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ABSTRACT

Wet-chemical iron extraction is widely applied to quantify the mineral-bound ferriferous fraction of
sediments and soils. As previously shown, this method is strongly affected by the composition of the soil/
sediment. Samples enriched in mostly microbially produced nitrite require the removal of the nitrite-
containing aqueous phase or the replacement of HCl with sulfamic acid (SA) as the extractant. In this
study, we show that sedimentary carbonate buffers SA, inhibiting the stabilization of Fe(ll) and effective
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extraction of iron. We therefore provide a revised extraction protocol which allows the preservation of low
pH conditions, leading to efficient iron extraction in nitrite- and carbonate-enriched samples.

Introduction

Iron (Fe) is the most abundant redox active transition metal in
the earth crust. Naturally it occurs mainly as reduced ferrous
(Fe(II)) and oxidized ferric Fe (Fe(IlI)) (Cornell & Schwert-
mann 2003; Ehrlich et al. 2016). Natural soils and sediments
contain around 4%wt total Fe on average, ranging from as less
as 0.2% up to 55% (Murad & Fischer 1987; Essington 2015). Fe
biogeochemical cycling is affected by a number of abiotic and
microbial redox processes (Schmidt et al. 2010; Melton et al.
2014), which strongly impact carbon (C) (Lalonde et al. 2012),
oxygen (O) (Kanzaki & Murakami 2013), nitrogen (N) (Benz
et al. 1998) and sulfur (S) cycles (Canfield et al. 1992) as well as
nutrient and contaminant mobility (Borch et al. 2010; Vaughan
& Lloyd 2011). The availability of Fe, including solubility and
crystallinity, as well as the redox speciation of Fe are, hence, of
interest for the characterization of environmental soil and sedi-
ment samples and lab experiments.

To identify and quantify Fe species and to characterize Fe
mineralogy, various methods can be used, e.g., X-ray diffraction,
Mossbauer spectroscopy or synchrotron-based X-ray absorption
spectroscopy (Posth et al. 2014). As these methods are costly,
time consuming and require sophisticated analytical equipment,
wet-chemical Fe extraction and subsequent quantification—and
in some cases speciation analysis—of dissolved Fe represent valid
alternatives that are commonly used in the fields of geochemistry
and geomicrobiology. A variety of protocols for wet-chemical Fe
extraction have been developed, differing in the type of extract-
ing agent, incubation time and conditions such as temperature,
light or shaking (Heron et al. 1994; Kostka & Luther 1994;
Poulton & Canfield 2005; Wallmann et al. 1993). Different pro-
tocols allow the extraction of different operationally defined Fe

mineralogical and redox fractions and consequently to acquire
information about Fe crystallinity, e.g., extraction of “adsorbed
or carbonate bound Fe” by shaking with 1 M Na-acetate at
room temperature for 1-5 h (Tessier et al. 1979), extraction of
“poorly crystalline” Fe minerals by shaking with 0.5-1 M HCI at
room temperature (Heron et al. 1994; Porsch & Kappler 2011)
or extraction of “total Fe” by concentrated HCI at 70°C for up
to 24 h (Heron et al. 1994; Porsch & Kappler 2011). The sequen-
tial application of extraction protocols using increasing concen-
trations of acids allows the extraction of several Fe fractions
from the very same sample, providing detailed information
about the Fe mineral composition (Heron et al. 1994; Poulton &
Canfield 2005; Tessier et al. 1979). The quantification of
extracted Fe is commonly done using spectrophotometric assays
(Braunschweig et al. 2012; Verschoor & Molot 2013) based on
agents such as ferrozine (Stookey 1970) or phenanthroline
(Clark 1962). Ferrozine as well as phenanthroline form stable
colored complexes with Fe'ly.... The concentration of these com-
plexes, that is proportional to the concentration of Fe'y, can
be quantified via their absorption at 562 or 533 nm, respectively.
Extracted Fe'y is reduced to Fe'y, by hydroxylamine hydro-
chloride or ascorbic acid (Verschoor & Molot 2013) and the so-
obtained total Fe is subsequently analyzed in the same way.
Fe'™ ;... can then be calculated as the difference of total Fe and
Fe' . Both the extraction and the quantification of iron can be
affected by interfering ions in samples that have to be analyzed.
The ferrozine assay is strongly affected by interference with
heavy metals such as cobalt and copper (Stookey 1970; Kundra
et al. 1974) or high concentrations of Fey.. (Im et al. 2013).
The interfering agents compete with the complexation of
Fe' ;s and ferrozine. For known sample compositions, these
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interferences can be handled by including the respective agents
to standard solutions used for the calibration.

A major interfering compound for classical Fe extraction is
nitrite (Klueglein & Kappler 2013), which is formed as an inter-
mediate of denitrification processes (Klueglein et al. 2014).
Under acidic conditions, which are required for Fe extraction,
nitrite is protonated instantaneously to nitrous acid which
decomposes into NO, and NO, both rapidly oxidizing Fe(II)
abiotically according to the following equations:

NO, + H* — HNO, (1)

2 HNO, — NO, + NO + H,0 2)

NO, + 2Fe’" + 2HT — 2Fe*" + NO 4+ H,0 (3)
NO + Fe!* + HY — Fe*t 4+ HNO (4)

2 HNO — N,01 + H,0 (5)

This effect is massively increased under oxic conditions as
NO, is regenerated by the reaction of NO with O, (Klueglein
& Kappler 2013). Fe'y, is subsequently not stabilized by
HCl; on the contrary, the oxidation of Fe'g, is even
enhanced. The oxidation of Fe', by nitrite is often pre-
vented by centrifugation or filtering to separate the liquid
phase containing nitrite from the solid phase of which iron
needs to be extracted by acidification. However, adsorbed
nitrite as well as nitrite remaining in the porewater of the
sample may react with Fe(II) during the subsequent acidic
extraction of iron. This reaction can be inhibited by using
40 mM sulfamic acid (SA; HSO5NH,) as the extractant
instead of 1 M HCIL. SA reacts with nitrous acid forming
nitrogen gas and sulfuric acid (Marouf-Khelifa et al. 2006).

