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Organic phosphates (OP) are important nutrient components for living cells in natural environments, where
they readily interact with ubiquitous iron phases such as hydrous ferric oxide, ferrihydrite (FHY). FHY
partakes in many key bio(geo)chemical reactions including iron-mediated carbon storage in soils, or
iron-storage in living organisms. However, it is still unknown how OP affects the formation, structure
and properties of FHY. Here, we document how B-glycerophosphate (GP), a model OP ligand, affects
the structure and properties of GP—FHY nanoparticles synthesized by coprecipitation at variable nominal
molar P/Fe ratios (0.01 to 0.5). All GP—FHY precipitates were characterized by a maximum solid P/Fe
ratio of 0.22, irrespective of the nominal P/Fe ratio. With increasing nominal P/Fe ratio, the specific
surface area of the GP-FHY precipitates decreased sharply from 290 to 3 m? g~%, accompanied by the
collapse of their pore structure. The Fe—-P local bonding environment gradually transitioned from
a bidentate binuclear geometry at low P/Fe ratios to monodentate mononuclear geometry at high P/Fe

R 4 24th N ber 2023 ratios. This transition was accompanied by a decrease in coordination number of edge-sharing Fe
eceive th November ) R .
Accepted 10th April 2024 polyhedra, and the loss of the corner-sharing Fe polyhedra. We show that Fe(i) polymerization is

impeded by GP, and that the GP—FHY structure is highly dependent on the P/Fe ratio. We discuss the
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Introduction

Ferrihydrite (FHY), a nanocrystalline Fe(ur) oxyhydroxide, is not
only ubiquitous in soils and sediments,** but also in living cells
as in the core of ferritin proteins.>* FHY is formed through
hydrolysis of Fe(m) (monomers), undergoing olation and oxo-
lation to form Fe oligomers and clusters. This leads to the
nucleation of these 2-5 nm sized nanoparticles that grow and
ultimately coagulate to poorly ordered aggregates.>>® Although
the exact structure of FHY is still debated, the most used model
is based on a core-shell structure with an Fe,; core and a water-
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role that natural OP-bearing Fe(il) nanophases have in biogeochemical reactions between Fe—P and C

rich/Fe-depleted surface layer.®™ The nanocrystalline nature of
FHY results in a high surface area, and in turn, high reactivity
with both organic matter (OM)"*™ and inorganic anions (e.g.,
sulfate, phosphate, arsenate) through adsorption and/or
coprecipitation.”® In contrast to adsorption, coprecipitation
with OM or anions alters the structure and properties of FHY
such as specific surface area (SSA),">** particle size’® and local
ordering.”***

The impact of OM on the formation and properties of FHY
has been widely studied with regard to molecular weights of
OM,* and the number/position of different functional groups
on the OM compounds (e.g., carboxyl or phenolic groups).>**>
Recent work by ThomasArrigo et al.* showed that, at similar C/
Fe molar ratios, coprecipitation with low molecular weight OM,
such as citric acid, can impede FHY nanocrystal growth,
reducing the particle sizes and SSA. In addition, it has been
shown that specific functional groups of OM (i.e., exopolymeric
substances® or hydroxybenzoic acids®) can effectively inhibit
FHY precipitation, leading to the formation of mononuclear
organic Fe species,” and/or decrease SSA and change porosity
due to the OM blockage of surface sites and pores.”” On the
other hand, small FHY nanoparticles (<10 nm) form at high OM
levels (C/Fe > 10), facilitating the transport of associated OM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and oxyanions (e.g., organic phosphates) in natural environ-
ments.* Similarly, organic phosphates (OP) can also impose
completely distinct morphological changes on the FHY copre-
cipitates. For example, phosphatidylcholine-coprecipitated FHY
resulted in a dramatic decrease in SSA (ca. 10-130 times
smaller) and pore compared to inositol
hexaphosphate.>

When FHY is coprecipitated in the presence of inorganic
phosphate’***” at a nominal molar P/Fe ratio < 0.55, the
resulting solids retained the same P/Fe ratio; however, when the
phosphate concentration was higher (nominal P/Fe ratios >
0.55), the coprecipitates always had solid P/Fe ratios in the
range of 0.5-0.6,"*® and Fe(m)-PO, complex formation
preceded the hydrolysis and polymerization of Fe to oxy-
hydroxides.”**”** However, to the best of our knowledge, very
few studies addressed the interactions between OP and iron
(oxyhydr)oxides (c¢f Ruttenberg & Sulak,* Chen et al?'), or
evaluated the mechanisms controlling iron(in) coprecipitation
(i.e., local structural differences) in the presence of phospho-
lipids. Furthermore, to date, the differences imposed by OP on
the structure and composition of FHY particles, particularly in
terms of steric hindrance and electrostatic repulsion of organic
moieties are still unknown, despite the fact that in natural
environments such complex P-containing OM moieties will
invariably change the properties and reactivity of any forming
FHY.

