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correlated to the surface and diffuse layer potential of α,γ-Fe2O3

oxides and whether potential measurements are able to detect
Fe(II) sorption and reactive interactions with the oxide surface.
The findings shed new light onto mechanisms governing reduc-
tive transformation of iron minerals in environment.
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Fig. 1 Electrochemical cell containing suspended γ-Fe2O3

nanoparticles, α-Fe2O3 single crystal electrode (SCrE), platinum redox
electrode (Pt), reference electrode (AgCl|Ag) combined with the glass
electrode (pH-meter) (Panel a). The diagram of the charge distribution
at the iron(III) oxide/electrolyte interface at pH < IEP (a) and at p H >

IEP (b). The background electrolyte ions are denoted by C+ and A−.

2 Materials and protocols

Materials. Maghemite (γ-Fe2O3) nanoparticles (� < 50 nm)
and ferrous chloride (purity 98%) were purchased from Sigma
Aldrich. Other chemicals were of an analytical reagent grade. A
natural hematite crystal obtained from Cada de Pedramine, Con-
gonhas do Campo, Minais Gerais, Brazil was used in constructing
the single-crystal electrode, of which a visually determined (001)
face was exposure selected for the exposed surface of the elec-
trode.

Apparatus. The ζ -potential was measured by ZetaPlus Zeta Po-
tential Analyzer (Brookhaven Instruments Corporation, US). The
alkalimetric titration was performed by using the 665 Dosimat
(Metrohm, US) assisted with/without the ultrasound mixing to
avoid particle aggregation. The electrodes relative potentials
were measured in a three electrode setup (Fig. 1a), which was
composed of single-crystal hematite electrode (SCrE),18–22 plat-
inum electrode and the combined reference (Ag|AgCl)/glass elec-
trode (Metrohm, US).

Reagents preparation. All solutions were prepared using the
distilled and deionized water. We used two suspension stocks
(i, ii) containing the maghemite nanoparticles (1 g/dm3) sus-
pended in electrolyte solution of i) NaCl (0.001 mol/dm3), HCl
(0.001 mol/dm3) and ii) NaNO3 (0.001 mol/dm3), HNO3 (0.001
mol/dm3). We added maghemite particles to freshly prepared
electrolyte solution at pH=3, as pH value changed due to the ox-
ide protonation, we brought it back to pH=3 by adding HCl.

Measurements. To avoid oxidation due to prolonged exposure
to air, all measurements were carried out under argon atmo-
sphere using degassed, freshly prepared suspensions. During the
titration experiment, a small fraction of cell solution (1 ml) was
collected for separate ζ -potential measurements in ∆ψ0=20 mV
intervals in the glass-electrode indication. Argon was pumped
through the cell to remove the dissolved oxygen and carbon diox-
ide down to minimal content. Alkalimetric titration was carried
out from pH 3 to 9, by addition of titrant (100 µL of 0.1 mol/dm3

NaOH) as only the glass-electrode potential stabilizes. The sta-
bility of pH-meter was indicated by constant voltage value over
5 minutes (by constant value we mean that only voltage fluctua-
tions bellow the threshold of 1 mV were allowed). In other words,
the titration interval was not fixed, but adjusted in fly based on
the pH-stabilization (titration interval increases as oxide surface
gains more charge).

Powder X-ray diffraction (XRD) analysis of nanoparticles before
and after extracted from the reaction zone during titration was
carried out using a PHILIPS X’PERT PRO diffractometer work-
ing in Bragg-Brentano reflection geometry. The samples were
mounted on a standard metal holder, and irradiated with CoKa
radiation with the wavelength λ = 1.789 Å (i.e., longer then the
K-adsorption edge of iron: λFe = 1.743 Å). Samples have been ir-
radiated for 8 hrs. Data were collected over 2θ range from 4.0
to 89.9◦ using PIXcel detector working in 1D mode (allowing to
simultaneously counts in about δ (2θ)= 3.35◦ range by using 255
active channels). The beam acceleration voltage and current in-
tensity were equal to 40 keV and 30 mA, respectively. The phases
were initially identified by the HighScore Plus software, and latter
re-examined by the CrystalDiffract program.

3 Methodology

Electrokinetic potential. The ζ -potential measurement of the
maghemite nanoparticles suspension provides insight into the
electrostatic potential at the shear plane, which is geometrically
defined as the region at the boundary between the stagnant struc-
ture of accumulated counter-ions (Helmholtz planes) and the mo-
bile co- and counter-ions in the diffuse part of electrical double
layer.

The key descriptor of the ζ -potential curve is the pH value at
which ζ=0, the so-called isoelectric point (IEP, pHIEP). Although
the reported pHIEP values for natural and synthetic Fe2O3 are very
scattered (between 4 and 8, see ref.23), maghemite is generally
considered to be more acidic (lower pHIEP) than hematite.

