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ABSTRACT

Adsorption and coprecipitation of organic matter with iron (hydr)oxides can alter
iron (hydr)oxide surface properties and their reactivity towards nutrient elements and
heavy metals. Organo—mineral composites were synthesized using humic acid (HA)
and iron oxide, during coprecipitation with ferrihydrite (Fh) and adsorption to
pre-formed Fh with two C loadings. The Fh—HA coprecipitated composites have a
higher C content and smaller surface area compared to the equivalent adsorbed
composites. NanoSIMS shows there is a high degree of spatial correlation between Fe
and C for both composites, but C distribution is more uniform in the coprecipitated
composites. The C 1s NEXAFS reveals a similar C composition between the Fh—HA
coprecipitated and adsorbed composites. However composites at high carbon loading
are more enriched in aromatic C, likely due to preferential binding of carboxyl
functional groups on aromatic rings in the HA. The amount of Cd sorbed is
independent of the composite type, either coprecipitated or adsorbed, but is a function
of the C loading. Composites with low C loading show Cd sorption that is almost
identical to pure Fh, while composites with high C loading show Cd sorption that is
intermediate between pure Fh and pure HA, with sorption significantly enhanced over
pure Fh at pH<6.5. A bidentate edge-sharing binding was identified for Cd on pure Fh
and Cd-carboxyl binding on pure HA. These findings have significant implications
not only for the sequestration of Cd in contaminated environments but also the

coupled biogeochemical cycling of Cd, Fe and C in the critical zone.
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1. INTRODUCTION

The geochemical cycles of iron and organic carbon (OC) are closely linked in
soils and sediments. In soils iron (hydr)oxides are found coprecipitated with and
coated in sorbed OC (Mikutta et al., 2014), while in marine sediments recent work
estimates that ~21% of the total OC present in sediments is intimately associated with
reactive iron phases (Lalonde et al., 2012). [ron—organic association may protect OC
against degradation and thus promote its preservation (Mikutta et al., 2007), but the
intimate association of OC with iron (hydr)oxides can also affect the crystal structure,
surface properties, reductive dissolution and transformation of the iron (hydr)oxides
(Schwertmann et al., 2005; Shimizu et al., 2013). It is well known that pure iron
(hydr)oxides are extremely efficient sorbents of nutrients and heavy metals due to
their large surface areas and abundant reactive functional groups (Schultz et al., 1987),
but because of their association with OC, iron (hydr)oxide—organic composites can
have significantly different reactivity towards nutrients and contaminant metals
compared to their pure iron (hydr)oxide counterparts (Chen et al., 2009; Moon and
Peacock, 2012; 2013; Ding et al., 2015; Wang et al., 2016). Understanding the
sorption of nutrients and heavy metals with iron (hydr)oxide-organic composites is
important because in natural and contaminated environments iron (hydr)oxides are
typically found coprecipitated with and coated in sorbed OC (Schwertmann et al.,
2005; Shimizu et al, 2013; Mikutta et al., 2014), and elemental sequestration by these
iron—OC composites is a key process in the biogeochemical cycling of trace elements

in the critical zone.
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Ferrihydrite (Fh) is a poorly crystalline iron (hydr)oxide that is ubiquitous in
geologic systems (Michel et al., 2007), occurring as the precursor to other stabilized
ferric oxides such as haematite and goethite. Ferrihydrite plays a substantial role in
the sequestration of trace elements in its pure and Fh—organic composite forms.
Earlier reports show that 2-line Fh can sorb up to 500, 366, 250 and 62.5 mg/g Zn*",
Pb**, Cd*" and Cu?>" from aqueous solution, respectively (Rout et al, 2012).
Spectroscopy evidence and modelling results indicate that trace metals such as Cu and
Pb are bound to the Fh surface via inner-sphere sorption complexes (Scheinost et al.,
2001; Dyer et al., 2003; Trivedi et al., 2003; Tiberg et al., 2012), Ferrihydrite—organic
composites are also potent scavengers of trace metals, and often show enhanced
sorption capacities compared to the isolated pure mineral end-member. For example,
when Fh is coprecipitated with abiotic organic components such as fulvic acid (14.7
wt.% C), the maximum sorption capacity for Pb*" is 62.7% higher (at 19.26 mg/g) and
there is a higher Pb binding affinity, compared to the pure Fh (Wei et al., 2013).
Similarly, when Fh is adsorbed with a simple organic ligand such as phthalate, the
sorption of Cd is increased at pH 4—7 due to the formation of a surface ternary
complex (Song et al., 2009). In particular however, Fh—organic composites often show
enhanced sorption of metals in the mid-low pH regime compared to their pure Fh
counterpart (Moon and Peacock, 2012; 2013). Work to date attributes this
phenomenon to the presence of additional binding sites associated with the organic

