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Acid-Base Properties of Cobalt Ferrite Surface Examined
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Abstract—The acid-base properties of cobalt ferrite synthesized by the mechanochemical method with dif-
ferent ratios of the main components Fe2O3 : Co3O4 have been investigated using the temperature-pro-
grammed desorption of ammonia, IR spectroscopy using adsorbed pyridine with ammonia, and the Ham-
mett indicator method. A comparison of the results for the total content of Lewis and Brønsted acid sites by
three methods has shown that all three samples were quite similar, with a probability of 0.5%. The introduc-
tion of cobalt oxide into the composition of cobalt ferrite leads to an increase in the concentration of Brønsted
and Lewis centers with a simultaneous increase in the number of strong basic centers determined by the tem-
perature-programmed desorption of ammonia. The indicator method is the most informative method for a
quantitative study of the acid-base properties of the cobalt ferrite surface, since it allows one to assess the con-
centration and strength of Lewis and Brønsted acid sites and basic sites.
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INTRODUCTION
The heterogeneous processes involving the catalyst

are based on the donor–acceptor properties of its sur-
face, characterizing its acid-base characteristics. Fol-
lowing modern concepts, the surface of solid catalysts
is characterized by the presence of acidic and basic
centers [1]. The acid-base properties of solid catalysts
affect the activity and selectivity of many catalytic
reactions not only in acid-base transformations, but
also in reduction and oxidation reactions [2–4].
Numerous catalytic reactions are catalyzed by solid
acid catalysts, which are widely used in petroleum
refining and chemical industries. Zeolites, simple and
complex oxides, ferrites, and phosphates exhibiting
acid-base properties of various natures are widely used
in important industrial processes, such as ammonia
oxidation, CO conversion with water vapor, etc. [5].
Heterogeneous solid catalysts, which exhibit acid and
basic properties, have many advantages over liquid
acid and base catalysts, since they are not corrosive,
safe for the environment, and their separation from
gaseous or liquid products is not difficult [6].

The examination of the acid-base properties of the
surface of the catalyst is an interesting and important
problem not only from a theoretical, but also from a
practical point of view, since these properties deter-
mine the quality of adsorbents, catalysts, and semi-
conductors. It is known that the surface properties of
oxides and oxide compounds are determined by the

properties of their surface OH–groups, which depend on
the type of metal atom and its coordination with oxygen
atoms in the crystal structure of compounds [7].

Based on the crystallography data, metal atoms
coordinated with a different number of oxygen atoms
can exist on different faces even for an ideal crystal.
Accordingly, the acid-base properties of OH-groups
bound to such metal atoms can differ significantly.
The existence of several acid-base centers on the sur-
face of various oxides has been proven by IR spectros-
copy [11–14], EPR spectroscopy [15], and the indica-
tor adsorption method [16].

In recent years, spinel-type ferrites have received a
lot of attention due to their structural, acid-base, and
catalytic properties. These materials are good catalysts
for many processes, for example, N2O decomposition,
the Fischer–Tropsch synthesis, oxidation of CO to
CO2, and the reforming of CH4 into synthesis gas [17–
19]. Ferrites have strong acid and basic centers. The
physicochemical properties of ferrites are determined
by the valence state of metal ions and their distribution
in the crystal lattice, which is also characterized by
certain types and levels of point defects. Ferrites are
complex compounds with different coordination of
metal atoms with oxygen atoms. The surface of the fer-
rites is similar to polybasic acids or polyacid bases; i.e.,
it has several dissociation constants. The coordination
states of atoms (cations and anions for ferrites) and the
1306



ACID-BASE PROPERTIES OF COBALT FERRITE SURFACE EXAMINED 1307
reaction properties of the catalyst surface depend on
the crystal plane on which the adsorption occurs [20].

It was found that the reactivity of catalysts to the
reducing gases is primarily determined by the activity
of redox interaction with the participation of
chemisorbed oxygen species on the surface. In this
regard, it is important to choose a method for deter-
mining the acid-base properties of the adsorption cen-
ters surface to develop methods for changing the con-
centration and ratio between adsorption centers of dif-
ferent natures. The aim of this work was to study the
acid-base properties of cobalt ferrite and evaluate
them by physicochemical methods.

