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Environmental Significance Statement 

Iron oxides and oxy-hydroxides are widely distributed across Earth's surface environments. 

Among these, ferrihydrite (Fh) has garnered substantial attention due to its small particle size 

and low structural order resulting in high specific surface area and high density of reactive surface 

sites of Fe nanoparticles. Therefore, Fh plays an essential role in sequestering contaminants and 

nutrients such as phosphate (PO4
3-) in natural environment. The formation of Fh is preceded by 

the precipitation of small oxy-hydroxide clusters during the rapid hydrolysis of Fe(III). Iron oxy-

hydroxides with smaller particle sizes and greater structural disorder than Fh may exhibit a 

heightened affinity for interacting with ions and metals, such as through adsorption, before 

transitioning to Fh. The presence of other ions can stabilize metastable Fe oxy-hydroxide clusters, 

thereby impeding or delaying their transformation and growth to larger crystalline phases. These 

particles, being extremely small, can remain suspended, thereby increasing their mobility and 

potential to transport contaminants over longer distances, potentially impacting a larger area 

beyond their original source.
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Abstract 

Iron (Fe) oxy-hydroxide minerals such as ferrihydrite (Fh) are ubiquitous in Earth-surface 

environments and important in biogeochemical element cycling. Recent research has suggested 

that their formation is preceded by the precipitation of ultrasmall (~1 nm) Keggin-like Fe oxy-

hydroxide clusters. However, relatively little is understood about the structure of the precursor 

clusters and the impacts of pH and time on their growth and transformation to more stable 

phases. We used a new method that involves mixed flow reactors (MFR) to synthesize these Fe 

oxy-hydroxide precursor clusters at pH 1.0, 1.5, 2.5, and 4.5. In-situ and ex-situ synchrotron 

scattering measurements and laboratory small-angle X-ray scattering (SAXS) were used to study 
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the structure and size of Fe oxy-hydroxide clusters and their transformation products, 

respectively. Results show that with increasing pH, the particle size and structural order of 

samples increase, forming solids that resemble 2-line Fh at pH 4.5. The experimental data were 

compared with X-ray pair distribution functions (PDF) calculated for a range of Fe(III) 

oxyhydroxide clusters, including Fe13 Keggin isomers computed previously using density 

functional theory (DFT), which yielded at best only partial agreement at short range (< 5 Å). Aging 

of the clusters synthesized at pH 1.5 and 2.5 results in growth and transformation via Ostwald 

ripening to mixtures of goethite (Gt) and lepidocrocite (Lp). This process was inhibited by 

immediately reacting the early-formed clusters with phosphate (PO4
3-), suggesting that oxyanion 

surface complexes can stabilize the initial clusters by preventing growth and crystallization to 

more stable phases. 

Keywords: Iron oxy-hydroxide clusters, Ferrihydrite, Fe13 clusters, Goethite, Lepidocrocite, 

Aggregation, Pair distribution function analysis
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Introduction 

Iron (Fe) oxides and oxy-hydroxides are widely distributed in Earth-surface environments 

and play significant roles in (bio)geochemical processes. 1-7 Among these, ferrihydrite (Fh) has 

received considerable attention due to its chemical reactivity and its status as a precursor to 

more thermodynamically stable phases. 8-24 Ferrihydrite can exist in various degrees of 

crystallinity, ranging from 2-line to 7-line Fh, 2, 9, 25-28 although samples with lower crystallinity 

than 2-line Fh have also been reported. 2, 3, 29, 30  These phases are metastable, undergoing 

transformation to more crystalline phases such as goethite (Gt), hematite (Hm), and lepidocrocite 

(Lp).8, 13, 31-35 In addition, Fh, with its high adsorptive capacity, has a strong affinity for 

sequestering nutrients and contaminants in natural environment.12, 36-43 The adsorption of other 

ions impacts the particle size and crystallinity of Fh, thereby controlling its nucleation, growth, 

and transformation. 2, 3, 17, 31, 44-50 

The formation of Fh is preceded by the precipitation of small oxy-hydroxide clusters 

during rapid Fe(III) hydrolysis, which can grow through aggregation to ultimately form Fh. 20, 51-55 

A recent computational study 52 proposed structures for a range of Fe oxy-hydroxide clusters, 

starting from a single hydrated Fe(III) ion that undergoes further hydrolysis to form low molecular 

weight Fe(III) dimers and trimers. The interaction of these species, through olation and oxolation, 

leads to the formation of larger oligomers such as Fe4, Fe5, and Fe7, as well as Fe13 clusters known 

as Keggins (ions or clusters). Sadeghi et al. 51 synthesized Fe13 Keggin clusters (referred to as Fe13 

hereafter) confined in an anionic complex [FeO4Fe12F24(OCH3)12]5- and stabilized it using 
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countercations (Bi+3) and demonstrated that they serve as precursor clusters for the formation 

of Fh. 