HN02 + HSO3NH2 —> HzSO4 + N2 + Hzo (6)

It was therefore suggested by Klueglein & Kappler (2013) to
replace HCl with SA for Fe extraction in samples potentially
containing nitrite. Fe extraction using SA has proven to be suc-
cessful in lab systems such as culture media as well as for envi-
ronmental samples (Laufer et al. 2016a; Li et al. 2015; Robertson
et al. 2016; Xiu et al. 2016). In this study, we show that when
analyzing Fe-spiked fresh water sediments we discovered that
high carbonate contents of the sediments strongly interfered
with the extraction of Fe using SA as the extractant. We, there-
fore, revised the existing Fe extraction protocols with the aim (i)
to develop a Fe extraction protocol suitable for sediment and
soil samples that contain carbonate as well as nitrite and (ii) to
determine the range of carbonate and nitrite concentrations that
require the application of different available protocols.

Materials and methods
Medium preparation

All experiments were performed using freshwater medium
(FWM) containing the following salts (per liter): 0.6 g KH,PO,,
0.3 g NH,CI, 0.025 g MgSO, * 7 H,0, 0.4 g MgCl, * 6 H,O and
0.1 g CaCl, * 2 H,O. The medium was prepared anoxically in a
Widdel flask with a headspace of N,/CO, (90:10) and was buffered

with 22 mM bicarbonate buffer (Hegler et al. 2008). Additionally,
1 ml of a vitamin solution, 1 ml of a trace element solution and
1 ml of a selenite-tungstate solution were added to one liter
medijum (Ehrenreich & Widdel 1994). The pH was adjusted to 7.1
using either anoxic 1 M HCl or anoxic 0.5 M Na,COs.

Sediment samples

Sediment samples were taken in September 2015 from the litto-
ral zone of Lake Constance (47°4142.63N, 9°1140.29E) at
0.4 m water depth (Melton et al. 2012). Samples were trans-
ported to the laboratory at 4°C and stored at 10°C until proc-
essing. Sediment mineralogy and composition were determined
via micro-X-ray diffraction (uXRD) (Bruker D8 Discover
X-ray diffraction instrument; Bruker AXS GmbH, Germany)
and X-ray fluorescence (XRF) (Bruker AXS S4 Pioneer X-ray
fluorescence spectrometer; Bruker AXS GmbH, Germany). The
carbonate content was quantified by a gravimetric method for
loss of carbon dioxide (Loeppert & Suarez 1982) using 1 g of
dried sediment and 10 ml of 3 M HCI. Loss of CO, was deter-
mined by the difference between initial and final weights of
flask + acid + sediment. The carbonate (CO%‘ %) content of
the sediment was then calculated as described by Loeppert &
Suarez (1982) according to the following equation:

2 —1
CO2- o = (g CO, .lost> . (8 CO; mo}1 £ 100 (7)
g soil g CO,mol

with (%ﬁ)ﬁw) describing the weight portion of the original

g CO2~ mol ™'

soil sample that was lost as CO, and ( =) used to cal-

g CO, mo
culate the amount of CO5>~ of which this CO, was produced.

Experimental setup

For each setup 5 g natural freshwater sediment was mixed with
50 ml anoxic FWM and spiked either with 5 mM ferrihydrite
prepared according to Raven et al. (1998) and Amstaetter et al.
(2012) and 2 mM NaNO, or with 5 mM FeCl, and 2 mM
NaNO,. All setups were prepared in triplicates. All extraction
experiments were performed right after mixing medium and
sediment to prevent biotic or abiotic reactions in the setups.

For extraction of poorly crystalline iron and stabilization of
ferrous iron, one of the following three acids was used: 1 M HCl
(further on referred to as HCI) or 40 mM SA prepared in Milli-
pore (MQ) water (further on referred to as SA/MQ) or 40 mM
SA prepared in 1 M HCI (further on referred to as SA/HCI).

1 ml subsamples of sediment/medium slurry were taken using
syringes (needle diameter 1.8 mm) and transferred into 1.5 ml
Eppendorf tubes. For separation of dissolved and solid Fe frac-
tions, additional 1 ml subsamples were centrifuged for 5 min at
14,000 g. The supernatant was mixed 1:10 with one of the acids
defined above in order to stabilize ferrous iron. The sediment pel-
let was mixed with 900 ul acid (Figure 1a). For quantification of
overall Fe concentrations, the slurry was acidified in 1:10 (100 wl
slurry 4+ 900 ul acid) or 1:2 (500 wl slurry + 500 wl acid)
mixtures (Figure 1b). All extraction samples containing sediment
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Figure 1. Microcosm subsample processing for iron extraction and stabilization. (a) Quantification of dissolved iron from the supernatant and solid phase iron from the
sediment pellet sum up to total iron. (b) Sediment slurry measurements allow direct quantification of total iron.

were incubated at room temperature on a shaker for 1 h at
150 rpm to dissolve poorly crystalline iron.

All sample preparations were performed under anoxic N,
atmosphere.

Analytical methods

Total iron and Fe(II) were measured spectrophotometrically using
the ferrozine assay according to Stookey (1970) but adapted for
microtiter plates. 20 pul of a sample (medium or extracted Fe
from sediment or slurry, each stabilized in acid as described in
the paragraph above) was mixed with 80 ul of 1 M HCl to quan-
tify Fe" ;s or with 80 ul hydroxylamine hydrochloride (HAHCI,
10% w/v in 1 M HCI) to quantify total Fe, i.e., Fe' g + Fe .
100 pl of ferrozine solution (0.1% w/v in 50% ammonium ace-
tate) was added after 30 min incubation time for HAHCI. The fer-
rozine was given 5 min to react with Fe'l;... before absorbance at
562 nm was measured in a plate reader (Multiskan™ GO Micro-
plate Spectrophotometer, Thermo Scientific). Three technical rep-
licates of each sample have been measured. Fe';; concentrations
were calculated as the difference of total iron and Fey,. Standard
Fe(II) solutions were prepared as dilutions of Fe(II)(NH,),(SO4),
in either 1 M HCI, 40 mM SA/MQ or 40 mM SA/HCL

For nitrite quantification, subsamples of batch microcosms
were diluted in the same way as for Fe quantification. In case of
HCI, this should lead to oxidation of Fe(II) by nitrite while
both mixtures containing SA should remove nitrite and, hence,
stabilize Fe(II). In contrast to Fe extraction, nitrite samples
were measured immediately after dilution using a continuous
flow analysis (CFA) system (AutoAnalyzer 3 HR, SEAL Analyt-
ical) (Laufer et al. 2016b). To account for possible matrix
effects, the respective acids without sample were measured and
background levels were subtracted.

pH was measured in the supernatant of Fe extractions using
pH indicator strips (Merck).

