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A B S T R A C T

Groundwater is one of the major sources for drinking water supply worldwide. Conventional iron removal via 
aeration-filtration produces about 72,802 t of iron sludge annually in the Netherlands alone. Iron sludge com
prises low-density flocs of little to no commercial value. The current study explored a novel concept for iron 
removal, namely anoxic iron sulfides formation in a fixed bed continuous flow reactor. Iron sulfides usually form 
dense structures and offer a wider range of re-use applications. A packed bed up-flow column reactor filled with 
pyrite granules was fed iron and sulfide containing solutions. Produced solids were analyzed applying X-ray 
diffraction analysis, Raman spectroscopy, digital microscopy, scanning electron microscopy and energy disper
sive X-ray spectroscopy. Rapid iron sulfides formation was observed after < 10 min. The formed minerals were 
partially retained by the pyrite granules. The molar ratio of removed Fe(II) to removed S(-II) equaled up to 0.76 
± 0.16 mol Fe(II)rem/(mol S(-II)rem). Our results show that iron sulfides formation can present an interesting 
alternative to iron removal via aeration-filtration due to its compact particle sizes and fast formation rates.

1. Introduction

Groundwater is one of the major sources of drinking water supply 
worldwide. One common groundwater constituent which needs to be 
removed is iron. Iron concentrations in groundwater can range from 0 to 
> 50 mg/L. The limit set by the World Health Organization for drinking 
water is 0.3 mg/L [1], because elevated iron concentrations cause taste 
and staining issues and clogging of pipes. Conventionally, iron is 
removed via aeration followed by rapid sand filters. During this process 
Fe(II) is oxidized to Fe(III), which precipitates as Fe(OH)3. Precipitated 
Fe(OH)3 is subsequently retained by the rapid sand filter [2].

The conventional method produces strong water binding and bulky 
iron flocs. The formation of vast amounts of iron sludge leads to frequent 
energy intensive backwashing of the filters, and high energy use for the 
transport of iron sludge. Other disadvantages of conventional aeration- 
filtration are the water consumption required for backwashing and the 
temporary interruption of the filter operation. About 72,802 t of iron 
sludge are produced annually in the Netherlands alone [3]. Iron sludge 
is typically of little to no commercial value and only has a few appli
cations [4].

Precipitating Fe(II) anoxically before aeration has the potential to 
form a product that is denser than the iron sludge currently obtained, as 

previously demonstrated for the phosphate mineral vivianite [5]. The 
formation of valueless iron sludge and filter backwash frequencies could 
be reduced, and the overall amount of backwash water to be treated 
decreased. Sulfide might be an interesting alternative precipitant. Sul
fide (S(-II)) is a groundwater-native compound known to readily pre
cipitate Fe(II) forming a wide range of compact iron sulfides [6]. 
Additionally, sulfide as H₂S can participate in redox reactions, with 
protons acting as the oxidant reduced to H₂, and sulfide serving as the 
reductant [7]. One commonly found iron sulfide is pyrite (FeS2), a dense 
crystal often formed in anoxic sediments [8]. Other prominent iron 
sulfides are greigite (Fe3S4), mackinawite (FeSm) and marcasite (FeS2) 
the polymorph of pyrite. FeSm is usually the first precipitate to form in 
anoxic iron sulfide experiments at ambient temperatures [9].

Previous investigations into the formation of iron sulfides, such as 
pyrite, typically aimed to understand the fundamental formation path
ways in natural systems such as marine sediments [8], to study iron 
sulfide scale formations in engineered systems [10,11], or to produce 
pyrite at high temperatures for technical applications [12]. To our 
knowledge, this study is the first to explore the concept of S(-II) dosing 
for iron removal using (i) a fixed bed continuous flow reactor, (ii) a 
hydraulic retention time comparable to drinking water treatment plant 
filters (19 min), and (iii) S(-II) dosing via a dissolved sulfide containing 
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solution. There has been one previous study that explored S(-II) dosing 
by H₂S purging for six hours in groundwater batches, achieving iron 
removal efficiencies of 75–83 % [13]. In addition, iron sulfides are 
increasingly studied for their potential use in water treatment [14–20]. 
This indicates that iron removal through formation of iron sulfides may 
be a promising alternative to conventional oxic removal, offering mul
tiple benefits - not only removing iron but also potentially targeting 
other contaminants.

