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Abstract: Organic matter (OM) interactions with minerals are essential in OM preservation against
decomposition in the environment. Here, by combining potentiometric and electrophoretic measure-
ments, we probed the mode of coordination and the role of pH-dependent electrostatic interactions
between organic acids and an iron oxide surface. Specifically, we show that malonate ions adsorbed
to a hematite surface in a wide pH window between 3 and 8.7 (point of zero charge). The mode of
interactions varied with this pH range and depended on the acid and surface acidity constants. In
the acidic environment, hematite surface potential was highly positive (+47 mV, pH 3). At pH < 4
malonate adsorption reduced the surface potential (+30 mV at pH 3) but had a negligible effect on the
diffuse layer potential, consistent with the inner-sphere malonate complexation. Here, the specific
and electrostatic interactions were responsible for the malonate partial dehydration and surface
accumulation. These interactions weakened with an increasing pH and near PZC, the hematite
surface charge was neutral on average. Adsorbed malonates started to desorb from the surface with
less pronounced accumulation in the diffuse layer, which was reflected in zeta potential values. The
transition between specific and non-specific sorption regimes was smooth, suggesting the coexistence
of the inner- and outer-sphere complexes with a relative ratio that varied with pH.

Keywords: ion adsorption; dicarboxylate ions; iron oxide α-Fe2O3; hematite; electrical double layer;
surface potential; ζ-potential

1. Introduction

The quality of soil depends primarily on its organic matter content [1]. The interac-
tions of soil organic matter (SOM) with minerals governs the SOM preservation in soil, but
these interactions are still poorly understood [2,3]. One of the SOM preservation mecha-
nisms relies on SOM adsorption to mineral surfaces, which apparently limits microbial
decomposition. However, it remains a challenge to identify the actual modes of SOM
protection by mineral surfaces because many phenomena may contribute, ranging from the
SOM aggregates or co-precipitates with mineral phase to structural and physicochemical
changes in SOM induced by interactions with minerals that disable some degradation
pathways [4,5]. Those mechanisms set apart OM from decomposing biota, as well as
limiting oxygen diffusion [6]. Organic matter preservation is a complex phenomenon.
There is a need to consider two potentially important parallel processes, i.e., the restriction
of microbial access to organic matter accumulated near the mineral surface, and organic
matter sorption to the mineral surface [2–4,6].
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Here, we focus on understanding the nature of OM interactions with mineral surfaces
from the electrochemical perspective. One of the open questions regards the SOM sorption
mode to mineral surfaces (e.g., carbonates, iron oxides, clays, silicates) [2,4,6,7]. Decades of
studies have shown that modes of sorption vary with environmental conditions, such as
pH, ionic strength, temperature, depth of deposition, and oxic/anoxic conditions, as well
as type functional groups exposed by the OM and mineral surface.

This work focused on one of the most stable and common iron oxide mineral, hematite [8,9],
and a simple dicarboxylic acid, malonate. The latter is considered a prototypical SOM.
We chose hematite because of its dual action in SOM-preservation. Under oxic conditions,
the SOM is preserved by adsorption or co-precipitation with iron minerals. However,
under anoxic conditions, Fe(III) solid ions are able to oxidize SOM, thus facilitating SOM
degradation [4]. We chose malonate due to its abundance in SOM moiety secreted by plant
roots into the rhizosphere [10] and its presence in atmospheric aerosols [11].

In this study, we present an insight into hematite–malonate interactions by combin-
ing three electrochemical descriptors of the electrical double layer formed at the min-
eral/electrolyte interface: (a) surface potential, (b) surface charge density, and (c) zeta-
potential [12–24]. We gain new insight into the pH-dependent malonate interaction with
hematite by examining the pH-dependent surface charge, diffuse layer potential, and
surface potential. Our results are important because they illustrate that SOM-mineral
interactions are dictated by the pH-controlled charge state of mineral surface and SOM
functional groups.

