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Summary

1

Arsenic (As) is a naturally occurring, toxic trace element, which is released into the environment by weathering of As containing minerals (e.g., arsenopyrite) and volcanic emissions.
Anthropogenic acvies such as mining acvity, combuson of fossil fuels and the use of
pescides and herbicides have contributed to As emissions in the environment parcularly
during the last century. It has received much aenon in the recent decades, since millions
of people worldwide rely on drinking water from groundwater reservoirs which are contaminated with high As loads. Long-term exposure to arsenic containing drinking water has been
reported to cause serious human health issues, and the increasing use of As contaminated
groundwater for crop irrigaon eventually may adversely aﬀect the soil ferlity. Because sorpon processes have been recognized to largely control the mobility and thus the fate of As
in soils and groundwater systems, much eﬀort has been made to understand the process of
As sorpon to mineral surfaces in laboratory experiments, and iron oxides have been widely
used as model sorbents, because they have been found to play a key role among various minerals phases under oxic condions, since they exhibit a high aﬃnity for the binding of As(V)
and As(III) in ﬁeld soil.
However, the development of quantave esmates for natural sengs is sll diﬃcult, because the interplay of several diﬀerent sorbents is not fully understood yet, and since many
other dissolved caons and anions sorb to iron oxides, too, leading to signiﬁcant diﬀerences
in the amounts of sorbed As, as expected from laboratory experiments.
The aim of the present study was to invesgate the eﬀects of compeng anions, namely carbonate and silicate, which are omnipresent in natural systems, on the sorpon of As(V) and
As(III) to hemate, a pure iron oxide mineral phase. The speciﬁc objecves of this work were
(i) to synthesize and characterize monodisperse colloidal hemate as a model sorbent for
compeve sorpon experiments of arsenic, carbonate, and silica by batch and ATR-FTIR
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studies, (ii) to invesgate the eﬀect of carbonate on the adsorpon of arsenate and arsenite
to hemate as a funcon of pH and CO2 paral pressure, and to quanfy the sorpon compeon by means of a surface complexaon model, and (iii) to characterize the slow sorpon of
silicate to hemate by polymerizaon and to quanfy its eﬀects on the sorpon of arsenate
and arsenite to hemate.
Following the so-called gel-sol method with reversed admixing, uniformly diamond-shaped
colloidal α-Fe2O3 with a narrow parcle size distribuon was synthesized (Chapter 2). The
product was characterized focussing on important physico-chemical parameters such as speciﬁc surface area, parcle size distribuon and the pH and ionic strength dependent protonaon behavior. Based on the obtained results, a 1-pK three plane model (TPM) was successfully
calibrated assuming a single type of reacve surface groups.
In a combinaon of closed-system batch experiments and ATR-FTIR spectroscopy, the compeve sorpon of carbonate and arsenic to hemate was invesgated by ﬁxing the CO2 paral pressure at 0.39 (atmospheric), 10, or 100 hPa (Chapter 4). The macroscopic sorpon data
revealed that in the pH range 3–7, carbonate had a weak compeve eﬀect on both, arsenite
and arsenate sorpon under atmospheric condions, but increased with increasing CO2 paral
pressure and decreasing arsenic concentraons. Arsenate sorpon was reduced by carbonate
only at slightly acidic to neutral pH values, while arsenite sorpon was decreased in the enre
pH range. Analysis of the collected ATR-FTIR spectra indicated the predominant formaon of
bidentate binuclear inner-sphere surface complexes for both, sorbed arsenate and carbonate. Surface complexaon modeling using the calibrated one-site 1-pK TPM and based on
the dominant arsenate and carbonate surface complexes as indicated by the ATR-FTIR results
and assuming inner-sphere complexaon of arsenite successfully described the macroscopic
sorpon data, and the results imply that for natural arsenic-contaminated systems where iron
oxide minerals are important sorbents, dissolved carbonate may increase aqueous arsenite
concentraons, but will aﬀect dissolved arsenate concentraons only at neutral to alkaline pH
and at very high CO2 paral pressures.
The slow sorpon of silicate to hemate by polymerizaon and its eﬀects on the sorpon of
3

arsenate and arsenite to hemate was studied in a combinaon of short-term and long-term
batch and ATR-FTIR experiments (Chapter 5). Monomeric, oligomeric and polymeric structures were discriminated based on the posion of the Si-O stretching bands in the ATR-FTIR
spectra, revealing that the condensaon process of silicate was slower at pH 3 compared to
pH 6, but regardless of the pH, the formaon of Si oligomers and polymers connued with
increasing reacon me. Even aer more than 200 d, no equilibrium like state was observed.
Both, macroscopic short-term and long-term experiments revealed that the sorpon of arsenate and arsenite is considerably decreased in the presence dissolved silicate at slightly acidic
to neutral pH. Under acidic condions, silicate had a weak compeve eﬀect on both arsenite
and arsenate sorpon. For slightly acidic to pH-neutral systems (pH >6), silicate shows a strong
aﬃnity for sorpon to hemate, resulng in a signiﬁcant decrease in the As surface coverage,
which is more pronounced for As(V) than for As(III).
The combined results obtained in this thesis show that the presence carbonate and silicate,
which are omnipresent in natural systems such as soils or ground waters, may considerably
aﬀect the sorpon behaviour of arsenate and arsenite to hemate. Since ferrihydrite and goethite, which are the most abundant iron oxides besides hemate, exhibit a similar reacvity
towards As(V), As(III) and anions like carbonate and silicate, signiﬁcant compeve eﬀects of
carbonate and silicate on the sorpon behavior of As may be expected in various iron oxide
containing soils and aquac environments. In order improve the development of quantave esmates for natural sengs with respect to toxic trace elements such as arsenate and
arsenite, it is therefore crucial to account for the compeve eﬀect of both, strongly binding
competors as well as major anions such as carbonate and silicate, which were examined in
this thesis.
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Zusammenfassung

5

Arsen (As) ist ein natürlich vorkommendes Spurenelement, welches durch die Verwierung
von arsenhalgen Mineralen (z.B. Arsenopyrit) und vulkanische Emissionen in die Umwelt gelangt. Daneben haben auch menschliche Akvitäten wie beispielsweise Bergbau, Verbrennung
fossiler Energieträger sowie der Einsatz von arsenhalgen Pesziden und Herbiziden zum As
Eintrag in die Umwelt beigetragen, welcher besonders im letzten Jahrhundert ein beachtliches
Ausmass angenommen hat. Gerade im Verlauf der letzten Jahrzehnte fand Arsen viel Beachtung, weil Millionen von Menschen weltweit auf Grundwasservorkommen angewiesen sind,
welche stark mit Arsen belastet sind. Die chronische Belastung durch arsenhalges Grundwasser kann zu schwerwiegenden Auswirkungen auf die menschliche Gesundheit führen. Zudem
düre sich der zunehmende Einsatz von arsenhalgem Grundwasser zur Bewässerung von
landwirtschalich genutzten Gebieten langfrisg schädlich auf die Fruchtbarkeit des Bodens
auswirken. Es ist jedoch erkannt worden, dass die Mobilität und somit auch das Schicksal von
Arsen in Böden und Grundwassersystemen zu einem grossen Teil durch Sorponsprozesse
kontrolliert und beeinﬂusst werden. Deshalb wurde viel darin invesert, miels Laborstudien
das Wesen der Arsensorpon an Mineraloberﬂächen besser zu verstehen. Häuﬁg wurde in
solchen Studien mit Eisenoxiden gearbeitet, weil bekannt ist, dass diese in Bezug auf die Sorpon von As(V) und As(III) eine Schlüsselrolle unter den verschiedenen Mineralphasen spielen.
Die Entwicklung von quantaven Modellen, welche es erlauben, zuverlässige Schätzungen
für natürliche Systeme anzustellen, ist nach wie vor problemasch. Ein wichger Grund dabei ist das Zusammenspiel einer Vielzahl verschiedener Sorbenten, welches nicht gänzlich
aufgeklärt ist. Zudem treten in natürlichen Systemen eine grosse Zahl an gelösten Anionen
und Kaonen gleichzeig auf. Da diese neben As(V) und As(III) auch an Eisenoxide sorbieren
können, werden immer wieder signiﬁkante Unterschiede zwischen den Resultaten aus Laborexperimenten und Daten aus Feldversuchen festgestellt.
Das Ziel der vorliegenden Studie war es, den kompeven Eﬀekt von Anionen, welche in
6

natürlichen Systemen omnipräsent sind, auf die Sorpon von As(V) sowie As(III) an syntheschen Hämat, einem wichgen Eisenoxid, zu untersuchen.
Die dazu deﬁnierten Teilziele waren (i) monosdispersen, kolloidalen Hämat herzustellen und
diesen zu charakterisieren - dieser sollte als Modellsorbent zur Untersuchung der kompeven Sorpon von Arsen, Carbonat und Silikaten miels Batchexperimenten und ATR-FTIR
Spektroskopie dienen (ii) den Eﬀekt von Carbonat auf die Sorpon von Arsenat und Arsenit
an Hämat in Abhängigkeit des pH Wertes sowie des CO2 Paraldrucks zu untersuchen und
die Beobachtungen im Rahmen eines Oberﬂächenkomplexierungsmodells zu quanﬁzieren,
sowie (iii) die langsam ablaufende Sorpon und Polymerisierung von Silikat an Hämat zu
charakterisieren und deren Eﬀekt auf die Sorpon von Arsenat und Arsenit zu besmmen.

Zur Herstellung des Hämats wurde eine modiﬁzierte Form der sogenannten “Gel-Sol” Methode gewählt (reversed admixing). Das Produkt bestand aus einheitlich rautenförmigem, kolloidalem α-Fe2O3 und wies eine enge Verteilung der Parkelgrösse auf (Kapitel 2). Die Charakterisierung beinhaltete wichge physikalisch-chemische Parameter wie etwa die Besmmung
der speziﬁschen Oberﬂäche, der Grössenverteilung der Parkel sowie der pH abhängigen
Reakvität. Auf all diesen Resultaten au!auend wurde ein 1-pK „three plane“ Modell (TPM)
kalibriert, wobei nur eine einzige Art reakver Oberﬂächengruppen angenommen wurde.
Die kompeve Sorpon von Carbonat und Arsen auf Hämat wurde miels einer Kombinaon von abgeschlossenen Batch-Experimenten und ATR-FTIR Experimenten untersucht (Kapitel 3). Dabei wurde der CO2 Paraldruck auf 0.39 (atmosphärisch), 10 oder 100 hPa ﬁxiert. Die
Daten aus den makroskopischen Experimenten zeigten, dass Carbonat unter atmosphärischen
Bedingungen im pH-Bereich zwischen 3-7 einen geringen kompeven Eﬀekt auf die Sorpon
von Arsenat und Arsenit hae. Dieser Eﬀekt nahm jedoch mit zunehmendem CO2 Paraldruck
und abnehmender Arsen-Konzentraon zu: während die Sorpon von Arsenat lediglich unter leicht sauren bis neutralen pH Werten reduziert wurde, war die Sorpon von Arsenit im
gesamten pH-Bereich deutlich herabgesetzt. Die Auswertung der ATR-FTIR Spektren zeigte,
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dass sowohl im Fall von sorbiertem Arsenat als auch für sorbiertes Carbonat hauptsächlich bidentat binukleare innersphärische Oberﬂächenkomplexe gebildet wurden. Die Modellierung
der Oberlächenkomplexierung erfolgte mit dem vorgängig kalibrierten 1-pK TPM. Basierend
auf den Komplexstrukturen, welche aus den spektroskopischen Daten abgeleitet worden
waren, und unter der Annahme, dass Arsenit innersphärische Komplexe bildet, konnten die
makroskopischen Daten erfolgreich beschrieben werden. Die Resultate implizieren, dass
gelöstes Carbonat in arsenbelasteten Systemen, in welchen Eisenoxide die wichgsten Sorbenten darstellen, zu einer Zunahme der Konzentraon von gelöstem Arsenit führen kann. Die
Konzentraon von gelöstem Arsenat düre jedoch lediglich unter neutralen bis basischen pH
Werten und bei sehr hohen CO2 Paraldrücken beeinﬂusst werden.
Die langsame Sorpon und Polymerisierung von Silikat auf Hämat sowie deren Eﬀekt auf die
Sorpon von Arsenat und Arsenit auf Hämat wurde in einer Kombinaon von Langzeit- und
Kurzzeitexperimenten untersucht und beinhaltete Batch- und ATR-FTIR-Experimente (Kapitel
4). Monomere, oligomere und polymere Strukturen wurden aufgrund der Lage der Si-O Streckschwingungen im ATR-FTIR Spektrum unterschieden. Dabei stelle sich heraus, dass der Kondensierungsprozess bei pH 3 langsamer ablief als bei pH 6. Unabhängig vom pH Wert wurde
die Zunahme von oligomeren und polymeren Strukturen im Verlaufe der Zeit beobachtet.
Selbst nach einer Reakonszeit von mehr als 200 Tagen konnte kein Gleichgewichtszustand
festgestellt werden. Die makroskopischen Kurz- und Langzeitexperimente zeigten, dass die
Sorpon von Arsenat und Arsenit auf Hämat in der Gegenwart von gelöstem Silikat unter
leicht sauren bis neutralen pH-Werten deutlich verringert war. Bei sauren pH Werten hae Silikat lediglich einen schwachen kompeven Eﬀekt auf die Sorpon von Arsenat und Arsenit.
In Systemen mit nur geringfügig saurem bis neutralem pH Wert (pH >6) zeigt Silikat eine hohe
Aﬃnität zur Hämat Oberﬂäche, was die beobachtete signiﬁkante Abnahme der Oberﬂächenbelegung mit Arsen erklärt. Dieser Eﬀekt wirkt sich stärker auf Arsenat als auf Arsenit aus.
In ihrer Kombinaon zeigen die in dieser Doktorarbeit erzielten Resultate, dass die Gegenwart
von Carbonat und Silikat (welche in natürlichen Systemen überall vorkommen) das Sorponsverhalten von Arsenat und Arsenit an Hämat beträchtlich zu beeinﬂussen vermag. Da auch
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Ferrihydrit und Goethit – dies sind nebst Hämat die am häuﬁgsten auretenden Eisenoxide
– eine vergleichbare Reakvität gegenüber Arsenat, Arsenit und Anionen wie Carbonat und
Silikat aufweisen, kann erwartet werden, dass in verschiedenen eisenoxidhalgen Böden und
aquaschen Systemen ebenfalls signiﬁkante kompeve Eﬀekte von Carbonat und Silikat auf
das Sorponsverhalten von Arsenat und Arsenit aureten.
Zuverlässige Schätzungen für das Verhalten von giigen Spurenelementen wie z.B. Arsenat
und Arsenit in natürlichen Systemen sollten folglich unbedingt dem kompeven Eﬀekt von
häuﬁg vorkommenden und somit wichgen Anionen wie Carbonat und Silikat Rechnung tragen.

9
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Introducon
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Chapter 1

1.1 Background and raonale
Arsenic (As) is a naturally occurring, toxic trace element, which is released into soils and surface water by weathering of As containing minerals (e.g., arsenopyrite, the most abundant
As mineral) and volcanic emissions [1]. Besides the mobiliza!on under natural condi!ons,
anthropogenic ac!vi!es as e.g. mining ac!vity, combus!on of fossil fuels and the use of pes!cides and herbicides had a substan!al inﬂuence on the release of arsenic during the last century [1]. It has received much a#en!on in the recent years, as millions of people worldwide
rely on drinking water from groundwater reservoirs which are contaminated with high As
loads [1]. The toxicity of As has been well recognized and aﬀects most living organisms, since
AsO43- may interfere with PO43- in the glycoly!c pathway [2, 3] and AsO33- strongly binds to
amino acids like cysteine, inac!va!ng many metabolic enzymes [3, 4]. Long term exposure to
arsenic containing drinking water may lead to serious human health issues such as arsenicosis
and various cancers [5]. Furthermore, As contaminated groundwater has recently increasingly
been used for crop irriga!on, namely in Bangladesh, resul!ng in an ongoing accumula!on of
As in these soils [6-9], which may adversely aﬀect soil fer!lity.
The mobility and bioavailability and thus the fate of arsenic in soils is determined by factors
like pH and redox poten!al (Eh), which strongly determine its chemical specia!on [1], and by
processes such as dissolu!on and precipita!on [10], as well as adsorp!on and desorp!on [1,
11], which are inﬂuenced by the specia!on and control the concentra!on of dissolved As in
soil.

1.2 Chemical speciaon under environmental condions
Under natural condi!ons, inorganic arsenic predominantly occurs as oxyanion (in the form of
either trivalent arsenite [As(III)] or pentavalent arsenate [As(V)], with arsenite predomina!ng
under reducing condi!ons, and arsenate under oxidizing condi!ons. Specia!on diagrams of
aqueous inorganic arsenic as a func!on of pH and redox condi!ons are presented in Fig. 1.1.
While As(III) predominates as the uncharged H3AsO3 in most reduced aqueous natural envi-
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ronments up to pH 9.2, As(V) mainly occurs as H2AsO4- between pH 2.3 and 6.9, and as HAsO42between pH 6.9 and 11.2. H3AsO4 and AsO43- dominate only in strongly acidic or highly alkaline
sengs, respecvely. Organic As species, which are formed by biological processes, may occur as well, but are reported to be quantavely less important in most soils [1].

Figure 1.1 Speciaon of aqueous inorganic arsenic at 25 °C between pH 2 and 12 in the presence
of 0.010 M NaCl. The speciaon of arsenate (a) and arsenite (b) at redox condions under which the
parcular oxidaon state prevails are ploed as fracon of the total dissolved As concentraon of
0.010 M. The Eh-pH diagram (c) for the As-O2-H2O system applies for the same concentraon at a total
pressure of 1 bar.

1.3 Sorpon to mineral surfaces in soils
Sorpon generally refers to the associaon of chemical species with solid phases [12, 13],
with the solid phase on which chemical species are accumulated being referred to as sorbent, and the compound which accumulates termed sorbate. Primary minerals (inherited from
igneous and metamorphic rocks) and secondary minerals (formed during weathering of primary minerals) represent the most abundant and therefore highly important solid phases
13
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in most soils, since they represent more than 90% of the solid components [13]. Among the
chemical processes controlling the fate of both, organic and inorganic compounds in soils,
sorpon to mineral surfaces is one of the most important [13]. In general, the parcle size
of secondary minerals (e.g. clay minerals, iron oxides) is much smaller compared to primary
minerals, resulng in a much larger speciﬁc surface area. Therefore, secondary minerals are
key sorbents in soils, since they contribute in large part to the surface area which is involved
in the sorpon process [13-15].
Sorpon of ions or molecules to mineral surfaces results in the formaon of chemically stable
molecular enes, so called surface complexes. This process is termed surface complexaon,
leading to either outer-sphere or inner-sphere complexes (see next secon). While the formaon of outer-sphere complexes is driven by nonspeciﬁc, electrostac forces and involves at
least one H2O molecule between the sorbent and the sorbate, inner-sphere complexes result
from speciﬁc chemical interacons such as hydrogen bonding or covalent bonding, where the
sorbate speciﬁcally interacts with surface funconal group of the sorbent [13].
Due to its importance, much eﬀort has been made in the recent decades to understand the
nature of As sorpon to mineral surfaces and the processes which are involved in the formaon of the resulng surface complexes. Sorpon of As in soils has been addressed by various
studies (e.g. [16-19]), and oxides of iron (Fe-oxides; e.g. [18, 20-22]), aluminum (Al-oxides [18,
20]) and manganese (Mn-oxides; e.g. [18, 23]) as well as various clay minerals (e.g. [18, 20])
have been reported to be important sorbents for As(V) and As(III) in soils. Furthermore, As
was found to sorb to sulﬁde minerals as e.g. FeS (troilite), FeS2 (pyrite), PbS (galena), or ZnS
(sphalerite) in suﬁde-rich, reducing environments (e.g. [24-26]). Among these minerals, iron
oxides have been found to be key sorbents for As under oxic condions, since they exhibit a
high aﬃnity for the binding of As(V) and As(III) as shown in laboratory experiments with both,
clean oxide phases (e.g. [3, 27, 28]) and ﬁeld soil (e.g. [11, 29]).
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1.4 Anion sorpon to iron oxide surfaces
Although natural soils are heterogeneous systems underlying varying condions, the
study of pure iron oxide model systems is an important approach in the elucidaon of the behavior of As in natural systems. Using spectroscopic techniques and surface complex models,
it was found that both, As(III) and As(V) tend to form inner-sphere surface complexes through
a ligand exchange process with reacve surface hydroxyl groups of iron oxides [3, 27, 28, 3042]. Furthermore, the surface complex structures and geometries for arsenate on various
iron oxide minerals have been idenﬁed using synchrotron-based techniques, based on which
inner-sphere bidentate binuclear (ISBB) surface complexes were proposed [27, 30, 31, 37, 42],
with addional inner-sphere monodentate mononuclear (ISMM) complexes formed at high
surface coverage [3, 42]. In addion, the predominant formaon of inner-sphere monodentate mononuclear complexes on the surface of goethite was postulated [35], and evidence for
substanal outer-sphere (OS) sorpon on hemate was found [30]. A schemac representaon of selected surface complex structures formed by oxyanions is presented in Fig. 1.2.
The results of these studies, which were mainly obtained from binary experiments including
pure, synthec iron oxides which was reacted with either As(V) or As(III), led to a more profound understanding of the seasonal ﬂuctuaons in the As dynamics of soils and groundwater
systems which are aﬀected by high As concentraons [1, 11, 43, 44]. It is assumed that the
reducve dissoluon of iron oxides, which are thermodynamically stable and tend to sorb
both, As(V) and As(III) under oxic condions, leads to the release of As from soils (e.g. rice
ﬁeld soils during the ﬂood season [1, 43, 44]) and groundwater sediments [1, 44]. Nevertheless, the development of quantave esmates for natural sengs is sll diﬃcult, probably
because the interplay of several diﬀerent sorbents is not yet fully understood. Furthermore,
many other dissolved caons and anions sorb to iron oxides, too, leading to signiﬁcant differences in the amounts of sorbed As, as expected from lab experiments. One example of an
anion which has been shown to compete very eﬀecvely with arsenate is phosphate [22-24],
undergoing a similar binding mechanism [45, 46] and exhibing a comparable aﬃnity for the
sorpon to iron oxide surfaces (e.g. [47-49]). But even anions with relavely weak aﬃnity for
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Figure 1.2 Schemac representaon of selected oxyanion structures at the iron oxide-water interface. The formaon of outer-sphere complexes is driven by nonspeciﬁc, electrostac forces and
involves at least one water molecule between the sorbent and the sorbate. Inner-sphere complexes
result from speciﬁc chemical interacons such as hydrogen bonding or covalent bonding, where the
sorbate speciﬁcally interacts with surface funconal group of the sorbent.

iron oxide surfaces may become relevant competors if their concentraons are high relave
to that of As [50].
Two important anions, which are omnipresent in natural soils, are carbonate and silicate. In
soils, where CO2 paral pressures are typically well above atmospheric concentraons, and
PCO2 levels above 10 hPa are reported for biologically acve horizons [15, 51], leading to rather
high aqueous carbonate concentraons. In ﬂooded soils, 1 to 3 weeks aer submergence, CO2
paral pressures of up to 200 to 800 hPa were reported [52], and such temporarily extreme
values have been also found in paddy soils [53].
Probably due to diﬀerences in experimental condions, especially the carbonate concentraons used, controversial results on the importance of carbonate in aﬀecng arsenate sorpon
have been published, with compeve eﬀects ranging from minor [54, 55] to moderate [40,
56-58] and major [59, 60], or even promove [61]. A compilaon of studies addressing the
eﬀect of carbonate on the sorpon of As is presented in Table 1.
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Table 1.1 Key features of diﬀerent studies invesgang the eﬀect of carbonate on the adsorpon
of arsenic to iron oxide surfaces and soil sediments. Based on the observed compeve eﬀects as
assessed by the relave reducon of adsorbed As, the studies were classiﬁed into three classes, i.e.
minor eﬀect (no or negligible eﬀect, 0-10% less As adsorbed), moderate eﬀect (11% - 30 % less As adsorbed) and major eﬀect (>30% less As adsorbed) due to the presence of dissolved carbonate species.

minor

Classiﬁcaon

Ref.

