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1 Environmental Significance

2 Alkaline media widely exist in natural and engineered systems, where carbonate content is 

3 increasing due to the substantial increased atmospheric carbon dioxide concentration. In the 

4 meantime, ferrihydrite commonly occurs and profoundly influences the fate of nutrients and 

5 contaminants, but easily transform into more crystalline minerals. Compared with the strong 

6 inhibitory effect on the ferrihydrite transformation induced by other oxyanions (e.g., phosphate, 

7 silicate, and arsenic), this study clearly demonstrates the different behavior of carbonate. 

8 Although carbonate slowed down the ferrihydrite transformation slightly and suppressed the 

9 goethite formation, it promoted the hematite formation regardless of its concentration, which 

10 may potentially provide a pathway for hazardous elements retention. These results highlight 

11 the importance of carbonate controlling the transformation and occurrence of iron 

12 (oxyhydr)oxides. This study improves the understanding of the complex iron and carbon cycles 

13 under the scenario of climate change.
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Abstract

Alkaline media widely exist in natural and engineered systems such as semiarid/arid areas, 

radioactive waste sites, and mine tailings. At these settings, the commonly occurred iron 
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(oxyhydr)oxides differed in their ability to influence the fate of nutrients and contaminants. 

Due to the substantial increased atmospheric carbon dioxide (CO2) concentration, carbonate 

stands to increase in these media. However, how increasing carbonate affects the 

transformation of poorly crystalline iron (oxyhydr)oxides (e.g., two-line ferrihydrite) under 

alkaline condition still remains unclear. Here, kinetics of ferrihydrite transformation were 

evaluated at pH ~10 as a function of [carbonate] = 0-286 mM using synchrotron-based X-ray 

and vibrational spectroscopic techniques. Results showed that carbonate slowed down the 

ferrihydrite transformation slightly and suppressed the goethite formation, but promoted the 

hematite formation regardless of its concentration. At low carbonate addition (11.42 mM), the 

effect of carbonate on the product formation was obvious due to the weak inner-sphere complex, 

however, at high carbonate concentration (80-286 mM), the effect was retarded because of the 

adsorption equilibrium of carbonate as well as the initial carbonate adsorption followed by 

desorption. Moreover, carbonate modified the morphology of hematite from rhombic to 

ellipsoidal to honeycomb and goethite from rod-like to needle-like to rugby-like due to the 

inner-sphere adsorption-desorption of carbonate and adsorption of hydroxyl ions on reactive 

sites of iron (oxyhydr)oxides in alkaline media. Results suggest that the concurrent increasing 

carbonate with enhanced atmospheric CO2 could control the transformation and occurrence of 

iron (oxyhydr)oxides in natural and engineered environments and have important implications 

for the biogeochemical cycles of iron and carbon.

Keywords: Carbonate, Ferrihydrite, Transformation, Alkaline media, Hematite, Goethite
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1. Introduction

Alkaline media are important environmental matrices in natural and engineered systems. 

For example, alkaline soils are common in semiarid and arid areas, covering more than 25 % 

of the Earth’s surface.1 Alkaline environments exist in high-level radioactive/nuclear waste 

disposal sites, mine tailings, and metallurgical operations.2, 3 Besides, acid mining raffinate was 

always treated via neutralization by adding slaked lime to increase the pH to alkaline and 

induce mineral precipitation.4, 5 At these settings, iron (oxyhydr)oxides commonly occur and 

profoundly influence the fate, bioavailability, and toxicity of environmental contaminants.6, 7 

However, different iron (oxyhydr)oxides differed in their ability to affect contaminants and 

nutrients. For example, two-line ferrihydrite (hereafter called ferrihydrite) is the initial iron 

oxyhydroxide precipitate by the rapid hydrolysis of Fe(III) and exhibits superior sorption 

properties for several hazardous elements (e.g., As, Cr, Pb, and Cd) due to its extremely high 

surface area and reactivity.8-12 However, it is an unstable solid, and at alkaline pH 10-13, it 

rapidly transforms to goethite with minor hematite via dissolution and recrystallization.13-15 

