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Carbon contents are given as means obtained fromn@rds in the samples
used for each experiment conducted (NMR, DSC, phesmw@ption). Values
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Table 6.2.Changes iy, AC,, the energy of transformatidupon hydration of
PGA-coated alumina for two and 170 hours. Also giaee estimates of freez-
able and non-freezable water. Figures in parenth@seote standard error. ............cc..eeeeeeee. 98

Table 6.3.Kinetic parameters obtained by fitting Eq.[6.3]the phosphate sorp-
tion data of pure and PGA-coated alumina that hsehlequilibrated at pH 5 in
doubly deionized water for two and 170 hours, respely, prior to phosphate
sorption. Parameter meaning;, total amount of phosphate sorbed fagta,,
operationally defined amount of phosphate sorbsthitaneouslyk, rate con-
stant of the fast phosphate sorptibnrate constant of the slow phosphate sorp-
tion; (D/rz)aprh apparent diffusion constant according Eq.[6.4dlU0és in paren-
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Summary

Phosphorus deficiency is a limiting factor for tiewth of plants in acidic soils due to
the strong sorption of phosphate to sesquioxidestiis reason, plants exude an array of
organic compounds into the rhizosphere. Many stud@ument an increase in bioavail-
ability of phosphate because of exudation of aniohgolycarboxylic low-molecular-
weight organic acids (LMWOA). In addition, plantsugle macromolecular organic matter
such as polysaccharides of mucilage. However, fieeteof mucilage on the bioavailabil-
ity of phosphate is poorly understood.

The sorption of phosphate to Fe oxides usually cmap a fast and a slow reaction.
For goethite ¢-FeOOH) the fast reaction is due to the adsorptfophosphate to external
goethite surfaces, while the slow reaction is cdusethe diffusion of phosphate into mi-
cro- (@ <2 nm) and mesopores (@ 2-50 nm) of ther@nt. The main objective of this
thesis was to test, whether organic root exuddtes mores of Fe oxides and thus inhibit
the pore diffusion of phosphate.

Polygalacturonate (PGA) is commonly used as a medbktance for plant-derived
mucilage. This approach is questionable in caseqrties of macromolecular root exu-
dates collecteth situ differ from those of PGA. Therefore, another objecwas to com-
pare porosities and phosphate desorption kinefi€®mxides that were equilibrated with
PGA and non-axenically collected macromoleculat exaudates of maize plants.

Swelling of organic coatings may change their sigfeoverage, and hence the accessi-
bility of mineral surfaces to phosphate. Theref@mother objective of this thesis was to
investigate the influence of hydration of PGA cog$ on the phosphate sorption kinetics
of sesquioxides.

To address these objectives, goethied=€OOH) were equilibrated with high- and
low-molecular-weight organic matter and subseqyeatialyzed for their porosity by gas
adsorption (M and CQ). Polygalacturonate, soil-derived dissolved organatter (DOM)
and mucigel (MU) of maize plantZéa mayd..) were used as high-molecular-weight or-
ganic sorbates, while citrate and galacturonate)(®&re used as low-molecular-weight
sorbates. Phosphate sorption and desorption expetsmvere conducted in batch at pH 5
for up to three weeks. The influence of hydratiolPGA coatings on the phosphate sorp-
tion kinetics was investigated by batch experimafitsr PGA-coated alumina (ADs) had
been equilibrated in water for two and 170 hougspectively. Additionally, samples were

examined byH-NMR relaxometry and differential scanning calortrggDSC).
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All organic substances decreased the volume ofhgeegpbores <5 nm. Despite a re-
duced porosity, the slow phosphate sorption to RGéted goethites was not related to
their micro- and mesopore volumes. Instead, thesjimate sorption was related to the
PGA desorption, indicating that the gradual desonpof PGA by phosphate and/or the
diffusion of phosphate through PGA coatings kiratyccontrol the rate of the slow phos-
phate sorption.

Citrate inhibited the slow phosphate sorption toepgoethite and goethite that had
been equilibrated with DOM. This observation wasrided to both the clogging of micro-
pores by citrate and the citrate-induced dissahutibthe adsorbents.

Desorption experiments with goethite treated with, GA and MU revealed that
goethite pores became less accessible to phospfiatePGA addition only. Results of
desorption experiments with GA and PGA suggest ¢ingénic sorbates enforce the fixa-
tion of phosphate in <5-nm pores of goethite. Palggturonate and MU affected contrar-
ily the phosphate desorption kinetics of goethitessumably because the MU contained
significant amounts of phosphate and mineral mattelra low amount of uronic acids.

The hydration of PGA-coated alumina for 170 hoanrgeased the amount of phosphate
that was rapidly sorbed to external mineral susacempared with a hydration time of
only two hours. This result was ascribed to a vestiring of PGA upon hydration, which
enhanced the accessibility of external minerales#$ to phosphate.

In conclusion, the clogging of goethite pores byAR& not relevant for the phosphate
sorption kinetics of PGA-coated goethites. Contranypns of LMWOAS clog micropores
of goethite and thus inhibit the micropore diffusiof phosphate. Because PGA may differ
in its chemical composition from high-molecular-giei root exudates collectad situ
(mucigel), predictions on the phosphate dynamicthenrhizosphere based on batch ex-
periments with PGA are rendered more difficult. Heemeability of anionic polyelectro-
lyte coatings has been identified as a furtherrobwof the accessibility of mineral surfaces

to nutrients or contaminants in the rhizosphere.



XVI

Zusammenfassung

Mangelnde P-Versorgung limitiert das Pflanzenwaanstuf sauren Standorten auf
Grund der starken Bindung von Phosphat an SesqeioXittle Untersuchungen doku-
mentieren eine P-Mobilisierung durch wurzel-exstididnionen niedermolekularer Poly-
carbonsauren (LMWOA). Daneben exsudieren Pflanz#gysBcharide als einen Hauptbe-
standteil der Mucilage. Deren Einfluss auf die Bidirgbarkeit von Phosphat ist jedoch
weitestgehend unverstanden.

Die Sorption von Phosphat an Fe-Oxide teilt siclw@wlich in eine schnelle und eine
langsame Reaktion. Fur Goethit-FeOOH) besteht die schnelle Reaktion in der Adsorpt
on des Phosphats an aulRere Oberflachen, wohingkgdangsame Reaktion durch die
Diffusion von Phosphat in Mikro- (@ <2 nm) und Mesoen (& 2-50 nm) des Adsorben-
ten hervorgerufen wird. Bislang ist unbekannt, oberal-assoziierte Wurzelexsudate die
Zuganglichkeit von Mineralporen fir Phosphat eim&oken. Das Hauptziel dieser Arbeit
war es daher zu untersuchen, ob organische Wuszelate die Poren von Fe-Oxiden ver-
schlieBen und damit die Porendiffusion von Phosphtdrbinden.

Die Verwendung von Polygalakturonat (PGA) als Mtsidistanz fur pflanzenbdrtige
Mucilage ist nicht gerechtfertigt, wenn sich digéhschaftenn situ gewonnener makro-
molekularer Wurzelesxudate von denen der PGA urtieiden. Daher sollte die Porositat
sowie die Kinetik der Phosphatdesorption von Fed@uxiverglichen werden, welche mit
PGA und hochmolekularen, nicht keimfrei gewonneldémrzelexsudaten von Maispflan-
zen equilibriert wurden.

Weil die Quellung organischer Belage die Zugangkhkon Mineraloberflachen fur
Phosphat verandern kénnte, sollte dartiber hinaugidéuss der Befeuchtung von PGA-
Beldgen auf die Phosphatsorptionskinetik von Seggleo ermittelt werden.

Zur Bearbeitung genannter Fragestellungen wurderth@eea-FeOOH) mit hoch-
und niedermolekularer organischer Substanz equitibrAnschlieRend wurden ihre Poro-
sitdten mittels Gasadsorption bestimmg (Md CQ). Polygalakturonat, bodenbiirtige ge-
|6ste organische Substanz (DOM) und Mucigel (MU \Maispflanzen {ea maysl.)
wurden als hochmolekulare, Citrat und Galakturqi@) als niedermolekulare Sorbate
verwendet. Phosphatsorptions- und desorptionserpate wurden im Batchversuch bei
pH 5 Uber einen Zeitraum von bis zu drei Wocherchigefihrt.

Der Einful’ der Befeuchtung von PGA-Belagen auf3tieptionskinetik von Phosphat
wurde mit Batchexperimenten untersucht, nachdem -B&égtes Al-Oxid (AIO3) fir

zwei bzw. 170 Stunden in Wasser bei pH 5 equilibiairde. Zusatzlich wurden die Pro-



XVII

ben mittels'H-NMR Relaxometrie und Differentieller Scanning Katoetrie (DSC) cha-
rakterisiert.

Alle organischen Substanzen reduzierten das <5-omenkRolumen von Goethit. Trotz
verringerter Porositat wies die langsame Sorption Phosphat an PGA-belegte Goethite
keine Beziehung zu deren Mikro- und Mesoporenvolueugin Die Phosphatsorption war
mit der PGA-Desorption korreliert, was zeigt, ddss schrittweise Desorption von PGA
und/oder die Diffusion von Phosphat durch die oigdre Beldge die Rate der langsamen
Phosphatsorption kinetisch kontrollieren.

Citrat verhinderte die langsame Phosphatsorptioreemem Goethit und Goethit, wel-
cher mit DOM equilibriert wurde. Diese Beobachtungrde auf einen Mikroporenver-
schluss durch Citrat sowie die citrat-induzierte ldsfing der Adsorbenten zurtckgefuhrt.

Desorptionsexperimente mit GA-, PGA- und MU-behdiesie Goethit zeigten, dass
nur nach PGA-Sorption Goethitporen fur Phosphatigezrzuganglich waren. Ergebnisse
aus Versuchen mit GA und PGA deuten darauf hirs daganische Sorbate die Festlegung
von Phosphat in <5-nm Goethitporen verstarken. gad@kturonat und MU beeinflussten
die Kinetik der Phosphatdesorption gegensatzliehmutlich auf Grund des im MU ent-
haltenen Phosphats und mineralischer Substanz smies geringen Gehaltes an Uron-
sauren.

Die Befeuchtung von PGA-belegtem Al-Oxid in Wasdar 170 Stunden erhéhte die
Menge des schnell sorbierten Phosphats gegeniier Befeuchtungszeit von nur zwei
Stunden. Dieses Ergebnis wurde auf die Umstrutumng der PGA-Molekule auf der Al-
Oxidoberflache infolge Befeuchtung zurtckgefuhrt.

Aus den Ergebnissen lasst sich schlussfolgern, das¥erschluss von Goethitporen
durch PGA nicht relevant ist fur die Phosphatsonmkinetik von PGA-belegtem Goethit.
Im Gegensatz dazu verschliel3en Anionen der LMWOAgdporen von Goethit und un-
terbinden damit die Mikroporendiffusion von PhogpHaa PGA in ihrer Zusammenset-
zung stark vonn situ gesammelten makromolekularen Wurzelexudaten (Micepowei-
chen kann, sind Aussagen Uber die Phosphatdynanui&ri Rhizosphare tber Batchxperi-
mente mit PGA erschwert. Die Permeabilitdt anidmscPolyelektrolytbelage wurde als
weitere SteuergrofRe fur die Zugéanglichkeit von Mahaberflachen fur Nahr- oder Schad-

stoffe in der Rhizosphéare identifiziert.



1. General Introduction
1.1The slow sorption of phosphate by Fe oxides

The sorption of phosphate to Fe oxides usually c@ep a fast and a slow reaction
(Kuo and Lotse, 1974; Barrow et al., 1981; Torrardle 1990, 1992; Strauss et al., 1997).
The slow sorption reaction of goethite with phogphean last for weeks (Strauss et al.,
1997). Rate-limiting for the initial fast reactiorf goethite (-FeOOH) is the ligand-
exchange between singly coordinated hydroxyls aéreal, readily accessible surfaces,
l.e., primarily of (101) surfaces (Cornell and Schwmann, 2003). The slow phosphate
sorption has been ascribed to the diffusion of phate into intraparticle micro- and
mesopores of the adsorbent (Barrow et al., 1993uSéret al., 1997) or into pores of ag-
gregates (interparticle pores, Anderson et al.5198illet et al., 1988). The extent of the
slow phosphate sorption or desorption reaction efokides depends on the micro- and
mesoporosity, the shape of pores, and hence oaryistllinity of the oxide (Madrid and
Arambarri, 1985; Cabrera et al., 1981; Torrent et1&90, 1992; Strauss et al., 1997). Fol-
lowing IUPAC (Rouquerol et al., 1994), micro- and ogsres are defined here as pores
having a size of <2 nm and 2-50 nm, respectivelifraparticle pores of goethite are lo-
cated at domain boundaries (<50-nm pores betweeerygials), or are randomly distrib-
uted over the whole goethite surface (<1-nm pdfesher et al., 199@rélot et al., 2003).
Fischer et al. (1996) argued that the diffusiorplbbsphate into interdomain pores is not
limited when pores are ~20-30 nm wide, but becolneigsed with increasing penetration
depth of phosphate as pores get narrower unlegditiadly reach molecular dimensions.

The theory of pore diffusion of oxyanions is notyooonfined to Fe oxides and phos-
phate: The diffusion of phosphate into microporéfkbased drinking-water treatment
residuals (WTR) has been reported by Makris et28l04). Likewise, Shin et al. (2004)
discussed the differences in the phosphate sorgkioatics between Al-impregnated
mesoporous silica and activated alumina in termgavé structure. Fuller et al. (1993)
showed that the adsorption of As(V) to ferrihydngelimited by diffusion of As(V) to
sorption sites located in pores of ferrihydrite r@ggtes.

1.2Increase in phosphate bioavailability by organic rot exudates in the rhizosphere
The rhizosphere is defined as a zone surroundeugt pbots, which is modified by root
activity (Ryan et al., 2001). Phosphate concemnatiin the soil solution are usually less
than 20 uM (Barber, 1974). Phosphorus requiremeinfdamts depend on plant species
and may range from <0.1 to 60 uM (Asher and Loremnad967; Breeze et al., 1984). Sev-



eral studies showed that a zone of P depletiortserisrmal to the root of various plant
species (Brewster et al., 1976; Temple-Smith andavenl977; Hendriks et al., 1981).
The size of this P depletion zone ranges from3 itam (Ryan et al., 2001, Fig. 2 therein).
One strategy by which plants directly or indiredtgilitate the procurement of phosphate
in the rhizosphere is the root exudation of orgar@mpounds (Hinsinger, 2001; Dakora
and Phillips, 2002). The processes triggered bytplan response to P-deficiency are
highly context-dependent and may vary consideralilpng plant species, plant nutritional
status, and ambient soil conditions (Hinsinger,130@rganic root exudates that increase
the bioavailability of phosphate include enzymesogphatase), siderophores, and anions
of low-molecular-weight organic acids (LMWOA) othéinan those belonging to the
siderophores (Hinsinger, 2001; Dakora and Phil@?2).

Phosphatases are enzymes capable of hydrolyzingnabdizing inorganic P from or-
ganic phosphate esters (Duff et al., 1994). Lowsphate solution concentrations induce
the production of extracellular and intracelluléarid phosphatases, and an increase in the
proportion of acid phosphatases in root exudatedd&®ein et al., 1988; Lee, 1988; Dinke-
laker and Marschner, 1992). The positive effedhofeased acid phosphatase secretion on
phosphate nutrition has been evidenced for lu@ntgl(Tadano and Sakai, 1991).

Phytosiderophores are organic low-molecular-weggithpounds of the mugineic acid
family that form strong 1:1 complexes with Fe(lIBxudation of siderophores by plants
has been only observed in the class of monocotgedor the family of Gramineae
(grasses) (Reichard, 2005). The dissolution of phatgploaded Fe oxides by phyto-
siderophores may increase phosphate solution ctatiens in the soil rhizosphere, but
direct evidences are still lacking (Hinsinger, 2D01

The role of LMWOA anions in the acquisition of ppbste has been most intensively
studied. From an extensive literature survey, Gugil. (2005) conclude that the sorption
competition between LMWOA anions and phosphateniy tikely to be of ecological
relevance in the rhizosphere, where the conceotr@tare high compared with concentra-
tions of LMWOA anions of <10 pM typically encounger in soil solution (Guppy et al.,
2005). The exudation of LMWOA anions by plants l&en consistently shown to in-
crease in response to P deficiency. This has blesereed for plant species such as oilseed
rape, white lupin, and alfalfa (Hinsinger, 2001 aefl therein). Among exuded LMWOA
anions citrate and malate have been shown in gtesiées to be the major contributors in
the plant’s response to P starvation. A speciaptdi@n to low P status in soils is the de-
velopment of proteoid roots of white lupin that #tha higher rate of citrate exudation



than other root compartments, and where the efffugitrate increases at low phosphate
solution concentration (Keerthisinghe et al., 198@umann and Roémheld, 1999). The
increase in bioavailability of phosphate after eatimh of LMWOA anions has been at-
tributed to sorption competition between LMWOA arsoand phosphate, the complexa-
tion of polyvalent metals that would otherwise inbitiae phosphate, the decrease in sur-
face charge of variable charge colloids, and/orfthmation of soluble LMWOA-metal-
phosphate complexes (Gardner et al., 1983; Joreds @096; Kirk, 1999; Geelhoed et al.,
1999; Guppy et al., 2005).

In addition to low-molecular-weight organic compdsnplants exude high-molecular-
weight organic substances like components of mgedahat may contribute to P nutrition
of plants. Mucilages are pectin-like high-molecuhgight root exudates of many plant
species such as wheat, maize, rice, pea and ca¥pea et al., 2001). They are primarily
secreted by root cap cells (Paull and Jones, 1R@&gier, 1981) and comprise about 90-
95% polymerized sugars with about 20-35% of urawicls (Cortez and Billes, 1982; Mo-
rel et al., 1986). Gaume et al. (2000) and Grimal.e(2001) showed that maize mucilage
decreases the sorption of phosphate to Fe oxiaepti® competition, microaggregation
of Fe oxide particles, and the decrease in sudhaege of the adsorbent by mucilage were

invoked by these authors to explain their experialeresults.

1.3Research objectives

In soils, mineral surfaces are partly covered vatganic matter (Mayer and Xing,
2001; Amelung et al., 2002; Gerin et al., 2003; ktagt al., 2004). Organic coatings on
mineral surfaces might be especially relevant enrthzosphere, where the input of organic
C as so-called rhizodeposition is large. EvaluatiBgracer studies, Nguyen (2003) calcu-
lated that on average 17% of the net C fixed by @hotthesis is lost by roots, which cor-
responds to 50% of C exported by shoots to belowgtohittsch et al. (2002) reported a
value of 20% of photosynthetically fixed C that é&deased into the soil during vegetation
period. Therefore, organic coatings on mineral aae$ are highly probable adjacent to
plant roots, especially root caps.

The incorporation of organic matter into mineratgghas been shown by various re-
searchers (Kaiser and Guggenberger, 2003; Land<angenjohann, 2003; Mayer et al.,
2004; Mikutta et al., 2004; Zimmerman et al., 2Q0#)a The clogging of mineral pores by
root exudates may decrease the accessibility oémairpores to phosphate, and hence in-

crease its bioavailability. Especially mucilagesé®een implicated to strongly bind soll



particles together, thus coating mineral surfadetha soil-root interface (Vermeer and
McCully, 1982; Watt et al., 1993). Gaume et al. (00iscussed the decreased phosphate
sorption to mucilage-treated ferrihydrite in teraisa reduced accessibility of interparticle
pores to phosphate due to microaggregation ofhigdrite particles by mucilage. More
recently, Lang and Kaupenjohann (2003) demonstrétadsorption of dissolved organic
matter to goethites decreased the accessibilitytadparticle pores to molybdate. Apart
from these studies, no reports are available orclingging of Fe and Al oxide pores by
organic matter and its effect on the immobilizatianetics of oxyanions. The proposed
pore clogging mechanism might be of relevance enrthizosphere under acid conditions
as phosphate would otherwise be strongly immollinegpores of sesquioxides.

Therefore, the main objective of this thesis wasltecidate whether the clogging of
pores of Fe oxides by root exudates is a potemtedhanism by which plants increase the
bioavailability of phosphate in the rhizospherénypothesized that polycarboxylic high-
and low-molecular-weight root exudates successfulybit the slow phosphate sorption
reaction of goethite due to the clogging of micwad mesopores. First, | studied the effect
of macromolecular polygalacturonate (PGA) coatilogs the porosity of goethite, and
compared the phosphate sorption kinetics of puethgges with those of PGA-coated goe-
thites. Polygalacturonate was chosen as a modaitasude for mucilage (Morel et al.,
1987; Gessa and Deiana, 1992; Ciurli et al., 19R86%ults of these experiments are pre-
sented in Chapter 2 and 3.

Secondly, | tested whether polycarboxylic LMWOA @ms inhibit the diffusion of
phosphate into micropores of pure goethite andhifeethat was pre-equilibrated with dis-
solved organic matter. Citrate was chosen as a mdd&/OA anion as its release is en-
hanced by several plant species in response tooemeental stimuli like P and Fe defi-
ciency or Al toxicity (Ryan et al., 2001, Table lZtein). Results of this experiment are
addressed in Chapter 4.

Another objective of this thesis was to elucidateether root exudates are capable of
entrapping phosphate in pores of goethite, and exsely, whether pre-sorbed root exu-
dates result in an enrichment of phosphate on maitgoethite surfaces due to pore clog-
ging. Lang and Kaupenjohann (2003) reported anckenment of molybdate on external
goethite surfaces after pre-equilibration of gdethwith dissolved organic matter. Addi-
tionally, | compared the efficacy of PGA as a modwhpound for ‘mucilage’ to clog goe-
thite pores and to inhibit the diffusion of phostghanto/out of goethite pores with that of
mucigel obtained from maize planBe@ mayd.., cv. Marshal). Mucigel is defined as mu-



cilage of soil-grown plants that includes microongans and soil particles (Jenny and
Grossenbacher, 1963). The comparison between P@Amaicigel was done in order to
validate the transferability of results obtaineahfirPGA experiments reported in Chapter 2
and 3 to ‘real world’ macromolecular root exudatBsis experiment is described in Chap-
ter 5.

In soils, organic coatings on minerals are subjectoisture fluctuations. There is
growing evidence that the structure of soil organatter changes when water is absorbed
(Schaumann, 2005; Schaumann and LeBoeuf, 2005; Beimu et al., 2004, 2005).
Equilibrating samples of soil A horizon and peatwater led to a swelling of organic mat-
ter, which changed the pore size of the samplds tivite (Schaumann et al., 2004, 2005).
Similarly, maize root-cap mucilage is able to hydrextensively with water contents of up
to 99.9% on a wet basis (Guinel and McCully, 198®)e swelling-induced change in pore
size of organic matter associated with mineralez@$ may affect the immobilization of
oxyanions by sesquioxides. Accordingly, the thibjeative of this thesis was to elucidate
if the hydration-induced swelling of acid polysaadde coatings changes the permeability
of organic coatings for oxyanions. Specificallyhylpothesized that the hydration of PGA
coatings on alumina (ADs) increases their permeability for phosphate. Ahanivas taken
as a non-paramagnetic adsorbent that could beinsedNMR relaxometry experiments.
This experiment is subject matter of Chapter 6.

All experiments were conducted at pH 5 in ordefitoesemble the acidic conditions in
the growth media of P starved plants supplied Wids-N (Neumann and Rémheld, 1999),
(i) minimize interference with bicarbonate, anii) @nsure the comparability of different

kinds of experiments conducted in this thesis.



2 Kinetics of phosphate sorption to polygalacturoate-coated goethite
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2.1 Abstract

Biogenetic polysaccharides may affect the sorptlaracteristics of soil mineral parti-
cles in the rhizosphere. We hypothesized that @dhaguronate [PGA, (§E1:0g) 7] coat-
ings on goethite reduce the diffusion of phospivatethe pores of the adsorbent. Goethite
was preloaded with PGA (0-10 mg G)gThe samples were characterized byahd CQ
adsorption, electrophoretic mobility measurememasid scanning electron micros-
copy/energy dispersive X-ray analysis (SEM-EDX)eTghosphate sorption kinetics were
studied with batch experiments over two weeks abmthd an initial phosphate concentra-
tion of 250 uM. Pore volume and specific surfaceaanf the goethite samples declined
after PGA addition. The PGA coatings reducedHpetential of goethite from 42.3 mV to
-39.6 mV at the highest C loading. With increasif@APC content and decreasing
potential the amount of phosphate sorbed aftervweks decreased linearl £0.001).
Sorption of phosphate to pure and PGA-coated geeshiowed an initial fast sorption fol-
lowed by a slow sorption reaction. At the small@dbading (5.5 mg C§ the portion of
phosphate retained by the slow reaction was smtilbar for the treatment without any
PGA, while at higher C loadings the fraction of sipwnmobilized phosphate increased.
Our results suggest that at low C loadings PGA imgpoiathe intraparticle diffusion of
phosphate. In contrast, the slow step-by-step gésarof PGA (<52% within two weeks)
or the diffusion of phosphate through PGA coating®oth are rate limiting for the slow

phosphate reaction at C loadings >5.5 mg'C g



2.2 Introduction

Organic coatings have been identified and chanaetton mineral surfaces of various
soils (Courchesne et al., 1996; Yuan et al., 1998ydf and Xing, 2001; Amelung et al.,
2002). Recently, X-ray photoelectron spectroscopip$Xdata have shown that the sur-
faces of solil particles are covered with organizssances, even at low bulk organic C con-
tents (<0.1 g kg, Gerin et al., 2003). Carbohydrates, which are it@m constituents of
soil organic matter (5-25 %, Stevenson, 1994) daminated by polysaccharides that can
contribute to organic coatings in soils (Miltnerdatech, 1998; Schmidt et al., 2000; Wat-
tel-Koekkoek et al., 2001; Gerin et al., 2003). Matudies on the effect of low-molecular-
weight organic acids like malic, citric or oxalicia on phosphate sorption to soils and
minerals are available (Jones, 1998; Jones andaai®94; Liu et al., 1999), but scant
attention has been paid to high-molecular-weigbtralecules released by plants and/or
microorganisms. Root apices of many plant speciescavered by granular or fibrillar
gelatinous materials (Greaves and Darbyshire, 191#&)se high-molecular-weight mate-
rials (mucilages) exuded by plant’s root cap odepnal cells (Mollenhauer et al., 1961;
Vermeer and McCully, 1982) consist mainly of polydzarides (Paull and Jones, 1975;
Moody et al., 1988). For example, mucilage of coomprised about 90-95% polysaccha-
rides with about 20-35% of polyuronic acids (Coréexzl Billes, 1982; Morel et al., 1986).
The actual amount of mucilage produced in soil§ @mains unknown (Nguyen, 2003).
Reported polysaccharide-C contents (neutral sugag@lacturonic acid-C) of arable soils
range from 0.22 to 3.83 mg C ¢Kiem and Kégel-Knabner, 2003). Studying orgariate
ings of soils with X-ray photoelectron spectrosc@iS), Gerin et al. (2003) found that
particle surfaces were strongly enriched in orgdiwith surface concentrations in the
range 50-500 mg Cg Therefore, it seems reasonable to assume tharahisurfaces ad-
jacent to plant’s root caps have at least C loadinghe range reported by Gerin et al.
(2003). As the macromolecular root exudates ar@asgr to not be diffusible in soils, or
if so very slowly (Rovira, 1969; Sealey et al., 33%heir spatial distribution in soils is
primarily confined to the soil-root interface. Crdsged polysaccharide chains of exocel-
lular slimes produced by plants or microbes aditital soil or sediment minerals into mi-
croaggregates (Chenu, 1993; Ransom et al., 1997; @88al et al., 2001). Organic coat-
ings on Fe or Al oxide particles or their microaggation by sorbed acid polysaccharides
may decrease the immobilization of phosphate andéhacrease its bioavailability.
Grimal et al. (2001) and Gaume et al. (2000) shothed polysaccharides decreased the
phosphate sorption capacity of goethite and fedritg. In addition, phosphate mobiliza-



tion from ferrihydrite increased in the presencenaize mucilagedea maysand PGA
(Gaume et al., 2000). This has been explained nbuyet proven - by the competition for
sorption sites and the decrease in oxide surfaasyelby PGA (Grimal et al., 2001). Lang
and Kaupenjohann (2003) recognized that adsorbedaharganic matter extracted from
an acid forest floor layer affected the sorptiommaflybdate by clogging the pores of goe-
thite. Yet, this mechanism has not been provemfacilage components. Generally, poly-
saccharide coatings may decrease the sorptionadpplate to mineral surfaces by direct
blocking of adsorption sites for phosphate, or bgrdasing the accessibility of external or
intraparticle sorption sites for phosphate.

We tested the hypothesis that acid polysacchandangs prevent phosphate from dif-
fusion into intraparticle pores of goethite. Wedisgnthetic goethite because it represents
the most widespread Fe oxide in the soil envirortsmé@ornell and Schwertmann, 2003).
Polygalacturonate was taken as a model substamaa&oromolecular, pectin-like poly-
saccharides in the rhizospheric soil because itpces similar structural characteristics
like mucilage (Gessa and Deiana, 1992). The expgerinvas conducted at pH 5 in order to
resemble pH conditions of the soil rhizosphere thiedbulk of acid soils. The relevance of
our study is confined to conditions where the pksaif solution is lower than the isoelec-
tric point (pHep) of Fe or Al oxides (typically pk} >7), and hence the availability of phos-
phate to plants is strongly reduced because frgtion to positively charged Fe and Al

oxide surfaces.

2.3 Materials and Methods
2.3.1 Goethite

Goethite was synthesized by ageing of ferrihydnwéjch precipitated after mixing
Fe(NG)3-9H,O and KOH solutions at a molar Fe/OH ratio of 0(@&hwertmann and
Cornell, 1991). The solutions were aged at 333 + fbiKup to 16 days, dialyzed against
deionized water until electric conductivity was del10 uS cri, dried at 333 K, softly
ground, sieved <200 um and stored in PE-bottlesdeo X-ray diffraction patterns of the
samples were obtained using a Siemens D5005 instru(®iemens AG, Germany) with
CuKa-radiation of wavelength 0.15406 nm (40 kV, 30 mAhe measurement ranged
from 5 to 50° B, step size was 0.0592nd stegime was 30 s. The goethite was mixed
with 25% SiQ as an internal standard. The scans indicated gagthite with no detect-

able contamination (XRD spectra not shown). Oxadatable Fe of the goethite according



to Blakemore et al. (1987) was 9.9 mig and total Fe according to Schulze (1984) was
619 mg g~

2.3.2 Polygalacturonic acidPGA)

Polygalacturonic acid, @lgOg)n, With a purity of 86% (dry matter base) was pur-
chased from Sigma (P-3889). Total acidity of PGAinegted from the structure is
5.7 mol kg provided all acidity comes from COOH groups. The, pKPGA is reported
to be 3.5 (Grimal et al., 2001) or 3.9 (Au et 4098). The molecular weight approximates
4,000-6,000 g mdl (Aldrich). The PGA did not contain other sugareeTC content was
374 + 4 mg g on a dry matter basis measured with a Carlo Erba NDANL500N Ana-
lyzer. The most prominent polyvalent cation in B8A determined after acid digestion in
conc. HNQ was Ca with 12 mmol kPGA. This content was too low to cause precipita-
tion of Ca phosphates in the phosphate sorptionrarpet as calculated with MINTEQ
(Allison et al., 1991).

Polygalacturonic acid was dispersed in doubly degxhwater by adding 10 uL 1 M
KOH per milligram PGA. Six stock solutions contagi O, 20, 40, 80, 160 and
320 mg C [* were prepared. The pH value of the PGA solutioas adjusted to 5.0 with
0.1 M HNG; prior to sorption experiments. Because of pH adjest the ionic strength in
the stock solutions increased to ~0.005 M. The sizEGA in the stock solutions was
measured by dynamic light scattering using a higtigpmance patrticle sizer (HPPS, Mal-
vern, U.K.). The average diameter of the PGA rarfgeh 560 + 12 nm at 160 mg C'L
to 1287 + 14 nm at 320 mg C'.but about 88% of the PGA in each treatment waalem

than 450 nm as determined after membrane filtration

2.3.3 Sorption of PGA to goethite

Goethite (1.30 g) was placed in a 2-L glass voluiméask. Then 1000 mL of 20 mM
KNOj3; solution were added, and the pH was adjusted t& OHusing 0.1 M HN@ The
suspensions were sonicated for 20 min and shakera amciprocating shaker at
140 rev mift for 24 hours to ensure aggregate dispersion adrhtign of adsorption sites.
The goethite suspensions were added to 1000 mLG#t solution in a 2-L PE bottle to
yield an ionic strength of background electrolyfd & 0.01 M and C concentrations be-
tween 0 and 160 mg™L The suspensions were shaken on an end-over-aidrsht
20 rev mint and at 293 + 2 K. The pH was maintained at 5 +u&idg 0.1 M HNQ or
0.1 M KOH. After 45 hours the goethite suspensiaese filtered through a 0.45-um cel-
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lulose nitrate membrane filter (Sartorious, Germarye filter residue was rinsed with
800 mL 0.01 M KNQ solution (pH 5.0), freeze-dried (Christ, alpha fekze drier), and
C contents of the samples were determined with aoGatba C/N NA 1500N Analyzer.
PGA-C contents of the samples are given in Table bt convenience the different C
treatments are termed according to the rounded @ingai.e., G6 and G8 represent goe-
thite with 5.5 and 7.6 mg C'gIn order to measure dissolved Fe concentratifies 45
hours of PGA sorption, three 5-mL aliquots wereestakrom each PE-bottle and ultracen-
trifuged at 300,00& g for one hour and Fe concentrations in the sgtent were deter-
mined with atom absorption spectrometry (Perkin-&iiil00B).