2. Materials and Methods
2.1. Materials

Hematite (α-Fe2O3) nanoparticles (diameter 20–40 nm, purity 98%) were from US
Research Nanomaterials, Inc. We prepared a hematite (α-Fe2O3) single crystal electrode
with only the (001) crystallographic orientation [25]. The artificially made hematite crystal
with dimensions of 5 mm × 5 mm and a thickness of 0.5 mm for the construction of
the electrode, was from SurfaceNet GmbH, Rheine, Germany. The crystal was cut and
epi-polished by the manufacturer. The electrode surface exposed to the solution was
only (001) hematite face (SI, Figure S1a). Malonic acid was 99% pure from ReagentPlus.
Speciation of the malonic acid in the bulk of the solution was characterized by pKa1 = 2.83
and pKa2 = 5.69 [26]. Other chemicals were of analytical reagent grade. All solutions were
prepared using MilliQ water (18.2 MΩ cm).

2.2. Methods
2.2.1. Potentiometric Acid–Base Titration

We performed the alkalimetric titration using a Metrohm Titrando 907 apparatus
according to the conventional procedure with respect to recommendations for obtaining
comparable results [24,27]. All the measurements were carried out under an argon at-
mosphere using freshly prepared, degassed, and thermostated at 25 ◦C suspensions to
avoid oxidation. We applied a combined glass electrode (Unitrode from Metrohm, Herisau,
Switzerland) to measure pH, with a drift limit established to be below 0.5 mV/min. We car-
ried out the alkalimetric titration by the addition of a titrant (40 µL of 0.1 mol dm−3 NaOH),
as only the glass-electrode potential was stabilized.

We determined proton surface charge density (σH) by the use of potentiometric acid–
base titration of hematite suspension and calculated from the equation [24,28,29].

σH =
F

AsCs

[(
cHCl∆VHCl

Vsusp
− 10−pH

γ±

)
−

(
cNaOH∆VNaoH

Vsusp
− 10pH−14

γ±

)]
(1)

where F is Faraday constant, As is hematite specific surface area (m2 g–1), Cs is hematite
mass concentration in suspension (g dm–3); cHCl and cNaOH are the concentrations of HCl
and NaOH in aqueous solutions, ∆VHCl, ∆VNaOH is the added volume of HCl and NaOH;
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γ± is the mean activity coefficients, and Vsusp is suspension volume. The mean activity
coefficients were determined using the Davies formula [30].

If the solid sample does not contain any impurities, or no specific adsorption takes
place, the net proton surface charge corresponds to the surface charge density (σH = σ0), and
the net proton zero surface charge corresponds to the point of zero charge (pHnpzc = pHpzc) [31].

The mass concentration of hematite for all titrations was 10 g dm–3, and the aqueous
electrolyte solution consisted of NaCl 10–3 mol dm−3.

2.2.2. Electrokinetic Measurements

For electrokinetic measurements, we used stock suspension of 10 g dm−3 hematite
nanoparticles dispersed in 10–3 mol dm−3 HCl solution (pH = 3). Hematite slurry at a
volume of 5 mL was added to freshly prepared and degassed electrolyte solution at pH 3.
If the pH value changed due to the surface protonation, we brought it back to pH = 3 by
adding HCl. The final solid concentration of the samples measured after several hours of
equilibration was equal to 0.5 g dm−3.

The ζ potential of hematite nanoparticles was measured using a Zetasizer Nano ZS
Malvern at 25 ◦C. Measurements were performed before and after adsorption of malonic
acid in three different concentrations for a hematite nanoparticles suspension (0.5 g dm–3).
The hematite suspensions were titrated using 0.1 M NaOH in a pH range from 3 to 10.
Electrokinetic potential of hematite suspension was also examined in a function of ionic
strength of electrolyte (NaCl and malonates) (SI, Figure S2).

2.2.3. Surface Potential Measurements

We measured the open circuit potentials of the cell composed of hematite (001) sin-
gle crystal electrode (SCrE) [12,15,16,32] and the reference electrode Ag | AgCl | KCl
(3 mol dm–3) using a combined pH microelectrode (Metrohm). The SCrE electrode con-
sisted of a single hematite crystal connected to a copper wire using conductive silver paint.
The hematite crystal was glued to an acrylic holder with nonconductive UV-curable epoxy
glue. The copper wire was connected to the pH meter via shielded cables. All other sides of
the crystal except for the front (001) side were insulated by using the same (nonconductive)
glue. We used two pH meters (Metrohm) for the measurement of the pH and the SCrE
potentials. The SCrE was connected to one pH meter and the combined pH electrode to
another. The reference electrode inside the combined electrode was used as a standard
reference electrode for SCrE measurements too (SI, Figure S1b).

