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Emerging investigator series: Preferential adsorption and coprecipitation of

permafrost organic matter with poorly crystalline iron minerals

Eva Voggenreiter?, Philippe Schmitt-Kopplin®<, Laurel ThomasArrigod, Casey Bryce¢, Andreas Kappler®f and Prachi Joshi*

Abstract

Future permafrost thaw will likely lead to substantial release of greenhouse gases due to thawing of
previously unavailable organic carbon (OC). Accurate predictions of this release are limited by poor
knowledge of the bioavailabity of mobilized OC during thaw. Organic carbon bioavailability decreases due
to adsorption to, or coprecipitation with, poorly crystalline ferric iron (Fe(lll)) (oxyhydr)oxide minerals but
the maximum binding extent and binding selectivity of permafrost OC to these minerals is unknown. We
therefore utilized water-extractable organic matter (WEOM) from soils across a permafrost thaw gradient
to quantify adsorption and coprecipitation processes with poorly crystalline Fe(lll) (oxyhydr)oxides. We
found that the maximum adsorption capacity of WEOM from intact and partly thawed permafrost soils
was similar (204 and 226 mg C g* ferrihydrite, respectively) but decreased to 81 mg C g* ferrihydrite for
WEOM from the fully thawed site. In comparison, coprecipitation of WEOM from intact and partly thawed
soils with Fe immobilized up to 925 and 1532 mg C g Fe respectively due to formation of precipitated
Fe(l11)-OC phases. Analysis of the OC composition before and after adsorption/coprecipitation revealed
that high molecular weight, oxygen-rich, carboxylic- and aromatic-rich OC was preferentially bound to
Fe(lll) minerals relative to low molecular weight, aliphatic-rich compounds which may be more
bioavailable. This selective binding effect was stronger after adsorption than coprecipitation. Our results
suggest that OC binding by Fe(lll) (oxyhydr)oxides sharply decreases under fully thawed conditions and
that small, aliphatic OC molecules that may be readily bioavailable are less protected across all thaw

stages.
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Permafrost thaw leads to the release of organic carbon (OC), which may bind with ubiquitous ferric iron
(Fe(lll)) minerals. It is therefore important to understand the quantity and composition of Fe-bound OC in
order to predict the (bio)availability of OC that is released. Here, we simulated adsorption and
coprecipitation processes of OC along a permafrost thaw gradient with Fe(lll) (oxyhydr)oxide minerals.
We found that the quantity of Fe-bound OC decreases with permafrost thaw and observed preferential
binding of less bioavailable OC by Fe(lll) (oxyhydr)oxides. Our work therefore suggests that microbial OC
degradation is likely not as limited by OC binding to Fe(lll) (oxyhydr)oxides as previously thought due to

the selectivity during the binding process.

Introduction

Permafrost soils are a major organic carbon (OC) stock, accounting for roughly one third of global soil OC
(ca. 1300 Pg), yet only cover 15% of the global soil area?. It has been estimated that permafrost thaw will
cause the release of 67-237 Pg C as greenhouse gases by 2100 under business-as-usual climate scenarios?
due to microbial decomposition of OC that was previously not bioavailable. This microbially mediated
release of OC as the greenhouse gases carbon dioxide (CO,) or methane (CH,) is still poorly constrained
in timing and extent since it is influenced by a variety of biogeochemical factors3®. One of the key factors
that controls the release of CO, and CH, is the bioavailability of OC for microbial decomposition. This OC
bioavailability is lowered by its association with mineral surfaces in the soil, possibly leading to lower
greenhouse gas emissions”-8.

An array of different minerals can interact with OC in soil, such as phyllosilicates, metal (oxyhydr)oxides,
as well as metal sulfides®. Iron (Fe) (oxyhydr)oxides are especially known to bind a large quantity of OC in
acidic soils® due to their high surface area'l® and thus play a larger role in permafrost peatland soils
compared to other minerals, such as phyllosilicates'!. This binding can occur through (i) adsorption of OC
onto existing Fe(lll) (oxyhydr)oxides, or (ii) abiotic (or in certain cases, microbially mediated) precipitation
of Fe(lll) (oxyhydr)oxides by oxidation of dissolved Fe(ll) in the presence of OC (referred to as
“coprecipitation”)'213, Adsorption takes place under both oxic and anoxic conditions while coprecipitation
mainly occurs at redox interfaces when conditions transition from anoxic to oxic. Here, we refer to phases
that are formed after either adsorption or coprecipitation as Fe-OC associations. The formation pathway
of Fe-OC associations directly affects the properties of the Fe mineral. While adsorption of OC changes
the surface properties of the mineral, coprecipitation with OC may affect Fe speciation and crystallinity

