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The persistence of organic carbon (OC) in natural environments is widely attributed to mineral protec-
tion, especially by iron (Fe) (oxyhydr)oxides. The effect of OC binding strength on the aging of Fe (oxy-
hydr)oxides and the mobility and fate of OC during aging however, is unknown. Here we investigate
how OC binding strength controls the aging of ferrihydrite (Fh) and subsequent retention or release of
the associated OC. We focus on carboxyl-rich OC coprecipitated with Fh and track the physiochemical
properties and OC stability as a function of carboxyl-richness over time. In agreement with previous work
we find that during carboxyl-rich OC coprecipitation with Fh, OC is adsorbed to the Fh particle surfaces
and that increasing carboxyl-richness results in an increasing number of carboxylate-Fe bonds between
the OC and the mineral particles and thus increasing OC binding strength. We show that OC substantially
retards the aging of Fe (oxyhydr)oxide from Fh to more crystalline Fe minerals and that this retardation
increases with increasing OC binding strength. We also show that the total amount of OC decreases dur-
ing aging and that the proportion of the remaining OC that is non-desorbable with 0.1 M NaOH decreases
during aging for OC with relatively low binding strength but increases during aging for OC with relatively
high binding strength. Our results therefore indicate that OC with higher binding strength coprecipitated
with Fh becomes proportionally more stable with the solid phase and thus less mobile during aging in
natural environments. We suggest that our work might offer a deeper mechanistic insight into the pro-
cesses responsible for OC persistence with minerals and thus the long-term preservation of OC in natural
environments.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Soils are the largest terrestrial reservoir and third largest global
reservoir for organic carbon (OC) and are thus a significant compo-
nent of the global carbon cycle (Jobbágy and Jackson, 2000;
Ruddiman, 2001). Soil organic carbon (SOC) also improves soil
structure and function, and thus contributes to a wealth of soil
ecosystem services (Sparks, 2003). The composition of SOC is a
subject of significant research but the OC stored in soils typically
comprises a variety of plant- and microbially-derived organic com-
ponents, and thus includes soil biomass and organic exudates and
residues, and humic substances (humin, humic acid and fulvic
acid) and non-humic substances (e.g. amino acids, carbohydrates),
which although often at low abundance are highly reactive and can
pronouncedly influence soil chemistry (Sparks, 2003). Together
with organic nitrogen (N), phosphorus (P) and other organic build-
ing blocks, SOC forms part of soil organic matter (SOM), which is
often conceived as a continuum of progressively decomposing
organic compounds that are initially derived from biomolecules
(Lehmann and Kleber, 2015). Given the lability of most biomole-
cules, SOM should readily turn over (Lehmann and Kleber, 2015),
however some SOM persists for months to millennia, which is dif-
ficult to explain from a thermodynamic perspective (Schmidt et al.,
2011).

There are several hypotheses that try to explain how plant- and
microbially-derived OC is stored in soils and sediments, that range
from storage being due to an inherent recalcitrance of specific
types of OC, which leads to their selective preservation (like lignin
and cellulose) (Burdige, 2007; Hatcher et al., 1983; Hedges et al.,
1985; Kellerman et al., 2015), to the protection of a range of differ-
ent OC moieties from microbial degradation through their associa-
tion with mineral particles (Burdige, 2007; Rothman and Forney,
2007; Six et al., 2002; Torn et al., 1997; Vogel et al., 2014). Long
residence times of SOC are frequently attributed to the association
of organic species with minerals, especially iron (Fe) (oxyhydr)ox-
ides, which can stabilise SOC against microbial degradation under
both oxic and anoxic conditions (Hemingway et al., 2019; Kaiser
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and Guggenberger, 2007; Li et al., 2020; Mikutta et al., 2006;
Newcomb et al., 2017; Torn et al., 1997; Zhao et al., 2016). The
association of OC with minerals typically occurs through a variety
of sequestration processes that remove OC from solution to the
solid mineral particles (Sposito, 2008). Sequestration processes
can include the surface sorption, or adsorption, of OC to preformed
mineral particles and also the coprecipitation of OC with neo-
formed mineral phases, where OC is removed from solution as a
consequence of mineral precipitation (Eusterhues et al., 2011).
During coprecipitation OC can become adsorbed at mineral particle
surfaces and incorporated into particle interiors, for example by
being occluded into mineral pore spaces (Eusterhues et al., 2011).
An important proportion (up to 40%) of total SOM in various soils
is reportedly bound with reactive Fe minerals, most likely during
coprecipitation (Wagai and Mayer, 2007; Zhao et al., 2016). Recent
research highlights however, that the relationship between OC and
Fe minerals, and thus the protection of OC frommicrobial degrada-
tion, is complex and influenced by soil redox and microbial activ-
ity. Reducing conditions can lead to the reductive dissolution of
Fe minerals and drive carbon solubilisation, depolymerisation
and loss as CO2 (Chen et al., 2020). Microbial activity can also play
a finely balanced role in OC remineralisation, which influences the
functional role of Fe in OC cycling (Li et al., 2020). If microbial
activity is high, the role of Fe can change from that of a sorbent
to an electron acceptor, thus increasing the accessibility of OC to
microorganisms (Li et al., 2020). Overall it is clear that the interac-
tions between SOC and Fe minerals in all soil conditions can influ-
ence the long-term storage of OC in soils and regulate the global
biogeochemical cycling of carbon (Adhikari et al., 2017).

Of the naturally occurring Fe minerals the (oxyhydr)oxide ferri-
hydrite (Fh) is common in soils and has high surface area with high
surface reactivity (Hiemstra, 2013; Larsen and Postma, 2001;
Michel et al., 2007). It therefore possesses an extremely high
capacity to sequester OC compared to more crystalline Fe minerals
(Adhikari et al., 2017; Chen et al., 2014; Kaiser and Guggenberger,
2007). Authigenic Fh is metastable under oxic conditions however,
and ages to more crystalline Fe minerals, like goethite (Gt) and
hematite (Hm), over time (Das et al., 2011). Because aging involves
dissolution, precipitation, aggregation, sorption and desorption
(Sakakibara et al., 2019) and the more crystalline Fe minerals also
have different physical and chemical properties compared to Fh
(Cornell and Schwertmann, 2003), the aging of Fe (oxyhydr)oxide
can either enhance the mobility and migration, and hence the
degradation, of OC in soils (Adhikari et al., 2017; Canfield et al.,
1993; Chen et al., 2020; Han et al., 2019), or strengthen OC seques-
tration and fixation and thus lengthen the residence time of OC in
these environments (Hu et al., 2020; Lu et al., 2019).

Due to the potential importance of Fe (oxyhydr)oxide aging on
the mobility and fate of associated OC, there are several studies
that investigate the aging of Fh in the presence of associated OC,
and the behaviour of the associated OC as aging progresses.
Regarding aging, the presence of OC can significantly influence
the aging rate of Fh. Previous works show that OC can suppress
the recrystallisation of Fh to more crystalline Fe minerals in both
oxic (Hu et al., 2018) and anoxic environments (Chen et al.,
2015; Eusterhues et al., 2014; Henneberry et al., 2012), but also
facilitate the recrystallisation of Fh by electron shuttling under
anoxic conditions (Amstaetter et al., 2012; Bhattacharyya et al.,
2019; Jiang and Kappler, 2008; Lovley et al., 1996; Poggenburg
et al., 2016). The presence of OC can also influence the physico-
chemical properties of the aging products formed, resulting in Fe
minerals with more defects and greater porosity than those formed
from pure Fh (Hu et al., 2020; Lu et al., 2019), which may provide
an effective mechanism to sequester OC. Regarding the mobility
and fate of the OC, work shows that during aging of Fh to more
crystalline Fe minerals, OC may be sequestered (Hu et al., 2020;
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Lu et al., 2019) or partially released from Fe (oxyhydr)oxides
(Adhikari et al., 2017; Jelavić et al., 2020). Whether OC is retained
or released during aging depends on several factors, including C/Fe
ratio (Adhikari et al., 2017; Chen et al., 2015), whether OC is
adsorbed or coprecipitated (Han et al., 2019), the structure and
electron-shuttling properties of the OC (Amstaetter et al., 2012)
and the crystalline structures of the mineral products (Hu et al.,
2020; Lu et al., 2019). Despite these studies however, the effects
of different types and binding strengths of OC on the aging of Fh
to more crystalline Fe minerals and the mobility and fate of OC
are still unknown.

One of the most important types of OC for Fe mineral-OC asso-
ciations is carboxyl-rich OC. Carboxyl functional groups are preva-
lent in natural OC (Rothe et al., 2000) and are highly reactive
towards different metal ions and mineral surfaces (Rowley et al.,
2017). Because of this they play a dominant role in OC sequestra-
tion mechanisms and thus in the long-term accumulation of OC
in soil (Kramer et al., 2012). Spectroscopic studies using Fourier-
transform infrared spectroscopy (FTIR) and near edge X-ray
absorption fine structure spectroscopy (NEXAFS) provide direct
evidence for carboxylate-Fe bonds forming via a ligand exchange
mechanism between carboxyl functional groups and Fe minerals
(Chen et al., 2014; Chorover and Amistadi, 2001; Curti et al.,
2021; Gu et al., 1994; Hall et al., 2020; Kaiser and Guggenberger,
2007; Kaiser et al., 1997; Lv et al., 2016; Solomon et al., 2005;
Zeng et al., 2020). Recent NEXFAS spectroscopy however, also
shows that as the number of carboxyl functional groups present
in simple carboxylic OC compounds increases, the number of
carboxylate-Fe bonds formed between the carboxyl functional
groups and the Fh particles increases, and thus the binding
strength, stability and persistence of the OC associated with Fh also
increases (Curti et al., 2021).