Sorbent

[CO3]tot

[As]tot

pH

[54]

Fe hydroxide
(5x10-4 M Fe)

3 mM1)

4 µM to 2 mM

8.0

[55]

Fe hydroxide

0.01 mM

50 to 1400 µgL-1
(0.67 - 18.69 µM)

≈ 6.8

13.3 µM

7.0

Fe oxide coat0.072
ed sand (90% mM, 3.58
[56]
goethite, 10% mM and
ferrihydr.)
22.7 mM

moderate

[58]

Fe hydroxide

1-10 mM

0.5 µM

Eﬀect of Carbonate
li!le eﬀect on the inial sorpon
or subsequent release of As(V) in
the co-precipitaon experiments
Negligible eﬀect
20% less As adsorbed at 22.7 mM
total carbonate; eﬀect considered
as "minor".

For 7 < pH < 9 less As sorpon
to HFO in the presence of CO32-/
HCO3- than in the absence.
7 - 11
Decreasing the pH to ≈ 7 overcame these interferences almost
completely.

[57]

Fe0 powder

1 mM;
100 mM

2 mg L-1
(26.7 µM)

7.382)
8.213)

The presence of HCO3- (1 mM or
100 mM) noceably decreased
rate constants for As(V) and As(III)
removal by the Fe0 (relave to
10mMNaCl).

[40]

Goethite

10 mM

0.5 mM As(V);
0.55 mM As(III)

6.5 11.5

Posive compeve eﬀect of
carbonate on the adsorpon of
arsenic to goethite

0.1 M

84.8 a)
86.6 b)

8.2a)
5.2b)

0-14 mM

0.3 ppm
(4 µM)

6.9

major

[59] Soil Sediments

[60]

Fe hydroxide

The As leaching eﬃciency of the
carbonate soluons decreased in
the order of Na2CO3 >NaHCO3 >
BaCO3 >MnCO3;
0.1 M NaHCO3 extracted 2.36
mgAs/kgseda) ( max, 37%) and 1.08
mgAs/kgsedb) (max, 17%) a&er six
days of incubaon
33% more As(V) and 80% more
As(III) removed in the presences
of 2.2 mM HCO3-

1)

inial concentraon in the co-precipitaon experiment; reducon to < 0.6 mM due to purging with air.
pH for soluon containing 1 mM total carbonate; not adjusted
3)
pH for soluon containing 100 mM total carbonate; not adjusted
a)
Ganges delta sediment
b)
Meghna delta surface soil
2)
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Consequently, in studies applying high carbonate concentraons, signiﬁcant eﬀects of carbonate on As sorpon were reported [40, 56, 57, 59, 60], and carbonate has been found to
reduce anion binding on oxide minerals by compeng for reacve surface sites [9, 62, 63]. Accounng for the number of studies addressing the sorpon compeon between carbonate
and arsenic in laboratory experiments, it is surprising that invesgaons of As sorpon to iron
oxides over environmentally relevant ranges of carbonate paral pressures, As concentraons, and pH are sll lacking.
Silicate (Si) is another important and omnipresent compound in soils and natural water, which
has been shown to exhibit a high aﬃnity to minerals surfaces and parcularly to iron oxides
[64-78], occurring in concentraons between 0.18 and 1.24 mM and somemes even up to
2.7 mM [79]. In As contaminated groundwater in Bangladesh, average Si concentraons are
in the range of 0.7 mM [43], but even up to 1.44-2.52 mM [80] have been reported. Similar
to As, Si sorbs to iron oxides undergoing a ligand exchange mechanism with reacve surface
hydroxyl groups, forming inner-sphere surface complexes, but in contrast to arsenic, the sorpon rate is considerably lower (e.g. [65, 81]). In fact, lile is known about the long-term
inﬂuence of Si polymerizaon on the sorpon of As, although this is potenally important in
natural systems where contact mes are much longer than in most lab studies.

1.5 Scope of research and dissertaon overview
The general aim of the present study was to invesgate the eﬀects of compeng anions,
namely carbonate and silicate, on the sorpon of As(V) and As(III) to a pure iron oxide mineral phase. Combined batch and ATR-FTIR spectroscopic experiments were used to quanfy
the macroscopic behavior of As(V) and As(III) in the presence and absence of carbonate and
silicate, and to elucidate the molecular surface complex characteriscs of carbonate, arsenate
and silicate, respecvely. The combined results of this study are aimed at an improved understanding of the fate of As in natural, oxic soils, where iron oxides play the role of key sorbents
and thus determine the mobility and bioavailability of arsenate and arsenite.
Because of the thermodynamic stability and due to the high abundance in tropical and sub18

tropical soils, where contaminaon of groundwater with arsenic is a serious issue [11], synthec, colloidal hemate (α-Fe2O3) was prepared and characterized for further combined
batch and ATR-FTIR sorpon studies. In contrast to hemate, goethite exhibits strong absorpon bands in the range between 950 to 400 cm-1 [82], a spectral region which is characterisc
for the IR-acve vibraons of sorbed arsenate (i.e. between ≈ 940-700 cm-1, e.g. [36, 39]) and
silicate surface complexes (i.e. between ≈ 1250-700 cm-1, e.g. [70, 74]), and thus, less interferences have to be accounted for using hemate in such spectroscopic experiments. Some
important chemical parameters were determined to calibrate a one-site three-plane surface
complexaon model. The synthesis procedure and the results from characterizaon are presented in Chapter 2.
Chapter 3 gives an introducon on ATR-FTIR spectroscopy and how it is used in the ﬁeld of
geochemical research to characterize sorpon processes at the iron oxide-water interface.
Aer adressing the informaon content of IR spectra features of molecular vibraons are introduced and explained. Then, the detecon and collecon of IR spectra in general is focused
and it is shown, why ATR-FTIR spectroscopy has become an important technique to study
sorpon processes at the mineral-water interface. The chapter closes with a selecon of studies illustrang how and what kind of spectral informaon can be obtained to idenfy surface
complex structures using ATR-FTIR spectroscopic techniques.
In Chapter 4, the compeve eﬀect of carbonate on the sorpon of arsenate and arsenite to
colloidal hemate (α-Fe2O3) is addressed. Wide ranges of experimental condions (arsenate
and arsenite concentraon, pH and CO2 paral pressure) were chosen to match condions
found in diﬀerent surface and subsurface environments and to clarify under which condions
carbonate eﬀects on arsenic sorpon are quantavely important or negligible. A surface
complexaon model was calibrated to predict the eﬀect of carbonate on the sorpon of arsenate and arsenite based on surface species idenﬁed in independent ATR-FTIR experiments.
The results from combined spectroscopic and macroscopic experiments focusing on the slow
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polymerizaon of Si on the surface of hemate and its inﬂuence on the sorpon of arsenite
and arsenate are presented in Chapter 5. On the one hand, the sorpon behavior of Si was
studied in short-term and long-term experiments, and the slow polymerizaon of Si was followed in a combinaon of batch and ATR-FTIR experiments. On the other hand, the inﬂuence
of Si polymerizaon on the sorpon of was examined in compeve short-term and longterm experiments.
The conclusions and implicaons derived from these experiments are discussed in Chapter 6.
In summary, the objecves of this work were:
i)

To synthesize and characterize monodisperse colloidal hemate as a model sorbent for compeve sorpon experiments of arsenic, carbonate, and silicate by
batch and ATR-FTIR studies.

ii)

To invesgate the eﬀect of carbonate on the adsorpon of arsenate and arsenite
to hemate as a funcon of pH and CO2 paral pressure, and to quanfy the sorpon compeon by means of a surface complexaon model.

iii)

To characterize the slow sorpon of silicate to hemate inﬂuenced by Si-polymerizaon and to quanfy its eﬀects on the sorpon of arsenate and arsenite to
hemate.
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Synthesis and characterizaon of colloidal hemate
(α-Fe2O3) as model sorbent
in compeve anion sorpon experiments
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Abstract
Colloidal hema!te was prepared following the so-called “gel-sol method with reversed admixing”. The hema!te structure was conﬁrmed by analysis of a powder-XRD pa#ern, and the
speciﬁc surface area was 24 m2 g-1 as determined by evalua!ng N2 adsorp!on data. The analysis of bright ﬁeld and dark ﬁeld transmission electron micrographs did not indicate contamina!on with any electron transmi$ng material. Based on acid-base !tra!on data, the pHPCZ
was determined to be at pH 9.33 by op!miza!on calcula!ons assuming a one-site 1-pK three
plane model, and systema!c varia!on of the speciﬁc surface site density revealed a value of
12 sites nm-2.
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2.1 Introducon
In environmental sengs such as soils or surface waters, iron oxides and oxyhydroxides (herein collecvely referred to as “iron oxides”) are ubiquitous, and mostly composed of trivalent
iron (Fe(III)) [1]. In soils and sediments, iron oxides markedly inﬂuence the concentraons of
nutrients, such as phosphate (e.g. [2, 3]), and of inorganic (trace metals and metalloids, e.g.
[4, 5]) and organic pollutants [6] through sorpon processes [1, 7]. The high sorpon aﬃnity
for such chemical species, their abundance, their small crystal size and thus their high speciﬁc
surface area are the main reasons why iron oxides play key roles in these processes [1, 7].
Furthermore, iron oxides are considered to signiﬁcantly inﬂuence the pH-dependent or variable charge of soils by the uptake of hydroxonium ions (H3O+), and they may serve as electron
acceptors in molecular oxygen (O2)-depleted soils [7] .
In general, the crystal properes and thus the mineral species of iron oxides in soils vary
greatly, depending on the physical and chemical condions which alter in space and me [7].
The formaon of Fe(III) oxides essenally includes aerobic weathering of igneous or metamorphic rocks (mainly on the earth’s surface) in both terrestrial and aquac environments. By
weathering of Fe(II) bearing primary silicates, sulﬁdes, and carbonates, Fe2+ is released from
the lithosphere into surface environments. In the presence of O2 and H2O the released Fe2+ is
readily oxidized to Fe3+, which is immediately hydrolyzed forming Fe(III) oxides [7]. The formaon process of the diﬀerent iron oxides in environmental sengs primarily depends on pH,
Eh, temperature and water acvity [7].
The most abundant iron oxides in soils are goethite, hemate, ferrihydrite, lepidocrocite and
maghemite [7]. A compilaon indicang the occurrence of these iron oxides in diﬀerent soil
is presented in Table 2.1. Ferrihydrite mainly forms under condions where the rapid oxidaon of Fe2+ is favored and where the crystallizaon-process is inhibited due to the presence of
interfering species [1]. Iron containing springs, ground-water, and stagnant-water inﬂuenced
soils or river sediments are some typical environments where these condions prevail [1]. In
O2 deﬁcient soils, where Fe2+ is slowly oxidized, lepidocrocite frequently occurs as orange accumulaons [1, 7]. Maghemite is generally found in soils of the tropics and subtropics, and
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its formaon requires the presence of organic maer in combinaon with heat from bush or
forest ﬁres [1, 7]. Hemate occurs under aerobic condions of subtropical, Mediterranean
and humid to subhumid tropical regions (lateric and plinthic soils, red Mediterranean soils,
Oxisols and Ulsols) [8]. In contrast to goethite, which is found in virtually all soils of all regions, the formaon of hemate is restricted to soils in subtropical and tropical climates, but
it is mostly associated with goethite [7]. Eﬀorts have been made to elucidate the factors which
promote the formaon of either hemate or goethite, but the observed hemate-goethite
associaons in soils sll can only be parally explained [1, 7]. On a global scale, climac gradients are considered to roughly explain the predominance of hemate against goethite [7]
in dependence of the geographical latude, altude above sea level or distance from the sea
(e.g. [9, 10]). In general, hemate was found to be predominant at warmer temperatures and
lower annual rainfall, both inﬂuencing the water acvity in soils [1, 7].
Table 2.1 Overview of the most abundant iron oxides summarizing their occurrence in diﬀerent
soils and the condions required for their formaon (modiﬁed from Cornell and Schwertmann [7]).

Iron Oxide Mineral Occurrence in diﬀerent Soils

Required condions

Goethite

Oxic and anoxic soils of all
regions

No parcular requirements; occurs in
associaon with the other iron oxides
in this compilaon

Hemate

Oxic soils of subtropical,
Mediterranean and humid to
subhumid tropical regions

Warm temperatures, decreased
water acvity (compared to goethite
formaon)

Ferrihydrite

Ground-water and stagnantwater inﬂuenced soils of
temperate and cool regions
and in paddy soils

Changing redox condions and fast
oxidaon of Fe2+; species which inhibit crystallizaon

Lepidocrocite

Anoxic soils of cooler and
temperate regions

O2 deﬁciency and slow oxidaon of
Fe2+

Maghemite

Oxic soils of tropical and subtropical regions

Presence of organic maer in combinaon with heat from bush or forest
ﬁres

Goethite and hemate, which are the most stable Fe oxides under oxic condions and therefore are the most widespread Fe oxides in soils, are composed of O2- (hemate) or O2- and
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OH- ions (goethite), which are approximately hexagonally close-packed (hcp) around the central Fe3+ ion, resulng in the formaon of octahedra. These two hcp forms are called α-phases
[1]. The way in which the octahedral are connected deﬁnes the mineral structure of the
diﬀerent iron oxides. A visualizaon of illustrang the linkage of the octahedra in goethite
and hemate is presented in Figure 2.1 and structural models of these two iron oxides are
shown in Figure 2.2. The formaon of double chains (Fig 2.2a) by edge-shared octahedra is
characterisc for goethite (Fig. 2.2b). These double chain structures are joined with other

a)

b)

Figure 2.1 Visualizaon of the connecon of Fe-octahedra in goethite (a) and hemate (b) (from
[11]). The octahedra are liked by corners, edges and faces and share one, two and three oxygen atoms,
respecvely.

double chains through corner sharing and are stabilized by hydrogen bonds [11]. In hemate,
sheets of edge-sharing octahedra (Fig 1 d) are connected by edge- and face sharing octahedra
[11]. Because of their thermodynamic stability and due to their high abundance in soils, both
hemate and goethite are o!en used as model oxides to study sorpon processes in batch
experiments. The widespread occurrence of goethite is probably one of the main reasons for
the use of goethite in many sorpon studies. In the IR spectrum, however, goethite exhibits
strong absorpon bands in the range between 950 to 400 cm-1 [1], which leads to interferences with characterisc stretching frequencies of arsenate (between 940 and 700 cm-1, e.g. [12,
13]) and IR-acve bands of silicate (between 1250 and 700 cm-1, e.g. [14, 15]) when studying
As and Si complexes on the iron oxide surface. Therefore, and because of the thermodynamic
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a)

b)

goethite

ŚĞŵĂƟƚĞ

Figure 2.2 Structural models of goethite (a) and hemate (b). The basic structural unit of all Fe3+ oxides is an octahedron, in which each Fe atom is surrounded either by six O2- (e.g. hemate, panels b),
or by both, O2- and OH- ions (e.g. goethite, panels a). Double chains formed by edge-sharing octahedra
is characterisc for goethite (panel a). In hemate, sheets of edge-sharing octahedra are connected
by edge- and face sharing octahedra (panel b) (adapted from [11]).

stability and due to the high abundance in tropical and subtropical soils, where contaminaon
of groundwater with arsenic is a serious issue [16], hemate was chosen as a model oxide in
the present study.
Hemate parcles can be obtained by diﬀerent synthesis pathways. The most common protocols resulng in idiomorphic crystals (i.e., crystal habit is determined by its internal structure),
which is an important characterisc of natural hemate parcles [1], involve the so-called
“forced hydrolysis” [1, 17, 18], the “transformaon of ferrihydrite” [1], or the “gel-sol method” (e.g. [19, 20]). In the “forced hydrolysis” pathway, hemate is formed by hydrolyzing dissolved Fe(NO3)3, Fe(ClO4)3, or FeCl3 under strongly acidic condions (pH 1-2) at temperatures
close to 100 °C [1, 7]. However, only relavely small amounts of hemate are obtained (up to
8 g Lbatch-1) following the established synthesis protocols, and up-scaling oen results in parcles with other properes than expected [1]. The “transformaon of ferrihydrite” approach
is characterized by the inial precipitaon of 2-line ferrihydrite which tends to recrystallize to
hemate and small amounts of goethite under weakly acidic to weakly alkaline condions [1].
The “gel-sol method”, which was followed in this study, involves a two-step transformaon of
amorphous Fe(OH)3 to akaganeite (β-FeOOH) and further to hemate (α-Fe2O3) [21] and has
the following major advantages over the previously described methods: The hemate yield is
close to 100% (based on the amount of Fe3+ used) [19, 20] and the product is reported to be
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free of crystalline by-products. Furthermore, the obtained hemate parcles typically show a
narrow size distribuon with uniform shape [19, 20]. And last but not least, the use of highly
condensed precipitates allows synthesizing signiﬁcantly larger amounts of colloidal hemate
compared to the previously described methods. Essenally, the standard procedure involves
admixing 100 mL of a 5.4 M NaOH soluon to 100 mL of 2 M FeCl3 soluons [20]. The immediately precipitang condensed ferric hydroxide gel is then aged for 8 days at 100 °C, resulting in hemate parcles with a mean edge length of 1.65 μm [19, 20]. A key characterisc of
the method used in the present study is the reversed order of addion. Sugimoto et al. [21]
showed that the admixing order markedly aﬀects the resulng parcle size. The formaon of
signiﬁcantly smaller parcles as a consequence of reversed admixing (i.e. admixing 100 mL 2
M FeCl3 to 100 mL 5.4 M NaOH) is illustrated in Figure 2.3. A two-step phase transformaon

Figure 2.3 Transmission electron micrographs (from Sugimoto et al., 1993 [21]) illustrang the eﬀect
of admixing order on the resulng hemate parcle size. Parcles with a mean edge length of 1.65
μm and diameters >2 μm are obtained applying the standard procedure, i.e. admixing 100 mL 5.4 M
NaOH to 100 mL 2 M FeCl3 (Fig. 2.3a). Reversed admixing results in parcles with a much smaller size
distribuon (Fig. 2.3b). The parcle diameters are <0.5 μm.

from Fe(OH)3 to β-FeOOH (step 1) and from β-FeOOH to α-Fe2O3 (step 2) was proposed [21],
with each step being controlled by the dissoluon of the precursory solid, and it was assumed
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that the markedly smaller parcle size is a consequence of the high pH during the precipitaon of the gel-sol, resulng in an enhanced formaon of a Fe(OH)2+ complex with increasing
pH, which is a precursor of hemate [21].
To provide a suﬃcient amount of a model oxide for further sorpon studies, colloidal hemate (α-Fe2O3) was synthesized following the so-called “gel-sol method with reversed admixing” [21]. In detail, the objecves were:
(i)

To prepare a large batch of monodisperse, pseudocubic hemate parcles of colloidal size to be used in compeve sorpon experiments (Chapters 3 and 4).

(ii)

To carefully characterize the hemate parcles for parcle size distribuon, parcle morphology, possible presence of amorphous or crystalline by-products, speciﬁc surface area, and point of zero charge (pHPZC).

(iii)

To calibrate a 1-pK surface complexaon model describing proton binding as a
funcon of pH and ionic strength (in NaCl electrolyte). The model parameters are
applied in the modeling of arsenic and carbonate sorpon (Chapter 3).
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2.2 Materials and methods
2.2.1 Preparaon
All starng soluons were prepared from analycal grade chemicals (Merck) using H2O which
was previously purged with N2 during 60 min to minimize the amount of dissolved CO2 and
carbonate. 2 M FeCl3 soluons were obtained by dissolving 270.33 g ferric chloride hexahydrate (FeCl3 x 6H2O) in 500 mL H2O. 5.4 M NaOH soluons resulted from dissolving 108.0 g
NaOH in about 400 mL H2O, which were cooled to room temperature before ﬁlling up to the
ﬁnal volume of 500 mL. Colloidal hemate was prepared following the reverse admixing procedure of Sugimoto et al. [19]. 500 mL of a 2 M FeCl3 soluon was connuously added using a
peristalc pump during 5 min to 500 mL of a propeller-srred 5.4 M NaOH soluon. The setup
is outlined in Figure 2.4.
The resulng gel was aged in ghtly stoppered Pyrex® glass boles at 101 °C during 8 days.
The suspension was allowed to cool to room temperature and was transferred into polypropylene centrifuge boles and centrifuged (Mistral 6000, MSE) during 25 min at 3500 rpm
(≈ 3500 g). The supernatant was decanted aer measuring the electrical conducvity (Cond
315i, WTW) and the sediment was re-suspended in doubly deionized (DDI) water (18 MΩcm,
MilliQ, Millipore), which was previously purged with N2 during 60 min to minimize the amount
of dissolved CO2. This washing procedure was repeated unl the electrical conducvity in the
supernatant was below 5 μS cm-1. In total, six batches were prepared simultaneously. The ﬁnal products were pooled and re-suspended in CO2 depleted DDI water. This stock suspension
with a solids concentraon of 101.9 ± 0.2 g L-1 and pH ≈3.5 and was stored in a polypropylene
bole at 4 °C in the dark, and an aliquot was freeze-dried for further characterizaon.

2.2.2 Characterizaon

Powder X-ray diﬀracon analysis
The crystal structure of the product was checked by powder X-ray diﬀracon (XRD; D4 EN35
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Figure 2.4 Schemac representaon of the setup used for the preparaon of the Fe(III)-oxide solgel. 500 mL of a permanently srred 2 M FeCl3 soluon was connuously pumped during 5 min to the
same volume of a propeller srred 5.4 M NaOH soluon. The product was incubated at 101 °C during
8 d, and the ﬁnal yield was ≈ 100 to 120 ghemate batch-1.

DEAVOR, Bruker) using a SOL-X solid state detector and Cu-Kα radiaon (λ=1.542 Å). The XRD
paern was recorded over a 2-theta range from 8° to 90° with a step size of 0.02°, a counng
me of 20 s per step (connuous scan mode) and variable slits.
The size of coherently diﬀracng domains was calculated by applying the Scherrer equaon
d = (B*λ)/(β*cosθ) [48], where d is the average diameter of the domain, B is the shape factor
(0.9, assuming a spherical parcle shape), λ is the wavelength of the applied X-rays, β and θ
are the full width at half maximum (FWHM) and the angle of the posion of the peak, respecvely. The FWHM of the hemate 012 and 104 peaks was determined from peak ﬁ#ng using
a Pseudo-Voigt proﬁle funcon, and the maximum neighborhood method of Marquardt (Lev36

enberg-Marquardt method) implemented in the X’Pert HighScore Plus 2.0 soware package
(XPert Highscore Plus V2.0, PANalycal). The FWHM was corrected for instrumental broadening by reference to a α-Al2O3 standard.

Scanning transmission electron microscopy
Informaon on the morphology and size of the colloidal parcles was obtained by scanning
transmission electron microscopy (STEM). Parcles were deposited onto carbon-coated
Formvar support ﬁlm on TEM grids (SPI, Cu grids, 200 mesh), and analyzed on a ultra-high
resoluon ﬁeld-emission SEM (NanoSEM230, FEI, USA) with STEM detector operated with an
accelerang voltage of 10 or 20 kV. The parcles size distribuon (Fig. 2.8) was derived from
three images recorded at a magniﬁcaon of 12’000x (1893 parcles in total) using digital image analysis tools (imageJ v. 1.38t).

Mul!-point N2-BET surface area analysis
The speciﬁc surface area of the freeze-dried product was determined by N2 adsorpon (Thermo-Fisher) at 77 K using a mul-point Brunauer, Emme", and Teller (BET) formalism [22].
Blank measurements to determine the blank volumes of the bure"es were perfomed using
He gas. The adsorpon isotherms were determined based on the saturaon pressure, and
the region between 0.05 to 0.25 (p/p0) was used to calculate the linear regression parameters
assuming a molecular area of 16.2 Å per N2 molecule. Prior to the N2 gas adsorpon measurements, a sample of 3.4 g hemate was outgassed at 102°C for 60 min.

Acid-base !tra!ons
Potenometric acid–base traons were performed to study the pH- and ionic strength-dependent protonaon of the hemate. All measurements were carried out in a constant-temperature room at 25.0 ±1 °C using an advanced traon setup [23, 24]. Four bure"es (Dosimat
605, Metrohm) a glass electrode (6.0123.100, Metrohm), and an AgCl reference electrode
(6.0733.100, Metrohm) were controlled using a personal computer [24]. The bure"es were
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ﬁlled with boiled, N2-purged doubly deionized (DDI) water, 0.05 M HCl (Titrisol®, Merck), 0.05
M NaOH (Titrisol®, Merck), and 2 M NaCl. NaOH and NaCl soluons were prepared under a
nitrogen atmosphere using boiled, N2-purged DDI water. All measurements were performed
in a glass vessel which was rinsed with CO2-free water saturated with N2 at all mes. The inial
volume of 40 mL of the hemate suspension diluted to 20 g L-1 was srred during two minutes
aer each addion of the trant, and the inial pH was 3.5. The measurement reading was
recorded when the electrode potenal dri was less than 0.1 mV min-1 or aer an equilibraon me of 15 min. The suspension was ﬁrst trated with base (upward traon) and subsequently with acid (downward traon). Within such a cycle, the ionic strength was adjusted
automacally to 0.01 M, 0.03 M, 0.10 M, and 0.30 M by addion of H2O or NaCl soluon,
respecvely to compensate for diluon due to the addion of the trants. Aer each cycle,
the ionic strength was increased to the next level. In this study, the downward (protonaon)
traon data are reported.

