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1 | INTRODUCTION

Aaron Thompson

Abstract

Coprecipitation of natural organic matter (NOM) with ferrihydrite (Fh) can alter the
trajectory of Fe(II)-catalyzed transformation. High C/Fe molar ratio Fh-NOM copre-
cipitates are expected to resist transformation completely and preserve organic mat-
ter (OM). To explore how heterogeneous NOM would influence this process, we
reacted low (0.8) and high (1.8) C/Fe molar ratio Fh-NOM coprecipitates (synthe-
sized with a '3C-labeled plant litter extract) with 2 mM Fe(II) for 1 and 14 d under
anoxic conditions and examined changes in the solid phase with Mdssbauer spec-
troscopy (MBS) and secondary electron images using scanning transmission electron
microscope. Mossbauer spectroscopy data suggests Fe(Il) interaction with coprecip-
itates increases Fe mineral crystallinity, as did lower molar C/Fe ratios and longer
aging times. However, de novo crystal phase development was only observed (via
secondary electron images) in the Fe(Il)-reacted coprecipitates and only when the
organic carbon (OC) loading was low. For example, the low C/Fe coprecipitate devel-
oped localized lath-like crystal phases after 1 d of reaction with Fe(II), while the lath-
like phases only developed in the high C/Fe coprecipitates after they lost some NOM
(C/Fe ratio decreased from 1.8 to 0.7) and reacted with Fe(II) for 14 d. In addition,
partial exchange of coprecipitate '3C-NOM for C in the media (likely the organic
PIPES buffer) occurred in all treatments but was accentuated by reaction with Fe(II),
suggesting coprecipitate OM composition likely evolves over time, especially when
exposed to Fe(Il). Our findings suggest that Fe(II) mediated Fh-NOM transformation
is highly dynamic and has the potential to influence the stability of NOM in Fh.

more stable iron (oxyhydr)oxide minerals such as goethite,
hematite, magnetite, and lepidocrocite over time (Kukkadapu

Ferrihydrite (Fh) is a common short-range-ordered (SRO)
Fe(Ill) phase in soils and sediments (Cornell & Schw-
ertmann, 2003; Jambor & Dutrizac, 1998). Ferrihydrite
is thermodynamically unstable and will transform into

Abbreviations: B, hyperfine field strength; EDS, energy-dispersive X-ray
spectroscopy; Fh, ferrihydrite; MBS, Mossbauer spectroscopy; MS,
magnetic susceptibility; NOM, natural organic matter; OC, organic carbon;
OM, organic matter; SRO, short-range-ordered.

et al., 2003; Schwertmann & Murad, 1983). The sorption
of Fe(II)(aq) to Fh accelerates this transformation through a
process of electron transfer and atom exchange (Boland et al.,
2014; Hansel et al., 2005; Pedersen et al., 2005; Williams &
Scherer, 2004). Although many studies have examined Fe(II)-
catalyzed transformation of Fh, there is no consensus regard-
ing the transformation or crystallization pathway to product
minerals (Boland et al., 2014; Hansel et al., 2005), as minor
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changes in the geochemical conditions, such as pH, Fe(ID)
concentration, the presence of cations and counterions, and
organic ligands, can alter the composition of the secondary
minerals (Boland et al., 2014; Chen et al., 2015; Hansel et al.,
2005; Jones et al., 2009; Liu et al., 2016; ThomasArrigo
et al., 2018; ThomasArrigo et al., 2019; Zhou et al., 2018).
In the natural environment, especially in biologically active
soils and sediments that have dissolved organic matter (OM),
Fh is typically coprecipitated with natural organic matter
(NOM) (Chen et al., 2014; Lalonde et al., 2012). Associa-
tion of organic carbon (OC) can decrease the available sur-
face area of Fh and also block the adsorption of Fe(Il) (Chen
et al., 2014; Eusterhues et al., 2008; Jones et al., 2009),
which is a major factor for the formation of secondary min-
erals (Boland et al., 2014). A coprecipitate C/Fe molar ratio
>2.8 is likely to result in complete blockage of the adsorp-
tion sites and prevent Fe(Il) adsorption in mineral surface
(Chen et al., 2014), and the threshold value to prevent trans-
formation is 1.6 (Chen et al., 2015). Despite a consensus
that OM can interfere with Fe(Il)-mediated Fh transforma-
tion, significant uncertainty remains regarding the specific
interactions (Chen et al., 2015; ThomasArrigo et al., 2018;
ThomasArrigo et al., 2019; Zhou et al., 2018). For example,
some studies report coprecipitated OM retards Fh transfor-
mation progressively with increasing C/Fe molar ratios and
secondary mineral formation dependent on Fe(Il) concentra-
tions (Chen et al., 2015), whereas other studies suggest longer
reaction times and higher Fe(II) concentrations can cause Fh-
OM transformation even when the initial C/Fe molar ratios
are above 1.6 (Pedersen et al., 2005; ThomasArrigo et al.,
2018). While, it is well accepted that various organic func-
tional groups can drive transformations in consistent trajec-
tories (Sheng et al., 2020; ThomasArrigo et al., 2019), our
understanding of how Fh-OM coprecipitates behave when
exposed to Fe(Il) is largely based on experiments with sin-
gle organic ligands or relatively homogenous OM isolates
(Daugherty et al., 2017; Royer et al., 2002). It remains unclear
how Fh-NOM coprecipitates with more complex OM profiles
will behave. In our previous study, we found that the reaction
of Fe(Il) with Fh coprecipitated with Suwannee River natu-
ral organic matter (SRNOM) resulted in electron exchange
between the Fe(II)(aq) and Fe(III) and some minor increases in
the Fe phase crystallinity, increased particle size, and aggrega-
tion (Zhou et al., 2018). Another recent study showed that Fh-
SRNOM coprecipitates went through an electron exchange
process after reacting with Fe(II) without secondary mineral
transformation but decreased their ability to retain nickel (Ni)
(Zhou et al., 2021). These findings make it clear that changes
are occurring in the Fh-NOM coprecipitates during reaction
with Fe(II) that effect Fh behavior. There is, however, is con-
siderable uncertainty on how those changes will manifest for
more complex OM. The majority of this uncertainty arises
from experiments using various types of NOM as a C source

