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Abstract

It is generally believed that clay minerals can protect organic matter from
degradation in redox active environments, but both biotic and abiotic factors can
influence the redox process and thus potentially change the clay-organic association.
However, the specific mechanisms involved in this process remain poorly understood.
In this study, a model organic compound, 12-Aminolauric acid (ALA) was selected to
intercalate into the structural interlayer of nontronite (an iron-rich smectite, NAu-2) to
form an ALA-intercalated NAu-2 composite (ALA-NAu-2). Shawanella putrefaciens
CN32 and sodium dithionite were used to reduce structural Fe(IIl) to Fe(Il) in NAu-2
and ALA-NAu-2. The bioreduced ALA-NAu-2 was subsequently re-oxidized by air.
The rates and extents of bioreduction and air re-oxidation were determined with wet
chemistry methods. ALA release from ALA-NAu-2 via the redox process was
monitored. Mineralogical changes after iron redox cycle were investigated with X-ray
diffraction, infrared spectroscopy, and scanning and transmission electron microscopy.
At the beginning stage of bioreduction, S putrefaciens CN32 reductively dissolved
small and poorly crystalline particles and released intercalated ALA, resulting a
positive correlation between ALA release and iron reduction extent (<12%). The
subsequent bioreduction (reduction extent from 12~30%) and complete air
re-oxidation showed no effect on ALA release. These results suggest that released
ALA was largely from small and poorly crystalline NAu-2 particles. In contrast to

bioreduction, chemical reduction did not exhibit any selectivity in reducing
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ALA-NAu-2 particles, and a considerable amount of reductive dissolution was
responsible for a large amount of ALA release (>80%). Because bacteria are the
principal agent for mediating redox process in natural environments, our results
demonstrated that the structural interlayer of smectite can serve as a potential shelter
to protect organic matter from oxidation.

Key words: nontronite, iron redox cycle, organic matter preservation
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INTRODUCTION

The largest carbon sinks on earth are the ocean and land ecosystems, which
absorb a half of the carbon dioxide emission produced by anthropogenic activities
(Houghton, 1996). Organic carbon is a highly dynamic carbon repository and its
turnover time has a major impact on carbon cycling. A large fraction of organic
carbon is associated with minerals, especially clay minerals, largely because of their
large surface area (Mayer, 1994a), diverse types of charges on surfaces and edges
(Hedges and Hare, 1987), pronounced cation exchange capacity in the expandable
interlayer region (Kennedy et al. 2002; Theng et al. 1986), and irregular
intra/inter-granular microstructures (Bock and Mayer, 2000). Association of organic
matter with clay minerals can significantly reduce its bioavailability and slow down
mineralization rate (Conant et al. 2011; Jones and Edwards, 1998; Keil et al. 1994a),
thus reducing the amount of CO, flux from the land to the atmosphere.

Abundant evidence has accumulated over the last few decades about the
relationship between clay minerals and organic matters in a wide range of
environments, such as seafloor sediments (Keil et al. 1994a), continental margin
(Mayer, 1999; Mayer, 1994b; Ransom et al. 1998), terrestrial soils (Kaiser and
Guggenberger, 2000; Mayer, 1994a), and sedimentary rocks (Kennedy et al. 2006;
Kennedy et al. 2002). Several mechanisms have been proposed to explain the
association between clay minerals and organic matter, such as external surface

adsorption via ligand or ion exchange, cation bridging, Van der Waals forcing
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(Arnarson and Keil, 2001; Bergamaschi et al. 1997; Kaiser and Guggenberger, 2000;
Keil et al. 1994b; Keil and Mayer, 2014; Kleber et al. 2014; Mayer, 1994a, b; Ransom
et al. 1998), and particle flocculation and aggregation(Bock and Mayer, 2000).
However, the fate of organic matter in the interlayer region of clay minerals has
received relatively little attention, possibly because it is difficult to accurately
characterize and quantify it (Keil and Mayer, 2014). However, several studies have
identified such intercalated organic matter in clay minerals, mostly through indirect
evidence (Kennedy et al, 2002; Theng et al, 1986). A recent study found that the
acidic interlayer sites of montmorillonite can promote thermal degradation of
interlayer organics (Yuan et al. 2012). Approximately 43 times more Ci_s
hydrocarbons were generated from the interlayer intercalated—organic matter than
from organic matter alone. Thus, it is likely that the interlayer region of clay minerals
is not only a potential storage space for stabilizing organic matter, but also plays an
important role in organic matter maturation and fossil fuel generation. Therefore, prior
to deep burial and diagenesis, these clay-organic matter associations may be subjected
to biotic and abiotic redox processes.

Most clay minerals contain variable amounts of structural iron, and the oxidation
state of structural iron affects their physical and chemical properties such as specific
surface area, basal spacing and degree of swelling, layer charge, cation exchange
capacity (Stucki, 2011; Stucki and Kostka, 2006), and their association with organic
matter (Zhang et al. 2007; Zhang et al. 2014). The cycling of iron valence state can be

achieved either biologically or chemically. To date, numerous studies have shown the
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112 important role of microbes in the iron redox cycle (Weber et al. 2006; Melton et al.,
113 2014). Recently, a wide variety of microorganisms isolated from diverse environments
114  have been used to either reduce or oxidize structural iron in clay minerals (Dong et al.
115  2009; Dong 2012; Pentrakova et al. 2013; Stucki and Kostka, 2006; Stucki 2011;
116  Zhao et al., 2015).

117 During the last decades, many studies have revealed that the biogeochemical
118 cycles of iron and organic carbon are strongly linked in various environments
119  (Jonhson et al. 1997; Kaiser and Guggenberger, 2000; Lalonde et al. 2012). These
120  authors found that reactive iron phases (such as iron oxides) can promote organic
121  carbon preservation through co-precipitation and/or direct chelation. Reductive
122 dissolution of such iron phases can release the associated organic carbon. Moreover,
123 several model experiments have studied the relationship between iron reduction and
124  organic carbon release from clay minerals. For example, Zhang et al. (2007) found
125  that organic compounds cysteine and toluene can be intercalated into the nontronite
126  interlayers, and microbial dissolution of its structural Fe(Ill) can partially release
127  these compounds, but the extent of release depends on the type of organic matter in
128  the interlayer. Most recently, Zhang et al. (2014) showed that reductive dissolution
129 mediated by a methanogen could partially release a model organic compound.
130  However, it remains unclear if a similar mechanism operates by other bacteria such as
131  dissimilatory iron-reducing bacteria. The physiological difference between
132 methanogen and iron-reducing bacteria may be important to the release and the fate of

133 ALA. A systematic comparison of the effects of biological vs. chemical reduction on
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clay structural alterations and organic matter release mechanism is also lacking. The

stability of clay-associated organic compound against a complete iron redox cycle (e.g.

reduction followed by oxidation) is currently unknown. Furthermore, the impact of
organic matter on clay structural and mineral transformation is poorly understood.