Results and discussion
Properties of natural lake constance sediment

uXRD analysis showed that the Lake Constance littoral sedi-
ment consisted mainly of quartz, calcite and dolomite. This

was supported by XRF data showing 56.35% SiO, 16.23% CaO
and 2.27% MgO with CaO and MgO accounting for calcite and
dolomite. The presence of these carbonate minerals was con-
firmed by the loss of CO, after acidification which revealed a
carbonate content of 19.6 £ 2.8%.

The total Fe content of dry weight sediment according to
XRF ranges from 1.31% to 1.58%. In batch microcosm setups
without amendment of Fe this resulted in 0.61 £ 0.19 mM fer-
rous and 0.04 £ 0.02 mM ferric iron. Nitrite could not be
detected in non-amended setups.

Influence of sediment on extractant pH

Table 1 shows the pH in all extraction setups. When using 1 M
HCI or SA/HCI, the pH was less than 1. The pH of the extrac-
tion setups using SA/MQ increased with increasing sediment
content. In 1:10 (v/v) mixtures of the slurry with SA/MQ the
pH stayed below 2, but increased to pH 5.5 in 1:2 (v/v) mixtures
of slurry with SA/MQ and even up to pH 6 when pure pelleted
sediment was acidified with SA/MQ. This buffering effect is
caused by sedimentary carbonate as confirmed by titration of
SA/MQ with Na,CO; solution (Figure 2).

Effect of aqueous nitrite on Fe speciation in supernatant
samples

Figure 3 shows the results of the quantification of dissolved fer-
rous and dissolved ferric iron as well as nitrite from the super-
natant that was collected after centrifugation of the sediment
slurry (Figure 1a) that was spiked with 2 mM nitrite and either
5 mM FeCl, or 5 mM ferrihydrite.

Acidification of the supernatant of the microcosms
spiked with Fe(II) and nitrite (Figure 3a) with 40 mM

Table 1. pH values of acidified samples from batch microcosm using different
acids.

Supernatant 1:10  Slurry 1:10  Slurry 1:2  Pellet 1:10

1MHd 0-0.5 0-0.5 0.5-1 0-0.5
40 mM SAin T M HCI 0-0.5 0-0.5 0.5-1 0-0.5
40 mM SA 0.5-1 15-2 5-55 5.5-6
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Figure 2. Stepwise addition of Na,COs solution to 40 mM sulfamic acid shows
the strong buffering effect of carbonate at concentrations higher than
10 mM.

SA/MQ in order to stabilize the iron speciation that
resulted in a complete removal of nitrite by reaction with
SA, thus stabilizing a total of 4.18 £ 0.05 mM Fe(II) with
no Fe(III) detectable. Using 1 M HCI to acidify the super-
natant resulted in the stabilization of 2.27 £+ 0.04 mM Fe
(II) and the oxidation of 1.73 &+ 0.16 mM Fe(II) to Fe(III)
coupled to a removal of 1.34 mM nitrite. This corresponds
to the oxidation of 43.2 £+ 2.6% of the Fe(II) initially pres-
ent in the supernatant by reaction with nitrite. This data
confirms the abiotic oxidation of Fe(II) by nitrite and the
prevention of this reaction by the use of SA as shown by
Klueglein & Kappler 2013. The acidification of the superna-
tant with 40 mM SA/HCI provided very similar results as
SA/MQ, also leading to a complete removal of nitrite by
reaction with SA while stabilizing 4.02 £+ 0.08 mM Fe(II),
also with no detectable Fe(III).

In microcosms that were spiked with the Fe(III) mineral
ferrihydrite and nitrite (Figure 3b), we detected neither Fe
(II) nor Fe(Ill) after acidification of the supernatant with
1 M HCL. However, we detected 1.75 & 0.06 mM nitrite in
the supernatant. The fact that nitrite is preserved in samples
in which Fe(II) is absent in the supernatant again confirm
that the oxidation of Fe(II) in the samples shown in
Figure 3a was caused by the reaction with nitrite. The use
of SA/HCI or SA/MQ both provided complete removal of
nitrite. Using SA/HCI we detected 0.03 & 0.01 mM Fe(II)
and no Fe(III) whereas acidification of the supernatant with
SA/MQ resulted in 0.02 £ 0.02 mM Fe(Il) and 0.16 =+
0.01 mM Fe(III).

Effect of sediment carbonate on Fe extraction from
pelleted sediment

Figure 4 shows solid-phase ferrous and ferric iron extracted
from sediment pellets after centrifugation of sediment slurry
(Figure 1a) spiked with 2 mM nitrite and either 5 mM FeCl, or
5 mM ferrihydrite.

Extracting Fe from the pelleted sediment of setups that were
spiked with Fe(II) and nitrite (Figure 4a), acidification with
1 M HCI or SA/HCI resulted in similar outcomes. With 1 M
HCI, 2.58 & 0.26 mM Fe(II) and 0.40 £ 0.09 mM Fe(III) were
extracted while using SA/HCI 2.53 + 0.54 mM Fe(II) and
0.19 =+ 0.04 mM Fe(III) were extracted. Nitrite was not detected
in any of the pellet extractions, indicating that it remained
mainly in the aqueous phase discussed in the above section. If
nitrite was also present in the sediment porewater, its concen-
tration was too low to be detected. In extracts using SA/MQ the
pH was increased up to pH 6, consequently the solubility of Fe
was impaired and only 0.79 + 0.04 mM Fe(II) and 0.09 +
0.06 mM Fe(III) were extracted.