of the resulting Fe-OC phase, which in turn may affect the reactivity of Fel4-18,
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During the binding process, different OC compounds may be selectively bound while others;semain.in
DOI: 10.1039/D4EM00241E
solution. Past studies using forest-floor extracts, plant litter, or humic reference materials suggested that
the initial OC composition might determine which OC compounds are preferentially bound. Depending
on the starting composition, it has been found that high molecular weight, oxygen-rich, carboxyl-rich, and
aromatic compounds®2! or in some cases carbohydrates?? could be preferentially bound to Fe(lll)
(oxyhydr)oxides. The composition of dissolved OC (DOC) after binding thus differs compared to its initial
state, which has consequences for its bioavailability?° and its residence time in soils?3.
Recently, several studies have shown that substantial fractions of OC may be bound to minerals (30-82%)
in permafrost environments, with the dominant mineral fraction as Fe(lll) (oxyhydr)oxides'?242>, The
amount of Fe-bound OC is relatively consistent across different sites: ca. 10-20% of soil OC in intact
permafrost soils of Scandinavia, Alaska, and the Tibetan Plateau?*2628, This suggests that part of the OC
may remain unavailable due to binding with Fe minerals even with the increase in microbial activity due
to permafrost thaw. However, our systematic understanding of the formation and composition of Fe-OC
associations in permafrost soils and in subsequent thaw stages is limited. Along the thaw gradient, the
soils undergo biogeochemical shifts due to changes in vegetation cover (higher abundance of sedges
compared to shrubs and mosses)?®3°, soil pH (acidic to circumneutral)3! and redox state (from oxic to
anoxic)32. These changes affect the OC quantity and composition along the different thaw stages?®:33:34,
For instance, bog and fen peat contain more tannin-, lignin- and protein-like compounds compared to
palsa peat?®. Therefore, the amount of OC and the functional groups therein that react with Fe(lll)
(oxyhydr)oxides may differ over a thaw gradient. Extrapolating the results of adsorption and
coprecipitation experiments from other ecosystems or OC reference compounds is difficult as the
geochemical conditions (e.g., pH) and initial OC composition might differ substantially in permafrost
systems3>:3¢, Systematic studies are thus necessary to understand the change in OC composition due to
binding with Fe(lll) (oxyhydr)oxides, independent of changes due to other biogeochemical factors during
thaw. Finally, field-based studies3’-3° only offer a snapshot of the net result of simultaneously occurring
processes, making it difficult to disentangle effects of adsorption and coprecipitation alone. It is currently
not known how much OC can potentially be bound by Fe(lll) (oxyhydr)oxides via adsorption and
coprecipitation along a permafrost thaw gradient, what impact these processes have on Fe mineralogy,
and how they would influence preferential OC binding.
To address these knowledge gaps, the goal of this study was to systematically evaluate the quantity and
selectivity of OC binding across permafrost thaw by simulating adsorption and coprecipitation, forming
Fe-OC associations. The specific objectives were to (i) determine the maximum binding capacity of DOC
from permafrost across different thaw stages to Fe(lll) (oxyhydr)oxides by adsorption and coprecipitation,

(ii) identify the speciation of Fe the formed Fe-OC associations, and (iii) evaluate changes in the chemical
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composition of OC due to binding to assess the potential changes in bioavailability. To achieve, this,owe

DOI: 10.1039/D4EM00241E
utilized soils of a representative thawing permafrost peatland (Stordalen Mire, Sweden). We used in situ
OC from soils of three distinct thaw stages, as previously defined by changes in vegetation and
hydrology304°41 The thaw stages were classified as (i) palsa underlain by permafrost, (ii) partly thawed,
seasonally anoxic bog, and (iii) fully thawed, permanently anoxic fen areas. We chose to use water-
extractable organic matter (WEOM) from the mineral-poor organic horizon as representative OC fractions
for the experiments for two reasons: First, WEOM is the OC fraction which is most likely to enter the
porewater and interact with Fe(lll) (oxyhydr)oxides. Second, using WEOM allowed us to integrate all

changes in OC composition due to vegetation, redox and pH condition shifts over the thaw gradient, thus

being the most representative of environmental conditions.

Materials and Methods
Field site description and sampling

Our field site, Stordalen Mire, is a subarctic permafrost peatland complex close to Abisko, Sweden (68 22’
N, 19 03’ E). It is located in the discontinuous permafrost zone and consists of several sub-habitats: 1)
raised palsas underlain by intact permafrost and vegetated by dwarf shrubs, bryophytes, and lichens, 2)
Sphagnum-rich bogs with a higher active layer depth than palsas that experience seasonal water table
fluctuations, and 3) fully inundated and anoxic fens, characterized by sedges (Eriophorum vaginatum,
Carex rostrata)3°42. Along the thaw gradient, pH values of the porewater increase from acidic (pH 3.5 to
4.5) in palsa and bog soils to circumneutral (pH 5 to 6.5) in fen soils3%4345. The porewater generally has a
low ionic strength; most dissolved species are in the uM-range3*.

In order to extract soil organic matter (see below) for the adsorption and coprecipitation experiments, we
sampled the organic horizon of each thaw stage in July 2021 (Figure S1). The soil surface, covered with
plant roots or young Sphagnum spp. layers, was removed and the soil below was collected by grab
sampling, filled in plastic (LDPE) bags, and stored at 4°C until further use. Soils in bog and fen areas were
water-saturated and packed in the bags such that no headspace remained in order to limit oxygen
exposure. Duplicate soil cores were collected per thaw stage at representative sites, based on the
vegetation cover and pH values as described above, to compare solid phase OC composition to the

WEOM. Cores were taken using a 50 cm long Humax corer as described previously?e.

WEOM extraction
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All glassware used in the extraction and further experiments was acid washed (1 M HCI), rinsed three

DOI: 10.1039/D4EM00241E
times with double-deionized water (DDI, Millipore, >18 MQ cm-1), and subsequently baked at 300°C for 8
h before use. WEOM was extracted from the organic horizon of each permafrost thaw stage by mixing
field-moist soil with DDI water for 24 h on an overhead shaker at a 1:10 weight/volume (w/v) ratio. Since
we aimed to simulate conditions under which ferrihydrite would likely react with dissolved OC in
permafrost soils, we carried out extractions for adsorption experiments under oxic conditions. For
coprecipitation experiments, the extraction was done under anoxic conditions to simulate anoxic
conditions in waterlogged soil layers. Afterwards, the suspensions were filled in glass serum bottles and
centrifuged at 5250 rcf for 15 minutes. The supernatant was filtered sequentially through pre-rinsed 8 um
(Merck Millipore, MCE) and 0.22 um (Merck Millipore, Steritop PES) filters. After filtration, extracts for
the coprecipitation experiments were bubbled with N, gas (99.999%) for 1 h to make them anoxic again
after filtration. All extracts were stored in the dark at 4°C until use (storage time was less than 24 h).
Aliquots of all WEOM types were immediately freeze-dried after filtration, and the resulting solids were
stored in the dark until analysis by Fourier-transform infrared spectroscopy (FTIR, details below). Initial

DOC concentrations in the extracts of different soils and extraction conditions ranged from 9.8-23.5 mg C

L (Table S1). They were quantified as described later in Section “Setup of adsorption experiments”.

