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Environmental Significance

Iron oxide nanominerals have excellent surface reactivity and adsorption capacity due their high

oNOYTULT D WN =

10 specific surface area. Therefore, iron oxide nanominerals can act as sinks for inorganic cations (such as
12 AP, Mn*, Cu*', Zn*, Co*', Ni*" and Pb2+), inorganic anions (such as PO, SiOs*, MoO,> and
15 AsO,”") and organic compounds (such as humic acid, citric acid, fulvic acid and antiseptic) in soils and
17 sediments. The adsorption and redox reactivity for these nutrient elements and trace metals are affected
by the formation and transformation of iron oxides. This study reveals the formation of iron oxide
22 nanoparticles through photocatalytic oxidation of Fe%acl in the presence of nitrate. In addition, Fe%aq
promotes the transformation of the photosynthetic schwertmannite to goethite and lepidocrocite by
27 dissolution—recrystallization. Our results demonstrate the importance of photochemistry of nitrate in the

29 formation of iron oxide nanominerals in aqueous geochemistry.
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Abstract: The formation and transformation of iron oxide nanominerals in water environment
control the migration and conversion of essential and toxic elements and organic pollutants. This
study demonstrates the formation of iron oxide nanominerals through the oxidation of Fe2+aq by
hydroxyl radicals (OH") and superoxide radicals (O,") generated from the photolysis of nitrate. The
mineral compositions were affected by the anion species and pH. In the photochemical system,
schwertmannite was formed in 5.0 mmol L SO427 solution with the initial pH of 6.0, and a mixture
of goethite and lepidocrocite was formed when the SO4* concentration decreased to 0.1 mmol L™
The particle size of schwertmannite increased with decreasing initial pH from 6.0 to 3.0. When CI'
was used instead of SO4>, single-phase lepidocrocite was formed with the initial pH of 6.0. When

the initial pH decreased to 4.5 and 3.0, a mixture of goethite and lepidocrocite was formed, and the
1
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relative content of lepidocrocite decreased with decreasing initial pH. Under anoxic condition,
Fe2+aq promoted the transformation of the photochemical synthesized schwertmannite to goethite
and lepidocrocite by dissolution—recrystallization. The present work expands our understanding of
the generation and transformation of iron oxide nanominerals in nitrate-rich supergene

environments.

1. Introduction

Iron is the most abundant transition metal in the earth crust, and their corresponding oxide
minerals (including oxides, hydrates and hydrated oxides) are the most important metal oxide
minerals in soils and sediments."* Iron oxide nanominerals, which have small particle size and high
catalytic activities and adsorption capacities, control the distribution, transformation and
bioavailability of many nutrients and pollutants including toxic organics and heavy metals, and
drive the biogeochemical cycling of C, N, S and P in some redox environments.'® The formation
and transformation of iron oxide nanominerals have been widely studied in the fields of soil science,
mineralogy, environmental science, materials science, and microbiology over the last half
century.6_10

In natural environments, the oxidation processes of Fe2+aq to Fe(Ill) oxides are mainly mediated

6,1

. . 0,11 g . . . o e . .
by microorganisms. In acidic oxic environments, acidophilic Fe(Il)-oxidizing bacteria can

oxidize Fez+acl to Fe(Ill) oxides using Oy; in anoxic environments, the oxidation of Fe%aq by

microorganisms can occur through photosynthetic Fe(Il) oxidation and nitrate-dependent Fe(II)

610,11 2+ 12,13

oxidation. aq €an exist in nitrate-containing wastewaters, and nitrate-dependent Fe(II)

oxidation has been ubiquitously found in activated sludge, marine sediments and anoxic aquifer

11,14

sediments. Iron oxides including goethite, lepidocrocite, ferrihydrite and green rust can be

2
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generated from nitrate-dependent Fe(II) oxidation."

The concentrations of nitrate ions have significantly increased in surface waters all over the
world due to human activities, especially the excessive use of nitrogen fertilizer in agriculture and
the emission of nitrogen-containing wastewaters."> High concentration of nitrate in surface waters
results in eutrophication, and the concentrations of nitrate even exceed 0.1 mmol L™ in some
eutrophic waters.'® For example, the highest concentration of nitrate reached 14.2 mg L™ (0.23
mmol L") in Taihu Lake (the third largest freshwater lake in China) during 2006 to 2008."7 In
Chaohu Lake (one of the five largest freshwater lakes in China), the highest concentration of nitrate
in the surface waters reached 13.6 mg L' (0.22 mmol L") in November of 2013."*