Extractions from the pelleted sediment of setups that were
spiked with Fe(IIl) and nitrite (Figure 4b) using 1 M HCI
resulted in 1.05 &= 0.38 mM Fe(II) and 3.69 & 0.37 mM Fe(III).
Similar results were obtained for extraction using SA/HCL
1.30 & 0.16 mM Fe(Il) and 4.18 &+ 0.51 mM Fe(III) were
detected. When using SA/MQ, the pH reached 6 and prevented
again effective Fe extraction; only 0.12 &= 0.02 mM Fe(II) and
0.04 £ 0.01 mM Fe(III) were extracted.

Combined effects of nitrite and sediment carbonate on Fe
extraction and speciation

We could show that the separation of the carbonate-rich sedi-
ment and the nitrite-rich supernatant of microcosm subsamples
would qualitatively be a sufficient mean to prevent interactions
of Fe(II) and nitrite during acidification. This would require the
subsequent stabilization of the aqueous Fe(II) in the supernatant
using SA and the extraction of solid-phase Fe using HCl. How-
ever, our results also showed that summing up the quantified dis-
solved and solid Fe fractions resulted in overestimations of the
actual sedimentary Fe content rather than allowing an accurate
quantification. After spiking the microcosms with 5 mM FeCl,
or ferrihydrite a total Fe concentration of 5-6 mM should be
expected, considering the 0.65 £ 0.21 mM total residual sediment
Fe (0.61 mM Fe(II) and 0.4 mM Fe (III)). Apart from the micro-
cosms that were amended with 5 mM ferrihydrite and the
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Figure 3. Quantification of ferrous iron (open bars), ferric iron (filled bars) and nitrite (hatched bars) in the supernatant of batch microcosm setups with freshwater Lake
Constance sediment using different extractants. Ferrous and ferric iron are shown as stacked bars. Standard deviations are derived from biological triplicates. (a) Setups
spiked with 5 mM Fe(ll) and 2 mM nitrite. (b) Setups spiked with 5 mM ferrihydrite and 2 mM nitrite.
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Figure 4. Quantification of ferrous iron (open bars), ferric iron (filled bars) and nitrite (hatched bars) in the pellet of batch microcosm setups with freshwater Lake Con-
stance sediment using different extractants. Ferrous and ferric iron are shown as stacked bars. Standard deviations are derived from biological triplicates. (a) Setups spiked
with 5 mM Fe(ll) and 2 mM nitrite. (b) Setups spiked with 5 mM ferrihydrite and 2 mM nitrite.

extraction performed with SA/HCI (total Fe = 5.84 £ 0.67 mM),
all other samples showed inaccurate total Fe concentrations,
ranging from 4.74 £ 0.75 mM up to 6.98 £ 0.55 mM (Figures 3
and 4). Such variations might be caused by the heterogeneity of
the sandy sediments. Withdrawing slurry subsamples from the
microcosms using syringes or pipets cause variations between the
replicates with respect to grain size and grain content in each
subsample. Due to this variable sediment content, the Fe concen-
trations determined after separation of sediment and medium
are slightly error-prone. The subsequent calculation of the con-
centrations per fraction leads to an error propagation and conse-
quently amplifies varieties of the calculated Fe concentrations.
Variations in the sediment content also occur when Fe is
extracted from the slurry as a whole. However, as the calculation
of total Fe concentrations is in that case obsolete, the error propa-
gation is omitted and the varieties are less pronounced. Apart
from this expected higher accuracy, Fe extractions and nitrite
quantifications from the sediment slurry as a whole were per-
formed to prove the applicability of SA/MQ on samples concur-
rently enriched in both nitrite and carbonate.

To assess the influence of the sediment content on the Fe
extraction efficiency, two different slurry:extractant ratios
were chosen. In extractions with a 1:10 (v/v) ratio, 100 ul
of the slurry was acidified with 900 ul of the extractant. In

extractions with a 1:2 (v/v) ratio, 500 ul of the slurry was
acidified with 500 ul of the extractant (Figure 1). Ferrous
and ferric iron, as well as the nitrite concentrations,
detected in slurry subsamples of microcosms that were
spiked with 2 mM nitrite and either 5 mM Fe(II) or 5 mM
ferrihydrite are shown in Figure 5.

In Fe(II)- and nitrite-spiked sediment slurries mixed in a
ratio of 1:10 (v/v) (Figure 5a) with 1 M HCl, 3.87 &+ 1.08 mM
Fe(IT) was stabilized while 2.10 + 0.12 mM Fe(III) was detected.
This sums up to 5.97 = 1.20 mM total Fe of which 35.9 + 6.9%
were oxidized during the extraction while only 0.05 + 0.02 mM
nitrite were left. Extracting Fe in a 1:10 (v/v) mixture with
SA/HC, a total amount of 5.48 & 1.14 mM Fe(II) was stabilized.
The 1:10 (v/v) mixture of sediment slurry and SA/MQ contained
5.30 = 0.77 mM Fe(II). Nitrite was removed completely by reac-
tion with SA in mixtures with SA/HCI as well as in mixtures
with SA/MQ. Although all measured total Fe concentrations
were within the expected range of 5-6 mM, HCl as the only
extractant was insufficient to stabilize Fe(II). Oxidation by nitrite
revealed the formation of Fe(III). Both setups containing SA
could prevent this reaction and thereby stabilize Fe(II).