NOOR AND THOMPSON

Core Ideas

e Fe(Il)-catalyzed transformation of ferrihydrite-
natural organic matter (Fh-NOM) is governed by
C/Fe molar ratios.

* Localized morphological transformations often
take place in lieu of complete transformations.

* Exchange of OC from Fh-NOM and the soil solu-
tion is likely.

* Loss of NOM can reduce Fe.

for the coprecipitates. Resolving the Fe(Il)-mediated mineral
transformation of Fh-NOM is critical for predicting the long-
term effect of OM on the mineral binding of various con-
stituents of interest.

To address this, we examined the effects of NOM concen-
tration and Fe(II) exposure (aging) time on NOM and Fe com-
position of Fh-NOM coprecipitates. We hypothesized that the
C/Fe ratio and Fe(II) exposure time will govern the transfor-
mation product composition. To test this, we synthesized Fh-
NOM coprecipitates at low and high C/Fe ratios that, based
on prior literature, should promote and hinder Fh transfor-
mation, respectively. Furthermore, we used 13C.1abled NOM
{extracted from 3C-labled Bermudagrass [Cynodon dactylon
(L.) Pers.]} as the source of C in the coprecipitates to distin-
guish coprecipitated NOM from the organic PIPES buffer in
the media. Along with the elemental analysis of the coprecip-
itates before and after reacting with Fe(II), we examined the
solids using Mdssbauer spectroscopy (MBS) and secondary
electron images using an ultrahigh-resolution scanning trans-
mission electron microscope.

2 | MATERIALS AND METHODS

2.1 | Preparation of 3C labeled dissolved
organic matter

Labeled dissolved organic matter was prepared by extracting
13C-labeled Burmudagrass litter with water. Briefly, a pulse
labeling method was used to label ‘Tifton-85’ bermudagrass
(C. dactylon x C. nlemfuencis) with 13C02 (99.999 atom%,
Cambridge Isotope Laboratories Inc.). Bermudagrass was
grown in flats of C-free sand with some residual potting
medium under greenhouse conditions for 4 wk. All flats
were fertilized with 0.7 mmol ('>NH,),SO, once a week.
For 13C pulse labeling, bermudagrass was transported to a
Conviron growth chamber with a temperature of 35 °C and
CO, concentration of 500 mg L~! maintained using a Qubit
G400-2 gas mixing system coupled with a S157 infrared
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CO, analyzer (Kingston). Pulse labeling was carried out
once a week for 6 wk. Bermudagrass was exposed to '3CO,
for 8 h with a flow rate of 3CO, ~0.5 L min~!. Labeled
aboveground biomass was harvested and immediately frozen.
The frozen material was freeze-dried and ground using Wiley
mill to <1 mm. Ground materials were mixed with ultrapure
18.2 MQ water with a solid to water ratio of 1/20 (w/v). The
mixture was shaken at 140 rpm in a horizontal shaker for
48 h and filtered through a 0.45 pm polyvinylidene fluoride
membrane filter. The total OC concentration and '3C isotope
content was measured and later diluted with ultrapure water
to achieve the required concentration to prepare the coprecip-
itates. Molecular composition characterization of dissolved
NOM was previously done using ultrahigh-resolution mass
spectroscopy (Chen et al., 2020). Briefly, the NOM was
comprised predominantly of aliphatic compounds (76%) and
lignin-derived carboxyl-rich alicyclic molecules (23%) with
mean population O/C, H/C, and DBE values of 0.44 + 0.12,
1.60 + 0.22, and 6.31 + 3.04, respectively.