We calculated the fraction of total mineral surf@aogered by organic mattefe,,, by

the relation

feov= (SSA\aked_ Ss'ebatec)/ SSAaked [2-1]

where SSAakedand SSAcaegare the BET surface areas of uncoated and coatdditgoe
respectively (Mayer and Xing, 2001). Equation [2a8sumes that the difference SSA
between coated and uncoated samples represerasesarea that is occluded by organic
matter. This mechanism might impair the diffusadrN, at 77 K into inter- and intraparti-

cle pore space (Mayer and Xing, 2001).

2.3.4 SEM Analysis

Freeze-dried samples were analyzed with Scannimgtieh Microscopy (Hitachi
S-2700)to identify organic coatings and structural chanigelkiced by PGA. The speci-
mens were placed on conductive carbon tape, susfadgered with Au and measured in
the secondary electron detection mode (Evenhartrléy detector). The elemental com-
position of PGA-coated surfaces was estimated byraargy dispersive X-ray detector
(EDX) fitted to the microscope.

2.3.5 Phosphate sorption kinetics

Phosphate was provided as #D, p.a. (Merck, Germany). Triplicate samples of un-
coated and PGA coated goethite (20 mg) were weigitedc0-mL polypropylene centri-
fuge tubes (Nalgene, USA), which contained an abateof 10-mm size to ensure good
mixture. Subsequently, 40 mL of 0.01 M Kh6blution with a phosphate concentration of
250 uM (pH 5.0) were added. At pH 5 the predomirtdseimical species of phosphate pre-



11

sent is HPO,. Fifty microliters of 0.05 M AgN®@were added per liter phosphate solution
in order to inhibit microbial activity.

The suspensions were reacted in the dark at roompaeature 293 + 2 K on a rotary
shaker at 22 rev mihfor 0.5, 1, 2, 4, 8, 16, 48, 168 and 336 hourgeAéach reaction
period, the pH was recorded and 10-mL aliquots weeenbrane filtered (0.45 pm), ultra-
centrifuged at 300,000 g for one hour and phosphate and Fe concentratvens meas-
ured in the supernatant. The filter residue washedsvith 40 mL doubly deionized water
to remove excess phosphate and freeze-dried. Téspphte concentration was determined
photometrically at 710 nm by the method of Murphy &iley (1962) using a Specord 200
spectralphotometer (Analytik Jena AG). The accuratyhis method was tested to be
<1.5%; precision of the measurements was <1%. Suyllsavariability was generally
<2%. We checked the possibility that PGA is preaied during ultracentrifugation, which
would decrease phosphate concentration in soluftiphosphate was bound to polyvalent
cations associated with the carboxylic groups oAP®&e found no statistical significant
indication of a matrix interference by PGA.

The amount of phosphate sorbed was calculateceadifference between phosphate in
solution prior and after each reaction time interiran concentrations were measured by
furnace atomic absorption spectrometry (Perkin Elé#nalyst 700). The Fe concentra-
tions were less than 3 uM, and hence goethite ldigsio by PGA desorption was negligi-
ble. The amount of PGA-C desorbed was calculated tree initial PGA-C content in the
sample and the total organic C concentration medsiarthe 0.45-pm filtrate using a Shi-
madzu TOC-5050A Autoanalyzer.

2.3.6 Modeling of phosphate sorption kinetics
Two kinetic models were used to describe the phatepsorption data. The fitting was

performed with SigmaPlot for Windows (SPSS Inc.).

1. Combined model.We combined a first-order model and the parabaffuslon model

(Crank, 1976) in order to account for fast sorptiorexternal sorption sites and diffusion
limited slow sorption of phosphate to goethite (aand Kaupenjohann, 2003). In PGA-
coated samples a portion of phosphate reactechitasieously. For this reason we permit-

ted a positive intercept:

0= Cmraoe™ + bt®?, [2.2]
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where g is the amount of phosphate sorbed at tim{gmol m?), ¢, is the maximum
amount of phosphate sorbed by the fast reactioro(jm), (cm-ao) is the amount of phos-
phate sorbed instantaneously (faster than coulduamtified by the batch approach in
pumol m?), k is the rate constant of the initial fast phosplsatgtion (F), b is the apparent
rate constant of the slow reaction (umof ™), andt is time (h). The parametecs, ao,

k andb were determined by fitting Eq.[2.2] to the sorptaata. We usegssshcorrected for
the total amount of phosphate rapidly sorbgg as an approximation for the fraction of

phosphate sorbed slowlFraction Psjowsy).

2. Diffusion in heterogeneous mediumDifferentiation of the parabolic diffusion equa-
tion explicitly expressed as the reciprocal of thte of diffusion in a heterogeneous me-
dium yields (Aharoni et al., 1991):

Z = (do/d)* = In (7:/7) t Iq [1 — (4t/(7mr)) V2= 81 77 exp(- £ /(4 T))] 7, [2.3]

where 7 = r?/D with D = diffusion coefficient and = length of diffusion,;; = smallest
and 7, = largest. Equation [2.3] yields S-shaped plots dfi{d)™ vs.t which are concave
to thet axis at small times, convex at large times anddinn between. For diffusion in
heterogeneous medium, the linear part of the Zsgbmost prominent, i.e., far and i,
there is a large range bft which the two negative terms in Eq.[2.3] becamegligible.
Hence, Eq.[2.3] can be reduced to (Aharoni etl@01):

d(g/ g.)/din t = 1o = [In(z/ )] ™. [2.4]

The ratior,/7; is taken as a measure of the heterogeneity afsitfh pathways (Aharoni
and Sparks, 1991).

2.3.7 Model evaluation

The models applied to kinetic data were judgedhenldasis of the coefficient of de-
termination and the standard error statistics. M@@dgameters were evaluated by their
standard errors using thestatistics, which tests the null hypothesis tihat parameter is
zero by comparing the parameter value with itsdsdesh error. Standard errors of derived
parameters were calculated according to the rdlesror propagation.
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2.3.8 Surface area and pore analysis

Specific surface are&58A and pore volume were determined with a Quantawhro
Autosorb-1 automated gas sorption system (Quardawdir Syosset, NY) using,MNis an
adsorbate. Approximately 100 mg of sample were st until the rate of pressure in-
crease by vapor evolution was below about 1.3 R& mithin a 1-min interval. Helium
was used as a backfill gas. We used 67-popradéorption and desorption isotherms from
1.0 x 10° to 0.995P/P,. Specific surface area was calculated from the BEUation
(Gregg and Sing, 1982).

Micropore (<2 nm) porosity and average micropo@titer were determined accord-
ing to the Dubinin-Radushkevic method (DR, Gregg &b, 1982). Because samples
showed a large adsorption-desorption hysteresigestimg network effects during desorp-
tion that cause overestimation of surface area @lloand Shields, 1984), the mesopore
size distribution (2-50 nm) was calculated on tsoaption leg using the BJH method
(Barrett et al., 1951). Separation between smallQ2vm) and large mesopores (10-50 nm)
was achieved by linear interpolation of the BJH aoison data. Total pore volume was
taken at 0.99%/P,. We also determined the micropore volume using &0Oan adsorbate
at 273 K with a NOVA gas sorption system (Quantaote, Syosset, NY). A 25-point
adsorption was performed from 1x010° to 3.0x 10% P/P, and analyzed using the
Dubinin-Radushkevic equation (Gregg and Sing, 198#8)isotherms were recorded in

duplicate.

2.3.9 Electrophoretic mobility measurements

Sorption of anionic polyelectrolytes like PGA toejoite may alter its surface charge
and thus affect the kinetics of phosphate immaodiion. Therefore, we determined the
initial ¢-potential of the pure and PGA-coated goethite®.l M KNO; solution at
pH 5.0. Changes ig-potential during phosphate sorption were monitatedr resuspend-
ing about 200 ug of freeze-dried 0.45-um filteides into 4 mL of phosphate equilibrium
solution of a respective point in time. Preliminaegts showed no statistically significant
difference betweeg-potentials obtained from freeze-dried and nonetipere and PGA-
coated goethites (unpairédest,P <0.05). The electrophoretic mobility was deterrdira
298 K with a Malvern Zetasizer 2000 (Malvern Instents, UK). Before starting the
measurements the calibration of the instrument vedislated with al-potential transfer
reference, which is referenced to the NIST goetbitandard SRM1980 (Malvern Instru-

ments, UK). Ten measurements were performed wigss than 8 minutes and the average
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value was recorded. Tl{epotential was calculated from the electrophoretability using
the Smoluchowski approximation (Hunter, 1988). dtgenerally assumed that tide
potential represents the potential at a shear glzcaged in the diffuse layer close to the
Stern layer (Hunter, 1988).

2.4 Results and Discussion
2.4.1 Fractional PGA coverage and surface loadings

Fractional coverage values of our goethite sampldisate that about one third of the
goethite surface area is lost due to polysaccharodgings regardless of the amount of
PGA addition (Table 2.1). A negative correlationsw@bserved between the amount of
PGA-C sorbed and the coating-efficiency of PGA (iless of surface area per milligram
PGA-C sorbed,r> = 0.93, P <0.01). The coating efficiency decreased from
4.42 + 0.3 mMmg* PGA-C for G6 to 2.68 + 0.16 Tmg’ PGA-C for G10 (mean * standard
deviation). At similar C loadings per unit mass, P@écreased th8SAof goethite more
effectively than sorbed dissolved organic mattpptaximately factor 2; Fig. 5a in Kaiser
and Guggenberger, 2003). Kaiser and Guggenberg88)2xplained the increasing coat-
ing efficiency with decreasing C loading of surfabgsvarying surface arrangements of
organic molecules (see also Theng, 1979, p. 429 8aal., 2004), organic multilayer for-
mation or preferential sorption at specific reatsites, i.e., micropores.

Scanning electron microscopy images of pure gaetiitow the elongated acicular
crystals with up to 2 um length and 0.2 pum widtharde fibrous multidomain crystallites
are well visible (Fig. 2.1a). The images of PGAatesl goethite samples reveal the occlu-
sion of the goethite needles by organic matter. (Eigb, c). Cotton-wool like agglomera-
tions dominate besides larger areas where no gsatian be inferred, possibly because of
insufficient coating thickness. Energy dispersiveay analysis indicated that even sur-

faces where no coating was visible contained apgdsecamounts of PGA-C (not shown).
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Table 2.1.PGA-C content (n = 3), fractional coverdgg (n = 2), and-potential (n = 10) of pure and PGA-
coated goethite. The fractional coverage calculftmd Eq.[2.1] represents the fraction of totalfaoe area

that is not accessible by, ddsorption at 77 K. Values in parentheses reptesean range for the fractional
coverage and standard error for C contentsapdtentials, respectively-Potentials followed by the same

letter are not statistically different Bt<0.05 (unpaired-test).

Sample PGA-C contenlt Fractional CoveragePotential at pH 5
fcov in 0.01 M KNG,
mg g'l mg n? mvV

GO 42.3 (0.4)a

G6 5.5(0.04) 0.075 (0.001) 0.33(0.01) -20.6)d

G7 7.2 (0.05) 0.100 (0.001) 0.35 (0.01) -37.8)0

G8 7.6 (0.04) 0.105 (0.001) 0.36 (0.03) -37.2)©

G9 8.5(0.02) 0.117 (0.001) 0.35 (0.01) -38.2)®

G10 10.0 (0.02) 0.138 (0.001) 0.37 (0.01) -39.8)e

"PGA-C contents were obtained by substracting tickdraund C-content.

ZELMI-TUB

— 20 ym —{ ZELMI-TUB

Fig. 2.1.Scanning electron microscopy images of pure gteeth), and PGA-coated goethite with different
C loadings: b = 5.5 mg C'gc = 7.6 mg C ¢, and d = 10 mg Cf Multidomainic goethite crystals are
visible in Fig. 2.1a; Fig. 2.1b shows in more detta¢ clustering of goethite crystals induced byAP&: low
PGA-C content; Fig. 2.1c and 2.1d give overview® &fA-goethite clusters on differently sized aggtega

of goethite.
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2.4.2 Porosity changes by PGA

Polygalacturonate coatings reduced the total pohenve by 85 mrig? (24%) on av-
erage. The bBimicropore- and small mesopore volumes declinggbtand 51% of the ini-
tial values, respectively (Table 2.2). Our £&alsorption study showed that pores <0.5 nm,
into which N diffusion at 77 K is kinetically restricted, exastin samples with intermedi-
ate and high PGA loadings (Table 2.2, G7, G8, GUpon PGA sorption, th&SAde-
clined on average by 35%, independent of the C ihgp(iliable 2.2).

Table 2.2. Specific surface are&s$6A and porosity data of pure and PGA-coated goetititained by N
adsorption at 77 K and GQ@dsorption at 273 K (n = 2). Figures after ‘G’arefo the rounded C content of
the sample in mg C'g Values in parentheses are given as mean range.

Sample SSA Total Pore  Micropore Volume AMD' Mesopore Volume
Volume N CO 2-10nm 10-50 nm
2 -1 3 -1 3 -1
mg _mmg— nm mm’ g

G0 725(0.6)  356(51)  18.0(0.1)  17.9(L9) 0.92(0.02)61.4(2.3)  97.0(7.8)
G6  484(1.0)  266(21)  145(0.6) 14.4(0.8) 1.02(0.01)355(15)  73.4(8.0)
G7  47.1(0.7) 280 (3) 143(0.1)  157(1.3) 0210.00) 32.6(0.0)  78.3(0.0)
G8  465(1.8)  263(13) 12.8(05)  16.4(05)  0.094(0.02)33.7(3.2) 753 (2.1)
G9  47.4(10) 287(16) 117(04) 122(0.7) 0.91(0.02)32.8(14)  79.8 (3.5)
Gl0  456(10) 261(12)  11.6(0.3) 167(0.7) 093(0.0231.1(05)  755(2.7)

' Average micropore diameter.

2.4.3 Phosphate sorption

Various phosphate adsorption studies on Al oxi@¥se( et al., 1973), Fe oxides (Ma-
drid and Arambarri, 1985; Strauss et al., 19973als (Torrent, 1987; Sanyal et al., 1993;
Freese et al., 1995) show an initial rapid sorptighich is followed by a slow sorption.
The rapid sorption to Fe oxides has been attribtddde adsorption of phosphate on outer
mineral surfaces, while the slow immobilizationpbfosphate has been shown to be caused
by the diffusion of phosphate into particle por8gduss et al., 1997). Similarly, the diffu-
sion of phosphate into micropores has been confifoedrinking-water treatment residu-
als that comprise amorphous Fe and Al oxides (Madtrial., 2004). This typical sorption
pattern was also observed in our study (Fig. ZBhsphate sorption onto GO, G6 and G10
attained apparent equilibrium within two weeks.sTfinding is in agreement with Strauss
et al. (1997) who found that phosphate sorptioro gnire goethite was complete within
two weeks. However, sorption of phosphate ontolgteesamples with intermediate PGA
loadings (G7-9) continued and did not reach apgparquilibrium within two weeks (Fig.
2.2).
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The combined model provided a reasonable fit oftdia withr? values between 0.94-
1.00 (Table 2.3), which is in agreement with tha@captual model of diffusion limited
slow sorption. An exception was treatment G6, whaoeslowly continuing phosphate
sorption could be observed. Sorption was nearlyptetad after 48 hours, pointing out
that diffusion was greatly reduced as indicatedilsgrong decrease in the rate constant of
the slow phosphate reaction (Table 2)3,We will discuss the reason for this observation

in a separate paragraph later on.

1.8
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Fig. 2.2.Changes in phosphate sorption with time of PGAexand pure goethite. The solid concentration
was 0.5 g [*. Subsample variability was typically less than ZBigures after ‘G’ refer to the rounded C
content of the sample in milligram C per gram.

Table 2.3.Fit parameters of the regression of phosphatetisarps. time of pure and PGA-coated goethite
using the combined model, Eq.[2.2], and the diffnsh heterogeneous medium model, Eq.[2.4]. Als@mi
are the slope parametersdiland heterogeneity indiceg,(7) obtained from the heterogeneous diffusion
model. Figures after ‘G’ refer to the rounded Cteon of the sample in milligram C per gram. Values
parentheses represent standard error.

Sample Combined Model Heterogeneous Diffusion
G a K® b Fraction Rowy I Up  (fu) PP
pmol m?  pumol i h'  pmol n2h%°
x 1C°

GO 1.13(0.06) 1.13(0.63) 1.69(0.99) 31.9(6.6) 0Ba4) 094 0.072 1.1810F 0.97
G6 1.24(0.16) 0.67 (0.15) 0.08 (0.03) 5.3(11.4) 0mrA) 096 0.100 2.281d" 0.91
G7 0.57(0.07) 0.34(0.08) 0.23(0.14) 40.6 (6.0) 0Bag) 098 0.126 2.7410° 0.97
G8 0.58(0.03) 0.31(0.03) 0.18(0.05) 35.6(2.6) 0®B33) 1.00 0.117 5.1610° 0.98
G9 0.57(0.04) 0.57(0.53) 1.90(1.69) 39.8(4.3) 0Bay) 097 0.101 2.0810" 0.94
G10 0.70(0.05) 0.31(0.18) 0.92(0.90) 29.2(4.8) (MO4) 095 0.082 1.8610 0.92
" Total amount of phosphate sorbed fast.

FParameter related to the amount of phosphate sordteditaneously (gaq) according Eq.[2.2].

¥ Rate constant of the fast phosphate sorption.

" Rate constant of the slow phosphate sorption.

* Fraction of phosphate slowly immobilized, caloethais (gse-Gr)/Chzer, Where gg is the amount of
phosphate sorbed after two weeks, ghid the total amount of phosphate sorbed fast.
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In the presence of PGA the amount of phosphatesdorta the fast reaction decreased
by up to 50% (Table 2.3;,). The rate constants of the fast reaction variegtty (Table
2.3, k). Sensitivity analyses, however, showed that timeunt of phosphate sorbed was
rather insensitive to changesknThe rate constant of the slow reaction increasdte
treatments G7-9 compared with pure goethite (Tal8gb).

Also, the heterogeneous diffusion model providechdaquate fit of the data witti
values ranging from 0.91 to 0.98 (Table 2.3). Ahaiend Sparks (1991) predicted that a
slope <0.24 for the relationshgig/g.) vs. Int is indicative of heterogeneous diffusion.
Using Eq.[2.4], we obtained slopesglLbetween 0.072 and 0.126, suggesting heterogene-
ous diffusion (Table 2.3). The rati/7 differed by three orders of magnitude® {G0) —
10° (G7 and G8), indicating that the heterogeneisy, ithe range of reciprocal apparent
diffusion constants(D/rZ)app of goethite decreased by PGA coatings (Table E®&)those
samples, where equilibrium was not reached after weeks, only a minimum value of

I/ T, can be estimated frogqigmax (Aharoni et al., 1991).

2.4.4 Electrophoretic mobility measurements

Phosphate sorption to pure goethite reversed-gstential from positive to negative
values (Fig. 2.3). After about 16 hours of phoselsatrption, thé-potential of the goethite
increased again by approximately 20 mV. The in&eag-potential of goethite with time
has been documented in other phosphate sorptidiestusing lower and higher phosphate
concentrations compared to this study (Ler and f8tdm 2003, Mikutta et al., 2006a).
There are several possible explanations includiveg durface precipitation of Fe phos-
phates or the formation of ternary surface com@exi¢h dissolved Fe. The dissolution of
goethite in the presence of phosphate increasedishelved Fe concentrations in GO sam-
ples up to 2.7 uM. The increaselipotential observed (Fig. 2.3) might reflect therease
in the total dissolved Fe concentrations after @6r& and hence indicate the formation of
ternary surface complexes as proposed by Ler aardf@th (2003). However, no Fe phos-
phates were observed by XANES in a study by Kharal.e(2005) who used a much
higher concentration than applied in our study XM phosphate). Also, no Fe phosphate
precipitates on natural goethite were observed 8fledays at elevated phosphate concen-
trations (0.001 M, pH 4.5; Matrtin et al., 1988).uBhthe surface precipitation of Fe phos-
phates seems unrealistic.

With increasing PGA loadings tl{epotential decreased to negative values (Table 2.1)

At a PGA loading of 7.2 mg Cgthe Z-potential dropped markedly from 42.3 to
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-37.6 mV; any additional amount of PGA altered {rgotential only slightly (Table 2.1).
This result may be explained in terms of multilagerption of polyprotic PGA molecules,
which can also be inferred from similar fractiosalface coverages (Table 2.1), our SEM

observations (Fig. 2.1), and the presence of ptdywecations in the PGA (see section

2.3.2).
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Fig. 2.3. Changes irg-potential of pure and PGA-coated goethite durihggphate sorption (I = 0.01 M
KNOg, pH 5). Note that x-axis is log scale. Error biadicating the standard error of 10 replicate measu
ments are within the symbol size. Initiapotentials of the samples (no phosphate contaetpeesented in
Table 2.1. Figures after ‘G’ refer to the roundedddtent of the sample in milligram C per gram.
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Fig. 2.4.Kinetics of phosphate sorption and PGA-C desonpiipsamples with low (G6) and intermediate
PGA-C content (G7) at an initial phosphate conegian of 250 pM in 0.01 M KN@at pH 5 with a solid
concentration of 0.5 gt Figures after ‘G’ refer to the rounded C contefithe sample in milligram C per

gram.

In all cases except those with no and small PGAerda (GO, G6) th€-potential was
independent of phosphate sorption, staying consiesind —39 mV after contact with
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phosphate solution (Fig. 2.3). The most likely exgition is that the negative charge of
phosphate ions conveyed to the surface was coatdeded by a release of PGA into so-
lution. This assumption is supported by the indrep€ concentrations in solution with

increasing phosphate sorption (Fig. 2.4). Up to 5@%°GA-C (G7) was desorbed by
phosphate indicating the high competitiveness ofphate for sorption sites (Fig. 2.5).
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Fig. 2.5. Amount of phosphate slowly immobilized versus fi@tal PGA-C release after two weeks. The
amount of phosphate slowly immobilized was cal@dads the difference between the total amount o§ph
phate sorbed after two weeks and the total amarbed fast ¢, of Eq.[2.2]). Figures after ‘G’ refer to the
rounded C content of the sample in milligram Cgram. Error bars represent standard error.

2.4.5 Rate-limiting processes of the slow phosphagerption

Polysaccharide coatings on goethite reduced theuatva phosphate sorbed and also
affected the rate at which equilibrium with phogehsolution was attained. With increas-
ing PGA-C content the amount of phosphate sorbest &fto weeks decreased linearly
(r?= 0.98,P <0.001). One reason might be the decreasing abiitgsof intraparticle
pores caused by the PGA coating as reflected byspggrmeasurements (Table 2.2). Phos-
phate sorption after two weeks was positively eelato the amount of micropore
(r*=0.90,P <0.01) and small mesopore volumé= 0.97,P <0.001, Fig. 2.6). The statis-
tical relationship for the latter pores persistduew the GO sample was removed from the
data setR <0.05). Figure 2.6 reveals that a portion of thdaxe area belonging to pores
<10 nm was either inaccessible or hardly accessibpdosphate because of PGA coatings.
However, no relationship existed between the paimes of <10-nm pores and the
amount of phosphate slowly immobilizeB ¢0.73). The finding indicates that the slow
phosphate immobilization by PGA-coated goethites wat primarily controlled by the

diffusion of phosphate into intraparticle poresatidition, the amount of phosphate sorbed
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after two weeks was positively related to the aif-potential (2 = 0.97,P <0.001), sug-
gesting that the initial surface charge is a deitegint of the amount of phosphate sorbed
after two weeks.

The applicability of diffusion-based models to adata indicates diffusion-limited
phosphate sorption. The samples differed signifigan the fractions of phosphate slowly
immobilized after two weeks (Table 2.Braction Pyowy), and the rate constants of the
slow reaction (Table 2.3)). For pure goethite intraparticle diffusion isedimiting be-
cause phosphate diffuses into the micropores ahgedocated between the crystal's do-
mains (Strauss et al., 1997). At the lowest C lagad(®6) the continuing phosphate reac-
tion stopped after ~48 hours (Fig. 2.2), and tle canstant of the slow phosphate reaction
strongly decreased in comparison with the contedtment (Table 2.3y). Thus, at low C
loading, PGA seems to act as an intraparticle sifiu barrier preventing phosphate ions
from penetrating into micro- and small mesoporesabse of a preferential sorption of
PGA to micropores and small mesopores (Kaiser amghg@nberger, 2003). This interpre-
tation is in line with Scheinost et al. (2001) wdaygest that fulvic acid acts as a diffusion

barrier for Cu and Pb between the solution and &orgites of ferrihydrite.
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Fig. 2.6.Relationship between the amount of phosphate daafier two weeks and the micro- (<2 nm) and
small mesopore volume (2-10 nm) of the samplesyaadiwith N adsorption at 77 K. Horizontal error bars
indicate standard error, vertical error bars indicaean range.

Contrary to our expectation, the fraction of slowtynobilized phosphate at higher C
loadings exceeded that of pure goethite (TableFxaGtion Pyowry). Figure 2.5shows that
the amount of phosphate slowly immobilized wasteglao the fractional PGA-C release
after two weeks. Additionally, the rate constabixf both phosphate sorption and PGA-C
desorption obtained from fitting Eq.[2.2] to bothtd sets were significantly correlated
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(P <0.01, n = 5). The findings support the idea tl@pson competition between phos-
phate and PGA and hence the step-by-step desomitiB®A from external goethite sur-
faces governed the rate of the slow phosphateisorgiinfortunately, no data are avail-
able in the literature on the kinetics of the exde between oxyanions and high-
molecular-weight biopolymers bound at the Fe oxiaterface via polynuclear surface
complexes. Therefore, we cannot rule out the piisgithat the rate of the slow phosphate
sorption to PGA-coated goethite was limited bydffeusion of phosphate to external goe-
thite surfaces. If a diffusion limitation of phosgil by sorbed PGA existed, it is less likely
due to electrostatic but rather sterical interanxgibetween PGA and phosphate because the

slow phosphate sorption was independent ot tpetential (Table 2.3, Fig. 2.3).

2.5 Conclusion

Our results showed that naturally ubiquitous a@t/gaccharides coatings on Fe ox-
ides may increase the bioavailability of phosphatenatural systems. The increase in
bioavailability of phosphate possibly results francombination of several processes in-
cluding (i) the decrease in surface charge of tsoidbent upon PGA sorption, (ii) clog-
ging of pores <10 nm at low C loading (5.5 mg ¢ with a subsequent decrease in in-
traparticle diffusion of phosphate, and (iii) s@opt competition between phosphate and
pre-sorbed PGA or the diffusion of phosphate temdl goethite surfaces or both at C
loadings >5.5 mg CY As PGA is slowly displaced by phosphate due tptian competi-
tion, the increase in the bioavailability of phoafghto plants following the exudation of

acid polysaccharides may only be transient.
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3.1 Abstract

Organic coatings on Fe oxides can decrease thesbitigy of intraparticle pores for
oxyanions like phosphate. We hypothesized thasline sorption of phosphate to goethite
coated with polygalacturonate (PGA) is controllgdttee accessibility of external goethite
surfaces to phosphate rather than by diffusionhafsphate into micropores (@ <2 nm).
Therefore, we studied the phosphate sorption kigedf pure and PGA-coated goethites
that differed in their microporosity @\Nat 77 K, 46 vs. 31 mig?). As drying may affect
the structure or surface coverage of PGA, we a@stetl the effect of freeze-drying on the
slow phosphate sorption. The samples were exanbgeglas adsorption (N CGO,), and
electrophoretic mobility measurements. Phosphatptisa and PGA-C desorption were
studied in batch experiments for three weeks atbpth PGA-coated samples, the slow
phosphate sorption was independent of microponermvel Phosphate displaced on average
57% of PGA-C within three weeks. Similar to phosphsarption, the PGA-C desorption
comprised a rapid initial desorption which wasduled by a slow C desorption. Sorption
competition between phosphate and pre-sorbed P@éndied on the <10-nm porosity and
the C loading of the adsorbent. The efficacy of phase to desorb PGA generally in-
creased after freeze-drying. We conclude for PGéten goethites that (i) freeze-drying
biased the slow phosphate sorption by changingsthesture/surface coverage of PGA,
and (ii) within the time frame studied, micropoiid not limit the rate of the slow phos-
phate sorption. Rather, the slow gradual desormfoRGA and/or the diffusion of phos-
phate through PGA coatings controlled the slow phate sorption to PGA-coated goe-
thite.
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3.2 Introduction

In soils and sediments, minerals are partially cedevith organic matter (Ransom et
al., 1997; Yuan et al., 1998; Mayer and Xing, 200#rin et al., 2003). This coverage may
drastically change the physico-chemical properiethe mineral phases such as surface
charge (Heil and Sposito, 1993a; Kaiser and Ze8A91Mikutta et al., 2004) or colloidal
stability (Heil and Sposito, 1993b; Kretzschmagakt 1997). As a consequence, the pres-
ence of organic coatings on soil minerals may affiee sorption of nutritional or environ-
mentally hazardous elements

In the rhizosphere, organic coatings on minerdiases may be dominated by organic
compounds released by plant roots and microorganiBmot apices of most plant species
are covered by granular or fibrillar gelatinous enatls (mucilage) (Greaves and Darby-
shire, 1972; Knee et al., 2001). Mucilage exudedolant's root cap or epidermal cells
(e.g. Vermeer and McCully, 1982) is confined to $lod-root interface because mucilage
components are supposed to diffuse very slowly théosoil (Rovira 1969; Sealey et al.,
1995). Mucilage components consist mainly of patgbarides with a notable proportion
of polygalacturonic acid. For example, mucilagaerafize comprised 90-95% polysaccha-
rides with about 20-35% of uronic acids (Cortez Biltks, 1982; Morel et al., 1986). The
effect of mucilage sorbed to Fe or Al oxides onithenobilization of oxyanions like phos-
phate is still poorly understood.

Phosphate sorption to Fe oxides usually comprigsesstages. A rapid initial sorption
to external surfaces is generally followed by avssorption that can last for days or weeks
(Barrow et al., 1981; Torrent et al., 1990). Thensfthosphate sorption has been attributed
to the diffusion of phosphate into microporous infipetions of the crystals, micro- and
mesopores between the crystal domains (Torrent,;18&row et al., 1993; Strauss et al.,
1997; Makris et al., 2004), or the diffusion intggaegates of particles (Anderson et al.,
1985; Willet et al., 1988). The sorption of highdewular-weight biomolecules to porous
Fe oxides may impair the diffusion of phosphate imtraparticle pores of these adsorb-
ents. In a previous study we observed that polggialanate (PGA) coatings impaired the
diffusion of phosphate into pores of goethite-KeOOH) at a low C loading of
6.3 umol n? (Mikutta et al., 2006b). Phosphate, however, waghlt competitive at
higher C loadings, being able to desorb up to 52%hefpolysaccharide C within two
weeks (Mikutta et al., 2006b). Our results impliedt processes other than micropore dif-
fusion could control the slow phosphate immobil@atof PGA-coated goethites. The dif-
fusion of phosphate to external goethite surfacesca the desorption of organic matter by
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phosphate might be possible controls of the sloasphate sorption. Both processes are
expected to be influenced by the state of hydratioarganic coatings. In the presence of
free water, maize mucilage is able to hydrate esttety. Fully hydrated root-cap mucilage
can have water contents of up to 100,000 wt% oflits weight (Guinel and McCully,
1986). Reversible structural changes of pectin-likemolecules upon hydration/de-
hydration or irreversible structural changes thioygysico-chemical alterations of the
molecular framework upon drying (Wedlock et al.839Jouppila and Roos, 1997; Allison
et al., 1998; Souillac et al., 2002) may changecthesrage of mineral surfaces by organic
matter and/or the desorbability of organic mattephosphate. Porosity measurements by
'"H-NMR relaxometry and Nadsorption have indicated that labile interpagtigbres cre-
ated by PGA coatings may be destroyed during freeyiag (Mikutta et al., 2004), thus
possibly reducing the effectiveness of organiciogatas diffusion barriers for phosphate
and/or changing the sorption competition betweenosphate and PGA sorbed to Fe ox-
ides.

The objective of this study was to elucidate whetiéropores of PGA-coated goe-
thite are responsible for the slow sorption reactbphosphate. Specifically, we hypothe-
sized that the slow phosphate sorption to PGA-cbgtethite is not controlled by the dif-
fusion of phosphate into micropores but by the ssitdity of external goethite surfaces to
phosphate. The accessibility of external goethitdases to phosphate should be directly
influenced by the structural arrangement of PG#hatsurface. To test our hypothesis we
coated two goethites differing in their micro- amésoporosity (<10 nm) with PGA and
conducted phosphate sorption experiments usingdrdded and non-dried samples. Po-
lygalacturonate was used as a simplified modeltanbs for macromolecular root exu-
dates (Morel et al., 1987; Gessa and Deiana, 1992) experiment was conducted at pH 5
in order (i) to resemble pH conditions observeddoybean plants fertilized with NHN
(Riley and Barber, 1971) and P-starved tomato, cleakgnd lupin plants fertilized with

NOs-N (Neumann and Romheld, 1999), and (ii) to minimigerference with bicarbonate.