The generated goethite and hematite show lower adsorption capacity towards environmental 

substances.16, 17 And with ferrihydrite transformation, hazardous elements (e.g., U, As, and Pb) 

could be incorporated into the structure of hematite.3, 4, 18

As one of the most important greenhouse gases, concentration of carbon dioxide (CO2) in 

the atmosphere is increasing rapidly at the rate of 2.0 ± 0.1 ppmv/year due to the human 

activities.19 The increasing atmospheric CO2 entails increased carbonate in alkaline soils, where 

can store a large amount of carbonate anions and carbon because alkaline pH favors the 
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dissolution of CO2 and precipitation of carbonate.20-22 This is regarded as a promising carbon 

removal strategy. In engineered systems, when pH of geochemical environments is artificially 

adjusted during remediation, the concentration of carbonate gradually increases to ~180 mM 

at pH 10 under air-equilibrated system (pCO2 = 408 ppmv).23 The increasing carbonate 

concentration/activity exhibits significant impacts on elemental dynamics and further influence 

environmental geochemical cycles. For example, carbonate can enhance or suppress the 

adsorption and/or incorporation of common cations (e.g., Pb(II), Mn(II), and U(VI)) and anions 

(e.g., arsenic, chromate, and selenate) on minerals via competing for the reactive sites on 

mineral surfaces, forming carbonate complexes and/or precipitates.24-27 However, the effects 

of carbonate on the transformation of poorly crystalline minerals (e.g., ferrihydrite) under 

alkaline conditions remains poorly understood.

The objectives of this study were to investigate the impacts of carbonate on the ferrihydrite 

transformation in alkaline media and elucidate the involved mechanisms. Batch aqueous 

geochemical experiments were conducted in conjunction with advanced spectroscopic 

characterization including X-ray absorption spectroscopy (XAS), X-ray diffraction (XRD), 

transmission electron microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR). 

The results contribute a new understanding of poorly crystalline mineral transformation 

interacting with carbonate in natural and pollution managed alkaline environments (e.g., 

semiarid/arid areas, radioactive waste sites, and mine tailings).
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2. Materials and methods

2.1. Chemicals

All reagents in this study were of ACS-grade, and all solutions were prepared using boiled 

ultrapure water (18.2 M cm) to exclude CO2 gas.

2.2. Ferrihydrite transformation in the presence of carbonate under alkaline condition

The batch kinetics of ferrihydrite transformation as a function of carbonate concentration 

(0, 11.42, 80, 180, and 286 mM) were conducted at pH 10 under 40 °C using a completely 

mixed closed system. Boiled and degassed water was used as a control (0 mM carbonate). 

Carbonate concentration of 180 mM represented the current atmospheric pCO2 (408 ppmv) at 

pH 10, which was calculated using Visual MINTEQ version 3.1.23 Carbonate concentrations 

of 11.42 and 80 mM below 180 mM were selected considering the fact that atmospheric CO2 

gas would not dissolve completely and/or be partially sequestrated by Ca-bearing minerals 

under alkaline conditions,22 while that of 286 mM above 180 mM predicted the elevated 

atmospheric pCO2.19 A pH value, 10, was chosen to simulate the alkaline media such as 

radioactive waste sites and in-situ tailings.4, 28

Ferrihydrite was prepared based on the methods used by Schwertmann et al.29 Briefly, it 

was synthesized by the titration of a 0.2 M Fe(NO3)3·9H2O solution (dissolving 20.2 g 

Fe(NO3)3·9H2O to 250 mL boiled ultrapure water) to pH ~10 using a CO2 free 1.0 M NaOH 

solution. Carbonate as sodium bicarbonate (NaHCO3, 1.0 M in stock solution) was added with 

desired volume (0, 5.71, 40, 90, 143 mL) once ferrihydrite formed to achieve carbonate 
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concentration of 0, 11.42, 80, 180, and 286 mM, respectively. Fifty (50) mL of 300 mM 3-

(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (CAPSO) was added to control pH at 

