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a b s t r a c t

Iron(III) chloride deoxygenated alkaline aqueous colloidal solutions in the presence of 2-propanol and
dextran sulfate were g-irradiated with doses of 36 and 130 kGy. The dose rate was ~31 kGy h�1. The
samples isolated by washing with water mainly consisted of g-FeOOH (lepidocrocite), d-FeOOH and
schwertmannite. The samples isolated by washing with ethanol contained mainly a-FeOOH (goethite), d-
FeOOH (feroxyhyte) and iron(III) hydroxide sulfate. At lower dose (36 kGy) magnetite (Fe3O4) was
formed. The samples isolated by admixing glycerol consisted of the intermediate phases Fe(OH)2,
GR(SO4

2�) and non-stoichiometric FeS1-x (mineral name mackinawite). The amounts of Fe(II) in glycerol-
isolated solid samples were 60.5% and 82.6% as determined by M€ossbauer spectroscopy at doses of 36
and 130 kGy, respectively. The amount of Fe2þ in the acidified solutions containing dissolved g-irradia-
tion products was determined using potassium permanganate titration. The amounts of Fe2þ in acidified
solutions were 72.0% and 92.0% at doses of 36 and 130 kGy, respectively. Thus, although the conven-
tionally isolated powders consisted exclusively of Fe(III) products, the high reducing conditions upon g-
irradiation were confirmed by capturing the Fe(II) intermediate phases and by quantitative de-
terminations of ferrous ions in the solid samples and solutions containing dissolved g-irradiation
products.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The synthetic iron oxide chemistry has a long tradition [1e14].
On the contrary, the g-irradiation (radiolytical) synthesis of iron
oxide nanoparticles (NPs) has been less intensively investigated
[15e21]. The radiolytical synthesis has been predominantly used
for the synthesis of magnetite or maghemite NPs. Wang et al.
[20,21] have reported the transformation of akaganeite (b-FeOOH)
to magnetite in a g-irradiated aqueous suspension containing
20 vol% of isopropanol as a hydroxyl scavenger. They performed the
g-irradiation experiments under constant stirring. In this way
akaganeite particles were mechanically dispersed in an aqueous
suspension by stirring, thus enabling a good contact between the

solid and liquid phases. Jurkin et al. [17] have shown that ferrihy-
drite nanoparticles settled at the bottom of a flask did not trans-
form to magnetite (Fe3O4) or to any other iron oxide phase upon g-
irradiation in ethanol suspension. Accordingly, to ensure and to
maintain thewell dispersed system is as important as achieving the
reducing conditions upon g-irradiation. For instance, the well-
dispersed ferrihydrite NPs formed in a microemulsion trans-
formed easily to substoichiometric magnetite NPs upon g-irradia-
tion [16]. Typically, various polymers and surfactants can be used as
nanoparticle dispersants, surface stabilizers, growth modifiers and
reducing agents [22e24]. Polymers inhibit coalescence and aggre-
gation of metal oxide NPs through steric hindrances or electrostatic
repulsion. In addition to inhibiting aggregation and increasing the
colloidal stability of NPs, polymers and surfactants can kinetically
control the growth of specific facets thus affecting the particle
morphology [25].

Generally, the radiolytic synthesis is a powerful method for the
synthesis of iron oxide NPs of controlled size, shape and phase
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composition [16,19e21,26]. It takes an advantage of high-energy g-
radiation (1.25MeV for 60Co g-rays) that is able to ionize an
aqueous phase. On irradiation of metal oxide precursors dissolved
in aqueous solution g-irradiation generates a variety of species such
as free radicals (eaq� , H�, �OH, HO2

�) and molecular products (H2,
H2O2), mainly products of water radiolysis. The main advantage of
the g-irradiation is its high reductive power, i.e. g-irradiation pro-
duces a mass of reductive radicals (mostly eaq� and H�) homoge-
nously through the sample. By adjusting the irradiation dose and
dose rate, atmosphere and pH of irradiated suspensions the
reducing conditions as well as size, shape and phase composition of
formed metal, metal oxide and alloys NPs can be appropriately
controlled [15e21,26e30]. However, metal oxides NPs are much
difficult to stabilize and protect against oxidation in comparison to
noble metal NPs. Stoichiometric magnetite NPs (Fe3O4) contains
33% of ferrous ions (Fe2þ) that are highly susceptible to the pres-
ence of oxygen and can easily oxidize in the aqueous suspensions or
atmospheric conditions. The stoichiometry of g-irradiation syn-
thesized magnetite NPs depends on absorbed dose and dose rate
[16]. Du and Liu [31] prepared superparamagnetic g-Fe2O3 NPs in
non-aqueous medium by g-irradiating ferrocene in the presence of
isopropyl alcohol. The authors suggested that g-irradiation pro-
duced Fe0 NPs that then oxidized to g-Fe2O3 in the air during the
isolation of precipitates. Ekoko et al. [32] showed that the pH value
of Fe(III) solution before the g-irradiation had influence on the
morphology and phase composition of the iron oxides (Fe3O4 or a-
Fe2O3). Yakabuskie et al. [33] prepared uniform-sized g-FeOOH
colloidal nanoparticles by g-irradiation of deaerated aqueous so-
lutions containing soluble Fe2þ species at pH 5.5. At short irradia-
tion times (low dose) spherical particles with a size less than 10 nm
were formed, whereas at longer irradiation the final size of the
large particles was 60 nm. Sutherland et al. [29] synthesized
magnetite NPs by g-radiolysis of solutions containing different
initial concentrations of FeSO4 without any other chemical addi-
tives. The authors suggested that the radiolytic cycles of reductive
dissolution and oxidative precipitation were responsible for the
magnetite NPs formation.