3.3 Materials and Methods
3.3.1 Goethites

Microporous goethite (G1l) was synthesized by ox@athydrolysis of Fe(ll)
(FeSQ:-7H0O, Merck, extra pure) at pH 7 using® as an oxidant. The precipitate was
washed until the electric conductivity was below 18 cnt, freeze-dried, softly ground

and sieved to a particle size <200 um. The oxaaleble Fe content determined accord-
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ing to Blakemore et al. (1987) was 4.9%. Goethitewd2 obtained by autoclaving G1 for
two hours (9 times) and four hours (8 times) atat &nd 120°C. After autoclaving, the
goethite was put into a microwave (Mars XPress, CERmp-Lintfort, Germany) for two
hours (4 times) at 2.8 bar and 150°C. After eachtlergoethite was oven-dried at 50°C.
The goethites were characterized by X-ray diff@ctanalysis (Siemens D5005) and
scanning electron microscopy (Hitachi S-4000). Ridenetric titrations of the goethites
(~0.01 g Y in 0.01M KNOs using a Zetasizer 2000 connected with a MPT-1tiwattwr
(Malvern Instruments, U.K) were carried out to det@e the charge characteristics of
both adsorbents. During titration, tiggpotential was analyzed in triplicate at each targe

pH and the average value was recorded.

3.3.2 Preparation of polygalacturonate coatings

Polygalacturonic acid was purchased from Fluka 8281 (GHsO,(OH),COOH),
>95%, M = 25-50 kDa) and comprised 37.2 % C an®%.0N as determined with an
Elementar Vario Elll C/N/S analyzer. To achieve hatd low organic C surface loadings
on goethite, solutions with 1010 and 50.5 mg Ewvkere prepared. Polygalacturonic acid
was dissolved in 1 L 0.01 M KN{solution after adding 10 pL 1 M KOH Md¢PGA to
enhance PGA solubility. One hundred microliterOdi5 M AgNQ; solution were added
to eliminate microbial activity. The PGA solutiomgre titrated back to pH 5 using 1 M
HNO; without any visible flocculation occurring. Thendil ionic strength of the solutions
was<0.02 M.

Five grams of goethite were placed into 1-L ceag PE-bottles and 10 mL 0.01 M
KNOs solution (pH 5) were added. To ensure particlagiisegation and hydration of ad-
sorption sites, the goethites were shaken on @nemwiting shaker at 85 rev rfirior 48
hours and pH was readjusted to 5 with dilute HMOKOH. Subsequently, PGA solutions
(990 mL) were added to achieve C concentration©afr5.000 mg C £ in 0.01 M KNG
background electrolyte. The bottles were transteroato a rotary shaker running at
20 rev mint. The pH was manually kept within 5 + 0.2 usingitil HNQ,. After 24 hours
the goethite suspensions were repetitively cemgfeitliat 5,50 g for 20 min (RC-3B Re-
frigerated Centrifuge, Sorvall Instruments) and veaskvith 500 mL doubly deionized
water until the total organic C (TOC) concentratiam supernatant solutions was
<5mg C ' (Shimadzu TOC-5050A Autoanalyzer). The goethitsidee was either
freeze-dried, softly homogenized in an agate maat stored in the dark until use or in-

stantaneously used in the phosphate sorption empeti without any freeze-drying.
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Freeze-drying was always accomplished after frgethe PGA-coated goethites at -80°C
in an Christ alpha 2-4 freeze drier (Osterode, Gagna

3.3.3 Phosphate sorption kinetics

The phosphate sorption was conducted in batchragsie 0.01 M KNQ solution at
pH 5. Phosphate was used in the form o,RE, p.a. (Merck, Germany). At pH 5 the pre-
dominant phosphate species g2y (99%). Triplicate 0.625-g samples of pure and PGA-
coated goethites (moist or freeze-dried) were wezigimto 2-L HD-PE bottles (Nalgene,
USA), which were coated with Al-foil to exclude lig Then 250 mL of background elec-
trolyte with pH 5 were added and the bottles wéraken on a reciprocating shaker at 150
rev miri* for one hour in order to facilitate dispersion amgtration. Afterwards, 1 L
background electrolyte solution (pH 5) containi@® %M phosphate was added to achieve
a phosphate concentration of 400 uM and a soli¢demmation of 0.5 g £. Additionally,
50 uL 0.1 M AgNQ solution were added to reduce microbial activitiie bottles were
rotary-shaken at 20 rev mirand at 298 + 2 K. The pH was maintained manualf/£0.2
using dilute HNQ or KOH. After 0.5, 1, 2, 4, 8, 24, 48, 168, 33@&®4 hours a 10 mL
aliquot was removed, 0.45-um membrane-filteredy@blersulfone, Supor-450, Pall Life
Science, USA) and total organic C was measureddrfiltnate. A 2.5-mL aliquot of the
0.45-um filtrate was ultracentrifuged at 440,608 for one hour and phosphate was meas-
ured photometrically in the supernatant by the dscenolybdenum blue method of Mur-
phy and Riley (1962) at 710 nm. The amount of phaspBorbed was calculated from its
loss in solution. Adsorption of phosphate on cargaiwalls could be ruled out by check-
ing blank solutions for dissolved phosphate. Thalyital precision of the photometric
determination of phosphate was <1%. Subsample bhiityawas generally <1.5%. Pre-
liminary tests showed that matrix interferencepludsphate with polyvalent cations bound
in the PGA structure did not occur during ultracémgation, i.e., phosphate concentra-
tions in solution did not decrease due to sedintiemta@f PGA during ultracentrifugation.

After sampling, the 0.45-um filter residue was webhvith 20 mL doubly deionized
water, freeze-dried and stored in the dark in acdasr until use for electrophoretic mo-
bility measurements. The amount of phosphate sonzedcorrected for the water content
of the samples (13 £ 1 wt%), which was determingaitgassing the samples in an Auto-
sorb-1 gas sorption system (Quantachrome, Syds¥gtuntil the rate of pressure increase
by vapor evolution was below about 1.3 Pa hwithin a 0.5-min test interval. Due to

possible damage to PGA coatings, outgassing wageanfiirmed at elevated temperatures.
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The phosphate sorption data were fitted with aalim@mbination of a modified first-
order rate equation and the parabolic rate law (Gra@76) in order to account for the fast
and the slow sorption of phosphate to goethitepeetsvely (Lang and Kaupenjohann,
2003):

0= Cmrao € + bt®?, [3.1]

whereq; is the amount of phosphate sorbed at tirfiemol g*), ¢ is the maximum amount
of phosphate sorbed by the fast reaction (uridl @-ag) is the amount of phosphate op-
erationally defined as ‘sorbed instantaneoushst@athan could be quantified by the batch
approach, pmol 9, k is the rate constant of the initial fast phosptstmtion (i), t is
time (h), andb is the apparent rate constant of the slow sorgionol g* h®?). The pa-
rametersc, ap, k andb were determined by minimizing the sum of the sqiaiéferences
between the observed and predicted values of tluspblate sorption data using the
Marquardt-Levenberg algorithm implemented in SigloaFor Windows (SPSS Inc.). In
most cases, parameters were significant aPthed.05 level, which was tested with the
statistics implemented in SigmaPlot.

The rate constant of the slow phosphate sorphipis, related to the apparent diffusion

constan(D/r?)app () (Lang and Kaupenjohann, 2003):
b = 4q, 77°°(DIr?)apy >, [3.2]

whereq, is the amount of phosphate diffused at infiniteeti(umol @), D is the apparent
diffusion coefficient (mh h™), andr is the radius of diffusion (m). Unlike Lang and u<a
penjohann (2003), we accounted for cylindrical pgeemetry by using a factor of 4 in-
stead of 6 in EQ.[3.2]. We used the total amounplobsphate present at= 0 hours
(umol g*) corrected for the total amount of phosphate sotbexkternal surfaces) as an
approximation folg,, in Eq.[3.2] to calculate the apparent diffusion $I¢a|mt(D/r2)alop This
calculation accounts for differing phosphate com@ion gradients in the samples after
the fast sorption of phosphate to external goethitdaces but may lead to a systematic

underestimation ofD/r?)app

3.3.4 Surface area and porosity measurements
Specific surface are&5EA and pore volume were determined with a Quantaxhro

Autosorb-1 automated gas sorption system (Quardawdyr Syosset, NY) using.Ms an
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adsorbate. Approximately 80 mg of pure and PGAamgoethite were degassed until the
rate of pressure increase by vapor evolution wamibabout 1.3 Pa mihwithin a 0.5-min
test interval. Helium was used as a backfill gas. &alyzed Bladsorption and desorption
at 79 points in the partial pressure rangex11@ - 0.995P/P,. Specific surface area was
calculated from the BET equation (Brunauer et al38)9

Micropore (<2 nm) volume and average micropore éi@mwere determined accord-
ing to the Dubinin-Radushkevic method (Gregg any51982). The mesopore (2-50 nm)
size distribution was calculated on the desorpiggnusing the BJH method (Barrett et al.,
1951). Separation between small (2-5 nm), mediwh0(hm) and large mesopores (10-
50 nm) was achieved by linear interpolation of Bl desorption data. Total pore volume
was taken at 0.99B/P, and the average pore diameter was calculateDas 4V;q /SSA
whereVjq is the volume of liquid Bcontained in pores at 0.998P; and SSAis the BET
surface area. We also performed 16-point @@sorption measurements from £.00° to
3.0x 102 P/P, at 273 K to obtain the GOmicropore volume and average micropore di-
ameter according to the Dubinin-Radushkevic meti®edg and Sing, 1982). All iso-

therms were recorded in triplicate.

3.3.5 Electrophoretic mobility measurements

The electrophoretic mobility was determined at $keet of the phosphate sorption ex-
periment and over the entire phosphate sorptionAtier each reaction time about 200 pg
of freeze-dried 0.45-um filter residue were resugpéd into 4 mL of 0.01 M KN@at
pH 5. In order to facilitate sample handling wedudeed solids for electrophoretic mobil-
ity measurements. Preliminary tests revealed thahg phosphate sorption for one week
electrophoretic mobilities of pure and PGA-coateskthites in agueous suspensions
(0.01 M KNG;, pH 5) did not significantly differ from those @lted from samples that
where freeze-dried after 0.45-um membrane filtratind resuspended in background elec-
trolyte for electrophoretic measurements (t-testDR5). The electrophoretic mobility was
determined at 298 K with a Zetasizer 2000 (MalMestruments, U.K.). Before the meas-
urements, the accuracy of the measurements wakezh@gth a transfer standard which is
referenced to the NIST goethite standard SRM1980IM@ia Instruments, UK). Ten
measurements were performed and the average valseegorded. Thé-potential was
calculated from the electrophoretic mobility usitige Smoluchowski equation (Hunter,
1988).
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3.4 Results and Discussion
3.4.1 Effects of hydrothermal treatment on goethitg@roperties

Powder X-ray diffraction analysis of G1 goethiteowled typical reflexes of goethite
without any detectable contamination. In additidifferential X-ray analysis after oxalate
treatment according to Schwertmann (1964) did ndicate the presence of ferrihydrite.
Powder X-ray diffraction analysis of G2 goethitewsled that traces of hematite appeared
after hydrothermal treatment of G1. The [hematiefatite + goethite)] XRD intensity
ratio calculated from the ratio of areas underlh@ reflection of goethite and the 102 re-
flection of hematite according to Ruan and Gilke398) was 0.05. Scanning electron mi-
croscope images obtained on a Hitachi S-4000 ngopes at high resolutiork (150,000)
showed no visible difference in the crystal halivieeen G1 and G2 (not shown).

Potentiometric titrations of the goethites indichatbat at the pH chosen for this study,
their -potentials were essentially identical (~30 mV). wéwer, above pH 5 the
(-potential of G2 was approximately 5 mV lower ttihat of G1. Hence, a slight decrease
in the isoelectric point (pkp) from 7.6 to 7.2 was noticed after hydrothermaatment of
G1.The pHep of G1 was within the range of pkis and points of zero charge reported for
goethites (Kosmulski et al., 2003). The shift ie thHe, of G2 might be due to the pres-
ence of traces of hematite, because publishedgofrzero charge of synthetic hematites
are on average lower than those of goethites (Kiskinet al., 2003).

Hydrothermal treatment of G1 mainly affected pot@® nm. The N micropore vol-
ume decreased by 33%, and the mesopore volume$0shm pores decreased by up to
46% (Table 3.1). The loss in micro- and mesopoyagéds accompanied by a considerable
drop in SSA(31%). In addition, the average pore size incrédse34% (Table 3.1). Mi-
cropore volumes of pure goethite samples determiwitd CO, adsorption at 273 K were
about 30% higher than micropore volumes determivgld N, adsorption at 77 K. De
Jonge and Mittelmeijer-Hazeleger (1996) showed @@ is capable of penetrating into
pores of soil organic matter <0.5 nm at 273 K, sthilores of this size remain inaccessible
to N, at 77 K. Therefore, it might be concluded thatboth goethite samples approxi-
mately one-fifth of micropores have diameters <thb

3.4.2 Porosity and surface area changes upon PGArgtion

Carbon loadings of the goethites are presented lokeTa 1. At low C loadings, no or
only tiny porosity andSSAchanges were noticed for both goethites, withttiel pore
volume being reduced most effectively (Table 3&k)higher C loadings, howevegSAas
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well as micropore volume decreased significantliye Bffect was stronger for the more
microporous G1 compared to its less porous analdgyiide average micropore diameters
remained constant at low C loadings, they increasduigh C loadings independent of the
adsorbate used (Table 3.1). Contrary to the strotgerease in micropore volumes for G1
than for G2, the relative reduction in 5-10-nm pwodume was five-fold greater for G2
(Table 3.1). The decrease in pore volume of <10pones with increasing C loading sug-
gests a preferential sorption of PGA in or at th&sall pores. A pore filling mechanism
by organic matter has been advocated by severehndsers (Kaiser and Guggenberger,
2003; Mikutta et al., 2004; Zimmerman et al., 2004a



Table 3.1.Carbon loadings of freeze-dried goethite samphes; specific surface areas and porosity propedisained from
N, and CQ adsorption measurements. Values in parenthesessesy standard error.

Sample Cloading SSA* TotalPore pp® Micropore Volume AMD' Mesopore Volume
\Volume N Co N2 Ce» 25ném 510nm 1050 nm
-2 2 -1 3 -1 3 -1 2 3 -1
pmolCm m g mm g nm mm g X 10" nm mm g
Gl 148(1) 583(3) 158(0.1) 46.4(0.2) 585(0.8) §7(®B6(1) 46.7(1.0) 745(1.1) 419(2

GllowPGA 25(00) 147(2) 557(3) 152(0.1) 44.1(054.7(0.3) 86(1) 58(1) 459(L2) 726(05) 400 (1)
Gl-high PGA 11.9(01) 130(1) 511(3) 157(02) 37.5(0®5(08 91(0) 60(0) 382(L6) 67.0(0.9 367 (3)

e7) 102(1) 543(4) 21.2(0.1) 311(0.2) 41.3(04) P2(58(0) 253(0.6) 427(04) 433(5)
G2lowPGA 30(01) 100(1) 510(2) 204(0.1) 28.8)(0802(04) 82(1) 59(0) 237(L5) 414(02) 409(5)
G2-high PGA 13.9(0.1) 97(1) 488(1) 201(02) 27.1(0R4(0.7) 91(1) 62(0) 214(0.8) 21.4(0.8) 387(3)

c loadings were corrected for the Cin pure goethite samples@@®2 pmol Cfhfor GLand @2, respectively).
: Specific surface area.
8 .
Average pore diameter.
1 Average micropore diameter.
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3.4.3 Controls of the slow phosphate sorption in P&coated samples

The phosphate sorption kinetics of freeze-dried aon-dried PGA-coated goethites
are shown in Fig. 3.1. Equilibrium was not reachatthin three weeks in all samples. In-
creasing amounts of sorbed PGA decreased theaotaunt of phosphate being rapidly
immobilized (Table 3.2¢,), indicating sorption competition of PGA and phlosie at ex-
ternal goethite surfaces. In all PGA-coated sampiés high C loading, the rate constant
of the slow phosphate sorption was higher comptodétie C-free control treatment, irre-

spective of pre-drying the samples or not (Tabk [3.

[P] =400 uM, pH 5% 0.2, 1=0.01 M KNO,
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Fig. 3.1. Phosphate sorption kinetics of freeze-dried and non-dried pure and P@A-goathites. (a) G1,
freeze dried; (b) G1, non-dried; (c) G2, freeze-dried; (d) G2, niedkdsolid lines show the predicted values
using the combined model of Eq.[3.1]. Values in parentheses refer to the initial C comtentsl C ¢".

Can these high rate constants of the slow phosgioggtion be ascribed to micropore
clogging by PGA? Micropores being not detectableCioy at 273 K are likely not acces-
sible to phosphate because of the smaller molesidarof CQ as compared to phosphate
(0.28 vs. 0.45 nm). Hence, a decreased accessibfliCO, to micropores due to PGA
sorption in goethite pores should be reflected deereased accessibility of micropores to
phosphate. Accordingly, if microporosity limits thate of the slow phosphate sorption to
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PGA-coated goethites, one would expect decreééér&)app values with decreasing mi-
croporosity, i.e., with increasing diffusion reaiste for phosphate ions. Values presented
in Fig. 3.2 are inconsistent with this idea beca(nh)sé)/rz)app values of PGA-coated goe-
thites with the lowest COmicropore volume were higher than values for uredaoe-
thites, and (ii)(D/rZ)aIDIO values were independent of the £@icropore volume of PGA-
coated G2 samples (Fig. 3.2). In contrast to aitinirreasoning, highe(rD/rz)aplo values for
PGA-coated than for pure goethites might be explhiny a preferential clogging of small
pores by PGA because phosphate diffusion would ieeconfined to the remaining larger
pores. As a consequence, equilibrium would be eghtdster in samples with high C load-
ing than in C-free samples as the diffusion of jplhase into pores occupied by PGA
would be impaired. This reasoning, however, dissgneith Fig. 3.1 showing that at high
C loadings phosphate sorption proceeded at a naiéasito or higher than in the C-free
controls. Therefore, we conclude that in PGA-coaeethite samples, micropore diffusion

of phosphate does not control the slow phosphaf#iso.

Table 3.2.Kinetic parameters obtained by fitting the combined model to thepphtss sorption data of
freeze-dried and non-dried pure and PGA-coated goethites. Apparﬁemicrdifconstants(D/rz)app, were
calculated according Eq.[3.2]. Values in parentheses represeniaed error. Also given is the fractional
PGA-C release after three weeks of phosphate sorption.

Treatmer’ G, = K" b* r? (D), Fractional C release

after 3 weeks

pmol ¢ pmol g h*  pmol ¢t h%° x 1C°ht

freeze-dried

G1/0.0 293 (2) 270 (4) 0.4 (0.2) 2.4 (0.2) 0.99 4.4 (0.4) 0.00
G1/0.37 271 (10) 204 (14) 0.1(0.0 1.6 (0.6) 0.97 1.9 0.59
G1/1.76 188 (9) 76 (29) 0.8 (0.3) 3.9(0.7) 0.96 7.9)(1.9 0.52
G2/0.0 201 (2) 125(14) 1.2(0.3) 1.0(0.2) 0.98 0.5)(0.1 0.00
G2/0.30 149 (5) 126 (10) 0.5(0.4) 2.8 (0.3) 0.97 3.8)(0. 0.87
G2/1.43 129 (2) 48 (5) 0.4 (0.2) 2.6 (0.2) 1.00 3.0(0.3) 0.59
non-dried

G1/0.0 301 (9) 239 (14) 0.2(0.1) 1.9 (0.6) 0.96 2.7)(1.2 0.00

G1/0.42 262(7) 33(26) 0.9(0.2) 24(05) 099 40012 029
G1/1.88  190(13) 89(19) 0.1(0.0) 4.4(0.8) 099 10.3)(2 0.62

G2/0.0 203(3) 165(10) 0.8(0.4) 1.7(0.2) 098 1.6)(0.3 000
G2/0.39 176 (3) 0(34) 1.7(0.3) 1.6(0.3) 098 1.3(0.3) 0.42
G2/1.66  103(14) 32(21) 01(0.1) 6.7(0.9) 098 185)(3 0.67

" Numbers after forward slash indicate PGA-C soitvedmol C §*

* Total amount of phosphate sorbed fast.

$ Amount of phosphate operationally defined asdintsineously sorbed' according Eq.[3.1].
" Rate constant of the fast phosphate sorption.

* Rate constant of the slow phosphate sorption.
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Fig. 3.2. Apparent diffusion constan(i)/rz)app of freeze-dried pure and PGA-coated goethites versus the
CO, micropore volume present prior to phosphate sorption. Bi-directionall&rsrindicate standard error.
Values in parentheses indicate the C content in mmdl.C g

Up to 87% of C was displaced by phosphate withiedhweeks, showing the high
competitiveness of phosphate (Table 3.2). Simidahe phosphate sorption kinetics, the C

desorption kinetics was biphasic; an initial rafiddesorption was followed by a slow C
desorption (Fig. 3.3). Approximately 50% of thealadlesorbed C was desorbed after 24 h

(Fig. 3.3).

1.6 :
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1.4 4O G2freeze-dried
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Fig. 3.3. Polygalacturonate-C desorption from goethites during phosphate sorptidirderweeks. Solid
lines indicate the fit of Eq.[3.1] to the C desorption data of gosth¥ith high C loadings. Coefficients of
determination were always >0.97. Average standard error ofoigahic C measurements was 27 pnigl g
maximal standard error recorded was 78 priolrg= 80).

The increasing molar ratios of phosphate sorbedPa®A-C desorbed with increasing
time (Fig. 3.4) indicate that phosphate was mofecéle in triggering PGA desorption at
longer sorption times either by direct ligand-exula or by decreasing the surface poten-
tial of PGA-coated goethites. Off-sets in molagedPso ratios between freeze-dried and
non-dried samples are due primarily to higher C ilog&l of non-dried goethites (Table
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3.2). The plateaus in Fig. 3.4 that were reachés about one week indicate that every
phosphate desorbed on average two-thirds of a x@rigpoup when we assume that the

amount of esterified carboxyls is low (one carbe&yper six C atoms in the structure of
PGA).
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Fig. 3.4.Changes in the molar ratio of PGA-C desorbed and phosphate sorbedefdiiee and non-dried
PGA-coated goethites with high C loadings during phosphate sorptiothogerweeks. The mean standard
error of the molar gdPsor ratios was 0.2. Note that x-axis is in logarithmic scale.

As a consequence of the ion exchange at the geethiface, thé-potential of PGA-
coated goethites remained relatively constant duttie phosphate sorption run (Fig. 3.5).
Noteworthy, thel-potential of pure goethites increased again afb@ut 24 hours of phos-
phate sorption (Fig. 3.5). This observation wasregal before (Ler and Stanforth, 2003;

Mikutta et al., 2006b) and explained by the formatof ternary phosphate surface com-
plexes (Ler and Stanforth, 2003).
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Fig. 3.5.¢-Potential changes during phosphate sorption of freeze-dried uncoated and PGA-cethitss gu
the highest PGA-level. The solid lines show linear regressions:. lars are standard error. Values in paren-
theses represent the C loading in mmol ™ Igitial Z-potentials (mV) at pH 5 in 0.01 M KNQwvere G1:
29.8 + 3.5, G2: 29.1 + 0.5, G1 (1.76): -29.0 + 3.6, G2 (1.43): -28.5 + 1.2. Note that x-Bxledarithmic
scale.

Figure 3.6 shows the relationship between the amofuphosphate sorbed and C de-
sorbed. Although these relations were not strilitigar, we fitted the data with a linear
function in order to obtain information on the aage desorbability of PGA by phosphate.
Slopes of non-dried samples with low C loadings werestatistically different from zero
at the 0.05 probability level and are thus not @nésd in Fig. 3.6b. The slope of regres-
sions presented in Fig. 3.6 can be taken as a meea$uhe average competitiveness of
phosphate with pre-sorbed PGA. Accordingly, in Zeedried samples with low C loading,
phosphate was less able to displace PGA from thre mmicro- and mesoporous G1 than
from G2 (Fig. 3.6a). On the contrary, at higher @dings the reduced desorbability of
PGA by phosphate in the more nanoporous G1 sardptesished (Fig. 3.6a). In addition,
Fig. 3.6 indicates that the desorbability of C bygbhate was larger at high compared
with low C loadings, indicating that at higher C loags polymers were less intimately
associated with mineral surfaces (Theng, 1979; daasid Guggenberger, 2003; Saito et
al., 2004).

In summary, we found that (i) the apparent diffasamnstant of PGA-coated samples
was independent of the G@icropore volume and (ii) the C desorption showdahatic
pattern similar to the phosphate sorption. Thesdirigs imply that the slow gradual de-
sorption of PGA and/or the transport of phosphatexternal goethite surfaces controlled
the slow phosphate sorption to PGA-coated goethithe ability of phosphate to diffuse
through PGA networks at p4.5 and a phosphate concentration of 150 uM hantigc
been demonstrated by Gessa et al. (2005).
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Fig. 3.6. Plots of phosphate sorbed versus PGA-C desorbed for (a) freezexdde) non-dried PGA-
coated goethites. Values in parentheses refer to the amount ofCPGiflally present in the samples in
mmol C g".

3.4.4 Effects of drying on the phosphate sorption ketics

The rate constarit of the slow phosphate sorption to C-free, freezeddG2 was sig-
nificantly lower than for freeze-dried G1 (Tabl@)3.This finding agrees with the diffusion
of phosphate into pores of Fe oxides (Torrent, 1¥4rrow et al., 1993; Strauss et al.,
1997; Makris et al., 2004), because the strongatemiuin the pore volume of <5-nm pores
upon hydrothermal treatment of G1 has rendereddesss accessible to phosphate in G2
samples (Table 3.1). In contrast, we found equal canstants for pure G1 and G2 in non-
dried systems (Table 3.2). Also, similar appardffusion constants(D/rz)app, for non-
dried G1 and G2 samples indicate a similar diffusiesistance for phosphate in both sam-
ples (Table 3.2). It appears that freeze-drying indsiced an aggregation of G2, which
partly explains its loss in micro- and mesoporositiie aggregation of G2 upon freeze-
drying probably led to an occlusion of mineral sgds that were neither accessible o N
and CQ nor by phosphate. In non-dried systems, howeve@rs@&nples were shaken in

background electrolyte for 72 hours prior to ph@dphaddition. This treatment likely
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caused a sufficient re-dispersion of G2 and hersiendar slow phosphate sorption in G1
and G2 samples (Table 3.2). Therefore, the obseteedease in the apparent diffusion
constant of dried G2 samples with respect to dfdd (Table 3.2) was most probably
caused by a reduced intra-aggregate diffusion.

Freeze-drying PGA-coated goethites altered the gdtade sorption pattern especially
at short times <10 hours (Fig. 3.1). The amourphadsphate instantaneously sorbed (Ta-
ble 3.2,cyap) increased significantly after freeze-drying sagsplvith low C content,
which implies that the coatings impaired the sorpf phosphate to external surfaces less
effectively than in non-dried samples (Fig. 3.1).

At high C loading, the sorption kinetics of non-dri@1 was similar to its freeze-dried
counterpart (Table 3.2). On the contrary, the catestant of the slow phosphate sorption
to non-dried G2 at high C loading increased anons®jyo(Table 3.2b). The reason for
this observation is unclear; possible explanatimay include discontinuous PGA desorp-
tion and particle disaggregation.

Freeze-drying also changed the average desorlyabfliPGA by phosphate as indi-
cated by the slopes in Fig. 3.6. At low C loadinr@&A was more prone to desorption by
phosphate in freeze-dried compared to non-driedpksm(Fig. 3.6). For example, 45%
PGA-C were less desorbed within three weeks in m@ddcompared to freeze-dried G2
samples (Table 3.2). At higher C loadings, freeza@adronly increased significantly the
average desorbability of PGA by phosphate in G2pbasn(Fig. 3.6). These results suggest
that freeze-drying PGA-coated goethites altersahidity of phosphate to displace pre-
sorbed PGA. This finding may be attributed to pbgsihemical changes in the structure
of sorbed PGA due to dehydration/hydration procgss@ich have been reported for pure
organics including proteins and polysaccharidesdMk et al., 1983; Jouppila and Roos,
1997; Allison et al., 1998; Souillac et al., 20@2)d PGA coatings oprAIOOH (Mikutta
et al., 2004).

3.5 Conclusions

Our results show that micropores of PGA-coatedgteetio not significantly contrib-
ute to the slow and continuous phosphate sorpit@tead, sorption competition and/or the
diffusion of phosphate through PGA coatings colegrblthe slow phosphate sorption to
PGA-coated goethite. With increasing <10-nm poyodite ability of phosphate to dis-
place PGA decreased for freeze-dried goethites viw C loading (0.30 and
0.37 mmol C ). However, the stabilization of PGA against detiorpby phosphate ex-
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erted by nanoporous surfaces diminished at higheadings (1.43 and 1.76 mmol C)g

In freeze-dried samples, PGA was less easily desoly phosphate at low C loadings
compared with high C loadings, indicating a stronggachment of PGA to goethites at
low C loadings. Microaggregation of goethite upagefre-drying can affect the slow phos-
phate sorption. In addition, freeze-drying C-coageethites can change the competition
between phosphate and pre-sorbed organic mattes. fiéeze-drying may lead to errors in
the interpretation of sorption studies when onlgefrte-dried pure and organic matter-
coated Fe oxides are used.
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4 Citrate impairs the micropore diffusion of phosghate into pure and C-

coated goethite

Christian Mikuttd, Friederike Lang, Martin Kaupenjohanh
Geochimica et Cosmochimica Acta 2006; 70: 595-607

! Department of Soil Science, Institute of EcoloBgrlin University of Technology, Salz-
ufer 12, D-10587 Berlin, Germany

4.1 Abstract

Anions of polycarboxylic low-molecular-weight organacids (LMWOA) compete
with phosphate for sorption sites of Fe and Al esidTo test whether the sorption of
LMWOA anions decrease the accessibility of micr@sof<2 nm) of goethitean(FeOOH)
for phosphate, we studied the kinetics of citrauced changes in microporosity and the
phosphate sorption kinetics of synthetic goethit¢hie presence and absence of citrate in
batch systems for three weeks (500 uM of eachpbins). We also used C-coated goethite
obtained after sorption of dissolved organic mafl2©M) in order to simulate organic
coatings in the soil. We analyzed our samples Wittadsorption and electrophoretic mo-
bility measurements. Citrate clogged the microparedoth adsorbents by up to 13%
within one hour of contact. The micropore volumerdased with increasing concentration
and residence time of citrate. In the absencetaite] phosphate diffused into micropores
of the pure and C-coated goethite. The C coatirg) |(Bnol C nf) did not impair the in-
traparticle diffusion of phosphate. In the preseoiceitrate the diffusion of phosphate into
the micropores of both adsorbents was strongly iregaWe attribute this to the micro-
pore clogging and the ligand-induced dissolutiogaéthite by citrate. While the diffusion
limitation of phosphate by citrate was stronger wherate was added before phosphate to
pure goethite, the order of addition of both iomsCtcoated goethite had only a minor ef-
fect on the intraparticle diffusion of phosphatdcipore clogging and dissolution of mi-
croporous Fe and Al oxides may be regarded as {paltstrategies of plants to cope with

phosphate deficiency in addition to ligand-exchange
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4.2 Introduction

Phosphate sorption to Fe oxides comprises a rajtidl iadsorption to external sur-
faces followed by a slow reaction, which can lastdays or weeks (Barrow et al., 1981;
Torrent et al., 1990). The slow phosphate immogiian has been attributed to the diffu-
sion of phosphate into microporous imperfectionghaf crystals, micro- and mesopores
located between the crystal domains (Torrent, 18#row et al., 1993; Strauss, 1992;
Fischer et al., 1996; Strauss et al., 1997; Madtrial., 2004), or the diffusion into aggre-
gates of particles (Anderson et al., 1985; Willealk, 1988). Torrent et al. (1990, 1992)
observed that a portion of phosphate sorbed toopicous Fe oxides was not desorbable
in 0.1 M KOH. This finding was attributed to botietslow rediffusion of phosphate out of
micropores and the formation of binuclear surfam@mglexes of phosphate. Also, Fuller et
al. (1993) showed that the rate of the slow sorptibarsenate to ferrinydrite was limited
by intraparticle diffusion.

