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A B S T R A C T   

Schwertmannite is a metastable sulfate-rich ferric iron Fe(III) (oxyhydr)oxide and a common mineral in acid 
mine drainage sites and acid sulfate soils. Schwertmannite is also used as a sorbent in various industrial appli
cations, including phosphate removal in water treatment and environmental remediation. Phosphate sorption to 
schwertmannite, however, is complex and likely involves ligand exchange for inner- and outer-spherically co
ordinated sulfate groups, both on the surface and in the tunnel structure of the mineral. Here, we investigated 
phosphate sorption, concomitant sulfate release and their impact on the structure of schwertmannite as a 
function of pH and phosphate concentration. Kinetic and equilibrium batch experiments with synthetic 
schwertmannite were carried out at pH 3, 6, and 8, and the solid-phase was analyzed using a combination of 
microscopic, spectroscopic, and X-ray diffraction techniques. We found a strong correlation between phosphate 
sorption and sulfate release, with both following a two-step sorption model. The kinetics of phosphate sorption 
and sulfate release were faster at higher pH levels. Maximum phosphate sorption was found at pH 6 (1.7 mmol 
PO4

3− g− 1), which decreased to 1.5 and 1.2 mmol PO4
3− g− 1 at pH 3 and 8, respectively. Fourier transform infrared 

spectroscopy revealed a shift from inner- to outer-spherical coordination of sulfate with increasing pH. 57Fe- 
Mössbauer analyses of schwertmannite demonstrated an initial transformation of schwertmannite at neutral to 
alkaline pH, characterized by a rise in a partially ordered sextet area. This change was interpreted as an increase 
in crystallinity resulting from the transition from Fe-SO4 to Fe–O domains. The emerging phase differed from the 
original schwertmannite, but did not represent a complete change to a new crystalline phase, thus indicating a 
proto-transformation of schwertmannite. This pH-induced proto-transformation was inhibited in the presence of 
phosphate. We concluded that the phosphate sorption rate and maximum as well as the proto-transformation of 
schwertmannite were strongly affected by the mineral’s affinity for sulfate. Sorption to schwertmannite should 
primarily be regarded as a competitive exchange reaction between the sorbing oxyanion and the bound sulfate. 
As a result, the highest phosphate sorption occurred at circumneutral pH, in stark contrast to non-sulfate- 
containing Fe(III) (oxyhydr)oxides, where phosphate sorption is highest at acidic pH. Our findings are impor
tant for a fundamental understanding of the sorption properties of schwertmannite in phosphate-rich environ
ments as they point towards the central role of sulfate coordination for phosphate immobilization.  
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1. Introduction 

Schwertmannite (Fe8O8(OH)8-2x(SO4)x, where x ranges from 1 to 
1.75) is a sulfate-rich ferric iron Fe(III) (oxyhydr)oxide characterized by 
low crystallinity and high surface area (Bigham et al., 1994; Bigham 
et al., 1990). It is a common mineral in environments with low pH values 
(pH 3–5), such as acid mine drainage sites and acid sulfate soils 
(Regenspurg et al., 2004; Fitzpatrick et al., 2017a). In these environ
ments, schwertmannite plays a key role in controlling water quality by 
acting as a high-affinity, high- capacity sorbent for toxic and polluting 
oxyanions, such as molybdate, chromate, arsenate and phosphate 
(Schoepfer and Burton, 2021; Burton et al., 2021). These properties also 
make schwertmannite a promising sorbent material in environmental 
remediation (Simon and Burghard, 2016; Marouane et al., 2021). 

The structure of schwertmannite has not been fully resolved due the 
mineral’s metastability, small particle size, and variable elemental 
composition (Paikaray et al., 2011; Liu et al., 2015; Schoepfer and 
Burton, 2021). Certain studies have even proposed that schwertmannite 
may exhibit a polyphasic nature (French et al., 2012), where nano-sized 
crystalline features are embedded within an amorphous matrix. Never
theless, schwertmannite is most frequently described as having an 
akageneite-like structure with iron octahedra forming a tunnel frame
work, which is stabilized by sulfate groups in the tunnel cavities (“tunnel 
sulfate”) (Bigham et al., 1990). Additional sulfate groups are distributed 
on the mineral’s surface (“surface sulfate”) (Bigham et al., 1990; Jönsson 
et al., 2005), but tunnel sulfate comprises the majority (50–65%) of the 
total sulfate content (Bigham et al., 1990; Rose and Ghazi, 1997; Pai
karay and Peiffer, 2010; Wang et al., 2015). Independent of its location, 
sulfate can occur as both inner- and outer-sphere complexes (Boily et al., 
2010; Fernandez-Martinez et al., 2010; Wang et al., 2015). The release 
of sulfate results in the collapse of the tunnel structure and thus leads to 
the mineralogical transformation of schwertmannite, ultimately 
yielding goethite as the end product (Regenspurg et al., 2004; Knorr and 
Blodau, 2007). 

Schwertmannite can sorb up to a quarter of its weight in phosphate 
(PO4

3− , a term used here to encompass protonated and deprotonated 
phosphate species) and thus contributes to the low phosphorus avail
ability in acid sulfate systems (Bai et al., 2021; Eskandarpour et al., 
2006; Schoepfer et al., 2017). Only few studies have investigated 
schwertmannite interactions with phosphate, but most of them suggest 
that phosphate sorption involves exchange with sulfate and hydroxyl 
groups (Fukushi et al., 2004; Schoepfer and Burton, 2021). Ligand- 
exchange with sulfate appears to serve as the primary sorption mecha
nism, occurring both in the tunnels and on the mineral’s surface (Burton 
et al., 2009; Antelo et al., 2012). Inner- and outer-sphere sulfate com
plexes participate in the exchange, but oxyanions that form inner-sphere 
complexes appear to preferably exchange for inner-sphere coordinated 
sulfate groups (Wang et al., 2021). Substitution of schwertmannite’s 
sulfate groups by the larger phosphate ions may also induce a structural 
distortion which, in turn, can impact the sorption properties of 
schwertmannite (Regenspurg and Peiffer, 2005; Fan et al., 2023). In 
contrast, Schoepfer et al. (2019, 2021) have shown that high levels of 
phosphate can also stabilize schwertmannite against conversion to more 
crystalline minerals such as goethite by decreasing the mineral’s solu
bility. However, these studies were conducted under anoxic conditions 
where Fe(II) facilitated the transformation of schwertmannite, possibly 
overlooking initial structural changes. Importantly, phosphate may 
exert contrasting effects on schwertmannite stability, whereby it can 
both promote and inhibit schwertmannite transformation, depending on 
the environmental conditions and temporal scope of investigation. 

In natural environments, schwertmannite is formed at low pH and 
sorption studies have thus far primarily focused on acidic conditions 
(Fukushi et al., 2004; Khamphila et al., 2017; Schoepfer et al., 2017; Fan 
et al., 2023). As a result, phosphate sorption at circumneutral pH re
mains largely unexplored, despite its significance for human-impacted 
and engineered systems. For instance, in cultivated acid sulfate soils, 

where schwertmannite and phosphate co-occur (Fitzpatrick et al., 
2017a), liming is a common practice, resulting in near-neutral pH values 
of the topsoil (Sarangi et al., 2022). Furthermore, pH can fluctuate 
strongly in these soils due to the impact of alternating flood-drought 
conditions (Fitzpatrick et al., 2017b). Schwertmannite has also been 
proposed as a sorbent material for the remediation of wastewater and 
phosphate-laden eutrophic surface waters with near-neutral pH (Simon 
and Burghard, 2016; Marouane et al., 2021). Consequently, schwert
mannite may be exposed to both high-pH environments and substantial 
phosphate loadings. 

Understanding schwertmannite’s environmental persistence and its 
interactions with phosphate across diverse pH conditions is important 
for a mechanistic understanding of its role as a phosphate sink in 
nutrient-rich environments. In particular, changes in sulfate coordina
tion, its impact on phosphate sorption and the consequences for the 
mineralogical characteristics of schwertmannite remain unexplored. 
This study therefore investigated phosphate sorption and concomitant 
sulfate release at pH 3, 6, and 8 using equilibrium and kinetic sorption 
experiments with synthetic schwertmannite. To explore shifts in 
mineralogy influenced by pH or phosphate sorption, the solid-phase was 
analyzed using a combination of microscopic, spectroscopic, and X-ray 
diffraction techniques. 

