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Abstract

The environmental fate of phosphorus in shallow aquatic systems is closely linked to the
properties of iron (oxyhydr)oxide minerals such as goethite, which can bind phosphate and
influence its mobility. This study investigates how light exposure during mineral formation
affects goethite crystal habit and subsequent phosphate adsorption behavior. Humic-acid (HA)-
mediated transformation of siderite or dissolved Fe(II/II) was conducted under simulated
shallow-water irradiance (113 mW-cm™) or in dark conditions. We found sunlight-driven
changes in the crystal habit of goethite (a-FeOOH) were quantitatively linked to a 33 %
reduction in phosphate (P) sequestration capacity compared with dark-formed phases. In the
dark, oriented attachment along the c-axis yielded (100)-faceted nanorods (100—-500 nm,
surface energy 1.22 J-m™2) that adsorbed 1.5-fold more P (5 mg P-L™, 24 h) than light-exposed
crystals. Light generated *OH/+O- radicals that lowered the electron density of the (100) plane,
redirected growth along the a-axis, and produced highly crystalline (001)-terminated rods (1—
2 um). XANES fingerprinting showed that dark phases formed predominantly bidentate Fe—
PO+ complexes (pre-edge intensity 0.25), whereas light phases favored monodentate
coordination (pre-edge 0.15). These results suggest that diel irradiation cycles in oxic surface
waters may influence goethite reactivity and phosphorus mobility, although extrapolation to
natural systems requires consideration of additional environmental complexities.
Keywords: humic acid; light; growth orientation; goethite; adsorption; phosphorus
Synopsis: Prominent role of light in goethite growth along a-axis and the influence of exposed

(001)/(100) lattice planes on phosphate complexation.
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INTRODUCTION

Fe-bearing minerals are important constituents in soil. They usually exist in the form of
nanoparticles, among which the most common minerals are ferrihydrite, goethite, hematite,
lepidocrocite, magnetite and schwertmannite, which are spherical, needle, rhomboid, plate,
octahedral and "hedge-hog" aggregates, respectively. '''® Goethite (a-FeOOH) is the most
common Fe(IIl)-bearing mineral in soils, and it usually acts as a coating attached to other soil
mineral surfaces. In addition, it is the final stable form among many iron hydroxides in the
natural water environment. !! Previous studies indicate that the growth orientation of natural
goethite in soil appears to occur nearly parallel to the c-axis direction, which may be directly
related to the structure of the goethite crystal cell itself, and the nature and concentration of
organic matter (OM) in the soil % 2. Despite extensive research on goethite formation in soils,
the specific influence of light on crystal growth orientation in shallow aquatic environments
remains poorly understood. While soil goethite consistently exhibits c-axis elongation, shallow

water minerals experience periodic light exposure that may alter growth pathways. The extent
3
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to which light-driven facet selection occurs under environmental conditions, and its
consequences for phosphorus binding, have not been systematically investigated.

Phosphorus (P) and nitrogen (N) compounds in shallow lakes and rivers have basic migration
processes such as convection, diffusion and biodegradation under the action of water flow,
which are closely related to the Fe-bearing minerals. '* '* Most phosphorus and nitrogen
entering natural water bodies are adsorbed by suspended Fe-bearing minerals and are
transported or deposited with these particles at the bottom of rivers or lakes, forming sediment
layers enriched in Fe, P, and N. However, sediments can be resuspended by water flow,
potentially releasing significant quantities of these elements back into the water column. Some
research studies have pointed out that the migration and transformation of the large majority of
elements in the aquatic environment are closely related to the crystallinity, growth orientation,

5 1523 Thys, the migration and

particle size and movement of Fe-bearing minerals.
transformation of Fe, P, and N elements in the aquatic environment cannot be correctly
understood and completely described without considering the crystallographic properties of
minerals in the water. Although the growth orientation of goethite in soil is predominantly along
the c-axis, shallow water environments differ fundamentally from soils in that minerals
experience diurnal light-dark cycles and variable light penetration depths. In typical shallow
lakes (depth <3 m) with Secchi depths of 0.5-2 m, the light intensity at the sediment-water
interface can range from 10-50% of surface irradiance. Our experiments employed fixed
irradiance (113.2 mW-cm2) approximating midday summer sunlight; actual field conditions

involve diurnal cycles, spectral shifts, and attenuation by dissolved organic matter and

suspended particles. Nevertheless, our results suggest the hypothesis that light-driven facet
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control could be operative in the upper sediment layers that experience periodic resuspension,
though direct field validation is needed. Therefore, it is important to clarify the crystal growth
orientation mechanism of minerals in shallow waters for environmental risk assessment,
environmental remediation, and as part of the biogeochemical cycle of Fe, P and N elements.

Currently, oriented attachment (OA) & 24?7

is widely accepted as a polymerization mode of
growth for minerals. % 284" However, there are still many interrelated factors that remain
unknown, particularly those controlling crystal growth, and their influencing mechanisms
remain unclear. >>?° As the length, width, and height of the mineral unit cell size are generally
less than 1 nm, it is very difficult to observe the crystal growth orientation in situ. Hence in
previous studies, the focus has been on the stacking mode of a particular lattice plane. 2% 2% 41-
39 These studies have great significance for the synthesis and modification of nanomaterials.
However, since phosphorus and minerals generally exist in the form of complexes, the main
position of action is the surface of minerals. Therefore, the interaction between the mineral and
P element in the environment is directly related to the lattice plane characteristics of the
exposed surface of the mineral. °!- 32 The selective exposure of the lattice plane is related to the
orientation of the mineral stack and growth. The Bravais rule suggests that the most prominent
faces of a crystal are those parallel to internal planes having the greatest density of lattice points.
26 As such planes that have the greatest density of lattice points have the lowest surface energy,
the crystal is consequently the most stable. Therefore, the first factor to consider in the
orientation of crystal growth is the surface energy of each facet. Furthermore, as the degree of

unsaturated bonding appears to vary from lattice plane to lattice plane, when the surface atoms

are fully relaxed, different charge distributions appear on each lattice plane, producing a
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different potential for electron gain and loss; thus, the charge density on the outer surface of
the crystal also needs to be considered. Owing to the limitations in the development of
characterization technology, many studies have employed density function theory (DFT)
calculations to make a more comprehensive assessment of crystal characteristics, such as the
crystal surface energy. '6 2633 To clarify the growth orientation of the goethite cell in a
shallow water environment, the variation of charge density on the mineral surface under dark
and light conditions can be investigated by combining DFT calculations. >3

Another important factor is that OM is ubiquitous in natural water, possessing abundant
carboxylic groups (COOH) that facilitate its adsorption onto minerals. Since mineral unit cells
are closely wrapped with organic ligands, the adsorption energy between COOH and the lattice
plane must be considered. > * !5 25 57 In this study, in order to be consistent with
environmental conditions, the experiments were undertaken with humic acid (HA), which is a
representative component of natural OM that is frequently found in soil, possessing abundant
carboxylic groups (COOH). 3% 77> Thus, HA was selected as the representative source of -
COOH ligands in order to study the lattice plane selection mechanism of goethite in the shallow
water environment. However, when investigating the interfacial reaction, the support of DFT
calculations is needed, but the molecular weight of HA is too large and there is no accurate
molecular structure for the heterogeneous substance, so an alternative, simpler substance was
required to represent -COOH for the calculations. Acetic acid (CH;COOH) was selected as the
representative -COOH ligand for the simulation calculations, as it has a simpler structure and

there is no interference from other functional groups. For DFT calculations, acetic acid

(CHsCOOH) was selected as a representative model for the carboxylic acid functional groups
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in HA. This simplification is justified because: (i) carboxylic groups are the primary functional
groups in HA responsible for Fe complexation, (ii) the interaction between Fe oxides and
organic matter is dominated by carboxyl-Fe coordination, (iii) the use of a simple molecular
model allows rigorous quantum mechanical calculations that would be computationally
prohibitive for the full heterogeneous HA structure, and (iv) previous studies have successfully
employed similar carboxylic acid models to investigate organic matter-mineral interactions.
While we acknowledge that this simplification does not capture the full complexity of HA (e.g.,
aromatic moieties, variable molecular weight), it provides mechanistically relevant insights
into carboxyl-specific binding energetics.