In a related study, 20 an attempt was made to measure the size of Fe clusters precipitated 

at extremely acidic pH levels (<2) during Fe(III) hydrolysis, and it was concluded that an observed 

~ 1.0 nm cluster is consistent with an Fe13 Keggin surrounded by a Fe-depleted shell, a motif 

compatible with the structure of Fh. While these studies provided new insights into Fe oxy-

hydroxide clusters and their role in Fh formation, they primarily focused only on size, 20  proxy 

structures, 51 and computational analysis, 52 without providing direct structural evidence. 

In various natural environments, such as ferriferous seeps, mid-ocean ridge vents, and 

acid mine drainage (AMD) systems, Fe oxy-hydroxide clusters can interact with impurities, such 

as through adsorption, before evolving to Fh. 2, 54 The presence of other ions can stabilize 

metastable Fe oxy-hydroxides, thereby delaying or inhibiting their transformation. 19, 44, 46-48, 56-58 

Iron oxy-hydroxides with smaller particle sizes and greater structural disorder than synthetic 2-

line Fh have been observed in natural environments, often referred to as low crystalline 2-line 

Fh. 2, 3, 29, 30 Cismasu et al. 3 demonstrated that aluminum (Al), silica (Si), and natural organic 

matter (NOM) decreased the size and structural order of natural Fhs. They proposed that these 

impurities inhibited Fe polymerization and particle growth through complexation (Si and NOM) 

and cation substitution (Al). Other studies 2, 30 have shown that the sorption of oxyanions such as 

arsenate (AsO4
3-) and phosphate (PO4

3-) also had a similar impact on the formation of natural Fhs 

by reducing their size and the degree of structural order. It is worth noting that the formation of 

low crystalline Fh in aqueous environments is not exclusive to abiogenic Fh. Whitaker et al.29 
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reported the formation of poorly ordered biogenic Fh with a smaller coherent scattering domain 

size (CSD) compared to synthetic 2-line Fh. These studies have provided insights into the 

structure and size of natural Fhs, which may differ from those reported for 2-line Fh. It is 

reasonable to hypothesize that such low-ordered Fhs may consist of Fh precursors e.g., Fe13 

clusters, that have not yet evolved to Fh. Nevertheless, they are still commonly referred to as 2-

line Fh, despite exhibiting significant differences in terms of reactivity and chemical behavior. 

The synthesis and isolation of Fe oxy-hydroxide clusters in the laboratory pose challenges 

due to the rapid kinetics of Fe(III) hydrolysis reactions. 20, 52-54, 59 Previous studies have mainly 

employed base hydrolysis of Fe salts in batch reactors. 20, 54, 60-63 For instance, Zhu et al.54 

synthesized Fe oxy-hydroxide clusters by introducing NaHCO3 into a reactor containing ferric 

nitrate Fe(NO3)3 solution. In another study, Weatherill et al. 20 conducted stirred batch reactor 

experiments by adding NaOH to acidified Fe(NO3) at different pH levels (0.5-9) to synthesize Fe 

oxy-hydroxide clusters. However, using batch reactors for synthesizing transient Fe oxy-

hydroxide clusters has certain disadvantages. These include: (1) the continuous addition of base 

leading to an increase in pH, resulting in a distribution of sizes and structural characteristics of 

the precipitates; (2) longer residence time for particles precipitated at the beginning of hydrolysis 

compared to those formed later; and (3) variation in ion supersaturation for particles formed at 

different pH levels and residence times. 64 An alternative method for synthesizing nanosized 

clusters under steady-state conditions is the mixed flow reactor (MFR), offering the advantage of 

precise control over residence time and solution chemistries. 64-67 This method can be easily 

adapted for different systems and combined with various in-situ characterization techniques. 66, 
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67 Furthermore, the synthesized products can be collected, aged in batch reactors to examine 

growth or transformation behaviors, and prepared for ex-situ characterization. 67 

The present work focuses on investigating the formation of Fe oxy-hydroxide clusters and 

their transformation products. Our objective is to understand the influence of system chemistries 

on the size and structure of Fe oxy-hydroxide clusters and their role in Fh formation. We used a 

new method for synthesizing Fe oxy-hydroxide clusters and provided direct structural evidence 

of their formation and transformation. This new information is crucial for enhancing our 

understanding of the processes involved in the formation of Fe oxides and hydroxides in 

environmental systems.

