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H I G H L I G H T S

• Ni is released and re-sorbed during Fe
(II)-catalyzed ferrihydrite (Fh) transfor-
mation.

• Ni stability increases when Fh trans-
forms into secondary Fe minerals.

• Natural organic matter (NOM) inhibits
Fh transformation and Ni stabilization.

• Only Fe atom exchange between Fe(II)
and Fh cannot obviously increase Ni
stability.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 17 July 2020
Received in revised form 23 September 2020
Accepted 23 September 2020
Available online 30 September 2020

Editor: Xinbin Feng

Keywords:
Natural organic matter
Ferrihydrite
Nickel
Mineral transformation
Fe atom exchange

Trace metals, such as nickel (Ni), are often found associatedwith ferrihydrite (Fh) in soil and sediment and have
been shown to redistribute during Fe(II)-catalyzed transformation of Fh. Fe(II)-catalyzed transformation of Fh,
however, is often inhibited when natural organic matter (NOM) is associated with Fh. To explore whether
NOM affects the behavior of Ni during Fe(II)-catalyzed transformation of Fh, we tracked Ni distribution, Fe
atom exchange, and mineral transformation of Fh and Fh coprecipitated with Suwannee River natural organic
matter (SRNOM-Fh). As expected, in the absence of Fe(II), Fh and SRNOM-Fh did not transform to secondary
Fe minerals after two weeks. We further observed little difference in Ni adsorption on SRNOM-Fh compared to
Fh. In the presence of Fe(II), however, we found that Ni associated with SRNOM-Fh was more susceptible to
acid extraction than Fh. Specifically, we found almost double the amount of Ni remaining in the Fh after mild ex-
traction compared to SRNOM-Fh. XRD showed that Fh transformed to goethite and magnetite whereas SRNOM-
Fh did not transform despite 57Fe isotope tracer experiments confirmed that SRNOM-Fh underwent extensive
atomexchangewith aqueous Fe(II). Our findings suggest that Fe atomexchangemay not be sufficient for obvious
Ni stabilization and that transformation to secondary minerals may be necessary for Ni stabilization to occur.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Ferrihydrite (Fh), a short-range ordered Femineral, iswidely distrib-
uted in soils and sediments (Cornell and Schwertmann, 2003;

Schwertmann and Fischer, 1973). Considering its nanoscale size and
abundant surface functional groups, Fh is also regarded as an important
natural sorbent for natural organic matter (NOM) and trace metals
(such as Ni) (Cornell and Schwertmann, 2003; Lalonde et al., 2012).
Fh and aqueous Fe(II) often coexist at redox interfaces in soils and sed-
iments (Melton et al., 2014; Weber et al., 2006). Redox reactions be-
tween Fe(II) and Fe(III) in Fh result in the formation of secondary Fe
minerals (Hansel et al., 2005; Pedersen et al., 2005), and is linked to
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cycling of other important elements, such as C, N, P and trace metals
(Gorski and Scherer, 2011; Voelker et al., 1997; Li et al., 2012; Van
Cappellen and Wang, 1996).

Fe(II)-catalyzed Fh transformation to secondary minerals (Hansel
et al., 2003; Tronc et al., 1992) has been found to redistribute trace
metals that associated with Fh through adsorption and coprecipitation
(Martinez and McBride, 1998; Vu et al., 2013; Liu et al., 2016; Latta
et al., 2012a). Specifically, structural incorporation of metals into sec-
ondary Fe minerals during Fh transformation has been suggested for
Cu2+, Zn2+, Mn2+, Co2+, Sb5+, As5+ and U6+ (Liu et al., 2016; Latta
et al., 2012a; Mitsunobu et al., 2013; Bolanz et al., 2013; Muramatsu
et al., 2012; Marshall et al., 2014; Jang et al., 2003). Spectroscopic evi-
dence of this structural incorporation has been shown for As5+ and
Sb5+ (Mitsunobu et al., 2013; Bolanz et al., 2013; Muramatsu et al.,
2012). Metals structurally incorporated into secondary Fe minerals
were found to be more stable (Fei et al., 2018; Liu et al., 2016) and the
incorporated trace metal may also alter the properties of the secondary
Fe minerals (Vu et al., 2013; Liu et al., 2016).