10.30, 31 The volume of the mineral suspension was monitored and calculated. Additional boiled 

ultrapure water was added to achieve the final volume of 500 mL. Afterward, 30-50 mL mineral 

suspension was quickly vacuum filtered, washed using ultrapure water, followed by the freeze-

dried and labeled as sample at 0d. The remaining suspension was divided into 30 mL 

polypropylene bottles and sealed without any head space (i.e., closed system) to maintain 

respective carbonate concentration. To expedite the transformation process and avoid the 

enhanced effect of high temperature on the hematite formation, 40 °C was selected to conduct 

the mineral transformation experiments. The bottles were sealed and stored in an oven at 40 °C 

for aging. To recover the transformation products, each bottle was sacrificed at sampling 

intervals (2d, 4d, 7d, 10d, 14d, and 21d). Mineral suspensions were quickly vacuum filtered 

and then washed twice using ultrapure water to remove entrained salts. The precipitates were 

immediately frozen, freeze-dried, and ground for solid characterization. The experiments of 

ferrihydrite transformation were conducted for 21d because almost 100% ferrihydrite was 

transformed into goethite and hematite at 10d and the trends of carbonate effects on the 

ferrihydrite transformation and product formation were clear within 21d. More details are 

discussed in Section 3.1.

To test whether the residual nitrate on the surface of freshly prepared ferrihydrite exhibits 

effects on the ferrihydrite transformation, transformation experiments in the presence of low 

and high nitrate concentration (i.e., 0.32 and 268 mM) were conducted at pH 10. Ferrihydrite 
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was synthesized using the same method described above, followed by the addition of NaNO3 

stock solution (5.0 M) to achieve the respective NaNO3 concentration.

2.3. Relative proportions of iron (oxyhydr)oxides

To quantify iron phases of aged iron (oxyhydr)oxides, Fe K-edge extended X-ray 

absorption fine structure (EXAFS) spectra were performed at beamline 12-BM at Advanced 

Photon Source, Argonne, IL. Recovered kinetic samples were diluted with boron nitride at ~3-8% 

total Fe by wt%. The mixture was poured in a nylon washer and sealed with Kapton tape. All 

measurements were performed at room temperature in transmission mode. Data were collected 

up to approximately 13.78 Å-1 in k space. Two to three scans of each sample or reference were 

collected to achieve decent spectra quality, and the spectra were processed using an ATHENA 

software package.32 Parallel EXAFS scans were normalized, averaged, and converted to k3-

weighted EXAFS spectra. The relative contents of different iron (oxyhydr)oxides were 

calculated by the linear combination fitting (LCF) of k3-weighted EXAFS spectra using spectra 

of references (i.e., ferrihydrite, goethite, and hematite, Fig. S1) at a k-range of 2-10 Å-1. The k 

range of 2-10 Å-1 was chosen due to two reasons. On one hand, some noisy signals 

inconsistently appeared at k range above 10 Å-1 of different samples, which may affect 

normalization/data reduction. On the other hand, the k range of 2-10 Å-1 was consistent with 

previous investigations conducted at near-neutral pH so that direct comparisons can be made 

with these two studies.34, 39
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2.4. Characterization

The phases of fresh ferrihydrite (0d) and its transformation products (21d) were confirmed 

by powder X-ray diffraction (XRD). XRD patterns were acquired on a D8 advance 

diffractometer (Brucker, Billerica, MA, USA) with Cu Kα radiation (40 kV and 40 mA). All 

powder samples were scanned between 10 and 80° 2θ at a step of 2° 2θ min-1.

The morphology of fresh (0d) and aged (21d) ferrihydrite was observed on a FEI Talos 

F200S field-emission transmission electron microscopy (TEM, FEI Co., USA) at an 

acceleration voltage of 200 kV. The phases of elected samples were further analyzed through 

selected area electron diffraction (SAED) and fast Fourier transform (FFT) from high-

resolution lattice-fringe images. The sonicated mineral suspensions in ethanol were deposited 

on carbon-coated copper grids, which were placed in the vacuum chamber for analysis after 

ethanol evaporated completely.

The adsorbed carbonate on iron (oxyhydr)oxides was characterized by Fourier transform 

infrared (FTIR) spectroscopy recording on a Bruker VERTEX 70v instrument (Bruker, USA). 