Material and Methods 

Sample synthesis and in-situ SAXS. Known concentrations (0.03, 0.05, 0.1, and 0.3 M) of acidified 

Fe(NO3)3 (ACS grade, Fisher Scientific) were prepared using ultra-pure (18.2 MΩ) water in the 

background of 1 M HNO3. The initial solution was loaded in a 150 ml syringe and pumped into a 

stirred 5-mL mixed flow reactor (MFR) at 8 mL/min using a high-precision syringe pump (Harvard 

Apparatus PHD ULTRATM 4400). Simultaneously, a peristaltic pump (Ismatec Reglo ICC Digital 

Pump) was used to pump 2 M NaOH into MFR at different rates to obtain the selected target pHs 

(0.5, 1.0, 1.5, 2.5, 3.5, and 4.5) which were monitored in the effluent using an in-line pH probe. 

We excluded pH levels above 4.5 to prevent the formation of Fh and Gt. The residence time was 

~30 seconds in all experiments. The resulting suspensions were passed through an in-situ 

laboratory small-angle x-ray scattering (SAXS) cell to measure particle size. SAXS data were 

collected using a laboratory Empyrean Nano Edition diffractometer system (Malvern-Panalytical) 
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equipped with a Cu source (λKα = 1.5406 Å). The X-ray scattering cell for measuring the size of 

nanoparticle suspensions was a custom-designed 3D-printed flow cell (U.S. Patent Application 

No. 62/576,928) fabricated in the Michel lab at Virginia Tech. SAXS data were collected three 

times during each experiment. Subtraction of the background (DI water) and calculation of the 

volume-weighted size distribution (Dv(R)) was performed using EasySAXS software (Malvern-

Panalytical). 

In-situ synchrotron high-energy X-ray scattering. The same MFR experimental setup was used 

for conducting in-situ synchrotron high-energy total scattering measurements for pair 

distribution function (PDF) analysis. The experiments were performed at beamline 11-ID-B at the 

Advanced Photon Source (APS), Argonne National Laboratory. Acidified Fe(NO3)3 solution with a 

concentration of 0.1 M and NaOH solution with a concentration of 2 M  were continuously 

pumped into a stirred 5-mL MFR at different rates to achieve target pH values of 1.0, 1.5, 2.5, 

and 4.5. The resulting suspensions were then passed through the X-ray beam using a cylindrical 

3 mm O.D. polyimide scattering cell. Data collection commenced once the pH stabilized and 

continued for approximately 20 minutes for each experiment. The background was prepared by 

adjusting the pH of a 1 M HNO3 solution to match the target pH of each corresponding 

experiment using 2 M NaOH. The 2D detector images were converted into 1D two-theta vs. 

intensity and Q-space vs. intensity files using GSAS-ΙΙ software 68. Background subtraction and 

conversion of reciprocal data to real space data were conducted using xPDFsuite 69 with a 

maximum Q-space of 22-23 Å-1 for the Fourier transform. For more detailed information about 

the beamline setup and data processing, the reader should refer to the work by Hoeher et al. 66 
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The sample PDFs were compared with reference data and calculated PDFs based on 

published structures. A reference 2-line Fh was synthesized using a modified version of 

Schwertmann and Cornell 70 to compare with the in-situ samples. The synthesis procedure and 

characterization of Fh have been described in Namayandeh et al. 2022. 24 

The PDFs of the samples were further compared with PDFs for a series of DFT-optimized 

structures using linear combination fitting (LCF). The details of the LCF method are provided in 

Text S1. Selected details for the DFT-optimized structures reported by Das52 are given in Table 

S1. Although several of these LCF components have identical compositions and charges, they 

each have unique structural characteristics that result in distinct differences in the positions and 

intensities of correlations in the PDFs. As such, all of the components were used for LCF analysis. 

However, due to close similarities in the structures of the two Fe13 Keggin ions, Fe13a and Fe13b, 

these were evaluated individually alongside the other components. The PDFs for the DFT-

optimized structure models were calculated using DiffPy-CMI framework. 71 A Qmax of 23 Å-1 used 

for the Fourier Transform was the same as for the experimental PDF data. A dampening function 

was not used.

Ex-situ experiments. Samples synthesized at pH 1.0, 1.5, and 2.5 using the previously described 

MFR were subjected to aging in solution to investigate the changes in the size and structure of 

Fe oxy-hydroxides. The initial sample suspensions were transferred to 15 mL centrifuge tubes 

and aged in an incubator shaker at 25°C for different time points (0, 3, 5, 7, 10, 15, 21, 30 days). 

Three replicates were prepared for each time interval. Samples from each time interval were 

analyzed using laboratory SAXS and synchrotron PDF analyses. For the PDF analysis, the samples 
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9

were immediately frozen at -20°C until characterization at the APS. The data processing 

procedures for both experiments were identical to those used in the in-situ experiments. 