fraction and/or new high-affinity sites created when the organics adsorb to the



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

(hydr)oxide surfaces (Ali and Dzombak, 1996; Alcacio et al, 2001; Christl and
Kretzschmar, 2001). For example, for Fh coprecipitated with biotic organic matter
(OM) in the form of bacterial cells, Moon and Peacock (2012) show that Cu sorption
is enhanced in the mid-low pH regime (~pH 4—5.5) compared to pure Fh, because Cu
sorbs onto the bacterial fraction of the composites in addition to the mineral fraction.
Furthermore, the intimate association of Bacillus subtilis with Fh fundamentally
changes the Fh and OM physiochemical properties, compared to the isolated pure
counterparts, resulting in so-called ‘non-additive” sorption behaviour, where the sum
of the sorptivities on the pure end-member Fh and OM does not equal the sorptivity
on the Fh—OM composite. Specifically this non-additive behaviour is attributed to a
surface charge effect, where in the mid-low pH regime the negative charge of the OM
is reduced in the presence of the positive charge Fh, such that Cu sorption to the OM
fraction of the composite is less than would be predicted according to additivity
(Moon and Peacock, 2013). This non-additivity feature is also found in
Cd**—ferrihydrite—Comamonas spp (Song et al., 2009), Pb**—ferrihydrite—Bacillus
subtilis (Kulczycki et al., 2005), Sr**—ferrihydrite—Shewanella alga (Small et al.,
1999) and Cu?'—ferrihydrite—Anoxybacillus flavithermu (Franzblau et al., 2016)
systems. Moreover, additivity metal sorption behaviour is also found in
Cd**—kaolinite—Bacillus subtilis (Alessi and Fein, 2010) and
Cd**—montmorillonite—Pseudomonas putida (Du et al, 2016b) systems. Overall the

intimate association of Fh with OM, and the resulting changes in the Fh—OM
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composite physiochemistry mean that it is difficult to predict metal sorption onto
Fh—OM composites in natural and contaminated environments (Moon and Peacock,
2013)

Work to date shows that careful investigation of metal sorption to Fh—OM
composites is essential to understand and predict both nutrient trace-metal cycling and
heavy-metal contamination in soils and sediments. Interaction of OM with iron
(hydr)oxides can occur via coprecipitation, where iron (hydr)oxide is precipitated in
the presence of OM, or via sorption of OM onto the iron (hydr)oxide surface (Kleber
et al., 2015). The physicochemical properties of these two different kinds of iron—OM
composites have received increasing attention recently (Eusterhues et al., 2011; Chen
et al.,, 2014; Mikutta et al., 2014), however, their environmental reactivity and
especially their sorption behaviour towards trace elements, still remains poorly
understood. Cadmium occurs naturally in the Earth’s crust, and therefore is found in
virtually all components of terrestrial and marine ecosystems. Cadmium accumulation
in drinking water and food (e.g., Oryza sativa L.) poses severe human health issues
(Jarup and Akesson, 2009). For example, Cd is emerging as the most serious metal
pollutant in China, where around 7% of total soil exceeds the environmental standard
limit (Du et al., 2016a).

In this work we investigate Cd sorption on two different kinds of Fh—OM
composites, namely those formed via coprecipitation with OM versus adsorption of

OM onto preformed Fh surfaces. Humic acid (HA) was chosen as a model organic
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fraction to represent OM found in soils and sediments. For each composite type,
coprecipitated or adsorbed, we synthesise two different composites, one with low C
loading (~5 wt.% C; ~0.5 C/Fe molar ratio) and another with high C loading (~15 wt.%
C; ~2 C/Fe molar ratio). We characterise the Fh—HA composites in terms of C content,
specific surface area (SSA), mineralogy and crystallinity, organic C composition and
fractionation and nano-scale Fe-C elemental distribution. We then combine
macroscopic adsorption edge experiments with microscopic Cd K-edge EXAFS to
explore the sorption behaviour of Cd from a macro- and molecular-level. Our findings
help understand Fe—OM-—metal interactions in soils and sediments where OM

interaction with iron (hydr)oxides and drawdown of trace elements coexist.

2. MATERIALS AND METHODS

2.1 Ferrihydrite and ferrihydrite-humic acid composite preparation and
characterisation

A commercial humic acid sodium salt was procured from Sigma—Aldrich (H16752-2;
Shanghai, China). Purification of the solid HA was done following Du et al. (2016a).
Because humic acid is soluble in alkaline condition, HA suspension was prepared by
dissolving the purified HA in 0.1 M NaOH. The pH of the HA suspension was
adjusted to ~7 before using. The mass fraction of carbon in the HA was determined by
a Leco SC—444DR dual range sulfur and carbon analyser as ~37.8 wt.% (Table S1).

2-line ferrihydrite (Fh) was prepared via rapid hydrolysis of Fe** salt solution to pH
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~7.5 with 1 M KOH (Moon and Peacock, 2012). Two different Fh—HA composites
were prepared, i.e., coprecipitated Fh—HA and adsorbed Fh—HA. For the
coprecipitated Fh—HA, 0.1 M Fe** salt solutions were first mixed with two different
amounts of HA under vigorous stirring, generating C/Fe mass ratios of 0.1 and 0.5,
which was equal to molar C/Fe ratio of 0.47 and 2.33, respectively. After 30 minutes,
the pH of the suspensions was raised to 7.5 by the dropwise addition of 1 M KOH.
These preparations should result in Fh—HA coprecipitated composites with
approximately 5 wt.% and 15 wt.% C [assuming the structural formula for 2-line Fh
of FeOOH-0.4H>O (Hiemstra and Riemsdijk, 2009)], named as FhHA Cor5% and
FhHA Corl5%, respectively. For the adsorbed Fh—HA, two different amounts of HA
were mixed with the freshly prepared Fh under vigorous stirring, generating initial
C/Fe mass ratios of 0.1 and 0.5. The pH of the suspension was then adjusted to ~7.5
by the dropwise addition of 1 M KOH and the suspension was allowed to react for 4
hours. The suspensions were centrifuged at 4000 g for 20 minutes, and the supernatant
was removed. As for the Fh—HA adsorption composites, these preparations should
result in Fh—HA adsorption composites with approximately 5 wt.% and 15 wt.% C,
named as FhHA Adsr5% and FhHA Adsr15%, respectively. Both the pure Fh and
Fh-HA composites were washed three times with MilliQ water and dialysed for 3
days. During the washing and dialysis procedures, a small fraction of the
loosely-bound HA was dissolved from the solid products (measured by colorimetric