Platinum electrode potential. In our setup, the platinum elec-
trode is sensitive only to mobilized ferric-ferrous ions ratio (i.e.,
E ∼ ln

[

Fe3+
]

/
[

Fe2+
]

).14,15 In other words, it acts as an electron
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Fig. 2 Powder X-ray diffractograms of the γ-Fe2O3 particles extracted from the cell at varying pH values in the presence (red lines) and absence
(black lines) of the Fe(II) ions. XRD spectra were obtained at λ = 1.789 Å (Co lamp). The simulated XRD spectra (blue/orange lines at the bottom)
were obtained using CrystalDiffract software package, by using the hematite structure (α-Fe2O3, R3̄c, a = b = 5.038 ,c = 13.772 ,α = β = 90◦,γ = 120◦)
reported by Blake et al. 16 and by maghemite structure (γ-Fe2O3, P4332, a = b = c = 8.347 ,α = β = γ = 90◦) reported by Shmakov et al. 17

source or sink only for the Fe(III)/Fe(II) redox couple.

Single-crystal hematite electrode. Single-crystal hematite
(SCrE) electrodes are routinely used in many research groups to
assess the unique electrochemical behavior of the isolated min-
eral faces.18–21,24–26 The natural hematite crystal was fixed in
the plexiglass holder, the surface was cleaned with ethanol and
deionised water. The resistance of electrode surface was around
5 × 108

Ω. We used the SCrE potential measurement to mon-
itor the surface potential response to detachment, complexation
and reduction of the surface iron sites. In this work we restrained
from converting SCrE potential to the surface potential,18–20,27

therefore the reported values are relative ones.

4 Results and Discussion

α/γ-Fe2O3 surfaces. Hematite is considered the most stable fer-
ric oxide (end-form of many iron oxide transformations),1,10,11

therefore it is less prone to dissolve than maghemite (dissolu-
tion rate of γ-Fe2O3 is of an order of magnitude larger than of
α-Fe2O3 see ref.28). For this reason, one can expect that most of
the mobilized iron comes from the induced dissolution of γ-Fe2O3

nanoparticles. However, there are also reports of spontaneous
α-Fe2O3 to γ-Fe2O3 transformation as the particle size decreases,
which is due to lower surface energy of the maghemite struc-
ture29 (i.e., ∆Gs(α-Fe2O3)/∆Gs(γ-Fe2O3) ∼ 2.5 see ref.11). For
this reason, we used maghemite nanoparticles instead of hematite
ones to avoid possible phase transformation during titration. We

also periodically monitored the crystal structure (XRD) of the
nanoparticles during titration experiments.

γ-Fe2O3 structure. The XRD analysis confirmed that the
nanoparicles are almost pure γ-Fe2O3, and the hematite content
is within the range of 4-8% as indicated by a diagnostic reflection
at 2θ=38.6◦ (hematite (014̄) face; Fig. 2). The crystal structure
remains unchanged during titration, even if Fe(II) ions are added
(Fig. 2), however because of the structural similarities between
maghemite and magnetite (Fe3O4), the transition from magh-
metite to magnetite may remain undetected, and it cannot be
ruled out based on the X-ray diffraction analysis.

Effect of electrolyte. It has been suggested that some anions
can adsorb specifically to the oxide surface promoting oxide dis-
solution by weakening Fe-O bonds. For instance, Sidhu et al. 28

observed that the Cl− ions increase the proton-promoted disso-
lution of iron oxides as compared to a more inert effect of ClO−

4

ions. Such specific interactions manifest typically by a shift in iso-
electric point as a function of electrolyte concentration and anion
type.

In our study, we observed that the isoelectric point (pHIEP) of
the nanopartricle suspension is equal to 6.1 for two types of back-
ground electrolyte (NaCl and NaNO3, see Fig. 3) and remains
insensitive to electrolyte concentration. Interestingly, similar val-
ues were reported for hematite nanoparticles (pHIEP)30 and for
the (001) hematite SCrE (pHPZC).19,31
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Fig. 3 Effect of electrolyte type on the electrokinetic potential.
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Fig. 4 Effect of electrolyte type on hematite electrode relative potential
(a) and platinum electrode potential (b) in the presence of maghemite
nanoparticles.

The hematite SCrE potential decays exponentially with increas-
ing pH until it reaches a plateau at pH > pHIEP (Fig. 4a). Similar
inert behavior above pHPZC was reported for the hematite (001)
SCrE electrode by others.31–34 The plateau appearance manifests
in the pH range where the oxide surface becomes inert, presum-
ably due to termination predominantly by doubly coordinated
Fe2OH groups19,32.

Anion accumulation in the Helmholtz planes seems to be larger
for chloride than for nitrite ions (see ∆E = 25, Fig. 4a), but the
potential shift is only on the order of the thermal energy (kBT

(T=298K) = 25.7 mV), thus prediction of any sorption prefer-
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Fig. 5 Effect of addition Fe(II) ions on the electrokinetic potential.

ence is rather inconclusive.
In almost all cases reported here, the platinum electrode poten-

tial decays with increasing pH value (Figure 4b). This decay is an
indication of the decreasing Fe3+/Fe2+ ratio. As shown in Fig. 4,
EPt= f (pH) has an s-shape with an inflection point around pH 5
in the case of NaNO3 or it has an exponential decay resembling
ESCrE= f (pH) in the case of NaCl electrolyte.