Modeling of proton binding
The obtained traon data were modeled with a 1-pK three plane model [25, 26] using the
chemical speciaon soware ECOSAT [27] in combinaon with FIT [28]. In detail, the surface
protonaon was described with a one site 1-pK approach including two interfacial planes
(1-plane and 2-plane) which are situated between the surface (0-plane) and the bulk soluon,
similar to the widely used 2-pK Triple Layer Model. The constants for surface protonaon and
ion-pair formaon, for the capacitances of the layers between the interfacial planes (o-plane,
1-plane, and 2-plane), and the speciﬁc density of reacve surface sites were opmized to best
describe the experimental data. The following equaons were included in the model:
≡FeOH-1/2 + 1 H+ = ≡FeOH2+1/2

(1)

to account for the proton binding, and
≡FeOH−1/2 + Na+1 = ≡FeOH−1/2• • •Na+1

(2)

≡FeOH+1/2 + Cl−1 = ≡FeOH+1/2• • •Cl−1

(3)
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to account for the formaon of ion pairs.

2.3 Results and discussion
2.3.1 Crystal structure
In Figure 2.5, the powder XRD pa!ern from the dried hemate is presented. All peaks which
are characterisc for hemate (powder diﬀracon ﬁle 00-033-0664) were observed, and no
peak indicang a contaminaon with any crystalline by product was present.
The sizes of coherently diﬀracng domains calculated from the 012 and 104 peaks corresponded to 21.9 nm and 25.2 nm.

2.3.2 Morphology and par!cle size
In Figure 2.6, selected images from scanning electron microscopy are presented. The colloidal
hemate parcles were uniformly diamond-shaped (Fig. 2.6, e.g. panel c), and the majority of
these parcles was of almost the same size. Some variaon in parcle size was evident (see
e.g. Fig. 6 c and d), however, which may be a result of changing nucleaon rates of α-Fe2O3
with decreasing [Fe3+] [19].
Dark ﬁeld (Df) transmission electron micrographs result from the electrons which are scattered by the sample, while bright ﬁeld (Bf) images are obtained from the electrons transmi!ed
through the sample. Hence, on Df micrographs, diﬀerent features of the sample are visible.
In Fig. 2.6, all detected parcles are diamond-shaped with characterisc bright edges, which
most likely result from diﬀerent sca!ering properes of the parcle surface and the sca!ering angle. Such diﬀerent sca!ering properes may arise from addional, electron transmi%ng
substances. Regardless of the imaging method, the very same parcles were detected, indicang that contaminaon with any electron transmi%ng material can be out ruled. In Fig. 2.6
d), a few hemate parcles were imaged at a high magniﬁcaon factor (240’000x). Focusing
on the parcle surfaces, very small (<30 nm), rounded features were visible. These features
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may result from surface imperfecons.
Using image analysis tools (imageJ v. 1.38t), the parcles size distribuon was derived from
three images at a magniﬁcaon factor of 10’000 (1893 parcles in total). Assuming spherical
shape, the radii were calculated based on the measured projected areas. The resulng parcle size distribuon is presented in Figure 2.7.
The maximum number of counts was found at an average radius of 195 nm. Inspecon of
obtained parcle size classes indicated a minor asymmetry in the parcle size distribuon.
Although Sugimoto et al. [19] did not report the parcle size of the solid obtained following

Figure 2.5 X-Ray diﬀracon paern of the freeze dried colloidal hemate. All characterisc peaks
of hemate were idenﬁed. Peaks indicang a contaminaon with other crystalline byproducts were
not detected. The vercal lines indicate peak posions and relave intensies for synthec hemate,
powder diﬀracon ﬁle (PDF) 00-033-0664.

the reversed admixing procedure using volumes of 100 mL FeCl3 and NaOH, respecvely, both
the diamond shape and the size of the parcles in the present study are very similar (cf. Fig.
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2.6 and Fig 2.2 b) , indicang that up-scaling (i.e. 500 mL of each soluon) does not markedly
aﬀect the morphology of the product.

2.3.3 Speciﬁc surface area
The speciﬁc surface area of the hemate was 24 m2 g-1 as determined by mul-point N2 adsorpon at 77 K [22] a"er outgassing the sample at 101 °C for 60 min. The gas-adsorpon data
are presented in Figure 2.8. Values for the speciﬁc surface area determined by N2 adsorpon
in the literature vary widely, but in general typically agree with the value determined in the

Figure 2.6 Scanning transmission electron micrographs showing the colloidal hema!te par!cles. (a)
Bright ﬁeld with reversed contrast and (b) dark ﬁeld electron micrograph recorded at a magniﬁcaon
of 10000x. (c) Bright ﬁeld electron micrographs with reversed contrast recorded at a magniﬁcaon of
20000x and (d) at 240000x.
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present study. Schudel et al. [29] synthesized hemate following two diﬀerent procedures
(i.e. forced hydrolysis pathway, [17, 18], and gel-sol method [20]) obtaining 15.1 m2 g-1 and
27.4 m2 g-1 respecvely, Breeuwsma et al. [30] indicated a range of 18 m2 g-1 to 35 m2 g-1 and
Atkinson et al. [31] compiled speciﬁc surface areas ranging from 22 m2 g-1 to 44.6 m2 g-1. Schwertmann and Cornell characterized hemate parcles following a series of diﬀerent synthesis
pathways and obtained BET surface areas between 20 m2 g-1 and 90 m2 g-1, but indicated that
the rather high surface areas (i.e. between 80 m2 g-1 and 90 m2 g-1) were probably due to surface irregularies or adsorbed oxalate and goethite impuries.
Based on the radii derived from the STEM image analysis, a theorecal (geometric) speciﬁc
surface area of 9.6 m2 g-1 was calculated assuming a spherical shape of the parcles. This value
is signiﬁcantly smaller than the experimentally derived speciﬁc surface area of 24 m2 g-1. Part
of this apparent discrepancy may be aributed to the simpliﬁcaon which is made assuming
a spherical shape, but most of the discrepancy probably results from surface imperfecons

Figure 2.7 Size distribuon as a funcon of the parcle radius determined from the STEM analysis.
A total of 1893 parcles was measured. The maximum number of counts was found parcle radius
class of 190 to 200 nm (average 195 nm).
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(i.e. rounded features in Fig. 2.6 d), which lead to an increased surface roughness compared
to a perfect sphere. Following the forced hydrolysis pathway, Schudel et al. [29] obtained colloidal hemate with an experimentally derived speciﬁc surface area (BET) of 15.1 m2 g-1, which
agreed well with the calculated value of 11.4 m2 g-1 (based on TEM images). The resulng
product obtained from the gel-sol method [20] revealed a similar discrepancy (i.e. 27.4 m2 g-1,
BET and 8.5 m2 g-1, TEM analysis [29]) as observed in the present study, which was explained
with surface roughness or the porosity of the hemate parcles.
The speciﬁc surface area is a key property of colloidal parcles, because it is highly related to
their reacvity per unit mass [32]. In this study, it was used to determine and normalize the
surface site density (i.e., number of sites per area) based on acid-base traon data.

Figure 2.8 N2-adsorpon data represented in a BET-plot. Symbols represent data derived from mulpoint gas adsorpon a 77 K. The ﬁlled symbols refer to the data which was used for the calculaon
of the linear regression (i.e. p/p0 from 0.05 to 0.25), the open symbols indicate the data points which
are not in the range suggested by Brunauer et al. [22] and therefore were ignored in the regression
calculaon. The solid line represents the linear regression funcon based on which the speciﬁc surface
area was determined. The calculated speciﬁc surface area was 24 m2 g-1.
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2.3.4 Proton binding and surface charge
The poten!ometric acid-base !tra!on data collected at four diﬀerent NaCl concentra!ons
are presented in Figure 2.9. The data-points indicated a common intersec!on point (i.e. point
of zero salt eﬀect) between pH ≈ 9.3 and pH ≈ 9.5. Apart from this point and with decreasing
pH, an increase of the overall posi!ve surface charge was observed. Cri!cal inspec!on of the
en!re dataset revealed that in the range of neutral pH (i.e., between pH ≈ 6 and pH ≈ 7.5),
the electrode poten!al dri$ was substan!ally larger than 0.1 mV min-1 a$er an equilibra!on
!me of 15 min, indica!ng that the protona!on and deprotona!on of reac!ve surface sites did
not reach equilibrium. Comparison of the base !tra!on (upward) and the subsequent downward !tra!on with acid showed a substan!al hysteresis in this par!cular pH range. For the
determina!on of surface complexa!on model parameters, however, equilibrium condi!ons
are required, and it has been shown, that signiﬁcant devia!ons from such condi!ons may
lead to uncertain!es in the obtained parameters [33]. Therefore, the measured values around
neutral pH were ignored for the subsequent op!miza!on of model parameters.

2.3.5 Surface complexa!on modeling of proton binding
In the present study, a 1-pK three plane model (TPM) was calibrated to quan!ta!vely describe
the acid-base !tra!on behavior of the colloidal hema!te. The determina!on of the surface
site density (i.e., the number of reac!ve surface sites per unit surface area) is a crucial aspect
in calibra!ng surface complexa!on models, since the number of reac!ve sites is required in
all models [24, 34] and directly aﬀects the stability constants of most surface complexes (e.g.
[24, 35]). This has to be considered when comparing stability constants from diﬀerent studies.
Furthermore, it was shown that the speciﬁc site density aﬀetct the performance of surface
complexa!on models in predic!ng the compe!!ve sorp!on of diﬀerent ca!ons [24]. In the
present approach, the value for the speciﬁc density of reac!ve surface sites (≡FeOH) was systema!cally varied between 6 and 24 sites nm-2, and the best ﬁt with robust model parameters
was obtained for 12 sites nm-2, which is in good agreement with previously reported values
(e.g.[34, 36]). In contrast to a surface site in 2-pK models, where a surface site reﬂects an in-
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Figure 2.9. Surface charge of the hemate as a funcon of pH and ionic strength. Symbols represent
data derived from acid–base traon of hemate in a NaCl background electrolyte at 25 °C. The ﬁlled
symbols refer to the data which was used for the opmizaon calculaon, the open symbols indicate
the data points which did not fulﬁll the required dri! criterion and therefore were ignored in the
model ﬁt. The solid lines represent the best ﬁt using a 1-pK three-plane model. The calculated point
of zero charge (pHPZC) was 9.3.

teracng cluster of two neighboring surface hydroxyl groups [37], each surface site represents
a single surface hydroxyl group in the 1-pK approach [24]. This discrepancy has to be considered when ﬁed site densies based on either the 1-pK or the 2-pK approach are compared.
Diﬀerent approaches for determining the surface site density included theorecal or experimental methods (see e.g. [24, 34, 36, 38]), but the resulng values vary markedly. In a series
of studies, experimentally derived surface site densies varied between 4.3 sites nm-2 as published by Boehm [38] using diﬀerent adsorbates in soluon, and 24.3 sites nm-2 as reported
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by James and Parks [36] using acid-base traons. Another approach is to calculate values for
the site density based on crystallographic data, and for hemate, they range from 4.2 sites
nm-2 (each caon with a charge between +0.5 to +1.0 counted as one site, each caon with
a charge between +1.5 to +2.0 counted as two sites, and each anion with a charge between
-0.5 to -1.0 counted as one site, each anion with a charge between -1.5 to -2.0 counted as two
sites) to 27.3 sites nm-2 (each broken bond counted as one site) (both [34]) on the [001] face
which is considered to be most representave for hemate, and the values mainly depend on
the deﬁnion of the reacve sites and thus the counng method as well as the considered
crystal faces. Applying similar protocols, Barron and Torrent [39] calculated 13.7 sites nm-2 on
the same crystal face, but only the doubly coordinated hydroxyl groups were counted. While
precise theorecal values can be obtained for all diﬀerent crystal faces of hemate, defects
such pits and steps, which are abundant on the α-Fe2O3 surface [40], may inﬂuence the actual
Table 2.2 Model parameters obtained from op!miza!on calcula!ons based on the poten!ometric
!tra!on data. The capacitance of the ﬁrst Stern layer (between o-plane and 1-plane) is 1.17 Fm-2 and
the capacitance of the second Stern layer (between 1-plane and 2-plane) is 1.13 Fm-2. The speciﬁc density of reacve surface sites (≡FeOH) is 12 sites nm-2. The values of both capacitances and the speciﬁc
surface site density were determined by ﬁ"ng the acid–base traon data.

Surface species

≡FeOH

Δz0

Δz1

Δz2

log K

H+

Sorbate

≡FeOH-1/2

1

0

0

0

0.0a

-

-

≡FeOH2+1/2

1

1

0

0

9.33

1 H+

-

≡FeOH-1/2 – Na+

1

0

1

0

-0.33

-

1 Na+

≡FeOH2+1/2 – Cl-

1

1

-1

0

8.83

1 H+

1 Cl-

surface site density of both, synthec and natural parcles. Consequently, the theorecally
derived values for the surface site density vary strongly depending on the applied counng
protocol, and the obtained results rather indicate an esmate (or a range) of the number of
reacve surface funconal groups.
The capacitance of the ﬁrst Stern layer (between o-plane and 1-plane) converged at 1.17 F m-2
and the capacitance of the second Stern layer (between 1-plane and 2-plane) was 1.13 F m-2.
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In a study focusing on the hemate (001) face, Hiemstra et al. [41]calculated a corresponding
value of 1.1 F m-2 for the ﬁrst Stern layer using the mul-site complexaon model (MUSIC).
These values are slightly higher than proposed by Sverjensky et al. [42] using the triple layer
model (TLM) (0.9 Fm-2, [42]), but are sll reasonable taking into account that the overall uncertaines in the capacitances are esmated to be in the range of ± 10 µF cm-2 [43].
Furthermore, the opmizaon calculaons in FIT returned a consistent set of stability constants, which are summarized in Table 2.2, describing the protonaon of the reacve surface
sites as well as formaon of ion-pairs.
Assuming that the singly coordinated surface groups predominantly control the acid-base behavior of the hemate [41], the protonaon reacon of the reacve site can be formulated
as follows:
≡FeOH-1/2 + 1 H+ = ≡FeOH2+1/2

(1)

Accounng for ion pair formaon, the model calculaons returned the constant for the protonaon of the reacve surface sites, i.e., log Kprot = 9.33. Only singly coordinated surface
hydroxyl groups were assumed to be pH-acve in the examined pH range [41]. Thus, the resulng protonaon constant reﬂects the point of zero charge. It closely reﬂects the overall
acid-base behavior of the colloidal hemate parcles in the presence of diﬀerent NaCl concentraons, and is referred to as pHPZC in the following text.
The value of the pHPZC (9.33) is in good agreement with previously reported pHPZC values of
hemate ranging from 9.2 [29] up to 9.5 [18, 24]. Lower values than ≈ 9 [30, 31, 44, 45]
have been explained with the presence of dissolved CO2 species or other pH acve impuries as e.g. silicate (e.g. [29, 46]). The ﬁ$ed constants for the formaon of ≡FeOH-1/2 – Na+ and
≡FeOH2+1/2 – Cl- ion pairs account for the slight asymmetries observed in the traon curves
and are in excellent agreement with the parameters reported in Rahnemaie et al. [47].
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2.4 Conclusions
Following the gel-sol method with reversed admixing by Sugimoto et al. [19], uniformly diamond-shaped colloidal α-Fe2O3 with a narrow par"cle size distribu"on (average diameter of
195 nm) free from solid impuri"es was synthesized. The speciﬁc surface area was 24 m2 g-1 as
determined by a mul"-point N2-BET adsorp"on isotherm method [22], and the analysis of the
acid-base "tra"on data revealed a pHPZC of 9.3, corresponding to previously reported values
for hema"te free of CO2 and silicate [18, 24, 29, 46], which is an important prerequisite for
further sorp"on studies (Chapters 3 and 4). Systema"c varia"on of the speciﬁc surface site
density indicated a value of 12 sites nm-2. Using these parameters, the acid-base "tra"on data
were successfully described with a 1-pK TPM, indica"ng that the reac"vity of the colloidal
hema"te can be accounted for assuming a single type of reac"ve surface groups.
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Using ATR-FTIR Spectroscopy to Characterize
Sorpon Phenomena at
the Oxide-Water Interface
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Chapter 3

3.1 Introducon

The general aim this thesis was to inves!gate the eﬀects of compe!ng anions, namely carbonate and silicate, on the sorp!on of As(V) and As(III) to hema!te. A combina!on of batch
and ATR-FTIR spectroscopic experiments were used to quan!fy the macroscopic behavior of
As(V) and As(III) in the presence and absence of carbonate and silicate, and to elucidate the
molecular surface complex characteris!cs of carbonate, arsenate and silicate, respec!vely.
This chapter gives the background which is needed to understand some of the key advantages of ATR-FTIR spectroscopic techniques. First, the informa!on content of IR spectra is addressed. Then, features of molecular vibra!ons are introduced and explained. A third sec!on
focuses on the detec!on and collec!on of IR spectra in general and deduces why ATR-FTIR
spectroscopy has become the technique of choice to study sorp!on processes at the mineralwater interface. Finally, a selec!on of studies is presented illustra!ng how and what kind of
spectral informa!on can be obtained to iden!fy surface complex structures using ATR-FTIR
spectroscopic techniques

3.2 Informaon content of IR spectra
Infrared spectra result from transi!ons between quan!zed (vibra!onal) energy-states. The
corresponding vibra!ons can range from the coupled mo!on of the two atoms of a diatomic
molecule to the much more complex mo!on of each atom in a large molecule [1]. The transi!ons between the quan!zed vibra!onal energy states correspond to a par!cular wavelength
in the IR spectrum.
For every chemical species, the energies of the vibra!onal modes are unique. A transi!on
between diﬀerent vibra!onal energy states can be induced by an energy input, which corresponds to the so-called energy of transi!on. Thus, IR spectra reveal informa!on on the
chemical species and on the speciﬁc bonding environment of a molecule. Since every molecule exhibits slightly diﬀerent vibra!onal modes compared to other molecules, the infrared
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spectrum of a parcular molecule is unique and can be used to idenfy that molecule [1].
Furthermore, molecular vibraons can oen be related directly to the symmetry characteriscs of a molecule [2], and therefore it is conceptually possible to determine the bonding
structure of a molecule on surfaces from its infrared spectrum.

3.3 Features of molecular vibraons
Molecular vibraons can be observed with IR spectroscopic techniques. A typical IR-spectrum
consists of the signal, which is recorded in a certain energy range (spectrum). The energy is
generally referred to as in cm-1, which corresponds to a parcular wavelength. Wavenumbers
are generally plo!ed from higher numbers to lower number from the le to the right. The
wavenumber is given as 1/(λ x 100), where λ represents the wavelength in m. The spectrum
itself contains informaon on the interacon of molecules with electromagnec radiaon.
The absorbance is a measure of this interacon. In Fig. 3.1, the absorpon spectra of aqueous
sodium metasilicate recorded at diﬀerent pH values are presented.
Depending on the pH value, at which a spectrum was recorded, diﬀerent peaks can be idenﬁed. These peaks refer to parcular vibraonal modes of sodium metasilicate. Later in this
chapter, an explanaon for the presence of diﬀerent peaks under varying condions is given.

Normal modes and the concept of degrees of freedom
Conceptually, the moon of molecules can be described systemacally if the arrangement of
the atoms relave to each other is known, considering that a molecule of N atoms exhibits
3N degrees of freedom with respect to moon in space. Moon in space can be deﬁned by a
change in at least one coordinate of a molecular system. These degrees of freedom represent
the possible movements which the molecule can undergo. Translaon in space, where the
posion of each atom in a molecule relave to the other atoms remains unchanged, accounts
for three degrees of freedom. Rotaon in space also accounts for three degrees of freedom
and as for translaon, the posion of the atoms remains constant. The remaining degrees of
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Figure 3.1 Infrared spectra of 0.01 mol L−1 sodium metasilicate soluons in the pH range between
7.5–11.5 (adapted from Yang et al. [3]). The wavenumber is indicated on the horizontal axis, the absorbance is given on the vercal axis. The spectra recorded at diﬀerent pH values are ploed as a
funcon of the wavenumber and the absorbance. They are stacked for clarity.

freedom, i.e. 3N – 6, specify the moon between the atoms of a molecule relave to each
other. They represent the number of potenal vibraons of a nonlinear molecule, and the
corresponding vibraons are referred to as normal modes [4].
A normal mode of an oscillang system is a paern of moon, in which all parts of the system move sinusoidal manner with the same frequency. The moon described by the normal
modes is termed resonance. The frequencies of the normal modes of a parcular system are
known as its fundamental frequencies or resonant frequencies. A physical object, such as a
molecule, has a set of normal modes which depend on its structure, the elemental composion and boundary condions. The number of normal modes is determined by the degrees of
freedom [4].
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Since the atoms of a linear molecule are aligned on one axis, rotaon along this axis does not
change the coordinates of the atoms and thus is not accounted for any moon, and thus the
number of potenal vibraons equals 3N - 5, as rotaon exhibits only two degrees of freedom in such a system.
Although large molecules containing many atoms as for example DNA or humic acids exhibit
thousands of degrees of freedom, oen only a small part of such molecules is responsible for
their chemical behavior. With respect to many vibraonal modes of large molecules, it was
found that only a few atoms – the so-called funconal groups - show large displacements,
while the rest of the molecule is virtually staonary [1]. Thus, the funconal groups are oen
highly characterisc for the spectroscopic idenﬁcaon of such large molecules. Therefore, a
systemac view on the vibraons of small molecules or the characterisc small part of large
molecules may be very useful to understand the vibraons occurring at parcular wavenumbers in the IR spectrum [1]. Extensive compilaons referring parcular absorpon bands in
given IR spectra to vibraonal modes associated with the funconal groups of known structures have been developed (e.g. [5]), allowing for a correlaon between spectra and structure
of a certain compound.

An introducon on vibraonal modes
Absorpon of infrared radiaon occurs when a molecule is excited from the vibraonal ground
state to an excited state. However, the excitaon of such vibraons by absorpon occurs only,
if the dipole moment µ of a molecule is changed. The dipole moment reﬂects the charge
distribuon in a molecule which can be resolved into three components in space and may be
represented by means of a vector. If one of the three components has a value diﬀerent from
zero, that is if the resulng vector is diﬀerent from zero, the normal mode is acve.
The normal modes of a linear three atomic molecule (e.g. CO2) are introduced in Fig. 3.2. An
overview on the diﬀerent normal modes of such a molecule is presented in Table 3.1.
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Table 3.1 Vibraons of a linear three atomic molecule. A linear three atomic molecule exhibits 3 x
3 – 5 = 4 degrees of freedom, i.e. there are four possible molecular vibra!ons.

Type of vibraon

IR acvity

Symmetric stretching vibra!on

IR-inac!ve (no change of dipole moment)

Asymmetric stretching vibra!on

IR-ac!ve

Deforma!on vibra!ons (bending)

IR-ac!ve

Since there is no change of the resul!ng dipole moment arising from the symmetric stretching vibra!on in a linear, three atomic molecule (see Figure 3.2), the corresponding vibra!onal
mode is not IR-ac!ve.

Stretching Vibrations

Bending Vibrations

symmetric
(in vertical plane)

asymmetric

(in horizontal plane)

Figure 3.2 Vibraonal modes of a linear, three atomic molecule. The arrows indicate the mo!on
which the corresponding atoms undergo, the black circles illustrate the posi!on of these atoms in a
hypothe!cal equilibrium state.

Both, the deforma!on vibra!on in the ver!cal plane as well as the bending vibra!on in the
horizontal plane occur at the same wavenumber. Nevertheless, they are treated as individual
vibra!ons, since they can be a"ributed to two diﬀerent degrees of freedom. Such vibra!ons
are termed degenerate.
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A nonlinear, three atomic molecule (e.g. H2O) exhibits 3N - 6 = 3 degrees of freedom. These
degrees of freedom represent the number of normal modes of such a molecule, and they are
introduced in Figure 3.3, and an overview on the diﬀerent normal modes of such a molecule
is compiled in Table 3.2.
Table 3.2 Vibraons of a nonlinear three atomic molecule. A nonlinear three atomic molecule exhibits 3 x 3 – 6 = 3 degrees of freedom, i.e. there are four possible molecular vibra!ons.