Powder samples were mixed with KBr (approximately 1:100, w/w) and pressed into a pellet. 

One hundred twenty-eight scans in a range of 400-4000 cm-1 with a resolution of 4 cm-1 in 

transmission mode were collected for each sample. The data were analyzed with an OPUS 

software and OriginPro 2019.
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3. Results and discussion

3.1. Ferrihydrite transformation in the presence of carbonate

3.1.1. XRD analysis

The XRD patterns of selected fresh (0d) and aged (21d) ferrihydrite in the presence of 

carbonate are shown in Fig. 1. Freshly prepared solids synthesized at 0d in control (0 mM) and 

high carbonate concentration (286 mM) showed two broad peaks at ca. 34° and 61°, confirming 

the formation of two-line ferrihydrite (Figs. 1a and 1b). Only the characteristic reflections of 

goethite were identified in the control system (in the absence of carbonate, Fig. 1c), revealing 

that alkaline condition favored the formation of goethite, which is consistent with the findings 

of Schwertmann et al.13-15 In the presence of carbonate (11.42 to 286 mM), the diagnostic 

reflections of both hematite and goethite were observed (Figs. 1d-1g), revealing that 

ferrihydrite transformed to goethite and hematite with time. Interestingly, as carbonate 

concentration increased from 0 to 11.42 mM, the reflection intensity of goethite decreased 

markedly; whereas as carbonate concentration increased to 286 mM, the reflection intensity of 

goethite increased (Figs. 1c-1g). However, compared with goethite, the variation of the 

reflection intensity of hematite with carbonate concentration showed the opposite trend (Figs. 

1c-1g). The XRD patterns revealed that carbonate changed the content of ferrihydrite 

transformation products (i.e., goethite and hematite) remarkably.

3.1.2. EXAFS and transformation kinetics analysis

Since XRD patterns are not sensitive to quantify amorphous phases such as ferrihydrite, 

the LCF analysis of Fe K-edge EXAFS spectra were conducted (Figs. S2-S6). The relative 
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contents of ferrihydrite, goethite, and hematite as a function of aging time under different 

carbonate concentration are listed in Table S1 and summarized in Fig. 2. In keeping with other 

literatures,33, 34 ferrihydrite transformation in the presence of carbonate within 10d were well 

fitted by a pseudo first-order rate model (Eq. (1), Table S2), and the goethite and hematite 

formation within 10d were adequately described by the rearrangement of the same pseudo first-

order rate model (Eq. (2), Table S2):

                                                                                                                          (1)In( C
C0

) =  - kobst

                                                                                                                   (2)In(1 ― C
C0

) =  - kobst

where kobs is the reaction rate constant (d-1), C0 is the percent ferrihydrite before phase 

transformation (100%), and C is the relative amount of ferrihydrite remaining or product 

generating at aging time t (d). Fig. 3 shows the correlation between the kobs (d-1) value of 

ferrihydrite, goethite, and hematite versus carbonate concentration.

Two types of parameters were used to characterize the extent and speed of ferrihydrite 

transformation and product generation, respectively. Specifically, the former type, 

transformation efficiency of ferrihydrite and generation ratio of products, were obtained from 

the LCF of EXAFS spectra (Figs. S2-S6), and the latter type, transformation rate of ferrihydrite 

and generation rate of products, were calculated based on the pseudo first-order rate models 

(Eqs. (1) - (2)). Both the LCF of EXAFS spectra and kinetics analysis indicated that in alkaline 

media carbonate inhibited ferrihydrite transformation slightly because it inhibited goethite 
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formation but promoted hematite formation. At carbonate concentration beyond 11.42 mM, the 

inhibitory effect on goethite and enhancement effect on hematite were retarded. For example, 

the transformation efficiency (rate) of ferrihydrite decreased from 100% (0.259 d-1) to 80% 

(0.130 d-1) as carbonate concentration increased from 0 to 11.42 mM and fluctuated in the range 

of 79-86% (0.112-0.130 d-1) as carbonate concentration increased to 286 mM (Figs. 2A and 3). 

