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The oxidation of dissolved Fe(i) in near-neutral natural waters leads to the formation of Fe(i)-precipitates.
Organic ligands, POy, calcium (Ca) and other solutes affect the composition, bulk and nanoscale structure
and colloidal properties of Fe(n)-precipitates and their impacts on co-precipitated compounds in
interdependent ways. In this study, we quantified the effects of four low molecular weight organic acids
(LMWOAs) with different Fe() complexation strengths (2,4-dihydroxybenzoic acid (2,4-DHB) ~
galacturonic acid (Galact) <« 3,4-dihydroxybenzoic acid (3,4-DHB) < citric acid (Citr)) and of leonardite
humic acid (LH) in combination with PO, and Ca on Fe(i)-precipitate structure and composition in
a multifactorial experiment. Precipitates were synthesized by oxidation of 0.5 mM Fe(i) in bicarbonate-
buffered solutions at pH ~ 7, at molar (OC/Fe) ratios of 0.1 to 9.6, at molar (PO4/Fe) ratios of 0.05 and
0.25, and without/with 4 mM Ca. OC-free controls consisted of amorphous (Ca)Fe(i)-phosphate and
ferrinydrite (Fh) aggregated in core—shell nanoparticles with lepidocrocite (Lp) crystallites attached to
their surface, reflecting their formation sequence. The LMWOAs promoted the formation of OC-loaded
Fh at the expense of Lp and thereby led to more effective PO, retention and lower residual dissolved
PO,. This effect increased with ligand concentration and Fe(i) complexation strength. At a higher PO4
level, the co-precipitation of all LMWOAs was reduced, reflecting the stronger affinity of PO4 for Fe(in). At
higher (OC/Fe), the strong ligands 3,4-DHB and Citr increasingly co-precipitated with PO, into (Ca)-
Fe()—PO4—OC nanoparticles and led to the formation of Fe(in)-colloids and Fe(i)—organic complexes
that passed 0.2 um filter membranes at the highest tested (OC/Fe) levels. Macromolecular LH (humic
acid) had similar effects on Fe coordination and PO, uptake to 2,4-DHB and Galact, but distinct effects
on the nanoscale precipitate structure and colloidal properties. Ca enhanced the co-precipitation of PO4
and OC with Fe(in), the aggregation of Fe(i)-precipitate particles, and LH coagulation. Collectively, the
insights presented in this study highlight the need to take the type of OC, its concentration relative to Fe,
and interdependent effects of OC, PO, SiO4, and Ca into account when assessing the formation of
Fe(n)-precipitates by Fe(i) oxidation in near-neutral natural waters and their impacts on the cycling of
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Environmental significance

Iron (Fe) precipitates formed by Fe oxidation at anoxic/oxic interfaces in environmental systems critically affect the cycling of phosphorus (P), organic carbon
(OC), and other compounds. Based on laboratory experiments in near-neutral bicarbonate-buffered solutions, this study shows how organic ligands with
different Fe(mr) complexation strengths, combined with phosphate (PO,4) and calcium (Ca), determine the structure of freshly formed Fe(ur)-precipitates, their
ability to retain PO, and OC, and their colloidal properties. The observed interdependent effects of different solutes must be considered when assessing the role
of Fe oxidation products in environmental P, OC, and trace element cycling.
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1. Introduction

The oxidation of dissolved Fe(u) at natural redox boundaries
leads to the formation of amorphous to poorly crystalline Fe(u)-
precipitates. These nanoscale precipitates can act as immobi-
lizing sorbents or colloidal carriers for a wide range of
compounds and can thereby critically influence their biogeo-
chemical cycles and environmental impacts as nutrients or
contaminants." Phosphorus (P) is an essential nutrient, but
excessive P inputs into surface waters lead to eutrophication
and aquatic system degradation.” Due to the high affinity of PO,
to Fe(m), its environmental cycling is closely linked to Fe,
including its co-precipitation with Fe(u) at redox transitions. As
“rusty carbon sinks”, Fe(m)-precipitates also play a crucial role
in the stabilization of organic carbon (OC) in soils and sedi-
ments, in its transfer across redox interfaces, and thereby in the
global C cycle.’*”

In natural waters, the oxyanions phosphate (PO,), silicate
(Si0,) and bicarbonate and the major cations calcium (Ca) and
magnesium (Mg)*® interdependently affect the formation,
structure and reactivity of Fe(m)-precipitates. The
precipitation of PO, with Fe(m) upon Fe(u) oxidation in near-
neutral natural waters and its impact on Fe(m)-precipitate
structure have been extensively studied. Phosphate limits Fe(ur)
polymerization and co-precipitates with Fe(m) as amorphous
Fe(m)-(hydroxy)phosphate (FeP; basic Fe(ur)-phosphate)”®!°-*>
or, in the presence of Ca, Ca-Fe(i)-(hydroxy)phosphate (CaFeP)
with a higher degree of Fe(m) polymerization and PO,
uptake.®™° At initial dissolved molar P/Fe ratios ((P/Fe)init) below
the ratio of (Ca)FeP, initial (Ca)FeP formation leads to the
depletion of dissolved PO, and subsequent formation of
different Fe(ur)-precipitates.”® In PO,-depleted solutions
without SiO,, the formation of (Ca)FeP is followed by the
precipitation of lepidocrocite (Lp) and concomitant trans-
formation of (Ca)FeP into PO,-loaded ferrihydrite (Fh).”® In PO,-
free solutions containing SiO,, initially formed (Ca)FeP is
preserved and continuing Fe(u) oxidation leads to the precipi-
tation of SiO,-containing Fh.”®"* These sequential processes are
reflected in the nanoscale structure and heterogeneity of fresh
Fe(m)-precipitates.”®*

Dissolved organic matter (DOM) also affects the Fe(ur)-
precipitate structure and composition by inducing the forma-
tion of Fe(m)-OM-co-precipitates or mono- and oligomeric
Fe(ur)-OM complexes.**** Typically, the presence of DOM
reduces the long- and short-range structural order in Fe(m)-
precipitates.****** Previous studies on the effects of natural OM
(NOM) on Fe(m)-precipitate formation and structure conducted
with root exudates such as citrate,*** sugars,” amino acids,*
mono- and polysaccharides,”*° lignin and hydroxybenzoic
acids,”**' or humic and fulvic compounds'*® indicated that
effects of OM on Fe(m)-precipitate formation depend especially
on the OC/Fe ratio, OM functional groups and their Fe(m)
binding strength, and solution pH. Organic carbon can
compete with PO, for co-precipitation with Fe(r),**** but can
also alter the structure of Fe(u)-precipitates and potentially
cause an increase in PO, sorption capacity.**>*® Positive
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correlations between OC content and PO, sorption in soils have
been attributed to an increase in the reactive surface area of
Fe(m)-precipitates.®**>*”* In addition, Ca co-precipitated with
Fe(ur) can affect the reactivity of Fe(u)-OM co-precipitates,*%°
and enhance OC co-precipitation with Fe.**

In previous work, we studied the interdependent effects of
PO,, SiO4, Mg and Ca on the structure and composition of fresh
and aged Fe(u) oxidation products in laboratory experiments
closely mimicking conditions in bicarbonate-buffered near-
neutral natural waters.*'*** To date, analogous multifactorial
laboratory studies on the interdependent effects of organic
ligands are still scarce. In this study, we therefore examined
how organic ligands with different structures and Fe(m) binding
strengths in combination with PO, and Ca influence the
composition and structure of Fe(m)-precipitates formed by
oxidation of 0.5 mM dissolved Fe(u) in bicarbonate-buffered
aqueous solutions at near-neutral pH. In a multifactorial
approach, we studied the effects of four low molecular weight
organic acids (LMWOAs) and one macromolecular humic acid
at initial molar OC/Fe ratios from 0.1 to 9.6 at two initial molar
PO,/Fe ratios of 0.05 or 0.25 in treatments without and with Ca
(4 mM). The organic ligands and OC/Fe ratios were selected to
represent structural moieties and OC concentrations commonly
found in soils, groundwater and surface waters."** The selected
(P/Fe)ini; ratios are known to induce initial (Ca)FeP precipitation
followed by Lp precipitation and concomitant partial (P/Fe 0.25)
or complete (P/Fe 0.05) (Ca)FeP transformation into Fh in OC-
free controls.”® The composition and structure of the formed
Fe(m)-precipitates were analyzed with a broad range of analyt-
ical techniques and used to explain interdependent variations
in OC and PO, sequestration from solution.

2. Materials and methods

2.1. Organic model compounds

Four low molecular weight organic acids (LMWOAs) were
selected as model compounds: 2,4-dihydroxybenzoic acid (2,4-
DHB; B-resorcyclic acid; pK, = 3.43, 9.16), galacturonic acid
(Galact; pK, = 3.51), 3,4-dihydroxybenzoic acid (3,4-DHB;
protocatechuic acid: pK, = 4.60, 9.27), and citric acid (Citr;
pK, = 3.13, 4.76, 6.40) (structures shown in Fig. S1 in the ESIT).
Dihydroxybenzoic acids such as 2,4-DHB and 3,4-DHB are
found in forest soils and represent structural moieties found in
humic substances.® Galact is the monosaccharide unit of
polygalacturonate, a degradation product of pectin and model
for exopolymeric mucilage on plant root tips.*”** Citr is an
a-hydroxy acid with three carboxyl groups and plays an impor-
tant role as a root exudate for nutrient acquisition in the
rhizosphere.*

All four LMWOAs carry carboxyl groups that are deproto-
nated at near-neutral pH and can interact with Fe(m); 2,4-DHB
and 3,4-DHB also carry phenolic hydroxyl groups. Whereas 2,4-
DHB can form a salicylate-type chelate complex with Fe(ur) via
its carboxyl and phenolic hydroxyl groups in the ortho position,
3,4-DHB can form a much stronger catecholate-type chelate
complex via its two phenolic hydroxyl groups in meta and para
positions.”” Galact mainly interacts with Fe(m) via its carboxyl

This journal is © The Royal Society of Chemistry 2025
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group,** but has been proposed to also form a chelate complex
with Fe(ui) involving its ring O-atom.*® Citr can bind Fe(m) very
strongly via two carboxyl groups and one hydroxyl group.*”
Thermodynamic calculations (ESI Section 1) indicated that the
extent of Fe(ur) complexation by the LMWOA at a given molar
(OC/Fe) ratio increases along the sequence 2,4-DHB ~ Galact <
3,4-DHB < Citr. For comparison with the LMWOA, experiments
were also conducted with leonardite humic acid (LH) as a proxy
of macromolecular NOM (International Humic Substances
Society (IHSS); C-content: 64.0%; carboxyl groups: 7.46 mol
kg '; phenolic hydroxyl groups: 2.31 mol kg™ '; pK, = 4.59, 9.72;
ref. 48).

2.2. Synthesis of Fe(u)-precipitates

The synthesis of Fe(m)-precipitates by Fe(u) oxidation in
aqueous solutions mimicking near-neutral natural waters fol-
lowed a similar protocol to that in earlier work without organic
ligands.**>*>* Experiments were conducted at a total Fe
concentration of 0.5 mM at two initial PO,/Fe ratios ((P/Fe)init)
of 0.05 or 0.25 in 4 mM Ca or 8 mM Na background electrolytes
at initial molar OC/Fe ratios ((OC/Fe);y;;) of 0.0, 0.1, 0.3, 0.6, 1.2,
2.4, 4.8, or 9.6. The factorial combinations are summarized in
Table S3,1 and analytical methods are given in Table S4.1 In this
manuscript, based on the background electrolyte cation (Ca or
Na) and (P/Fe)ip;; (0.05 or 0.25), the electrolytes are referred to as
Ca 0.05, Ca 0.25,Na 0.05 and Na 0.25. Sample labels indicate the
type of electrolyte, the organic ligand, and the molar (OC/Fe);p;.
For example, Ca 0.25 Citr 0.1 refers to experiments in Ca 0.25
electrolyte containing Citr at an (OC/Fe);y;; ratio of 0.1 and Ca
0.25 Ctrl refers to the corresponding control (Ctrl) treatment
without organic ligands.