method) and this fraction of HA was removed. The freshly prepared Fh and Fh-HA
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composites were used for metal sorption experiments while a portion of the wet
samples were freeze-dried for total C content, BET, XRD, carbon K-edge NEXAFS
and Fe K-edge XAS measurements.

The total carbon contents of the Fh-HA composites were determined using a
Leco SC—444DR dual range sulfur and carbon analyser (Leco Co. Ltd., Chicago,
USA). The surface area of the dried and degassed samples were measured by the BET
method using a Micromeritics Gemini VII analyser (Micromeritics Co. Ltd., Atlanta,
USA). The C contents and BET measurements were conducted in triplicate. Mineral
identity was determined with a Bruker D8 Advance power diffractometer (Bruker
AXS, Karlsruhe, Germany) and Cu Ka radiation (4=0.16054 nm). The coprecipitates
and adsorption composites were also investigated using a NanoSIMS 50L (Cameca
Co. Ltd., Gennevilliers, France) equipped with a caesium ion probe (Cs") (Li et al.,
2017). Prior to NanoSIMS analysis, the fresh samples were immobilized on Si wafers
(~10 mm diameter) and left to air-dry. The primary beam (~1 pA) stepped over the
sample at a 256x256 pixel resolution with a lateral resolution of 100-200 nm.
Secondary ions of 'C~ and **Fe'®O" were simultaneously collected with an electronic
dead time fixed at 44 ns. The ImageJ software (1.44p version, National Institutes of
Health, USA) was used to process the images. The correlation analyses were

performed using JACoP, a novel plug-in of Image J.

2.2 Cadmium sorption on ferrihydrite and ferrihydrite-humic acid composites
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Batch sorption edge experiments were performed in 50 mL plastic centrifuge tubes at
25 °C. KNOs stock solution was prepared at 0.1 M for use as background electrolyte.
Cd stock solution was prepared at 8.90 mM from Cd(NOz3)2:4H>O. Sorption samples
at 3.33 g sorbent L™! and 0.4 mM [Cd]iotal Were prepared by mixing 1.35 mL 8.90 mM
Cd stock solution with 0.1 g (dry weight) of freshly prepared ferrihydrite or
ferrihydrite-HA composite in 28.65 mL of 0.1 M KNOs. At 100% sorption,
experiments contained ~1.35 wt.% Cd. For Cd sorption on pure HA, 1.35 mL Cd
stock solution was mixed with a known amount of HA suspension to achieve the same
sorbent (3.33 g sorbent L!) and metal concentration (0.4 mM). The pH of the
resulting suspensions was adjusted to ~4—8 by dropwise addition of either HNOj3 or
KOH. Sorption samples were then shaken continuously for 24 hours during which
time the pH of the suspensions was adjusted every 4 hours to hold constant at + 0.05
pH units of the set pH values. Cd adsorption experiments with Fh show that 24 hours
is sufficient for adsorption equilibrium to occur (Tiberg and Gustafsson, 2016). The
final pH of the suspensions was recorded before centrifugation (4000 g, 20 minutes).
The supernatants were then filtered through 0.22 pm membrane filters and 3k Dalton
ultrafilters if necessary and acidified with 1% HNO; for measurement of Cd by ICP—
MS (Thermo Fisher Scientific, Massachusetts, USA). Experimental sorption solution
speciation was determined by PHREEQC using the MINTEQ.V4 database (Moon and
Peacock, 2012). Sorption samples that separated in the bottom of the centrifuge tubes

(as thick pastes) were collected for Cd K-edge XAS analysis.
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2.3 X-ray absorption spectroscopy

Ferrihydrite and the Fh—HA composites were characterized by Fe K-edge XAS. Fe
XAS spectra were collected at Fe K-edge (~7.111 keV) in transmission model on
beamline 1WIB of Beijing Synchrotron Radiation Facility (BSRF). During data
collection, storage ring electron energy is 2.5 GeV and the beam current varied
between 130 and 250 mA. The carbon (1s) NEXAFS spectra of pure HA and Fh—-HA
composites were collected at the BLO8U1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF, China). The storage ring energy was 3.5 GeV and the beam
current varied between 150-210 mA. The sample holder contained a number of Cu
windows topped with ~5 pum thickness powdered samples and was loaded into the
beamline vacuum system. Carbon K-edge spectra were collected in the total electro
yield (TEY) model in the energy ranges from 278 to 310 eV, during which the step
size was 0.2-eV for 280-283 eV, 0.1-eV for 283-292 eV and 0.2-eV for 292-310 eV
regions.