Since Fe(IlI)/Fe(Il) and colloidal iron oxide particles predominate in shallow waters, the
growth orientation of mineral transformation products from Fe(Ill)/Fe(Il), induced by HA
under light and dark conditions, were investigated. Previous studies have found that iron
(hydr)oxides in shallow water, or near the water surface, are vulnerable to light-induced
transformations.”> 37 72 As the crystals grew and aggregated, most of them were deposited as
sediments at the bottom of lakes or rivers, where the effect of light was diminished or even lost.
Therefore, in order to simulate the crystallization path of iron-bearing minerals under the
influence of light in shallow water as much as possible, a reaction time of 3 hours was chosen.
The choice of a 3-hour reaction time was based on several considerations. First, we aimed to
capture the initial crystallization pathway before extensive settling and light attenuation occur
in natural systems. In shallow water, suspended minerals may be exposed to near-surface
irradiance for periods of hours during turbulent mixing or before settling to darker depths.

Second, preliminary time-course experiments (0.5-24 h, data not shown) indicated that the
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facet-selective growth orientation was established within the first 3 h, with longer times
resulting primarily in crystal growth along the already-established orientation rather than
changes in facet preference. Third, 3 h is sufficient to observe the transition from amorphous
precursors to crystalline goethite while minimizing secondary transformations that might
obscure the light effect. We acknowledge that complete transformation of siderite to goethite
under natural conditions occurs over much longer timescales (days to years), but the initial
facet-selection event that determines the growth trajectory likely occurs during early
crystallization.

Based on the considerations above, this study was designed to test the following hypotheses:
(1) Light exposure during goethite formation in the presence of HA alters the crystal growth
orientation compared to dark conditions, leading to different facet exposures; *! (2) These light-
induced changes in facet exposure result from radical-mediated modifications of surface charge
density that favor growth on specific lattice planes; (3) The exposed facet type (100 vs. 001)
influences phosphate adsorption capacity and coordination geometry; and (4) These processes,
observed under controlled laboratory conditions, have potential implications for phosphorus

cycling in shallow aquatic environments where minerals experience diurnal light-dark cycles.

MATERIALS AND METHODS

Materials. The siderite was prepared by mixing solutions of ferrous sulfate (FeSO4-7H>0) and
anhydrous sodium bicarbonate (Na,COs3), and autoclaving at 130 °C, according to methods that
have been previously published. * The detailed method is described in the Supplementary

Information (Section S1, SI).
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Sample Analysis and Data Evaluation. The crystal facet exposure and growth orientation of
goethite were determined using a combination of techniques: (i) High-resolution TEM
(HRTEM) lattice fringe measurements provided direct visualization of crystallographic planes,
with interplanar spacings matched to goethite reference patterns (ICDD 29-0713) to identify
specific facets; (i1) Fast Fourier Transform (FFT) analysis of HRTEM images confirmed the
crystallographic orientation by generating diffraction patterns corresponding to specific zone
axes; (ii1) Selected area electron diffraction (SAED) provided additional confirmation of crystal
orientation; (iv) The angle between visible crystal edges and measured lattice fringes was used
to determine growth direction relative to crystallographic axes; and (v) DFT-calculated surface
energies and charge densities provided theoretical predictions of facet stability that were
compared with experimental observations.

Throughout this manuscript, we use the notation 'Dark-Goe(100)' to refer to goethite formed
under dark conditions that exhibits predominant (100) facet exposure, and 'Light-Goe(001)' for
goethite formed under light with predominant (001) facet exposure. This nomenclature reflects
the dominant crystal facet exposed to the environment as determined by HRTEM and DFT
analysis. First-principles calculations were performed by using the Vienna Abinitio Simulation
Package (VASP), 77 and the detailed methods of the DFT calculations '® %2633 are given in
the Supplementary Information (Section S2, SI). We calculated the pristine goethite surface
energy of the lattice planes. The Bravais rule 2° suggests that the surface energy of (010) lattice
planes is the lowest, and therefore it is difficult for the crystal to grow perpendicularly on this
surface. In consequence, the (010) lattice plane is not an ideal contact location for OA and the

competition is mainly between (100) and (001) facets. The surface energy values reported in
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this study were calculated using first-principles DFT calculations as described in Section S2 of
the Supplementary Information. For the pristine FEOOH surfaces, we obtained surface energies
of 1.22 J-m for the (100) facet and 1.13 J-m2 for the (001) facet (Table S1).

X-ray diffractometry (XRD, X'Pert PRO MPD, PANalytical, Netherlands), Field emission
scanning electron microscopy (SEM, SU-8020, HITACHI, Japan), Field emission transmission
electron microscopy (TEM, JEM-2100F, JEOL, Japan), X-ray photoelectron spectroscopy
(XPS, PHI Quantera II, ULVAC, Japan), and three-dimensional fluorescence excitation-
emission matrix spectrometry (3D-EEM, F-4600, HITACHI, Japan) were used to analyze the
phase composition of the samples. Specific surface areas of selected samples were determined
by N2 adsorption-desorption isotherms at 77 K using a Quadrasorb SI-MP surface area analyzer
(Quantachrome, USA). Samples were degassed at 105°C for 12 h prior to analysis, and surface
areas were calculated using the Brunauer-Emmett-Teller (BET) method over the relative
pressure range P/Po = 0.05-0.30. Electron spin resonance spectrometer (ESR, A300, Bruker,
Germany) was utilized with DMPO as a radical capture agent to detect the super oxygen radical
and hydroxyl radical. The detailed methods are given in the Supplementary Information

(Section S3, SI).

Batch experiments. The transformation process of Fe(Ill)/Fe(Il)/Siderite induced by humic
acid (HA: CAS: 68131-04-4; 0~10 mg/L) under dark (Fe(III)/Fe(Il): 0.5 mg/L; Siderite: 0.5
g/L; denoted as Fe(III)HD31-0.5, Fe(I)HD3p-0.5, and SHD3n, respectively) and light (Fe(III):
0.5 mg/L; denoted as Fe(III)HL31-0.5, Fe(II)HL31-0.5, and SHL3, respectively) conditions for
3 h, and the growth characteristics of goethite crystal, were investigated. In light-dark cycle

10
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experiments, the transformation process of siderite induced by humic acid under light for 3 h
(1 h) and then dark for 0.5 h (denoted as SHL3n Dosn and SHLin Dosn), successively, were
investigated.

Each reaction solution contained 0.5 mg/L sodium bicarbonate (NaHCOs) to provide a
consistent background electrolyte and pH buffer capacity. The reaction pH was maintained at
approximately 7.0 throughout the experiments by continuous monitoring and adjustment. No
chemical buffer was used to avoid potential interference with crystal growth. Instead, pH was
monitored at 30-min intervals using a calibrated pH meter (Mettler Toledo FE20), and when
deviations exceeded +0.2 pH units, the pH was carefully adjusted using 0.01 M HCI or NaOH
as needed. Over the 3-h reaction period, pH remained within 6.8-7.2 for all experiments, with
no adjustment required for most samples. Solution ionic strength was not adjusted beyond the
NaHCO:s contribution (approximately 0.01 mM), which is representative of freshwaters with
low to moderate ionic strength. All solutions were prepared using ultrapure water (18.2 MQ-cm,
Milli-Q) to minimize contamination. Dissolved oxygen (DO) concentration was monitored
throughout all experiments using a calibrated optical DO probe (Hach LDO, USA). Initial DO
was 4.0 £ 0.2 mg/L for all experiments, achieved by equilibrating solutions with ambient air.
Final DO concentrations after 3 h reaction were measured for each experimental condition and
are reported in figure captions (Figures 1-6). The concentrations of total Fe and Fe(Il) were
determined by Inductively Coupled Plasma Spectroscopy (Optima 8300, Perkinelmer, USA)
and UV-visible absorbance spectrophotometer at 510 nm (UV-2600, Shimadzu, Japan, by the
phenanthroline method), respectively. All adsorption experiments were conducted in triplicate
(n=3) using separate batches. Results are presented as mean values with standard deviations