Similar to trace metals, natural organic matter (NOM), resulting
from the decomposition of plant and animal matter, is frequently
found associated with Fe minerals in soil and sediments (Lalonde
et al., 2012; Kaiser and Guggenberger, 2000; von Lutzow et al., 2006).
NOM has been shown to alter Fe(II)-catalyzed Fh transformation path-
ways (Schwertmann, 1966; Chen et al., 2015). For example, with an in-
creasing C/Fe ratio,more Fhwas preserved in the presence of Fe(II) until
the Fh transformationwas inhibited. NOMeffectively stabilized Fh from
the secondary mineral transformation in the presence of Fe(II). How-
ever, NOM was also observed to act as an electron shuttle during the
bio-reduction of Fh (Kappler et al., 2004; Shimizu et al., 2013), indicat-
ing the electron transfer between Fe(II) and Fh may not be necessarily
inhibited by NOM. Our previous work provided direct evidence for
both electron transfer and Fe atom exchange between Fe(II) and Fe
minerals in the presence of different species of NOM, including humic
acid, fulvic acid, and NOM collected by reverse osmosis membrane
(Latta et al., 2012b; Zhou et al., 2018). It remains, however, unclear
whether Fe atom exchange in the absence of Fh transformation affects
the stability of trace metals associated with Fh, such as Ni.

For other minerals, such as goethite and hematite, Ni incorporation
or release has been observed during Fe(II)-catalyzed recrystallization
without the formation of any secondary Fe minerals (Coughlin and
Stone, 1995; Frierdich et al., 2011). Fe atom exchange between aqueous
Fe(II) and Fe(III)minerals were suggested to facilitate Ni re-distribution
(Frierdich et al., 2012). It is unknown, however, whether Ni stabilization
occurs during the reaction between aqueous Fe(II) and Fh with
coprecipitated NOM aswe have shown extensive Fe atom exchange oc-
curred (Zhou et al., 2018; Chanda et al., 2020). Here, we investigated the
effect of coprecipitated Suwannee River NOM (SRNOM) on Ni stabiliza-
tion during Fe(II)-catalyzed Fh transformation. Specifically, we investi-
gated (i) the fate of adsorbed Ni in Fh and Fh coprecipitated with
SRNOM during the reaction with Fe(II) and (ii) the release of pre-
incorporated Ni in Ni-Fh coprecipitate and Ni-SRNOM-Fh coprecipitate
in the presence of Fe(II). Our findings provide new insights into the
fate of Ni in complex systems that approximate natural environments.

2. Materials and methods

2.1. Synthesis and characterization of Fh minerals

Four different Fe solids were synthesized and used in this study, in-
cluding pure 2-line Fh, Fh coprecipitated with SRNOM (SRNOM-Fh), Fh
coprecipitated with Ni (Ni-Fh), Fh coprecipitated with SRNOM and Ni
(Ni-SRNOM-Fh). 2-line Fh was synthesized following the method de-
scribed by Schwertmann, et al. (Schwertmann and Cornell, 2008) The
method was modified to synthesize the coprecipitate of SRNOM-Fh by
dissolving SRNOM and ferric nitrate (C/Fe ratio 1.6) together before
the adding of 1 M KOH, same as we described before (Zhou et al.,

2018). SRNOMwas purchased from the International Humic Substance
Society and used without further processing. Ni-Fh was synthesized by
slowly adding 1 M KOH into a 200mL solution containing 25 mM ferric
nitrate and 1.5 mM Ni(II) chloride (Ni/Fe ratio 0.06) until pH 7.5 was
reached in the solution. Vigorous stirring was applied during the
whole process. A similar synthesis method was used to prepare Ni-
SRNOM-Fh coprecipitate but with an extra 188 mg SRNOM dissolved
(C/Fe ratio 1.6) prior to the adding of 1 M KOH. All the solids were
washedwith deionized water for 3 times and stored aswet in an anaer-
obic glovebox (7% H2 and 93% N2). The synthesized solids were charac-
terized with X-ray diffraction (XRD, Rigaku Mini Flex II) and 57Fe
Mössbauer spectrometer (Web Research Inc., Edina, MN) and used
within 7 days. More information about the characterization of the syn-
thesized solid can be found in the supporting information.