Organic stock solutions were freshly prepared for each
experiment. 2,4-Dihydroxybenzoic acid (Sigma Aldrich; C;HgOy,,
=97.0%), p-(+)-galacturonic acid monohydrate (Sigma Aldrich;
CeH,00,-H,0, =97.0%), 3,4-dihydroxybenzoic acid (Sigma
Aldrich; C,;HgO4, =97.0%), citric acid monohydrate (Sigma
Aldrich; C¢gHgO;-H,0, puriss. p.a.), or leonardite humic acid
(IHSS; 1S104H) were added to 250 mL doubly deionized water
(DDI; 18.2 MQ cm™ ', MilliQ® Element, Millipore) in a glass
flask to achieve a nominal concentration of 30 mM (initial
experiments) or 100 mM (later experiments) organic C. The
solutions were equilibrated on a magnetic stirring plate (800
rpm) for 15 min. Subsequently, 1 M NaOH was manually titrated
into the stirred stock solutions until pH 7.0 (+£0.3) was reached.
The LMWOA stock solutions were used without further treat-
ment; the LH stock solution was stirred overnight and filtered
(0.1 um cellulose nitrate) before use.

The background electrolytes were prepared by dissolving
either 4 mM CaCOj; or 8 mM NaHCOj; in DDI water purged with
CO, gas in a glass flask (Schott Duran), resulting in solutions with
pH 5.5-5.6. After complete dissolution of CaCO; or NaHCO3, the
pH of the solutions was raised to 7.0 (£0.1) by passing pressur-
ized air. This resulted in solutions buffered with ~8 mM HCO;~
and ~16 mM H,CO; in equilibrium with ~50 mbar CO,, and
a saturation index for calcite of ~0.4 in Ca electrolytes. Subse-
quently, 2 uM of arsenate (AsO,) (4 mM Na,HAsO,-7H,0; neutral

This journal is © The Royal Society of Chemistry 2025
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stock) and 2 pM Cd (4 mM CdCly; acidic stock; 1 mM HCI) were
added to each electrolyte at pH 7.0 to study the co-precipitation of
two important toxic contaminants (results to be published sepa-
rately). Considering the much higher initial concentrations of
PO, (25 or 125 uM), OC (50-4800 pM), bicarbonate (~8000 uM),
Fe (500 uM) and Na (8000 uM) or Ca (4000 puM) in our experi-
ments, these trace levels of AsO, and Cd were not expected to
significantly affect Fe(ur)-precipitate formation. Either 200 mL
(initial experiments) or 600 mL (later experiments) of background
electrolyte were transferred into polypropylene (PP) bottles.
Subsequently, PO, was added (50 mM NaH,PO,-H,0; neutral
stock solution) to achieve initial molar P/Fe ratios ((P/Fe);n;) of
0.05 (0.025 mM PO,4) and 0.25 (0.125 mM PO,). To avoid photo-
chemical reactions, spiking of the organic ligands and Fe(u) to the
electrolytes, oxidation and precipitation of Fe, and initial and
final samplings were performed in a fume hood covered with red
plastic foil (primary red 106, LEE filters, UK). Aliquots of the
organic ligand stock solutions were spiked to reach OC concen-
trations between 0.05 and 4.8 mM. For comparison, control
treatments (Ctrl) without organic ligands were prepared.

To initiate Fe(u) oxidation, 0.5 mM Fe(ir) was spiked into the
solutions (using freshly prepared 50 mM FeSO,-7H,0 stock
solution acidified with 1 mM HCI). Immediately after each Fe(u)
spike, the solution was rapidly agitated to ensure complete
mixing, and an unfiltered 10 mL aliquot was collected in
a polyethylene (PE) tube and acidified with 0.65% (v/v) HNOj; for
analysis of total initial concentrations of Fe, P, Ca and Na by
inductively coupled plasma mass-spectrometry (ICP-MS; Agilent
8900). Total initial concentrations measured by ICP-MS (in % of
target values) equaled 95% =+ 8% for Fe (percentage and stan-
dard deviation; n = 198), 102% =+ 17% for P (n = 198) and 90% +
7% for Ca (n = 104). Unfiltered 20 mL aliquots were collected in
glass vials and acidified with 1.0% (v/v) HCI for analysis of total
organic carbon (TOC). The oxidation and precipitation of Fe
were allowed to proceed for 18 h, while the suspensions were
agitated on a horizontal shaker (150 rpm). After this period, the
suspension pH had increased to 7.3 (+0.2) due to some CO,
outgassing. To validate that Fe(u) oxidation was complete,
selected samples were analyzed for residual Fe(n) using UV-Vis
spectrophotometry (ESI Section 11%). Solution TOC was
measured in initial solutions to confirm the spiked levels. TOC
analyses of unfiltered final suspensions indicated that Fe-
induced OC decomposition was negligible (Table S147).

Aliquots of the precipitate suspensions were filtered (0.2 pm
nylon filters, Whatman) for the analysis of dissolved element
concentrations by ICP-MS (10 mL in PE tubes, acidified to
0.65% (v/v) HNO;) and of dissolved organic carbon (DOC)
(20 mL in glass vials, acidified to 1.0% (v/v) HCI). Unfiltered
aliquots (without acidification) were sampled for measure-
ments of the zeta potential and particle size by electrophoretic
and dynamic light scattering (ELS and DLS) and for the analysis
of suspension turbidity changes over a 24-h settling time.

For analysis by scanning transmission electron microscopy
(STEM), precipitates from the unfiltered suspensions were
sampled on a laminar flow bench by placing 20 pL of suspen-
sion on a transmission electron microscopy (TEM) grid (Cu,
holey carbon) and sucking the solution through the grid using

Environ. Sci.. Processes Impacts, 2025, 27, 2479-2506 | 2481
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a filter paper. The samples were washed by passing 40 pL of DDI
water through the TEM grids and stored in a desiccator cabinet
for later analysis.

The Fe(m)-precipitates were collected by passing the
remaining suspensions through cellulose nitrate filters (0.1 pmy;
47 mm diameter; Whatman). The precipitates were washed by
passing 50 mL of DDI water through the filter membranes and
dried overnight under a stream of air. The dried solids were
stored in a desiccator for later analysis by X-ray absorption
spectroscopy (XAS), X-ray diffraction (XRD), and Fourier-
transform infrared spectroscopy (FTIR) and for acid digestion
and TOC quantification.

2.3. Analysis of stock, initial unfiltered and final filtered
solutions

Unfiltered and filtered acidified samples were diluted with 1.0%
HNO; solution for the analysis of Fe, P, Ca, Na and other
elements by ICP-MS (Agilent 8900 triple-quadrupole, Agilent
Technologies, Tokyo, Japan). From the concentrations of Fe, P,
and Ca in the initial unfiltered and final filtered suspensions,
their concentrations in suspended solids and the correspond-
ing element ratios (e.g. the molar precipitate P/Fe ratio (P/Fe)pp)
were calculated.

To measure total organic carbon in the initial unfiltered and
dissolved organic carbon in the final filtered suspensions,
a Shimadzu TOC-L analyzer was used. Final filtered suspensions
from 12 control (Ctrl) treatments returned a TOC concentration
of 0.8 = 0.2 mg L™ " (average and standard deviation), due to OC
release from the 0.2 um nylon filters. This blank value was
subtracted from DOC values measured in final filtered solu-
tions. The TOC of the (diluted) organic stock solutions was
measured to validate their OC concentrations.

2.4. Analysis of elemental composition of Fe(u)-precipitates

In addition to the calculation of the elemental composition of the
Fe(m)-precipitates from total initial and final dissolved element
concentrations, the elemental composition was also determined
by acid digestion: in duplicate, 2.000 £ 0.200 mg of the precipi-
tates were exactly weighed into 15 mL PE tubes and dissolved in
10 mL of HCl (1% (v/v) of 32% HCI) overnight on a tabletop
shaker (300 rpm). The acid digests were diluted for analysis of Fe,
P, and Ca by ICP-MS. From the results, the molar ratios of P/Fe
((P/Fe),p) and  Ca/Fe ((Ca/Fe)pp) were calculated. Co-
precipitated OC was quantified using a TOC analyzer (Soli
TOC® cube, Elementar Analysensysteme GmbH, Langenselbold,
Germany). 10.00 mg (+1.00 mg) of the sample was exactly
weighed into ceramic crucibles, reacted with 200 uL of 1 M HCI
for 15 min to remove inorganic C and dried in a fume hood (1
week) prior to analysis. The molar OC/Fe ratios of the precipitates
((OC/Fe),p,) were calculated from their OC and Fe contents.

2.5. Fe K-edge extended X-ray absorption fine structure
(EXAFS) spectroscopy

For analysis of the solids by Fe K-edge extended X-ray absorption
fine structure (EXAFS) spectroscopy, ~1.5 mg of the air-dried
precipitates (~1.0 mg Fe) were mixed with ~50 mg of cellulose
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and pressed into 7 mm diameter pellets (absorption edge step
close to unity). Most spectra were recorded at the SUL-X and the
XAS beamlines at the KIT Light Source (Karlsruhe Institute of
Technology, Germany), and some spectra were recorded at the
SuperXAS beamline at the Swiss Light Source (SLS, Paul Scherrer
Institute, Villigen, Switzerland). For the extraction of the EXAFS
spectra and their evaluation by linear combination fitting (LCF),
the software code Athena was used.*® Photon energy was cali-
brated by setting the first maximum of the first derivative of the
Fe K-edge of metallic Fe foil to 7112 eV. The spectra were
normalized by subtracting a first-order polynomial fit to the data
from —100 to —30 eV before the edge and subsequently dividing
by a second-order polynomial fit to the data from 50 to 400 eV
above the edge (E, set to 7128.5 eV). The EXAFS spectra were
extracted using the Autobk algorithm (Ry; = 0.85; k-weight = 3;
spline k-range 0-11.6 A™"). For visual examination, the EXAFS
spectra were Fourier-transformed over the k-range 2.5-10.5 A"
using a Kaiser-Bessel apodization window (dk = 2 A™"). The &*-
weighted EXAFS spectra were analyzed by linear combination
fitting (LCF) over the k-range 2-11 A~" using reference spectra of
four types of Fe(m)-precipitates formed by Fe(u) oxidation in
bicarbonate-buffered solutions (poorly crystalline lepidocrocite
(Lp*), ferrihydrite (Fh*), amorphous Fe(u)-(hydroxy)phosphate
(FeP*), and  amorphous  Ca-Fe(um)-(hydroxy)phosphate
(CaFeP*))** and of an Fe(m)-3,4-DHB co-precipitate® (FeOrg*;
spectrum provided by the authors).

2.6. X-ray diffraction (XRD)

For X-ray diffraction (XRD) analysis, 10 mg of sample were
suspended in ethanol, deposited onto a low-background Si
slide, and allowed to dry. XRD patterns were recorded from 10°
to 90° 26 with a step size of 0.017° and a measurement time of
150 min per sample using Co Ko radiation (X'Pert Powder
diffractometer with an X'Celerator detector, PANalytical,
Almelo, The Netherlands). The diffractograms were evaluated
using HighScore+ (Malvern PANalytical). From the full width at
half maximum (FWHM) of the Lp peak at 15.97° 26 (dozq 6.26 A),
coherently scattering domain (CSD) sizes were calculated using
the Scherrer equation.

2.7. Fourier-transform infrared spectroscopy

The precipitates were analyzed by Fourier-transform infrared
spectroscopy (FTIR) on a Biorad FTS 575 C instrument with
a liquid N, cooled MCT detector and an attenuated total
reflectance (ATR) unit (Harrick Meridian diamond single
reflection Split Pea ATR unit; 20 kHz speed with 5 kHz filter,
UDR: 2, resolution: 2, aperture: 1 cm ' and sensitivity: 8).
Spectra were recorded over the wavenumber range 400-
4500 cm ™. For baseline correction, a linear function was fit
through the data in the wavenumber regions 1800-1850 cm ™
and 2400-2450 cm~ ' (where no absorbance was expected) and
subtracted from the spectra. The baseline-corrected spectra
were scaled to 0.4 absorbance units in the wavenumber region
455-460 cm ' (Fe-O vibrations™). Baseline correction and
scaling were performed with Octave (GNU).