When extracting Fe from Fe(IIl)- and nitrite-spiked sediment
slurries (Figure 5b) mixed 1:10 (v/v) with 1 M HC],
023 + 0.24 mM Fe(II) and 5.55 £+ 0.37 mM Fe(IlI) were
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Figure 5. Quantification of ferrous iron (open bars) and ferric iron (filled bars) and nitrite (hatched bars) in slurry samples of batch microcosm setups with freshwater Lake
Constance sediment using different extractants. Ferrous and ferric iron are shown as stacked bars. Standard deviations are derived from biological triplicates. (a) 1:10 (v/v)
mixtures of slurry spiked with 5 mM Fe(ll) and 2 mM nitrite; (b) 1:10 (v/v) mixtures of slurry spiked with 5 mM ferrihydrite and 2 mM nitrite; (c) 1:2 (v/v) mixtures of slurry
spiked with 5 mM Fe(ll) and 2 mM nitrite; and (d) 1:2 (v/v) mixtures of slurry spiked with 5 mM ferrihydrite and 2 mM nitrite.
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detected while 0.23 £ 0.23 mM nitrite was left. Compared to
that, the extraction in a 1:10 (v/v) mixture with SA/HCI revealed
concentrations of 1.16 = 0.09 mM Fe(II) and 3.85 £ 0.21 mM
Fe(III) and a complete removal of nitrite. Mixing the slurry 1:10
with SA/MQ also resulted in a complete removal of nitrite, yet
only 049 £ 0.04 mM Fe(Il) and 0.28 £ 0.01 mM Fe(III) were
detected. While both HCI and SA/HCI efficiently extracted Fe
from the slurries, only SA/HCI was able to also stabilize Fe(II).
The slight pH increase in the SA/MQ extract to 1.5-2 (see
Table 1) affected the extraction efficiency significantly.

Upon mixing Fe(II)- and nitrite-spiked sediment slurries 1:2
(v/v) (Figure 5¢) with 1 M HCI, 4.92 + 1.26 mM Fe(II) were
stabilized and 1.72 £ 0.09 mM Fe(III) were detected. This cor-
responds to 26.5 &+ 5.6% of the total Fe which was oxidized
while only 0.02 £ 0.01 mM nitrite was left. In 1:2 (v/v) mix-
tures of slurries with SA/HCI, 6.12 + 0.99 mM Fe(II) and
0.24 £ 0.08 mM Fe(III) were detected. Upon mixing the sedi-
ment slurry 1:2 (v/v) with SA/MQ, 4.58 £ 0.41 mM Fe(II) and
0.13 & 0.22 mM Fe(III) could be detected. In summary, again,
1 M HCI could not stabilize all Fe(II) in contrast to SA/HCL

In 1:2 (v/v) mixtures of Fe(Ill)- and nitrite-spiked slurries
(Figure 5d) and 1 M HCl, 0.11 % 0.19 mM Fe(Il) and 3.22 +
0.24 mM Fe(III) were extracted and 0.70 £ 0.41 mM nitrite were
detected. In mixtures with SA/HCI, 1.58 & 0.34 mM Fe(II) and
2.24 £ 0.34 mM Fe(III) could be detected, whereas nitrite was
completely removed. Using SA/MQ, only 0.11 & 0.01 mM Fe(II)
and 0.01 + 0.00 mM Fe(Ill) were detected. Nitrite was
completely removed. Again, in SA/MQ extracts the pH increased
up to 6, causing almost complete inhibition of the extraction of
Fe. In extractions using HCI or SA/HCI, on the other hand, only
a slight increase to pH 1 was measured in the 1:2 (v/v) mixtures
with slurries. Yet even this minor pH change resulted in signifi-
cantly lowered detected total Fe concentrations of 3.33 =+
0.43 mM and 3.82 = 0.68 mM, respectively. By mixing acid and
sample in a 1:2 ratio, the actual acid concentration within the
extraction setup is reduced by half, resulting in such pH increases.
The acid concentration then needs to be adapted to retain a con-
centration of approximately 1 M in the final extraction setup.

Implications and recommendation for protocol application

Biogeochemical Fe conversion processes are often investigated in
batch microcosm experiments in which environmental samples
are spiked with dissolved or solid-phase Fe species and other elec-
tron donors and acceptors such as nitrate or organic carbon
(Sobolev & Roden 2002; McBeth et al. 2011; Mortimer et al.
2011; Laufer et al. 2016a). The changes in Fe speciation are then
followed over time by wet-chemical extractions followed by spec-
trophotometric analyses of the Fe redox species (Stookey 1970;
Braunschweig et al. 2012; Verschoor & Molot 2013). It is known
that high concentrations of other sample components (e.g., sili-
cates or metals other than Fe) can interfere with the Fe analysis
(Kundra et al. 1974; Anastacio et al. 2008; Im et al. 2013) yet also
Fe extraction can be affected as shown for intermediate reaction
products of the denitrification process (Klueglein & Kappler
2013; Yan et al. 2015). Apart from the commonly used separation
of solid and liquid phase prior to Fe extraction (Weber et al.
2006; Chakraborty et al. 2011), the protocol suggested by
Klueglein & Kappler (2013), using 40 mM SA instead of 1 M