2. Materials and methods

2.1. Experimental set-up

Fig. 1 shows a schematic overview of the lab-scale up-flow column 
reactor. The column reactor was filled with granular pyrite and fed with 
a sulfide and a Fe(II) containing solution which mixed just before 
entering the reactor. In- and effluent samples were analyzed for iron, 
sulfide and pH. Electrical conductivity was measured inline.

Inflatable aluminum-laminate bags (3 & 10 L, Unibrew Nederland, 
Netherlands) were used for storing the influent media and collecting the 
effluent. One in- and effluent bag was operated at a time. The second bag 
allowed for uninterrupted operation of the reactor during replacement. 
The aluminum laminate provides an oxygen barrier to keep the liquid 
anoxic and deflates and inflates as liquid enters or leaves, respectively. A 
glass cylinder (117 mL) of 40.0 cm length with a diameter of 1.9 cm was 
selected as reactor. It has a stainless-steel mesh at the inlet and outlet. 
The reactor was operated in up-flow mode. Peristaltic pumps (120 U, 
Watson-Marlow Fluid Technology Solutions, UK) were used to feed the 
system and Watson Marlow Marprene tubing was used for the pumps 
(902.0016.016, Watson Marlow, UK). All remaining tubing were made 
of polyurethane (PUN-H-6X1-SW, Festo, Germany). Experiments were 

performed in a fume hood.
The reactor was filled with granular pyrite (Mineraliengrosshandel 

Hausen GmbH, Austria) sieved for a diameter range of 1.4 to 2.8 mm. 
Additionally, two polished cubic pyrite granules (MIKON GmbH, Ger
many) were added for scanning electron microscopy analysis [14]. Py
rite was added since it is known to catalyze the formation of new pyrite 
crystals [10,14], can provide a surface area for pyrite crystal growth 
and, while other iron sulfides may also have catalytic effects, pyrite is 
the most stable iron sulfide mineral. The pyrite was thoroughly dried 
and rinsed using 0.5 M HCl and deionized water.

2.2. Operational conditions

Mohr's salt ((NH4)2Fe(SO4)2⋅6H2O) was used as Fe(II) source, as it is 
reported, that Fe(II) from this salt is more resistant to oxidation 
compared to other Fe(II) salts [6]. Na2S⋅9H2O was utilized as sulfide 
source [15]. There is little chemical difference between utilizing Na2S, 
NaHS or H2S + NaOH, with respect to iron sulfide formation studies [6]. 
Sodium sulfite was utilized as oxygen scavenger (79 mg/L) and NaHCO3 
was dosed as a pH buffer (235 mg/L). The pH was adjusted to 6.1 ± 0.1 
using HCl (Honeywell, USA). Applied chemicals were of ACS Grade or 
higher and if not stated differently, purchased from Merck Sigma (Ger
many). All media were sparged using N2-gas until an oxygen concen
tration of < 0.02 mg O2/L was reached. Subsequently, solutions were 
prepared in a vinyl (PVC) anoxic chamber (Coy Laboratory Products, 
USA). The anoxic chamber was filled with a gas mixture of 5 % hydrogen 
and 95 % argon gas (impurity < 200 vpm). Anoxic conditions in the 
chamber were secured, by an airlock, weekly regenerated palladium 
catalysts and continuous O2 measurements. The humidity was kept < 70 
% using silica beads (confirmed by hygrometer measurements). Exper
iments were performed at room temperature of approximately 21 ◦C.