2. Methods 

2.1. Schwertmannite synthesis 

Schwertmannite was synthesized based on the step-wise oxidation 
method by Liu et al. (2015), which is an adaptation of the fast peroxide 
method (Regenspurg et al., 2004). Using 30 L-reactors, a large-scale 
synthesis was performed by dissolving 889.6 g of FeSO4•7 H2O in 20 
L deionized water to create a 160 mM Fe(II) solution. While stirring, a 
total of 240 mL of a 32% H2O2-solution was added in 60 mL steps at 0, 8, 
24 and 36 h. After Fe(II) oxidation was completed, precipitates were 
allowed to settle, overlying water was removed, and precipitates were 
washed using deionized water. These washing cycles were repeated until 
the conductivity of the solution was <150 μS cm− 1. The precipitates 
were dried for 72 h at 40 ◦C. Determination of total iron and sulphur 
contents of the solids was performed by dissolving 0.2 g of the product in 
a 40 mL solution of 6 M HCl for 48 h on a shaker (Winland et al., 1991). 
Iron and sulphur concentrations in the digests were determined by 
inductively coupled plasma-optical emission (ICP-OES, Perkin Elmer 
OPTIMA 3200 XL). The S:Fe ratio was used to determine the stoichi
ometry of schwertmannite as per its general composition 
(Fe8O8(OH)8–2x(SO4)x • nH2O, where 1 < x < 1.75). 

2.2. Sulfate release as a function of pH 

Suspension of schwertmannite in an electrolyte solution typically 
results in an immediate exchange of hydroxyl ions with sulfate from 
schwertmannite. We therefore investigated the relationship between 
sulfate release and consumption of hydroxyl ions during a 24-h pre- 
equilibration period prior to start of the sorption experiments (Section 
2.3). To this end, 10 g schwertmannite was added to 1 L of a 10 mM NaCl 
solution at pH of 3,6 or 8. The pH was kept constant during pre- 
equilibration by addition of a 1 M NaOH solution using a pH-stat de
vice (Metrohm 716 DMS Titrino). The device also recorded the volume 
of the added base, allowing to determine the ratio of consumed hy
droxide ions and released sulfate. Samples were taken at 0, 0.25, 0.5, 1, 
2, 3, 5, and 24 h and the suspensions were filtered through 0.45 μm 
polyamide (PA) filters (Macherey-Nagel Gmbh). The filtrates were 
stored at − 20 ◦C until further analysis. 

2.3. Sorption isotherm analysis 

Sorption isotherms were obtained by performing batch experiments 
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in 50 mL vials containing a 10 g L− 1 suspension of schwertmannite in 40 
mM NaCl at pH 3, 6, and 8 (in duplicates). Solutions were buffered using 
40 mM PIPPS (pKa = 3.73) for pH 3, 40 mM MES (pKa = 6.15) for pH 6-, 
and 40 mM PIPES (pKa = 6.76) for pH 8. These buffers were chosen as 
they are recognized for their minimal interaction with mineral surfaces 
(Yu et al., 1997). This was verified by comparing sulfate release in 
systems with buffers to those using a pH-stat device (Supporting Infor
mation SI 1). 

Suspending schwertmannite in solution leads to the exchange of 
hydroxide ions with rapidly exchangeable sulfate, causing solution 
acidification and potential pH deviations. To address this, schwert
mannite was pre-equilibrated without phosphate for 24 h, allowing pH 
to stabilize before phosphate was added. Three hours before this 
equilibration period ended, the pH was measured and, if required, re- 
adjusted by dropwise addition of a 2 M NaOH solution. Once pre- 
equilibration was complete, the sorption reaction was initiated by 
adding the appropriate amount of a 1 M NaH2PO4 stock solution, 
resulting in a final volume of 40 mL. Initial PO4

3− -concentrations of 0, 1, 
2, 4, 6, 8, 10,12, 14, 16, 18 and 20 mM were added to the reaction vials, 
yielding PO4

3− : schwertmannite ratios from 0.1 to 2 mmol PO4
3− per gram 

schwertmannite. The sorption reaction was allowed to equilibrate for 
24 h on an overhead shaker. Subsequently, the solid and liquid phases 
were separated by centrifugation (5000 rpm, 10 min). The liquid phase 
was decanted and filtered through 0.45 μm PA filters and the solids were 
freeze-dried and ground for further analysis. The amount of sorbed 
phosphate was calculated from the difference between the initial and 
equilibrium aqueous phosphate concentrations. Fitting of the data 
occurred with the Freundlich equation (Eq. (1)) using the non-linear 
fitting package nlstools in R (Baty et al., 2015): 

QPO4 = Kf *C1
n
eq (1)  

where QPO4 is the sorbed PO4
3− on schwertmannite in mmol PO4

3− g− 1, Kf 
is the partition coefficient, n is a measure of the affinity of schwert
mannite for PO4

3− , and Ceq is the PO4
3− concentration at the end of 

equilibration in mmol L− 1. Note that all sorption experiments were 
performed under atmospheric conditions. Thermodynamic modeling in 
PHREEQC was used to confirm that formation of dissolved carbonate by 
dissolution of carbon dioxide did not interfere with surface processes. (SI 
2). We also used PHREEQC 3.0 (Appelo and Postma, 2013) to model the 
ligand exchange reaction between phosphate and sulfate groups. 

2.4. Kinetic sorption analysis 

Kinetic sorption experiments were performed in duplicate using 1-L 
reaction vessels at pH 3, 6, and 8. The same buffer and electrolyte 
concentrations as in the batch sorption experiments were employed and 
the same methods for pre-equilibration and pH adjustment were fol
lowed. Phosphate was added at initial phosphate concentrations of 0, 1, 
10, and 20 mM, resulting in a zero- (0 mmol PO4

3− g− 1), low- (0.1 mmol 
PO4

3− g− 1), medium- (1 mmol PO4
3− g− 1), and high-phosphate (2 mmol 

PO4
3− g− 1) treatment, equivalent to molar P:Fe ratios of 0.01 to 0.2. The 

phosphate loadings were chosen based on the results from the sorption 
isotherms to achieve differing levels of surface site coverages and 
because they are representative of the molar ratio between Fe(III) and 
associated phosphorus in oxic surface sediments (0.1–0.3) (Kraal et al., 
2022; Kraal et al., 2020; Li et al., 2023). The suspension was constantly 
stirred during the experiment and 15 mL samples were taken with a 
syringe at reaction times of 0, 10, and 30 min as well as at 1, 2, 5, 24, 48, 
168 and 226 h. The reaction was stopped by centrifugation (5000 rpm, 
10 min), the aqueous phases were passed through 0.45 μm PA filters and 
the solids were freeze-dried and finely ground until further analysis. 

2.5. Solid phase analyses 

2.5.1. Scanning electron microscopy 
The micromorphology of the solids before and after reaction with 

phosphate were examined by scanning electron microscopy (SEM). To 
this end, the ground and freeze-dried samples were coated with a thin 
layer of platinum by a Cressington 208 HR sputter coater. Images were 
recorded by secondary electron detectors on a Zeiss ULTRA PLUS mi
croscope (Carl Zeiss Microscopy GmbH, Jena, Germany) operating at an 
acceleration voltage of 3 kV and a FEI Quanta 250 (Field Electron and 
Ion Company, Thermo Fisher Scientific, Hillsboro, USA) high-resolution 
field emission gun (FEG) scanning electron microscope at 10 kV. 

2.5.2. BET-measurement 
The specific surface area of freeze-dried and ground schwertmannite 

was determined by the Brunauer–Emmett–Teller (BET) method (Bru
nauer et al., 1938) on a Quantachrome Autosorb 1. 0.06 g of dried and 
ground schwertmannite was outgassed for 24 h in a nitrogen atmosphere 
at 90 ◦C. Following this, nitrogen gas (N₂) was allowed to physically 
adsorb onto the surface of schwertmannite at 77 K. The specific surface 
area was then calculated using the slope and intercept obtained by 
fitting the linear portion of a BET (Rouquerol et al., 2013). The detailed 
BET calculations are provided in SI 3. 

2.5.3. Fourier Transformed Infrared (FTIR) 
FTIR-spectra were collected with a Vektor 22 FTIR Spectrometer 

(Bruker). A portion (3 mg) of dried schwertmannite samples was mixed 
with anhydrous KBr (1:100 w/w, ground and pressed at 10 tons by a 
hydraulic press) to yield a solid pellet for analysis. A total of 32 scans 
was recorded in the wave number range of 5000 and 370 cm− 1 at a 1 
cm− 1 resolution. The signal was averaged over these scans and a base
line correction was applied. Using the R package nlstools (Baty et al., 
2015), Gaussian fitting was employed to determine the number and 
position of the principal phosphate and sulfate peaks. The averaged FTIR 
spectra were normalized and subsequently deconvoluted into a series of 
Gaussian curves as given by the parametric Gaussian equation (Eq. (2)): 

f (x) = C*exp

(
(x − μ)2

2σ

)

(2)  

where C denotes the maximum peak height, μ is the wave number 
around which the peak is centred, x is the wave number and σ is the 
broadness of the peak. 