To address this gap, we used B-glycerophosphate (GP) as
a model phospholipid compound in this study because it is
a common hydrolysis product of RNA and phospholipids in
soils.*> With the aim of obtaining a more comprehensive
understanding of the role that phospholipids play in the
formation of Fe(in) nanoparticulate phases, we synthesized FHY
in the presence of GP at varying nominal molar P/Fe ratios
between 0.01 and 0.5, comparable to what is found in
nature.”**** The morphological, compositional and local
structural changes of the resulting coprecipitates have been
analyzed using conventional laboratory and synchrotron-based
X-ray techniques, including inductively coupled plasma optical
emission spectrometry (ICP-OES), nitrogen gas sorption anal-
ysis, Fourier transform infrared spectroscopy (FTIR), small-
angle X-ray scattering (SAXS) and X-ray absorption spectros-
copy (XAS). Our results reveal that the structure of the formed
GP-FHY nanoparticles was sensitive to varying nominal P/Fe
ratios, and this has implications for their stability and
mobility in natural waters.

volume

Results and discussion

Structure, composition and surface properties of
coprecipitates

All coprecipitates (Table 1) were nanocrystalline as evidenced by
the typical 2-line FHY X-ray diffraction pattern showing two
broad reflections (Fig. S1t). These two reflections broadened
further in the coprecipitates formed at nominal P/Fe ratios of
0.2 and higher. The position of the first reflection at ~2.7 A
slightly differed from the typical 2.6 A reflection observed in
FHY,” indicating that a higher GP content could have resulted in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a more disordered structure. Plots of surface charge (point of
zero charge, PZC) versus pH for the GP-FHY coprecipitates and
pure FHY are shown in Fig. S2,f where pure FHY exhibited
a PZC of ~7.1, lower than most reported values of 7.8-7.9,%%
which may be due to the different solution condition (e.g:,
electrolyte solution). All GP-FHY coprecipitates exhibited a far
lower PZC value (Table 1), and only the GP-FHY coprecipitate at
ratio of 0.01 with PZC of ~4.9 showed a similar trend to FHY,
while further increases in GP content (P/Fe ratios from 0.05 to
0.5) had the little effect on the PZC (~4) of the coprecipitates.
This could indicate full surface coverage and/or further incor-
poration of GP in the structure as shown for other OM-FHY
systems.>*3¢

To assess if some of the GP was adsorbed to the precipitated
solids, we evaluated the difference between the P/Fe ratios of
‘unwashed’ and ‘washed’ coprecipitates to be negligible (Fig. 1a
and Table 1), suggesting that GP was structurally incorporated
in the Fe(m) hydroxide precipitates and not adsorbed. This
result was also supported by data from our batch adsorption
experiments (Fig. S3t), where we documented that the
maximum solid P/Fe ratio attained for GP-adsorbed FHY was
only 0.07. This value is almost 4 times lower than the reported
maximum adsorption capacity of FHY for inorganic PO,*~ (P/Fe
= 0.26).”® Therefore, the contribution of surface adsorbed GP to
the final P/Fe ratios of the GP-FHY coprecipitates is expected to
be negligible. In addition, the measured P/Fe ratios increased
linearly with the nominal ratios at the beginning, with almost
no aqueous Fe*" and GP detected in the supernatant (Fig. 1a
and b). However, above a nominal P/Fe ratio of 0.3, the solids
exhibited a maximum P/Fe ratio of 0.22. This was mirrored in
the increase in residual aqueous [GP] and [Fe®'] in the super-
natant, ranging from 0.43 to 1.8 mM and 0.03 to 1.7 mM,
respectively. This latter observation is notable because at
neutral pH, a solution with such high aqueous [Fe*] should be
supersaturated with respect to FHY, and should therefore
precipitate,”> which did not happen in our experiments. Simi-
larly, studies on Fe(m)-arsenic (As) coprecipitates®** showed
increase in dissolved [Fe**] in the presence of As(v) (nominal As/
Fe = 1) due to the formation of Fe(m)-As(v) complexes, which
were soluble in the supernatant. Hence, we suggest that the
observed increased residual aqueous [GP] and [Fe*'] in our
experiments could be attributed to the formation of soluble
Fe(m)-GP complexes, capable of passing through a 0.22 pum
filter, which was used to separate the coprecipitates from the
supernatant solutions. In order to confirm the presence of
Fe(m)-GP complexes, we could use Flow Field Flow Fraction-
ation (FIFFF) in future studies for better separation of the
complexes. As the nominal ratio increased from 0.4 to 0.5, the
molar ratio of complexes increased from 1:2 to 1:1 (Fig. 1b).
Nevertheless, we also observed a slight increase in dissolved
[Fe*'] in the adsorption experiments (Fig. 1b and S3af).
However, this was more notable only at nominal P/Fe ratios =
0.5 (about 3% molar Fe(m) was dissolved), and thus the
contribution of ligand-induced dissolution for the formation of
the complexes is very minor."*** Combined with elemental
analysis, all chemical compositions of the coprecipitates as well
as the calculated theoretical chemical formulas and listed in the
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Table 1 Elemental composition, chemical formulas and PZC of ferrinydrite and GP coprecipitates at different P/Fe ratios

Molar P/Fe ratio” Contents (mg g ')