Ferrihydrite synthesis

Ferrihydrite was used in the adsorption experiments since it is a very common Fe(lll) (oxyhydr)oxide
mineral found in peatlands*/*® and has been shown to present in soils of all thaw stages at Stordalen
Mire?8. It is also typically the most relevant to OC carbon binding in soils since it can bind the highest
amounts of OC per g Fe due to its high specific surface area (>200 m? g1)*>C, It was synthesized as
reported previously>!. Briefly, 40 g Fe(NO3);*9H,0 were dissolved in 500 mL DDI water and the pH was
raised until 7.5 by addition of 1 M KOH under rapid stirring (800 rpm). The suspension was centrifuged
(4250 rcf, 10 min) and washed with DDI water four times. Ferrihydrite was resuspended in 200 mL DDI
water, stored at 4°C in the dark, and used within 6 weeks after synthesis. Mineral identity of ferrihydrite
was confirmed by >’Md&ssbauer spectroscopy and specific surface area was quantified after freeze-drying

(further details in Text S1).

Setup of adsorption experiments

Adsorption experiments were carried out by adding aliquots of a ferrihydrite suspension (10.7 g L'* Fh) to
20 mL of WEOM solution from palsa, bog, and fen soils inside closed 50 mL glass serum bottles. The WEOM
was first adjusted to pH 4.5 (for palsa and bog WEOM) and pH 6 (for fen WEOM). For the adsorption

isotherm of each WEOM type, the WEOM was diluted to different OC concentrations using a 3 mM NacCl
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solution as constant background ionic strength. The mass of added ferrihydrite was adjusted . for.each
DOI: 10.1039/D4EM00241E
WEOM type, depending on its DOC concentration, to create the same initial molar C:Fe ratios across
experiments (0.5 to 3.3, see Table S2). After addition of ferrihydrite, the pH of the suspension was
adjusted again to pH 4.5 (for palsa and bog WEOM) and pH 6 (for fen WEOM) using 0.1 M HCI. The pH
was checked and re-adjusted 1 h later, if necessary. To quantify Fe concentrations in each replicate after
adsorption, an aliquot (0.5 mL) of the suspension was acidified with 1 M HCI followed by total Fe
quantification by the ferrozine assay>2. A control setup using 3 mM NaCl solution with no added WEOM
but added ferrihydrite was used to determine background concentrations of DOC. No DOC originating
from the ferrihydrite was detected.
Suspensions were then capped and shaken horizontally at 60 rpm for 24 h in the dark. They were filtered
afterwards using pre-rinsed 0.22 um filters (Merck Millipore, PVDF) inside filter cups (25 mm diameter,
Millipore). The filtrate was used to quantify remaining DOC (as non-purgeable OC) after acidification with
2 M HCl by a TOC analyzer (multi N/C 2100S, Analytik Jena AG, Germany). The aromaticity of the filtrate
was evaluated using specific ultraviolet spectroscopy at 254 nm (SUVA,s,, details below). The molecular
composition of the WEOM before and after adsorption in reactors with an initial C:Fe ratio of ~2 was
analyzed by Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS, details further
below). This ratio was chosen since it was the highest common, initial ratio in all adsorption experiments.
The solids of the same reactors (initial C:Fe ratio of ~2) per WEOM type were further analyzed for OC
functional groups by FTIR spectroscopy and Fe mineralogy by Fe K-edge X-ray absorption spectroscopy
(XAS) and >’Fe Mossbauer spectroscopy. For solid phase analysis, the filter paper containing the
ferrihydrite with adsorbed WEOM was washed twice with deionized water to remove loosely-bound ions.
Then it was centrifuged (10055 rcf, 5 min) to release the particles from the paper surface. The supernatant

was removed and samples were air-dried and stored at 4°C until analysis.

Setup of coprecipitation experiments

Coprecipitation was simulated by abiotic oxidation of dissolved, anoxic Fe(ll) in the presence of palsa and
bog WEOM at different initial C:Fe ratios (0.35 to 1.2). Note that these ratios slightly differ from the ones
used in the adsorption experiment since a higher Fe(ll) addition was necessary to produce a sufficient
amount of Fe precipitates. Coprecipitation was not simulated with fen WEOM since this thaw stage is
permanently water-logged and anoxic>? with no redox fluctuations32; thus abiotic coprecipitation due to
Fe(ll) oxidation is unlikely to play a major role.

Ferrous iron was added at a concentration of 1.5 mM to different dilutions of anoxic WEOM. A stock Fe(ll)
solution (0.3 M) was prepared by dissolving iron(ll) chloride tetrahydrate (FeCl,*4H,0, Sigma Aldrich, USA)

in anoxic DDI water, after which the solution was sterile-filtered (0.22 um, Merck Millipore, PVDF) and
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stored in a N,-flushed, closed bottle in the dark. The added Fe(ll) concentration is in the upper.sange.of
DOI: 10.1039/D4EM00241E
dissolved Fe(ll) concentrations found at Stordalen Mire?®.
The experiments were set up by adding the anoxic Fe(ll) solution to 20 mL of anoxic WEOM solution inside
an N,-flushed bottle. Afterwards, vials were opened and a cotton stopper was placed on top to ensure a
constant O, supply into the solution. The pH was measured at the start of the oxidation period and every
24 h thereafter, and adjusted back to pH 4.5 using 0.1 M NaOH if needed. The vials were shaken at 60
rpm on a horizontal shaker for 3 d in the dark. Afterwards, the same sampling procedure as described
above for quantification of DOC, SUVA,s,, and determination of molecular OC composition by FT-ICR-MS
and FTIR was carried out. Additionally, aliquots of the solutions before oxidation and the resulting
suspensions after 3 d of oxidation as well as of the filtrate were acidified with 1 M HCI and the total Fe
concentration was quantified using the ferrozine assay. The total Fe concentration in the filtrate was
subtracted from the concentration in suspension after 3 d of oxidation to calculate the amount of Fe that

had precipitated. To collect enough solid material for XAS analysis, 2.5 mM Fe(ll) were added to 200 mL

of WEOM in a sacrificial setup (initial molar C:Fe ratio=0.6) and solids were collected after 3 d.