Here we investigate how OC binding strength controls the aging
of Fh and subsequent retention or release of the associated OC. We
focus on carboxyl-rich OC and we use simple mono-, di- and tri-
carboxylic acids with either one, two or three carboxyl functional
groups and thus increasing carboxyl-richness as model carboxyl-
rich compounds. We assess binding strength by determining the
number of carboxylate-Fe bonds formed between the carboxyl
functional groups and the Fh particles. We synthesise Fh
organomineral coprecipitates and use X-ray diffraction (XRD) to
confirm the mineralogy of the coprecipitates, and scanning trans-
mission X-ray microscopy (STXM) coupled with NEXAFS, together
with thermodynamic surface complexation modelling, to deter-
mine the binding strength and distribution of OC with the copre-
cipitates. We then subject our Fh coprecipitates to aging
experiments at 75 �C to observe how the presence of the OC influ-
ences the chemical reactivity of Fe (oxyhydr)oxide during acid
extraction as an operationally defined measure of crystallinity,
and how the total amount of OC and the non-desorbable amount
of OC changes as a function of carboxyl-richness. Our primary
objectives were to (1) investigate the influence of carboxyl-rich
OC with different binding strengths on the aging of Fh organomin-
erals; (2) investigate the influence of carboxyl-rich OC with differ-
ent binding strengths on the mobility and fate of OC during aging
of Fh organominerals; and (3) use our results to suggest whether
OC binding strength to Fh might significantly affect the stabilisa-
tion and preservation of OC in natural environments.
2. Materials and methods

2.1. Preparation of Fh organomineral coprecipitates

Eight Fh organomineral coprecipitates with different wt%C were
prepared with three simple carboxylic acids following the method
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of Curti et al. (2021). The acids were denoted as acidn/m, where
acid refers to the first three letters of the acid IUPAC name and
n/m denotes the number of carboxyl groups (n) and the number
of total carbon atoms (m). The acids used were pentanoic acid
(Pen1/5), hexanedioic acid (Hex2/6) and butane 1, 2, 4 tricarboxylic
acid (But3/7), which have one, two and three carboxyl functional
groups, respectively. Briefly, 0.1 M Fe(NO3)3�9H2O (aq) solutions
were mixed with varying amounts of organic acids and then the
pH values of the solutions were adjusted to �7 with 1 M KOH,
whereupon the acids coprecipitated with the Fh, forming Fh
organomineral coprecipitates with different wt%C sorbed. Fh
organomineral coprecipitates were washed several times over a
week in equivalent volumes of 18.2 MX�cm MilliQ water, after
which coprecipitates were stored as a slurry at 4 �C, and part of
the coprecipitates was freeze-dried for further analysis. The
amounts of organic acids were varied taking into account the sol-
ubility of the acids in solution and their affinity for Fh during
coprecipitation. For Pen1/5 solubility and affinity are low and con-
strain the maximum carbon sequestration to �1 wt%C, while for
Hex2/6 and But3/7 affinity is higher and allows maximum seques-
tration of at least �7 wt%C (Curti et al., 2021). Pure ferrihydrite (Fh)
as 2-line Fh was prepared via hydrolysis of a Fe(III) salt solution
following the method of Schwertmann and Cornell (2000). Briefly,
Fh was prepared by rapid hydrolysis of 0.1 M Fe(NO3)3�9H2O (aq)
with 1 M KOH at pH 7. Fh was washed several times over a week
in equivalent volumes of 18.2 MX�cm MilliQ water, after which
Fh was stored as a slurry at 4 �C (Schwertmann and Cornell,
2000). Plastic labware and AR grade reagents were used through-
out the preparations.

The C contents of the solids were determined on solid freeze-
dried subsamples using LECO SC-144DR Dual Range Sulphur and
Carbon Analyzer. The Fe contents of the solids were determined
after total digestion using 6 mol L�1 HCl on an Atomic Absorption
Spectrophotometer (iCE 3300 AAS). Eight coprecipitates were
obtained: Fh-pentanoic acid with 1.2 wt%C and C:Fe molar ratio
0.098 (Fh_Pen1/5_1.2 wt%C); Fh-hexanedioic acid with 2.9 wt%C
and C:Fe molar ratio 0.246 (Fh_Hex2/6_2.9 wt%C), 4.1 wt%C and
C:Fe molar ratio 0.358 (Fh_Hex2/6_4.1 wt%C), 4.5 wt%C and C:Fe
molar ratio 0.396 (Fh_Hex2/6_4.5 wt%C), and 7.0 wt%C and C:Fe
molar ratio 0.652 (Fh_Hex2/6_7.0 wt%C); and Fh-butane 1, 2, 4 tri-
carboxylic acid with 6.0 wt%C and C:Fe molar ratio 0.555 (Fh
Fh_But3/7_6.0 wt%C), 7.3 wt%C and C:Fe molar ratio 0.699
(Fh_But3/7_7.3 wt%C), and 7.8 wt%C and C:Fe molar ratio 0.757
(Fh Fh_But3/7_7.8 wt%C).

2.2. Characterisation of Fh organomineral coprecipitates

2.2.1. X-ray diffraction and scanning transmission X-ray microscopy
near-edge X-ray absorption fine structure spectroscopy

The mineralogy of the Fh coprecipitates and pure Fh prior to
aging was confirmed on freeze-dried subsamples via X-ray diffrac-
tion (XRD) using a Bruker D8 Diffractometer with Cu-Ka radiation
(k � 0.154 nm). Diffractograms were recorded from 2 to 90� 2h
with 0.02� 2h step size and 930 ms acquisition time. Silicon dioxide
was used as an analytical standard.

The binding strength of the OC to Fh in the Fh coprecipitates
and the distribution of OC with the Fh coprecipitate particles prior
to aging were investigated directly using STXM NEXAFS. The C 1 s
STXM NEXAFS for the Fh coprecipitates was recorded on Beamline
I08, Diamond Light Source Ltd, Oxfordshire, UK, following the
method of Curti et al. (2021). Briefly, for analysis �5 mg of
freeze-dried subsample was suspended in �500 lL of 18.2 MX�cm
MilliQ water and then an aliquot of �5 lL of suspension was pipet-
ted onto a glow-discharged Si3-N4 membrane window (Silson Ltd)
and left to air dry. Stacked data sets for C were collected from 275
to 310 eV, using varied energy resolution across different spectral
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regions of 0.5, 0.1 and 0.2 eV step size for pre-edge, running up to
and over the edge, and post-edge, respectively. To minimise beam
damage on the sample, dwell times were set to 10 ms per energy
step based on beam damage tests conducted by repeatedly mea-
suring the same area of sacrificial samples. The unreacted acids
were analysed as unmodified acid solids or liquids as applicable.
X-ray absorption stacks were aligned using the Axis2000 software.
The NEXAFS spectra were extracted from individual coprecipitate
particles and the dark signal was subtracted from the raw data
using the Mantis software. The NEXAFS spectra were then exported
for baseline correction, alignment, calibration and normalisation
using the Athena software (Ravel and Newville, 2005). Baseline
correction and normalisation avoid spectral dependence on the
total C content, and spectral features and peak shifts are thus
indicative of C molecular structure and chemistry and not C con-
centration effects occurring during NEXAFS measurement. Peak
identification was done with reference to literature assignations.
The STXM images were used to show the spatial correlation
between C and Fe, again following the method of Curti et al.
(2021). Briefly, C and Fe elemental distribution maps were created
by aligning and then converting C and Fe images to optical density
(OD) using the transmitted flux through the sample (I) and the
incident flux measured in an empty region adjacent to the analysed
particles (I0) where OD = ln(I0/I). Distribution maps for C and Fe
were taken on the same region and with the same number of pixels
and were then aligned to common reference features and over-
lapped. To determine the C-Fe correlation coefficients, elemental
thickness values on a pixel-by-pixel basis were compared by
extracting the OD values using the Axis 2000 software, saved as
an ASCII file, and then the OD values for both C and Fe stacks were
plotted against one another. The energies for obtaining the C and
Fe distribution maps were C 1 s 282.0–289.0 eV and Fe 2p
705.0–712.0 eV.

2.2.2. Thermodynamic surface complexation modelling
The binding strength of the OC to Fh in the Fh coprecipitates

prior to aging was also investigated indirectly by measuring the
adsorption of Pen1/5, Hex2/6 and But3/7 to pure Fh in batch
adsorption pH edge experiments and then using a thermodynamic
surface complexation model to constrain the binding affinity of
these acids. Batch adsorption experiments of the acids on pure
Fh were prepared from pH 3.5 to 10.0. Pure Fh mineral slurry
was added into 18.2 MX�cm MilliQ water and either Pen1/5,
Hex2/6 and But3/7 stock solutions were added to give a total vol-
ume of 45 mL, a solid solution ration of 2 g dry sorbent L�1 and OC
concentrations of 0.4 mM in 0.01 M NaNO3 background electrolyte.
After addition of stock solution, pH of the resulting suspensions
was adjusted by dropwise addition of either dilute HNO3 or NaOH.
After shaking continuously for 48 h, the suspensions were filtered
with 0.22 lm cellulose nitrate filters using a vacuum filtration
apparatus and the solids were collected and rinsed with 15 mL
DI water to remove aqueous OC. The solids were then freeze-
dried. The total C contents of the solids were determined using a
LECO SC-144DR Dual Range Sulphur and Carbon Analyzer. The
amount of OC sorbed was calculated by subtracting the amount
of C present for pure Fh (the control). The calculated OC sorbed
(wt%C) and the dry sorbent concentration (2 g/L) were then used
to calculate the molar concentration of OC adsorbed. All adsorption
experiments were conducted in duplicate.

Following the successful application of the diffuse double layer
model and triple layer model to simulate the adsorption of simple
organic acids on Gt (Evanko and Dzombak, 1999; Mesuere and
Fish, 1992a,b), the adsorption behavior of the carboxylic acids on
Fh was fit to a thermodynamic surface complexation model using
the program EQLFOR (Sherman et al., 2008). The basic Stern model
(BSM) (Westall and Hohl, 1980) was used to account for the surface
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electrostatics in the Fh systemwith a 3-site 1 pK formalism for pro-
tonation of the Fh surface, involving two types of singly-
coordinated surface oxygens (edge-sharing �FeOHe

�0.5 and
corner-sharing �FeOHc

�0.5) and the triply-coordinated oxygens
(�Fe3O�0.5) (Hiemstra and Van Riemsdijk, 2009; Hiemstra et al.,
1989; Hiemstra et al., 1996). The model input parameters for the
binding constants for protonation of the surface functional groups,
binding constants for electrolyte ions associating with these
groups, site densities of the groups and capacitance of the Stern
layer have been constrained for Fh in previous work (Moon and
Peacock, 2013). The binding constants for protonation of the car-
boxylic acid groups have also been constrained in previous work
(Dean, 1987) or were calculated for this study using the ACD/I-
Lab 2.0 software (ACD/I-Lab, version 2.0, Advanced Chemistry
Development, Inc). The specific surface area (SSA) of the Fh was
determined by the multi-point BET (Brunauer, Emmett and Teller)
technique using a Micromeritics Gemini VII 2390a Surface Area
Analyser, with samples dried and degassed at room temperature
for 24 h using N2 (g) (<1 ppm CO2 (g)) prior to analysis. All SSA
analyses were performed in triplicate.

2.3. Aging of Fh organomineral coprecipitates

After preparation and characterisation of the Fh coprecipitates,
Fh coprecipitate slurries and pure Fh were added into 0.01 M
NaNO3 background electrolyte to produce 2 g/L suspensions, and
then adjusted to target pH values with dilute HNO3 or NaOH. The
pH values were buffered at pH 5 and 6.5 by adding 30 mmol/L
organic buffer 2-(N-Morpholino)ethane-sulphonic acid (MES) and
3-(N-Morpholino) propanesulphonic acid (MOPS), respectively.
These buffer solutions are negligibly sequestered to Fh (see Supple-
mentary Information) and have been shown to have a negligible
impact on the recrystallisation of Fh to more crystalline Fe miner-
als during aging (Bradbury and Baeyens, 1999; Ford et al., 1999).
The resultant solutions were then transferred to an electric oven
kept at a temperature of 75 �C for 19 days. During aging, the vessels
were gently shaken to keep the suspensions homogenised. Aliquots
of the solid precipitates and solutions were collected and analysed
at pre-designed time intervals to track changes in the physico-
chemical characteristics of the Fh coprecipitates as described
below. At each sampling, the suspensions were cooled to room
temperature and the pH was measured. A temperature of 75 �C
was used in the aging experiments as it has been shown to accel-
erate the recrystallisation of Fh to more crystalline Fe minerals
during aging without substantially altering the aging process from
that observed at 25 �C (Das et al., 2011) or causing the decomposi-
tion of Pen1/5 (McCollom and Seewald, 2003), Hex2/6 (safety data
sheet (Sigma-A26357)) and But3/7 (safety data sheet (Sigma-
514101)). A 19 days reaction time was used in the aging experi-
ments based on test experiments that determined the time neces-
sary for no further changes in the physicochemical characteristics
of the Fh coprecipitates in most reaction systems.