To achieve these goals, a model organic compound, 12-Aminolauric acid (ALA)
was intercalated into the interlayer of an iron-rich smectite, nontronite (NAu-2), to
synthesize an organoclay ALA-NAu-2. The choice of nontronite was to facilitate a
mechanistic understanding of Fe redox process and its impact on organic compound
stability within the mineral. A well-studied dissimilatory iron reducing bacterium
(DIRB) Shawanella putrefaciens CN32 and sodium dithionite were used as a
biological and a chemical reducing agent, respectively. After the intercalation of ALA
into the nontronite interlayer, the resulting organoclay was subjected to bioreduction
by S putrefaciens CN32 and air re-oxidation to assess the effects of iron redox
cycling on ALA preservation within the nontronite structure. Various geochemical and
mineralogical methods were used to examine the reaction progress, ALA release, and
mineralogical changes. Our results demonstrated that the release pattern of ALA from
the nontronite interlayer was dependent on the Fe(Ill) reduction mechanism.
Reductive dissolution of small and poorly crystalline particles as triggered by
bioreduction resulted in ALA release at the beginning, but subsequent reduction of
structural Fe(Ill) from larger and more crystalline particles did not further release
ALA. In contrast, chemical reduction largely destroyed the nontronite structure and

resulted in a nearly complete release of ALA.
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MATERIALSAND METHODS
Clay mineral preparation

Nontronite (NAu-2) was purchased from the Source Clays Repository of the Clay
Minerals Society (West Lafayette, IN). The formula of NAu-2 was
(Ko.01Nag30Ca0.15)(Alp.ssFe’ 3 27Fe 0.06Mgo.12)(Siz.s7Aly.15Fe’ 0.25)020(OH)s (Keeling et
al. 2000). The bulk sample was manually ground and soaked in 0.5 N NaCl solution
for 24 hrs with constant stirring. A specific size fraction (0.02-0.5 pm) was collected
by repeated centrifugation and washing with doubly distilled water. The cation
exchange capacity of this fraction was 697.1 (£73.4) meq/kg, as previously
determined using the NH;" exchange method (Jaisi et al. 2008b). The removal of
excess chlorine anion was confirmed with the AgNO; test. Our XRD analysis
confirmed our previous studies (Jaisi et al. 2005; Yang et al. 2012; Zhao et al. 2015) in

showing that this size fraction consisted of pure nontronite without any iron oxides.

Synthesis of organo-clay composite

12-Aminolauric acid (ALA) [NH,(CH;);;COOH] was chosen as a model organic
compound. ALA is a non-conductive molecule and very stable in neutral environment.
The isoelectric point of ALA is about 2. ALA is not an effective carbon source for
Shewanella species. In this study, ALA was chosen based on two reasons. First, it
contains both carboxyl groups and alkyl chains with moderate carbon numbers, which
are typical of natural organics associated with clay minerals (Wattel-Koekkoek et al.

2011). Second, the aminopropyl group (-NH;) of ALA is readily transformed to
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protonated amino group (-NH;") in acidic solution, and therefore, it can be
intercalated into the NAu-2 interlayer via cation exchange.

Before the ALA intercalation experiment, five grams of the prepared NAu-2 size
fraction were placed in a clean beaker and stirred with 500 ml deionized water
overnight to allow complete dispersion of the NAu-2 slurry. An ALA solution was
made with a concentration approximately twice the cation exchange capacity (CEC)
of the prepared NAu-2. Before its addition to the NAu-2 solution, ALA was
protonated by mixing with HCI solution (0.07 N; pH=1.14) at 80°C. The protonation
reaction was considered complete when the ALA solution became clear. The NAu-2
and ALA solutions were then mixed and stirred vigorously for 30 minutes in an 80°C
water bath (pH=4.5). The synthesized organo-NAu-2 complex (termed as
ALA-NAu-2 hereafter) was collected by repeated centrifugation and washing with

80°C double distilled water (five times) to remove any free and weakly sorbed ALA.

Biological reduction and air re-oxidation experiments

Shawanella putrefaciens strain CN32 was isolated from an anaerobic subsurface
core sample (250 m beneath the surface) obtained from the Morrison Formation in
northwestern New Mexico (Fredrickson et al, 1998). CN32 cells were routinely
cultured in tryptic soy broth (TSB) aerobically from the stock culture, which was kept
in 40% glycerol at -80°C. The cells of the exponential growth phase were harvested,
washed with sterilized bicarbonate buffer (2.5 g/L reagent grade NaHCO3) three times

to completely remove any residual TSB, and re-suspended in sterilized bicarbonate
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buffer for inoculation.

Both NAu-2 and ALA-NAu-2 were made into slurries (final conc. 5 g/L) with
bicarbonate buffer (2.5 g/L reagent grade NaHCOs). Bioreduction experiments were
conducted in serum bottles sealed with rubber stoppers and aluminum caps after the
clay slurries were purged with N,:CO; (80:20) (clay suspension volume 80 ml, total
volume of the bottles 120 ml). After autoclaving, filter-sterilized lactate was injected
to serve as the sole electron donor with a final concentration 10 mM. In selected
groups, sterilized anthraquinone-2,6-disulfonate (AQDS) was added as an electron
shuttling compound to facilitate the electron transfer (final conc. 0.1 mM). Finally
bicarbonate-washed CN32 cells were injected into the serum bottles to achieve a cell
concentration of 10* cells/ml (acridine orange direct count, AODC). Both the NAu-2
and ALA-NAu-2 experiments consisted of three groups: a). Abiotic control group
containing lactate and AQDS but without cells; b). Experimental group 1 containing
lactate and CN32 cells without AQDS; ¢). Experimental group 2 containing lactate
and CN32 cells but with AQDS. All treatments were performed in duplicates. The
serum bottles were incubated at 37°C with constant shaking to prevent solid
precipitation.

Although the microbial Fe(Ill) reduction activity ceased in 10 days, the
subsequent re-oxidation experiment was not commenced until 30 days. In an
anaerobic glove box filled with 95% N, and 5% H, (Coy Laboratory Products, Grass
Lake, MI, USA), the bioreduced clay suspensions in the serum bottles were
pasteurized in a water bath (80°C, 3 times each at 30 mins) followed by transfer to

10
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27-mL Balch tubes (final clay suspension volume 15 ml) without any washing in
order to protect the integrity of the clay particles. To avoid evaporation during the
re-oxidation process, the Balch tubes were sealed with rubber stoppers but with two
needles inserted into it. One needle was used as an air inlet and the other as a vent.
Re-oxidation of the reduced clay fractions was started by constantly bubbling air

through the needle and continued for 10 days.

Chemical reduction and air re-oxidation experiments

In order to compare the reduction kinetics and ALA release patterns between
biotic and abiotic reduction, ALA-NAu-2 was also chemically reduced using sodium
dithionite (Stucki et al. 1996). To achieve different Fe(Ill) reduction extents, six
different sodium dithionite/mineral ratios (from 0.5:1 to 8:1) were used in the
reduction experiments. The reduction procedure was the same as the bioreduction
experiment except that sodium dithionite replaced CN32 cells without lactate and

AQDS.

Analytical methods

Chemical analyses. To monitor the progress of Fe(IIl) reduction and Fe(II) oxidation
in NAu-2 and ALA-NAu-2, the total Fe(Il) concentration was measured with the
1,10-phenanthroline method (Amonette and Templeton, 1998). At selected time points,
0.2 ml homogenized clay slurry was sampled with an anoxic and sterile syringe
followed by the Fe(Il) measurement. To detect any reductive dissolution of NAu-2

11
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and ALA-NAu-2 after the Fe redox cycle, those samples from the beginning and the
end of reduction and re-oxidation experiments were also measured for aqueous
concentrations of Fe, Al, and Si. Approximately 5 ml of homogenized clay slurries
were sampled and centrifuged inside an anaerobic glove box. Aqueous Fe, Al, and Si
concentrations in the supernatants were measured with inductively coupled plasma

optical emission spectrophotometry (ICP—OES) (Agilent Technologies 700 Series).
P P p try g g

X-ray diffraction (XRD). XRD was performed to detect mineralogical changes of
both NAu-2 and ALA-NAu-2 after reduction and re-oxidation. Approximately 0.5 ml
clay slurries were sampled and smeared onto petrographic glass slides and dried
overnight in an anaerobic glove box. Samples were also treated with ethylene glycol
(EG) in order to distinguish between smectite and illite. XRD patterns were obtained
with a Rigaku Smart lab X-ray powder diffractometer using CuKoa radiation,
rotating-anode generator, and a power of 8500 W (200 kV, 45 mA). The samples were
scanned from 2 to 15° 2-theta stepping at 0.02 with a count time of 1s per step.