Polycarboxylic low-molecular-weight organic aciddMWOA) successfully compete
with phosphate for sorption sites (Violante et 8091; Bhatti et al., 1998; Geelhoed et al.,
1998). This is especially relevant for the soilzdsphere where exudation of LMWOA
anions by plants and microorganisms is high. Whaggarboxylic LMWOA anions are
added to Al and Fe oxides or soils before phosplaatiecrease in phosphate sorption is
generally noticed (Hue, 1991; Violante et al., 1;98#&elhoed et al., 1998; Hu et al., 2001).
This may be attributed to direct site blocking, ctiestatic repulsion or diffusion of
LMWOA anions into small nm-pores of the adsorbevitich may result in a steric and/or
electrostatic diffusion impedance for phosphate.i@onsidering the volume of anhydrous
citric acid (0.775 nrf) Nordman et al., 1960), a decreased accessildfitynicropores
(<2 nm) to phosphate due to the sorption of citrat@micropores can be expected. Here we
hypothesized that citrate clogs the microporesastigjite, thus reducing the diffusion of
phosphate into the adsorbent.

In the soil environments, microbes rapidly consli®BVOA anions, causing average
half lives of LMWOA anions in the soil solution tee fairly low. For example, Jones and
Darrah (1994) and Jones (1998) reported half lofdsss than 12 hours for citrate. If our
proposed mechanism was relevantivo, the micropore clogging of Fe oxides by citrate
should proceed within hours. Therefore, we tedtednicropore clogging kinetics of pure
and C-coated goethite by citrate within up to 18rko

In soils and sediments clean oxide surfaces selelagt as they are partly coated with

organic matter (Mayer, 1999; Mayer and Xing, 208gyin et al., 2003). Coatings created
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by dissolved organic matter (DOM) and polygalachate (PGA) have been shown to clog
micropores of Fe and Al oxides (Lang and Kaupenjoh2003; Kaiser and Guggenberger,
2003; Mikutta et al., 2004). The micropore cloggofggoethite by polygalacturonate at a
low surface loading (6.3 umol CThhas been shown to decrease the slow phosphgte sor
tion, i.e., the diffusion of phosphate into intrepde pores of goethite (Mikutta et al.,
2006b).

The presence of C-coatings on the surface of petlodge oxides may change the ef-
fect of LMWOA anions in different ways: LMWOA anisrmay exchange for pre-sorbed
macromolecular natural organic matter by sorptiomjgetition, or be able to disrupt or-
gano-mineral associations either by complexatiobriofging multivalent cations (Edwards
and Bremmer, 1967) or by dispersion (Pinheiro-Dickl &chwertmann, 1996). These
processes may liberate diffusion pathways for phasgp thus enhancing the slow, con-
tinuous and strong phosphate fixation in intrapéetpores. Alternatively, LMWOA anions
may further increase the micropore clogging alreadiuced by the sorption of high-
molecular-weight compounds, thereby impairing tlifusion of phosphate into micro-
pores. For this reason, we studied the phosphatebilization kinetics of pure and C-
coated goethite in the presence and absence afecfor three weeks. The changes in spe-
cific surface areaSSA, porosity, and electrophoretic mobility of punedaC-coated goe-
thite upon sorption of phosphate and/or citrateewadso analyzed. All experiments were
conducted at pH 5 in order to resemble pH condstiohthe soil rhizosphere and the bulk
of acid soils. At conditions where the pH of salwion is lower than the isoelectric point
of Fe and Al oxides (pH < pk), the availability of phosphate to plants is sgiyreduced
because of its sorption to positively charged Fe Alnoxide surfaces. In addition, goethite
dissolution by protonation and the inference witalbonate in the sorption experiments

should be kept to a minimum.

4.3 Materials and Methods
4.3.1 Preparation and characterization of the adsdrents

Goethite was synthesized in one batch by oxiddtidrolysis of Fe(ll) (FeS@7HO,
Merck, extra pure) at pH 7 using®; as an oxidant. The precipitate was washed urdil th
electric conductivity was below 10 pS ¢nfreeze-dried, softly ground and sieved to a
particle size <200 pum. Powder X-ray diffraction lgses (Siemens D5005, CuKradia-
tion) showed typical reflections of goethite with@my detectable contamination. The goe-
thite was analyzed with transmission electron nsicopy (JEOL JSEM 200B). Transmis-
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sion electron microscopy images showed a broad disteibution of crystallites due to
differing rates of Fe(ll) oxidation during synth&sLarger acicular crystallites are accom-
panied by smaller ones having no particular hdhd.(4.1). The acid-ammonium oxalate-
soluble Fe content (Blakemore et al., 1987) of toetlgte was 4.9 wt%. The acid-
ammonium oxalate-soluble Fe is usually ascribeBe@ontained in amorphous or poorly
crystalline Fe minerals (e.g., Olson and Ellis, 298 owever, there is evidence that this
treatment will also dissolve crystalline Fe oxiddicKeague et al., 1971; Schwertmann,
1973; Walker, 1983; Borggaard, 1988, 1990; Fine @imger, 1989). Hence, an acid am-
monium-oxalate soluble Fe content of ~5 wt% indisahat the content in residual ferri-
hydrite is low in our goethite sampleossible effects of residual ferrinydrite on parpsi
changes induced by phosphate/citrate are accofmted the results and discussion sec-
tion. The isoelectric point, pl, of the goethite used was 7.6 as determined bgngiot
ometric titration of the goethite in 0.01 M KN@olution (~0.01 g I goethite) using a
MPT-1 autotitrator connected with a Zetasizer 2@®alvern Instruments, U.K.). The
density of goethite was found to be 4.2 + 0.1 g°@s determined with a Quantachrome

He-pycnometer.

Fig. 4.1. Transmission electron micrograph of the goethite used irsthdy & 102,000). The bar indicates
100 nm.
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In order to simulate organic coatings of the mihetee goethite was coated with dis-
solved organic mattefthe DOM solution was obtained from an aqueous ekwfa for-
est-floor soil sample of an O-horizon of a HaplodhThe forest-floor material was ex-
tracted in doubly deionized water for 20 hourpldt5 (1:6/w:v). The extract was mem-
brane filtered (0.45-um) and analyzed for totalamig C (TOC) using a Shimadzu TOC-
5050A Autoanalyzer. The TOC concentration was 220419 mg C [*. The average size
of colloids in the DOM filtrate was 191 + 18 nm measured by dynamic light scattering
(Malvern HPPS, U.K.). Phosphate in the DOM solutreais measured photometrically at
710 nm using the method of Murphy and Riley (196&graultracentrifugation at
440,000x g for one hour. The phosphate concentration fouodld have led to a maximal
possible preloading of ~0.08 umol P*mvhen goethite was equilibrated with DOM, which
is low compared to the maximal sorption capacitg@éthite of 2.5 pmol P (Torrent et
al., 1990). Multivalent cations in the DOM extragtre determined with atomic absorption
spectrometry (Perkin Elmer 1100B). The amount ofgh&quivalents in the DOM extract
was 71 pmelL™ Ca, 11 pmelL™* Mg, and 33 pmelL™* Fe.

Prior to sorption of DOM to goethite, the Fe oxidas ultrasonicated for 30 min and
hydrated in doubly deionized water for 48 hours iglass volumetric flask in order to hy-
drate adsorption sites (2:25/w:v). The pH of theckt suspension was adjusted to
5.0 + 0.02 with diluted HN® Goethite was reacted with DOM solution (179.5 &g ™)
in the dark (1:100/w:v, pH 5 = 0.2) under magneticring in a 2-L PE bottle. After 24
hours the suspension was membrane filtered (0.45 Time filter residue was washed with
2.5 L doubly deionized water adjusted to pH 5 wiillnite HNO; or KOH to remove excess
DOM-C and freeze-dried. The C content of the goetiés 12.1 mg § as determined
with a Carlo Erba C/N NA 1500N Analyzer. The C-coafeethite was stored in the dark

until use.

4.3.2 Analysis of porosity changes induced by citta

Citrate was used in the sodium forrgHeNazO7 - 2H,O (Merck, p.a.). The effect of cit-
rate on the accessibility of micropores was studiedifferent citrate concentrations for
C-coated goethite only and different contact tinmesbth adsorbents.

Citric acid concentrations in the soil solution #ypically less than 370 uM (Jones,
1998 and references therein). Hence, for studymegcbncentration effect of citrate, the
C-coated goethite (2 g) was reacted with solutions containing 20, 100 30@ uM cit-

rate in 2-L PE bottles at pH 5 on a reciprocatihgker at 130 rev mih Potassium nitrate
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(0.01 M) was used as background electrolyte. Thainlating citrate species at pH 5 are
H,Cit (28.3%) and HCt (66.9%). Since the average half life of citratesuils is 2-3
hours (Jones, 1998) or larger (11.7 hours; JondsDanrah, 1994), we chose a contact
time of three hours. After three hours the suspessivere filtered (0.45 pm), washed with
1L 0.01 M KNG solution (pH 5), freeze-dried, softly ground tad08€2um particle size and
further analyzed by Nadsorption.

The influence of residence time of citrate on namopity of pure and C-coated goe-
thite was tested at a citrate concentration of BEOin 0.01 M KNG solution (pH 5) with
a solid concentration of 1 g'L The suspensions were reacted on a reciprocaiiges at
130 rev mirt. After 1, 6 and 12 hours the suspensions were mamelfiltered (0.45 um),
the filter residues were washed with 1 L 0.01 M KJ\$olution (pH 5) and freeze-dried.
The freeze-dried filter residues were further anatyby N adsorption after soft grinding
to <200-um particle size.

In both experiments the reaction vessels were doaiil Al-foil in order to inhibit the
photochemical dissolution of goethite in the preeeof citrate. The pH was manually
maintained with dilute HN@or KOH at pH 5 = 0.2. Citrate, TOC and Fe were mestu
in the 0.45-um filtrates. The citrate concentratiwas determined photometrically at
340 nm by measuring the stoichiometric decreasaidntinamide-adenin dinucleotide
(NADH) concentration in an enzymatic reaction wahSpecord 200 spectralphotometer
(Analytik Jena AG) (Mdllering and Gruber, 1966).€eTHetection limit of this method is
2.6 UM citric acid and linearity of the determimatiranges from 2.6 to 2.0810° pM cit-
ric acid (Boehringer Mannheim/R-Biofarm, Germany)tkik interferences with dissolved
Fe did not occur. Additionally, the amount of di&&C sorbed onto pure goethite was
measured with an Elementar Vario Elll C/N/S Analydevn was analyzed with graphite
furnace AAS (Perkin Elmer AAnalyst 700). All expaents were conducted in triplicate.

4.3.3 Phosphate sorption kinetics in the absence@presence of citrate

Phosphate sorption onto pure and C-coated goetlsisesmeasured for three weeks in
batch experiments at pH 5 in a temperature-coettailbom at 298 KPhosphate was used
as KHPO, (Merck, p.a.).The predominant species of phosphate at pH S0, In or-
der to hydrate adsorption sites and disperse [esti@00 mL of background electrolyte
(pH 5) were given to 0.6 g adsorbent. The sampk® when shaken on a horizontal shaker
at 100 rev mift for three hours. Then 1 L of 600 uM phosphatetsmiun 0.01 M KNQ
(pH 5) was added to get a final phosphate cond@mtraf 500 UM and a solid concentra-
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tion of 0.5 g L. Reaction vessels were coated with Al foil and 000.05 M AgNQ
were added to inhibit microbial activithamples were then shaken on a rotary shaker at
10 rev mift. The pH was manually maintained at 5 + 0.2 usig@HNO; or KOH. Af-

ter 0.5, 1, 2, 4, 8, 24, 48, 168, 336 and 504 heud® mL-aliquot was removed and
0.45-um membrane filtered. An ultracentrifuged (dwoair at 440,00& g) subsample of
the 0.45-um filtrate was analyzed for phosphate FedAdditionally, total organic C was
measured in the 0.45-um filtrate (Shimadzu TOC-208@itoanalyzer). We ensured that
sampling did not result in a relative enrichmenttlué adsorbent in the reaction vessels.
The solid concentrations of the subsamples vanettds than 5 wt%. The 0.45-um filter
residue was washed with 40 mL doubly deionized watel freeze-dried for electropho-
retic mobility measurement3he 0.45-um filtrates were stored at -18°C untdytlwere
defrosted for electrophoretic mobility measuremeAfter three weeks of phosphate (cit-
rate) sorption, goethite suspensions were 0.45-gembmane filtered, washed with doubly
deionized water, freeze-dried, and further chareastd by N adsorption.

The influence of citrate on the kinetics of phogplsorption to pure and C-coated goe-
thite was studied at equimolar ion concentratidns0® LM. In one experiment phosphate
and citrate were added simultaneously ‘(C+P)’. Afeguilibration of goethite and C-
coated goethite in the background electrolyte asrileed above, 1 L of 0.01 M KNO
solution containing equimolar amounts of phosplzaié citrate (600 uM) were added to
obtain a concentration of 500 pM of each ion. Phagpsorption was again monitored for
three weeks.

In a second experiment citrate was added beforepbtate (‘C+P’). Six hundred milli-
grams of pure and C-coated goethite were equigdrat 1.2 L 0.01 M KN@solution
(pH 5) containing 500 uM citrate. After three hotine solution was spiked with 10 mL
phosphate solution to give a phosphate concemraticc00 UM and analyzed for phos-
phate, Fe and citrate as described above. All isorgixperiments were performed in trip-
licate.

In all experiments, concentrations expressed onitamass or surface area basis were
corrected for the water content in pure and C-abatmples. The water content was de-
termined by outgassing the sample in a Quantach/mesorb-1 automated gas sorption
system (Quantachrome, Syosset, NY) at room temperamntil the pressure increase rate
by vapor evolution was below about 1.3 Pa hivithin a 0.5-min test interval. This was
done in order to avoid phase transformations aeddhbs of structural water. The water

content of both microporous adsorbents was 17 wt%.
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4.3.4 Phosphate sorption data interpretation

We combined a modified first-order rate equatiothwhe parabolic rate law (Crank,
1976) in order to account for the fast and the séonption of phosphate to goethite, re-
spectively (Lang and Kaupenjohann, 2003):

0t = Cr-ao €' + bt™®, [4.1]

where g is the amount of phosphate sorbed at tim{gmol m?), ¢, is the maximum
amount of phosphate sorbed by the fast reactioro{pm?) and represents the portion of
phosphate that is sorbed to external goethite sesfan-ag) is the amount of phosphate
sorbed instantaneously (faster than could be dightly the batch approach, pmofmnk

is the rate constant of the initial fast phosplsatetion (i), t is time (h), and is the ap-
parent rate constant of the slow sorption (umaInf).

The rate constant of the slow phosphate sorptioms related to the apparent diffusion
constan{D/r?)app (hY):

b = 4q, 77°°(D/r%)app >, [4.2]

whereq,, is the amount of phosphate diffused at infiniteeti(umol nif), D is the apparent
diffusion coefficient (m h%), andr is the radius of diffusion (m). In order to obtaia-
rametersc, ao, k andb, Eq.[4.1] was fitted to our phosphate sorptioradating SigmaPlot
for Windows (SPSS Inc.). We used the total amodipghmsphate present at= 0 hours
(kmol m?) corrected for the total amount of phosphate sotbegkternal surface) as
an approximation foq, in Eq.[4.2] to calculate the apparent diffusion ijalmt(D/rz)app.

The amount of phosphate sorbed by the slow reaatamapproximated by
I:)slowly: J504h— Gm, [4.3]

wheregsosn is the amount of phosphate sorbed after 504 h@ur®l m?) andcn, is the
total amount of phosphate sorbed by the fast pradspleaction.
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4.3.5 Surface area and porosity measurements

Specific surface area and pore volume were deteanmth a Quantachrome Auto-
sorb-1 automated gas sorption system (Quantach®yasset, NY) using Nas an adsor-
bate. Approximately 80 mg sample were degassedlthatpressure increase rate by vapor
evolution was below about 1.3 Pa fhiwithin a 0.5-min test interval. Helium was used as
a backfill gas. We used 71-point Wdsorption and desorption isotherms fromxL1D° to
0.995P/Py. Specific surface area was calculated from the BEliation (Brunauer et al.,
1938).

Micropore (<2 nm) porosity and average micropo@ntiter were determined accord-
ing to the Dubinin-Radushkevic method (DR method; g@reand Sing, 1982). The
mesopore size distribution (2-50 nm) was calculatedhe desorption leg using the BJH
method (Barrett et al., 1951). Separation betweeall g@+-5 nm), medium (5-10 nm) and
large mesopores (10-50 nm) was achieved by lingargolation of the BJH desorption
data. Total pore volume was taken at 0.995, and the average pore diameter was calcu-
lated asDp = 4Viq /SSA whereVjq is the volume of liquid M contained in the pores at
0.995P/PyandSSAis the BET surface area. All isotherms were reabrdériplicate.

4.3.6 Electrophoretic mobility measurements

The electrophoretic mobilityt, was monitored over the entire phosphate/citratp-s
tion run. After each reaction time, about 200 pdreéze-dried 0.45-um filter residue were
resuspended into 4 mL of phosphate/citrate solutibtained after 0.45-um membrane
filtration of the goethite suspension.

In order to facilitate sample handling, we use@digolids that were stored in the dark
at ambient relative humidity (~30%) for electropéios mobility measurements. Prelimi-
nary tests revealed that during phosphate sorptioone week electrophoretic mobilities
of pure and C-coated goethite in aqueous suspengio®l M KNQ, pH 5) did not sig-
nificantly differ from those obtained from samplbsit where freeze-dried after 0.45-pum
membrane filtration and resuspended in backgrodecirelyte for electrophoretic meas-
urementstttest,P <0.05).

The electrophoretic mobility was determined at RO®&ith a Zetasizer 2000 (Malvern
Instruments, U.K.). Before the measurements therumsint was calibrated with a
(-potential transfer reference, which is referentcethe NIST goethite standard SRM1980
(Malvern Instruments, UK). Ten measurements weropeed within less than 8 min and

the average value was recorded. Theotential was calculated from the electrophoretic
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mobility using the Smoluchowski equation (Hunte®88) withpu = &D ( /n, whereg s
the permittivity of vacuumD is the dielectric constant of watér,is the{-potential and
nis the coefficient of viscosity. It is generallysasned that thé-potential represents the
potential at a shear plane located in the diffseer close to the Stern layer (Hunter,
1988).

4.4 Results and Discussion
4.4.1 Pore clogging of goethite by DOM and citrate

Sorption of DOM to goethite led to a significantdease in the volume of micropores
and small mesopores <10 nm (Table 4.1). Similanltedave been obtained by several
researchers (Kaiser and Guggenberger, 2003; Laddganpenjohann, 2003; Mikutta et
al., 2004). In contrast, the average micropore diamwas not affected by the DOM
treatment. This observation might be explainedva ways: (i) DOM sorption might cause
a complete clogging of some micropores fordll 77 K, while other micropores remained
free of any organic matter, or (i) DOM treatmenight induce an occlusion of mineral
surfaces upon drying.

The amount of citrate sorbed onto pure and C-cogtedhite after 12 hours at pH 5
was 1.7 and 1.6 umol frespectively, which is close to the reported mmaxh level of
citrate sorption onto goethite with 1.9 umol®rtCornell and Schindler, 1980). Citrate
sorption to both adsorbents resulted in a pronalideerease in the micropore volume and
the average micropore diameter (Table 4.1). Thecefhcreased with increasing contact
time of citrate and, in the case of C-coated goetimcreased with increasing citrate con-
centration (Table 4.1). The results indicate a apore clogging by citrate within less than
one hour of citrate sorption. Absolute changes icropore volumes upon sorption of cit-
rate were highly significant but about as smaltlaanges reported for Fe and Al oxides of
drinking-water treatment residuals after sorptiérploosphate for 80 days (Makris et al.,
2004).

The micropore volumes of pure goethite decreasdlearbackground electrolyte, even
without the addition of DOM or citrate (see ‘Go#&hControl’, Table 4.1). However, the
decrease in micropore volume was significantlydaig the citrate treatments (Table 4.1).

Ligand-promoted dissolution of goethite can be dubeit as a course for the porosity
changes detected in the presence of citrate asokeetrations determined in solution
were small. For example, the addition of 300 puMaté to C-coated goethite for three

hours resulted in a goethite dissolution of only Mhol% Fe. Taking an average-RET
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surface area of 242 g’ of ten synthetic 2-line and 6-line ferrihydriteSofnell and
Schwertmann, 2003, Table 5.1, p. 106; Liang et28lQ0), and assuming (i) a molecular
weight of ferrihydrite of 480 g mdl(FesHOs-4H,0, Towe and Bradley, 1967) and (ii) that
all acid-ammonium oxalate-soluble Fe (4.9 wt%) cemfrem residual ferrihydrite still
present in our solid, a simple alligation calcwdatshows that maximal 6°mper gram solid
could be attributed to residual ferrihydrite. Treckase in the DR-micropore surface area
after sorption of citrate to pure and C-coated kgjtes for 12 hours was 23 and 16 g,
respectively. Therefore, we take the statisticallynificant decreases in micropore vol-
umes and micropore diameters obtained from applieddDR model to the Nadsorption
data of citrate-treated goethites as direct eviddaoc pore clogging by citrate. It should be
noted that these micropore diameters are averageetiers. From a chemical standpoint,
the tiny decreases observed (<0.1 nm, Table 4dgesi that no monolayer sorption by
citrate in micropores occurred. Our results shaat the sorption of citrate in micropores is
a fast process being detectable byalsorption just one hour after citrate additiofash

adsorbents.

4.4.2 Phosphate sorption kinetics in the absence afrate

Pure and C-coated goethite sorbed 2.1 and 1.8 pmd, respectively. The value for
pure goethite is smaller than the 2.5 pmol P tivat are maximal expected to sorb on a
(101) goethite surface with two singly coordinatdface hydroxyls per 0.68 Amat a
maximum loading (Torrent et al. 1990; Cornell ancdhwgertmann, 2003). Sorption of
phosphate to pure and C-coated goethite did nehraa equilibrium within three weeks
and showed a biphasic pattern (Fig. 4.2), whiatoimmonly observed for phosphate sorp-
tion to soils and Fe oxides (Torrent, 1987; Barravale 1993; Strauss et al., 1997). The
slowly continuing phosphate immobilization over wgdy goethite has been verified to
be due to diffusion of phosphate into microporesa(s et al., 1997). Similarly, a clog-
ging of micropores of drinking-water treatment desils that comprise amorphous Fe and
Al oxides by phosphate has recently been confir(iMakris et al., 2004).

The micropore diffusion of phosphate in our stuslyurther evidenced by decreasing
average micropore diameters when phosphate wad addpure and C-coated goethite
(Table 4.2). It is important to note, however, ttte high-surface-area goethite used par-
tially recrystallized in solution. This is shown the decrease in the micropore volume and
a concomitant increase in the average micropomaeter after three weeks compared with
the initial goethite (Table 4.2). Accordingly, thealing of the smallest surface inhomoge-
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neities (micropores) increased the average miceopmeter as well as decreased the

micropore volume.

Table 4.1. Concentration and residence time effects of citrate on naagb-microporosity of pure and C-
coated goethite at pH 5. Goethite-initial and Goethite/DOM-ingia¢ the goethite properties at the begin-
ning of the sorption experiments, i.e., no solution contact. Means wengaceanwith the unpairetdtest.
Values in the same column that are followed by the same &tearot statistically different & <0.05. Val-

ues are given as mean + standard deviation. In the citrate ressitime experiment, means of each residence
time were compared (+ citrate vs. respective control treatment).

Treatment Mesopore Volume Micropore Average Micro-
2-5nm 510nm  10-50nm  Volume  pore Diameter
me g-l e g—l nm
Citrate Concentration
Goethite-initial 75 (6)a 89 (3)a 420(12a 57(1)a 0.87 (0.01)a
Goethite/DOM-initial 53 (5)b 76 (2)b 417 (9)a 44 (0)b 0.87 (0.01)a

Goethite/DOM + 20 uM Citrate 48(3)b  78(@)b  40al7 42 (O)c 0.85 (0.01)ab
Goethite/DOM + 100 uM Citrate 46 (b 76 (3b  3EH& 40 (0)d 0.84 (0.00)bc
Goethite/DOM + 300 uM Citrate 45(Q)b ~ 79(@b  39B(© 37 (e 0.82 (0.01)d

Citrate Residence Tirﬁe

Goethite Control

1lh 62 (4) 82 (1) 359 (2) 53(1) 0.88 (0.01)
6h 61(2) 82 (0) 342 (4) 52 (0) 0.87 (0.02)
12h 58 (1) 79 (1) A5(13) 51(1 0.88 (0.02)
Goethite + Citrate

1lh 58 (NS 80 (3)NS 361 (4)N. 46 (0)***  0.83 (0.00)**
6h 56 BAINS 83(3)NS 356(5)*  44(G)* 0.82(0.01)*
12h 53 (3)* 80 (3)NS 360 (3)N. 42 (0y***  0.81(0.01)**
Goethite/DOM Control

1lh 46 (27) 772 387 (6) 41(0) 0.86 (0.01)
6h 49 (3) 77(3) 374 (5) 42 (1) 0.87 (0.01)
12h 48 (3) 75(2) 383 (1) 43(0) 0.87 (0.00)
Goethite/DOM + Citrate

1lh 47(4NS  76(QNS 369 (3)**  BFt*  0.83(0.00)**
6h 45(3)NS 78 (3)NS 373(6)N 37 (0)***  0.83 (0.01)**
12h 51(4NS 80 (2* 3B5@8)* 37 ®* 0.82(0.00)**

" three hours contact time, 2 § olid concentration and 1= 0.01 M KBIO
*initial = no solution contact.

®300 UM citrate addition, 1 g'lLsoIid concentation and | =0.01 M KalO

* x4 Significant at the 0.05, 0.01, and 0.00gbability level, respectively.
NS indicates nonsignificanceRt= 0.05.
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Fig. 4.2. Phosphate sorption versus time of pure goethiteGueoated goethite. The lines show the fits of
Eq.[4.1] to the phosphate sorption data. Treatméhtphosphate addition; (C+P), simultaneous aulditf
citrate and phosphate; C+P, citrate added threeshmafore phosphate. Number of replicates wastasu-
ple variability was <2% on average. Error barsespnting standard deviation are within the symizel. s

The strongly complexing phosphate counteractedytiethite transformation to some
extent, which resulted in greater micropore volumiphosphate-treated samples relative
to the controls (Table 4.2, no P). This inhibit@f§ect of specifically sorbing ligands like
phosphate has also been shown to retard ferrileytteahsformation (Barrén et al., 1997).
Despite the dynamic nature of the goethite surfiacan be unambiguously concluded that
phosphate penetrated into micropores as their geedéameters decreased during three
weeks with respect to the initial goethite’s averagcropore diameter (Table 4.2).

While the sorption of phosphate to external sudaras reduced by 21% due to the
DOM coating (Table 4.3y), the amount of slowly sorbing phospha®gewy, and the ap-
parent diffusion constar(D/rz)allop were not significantly affected (Table 4.3). THere,
the diffusion of phosphate into micropores of gaetivas likely not restricted by DOlsls
shown by a similar decrease in average micropamelier compared with pure goethite
(Table 4.2). 1t is particularly noteworthy that theotential of goethite was reversed upon
DOM sorption from +29 mV to -32 mV and remained a@®ge upon phosphate sorption
(Fig. 4.3B), and that 43% of C were desorbed fromo&ted goethite after three weeks of
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phosphate sorption. Consequently, the phosphatesiff into micropores of C-coated
goethite was hardly influenced by the decredsedtential caused by sorbed DOM mole-
cules. The phosphate sorption kinetics of C-cogtegthite is clearly inconsistent with the
preferential sorption and stabilization of orgamatter in pores <10 nm (Kaiser and Gug-

genberger, 2003; Zimmerman et al., 2004a, b).
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Fig. 4.3.Change of-potential with time of (A) pure goethite and (BjcBated goethite during three weeks.
Treatments: P, phosphate addition; (C+P), simuttaseddition of citrate and phosphate; C+P, citnalded
three hours before phosphate. The inigdotential of pure and C-coated goethite in 0.0KNIO; (pH 5)
was +29 and -32 mV, respectively. Error bars regrestandard deviation.

The proposed preferential sorption of DOM molecutesr at the mouths of micro-
pores (Kaiser and Guggenberger, 2003) should reahdsee organic molecules less desorb-
able by phosphate, and — more important — shoudtedse the accessibility of these pores
to phosphate ions. Therefore, the observed incemgig between the strong reduction in
pore volume of pores <10 nm in C-coated goethiteptas (Table 4.1) and both a similar
change in average micropore diameter after phosgaption and slow phosphate sorp-
tion kinetics compared with pure goethite (Tablg, 44.3) might be best explained by

structural changes of organic molecules at thehigeesurface upon drying. Drying of or-
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ganic coatings might decrease the accessibilifyoogés <10 nm for Nat 77 K. In a previ-
ous study Mikutta et al. (2004) showed that mesepaf a Al oxide sample coated with

polygalacturonate decreased upon drying.

4.4.3 Citrate-promoted goethite dissolution duringphosphate sorption

Iron concentrations in solution increased lineanlfthe presence of citrate, and up to
2.3 mol% Fe of pure and C-coated goethite wereotlied within three weeks (Fig. 4.4).
The zero-order dissolution kinetics of goethite pties with a surface-controlled, ligand-
promoted dissolution that has been described byn&tuand coworkers (Furrer and
Stumm, 1986; Zinder et al., 1986; Stumm and Fufdr@87). This effect was greater for C-
coated goethite and samples to which citrate wdedbtefore phosphate (Fig. 4.4). Disso-
lution of pure and C-coated goethite proceededgiten rates at times <~24 hours. The
initial fast dissolution was followed by a slowé@ndar dissolution pattern; a finding that
was also reported for lepidocrocite (Bondietti ef #093) and hematite (Sulzberger et al.,
1989). The initial fast dissolution is attributedthe rapid dissolution of surface irregulari-
ties of crystals or to the dissolution of smalltdes (Ostwald ripening), like for instance
ferrinydrite particles in goethite/ferrinydrite nisxxes (Schwertmann et al., 1982). The ini-
tial fast dissolution step was small compared whih linear dissolution pattern in our and
related studies on crystalline Fe oxides (Sulzbeggal., 1989; Bondietti et al., 1993), but
became the controlling process in the citrate-medidissolution of ferrihydrite (Liang et
al., 2000).

3.0 S
With Citrate:
2 5 | dC/dt =1.94 - 2.80 nmol Fe m? h”
X @ G+P
° O G+C+P)
£ 201 w cecep
o V C-coated G+P
o 1.5 1 B C-coated G+(C+P)
° O C-coated G+C+P
3 1.0 1
©
L 0.5 -
0.0 - v/
0 100 200 300 400 500

Time, h

Fig. 4.4.1ron release kinetics of pure (G) and C-coatedhgtee(C-coated G) in the presence of citrate fol-
lowing different modes of addition (I = 0.01 M, @). The solid lines were obtained by linear curing.
Coefficients of determination were).98. Treatments: P, phosphate addition; (C+P)ulsameous addition
of citrate and phosphate; C+P, citrate added thoees before phosphate. The Fe release rates ®fpar C-
coated goethite were normalized to theBET surface area of pure goethite (179gn). Error bars repre-
senting standard deviation are smaller than thebsysize.
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If the Fe dissolved rapidly is attributed to resiiferrihydrite, the contribution of dis-
solved residual ferrihydrite to the sample’s massild be 0.44 wt% in the treatment with
maximal Fe release (C-coated goethite, ‘C-coate@* in Fig. 4.4). This value corre-
sponds to a maximal ferrihydrite contribution of mi g™ to the total N-BET surface area
— a value, which cannot be resolved bydNrface area measurements. As changes in mi-
cropore surface area were larger than®Igiin the presence of citrate, microporosity data
discussed hereafter are likely not biased by teegirce of residual ferrihydrite.

Sorption of citrate before phosphate to pure gtetiecreased the ability of phosphate
to compete with citrate for sorption sites (Tabld)4In accordance with the ligand-
promoted, nonreductive dissolution of Fe oxidesobganic ligandsR,, thatis linearly

dependent on the concentration of the adsorbeddidagy):

R = d[Fe(lll)agl/dt = ki [Ladd, [4.4]

wherek, is the rate constant of ligand-promoted dissolu(etumm, 1992), higher adsorp-
tion densities of citrate in the ‘C+P’ treatment lflea4.4) facilitated the partial dissolution
of pure goethite. As a consequence, higher Fe otrat®ns were measured in solution in
the ‘C+P’ treatment (Fig. 4.4). When both ions wadeed simultaneously, citrate sorption
was strongly reduced (Table 4.4) and the dissolutiogoethite was less distinct (Fig. 4.4).
Our results are in line with Watanabe and Matsun{@®04) and Hiradate and Inoue
(1998) who observed that the dissolution of Fe exidly mugineic acid was inhibited by
phosphate due to sorption competition.

While the amount of citrate sorbed to C-coated lgtetafter one hour, 24 hours (Ta-
ble 4.4) and 504 hours (not shown) were simildvath citrate treatments, TOC concentra-
tions in solution were 23% higher in the ‘C+P’ treant compared to the ‘(C+P)’ treat-
ment after three weeks. Likewise, Fe concentratiansolution after three weeks were
19% higher when citrate was added before phospbdiecoated goethite (Fig. 4.4). These
findings indicate that either citrate alone or ombination with phosphate promoted the
partial dissolution of C-coated goethite by favgriine release of Fe(lll)-organic matter
complexes from the goethite surface. A similar sgistic effect of LMWOA anions on
the ligand-promoted dissolution of goethite hasnbeported for oxalate, which enhanced
the rate of goethite dissolution by the fungal sipbore desferrioxamine B (Cervini-Silva
and Sposito, 2002; Cheah et al., 2003).