2.4. Measured physiochemical characteristics of Fh organomineral
coprecipitates during aging

To investigate the recrystallisation of Fh to more crystalline Fe
minerals during aging, an acid extraction method was used that
quantified the proportion of the total Fe in the solid phase that
was digested by 6 mol L�1 HCl ([Fe(T)6 M HCl]) compared to the pro-
portion of Fe in the solid phase that was digested by 0.4 mol L�1

HCl ([Fe(T)0.4 M HCl] (Wang et al., 2020). In this approach, the
6 mol L�1 HCl step has been shown to cause the total digestion
of all solid Fe phases and thus represent the total concentration
of all solid phase Fe minerals (Wang et al., 2020). The 0.4 mol
L�1 HCl step has been shown to not cause the digestion of the more
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crystalline Fe minerals formed during the oxic aging of Fh, like Gt
(Reddy et al., 2015) and Hm (see Supplementary Information). As
soluble Fe(III) in the aqueous phase was below detection limits
before adding acids (Reddy et al., 2015), the concentration of Fe
in the supernatant after the 0.4 mol L�1 HCl step thus represented
the total concentration of acid-reactive solid phase Fe minerals,
nominally Fh (Wang et al., 2020). Test experiments performed to
determine the efficiency of extracting Fh from mixtures of Fh and
Hm at 0 %, 25 %, 50 %, 75 % and 100 % Fh showed that the extraction
efficiency for Fh was over 95 % (see Supplementary Information).
To perform the acid extraction subsamples were collected from
each batch reactor suspension for analyses of Fe concentrations.
Two 1 mL aliquots from each suspension were pipetted into
2 mL centrifuge tubes. Then 1 mL 12 mol L�1 HCl was added into
one aliquot to get 6 mol L�1 HCl in suspension for the determina-
tion of total Fe in the solid phase ([Fe(T)6 M HCl]), and 1 mL 0.8 mol
L�1 HCl was added into the other aliquot to get 0.4 mol L�1 HCl,
reacted for 10 mins, then centrifuged, and filtered for the determi-
nation of acid-reactive Fe in the solid phase ([Fe(T)0.4 M HCl]. The
concentration of Fe was determined on an Atomic Absorption
Spectrophotometer (iCE 3300 AAS). Then the fraction of remaining
Fh was quantitatively calculated through the equation: [Fe(T)0.4 M

HCl]/ [Fe(T)6 M HCl]. All operations above were conducted at least in
duplicate.

To investigate the stability of OC during the recrystallisation of
Fh to more crystalline Fe minerals during aging, two 15mL aliquots
were subsampled from the reactor and filtered with 0.22 lm cellu-
lose nitrate filters using a vacuum filtration apparatus. The mineral
particles were collected and rinsed using 15 mL DI water. One of
the mineral particle subsamples was freeze-dried and kept at
4 �C for total solid C measurement ([Ctotal]). The other mineral par-
ticle subsample was re-suspended in 15 mL 0.1 M NaOH and sha-
ken for 24 h to extract OC from the solid (Kaiser and Guggenberger,
2000), which was operationally defined as desorbable OC ([Cdes-

orbable]). After the 0.1 M NaOH wash the mineral particles were fil-
tered with 0.22 lm PES filters, washed, collected, freeze-dried and
kept for C measurement, which was operationally defined as non-
desorbable OC ([Cnon-desorbable]). The C contents of solids were
determined using LECO SC-144DR Dual Range Sulphur and Carbon
Analyzer. All operations above were conducted at least in
duplicate.

To further investigate the physiochemical characteristics of the
Fh coprecipitates as a result of aging, SSA and total pore volume
(TPV) of the Fh coprecipitates and pure Fh after aging were mea-
sured. Briefly, around 100 mL suspensions after 19 days aging at
pH 6.5 were centrifuged at 2750 rpm for 20 mins, and the solid
minerals were treated with 0.1 M NaOH to desorb OC. After shak-
ing for 24 h, the suspensions were centrifuged, washed and then
freeze-dried for SSA measurement determined from duplicate N2

gas adsorption–desorption isotherms recorded using a Micromerit-
ics Gemini VII 2390a Surface Area Analyzer, with samples dried
and degassed at room temperature for 24 h using N2 (g) (<1 ppm
CO2 (g)) prior to analysis. The total pore volume was calculated
from the volume of adsorbed N2 at partial pressure P/P0 � 0.95.
The average pore radius was calculated as rp = 2Vliq/SSA, where Vliq

is the volume of liquid N2 contained in the pores. All measure-
ments were performed in duplicate.
3. Results

3.1. Characterisation of Fh organomineral coprecipitates prior to aging

The XRD pattern of selected Fh coprecipitates prior to aging is
plotted in Fig. S3 and confirms that the mineralogy of the initial



Fig. 2. OC adsorption on pure Fh as a function of pH (3.5–10). Experiments were
performed with about 4 � 10�4 M OC (Pen1/5: 4.16 � 10�4 M; Hex2/6:
4.29 � 10�4 M and But3/7: 4.17 � 10�4 M) in 0.01 M NaNO3 background electrolyte
and a solid-solution ratio of 2 g dry sorbent L�1. Black, blue and red symbols
represent Pen1/5, Hex2/6 and But3/7 data, respectively. Pen1/5, Hex2/6 and But3/7
represent simple carboxyl-rich OC with one, two and three carboxyl groups,
respectively. Error bars represent standard deviations of duplicate samples. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fh coprecipitates is Fh, without detectable amounts of more crys-
talline Fe minerals.

The NEXAFS spectra for selected Fh coprecipitates prior to
aging, together with their respective unreacted acid standards,
are shown in Fig. 1. In agreement with previous work for the
sequestration of these acids by Fh during coprecipitation (Curti
et al., 2021), the Fh coprecipitate spectra exhibit one major peak
at �288.6 eV corresponding to carboxyl C (p*C = O, 287.7–
289 eV (Curti et al., 2021)), which is reduced in amplitude and
broadened, compared to the respective standard (Fig. 1). This car-
boxyl peak position is also shifted to lower energy, compared to
the respective standard, with the shift becoming increasingly pro-
nounced with an increasing number of carboxyl groups (shift from
respective standard for Pen1/5_1.2 wt%C: �0.1 ± 0.05 eV; for
Fh_Hex2/6 coprecipitates: �0.2 ± 0.05 eV; for Fh_But3/7 coprecip-
itates: �0.4 ± 0.05 eV) (Fig. 1). A representative STXM image of the
Fh coprecipitates prior to aging is shown in Fig. S4. The STXM ele-
mental distribution map shows that C and Fe are highly spatially
correlated (R2 = 0.71) (Fig. S4).

3.2. Adsorption of carboxylic acids to ferrihydrite

The adsorption of Pen1/5, Hex2/6 and But3/7 to pure Fh as a
function of pH is plotted in Fig. 2. In agreement with previous stud-
ies for organic acids adsorbed on Fe (oxyhydr)oxides (Lindegren
et al., 2009), all carboxylic acids show a reverse sigmoid adsorption
edge with higher adsorption in the low-mid (�3.5 to �6) pH range.
Compared to Pen1/5, Hex2/6 and But3/7 show significantly higher
maximum adsorption percentages and the adsorption edges, espe-
cially for But3/7, shift to higher pH.

3.3. Aging of ferrihydrite coprecipitates

3.3.1. Acid extraction of ferrihydrite coprecipitates as a function of
aging time

The acid extraction data for Fh coprecipitates at pH 5 and 6.5 as
the fraction of Fh remaining after extraction as a function of aging
time is plotted in Fig. 3. The presence of the carboxylic acids in the
coprecipitate systems results in a higher fraction of Fh remaining
with reaction time compared to the pure Fh system, and thus the
carboxylic acids appear to retard the aging of Fh to more crystalline
Fig. 1. Carbon 1 s NEXAFS spectra for Fh_Pen1/5_1.2 wt%C and both Fh_Hex2/6 and
Fh_But3/7 coprecipitates at the lower and upper end of wt%C sequestered (solid and
dashed-dotted lines), together with Pen1/5, Hex2/6 and But3/7 unreacted acid
standards (dotted lines). Black, blue and red colours represent Pen1/5, Hex2/6 and
But3/7 data, respectively. Carboxyl C peak position for the unreacted Pen1/5, Hex2/
6 and But3/7 standards are shown with vertical dashed black, blue and red lines,
respectively. Spectra are stacked with an arbitrary offset for clarity. Pen1/5, Hex2/6
and But3/7 represent simple carboxyl-rich OC with one, two and three carboxyl
groups, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Fraction of Fh remaining after acid extraction for Fh coprecipitates and pure
Fh at pH 5 (a) and 6.5 (b). Experiments were performed with Fh coprecipitates in
0.01 M NaNO3 background electrolyte and a solid-solution ratio of 2 g dry sorbent
L�1 at 75 �C. Black, blue and red symbols represent Pen1/5, Hex2/6 and But3/7 data,
respectively. Pen1/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC with
one, two and three carboxyl groups, respectively. Error bars represent standard
deviations of at least duplicate samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fe minerals. This retardation appears to be a function of the num-
ber of carboxyl groups in the sequestered acid molecules and thus
generally increases in the order Pen1/5 < Hex2/6 < But3/7 (at pH 5)
and Pen1/5 < Hex2/6 � But3/7 (at pH 6.5), but this trend is compli-
cated by the commensurate increase in the C loading of the copre-
cipitates with the number of carboxyl groups, so that with
increased C loading retardation also generally increases. Specifi-
cally at pH 5 retardation as a function of carboxyl richness and C
loading follows the order Fh_Pen1/5_1.2 wt%C < Fh_Hex2/6_2.9 %
C � Fh_Hex2/6_4.1 %C � Fh_But3/7_6.0 %C < Fh_But3/7_7.3 %C � F
h_But3/7_7.8 %C. While at pH 6.5 retardation as a function of car-
boxyl richness and C loading is less pronounced and follows the
order Fh_Pen1/5_1.2 wt%C < Fh_Hex2/6_2.9 %C � Fh_Hex2/6_4.1
%C � Fh_But3/7_6.0 %C � Fh_But3/7_7.3 %C � Fh_But3/7_7.8 %C.
3.3.2. Specific surface area and total pore volume of ferrihydrite
coprecipitates after aging

The specific surface area (SSA) and total pore volume (TPV)
parameters for Fh coprecipitates and pure Fh after 19 days aging
at pH 6.5 are listed in Table 1. The SSA follows the order pure
Fh < Fh_Pen1/5_1.2 wt%C < Fh_Hex2/6_7.0 wt%C < Fh_But3/7_7.3
wt%C, while the TPV follows the order pure Fh < Fh_Pen1/5_1.2 w
t%C < Fh_But3/7_7.3 wt%C < Fh_Hex2/6_7.0 wt%C.
3.4. Carbon stability during aging of ferrihydrite coprecipitates