2.5.4. X-ray diffraction 
Approximately 400 mg of the freeze-dried and ground powder was 

mounted into an XRD sample holder. Mineralogy was examined using X- 
ray diffraction (XRD) on randomly orientated powders with a Siemens 
D5000 X-Ray Diffractometer using a 40 mA and 40 kV Cobalt-K-alpha 
radiation (λ = 0.178897 nm). Scanning was performed from 20◦ to 
80◦ 2θ with a step-size of 0.03◦ 2θ and a scanning time of 6 s per step. 
The resulting patterns were analyzed using the DIFFRAC-plus evaluation 
software package (Bruker AXS, Karlsruhe, Germany) and the Crystal
lography Open Database (Gražulis et al., 2011). 

2.5.5. Mössbauer spectroscopy 
Changes in schwertmannite mineral structure after equilibration in 

the pH-buffered electrolyte in the presence and absence of phosphate 
were investigated by 57Fe Mössbauer spectroscopy. Dried schwert
mannite powders were loaded into plexiglass holders (area 1 cm2), 
forming a thin disc. Holders were inserted into a closed-cycle exchange 
gas cryostat (Janis Research, USA) under a backflow of He to minimize 
exposure to air. Spectra were collected at 77 K and at 40 K using a 
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constant acceleration drive system (WissEL, Germany) in transmission 
mode with a 57Co/Rh source. All spectra were calibrated against a 7 μm 
thick α-57Fe foil that was measured at room temperature. Analysis was 
conducted using the software Recoil (University of Ottawa) and the Voigt 
Based Fitting (VBF) routine (Lagarec and Rancourt, 1997). The half 
width at half maximum (HWHM) was constrained to 0.13 mm s− 1 

during fitting. 

2.6. Aqueous phase analytical methods 

Sulfate was measured photometrically using an acidified BaCl2-so
lution containing 1 wt% of gelatine (Tabatabai, 1974). The samples’ 
absorbance was determined after 60 min in a 3 mL cuvette at 420 nm. 

Phosphate was measured photometrically based on the molybdate 
blue method (Murphy and Riley, 1958). The molybdate and sulfuric acid 
reagents were supplied by Merck (“o-phosphate Method,” Spec
troquant). Absorbance of the photometric complex was measured at 720 
nm after a 10-min reaction time. 

3. Results 

3.1. Characterization of synthesized schwertmannite 

The three-step hydrogen peroxide synthesis method (Liu et al., 2015) 
produced a mineral with a stoichiometry of Fe8O8(OH)4.58(SO4

2− )1.71, 
corresponding to a sulfate content of 2.1 mmol SO4

2− g− 1. Scanning 
electron microscopy (SEM) revealed schwertmannites’ distinctive pin- 
cushion morphology (Fig. SI2). Formation of schwertmannite was 
confirmed by structural analysis using XRD (Fig. 1a) and FTIR (Fig. 1b). 

Analysis by X-ray diffraction showed eight broad Bragg diffraction 
peaks, typical of poorly crystalline schwertmannite (Bigham et al., 1990; 
Cornell and Schwertmann, 1996). The FTIR spectrum displayed the 
characteristic absorption bands for the S–O stretches (ν3-peaks at 1170, 
1120, 1050 cm− 1 and ν1 at 980 cm− 1) and bends (ν4 at 610 cm− 1) (Boily 
et al., 2010). Peaks at 860 cm− 1 and 712 cm− 1 (δOH) correspond to OH- 
deformations typical for schwertmannite (Boily et al., 2010), and the 
peak at 425 cm− 1 (δFe-O) indicates an FeO stretching vibration (Bigham 
et al., 1990). 

3.2. Aqueous phase results 

3.2.1. Sulfate release during pre-equilibration 
During pre-equilibration, sulfate release was rapid, and stable sulfate 

concentrations were reached after 5 to 10 h at all pH values (Fig. 2a). A 
more alkaline pH resulted in a faster initial sulfate release and a longer 
equilibration time. Initial sulfate release rates (determined from the first 
sampling points) increased approximately seven-fold over the investi
gated pH range, from 0.9 mmol SO4

2− g− 1 h− 1 at pH 3 to 6 mmol SO4
2−

g− 1 h− 1 at pH 8. Also, the equilibrium sulfate concentration was sub
stantially higher at a more alkaline pH. After 24 h, 11% of schwert
mannite’s initial sulfate was released at pH 3, which increased to 38% at 
pH 6 and 52% at pH 8, corresponding to 0.2, 0.9 and 1.3 mmol SO4

2− g− 1. 
No structural transformation occurred as evidenced by the FTIR and 
XRD (SI 5). Sulfate release was correlated with the addition of hydroxide 
ions at a constant 2 OH− :1 SO4

2− ratio (Fig. 2b). Kinetic data for pH 3 and 
6 were adequately fitted using a one-step pseudo-first order model, but 
for pH 8, a two-step model yielded statistically better results (SI 6). 

Fig. 1. (a) Characterization of the initial schwertmannite using X-ray diffractometry, with d-values (interplanar distances) annotated, and (b) FTIR spectrum of the 
initial schwertmannite. 

Fig. 2. Pre-equilibration of schwertmannite at pH 3, 6 and 8 in the absence of phosphate. 
(a) Sulfate release during the 24-h pre-equilibration period. Kinetic models and fitting parameters are presented in SI 6. (b) Corresponding correlation between sulfate 
release and hydroxide addition The dashed line represents a linear fit with a slope of 0.49, suggesting that two hydroxyl groups replaced one sulfate group. 
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3.2.2. Sorption isotherms 
The influence of pH on phosphate sorption and concomitant sulfate 

release was explored by sorption isotherm experiments at pH 3, 6, and 8 
(Fig. 3a). Sorption data were fitted using the Freundlich model. 
Schwertmannite had a high affinity for phosphate, and at all pH values, 
100% of the added phosphate was sorbed up to a loading of 1 mmol 
PO4

3− g− 1 (Fig. 3a). The sorption maximum varied with pH and was 
highest at pH 6 (1.7 mmol PO4

3− g− 1), while at pH 3 and pH 8, phosphate 
sorption reached only 1.5 and 1.2 mmol PO4

3− g− 1, respectively, for the 
same added phosphate concentration (20 mmol L− 1). A plot of released 
sulfate against sorbed phosphate (Fig. 3b) revealed a linear relationship, 
suggesting a ligand-exchange mechanism. A 24-h pre-equilibration 
period without phosphate led to a release of 0.2, 0.8 and 1.2 SO4

2− g− 1 

at pH 3, 6, and 8, accounting for 11%, 38%, and 52% of schwert
mannite’s initial sulfate. Conversely, sulfate release upon exchange with 
phosphate was highest at pH 6 and maximum phosphate loading, 
liberating 90% of schwertmannite’s initial sulfate (1.9 mmol SO4

2− g− 1). 

For pH 8 and pH 3 at the highest phosphate loading, 80% (1.7 mmol 
SO4

2− g− 1) and 60% (1.3 mmol SO4
2− g− 1) of schwertmannite’s initial 

sulfate was removed. The ligand exchange ratio (released sulfate:sorbed 
phosphate) slightly decreased with pH from 0.65 at pH 3 to 0.50 at pH 8. 

3.2.3. Sorption kinetics 

3.2.3.1. Phosphate sorption kinetics. Sorption kinetics in the zero-, low-, 
medium- and high- phosphate treatments were fast, and equilibrium was 
achieved within 24 h at all pH values, except for the high phosphate 
treatment at pH 3 (Fig. 4a-c). The initial sorption rates (approximated 
based on the first measured time point at high phosphate loading) 
changed as a function of pH, amounting to 4.8 mmol PO4

3− g− 1 h− 1 at pH 
3, 6.8 mmol PO4

3− g− 1 h− 1 at pH 6, and 6.1 mmol PO4
3− g− 1 h− 1 at pH 8. 

We used a one-step and a two-step model (Marouane et al., 2021) to 
fit kinetic sorption data, but the two-step model yielded significantly 

Fig. 3. (a) Phosphate sorption isotherms for schwertmannite at pH 3, 6 and 8. 
(b) Correlation between released sulfate and sorbed phosphate. The blue horizontal line indicates the total sulfate amount in schwertmannite (i.e. the maximum 
releasable sulfate concentration). Freundlich fitting parameters are presented in SI 7. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. Phosphate sorption to schwertmannite as a function of time at (a) pH 3, (b) 6, and (c) 8 in zero- (0 mmol PO4
3− g− 1), low- (0.1 mmol PO4

3− g− 1), medium- (1 
mmol PO4

3− g− 1) and high-PO4
3− experiments(2 mmol PO4

3− g− 1). 
Concomitant sulfate release at (d) pH 3, (e) pH 6, and (f) pH 8. Fitting parameters of kinetic models and statistical analyses of the fits are provided in Tables 1, 2 and 
in the Supporting Information (SI 8–11). 
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better fits (SI 8). The two-step model posits the presence of both fast and 
slow sorption sites on schwertmannite. Quantification of the different 
sorption sites for the treatments was obtained from fitting the following 
model to the sorption data (Table 1): 

QPO4,tot = QPO4,fast− sorb*
(
1 − e− kPO4,1*t)+QPO4,slow− sorb*

(
1 − e− kPO4,2*t) (3)  

with QPO4,tot quantifying the sorbed phosphate over time in mmol PO4
3−

g− 1, QPO4,fast-sorb and QPO4,slow-sorb denoting the amount of fast- and 
slowly sorbed phosphate in mmol PO4

3− g− 1, t being time in h and kPO4,1 
and kPO4,2 representing the fast and slow rate constants, expressed in 
units of h− 1. 