Cd XAS spectra of sorbed samples were collected in fluorescence mode on
station B18 at Diamond Light Source (DLS) Ltd., UK. The storage ring energy was
3.0 GeV and the beam current varied between 130 and 240 mA. Samples were
prepared as a thick paste held in a slotted Teflon holder, and covered with Kapton film,
and were stored at 4 °C to prevent drying before XAS collection. Since carboxyl

ligands comprise the majority of reactive sites in humic substances below pH 7,

11
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metal-carboxyl binding is expected to be an important mechanism for sorption of
metal cations by HA (Holtzclaw and Sposito, 1979). To represent the immediate
binding environment of Cd complexed to carboxyl groups, an aqueous Cd-Acetate
solution was prepared at a Cd:ligand molar ratio of 1:100 by mixing equal volumes of
0.05 M Cd(NOs3), with 5 M acetic acid (Ac) solution. The pH of the CdAc was
adjusted to 3 to promote the complexation of aqueous Cd>" with carboxyl groups. The
solution speciation for CdAc was determined in Visual Minteq, and the percentage
distribution of Cd species was 54.3% Cd-Acetate’, 22.1% Cd-(Acetate), and 4.863%
Cd-(Acetate)s .

Analyses of the C, Fe and Cd K-edge XAS data were accomplished using the
IFEFFIT package (Ravel and Newville, 2005). The C NEXAFS spectra were baseline
corrected and normalised in ATHENA. Background subtraction and normalisation of
the Fe and Cd K-edge XAS data were carried out in ATHENA. The input parameter of
Rukg was set to 0.9 in the analyses of Fe and Cd XAS spectra. Fourier transforms were
generated on k>-weighted spectra over an approximate k range of 3—12 A™! using
Hanning windows. The theoretical Fe and Cd EXAFS models were built by using
FEFF 6.0 in the IFEFFIT package. Least-squares fits of the Fourier-transformed &>y(k)
data were determined by shell simulations using ARTEMIS.

Linear combination fitting (LCF) using ATHENA was employed to determine the
partitioning of Cd between the Fh and HA fractions in the Fh—HA composites using a

linear combination of the end-member Cd-Fh and Cd-Carboxyl spectra. This method

12
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has been widely used to determine the distribution of metals in complex sorbent
systems (Moon and Peacock, 2012; Du et al., 2016b; 2017). The linear combination
was performed in k space over 3—12 A~!. The errors associated with the fits are those
typically applied to 2-component mixtures where errors are estimated to be
approximately £10% of the fitted values (Kim et al., 2000). The goodness of the fits

was characterized by the R-factor, where R<0.1 indicates a good fit.

3. RESULTS AND DISCUSSION
3.1 Physiochemical characteristics of ferrihydrite—humic acid composites
3.1.1 C contents and specific surface area

The results for the C contents and SSA of the Fh and Fh—HA composites are
shown in Table S1. Coprecipitation of Fh with HA results in a higher C content
(14.6%0.15 wt.%, 5.4+0.01 wt.%) than adsorption with HA (12.1+0.15 wt.%, 4.5+0.04
wt.%). This agrees with previous work studying the reaction of Fe oxides with forest
floor OM (Chen et al., 2014; Mikutta et al., 2014). The SSA of the pure Fh is
310.4+2.5 m?/g, but HA reduces the SSA of both the Fh—HA coprecipitates and
adsorption composites. Specifically, at ~5 wt.% C, the SSA of the Fh—HA composites
decreases to 239.3+2.8 m*g and 184.7+2.4 m*/g for the adsorption and
coprecipitation composites, respectively, while at ~15 wt.% C, SSA declines to
164.6+2.08 m*/g and 0.24 m*/g, for the adsorption and coprecipitation composites,

respectively. The SSA for the ~15 wt.% C Fh—HA coprecipitated composite is similar

13
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to the SSA of freeze-dried HA (0.17+0.01 m?/g). Given the drastic reduction in SSA
for the ~15 wt.% C coprecipitated composite, our results suggest that HA can promote
the formation of N»>-inaccessible aggregates, and that this phenomenon appears to be
more prevalent in Fh—HA coprecipitated composites. A similar observation is reported
for Fh—OM coprecipitates in the study of Mikutta et al. (2014).
3.1.2 Mineralogy

The pure 2-line Fh shows two distinct broad peaks at ~0.15 nm and 0.26 nm (Fig.
S1). The XRD patterns of FnHA Cor5% and FhHA Adsr5% resemble those of the
2-line Fh, whereas FhNHA Cor15% and FhHA Adsr15% exhibit reduced crystallinity,
especially for the coprecipitation composite in which the peak at ~0.26 nm disappears.
This is in good agreement with previous studies of Fh—OM composites (Moon and
Peacock, 2012; Chen et al., 2014; Mikutta et al., 2014). This reduced crystallinity is
probably due to the frequent reactions between Fe(O, OH)s octahedra of Fh and HA
molecules that may prevent cross-linking and result in decreased size of coherent
scattering domains (Eusterhues et al., 2008). Broad peaks occurring in the low
Bragg-angle region (~0.49 nm) likely originate from HA molecules (Eusterhues et al.,
2011; Mikutta et al., 2014).

