L (kg soil)-1), cref and ffree,ref the total solution concentration and the free ion 

fraction in the reference treatment. The total metal concentration was assumed to be equal to 

the added concentration (20 mg Ni kg-1 and 15 mg Co kg-1) since the background 

concentrations were much smaller and presumably for a large part in non-exchangeable form. 

The free ion fraction in the reference treatment was determined with the ion exchange method 

of Holm et al. (1995), and equaled 0.41 for Ni and 0.72 for Co. Equations 3.7–3.9 thus 

allowed estimating the free Cu2+ concentration and Cu2+ activity (taking into an activity 

coefficient of 0.79 at ionic strength = 0.003 M and with KCo-NTA = 1011.7 and KNi-NTA = 1012.8 

(Smith & Martell, 1997)). This method offers the advantage that the outcome only depends on 

the ratio of the complexation constants of Cu-NTA and Ni-NTA (or Co-NTA). 

Results 

Soil analyses and estimation of the free Cu
2+

 activity 

Average soil parameters measured in the eight plots at 36–47 cm depth are shown in 

Table 3.1. This subsoil is characterized by a low total C concentration and neutral pH 

conditions. The free Cu2+ activity measured by the speciation method described above is 

5 × 10-12 M when calculations were made with Ni and 2 × 10-12 M using Co as reference 

metal. The assemblage model predicted that the addition of Ni and Co to the soil increases the 
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free Cu2+ activity with a factor of 1.6. The free Cu2+ activity in the unspiked soil is, therefore, 

probably somewhat smaller than the estimated values. 

Leachate analyses 

During the five months period, an average of 190 mm leachate was sampled by the 

PCAPSs. Based on pore volume estimations, this refers to 1.1 pore volume of the overlaying 

soil. Largest volumes of leachate were collected in December-January and at the end of the 

sampling period (March). Selected properties of the leachates are presented in Table 3.2. 

Copper concentrations in the leachates varied sevenfold with a median of 0.08 µM. 

Concentrations of DOC ranged from 3.1 to 22.9 mg L-1. The Cu concentration in the leachates 

of reduced tillage plots (0.066 ± 0.002 µM; mean ± standard error) was significantly different 

(P < 0.0001) from that in the leachates from the conventional tillage plots (0.083 ± 0.002 µM) 

and from the plots where pig manure was applied (0.082 ± 0.003 µM). Also the DOC 

concentration in the leachates of the reduced tillage plots (7.5 ± 0.3 mg L-1) differed 

significantly (P < 0.0001) from that of the conventional tillage plots (9.4 ± 0.3 mg L-1) and the 

plots where pig manure was applied (9.2 ± 0.4 mg L-1). These treatment effects are relatively 

small, most likely since these treatments were only yet imposed for one winter season. The 

DOC concentration showed a negative relationship with the average water flow rate estimated 

between succeeding sampling times and DOC was always below 10 mg L-1 if more than 

31 mm of leachate was collected over a two week period. 

  

 



 

 

Table 3.1. Selected soil properties expressed on dry weight basis. Averages and standard deviations (in parentheses) of 8 plots sampled at 36–47 cm depth. 

pH Moisture Cu C CaCO3 CEC Clay FeOOH Al2O2 MnO2 

(1 mM CaCl2) (%) (mg kg-1) (%) (%) (cmolc kg-1) (%) (g kg-1) (g kg-1) (g kg-1) 

7.2 (0.1) 23.3 (0.4) 8.3 (0.9) 0.25 (0.04) bda 12.1 (0.7) 20.0 (1.5) 1.78 (0.35) 0.87 (0.06) 0.14 (0.02) 

      a bd = below detection limit. 

 

 

Table 3.2. Selected properties of the 250 leachates sampled at 45 cm depth during five months.  

 DOC Cu Cu/DOC K Ca Mg NO3
- 

Cl
- 

SO4
2- 

inorg. C SUVA 

 (mg L-1) (µM) (mmol kg-1) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (L g-1 cm-1) 

median 8.4 0.08 8.7 0.06 0.99 0.21 0.012 0.04 0.08 2.4 26.5 

min 3.1 0.03 3.7 0.02 0.52 0.11 bda bda bda 1.3 13.1 

max 22.9 0.20 20.2 0.17 1.75 0.41 0.886 1.48 0.71 4.7 46.1 

           a bd = below detection limit. 
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A significant positive correlation (P < 0.0001) was found between the Cu and DOC 

concentrations in the leachates, however the Pearson correlation coefficient was low (r = 0.56, 

Figure 3.1). The [Cu]/[DOC] ratio varied about fivefold and increased with decreasing DOC 

concentration (Figure 3.2). The variation of the [Cu]/[DOC] ratio was not associated with the 

ionic strength or any ion concentration of the leachates. Cation competition for Cu binding to 

DOM is unlikely to explain the variation of [Cu]/[DOC] ratio since these competition 

reactions equally occur for binding to the solid organic matter and these effects would cancel 

each other out if sorption constants are identical for the colloidal and particulate phases. The 

speciation model (see below) predicts that 99% of dissolved Cu is bound to DOM in the 

liquid phase, the remaining fractions being mainly Cu complexed with carbonate and 

bicarbonate. Similarly, the speciation model predicts that 98% of soil Cu is bound to the 

organic matter in the solid phase (SOM). Effectively, this means the solid–liquid partitioning 

of organic carbon affects the partitioning of Cu in the soil as long as the quality of DOM and 

SOM is constant. The [Cu]/[DOC] ratio exhibited a significant positive correlation with the 

SUVA of DOM (r = 0.77, P < 0.0001, Figure 3.3). This suggests that aromaticity of DOM is 

an important factor controlling Cu mobility in soil. The good correlation between the 

[Cu]/[DOC] ratio and SUVA (= UV-absorbance/[DOC] ratio) indicates that the UV-

absorbance is a good predictor of dissolved Cu in these solutions. 
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Figure 3.1. Significant correlation between the dissolved Cu concentration and the DOC concentration 
for 250 leachates sampled during 5 months at 45 cm depth of an agricultural soil (r = 0.56). 
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Figure 3.2. The DOC bound Cu ([Cu]/[DOC] ratio) increases with decreasing DOC concentration in 
the leachates. 
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Figure 3.3. Significant correlation between the DOC bound Cu ([Cu]/[DOC] ratio) and the specific 
UV absorbance (at 254 nm) of the DOM in the leachates of an agricultural soil (r = 0.77). 
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Prediction of Cu concentration in the leachates by WHAM6 

Under the assumption of %AFA = 65%, the predicted free Cu2+ activity in soil is 

9 × 10-12 M on average, ranging from 7 to 14 × 10-12 M over the 250 estimates. The 

correspondence with the measured values (2–5 × 10-12 M) is relatively good given the 

uncertainties in both measured and calculated activities. Copper concentrations in the 

leachates are predicted to vary from 0.03 to 0.21 µM, about the same range as the measured 

values. The Cu concentrations could be predicted within a factor of 2.3 of the measured 

values, and for 90% of the leachates within a factor of 1.7. However the predicted dissolved 

Cu concentration divided by the DOC concentration is almost constant (8.1–9.3 mmol Cu 

(kg DOC)-1) and contrasts the fivefold range of the observed values (Figure 3.4). With this 

approach, all DOM in the different leachates is assumed to have equal affinity for Cu. 

The DOM quality can be introduced in the prediction of Cu complexation by DOM by 

relating %AFA to the SUVA of DOM: 

%100
SUVA

SUVA
%AFA

FA

DOM ⋅=     (3.10) 

with SUVADOM the SUVA (L g-1 cm-1) of DOM measured in the leachate and SUVAFA the 

SUVA of WHAM-FA, i.e. FAs that have the default properties as given by WHAM VI. The 

SUVAFA was adjusted by minimizing the sum of the squares of the difference between the 

predicted and measured [Cu]/[DOC] ratios in the 250 leachates. The best fit was found for 

SUVAFA = 38 L g-1 cm-1 (Figure 3.4). The average predicted free Cu2+ activity was identical 

as predicted by the model with %AFA = 65% since Cu2+ is buffered by the solid phase. The 

predicted Cu concentrations range from 0.04 to 0.22 µM and are within a factor of 2.0 of the 

measured values, and for 90% of the leachates within a factor of 1.4. The %AFA of the 

leachates varies from 34 to 121% (6% of the samples have %AFA > 100%). The variation in 

the predicted dissolved Cu concentration divided by the DOC concentration (from 4.6 to 

16.3 mmol Cu (kg DOC)-1) is much larger compared to the first approach where SUVA was 

not taken into account (Figure 3.4).  
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Figure 3.4. The DOC bound Cu ([Cu]/[DOC] ratio) predicted with WHAM6 versus the DOC bound 
Cu ([Cu]/[DOC] ratio) measured in the 250 leachates; assuming constant DOM properties with 
%AFA = 65% (■) or DOM quality based on SUVA of DOM, with %AFA calculated by Equation 
3.10, with SUVAFA = 38 L g-1 cm-1 (◊). 

Discussion 

Leachate analysis 

For both the DOC and Cu concentration in the 250 leachates, a sevenfold variation was 

found. The significant positive correlation between the measured Cu and DOC concentration 

in the 250 leachates confirmed the importance of the DOC quantity on the Cu mobilization as 

was shown previously (Temminghoff et al., 1998; Römkens et al., 1999). However the scatter 

is large and the correlation coefficient rather low (r = 0.56). The Cu affinity of DOM 

decreased with increasing DOC concentration (Figure 3.2). The correlation between the 

[Cu]/[DOC] ratio and the SUVA of DOM suggests that more aromatic DOM has larger Cu 

affinity. This influence was also shown for soil solutions extracted in the lab (Chapter 2) and 

for freshwater samples (De Schamphelaere et al., 2004; Luider et al., 2004). The data indicate 

that DOM in more elevated concentration (> 10 mg L-1) was generally less aromatic and had 

lower Cu affinity. The elevated DOC concentrations were observed during drier periods 
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(lower flow), while the lower DOC concentrations were observed during the wetter winter 

period. Mertens et al. (2007b) also observed that high flow rates were associated with lower 

DOC concentrations. It is hypothesized that soil releases non-humic DOM substances by, for 

example, biomass decomposition, but this fraction only contributes to DOM at low flow rate 

when it is less diluted by the larger pool of humic substances. These non-humic substances 

have little affinity for Cu. This hypothesis must be confirmed by further DOM 

characterization. 

Prediction of Cu complexation by DOM 

Soluble Cu concentrations in the leachates were generally overestimated by a factor 1.5 

when all DOM was assumed to be fulvic acid (%AFA = 100%), and the correlation between 

predicted and observed Cu was low (r = 0.58). The systematic overestimation can obviously 

be accounted for by adjusting either sorption parameters of FA or by modifying the average 

%AFA. When 65% of DOM was assumed to be active as fulvic acid and 35% to be inert 

(Bryan et al., 2002; Weng et al., 2002; Tipping et al., 2003), the Cu concentration was no 

longer generally overestimated. The best fit with a constant %AFA for all samples (smallest 

sum of squares) was obtained for %AFA = 72%, close to the value of 69% found by Vulkan 

et al. (2000). This value was obtained by fitting modelled Cu2+ activities by WHAM6 to Cu2+ 

activities measured by a Cu2+ ion selective electrode in 22 soils. However, such modification 

fails to predict the variation in the [Cu]/[DOC] ratio (Figure 3.4). 

The optimal %AFA for each leachate separately, i.e. the %AFA for which the modelled Cu 

concentration equals the measured value, varies from 28% to 152%. This variation is even 

larger than the variations found by Bryan et al. (2002) (40% to 91%) and by Dwane & 

Tipping (1998) (34% to 131%), who fitted titration data of natural waters. In general, and in 

the absence of other information, Dwane & Tipping (1998) recommend assuming 

%AFA = 50% for DOM in surface water samples. Variation in DOM quality can equally be 

attributed to variation in log K values of Cu complexation by fulvic acid (standard deviation 

of about 0.2 log units) and it is calculated that the 5-fold variation in [Cu]/[DOC] ratio can be 

equally covered by increasing and decreasing the log K with one standard deviation (details 

not shown). The results show that the SUVA can be used to optimise the prediction of Cu 

binding by DOM. The fivefold variation of the [Cu]/[DOC] ratio observed in the field 
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leachates was mainly related to DOM quality and this range was of equal magnitude as that of 

the DOC concentration, i.e. quantity and quality were equally important in this study. 

Moreover, this method is practical since SUVA is readily obtained. De Schampelaere et al. 

(2004) had to assume values of %AFA ranging from 17% to 108% to predict Cu 

complexation accurately for 6 isolated DOMs in reconstituted water and 7 natural water 

samples. Introducing the specific absorption of DOM at 350 nm to calculate the reactive DOC 

increased the predictive capacity of the toxicity model: observed and predicted toxicity values 

differed at most a factor of 1.66 compared to a factor of 2.18 when assuming %AFA to have a 

constant value of 50%.  

A best fit of the data was found by adjusting the SUVA of pure fulvic acid (SUVAFA) to 

38 L g-1 cm-1. This is in excellent agreement with the value 37 L g-1 cm-1 measured for 

Suwannee River Fulvic Acid, a fulvic acid isolated by the International Humic Substances 

Society (IHSS) and used, among others, to determine the default parameters of FA in WHAM 

Model VI (Tipping, 1998). However, the fitted SUVAFA value is inherently uncertain since it 

relies on the Cu2+ activity assumed in soil above the samplers. In this approach, (Cu2+) was 

modeled using WHAM6 based on the solid phase composition. None of the model parameters 

that predict (Cu2+) were adjusted to the data but a sensitivity analysis readily shows that 

(Cu2+) most critically depends on the concentration of reactive organic matter in soil 

(%AHA), for which simply a value of 100% was taken, and the reactive Cu fraction, where 

the measured value of 0.30 from Nolan et al. (2004) was used. For example, decreasing 

%AHA from 100% to 65% increases the average (Cu2+) and results in a best fit value of 

SUVAFA of 52 L g-1 cm-1. It was already stated that CEC measurments of the soil do not allow 

confirming the parameter %AHA since the CEC is for > 85% affected by the soil minerals in 

this low organic matter soil. Tipping et al. (2003) had to vary %AHA from 9% to 86% to 

accurately predict pH by WHAM/Model VI for 93 data sets of upland soils. However, the 

organic matter content in the used soils was much higher (10–100%) compared to the subsoil 

of this study (0.5%) and the mineral soils tended more towards %AHA = 100%. Buekers et al. 

(2007) found reactive Cu fractions ranging from 0.22 to 0.61 in pH neutral soils. Applying 

these smallest and largest values in the assemblage model changes the average predicted 

(Cu2+) to 5.5 × 10-12 M and 3.0 × 10-11 M, with a best fit value of SUVAFA of 29 and 

70 L g-1 cm-1, respectively. When using the measured (Cu2+) of 5 × 10-12 M (the value 

measured with Ni as reference metal), the best fit is obtained for SUVAFA = 25 L g-1 cm-1. 
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Although the fitted value of SUVAFA does depend on the uncertainties of the (Cu2+) data, 

none of these uncertainties affect the conclusion that [Cu]/[DOC] ratios in solution cannot be 

explained without invoking a DOM quality parameter.  

Conclusions 

Speciation models are a useful tool to predict Cu complexation and mobility in soils, but 

lack parameters to take the varying DOM quality in soils into account. Assuming constant 

DOM properties, the WHAM model predicted an almost constant [Cu]/[DOC] ratio in 

leachates monitored during five months in an agricultural field. This contrasts the fivefold 

variation of the measured [Cu]/[DOC] ratio (3.7 to 20.2 mmol Cu (kg DOC)-1). That ratio 

exhibited a positive significant correlation with the SUVA of DOM (r = 0.77). This measure 

for aromaticity could be introduced in the model by making the fraction of DOM active as 

fulvic acid depending on its SUVA instead of using a constant %AFA (e.g. 65%). In this way 

%AFA varied from 34% to 121%, resulting in an improved prediction of the Cu mobility in 

soils.



 

CHAPTER 4 

Adapted DAX-8 fractionation method for dissolved 

organic matter (DOM) from soils: development, 

calibration with test components and application to 

contrasting soil solutions 

 

 

Adapted from: Amery, F., Van Moorleghem, C. & Smolders, E. 2009. Adapted DAX-8 

fractionation method for dissolved organic matter (DOM) from soils: development, 

calibration with test components and application to contrasting soil solutions. European 

Journal of Soil Science, 60, 956-965. 

 

Introduction 

Due to its complex and heterogeneous composition, soil DOM is commonly analyzed by 

measuring bulk properties (e.g. spectroscopy) or by fractionating DOM based on chemical or 

physical properties. The underlying idea of fractionation is that DOM fractions are 

structurally more homogeneous than the bulk samples (Leenheer, 1981), however this is 

rarely verified. A frequently used fractionation procedure is based on sorption of acidified 

DOM onto the weakly hydrophobic resin XAD-8 dividing DOM into hydrophobic (HPO) and 

hydrophilic (HPI) DOM fractions (Kaiser, 1998; Van Zomeren & Comans, 2007). The 

division of DOM into the two fractions shows environmental relevancy. Metals transported in 

soil are particularly associated with hydrophilic DOM (Guggenberger et al., 1994). This 

fraction has also shown larger bioavailability (Marschner & Kalbitz, 2003), whereas 

polycyclic aromatic hydrocarbons have larger affinity to hydrophobic DOM (Raber et al., 

1998). Reported distributions of soil DOM vary largely. The fraction HPI of total DOM 
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(%HPI) in pore water varied from 41 to 67% for 7 agricultural soils (Raber et al., 1998), and 

from 47 to 53% for an arenosol with Scots pine in contrast to a variation of 63 to 90% for a 

leptosol with European beech (Kaiser et al., 2001b). Tipping et al. (1999) found a large 

variation in %HPI in lysimeter leachates: 31 to 87%. Water extracts of different soils analyzed 

by Kalbitz et al. (2003a) had %HPI values of 25 to 55%. The fractionation does not only 

change with soil depth, DOC concentration, sampling method, land use and solution 

chemistry, but also depends on the fractionation method. 

Most of the fractionation procedures are based on the (first step of the) fractionation 

scheme of Leenheer (1981), that classifies dissolved organic molecules into hydrophobic and 

hydrophilic fractions based on their sorption onto the XAD-8 resin at the imposed pH. As the 

production of XAD-8 has been ceased, it is now replaced by SupeliteTM DAX-8, also a 

polymethylmethacrylate resin. The sorption-desorption properties of the latter are slightly 

more precise compared to the former (Peuravuori et al., 2002). Many modifications to this 

method have been proposed, but generally the procedure is as follows. After acidifying the 

DOM sample to pH 2 the solution is pumped over a column with DAX/XAD-8 resin. The 

column is rinsed with 0.01 M HCl. The DOM not sorbed onto the resin is classified as 

hydrophilic. The hydrophobic acid (HPOA) DOM can be removed from the resin by rinsing 

with 0.1 M NaOH, the hydrophobic neutral (HPON) DOM not. The fact that DOM 

components are, by definition, in solution, implies that they are hydrophilic at natural pH. 

Acidifying the DOM sample to pH 2 neutralizes all weak acid groups and changes the total 

capacity factor of the components for the resin, which is the sum of the capacity factors of the 

ionic and nonionic form of the molecule multiplied by their fractions (Thurman, 1985). As the 

octanol water partition coefficient (Kow, measure of hydrophobicity) of a charged molecule is 

more than 100 times smaller compared to that of the non-dissociated molecule 

(Schwarzenbach et al., 1993), the total capacity factor of organic acids will increase 

drastically at pH 2 because of the larger fraction of the nonionic form. The opposite holds for 

organic bases, but these components are less abundant in the soil solution. Other methods as 

the one presented by Aiken (1985) (recommended by the International Humic Substances 

Society) fractionate the hydrophobic acids further into humic acids (precipitated at pH 1) and 

fulvic acids (not precipitated at pH 1). The removal of humic acids at pH 1 is sometimes 

performed before the XAD/DAX-8 fractionation (Ma et al., 2001; Van Zomeren & Comans, 

2007). 
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 Little is known about the interpretation of the DAX/XAD-fractionation in terms of the 

octanol water partition coefficient, molecular weight (MW) or acidity, and the classification 

of the solutes into hydrophilic and hydrophobic fractions depends on the procedure used 

(Peuravuori et al., 1997). Authors modify the procedure according to the volume, 

concentration and application of the sample (Marhaba et al., 2003). In aquatic studies, the 

resin is frequently used to concentrate and isolate DOM, thereby neglecting the hydrophilic 

part (Thurman & Malcolm, 1981). In contrast to aquatic samples, fractionation of soil solution 

DOM has often sample volume limitations, requiring adapted fractionation techniques. 

Despite the limited interpretation of fractionation, few studies have examined the 

classification of specific organic molecules into the hydrophilic and hydrophobic fraction. 

The hydrophobic fraction of natural DOM is assumed to contain lignin-derived, partly 

aromatic molecules, nucleic acids, quinones, hydrocarbons and fatty acids. Hydrophilic DOM 

consists of amino acids and sugars, small organic acids and carbohydrates and contains less 

aromatic components than HPO fractions (Cilenti et al., 2005; Simonsson et al., 2005). The 

list of compounds to be found in each fraction is often based on spectroscopic measurements 

of the fractions (Leenheer, 1981; Guggenberger & Zech, 1994; Kaiser et al., 2001a; Dilling & 

Kaiser, 2002; Croué et al., 2003; Cilenti et al., 2005), instead of subjecting model DOM 

components to the fractionation procedure. Among the exceptions are Qualls & Haines (1991) 

who tested 5 compounds in their modified fractionation procedure. Over 90% of the 

flavonoids rutin and quercitin (polyphenols) was found in the hydrophobic fraction, whereas 

over 85% of oxalic acid (low molecular weight acid, LMWA), albumin (protein) and glucose 

phosphate was classified as hydrophilic DOM. David et al. (1989) recovered over 89% of 

oxalic, succinic and citric acid (aliphatic LMWA’s) as hydrophilic acids; over 95% of benzoic 

and salicylic acid (aromatic LMWA’s) was found in the HPO fraction. Thurman et al. (1978) 

determined the capacity factors of 20 nonionic organic solutes on XAD-8 and concluded that 

the resin favors aliphatic over aromatic over alicyclic components. The logarithm of the 

capacity factor correlated inversely with the logarithm of the aqueous molar solubility, but it 

remains unclear which components can be expected to appear in the hydrophilic fraction. 