2.2. Ni adsorption experiments

The adsorption of aqueous Ni by Fh and SRNOM-Fh was conducted
in the anaerobic glovebox. Triplicate bottles were set for all experi-
ments. Each bottle consisted of 1 mM Ni(II), 10 mM PIPES buffer, and
10 mM NaCl (for ionic strength). 57Fe labeled aqueous Fe(II) (~97% of
57Fe) was added to obtain 1 mM Fe(II) in certain setups. Fh and
SRNOM-Fh were then added to get 10 mM Fe(III) in each reactor. The
pH was adjusted back to pH 7.0 ± 0.05 using 1 M KOH. The reactors
were rotated on end-over-end rotators while wrapped in aluminum
foil. 1 mL aliquots at each time point were sampled and centrifuged.
The supernatant was filtered through 0.22 μm filters to get aqueous
samples. Centrifuged solids were resuspended in 1 mL 10 mM
Piperazine-N, N′- bis (3-propanesulfonic Acid, PIPPS) solution at
pH 3.0 for 20 min as a mild Ni extraction. The extraction solution was
centrifuged again to get the supernatant as the extracted sample. No
structural Fe(III) was dissolved during this extraction. Aftermild extrac-
tion, the residual solids were dissolved by adding 1mL 5MHCl to mea-
sure the residual Ni. Fe(II) and Ni concentration in aqueous samples,
extracted samples, and the samples with dissolved residual solids
were measured separately with 1,10-Phenanthroline method and ICP-
MS (Zhou et al., 2018). Fe isotope composition in each sample was
also analyzed as the method described below. One reaction bottle was
sacrificed at each time point and the whole bottle of solution was fil-
tered through an 0.44 μm paper filter to prepare XRD samples.

2.3. Ni release experiments

The distribution of Ni in Ni-Fh and Ni-SRNOM-Fh coprecipitate with
or without reaction with Fe(II) was probed by macroscopic Ni release,
mild extraction, and acid dissolution. Triplicate reactors were set for
each experiment. The coprecipitates were set in 10 mM PIPES buffer
at pH 7.0 with or without 1mM Fe(II) labeled with 57Fe. Different solids
were first collected by centrifugation and resuspended in 10mL of 0.1M
HCl. 1 mL aliquots reacted over 2 min, 5 min, 15 min, 30 min, 60 min,
and overnight were collected and the concentration of dissolved Ni
and total Fe weremeasured as described above. Sampleswere analyzed
as described in the Ni adsorption experiments to measure aqueous Ni
(II), extracted Ni(II), and residual Ni(II). Ni-SRNOM-Fh coprecipitates
before and after reaction with Fe(II) were also leached with 0.1 M HCl.

2.4. Fe isotope measurement

For 57Fe labeled Fe(II) experiments, the Fe isotope composition in
aqueous Fe, extractable Fe, and residual solid Fe was analyzed with a
quadrupole ICP-MS. The He gas mode with a collision cell was applied
to remove isobaric interferences with normal Argon (predominantly
40Ar16O and 40Ar16O1H) for 56Fe and 57Fe. All samples were diluted
with 0.1 M trace metal grade HCl to get Fe concentration under 30 μM.
An internal standard of 3 μM 59Co was added to monitor the stability
of ICP-MS between different samples. Fe standard solution (natural
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abundant) purchased from Agilent and the same batch of enriched 57Fe
(II) stock solutionwere used formonitoring the reproducibility and pre-
cision of the instrument among different measurements. 57Fe percent-
age was calculated with the count of 57Fe divided by the sum count of
54Fe, 56Fe, 57Fe, and 58Fe. Triplicate measurements were conducted for
each sample.

3. Results and discussion

3.1. Effect of NOM on Ni adsorbed by Fh

To explore whether NOM affects the fate of Ni adsorbed by Fh, we
first tracked Ni sorption by Fh and SRNOM-Fh in the absence and pres-
ence of Fe(II). In the absence of Fe(II), the extent and rate of Ni sorption
by Fh and SRNOM-Fhwere similar, with around60%ofNi removed from
aqueouswithin two hours and almost 80%within one day (Fig. 1a). This
first rapid sorption stepwas followed by amuch slower stepwith an ad-
ditional 5% sorption over almost twoweeks. Two sorption steps are con-
sistent with other studies conducted under similar pH where the
formation of the inner-sphere sorption complex was invoked to explain
the fast sorption and surface diffusion was invoked to explain the sec-
ond, slower sorption (Society, n.d.; Scheinost et al., 2001).