Nominal Unwashed? Washed? Fe“ P¢ c* HC o? Chemical formula PZC’
0 0 0 566 0 0 18 416 FeO, 4(OH), 4 7.0 (1)
0.01 0.012 (1) 0.010 (1) 481 3 8 17 490 FeO; 6(OH); 5[(C3H703)0.05(PO4)0.01] 4.9 (3)
0.05 0.051 (4) 0.052 (2) 506 15 20 20 438 FeOy.o(OH); [(C3H,0,)0.06(PO4)0.05) 4.3 (1)
0.10 0.10 (1) 0.10 (1) 491 28 40 21 421 FeOy.o(OH);.5[(C3H702)0.13(PO4)o.10] 4.2 (1)
0.15 0.14 (1) 0.16 (1) 448 39 46 24 443 FeOy 6(OH); o[(C3H702)0.16(PO4)o.16] n.d.
0.20 0.18 (1) 0.19 (1) 434 45 53 26 442 FeOy 5(OH); o[(C3H;0,)0.19(PO4)0.19] n.d.
0.30 0.22 (2) 0.21 (1) 418 49 61 27 443 FeOy 4(OH), o[(C3H;0,)0.23(PO4)0.21] 4.3 (2)
0.36 0.22 (2) 0.21 (1) 421 50 57 27 444 FeOy 3(0OH), 1[(C3H;05)0.21(PO4)0.21] n.d.
0.40 0.23 (3) 0.21 (1) 409 47 54 26 464 FeOy 6(OH),.1[(C3H705)0.20(PO4)0.21] n.d.
0.42 0.22 (3) 0.23 (1) 404 52 64 29 451 FeOy 3(0OH),.5[(CsH705)0.25(PO4)o.23] n.d.
0.50 0.22 (4) 0.22 (1) 416 50 54 28 452, FeOy »(OH), 5[(C3H705)0.20(PO4)0.22] 4.0 (1)

“ Determined by ICP-OES analysis.

b values in parentheses represent analytical uncertainty (<5% relative) in the final digit, based on replicate

measurements of quality control solutions analyzed together with the samples (Table S1). No signiﬁcant differences were observed between the

Milli-Q water washed and unwashed samples, indicating that little to no GP was adsorbed.
4 Calculated by difference (i.e., total minus the weight percentages of Fe, P, C and 0). ¢

¢ Obtained from elemental analysis (C, H).
Values in parentheses represent standard deviation in

the final digits of three repeated measurements. Note that “n.d.” refers to “not determined”.

Table 1. The chemical formula for GP-free FHY in our work is
comparable to the chemical formula Fe;HOg:4H,0, which was
proposed by Towe & Bradley.*> Our X-ray photoelectron spec-
troscopic (XPS) data revealed that as the GP loading increased,
the proportion of -OH groups also increased with a decrease in
deprotonated Fe-O~ (Fig. 2 and Table S2+). This is caused by the
increase of organic oxygen (Ogrganic) and -OH for GP-FHY
coprecipitates with ratios of 0.05 and 0.5, whose OH + Ogganic/
O,xide Was 0.83 and 2.86, respectively. Boily et al.** suggested
that FHY has an OH/O™ ratio of 1.1 at particle sizes of ~3 nm,
and that smaller particle sizes exhibit larger OH/O™ ratios,
accompanied by the introduction of vacancies in the core Fel
site and increase in ~OH density. Therefore, GP incorporation
may contribute to the higher disorder and smaller FHY particles
as seen from the high OH/O™ ratio of coprecipitates with P/Fe
ratio of 0.5.

The effect of GP on the structure of FHY was also clearly
documentable in the sharp decrease in the specific surface area
(SsA) and pore volume (Vpore) Of the coprecipitates with
increasing nominal P/Fe ratio > 0.05 (Fig. 1c and d). This can be
attributed to the possible collapse of the pore structure based
on the decrease in pore width (Fig. 1d inset). Interestingly,
coprecipitates obtained at nominal P/Fe ratios between 0.3 and
0.45 showed a large variation in SSA and Vo values (Fig. 1c and
Table S37), with almost undetectable porosity at P/Fe of 0.5,
probably due to organic coverage. Compared to the coprecipi-
tates, the SSA values of GP-adsorbed FHY samples (red inverted
triangles in Fig. 1c) were quite similar to pure FHY, irrespective
of GP loading. This can be explained by the limited adsorption
capacity of pure FHY for GP (maximum P/Fe = 0.07), which is
not enough to cover the reactive surfaces of FHY and therefore
decrease its SSA. Similar results have been reported in the study
where FHY was coprecipitated with various inorganic and
organic phosphorus compounds (see Table S41 and references
therein).”* Of particular relevance to our work is the fact that
a similar SSA decrease in the coprecipitates have only been

2658 | Nanoscale Adv, 2024, 6, 2656-2668

reported for phosphatidylcholine, a common phospholipid
component in cells. Therefore, we attribute the decrease in SSA
to the potential formation of organic multilayers that could
cover reactive particle surfaces and clog pores, as also shown
with OM with varying molecular weights coprecipitated with
FHY.IS'IQ