For modeling of the diffraction peaks, a Gauss peak-fitting method was applied to
selected XRD patterns with the Origin 8.5 program. The fitting region was between 3°
to 12° to ensure that the whole peak area was covered. A multi peak fitting method

was applied to automatically detect and deconvolute overlapping peaks.

Fourier transform infrared spectroscopy (FTIR). In order to confirm ALA
intercalation into the interlayer of NAu-2 and to detect any change of chemical

12
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bonding of ALA and ALA-NAu-2 after the iron redox cycle, unreduced, reduced, and
re-oxidized NAu-2 and ALA-NAu-2 were prepared for FTIR analysis in the
mid-infrared region. In an anaerobic glove box, 0.4 ml clay slurry was sampled from
the sample serum bottle followed by centrifugation to acquire a pellet. After washing
with anoxic distilled water (3 times), the clay pellet was allowed to dry inside an
anaerobic glove box for over 24 hrs. Subsequently, two milligrams of the dried clay
pellet were manually mixed with 200 mg KBr and pressed into discs. The samples
were immediately analyzed in the diffuse reflectance mode using a Perkin-Elmer
Frontier Infrared Spectrometer. Fifty scans over the range 400-4000 cm™ with a
spectral resolution of 4 cm™ were accumulated for each spectrum. The Origin 8.5

program was applied to calculate the specific peak areas.

Total organic carbon (TOC) measurement. Time-course TOC measurement was
made to monitor its release due to Fe reduction and re-oxidation. Approximately six
milliliters of homogenized clay slurry were sampled inside a glove box and washed
with anoxic DI water (3 times). After drying, TOC content was measured using an

Analytik-jena multi series analyzer with a furnace temperature of 1000°C.

Scanning electron microscopy (SEM). To further detect mineralogical changes of
NAu-2 and ALA-NAu-2 after the iron redox cycle, these clay minerals were observed
under SEM. Clay suspensions were mounted on glass cover slips and fixed with a
mixture of 2% paraformaldehyde and 2.5% glutaraldehyde. These sample-containing

13
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cover slips were then sequentially dehydrated in varying proportions of ethanol
followed by critical point drying with a Quorum K850 Critical Point Dryer (CPD)
(Dong et al., 2003). After drying, the sample-coated cover slips were mounted on
SEM stubs and Pt-coated with Quorum SC7620 Sputter Coater for SEM observations.
A Zeiss Supra 55 SAPPHIRE SEM with Genesis 2000 X-ray energy dispersive
spectroscopy (SEM/EDS) was employed for morphological observation and chemical
analysis. The SEM was operated at an accelerating voltage of 8-15 kV. A working
distance (15 mm) and low beam current (30-40 pA) were used to achieve the best

image resolution. A higher beam current (50-70 pA) was used for qualitative EDS.

Transmission electron microscopy (TEM). To further confirm ALA intercalation
into the interlayer of NAu-2 and to detect any mineralogical change after the Fe redox
cycle, TEM observations were made. Clay slurries were diluted by a factor of 50, and
pipetted onto 300 mesh copper grids with carbon-coated nitrocellulose membrane.
The grids were allowed to dry overnight inside an anaerobic glove box. TEM imaging
and analysis were performed with a JEOL JEM-2100 LaB6 TEM/STEM with a 200
keV accelerating voltage. The bright-field imaging mode (TEM BF) was used to study
the morphology of clay particles. TEM images were recorded using a Gatan Orius
SC200D camera attached on a Gatan 863 Tridiem GIF Post-Column Energy Filter

EELS/EFTEM (Gatan Image Filter).

RESULTS

14
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Characterization of ALA-NAu-2

Physical and chemical characteristics. In comparison with NAu-2, ALA-NAu-2
became fluffy in texture and light green in color. When NAu-2 and ALA-NAu-2 were
made into slurries and stirred for 24 hrs, the former turned into a homogeneous
colloidal suspension (Fig. 1A, left), whereas the latter settled down in a few minutes
(Fig. 1A, right). This physical difference between NAu-2 and ALA-NAu-2 suggested
an association of ALA with NAu-2. SEM images did not exhibit any obvious
morphological difference between NAu-2 and ALA-NAu-2 (Fig. 1 B & C). Particles
in both NAu-2 and ALA-NAu-2 showed a flaky texture with a low Al/Si ratio (Fig. 1
D & E). The carbon content was higher in ALA-NAu-2 than in NAu-2, again
suggesting an association of ALA with NAu-2. The total iron content decreased from
23.9% in NAu-2 to 19.9% in ALA-NAu-2, of which 99% was Fe(Ill). In contrast,
total organic carbon (TOC) content increased from 0.97% in NAu-2 to 6% in

ALA-NAu-2.

XRD and FTIR. XRD and FTIR results further indicated that ALA was intercalated
into the interlayer region of NAu-2. For the air-dried samples, the d(001) spacing
increased from 12.33 A for NAu-2 to 17.10 A for ALA-NAu-2 (Fig. 2 A & B). In
addition, the d(001) peak was broader in ALA-NAu-2 than the same peak in NAu-2,
suggesting that the intercalation of ALA into the interlayer region of NAu-2 may have
decreased crystallinity and/or particle size of NAu-2, consistent with a previous
observation (Liu et al. 2011).
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To further confirm that the d(001) layer expansion was due to the intercalation of
ALA, FTIR spectroscopy was performed on ALA-NAu-2 and a mechanical mixture
of ALA and NAu-2 (in the same ratio as that used for ALA-NAu-2 synthesis, termed
as ALA+NAu-2). Almost all the characteristic absorption bands of ALA were present
in ALA+NAu-2, but only a subset of ALA bands were visible in ALA-NAu-2 with
some minor shifts in wave number (Fig. 3), suggesting that the ALA and NAu-2
association in ALA-NAu-2 was via interlayer intercalation, not due to physical
mixing.

Specifically, the broad H-OH stretching band for the molecular water in the
interlayer region of NAu-2 became weaker in the ALA-NAu-2 (Fig. 3A, a & d
centered at 3426 cm'l), suggesting a partial replacement of adsorbed interlayer water
by intercalated ALA (Katti et al. 2006). A sharp N-H stretching band at 3236 cm™ that
was clearly observed in pure ALA became invisible in ALA-NAu-2, possibly because
this small band may be buried under a broad H-OH hydrogen bonded water
(3500-3200 cm'l) (Fig. 3A, b &d) (Neumann et al. 2011; Sikdar et al. 2008).

Two sharp absorption bands at 2923 and 2851 were observed for pure ALA and
they were assigned to C-H asymmetric and symmetric stretching, respectively (Fig.
3B, b) (Katti et al. 2006; Sikdar et al. 2008). In ALA+NAu-2, these two bands stayed
at the same positions (Fig. 3B, c). However, in ALA-NAu-2, these absorption bands
became weaker and broader, and shifted slightly to higher wave numbers (from 2923
to 2930, 2851 to 2855, respectively) (Fig. 3B, d). It has been reported that the
orientation of intercalated ALA in smectite should be flat and parallel to the smectite

16

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/27



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5410

layer (Katti et al. 2008; Sikdar et al. 2006a). Thus, the interaction of oriented ALA in
the interlayer space of NAu-2 with the tetrahedral layers above and below might have
caused these wave number shifts (Katti et al. 2006; Sikdar et al. 2006a).