In our previous work [18], we have shown that g-irradiation of
an iron(III) chloride alkaline aqueous solution in the presence of
high molecular weight PEO produced rigid hydrogels with
embedded iron oxide nanoparticles. g-irradiation of iron(III) chlo-
ride alkaline aqueous solution in the presence of PVP produced a
magnetic suspension due to the formation of a small amount of d-
FeOOH (feroxyhyte). On the other hand, g-irradiation of iron(III)
chloride alkaline aqueous solution in the presence of
diethylaminoethyl-dextran hydrochloride (DEAE-dextran) pro-
duced almost pure d-FeOOH nanodiscs [19]. The synthesis of d-
FeOOH nanodiscs using g-irradiation is quite unexpected and we
supposed that g-irradiation reduced Fe(III) and that d-FeOOH
nanodiscs were formed through oxidation of Fe(OH)2 and Green
Rust I intermediate products. In this work, instead of DEAE-dextran
we used dextran sulfate polymer in a form of sodium salt. The
motivation for using dextran sulfate is the presence of sulfate
groups that can form Green Rust II (GR SO4

2�) under reducing
conditions [34e39]. Dextran sulfate is a biocompatible and biode-
gradable branched negatively charged polysaccharide of anhy-
droglucose units. It contains approximately 17% ester bonded
sulfur, what is equivalent to approximately 2.3 sulfate groups per
glucosyl unit. Dextran sulfates are supplied as the sodium salt form,
making them soluble and stable in water. It has been used in
pharmaceutical and biomedical field, in drug delivery, for lipopro-
tein separation, as anticoagulant agent and it has antiviral proper-
ties [40e42]. Therefore, in this workwe applied g-irradiation to the
Fe(III)/dextran-sulfate/2-propanol alkaline deoxygenated suspen-
sions in order to study the impact of dextran sulfate on the

radiolytical synthesis of magnetic iron oxide particles. The highly
reactive Fe(II) intermediate phases were isolated by admixing
glycerol and thereby confirmed the reducing conditions created by
g-irradiation.

2. Materials and methods

2.1. Chemicals

Iron(III) chloride hexahydrate (FeCl3·6H2O) (puriss. p.a., Reag.
Ph. Eur., �99%) supplied by Sigma-Aldrich, dextran sulfate sodium
salt from Leuconostoc spp. prepared from dextran of average mo-
lecular weight M.W.>500,000 by Sigma, sodium hydroxide (p.a.) by
LachNer, 2-propanol (CHROMASOLV, for HPLC, �99.9%) by Honey-
well, glycerol by LachNer (anhydrous, p.a.), absolute ethanol (p.a.)
by J. T. Baker and Milli-Q deionized water were used.

2.2. Synthesis

0.475 g of FeCl3·6H2O and 1.85 g of dextran sulfate sodium salt
were dissolved in 100mL of Milli-Q water and then 1.54mL of 2-
propanol was added. The final concentrations of Fe3þ and 2-
propanol in solution were 1.72$10�2 and 0.2mol dm�3, respec-
tively. The final concentration of dextran sulfate was 1.82wt%. The
pHs of thus prepared solutions were adjusted to 9 by adding 2M
NaOH aqueous solution. The precursor suspensions were bubbled
with nitrogen through rubber septa for at least 20min in order to
remove the dissolved oxygen. Thus obtained deoxygenated
colloidal solutions were g-irradiated (without stirring) in a septum-
closed glass flask. g-irradiation was performed in a60Co g-irradia-
tion facility located in the Radiation Chemistry and Dosimetry
Laboratory at the RuCer Bo�skovi�c Institute, Zagreb, Croatia. The
dose rate of g-radiation was ~31 kGy h�1. The absorbed doses were
36 and 130 kGy.

Upon the g-irradiation the reddish colloidal solution turned to
black/dark brown or to white-pale blue-green upon the g-irradia-
tion at 36 or 130 kGy, respectively. The suspensions were isolated in
four different ways: i) opening the glass flask followed with prop-
erly washing/centrifugation with deionized water (samples S-36W,
S-130W and S-130W1); ii) opening the glass flask followed with
properly washing/centrifugation with ethanol (samples S-36E, S-
130E and S-130E1); iii) by admixing glycerol through septum and
then, opening the glass flask followed with a centrifugation (sam-
ples S-36G and S-130G); iv) opening the glass flask followed with a
centrifugation without admixing glycerol or washing (sample S-
130U). In all four procedures the isolated precipitates were dried in
vacuum at room temperature and analyzed as pastes or powders.
Fig. 1 shows the graphical representation of the samples synthesis,
isolation and characterization, whereas the annotation of samples
and detailed experimental conditions are given in Table 1. It should
be pointed out here that we used Roman numerals (e.g., Fe(II) or
Fe(III) to denote structural iron ions in solid samples, whereas
Arabic numerals (e.g., Fe2þ or Fe3þ) were used for the dissolved iron
ions in clear solutions.

2.3. Characterization of samples

The morphology of the samples was evaluated using a field
emission scanning electron microscope (FE SEM, model JSM-
7000F) manufactured by JEOL Ltd. connected to the EDS/INCA 350
(energy dispersive X-ray analyzer) manufactured by Oxford
Instruments.

X-ray powder diffraction (XRD) patterns were recorded at 20 �C
using the APD 2000 X-ray powder diffractometer (CuKa radiation,
graphite monochromator, NaIeTl detector) manufactured by
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Fig. 1. The graphical representation of the samples synthesis, isolation and characterization.

Table 1
Annotation of samples, g-irradiation doses, isolation procedure, results of phase analysis, percentage of Fe(II) determined by M€ossbauer spectroscopy, percentage of Fe2þ in
acidified solutions containing dissolved g-irradiation products and magnetic properties of isolated samples.