In contrast to employing TEM for the FHY morphological
analysis, which may encounter challenges such as nanoparticle
aggregation, exceedingly small particles, or beam damage,>***
small angle X-ray scattering (SAXS) analysis was used in our
study to detect morphological variations. With increasing
nominal P/Fe ratios, our SAXS data revealed a gradual change in
pattern profiles (Fig. 3a and S4t). We fitted the SAXS data of the
coprecipitates at all P/Fe ratios with a model that is comprised
of two spherical populations, in addition to a background
contribution consisting of a Porod slope and a flat background
(Fig. S5T). These two sphere populations, I and II, were used to
describe: (I) the radius of the primary bead (ie., (OM-)Fe
oligomer/cluster); and (II) either the particle size or pore width.
The morphological variations as a function of nominal P/Fe
ratios (Fig. 3b-g) shows that for population I, at P/Fe ratios =
0.05, the radial particle distribution is centered around 0.7 nm,
ranging between 0.2 and 2 nm. However, higher P/Fe ratios
(0.1-0.5) led to a narrower particle size distribution (between
0.25 and 1.5 nm) (Fig. 3b). Meanwhile, the average sphere
radius increased from 0.52 to 0.60 nm with increasing P/Fe
ratios (Fig. 3d). It has been proposed that a single Fe(ur)Og
octahedron has a radius of ~0.2 nm and PO,-Fe dimer has
a radius of 0.42 nm.*® Therefore, it is reasonable to suggest that
Fe(ur)-GP oligomer comprises the population I, particularly for
higher GP-loaded precipitates. This assumption is also in
accordance with Guénet et al.*” who reported a radius of 0.8 nm
for FHY-OM primary bead. Furthermore, the average radius of
pure FHY closely matches the radius of the Fe;; Keggin cluster
(0.5-0.6 nm), which is the initial particle for FHY formation.**®
The larger radial range was attributed to the continuous growth

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Measured molar P/Fe ratios in the coprecipitates versus nominal P/Fe molar ratios. (b) [B-Glycerophosphatel.q (GP, upside down

triangles) and [Fe”]aq (circles) in the supernatant following adsorption (pi
data are standard deviation based on three replicates, while the others a

nk) and coprecipitation (blue) experiments. Error bars in the adsorption
re based on analytical errors (see Table S11). Change in the (c) specific

surface area and (d) pore volume of the coprecipitates with nominal increasing P/Fe ratio compared to the surface area of the adsorption

experiment (upside down triangles). The pore size distributions of the cop
drawn to guide the eyes.

of iron clusters, thereby indicating that particle growth was
restricted at higher P/Fe ratios (Fig. 3b).*®

For population II, the radial size of coprecipitates (except for
ratio of 0.01) decreased with increasing P/Fe ratios, finally
narrowing down to a size of about 2 nm (Fig. 3c), although the
average radii showed a slight increase trend (Fig. 3e). Consid-
ering that the observed radial range of FHY particle was
between 1 and 6 nm, population II could potentially be FHY-like
particles.” According to a previous study in which the size of
Fe-OM coprecipitates was determined by SAXS, nanoparticles
of radius ~3-6 nm were defined as nanoparticles formed from
primary beads.*” More direct support came from FIFFF analysis,
not only detecting the DOC-Fe monomers (~0.6 nm in radius),
but differentiating them from OM associated Fe oxyhydroxides
particles (~1.5-3 nm in radius).”® Thus, combining these
previous works with the decrease in the number of population II
in our study, we speculate that higher P/Fe ratio retards FHY
formation, leading to smaller GP-FHY particles and an increase
in Fe(u)-GP oligomer, which is also consistent with XPS

© 2024 The Author(s). Published by the Royal Society of Chemistry

recipitates are shown in the inset in (d). Grey dashed lines in (a) to (d) are

analysis. However, we cannot exclude the possibility of pop-
ulation II as pore width, especially these results match well with
observations of both pore width and derived SSA, and the
decrease in population II suggested the pore blockage within
the systems (Fig. 3c). Although our SAXS analyses could not
definitively state population II, the evolution of polydispersity
for the two populations coincides with the trend observed for
the final P/Fe ratios and SSA/Vjore, respectively (Fig. 3f and g).
This reveals that the state of primary beads is controlled by the
nominal P/Fe ratios, and then influenced the nanoparticle
formation and led to different morphologies of coprecipitates.
The WAXS (wide angle X-ray scattering) part of the patterns
(high Q-range in Fig. 3a and inset) for pure FHY and all copre-
cipitates showed identical results to the powder XRD data
(Fig. S17) in terms of the broad peaks and their position.