For the goethite formation, the generation ratio (rate) decreased markedly from 90% (0.213 d-

1) to 21% (0.025 d-1) and reached minimum at 11.42 mM of carbonate, and then increased to 

52% (0.059 d-1) at 286 mM of carbonate (Figs. 2B and 3). For the hematite formation, the 

highest generation ratio (rate) reached 59% (0.077 d-1) at 11.42 mM of carbonate, and it 

decreased with decreasing or increasing carbonate concentration (Figs. 2C and 3).

3.1.3. TEM analysis

The SAED patterns confirmed the ferrihydrite formation at 0d and FFT patterns proved 

the hematite and goethite generation after 21d of transformation (insets in Figs. 4A, 4B, 4C, 

and 4G). Under control (0 mM) and high carbonate concentration (286 mM) at 0d, SAED 

patterns clearly displayed two bright rings with lattice spacings of 1.5 and 2.5 Å, which were 

assigned to the (115) and (110) reflection planes of two-line ferrihydrite, respectively (insets 

in Figs. 4A and 4B). For the aged ferrihydrite under 0 mM of carbonate, both hematite and 

goethite were detected. For instance, the fringe spacings of 2.53 and 1.48 Å corresponded to 

the d-value of (110) and (214) reflection planes of hematite at a zone axis of [-4 4 1] (FFT 

image in Fig. 4C). The angle between the two facets was 30°, which matched well with the 

theoretical values of 27.7°. The typical plane distances of 2.66, 2.53, and 1.50 Å could be 
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assigned to the d-value of (130), (021), and (151) planes of goethite at a zone axis of [3 -1 2] 

(FFT image in Fig. 4C). As carbonate concentration increased to 286 mM, the phase 

compositions were similar, i.e., both hematite and goethite were observed. The fringe spacings 

of 2.51, 1.61, and 1.59 corresponded to the d-value of (110), ( ), and ( ) reflection planes 018 108

of hematite at a zone axis of [-8 8 1] (FFT image in Fig. 4G). The plane distances of 2.65, 2.53, 

and 1.51 Å were consistent with the d-value of (130), (021), and (151) reflection planes of 

goethite at a zone axis of [3 -1 2] (FFT images in Fig. 4G).

Freshly prepared ferrihydrite was highly aggregated with nanoscale particles (< 10 nm), 

reflecting its short-range-ordered nature (Figs. 4A and 4B). Carbonate modified the 

morphology of both hematite and goethite under alkaline condition. In the control system, 

hematite and goethite displayed regular rhombic (with a length of 50-70 nm and a width of 40-

60 nm) and rod-like shapes (with a length of 200-250 nm), respectively (Fig. 4C). These 

observations are similar with the findings of Das et al. and Wang et al.33, 35 However, under 

low and medium carbonate concentration (11.42 and 80 mM), hematite formed ellipsoidal 

crystals and goethite formed needle-like particles (Figs. 4D and 4E). Under high carbonate 

concentration (180 and 286 mM), hematite was honeycomb-shape and goethite was rugby-like 

(Figs. 4F and 4G). It is clear that the presence of carbonate did not change the size of products 

remarkably, but roughened the morphology of hematite and goethite. The morphological 

results as well as the mineral compositions of the resulting products revealed by TEM analysis 

are consistent with the XRD and XAS results.
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3.2. Carbonate complexation during ferrihydrite transformation

Carbon exhibits strong absorption bands in the region between 1200 and 1600 cm-1 in 

FTIR analysis (Fig. 5). The weak peak centered ca. 1384 cm-1 of fresh prepared ferrihydrite 

was the typical peak of NO3
- from reagent Fe(NO3)3⋅9H2O (Figs. 5c, 5e, and 5g).29 Due to the 

carbon adsorption (e.g., carbonate and/or atmospheric CO2), the regions between 1200 and 

1600 cm-1 in FTIR spectra of fresh ferrihydrite as a function of carbonate concentration split 

into two peaks, corresponding to the asymmetric (asym) and symmetric (sym) stretching region 