Table 4.2.Specific surface area and porosity after threekeveé sorption of phosphate, citrate, and both asiag differing ad-
dition modes. Treatments: Goethite-initial and GadetDOM-initial; goethite properties at the begdimy of the sorption experi-
ments, i.e., no solution contact; no P, samplésmkground electrolyte (control); P, phosphate témdi (C+P), simultaneous ad-
dition of citrate and phosphate; C+P, citrate adtlegle hours before phosphate. Means were compaied the unpairetiest.
For each adsorbent, values in the same columratkdbllowed by the same letter are not statidjiadifferent atP <0.05. Val-
ues in parentheses represent standard deviation.

Treatment Specific Surface Total Pore Dp’r Mesopore Volume Micropore Average Micro-
Area Volume 2-5nm 5-10nm 10-50 nm Volume pore Diameter
m2 g—l mn"3 g—l nm mm3 g—l mm3 g—l nm

Goethite

initial* 178.8 (5.9) 647 (15) 14.5(0.2) 75(6) 89(3) 420 (12) 57 (1) 0.87 (0.01)

no P 136.7 (1.6)a 538 (15)a  15.7 (0.4)a 4 3) 77(1a 346 (2)a 41 (O)a 0.91 (0.01)a

P 151.1 (1.3)bc 540 (9)a 14.3(0.1)b 45Q@)a  (1y® 358 (4)b 44 ()b 0.75 (0.02)b

(C+P) 155.5 (2.0)b 529 (3)a 13.6 (0.1)c 48 @a 41 354 (5)a 40 (O)c 0.71 (0.00)c

C+P 150.7 (1.6)c 565 (20)a  15.0 (0.7)ab 2% ( 77 (2)a 364 (12)a 39 (0)d 0.72 (0.01)bc

Goethite/DOM

initial* 149.3 (4.2) 620 (7) 16.6 (0.3) 53(5) 76(2) 417 (9) 44 (0) 0.87 (0.01)

no P 135.8 (0.9)a 581 (2)a 17.1(0.1)a 41 (0)a ()& 367 (Da 38 (0)a 0.90 (0.01)a

P 149.9 (1.7)bc 579 (6)a 15.5(0.1)b 453)a 02 370 (4)a 40 (O)b 0.73 (0.01)b

(C+P) 153.6 (1.9)b 566 (13)a  14.7 (0.2)c 5B 80(@2)b 354 (6)b 39 (O)b 0.73 (0.01)b

C+P 146.2 (4.0)c 574 (9)a 15.7 (0.2)b 43(3)a (4y&o 368 (9)ab 38 (1)a 0.74 (0.03)b

TAverage pore diameter.
¥ initial = no solution contact.
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Table 4.3. Parameter obtained from fitting the combined mddethe phosphate sorption data, apparent
diffusion constam(D/rZ)app and the amount of phosphate slowly immobilizedirduthree weeks. Treat-
ments: P, phosphate addition; (C+P), simultaneddgian of citrate and phosphate; C+P, citrate ddtiece

hours before phosphate. Values in parenthesessesyirstandard error.

Treatment G a K b P (D) Peiowy
0O504h = Cn
pmol m? h'  umol n? K3 h' pmol m?
x 10° x 10"

Goethite
P 1.85(0.04) 0.46(0.04) 0.18(0.04) 13(2) 099 238)(80.29 (0.05)
(C+P) 142 (0.02) 0.33(0.03) 0.29(0.07) 9(2) 0984(81) 0.17(0.02)
C+P 155(0.04) 0.70(0.04) 0.14(0.02) NS 099 NS  0.BY0
Goethite/DOM
P 147 (0.02) 0.34(0.04) 0.36(0.10) 17(2) 099 348)(60.36 (0.03)
(C+P) 1.30 (0.05) 0.52(0.06) 0.16(0.04) 7(3) 098 (48 0.13(0.05)
C+P 1.38(0.04) 0.69(0.05) 0.25(0.05) NS 099 NS  0.aBJ0

"Total amount of phosphate sorbed rapidly.
* Constant related to the amount of phosphate itasteausly sorbed according Eq.[4.2].
¥ Rate constant of the fast phosphate reaction.
" Rate constant of the slow phosphate reaction.
NS indicates nonsignificance at #he= 0.10 level.

Table 4.4. Amounts of phosphate and citrate sorbed afterhmng and 24 hours. Treatments: P, phosphate
addition; (C+P), simultaneous addition of citratel ghosphate; C+P, citrate added three hours bpfars-
phate. Values in parentheses denote standard ideviat

Treatment Sorption after 1 h Sorption after 24 h

P Citrate ) (P+Citrate) P Citrate )°  (P+Citrate)

pmol m’

Goethite
P 1.49 (0.03) 1.49 (0.03) 1.88 (0.02) 1.88 (0.02)
(C+P) 1.18 (0.05) 0.30(0.10) 1.48(0.11) 1.48 (0.01)16@0.00)  1.64 (0.01)
C+P 0.94 (0.04) 0.69 (0.05) 1.62(0.06) 1.51(0.02) @@&Z) 2.13(0.08)
Goethite/DOM
P 1.25 (0.02) 1.25 (0.02) 1.56 (0.02) 1.56 (0.02)
(C+P) 0.82(0.01) 0.30(0.03) 1.12(0.03) 1.30 (0.04)27@0.01) 1.57 (0.04)
C+P 0.86 (0.04) 0.40(0.04) 1.26(0.06) 1.40(0.03) @2ZB) 1.65(0.04)

4.4.4 Phosphate sorption kinetics in the presencé atrate

Phosphate sorption induced the desorption of eiti@m pure and C-coated goethite

(Table 4.4). Despite the strong competition betwéeth ions, citrate decreased the

amount of phosphate sorbed to pure and C-coatatliggseafter three weeks by up to 28%

and 22%, respectively. The result complies with |Gmed et al. (1998) who reported a



59

pronounced decrease in phosphate sorption at pHeh witrate was present at equimolar
concentration.

The effect of citrate on the phosphate sorptioretkas of goethite can be slit up into
two separate processes: First, citrate reducearimint of phosphate sorbed to external
surfaces of both adsorbents (Table 4.3, which can be attributed to direct site blocking.
Secondly, citrate reduced the amount of phosplateed to internal sorption sites (Table
4.3, Psiowy). The latter effect of citrate was more pronouncethpared with the sorption
competition between phosphate and citrate for patesurface sites.

The rate constant of the slow phosphate immobitimab, decreased for pure and C-
coated goethite in the order P > (C+P)G+P (Table 4.3). The amount of phosphate dif-
fused, approximated &%owiy, decreased for pure goethite in the order P > (GPE+P,
but no statistically significant effect of the ord# addition on the slow phosphate immo-
bilization could be found for C-coated goethite{RC+P) = C+P; Table 4.3). Apparent
diffusion constants(D/rZ)app, reported in Table 4.3 comply well with appareiffudion
constants reported for molybdenum desorption framepnd C-coated goethites (Lang
and Kaupenjohann, 2003), but are 3-4 orders of ratg lower than those reported for
phosphate sorption to goethites (Strauss et @.7)19vhich may be caused by a systematic
overestimation ofj, as an approximation for the amount of phosphdtasdid at infinite
time in Eq.[4.2]. Apparent diffusion constants agged in the presence of citrate and be-
came statistically insignificant & = 0.10 when citrate was added before phosphate (Ta
ble 4.3). This finding indicates that the diffusicesistance of phosphate increased in the
citrate treatments as a consequence of the miopmume and micropore diameter re-
duction (Table 4.2). The stronger the reductiominropore volume was for pure goethite,
l.e., C+P >> (C+P), the less phosphate was slowly amized during three weeks
(Fig. 4.5).

We observed an inverse relationship between theianus Fe dissolved (umol™y af-
ter three weeks and the specific micropore volutillepsesent after three weeks (n = 5,
r? = 0.97,P = 0.003). The treatment ‘C-coated goethite + Rl ttabe excluded from the
regression analysis, because the Fe release irtrdasnent was possibly impaired by
sorbed DOM, thus producing an outlier in the dBtaspite that, the observed relationship
implies that in the presence of citrate both tregging of micropores as shown in the
short-term citrate sorption experiment (Table 4m)l the partial dissolution of goethite
proceeding at external goethite surfaces may a¢doun(i) the reduction in micropore
volume and average micropore diameter (Table drit),hence (ii) the reduction in the rate
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constant of the slow phosphate sorption and theuatnaf slowly sorbing phosphate (Ta-
ble 4.3). However, as the slow phosphate sorptioiné presence of citrate decreased by
up to 100% and both adsorbents were dissolved tbgtesiby only up to 2.3 mol% (Ta-
ble 4.3, Fig. 4.4), we conclude that the micropol@gging prevailed over the ligand-
induced dissolution as a cause for the diffusidmbition of phosphate.

46
"o @ Goethite P
- 44 { O C-coated Goethite »—§—<
S
s 42 A
5 . (C+P)g P
g I—O—|
5 38 '
3 J
8 C+P —Q—
o ]
S 36
0 Al’ 1 1 1 ) 1 ) 1 1

-0.1 0.0 0.1 0.2 0.3 04
Phosphate sorbed slowly, pmol m™

Fig. 4.5.Phosphate sorbed slowly calculated according Ej.{4. the micropore volume present after three
weeks of sorption. Treatments: P, phosphate addifid+P), simultaneous addition of citrate and jphase;
C+P, citrate added three hours before phosphater: Bairs indicate standard error.

4.4.5 Electrophoretic mobility measurements

The (-potential kinetics are presented in Fig. 4.3. Iphage sorption to pure goethite
reversed itg-potential to negative values, which accords whih finding that specifically
sorbing anions lead to a reversal of #fwpotential with increasing ion concentration
(Hunter, 1988; Goldberg et al., 1996; Su and Sy&@@0). With increasing sorption time,
the (-potential of pure goethite increased by about 6dn¥ng phosphate sorption, which
was not noticeable for C-coated goethite (Fig..4P®)ssible explanations include surface
precipitation of Fe phosphates (Ler and Standf@@®93; Kim and Kirkpatrik, 2004), dis-
aggregation of goethite particles (Lima et al.,@0@r diffusion of phosphate into pores of
the adsorbent (Strauss et al., 1997; Makris e280D4), where it does no more contribute
to the electrophoretic mobility. We favor the latexplanation because (i) phosphate
clogged micropores of pure goethite and C-coatethijfe in the absence of citrate (Ta-
ble 4.4, average micropore diameter), (ii) no stefprecipitation of phosphate on goethite
could be detected by XANES over a broad range aisphate solution concentrations
(0-1.4 mM) (Khare et al., 2005), and (iii) the Fdease kinetics were not related to the
(-potential kinetics (Fig. 4.3, 4.4).
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In the presence of citrate, tldepotential of the adsorbents declined when compared
with samples to which only phosphate was addedysigypthat citrate conveyed additional
negative charge to the adsorbents surface (Fig. Bh#s effect was stronger for pure goe-
thite compared with C-coated goethite. The ordeadufition of both ions to pure goethite
did not result in significant differences in tgegpotential, which accords with the minor
effect of the order of addition on the amount obgphate sorbed to external surfaces (Ta-
ble 4.3,cy). This result indicates that externally sorbedsi@ontribute primarily to the
electrophoretic mobility.

4.4.6 Environmental implications

Polycarboxylic low-molecular-weight organic acid@rs are excreted by plant roots at
rates ranging up to 4000 nmotf gfresh weight) H depending on environmental condi-
tions (Ryan et al., 2001). Consequently, concewinatof these anions in the rhizosphere
soil solution can increase up to 1500 uM (Jone881LModeling approaches indicate that
99% of these acids remain within 1 mm from the matface (Jones et al., 1996), which
confines their efficiency in nutrient acquisitiamthe soil-root interface. Phosphate mobili-
zation mediated by LMWOA anions has been documeritedsoils (e.g., Lopez-
Hernandez et al., 1986; Traina et al., 1987; Jwtgi., 1993; Strom et al., 2002), but the
mechanisms behind are not easily identifiable imglex systems. The increase in phos-
phate solution concentration in the presence of LWWanions has mostly been ascribed
to sorption competition (Lopez-Hernandez et al86;9Geelhoed et al., 1998, 1999; see
Guppy et al., 2005 for a review) and, less oftenthe dissolution of phosphate-bearing
minerals (Traina et al., 1987; Bolan et al., 19987 Bertrand et al., 1999). Although the
dissolution of Fe oxides by LMWOA anions is welladmented (Stumm et al., 1985;
Miller et al., 1986; Zinder et al., 1986; Chiarizad Horwitz, 1991), its ecological mean-
ing has received much less attention (Jones €lt3§; Bertrand and Hinsinger, 2000).

In accordance with adsorption studies (e.g., Geslhat al., 1998), sorption competi-
tion between citrate and phosphate decreased thmioso of phosphate to pure and
C-coated goethite by up to 28%. Additionally, ceralogged the micropores of both ad-
sorbents and enhanced the goethite’s dissolutiato ‘mechanisms by which the diffusion
of phosphate into mineral pores of <2-nm size atth its strong fixation can be reduced.

The sorption of citrate in micropores of pure anddated goethites was detectable
within the maximal average half-life time reporfed citrate in soils (<12 hours, Jones and

Darrah, 1994) without any significant dissolutionf dhe goethite occurring



62

(<0.3 mol% Fe). The sorption of citrate in microp®rof goethite within hours may par-
tially promote its stabilization against microbidkcay by the physical exclusion of en-
zymes (Adu and Oades, 1978; Mayer, 1994; Zimmergtaal., 2004a, b). Within three
weeks of phosphate sorption to pure and C-coatethge, citrate significantly impaired
the slow phosphate reaction. Micropore cloggingclisate and citrate-mediated goethite
dissolution (<2.3 mol% Fe) were identified as pblesmechanisms by which the diffusion
of phosphate into micropores of pure and C-coateethites can be impaired. As plants
under phosphate stress will exude LMWOA anionsigit nates and over long periods of
time, the micropore clogging or the dissolutionstrfongly phosphate sorbing Fe and Al
oxides adjacent to root surfaces may be regardgumbt@stial strategies of plants to cope
with phosphate deficiency in addition to ligand{excge. The effects of micropore clog-
ging by LMWOA anions and the dissolution of Fe @sdoy polyprotic LMWOA anions
on the bioavailability of phosphate have yet natrbesalized, and are therefore still unac-
counted for in mathematical models of phosphateilimabon by organic anion excretion
by plant roots (Kirk, 1999; Geelhoed et al., 1999).

4.5 Conclusions

Under the experimental conditions chosen, citrata aommon water soluble root exu-
date has been shown to clog the micropores of d@ynthetic pure goethite and one that
was coated with natural organic matter. For botkodukents, the micropore clogging pro-
ceeded within only a few hours. The micropore cioggf both adsorbents by citrate in-
creased with time and, for C-coated goethite, witheasing citrate concentration.

During three weeks of phosphate sorption in thesgmee of citrate at equimolar con-
centration (500 uM), citrate reduced the amourghafsphate sorbed to both adsorbents by
up to 28%, and solubilized Fe from pure and C-abgteethite by up to 2.3 mol%. In addi-
tion, citrate led to a reduction in the micropomdwme and average micropore diameter of
pure and C-coated goethite. Consequently, the stmlacantinuous phosphate immobiliza-
tion by both adsorbents via diffusion of phosphate micropores was strongly impaired.
This effect was larger when citrate was added threeshbafore phosphate to pure goe-
thite, but only a minor effect of the order of aduh of both ions was observed for
C-coated goethite. As both microporous Fe oxidesla@/OA anions are ubiquitous in
soils and sediments, micropore clogging and theigbaglissolution of Fe oxides by
LMWOA anions might be of significant importance aeding the mobility of nutrient
and/or contaminant anions that would otherwisethengly fixed by Fe oxides in acidic
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environments. Due to phase transformations of rsetile microporous adsorbents in
agueous solutions, the average micropore diamateibe regarded as a better parameter
for identifying micropore clogging or dissolutioractions caused by organic compounds

than simply micropore volume.
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5.1 Abstract

Uronates are important constituents of maize mgeiland Polygalacturonate is used
as a simplified model of the soil-root interfacee Wsted whether galacturonate (GA) and
polygalacturonate (PGA) impair the diffusion of gpbate into/out of pores <5 nm of a
synthetic goethite (147 7g*) and whether the effect of maize mucigel (MU) gsnpara-
ble with that of PGA. We measured the phosphatergéen kinetics of goethites in batch
experiments over two weeks at pH 5. One part ofgibethite was equilibrated with or-
ganic substances before phosphate addition, anp#remlfter addition of phosphate. Be-
fore the desorption experiments, the porosity af samples was analyzed by bas ad-
sorption. In each treatment a rapid initial desorptvas followed by a slow desorption
reaction, which is assigned to the diffusion of gtwate out of goethite pores. No consis-
tent relation between the <5-nm porosity and the odthe slow phosphate desorption was
observed. Compared with the C-free control, only P&W MU affected the fraction of
phosphate mobilized by the fast and slow desorpidhen PGA was sorbed to goethite
prior to phosphate, twice as much phosphate waslizetbvia the fast reaction than in the
treatment where phosphate was sorbed prior to RGdgesting a decreased accessibility
of goethite pores to phosphate. Mucigel, howevieowed reversed effects, which is as-
cribed to its differing chemical composition. Innotusion,PGA seems inappropriate as a
model substance for maize MU collected from noméxasand cultures. Under the ex-
perimental conditions chosen, the efficacy of ajjamic substances to increase the solution
concentration of phosphate by pore clogging angtgsr competition is small.
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5.2 Introduction

The P reservoir of soils is usually large (Foth &tids, 1997), but phosphate concen-
trations found in the soil solution are generallgaier than 20 uM (Reisenauer, 1964,
Barber, 1974). The reason for the low phosphate ertrations under acid conditions is
the strong sorption of phosphate to soil mineradpecially Fe and Al oxides. Phosphate
ions either adsorb on external surfaces of Fe drakifles or in their intra- and interparti-
cle pores that are accessible to phosphate bys@filWillet et al., 1988; Torrent et al.,
1990; Strauss et al., 1997; Mikutta et al., 2008¢)e extent of phosphate diffusion into
pores of Fe oxides depends on the volume of mamd-mesopores, and the pore geometry
of the adsorbent (Cabrera et al., 1981; Madrid dadArambarri, 1985; Strauss et al.,
1997).

In soils, mineral surfaces are partly covered withanic matter (OM) (Fontes et al.,
1992; Heil and Sposito, 1995; Mayer and Xing, 20Bé&rin et al., 2003). Organic coatings
of the soil rhizosphere may consist primarily otrobial and phytogenic OM, with poly-
saccharides being important constituents. Espgcralicilages have been implicated to
strongly bind soil particles together, thus coatmigeral surfaces at the soil-root interface
(Vermeer and McCully, 1982; Watt et al., 1993). Mages are pectin-like high-
molecular-weight root exudates, which are primasigreted by root cap cells (Paull and
Jones, 1975; Rougier, 1981) and comprise about 90{8&ysaccharides with about 20-
35% of uronic acids (Cortez and Billes, 1982; Matdl., 1986). Principal components of
maize mucilage identified are glucose, galactogegde, xylose, arabinose, and galactu-
ronic acid (Rougier, 1981; Osborn et al., 1999).

The sorption of polygalacturonate (PGA) - as a rhedbstance for root mucilage - to
goethite ¢-FeOOH) has been shown to reduce the pore volured@im pores and the
amount of phosphate sorbed within two weeks (Miettal., 2006b). Gaume et al. (2000)
explained the increase in isotopically exchangeahlesphate after phosphate addition to
PGA- and mucilage-treated ferrinydrite with micrgeggation of ferrihydrite particles,
which decreased the accessibility of sorption stephosphate. Apart from these reports,
no studies on the effect of mucilage or mucilage-lsubstances on the accessibility of
mineral pores to phosphate or other oxyanions eaéadle. In addition, most studies on
the kinetics of oxyanion-mineral interactions aoafined to adsorption. To date, only one
study is available relating the ‘pore clogging’Fed oxides by organic sorbates to the de-
sorption kinetics of oxyanions. Lang and Kaupenjoh&003) studied the effect of resi-
dence time of molybdate on the molybdate desorgtiortics using pure goethites and
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goethites incubated with dissolved OM. They founalt tC coatings prevented molybdate
from diffusion into intraparticle pores, thus faway its enrichment on outer goethite sur-
faces and hence its fast desorption compared with goethites. Until now it has not been
studied whether oxyanions might be trapped in miara small mesopores (@ <5 nm) by
organic coatings comprising macromolecular rootdates. This situation likely occurs
when oxyanions sorb to porous minerals prior to OMe hypothesized that high-
molecular-weight OM entraps phosphate in pores rbafi goethite when added after
phosphate and, conversely, that the diffusion afsphate into pores <5 nm is impaired
when OM is sorbed prior to phosphate. A pore saanbdary of 5 nm was chosen because
in preliminary experiments we observed that thein@ of <5-nm pores of microporous
goethite was significantly reduced by sorbed n&tOM or PGA (Mikutta et al., 20064, c).
Polygalacturonate is commonly used as a simplitiedel of the soil-root interface (Morel
et al., 1987; Gessa and Deiana, 1992; Ciurli el8P6; Gaume et al., 2000; Grimal et al.,
2001; Mikutta et al., 2006a, b). However, well-defi root exudates seldom exist in the
rhizosphere, and the ability of PGA or mucilagafi@ct the kinetics of phosphate sorption
and desorption of Fe oxides might depend on theedegf alteration of these substances,
e.g., by microbial activity or by complexation wplolyvalent cations (Deiana et al., 2001;
Mimmo et al., 2003; Gessa et al., 2005). In ordembre realistically test the effect of
macromolecular root exudates on the phosphate piesokinetics of Fe oxides, we addi-
tionally used mucigel of maize plants. Mucigel igelatinous material at root surfaces of
plants grown under non-axenic conditions (Jenny @nassenbacher, 1963). It includes
pure and modified mucilage, bacterial cells, thmetabolic products (e.g., capsules and
slimes) as well as colloidal mineral and/or OM integl from the sampling environment.
We hypothesized that the phosphate desorptioni&met goethite treated with PGA is
comparable to that of mucigel-treated goethite. tlitee was used because it is the most
prominent Fe oxide in soils (Cornell and Schwertma2®03). Polygalacturonate and
maize mucigel (MU) were taken as phytogenic macteouar organic sorbates, whereas
galacturonate (GA) was used to identify effectsiag from the polymeric nature of PGA
only. For example, in contrast to GA, sorption @A in micropores is unlikely due to
size-constraints (Gaume et al., 2000). All expenitaavere conducted at pH 5 in order to
resemble the acidic conditions in the growth meofiaP starved plants supplied with

NO3-N (Neumann and Rémheld, 1999) and to minimize tiflaénce of bicarbonate.
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5.3 Materials and Methods
5.3.1 Preparation of goethite

The goethite was synthesized by oxidative hydrslygdi Fe(ll) (FeS@7H,0, Merck,
extra pure) at pH 7 using.B, as an oxidant. The precipitate was washed urdietbctric
conductivity was below 10 uS énfreeze-dried, softly ground and sieved to a plarti
size <200 um. The oxalate-soluble Fe content acugr Blakemore et al. (1987) was
4.9%. Powder X-ray diffractograms of the goethitese obtained using a Siemens D5005
instrument (Siemens AG, Germany) with Guiadiation of wavelength 0.15406 nm
(40 kV, 30 mA). The scans indicated pure goethiitt wo detectable contamination. Dif-
ferential X-ray analysis after oxalic acid-ammoniwralate treatment (Schwertmann,
1964) did not reveal ferrihydrite contaminationsafning electron micrographs of pure
and OM-treated goethite were obtained with a Hit&8:4000 microscope fitted with an

Energy-dispersive X-ray detector.

5.3.2 Organic substances

The polygalacturonic acid used comprised 37.2% CGfA8% N [(GHgOg)n, >95%,

M = 25-50 kDa, Fluka P81325]. The most prominentioces of the PGA were Na
(192 mmo} kgt) and Ca (11.4 mmekg™). Polygalacturonate solutions were prepared by
dissolving PGA in 0.01 M KN@with the help of 10 uL 1 M KOH mgPGA. The pH of
the solutions was then readjusted to pH 5 with 0A0HNO; without any visible floccula-
tion occurring. Galacturonic acid was used in tlemf of D(+) galacturonic acid
(CeH1007:H20, >93%, Fluka P48280).

Mucigel from maize plantsZga mayd.., cv. Marshal) was obtained by the method
outlined in Neumann et al. (1999). Twelve maizenfdavere grown in 2.8-L glass tubes
filled with quartz sand under greenhouse conditionth a light period of 16 hours
(Fig. 5.1). Using a wick-irrigation system with twdoippers per culture vessel for continu-
ous percolation of nutrient solution (1 L per plamplaced every second dag)nutrient
solution was constantly percolated through the sudmntaining 2 mM Ca(Ng), 0.1 mM
KCI, 0.7 mM K;SO;, 0.5 mM MgSQ, 0.5 uM KHPQ;, 100 pM FeEDTA, 10 pM kBOs,

0.5 UM MnSQ, 0.5 uM ZnSQ@, 0.2 uM CuSQ@ and 0.01 uM (NE)Mo7O,4 After three
weeks, the concentration of all components was ledulexcept for Fe, which was raised
to 150 uM of Sequestredl (Syngenta) instead of FEEDTA. After approximatelght
weeks, fertilization was raised to the maximum lexeaching the five-fold concentration

of the initial nutrient supply. Sequestren applmatwas increased to 450 uM. From the
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middle of November 2004 until the end of Januar@32(begin of flowering) root MU was
collected alternately from six plants every two staljhe glass tubes were percolated twice
with 500 mL of distilled HO to remove accumulated salts originating from rin&ient
solution as far as possible and to induce swebinipe mucilage by flushing the roots with
water. After two hours, the draining tubes weresebb and the tubes were incubated with
500 mL of warm (35-38°C) distilled 4@ for solubilization of mucilage. Thereafter, the
solution was collected in PE bottles and percolaade through the glass tubes. Perco-
lates (approx. 4 L per 6 plants) were subsequeartthcentrated by rotary-evaporation at
45°C to a volume of approx. 100 mL and stored atC2@\t the end of the collection pe-
riod, all pre-concentrated samples were combinedyophilized to complete dryness.

The mixed lyophilized samples were extracted wi#-cold methanol (80% v/v) to
solubilize salts and low-molecular weight organenpounds. Repeated washings of the
80% methanol-insoluble high-molecular-weight frantwere performed by re-suspending
in 80 mL 80% methanol and subsequent centrifugatgyB00x g for 5 min). Washing
were performed until the electric conductivity viadow 50 puS ci.

An attempt to remove cations, originating from tngrient solution and potentially
bound to cation-exchange sites of the mucigel, peaormed by re-suspending the MU in
200 mL of 80% methanol. Five membrane bags eactaiciimg 2 g of a cation exchange
resin (Dowex 50 W X 8", 20-50 mesh, Nform) were added, and the suspension was
shaken for 6 hours at room temperature. After fosadtrifugation, the MU was air-dried at
27°C (approx. 6 g dry matteifor the experiments, we prepared MU solutions Bpelis-
ing MU in 0.01 M KNQ, sonicating the suspension for 40 min, and resditiyg the pH to
5 with 0.01 M HNQ.

Characterization of MUTotal C and N content of the MU were determined veith
Elementar Vario Elll C/N/S Analyzer. The MU was arzad in triplicate for the content
of sugars, uronic acids and proteins. For the amalyf sugars and uronic acids, 10 mg of
the dry MU were hydrolyzed for three hours at 100t 1 mL 2 M HSO, (Harborne,
1984). Insoluble material was removed by centrifiogg and the hydrolysate was ana-
lyzed for reducing sugars after 10-fold dilutiordgyH adjustment to 4-5 using glucose as
a standard (Blakeney and Mutton, 1980). Uronic awdse determined with glucuronic
acid as standard (Blumenkrantz and Asboe-Hanser8)1®roteins were quantified ac-
cording to Bradford (1976) after resuspending 10ahthe dry MU in 0.5 mL dest. 4.
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Whereas no soluble proteins could be detectedenMbl suspension, a clearly positive

Coomassie-blue staining indicated the presencesofuble proteins.

Fig. 5.1.Sand-culture system for exudate collection fromzaailants.

Cations bound by MU were measured with atomic aligorspectrometry (Perkin Elmer
1100B) after acid digestion of the MU in conc. HN®@O:1/w:v). Total P in the MU was
determined photometrically at 710 nm (Murphy anceRil1962) after acid hydrolysis in
conc. HCI (50:1/w:v). The amount of organically bdun Porg) Was operationally defined
as the difference between total P and the amoupho$phate bound by MWPi.rg). The
latter was determined after ultracentrifugationQ@A®0x g, one hour) of an aqueous sus-
pension of MU containing 1 g CL Mineral phases in the MU were identified with pow
der X-ray diffraction (Siemens D5000). Table 5.insoarizes the chemical composition of

the maize MU used.

Table 5.1.Composition of the maize mucigel used in this gtihlues in parentheses indicate standard
error of triplicate measurements.

Content in mg § (dry weight)

C H' N s' Sugar  Uronic acid
118(0.4) 19.1(0.3) 85(0.1) 94(22) 40(06) 6.3Y0
Na K Ca Mg
114(0.2) 7.1(0.1) 19.8(0.1) 5.7(0.1)
Fe A si Porg Prorg

1.1(1.0) 13.8(0.1) bdl 17.1(1.0) 3.3(0.1)

" determined with a Leco CHNS-932 analyzer withresiten VTF 900.
* bdl, below detection limit (<1 mg'Lin the digestion solution).
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5.3.3 Sorption of phosphate and organic matter

Goethite (18 g) was weighed into a 2-L HD-PE badttel equilibrated for 20 hours in
1L 0.01 M KNQ solution at pH 5 on a reciprocating shaker at rfE80miri* using 0.01 M
HNO; for pH readjustments. To impair microbial activibe bottle was coated with Al foll
and 100 pL 0.1 M AgN@solution were added. After 20 hours, 1 L 0.01 M®J$olution
(pH 5) containing a phosphate concentration of 8 w4 added. Phosphate was provided
as KHPO, (Merck, p.a.). The sample was then transferred anotary shaker running at
10 rev min. The pH was manually maintained at 5 + 0.2 by @afdiof 0.01 M HNQ.
After 15 days the suspension was 0.2-um membrdteeefi, and the filter residue was
washed with 500 mL doubly deionized water, freedee] and softly homogenized in an
agate mortar.

Eight grams of the phosphated goethite were theghed into a 2-L HD-PE bottle and
1 L of 0.01 M KNQ solution (pH 5) containing 1 g C'Lof GA or PGA was added. Be-
cause we had only a few grams of MU material atdh&80 mL MU solution with
1 g C L* were given to 2.24 g of phosphated goethite. Empies were shaken on a ro-
tary shaker at 20 rev ninin the dark at 20 + 2 °C for 12 hours. Afterwartte samples
were 0.2-um membrane filtered, washed with 500 roubtly deionized water to remove
excess phosphate and organic C, freeze-dried, duitlyogenized and stored in the dark
until use.

In another treatment we reversed the sequence of@iMphosphate addition to pure
goethite. Details of this procedure were identiwathe first treatment. After phosphate
and/or OM sorption and subsequent freeze-dryinfp@fsamples, organic €éntents were
determinedwith an Elementar Vario Elll C/N/S Analyzer. Befdiree freeze-drying com-
menced, all samples were frozen at -80°C. The dréadples were further examined with
N, adsorption.

5.3.4 Phosphate desorption kinetics

In order to avoid product limitation in the desaoptexperiments, we used synthetic
Al,0O3 (Merck, pH 6.0 £ 0.5, 50-150 um) as an infinitsiek for phosphate that is mobi-
lized in our batch-desorption experiments. TheQAlwas sieved to a particle size of
>100 um. The phosphate sorption capacity of theedidhLO3 in 0.01 M KNG solution at
pH 5 was ~410 umol P’gas judged from the phosphate sorption isotherne AbO;
‘sink’ ensured phosphate solution concentrationtes$ than 2.5 pM, which corresponds
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to less than 2% of the total phosphate desorbedr Ao weeks of phosphate desorption,
phosphate solution concentrations were typicall§.€gM in all samples.

Six grams of AJO; were packed into a D65 cm polyamide net of 50-um mesh size,
which was sealed with an impulse sealer ME-200HbFM GmbH, Bad Rappenau, Ger-
many). In order to avoid Hbuffering by dry A}Os, the AbOs-bags were equilibrated at
pH 5 in doubly deionized water until the pH was stant. At the beginning of the desorp-
tion run, the nets were added simultaneously wighidackground electrolyte solution (1 L
0.01 M KNG;, pH 5) to the reaction bottles that contained & differently treated goe-
thite. Again, in the MU treatments the sample welgd to be reduced to 0.3 g. Therefore,
150 mL of background electrolyte solution were atldenultaneously with 0.9 g of pre-
equilibrated AJO3; to MU-treated goethites.