Local bonding environment

The Fourier transform infrared spectra (FTIR) of GP-FHY
coprecipitates synthesized at varying P/Fe molar ratios showed

Nanoscale Adv., 2024, 6, 2656-2668 | 2659
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spectra.

significant increase in absorbance with increasing GP content
in the frequency region between 1250 and 800 cm . This
originated from the changes in stretching vibrations of the
phosphate group (Fig. 4a, S6 and S77).*° Literature data for GP
complexation with FHY is lacking, and thus based our inter-
pretation of the bonding configuration of GP with FHY on GP
reference patterns we prepared (see ESI and Table S51 for more
details), combined with limited experimental®** and theoret-
ical studies®® describing P-O stretching bands (v) in Fe (oxyhydr)
oxides. Deconvolution of the FTIR spectra between the range of
1250 to 800 cm™ ' showed that, for GP-FHY at all ratios, the
phosphate region could be resolved into several bands at 965,
1000, 1045, 1080, and 1115 cm ™ *; two additional bands at 890
and 1150 cm ™! appeared in the samples prepared at P/Fe ratios
= 0.1. With higher amounts of GP coprecipitated, peak shifts
and changes in relative areas were observed due to the config-
uration change (Table S6T). The appearance of the band of
890 cm ', which was assigned to be the symmetric »,(P-OH)
band,* can be explained by the formation of a monodentate
mononuclear ('V) inner-sphere surface complex.*® The bands at
970 and 1000 cm ' represent symmetric v4(P-OFe) and asym-
metric v,4(P-(OFe),) bands, while the band at 1040 cm™ " could
be attributed to either v,(P-OFe) or v,s(P-OC) and band at
~1120 em ™' is designated as »(P=0). When GP was adsorbed
onto crystalline goethite, the bands at 998, 1044 and 1126 cm ™ *
shifted to significantly higher frequencies of 1008, 1052 and
1139 cm™".** Moreover, higher inorganic P loading on goethite
induce the configuration to change from bidentate binuclear
(*C) to 'V geometry.* Matching this approach, we assigned in

2660 | Nanoscale Adv, 2024, 6, 2656-2668

our patterns the bands at 1000, 1040 and 1125 cm ™" to the *C
complex, and the bands at 890, 965, 1070, 1115 and 1150 cm
to 'V complex (Fig. 4a and S7t). This way we could use our
patterns to derive for each GP-FHY coprecipitate the percentage
of each binding geometry by deconvoluting the relative areas of
each peak (Fig. S7 and Table S67). The data revealed that with
increasing GP, the proportion of the 'V geometry increased from
~45 to ~75%, while the >C geometry decreases from ~55 to
~25% (Fig. 4b).

The FTIR data and interpretations (Fig. 4a and b) were
further strengthened by pair distribution function analyses
(PDF, G(r)) of the GP-FYH precipitates (Fig. 4c and d). The data
revealed that position and intensity of the edge-sharing Fe-Fe
pair (Fe-Feg) remained relatively constant at ~3.04 A (Fig. 4d),
while the corner-sharing Fe-Fe pair (Fe-Fec) at 3.4 A was
affected by the Fe-P bidentate peak (Fe-Pg) at 3.3 A.*” Mean-
while, a peak at 3.6 A corresponding to the Fe-P bond in the 'V
bonding configuration, became more pronounced, similar to
orthophosphate surface complexes on goethite.>® Therefore, we
suggest that in our GP-FHY coprecipitates, the GP also com-
plexed with Fe at the expense of corner-sharing Fe polyhedra.
The process was initially dominated by a >C geometry but with
increasing GP contents, the bonding switched to a 'V geometry
at high P/Fe ratios.*

To support the interpretation of the bonding environment
information from our FTIR and PDF data, we collected Fe K-
edge extended X-ray absorption fine structure (EXAFS) spectra
(Fig. 4e and f and Table 2). The EXAFS spectra of the copreci-
pitates feature a small bump near 5.5 A™* (Fig. 4e, blue triangle),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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attributed to corner-sharing FeO, octahedra,*® which became
less pronounced with increasing P/Fe ratio. A second significant
decrease in oscillation amplitude was also observed at ~7.5 A™*
(black triangle), indicating a potential decrease in the coordi-
nation number (CN) of the nearest Fe neighbors.* To quantify
these changes in Fe bonding environment, we performed shell-
by-shell fits on the Fe k*-weighted EXAFS spectra (Fig. 4f). With
increasing nominal P/Fe ratios to >0.3, the first-shell attributed
to Fe-O bonding became broader, accompanied by the disap-
pearance of the shoulder feature at ~1.85 A (pink band). This
represents the loss of tetrahedral Fe and a distortion of octa-
hedral Fe.>>* The amplitude of the second-shell also decreased,
suggesting a strong disruption of the Fe-Fe bonding

© 2024 The Author(s). Published by the Royal Society of Chemistry

environment. In particular, the right shoulder feature of the
second-shell at ~3.3 A, which represents the corner-shared Fe
polyhedral (light green band), slowly disappeared as the
nominal P/Fe increased. The EXAFS-derived bond distances of
the Fe-O bonds of the GP-FHY coprecipitates did not vary
compared to pure FHY (Fig. 4f and Table 2), both having an
average distance for the octahedra in the Fe(u) (oxyhydr)oxides
of 1.98 + 0.01 A. In samples with higher GP contents, Fe-P pairs
were coordinated in bidentate (~3.25 A) and monodentate
geometry (~3.6 A) starting at the ratios of 0.05 and 0.3,
respectively. This change also led to a progressive suppression
of Fe-Fe interactions,"” with the corner-sharing Fe-Fe at ~3.45 A
disappearing first. Furthermore, the CN of the edge-sharing Fe—

Nanoscale Adv., 2024, 6, 2656-2668 | 2661
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(upside down triangles in are eye guides, XANES spectra in Fig. S107); (f) radial distribution function based on the Fourier-transformed EXAFS data.
Solid lines indicate experimental data and grey dashed lines represent the shell-by-shell fitting results, with fitting parameters shown in Table 2.