Fitting was performed for all phosphate concentrations (SI 9). At low 
and medium phosphate levels, due to the rapid sorption kinetics and 
high sorption capacity, all phosphate was sorbed at the first measure
ment (10 min, low-phosphate) or within one hour (medium-phosphate 
treatments). The effects of pH were therefore most evident in the high- 
phosphate treatment. The fitted parameters for the high-phosphate 
experiment are shown in Table 1. The sorption process consisted of a 
fast step, which took <10 min to be completed (kPO4,1, QPO4,fast-sorb), and 
a slow process (kPO4,2, QPO4,slow-sorb), with pH affecting the kinetics and 
number of sites of both sorption processes. For the high phosphate 
treatment, the pool of the fast-sorbed phosphate sites (QPO4,fast-sorb) 
increased from 0.7 mmol PO4

3− g− 1 at pH 3 to ~1.0 at pH 6 and 8. As a 
proportion of the total phosphate added, this means that 76% of all 
phosphate sorption was fast for pH 8, which decreased to 65% and 44% 
at pH 6 and pH 3, respectively. Also, the rate constants of the slow 
process increased from 0.03 h− 1 at pH 3 to 0.6–0.7 h− 1 at pH 6 and 8. 
Consequently, attainment of sorption equilibrium at pH 3 in the high 
treatment took >100 h, while sorption equilibrium was reached within 
24 h at pH 6 and pH 8. 

3.2.3.2. Sulfate release kinetics. Sulfate release from schwertmannite 
was concurrently monitored with the sorption of phosphate (Fig. 4d-f). 
The released sulfate was a function of sorbed phosphate and pH. For 

example, at the highest phosphate levels, sulfate release at pH 6 reached 
a maximum of 1.9 mmol SO4

2− g-1, followed by pH 8 (1.7 mmol SO4
2− g− 1) 

and pH 3 (1.2 mmol SO4
2− g− 1). Like the kinetic phosphate sorption 

models described above, we applied both a one-step and a two-step ki
netic model to fit sulfate release. Consistent with our findings for 
phosphate sorption, the two-step model (Eq. (4)) generally resulted in 
better fits (SI 10). The model allowed us to categorize released sulfate 
into three operational pools: (i) sulfate released during pre-equilibration 
(QSO4,eq), (ii) fast-exchanged sulfate after phosphate addition (QSO4,fast- 

ex), and (iii) slowly exchanged sulfate after phosphate addition (QSO4, 

slow-ex). Quantification of these pools resulted from the model fitting 
process (Table 2), according to: 

QSO4,tot = QSO4,fast− ex*
(
1 − e− kSO4,1*t)+QSO4,slow− ex*

(
1 − e− kSO4,2*t)+QSO4,eq

(4)  

where QSO4,tot represents the total released sulfate, QSO4,fast-ex and QSO4, 

slow-ex quantify the amounts of fast- and slowly exchanged sulfate, QSO4, 

eq denotes sulfate released during the 24 h-pre-equilibration period 
(with all sulfate pools measured in mmol SO4

2− g− 1), and kSO4,1 and 
kSO4,2 correspond to the fast and slow sulfate exchange rate constants, 
expressed in units of h− 1. 

Fitting of sulfate release kinetics was performed for all phosphate 
loadings (SI 11), but as for phosphate, only the results from high loading 
are presented here. Like phosphate, the amount of sulfate that was 
rapidly released (QSO4,eq and QSO4,fast-ex) increased with pH with 0.8 
mmol SO4

2− g− 1 at pH 3, 1.3 mmol g− 1 at pH 6, and 1.6 mmol g− 1 at pH 8 
(Table 2). The rate constants increased by a factor of ~5 when the pH 
increased (kSO4,1 > > 67 h− 1 for pH 6 and pH 8; kSO4,1 = 14 h− 1 for pH 
3). Interestingly, the rate constant for the slowly exchanged sulfate pool 
was only marginally affected by pH (kSO4,2 = 0.03–0.06). Overall, sul
fate release was slower than the sorption of phosphate as revealed by the 
higher rate coefficients for both, the fast sorption (kPO4,1) and slow 
sorption (kPO4,2) processes. 

3.3. Solid-phase analyses 

3.3.1. Structural analysis: SEM 
Potential changes in the morphology of schwertmannite before and 

after equilibration with phosphate were explored by SEM. Following a 
24 h-equilibration period without phosphate (after pre-equilibration), 
no discernible morphological differences were observed compared to 
the initially synthesized schwertmannite (Fig. 5a-c, Fig. SI 3). Also, by 
XRD and FTIR no changes were observed (SI 12). The spherical shape 
and pin-cushion structure remained intact even though substantial 
amounts of schwertmannite’s initial sulfate had been released at pH 6 
(38% of total sulfate) and 8 (52%). Phosphate sorption led to additional 
sulfate loss, yet it did not result in substantial morphological alterations 
in the schwertmannite’s appearance (Fig. 5d-f). 

Table 1 
Fitting parameters for the kinetic sorption model of phosphate sorption to 
schwertmannite (Eq. (3)) during the experiments involving high phosphate 
concentrations (2 mmol PO4

3− g− 1).  

Sites per sorption pool (mmol PO4
3− g− 1) pH 3 pH 6 pH 8 

Fast-sorbed PO4
3− (QPO4,fast-sorb) 0.7 1.1 1.0 

Slowly sorbed PO4
3− (QPO4,slow-sorb) 0.9 0.6 0.2 

Total sorbed PO4
3− (QPO4,tot-sorb) 1.5 1.7 1.3  

Kinetic rate constants (h− 1) 
Fast sorption (kPO4,1) >>a >>a >>a 

Slow sorption (kPO4,2) 0.03 0.68 0.63  

a The fast sorption step occurred almost instantly, consistent with observa
tions of phosphate sorption to goethite (Luengo et al., 2006). 

Table 2 
Fitting parameters for the kinetic model describing sulfate release during sorption experiments involving high phosphate concentrations (Eq. (4)).  

SO4
2− release pools (mmol SO4

2− g− 1) pH 3 pH 6 pH 8 

SO4
2− release during pre-equilibration(QSO4,eq) 0.2 0.9 1.4 

Fast-exchanged SO4
2− (QSO4,fast-ex) 0.6 0.4 0.2 

Slowly-exchanged SO4
2− (QSO4,slow-ex) 0.3 0.6 0.2 

Total releasable SO4
2− (QSO4,rel-tot) 1.2 1.9 1.7 

Non-releasable (SO4,non-rel) 0.9 0.2 0.4 
Exchange ratio (QSO4,rel-tot: QPO4,tot-sorb) 0.8 1.2 1.5  

Kinetic rate constants (h− 1) 
Fast exchange (kSO4,1) 14 > > 67a > > 67a 

Slow exchange (kSO4,2) 0.06 0.03 0.05  

a Sulfate release of the fast-exchange pool was practically instantaneous. 
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3.3.2. Structural analysis: FTIR 

3.3.2.1. Effects of pH on sulfate coordination. FTIR spectra of schwert
mannite were obtained after the 24-h pre-equilibration at pH 3, 6 and 8 
(Fig. 6a). At pH 8, the peak area of the ν3 sulfate vibration decreased, 
consistent with the greater sulfate release under alkaline conditions. In 
addition, the ν3-peak position shifted to lower wave numbers as pH 
increased, moving from 1122 cm− 1 at pH 3 to 1118 cm− 1 at pH 6 and 
1110 cm− 1 at pH 8, thus suggesting alterations in sulfate coordination. 
Inner- and outer-sphere coordinated sulfate groups exhibit distinct FTIR 
spectra, but their peaks are not immediately discernible due to their 
coexistence in the schwertmannite structure, resulting in overlapping 
spectra. To assess the effect of pH on sulfate coordination, the spectra 
were deconvoluted using a method described by Jönsson et al. (2005). 