To further explore how Ni was associated with the Fh and SRNOM-
Fh, we extracted the solids at pH 3.0. No Fe(III) was dissolved in the
pH 3.0 extraction. A similar amount of Ni (430 ± 20 μM) was extracted
from Fh throughout the experiment but the residual Ni increased
steadily as the aqueous Ni decreased. The increased amount of Ni in
the residual Fh is consistent with the surface diffusion occurring during
the second slower Ni adsorption in Fh and SRNOM-Fh, as Ni's diffusion

into the inner structure of Fh makes it less susceptible to weak acid ex-
traction (Bruemmer et al., 1988).

Ni sorption to Fh and SRNOM-Fh in the presence of Fe(II) was also
investigated. The aqueous Ni(II) concentration in the presence of Fh
and Fe(II) decreased to 107 ± 8 μM over two weeks, which was
lower than 149 ± 1 μM observed in the absence of Fe(II) (Table S1).
Instead of competing with Ni for sorption sites, it appears that Fe(II)
slightly enhanced the rate and extent of Ni sorption by Fh (Fig. 1c). In
contrast, Ni sorption onto SRNOM-Fh was inhibited by aqueous Fe
(II) with 161 ± 12 μM Ni remaining in the aqueous phase compared
to 119 ± 8 μM in the absence of Fe(II). Based on the aqueous Ni data
alone, it appears that Fe(II) slightly enhanced Ni sorption by Fh and
slightly inhibited Ni sorption by SRNOM-Fh coprecipitate.

To characterize the Ni further, we acid-extracted Ni and measured
the residual Ni by completely dissolving the solids. We found that the
presence of Fe(II) extensively decreased the amount of Ni extracted
from Fh and increased the amount of residual Ni remaining in the solids
(Fig. 1a&c). Ni recovery from the aqueous, extracted, and residual
phases was near-complete (91 ± 5%). We used the percent of Ni ex-
tracted from solid-bound Ni (extracted + residual) as an indicator for
Ni stability in the solid phase. The extractable Ni in Fh equilibratedwith-
out Fe(II) is about 51%.Whereas in the presence of Fe(II), the extractable
Ni decreased substantially to 17% suggesting that Ni was more stable in
the Fh solids after reaction with Fe(II). In contrast, Fe(II) had little effect
on Ni stability in SRNOM-Fh with the extractable Ni decreasing only
from 52% to 47% when Fe(II) was added. Previous work showed NOM
influenced products formed from Fe(II)-catalyzed transformation of Fh
which we suspect is the likely explanation for the different Ni stability
within Fh and SNROM-Fh in the presence of Fe(II) (Chen et al., 2015;
Zhou et al., 2018).

Fig. 1.Ni distribution in (a) Fh, (b) SRNOM-Fh, (c) Fhwith Fe(II), and (d) SRNOM-Fhwith Fe(II). Experimental condition: 10mMPIPES buffer at pH 7.0, 10mMFe(III) from Fh or SRNOM-
Fh, 1 mM Fe(II) in figure (c) and (d). The data points represent the average value and standard deviation in triplicate bottles. More information can be found in Table S1–2.
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To test this hypothesis, we tracked the Fe mineralogy change in Fh
and SRNOM-Fh after Ni sorption with or without Fe(II) using XRD
(Fig. 2). No clear identical diffraction was observed for Fh and
SRNOM-Fh without Fe(II), indicating that Fh is not transformed into
secondary minerals. Reacting Fh with 1 mM Fe(II) and 1 mM Ni(II) re-
sulted in the formation of goethite and magnetite as shown in the
XRD patterns. Fe(II)-catalyzed transformation of Fh into magnetite
and goethite has been widely reported (Hansel et al., 2005; Pedersen
et al., 2005), and it appears that the presence of Ni under our conditions
does not alter the transformation pathway. In contrast to Fh, aqueous Fe
(II) did not transform SRNOM-Fh into sufficient secondary Fe minerals
to be observed in XRD (Fig. 2). Inhibited Fh transformation with
coprecipitated NOM at high C/Fe ratio is consistent with what we and
others reported, and the inhibitedOstwald ripening and oriented aggre-
gation of Fh were suggested as possible inhibition mechanisms (Chen
et al., 2015; Zhou et al., 2018; ThomasArrigo et al., 2019). Note, however,
that Fe atom exchange between aqueous Fe(II) and structural Fe(III)
may still occur in the lack of ferrihydrite transformation suggesting
that SRNOM-Fh still dynamically mixed with aqueous Fe(II) (Zhou
et al., 2018).