Fe at ~3.0 A also changed from 3.2 & 0.6 to 1.3 &+ 0.8. We
attempted to fit the Fe-P2 ('V) path with a single corner-sharing
Fe-Fe path (~3.6 A),>?” but could not achieve a physically
realistic fit resulting from the high correlation between ¢* and
CN, and also a chemical impossibility as P suppresses the
corner-sharing Fe polyhedra.*

Structural alteration of Fe(m) precipitates by GP
coprecipitation

Although all coprecipitates synthesized at different P/Fe ratios
showed a typical 2-line FHY XRD pattern (Fig. S1t), significant
variations were evident in their structures as well as SSA, Vjore,

2662 | Nanoscale Adv, 2024, 6, 2656-2668

PZC, particle sizes and elemental compositions (Table 1, Fig. 1
and 3). When the nominal P/Fe ratio was =<0.05, the copreci-
pitates exhibited FHY-like characteristics. With increasing
ratios, more Fe surface sites became occupied (Fig. 1c and d),
which suppressed or even fully inhibited the growth of the
polymeric chains of the edge/corner sharing Fe octahedra.
Smaller primary particles sizes were observed at higher P/Fe
(Fig. 3b) with a maximum ratio of 0.22, and more Fe(u)-GP
complexes were formed (Fig. 1a and b). In the local bonding
environment, the coordination number of Fe-Fe pairs
decreased, while that of the Fe-P pairs increased, accompanied
by a switching in geometry from *C to 'V (Fig. 4).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Shell-by-shell fitting results for FHY and GP-FHY coprecipitates®

Sample (P/Fe) Atomic pair CN R (A) a* (A% AE, (eV) Red. X* R-Factor
0 (FHY) Fe-O 5.2 (0.8) 1.97 (0.01) 0.010 (0.001) —2.4 (1.6) 0.0018 0.0275
Fe-Fecqge 3.2 (0.6) 3.06 (0.02) 0.016
Fe-Fecomer 1.4 (0.9) 3.44 (0.01) 0.007 (0.004)
0.05 Fe-O 4.5 (0.5) 1.98 (0.01) 0.010 (0.001) 0(1.1) 0.0281 0.0181
Fe-Fecqge 2.3 (1.3) 3.06 (0.03) 0.016
Fe-P1 (*C) 1.1 (0.9) 3.26 (0.05) 0.007
Fe-Fecomer 1.2 (0.5) 3.44 (0.03) 0.012
0.3 Fe-O 5.5 (0.4) 1.98 (0.01) 0.011 (0.001) —0.9 (0.8) 0.1048 0.0096
Fe-Fecqge 1.1 (1.0) 3.07 (0.05) 0.016
Fe-P1 (*C) 2.1 (0.7) 3.23 (0.02) 0.007
Fe-P2 ('V) 0.6 (0.4) 3.58 (0.05) o” (Fe-P1)
0.5 Fe-O 4.4 (0.4) 1.98 (0.01) 0.010 (0.001) —0.8 (0.9) 0.0288 0.0105
Fe-Fecqge 1.3 (0.8) 3.05 (0.03) 0.016
Fe-P1 (*C) 1.5 (0.6) 3.25 (0.02) 0.007
Fe-P2 ('V) 0.5 (0.3) 3.57 (0.05) a* (Fe-P1)

“ CN, coordination number; R, interatomic distance; ¢®, mean-squared atomic dlsplacement and AE,, change in threshold energy. The passive
electron reduction factor (So?) was fixed at 0.85, and a* for Fe-Fecqge and Fe-Fecomer pairs were fixed at 0.016 and 0.012 based on 2-line FHY,
while the fixed ¢* (Fe-P) = 0.007 was based on empirical calculations.® All fits were done in R + AR-space = 1-4 A and k-range = 2-12.5 A™".
The number of independent points (Nipp) in the fits was 19.8 and the number of variables (Ny,,) was 8-10. One example of fitting attempts for
coprecipitate at P/Fe of 0.5 can be found in Table S8.

GP-FHY GP-FHY nanoparticles Fe(lll)-GP oligomers
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Fig.5 Average particle diameters, SSA and structural changes in coprecipitated GP-FHY as a function of increasing nominal P/Fe ratio; Fe(in)-GP
oligomers (in the solid grey line ellipses) shown as aggregates and the Fe(i)—GP monomers forming in the supernatant at P/Fe ratios of 0.3t0 0.5
are shown in the dotted grey line contour at right. Yellow/brown colors represent Fe—O octahedra and tetrahedra and PO, tetrahedra are shown

in pink; red, black and white spheres represent oxygen, carbon and hydrogen, respectively.