3.4.1. Temporal changes of total C in the solid phase
The changes in the total amount of C ([Ctotal]) as a function of

aging time at pH 5 and 6.5 are shown in Fig. 4 and summarized
in Table 2a. For Fh_Pen1/5 the [Ctotal] at pH 5 and 6.5 is invariant
with aging time. For Fh_Hex2/6 and Fh_But3/7 however, the [Ctotal]
at pH 5 and 6.5 generally decreases with increasing aging time.
Comparing coprecipitates made with the same OC type, the [Ctotal]
at pH 5 is higher than that at pH 6.5 at both the beginning and end
of the aging. Comparing coprecipitates made with different OC
types but with similar C loadings, Fh_Hex2/6_7.0 wt%C retains less
[Ctotal] compared to Fh_But3/7_6.0 wt%C, 7.3 wt%C and 7.8 wt%C
during the aging process.
Fig. 4. Temporal changes in the total amount of C in the Fh coprecipitate solid
phase during 19 days aging at a) pH 5.0 and b) pH 6.5. Experiments were performed
with Fh coprecipitates in 0.01 M NaNO3 background electrolyte and a solid-solution
ratio of 2 g dry sorbent L�1 at 75 �C, and sub-samples were collected at 3 h, 1, 2, 4, 6,
8, 12 and 19 days. Black, blue and red symbols represent Pen1/5, Hex2/6 and But3/7
data, respectively. Pen1/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC
with one, two and three carboxyl groups, respectively. Error bars represent
standard deviations of at least duplicate samples. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
3.4.2. Temporal changes of non-desorbable C in the solid phase
The changes in the amount of non-desorbable C ([Cnon-desorbable])

as a function of aging time at pH 5 and 6.5 are shown in Fig. 5 and
summarized in Table 2b. For Fh_Pen1/5 and Fh_Hex2/6 the [Cnon-

desorbable] at pH 5 and 6.5 generally decreases with increasing aging
time. For Fh_But3/7 the [Cnon-desorbable] at pH 5 and 6.5 is relatively
stable over 12 days aging, with a small decrease at 19 days aging.
Comparing coprecipitates made with the same OC type, the [Cnon-

desorbable] at pH 5 is similar to that at pH 6.5. Comparing coprecip-
itates made with different OC types but with similar C loadings,
Fh_Hex2/6_7.0 wt%C retains less [Cnon-desorbable] compared to
Fh_But3/7_ 6.0 wt%C, 7.3 wt%C and 7.8 wt%C during the aging
process.
Table 1
SSA and TPV for pure Fh, Fh_Pen1/5_1.2 wt%C, Fh_Hex2/6_7.0 wt%C and Fh_But3/
7_7.3 wt%C after 19 days aging at pH 6.5.

SSA for Fe minerals
after 19 days
aging (m2/g)a

TPV for Fe
minerals after 19
days aging (cm3/g)a

Pure Fh 33 ± 0.1 0.11 ± 0.02
Fh_Pen1/5_1.2 wt%C 46 ± 0.1 0.13 ± 0.02
Fh_Hex2/6_7.0 wt%C 64 ± 0.6 0.22 ± 0.04
Fh_But3/7_7.3 wt%C 103 ± 0.9 0.16 ± 0.02

a Fe minerals were treated with 0.1 M NaOH for 24 h to desorb OC.
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4. Discussion

4.1. Sequestration of carboxyl-rich OC with ferrihydrite prior to aging

4.1.1. Binding strength and distribution of carboxyl-rich OC with
ferrihydrite coprecipitates

The reduction in amplitude and shift of the NEXAFS carboxyl
peak for our Fh coprecipitates compared to their respective stan-
dards (Fig. 1) is consistent with the distortion and/or shift of the
FTIR carboxyl bands observed during carboxylic OC adsorption
and coprecipitation with Fe (oxyhydr)oxides (Chen et al., 2014;
Chorover and Amistadi, 2001; Gu et al., 1994; Kaiser and
Guggenberger, 2007; Kaiser et al., 1997; Zeng et al., 2020) and with
the distortion (Chen et al., 2014) and both the distortion and shift
(Curti et al., 2021) of the NEXFAS carboxyl peak during adsorption
and coprecipitation with Fh, and indicates carboxylate-Fe bond for-
mation via a ligand exchange mechanism (Chen et al., 2014;



Table 2a
Total amount of C in the Fh coprecipitates before and after 19 days aging.

Fh coprecipitates total amount of C (wt%C) at pH 5.00 total amount of C (wt%C) at pH 6.5

Before aging After aging Before aging After aging

Fh_Pen1/5_1.2 wt%C 0.72 ± 0.00 0.72 ± 0.03 0.72 ± 0.08 0.75 ± 0.02
Fh_Hex2/6_4.5 wt%C 4.06 ± 0.06 1.58 ± 0.09 3.09 ± 0.06 1.23 ± 0.05
Fh_Hex2/6_7.0 wt%C 5.67 ± 0.06 1.76 ± 0.01 4.12 ± 0.02 1.55 ± 0.04
Fh_But3/7_6.0 wt%C 5.73 ± 0.06 4.62 ± 0.03 5.79 ± 0.01 3.23 ± 0.25
Fh_But3/7_7.3 wt%C 7.14 ± 0.17 4.93 ± 0.13 6.65 ± 0.02 3.00 ± 0.22
Fh_But3/7_7.8 wt%C 7.96 ± 0.67 5.48 ± 0.08 6.58 ± 0.15 3.05 ± 0.02

Fig. 5. Temporal changes in the total amount of non-desorbable C in the Fh
coprecipitates solid phase during 19 days aging at a) pH 5.0 and b) pH 6.5.
Experiments were performed with Fh coprecipitates in 0.01 M NaNO3 background
electrolyte and a solid-solution ratio of 2 g dry sorbent L�1 at 75 �C, and sub-
samples were collected at 3 h, 1, 2, 4, 6, 8, 12 and 19 days. Black, blue and red
symbols represent Pen1/5, Hex2/6 and But3/7 data, respectively. The solid minerals
were treated with 0.1 M NaOH for 24 h to extract OC. Pen1/5, Hex2/6 and But3/7
represent simple carboxyl-rich OC with one, two and three carboxyl groups,
respectively. Error bars represent standard deviations of at least duplicate samples.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Chorover and Amistadi, 2001; Curti et al., 2021; Gu et al., 1994;
Kaiser and Guggenberger, 2007; Kaiser et al., 1997; Zeng et al.,
2020). A shift of the FTIR carboxyl band or NEXAFS carboxyl peak
to lower energy compared to the respective standards and an
increasing magnitude of this shift, is observed in Fh coprecipitate
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systems with constant carboxyl-richness but decreasing OC
sequestered (using FTIR, Chen et al., 2014), and in Fh coprecipitate
systems with increasing carboxyl-richness and varying OC seques-
tered (using NEXAFS, Curti et al., 2021). In the former case the shift
is attributed to an increasing fraction of the carboxyl groups in
each sequestered molecule becoming involved in binding reac-
tions, with decreasing OC sequestered (Chen et al., 2014). In the
latter case, and thus in our work here, although the shift is likewise
attributed to an increasing number of carboxyl groups per seques-
tered molecule involved in binding reactions, this increased bind-
ing density is independent of the amount of OC sequestered and
is rather a function of the richness of structural carboxyl groups
within the OC (Curti et al., 2021). As expected, our NEXAFS there-
fore indicate that the average number of carboxylate-Fe bonds
between our carboxyl-rich OC and Fh during coprecipitation
increases with increasing carboxyl-richness of the sequestered
OC, and thus that the average binding strength of our carboxyl-
rich OC increases in the order Pen1/5 < Hex2/6 < But3/7.

During coprecipitation of OC with Fh, OC can be sequestered via
adsorption at particle surfaces and also incorporation into mineral
particle interiors, for example by being occluded into mineral pore
spaces (Eusterhues et al., 2011). In reality there is likely to be a
continuum between OC that is adsorbed and OC that is incorpo-
rated, in which particle surfaces become saturated and multilayers
of OC, macromolecular OC-Fe complexes and OC-Fe (oxyhydr)ox-
ide nanoparticles form with OC occluded into the openings of
and inside pores and aggregates (Chen et al., 2014; Lalonde et al.,
2012; Lu et al., 2019; Wagai and Mayer, 2007). Our representative
STXM image shows that whilst C and Fe are highly spatially corre-
lated, it is difficult to discern whether the C is sequestered via
adsorption at particle surfaces and/or incorporation into mineral
particle interiors, because the particles are aggregated (Fig. S4).
As such the apparent concentration of C around the aggregate
rim likely reflects C adsorbed at individual particle surfaces, at
the edges of the aggregate where the aggregate is likely thinnest
and hence the C signal is strongest, whilst the generally lower
apparent concentration of C across the rest of the aggregate likely
reflects C adsorbed at individual particle surfaces, inside the bulk of
the aggregate where the aggregate is thickest and hence the C sig-
nal is weakest (Curti et al., 2021). The generally lower apparent
concentration of C across the rest of the aggregate suggests a lack
of substantial incorporation of C into individual particle interiors,
because the elevated C concentration in the bulk of the aggregate
resulting from such incorporation would be expected to mitigate
against the aggregate thickness and result in a stronger C signal
(see Supplementary Information for further discussion).

In addition to our STXM images, to provide a first order evalu-
ation of the distribution of OC between particle surfaces and inte-
riors, we estimate the surface coverage of our Fh coprecipitates
nominally assuming all OC is adsorbed at particle surfaces in a
monolayer, without multilayer OC-OC interactions at particle sur-
faces or incorporation into particle interiors (Table 3). We assume
OC is adsorbed via either one (for Pen1/5, Hex2/6 and But3/7), two
(for Hex2/6 and But3/7) or three carboxyl groups (for But3/7) per



Table 2b
Total amount of non-desorbable C in the Fh coprecipitates before and after 19 days aging.

Fh coprecipitates amount of non-desorbable C (wt%C) at pH 5.00 amount of non-desorbable C (wt%C) at pH 6.5

Before aging After aging Before aging After aging

Fh_Pen1/5_1.2 wt%C 0.62 ± 0.07 0.34 ± 0.02 0.61 ± 0.03 0.26 ± 0.05
Fh_Hex2/6_4.5 wt%C 0.58 ± 0.02 0.30 ± 0.09 0.71 ± 0.08 0.25 ± 0.13
Fh_Hex2/6_7.0 wt%C 0.68 ± 0.02 0.42 ± 0.03 0.66 ± 0.05 0.40 ± 0.07
Fh_But3/7_6.0 wt%C 0.80 ± 0.10 0.69 ± 0.05 0.89 ± 0.02 0.64 ± 0.04
Fh_But3/7_7.3 wt%C 0.79 ± 0.02 0.84 ± 0.00 0.83 ± 0.04 0.66 ± 0.05
Fh_But3/7_7.8 wt%C 0.76 ± 0.05 0.70 ± 0.00 0.71 ± 0.01 0.82 ± 0.05
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adsorbing molecule and that these adsorption complexes can form
between OC and every FeOH site (i.e., there is no steric hindrance).
We also adopt the SSA of pure Fh with an uncertainty of ±10% as
representative of the SSA of Fh coprecipitated in the presence of
OC (Eusterhues et al., 2008; Curti et al., 2021).