In brief, a weighted pH 8-spectrum was subtracted from the pH 3- 
and pH 6-spectra and the process was also performed using the pH 3- 
spectrum for the pH 6- and pH 8-spectra (SI 13). The pH 3- and pH 8- 
spectra were considered as the end-members in coordination and 
through subtraction, spectral differences between the samples can be 
isolated. After Gaussian fitting, peaks at 1135 cm− 1, 1050 cm− 1, 1030 

cm− 1 and 985 cm− 1 were identified in the pH 8 subtracted spectra at pH 
3 and 6 (Fig. 6b). These peaks align with those observed for the inner- 
sphere sulfate FTIR spectrum (Wang et al., 2018) and were more 
intense for pH 3 than at pH 6. Conversely, when subtracting the pH 3- 
spectrum from the pH 6- and 8- spectra, distinct peaks at 1110 cm− 1 and 
1090 cm− 1 emerged (Fig. 6c), which are characteristic for outer-sphere 
sulfate complexes (Wang et al., 2018). Outer-sphere sulfate contribu
tions were largest at pH 8. Overall, spectral deconvolution demonstrated 
pH-dependent alterations in the proportion of differently coordinated 
sulfate complexes, with a higher pH increasing the amount of outer- 
sphere coordinated sulfate groups. 

3.3.2.2. Phosphate coordination after sorption to schwertmannite. After 
sorption, phosphate had replaced a portion of the initially sorbed sul
fate. FTIR was used to examine the coordination of sorbed phosphate. 
Phosphate and sulfate exhibit similar major vibrational peaks (SO4

2− at 
1120 cm− 1 and PO4

3− at 1080 cm− 1) due to their comparable molecular 
weight and structure (Coates, 2006). Especially at pH 3, substantial 
amounts of both phosphate (1.5 mmol PO4

3− g− 1) and sulfate (1.2 mmol 
SO4

2− g− 1) were present. The coexistence of phosphate in addition to 

Fig. 5. SEM images of schwertmannite after 24 h of equilibration in the absence (a-c) and presence (d-f) of high levels of phosphate at pH 3, 6, and 8.  

Fig. 6. FTIR analysis of sulfate coordination in schwertmannite. 
(a) FTIR spectra after 24 h of equilibration at pH 3, 6, and 8 in the absence of phosphate. FTIR difference spectra resulting from subtracting (b) the pH 8-spectrum 
from the pH 3- and pH 6-spectra, or (c) the pH 3-spectrum from the pH 6- and pH 8-spectra. Grey dashed lines indicate Gaussian fits. Vibration peaks linked to outer- 
sphere sulfate complexes are marked in red, while those associated with inner-sphere complexes are indicated in blue. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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non-exchanged sulfate resulted in the broadening of the ν3-vibration 
band from 1200 to 1050 cm− 1 to 1200–900 cm− 1 (Fig. 7a). The spec
trum was deconvoluted by subtracting the schwertmannite spectrum 
with zero loading from the phosphate-loaded spectra (Fig. 7a). This 
process removed the sulfate peaks, revealing the FTIR spectrum of the 
schwertmannite-bound phosphate (Fig. 7b). 

Gaussian fitting was used to deconvolute the broad bands into 
distinct vibration peaks, which were found at 1087 cm− 1, 1010 to 1030 
cm− 1, and 950 to 970 cm− 1. Position of the vibration peaks were similar 
to those previously ascribed to inner-sphere coordinated phosphate 
groups on ferrihydrite (1088 cm− 1, 1021 cm− 1, 952 cm− 1, Arai and 
Sparks, 2001). Generally, phosphate has been observed to form biden
tate and monodentate surface complexes with iron oxides, which can be 
either protonated or deprotonated (Luengo et al., 2006; Elzinga and 
Sparks, 2007). The FTIR spectra showed slight variations as a function of 
pH, which may be due to the partial protonation of bidentate complexes 
under more acidic conditions (Elzinga and Sparks, 2007). Additionally, 
the formation of monodentate phosphate complexes, which are more 
favourable at lower pH levels, may also have contributed to these 
spectral changes (Arai and Sparks, 2001; Weng et al., 2020). 

3.3.3. 57Fe Mössbauer spectroscopy analyses 
57Fe Mössbauer spectroscopy was performed for both phosphate- 

sorbed (1 mmol PO4
3− g− 1) and phosphate-free schwertmannite sam

ples at all pH conditions at a temperature of 77 K. The Mössbauer spectra 
were fitted with a broad collapsed sextet and one or two doublets, all 
indicative of Fe(III) (Fig. 8, Table 3). Such a mix of collapsed features 
and doublets is expected in schwertmannite at 77 K as the ordering 
temperature for schwertmannite has been reported to be between 120 
and 60 K (Bigham et al., 1994; Eneroth and Bender, 2004; Cashion and 
Murad, 2012). In both sample spectra collected at pH 3 and the spectrum 
for phosphate-sorbed schwertmannite at pH 6, we observed asymmet
rical features which we fit with two doublets. The asymmetry of 
schwertmannite spectra is consistent with previous studies (Bigham 
et al., 1994; Cashion and Murad, 2012). In samples where the proportion 
of the collapsed sextet was >90% of the total spectral area (pH 8 samples 
and phosphate-free pH 6 samples), the fitting was executed using only 
one doublet to prevent overfitting, which means that we tried to achieve 
an acceptable reduced χ2 with the minimum number of fit components 
(Byrne and Kappler, 2022). The doublets used in the fitting had a centre 
shift (CS) between 0.3and 0.6 mm s− 1 and a quadrupole splitting (QS) 

Fig. 8. Comparison of 57Fe Mössbauer spectra of schwertmannite reacted for 24 h at (a, b) pH 3, (c,d) pH 6, and (e,f) pH 8 in the absence and presence of phosphate. 
A uniform loading of 1 mmol PO4

3− g− 1 was chosen for the phosphate treatments to facilitate better comparisons between spectra. 

Fig. 7. FTIR analysis of phosphate coordination in schwertmannite. 
(a) FTIR spectra after 24 h of equilibration with high levels of phosphate (solid lines) and in the absence of phosphate (dashed lines) at pH 3, 6, and 8. (b) Gaussian- 
fitted FTIR spectra of the high-phosphate treatments with the zero-treatment spectra subtracted. 
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between 0.7- and 1-mm s− 1 (Table 3). 
The mix of a collapsed sextet and doublets in the spectrum represents 

the partial magnetic ordering of schwertmannite at 77 K (Bigham et al., 
1994). To validate this interpretation, we collected additional 
Mössbauer spectra at 40 K and 30 K, which showed a gradual decline in 
the collapsed sextet and the appearance of defined sextets with tem
perature (SI 14). Therefore, we can compare the proportion of the 
collapsed sextet within the spectrum of the different samples as a mea
sure of relative crystallinity of the samples. A greater proportion of a 
collapsed sextet implies higher crystallinity as ordering of the doublets 
into sextets has begun at a higher temperature relative to a sample with a 
lower proportion of a collapsed sextet. In the spectra collected here, the 
proportion of the collapsed sextet in the phosphate-free samples 
increased with pH, ranging from ~64% at pH 3 to ~93% at pH 6 and 8. 
At pH 3 and pH 6, in the presence of 1 mmol g− 1 phosphate, this area 
reduced to 35% and 59%. Thus, the schwertmannite samples showed an 
increase in crystallinity with pH, and a decrease in crystallinity after 
reaction with phosphate. 

4. Discussion 

4.1. Effects of pH on sulfate release and the schwertmannite structure 

In this study, we examined phosphate sorption at various, but con
stant pH. A buffered electrolyte solution and a 24-h pre-equilibration 
period was used to maintain a stable pH during phosphate sorption 
experiments despite the acidification caused by the replacement of hy
droxide ions for schwertmannite’s sulfate. In the following, we discuss 
the impacts of pre-equilibration of schwertmannite at variable pH, 
which resulted in sulfate release and subtle structural alterations. 