Sample Dose
(kGy)

Isolation procedure Phase analysis* (based on
XRD and M€ossbauer results)

Fe(II) in solid
samples/Fe2þ in
acidified solutions (%)

Attracted
by magnet***

Unwashed Admixing
glycerol

Washing
(water)

Rinsing
(ethanol)

Aged
1 day

S-130W1 130 þ þ g-FeOOH
d-FeOOH
GR(SO4

2�)

5.7 þ

S-130W 130 þ g-FeOOH
d-FeOOH
Schwertmannite

þ

S-36W 36 þ g-FeOOH
d-FeOOH
Schwertmannite

þ

S-130E1 130 þ þ a-FeOOH
d-FeOOH iron(III) sulfate hydroxide

þ

S-130E 130 þ a-FeOOH
d-FeOOH iron(III) sulfate hydroxide

þ

S-36E 36 þ Fe3-xO4 (substoichiometric magnetite) þ
S-130G 130 þ Fe(OH)2

GR(SO4
2�)

FeS1-x (mackinawite)

82.6/92.0** ****

S-36G 36 þ GR(SO4
2�) 60.5/72.0** ****

S-130U 130 þ Fe(OH)2
GR(SO4

2�)
d-FeOOH

7.2 þ

*Only those phases that agree with the XRD and M€ossbauer assignations are listed.
**The amount of Fe2þ in acidified solutions containing dissolved g-irradiation products as determined by KMnO4 titration. The amounts of Fe2þ in the solutions were 92.0% and
72.0%, which are in very good agreement with the Fe(II) values of 82.6% and 60.5% as determined by M€ossbauer spectroscopy in the isolated solid samples.
***Magnetic properties of powder samples were checked with a permanent magnet at room temperature.
****The attraction of sample by magnet was not able to test, because the sample was isolated in the form of a paste.
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ItalStructures, Riva Del Garda, Italy. The XRD patterns were recor-
ded over the 5e80� 2q range with a 2q step of 0.025 or 0.05� and a
counting time per step of 15e40 s.

57Fe M€ossbauer spectra were recorded at 20 �C in the trans-
mission mode using a standard instrumental configuration by
WissEl GmbH (Starnberg, Germany). The 57Co in the rhodium ma-
trix was used as a M€ossbauer source. The spectrometer was cali-
brated at 20 �C using the standard a-Fe foil spectrum. The velocity
scale and all the data refer to the metallic a-Fe absorber at 20 �C.
The experimentally observed M€ossbauer spectra were fitted using
the MossWinn program.

2.4. Determination of Fe2þ in g-irradiated suspensions by
potassium permanganate titration

2.4.1. Chemicals for permanganate titration
Potassium permanganate solution (0.02M, standardized against

oxalate) supplied byMerck, hydrochloric acid (fuming,�37wt%) by
Fluka; manganese(II) sulfate monohydrate (p.a. EMSURE, ACS, reag.
Ph. Eur.) by Merck, ortho-phosphoric acid (85% p.a.) by LachNer,
sulfuric acid (96%, p.a.) by LachNer, tin(II) chloride dehydrate (p.a.,
EMSURE, ACS, ISO, Reag. Ph. Eur.) byMerck andmercury(II) chloride
(analytical reagent grade) supplied by Fisher Scientific were used.

2.4.2. Potassium permanganate titration
In order to determine the Fe2þ concentration in g-irradiated

suspensions the permanganate titration procedure was performed.
Immediately after irradiation, concentrated hydrochloric acid
(2.5mL of 37wt% HCl solution) was added by syringe through
rubber septa to 100mL of g-irradiated suspensions in order to
dissolve all formed precipitates and lower the pH to slightly below
1. At such low pH a clear solution formed that preserved all Fe2þ

formed upon g-irradiation. Furthermore, at such low pH the Fe2þ

ions are not able to oxidize to Fe3þ. Then, the g-irradiated solutions

were titrated with 0.02M potassium permanganate solution
following the standard permanganate titration procedure (with the
addition of Zimmermann-Reinhardt solution). The Fe2þ concen-
tration formed on g-irradiation was determined, as well as total
iron concentration. To check the total iron concentration the
remaining Fe3þ (not reduced by g-irradiation) was reduced with
tin(II) chloride, and small excess of SnCl2 was treated with mer-
cury(II) chloride, prior to titration.

3. Results and discussions

In this work, the iron(III) chloride aqueous colloidal solutions
(pHy 9) in the presence of 2-propanol and dextran sulfate were
deoxygenated by nitrogen and then g-irradiated at doses of 36 and
130 kGy. The addition of 2-propanol and bubbling with nitrogen
gas emphasized the reducing conditions upon g-irradiation
[15e18,27,28]. The dose of 36 kGy was selected because we
experimentally found that at this dose magnetite could be ob-
tained. The dose of 130 kGy was selected because in previous works
at about this dose we unexpectedly obtained d-FeOOH nanodiscs
[19]. Furthermore, we observed that the white suspension char-
acteristic of Fe(OH)2 was formed, which after coming in contact
with air turned to a green-gray suspension characteristic of Green
Rust. These Fe(II) intermediate products are extremely susceptible
to oxidation and they have not been experimentally confirmed in
our previous work [19]. Due to these reasons in this work the
special attention is devoted to the isolation of the g-irradiated
samples.

Fig. 2 shows the XRD patterns of conventionally isolated sam-
ples (washing with water/centrifugation). Sample S-130W1 was
aged one day prior to the isolation. The XRD pattern of sample S-
36W matches best with the patterns of Green Rust II (GR(SO4

2�)),
schwertmannite [43,44] (ideal chemical formula Fe8O8(OH)6(-
SO4)·nH2O), feroxyhyte (d-FeOOH) and lepidocrocite (g-FeOOH).