This journal is © The Royal Society of Chemistry 2025
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2.8. Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) coupled
with secondary electron (SE) and high-angle annular dark field
(HAADF) detection was used to visualize the precipitates and
characterize their morphology (HD2700Cs, Hitachi, Japan). For
image analysis, the software package DigitalMicrograph (V.1.82,
Gatan Inc., CA, USA) was used. STEM coupled with HAADF and
energy dispersive X-ray (EDX) detection was performed to
determine the spatial distribution of P, Fe, C and Ca within the
Fe(u)-precipitates (FEI Talos, F200X, Super-X EDS, four-detector
configuration, 200 kV acceleration voltage; ThermoFischer
Scientific, OH, USA). Data evaluation including the derivation of
elemental distribution maps and molar element ratios was
performed with the Velox software (ThermoFischer Scientific).

2.9. Electrophoretic and dynamic light scattering and
turbidity measurements

The electrophoretic mobility and the hydrodynamic diameter of
particles in the final suspensions were derived from electro-
phoretic (ELS) and dynamic light scattering (DLS) measure-
ments, respectively (Malvern Zetasizer, Malvern Panalytical,
Worcestershire, UK). ELS measurements were performed in
disposable folded polymethyl methacrylate (PMMA) capillary
cells (3 measurements per sample, 10 scans per measurement,
10 seconds per scan). The zeta potentials of the particles were
calculated from their electrophoretic mobilities using the
Helmholtz-Smoluchowski equation (Henry function; fK,) =
1.5; dielectric constant of 78.5). DLS measurements were per-
formed in a 10 mm quartz glass cuvette (3 measurements per
sample, 12 scans per measurement, 30 seconds per scan). The
autocorrelation function was used to derive the translational
diffusion coefficient from which the hydrodynamic particle
diameter was calculated. Particle settling in unfiltered suspen-
sions was measured in 30 mL glass vials using a turbidimeter
(TL2300, Hach Lange GmbH, Germany; nephelometric turbidity
units (NTU)). Prior to the first measurement, the vials were
turned twice upside-down to resuspend the precipitate. Particle
settling was followed over 24 h; the vials were stored in the dark
between measurements.

3. Results

3.1. Elemental composition of Fe(u)-precipitates

For the Fe(m)-precipitates formed in the Ca electrolytes, the
molar (P/Fe)pp, (Ca/Fe),, and (OC/Fe)p,p, ratios are shown in
Fig. 1, and the corresponding data for all treatments are listed in
Table S5.1 In Ca electrolytes, no precipitates could be collected in
treatments with Citr at (OC/Fe);ic > 0.6, as most Fe passed the
filter membranes. In the Na electrolytes, no precipitates could be
collected in treatments with Citr at (OC/Fe);ni > 0.1 (Na 0.25) or >
0.3 (Na 0.05) and 3,4-DHB at (OC/Fe);n;c > 0.6. Precipitates formed
in Na electrolytes in the presense of LH were strongly attached to
the filter membranes and could not be recovered.

The molar (OC/Fe),, of precipitates formed in Ca 0.05
electrolyte increased with increasing (OC/Fe);,ic and along the
sequence 2,4-DHB < Galact < 3,4-DHB < Citr (Fig. 1c and Table

This journal is © The Royal Society of Chemistry 2025
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S57). The same sequence but somewhat lower (OC/Fe),,. were
observed at the higher PO, level in the Ca 0.25 electrolyte. In the
Na electrolytes, OC uptake followed similar trends to those in
the Ca electrolytes (2,4-DHB < Galact < 3,4-DHB; (P/Fe);p;¢ 0.25 <
(P/Fe)ini¢ 0.05; Table S51), but was overall lower than that in the
Ca electrolytes.

In all electrolytes (Na and Ca, (P/Fe);nic 0.05 and 0.25), the (P/
Fe),,pc of the precipitates formed at the lowest initial (OC/Fe)ini¢
ratios tended to be higher than that in the OC-free controls
(Fig. 1a and Table S57) and stayed elevated at increasing (OC/
Fe)inic. Notably, for 3,4-DHB in the Ca 0.05 and Ca 0.25 elec-
trolytes at (OC/Fe)ini¢ 9.6, the (P/Fe),, were considerably higher
than (P/Fe)in;, indicating that relatively less Fe than P had been
retained on the filters. The amounts of co-precipitated Ca
increased along the order 2,4-DHB < Galact < 3,4-DHB < Citr and
with increasing (OC/Fe);n;; and were higher at (P/Fe);n; 0.25 than
at 0.05 (Fig. 1b and Table S5t). For LH in the Ca electrolytes,
higher (OC/Fe),p: than for the LMWOA were observed at a given
(OC/Fe)in;: (Fig. 1), and also the co-precipitation of Ca was
enhanced.

3.2. Fe K-edge EXAFS spectroscopy

To characterize the Fe(m)-precipitates in terms of local Fe coor-
dination and structurally distinct Fe(m)-precipitate fractions, Fe
K-edge EXAFS spectroscopy was used. The Fourier-transformed
EXAFS spectra of precipitates formed in the Ca 0.05 electrolyte
and reference spectra used for LCF analysis are shown in Fig. 2.
For spectral interpretation, reference spectra of four types of
Fe(m)-precipitates formed by Fe(u) oxidation in bicarbonate-
buffered electrolytes' and a spectrum of organically complexed
Fe(m)** were used (Fig. 2a): (1) poorly crystalline lepidocrocite
formed in Na electrolyte in the absence of PO, and SiO, (Lp*). (2)
Ferrihydrite formed in SiO4-containing Na electrolyte (Fh*)
(lower degree of corner-sharing linkage of FeOg-octahedra than
in 2-line ferrihydrite formed by forced Fe(m) hydrolysis).® (3)
Amorphous Fe(m)-(hydroxy)phosphate formed in Na electrolyte
(FeP*), (4) amorphous Ca-Fe(u)-(hydroxy)phosphate formed in
Ca electrolyte (CaFeP*; with structural Ca and higher (P/Fe),
and degree of Fe polymerization than FeP*).? (5) Solid Fe(ur)-3,4-
DHB-coprecipitate with molar 3,4-DHB/Fe ratio ~0.9; with
monomeric Fe(m) in a catecholate-type complex (FeOrg*).>>
Notably, the first-shell Fe-O peak of Fh* is markedly reduced
compared to Lp*, FeP*, CaFeP* and FeOrg*, due to strong
distortion of FeOy octahedra in Fh* and potential signal contri-
butions from a minor amount of tetrahedral Fe.*** The spectrum
of FeOrg*, on the other hand, had a similar first-shell Fe-O
amplitude to the Lp*, FeP* and CaFeP* reference spectra, but
was lacking a detectable second-shell signal. Comparison of the
sample XANES spectra to the spectra of the Fe(m) reference
compounds and an Fe(u) reference spectrum and the results
from LCF fits including an Fe(n) reference spectrum (Fig. S2t)
showed that Fe(n) was a negligible component in the studied
samples (no Fe(un) remaining from the oxidation experiment and
no Fe(n) formed during XAS data collection).

Spectra of precipitates formed in Ca 0.05 electrolyte at (OC/
Fe)inic of 0.6 are shown in Fig. 2b. The first- and second-shell
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Fig. 1 Molar (P/Fe)ppt, (Ca/Fe)ppe and (OC/Fe)pp: ratios of Fe(n)-precipitates formed in Ca electrolytes at (P/Fe)init 0.05 (a, ¢ and e) and 0.25
(b, d and f), based on solid-phase Fe, P, Ca and OC quantification. Horizontal red dashed lines indicate ratios in Ctrl treatment. The results for all

treatments are listed in Table S5.1

peaks of the Fourier-transformed (FT) EXAFS spectrum of the
OC-free control indicated that it mainly consisted of Lp. The
largest decrease in the magnitude of the second-shell Fe-Fe
peak at R ~ 2.7 A was observed for Citr, followed by 3,4-DHB,
Galact, and 2,4-DHB. For a given organic ligand, the second-
shell Fe-Fe peak magnitude decreased with increasing (OC/
Fe)inie (Fig. 2c), indicating decreasing Lp formation with
increasing (OC/Fe)in;. Concomitantly, the magnitude of the
first-shell Fe-O peak at R ~ 1.5 A tended to decrease, indicative
of the formation of an increasing amount of Fh.

2484 | Environ. Sci.: Processes Impacts, 2025, 27, 2479-2506

For quantitative interpretation, the k*>-weighted EXAFS spectra
from all treatments were analyzed by LCF using the reference
spectra shown in Fig. 2a. The LCF results for precipitates from
the Ca and Na electrolytes at both (P/Fe);y;; are shown in Fig. 3,
scaled using the fraction of Fe retained by filtration (0.2 pm) and
together with the filter-passing Fe fraction. The LCF results are
tabulated in Tables S6 and S71 and shown without scaling and
filter-passing Fe in Fig. S4.1 All EXAFS and reconstructed LCF
spectra are shown in Fig. S5 and S6.t

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Fourier-transformed k3—weighted Fe K-edge EXAFS spectra of reference compounds used for LCF analysis (a), precipitates formed at (P/
Fe)init 0.05 in Ca electrolytes at (OC/Fe)iit 0.6 (b) and precipitates formed at (P/Fe)inix 0.05 in Ca electrolytes from (OC/Fe)ni 0.1 to 9.6 (c).
Reference spectra: Lp*: poorly crystalline lepidocrocite; Fh*: ferrinydrite; FeP*: amorphous Fe(il)—phosphate; CaFeP*: amorphous Ca—Fe(in)-

phosphate; FeOrg*: Fe(i)-3,4-DHB co-precipitate.

For the Ca 0.05 electrolyte, the LCF results for the OC-free
control sample showed that the precipitate consisted mainly
of Lp and a minor fraction of Fh, as expected at (P/Fe);nj; < 0.1 in
the absence of other strongly interfering ligands, where initial
formation of (Ca)FeP is followed by (near-)complete (Ca)FeP
transformation into Fh and precipitation of Lp.”®" With
increasing (OC/Fe)init, the fraction of Lp decreased and the
fraction of Fh increased for all organic ligands, and the
magnitude of this effect increased along the sequence 2,4-DHB
< Galact < 3,4-DHB < Citr. For 3,4-DHB and to a lesser extent
Galact and LH, the LCF-derived FeOrg* fractions pointed to
increasing monomeric Fe(m) complexation by the organic
ligands with increasing (OC/Fe)ini.- In the Na 0.05 electrolyte,
the organic ligands had a similar effect on the Fe()-precipitate
structure to that in the Ca 0.05 electrolyte (Fig. 3).

For the Ca 0.25 electrolyte, the LCF of the OC-free control
indicated that the precipitate consisted of (Ca)FeP, Fh and Lp,

This journal is © The Royal Society of Chemistry 2025

in line with previous work.*** In the presence of organic ligands,
as in the Ca 0.05 electrolyte, the fraction of Lp decreased and the
fraction of Fh increased with increasing (OC/Fe)ini, roughly
along the sequence 2,4-DHB < Galact < 3,4-DHB < Citr. As in the
Ca 0.05 electrolyte, LCF returned the largest fractions of FeOrg*
for 3,4-DHB and minor fractions for Citr and Galact. For the OC-
free control from the Na 0.25 electrolyte, LCF returned a higher
(Ca)FeP fraction than that for the Ca 0.25 electrolyte, due to
lower PO, uptake by FeP than CaFeP and the need for a larger
fraction of Fe for PO, removal.®**

For LH, the LCF results from all electrolytes suggested that
its impact on local Fe coordination fell in between those of 2,4-
DHB and Galact.