In the 1700-1550 cm™ region, the broad absorption peak at 1633 cm™ was
assigned to the O-H deformation in NAu-2 (Fig. 3D, a) (Katti et al. 2006; Sikdar et al.
2008). A sharp absorption band at 1637 cm™ was observed for pure ALA that could be
assigned to a combination of O-H deformation and N-H bending (Fig. 3D, b) (Katti et
al. 2006). In ALA + NAu-2, these two bands were superimposed to produce a broad
peak centered at 1642 (Fig. 3D, ¢). In ALA-NAu-2, this composite band became even
broader and its center shifted to 1627 cm™ (Fig. 3D, d). This shift can be attributed to
the electrostatic interaction of the functional groups of ALA with the surface oxygen
of the Si-O, tetrahedra present above and below the NAu-2 interlayer. The broad peak
shape may be a result of the replacement of interlayer water in NAu-2 by ALA,
further confirming the intercalation of ALA (Katti et al. 2006; Sikdar et al. 2006a;
Sikdar et al. 2008).

In pure ALA solid, the carboxyl functional group should remain in dissociated
form (R-COOQO) and therefore gave rise to the asymmetric and symmetric stretching
bands at 1514 and 1396 cm ', respectively (Fig. 3E, b) (Katti et al. 2006; Sikdar et al.
2008). During the intercalation process, ALA was protonated in aqueous solution, and
the COO™ group was converted to the COOH group, which appeared to cause the
emergence of a carbonyl absorption band (C=0) (e.g. 1711 cm™) (Katti et al. 2006).
Thus, the protonation of COO™ to COOH in ALA-NAu-2 resulted in disappearance of
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1514 and 1396 cm™ (Fig. 3E, d) and emergence of an absorption band at 1711 cm’

(Fig. 3C, d).

Microbial reduction of structural Fe(l11) and air re-oxidation of biogenic Fe(ll)
in NAu-2 and ALA-NAu-2

Reduction rate and extent. Within the experimental time frame (32 days), no
reduction was observed in the abiotic control groups (Fig. 4). S putrefaciens CN32
cells were able to reduce structural Fe(III) in both NAu-2 and ALA-NAu-2, but there
were differences in the rate and extent of bioreduction. In the absence of AQDS, the
bioreduction was complete within 32 days, with the final reduction extents of 16.8%
and 15.1%, and the initial rates of 2.11x10™* mM/h and 0.96x10* mM/h, for NAu-2
(Fig. 4A) and ALA-NAu-2 (Fig. 4B), respectively. A “stagnant phase” was observed
in the ALA-NAu-2 group (day 5 to 12), when bioreduction apparently stopped (Fig.
4B). This “stagnant phase” was also observed in bioreduction of ALA-NAu-2 by
methanogens (Zhang et al. 2014).

The presence of AQDS significantly increased both the rate and extent of
bioreduction. Both NAu-2 and ALA-NAu-2 reached a similar extent of reduction by
the end of 32 days (25.0% and 26.0%, respectively), but with different rates. Within
the first 36 hrs, the average reduction rate was 0.081 mM/h for NAu-2, but only 0.043
mM/h for ALA-NAu-2. The highest rate during this time period (from 12 to 24 hrs)
was 0.145 mM/h for NAu-2 but only 0.068 mM/h for ALA-NAu-2. These rates were
almost 3 orders of magnitudes higher than those in the absence of AQDS. A “stagnant
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phase” was also observed for ALA-NAu-2 around 4-5 days (Fig. 4B).

Bioreduced NAu-2 and ALA-NAu-2 exhibited a similar re-oxidation behavior.
The majority of the biogenic Fe(Il) (about 60%) was rapidly re-oxidized within the
first 4 hrs (Fig. 5), which was consistent with a previous study (Yang et al. 2012). The
fastest oxidation occurred within the first 2 hrs with rates of 1.57 mM/h and 1.19
mM/h for NAu-2 and ALA-NAu-2, respectively. The re-oxidation experiments ceased
by the end of 12 hrs, but they were allowed to continue until 240 hrs to ensure
complete re-oxidation. The final Fe(Il)/Fe(Ill) ratio in ALA-NAu-2 was slightly

higher than that in NAu-2 (4.7% and 3.3%, respectively).

ALA release. During the redox cycle, TOC content in the abiotic control groups of
both NAu-2 and ALA-NAu-2 remained the same throughout the complete reduction
(0-32 days) and oxidation (32-40 days) cycle, 6% for ALA-NAu-2 and 0.97% for
NAu-2 (Fig. 6A). This constant TOC content suggested that the intercalated ALA in
the interlayer of NAu-2 remained stable throughout the redox cycle. A small amount
of TOC in original NAu-2 has been reported previously (Jaisi et al. 2005) and its
stability over the redox cycle suggested that it was not used by any microbial activity.
Bioreduction of structural Fe(IIl) in ALA-NAu-2 released a small amount of ALA in
the first 2 days (TOC decrease from 6% to 5%), however no further release was
detected afterwards (Fig. 6A). This TOC release pattern did not correspond to the
bioreduction pattern (Fig. 4). For example, for the experimental group with AQDS,
TOC content did not decrease any further after 2 days, even when microbial reduction
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of Fe(Ill) was still rapid (compare Figs. 4B & Fig. 6A). The experimental group
without AQDS followed the same pattern. At the end of the bioreduction, the final
TOC content in ALA-NAu-2 was essentially the same regardless of the presence or
absence of AQDS.

Subsequent air re-oxidation of Fe(Il) in ALA-NAu-2 did not further release any
ALA, as evidenced by a constant TOC content throughout the experimental duration
for both abiotic control and experimental groups (dashed lines in Fig. 6A). Thus, a
positive correlation (1°=0.87) between TOC and ferrous iron content was only found
when the bioreduction extent was low (<12%, Fig. 7). This correlation broke down

when the extent of reduction was higher than 12%.

Aqueous cation concentrations. Aqueous concentrations of Al, Fe, and Si increased
from the abiotic control to the bioreduced to the re-oxidized samples (Table 1),
suggesting that a small amount of reductive and oxidative dissolution occurred as a

result of iron redox cycle.

Sructural changes detected by FTIR. Upon the reduction-oxidation cycle of Fe in
ALA-NAu-2, the characteristic absorption bands of AL A did not shift in wave number,
but increased in peak area. Specifically, the C-H asymmetric and symmetric stretching
bands at ~2930 and ~2855 cm™ (Fig. 3B, f & g), the C=O stretching band at ~1711
cm’ (Fig. 3C, f & g), the N-H bending band at ~1627 cm’ (Fig. 3D, f & g) and the
CO-H bending band at ~1470 cm™'(Fig. 3E, f & g) all stayed at the same positions but
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became sharper after the redox cycle. The peak areas of these characteristic bands
increased after the bioreduction and air re-oxidation cycle (Table 2). In addition, the
N-H stretching band at 3287 cm™', which was barely visible in ALA-NAu-2 (Fig. 3A,
d), became distinct after the redox cycle (Fig. 3A, f & g).

Furthermore, the R-COO™ asymmetric and symmetric stretching bands at 1514
and 1396 cm™ became slightly more prominent in the redox-cycled samples relative
to the unreduced ALA-NAu-2 (Fig. 3E, d, f & g), suggesting that a small amount of

released ALA might have re-adsorbed onto NAu-2 particle surfaces.

Mineralogical changes detected by XRD results. Both air-dried and
ethylene-glycolated samples were examined with XRD to detect mineralogical
changes after bioreduction of Fe(Ill) and air re-oxidation of Fe(Il) in NAu-2 and
ALA-NAu-2. Because ethylene glycol would expand the interlayer of all samples
(Both ALA-NAu-2 and NAu-2) to the same spacing, air dried samples were used for
interpreting the intercalation effect of ALA. To promote possible mineralogical
changes, the bioreduced NAu-2 and ALA-NAu-2 samples were incubated under the
same condition for additional 60 days after cessation of bioreduction. The air
re-oxidized samples were analyzed as soon as the re-oxidation experiments were
complete (i.e. after 10 days).