(Figs. 5a, 5c, 5e, and 5g). Fig. 5a was taken as an example to analyze surface carbonate complex 

types based on the calculated vibrational frequencies reported by Bargar et al. and Hausner et 

al.36, 37 The peaks fell into four frequencies at ca. 1515 cm-1, 1470 cm-1, 1366 cm-1, and 1318 

cm-1. The vibrational frequencies at 1515/1318 cm-1 (△ν ≈ 200 cm-1) corresponded to the 

asym/sym stretching region of bidentate binuclear inner-sphere complex.36, 37 The vibrational 

frequencies at 1470/1366 cm-1 (△ν ≈ 100 cm-1) assigned to that of outer-sphere complex.36, 37 

Hausner et al. experimentally proved the outer-sphere carbonate surface species could form on 

ferrihydrite from atmospheric CO2 when ferrihydrite (prepared under CO2/carbonate free 

conditions) was exposed to ambient moisture for ∼5 min.37 It is possible that some of outer-

sphere carbonate surface complexes in our sample were contributed from the atmospheric CO2. 

However, only weak signals of inner-sphere carbonate complexes were detected regardless of 

carbonate concentration for aged ferrihydrite (Figs. 5b, 5d, 5f, and 5h), indicating that outer-

sphere carbonate species from atmospheric CO2 could be ignored. These results suggested 

exogenous carbonate formed both bidentate binuclear inner-sphere and outer-sphere 
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complexes on fresh ferrihydrite at 0d. But no obvious increase in the signal of carbonate 

complexes was observed with the increasing carbonate concentration, revealing that the 

adsorption of carbonate on ferrihydrite surface has reached equilibrium at 11.42-286 mM of 

carbonate. For four aged ferrihydrite (Figs. 5b, 5d, 5f, and 5h), only weak signals of inner-

sphere carbonate complexes were detected, probably due to the ligand exchange by terminal 

hydroxyls on iron octahedrons and/or the desorption by hydroxyl ions in alkaline media, which 

are discussed in Section 3.3.

3.3. Mechanisms of carbonate effects on the ferrihydrite transformation in alkaline media

The LCF analysis of EXAFS spectra revealed that nitrate did not influence the 

transformation of ferrihydrite (Figs. S7-S9 and Table S1). In the presence of nitrate within 

0.32-268 mM, ferrihydrite completely transformed to 89-91% of goethite and 9-11% of 

hematite within 10d, which were almost identical with the control system (Fig. S7 and Table 

S1). This reveals that, on the mineral surface, the effects of minor residual nitrate on the 

transformation process could be neglected. Therefore, it is clear that in alkaline media 

carbonate inhibited the ferrihydrite transformation slightly and suppressed the goethite 

formation, but enhanced the hematite formation regardless of its concentration. Specifically, 

low carbonate addition (11.42 mM) promoted the hematite generation and inhibited the 

goethite generation markedly. Whereas at carbonate concentration beyond 11.42 mM, the 

enhancement impact on hematite and inhibitory effect on goethite were retarded.

It is widely accepted that ferrihydrite transforms to goethite via dissolution and 
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recrystallization, and to hematite via dehydration and internal atomic rearrangement (Fig. 

6A).13, 14, 38 In the control system, goethite (90%) was the primary transformation product. This 

is because alkaline condition favored ferrihydrite dissolution from monovalent Fe(III) ions 

(Fe(OH)4
-).13 Carbonate inhibited the ferrihydrite transformations slightly, as the 

transformation efficiency of ferrihydrite decreased from 100% to 79-86% as carbonate 

concentration increased from 0 to 286 mM. This was different from the previous studies 

conducted at near-neutral pH under the same other conditions (i.e., reactant concentration and 

temperature), which observed the enhanced transformation of ferrihydrite by carbonate.34, 39 