11
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shown as error bars in Figure 2h. A xenon lamp (CEL-PE300E-3A, China; 10-500 mW-cm™2,
full spectrum: 200-1100 nm) was used as the light source in the experiment. The current of the
xenon lamp was adjusted to 14.5 A, the distance between the reaction liquid in the reaction
bottle and the xenon lamp was 4.5 cm, and the optical power density in the reaction center was
113.2 mW-cm™2, which was approximately equal to the intensity of the sun at ground level.
The reaction bottles were mixed by placing them on a magnetic stirrer with a temperature
controller (continuous cooling water around the reaction bottle was used to control the
temperature of the reaction solution at 298 k, excluding the effect of reaction temperature on
crystal growth) at a stirring rate of 100 rpm. After aging for a set time (0.5 h, 1 h, and 3 h), the
precipitate was freeze-dried for 12 h, and after collection used for adsorption kinetics studies
and XANES experiments. These time points were selected to capture the early stages of crystal
nucleation and growth before extensive crystal maturation. The 0.5 h time point allowed
observation of initial amorphous precursor formation, 1 h captured the transition to crystalline
phases, and 3 h provided sufficient crystalline material for facet characterization while still
reflecting the initial growth orientation established under light or dark conditions. Adsorption
kinetics studies were conducted with different incubation times from 1 h to 48 h. Batch
adsorption experiments were carried out with an initial phosphate concentration of 5 mg/L as
P (0.16 mmol/L KH-PO4) at 298 K. The suspensions were agitated on an orbital shaker at 150
rpm, and aliquots were collected at predetermined time intervals (1, 3, 12, 24 and 48 h) for
phosphate analysis by the molybdenum blue method. The P K-edge XANES measurements
were taken at the beamline 4B7A at the Beijing Synchrotron Radiation Facility (BSRF, Beijing,
China).
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RESULTS AND DISCUSSION
Controlling factors and potential environmental risks of goethite growth direction in
shallow water environments.

For readers unfamiliar with goethite crystallography, it is helpful to note that goethite (a-
FeOOH) crystallizes in the orthorhombic system (space group Pnma) with unit cell parameters
a=991 A b=23.01A, and c = 4.58 A. The crystallographic axes correspond to different
structural directions: the c-axis runs parallel to the double chains of FeOs(OH)s octahedra, the
a-axis is perpendicular to these chains, and the b-axis is the shortest axis connecting octahedral
chains. Growth along the c-axis produces elongation in the direction of the octahedral chains,
while growth along the a-axis produces elongation perpendicular to them. Under the dark
conditions (Figures 1: a to f), large amounts of rod-like substances with a length of
approximately 100-500 nm were observed by SEM (Figure 1a) and TEM (Figures 1b and 1d)
in the sample of Fe(IlI)HD3n-0.5. The resolved interplanar spacings along the rod-like
substances were 2.64 A (Figure 1c), which corresponded to the (301) lattice planes of goethite
(inset of Figure 1c). All the resolved interplanar spacings (Figures le and 1f, HRTEM) ranged
from 3.27 A to 3.41 A, which corresponded to the (201) lattice planes of goethite (inset of
Figures le and 1f). The angle between the long axis of the nanorods and these lattice fringes
(approximately 90°) indicates that the elongation direction is parallel to [001]. Second, DFT
calculations (Figure 1h, 1) demonstrate that -COOH ligands preferentially bind to the (001)
facet, providing a mechanistic basis for c-axis growth.

In order to identify the lattice plane selection mechanism during the process of crystal growth,
we calculated the pristine goethite charge density, adsorption energy and ligand binding

13
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configurations of the lattice planes using DFT (see Section S2 of Supporting Information for
calculation formulas and analytical methods). The functional group, -COOH, has been shown
by a large number of studies !> that it can chelate with Fe(II1I) and generate adsorption energy
with goethite, which may change the growth direction of goethite. As the molecular weight of
HA was too large, acetic acid (CH3COOH) was used as the representative -COOH ligand for
the simulation calculation. The possible ligand binding configurations (top, bridge, and hollow)
as initial states for simulation were considered. The configurations of CH3COOH on the (001)
facet of goethite are shown in Figure 1g. It was found that the bridge and hollow configurations
eventually transformed to the top configuration (Figures S1: a to c, SI) after relaxation, and the
adsorption energy of a single CH3COOH group was calculated to be -1.24 eV for (001) facets
(Table S1, SI). In comparison, for the (100) facet, the adsorption energy was all positive,
showing relatively poor adsorption activity (Figures S1: d to fand Table S1, SI). Moreover, the
difference in the charge density implied that electrons in the CH3COOH on the (001) and (100)
facets were transferred to their contact positions after the adsorption (Figures 1h and 11).
Compared to the atoms inside the unit cell, it was calculated that the iron atom on the (001)
facet of pristine FeOOH accumulated 0.21-0.30 electrons from the Bader charge analysis. After
adsorption, the iron atom lost nearly 0.1 electrons, which interacted strongly with adsorbed
CH3COOH, and maintained a higher valence state, and tended to be stable. However, the initial
valence state of the iron atom on the (100) facet was slightly higher, and Bader showed that
only 0.04 electrons were gathered compared with inside the unit cell, so the surface iron atom
maintained a stable state similar to the internal one. After the adsorption of CH;COOH, the
surface iron atom lost nearly 0.07 electrons and reached, or even exceeded, the valence state of

14
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the inside iron atom, which was also the reason for the positive adsorption energy on the (100)
facet. The results of DFT suggest that the -COOH ligand can bring free iron atoms onto the
(001) facet by chelation and induce goethite to grow vertically on this surface, which is
consistent with the results of the HA-induced experiment in dark conditions (Figures la to 1f).
Hence, the results indicate that the adsorption energy of the -COOH ligand at the different
lattice planes plays a key role in controlling self-orientation during OA. This may be one of the
important reasons to explain the growth orientation of natural goethite in soil (no light), which

was parallel to the c-axis.

(001) Surface

Figure 1. The crystallization path of Fe(III) induced by HA under dark conditions. The representative
SEM (a), TEM (b), and HRTEM (¢, d, e, and f) images of the crystal products of Fe(III) (0.5 mg/L) induced
by HA for 3 h under dark conditions (Fe(III)HDsy -0.5). Schematic diagrams of the goethite unit cell structure
([space group Pnma] with lattice constants a=9.91 A, b=3.01 A and ¢ = 4.58 A, inset of Supplementary
Figure Ic, le, and 1f), were drawn by VESTA software (National Museum of Nature and Science, Japan).

(g) The possible ligand binding configurations of CH;COOH on the (001) facet of goethite. Top
15
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configuration (Fe atom directly coordinated, red arrow), bridge configuration (coordinated between two Fe
atoms, blue arrow), and hollow configuration (coordinated in three-fold site, green arrow). After relaxation,
bridge and hollow configurations converged to the top configuration (see Figure S1). (h) The difference of
charge density of FeOOH (001) facet with adsorbed CH;COOH. (i) The difference of charge density of
FeOOH (100) facet with adsorbed CH;COOH. The level of the iso-surface is 0.003 e/A. The electron excess

and deficiency are demonstrated as yellow and blue iso-surfaces, respectively. The initial concentration of

Fe(II) was 0.5 mg/L, the initial concentration of NaHCO, was 0.5 mg/L, and the initial concentration of HA
was 2 mg/L (T=298 K, pH 7). The initial concentration of dissolved oxygen (DO) was 4 mg/L, and the final

concentration of DO was 4 mg/L. Samples were freeze-dried for 12 h. Scale bars: a: 1 pm, inset 100 nm; b:

200 nm; ¢: 5 nm; d: 20 nm; e and f: 10 nm.