For the air-dried samples, the (001) peak remained at the same position (~17 A,
26=5.20°) but became sharper after bioreduction of Fe(IlT) in ALA-NAu-2 (Fig. 2C &
D), suggesting little release of ALA from the NAu-2 interlayer. In addition to this
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main peak, a small shoulder appeared at around 12.9 A (20=6.88°) for the bioreduced
ALA-NAu-2 sample, which was similar to the d(001) spacing of NAu-2 (Fig. 2A).
This newly emerged shoulder was slightly more intense in the AQDS-treated sample
than in the one without AQDS. A deconvolution of this broad “double peak” in the
XRD pattern for the bioreduced ALA-NAu-2 sample (with AQDS) quantified an
ALA-NAu-2/NAu-2 weight ratio of 4.29:1 (Fig. 8). This ratio suggested that 18.6% of
the ALA-NAu-2 converted back to regular NAu-2 after a bioreduction-triggered loss
of ALA from the interlayer of NAu-2. This amount was similar to a total of 20% ALA
release from NAu-2, as determined from TOC analysis (Fig. 6A).

The small shoulder at 12.9 A disappeared after air re-oxidation of ALA-NAu-2
with or without AQDS (Fig. 2E), and the (001) peak at 17 A became even sharper
after air re-oxidation. After the ethylene glycol treatment of ALA-NAu-2, the small

shoulder disappeared and the (001) peak at 17 A became even sharper (Appendix 1)

Mineralogical changes as evidenced by SEM and TEM observations.
Bioreduction of structural Fe(IIl) in NAu-2 apparently broke NAu-2 into particles to
form a net-like morphology with a lower amount of Fe relative to unreduced NAu-2
(Fig. 9A). Similarly, after bioreduction of structural Fe(Ill) in ALA-NAu-2, many
dissolution pits appeared on some plate-shaped particles, forming a net-like
morphology (Fig. 9B). Some particles were broken to form a lamella or even a
filament-like texture. SEM/EDS analyses revealed that the platy particles contained
higher amounts of iron and carbon (point b2 on Fig. 9B) than the ones with a net or
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lamella-like morphology (point b1 on Fig. 9B).

Some particles in bioreduced ALA-NAu-2 exhibited a smooth surface and
plate-like morphology, and EDS analysis identified them as albite (point c2 on Fig.
9C). The albite appeared to be connected to some residual iron-deficient nontronite
flakes (point c1 on Fig. 9C). However, XRD did not detect any albite, possibly due to
a low amount. Silica aggregates also appeared in bioreduced NAu-2 (data not shown)
and ALA-NAu-2 (Fig. 9D).

In the air re-oxidized ALA-NAu-2, lamella- and filament-shaped particles that
were observed in bioreduced ALA-NAu-2 disappeared. Those net-shaped flakes
which were ubiquitous in bioreduced samples (Fig. 9B) were not common any more.
Residual plate-shaped particles appeared to form large aggregates after air
re-oxidation (Fig. 9E). The chemical composition of these aggregates (point e1) was
similar to that of unreduced ALA-NAu-2 (data not shown). In addition, a few
carbon-rich particles occurred within clay aggregates (Fig. 9F).

Elemental mapping of carbon in a typical plate-like bioreduced NAu-2 particle
showed an uneven carbon distribution. Relative to a uniform distribution of carbon in
the abiotic control group (Fig. 10A), local depletion and enrichment of carbon was
apparent for bioreduced ALA-NAu-2 (Fig. 10B). Similar depletion and enrichment of
carbon was also observed for air-reoxidized sample. This heterogeneous distribution
of carbon suggests that carbon was re-distributed as a result of bioreduction and air
re-oxidation.

TEM data provided additional evidence for mineralogical changes. In unreduced
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NAu-2, the dominated d(001) spacing was 1.1-1.2 nm (Fig. 11A). After ALA
intercalation into the interlayer NAu-2, the d(001) spacing increased to 1.5 nm
(Fig.11B). However, this spacing was smaller than 17.1 A as observed in XRD pattern
(Fig. 2B), likely due to nontronite layer collapse inside the high vacuum of TEM. In
bioreduced ALA-NAu-2, two kinds of d(001) spacings, 1.5 nm and 1.1 nm (Fig.11C),
were commonly observed. These two types of spacings corresponded to the “double
peaks” in the XRD profile, e.g., 17.10 and 12.33 A (Fig. 2C & D) but with smaller
values due to layer collapse. The carbon content in the 1.5 nm fringes was much
higher than that in the 1.1 nm fringes (Fig.11 C), suggesting that the 1.1 nm fringes

were residual NAu-2 layers after ALA loss.

Chemical reduction of structural Fe(l11) in NAu-2 and ALA-NAu-2

Reduction rate and extent.

Different reduction extents (~28% to ~80%) were achieved by using different sodium
dithionite to NAu-2 ratios. In contrast to bioreduction, chemical reduction was rapid

and the maximum extent of reduction was reached within 2 hrs with a similar extent

and rate for NAu-2 and ALA-NAu-2 (Appendix 2).

ALA release. In comparison to the bioreduced ALA-NAu-2, a different TOC release
pattern was observed for chemically reduced sample. A reduction extent of 28.6%
(similar to the final bioreduction extent) triggered a significant amount of TOC release
(Fig. 6B). The measured amount of ALA release was not directly correlated with the
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reduction extent.

Aqueous concentrations. In contrast to bioreduction, aqueous concentrations of Al,
Fe, and Si in chemically reduced ALA-NAu-2 suspensions were almost two orders of
magnitude higher than those for the bioreduced samples (Table 1). These

concentrations increased with reduction extent.

Sructural changes detected by FTIR. Unlike bioreduced ALA-NAu-2 where
characteristic absorption bands did not show any significant changes in wave number,
chemical reduction of ALA-NAu-2 led to significant changes in both band position
and intensity. Regardless of the reduction extent, chemical reduction of Fe(Ill) in
ALA-NAu-2 shifted the C-H asymmetric and symmetric stretching bands back to
their original positions as in pure ALA (e.g. from 2930 to 2923 cm’™, 2855 to 2851
cm™) with greatly decreased band intensities (Fig. 3B, i; Table. 2; data not shown for
higher extents). Similar observation was made for the N-H bending band, where the
peak shifted from 1633 to 1642 cm™ with a decreased intensity (Fig. 3D, i; Table. 2).
In addition, the C=O stretching band at 1711 cm’ that was characteristic of
intercalated ALA-NAu-2 disappeared after chemical reduction (Fig. 3C, i; Table. 2),
again regardless of the reduction extent. The absorption peak at 1470 cm™ (CO-H
bending) became nearly invisible (Fig. 3E, i; Table. 2). The asymmetric and
symmetric stretching bands of R-COO" at 1514 and 1396 cm ™' became hardly visible,
suggesting that the released ALA might not be able to re-adsorb on NAu-2 particle
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surfaces in such a short amount of time. As expected, chemically reduced NAu-2

exhibited similar patterns as in unreduced NAu-2 (Fig. 3A-E, h).

Mineralogical changes detected by XRD results. In contrast to bioreduction,
chemical reduction of structural Fe(Ill) in ALA-NAu-2 resulted in a decrease in both
the intensity and the spacing of the d(001) peak from 17 A to 12.6 A (Fig. 2F & G ).
The 12.6 A spacing was the nearly the same as that for the unreduced NAu-2 (Fig.
2A). These data are consistent with a nearly complete loss of ALA from NAu-2 upon

chemical reduction.

Mineralogical changes detected by SEM observations. Consistent with the TOC,
XRD, and FTIR results, SEM images for chemically reduced ALA-NAu-2 were
drastically different from those for the bioreduced ALA-NAu-2. Particles with rose-
and net-like morphologies were more common in chemically reduced samples, even
at the same reduction extent as in bioreduction (e.g. 28.6%, Fig. 9G). In samples with
a high reduction extent (>80%), dissolution pits were ubiquitous (Fig. 9H) and
partially dissolved particles tended to aggregate to form large networks. The contents
of iron and carbon decreased with increased reduction extents (Point g1 and h1 on Fig.