EXPERIMENTAL
The IR spectra were obtained at room temperature

using a TENSOR II IR spectrometer (Bruker AXS
Gmbb). To determine the characteristics of the acid
sites on the surface of the experimental samples, pyri-
dine was used as a probe molecule. The concentration
of acid sites was estimated from the integral intensity
of the absorption bands corresponding to these centers
in the spectra of adsorbed pyridine using the integral
absorption coefficient [20] calculated as

(1)

The concentration of centers was based on the use
of the Bouguer–Lambert–Beer law as applied to some
bands in the spectra of adsorbed molecules. In the case
of adsorbed probes, it is convenient to represent this
law in the form

(2)
where А3 is the observed band integral absorption, cm–1;
A0 is integral absorption of the band for the adsorbate
concentration, μmol/g; C is the concentration of the
adsorbed probe, μmol/g; and ρ is the amount of cata-
lyst per 1 cm2 of the luminous f lux section, mg [21].

The adsorption and desorption of ammonia were
carried out using a thermal desorption unit assembled
based on a Tsvet-500 gas chromatograph. The total
surface acidity of the samples was estimated under the
assumption of single-site adsorption of ammonia from
the number of chemisorbed molecules, the desorption of
which was almost complete when the temperature in the
reactor with the catalyst was raised to 400–450°C.

The number of the acid sites Ni (mmol/g) distrib-
uted over the corresponding maxima of the thermal
desorption peaks Тmax,I was calculated from the values
of the area under the desorption curves using the for-
mula

(3)

where 6 × 1023 is the Avogadro constant; S(Тmax,i) is
the area under the corresponding maximum on the
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thermal desorption curve, mm2; Ssp is the specific sur-
face area of the substrate, m2/g; G is the mass of the
sample, g; and ΣS(Тmax, i) is the total area of peaks on
the thermal desorption curve, mm2. The number of
moles of desorbed ammonia was calculated as
V/22400, where V is the desorbed volume of ammo-
nia, mL.

The optical densities of the initial solutions of indi-
cators (D0) were measured on a KFK-2MP photocol-
orimeter. Then, suspensions of catalysts in these solu-
tions were prepared and optical densities (D1) were
measured after establishing adsorption equilibrium
and separating the solution from the precipitate by
decantation or centrifugation. To evaluate the effect of
the pH change on the optical density upon the contact
of the sample with the solution, a suspension of cata-
lysts was prepared in distilled water; then precipitate
was separated after 30 min and the indicator solution
was added, followed by the measurement of the optical
density (D2). The content of active sites (qpKa, mol/g)
with a given pKa value was calculated by the formula

(4)

where Cind and Vind are the concentration and volume
of the indicator solution, respectively; m1 and m2 are
the mass of the catalyst when measuring D1 and D2,
respectively; the dash corresponds to the unidirectional
change of D1 and D2 relative to D0 and the plus sign refers
to the multidirectional change, respectively [3].

The distribution of adsorption centers was pre-
sented in the coordinates  = f(pKa).

RESULTS AND DISCUSSION
Infrared spectroscopy is one of the most wide-

spread and effective methods for studying acid-base
sites on the surface of catalysts [2, 4, 5]. The use of IR
spectroscopy to study donor–acceptor surface proper-
ties is based on the spectral probe method. The prop-
erties of adsorption centers are evaluated from the
absorption spectra of adsorbed molecules, as well as
from the change in the position of absorption bands
observed during adsorption. This method makes it
possible to reliably identify the interaction of probe
molecules with proton, aprotic, and basic surface cen-
ters and to quantitatively characterize the strength of
individual centers, and it is suitable for the indepen-
dent determination of the concentration of each type
of surface center. The use of IR spectroscopy revealed
some fundamental aspects of heterogeneous catalysis,
namely, to detect the presence of Lewis and Brønsted
centers on the surface, to establish their structure, and
to reveal their role in catalytic transformations. Pyri-
dine and ammonia are widely used as probe molecules
[8]. In this work, pyridine was chosen as a probe to
characterize the nature of the acidity of cobalt ferrite.
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1308 DENISOVA et al.