In addition, under the light conditions (Figures 2: a to c), large amounts of rod-like substances
with a length of approximately 1-2 pym were observed by SEM (Figure 2a) and TEM (Figure
2b) in the sample of Fe(III)HL3p-0.5, which were significantly larger than the rod-like goethite
under dark conditions (approximately 100-500 nm in the sample of Fe(II[)HD3,-0.5; Figures
la, 1b and 1d). The resolved interplanar spacings along the rod-like substance were 2.34 A
(Figure 2¢), which corresponded to the (002) lattice planes of goethite (inset of Figure 2¢). The
results revealed that the rod-like substance was goethite, and it was induced by HA to grow
along the a-axis. The observation that light promotes goethite growth along the a-axis is
consistent across all three experimental systems investigated. For Fe(Ill)-derived goethite
(Figure 2), HRTEM showed (002) lattice fringes (2.34 A) perpendicular to the elongation
direction, indicating a-axis growth. For Fe(I)-derived goethite under light (Figure 31-)), similar
(002) fringes (2.26 A) were observed. For siderite-derived goethite under light (Figure 5e-f),
the dominant lattice fringes were also consistent with a-axis growth. This consistency across
different Fe sources (Fe(Ill), Fe(Il), and siderite) suggests that the light-driven facet selection

mechanism is robust and not dependent on the specific Fe precursor.
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The growth direction of goethite under light conditions was different from that under dark
conditions, so we also conducted DFT calculations to analyze its growth orientation mechanism,
and the lattice planes charge density of goethite using DFT are shown in Figures 2d to 2g. The
DFT results suggested that the atomic coordination saturation on the initial lattice planes (001)
and (100) were different, which results in a different charge density on the two surfaces. The
(001) and (100) facets’ charge density of pristine FeOOH are shown in Figures 2d and 2f,
respectively. When the lattice planes were fully relaxed, the charge density around the iron
atom of the (001) facet had clearly accumulated (Figure 2¢), showing a strong ability to acquire
electrons. However, the (100) facet was the opposite, with a lower charge density and a poor
electron acquisition ability (Figure 2g), which is related to the degree of unsaturation of the
octahedral structure of iron atoms on the surfaces. Therefore, under light conditions the
irradiation energy (4v) and newly generated free radicals appeared to act more readily on the
(001) facet of goethite, thereby changing the charge density, making the goethite grow more
easily and accumulate towards the a-axis of goethite.

The amount and complex form of phosphate adsorption by goethite in different growth
directions were different (Figures 2h and 2i). The above experimental analysis suggested that
goethite grew along the c-axis in the dark environment, and the (100) facet was exposed to the
environment, denoted as Dark-Goe(100); the sample under light conditions was denoted as
Light-Goe(001). The adsorption capacity of both samples increased rapidly in the initial stage,
followed by a small further enhancement of phosphate removal, and then equilibrium was
reached after 24 h (Figure 2h). The adsorption capacity of Dark-Goe(100) was 1.5 times that
of Light-Goe(001). The above DFT analysis suggested that the surface energy of the (100) facet
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was 1.22 J-m2, which was slightly greater than that of the (001) facet (1.13 J-m™2), so the (100)
facet adsorbed more phosphate to eliminate the excessive surface energy. Another contributing
factor may be the difference in crystallinity: Light-Goe(001) exhibits higher crystallinity than
Dark-Goe(100), while less crystalline materials such as Dark-Goe(100) tend to be more porous
with adsorption sites that are not all equally accessible. This difference in site accessibility,

previously documented for iron (oxyhydr)oxides,” 23

can influence both the capacity and
kinetics of phosphate adsorption. The pseudo-second-order model fit (R? = 0.999 for Dark-
Goe(100) vs. 0.945 for Light-Goe(001)) is consistent with more heterogeneous site
accessibility in the less crystalline material.

The overall spectra of XANES (Figure 2i) show that there are differences in both the
whiteline (strongest peak) energies and pre-edge peak intensities. Nidhi Khare et al. found that
the pre-edge feature occurring between 2150 and 2154 eV became more intense with increasing
Fe/P ratio, and no spectral pre-edge occurred in the absence of Fe(IIl), where Fe/P = 0.°! They
also found that with increasing Fe/P ratio, the aqueous Fe(III)-POs solutions increased in the
degree of bidentate relative to monodentate bonding. °! To provide quantitative comparison of
the XANES spectra, we analyzed the pre-edge feature intensities by fitting Gaussian peaks
after subtracting a linear background. Dark-Goe(100) exhibited a pre-edge peak at 2152.3 eV
with integrated intensity of 0.25 + 0.02 (arbitrary units), while Light-Goe(001) showed a pre-
edge peak at 2152.1 eV with integrated intensity of 0.15 = 0.02. Following the calibration
approach of Khare et al.,’! the pre-edge feature intensity of Dark-Goe(100) was closer to the
phosphate adsorption intensity of ferrihydrite (Figure 21), which was more inclined to

bidentate-bonded Fe—PO4 complexes (pre-edge intensity 0.25). However, the pre-edge feature
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intensity of Light-Goe(001) was relatively weak, which was more inclined to monodentate-
bonded Fe-POs4 complexes (pre-edge 0.15). The pseudo-second-order adsorption models
(Figure 2h) and XANES (Figure 21) results suggested that the (100) facet exposed to the surface
of goethite grown under dark reaction conditions, which, due to the high surface energy (1.22
J-m™?) and poor crystallinity, had a stronger adsorption of phosphate than in light conditions,
and the complexation form was more similar to bidentate-bonded Fe-POs complexes,

suggesting a shift in phosphate coordination mode with facet exposure.
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Figure 2. The crystallization path of Fe(III) induced by HA under light conditions. The representative
SEM (a), TEM (b), and HRTEM (c¢) images of the crystal products of Fe(III) (0.5 mg/L) induced by HA for
3 h under light conditions (Fe(II)HL3p-0.5). Schematic diagrams of the goethite unit cell structure ([space
group Pnma) with lattice constants a=9.91 A, b=23.01 A and ¢ = 4.58 A, inset of Figure 2c), were drawn
by VESTA software (National Museum of Nature and Science, Japan). (d) The initial (001) facets charge
density of FeOOH. (e) The (001) facets charge density of pristine FeOOH after full relaxation. (f) The initial
(100) facets charge density of FeOOH. (g) The (100) facets charge density of pristine FeOOH after full
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relaxation. The level of the iso-surface is 0.003 e/A. (h) Kinetic adsorption curve of Dark-Goe(100) and
Light-Goe(001). Data points represent mean values from triplicate experiments (n=3) and error bars indicate
standard deviation. Adsorption conditions: initial P concentration 5 mg/L, pH 7, T = 298 K, solid
concentration 0.5 g/L. (i) Normalized P K-edge XANES spectra for Dark-Goe(100) and Light-Goe(001).
The initial concentration of Fe(Ill) was 0.5 mg/L, the initial concentration of NaHCO3; was 0.5 mg/L, and
the initial concentration of HA was 2 mg/L (T=298 K, pH 7). The initial concentration of DO was 4 mg/L
and the final concentration of DO was 3.5 mg/L. Samples were freeze-dried for 12 h. Scale bars: a, and b:

500 nm; ¢: 5 nm.

In conclusion, the calculation results of DFT suggest that light induces the growth of
goethite along the a-axis, by changing the charge density of the (100) lattice plane, while
COOH ligands induce the growth of goethite along the c-axis due to its binding energy on the
(001) lattice plane of goethite. Light has a prominent role in the direction of goethite growth,
when light and HA both act on the goethite. At the same time, different crystal planes exposed
to the outer surface of goethite have different influences on the migration and transformation
of environmental pollutants, which will be further discussed in the subsequent ‘Environmental

Implications’ section.

The differing effects of Fe(I) and Fe(III) on goethite growth orientation.

Under dark conditions (Figure 3: a to ), large amounts of leaf-like substances with a size of
approximately 300-400 nm were observed by SEM (Figure 3a) and TEM (Figure 3b) in the
sample of Fe(I[)HD3p-0.5. The resolved interplanar spacings along the rod-like substance were
2.49 A, and the other resolved interplanar spacings of some scattered areas ranged from 1.51
A to 1.55 A (Figure 3¢, HRTEM), which corresponded to the (400) and (601) lattice planes of
goethite (inset of Figure 3c¢), respectively. The results revealed that the leaf-like substance was
goethite, and its distinct crystal band grew in the c-axis direction. The interior (A in Figures 3d

and 3e) and surface (B in Figures 3d and 3e) of Fe(II)HD3r-0.5 were compared by XPS, and
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the results suggested that the main component of the Fe(I[)HD31-0.5 interior was still ferrous
iron, and a small amount of goethite (A in Figures 3d and 3¢). However, the binding energy of
goethite on the surface of Fe(I)HD3p-0.5 was obviously enhanced (B in Figures 3d and 3e),
which suggested that Fe(Il) was first agglomerated and gradually oxidized and crystallized.
The 3D-EEM spectra (Figure S2) show the evolution of HA fluorescence over time. Att =0
min (Figure S2a), the characteristic humic-like fluorescence peaks (Ex/Em: 250/450 nm and
350/450 nm) are clearly visible. Within 2-5 min (Figure S2b, c), fluorescence intensity
decreases substantially, suggesting complexation of HA with Fe(II) that quenches fluorescence.
After 20-40 min (Figure S2e, 1), fluorescence intensity begins to recover, and by 90-120 min
(Figure S2g, h), fluorescence approaches the initial intensity. This fluorescence recovery is
consistent with release of HA as Fe(Il) is oxidized and incorporated into crystalline goethite,
consistent with previous reports of organic matter release during iron oxide crystallization.?”
3972 This experimental result does not prove that Fe(II) can induce the growth of goethite along
the c-axis (interference of HA), but the presence of Fe(Il) causes goethite to form leaf-like
structures along both the a-axis and the c-axis (Figure 3¢). Hence the Fe(Il) plays a key role in
controlling self-orientation during agglomeration, which will be discussed further below.