3.3. X-ray diffraction (XRD)

XRD served to gain insights into crystalline components in the
precipitates. The XRD data for precipitates formed in the Ca

Environ. Sci.. Processes Impacts, 2025, 27, 2479-2506 | 2485
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electrolytes are presented in Fig. 4, and the data for the Na
electrolytes are presented in Fig. S7.T The XRD pattern of the Ca
0.05 Ctrl exhibited peaks of calcite (Calc) that were mostly
absent in treatments with OC and the control at (P/Fe)ip;, 0.25,
indicating that in addition to PO,, the organic ligands also
hinder calcite precipitation. The XRD pattern of the Ca 0.05 Ctrl
exhibited the most intense Lp peaks of all Ca electrolyte treat-
ments. With increasing (OC/Fe);n;, the heights of the Lp peaks
decreased and their widths increased, indicating the formation
of less and less crystalline Lp. For Citr at an (OC/Fe);p;; of 0.6
and for 3,4-DHB and a Galact at (OC/Fe);,;; of 2.4 and 9.6, only
the broad peak of Fh remained. The Ca 0.25 Ctrl exhibited
broader Lp peaks than the Ca 0.05 Ctrl*® and featured a broad
peak indicative of (Ca)FeP and Fh. Effects of organic ligands on
Lp crystallinity in the Ca 0.25 electrolyte were similar to those in
the Ca 0.05 electrolyte. Patterns of precipitates from LH treat-
ments most closely matched with those from 2,4-DHB treat-
ments. XRD patterns of precipitates from Na electrolyte
exhibited similar trends (Fig. S71) to those observed in Ca
electrolyte (Fig. 4).

Coherently scattering domain (CSD) sizes derived from the
Lp (020) peak at 15.97° 26 (Table S87) indicate the extent of Lp
sheet stacking. The largest CSD (1.55 nm) was observed for the

2486 | Environ. Sci.. Processes Impacts, 2025, 27, 2479-2506

precipitate Na 0.05 Ctrl. Considering a layer spacing of 0.6 nm
along the unit-cell b-axis, this CSD size corresponds to 3-4
stacked sheets. Because PO, interferes with Lp sheet stack-
ing,®'**2 Lp formed at (P/Fe)in;; 0.25 in general had a smaller
CSD than Lp in analogous precipitates formed at (P/Fe)inic
0.05.%*>°> The lower CSD of Lp formed in OC-free controls in Ca
than that in Na electrolytes was due to Ca enhancing the effect
of PO,.” Increasing organic ligand levels caused a decrease in
the CSD, indicating that they also inhibited sheet stacking. At
a given (OC/Fe);n;, this effect increased along the sequence 2,4-
DHB < Galact < 3,4-DHB < Citr. High levels of Citr, 3,4-DHB and
Galact fully inhibited Lp formation. In contrast, even at the
highest tested (OC/Fe);yic of 9.6, 2,4-DHB did not fully inhibit Lp
nucleation as indicated by weak and broad Lp peaks. However,
the lack of the (020) peak showed that mostly unstacked Lp
sheets had formed. The same was observed for precipitates
formed in the presence of LH.

3.4. Fourier-transform infrared spectrometry (FTIR)

FTIR spectra were recorded to obtain information on organic
ligand and oxyanion uptake and interactions with Fe(ur). The
FTIR spectra of precipitates formed in Ca electrolyte are

This journal is © The Royal Society of Chemistry 2025
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presented in Fig. 5, and the spectra for the Na treatments are
presented in Fig. S8.}

Considering precipitates formed in the Ca electrolyte at (P/
Fe)init 0.05, the narrow bands at 740 and 1018 cm " are charac-
teristic for Lp,** and their presence and intensity were in line with
the extent of Lp formation observed by XAS and XRD. Bands from
940 cm ™' to 1082 em ™! represent co-precipitated PO, (adsorbed
or in (Ca)FeP).>* In the presence of the strongly interacting
organic ligands, characteristic bands between 1100 and
1650 cm ' increase with increasing ligand concentrations.
Bands in the regions of 1360-1390 and 1560-1640 cm ' repre-
sent carboxylate groups (symmetric and asymmetric stretching
vibrations).** As expected at pH 7.0, the marked C=O stretching
vibration of protonated carboxyl groups (~1710 cm™") was not
observed.”® Fully protonated catechol would show peaks at 1250
and 1280 cm ™" arising from C-O vibrations, whereas these peaks
merge into a single band when catechol forms a bidentate
complex with Fe(m).*® The pronounced peak at ~1271 cm™ ' in
the case of 3,4-DHB thus indicated catecholate-type Fe(m)
binding.***” Similarly, for 2,4-DHB, the peak at 1253 em ™t
pointed to deprotonated phenolic hydroxyl groups in salicylate-
type complexes with Fe(m).”” The vibrations at around
1480 cm ™! are attributed to the benzene ring.*® For precipitates
formed in the presence of Citr, peaks at 1385 cm ' and
1561 cm™ ' can be attributed to carboxyl stretching vibrations.>>%
Precipitates formed in the presence of LH showed bands at 1570
and 1390 cm™ " due to carboxyl stretching vibrations and at
1280 cm ™' due to deprotonated phenolic hydroxyl groups, sug-
gesting that LH interacted with Fe(m) via both carboxyl and
phenolic hydroxyl groups, in line with previous work.” In the
case of weakly sorbing Galact and 2,4-DHB, the two broad bands
in the wavenumber ranges 1370-1410 cm ™ * and 1480-1500 cm ™"
resulted from co-precipitated bicarbonate.*® The band at around
1635 cm™* is due to adsorbed H,0."

FTIR spectra of precipitates formed in Ca electrolyte at (P/
Fe)inic of 0.25 showed similar features to those observed for (P/
Fe)inic of 0.05 (Fig. 5). However, the intensity of the PO, bands
was higher and the spectral contributions of the organic ligands
lower, showing that a higher PO, level reduced organic ligand
co-precipitation.”

FTIR spectra of precipitates formed in Na electrolyte
(Fig. S87) showed similar trends to those observed for Ca elec-
trolyte. However, the intensities of the bands arising from the
organic ligands were lower, in line with the lower OC contents of
Fe(m)-precipitates formed in Na electrolytes than in Ca elec-
trolytes (Table S51).

3.5. Scanning transmission electron microscopy

The nanoscale morphology and elemental heterogeneity of the
Fe(m)-precipitates were analyzed by STEM, including secondary
electron (SE) and high-angle annular dark field (HAADF) imaging
and energy-dispersive X-ray (EDX)-based element distribution
mapping. SE images and EDX elemental distribution maps of P,
Fe and Ca of precipitates formed in the Ca 0.05 and Ca 0.25
electrolytes at high organic ligand levels are shown in Fig. 6, and
analogous data for low organic ligand levels are shown in Fig. 7.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Environmental Science: Processes & Impacts

Additional STEM images (Fig. S9-S17+) and EDX-derived molar
element ratios in morphologically distinct nanoscale entities
(Tables S9 and S107) are provided in the ESI.{ Nanoscale precip-
itate characteristics offered insights into precipitate formation
pathways and were, in general, in line with bulk Fe(ur)-precipitate
composition as inferred from the spectroscopic results.

For the Ca electrolyte at (P/Fe);,i; 0.05, SE images of the OC-
free control combined with EDX maps showed PO,-loaded Fh
particles with attached Lp platelets (Fig. 6a, b and S13a, bt), in
line with previous work.” The effects of the organic ligands
increased in the order 2,4-DHB < Galact < 3,4-DHB ~ Citr: the
precipitate Ca 0.05 2,4-DHB 9.6 consisted of spherical parti-
cles with a (Ca)FeP core and a rough surface characteristic of
Fh,* surrounded by Lp platelets (Fig. 6e, f and S9e, gt). The
precipitate Ca 0.05 Galact 9.6 consisted of the same type of
core-shell particles, but without attached Lp (Fig. 6i, j and
S9i, jt). In strong contrast, the precipitates Ca 0.05 3,4-DHB
9.6 (Fig. 6m and n) and Ca 0.05 Citr 0.6 (Fig. 6q and r) featured
spherical particles without core-shell structures. At lower
(OC/Fe)init, effects of the ligands on particle structure were
less pronounced (Fig. 7 and S10%). SE images showed Lp
attached to P-rich Fh-aggregate cores in all treatments, with
Lp abundance decreasing in the order 2,4-DHB ~ Galact < 3,4-
DHB < Citr.

In the Ca electrolyte at (P/Fe)inic 0.25, the OC-free control
consisted of core-shell (Ca)FeP-Fh particles covered with
attached Lp platelets (supported P/Fe ratios from STEM-EDX,
Table S91), as described in previous work.”*? In the precipitate
Ca 0.25 2,4-DHB 9.6, some Lp platelets were still observed,
whereas the precipitate Ca 0.25 Galact 9.6 consisted exclu-
sively of (Ca)FeP-Fh core-shell particles. The precipitate Ca
0.25 3,4-DHB 9.6 featured spherical particles with a smooth
surface (Fig. 60 and p) characteristic for (Ca)FeP," consistent
with its high (P/Fe),, of 0.51 (Table S51) and the XRD results.
In contrast, the precipitate Ca 0.25 Citr 0.6 consisted of
particles with a rough surface typical for Fh and Ca and P rich
cores, consistent with core-shell (Ca)FeP-Fh particles (Fig. 6s
and t).

Effects of the organic ligands on particle morphology were
lower at lower (OC/Fe);ni; (Fig. 7), and Lp platelets attached to
CaFeP-Fh core-shell particles were observed in all treatments.

Precipitates formed in Na electrolytes showed similar trends
in particle morphology as a function of (P/Fe);,;; and ligand type
and concentration (Fig. S9, S10 and Table S107) to those
described for the Ca electrolytes, but precipitate particles were
in general smaller and less aggregated, as exemplified for Galact
at a (OC/Fe)jp;; of 9.6 in Fig. S12.7

In the case of LH at (OC/Fe);p; 0.6, the precipitates consisted
of Fh particles surrounded by Lp sheets (Fig. S1la-df), as
observed for 2,4-DHB. At (OC/Fe),ic 9.6 in Ca electrolyte, the
precipitate consisted of dispersed Fh and CaFeP nanoparticles
embedded in an organic matrix (Fig. S11e-ht), indicating that
Ca promoted the coagulation of LH** and that LH inhibited the
formation CaFeP-Fh core-shell particles. In Na electrolyte, in
contrast, only few small Fe(m)-precipitate particles could be
observed (Fig. S11m and nt).
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(PIFe),; 0.05 (PIFe),; 0.25

3,4-DHB 9.6 Galact 9.6 2,4-DHB 9.6 Ctrl 0.0

Citr 0.6

Fig. 6 Secondary electron (SE) images of Fe(i)-precipitates in Ca electrolytes at a (P/Fe);i of 0.05 (a, €, i, mand q) or 0.25 (¢, g, k, o and s), and
energy-dispersive X-ray (EDX) elemental distribution maps of P, Fe and Ca from the respective treatments at a (P/Fe);.i; of 0.05 (b, f, j, nand r) or
0.25(d, h, |, pand t). SE images and EDX maps of precipitates from the Ca electrolytes with LH, (OC/Fe);,;it at 0.6, and from the Na electrolytes are
shown in Fig. S9-S11.1 Corresponding HAADF images with elemental distribution maps of P, Fe and C are shown in Fig. S13-516.1 The SE/HAADF
images and EDX elemental distribution maps for precipitates from the Ca and Na electrolytes with LH are shown in Fig. S11 and S17.%
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(P/Fe),; 0.05 (P/Fe),; 0.25

2,4-DHB 0.6

3,4-DHB 0.6 Galact 0.6

Citr 0.1

Fig. 7 Secondary electron (SE) images of Fe(in)-precipitates in Ca electrolytes at a (P/Fe).i; of 0.05 (a, e, i, mand g) or 0.25 (c, g, k, o and s), and
energy-dispersive X-ray (EDX) elemental distribution maps of P, Fe and Ca from the respective treatments at a (P/Fe);i; of 0.05 (b, f, j, nand r) or
0.25(d, h, |, pandt). SE images and EDX maps for precipitates from the Ca electrolytes with LH, (OC/Fe);,;t at 0.6, and from the Na electrolytes are
shown in Fig. $8—-510.1 Corresponding HAADF images with elemental distribution maps of P, Fe and C are shown in Fig. S13-S16.1 The SE/HAADF
images and EDX elemental distribution maps for precipitates from the Ca and Na electrolytes with LH are shown in Fig. S11 and S17.%
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3.6. Electrophoretic and dynamic light scattering and
turbidity measurements