9G and 9H, respectively).

DISCUSSION
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Contrasting effects of interlayer ALA on biological and chemical reduction of
structural iron in nontronite

A previous study systematically investigated the interaction mechanism between
ALA and a Na-montmorillonite at the molecular level (Katti et al. 2006) and
concluded that ALA entry into the montmorillonite interlayer expanded the interlayer
spacing. The orientation of ALA in the interlayer was parallel to the layers. Both the
functional groups and the backbone chain of ALA exhibited a strong interaction with
adjacent tetrahedral sheets above and below the intercalated interlayer, and thus
significantly promoted particle aggregation. Our FTIR and XRD data are consistent
with this study, showing that ALA intercalation into the interlayer of NAu-2
significantly expanded the d(001) spacing. By substituting the interlayer Na" and
molecular water, the intercalated ALA could have reduced the hydrophilicity of the
NAu-2, and thus promoted particle aggregation (Fig. 1) (Sikdar et al. 2006a; 2006b;
2008).

This structural configuration of ALA in the interlayer of NAu-2 would have
important implications for the electron transfer process. Previous studies suggested
that electron transfer to structural Fe(IIl) in clay minerals can occur both parallel and
perpendicular to basal planes (Dong et al. 2009; Neumann et al. 2013). Under this
scenario, any mechanism that alters the interlayer region would affect the electron
transfer pathway. For example, electron shuttling compounds such as AQDS can
facilitate the electron transfer process because it can possibly enter the interlayer
region (Bishop et al. 2011; Zhang et al. 2013). According to the same logic, the
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substitution of Na” and Ca*" cations by ALA in the interlayer is expected to hinder the
electron transfer pathway because ALA is larger than these cations. In addition, the
hydrophobic and aggregated nature of ALA-intercalated NAu-2 (Fig. 1) would be
unfavorable for electron transfer as well. Furthermore, the released ALA from the
NAu-2 interlayer at the beginning of bioreduction could further hinder electron
transfer via adsorption onto NAu-2 particle surfaces. Likewise, released ALA
molecule may coat cell surfaces, which can inhibit microbial activity as well (Choi et
al. 2008). These interactions work together to create an unfavorable environment for
electron transfer, even with the help of hydrophilic electron shuttling compounds such
as AQDS, because these compounds may not be able to enter the already congested
interlayer region and/or remove ALA from NAu-2 and cell surfaces. However, the
expansion of the interlayer spacing of NAu-2 by intercalated ALA should facilitate
electron transfer and thus would increase the reduction rate and extent. Our data
suggest that the inhibitory effect of the intercalated ALA was more important than the
facilitation effect at the beginning of the bioreduction experiments and may have been
responsible for the lower initial reduction rate of ALA-NAu-2 relative to NAu-2.
However, the facilitation effect may become important over longer incubation time
and eventually the inhibitory and facilitation effects may have canceled out with each
other, resulting in no difference in the ultimate reduction extent between ALA and
ALA-NAu-2 (Fig. 4).

Our current results were significantly different from our early data by Zhang et al.
(2014). During a study of Fe(Ill) bioreduction by a methanogen Methanosarcina
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mazel , Zhang et al. (2014) showed that ALA decreased both the rate and extent of
Fe(Il) bioreduction, apparently because ALA blocked the electron transfer pathway,
even in the presence of AQDS. However, our results here did not show any inhibition
effect of ALA, even in the absence of AQDS. These results collectively demonstrate
that electron transfer pathway is dependent on both the mineral and the microbe
involved. Clearly, DIRB and methanogen may produce different electron transfer
proteins, cell appendages, and shuttling compounds, which would all contribute to
their difference in their Fe(II) reduction mechanisms. For example, M. mazei can
produce methanophenazine, which is a hydrophobic redox-active cofactor (Abken et
al. 1998), but Shewanella can produce menaquinone-related shuttles (Newman and
Kolter, 2000). These different electron shuttling compounds are expected to play
different roles in the electron transfer process. Future work is necessary to further
understand these differences under well controlled conditions.

In contrast to the inhibitory effect of ALA on bioreduction, ALA did not appear to
affect the chemical reduction rate and extent (Appendix 2). Three possible reasons
may be responsible for this difference between chemical and biological reduction.
First, because of the rapid rate of chemical reduction, the inhibitory/promoting factors
of ALA could not be manifested in such a short time span. Second, sodium dithionite
is a small molecule and can possibly enter the NAu-2 interlayer without any
impedance, even in the presence of ALA. Third, the fundamental difference in the
electron transfer mechanism between microbial and chemical reduction (Ribeiro et al.
2009; Stucki, 2011) may render ALA as an inefficient agent in blocking electron
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640 transfer in the case of chemical reduction. All these reasons may have been
641  responsible for the lack of any inhibitory/facilitation effect of ALA on chemical
642  reduction.

643

644  New insights of the mechanisms of ALA release from NAu-2

645 Biological reduction and air re-oxidation. Biological reduction of structural Fe(III)
646 in clay minerals is believed to proceed from the edge towards the interior of the
647  structure (Ribeiro et al. 2009; Stucki, 2011) via a reduction front. With increasing
648  extent of Fe(Ill) reduction, this reduction front progressivly moves from the exterior
649 into the interior of NAu-2 particles. Because of a limited extent of bioreduction by
650  various microorganisms (usually < 30%, Dong et al. 2009), it is likely that a large
651  fraction of Fe(IIl) bioreduction is accomplished through clay edges (Fig. 12; Zhao et
652  al. 2015). According to this model, only that fraction of intercalated ALA that was
653  associated with clay edge may be released during the initial phase of Fe(IIl) reduction
654 (Fig. 12, mechanism 1), likely due to its close proximity to aqueous solution and
655  reduction-triggered structural instability. This ALA release mechanism would account
656  for the splitting of the d(001) spacing from ~1.7 nm for unreduced ALA-NAu-2 into
657 ~1.5-1.7 and ~1.2 nm for the bioreduced sample (Fig. 2) because ALA release would
658  shrink the interlayer spacing of ALA-NAu-2 particles back to the original spacing of
659  NAu-2. This model would also explain the heterogeneous distribtuion of carbon as a
660 result of bioreduciton of ALA-NAu-2: e,g., depletion on the particle edges and
661  enrichment in the interior (Fig. 10). This preferential release of ALA along NAu-2
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edges also explains larger fringe spacings in the particle interior but smaller spacings
around the edges (Fig. 11C). At the experimental pH (neutral), ALA should be
deprotonated and its charge should be either neutral or negative, so its release from
the nontronite interlayer is consistent with charge balance requirement.

Subsequent air re-oxidation would only convert the edge-Fe(Il) back to Fe(IlI)
with no further release of ALA, because this thin layer of Fe(Il)-rich ALA-NAu-2 was
already depleted in ALA (Fig. 12, mechanism 1). Our ALA release pattern (a small
amount of ALA release at the beginning of bioreduction with no further release during
subsequent oxidation, Fig. 6A) was consistent with this model. Reoxidation of Fe(II)
to Fe(Ill) would create excess positive charge to the nontronite structure, and one
mechanism to achieve charge balance is via removal of Na' from the interlayer. It is
unlikely that ALA in aqueous solution would re-enter the interlayer in order to balance
the charge because released ALA should have been either sorbed onto nontronite and
bacterial cell surfaces or precipitated.