Triplicate samples were shaken in the dark on aryashaker at 10 rev minand at
20 £ 2 °C. To inhibit microbial activity 100 uL ONl AgNO3 were added per liter back-
ground electrolyte solution. The pH was manuallymaaned at pH 5 with 0.01 M HNO
Deviations from the target pH were <0.5 for tim&gfours and <0.2 for times >24 hours.
After 1, 2, 4, 8, 24, 48, 96, 168 and 336 hour®amlL aliquot (5 mL in MU treatments)
was removed from the suspensions and 0.45-um memliifteered. The filter residue was
freeze-dried. Subsequently, 5.0 £ 0.05 mg of theddfilter residue were weighed into a
glass vial and dissolved in 100 pL conc. HCI. Toueasa rapid dissolution of the solids,
the vials were placed in an oven at 105°C for 3 rAifterwards, 10 mL doubly deionized
water were added and the phosphate concentratisnanalyzed photometrically by the
ascorbic-molybdenum blue method at 710 nm (Murphy Riley, 1962). Solutions con-
taining MU components were additionally 0.2-um meamnie filtered (cellulose nitrate) in
order to obtain clear solutions for the phosphag@asaurement. Standards were prepared to
resemble the matrix of the samples analyzed. Théy/tiral precision of photometric de-
termination of phosphate was ~1%. Subsample vditiatvas 1.4% on average. At the end
of the desorption experiments the organic C conténthe freeze-dried goethites was
measured with an Elementar Vario Elll C/N/S Analyz8arbon desorption during the
phosphate desorption experiments was less tham @btreatments (not shown).

5.3.5 Desorption data evaluation
Desorption of phosphate from goethite was modekdgua linear combination of a
first-order rate equation and the parabolic rate (kang and Kaupenjohann, 2003). While
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the first term describes the fast desorption ofsphate from external goethite surfaces, the

diffusion term models the slow transport-controltessorption of phosphate:
P/Phital (t) = ag-a0 €' + bt>?, [5.1]

whereP/Piiia () is the fractional amount of phosphate desorbedratt, a, is the frac-
tional amount of phosphate desorbed by the fasticgrak is the rate constant of the fast
desorption (H), andb is the rate constant of the slow phosphate desorfti’?). The
parametersy, k andb were determined by minimizing the sum of squanéf@éreénces be-
tween the observed and predicted values of thendigpé variable using the Marquardt-
Levenberg algorithm implemented in SigmaPlot fom@dws Version 7.0 (SPSS, Inc.).
Parameters were evaluated with tkgtatistics, which tests the null hypothesis that pa-
rameter is zero by comparing the parameter valtie itgi standard error. The rate constant
of the slow phosphate desorptidm,is related to the apparent diffusion cons(zﬁ)itz)app
(h™):

b = 40, 77°°(DIr?)apy>, [5.2]

whereq, is the fractional amount of phosphate diffusechéihite time,D is the apparent
diffusion coefficient (M h%), andr is the radius of diffusion (m). To calculate thEparent
diffusion constant(D/rz)app we used the fraction of phosphate present=a0 hourscor-
rected for the fractional amount of phosphate dessbrapidly é&,) as an approximation for
0~ In EQ.[5.2].

5.3.6 Surface area and porosity measurements
We used an Autosorb-1 gas sorption system (Quamtane) Syosset, NY) to assess poros-
ity and surface area of goethite after additiorpledbsphate, organic compounds, or both.
Helium was used as backfill gas; Nas used as adsorbate. Approximately 100 mg sample
(~15 nf) were degassed until the rate of pressure incriegs@por evolution was below
about 1.3 Pa mihwithin a 0.5-min test interval. Nitrogen adsorptiand desorption iso-
therms were obtained from 79 points in the papiassure range 3010°to 0.995P/P,.
Specific surface area was calculated from the BE&agon (Brunauer et al., 1938).
Microporosity (<2 nm) and average micropore diameatere determined according to

the Dubinin-Radushkevic method (Gregg and Sing, L9B2e mesopore size distribution
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(2-50 nm) was calculated on the desorption legguie BJH method (Barrett et,al951).
Separation between small (2-5 nm), medium (5-10 ang) large mesopores (10-50 nm)
was achieved by linear interpolation of the BJH detson data. Total pore volume was
taken at 0.99®/P; and the average pore diameter was calculat®y aAVq /ISSAwhere
Viiq is the liquid volume of Blcontained in pores at 0.993P, andSSAis the BET surface

area. All isotherms were recorded in triplicate.

The MU contributed up to 31% to the sample’s magsch when unaccounted for
would a priori decrease the adsorption of & 77 K in these goethite samples because N
specific surface areas of OM are generally <5gth(De Jonge and Mittelmeijer-Hazele-
ger, 1996; Mikutta et al., 2004; Alvarez-Puebla &wafrido, 2005). Therefore, porosity
and surface area of MU-treated goethites were ciaeor the mass of MU present in the

sample:

Xeorr = X /[1- (Cgoethitécmucigeb], [5.3]

whereX determines specific pore volume (e.g., mesopohenwe) or specific surface area
measured with Nadsorption, an@geethite aNd Crucigerdenote the organic C content (%) of
the MU-treated goethite and the MU, respectivelycddse GA and PGA contributed less

than 4 wt% to the total sample mass, no correctizre made.

5.4 Results and Discussion
5.4.1 Carbon contents and sorption competition

The C content of 118 mg C'gdry weight) of the maize mucigel was significgntl
lower than values published for maize mucilage @@t al., 1986; Gaume et al., 2000;
Grimal et al., 2001). Powder diffraction analyssealed contaminations by mineral mat-
ter, including quartz (Sig), calcite (CaCg), gypsum (CaS©2H,0), and 1:1 layer sili-
cates (Fig. 5.2)Provided all S in the MU was bound as Ca sulfate ctimtribution of car-
bonate-C to the total MU-C would be 2% (Table 5.1)ni€ary, provided all Ca measured
in the MU was bound as carbonate, the contributibcarbonate-C to the total MU-C
would be 5% (Table 5.1).

The presence of gypsum with its high solubilityg(, = -4.64, Lindsay, 1979) is pos-

sibly due to inefficient salt removal during the Midrification process. Chemical equilib-
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rium calculations with VisualMINTEQ (Allison et all991) showed that at pH 5 precipita-
tion of Ca or Al phosphates was unlikely in our expents.

Initial C contents of the goethite samples are prieskin Table 5.2. For pure and
phosphated goethite they increased in the ordekGXGA << MU. Compared with pure
goethite systems, sorption of OM to goethite wasbited by 0% (MU), 41% (PGA), and
89% (GA) by pre-sorbed phosphate (Table 5.2), shgva strong competition of pre-
sorbed phosphate with GA and PGA. No effect of spdsed phosphate on MU sorption
can be explained by the fact that in the MU treatmd@U-C presumably existed partially
as a separate solid phase, which was not affegtedebaddition of phosphate. Phosphate
sorbed to OM-treated goethites within 15 days dispdl 72% of GA-C, 56% of PGA-C,
and 35% of MU-C, showing that phosphate strongly meted with sorbed OM (Ta-
ble 5.2). The result shows that phosphate wasdbksto desorb PGA-C compared with
GA-C, which can be explained by the multi-site ditaent of polymers to mineral sur-
faces (‘octopus’ effect, Podoll et al., 1987). Quesults comply with Nagarajah et al.
(1970) who reported that PGA markedly decreasedite sorption to goethite, gibbs-
ite, and kaolinite whereas the monomer hardly erilted phosphate sorption.

GC

Intensity

W

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
°20 (CuKa)

Fig. 5.2. X-ray diffractogram of the maize mucigel usedhiststudy. Abbreviations: C, calcite; G, gypsum;
L, 1:1 layer silicate; Q, quartz.
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Table 5.2. Carbon content, specific surface area, and pgrasiaracteristics of goethite after sorption of
phosphate, organic matter, or both. Abbreviatiosedu P, phosphate; GA, galacturonate; PGA, polgtiala
ronate; MU, mucigel. The sequence of abbreviatiodicates the sequence of sorbate addition to geeth
Values in parentheses represent standard error.

Treatmer C conter’  SSAf D  Total Pore Micropore Mesopore Volume
Volume Volume 25nm 5-10nm 10-50 nm
mggt mfg" nm mn gt

Goethite 147 (1) 15.0(0.1) 555(3) 457(0.2) 48(2 (5 398(2)
P (Control) 150 (1) 15.1(0.1) 568(3) 45.2(0.2) 42(2) 70(1) 405 (1)
GA 7.6(0.02) 137(0) 156(0.1) 534(3) 39.1(0.1) 38(0 71(2) 401(1)
PGA 125(0.2) 137(1) 152(0.0) 518(3) 41.9(0.1) BB( 69(1) 386 (0)
MU 358(0.5) 151(1) 16.6(0.3) 627(12) 38.2(0.1) d@2( 80(2 448 (3)

P+GA 0.8(0.01) 145(1) 151(0.2) 547(5) 43701 1(Y 71(1) 391(5)
P+PGA  7.4(0.1) 136(1) 156(0.2) 529(3) 403(02) (®7 70(2) 378(1)
P+MU  36.8(0.3) 150(2) 16.8(0.0) 630(7) 374(02) (42 79(1) 448 (5)

GA+P 21(0.0) 146(1) 148(0.1) 542(3) 434(0.2) BO( 70(1 396 (2)
PGA+P 55(0.0) 140(0) 154(0.1) 538(2 40305 (@B@9 71(0 394 (4)
MU+P 233(1.3) 142(1) 16.3(0.3) 577(14) 35404 @9 74() 401 (5)
" Carbon contents of organic matter-treated goethites corrected for the C in pure goethite (0.9
i Specific surface area.
¥ Average pore diameter.

5.4.2 Porosity changes

Sorption of phosphate to pure goethite decreased\tbrage micropore diameter from
0.85 to 0.78 nm and the volume of 2-5-nm pores @ &b2), indicating that phosphate
penetrated into pores <5 nm. The diffusion of phas$p into micropores of goethite and
drinking-water treatment residuals has been regdyédore (Strauss et al., 1997; Makris et
al., 2004; Mikutta et al., 2006c). The decreasgdlume of small mesopores after phos-
phate addition might also be explained by an agdreqg of goethite crystallites by phos-
phate (Anderson et al., 1985).

Addition of all organics to pure goethite reduckd pore volume of <5-nm pores (Ta-
ble 5.2). Microporosity decreased up to 16% indhger PGA < GA << MU, while the
mesoporosity of <5-nm pores decreased up to 21%erorder MU < GA = PGA (Ta-
ble 5.2). These results indicate that all orgap&gially clogged the pores <5 nm of goe-
thite, i.e., decreased the accessibility of po@dNt at 77 K. Decreased micro- and
mesopore volumes are in line with studies showitag OM penetrates into mineral pores
(Kaiser and Guggenberger, 2003; Mayer et al., 200Kutta et al., 2004; Zimmerman et
al., 2004a).
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In the presence of phosphate, organic substancesaded the micropore volume up to
22% and <5-nm mesopore volume up to 12% comparéd pure phosphated goethite
(Table 5.2). Mucigel addition to pure and phosptiageethite increased the volume of
mesopores >10 nm and hence, the average pore dramédhese treatments was signifi-
cantly larger than in the GA and PGA treatmentd(@&.2). Both PGA and MU did not
prevent the diffusion of phosphate into microporas,shown by decreasing micropore
volumes after phosphate addition when comparedadreatments without phosphate (Ta-
ble 5.2).

5.4.3 Effects of GA and PGA on the phosphate desoiph kinetics

Treatments ‘P+OM’.Figure 5.3 shows the phosphate desorption kinefigsure and
OM-treated goethites. In all cases except from'B@A+P’ treatment, desorption contin-
ued and did not reach an equilibrium within two weg-ig. 5.3). While 36% of phosphate
sorbed to pure goethite was mobilized within twoelse 31% and 29% were desorbed
from phosphated goethite to which GA or PGA hadhedded (Fig. 5.3a). Kinetic model-
ing indicated that a similar fraction of phosphatas rapidly desorbed from GA- and
PGA-coated samples compared to pure goethite (TaBleay). In contrast, the apparent
diffusion constants(,D/rZ)app, of GA- and PGA-coated goethites were signifioasthaller
than that of pure goethite (Table 5.3). This majigate a successful entrapment of phos-
phate in goethite pores <5 nm by GA and PGA asestgd by porosity measurements
(Table 5.2). However, the volumes of micropores abehm mesopores in PGA-treated
samples were much smaller than in the GA treatraedthence, a larger diffusion inhibi-
tion would be expected in the PGA treatment. Butrawy to this reasoning, the phosphate
desorption kinetics were almost identical in ba#atments (Fig. 5.3a). Also, a micropore
clogging of GA with a subsequent inhibition of ppbate diffusion out of pores <5 nm is
unlikely given the low competitiveness of GA witkspect to pre-sorbed phosphate (Table
5.2). Therefore, on the basis of small differenoeapparent diffusion constants, with un-
known radii of diffusionr that are probably different in the GA and PGA tmeants, an
entrapment of phosphate in pores by GA and PGAatdmn concluded without ambiguity.
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Fig. 5.3. Fractional desorption of phosphate in 0.01 M KNfackground electrolyte at pH 5 with a solid
concentration of 2 gt (a) OM sorbed to phosphated goethite and (b) piete sorbed to OM-treated goe-
thite. Abbreviations used: P, phosphate; GA, galactate; PGA, polygalacturonate; MU, mucigel. Segee
of abbreviations indicates the sequence of sorhdtition. Dashed lines are the model fits usind9d].
Error bars are given as standard errors of thiglecade measurements.

Treatments ‘OM+P’.When OM was sorbed to goethite prior to phosphaie,frac-
tional amount of phosphate desorbed after two weakied only between 30% and 34%
for PGA- and GA-treated goethite, respectively (FH@b). The kinetics of phosphate re-
lease in the GA treatment was similar to that okpyoethite (Table 5.3).

The desorption of phosphate from PGA-coated gaetsitowed a near two-fold in-
crease in the fraction of phosphate rapidly desbiribecomparison with the ‘P+PGA’
treatment (Table 5.3). Although about 86% of thaltphosphate desorbed was desorbed
by the fast desorption reaction (Table 5.3, ‘PGA;+Rie rate constant of the fast desorp-
tion k was only one-forth of that of the C-free contrdable 5.3). The decreased rate con-
stantk might be explained by a collapse of externallypsdrPGA molecules upon drying
(Mikutta et al., 2004), leading to a subsequenidbwf phosphate by PGA. The increase in
the fraction of phosphate rapidly desorbed was leoupith a strong decrease in the rate
constant of the slow phosphate desorption andpparant diffusion constant (Table 5.3),

showing that the diffusion resistance for phosphateeased (Table 5.3).
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Table 5.3.Amount of phosphate initially presefRs,) in the samples, phosphate desorbed after two sveek
(Pgesorbed, @nd parameter estimates obtained by fitting Efj}[to the phosphate desorption data. Also given
is the apparent diffusion consta(lit/rz)app according Eq.[5.2]. Abbreviations used: P, phosgh@A, galac-
turonate; PGA, polygalacturonate; MU, mucigel. Beguence of abbreviations indicates the sequence of
sorbate addition. Values in parentheses denoteatarerror.

Treatment I:)initiaIT I:’desorbeT aoi k§ b# (D/rz)*’iPF r2
pmol g'l ht x 1C3h*®  x1c°ht

P-Goethite 312 (3)  111(4) 0.14(0.03) 0.13(0.05) 12.9) 4.4(1.0) 0.98

P+GA 301 (3) 94 (3) 0.13(0.02) 0.08 (0.02) 9.9 (1.2)2.6(0.4) 0.99
P+PGA 291 (3) 85(3) 0.13(0.03) 0.16 (0.06) 9.6 (2.1)2.4(0.7) 0.96
P+MU 344 (2)  146(3) 0.25(0.02) 0.61(0.15) 10.9(2.04.2(1.1) 0.97
GA+P 206 (0)  100(2) 0.14 (0.04) 0.19(0.10) 11.9 (3.18.8(1.4) 0.94
PGA+P 272 (1) 81(2) 0.26(0.02) 0.03(0.00) 2.5(1.0)0.22 (0.1: 1.00
MU+P 280 (2) 90 (2)  0.08 (0.01) 0.18 (0.06) 13.8 (1.1)4.4 (0.5) 0.99

" Corrected for the gravimetric water content (12 wt%) as determined with a Quantachrome
Autosorb-1 gas sorption system.

* Fractional amount of phosphate rapidly desorbed.

$Rate constant of the fast phosphate desorption.

* Rate constant of the slow phosphate desorption.

This result does not comply with Lang and Kaupeajoh (2003) who reported in-
creasec(D/rz)app values for molybdate desorption from goethiteg thare pre-incubated
with dissolved OM. This inconsistency may be caubgdigher C loadings (0.12 and
0.77 mg C rf) in the study of Lang and Kaupenjohann (2003), @i differing in struc-
ture and reactivity. A decreaséﬂ/rz)app value in the ‘PGA+P’ treatment suggests that
phosphate diffusion out of goethite pores was iregduly PGA.

Pore clogging by PGA and aggregation of goethitgiggas may account for differ-
ences in the phosphate desorption kinetics of BGA treatments. However, the volume
of micro- and small mesopores were nearly equbbih PGA treatments (Table 5.2). Ad-
ditionally, the average micropore diameter of tR&A+P’ and ‘P+PGA’ treatments de-
creased similarly from 0.92 nm (PGA-coated goe}hibe0.83 nm, showing that in both
treatments phosphate penetrated into microporeeidre, our porosity data did not defi-
nitely corroborate that pore clogging is the prgcesntrolling the phosphate desorption
kinetics. This inconsistency might be due to thet that N porosity data do not reflect the
accessibility of pores to phosphate. Additionaliggregation of goethite crystallites by
PGA in the ‘PGA+P’ treatment might have caused digdaocclusion of sorption sites,
thus limiting or preventing the transfer of phogghand water into aggregates during
phosphate sorption prior to in the desorption expent (Linquist et al., 1997; Gaume et
al., 2000). Polygalacturonate is capable of inéngathe cohesion of soil particles (Traoré
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et al., 2000) and decreasing the wetting rate df(8zarnes et al., 2000). Willet et al.
(1988) observed the migration of phosphate intaegages of ferrihydrite with time. Ag-
gregation of ferrihydrite particles by PGA at a ganC loading compared to our ‘PGA+P’
treatment (~0.03 mg C ‘fir decreased the transfer rate®# from solution to phosphated
ferrinydrite surfaces within aggregates (Gaumd.g2@00). In accordance with these stud-
ies, our results suggest that in the ‘PGA+P’ treatirphosphate was enriched on outer
aggregate surfaces, and thus a decreéBb&)appvalue rather reflects a decreased supply
of phosphate from intra-aggregate pores. Followimg line of argumentation, the slightly
decrease(QD/rZ)app values in the ‘P+GA’ or ‘P+PGA’ treatments mighsalbe explained

by a reduced diffusion of phosphate out of aggeegates.

5.4.4 Effect of MU on the phosphate desorption kingts

A significantly larger fraction of phosphate wassdded in the ‘P+MU’ treatment
compared with pure goethite (42%, Fig. 5.3a). TabRstates the initial P content of the
solids used. About 30 umoles P per gram adsorbent wore present in the ‘P+MU’
treatment compared with the pure goethite (Tal8¢ 3he MU contained a large amount
of phosphate (Table 5.P;norg), Which matched the surplus of P present in the tvéat-
ment compared with pure goethite (Table P3ia). Consequently, the MU-bound phos-
phate likely contributed to the phosphate desonpkinetics and explains the offset of 0.1
in the fraction of phosphate desorbed from MU-&dajoethite in relation to pure goethite
(Fig. 5.3a). Organic C measurements indicated noreledse of C after two weeks of
phosphate desorption in this treatment. Therefoseems unlikely that organically bound
P contributed significantly to the increase in tage constant and the fraction of the fast
desorbing phosphate, respectively (Table K.8).

In contrast, the rate constant of the slow phosgptatorption, and the apparent diffu-
sion constant of the ‘P+MU’ treatment did not stitially differ from the C-free control,
indicating a similar diffusion resistance for phbafe (Table 5.3p, (D/rz)app). This result
contrasts our P adsorption measurements in that the microporenvelof phosphated
goethite was effectively reduced by MU (-17%, Tahi2).

Also in the ‘MU+P’ treatment, the slow phosphatealption kinetics was similar to
the C-free control (Table 5.8, (D/rz)app). This result again strongly contrasts ouyr ad-
sorption measurements, showing that in the ‘MU+@atment the micropore volume was
reduced by 22% compared to phosphated goethitelgTaB). Therefore, our findings
suggest that the slow phosphate mobilization frokt-i@ated goethite is either not pri-
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marily controlled by micropore diffusion, or thagéduced micropore volumes measured
with N, adsorption are only confined to dry samples duectdusion of mineral surfaces

by OM, which is reversible after rehydration.

Comparison of MU with PGAzigure 5.4 shows SEM images of PGA- and MU-treated
goethites with representative EDX spectra. Microaggtes of both treatments differed in
their surface morphology, being more ‘frayed’ ire tbase of MU. EDX-spectra of MU-
treated goethite also supported the presence efddysilicates as indicated by the Al and
Si peaks (Fig. 5.4). On a C basis, MU reduced th@aniand small mesopore volume of
pure and phosphated goethite far less effectivep PGA (Table 5.2). In accordance, MU
affected the kinetics of the slow phosphate desmrpéss effective than PGA (Table 5.3).
Mucigel and PGA showed opposite effects on the phate desorption kinetics (Ta-
ble 5.3). No effects of MU on the slow desorptianekics of phosphate imply that MU
was not as strongly associated with goethite tHaA,Rand probably existed primarily as a

second solid phase.
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Fig. 5.4. Scanning electron microscopy images of micro-
aggregates of freeze-dried PGA-treated goethi{® @od
mucigel-treated goethite (bottom). Insets showeasgnta-
tive EDX-spectra of PGA- and MU-treated goethites.

This reasoning is supported by lower affinity ofim@amucilage to goethite at pH 5.5

compared with PGA (Grimal et al., 2001) — a circtanse that might have been amplified
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in our experiment because of contamination of Mithwmineral matter (Fig. 5.2). In addi-
tion, the uronic acid content of the MU used waslsrmompared with maize mucilage
(Table 5.1). For example, Morel et al. (1986) régwuronic acid contents of 219 mg g
(dry weight) for maize mucilage from aerial nodabts of soil-grown maize plants (non-
axenic) and 340 mg g(dry weight) uronic acid for maize mucilage cotkgt from hydro-
ponic cultures under axenic conditions. Assuming eontent of nodal root mucilage of
approx. 39% (Morel et al., 1986), our MU would haa uronic acid content of about
21 mg ¢*, which is close to the 30 mg'®f axenically secreted maize mucilage given by
Bacic et al. (1986). Our findings imply (i) that PGinappropriate as a model substance
for maize mucigel, and (ii) that maize mucilagelectied from axenically grown maize
seedlings (Watt et al., 1993; Read et al., 199%ran aerial nodal roots (Morel et al.,

1986) may differ by its chemical composition andd®its reactivity from maize mucigel.

5.4.5 Ecological implications

In order to prepare organic coatings on phosphgoethite, we used initial C concen-
trations of about 125 mg C per gram adsorbent, sporeding to about 71 pmol Cm
Despite these high C concentrations in solutionh & and PGA displaced only up to
7% of pre-sorbed phosphate within 12 hours of dmrailion, showing the low competi-
tiveness of both compounds (Table 5.2). When ooyaorbates were added before phos-
phate, they inhibited phosphate sorption by onlytad3% (Table 5.3). Compared with
low-molecular-weight organic acid anions, the apibf the organics used to impair the
sorption of phosphate to goethite at pH 5 was s(@@klhoed et al., 1998; Mikutta et al.,
2006¢). It is particularly noteworthy that MU waapable of storing large amounts of or-
ganic and inorganic P, the latter likely complexsd polyvalent cations (Table 5.1) or
molecules possessing anion exchange sites likermat#d amino groups. This ‘trapping’
of P by MU might be of environmental importance whehosphate becomes bioavailable
due to its rapid desorption (Fig. 5.3a) and orgaiyebound P is released upon mineraliza-
tion of MU in the rhizosphere. The ability of corapés between P and Fe or Al bound to
OM to contribute to P retention in soils has beeoutnented by several researchers (Ap-
pelt et al., 1975; Bloom, 1981; Borie and Zunino, 3;98erke and Hermann, 1992; Gerke
et al., 1995). In Figure 5.5 we plotted the diffeve AP, pmol g*) in the amount of phos-
phate sorbed (desorbed) between pure and each €xtédr goethite. A comparison P
of phosphate sorption withP of phosphate desorption indicates the net bicalgity of

phosphate after one sorption (15 days) and desarptin (14 days). In four out of six
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treatmentd\P of phosphate sorption and desorption were equidilcating a zero net effect
on the bioavailability of phosphate. Contrary, ie tRGA+P’ and ‘MU+P’ treatmentaP
of phosphate sorption was larger tid? of phosphate desorption, showing a slightly posi-

tive net effect on the bioavailability of phosphate

50 7 == P sorbed
40 — P desorbed

30 A
20 A
10 A

-10 -
-20 A
-30 -
-40 -

'50 1 1 | | I I
P+GA P+PGA P+MU GA+P PGA+P MU+P

AP, ymol g'1

Treatment

Fig. 5.5. Difference in the amount of phosphate sorbed @sXand desorbed (14 days) between pure goe-
thite and OM-treated goethite8R). Abbreviations used: P, phosphate; GA, galacamenPGA, polygalac-
turonate; MU, mucigel. Sequence of abbreviatiordicates the sequence of sorbate addition. Erros bar
denote standard error.

5.5 Conclusions

The order of PGA and phosphate addition signifigaatfected the fraction of phos-
phate that was desorbed by the fast and slow desomgaction. This phenomenon can be
explained by pore clogging and aggregation. Theass kinetics of phosphate in MU-
treated goethite samples was contrary to that oA,R@hich is ascribed to its differing
chemical composition. Our results indicate thatontrast to PGA, MU has to be treated as
a separate phase rather than a coating of the ahiercordingly, PGA seems inappropri-
ate as a model substance for maize MU collectenh fsand cultures under non-axenic
conditions. An entrapment of phosphate in <5-nmepaf goethite could not be verified
without ambiguity, when organic matter was addeddethite after phosphate. We con-
clude that due to the high competitiveness of phaspunder the experimental conditions
chosen (1 = 0.01 M, pH 5, C loading&1 umol nt), the net effects of root exudates on the

bioavailability of phosphate are small.
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6.1 Abstract

Hydration of organic coatings in soils is expedieaffect the immobilization of oxyan-
ions by Fe and Al oxides. We hypothesized thatdration of polygalacturonate (PGA)
coatings on alumina (ADs3) increases their permeability for phosphate. Rareé PGA-
coated alumina were equilibrated in deionized wétertwo and 170 hours at pH 5 and
20°C before studying (i) their porosity with, as adsorption antH-NMR relaxometry,
(ii) structural changes of PGA-coatings with diéfatial scanning calorimetry (DSC), and
(iii) the kinetics of phosphate sorption and PGAalgtion in batch experiments. Scanning
electron micrographs revealed that PGA moleculemédd three-dimensional networks
with pores ranging in size from <10 to several lreddnanometers. Our NMR results
showed that the water content of intraparticle ahanpores decreased upon PGA sorption,
indicating a displacement of pore water by PGA. @ahwunt of water in interparticle alu-
mina pores increased strongly after PGA additiawédver, and was attributed to water in
pores of PGA and/or in pores at the PGA-aluminarfate. The flexibility of PGA mole-
cules and the fraction of a PGA gel phase increastun one week of hydration, imply-
ing restructuring of PGA. Hydration of PGA coatingsreased the amount of instantane-
ously sorbed phosphate by 84%, showing that rdsting of PGA enhanced the accessi-
bility of phosphate to external alumina surfacesste the fact that the efficacy of phos-
phate to displace PGA was higher after 170 howas #iter two hours, a higher phosphate
surface loading was required after 170 hours t@8d2GA desorption. Our findings imply
that the number of PGA chain segments directlychéd to the alumina surface decreased
with time. We conclude that hydration/dehydratidnpolymeric surface coatings affects
the sorption kinetics of oxyanions, and may thustiad the sorption and transport of sol-

utes in soils.
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6.2 Introduction

In soils and sediments, minerals are partially cedewith organic matter (Heil and
Sposito, 1995; Ransom et al., 1997; Mayer and X2@f)1; Kaiser and Guggenberger,
2003; Gerin et al., 2003). Under field and labanatoonditions, organic matter is sub-
jected to moisture fluctuations that may changeplitgsico-chemical properties due to in-
teraction with water molecules (LeBoeuf and Web80® Schaumann 2005; Schaumann
et al., 2000; Schaumann and LeBoeuf, 2005). Hydratiduced changes in the macro-
molecules’ mobility (Schaumann and LeBoeuf, 2005y iahect the retention of nutrients
and pollutants by minerals coated with organic emaffhe ability of soils and soil organic
matter to sorb or release organic pollutdrets been shown to depend on the state of hydra-
tion, hydration time, wetting and drying cycles @hd water content of the samples (Gail-
lardon, 1996; Johnson et al., 1999; Altfelder etE99; Schaumann et al., 2004). In addi-
tion, the structure of organic matter can be affédty the dehydration technique applied in
the laboratory, e.g., prior to sorption experimefftifelder et al., 1999). For example,
structural changes of organic matter upon freeyexgrhave been reported (Wedlock et
al., 1983; Jouppila and Roos, 1997; Allison et ¥98; Souillac et al., 2002). The hydra-
tion/dehydration-induced change of molecular stiwet of organic matter is therefore ex-
pected to affect the transport of solutes like bptiobic pollutants through organic matter
of soils and sediments (Brusseau and Rao, 1989; telgnand Xing, 1996; Cornelissen et
al., 1998).

It has been suggested that soil organic matter (B5@ivisists of rubbery (more flexi-
ble) and glassy (less flexible) domains (LeBoeuf Weber, 1997) as known for synthetic
polymers. The glass transition temperatuig, marks the temperature at which a glassy
matrix becomes rubbery (Young and Lovell, 1991} mna function of the side chain mo-
bility in macromolecules. Usually, the incorporatiof water molecules into the polymeric
framework of isolated humic substances, soil arat pamples upon hydration redudgs
I.e., plasticizes polymer matrices (LeBoeuf and Web897; Schaumann and Antelmann,
2000; Schaumann and LeBoeuf, 2005).

It has been found by differential scanning calotije(DSC) and ‘H-NMR-
relaxometry analyses that peat or humus-rich sonides exhibit first-order swelling ki-
netics upon hydration with time constants of ugitodays (Schaumann et al. 2004, 2005;
Schaumann and LeBoeuf, 2005). Changes in protoratga times upon swelling of or-
ganic matter depend on the pore size distributnitially present in organic samples and

on the quality of the organic material studied @ghann et al., 2004): While swelling of
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starch led to an increase in proton relaxation ginsgvelling of semolina or organic matter
in peat and soil samples generally reduced theatta times (Schaumann et al., 2004,
2005). These effects were interpreted as an inergamtraparticle pore size and a de-
crease in interparticle pore size of organic matpan water absorption (Schaumann et al.,
2004, 2005).

Swelling of mineral-associated polymers throughitto®rporation of water molecules
into the polymer structure might affect the sonptod oxyanions like phosphate or arsenate
to Fe and Al oxides. An increase in intrapartictegpsize of organic matter voids upon
swelling of organic matter in conjunction with amcieased mobility of polymer chains
upon hydration might facilitate the Brownian motiand Fickian diffusion through more
flexible (rubbery) polymer domains and hence fatla fast sorption of oxyanions. Con-
trary, a decrease in interparticle pore size obsdrorganic matter upon swelling might
reduce the accessibility of mineral surfaces tcaoxyns.

The objective of this study was therefore to telseter the slow swelling of polymers
sorbed to Fe and Al oxides affects phosphate swrfdinetics. Specifically, we hypothe-
sized that the hydration of polygalacturonate (P@#gtings on alumina (ADs) increases
their permeability for phosphate. We used PGA azlkdefined model substance for the
gelatinous mucilage covering the root apices of ynalant species (Knee et al., 2001).
Mucilage exuded by plant’s root caps is confinedht soil-root interface because muci-
lage components diffuse very slowly into the sBibyira, 1969; Sealey et al., 1995). Mu-
cilage of maize plants consists of 90-95% polysaddes with about 20-35% of uronic
acids (Cortez and Billes, 1982; Morel et al., 19&6)d is susceptible to swelling due to
water absorption (e.g. Guinel and McCully, 1986)ti#¢ soil-root interface the cycling of
nutrients is therefore likely to be influenced Ine tstate of hydration of organic coatings

made up of macromolecular root exudates.