Numerous modifications to the fractionation procedures have been described varying in 

resin/volume ratio, flow rate in the columns (often not reported), pH and in further 

fractionation of HPI or HPO fractions. These modifications are known to affect the 
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fractionation (Van Zomeren & Comans, 2007) and it is striking that no calibration steps are 

systematically adopted in modified procedures. A fractionation procedure with DAX-8 for 

only 10 mL of DOM solution was developed. This volume is five times smaller than the 

volume required for the batch fractionation method of Van Zomeren & Comans (2007). The 

latter has the advantage of an additional fractionation into humic and fulvic acids. However, 

preliminary experiments showed that the acidification of the solution to pH 1, required to 

precipitate the humic acids, can affect the DOM characteristics and further fractionation 

(details not shown). Aiken et al. (1979) also preferred a pH of 2 because this pH is low 

enough to provide an efficient adsorption to the resin, and high enough to prevent 

denaturization of the DOM. Fifteen soil DOM model components and three reference DOM 

samples provided by the International Humic Substances Society (IHSS) were subjected to 

the new fractionation scheme. Soil solutions from different sources were subsequently 

fractionated. Specific UV absorbance of the DOM and their fractions were measured to 

determine relationships with the hydrophobicity and to study characteristics of the fractions. It 

was investigated if the structural variability (linked to SUVA) of the bulk samples is lower in 

the corresponding fractions.  

Materials and methods 

Fractionation procedure 

The procedure to fractionate DOM solutions is based on preliminary experiments with 

water extracts of soil. The first step of the fractionation scheme of Leenheer (1981) was 

adapted to clearly separate hydrophilic and hydrophobic DOM of small volumes of soil 

solutions. SupeliteTM DAX-8 resin was cleaned according to the method of Thurman & 

Malcolm (1981). The resin was extracted with 0.1 M NaOH, replacing the solution and 

decanting off fines daily. After 5 days, the resin was soxhlet-extracted for 24 hours with 

methanol, acetonitrile, diethyl ether and again methanol. The resin was stored in 

methanol/water until it was packed in an 8.0 cm × 1.6 cm column, giving a bed volume (BV) 

of 16 mL. The column was connected to a compact liquid chromatographic system (Äkta 

Prime Plus, GE Healthcare) with fraction collector and online pH, conductivity and UV 

(254 nm, path length 0.2 cm) detectors. The void volume (VV) between the injection valve 

and the detectors was 8 mL. The resin was rinsed with ultrapure water until the DOC 
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concentration of the column effluent was < 0.5 mg L-1. Before and after each fractionation 

procedure, the resin was rinsed with successive cycles of 3 VVs of 0.01 M HCl and 3 VVs of 

0.1 M NaOH (both 2 VVs at 30 VV h-1 and 1 VV at 7.5 VV h-1). This rinsing was repeated 

until the DOC concentration was less than 0.5 mg L-1 and the UV absorbance of the effluent 

stabilized. Preliminary experiments showed that reuse of the resin without soxhlet-extraction 

did not affect fractionation results. Potentiometric titration of the resin between pH 2 and 13 

revealed that no charges are formed on the resin, even after extensive use (details not shown). 

Nevertheless, the column was repacked with new resin when the top 1 cm of the DAX-8 

column was colored slightly brown after several fractionations.     

Figure 4.1 provides a schematic overview of the fractionation procedure. The DOM 

solution was acidified to pH 2 with 2 M HCl and filtered (0.45 µm). The column was rinsed 

with 0.01 M HCl until pH was stable. The UV absorbance signal was set to zero. Ten mL of 

the filtered DOM solution was injected onto the column using a superloop (22.5 VV h-1). 

After the sample, the column was rinsed with 4.5 VVs of 0.01 M HCl (22.5 VV h-1). All 

DOM collected before the end of this rinsing (that is, the effluent of the DAX-8 column) was 

classified as hydrophilic organic solutes (HPI). The flow direction was subsequently reversed, 

and onto the resin retained HPOA DOM was eluted with 2.25 VVs of 0.1 M NaOH (after 

1 VV the eluate pH increased from 2 to >10 within 0.1 VV) followed by 4 VVs of ultrapure 

water at 7.5 VV h-1.  All eluting solution (0.01 M HCl, 0.1 M NaOH and ultrapure water) was 

collected in 30 subfractions with a volume varying from 2 to 5 mL, allowing DOC 

concentration analysis and follow-up during fractionation. All DOM subfractions were 

acidified to pH 2 before DOC analysis and inorganic C was removed by sparging samples 

with O2 for 30 seconds. Concentrations of DOC in the subfractions were measured by 

catalytic combustion (800 °C) and infrared measurement of formed CO2 (Multi N/C 2100S, 

AnalytikJena). The DOC present in the hydrophobic neutral fraction (not eluted by 0.1 M 

NaOH) was calculated by difference between DOC in the original sample and the DOC 

quantities in fractions recovered. 

 



 

 

 

Figure 4.1. Flowchart of the fractionation procedure (VV = void volume) 
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Table 4.1. Test components of the fractionation procedure with chemical characteristics (octanol water partition coefficient Kow, acid constants pKa, molecular 
weight MW, SUVA at pH 2), average percentage of total DOC in the hydrophilic (%HPI), hydrophobic acid (%HPOA) and hydrophobic neutral (%HPON) 
fraction (n = 2, standard deviation in parentheses) and classification of the component according to the fractionation in isolation. Each component or class of 
the component has been identified in natural DOM according to the corresponding reference. 

component class log Kow pKa1
j pKa2

j MW SUVApH=2 %HPI %HPOA %HPON classif. 

     (g mol-1) (L g-1 cm-1) (%) (%) (%)  

Oxalic acida Aliphatic LMWA -1.74h 1.23 4.19 90 2.1 93 (1) 2 (0) 5 (1) HPI 

Maleic acida Aliphatic LMWA -0.48i;0.46i 1.83 6.07 116 12.0 63 (0) 29 (2) 8 (2) HPI/HPOA 

Succinic acida Aliphatic LMWA -0.59i 4.16 5.61 118 0.3 58 (2) 42 (1) 0 (3) HPI/HPOA 

Propionic acida Aliphatic LMWA 0.33i 4.87 - 74 0.4 25 (2) 65 (1) 10 (2) HPI/HPOA 

Phthalic acida Aromatic LMWA 0.73i 2.89 5.51 166 13.7 1 (1) 105 (16) - HPOA 

Salicylic acida Aromatic LMWA 2.26i 2.98 13.6 138 6.1 0 (0) 90 (2) 10 (2) HPOA 

2,4,6-trihydroxybenzoic acida Aromatic LMWA 1.10h 1.68 - 170 4.1 0 (0) 85 (4) 15 (4) HPOA 

Glucoseb Carbohydrates -3.24i - - 180 0.2 97 (0) 2 (1) 1 (1) HPI 

Starchb Carbohydrates - - - 105-108 1.2 86 (0) 5 (1) 9 (1) HPI 

Ovalbuminc Proteins - - - ~45,000 1.1 73 (3) 2 (-) 25 (3) HPI 

Geraniold Terpenoids 3.47i - - 154 0.6 3 (4) 6 (7) 91 (7) HPON 

Rutine Polyphenols 

(flavonoids) 

-2.02h 8-10.5k - 610 55.9 1 (0) 73 (4) 26 (5) HPOA 

Tannic acidf Polyphenols -0.19h 8-10.5k - 1701 51.7 1 (1) 68 (4) 31 (4) HPOA 

Coniferyl alcohol (subunit lignin)b Polyphenols 1.19h 9.4l - 180 30.2 1 (1) 78 (1) 22 (1) HPOA 

Menadioneg Quinones 2.20i - - 172 101.1 0 (-) 7 (-) 93 (-) HPON 

a Strobel et al. (2001); b Kaiser & Guggenberger (2005); c Schulze (2005); d Leenheer et al. (2003); e Qualls & Haines (1991); f Page et al. (2002); g Stevenson (1994); 
h EPISuite: estimate based on chemical structure with KOWWIN v1.67; i Experimental Kow database in EPISuite v3.20; j Weast & Astle (1980); k not measured, pKa 
estimations based on pKa of phenols; l Rasmussen et al. (1997). 
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Test components 

Fifteen components were subjected to the fractionation procedure (Table 4.1). The 

components were selected because of their presence in soil solutions or because they are a 

model for compound classes present in soil solutions. Molecules were also selected to obtain 

a range in Kow, acidity constant (pKa) and molecular weight (MW). The components were 

dissolved in or diluted with ultrapure water to obtain DOC concentrations of approximately 

20 mg L-1. Beside fractionation of the isolated components, 3 of them were also fractionated 

in combination: 11.0 mg DOC L-1 oxalic acid, 5.0 mg DOC L-1 rutin and 3.3 mg DOC L-1 

geraniol, giving a combined concentration of 19.3 mg DOC L-1. To also provide fractionation 

results of more complex natural organic matter, three solutions of reference organic matter 

samples provided by the IHSS were subjected to the fractionation procedure (Table 4.2). 

Suwannee River Fulvic Acid (SRFA) is a fulvic acid isolated by XAD-8 and cation-exchange 

resin, Suwannee River Natural Organic Matter (SRNOM) and Nordic Reservoir Natural 

Organic Matter (NRNOM) were isolated by reverse osmosis. After acidifying the DOM 

samples to pH 2 with 2 M HCl and filtration (0.45 µm), DOC concentrations (AnalytikJena) 

and UV absorbance (254 nm, path length 1 cm, Perkin-Elmer Lambda 20) were measured. 

Fractionations were performed in duplicate. 

 

Table 4.2. DOC concentrations and SUVA of the reference organic matter samples provided by the 
IHSS and the average percentage of total DOC and SUVA (L g-1 cm-1) of DOM in the hydrophilic 
(%HPI), hydrophobic acid (%HPOA) and hydrophobic neutral (%HPON) fraction (n = 2, standard 
deviation in parentheses). 

 DOC SUVA %HPI %HPOA %HPON 

Sample (mg L-1) (L g-1 cm-1) (%) SUVA (%) SUVA (%) 

SRFA 19.5 37.2 0 (0) bda 76 (0) 39 (6) 24 (0) 

SRNOM 37.9 37.9 9 (1) 15 (-) 66 (8) 38 (1) 25 (9) 

NRNOM 27.0 41.7 8 (0) 30 (0) 70 (2) 44 (0) 22 (2) 

  a bd = below detection limit 
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Fractionation of soil solutions 

The topsoil of 4 uncontaminated soils (1–4) was sampled, air-dried (25 °C), sieved 

(< 2 mm) and stored dry for various periods (4–12 years). The air-dried soils were wetted 

with deionized water to field capacity (pF 2), covered in plastic reservoirs and incubated 

moist during various days at 21 °C (Table 4.3). Topsoil 5 was not dried nor stored after 

sieving (4 mm) but immediately incubated moist during 4 days. After incubation soil 

solutions were isolated by two different isolation techniques: centrifugation (pore water) or by 

extraction. Pore water was sampled by the ‘double chamber method’ (see Chapter 2). 

Extractions were performed in a 40 mL centrifuge tube filled with 5 g moist soil and 20 mL 

1 mM CaCl2. After shaking the suspension end-over-end for 24 hours, the suspensions were 

centrifuged during 30 minutes (2500 g). The supernatant was filtered (0.45 µm). An extractant 

of 1 mM CaCl2 was preferred over the 10 mM CaCl2 extractant used in Chapter 2 because of 

the closer resemblance to the pore water composition of the used soils (details not shown). It 

was shown in Chapter 2 that increasing Ca concentrations induce DOM coagulation, with a 

selective removal of the DOM with high aromaticity and Cu affinity (Chapter 2) and high 

molecular weight (Römkens & Dolfing, 1998). It is possible that this has also repercussions 

on the fractionation results. Soil solutions were sometimes diluted before fractionation to 

obtain DOC concentrations below 150 mg L-1 (Table 4.3). After acidifying the soil solutions 

to pH 2 with 2 M HCl and filtration (0.45 µm), DOC concentrations (AnalytikJena) and UV 

absorbance (254 nm, path length 1 cm, Perkin-Elmer Lambda 20) were measured. 

Fractionations were performed in duplicate, except for the pore water of soil 5. The 

concentrations of the HPI, HPOA and HPON DOC are expressed as percentages of the bulk 

DOC concentration, i.e. the concentration of the soil solution that was acidified to pH 2 and 

filtered. 



 

 

Table 4.3. Characteristics of the soils used for soil solution sampling, the incubation time (IT), the DOC concentration and SUVA of DOM in the soil 
solution, and the average percentage of total DOC in the soil solution and SUVA (L g-1 cm-1) of DOM in the hydrophilic (%HPI), hydrophobic acid (%HPOA) 
and hydrophobic neutral (%HPON) fraction (n = 2, standard deviation in parentheses). 

Soil Origin pH
a 

Org. C
b 

IT Soil solution DOC SUVA %HPI %HPOA %HPON 

    (days)  (mg L-1) (L g-1 cm-1) (%) SUVA (%) SUVA (%) 

1 Boris (Denmark) 5.6 1.3 3 Pore water 77.8 10.9 72 (5) 5 (0) 25 (5) 23 (1) 3 (7) 

    83 Pore water 43.4 22.9 60 (0) 17 (0) 38 (1) 31 (1) 2 (1) 

2 Ochamps (Belgium) 5.8 5.7 13 Pore water 1192c 9.9 49 (1) 3 (0) 38 (1) 18 (0) 12 (1) 

    13 Extract 102.9d 19.4 33 (1) 8 (0) 39 (1) 35 (0) 28 (2) 

3 Rhydtalog (U.K.) 4.2 12.9 13 Pore water 1335c 7.0 52 (0) 2 (0) 36 (1) 14 (1) 13 (0) 

    13 Extract 111.0d 17.9 36 (1) 6 (0) 39 (2) 33 (0) 25 (3) 

4 Zegveld (The Netherlands) 4.7 23.3 13 Pore water 1152c 7.0 61 (2) 2 (0) 27 (0) 16 (0) 12 (2) 

5 Ter Munck (Belgium) 6.9 0.9 4 (fresh) Pore water 26.4 20.1 31 (-) 12 (-) 46 (-) 26 (-) 23 (-) 

a Measured in 0.01 M CaCl2;
 b organic C content was measured by a wet combustion technique using K2Cr2O7 and H2SO4 followed by CO2 analysis (Amato, 1983); c 10 times 

diluted for fractionation; d two times diluted for fractionation. 



DAX-fractionation method for soil DOM                  63                                                                

 

Specific UV absorbance 

The SUVA of DOM was calculated as in Chapter 2. The SUVA of DOM with DOC 

concentration < 1.5 mg L-1 was not calculated because of accuracy problems. The SUVA of a 

collected subfraction was also calculated by Equation 2.2 using the average UV absorbance of 

the eluting subfraction. The SUVA of the HPI or HPOA fraction (SUVAfr, L g-1 cm-1) was 

calculated by 
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where b is the path length of the quartz cell of the spectrophotometer (cm), n is the number of 

subfractions in the fraction fr and 254
iA , Vi and [DOC]i  the average UV absorbance (-), volume 

(L) and DOC concentration (g L-1) of subfraction i of fraction fr, respectively. 

Results and discussion 

Fractionation of the test components 

The fractionation of the 15 test components varied largely (Table 4.1). Carbohydrates, 

proteins and aliphatic LMWA’s showed a (partial) HPI character, whereas aromatic LMWA’s 

and polyphenols ended up in the HPO fraction. Quinones and terpenoids did not desorb from 

the resin during base rinsing and were therefore classified as HPON. Fractionation of the 

combined components (oxalic acid, rutin and geraniol) gave similar results as their isolated 

fractionations (details not shown). The peak of the DOC concentration of the HPI fraction of 

oxalic acid and other pronounced HPI components was detected after 2 VVs with DOC 

concentrations dropping to zero only after 5 VVs (Figure 4.2). This was also the case for the 

HPI fraction of soil DOM (see below). The DAX-8 resin showed affinity for the HPI 

molecules as well, resulting in retardation of the components. This emphasizes the need for 

sufficiently rinsing of the resin and the importance of reporting cumulative resin/solution ratio 

in the used procedure. When no or few rinsing is applied, part of the retarded HPI molecules 

will be classified as HPO. The choice for rinsing with 4.5 VVs in this method was based on 
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preliminary fractionation experiments with soil solutions. Concentrations of DOC dropped 

only below 0.5 mg L-1 after rinsing for more than 4 VVs with 0.01 M HCl. However 3 of the 

aliphatic LMWA’s (maleic, succinic and propionic acid) showed an even larger retardation 

(Figure 4.2), resulting in a partial HPI and partial HPO classification. This can be related to 

the Kow and pKa of the components (see below). Aromatic LMWA’s, e.g. salicylic acid, were 

almost completely retained by the resin at pH 2 but were eluted with NaOH (Figure 4.2). This 

was also the case for polyphenols (e.g. rutin). Geraniol and menadione were classified as 

HPON, but also some HPI and especially some HPOA components showed a partial HPON 

character (Table 4.1). This was most pronounced for components with high molecular weight 

(e.g. ovalbumin and tannic acid). Peuravuori et al. (1997) suggested already that the sorption 

mechanism of the DAX/XAD-8 resin is partly based on molecular size of the solute. Qualls & 

Haines (1991) also found rutin in the HPO and oxalic acid and albumin in the HPI fraction. 

David et al. (1989) also classified oxalic acid as HPI and salicylic acid as HPO. They found 

over 89% of succinic acid in the HPI fraction compared to 59% in this study, despite their 

limited rinsing: 1 BV compared to 4.5 VVs (= 2.25 BVs) in the method of this study.  
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Figure 4.2. Average DOC concentration (mg L-1) in the subfractions of the eluent of the DAX-8 
column versus elution volume (VV) of fractionation of oxalic acid (■), maleic acid (◊) and salicylic 
acid (∆). Elution starts (elution volume = 0 VV) with the beginning of the injection of the DOM 
sample. Standard deviations are represented by error bars (n = 2). Left from the dashed line eluates the 
hydrophilic DOM (HCl eluent), right the hydrophobic DOM (NaOH and ultrapure water eluent). 
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The affinity of the DAX-8 and XAD-8 resin for components is assumed to be related to the 

hydrophobicity of the components. A negative linear relationship was found between the 

logarithm of aqueous solubility and the logarithm of the capacity factor of molecules on 

XAD-8 (Thurman et al., 1978). It was investigated if the Kow of the test components, a 

measure for the hydrophobicity, showed a relationship with the classification of the molecule 

into the HPI, HPOA and the HPON fraction (Table 4.1 and Figure 4.3). Components with 

log Kow < -1.5 appeared almost completely in the HPI fraction. An exception is rutin which 

has a low log Kow value (-2.02) because of the carbohydrate part of the molecule. The sorption 

by the DAX-8 resin at pH 2 is probably due to the aromatic part (polyphenol). This was also 

the case for tannic acid which has a quite low log Kow (-0.19) as well because of its 

carbohydrate part. Maleic acid, succinic acid and propionic acid have intermediate Kow values 

(-1 < log Kow < 0.5) and have some affinity for the DAX resin, resulting in a partly HPI and 

partly HPO character. Of these 3 molecules maleic acid is less retained, probably because it 

has a large fraction in the ionic form at pH 2 (pKa1 = 1.83), resulting in a smaller total 

capacity factor for the resin (see above). Propionic acid has the largest log Kow (0.33) and 

showed most retardation by the resin. Components with log Kow > 0.5 were all classified as 

HPO. These components are also mainly present in the non-ionic form at pH 2 (except from 

2,4,6-trihydroxybenzoic acid), causing no significant deviation of the total capacity factor 

from the capacity factor of the non-ionic molecule. The two molecules classified as HPON, 

geraniol and menadione, showed a very large log Kow (3.47 and 2.20 respectively). Salicylic 

acid is classified as HPOA despite its larger log Kow (2.26) compared to menadione. This is 

probably due to the presence of the carboxyl group with pKa = 2.98 in the salicylic acid 

molecule. All other molecules classified as HPOA have also pKa < 11, resulting in dominant 

fractions of the ionic form during rinsing with 0.1 M NaOH causing desorption from the 

DAX-8 resin. Geraniol and menadione are not ionized during rinsing with 0.1 M NaOH.  
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Figure 4.3. Average percentage hydrophilic DOC of total DOC (%HPI) versus log Kow of the test 
components (no Kow data for starch and albumin, value of log Kow = -0.48 used for maleic acid). 
Standard deviations are represented by error bars (n = 2). 

The SUVA of a molecule can also be an indicator of the hydrophobic character. Test 

components with SUVA < 3 L g-1 cm-1 were classified as (partly) hydrophilic while 

hydrophobic components had SUVA > 3 L g-1 cm-1. Exceptions were maleic acid and 

geraniol. Maleic acid has a SUVA of 12.0 L g-1 cm-1 because of the resonance possibilities of 

the double bond, but the short chain and the presence of carboxylic groups give the molecule 

a partial hydrophilic character. Geraniol has a very low SUVA (0.6 L g-1 cm-1) because of the 

lack of resonance, but the long aliphatic chain renders the molecule hydrophobic. The 

relationship of SUVA and the retention by the resin can be explained by the presence of 

aromatic structures in the molecules. Aromaticity increases the hydrophobic character, and 

SUVA is a good measure for aromaticity (Weishaar et al., 2003). 

Overall, the test components confirm that the affinity of the DAX-8 resin for molecules is 

primarily based on hydrophobic structures in the components. Non-ionic aromatic and long 

aliphatic parts sorb onto the resin even if the molecules have hydrophilic parts (e.g. rutin). 

Hydrophobic components can be desorbed from the resin if they are ionized during base 

rinsing.  

Fractionation of the natural DOM samples is given in Table 4.2. Almost all DOM of the 

SRFA appeared in the HPO fraction and a negligible part in the HPI fraction. This can be 
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explained by the SRFA isolation method: desorption from the XAD-8 resin with 0.1 M NaOH 

after percolating Suwannee River water at pH 2 over the resin. Surprisingly, 24% of the 

sorbed SRFA on the DAX-8 resin could not be desorbed by the method of this study. A 

possible explanation is the use of different resins: XAD-8 versus DAX-8 resin. The method to 

desorb DOM from the resin also varies: 3 VVs with 0.1 M NaOH at 350 mL min-1 in the 

IHSS method (Malcolm et al., 1995) (E.M. Perdue, personal communication) compared to 

2.25 VVs with 0.1 M NaOH and 4 VVs with MQ water at 1 mL min-1 in this method. 

Structural conformation changes of the isolated fulvic acid during further IHSS sample 

preparation (passing through cation exchange resin, hydrogen saturation and freeze drying) 

are also possible. The DOM of SRNOM and NRNOM was also for a large part hydrophobic 

but 8–9% of DOC was hydrophilic. This can be explained by the isolation method of the 

NOM samples: reverse osmosis also collects hydrophilic molecules, while XAD-8 isolation 

discards the HPI fraction. Fractionation results of these IHSS reference samples by different 

methods can be used for intercalibration of different fractionation procedures. 