A separate set of samples was synthesized at pH 1.5 to investigate the influence of PO4
3- 

on the size and structure of the clusters during the aging process. The samples were transferred 

to 15 mL centrifuge tubes, and 5 mM of Na2HPO4 was added. Subsequently, the adsorbed 

samples were aged in the incubator shaker at 25 °C for a period of up to 30 days. At the same 

time intervals as mentioned earlier, the samples were removed and subjected to analysis using 

SAXS. 

Results and Discussion 

In-situ SAXS analysis. The volume-weighted size distribution of the samples was measured at 

different pH levels and initial Fe concentrations, [Fe]. For initial [Fe] of 0.05, 0.1, and 0.3 M, the 

size of samples increases from 1.0 ± 0.0 to 2.0 ± 0.0 nm, 1.0 ± 0.0 to 2.4 ± 0.0 nm, and 1.2 ± 0.0 

to 2.5 ± 0.1 nm, respectively, as the pH increase from 0.5 to 4.5 (Fig. 1). Fig. S1 displays the 

measured SAXS profiles and the corresponding calculated size histograms, Dv(R). 

Recent studies have reported the size of presumed Fe13 to be ~1 nm,20, 51 which is 

consistent with the measured size of particles synthesized in the MFR at pH 0.5 and 1.0 when 

using lower [Fe] (0.05 and 0.1 M). As the [Fe] and pH increase,  more Fe precipitates during the 

hydrolysis process, 8 leading to the nucleation of larger particles. This suggests that Fe 

supersaturation plays an important role in controlling the sizes of the initially formed particles. 

At high supersaturation, the free energy barrier for particle nucleation is low, allowing particles 

to readily collide with each other in their intermediate vicinity and form larger particles through 
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10

coalescence or monomer exchange. 72, 73 Moreover, according to Derjaguin, Landau, Verwey, and 

Overbeek (DLVO) theory, increasing pH results in a decrease in the repulsive surface charge. 74, 75 

Consequently, higher pH values promote particle attraction through van der Waals forces, 

causing small hydrolysis products to condensate and form larger aggregates. 74, 76-79 This 

observation aligns with the observed increase in particle size with pH in our study.   

Figure 1. SAXS determined particle size across different pH and [Fe]. The error bars correspond to standard 

error (n=3). Error bars for some samples in these and other figures are smaller than the symbol.  

In-situ total scattering and PDF analysis. In-situ total scattering and PDF analysis were used to 

investigate the structures and degree of structural order of the samples formed at pH 1.0, 1.5, 

2.5, and 4.5, with a fixed [Fe] of 0.1 M. Figure 2a illustrates that the pH 1.0 sample exhibits a 

single prominent yet diffuse feature centered at Q ≈  2.35 Å-1, which is lower than the reference 

Fh. With increasing pH, this feature became narrower and shifted to higher Q-values, 
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11

approaching the position of 2-line Fh. Concurrently, a broad feature centered at ~ 4.2 Å-1 emerges 

and increases in intensity, closely resembling the position of the second characteristic peak in 2-

line Fh. The total scattering structure functions (Fig. 2b) display a similar trend towards 2-line Fh, 

while also exhibiting features at higher Q-space because the data being scaled as Q[S(Q)-1]. The 

amplification of the weaker intensity shows that the sample synthesized at pH 1.0 exhibits the 

least similarity to the 2-line Fh reference. The pH 4.5 sample shows the highest similarity; 

however, broader 

Figure 2. (a) Background-subtracted reciprocal-space intensity (I(Q)) for the in situ synthesis products 

formed at different pH compared with 2-line ferrihydrite. (b) Total scattering structure functions (f(Q)) for 

the same samples.  
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12

peak widths and intensity differences in the f(Q) data also indicate that the degree of structural 

order in this sample is lower than that of the 2-line Fh reference.  

The PDFs provide information about the average short- to intermediate-range structures 

of the solids and allow for comparisons in the degree of structural order. 2 As shown in Fig. 3, the 

PDFs exhibit a smooth evolution towards 2-line Fh as pH increases, as evidenced by the positions 

and intensities of the correlations. The PDF for the reference 2-line Fh can be used to determine 

the atom pairs contributing to each correlation observed in the sample PDFs. For instance, the 

first 
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13

Figure 3. (a) PDFs for the in-situ synthesis products formed at different pH compared with 2-line 

ferrihydrite. (b) Overlay showing the evolution in the in-situ PDFs with increasing pH. 

prominent correlation at ~ 2 Å in all samples corresponds with the average Fe-O bond length. 52, 

80 The second and third strong correlations at ~ 3 and 3.5 Å, respectively, are mainly attributed 

to Fe…Fe pairs for FeO6 octahedra in edge- and corner-sharing configurations. Additionally, 

correlations in this region of the PDFs may also involve tetrahedral Fe, FeO4, contributing to 

selected correlation in this region of the PDFs. 28 Peaks at higher values of r generally involve 

multiple atom pairs, such as Fe…Fe, Fe…O, O…O, and have been previously assigned for Fh.28