2.2 | Ferrihydrite and Fh-NOM
coprecipitates synthesis

All the chemicals used in this study were laboratory grade.
Ferrihydrite was synthesized by dissolving Fe(NO5);.9H,0
in ultrapure water and pH was adjusted to 7 using 1 M KOH
(Schwertmann & Cornell, 2008). The Fh-NOM coprecipi-
tates, with an initial solution C/Fe molar ratio of 0.8 or 1.8,
were prepared by following the methods described by Chen
et al. (2014). Briefly, the required amount of Fe(NO5);.9H,0
was mixed with labeled > DOC solution under vigorous stir-
ring. The pH of the suspension was raised from ~2.0 to 7
by slowly adding 0.1 M KOH. Synthesized Fh and Fh-NOM
coprecipitate were centrifuged at 12,000 x g for 10 min and
washed twice using degassed ultrapure water and stored in the
glove box (97% N, and 3% H,) for at least 48 h to remove O,
gas before reacting with Fe(II) in our experiments as described
below.

23 |
Fe(II)

Reacting Fh-NOM coprecipitates with

Freshly synthesized, moist Fh and Fh-NOM coprecipitate
were resuspended in anoxic PIPES (1,4-piperazinediethane
sulfonic acid) buffer (10 mM, pH 7) and stirred for 1 d inside
the glovebox (filled with 97% N, and 3% H,) to remove resid-
ual O,. A portion of the Fh and Fh-NOM coprecipitates were
reacted with Fe(Il) in 100-ml opaque serum bottles contain-
ing 33.6 mg of total Fe (as an Fh-NOM slurry) and 60 ml of
anoxic PIPES buffer (10 mM, pH 7). FeSO,.7 H,O was added
to the bottle (except the controls) to obtain a final Fe(Il) con-
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centration of 2 mM (Chen et al., 2015). The reaction was car-
ried out in the anoxic glove box on a rotatory shaker in two
batches: one reacted with Fe(II) for 24 h (henceforth ‘fresh’)
and one reacted for 14 d (henceforth ‘aged’). After the reac-
tions, the Fe(Il)-reacted Fh and Fh-NOM samples were rinsed
with degassed 18.2 MQ ultrapure water twice by centrifuging
them at 10,000 x g for 10 min. After washing the samples,
a small amount of degassed water was added to maintain a
moist slurry and the samples were stored at —20 °C before
analysis.

2.4 | Analysis for *C, total C, and Fe in the
solid

The total C and '*C isotope content of the solid phase
were measured by lyophilizing a portion of the solid sample,
crimped in a tin capsule, and analyzing it in a Thermo Flash
2000 elemental analyzer coupled to a Thermo Delta V iso-
tope ratio mass spectrometer via Thermo Conflo IV open split
interface. The total Fe content was measured using inductively
coupled plasma mass spectrometry (Perkin Elmer, Elan 9000)
after the dissolution of 2 mg coprecipitates in 5 ml 30% HCl
for 1 h and volume up to 30 ml with 1% HCI (Chen et al.,
2014). We calculated the amount of '3C-NOM in the solid
samples (P '*C-NOM in solid) using a two-source mixing
model.

X [13C] FhNOM - X [13C] Fh
x ['3C| NOM - x ['3C| Fh

P B3Cyoyin solid = x 100

Where, x[13C]FhNOM and x['3C]Fh are atom fractions of 3C
isotope in the coprecipitates and '>C content of the Fh, respec-
tively; x['3CINOM is the initial atom fraction of '3C content
of the bermudagrass extract.

2.5 | Mossbauer analysis

Mossbauer spectroscopy analysis was done using a 50-mCi
57Co/Rh source under 5, 13, and 35 K to characterize Fe in the
coprecipitates after reacting with Fe(Il) along with the unre-
acted controls. Collected solid samples were washed twice
with ultrapure water by placing the samples in a falcon cen-
trifuge tube with a sufficient amount of water following gentle
shaking and centrifuged at 3,000 X g for 10 min. The super-
natant was then poured off, the samples were placed in an
O-ring, sealed between two pieces of Kapton tape, and imme-
diately frozen in a —20°C freezer. The MBS results were
analyzed using Recoil software (http://recoil.sourceforge.net),
and spectra fitting was done using Voigt-based fitting. In
addition, mass-specific magnetic susceptibility (MS) mea-
surement was collected on coprecipitates at 295 K in a
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TABLE 1

NOOR AND THOMPSON

Molar C/Fe ratio of the synthesized coprecipitates (initial) and after reacting with Fe(II) and aging (final) in PIPES buffer. Fraction

of '3C natural organic matter (NOM) represents percentage '>*C NOM remaining in the coprecipitates after reaction with Fe(Il) and aging

Initial C/Fe
Treatment ratio
mol/mol
Fresh Ferrihydrite (Fh) -
Fh with Fe(II) -
Low C/Fe 0.8
Low C/Fe with Fe(II) 0.8
High C/Fe 1.8
High C/Fe with Fe(II) 1.8
Aged Fh -
Fh with Fe(II) -
Low C/Fe 0.8
Low C/Fe with Fe(II) 0.8
High C/Fe 1.8
High C/Fe with Fe(II) 1.8

Note. n.d., not detectable.