Fractionation of the soil solutions 

The DOC concentration and SUVA of DOM in the eluate of the DAX-8 column changed 

during the fractionation of the three presented soil solutions (Figure 4.4). The DOC 

concentration and SUVA patterns were similar for the other fractionations. As mentioned 

before, DOC concentrations of the hydrophilic fraction peaked after 2 VVs and dropped to 

zero only after 5 VVs. This demonstrated the retardation of hydrophilic components by the 

resin. The SUVA of this DOM increased gradually during elution. This shows that the 

hydrophilic fraction has a heterogeneous character and that retardation of hydrophilic DOM 

increases with aromaticity of the hydrophilic components. The hydrophobic DOC peak also 

tailed for several VVs. The hydrophobic DOM is also heterogeneous, demonstrated by the 

changing SUVA during elution, but often to a lower extent than the hydrophilic fraction. The 

first eluted hydrophobic DOM had in most cases the highest SUVA value. This was probably 

because DOM with the highest hydrophobicity and aromaticity was sorbed onto the first 

DAX-8 particles of the column. This DOM comes first out of the column during base rinsing 

because the flow direction was inversed after the acid rinsing.  
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Figure 4.4. Average DOC concentration (□) and SUVA (■) of the subfractions of the eluent of the 
DAX-8 column versus elution volume (VV) of the fractionation of the (a) pore water of soil 1 
incubated for 83 days, (b) ten times diluted pore water of soil 3, and (c) two times diluted extract of 
soil 3. Elution starts (elution volume = 0 VV) with the beginning of the injection of the DOM sample. 
Standard deviations are represented by error bars (n = 2). Left from the dashed line eluates the 
hydrophilic DOM (HCl eluent), right the hydrophobic DOM (NaOH and ultrapure water eluent). 
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Characteristics and fractionation results of all soil solutions are presented in Table 4.3. 

Distribution of DOC is within the ranges found in other studies: 31–72% HPI, 25–46% 

HPOA and 2–28% HPON of total DOC. The DOC concentration was lowest in the pore water 

of soil 5 which was not air-dried but sampled freshly from the field. This DOM had also the 

smallest fraction of HPI DOC. Soils that were stored air-dry for several years and rewetted 

before incubation showed extremely high DOC concentrations in the pore water 

(> 1000 mg L-1). This was less expressed in soil 1, the soil that was kept air-dry for the 

shortest time (4 years). The high amount of DOM probably originated from cell lysis of soil 

biomass due to soil drying (Merckx et al., 2001). Components released from microbial 

biomass is assumed to consist of simple molecules like sugars, amino acids and nucleotides 

(Merckx & Martin, 1987). This was reflected in the relatively low SUVA values (< 

11 L g-1 cm-1) and high HPI fraction (> 49%) of the DOM in pore water of shortly incubated 

soils (3–13 days). The fractionation of the test components showed already the hydrophilic 

character of carbohydrates and proteins. Dissolved organic matter released by drying/wetting 

cycles is easily degradable (Chapter 2; Merckx et al., 2001). This was also observed in this 

study as prolonged incubation of soil 1 resulted in lower DOC concentrations and higher 

SUVA of DOM (Table 4.3). The fraction of HPO DOC increased during incubation as a 

result of smaller degradation of the HPO fraction (-21%) compared to the HPI fraction (-

54%). Incubation experiments with extracts of soil and plant material showed that resistance 

of DOM to microbial degradation is mostly found in the HPO DOC fraction (Kalbitz et al., 

2003a).  

Extracts had lower DOC concentrations compared to corresponding pore water, but 

extractions sampled more DOC when expressed in mass DOC extracted per kg soil. As this 

DOM had higher SUVA compared to pore water, it is assumed that the extra DOM sampled 

by extraction originates from the solid organic matter which is more humified and has higher 

aromaticity (Chapter 2). The extracts of soil 2 and 3 contained relatively more HPO DOC 

compared to the pore waters, demonstrating the hydrophobic character of the extra DOM that 

is released by soil extraction. Again, this shows that soil extraction should be discouraged as 

it dissolves DOM not present in solution as stated in Chapter 2. 

When comparing SUVA of DOM in different samples or fractions, one has to keep in mind 

the difference in pH of these samples, possibly influencing SUVA values. Based on the 
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fractionation and SUVA measurements of pore water of soil 1 (short and long incubation), 

this pH influence is expected to be limited. These pore waters contain almost no HPON DOM 

so the problem of not being able to measure the SUVA of this fraction is omitted. The 

weighted mean of the SUVA of the HPI and HPOA DOM is very close to the SUVA of the 

unfractionated pore water DOM in both cases (details not shown), suggesting no significant 

SUVA alterations with pH. The SUVA of the HPI DOM in the soil solutions was consistently 

lower than that of HPOA DOM (Table 4.3). This was expected on the basis of the 

fractionation of the test components as aromatic compounds ended up in the HPO fraction. 

Studies dealing with forest floor and aquatic DOM showed also higher specific UV 

absorbance for the HPO compared to the HPI fraction (Martin-Mousset et al., 1997; Imai et 

al., 2001; Dilling & Kaiser, 2002; Croué et al., 2003; Simonsson et al., 2005). The SUVA of 

the HPI DOM in the different soil solutions varied largely from 2 to 17 L g-1 cm-1 and even 

overlapped the range of SUVA of the HPOA DOM, from 14 to 35 L g-1 cm-1 (Table 4.3). This 

means that characteristics of a fraction varied with the DOM source in addition to the 

variation in distribution of fractions among the samples. This shows that soil solution DOM is 

not a varying composition of different fractions with similar properties. The statement that the 

DAX/XAD-8 fractionation procedure isolates similar groups of compounds (Leenheer, 1981) 

is not proven: the variation coefficient of the SUVA values of the HPOA DOM (31%) is only 

slightly smaller than that of the unfractionated DOM (41%) and the variation coefficient of 

the SUVA of HPI DOM is even larger (72%). The standard deviation of the SUVA is larger 

for the HPOA DOM (7.5 L g-1 cm-1) and smaller for the HPI DOM (5.0 L g-1 cm-1) compared 

to the standard deviation of the SUVA of the bulk DOM (6.0 L g-1 cm-1). This is in contrast 

with Dilling & Kaiser (2002) who found large similarities in the chemical composition of HPI 

and HPO fractions of 3 forest floor extracts despite the large range in distribution within the 

bulk samples (37–71% HPI DOC). As a result, the HPO DOC concentration could be 

estimated well using the SUVA of the bulk sample. The attempt of Simonsson et al. (2005) to 

estimate HPO DOC fractions and concentrations of floor leachates based on UV absorbance 

(210–300 nm) was, however, not very successful due to non-consistent UV absorptivity of the 

HPI and HPO DOM. No significant correlation (P > 0.05) was found between the SUVA of 

the bulk soil DOM and the fraction HPO DOC in the study here, i.e. fractionation does not 

explain SUVA of the DOM samples. No smaller SUVA variations were observed in the HPI 

and HPOA fraction compared to the unfractionated DOM. The goal of fractionation, i.e. 

division into fractions that are structurally more homogeneous than the bulk samples, seems, 
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therefore, not reached. However, it is possible that the HPON fraction exhibits a smaller 

SUVA variation, or that a reduction in variation of SUVA values is attained after additional 

fractionation into hydrophilic and hydrophobic acids, bases and neutrals (Leenheer, 1981) or 

humic and fulvic acids (Aiken, 1985). Still, the lack of reduction in SUVA variability in the 

HPI and HPOA fractions questions the practical role of DOM fractionation in predicting 

DOM properties. Similarly, Groenenberg et al. (2010) showed that the uncertainty in modeled 

soil solution Cu concentrations is more determined by the variations in the Cu binding 

affinities of fulvic and humic acids than by the variation in the fractions of humic, fulvic and 

hydrophilic acids in soil DOM.  

Conclusions 

A DAX-8 fractionation procedure for small volumes of DOM solution was developed. 

Subjecting 15 soil DOM model components to this fractionation method showed that Kow, pKa 

and SUVA of the components can be used to predict the hydrophobic character of the 

molecule. It is recommended to use DOM model components and reference natural DOM 

samples (IHSS) in new fractionation procedures. Variations in DOM fractions from 8 

different soil solutions could be partly assigned to soil manipulations as soil drying, extraction 

and incubation. However, variation of DOM characteristics (SUVA) within the fractions was 

not smaller than in the unfractionated DOM.  





 

CHAPTER 5 

Structural properties of soil dissolved organic matter 

as affected by soil type, residue application and 

solution sampling method 

 

 

Introduction 

Dissolved organic matter has an important role in several soil processes. Dissolved organic 

matter is known to transport trace metals (Temminghoff et al., 1998) and organic 

contaminants in soils (Raber et al., 1998). It contains nutrients as N, P and S and serves as a 

substrate for microorganisms (Marschner & Kalbitz, 2003). Soil mineral weathering and 

podzolization are influenced by DOM (Raulund-Rasmussen et al., 1998; van Hees & 

Lundstrom, 2000). The contribution of DOM to these soil processes logically depends on the 

DOM quantity, i.e. its concentration, but also on DOM quality, i.e. structural and functional 

properties.  

By nature, a complete molecular characterization of soil DOM is challenging given the 

myriad of DOM sources and degradation stages. A combination of analytical techniques is 

commonly used to characterize DOM structural properties. Spectroscopic techniques (UV, IR, 

ESR, fluorescence) are attractive because they are non-destructive, simple and require only 

small sample volumes. Weishaar et al. (2003) showed that the specific UV absorbance at 

254 nm (SUVA) of DOM correlates positively to the fraction aromatic moieties in DOM 

(Chapter 2 and 3). Fluorescence spectra can be used for estimating the degree of DOM 

humification (Zsolnay et al., 1999). Fractionation of total DOM can selectively separate one 
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group of compounds from the bulk sample on the basis of their physical and/or chemical 

properties. Dissolved organic matter can be fractionated on the basis of hydrophobicity by 

sorption onto the weakly hydrophobic resin XAD-8 (Chapter 4). Humic acids can be isolated 

from the bulk sample by acidification of the soil solution to pH 1 followed by centrifugation 

to remove the precipitated humic acids (Van Zomeren & Comans, 2007). 

The DOM quality depends on the source of organic matter, its degradation state and its 

reaction with the soil solid phase. Not surprisingly, DOM properties are found to be affected 

by soil properties, land use, soil depth and even DOM sampling method. Below, a summary is 

given about the main environmental factors controlling DOM quality. 

In field and column studies, solution sampled by capillary wicks, lysimeters, resin boxes, 

porous cups and plates concerns principally the mobile soil solution (Weihermuller et al., 

2007). Direct centrifugation, immiscible displacement, pressure filtration and extraction of a 

soil sample in the lab can additionally sample DOM present in the immobile soil solution 

(Elkhatib et al., 1987; Raber et al., 1998; Tiensing et al., 2001; Zsolnay, 2003). These latter 

isolation methods sample generally more DOM (in mg L-1 solution) than lysimeters in the 

field (Raber et al., 1998; Gallet & Keller, 1999; Geibe et al., 2006). This indicates that the 

DOC concentration in the immobile soil solution is larger, possibly caused by longer contact 

times and larger microbial activity (Zabowski & Ugolini, 1990), and limited exchangeable 

with the percolating soil solution as already suggested from field experiments (Chapter 3; 

Mertens et al., 2007b). De Troyer (2010) demonstrated consistently larger DOM in soil 

centrifugates than in column effluents. This difference in DOC concentration was unaffected 

by flow rate in the columns and no such difference was found for a conservative tracer 

(bromide) in corresponding solutions. This suggests that the larger DOM in centrifugates is 

unrelated to DOM concentration gradients in the pore matrix. In addition, that study observed 

that the extra DOM sampled by centrifugation had smaller SUVA values compared to the 

DOM present in percolating soil solution, consistent with the small aromaticity and 

humification degree of DOM derived from cell lysis (Merckx & Martin, 1987). It is 

hypothesized that the disruptive forces of centrifugation release DOM from biomass or 

particulate organic residues (Zabowski, 1989; Lorenz et al., 1994; De Troyer, 2010). 

Extraction of a soil sample, i.e. shaking the soil with an extractant solution, samples 

additional DOM compared to centrifugation of the soil sample without adding extra liquid, 
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and this effect increases at decreasing solid/liquid ratio (Chapter 2; Zsolnay, 2003; Akkanen 

et al., 2005; Fest et al., 2008). This extra DOM has a higher SUVA (Chapter 2; Akkanen et 

al., 2005), fluorescence efficiency (Zsolnay, 2003), hydrophobicity (Chapter 4), Cu affinity 

(Chapter 2; Fest et al., 2008) and larger molecular weight (Akkanen et al., 2005) compared to 

DOM present in the pore water. It is hypothesized that the additional DOM originates from 

the more humified solid organic matter released by agitation of the soil sample (Chapter 2).  

The properties of DOM are undoubtedly affected by the abiotic soil characteristics. 

Increasing Ca concentrations in the soil solution reduce DOM by preferential flocculation of 

the high molecular weight organic acids (Römkens & Dolfing, 1998). Kalbitz et al. (2000) 

concluded in their review on DOM dynamics that pH effects on DOC concentrations in the 

field are small due to counteracting effects of pH on physical, chemical and biological 

processes affecting DOM. Sorption of DOM on the soil matrix explains negative correlations 

between DOC concentrations and %clay (Kaiser et al., 1996; De Troyer, 2010) or %Al and Fe 

oxyhydroxides in soils (Kaiser et al., 1996; Römkens et al., 2004). Hydrophobic and aromatic 

DOM components are preferentially sorbed, explaining the decrease in the fraction 

hydrophobic components, the specific UV absorbance and the humification degree of DOM 

during soil passage (Kaiser et al., 1996; 2001b; Corvasce et al., 2006). Variation in DOM 

structural properties across soils is also explained by land use. Larger hydrophobic fractions 

are found in forest soils than in agricultural soils (Raber et al., 1998; Möller et al., 2005). 

Strobel et al. (2001b) observed only small differences in DOM characteristics (IR and UV 

spectroscopy, elemental composition,…) with varying soil type and standing tree species. 

Litter fall or straw incorporation is shown to decrease DOM aromaticity (Uselman et al., 

2007; De Troyer, 2010) and hydrophobicity (Qualls & Haines, 1991; De Troyer, 2010). Long 

dry storage of soil or application of drying/wetting cycles increases DOC concentrations up to 

tenfold (Chapter 2; Lundquist et al., 1999; Kaiser et al., 2001c; Jones & Willett, 2006; Fest et 

al., 2008). The DOM released by soil drying has a lower SUVA (Chapter 2) than DOM in 

soils that were not dried, is mainly hydrophilic (Kaiser et al., 2001c) and has a fluorescence 

emission spectrum indicative of cell lysis (Zsolnay et al., 1999). It is, therefore, hypothesized 

that soil drying releases biomass DOM (Chapter 2).   

The environmental factors controlling DOM concentrations, i.e. DOC quantity, are clearly 

more frequently studied than those assessing DOM quality. In addition, most of the studies on 
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DOM quality have focused on a single variable (e.g. effect of season, sampling method) and 

have not used multifactorial designs. The objective of this study is to make a systematic 

analysis of DOM concentrations and properties in a range of freshly sampled soils with 

different land use and soil properties, and additionally study the effects of soil solution 

sampling method, drying/wetting cycles and straw addition in factorial combinations. This 

study partially repeats experiments described in Chapters 2 and 4 but elaborates them by 

applying multiple techniques on multiple DOM samples. Moreover, the majority of the 

variation in DOM concentration and quality described in Chapter 2 and 4 is attributed to dry 

soil storage and the subsequent release of cell biomass. In this Chapter, only freshly sampled 

soils were used. In Chapter 3, the variability in Cu affinity of DOM was of the same order of 

magnitude as the variation in DOC concentrations, i.e. the DOM quantity and quality 

determined the Cu leaching to a similar extent. The soil solutions of this Chapter, isolated 

from soils with widely varying characteristics and land use, allow verifying if this conclusion 

is also valid when studying DOM at a larger scale. 

Materials and methods 

Soils: analysis, treatments and soil solution sampling 

Eleven Belgian soils with varying properties and land use were sampled in November 2008 

(Table 5.1). The topsoil (0–15 cm) was collected, except for the waterlogged soil K3 that was 

sampled at 1 m depth. The soils were sieved moist (8 mm) and stored at 4 °C before soil 

analysis and soil solution isolation. Soil texture was determined by the pipette method (Day, 

1965). The CEC at soil pH was measured using the unbuffered AgTU procedure (Chhabra et 

al., 1975). The pH of the soil samples was measured in a 5 g soil : 12.5 mL 0.01 M CaCl2 

suspension after shaking end-over-end for two hours. Subsamples were oven dried (105 °C) 

for 72 hours to determine the soil moisture content. Total carbon (C) and nitrogen (N) 

concentration was measured by combustion at 1200 °C (Elementar, vario MAX CN). 



 

 

Table 5.1. Soil data and selected characteristics (expressed on dry weight basis) of the 11 collected Belgian soils.  

soil land use location moisture pH CEC C N C/N sand clay silt 

   (%)  (cmolc kg-1) (%) (%)  (%) (%) (%) 

K3 agricultural grasslanda Kasterlee 46 5.1 10.6 2.7 0.17 16 67 10 17 

MW forest Oud-Heverlee 24 3.2 4.7 2.4 0.15 16 56 5 33 

TM arable land Leuven 22 6.6 9.6 0.9 0.11 8 11 13 67 

HH heather Houthalen 10 3.3 2.0 1.9 0.10 19 93 1 5 

GA arable land Geel 20 5.9 5.1 1.5 0.14 11 56 6 33 

GW agricultural grassland Geel 24 5.2 5.2 2.1 0.20 11 88 3 6 

ME arable land Meldert 18 4.0 3.5 1.0 0.09 11 80 6 12 

LO agricultural grassland Lovenjoel 29 4.3 8.1 1.7 0.19 9 26 11 54 

HU arable land Huldenberg 26 7.4 11.0 1.2 0.13 9 11 12 70 

SB moorland Schwarzbach 161 3.5 3.6 8.9 0.58 16 23 10 46 

LM marshland  Oostkamp 781 6.0 ndb 24.2 2.71 9 nd nd nd 

     a Sampled at 1 m depth; b nd = not determined. 
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This study was set-up as an incomplete factorial design of soil type, soil solution sampling 

method and soil amendments. The variable ‘soil type’ is obviously multifactorial (Table 5.1) 

including factors land use, soil abiotic properties etc. The DOM concentrations and 

characteristics (fractionation, CuMP and SUVA) were analyzed on the combinations shown in 

Table 5.2. The soil solution was sampled by four different methods: pore water isolation by 

centrifugation, extraction, leaching by columns and isolation by wick samplers. Pore waters 

were sampled with a double chamber method as in Chapter 2 and extractions with 1 mM 

CaCl2 were done as in Chapter 4. As in Chapter 4, a 1 mM CaCl2 extraction was preferred 

over a 10 mM CaCl2 extraction as used in Chapter 2 because of the closer resemblance to the 

pore water composition (Table 5.3) and the DOM coagulation effect of Ca (Chapter 2). 

Column leaching was performed under unsaturated conditions. Three cylinders were filled 

with the soil (6 cm diameter, 8 cm (MW) or 9 cm (TM) height) to a final density of 

1.4 kg dm-3 (MW) or 1.5 kg dm-3 (TM). The cylinders were covered by a cap to prevent 

evaporation. A small hole in the cap was used for irrigation with 1 mM CaCl2 applied by 

peristaltic pumps at 1.6 cm day-1. The soil columns were placed on porous plates (ROBU P5 

glasfilter, pore size 1.0–1.6 µm). The leachates were collected in closed erlenmeyers in which 

a suction of -11 ± 1 kPa was applied. The leachate collected between approximately 0.5–1 

pore volume after the start of leaching (pore volumes estimated from the column experiment 

in Chapter 6) was used and leachates of the three replicate columns were combined. Wick 

samplers collected soil solution in the field as described in Chapter 3. Two soils were 

subjected to application of two drying/wetting (D/W) cycles as described in Chapter 2. After 

the second D/W cycle the soils were covered and incubated at 20 °C during three days. Straw 

amendment (two soils) was performed by mixing dried straw (chopped to 10 mm) to the soil 

at 1 g (kg moist soil)-1. The soils were covered and incubated at 20 °C for 3 days.  

DOM characterization 

Cation concentrations in the soil solutions were analyzed by ICP-OES, anion 

concentrations by anion chromatography, and pH was measured. Concentrations of DOC 

were measured by an Analytical Sciences Thermalox TOC-analyzer as the difference between 

the total dissolved carbon concentration and the dissolved inorganic carbon concentration. 

The dissolved organic matter present in the soil solution was characterized by different 

methods. The Cu mobilizing potential (CuMP) of DOM present in the soil solution was 
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determined in duplicate as in Chapter 2. The UV-absorbance and SUVA at 254 nm of the soil 

solution at the natural pH of the samples was measured as in Chapter 2.  

Table 5.2. Incomplete factorial design of soil type, soil solution sampling method and soil 
amendment. The abbreviations for the treatments are given. 

Sampling method pore water extract column wick 

Amendment none straw D/W cycles none none none 

K3 K3pw      

MW MWpw   MWex MWco  

TM TMpw TMst TMdw TMex TMco TMws 

HH HHpw      

GA GApw GAst GAdw    

GW GWpw      

ME MEpw      

LO LOpw      

HU HUpw      

SB SBpw      

LM LMpw      

 

The standard fractionation method of DOM in aquatic waters promoted by the 

International Humic Substances Society consists of isolating FA and HA by sorption onto 

XAD-8 resin followed by precipitation of HA by adjusting the pH to 1. Preliminary 

experiments showed that a combined accurate and reproducible fractionation is not feasible 

with limited volumes of soil solution (~30 mL). Therefore, the measurement of the humic 

acid fraction and the hydrophobic fractionation by DAX resin was slightly adapted and 

performed separately. The percentage humic acid of total DOM was determined by acidifying 

the soil solution to pH 1 by small amounts of 3 M HCl. The acidified solutions were shaken 

end-over-end for 4 hours. The coagulated humic acids were removed from the soil solution by 

centrifugation (2500 g, 30 minutes) with subsequent filtration (0.45 µm). The DOC 

concentration and SUVA were measured in the filtrate. The percentage humic acid of total 

DOC concentration (%HA) was calculated by the difference in DOC concentration before and 

after the acidifying and filtration. The analysis was performed in duplicate. The percentage 

hydrophilic, hydrophobic acid and neutral hydrophobic DOC of the total DOC concentration 
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in the soil solution (%HPI, %HPOA and %HPON) was determined by DAX fractionation as 

described in Chapter 4. The fractionation procedure was exactly the same, but in contrast to 

Chapter 4, %HPI, %HPOA and %HPON are expressed as percentages of the DOC 

concentration in the unacidified soil solution. The percentage DOC removed from the solution 

by filtration of the soil solution at pH 2 is called %HApH=2. The analysis was performed in 

duplicate. Fractionation of soil solutions with DOC concentrations lower than 17 mg L-1 was 

not done for accuracy reasons.  