The results of zeta potential (ZP) measurements are shown in
Fig. 8. In the Na electrolytes, precipitates formed in OC-free
controls were characterized by negative ZP. This can be attrib-
uted to the co-precipitation of PO, considering that the
suspension pH (~7.3) was in the range of the point of zero
charge (PZC; 7-8) of pure Fe-oxides® and consistent with the
lower ZP in the Na 0.25 electrolyte than in the Na 0.05 electro-
lyte. In the Ca electrolytes, the ZPs of the OC-free controls were
close to zero, due to charge compensation by co-precipitated Ca.
In general, increasing (OC/Fe);n;; led to more negative ZP in both
Na and Ca electrolytes. This effect increased in the order 2,4-
DHB < Galact < 3,4-DHB < Citr. In Na electrolytes, LH induced
similar to or even more negative ZP than Galact, whereas in the
Ca electrolytes, LH led to less negative ZP than Galact, indi-
cating that Ca binding to LH reduced its negative charge.
Dynamic light scattering (DLS) offered insights into the size
of suspended aggregates (Tables S11 and S127), but was affected
by uncertainties due to aggregate polydispersity and settling.
Nevertheless, for increasing (OC/Fe);ni, DLS indicated a shift
towards smaller aggregate sizes. Opposite to this general trend,

Ca 0.05

View Article Online

Paper

aggregates formed in the presence of 2,4-DHB exhibited sizes
similar to or larger than those of the respective controls. Simi-
larly, the size of aggregates formed in the presence of 3,4-DHB
increased from 0.1 to 0.6, before it increased again towards
higher (OC/Fe)in;. In general, aggregates formed in Ca 0.05
electrolyte exhibited larger sizes compared to analogous
precipitates in Na 0.05 or Ca 0.25 electrolyte, indicating that Ca
enhanced and PO, reduced particle aggregation via their effects
on particle charge.

The turbidity of fresh suspensions was examined over
a period of 24 h upon re-suspension (ESI Section S9t). The
measurements revealed a noticeable impact of the organic
ligands on the rate of turbidity reduction compared to the OC-
free controls. For the Ca electrolyte, turbidity measurements
indicated that increasing organic ligand concentrations
decreased the rate of turbidity reduction, but that suspended
particles were effectively removed by sedimentation within 24 h.
In the Na electrolyte, the organic ligands significantly decreased
the rate of turbidity removal, with near-complete inhibition in
some treatments. At (P/Fe)i,;; 0.25, turbidity removal was in
general slower than that in analogous treatments at (P/Fe)inic
0.05, pointing to the stabilization of suspended particles by PO,.
As a notable exception, increasing levels of 2,4-DHB enhanced

(b) Na 0.05

(a)

~#~ Ctrl

il LH

Zeta potential (mV)

- ~&- 2,4-DHB
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| N T T N N Y Y N

T T T T T T T T
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o=

Fig. 8 Zeta potential (ZP) of freshly suspended Fe(in)-particles in the Ca 0.05 (a), Na 0.05 (b), Ca 0.25 (c) and Na 0.25 (d) treatments at pH 7.3
(£0.2). For experiments conducted in duplicates, symbols and error bars indicate the average and the difference between the two measured

values.
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Fig. 9 Residual filter-passing (0.2 um) Fe (a—d) and PO4 (e—h) in the fresh suspensions from the Ca 0.05 (a and e), Na 0.05 (b and f), Ca 0.25
(c and g) and Na 0.25 (d and h) treatments. The error bars represent standard deviation from triplicate independent experiments.
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Fig. 10 Filter-passing (0.2 pm) fractions of PO, plotted against the corresponding filter-passing fractions of Fe (in % of the total concentration in
initial solution). At filter-passing Fe < 3% (vertical red-dashed line), filter-passing PO, is considered to represent dissolved PO,.

particle aggregation in the Ca 0.05, Na 0.05 and Na 0.25 elec-
trolytes, in agreement with the effect of 2,4-DHB on aggregate
sizes observed by DLS.

3.7. Filter-passing Fe, PO, and OC

The freshly formed Fe(ur)-precipitate suspensions were filtered
through 0.2 pm filter membranes to analyze residual filter-
passing Fe, PO, and OC. The results for Fe and PO, are shown
in Fig. 9 and results for OC are shown in Fig. S23.7 Since
preliminary tests confirmed that residual concentrations of Fe(ir)
were negligible after the 18-h reaction period (Fig. S24+), filter-
passing Fe was considered to be colloidal or organically com-
plexed Fe(w). Accordingly, filter passing PO, was considered to be
bound to colloidal or organically complexed Fe(m) or dissolved.

In the Ca electrolytes, concentrations of filter-passing Fe
were very low in most treatments, indicating that readily filter-
able Fe(ur)-precipitates had formed. Notable exceptions were the
treatments with Citr and 3,4-DHB at an (OC/Fe);y;; of 2.4 and
9.6, where nearly all Fe passed the membranes in the presence
of Citr and up to 55% Fe passed the membranes in the presence

2494 | Environ. Sci.: Processes Impacts, 2025, 27, 2479-2506

of 3,4-DHB. In the Na electrolytes, higher fractions of filter-
passing Fe(u) already formed at lower levels of Citr or 3,4-
DHB, and also high levels of Galact and LH led to filter-passing
Fe(m).

Filter-passing fractions of PO, as a function of filter-passing
fractions of Fe(m) are shown in Fig. 10. Depending on the
fraction of filter-passing Fe(m), distinct trends with increasing
(OC/Fe)inic and as a function of ligand type could be observed. At
low filter-passing Fe fractions (<3%), much higher filter-passing
PO, than Fe(m) fractions were considered to represent truly
dissolved PO,. Filter-passing PO, for these treatments is shown
in Fig. 11. In OC-free controls, residual dissolved PO, fractions
reflected the more effective PO, uptake in Ca than in Na elec-
trolytes® and slightly more effective uptake at (P/Fe);ni 0.25 than
at 0.05, in line with previous work.® In the presence of organic
ligands, residual dissolved PO, fractions decreased with
increasing (OC/Fe)ini, and the magnitude of this effect
increased in the order 2,4-DHB < Galact < 3,4-DHB ~ Citr.

In treatments where filter-passing Fe fractions exceeded 3%,
nearly similar fractions of filter-passing PO, and Fe(in) were in
general observed (Fig. 9 and 10). For intermediate fractions of

This journal is © The Royal Society of Chemistry 2025
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filter-passing Fe and PO,, this correlation points to filter-
passing Fe(m)-precipitate colloids or Fe(m)-organic complexes
with similar (P/Fe) to the Fe(m)-precipitate retained on the filter
membrane. Notable outliers were the treatments with 3.4-DHB
in Ca electrolytes at an (OC/Fe);ni of 2.4 and 9.6. In these cases,
and contrary to the respective treatments in Na electrolyte,
filter-passing PO, was low despite high fractions of filter-
passing Fe(m), pointing to separation between the PO,-loaded
Fe(m)-precipitate particles retained on the filter membranes and
filter-passing PO,-free Fe(m)-organic complexes.

Filter-passing fractions of OC depended on ligand type
(Fig. S23t). Citr and 3,4-DHB were effectively retained by the
Fe(m)-precipitates in treatments with low filter-passing Fe()
fractions (<3%), but followed filter-passing Fe(i) in treatments
with higher filter-passing Fe(ur), supporting the interpretation
that filter-passing Fe(u) corresponded to OC-stabilized colloidal
Fe(um) or Fe(m)-organic complexes. Galact and 2,4-DHB were
weakly retained by the Fe(ui)-precipitates (Fig. 1 and Table S5t),
and due to the high fraction of the residual dissolved ligand,
their filter-passing fractions were therefore high (>75%) in all
treatments.
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4. Discussion

Our results reveal how the tested organic ligands combined
with PO, and Ca profoundly and interdependently affect the
bulk and nanoscale structure, elemental composition and
colloidal properties of freshly formed Fe(u)-precipitates. In
general, the magnitude of the effects of the organic ligands
increased in the order 2,4-DHB < Galact < 3,4-DHB < Citr, ie.,
with increasing Fe(m) complexation strength (Table S2t), and
with an increasing ligand concentration ((OC/Fe)ini). In the
following sections, the results are discussed with respect to (i)
effects of the organic ligands, PO, and Ca on Fe(m)-precipitate
structure, (ii) interdependent co-precipitation of OC, PO,, and
Ca and residual dissolved POy, (iii) formation of Fe(u) colloids
and Fe(u)-organic complexes, and (iv) effects of macromolec-
ular humic acid (LH) relative to the studied LMWOA.

4.1. Bulk and nanoscale structure of Fe(m)-precipitates

Structure of Fe(m)-precipitates formed in the absence of
organic ligands. The bulk and nanoscale structure of Fe(u)-
precipitates synthesized in analogy to the OC-free controls of
the present study have been discussed in detail previously." The
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Fig. 11 Dissolved POy, in final suspensions from Ca 0.05 (a), Na 0.05 (b), Ca 0.25 (c), and Na 0.25 (d) electrolytes; i.e., filter-passing PO, for all
treatments with <3% filter-passing Fe (Fig. 10). Error bars represent the standard deviation of independent triplicate experiments, where available

(not all treatments were done in replicates).
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results of the current study confirm this earlier work. Briefly, the
oxidation of Fe(u) at a (P/Fe);,c of 0.25 and 0.05 results in Fe(u)-
precipitate particles whose nanoscale structure reflects their
formation via a sequential precipitation process, because the (P/
Fe)inic values were lower than those required for exclusive (Ca)
FeP precipitation (~0.5 in Na electrolyte; ~0.8 in Ca electro-
lyte).”®** Under these conditions, amorphous (Ca)FeP forms
until dissolved PO, is nearly depleted, followed by its
continuing transformation into PO,-rich Fh and the nucleation
and growth of Lp in the PO,-depleted solution. As a result,
precipitate particles formed at a (P/Fe)i,;; of 0.25 consist of
a core of (Ca)FeP covered by a shell of Fh to which Lp platelets
are attached (Fig. 6¢, d and S9c, df). At (P/Fe)n; 0.05, initially
formed (Ca)FeP is completely transformed, resulting in parti-
cles consisting of spherical PO,-rich Fh particles surrounded by
Lp (Fig. 6a, b and S9a, b¥).