Light can penetrate the sandy sediments with a thickness of about 5-6 mm, and reach about 100
m underwater through a water column.® Nitrate was found to be photoreactive a few decades ago,
and it can produce reactive oxygen species (ROS) including hydroxyl radicals (OH") and superoxide
radicals (O;") under ultraviolet irradiation.”?" The two radicals are strong oxidizers in natural
sys‘[ems.21 Low-valence metal ions including Fe%aq, Mn2+aq, T1+aq, Ag+aq, Cu2+acl and Sn2+aq can be
oxidized to high-valence metal ions or oxides by ROS.?* Hence, besides the oxidation mediated by
microorganisms, the oxidation of Fe2+aq by nitrate photolysis may be another generation pathway of
Fe(II) oxides in nitrate-rich wastewaters, eutrophic waters and sediment surface under various light
conditions. However, the oxidation mechanisms of Fez+aq to Fe(Ill) oxide minerals by the photolysis
of nitrate remain elusive, and little is known about the effects of reaction conditions on the crystal
structure of products formed in the photochemical processes.>* >
In addition, iron oxides formed under different conditions have different crystal structures and

micromorphologies, which affect the transformation process of iron oxides.”" There are

differences in the transformation rates of goethites with different micromorphologies and surface
3
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properties to magnetite.” As the product of many biotic and abiotic processes, Fe2+aq can be
adsorbed on the surface of Fe(IIl) oxides. Electron transfer can occur between the absorbed Fe**
and Fe(IIl) in iron oxides, which promotes the transformation of Fe(Ill) oxides to other Fe(IIl) or
Fe(II)-Fe(Ill) mixed-valence phases.9’26 Hence, the transformation of iron oxides formed by
photochemical oxidation may be different from that of iron oxides formed by chemical and
microbial oxidation.

Schwertmannite, a nanocrystalline ferric oxyhydroxy-sulfate mineral (FesOg(OH)s2.(SO4)y, 1 <x
< 1.75), widely exists in acid mine drainage and sulfate-rich sediments, and can adsorb arsenic and
other trace elements due to its large specific surface area.’”?® Therefore, the formation and
transformation of schwertmannite can strongly influence water quality in acid-sulfate systems.?”*®
Schwertmannite usually acts as the precursor for the formation of goethite and lepidocrocite.
Although the transformation products of schwertmannite in the presence of Fe*" have been well
characterized, there is a lack of visual evidences of the transformation process by electron transfer
and dissolution—recrystallization.”®* The study of the further transformation of the photochemical
synthesized schwertmannite will facilitate the understanding of the varieties of iron oxides induced
by solar irradiation in natural environments.

Here, iron oxide nanominerals including schwertmannite, lepidocrocite and goethite were
generated by photocatalytic oxidation of Fez+aq in the presence of nitrate under UV and solar
irradiation in nitrogen atmosphere. The changes in the crystal structures and micromorphologies of
the iron oxide nanominerals were investigated under different pHs and anion species. The
transformation of the photochemical synthesized schwertmannite was further investigated using

XRD and FESEM in the presence of Fe2+aq. The study was expected to facilitate a better

understanding of the formation and transformation of iron oxide nanominerals in supergene
4



oNOYTULT D WN =

Environmental Science: Nano

environments.

2. Experimental
2.1 Photochemical formation of iron oxide nanominerals

The deoxygenated deionized water was prepared as follows. The distilled deionized water was
first boiled for 15 min, and then cooled to room temperature. High-purity nitrogen gas (99.999%,
Wuhan Iron and Steel (Group) Corp., China) was continuously admitted into the deionized water
during the cooling process. All solutions were prepared with deoxygenated deionized water in an
anaerobic glove box (YQX-II, CIMO Medical Instrument Manufacturing Co., Ltd, Shanghai, China)
protected by high-purity nitrogen gas. In a typical experiment, a 100-mL mixed solution of
FeSO4/FeCl, (0.1-5.0 mmol L") and NaNO; (0100 mmol L™") was respectively prepared in a 150
mL quartz tube. The initial pH of the mixed solution of FeSO4 and NaNO; was adjusted using
H,SO4 (0.1 mol L_l) and NaOH (0.1 mol L_l), and that of the mixed solution of FeCl, and NaNO;
was adjusted using HCI (0.1 mol L") and NaOH (0.1 mol L™"). Then, the sealed quartz tubes were
taken out from the anaerobic glove box and exposed to solar irradiation for different time periods.
4-morpholinopropanesulfonic acid (MOPS) was used to control the pH in the formation and
transformation of iron oxides.”® In order to reduce the effect of pH fluctuation on the formation of
iron oxide nanominerals, the pHs of the reaction systems of FeSO4/FeCl, (5.0 mmol L_l) and
NaNO; (100 mmol L") under solar irradiation were further controlled at 6.0 using MOPS (100
mmol L") and NaOH (0.1 mol L™). In order to investigate the role of SO4> on the formation of
schwertmannite, additional 0.9 mmol L™' Na,SO4 was added to the reaction system of FeSO4 (0.1
mmol L") and NaNO; (0.2 mmol L") under UV and solar irradiation for 6 h in nitrogen

atmosphere. The experiments under solar irradiation were conducted on the rooftop of College of
5
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Resources and Environment building (E 114°21'12", N 30°28'34"), Huazhong Agricultural
University. The light intensity was 0.24-1.78 mW cm > at 320-400 nm. The precipitates were
obtained using centrifugal separation and washed with distilled deionized water and dried at 40 °C
overnight.