Results 

Effect of soil type 

The DOC concentration varied 8-fold in the 11 pore waters of freshly sampled soils, from 

23 to 175 mg L-1 (Table 5.3). The four lowest DOC concentration values were observed for 

the arable field soils (23–36 mg L-1) and largest values were found in the forest soil 

(108 mg L-1) and in an agricultural grassland soil (175 mg L-1). The SUVA of DOM varied 

almost 3-fold, from 20 to 54 L g-1 cm-1. Land use had smaller influence on this measure for 

aromaticity compared to DOC concentration. The highest values were noted for the DOM 

from the forest soil (MWpw: 39 L g-1 cm-1) and the anaerobic grassland soil (K3pw: 

54 L g-1 cm-1).  

Copper mobilizing potential values of DOM are not given. The DOC concentration 

decreased markedly in several solutions after 7 days shaking with the Chelex resin. These 

decreases were most marked in solutions that contained lower Ca concentrations than that 

used in the resin equilibration step (1.5 mM). For example, DOC concentration decreased by 

44% in SBpw that inititally contained only 0.04 mM Ca. Most likely, low molecular weight 

HAs are present at low Ca concentration and flocculate at the relatively high Ca concentration 

in the resin equilibration step. This is problematic since the DOM removed from solution has 

most likely varying characteristics compared to the DOM remaining in solution, resulting in a 

change in overall DOM properties (Römkens & Dolfing, 1998). Performing the method at a 

lower Ca concentration of 0.5 mM only partially solved the problem, e.g. the DOC decrease 

for SBpw was still 16%. Using even lower Ca concentrations was not possible since the 

native Ca concentration in some solutions was quite high, e.g. 4.2 mM in HUpw. Diluting the 
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soil solutions to reduce the Ca concentration decreases DOC concentrations to values below 

quantification limits. The Ca concentrations in the undiluted soil solutions used in Chapter 2 

were sufficiently large explaining why DOC concentration changes were limited during resin 

equilibration. The partial DOM removal can be prevented by some adaptations of the CuMP 

method. For instance, the method can be performed by very low Ca concentrations (< 

0.1 mM). The excess Ca concentration in soil solutions with high Ca concentrations has then 

to be removed by e.g. passing the DOM solution over a cation exchange resin. A disadvantage 

of this method is the possible partial loss of DOM. Part of the DOM flocculation can also be 

prevented by enclosing the resin in a membrane with small pores, because it was noticed that 

DOM flocculation is enhanced by the presence of the resin. The pores have to be sufficiently 

large to pass free metals and sufficiently small to prevent DOM molecules from passing. A 

disadvantage of this method is the longer required time to attain equilibrium. 

 The percentage humic acids (%HA) in the pore waters of the fresh soils varied 5-fold, 

from 17% to 76% (Table 5.3). The largest values were noted for the anaerobic grassland soil 

(76%) and the moorland (58%). Acidifying the solutions to only pH 2, as needed for the 

hydrophobic fractionation, removed already a large part of the humic acids (Table 5.3). The 

%HApH=2 varied between 9% and 74%, this was on average 85% of %HA determined at pH 1, 

indicating that the largest part of the humic acids is already flocculated at pH 2. The DOM not 

removed at pH 2 is then further classified according to hydrophobic properties. In the pore 

waters of the fresh unamended soils, %HPI varied from 4% to 31%, %HPOA from 11% to 

55% and %HPON from 7% to 24%. The smallest values for these three fractions were found 

for K3pw, SBpw and LMpw. These pore waters had the largest %HApH=2 values, resulting in 

small remaining DOC fractions to fractionate. LOpw had the largest hydrophilic fraction 

while the forest pore water MWpw had the largest %HPOA value.  

 

 



 

 

Table 5.3. Characteristics of DOM in the pore waters of the freshly sampled soils (standard deviation in parentheses, n = 2) 

solution land use [Na] [Ca] [DOC] SUVA %HA %HApH=2 %HPI %HPOA %HPON 

  (mM) (mM) (mg L-1) (L g-1 cm-1) (%) (%) (%) SUVA (%) SUVA (%) 

K3pw agricultural grasslanda 0.2 0.5 59 54 76 (0) 74 (0) 4 (1) 18.8 11 (0) 28.1 11 (1) 

MWpw forest 0.2 0.1 108 39 24 (2) 15 (1) 18 (0) 22.1 55 (0) 36.9 12 (1) 

TMpw arable land 0.2 0.8 28 29 17 (3) 10 (1) 17 (7) 18.4 49 (4) 33.9 24 (13) 

HHpw heather 0.2 0.1 61 22 31 (0) 25 (1) 24 (1) 9.7 34 (2) 28.7 17 (2) 

GApw arable land 0.3 0.8 36 33 19 (1) 20 (2) 19 (5) 21.1 44 (0) 36.5 18 (3) 

GWpw agricultural grassland 5.0 0.9 175 36 33 (2) 28 (3) 16 (0) 19.5 43 (1) 42.2 13 (2) 

MEpw arable land 0.2 0.4 34 26 30 (3) 26 (3) 21 (1) 13.9 41 (4) 27.5 11 (6) 

LOpw agricultural grassland 0.9 3.1 39 20 21 (4) 15 (1) 31 (6) 12.7 40 (0) 31.2 14 (5) 

HUpw arable land 2.3 4.2 23 26 21 (2) 9 (3) 25 (0) 18.4 49 (3) 34.2 18 (6) 

SBpw moorland 0.1 <0.1 80 28 58 (1) 56 (2) 15 (2) 14.6 22 (1) 30.5 7 (5) 

LMpw marshland  0.6 1.3 46 21 34 (1) 51 (4) 16 (2) 10.1 22 (4) 35.5 10 (2) 

a Sampled at 1 m depth.  
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The DOC concentration range corresponds with ranges observed for other pore waters of 

freshly sampled soils, e.g. 18–176 mg L-1 (mean 47 mg L-1) for 30 Belgian agricultural soils 

(De Troyer, 2010) and 16–150 mg L-1 (mean 59 mg L-1) for 49 Dutch soils (de Groot et al., 

1998). The observed 2.7-fold variation in SUVA of DOM was smaller than in the study of De 

Troyer (2010) for freshly sampled soils, in which values as low as 8.4 L g-1 cm-1 and a 5.5-

fold variation were found. Larger DOC concentrations were observed in the forest soil than in 

the heather and moorland soils in this study, consistent with the study of Buckingham et al. 

(2008). Möller et al. (2005) and Raber et al. (1998) observed larger hydrophilic fractions in 

the topsoils of agricultural soils than in forest topsoils. In this study, no significant differences 

in %HPI between forest and agricultural soils were found. Differences in the fractionation 

procedure can be responsible for the observed differences (see Chapter 4), but procedural 

details for fractionation are often not given. The smallest %HPI fraction for K3pw (4%) can 

be related to the relatively limited presence of ‘fresh’ DOM, i.e. recently derived from 

biomass, at the depth of 1 m (see below). The fractions HA (17–76%) were much larger than 

in the soil solutions of a sandy soil analyzed by Fest et al. (2008) (0.2–2.1%), despite the 

procedural similarities.   

No significant correlations were found between soil characteristics (Table 5.1) or ion 

concentrations and DOC concentrations or DOM characteristics to explain the ‘soil type 

effects’. Soil type is inherently multifactorial and factors are apparently too numerous to 

identify emerging factors. Similarly, De Troyer (2010) observed only a weak significant 

negative correlation between DOC concentrations and soil clay content for 30 freshly sampled 

agricultural soils. Enlarging the data set with cold stored soils and soils that were dried and 

rewetted, added significant correlations with pH (negative) and percentage C (positive). This 

was explained by the equal pre-treatment of these soils, neutralizing part of the variation 

caused by leaching, variable moisture content, etc. Akagi et al. (2007) proposed to adjust soil 

samples to a standard water content after soil air-drying to reduce these effects. However, soil 

manipulation and especially drying of soils is not encouraged since these actions can deliver 

additional DOM with different properties than DOM present in the soil solution of freshly 

sampled soils (see below).   

  



 

Table 5.4. Characteristics of DOM in the soil solutions isolated by different methods and after different soil amendments (standard deviation in 
parentheses, n = 2).  

solution treatment [Na] [Ca] [DOC] SUVA %HApH=2 %HPI %HPOA %HPON 

 

sampling 

method  (mM) (mM) (mg L-1) (L g-1 cm-1) (%) (%) SUVA (%) SUVA (%) 

MWpw centrifugation - 0.2 0.1 108 39 15 (1) 18 (0) 22.1 55 (0) 36.9 12 (1) 

MWex extraction - <0.1 0.6 21 34 7 (2) 17 (5) 21.0 43 (2) 41.8 33 (10) 

MWco column - 0.3 0.7 69 35 5 (3) 10 (0) 33.4 64 (0) 41.0 21 (3) 

TMpw centrifugation - 0.2 0.8 29 29 10 (1) 17 (7) 18.4 49 (4) 33.9 24 (13) 

TMex extraction - <0.1 0.9 4 52 nda nd nd nd 

TMco column - 0.2 0.9 17 27 nd nd nd nd 

TMws wick sampler - 0.2 1.2 9 23 nd nd nd nd 

TMst centrifugation straw 0.2 0.8 47 22 7 (5) 27 (0) 11.1 44 (2) 28.7 21 (3) 

TMdw centrifugation D/W 0.2 2.5 33 18 8 (1) 22 (1) 15.6 42 (1) 28.9 28 (1) 

GApw centrifugation - 0.3 0.8 36 33 20 (2) 19 (5) 21.1 44 (0) 36.5 18 (3) 

GAst centrifugation straw 0.2 0.8 48 26 11 (2) 24 (5) 14.9 44 (1) 34.7 20 (4) 

GAdw centrifugation D/W 0.3 1.7 43 23 nd 34 (3) 11.5 62 (2) 25.9 nd 

 a nd = not determined, DOC concentrations too low for accurate fractionation. 
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Effect of soil solution sampling method 

Column leachates contained 1.6–1.7 fold lower DOC concentrations (mg L-1) than 

corresponding soil pore waters (Table 5.4). In contrast, concentrations of inorganic solutes 

(Na+, NO3
-,…) were somewhat larger in the column leachates than in the pore waters (details 

not shown). Especially the Ca concentration was larger in MWco (0.7 mM) than in MWpw 

(0.1 mM) likely due to the percolation with 1 mM CaCl2 solution. The SUVA of DOM was 

slightly larger in the pore water than in de column leachate of both MW and TM (Table 5.4). 

No %HA values were determined for the soil solutions sampled by extraction, column and 

wick sampling and for the pore waters from soils with straw or drying/wetting cycles 

application. But the smaller %HApH=2 value for MWco than for MWpw suggests that 

relatively less humic acids are present in the column leachate than in the pore water. The pore 

water of MW contained relatively less hydrophobic acids and more hydrophilic components 

than MWco. The CuMP of DOM in the soil solutions was not calculated for the same reasons 

as stated above. The smaller DOC concentrations in column and wick leachates than in soil 

solutions isolated in the lab is consistent with other studies (Raber et al., 1998; Gallet & 

Keller, 1999; Geibe et al., 2006). Smaller DOC concentration in the column leachates 

compared to the pore waters can not be caused by dilution by the percolating 1 mM CaCl2 

solution because inorganic salt concentrations were not smaller in the column leachates. If 

centrifugation empties extra pores compared to leaching (Zsolnay, 2003), it means that these 

pores contain higher DOC concentrations than the mobile soil solution. This DOM weakly 

exchanges with the percolating soil solution, mainly by slow diffusion processes (Zsolnay, 

2003), which explains why smaller DOC concentrations are found in percolates at larger 

water fluxes (Chapter 3; Mertens et al., 2007b). De Troyer (2010) rejected this hypothesis 

because no differences in DOC concentrations in column leachates between different water 

flow rates were found and the sampling of an inert tracer showed that the same soil solution 

was isolated by the different methods. The authors suggested that the additional DOM in the 

pore waters originates from cell lysis caused by the disruptive forces of centrifugation. This 

hypothesis was based on the lower SUVA values of DOM in the pore waters than in column 

leachates which was not found here. The analyses by De Troyer (2010) were, in contrast to 

this study, done after some initial leaching of the soil. The DOC concentration and SUVA 

values were shown to decrease during the initial leaching. The pore water of MW contained 

more hydrophilic DOM components (both fraction and total concentration) than the column 
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leachates. This observation supports the hypothesis of biomass disruption by centrifugation 

given the hydrophilic character of cell lysis components (De Troyer, 2010). The smaller 

fraction humic acids in the leachates compared to the pore water can be attributed to 

preferential flocculation in the MW column. The leachates contained 0.7 mM Ca due to 

breakthrough of the CaCl2 and this is well above the 0.1 mM Ca in the pore water. 

The DOC concentration in the TM percolate isolated by the wick samplers (TMws) was 

another factor 1.8 lower than in TMco (Table 5.4). This reduction is probably caused by 

DOM sorption during soil leaching to the wick samplers at 45 cm depth. Several studies have 

found smaller DOC concentrations at increasing soil depth (Kalbitz, 2001; Kaiser et al., 2004; 

Corvasce et al., 2006; Mertens et al., 2007b). The smaller SUVA values for TMws compared 

to TMco can be explained by preferential sorption of aromatic DOM components during soil 

passage (Kalbitz, 2001; Corvasce et al., 2006).  

The DOC concentrations (mg L-1) in the extracts of MW and TM were 5.2–6.4 lower than 

in corresponding pore waters. The dilution factor in the extracts obviously contributed. 

Extraction sampled a factor 3.5–3.9 more DOC per unit dry soil weight than centrifugation 

without adding extra solution. It is hypothesized that shaking soil in a large water volume 

releases additional DOM originating from the solid organic matter (Chapter 2). This extra 

DOM has different DOM characteristics compared to DOM present in the pore water. The 

SUVA value of DOM in TMex (52 L g-1 cm-1) is much larger than in TMpw (29 L g-1 cm-1). 

This suggests that the DOM released from the solid phase has a higher aromaticity than the 

DOM naturally present in soil solution. Similar trends were observed in Chapter 2 and 4 and 

by Akkanen et al. (2005). In contrast, the SUVA of DOM in MWex (34 L g-1 cm-1) is slightly 

smaller than in MWpw (39 L g-1 cm-1). The larger Ca concentration in MWex (0.6 mM) than 

in MWpw (0.1 mM) can induce coagulation of the aromatic DOM fraction. The %HPI is 

similar in the extract and pore water of MW. The extracts of the soils described in Chapter 4 

contained, however, relatively smaller hydrophilic fractions compared to the pore waters. 

Despite the slightly different fractionation procedure in Chapter 4 (%HPI expressed as 

percentage of the DOC in the acidified sample in Chapter 4 compared to the unacidified 

sample in this Chapter), relative differences between fractionation results of the two chapters 

can be compared. The long dry storage of the soils described in Chapter 4 has probably 

increased %HPI of the pore water DOM (see below), which increases the structural 
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differences between DOM in the pore water and DOM released from the solid organic matter 

(see Figure 2.3). Absolute values of all the fractions (HApH=2, HPI, HPOA and HPON) were 

larger in the extract than in the pore water of MW. The largest difference was observed for the 

hydrophobic neutral components, consistent with the findings of Chapter 4.  

Effect of straw addition 

Three days of incubation of the soils with straw increased the pore water DOC 

concentration. The DOM flush caused by straw addition had smaller SUVA values and larger 

hydrophilic fractions than the DOM present in the pore waters of the soil where no straw was 

added (Table 5.4). De Troyer (2010) similarly observed DOC concentration increases after 

straw addition to soil, but this large DOC flush diminished quickly and no straw-derived 

DOM was left in the soil solutions after 57 days. This can explain why Michalzik et al. (2001) 

found no significant correlations between DOC concentrations and C input rates by litterfall 

in 42 forest soils and Hagedorn et al. (2004) stated that new litter contributes only for a small 

part in soil DOM. The lower SUVA of the DOM flush after residue incorporation is 

consistent with the findings of De Troyer (2010) for straw and of Uselman et al. (2007) for 

leaf litter. Similarly to this study, Qualls and Haines (1991) observed increases in the 

hydrophilic neutral fraction of forest floor DOM after litter fall in autumn. The %HA is not 

determined for the soils with straw addition, but the smaller %HApH=2 values for the soils with 

straw compared to unamended soils indicate that the straw derived DOM contains small HA 

fractions. 

Effect of drying/wetting cycles 

The application of drying/wetting cycles to the fresh TM and GA soil had similar effects 

on DOM in the pore water as straw addition. The DOC concentration increased while the 

SUVA of DOM decreased and %HPI increased (the latter only significant for GA, Table 5.4). 

Increases of DOC concentrations after drying were already observed in the field (Lundquist et 

al., 1999) and in the lab (Chapter 2; Kaiser et al., 2001c; Jones & Willett, 2006). It was 

suggested in Chapter 2 that drying/wetting cycles release additional DOM by cell lysis. This 

DOM has low aromaticity, low Cu mobilizing potential and is easily degradable. Here it is 
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also shown that this DOM has a more hydrophilic character than DOM present in the pore 

water of a freshly sampled soil. This was expected since long air-dry storage of soils has 

similar effects as drying/wetting cycles (Chapter 2) and such long storage resulted in large 

hydrophilic fractions of DOM in the soil solutions of the soils used in Chapter 4. Kaiser et al. 

(2001c) also observed increases in hydrophilic DOM after soil drying.  

Relationships among DOM characteristics 

It was already shown that there were no significant correlations between soil properties and 

DOM concentration or characteristics in the pore waters of the fresh unamended soils. 

However, significant relationships between different DOM characteristics may occur. The 

percentage of humic acids was not measured in every solution, but the available data reveal a 

positive significant correlation (r = 0.81, P < 0.05) between %HA and SUVA of DOM 

(Figure 5.1(a)). Relative high amounts of humic acids increase the SUVA of the total DOM 

since humic acids are generally highly aromatic (Chen et al., 2002). This was also reflected in 

the average decrease of SUVA values by 5% after HAs were removed from the soil solutions. 

This decrease was most pronounced for K3pw (29%) which had the highest %HA value.  
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Figure 5.1. Significant correlations between DOM characteristics in the soil solutions of the 11 soils: 
(a) positive between %HA and SUVA of DOM (r = 0.81) and (b) negative between %HPI and SUVA 
of DOM (r = 0.88). 

The percentage hydrophilic DOM showed a significant negative correlation with the 

SUVA of DOM in the soil solution (r = 0.88, P < 0.05, Figure 5.1(b)). This is in contrast with 
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the findings of Chapter 4 where no correlations between SUVA and the hydrophilic or 

hydrophobic fraction were found. However, in Chapter 4, %HPI and %HPO were expressed 

as percentages of the DOC concentration in the acidified and filtered soil solution. The trend 

here can be explained by the consistently lower SUVA of the hydrophilic DOM compared to 

the hydrophobic acids (Table 5.3 and 5.4), as was also found in Chapter 4 and for forest floor 

and aquatic DOM (Martin-Mousset et al., 1997; Imai et al., 2001; Dilling & Kaiser, 2002; 

Croué et al., 2003; Simonsson et al., 2005). In Chapter 4, a large variation in SUVA values 

was found for the DOM within the fractions, with large overlap of the SUVA ranges for 

hydrophilic DOM and hydrophobic acids. This large variation and overlap of SUVA ranges 

was also observed in this study (and can be compared since the small procedural variation 

between the two chapters has no influence on these SUVA measurements): SUVA values for 

hydrophilic DOM varied between 9.7 and 33.4 L g-1 cm-1 and between 25.9 and 

42.2 L g-1 cm-1 for hydrophobic acids. However, in contrast to Chapter 4, a reduction in the 

standard deviation of the SUVA values for both fractions compared to the (unacidified) bulk 

solution was observed. The standard deviation of SUVA was 8.9 L g-1 cm-1 for the bulk DOM 

of all samples with fractionation data, 5.8 L g-1 cm-1 for the hydrophilic DOM and 

5.2 L g-1 cm-1 for the hydrophobic acids. Similarly to data of Chapter 4, the variation 

coefficient of the SUVA values was larger for the hydrophilic DOM (35%) compared to the 

bulk DOM (31%). 

DOM quality versus DOM quantity and contribution of soil type, sampling methods and soil 

amendment 

Soil properties, land use, soil solution sampling method, straw addition and application of 

drying/wetting cycles all affected DOM quality. Largest variations in SUVA values were 

found by varying “soil type” (2.7-fold), the combination of abiotic soil properties and land 

use. The SUVA variations caused by soil solution sampling method were slightly smaller 

(2.3-fold), followed by variations caused by application of drying/wetting cycles (1.6-fold) 

and straw addition (1.3-fold). 

Both DOM concentration and DOM properties affect DOM functions such as Cu 

mobilization. The DOC concentrations varied 8-fold in the pore waters of the freshly sampled 

soils and 39-fold over all soil solutions. The SUVA values varied only 2.7-fold in the pore 
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waters of the fresh soils and 3.0-fold over all solutions. The variation in Cu affinity of DOM 

is probably even smaller because CuMP and [Cu]/[DOC] ratio were not proportional to 

SUVA changes in Chapter 2 and 3. This small variation of DOM characteristics compared to 

the DOC concentration variation indicates that variation in DOC concentration, more than its 

quality, determines Cu mobilization. Moreover, the DOM quality often counteracts changes in 

DOC concentration. For instance, soil DOC concentration increased due to straw addition but 

the SUVA of this DOM decreased. The Cu concentration in solution is the result of the 

combined effect of DOC concentration and Cu affinity of DOM. The UV absorbance of a 

DOM solution can be used as a proxy for the Cu concentration in solution, given the 

correlation between SUVA and CuMP (Chapter 2) or [Cu]/[DOC] (Chapter 3) that are DOC 

normalized values for UV absorbance and Cu respectively. The UV absorbance varied 6-fold 

in the pore waters of the fresh soils and 30-fold over all solutions. These variations for UV 

(and Cu concentration) were smaller than for DOC concentration, illustrating the 

counteracting effects of DOM quality on DOC concentrations.  

Similar trends in DOM variations were observed for the soil solutions of Chapter 2. The 

DOC concentrations in the pore waters alone varied 210-fold between 12 and 2526 mg L-1, 

compared to a 10-fold variation in CuMP values. The negative relationship between DOC 

concentration and CuMP resulted in a 47-fold variation of the Cu concentration mobilized at 

the standard conditions of the CuMP method. The variations in DOM quantity and quality in 

this Chapter 5 are, however, expected to be more relevant for natural variations since only 

fresh soils were used in this Chapter. In the field situation of Chapter 3, the [Cu]/[DOC] ratio 

varied in the same order of magnitude (5.5-fold) as the DOC concentration (7-fold). 

Therefore, it was concluded that the DOM quality and quantity were of equal importance for 

the Cu mobilization in that field. The scale in this Chapter 5 is much larger and it is concluded 

that Cu leaching is mostly determined by varying DOC concentrations regarding different 

soils with varying characteristics and land uses. 

Conclusions 

A survey of DOM properties was made for widely different soils and soil treatments. The 

SUVA of DOM in pore waters of 11 freshly sampled soils varied from 20 to 54 L g-1 cm-1, the 
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percentage humic acids in the DOM (%HA) ranged 17–76% and percentage hydrophylics 

(%HPI) varied between 4 and 31%. Smaller variations in DOM quality were observed when 

DOM was isolated by different methods, when soils were subjected to drying/wetting cycles 

or when straw was added to the soil. The SUVA of DOM significantly correlated with the 

%HA (positive; r = 0.81) and %HPI (negative; r = 0.88). Across widely different soils, DOC 

concentrations are found to be more variable than DOM characteristics which emphasize that 

a regional soil DOM model should primarily focus on DOM concentrations rather than on 

DOM quality at that scale. 