Fig. 2. XRD patterns of samples S-36W, S-130W and S-130W1. The XRD pattern of sample S-36W agrees best with the patterns of Green Rust (card no. 13-0090), schwertmannite
[43], feroxyhyte (card no. 77-0247) and lepidocrocite, (card no. 70-0714). Sample S-130Wmatches best with the patterns of schwertmannite [43], feroxyhyte (card no. 77-0247) and
lepidocrocite, (card no. 70-0714). Sample S-130W1 matches best with the patterns of Green Rust (card no. 13-0090), feroxyhyte (card no. 77-0247) and lepidocrocite (card no. 70-
0714).
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Sample S-130W agrees best with the patterns of schwertmannite,
feroxyhyte and lepidocrocite, while sample S-130W1 matches best
with the patterns of GR(SO4

2�), feroxyhyte and lepidocrocite. The
volume average domain sizes were estimated using Scherrer
equation:

Dhkl ¼
0:9l

bhkl � cosq
; (1)

where Dhkl is a volume average of the crystal thickness in the di-
rection normal to the reflecting planes (hkl), l is the x-ray wave-
length (CuKa), q is the Bragg angle and bhkl is pure full width of the
diffraction line (hkl) at half the maximum intensity.

The volume average domain sizes of the 003 lines (D003) of
Green Rust in sample S-130W1were estimated to ~8.3 nm. TheD021
of lepidocrocite (g-FeOOH) in samples S-36W, S-130W and S-
130W1 were estimated to ~10.1, ~8.7 and ~5.5 nm, respectively. The
D100 of d-FeOOH in sample S-130W1 was estimated to ~11.2 nm
(Table 2).

Fig. 3 shows the M€ossbauer spectra of samples S-130W1, S-
130Wand S-36W recorded at 20 �C. The PD and/or SP doublet D1 is
due to Fe(III) paramagnetic and/or superparamagnetic nano-
particles. The sextetM1 is assigned to d-FeOOH in linewith the XRD

results. Sample S-130W1 is characterized with additional doublet
D2 (D¼ 2.69mm s�1) due to the high spin Fe(II) in GR(SO4

2�)
[34,35,37]. The calculated amount of Fe(II) is 5.7% (Table 3).

Contrary to the washing with water, we assume that rinsing
with ethanol should produce samples in a more reduced state.
Ethanol is frequently used for isolation of samples susceptible to
oxidation. For instance, ethanol was used for isolation of magnetite
[16] and zero-valent iron NPs [45]. Fig. 4 shows XRD patterns of
samples S-36E, S-130E and S-130E1 that were isolated in the
presence of ethanol. The XRD pattern of sample S-36Ematched best
with the patterns of magnetite (Fe3O4) and GR(SO4

2�). Sample S-
130E and sample 130E1 agree best with the patterns of iron(III)
sulfate hydroxide (ideal chemical formula (Fe4(OH)10SO4)), ferox-
yhyte and goethite (a-FeOOH). The XRD pattern of sample S-130E1
possesses the additional lines indicated with asterisks that belong
to an unidentified phase. The average crystallite sizes of the 100 line
of d-FeOOH in samples S-130E and S-130E1 (D100) were estimated
to ~26.1 and ~17.2 nm, respectively.

Fig. 5 shows the M€ossbauer spectra of samples S-130E1, S-130E
and S-36E recorded at 20 �C. Sample S-36E is characterized with PD
and/or SP doublet D1 that belongs to the paramagnetic Fe(III) and/
or superparamagnetic small non-stoichiometric magnetite NPs.
The D of 0.80mm s�1 suggests the presence of very small crystal-
lites in this sample.

Sample S-130E is a superposition of two sextets M1 and M2 and
a doublet D1. The sextet M1 with smaller hyperfine magnetic field
(Bhf¼ 27.29 T) is assigned to a-FeOOH, whereas the sextet M2 with
Bhf¼ 37.84 T is assigned to d-FeOOH. These assignations are in line
with XRD results that showed much broader goethite XRD lines in
comparison to the feroxyhyte XRD lines. The D of PD and/or SP
doublet D1 confirms the presence of very small crystallites in this
sample. Generally, the room temperature M€ossbauer spectrum of
goethite may vary from a well-shaped sextet down to a para-
magnetic/superparamagnetic doublet, which depends on the size
and crystallinity of the goethite particles.

Sample S-130E1 is characterized with SP and/or PD doublet D1
with high quadrupole splitting (D) of 0.80mm s�1 due to the very
small crystallites in this sample. The sextet M3 that is of low in-
tensity and very broaden (G¼ 1.38mm s�1) is assigned to both a-
FeOOH and d-FeOOH.

The conventionally isolated samples in the presence of water
contained exclusively Fe(III) products, whereas the ethanol-
isolated samples contained insignificant amount of iron(II) pha-
ses. The samples washed with water consisted of g-FeOOH (lep-
idocrocite), d-FeOOH (feroxyhyte) and schwertmannite (iron-
oxyhydroxysulfate mineral with an ideal chemical formula of
Fe8O8(OH)6(SO4)·nH2O. Instead of schwertmannite, GR(SO4

2�) was
found in sample S-130W1. The lack of iron(III) sulfate hydroxide in
the samples washed with water could be explained by different
solubility of sulfate in ethanol versus water (see Figs. S3 and S4 in
Supplementary materials). Thus, the high solubility of sulfate in
water favored the precipitation of g-FeOOH and schwertmannite,
whereas the low solubility of sulfate during isolation with ethanol
favored the precipitation of a-FeOOH (goethite) and iron(III) hy-
droxide sulfate (Fe4(OH)10SO4). In addition, g-FeOOH and a-FeOOH
can be synthesized starting from iron(III) precursor, however, d-
FeOOH synthesis always starts from iron(II) precursors. Thus, in
order to ascertain the formation of iron(II) phases the samples were
isolated by admixing glycerol. In this way, glycerol that contains
hydroxyl groups retarded the oxidation of otherwise very
oxidation-sensitive compounds [46].