HCI as extracting agent has been proven to be highly efficient
and quantitatively accurate for the extraction of poorly crystalline
Fe from bacterial batch cultures containing nitrite (Klueglein &
Kappler 2013; Klueglein et al. 2015; Li et al. 2015; Xiu et al. 2016)
and was successfully applied to sediment and slurry samples
(Laufer et al. 2016a; Robertson et al. 2016). However, in the pres-
ent study we found that the extraction of Fe from a carbonate-
rich freshwater sediment using 40 mM SA was insufficient. Our
findings demonstrate that in addition to nitrite, sedimentary car-
bonate significantly affects the extraction efficiency. In carbon-
ate-enriched samples, the low pH caused by SA will be buffered
by the natural bicarbonate content and the extraction of Fe
decreases in efficiency due to the increased pH in the sample. A
combination of 40 mM SA with 1 M HCI was efficient in both (i)
removing nitrite from the sample by reaction with SA and (ii)
retaining the required pH at which Fe can be extracted efficiently.
When working with samples high in carbonate and nitrite we,
therefore, recommend to combine the extractants SA and HCl in
order to obtain correct Fe data. We have identified the following
threshold conditions that require the application of accordingly
adapted Fe extraction protocols: The threshold concentration of
nitrite for the application of SA as extractant depends on the Fe
concentrations of the sample. As under anoxic low pH conditions
each nitrite molecule can oxidize up to 2 Fe'ly,.. molecules (see
Equations 1-4), the alterations in Fe''g and Fe™ ;i concentra-
tions lie within the order of magnitude of the nitrite concentra-
tions. In this study we measured oxidation of 1.29 and 1.08
Fe'y;;, molecules per nitrite molecule in the supernatant and
slurry samples, respectively. This is lower than potentially possi-
ble yet the produced NO, and NO might react not only with Fe-
diss Dut also with, e.g., organic carbon (Schmidt & Matzner 2009).
Considering an error of the ferrozine assay in the low percent
range (<5%) for the described protocol (Im et al. 2013), a nitrite
concentration that is three orders of magnitude lower than the
Fe''4;;, concentration would cause errors that are within the range
or even smaller than the technical errors of the analysis. In envi-
ronmental samples the highly reactive nitrite is found only in low
UM concentrations (Melton et al. 2012; Lin & Taillefert 2014;
Laufer et al. 2016a), yet it can accumulate up to mM concentra-
tions during denitrification, in particular after spiking samples
with nitrate (Glass & Silverstein 1998; Weber et al. 2006;
Robertson et al. 2016). The threshold concentration for carbon-
ate, requiring the combination of SA with HCl is 100 mM within
the measured sample for a 1:10 dilution in acid, or 10 mM in the
final mixture, according to the buffering capacity of carbonate for
SA as shown in Figure 2. Carbonate contents of soils and sedi-
ments range from a low percent range (Mortimer et al. 2011;
Haverkamp et al. 2014; Harter et al. 2014) up to over 80%
(Loeppert & Suarez 1982). For less strongly diluted samples, i.e.,
1:2 mixtures with acid as shown in this study, the subsequent
dilution of the acid has to be considered as well. Although sam-
ples containing 1 M HCI or SA/HCI could maintain a pH of 1
(Table 1), the extraction efficiency of this setups was affected and
the extracted total Fe concentrations were significantly lower
than in other setups (Figure 5d).

Thresholds and potential interferences are summarized in
Figure 6 to provide a clear and easy guideline to choose the
appropriate extractant to obtain quantitatively accurate results.
In order to choose the appropriate extraction protocol it is
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Figure 6. Overview and guideline to choose appropriate Fe extraction protocols for wet-chemical analysis based on nitrite and carbonate threshold concentrations in nat-

ural lab sediment and soil samples.

crucial to determine the sample properties prior to the extrac-
tion. For exact sample analysis nitrite can be determined spec-
trophotochemically (Kamphake et al. 1967; Sawicki &
Scaringelli 1971) and carbonate can be quantified by loss-of-
CO, measurements or titrations (Loeppert & Suarez 1982).
However, rough estimations of nitrite and carbonate levels of
the sample can be achieved by semi-quantitative quick tests
such as nitrate/nitrite test strips (e.g., Merck MQuant Nitrite
Test), proof of CO, gas loss by adding some HCI to the sample
or by measuring the pH of acid sediment mixtures as they
would be used for Fe extraction (Loeppert & Suarez 1982).
Such quick tests allow to estimate threshold conditions and to
choose the correct extraction protocol (Figure 6) for exact Fe
quantification. In case of doubt or if, e.g., low sample quantities
do not allow additional tests, we strongly recommend to follow
the presented protocol in order to prevent possible nitrite and
carbonate interference.

The protocol we present here, using a combination of 40 mM
SA in 1 M HCI effectively extracts poorly crystalline Fe minerals
and prevents the reaction of Fe(II) with reactive N species from
sediment, soil and laboratory samples that are enriched in nitrite
and carbonate. As nitrite is an obligate intermediate in denitrifi-
cation, it should also be considered to use SA alone or in combi-
nation with HCl on samples that are spiked with or naturally
enriched in nitrate, e.g,, by the influence of wastewaters or agri-
culture (Constantin & Fick 1997; Glass & Silverstein 1998;
Oenema et al. 1998; Smolders et al. 2010). Due to the prevalence
of microbial processes in the production of nitrite, the use of SA
is of special relevance for the study of microbial Fe conversion
processes in environmental samples.

An equivalent protocol for extraction of higher crystalline or
total Fe has not been tested, yet a subsequent sequential extrac-
tion with higher concentrated HCI (e.g., 6 M HCI) would not
be affected once nitrite has been successfully removed by SA.
For the use of higher acid concentrations, however, further pre-
cautions such as anoxic storage of the initial sample and anoxic
processing of the extraction should be considered (Porsch &
Kappler 2011).

Acknowledgments

The authors specially thank Ellen Struve, Cindy Lockwood, and Maximi-
lian Halama from the University of Tibingen, Germany, and Bernhard
Schink from the University of Konstanz, Germany.

Funding

This work was funded by a DFG grant to A.K. (KA 1736/26-1), an ERC
grant to A.K. (agreement number 307320—MICROFOX) and a Margarete
von Wrangell grant to C.S.

References

Amstaetter K, Borch T, Kappler A. 2012. Influence of humic acid imposed
changes of ferrihydrite aggregation on microbial Fe(III) reduction.
Geochim Cosmochim Acta 85:326-341.

Anastacio AS, Harris B, Yoo HI, Fabris JD, Stucki JW. 2008. Limitations of
the ferrozine method for quantitative assay of mineral systems for fer-
rous and total iron. Geochim Cosmochim Acta 72:5001-5008.

Benz M, Brune A, Schink B. 1998. Anaerobic and aerobic oxidation of fer-
rous iron at neutral pH by chemoheterotrophic nitrate-reducing bacte-
ria. Arch Microbiol 169:159-165.

Borch T, Kretzschmar R, Kappler A, Van Cappellen P, Ginder-Vogel M,
Voegelin A, Campbell K. 2010. Biogeochemical redox processes and
their impact on contaminant dynamics. Environ Sci Technol 44:15-23.

Braunschweig J, Bosch J, Heister K, Kuebeck C, Meckenstock RU. 2012.
Reevaluation of colorimetric iron determination methods commonly
used in geomicrobiology. ] Microbiol Methods 89:41-48.