To further investigate Fe atom movement between aqueous Fe(II)
and SRNOM-Fh with adsorbed Ni(II), we used 57Fe(II) and measured
Fe(II) mass and isotope composition changes over time. Around 50%
of Fe(II) was adsorbed by SRNOM-Fh over 1 h and the percentage of
57Fe in aqueous Fe(II) dropped from 97% to 25% accompanied by a
rapid increase in solid Fe (from 2.3% to 10%, Table S5). The initial rapid
Fe isotope mixing was followed by a further mixing over fourteen
days, and the Fe isotope composition in the aqueous and solid Fe
phase eventually approached complete isotopic mixing value (Fig. 3a).
Since it was unclear if the Fe isotopes were homogeneously distributed
in the solid phase, we chose not to quantify the percent of atom ex-
change based on the homogenous model but rather concluded that ex-
tensive Fe atom exchange occurred between aqueous Fe(II) and solid Fe
in the presence of both SRNOM and adsorbed Ni (Zhou et al., 2018;
Gorski and Fantle, 2017; Joshi et al., 2017). The Fe atom exchange,

however, did not appear to influence Ni stability as a similar amount
of residual Ni was measured in SRNOM-Fh with or without Fe(II)
(Fig. 1b&d, Table S2).

3.2. Effect of NOM on Ni coprecipitated with Fh

Ni can associate with Fh not only through adsorption but also
coprecipitation. To investigate the effect of NOM on the stability of
coprecipitated Ni in Fh, we synthesized Ni-Fh and Ni-SRNOM-Fh
coprecipitate, and tracked Ni and Femineralogical change under reduc-
ing condition simulated with aqueous Fe(II). In the absence of Fe(II),
there was about 2% of pre-coprecipitated Ni released from Ni-Fh and
Ni-SRNOM-Fh into the aqueous phase, possibly due to the re-
equilibration in a new aqueous system (Fig. 4). The presence of 1 mM
Fe(II) increased the concentration of aqueous Ni in the first two hours,
about 14% of the coprecipitatedNiwas released fromNi-Fh. But the con-
centration of aqueous Ni dropped over longer reaction time, indicates
that the released Ni within the first two hours was resorbed by the
solid over time. After fourteen days, the presence of Fe(II) resulted in
even lower aqueous Ni concentration in the Ni-Fh experiment
(Table S3). Similar to Ni-Fh, Fe(II) also increased Ni release from Ni-
SRNOM-Fh in the early stage, but the resorption process was much
slower than Ni-Fh. After fourteen days, aqueous Ni concentration in-
creased by about 20 μM in the presence of Fe(II) (Table S4). The Ni re-
leased from Ni-SRNOM-Fh coprecipitate in the presence of Fe(II)
accounted for 7 ± 1% of the overall Ni pre-incorporated in the solids
(Fig. 4b). Similar amounts of Ni release have been observed for goethite
where ~8% of pre-incorporated Ni was released by reacting with Fe(II)
(Frierdich and Catalano, 2012).

To investigate the Ni stability in the solid phase, the mild extraction
at pH 3.0 was also applied to the experiments with Ni-Fh and Ni-
SRNOM-Fh. We found aqueous Fe(II) increased the stability of Ni in
Ni-Fh, as the fraction of extractable Ni decreased to 4.7% compared to
35.2% in the absence of Fe(II) (Table S3). Whereas in Ni-SRNOM-Fh,
other than an increased aqueous Ni concentration caused by Fe(II),

Fig. 2. X-ray diffraction pattern of different solids reacted with or without Fe(II). All the solids were collected with a 0.44 μM paper filter and characterized as wet on the filter. No
background subtractionwas conducted considering the less obvious diffraction of 2-line Fh. The bump around 30 degrees is related to the paper filter. Note: G=goethite,M=magnetite.
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there was no distinguishable Ni change in the solid phase between the
experiments with and without Fe(II) (Table S4 and Fig. S2). This differ-
ent effect on Ni stability between Ni-Fh and Ni-SRNOM-Fh is likely re-
lated to whether transformation to secondary minerals occurred or
not in the presence of Fe(II).