Fig. 6 shows the XRD patterns of samples S-130U, S-36G and S-
130G. The samples S-36G and S-130G were isolated by admixing
glycerol, whereas the sample S-130Uwas isolated by centrifugation
without washing or admixing glycerol. The XRD lines are broad due

Table 2
The hkl indices, the 2q positions, the full width at half maximum (FWHM) values and
theDhkl values (estimated from Scherrer equation) of themost prominent diffraction
lines of g-FeOOH (lepidocrocite), d-FeOOH (feroxyhyte) and GR(SO4

2�) in selected
samples.

Sample Phase hkl 2q/� FWHM/� Dhkl/nm

S-36W g-FeOOH 021 27.1 0.91 ~10.1
S-130E d-FeOOH 100 35.1 0.36 ~26.1
S-130E1 d-FeOOH 100 35.1 0.53 ~17.2
S-130W g-FeOOH 021 27.1 0.74 ~12.0
S-130W1 GR(SO4

2�) 003 11.8 1.10 ~8.3
g-FeOOH 021 27.1 1.68 ~5.5
d-FeOOH 100 35.1 0.82 ~11.2

Fig. 3. M€ossbauer spectra of samples S-130W1, S-130W and S-36W recorded at 20 �C.
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to the small crystallite size and presence of amorphous phases. The
XRD pattern of sample S-130U matches best with the patterns of
iron(II) hydroxide (Fe(OH)2), iron oxide sulfate hydroxide also
called Green Rust II (GR(SO4

2�), ideal chemical formula Fe(II)4-
Fe(III)2(OH)12SO4$8H2O, and feroxyhyte. Sample S-36G agrees best
with the patterns of GR(SO4

2�), iron carbonyl sulfide and chaoite,
whereas sample S-130G matches best with the patterns of mack-
inawite (FeS1-x), GR(SO4

2�) and Fe(OH)2.
Fig. 7 shows the M€ossbauer spectra of samples S-130G, S-36G

and S-130U recorded at 20 �C. Sample S-130G is fitted to the three
doublets D1, D2 and D3. The doublet D3 with isomer shift (d) of

1.14mm s�1 and quadrupole splitting (D) of 2.98mm s�1 is
assigned to Fe(II) in Fe(OH)2, whereas the doublet D2
(d¼ 1.12mm s�1 and D¼ 2.43mm s�1) is due to high spin Fe(II)
ions in octahedral sites of GR(SO4

2�). In line with the XRD results,
the doublet D1with a small quadrupole splitting (D¼ 0.56mm s�1)
can be assigned to high spin Fe(III) ions in GR(SO4

2�) and/or to low
spin Fe(II) in mackinawite, iron (II) sulfide, FeS1-x [47]. The relative
amount of Fe(II) was determined on the basis of doublets D2 and D3
(82.6%, Table 3).

Sample S-36G is fitted to the two doublets. The outer doublet D2
with the d¼ 1.10mm s�1 and D¼ 2.47mm s�1 is due to the high

Table 3
57Fe M€ossbauer parameters calculated for selected samples at 20 �C.

Sample Fitting curve D (mm s�1) D or 2ε (mm s�1) Bhf (T) G (mm s�1) Relative area (%) Assignations S Fe(II) (%) c2

S-130W1 D1 0.35 0.72 0.51 77.9 Fe(III), SP and/or PD 5.7 1.56
D2 1.06 2.69 0.26 5.7 Fe(II) in GR(SO4

2�)
M1 0.30 0.10 38.81 1.00* 16.4 d-FeOOH

S-130W D1 0.36 0.68 0.49 68.6 Fe(III), SP and/or PD 1.10
M1 0.43 �0.13 36.55 1.00* 31.4 d-FeOOH

S-36W D1 0.37 0.75 0.59 100.0 Fe(III), SP and/or PD e 1.24
S-130E1 D1 0.35 0.80 0.44 62.9 Fe(III), SP and/or PD e 1.07

M3 0.30 �0.06 37.96 1.38 37.1 d-FeOOH and a-FeOOH
S-130E D1 0.35 0.75 0.51 40.9 Fe(III), SP and/or PD e 1.33

M1 0.31 �0.11 27.29 1.30* 34.4 a-FeOOH
M2 0.33 0.09 37.84 1.05* 24.7 d-FeOOH

S-36E D1 0.37 0.80 0.46 100.0 Fe(III), SP and/or PD e 0.96
S-130G D1 0.45 0.56 0.59* 17.3 Fe(III) and/or Fe(II)S1-x 82.6 1.10

D2 1.12 2.43 0.45* 26.6 Fe(II) in GR(SO4
2�)

D3 1.14 2.98 0.33 56.0 Fe(II) in Fe(OH)2
S-36G D1 0.35 0.47 0.55* 39.5 Fe(III) and/or Fe(II) sulfide 60.5 1.17

D2 1.10 2.47 0.46 60.5 Fe(II) in GR(SO4
2�)

S-130U D1 0.36 0.73 0.52 64.3 Fe(III), PD and/or SP 7.2 1.69
D3 1.07 2.68 0.37 7.2 Fe(II) in Fe(OH)2 and GR(SO4

2�)
M1 0.34 0.11 35.27 1.00* 28.5 d-FeOOH

Key: d¼ isomer shift given relative to a-Fe at 20 �C; D or 2ε¼ quadrupole splitting (doublets) or quadrupole shift (sextets); Bhf¼ hyperfine magnetic field; G¼ line width; S
Fe(II)¼ Fe(II) in total. Error: d¼± 0.01mm s�1; D or 2ε¼± 0.01mm s�1; Bhf¼± 0.2 T.
Remarks: PD ¼ paramagnetic doublet; SP ¼ superparamagnetic doublet; M1 ¼ sextet due to the hyperfine magnetic fields; * ¼ fixed; S¼ in total.