NAu-2 particle heterogeneity could be another reason for the observed ALA
release. The broad XRD peaks for unreduced NAu-2 (Fig. 2A) suggest that this
mineral was heterogeneous in particle size (surface area), thickness, and crystallinity
(Yang et al. 2012). The intercalation of ALA into the interlayer of NAu-2 and
adsorption of ALA onto NAu-2 particle surfaces could have introduced additional
NAu-2 particle heterogeneities, as evidenced by the broadening of the (001) peak of
ALA-NAu-2 (Fig. 2B) relative to NAu-2 (Fig. 2A). Based on our previous
observation that small and poorly crystalline particles should be preferentially
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subjected to reductive dissolution (Yang et al. 2012; Zhao et al., 2015), it is likely that
reductive dissolution of these particles released a small amount of ALA at the
beginning of the bioreduction experiments. This model would explain the
“purification effect” (e.g. peak sharpening” as revealed by XRD and FTIR (Table. 2;
Fig. 2; Fig. 3). That is, after reductive dissolution of the small and/or poorly
crystalline particles, the molecular interaction between ALA and NAu-2 in the
residual but more crystalline ALA-NAu-2 particles would be stronger, and would
result in sharper peaks in XRD patterns and more intense absorption bands in FTIR
spectra. These lines of evidence collectively suggest that the fraction of ALA
associated with small and/or poorly crystalline particles was unstable and
preferentially released during the iron redox cycle (Fig. 12, mechanism 2).

In summary, our results in this study demonstrated that ALA release pattern was
much more complex than the model proposed in our earlier study (Zhang et al., 2014).
The release of ALA throughout the iron redox cycle can be divided into three stages.
During the first stage (days 0-2) (Fig. 4B), the small and/or poorly crystalline particles
may be preferentially reduced and dissolved at the beginning of bioreduction, and a
small amount of the intercalated or adsorbed ALA was released from these particles.
During this stage, the amount of release ALA was positively correlated with the
bioreduction extent (Fig. 7), as consistent with the model proposed by Zhang et al.
(2014). During the second stage (days 2-32) (Fig. 4B), because a fraction of the
intercalated ALA had been already released from small/poorly crystalline particles,
continued bioreduction of structural Fe(Ill) in larger and well-crystalline NAu-2
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particles would not release ALA any further (Fig. 6A). During the third stage (air
re-oxidation stage), although there was a small amount of dissolution (Table 1, Yang
et al. 2012), re-oxidation resulted in little ALA release because it occurred largely

around NAu-2 particle edges, which had already been stripped off ALA.

Chemical reduction. Because of the major differences in the mechanism between
chemical and biological reduction (Lee et al. 2006; Stucki, 2011; Stucki and Kostka,
2006), the pattern of ALA release was expected to be different. In contrast to the
reduction front model (Ribeiro et al. 2009;), chemical reduction follows a “pseudo
random” model, in which electron transfer from the reductant to structural Fe(III) in
the octahedral sites is virtually random and does not exhibit much selectivity (Ribeiro
et al. 2009), especially in Fe-rich clays like nontronite (Neumann et al. 2011). In this
case, ALA in any part of the NAu-2 structure (not necessarily limited to edge sites)
would be equally susceptible to reductive release. Because of rapid and extensive
dissolution (Table 1 and Fig. 9G, H), chemical reductant may have resulted in a
homogeneous release of ALA from all particles. In this case, a large fraction of ALA

would be expected to release from intercalated/adsorbed ALA (Table. 1).

Mineral transformation

In contrast to our early study (Zhang et al., 2014), where no mineralogical
changes were observed as a result of Fe(Ill) bioreduction by methanogens, our XRD,
SEM, and TEM all demonstrated extensive mineralogical changes as a result of Fe(III)
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bioreduction by iron-reducing bacteria. The formation of albite and silica is consistent
with our earlier studies (Liu et al., 2015; Zhao et al., 2015) and supports our ALA
release model, e.g., reductive dissolution of small and poorly crystalline NAu-2
particles. Relative to the biogenic albite formed from microbial reduction of Fe(III) in
pure NAu-2 (Zhao et al., 2015), the size of the albite observed in this study was
several times larger, suggesting that ALA may have played an effect in its formation

and growth.

Preservation of ALA in NAu-2 against iron redox cycling

Oscillating redox conditions are common in natural environments such as the
wetting-drying cycle of rice paddy soils (Favre et al. 2006; Stucki, 2011). Under such
conditions, the extent and rate of organic matter decomposition would be determined
by their chemical recalcitrance (Baldock and Skjemstad, 2000; Liitzow et al. 2006),
oxygen exposure time (Hartnett et al. 1998) and its physico-chemical protection from
decomposition (Conant et al. 2011). A previous study indicated that even a brief,
periodic exposure to O, would result in extensive and sometimes rapid organic matter
decomposition (Aller, 1994). Under long-term oxygen exposure, even organic
matter-mineral aggregates would be destroyed (Arnarson and Keil, 2007). Thus, an
oscillating redox condition clearly affects organic matter burial and preservation in
natural environment.

Our results demonstrated that after ALA removal from the edges of small/poorly
crystalline NAu-2 particles, ALA preserved in the nontronite structure was virtually
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not released throughout the iron redox cycle (Fig. 6). After one complete redox cycle
of iron, NAu-2 clay particles appeared aggregated (Fig. 9E) which would be resistant
to further ALA loss. A reasonable prediction is that these aggregates may be able to
better protect ALA from degradation even if they are subjected to more iron redox
cycles. However, more research is needed to confirm this prediction. In comparison
with complicated natural system, there are many limitations in laboratory experiments
such as the short experimental time frame, the use of iron-rich clay mineral, and the
simplicity of the experiments, but these results are valuable as they provide
mechanistic insights into the role of clay minerals in preserving organic compound in

redox oscillating environment.

IMPLICATION

Although the type of association between mineral and organic matter varies
depending on the physical and chemical properties of the organic molecules and the
minerals of interest (Keil and Mayer, 2014; Kleber et al. 2014), there is little doubt
that sorption of organic matter onto mineral surfaces will protect it from degradation.
While much evidence found in natural environment suggests that natural organic
matter is either adsorbed onto mineral surfaces or occluded in the space formed by
aggregation of irregular mineral particles (Keil and Mayer, 2014; Liitzow et al. 2000),
not enough evidence has been found for organic matter intercalation into the
interlayers of clay minerals as a protection mechanism. This gap in knowledge may be
due to lack of appropriate characterization methods to characterize the intercalated
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organic matter quantitatively (Alexandre and Dubois, 2000). Our results demonstrated
that certain organic compound can be effectively protected within the interlayers of
clay mineral structures against a changing redox environment and this protection may
be responsible for the observed positive correlation between the total organic carbon
content and the mineral surface area of sediments and sedimentary rocks (including
both external and internal surface areas) (Kennedy et al. 2002; 2006). Relative to the
external mineral surfaces or the interstitial pore space with mineral aggregates, the
interlayer region of expandable clay minerals may be a better shelter because this
region may not be readily accessible to geochemical weathering agents and may resist
the negative effects induced by changing environments (such as redox condition). It is
also a potential site for hydrocarbon generation (Yuan et al. 2013). Thus, it is possible
that the amount of organic matter preserved in the interlayers of clay minerals,
especially expandable clay mineral such as smectite, may be higher than previously

known.

Our results further revealed that one way to release organic matter from the
interlayer region of clay minerals is via intense chemical reduction with strong
chemical reductant such as sodium dithionite. However, chemically active reductants
are not commonly present in natural environment. So this type of extreme condition
should be rare in nature. Nevertheless, our results do support the reliability of a
previously reported method of using chemical reduction to determine the amount of
organic carbon associated with reactive iron phases in sediments of varying

mineralogy (Lalonde et al. 2012).
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Our results also have implications for the industry-scale purification process of
organominerals. For commercial organoclays, the purity and surfactant loadings can
significantly affect their thermal stability (Cui et al. 2008), and thus pose a serious
concern. The removal of organic impurities using the traditional methods such as
washing may be incomplete (Bellucci et al. 2006). Our data suggest that microbial
reduction of structural iron in organoclays can release the poorly-sorbed organic
impurity, especially those associated with small/poorly crystalline clay particles while
at the same time preserving the organic matter in the interlayer of larger and
well-crystalline clay particles. Chemical reduction could be an alternative option if
more extensive leaching of organic matter is desired. Although still much research
needs to be performed to assess the potential industrial application of our method, this

study provides a possible alternative to purify industrial organoclays.
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1012 Potential Application in Nitrate Removal. Environmental science & technology,
1013 49, 5493-5501.
1014
1015 FIGURE CAPTION

1016  Fig. 1. Pictures showing different dispersion behaviors between NAu-2 (left)
1017  ALA-NAu-2 (right). B, C, D and E are SEM images and corresponding EDS analyses
1018  for NAu-2 and ALA-NAu-2.