Canfield DE, Raiswell R, Bottrell SH. 1992. The reactivity of sedimentary
iron minerals toward sulfide. Am J Sci 292:659-683.

Chakraborty A, Roden EE, Schieber ], Picardal FW. 2011. Enhanced
growth of Acidovorax sp. strain 2AN during nitrate-dependent Fe(II)
oxidation in batch and continuous-flow systems. Appl Environ Micro-
biol 77:8548-8556.

Clark LJ. 1962. Iron(II) determination in the presence of iron(III) using
4,7-diphenyl-1,10-phenanthroline. Anal Chem 34:348-352.

Constantin H, Fick M. 1997. Influence of C-sources on the denitrification rate
of a high-nitrate concentrated industrial wastewater. Water Res 31:583-589.

Cornell RM, Schwertmann U. 2003. The Iron Oxides. 2nd ed. Weinheim:
Wiley-VCH.

Ehrenreich A, Widdel F. 1994. Anaerobic oxidation of ferrous iron by pur-
ple bacteria, a new type of phototrophic metabolism. Appl Environ
Microbiol 60:4517-4526.



8 e F. SCHAEDLER ET AL.

Ehrlich HL, Newman DK, Kappler A, editors. 2016. Ehrlich’s Geomicrobi-
ology. 6th ed. Boca Raton, FL: Taylor and Francis Group.

Essington ME. 2015. Soil and Water Chemistry. 2nd ed. Boca Raton, FL:
Taylor and Francis Group.

Glass C, Silverstein J. 1998. Denitrification kinetics of high nitrate concen-
tration water: pH effect on inhibition and nitrite accumulation. Water
Res 32:831-839.

Harter J, Krause H-M, Schuettler S, Ruser R, Fromme M, Scholten T,
Kappler A, Behrens S. 2014. Linking N,O emissions from biochar-
amended soil to the structure and function of the N-cycling microbial
community. ISME ] 8:660-674.

Haverkamp THA, Hammer @, Jakobsen KS. 2014. Linking geology and
microbiology: inactive pockmarks affect sediment microbial commu-
nity structure. PLoS One 9:e85990.

Hegler F, Posth NR, Jiang J, Kappler A. 2008. Physiology of phototrophic
iron(II)-oxidizing bacteria: Implications for modern and ancient envi-
ronments. FEMS Microbiol Ecol 66:250-260.

Heron G, Crouzet C, Bourg ACM, Christensen TH. 1994. Speciation of Fe
(II) and Fe(IIl) in contaminated aquifer sediments using chemical
extraction techniques. Environ Sci Technol 28:1698-1705.

Im J, Lee J, Loffler FE. 2013. Interference of ferric irons with ferrous iron
quantification using the ferrozine assay. ] Microbiol Methods 95:366-367.

Kamphake LJ, Hannah SA, Cohen JM. 1967. Automated analysis for
nitrate by hydrazine reduction. Water Res 1:205-216.

Kanzaki Y, Murakami T. 2013. Rate law of Fe(II) oxidation under low O,
conditions. Geochim Cosmochim Acta 123:338-350.

Klueglein N, Kappler A. 2013. Abiotic oxidation of Fe(II) by reactive nitro-
gen species in cultures of the nitrate-reducing Fe(II) oxidizer Acido-
vorax sp. BoFeN1—Questioning the existence of enzymatic Fe(II)
oxidation. Geobiology 11:180-190.

Klueglein N, Picardal FW, Zedda M, Zwiener C, Kappler A. 2015. Oxida-
tion of Fe(II)-EDTA by nitrite and by two nitrate-reducing Fe(II)-oxi-
dizing Acidovorax strains. Geobiology 13:198-207.

Klueglein N, Zeitvogel F, Stierhof Y-D, Floetenmeyer M, Konhauser KO,
Kappler A, Obst M. 2014. Potential role of nitrite for abiotic Fe(II) oxi-
dation and cell encrustation during nitrate reduction by denitrifying
bacteria. Appl Environ Microbiol 80:1051-1061.

Kostka JE, Luther GW. 1994. Partitioning and speciation of solid-phase iron
in salt- marsh sediments. Geochim Cosmochim Acta 58:1701-1710.

Kundra SK, Katyal M, Singh RP. 1974. Spectrophotometric determination
of copper(I) and cobalt(II) with ferrozine. Anal Chem 46:1605-1606.

Lalonde K, Mucci A, Ouellet A, Gélinas Y. 2012. Preservation of organic
matter in sediments promoted by iron. Nature 483:198-200.

Laufer K, Byrne JM, Glombitza C, Schmidt C, Jergensen BB, Kappler A.
2016a. Anaerobic microbial Fe(II) oxidation and Fe(III) reduction in
coastal marine sediments controlled by organic carbon content. Envi-
ron Microbiol 18:3159-3174.

Laufer K, Roy H, Jorgensen BB, Kappler A. 2016b. Evidence for the exis-
tence of autotrophic nitrate-reducing Fe(Il)-oxidizing bacteria in
marine coastal sediment. Appl Environ Microbiol 82:6120-6131.

Li B, Pan X, Zhang D, Lee D], Al-Misned FA, Mortuza MG. 2015. Anaero-
bic nitrate reduction with oxidation of Fe(I) by Citrobacter Freundii
strain PXL1—A potential candidate for simultaneous removal of As
and nitrate from groundwater. Ecol Eng 77:196-201.

Lin H, Taillefert M. 2014. Key geochemical factors regulating Mn(IV)-cata-
lyzed anaerobic nitrification in coastal marine sediments. Geochim
Cosmochim Acta 133:17-33.

Loeppert RH, Suarez DL. 1982. Chapter 15: Carbonate and gypsum. In: Bigham
JM, et al,, editors. Methods of Soil Analysis Part 3. Madison, WI: Social Sci-
ence Society of America and American Society of Agronomy, p455-456.