Our estimations show that for our Fh_Pen1/5 (6.82 ± 0.68%) and
Fh_Hex2/6 coprecipitates (between 22.98 ± 2.30% at the lowest C
loading adopting entirely one-carboxyl adsorption and 75.72 ± 7.
57% at the highest C loading adopting entirely two-carboxyl
adsorption) the amount of OC is significantly less than 100% sur-
face coverage (Table 3). As such this OC could theoretically be
adsorbed at Fh particle surfaces in a monolayer, without the need
to invoke any extra sequestration capacity that might be provided
by adsorption in multilayers and/or incorporation into particle
interiors. For our Fh_But3/7 coprecipitates (between 27.62 ± 2.76
% at the lowest C loading adopting entirely one-carboxyl adsorp-
tion and 113.01 ± 11.30% at the highest C loading adopting entirely
three-carboxyl adsorption) the amount of OC is less than or
approximately equal to 100% surface coverage (Table 3). As such
the majority of this OC could theoretically be adsorbed at Fh parti-
cle surfaces in a monolayer, but a minor amount might need to be
adsorbed in multilayers at particle surfaces and/or incorporated
into particle interiors to account for the total C loading. Previous
work on the coprecipitation of Pen1/5, Hex2/6 and But3/7 with
Fh (Curti et al., 2021) and the coprecipitation of natural organic
matter (NOM) with Fh also indicates that at C:Fe molar ratios
below �1, such as those in this study, most OC is adsorbed at the
particle surfaces in a monolayer (or patchy ‘monolayer equivalent’
(Mayer, 1999)), without substantial adsorption in multilayers and/
or incorporation into particle interiors (Chen et al., 2014; Curti
et al., 2021; Eusterhues et al., 2005; Eusterhues et al., 2008). Taken
together our representative STXM image and theoretical estima-
tions indicate that OC in our Fh coprecipitates prior to aging is dis-
Table 3
Surface coverage of Fh coprecipitates by adsorbed C.

Dry weight (g) SSA (m2/g) a

Pure ferrihydrite 0.10 300
�FeOH�0.5(e) sites
�FeOH�0.5(c) sites
Total amount

Fh coprecipitates Organic
wt%

Mineral
wt%

Total surface
sites of Fh
(mmol)c

Total am
of C (mm

Fh_Pen1/5_1.2wt%C 2.04 97.96 0.2929 ± 0.0293 0.0200
Fh_Hex2/6_4.5wt%C 9.12 90.88 0.2717 ± 0.0272 0.0624
Fh_Hex2/6_7.0wt%C 14.18 85.82 0.2566 ± 0.0257 0.0971
Fh_But3/7_6.0wt%C 13.58 86.44 0.2585 ± 0.0259 0.0714
Fh_But3/7_7.3wt%C 16.50 83.50 0.2497 ± 0.0250 0.0868
Fh_But3/7_7.8wt%C 17.63 82.37 0.2463 ± 0.0246 0.0928

a SSA of pure Fh measured after synthesis.
b fixed at those calculated by Moon and Peacock (2013).
c estimated using the surface site density of pure ferrihydrite and the weight mass ratio o
of pure Fh is assumed in order to take account of the differences in SSA of pure Fh com
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tributed as an adsorbed monolayer (or ‘monolayer equivalent’) at
particle surfaces.
4.1.2. Binding affinity of carboxyl-rich OC with ferrihydrite
Based on our STXM NEXAFS indicating that our OC is seques-

tered to Fh coprecipitates via carboxylate-Fe bonds and that these
are adsorbed at the particle surfaces, we can quantify the binding
affinity of these complexes by conducting adsorption experiments
and fitting these to a thermodynamic surface complexation model.
Based on our STXM NEXAFS for Pen1/5 we invoke the formation of
carboxylate-Fe complexes that adsorb via one-carboxyl adsorption
(Fig. 6a) in either a single-bonded (to one FeOH site) (reaction (1))
or twice-bonded (to two FeOH sites) (reaction (2)) configuration.
One-carboxyl adsorption is consistent with previous NEXAFS for
adsorption of Pen1/5 to Fh (Curti et al., 2021) and attenuated total
reflectance (ATR) spectroscopy for adsorption of other mono-
carboxylic acids to metal oxides (Dobson and McQuillan, 1999):

�FeOH�0:5ðc=eÞ + R-COO� + Hþ = �(FeOOC)-R�0:5 + H2O ð1Þ
2�FeOH�0:5ðc=eÞ + R-COO� + 2Hþ = �(FeO)2C-R + 2H2O ð2Þ
Based on our STXM NEXAFS for Hex2/6 we invoke the formation

of carboxyl ligand exchange complexes that adsorb via two-
carboxyl adsorption (Fig. 6b), using two FeOH sites in a bidentate
mononuclear or bidentate binuclear configuration, respectively
(Curti et al., 2021) (both represented by reaction (3)). Two-
carboxyl adsorption is consistent with previous NEXAFS for
adsorption of Hex2/6 and other di-carboxylic acids to Fh (Curti
et al., 2021) and previous ATR spectroscopy for adsorption of
Hex2/6 and other di-carboxylic acids to metal oxides (Dobson
and McQuillan, 1999). Previous ATR spectroscopy for Hex2/6
adsorption to Hm (Duckworth and Martin, 2001) however, sug-
Site density (sites/nm2) b Number of surface sites (mmol sites)

2.5 0.125
3.7 0.174

0.299

ount
ol)

Coverage of Fh
with one carboxyl
adsorbed (%)

Coverage of Fh
with two carboxyl
adsorbed (%)

Coverage of Fh
with three carboxyl
adsorbed (%)

6.82 ± 0.68
22.98 ± 2.30 45.96 ± 4.60
37.86 ± 3.79 75.72 ± 7.57
27.62 ± 2.76 55.23 ± 5.52 82.84 ± 8.28
34.76 ± 3.47 69.56 ± 6.96 104.34 ± 10.43
37.68 ± 3.77 75.34 ± 7.53 113.01 ± 11.3

f the mineral end-member in each coprecipitate; an uncertainty of ±10% on the SSA
pared to Fh coprecipitates (Eusterhues et al., 2008).



Fig. 6. Possible adsorption configurations of carboxylic acids adsorbed to Fe (oxyhydr)oxides from spectroscopic evidence: a) One-carboxyl adsorption in which mono-
carboxylic acids adsorb via their one carboxyl group in either a single-bonded or twice-bonded configuration, and di-carboxylic acids adsorb via one carboxyl group which
binds to one FeOH site in a monodentate mononuclear configuration; b) Two-carboxyl adsorption in which di- and tri-carboxylic acids adsorb using two carboxyl groups
which bind to either one FeOH site in a bidentate mononuclear configuration or two FeOH sites in a bidentate binuclear configuration; and c) Three-carboxyl adsorption in
which tri-carboxylic acids adsorb using three carboxyl groups in a tridentate trinuclear configuration.
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gests that Hex2/6 might adsorb to Fe (oxyhydr)oxides via one-
carboxyl adsorption using one FeOH site in a monodentate
mononuclear configuration (Fig. 6a), possibly because of the steric
constraint on the formation of a bidentate structure (reaction (4)):

2�FeOH�0:5ðc=eÞ + R-2COO�2 + 2Hþ = �(FeOOC)2-R�1 + 2H2O

ð3Þ
�FeOH�0:5ðc=eÞ + R-2COO�2 + Hþ = �(FeOOC)-R-COO�1:5 + H2O

ð4Þ
Based on our STXM NEXAFS for But3/7 we invoke the formation

of carboxyl ligand exchange complexes that adsorb via three-
carboxyl adsorption, in a tridentate trinuclear configuration
(Fig. 6c) (reaction (5)). Three-carboxyl adsorption is consistent
with previous NEXFAS work for adsorption of But3/7, propanetri-
carboxylic and ethanetricarboxylic acid to Fh (Curti et al., 2021)
and infrared spectroscopy for adsorption of other tricarboxylic
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acids to Fh and Gt (Cornell and Schindler, 1980). Previous FTIR
spectroscopy for propanetricarboxylic acid adsorption to Gt
(Lindegren et al., 2009) however, suggests that But3/7 might
adsorb to Fe (oxyhydr)oxides via two-carboxyl adsorption, possibly
in a bidentate mononuclear chelate configuration (Fig. 6b) (reac-
tion (6), which also represents a bidentate binuclear
configuration):

3�FeOH�0:5ðc=eÞ + R-3COO�3 + 3Hþ = �(FeOOC)3-R�1:5 + 3H2O

ð5Þ
2�FeOH�0:5ðc=eÞ + R-3COO�3 + 2Hþ = �(FeOOC)2-R-COO�2 + 2H2O

ð6Þ
Our STXM NEXAFS results and our model are consistent with a

carboxylate-Fe ligand exchange mechanism to explain the bonding
environment and distribution of OC. Previous spectroscopic work
on the sequestration of carboxylic acids and carboxylic-rich OC
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to Fe (oxyhydr)oxides invokes both a direct and indirect coordina-
tion between carboxyl groups and Fe ions, in which directly coor-
dinated complexes can be favoured at low pH and indirectly
coordinated complexes can be favoured at basic pH (Han et al.,
2020). Dampening, broadening and shifts in a spectroscopically
identified carboxyl peak as observed in our NEXAFS results, are
typically the result of direct coordination between carboxyl groups
and Fe ions, which causes significant intramolecular changes and
thus alters the absorbance signature of the carboxyl peak (Boily
et al., 2000). Since these features are common to all our spectra,
we attribute our OC sequestration most likely to direct coordina-
tion between carboxyl groups and Fe ions. Dominant formation
of indirectly coordinated complexes is expected to cause only
minor or unresolvable changes to the peak features (Boily et al.,
2000).

For Pen1/5, Hex2/6 and But3/7 we fit each possible surface
complexation reaction to the adsorption data individually and in
combination with other possible reactions for that carboxylic acid,
and consider each reaction with protonated and deprotonated non-
bonded carboxyl group(s). The best fitting combination of surface
complexation reactions for each carboxylic acid is listed in Table 4
and shown on the adsorption data in Fig. 7.