 

CHAPTER 6 

The dissociation kinetics of Cu-dissolved organic 

matter complexes from soil and soil amendments  

 

 

Partly adapted from: Amery, F., Degryse, F., Van Moorleghem, C., Duyck, M. & 

Smolders, E. 2010. The dissociation kinetics of Cu-dissolved organic matter complexes 

from soil and soil amendments. Analytica chimica acta, in press. 

 

Introduction 

The application of wastewater, sludge and manure are the main sources of copper (Cu) 

enrichment in soils (L'Herroux et al., 1997; Richards et al., 1998). Leaching of Cu from soil to 

deeper groundwater can affect groundwater quality. Column and field experiments have 

shown that Cu mobility increases with increasing dissolved organic carbon (DOC) 

concentration (Camobreco et al., 1996; Temminghoff et al., 1997; 1998; Burton et al., 2005). 

Wastewater, sludge and manure are not only sources of Cu but also temporarily enhance 

DOM. Therefore, it has been suggested that transport of Cu by Cu-DOM complexes below 

the zone of incorporation might occur directly after application (Richards et al., 1998; Zhou & 

Wong, 2001). Several field studies with sewage sludge have shown that the mass balance of 

Cu in the topsoil is not closed, suggesting losses of Cu by leaching (Chang et al., 1984; 

McGrath & Lane, 1989; Berti & Jacobs, 1998; Richards et al., 1998; Baveye et al., 1999). 

Increased Cu concentrations in leachates have been observed after sewage sludge application 

in several (Sidle & Kardos, 1977; L'Herroux et al., 1997; Richards et al., 1998; Keller et al., 

2002) but not all field studies (McLaren et al., 2004; Gavalda et al., 2005). Sidle and Kardos 

(1977) noticed decreasing Cu concentration in the lysimeter leachates with increasing depth, 

suggesting Cu readsorption at deeper soil layers. However, the increase in soil total Cu under 

the incorporation zone is commonly not detectable (Sidle & Kardos, 1977; Dowdy et al., 
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1991; Berti & Jacobs, 1998; Sloan et al., 1998; Baveye et al., 1999; Speir et al., 2003) or is 

small and/or inconsistent (Chang et al., 1984; McGrath & Lane, 1989; Liang & Corey, 1993; 

L'Herroux et al., 1997; Richards et al., 1998). Speir et al. (2003) measured elevated Cu 

concentrations in the groundwater after sludge application. These results suggest that Cu may 

be transported down the soil without readsorption in deeper soil layers. This unretarded 

transport of Cu may be related to preferential water flow paths (Richards et al., 1998), or non-

equilibrium conditions for the Cu-DOM complex dissociation or Cu2+ sorption to soil 

particles (Degryse et al., 2009). If dissociation of the Cu-DOM complex is slow compared to 

the soil pore-water velocity, Cu can be transported by the percolating soil water instead of 

being readsorbed by the solid phase.   

Complexes can be operationally divided in labile and non-labile (or inert) fractions 

depending on whether or not they dissociate within a defined reaction time. Alternatively, 

dissociation kinetics can be expressed by the dissociation rate constant (kd) of the Cu-DOM 

complexes. The dissociation kinetics of DOM complexes is strictly not characterized by one 

single rate constant since DOM is a heterogeneous mixture of binding sites. Therefore, DOM 

is sometimes divided in fractions with different lability, each characterized by a reaction rate 

constant (Sekaly et al., 1999).  

There are various methodologies to characterize dissociation kinetics, which inherently 

leads to differences in the outcome. In isotopic exchange experiments, an isotope is added as a 

free metal ion, equilibrated for a given exchange time and the solution is subsequently 

fractionated by ultrafiltration, resin purification or Donnan dialysis. Isotopic shifts between 

the free ion or the smallest size fraction and the total solution allow the detection of non-

isotopically exchangeable Cu in the colloids (Sivry et al., 2006). The Diffusive Gradients in 

Thin films (DGT) technique (Zhang & Davison, 1995) can be used for dissociation kinetics 

measurements as well. Performing DGT measurements with different gel thicknesses allows 

detection of dissociation rate constants under the experimental conditions (Warnken et al., 

2007). In the Competitive Ligand Exchange Method (CLEM), a competing ligand for metal 

binding is added to the metal-DOM solution and the rate of metal concentration decrease in 

the solution is monitored (Sekaly et al., 1999). Often Chelex-100 cation exchange resin is 

used as zero sink for metals. The type and quantity of competing ligand used for CLEM have 

an influence on the dissociation kinetics (Yapici et al., 2009). 
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There are a few data on dissociation kinetics of natural Cu-DOM complexes in soils (del 

Castilho et al., 1993a; Marx & Heumann, 1999; Ma et al., 2006) and soil amendments such as 

manure (del Castilho et al., 1993b) and wastewater (Buzier et al., 2006). The conclusions 

about the lability of these complexes differ widely and are difficult to compare because of 

methodological differences. In addition, the Cu dissociation kinetics of complexes with humic 

acids extracted from soil is affected by Cu loading, contact time, pH and solution composition 

(Rate et al., 1993). These factors were uncontrolled in the above-mentioned studies with 

natural Cu-DOM complexes in soil and soil amendments. 

The objectives of this study are to characterize the dissociation kinetics of a suite of Cu-

DOM complexes present in soil and soil amendments and to experimentally assess factors 

explaining differences in lability of Cu-DOM complexes. These factors include pCu, source 

of DOM and reaction time between Cu and DOM (‘ageing’). The pH and Ca concentration 

were identical for all solutions. The kinetics was detected by CLEM and DGT. The usual time 

scales of CLEM and DGT tests (0.1–4 hours) were extended to study also very slowly 

dissociating Cu-DOM complexes. Additionally, some Cu-DOM solutions were irrigated on 

soil columns to identify potential early breakthrough of inert Cu-DOM complexes in soils. 

Most Cu-DOM complexes were extracted from soil or soil amendments. It is assumed that the 

majority of Cu is associated with DOM and not with inorganic colloids. In soil solutions Cu is 

mainly organically bound (Berggren, 1992) and Cu and DOC concentrations are highly 

correlated (Kalbitz & Wennrich, 1998; Römkens & Salomons, 1998). 

Theory 

Dissolved organic matter has a heterogeneous composition and can be assumed to contain 

n Cu binding sites Li. The formation and dissociation reaction of Cu and binding site Li of 

DOM in the soil solution is given by: 

 
(6.1) 

kf,i 

kd,i 
Cu   +     Li              CuLi 
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where kd,i and kf,i are the dissociation and formation rate constants of the complex CuLi. 

Charges have been omitted for simplicity. The dissociation rate constant is equal to: 

i

i

i
K

k
k

f,
d, =  (6.2) 

with Ki the equilibrium constant of Reaction 6.1. This complexation constant (Ki) is a measure 

of the affinity of the ligand for Cu. The formation rate constant kf is determined by Cu metal 

properties rather than by characteristics of the Cu-ligand complex. The Eigen-Wilkins 

mechanism states that the rate-limiting step of the formation reaction is the exchange of an 

inner-sphere water molecule for the outer-sphere ligand, which follows after the relatively fast 

outer-sphere complex formation with the ligand (Gaabass et al., 2009). When complexes with 

the same metal ion are compared, the dissociation rate of a complex is usually inversely 

proportional to the stability of the complex (Equation 6.2), since the formation rate constant 

only depends on the water exchange rate constant (k-w), which is a constant for a given metal 

ion, and the outersphere complexation constant (KOS), which only depends on the charge of 

the metal and ligand.  

It is common to describe dissociation kinetics of heterogeneous complexes as a parallel set 

of first order reactions in which n different components are distinguished, each with a 

dissociation rate constant kd,i and an initial concentration [CuLi]°. In other words, the decrease 

of the CuL concentration is commonly described as a sum of exponential decay terms: 
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⋅⋅=
n
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d,
O -expCuLCuL  (6.3) 

Mostly only 2 components (n = 2) are distinguished. This distinction is arbitrary, although 

statistical rules can be defined to identify the number of significant components, and has the 

drawback that the parameters have a strong covariance. The dissociation rate constants of the 

defined fractions differ for every fitted dissociation kinetics which complicates comparison 

between different complexes (Sekaly et al., 1999; Sekaly et al., 2003; Gaabass et al., 2009). 

The discrete component kinetic model can be replaced by the assumption that the parameter 

kd. has a continuous distribution as proposed by Rate et al. (1992). These authors studied the 

dissociation kinetics of Cu-HA complexes by CLEM and applied different methods for 



 Dissociation kinetics of Cu-DOM complexes                  97                                                                

 

kinetic data analysis. Application of discrete multicomponent regression, discrete kinetic 

spectra and Laplace spectra resulted all in a simple and usually unimodal distribution of 

log kd. Kinetic analysis by the log-normal distribution of kd was preferred because of the very 

good agreement with the observations and the restricted number of parameters. This approach 

was also successfully applied on Ni-FA dissociation data of Cabaniss (1990).  

The description of a continuous distribution of parameter kd is given by: 

[ ]( ) [ ] ( ) ( ) ( )∫ ⋅⋅= ddd

O log-explogCuLCuL kdtkkft  (6.4) 

with f (log kd) the normal distribution of log kd that has a mean µ and standard deviation σ: 
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A continuous distribution of kd is not often assumed in literature, in contrast to the 

approach for the complexation constant K for humic substances and metals. For instance, the 

complexation constants log K in the NIC(C)A-Donnan model have a Sips distribution 

function (Kinniburgh et al., 1999). If K has a continuous distribution, it follows from Equation 

6.2 that kd has a similar distribution. 

Materials and methods 

Cu-DOM complexes 

This study compared dissociation kinetics of Cu-DOM complexes from soil, wastewater, 

pig manure and sewage sludge and included a commercially humic acid and three synthetic 

ligands as references. All solutions with Cu-DOM complexes were equilibrated at constant 

pH (7.0) and dissolved Ca concentration. This was necessary as the native Cu-DOM samples 

largely vary in these properties which may otherwise explain the differences in dissociation 

kinetics, and here, the effect of the source and properties of the DOM, ageing time and free 

Cu2+ activity on the dissociation kinetics was assessed. The effect of the source and properties 

of the DOM was studied on several DOM samples at same pCu, the effect of Cu2+ activity on 
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the same sample at different pCu (11.3, 10.3 and 9.9) and the effect of ageing time on the 

same DOM sample that was equilibrated with Cu for various times.  

The Cu loading or unloading (in case of samples with high Cu concentrations) of the DOM 

was performed by equilibrating the DOM solutions with a Chelex-100 cation exchange resin 

with a set Cu and Ca loading. Resins with three different loadings were prepared by shaking 

25 g of Chelex-100 resin (Na-form, Bio-rad) with 100 mL solution containing CuCl2 and 

Ca(NO3)2. The capacity of the resin, estimated from preliminary experiments, was 

0.8 meq g-1. The Cu addition was selected to obtain a resin coverage of 20%, 47% and 70%, 

and Ca addition was selected to saturate the remaining binding sites with a little excess 

(1.5 mM in solution) to exchange almost all Na. The resin solutions were shaken end-over-

end for 7 days to reach equilibrium (see Chapter 2). The pH was checked daily and adjusted if 

necessary to 7.0 with 2 M NaOH. After 7 days the resins were washed extensively with 

ultrapure water and filtered. 

The test solutions were equilibrated with the Cu/Ca resin in a solid/liquid ratio of 1/100 kg 

wet weight L-1. The Ca concentrations in the original solutions were first analyzed by ICP-

OES and were adjusted with 1 M Ca(NO3)2 to obtain a final Ca concentration of 1.5 to 2 mM. 

The test solutions were shaken end-over-end with the Cu/Ca resin for 7 days. Solution pH was 

checked and adjusted if necessary to pH 7.0 (± 0.1) with little amounts of 0.1 M HCl or 0.1 M 

NaOH. After 7 days the solutions were filtered (0.45 µm). Before and after shaking with the 

resin, the solutions were analyzed for cation concentrations (ICP-OES), DOC concentrations 

(AnalytikJena, Multi N/C 2100S) and SUVA of DOM (see Chapter 2).  

The free Cu2+ activity in equilibrium with the resin was verified by shaking the resin with a 

synthetic ligand with known complexation constants (NTA or EDTA) using the same 

procedure as with the test solutions. Addition of the natural DOM or synthetic ligand was 

assumed not to influence Cu2+ activity because the quantity of Cu on the resin is much larger 

than that in solution. The concentration of Cu on the resin maximally changed 0.36% before 

and after equilibration with the ligands, supporting the assumption that the buffering pool was 

large enough to maintain constant Cu2+ activity in solution. The added NO3
- and synthetic 

ligand concentrations and the measured Cu, Ca and Na concentrations in the equilibrium 

solution were entered in GEOCHEM-PC (Parker et al., 1995) to calculate free Cu2+ activity 
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and concentration. The relevant infinite dilution complexation constants (log K) are CuNTA- 

= 14.4; CuEDTA2- = 20.5; CaNTA- = 7.7; CaEDTA2- = 12.4. The pCu in equilibrium with the 

Cu/Ca resins was 11.3 (resin with 20% Cu), 10.3 (47% Cu resin) and 9.9 (70% Cu resin). 

Three solutions were equilibrated at pCu 11.3: PM1, SE1 and WW1. Pig manure was 

centrifuged for 30 minutes (2500 g), filtered (0.45 µm), acidified to pH 7.0 with 2 M HCl, 

filtered again (0.45 µm) and 20 times diluted (= PM1). Topsoil of a historically Cu 

contaminated fallow soil (Waltham Abbey, UK) was sampled, sieved (4 mm) and stored at 

4 °C. Soil solution was extracted (S/L = 1/5 kg L-1) with 1 mM CaCl2. After shaking end-

over-end for 24 hours, the suspension was centrifuged for 30 minutes (2500 g), filtered 

(0.45 µm) and 8/5 times diluted (= SE1). Influent of a wastewater treatment plant in Leuven 

(Belgium) was filtered (0.45 µm), acidified to pH 7.0 with 2 M HCl, filtered again (0.45 µm) 

and 10/7 times diluted (= WW1). Seven solutions were equilibrated at pCu 10.3: NTA, 

EDTA, HA, SS, PM2, SE2 and WW2. Two solutions with synthetic ligands were made: 

10-5 M NTA with 3 µM CuCl2 (= NTA) and 10-5 M EDTA with 3 µM CuCl2 (= EDTA). A 

solution with 90 mg L-1 Aldrich humic acid (in Na-form, Sigma-Aldrich) and 0.9 µM CuCl2 

was prepared 60 days before equilibration with the Cu/Ca resin (= HA). Sewage sludge of a 

wastewater treatment plant in Leuven (Belgium) was centrifuged for 30 minutes (2500 g), 

filtered (0.45 µm), acidified to pH 7.0 with 2 M HCl, filtered again (0.45 µm) and 4/3 times 

diluted (= SS). Aside from the different pCu at which the solution was equilibrated, PM2 had 

an identical preparation as PM1. Also for WW2, the preparation was identical as for WW1 

except for a difference in dilution factor (4/3 instead of 10/7). SE2 was prepared slightly 

different from SE1: the S/L ratio for the extraction was 1/4 kg L-1 instead of 1/5 kg L-1 and the 

dilution factor was 5/3 instead of 8/5. Four solutions were equilibrated at pCu 9.9: PM3, SE3, 

WW3 and CI. The PM3, SE3 and WW3 had the same preparation as PM2, SE2 and WW2 

except for the dilution factors: 50/3 instead of 20 for PM3, 1 instead of 5/3 for SE3, and 11/7 

instead of 4/3 for WW3. The fourth solution consisted of 2 mM citrate (= CI).  

Dissociation kinetics experiments (DGT and CLEM) were started within one hour after 

equilibration with the Cu/Ca resin. CLEM experiments with solutions PM3 and SE3 were 

performed for a second time 290 days after the resin equilibration (PM3a and SE3a) to study 

the effect of ageing on the dissociation kinetics. 
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CLEM tests 

The CLEM experiments were performed in duplicate based on the principles described 

before (Sekaly et al., 1999). Chelex-100 cation exchange resin was used as competitive ligand 

for Cu binding. It was first converted to the Ca-form by shaking Chelex-100 in the Na-form 

(Bio-rad) for 24 hours in a large volume (excess) of 1 M CaCl2, followed by washing with 

ultrapure water and filtering. In a glass beaker of 100 mL, 2.5 g of chelex in the Ca-form was 

stirred in 50 mL of the test solution. The maximum Cu amount in the solution (in PM3, Table 

6.2) is only 0.1% of the maximum Chelex capacity. The beaker was covered to prevent 

evaporation. Five mL of the stirred solution (solution + Chelex) was sampled and filtered 

(0.45 µm) at 5, 30, 60, 120, 240, 480, 1440, 2880 and/or 4320 to 8700 minutes after addition 

of the Chelex to the solution. The Cu concentration in the subsample was measured by ICP-

OES after acidification to pH 1 with 5 M HNO3. The dissociation kinetics of the Cu ligands 

(CuL) was described by assuming a normal distribution of log kd (Equations 6.4 and 6.5). 

Equation 6.4 was numerically integrated and was fitted by minimizing the sum of squared 

differences of modeled Cu concentrations with each measured duplicate set of dissociation 

curves. Fitting was made by the Solver function in Microsoft Excel® (de Levie, 1999). 

DGT tests 

The DGT tests were performed in triplicate on all solutions except the aged ones (PM3a 

and SE3a) and CI. The method and used materials are different from those normally applied in 

DGT experiments due to a limited volume of available solution. Results are, therefore, 

difficult to compare with other studies but internal comparisons between values obtained by 

this method are possible. The DGT devices were custom made in 6 mL scintillation vials 

(13 mm diameter, 55 mm height). An agar diffusion layer of 3 mm thickness was poured on 

top of a 2 mm agar layer containing Chelex-100 in the Na-form (Bio-rad) on the bottom of the 

vial. Five mL of the test solution was added to the DGT vial. The closed vial was shaken 

horizontally at 20 °C during 16 hours. After this deployment time, the solution was decanted 

off. The remaining Cu concentration was measured by ICP-OES. The labile Cu concentration 

in solution [Cu]DGT can be calculated using the mass of copper mCu bound by the Chelex 

which includes also the Cu of the complexes that dissociated within the diffusion zone (Zhang 

& Davison, 1995): 
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where ∆g is the thickness of the diffusive layer (3 × 10-3 m), A is the exposed surface area 

(1.3 × 10-4 m2), t is the deployment time (5.76 × 104 s) and D is the diffusion coefficient of Cu 

species through the agar. Several studies found smaller diffusion coefficients for Cu 

complexed by organic ligands than for free Cu (Zhang & Davison, 1999; Downard et al., 

2003; Scally et al., 2003). Warnken et al. (2008) concluded that diffusion coefficients of Cu 

complexed by natural organic matter from freshwater may be larger than the values 

commonly assumed, which are based on laboratory experiments with extracted fulvic acids. 

Since diffusion coefficients for the different complexes in the test solutions are unknown, a 

constant diffusion coefficient D is assumed, equal to the diffusion coefficient of Cu through 

agarose gel (6.20 × 10-10 m2 s-1 (Zhang & Davison, 1999)). It is hypothesized that variations 

in DGT results are mainly determined by kinetic processes and less to diffusion limitations 

(see Discussion).  In contrast to other studies where mCu is measured by Chelex desorption, 

mCu is calculated in this method by the difference in total Cu concentration in the solution 

before and after the deployment time, multiplied by the volume of the solution (5 mL). An 

excess volume of solution is normally used in DGT studies. It can, therefore, be assumed that 

solution metal concentrations do not change during deployment time. This is not the case in 

this study: Cu concentration decreases varied between 5% and 32%, with an average of 16%. 

As the Cu amount was determined by difference, copper that entered the agar layer but was 

not sorbed by the Chelex is also taken into account. Preliminary experiments with several Cu-

DOM solutions were set up to quantify this residual Cu in the diffusive gel by washing the 

vial with ultrapure water for 24 hours after the deployment time. The tests showed no 

significant Cu diffusing out of the agar, suggesting that the amount of this residual Cu is 

small. A correction factor (CF) was used to take into account the partial depletion of the metal 

in solution during deployment: 
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Thus, [Cu]DGT,meas is calculated with the standard DGT equation (Equation 6.6) and represents 

the time-averaged concentration of DGT-labile species at the solution-DGT interface. The 
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corrected value, [Cu]DGT,corr, is corrected for bulk depletion, and represents the DGT-

concentration that would have been measured if the Cu concentration in the bulk solution had 

remained constant. The depletion in the bulk solution is expressed by the depletion factor fdepl, 

which is calculated as: 

[ ] [ ]
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ei
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Cu

CuCu −
=f  (6.8) 

with [Cu]i and [Cu]e the Cu concentration in the solution at the beginning and the end of the 

deployment, respectively. The depletion in the bulk solution ranged between 5 and 32% (i.e. 

fdepl 0.05–0.32), and [Cu]DGT,corr was therefore 3 to 20% larger than [Cu]DGT,meas. More 

information on the derivation of this correction factor can be found in Annex 2. The %CuDGT 

is the percentage [Cu]DGT,corr of the initial dissolved Cu concentration in the test solution 

[Cu]i. The %Cun-DGT is the percentage ‘non-labile’ Cu concentration in solution (= 100% - 

%CuDGT).   

Column experiment 

A column experiment was set up in which the breakthrough of a Cu-DOM pulse at the 

influent was monitored. Soil was taken from the experimental site described in Chapter 3. The 

soil was sampled between 20 cm and 40 cm and sieved moist (5 mm). Soil moisture content, 

total C concentration, total Cu concentration, CaCO3 concentration, clay content, non- and 

quasi-crystalline oxide concentration and CEC were measured as in Chapter 3.     

Five plastic cylinders of 6 cm diameter and 10 cm height were filled with 269 g of the soil 

up to 6 cm height to a final density of 1.6 kg dm-3. Light was excluded from the columns by 

aluminium foil to prevent growth of algae. The cylinders were covered by a cap to prevent 

evaporation. Influents were applied through a small hole in the column caps by peristaltic 

pumps at 1.6 cm day-1. The soil columns were placed on porous plates (ROBU P5 glasfilter, 

pore size 1.0 – 1.6 µm). The leachates were collected in closed erlenmeyers in which a 

suction of -11 ± 1 kPa was applied. The solutions in the erlenmeyers were removed and 

analyzed at regular intervals for cation, DOC and anion concentration and pH. The mobile 

pore volume (PV) and the pore water velocity (v) in every soil column were estimated by a 
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tracer experiment with the inert Br-. A pulse of 1 mM Br- was applied on the columns and the 

convection-dispersion equation was fitted on the Br- concentration data in the effluents of the 

columns by CXTFIT2 (Toride et al., 1995). The fitted mobile pore volume varied between 42 

and 65 cm3, equal to 25–38% of the soil volume. The pore water velocity was estimated 

between 4.0 and 5.0 cm day-1, equal to 0.66 to 0.83 PV day-1. The columns were leached with 

2 mM CaCl2 until DOC concentrations in the effluents were constant which was attained after 

approximately 10 pore volumes. Subsequently, a pulse of 14.3 days (9.4–11.9 PV) of SE3, 

PM3 (duplicate), WW3 and 2 mM CaCl2 (control) was applied onto the five columns. After 

the Cu-DOM pulse, influents were again switched to 2 mM CaCl2 for 19 days (12.5–

15.8 PV). Influents with Cu-DOM solutions at pCu 9.9 were chosen because pCu in the soil is 

estimated around 11.7–10.9 (see Chapter 3). The Cu-DOM dissociation reaction will only 

occur if the pCu of the DOM containing influent is below that of the soil.  