Before the use, we rinsed the crystal surface with ethanol and deionized water. Then,
we performed titrations with different concentrations of malonic acid. The SCrE with
combined pH microelectrode was immersed into a thermostated glass cell containing
30 mL of 1 × 10−3 mol dm–3 HCl, 1 × 10–3 mol dm–3 NaCl, and malonic acid. The solution
was degassed with argon (Ar 5.0, Messer). The desired pH values were achieved by adding
0.1 mol dm–3 NaOH to the solution. The measured SCrE potential was monitored in
real-time by using the infrared link between the pH meter and the computer. The data
were collected in 4 s intervals by using RS232 DataLogger 2.7 (Eltima Software). Upon each
addition, the solution was stirred by a magnetic stirrer. The measurements were made after
achieving equilibrium, which was 10–20 min after each addition of NaOH. The equilibrium
was assumed when the slope of the measured potential was below 1 mV min–1.

The extraction of the absolute values of the surface potential from the measurements
is not trivial [15,33–35]. In order to obtain the surface potential at the hematite/electrolyte
interface from the measured open-circuit potential, one needs to account for all potential
jumps in the electrochemical cell [15,33–35]. The zero level of inner surface potential (p.z.p.,
Ψ0 = 0) is located between pHpzc and pHiep values [32]. In this work, the value of pHpzp
was determined to be equal to 8.7.

The SCrE potential measurements were used to monitor the surface potential response
to detachment, complexation, and reduction in the surface iron sites.
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3. Results and Discussion
3.1. Surface Charge of Hematite

The surface of hematite becomes charged due to proton uptake and release by the
surface-exposed oxygen atoms or due to dissociative water sorption [36]. Surface properties
of metal oxides, and thus hematite, are pH-dependent. Potential determining ions for
hematite in aqueous solution are H+ and OH–. Thus, the point of zero charge (σH = 0) in
this system is determined by the pH of the bulk of the solution. Surface reactivity, average
surface equilibrium constants, point of zero charge, and isoelectric point vary for hematite
samples of different origin and impurity [37]. What is more, the binding of carboxylic
acid to the hematite surface affects both the electrostatic interfacial properties and overall
surface stability, triggering hematite (photo)dissolution [38,39].

For the determination of pHpzc, we performed a series of alkalimetric potentiomet-
ric titrations of hematite slurries with three different ionic strengths of electrolyte and
calculated the proton surface charge densities using Equation (1). The plots of proton
surface charge density are shown in Figures 1a and 2. Three curves for three different ionic
strengths in Figure 2 did not intersect at one point, but the pH region between 8.5 and 8.9
was noticed. The presence of the common intersection point (CIP) [40] is essential for the
accurate determination of the PZC; still, we were able to estimate PZC as a mean value of
pH in the region of the intersections of all curves (pHpzc = 8.7). The surface charge σ0 was
calculated taking into account acidic impurities from the synthesis (HCl), as described by
Piasecki et al. [28].
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Figure 2. Net surface charge of hematite dispersed in pure electrolyte. Surface charge density as a
function of pH for different concentrations of NaCl: 10-3 mol dm-3 NaCl, 10-2 mol dm-3 NaCl, and
0.1 mol dm-3 NaCl.
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3.2. Zeta and Surface Potential

The isoelectric point of hematite particles was obtained from the zeta potential mea-
surements (Figure 1b), pHiep = 8.3. The difference in pHpzc and pHiep of hematite particles
in sodium chloride aqueous solution indicates that chloride ions exhibited higher affinity
for association with positively charged hematite surface than sodium ions [41].

