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Magnetite synthesis from ferrous iron solution at pH 6.8 in
a continuous stirred tank reactor
Yvonne M. Mos, Karin Bertens Zorzano, Cees J. N. Buisman
and Jan Weijma

ABSTRACT
Partial oxidation of deﬁned Fe2þ solutions is a well-known method for magnetite synthesis in batch
systems. The partial oxidation method could serve as basis for an iron removal process in drinking
water production, yielding magnetite (Fe3O4) as a compact and valuable product. As a ﬁrst step
toward such a process, a series of experiments was carried out, in which magnetite was synthesized
from an Fe2þ solution in a 2 L continuous stirred tank reactor (CSTR) at atmospheric pressure and
32  C. In four experiments, elevating the pH from an initial value of 5.5 or 6.0 to a ﬁnal value of 6.8,
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7.0 or 7.5 caused green rust to form, eventually leading to magnetite. Formation of NHþ
4 in the

reactor indicated that NO
3 and subsequently NO2 served as the oxidant. However, mass ﬂow

analysis revealed an inﬂux of O2 to the reactor. In a subsequent experiment, magnetite formation
was achieved in the absence of added nitrate. In another experiment, seeding with magnetite
particles led to additional magnetite precipitation without the need for a pH elevation step. Our
results show, for the ﬁrst time, that continuous magnetite formation from an Fe2þ solution is
possible under mild conditions, without the need for extensive addition of chemicals.
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INTRODUCTION
Groundwater is often used as a source for drinking water
and can contain up to 50 mg L1 of ferrous iron. Iron
removal is a necessary step in the production of drinking
water, since the World Health Organization recommends
an iron level of less than 0.3 mg L1 (WHO ). Currently,
ferrous iron is usually removed by aeration, which leads to
uncontrolled chemical precipitation of the resulting ferric
iron, followed by sand ﬁltration to remove the precipitates
(Van Beek et al. ). This produces a poorly dewaterable
sludge of low value (Razali et al. ). Alternatively,
groundwater is treated by membrane ﬁltration, resulting in
a concentrate with an elevated iron concentration (Ellis
et al. ) or by a chemical–biological process that operates
at a slightly acidic pH and yields a compact iron residue
(Van Beek et al. ).
Better controlled iron precipitation could result in more
valuable and compact iron minerals like magnetite (Fe3O4)
and reduce water losses in drinking water production. Magnetite is a black ferrous–ferric iron oxide with strong
magnetic properties at particle sizes above 20 nm (Cornell
doi: 10.2166/wst.2018.062
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& Schwertmann ). These properties make magnetite
particles of high purity and uniform size and shape useful
in high-tech applications such as data storage, MRI techniques and site-speciﬁc chemotherapy (Laurent et al. ).
Conventional chemical methods to produce magnetite
for such applications require high temperatures (Cornell &
Schwertmann ; Amemiya et al. ; Salazar et al.
), high pressure and/or the addition of chemicals (e.g.
for pH adjustment) (Laurent et al. ; Baumgartner
et al. a; Pereira et al. ; Mirabello et al. ), rendering these methods environmentally unfriendly, expensive
and incompatible with drinking water production.
Several chemical methods for the synthesis of magnetite
in water under mild conditions are known, but do not start
from ferrous iron. For example, Tamaura et al. ()
reported magnetite formation from γ-FeOOH at a minimum
pH of 7.3 and 25  C and Hansel et al. () produced magnetite from ferrihydrite at pH 7 in ultra-pure water.
Here we study the partial oxidation method, originally
developed by Sugimoto & Matijević (), for synthesis of
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magnetite under groundwater-like conditions in a continuous reactor. Our ultimate aim is to develop a continuous
iron removal process for ferruginous groundwater treatment, yielding magnetite as a more compact and valuable
iron product. Although the partial oxidation method has
been studied by several research groups to elucidate the
magnetite formation mechanism, these studies were not
directed at using the method as the basis for a groundwater
treatment process. In the partial oxidation method, Fe2þ is
partially oxidized to form green rust (GR) and subsequently,
magnetite. NO
3 is commonly used as the oxidant, leading to
NO
and
eventually
NHþ
2
4 (Chaves ; Matocha et al. ;
Etique et al. ). Alternatively, Fe2þ can be oxidized by O2,
resulting in the same iron precipitation pathway (Mirabello
et al. ). The (simpliﬁed) reactions involved are:
þ
! 2 Fe3þ þ NO
2 Fe2þ þ NO
3 þ2H
2 þ H2 O