Fig. 1. Scheme of the lab-scale packed bed up-flow column reactor for iron sulfide formation. The Rectangle labelled “EC & T” represents an electrical conductivity 
(EC) and temperature (T) probe. In- and effluent sampling ports are indicated with “IN” and “EFF”, respectively.
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For the experiment the reactor was fed Fe(II) and sulfide containing 
solutions that mixed just before entering the reactor. Two S(-II) dosing 
ratios were investigated, henceforth referred to as the low and high 
dosing ratio. These two ratios were used to derive a relationship between 
dosed sulfide concentrations and respective iron removals. After dosing 
the high sulfide concentrations, the dose was decreased again to validate 
the relation between sulfide dose and iron removal. The low sulfide 
dosing ratio equaled 0.4 ± 0.1 mmol S(-II)/mmol Fe(II). The high dosing 
ratio equaled 1.1 ± 0.4 mmol S(-II)/mmol Fe(II). The incoming iron 
concentration was constant at 19.8 ± 1.8 mg Fe(II)/L, representing a 
typical level found in groundwater.

Phreeqc [16] calculations indicate the principle feasibility of iron 
sulfide formation at the experimental conditions. The calculated satu
ration indices were 2.1 and 17.3 for FeSm and pyrite at the low dosing 
ratio and 2.2 and 17.5 for FeSm and pyrite at the high dosing ratio, 
respectively.

Prior to starting the experiments, anoxic conditions were confirmed 
by dissolved oxygen measurements. The reactor inflow was adjusted to 
185 mL/h leading to an average hydraulic retention time (HRT) of 19 
min. The HRT was chosen to reflect typical values in drinking water 
treatment plant filters and because iron sulfide precipitation at the 
investigated concentrations typically completes within minutes [17]. 
The porosity used for calculating the HRT was 0.49 (57 ± 1 mL) and was 
estimated using a salt tracer and physical considerations (see SI 1).

2.3. Analysis of dissolved constituents

Prior to use, sampling syringes were flushed using N2 gas. Media was 
drained for two minutes through the sampling port before connecting 
the syringe to ensure anoxic conditions. The iron concentration was 
quantified using Hach method LCK 320 & LCK321 (Hach Lange GmbH, 
Germany). The pH was estimated using a sulfide resistant probe (InPro 
3250i/SG/225, Mettler Toledo, Switzerland). An optical IDS sensor 
(FDO® 925, Xylem Analytics, USA) was used for dissolved oxygen 
measurements and the electrical conductivity was measured using a 
TetraCon® 925 (Xylem Analytics, USA).

S(-II) concentrations were determined using the methylene blue 
method applying Hach tests LCK653. S(-II) samples were analyzed 
immediately. However, a few sulfide samples were conserved by im
mediate addition of zinc acetate and NaOH for later analysis [18]. They 
were stored in the fridge prior to analysis. Conservation stabilizes the 
samples for at least seven days [19]. Successful conservation was 
confirmed by own measurements. If not otherwise specified, all uncer
tainty ranges indicate the standard deviation.

2.4. Analysis of solid phases

Two kinds of solids were analyzed, namely, suspended solids in the 
effluent and the pyrite granules. Effluent suspended solids were 
analyzed applying X-ray diffraction (XRD), and Raman Spectroscopy. 
Pyrite granules were analyzed using a digital microscope, scanning 
electron microscope (SEM) and SEM-energy-dispersive X-ray spectros
copy (EDX).

2.4.1. Collection
The effluent was collected in the aluminum laminate bags. The bags 

were first flushed using N2 gas and then evacuated before being con
nected to the system to ensure that the collected effluent remained free 
from oxygen. Subsequently, the effluent was filtered to collect any 
formed solids on a filter paper disc. A Nalgene™ Reusable Filter Unit 
(Thermo Fisher Scientific Inc., USA) with three openings on top was 
used. After placing the 0.1 μm filter paper discs (Cyclopore Track Etched 
Membrane, Whatman, USA) the headspace was flushed using N2 gas for 
five minutes. The effluent bag was directly connected to the top part of 
the filter unit and the media was slowly added to the filter unit. The 
headspace of the filter unit was flushed using N2 gas throughout the 

filtration process to keep the media anoxic. After filtration, the filter 
papers discs were immediately moved to the anoxic chamber where they 
were dried prior to analysis.