The inhibition of GP on the growth of FHY can be explained
by the adsorption of either organic molecules or oxyanions,*
which reduces the surface Gibbs free energy and results in the
formation of smaller clusters, with the Fe;; Keggin units being
the smallest unit for generic FHY structure formation.’ Such an
interpretation is also supported by experimental results that
showed that Fe,; clusters can be stabilized by organic ligands,*®
and that the particle size of inorganic phosphate coprecipitate
FHY decrease at very high P/Fe ratio of 10.” In our study, for
coprecipitates with nominal P/Fe in the range 0.3-0.5, the
smallest detectable solids could be one GP bridging two Fe
dimers (i.e., oligomers), consistent with the final P/Fe ratio of
0.22. Similar to the coprecipitation of iron with inorganic
phosphate, Fe(m)-PO, solids with short-range networks formed
at higher ratios (>0.5) in the studies of Mikutta et al.”” and

© 2024 The Author(s). Published by the Royal Society of Chemistry

Voegelin et al'’ In addition, a study about Fe(u)-As(v)
complexes documented the presence of mononuclear Fe
complexes with either 1 or 2 As molecules.*” Comparing these
findings with our data, we infer similar processes in our system,
i.e., that Fe(m)-GP complexes in the supernatant could be
mononuclear Fe with 2 or 1 GP molecule attached (i.e., mono-
mers). We have summarized these observations and our inter-
pretations in a schematic in Fig. 5.

Conclusion

The presence of inorganic PO,*” can dramatically affect the
structure and reactivity of Fe (oxyhydr)oxides in soils and
ferritin proteins. Among phosphorus compounds, we show that
organic phosphates also affect the structure and properties of

Nanoscale Adv., 2024, 6, 2656-2668 | 2663
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ferrihydrite and that the effect is strongly dependent on the
molar ratios of P/Fe (0.01 to 0.5) in the initial experiments. All
precipitates had XRD patterns akin to FHY, but only solids at
lower ratio (=0.05) exhibited distinct FHY-like properties (i.e.,
high SSA/V,oe and small particle sizes). With increasing
nominal P/Fe ratios, the SSA of the precipitates sharply
decreased from ~300 to 3 m® g, due to the collapse of the pore
structure. With increasing P/Fe ratios, the local bonding envi-
ronment evaluation based on Fe-edge XAS analyses, PDF as well
as FTIR data, revealed that Fe-P pairs gradually transitioned
from a 2C (~3.25 A) to a 'V geometry (~3.6 A). Simultaneously,
the corner-sharing Fe-Fe bonds (at ~3.45 A) disappeared, and
the coordination number of the edge-sharing Fe-Fe decreased
from 3.2 £ 0.6 to 1.3 £ 0.8. We documented that the GP was
linked to the FeOg octahedra mainly in a 'V geometry, and that
this hinders the formation of solid iron (oxyhydr)oxide particles
during Fe(m) polymerization. On the other hand, at higher
nominal P/Fe ratios between 0.3 and 0.5, solid oligomers were
formed but all were characterized by a constant P/Fe ratio of
0.22, despite the fact that Fe(m)-GP monomers still existed in
the supernatant. Taking all this together, our results highlight
the need to evaluate the role of organo-phosphates containing
Fe nanophases, because the interaction between organic
phosphates and precipitating FHY changes the mineralogy,
morphology and surface properties. Compared to the better
studied inorganic phosphates'*”*® and phytates,'*** our
coprecipitates containing phospholipids at the same initial P/Fe
ratio, have a lower Fe-P binding capacity and smaller particle
sizes. Such a property could further increase the ability of these
material towards loss and degradation of organic phosphates in
natural environments. Such changes will also invariably affect
the fate of trace and major elements in aquifers and soils, where
for example chemical and microbial-induced iron oxidation will
lead to interactions between organic phosphate compounds
and newly forming, nanoparticulate sized Fe-solids. Further-
more, variations in phosphate species can impact the iron
storage capacity of ferritin, a protein responsible for regulating
in vivo iron levels, influencing both iron deficiency and iron
overload.

Experimental
Synthesis of ferrihydrite and organic phosphate coprecipitates

Two-line ferrihydrite was synthesized according to the method
described by Schwertmann and Cornell.** Under constant stir-
ring, a 1 M NaOH solution was slowly titrated into a per-
fluoroalkoxy alkanes (PFA) container with 1 L of 5 mM
Fe(NO3);-9H,0 solution until the pH value of 7 was recorded by
a pH electrode (SenTix 62 Precision, WTW). This induced the
precipitation of a light brown material that was separated from
the supernatant by centrifugation at 4350 x g. The resulting
pellet was re-suspended in Milli-Q water (~18.2 MQ cm) and
‘washed’ via six cycles of centrifugation (7690 x g for five
minutes) and re-suspension in Milli-Q water until a total dis-
solved solids concentration of ~5 mg L™' was reached in the
supernatant (Hanna Instruments, HI98130). Finally, the washed
solid was freeze-dried and stored until it was further used for
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characterization. Aliquots of the OM free FHY precipitates were
used for adsorption experiments with GP (see ESIT).