Fig. 4. XRD patterns of samples S-36E, S-130E and S-130E1. The XRD patterns of sample S-36E match best with the patterns of magnetite (card no. 19-0629), Green Rust (card no.
13-0090). Sample S-130E and sample 130E1 match best with the patterns of iron(III) sulfate hydroxide, [Fe4(OH)10(SO4)], (card no. 21-0429), feroxyhyte (card no. 77-0247) and
goethite (card no. 29-0713). The XRD patterns of sample S-130E1 possess the additional lines indicated with asterisks that belong to unidentified phase.
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spin Fe(II) ions in GR(SO4
2�). The XRD results and the line width (G)

of 0.46mm s�1 suggest that sample S-36G contains no Fe(OH)2.
Likewise in sample S-130G, the inner doublet D1 can be assigned to
the high spin Fe(III) in GR(SO4

2�) and tentatively, to the low spin
Fe(II) in iron carbonyl sulfide, the phase which was observed by
XRD. The relative amount of Fe(II) was determined on the basis of
only outer doublet D2 that gave the value of 60.5% of Fe(II) in
sample S-36G (Table 3).

The M€ossbauer spectrum of irradiated unwashed sample, sam-
ple S-130U, is fitted to the two doublets D1 and D3 and a sextet M1.
The sextet M1 with hyperfine magnetic field (Bhf) of 35.27 T,
quadrupole shift (2ε) of 0.11mm s�1 and d of 0.34mm s�1 is
assigned to d-FeOOH (feroxyhyte). d-FeOOH is magnetic at room
temperature and that is why sample S-130U was attracted by
magnet (Table 1). In line with XRD results, the outer doublet D3 is
attributed to the Fe(II) in Fe(OH)2 and GR(SO4

2�). The amount of
Fe(II) in sample S-130U calculated on the basis of D3 doublet is 7.2%
(Table 3). The inner doublet D1 is due to the presence of high spin
Fe(III) in paramagnetic and/or superparamagnetic state (PD and/or
SP doublet). The time scale of measurements in M€ossbauer spec-
troscopy is an order of nanoseconds, which allows M€ossbauer
spectroscopy to observe the fast spin relaxation processes in
nanoparticles caused by the thermal energy [1,16,17,48]. The par-
ticle size has a strong influence on the M€ossbauer parameters
because magnetically ordered materials in the form of very small
particles (about 10 nm in size) exhibit paramagnetic or super-
paramagnetic behavior. The superparamagnetic (magnetic mo-
ments related to the single domains that may contain 105 or more
atoms) and paramagnetic (magnetic moments related to the indi-
vidual atoms) nanoparticles show doublets in the M€ossbauer
spectrum at room temperature. This is because at this relatively
high temperature the thermal fluctuations become larger andmore

Fig. 5. M€ossbauer spectra of samples S-130E1, S-130E and S-36E recorded at 20 �C.

Fig. 6. XRD patterns of samples S-130U, S-36G and S-130G. The XRD patterns of sample S-130Umatch best with the patterns of iron(II) hydroxide (Fe(OH)2, card no. 13-0089), Green
Rust (card no. 13-0090) and feroxyhyte (d-FeOOH, card no. 77-0247). Sample S-36G agrees best with the patterns of chaoite (card no. 22-1069), iron carbonyl sulfide (card no. 80-
2195), Green Rust (card no. 13-0089). Sample S-130G matches best with the patterns of mackinawite (FeS1-x, card no. 86-0389), Green Rust (card no. 13-0090) and iron(II) hydroxide
(card no. 13-0089).
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frequent, which causes the direction of magnetization to undergo
random reorientation. In addition, the high values of quadrupole
splitting that are greater than 0.70mm s�1 (D> 0.7mm s�1) sug-
gest that the sample consists of very small crystallites. These small
crystallites have a large surface to volume ratio, which increases the
lattice strain and consequently, causes a large electric field gradient
at the iron nuclei [48]. Thus, the doublet D1 with D¼ 0.73mm s�1

suggests the presence of very small crystallites in sample S-130U.
The relative amounts of Fe(II) in solid samples were determined

by M€ossbauer spectroscopy. Samples S-36G and S-130G contained
60.5% and 82.6% of Fe(II), respectively (Tables 1 and 3). The con-
centrations of Fe2þ in the acidified solutions containing dissolved
g-irradiation products were determined using potassium per-
manganate titrations. The amounts of Fe2þ in the solutions were
72.0% and 92.0% at doses of 36 and 130 kGy, respectively (Table 3).
Therefore, comparing the isolations by water, ethanol and glycerol
the reducing conditions were preserved to the highest degree by
admixing glycerol. Sample S-36 consisted of hydroxysulfate green
rust II [GR(SO4

2�)] whereas sample S-130G consisted of Fe(OH)2,
GR(SO4

2�) and nonstoichiometric FeS1-x (mineral name Mack-
inawite). Mackinawite [47] is a metastable mineral that precipitates
in aqueous environments at low temperatures (around room
temperature). Green Rusts (GRs) [34e39,49] belongs to the layered
double hydroxides. Structurally, GRs contain both Fe(II) and Fe(III)
cations in brucite-like layers along with intercalated anions. Most
common types of GRs are hydroxysulfate GR II [GR(SO4

2�)] and
hydroxycarbonate GR I [GR(CO3

2�)] according to the type of inter-
calated anions [i.e., sulfate (SO4

2�) or carbonate (CO3
2�), respec-

tively]. The ideal chemical formula of GR(SO4
2�) is

Fe(II)4Fe(III)2(OH)12SO4$8H2O [49].
Fig. 8 shows SEM images of samples S-36E, S-130E, S-130U and

S-130E1. The sample S-36E consisted of aggregates with platelike
particles. The sample S-130E consisted of very big aggregates with
no visible discrete nanoparticles. The samples 130E1 and S-130U
consist of large aggregates; also big irregular plate-like particles are

Fig. 7. M€ossbauer spectra of samples S-130G, S-36G and S-130U recorded at 20 �C. The
M€ossbauer parameters and assignations for fitted doublets D1 to D3 and sextet M1 are
given in Table 3. The doublets D2 and D3 are associated with Fe(II). The calculated
relative amounts of Fe(II) in samples S-130G, S-36G and S-130U were 82.6, 60.5 and
7.2%, respectively.