6.3 Materials and Methods

We used alumina as a non-paramagnetic high-sudigzemodel adsorbent that could
be used fotH-NMR measurements. Pure and PGA-coated aluminalsarwere saturated
in doubly deionized water at pH 5 for two and 1duds. After each equilibration time,
phosphate sorption experiments were performed.|&iyi changes in pore size distribu-
tion were then monitored wittH-NMR relaxometry and pgas adsorption at 77 K. Dif-
ferential scanning calorimetry (DSC) was used tatifie changes in the molecular struc-

ture of sorbed PGA molecules upon hydration for &md 170 hours, respectively.
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6.3.1 Preparation of organic coatings

The activated, weakly acid alumina (type 506-C-l)swaurchased from Aldrich
(Sigma-Aldrich Chemie GmbH). The mesoporous alumiad a particle size of 150 mesh
(<105 um) and an average pore size of 5.8 nm (&lriPolygalacturonic acid (P81325,
(CeHgOg)n, >95%, M = 25-50 kDa) was purchased from Flukayif&-Aldrich Chemie
GmbH) and comprised 37.2 % C and 0.05% N (Elemevitaio Elll C/N/S Analyzer).
The PGA contained negligible amounts of polyvaleations with Ca being the most
dominant with 5.7 mmdtg™. The content of paramagnetic Mn and Fe speciesbetasv
0.3 mmol kg'. Polygalacturonate solutions were prepared byoblisgy polygalacturonic
acid in 0.01 M KNQ solutions with the addition of 10 uL 1 M KOH thdPGA. After-
wards, the pH of the solutions was adjusted to pksibg 0.01 M HNQ@without any visi-

ble flocculation occurring.

We followed a standardized procedure in order &pare PGA coatings on alumina
prior to our'H-NMR, DSC and phosphate sorption experiments. Thisquure ensured
comparability between experimental results of défe methodologies.

To disperse alumina and hydrate adsorption sitésg alumina were weighed into a
1-L PE bottle and shaken in 10 mL 0.01 M KNRackground electrolyte (pH 5) for 24
hours on a reciprocating shaker (85 rev HirSubsequently, either 990 mL of 0.01 M
KNOjs solution containing 1515 mg PGA-Cl(pH 5) or 990 mL of background electro-
lyte solution (pH 5) were added. The PGA solutitsoaontained 5 pM AgN&Xo impair
microbial activity. The pH was maintained at%®.02 using dilute HN@ After 24 hours
the suspension was repetitively centrifuged at ®,%50 for 20 min and washed with
500 mL doubly deionized water until the total orga@ (TOC) concentration in the super-
natant solution of PGA-treated alumina was negdlégifx5 mg C L', Shimadzu TOC-
5050A Autoanalyzer). After determination of the \gnaetric water content, the samples
were instantaneously used for subsequent analjideNNIR, DSC, phosphate sorption).
In all experiments, the gravimetric water contefipare and PGA-coated alumina was
42 + 1% and 60 + 1%, respectively. Because the veatetent is a crucial parameter in the
DSC analysis and highly variable at small scaleadditionally determined the water con-
tent of the individual samples used for DSC analig® section 6.3.4). A part of the pure
and PGA-coated alumina was freeze-dried for totghoic C determinations and, ldd-
sorption measurements. Freeze-drying was accoreglislfter freezing the samples at -
80°C in an Christ alpha 2-4 freeze drier (Osterodgn@ny). In addition, the freeze-dried
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samples were examined by scanning electron micpys@ditachi S-4000) after the sam-
ples had been surface sputtered with Au (~5 nmaéarlthickness).

To test the influence of hydration time on porasdyganic matter quality, and phos-
phate sorption, samples were stored (non-agitateithe dark at 20°C at pH 5 for two and

170 hours, respectively.

6.3.2 Nitrogen adsorption

Specific surface are&6A and porosity were determined with a Quantachréwuie-
sorb-1 automated gas sorption system (Quantachr@wesset, NY). Approximately
100 mg pure and PGA-coated alumina were degassgdhanincrease of pressure rate by
vapor evolution was below about 1.3 Pa Timithin a 0.5-min test interval. Helium was
used as a backfill gas. We used 79-poiatadsorption and desorption isotherms from
1.0x 10° to 0.995P/P,. Specific surface area was calculated from the BfUation
(Brunauer et al., 1938). Micropore (<2 nm) volume anerage micropore diameter were
determined according to the Dubinin-Radushkevic oektfGregg and Sing, 1982). The
mesopore (2-50 nm) size distribution was calcul#texh the adsorption leg using the BJH
method (Barrett et al., 1951). Total pore volumes waken at 0.99P/P, and the average
pore diameter was calculated@s= 4Viiq /ISSAwhereVjq is the volume of liquid Ncon-
tained in pores at 0.998/P,, and SSAis the BET surface area. All isotherms were re-

corded in triplicate.

6.3.3'H-NMR Relaxometry

We used'H-NMR relaxometry to determine changes in pore dis&ibution of water-
saturated pure and PGA-coated alumina samplespiiheiple of *H-NMR relaxometry
has been described elsewhere (Kenyon, 1992, 12%ausann et al., 2004, 2005). Tripli-
cate samples of moist pure and PGA-coated alumi@@ €) were weighed into 50-mL
centrifuge tubes (Nalgene, polypropylene). The ignatric water content of pure and
PGA-coated alumina was 42 = 1% and 60 * 1%, res@dgt The samples were allowed
to equilibrate in a climate-controlled room at 20°Kbe *H-NMR relaxation experiments
were performed two and 170 hours after PGA sorpfitie measurements were conducted
on a 2 MHz relaxometer at a magnetic flux densft9.047 T (Maran 2, Resonance In-
struments, U.K.). We used the Carr-Purcell-Meibooith{GPMG, 90°1-180°) pulse se-
guence with 4096 recorded echoes, a 150-us eclingmaand a 1.2-s delay time. The

scans were stacked 512 times. Provided that (igm@btons in porous media are in the
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fast diffusion limit (Brownstein and Tarr, 1979) aij relaxation coming from the pres-
ence of paramagnetic materials is negligible, thasversal relaxation time constants
related to the relaxation time constant of the bwditer, the transversal surface relaxivity,
and the pore size (Kenyon, 1992, 1997; Hinedi.etlab7; Straley et al., 1997):

1T, = UTop+ 02 SAIV = 1/Bp + 0, M/D, [6.1]

whereT; is the measured transversal relaxation time caohsfawater in a porous medium
(s), Tap is the bulk relaxation time constant of water dinite distance from the pore walls
(s), mis a shape factor, which is 4 assuming cylindrppate geometry (Hinedi et al.,
1997),D, is the pore size (mp is the transversal surface relaxivity that paramegs the
strength of the surface relaxation (),sSAis the internal surface areaqmV is the vol-
ume of water contained in pores of the sampfd.(m

Using the inverse algorithm implemented in the WikDsoftware package (Reso-
nance Instruments Ltd., UK), we fitted the magragton decay curves with a sum of ex-
ponential decay curves using 128 time constantwdsst 0.1 and 6000 ms to calculate
robustT, distributions. To ensure comparability betweenepand PGA-coated alumina,
the T, time constant distributions of each adsorbent wenenalized to the mass of alu-
mina present in the sample. This was done becautieeiPGA-coated alumina samples
31% less water-filled alumina pores were presenmpared to the pure alumina samples.
Additionally, the relaxation decay®l(t), monitored during application of the CPMG pulse
seguence were normalized to their amplitude atetifto a sum of three exponential decay

functions:

M(t) = F1 exp(-t/h-1) + F2 exp(-t/§-2) + F3 exp(-t/b-3), [6.2]

whereF; is the fraction of water held in theh pore domain, andy.; are the respective
transversal relaxation time constants (s) of wedtaxing in thei-th pore water domain,
andt is time (s). Coefficients of determination of this fvere alway$0.99. The transver-
sal surface relaxivity», was calculated from Eq.[6.1] for adsorbents theterequilibrated
in water for two hours. We use® to scaleT, time constants to pore size assuming a cy-
lindrical pore geometry. We calculatdd in Eq.[6.1] as the mean time constant of the

three-exponential fit (Eq.[6.2]) obtained after gldng each time constant by its fraction
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Fi. The bulk relaxation tim&,, of water is usually around 2.5 s and can thusdugected

to calculatep, from Eq.[6.1].

6.3.4 Differential scanning calorimetry

In order to characterize the state of water in RteAted alumina samples, we studied
the freezing and melting of water using DSC analyBigplicate or quadruplicate samples
of PGA-coated alumina (5-10 mg) that had been #xated for two and 170 hours at
20°C were weighed into standard Al pans, which wsaaled hermetically prior to the
DSC experiment. Differential scanning calorimetrypesiments were performed with a
DSC Q1000 (TA Instruments, Germany). The samplevabruptly cooled in the DSC
instrument to -80°C and then heated with 10 K hrfiom -80°C to 110°C, followed by a
second abrupt cooling and subsequent heating cltlthe cooling cycles, the freezing
temperature (-20°C) was reached within a maximurhGofnin, and the low temperature
limit (-80°C) was reached within 20 min. Nitrogenssamployed as a purge gas. Baseline
was corrected with the TZero technology® by TAastents.

DSC data were analyzed using Universal Analysisngo#t Version 4.1 (TA Instru-
ments). The glass transition is indicated by ateation point in the thermogram. Opera-
tionally, three tangent lines were applied for &waluation, and the glass transition tem-
perature ) is defined as the temperature at the half-widtthe central tangent line. The
change of heat capacitqC,, J g' K1) was calculated from the height of the centrat tan
gent line. The amount of freezable and non-freezaldter was determined by analyzing
the endothermic melting peak between -11°C and 27He. transformation energl
(J g due to melting was calculated by integrationhaf peak using a linear baseline, and
compared with the differential heat of fusion foed water qs = 333.5 J g, Ping et al.,
2001) to estimate the amount of freezable and negeéble water. Standard errors of
freezable and non-freezable water were calculatad the standard error of the transfor-
mation energy and the gravimetric water content of the sampkespectively. In order to
determine the gravimetric water content of eaclviddal sample, the Al pans were perfo-
rated after DSC analysis and dried at 105°C for sixfr The water content was then cal-
culated from the weight difference before DSC mea®ent and after drying.

To calculate the means &§ andAC,, each subsample was analyzed eight times in or-
der to minimize the nonsystematic error of datduateon. The means of the glass transi-
tion temperaturély, change in heat capaciyC,, freezable and non-freezable water ob-

tained for the two different equilibration timesmeompared using the unpairetst.
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6.3.5 Phosphate sorption kinetics

Triplicate water-saturated samples with a massvatgnt to 0.625 g (dry weight) of
pure or PGA-coated alumina were weighed into 2-L-PID bottles that were coated with
Al-foil to exclude light. Subsequently, 250 mL aéidkground electrolyte (0.01 M KNO
pH 5) were added before the samples were shakenhamizontal shaker for one hour at
150 rev mift. After pre-equilibration of the adsorbents, 1 Lbaickground electrolyte so-
lution was added containing 500 uM phosphate (asPKy p.a., Merck) and 5 uM
AgNOs; to impair microbial activity. The final phosphatencentration amounted to 400
HM. The pH was manually maintained at 8.05 using dilute HN@or KOH. After 0.5, 1,
2, 4,8, 24, 48, 120, 144 and 168 hours a 10-njuati was removed from each sample
and 0.45-um membrane filtered (polyethersulfond, Hée Science Supor®-450). The
desorption of PGA-C was assessed by measuringdagahic C in the 0.45-um filtrates
(Shimadzu TOC-5050A Autoanalyzer). A 2.5-mL aliqudtthe 0.45-um filtrate was ul-
tracentrifuged at 440,0009g for one hour and phosphate was measured phatoatigtat
710 nm in the supernatant using the ascorbic-melybch blue method of Murphy and
Riley (1962). The analytical precision of the phogtrit determination of phosphate was
<1%. Subsample variability was generally <1.5%.lifiieary tests showed that matrix
interferences of phosphate with polyvalent catioosnd in the PGA structure did not oc-
cur during ultracentrifugation, i.e., phosphate aartrations in solution did not decrease
due to sedimentation of PGA during ultracentrifugat

The amount of phosphate sorbed was corrected &xvetter content of the samples
(13 + 1%), which was determined by outgassing #mapes in an automated Autosorb-1
gas sorption system (Quantachrome, Syosset, NY)thatrate of pressure increase due to
vapor evolution was below about 1.3 Pa tithin a 0.5-min test interval. Outgassing at
elevated temperature was not performed in ordewvtad thermal transformation of PGA
or the loss of chemisorbed water.

The phosphate sorption data were fitted with aalir@mbination of a modified first-
order rate equation and the parabolic rate law (Cr&f76) in order to account for the
fast sorption to external alumina surfaces andstbes diffusion-controlled sorption of

phosphate to alumina (Lang and Kaupenjohann, 2dd&jtta et al., 2006a-c):

0= Cmrao €'+ bt®?, [6.3]

whereq; is the amount of phosphate sorbed at tirfiemol g%), ¢ is the maximum amount

of phosphate sorbed by the fast reaction (M) (Fmrao) is the amount of phosphate
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operationally defined as ‘sorbed instantaneouslynl g%), i.e., at times <<0.5 hourkjs
the rate constant of the fast phosphate sorptid) {fis time (h), and is the apparent rate
constant of the slow sorption (umot 4. The parameters,, a, k andb were deter-
mined by minimizing the sum of the squared diffee=s)between the observed and pre-
dicted values of the phosphate sorption data utiegMarquardt-Levenberg algorithm
implemented in SigmaPlot 7.0 for Windows (SPSS)Inc.

The rate constant of the slow phosphate sorphpis, related to the apparent diffusion
constan{D/r?)app (h):

b = 4q, 77°°(DIr?)apy ™, 45

whereq, is the amount of phosphate diffused at infinimeeti(umol @), D is the apparent
diffusion coefficient (M h™), andr is the radius of diffusion (m). We used the tataiount

of phosphate present at 0 hourgpumol g*) corrected for the total amount of phosphate
sorbed to external surfaces,(as an approximation fay, in Eq.[6.4] to calculate the ap-

parent diffusion constagb/r?)app

6.4 Results and Discussion
6.4.1 SEM Analysis

Figure 6.1 depicts SEM images of pure and PGA-cbalemina. Particles of the pure
oxide possessed feather-edged structures that, Wihrdrer resolved, showed a cauli-
flower-like surface microtopography with pore entas of about 5 nm (image 5). The
cauliflower-like surface structure shown in thetgsolution SEM image 5 (Fig. 6.1) is
likely due to Au isles formed during sputteringmar structures have been observed on
surfaces of layer silicates like pyrophyllite orweculite (not shown). Coatings of PGA
greatly modified the microtopographical featuresabfmina. They comprised dense net-
works on external alumina surfaces that ‘smoothkd’ sharp edges of particle surfaces.
Images 6-8 of Fig. 6.1 reveal that PGA polymersnied three-dimensional networks of
interlacing fibrils having a length of up to sevdrandreds of nanometers. Aggregation of
several PGA chains to larger fibrils in aqueousisoh has been deduced from molecular
dynamics calculations (Manunza et al., 1997). Tésting of PGA fibrils that existed as
simple or multiple strands created new pores; tbe a&f which varied considerably, rang-

ing from less than 10 nm to several hundred nanemméimage 7 and 8). Similar structures
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have been reported for Ca-polygalacturonate coatmggarlic roots (Gessa and Deiana,
1992).

6.4.2 Porosity changes upon hydration

The C contents of PGA-coated alumina were stabl@ epailibration in doubly deion-
ized water for one week, showing that microbialivétgt was effectively reduced (Ta-
ble 6.1). Porosity data obtained by s adsorption at 77 K are presented in Tablargdl
Figure 6.2. Data in Table 6.1 indicate that PGApson to alumina hardly affected spe-

cific surface area, total pore volume, and micrepaslume.

——— 200 il

Fig. 6.1. Scanning electron microscopy images of pure (B)3and PGA-coated alumina (2, 4, 6-8). The
maghnification of these images wag000 (1+2)x 40,000 (3+4)x 100,000 (5+6), and 200,000 (7+8). Note
that images 1-6 allow a direct comparison betweare mnd PGA-coated alumina. Images were obtained
under ultra-high vacuum.
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Table 6.1.Carbon content, specific surface ar884 and pore characteristics of pure and PGA-codied a
mina as determined with,Nadsorption at 77 K. Carbon contents are given @ans obtained from C con-
tents in the samples used for each experiment a@d(NMR, DSC, phosphate sorption). Values in pare
theses are given as standard errors.

Treatment  Timeelapsed Ccontent SSA  Total PorerJr Micropore Average Micropore

before Analysis Volume Volume Diameter
h mg¢t  nfgt mnPgt nom mndgt nm
AlLO; 2 1.0(0.1) 212(2) 290(5) 55(0.1) 62(1) 0.97 (0.01)
170 0.8(0.1) 215(2) 293(3) 5.5(0.1) 65(0) 0.97 (.00
AlL,O;+PGA 2 83(0.6) 207(1) 282(1) 5.4(.1) 60(Q) 0.95 (0.00)
170 8.4(06) 213(2) 275(0) 5.2(0.00 63(0) 0.93 (p.01

" Avererage pore diameter.

The BJH pore size distributions of both adsorbehtained after equilibration in water
for two and 170 hours showed a monomodal distdutivith a large peak at ~3 nm
(Fig. 6.2). Judged on the pore size distributiorfireéze-dried samples, no obvious differ-
ence existed between either pure and PGA-coataedirsduand samples that had been
equilibrated for two and 170 hours, respectiveig(B.2).

Complementary to the BJH pore size distribution eéfse-dried samples, Fig. 6.3 de-
picts the time constant distribution of water-sated samples obtained from NMR re-
laxometry experiments. Each peak in Fig. 6.3 rédlacpore water domain or state of water
binding in pores of varying size. The intensities proportional to the amount of protons
of water molecules relaxing with a defined time stant. The time constants of pure and
PGA-coated alumina samples showed a bimodal distoib as identified from the mag-
netization decay curves using the regularizati@hne&ue implemented in WinDXP soft-
ware. Accordingly, one peak belonged to time cartst&10 ms. The maximum of the
major peak occurred between 55 ms and 100 ms tordmtsorbents.

We calculated the mean transversal surface retsxyifor pure and PGA-coated alu-
mina in order to assign peaks in Fig. 6.3 to eitha- or interparticle pores. The mean
transversal surface relaxivitg, was 0.125 + 0.011 nm rmsfor pure alumina, and
0.169 + 0.057 nm nisfor PGA-coated alumina (mean + standard errorp Afparameters
are at the lower end of published values. For exanijOrazio et al. (1989) found values
between 0.11-1.09 nm fdor porous silica glass, and Mikutta et al. (20@brained
0.363 nm mis for a hydrous Al oxide\tAIOOH). Differences in surface relaxivity among
different types of minerals are mainly caused Wfedng physico-chemical properties of
the materials (Hinedi et al., 1993). Basedmna time constant of 10 ms (approximately

middle between both peaks in Fig. 6.3) is equiviaiera pore size of about 5 nm assuming
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a cylindrical pore geometry. Therefore, the <10{pwaks in Fig. 6.3 accord well with the
pore size maximum of the BJH pore size distributi@fig. 6.2), and can be attributed to
intraparticle porosity. The 55-100-ms peaks areseqoently attributed to water held in

interparticle voids.
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Fig. 6.2.Pore size distribution derived from the &blsorption isotherm according to the BJH modelr@a
et al., 1951) of pure and PGA-coated alumina deterdhafter two and 170 hours of equilibration irubky
deionized water at 20°C and pH 5. Before theatlsorption measurements, the samples were fraz80°&€C
and freeze-dried. Note the log-scale of the x-axis.

Figure 6.3 shows that PGA sorption caused a rdaligiion of water in alumina sam-
ples; the amount of water held in intraparticlegsodecreased concomitantly with an in-
crease in the intensity of water held in largeresoiThe decrease in water held in intrapar-
ticle alumina pores due to PGA sorption is showralstatistically significant decrease in
the sum of intensities below the <10-nm peaks o€ @umina after PGA sorption, inde-
pendent of the equilibration time of the samplesmatter (Fig. 6.3, unpairetitest, P
<0.01). We attribute the decrease in water coriteid in intraparticle pores to the dis-
placement of pore water by PGA molecules. The poation of low- and high-
molecular-weight amino acids into mesopores of@iand alumina has been proposed by
Zimmerman et al. (2004a, b). However, pore sizengha upon sorption of PGA to alu-
mina were hardly detectable when samples weredrdeed (Fig. 6.2). For PGA-coated

samples, the 55-100-ms peaks consist of a mixtuneirceral interparticle pores and pores
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created by PGA coatings. It should be noted thdeumoist conditions, PGA does proba-
bly not contain pores according to IUPAC nomencktue., cavities of porous solids that
are deeper than wide (Rouquerol et al., 1994). RaBBA ‘pores’ represent interspaces
between single PGA strands. The increase in peglitage of the 55-100-nm peak upon
PGA-sorption (Fig. 6.3) could be solely attributedPGA pores when a water content of
PGA coatings 0£98 wt% is assumed. In the presence of free waiet;aap mucilage can
have water contents of up to 100,000% of its drigime(Guinel and McCully, 1986).

]—e— ALO,2h
600 1 —o— AL,O,/170 h

| —e— ALO,+PGA/2 h
600 1 —o— Al,O,+PGA/170

Intensity g™

0 1 10 100 1000 10000
Transversal relaxation time constant T,, ms

Fig. 6.3. Transversal relaxation time constafm)(distributions of pure and PGA-coated alumina ivigtd
after two and 170 hours of equilibration in doutlBionized water at 20°C and pH 5. For the sakdanitg
only the results of one replicate sample are ptesemifferences in peak amplitudes among replisate-
ples shown are not statistically significantPat= 0.05. Relaxation time constant distributions eviaighly
reproducible in replicate samples of each treatngeot shown). The distributions were normalizedhe
mass of alumina in the samples. Note the log-sufaiee x-axis.

However, the water content reported for pure hyei®g usually smaller than 98 wt%
(Bajpai and Singh, 2006; Léveseque et al., 2005;-Ralarera et. al., 2005). Therefore, the
difference between the major peak of pure and PGated alumina samples (Fig. 6.3) is

attributed to PGA pores and pores located at th&-BRIGmina interface.
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Our NMR results point at no significant porosity ogas with time in moist PGA-
coated alumina samples (Fig. 6.3), and thus aceadttd the N> adsorption results (Ta-
ble 6.1, Fig. 6.2). Pores of PGA with widths ofdésan 100 nm (Fig. 6.1) were not detect-
able by N adsorption at 77 K (Fig. 6.2) although they prdpaontributed significantly to
the increase in amplitude of the 55-100-nm peaR®A-coated alumina (Fig. 6.3). Dehy-
dration of PGA-coatings upon freeze-drying probdbly to conditions where the volume
between interlacing PGA fibrils adds insignificantb the total N-porosity of alumina
particles. Because the distribution of water in@3a is a prerequisite for solute transport
from the bulk water phase into intraparticle pongsrosities obtained on dehydrated or-
ganic matter-coated specimens using gas adsonpigynnot adequately reflect the ‘effec-

tive’ pore size distribution.

6.4.3 Differential scanning calorimetry

Figure 6.4 shows representative DSC thermogrambeoPGA-coated alumina after
two and 170 hours of equilibration in water, respety. Both thermograms are compara-
ble in shape and show a step transition betweetC-3Md -20°C followed by an endo-
thermic peak with a maximum between 4°C and 6°Cctoalance to findings for gelatine
gels (Nishinari et al., 1997), starch gels (Tanamgvand Reid, 2004) and water-gellan
systems (Hatakeyama et al., 1999), we interprestiae transition as glass transition of the
solidified amorphous gel matrix, and the endothevas attributed to melting of frozen
water.

The shape of DSC thermograms of hydrogels is géyergplained as follows: Vari-
ous kinds of hydrogels form glassy matrixes by ghérg to low temperatures (Nishinari
et al., 1997). During cooling of hydrogels, ice stallization can occur only before the
matrix becomes glassy. A part of the water molecules &s#solcclosely with the polymers
solidifies in an amorphous state (Nishinari et B97). The system is then separated into
an ice phase and an unfrozen phase, which resufteny small, discrete ice crystals em-
bedded in a continuous, rubbery phase of freezeesdrated polymer and unfrozen water.
At a sufficiently low temperature, this unfrozenagk solidifies into a glassy state, and ice
formation ceases because of kinetic restrictioltipagh a certain amount of water still
remains unfrozen. The unfrozen water in the amarphghase has been proposed to be
associated in some way closely with the solute oubss, although it may not totally be

immobilized or “bound” (Tananuwong and Reid, 2004).
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Fig. 6.4.Differential scanning calorimetry thermogramsu PGA-coated alumina after two and 170 hours
of equilibration in doubly deionized water at 204ad pH 5. The inset shows the expanded view ofjtdes
transition region. For better visualization graphs stacked.

By heating during the DSC experiment, the amorphoagwhich is associated with
the matrix) becomes mobile, and the increase inilityobxpresses as glass transitiongt
(Nishinari et al., 1997), while melting of the iceystallites is expressed by the endother-
mic peak abovdy. The glass transition temperature decreases witteasing content of
unfrozen water in the low-water-content region péitogels (Nishinari et al., 1997; Hata-
keyama et al., 1999). This decrease is explainéutwe plasticizing effect of water (Hata-
keyama et al., 1999). The change of heat capaiiy, is a measure for the quantity of the
amorphous phase, which is related to the amounhfsbzen water. An increase A€, is
thus connected with a decrease in the glass timmsg&mperatureT(). Ty re-increases in
the higher water-content region due to increaskegfrictions of the polymer mobility
around ice crystallites (Hatakeyama et al., 1998 quantity and the restriction of the
glassy amorphous phase is in this case directiya@lto the total surface of the ice crystal-
lites, and thus, bothy andAC, increase with increasing amount of frozen water.

Table 6.2 summarizes the melting and glass transitharacteristics of the PGA-
coated alumina for the two equilibration times. Tamples revealed water contents of
58% with a standard error of 4% (total mass basliffgerences between the equilibration
times were not significant. While the glass traosittemperature decreased significantly
from -31.9°C to -33.4°C with equilibration timAC, showed a significant increase from
0.26 Jg K* to 0.38J g K™. This indicates that the system behaves like |atew
content gels, in which water acts as plasticizet, increases the content of more rubbery
gel domains. The change in heat capadi,, is a direct measure for the quantity of
amorphous phase. The increase\@}, thus indicates an increase of the amorphous (gel)

phase with equilibration time. This conclusion nsaiccordance with the observation that
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AC, is slightly higher in fully gelatinized gels thampartly gelatinized gels (Tananuwong
and Reid, 2004). The lowdiy suggests that PGA molecules became more flexiide a

170 hours of equilibration.

Table 6.2.Changes irnTy, AC,, the energy of transformatida upon hydration of PGA-coated alumina for
two and 170 hours. Also given are estimates ofzabke and non-freezable water. Figures in pareathes
denote standard error.

Parameter PGA-coated AIO; equilibrated for

2 hours 170 hours
T4 (°C) -31.9(0.4) -33.4 (0.3)**
AC, (3" K™Y 0.26 (0.03) 0.38 (0.01)*
Transformation
Energy E (J Q) 173 (6) 159 (5)NS
Freezable water (%) 52 (4) 48 (4)NS
Non-freezable water (%) 7 (6) 11 (6)NS

**_significant differences between equilibratiomés on thé> = 0.01 propability level.
NS indicates nonsignificant differences betweeriliboation times on th@ = 0.05 level.
Water contents and transformation energy are detatthe total sample mass.

The area of the endotherm peaks indicates tranafmenergie€ of 173 J ¢ and
159 J @ for equilibration times of two and 170 hours, rsvely, which suggests a
higher amount of unfrozen water after 170 houre@ilibration (11%) than after two
hours of equilibration (7%). Although the differescwere not significant on thie= 0.05
level, they show the tendency expected from theesme inAC, and thus support the as-
sumption that the amount of a gel phase increasadglequilibration. For a final verifica-
tion of this relation, the water contents of thdiwdual samples need to be determined
with higher accuracy. In summary, the DSC invesiigasuggests an increase in the flexi-
bility of PGA molecules and the amount of a PGA gjehse, and most probably indicates

a hydration-induced swelling of the PGA coatings.

6.4.4 Phosphate sorption kinetics

To test our initial hypothesis that restructurifgR&A sorbed to alumina affects the
kinetics of phosphate immobilization, we condudbadch experiments after equilibrating
both adsorbents in doubly deionized water for twd 470 hours, respectively. The phos-
phate sorption to pure and PGA-coated alumina cisexgbra fast and a slow reaction as
shown for PGA-coated samples in Fig. 6.5. Theifasal sorption is attributed to sorption
of phosphate to external, rapidly accessible sompgites, while the slow phosphate sorp-
tion has been explained by diffusion of phosphaténternal sorption sites (Shin et al.,
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2004). The kinetic parameters obtained by fittingy[& 3] to the phosphate sorption data
are presented in Table 6.3. PGA-coatings reducedatal amount of phosphate immobi-
lized by the fast sorption reaction and the amaifimnthosphate that was operationally de-
fined as instantaneously sorbed (Table 63 cma for t = 2 hours). The apparent diffu-
sion constant{D/r%),pp, Of pure alumina was 4x10* h* (Table 6.3). From this value we
estimated the apparent diffusion coefficiént, Because the radius of diffusion is proba-
bly much less than one-half of the particle’s diten¢<105 um), we arbitrarily chose a
diffusion path length of 10 um and calculafg, with 1.1x 10" n? day'. TheD,p, was
seven orders of magnitude lower than the diffusioafficientDy of H,PO, in water at
25°C (7.6x 10° m? day*, Edwards and Huffman, 1959), showing that theudifin of
phosphate in intraparticle pores of alumina wassicterably slowed down. However, pa-
rameters referring to the slow phosphate sorptomained unaffected by the PGA coating,
which indicates that the diffusion of phosphate imtraparticle pores was not impaired by
PGA (Table 6.3).
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Fig. 6.5. Phosphate sorption kinetics of PGA-coated alungifiar two and 170 hours of equilibration in
doubly deionized water at 20°C, pH 5, | = 0.01 Mdan initial phosphate concentration of 400 uMe Th
solid concentration was 0.5 g LThe inset shows the phosphate sorption of tee F®0 h with a logarithmic
x-axis. Error bars are smaller then the symbol. $odid lines indicate model fits of Eq.[6.3].

The phosphate sorption kinetics of pure aluminaaiaed more or less unaffected by
the pre-equilibration time (Table 6.3). In contrdke phosphate sorption kinetics of PGA-
coated alumina strongly depended on the duraticqguofiibration in water. The amount of
phosphate being instantaneously sorbgdag) and the total amount of phosphate sorbed
by the fast reactioncg) increased by 84% and 12%, respectively (Tablg. @.Be result
implies that after equilibration of PGA-coated s#spfor 170 hours, external alumina

surfaces became more accessible to phosphate.hbsphmte sorption kinetics is in line



100

with our DSC measurements showing that PGA molecoéesmame more ‘flexible’ after

170 hours of equilibration in doubly deionized wate

Table 6.3.Kinetic parameters obtained by fitting Eq.[6.3]thee phosphate sorption data of pure and PGA-
coated alumina that had been equilibrated at phl doubly deionized water for two and 170 hourspees
tively, prior to phosphate sorption. Parameter rivgarc,, total amount of phosphate sorbed fagta,,
operationally defined amount of phosphate sorbethitaneouslyk, rate constant of the fast phosphate
sorption; b, rate constant of the slow phosphate sorpt(ﬁ)7i:2)app apparent diffusion constant according
Eq.[6.4]. Values in parentheses indicate standa.e

Treatment  Time elapsed Gy, Curdo k b r? (DIr).ao;
until P Sorption
h pmol g* ht pmol ¢t ho® x 1C*h*
AlLO; 2 506 (22) 296 (31) 0.20(0.05) 14.3(2.1) 0.99 4.7 (0.9)
AlLO; 170 504 (38) 296 (53) 0.15(0.06) 8.7 (3.7) 0.98 1.7(1.0
AlLOA+PGA 2 383(14) 150 (20) 0.19(0.03) 12.8(1.4) 1.00 .8)(
AlLOs+PGA 170 430(21) 276(31) 0.32(0.12) 11421 098 (A9

Although the swelling kinetics of soil organic natrepresents a slow process with
time constants varying between one and six dayisaiBoann et al., 2004), the slow phos-
phate sorption to alumina remained unaffected bystate of sorbed organic matter (Table
6.3, b, (D/r%apy). One possible explanation is that structural geanof PGA molecules
proceeded too fast to have a significant impacthenslow phosphate sorption. This rea-
soning accords with the finding that mucilage ofizeglants, which comprises about 90-
95% polysaccharides with 20-35% uronic acids (Corted Billes, 1982; Morel et al.,
1986), swells within minutes due to water absorp{iGuinel and McCully, 1986; McCully
and Sealey, 1996; Sealey et al., 1998jother explanation for the lacking effect on struc
tural changes of PGA on the slow phosphate sorftioetics is that after two hours of
equilibration in water, PGA desorption was so thast structural changes of the remaining
PGA at the alumina surface did not affect the shwsphate sorption. Indeed, during the
first 0.5 hours after phosphate addition 68% ofttital desorbed PGA-C were desorbed
(Fig. 6.6).