Fe K-edge X-ray absorption spectroscopy

Iron speciation in the Fe-OC associations was determined by Fe K-edge X-ray absorption spectroscopy at
the SAMBA beamline at Synchrotron SOLEIL (Paris, France). Dried samples were homogenized with a
mortar and pestle and pressed into pellets (7 mm diameter) with PVP (Polyvinylpyrrolidone K12, Carl
Roth), before being sealed with Kapton® tape. At the beamline, transmission spectra were recorded in
continuous scan mode at 20 K using a He(l) cryostat. An Si(220) monochromator was used and calibrated
to the first derivative maximum of the K-edge absorption of an Fe(0) foil. Harmonic rejection was
performed by two Si mirrors coated in Pd. Approximately 8-10 scans were collected per sample and
merged to obtain the final spectra, used for analysis of Fe K-edge X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). Iron oxidation state and speciation was
determined through linear combination fit analysis (LCF) of XANES and EXAFS spectra, respectively, using
Athena**. The Fe binding environment was further determined by shell fitting using Artemis>*. Additional

details of the XAS analyses are given in the SI (Text S3).

57Fe Mossbauer spectroscopy

5’Fe Mossbauer spectroscopy was used to identify changes in the Fe mineralogy after adsorption of
WEOM (initial C:Fe ratio = 2) of each WEOM type to complement XAS measurements. The minerals were

collected using filtration and the filter paper with particles was sealed with Kapton® tape. Details of
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spectral collection and analysis are given in the S| (Text S1). Spectra were recorded at 6 K. Analysis.of
DOI: 10.1039/D4EM00241E

coprecipitates was not possible due to limited sample mass.

Organic carbon analysis

Specific UV absorption (SUVA,s,). The change in the contribution of aromatic functional groups to DOC
before and after adsorption or coprecipitation was analyzed using the specific UV absorption parameter
at 254 nm (SUVA,s,). Three spectra were recorded from 200 to 650 nm per experimental replicate using
a UV-vis spectrophotometer (Specord 50 plus, Analytik Jena, Germany), averaged, and the mean

absorption at 254 nm was blank-corrected and normalized to the measured DOC concentration.

Fourier-transform infrared spectroscopy. The adsorbed or coprecipitated WEOM in the solid phase was
analyzed by Fourier-transform infrared spectroscopy (FTIR). Dried samples (1 mg) were diluted with KBr
(Carl Roth, USA) and pressed into 250 mg pellets. Spectra were recorded from 370 to 4500 cm™ with a
resolution of 4 cm™ using a Vertex 80v FTIR spectrometer (Bruker, USA). Thirty-two scans were recorded

per sample, averaged, and normalized (min: 0, max:1) to obtain the final spectra.

Fourier-transform ion cyclotron resonance mass spectrometry. Ultrahigh resolution molecular
composition of WEOM before and after adsorption or coprecipitation was analyzed by Fourier-transform
ion cyclotron resonance mass spectrometry (FT-ICR-MS) using a 12 Tesla Bruker Solarix mass
spectrometer (Bruker Daltonics, Bremen, Germany) in negative electrospray ionization mode at the
Helmholtz Center Munich (Germany). Samples were prepared for analysis by solid phase (SPE) extraction
of 5 mL sample using Bond Elut PPL cartridges (100 mg, 3 mL volume, Agilent Technologies, USA) and
eluted in LC-MS grade methanol (Thermo-Scientific)>>. It is known that SPE has a bias towards specific OC
classes®® but we assume that this bias is similar for samples before and after binding for each WEOM type,
respectively. Details of instrument parameters and calibration are provided in the Sl (Text S4). Subsequent
data analysis included a comparison of relative intensities of shared and initially present compounds in
the spectra before and after adsorption or coprecipitation. All detected compounds were grouped in
either “condensed aromatic”, “aromatic” or “more aliphatic” classes based on the modified aromaticity
index according to Koch & Dittmar (2006)°’. The nominal oxidation state of organic carbon (NOSC) and
standard free Gibbs energy of the oxidation half reaction (AG.,°) were calculated according to LaRowe &
van Cappellen (2011)°8. We used unweighted, average NOSC values across all detected formulae for a
more conservative estimation since relative intensity-weighted NOSC values could skew the average due

to a few very ionizable compounds>°.
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Conceptual framework of bioavailability. We inferred changes in bioavailability of OC from its.chemical

DOI: 10.1039/D4EM00241E
composition, based on the SUVA,s,, FTIR, and FT-ICR-MS results. Within this framework, OC classes like
carbohydrates and proteins have a higher bioavailability since they are readily used by microorganisms
due to the low energy investment compared to the utilization of lignin-derived or aromatic compounds®°.
Additionally, OC bound on minerals would also have a low bioavailability due to the physical protection

by minerals®? since the binding affinity to minerals often is higher than the affinity to the active site of

exoenzymes®?,

Results and discussion

Quantity of organic carbon bound during adsorption and coprecipitation

adsorption coprecipitation
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Figure 1. (A) Adsorption isotherm of water-extractable organic matter (WEOM) from different permafrost thaw
stages on ferrihydrite (Fh). The mass of OC adsorbed (mg C g Fh) is displayed against the equilibrium DOC
concentration in solution after sorption. Data are denoted by circles and the Langmuir fit and 95% confidence
interval is displayed as a dashed line and shaded area, respectively. The sorption experiments were performed
at pH 4.5 for palsa, pH 4.5 for bog, and pH 6.0 for fen WEOM to represent environmentally relevant conditions.
(B) Quantity of coprecipitated organic carbon (mg C g Fe) as a function of the initial DOC (triangles). All data
points and error bars represent the average and standard deviation of experimental triplicates. Note that the

units and range of the y-axis are different for the two graphs.