2.4.2. XRD
X-ray diffraction analysis was performed using a D8 Advance Eco 

(Bruker Corporation, USA) to identify any formed crystallographic 
structure that flushed out from the up-flow column reactor. Analysis was 
performed on the solids retained on the filter paper discs. XRD patterns 
were collected in the range of 5–90◦ 2θ using the following settings: 0.6 
mm receiving slit, 0.1 s/0.0103◦ 2θ counting time.

2.4.3. Raman spectroscopy
Raman spectroscopy was carried out using a Renishaw Invia Reflex 

(Renishaw, UK). Solids retained on the filter paper disc were analyzed 
under the following settings: 515 nm, 1 % I of 50 mW, 20 acc, dwell time 
2 s, center range 1050 cm− 1.

2.4.4. Digital microscope
A digital microscope (VHX-500, Keyence Corporation, Japan) was 

used to take pictures of the pyrite granules before and after the experi
ments. Pyrite granules were dried in an anoxic chamber containing silica 
desiccants.

2.4.5. SEM-EDX
Scanning electron microscopy and energy dispersive X-Ray spec

troscopy were performed on two polished cubic pyrite granules to 
investigate whether any crystal growth, mineral depositing or surface 
transformation had occurred. The polished pyrite cubes were analyzed 
before and after the experiments. We used a NovaNano SEM (FEI, USA).

Before the experiments pyrite granules were immersed in 0.4 M HCl 
for ten minutes followed by polishing using a wool felt and subsequent 
cleaning with deionized (DI) water. After the experiments pyrite gran
ules were taken from the reactor after draining the remaining anoxic 
water by flushing the column using N2-gas. The column was then sealed 
and moved to the anoxic chamber to withdraw the polished cubic pyrite 
granules.

One face of each cubic pyrite crystal was analyzed. Half of the 
analyzed face was gently cleaned using a cosmetic tissue followed by 
rinsing with DI water. Afterwards the cubes were immediately freeze 
dried and Au-coated prior to analysis.

3. Results

3.1. Iron removal through sulfide dosage

A packed bed up-flow column reactor filled with pyrite granules was 
operated for the treatment of anoxic Fe(II) containing water (Fig. 2). The 
average iron influent concentration equaled 19.8 ± 1.8 mg Fe(II)/L and 
the average influent sulfide concentration was 5.3 ± 1.6 mg S(-II)/L and 
11.3 ± 2.5 mg S(-II)/L for the low and high dosing ratio, respectively. 
During the low dosing ratio, the effluent Fe(II) concentration was rela
tively high, 18.4 ± 0.5 mg Fe(II)/L (pore volume 0–240 and 900 on
wards), removing an average of 2.4 ± 0.4 mg Fe(II)/L from the water. 
Increasing the sulfide dose led to a 4-fold increase in Fe(II) removal, 
reaching an average of 9.9 ± 1.5 mg Fe(II)/L in the effluent (between 
500 and 730 pore volumes). The average effluent sulfide concentration 
equaled 1.2 ± 0.5 mg S(-II)/L and 4.6 ± 1.6 mg S(-II)/L for the low and 
high sulfide dosing, respectively. Effluent sulfide includes FeS bound 
sulfide; the methodology does not make it possible to distinguish free 
and bound sulfides. Thus, it remains unclear whether the dosed sulfide 
had entirely reacted with the iron in the column. A comparison between 
filtered (0.22 μm nanopore filter) and unfiltered effluent samples indi
cated 55 % lower sulfide concentrations for the filtered samples. 
Notably, part of the sulfide oxidized in the influent bag before entering 
the reactor.
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The pH for the low Fe/S dosing ratio was 6.1 ± 0.1 for the in- and 
effluent. The pH for the high Fe/S dosing ratio was 6.0 and 5.9, for the 
in- and effluent respectively. The effluent electrical conductivity was 
682 ± 19 μS/cm and 723 ± 49 μS/cm, for the low and high dosing ratio 
respectively.