Effects of SiO, on the Fe(m)-precipitate structure. SiO, was
not included in this study, but its effects on Fe(ur)-precipitate
formation and structure are of interest for comparison with the
organic ligands and are briefly described here. In general, SiO,
has a lower affinity for adsorption onto Fe(in)-oxides and for co-
precipitation with Fe(m) than PO, and inhibits Fe(m)
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polymerization less strongly than PO,.*®** Accordingly, in
experiments conducted in analogy to the control treatments of
this work, but in the presence of SiO, at (Si/Fe)ini; 1.0, (Ca)FeP
still formed first, followed by the precipitation of SiO,-rich Fh
(Si-Fh), leading to core-shell (Ca)FeP-Fh particles.”* In Fe(u)
oxidation experiments without PO,, SiO, promotes the initial
formation of Si-Fh at the expense of Lp and fully inhibits Lp
formation at (Si/Fe)inic > 0.16.°° Thus, SiO, at (Si/Fe)inic ~ 0.25
leads to Si-Fh formation and fully inhibits Lp nucleation,
whereas PO, at (P/Fe)j,; ~0.25 leads to the formation of
amorphous (Ca)FeP with higher oxyanion loading and lower
Fe(m) polymerization than Fh, but cannot inhibit Lp nucleation.
Because initial Lp nucleation is required for subsequent Lp
growth, SiO, can have a more lasting effect on precipitate
stability during aging than PO,.***

Structure of Fe(m)-precipitates formed in the presence of
organic ligands. Our spectroscopic and microscopic results
revealed how the probed organic ligands affected the bulk and
nanoscale Fe(m)-precipitate structure. The main trends are
described in the following paragraphs, followed by a more
detailed discussion of the effects of the individual ligands.
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Fig. 12 Fe K-edge EXAFS LCF results for Ca (a and c¢) and Na (b and d) electrolytes at (P/Fe)ini; 0.05 (a and b) and 0.25 (c and d), sorted along
increasing (ligand/Fe)yp:. The (ligand/Fe),p: of each sample is indicated on the top of each column; the nominal (OC/Fe);;; at which precipitates
were formed is indicated in parentheses behind the ligand name.
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The extent to which the ligands affected the precipitate
structure increased along the sequence 2,4-DHB < Galact < 3,4-
DHB < Citr and with increasing (OC/Fe);y;;. Their primary effect
was to induce the formation of less and less crystalline Lp in
favor of increasing fractions of Fh, similar to the effect of SiO,.
The much weaker effects of 2,4-DHB and Galact than of 3,4-DHB
and Citr can be attributed to the fact that both 2,4-DHB and
Galact have only a single carboxyl group (and 2,4-DHB two
separate phenolic hydroxyl groups), whereas 3,4-DHB can form
catechol-type complexes with Fe(ur) vig its two neighboring
phenolic hydroxyl groups® and Citr can form chelate complexes
involving two of its carboxyl and its hydroxyl group.*” Analogous
differences in the effects of 3,4-DHB relative to 2,4-DHB and of
Citr relative to Galact have been reported in studies on their
effects on ferrihydrite-type Fe(m)-precipitates formed by forced
Fe(ur) hydrolysis.?****”** The LCF results sorted by increasing
(ligand/Fe),p (Fig. 12) indicated that the effects of the ligands
on Fe(m)-precipitate structure increased relativey consistently
with increasing (ligand/Fe),,, irrespective of ligand type, and
were mostly additive to the effects of PO,.

For 2,4-DHB and Galact, the combined STEM and XAS data
show that sequential precipitation resulted in core-shell (Ca)
FeP-Fh particles, with attached Lp platelets in treatments where
Lp could still form. For 3,4-DHB, the results offered evidence for
catechol-type Fe(u) complexation in the precipitates and for the
formation of dissolved Fe(ur)-catechol complexes in solution at
high (OC/Fe)ini. Sequential precipitate formation was still
observed at lower (OC/Fe)i,i, whereas at high (OC/Fe)init,
formation of dissolved Fe(m)-3,4-DHB complexes and CaFeP-
3,4-DHB co-precipitates occurred in parallel. Citr had a stronger
effect on Fe(m)-precipitate structure than 3,4-DHB, even in the
Ca electrolytes where it also forms complexes with Ca. On the
other hand, Citr at high (OC/Fe);,;; can promote the formation
of oligomeric Fe(m)-Citr complexes that may bind PO,*
whereas 3,4-DHB induces the formation of monomeric Fe(u)-
3,4-DHB complexes that did not complex PO, in our
experiments.

Effects of 2,4-DHB. Among the tested ligands, 2,4-DHB
exhibited the weakest effect on Fe(m)-precipitate structure.
Indeed, 2,4-DHB has previously been shown to have a similar
effect on the structure of Fh formed by forced Fe(ur) hydrolysis
to 4-hydroxybenzoic acid (4-HB),>* despite the ability of 2,4-DHB
to form a salicylate-type complex. Owing to its weak Fe(i)
binding, 2,4-DHB could not compete with PO, and affected
precipitate formation only upon initial (Ca)FeP precipitation by
inhibiting Lp formation in favor of Fh. Consequently, the Fe(u)-
precipitates consisted of core-shell particles (Ca)FeP-Fh with
attached Lp platelets (Fig. 6, 7, S9 and S107). Increasing levels of
2,4-DHB increasingly inhibited the nucleation and growth of
Lp, but even at the highest tested (OC/Fe);y;; of 9.6, XAS (Fig. 3)
and XRD (Fig. 4) indicated that 20-30% of the Fe still formed
Lp, mostly as unstacked nanosheets. The highest (OC/Fe);,;; of
9.6 corresponds to a molar (2,4-DHB/Fe);,;; or (carboxylate/
Fe)inic of 1.4, nearly 10 times higher than (Si/Fe);,; required to
completely inhibit Lp formation.*® Based on (OC/Fe), ratios
and LCF-derived Fh fractions of the four Fe(m)-precipitates at
(OC/Fe)init 9.6 (Tables S6 and S7t) and assuming that all 2,4-
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DHB was associated with Fh, an average molar (2,4-DHB/Fe)gy,
ratio of 0.055 £ 0.013 was estimated (Table S15%), matching
precipitate (Si/Fe)pp, ratios in Fe(i) oxidation experiments where
a minor fraction of Lp could still form.®¢

Effects of Galact. Like 2,4-DHB, Galact did not interfere with
initial (Ca)FeP precipitation, but promoted Fh formation at the
expense of Lp during continuing Fe oxidation, resulting in core-
shell (Ca)FeP-Fh particles still surrounded by Lp platelets at
(OC/Fe)in; 0.6 (Fig. 7). Based on the XAS (Fig. 3) and XRD (Fig. 4)
results, Lp precipitation was fully inhibited at (OC/Fe);nj; 2.4 in
all except in the Na 0.05 treatment, corresponding to a (Galact/
Fe)inic of 0.4. From the (OC/Fe),, ratios and the LCF-derived Fh
fractions of the four treatments at (OC/Fe);ni; 9.6 (Tables S6 and
S7t1) and assuming that all Galact was associated with Fh, an
average molar (Galact/Fe)g, ratio of Fh of 0.090 + 0.016 was
estimated (Table S15%). This ratio is significantly larger than
that for 2,4-DHB and in line with (Si/Fe)p,p ratios in Fe(i)
oxidation experiments where SiO, starts to fully inhibit forma-
tion of Lp.*®

Galact has only one carboxyl group like 2,4-DHB (Fig. S1%)
and speciation calculations suggested slightly stronger Fe(m)
binding by 2,4-DHB than by Galact (Table S21). Therefore, the
markedly stronger effect of Galact than 2,4-DHB on Fe(m)-
precipitate structure at equal (OC/Fe);,i was unexpected. One
explanation could be that Galact forms a chelate complex with
Fe(m) via its carboxyl group and ring O atom at near-neutral
pH.*® Alternatively, by reaction with Fe(ur), a minor amount of
Galact could have become oxidized to compounds with two
carboxyl groups’®® that complex Fe(m) more strongly, an
interpretation supported by the more negative zeta potentials of
co-precipitates formed in the presence of Galact than in the
presence of 2,4-DHB (see Section 4.3.1%).

Effects of 3,4-DHB. 3,4-DHB showed a much stronger effect
on the Fe(im)-precipitate structure than 2,4-DHB and Galact, due
to the strength of catechol-type Fe(ur) complexation.?> At an (OC/
Fe)inic of 0.6, corresponding to a (3,4-DHB/Fe);,;. of 0.09, the
fraction of Lp in the Fe(un)-precipitates was already strongly
reduced and mostly replaced by Fh (Fig. 3). Significant Fe()-
3,4-DHB complexation was evidenced by the FeOrg* fractions
derived from the EXAFS results and the blueish color of the
respective precipitates, which is indicative of Fe(m)-catechol
complexes (Fig. S20t). Fe(m)-3,4-DHB complexation appeared
more pronounced in the presence of Ca, possibly because Ca
reduced competition of PO, for binding with Fe(m) and/or
because Ca allowed for more effective particle charge
compensation.?

At (OC/Fe)inic 0.6 in Ca electrolyte, the precipitate formed at
(P/Fe)inic 0.25 consisted of core-shell CaFeP-Fh particles
(Fig. 7). Because nearly all PO, but only ~63% of the 3,4-DHB
became co-precipitated with Fe(m) (Table S5t), this suggested
that, at an initial PO, concentration (0.125 mM) exceeding the
initial 3,4-DHB concentration (0.042 mM) by factor ~3, CaFeP
formed first, followed by Fh. At (P/Fe)inic 0.05 and (OC/Fe);p;, 0.6,
the precipitate consisted of Fh with attached Lp sheets (Fig. 7,
S14 and S16+); indicating that strong binding of 3,4-DHB with
Fe(m), similar to PO,, leads to effective 3,4-DHB uptake into the
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precipitate and thereby limits the ability of 3,4-DHB to prevent
Lp nucleation.

At (OC/Fe)ini; 9.6 in Ca electrolytes, only ~48% of the total Fe
was retained by filtration, together with nearly all PO, but only
21-28% of the total 3,4-DHB (Fig. 9 and Table S57). At (P/Fe)init
0.05, XAS (Fig. 3) and XRD (Fig. 4) data and the rough particle
surface observed by STEM (Fig. 6m) showed that the retained
precipitate consisted mainly of Fh. At a (P/Fe);n;; of 0.25, on the
other hand, XRD data (Fig. 4) and the smooth particle surface
(Fig. 60) suggested the formation of mainly CaFeP, whereas the
LCF results pointed to a significant fraction of 3,4-DHB-
complexed Fe(m). Based on its high 3,4-DHB content
(Cag.20FePy 51(3,4-DHB), 31; Table S5t) and lack of nanoscale
heterogeneity (Fig. 60 and p), the precipitate Ca 0.25 3,4-DHB
9.6 could be referred to as Ca-PO,-Fe(m)-3,4-DHB co-
precipitate. The filtered solutions from the experiments at
(OC/Fe)inir 9.6 in Ca 0.05 and Ca 0.25 electrolytes exhibited
a distinct blue color indicative of dissolved Fe(ui)-3,4-DHB
complexes® and contained 3,4-DHB and Fe at a molar ratio of
~2.2, consistent with the expected formation of a 2: 1 complex
(Table S1t). As the blue color started to evolve right after Fe(u)
addition, we postulate that, at an initial 3,4-DHB concentration
(0.69 mM) exceeding initial PO, concentration ~6-fold (Ca 0.25)
to ~27-fold (Ca 0.05), co-precipitation of Ca, PO, and 3,4-DHB
into a filterable Fe(m)-precipitate and formation of PO,-free
dissolved Fe(u)-3,4-DHB complexes proceeded in parallel.

Effects of Citr. Citr exhibited the strongest effect on Fe(u)-
precipitate structure, in line with thermodynamic calculations
indicating that Citr forms the most stable Fe(m) complexes
among the tested ligands (Table S27). This strong binding can
be attributed to the formation of mononuclear complexes with
Fe(m) via two carboxyl groups and a hydroxyl group or the
formation of oligomeric (trimeric) Fe(m)-complexes at near
neutral pH.>*** Already for (OC/Fe);n;; 0.1, LCF indicated that
Citr markedly inhibited Lp formation in favor of Fh (Fig. 3), in
line with earlier work.>* At (OC/Fe);;; 0.6 in the Ca electrolytes,
Citr in contrast to 3,4-DHB fully inhibited Lp formation (Fig. 3),
in line with XRD (Fig. 4) and STEM (Fig. 6 and 7) data. On the
other hand, LCF analysis returned higher fractions of FeOrg*
for precipitates formed in the presence of 3,4-DHB than Citr.
This difference most probably reflects that 3,4-DHB has
a tendency to complex Fe(ur) in monomeric form,* whereas Citr
forms complexes with oligomeric Fe(ur).>**”* At (OC/Fe)ipi 0.6
in the Ca electrolyte at (P/Fe);,;; 0.25, precipitate particles
exhibited a rough surface and PO,-accumulation in their inte-
rior (Fig. 6s and t), consistent with the formation of core-shell
CaFeP-Fh particles in a sequential precipitation process and
similar to precipitate particles formed in the presence of 3,4-
DHB at the same (OC/Fe);y;; (Fig. 70 and p).