In addition, under light conditions (Figure 3: f to j), similar to the above phenomenon, large
amounts of rod-like substances with a length of approximately 1-2 um were observed by SEM
(Figure 3f) and TEM (Figure 3g) in the sample of Fe(I[)HL3,-0.5. The resolved interplanar
spacings along the rod-like substance were 2.26 A (Figure 3h), which corresponded to the (002)
lattice planes of goethite (inset of Figure 3h). The results revealed that the rod-like goethite
was induced by HA to grow along the a-axis. However, some leaf-like substances next to rod-
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450 like goethite with a size of approximately 200-300 nm were observed by SEM (Figure 3f) and

451 TEM (Figure 3i). The calculated lattice planes (d(400)=2.43 A and d(002)=2.23 A, Figure 3j)

452  and the angle between them revealed that the leaf-like substance was goethite, whose growth

453 direction was perpendicular to the crystallographic b-axis of goethite.

454 Fe(IT) may play a key role in controlling self-orientation during OA: the crystal band along

455  the c-axis of goethite was formed first, and then the agglomerated Fe ions near the crystal band

456  gradually rearranged and crystallized toward the a-axis of goethite. Light, though not

457  completely dominant, tends to induce more goethite growth toward the a-axis, when light, Fe(II)

458  and HA all act on the goethite.
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460  Figure 3. The crystallization path of Fe(II) induced by HA under dark conditions. The representative
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SEM (a), TEM (b), and HRTEM (c¢) images of the crystal products of Fe(Il) (0.5 mg/L) induced by HA for
3 h under dark conditions (Fe(II)HD31-0.5). High-resolution XPS spectra of Fe 2p (d) and O 1s (e) of
Fe(II)HD31-0.5 (inside 20 nm: A, outside: B). The representative SEM (f), TEM (g and i), and HRTEM (h
and j) images of the crystal products of Fe(I) (0.5 mg/L) induced by HA for 3 h under light conditions
(Fe(Il)HL3 -0.5). Schematic diagrams of the goethite unit cell structure ([space group Pnma] with lattice
constants a=9.91 A, b=3.01 A and ¢ =4.58 A, inset of Figure 3¢ and 3h), were drawn by VESTA software
(National Museum of Nature and Science, Japan). The initial concentration of Fe(II) was 0.5 mg/L, the initial
concentration of NaHCO3 was 0.5 mg/L, and the initial concentration of HA was 2 mg/L (T=298 K, pH 7).
The initial concentration of DO was 4 mg/L and the final concentration of DO was 3.7 mg/L (Fe(II)HD3p-
0.5) and 3.6 mg/L (Fe(I[)HL3p -0.5). Samples were freeze-dried for 12 h. Scale bars: a: 2 um, inset 300 nm;
b and i: 100 nm, inset 20 nm; ¢, h and j: 5 nm; f, and g: 500 nm.

Effect of light on the crystallization and oxidation path of dissolved Fe(Il) (Siderite)
induced by humic acid. In the siderite mineral transformation process under dark conditions
for 3 h and 1 h (Figure 4), a large quantity of nanometer-sized particles (grain sizes ranging
from 50 to 60 nm, Figure 4a) was observed on the surface of siderite (inset of Figure 4a). The
SHD3j retained the size of the original siderite sphere, but an obvious phase difference occurred
on its surface (Figures 4a and 4b). It was surrounded by a large amount of rod-like and plate-
like substances (plate sizes range from 100 to 300 nm; Figure 4b), which was similar to the
surface of SHD 1, (Figure 4c). The main XRD diffraction peaks of siderite (spectra A in Figure
S3a, SI) and SHDs;, (spectra C in Figure S3a, SI), located at 26 = 24.5°, 32°, 38°, 42°, 46°, 51°,
52.5°, 61.5° were ascribed to siderite (ICDD (29-0696)); there were other diffraction peaks
located at 20 = 17.8°, 21.2°, 33.2°, 34.6°, and 36.6° (spectra C in Figure S3a, SI), which
corresponded to goethite (ICDD (29-0713)). The XRD results reveal that the intensity of the
diffraction peaks of siderite decreased and that new diffraction peaks of goethite appeared in
the SHD3, sample. The Fe 2p peaks, which were assigned to FeCOs, displayed broad Fe 2p3/2

and Fe 2p1/2 lines located at 710.7 + 0.2 eV and 724.9 £ 0.2 eV, respectively. > The peak at
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712.6 + 0.2 eV was assigned to the formation of goethite (B in Figure S3b, SI). 8% 82
Furthermore, the detailed O 1s XPS spectra of the SHD3y are shown in Figure S3¢, which was
assigned to FeCOs located at 529.5 £ 0.2 eV. The peaks of FeO*OH and FeOO*H (the * symbol,
located in the upper right of the identifying atom, represents the binding energy between the
atom and other atoms and is used to distinguish multiple atoms of the same element in the one
functional group) were located at 530.4 + 0.2 eV and 531.9 + 0.2 eV, respectively. The O 1s
peak located at 531.3 £ 0.2 eV was assigned to ferrihydrite, while the peak at 533.1 £ 0.2 eV
was attributed to CO*OH in HA.* The XPS results are consistent with the above XRD analysis.
It is noted that a large quantity of spherical substances (diameter sizes range from 20 to 30 nm;
Figure 4c) was beneath the surface of this new coating (goethite). These spherical substances
were also different from the surface appearance of siderite (Figure 4a). It suggested that these

might be a precursor of goethite (ferrihydrite, XPS in Figure S3c).

d((i))Z')*Z.Z‘) A

c-axis

Figure 4. The growth orientation of siderite mineral transformation products induced by humic acid

under dark conditions. Representative SEM images of siderite (a), SHDsu (b), and SHD, (¢). The
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representative TEM and HRTEM images of the plate-like (d and e) and rod-like (g and h) substances of
SHD;p. The schematic diagrams of the goethite ([space group Pnma] with lattice constants a = 9.91 A, b =
3.01 A and ¢ = 4.58 A) unit cell structures (f and i) were the corresponding regions in (e) and (h), which
were drawn by VESTA software (National Museum of Nature and Science, Japan). The initial concentration
of siderite was 0.5 g/L, and the initial concentration of HA was 2 mg/L (T=298 K, pH 7). The xenon light
intensity was 113.2 mW-cm™. The initial concentration of dissolved oxygen (DO) was 4 mg/L. The final
concentration of DO was 3.3 mg/L. Samples were freeze-dried for 12 h. Scale bars: a, b, and ¢: 200 nm,

inset 2 pm; d and g: 50 nm; e and h: 2 nm.

The plate-like (SHD3pn, Figure 4d) and rod-like (SHDsn, Figure 4g) substances were
analyzed by TEM. The calculated lattice planes (d(400)=2.45 A and d(002)=2.26 A, Figure 4¢)
and the angle between them revealed that the plate-like substance was goethite, whose growth
direction was along the crystallography a-axis and c-axis, respectively. The lattice
measurement results of the goethite crystal cell (Figure 4f) were consistent with the above
results. The calculated lattice planes (d(400)=2.52 A, Figure 4h) revealed that the rod-like
substance also was goethite, and its growth direction was along the crystallography c-axis,
which was consistent with the lattice measurement results of the goethite crystal cell (Figure
41).

Previous research > 7> has revealed that the possible effects of Fe(II) on mineral growth
need to be taken into account. The concentration of Fe(Il) and the total Fe of the filtrates
(siderite after reacting with HA (2 mg/L) under dark) were measured (Figure S4a, SI), which
were approximately 0.29 mg/L and 0.52 mg/L, respectively. The results reveal that the
abundant carboxyl groups of HA may chelate Fe from the surface of siderite (FeCOs3) , ”° which
can also induce agglomerations of Fe(IIl) and control self-orientation to assemble along the c-
axis of goethite independently.