In order to investigate the formation mechanism of iron oxide minerals, the above experiments
were performed under ultraviolet (UV), visible (Vis) light and dark conditions. The reactions under
UV irradiation were conducted in photoreactor of PL-03 (6.61 x 10> uW cm 2 at 320-400 nm,
Beijing Precise Technology Co., Ltd.). The experiments under Vis light were performed in
photoreactor of PL-03 (4.22 x 10> uW cm * at 400-1000 nm, Beijing Precise Technology Co., Ltd.)
equipped with a xenon lamp, and the UV light was removed by a filter. The prepared FeSO4
solution were placed in air atmosphere under dark condition to compare the oxidation rates of Fe*"

by air and photolysis of nitrate.

2.2 Schwertmannite transformation

The transformation of the photochemical synthesized schwertmannite in the presence of Fez+aq
was performed at a constant pH of 6.0 under anoxic conditions. The preparation of the solutions and
transformation of the schwertmannite were performed in an anaerobic glove box protected by
high-purity nitrogen gas at 25 °C. 200 mL NaNO; (100 mmol L") solution was prepared, and the
pH was controlled at 6.00 £ 0.05 using MOPS (50 mmol L") and NaOH (0.1 mol L™). 0.1 g of
schwertmannite was added into the NaNQOj; solution under stirring for 24 h. Then, 0.0556, 0.1296,
0.2591 and 0.3887 g of FeSO4 7H,O was respectively added into the suspensions. The
corresponding concentration of Fe2+aq was 1.00, 2.33, 4.66 and 6.99 mmol L', and the

corresponding molar ratio of Fez+acl to Fe(Ill) in schwertmannite was 0.21, 0.50, 1.00 and 1.50.
6
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After a period of reaction time, about 10 mL solution in reaction system was drawn off and filtered
by a 0.22 pum microporous membrane (Shanghai Xinya Purification Material Factory). The solid

products were characterized by XRD.

2.3 Analytical methods

The as-obtained samples were characterized by power X-ray diffractometer (XRD, Bruker D8
ADVANCE) with Ni-filtered Cu Ko radiation, Fourier-transform infrared spectroscopy (FTIR,
Bruker VERTEX 70), Raman spectroscopy (Renishaw inVia micro-Raman spectroscopy system,
633 nm laser), field-emission scanning electron microscopy (FESEM, Hitachi, SU8000), and
high-resolution transmission electron microscopy (HRTEM, FEI, Talos F200C). The intensity of
UV and Vis light was respectively determined by UV-A and FZ-A irradiatometer (Photoelectric
Instrument Factor of Beijing Normal University). The UV—Vis adsorption spectra of nitrate were
obtained using a spectrophotometer (Lambda 650S, Perkin-Elmer) at a scanning rate of 266.75 nm
minfl, and the slit width was 1 nm. The concentration of Fez+acl in solution was determined by an
atomic absorption spectroscopy (Varian AA240FS). The concentration of nitrite was determined by
an ion chromatography (Dionex ICS-1100).

To examine the existence of ROS in the photochemical formation of iron oxides, OH" and O,™
were scavenged by 0.02 mol L of tert-butyl alcohol (~-BuOH) and 10 mg L of superoxide
dismutase (SOD), respectively.30 In order to quantify the OH’, benzoic acid (BA) (10 mmol LY
was added to the reaction system at the initial stage. Hydroxyl radicals can participate in the
oxidation of BA (10 mmol L™") to form p-hydroxybenzoic acid (p-HBA), which can be determined
at 255 nm by high-performance liquid chromatography (Agilent, HPLC—IZOO).31

The chemical formulas of the synthesized schwertmannites can be written as
7
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FesO3(OH)«(SO4),:zH,0, where x = 8 — 2y. About 0.1 g sample was dissolved using 50 mL
hydrochloric acid (0.1 mol L™") at 50 °C to determine the chemical composition of schwertmannite.
The ratio of Fe to SO4* in schwertmannite was analyzed by atomic absorption spectroscopy (Varian
AA240FS) and ion chromatography (Dionex ICS-1100). The adsorbed water in schwertmannite was
calculated by mass conservation. The molar ratio of Fe/S in schwertmannite was also analyzed by
X-ray photoelectron spectroscopy with Al Ka at 1486.71 eV (XPS, VG Multilb2000, Thermo

Electron Corporation, USA), and charge referencing was carried out with the C 1s peak (284.6 V).