(1)

þ
8 Fe2þ þ NO
! 8 Fe3þ þ NH4þ þ 3 H2 O
3 þ 10 H

(2)

Or:
4 Fe2þ þ O2 þ 4 Hþ ! 4 Fe3þ þ 2 H2 O

(3)

Followed by:
Fe2þ , Fe3þ , H2 O ! GR

(4)

Fe2þ , GR ! Fe3 O4 , H2 O

(5)

The formation of magnetite by this method occurs
within 50 minutes to 9 hours, depending on the initial
pH and Fe2þ concentration (1.1–28 g/L) (Sugimoto &
Matijević ; Couling & Mann ; Vereda et al. ;
Lenders ). Initial pH values range from 6 at 100  C to
8 or 9 at room temperature (Couling & Mann ; Lenders
). Since drinking water production involves large and
continuous volumes of water, any treatment process
should operate continuously, under mild conditions and
with little use of chemicals.
In this paper we report continuous magnetite synthesis
from dissolved FeCl2 at pH 6.8 in a laboratory-scale 2 L continuous stirred tank reactor (CSTR). Initially, the CSTR was
fed with 50% tap water with added nitrate as the intended
oxidant and 50% Milli-Q water containing 570 mg/L FeCl2,
as the intermediate step towards levels more typical for
groundwater. In later experiments, nitrate was omitted from
the tap water.
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MATERIALS AND METHODS
Chemicals and analysis
All chemicals used were analytical grade. FeCl2 (Alfa Aesar)
was 99.5% pure, anhydrous and the container was only
opened in an anaerobic hood to prevent exposure to O2,
and the FeCl2 solutions were also prepared in an anaerobic
hood. Nitrate was used in the form of KNO3. All solutions
were prepared using water that was purged with 99.999%
pure N2 gas (5.0 N2, O2 < 5 ppmv, Linde Gas Benelux B.V.,
The Netherlands) for at least 40 minutes per liter prior to use.
Soluble iron and dissolved nitrite, nitrate, and
ammonium concentrations in the reactor and reactor efﬂuent were determined with Hach Lange kits (LCK 320,
LCK 339, LCK 341, LCK 305) and a DR3900 spectrophotometer (Hach Lange). The nitrate concentration in tap
water was analyzed by ion chromatography (Dionex ICS
2100, Dionex IonPac AS17, 4 × 2,505 mm).
The precipitates were separated by settling and then airdried at room temperature. This method will lead to the oxidation of any unstable Fe2þ present in the sample. However,
magnetite is stable over a period of years and no additional
magnetite can be formed in this way (Cornell & Schwertmann ). The precipitate samples were analyzed by
X-ray diffraction (XRD) with a Bruker D2 Phaser equipped
with Co radiation (300 W). A Lynxeye 1D detector was
used with an incident beam slit of 1.0 mm, a diffracted
beam slit of 3.0 mm and a knife at 2.0 mm above the
sample holder. The sample was spun at a speed of 5.0 rpm
to ensure statistically optimal results. The scanning range
was 10–90 2θ, the step size was 0.04 and the counting
time per step was 2 seconds.