The mass of OC bound to ferrihydrite via adsorption generally increased with increasing DOC
concentration before reaching a threshold value (Error! Reference source not found.A). The maximum
adsorption capacity, based on a Langmuir fit, of bog WEOM and palsa WEOM to ferrihydrite at pH 4.5 was
226%3 and 204+19 mg C g Fh, while it was lower for fen WEOM at pH 6 (81+4 mg C g Fh). Our results
for palsa and bog WEOM were comparable to previous studies using water extracts from forest floor litter

(196-250 mg C g1)192262 The resulting maximum C:Fe ratios in ferrihydrite with adsorbed palsa and bog
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WEOM (Table S3) were also comparable to permafrost OC bound on ferrihydrite-coated sand,that.were
DOI: 10.1039/D4EM00241E
placed in the same thaw stages32.
The lower maximum adsorption capacity in case of fen WEOM may be due to several factors: (i) pH and
(ii) WEOM composition. At lower pH, a higher proportion of ferrihydrite surface sites are protonated,
causing a more positive surface charge®3%4. As adsorption of OC to Fe(lll) (oxyhydr)oxides is expected to
be (mostly) electrostatic, negatively charged OC ions are therefore adsorbed to a higher degree to
ferrihydrite at pH 4.5 than at pH 6%3. However, we speculate that this change in pH cannot explain the full
magnitude of decrease in adsorption capacity. The net surface charge of ferrihydrite from pH 4.5 to pH 6
decreases by 38-50%°%%6, suggesting that the change in surface charge is too small to explain the
discrepancy between the quantity of adsorbed bog and fen WEOM. Another possible reason for the
differences in WEOM sorption at pH 4.5 and pH 6 is the difference in composition between bog and fen
WEOM. Fen WEOM is more microbially processed due to a higher microbial diversity and higher plant
litter input, resulting in a higher abundance of lipid-, amino-sugar, and carbohydrate-like compounds31-33,
In comparison, bog WEOM contains more aromatic-rich molecules34%4>, Differences in OM composition
have been shown to result in changes in adsorption capacities®’-%°, which is discussed in further detail
below. The presence of bridging cations (Ca, Mg) could also increase the binding of OM to ferrihydrite’®,
however, overall cation concentrations in WEOM from different thaw stages were low (<10 uM, Table
S4). Note that we performed experiments with fen WEOM only at pH 6 in order to best represent
environmental conditions.
Coprecipitation of palsa and bog WEOM with iron generally led to higher amounts of Fe-bound OC than
adsorption (Error! Reference source not found.B). The maximum masses of OC bound during
coprecipitation with Fe were 925+397 and 1530+885 mg C g Fe for palsa and bog WEOM, respectively.
Resulting maximum C:Fe ratios were at least twice as high as previously reported for similar initial C:Fe
ratios!®?271, One reason for this might be the use of higher pH values (pH 6 or 7) in other studies!®19.22.71.72,
which leads to a lower binding capacity of the precipitated Fe due to lower surface charge of the formed
Fe(lll) oxyhydroxides. Second, many studies used dissolved Fe(lll) as a reactant!41%2273 during
coprecipitation and increase the pH instead of oxidation of anoxic Fe(ll) as in our study. The use of Fe(lll)
results in more precipitation of Fe relative to C at acidic pH values’, due to the lower solubility of Fe(lll)
compared to Fe(ll). This could lead to a lower content of bound OC, as illustrated by previously published
values which are ca. 2 to 6 times lower at comparable initial C:Fe ratios and the same pH73. We expect
that the OC binding capacities due to coprecipitation measured here are more applicable to redox
interfaces in permafrost peatlands than values of other studies!®?27173 as our experiments were done at

environmentally relevant pH values and include Fe(ll) oxidation.

10
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After 3 days of oxidation, the percentage of oxidized and precipitated Fe was similar in experiments.with
DOI: 10.1039/D4EM00241E
palsa and bog WEOM (11+5% and 10+5%, respectively) and did not change based on the initial C:Fe ratio
(Figure S2). Nierop et al. (2002)7% reported similarly low Fe precipitation when Fe(ll) was added to OC of
peat water extracts. Complexation of Fe(ll) by DOC and the low pH could possibly hinder oxidation to
Fe(l11)7>78 and its subsequent precipitation. In contrast, coprecipitation led to removal of up to 44+8% DOC
from solution in palsa WEOM and up to 72+1% in bog WEOM (Figure S2). For bog WEOM, the percentage
of coprecipitated OC increased with the initial C:Fe ratio (Figure S2). This difference in share of
coprecipitated OC is likely due to initial OC composition of palsa and bog WEOM (as discussed below).
Coprecipitation in permafrost soils is thus able to remove much more OC from solution than adsorption,
even with only a small percentage of Fe precipitating.
We acknowledge that there are also other minerals present along the thaw gradient which could bind OC,
such as phyllosilicates or iron sulfide minerals?®. However, previous studies showed that both minerals
bind less OC per g mineral (FeS”7: 55 mg C g%, phyllosilicates’®7?: 5-12 mg C g!) at comparable initial C:Fe
ratios than ferrihydrite by adsorption or during coprecipitation with dissolved Fe(ll). Therefore, we expect

that adsorption to, or coprecipitation with poorly crystalline Fe(lll) (oxyhydr)oxides plays a larger role in

permafrost environments.