3.2. Iron to sulfide ratio

The ratio of removed Fe(II) over removed sulfide for the low and high 
dosing ratio is given in Fig. 3. Higher levels of removed Fe(II) per 
removed sulfide were observed for the high dosing ratio. The removed 
Fe(II) and sulfide concentrations were calculated for each time point by 
subtracting the respective effluent from the influent concentration. The 
absolute standard deviation was approximately 0.15 for both dosing 
ratios. The dashed lines indicate the theoretical molar Fe:S ratios for iron 
sulfide minerals pyrite (0.5) and mackinawite (1.0).

3.3. Deposits on pyrite granules

Fig. 4 shows digital microscopy pictures of pristine and recovered 
pyrite granules after reactor operation. Clear black deposits can be seen 
on the pyrite granule recovered after the experiment (Fig. 4B) compared 
to the pristine one (Fig. 4A). The formed deposits could easily be wiped 
off from the pyrite granule, which is illustrated in Fig. 4C. Following a 
gentle cleaning, the shiny area marked with the red frame regained its 
pre-experiment appearance.

To examine potential occurrences of crystal growth, mineral depo
sition, and surface transformation, and to determine the elemental 
composition of the surface SEM and SEM-EDX analyses were performed. 
Fig. 5 shows the polished pyrite surface before and after the experiment. 

SEM-EDX analysis revealed the presence of sulfur and iron minerals on 
the pyrite cubes. No evidence of pyrite crystal growth was found. The 
white leaf-like shape in the center of Fig. 5B is most likely an irregularity 
of the crystal itself, rather than a structure which formed during the 

Fig. 2. Iron (A) and sulfide (B) concentrations in the influent (closed circles) and effluent (open circles) in the up-flow packed bed reactor. Experiments were 
conducted at a low (0–240 and 900–960 pore volumes) and high (500–730 pore volumes) sulfide concentration in the influent. HRT = 19 min.

Fig. 3. Molar ratios of removed Fe(II) to removed sulfide. Error bars indicate 
the standard deviation. For reference, dashed lines are added indicating molar 
ratios of Fe:S for mackinawite (FeSm) and pyrite (FeS2).
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experiments.
The average ratio of Fe:S detected at the pyrite surface equaled 

1.0:4.5 ± 0.6 (n = 4) and was estimated using SEM-EDX.

3.4. Suspended solids in water

Both influent and effluent visually contained black suspended solids 
(Fig. 6). Raman spectroscopy indicated the presence of rhombic sulfur 
(Fig. 7A and B) and pyrite (Fig. 7C) in the effluent filter residues 

Fig. 4. Digital microscope images of pyrite granules. Pristine pyrite granule (A). Pyrite granule recovered at the end of reactor operation (B). Polished pyrite cube 
recovered at the end of reactor operation; a part of the surface was gently wiped off using a cosmetic tissue and rinsed with anoxic DI-water (red framed area) (C).

Fig. 5. SEM images of polished pyrite surface before the experiment (A). Images after the experiment of gently wiped and rinsed surface (B) and solely rinsed surface 
(C). D shows an amplification of C.
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collected during the high sulfide dosing [20]. Note that most analyzed 
samples did not result in any identifiable Raman spectra. No samples 
delivered an interpretable Raman spectrum for the lower sulfide dose. 
XRD analysis could not identify any crystalline structures on the anoxic 
filter residues. Oxidized filter samples indicated the presence of the iron 
oxyhydroxide lepidocrocite (see SI 2).