Results  

Cu-DOM solutions 

The properties of the original Cu-DOM solutions changed upon equilibration with the 

Cu/Ca resin (Table 6.1 and 6.2). The DOC concentrations decreased in all cases, likely due to 

sorption on the resin, coagulation of DOM as a result of higher Ca concentration in the 

equilibration solution than in the original sample or due to mineralization during the 7-days 

equilibration time with the resin. The SUVA of the DOM decreased slightly in most cases. 

The [Cu]/[DOC] ratio increased after equilibration with the resin in most cases illustrating 

that the Cu2+ activity in the initial solutions was smaller than the Cu2+ activity imposed by the 

resin. The reverse was true for the extracts of the Cu contaminated soil (SE1–SE3) that clearly 

had a higher Cu2+ activity than those in the resin systems. The [Cu]/[DOC] ratio of PM, SE 

and WW upon equilibration with the resin logically increased as Cu2+ activity increased. 

 



 

Table 6.1. Effect of DOM source on dissociation characteristics of Cu-DOM complexes determined by the CLEM and DGT assays: µ and σ: fitted mean and 
standard deviation of the lognormal distribution of the dissociation rate constant (kd in s-1); %Cu8h: the fraction of Cu that is undissociated after 8 h CLEM; 
%Cun-DGT: the fraction of Cu that is not DGT-labile. The Cu and DOC concentrations and SUVA of DOM (specific UV absorbance at 254 nm) of the test 
solutions are measured before (‘initial’) and after the Chelex equilibration (‘resin-eq.’). Standard deviations in brackets (n = 2 for CLEM and n = 3 for DGT). 

DOM source pCu [Cu] [DOC] SUVA  CLEM  DGT 

   (µM) (mg L-1) (L g-1 cm-1) µ (log kd) σ (log kd) %Cu8h %Cun-DGT 

   initial resin-eq. initial resin-eq. initial resin-eq.     

Effect of DOM source 

synthetic NTA 10.3 3.0 2.2     nra nr 2 (1) 39 (11) 

 EDTA 10.3 3.0 7.6     -3.7 (0.1) 0.2 (0.1) 2 (1) 73 (2) 

 citrate (CI) 9.9 0.0 3.5 144 143 ndb 0.2 -2.4 (0.1) 0.1 (1.1) <1 (1) - 

humic acid HA 10.3 0.9 1.0 29.0 20.5 71.0 61.5 -3.7 (0.1) 1.2 (0.3) 25 (1) 79 (2) 

manure PM2 10.3 0.2 5.3 58.0 51.3 29.1 28.3 -3.3 (0.1) 1.1 (0.1) 13 (1) 69 (4) 

soil SE2 10.3 5.0 1.0 18.9 17.6 nd 25.0 -2.4 (0.1) 1.7 (0.1) 10 (1) 66 (2) 

sewage sludge SS 10.3 0.1 0.5 59.3 18.3 5.8 10.5 -2.1 (0.1) 1.8 (0.2) 7 (1) 27 (2) 

wastewater WW2 10.3 0.1 1.1 39.2 10.9 7.1 16.1 -0.9 (0.3) 2.2 (0.2) 3 (1) 15 (5) 

 a nr: parameter values are not reliable because Cu concentration decrease is as fast as that in Cu2+ salt solution, i.e. the complex cannot be kinetically distinguished from the 
Cu-aquo complex; b nd = not determined. 



 

Table 6.2. Effect of pCu and ageing time on dissociation characteristics of Cu-DOM complexes determined by the CLEM and DGT assays: µ and σ: fitted 
mean and standard deviation of the lognormal distribution of the dissociation rate constant (kd in s-1); %Cu8h: the fraction of Cu that is undissociated after 8 h 
CLEM; %Cun-DGT:  the fraction of Cu that is not DGT-labile. The Cu and DOC concentrations and SUVA of DOM (specific UV absorbance at 254 nm) of the 
test solutions are measured before (‘initial’) and after the Chelex equilibration (‘resin-eq.’). Standard deviations in brackets (n = 2 for CLEM, n = 3 for DGT). 

DOM source pCu [Cu] [DOC] SUVA  CLEM  DGT 

   (µM) (mg L-1) (L g-1 cm-1) µ (log kd) σ (log kd) %Cu8h %Cun-DGT 

   initial resin-eq. initial resin-eq. initial resin-eq.     

Effect of pCu 

manure PM1 11.3 0.2 2.6 60.5 51.4 32.3 29.1 -3.7 (0.1) 1.3 (0.1) 24 (1) 83 (8) 

 PM2 10.3 0.2 5.3 58.0 51.3 29.1 28.3 -3.3 (0.1) 1.1 (0.1) 13 (1) 69 (4) 

 PM3 9.9 0.3 10.3 68.3 48.9 32.4 30.9 -2.9 (0.1) 1.3 (0.1) 9 (1) 58 (7) 

soil SE1 11.3 2.9 0.6 13.6 11.2 36.5 32.7 -3.3 (0.1) 1.5 (0.2) 18 (1) 58 (1) 

 SE2 10.3 5.0 1.0 18.9 17.6 nda 25.0 -2.4 (0.1) 1.7 (0.1) 10 (1) 66 (2) 

 SE3 9.9 7.3 2.9 41.7 27.6 29.2 28.5 -1.9 (0.2) 1.9 (0.3) 10 (3) 26 (6) 

wastewater WW1 11.3 0.1 0.3 34.5 13.0 10.1 16.8 -2.4 (0.5) 2.0 (0.7) 13 (1) 0b 

 WW2 10.3 0.1 1.1 39.2 10.9 7.1 16.1 -0.9 (0.3) 2.2 (0.2) 3 (1) 15 (5) 

 WW3 9.9 0.1 1.7 17.3 10.5 16.8 16.2 0.1 (0.8) 2.1 (0.5) 1 (1) 0b 

Effect of ageing time 

manure PM3 9.9 0.3 10.3 68.3 48.9 32.4 30.9 -2.9 (0.1) 1.3 (0.1) 9 (1) 58 (7) 

 PM3a
c 9.9 0.3 10.4 68.3 49.7 32.4 30.5 -3.4 (0.1) 1.5 (0.1) 21 (1) - 

soil SE3 9.9 7.3 2.9 41.7 27.6 29.2 28.5 -1.9 (0.2) 1.9 (0.3) 10 (3) 26 (6) 

 SE3a
c 9.9 7.3 2.8 41.7 30.9 29.2 23.8 -1.6 (0.2) 2.1 (0.2) 7 (1) - 

a nd = not determined; b recovery of > 100%; c 290 days additionally ageing after the Chelex equilibration (values given for ‘resin-eq.’ are measured after these 290 days). 
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Figure 6.1. Dissociation kinetics of Cu-DOM complexes as affected by Cu2+ activity (pCu) and contact time between Cu and DOM. The dynamics of the 
fraction of the initial Cu concentration in solution ([Cu]/[Cu]°) in the CLEM-experiments for (a) pig manure derived Cu-DOM equilibrated for 7 days at 
different pCu values and (b) pig manure derived Cu-DOM immediately after or 290 days after the 7-days equilibration at pCu = 9.9. Replicate values (n = 2) 
are given by symbols and full lines are the fits of Equation 6.4.  
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Figure 6.2. Frequency distribution of the logarithm of the dissociation rate constant kd (s-1) obtained when fitting the CLEM data (see Figure 6.1) with 
Equation 6.4 for (a) pig manure derived Cu-DOM equilibrated for 7 days at different pCu values and (b) pig manure derived Cu-DOM immediately after or 
290 days after the 7-days equilibration at pCu = 9.9. Values left from the pointed line are below the threshold value of 10-5 s-1. Log kd values > -2 are not 
reliable because the half life for the decrease in Cu concentration of Cu2+ salt is about 1 minute, and complexes with log kd > -2 can therefore not be kinetically 
distinguished from the copper-aquo complex.  
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CLEM and DGT experiments 

The CLEM and DGT experiments were first performed with a 2.67 µM CuCl2 solution 

without organic ligands as a blank. The Cu concentration in solution in the CLEM experiment 

was decreased to 0.03 µM (1%) after 5 minutes. The %CuDGT for the Cu2+ salt was 106%. 

After an initial fast reduction, the Cu concentration of the Cu-DOM solutions in the CLEM 

experiments decreased more slowly in time (Figure 6.1) with detectable Cu in some solutions 

after 48 hours. The fitted µ of the normal distribution of log kd varied between -3.7 (PM1) and 

0.1 (WW3), corresponding to kd values of 2 × 10-4 s-1 and 1.2 s-1 (Table 6.1 and 6.2). No 

values are given for NTA because the initial Cu concentration decrease in the Cu-NTA 

solution was as fast as that in the Cu2+ salt solution. The standard deviation σ of log kd was 

clearly lower for the three synthetic ligands (0.1–0.2) than for the natural DOM (σ: 1.1–2.2) 

which logically follows from the larger heterogeneity in binding sites of the natural DOM. 

The combination of µ and σ allows estimating the fractions of Cu-DOM that have a kd lower 

than a given threshold. For example, the percentage with kd < 10-5 s-1 is 17.2% for PM1 and 

5.1% for PM3 (Figure 6.2). Alternatively, the CLEM data can be summarized as the fraction 

remaining in solution after a fixed time, e.g. 8 hours. The percentage of the Cu concentration 

in solution after 8 hours (%Cu8h) varied from <1% (CI) to 25% (HA) (Table 6.1 and 6.2). The 

non-labile fractions determined in the DGT tests (%Cun-DGT) varied between 0 and 83% 

(Table 6.1 and 6.2). Absolute values of %Cu8h differ from that of the %Cun-DGT because of 

different processes involved, i.e. mainly dissociation (CLEM) or a combination of diffusion 

and dissociation (DGT), and the different time scale of the methods (see Discussion). Both 

fractions correlate (r = 0.55, P = 0.05), however, even more so when only the natural DOM 

samples are considered (r = 0.74, P < 0.05).  

Influence of pCu and equilibration time on the Cu-DOM dissociation kinetics 

The influence of pCu on the Cu-DOM dissociation kinetics was studied in solutions of PM, 

SE and WW equilibrated at different pCu. The initial solutions of the PM, SE and WW 

equilibrated with the different Cu/Ca resins were not exactly the same, but have high 

similarities given the identical source and similar preparation method. Higher Cu loadings of 

DOM generally increased the Cu-DOM dissociation kinetics. The %Cu8h in the PM, SE and 
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WW solutions decreased with increasing free Cu2+ activity and increasing Cu loading 

([Cu]/[DOC] ratio) (Table 6.2). Similarly, the mean dissociation rate constant (kd) increased 

as Cu2+ activity increased (Figure 6.1(a), Figure 6.2(a) and Table 6.2). There was no clear 

effect of pCu on the standard deviation σ of log kd. In general, the %Cun-DGT decreased with 

increasing Cu2+ activity, but the %Cun-DGT was smaller at pCu 11.3 than at pCu 10.3 for the 

SE and WW samples, for unknown reasons.  

Increasing ageing time generally decreased the Cu dissociation rate. An additional 

290 days Cu-DOM contact time after uploading the DOM with Cu in the resin equilibration 

significantly decreased mean log kd from -2.9 to -3.4 for the pig manure sample (PM) 

(Figure 6.1(b), Figure 6.2(b) and Table 6.2). At the same time the σ of the normal distribution 

of log kd increased from 1.3 to 1.5 which contributes to a larger fraction of non-labile 

complexes in the aged samples. The combined effect of the change in these two parameters 

increased the estimated fraction with kd < 10-5 s-1 from 5.1% to 14.4% after 290 days extra 

contact time (Figure 6.2(b)). Likewise, %Cu8h increased from 9% to 21% with increased 

ageing. In contrast, no significant ageing effects were found for Cu-DOM complexes present 

in the soil extract (SE), likely because the resin equilibration step desorbed indigenous Cu and 

the native Cu-DOM complexes in the soil had already been aged (see Discussion).  

Cu lability in different DOM samples 

Differences in Cu lability among DOM samples should be compared at equal pCu and 

ageing time due to the effects noted above. The pH (7.0) and Ca concentrations (circa 

1.5 mM) were similar for all solutions. All natural DOM samples were analyzed at pCu 10.3 

(Table 6.1). The value of µ (average of log kd) increased and the %Cu8h values decreased in 

the order: HA > PM2 > SE2 > SS > WW2. The %Cun-DGT values followed the same order as 

the %Cu8h. The CLEM as well as the DGT experiment showed that the Cu-HA solutions had 

the slowest dissociating Cu complexes. Both methods suggest that Cu from pig manure has a 

higher leaching risk in soils compared to Cu from waste water and sewage sludge. For the 

PM, SE and WW samples, measurements were also made at pCu 11.3 and 9.9. Similarly as 

for the solutions equilibrated at pCu 10.3, the µ values increased and the %Cu8h and %Cun-DGT 

values decreased in the order PM > SE > WW, except that %Cu8h was slightly (not 

significant) larger for SE than for PM at pCu 9.9. A strong significant positive correlation was 
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found between %Cu8h and the SUVA of all samples at pCu 10.3 (r = 0.96; P < 0.05; 

Figure 6.3). There was also a significant positive correlation between %Cun-DGT and the 

SUVA of the DOM (r = 0.77). The dissociation kinetics were unrelated to the [Cu]/[DOC] 

ratio among different Cu-DOM at same Cu2+ activity (P > 0.05 for any kinetic parameter). 

This contrasts the analysis on the same Cu-DOM tested at different pCu values (see above), 

i.e. the conclusion of slower dissociation kinetics at lower Cu loadings is only valid when 

comparing the same DOM. 
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Figure 6.3. Significant positive correlation (r = 0.96) between the SUVA of DOM and the percentage 
‘non labile Cu’, i.e. Cu present in solution after 8 hours in the CLEM experiment (%Cu8h) for the Cu-
DOM solutions at pCu 10.3. 

Column experiment 

The DOC and Cu concentrations in the soil effluents decreased during leaching with the 

2 mM CaCl2 solution and stabilized after approximately 10 PVs between 1.1 and 

3.2 mg DOC L-1 and 0.03 and 0.06 µM Cu. After the start of the Cu-DOM solution pulse, the 

DOC and Cu concentration increased (Figure 6.4). The column with SE3 influent was slightly 

clogged at the end of the pulse, and 2 mM CaCl2 influent addition was stopped two days later. 

The Ca concentration in the effluents remained approximately 2.0 mM during the whole 
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experiment, except for the PM3 columns where Ca concentrations up to 8.9 mM were 

observed. This was probably caused by Ca exchange in the soil due to the high ionic strength 

of PM3 and due to acidification. The PM3 influents contain ammonia compounds inducing 

nitrification. A proton is released in the nitrification reaction, which explains the pH decrease 

to 5.6–5.7. The pH remained between 7.5 and 8.0 in the effluents of the other columns, 

including the control.  

The DOC and Cu concentrations did not increase as fast as the inert Br- in the tracer 

experiment, but showed some retardation (Figure 6.4). This was especially the case for the 

columns irrigated with solutions originating from pig manure (PM3), with an even larger 

retardation for Cu than for DOC. The Cu and DOC concentrations were, however, in general 

associated (Figure 6.5). The effluent DOC and Cu concentrations never reached the influent 

values. The maximum DOC concentrations in the effluents were only 57% (SE3), 35% (PM3) 

and 36% (WW3) of the influent concentrations. The maximum Cu concentrations in the 

effluents were 12% (SE3), 2% (PM3) and 2% (WW3) of the influent Cu concentration. The 

final recoveries of the DOC and Cu pulse in the effluent after 20–25 PVs ranged 28–43% for 

DOC and 2–8% for Cu. These recoveries are underestimated values for long-term leaching of 

SE3 and PM3 because the Cu and DOC concentrations in the effluents did not reach control 

values before the end of the experiment (Figure 6.4). The [Cu]/[DOC] ratios in the effluents, 

varying between 10 and 25 mmol Cu (kg DOC)-1, were much smaller than in the influents and 

resembled more the [Cu]/[DOC] ratios of the soil DOM present in the control and in the 

leachates of the columns before the pulse was applied (Figure 6.5). Clearly, the Cu-DOM had 

been dissociated during transport due the smaller Cu2+ activity in the soil than in the influent. 
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Figure 6.4. Evolution of the (a) DOC and (b) Cu concentrations in the column effluents with 
increasing pore volumes (PV) leached after the start of the pulse application of influents WW3 
(wastewater), SE3 (soil extract), PM3 (pig manure, replicate a and b) and the control (2 mM CaCl2). 
Cu and DOC are retarded compared to the inert Br- tracer (b). The pulse lasted for 9.4–11.9 PVs and 
the DOC and Cu concentrations of the influent are given in the inset. 
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Figure 6.5. The [Cu]/[DOC] ratios in the column effluents were significantly lower than those in the influents. The Cu and DOC concentrations are given for 
the effluents of the columns from one PV after the pulse start to three PV after the pulse end of the (a) SE3, (b) PM3 (2 replicates) and (c) WW3 application.  
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Discussion 

Influence of pCu and Cu-DOM contact time on the Cu-DOM dissociation kinetics 

Relatively faster dissociation kinetics was observed at higher Cu2+ activity (lower pCu) for 

the same DOM. The same trend was already observed for isolated fulvic acids (Sekaly et al., 

1999; Yapici et al., 2009) and humic acids (Hering & Morel, 1990; Rate et al., 1993). The 

highest affinity sites are first occupied by Cu at low Cu2+ activity followed by low affinity 

sites at larger Cu2+ activity. This means that the dissociation rate is slower for the high affinity 

sites (i.e. large K) than for low affinity sites (small K) within the same DOM, as is 

theoretically expected (Equation 6.2). For the SE solutions, there was a small increase of σ at 

increasing Cu2+ activity and [Cu]/[DOC] ratio. This trend suggests an increase in kinetic 

diversity of the Cu-DOM ligands when more binding sites are occupied, but this was not 

observed for PM and WW.  

Slower and more heterogeneous dissociation kinetics for PM was observed when the Cu-

DOM complexes had an additional 290 days contact time after the resin equilibration. Rate et 

al. (1993) observed similar trends for Cu and a pedogenic humic acid. For example, 

increasing the pre-equilibration time from 24 hours to 168 hours of 7.87 µM Cu and 

25 mg L-1 peat extract at pH 6.5, decreased µ (log kd) from -1.8 to -2.2 and increased 

σ (log kd) from 0.9 to 1.1. They attributed this effect to slow formation of stable complexes by 

complexation-induced conformational changes. No significant effects of ageing were found 

here for Cu-DOM complexes in the soil extract SE. The SE sample was partly unloaded 

during the 7 days resin contact, i.e. the [Cu]/[DOC] ratio decreased (Table 6.1 and 6.2) in 

contrast to the PM sample that was uploaded with Cu by the resin. In other words, the Cu of 

SE that was still associated with the DOM after the resin equilibration had already been aged 

for a long time in the native environment and an additional ageing of 290 days has, therefore, 

little effects. 

Variation in dissociation kinetics among samples 

The denominator in Equation 6.2 shows that the dissociation rate constant is inversely 

proportional to the stability of the Cu-ligand complex, i.e. stronger bonds imply kinetically 
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more inert bonds. This relationship between complex stability and dissociation kinetics was 

also stated by Rate et al. (1993) on the basis of CLEM experiments with Cu-HA complexes 

by varying pH, ionic strength and [Cu]/[HA] ratio. They formulated two possible processes 

determining dissociation kinetics: intraparticle diffusion in the coiled HA molecule or 

thermodynamic stability of the complex. If dissociation kinetics is controlled by intraparticle 

diffusion, actions causing some unfolding of the HA will increase the dissociation rate. 

Unfolding HA can be achieved by increasing the pH, or decreasing the ionic strength or metal 

loading of HA. The authors observed, however, decreasing dissociation rates by these actions. 

They concluded that the dissociation rate is controlled by the thermodynamic stability, 

because these three actions increase overall complexation stability. Similar to the observations 

of Rate et al. (1993), an increase in Cu-DOM dissociation rate at higher Cu loadings was 

noticed in this study, but there was no direct evidence in this study that the dissociation 

kinetics was related to the Cu affinity of the ligands. There was no correlation found between 

the [Cu]/[DOC] ratio and µ, %Cu8h or %Cun-DGT for different Cu-DOM solutions at constant 

pCu 10.3. The [Cu]/[DOC] ratio only depends on the DOM characteristics since the pCu, pH 

and Ca concentration in the solutions were the same. In Chapter 2 it was stated that this ratio 

is, therefore, a measure for the Cu affinity of the DOM. Consequently, one could conclude 

that the Cu affinity was not related to the dissociation kinetics in this study. The Cu-DOM 

solutions of Chapter 2 were equilibrated at pCu 11.3, a relatively low free Cu2+ activity at 

which only the ligands with the highest affinity are complexed with Cu. The [Cu]/[DOC] ratio 

at pCu 10.3 is larger (Table 6.1) but still well below average Cu complexation capacities of 

DOM (~5 mol (kg DOC)-1 (Lu & Allen, 2002)). It is however possible that slow Cu-DOM 

dissociation kinetics is only determined by the very small fraction of really high affinity sites. 

A positive correlation is found between the SUVA of DOM and %Cu8h and %Cun-DGT of the 

solutions equilibrated at pCu 10.3. It has been shown that Cu affinity at low Cu2+ activity is 

linked to SUVA and DOM aromaticity (Chapter 2; Chapter 3; Brooks et al., 2007). The 

correlation suggests that the Cu complexes with more aromatic DOM components hold Cu 

with slower dissociation rate at the same free Cu2+ activity. The dissociation of Cu-HA 

complexes is clearly slower than that of natural DOM. This difference can also be related to 

the SUVA and differences in Cu-DOM stability constants. Humic and fulvic acids are 

assumed to have larger Cu affinity compared to the natural, more heterogeneous DOM 

(Chapter 3). Beside humic and fulvic acids, DOM contains less humified components, such as 

small organic acids, carbohydrates and amino acids. The smaller Cu affinity of these 
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components compared to humic compounds results in faster overall Cu-DOM dissociation 

kinetics. The large heterogeneity is reflected in the larger σ for SS, SE and WW (but not for 

PM) than for HA.  