CSTR experiments
Table 1 lists the experiments conducted. The CSTR had a
working volume of 2 L. Before the start of each experiment,
the reactor was ﬁlled with 1 L Milli-Q water and 1 L local
tap water from Wageningen, The Netherlands (see Table 2
for composition). A 570 mg/L FeCl2 (251 mg/L Fe2þ) solution was prepared in Milli-Q water and a 81 mg/L KNO3
solution was prepared in tap water.
Initially, the CSTR was fed with tap water with added
KNO3 as the intended oxidant and Milli-Q water containing
570 mg/L FeCl2 at 0.028 L h1 (0.67 L per day) for both,
giving a hydraulic retention time of 36 hours. In later experiments, no nitrate was added to the tap water. Mixing was

Y. M. Mos et al.

1872

Table 1

|

|

Magnetite synthesis from Fe-II solution at pH 6.8 in a CSTR

Water Science & Technology

|

77.7

|

2018

Overview of experiments

Experiment

Inﬂow 1 (in Milli-Q)

Inﬂow 2

Initial pH

Final pH

a

570 mg/L FeCl2

81 mg/L KNO3 in tap water

5.5

7.5

b

570 mg/L FeCl2

81 mg/L KNO3 in tap water

5.5

7.0

c

570 mg/L FeCl2

81 mg/L KNO3 in tap water

5.5

6.8

d

570 mg/L FeCl2

81 mg/L KNO3 in tap water

6.0

7.5

e

570 mg/L FeCl2

tap water

5.5

7.5

f

127 mg/L FeCl2

Milli-Q water

6.0

6.0

quantiﬁcation O2 inﬂux

g

570 mg/L FeCl2

tap water

7.0

7.0

seed crystals added at t0

h

570 mg/L FeCl2

tap water

5.5

7.0

step-wise procedure

Table 2

|

Concentrations of ions of interest in the tap water; most concentrations were

Unit

Concentration
1

<0.005

1

<0.012

mg

NHþ
4

nitrite

mg

NO
2

nitrate

1
mg NO
3 L

0.17

ferrous iron

mg Fe2þ L1

<0.2

ferric iron

mg Fe3þ L1

<0

ammonium

L
L

accomplished with a stainless steel rotor with a diameter of
4 cm and at 60 rpm in the center of the water column and
magnetic stirring at approximately the same speed with a
4 cm magnetic bead placed centrally on the reactor
bottom. Each experiment was conducted in a cabinet that
was kept at 32  C. The reactor was connected to a pH
sensor (QP156X, QIS) and controller, which dispensed
HCl (0.25 M) or NaOH (0.25 M) when the deviation from
the pH set point value became greater than 0.1. Reactor,
feed solutions, efﬂuent, acid and base stocks were constantly
ﬂushed with N2 gas.
We assessed the possibility of O2 entering the system
through the N2 sparging gas (3.6 L h1 in reactor and
7.2 L h1 in FeCl2 feed solution). The O2 concentration in
the sparging gas was less than 5 ppmv, so the molar mass
ﬂow into the reactor equaled no more than 3.14*108 mol
O2 h1. This would account for a maximum oxidation of
7.85*109 mol Fe2þ h1 or 8.09*107 mol (0.01% of total
Fe2þ load) during a complete experiment.
Calculations and modeling
The oxidation/reduction potential (ORP) of the reactor can
be calculated based on the concentrations of Fe2þ and Fe3þ,
using a standard potential of 0.771 V and the Nernst
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equation, as follows:

below the detection limit

Ion

Comment

RT
½oxi
E¼E þ
ln
nF
½redi

!

0

(6)

Modeling was done with OLI Studio 9.2 (OLI Systems,
Inc.).