1019

1020  Fig. 2. XRD patterns of air-dried samples showing the changes of the d(001) spacing
1021  after different treatments of ALA-NAu-2 in comparison with NAu-2. A). Abiotic
1022  NAu-2 control; B). Abiotic ALA-NAu-2 control; C). Bioreduced ALA-NAu-2
1023  (without AQDS); D). Bioreduced ALA-NAu-2 (with AQDS); E). Bioreduced, air
1024  re-oxidized ALA-NAu-2 (the same pattern regardless of AQDS); h). Chemically
1025 reduced ALA-NAu-2 (28.6% reduction extent); i). Chemically reduced NAu-2
1026  (reduction extent 81.2%).

1027

1028  Fig. 3. Fourier-transform infrared spectra for NAu-2 and ALA-NAu-2 that were either
1029  biologically or chemically reduced followed by air re-oxidation over different regions
1030  of wave number. a). Unaltered NAu-2; b). ALA; c¢). Mechanical mixture of NAu-2
1031 and ALA; d) Unreduced ALA-NAu-2; d). e). Bioreduced ALA-NAu-2; f). Bioreduced
1032 NAu-2; g). Bioreduced, air re-oxidized ALA-NAu-2; h). Chemically reduced
1033  ALA-NAu-2 (reduction extent 25%); 1). Chemically reduced NAu-2 (reduction extent
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25%).

Fig. 4. Time-course production of total Fe(Il) in NAu-2 and ALA-NAu-2 as measured
by the 1,10-phenanthroline method. Initial cell concentration was 10° cells/mL.
Averages of two measurements from duplicate experimental tubes are reported. The

error bars represent the higher and lower values. Control did not have any cells.

Fig. 5. Time-course re-oxidation of Fe(Il) in ALA-NAu-2 and NAu-2 as measured by
the 1,10-phenanthroline method. The inset is an enlargement of the graph over the

0-12 hour period.

Fig. 6. Time-course decrease of TOC content (wt %) in NAu-2 and ALA-NAu-2 over
the course of Fe(Ill) reduction and air re-oxidation of Fe(Il) (A). Bioreduction
followed by air re-oxidation; (B). Chemical reduction followed by air re-oxidation.
For NAu-2, there is no difference in TOC release pattern between abiotic control and

bioreduced samples (open cycles in Fig. 6A).

Fig. 7. Correlation between ferrous iron content and TOC during bioreduction and air

re-oxidation process.

Fig. 8. Deconvolution of the (001) peak for the bioreduced ALA-NAu-2 with AQDS.
Fit peak 1 represents the peak at d = 16.6 A; Fit peak 2 represents the peak with d =
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12.8A. The grey areas represent the relative weight percentages of the ALA-NAu-2

and NAu-2.

Fig. 9. Secondary electron images showing NAu-2 and ALA-NAu-2 particles after
bioreduction, air re-oxidation, and chemical reduction. A) Lamella-like (al) and platy
(a2) particles in bioreduced ALA-NAu-2; B) Net-like particle morphology with many
dissolution pits in bioreduced NAu-2; C) Albite in bioreduced ALA-NAu-2; D) Silica
aggregates in bioreduced ALA-NAu-2; E) Particle aggregates in air re-oxidized
ALA-NAu-2; F) Newly formed particles with a high carbon content in air re-oxidized
ALA-NAu-2; G) Particles with rose and net-like morphologies in chemically reduced
ALA-NAu-2 (28.6% reduction extent); H) Net-shaped ALA-NAu-2 particles in
chemically reduced ALA-NAu-2 (81.2% reduction extent). The panels at the right
side of the images show the corresponding EDS composition of those labeled particles

(e.g. al, a2, etc). The Pt peak came from sample coating.

Fig. 10. Elemental mapping of carbon in unreduced (A) and bioreduced (B)
ALA-NAu-2 particles. A comparison between these two maps illustrate a carbon
redistribution after bioreduction. Depletion occurs along edges and grain boundaries,

whereas enrichment occurs locally.

Fig. 11. Lattice fringe images for bioreduced NAu-2 and ALA-NAu-2.A). Unreduced
NAu-2 showing 1.2 nm layer spacing with a corresponding EDS spectrum; B)
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1078  UnreducedALA-NAu-2 showing 1.5 nm layer spacing with a corresponding EDS
1079  spectrum; C). Bioreduced ALA-NAu-2 particles with a d(001) spacing of 1.5 nm; D)
1080 Bioreduced ALA-NAu-2 particles with a d(001) spacing of 1.1-1.2 nm.

1081

1082  Fig. 12. Schematics showing electron transfer pathway in ALA-NAu-2 and two
1083  proposed different ALA release mechanisms.

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096  Table 1. Aqueous concentrations of Al, Si, and Si in bioreduced, re-oxidized and

1097 chemically reduced NAu-2 and ALA-NAu-2

1098
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Aqueous Al

(1 0'3mmol/ 2)

Aqueous Fe

( 10'2mmol/g)

Aqueous Si

(10'1mmol/g)

Reduction
extent (%)

1.4+0.1

1.4+0.1

1.2+0.1

Bioreduction Control 0
NAu-2 1.0+0.3 3.940.3 3.0+0.1 25.0
ALA-NAu-2 1.340.1 3.840.1 1.9+0.0 26.0
Control 1.3£0.1 1.5+0.2 1.3£0.2 0
Abiotic air
re-oxidation NAu-2 6.6+0.1 10.9+£0.2 4.6+0.0 2.4
ALA-NAu-2 3.9+0.1 4.940.3 5.0+0.1 4.7
Control 1.2+0.2 1.6+0.1 1.4+0.2 0
Chemical
81.6£1.3 69.3£1.2 14.5+0.2 285
reduction of 147.3+50.6 145.1£15.2 29.0+2.0 37.6
ALA-NAu-2 242.4+11.2 205.6+10.3 39.9£1.9 50.0
Experiment 297.946.9 268.6+35.9 53.6£7.4 385
(diff. extent) 314.3+12.7 260.148.5 522423 68.3
325.2+35.9 268.2426.8 54.146.3 79.0
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Table 2. Peak areas of some characteristic bands of ALA in bioreduced, re-oxidized, and chemically reduced ALA-NAu-2

8/27

1100
Peak NH, stretching | CH,-CH, CH,-CH, C=0 stretching N-H bending CO-H bending
eal
at 3287 cm’ Asymmetric strecching | symmetric stretching | at 1711 cm™ at 1627 cm™ At 1470 cm™} 101
at 2932 cm’! at 2855 cm’!
Sample

1102

ALA-NAu-2 nd 1.2 3.84 0.53 2.10 0.36
1103

Bioreduced ALA-NAu-2 4.35 2.96 8.01 1.35 4.44 0.70
1104

Re-oxidized ALA-NAu-2 10.18 3.31 8.9 2.95 4.51 0.94
1105

Chemically reduced

nd 0.81 2.25 nd 0.84 0.07

ALA-NAu-2 1106

nd: not detected.
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B Unaltered NAu-2

a1l

M

C Unaltered ALA-NAu-2

b1

1108

1109  Fig. 1.
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