Comparison of studies and methods for dissociation kinetics measurements  

Similar to this study, Degryse et al. (2006) calculated a single dissociation rate constant kd 

of 10-3.7 s-1 for Cu-EDTA complexes and > 10-2.0 s-1 for Cu-NTA by CLEM experiments at 

pH 6. Data on Cu-DOM dissociation kinetics is mainly available for artificial mixtures of Cu 

with isolated fulvic acids (FA) or humic acids (HA) and rarely for native Cu-DOM 

complexes. Sekaly et al. (1999) fitted the decrease in Cu concentration in CLEM-experiments 

with pedogenic and aquogenic FAs by defining non-labile (kd ≈ 10-5 s-1) and labile fractions 

(kd ≈ 10-2 – 10-3 s-1) of Cu-FA complexes. The labile fraction was 20% at a [Cu]/[FA] mole 

ratio of 0.18 and this fraction decreased with decreasing [Cu]/[FA] ratios, in agreement with 

the effect of Cu loading on dissociation kinetics that was found in this study. Gaabass et al. 

(2009) found only a non-labile fraction (kd = 2.9 × 10-5 s-1) and no labile fraction for Cu-HA 

complexes. Two hours after the beginning of the CLEM experiment 80% of Cu was still 

undissociated. This was less for the humic acid used in this study (43% undissociated at two 

hours). Other authors found also larger lability of Cu-HA complexes. Olson and Shuman 

(1985) and Rate et al. (1992; 1993) studied dissociation kinetics of Cu and humic acid 

complexes by CLEM using 4-(2-pyridylazo)resorcinol (PAR) as competing ligand. About 

13% of Cu that was pre-equilibrated with aquogenic HAs for 12 hours prior to the CLEM 

experiment was still complexed with HA 1835 s (0.5 hour) after addition of PAR (Olson & 

Shuman, 1985). Comparable results were obtained for complexes of Cu and pedogenic HA 

with 24 hours pre-equilibration time (i.e. contact time between Cu and DOM prior to the 

dissociation experiment): 10–14% was undissociated at the end of the experiment (1.5 hour) 

(Rate et al., 1992). Isotopic exchange experiments for one hour showed that more than 90% of 

Cu pre-equilibrated with HA during 10 days was exchangeable, i.e. labile (Sivry et al., 2006). 

The same experiment with Cu added to natural organic-rich waters revealed lower lability of 

these Cu complexes. This is in contrast to this study since the Cu complexes with HA showed 

the slowest dissociation kinetics of all analyzed Cu-DOM complexes. Warnken et al. (2007) 

calculated relatively high dissociation rate constants of 6.1 × 10-2 s-1 (or halflife of 11 s) for 

Cu complexes in river water by DGT experiments.  
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The limited data on Cu dissociation kinetics of pedogenic DOM broadly correspond with 

data in this study, however methodological differences are a major obstacle for a detailed 

comparison. A one-hour isotopic exchange experiment showed 100% lability for four natural 

DOM samples (aquogenic and pedogenic) pre-equilibrated with Cu for two days (Marx & 

Heumann, 1999). Del Castilho et al. (1993a) found 30%–70% labile Cu in water saturation 

extracts of manure contaminated soil using CLEM with only 30 seconds residence time. In 

this study, a similar range of 32% to 69% of total Cu had disappeared in the CLEM 

experiments with the contaminated soil extracts (SE) at the first sampling time (5 minutes). At 

24 hours, this fraction was increased to 88%–95%, which is in the range of 60%–96% labile 

Cu found by Ma et al. (2006) for water extracts of 18 Cu contaminated soils in a 24-hours 

isotopic exchange experiment.  

Very little data are available on dissociation kinetics of Cu-DOM complexes present in soil 

amendments such as wastewater, pig manure or sewage sludge. Del Castilho et al. (1993b) 

observed that 50% (low molecular weight fractions) to 100% (high molecular weight) of Cu 

in pig slurry did not dissociate after 4 hours CLEM contact time. This is in contrast with the 

pig manure in this study (PM). After four hours in the CLEM experiment, only 13% to 27% 

of total Cu was left. The smaller non-labile Cu fraction can be explained by the presence of 

recently complexed Cu due to equilibration with the Cu/Ca resin in this study. This can also 

be one of the reasons why Buzier et al. (2006) found larger %Cun-DGT values in wastewater 

(58% –71%) compared to WW in this study (0% –15%). However, the difference can also be 

due to other methodological differences, especially the thickness of the diffusive layer of the 

DGT device (0.8 mm versus 3 mm).  

It is well known that dissociation rate data are affected by methodological differences. 

Here, a significant correlation was found between the data of CLEM and DGT method, i.e. 

between %Cu8h and %Cun-DGT although absolute values differ. The absolute values can be 

converted under the assumption of a continuous distribution of the first order dissociation rate 

constants, as is illustrated in Figure 6.6. This distribution can be used to estimate kinetic 

parameters of different methods with a different time scale τ. First order dissociation kinetics 

predicts that complexes in the solution with kd = τ-1 are 37% (= e-1) undissociated at t = τ. This 

τ
-1 is chosen as threshold kd; complexes with larger kd than this threshold are assigned labile 

(mostly dissociated at t = τ) while complexes with kd < τ-1 are assigned inert (largely 
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undissociated at t = τ). The fraction of inert complexes in a mixture (%Cuτ) can be calculated 

from the cumulative distribution function at a given threshold kd (shaded area in Figure 6.6). 

For the CLEM experiment a time scale τ of 8 hours was chosen here, giving a threshold kd = 

τ
-1 = 3 × 10-5 s-1 (or log kd = -4.5). The %Cuτ values for τ = 8 hours are indeed close to the 

percentages of undissociated complexes after 8 hours CLEM experiment %Cu8h (Figure 6.7). 

This is logical since the parameters for the distribution of log kd (µ and σ) were fitted on the 

same CLEM data. The time scale of the DGT method is determined by the thickness of the 

diffusion layer ∆g (= 3 mm) and the diffusion coefficient D (= 6.2 × 10-10 m2 s-1) (Zhang & 

Davison, 1995): 

D⋅

∆
=
π

g
τ

2

    (6.9) 

A timescale of 77 minutes for the DGT method is calculated by Equation 6.7, giving a 

threshold kd of 2 × 10-4 s-1 (or log kd = -3.7). The %Cuτ for τ = 77 minutes of the different Cu-

DOM solutions is generally lower than %CuDGT but the values do not deviate strongly from 

the 1:1 line and follow the same trend (Figure 6.7). An exception is WW1, which has an 

exceptionally low %CuDGT value (0%), for reasons unknown, and may have been an 

analytical problem, since a larger %Cun-DGT would have been expected for WW1 than WW2, 

given its slower kinetics (cf. lower µ in Table 6.2). This shows that kinetic parameters of the 

DGT method can be estimated from the data of another dissociation kinetics experiment 

(CLEM). Of course, no extrapolations beyond the kinetic window of the method used should 

be made. For instance, the kinetic fingerprint derived from the CLEM data may not give an 

accurate estimate of how complexes would react at time scales < 100 s, which is for instance 

the time scale at which voltammetric measurements occur (van Leeuwen et al., 2005). 



 

 

Figure 6.6. The kinetic fingerprinting approach: CLEM data are used to fit µ and σ of the normal distribution of log kd. With this information, the percentage 
of complexes that are ‘non-labile’ at a given time scale τ (%Cuτ), i.e. the complexes that have a dissociation constant kd < τ-1, can be calculated. This also 
allows an estimation of the fraction non-labile metal according to a given method (CLEM at a given time, DGT, etc.), and a comparison of methods. The time 
scale τ depends on the experimental conditions, e.g. in the case of DGT on the thickness of the diffusion layer (∆g). 
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Chakraborty (2009) also applied both CLEM and DGT for Cu complexes in mine 

effluents. The percentage of labile Cu according to CLEM (with kd = 1.79 × 10-1 s-1) was 

53.5%, larger than the percentage of labile Cu according to DGT (33.9%). The authors 

attributed this difference to the smaller diffusion coefficient in DGT gel of large Cu-DOM 

complexes compared to free Cu. For instance, Scally et al. (2006) observed four times lower 

diffusion coefficients in APA2 gel for Pb complexed by fulvic acids compared to free Pb. 

Since the diffusion coefficient of free Cu was used in Equation 6.6, the calculated [Cu]DGT 

values can be smaller than the real labile Cu concentration. However, it is expected that 

diffusion limitations for Cu complexes with natural DOM, as used in this study, are less 

pronounced because Warnken et al. (2008) have shown that diffusion coefficients of natural 

Cu-DOM complexes are larger than values determined by experiments with extracted fulvic 

acids. The limited importance of diffusion limitations in this study was also supported by the 

measured values of the labile Cu concentrations, e.g. two wastewater solutions had a %CuDGT 

value of 100% and these values can hardly be underestimations of the real labile 

concentrations. The large variation in %Cun-DGT for PM (56–82%) and SE (26–56%) at 

different Cu loadings would not have been observed if diffusion was a dominant process in 

DGT experiments with these solutions. The significant positive correlation between %Cu8h 

and %Cun-DGT, and the reasonably good prediction of the non-labile Cu fraction of DGT based 

on CLEM experiments (Figure 6.7) also suggests that dissociation kinetics is the most 

important process in DGT. However, probably some diffusion limitations did occur given the 

general underestimations of % Cuτ (based on dissociation kinetics alone) for %Cun-DGT.  
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Figure 6.7. Conversion of CLEM data to DGT data. The percentages of inert Cu complexes as 
measured by the CLEM and DGT method (%Cu8h and %Cun-DGT) versus the percentages of Cu 
complexes that are inert at a given time scale τ (%Cuτ), i.e. with kd < τ-1 as estimated from the CLEM 
data (kinetic fingerprinting approach, Figure 6.6). The open diamond represents an outlier for the DGT 
measurements as discussed in the text (WW1). 

Column experiment 

The small DOC recovery in the effluents (28–43%) is probably caused by a combination of 

sorption and degradation of DOM during passage through the soil columns. In the case of 

PM3, DOM could also have been removed by coagulation due to the increased Ca 

concentration and decreased pH. Effluent copper concentrations increased after the pulse 

application of SE3, PM3 and WW3. The average effluent [Cu]/[DOC] ratios (11–19 mmol 

(kg DOC)-1) were much lower than the [Cu]/[DOC] ratio in the influents (106–210 mmol 

(kg DOC)-1). The [Cu]/[DOC] ratio in the effluents resembled more the [Cu]/[DOC] ratio of 

the background soil DOM (12–20 mmol (kg DOC)-1), i.e. the Cu loading of the DOM in the 

effluent of the control soil with 2 mM CaCl2 influent. This suggests that the Cu-DOM 

complexes in the effluents of the SE3, PM3 and WW3 columns are in equilibrium with the 

soil in the columns. The [Cu]/[DOC] ratios in the effluents can, however, also decrease due to 

lower pH and higher Ca concentrations in the effluents compared to the control soil. But even 
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if a [Cu]/[DOC] ratio of DOM in equilibrium with the soil of only 10 mmol (kg DOC)-1 is 

assumed, it is clear that the contribution of undissociated (i.e. inert) Cu-DOM complexes from 

the influent to the Cu-DOM complexes in the effluent is small. If 25% of the leached DOM is 

derived from fully inert Cu-DOM complexes, [Cu]/[DOC] ratios in the effluents should be as 

high as 34 mmol (kg DOC)-1 (SE3), 60 mmol (kg DOC)-1 (PM3) and 49 mmol (kg DOC)-1 

(WW3), much larger than the measured values. The observed [Cu]/[DOC] ratios in the 

effluents of the PM3 and WW3 columns are even less than those estimated if only 5% of the 

effluent DOM contains fully inert complexes. For these calculations it was assumed that the 

retention or degradation of DOC in the soil columns decreases the inert and labile Cu 

fractions by the same factor. The lower SUVA values in the effluents (22–29 L g-1 cm-1) 

compared to the influents (~30 L g-1 cm-1) indicate, however, a selective DOM retention by 

the soil columns. DOM holding inert Cu is probably preferentially retained given the positive 

correlation between the fraction of inert Cu complexes and SUVA of DOM.  

It is concluded that the contribution of inert Cu-DOM complexes from the SE3, PM3 and 

WW3 influents to the Cu concentration in the effluents of the soil columns is small and 

difficult to detect. Most likely, the inert Cu concentrations in the influents were too small to 

identify their relevance in Cu leaching. Solutions at higher pCu (Table 6.2) had larger inert 

fractions, but their total Cu concentration in solution was smaller. The risk for substantial Cu 

leaching as a result of non-equilibrium conditions in soils seems therefore rather low: 

relatively non-labile Cu complexes have only small Cu concentrations and soil solutions with 

larger Cu concentrations show relatively high lability. Isotopic exchange experiments for 24 

hours showed 0.003–0.085 mg L-1 non-labile Cu concentration in water extracts of 18 Cu 

contaminated soils, corresponding to 4–40% of total Cu concentration in solution (Ma et al., 

2006). Similar to this study, the highest percentage non-labile Cu (40%) was associated with 

the lowest total Cu concentration in the extract of the historically contaminated soils 

(0.14 mg L-1). Leaching of inert Cu-DOM complexes in the field is probably even smaller 

because of the smaller pore water velocities observed in the field than applied in the column 

experiment. Degryse et al. (2009) calculated that, at relevant soil conditions, non-equilibrium 

conditions can be observed if dissociation rate constants (kd) of Cu-DOM complexes are 

smaller than about 10-5 s-1. Trivalent metals are expected to exhibit more non-equilibrium 

behavior. Schmitt et al. (2003) monitored the Al(III), Fe(III), Pb(II) and Zn(II) decrease in 

CLEM experiments with metal-DOM solutions and fitted a dissociation rate constant of 
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~10-3 s-1 for the divalent metals and ~10-5 s-1 for the trivalent metals. Of the trivalent metals, 

19% to 55% was eluted one bed volume after addition to a quartz column, indicating 

unretarded leaching of metal-DOM complexes, compared to at maximum 0.02% for the 

divalent ions. Migration experiments with the trivalent 241Am also showed leaching of DOM-

complexed Am through sand columns (Artinger et al., 1998). 

Conclusions 

The dissociation kinetics of Cu-DOM complexes showed fast and first order dissociation 

kinetics for Cu complexes with NTA and citrate while natural Cu-DOM complexes exhibited 

a more complex and, generally, slower dissociation that was fitted by a model assuming a 

frequency distribution of first order rate constants. Equilibration of the Cu complexes at lower 

free Cu2+ activity, larger Cu-DOM contact time and increasing DOM aromaticity were 

associated with slower dissociation kinetics. A fraction ranging between <1–17% of dissolved 

Cu has a dissociation rate constant < 10-5 s-1, a threshold value below which the local 

equilibrium assumptions at most relevant soil conditions is invalid (Degryse et al., 2009). Soil 

column experiments did not confirm that inert Cu complexes contributed to Cu leaching.  





 

CHAPTER 7 

General conclusions 

 

 

The Cu concentrations in agricultural soils exceed natural background values due to long-

term applications of animal manure, sludge and fungicides and due to diffuse input via 

atmospheric deposition. Dissolved organic matter present in soils can complex Cu and 

thereby enhancing Cu leaching to the groundwater with, on the long-term, a gradual increase 

of the adverse effects on the quality of the aquatic ecosystem. Increasing Cu concentrations in 

soil are observed at increasing DOC concentrations, i.e. DOM quantity determines Cu 

mobility. It is, however, unclear to what extent varying DOM quality influences Cu 

complexation. Dissolved organic matter composition in soils is complex and variable, 

depending on source, degradation state and sorption by the solid phase. Even soil solution 

sampling methods have shown to affect DOM quality. The aim of this study was to quantify 

the variability in DOM properties that affect the complexation of Cu and, hence, the 

mobilization of Cu in soils at different scales. To that purpose, different methods to measure 

properties and Cu affinity of soil DOM were developed and applied on DOM from different 

sources. A field experiment collecting leachates under an agricultural soil was set up.  

Furthermore, the importance of Cu-DOM dissociation kinetics for Cu leaching in soils was 

analyzed. The dissociation kinetics of Cu-DOM complexes in soil extracts and agricultural 

amendments was measured in batch and the occurrence of non-equilibrium conditions was 

assessed by irrigating these complexes on soil columns. The major conclusions of this study 

are formulated around the hypotheses identified in Chapter 1. 
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Hypothesis 1: Variations in structural properties and Cu affinity of soil DOM from varying 

source are large. 

Large variations in soil DOM characteristics were found in the different Chapters. A new 

method was developed to measure Cu affinities (CuMP) of DOM at constant, environmental 

conditions (Chapter 2). A 10-fold variation in CuMP values (3.8–37 mmol Cu (kg DOC)-1) 

and SUVA values (6–63 L g-1 cm-1) was found for soil DOM from 13 agricultural soils. The 

highest values related to a freshly sampled soil and the lowest values referred to soils that 

were stored dry for 10 years. It was hypothesized that drying induces cell lysis, releasing 

DOM components with low aromaticity and Cu affinity. The variation in SUVA values of 

DOM from freshly sampled soils (Chapter 5) was considerably smaller (20–54 L g-1 cm-1) 

than that for soils that were either dried, dried-rewetted or field moist (Chapter 2). Variations 

in DOM fractions among soils can similarly be large: 17–76% HA, 4–31% HPI, 11–55% 

HPOA and 7–24% HPON DOC of total DOC. Seasonal variation was shown within one 

agricultural soil (Chapter 3): SUVA ranged 13.1–46.1 L g-1 cm-1 and [Cu]/[DOC] ratio varied 

5.5-fold (3.7–20.2 mmol Cu (kg DOC)-1) during 5 months. Adding straw to soils also 

modified DOM properties, i.e. smaller %HA and SUVA and larger %HPI values (Chapter 5). 

This demonstrates that DOM quality in soils can change after incorporation of residues or 

litter fall as already shown by others (Qualls & Haines, 1991; Uselman et al., 2007). Variation 

in DOM properties in soils were expected to be large since a large spectrum of DOM sources, 

from fresh plant material to humified organic matter, is available in soils. Large 

concentrations of hydrophilic DOM with low aromaticity can be released by soil drying or 

incorporation of plant material, however these fractions are easily degradable and do not 

affect DOM on the long term (Chapter 2; De Troyer, 2010). This explains why variations in 

DOM characteristics in freshwaters, especially in large rivers with limited fresh inputs, are 

smaller than variations found in soils. For instance, the NOM-typing project characterized 9 

DOM samples from various freshwaters in Norway (Abbt-Braun & Frimmel, 1999). The 

SUVA varied only between 22.5 and 40.9 L g-1 cm-1 and Cu complexation capacity ranged 

1.0–2.9 mol Cu (kg DOC)-1. It is however doubted that the latter is a good measure for the Cu 

affinity of DOM at relevant Cu2+ activities (see Chapter 2). Better indications of variation of 

Cu affinity of freshwater DOM can be found in toxicity studies. The degree of reducing Cu 

toxicity to aquatic organisms, related to the Cu affinity of DOM, varies about sixfold 
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depending on the source of DOM (De Schamphelaere et al., 2004; Luider et al., 2004), still 

smaller than the 10-fold variation found in this study. 

Hypothesis 2: Different soil solution sampling methods isolate DOM with different 

characteristics and Cu affinity. 

Varying DOM quality was observed if soil solutions were isolated by different methods. In 

Chapter 2 and 5, it was shown that soil extracts contain additional DOM compared to pore 

waters obtained by centrifugation. This extra DOM has also different characteristics, i.e. 

larger SUVA and CuMP values compared to pore water DOM. It is hypothesized that soil 

extractions provoke dissolution of humic substances from the particulate soil organic matter. 

It is, therefore, discouraged to sample soil DOM by extractions since the isolated DOM 

differs from the ‘real’ soil solution DOM. However, soil centrifugation to collect pore water 

DOM can also change DOM quantity and quality. The disruptive forces of centrifugation can 

induce cell lysis as suggested by the larger DOC concentration and hydrophilic fractions in 

pore waters compared to column leachates (Chapter 5). Soil extraction or soil percolation with 

a solution containing larger Ca2+ activities that than present in situ, fractionates DOM due to 

preferential flocculation of DOM with high aromaticity (Chapter 2 and 5).  

Some authors (e.g. Akagi et al. (2007)) propose to isolate soil DOM after soil drying and 

rewetting to eliminate influencing factors as soil moisture on DOM quantity and quality. It 

was, however, shown in Chapter 2, 4 and 5 that soil drying releases additional DOM with 

characteristics strongly deviating from ‘basal’ DOM, i.e. with larger hydrophilic fractions and 

lower SUVA, CuMP and humic acid fractions. It is concluded that DOM should be isolated 

by a standard method with as few ‘soil manipulations’ as possible. Undisturbed columns with 

unsaturated flow are recommended for transport studies. No recommendation can be given for 

DOM related soil microbial processes where DOM in micropores should be known. 

 



128                       Chapter 7 

 

Hypothesis 3: DOM fractions as obtained by hydrophobic fractionation are structurally more 

homogeneous than the bulk samples. 

In Chapter 4, a method to fractionate soil DOM into hydrophilic and hydrophobic fractions 

was developed. The underlying idea is that DOM is a mixture of molecules that can be 

grouped in fractions with distinct properties. This was verified in Chapter 4 and 5 for the 

SUVA of DOM. Within one soil solution DOM, the SUVA of the HPI fraction was always 

lower than the SUVA of the HPOA fraction. However, the SUVA values of the HPI fraction 

over all DOM solutions of Chapter 4 and 5 varied considerably from 2 to 33 L g-1 cm-1 and 

largely overlapped the range of the SUVA of the HPOA DOM, from 14 to 42 L g-1 cm-1. This 

means that characteristics of a fraction varied with the DOM source in addition to the 

variation in distribution of fractions among the samples. Soil solution DOM is, therefore, not 

a varying composition of different fractions with similar properties. The standard deviation of 

the SUVA of the HPOA DOM in Chapter 4 (7.5 L g-1 cm-1) was larger than the standard 

deviation of SUVA of the DOM in the acidified, unfractionated samples (6.0 L g-1 cm-1). In 

Chapter 5, the standard deviation of the SUVA values in the HPI and HPOA fractions were 

both reduced compared to the bulk sample. Therefore, it seems that the composition of the 

fractions is slightly more homogeneous than the unfractionated bulk sample. But the still large 

structural variability within the fractions casts some doubts on the practical role of DOM 

fractionation in predicting DOM properties.  

It was attempted to estimate CuMP values of DOM from the hydrophobic fraction 

distribution of DOM of agricultural soils. The measurement of the CuMP values of the 

fractions largely failed due to low DOC concentrations and high salt concentrations of the 

fractions. Furthermore, it is not possible to measure the CuMP of the HPON fraction because 

it could not be removed from the DAX-8 resin by 0.1 M NaOH. The few attempts in literature 

to measure Cu complexation of the hydrophilic and hydrophobic fractions have resulted in 

contrasting conclusions. Guggenberger et al. (1994) observed a 2 to 8-fold larger Cu 

complexation of hydrophilic acids compared to hydrophobic acids in a spodosol, while 

similar or slightly smaller Cu binding of hydrophilic acids was observed in aquatic samples 

(Croué et al., 2003) and in a forest floor (van Schaik et al., 2010). In addition, the practical 

role of fractionation to assist better predictions of DOM quality at a large scale can be 

questioned since the hydrophobic fraction distribution was unrelated to the DOM source (land 

use, abiotic soil properties,…) as shown in Chapter 5. It is concluded that a fractionation 
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approach has little benefit for analyzing Cu complexation by DOM of agricultural soils. This 

is also observed for other types of fractionation, e.g. for fractionation into humic and fulvic 

acids. Uncertainties in predicted Cu concentrations in soil solutions extracts in the study of 

Groenenberg et al. (2010) were largely due to the (natural) variation in Cu affinity within the 

fulvic acid fraction. Here, it was shown that SUVA analysis is more convenient for predicting 

Cu affinities (see Hypothesis 4). 