For Pen1/5 the model fits suggest one-carboxyl adsorption
occurring on both FeOH edge and corner sites (Fig. 7a) in a
single-bonded monodentate configuration (reaction (1); Fig. 6a)
with a binding constant of Log K 9.2 (Table 4). For Hex2/6 the
model fits suggest a combination of both two-carboxyl and one-
carboxyl adsorption occurring on both FeOH edge and corner sites
(Fig. 7b). The two-carboxyl adsorption occurs in a bidentate
mononuclear or bidentate binuclear configuration (reaction (3);
Fig. 6b) with a binding constant of Log K 16.8 (Table 4). The one-
carboxyl adsorption occurs in a monodentate mononuclear config-
uration (reaction (4); Fig. 6a), in which the non-bonding carboxyl
group is protonated at low pH (<pH � 5.0) with a binding constant
Table 4
Input parameters for the surface complexation model for adsorption of carboxylic acids o

Specific surface area (m2/g)
Site density �FeOHe

�0.5 (mol sites/g � 10�3)
Site density �FeOHc

�0.5 (mol sites/g � 10�3)
Site density �Fe3O�0.5 (mol sites/g � 10�3)
Cstern (F/m2)
Log KFeOH(c) �FeOH�0.5

(c) + H+ = �FeOH2
+0.5
(c)

Log KFeOH(c)_Na �FeOH�0.5
(c) + Na+ = �FeOH�0.5

(c) -Na+

Log KFeOH2(c)_NO3 �FeOH2
+0.5
(c) + NO3

– = �FeOH2
+0.5
(c) –NO3

–

(where equations above are repeated for („FeOH�0.5
(e) )

Log KFe3O �Fe3O�0.5 + H+ = �Fe3OH+0.5

Log KFe3O_Na �Fe3O�0.5 + Na+ = �Fe3O�0.5-Na+

Log KFe3OH_NO3 �Fe3OH+0.5 + NO3
– = �Fe3OH+0.5-NO3

–

Pentanoic acid (Pen1/5)
Hexanedioic acid (Hex2/6)
Butane 1, 2, 4 tricarboxylic acid (But3/7)

1. Log KFeOH(c/e)_OOC-R �FeOH�0.5
(c/e) + R-COO� + H+ = �(FeOOC)-R�0

3. Log KFeOH(c/e)_OOC-R 2�FeOH�0.5
(c/e) + R-2COO�2 + 2H+ = � (FeOOC

4a. Log KFeOH(c/e)_OOC-R �FeOH�0.5
(c/e) + R-2COO�2 + H+ = �(FeOOC)-R

4b. Log KFeOH(c/e)_OOC-R �FeOH�0.5
(c/e) + R-2COO�2 + 2H+ = �(FeOOC)-

5. Log KFeOH(c/e)_OOC-R 3�FeOH�0.5
(c/e) + R-3COO�3 + 3H+ = � (FeOOC

6a. Log KFeOH(c/e)_OOC-R 2�FeOH�0.5
(c/e) + R-3COO�3 + 2H+ = � (FeOOC

6b. Log KFeOH(c/e)_OOC-R 2�FeOH�0.5
(c/e) + R-3COO�3 + 3H+ = � (FeOOC

a measured in this study;
b from Moon and Peacock (2013);
c from Dean (1987);
d calculated using ACD/I-Lab 2.0 (ACD/I-Lab, version 2.0, Advanced Chemistry Develop
e fit in this study.
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of Log K 10.5 (Table 4) and deprotonated at higher pH (>pH � 5.0)
with a binding constant of Log K 15.4 (Table 4). Finally for But3/7
the model fits suggest a combination of both three-carboxyl and
two-carboxyl adsorption occurring on both FeOH edge and corner
sites (Fig. 7c). The three-carboxyl adsorption occurs in a tridentate
trinuclear configuration (reaction (5), Fig. 6c) with a binding con-
stant of Log K 26.3 (Table 4). The two-carboxyl adsorption occurs
in a bidentate mononuclear or bidentate binuclear configuration
(reaction (6); Fig. 6b), in which the non-bonding carboxyl group
is protonated at low pH (<pH � 4.5) with a binding constant of
Log K 19.0 (Table 4) and deprotonated at higher pH (>pH � 4.5)
with a binding constant of Log K 23.3 (Table 4). The best fit for
But3/7 acid is achieved with adjustment of the surface charge dis-
tribution to take into account its larger molecular weight and more
diffuse charge distribution. Differences in the binding constants for
complexes in which the non-bonded carboxyl group is either
deprotonated or protonated (one-carboxyl adsorption for Hex2/6
Log K 10.5/15.4 and two-carboxyl adsorption for But3/7 Log K
19.0/23.3) arise because the complexation reaction for the proto-
nated complex (reaction 4b for Hex2/6 and reaction 6b for
But3/7, Table 4) combines the complexation reaction (one or two
carboxyls reacting with FeOH) with the protonation reaction of
the non-bonded carboxyl group.

Our modelling thus predicts an overall increase in the average
number of bonds per sequestered acid molecule and an overall
increase in the binding affinity of the sequestered acid molecules
in the order Pen1/5 < Hex2/6 < But3/7. The increasing binding
affinity of our carboxylic acids explains the macroscopic adsorp-
tion behaviour of these acids with Fh, in which adsorption affinity
increases in the order Pen1/5 < Hex2/6 � But3/7 (Fig. 2). Overall
our STXM NEXAFS and model fitting results indicate that the aver-
age number of bonds per sequestered acid molecule and thus the
binding strength of carboxylic acids to Fe (oxyhydr)oxides
increases with increasing carboxyl-richness (Curti et al., 2021).
n pure Fh.

Pure Fh

300a

1.25b

1.74b

0.598b

1.10b

7.99b

�1.00b

�1.00b

7.99b

�1.00b

�1.00b

pKa1 pKa2 pKa3

4.84c

4.42c 5.41c

4.31d 4.82d 5.21d

Dz0 Dz1 Pen1/5 Hex2/6 But3/7

.5 + H2O +0.5e �0.5e 9.2e

)2-R�1 + 2H2O +1.0e �1.0e 16.8e

-COO�1.5 + H2O +0.5e �0.5e 10.5e

R-COOH�0.5 + 2H2O +0.5e �0.5e 15.4e

)3-R�1.5 + 3H2O +1.3e �0.3e 26.3e

)2-R-COO�2 + 2H2O +1.3e �0.3e 19.0e

)2-R-COOH�1 + 2H2O +1.95e �0.45e 23.3e

ment, Inc);



Fig. 7. Surface species for: a) Pen1/5, b) Hex2/6 and c) But3/7 as function of pH based on complexation model fits (lines) to adsorption data (symbols). Black, blue and red
symbols represent Pen1/5, Hex2/6 and But3/7 data, respectively. Monodentate (red lines), bidentate (blue lines) and tridentate (purple lines) represent one, two and three
carboxyl binding, respectively, via corner sharing complexation (solid red, blue, purple lines) and edge-sharing complexation (dashed red, blue, purple lines). The black solid
lines are the sum of the modelled species, representing the total amount of OC adsorbed. Pen1/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC with one, two and
three carboxyl groups, respectively. Error bars represent standard deviations of at least duplicate samples. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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4.2. Influence of carboxyl-rich OC on the aging of ferrihydrite

4.2.1. Kinetics of Fh aging influenced by carboxyl-rich OC
Our experiments show that the presence of OC retards the aging

of Fh to more crystalline Fe minerals (Fig. 3a and 3b), which is con-
sistent with previous reports that additives of carboxylic acids,
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humic acids and other kinds of OC can retard the aging of Fh to
crystalline iron minerals (Cornell and Schwertmann, 1979;
Cornell, 1985; Hu et al., 2018; Lu et al., 2019). In oxic environments
aging of Fh to more crystalline iron minerals occurs via dissolution-
recrystallisation or solid-state aggregation: aggregation of Fh fol-
lowed by nucleation and crystal growth within the aggregate
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(Cornell and Schwertmann, 1979; Cudennec and Lecerf, 2006;
Schwertmann and Fischer, 1966). The presence of OC can influence
the factors that control dissolution-recrystallisation and/or solid-
state aggregation and thus can affect aging rate, for example, OC
can block surface sites and subsequently prevent the dissolution
of iron (oxyhydr)oxide to form goethite or the nucleation of hema-
tite (Kaiser and Guggenberger, 2003); OC can complex with aque-
ous Fe(III) to inhibit nucleation (Cornell and Schwertmann, 1979);
and OC can influence Fh aggregation and associate with the surface
of neoformed mineral nuclei and crystals to inhibit crystal growth
(Amstaetter et al., 2012; Eusterhues et al., 2008).

For the aging of our Fh coprecipitates compared to pure Fh, it is
clear that the retardation effect of OC generally increases in the
order Pen1/5 < Hex2/6 < But3/7 (at pH 5) and
Pen1/5 < Hex2/6 � But3/7 (at pH 6.5) and thus with increasing car-
boxylic acid binding strength (Fig. 3a and 3b). Previous work
reports the influence of aqueous (hydroxyl)-carboxylic acids on
the aging of Fh to other more crystalline Fe minerals, where the
retardation of aging is also related to the relative adsorption affin-
ity of the acids to Fh (Cornell and Schwertmann, 1979). For Fh
coprecipitates made with different OC types but with similar C
loadings, our surface complexation modelling indicates that the
number of bonds formed between the OC and Fh particles is equal
to the number of –FeOH sites used, and both the number of bonds
formed and the sites used increase with the carboxyl-richness,
where the former controls the binding strength (Friddle et al.,
2012) and the later influences the surface coverage. Therefore both
the binding strength and surface coverage for a similar adsorbed
amount of our different carboxylic acids follow the order
Pen1/5 < Hex2/6 < But3/7. As such there is greater blocking of Fh
surface sites and thus a greater retardation of dissolution and
recrystallisation in the order Pen1/5 < Hex2/6 < But3/7 (Kaiser
and Guggenberger, 2003).

It is also clear that the retardation effect of OC is related to
increasing C loading and pH. In general as C loading increases at
pH 5 the retardation of aging increases from Fh-Pen1/5_1.2 wt%C
to Fh_But3/7_7.8 wt%C, but individual coprecipitates
Fh_Hex2/6_2.9 wt%C, Fh_Hex2/6_4.1 wt%C and Fh_But3/7_6.0 wt
%C show similar behaviour (Fig. 3a). As C loading increases at pH
6.5 however, the retardation of aging increases from Fh-
Pen1/5_1.2 wt%C to Fh_But3/7_7.8 wt%C, but individual Fh_Hex2/6
and Fh_But3/7 coprecipitates all show similar behaviour (Fig. 3b).
Furthermore at pH 6.5, whilst the retardation of aging for the
Fh_Pen1/5 and Fh_Hex2/6 coprecipitates is similar to that at pH
5, the retardation of aging for the Fh_But3/7 coprecipitates is
reduced (comparing Fig. 5a and 5b). The effect of C loading on
retardation of aging may be explained by considering the fact that,
because our acids are mostly adsorbed at particle surfaces (Curti
et al., 2021), increased C loading results in higher surface coverage
and thus a greater retardation of dissolution and recrystallisation
(Kaiser and Guggenberger, 2003). Increased C loading can also lead
to greater retardation of aging through the complexation of OC
with aqueous Fe(III) to inhibit nucleation (Cornell and
Schwertmann, 1979) and the association of OC with the surface
of newly formed mineral nuclei and crystals to inhibit crystal
growth (Amstaetter et al., 2012; Eusterhues et al., 2008). For indi-
vidual coprecipitates Fh_Hex2/6_2.9 wt%C and Fh_Hex2/6_4.1 wt%
C, made with the same OC type but increasing C loading, it appears
that the C loading effect cannot indefinitely increase retardation.
We suppose that there is a maximum retardation effect for simple
carboxyl-rich OC, but this requires further investigation.