4. Discussion

4.1. Particulate iron sulfides formation

The current investigation successfully demonstrated iron removal 
via sulfide dosing. One possible mechanism for iron removal was the 
formation of mackinawite. FeSm forms from the reaction of HS− , H2S or 
polysulfides with Fe(II), becomes visible in solutions as black discolor
ation and usually is nanocrystalline [21]. In this study, the sampled 
influent clearly showed a black discoloration (Fig. 6).

Applying the rate equation for FeSm formation to the investigated 
conditions of about 19.8 mg Fe(II)/L and 11.3 mg S(-II)/L yields in 
initial formation rates that suggest a depletion of reactants in approxi
mately 6.6 min [8]. This is a third of the applied HRT and matched well 
with the observation that most of the black precipitates retained in the 
bottom half of the up-flow-column reactor.

Several studies observed mackinawite formation under similar con
ditions. It is generally mentioned as the first precipitate to form in anoxic 
iron sulfide formation experiments at ambient temperatures [8,9]. 
Especially, in studies towards pyrite formation it has been observed [6] 
due to its rapid formation kinetics and low solubility [22]. In the current 
investigation the SEM image in Fig. 5D shows similarities to images of 

mackinawite [23]. Additionally, lepidocrocite, an oxidation product of 
FeSm [24] was identified.

Mackinawite is difficult to detect applying XRD and Raman analysis. 
Firstly, the nanocrystalline FeSm is sensitive to oxidation [6,25,26]. 
Even though handled carefully, it cannot be excluded that FeSm oxidized 
before analysis. Secondly, the nanocrystalline size is too small to be 
detected by XRD [6]. XRD therefore indicates it is an amorphous state, 
although it is not [27]. Future investigation could utilize Mössbauer 
spectroscopy. Mössbauer spectroscopy seems to overcome the issue of 
nano crystallinity, since it does not require long-range ordering of the 
crystal structure [25]. The clear black discoloration of the influent 
samples and comparison to similar studies suggest that mackinawite was 
the main iron sulfide formed in this investigation. The molar ratios of 
removed Fe(II) to S(-II) do not equal the mackinawite ratio (1:1) (Fig. 3), 
suggesting that other reactions took place leading to the removed Fe(II) 
to S(-II) ratios.

Minor amounts of pyrite were detected in the suspended solids in the 
effluent. There are three mechanisms that can explain pyrite formation 
in this investigation. These can be categorized in nucleation and crystal 
growth [8]. Nucleation can occur via the polysulfide [8,28–30] and H2S 
pathway [8,28,31,32], crystal growth via the congruent dissolution re
action [8]. All these pathways are thermodynamically favorable at 
investigated conditions [6].

In this study, pyrite formed most likely via the H2S-paythway. H2S 
and Fe(II) were present in sufficient concentrations for the SI to exceed 
11 and pyrite granules were present to catalyze the reaction [8]. Pyrite 
formation via the polysulfide pathway is unlikely, because polysulfides 
only make up a minor fraction at the investigated pH of 6.0 ± 0.2 [33]. 
Also, the polysulfide pathway is about two magnitudes slower than the 
H2S-pathway [28]. Lastly, crystal growth likely did not occur, since FeSm 
would form more rapidly than pyrite [8] under the studied experimental 
conditions. Thus, FeSm would have depleted the reactants for crystal 
growth.

4.2. Iron sulfides retention in column and competing formation pathways

It is assumed that rhombic sulfur accounts for the relatively low Fe:S 
ratio of 1.0:4.5 ± 0.6 on the pyrite cubes surface, measured by SEM- 
EDX. Therefore, also leading to the relatively low Fe(II)rem:S(-II)rem ra
tios (Fig. 3). Note that, a ratio of 1:1 would be expected if pyrite 

Fig. 6. Syringe filled with an influent sample taken during the high sul
fide dosing.