Fe EXAFS can provide information on the relative crystallinity of mineral phases
by evaluating the type and number of Fe—Fe polyhedral linkages. Visual comparison
of the pure Fh and Fh—HA composites show that the Fh—HA composites have a

similar basic structure to pure Fh (Fig. S2a). The 5 spectra all resemble one another,
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and the peak features at k ~5.0, ~7.5, ~9.7 and 10.4 A are indicative of high-shell
backscattering atoms. In R space, the first peak (~1.95 A) corresponds to the nearest
coordinated O atoms (Fig. S2b). The second shell consists of two distinct Fe—Fe
coordination environments at R distance of ~3.0 and 3.4 A. For pure Fh, the first shell
consists of 5.11 O atoms at a Fe—O bonding distance of ~1.96 A, while the second
shell has 2.75 Fe atoms at ~3.04 A, and 3.54 Fe atoms at ~3.43 A (Table S2). The
shorter Fe—Fe distance is normally attributed to Fe—Fe edge-sharing and the longer
distance to Fe—Fe double corner-sharing configuration (Wang et al., 2016). The first
shell Fe—O (~1.96-1.97 A) and the second shell Fe—Fe distances (~3.03—3.04 A;
~3.43-3.44 A) for the Fh—HA composites are equivalent to those of the pure Fh. The
coordination number for the Fe—Fe edge-sharing (2.70—2.71) and corner-sharing
(3.37-3.50) atoms for the Fh—HA composites are smaller than those of the pure Fh.
However, the errors associated with coordination number (+0.4—0.7) mean that the
HA fraction does not appear to change the average local environment of Fe in the
Fh—HA composites.
3.1.3 Humic acid composition

The C-NEXAFS spectra of HA and Fh—HA composites are presented in Fig. 1.
For pure HA, three major bands are pronounced at ~285.1 eV, 286.8 eV and 288.4 eV,
corresponding to aromatic (1 s-n*, C=C), phenolic (1 s-n*, C=C—0) and carboxylic (1
s-n*, C=0) C, respectively (Chen et al., 2016). Compared with the original HA, the

peaks for carboxyl C become less intense and broader in Fh—HA composites,
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signifying the interaction of these groups with the mineral surfaces, likely via ligand
exchange between FeOH groups and carboxylic groups (Chen et al., 2014). For
FhHA Adsr5% and FhHA Cor5% the aromatic C and phenolic C are strongly
evident, and the alkyl C peaks at 289.6 eV increase, compared to pure HA, suggesting
all fractions of the HA can be adsorbed/coprecipitated with the Fh mineral at
relatively low HA surface loading. For FhHA Adsr15% and FhHA Corl5%,
however, the aromatic C peaks are still strongly evident but the peaks for phenolic and
alkyl C decline, suggesting selective uptake of the aromatic fraction of the HA at
higher HA surface loading. Observations by Chen et al. (2014) showed that aromatic
C is preferentially associated with Fh-OM composites at molar C/Fe ratio of 1.5
which is close to those (~C/Fe ratio of 2) of the FhnHA Adsr15% and FhHA Cor15%
products in this study. Specifically, based on their C-NEXAFS spectra, FTIR analysis
and UV results, Chen et al. (2014) propose that carboxyl groups attached to the
aromatic rings are preferentially adsorbed or coprecipitated with Fh leading to a
preferential association of aromatic C.
3.1.4 Elemental distribution of Fe and C

The nano-scale elemental distribution of Fe and C in the Fh—HA composites was
mapped by measurements of the *Fe!®0™ and '2C~ secondary ions (Fig. 2). For the
FhHA Cor5% and FhHA Cor15% composites, the colour-coded maps of *°Fe'®O~
and '2C~ show that there is a high degree of spatial correlation between C and Fe (Fig.

2a, b; Pearson's coefficient PC>0.94). For the FnHA Adsr5% and FhHA Adsr15%
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composites, the degree of spatial correlation is high (Fig. 2c, d; PC=0.75 and 0.86,
respectively) but several separate phases of C and Fe are observed for FhnHA Adsr5%
(see the ellipses in Fig. 2c). Overall all our observations suggest that C is highly
spatially correlated with Fe in both the coprecipitated and adsorbed Fh—HA

composites, but C distribution is more uniform in the coprecipitated type.

3.2 Aqueous Cd sorption onto ferrihydrite and ferrihydrite—humic acid
composites

The experimental solution (0.4 mM Cd(NOs)2) speciation calculations show that Cd
occurs predominantly as Cd*" and CdNOs" in the experimental sorption solutions (pH
4-8, Fig. S3). No Cd hydroxides and carbonates were present in our adsorption
experiments. The wt.% Cd sorbed onto Fh, HA and Fh—HA composites as a function
of pH is plotted in Fig. 3. At pH<S, no Cd is sorbed on pure Fh whereas a significant
amount is sorbed onto HA (>90% [Cd]ita1). On Fh Cd sorption increases dramatically
to almost 100% sorption as pH increases from 5 to 7. The FhHA Cor5% and
FhHA Adsr5% composites display Cd sorption that is almost identical to the pure Fh,
whereas FnHA Cor15% and FhHA Adsr15% display Cd sorption that is intermediate
to that of the end-member Fh and HA. This macroscopic sorption behaviour implies
that there is a contribution of the HA fraction to the sorption of Cd, specifically
enhancing Cd sorption in the mid-low pH regime. Relatively few studies investigate