The PDF data demonstrate that the structural order of the in-situ samples becomes 

increasingly similar to 2-line Fh as the pH increases, but there are noticeable differences. One 

notable difference is the attenuation of the PDF correlations with increasing r, which can be used 

to estimate the CSD size. As shown in Fig. 3a, the CSD size of the in-situ samples is <10 Å, as 

indicated by the last visible correlation in the PDFs. In comparison, the estimated CSD size of the 

2-line Fh reference is ~25 Å. The smaller CSD sizes in the in-situ samples could be attributed to 

the finite sizes of the particles (i.e., physical dimensions) or the lower structural order. 

Another notable difference is the relative intensities of the features at ~3 and 3.5 Å, which 

are roughly one-to-one for the in-situ samples compared to one-to-two for the 2-line Fh 

reference. Furthermore, there is a distinct feature at ~4.8 Å dominated by Fe…O pairs, which 

increases with pH but remains suppressed relative to the reference. These differences may 

indicate variations in the connectivity of atoms within the structures, such as differences in the 

proportions of edge- and corner-sharing octahedra, or they could be attributed to reduced 
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particle size. 28 Lastly, the in-situ samples show a feature at ~ 1.35 Å (Fig. 3b) that is not present 

in 2-line Fh. We assign this correlation to the average N-O bond length in nitrate (NO3
-) 53 and 

attribute its presence to the minor residual background signal associated with nitric acid. 

Synchrotron total scattering and laboratory SAXS data reveal that the average range of 

structural coherence (i.e., CSD size) and the physical dimensions (Dv(R) particle size) of the early-

formed hydrolysis products increase with increasing synthesis pH. Interestingly, at lower pH 

levels, the CSD sizes and Dv(R) sizes are similar, measuring approximately 1 nm or less. This 

observation suggests that the particles may be interpreted as ordered molecular clusters with 

finite sizes, rather than amorphous solids consisting of a continuous random network of atoms. 

However, as the pH increases, we observe a decoupling between the degree of structural order 

and particle size. For example, the CSD size of the pH 4.5 sample measures ~ 1.2 nm, whereas 

the SAXS particle size is double that, at ~ 2.4 nm. It is not possible to determine from these data 

alone whether the increase in particle size is due to aggregation or growth. Nevertheless, the 

PDFs indicate that the structures are becoming increasingly ordered with increasing pH. The 

results also suggest that the early-formed hydrolysis products at pH 4.5 are not yet well-formed 

2-line Fh structures, indicating that the particles would need to continue growing to achieve 

increased intermediate-range structural order. Additional experiments are needed to determine 

what factors may contribute to the final evolution to 2-line Fh and may include bringing the 

samples to a higher pH, allowing them to further age, aggregate, settle, and/or dry. 

Das52 used computational molecular modeling at the DFT level of theory to explore Fe 

oxy-hydroxide cluster structures, including Fe13 Keggin structures, that are potentially incipient 
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to Fh. We compared calculated PDFs for a series of DFT-optimized structures from that study 

with the experimental PDFs for our in-situ samples using LCF. Figures S2, 3, 4, and 5 show 

comparisons of the in-situ sample to the calculated PDFs from Das52. LCF analysis of the 

experimental data using delta-Fe13a (#18) versus Fe13b (#19) revealed only minor differences; 

thus, we have chosen to focus on the results of fits using Fe13b in subsequent discussions. The L1-

regression and combinatorial LCF analyses for samples synthesized at pH 1.0, 1.5, 2.5, and 4.5 

yielded comparable outcomes. With the exception of pH 1.0, the analysis showed three 

components, Fe4b (#14), Fe7 (#17), and Fe13b (#19), with significant weights. The results for the 

sample synthesized at pH 1.0 were significantly different in that this sample showed favored 

components Fe1 (#1), Fe2f (#7), Fe3b (#10), Fe4b (#14), and Fe13b (#19), with Fe1 the highest.

However, while LCF shows that various combinations of Das clusters can reproduce some 

of the features in the PDF data, the overall match quality remains unsatisfactory, as evident by 

the high residual from the LCF fit across all the pHs. The pH 4.5 sample was the most ordered of 

the in-situ samples and had a 10-12 Å CSD size consistent with Keggin clusters. 51 The DFT-

optimized delta Fe13 Keggin structure exhibits the best match to the pH 4.5 sample in terms of 

the short-range structure <5 Å (Fig. 4a). However, differences in the structure at >5 Å are 

significant. Notably, there is an apparent absence of a correlation at ~ 6.75 Å, which involves both 

Fe…Fe and Fe…O pairs (Fig. 4b). Interestingly, the Fe…Fe pairs for this correlation correspond to 

the distances between the 12 Fe atoms on opposing sides of the Fe13 cluster. While the DFT-

optimized Fe13 structure predicts the presence of this correlation, it is not detected in the in-situ 

samples synthesized in this work.
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Figure 4. (a) PDF for the in-situ synthesis products formed at pH 4.5 compared with the calculated PDFs 

of the DFT-optimized structure for Fe13 reported by Das52 (b) Partial PDFs of contributing Fe-Fe and Fe-O 

in the structure of Fe13. The PDF profile of Fe13 is normalized to the average Fe-O peak at ~ 2Å. The 

structural model for Fe13 is shown to the right of the PDF panel. 