Fig. 7. Raman pattern of effluent suspended solids. A–C were retrieved from solids retained during the high sulfide dose. A and B show peaks at 152, 218 and 472 
cm− 1 indicating the presence of rhombic sulfur. C shows peaks at 342 and 378 cm− 1 indicating the presence of pyrite.
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formation does not occur and S(-II) would only be consumed by FeSm 
formation. Rhombic sulfur likely formed through the oxidation of sulfide 
by oxygen since millimolar sulfide solutions are sensitive to oxidation 
[8]. Part of the sulfide appears to have oxidized to rhombic sulfur prior 
to entering the reactor. Moreover, Fe(III) impurities could have caused S 
(-II) oxidation [17] and the dosed sulfite could have oxidized part of the 
S(-II) leading to rhombic sulfur formation [34]. To provide direct evi
dence of rhombic sulfur on the pyrite granules, a follow-up study could 
employ X-ray photoelectron spectroscopy (XPS) or sulfur isotope 
analysis.

Impurities of Fe(III) and the dosed sulfite likely also contributed to 
the differences in removed Fe(II) to removed S(-II) ratios shown in Fig. 3. 
For the low and high sulfide dosing the ratios were 0.33 ± 0.14 and 0.76 
± 0.16 Fe(II)rem:S(-II)rem, respectively. Assuming the offset from impu
rities is consistent across both conditions and that FeSm is the primary 
iron sulfide formed, this suggests that a greater fraction of sulfide at the 
low dosing level reacts with sulfite and Fe(III), leaving less available for 
Fe(II) removal. As a result, the removed Fe(II) to removed S(-II) ratio is 
lower at the lower sulfide dose. Note that the removed Fe(II) to removed 
S(-II) ratios in Fig. 3 do not directly represent the stoichiometry of 
formed solids. This is due to the consumption of sulfide by Fe(III) im
purities and sulfite and because some solids might have flushed out. 
Moreover, the applied analytical method did not allow differentiation 
between bound and free sulfides in the effluent.

The pyrite granules led to the retention of iron sulfides in the reactor. 
This retention likely occurred through two mechanisms: (i) filtration, 
where particulate iron sulfide aggregated and got trapped based on size, 
and (ii) electrostatic interactions. The mechanism of electrostatic 
interaction is illustrated by comparing the point of zero charges (PZC) 
for the iron sulfide FeSm and pyrite with the pH during the experiments. 
The PZC of FeSm equals pH = 7.5 [21]. Meaning the FeSm surface is 
charged positively at a pH < 7.5 and negatively at a pH > 7.5. The PZC of 
pyrite is pH 2 in the absence of potential-determining ions and pH 5 in 
the presence of potential-determining ions, specifically around 28 mg Fe 
(II)/L [35]. This implies that, at the measured pH of approximately 6.0 
± 0.1, the pyrite surface is negatively charged, while the FeSm surface is 
positively charged. The opposite surface charges probably led to the 
retention of FeSm on the pyrite granules surface. The pyrite granule bed 
did not catalyze pyrite formation nor served as a base for pyrite crystal 
growth, as reported elsewhere [10]. One possible explanation is that 
rhombic sulfur and iron sulfide deposits coated the surface of the pyrite 
crystals, significantly reducing the available catalytic surface area.

4.3. Prospects on iron sulfides formation for groundwater treatment

This study has shown rapid anoxic iron sulfides formation in solution 
upon sulfide dose and achieved a molar Fe(II)rem:S(-II)rem of up to 0.76 
± 0.16 (Fig. 3). Experimentally observed iron sulfides formation char
acteristics indicated general applicability for typical groundwater 
treatment settings for two reasons. Firstly, iron sulfides formed rapidly 
within a timeframe of < 10 min which allows for small reactor design. 
Secondly, iron sulfides could be retained. The design and operational 
parameters need to be optimized for the formation and retention of iron 
sulfides. Moreover, interactions with other ions commonly found in 
groundwater, such as Mn2+ and Ca2+, need to be investigated.