Fe speciation in formed Fe-OC associations

To determine Fe speciation in the solid phase, we used Fe K-edge X-ray absorption spectroscopy. We first
did linear combination fitting (LCF) of the XANES region in order to determine the Fe oxidation state. All
Fe in ferrihydrite with adsorbed WEOM and in post-coprecipitation mineral phases was Fe(lll) (Figure S3,
Table S5). Fitting results of EXAFS spectra showed that the post-adsorption phases consisted mostly of
ferrihydrite and minor (<10%) fractions of lepidocrocite (Figure 2Error! Reference source not found.).
Additional Mdssbauer spectra (Figure S5) of ferrihydrite with adsorbed WEOM at 6 K showed the presence
of 2 sextets, with typical parameters (Table S7) for poorly crystalline ferrihydrite®®8!, It is likely that the
small fraction of lepidocrocite was not detected since parameters of lepidocrocite have been shown to
overlap with those of ferrihydrite in Mossbauer spectra®?.

In contrast, the Fe phase after coprecipitation with palsa and bog WEOM consisted of approximately 40%
Fe(lll) bound directly to OC (“Fe(lll)-OC phases”) with the remaining fraction of Fe being ferrihydrite. This
is consistent with observations by Schwertmann et al. (2005)33, who detected poorly soluble Fe(lll)-OC
phases when oxidizing Fe(ll) in the presence of DOC. The detected Fe(lll)-OC phase was best fit using
Fe(lll)-citrate (which contains carboxylic groups) as a reference, aligning with past studies of Fe-OC phases
in non-permafrost peatlands*’-84. Since carboxylic groups are present in soils of all thaw stages*® and

carboxyl-richness of natural OM has recently been proposed to be a controlling factor in OC binding to

11
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Fe(lll) (oxyhydr)oxides®>, it is likely that carboxyl groups are significantly involved in coprecipitation.with
DOI: 10.1039/D4EM00241E

Fe in permafrost soils.

Shell fitting analysis of the Fourier-transformed Fe K-edge EXAFS region (Figure S4, detailed results in Text

S5) further suggested that formed coprecipitates were likely more poorly crystalline and/or had a lower

HPalsac,

HB0gcop

0 02 04 06 038 1
k [A7] fraction of Fe phases [-]

B ferrihydrite [ lepidocrocite 1 Fe(ll)-OC
Figure 2. (A) Iron K-edge k3-weighted EXAFS spectra and linear combination fits (2 to 11 A2) of ferrihydrite with
adsorbed WEOM (ads) from palsa, bog and fen, and Fe-OC coprecipitates (cop) synthesized with WEOM from
palsa and bog. Experimental data is displayed as coloured lines and linear combination fits as black circles (see fit
parameters in Table S6). (B) Bar plot showing relative abundances of different Fe phases in the post-adsorption
and post-coprecipitation mineral phases. The same labelling as for graph (A) applies here. Fe(lll)-OC was fit using

Fe(lll)-citrate as a reference.

particle size than ferrihydrite with adsorbed WEOM?&%87, Within the coprecipitate set, the coprecipitates
formed with palsa WEOM are likely more poorly crystalline than with bog WEOM, based on lower
coordination numbers of both Fe-Fe paths (Table S7). A higher proportion of carboxylic groups, which are
present in palsa peat compared to subsequent thaw stages?*®, might have led to this lower crystallinity®>.
Thus, coprecipitation of OC in palsa and bog ecosystems likely causes formation of solid Fe(lll)-OC phases
and more poorly crystalline ferrihydrite, explaining the larger OC binding capacities of Fe-OC

coprecipitates in contrast to adsorption by ferrihydrite.

12
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Molecular fractionation of organic matter during adsorption and coprecipitation View Article Online
DOI: 10.1039/D4EM00241E

Solid phase characterization using FTIR spectroscopy. The change in OC composition due to adsorption
or coprecipitation was followed using FTIR spectroscopy of the initial WEOM and the solid phase after
binding (Figure 3). The initial WEOM from all thaw stages contained common OC functional groups: (i) C-
O groups in carbohydrates (1050 cm™), (ii) carboxylic groups, as apparent by peaks at 1400 cm™, 1630 cm-
1and 1720 cm™ due to symmetric, asymmetric COO- and C=0 stretches, respectively, and (iii) aromatic
groups, visible as C=C stretches in aromatic rings (1630 cm™)1%888% Note that we could not evaluate the
aliphatic C band caused by CH stretches of -CH, groups (2840-2930 cm™) because of an overlay by the
band produced from O-H stretching in water®® (Figure S6). Relative peak heights of carboxylic and
aromatic groups were higher than carbohydrates in palsa WEOM, whereas carbohydrates were relatively
enriched in bog WEOM. This is in line with previous studies on changes of OC composition due to
permafrost thaw at Stordalen Mire??4%, in which carbohydrates often accumulate under the acidic and
waterlogged conditions in bogs. Fen WEOM displayed weaker peaks of carbohydrate, carboxylic, and
aromatic functional groups overall, compared to palsa and bog WEOM. We attribute this to higher overall
microbial activity, leading to a depletion of labile carbohydrates in the water-extractable phase of the
soil31. Overall, the initial WEOM composition was comparable to that of the solid peat from representative
soil cores (Figure S7).