Type of vibraon

IR acvity

Symmetric stretching vibra!on

IR-ac!ve

Asymmetric stretching vibra!on

IR-ac!ve

Deforma!on vibra!ons (bending)

IR-ac!ve

Because the molecule is not linear, every vibra!onal mo!on results in a change of the resulting dipole moment, and thus, all normal modes are IR-ac!ve.

Stretching Vibrations

symmetric

asymmetric

Deformation Vibration

(bending)
Figure 3.3 Vibraonal modes of a nonlinear, three atomic molecule. The arrows indicate the mo!on
which the corresponding atoms undergo, the black circles illustrate the posi!on of these atoms in a
hypothe!cal equilibrium state.
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With an increasing amount of atoms in a molecule, the number of degrees of freedom increases rapidly. Thus, there are many vibraonal modes in large molecules. However, mainly
the funconal groups show large displacements, while the rest of the molecule is virtually
staonary [1]. Therefore, it is oen useful to focus on the IR-properes of funconal groups.
An example of such a funconal group is the methylene group which is found in many large
organic molecules. It can be reduced to a ﬁve-atomic system, which is sll predictable using
the concept of degrees of freedom. Other examples for ﬁve-atomic molecular systems are
SO42-, PO43- or AsO43-, which form in aqueous soluons depending on the prevailing pH value.
In Fig. 3.4, the vibraonal modes of a ﬁve atomic molecule are illustrated.
Although there are 3N – 6 = 9 degrees of freedom, only 6 vibraonal modes are shown, because of the presence of degenerate vibraons. A more systemac overview on the vibraonal modes of ﬁve-atomic systems is given in the subsequent paragraph.

Nomenclature of vibraonal modes
In physical chemistry and spectroscopy literature, mainly two notaons are used to label the
diﬀerent normal modes of molecules. Myneni et al. [6] illustrated these two notaons considering the vibraons of the arsenate molecule with respect to the speciaon.
Under natural condions, the tetrahedral symmetry (Td) of AsO43- is virtually not observed,
since it strongly tends to protonate, hydrate, and complex with metals or surfaces. Such
chemical interacons infer a reducon of the Td symmetry to either C3v (corner-sharing), C2v
(edge-sharing, bidentate binuclear), or C1 (corner-sharing, edge-sharing, bidentate binuclear,
muldentate).
Depending on the speciaon, the arsenate molecule can be a"ributed to a parcular symmetry group. Table 3.4 gives an overview on the symmetry groups of arsenate and their corresponding vibraons. Degenerate vibraons, that is vibraons which must be treated as individual modes but which have the same energy state, are combined into the same vibraon
class.
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scissoring
sc
c
ciss

symmetric
stretching

wagging

twisting

rocking

asymmetric
stretching

Figure 3.4 Vibraonal modes of a ﬁve-atomic molecular system. The arrows indicate the moon
which the corresponding atoms undergo, the black circles illustrate the posion of these atoms in a
hypothecal equilibrium state.
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AsO43- (or generally molecules in Td symmetry) exhibits nine normal modes (i.e. 3 x 5 - 6 = 9).
In par"cular, these modes are an A1 or ν1, referring to the symmetric stretch, an E or ν2, referring to the symmetric bending and two F or ν3 and ν4, respec"vely, referring to the asymmetric
stretching and bending [6]. The symbols A1, E, and F correspond to nondegenerate and doubly
and triply degenerate vibra"ons, respec"vely [6].
Table 3.4 Normal modes of arsenate with respect to the parcular symmetry group (adapted from
Myneni et al. [6], based on the work by Co!on [7]).

Normal Vibraons
Symmetry Group

ν1

ν2

ν3

ν4

Td

A1

E

F2

F2

C3v

A1

E

A1+E

A1+E

C2v

A1

A1+A2

A1+B1+B2

A1+B1+B2

C1

A

2A

3A

3A

Throughout the spectroscopic literature, there use nomenclature of vibra"ons is not consistently uniform. In many studies however, a straigh$orward set of terms and abbrevia"ons is
found, which is summarized in Table 3.5.
Table 3.5 Abbreviaons commonly used for the descripon of molecular vibraons (a%er Harris and
Bertolucci [4]).

ν

stretching

π

out of plane

δ

deforma"on (bending)

as/asym

asymmetric

ρw

wagging

s/sym

symmetric

ρr

rocking

d

degenerate

ρt

twis"ng

Since there are diﬀerent vibra"ons of a par"cular mode, being exhibited by diﬀerent bonds,
that is e.g. the symmetric stretching mode of the As-OH bond and the symmetric stretching
mode of the (AsO)-Fe bond (for sorbed As(V)), Myneni et al. further speciﬁed these abbrevia-
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ons with the corresponding atom-pair to avoid any misinterpretaons (e.g., νs of As-OH or
νsym,As-OH) [6].

3.4 Detecon and collecon of IR spectra
Infrared radiaon is used in many applicaons. A typical system for detecng IR spectra is usually consisng of the following elements:

IR Source

Transmission System

Optical
System

Sample

Detection
Unit

Signal Processing

Figure 3.5 Components of a system designed for detecng IR spectra. Components highlighted in
green are subject of this chapter. Components highlighted in red are subject of chapters 4 and 5.

The IR source and the transmission system, which are parts of the IR instrument and usually
cannot be conﬁgured independently, are not subject of this chapter.
An overview on diﬀerent detecon units is given in the next paragraph. Some characteriscs
of the opcal system are given in an overview on important elements used for a#enuated
total reﬂecon spectroscopy (ATR). The sample is addressed at some point in a secon on in
situ ATR-FTIR spectroscopy.

Detecon of electromagnec radiaon in the IR range
In IR spectrometers, a plethora of diﬀerent detectors is used for collecon of IR spectra. A
common classiﬁcaon discriminates between detectors of the thermal type, accepng IR energy as heat, and detectors of the quantum type, collecng signals from incoming photos.
Thermal detectors are operated at room temperature and they do not require cooling, but
their response me is slow and the detecon capability is low. Quantum detectors show a
much faster respond me, and their detecon capability is much higher. However, they generally need to be cooled. Types of diﬀerent IR detectors are introduced in Table 3.6.
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Table 3.6 Diﬀerent types of IR detectors with their spectral response and operang temperature
(modiﬁed from HAMAMATSU PHOTONICS [8]).

Thermal type

Type
Thermocouple,
Termophile
Balometer
Pneuma!c cell
Pyroelectric
detector

Quantum type

Photoconduc!ve type

Photovoltaic
type

Detector

Golay cell, condenser-microphone, PZTa), TGSb),
LiTaO3
PbS
PbSe
InSb
HgCdTe (MCTc))
Ge
InGaAs
Ex. InGaAs
InAs
InSb
HgCdTe (MCTc))

Spectral response
(cm-1)

Opera!ng temperature (K)

Depends on window
material

300

2’800-10’000
1’700-6’700
1’660-5’000
600-5’000
5’500-12’500
5’900-14’000
3’900-8300
3’200-10’000
1’800-10’000
600-5’000

300
300
213
77
300
300
253
77
77
77

a)

Lead zirconate !tanate
Triglycine sulfate
c)
Mercury Cadmium Telluride
b)

Many FTIR spectrometers contain a photoconduc!ve detec!on unit, mostly a TGS detector,
which covers a large spectral range but which is limited with respect to response !me and
sensi!vity. However, depending on the sample proper!es and the experimental requirements
including the spectral range of interest (see Table 3.6), the desired sensi!vity and other factors such as ﬁnancial resources or availability of cooling agents (e.g. N2(l)), photovoltaic units
are used for collec!on of IR spectra.

A!enuated total reﬂecon (ATR)
A striking advantage of IR spectroscopy is, that conceptually gaseous, liquid or solid samples
can be probed and characterized given that an appropriate technique is chosen. Sorp!on processes however generally involve two phases, and the present thesis, sorp!on processes at
the mineral-water interface were inves!gated. Thus, a typical sample consists of an aqueous
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bulk soluon and a mineral phase at the same me. A common problem in vibraonal spectroscopy of aqueous soluons however is the strong IR-absorpon of H2O [9]. This eﬀect has
to be accounted for by subtracng the contribuon of the aqueous bulk. A technique allowing
for the subtracon of the contribuon of the aqueous bulk has been developed by Hug and
Sulzberger [9] to study the formaon of surface complexes of oxalate on TiO2 in situ. Basically,
an ATR element is coated with a stable thin layer of a mineral phase. The principle of coang
an ATR element is illustrated in Fig. 3.6.

Figure 3.6 ATR crystal with hemate deposit in contact with an aqueous soluon. On the le! side,
the exponenal decay of the evanescent light intensity is illustrated. The penetraon depth (dp) is
about 1.4 μm in H2O at 1100 cm-1. This ﬁgure is taken from Hug [10].

This method takes advantage of the principle of the ATR technique. In this approach IR spectra
are collected from absorpon of the evanescent wave, which penetrates only a few micrometers into the parculate material which is dispersed on the ATR element [9, 11, 12]. Such
short opcal path-lengths overcome the problems of IR-absorpon by the aqueous bulk [9,
12]. Furthermore, the use of solid parcles in the sub micrometer range which are deposited
as a coang on ATR-elements results in suﬃciently high surface areas to obtain good quality
IR spectra of solid–soluon interfacial species [12].
Depending on the chemical requirements given by the experimental setup, several diﬀerent
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ATR elements are used. An overview on common ATR elements is presented in Table 3.7.
Table 3.7 Compilaon of common ATR elements and their opcal and chemical properes (proper!es are taken from [13]).

Diamond/ZnSe
Germanium
Silicon
ZnS
ZnSe

n1

dp

Water Solubility, g/100g

pH Range

2.4
4
3.4
2.2
2.4

1.66
0.65
0.84
2.35
1.66

Insoluble
Insoluble
Insoluble
Insoluble
Insoluble

1-14
1-14
1-12
5-9
5-9

n1: refrac!ve index
dp: penetra!on depth

In situ ATR-FTIR spectroscopy
A striking advantage of ATR-FTIR spectroscopy is the possibility to follow sorp!on processes
at the mineral-water interface in situ. In contrast to other techniques, the pH of the aqueous
phase, which largely controls the specia!on of many dissolved species, can be controlled.
Furthermore, the sorp!on process can be studied under condi!ons which are similar to those
found in natural environments such as soils or aquifers. This is important, because under different condi!ons, the sorp!on behavior may be easily inﬂuenced.
A typical experimental setup is illustrated in Fig. 3.7. An oxide coa!ng is deposited on the ATRcrystal of a ﬂow-through-cell. Basically, a deﬁned amount of a concentrated oxide suspension
is placed on the crystal and evenly dispersed. This coated cell is mounted on an IR spectrometer.
A solu!on with deﬁned pH value and sorbate concentra!on is constantly pumped through
the cell. The use of a ﬂow through system has two major advantages with respect to the in
situ inves!ga!on of sorp!on processes at the mineral-water interface. First, it allows providing equilibrium like states with deﬁned system parameters. Second, it gives the possibility to
change theses parameters gradually by inﬂuencing the pH value for example or by increasing
the concentra!on of a dissolved sorbate.
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IR Spectrometer

MCT
Flow Cell

N2

7.01
Pump
Figure 3.7 Schemac representaon of the setup used to invesgate the formaon of carbonate
and arsenate surface complexes on hemate by ATR-FTIR spectroscopy. The ZnSe crystal which was
coated with hemate was mounted in the ﬂow cell. The aqueous soluon was controlled outside the
cell. N2 (g) was used to remove any pre-sorbed carbonate species. At the begin of the sorpon experiment, N2 (g) was replaced by water saturated air.

The pH value is monitored using a combined pH-electrode. The gas phase in the headspace
of the vessel containing the aqueous soluon can be controlled by the constant purging with
deﬁned gas mixtures. Control of the gas phase is important since air contains CO2, which in
turn leads to the formaon of H2CO3*, HCO3- and CO32-. These species may inﬂuence the sorpon behavior of other negavely charged ions.

3.5 Interpretaon of IR-spectra - symmetry consideraons
In the previous paragraphs, it was demonstrated that ATR-FTIR spectroscopy is technically
well suited for the invesgaon of sorpon processes at the mineral-water interface. The
characterizaon of surface complexes including the determinaon of the surface complex
structure however requires a thorough interpretaon of the collected IR spectra. A useful
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principle in IR spectral analysis is the consideraon of symmetry properes.

Symmetry changes due to changing speciaon
The relaon between the number of IR acve bands and the symmetry of the small molecules
such as arsenate, carbonate, silicate or phosphate can be used to idenfy the aqueous speciaon or to interpret the bonding conﬁguraons at mineral surfaces based on the IR spectrum.
Elzinga and Sparks [2] demonstrated this approach using IR spectra of dissolved phosphate,
collected at diﬀerent pH values by Tejedor-Tejedor and Anderson [14], which allows for the
characterizaon of the nondegenerate (ν1) and the triply degenerate (ν3) stretching vibraons
[2] in the energy range of 800 cm-1 – 1400 cm-1. The IR spectra with the corresponding species
and symmetry groups are represented in Figure 3.8.

Figure 3.8 ATR-FTIR spectra of aqueous phosphate species (taken from Elzinga and Sparks [2]). The
symmetry of the complexes is indicated in brackets.

The PO43- anion, which is o$en referred to as an analogue of AsO43-, is a%ributed to the Td
symmetry group, exhibing a nondegenerate ν1 mode (IR inacve, no change of dipole moment), and a triply degenerate ν3 mode. The corresponding signal occurs at 1011 cm-1. The
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remaining modes, as illustrated in table 3.4, cannot be idenﬁed in the energy range between
800 – 1400 cm-1. Protonaon of this species to HPO42- results in a reducon of symmetry (Td →
C3v), and thus the triply degenerate ν1 vibraon is split into two diﬀerent bands (see Table 3.4)
located at 1078 and 990 cm-1 (spectrum b) in Fig. 3.8). Furthermore, the ν1 band is becoming
IR-acve and appears at 850 cm-1. Further protonaon to form H2PO4- results in a C2v symmetry, and with the symmetry reducon, the ν3 mode is split (see Table 3.4) into three bands
emerging at 1159, 1077 and 940 cm-1. The ν1 band remains IR-acve and is slightly shied to
875 cm-1 (Fig. 3.8 c). Formaon of H3PO4 results in an increase of symmetry (C3v) and two ν3
bands (see Table 3.4) are detected at 1172 and 1005 cm-1, respecvely, besides the ν1 mode
observed at 889 cm-1. The broad bands at ≥ 1200 cm-1 as observed in the spectra of H2PO4- and
H3PO4 have been assigned to the bending mode of P-OH [15].

Symmetry changes due to adsorpon
Adsorbed species may exhibit diﬀerent symmetry properes compared to the corresponding
dissolved molecule. However, the same symmetry consideraons as discussed in the previous
paragraph apply for the interpretaon of the spectra recorded from sorpon experiments. Using an in situ ATR FTIR method, Hug invesgated the sorpon of sulfate to hemate [10]. The
spectral changes which were expected on coordinaon to the hemate surface are illustrated
in Figure 3.9.

Figure 3.9 Schemac representaon of the expected vibraonal modes arising from dissolved and
sorbed SO42- in relaon with the corresponding symmetry (adapted from Hug [10]).
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Dissolved sulfate species exhibit similar structural characteriscs compared with the phosphate species discussed in the previous paragraph. The symmetry of the SO42- anion is virtually
tetragonal (Td), exhibing a symmetric stretching vibraon (ν1, IR-inacve) at 980 cm-1 and a
triply degenerate stretching vibraon ν3 at 1102 cm-1 (Figure 3.9). Other vibraonal modes
arising at lower energies (e.g. symmetric bending vibraon (ν2) and asymmetric bending (ν4))
cannot be idenﬁed in the energy range which can be observed using the aenuated total
reﬂecon method. A reducon of the SO42- symmetry by protonaon or complexaon leads
to the spling of the ν3 mode (see Fig. 3.9). Furthermore, the ν1 mode becomes IR-acve.
Combining the spectral changes on sorpon of sulfate to hemate with the band posion of
diﬀerent sulfate species observed in earlier studies, Hug suggested a monodentate surface
complex between pH 3 and 6 [10].

3.6 Applicaon of ATR-FTIR spectroscopy to study sorpon phenomena of anions
The arcle by Hug [10] focusing on the invesgaon of the sorpon of sulfate on hemate in
aqueous soluons menoned in the previous secon is one example of an applicaon of ATRFTIR spectroscopy to study sorpon phenomena of environmental signiﬁcance.
Other studies have been performed to follow the sorpon of diﬀerent anions using similar
approaches.
Bargar et al. [16] addressed the spectroscopic characterizaon of coexisng carbonate surface
complexes forming on the surface of hemate using a combinaon of ATR-FTIR spectroscopy
and density funconal theory (DFT) and molecular orbital (MO) calculaons. Based on the
peak posions obtained from the theorecal calculaons, IR spectra of carbonate sorbed on
hemate collected over a wide pH range were ﬁed, indicang the presence of two major
and two minor surface-bound carbonate species. The two major species were suggested to
be a monodentate inner-sphere surface complex and a fully or parally solvated carbonate
species which is stabilized by hydrogen bonds and/or electrostac interacons. These surface
structures were found to coexist at near-neutral pH and low ionic strength.
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Using an in situ ATR-FTIR approach, Elzinga and Sparks [2] studied the eﬀects of pH and loading level on the mode of phosphate surface complexaon. Based on systemacal symmetry
consideraons, they found that under most condions, a mixture of diﬀerent inner-sphere
complexes existed at the hemate surface, with the relave importance of these complexes
varying with pH and surface coverage. Comparing IR spectra from experiments using D2O and
H2O, the presence of two diﬀerent monoprotonated phosphate surface complexes was deduced, i.e. a monodentate binuclear inner-sphere complex and a monodentate mononuclear
inner-sphere complex. At the highest pH values, evidence for a third complex interpreted to
be a nonprotonated monodentate mononuclear inner-sphere complex, was found.
In a succession of studies, Swedlund et al. invesgated the formaon of surface structures
of silicate on ferrihydrite using ATR-FTIR spectroscopy [17-19]. Monomeric, oligomeric and
polymeric structures were discriminated based on the posion of the Si-O stretching bands
using mulvariate curve resoluon with alternang least squares (MCR–ALS). Furthermore, a
combinaon of the collected IR spectra with macroscopic adsorpon isotherm data was used
to calibrate a surface complexaon model [17].
Eick et al. [20] studied the eﬀect of silicate polymerizaon on the oxalate promoted dissoluon of goethite using ATR-FTIR spectroscopy. The collected spectra indicated that with increasing Si coverage, the formaon of Si polymers was increased, but the dissoluon rate was
only lile aﬀected. They deduced that the Si polymers forming on the goethite surface grew
away from the surface rather than expanding epitaxially across the surface, which sll allowed
the oxalate promoted dissoluon to go on.
These studies nicely illustrate that ATR-FTIR spectroscopy is a highly sensive and promising
technique to study the sorpon of anions like arsenate, carbonate and silicate on hemate
in situ. Furthermore, the combinaon of IR spectra collected under varying condions with
other experimental informaon such as macroscopic adsorpon data may allow developing
surface complexaon models which can be used to predict the sorpon behavior of anions in
natural systems.
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4.

Compeve sorpon of
carbonate and arsenic to
hemate:
Combined ATR-FTIR and
batch experiments

A slightly modiﬁed version of this chapter was published in Journal of Colloid and Interface
Science:
Brechbühl Y., Elzinga E.J., Christl I., and Kretzschmar R.. Compeve sorpon of carbonate and
arsenic to hemate: Combined ATR-FTIR and batch experiments. J. Colloid Interface Sci. 377:
313-321
(hp://dx.doi.org/10.1016/j.jcis.2012.03.025)
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Abstract
The compe!!ve sorp!on of carbonate and arsenic to hema!te was inves!gated in closedsystem batch experiments. The experimental condi!ons covered a pH range of 3–7, arsenate
concentra!ons of 3–300 µM, and arsenite concentra!ons of 3–200 µM. Dissolved carbonate
concentra!ons were varied by ﬁxing the CO2 par!al pressure at 0.39 (atmospheric), 10, or 100
hPa. Sorp!on data were modeled with a one-site three plane model considering carbonate
and arsenate surface complexes derived from ATR-FTIR spectroscopy analyses. Macroscopic
sorp!on data revealed that in the pH range 3–7, carbonate was a weak compe!tor for both
arsenite and arsenate. The compe!!ve eﬀect of carbonate increased with increasing CO2
par!al pressure and decreasing arsenic concentra!ons. For arsenate, sorp!on was reduced
by carbonate only at slightly acidic to neutral pH values, whereas arsenite sorp!on was decreased across the en!re pH range. ATR-FTIR spectra indicated the predominant forma!on of
bidentate binuclear inner-sphere surface complexes for both sorbed arsenate and carbonate.
Surface complexa!on modeling based on the dominant arsenate and carbonate surface complexes indicated by ATR-FTIR and assuming inner-sphere complexa!on of arsenite successfully
described the macroscopic sorp!on data. Our results imply that in natural arsenic-contaminated systems where iron oxide minerals are important sorbents, dissolved carbonate may
increase aqueous arsenite concentra!ons, but will aﬀect dissolved arsenate concentra!ons
only at neutral to alkaline pH and at very high CO2 par!al pressures.
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4.1 Introducon
The mobility and bioavailability of arsenic (As) in geochemical environments is strongly inﬂuenced by dissoluon/precipitaon [1] and adsorpon/desorpon processes [2, 3], which
control the concentraon of dissolved As in soil and ground water. Oxides and oxyhydroxides
of Fe (herein collecvely called “iron oxides”) are considered to be key sorbents for As under
oxic condions, owing to their ubiquitous abundance, large speciﬁc surface area, and high
sorpon aﬃnity for As [2, 4]. Spectroscopic invesgaons and surface complexaon modeling revealed that both arsenite (As(III)) and arsenate (As(V)), the two major forms of As in
geochemical environments, tend to form inner-sphere surface complexes through ligand exchange with reacve surface hydroxyl groups of iron oxides [5-20]. For arsenate, inner-sphere
bidentate binuclear surface complexes have been idenﬁed on various iron oxide minerals
using synchrotron-based techniques [5, 6, 8, 13, 16, 20]. Addionally, inner-sphere monodentate mononuclear complexes were proposed to form at high surface coverage [8, 20]. Recently, Loring et al. [21] postulated the predominant formaon of inner-sphere monodentate
mononuclear complexes on the surface of goethite, and Catalano et al. [5] found evidence for
substanal outer-sphere sorpon of arsenate on hemate.
In natural sengs, the amounts of As sorbed to iron oxides can be expected to diﬀer markedly from laboratory observaons due to the presence of compeng ions such as phosphate,
which has been shown to compete very eﬀecvely with arsenate [21-23]. Even ions with relavely weak aﬃnity for iron oxide surfaces may become relevant competors if their concentraons are high relave to that of As [24]. Of parcular interest is carbonate, which o!en occurs in rather high concentraons and has been found to reduce anion sorpon by compeng
for binding sites on oxide mineral surfaces [25-27]. Controversial results on the importance of
carbonate in aﬀecng arsenate sorpon have been published, with reported eﬀects ranging
from minor [28, 29] to moderate [30-33] and major [34, 35]. Even a promove eﬀect of carbonate on arsenate sorpon to hemate has been reported [36]. These apparent discrepancies may parally result from diﬀerences in experimental condions, especially the carbonate
concentraons used. Signiﬁcant eﬀects of carbonate on arsenic sorpon were only reported
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in studies applying high carbonate concentraons [30-35]. Model calculaons based on spectroscopic data of carbonate sorbed on goethite [37, 38] indicated that at high CO2(g) paral
pressures, which are common in subsurface environments (PCO2 = 10–100 hPa), carbonate
may have a considerable inﬂuence on the sorpon of other ions including arsenite and arsenate. However, experimental invesgaons of As sorpon to iron oxides over environmentally
relevant ranges of carbonate paral pressures, As concentraons, and pH are sll lacking.
In this study, the compeve eﬀect of carbonate on the sorpon of arsenate and arsenite
to colloidal hemate (α-Fe2O3) was invesgated in closed-system batches. The experiments
covered wide ranges of arsenate and arsenite concentraons (3–300 µM and 3–200 µM, respecvely), pH (3–7), and CO2 paral pressures (0.39–100 hPa). These experimental condions were chosen to cover condions found in diﬀerent surface and subsurface environments
and to clarify under which condions carbonate eﬀects on arsenic sorpon are pronounced
or negligible. The eﬀect of carbonate on arsenic sorpon was described quantavely with a
one-site three plane surface complexaon model based on surface species idenﬁed in independent ATR-FTIR experiments.
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4.2 Materials and methods
4.2.1 Preparaon and characterizaon of hemate
Colloidal hemate was prepared following the procedure of Sugimoto et al. [39]. Brieﬂy, 500
mL of a 2 M FeCl3 soluon was slowly added over the course of 5 min to 500 mL of a propeller-srred 5.4 M NaOH soluon. The resulng gel was aged in ghtly stoppered Pyrex®
glass boles at 101 °C for 8 days. Aer cooling to room temperature, the suspension was
transferred into polypropylene centrifuge boles. The product was repeatedly washed with
doubly deionized (DDI) water (18.2 MΩ cm, MilliQ, Millipore) unl the electrical conducvity
was below 5 μS cm-1 and then re-suspended in DDI water. The ﬁnal stock suspension had a
hemate concentraon of 101.9 ± 0.2 g L-1 and a pH of ~3.5 and was stored in a polypropylene
bole at 4 °C in the dark.
Powder X-ray diﬀracon (XRD) paerns showed all diﬀracon peaks expected for hemate
(Chapter 2). Crystalline or amorphous by-products were not detected by XRD and scanning
electron microscopy (SEM; Chapter 2). The speciﬁc surface area of the hemate was 24 m2
g-1 as determined from a mul-point N2–BET adsorpon isotherm [40] aer outgassing the
sample at 101 °C for 60 min. This value was used to normalize sorbed amounts to surface
area (µmol m-2). The point of zero charge (pHPZC) was 9.3 as determined from the common intersecon point of acid–base traons at diﬀerent ionic strengths (Chapter 2). This is in good
agreement with previously reported pHPZC values for hemate ranging from 8.8 to 9.5 [41-44].
Details of the XRD analyses and acid–base traons are provided as Supplementary material.