In a typical groundwater treatment scheme for drinking water pro
duction this technique could be placed after groundwater extraction and 
before aeration and filtration. Therefore, the number of backwashes is 
drastically reduced, while compact iron sulfides are produced instead of 
low-value bulky iron sludge. Formed particulate iron sulfide would need 
to be separated prior to aeration. A potential method to separate formed 
particles is filtration. Additionally, the hypothesized electrostatic 
removal of FeSm particles could be further investigated. FeSm could 
potentially be removed via an oppositely charged surface. For instance, 
an electrically charged surface, which allows for charge dependent 
adhesion and detachment.

In-situ electrochemical sulfate reduction producing S(-II) could 
provide a viable solution for iron sulfide formation. This approach 
would make chemical sulfide dosage redundant since groundwater 
native sulfate could be reduced electrochemically to S(-II) [36,37]. 
Fortunately, sulfate concentrations often exceed iron concentrations to 
such an extent that in-situ electrochemical S(-II) formation could pro
vide sufficient reactants even for pyrite (FeS2) formation (groundwater 
data in [38]). Aeration facilities can remove excess sulfide that might 
escape from an iron-sulfide formation reactor. It is estimated that 
aeration removes H2S concentrations up to 2 ppm [39].

The estimated costs for electrochemical generation of sulfide to treat 
a groundwater containing 10 mg Fe(II)/L equal 0.012 €/m3, for the 
formation of the iron sulfide mackinawite (see SI 3 for details). These 
additional costs might be balanced by the sale of produced iron sulfides, 
and lower transport and disposal costs. Additionally, filter backwash 
frequencies and backwash water treatment can be reduced. The prin
ciple feasibility of in-situ electrochemical sulfate reduction producing S 
(-II) has been demonstrated [36,37,40]. A previous investigation 
showed in-situ electrochemical generation of H2S for a fluidized bed 
reactor reporting a precision of ±0.25 % in concentration ranges of 0.06 
and 1900 μmol L− 1 [40].

The rapidly formed iron sulfides do not only remove iron, but have 
several properties that allow to be employed for further treatment of 
water. For instance, FeSm could be used for the simultaneous treatment 
of As(III). Although, As(III) sorps better to ferrihydrites, also FeSm can be 
used as As(III) adsorbent [41]. The adsorption capacity of As(III) to FeSm 
was estimated to equal 0.012 mol As(III) per mol FeSm [42]. Converting 
this to Fe(II) equals a capacity of 16 μg As(III)/mg Fe(II). Next to 
adsorption, also formation of minerals such as orpiment (As2S3), realgar 
(AsS) and arsenopyrite (FeAsS) are proposed for arsenic immobilization 
[43]. Yet, it should be noted that As speciation in the presence of sulfide 
is complex and requires applied investigations. Other literature suggests 
iron sulfides have potential for co-removal of metals, organic contami
nants and nutrients, such as nitrogen and phosphate [26,44,45]. More 
recently also removal of chromium [46], PFOA [47] and pharmaceuti
cals [48] are linked to iron sulfide formation, illustrating their potential 
wide range of interest.

5. Conclusions

This study has provided a novel perspective on anoxic groundwater 
treatment for drinking water production. It demonstrated the principal 
feasibility of iron removal via sulfide dosing in a fixed bed continuous 
flow reactor. We have revealed that iron sulfides formation can present 
an interesting alternative to conventional aerobic iron removal, due to 
its fast formation rates (< 10 min) and relatively compact particle sizes. 
The molar ratio of removed Fe(II) to removed S(-II) equaled up to 0.76 
± 0.16 mol Fe(II)rem/(mol S(-II)rem). Further investigations are needed 
to optimize the design and operational parameters for the formation and 
retention of iron sulfides in groundwater treatment.
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