3. Results
3.1 Formation of iron oxide nanominerals

To examine the photocatalytic effect of nitrate ions on the formation of iron oxide nanominerals,
the mixed solutions of FeSO4/FeCl, (0.1 mmol L") and NaNO; (0.2 mmol L™") with initial pH of
6.0 were exposed to solar irradiation for 12 h in nitrogen atmosphere. The XRD patterns of solid
products indicated that a mixture of goethite and lepidocrocite was formed (Fig. 1a) in the above
photochemical systems of FeSO4/FeCl,. Diffraction peaks with d values of 0.408, 0.271, 0.239 and
0.223 nm respectively correspond to the (1 1 0), (1 3 0), (1 1 1) and (2 1 0) planes of goethite
(JCPDS card No. 81-0463). Diffraction peaks with d values of 0.334, 0.253, 0.171 and 0.146 nm
correspond to the planes of lepidocrocite (JCPDS card No. 05-0499). The corresponding TEM
images of the obtained iron oxide minerals formed in the above photochemical processes indicated
that goethite and lepidocrocite nanoparticles were formed (Fig. S1).

Nitrate can produce the ROS including OH" and O, under UV irradiation."**" In order to reduce
the effect of light waveband on the formation of iron oxide nanominerals, these photochemical

reactions were conducted under UV irradiation. The concentration of Fez+aq was determined in the
8
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mixed solutions of FeSO, (0.1 mmol L_l) and NaNOj; (0.2 mmol L_l) at different times (Fig. 1b).
There was no obvious decrease in the concentration of Fe2+aq in nitrogen atmosphere under dark
condition. In order to compare the oxidation rate of Fez+acl by oxygen in air and photolysis of nitrate,
the concentration of F€2+aq was determined in different reaction systems. The decrease of Fez+acl
concentration in the reaction system without NaNQj in air atmosphere was less significant than that
in the corresponding systems under UV irradiation with the addition of NaNOj; in nitrogen
atmosphere. These results indicated that the oxidation rate of Fez+aq by air is slower than that by
photolysis of nitrate.

To identify the presence of OH and O,  radicals in the photochemical oxidation of Fez+aq,
t-BuOH and SOD were respectively added in the photochemical reaction system of FeSO,4 under
UV irradiation (Fig. 1c). The oxidation rate of Fe2+aq decreased and increased when SOD and
t-BuOH were added, respectively. When BA was added, as indicated by the concentration of
generated p-HBA, scavenged OH" radical concentration decreased in the NaNO; solution after the
addition of FeSO4 (Fig. 1d). These results indicated that OH" and O, radicals were formed in the
photochemical oxidation of Fe%aq.

In order to investigate the effect of the concentrations of FeSO4/FeCl, and NaNO; on the
formation of iron oxide minerals, the mixed solutions of FeSO4/FeCl, (5.0 mmol L_l) and NaNOs3
(100 mmol L") with initial pH of 6.0 were exposed to solar/UV/Vis irradiation in nitrogen
atmosphere. Fig. 2 shows the photos of the products formed under solar irradiation at different
times. The amounts of reddish-yellow iron oxides increased as the photochemical reaction
proceeded. The XRD patterns and FESEM images of the solid products indicated that
schwertmannite and lepidocrocite were respectively formed in FeSO,4 and FeCl, system with the

initial pH of 6.0 under solar irradiation after 12 h (see Section 3.2).
9
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Under UV irradiation, reddish-yellow iron oxides were also formed, and no solid product was
generated under Vis and dark conditions (Fig. S2), which was further confirmed by the UV—Vis
absorption spectra of the NaNOs solution and the mixed solution of FeSO4 and NaNOs (Fig. S3). As
indicated by the XRD patterns, FTIR and Raman spectra (Fig. 3a and Fig. S4a, b), schwertmannite
(JCPDS card No. 47-1775) was formed in the mixed solution of FeSO, and NaNO; under UV
irradiation for different time periods. Diffraction peaks at 20 values of 18.2°, 26.3°, 35.2°, 39.5°,
46.5°, 55.3° and 61.3° were observed, which correspond to the planes of (21 0), (310),(212), (3
02),(113),(522)and (0 0 4), respectively. The TEM images of the schwertmannite formed at 48
h are shown in Fig. 3b. Needle nanocrystal clusters were aggregated together, and the lattice fringes
and selected area electron diffraction patterns further confirmed the formation of schwertmannite.
The chemical formula of the schwertmannite obtained after 48 h of photochemical reaction was
analyzed and calculated to be FegOg(OH)s 15(SO4)1.41-5.2H,0, and the similar Fe/S molar ratio and
chemical composition were further verified by XPS analysis (Table S1 and Fig. S5). After 48 h of
photochemical reaction, the pH decreased from 6.0 to about 2.5 (Table S1). When FeCl, was used
instead of FeSO, in the above photochemical systems, the XRD patterns, FTIR and Raman spectra
of the solid products indicated the formation of lepidocrocite at different times (Fig. 3¢ and Fig. S4c,
d). Fig. 3d shows the FESEM image of the lepidocrocite formed at 48 h, which indicates a typical
lamellar structure. These results indicated that the as-obtained schwertmannite and lepidocrocite
were not transformed into other iron oxides in the photochemical system within 48 h.