Surface potentials at the hematite/electrolyte interface (Figure 1c) were evaluated
from measured hematite (001) single crystal electrode potentials under the assumption
that a point of zero potential corresponds to the average value of the isoelectric point
and point of zero charge, pHpzp = 8.6. The surface potential does not obey the quasi-
Nernstian law, which is evidence of the nonlinear effects and expected for the hematite
(001) surface [36,42].

The surface charge and surface potential of hematite depend on the pH and electrolyte
concentration. Due to the association of counterions and possible adsorption of some other
species, the surface charge determined via potentiometric titration is called the effective
surface charge.

The charged hematite surface attracts counterions from the aqueous solution and binds
various species. The amount and strength of the adsorption depend on hematite surface
properties as well on charge and structure of adsorbing species. Finally, the adsorbed
species change hematite surface properties.

The value of pHpzp was close to the obtained pHpzc, shifted in the opposite direction
from pHiep, so that pHiep < pHpzp ≤ pHpzc.

3.3. Malonates Effect on Hematite Surface Charge Density

Figure 3 shows the influence of malonate anions on the proton surface charge densities
in the suspension of hematite with and without malonic acid. The point of zero charge
obtained from the acid–base potentiometric titration of hematite suspension without mal-
onate (blue line in Figure 3) was found to be at pHpzc = 8.7, the same as was determined
from the common intersection point of the three curves obtained for three different ionic
strengths (Figure 1a). The results shown in Figure 3 indicate a shift of the hematite n.p.z.c.
to the higher pH values with the increasing concentration of malonate (SI, Figure S4).
The malonate anions strongly affected the electrokinetic potential of α-Fe2O3 particles
(see Figure 4), making zeta-potential more negative compared with the pure oxide/NaCl
electrolyte suspension.
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Figure 3. Proton surface charge densities of hematite in the suspension of hematite in
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(orange line), 10-4 mol dm-3 malonic acid (purple line) at 25 ◦C.
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3.4. Malonates Effect on Zeta Potential

The results of electrokinetic measurements indicate that malonates adsorb at the
hematite surface (see Figure 4). Above pH 8.6, the hematite surface is negatively charged,
and malonate sorption is not expected, which is consistent with the similar values of zeta
potential obtained in this pH region, irrespective of the malonate concentration. Binding of
malonates shifts the hematite isoelectric point to a lower pH. This effect is opposite to the
shift of n.p.z.c. (see “SI, Figure S4”), confirming the specific adsorption of malonates at the
hematite surface.

Moreover, ζ(pH) curves for hematite slurries with a high concentration of malonic
acid are specific in shape with a plateau between pH 5.7 and pHiep. The appearance of the
plateau can be explained considering several effects of malonates on the hematite surface.
The fraction of different malonate spices (H2A, HA–, and A2–, see “Figure 5”), as well as
hematite surface charge, are pH-dependent. Hematite surface is positively charged in the
acidic region up to the point of zero charge and isoelectric point. Below pH < 5.5 in the
bulk of the aqueous solution, the number of HA– ions on the positively charged hematite
surface increases. Above pH > 4, the concentration of A2– ions gradually increases, and
adsorption of A2– ions on the still positively charged hematite surface occurs. In the pH
range 4 < pH < 5.5 competitive adsorption can be expected. In this pH region, a specific
shape of Ψ0(pH) curve for hematite surface without adsorbed malonates ions (Figure 3)
was found. The broad plateau near the point of zero potential and relatively high positive
potential at pH < 5 affect the adsorption of malonate species and shape of the ζ(pH) curves.
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Figure 5. The effect of malonate ions adsorption on the inner surface potential of (001) hematite
surface at 25 ◦C. The overlaid speciation diagram of malonic acid was made using pKa1 = 2.83,
pKa2 = 5.69 [26], and Visual MINTEQ ver. 3.1.

The observed effects indicate strong electrostatic interactions of positively charged
hematite surface with malonates and formation of inner-sphere complexes. At higher
pH, the hematite surface is neutral or negatively charged, and weaker interactions lead
to reduced malonate adsorption. However, the binding of divalent A2– ions to hematite
surface prevails, which causes a charge compensation and reduction in the mobility of the
particle.