Iron (II) ions. It is generally accepted that the presence of Fe(II)
affects significantly iron oxide electrostatics35,36. The absolute
value of electrokinetic potential shifts towards more alkaline pH
with increasing concentration of Fe(II) ions.35,36 An increase in
ζ -potential in the acidic region with increasing concentration of
Fe(II) indicates specific adsorption of iron (II) to the iron ox-
ide despite repulsive electrostatic interactions with the positively
charged surface.35 Indeed, we observe the shift in IEP value to-
wards more alkaline values (from 6.1 to 7.3-8.6, Fig. 5), with
typically larger values of ζ at a given pH value than reported for
pure electrolyte (i.e., without Fe(II) ions, Fig. 3).

A similar increase in the IEP and sometimes even a more dra-
matic charge-reversal behavior have been observed previously for
mono- di- and trivalent cations sorbed at the metal oxide sur-
face.37–39 Indeed, in the alkaline pH region potentials recorded
by the hematite and platinum electrodes exhibit the reverse pH-
dependence by showing a surprising increase with increasing pH
(Fig. 6). Because, ζ -potential curves do not exhibit the charge re-
versal character, we conclude that Fe(II) ions accumulate close to
the the oxide surface (in the rigid Helmholtz plane) rather than
in the diffuse layer.

In other words, the recorded hematite and platinum potential
profiles (Fig. 6) posses a semi-parabolic shape with a minimum
near the nanoparticle IEP. The increase in the Fe(III) ions con-
centration results in the increase of the platinum electrode po-
tential.14,15 An analogous increase in the hematite potential is
probably caused by the additional protonation of newly created
surface groups upon surface Fe detachment.

We find it also remarkable that the electrode potentials mea-
sured in the presence of Fe(II) ions (Fig. 6) bear some resem-
blance to the pH-dependent activity plot of Fe(III) ions. In our
opinion, this is a manifestation that the surface chemistry of the
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oxide in the presence of Fe(II) and iron ion redox-recombination
at the platinum surface are both governed by the ferrous-ferric
electrochemical balance in the aqueous phase.

The hematite electrode response is affected by the addition of
γ-Fe2O3 nanoparticles only in the narrow pH range pH ∈ (3.5;6.2)

(ESCrE increases by ∼ 5 mV, see Fig. 6a). In contrast, the platinum
potential is significantly affected by the presence of nanoparticles,
but only at pH < 4 (∆EPt =140 mV at pH=3.1, Fig. 6b). The fact
that nanoparticles affect the electrode potential only at low pH
is quite surprising, and it may be due to the increased dissolved
Fe(III) pool, which is stable only in the acidic environment.
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Fig. 6 Effect of the maghemite nanoparticles on the potential difference
recorded by the polycrystalline hematite electrode (a) and platinum
electrode (b) in the presence of the dissolution enhancing ferrous ions.

5 Conclusions

In this work, we reported that the presence of Fe(II) ions strongly
affects the electrochemical response of α,γ-Fe2O3 in potentiomet-
ric titration experiments.

We found that the pHIEP(γ-Fe2O3) value is identical for NaCl
and NaNO3 electrolytes, which suggests that simple ions accu-
mulate only due to nonspecific electrostatic attraction. In con-
trast, ferrous ions adsorb specifically on the oxide surfaces shift-
ing pHIEP values appreciably (towards more alkaline values).

In most cases, we observed the plateau in hematite surface po-
tential at pH > pHIEP, supporting the prevalent believe in the
inert character of the (001) crystal face.19,32 However, if Fe(II)
ions are added in excess, we observe an inversion in hematite po-

tential around pHIEP, producing a pH-dependence similar to the
iron(III) solubility curve and other studies of specific multivalent
cation accumulation.39

The platinum electrode potential plays a role of an
Fe(III)/Fe(II) ratio probe, which shows that the amount of fer-
ric ions in solution decreases with increasing pH. These results
indicate that the iron speciation near the oxide and platinum elec-
trodes is strongly coupled to the solution phase, and an imbalance
of mobilized Fe(III)/Fe(II) at one interface is quickly propagated
to the other.

We believe that the platinum electrode introduces the energet-
ically most favorable pathway for mobilized iron to equilibrate,
and for this reason we have not observed any significant struc-
tural or morphological changes in the nanoparticles. Although
we did not detect any crystallographic changes in nanoparticles,
some more subtle and difficult to detect transitions cannot be
ruled out such as magnetite formation, particularly at higher pH.
This allowed us to focus predominantly on the surface electro-
chemistry of α,γ-Fe2O3 surfaces without complications due to un-
controllable oxide transformations. Therefore, introduction of the
platinum electron source/sink (platinum) for Fe(II/III) mobilized
ions is convenient in studying electrochemistry of iron oxides, es-
pecially less stable ones.

We concluded that electrochemical equilibrium between mobi-
lized aqueous iron ions appears to be a driving force for redox-
reactivity of iron(III) oxides, whereas specific and electrostatic
interactions govern Fe(II) sorption to the charged oxide surface.
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