4.2.2 Batch sorpon experiments
The sorpon of arsenate and arsenite to hemate was studied in closed-system batch experiments as a funcon of pH and CO2 paral pressure in a 0.01 M NaCl background electrolyte
soluon. The total arsenic concentraon was varied between 3 and 300 µM, and the hemate
concentraon between 0.04 and 1 g L-1. The pH was varied between 3 and 7.5 by addion of
variable amounts of HCl or NaOH. Stock soluons for arsenate and arsenite were prepared
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using Na2HAsO4•7H2O and NaAsO2 salts. All soluons used for the sorpon experiments were
prepared from analycal-grade chemicals (Merck, Sigma-Aldrich) and stored in polyethylene
boles. The 1.0 M NaOH stock soluon was prepared from Titrisol® (Merck) and stored in a
sealed polyethylene bole. The 1.0 M HCl stock soluon was prepared from Titrisol® (Merck)
and stored in a glass bole. All experiments were performed in sealed 120-mL glass vials. Hemate suspensions were equilibrated with CO2 paral pressures of 0.39, 10, or 100 hPa for 90
min prior to arsenic addion, and subsequently for 30 min aer arsenic addion, by purging
the vial headspaces connuously with water-saturated air containing the respecve CO2(g)
paral pressures. Aer sample equilibraon on a horizontal shaker (90 rpm) at 25 °C for 48 h,
the CO2 concentraon in the headspace was measured with gas chromatography (SRI 8640C
equipped with a FID/Methanizer, SRI Instruments). Subsamples of the hemate suspensions
were ﬁltered through 0.2 µm membrane ﬁlters (PERFECT FLOW™, WICOM) and subsequently
analyzed for arsenic using ICP-OES (Vista MPX, Varian) and hydride generaon AFS (Millennium Excalibur, P S Analycal). The pH was immediately measured in ~2.5 mL aliquots of
unﬁltered suspensions using a combined pH-electrode (Metrohm).

4.2.3 ATR-FTIR spectroscopy
The speciaon of carbonate and arsenate sorbed to hemate was invesgated by ATR-FTIR
spectroscopy using a Spectrum One FTIR spectrometer (Perkin Elmer) equipped with a ﬂowthrough cell and a liquid nitrogen-cooled mercury-cadmium-telluride detector. A 500 μL volume of a 10 g L-1 hemate suspension was evenly spread over the 45° horizontal ZnSe ATR
crystal (10 mm x 70 mm) and air-dried overnight to produce a hemate coang on the crystal.
The dried hemate layer (5 mg) was pre-equilibrated with an acidiﬁed 0.01 M NaCl soluon
(pH ~3.5) for at least 12 h under constant purging with N2 in order to remove dissolved and adsorbed carbonate species. Then, the soluon was equilibrated with water-saturated air (PCO2
= 0.39 hPa). The pH of the soluon was varied through small addions of NaOH or HCl and
monitored using a combined pH-electrode (6.0234.100, Metrohm). Infrared (IR) absorbance
spectra were collected with a resoluon of 2 cm-1 and recorded once spectral diﬀerences between two consecuve scans were no longer detectable. Each reported spectrum represents
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an average of 256 single scans and is given as the diﬀerence to the spectrum at the beginning
of the experiment (CO2-free condion). Baseline correcon was performed using MATLAB®
(The MathWorks Inc.) rounes wrien and kindly provided by Stephan Hug (Eawag, Switzerland). In the absence of a hemate coang on the ZnSe crystal, bands of aqueous arsenate
could not be detected at a concentraon of 40 µM. In the presence of hemate, however,
absorpon bands of arsenate were clearly detectable (maximum absorbance ~0.025) and
were thus interpreted as sorbed arsenate, as was previously shown for sulfate [45]. Analogous
consideraons apply for the signals obtained for carbonate.
In addion to the sorpon spectra, ATR-FTIR spectra of dissolved arsenate and carbonate at
diﬀerent pH values were collected as well, using soluons of 50 mM NaH2AsO4 and 100 mM
Na2CO3, respecvely. For each sample, the soluon pH was adjusted to the desired value by
addion of HCl or NaOH, and measured separately in a 15-mL aliquot using a combined pHelectrode (6.0234.100, Metrohm). Infrared spectra with a resoluon of 4 cm-1 were collected
using the same cell as described above, except that the ZnSe ATR crystal was not coated with
hemate. Spectra were collected as the average of 256 single scans, and the IR absorbances
of dissolved arsenate and carbonate were isolated by subtracng the spectrum of deionized
H2O. The IR absorbances of arsenite are weak [46], and therefore, ATR-FTIR spectra were not
collected for arsenite.
Deconvoluon of the IR spectra was performed using the PeakFit so!ware package (Systat
So!ware Inc.). Second-derivave spectra were calculated to determine the number and centroid posions of contribung bands. The experimental spectra were then ﬁed by opmizing the amplitudes and the widths of the Gaussian funcons. A threshold value of 5% with
respect to the maximum signal intensity of each experimental spectrum was imposed, that
is, bands with amplitudes smaller than this threshold value were not included in the opmizaon calculaons. This deconvoluon procedure resolved seven bands for sorbed arsenate
(Table 4.1) and four bands for sorbed carbonate (Table 4.2) for the enre set of recorded ATRFTIR spectra.
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4.2.4 Surface complexaon modeling
All surface complexa!on modeling calcula!ons were performed using the chemical specia!on
so"ware ECOSAT [47] in combina!on with FIT [48]. Acid–base !tra!on and As sorp!on data
were modeled with a 1-pK three plane model with charge distribu!on [49, 50], that is, the surface protona!on was described with a 1-pK approach including two interfacial planes (1-plane
and 2-plane) which are situated between the surface (0-plane) and the bulk solu!on, similar
to the widely used 2-pK triple layer model. Charge distribu!on between the 0-plane (surface)
and 1-plane was assumed for sorbing arsenate, arsenite, and carbonate species according to
Stachowicz et al. [17, 32, 51]. Only one type of reac!ve sites was considered, since it has been
shown that mainly the singly coordinated surface oxygen atoms on the hema!te surface are
involved in the sorp!on of aqueous ions such as arsenate [5, 6], arsenite [52], and carbonate [53]. Interac!ons of background electrolyte ions and charged surfaces were included by
considering ion-pair forma!on of electrolyte ions with oppositely charged surface sites. In a
ﬁrst step, the constants for surface protona!on and ion-pair forma!on, for the capacitances
of the layers between the interfacial planes (0-plane, 1-plane, and 2-plane), and the number
of the speciﬁc density of reac!ve surface sites were op!mized to best describe the acid–base
!tra!on data (see Supplementary material). In a second step, the en!re As sorp!on data set
collected at three diﬀerent CO2 par!al pressures (230 data points) was ﬁ%ed simultaneously
to derive robust model parameters that best describe arsenate and arsenite sorp!on to hema!te in the presence of widely diﬀering carbonate concentra!ons and that are consistent
with the ionic strength-dependent protona!on of the hema!te surfaces.
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4.3 Results and discussion
4.3.1 ATR-FTIR spectra of sorbed arsenate and carbonate

ATR-FTIR spectra of sorbed arsenate
Baseline-corrected ATR-FTIR spectra of arsenate sorbed to hemate at diﬀerent pH values
are presented in Fig. 4.1. The maximum absorbance of the signals increased with decreasing
pH, indicang increased sorpon of arsenate under acidic condions. At pH 8.9, the spectrum
appeared as a broad peak with maximum absorbance near 875 cm-1 and a shoulder near 800
cm-1. The spectrum exhibited a second shoulder with a tailing above 900 cm-1. With decreasing pH, the bands at 875 cm-1 and 834 cm-1 increasingly contributed to the overall absorbance
of sorbed arsenate. At pH 4.28, the band at 875 cm-1 represented the absorbance maximum.
In addion, a weak band at 697 cm-1 emerged with decreasing pH. The spectra of sorbed
arsenate diﬀered markedly from the spectra of dissolved arsenate (Fig. S4.1), but changes in
signal shape occurred at similar pH values. Sorbed arsenate generally exhibited peak maxima
at lower wavenumbers than dissolved arsenate under comparable pH condions.
The increase in absorbance with decreasing pH indicates an increase in the amount of sorbed
arsenate, which is consistent with batch studies examining the pH-dependent sorpon of arsenate on HFO [7, 54], ferrihydrite [55], and goethite [7, 17], respecvely, as well as with the
batch experiments described below. The observed spectral changes with pH indicate pH-driven changes in the speciaon of the sorbed surface species, which are commonly accompanied
by symmetry changes. The IR data indicate that several surface complexes of arsenate coexist
over much of the considered pH range and exhibit overlapping vibraonal modes, which complicates the idenﬁcaon of individual species. To resolve individual bands, the negave annodes were derived from the second-derivave spectra of all experimental spectra, yielding a
consistent set of seven ﬁed band posions (Table 4.1). A correlaon analysis was performed
based on the assumpon that the signals arising from a parcular species scale proporonally. The resulng correlaon matrix is provided as Supplementary material (Table S4.1). Band
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posions were compared with experimental band posions compiled and assigned based
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Figure 4.1 ATR-FTIR spectra of arsenate sorbed to hemate (solid black line) at diﬀerent pH values
in equilibrium with a CO2 paral pressure of 0.39 hPa. The total arsenate concentraon was 40 µM.
The thin lines represent the set of Gaussians used to ﬁt the spectra, and the total ﬁt is represented by
the dashed red line. The ﬁ"ed band posions and their respecve complex assignments are listed in
Table 4.1.

on the literature (see Table 4.1). The vibraonal band at 700 cm-1 increased with decreasing
pH and represents the symmetric stretching vibraon of As-OH in sorbed HAsO42- (νsym,As1-OH).
This assignment is in accordance with previous IR studies invesgang arsenate sorpon on
freshly prepared HFO (νsym,As1-OH at 700 cm-1, [56]) and on goethite (νsym,As1-OH at 719 cm-1, [12]).
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Table 4.1 Overview of the set of ﬁ#ed band posions used to ﬁt the experimental spectra of arsenate sorbed on hemate (Fig. 4.1). The centroid posi!ons were es!mated based on the nega!ve an!node posi!ons of the calculated second deriva!ve spectra. Only the amplitudes and the widths were
varied in the op!miza!on calcula!ons. The Gaussians exhibi!ng rela!ve amplitudes greater than 0.3
are in bold face. The symbol ν refers to symmetric (sym) and asymmetric (asym) stretching vibra!ons,
which are further speciﬁed with the element symbols (e.g. As, O). As1 and As2 represent two diﬀerent
arsenate complexes. The complexes were assigned based on previous studies [12]. Inner-sphere (IS),
outer-sphere (OS) and hydrogen bridged (Hbr) complexes were dis!nguished, in each case protonated
(prot) or deprotonated (deprot).

Centroid posion Assigned vibraonal mode

Assigned complex

References

700 cm-1

νsym,As1-OH

ISprot, Hbr,prot, OSprot

[12], [15], [56], [57]

802 cm-1

νsym,As2-OFe

ISdeprot

[15], [56]

834 cm-1

νsym,As1-OFe

ISprot

[12], [15]

847 cm-1

νsym,As2-O

ISdeprot

[12], [15]

875 cm-1

νsym,As-O(uncomplexed)

ISprot, Hbr, OS (H2AsO4-)

[15], [56], [57]

908 cm-1

νasym,As-O

Hbr, OS (H2AsO4-)

[15], [57]

938 cm-1

νasym,As1-OFe

ISprot

[12], [15]

Correla!on analysis indicated that the intensity of this band is strongly correlated with those
at 834, 875, 908, and 938 cm-1 (Table S4.1). The vibra!onal band at 834 cm-1 is assigned to
the symmetric stretching vibra!on of As-(OFe) (νsym,As1-OFe) with a corresponding asymmetric
stretching vibra!on at 938 cm-1 (νasym,As1-OFe). These bands have been observed previously by
Myneni et al. [15] and Lumsdon et al. [12] for HAsO42- sorbed on goethite, and were in both
studies found to be strongly correlated, and to increase in intensity with decreasing pH. The
signal at 875 cm-1 has also been observed for the surface complexes of arsenate on HFO and
goethite [12, 15], and was assigned by Myneni et al. [15] as the asymmetric stretching vibra!on of As-Ouncomplexed (νasym,As-O), that is, the uncomplexed oxygen in HAsO42- sorbed to the oxide
surface. In our spectra, this band was most intense under acidic condi!ons (pH 4.28), but s!ll
visible as a shoulder at pH 8.9. Based on these assignments, we a$ribute the IR bands at 938,
875, 834, and 700 cm-1 to the presence of an inner-sphere bidentate monoprotonated surface
complex of arsenate.
The band at 908 cm-1 increased with decreasing pH and showed a strong correla!on with
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the previously assigned bands. We aribute this band to the presence of a second arsenate
surface complex. Based on our aqueous reference spectra and previous vibraonal studies
[15, 57], the signal can be aributed to asymmetric stretching vibraons of outer-sphere or
hydrogen-bonded H2AsO4- (νasym,As-O), with a corresponding, substanally less intense symmetric stretching vibraon at 875 cm-1, which is also observed for inner-sphere surface complexes.
The bands at 802 and 847 cm-1 decreased in relave intensity with decreasing pH. The correlaon analysis revealed a correlaon coeﬃcient (R) of 0.97 between these signals, and negave
or very small correlaon coeﬃcients with all other bands aributed to protonated arsenate
species. Therefore, we aribute these two bands to a third type of surface species. Based
on the correlaon analysis and previous IR studies, the bands at 802 cm-1 and 847 cm-1 are
assigned as the symmetric (νsym,As2-OFe) and asymmetric (νasym,As2-OFe) stretching vibraons of As(OFe) of fully deprotonated sorbed AsO43-. The speciaon of sorbed arsenate as derived from
ATR-FTIR spectra implies an increasing degree of protonaon of inner-sphere complexes with
decreasing pH. Thus, the bands at 802 and 847 cm-1 indicate the presence of inner-sphere
bidentate unprotonated arsenate surface complexes, which become increasingly important
with increasing pH.
From the analysis of our ATR-FTIR spectra, we conclude that three diﬀerent surface species
were present under the studied condions: (i) deprotonated and (ii) protonated inner-sphere
bidentate binuclear arsenate complexes (≡(FeO)2AsO2, and ≡(FeO)2AsO2H) and (iii) H-bonded
or outer-sphere H2AsO4-. Based on the relave intensies of the IR bands associated with
these species, the inner-sphere complexes are the most abundant surface species under our
experimental condions, whereas the maximum contribuon of outer-sphere arsenate is esmated at 25% under the range of condions considered. Details on how these esmates were
derived are provided in the Supplementary material.

ATR-FTIR spectra of sorbed carbonate
Selected ATR-FTIR spectra of carbonate sorbed to hemate in the presence of 40 µM arsenate
are presented in Fig. 4.2. A compilaon of all recorded spectra is provided as Supplemen86

tary material (Fig. S4.3 and Fig. S4.4). The sorbed carbonate species are characterized by the
stretching vibraons of (O)-C-O bonds, which are observed in the spectral range between
1700 and 1200 cm-1 and between 1100 and 1000 cm-1 (Table 4.2). These spectral features
clearly diﬀered from those of dissolved carbonate species (Fig. S4.2), indicang that interac-

0.06

pH 8.90

0.03
0.00
pH 7.21

absorbance

0.06
0.03
0.00

pH 5.90

0.06
0.03
0.00
0.06

pH 4.28

0.03
0.00
1650 1500 1350 1200 1050
wavenumber [cm-1]
Figure 4.2 ATR-FTIR spectra of carbonate sorbed to hemate (solid black line) at diﬀerent pH values
in experimental systems with a CO2 paral pressure of 0.39 hPa and a total arsenate concentraon of 40 µM. The thin gray lines represent the set of Gaussians used to ﬁt the spectra. The total ﬁt
is represented by the dashed red line. The ﬁ"ed band posions and their respecve assignments are
listed in Table 4.2.
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ons with the hemate surface change the C-O bond vibraons of the carbonate groups.
In a 100 mM NaHCO3 soluon with pH 10.15, dissolved carbonate (CO32-) prevails and its IR
spectrum (Fig. S4.2) is characterized by a broad peak between 1500 and 1300 cm-1 reﬂecng
the D3h symmetry of CO32- with a doubly degenerate IR-acve ν3 mode. Addionally, the weakly IR-acve non-degenerate, fully symmetric ν1 mode is observed at 1008 cm-1. Protonaon of
dissolved carbonate at lower pH values forming bicarbonate (HCO3-) leads to lower symmetry,
which enhances the ν1 mode and splits the ν3 mode into asymmetric (νC-O,asym) and symmetric
(νC-O,sym) stretching bands.
The spectra of sorbed carbonate species on hemate in the pH range 4.3–8.9 (Fig. 4.2) exhibited two disnct peak maxima at around 1463 and 1357 cm-1, represenng the asymmetric
and symmetric stretching bands, respecvely. A further small peak at 1063 cm-1 was observed
as well and can be assigned to the ν1 mode of sorbed carbonate [53, 58]. The signal at 1636
cm-1 resulted from a bending mode of H2O (δH2O). The distance between the asymmetric and
symmetric peak maxima in the spectra of the carbonate surface complexes varied slightly
with pH, as did the relave intensies of the two peaks (Fig. 4.2), suggesng the coexistence
of diﬀerent carbonate surface species. To idenfy potenally overlapping bands associated
with diﬀerent surface species, the second-derivave procedure described above for the arsenate spectra was also applied to the carbonate data. The analysis indicated the presence
of 6 bands (including the ν1 mode of sorbed carbonate and the bending mode of H2O) which
reproduced the experimental spectra well. A compilaon of the ﬁ!ed band posions is provided in Table 4.2 and the corresponding ﬁts are depicted in Fig. 4.2.
To assess the number of coexisng sorbed carbonate species, a correlaon analysis was performed (Table S4.2), which indicated posive correlaons between the ν1 modes of sorbed
carbonate at 1063 cm-1 with the bands at 1357 cm-1 (R = 0.96), 1463 cm-1 (R = 0.93) and 1522
cm-1 (R = 0.63). The band at 1174 cm-1 was negavely or poorly correlated with all other bands
except with the bending mode of H2O at 1636 cm-1 (R = 0.87), showing an increase in absorbance with decreasing pH. In accordance with Bargar et al. [53], the former band is a!ributed
to surface Fe-O-H bending vibraons.
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Table 4.2 Overview of the set of band posions idenﬁed in the experimental spectra of sorbed CO3
species on hemate (Fig. 4.2). The centroid posions were esmated based on the negave annode
posions of the calculated second derivave spectra and not constrained throughout the opmizaon
calculaons. Only the bands aributed to sorbed carbonate are listed here. The vibraonal modes
were assigned based on calculated correlaons between the obtained band posions. The complex
structures were assigned to inner-sphere bidentate binuclear (ISBB) and inner-sphere monodentate
mononuclear (ISMM) surface complexes based on previous studies (see Table 4.3).

Average centroid posion
and standard deviaon

Assigned vibraonal mode

Assigned complex

1063±4.4cm-1

ν1,tot,sym

ISBB, ISMM

1357±2.3 cm-1

νC-O,sym

ISBB, ISMM

1463±3.5 cm-1

νC-O,asym

ISBB

1522 ±4.5 cm-1

νC-O,asym

ISMM

Analysis of the ATR-FTIR results revealed that sorbed carbonate primarily formed inner-sphere
complexes on the hemate surface. Comparison of our results (Table 4.2) with the theorecal
frequencies of carbonate surface complexes reported in recent DFT studies ([53, 58, 59], Table
4.3) suggests the predominant formaon of bidentate inner-sphere surface complexes exhibing symmetric (νC-O,sym) and asymmetric (νC-O,asym) stretching vibraons at 1357 and 1463 cm-1,
respecvely. A second band pair contribung much less to the overall spectrum occurred at
1357 and 1522 cm-1, and is assigned to the presence of monodentate mononuclear carbonate
species. The strong overlap of the νC-O,sym of the two carbonate surface complexes leads to the
observaon of a single experimental band at 1357 cm-1, consistent with the theorecal results
in Table 4.3, which indicate a separaon of less than 10 cm-1 between the ν3,sym band posions
of bidentate bridging inner-sphere and monodentate mononuclear inner-sphere complexes.
Early IR studies characterizing carbonate sorpon on iron oxide surfaces (e.g., [37, 53, 60, 61])
postulated the formaon of monodentate mononuclear inner-sphere complexes, assigned
based on the energy diﬀerence between the νC-O,asym and νC-O,sym frequency posions (referred
as to Δν3) of carbonate surface complexes. Later work (e.g., [53, 62]) showed that this approach is not unambiguous when applied to carbonate coordinaon at mineral-water interfaces, since the degree of spli$ng not only depends on the mode of coordinaon to metal
caons but also on the type of coordinang metal caon and the corresponding polarizaon
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power, the nature of the addional caon to compensate the negave charge of the carbonate anion, and the presence of H2O by formaon of H-bonds. Experimental results [63] and
density funconal theory (DFT) calculaons [53, 59, 64] revealed that the spling of the νCO,asym

and νC-O,sym bands of sorbed carbonate decreased markedly in the presence of water.

Table 4.3 Compila!on of theore!cal band posi!ons for diﬀerent carbonate complexes on the hema!te surface. All calculaons were performed including H2O molecules in the model.

Sorbed Carbonate
Structure
Inner-sphere bidentate
binuclear complex
(ISBB)

Inner-sphere bidentate
mononuclear complex
(ISBM)
Inner-sphere monodentate
mononuclear complex
(ISMM)
a)
b)

ν1,tot,sym

ν3,sym

ν3,asym

Ref.

n.a.

1329 – 1339a)

1524 – 1529a)

[53]

1063

1364

1497

[59]

1036

1347

1445

[58]

n.a.

1182

1708

[53]

999 – 1038

1218 – 1324

1609 – 1530

[58]

n.a.

~1370

~1520

[59]

1055

1360b)

1523b)

[58]

the resulng vibraons slightly change with a diﬀering number of H2O molecules in the model
complex including a co-sorbed hydronium ion

In the ﬁrst study combining FTIR spectroscopy with DFT calculaons [53], it was concluded
that carbonate mainly sorbed to hemate through the formaon of outer-sphere complexes.
In the present study, similar spectra of sorbed carbonate were obtained over the enre pH
range considered (Figure 4.2). Even at pH 4.28, where the oxide surface is mainly posively
charged and carbonate is predominantly present as H2CO3* (i.e., CO2 (aq) + H2CO3) [24], the
same bands were obtained as at high pH. This implies that the carbonate surface complexes
are more likely stabilized by covalent bonds than by outer-sphere complexes, poinng to the
existence of inner-sphere complexes. This interpretaon is consistent with a study of Ponnurangam et al. [58] who found that the same bands also occurred at pH 11, which is markedly
above the PZC of hemate. For these reasons, a signiﬁcant contribuon of outer-sphere com-
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plexes to the obtained spectra can be ruled out.