The rate of ferrihydrite transformation in the absence of coexisting substances increases with 

increasing pH and temperature.13-15, 33 Investigations using other oxyanions (i.e., phosphate, 

silicate, and arsenic) with much lower content (e.g., P/Fe = 0.075, Si/Fe = 0.025, As/Fe = 0.050) 

suggested that such oxyanions could inhibit or prevent directly the ferrihydrite transformation 

at alkaline pH 10-12 under 50-80 °C (higher than 40 °C in current study).2, 28, 40 However, in 

this study, in the presence of carbonate with C/Fe = 0.114 - 2.860 at pH 10, 40 °C, 

transformation efficiency of ferrihydrite achieved the range of 79-86%. The different results 

obtained in this study were because although alkaline condition favored the dissolution of pure 

ferrihydrite from Fe(OH)4
- and accelerated the transformation of ferrihydrite to goethite 

linearly, the coexisting carbonate inhibited the goethite formation but enhanced the hematite 

formation with different extent (Figs. 1 and 2).

Interestingly, carbonate concentration of 11.42 mM is vital for the contents of 

transformation products. Specifically, carbonate promoted the hematite formation from 10% 
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to 59% but inhibited the goethite formation from 90% to 21%. Based on FTIR analysis, 

carbonate formed both bidentate binuclear inner-sphere and outer-sphere complexes at 0d on 

ferrihydrite. The inner-sphere carbonate ligands could hinder the ferrihydrite dissolution and 

thus inhibit the goethite nucleation (Fig. 6B), which was similar with the inhibition effect on 

the goethite formation induced by other inner-sphere ligands like phosphate, silicate, and 

arsenic.2, 40, 41 The hematite formation involves an internal dehydration/rearrangement process 

within iron octahedrons in ferrihydrite.13, 14, 38 A terminal hydroxyl ligand of an iron octahedron 

is displaced with a terminal hydroxyl ligand of another iron octahedron to form a linkage 

between two iron octahedrons and water molecule (Eq. (3)).

                                                                               (3)Fe - OH + Fe - OH → Fe - O - Fe +  H2O

Where  is the rest of an iron octahedron structure. It occurs regardless of the charge of FeO6 

reactants since this is a Fe-O bond breaking reaction. At alkaline pH, carbonate forms 

deprotonated species on ferrihydrite surface.36 The shared charge (the valence of the central 

atom divided by the number of bonded O atoms) of a hydroxyl ion is 1/1= +1 (Fig. S10).42 

Carbonate has a shared charge of 4/3 = 1.33 (Fig. S10). The smaller the shared charge, the 

greater the effective negative charge residing on each O atom.42 Therefore, it forms a stronger 

metal-oxyanion ionic bond on mineral surface.42 In a carbonate ion and a hydroxyl ion, the 

effective negative charge residing on an O atom is -0.67 and -1, respectively (Fig. S10). The 

Fe-O of hydroxyl is stronger than that of carbonate. Therefore, adsorbed bidentate binuclear 
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inner-sphere carbonate complex can be easily replaced with two terminal hydroxyl ligands, 

resulting in an enhanced rearrangement reaction and hematite formation (Eq. (4), Fig. 6B).

                                                     (4)Fe2O2CO +  2(Fe - OH) → 2(Fe - O - Fe) +  2H +  +  CO2 -
3

However, at carbonate concentration > 11.42 mM, the inhibitory effect on goethite and 

the enhancement effect on hematite were retarded (Fig. 6C). On the one hand, adsorption 

equilibrium of carbonate on ferrihydrite surface at 0d (FTIR results) probably inhibited the 

terminal ligand exchange between adsorbed carbonate and terminal hydroxyls on iron 

octahedrons, resulting in the slow increase in hematite formation at 80-286 mM of carbonate. 

On the other hand, during the ferrihydrite transformation, most of carbonate were replaced by 

terminal hydroxyl ligands on iron octahedrons (Eq. (4)) and/or desorbed by hydroxyl ions in 

alkaline mineral suspensions (Eq. (5), FITR results).42, 43 The replacement and desorption of 

carbonate also resulted in the weak effect on goethite and hematite formation.