We observed preferential adsorption of certain organic functional groups to ferrihydrite for all WEOMs
(Figure 3). The magnitude of this effect was higher for palsa and bog WEOM than for fen WEOM. For
example, the main OC functional groups bound on ferrihydrite from palsa WEOM were carboxylic (1400
and 1630 cm™) and aromatic groups (1630 cm™). In contrast, carbohydrates of palsa WEOM were
adsorbed to a lower degree on ferrihydrite compared to carboxylic and aromatic groups. Preferential
adsorption has been observed with plant litter or peat-derived OC in some previous studies with
ferrihydrite and other Fe oxyhydroxides®2090°1 Coprecipitation led to less preferential binding of OC than
adsorption for both palsa and bog WEOM, likely due to higher C:Fe ratios in the solid and more organic-
organic interactions??.

To assess the change in OC preferential binding semi-quantitatively and compare changes between
WEOM types, we calculated peak ratios (PR) of aromatic C=C and COO- peaks to carbohydrate peaks
before and after binding, respectively (Table S10). These ratios, also termed humification indices in the
context of organic matter decomposition®®, are used to show the selective decrease or increase of a
particular functional group. Peak ratios generally increased after binding. Selective binding of aromatic
groups relative to carbohydrates was highest for adsorption with palsa and bog WEOM (based on
increases in PR values of 128 and 151%, respectively) while PR after adsorption of fen WEOM increased

only by 17%. Similarly, the carboxylic to carbohydrate PR increased by 157 and 100% after adsorption of
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palsa and bog WEOM on ferrihydrite, while the PR for fen WEOM increased only by 25%. Selective hinding

DOI: 10.1039/D4EM00241E
may be higher for palsa and bog WEOM since they contain more oxidized OC moieties (e.g., carboxylic
groups) than fen WEOM that have been shown to display a higher adsorption affinity to Fe(lll)
(oxyhydr)oxides®®°1, Coprecipitation of palsa WEOM with oxidized Fe(ll) generally led to lower
preferential binding of WEOM, with increases in PR by 50 and 33% for aromatic/carbohydrates and
carboxylic/carbohydrates, respectively. Coprecipitation of bog WEOM induced almost no change in either
PR. Taken together, OC binding to Fe(lll) (oxyhydr)oxides in permafrost systems seems to be selective,

favouring binding of carboxyl- and aromatic-rich OC moieties, especially during adsorption. However, this

effect is lower under fully thawed conditions.

14
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Figure 3. Normalized Fourier-transform infrared spectra of solids post-adsorption (ads) and post-coprecipitation (cop, both
post-binding phases in maroon) in comparison to the original WEOM before binding (in orange) for (A) palsa, (B) bog, and
(C) fen. The FTIR spectrum of ferrihydrite used for the adsorption experiments (grey) is given for reference. The scalebar in
panel (C) applies for the other panels as well. Numbers and dashed lines stand for the following wavenumbers that are
characteristic of the functional groups: 1 = 1720 cm™ (C=0 stretch in COOH), 2 = 1630 cm™ (aromatic C=C stretch and/or

asymmetric COO" stretch), 3 = 1400 cm™ (symmetric COO" stretch), 4 = 1050 cm™ (C-O stretch of carbohydrates)'27>78,

Aqueous phase characterization using FT-ICR-MS. Ultrahigh resolution mass spectrometry was used to
evaluate the changes in OC composition in solution after adsorption and coprecipitation (see initial OC
composition in Figure S9). For both sets of experiments, the remaining WEOM in solution after binding

was enriched in compounds with a low O/C and high H/C ratio (Figure 4). Compounds with these formulae
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therefore remained in solution while more aromatic or unsaturated (low H/C ratio) and more, oxygens
DOI: 10.1039/D4EM00241E

containing OC (high O/C ratio) compounds preferentially bound. Simultaneously, higher molecular weight

molecules (with the same number of C atoms) were preferentially bound in all experiments (Figure S8).
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Figure 4. Van Krevelen diagrams showing changes in WEOM composition from palsa (A, B), bog (C, D) and fen

(E) soils before and after adsorption (A, C, E) and coprecipitation (B, D). Organic compounds which are

preferentially bound during adsorption or coprecipitation are displayed in blue and those retained in solution

in red. (F) Change in molecular classes based on modified aromaticity index calculated for all experiments.

Negative values indicate preferential adsorption while positive values mean compounds with formulae in those

classes remained in solution.
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We expect that high molecular weight compounds are bound to a higher extent since they are less seluble,
DOI: 10.1039/D4EM00241E
more hydrophobic and contain more functional groups; hence they may partition into the solid phase.
We also detected a decrease in the NOSC of OC in solution in all experiments (Table S11), meaning more
oxidized OC compounds are preferentially bound. The change in NOSC was generally higher in adsorption
compared to coprecipitation experiments, and highest after adsorption of bog WEOM to ferrihydrite
(decrease from 0.02 to -0.20). These general trends are similar to selective binding of other terrestrial OC
sources on Fe(lll) (oxyhydr)oxides2921.°1-93 Moreover, direct observations of Fe-bound OC composition in
thawing permafrost soils by Patzner et al. (2022)%¢ also indicate the preferential binding of aromatic-rich
and high molecular weight OC.
When comparing changes of different OC classes according to the modified aromaticity index, it was
apparent that aromatic OC was preferentially adsorbed in all experiments (Figure 4F). Adsorption induced
a higher preferential binding of aromatic moieties than coprecipitation for both palsa and bog WEOM,
consistent with the FTIR spectroscopy results. Comparing within the adsorption experiments, the relative
change in aromatic groups is similar with OC from all thaw stages (11-14% increase after adsorption). In
contrast, preferential binding of aromatic OC by coprecipitation is slightly higher in bog WEOM (11%) than
palsa WEOM (7%), contradictory to the trends detected by FTIR. We assume these discrepancies stem
from the insensitivity of FTIR spectroscopy to detect small changes in bound OC functional groups and
possibly from the sample preparation step SPE, which only extracts a subset of OC molecules®®.
To test changes in aromaticity over all initial C:Fe values, SUVA,s, was measured. Results also indicated
that aromaticity in palsa and bog WEOM after adsorption decreased compared to the initial WEOM
(Figure S10). With decreasing DOC concentration in equilibrium, this preferential adsorption of aromatic
groups in palsa and bog WEOM increased, as already reported elsewhere®?®!, However, fen WEOM
showed increasing SUVA,s, values with increasing DOC in equilibrium, meaning aromatic groups
preferentially adsorbed with increasing DOC concentration. Since fen WEOM is rich in complex
carbohydrates and amino acids3!, we speculate that those OC groups could dominate at lower WEOM
concentrations and are thus bound to the mineral surface in a higher proportion than aromatic groups.
Support for the dependence of preferential binding on initial composition is also given by Eusterhues et
al. (2011)*?> who found that different polysaccharides in a forest-floor extract preferentially adsorbed to
ferrihydrite. SUVA,s, values after coprecipitation of palsa WEOM also decreased with decreasing
equilibrium DOC concentration, while those after coprecipitation with bog WEOM stayed constant (Figure