The results of reaction systems with different concentrations of Fez+aq and NO; under solar
irradiation indicated that iron oxide nanominerals could also be generated in the aqueous reaction
systems with higher concentrations of Fez+aq and NO;s . High concentration of SO4* and CI°

facilitated the formation of schwertmannite and lepidocrocite, respectively. In addition, the crystal
10
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structure and micromorphology of iron oxide nanominerals formed under UV irradiation were

similar to those of iron oxide nanominerals formed under solar irradiation.

3.2 Effect of pH

Iron oxide nanominerals could be formed with different concentrations of Fe salts and nitrate ions
(Figs. 1 and 3-5). In the reaction system under solar irradiation, a small amount of solid product
was formed in the reaction system with a low nitrate concentration, and the amount increased with
increasing nitrate concentration (Fig. S6). In order to obtain larger amount of solid products to
facilitate the sample characterization, a high concentration (100 mmol L™") of NaNO; was chosen to
study the effects of pH and light source on the crystal structures and chemical compositions of Fe
oxide nanominerals. In the aqueous systems of FeSO4 (5.0 mmol L") and NaNO; (100 mmol L")
with initial pH of 6.0 under solar irradiation, the XRD patterns of the solid products indicated that
schwertmannite was formed after 12 h (Fig. 4a). There was no obvious change in the crystal
structure of the as-obtained schwertmannite when the initial pH decreased to 4.5 and 3.0, and the
final pHs of the above three mixed solutions all decreased to about 2.5. The chemical formulas of
the synthesized schwertmannites were analyzed to be FesOg(OH)s04(SO4)1.03-3.14H,0,
FegOg(OH)s83(SO4)1.063.62H,0 and FegOg(OH)s 72(SO4)1.144.33H,O when the initial pH was
respectively adjusted to 6.0, 4.5 and 3.0 (Table S2). The Fe/S molar ratio in the schwertmannite
decreased with decreasing initial pH (Table S2). The FTIR results further indicated the formation of
schwertmannite (Fig. S7a).

Fig. 4b—d shows the FESEM images of the schwertmannites obtained at different initial pHs.
Urchin-like architectures composed of nano-sized fibers were observed, indicating the typical

micromorphology of schwertmannite. The size of the urchin-like architectures was about 500 nm,
11
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800 nm and 1 um when the initial pH was respectively adjusted to 6.0, 4.5 and 3.0, showing an
increasing trend with decreasing initial pH. Urchin-like schwertmannite is also found in stream
sediments.> These results suggested that schwertmannite similar to that formed in natural
environments can be obtained from the oxidation of Fez+acl by nitrate photolysis.

Fig. 5a shows the XRD patterns of the fabricated products when FeCl, was used as Fe%aq source
instead of FeSOj, in the above photochemical processes. Single-phase lepidocrocite was generated
at the initial pH of 6.0. When the initial pH decreased to 4.5 and 3.0, a mixture of goethite and
lepidocrocite was formed. The diffraction peak intensity of goethite and lepidocrocite respectively
increased and decreased with initial pH decreasing from 4.5 to 3.0. The FTIR results further
indicated that single-phase lepidocrocite and a mixture of goethite and lepidocrocite were
respectively formed at the initial pH of 6.0 and 4.5-3.0 (Fig. S7b). The final pHs decreased to 2.49,
2.50 and 2.43 when the initial pH was adjusted to 6.0, 4.5 and 3.0.

Fig. 5b—d shows the FESEM images of the corresponding iron oxides generated from the
oxidation of FeCl, at different initial pHs. Uniform lepidocrocite nanosheets were obtained at the
initial pH of 6.0. When the initial pH decreased to 4.5 and 3.0, sheet-like lepidocrocite attached by
spherical goethite nanoparticles was observed, and the relative contents of nanosheets and
nanoparticles respectively decreased and increased with decreasing initial pH. The
micromorphologies of iron oxides formed via the photochemical reactions were similar to those of
iron oxides found in some soils in nature.” The XRD and FESEM results indicated that high initial
pH facilitates the formation of lepidocrocite.

In order to reduce the effect of pH fluctuation on the formation of iron oxide nanominerals, the
pHs of the above two mixed solutions of FeSO4/FeCl, and NaNO; were controlled at 6.0 using

buffer solution, and then these reactions were conducted under solar light and dark conditions in
12
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nitrogen atmosphere. The decrease in pH was less than 0.2 after the photochemical reactions. Under
dark condition, no solid product was formed (Fig. S8). The XRD and FESEM results of the solid
products generated under solar irradiation indicated that a single-phase lepidocrocite was formed in

the mixed solutions of FeSO4/FeCl, and NaNOj at constant pH of 6.0 (Fig. S9).