To track the transformation of Ni-Fh and Ni-SRNOM-Fh, we mea-
sured the samples reacted with or without Fe(II) over fourteen days
using XRD (Fig. 2). We found that reacting Ni-Fh with 1 mM Fe(II) re-
sulted in the formation of magnetite and goethite, similar to the exper-
iment with Fh with adsorbed Ni. This suggests neither coprecipitated
nor adsorbed Ni used under our conditions changes the species of sec-
ondary Fe minerals, although the ratio of secondary Fe minerals may
vary (Liu et al., 2016). In contrast to Ni-Fh, therewas nomeasurable sec-
ondary Fe mineral formed after reacting Ni-SRNOM-Fhwith Fe(II), sim-
ilar to what we observed with SRNOM-Fh. Compared to Ni, the
coprecipitated SRNOM has a stronger effect on the magnetic ordering
of Fh (Fig. S1) and is also shown to be more inhibitive on Fh

transformation. Even though there was no secondary mineral formed
after reacting Ni-SRNOM-Fh with Fe(II), Fe atom exchange between
aqueous Fe(II) and Fe(III) may occur and change the distribution of Ni
(Zhou et al., 2018; Frierdich et al., 2012).

To track the Fe atom movement between aqueous Fe(II) and Ni-
SRNOM-Fh, 57Fe was used to label aqueous Fe(II). We found 75% of Fe
(II) was adsorbed by Ni-SRNOM-Fh over fourteen days, higher than
the setup with SRNOM-Fh (55%, possibly due to the competition of
aqueous Ni). Fe isotope mixing in the experiment with Ni-SRNOM-Fh
was also faster than SRNOM-Fh, with 57Fe percent in aqueous Fe(II)
dropped from 97% to 19% in the first hour and approached the complete
isotope mixing value by one day (Table S6). This faster Fe isotope
mixing could be related to the higher extent of Fe(II) adsorption by
Ni-SRNOM-Fh (Tables S5 and S6) (Handler et al., 2014). In addition,
themineral structure in the initial Ni-SRNOM-Fhmaybecomemore dis-
ordered than SRNOM-Fh with the incorporation of Ni (Fig. S1), thus re-
duce the stability of Fe(III) and contribute to a faster Fe atom exchange
with aqueous Fe(II). It is interesting to note 57Fe percentage in the ex-
tracted Fe phase is slightly higher than aqueous Fe during Fe(II) reacting
with Ni-SRNOM-Fh (Fig. 4). One possible explanation is that the aque-
ous 57Fe(II) initially replaced some Ni that was bound with SRNOM,

Fig. 3. The 57Fe percent in aqueous Fe(II), extracted Fe and the residual Fe after reacting
1 mM 57Fe(II) with (a) SRNOM-Fh in the presence of 1 mM Ni, and (b) Ni-SRNOM-Fh.
Experimental condition: 10 mM PIPES buffer at pH 7.0, 10 mM Fe(III) from SRNOM-Fh
or Ni-SRNOM-Fh.

Fig. 4. The concentration of Ni that was released into the aqueous phase from (a) Ni-Fh
coprecipitate and (b) Ni-SRNOM-Fh coprecipitate with or without the presence of 1 mM
Fe(II) at 10 mM PIPES buffer (pH 7.0). The total Ni concentration was 460 μM in the Ni-
Fh system and 620 μM in the Ni-SRNOM-Fh system.
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this part of Fe(II)waswith a high 57Fe percent and sluggish to further Fe
atom exchange, thus increased the 57Fe percent in the extracted Fe
phase. The rapid increase in aqueous Ni concentration was consistent
with this hypothesis (Fig. 4b). In general, extensive Fe atom exchanged
between aqueous Fe(II) and Ni-SRNOM-Fh and caused some Ni stabili-
zation, but the extent of Ni stabilization was less obvious than Ni-Fh
where Fh was transformed by Fe(II) and Ni was extensively stabilized.