4.3.2 Macroscopic sorpon experiments
The sorp!on of arsenate and arsenite as a func!on of pH and CO2 par!al pressure is presented
in Fig. 4.3. At pH 3.0, the frac!on of sorbed arsenate was close to unity, corresponding to a
surface coverage of about 3.1 μmol m-2. With increasing pH, the frac!on of sorbed arsenate
decreased, in agreement with previous studies on arsenate sorp!on to HFO [7, 54], ferrihydrite [55], and goethite [7, 17]. Decreased arsenate sorp!on with increasing pH is also consistent with our ATR-FTIR spectra, which exhibit reduced intensity of As-O stretching vibra!ons
with increasing pH (Fig. 4.1).
Results from the ternary (compe!!ve) experiment show that in the experiments with 30 µM
total As (Fig. 4.3a), arsenate sorp!on remained unchanged when PCO2 was increased from
0.39 hPa (atmospheric) to 10 hPa. Only at PCO2 = 100 hPa and pH > 4, arsenate sorp!on to hema!te was slightly reduced by compe!!on from carbonate. For example, 16% less arsenate
was sorbed at pH 7 and PCO2 = 100 hPa compared to atmospheric CO2 par!al pressure. Similar
results were obtained at 3 µM total As (Fig. 4.3c), but the eﬀect of carbonate on the frac!on
of arsenate sorbed was more pronounced.
The fact that arsenate sorp!on to hema!te was reduced only at very high PCO2 values corresponding to high dissolved carbonate concentra!ons (Fig. 4.3) indicates that arsenate has a
much higher aﬃnity for the hema!te surface than does carbonate. As a result, high carbonate
to arsenate ra!os in solu!on are required to induce signiﬁcant reduc!on of arsenate sorp!on.
Eﬀects of carbonate on arsenate sorp!on are expected to become increasingly pronounced
at lower arsenate concentra!ons and at higher carbonate concentra!ons. Therefore, factors
determining dissolved carbonate concentra!ons, such as PCO2 and pH, are important controls
of carbonate eﬀects on arsenate sorp!on. Assuming that the eﬀect of carbonate on arsenate
sorp!on to other iron oxide minerals is similar to the eﬀects observed here for hema!te, reduc!on of arsenate sorp!on due to the presence of carbonate is expected to be minor. In natural systems such as soils, CO2 par!al pressures are typically well above atmospheric levels,
91

fraction of As sorbed

Chapter 4

1.0

a)

As(V)tot = 30µM

1.0

b)

As(III)tot = 30µM

0.8

0.8

0.6

0.6
0.39 hPa CO2
10 hPa CO2
100 hPa CO2
- - - 1-pK TPM

0.4
0.2

0.4
0.2
0.0

0.0
3

4

5
pH

c)

6

As(V)tot = 3µM

fraction of As sorbed

1.0

3

7
1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

4

5
pH

d)

6

7

As(III)tot = 3µM

0.0

0.0
3

4

5
pH

6

7

3

4

5
pH

6

7

Figure 4.3 Sorpon of arsenate and arsenite to hemate in 0.01 M NaCl background electrolyte as a
funcon of pH and CO2 paral pressure. The total As and hemate concentraons were: (a, b) 30 μM
in 0.4 g L-1 hemate, or (c, d) 3 µM in 0.04 g L-1 hemate, respecvely. Symbols represent experimental
data points and dashed lines the best ﬁt with a 1-pK three plane model (1-pK TPM). Model parameters
are given in Table 4.4.

and PCO2 levels above 10 hPa can be reached in biologically acve soil horizons [65, 66]. Soil
temperature, soil water content, and soil depth were found to be key factors controlling the
local CO2 paral pressure in soils [67, 68]. In some environments, e.g., groundwater in limestone formaons, CO2 paral pressures can reach 100 to 200 hPa at circumneutral pH [69, 70].
Peak CO2 paral pressures of up to 200–800 hPa were reported for ﬂooded soils 1–3 weeks
aer submergence [71]. Such temporarily extreme values have been also found in paddy soils
[72]. Arsenic contaminaon of paddy soils is known to be a major issue in Bangladesh, West
Bengal and several regions in Southeast Asia [2]. In contaminated paddy soils, arsenic has
been reported to be primarily sorbed to iron phases [73, 74]. Based on the eﬀect of CO2 on
arsenate sorpon to hemate observed in this study, the extreme CO2 paral pressures typically found in paddy soils may be relevant for the mobilizaon of arsenate from contaminated
soils with circumneutral pH values.
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In contrast to arsenate, arsenite sorpon increased with increasing pH (Fig. 4.3b and d), which
is consistent with earlier studies on arsenite sorpon to HFO [7, 54, 75], ferrihydrite [55], and
goethite [7, 17] and reﬂects the fact that the pH corresponding to the maximum of an anion
sorpon envelope is expected to be close the pKa of the conjugate acid (2.2 for arsenic acid
and 9.3 for arsenious acid). At atmospheric CO2 paral pressure (PCO2 = 0.39 hPa), arsenite was
less strongly sorbed than arsenate under acidic condions, but more strongly sorbed at near
neutral to alkaline condions. The increase in CO2 paral pressure to 100 hPa led to a substanal reducon of arsenite sorpon in the enre pH range invesgated. The magnitude of this
decrease increased with decreasing arsenite concentraon and increasing pH, and amounted
to a 50% reducon in arsenite sorpon at pH 7 and total arsenite concentraon of 3 µM (Fig.
4.3d). These results clearly demonstrate that the eﬀect of dissolved carbonate species on the
sorpon of arsenite was substanally more pronounced compared with the impact on arsenate sorpon. Arsenite sorpon to hemate may be aﬀected by carbonate to a greater extent
than arsenate sorpon mainly because of diﬀerences in the pH dependence of sorpon reacons and because of the pH-dependent formaon of dissolved carbonate. The maximum of
arsenite sorpon occurs in the alkaline pH range where considerably more carbonate is dissolved at a given CO2 paral pressure than under acidic condions where arsenate sorpon
reached a maximum.

4.3.3 Surface complexaon modeling
Based on our ATR-FTIR results and previous studies on the surface speciaon of arsenate,
arsenite, and carbonate, the compeve sorpon of arsenate, arsenite and carbonate was
modeled with a 1-pK three plane surface complexaon model with charge distribuon to
quantavely describe the eﬀects of pH and PCO2 on arsenate and arsenite sorpon to hemate. Surface complexaon reacons and ﬁ"ed surface complex formaon constants are
summarized in Table 4.4. The ATR-FTIR spectra indicated that protonated and deprotonated
bidentate bridging inner-sphere arsenate surface complexes dominate the arsenate surface
speciaon, with the addional presence of a much smaller fracon (<25%) of outer-sphere
H2AsO4-. Consistent with these spectroscopic ﬁndings, the surface complexaon ﬁ#ng results
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indicated that the eﬀects of pH and PCO2 on arsenate sorpon data (Fig. 4.3) were described
well with a combinaon of deprotonated and protonated bidentate inner-sphere arsenate
surface complexes deﬁned as follows:
2 ≡FeOH-1/2 + 2 H+ + AsO43- = ≡(FeO)2-1+Δz0AsO2Δz1 + 2 H2O

(1)

with Δz0 + Δz1 = -1 (i.e. the sum of charge equals the sum of charges added by the adsorpon
of AsO43- and two H+), and
2 ≡FeOH-1/2 + 3 H+ + AsO43- = ≡(FeO)2-1+Δz0AsO2HΔz1 + 2 H2O

(2)

with Δz0 + Δz1 = 0.
An addionally assumed outer-sphere arsenate surface complex was found not to contribute
quantavely to arsenate sorpon and is therefore omied here.
In previous surface complexaon modeling studies (e.g. [17, 32, 51]), an addional protonated monodentate mononuclear complex was needed to be included to explain the sorpon
of arsenate onto goethite at high surface coverages (≥1.7 µmol m-2). Although our arsenate
sorpon data for hemate covered high surface loadings (up to 3.1 µmol m-2), the model calculaons showed that monodentate surface complexes were not required to explain the pH
dependence of arsenate sorpon (Fig. 4.3). Including an outer-sphere arsenate complex into
the model did not improve the model ﬁt, and the ﬁed contribuon of outer-sphere H2AsO4complexes was consistently less than 1% of the total sorbed arsenate. This apparent discrepancy between surface complexaon modeling and ATR-FTIR results may indicate that sorbed
outer-sphere H2AsO4- is stabilized by formaon of H-bonds with surface hydroxyl groups and
interfacial water molecules as proposed by Catalano et al. [5].
Arsenite has been reported to form predominantly bidentate inner-sphere surface complexes
on goethite based on X-ray absorpon spectroscopic data (e.g. [14, 76]). Accordingly, for our
surface complexaon models we assumed that arsenite predominantly sorbs as bidentate
inner-sphere complexes on the hemate surface as well. The eﬀects of pH and PCO2 on arsenite
sorpon to hemate were described well with the three plane model assuming monodentate
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Table 4.4 Deﬁnion of the surface species of H+, Na+, Cl-, arsenate, arsenite, and carbonate in the
sorpon reacons. The distribuon of charges added to the surface upon sorpon is indicated by
the values of Δz0 (charge added to 0-plane) and Δz1 (charge added to 1-plane). The capacitance C1 of
the inner Stern layer (between 0-plane and 1-plane) is 1.17 Fm-2 and the capacitance C2 of the outer
Stern layer (between 1-plane and 2-plane) is 1.13 Fm-2. The speciﬁc density of reacve surface sites
(≡FeOH) is 12 sites nm-2. The values of both capacitances and the speciﬁc surface site density were
determined by ﬁ#ng the acid–base traon data (see Supplementary material). The complex formaon constants for surface complexes of arsenate, arsenite, and carbonate were ﬁed simultaneously
(R2 = 0.983, n = 230).

a

ﬁed based on acid–base traon data
from [17]
c
from [32]
d
from [62]
e
ﬁed based on the assumpon that the reducon in sorbed arsenate is due to compeon with carbonate species
b

and bidentate inner-sphere surfaces complexes (Fig. 4.3) based on the following reacons:
2 ≡FeOH-1/2 + 1 H+ + H2AsO3- = ≡(FeO)2-1+Δz0AsOHΔz1 + 2 H2O

(3)

with Δz0 + Δz1 = 0, and
1 ≡FeOH-1/2 + H+ + H2AsO3- = ≡(FeO)-1/2+Δz0As(OH)2Δz1 + H2O

(4)

with Δz0 + Δz1 = 0.
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As for arsenate, outer-sphere complexes were not required to quantavely describe the
experimental data. These modeling results are consistent with the formaon of inner-sphere
complexes of arsenite on hemate, similar to the arsenite sorpon complexes formed on goethite as reported by Manning et al. [14].
Our ATR-FTIR results indicate that carbonate forms a combinaon of inner-sphere bidentate
bridging and monodentate mononuclear sorpon complexes on the hemate surface. Therefore, the following two surface complexaon reacons were considered for carbonate sorpon to hemate:
2 ≡FeOH-1/2 + 2 H+ + CO32- = ≡(FeO)2-1+Δz0COΔz1 + 2 H2O

(5)

with Δz0 + Δz1 = 0, and
1 ≡FeOH-1/2 + 1 H+ + CO32- = ≡(FeO)-1+Δz0CO2Δz1 + 1 H2O

(6)

with Δz0 + Δz1 = -1.
Surface complexaon calculaons with the three plane model revealed that the eﬀect of carbonate on both arsenite and arsenate sorpon on the hemate surface was well described
with the carbonate surface complexes derived from ATR-FTIR analyses. The model calculaons based on the best ﬁt revealed that carbonate mainly formed bidentate binuclear innersphere surface complexes with an addional small contribuon from monodentate mononuclear inner-sphere complexes (Fig. 4.4), which is in line with the ATR-FTIR spectroscopic
results. Model calculaons assuming only outer-sphere carbonate surface complexes failed
to adequately describe the observed sorpon compeon of carbonate with arsenate and
arsenite (Fig. S4.10). While Bargar et al. [53] postulated that carbonate predominantly formed
outer-sphere surfaces species, the interpretaon of our ATR-FTIR data and the results of surface complexaon modeling strongly supported the formaon of inner-sphere carbonate
complexes, as also proposed in two recent studies [58, 59].
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Figure 4.4 Surface speciaon of arsenate, arsenite, and carbonate sorbed to hemate as a funcon
of pH and CO2 paral pressure as calculated with a 1-pK three plane model using the opmized
model parameters given in Table 4.4. The model calculaons include inner-sphere bidentate binuclear (ISBB) and inner-sphere monodentate mononuclear (ISMM) surface complexes for arsenite and
carbonate, and protonated and deprotonated inner-sphere bidentate binuclear (ISBB) surfaces complexes for arsenate. The surface speciaon is shown for (a) 3 µM As(V)total at PCO2 = 0.39 hPa, (b) 3
µM As(III)total at PCO2 = 0.39 hPa, (c) 3 µM As(V)total at PCO2 = 100 hPa, and (d) 3 µM As(III)total at PCO2
= 100 hPa. The hemate concentraon and the NaCl background electrolyte concentraon were 0.04
g L-1 and 0.1 M in all calculaons. Total amounts of sorbed arsenate (a, c) and sorbed arsenite (b, d)
correspond to calculaons shown in Fig. 4.3c and Fig. 4.3d, respecvely.
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4.4 Conclusions
The combined spectroscopic, macroscopic, and modeling results presented here suggest that carbonate predominantly forms bidentate inner-sphere surface complexes on hema!te. Compared to arsenate and arsenite, which form strong inner-sphere surface complexes,
the aﬃnity of carbonate for the surface of hema!te is considerably lower. Therefore, carbonate does not signiﬁcantly inﬂuence arsenate and arsenite sorp!on on hema!te when present
at concentra!ons typical of acidic to neutral waters in equilibrium with atmospheric PCO2 levels. The weak compe!!veness of carbonate may be compensated for if dissolved carbonate
concentra!ons are strongly elevated rela!ve to the dissolved arsenic concentra!ons. Consequently, eﬀects of carbonate on arsenic sorp!on may become relevant in neutral to alkaline
systems with PCO2 levels higher than 10 hPa. Arsenite sorp!on is expected to be aﬀected by
carbonate more strongly than arsenate sorp!on in these systems, since the pH dependence
of arsenite sorp!on parallels the pH-dependent forma!on of dissolved carbonate below pH 8.
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Abstract
Iron oxides and oxyhydroxides are important sorbents for arsenic in soils, sediments, and water treatment systems, but their long-term poten!al for arsenic reten!on may be diminished
by the forma!on of polymeric silicate on their surfaces. To study these interac!ons, we ﬁrst
inves!gated the sorp!on of silicate to colloidal hema!te (α-Fe2O3) in short-term (48 h) and
long-term (210 d) batch experiments. The polymeriza!on of silicate on the hema!te surface
was monitored by ATR-FTIR spectroscopy. The pH-dependence of silicate sorp!on exhibited
a maximum between pH 9.0 and 9.5. The condensa!on of silicate on hema!te surfaces adsorbed from monomeric silicate solu!ons steadily con!nued over the 210 d period, whereby
surface polymeriza!on was slower at pH 3 than at pH 6. The eﬀect of silicate surface polymeriza!on on arsenate and arsenite sorp!on was studied using hema!te pre-equilibrated with
silicate for diﬀerent !me periods of up to 210 d. The compe!!ve eﬀect of silicate on arsenate
and arsenite sorp!on increased with increasing silicate pre-equilibra!on !me. Only under
strongly acidic condi!ons (pH 3), where silicate sorp!on was weakest and surface polymeriza!on was slowest, arsenate and arsenite sorp!on was not aﬀected by the presence of silicate.
We conclude that the long-term exposure to dissolved silicate can decrease the poten!al of
natural iron (oxyhydr)oxides for adsorbing inorganic arsenic.
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5.1 Introducon
Sorpon and desorpon processes of arsenate and arsenite at mineral surfaces exert a key
control on the dissolved concentraons of arsenic (As) in natural waters, including surface
waters, groundwater, soil pore water, acid mine drainage, and hydrothermal springs [1, 2].
Secondary oxides and oxyhydroxides of iron (Fe) (herein collecvely referred to as iron oxides)
are among the most important sorbent phases for As because of their widespread abundance, large speciﬁc surface area, and high aﬃnity for As sorpon [2, 3]. For the same reasons, iron oxides are also widely used as sorbents for As removal in water treatment systems
[4]. The sorpon of As to iron oxides including goethite, hemate, ferrihydrite, and magnete
has been extensively studied during the past decades [5-10]. Arsenate and arsenite exhibit a
contrasng sorpon behavior at iron oxide surfaces. Arsenate, the dominang As species in
oxic environments, is most strongly sorbed under acidic condions and sorpon decreases
with increasing pH, similar to the sorpon behavior of phosphate [5, 11]. Arsenite, the dominang As species in reducing environments, is sorbed most strongly at neutral to alkaline pH,
and sorpon of arsenite can even exceed that of arsenate under these pH condions if the As
concentraon is high [7, 10]. At low concentraons, however, arsenite is sorbed less strongly
than arsenate [12] and it is therefore considered to be more mobile in most environments.
Both As species were reported to form predominantly bidentate inner-sphere complexes on
the surfaces of various iron oxide minerals [8, 13, 14] However, also monodentate surface
complexes and outer-sphere or H-bonded surface complexes have recently been detected by
spectroscopic techniques [6, 15]. Several authors have reported surface complexaon models
quantavely describing the sorpon behavior or arsenate and arsenite to various iron oxide
minerals as a funcon of As concentraon, pH, and ionic strength [16-18]
In natural environments and also in engineered water treatment systems, compeng oxyanions and/or dissolved organic maer (DOM) can modify the sorpon behavior of As to iron
oxides. Well-studied examples include the sorpon compeon of arsenate and arsenite with
phosphate and carbonate, respecvely [11, 16, 17, 19, 20] These compeve eﬀects can also
be quantavely described with carefully calibrated surface complexaon models [19-21].
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Another potenal competor for As sorpon is dissolved silicon (Si), which poses addional
challenges. The sorpon kinecs of Si is considerably slower than the sorpon kinecs of arsenate and arsenite, for which an equilibrium-like state is reached within a few hours. Therefore,
longer equilibraon mes were used in most studies on Si sorpon. An equilibraon me of
40 h, for instance, was used by Luxton et al. [22] invesgang the pH-dependent Si sorpon
to goethite at Si concentraons of 0.1, 0.5, and 1.00 mM. In a subsequent study focusing on
sorpon kinecs, Luxton et al. [23] followed Si sorpon to goethite during about 60 h and
assumed a steady state aer this me based on the minimal changes in dissolved Si concentraons aer 30 hours. However, in experiments on the me-dependent sorpon of 0.14 and
0.71 mM total Si to ferrihydrite, equilibrium was not established even aer 480 h, implying
that the number of reacve surface sites and micro-porosity may be important parameters
determining the sorpon kinecs of silicate [24]. Similar results were reported by Swedlund et
al., who studied Si sorpon to ferrihydrite in batch experiments during 200 h and later using
ATR-FTIR spectroscopy during up to 7 d without reaching sorpon equilibrium [25, 26].
In several studies, the slow sorpon behavior of silicate was related to the formaon of polymeric structures on the surface of iron oxides [23, 25, 27]. Dissolved silicon in natural waters
can be present as monomeric silicic acid (H4SiO4), but it can also form polymeric Si species
depending on pH, Si concentraon, ionic strength, and other factors. In a series of studies on
Si sorpon to ferrihydrite using ATR-FTIR spectroscopy, Swedlund et al. [25, 28-30] detected
the formaon of monomeric, oligomeric, and polymeric Si surface structures based on the
posion of the Si–O stretching bands using mulvariate curve resoluon with alternang least
squares (MCR–ALS) and they showed that the fracon of Si surface oligomers and polymers
steadily increased with increasing reacon me and Si surface loading.
Only a few studies have addressed the sorpon compeon between silicate and arsenate or
arsenite on iron oxide surfaces and the inﬂuence of slow surface polymerizaon of Si. Considering the diﬀerences in the sorpon and polymerizaon behavior of Si and As, the sorpon
compeon between both elements is expected to be strongly inﬂuenced by kinecs. Clear Si
concentraon-dependent eﬀects were observed for the sorpon of 53 µM arsenate or arsen-
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ite to ferrihydrite in compeve experiments with simultaneous addions of Si and As [26].
At a total Si concentraon of 0.1 mM, the pH-dependent sorpon of arsenite was unaﬀected
by the presence of Si, and the sorpon of arsenate was decreased only at pH values above
8. When Si concentraons were increased to 1.8 mM, arsenite sorpon was reduced by at
least one third, regardless of the pH in soluon, and arsenate sorpon was already decreased
at pH values greater than 6.26 In compeve experiments, where arsenite and silicate were
sequenally added to goethite suspensions, a pronounced mobilizaon of arsenite by 1 mM
Si was observed between pH 3 and 11 aer 54 to 90 h, irrespecve of the order of sorbate addion, which implied that the total coverage of surface sites by sorbates was the determining
factor for sorpon in this study covering relavely short reacon mes [22]. Pre-equilibraon
of goethite surfaces with Si for 60 h was shown to retard the equilibrium for arsenate and
arsenite sorpon at pH 4–8 [31]. In natural environments, reacve iron oxide surfaces are
always exposed to dissolved Si, being ubiquitously present, for much longer periods of me.
A long pre-equilibraon me with dissolved Si might considerably alter the surface conﬁguraon of sorbed Si favoring oligomeric and polymeric Si surfaces structures, which may in turn
reduce the reacvity of iron minerals for arsenic sorpon. Experimental evidence for this hypothesis, however, has not yet been presented.
The objecves of this study were to (i) invesgate the sorpon and slow polymerizaon of Si
on the surfaces of colloidal hemate parcles, and (ii) study the inﬂuence of Si sorpon and
slow surface polymerizaon on the subsequent sorpon of arsenate and arsenite, respecvely. To address these objecves, the sorpon of Si to hemate and its eﬀects on As sorpon
were studied both in short-term experiments with simultaneous and sequenal addion of
Si and As, and in long-term batch experiments, in which hemate was pre-equilibrated with
monomeric Si-soluons for up to 210 days before As addion. The degree of Si polymerizaon
on the hemate surfaces was evaluated qualitavely by ATR-FTIR spectroscopy.
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5.2 Materials and methods
5.2.1 Synthesis of hemate
Colloidal hema!te (α-Fe2O3) was prepared from a highly condensed ferric hydroxide gel following a method of Sugimoto et al. [32]. Details on the synthesis and characteriza!on of
the hema!te were reported previously [19]. The speciﬁc surface area determined with a
mul!point N2–BET method [33] was 24 m2 g-1 and the point of zero charge (pHPZC) obtained by
poten!ometric acid–base !tra!ons at diﬀerent ionic strengths (in NaCl) was 9.3 [19]. Powder
X-ray diﬀrac!on (XRD) conﬁrmed the structure of hema!te without indica!on of any crystalline byproduct and also poorly crystalline byproducts were not detected by dark ﬁeld and
bright ﬁeld scanning transmission electron microscopy [19]. A$er repeated washing with doubly deionized (DDI) water (18.2 MΩcm, MilliQ, Millipore), the resul!ng stock suspension with
a hema!te concentra!on of 101.9 ±0.2 g L-1 and a pH value of 3.5 was stored in a polypropylene bo&le at 4 °C in the dark.
5.2.2 Reagent soluons.
The NaOH, HCl (both 1.0 M), and silicate (35.6 mM, 1000 ppm) stock solu!ons were prepared
from Titrisol® (Merck) and DDI water. All other stock solu!ons were prepared from analy!cal
grade chemicals (Merck) and DDI water. Stock solu!ons for arsenate and arsenite in the following referred to as As(V) and As(III), respec!vely, were prepared using Na2HAsO4•7H2O and
NaAsO2 salts. All solu!ons were stored in sealed polypropylene bo&les to exclude contamina!on with Si.