Fig. 8. SEM images of samples S-36E, S-130E, S-130U and S-130E1.
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visible that emerge from the bulk. The SEM images with EDS ana-
lyses of other synthesized samples are given in Supplementary
materials. Generally, the synthesized samples mostly consisted of
particles aggregates with no visible discrete nanoparticles. This
may be due to the high agglomerations of small nanoparticles
during the isolation of powder samples from irradiated suspen-
sions. The EDS analyses shows that particles contained sulfur (S),
which is in line with iron sulfur (oxy)hydroxide phases identified
by XRD.

Based on the above presented results the g-irradiation initiated
the following sequence of reactions as shown in Fig. 9.

g-irradiation in a series of reactions reductively dissolves Fe(III),
which re-precipitates as Fe3O4, GR(SO4

2�), Fe(OH)2 and FeS1-x.
However, after the vial cap has been opened and the g-irradiated
suspensions have come into contact with air the Fe(II)-products
readily oxidized. The degree of oxidation is proportional to the
relative content of Fe(II). For instance, g-irradiation of “Fe(OH)3”
precursor (see Fig. S5 in Supplementary Materials) with dose of
130 kGy generated almost 100% of Fe2þ, whereas the isolated
products consisted exclusively of Fe(III). Therefore, on the basis of
isolated Fe(III) products one can not conclude about the real
reducing conditions produced upon g-irradiation. The main reason
is the high reactivity of Fe(II)-rich precipitates that completely
oxidized to Fe(III) products. The more information about the g-
irradiation-induced chemical changes to iron oxides can be found
in Refs. [29,50e53].

The formation of iron(II) sulfide, i.e. sulfur deficient mineral
mackinawite (FeS1-x) in sample S-130G can be explained by anal-
ogy to its formation in nature [36,54]. Mackinawite is authigenic
mineral that precipitates in shallow-water marine sediments. In a
simple model, organic carbon is assumed to be in the form of a
carbohydrate (“CH2O”) that represents the reduced form of carbon.
In saline anoxic layers of estuarine and coastal environments, the
carbohydrate reduces insoluble iron(III) oxyhydroxides to soluble
Fe2þ and sulfate anions (SO4

2�) to sulfides (S2�). Sulfates are major
constituents of seawater and at high salinity and at high sulfate
reduction rate the H2S buildup. The high concentrations of dis-
solved Fe2þ and HS� in the alkaline solution such as seawater lead
to the precipitation of mackinawite [54]. Mackinawite is meta-
stable and it re-oxidizes again to iron(III) oxyhydroxide and sul-
fates. In this work, we unintentionally mimicked the
environmental conditions for the formation of mackinawite,
however, instead of seawater we used the alkaline solution and
instead of carbohydrate and sulfates we used dextran sulfate. Be-
sides, the “Fe(OH)3” precursor we used in this work is very similar
to the low-crystalline iron (oxy)hydroxide phases found in the
marine sediments.

Finally, the formation of carbon and sulfide phases such as iron
carbonyl sulfide, Chaoite (white carbon) and FeS1-x (Mackinawite)
(Fig. 6) suggests that dextran sulfate plays an active role in the g-
irradiation synthesis of magnetic iron oxide phases. The same as

Fe(III) precursor, the dextran sulfate was involved in complex
oxidation-reduction reactions, however, in this study the focus is
on the synthesis and characterization of iron oxide phases, whereas
the characterization of radiolytic products directly related to the
dextran sulfate requires different characterization techniques and
methodologies that are out of scope of this study.

4. Conclusions

In this work, the impact of dextran sulfate on the radiolytical
synthesis of magnetic iron oxides NPs was studied. The deoxy-
genated iron(III) chloride alkaline aqueous colloidal solutions in the
presence of 2-propanol and dextran sulfate polymer were g-irra-
diatedwith doses of 36 and 130 kGy. The dose ratewas ~31 kGy h�1.

The samples collected by washing with water mainly consisted
of g-FeOOH (lepidocrocite), d-FeOOH (feroxyhyte) and schwert-
mannite (iron-oxyhydroxysulfate mineral with an ideal chemical
formula of Fe8O8(OH)6(SO4)·nH2O). The different iron oxyhydroxide
and hydroxysulfate phases found in the samples washed with
ethanol versus water could be explained by high solubility of sul-
fate in water that favored the precipitation of lepidocrocite and
schwertmannite, whereas the low solubility of sulfate in ethanol
during isolation favored the precipitation of goethite and iron(III)
hydroxide sulfate.

The samples isolated by rinsingwith ethanolmainly consisted of
iron(III) oxidized phases: a-FeOOH (goethite), d-FeOOH (ferox-
yhyte) and iron(III) hydroxide sulfate (Fe4(OH)10SO4). At lower dose
(36 kGy) magnetite was formed.