                                                                              (5)Fe2O2CO +  2OH -  → 2(Fe - OH) + CO2 -
3  

Under alkaline condition, carbonate modified the morphology of hematite and goethite 

from typical rhombic and rod-like to less regular morphology with rough surfaces (Fig. 4). This 

is inconsistent with the previous studies that found carbonate promoted the formation of 

crystalline rhombic hematite at near-neutral pH.34, 39 In mineral suspensions at alkaline pH, 
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inner-sphere adsorption of carbonate, replacement by terminal hydroxyl ligands, and/or 

desorption by hydroxyl ions occurred simultaneously and rapidly on the reactive sites of 

ferrihydrite and transformation products. This may alter the transformation of ferrihydrite 

through oriented attachments and the crystal face growth of goethite and hematite, and thus 

roughen the morphologies of products.41, 44, 45

4. Conclusions

In a broad context, in alkaline media like arid and semiarid soils, radioactive waste 

disposal systems, mine tailings, and metallurgical operations, ferrihydrite easily forms and 

plays a significant role in the sequestration of nutrients and hazardous elements such as 

phosphorus, actinides, and heavy metals due to its high surface area. However, ferrihydrite is 

metastable solid and readily transforms into crystalline phases, which lowers the surface area 

of reactive absorbent.33, 39 Different from the strong inhibitory effect on the ferrihydrite 

transformation induced by phosphate, silicate, and arsenic in alkaline media,2, 28, 40 this study 

clearly showed that carbonate slowed down the ferrihydrite transformation slightly and 

suppressed the goethite formation, however, promoted the hematite formation regardless of its 

concentration. During the ferrihydrite transformation, hazardous elements (e.g., As) could be 

incorporated into the structure of hematite.3, 4, 18 By promoting the hematite formation, the 

presence of carbonate may potentially provide a pathway through which hazardous elements 

can be retained as ferrihydrite transforms. This study not only fills the knowledge gap of how 

increasing carbonate changes iron (oxyhydr)oxide transformation in natural and engineered 

alkaline settings, but also provides the implications for the immobilization and release of 
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contaminants.
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Figures

Fig. 1. XRD patterns of ferrihydrite as a function of carbonate concentration of (a) 0 mM 

(control) at 0d, (b) 286 mM at 0d, (c) 0 mM at 21d, (d) 11.42 mM at 21d, (e) 80 mM at 21d, 

(f) 180 mM at 21d, (g) 286 mM at 21d. Ferrihydrite, goethite, and hematite are abbreviated as 

F, G, and H, respectively.
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Fig. 2. Effects of carbonate concentration on A) ferrihydrite transformation, B) goethite 

formation, and C) hematite formation at pH 10. C0 is the percent ferrihydrite before phase 

transformation (100%), and C is the relative amount of iron (oxyhydr)oxides remaining or 

generating at aging time t (d) calculated using the LCF of Fe K-edge EXAFS spectra. Carbonate 

is abbreviated as CO3. Meaning of symbols in panels B) and C) are the same with panel A).
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Fig. 3. Effects of carbonate concentration on the first-order reaction rate constant (kobs) of 

ferrihydrite transformation and products formation within 10d. Carbonate is abbreviated as 

CO3.
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Fig. 4. TEM images of ferrihydrite as a function of carbonate concentration of A) 0 mM 

(control) at 0d, B) 286 mM at 0d, C) 0 mM at 21d, D) 11.42 mM at 21d, E) 80 mM at 21d, F) 

180 mM at 21d, and G) 286 mM at 21d. Insets in panels A) and B) are SAED images. Insets 

in panels C) and G) are FFT images. Ferrihydrite, goethite, and hematite are abbreviated as Fh, 

Gt, and Hm, respectively.
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Fig. 5. FTIR spectra of ferrihydrite as a function of carbonate concentration of (a) 11.42 mM 

at 0d, (b) 11.42 mM at 21d, (c) 80 mM at 0d, (d) 80 mM at 21d, (e) 180 mM at 0d, (f) 180 mM 

at 21d, (g) 286 mM at 0d, and (h) 286 mM at 21d.
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Fig. 6. Schematic figures for A) ferrihydrite transformation in the absence of carbonate, B) 

ferrihydrite transformation in the presence of low carbonate concentration (11.42 mM), and C) 

ferrihydrite transformation in the presence of high carbonate concentration (286 mM) in 

alkaline media.
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