The effect of pH on OC retardation of aging may be explained by
the fact that under acidic conditions (pH < 7) Fh ages via
dissolution-recrystallisation, whereas under neutral conditions
(pH � 7) Fh ages mainly via solid-state aggregation: aggregation
of Fh followed by nucleation and crystal growth within the aggre-
350
gate (Cornell and Schwertmann, 1979; Cudennec and Lecerf, 2006;
Schwertmann and Fischer, 1966). During dissolution-
recrystallisation processes, OC can block surface sites to directly
retard the aging process, but during solid-state aggregation this
retardation mechanism may be less effective and instead OC might
associate with mineral nuclei and newly formed crystals to inhibit
oriented aggregation of pure mineral clusters and crystal growth of
more crystalline minerals (Amstaetter et al., 2012; Eusterhues
et al., 2008). In addition OC may act as a bridging molecule
between mineral particles and then stabilise them as low-density
aggregates (Amstaetter et al., 2012; Illés and Tombácz, 2006).
These more indirect mechanisms for retardation of aging may
account for the similarity in the retardation of individual
Fh_Hex2/6 and Fh_But3/7 coprecipitates, and the reduction in
retardation of Fh_But3/7 coprecipitates at pH 6.5 compared to pH
5. Furthermore, whilst adsorption of negatively charged OC onto
positively charged Fe minerals creates negatively charged OC-
coated particles that repel one another and hinder aggregation
(Illés and Tombácz, 2006), recent work shows that OC with
MW < 3 kDa is unable to completely stabilise mineral particles
via steric repulsion (Li et al., 2020). This may also contribute to
the reduction in retardation of Fh_But3/7 coprecipitates at pH 6.5
compared to pH 5, and again suggests that increasing C loading
of simple organic molecules may not result in increased retarda-
tion of aging, although this requires further investigation.

4.2.2. Properties of Fh coprecipitates after aging influenced by
carboxyl-rich OC

Our results show that the SSA of the Fe minerals after aging of
pure Fh (33 ± 0.1 m2/g) are significantly less than the SSA of un-
aged pure Fh (300 m2/g), and that the Fe minerals after aging of
Fh coprecipitates (46 ± 0.1–103 ± 0.9 m2/g) are also significantly
less than the SSA of un-aged Fh coprecipitates (taken as 300 m2/
g with an uncertainty of ±10%) (Table 1). In agreement with previ-
ous work, it is clear that in both the pure Fh and Fh coprecipitate
systems, the Fe minerals present after aging have significantly
reduced SSA and thus larger particle size and/or higher crystallinity
(Das et al., 2011; Hu et al., 2018), but it is also apparent that the
influence of OC in the Fh coprecipitate systems somewhat miti-
gates against the decline in SSA. This is likely because OC retards
the aging of Fh to more crystalline minerals and inhibits mineral
crystal growth (Cornell and Schwertmann, 1979; Kaiser and
Guggenberger, 2003). Thus compared to pure Fh systems, this
results in Fe minerals with smaller particle size and/or lower crys-
tallinity, larger lattice spacings and a more porous surface struc-
ture and thus a less compact bulk mineral (Eusterhues et al.,
2008), as confirmed by scanning transmission electron microscopy
(STEM) observations (Lu et al., 2019).

Our results also show that the SSA and TPV of our Fe minerals
after aging of Fh coprecipitates increase with increasing carboxylic
acid binding strength (Table 1), and thus follow the order Fh < Fh_
Pen1/5_1.2 wt%C < Fh_Hex2/6_7.0 wt%C < Fh_But3/7_7.3 wt%C. In
particular, comparing composites with similar C loading but
increased binding strength, namely Fh_Hex2/6_7.0 wt%C and
Fh_But3/7_7.3 wt%C, the latter has significantly higher SSA. Thus
whilst the retardation of aging for Fh_Hex2/6_7.0 wt%C and
Fh_But3/7_7.3 wt%C is similar, the more strongly bound But3/7
appears to be able to further inhibit the growth of more crystalline
Fe minerals, leading to smaller particle size and/or lower crys-
tallinity and a more porous structure.

4.3. Stability of carboxyl-rich OC during aging of ferrihydrite

4.3.1. Mechanisms for temporal changes in the total amount of C
Our experiments show that the total amount of C with our

Fh_Pen1/5_1.2 wt%C coprecipitate is essentially invariant with
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aging time at pH 5 and 6.5, whilst the total amount of C with our
Fh_Hex2/6 and Fh_But3/7 coprecipitates decreases with aging time
at pH 5 and 6.5 (Fig. 4a and 4b). These trends may be understood
by considering the binding strength of the OC and the properties
of Fe minerals after aging of Fh.

Given the SSA of Fe minerals formed after aging of Fh coprecip-
itates (Table 1) we can estimate their surface coverage at the end of
aging (after 19 days) following the same approach used to estimate
the surface coverage of the initial Fh coprecipitates above (section
4.1.1). Our estimations show that the aged Fh_Pen1/5_1.2 wt%C
still appears to have sufficient SSA (Table 5) to theoretically accom-
modate all the initial OC in an adsorbed monolayer at the particle
surfaces (surface coverage 37.37%, Table 5a) and a total theoretical
adsorption capacity (3.04 wt%C, Table 5b) that is well in excess of
both the total initial amount of C (1.2 wt%C) and the total remain-
ing amount of C (0.72–0.75 wt%, Table 5b). This might explain why
the total remaining amount of C for Fh_Pen1/5_1.2 wt%C is essen-
tially invariant with aging time (Fig. 4a and 4b), and implies that
both the total initial amount of C and the total remaining amount
of C could be adsorbed at the particle surfaces.

The aged Fh_Hex2/6_7.0 wt%C appears to have insufficient SSA
(Table 5) to theoretically accommodate all the initial OC in an
adsorbed monolayer at the particle surfaces (surface coverage
between 130.58% adopting entirely monodentate adsorption and
261.15% adopting entirely bidentate adsorption, Table 5a) and a
total theoretical adsorption capacity (between 2.54 wt%C adopting
entirely bidentate adsorption and 4.84 wt%C adopting entirely
monodentate adsorption, Table 5b) that is well below the total ini-
tial amount of C (7.0 wt%C) but still in excess of the total remaining
amount of C (1.55–1.76 wt%C, Table 5b). This might explain why
the total remaining amount of C for the Fh_Hex2/6 coprecipitates
decreases with aging time (Fig. 4a and 4b), but akin to
Fh_Pen1/5_1.2 wt%C, implies that both the total initial amount of
C and the total remaining amount of C are adsorbed at the particle
surfaces.

In contrast the aged Fh_But3/7_7.3 wt%C appears to have insuf-
ficient SSA (Table 5) to theoretically accommodate all the initial OC
in an adsorbed monolayer at the particle surfaces (surface coverage
between 145.05% adopting entirely bidentate adsorption and
217.57% adopting entirely tridentate adsorption, Table 5a) and a
total theoretical adsorption capacity (between 3.12 wt%C adopting
entirely tridentate adsorption and 4.52 wt%C adopting entirely
bidentate adsorption, Table 5b) that is well below the total initial
amount of C (7.3 wt%C) but not in excess of the total remaining
amount of C (3.00–4.90 wt%C, Table 5b). This might explain why
the total remaining amount of C for the Fh_But3/7 coprecipitates
decreases with aging time (Fig. 4a and 4b), but unlike
Fh_Pen1/5_1.2 wt%C and the Fh_Hex2/6 coprecipitates, implies
that, whilst the total initial amount of C is adsorbed at the particle
surfaces, some part of the total remaining amount of C might be
incorporated into the particle interiors.

These estimations therefore indicate that the amount of OC
retained by Fh coprecipitates during the aging process is strongly
coupled to the binding strength of the OC molecules and the initial
C loading of the coprecipitates. For Fh coprecipitated with rela-
Table 5a
Surface coverage of Fe minerals for Fh_Pen1/5_1.2 wt%C, Fh_Hex2/6_7.0 wt%C and Fh_But

Total
initial C
with Fh
(wt%C)

SSA of Fe
minerals after
19 days aging
(m2/g)a

Site density of Fe
minerals after
19 days aging
(sites/nm2)b

Covera
after 1
one ca

Fh_Pen1/5_1.2 wt%C 1.2 wt%C 46 7 37.37
Fh_Hex2/6_7.0 wt%C 7.0 wt%C 64 7 130.58
Fh_But3/7_7.3 wt%C 7.3 wt%C 103 7
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tively carboxyl-poor OC and with low initial C loading such as
Fh_Pen1/5_1.2 wt%C, we suggest that net OC release is essentially
minimal during aging because the Fe minerals formed after aging
have sufficient adsorption capacity to accommodate all the initial
OC at the particle surfaces. For Fh coprecipitated with relatively
carboxyl-rich OC and with higher but essentially equivalent initial
C loading such as Fh_Hex2/6_7.0 wt%C and Fh_But3/7_7.3 wt%C,
we suggest that net OC release is significant during aging because
the Fe minerals formed after aging have insufficient adsorption
capacity to accommodate all the initial OC at the particle surfaces.
For these relatively carboxyl-rich coprecipitates we suggest that
the remaining OC is partitioned between the mineral surfaces
and the particle interiors, and that this partitioning is strongly
influenced by the binding strength of the OC because this controls
both the initial C loading of the coprecipitates and the physiochem-
ical properties of the Fe minerals after aging.

4.3.2. Mechanisms for temporal changes in non-desorbable C
We can shed further light on the stability of OC during aging as

a function of the binding strength of the OC molecules and C load-
ing of the coprecipitates by considering our results for non-
desorbable C. In our work we operationally define non-
desorbable C as C that cannot be removed from the solid particles
with 0.1 M NaOH (Kaiser and Guggenberger, 2007). Previous work
on the coprecipitation of Pen1/5, Hex2/6 and But3/7 with Fh using
the same experimental coprecipitation conditions as used here
(Curti et al., 2021) shows that at C:Fe molar ratios �0.1–0.8, equiv-
alent to those used in this study, between �10–30% of OC adsorbed
in a monolayer at the Fh particle surfaces remains adsorbed after
washing with 0.1 M NaOH and is thus very strongly adsorbed at
particle surfaces or is incorporated into particle interiors, for exam-
ple by being occluded into mineral pore spaces (Kaiser and
Guggenberger, 2007; Lu et al., 2019).