4.1.1. Sulfate release during pre-equilibration at various pH 
Depending on pH, up to 60% of the initially present sulfate in 

schwertmannite was released during the 24-h pre-equilibration period 
(Fig. 2), consistent with earlier studies (Jönsson et al., 2005). The 
release of sulfate thus far has primarily been attributed to the trans
formation to goethite (Bigham et al., 1996; Murad and Rojík, 2003; 
Regenspurg et al., 2004; Paikaray and Peiffer, 2010). However, the 
uncatalyzed transformation of schwertmannite to goethite takes much 
longer (>2 weeks) at room temperature than the here applied 24-h pre- 
equilibration period. Also, our XRD analyses did not indicate any signs 
of goethite formation (Fig. SI 3) nor did the SEM analyses show any 
changes in morphology (Fig. 5). Short-term sulfate release was therefore 
attributed to the replacement of sulfate groups by hydroxyl groups 

through a ligand-exchange reaction. Hydroxyl groups replaced sulfate in 
a stable 2:1 ratio, independent of pH, thereby preserving schwert
mannite’s charge neutrality. Previous X-ray absorption spectroscopy 
(XAS) analyses identified the inner-sphere sulfate groups in schwert
mannite as bidentate-binuclear bridging groups (Wang et al., 2015), 
presumably originating from the initial coordination environment of 
Fe3+ as dissolved Fe-SO4 complexes in the acidic, sulfate-rich waters 
prior to nucleation of schwertmannite (Hawthorne et al., 2000). 
Assuming these groups are replaced by two Fe-OH groups (Parfitt and 
Smart, 1978), the ligand exchange for inner-sphere sulfate can be 
described by Eq. (5). The reaction also explains the base-neutralizing 
capacity of schwertmannite: 

(5) 
At alkaline pH, the concentration of H+-ions decreases, causing the 

equilibrium of reaction Eq. (5) to shift towards sulfate release. After 24 h 
of pre-equilibration, 1.2 mmol SO4

2− g− 1 was already released at pH 8 
(equivalent to 52% of the initial sulfate), which decreased to 0.7 and 0.2 
mmol SO4

2− g− 1 for pH 6 and 3, respectively (Fig. 2a). Surface-bound 
sulfate ions are expected to be preferentially released (Jönsson et al., 
2005). It has been previously proposed, based on extractions with ni
trate, that sulfate in schwertmannite exceeding a molar S:Fe ratio of 1:8 
is surface-bound sulfate (Bigham et al., 1990). In our study, this would 
indicate that 42% of the total sulfate resided on the surface, corre
sponding to 0.8 mmol SO4

2− g− 1. This is in line with earlier de
terminations of surface-sulfate, which amounted to 35–50% of all sulfate 
in the mineral phase (Bigham et al., 1990; Rose and Ghazi, 1997; Pai
karay and Peiffer, 2010). We therefore conclude that at pH 3 and 6, 
where sulfate release was below 0.8 mmol SO4

2− g− 1, predominantly 
surface-sulfate, and less tunnel sulfate, was liberated. In contrast, at pH 
8, (at least) an additional 0.4 mmol SO4

2− g− 1 of tunnel sulfate must have 
been released to attain the equilibrium sulfate release of 1.2 mmol SO4

2−

g− 1. The existence of two different sulfate pools at alkaline pH align with 
the fact that a two-step model was required to accurately describe sul
fate release kinetics at pH 8. In contrast, at pH 3 and 6, a one-step 
pseudo-first order model was sufficient to represent sulfate release, 
suggesting sulfate release from similar exchange pools (Fig. 2a, SI 6). 

Table 3 
Hyperfine parameters for 57Mössbauer spectra collected at 77 K of phosphate-sorbed and phosphate-free samples at pH 3, 6, and 8.  

Phosphate treatment pH Phase CSa 

(mm s− 1) 
QS or εb (mm s− 1) Hc (T) σd Relative area (%) χ2 

Zero PO4
3− pH 3 

Fe(III) site 1 0.31 0.95   8.8 

0.75 
Fe(III) site 2 0.55 0.76   27.3 
Collapsed sextet 0.5 0 17.7 13.3 63.9 

1 mmol PO4
3− g− 1 pH 3 

Fe(III) site 1 0.35 0.79   17.1 

2.58 
Fe(III) site 2 0.55 0.72   47.7 
Collapsed sextet 0.5 0 15.8 12 35.2 

Zero PO4
3− pH 6 

Fe(III) 0.55 0.81   7.7 
1.86 Collapsed sextet 0.5 0 14.5 11 92.3 

1 mmol PO4
3− g− 1 pH 6 

Fe(III) site 1 0.37 0.8   13.8 

1.67 
Fe(III) site 2 0.6 0.73   27.7 
Collapsed sextet 0.5 0 20 15.1 58.5 

Zero PO4
3− pH 8 

Fe(III) 0.49 1   7.2 
0.91 Collapsed sextet 0.5 0 13.4 10.1 92.8 

1 mmol PO4
3− g− 1 pH 8 

Fe(III) 0.5 1   6.8 
1.7 Collapsed sextet 0.49  10.5 8 93.2  

a Center shift (relative to α-Fe0). 
b Quadrupole splitting (QS, paramagnetic) or quadrupole shift (ε, magnetic). 
c Hyperfine magnetic field. 
d Width of the collapsed sextet. 
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4.1.2. Impact of pH on the structure and sulfate coordination of 
schwertmannite 

Although a substantial amount of tunnel sulfate was released at pH 8, 
XRD showed no alterations in mineralogy (Fig. SI 4), nor did SEM reveal 
any changes in morphology (Fig. 5). Analysis by FTIR and Mössbauer 
spectroscopy, however, indicated nuanced modifications in the 
schwertmannite structure after equilibration at a more alkaline pH. 
Specifically, FTIR showed that at pH 8 (and to a lesser extent at pH 6), a 
larger proportion of the non-releasable sulfate was outer-spherically 
coordinated compared to pH 3. Although FTIR could not quantify this 
portion, previous XAS studies determined that 50% of total sulfate in 
schwertmannite was outer-sphere coordinated at pH 3, which increased 
to 90% and 100% at pH 6 and pH 8 (Wang et al., 2015). The 24 h-pre- 
equilibration at neutral to alkaline pH therefore had a two-fold effect on 
sulfate: (i) a replacement of sulfate by hydroxyl groups, thus increasing 
the amount of hydroxyl surface groups on schwertmannite, and (ii) the 
remaining sulfate in schwertmannite was predominantly present as 
outer-spherical complexes. 

Equilibration at different pH also induced changes in the local 
environment around the Fe(III) atoms in the structure of schwert
mannite (Cashion and Murad, 2012), which was assessed by 57Fe 
Mössbauer spectroscopy. The 57Fe Mössbauer spectra of the pH equili
brated schwertmannite samples were best fit with a combination of one 
or two doublets in addition to a partially ordered sextet (Fig. 8, Table 3). 
The presence of multiple components to fit the spectra indicates a 
diverse molecular environment around the Fe(III) atoms. This aligns 
with the observation that Fe(III) atoms in schwertmannite are sur
rounded by a combination of inner- and outer-sphere sulfate groups, 
along with hydroxyl groups (Cashion and Murad, 2012), resulting in the 
formation of distinct Fe(III) domains, each exhibiting their own 
Mössbauer signatures. Another explanation for the presence of multiple 
subspectra lies in the poorly constrained composition of schwertmann
ite, where more crystalline nanodomains are associated with a short- 
range order matrix, which is characterized by less structural arrange
ment or site defects. While this interpretation aligns with the suggested 
polycrystalline nature of schwertmannite (French et al., 2012), 
Mössbauer spectroscopy cannot conclusively identify the physical origin 
of the distinct Fe(III) sites. It is likely that different molecular environ
ments around the Fe(III) atoms are the result of a combination of co
ordination and multiphase effects. 

At pH 6 and 8, where the majority of sulfate groups was either outer- 
spherically coordinated or had been released (>50%), a significant 
proportion (>90%) of the Mössbauer spectra was fitted with a collapsed 
sextet, implying enhanced crystallinity compared to the pH 3 sample. A 
higher crystallinity with a lower concentration of inner-spherically 
bound sulfate can be understood by examining the molecular-scale 
structure of schwertmannite. Schwertmannite consists of double 
chains of Fe(III)-O octahedra that share corners, creating square tunnel 
cavities held together by sulfate (Schoepfer and Burton, 2021). When 
the inner-spherical bond between sulfate and the Fe–O framework 
breaks, a process that is favored at alkaline pH, the tunnel structure is no 
longer stabilized by sulfate and may collapse. This creates a structurally 
distorted schwertmannite which may serve as the precursor of goethite 
(Wang et al., 2015), where the squared octahedral channel in schwert
mannite would lose two additional Fe(III)-O octahedra to transform into 
the rectangular arrangement of goethite (Fernandez-Martinez et al., 
2010). The changes in the local environment of Fe caused by the 
replacement of FeSO4

2− by Fe–O domains as identified by Mössbauer 
spectroscopy, did not lead to observable changes in long-range struc
tural order (which would be detectable by XRD) nor visible morpho
logical alterations (which are observable by SEM). Similar to previous 
findings for ferrihydrite (Latta et al., 2023), a more magnetically or
dered phased initially formed, which was distinct from schwertmannite, 
but which did not yet results in a new mineral phase. This structural 
transition can be interpreted as a proto-transformation, potentially 
representing a crucial first step in the crystallization process of 

schwertmannite. This concept is consistent with the fact that schwert
mannite is metastable with respect to goethite, especially under alkaline 
conditions (Wang et al., 2015). 

Overall, our results demonstrate that the equilibration pH had sub
stantial impacts on schwertmannite’s affinity for sulfate. At a more 
alkaline pH, the mineral’s surface increasingly consisted of hydroxyl 
groups, and schwertmannite’s sulfate groups exhibited a higher degree 
of outer-sphere coordination. These changes not only affected the mo
lecular structure of schwertmannite, but also had implications for its 
sorption properties regarding phosphate. 