Another line of evidence indicating a decrease @ARsurface coverage with increas-
ing equilibration time comes from Fig. 6.6, showthg relationship between the quantities
of phosphate sorbed and PGA-C desorbed. Phosphdtighl/ competitive with pre-
sorbed PGA (Mikutta et al., 2006a, b). During phwp sorption to PGA-coated alumina
for one week, phosphate displaced 54% and 41%seoihitial PGA-C in samples that had
been equilibrated for two and 170 hours, respelgtiviehe slopes of the linear regressions

presented in Fig. 6.6 show that after a two-howildgation period each phosphate dis-
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placed on average 0.4 C atoms. The slope incregsaddrctor of two when the samples
were equilibrated for 170 hours before phosphatktiad, indicating a higher efficacy of

phosphate to desorb PGA-C in samples in which th& 8@ating comprised more rubbery
domains. In addition, Fig. 6.6 shows that a mucbdaportion of phosphate was required
to achieve a significant C desorption in samples hlaal been equilibrated for 170 hours.
Contrary, although phosphate was less competitiid WIGA-C in samples that were

equilibrated for two hours only, PGA-C desorptidarted at a lower phosphate surface

loading in these samples (Fig. 6.6).
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Fig. 6.6. Plot of the amount of phosphate sorbed versus BGiesorbed during one week of phosphate
sorption to PGA-coated alumina at pH 5 in 0.01 M@gNvith an initial phosphate concentration of 400 uM
and a solid concentration of 0.5 ¢.L

6.4.5 Conceptual model

In Fig. 6.7 we present a conceptual model for eemental results of our DSC and
phosphate sorption experiments. The picture shopiargar alumina surface coated with
linear PGA polymers. The PGA polymers are shownhasns with each link representing
a galacturonate monomer. Dark gray chain segmadisate monomers that are directly
attached physically or chemically to the alumingaze. White spheres symbolize phos-
phate ions. Accordingly, after two hours of equégition in doubly deionized water, a lar-
ger fraction of PGA is sorbed in a comparativelt fftonformation (poorly hydrated state,
less flexible), in which PGA polymers are intimgtektached to the mineral surface. Con-
sequently, less sorption sites are rapidly acclkess$ib phosphate (Table 6.8y-a0) and
phosphate is less able to displace a PGA molecarfe the surface (‘octopus’ effect, Po-
doll et al., 1987; see Fig. 6.6). Based on the kigmpetitiveness of phosphate with pre-
sorbed PGA (Mikutta et al., 2006a, b), a lower pinate loading is required after two

hours to induce PGA desorption.
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Fig. 6.7. Conceptual model of the dynamics of PGA ions atalumina surface and its consequences for
phosphate sorption and PGA desorption. Gray sphiedésate chain segments of PGA (galacturonic acid
monomers): dark gray = monomers linked to the setflight gray = unbound chain segments with reispec
to the alumina surface; white spheres symbolizesphate ions. For explanations refer to sectiorb6.4.

After equilibration of PGA-coated alumina for 176uns in water, PGA molecules re-
arrange and the mobility of polymer chains increa@svollen state, more flexible). This
process decreases the surface coverage of alumiR&HB and facilitates the diffusion of
phosphate ions from the bulk water solution to mxdkalumina surfaces (Table 6,
Cm-&0). Upon hydration, PGA polymers become less intelyadssociated with the mineral
surface as indicated by less dark gray chain segn@rPGA molecules after 170 hours
(Fig. 6.7). When the external surfaces reach sabaravith phosphate ions, phosphate in-
creasingly competes with sorbed PGA at higher pmatgpsurface loading. As the poly-
mers are less intimately attached to the minerdbese, the efficacy of phosphate to dis-
place PGA-C increases (Fig. 6.6).

Noteworthy, at a given s phosphate loading more fGi& desorbed in samples that
had been equilibrated for two hours than for 17Qrbe@lthough the PGA-C seems to be
less susceptible to desorption by phosphate ir2theur treatment (Fig. 6.6). This obser-
vation probably results from a greater portion @akly bound PGA in the 2-h treatment
which is readily displaced by phosphate at time® ¥@urs. Factors that may influence the
efficacy of phosphate to desorb PGA include (i) dherage strength of PGA-oxide inter-
action which depends on the distribution of weadt sinong bindings (e.g., electrostatic vs.
specific interaction) of PGA segments to the allarsnrface, (ii) the amount of free bind-
ing sites (type A-hydroxyls) remaining for speciiiteraction with phosphate after initial
PGA sorption, (iii) the affinity of phosphate toetloxide surface relative to that of pre-
sorbed PGA, and (iv) the destabilization of sorlBg8lA polymers by locally increased
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negative surface charge of alumina imparted by jpihaie. It is worth mentioning that the
concept developed is oversimplified but followirng trule of parsimony (Ockham'’s razor)

it provides a reasonable explanation for our expenital results.

6.5 Conclusions

Porosity studies withH-NMR and N gas adsorption of moist and freeze-dried PGA-
coated alumina, which had been equilibrated in mwatetwo and 170 hours, respectively,
revealed no swelling-induced change in pore siag. MR measurements showed that
water held in intraparticle pores of alumina wagiplly displaced by sorbed PGA. Addi-
tionally, the hydration of PGA networks on exterahlmina surfaces increased the amount
of water held in interparticle pores of alumina-P@gsociations, suggesting the formation
of new intra-organic pores between alumina pasicle

The analysis of the state of water binding in PGated samples with DSC showed
that within 168 hours of equilibration in water ttpgantity of the PGA gel phase increased,
indicating an increase in rubbery domains of tARoating. Accordingly, the accessi-
bility of external sorption sites for phosphate Wwager after 170 hours than after two
hours. The slow phosphate sorption to alumina wdspgendent of equilibration time. The
restructuring of sorbed polymers with time changjeel efficacy of phosphate to desorb
PGA. When PGA coatings became more flexible upodrdtyon for 170 hours, PGA
molecules were less intimately attached to the ralngurface. As a consequence, phos-
phate was more efficient in displacing PGA-C. Howewehigher surface loading of phos-
phate was required because more free binding exissed on external alumina surfaces.
We finally conclude that structural changes upodragon/dehydration of plant- or mi-
crobe-derived macromolecules sorbed to mineraldearegarded as a crucial factor influ-

encing sorption and transport phenomena of sointssils.
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7.1 Controls of the phosphate sorption/desorption kingts of organic matter-goethite

associations at pH 5

Based on the findings presented in this work andirasg) that precipitation of Fe
phosphates (Li and Stanforth, 2000; Ler and Stamf@003) and film diffusion (Boyd et
al., 1947) of phosphate were negligible in my ekpents, the overall rate of the slow

phosphate sorption to C-coated goethiRg, can be conceptualized by
Rsiow= (F X R)pore-pit+ (F X R)e-piff + (F X R)c-pesorb [7.1]

where Rpore-gitt IS the rate of phosphate diffusion into goethibees, Rc.pir is the rate of

phosphate diffusion through C coatings, &3@hesorniS the rate of the slow phosphate sorp-
tion induced by the desorption of C from the goettsturface. As the process with the
highest rate in Eq.[7.1] will kinetically contrdi¢ rate of the slow phosphate sorption only

if it dominates all other simultaneously occurriegctions, each raiin Eq.[7.1] must be
weighed by the fractiofr; that thei-th process contributes to the overall slow phospha

reaction. Equation [7.1] thus represents the supossible controls of the slow phosphate

sorption to organic matter-goethite associations.

Pore clogging by high- and low-molecular-weight reatidates

Thirteen samples of goethite coated with polygalaxctate (PGA) were studied for
their phosphate sorption kinetics at pH 5 in 0.0KKMO;. Apart from PGA-coated sam-
ples with low C loadings, micro- and <5-nm mesopareimes determined on freeze-dried
samples were effectively reduced by PGA (Chapt8).2,

Based on a reduced porosity of goethite following a@lddition of PGA, | expected de-
creasec(D/rZ)alop values, i.e., increased diffusion resistancespfarsphate in comparison
with a C-free control. Only in two freeze-dried P@8ated goethite samples with low C
loadings this expectation was met, implying tha thffusion of phosphate into <5-nm
pores of goethite was impaired (Table 2.3, G6; &&hP, G1/0.37). However, the higher
diffusion resistance for phosphate observed forftheze-dried G1/0.37 sample dimin-
ished when moist samples with a similar C loadingevaalyzed for their phosphate sorp-
tion kinetics (Table 3.2). This result shows thabne sample, the ‘pore clogging effect’

observed probably originated from aggregation.
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In 11 out of the 13 PGA-coated goethite sammér,z)app remained either unchanged
(n = 6) or increased with respect to the C-frearobiin = 5). Accordingly, the diffusion of
phosphate into mineral pores <5 nm of PGA-coatestlge was either hardly affected or
superimposed by other processes controlling thev stmrption reaction, so that
(F x R)ore-ditr in EQ.[7.1] was negligible for samples with incsed(D/r?),,p values. This
reasoning is supported by a decreasing capabiliBGA to inhibit the sorption of phos-
phate with time (Fig. 7.1).

Phosphate sorbed

Time

Fig. 7.1. Typical phosphate sorption kinetics of pure (blagheres) and PGA-coated goethite (white
spheres). Dashed lines indicate the kinetics obphate sorption to external goethite surfaces doupto

the combined model (Eq.[2.2]). Arrows mark diffeces in the amount of phosphate sorbed to external
goethite surfaces and phosphate sorbed after an®dl period of time, respectively.

The decreasing ability of PGA to inhibit the sooptiof phosphate with time shows that
a slow phosphate reaction partially compensatedhi®rstrong decrease in the fast phos-
phate sorption (dashed lines in Fig. 7.1). Thiseoletion is incompatible with the hy-
pothesis that the diffusion of phosphate into géethores controlled the slow phosphate
reaction in PGA-coated samples. Rather, the sloprlsyestep desorption of PGA or the
diffusion of phosphate through PGA coatings or lmthlain the increase((ﬂ)/rz)alplo values
of five PGA-coated goethite samples (Chapter 3)sdmples where the slow phosphate
sorption was not affected by PGA despite a reduieto- and mesoporosity, the C load-
ing might have been too low to induce significafiees on the slow phosphate sorption
after C desorption during the initial stage of gi®sphate sorption run. Additionally, dry-
ing effects cannot be excluded as possible reasortbe lacking sensitivity of the slow
phosphate sorption to changes in micro- and messjigrby PGA. Drying may have
caused a collapse of PGA at the surface, whichglrgtded to a higher surface coverage
of PGA and thus to a lower intraparticle poroskigrit would be present in moist samples.

Likewise, reversible aggregation of PGA-coated hive$s upon drying may account for no
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observable effects of reduced porosities on the glbosphate sorption kinetics, because
drying would reduce the interparticle porosity timaight be restored after rewetting the
samples. In conclusion, the results indicate tloaé glogging by PGA is not rate-limiting
for the slow phosphate sorption to PGA-coated gteeth

In contrast to PGA, citrate has been shown to ihhfiie slow phosphate sorption to
pure and C-coated goethite, thus corroborating gpothesis that low-molecular-weight
root exudates like anions of polycarboxylic low-emihlar-weight organic acids
(LMWOA) are capable of impeding the diffusion ofggphate into micropores of goethite.
Micropore volume and micropore diameter of bothepand C-coated goethite decreased
after citrate addition (Table 4.1). In additiorntraie was capable of dissolving pure and C-
coated goethite by up to 2.3 mol% within three vgeek phosphate sorption (Fig. 4.4).
However, the contribution of micropore cloggingestainly larger than that of the ligand-
induced goethite dissolution; for example in theatment where citrate was added three
hours before phosphate to pure goethite, the slwgghate reaction was totally reduced
(Table 4.3), while goethite dissolution accounted dnly 1.9 mol% within three weeks
(Fig. 4.4). Consequentl{F x R)ore-pitt became the term i&q.[7.1], which controls the
rate of the slow phosphate sorption in the presehcdrate.

Steric arrangement of acid polysaccharides on nahsurfaces

To test effects of hydration-induced swelling of #Goatings on the phosphate sorp-
tion kinetics, | compared the phosphate sorptioretics of PGA-coated alumina samples
that were equilibrated in water at pH 5 for two dWD hours, respectively (Chapter 6).
Results obtained from differential scanning calotipanalysis implied that with increas-
ing equilibration time in water the flexibility d#GA molecules and the fraction of a PGA
gel phase increased, and most probably indicategdeation-induced swelling of PGA
coatings. The kinetics of phosphate sorption and¥Glesorption implied a weaker bind-
ing of PGA to the alumina surface with increasiogigbration time. The restructuring of
PGA molecules upon hydration increased the amotiphosphate that was instantane-
ously sorbed after 170 hours (Table 6.2), suppgpmity hypothesis that hydration of acid
polysaccharide coatings increases their permeamlitphosphate.

7.2Implications for the dynamics of phosphate in the nizosphere
Coatings of mucilage similar in physico-chemicalpedies to PGA may successfully
impair the slow immobilization of phosphate in po# Fe and Al oxides. Due to the high
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competitiveness of phosphate with pre-sorbed aclgspccharides, pores located under-
neath these coatings will become progressivelysaiisle to phosphate when macromole-
cules are partly or fully displaced by phosphateall PGA treatments phosphate desorbed
on average 51% C of pre-sorbed PGA within up toetlweeks (n = 14, 18% standard de-
viation). However, an embedding of Fe or Al oxigesnucilaginous matrixes in the root
cap zone is likely to occur. The engulfing of clainerals by humic materials and exocel-
lular polysaccharides has been observed in soilssadiments (Jenny and Grossenbacher,
1963; Fontes et al., 1992; Ransom et al., 1997,)199®ordingly, the particle diffusion
inhibition for phosphate by exuded polysacchariches be expected to be much stronger in
the rhizosphere than observed in batch experimbatguse the C loading and the surface
coverage of organic matter would be much higheaddition, phosphate concentrations in
the rhizosphere soil solution are much smaller 8aruM, which is about two orders of
magnitude lower than phosphate concentrations usedy experiments (250-500 pM).
Consequently, the desorption of C by phosphate wbeltess intense in the rhizosphere.
The clogging of pores of Fe and Al oxides by potgterides exuded by plant roots will
furthermore depend on the physico-chemical progeuif the exudates. The properties of
mucilage may change due to the colonization of tageiby microbes or the incorporation
of mineral particles as shown by Jenny and Grossghdy (1963). Mary et al. (1993) and
Knee et al. (2001) have provided evidence that lageican be used as a C source for mi-
crobes. In Chapter 5 | showed that the phosphatergtesn from goethite treated with
mucigel (MU) of maize plants was contrary to theP&GA. Based on the phosphate de-
sorption kinetics, no indications of a clogginggufethite pores by MU were found. This
finding was attributed to a suite of minerals prese the MU (Fig. 5.1), and its low con-
tent in uronic acid (Table 5.1). The high contehplosphate in the MU (Table 5.1) sug-
gests that MU may act as a phosphate adsorbeme irhizosphere, which may render MU
a diffusion barrier for phosphate.

The micropore clogging of Fe and Al oxides by pahpoxylic LMWOA anions will
be confined to a region close to the root becald@/DA anions are rapidly consumed by
microorganisms. Jones et al. (1996) predicted988 of exuded LMWOA anions remain
within a distance of up to 1 mm of the root surfdoeChapter 4 it has been shown that the
time scale of both micropore clogging and the degtian of LMWOA anions in soils
(Jones, 1998; Jones and Darrah, 1994) are sirmladdition, considering the high efflux
rates of polycarboxylic LMWOA anions of P-starveldrgs (Ryan et al., 2001 and ref.
therein) which may cause concentrations in theogphere soil solution similar to those
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used in my experiments (Jones, 1998), the cloggimgicropores of Fe and Al oxides may
be regarded as an important mechanism by whiclaiRest plants increase the bioavail-
ability of phosphate.

Experiments presented in Chapter 6 revealed thastdte of hydration of acid poly-
saccharide coatings on alumina surfaces affectsdahaion kinetics of phosphate. Trans-
ferred to rhizosphere conditions, the results migiyly that hydrated mucilage may be
more permeable for oxyanions than dry mucilages Thasoning is compatible with ob-
servations showing that the water content of faljglrated maize mucilage can be up to
99.9% on a wet basis (Guinel and McCully, 1986). @gnsently, the volume of maize
mucilage may drastically decrease upon desiccatibich would lower its surface tension
and increase its viscosity (Walker et al., 2003)eréfore, drying of mucilage presumably
increases the diffusion resistance for oxyaniornthéngel. Guinel and McCully (1986) re-
ported a water potential of root-cap mucilage diye+Y kPa, implying a poor if any water-
holding capacity of mucilage under normal field ditions. Likewise, McCully and Boyer
(1997) concluded that root-cap mucilage of maee sehas almost no capacity to retain
water in the rhizosphere. The dehydration-indudethkage of the mucilaginous layer on
root caps, which can extend several tens of mictersgJenny and Grossenbacher, 1963;
Vermeer and McCully, 1982), may facilitate the dsifan-controlled transport of phos-
phate to the root in the soil solution. It mighd@be hypothesized that the stronger adher-
ence of mucilage to soil particles upon desiccatisrproposed by Whalley et al. (2005)
intensifies the pore clogging of Fe and Al oxidéke effect of hydration and dehydration
of plant mucilage on the diffusion of oxyanionsaigh the polymeric matrix has not yet
been studied and warrants future research.

Summing up, my experiments showed that at pH 5gaoboxylic LMWOA anions
exuded by plant roots may increase the bioavaitglof phosphate via the clogging of
micropores of goethite in addition to sorption catijion and the decrease in surface
charge. The clogging of goethite pores by acid smtgharides is much less pronounced
compared to polycarboxylic LMWOA anions. In thezadsphere, the capability of acid
polysaccharide coatings to clog pores of sesquéesxahd thus to inhibit the pore diffusion
of phosphate may also depend on their state ofalipdir.
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Table 1. Raw data of kinetic runs with pure and PGA-coage@thite (Chapter 2). Data are given as

mean + standard deviation.

Sample Time PO, TOC Fe (-Potential
h mg L* ug Lt mv
H o H o H o H
GO 05 215 00 0.00 o0.07 2 3 -307 13
1 202 0.0 0.00 0.25 0 3 nd nd
2 201 0.0 0.00 0.14 3 9 317 08
4 198 00 0.00 0.12 0 2 276 13
8 195 00 0.00 0.12 4 5 -281 16
16 195 00 0.00 0.12 2 0 -305 12
48 186 0.0 000 032 29 5 -160 04
168 182 00 0.00 022 81 36 -89 10
336 181 01 008 007 2148 74 -102 10
G6 05 219 00 0.00 o0.23 7 4 417 19
1 217 0.0 000 052 9 13 nd nd
2 211 0.0 000 014 28 22 -419 14
4 211 0.0 0.00 0.05 6 5 -384 14
8 211 0.0 000 011 19 20 -400 1.2
16 199 01 0.00 023 17 9 -408 25
48 195 01 000 0413 41 8 -323 14
168 192 00 033 012 112 16 -344 10
336 192 00 043 009 176 52 -30.3 09
G7 05 228 00 0.00 0.12 5 0O 411 11
1 224 0.0 0.00 024 8 2 -389 09
2 224 0.0 000 018 16 3 424 14
4 218 00 026 024 18 11 -419 15
8 216 00 015 013 17 7 -412 11
16 214 00 022 017 48 30 -411 10
48 208 00 038 019 18 4 -398 15
168 196 00 1.01 001 38 8 -384 038
336 194 0.0 187 001 24 9 -389 16

"Total organic carbon.
nd, not determined.



Table 1 (continued

Sample Time  PQ ToC Fe Z-Potential
h mg L* ug L mv
H o M o M o u

G8 05 226 00 000 013 6 4 402 1.0
1 225 00 000 022 20 12 -416 1.9
2 224 00 000 027 19 10 -39.7 0.9
4 219 00 000 012 9 6 -424 19
8 218 00 000 005 16 10 -41.2 15
16 213 00 024 007 48 30 -404 1.7
48 209 00 050 009 31 20 -400 1.3
168 202 00 061 002 39 15 -395 14
33 195 00 192 011 47 3 -396 11
G9 05 225 00 000 010 12 17 -374 15
1 218 00 000 007 24 13 -406 1.4
2 218 00 014 113 21 5 -401 14
4 215 01 097 034 22 7 -394 14
8 215 00 069 007 22 8 -415 14
16 211 00 098 006 54 11 -405 15
48 207 00 140 011 75 25 -398 1.0
168 197 00 155 014 68 25 -390 0.7
33 195 00 212 018 81 25 -391 0.8
G0 05 220 00 028 017 17 14 -383 1.0
1 215 00 053 015 12 5 -402 0.9
2 214 01 073 016 10 8 -396 15
4 213 01 000 009 27 5 -390 15
8 210 00 000 043 26 7 -401 1.2
16 208 01 116 011 53 7 -396 1.2
48 208 00 135 003 74 9 -388 0.7
168 197 00 127 009 165 31 -396 1.3
33 197 0.1 144 076 137 165 -385 1.4

" Total organic carbon.
nd, not determined.
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Table 2. Raw data of kinetic runs with freeze-dried purel &GA-coated goethites (Chapter 3). Data are
given as mean + standard deviation.

Sample  Time PO, TOC' (-Potential
h mg L* mvV

H o H o H o
G1/0.0 05 265 02 032 025 -25 06
1 264 05 024 014 -26 10
2 261 01 042 003 -11.3 19
4 257 04 019 015 -132 31
8 257 05 027 018 -13.7 1.8
24 253 01 011 011 -121 1.2
48 249 04 018 0.16 -144 0.9
168 245 03 031 018 -96 13
336 239 05 056 042 -85 06
504 235 01 049 036 -65 26

G1/037 05 296 01 022 007 -215 19
1 289 02 014 0417 -21.7 17

2 287 04 041 005 -190 13

4 286 02 046 001 -209 13

8 273 04 044 017 -230 21

24 270 05 013 003 -226 22

48 261 00 068 022 -252 16

168 257 01 067 019 -265 13

33 255 021 096 019 -237 22

504 253 03 115 014 -200 13

G1/1.76 05 331 04 043 031 -255 23
1 324 03 057 013 -241 16
2 304 02 092 009 -248 1.0
4 302 05 177 067 -248 0.7
8 301 03 207 071 -230 1.9
24 293 00 248 031 -258 14
48 283 02 306 037 -247 10
168 273 01 459 053 -257 1.6
336 270 02 454 041 -294 25
504 267 03 494 038 -21.1 40
" Total organic carbon.
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Table 2 (continued

Sample  Time PO, TOC' -Potential
h mg L* mv

u o] u o U o

G2/0.0 05 312 05 019 010 -26 09
1 30,2 08 032 027 -29 08

2 298 02 035 031 -44 16

4 295 04 029 008 -84 13

8 293 02 025 007 -146 16

24 292 00 014 031 -168 05

48 290 01 012 005 -133 05

168 289 01 045 019 -119 29

336 288 01 028 000 -9.7 15

504 285 02 020 003 -92 13

G2/030 05 323 02 010 011 -278 17
1 321 01 024 009 -285 22

2 321 01 047 000 -237 21

4 314 01 022 019 -269 23

8 3.3 08 030 012 -235 14

24 313 02 044 004 -268 21

48 310 01 030 018 -357 23

168 297 06 071 006 -293 26

336 294 06 160 021 -26.2 16

504 292 07 141 010 -238 13

G2/1.43 05 33 06 047 037 -299 22
1 347 01 064 029 -272 15
2 340 02 097 013 -290 19
4 329 03 120 020 -242 42
8 325 02 157 058 -294 17
24 319 02 246 032 -283 24
48 3.7 01 301 004 -270 39
168 312 01 396 038 -283 20
336 304 03 399 0.16 -264 24
504 301 02 446 023 -250 26
" Total organic carbon.
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Table 3. Raw data of kinetic runs with non-dried pure a@AFcoated goethites (Chapter 3). Data are given
as mean + standard deviation.

Sanple Time POy TOC

h mg Lt
H o H o
Gl/0.0 05 280 01 017 0212

1 273 01 009 015
2 264 00 014 o007
263 01 000 012
8 260 02 002 005
24 251 05 0315 013
48 247 03 002 011
168 241 02 023 019
33 239 03 067 020
504 239 04 047 0.09

Gl/042 05 331 05 02 000
1 312 02 054 024
282 03 04 036
2716 03 026 039
8 271 02 033 032
24 264 03 015 012
48 262 01 035 023
168 254 04 070 046
336 251 01 050 010
504 252 02 064 004

Gl/188 05 344 02 08 069
1 333 04 104 079
2 329 04 130 065
319 00 191 039
8 312 04 268 033
24 299 03 39 021
48 284 05 558 022
168 270 05 560 020
336 267 04 646 026
504 259 01 623 0.18
" Total organic carbon.
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Table 3 (continued

Sample Time PO TOC

h mg [l
u o u o

G200 05 303 00 006 010
1 301 00 008 021
2 294 01 000 011
4 293 01 000 007
8 203 01 000 028
24 291 02 000 005
48 287 03 005 014
168 283 01 023 015
33 279 02 063 005
504 27.9 03 038 0.19

G2039 05 337 02 02 010
1 316 02 024 017
2 310 03 013 023
4 305 01 010 o1
8 303 01 010 010
24 300 02 031 036
48 299 02 023 024
168 296 03 038 017
336 292 03 05 010
504 291 03 088 023

G2/166 05 363 04 039 001
1 362 02 057 012
2 352 03 134 069
4 345 04 162 013
8 341 02 171 030
24 327 03 367 035
48 320 05 408 011
168 293 05 519 020
336 280 03 566 051
504 280 04 589 0.02
"Total organic carbon.
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Table 4. Raw data of kinetic runs with pure goethite (Cleagt). Treatments: P, phosphate addition; (C+P),
simultaneous addition of citrate and phosphate;,@itPate added three hours before phosphate. &ata
given as mean + standard deviation.

Sampl Time PQ, Citrate-C Fe {-Potential

h mg L* ug L* mv

u o u o U o u o

P 05 373 04 nd nd 108 31 -227 08
1 36.7 04 nd nd 53 19 -230 1.0
2 359 0.0 nd nd 58 39 -275 23
4 359 0.2 nd nd 19 6 -227 0.8
8 345 0.2 nd nd 32 23 -21.7 0.8
24 338 03 nd nd 11 5 -20.7 1.0
48 334 03 nd nd 45 32 -203 07
168 327 04 nd nd 29 19 -194 0.9
336 324 01 nd nd 54 30 -133 17
504 320 09 nd nd 111 43 -172 15

(C+P) 05 394 09 322 09 290 41 -268 17
1 389 07 325 11 274 64 -277 18

2 384 06 337 05 283 28 -279 16

4 377 03 330 02 341 10 -290 16

8 376 03 338 01 437 20 -284 15

24 368 02 333 00 1221 231 -291 14

48 367 02 323 00 873 144 -301 1.2

168 364 03 308 06 225 75 -293 1.2

336 359 02 312 05 3620 55 -281 14

504 360 01 290 09 5438 290 -282 1.2

C+P 05 411 06 300 00 283 3 -262 10
1 407 06 304 04 212 17 -254 1.6
2 398 06 311 06 266 27 -260 15
4 390 06 311 01 322 29 -256 11
8 380 03 310 06 493 35 -262 1.2
24 365 03 308 06 1015 183 -274 13
48 nd nd nd nd nd nd nd nd
168 360 01 308 06 285 80 -274 0.6
336 363 01 302 02 4747 216 -299 15

504 363 00 293 0.2 5847 19 -30.7 1.0
" calculated as water-free citric acid (M = 192rhaj’”).

nd, not determined.
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Table 5. Raw data of kinetic runs with C-coated goethitbgfter 4). Treatments: P, phosphate addition;
(C+P), simultaneous addition of citrate and phosgh@+P, citrate added three hours before phosphate
Data are given as mean + standard deviation.

Sampl Time PO, Citrate-C Fe (-Potential

h mg L* ug L* mv

U o u o u o u o
P 05 39.0 05 nd nd 35 36 -246 0.7

1 385 03 nd nd 2 2 -243 08
2 377 04 nd nd 14 9 -259 11
4 372 04 nd nd 0 0 -250 13
8 369 03 nd nd 4 1 -235 12
24 362 03 nd nd 0 0 -258 29
48 359 0.2 nd nd 0 0 -244 21
168 349 03 nd nd 0 0 -230 11
336 345 04 nd nd 15 3 -183 0.9
504 342 05 nd nd 33 15 -263 11

(C+P) 05 416 02 331 00 231 17 -270 19
1 415 02 325 04 206 5 -268 15

2 402 03 331 01 26 14 -262 10

4 399 04 334 01 359 18 -266 14

8 392 03 328 02 458 14 -279 19

24 380 06 327 01 87 74 -20 15

48 377 03 321 00 1237 6 -280 1.0

168 371 01 312 00 2590 42 -283 14

3366 372 04 310 09 4268 226 -269 0.7

504 372 03 293 10 5923 333 -26.7 1.2

C+P 05 419 02 318 01 167 93 -243 1.2
1 412 06 320 04 124 15 -242 10
2 409 03 319 02 168 8 -248 1.0
4 389 05 328 02 317 20 -257 1.0
8 383 07 340 0.0 576 6 -256 0.8
24 374 04 328 02 1101 40 -251 11
48 nd nd nd nd nd nd nd nd
168 372 01 311 01 3194 115 -271 15
336 371 00 304 04 5777 304 -27.2 0.9

504 370 04 297 11 7072 194 -288 1.1
" calculated as water-free citric acid (M = 192rhaj”).
nd, not determined.
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Table 6. Raw data of kinetic runs in the desorption experit{Chapter 5). Abbreviations: G, goethite; GA,
galacturonate; PGA, polygalacturonate; MU, mucidéle order of abbreviations indicates order of ateb
addition. Data are given as mean + standard dewiati

Sample Time PO, (-Potential
h mg g* mv
u o u o]
G+P 0 265 05 -181 13
1 259 05 -198 19
2 247 04 -186 1.1
4 238 0.2 -188 1.7
8 236 03 -172 19
24 218 02 -159 1.2
48 205 03 -152 1.2
9% 189 03 -138 1.7
168 17.7 0.3 0.6 15
33 171 03 5.0 0.8
G+P+GA 0 255 04 -174 04
1 245 04 -101 1.2
2 243 04 -89 11
4 241 05 -68 16
8 233 07 62 14
24 215 02 -22 11
48 203 05 -15 11
9% 196 04 -03 05
168 188 0.3 1.6 1.9
336 176 0.3 7.7 15
G+P+PGA O 247 03 -276 0.9
1 235 02 -272 13
2 227 03 -281 10
4 225 05 -231 0.6
8 223 04 -248 14
24 209 01 -242 15
48 193 01 -194 10
9% 187 00 -169 1.2
168 182 04 -11.8 20
336 174 03 1.2 0.7
G+P+MU 0 292 03 -230 15
1 250 05 -237 17
2 233 03 -216 23
4 228 01 -199 13
8 218 02 -201 14
24 196 03 -19.7 22
48 190 03 -17.7 20
9% 182 03 -125 20
168 17.1 0.1 0.7 1.2
336 168 03 4.1 1.8




Table 6 (continued

Sample Time PO, {-Potential
h mg g* mv
u o u o
G+GA+P 0 251 0.0 -154 0.7
1 229 05 -132 15
2 229 03 -125 14
4 226 01 -120 1.0
8 225 01 -116 10
24 206 05 -103 13
48 190 04 35 21
9% 178 04 -76 19
168 173 07 -44 22
336 166 03 123 15
G+PGA+P 0 231 02 -290 16
1 229 03 -26.7 13
2 226 01 -271 29
4 221 01 -230 17
8 217 03 -239 11
24 199 04 -234 15
48 183 03 -191 1.0
9% 170 03 -16.6 1.9
168 164 04 -175 0.6
336 16.2 0.2 6.2 0.6
G+MU+P 0 238 03 -171 15
1 229 01 -174 13
2 224 02 -16.6 18
4 223 02 -175 05
8 217 03 -169 0.8
24 204 02 -158 0.8
48 198 0.2 -13.0 0.3
9% 184 0.2 -114 23
168 176 02 -80 15
336 161 01 -83 14

140
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Table 7. Raw data of kinetic runs with pure and PGA-coatkunina (Chapter 6). Data are given as mean *
standard deviation.

T

Sample Time elapsed Time PO TOC
before analyis
h h mg L

H o M o
Al2Cs 2 05 251 09 028 017
1 27 06 029 010
2 213 04 023 012
4 200 04 026 017
8 169 02 019 005
24 140 05 027 025
48 122 05 026 011
120 102 03 040 0.02
144 9.2 05 036 0.09
168 9.3 03 008 0.06

Al20s 170 05 261 04 028 028
231 02 012 0.05
21 04 013 025
4 203 11 018 019

8 196 10 024 0.26
24 150 04 029 014
48 142 02 029 004
120 127 02 034 028
144 123 02 040 0.07
168 123 03 039 004

Al2Cs+PGA 2 05 306 04 143 0.60
295 08 165 041
273 08 159 023

4 256 03 18 015

8 26 01 18 011
24 196 03 192 019
48 177 03 218 037
120 164 02 212 015
144 154 04 262 0.70
168 148 03 209 031

Al20s+PGA 170 05 260 03 023 018
233 02 030 022
21 06 072 014
4 215 07 044 012
8 194 03 103 0.20
24 171 06 124 028
48 167 03 136 038
120 145 04 163 021
144 142 02 134 043
168 138 01 153 034

N -

N -

N -

T ”
Total organic carbon.