4.2. Co-precipitation of PO,, OC and Ca with Fe(m) and
residual dissolved PO, and OC

General trends. During Fe(u) oxidation, PO,, OC and Ca co-
precipitated with Fe(m). For treatments where most Fe(m)
(>97%) was retained on 0.2 pm filter membranes (Fig. 10),
precipitate composition could be quantified (Fig. 1 and Table
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S51) and filter-passing PO, corresponded to dissolved PO,
(Fig. 11). The following sections discuss the interdependent co-
precipitation of PO,, OC and Ca and effects on residual dis-
solved PO, and OC observed in these treatments. In brief, over
the tested (OC/Fe);n;; range, the organic ligands enhanced PO,
co-precipitation by promoting formation of Fh instead of Lp. On
the other hand, higher PO, consistently decreased OC uptake,
indicating that PO, binding to Fe(m) outcompeted all tested
organic ligands under the conditions of this work. The presence
of Ca enhanced the uptake of both OC and PO,, and higher (OC/
Fe)inic and (P/Fe)n;; both enhanced Ca co-precipitation, which
can be attributed to favorable electrostatic interactions, ternary
complex formation, and enhanced PO, removal by CaFeP in
comparison to FeP.

Interactions between organic ligands and PO, during co-
precipitation. For all ligands, an increasing (OC/Fe)inic ratio
resulted in an increasing (P/Fe)pp (Fig. 1 and Table S5t) and in
decreasing residual dissolved PO, fractions (Fig. 11), and the
magnitude of these effects matched the ligands' effects on
precipitate structure. This can be related to increasing forma-
tion of Fh instead of Lp, in line with a study on the effect of
Citr.>* As previously reported for SiO,,** the Fh-shell of core-
shell (Ca)FeP-Fh particles contributes to PO, retention in the
(Ca)FeP core and reduces PO, remobilization during incipient
precipitate aging.*'* Higher uptake of PO, in the presence of
strongly Fe(ur)-complexing ligands could partly also be due to
ternary PO,~Fe-OC complex formation (in analogy to AsQ,4).>*™
Considering that LMWO molecules compete with PO, for
adsorption onto pre-formed Fe(u)-(hydr)oxides,**** our results
show that — where filterable precipitates formed - the effect of
the organic ligands on the precipitate structure dominated over
their competitive co-precipitation with PO,.

In Fig. 13, the (OC/Fe),p values are plotted as a function of
residual dissolved OC for all organic ligands in Ca and Na
electrolytes at both (P/Fe)j,i.. The data reflect the decreasing
Fe(ur) binding strength along the sequence Citr > 3,4-DHB >
Galact > 2,4-DHB. The data further show that the co-
precipitation of all LMWOAs was lower at (P/Fe)i,;; 0.25 than
0.05, in line with trends in the FTIR spectra (Fig. 5 and S87),
revealing a higher affinity of PO, than the studied organic
ligands for binding with Fe(m). This observation is in line with
competitive adsorption studies that showed that adsorption of
PO, outcompetes Citr on goethite®* and that only stronger
organic ligands such as mellitic acid can outcompete PO,.”"”>

Co-precipitation of Ca with PO, and OC. The presence of Ca
resulted in lower residual dissolved PO, concentrations in the
absence and presence of the organic ligands (Fig. 10), i.e., more
effective PO, co-precipitation with Fe(u) (Table S57).
Conversely, more Ca was consistently co-precipitated at (P/
Fe)inic 0.25 than at (P/Fe);ni. 0.05 (Fig. 1 and Table S5t). For OC-
free Fe(m)-precipitates,®* we previously attributed mutually
enhanced Ca and PO, co-precipitation to the formation of
amorphous CaFeP, favorable electrostatic interactions between
PO, and Ca® and ternary Fe-PO,—Ca complex formation, e.g., on
Fh.9'73

The presence of Ca also significantly enhanced LMWOA co-
precipitation (Fig. 13), in line with higher organic ligand

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Molar precipitate OC/Fe ratio as a function of residual DOC in suspensions from experiments with 2,4-DHB, Galact, 3,4-DHB and Citr at
a (P/Fe)inir of 0.05 and 0.25 in (a) Ca- and (b) Na-electrolytes. The Citr results are shown with an x-axis offset of —0.2 for clarity.

adsorption onto Fe(um)-(hydr)oxides in the presence of Ca.*""* At
the same time, the amounts of co-precipitated Ca (in general)
increased with (OC/Fe);p;, (Fig. 1 and Table S51). These syner-
gistic effects can be explained by favorable electrostatic inter-
actions between bivalent Ca and the organic ligands,*>”* direct
Ca complexation by the organic ligands,’® and the formation of
ternary Fe-OM-Ca complexes.”” Thereby, Ca may also indirectly
promote PO, co-precipitation, in analogy to enhanced AsO,
uptake by Fe(u)-OM co-precipitates in the presence of Ca.*

4.3. Particle zeta potential and aggregate size

General trends. All precipitates were characterized by nega-
tive ZP (Fig. 8), owing to the presence of PO, and the experi-
mental pH ~ 7.0. In the absence of OC, higher PO, led to more
negative ZP and smaller aggregate sizes and Ca to less negative
ZP and larger aggregate sizes. Effects of the organic ligands were
more nuanced. In general, an increasing (OC/Fe);,: led to more
negative ZP and smaller aggregate sizes, indicating enhanced
electrostatic and/or steric stabilization of smaller Fe(in)-precip-
itate particles (with a notable exception for 2,4-DHB and 3,4-
DHB discussed below).” This effect increased in the order 2,4-
DHB < Galact < 3,4-DHB < Citr and was more pronounced in Na
than in Ca electrolytes, due to the counteracting effect of co-
precipitated Ca on ZP, the coagulating effect of dissolved Ca
via diffuse double layer compression, and potential Ca bridging
between OC-Fe(m)-precipitate colloids.”

Ligand-specific effects. The effect of 2,4-DHB on the ZP was
very weak, as salicylate-type 2,4-DHB binding leaves no excess
charge. In contrast, with increasing (OC/Fe)i,i;, 2,4-DHB
induced the formation of larger aggregates, especially in the
presence of Ca. Similarly, also 3,4-DHB at an (OC/Fe);,;; of 0.6
induced formation of large aggregates (Tables S11 and S121),
reflected in rapid turbidity removal and formation of visible
flocs. Apart from the effect of Ca on particle charge and

This journal is © The Royal Society of Chemistry 2025

aggregate formation, hydrophobic interactions of the aromatic
rings of 2,4-DHB and 3,4-DHB could be a potential cause for
the formation of settling aggregates.** For 3,4-DHB at higher
(OC/Fe)init, on the other hand, the effect of the free carboxylate
group dominated and led to a marked decrease in particle ZP
and aggregate size (Fig. 8 and Tables S11, S12%). Galact
induced a more negative ZP than expected based on its single
carboxylate group and contrary to observations on the effect of
Galact on the ZP of Fe(ui)-derived precipitates.*® As discussed
with respect to the stronger effect of Galact on the Fe(m)-
precipitate structure (Section 4.1) and on Ca and PO, co-
precipitation (Section 4.2) compared to 2,4-DHB, this differ-
ence could be due to oxidation of a minor fraction of Galact
that leads to compounds with two carboxylate groups (Section
4.1). Citr exhibited the strongest effect on particle ZP (Fig. 8),
due to its strong Fe(m) binding and its free carboxylate group.
The highly negative ZP limited particle aggregation, as re-
flected in DLS-derived hydrodynamic diameters <0.2 pm at
a (OC/Fe)inic of 0.6 in Na and 9.6 in Ca electrolytes (Tables S11
and S127).

With increasing (OC/Fe)ini;, both Citr and 3,4-DHB caused
a substantial decrease in particle ZP, especially in the absence of
Ca (Fig. 8), and thereby limited primary particle growth and
aggregate formation (Tables S11 and S127). Above a certain (OC/
Fé)init, this led to a marked increase in the fractions of Fe(ur) and
PO, that passed 0.2 pm filter membranes (Fig. 9 and 10).

4.4. Formation of OC-stabilized Fe(m)-colloids and dissolved
Fe(m)-organic complexes

In experiments with Citr, hardly any Fe(mr) could be retained by
0.2 pum filtration at (OC/Fe);ni; = 2.4 in Ca 0.05 and 0.25 elec-
trolytes and at (OC/Fe),;; = 0.3 in Na electrolytes (Fig. 9).
Considering that (OC/Fe);, ratios of 0.3, 2.4 and 9.6 correspond
to (Citr/Fe)ini ratios of 0.05, 0.4 and 1.6 and assuming a molar
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Citr/Fe ratio of 1:1 for the dominant dissolved Fe(ur)-Citr
complexes (Fe,L, or Fe;Ls),"” it is evident that Citr-stabilized
Fe(m)-colloids must have accounted for most of the filter-
passing Fe(m) at an (OC/Fe)in;, of 0.3 and 2.4 and that dis-
solved Fe(in)-Citr complexes could only have dominated at (OC/
Fe)inic 9.6. Considering that AsO, can bind to Fe(ur)-trimers in
ternary AsO,-Fe(m)-Citr complexes,>’** we postulate that
increasing (Citr/Fe)yic led to a concomitant increase in the
colloidal stability of the Fe(ur)-precipitates, a decrease in
primary Fe(m)-precipitate particle size towards Citr-stabilized
Fe(w)-polymers, and an increasing amount of oligomeric
Fe(m)-Citr complexes. The close correlation between filter-
passing Fe(m) and PO, pointed to a similar P/Fe in these
different Fe(u) fractions.

In the case of 3,4-DHB, an (OC/Fe)in; of 2.4 corresponded to
a (3,4-DHB/Fe);y;; of 0.34, suggesting that filter-passing Fe(u) in
the Na electrolytes could be mostly attributed to PO,-loaded
Fe(m)-precipitate colloids (Fig. 9). For an (OC/Fe);,; of 9.6 (i.e.,
(3,4-DHB/Fe);p;¢ of 1.4), on the other hand, UV-Vis spectra of 0.2
um filtered suspensions from the Ca 0.05 3,4-DHB 9.6 and Na
0.05 3,4-DHB 9.6 treatments®®®* pointed to the formation of
dissolved Fe(m)-catechol complexes®®®* (ESI Section 117), in line
with the deep blue color of these suspensions (Fig. S207). In Na
electrolytes, filter-passing PO, closely followed Fe(m) (Fig. 9 and
10). In the Ca electrolytes at (OC/Fe);pi¢ 2.4 and 9.6, in contrast,
PO, retained in 0.2 pum filterable Fh (Ca 0.05 3,4-DHB 9.6) or
CaFeP (Ca 0.25 3,4-DHB 9.6), whereas a significant portion of
the Fe(m) passed the 0.2 pm membranes. Thus, Ca induced the
formation of PO,-loaded Fe(m)-precipitate particles that could
be separated from soluble Fe(mr)-3,4-DHB complexes by filtra-
tion, whereas colloidal Fe(ur)-particles formed in the Na elec-
trolytes passed the filter membranes together with the Fe(ur)-
3,4-DHB complexes.

4.5. Effects of macromolecular LH in comparison to
LMWOAs

LH in comparison to the LMWOAs. Leonardite humic acid
(LH) is a macromolecular compound that served as a proxy for
natural organic matter (NOM). Considering its organic C mass
fraction of 64% and contents of 7.46 mol kg™ carboxyl and
2.31 mol kg~ " phenolic hydroxyl groups,*® carboxyl groups
account for ~14% and phenolic hydroxyl groups for ~4.3% of
the total C. The relative carboxyl group content is thus compa-
rable to that in 2,4-DHB, 3,4-DHB (both ~ 14%) and Galact
(~17%), but much lower than that in Citr (50%), and the
phenolic hydroxyl group content is ~7 times lower than that in
2,4-DHB and 3,4-DHB (~28%). LH at an (OC/Fe);p;; of 9.6 thus
corresponded to ~1.34 carboxyl/Fe (similar to DHB) and 0.41
phenolic hydroxyl/Fe (i.e., at most 0.2 catechol/Fe if all phenolic
hydroxyl groups were arranged in ortho-pairs).