metal sorption by organo-mineral composites, but enhanced sorption to iron
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(hydr)oxide organo-mineral composites in the mid-low pH regime is also seen during
Cd sorption to composites made with organic acids (Song et al., 2008) and bacteria
(Song et al., 2009), and also during the sorption of other metals (e.g., Cu, Pb, Sr et al.,)
to composites made with organic acids and bacteria (Tippinget al., 1983; Murphy et
al., 1995; Ali and Dzombak, 1996; Alcacio et al., 2001; Christl and Kretzschmar, 2001;
Buerge-Weirich et al., 2003; Flogeac et al., 2004; Saito et al., 2005; Jonsson et al.,
2006; Zhu et al., 2010; Moon and Peacock, 2012; 2013). In these cases enhanced
sorption is generally attributed to the presence of additional binding sites associated
with the organic fraction and/or new high-affinity sites created when the organics
adsorb to the (hydr)oxide surfaces. Furthermore, Cd sorption is approximately
equivalent between the FhHA Cor5% and FhHA Adsr5% composites, and the
FhHA Cor15% and FhHA Adsr15% composites. Given that the surface areas of the
two 5 wt.% C composites and the two 15 wt.% C composites are significantly
different (Table S1), this suggests that their Cd sorption capacities are not surface area
and thus surface site limited, i.e., there are enough surface sites to sorb all the Cd at

the experimental Cd concentration.

3.3 XAS of Cd sorption onto ferrihydrite and ferrihydrite—humic acid
composites
Cd K-edge EXAFS of the FhmHA composites were measured at two different pH,

pH 5.5 and 8. Cd k*-weighted EXAFS and Fourier transforms are shown in Fig. 4, and
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the EXAFS fits are summarized in Table 1. The Cd-Carboxyl standard shows clear
visual differences to the Cd-sorbed Fh end-member spectrum, attributable to different
Cd—C vs. Cd—Fe coordination environments. In our Cd-Carboxyl standard, EXAFS
fits show that the Cd coordination environment consists of 6.73 O at ~2.27 A and 0.82
C at 2.73 A, which is in accord with monodentate Cd-Carboxyl complexation
(Boyanov et al., 2003). For Cd-sorbed Fh, Cd is coordinated with 6.15 O in the first
shell at a Cd—O bonding distance of 2.28 A, and 1.92 Fe in the second shell at a
Cd—Fe distance of ~3.23 A. In general, Cd might be sorbed via bidentate edge-sharing
or bidentate corner-sharing with Fe(O,0H)s polyhedra at iron (hydr)oxide surfaces
(Randall et al., 1999), where edge-sharing complexation results in a shorter Cd—Fe
distance (~3.3 A) compared to corner-sharing complexation (~3.8 A) (Randall et al.,
1999; Tiberg and Gustafsson, 2016). Our Cd—Fe distance suggests Cd complexation
via a bidentate edge-sharing complex at the experimental ~1.35 wt.% Cd loading.

For the Cd-sorbed Fh—HA composite spectra, we visually observe the presence
of both the Cd—C ~2.7 A peak and the Cd—Fe ~3.2 A peak in the Fourier transforms,
albeit decreased in amplitude compared to the Cd-Carboxyl standard and Cd-sorbed
Fh end-member spectra, respectively. In agreement with our macroscopic sorption
edge data, the presence of both the Cd—C and Cd—Fe peaks suggests that Cd is
partitioned to both the Fh and HA fractions in the composites. In addition with an
increase in pH from 5.5 to 8, there is a concomitant decrease in the ~2.7 A peak and

an increase in the ~3.2 A peak. To explore the partitioning of Cd between the Fh-HA
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composite fractions we fit the Fh—HA composite spectra with a linear combination of
the Cd-sorbed Fh end-member spectrum and the Cd-Carboxyl spectrum. At pH 5.5 the
results yield an approximately equal distribution of Cd between the Fh and HA
fractions, while at pH 8 Cd is partitioned more onto the Fh fraction, at approximately
70% Fh and 30% HA (Table 2). Subsequently in the EXAFS fits of the Fh—HA
composite spectra, three paths of Cd—0O, Cd—C and Cd—Fe were considered. For
FhHA Cor5wt%, Cd is coordinated with 2.04 C and 2.23 Fe at pH 5.5, and 1.43 C
and 2.23 Fe at pH 8. For FhnHA Corl5wt%, Cd is coordinated with 2.12 C and 2.21
Fe at pH 5.5, and 0.3 C and 2.18 Fe at pH 8. For FhRHA Ads5wt%, Cd is surrounded
by 2.26 C and 2.58 Fe at pH 5.5, and 0.28 C and 2.25 Fe at pH 8. For
FhHA Ads15wt%, Cd is surrounded by 2.19 C and 2.05 Fe at pH 5.5, and 1.09 C and
1.7 Fe at pH 8. The fact that the Cd—C and Cd—Fe bond lengths in the Fh—HA
composites are, within error, nearly identical to the Cd-Carboxyl standard and Cd-Fh
end-member spectra, respectively, shows that the immediate coordination
environment around adsorbed Cd, and thus the molecular sorption mechanisms, are
very similar between the Fh—HA composites and the isolated end-member
Cd-Carboxyl and mineral phases. This is in good agreement with work on the
molecular-level surface complexation mechanisms of Cu on Fh, organics and
Fh—organic composites, where Cu is also sorbed by bidentate edge-sharing
complexation on Fh fraction of Fh—organic composites, and by carboxyl binding on

the organics fraction of Fh—organic composites (Moon and Peacock, 2012).
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3.4 Implications for Cd mobility and fate in natural and contaminated
environments