RESULTS AND DISCUSSION
Initial tests
The reported procedure for magnetite formation with the
partial oxidation method involves a pH increase (see e.g.
Vereda et al. ; Altan et al. ). In trial tests (data not
shown), a starting pH of around 5.5 followed by a pH
elevation to 11 induced the formation of a black precipitate,
which contained magnetite and no substantial amount of
other mineral phases, as determined with XRD. Operating
the reactor at a constant pH of either 5.5 or 7.5 did not
yield magnetite precipitation.
pH limits of magnetite formation by partial oxidation in
CSTR
Since our aim is to develop a process for drinking water production, the addition of pH-correcting chemicals should be
kept to a minimum. We therefore conducted four CSTR
experiments (see Table 1) for the following selections of
initial pH and ﬁnal pH: (a) pH 5.5 to 7.5, (b) pH 5.5 to
7.0, (c) pH 5.5 to 6.8, and (d) pH 6.0 to 7.5. Each experiment
lasted approximately four days (103 hours). KNO3 was supplied as the oxidizing agent. We increased the pH after
approximately 24 hours. The color changes in the reactor
content followed the same trend in experiments (a), (b)
and (d). The color of the suspension in the reactor was
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slightly orange at the initial pH. Following the pH increase
on day 1, the suspension became dark green/brown and
increasingly turbid and black during days 2 and 3. In experiment (c), however, the solution became more turbid after
we increased the pH to 6.5, but the suspension remained
orange. We increased the pH further to 6.8 on day 3, after
which the color changed to black. We conclude that the
minimum pH for magnetite formation under the applied
conditions lies between pH 6.5 and 6.8. Experiment (d)
had an initial pH of 6.0 and a ﬁnal pH of 7.5. This procedure
resulted in magnetite formation following the same trend as
experiments (a) and (b), which had an initial pH of 5.5.
These results demonstrate that the pH only needs a slight
adjustment around circumneutral values to induce magnetite formation. The formation of magnetite was conﬁrmed
by XRD analysis for all four experiments.
Pourbaix diagram
Figure 1 shows a Pourbaix diagram for the iron phases in the
CSTR.
We calculated the ORP in the reactor based on the
measured concentrations of dissolved Fe2þ, Fe3þ and NO
3
(experiment (b)) and the calculated O2 concentration (experiment (f)) in the reactor. Based on nitrate reduction, the ORP
was 0.677 V (against standard hydrogen electrode (SHE)),
which is far outside the magnetite range (indicated with an
asterisk in the Pourbaix diagram). However, based on O2
reduction, the ORP was 0.496 V (vs. SHE). At pH 6.8,
this is just outside of the narrow range in which magnetite
is the dominant form of iron (indicated with a plus sign).

Figure 1
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Since iron conversions other than the oxidation of Fe2þ
also took place and the concentrations in the reactor
increased over time, the actual ORP in the reactor would
deviate slightly from the calculated value, allowing magnetite
formation under the reactor conditions. The observed pH
limit for magnetite formation in the CSTR experiments therefore correspond well with thermodynamic calculations.
Although we cannot exclude the possibility that part of the
ferrous iron was biologically oxidized, we consider it unlikely
that this was substantial due to the low numbers of bacteria in
tap water, the lack of carbon source due to CO2 stripping, and
the relatively short run time of the experiment.
Mass ﬂow analysis of iron
We carried out a mass ﬂow analysis for iron, for the end state
of the experiments. It was based on the Fe2þ load, iron concentrations in the solution and precipitate concentration in
both the reactor and the efﬂuent collection vessel at the
end of the experiments, assuming the precipitates to be
100% magnetite (Supporting Information Equations (1) and
(2)). These calculations reveal a deviation of 2–8% in the
iron balance, which we consider acceptable for a continuous
process (data in Supporting Information). (The Supporting
Information is available with the online version of this paper.)
Efﬁciency and rate of Fe2þ precipitation
The decrease in aqueous Fe2þ concentrations in the CSTR at
the end of the experiments (day 4) was (a) 49%, (b) 42%, and
(c) 29%, relative to the inﬂuent. Although the ﬁnal pH of 7.5

Pourbaix diagram created with OLI Studio 9.2 for the iron system; 1 mM Fe2þ (i.e. 55.85 mg/L, based on measurements in the reactor) and 32 C. The magnetite range is the


highlighted area, * represents the reaction with NO3 and þ represents the reaction with O2.
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Formation of nitrite and ammonium (mg L
experiment (b).