For the GP-FHY coprecipitates, the above synthesis was
modified by the addition of disodium B-glycerophosphate to the
initial Fe(ur) solution. Solids were precipitated by slowly adding
NaOH to the Fe(u)-GP solution at varying nominal moral P/Fe
ratios (Table 1) and treating the resulting solids as described
above (i.e., to obtain ‘washed’ GP-FHY coprecipitates). The
suspensions were also prepared freshly for ‘unwashed’ GP-FHY
coprecipitates.

Material characterization

Elemental composition. The content of Fe and P in the
‘washed’ and ‘unwashed’ GP-FHY coprecipitates were deter-
mined by ICP-OES. This data was used to determine the
“amount” of GP that may have been adsorbed on the forming
FHY surface (from the difference in P). Briefly, the ‘washed’ and
‘unwashed’ coprecipitates were digested with 1 M HCI, and Fe
and P analyzed as stated above. The amount of GP in the
‘unwashed’ precipitates was determined from the difference
between the total concentration in the suspension and super-
natant filtered through a 0.22 pm polyvinylidene difluoride
(PVDF) syringe filter (see ESIt). The C and H contents of freeze-
dried samples were determined using an elemental analyzer
(EA3000-CHNS Eurovector) with a repeatability and reproduc-
ibility within 5%. The chemical formula of the coprecipitates
were calculated based on the weight percentage of C and H from
the elemental analyzer and the Fe and P concentrations from
ICP-OES of the digested material; the content of O was calcu-
lated by subtracting the weight percentages of Fe, P, C and O
from the total.

Structure, surface properties and chemistry and size distri-
bution of precipitates. Powder X-ray diffraction (XRD) patterns
of coprecipitates were collected using a STOE STADI P diffrac-
tometer equipped with a curved Ge (111) monochromator (Ag
radiation, A = 0.56087 A) and two DECTRIS MYTHEN2 R
detectors. Measurements were performed in a Debye-Scherrer
geometry over a Q range of 0 to 13.42 A", In addition, reduced
pair distribution function (PDF, G(r)) analysis was used to
investigate the local structure of the coprecipitates. This was
done using an XRD pattern collected with the parameters set to
300 s per step for the Q range of 0-13.42 A™" and 1500 s per step
for 13.42-21.53 A", For these PDF analyses, each sample was
measured over 40 h. All XRD patterns were analyzed using an in-
house code in Igor Pro (WaveMetrics), and all intensity correc-
tions (e.g., subtraction of background from empty glass capil-
lary and air scattering) and the scattering data was processed
using the PDFgetX2 software.® For specific surface area (SSA)
and pore size distribution, FHY and coprecipitates at each
nominal P/Fe ratio from two batches (B1, B2) as well as GP
adsorbed FHY were measured by N, adsorption/desorption at
77 K with a Micromeritics Gemini VII 2390 Surface Area
Analyzer using the Brunauer-Emmett-Teller (BET) and Barrett—
Joyner-Halenda (BJH) models, respectively. Total pore volumes
(V) were estimated to be the liquid volume of nitrogen at
arelative pressure of about 0.95. The surface area and total pore

© 2024 The Author(s). Published by the Royal Society of Chemistry
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volume were corrected to SSA..; and V., by taking into
account the effect of GP loading.®® The surface chemistry of GP-
FHY coprecipitates were analyzed by X-ray photoelectron spec-
troscopy (XPS) using an AXIS Ultra DLD photoelectron spec-
trometer (Kratos Analytical). Any variations in PZC of the
different GP-FHY precipitates was measured using the
streaming potential method (Stabino, Microtrac) in titration
mode (initialization time 30 s, dynamic titrant volume < 10 pL,
pH per step < 0.25). For this, all solids were suspended in 10 mM
NaCl at a solid concentration of 0.4 g L™* and then titrated in
triplicate to pH 10 (+0.2) with 0.1 M NaOH.® For particle size
distribution, SAXS measurements were conducted using the
MOUSE (Methodology Optimization for Ultrafine Structure
Exploration) instrument at the Bundesanstalt fir Materi-
alforschung und-priifung (BAM), and at Diamond Light Source
Beamline 122.°7°® See ESIt for more details.

Local structure and bonding environment analysis. To
determine the bonding environments, Fourier transform
infrared (FTIR) spectra were recorded on a Thermo Fisher
Scientific Nicolet iS5 FTIR spectrometer equipped with an iD7
diamond attenuated total reflectance (ATR) accessory (range
4000 to 400 cm ™', resolution 4 cm ™). Baseline correction and
curve-fitting (Gaussian/Lorentzian, ratio = 0.7) were performed
with the OMNIC 9.9 software (Thermo Fisher Scientific). To
achieve better peak assignments, we combined the FTIR curve
fitting of our GP-FHY coprecipitated samples, with FTIR refer-
ence spectra that we acquired from saturated GP solutions
equilibrated at variable pH conditions. The bonding environ-
ment in all precipitates was evaluated through Fe K-edge X-ray
absorption spectra (XAS) that were collected at the BM23
beamline of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). Full details about both FTIR and XAS
sample preparation, sample and standard measurements as
well as data analyses for both FTIR and XAS can be found in the
ESL T
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