Fig. 1. IR spectra of cobalt ferrite with pyridine: (1) CoFe2O4 (74% Fe2O3; 26% Co3O4), 300°C; (2) CoFe2O4 (56% Fe2O3; 44%
Co3O4), 300°C; and (3) CoFe2O4 (66% Fe2O3; 34% Co3O4), 300°C.
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Pyridine, being a weaker base compared to ammo-
nia, reacts only with strong acid sites on the surface
[9]. The specific adsorption of pyridine on the surface
of cobalt ferrite is molecular and occurs due to the for-
mation of hydrogen bonds with surface hydroxyl
groups [23].

Figure 1 shows the IR spectra of cobalt ferrite
nanoparticles with different ratios of the main compo-
nents. When cobalt ferrite is saturated with an excess
of cobalt(III) oxide, the band at 417–440 cm–1 shifts
to a higher frequency region and the band at 520–
630 cm–1 has a shoulder, which corresponds to the
partial use of pyridine groups in coordination with
Со3+ ions. The IR spectra (Fig. 1) of cobalt ferrite with
different ratios of the main components exhibit
absorption bands in the range of 1400–1700 cm–1,
which indicates the presence of acidic Lewis and
Brønsted centers on the surface and the presence of
only a small amount of proton centers capable of the
formation of pyridinium ions at the adsorption of pyr-
idine ≥Ñ → М+. In ferrites, IR bands are created by
vibrations of oxygen ions with cations present in octa-
hedral and tetrahedral positions in the unit cell.

A sign of the formation of a pyridinium complex
with Lewis centers is a shift of the pyridinium band at
1447 cm–1 by 2–4 cm–1, depending on the ratio of the
main components of iron oxide and cobalt. Other
closely spaced bands at 1488 and 1489 cm–1 are less
intense and practically do not change their positions.
THEORETICAL FOUNDATIONS OF
In the presence of proton centers, Lewis centers can be
identified only by the pyridine band at 1450–1460 cm–1.

The protonation of pyridine is the criterion for the
presence of proton centers [8]. When pyridine is pro-
tonated, absorption bands of pyridinium ions appear
in the spectrum, the characteristic of which is the band
at 1608 cm–1 in Fig. 1. The pyridinium ions
chemisorbed on the surface have an absorption band
at 3340 cm–1, corresponding to NH+ stretching vibrations.
These spectra have an absorption band at 2358 cm–1,
which characterizes the antisymmetric linear vibra-
tions of physically adsorbed CO2 molecules.

The main difficulty of the spectral method from
the experimental side in determining the main centers
of the surface of cobalt ferrite arises from masking the
spectral manifestations of the molecular interactions
with the surface as a result of absorption by the volume
of the catalyst. Even the weak physical adsorption of a
molecule on a surface can lead to the loss of some of
the rotational and translational movements.

To overcome the difficulties in determining the
acid-base centers, a method for studying the acidity of
catalysts based on temperature-programmed desorp-
tion (TPD) of adsorbed ammonia from the surface of
the samples has been proposed. Due to its usability,
rapidity, and visualization of results, this method has
gained the greatest popularity. By varying the corre-
sponding experimental parameters using this method,
it is possible to measure the total acidity of the surface
 CHEMICAL ENGINEERING  Vol. 54  No. 6  2020
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Table 1. Characteristics of used acid-base indicators

Indicator pKa λmax, nm

Ethylene glycol 14.2 340
Indigocarmine 12.8 610
Tropaeolin 0 12.0 440
Alizarin yellow 10.0 340
Thymol blue 8.8 430
Phenol red 8.1 440
Bromothymol blue 7.3 430
Bromocresol purple 6.4 540
Methyl red 5.0 430
Bromophenol blue 4.1 590
Methyl orange 3.5 460
Fuchsin (basic) 2.1 540
Brilliant green 1.3 590
and establish the distribution of acid sites by their
strength [9]. The temperature range of saturation of
the catalyst samples with ammonia in the thermal
desorption method is close to the operating tempera-
ture of catalysts. This makes it possible to correctly
identify the correlations of their activity with surface
properties. To study the acid sites of cobalt ferrite,
ammonia was used as a probe. The choice of ammonia
is due to its small size, ease of dosage, and high basic-
ity, making it possible to determine not only strongly
acid centers, but also weak centers [22].