In addition, under the light conditions (Figure 5), the size of the SHL31 sample was larger
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than that of the initial siderite sphere (Figure 52), and its surface changed significantly (Figures
5b). A large quantity of nanometer-sized particles (grain sizes range from 50 to 200 nm; Figure
5b) was observed on the surface of SHL3p. A large quantity of micron-sized rod-like substances
(grain sizes range from 0.6 to 0.8 pm; Figure 5¢) was observed on the surface of SHLn. The
results suggested that the morphology of siderite mineral transformation products induced by
humic acid under light conditions was rod-like, which was further investigated by TEM (SHL3p,
Figure 5d). Two regions of the rod-like substances were observed by high-resolution TEM
images (Figures 5e and 5f). The calculated lattice planes (d(301)=2.67 A and d(002)=2.26 A,
Figure 5e) and the angle between them demonstrated that its major phase was goethite ([space
group Pnma] with lattice constants a=9.91 A, b=3.01 A and ¢ =4.58 A), which was consistent
with the schematic of the goethite unit cell structure (the inset of Figure 5e¢). The lattice
calculation results of another region of the rod-like substance (Figure 5f) agreed with the above
analysis results. By comparing HRTEM and the crystal cell parameters of goethite, it was found
that the newly generated goethite induced by humic acid under light conditions grew along its
a-axis.

Similarly, to assess the induced effect of Fe(Il)/Fe(Ill), the concentration of Fe(Il) and the
total Fe of the filtrates (siderite after reacting with HA (0 and 2 mg/L) under light) were
measured (Figures S4b and S4c, SI). The results revealed that the concentration of Fe(II) and
total Fe were 0.37 mg/L and 0.86 mg/L, respectively (Figure S4c, SI). Therefore, we added
Fe(Il)/Fe(Ill) at two concentrations (0.5 mg/L and 100 mg/L, respectively) to the
transformation experiment of siderite under the conditions of light without HA. (Figure S5, SI).
These results demonstrate that, in the absence of HA, neither low concentrations of
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Fe(Il)/Fe(Ill) (0.5 mg/L) nor light exposure alone was sufficient to induce formation of
crystalline goethite products. Crystallization required the combined presence of HA together
with either Fe ions or light, or both. A detailed analysis of the growth orientation of goethite
formed from siderite under light with HA is provided in Section S4 of the Supplementary
Information, with supporting data shown in Figure S5. In addition, a detailed analysis of the

nucleation and growth of goethite induced by light and HA is shown in the SI (Section S6, SI).
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Figure 5. The growth orientation of siderite mineral transformation products induced by humic acid
under light. Representative SEM images of siderite (a), SHL3p (b), and SHL 1 (¢). The representative TEM
(d) and HRTEM (e and f) images of the rod-like substances of SHLz,. The schematic diagram of the goethite
([space group Pnma] with lattice constants a=9.91 A, b=3.01 A and ¢ = 4.58 A) unit cell structure (inset
of e) was drawn by VESTA software (National Museum of Nature and Science, Japan). The ESR spectra of
hydroxyl radical (blue star) and superoxide radical (red dot) in siderite aqueous solution without (A), and
with (B), HA under light for 30 min; the samples of 1 min (g), 5 min (h), and 15 min (i) after the reaction
were tested by ESR. The initial concentration of siderite was 0.5 g/L, and the initial concentration of HA

was 2 mg/L (T=298 K, pH 7). The xenon light intensity was 113.2 mW-cm™. The initial concentration of
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dissolved oxygen (DO) was 4 mg/L. The final concentration of DO was 3.1 mg/L. Samples were freeze-

dried for 12 h. Scale bars: a, b, and ¢: 200 nm, inset 1 um; d: 200 nm; e and f: 5 nm.

To understand how light might influence facet-selective growth, we detected hydroxyl
radicals (*OH) and superoxide radicals (*O2") in the reaction systems using ESR (Figure 5g-1).
In the siderite + light system without HA, both radical signals were detected, with «OH signal
intensity approximately 3-fold higher than *O.". These radicals likely arise from photo-
excitation of Fe(Ill) species and subsequent Fenton-like reactions. In the presence of HA,
radicals were below detection limits, suggesting rapid scavenging by HA or reaction at the
mineral surface.

The relationship between radical generation and facet-selective growth is not directly
demonstrated by our data, but several plausible mechanisms can be hypothesized. First, radicals
could react with surface Fe atoms, creating electron-hole pairs that modify surface charge
density. DFT calculations (Figure 2d-g) indicate that the (100) facet has lower initial charge
density and poorer electron acquisition ability than the (001) facet, making it potentially more
susceptible to radical-induced oxidation. Second, radical-mediated oxidation of surface Fe(II)
to Fe(Ill) could create local supersaturation that favors nucleation on specific facets. Third,
radicals may partially oxidize or modify adsorbed HA, altering its facet-specific binding
affinity.

We must emphasize that these mechanisms remain speculative. The radicals we detect are
short-lived species in solution, and their direct interaction with specific crystal facets cannot
be resolved with current techniques. Importantly, we cannot rule out alternative explanations.

Light absorption by the semiconductor goethite itself generates electron-hole pairs that could
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drive facet-specific surface chemistry independently of solution-phase radicals, with the
detected radicals being a byproduct rather than the primary mediator. Thus, while our data show
an association between light exposure and a-axis growth, the causal pathway remains to be
established. Future studies using facet-specific probes or in situ spectroscopy will be needed to
definitively elucidate the mechanistic pathway.

In conclusion, this result was consistent with the experimental behaviour described above,
where, in the presence of light, humic acid induced goethite to grow toward the a-axis, while

in the darkness, the growth was toward the c-axis.

The growth orientation of goethite under alternating light and dark. The alternation of
light and darkness can easily occur in shallow water environments, which can have a profound
influence on mineral growth orientation. In this study (Figure 6), the results showed that the
SHL3n Dosh retained the size of the original siderite sphere, but an obvious phase difference
occurred on their surface (Figure 6a). A large quantity of submicron-sized polyhedral subunits
(grain sizes range from 300 to 600 nm; Figure 6a) was observed on the surface of SHL3, Do sh.
A large quantity of submicron-sized mushroom-shaped subunits (grain sizes range from 0.8 to
1.2 um; Figure 6b) was observed on the surface of SHLin Dosn. This suggested that the
previously observed polyhedral subunits (Figure 6a) were only the head of mushroom-shaped
substances. However, a large quantity of spherical substances (diameters range from 20 to 30
nm; Figure 6b) was beneath the surface of this new coating (goethite). These spherical
substances were similar to the surface appearance of SHDsh (Figure 4¢) and SHL3n (Figure 5c¢).
This suggested that these might be a precursor of goethite (ferrihydrite, XPS in Figure S3c, SI).
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The mushroom-shaped subunits (SHL3n Do sn, Figure 6¢ and Figure S6, SI) was investigated by
TEM. Three regions of the mushroom-shaped subunits, denoted as A (the mushroom tail,
Figure Soc, SI), B (the mushroom stem, Figure S6d, SI), and C (the mushroom head, Figure
Soe, SI) were selected in Figure 6¢, and they were observed by high-resolution TEM images
(Figures 6: d to h, Figures S7 to S9, SI). The calculated lattice planes (d(014)=1.75 A and
d(010)=2.51 A, Figure 6d) and the angle between them in region A (Figures 6¢) demonstrated
that its major phase was 6-line ferrihydrite (a schematic of the unit cell structure is shown in
the inset of Figure 6d). The results suggest that free iron atoms were induced to agglomerate
and gradually crystallize to form 6-line ferrihydrite (Figure S7, SI). Furthermore, all the
resolved interplanar spacings along the region B (Figures 6¢) ranged from 2.66 A to 2.68 A
(Figures 6e and 6f), which corresponded to (301) lattice planes of goethite ([space group Pnma]
with lattice constants a=9.91 A,b=3.01 A and c =4.58 A). The Fast Fourier transforms (FFT,
inset of Figure 6f) in the region of Figure 61 also coincided with Zone [010] of single crystal
goethite. The resolved interplanar spacings (Figure 6g) were 2.23 A and 2.68 A at the junction
of the mushroom head and the stem, which corresponded to the (102) and (301) lattice planes
of goethite, respectively. The calculated lattice planes and the angle between them (Figure 6g)
coincided with the schematic of the goethite unit cell structure (inset of Figure 6g). Furthermore,
the FFT (inset of Figure 6g) in the region of Figure 6g also coincided with the Zone [010] of
polycrystalline goethite (Figure 6g). The results revealed that the goethite grows along the
crystallography a-axis in the presence of light (Figure S8, SI). However, no lattice fringe and
spot signal of FFT was captured in region C (Figure 6h), which indicated that the structures of
the mushroom head were amorphous (Figure S9, SI).
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The elements along the regions A, B, and C (line L) were investigated by the TEM-EDS line
scan (Figure 61). According to the relative ratio of Fe/O, line L was divided into three regions
A’ (Fe/O: about 1.46), B’ (Fe/O: about 2.00), and C’ (Fe/O: about 1.37). The results suggested
that the substance in region C’ had the highest oxygen content, followed by region A’, and
region B’ had the lowest. By comparing the oxygen content of ferrihydrite (FesHOg*4H>0),
goethite (FeOOH), and Fe(OH)s, it was concluded that region A’ mainly contained ferrihydrite,
region B’ contained goethite, and region C’ contained amorphous Fe(OH)s, which was
consistent with the TEM, SEM, and XPS analyses. It is worth noting that Fe(OH); had the
highest carbon content, followed by ferrihydrite, and FEOOH had the lowest. This might be
due to the complexation of HA on their surface, and HA was gradually expelled as the
crystallization progressed.