Bartington MS meter (MS2B). Measurements were calibrated
against a well-characterized standard set used previously
(Thompson et al., 2011). More detailed information is pro-
vided in the Supplemental Materials.

2.6 | Secondary electron imaging

To assess the qualitative morphological variation of the
Fe(Il)-reacted coprecipitates vs. the unreacted control, sec-
ondary electron image analysis along with energy-dispersive
X-ray spectroscopy (EDS) mapping of the coprecipitates
was conducted. Images were obtained using the secondary
electron detector of a scanning transmission electron micro-
scope (STEM-Hitachi SU 9000EA) while operating with
an accelerating voltage of 30 kV. The solid sample slurry
was placed on a silica chip and dried overnight, which
was later analyzed under the microscope. A secondary
electron detector was used for collecting the images and
EDS spectra were recorded with Oxford Ultim Extreme
software.

3 | RESULTS

3.1 | Total Fe and C content of the
coprecipitates

Total Fe, C, and 13C isotope (i.e., coprecipitated C) contents
were measured in the solids before and after reaction with

Fraction of 3C NOM

(final) Final C/Fe ratio
% mol/mol
n.d. 04

n.d. 0.08

88 0.9

64 1.0

81 1.8

76 1.7

n.d. 0.5

n.d. 0.09

56 0.5

34 0.5

72 0.7

60 0.7

Fe(II) (Table 1; Supplemental Table S1). In the fresh samples,
all treatments and unreacted controls retained nearly their ini-
tial measured C/Fe ratios of either 0.8 or 1.8 for the low and
high treatments, respectively. However, in the aged samples,
the C/Fe molar ratios decreased. For the aged—low coprecip-
itates, the C/Fe molar ratio decreased from 0.8 to 0.5, and
for the aged—high coprecipitates it decreased from 1.8 to 0.7.
Interestingly, reaction with Fe(II) drove up the total C con-
tent of the fresh and aged—low coprecipitates relative to the
unreacted controls, although the Fe(I)-reacted coprecipitates
lost more '3C NOM at the expense of unlabeled OC from the
media than their paired unreacted controls. For instance, the
OC in the Fe(Il)-reacted fresh-low coprecipitate was com-
prised of 64% NOM, whereas the unreacted pared control
was comprised of 88% NOM. For the aged coprecipitates,
which also experienced a decrease in C/Fe ratio, the loss of
NOM fraction was even greater, with the aged—low coprecip-
itates comprising 34% NOM after reaction with Fe(II) vs. 56%
NOM in its unreacted control. The high C/Fe treatments had
similar trends, although the relative fractions of NOM after
reaction were greater (Table 1). Finally, our pure Fh controls
gained some OC after 1 and 14 d of aging and the values were
higher than the Fe(I)-reacted Fh. The PIPES buffer could be
the source of C although we did not see any change in the
pH content of the reactors. This increased C content did not
appear to influence the transformation of Fh, as the sample
completely transformed to lath-like crystals after 14 d (Sup-
plemental Figure S1). This measured OC in the Fh treatment
may also have been an experimental or analytical contami-
nant.
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FIGURE 1 Probability density distribution of the hyperfine field

of the (a) low C/Fe [Fe(II)-reacted and unreacted] and (b) high C/Fe
[Fe(II)-reacted and unreacted] coprecipitates collected at 13 K
temperature using Mossbauer spectroscopy. The y-axis values of the
peak are indicated with the arrows

3.2 | Changes in Fh-NOM crystallinity and
morphology

3.2.1 | Maossbauer spectroscopy

Mossbauer spectra collected at 35, 13, and 5 K were used to
characterize changes in the crystallinity of the Fe(Il)-reacted
coprecipitates relative to the unreacted controls (Figure 1;
Supplemental Figures S2—-S6; Supplemental Tables S2—-S10).
At the lowest collection temperature (5 K), the Fe(IIl) pop-
ulations of all the samples were magnetically ordered into a
sextet (Supplemental Figures S2—S6). Portions of the sample
forming a sextet at higher temperatures (13 and 35 K) are more
crystalline than the remaining portions that require lower tem-
peratures to magnetically order and this can be used to com-
pare the relative crystallinity of the Fh-NOM coprecipitates
(Thompson et al., 2006, 2011).