4.2. Impact of pH on schwertmannite’s ligand exchange reaction 

4.2.1. Relationship between sulfate affinity and phosphate sorption 
Phosphate sorption reached a maximum of 1.7 mmol PO4

3− g− 1, 
consistent with previous studies (0.65–2.8 mmol PO4

3− g− 1) (Khamphila 
et al., 2017; Schoepfer et al., 2017; Bai et al., 2021; Fan et al., 2023). 
Notably, the highest sorption in this study occurred at pH 6, while the 
cited research only examined acidic pH conditions. This finding also 
distinguishes schwertmannite from non-sulfate-containing Fe(III) (oxy) 
hydroxides, which typically exhibit maximum phosphate sorption at 
acidic pH (Luengo et al., 2006; Huang et al., 2009). Generally, acidic pH 
allows for a higher surface site density of negatively-charged oxyanions 
because the surface groups on Fe(III) (oxy)hydroxides become increas
ingly protonated. Studies on the point-of-zero charge (PZC) have shown 
that schwertmannite’s PZC is near-neutral (between 5.4 and 7.4), 
similar to iron oxides (Regenspurg, 2002). Hence, a difference in surface 
charge cannot explain the observed pH-effect on phosphate sorption. 
Interestingly, specific acid mine drainage soils, much like the schwert
mannite studied here, also exhibited maximum phosphate sorption at a 
pH of 5.5 (Boukemara et al., 2017). Also, for arsenite, maximum sorp
tion to schwertmannite occurred at pH 9 rather than at acidic pH 
(Burton et al., 2009). This suggests that the sorption maximum of oxy
anions to schwertmannite is not dictated by surface charge alone. 

The sorption maximum of 1.7 mmol PO4
3− g− 1 also exceeds what 

would be expected based on the specific surface area (SSA). The 
schwertmannite synthesized in our study had an SSA of 24 m2 g− 1, 
which lies within the typical range for schwertmannite produced using 
this method (16 m2 g− 1, Liu et al., 2015). However, this value appears 
relatively low compared to other studies of schwertmannite, which re
ported SSAs up to 220 m2 g− 1 (Bigham et al., 1990; Regenspurg et al., 
2004). This discrepancy suggests that BET measurements may not fully 
capture the SSA of schwertmannite, possibly reflecting only the external 
surface area instead of the total SSA. Based on a typical surface site 
density of 3 μmol PO4

3− m− 2 for Fe(III) (oxy)hydroxides (Huang et al., 
2009), the anticipated sorption maximum would be 0.072 mmol PO4

3−

g− 1 (if a SSA of 24 m2 g− 1 is assumed), and 0.660 mmol PO4
3− g− 1 (if a 

SSA of 220 m2 g− 1 is assumed). Both values are much lower than the 
here observed 1.7 mmol PO4

3− g− 1. This discrepancy provides further 
evidence that sorption to schwertmannite is not solely a surface process, 
but relies on exchange reactions involving sulfate- and hydroxyl groups. 

The thermodynamic driving force for this exchange depends on the 
relative affinity of schwertmannite for phosphate compared to its af
finity for sulfate groups (which form inner- and outer-spherical com
plexes in schwertmannite, depending on pH). Unfortunately, in the 
literature, no well-defined stability constants for sulfate groups of 
schwertmannite could be found. Also, because the structure of 
schwertmannite is complex and possibly polyphasic (French et al., 
2012), stability constants of differently coordinated and located sulfate 
groups may vary within the mineral. Even though these are not neces
sarily specific to schwertmannite, commonly used stability constants in 
the literature are derived from those for Fe(III) (oxy)hydroxides (Pai
karay and Peiffer, 2010; Schoepfer and Burton, 2021). 

To gain a deeper insight into the phosphate sorption behaviour of 
schwertmannite, we conducted modeling of the ligand exchange reac
tion in PHREEQC (SI 15), utilizing the constants for Fe(III) (oxy) 
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hydroxides. In the pH-range 4.5 to 7, the amount of sorbed sulfate 
decreased, whereas the amount of sorbed phosphate remained un
changed. The decrease in sorbed sulfate marks sulfate’s sorption edge. 
For pH levels exceeding 7, also phosphate sorption decreased strongly. 
Based on these thermodynamic calculations, the ligand exchange of 
phosphate for sulfate would therefore be most favourable in the pH 
range of 4.5–7, which aligns with the pH range where the sorption 
maximum was observed in our experiments (Fig. 3a). 

The influence of pH on sulfate affinity is also reflected by our 
experimental results. At pH 3 and a phosphate loading of 1.5 mmol PO4

3−

g− 1, 60% of the sulfate remained within the mineral structure (Fig. 3b). 
These non-releasable sulfate groups can be regarded as inaccessible 
sorption sites in our pH 3 experiments. Conversely, at pH 6, only 9% of 
sulfate remained in the structure and a higher loading of 1.7 mmol PO4

3−

g− 1 was achieved. Hence, the lower affinity of schwertmannite’s sulfate 
groups at pH 6 meant that phosphate could more effectively exchange. 
At a more alkaline pH, the surface charge becomes more negative, which 
offsets the favourable effects that arise from the diminished affinity for 
sulfate. Possibly, also structural alterations (see Section 4.1.2) during 
pre-equilibration contributed to the lower phosphate sorption at pH 8. 
As a consequence, the sorption maximum was the lowest among the 
tested pH conditions (1.2 mmol PO4

3− g− 1). 
The observed effects of pH on surface charge, sulfate stability and 

phosphate sorption were further elucidated by quantifying the amount 
of sulfate and phosphate associated with the schwertmannite structure 
(Fig. 9). At pH 3 and high phosphate levels, a total of 2.3 mmol of 
oxyanions per gram were bound, but only 65% of them were phosphate 
ions. At pH 6, only 1.9 mmol of oxyanions were bound per gram, but 
90% of these were phosphate. This proportion decreased to 1.7 mmol 
g− 1, with 75% being phosphate, at pH 8. Hence, sorption on schwert
mannite involved a competitive exchange between schwertmannite’s 
sulfate groups and the sorbing oxyanion. The pH-dependent sorption 
behaviour therefore differs from non-sulfate containing Fe(III) (oxy) 
hydroxides, where sulfate affinity does not play a role. 

It should be noted that also the protonation of phosphate (pKa1 =

2.1, pKa2 = 7.2, pKa3 = 12.7) and the type of phosphate surface complex 
that forms could have contributed to the observed pH-behaviour. Both 
bidentate or monodentate phosphate complexes can form on iron oxides 
(Arai and Sparks, 2001; Elzinga and Sparks, 2007), which undergo 
increased deprotonation at pH > 7.5. At more acidic pH, an increased 
proportion of sorbed phosphate is present as monodentate complexes 

(Elzinga and Sparks, 2007). Exchange of a bidentate sulfate complex for 
a monodentate phosphate complex could also have contributed to the 
observed lower ligand exchange ratio (released sulfate:sorbed phos
phate) under more acidic conditions. Fig. 10 illustrates a potential 
model of phosphate complexation on schwertmannite. Determination of 
the exact coordination complex of phosphate on schwertmannite still 
requires further research by more advanced spectroscopic techniques. 

4.2.2. Effect of pH on the coordination of surface groups and sorption 
kinetics 

In environmental sciences, a profound understanding of kinetics is 
essential as it enables us to assess the timeframes of diverse processes 
(Oldham et al., 2013). In this study, phosphate sorption to schwert
mannite was satisfactorily described using a two-step kinetic model, 
which included a fast, nearly instantaneous, surface sorption process 
and a slower second process. Both processes were influenced by pH. 
Under more alkaline conditions, a higher amount of phosphate was 
sorbed in the fast step (Table 1). The initial sorption rate was one-and-a- 
half times faster at pH 6 compared to pH 3. In contrast, phosphate 
sorption to non-sulfate containing Fe(III) (oxyhydr)oxides is six times 
faster at pH 3 compared to pH 8 (Luengo et al., 2007; Stumm and 
Morgan, 2012). To understand the slower sorption rates at acidic pH for 
schwertmannite, we need to consider the effects of pH on sorption sites 
and sulfate affinity. 