In summary, it is evident that in the presence of light and HA, goethite grows along the
crystallography a-axis and presents a rod-like structure. In contrast, under dark conditions for
a short time, the hydroxide of iron grows in a disorderly manner and presents a polyhedral

structure.
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Figure 6. The growth orientation of siderite mineral transformation products induced by humic acid
under light for 3 h and then dark for 30 min in succession. Representative SEM images of SHL3pDo sn (a)
and SHL1Do sn (b). Representative TEM image of SHL-3h (¢) and its HRTEM images (d, e, f, g, and h); the
ball position (Figure 6¢) corresponded to the HRTEM images of the same ball color in the upper left corner,
respectively. Schematic diagrams of the goethite ([space group Pnma] with lattice constants a=9.91 A, b=
3.01 A and ¢ = 4.58 A, the inset of g) and ferrihydrite (inset of d) unit cell structure, which were drawn by
VESTA software (National Museum of Nature and Science, Japan). The insets of, f, g, and h, are the Fast
Fourier transforms (FFT) of their corresponding regions. (i) Element (Fe, O, and C) line sweep (along the
line L from left to right) of the SHL3nDg sh. The initial concentration of siderite was 0.5 g/L, and the initial
concentration of HA was 2 mg/L (T=298 K, pH 7). The xenon light intensity was 113.2 mW-cm2. Samples
were freeze-dried for 12 h. Scale bars: a and b: 200 nm, the inset 2um; ¢: 200 nm; d, e, f, g, and h: 5 nm; the
inset of, f, g, and h: 5 1/nm.

Discussion. The influence of the various factors on crystal growth orientation of Fe-bearing
mineral may be related to the gain and loss of electrons on the crystal surface. The results of
DFT calculations suggest that it was easy for the goethite crystal to grow perpendicular to (100)

lattice planes (TOC and Table S1, SI) by reason of the higher energy released during the
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elimination of surfaces. However, the factors affecting growth orientation not only include the
surface energy of the lattice plane, but also the adsorption energy of organic ligands, and the
charge density of unsaturated iron on the lattice plane. In the presence of organic ligands, Fe(II)
or light may play a more important role in controlling self-orientation during OA. This leads
to the possibility of goethite with different micro-morphologies.

Several studies have suggested that -COOH ligands are not only a good stabilizer to prevent
the coalescence of nanoparticles, but also influence the morphology by promoting the
coalescence of particles on specific surfaces. !> % 152326, 28, 29,56, 63,8486 ur DFT calculations
employed acetic acid as a simplified model for the carboxylic functional groups in humic acid.
While this approach enables rigorous quantum mechanical treatment of carboxyl-Fe
interactions, several important deviations from natural HA should be acknowledged. First, HA
contains additional functional groups (phenolic OH, quinones, aromatic rings) that may
contribute to surface interactions not captured by our model. Second, the macromolecular
structure of HA creates steric constraints and multi-point attachment possibilities that differ
from simple monodentate binding. Third, the photochemical properties of HA—including light
absorption, radical generation, and electron transfer—are more complex than those of acetic
acid. However, several lines of evidence suggest that our simplified model captures the
dominant binding mechanism: (i) XPS analysis shows carboxyl carbon as the predominant
organic functional group associated with the mineral surface; (i1) previous studies have shown
that carboxylic acids reproduce the key features of HA adsorption on iron oxides; and (iii) our
experimental results with HA are consistent with DFT predictions based on the acetic acid
model. Nevertheless, we interpret the DFT results as providing insights into carboxyl-specific

33



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

binding energetics rather than a complete description of HA-goethite interactions. The
calculations of DFT suggest that the -COOH ligand can capture free iron atoms onto the (001)
lattice plane by chelation and induce goethite to grow vertically on this surface under dark
conditions (Figure | and Figure 7). This may be one of the important reasons to explain the
growth orientation of goethite parallel to the c-axis in the presence of HA in soil (no light). Our
experimental results of Fe(IIl) matched the predictions of DFT (Figures 1 and 2). However, as
an electron donor, Fe(Il) is more easily attached to the (001) lattice plane to provide electrons
for Fe(III) by reason of the higher charge density and strong electron acquisition ability of this
lattice plane (Figure 2d). The experimental results (Figure 3) are consistent with the predictions
of DFT. In the presence of Fe(Il), the crystal band growing perpendicular to the (001) lattice
plane of goethite was formed first, and then the agglomerated Fe ions near the crystal band
gradually rearranged and crystallized perpendicular to the (100) lattice plane of goethite under
dark conditions (Figure 3). A similar phenomenon has also been observed during the growth
process of akageneite. 87 The results suggest that Fe(II) induces goethite to grow along the c-
axis and a-axis successively under dark conditions. The critical role of oxygen in the
transformation pathway merits emphasis. Under our experimental conditions (DO 4 mg/L,
representing air-saturated water), oxidation of Fe(Il) to Fe(III) provides the necessary Fe(IIl)
for goethite nucleation and growth. In anoxic sediments, where DO may be depleted, the light-
driven transformation pathway described here would be suppressed. This suggests that the
photo-controlled facet selection mechanism is most relevant in oxic surface waters and the
oxic-anoxic transition zones of shallow sediments, where periodic resuspension exposes
minerals to oxygenated water.
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Light energy (hv) can generate free radicals, exciting electron transition on the crystal
surface to form electron-holes, which leads to further increase of its surface energy; these
surface energies are eliminated subsequently by the aggregation and crystallization. As a result,
the crystal grows vertically on these lattice planes. > >* The calculations of DFT predict that
light is more likely to excite electron transition on the (100) lattice planes by reason of the
lower charge density and poor electron acquisition ability of this lattice plane (Figure 2f). The
experimental results (Figures 2 and 3) are consistent with this prediction. In the presence of
light, the (100) lattice plane of goethite was more active, and therefore, this lattice plane was
gradually eliminated during the growth process, leading to the growth trend along the a-axis of
goethite (Figure 7). It should be noted that it is difficult for light, hydroxyl radicals or
superoxide radicals to promote the directional crystallization of goethite alone at low intensity,
but in the presence of humic acid (HA), they can complete this process in combination. The
experimental results show that the influence of light has a leading role in the synergistic effect
of light, Fe(II), and HA on crystal growth orientation (Figures 2,3.5 and 6), which is also the
main reason for the formation of the mushroom shape. It is evident that in the presence of light
and HA, goethite grows along the crystallography a-axis and presents a rod-like structure. In
contrast, under dark conditions for a short time, the hydroxide of iron grows in a disorderly
manner and presents a polyhedral amorphous structure (Figures 6 and 7).