3.5. Insight into Malonates Sorption Modes

Despite decades of studies [38,43,44], coordination modes are still puzzling. A few
infra-red spectroscopic studies reveal either one of two types of surface complexes: inner-
and outer-sphere bidentate complexes of malonates at Fe(III) oxide/aqueous electrolyte
245 interface [38,43,44]. Persson et al. [43] and Lenhart et al. [44] showed that in the
acidic solution (pH < 5.5), the inner-sphere complexes are expected, while the outer-sphere
complexes should dominate at higher pH. However, others have observed only inner-
sphere bidentate complexes [38]. One of the limitations of previous studies is a lack of
electrochemical probes of malonate’s effect on the electrical double layer formed at the
hematite/electrolyte interface. Our results described above suggest that the nature of the
hematite–malonate interactions drastically changes around pH 5, in agreement with IR
spec-252 troscopic and adsorption studies [43,44]. We concluded that at least two types
of surface malonate complexes exist on the hematite surface: strongly bound malonate in
the inner-sphere complex geometry at lower pH, and outer-sphere and mobile complex at
higher pH.

The surface potential measurements by means of hematite (001) single crystal electrode
shed extra light on the nature of binding of malonic acid species to the hematite (001)
surface. Figure 5 presents the variation of surface potential with pH for three different
concentrations of malonic acid. The overlaid speciation diagram (Figure 5) shows that
below pH 4 in the aqueous solution is present fully protonated malonic acid (H2A). At that
pH, the hematite surface is predominantly occupied by protonated bridging oxygen—OH2

+

groups. The adsorption of malonic acid decreases the surface potential at pH below 4.
Above pH above 4 the adsorption of malonate has almost no effect on surface potential.
The change in the surface potential sensitivity to sorption of malonate is a clear indication
of the change in the coordination mode from the inner-sphere (close proximity) at low pH
to the outer-sphere (far from the surface) at higher pH.

Clearly, there is a correlation in surface charge shift and malonate speciation (Figure 5).
Although HA– dominates at pH below 4, the surface potential is negatively correlated with
HA– concentration.
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3.6. Coexistence of Various Coordination Modes

Our findings suggest a coexistence of different types of bonding of carboxylic groups to
the hematite surface (Figure 6). At low pH < PZC but above pKa1, the dominant speciation
of malonic is HA- and hematite surface is positively charged. In this case we observe inner-
sphere sorption with strong electrostatic interactions. At pH near PZC, surface charge
is neutral on average, and A2− is dominant above pKa2, and there is weak sorption via
hydrogen-bonding with water mediating interactions (outer sphere coordination) or less
frequent inner-sphere coordination with a few remaining positively charged sites. At high
pH above PZC, hematite surface is negatively charged and malonic is deprotonated (A2−)
so direct surface–malonate interactions are energetically unfavorable due to electrostatic
repulsion, but the indirect interactions via a hydrogen-bonded chain of water molecules or
ion-pairing with the surface adsorbed Na+ are possible. The extent of sorption decreases
with increasing pH, along with a shift in coordination modes.
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Figure 6. Hematite–MA interactions. (a) Low pH < PZC but above pKa1, surface positively charged
inner-sphere sorption with strong electrostatic interactions; (b) pH near PZC, surface charge neutral
on average, weak sorption via hydrogen-bonding, with water mediating interactions (outer sphere
coordination) or eventually inner-sphere coordination with a few remaining positively charged sites;
and (c) high pH above PZC, the indirect interactions via a hydrogen-bonded chain of water molecules
or ion-pairing with the surface adsorbed Na+.

Due to the small reactive hematite surface area, the difference between hematite
surface potential at two different malonic acid concentrations (1 × 10–3 and 1 × 10–4 M)
was negligible (see “Figure 5”).

Malonates adsorbed at hematite surface decreased the inner surface potential above
pH < 4, which influenced the distribution of ions within the interfacial layer. In this pH
region, electrokinetic potential was just slightly affected by malonate adsorption, while
surface charge density differed significantly. This indicates the formation of malonate
surface complexes at the hematite surface below pH 4. Due to the adsorption of fully
protonated malonic acid, the inner surface potential of hematite decreased. Adsorption
of malonic acid caused adsorption of some protons from the hematite surface, which
was obtained with sequences of adding of malonates and hematite to the electrolyte
(SI Figure S3).