It was found that the TPD spectra of ammonia
adsorbed on the surface of the modified cobalt ferrite
(Fig. 2) exhibit three desorption maxima which
change their position on the temperature coordinate
Тmax1 (108–210)°С; Тmax2 (211–350)°С; Тmax3 (350–
500)°С, depending on the experimental conditions.
The observed maxima correspond to the desorption of
ammonia from the surface acid sites, conventionally
ranked as weakly acidic, moderately acidic, and
strongly acidic. It can be seen that a gradual rise in
temperature leads to a clearer manifestation of thermal
desorption maxima while maintaining the qualitative
distribution of acid sites in terms of their strength. This
may be due to the specificity of the radiation effect on
the desorption of ammonia molecules from the corre-
sponding surface areas (local centers) of the active
mass of cobalt ferrite, which absorbs radiation energy
and transforms it into heat more efficiently than the
carrier.

It was also revealed by the TPD that the number of
acid sites decreases with an increase in the content of
cobalt oxide in ferrite. Ammonia is desorbed mainly
on acid sites with electron-withdrawing properties and
their number decreases as the amount of cobalt oxide
in ferrite increases.
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
Figure 3 shows the molecular adsorption of ammo-
nia, which occurs during the specific interaction of
ammonia molecules with the surface of cobalt ferrite,
resulting in the formation of acid-base centers on the
surface. This leads to a decrease in the intensity of the
absorption bands at 3120 cm–1, which is attributed to
ammonium ions formed during the reaction of ammo-
nia molecules with water molecules remaining on the
surface, as well as with a predominance of Lewis acid
sites. These bands were interpreted as asymmetric
stretching and bending vibrations of the ammonium
ion. The absorption bands of molecular adsorbed
ammonia were observed at 3401–3417 cm–1. The
molecular adsorption of ammonia occurs during the
specific interaction of ammonia molecules with sur-
face hydroxyl groups with the formation of the hydro-
gen bond. The absorption band of ammonia mole-
cules at 3335 cm–1 characterizes their coordination
bond with the Lewis center. The absorption band at
3280 cm–1 can be attributed to the stretching vibra-
tions of NH+ in ammonia molecules, which formed
coordination bonds with the surface of cobalt ferrite.

Summarizing, the IR spectroscopy of adsorbed
probe molecules establishes the total surface acidity
without dividing into Lewis and Brønsted centers,
while the chemisorption of ammonia allows one to
identify surface centers by the type and their strength.

The method of adsorption of acid-base indicators
should be mentioned among the methods of analysis
used to determine the features of the functional-
chemical composition of the surface. This method is
the oldest and experimentally simplest way to measure
the acid-base properties of a solid surface [4]. It is
based on the feature of the indicator to change its color
upon adsorption on the surface, which is a measure of
the acidity (basicity) of the surface containing Lewis
and Brønsted active centers. A complete description of
the acid-base properties of the solid surface implies
the determination of the concentration and strength of
active centers, i.e., obtaining their distribution with
differentiation into acids and bases.

Figure 4 shows the distribution spectra of acid-base
sites on the surface of cobalt ferrite with different
ratios of the main components. It can be seen that the
distribution of acid-base sites on the surface of cobalt
ferrite is nonuniform, resulting in the discreteness and
a rather clear deformation of sorption bands with max-
ima of different intensities corresponding to a certain
pKa value.

The surface of cobalt ferrite is characterized by a
complex distribution of centers, which is due to the
presence of oxygen impurities in their structure.
Intense bands with рKа = 6.4, 7.3, 9.45, and 12.8 are
assigned to Mе–(OH) and Mе–(OH)– proton-donor
adsorption centers, formed by coordinated water mol-
ecules or OH-groups with alkaline (MeO)- or acidic
Me2+ Lewis centers. Less intense bands in the region
EERING  Vol. 54  No. 6  2020
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Fig. 2. Temperature-programmed desorption spectra of ammonia from the surface of catalysts based on cobalt ferrite containing
(1) 74% Fe2O3, (2) 66% Fe2O3, and (3) 56% Fe2O3.
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Fig. 3. IR spectrum of ammonia adsorption on cobalt ferrite catalyst.
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of рKа = 2.5–5 and рKа = 1.3 are associated with the
presence of proton acceptor centers on the surface.