To determine whether the observed differences in phosphate adsorption arise from facet
exposure rather than simply differences in surface area, we measured the specific surface areas
of Dark-Goe(100) and Light-Goe(001) by N2-BET analysis. Dark-Goe(100) exhibited a surface
area of 98.3 + 3.2 m?-g™', while Light-Goe(001) had a substantially lower surface area of 66.67
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+ 2.1 m?-g™!, consistent with its larger particle size (1-2 pm vs. 100-500 nm). When phosphate
adsorption capacity was normalized to surface area, Dark-Goe(100) adsorbed 0.061 mg P-m™
and Light-Goe(001) adsorbed 0.057 mg P-m2 at 24 h. Thus, on a per-unit-area basis, the two
materials exhibit remarkably similar adsorption densities, differing by only ~7%. This finding
fundamentally revises the interpretation: the 1.5-fold difference in mass-normalized capacity
is primarily attributable to differences in specific surface area (driven by particle size and
crystallinity) rather than to intrinsic differences in facet-specific reactivity. While both facets
are capable of phosphate binding, the (100) facet does not appear to possess inherently higher
binding site density per unit area than the (001) facet under the conditions tested.

Taken together, the data suggest a more nuanced picture than a simple facet-controlled
adsorption narrative. The surface area-normalized adsorption densities are nearly identical
(0.061 vs. 0.057 mg P-m2), indicating that both facets possess comparable intrinsic binding
site densities per unit area. The 1.5-fold difference in mass-normalized capacity is therefore
primarily a consequence of the larger particle size and lower specific surface area of Light-
Goe(001) (66.7 vs. 98.3 m?-g'), which in turn reflect the different growth conditions.
Crystallinity differences may also contribute: the more crystalline Light-Goe(001) likely has
fewer defect sites and grain boundaries that could serve as additional adsorption sites. While
surface energy calculations show the (100) facet has slightly higher surface energy (1.22 vs.
1.13 J-m™2), this energetic difference does not translate into higher site density per unit area
under our experimental conditions. Thus, the primary environmental implication is not that one
facet is intrinsically more reactive, but rather that light-driven growth produces larger, more
crystalline particles with lower surface area, thereby reducing mass-normalized adsorption

36



755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

capacity.

In summary, while our data establish a clear correlation between light exposure and a-axis
growth orientation, and between facet exposure and phosphate coordination mode, we do not
claim to have proven a causal mechanistic pathway. The proposed involvement of radicals in
facet-selective growth should be viewed as a testable hypothesis requiring further validation,
not as a concluded mechanism. Direct demonstration of radical-mediated facet control would
require in situ observations of crystal growth under controlled radical fluxes or facet-specific
radical quenching experiments, both of which remain technically challenging. At present, we
cannot exclude alternative mechanisms, including light-induced changes in Fe(Il)/Fe(Ill)
speciation at the crystal surface, photochemical alteration of HA binding affinity, or indirect
effects mediated by changes in solution chemistry. Several important caveats should be
considered when extrapolating our laboratory findings to natural systems. First, our
experiments employed fixed irradiation intensity (113.2 mW-cm™2, approximating midday
summer sunlight at 40°N latitude) and continuous exposure, whereas natural systems
experience diurnal cycles, variable cloud cover, and spectral attenuation with depth. Second,
our simplified system contained only HA as organic matter, whereas natural waters contain
diverse organic compounds with varying photochemical reactivities. Third, our experiments
were conducted over 3 h, capturing initial crystallization; natural transformation occurs over
longer timescales during which multiple light-dark cycles and competing reactions may occur.
Fourth, microbial activity, which was absent in our system, may significantly influence Fe
cycling and mineral transformation in natural settings. Therefore, while our findings identify a
previously unrecognized factor that could influence phosphorus dynamics, the quantitative
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significance of light-driven facet control in natural systems remains to be determined through

field studies.
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Figure 7. The prominent role of light in goethite growth along a-axis. Possible pathways of crystal growth
orientation during mineral transformation from Fe(II)/Fe(Ill)/siderite to goethite induced by dark or light
with HA.

Environmental Implications. The growth orientation of goethite directly determines
which lattice plane will be exposed to the mineral exterior. This will lead to the surface of
goethite having different charge densities and surface energies, and different adsorption
activities. Our experimental results show that Dark-Goe(100) exhibits 1.5-fold higher mass-
normalized phosphate adsorption capacity than Light-Goe(001). However, surface area-
normalization reveals that this difference is primarily attributable to the larger particle size and
lower specific surface area of Light-Goe(001) (66.7 vs. 98.3 m?-g™!), rather than to intrinsic

differences in facet-specific binding site density. The two materials show nearly identical
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adsorption densities on a per-unit-area basis (0.061 vs. 0.057 mg P-m™2). The DFT calculations
indicate that the (100) facet has slightly higher surface energy (1.22 vs. 1.13 J-m™2), but this
energetic difference does not translate into higher site density under our experimental
conditions. The XANES results do show differences in phosphate coordination geometry
(bidentate vs. monodentate), suggesting that facet identity may influence binding mode even if
total site density is comparable. Thus, the environmental implication is not that one facet is
intrinsically more reactive, but rather that light-driven growth produces larger, more crystalline
particles with lower surface area, thereby reducing mass-normalized adsorption capacity.

The potential influence of light-driven facet control on phosphorus cycling may be
modulated by water transparency, which is itself affected by climate change and eutrophication.
In many shallow lakes, increased phytoplankton blooms and dissolved organic carbon
concentrations reduce light penetration (Secchi depth decreasing from >2 m to <0.5 m),
potentially diminishing the depth interval over which light-induced facet selection operates.
Conversely, in systems where water clarity improves (e.g., through restoration efforts), the zone
of light influence may expand. These considerations suggest that the biogeochemical
significance of photo-controlled mineral growth may vary both spatially and temporally in
response to changing environmental conditions.

These findings suggest that diel irradiation cycles may represent an overlooked control on
iron (oxyhydr)oxide reactivity in shallow aquatic systems, potentially contributing to observed
temporal variations in phosphorus mobility. The relevance of these laboratory observations to
natural systems is suggested by the fact that our experimental conditions (HA concentration 2
mg/L, pH 7, temperature 298 K) fall within the range of values reported for eutrophic shallow
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lakes worldwide. However, we emphasize that this conditional similarity does not constitute
validation. Extrapolation to natural systems requires consideration of additional complexities
not captured in our experiments, including microbial activity, variable organic matter
composition and concentration, competing ions (e.g., sulfate, carbonate), fluctuating redox
conditions, and the presence of other Fe-bearing minerals that may interact with goethite.
Future studies should examine whether similar facet-selective growth occurs in field-collected
sediments subjected to natural light-dark cycles, and should investigate whether the ~7%
difference in surface area-normalized adsorption density (which may be within natural
variability) has measurable effects on phosphorus mobility at ecosystem scales.
Understanding these processes helps to reveal its potential influence on the Fe, P, and N
biogeochemical cycles. These processes can also be applied to environmental remediation and

nanomaterial synthesis fields.
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Appendix A. Supplementary
The Supplementary Information contains 5 Sections, 10 Figures, and | Table, as follows:

The detailed synthesis process of siderite (Section S1);

The calculation of DFT (Section S2);

The characterization methods (Section S3);

The growth orientation of goethite formed from Fe(III)/Fe(Il) crystallization on the surface
of siderite induced by humic acid under light (Section S4);

Nucleation and growth of goethite induced by light and HA (Section S5);

The calculations of DFT to determine the surface and adsorption energies for (001) and
(100) surfaces (Table S1);

The DFT calculation of the ligand binding configurations (Figure S1);

The fluorescence spectra of Fe(I1) induced by HA under dark conditions (Figure S2);

The Crystallinity and valence of siderite mineral transformation products induced by humic
acid (HA) under light and dark (Figure S3);

The concentration of Fe in the solution (Figure S4);

The transformation products of siderite induced by Fe(Il) or Fe(IIl) under light condition
(Figure S5);

The characterization of mushroom-shaped substance of SHL3 (Figure S6);
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The characterization of mushroom tail substance of SHL3, (Figure S7);

The characterization of mushroom stem substance of SHL3h (Figure S8);

The characterization of mushroom head substance of SHL3h (Figure S9);

Characterization of mesocrystal and the oriented attachment (OA) at the atomic level

(Figure S10).
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