Structural effects. Especially at lower (OC/Fe);,it, the effect of
LH on the Fe(m)-precipitate structure was comparable to that of
2,4-DHB and Galact, with respect to inhibited Lp formation and
growth in favor of Fh (Fig. 3 and 4), in line with its similar
carboxyl group content and limited availability of catechol-type
phenolic hydroxyl groups at low (OC/Fe)in;.. At the highest (OC/
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Fe)inic 9.6 in the Ca electrolytes, on the other hand, LCF pointed
to incipient formation of mono- or oligomeric Fe(m)-chelate
complexes (Fig. 3) and FTIR pointed to deprotonated phenolic
hydroxyl groups (Fig. 5). Fe(ur)-chelate complexes can form with
carboxyl'**>#% or phenolic hydroxyl groups®*** of HA and can
become dominant at higher (OC/Fe) ratios of ~50 (6-membered
chelate ring structures) to ~500 (5-membered chelate ring
structures) at neutral to acidic pH."***%*** Qur results for (OC/
Fe)inic 0.6 to 9.6 were also in qualitative agreement with those in
a study on organic ligand adsorption onto goethite, which
suggested that pyromellitic acid and 2,3-DHB are good proxies
for NOM interactions with Fe(ur).”

Even at (OC/Fe)inic 9.6, ~15% of the Fe still formed Lp
(Fig. 3), mostly as unstacked Lp nanosheets, as observed for 2,4-
DHB (Fig. 3 and 4). Such nano-Lp has previously been identified
in precipitates formed by the oxidation of anoxic DOM-
containing soil solution® and in Fe-organic flocs from a peat-
land® and was also shown to form during Fe(u)-catalyzed
transformation of Fh-OM co-precipitates.*>** At (OC/Fe)ipi; 0.6
in Ca electrolytes, LH promoted the formation of core-shell (Ca)
FeP-Fh particles at (P/Fe)jn;; 0.25 and PO,-rich Fh particles at (P/
Fe)inic 0.05 with attached Lp platelets (Fig. S111), matching the
morphology of precipitates formed in the presence of 2,4-DHB
(Fig. 7). At (OC/Fe)init 9.6, however, the coagulation of LH by Ca®*
resulted in LH flocs with diffusely embedded nanoscale Fe(m)-
particles (Fig. S11t). Thus, coagulated LH effectively inhibited
Fe(ur)-precipitate growth, in line with recent work on the effects
of Ca on Fe(m)-humic-acid co-precipitates.?**°

Co-precipitation of PO, and Ca with LH. Increasing LH levels
up to (OC/Fe)ini; 9.6 decreased residual dissolved PO, in treat-
ments where filter-passing Fe was low (Fig. 10), ie., in all
treatments in Ca electrolytes and up to (OC/Fe)jp;; 2.4 in Na 0.05
electrolyte. As for the LMWOA, this was due to LH-induced
formation of Fh at the expense of Lp (Fig. 3). In agreement
with our observations, previous studies showed that Fe-HA co-
precipitates from peat soils have a higher PO, sorption capacity
than pure Fh*>®*® due to their higher reactive surface area.’”*® At
much higher (OC/Fe);y; than that studied in the present work,
however, NOM can induce the formation of extremely small (<5
nm) Fe(m)-colloids and compete with PO, for complexation with
Fe(m).* Thus, it should be noted that our results only apply to
low to moderate OC/Fe loadings at near-neutral pH.

In the Ca electrolytes, co-precipitation of LH with Fe(u) at (P/
Fe)inic 0.25 was only marginally lower than that at (P/Fe);p;; 0.05,
in contrast to the co-precipitation of the LMWOA (Fig. 1, 13 and
Table S51). This indicated that Ca-induced LH coagulation was
more relevant for LH co-precipitation than LH competition with
PO, for binding to Fe(m), in line with enhanced Ca co-
precipitation with LH (Fig. 1) and with a recent study on
structural effects of Ca on Fe(m)-humic acid co-precipitates.?**°
In the presence of Ca and LH, enhanced PO, co-precipitation
could, to some extent, also have resulted from ternary PO,-
Ca-LH complexation.®®

Effects of LH on particle charge and colloid formation.
Whereas the LMWOAs stabilize colloids primarily via their
effects on particle charge, LH can promote steric colloid stabi-
lization or promote bridging coagulation.” Indeed, in the Ca
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electrolytes at 4 mM Ca, filterable solids formed in all treat-
ments with LH, in good agreement with a critical coagulation
concentration of 1 mM Ca.**”®* STEM-EDX and DLS confirmed
the formation of nano-sized Fe-precipitate aggregates
embedded in the aggregated LH flocs in Ca electrolytes at (OC/
Fe)init 9.6 (Fig. S10e-h and Table S10t) that were rapidly settling
from the suspensions (Table S137).

In the Na electrolytes, on the other hand, filter-passing LH-
stabilized Fe(m)-colloids formed at (OC/Fe);,;; above 0.6. For
(OC/Fe)ini; 9.6, STEM-EDX and DLS indicated the formation of
nano-sized Fe(u)-precipitates (Fig. S10m and nt) with diameters
of ~150 nm (Table S127). Consistent with these results, a recent
study showed that Fe(u) oxidation in the presence of a humic acid
(1 mM NaCl, pH 6, 0.09 mM Fe(u) and ~0.03 (P/Fe)) indicated
a transition from unstable Fe(m)-colloids at (OC/Fe);p;; ~ 1 to very
small and stably suspended Fe(u)-colloids at (OC/Fe)ini > 10.%

5. Environmental implications

This study aimed to assess how organic ligands in combination
with PO, and Ca impact the composition and structure of Fe(ur)-
precipitates formed by Fe(u) oxidation in near-neutral natural
waters, for example at sites of anoxic soil or groundwater exfil-
tration into surface waters,"** in groundwater treatment for Fe
removal, at redoxclines in lakes®** or in the rhizosphere of
wetland plants.”® The concentrations of Fe(u) (28 mg L"), PO,
(0.8-3.9mg L' P), OC (0.6-59 mg L™ ") and Ca (160 mg L™ 1), the
molar ratios (OC/Fe)ni; and (P/Fe)ni, and bicarbonate/CO, as
pH buffer were selected to mimic conditions in anoxic soil
porewaters or groundwater upon oxygenation and to strengthen
the transferability of the results to field systems. For 2,4-DHB
and Citr as representative weakly and strongly Fe(u)-binding

View Article Online

Environmental Science: Processes & Impacts

ligands, Fig. 14 schematically depicts their effects on the
nanoscale structure of Fe(m)-precipitates as a function of (OC/
Fe)inic at (P/Fe)in;c of 0.05 and 0.25 in Ca and Na electrolytes.

The results for 2,4-DHB can be considered representative for
monocarboxylic acids and other weakly Fe(ur)-binding ligands.
They show that, upon initial (Ca)FeP formation, 2,4-DHB
promotes the formation of Fh instead of Lp during continuing
Fe(un) oxidation and thereby enhances the retention of co-
precipitated PO,, in analogy to the mechanism by which SiO,
enhances PO, retention.®"* Even at high (OC/Fe)ini, 2,4-DHB
cannot compete with PO, for binding with Fe(ur) or infer a high
negative charge to Fe(m)-precipitate particles and therefore
cannot inhibit PO, co-precipitation or induce the formation of
mobile PO,-loaded Fe(ui)-colloids. Relating the concentration-
dependent effects of 2,4-DHB to reported effects of SiO,, and
considering that concentrations of monocarboxylic acids in soil
pore water may reach up to 1 mM (ref. 45 and 94) while SiO,
typically varies in the range 0.1-1 mM, effects of such weak
organic ligands and SiO, on Fe(m)-precipitate formation and
PO, sequestration are expected to be additive, their individual
contributions depending on the specific conditions.

For Citr as a strongly Fe(un)-binding ligand, our results show
similar effects on Fe(m)-precipitate structure and PO, seques-
tration at low (OC/Fe)in;. to low-affinity ligands such as 2,4-DHB
at high (OC/Fe)ini.. Thus, even if concentrations of di- and
tricarboxylic acids in soil pore waters are often much lower
(<0.05 mM) than concentrations of monocarboxylic LMWOAs
(<1 mM),*** they may still add to the effects of monocarboxylic
acids and SiO, discussed before.

In the soil rhizosphere, plant roots exude ligands with high
Fe(ur) binding strength for nutrient acquisition, and Citr can
reach high concentrations (up to 0.8 mM).* In cases where Fe(u)
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proceeds in the presence of Citr at high (OC/Fe);y;, Citr (or other
strong ligands) form complexes with Fe(m) in parallel with PO,,
resulting in mixed (Ca-)Fe(u)-PO,~OC co-precipitates in which
individual particles represent aggregates of (sub)nanometric
Fe(u)-OC and Fe(m)-PO, polymers. Because Citr and 3,4-DHB
infer a high negative particle charge and can form dissolved
complexes with Fe(ur) in oligomeric or monomeric form, they
can induce the formation of mobile PO,- and OC-loaded Fe(u)-
polymers or (PO,-)Fe(m)-ligand complexes that promote PO,
and OC mobility.

Humic acids are macromolecular compounds with a high
number of rather weak Fe(u)-binding groups (e.g., isolated
carboxyl groups) and lower numbers of high-affinity configu-
rations of functional groups that can strongly bind Fe(m) in
chelate complexes. At low (OC/Fe); i, we therefore observed
effects of LH on Fe(m)-precipitate structure and PO, uptake
similar to the effects of 2,4-DHB. For typical concentrations of
DOC (<0.5 mM) and SiO, (0.1-1 mM) in anoxic groundwaters,
our results suggest that SiO, may often have a stronger impact
on Fe(u)-precipitate structure and PO, co-precipitation than
DOC. In DOC-rich near-neutral environments such as fens* or
peak lake sediments,®® in contrast, effects of humic compounds
may often dominate effects of SiO,. At representative molar OC/
Fe ratios (~10)* in the presence of Ca, humic acids can stabilize
individual (sub)nanometric PO,-loaded Fh or (Ca)FeP polymers
in coagulated humic acid networks and prevent their aggrega-
tion into precipitate particles, as recently documented for Ca-
Fe(m)-PO,-OC associations in the sediment of a peat lake.*® At
even higher OC/Fe ratios (50 to 500; not studied here), humic
acids increasingly form chelate complexes with monomeric or
oligomeric Fe(m) via carboxyl or phenolic hydroxyl groups.
Depending on the concentratino of Ca as coagulating cation,
these Fe(u1)-OC associations can occur in coagulated humic acid
flocs or as mobile Fe(u)-PO,~OC colloids.

Co-precipitation of OC with Fe(m) during anoxic/oxic tran-
sitions plays an important role in OC storage in sediments and
soils, OC transfer from soils and aquifers to surface waters, and
hence in global C cycling.** Carboxyl-rich OC has been shown to
readily co-precipitate with Fe(m).”* Our results confirm the
limited co-precipitation of monocarboxylic ligands such as 2,4-
DHB and Galact with Fe(m). In addition, they demonstrate that
not only ligands with several carboxyl groups such as Citr but
also ligands that form catecholate-type complexes such as 3,4-
DHB effectively co-precipitate with Fe(m). The formation of
colloidally stable Fe(m)-OC co-precipitates or Fe(m)-OC
complexes in the presence of strong ligands at high (OC/Fe);pit,
however, may limit OC retention at anoxic/oxic boundaries and
enhance OC mobility in surface waters.*>*” The results of this
study further emphasize that high (P/Fe),; ratios may effec-
tively limit the co-precipitation of OC with Fe, whereas Ca can
enhance the co-precipitation of OC via its effects on both OC
and PO, uptake and on particle charge.

In summary, this study shows that the type and concen-
tration of OC and the interdependent effects of OC, PO,, SiO,
and Ca must be taken into account in studies on Fe(m)-
precipitate formation in near-neutral bicarbonate-buffered
waters and on the sequestration of PO, and OC by Fe

2502 | Environ. Sci.. Processes Impacts, 2025, 27, 2479-2506

View Article Online

Paper

oxidation products. The compositional and (nanoscale)
structural diversity of Fe(u)-precipitates formed in the pres-
ence of OC, PO,, Ca and other solutes must also be considered
with respect to their transformation over time or the co-
precipitation and cycling of other compounds, including
essential or toxic trace elements.
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