5.2.3 Quanﬁcaon of dissolved monomeric silicate.
The quan!ﬁca!on of dissolved monomeric silicate was performed using a spectrophotometric
method (DIN 38 405, part 21) [34]. In brief, 0.1 mL of a silicate containing sample was reacted
with heptamolybdate and subsequently reduced to a molybdenum blue complex, which was
detected at a wavelength of 810 nm with a spectrophotometer (Cary WinUV 50 Bio, Varian).
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5.2.4 Adsorpon experiments.
Short-term and long-term batch experiments were performed to study the sorpon of silicate to hemate and its inﬂuence on the sorpon of As(V) and As(III). All suspensions were
prepared in polypropylene ﬂasks, dispersed during 10 min in an ultrasonic bath (VWR), and
vigorously shaken before use. The short-term experiments were performed in 10 mL polypropylene test tubes, while the long-term studies were carried out in 1 L polypropylene boles.
The suspension pH was monitored and readjusted by adding NaOH or HCl. The samples were
equilibrated during up to 210 d at 25 °C in the dark on a reciprocal shaker. Following the equilibraon, the ﬁnal pH was measured in a 1 mL aliquot of the suspension with a combined pH
electrode (6.0234.100, Metrohm), while the remaining sample was ﬁltered through 0.2 µm
nylon membranes (PERFECT-FLOW®, WICOM). The ﬁltered soluons were analyzed for Si using ICP-OES (Vista MPX, Varian) and As using ICP-OES and GF-AAS (AA240Z, Varian). Concentraons of Fe in ﬁltered samples were below the limit of determinaon using ICP-OES.
Sorpon behavior of Si.
The sorpon of silicate to hemate as a funcon of total Si concentraon and pH was studied
in short-term batch experiments with an equilibraon me of 48 h. The total Si concentraon
was varied between 0.04 and 10.7 mM, and the hemate concentraon between 0.4 and 10
g L-1. The pH was varied from 2 to 12 by addion of HCl or NaOH. A!er pH measurement, the
ﬁltered samples were analyzed for Si.
The long-term sorpon behavior of silicate to hemate was invesgated over a period of 210
d using 1 L batches, from which aliquots were consecuvely withdrawn for ATR-FTIR analysis
and performance of compeve sorpon experiments (see below). Two hemate suspensions (2 g L-1) were adjusted to pH 3 and 6, respecvely, and spiked with silicate to reach a
total Si concentraon of 0.71 mM. Because silicic acid tends to form polymers at concentraons above 2.7 mM [35], the following protocol was applied: First, 21.12 g aliquots of ultrasonicated and vigorously shaken hemate stock suspension were transferred into 1 L boles
and 5 mL of a 2 M NaCl soluon were added. Subsequently, 900 mL of a 0.8 mM silicate solu-
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on adjusted to pH 3 and 6, respecvely, were admixed and ﬁlled to a total volume of 1000
mL by addion of DDI water. The boles were sealed and connuously shaken on a reciprocal
shaker at room temperature in the dark. The suspension pH was monitored and held constant
by addion of NaOH or HCl. Aer deﬁned periods, aliquots of 40 mL were withdrawn from
the well-srred suspensions, transferred to PPE tubes, and centrifuged at 3500 rpm (3300 g)
for 30 min (Mistral 6000). 20 mL of the supernatant were ﬁltered through 0.2 µm membrane
ﬁlters (PERFECT FLOW®, WICOM) and analyzed for dissolved Si. The remaining supernatant
was discarded and the sediment paste was immediately analyzed for the speciaon of sorbed
silicate using ATR-FTIR spectroscopy. Spectra of the freshly prepared hemate pastes were
collected using a Spectrum One FTIR spectrometer (Perkin Elmer), equipped with a diamond
ATR Golden Gate sampling accessory (Perkin Elmer, three internal reﬂecons) with ZnSe lenses and a liquid N2-cooled Mercury-Cadmium-Telluride (MCT) detector. Spectra were recorded
between 450 cm-1 and 1800 cm-1 with a resoluon of 4 cm-1. The reported spectra represent
an average of 64 single scans and are given as the diﬀerence to the spectrum at the beginning of the experiment (Si-free condion). The resulng diﬀerence spectra were background
corrected applying a mulpoint algorithm (Spectrum, Perkin Elmer). In brief, polynomial background funcons were calculated based on 6–8 reference points, which were situated outside
the spectral region of interest as determined by analysis of the second derivave spectra using a 19 point Savitzki-Golay algorithm (see Supporng Informaon).
Eﬀect of Si on the orpon of As(V) and As(III).
The inﬂuence of Si on the sorpon of As(V) and As(III) was studied both in short-term and
long-term experiments to evaluate the eﬀects of slow Si surface polymerizaon. In the shortterm experiments, a ﬁrst series of hemate suspensions (0.4 g L-1) was equilibrated for 48
h with As(V) or As(III). In a second series, Si and As(V) or As(III) were added simultaneously
to hemate and equilibrated for 48 h, and a third series was ﬁrst equilibrated for 48 h with
Si only, then spiked with As(V) or As(III) and equilibrated for another 48 h prior to analysis
of dissolved Si and As. For comparison, Si sorpon to hemate in the absence of As(V) and
As(III) was invesgated in an addional series using an equilibraon me of 48 h. The pH of
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the hemate suspensions was adjusted to values between 2 and 12 by addion of NaOH or
HCl. In all series, the total As(V) and total As(III) concentraon was 30 μM and a 10 mM NaCl
background electrolyte was used. The total Si concentraon was 0.107 mM in the compeve systems as well as in the series without arsenic. All samples were equilibrated at 25 °C in
the dark on a reciprocal shaker. Aer equilibraon, the pH was determined in suspension and
ﬁltered soluons were analyzed for Si and As as described above.
In the long-term experiment, Si was allowed to equilibrate with hemate up to 210 d at pH 3
and 6 (see above). At the same mes when samples were withdrawn to study the long-term
sorpon behavior of Si, addional 9.91 mL subsamples were taken and spiked with 90 µL As
(V) or As(III) soluons containing either 13.35 mM or 6.68 mM As to invesgate the eﬀect
of pre-sorbed Si on the sorpon of As. All samples were prepared as duplicates. Aer As addion, samples were equilibrated for 48 h prior to pH measurements and analysis of As in
ﬁltrates.
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5.3 Results and discussion
5.3.1 Short-term sorpon of silicate.
The pH-dependent sorp!on behavior of Si in the short-term (48 h) equilibra!on experiments
is presented in Figure 5.1a. The sorp!on of Si to hema!te exhibited a sorp!on maximum
at pH 9.0 to 9.5 for all total Si concentra!ons inves!gated. A sorp!on maximum close to
the pKa1 of the conjugate acid (9.8 for silicic acid) is characteris!c for the sorp!on behavior
of oxyanions and the observed maximum also is in agreement with previous studies on Si
sorp!on to ferrihydrite [26], goethite [22, 36, 37] and hema!te [37, 38]. Figure 5.1b shows
sorp!on isotherms at pH 3, 6, and 9 covering a wide range of dissolved Si concentra!ons. At
dissolved Si concentra!ons below 2.7 mM, Si sorp!on increases with increasing Si concentra!on but the slopes of the isotherms tend to decrease with increasing Si concentra!ons for all
pH values, reﬂec!ng the progressive satura!on of the hema!te surfaces with Si. At dissolved
Si concentra!ons above 2.7 mM (gray area in Fig. 5.1b), however, the slopes of the isotherms
strongly increased again. For Si concentra!ons greater than 2.7 mM, dissolved Si polymers are
expected regardless of the pH [35] whereas monomeric silicate dominates at pH below 9 and
dissolved concentra!ons below 1 mM [39], i.e., at concentra!ons clearly below the solubility limit of amorphous SiO2 [40]. Measurements of monomeric silicate in solu!ons without
hema!te at pH 3, 6, and 9 indicated that 80.4 ±1.6 % of Si was monomeric silicate at total Si
concentra!ons of 3.56 mM, while at total Si concentra!ons of 0.71 mM or less, virtually all
dissolved Si was monomeric silicate, even a#er 210 d (99.2 ±0.6 % at pH 3 and 100.3 ±0.7 %
at pH 6). This ﬁnding indicates that Si sorp!on data shown in Figure 5.1 represent sorp!on of
monomeric silicate to hema!te for concentra!ons below 1 mM Si. At higher Si concentra!ons,
sorbed Si may also represent sorp!on of polymers from solu!on leading to an increased slope
of sorp!on isotherms under condi!ons favorable for the presence of dissolved Si polymers.
Addi!onally, the increase of isotherms slope may also be caused by Si surface polymeriza!on,
which is expected to be enhanced at high Si surface loadings [22, 23, 26, 29, 41-43]. Based on
macroscopic results only, it is not possible to evaluate the quan!ta!ve contribu!on of either
process to the increased sorp!on at dissolved Si concentra!ons above 2.7 mM.
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Figure 5.1 Short-term sorpon of Si to hemate as a funcon of pH and total Si concentraon.
Sorpon data shown were derived from batch experiments equilibrated at 25 °C for 48 h. The total Si
concentraon was varied between 0.04 and 10.7 mM, and the hemate concentraon between 0.4
and 10 g L-1. In all series, a 0.01 M NaCl background electrolyte was used. Sorbed amounts of Si are
shown as a funcon of pH (a) and as a funcon of Si concentraons for pH 3 (3.1 ±0.3), pH 6 (5.9 ±0.4),
and pH 9 (9.0 ±0.4) (b). The gray area in the isotherm plot (b) indicates the concentraon range, in
which dissolved Si polymers are expected regardless of the pH ([Si]total > 2.7 mM) [35].

5.3.2 Long-term sorpon of silicate
To invesgate the polymerizaon of Si on hemate surfaces, the sorpon of dissolved monomeric silicate to hemate was studied in batch experiments at pH 3 and 6 over a period of
210 d using ATR-FTIR spectroscopy for detecng changes in the speciaon of sorbed Si. The
amounts of Si sorbed to hemate at pH 3 and 6 over me are shown in Figures 5.2a and 5.2b.
At both pH values, the sorpon of Si steadily increased over the enre period of the experiment and reached Si surface coverages of 2.6 µmol m–2 at pH 3 and 5.7 µmol m–2 at pH 6 a!er
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210 d. The course of the Si sorpon shows that sorpon rates decreased over me (note the
logarithmic me-scale on the x-axis in Figs. 5.2a and 5.2b). But the steady increase of Si sorpon with me indicates that even aer 210 d, complete equilibrium was not achieved for
the sorpon of monomeric silicate to hemate. Our results clearly indicate that signiﬁcant
changes in Si sorpon to hemate can occur during long-term equilibraon, even if the soluon contains predominantly monomeric silicate (see also Fig. S5.2 in Supporng Informaon),
as was also shown for Si sorpon to goethite [23, 31].
The IR spectra recorded for hemate sampled during the long-term Si sorpon experiment
indicated that the increasing Si surface coverages at pH 3 and 6 (Figs. 5.2a and 5.2b) were
reﬂected in increasing IR absorbances in the range between 780 and 1200 cm-1 (Figs. 5.2c and
5.2d), which is characterisc for IR bands of sorbed silicate [25, 28, 29]. An absorbance maximum was detected at 945–950 cm-1 at pH 3 for equilibraon mes up to 1 d corresponding
to low Si surface coverages. With increasing me, the absorbance maximum shied to higher
wavenumbers in the spectra recorded at pH 3 reaching a maximum at 970 cm-1 aer 210 d.
At pH 6, absorbance maxima shied from 974 cm-1 to 984 cm-1 over the course of the experiment. Addionally, the IR absorbances in the region 1050–1150 cm-1 increased relave to the
respecve absorbance maximum, especially at pH 6. These spectral changes clearly indicate
that the Si surface speciaon changed during the 210 d equilibraon.
As shown for silicate sorpon to ferrihydrite by Swedlund and co-workers [25, 26, 28-30]
monomeric, oligomeric, and polymeric Si surface conﬁguraons can be discriminated with
IR spectroscopy based on the posion of the Si–O stretching bands using mulvariate curve
resoluon with alternang least squares (MCR–ALS). Monomeric silicate surface complexes
showed disnct Si–O stretching bands between 945–950 cm-1, oligomeric structures, consisng of three SiO4 units with Si–O–Si linkages, were idenﬁed based on bands between
1005–1010 cm-1 and a weak contribuon to IR absorbance above 1050 cm-1 [29]. Broad signals between 1050–1150 cm-1 were aributed to Si surface-polymers, i.e., clusters of threedimensionally connected SiO4 units on the surface [25, 29]. Generally, the band posions of
stretching vibraons of Si surface species are shied to higher wavenumbers with increasing
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degree of condensaon [29, 44]. Corresponding to the band assignments for monomeric and
trimeric silicate surface complexes on ferrihydrite by Swedlund et al. [28, 29], the signal at 978
cm-1 observed in this study is proposed to be aributed to dimeric silicate surface complexes.
Addionally, Swedlund et al. observed a signal increasing with equilibraon me at 870–880
cm-1 which was aributed to the spling of the ν3 band of H4SiO4 (939 cm-1) due to the lowered symmetry of sorbed silicate on the iron hydroxide surface [25].

Figure 5.2 Long-term sorpon of Si to hemate and changes in surface speciaon of sorbed Si. Suspensions with 2 g L-1 hemate adjusted to pH 3 and pH 6 in 0.01 M NaCl were equilibrated with 0.71
mM Si at room temperature in the dark during 210 d. During equilibraon with Si, subsamples were
taken from the suspensions and analyzed for dissolved Si with ICP-OES and sorbed Si with ATR-FTIR
spectroscopy. Amounts of Si sorbed to hemate are shown for pH 3 (a) and pH 6 (b) as a funcon of
equilibraon me. The corresponding baseline corrected IR spectra of silicate sorbed to hemate
recorded at pH 3 (c) and 6 (d) are stacked for clarity. The band posions corresponding to sorbed Si
monomers (948 cm-1), dimers (978 cm-1), oligomers (1008 cm-1), and polymers (1050–1150 cm-1) are
indicated with vercal lines and the gray area, respecvely..

Based on the band assignments described above, the shi! in absorbance maxima from inially 945–950 cm-1 to 978 cm-1 a!er 210 d and the increase in IR absorbances between 1050
and 1150 cm-1 indicate that at pH 3, monomeric silicate surface complexes dominated during short equilibraon mes (≤ 1 d) and with increasing equilibraon mes, dimeric and oli117
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gomeric Si surfaces complexes increasingly contribute to Si sorpon. At pH 6, dimeric and
oligomeric surfaces complexes were present already at short equilibraon mes (< 1 d). The
pH 6 spectra clearly show that the degree of condensaon of sorbed Si increased over me.
The development of a shoulder at about 1090 cm-1 (Fig. 5.2d) indicates that also polymeric
surface species were formed upon sorpon of dissolved monomeric Si at pH 6. The higher
contribuon of oligomers and polymers to Si sorpon at pH 6 compared to pH 3 agrees with
the results reported by Icopini et al. [45], who found increasing oligomerizaon rates as pH
approached circumneutral condions when examining dilute aqueous soluons and diﬀerent
ionic strengths. Our spectroscopic results on Si sorpon to hemate demonstrated that Si surface polymerizaon already occurred during short-term equilibraon (< 48 h) in soluons containing only dissolved monomeric Si. Since Si surface polymerizaon is increasingly favored at
high surface loadings [25, 28-30], we conclude that the increased slope of the Si isotherms
at high Si concentraons observed in the short-term experiments (Fig. 5.1b) is not only due
to sorpon of dissolved polymeric Si but also due to enhanced surface polymerizaon. In the
following, the impact of Si on As sorpon to hemate is presented.

5.3.3 Short term eﬀects of Si on As sorpon
The eﬀect of Si on the sorpon of As(V) and As(III) was ﬁrst invesgated in short-term experiments, in which 0.11 mM Si and 30 µM As(V) or As(III) were added either simultaneously or
sequenally, i.e., hemate was pre-equilibrated with Si for 48 h. The results of these compeve short-term sorpon experiments are shown in Figure 5.3, along with results of control
experiments, in which only Si or As were added. In the absence of Si, sorpon maxima were
observed in the strongly acidic pH range for As(V) (Fig. 5.3a) and in the alkaline pH range for
As(III) (Fig. 5.3b) reﬂecng a pH-dependent sorpon behavior similar to previous studies on
As sorpon to iron oxides [7, 10, 19, 20, 46, 47]. When Si and As were added simultaneously,
the amounts of sorbed As(V) and As(III) were reduced above pH 6, but virtually unaﬀected
at more acidic pH condions compared to surface coverages determined in the absence of
Si (Figs. 5.3a and 5.3b). The decrease in As sorpon due to the presence of Si became more
pronounced when the hemate was pre-equilibrated with Si for 48 h prior to As addion. The
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compeon between Si and As for sorpon was also reﬂected in the measured amounts of
sorbed Si (Figs. 5.3c and 5.3d). In the experiments with simultaneous addions of Si and As,
the amounts of sorbed Si were markedly reduced compared to Si sorpon in the absence of
As. Corresponding to the pH-dependent binding of As(V) and As(III) to hemate (Figs. 5.3a
and 5.3b), As(V) increasingly reduced Si sorpon with decreasing pH, whereas the presence of
As(III) aﬀected Si sorpon to a similar extent over the whole pH range invesgated. The 48-h
pre-equilibraon of hemate with Si diminished the compeve eﬀects of As(V) and As(III).

Figure 5.3 Compeve sorpon of Si and As to hemate in short-term batch experiments as affected by the order of addion. All experiments were carried out with 0.4 g L-1 hemate suspensions
in 0.01 M NaCl. The pH-dependent sorpon is shown for arsenate (As(V)) in the presence and absence
of Si (a), arsenite (As(III)) in the presence and absence of Si (b), Si in the presence and absence of arsenate (c), and Si in the presence and absence of arsenite (d). The batches were equilibrated at 25 °C in
the dark for 48 h in the non–compeve control series (single sorbate systems) and in the series with
simultaneous addion of Si and As. In a third series of experiments, hemate was pre-equilibrated
with Si for 48 h prior to As addion and subsequent equilibraon for another 48 h. Data on Si and As
sorpon in compeve systems (simultaneous and sequenal addion) correspond to the same batch
series, i.e. arsenate and Si data shown in plots (a) and (c) as well as arsenite and Si data shown in plots
(b) and (d).
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Our results indicate that both As(V) and As(III) successfully compete with silicate for sorpon
in acidic environments (pH < 6) even if present at much lower concentraons than Si. This
eﬀect may primarily result from the lower aﬃnity of Si for the hemate surface at low pH
compared to As(V) and As(III), which is qualitavely consistent with As and Si aﬃnies derived
for goethite from short-term single-ion sorpon experiments [22, 36, 48]. At circumneutral to
alkaline condions, the enhanced aﬃnity of Si for hemate (Figs. 5.3c and 5.3d) is reﬂected
in an increased compeveness of Si compared to As(III) and parcularly to As(V). The higher
compeveness of Si in suspension pre-equilibrated with Si for 48 h compared to suspension, to which As and Si were simultaneously added, is consistent with diﬀerences in sorpon
kinecs observed for Si and As on iron oxide [23, 31]. Furthermore, the compeveness of Si
may appear stronger in pre-equilibrated systems if Si desorpon was retarded compared to
Si adsorpon.
In a similar experiment on the compeve sorpon of As(III) and Si by goethite, a compeve
displacement of either oxyanion was not observed at total sorbate concentraons less than
reacve surface sites, regardless of the pH value and the order of oxyanion addion [22].
For the hemate used in this study, a reacve surface site density of 12 nm-2 was ﬁed from
acid–base traon data and this value was shown to be adequate to describe As(V) and As(III)
sorpon including the compeon with carbonate [19]. Considering the preferenal formaon of bidentate surface complexes of sorbed As(V), As(III), and Si monomers, a large fracon
of the total reacve surface sites was covered by sorbed oxyanions under the experimental
condions in the compeve systems, which in turn favored unveiling the anion compeon.
The higher total oxyanion surface coverages upon sequenal addion of Si and As compared
to simultaneous addion may result from a larger fracon of Si surface oligomers and polymers formed during the total equilibraon me of 96 h as indicated by the IR results (Fig. 5.2).
The fracon of Si–O–Si linkages increases with increasing extent of Si surface polymerizaon.
Compared to bidentate Si surface complexes, which consume two surface sites per sorbed Si,
less hemate surface sites may be consumed per Si atom aached to the solid with increasing polymerizaon leading to apparently increased total oxyanion coverages of the hemate
surface.
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5.3.4 Long-term eﬀects of Si on As sorpon
As shown above, the sorpon of dissolved monomeric Si to hemate steadily increased over
a period of 210 d and was accompanied by the formaon of surface oligomers and polymers
(Fig. 5.2). The impact of the slow Si surface polymerizaon on As(V) and As(III) sorpon was
invesgated by adding As to hemate suspensions sampled during the long-term Si sorpon
experiment. At pH 3, where Si sorpon was low and the Si surface polymerizaon was fairly
slow compared to higher pH (Figs. 5.1 and 5.2), changes in As(V) and As(III) sorpon to hemate due to increased Si pre-equilibraon mes were not observed (Fig. 5.4a). This ﬁnding
indicates that the slow Si surface polymerizaon and slowly increasing Si surface coverages at
pH 3 shown in Figure 5.2 did not aﬀect As(V) and As(III) sorpon. At pH 6, a pronounced eﬀect
of Si pre-equilibraon mes on As(V) and As(III) sorpon was detected for total As concentraons of 60 µM, but not for 12 µM total As (Fig. 5.4b). The trends observed in the long-term
pre-equilibraon experiments are consistent with the results of the short-term experiments
indicang a decrease of As(V) and As(III) sorpon due to 48 h Si pre-equilibraon (sequenal
addion) at circumneutral to alkaline condions, but not at strongly acidic condions. The
me-, pH-, and concentraon-dependent eﬀects of As-Si compeon may for the main part
result from diﬀerences in oxyanion surface site coverages. The total of 2.6 µmol Si m-2 sorbed
aer 210 d at pH 3 (Fig. 5.2a) may have covered a maximum of 26 % of reacve surface sites
assuming a consumpon of 2 sites per sorbed Si as in case of an exclusive formaon of bidentate Si surface monomers. Similarly, a maximum site coverage by sorbed Si of 57 % can be
esmated for pH 6 aer 210 d, knowing that the actual coverage was likely lower because the
consumpon of surface sites per sorbed Si decreases with increasing degree of polymerizaon except for the formaon of a pure monolayer surface polymer. The complete sorpon
of 12 and 60 µM As(V) or As(III) required a maximum of 2.5 % and 12.5 % of reacve surface
sites, respecvely, if sorbed as bidentate surface complex only. Based on our experimental
results, we conclude that As(V) and As(III) sorpon to hemate is aﬀected by sorbed Si only
at high Si surface coverage and high As concentraons inducing a shortage of sorpon sites
for As. This conclusion is also supported by the complete suppression of arsenite and arsenate sorpon at pH 4–9 (see Fig. S5.3 in Supporng Informaon), when 0.4 g L-1 hemate was
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pre-equilibrated with 3.56 mM total Si for 63 d, indica!ng that the formed Si surface coa!ng
did not act as a quan!ta!vely relevant sorbent for As. Addi!onally, Si sorp!on is known to
decrease the surfaces charge of iron oxides [36], which may aﬀect the subsequent sorp!on of
As, especially at high oxyanion loadings [17].