Our experiments show that the total amount of non-desorbable
C with our Fh_Pen1/5_1.2 wt%C and Fh_Hex2/6 coprecipitates
decreases with aging time, while the total amount of non-
desorbable C with our Fh_But3/7 coprecipitates is relatively stable
over the first 12 days of aging then decreases after 19 days aging
time (Fig. 5a and 5b). Given that our surface coverage estimations
for the Fh coprecipitates after 19 days aging suggest that the
adsorption capacity of the Fe minerals formed after aging of
Fh_Pen1/5_1.2 wt%C (3.04 wt%C, Table 5b) and Fh_Hex2/6_7.0 wt
%C (2.54–4.84 wt%C, Table 5b) are well in excess of the total
remaining amount of C (0.72–0.75 wt% for Fh_Pen1/5_1.2 wt%C,
and 1.55–1.76 wt%C for Fh_Hex2/6_7.0 wt%C, Table 5b), it is there-
fore possible that both the desorbable and the non-desorbable part
of this total remaining C is adsorbed at the particle surfaces. In turn
this suggests that the total remaining C after aging is comprised of
two pools with differing stabilities; a relatively loosely bound des-
orbable pool that is released after washing with 0.1 M NaOH and a
relatively strongly bound non-desorbable pool that is retained
after washing with 0.1 M NaOH. The presence of a loosely bound
desorbable pool and more strongly bound non-desorbable pool
after repeated washing with 0.1 M NaOH is also observed for un-
aged Fh_Pen1/5 and Fh_Hex2/6 coprecipitates and attributed to
3/7_7.3 wt%C after 19 days aging at pH 6.5.

ge of Fe minerals
9 days aging with
rboxyl adsorbed

Coverage of Fe minerals
after 19 days aging with
two carboxyl adsorbed

Coverage of Fe minerals
after 19 days aging with
three carboxyl adsorbed

261.15
145.05 217.57



Table 5b
Adsorption capacity of Fe minerals for Fh_Pen1/5_1.2 wt%C, Fh_Hex2/6_7.0 wt%C and Fh_But3/7_7.3 wt%C after 19 days aging.

SSA of Fe
minerals after
19 days aging
(m2/g)a

Site density of Fe
minerals after
19 days aging
(sites/nm2)b

Adsorption capacity of
Fe minerals after 19 days
aging (one carboxyl
binding)

Adsorption capacity of
Fe minerals after 19 days
aging (two carboxyl
binding)

Adsorption capacity of Fe
minerals after 19 days
aging (three carboxyl
binding)

Total remaining C
with Fe minerals
measured after
19 days aging

pH 5.0 pH 6.5

Fh_Pen1/5_1.2 wt%C 46 7 3.04 wt%C 0.72 wt
%C

0.75 wt
%C

Fh_Hex2/6_7.0 wt%C 64 7 4.84 wt%C 2.54 wt%C 1.76 wt
%C

1.55 wt
%C

Fh_But3/7_7.3 wt%C 103 7 4.52 wt%C 3.12 wt%C 4.90 wt
%C

3.00 wt
%C

a SSA of Fe minerals treated with 0.1 M NaOH for 24 h to desorb OC after aging for 19 days at pH 6.5.
b Site density for Fe minerals calculated from average site density of Gt and Hm (Peacock and Sherman, 2004).
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the presence of binding strength heterogeneities in the local
adsorption environment, such as steric hindrance and/or electro-
static repulsion in a patchy ‘monolayer equivalent’ (Wershaw,
1994), that render some molecules less strongly bound and more
susceptible to desorption (Kaiser and Guggenberger, 2007; Curti
et al., 2021). In the case of the Hex2/6 acid molecules, these are
adsorbed via either a bidentate or monodentate carboxyl adsorp-
tion mechanism (Fig. 7b) and as such, those that experience bind-
ing strength heterogeneities as above and also those that are
monodentate are similarly likely to be more susceptible to desorp-
tion (Kaiser and Guggenberger, 2007; Curti et al., 2021).

In contrast given that our surface coverage calculations for the
Fh coprecipitates after 19 days aging indicate that the adsorption
capacity of Fe minerals after aging of Fh_But3/7_7.3 wt%C (3.12–
4.52 wt%C, Table 5b) are not in excess of the total remaining
amount of C (3.05–4.90 wt%C, Table 5b), it is therefore likely that
some part of the total remaining C is incorporated into the particle
interiors where it is more difficult to remove with 0.1 M NaOH
(Kaiser and Guggenberger, 2007; Lu et al., 2019). At first glance,
the presence of C incorporated into the particle interiors, for exam-
ple by being occluded into mineral pore spaces (Eusterhues et al.,
2011), might be expected to decrease the TPV of aged
Fh_But3/7_7.3 wt%C compared to aged pure Fh, however, the TPV
results show that the TPV of aged Fh_But3/7_7.3 wt%C (0.16 ± 0.
02 cm3/g, Table 1) is somewhat higher than aged pure Fh (0.11 ± 0
.02 cm3/g, Table 1) and Fh_Pen1/5_1.2 wt% (0.13 ± 0.02 cm3/g,
Table 1). This suggests that the adsorption of desorbable C at shal-
low pores and pore openings, which is removed by washing with
0.1 M NaOH, creates a more open and porous structure in the aged
Fe minerals (Eusterhues et al., 2008), that is then reflected in the
higher TPV measurements. In addition, the retardation of aging
in the presence of But3/7 results in a small fraction of Fh remaining
after 19 days (Fig. 3), which has a more porous structure than the
aged Fe minerals, and thus this Fh may also help explain the higher
TPV measurements. Overall these results support our suggestion
that the partitioning of the remaining OC between the mineral sur-
faces and the particle interiors after aging depends primarily on
the binding strength of the OC because this controls both the initial
C loading of the coprecipitates and the physiochemical properties
of the Fe minerals after aging.

It is also important to note that the ratio of non-desorbable C to
total C changes with the aging process (Fig. 8). For
Fh_Pen1/5_1.2 wt%C it is likely that a substantial amount of C is
desorbed from the Fh coprecipitates during the washing process,
that is necessarily performed after synthesis to remove excess
salts. This initial loss of C is relatively large for Fh_Pen1/5_1.2 wt
% compared to the Fh_Hex2/6 and Fh_But3/7 coprecipitates,
because the Pen1/5 acid molecules are the least strongly adsorbed.
At the start of the aging the total C associated with the particles is
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thus relatively non-desorbable and the absolute value for the per-
centage of C that is non-desorbable is�100% (Fig. 8). It is then clear
that during aging, while the total amount of C is relatively con-
stant, the total amount of non-desorbable C decreases, from an
amount nearly equivalent to the total amount of C to an amount
significantly less than the total amount of C (Figs. 4 and 5). The per-
centage of total C that is non-desorbable therefore decreases over
time from near 100% to �40% (Fig. 8). This suggests that the frac-
tion of OC that is very strongly adsorbed decreases during aging.
For the Fh_Hex2/6 coprecipitates, the total amount of C decreases
and the total amount of non-desorbable C decreases but at a lesser
rate compared to the total amount of C, and from an amount signif-
icantly less than the total amount of C (Figs. 4 and 5). The percent-
age of total C that is non-desorbable is therefore approximately
constant over time at �15–20% at pH 5 and 20–25% at pH 6
(Fig. 8). This suggests that the fraction of OC that is very strongly
adsorbed and/or incorporated is approximately constant during
aging. For the Fh_But3/7 coprecipitates, the total amount of C
decreases and the total amount of non-desorbable C is relatively
constant, but again is significantly less than the total amount of
C (Figs. 4 and 5). The percentage of total C that is non-desorbable
therefore increases over time from �10–15% to �12–25% at pH 5
and 6.5 (Fig. 8). This suggests that the fraction of OC that is very
strongly adsorbed and/or incorporated increases during aging.

The overarching trend in the percentage of C that is non-
desorbable during aging of the Fh_Pen1/5, Fh_Hex2/6 and
Fh_But3/7 coprecipitates, where non-desorbable C for
Fh_Pen1/5_1.2 wt%C decreases, for the Fh_Hex2/6 coprecipitates
remains relatively constant and for the Fh_But3/7 coprecipitates
increases, follows the increasing binding strength of these acid
molecules in the order Pen1/5 < Hex2/6 < But3/7. The absolute val-
ues for the percentage of C that is non-desorbable before aging for
the Fh_Hex2/6 and Fh_But3/7 coprecipitates are also comparable
with previous work in which Hex2/6 and But3/7 are coprecipitated
with Fh using the same experimental coprecipitation conditions as
used here (Curti et al., 2021). In this previous study un-aged
Fh_Hex2/6 and Fh_But3/7 coprecipitates with approximately
equivalent C:Fe molar ratios to our coprecipitates, have �15–20%
C and �20–30% C, respectively, that is non-desorbable with
0.1 M NaOH (Curti et al., 2021). Thus for the un-aged Fh_Hex2/6
and Fh_But3/7 coprecipitates we see that a small percentage of
the total C is non-desorbable at the start of the aging and that this
percentage is approximately constant or increases during the aging
as the weakly adsorbed desorbable C is released relative to the
strongly adsorbed and/or incorporated non-desorbable C. Our
results therefore indicate that relatively carboxyl-rich OC coprecip-
itated with Fh becomes proportionally more stable with the solid
phase and thus less mobile during aging. Our results therefore also
indicate that relatively carboxyl-rich OC coprecipitated with Fh is



Fig. 8. Percentage of C that is non-desorbable with aging. The percentage of non-desorbable C is calculated by [Cnon-desorbable]/[Ctotal]. Black, blue and red symbols represent
Pen1/5, Hex2/6 and But3/7 data, respectively. Pen1/5, Hex2/6 and But3/7 represent simple carboxyl-rich OC with one, two and three carboxyl groups, respectively. Error bars
represent standard deviations of at least duplicate samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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more persistent than relatively carboxyl-poor OC in soils and sed-
iments, which might help to provide a mechanistic explanation for
the recently reported relationship between OC-mineral binding
strength and OC-mineral persistence over time (Hemingway
et al., 2019).
5. Conclusions

Our STXM NEXAFS and adsorption experiment plus surface
complexation model results show that the binding strength of
our carboxylic acids sequestered to Fh increases with an increasing
number of carboxyl functional groups (Pen1/5 < Hex2/6 < But3/7).
Regarding the role of OC in the aging of Fh, we show that OC sub-
stantially retards the aging of Fe (oxyhydr)oxide to more crys-
talline Fe minerals and that this retardation increases with
increasing binding strength of the OC, following the order
Pen1/5 < Hex2/6 < But3/7 at similar C loading, and with increasing
C loading and decreasing pH. The SSA and TPV of Fe minerals
formed from aging of our Fh coprecipitates also appear to increase
with increasing binding strength of the OC, suggesting that OC
with higher binding strength is able to further inhibit the growth
of more crystalline Fe minerals. Regarding the fate of OC during
aging of Fh, we find that the total amount of C retained with the
solid during aging is strongly coupled to the binding strength of
the OC and the initial C loading of the coprecipitates, where OC
with higher binding strength is retained more with the solid by
influencing the physicochemical properties of Fe minerals after
aging, and partial OC is released if the initial C loading is higher
than the adsorption capacity of Fe minerals after aging. We also
find that the total amount of non-desorbable C after 19 days aging
similarly shows a positive correlation with the binding strength of
the OC, where the proportion of non-desorbable C decreases during
aging for OC with relatively low binding strength but increases
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during aging for OC with relatively high binding strength. Our
results suggest that the transition of OC from a relatively low sta-
bility pool to a relatively high stability pool during aging is strongly
influenced by the binding strength of the OC, because this controls
both the initial C loading of the coprecipitates and the physiochem-
ical properties of the Fe minerals after aging. Overall we find that
carboxyl-rich OC coprecipitated with Fh becomes proportionally
more stable with the solid phase because carboxyl-poor OC that
has lower binding strength is more readily released during aging.
Our work might therefore offer a deeper mechanistic insight into
the mechanisms responsible for the persistence and long-term
preservation of OC in natural environments.
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