3.3. Inhibited Ni stabilization by NOM

We propose that coprecipitated SRNOM altered Fe(II)-catalyzed Fh
transformation pathway, which leads to the different Ni behavior
under reducing condition. For Fh and Ni-Fh, themineral transformation
was catalyzed by aqueous Fe(II), this Fe(II)-catalyzed Fh transformation
was a process coupled with Fe mineral dissolution and reprecipitation,
during which adsorbed Fe(II) transferred electrons to Fe(III) in Fh and
caused its reductive dissolution (Eickhoff et al., 2014; Boland et al.,
2014). With the dissolution of Fh, associated Ni could be released due
to the loss of sorption sites (Latta et al., 2012a), and that explains the
temporarily increased aqueous Ni concentration shown in Fig. 3a.
After transferring electrons to structural Fe(III), the adsorbed Fe(II)
was oxidized to Fe(III) and formed secondary Fe minerals (magnetite
and goethite in this study). During the formation of secondary Fe min-
erals, the coexisted Ni, or other trace metals with similar or smaller
atom radius as Fe(III), could replace structural Fe(III) in secondary Fe
minerals or be incorporated into the lattice space of secondary Fe min-
erals (Latta et al., 2012a; Frierdich et al., 2011). The resorption of Ni dur-
ing the formation of secondary Fe minerals observed in this study could
be partially explained by this mechanism. In addition, the incorporated
Ni should less suspect to acid extraction, and the pH 3.0 extraction con-
ducted in this study also found less Ni extractable from Fh and Ni-Fh
after reaction with Fe(II), supporting that Ni was partially incorporated
into the structure of secondary Fe minerals. Except for the structural in-
corporation, Ni re-adsorption by secondary Fe minerals may also con-
tribute to Ni resorption as newly formed goethite and magnetite may
offer available sites for Ni absorption or surface adsorption (Vu et al.,
2013; Ford et al., 1997). But note the surface area of secondary Fe min-
erals is much smaller compared to the nanosized Fh (Vu et al., 2013),
and Ni loading in this study was relatively high, as such Ni re-
adsorption by secondary Fe minerals may not fully account for the en-
hanced Ni removal in the presence of Fe(II).

With coprecipitated SRNOM, the Fe(II)-catalyzed Fh transformation
pathwaywas altered. As shown in our previous study and others (Chen
et al., 2015; Zhou et al., 2018), more Fh was preserved with the increas-
ing of C/Fe ratio until the transformationwas inhibited. Some associated
trace metals were also suggested to change the rate and extent of Fh
transformation (Liu et al., 2016). It is not surprising that no Fh transfor-
mation was observed in SRNOM-Fh and Ni-SRNOM-Fh coprecipitate
considering the high C/Fe ratio (1.2). But it is challenging to explain
the Ni release from Ni-SRNOM-Fh and the slightly increased residual
Ni in SRNOM-Fh during the reaction with Fe(II), especially with limited
information about Ni binding between SRNOM and Fh. Based on a re-
cent study of Ni adsorption to OM-Fh coprecipitate (Wang et al.,
2020), we estimated there was 70–80% of Ni directly bonded to Fh in
SRNOM-Fh. The percent of Fh bonded Ni may be even higher in Ni-
SRNOM-Fh. Ni that complexing or chelating with certain functional
groups in SRNOM, such as -COOH and -OH, can be replaced by Fe(II),
leading to the release of pre-associated Ni (Santschi et al., 1999). Aque-
ous Fe(II) can compete with Ni for the adsorption sites in SRNOM and
Fh, it also experienced redox reaction with Fh as suggested in our 57Fe
tracer study. During the extensive Fe atom exchange between aqueous
Fe(II) and structural Fe(III) in Ni-SRNOM-Fh or SRNOM-Fh, pre-
coprecipitated Ni or adsorbed Ni may slightly redistribute, which can
be supported by the release of pre-coprecipitated Ni and decreased ex-
tractable Ni (5%) in SRNOM-Fh. But please note the Ni stabilization in

this situation was less significant compared to Fh and Ni-Fh where sec-
ondary Fe minerals were formed.

4. Conclusion

Our results showed that coprecipitated NOM did not significantly
change Ni adsorption to Fh, but in the presence of Fe(II), the
coprecipitate NOM inhibited Fh transformation thus resulted in differ-
ent Ni fate in Fh with or without NOM. In Fh and Ni-Fh, Ni was incorpo-
rated into secondary Feminerals during Fe(II)-catalyzed transformation
and it's overall stability (as measured by resistance to mild acid extrac-
tion) increased which may make it less available to microbes or plants.
Fh transformation to secondary minerals was inhibited by NOM. How-
ever, we observed Fe isotope mixing between aqueous Fe(II) and Fe
(III) in SRNOM-Fh and Ni-SRNOM-Fh. This Fe atom mixing, however,
did not result in obvious Ni stabilization as we found in Fh and Ni-Fh.
In general, the presence of NOM limitedNi incorporating into secondary
Feminerals thatwith higher crystallinity and stability, andmaymake Fh
associated Ni less stable and more susceptible to pH variations in sedi-
ments or soils.
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