3.3 Transformation of schwertmannite

No obvious change was observed in the crystal structure of schwertmannite with increasing
reaction time. Therefore, the schwertmannite formed in the system of FeSO4 (5.0 mmol L_l) and
NaNO; (100 mmol L™") under UV irradiation for 6 h was used to investigate the transformation
process of the photochemical synthesized schwertmannite in the presence of Fez+aq. As shown in
Fig. 6a, no obvious change was observed in the crystal structure of the schwertmannite after
hydration for 24 h in the solution without Fe’*,. When Fe*',q at an initial concentration of 6.99
mmol L' was added, goethite (JCPDS card No. 81-0463) and lepidocrocite (JCPDS card No.
03-0079) were formed. The intensity of diffraction peaks of schwertmannite decreased and that of
goethite and lepidocrocite increased with increasing reaction time. Fig. 6b—e shows the FESEM
images of the corresponding transformation products. There was no obvious change in the
micromorphology of the schwertmannite after hydration for 24 h in the solution without Fe2+aq. In
the presence of Fez+aq, the dissolution of needle-like crystals on schwertmannite surface and the
formation of rod-like and flake crystals were observed. With increasing reaction time, the size of
rod-like and flake crystals increased, and hollow spherical structure consisting of rod-like crystals
was formed, which has not been reported in the transformation of schwertmannite to goethite and
lepidocrocite. The transformed products were further characterized by HRTEM. The interplanar

spacings of 0.269, 0.258, 0.248 and 0.156 nm in rod-like crystals respectively correspond to the (1 3
13
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0), (02 1), (04 0)and (1 5 1) planes of goethite. Hence, the flake crystals were lepidocrocite.
Similar changing trends in the micromorphology of schwertmannite were observed in the systems
with Fez+aq concentrations of 1.00, 2.33 and 4.66 mmol L_l, and the transformation rate increased

with increasing Fe%aq concentration (Fig. S10).

4. Discussion
4.1 Formation mechanisms of iron oxide nanominerals

The photochemical reaction of nitrate would occur if there was UV irradiation. Therefore, the
crystal structures and micromorphologies of the products formed under solar irradiation were
similar to those of the products formed under UV irradiation (Fig. S3). NO,’, OC’P) and OH’
radicals can be formed through n—n* and m—n* electronic transition when nitrate is exposed to

UV irradiation,**

and the quantum yield of OH" radicals is significantly higher than that of
O(3 P).33 With the addition of FeSO,, the decrease of OH' radical concentration in the NaNOs
solutions indicates that OH" radicals facilitate the oxidation of Fe%aq. Superoxide radicals (O, ) can
be generated when nitrate or nitrite is exposed to UV irradiation in the presence of 0,.2'"*% In the
photochemical oxidation of Mn2+aq in the presence of NO;, O, radicals were regarded as the main
oxidant.* In this work, nitrite was also found in the photochemical reactions, which was formed

from the photolysis of nitrate (Fig. S1 1).333

Although the photochemical reactions were conducted
under anoxic conditions, the photolysis of nitrate can lead to the formation 02.33 Therefore, O,
could be generated in this work. The significant decrease in the oxidation rate of Fe%aq in the
presence of SOD indicates that O, radicals play an important role in the formation of iron oxide

nanominerals. When -BuOH was added, the elimination of OH" radicals by -BuOH could promote

the production of O, radicals,30 resulting in an increased oxidation rate of Fez+aq. These results
14
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indicate that compared with OH" radicals, O, radicals are mainly responsible for the formation of
iron oxide nanominerals.

Although organic compounds in natural waters and sediments can scavenge the ROS, the
oxidation of Fez+acl to Fe(Ill) oxides by ROS is still present in some surface waters.*® Reactive
oxygen species produced from natural organic matter under irradiation can also oxidize Fe%aq to
Fe(I1I) ions or oxides.””** Manganese(IV) oxides were observed to be generated from the oxidation
of O," photoproduced by humic substances and during the asexual reproduction of ascomycete
fungus.”’40 Fez+aq is more readily oxidized than Mn2+aq in natural environments. Hence, Fez+acl may
be oxidized to iron oxide nanominerals by the photolysis of nitrate in anoxic nitrate-rich

wastewaters, eutrophic waters and sediment surface.