At 5 K, the MBS parameters of the Fh control sample
are characteristic of 2-line Fh (chemical shift of 0.47 mm
s~!; quadrupole splitting of —0.01 mm s~'; hyperfine field
strength (By¢) of 48.1 T; Supplemental Table S2) (Kukkadapu
et al., 2003). In the coprecipitate samples, as expected (Chen
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etal., 2015), the inclusion of NOM lowers a 5 K sextet’s aver-
age By to between 46.2 and 47.7 T across all samples, with
samples reacted with Fe(II) having B¢ values ~0.78 T higher
than their unreacted controls (Supplemental Tables S1-S10).
At 5 K, we also see two other consistent trends: (a) all of the
low C/Fe ratios samples have higher B¢ values (by 0.65-1.36
T) than their respective high C/Fe samples, and (b) the aged
samples have higher B); values than their respective fresh
samples (by 0.53—1.3 T) (Table 2; Supplemental Tables S2—
S10). Higher By; values are consistent with higher crystallini-
ties (Murad & Cashion, 201 1) in the Fe(I)-reacted samples, in
samples with low C/Fe ratios, and those aged for longer peri-
ods. These higher crystallinities could derive from a variety
of reasons (i.e., less substitution, stronger interparticle inter-
actions, greater particle size, etc.) (Eusterhues et al., 2008).
A separate measure of sample crystallinity is the temper-
ature dependence of the sextet formation (i.e., blocking tem-
perature), with more crystalline samples ordering into a full
sextet at higher temperatures than lower crystallinity samples
(Murad & Cashion, 2011). Using this metric, we find sim-
ilar results to those obtained by examining the B;; values.
Based on blocking temperature, the most crystalline coprecip-
itate sample is the aged—low coprecipitate reacted with Fe(II),
which has a sextet (OxHy) already beginning to form at 35
K (Figure 1; Supplemental Figure S4) (note, for comparison,
that it is even more crystalline than our Fh control, which at 35
K the MBS is modeled with only a collapsed sextet). The least
crystalline sample, based on ordering temperature, would be
the fresh-high-unreacted coprecipitate, which requires ~10%
of the spectral area as a doublet to get a good fit at 13 K (Fig-
ure 1; Supplemental Figure S5). Already, sextet ordering tem-
perature matches the trends in sextet hyperfine field strength
at the extremes of our coprecipitate samples, with aging, low
C/Fe ratio, and reaction with Fe(Il) conferring greater crys-
tallinity. To evaluate the remaining samples, we examine the
sextets at 13 K, where they display a range of ordering condi-
tions, with the more crystalline samples exhibiting sextets that
resemble those at 5 K and the less-crystalline samples exhibit-
ing large partially collapsed sextet features (highly broadened
features that extend across the velocity range). We modeled
these 13 K sextets with three components and then evalu-
ated the distribution of these components across the sextet
(Figure 1). In these graphs, higher probability values (y axis)
for the peak of the sextet indicate a sharper sextet with less
spectral area in the collapsed portion [i.e., what would be a
(b)OxHy component], whereas values along the x axis are the
By ; values of the distribution. We also expect more crystalline
phases to have higher peak positions on the x axis, but we have
already evaluated the By of the phases more precisely at 5 K.
Here instead, we focus on the y axis height of the main peak.
In this case, we see, similar to the evaluation of crystallinity at
5 K using the By values, that the fraction of sextet area in the
peak B¢ value is higher in all cases for Fe(II)-reacted samples
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TABLE 2 Selected Mossbauer sextet parameters of unreacted and Fe(Il)-reacted C/Fe coprecipitates and Ferrihydrite (Fh) control along with

the morphological changes observed in secondary electron image analysis

Avg. By, Peak By, 5

Sample Treatment 5K? K"
Fresh—low Unreacted 46.4 48.1 +0.6
Fe(II)-reacted 47.1 48.7 + 0.9
Fresh—high Unreacted 45.0 46.6 +0.3
Fe(Il)-reacted 45.7 474+ 0.6
Aged—low Unreacted 46.9 48.6 +0.3
Fe(Il)-reacted 47.7 495+ 0.2
Aged-high Unreacted 46.2 47.6 +0.2
Fe(II)-reacted 47.0 48.8 +0.2
Fh (control) Unreacted 48.1 49.5+0.3

Percentage of 13 K Electron microscope—observed
sextet at peak By© morphological change

%

7.1 -

8.3 Lath-like localized phases
5.6 -

5.9 Crystallinity increased
8.3 -

10.0 Fe spherules development
6.6 -

8.2 Lath-like localized phases
11.6 Lath phase formation

Note. A detailed description is present in Supplemental Tables S2-S10.
? Average magnitude of the hyperfine field strength (By;) in Torr (T).
PPeak value of the magnitude of the hyperfine field distribution in Torr (T).

“Percentage of the total hyperfine field distribution of the sextet at 13 K present in at the peak.