There are several possible explanations for the limited agreement between the in-situ 

experimental PDF and the DFT-derived structures. For instance, the experimental sample may 

not be a single, homogenous structure but instead a mixture of two or more different cluster 

structures. Das52 predicted a range of Fe oxy-hydroxide clusters that may precipitate during the 
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rapid hydrolysis of Fe(III). They suggested that the formation of Fe13 then proceeds through a 

gradual connection of dimeric oxy-hydroxide clusters, which may form stable trimeric, 

tetrameric, or oligomeric clusters such as Fe3, Fe4, Fe5, and Fe7. Due to the high reactivity of 

aqueous Fe(III) and the rapid kinetics of Fe oxy-hydroxide clusters reactions, it is possible that the 

simultaneous formation of these clusters or their rapid transformation into one another during 

synthesis under these conditions might be inevitable. Since the experimental PDF represents an 

average of all the different phases present in the sample, it would not be appropriate to use a 

single-phase model to describe a potentially multi-phase ensemble. 2, 81 However, this scenario 

is less likely because these clusters are very unstable, particularly at higher pHs, and will 

immediately transform to more stable structures. 20, 52-54, 59 Even in the case of a single-phase 

sample, it is necessary to have representative calculated structures for comparison with 

experimental data. Our current analysis is limited to the published structures obtained from 

Das,52 which are derived from DFT energy minimizations performed on gas phase clusters; hence 

missing solvent effects could also be important. The LCF analysis showed that the Das52 calculated 

structures are not sufficient for the identification of the structure(s) formed during our synthesis. 

Additional computational work is required to obtain representative geometries for the structures 

of different Fe oxy-hydroxide clusters in the aqueous phase. 

Particle growth and transformation with aging. SAXS analysis shows differences in the average 

diameters of particles formed at pH 1.0, 1.5, and 2.5, as well as in the effects of aging the particles 

for up to 21 d (Fig. 5). Fig. S6 shows the measured SAXS profiles and calculated size histograms, 

Dv(R). As shown, the initial size of the samples precipitated at pH 1.0 and 1.5 are close to 1 nm, 

and raising the synthesis pH to 2.5 increased the initial size to ~1.8 nm. The size of particles grew 
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from 1.2 ± 0.0 to 3.0 ± 0.1 nm and 1.8 ± 0.1 to 3.2 ± 0.1 nm for samples pH 1.5 and 2.5, 

respectively, at steady state (i.e., after 10 days). Although the Fe supersaturation (0.1 M) 

remained constant for all the samples, less Fe precipitates during the hydrolysis at pH 1.0 

compared to pH 1.5 and 2.5 due to increased solubility of Fe with decreasing pH. Higher solubility 

also enhances the critical nucleus size needed for the growth of particles 72. In addition, according 

to 

Figure 5. Determined size for the samples synthesized and aged at pH 1.0, 1.5, 2.5.  The error bars 

correspond to standard error (n=3). 

the Gibbs-Thomson relation, the solubility increases as the size of particles decreases, 73 which 

hinders the growth of particles with small radii of curvature. 72 Taken together, we attribute the 

lack of growth in the pH 1.0 samples to high solubility which results in the formation of small 

particle size (~ 1 nm) observed at this pH.  Weatherill et al. 20 recently synthesized Fe oxy-
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hydroxide clusters at pH 0.5 and 1.5 and reported that these samples remained persistent in 

solution for up to 18 days. The behavior of their pH 0.5 samples is consistent with our results. 

However, unlike our samples, their pH 1.5 samples also did not exhibit any growth. This lack of 

growth is attributed to the significantly lower initial [Fe] (0.0017 M) used in their experiment 

compared to the [Fe] (0.1 M Fe) used in this study. 

We studied the particle growth mechanism at pH 1.5 and 2.5 using a rate model 

developed by Lifshitz, Slyzov, and Wagner. 8, 82, 83

r3 – r0
3 = kt                                                                                               (1)

Where r is the particle radius at time t, r0 is the initial particle radius, and k is the rate constant. 