Previously, the fast process was attributed to exchange for surface- 
bound sulfates, while the slower step involved intraparticle diffusion 
of sorbing oxyanions and subsequent exchange for structurally bound 
sulfate (Marouane et al., 2021). Our results from the sorption experi
ments and findings from Wang et al. (2015), however, suggest five 
distinct sorption mechanisms for phosphate on schwertmannite, being 
exchange for: (i) hydroxyl groups, (ii) outer-sphere surface sulfate 
groups, (iii) inner-sphere surface sulfate groups, (iv) inner-sphere 
structural (tunnel) sulfate groups, and (v) outer-sphere structural (tun
nel) sulfate groups. Fast-exchanging groups likely include lower-affinity 
outer-sphere surface sulfate groups and the surface hydroxyl groups. 
Slower sites may involve high-affinity, inner-sphere coordinated sulfate 
on the surface and inner- and outer-sphere sulfate groups in the tunnels. 
The pre-equilibration at more alkaline pH before phosphate addition led 
to the replacement of sulfate in schwertmannite by hydroxyl ions, 
resulting in the formation of surface hydroxyl groups. At pH 6 and 8, 
90% to 100% of the residual sulfate groups became outer-sphere coor
dinated (Wang et al., 2015). Thus, at pH 6 and 8, a notably higher 
number of fast-exchange sites would have become accessible after the 
pre-equilibration step at the start of the sorption experiment. This led to 

Fig. 9. Oxyanions bound to schwertmannite at the end of the sorption exper
iment for the high-phosphate treatment at pH 3, 6, and 8. 

Fig. 10. Schematic Illustration of potential inner-sphere phosphate complexes 
on schwertmannite, as characterized by Arai and Sparks (2001) and Elzinga and 
Sparks (2007), including: (1) a protonated, monodentate complex; (2) a 
deprotonated, monodentate complex, (3) a protonated, bidentate complex; (4) 
a deprotonated, bidentate complex. 
Phosphate complexes occur both in tunnel cavities and on the surface of 
schwertmannite. The schwertmannite structure (resolved by Fernandez-Marti
nez et al., 2010) was downloaded from the American Mineralogist Crystal 
Structure and visualized in VESTA (Momma and Izumi, 2011). 
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a 1.5- times increased initial sorption rate. Also, the decrease in the ratio 
of released sulfate to sorbed phosphate with increasing pH was a result 
of the sulfate having been replaced by hydroxyl ions during the 24-h 
equilibration-period. 

The second slow sorption process on schwertmannite has previously 
been attributed to intraparticle diffusion (Dou et al., 2013; Marouane 
et al., 2021). However, also for the second step, the rate constant was 
found to be 20 times higher at pH 6 and 8 compared to pH 3. Similar 
observations were made for arsenate, where equilibration took longer at 
pH 4 than at pH 7 (Burton et al., 2009). This increase in the rate constant 
could be explained by tunnel sulfates also being present as more loosely 
bound outer-sphere groups at high pH, making them exchange more 
readily. Hence, the rate of the second process was controlled by a 
composite mechanism that included diffusion-based transport con
straints and changes in sulfate affinity. The higher affinity of schwert
mannite for phosphate also allows phosphate to sorb on sites that are 
inaccessible for sulfate (Tofan-Lazar and Al-Abadleh, 2012). This also 
explains the faster sorption rate of phosphate compared to sulfate 
release. In summary, the rate of the second process was controlled by a 
composite mechanism that included diffusion-based transport con
straints and changes in sulfate affinity. 

4.2.3. Impact of phosphate sorption on the structure of schwertmannite 
Phosphate effectively replaced both tunnel and surface sulfates, 

while also exchanging for hydroxyl groups. Independent of pH, FTIR 
analysis (Fig. 7) showed vibration peaks resembling those observed for 
inner-sphere phosphate complexes on ferrihydrite and hematite (Arai 
and Sparks, 2001; Elzinga and Sparks, 2007). In analogy to these 
phosphate complexes, we therefore concluded that phosphate binds to 
schwertmannite by forming both bidentate-binuclear and monodentate 
complexes that undergo increased deprotonation at high pH. Effects of 
phosphate substitution on the long-range structure of schwertmannite, 
as indicated by XRD (Fig. SI 4), seemed minimal. Also, the typical sea- 
urchin morphology of schwertmannite remained unaltered (Fig. 5). 

In contrast to these findings, 57Mössbauer spectroscopy revealed 
clear changes in the immediate vicinity of the Fe(III)-atoms within the 
schwertmannite structure. Mössbauer spectra were fitted by a combi
nation of a collapsed sextet and one or two doublet spectra. The pro
portion of the collapsed sextet was smaller in samples that had received 
phosphate compared to phosphate-free treatments (Fig. 8, Table 3). For 
phosphate-treated samples, the lower proportions of the collapsed sextet 
thus suggest an inhibition of the proto-transformation. It is likely that 
phosphate stabilized the low-crystalline schwertmannite structure 
against transformation to more crystalline phases by forming strong 
inner-spherical complexes, which then prevented a collapse of the Fe 
(III)-O tunnel framework. The stabilizing effect was also found for 
other oxyanions binding to schwertmannite (Shan et al., 2023). It is 
furthermore consistent with previous studies on phosphate binding to 
schwertmannite under reducing (i.e. Fe(II)- catalysed) conditions 
(Schoepfer et al., 2019). 

A lower crystallinity compared to phosphate-free conditions also 
suggests an increased structural disorder resulting from phosphate-for- 
sulfate substitution. This is likely due to the smaller sulfate (ionic 
radius of 0.230 nm, Wilkinson and Gillard, 1987) being replaced by the 
larger phosphate ion (ionic radius of 0.238 nm). Replacement of sulfate 
with a larger oxyanion distorts the tunnel structure of schwertmannite, 
leading to a reduction in crystallinity (Regenspurg and Peiffer, 2005; 
Schoepfer et al., 2019). It is also plausible that structural defects are 
necessary to accommodate phosphate in the schwertmannite framework 
(Shan et al., 2023). Interestingly, this phenomenon was absent in the pH 
8 samples, highlighting the need for further research. Spectroscopic 
methods like XAS could offer further insights into the mutual in
teractions between phosphate sorption and the structural trans
formation of schwertmannite. 

5. Conclusions and implications 

This study integrates phosphate sorption experiments across varied 
pH conditions with analyses of sulfate affinity to schwertmannite and 
changes in the mineral structure. We found that pH had a profound 
impact on both maximum phosphate sorption capacity and kinetics. 
Unlike sulfate-free Fe(III) (oxyhydr)oxides, phosphate sorption was 
highest at circumneutral pH, which we explained by the effects of pH on 
schwertmannite’s affinity for sulfate. Increased pH leads to outer-sphere 
sulfate coordination and more available sorption sites. Faster phosphate 
sorption and sulfate release kinetics were observed in circumneutral 
conditions. 

An intriguing aspect of our study is the occurrence of a more 
magnetically-ordered collapsed sextet, indicating the replacement of 
FeSO4-sites with Fe-O-sites, especially during the equilibration of 
schwertmannite at high pH. This was interpreted as a proto- 
transformation of schwertmannite’s structure as an initial step in the 
transformation towards a more crystalline mineral phase. It should be 
noted that although this structural change was fast (i.e. within days), 
schwertmannite continued to be the dominant mineral even after four 
weeks of equilibration at pH 8, as confirmed by XRD (SI 12). The 
emerging phase, even though temporary, may therefore represent an 
important but overlooked phase in environments where schwertmannite 
is abundant. 

Our research has several practical implications for the use of 
schwertmannite as a sorbent in environmental remediation and in 
managing nutrient availability in cultivated acid sulfate soils. Impor
tantly, our experiments demonstrated that schwertmannite exhibits a 
high phosphate sorption capacity at both low and near-neutral pH levels. 
This characteristic property underscores schwertmannite’s relevance as 
a phosphate sorbent in acid sulfate soils, including cultivated ones where 
schwertmannite and elevated phosphate concentrations may coexist 
(Fitzpatrick et al., 2017a). In such environments, liming is a widespread 
practice that typically raises the pH of the topsoil to near-neutral levels 
(Sarangi et al., 2022). 

Schwertmannite has also recently gained attention as a promising 
sorbent for wastewater treatment and for mitigating phosphate pollu
tion in eutrophic surface waters with near-neutral pH (Simon and Bur
ghard, 2016). Furthermore, it has been proposed as a low-cost and 
innovative sorbent for use in filter beds, particularly in agricultural 
landscapes (Janneck et al., 2015; Marouane et al., 2021). An advantage 
of using schwertmannite in these applications is its long-term persis
tence in the environment in the presence of high phosphate concentra
tions. However, while schwertmannite exhibits remarkable phosphate 
sorption capabilities, the results of this study also underpin the need to 
consider the potential negative effects on water quality of sulfate release 
caused by ligand exchange. 

Our study highlights the need for further research on the interplay 
between structural changes and sorption properties, especially in the 
early stages of schwertmannite transformation. Based on our findings, 
we suggest that future research places a greater emphasis on investi
gating sulfate affinity for schwertmannite. An integrated approach, 
involving simultaneous investigation of oxyanion sorption, sulfate 
release, and structural studies, is essential for a thorough understanding 
of how pH influences schwertmannite’s sorption properties. 
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