(compared with their unreacted controls), higher in all cases
for the low C/Fe samples relative to the corresponding high
C/Fe samples, and higher in the aged samples relative to the
corresponding fresh samples (Figure 1, Table 2).

3.2.2 | Secondary electron imaging

Secondary electron images of the Fe(II)-reacted coprecipi-
tates indicate variations in the morphology and crystallinity
of the coprecipitates (Figures 2 and 3; Supplemental Figures
S7-S12). The morphological appearance of all the coprecip-
itates after reacting with Fe(II) changed compared with the
paired unreacted controls. Similarly, there were morpholog-
ical differences that suggest changes in phase crystallinity
between low and high C/Fe ratios and between samples aged
for different time periods in presence of Fe(Il). In our con-
trol Fh, the mineral started to transform after reacting with
Fe(Il) for 1 d and after 14 d, completely transformed into
lath-like structure resembling lepidocrocite structures (Jelle
et al., 2016) (Supplemental Figure S1). Unlike the Fh min-
eral, transformations in the coprecipitate were limited to local-
ized development of new morphologies, and in no case did
those changes extend over full coprecipitate structure. The
largest differences in the amount of crystallite development
occurred between the low C/Fe and high C/Fe samples (Fig-
ures 2 and 3). After reacting with Fe(II) for 1 d, the bulk struc-
ture of the low C/Fe coprecipitates remained similar to the
unreacted samples, but localized nanosized crystals formed
as aggregates with a lath morphology suggestive of lepi-
docrocite or goethite (Figure 2) (Jelle et al., 2016; Schwert-
mann & Thalmann, 1976). In some places, the bulk aggre-
gates were laminated in lath-like crystals (Figure 2b), while

in other places nano-lath-like phases (<10 nm) developed
(Figure 2c), and elsewhere, there appeared 10-65-nm-sized,
lath-like crystals (Figure 2d) similar to lepidocrocite struc-
tures reported by ThomasArrigo et al. (2019). Upon aging for
14 d with Fe(Il), these lath-like crystal phases disappeared
in the low C/Fe coprecipitates (Supplemental Figure S7). In
their place, spherical nanosized phases appeared on the bulk
structure along with 80- to 100-nm-sized mineral clusters in
some parts of the samples. Above 8 nm, Fh is thermody-
namically unstable at room temperature and transforms into
nanogoethite or hematite (Hiemstra, 2015; Navrotsky et al.,
2008), which suggests these mineral clusters could be nano-
goethite (Jelle et al., 2016). Given prior reports of magnetite
phases forming during Fe(Il) reaction with Fh (Hansel et al.,
2005), we assessed the possibility of magnetite formation by
measuring the MS (Supplemental Table S11). The MS val-
ues of the coprecipitate ranged from 1.7 X 1077 to 20.4 x
1077 m> kg~! except for the fresh Fe(Il)-reacted Fh, which
had a higher MS value (5.6 x 107> m? kg~!). Typically,
Fh, goethite, and hematite have MS values ~5.0 x 1077 m?
kg~!. The usual MS values for magnetite or maghemite are
~4.5 x 107 m3 kg~! (Michel et al., 2010; Thompson et al.,
2011), suggesting magnetite or maghemite did not form in the
coprecipitates.

The high C/Fe coprecipitates have quite a different trajec-
tory of crystallite formation. After 1 d of reaction with Fe(II),
the high C/Fe coprecipitates largely retained their unreacted
bulk morphologies, with the exception of the formation of
some minor iron spherules (1.5 pm) (Franke et al., 2009)
(Supplemental Figure S8). However, after 14 d of reaction
with Fe(Il), the coprecipitates began to resemble the low C/Fe
coprecipitates with the formation of <10 nm-sized, lath-like
crystals (Figure 3) (Jelle et al., 2016).
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(a) Unreacted

(c) Fe(ll) reacted

FIGURE 2
development in the coprecipitates

4 | DISCUSSION

4.1 | Carbon dynamics during Fe(II)
reaction with coprecipitates

Our experiment involved the incubation of Fh-NOM
coprecipitates generated using !'’C-labeled NOM in a
solution containing an unlabeled organic PIPES (1,4-
Piperazinediethanesufonic acid) buffer with natural C
isotopic composition. We found that the coprecipitates
released OC between the 1 and 14 d incubation time,
and this release was substantial for the high OC-loaded
coprecipitates. While the low C/Fe molar ratio coprecipi-
tates decreased from 0.8 to 0.5, the high C/Fe molar ratio
decreased from 1.8 to 0.7 during the aging process. Along
with this OC release, we also observed an exchange of OC
between the coprecipitates ('*C-labeled) and the PIPES
buffer solution in the reactor vials and this exchange was
higher for the Fe(II)-reacted coprecipitates (Supplemental
Table S1).