The plot of r3 versus t yields a straight line with the slope represented by k. This model describes 

diffusion-limited particle growth, where larger particles grow through the 

dissolution/recrystallization of smaller particles.  This phenomenon is commonly known as 

Ostwald ripening. 73 Figure 6 illustrates the linear evaluation of r3 with time for pH 1.5 and 2.5, 

indicating that the dominant mechanism by which the particles grow is through the process of 

Ostwald ripening. The solubility and particle size are the most critical parameters controlling the 

mechanism of particle growth.72 The likelihood that particles grow through the Ostwald ripening 

process, as opposed to aggregation through oriented attachment (OA), increases with increasing 

solubility and decreasing particle size. 72, 84, 85 In addition, at these pHs, the surface of particles 

exhibits high positive charges, resulting in the repulsion of particles, which is not favorable for 

the OA pathway. This is supported by the rate model analysis of our samples.  
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The samples synthesized and aged at pH 2.5 were selected and characterized using high-

energy X-ray scattering to identify the crystalline products resulting from the transformation of 

Fe oxy-hydroxide clusters with aging (Fig. 7). The I(q) scattering data reveals that the broad peak 

at 2.3 Å-1 shifts to 2.15 Å-1 after 3 days. Additionally, a new broad peak emerges at 1.5 Å-1 on day 

7, which gradually develops into a sharper peak over time. Fifteen days after aging, multiple sharp 

and intense peaks emerge. These peaks were indexed with the known structure of several Fe 

oxy-hydroxide minerals, indicating the formation of Gt with a lesser amount of Lp as the products 

of transformation (Fig. 7). The formation of Gt through the transformation of Fe oxy-hydroxide 

Figure 6. The plot of particle radius cubed (r3) versus time for samples synthesized at pH 1.5 and 2.5. 

Dashed lines represent linear fits determined by the method of least squares. 

precursors such as Fh at acidic pH (less than ~ 3) has been previously reported, with 

dissolution/recrystallization identified as the primary mechanism of transformation, 32, 59, 86-88 
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which is consistent with the rate model analysis conducted in this work.  In addition, the 

transformation occurred in the presence of NO3
-, which has been reported to promote the 

formation of Gt through dissolution/recrystallization during the Fh transformation.24, 89 However, 

given the extremely acidic pH of the transformation, we posit pH was the primary controlling 

factor, and NO3
- might not have had a significant influence. The ex-situ aged samples were frozen 

at -20 ºC until characterization. Given that no crystalline phase was observed in samples on days 

3 to 7, we believe freezing did not induce the formation of crystalline phases. 

Although Fe oxy-hydroxide clusters are considered precursors to 2-line Fh, 20, 51 our 

samples appeared to undergo direct transformation to more stable phases, namely Gt and Lp. 

Iron oxy-hydroxide metastable phases are formed through rapid hydrolysis of Fe(III) solutions 

when their nucleation is kinetically favored. 90 However, they undergo transformation to 

thermodynamically stable phases during aging when there is sufficient time for crystallization. 7, 

19, 31, 32, 91-93 In other words, the formation of a metastable phase through the transformation of 

another metastable phase is less likely, which aligns with the Ostwald ripening process that favors 

the formation of stable phases at the expense of metastable phases. 8, 72, 73 
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Figure 7. Normalized I(q) profiles for samples synthesized and aged at pH 2.5 for 30 days. Sample day 0 

is the in-situ sample synthesized at pH 2.5. Ferrihydrite, goethite, and lepidocrocite tick marks were 

plotted based on their calculated X-ray diffraction patterns.   

However, as the broad peaks of 2-line Fh can be suppressed in the presence of crystalline Gt and 

Lp in the I(q) profile, our data do not rule out minor formation of 2-line Fh with aging. 

The in-situ experiments demonstrate that Fe oxy-hydroxide clusters have the potential to 

serve as precursors to 2-line Fh, but the aging experiments reveal that they do not transform into 

2-line Fh at pH 2.5. Both in-situ and ex-situ experiments indicated that larger particles (~ 2-3 nm) 

are required for the formation of either Fh or the stable phases Gt and Lp, respectively. However, 

in the in-situ experiments, the larger particles are formed during the nucleation process as a 

result of increasing pH and [Fe], whereas in the ex-situ experiments, the larger particles are 
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formed through growth during the aging process. This suggests that Fe oxy-hydroxide clusters 

are not exclusively precursor clusters for Fh; they can also serve as precursors to more stable 

phases such as Gt and Lp.  During the rapid hydrolysis of Fe(III), Fe oxy-hydroxide clusters have 

the ability to polymerize and form 2-line Fh. However, if the thermodynamic conditions are not 

favorable for the formation of 2-line Fh, the metastable Fe oxy-hydroxide clusters may instead 

grow and transform into Gt and Lp. In the former process, the kinetics override the 

thermodynamics to favor the formation of 2-line Fh, whereas in the latter process, the 

thermodynamics play a more dominant role, leading to the formation of Gt and Lp.  