4. Conclusions

The interactions between soil/dissolved organic matter and charged minerals govern
the stability of OM in the environment. There are many different modes of interaction,
but sequestration of OM via sorption to mineral surfaces is often the initial step in the
protective and destructive function of minerals.

Here we present the electrochemical study of malonate binding to hematite surface by
combining surface charge, surface potential, and diffuse layer measurements. We observed
that malonate ions bind to the surface of hematite in a wide pH range but that the mode
and strength of this interaction varied with pH. Under acidic conditions, malonates were
specifically adsorbed to positively charged oxide surface. In this regime, malonate was
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adsorbed as an inner-sphere complex because the surface charge and potential but not the
diffuse layer potential were sensitive to malonate concentration.

At higher pH (>5), malonates started to detach from the hematite surface and accu-
mulated near the shear plane of the EDL. The malonate became non-specifically adsorbed
as the outer-sphere complex and preferentially accumulated in the diffuse layer, affecting
ζ-potential with a negligible effect on the surface charge/potential. The transition from the
inner- to outer-sphere complex geometries appeared to be smooth, suggesting that both
modes of coordination existed simultaneously. However, their relative ratio varied with
the solution pH.

We showed that a combination of different electrochemical techniques provided
unique insight into the coordination and location of adsorbed species within the EDL. Our
findings are in agreement with previous spectroscopic studies [38,43,44], but they provide
additional information about how EDL is affected by malonate sorption. Formation of
inner-sphere complexes involves strong electrostatic interactions, partial dehydration of
ligands, and presumably formation of chemical bonds [38,43,44]. The amount of malonate
ions in the diffuse layer increased with increasing pH, as indicated by the variation of the
ζ-potential. At the same time, the amount of the specifically adsorbed malonate in the rigid
part of the EDL decreased, as indicated by decreasing sensitivity of surface charge and
potential to the varying concentration of malonate.

From the mineral surface perspective, specifically adsorbed malonic ligands leaving
hematite surface can detach with the iron ion, driving the ligand-assisted mineral dis-
solution. Our study suggests that pH-dependent change in the carboxylic acid surface
coordination is one of the first steps in the ligand-promoted iron oxide dissolution and is
relevant for the mobilization of iron and other contaminants in the environment.

From the organic matter perspective, the interfacial structure and preservation of
SOM was to some extent driven by sorption and immobilization of organic matter at
the hematite surface; however, these complexes are often photoactive or act as stronger
oxidants/reductants, which is vital for catalyzing SOM degradation near iron oxide sur-
faces [45–47].

Supplementary Materials: The following are a vailable online https://www.mdpi.com/article/10.3
390/colloids5040047/s1, Figure S1: Schematic presentation of hematite (001) single crystal electrode
(SCrE), (a) and a cell composed of hematite and reference electrodes for surface potential response
monitoring (b); Figure S2: Electrokinetic potential of hematite suspension as a function of ionic
strength of NaCl/MA electrolyte; Figure S3: pH changes response in two sequences ofadditions of
malonates and hematite; Figure S4: Effect of malonate ions concentration on pHnpzcand pHiepof
hematite; Figure S5. Proposed reactions of adsorption of malonic acid and malonate to the hematite
(001) surface for two types of bonding, bidentate mononuclear (a), (c), and bidentatebinuclear (b),
(d) at pH lower than 4 (a), (b), and for pH between 4 and 7 (c), (d). The dotted lines represent a
continuation of bridging oxygen bonds across the surface.The proposed reactions ((a) and (b))can
explain the observed decreasing surface potential at pH < 4, since these types of surface reactions are
crowding out H+ (therefore decreasing surface charge). At higher pH, in the case of –COO–groups at
the pH > 4 ((c) and (d) -malonate anions), the preferred type of association is bidentate dissociated
inner sphere complex. This type of binding does not significantly change the surface charge, therefore
neither its potential.
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