The protection of OC by minerals is contingent on several
factors including inherent chemical recalcitrance of the OM,
the degree of inclusion of the OM into secondary aggregate
structures, the distribution of OM on the mineral surface
that influences the amount of direct contact and intimate
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(b) Fe(ll) reacted

Secondary electron images of the fresh-low C/Fe (a) unreacted and (b—d) Fe(II)-reacted coprecipitates showing lath-like phase

association with the mineral surfaces, and the amount of
mineral specific surface area available for the OM (Baldock &
Skjemstad, 2000; Eusterhues et al., 2003). Changes in any of
these factors can result in the release of OC from the mineral
structure.

Fe(Il) reaction with the high-OC-containing coprecipitate
can also result in a slight decrease in the C/Fe ratio (Chen
et al., 2015; ThomasArrigo et al., 2019). ThomasArrigo et al.
(2017) has found that the coprecipitate C/Fe ratio decreased
(from 1.2 to 0.9) after extended (70 d) reaction with 1 mM
Fe(Il), and similar to our study, they observed the develop-
ment of lath-like phases in the coprecipitates. In our study,
because OC was released from both the unreacted and reacted
coprecipitates, it was not driven by the reaction with Fe(Il)
and not likely related to the increase in crystallinity of the
Fe(II)-reacted coprecipitates during aging. The higher release
of OC during the aging can also result from the structural
flaw of the coprecipitates, but in our preliminary study we
kept high C/Fe coprecipitates aging in water for over 3 mo
without a decrease in the C/Fe ratio (data not shown). There-
fore, we believe that the OC release in our study resulted from
the interaction between the PIPES buffer and the coprecipi-
tated OC. Although we do not have information regarding the
molecular composition of the solution in the reactors after the
experiment, we do know that OC exchange occurred between
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FIGURE 3
structure development with lath-like phases in the coprecipitates

the coprecipitates and the PIPES buffer, and perhaps this
drove the change in coprecipitate-associated OC over the 14
d of reaction.

Prior work has suggested PIPES buffer does not react sig-
nificantly with Fe phases (Henneberry et al., 2012). However,
our Fh-NOM coprecipitates progressed through a sequence
whereby they first accumulated PIPES from the solution (after
1 d of reaction) with concomitant loss of NOM and then
lost a large fraction of both the PIPES and initial C sources
as the reactions proceeded to 14 d (Table 1). Reaction with
Fe(IT) uniformly drove the greater loss of the NOM but in
some cases higher accumulation of PIPES. The point of zero
charge of Fh is between 7 and 9 pH (Cornell & Schwert-
mann, 2003; Parks, 1965). In our reactor vials, the pH was
set at 6.9 + 0.1, which likely resulted in a slight positive
surface charge on the Fh; however, the NOM contains neg-
atively charged carboxyl groups (pKa 3—4) and thus the point
of zero charge of the coprecipitates was likely between 4 and 7
(ThomasArrigo et al., 2019), and the surface was likely neg-
atively charged. The pKa value for the PIPES buffer is 6.7
at 25 °C, which gives it a buffering range of 6.1-7.5. There-
fore, the charged surface could result in the formation of a
surface complex with the buffer. Chen et al. (2015) observed
no change in the total C content of Fh-NOM coprecipitates
after reacting them with Fe(Il) in a PIPES buffer but later

NOOR AND THOMPSON

(b) Unreacted

(d) Fe(ll) reacted

Secondary electron images of aged—high C/Fe (a,b) unreacted and (c,d) Fe(Il)-reacted coprecipitates showing localized crystal

found that the resulting transformation products desorbed sig-
nificant C when exposed to an anoxic 0.1 M NaH,PO, des-
orption solution. An exchange between coprecipitate OM and
PIPES could have occurred in the Chen et al. (2015) study and
not been detected as they did not use isotopes to distinguish C
sources.

4.2 | Localized mineral transformation

The presence of Fe(Il) increased the crystallinity of the Fh-
NOM coprecipitates, enhancing the effect of lower molar
C/Fe ratios and longer aging times had on increasing crys-
tallinity (Figures 2 and 3; Table 2). These higher crystallini-
ties in samples with lower C/Fe ratios, longer aging times, or
reaction with Fe(Il) are clearly evident in the MBS spectra (by
two separate measures) (Figure 1; Table 1). In the secondary
electron images, only samples reacted with Fe(Il) exhibited
visual development of new crystallites, where some treat-
ments developed localized lath-like crystal phases (Figures 2
and 3) and others only showed relatively higher aggregated
structure formation (Supplemental Figures S7-S8) than the
unreacted controls. These observed variations in the Fe(II)-
reacted coprecipitates also reflect the combined effect of C/Fe
ratio and aging time.
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By definition, more coprecipitation of OM in Fe miner-
als should lower the MBS-derived assessment of crystallinity
as the excess OM must disrupt the development of long-
range crystal structure (Eusterhues et al., 2008; Schwertmann,
1966). This is also true for the incorporation of Al, Si, or
other foreign ions in Fe minerals and is covered well in prior
literature (Doelsch et al., 2000; Hansel et al., 2011; Jones
etal.,2009; Mayer & Jarrell, 1996; Schwertmann, 1970). Sim-
ilarly, longer aging times of SRO mineral phases (such as
Fh) will usually generate increases in crystallinity (Johnston
& Lewis, 1983). In our study here, our interest lies primar-
ily with the reaction with Fe(Il) and its intersection with the
C/Fe ratio and the aging process. Because we only see the
development of lath-like crystals following Fe(Il) reaction in
the low-OM-containing coprecipitates but see changes in the
MBS spectra consistent with increasing crystallinity, even in
the unreacted aged samples, we surmise that Fe(Il)-promoted
crystallinity changes are more surface oriented in low-OM-
containing coprecipitates than Ostwald-ripening via sample
aging (Hiemstra, 2018; Hiemstra et al., 2019).