Lewis acid regions with pKa > 14 are unsaturated
surface sites, which, in the case of ferrite, are metal
cations (Со3+). These centers can interact with mole-
THEORETICAL FOUNDATIONS OF
cules containing an unshared electron pair or carrying
a positive charge according to the donor–acceptor
mechanism.

For cobalt ferrite containing cobalt and iron
oxides, intense bands of three types of Brønsted cen-
 CHEMICAL ENGINEERING  Vol. 54  No. 6  2020
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Fig. 4. Distribution of acid-base centers on the surface of cobalt ferrite containing (1) 74% Fe2O3, 26% Co3O4; (2) 66% Fe2O3,
34% Co3O4; and (3) 56% Fe2O3, 44% Co3O4. 
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ters were recorded: acidic Mе–(OH)δ + (рKа = 2.5;
3.46; 4.1), neutral Mе–(OH)δ0 (рKа = 6.4), and basic
Mе–(OH)δ – (рKа = 8.8; 9.45; 12). It was noted that
the bands related to the main centers are more intense
and their number increases with an increase in the
content of cobalt oxide in the catalyst (Fig. 4).

The results of determining the acid-base properties
of the surface of the iron-cobalt catalyst by three
methods are given in Table 2, which also reports the
total content of centers for cobalt ferrite with different
ratios of cobalt and iron oxides.

Based on the TPD of ammonia and the Hammett
indicator method, it can be concluded that the state of
adsorbed ammonia on the surface of the modified
cobalt ferrite is different. This is reflected in the pres-
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN

Table 2. Total content of active centers

No. Composition
of catalysts

Т50, °C Т100, °C
Ssp,

m2/g

TPD
of NH
mmo

1
Co3O4—26%
Fe2O3—74% 423 510 89.5 0.10

2
Co3O4—34%
Fe2O3—66% 478 548 117 0.14

3
Co3O4—44%
Fe2O3—56% 387 463 197 0.31
ence of various types of centers, which differ in nature.
In addition, each of these types is energetically hetero-
geneous.

CONCLUSIONS
The acid-base properties of cobalt ferrite are sig-

nificantly influenced by the interaction between the
components of the mixed phases. A change in the con-
tent of cobalt oxide in the composition of the mixed
phase makes it possible to additionally vary the num-
ber of acid-base centers. The experimental data indi-
cated a change in the acid-base state of the surface of
the examined cobalt ferrite samples during their mod-
ification and contributed to the development of theo-
ries about the mechanism of interaction of the main
EERING  Vol. 54  No. 6  2020

3, 
l/g

Indicator method, mmol/g IR spectroscopy,
mmol/g

Acid centers Base centers Acid centers

5 0.105 1.05 0.110

0.16 1.84 0.15

5 0.318 2.78 0.320
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catalyst during the conversion of nitrous oxide. A
comparison of the results for the total content of Lewis
and Brønsted acid sites obtained by the IR spectros-
copy of adsorbed ammonia, TPD of NH3, and the
Hammett indicator method showed fairly close values
for all three samples with a probability of 0.5%. The
number of centers capable of chemisorbing ammonia
is comparable to the total concentration of Brønsted
(B2) and Lewis (L2) centers of medium strength,
which was calculated using all methods in Table 4.
Weak Lewis centers (L1) and partially proton-donat-
ing groups with low acidity can probably form weak
and strong physical bonds with the probe molecule
under the temperature-programmed desorption of
ammonia. The chemisorption of ammonia was used to
determine the total surface acidity of the proton donor
(Brønsted) and electron acceptor (Lewis), while the
IR spectroscopy of adsorbed probe molecules was
used to identify surface centers by type and their
strength. In this case, the temperature range of the
sample saturation with a probe molecule in the TPD
of ammonia is close to the operating temperatures of
catalysts in comparison with the IR spectroscopy of
adsorbed pyridine, which makes it possible to more
correctly compare the surface properties of cobalt fer-
rite with its catalytic characteristics.
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NOTATION

A0 integral absorption of adsorbate band for con-
centration, μmol/g

А3 integral band absorption, cm–1

С concentration of adsorbed probe, μmol/g
Cind concentration of indicator solution, mol/mL
G mass, g
m1, m2 mass of catalyst, g
Ni content of active sites, mol/g
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