1

) over time in the reactor in

in experiment (d) was the same as that of experiment (a), a
higher fraction of iron precipitated (81%), corresponding to
a rate of Fe2þ removal of 5.7 mg h1. The higher initial pH
of 6.0 in experiment (d), compared with a pH of 5.5 for
the other three experiments, apparently strongly affected
the precipitation. Both the initial and the ﬁnal pH therefore
appear relevant for the efﬁciency of precipitation.
Fe2þ-oxidizing agents
The occurrence of reactions 1 and 2 was conﬁrmed by the
presence of nitrite and ammonium (Figure 2, showing experiment (b)). Since NHþ
4 is the end product of nitrate

Figure 3
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reduction with ferrous iron (Chaves ; Yang & Lee
; Matocha et al. ) and GR (Etique et al. ), nitrite
represents a mere intermediate. The standard deviation of
1
the analytical methods was 1.5*103 mg O
and
2 -N L
*
3
1
þ
11.6 10 mg NH4 -N L . Because of the higher standard
deviation of the analytical method (42.9*103 mg L1 for
NO—
3 -N) and small ﬂuctuations over time, we were unable
to quantify nitrate depletion (Supporting Information,
Table S6). Moreover, formation of other intermediate nitrogen compounds such as N2O, as suggested by Etique et al.
(), or the formation of N2 cannot be excluded.
To determine to what extent nitrate reduction to nitrite
and ammonium accounted for all Fe2þ oxidized, an electron
balance was calculated for experiment (b) at day 4 (Supporting Information Equations (S3) and (S4)). The amount of iron
that was oxidized was calculated based on the Fe2þ load, the
weight of precipitates in both the reactor and the efﬂuent per
liter of total inﬂow and the measured Fe2þ in the reactor. Next
to this, the amount of iron oxidation by NO
3 reduction was
calculated based on the measured concentrations of NO
2
and NHþ
4 in the reactor according to Equations (1) and (2).
As Figure 3 shows, reduction of nitrate to nitrite and
ammonium cannot account for all Fe2þ oxidization, indicating the presence of another oxidant in the reactor system,
which can only have been O2. The N2 sparging gas was a
source of O2 (see the ‘CSTR experiments’ section), but this
could only account for the oxidation of up to 2.32*1010

Calculated contributions of different processes to the decrease in Fe2þ concentration relative to the decrease as measured directly in the reactor at the end of experiment (b).
Values were calculated based on the weight of the formed precipitates per liter of total inﬂow and the measurements of nitrite and ammonium at the end of experiment (b)
(reactions 1 and 2) and by O2 diffusion as measured in experiment (f).
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mg Fe2þ, which is only 0.1% of the total of 3.32*107 mg
Fe2þ (experiment (b)). Hence, we suspected diffusion of
O2 into the reactor setup, e.g. through the Teﬂon tubing.
To conﬁrm this, we carried out experiment (e), in which
the NO
3 feed solution was replaced with tap water without
added nitrate (see Table 1 for composition). Initial (5.5) and
ﬁnal pH (7.5) were the same as in experiment (a). Experiment (e) yielded magnetite in a similar manner as the
experiments with NO
3 . So, although a fraction of the
added nitrate is reduced, the addition of nitrate is not essential for magnetite formation. Since O2 is more reactive with
Fe2þ, some accumulation of nitrite is visible in the reactor.
The iron precipitation was 59%, which is fairly similar to
that of experiment (a) (49%) (Supporting Information).
We quantiﬁed the O2 inﬂux into the system in experiment (f), in which the reactor was run at a constant pH of
6 with inﬂow solutions of 56 mg/L Fe2þ in Milli-Q water
and Milli-Q water without additions. No magnetite or other
precipitate formed. We measured the Fe2þ concentration in
the reactor over the course of six days. By acidifying the reactor samples to pH 3.3 ± 0.2, we ensured that all GR Fe2þ
present was in solution before analysis. In steady state, the
rate of iron oxidation was 4.88*1011 mg Fe2þ h1 (standard
deviation 2.29*1012). This is a signiﬁcant contribution (32%
Fe2þ removal), as is clearly visible in Figure 4. The sum of the
percentages of the different Fe2þ-removing processes adds up
to an acceptable 87%.