Effect of PO4
3-. The adsorption of PO4

3- inhibited the growth of Fe clusters during aging. Figure 8 

compares the size of PO4
3--adsorbed samples with the pH 1.5 samples. Despite both sets of 

samples being synthesized and aged at pH 1.5, the presence of PO4
3- prevents particle growth 

and maintains sample stability during the aging process. In a recent study, we demonstrated that 

PO4
3-adsorption can inhibit the transformation of Fh into Gt and Hm. 94 Ligands such as PO4

3- form 

strong inner-sphere complexes on the surface of Fe oxy-hydroxides, 12, 37, 43, 94-99 displacing water 

and inhibiting particle dissolution required for the Ostwald ripening process. 24, 90 Therefore, the 

adsorption of PO4
3- stabilizes Fe oxy-hydroxide clusters by suppressing their particle growth and 

transformation, as evidenced by the consistent size of the PO4
3--adsorbed samples during aging 

(Fig. 8).  

In this work, we used PO4
3- as a proxy to investigate the influence of surface impurities on 

the particle growth of Fe oxy-hydroxide clusters. 
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Figure 8. The variation in the particle size with time in the presence and absence of phosphate. Both sets 

of samples were synthesized at pH 1.5. The error bars correspond to standard error (n=3). 

Previous studies 2, 29, 49, 50, 100 have reported that natural Fhs exhibit smaller particle sizes 

and greater structural disorder compared to synthetic 2-line Fh. 2, 3, 29, 30 These studies attributed 

the smaller particle sizes and increased structural disorder of natural Fh to the presence of 

impurities such as AsO4
3-, 

 
2, 49 PO4

3-, 50 and NOM 100 during the nucleation and growth of Fh, which 

aligns with the impact of PO4
3- observed in our samples. A recent study 94 showed that the impact 

of PO4
3- and AsO4

3- on the rate and pathway of Fh transformation is comparable, which was 

attributed to their similar type and strength of inner-sphere complexation on the Fh surface. The 

adsorption of these ions can dehydrate the surface of Fe oxyhydroxide clusters, significantly 

decrease the dissolution, and, therefore, recrystallization of crystalline products. In addition, by 

occupying the interface between Fe particles, they can suppress the aggregation pathway, 

thereby hindering growth. This suggests that the reported small and structurally disordered 
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natural Fhs may actually correspond to clusters of Fe oxy-hydroxide that are stabilized by 

impurities. The inhibition of particle growth can have significant implications for the 

transportation of nutrients and contaminants in aqueous environments. Due to their extremely 

small size, these particles can remain suspended, thereby increasing their mobility in aquatic 

environments and allowing them to be transported over longer distances. Consequently, 

contaminants adsorbed onto these colloidal particles can be transported farther from their 

original source, potentially impacting a larger area.  Additional characterizations of natural Fe 

oxy- hydroxide samples are required to identify their structure by comparing them with synthetic 

samples and computational models.   

Conclusion

This work demonstrates the influence of system chemistry on the size and structure of Fe 

oxy-hydroxide clusters. We have shown that the particle size increases with higher Fe 

supersaturation and pH. Our in-situ PDF analysis reveals that the structural order and CSD size 

increase with pH, resulting in the formation of solids resembling 2-line Fh at pH 4.5. While the 

samples exhibit significant similarities with the DFT-optimized structure of delta-Fe13, some 

differences in the intermediate range order of their structures are observed. These differences 

may be attributed to the presence of other Fe oxy-hydroxide clusters alongside Fe13 in our 

samples. Additionally, gas phase DFT structures may not be the true representative of the clusters 

formed in water. 

Collectively, our findings provide direct structural evidence for the formation of Fh from 

Fe oxy-hydroxide clusters. The ex-situ experiments reveal that samples synthesized at pH 1.0 
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were stable for up to 30 days, while the particle size for samples pH 1.5 and 2.5 increases with 

aging, leading to the formation of Gt and Lp as the transformed products. Our kinetic model 

suggests that dissolution/recrystallization is the predominant mechanism driving particle growth 

and transformation. We propose that during aging, thermodynamics become dominant over 

kinetics, favoring the formation of thermodynamically stable phases. 

Furthermore, SAXS analysis demonstrates that the presence of PO4
3- inhibits particle 

growth, suggesting that impurities can stabilize Fe oxy-hydroxide clusters in natural 

environments. This work introduces a novel method for synthesizing Fe oxy-hydroxide clusters 

and provides direct structural evidence for their formation and transformation. We anticipate 

that these findings have implications for understanding the processes of Fe oxide and oxy-

hydroxide formation in environmental systems.  
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