4.2 Effects of anion species and pH

The anion species and pH affect the crystal structures of iron oxides. Sulfate ions can support the
tunnel structure and play a key role in the formation of schwertmannite.”**” When additional 0.9
mmol L} Na,SO,4 was added to the mixed solution of 0.1 mmol Lt FeSO4 and 0.2 mmol Lt
NaNOs;, schwertmannite could be formed under UV and solar irradiation for 6 h in nitrogen
atmosphere (Fig. S12). At the initial pH of 6.0, when the SO4* concentration reached 5.0 mmol L',
the formation of single-phase schwertmannite was owing to the presence of high concentration of
SO4> (Figs. 3 and 4). Single-phase goethite can be formed from the oxidation of FeSO4 by air.**
However, in this work, when SO,  concentration decreased to 0.1 mmol L', the mixture of
goethite and lepidocrocite rather than single-phase goethite was generated. The crystal structures of
iron oxides are also affected by the oxidation rate of Fe**,.** Goethite and lepidocrocite can be

synthesized through the slow and fast oxidation of Fez+acl by bubbling air, respectively.24 In the
15
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photochemical reactions, the oxidation rate of Fe2+aq by O, and OH’ radicals was significantly
faster than that by air (Fig. 1b). Hence, the formation of the mixture of goethite and lepidocrocite
can be ascribed to the presence of low concentration of SO42_ and fast oxidation rate.

Schwertmannite is commonly generated in acid mine drainage at the pH of 2.5-4.5, and the
formation is affected by pH.***' Under neutral and alkaline pH conditions, OH™ outcompetes Cl~
and SO42_ to bind Fe’ * which is unfavorable for the formation of schwertmannite.*? Therefore, no
schwertmannite was formed in the mixed solution of FeSO4 (5.0 mmol L™") and NaNOj; (100 mmol
L") at constant pH of 6.0. When the pH was initially adjusted to 6.0, it decreased to about 4.5 after
30 min, facilitating the formation of schwertmannite (Fig. S13).

When FeCl, was used as Fe%aq source, a mixture of goethite and lepidocrocite was formed,
which is consistent with the previous results of FeCl, solution oxidized by air.** With increasing
initial pH, the relative content of goethite and lepidocrocite respectively decreased and increased
(Fig. 4b). Within the pH ranging from 3.0 to 6.0, the relative content of [Fe(OH)'] and [Fe(OH)zo]
increases with increasing pH. The oxidation rate of Fez+acl increases because [Fe(OH)'] and
[Fe(OH),’] are far more readily oxidized than Fe*** The increase of the relative content of

lepidocrocite at higher pH can be attributed to the increase of oxidation rate of Fe2+aq.43

4.3 Transformation of schwertmannite

As schwertmannite is a metastable mineral, the electron transfer between adsorbed Fe?' and
structural Fe(IIl) usually leads to the dissolution—recrystallization and transformation of
schwertmannite under anoxic conditions.®** At pH > 5.0, the transformation rate of
schwertmannite to goethite and lepidocrocite in the presence of Fe2+aq was several orders of

magnitude faster than that in the absence of Fez+aq.28 Therefore, there was no obvious change in the
16
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crystal structure and micromorphology of schwertmannite after hydration for 24 h in the solution
without Fez+aq (Fig. 6).
In the solution without Fez+aq, urchin-like schwertmannite could be transformed to needle-like

goethite after 543 days;*!

while the formed goethite showed a similar micromorphology with
pristine schwertmannite in the presence of Fe%aq.45 In this work, the goethite generated from the
transformation of the photochemical synthesized schwertmannite showed a hollow spherical
structure consisting of rod-like crystals, whose diameter was close to that of pristine
schwertmannite (Figs. 6e and Fig. S10). As reported, schwertmannite may be a mixture phase
consisting of goethite and poorly crystalline iron oxides.*® The needles of schwertmannite formed at
85 °C were composed of goethite nanocrystals.*® The d-spacings of needles in schwertmannite
formed in natural environment were found to match with those of goethi‘ce."’2 Hence, the
transformation process of the photochemical synthesized schwertmannite may be as follows. In the
structure of schwertmannite, Fez+aq can be adsorbed on the surface of goethite and poorly crystalline
iron oxides. Due to the relatively higher stability of rod-like goethite, the Fez+acl adsorbed on the
surface of goethite can transfer electrons to the poorly crystalline iron oxides, leading to the
dissolution of poorly crystalline iron oxides and the growth of goethite. On the other hand, the

electron transfer between poorly crystalline iron oxides and Fe2+aq adsorbed on their surface resulted

in the dissolution of poorly crystalline iron oxides and the formation of flake lepidocrocite.

5. Conclusions
In this work, iron oxide nanominerals including schwertmannite, lepidocrocite, and goethite were
directly generated by photocatalytic oxidation of Fe2+aq in the presence of nitrate under UV and

solar irradiation. Mineral compositions are affected by the anion species and pH. Sulfate ions play a
17
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key role in the formation of schwertmannite. During the photochemical process, hydroxyl and
superoxide radicals are formed and are responsible for the oxidation of Fez+aq, and serve as the
important driver for the cycling of Fe in redox environments. The photochemistry of nitrate affects
the cycling of iron and the fate of contaminants in some natural environments, especially in
nitrate-rich wastewaters, eutrophic waters and sediment surface. In the presence of Fe%aq, the
dissolution—recrystallization was observed by FESEM, which led to the transformation of the
photochemical synthesized schwertmannite to rod-like goethite and flake lepidocrocite. These
findings would enrich our knowledge about the formation and transformation of iron oxide minerals
in aqueous geochemistry, and provide a new route for the formation and preparation of iron oxide

nanominerals in the fields of environmental and material sciences.
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Figure captions