Precipitate analysis
As stated before, magnetite formed in all experiments,
except in experiment (f). However, in experiments (a)

Figure 4

|

Concentration of Fe2þ over time as calculated based on the feed and
measured in experiments (b) and (d).
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Overview of precipitates formed in experiments a, b, c and d

Precipitates found
in reactor (XRD)

Precipitates found
in efﬂuent (XRD)

5.5–7.5

magnetite þ
lepidocrocite

magnetite þ
lepidocrocite

b

5.5–7.0

magnetite

magnetite

c

5.5–6.8

magnetite

magnetite

d

6.0–7.5

magnetite þ
lepidocrocite

magnetite þ
lepidocrocite

Experiment

pH range

a

and (d), lepidocrocite (γ-FeOOH) was also present in the
precipitate samples from both the reactor and the efﬂuent
(see Table 3). According to Cornell & Schwertmann
(), lepidocrocite formation is favored at a higher oxidation rate and lower Fe2þ concentration compared to
magnetite formation. The higher ﬁnal pH and lower Fe2þ
concentrations of experiments (a) and (d) (44.4 mg L1
and 24.8 mg L1 respectively) therefore led to lepidocrocite
formation.

Precipitation pathway
Although the experiments were not directly aimed at
researching the pathway of magnetite precipitation under
the applied conditions, several observations and comparisons with other studies allow some insight. The color and
turbidity changes of the reactor content after increasing
the pH indicate that magnetite formed from a solid
phase precursor that visually resembles GR which is in
agreement with what is described in the literature
(Kiyama ; Blesa & Matijevic ; Cornell & Schwertmann ; Baumgartner et al. b). The Fe2þ
concentration increased over time due to the constant
supply of 570 mg/L FeCl2. However, the constant inﬂux
2þ
of NO
to precipi3 and/or O2 caused a fraction of the Fe
tate immediately as is evident from the development of the
concentration of dissolved Fe2þ (Figure 4). When we elevated the pH, the rate of increase in Fe2þ concentration
became lower, indicating faster precipitation, which
stems directly from the iron solubility at the different pH
values.
To explore the mechanism of magnetite formation
further, we carried out a follow-up experiment (h) with
a slightly modiﬁed procedure. After a day of inﬂow of
FeCl2 and tap water at pH 5.5 in the reactor, we raised
the pH to 7.0 and simultaneously stopped the inﬂows.
The reactor content remained translucent green
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throughout this phase. On day 2, we switched the inﬂow
pumps back on. Within an hour, dark green precipitates
were visible. Less than 21 hours later, the reactor had a
turbid dark green to black color, becoming entirely
black over time. XRD analysis conﬁrmed magnetite formation. The green color of the reactor content points to
GR having formed as the precursor for magnetite. From
the well-supported dissolution–precipitation theory, it is
known that Fe2þ in solution reacts with NO
3 or O2 on
the surface of GR to form magnetite (Mirabello et al.
). In experiment (h), Fe2þ was available in the reactor,
even without inﬂow. However, the simultaneous presence
of both an unstable green precursor as well as an inﬂow
of Fe2þ ions are necessary to initiate formation of
magnetite.
Magnetite synthesis from seed crystals without pH
elevation
As we found during our initial tests, a lower initial pH was
necessary to initiate magnetite precipitation. During this
phase, precipitates formed that were unstable once exposed
to air, as was evident from the change in color from dark
green to orange. This GR precursor appears to be essential,
since no magnetite precipitated in its absence, i.e. when the
reactor was run at a constant pH of 7.5. However, once the
pH was raised from a lower initial value and magnetite had
formed, the crystallization of magnetite continued for the
three remaining days of the experiment at a constant pH
of 6.8, 7.0 or 7.5.
One can hypothesize that the GR precursor that forms
at the lower pH has been consumed and that the presence
of already crystallized magnetite instigates further formation through the availability of surface sites (Cornell
& Schwertmann ). To test this hypothesis, a reactor
experiment (g) was conducted at a constant pH of 7;
27.7 mg L1 magnetite from a previous experiment was
added at the start of the experiment. No KNO3 was
supplied. Further procedures were the same as in experiments (a) to (d). This led to additional black particle
formation within 24 hours. Weighing the precipitates
and XRD analysis at the end of the four-day experiment
showed that additional magnetite had formed. Thus, the
process can be started up without pH elevation. We
cannot exclude that in this experiment (g), GR also
acted as the precursor for magnetite formation, although
the presence of this intermediate could not be observed
due to the presence of the seeding crystals. The mechanism of magnetite formation in the presence of magnetite
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seeds without elevating the pH requires further attention
in future work.