Marouf-Khelifa K, Abdelmalek F, Khelifa A, Belhadj M, Addou A, Brisset J-L.
2006. Reduction of nitrite by sulfamic acid and sodium azide from aqueous
solutions treated by gliding arc discharge. Sep Purif Technol 50:373-379.

McBeth JM, Little BJ, Ray RI, Farrar KM, Emerson D. 2011. Neutrophilic
iron-oxidizing “zetaproteobacteria” and mild steel corrosion in near-
shore marine environments. Appl Environ Microbiol 77:1405-1412.

Melton ED, Schmidt C, Kappler A. 2012. Microbial iron(II) oxidation in litto-
ral freshwater lake sediment: The potential for competition between pho-
totrophic vs. nitrate-reducing iron(II)-oxidizers. Front Microbiol 3:197.

Melton ED, Swanner ED, Behrens S, Schmidt C. 2014. The interplay of
microbially mediated and abiotic reactions in the biogeochemical Fe
cycle. Nat Rev Microbiol 12:797-809.

Mortimer RJG, Galsworthy AM]J, Bottrell SH, Wilmot LE, Newton RJ.
2011. Experimental evidence for rapid biotic and abiotic reduction of
Fe(IIT) at low temperatures in salt marsh sediments: a possible mecha-
nism for formation of modern sedimentary siderite concretions. Sedi-
mentology 58:1514-1529.

Murad E, Fischer WR. 1987. Iron in Soils and Clay Minerals. In: Stucki JW,
Goodman BA, Schwertmann U, editors. Dordrecht: Springer
Netherlands.

Oenema O, Boers PCM, Van Eerdt MM, Fraters B, Van Der Meer HG,
Roest CWJ, Schroder JJ, Willems WJ. 1998. Leaching of nitrate from
agriculture to groundwater: The effect of policies and measures in the
Netherlands. Environ Pollut 102:471-478.

Porsch K, Kappler A. 2011. Fell oxidation by molecular O, during HCI
extraction. Environ Chem 8:190-197.

Posth NR, Canfield DE, Kappler A. 2014. Biogenic Fe(III) minerals: From
formation to diagenesis and preservation in the rock record. Earth Sci
Rev 135:103-121.

Poulton SW, Canfield DE. 2005. Development of a sequential extraction
procedure for iron: implications for iron partitioning in continentally
derived particulates. Chem Geol 214:209-221.

Raven KP, Jain A, Loeppert RH. 1998. Arsenite and arsenate adsorption on
ferrihydrite: Kinetics, equilibrium, and adsorption envelopes. Environ
Sci Technol 32:344-349.

Robertson EK, Roberts KL, Burdorf LDW, Cook P, Thamdrup B. 2016.
Dissimilatory nitrate reduction to ammonium coupled to Fe(II) oxida-
tion in sediments of a periodically hypoxic estuary. Limnol Oceanogr
61:365-381.

Sawicki CR, Scaringelli FP. 1971. Colorimetric determination of nitrate
after hydrazine reduction to nitrite. Microchem J 16:657-672.

Schmidt BHM, Matzner E. 2009. Abiotic reaction of nitrite with dissolved
organic carbon? Testing the ferrous wheel hypothesis. Biogeochemistry
93:291-296.

Schmidt C, Behrens S, Kappler A. 2010. Ecosystem functioning from a geo-
microbiological perspective—a conceptual framework for biogeochem-
ical iron cycling. Environ Chem 7:399.

Smolders AJP, Lucassen ECHET, Bobbink R, Roelofs JGM, Lamers LPM.
2010. How nitrate leaching from agricultural lands provokes phosphate
eutrophication in groundwater fed wetlands: The sulphur bridge. Bio-
geochemistry 98:1-7.

Sobolev D, Roden EE. 2002. Evidence for rapid microscale bacterial redox
cycling of iron in circumneutral environments. Antonie van Leeuwen-
hoek. Int ] Gen Mol Microbiol 81:587-597.

Stookey LL. 1970. Ferrozine—a new spectrophotometric reagent for iron.
Anal Chem 42:779-781.

Tessier A, Campbell PGC, Bisson M. 1979. Sequential extraction pro-
cedure for the speciation of particulate trace metals. Anal Chem
51:844-851.

Vaughan DJ, Lloyd JR. 2011. Mineral-organic-microbe interactions: Envi-
ronmental impacts from molecular to macroscopic scales. Comptes
Rendus Geosci 343:140-159.

Verschoor MJ, Molot LA. 2013. A comparison of three colorimetric meth-
ods of ferrous and total reactive iron measurement in freshwaters. Lim-
nol Oceanogr Methods 11:113-125.

Wallmann K, Hennies K, Konig I, Petersen W, Knauth H-D. 1993. New
procedure for determining reactive Fe(III) and Fe(II) minerals in sedi-
ments. Limnol Oceanogr 38:1803-1812.

Weber KA, Urrutia MM, Churchill PF, Kukkadapu RK, Roden EE. 2006.
Anaerobic redox cycling of iron by freshwater sediment microorgan-
isms. Environ Microbiol 8:100-113.

Xiu W, Guo H, Shen J, Liu S, Ding S, Hou W, Ma ], Dong H. 2016. Stimu-
lation of Fe(II) oxidation, biogenic lepidocrocite formation, and arsenic
immobilization by Pseudogulbenkiania sp. strain 2002. Environ Sci
Technol 50:6449-6458.

Yan R, Kappler A, Peiffer S. 2015. Interference of nitrite with pyrite under
acidic conditions: Implications for studies of chemolithotrophic deni-
trification. Environ Sci Technol 49:11403-11410.



	Abstract
	Introduction
	Materials and methods
	Medium preparation
	Sediment samples
	Experimental setup
	Analytical methods

	Results and discussion
	Properties of natural lake constance sediment
	Influence of sediment on extractant pH
	Effect of aqueous nitrite on Fe speciation in supernatant samples
	Effect of sediment carbonate on Fe extraction from pelleted sediment
	Combined effects of nitrite and sediment carbonate on Fe extraction and speciation
	Implications and recommendation for protocol application

	Acknowledgments
	Funding
	References