Hypothesis 4: Cu concentrations in soil leachates can not be predicted from soil and soil 

solution composition alone, but require also information of DOM quality (=characteristics) 

that, in turn, depends on the source of DOM in soil. 

Copper concentrations in soil leachates were more accurately predicted with information 

on DOM aromaticity. In Chapter 3, Cu concentrations in the leachates of an agricultural soil 

were monitored during 5 subsequent months. The Cu and DOC concentrations were 

correlated (r = 0.56), but the [Cu]/[DOC] ratio varied 5.5-fold (3.7–20.2 L g-1 cm-1) . This 

ratio exhibited a significant positive correlation (r = 0.77) with the SUVA, indicating that 

more aromatic DOM has higher Cu affinity. The [Cu]/[DOC] ratios were predicted by the 

assemblage model WHAM6 using the composition of the solid phase above the wick 

samplers and that of the solution, including DOC. The predicted [Cu]/[DOC] ratio was almost 

constant (8.1–9.3 L g-1 cm-1) when assuming default DOM properties with 65% of all DOM 

active as fulvic acid (%AFA). Thus, predictions of Cu mobilization by DOM were not 

accurate when a constant DOM quality was assumed. The %AFA was subsequently varied 

proportionally to the SUVA of DOM. In that case, the variation in the predicted [Cu]/[DOC] 

ratio was much larger (4.6–16.3 L g-1 cm-1) and the predicted Cu concentrations were within a 

factor of 1.4 of the measured values for 90% of the samples. Information on DOM quality by 

SUVA measurements permits, therefore, to more accurately predict Cu mobilization in soils. 

The SUVA measurement is a low cost and non-destructive method and requires only small 

sample volumes (~1 mL) and is therefore preferred over DOM quality analysis by 

fractionation (see Hypothesis 3). The significant correlation between Cu affinity of DOM 

(CuMP) and SUVA was also observed for the soil solutions analyzed in Chapter 2 (r = 0.76). 

SUVA values are shown to depend on the source of DOM, given the lower SUVA values of 

DOM released after soil drying and straw incorporation and the increases in SUVA during 
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soil incubation (Chapter 2, 4 and 5). In Chapter 5, no clear relationships between SUVA and 

soil type or characteristics were found.  

The Cu affinity of DOM was found to vary considerably in the soil solutions of Chapter 2 

(10-fold) and Chapter 3 (5.5-fold) (see Hypothesis 1). It was therefore concluded that DOM 

quality should be considered when estimating Cu mobility in soils. The variability in DOM 

quality in the soil solutions of Chapter 5, isolated from 11 freshly sampled soils, was however 

much smaller than the variation in DOC concentration, e.g. the SUVA of DOM varied only a 

factor 3 compared to the almost 40-fold variation in DOC concentration. This suggests that, at 

a larger scale, DOM quantity is overall more important for Cu mobilization than DOM 

quality. 

Hypothesis 5: Cu-DOM dissociation kinetics in solutions differs largely with source. 

In Chapter 6, the dissociation kinetics of different Cu-DOM complexes from soil, 

wastewater, pig manure and sewage sludge was measured with the Competitive Ligand 

Exchange Method (CLEM) and Diffusive Gradient in Thin films (DGT) technique. The 

fractions of dissolved Cu that were undissociated after 8 hours CLEM experiment, %Cu8h, 

ranged from <1 to 25%. The inert fractions as determined by DGT, %Cun-DGT, varied even 

more: 0–83%. The Cu-DOM dissociation kinetics of the different complexes could be 

compared since influencing factors as pH, Ca concentration and pCu were kept constant for 

the solutions. The %Cun-DGT values followed the same order as the %Cu8h and both methods 

suggest that Cu from pig manure has slower dissociation kinetics and, therefore, a higher 

leaching risk in soils compared to Cu from wastewater and sewage sludge. Dissociation 

kinetics of Cu and the commercial Aldrich humic acid were also assessed and found to be 

more slowly than the dissociation kinetics of the natural Cu-DOM solutions. The dissociation 

rates decreased at longer Cu-DOM contact times (7–297 days) and when Cu-DOM complexes 

had been equilibrated at lower Cu2+ activities. The inert fractions as measured by both 

methods were positively correlated with SUVA suggesting that aromatic moieties in DOM 

hold non-labile Cu. 
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Hypothesis 6: Application of slowly dissociating Cu-DOM complexes to soil columns results 

in earlier Cu breakthrough compared to the equilibrium situation. 

Three Cu-DOM solutions analyzed for dissociation kinetics in Chapter 6, were applied on 

soil columns to assess the contribution of inert Cu complexes to Cu leaching. The Cu-DOM 

complexes, originating from a Cu contaminated soil, pig manure and wastewater, had a free 

Cu2+ activity of ~10-9.9 M, larger than the estimated free Cu2+ activity in equilibrium with the 

soil (10-10.9–10-11.7 M). The small Cu recoveries in the column effluents (2–8%) were partially 

attributed to DOM retention by the soil (recoveries of 35–57%). The [Cu]/[DOC] ratio in the 

effluents were smaller (10–25 mmol Cu (kg DOC)-1) than in the influents (106–210 mmol Cu 

(kg DOC)-1), and resembled more the [Cu]/[DOC] ratios of DOM in equilibrium with the soil 

columns. The relevance of the inert Cu concentrations in Cu leaching could not be detected 

because the inert Cu concentrations were too small. Solutions with larger inert Cu fractions 

were analyzed in Chapter 6, but the total Cu concentration in these solutions was smaller. It is 

concluded that the risk for substantial Cu leaching as a result of non-equilibrium conditions in 

soils is rather low: relatively non-labile Cu complexes have only small Cu concentrations and 

soil solutions with larger Cu concentrations show relatively high lability. Furthermore, DOM 

retention by degradation and sorption processes reduces soil Cu leaching. 

Perspectives 

It was shown in this study that both structural properties and functional properties (Cu 

affinity) of DOM vary about an order of magnitude in soil. It was found that the Cu affinity of 

DOM increases with increasing SUVA, i.e. increasing aromaticity of DOM. The SUVA is a 

rather non-specific characterization method from a chemical perspective and analyses at a 

molecular scale may provide a more mechanistic explanation. Extended X-ray absorption fine 

structure (EXAFS) spectroscopy of Cu-DOM suggested that Cu is complexed by one or two 

five-membered chelate rings with, among others, amino functional groups (Karlsson et al., 

2006). The importance of nitrogen-containing functional groups for Cu complexation has 

already been suggested for aquatic DOM (Croué et al., 2003). A further DOM typing project 

can be elaborated with such advanced chemical characterization methods and may be 

advocated for explaining differences. However, these techniques are unlikely useful for 

predicting DOM properties if it cannot be predicted where such specific Cu complexing 
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ligands occur, i.e. as long as the chain source-structure-function is unknown at a larger scale. 

Moreover, a lot of these advanced characterization methods are expensive and require special 

sample preparation and/or extensive analysis. At larger scales, variation in DOC concentration 

appears to be more important for Cu mobilization than the variation in DOM quality 

(Chapter 5). This was also observed in the column experiments in Chapter 6. Although the Cu 

loading of the DOM in the effluents was rather low (10–25 mmol Cu (kg DOC)-1), effluent 

Cu concentrations up to 0.35 µM were measured because of the large DOC concentrations. 

These Cu concentrations are of the same order of magnitude as PNEC and quality standards 

of ground and surface waters (Chapter 1). It is, therefore, concluded that Cu leaching requires 

more information on factors controlling DOC fluxes in soils as related to soil properties, land 

use, climate changes etc. 

 



 

ANNEX 1 

The copper mobilizing potential: method development and 

verification 

 

 

Adapted from the supplementary information of: Amery, F., Degryse, F., Degeling, W., 

Smolders, E. & Merckx, R. 2007. The copper-mobilizing-potential of dissolved organic 

matter in soils varies 10-fold depending on soil incubation and extraction procedures. 

Environmental Science & Technology, 41, 2277-2281. 

 

Materials and Methods 

A new resin-exchange method to measure Cu affinity of small quantities of DOM at 

environmentally relevant Cu2+ activity was developed. This method used Chelex®-100 resin 

(Bio-rad; 0.62 meq (g wet weight)-1) to control free Cu2+ activity. The Cu affinity of DOM is 

measured by equilibrating a DOM solution with the resin in Cu/Ca form (Figure 2.1). The Cu 

to Ca selectivity coefficient of the resin, K(Cu/Ca), allows to estimate the Cu2+ activity from the 

Ca2+ activity and the cation occupation on the resin:  

K(Cu/Ca) = 
)Cu.(

)Ca.(
2

Ca

2
Cu

+

+

Z

Z
 (A.1) 

where ZCu en ZCa are the equivalent Cu and Ca fraction on the resin, and (Cu2+) and (Ca2+) the 

free ion activities of Cu and Ca, respectively. A value for K(Cu/Ca) of about 107.3 has been 

reported at ZCu/ZCa= 0.2, and this value increases with a decreasing equivalent fraction of Cu 

(Checkai et al., 1987). Thus, if ZCu/ZCa is 0.2 and the Ca2+ activity is 1 mM, then pCu (= -log 

free Cu2+ activity) will be about 11, a relevant value for soil solutions.  
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Before measuring the copper mobilizing potential (CuMP) on soil solutions (Chapter 2), 

the influence of varying Ca concentrations, Cu/Ca ratio on the resin, pH and DOC 

concentration, on the free Cu2+ activity and the amount of Cu mobilized was assessed. 

Therefore, synthetic ligands and the commercial Aldrich humic acid (AlHA, in Na-form) 

were used. All experiments were performed in duplicate and all materials were acid washed 

prior to use. Chelex-100 resin (0.2 g, Na-form) and 20 mL solution were transferred into a 

50 mL polypropylene centrifuge tube. The solution contained Ca(NO3)2 and CuCl2 in 

concentrations depending on the desired equilibrium Ca concentration and Cu/Ca ratio on the 

resin (see further). The solution also contained DOM from Aldrich humic acid, or synthetic 

ligands. For each determination, also two blanks were included that did not contain an organic 

ligand. A small amount of 0.1 M NaOH or 0.1 M HCl was added to adjust pH to the desired 

value. Since preliminary experiments reached equilibrium conditions only after 6 days, the 

tubes were shaken end-over-end for at least 6 days at 20 °C. During that period, pH was 

checked at least once and adjusted with small amounts of 0.1 M NaOH or HNO3 when 

necessary. After equilibration, the tubes were centrifuged (2500 g, 15 minutes) and pH was 

measured. Subsamples of the supernatant (9 mL) were filtered (0.45 µm) to remove small 

resin particles. One part of the filtered subsamples (5 mL) was acidified to pH 1 with 5 M 

HNO3 before analysis of Cu, Ca and Na by ICP-OES. In samples with DOM, the other part 

was used to measure the equilibrium DOC concentration (Analytical Sciences Thermalox 

TOC-analyzer). The DOC concentration was not calculated from the added concentration and 

the dilution factor, because under certain conditions (low pH, high Ca concentrations, high 

DOC), a part of the DOM was precipitated on the resin. The amount of Cu mobilized by 

Aldrich humic acid (mmol Cu (kg DOC)-1) is calculated as the total Cu concentration in 

solution divided by the DOC concentration.  

A stock solution was made by dissolving 100 mg of AlHA in 0.5 L deionized water. The 

solution was homogenized and filtered (0.45 µm). Three different Cu/Ca ratios on the resin 

were achieved by varying the initial concentrations of CuCl2 and Ca(NO3)2 in the 20 mL 

solution added to the resin (Table A.1). For each Cu/Ca ratio on the resin, three pH values 

were tested by adding different amounts of 0.1 M HNO3 or NaOH (Table A.1). The initial 

concentration of AlHA in the solutions was 40 mg DOC L-1. The influence of equilibrium Ca 

concentrations and DOC concentration on Cu mobilization was measured at a fixed 

equivalent Cu fraction on the resin (20%). Since 0.2 g resin represents 0.124 mmolc sites, an 
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initial Cu concentration of 0.62 mM CuCl2 in the 20 mL solution was used, which 

corresponds to 0.0124 mmol Cu2+, or 0.0248 mmolc. The solution contained varying initial Ca 

concentrations: 3.5, 4.5, 6.0 and 7.5 mM Ca(NO3)2. For each Ca concentration, two AlHA 

concentrations (initial concentrations 20 and 40 mg DOC L-1) were tested. A constant pH of 

7.0 ± 0.1 was reached by adding 260 µL 0.1 M NaOH. 

Table A.1. Influence of pH, total Cu concentration and Ca concentration on the equilibrium 
composition in the resin-exchange method in the presence of either EDTA or Aldrich humic acid. 
Solution 8 represents the reference method for copper mobilizing potentials of soil solutions.  

 Initial composition  Equilibrium composition 

treatment Cu(Cl)2 Ca(NO3)2 0.1 M HNO3/NaOH
a
  ZCu/ZCa

b
 [Ca]eq pH pCu

c
 

 (mM) (mM) (µL)   (mM)   

1 0.15 3.7 -230  0.06 1.12 6.1 11.4 

2 0.15 4.8 250  0.04 1.15 7.3 12.7 

3 0.15 5.4 500  0.04 1.27 7.9 13.5 

         

4 0.31 5.0 -200  0.14 2.28 5.9 10.6 

5 0.31 5.0 260  0.10 1.48 7.3 12.1 

6 0.31 5.0 500  0.09 0.91 7.7 12.7 

         

7 0.62 4.5 -200  0.26 2.08 5.4 9.8 

8 0.62 4.5 260  0.20 1.46 7.2 11.2 

9 0.62 4.5 500  0.17 0.76 7.6 12.0 

a added amounts NaOH have positive sign, added amounts HNO3 have negative sign; b Cu/Ca ratios on the resin, 
calculated as the amount of Cu added (since nearly all Cu sorbs on the resin) divided by the difference between 
the amount of Ca added and the amount left in solution; c pCu = -log of the free Cu activity. Calculated from 
reference samples equilibrated with EDTA, using GEOCHEM with input of added concentrations of EDTA, 
NO3

- and Cl-, and equilibrium concentrations of Na+, Ca2+ and Cu2+.  

Synthetic ligands with known complexation constants were used to determine the Cu2+ 

activity at which the resin suspension is buffered. Addition of the synthetic ligand is assumed 

not to influence the Cu2+ activity because the amount of Cu on the resin is much larger than 

the amount of Cu complexed by the ligand. These reference samples contained 2 × 10-5 M 

EDTA or 2 × 10-4 M EGTA, and were treated in the same way as the other samples. In the 

first experiments, also 2 mM MOPS (3-morpholino-propanesulfonicacid) was added to buffer 

the pH at 7.0. However, no MOPS was used in further experiments, since the DOC 
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concentrations in the equilibrium solution had to be measured in the experiments with AlHA 

or soil solutions and, therefore, the pH was controlled manually for all samples. The 

equilibrium concentration of Cu in the reference samples was unaffected by the presence of 

MOPS. To calculate free Cu2+ activity and concentration, the added NO3
-, Cl- and EDTA (or 

EGTA) concentrations and the measured Cu, Ca and Na concentrations in the equilibrium 

solution were entered in GEOCHEM-PC (Parker et al., 1995). The default infinite dilution 

stability constants in the GEOCHEM-database were used: KCa-EDTA = 1012.4, KCu-EDTA = 1020.5, 

KCa-EGTA = 1012.6 and KCu-EGTA = 1019.3. 

Results  

Effect of solution and resin composition on free Cu
2+

 activity  

The free Cu2+ activity in the resin buffered system, as determined with EDTA and 

GEOCHEM-PC calculation, varied between pCu 9.8 and pCu 13.5 depending on the pH and 

the Cu and Ca concentrations added (Table A.1). For each of the three Cu/Ca ratios on the 

resin, the free Cu2+ activity decreased with increasing pH. The pCu increased by 

approximately 1 unit per unit pH increase. A larger Cu/Ca ratio on the resin resulted in a 

larger free Cu2+ activity (Table A.1).  

The effect of varying equilibrium Ca concentrations (0.7–3.7 mM) on the free Cu2+ activity 

was found to be small and non-consistent (pCu between 11.3–11.7, data not shown) at 

constant pH (7.0) and equivalent Cu fraction on the resin (~20%). 

In some of the first experiments, also EGTA was used as reference ligand. The calculated 

Cu2+ activities were comparable to those found with EDTA as reference ligand, but were, on 

average, a factor of 2 smaller. This uncertainty on the exact Cu2+ activity is no drawback for 

the CuMP measurements. The results indicate that the Chelex resin can control the Cu2+ 

activity in solution at a constant value that is relevant for uncontaminated soils. 
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Effect of pH and Cu/Ca ratios of the resin on Cu complexation by Aldrich humic acid 

 Figure A.1 shows the Cu mobilization by AlHA at pH values around 6.0, 7.2 and 7.7 as a 

function of Cu2+ activity. Because there were small differences in pH between the samples 

with AlHA and the reference samples with EDTA, pCu in the samples with AlHA was 

estimated from the linear relationship between pCu and pH (at each Cu/Ca ratio on the resin) 

based on the results of the reference samples (data of Table A.1). Equilibrium concentrations 

of DOC varied between 9 mg L-1 (at pH 6.0) and 25 mg L-1 (at pH 7.7), compared to the 

initial concentration of 40 mg DOC L-1, i.e. more DOM was precipitated at acid conditions. 

This loss of DOM was much smaller when testing soil solutions, indicating that AlHA 

contains relatively more components susceptible to coagulation than DOM of soil solutions. 

Copper complexation by AlHA, varying between 18 and 225 mmol Cu (kg DOC)-1, increased 

with increasing pH, illustrating the competition between protons and Cu2+ ions for binding on 

humic acid. At a constant Cu2+ activity of 10-11.5 M, the amount of Cu complexed by AlHA 

increased approximately by a factor 8 between pH 6 and 7, and by a factor 4 between pH 7 

and 8 (Figure A.1).  

 

Figure A.1.  Amount of Cu mobilized by Aldrich humic acid as function of pCu for various pH. The 
amount of Cu mobilized by Aldrich humic acid is calculated as the total Cu concentration in solution 
divided by the DOC concentration. ♦: pH 5.6 - 6.2; ∆:  pH 7.1 - 7.3; ■: pH 7.6 - 7.8. Error bars 
represent standard deviations. 
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Effect of Ca concentration and DOC concentration on Cu complexation by Aldrich humic 

acid 

Equilibrium DOC concentrations of AlHA decreased with increasing equilibrium Ca 

concentrations (0.5–3.4 mM). The equilibrium DOC concentrations varied between 3 and 

13 mg L-1 for the low initial DOC concentration (20 mg L-1) and between 4 and 29 mg L-1 for 

the high initial DOC concentration (40 mg L-1). Also total Cu concentrations decreased with 

increasing Ca concentrations, from 1.4 µM Cu at the lowest Ca concentration (0.5 mM) to 

0.1 µM Cu at the highest Ca concentration (3.4 mM) for the low DOC concentrations, and 

from 2.9 µM Cu to 0.2 µM Cu for the high DOC concentrations. At the same Ca 

concentration, the concentration of Cu was proportional to the DOC concentration, illustrating 

that the amount of Cu mobilized per unit of DOC does not depend on the DOC concentration, 

all other factors being equal. The amount of Cu mobilized by AlHA decreased with increasing 

Ca concentration, from approximately 120 mmol Cu (kg DOC)-1 (at Ca concentrations 

between 0.5 and 1.5 mM) to 36 mmol Cu (kg DOC)-1 (at the highest Ca concentration of 

3.4 mM), illustrating competition between Ca and Cu for binding sites on AlHA. This 

competition effect was observed only at Ca concentrations higher than 1.5 mM. Other authors 

showed also reduced DOC and Cu concentrations with increasing Ca concentrations 

(Römkens et al., 1996; Römkens & Dolfing, 1998). They concluded that the effect of Ca on 

flocculation of DOM was quantitatively more important for Cu solubility than the calcium-

copper exchange on the DOM. 



 

ANNEX 2 

Derivation of the correction factor for [Cu]DGT 

calculations in case of bulk depletion 

 

The flux F of Cu from the solution to the zero sink (Chelex) is proportional to the Cu 

concentration: 

[ ]Cuα ⋅=F  (A.2) 

This proportionality factor α depends on the thickness of the diffusion layer and the speciation 

of Cu in the solution (i.e. the fraction present as free ion, or as labile or inert complexes). 

When all Cu is present as free ion, α = D/∆g. 

During deployment, Cu diffuses towards the resin gel and accumulates on the resin. The 

increase in the mass of Cu sorbed on the Chelex (mCu) results in a decrease of the Cu 

concentration in solution ([Cu]):  

[ ] [ ]CuCuαCu dVdtAdtAFdm ⋅−=⋅⋅⋅=⋅⋅=  (A.3) 

where A is the exposed surface area and V the volume of the solution. Integrating Equation 

A.3 from the beginning of the deployment (t = 0) gives: 

[ ] [ ] 







⋅

⋅
−⋅= t

V

Aα
expCuCu i  (A.4) 
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with [Cu]i the Cu concentration in the solution at the beginning of the deployment. The mass 

of Cu adsorbed on the Chelex at time t can be calculated from the difference in the solution 

concentration at the start and at time t:  

[ ] [ ]( ) [ ] 















⋅

⋅
−−⋅⋅=⋅−= t

V

A
VVm

α
exp1CuCuCu iiCu  (A.5) 

The depletion factor fdepl is the relative depletion of Cu in the bulk solution: 

[ ] [ ]
[ ] [ ] 
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Rearranging Equation A.6 gives: 

( )depl1ln
α

f
V

tA
−=

⋅⋅
− , or (A.7) 















−
=

⋅⋅

depl1

1
ln

α

fV

tA
 

(A.8) 

The measured flux Fmeas is equal to: 

[ ]

tA

fV

tA

m
F

⋅

⋅⋅
=

⋅
=

depliCu
meas

Cu
  (A.9) 

In standard DGT experiments (with large volumes of solution), the decrease in Cu 

concentration in the bulk solution is negligible and the Cu concentration remains nearly 

constant. Therefore, the flux if there is not bulk depletion, Fcorr, equals (Equation A.2 with 

[Cu]=[Cu]i at all times): 

[ ]icorr Cuα ⋅=F  (A.10) 

The correction factor CF, i.e. the ratio of the corrected flux (if no bulk depletion occurs) over 

the measured flux, can be calculated from Equation A.8–A.10: 
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with [Cu]DGT,meas the experimentally determined value (equation 6.6) and [Cu]DGT,corr the 

[Cu]DGT that would have been measured if the Cu concentration in the solution sample had 

remained constant. 
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