Our results show that for FhmHA organo-mineral composites made via coprecipitation
of Fh with HA and adsorption of HA onto preformed Fh, at low C concentration (~5
wt.% C; ~0.5 C/Fe molar ratio) total Cd sorption is not significantly different to that
observed on pure Fh (Fig. 3). Sorbed Cd is however, distributed between the Fh and
HA composite fractions as a function of pH (Fig. S4). At higher C concentration (~15
wt.% C; ~ 2 C/Fe molar ratio) coprecipitated and adsorbed composites display total
Cd sorption that is intermediate between pure Fh and pure HA, and show significantly
elevated Cd sorption in the mid-low pH regime (Fig. 3). In addition, sorbed Cd is
again distributed between the Fh and HA composite fractions as a function of pH (Fig.
S4). At both low and high C concentrations, our results show that for all composites
sorbed Cd is distributed approximately equally between the Fh and HA fractions at
low pH, and preferentially distributed on the Fh fraction at high pH (Table 2, Fig. S4).
The reason why the low C composites show total Cd sorption that is no different to
pure Fh, ie., say that they are not behaving additively, is probably due to the
occurrence of less carboxyl sites during the binding of the HA to the Fh surface
(Karlsson and Persson, 2012), as evidenced by our C-NEXAFS results (Fig. 1). In
contrast, the high C composites show total Cd sorption that is intermediate to pure Fh

and pure HA, i.e., say that there is a degree of additivity in their sorption behaviour.
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This might because there are more HA carboxyl sites, so even after these sites are
used up in the binding of the HA to the Fh surfaces, there are still sufficient sites to
complex with Cd, and this is manifest in the mid-low pH regime where carboxyl sites
are negatively charged, while Fh sites are positively charged, and thus the carboxyl
sites provide additional binding sites for enhanced complexation of Cd.

The fact that total sorbed Cd is a function of the C concentration in Fh-HA
composites, and the fact that the distribution of sorbed Cd between the Fh and HA
composite fractions is a function of pH has important implications for Cd mobility
and fate in natural and contaminated environments. In the first case, our results
indicate that in environments where iron (hydr)oxides are coprecipitated and adsorbed
with elevated concentrations of organic substances, there will be significantly
enhanced total Cd sorption to these composites in the mid-low pH regime, compared
to the sorption expected for pure iron (hydr)oxides and those only minimally
intermixed with organics. This has direct relevance to organic-rich soils and sediments,
acid-mine drainage environments, and black water rivers, and it is therefore critical to
measure and subsequently model Cd sorption to iron (hydr)oxide composites. Results
here provide a molecular understanding of Cd sorption to Fh composites as a function
of composite C concentration and environmental pH, which can be used to inform and
constrain subsequent thermodynamic modelling studies. In the second case, despite
the fact that Cd is sorbed as an inner-sphere complex to both the Fh and HA fractions,

and should therefore be relatively robust to exchange or desorption (at approximately
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constant pH), the relative mobility of the Cd sorbed to the different Fh and HA
fractions might differ as a function of environmental changes (e.g., during organic
decomposition and sediment diagenesis). In this scenario, as above, pure Fh may not
be a suitable analogue for predicting mobility and thus eventual fate of Cd in natural
and contaminated environments. Furthermore, although the chemical composition of
the coprecipitated HA is similar to the adsorbed HA, based on our C-1s NEXAFS
results, the stability of Cd-containing Fe—HA coprecipitated vs adsorbed composites,
however, could be quite different as the ability of microorganisms or microbial
enzymes to access internally occluded coprecipitated HA vs surface adsorbed HA may
differ. There is currently a dearth of knowledge on the stability of coprecipitated and
adsorbed OM during long-term biodegradation, and this should be addressed in
further studies. In summary, this batch and molecular sorption study shows that the
coprecipitation and adsorption of HA with Fh modifies the physiochemical properties
of the resulting Fe—HA composites, which exerts an important effect on the
sequestration of Cd, and likely the coupled biogeochemical cycling of Cd, Fe and C in

natural and contaminated environments.