Fig. 1 XRD patterns of the iron oxides formed in the mixed solutions of FeSO4/FeCl, (0.1 mmol
L_l) and NaNOs; (0.2 mmol L_l) with initial pH of 6.0 under solar irradiation for 12 h in nitrogen
atmosphere (a), and the concentrations of Fe* (b, ¢) in different reaction systems and p-HBA in the
mixed solution of NaNOj3 (0.2 mmol L") with/without FeSO4 (0.1 mmol L™") (d) at the initial pH of
6.0 under UV irradiation for different time periods in nitrogen atmosphere.

Fig. 2 Photos of the aqueous reaction systems of FeSO, (a)/FeCl, (b) (5.0 mmol L") and NaNOs;
(100 mmol L") with the initial pH of 6.0 under solar irradiation for different time periods in
nitrogen atmosphere.

Fig. 3 XRD patterns of schwertmannite (a) and lepidocrocite (c) formed under UV irradiation for
different time periods and the corresponding HRTEM images of schwertmannite (b) and FESEM
image of lepidocrocite (d) formed in the mixed solution of FeSO4/FeCl, (5.0 mmol L™") and NaNO;
(100 mmol L_l) with the initial pH of 6.0 under UV irradiation for 48 h.

Fig. 4 XRD patterns (a) and the corresponding SEM images of schwertmannites formed in the
mixed solution of FeSO, (5.0 mmol L") and NaNO; (100 mmol L") with initial pH of 3.0 (b), 4.5
(¢) and 6.0 (d) under solar irradiation for 12 h in nitrogen atmosphere.

Fig. 5 XRD patterns (a) and the corresponding SEM images of iron oxides formed in the mixed
solution of FeCl, (5.0 mmol L") and NaNOs (100 mmol L") with initial pH of 3.0 (b), 4.5 (c) and
6.0 (d) under solar irradiation for 12 h in nitrogen atmosphere.

Fig. 6 XRD patterns (a) and the corresponding SEM images of schwertmannite after hydration for
24 h (b) and the transformation products at initial Fe** concentration of 6.99 mmol L™ for 0.5 h (c),
4 h (d) and 8 h (e), and the corresponding HRTEM images of the transformation products obtained

at the initial Fe?" concentration of 6.99 mmol L' for 8 h ().
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Fig. 1 XRD patterns of the iron oxides formed in the mixed solutions of FeSO4/FeCl, (0.1 mmol
L_l) and NaNOs; (0.2 mmol L_l) with initial pH of 6.0 under solar irradiation for 12 h in nitrogen
atmosphere (a), and the concentrations of Fe* (b, ¢) in different reaction systems and p-HBA in the

mixed solution of NaNOj3 (0.2 mmol L") with/without FeSO4 (0.1 mmol L™") (d) at the initial pH of

Time (min)

6.0 under UV irradiation for different time periods in nitrogen atmosphere.
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Fig. 3 XRD patterns of schwertmannite (a) and lepidocrocite (c¢) formed under UV irradiation for
different time periods and the corresponding HRTEM images of schwertmannite (b) and FESEM
image of lepidocrocite (d) formed in the mixed solution of FeSO4/FeCl, (5.0 mmol L") and NaNOs

(100 mmol L") with the initial pH of 6.0 under UV irradiation for 48 h.
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27 Fig. 4 XRD patterns (a) and the corresponding SEM images of schwertmannites formed in the
29 mixed solution of FeSO4 (5.0 mmol L") and NaNO; (100 mmol L") with initial pH of 3.0 (b), 4.5

32 (c) and 6.0 (d) under solar irradiation for 12 h in nitrogen atmosphere.
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Fig. 5 XRD patterns (a) and the corresponding SEM images of iron oxides formed in the mixed

solution of FeCl, (5.0 mmol L™") and NaNO; (100 mmol L") with initial pH of 3.0 (b), 4.5 (c) and

6.0 (d) under solar irradiation for 12 h in nitrogen atmosphere.
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22 Fig. 6 XRD patterns (a) and the corresponding SEM images of schwertmannite after hydration for
24 h (b) and the transformation products at initial Fe*" concentration of 6.99 mmol L™ for 0.5 h (c),
27 4 h (d) and 8 h (e), and the corresponding HRTEM images of the transformation products obtained

29 at the initial Fe*" concentration of 6.99 mmol L™" for 8 h ().
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ToC Text
Iron oxide nanominerals are generated by photocatalytic oxidation of Fez+aq, and Fez+aq promotes the

transformation of the photochemical synthesized schwertmannite.
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