The samples isolated by admixing glycerol consisted of inter-
mediate phases Fe(OH)2, GR(SO4

2�) and non-stoichiometric FeS1-x
(mineral name mackinawite). The total amounts of Fe(II) in iso-
lated solid samples were determined using M€ossbauer spectros-
copy. The 60.5% and 82.6% of Fe(II) were found at dose of 36 and
130 kGy, respectively. Moreover, the amounts of Fe2þ in the acidi-
fied solutions containing dissolved g-irradiation products were
determined by potassium permanganate titration. The amounts of
Fe2þ in the solutions were 72.0% and 92.0%., which are in very good
agreement with the Fe(II) values determined by M€ossbauer spec-
troscopy. The unwashed sample has 7% of iron(II) and consisted of
Fe(OH)2, GR(SO4

2�) and d-FeOOH.
Thus, although the conventionally isolated samples consisted of

Fe(III) products, the reducing conditions of g-irradiation were
confirmed by isolation of Fe(II) intermediate phases and quantita-
tive determinations of Fe(II) and Fe2þ. Obviously, the phase
composition of the radiolytically obtained products depends not
only on the applied dose, but also on the way of powder sample
isolation. The reducing conditions generated upon g-irradiation
were preserved to the highest degree by admixing glycerol.

Admixing glycerol can be used as a general tool for isolation of
intermediate products susceptible to oxygen.

Fig. 9. The simplified scheme of the transformations that proceeded upon g-irradiation of deoxygenated Fe(III) alkaline aqueous precursor in the presence of 2-propanol and
dextran sulfate.
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Element weight% mol %  

C K 7.51 13.92  

O K 32.87 45.75  

Na K 21.53 20.85  

P K 0.75 0.54  

S K 11.23 7.80  

Cl K 3.21 2.02  

Fe K 22.91 9.13  

Totals 100.00   

 

Fig. S1 Scanning Electron Microscopy (SEM) image and corresponding Energy Dispersive X-ray 

Spectroscopy (EDS) results (tabular and graphical presentations) of the sample that was not irradiated nor 

washed. (0 kGy, unwashed). The analysis was performed on the rectangular area bordered by purple color. 

The amount of carbon (C) in the sample is estimated to 13.92 mol % (the source of carbon is dextran 

polymer), however, this value is not reliable, because the powder sample is stick on the graphite tape that 

is also source of carbon. The high concentration of sodium (Na) is due to the added NaOH and dextran 

sulfate sodium salt (polymer). Besides, the relative very high concentration of sulfur and relatively high 

oxygen/iron molar ratio of 5.0 (45.75/9.13) is due to the sulfate groups in dextran sulfate polymer. In 

addition to sulfate groups, the possible source of oxygen are ether oxygen and hydroxyl oxygen in dextran 

sulfate polymer. The source of chloride (Cl) is iron salt (FeCl3), whereas the phosphorus (P) is due to the 

phosphate buffer present in the dextran sulfate polymer. 

 



 

Element weight% mol%  

C K 23.00 33.72  

O K 48.80 53.70  

Na K 4.22 3.23  

P K 0.60 0.34  

S K 5.79 3.18  

Cl K 1.56 0.77  

Fe K 16.04 5.06  

Totals 100.00   

 

 

Fig. S2 SEM and EDS results (tabular and graphical presentations) of sample S-130G (130 kGy, isolated 

by admixing glycerol). The analysis was performed on the rectangular area bordered by purple colour. The 

large amount of carbon (C) in the sample is not reliable due to the graphite tape used as support, however 

much higher concentration of carbon in this sample can be explained by the fact that glycerol was 

admixed during the sample isolation. 

 

 

 

 



 

Element weight% mol %  

C K 10.12 17.83  

O K 45.71 60.46  

Na K 4.70 4.33  

P K 1.11 0.76  

S K 7.46 4.92  

Fe K 30.90 11.71  

Totals 100.00   

 

Fig. S3 SEM and EDS results (tabular and graphical presentations) of sample S-130E (130 kGy, sample 

was isolated by centrifugation and rinsed with ethanol). The analysis was performed on the rectangular 

area bordered by purple colour. The oxygen/iron molar ratio is 5.2, which is very high. The high O/Fe 

molar ratio is due to the low solubility of sulfate in ethanol. Sulfate groups that are part of dextran 

polymer (additional oxygen atoms) precipitate with ferrous - Fe(II) and ferric - Fe(III) ions thus increasing 

the relative concentration of sulfur and oxygen. Also, the samples isolated by rinsing with ethanol were 

relatively much lighter (more light elements such as sulfur, oxygen and carbon) in comparison with the 

samples isolated by washing with water (more iron). 

 

 



 

Element Weight% Atomic%  

    

C K 4.87 10.47  

O K 37.95 61.23  

Na K 0.55 0.61  

P K 0.66 0.55  

S K 3.68 2.96  

Fe L 52.30 24.18  

Totals 100.00   

 

Fig. S4 SEM and EDS results (tabular and graphical presentations) of sample S-130W (130 kGy, sample 

was isolated by centrifugation and washed with water). The analysis was performed on the rectangular 

area bordered by purple colour. The oxygen/iron molar ratio is 2.5, which is much lower than in ethanol 

rinsed sample 130E (relatively much more iron). The content of sulfur is 2.96 mol %, which is almost 1 

mol % less than in ethanol rinsing sample 130E. Since sulfates are more soluble in water, less sulfur is 

found in the precipitate. Due to these reasons ethanol rinsed samples have much higher oxygen/iron molar 

ratio (5.2 in sample S-130E) in comparison to the water washed samples (oxygen/iron molar ratio is 2.5 in 

sample S-130W). 
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Fig. S5 The XRD patterns of isolated powder Fe(III) precursor that was not irradiated nor washed (sample 

S-0). The sample is of red colour. We did not manage to attribute these XRD patterns to any of iron oxide 

phases and due to this reason we denoted this sample as “Fe(OH)3”. 
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