Prior work has clearly illustrated that coprecipitates with
lower C/Fe ratios will undergo transformation to more crys-
talline phases after reaction with Fe(Il) (Chen et al., 2015;
Eusterhues et al., 2014; Jones et al., 2009; ThomasArrigo
et al., 2018). Generally, C/Fe ratios below ~1 allow crys-
tallinity increases following reaction with Fe(II) (Chen &
Sparks, 2018; ThomasArrigo et al., 2017; Zhou et al., 2018),
although a precise cutoff can be elusive and likely based on
OM (and Fe mineral) type. Higher OM loading on Fh is
thought to hinder Fe(II) sorption to the Fh surface by blocking
the mineral surface sites or micropore entrances and thus pre-
vent Fh transformation (Chen et al., 2014; Chen et al., 2015;
Eusterhues et al., 2014; Hiemstra et al., 2019). Higher OM
loading has also been shown to alter rates of biotic Fh reduc-
tion (Shimizu et al., 2013) in some cases, decreasing rates by
inhibiting the direct contact of the microbes to the Fh sur-
face (Eusterhues et al., 2014) or increasing rates if OM can be
used as an electron shuttle (Cooper et al., 2017). Under abi-
otic conditions, Chen et al. (2015) showed Fe(II) induced no
secondary mineral transformation in Fh coprecipitates formed
with OM extracted from highly weathered soils (C/Fe ratio
of 1.6), whereas, ThomasArrigo et al. (2017) suggested C/Fe
ratios near 2.5 were required to prevent mineral transforma-
tion when the Fh coprecipitated with polygalacturonic acid or
OM from freshwater flocs. In our study, coprecipitates with a
C/Fe ratio of 1.8 did not exhibit crystallite development (in the
secondary electron images) after reacting with Fe(Il) for 1 d,
whereas those with a C/Fe ratio of 0.8 did form new crystals.
However, after reaction for 14 d, initial C/Fe of 1.8 contain-
ing coprecipitates developed lath-like crystal structures, but
these coprecipitates also experienced a decrease in their C/Fe
ratio from the loss of OC (Table 1; Supplemental Table S1)
(decrease of C/Fe ratio of 1.8-0.7). This decrease in the C/Fe
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ratio likely allowed Fe(Il) to adsorb on the Fh surface and
promote localized mineral transformations. The EDS map-
ping data (Supplemental Figure S10) also illustrates that the
de novo lath-like phases formed on the coprecipitates were
relatively C poor. This observation that the aged—high C/Fe
coprecipitates and the fresh—low C/Fe coprecipitates behaved
similarly suggests that at some point during the 14-d reaction
time, the high C/Fe coprecipitates lost sufficient C to allow
Fe(II)-catalyzed transformations to begin in localized regions.

S | CONCLUSION

We have found that the reaction of Fe(Il) can drive crys-
tallinity changes in Fh-NOM coprecipitates, with lower C/Fe
ratios and longer aging times enhancing this effect. Fur-
ther, we see that Fe(Il)-induced de novo crystal formations
occurred only in localized regions of the coprecipitates and
that lower C/Fe ratios were a prerequisite for their formation.
This was especially evident in our high C/Fe sample, which
resisted de novo crystal formation at 1 d of reaction with Fe(II)
but then developed lath-like crystals after 14 d of reaction in
conjunction with a loss of OM and decrease in C/Fe ratio. Our
study also illustrates that OC exchange can occur between the
coprecipitated C and the other C sources in solution. Such OC
exchange is likely a very common phenomenon in the natural
environment and likely affects the composition of OM asso-
ciated with SRO minerals such as Fh. The interplay between
minerals and organic matter is likely much more dynamic than
typically appreciated and the potential for changes in soil solu-
tion conditions (i.e., redox shifts, changes in dissolved organic
matter composition or concentrations) are likely to have impli-
cations for the stability of mineral associated organic matter,
especially for redox-active SRO Fe phases.
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