S10). This points toward a higher preferential binding effect for palsa WEOM compared to bog WEOM.
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We considered different parameters to judge the effect of selective binding of WEOM on changes to the
bioavailability of dissolved OC. We considered structure, represented by aromaticity and double bond
equivalents in the FT-ICR-MS data and partially by FTIR spectra and SUVA values as well as molecular
weight based on FT-ICR-MS data. Based on these parameters, we propose that more bioavailable OC is
likely relatively enriched in solution after adsorption and coprecipitation. The preferential binding of
aromatic and high molecular weight compounds would leave smaller, more aliphatic compounds in
solution that are considered to be more labile towards microbial decomposition. This is supported by the
work of Li et al. (2021)?° who found that the extent of aerobic microbial degradation of ferrihydrite-bound
OC, which was later again desorbed into the aqueous phase, was considerably lower than the original OC.

We also considered NOSC as an indicator for bioavailability. This parameter differed from our
proposed trend. The average NOSC of OC in solution decreased after binding, implying that compounds
that were energetically favorable towards decomposition were bound in the (formed) Fe-OC associations.
Based on theoretical definitions, the remaining dissolved low-NOSC compounds are more difficult to
degrade for microorganisms®*. Possible reasons for this discrepancy are that NOSC is purely based on
formula and not on structure or molecular weight of OC molecules. Bioavailability can also be regarded
similar to energy availability, which is the ratio of invested to returned energy during OC decomposition®°.
This emergent definition indicates that the total energy within an OC compound, which is proportional to
its NOSC, may not be exactly related to what compound will be used energy efficiently by
microorganisms®, Further research should therefore focus on how compounds of similar NOSC but
different structure are respired by microorganisms. As we see limitations in the interpretation of NOSC
for bioavailability in this context, we consider the other indicators (supported by the bioavailability
experiments by Li et al. (2021)?°) as more reliable. Therefore, the changes in OC composition after binding
indicate that less bioavailable OC is selectively bound to Fe(lll) oxyhydroxides in thawing permafrost soils,

leaving easier degradable compounds in solution.

Conclusions

Our findings provide insights into the potential of Fe(lll) (oxyhydr)oxides to bind porewater OC in
(permafrost) peatlands. We found higher C:Fe ratios in Fe-OC associations formed by coprecipitation than
by adsorption, even at relatively low initial C:Fe ratios. Given that very high C:Fe ratios (5-16 [g C g! Fe])
were observed in a variety of (permafrost) peatlands?%28:95, coprecipitation as simulated in our study could
be the major pathway for the formation of Fe-OC associations in palsa and bog ecosystems. It is feasible

that the bound OC content is higher in a natural setting than in Fe-OC associations formed in batch
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experiments since DOC would be continuously supplied under natural conditions and reaction time;scales
DOI: 10.1039/D4EM00241E
are likely longer than 3 days. Coprecipitation thus likely plays a large role at trapping OC at redox
interfaces, while adsorption, although binding less OC, is more relevant in upper, oxic soil layers.
Our results indicate that maximum adsorption capacities of OC drastically decreased from palsa and bog
soils to fully thawed fen soils. This would mean that Fe(lll) (oxyhydr)oxides provide less protection for OC
in fully thawed, circumneutral permafrost conditions. Further, as more palsa soils transition to bogs or
fens in the future, several processes could alter the binding of OC to poorly crystalline Fe(lll)
(oxyhydr)oxides. First, already existing Fe-OC coprecipitates could possibly further adsorb OC once they
are formed. Second, under anoxic conditions in further thaw stages, the formed Fe-OC associations are
likely to be microbially reduced and dissolved, releasing Fe?* and OC into solution®t. Based on the high
quantities of bound OC to Fe minerals in palsa and bog soils, this would lead to a substantial OC release
during transitions between thaw stages. The previously Fe-bound OC could then be used for anaerobic
respiration, increasing CO, emissions and may ultimately also increase CH, emissions by supplying more
dissolved OC. It is also possible that the released OC is partly bound by phyllosilicate or iron sulfide
minerals, which are present in the fen soil?. Further, our observed preferential binding effects imply that
Fe mineral protection of OC in permafrost soils is biased towards less bioavailable OC (albeit to a lower
extent during coprecipitation than adsorption). This may affect OC cycling in primarily oxic soil horizons
of permafrost soils since unbound, low-molecular weight compounds could partly be respired by
microorganisms. Thus, Fe(lll) (oxyhydr)oxides may limit DOC concentrations, especially in palsa and bog

ecosystems, but may not substantially inhibit microbially mediated CO, emissions.
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