Figure 5.4. Eﬀect of long-term pre-equilibraon of hemate with Si on the sorpon of arsenate
(As(V)) and arsenite (As(III)) at pH 3 (a) and pH 6 (b). Hema!te suspensions (2 g L-1) were equilibrated
with 0.71 mM Si in a 0.01 M NaCl background at room temperature in the dark for a period of 210 d
at pH 3 and 6. The pH was periodically monitored and adjusted with HCl or NaOH, respec!vely. At different !me steps during equilibra!on with Si (Si pre-equilibra!on !me), subsamples were taken from
each suspension. One subsample was analyzed for dissolved and sorbed Si with ICP-OES and ATR-FTIR
spectroscopy (see Fig. 5.2). The other subsamples were spiked with arsenate or arsenite to obtain total As concentra!ons of 12 µM and 60 µM, respec!vely, and equilibrated at room temperature in the
dark for another 48 h prior to analysis of dissolved arsenic.
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5.4 Environmental implicaons
In soil and aquac environments, iron oxide surfaces are commonly exposed to Si containing
waters. Based on our results, long-term exposure of iron oxide surfaces to dissolved Si may
lead to a substanal coverage of reacve surface sites with Si oligomers and/or polymers. This
can occur even at Si concentraons below the solubility limit of amorphous SiO2 of about 1.5
mM, concentraons which are typically measured in most natural waters and are characterized by the absence of dissolved polymeric Si species. Therefore, natural iron oxides being
exposed to dissolved Si are prone to gradually lose their As sorpon capacity with increasing
Si exposure me.
Consequently, natural iron oxides, which are stable over long me periods, e.g., in welldrained upland soils, are expected to be considerably less reacve towards As sorpon than
Si-free, synthec iron oxide phases used in many laboratory studies. Discrepancies in the As
sorpon behavior between natural and synthec iron oxides are expected to be most pronounced at strongly elevated As concentraons and circumneutral to alkaline pH condions,
which favor Si sorpon and surface polymerizaon, as shown in this study. Under acidic and
strongly acidic condions, oen found in the vicinity of acve or former mining sites, where
the processing of As containing metal sulﬁde ores may lead to a substanal contaminaon of
soils and surface waters [49, 50], the presence of dissolved Si may aﬀect As sorpon to iron
oxides only marginally. Also in soils subject to pronounced redox ﬂuctuaons, such as river
ﬂoodplains and rice paddy soils irrigated with As-rich groundwater [51-53], the presence of
Si may have less eﬀect on As sorpon, since sorpon is likely dominated by freshly formed,
poorly crystalline Fe(III)-hydroxides.
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Chapter 6
This work was aimed at invesgang the eﬀect of carbonate and silicate on the sorpon of arsenate (As(V)) and arsenite (As(III)) to colloidal hemate (α-Fe2O3). Both, carbonate
and silicate, which are inorganic, omnipresent compounds in natural sengs such as soils,
sediments, surface- and groundwater, were found to signiﬁcantly inﬂuence the sorpon of
As(V) and As(III) to hemate.
The combined spectroscopic, macroscopic, and modeling results presented in Chapter
4 suggest the formaon of two coexisng carbonate surface complexes on hemate, namely
a predominant bidentate inner-sphere species and an addional monodentate mononuclear
structure, contribung much less to the overall sorpon of carbonate. Compared to arsenate
and arsenite, which form strong inner-sphere surface complexes, the aﬃnity of carbonate for
the surface of hemate is considerably lower. However, the weak compeve eﬀect of carbonate on the sorpon of As(V) and As(III) is compensated for if dissolved carbonate concentraons are strongly elevated relave to the dissolved arsenic concentraons, and the results
strongly indicate that the eﬀect of dissolved carbonate species on the sorpon of arsenite was
substanally more pronounced compared with the impact on arsenate sorpon, which may
be mainly due to diﬀerences in the pH-dependence of sorpon reacons and because of the
pH-dependent formaon of dissolved carbonate. Consequently, when present at concentraons typical of acidic to neutral waters in equilibrium with atmospheric PCO2 levels, carbonate
does not signiﬁcantly inﬂuence arsenate and arsenite sorpon on hemate, but in neutral
to alkaline systems with PCO2 levels higher than 10 hPa, the compeve eﬀect may become
relevant.
The results presented in Chapter 5 indicate, that silicate tends to form stable surface
structures on the surface of hemate through condensaon processes, which lead to the formaon of polymerized silicate surface complexes. In systems with low dissolved Si concentraons (< 30 mg L-1) where virtually all silicate is present in its monomeric form, the rapid inial
sorpon process seems to be dominated by the formaon of monomeric inner-sphere silicate
surface complexes. The subsequent slow condensaon reacons resulng in the formaon
of oligomeric and polymeric silicate complexes on the iron oxide surface were found to be
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mainly controlled by the soluon pH, with a faster reacon rate observed at circumneutral
pH and a slower rate obtained under acidic condions. Even aer 210 d, no equilibrium-like
state was observed, regardless of the system pH. The slow formaon of oligomeric and polymeric surface structures has to be considered, e.g., in experimental sorpon studies, where
dissolved silicate is present (either as sorbate or as contaminant, e.g., from glass ware), or in
the examinaon of sorpon processes to iron oxides in natural systems (see Environmental
Implicaons). As a result, polymeric silicate surface structures increasingly contribute to the
totally sorbed Si with the connuing equilibraon process. The polymeric silicate surface
structures seem to be thermodynamically stable, as they lead to a disnct decrease of sorbed
arsenic under circumneutral and alkaline condions. In this pH range, the impact of silicate
sorpon to hemate was more pronounced for As(V) than for As(III), which may be explained
with the pH dependent sorpon behavior of the compeng anions. The presence of dissolved
silicate was found to result in a less pronounced retenon of both, As(V) and As(III) by hemate than expected from binary experiments. Sorpon of As(III) less aﬀected than As(V), for
which a disnct decrease in the surface coverage was observed under near-neutral to alkaline
condions (pH>6).

6.1 Implicaons for natural systems
Adsorpon and desorpon of As(V) and As(III) in soils and iron oxide containing aquatic systems strongly determine the mobility and bioavailability of these contaminants. Among
diﬀerent secondary minerals, iron oxides have been found to be key sorbents for As under oxic
condions, as they exhibit a high aﬃnity for the binding of As(V) and As(III). In this thesis, the
compeve eﬀect of carbonate and silicate on the sorpon of As(V) and As(III) was examined
using hemate as a model sorbent. In natural systems however, diﬀerent iron oxide phases
occur at the same me, and besides hemate, which oen prevails in oxic soils of subtropical, Mediterranean and humid to subhumid tropical regions, goethite and ferrihydrite are the
most abundant iron oxides in soils [1]. Though not systemacally addressed in many previous
laboratory experiments, the compeve eﬀect of carbonate as observed in the present study
seems to be similar on iron oxides other than hemate. For example, a posive compeve
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eﬀect of carbonate on the adsorpon of arsenic to goethite was observed at relavely high As
concentraons (0.5 mM As(V); 0.55 mM As(III)) [2]. Based on the results of Chapter 4, which
indicate an increased sorpon compeon between carbonate and arsenic to hemate with
increasing carbonate concentraon and decreasing As concentraon, a similar trend can be
expected for the compeve eﬀect of carbonate on the adsorpon of As(V) and As(III) to goethite and ferrihydrite, which exhibit similar surface funconal groups as hemate. Furthermore, As leaching experiments with As contaminated (≈85 mg As kgsoil-1), iron oxide containing
soil sediments revealed [3] that the presence of high concentraons of dissolved carbonate
(0.1 M) lead to the release of ≈40 % of the inially measured As. Considering the ﬁndings of
Chapter 3, these results imply that signiﬁcant compeve eﬀects of carbonate on the sorpon of As may be expected in various iron oxide containing soils.
In laboratory experiments invesgang the compeve eﬀect of silicate on the sorpon of As(V) and As(III) to ferrihydrite [4], no signiﬁcant eﬀects were observed at pH<8. However, the sorpves were added simultaneously, which in the present study (Chapter 5) has
been found to result in less pronounced eﬀects compared to the sequenal addion of silicate (48 h prior) and As. Nevertheless, similar silicate surface structures as found in this thesis
were observed on ferrihydrite. In a compeve sorpon study by Luxton et al. [5], where
arsenite and silicate were sequenally reacted with goethite suspensions, a drasc release of
As(III) was observed in the presence of 1 mM total Si aer 54 to 90 h. These studies indicate
that the results obtained in the present work presumably apply for iron oxides other than
hemate, too.
Consequently, in environmental systems where sorpon of As(V) and As(III) to iron oxides are examined, the presence of dissolved carbonate and silicate has to be accounted for,
parcularly under near-neutral to alkaline condions, since
(i)

with increasing pH, considerably more carbonate is dissolved at a given CO2 paral
pressure than under acidic condions, resulng in an increasing compeve effect on As(V) and As(III),
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(ii)

the aﬃnity of carbonate and silicate for sorpon to hemate is increased under
near-neutral to alkaline pH compared to acidic condions,

(iii)

the formaon of thermodynamically stable, polymeric silicate surface complexes
on hemate is more pronounced and occurring at a faster reacon rate under
near-neutral pH.

In natural systems such as soils, CO2 paral pressures are typically above atmospheric
levels, and in biologically acve soil horizons, PCO2 levels above 10 hPa are reported [6, 7], and
peak CO2 paral pressures of up to 200–800 hPa were found in ﬂooded soils 1–3 weeks aer
submergence [8]. Such temporarily extreme values have been also reported for paddy soils
[9], where arsenic has been reported to be primarily sorbed to iron phases [10-12]. Accounting for the eﬀect of CO2 on As(V) and As(III) sorpon to hemate observed in this study, the
extreme CO2 paral pressures typically found in paddy soils, where arsenic contaminaon is
known to be a major issue in large areas of Bangladesh and Southeast Asia [13], may be relevant and propose a possible mechanism for the mobilizaon of arsenic from contaminated
soils with circumneutral pH values during monsoon ﬂooding. In such systems however, different various iron oxides are present at the same me, and other sorbents exhibing a high
aﬃnity for As(V) and As(III) may be important with respect of the retenon of As. Nevertheless, it can be assumed that the bigger part of the important sorbents for As(V) and As(III) in
soils exhibit a similar response to strongly elevated dissolved carbonate concentraons, since
the sorpon mechanism mostly involves the formaon of inner-sphere surface complexes
through a ligand exchange process with reacve surface groups.
Since silicate is an important species showing a high aﬃnity mineral surfaces and iron
oxides (e.g. [14-16]), and because it is omnipresent, especially in soils and natural water [1618], the ﬁndings obtained in this study imply that in slightly acidic to slightly alkaline soils
substanally less As(V) is expected to be retained by natural iron oxides. Rice ﬁeld soils in
Bangladesh, where As rich water is used for irrigaon, are one examples for slightly acidic
to pH-neutral soils. For such systems, it is expected that silicate sorpon and polymerizaon
leads to a decreased sorpon capacity of the prevalent iron oxide surfaces, resulng in less
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contaminated soils, but in higher mobility and bioavailability of inorganic As(V) and As(III).
Such eﬀects have to be considered in ﬁeld of environmental and agricultural engineering, as e.g. SiO2 ferlizaon to migate the accumulaon of arsenic rice. Based on pot
experiments (pH 5.2) aimed at invesgang the eﬀecveness of Si ferlizaon on migang
the uptake of As in rice, Li et al. [19] showed that silicate was highly eﬀecve in decreasing As
accumulaon in rice by directly inhibing the As(III) uptake by rice roots, and they proposed Si
ferlizaon as an aracve measure to migate As uptake in rice. However, it was recognized
that the increased acvity of silicate was followed by an increased As concentraon in the soil
soluon, but the under the condions examined (i.e. pH 5.2, 20 gSiO2 kgsoil-1), the inhibion of
arsenite uptake by Si greatly outweighed the increased availability of As in the soil. Based on
the results of the present study, it is strongly assumed that increasing the silicate content in As
contaminated soils due to SiO2 ferlizaon would result in a markedly increased As concentraon in the soil soluon, parcularly at pH >6. Thus, at near-neutral pH, the further increased
As availability in soils may overcome the inhibitory eﬀect of Si on the As(III) uptake by rice
roots, and the SiO2 ferlizaon of As contaminated paddy soils might primarily result in an
increased mobility of arsenate and arsenite.

6.2 Future Research Needs
The formaon of stable silicate polymers on the surface of iron oxides has been observed in several previous studies. The ﬁndings obtained in Chapter 4 implicate the connuous development of polymeric silicate surface structures over long periods. Accounng for
the observed stability of these complexes, it is assumed that natural, crystalline iron oxides
exhibit a coang-like silicate coverage, which results in a signiﬁcantly changed chemical behavior as compared to synthec iron oxides. However, no study focusing on natural iron oxides
has addressed this assumpon. A careful extracon of natural iron oxides samples combined
with state of the art spectroscopic techniques (e.g. X-ray photoelectron spectroscopy) could
possibly conﬁrm the presence of such structures in natural systems such as soils. A key step in
the achievement of this conﬁrmaon is the careful, nod-destrucve extracon of natural iron
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oxides, which has to be developed ﬁrst. The development of such an extracon procedure
would be of great value in the ﬁeld of soil chemistry, since many chemical processes (e.g.
sorpon reacons) could be studied using iron oxide minerals formed under natural condions. Eventually, kinec and thermodynamic data could be obtained from controlled laboratory experiments allowing for more precise predicons with respect of the dynamics of trace
elements, including e.g. arsenic, compared data obtained from synthec phases.
Based on the conclusions drawn from Chapter 4 and Chapter 5, it is hypothesized that
the compeve eﬀect of carbonate on the sorpon of As(V) and As(III) to iron oxides at elevated CO2 paral pressures may even more pronounced in systems, where the sorpon capacity of iron oxides is reduced due to other species forming highly stable surface complexes.
However, no study accounng for the combined eﬀect of stable silicate polymers sorbed to
iron oxides and elevated CO2 paral pressures on the sorpon behavior of As(V) and As(III) to
iron oxides has been performed so far. A possible approach addressing this hypothesis may
include compeve sorpon experiments using natural iron oxide samples on one hand and
synthec iron oxides equilibrated with silicate containing soluons in equilibrium with atmospheric and elevated CO2 paral pressures.
It is generally agreed that the development of quantave esmates on the mobility
and thus the fate of trace elements such as arsenic in natural sengs is sll diﬃcult. The results of this thesis illustrate that the sorpon of arsenite and arsenate to hemate may be signiﬁcantly diﬀerent in the presence of compeng anions such as carbonate or silicate. Furthermore, the interplay of several diﬀerent sorbents is not fully understood yet, and many other
dissolved caons and anions may sorb to iron oxides, too, leading to signiﬁcant diﬀerences
in the amounts of sorbed trace elements as expected from lab experiments studying binary
systems. The development of more accurate models which account for interacons among
diﬀerent dissolved species and diﬀerent sorbents requires experimental data obtained from
more realisc setups. Possible future experiments could involve systemac sorpon studies
of e.g. As(V) and As(III) to suspension consisng of various iron oxides phases such as ferrihydrite, goethite and hemate, or to suspension consisng of iron oxides and manganese
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oxides, clay minerals or sulﬁde minerals, which are important sorbents for As, too. Including
diﬀerent competors, the understanding of the relevant processes determining the fate of
trace elements in natural sengs could be markedly widened.
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Appendix A

S4.1 ATR-FTIR spectroscopy
S4.1.1 ATR-FTIR spectra of aqueous arsenate
In Fig. S4.1, baseline corrected ATR-FTIR spectra of dissolved arsenate recorded at diﬀerent
pH values are presented. The ATR-FTIR spectrum of 50 mM aqueous HAsO42- recorded at pH
8.94 exhibited a single As-O stretching band with a peak at 859 cm-1. The spectrum recorded
at pH 4.17 corresponds to 50 mM aqueous H2AsO4- and showed two dis!nct As-O stretching bands with peak maxima at 908 cm-1 (νas) and 878 cm-1 (νs). In addi!on, a broad signal at
~750 cm-1 was found which is referred to νas+ νs of As-(OH)2 modes. The spectrum recorded at
pH 7.25 corresponds to a mixture of H2AsO4- and HAsO42-. The presented spectra are in good
agreement with the spectra of aqueous arsenate presented by Myneni et al. [2].
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Figure S4.1 Baseline corrected ATR-FTIR spectra of 50 mM NaH2AsO4 (aq) recorded at diﬀerent pH
values. Calculated percentages of the major arsenate species formed in solu!on are given for each pH
condi!on.
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S 4.1.2 ATR-FTIR spectra of aqueous carbonate
In Fig. S4.2, baseline corrected ATR-FTIR spectra of 100 mM Na2CO3 (aq) recorded at diﬀerent
pH values are shown. The spectrum recorded at pH 10.15 corresponds to a mixture of HCO3-,
NaCO3-, and CO32-. It is characterized by a broad absorpon band which peaks at ~1385 cm-1
and which refers to the symmetric stretching mode (νC-O,D3h) of the C-O bond in CO32- [3-5]. The
broadening of this signal is due to the coexistence of νC-O,D3h of CO32- and νC-O,sym of HCO3-, which
absorbs at 1360 cm-1 [3, 5]. Towards lower wavenumbers, it exhibits a shoulder at about 1300
cm-1, which is a contribuon of the C-O-H bending vibraon (δC-O-H) of HCO3- [3]. A small peak
at 1008 cm-1 corresponds to total symmetric stretching mode (νC-O,tot,sym) of the CO3 group [3].
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Figure S4.2 Baseline corrected ATR-FTIR spectra of 100 mM NaHCO3 (aq) recorded at diﬀerent pH
values. Calculated percentages of the major carbonate species formed in soluon are given for each
pH condion.
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S4.1.3 ATR-FTIR spectra of arsenate sorbed to hemate
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Figure S4.3 ATR-FTIR spectra of arsenate sorbed to hemate (solid black line) at diﬀerent pH values
in equilibrium with a CO2 paral pressure of 0.39 hPa. The total arsenate concentra!on was 40 µM.
The thin lines represent the set of Gaussians used to ﬁt the spectra. The total ﬁt is represented by the
dashed red line. A selec!on of spectra plo#ed here is shown in Fig. 4.1.
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S4.1.4 ATR-FTIR spectra of carbonate sorbed to hemate
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Figure S4.4 ATR-FTIR spectra of carbonate sorbed to hemate (solid black line) at diﬀerent pH values in equilibrium with a CO2 paral pressure of 0.39 hPa and presence of 40 µM total arsenate. The
thin gray lines represent the set of Gaussians used to ﬁt the spectra. The total ﬁt is represented by the
dashed red line. A selecon of spectra ploed here is shown in Fig. 4.2.
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S4.1.5 Analysis of the ATR-FTIR spectra of arsenate sorbed to hemate

Esmang the maximum contribuon of outer-sphere H2AsO4- to the signal at 875 cm-1
Presuming that the signal at 875 cm-1 consists of the symmetric stretching vibra!on of Hbonded outer-sphere (os) arsenate and a contribu!on of H2AsO4- in the diﬀuse double layer
(DDL) of the oxide surface, a corresponding signal at 908 cm-1 (i.e. the corresponding asymmetric stretching vibra!on) is expected. From the aqueous reference spectra, the ra!o of the
symmetric and the asymmetric stretching vibra!ons given as the absorbance A as a func!on
of the pH value, i.e. A(νsym,As-O,uc) (aq) / A(νasym,As-O) (aq) is known. The contribu!on of fully hydrated (outer-sphere H2AsO4- or aqueous H2AsO4- in the DDL) to the signal at 875 cm-1 was
es!mated as follows:
[A(νsym,As-O,uc)(aq) / A(νasym,As-O) (aq)](*) = A(νsym,As-O,uc) (os)/ A(νasym,As-O) (os),

(1)

or:
[A(νsym,As-O,uc)(aq) / A(νasym,As-O) (aq)](*) * A(νasym,As-O) (os) = A(νsym,As-O,uc) (os), (2)
(*) this ra!o (calculated based on the normalized absorbance) is known from the reference
spectra of 50 mM aqueous HAsO42- recorded at pH 4.17 (see before); its value is ≈ 0.71.
A(νasym,As-O) (os) is the normalized absorbance measured for the sorbed arsenate at pH
4.28 at 908 cm-1;
A(νsym,As-O,uc) (os) ) is the normalized absorbance expected for the sorbed arsenate at pH 4.28
at 875 cm-1 based on the known ra!o (*);
The expected absorbance at 875 cm-1 is much lower than the observed signal. If the expected
(i.e., predicted) absorbance for the outer-sphere complex is divided by the observed absorbance, a rough es!mate for the maximum contribu!on of fully hydrated is obtained, which
is about 25 ±2% on average. The remaining 75% of this band most likely represent an innersphere like arsenate species and therefore lack the νasym,As-O band.
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Figure S4.5 Compila!on of the signal intensi!es of the bands ﬁ#ed for sorbed arsenate. The ﬁ"ed
absorbance is plo"ed versus the system pH. Triangles represent bands which were assigned to the
protonated inner-sphere As(V) surface complex ≡(FeO)2AsO2H (isprot). Orange diamonds and squares
correspond to bands a"ributed to the deprotonated inner-sphere As(V) surface complex ≡(FeO)2AsO2
(isdeprot).
Table S4.1 Correla!on matrix for peak intensi!es of sorbed arsenate calculated based on the absolute absorbance of the ﬁ#ed bands. The correla$on matrix reﬂects the sta$s$cal rela$on of the
ﬁ"ed bands amongst each other. Based on the calculated correla$on coeﬃcients (R), conclusions on
the physical coherence of the band assignment may be drawn.
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S4.1.6 Analysis of the ATR-FTIR spectra of carbonate sorbed to hemate

1063 cm-1: ISBB, ISMM
1357 cm-1: ISBB, ISMM
1463 cm-1: ISBB
1522 cm-1: ISMM
1174 cm-1: Fe-OHsurf
1636 cm-1: H2O
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Figure S4.6 Compilaon of the signal intensies of the bands ﬁ"ed for sorbed carbonate. The ﬁtted absorbance is plo"ed versus the system pH. Diamonds and squares represent bands which
were assigned to the bidentate inner-sphere carbonate surface complex ≡(FeO)2CO (ISBB) and to the
monodentate inner-sphere carbonate surface complex ≡(FeO)CO2 (ISMM) as indicated.

Table S4.2 Correlaon matrix for peak intensies of sorbed carbonate calculated based on the absolute absorbance of the ﬁ"ed bands. The correla"on matrix reﬂects the sta"s"cal rela"on of the
ﬁ%ed bands amongst each other. Based on the calculated correla"on coeﬃcients (R), conclusions on
the physical coherence of the band assignment may be drawn.
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S4.2 Macroscopic data used for surface complexaon modeling
S4.2.1 Arsenate sorpon to hemate
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Figure S4.7 Compilaon of all datasets on pH-dependent sorpon of arsenate on hemate in 0.01
M NaCl at diﬀerent paral pressures of CO2. The symbols represent experimental data points. The
dashed lines show the corresponding best ﬁt calculated with a 1-pK three plane model. Model parameters are given in Table 4.4. A selecon of data ploed here is shown in Fig. 4.3.
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S4.2.2 Arsenite sorpon to hemate
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Figure S4.8 Compilaon of all datasets on pH-dependent sorpon of arsenite on hemate in 0.01
M NaCl at diﬀerent paral pressures of CO2. The symbols represent experimental data points. The
dashed lines show the corresponding best ﬁt calculated with a 1-pK three plane model. Model parameters are given in Table 4.4. A selec"on of data plo#ed here is shown in Fig. 4.3.
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S4.2.3 Speciaon of dissolved carbonate

Figure S4.9 Speciaon of dissolved carbonate in 10 mM NaCl at a CO2(g) paral pressure of 0.39 hPa.
The species concentraons were calculated from carbonate equilibrium constants and are given as
lines in the main frame. The lines in the insert refer to the total dissolved carbonate concentraons in
equilibrium with 0.39 hPa (solid), 10 hPa (dashed), and 100 hPa (doed) CO2, respecvely.
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S4.2.4 Surface complexaon modeling results for arsenate and arsenite sorpon to hemate assuming carbonate forms outer-sphere complexes only
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Figure S4.10 Sorpon of arsenate and arsenite on hemate in 0.01 M NaCl at diﬀerent paral pressures of CO2. Ini!al arsenate and arsenite concentra!ons were 30 and 3 µM. The hema!te concentra!ons were 0.4 g L-1 and 0.04 g L-1, respec!vely. The CO2 par!al pressures were 0.39 hPa, 10 hPa, and
100 hPa. The symbols represent experimental data points. The dashed lines reﬂect ﬁts with a 1-pK
three plane model assuming that carbonate sorbs as an outer-sphere complex, only. Fits with innersphere carbonate surface complexes are shown in Fig. 4.3.
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S5.1 Negave second derivaves of IR spectra

Figure S5.1 Negave second derivaves of IR spectra recorded for the sorpon of 0.71 mM Si to 2 g
L-1 hemate during 210 d at pH 3 (a) and pH 6 (b). The second deriva!ves were calculated from the IR
spectra of Si sorbed to hema!te (Figs. 2a and 2b) using a 19 point Savitzky-Golay algorithm. The band
posi!ons corresponding to sorbed Si monomers (948 cm-1), dimers (978 cm-1), oligomers (1008 cm-1),
and polymers (1050–1150 cm-1) are indicated with ver!cal lines and the gray area, respec!vely.
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S5.2 Eﬀect of equilibraon me on pH-dependent Si sorpon

Figure S5.2 Eﬀect of equilibraon me on pH-dependent Si sorpon to hemate. Sorpon data
were derived from batch experiments. Suspensions containing 0.4 g L-1 hemate were equilibrated
with 0.11 mM total Si at 25 °C for 2 d (closed circles, see Fig. 5.3) and 63 d (open circles). A 0.01 M NaCl
background electrolyte was used for ionic strength adjustment in both series.
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S5.3 Eﬀect of 3.56 mM Si on pH-dependent As sorpon to hemate

Figure S5.3 Eﬀect of long-term pre-equilibraon of hemate with Si on the pH-dependent sorpon
of arsenate (a) and arsenite (b) as derived from batch experiments using 0.4 g L-1 hemate, 0.01
M NaCl for ionic strength adjustment, and 30 μM total arsenate (As(V)) and arsenite (As(III)). The
batches were pre-equilibrated with 3.56 mM total Si at 25 °C in the dark for 63 d prior to As addi!on
and subsequent equilibra!on for another 48 h at 25 °C in the dark. For comparison, the results from
the corresponding As sorp!on experiments in the absence of Si (see Figs. 3a and 3b) are plo"ed with
closed symbols.
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