Implications for application
Results presented in this paper show that magnetite formation from an aqueous Fe2þ solution is possible in a
continuous process operated at circumneutral pH and without addition of chemicals. Both aspects are important for
any process intended for drinking water production. We
regard this result as a ﬁrst step toward application of this
partial oxidation method for iron removal in drinking
water production. In order to assess its application potential,
numerous aspects require further research. For example, our
experiments were conducted at 32  C, whereas groundwater
temperature in most areas is lower and heating is not economically feasible. Further research will have to show the
possible inﬂuence of temperature on the process. We conducted our experiments in 50% diluted tap water, showing
that small concentrations of other ions did not inhibit the
formation of magnetite in the process. However, groundwater is a more complex medium than tap water,
containing different ions often at higher concentrations.
Based on our research, the presence of nitrate at concentrations typical for groundwater will not disturb the
process. However, phosphate and carbonate, for example,
are known to cause precipitation of vivianite and siderite
respectively, rather than magnetite (Cornell & Schwertmann ). Further research into the effects of ions
typically present in groundwater and corresponding concentrations is therefore necessary to evaluate the suitability of
this process for application in drinking water production.
Moreover, the process will have to be tested with the
lower iron concentrations typical for groundwater. Alternatively, this process could be applied in a concentrated
stream, e.g. after membrane ﬁltration. In addition, the
effect of the presence of microorganisms in a reactor will
have to be evaluated. We did not consider the presence of
microorganisms in our short-term experiments, but growth
of microorganisms in a full-scale reactor cannot be avoided
in an environmentally friendly and cost-effective manner
and may be either beneﬁcial to the process or inhibit it. Furthermore, increasing the rate and efﬁciency of the process is
necessary to make this a viable iron removal process.
The possibilities for the application of this process are
not limited to the treatment of groundwater. In the metallurgical industry, iron-rich streams are produced that result in
large volumes of solid waste. Treatment of these streams
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with the magnetite process might result in an additional
valuable product for this industry.

CONCLUSIONS
In this paper, we have reported on the formation of magnetite
in a continuous reactor from a medium based on 50% tap
water and 50% Milli-Q water, at a slightly elevated temperature (32  C), atmospheric pressure and circumneutral pH.
A series of short experiments was conducted, from
which it can be concluded that O2 caused the partial Fe2þ
oxidation that led to the formation of magnetite. The formation of magnetite was instigated by a pH elevation from
between 5.5 and 6.0 to between 6.8 and 7.5. Using a starting
pH of 5.5 or slightly higher and a ﬁnal pH of 7.0 (or slightly
higher) sufﬁces and may also prevent the simultaneous
formation of lepidocrocite. Also, an experiment was conducted with seed crystals, revealing that seeding with
magnetite particles allowed magnetite to form at a constant
pH of 7, i.e. without requiring a pH change.
Since this method requires very limited addition of
chemicals, it could yield a promising process for
environmentally friendly iron removal in drinking water
production. Further work is ongoing to explore its potential.
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