4. CONCLUSIONS
Coprecipitated Fh—HA composites show similar crystal structure, carbon composition,
but higher C content and smaller SSA compared to the equivalent composites formed

by adsorption. At high carbon loading (~15 wt.% C), enhanced Cd sorption is
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observed on both coprecipitated and adsorbed composites at pH<5. At low carbon
loading (~5 wt.%), however, Fh—HA composites and pure Fh sorb almost equivalent
Cd over pH 4-8. Cd is sorbed as a bidentate edge-sharing on the Fh fraction and a
Cd-carboxyl binding on the HA. Linear combination results demonstrate that the
distribution of sorbed Cd between the Fh and HA composite fractions is a function of
pH and C loading. The results yield an approximately equal distribution of Cd
between the Fh and HA fractions at pH 5.5, and an approximately 70% Fh and 30%
HA distribution at pH 8. All the results obtained in this study have great implications
for the sequestration of Cd in organic-rich natural and contaminated environments,
and also shed light on the coupled biogeochemical cycling of metal, iron and organic

carbon in the critical zone.
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es4  Table 1. EXAFS fits of Cd local coordination environment in Cd-loaded samples.
665

Path CN R(A) - y e
(107 A% (%)

Cd-Carboxyl Cd-0  673(0.56) 2.27(0.00) 10.5 5.6 1.8
Cd-C  082(0.23) 2.73(0.09) 15.2

Cd-Ferrihydrite Cd-0  6.15(0.55) 2.28(0.01) 122 6.3 22
Cd-Fe  1.92(0.61) 3.23(0.02) 11.9

FhHA_Cor5% pH 8 Cd-0  723(1.19) 2.27(0.01) 14.4 3.7 1.0
Cd-C  143(033) 2.73(0.12) 213
Cd-Fe  223(031) 3.25(0.03) 18.4

FhHA Cor5%pH5.5  Cd-O  721(0.61) 2.28(0.01) 11.7 6.6 12
Cd-C  2.04(023) 2.76(0.04) 7.1
Cd-Fe  223(0.18) 3.28(0.05) 13.0

FhHA Corl5%pHS8  Cd-O  6.72(0.46) 2.28(0.01) 13.1 53 0.9
Cd-C  030(0.07) 2.77(0.03) 20.4
Cd-Fe  2.18(0.20) 3.24(0.03) 19.2

FhHA Corl5%pH5.5 Cd-O  634(0.62) 2.28(0.01) 11.5 6.1 1.4
Cd-C  2.12(023) 2.77(0.07) 20.4
Cd-Fe  221(0.14)  3.27(0.04) 24.6

FhHA Adsr5%pH8  Cd-O  6.52(0.55) 227 (0.01) 122 5.1 12
Cd-C  028(0.05) 2.76(0.01) 15.0
Cd-Fe  225(0.62) 3.21(0.03) 17.7

FhHA Adsr5%pH 5.5 Cd-O  6.61(0.71) 228 (0.01) 113 6.0 18
Cd-C  226(032) 2.77(0.07) 14.4
Cd-Fe  2.58(0.62) 3.30(0.04) 20.1

FhHA Adsr15%pH8 Cd-O  6.51(0.60) 2.28 (0.01) 12.5 5.0 0.9
Cd-C  1.09(0.12) 2.73(0.11) 18.8
Cd-Fe  197(0.15) 3.24(0.03) 11.9

FhHA Adsr15%pH 5.5 Cd-O  6.63(0.60) 2.28 (0.01) 10.5 6.3 1.6
Cd-C  2.19(0.22) 2.73(0.05) 12.8
Cd-Fe  2.05(0.35) 3.26(0.03) 18.2

666 CN — Coordination number, R — Inter-atomic distance, ° — Debye-Wall factor, AEy — edge shift,
667  R-factor — The goodness of fit. The values of AE, for the first and second shell were set the same.
668
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Table 2. Summary of the distribution of Cd between the ferrihydrite (Fh) and

humic acid (HA) fractions (%) determined by linear combination fitting of the

end-member Cd-Fh and Cd-Carboxyl EXAFS spectra.

Distribution of Cd between the ferrihydrite (Fh) and HA fractions (%)

pH FhHA Cor5% FhHA Cor15% FhHA Adsr5% FhHA Adsr15%
5.5 4244 Fh, 5846 HA 5345 Fh, 47+5 HA  46+5 Fh, 5445 HA 4945 Fh, 51+£5 HA
8 7447 Fh, 26£3 HA  69+7 Fh, 3143 HA  67+7 Fh, 3343 HA 6246 Fh, 38+4 HA
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FIGURE CAPTIONS

Figure 1. C 1s NEXAFS spectra of the humic acid and ferrihydrite-humic acid
composites.

Figure 2. *Fe!®0 and '>C secondary ion distributions in ferrihydrite—humic acid
composites: a) FhHA Cor5%, b) FhHA Corl15%, c¢) FhHA Adsr5% and d)
FhHA Adsr15%. Different colours represent different intensities of the signal, which
increase from black to red. Scale bar is 5 pm. PC is the correlations between *°Fe'®O
and '°C distribution.

Figure 3. Cd adsorption on ferrihydrite, humic acid and ferrihydrite-humic acid
coprecipitated (FhHA Cor5%, FhHA Corl5%) and adsorbed (FhHA Ads5%,
FhHA Ads15%) composites as a function of pH (4—8). Experimental conditions are
0.4 mM [CdJiotal in 3.33 g sorbent L™! in 0.1 M KNO; background electrolyte.

Figure 4. Cd k*-weighted (a) and Fourier Transform magnitude (b) of Cd-sorbed
acetate solution standard, Cd-sorbed ferrihydrite (Fh) and ferrihydrite—humic acid
composites (FhHA) at different pH. The solid lines are data and dashed lines are

EXAFS fits.
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