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INTRODUCTION

NiO nanoparticles supported onto metal oxides
exhibit the highest catalytic activity in a number of
catalyzed reactions (in particular, in hydrodechlorina�
tion [1] and hydrogenation reactions, which include a
large family of reactions of hydrogen attachment at
unsaturated bonds in unsaturated and aromatic hydro�
carbons [2], in selective oxidation of CO to CO2 [3],
and in toluene oxidation [4].

One of the main reasons for changes in the physical
and chemical properties of nanoparticles is an increase
in the fraction of surface atoms exposed to conditions
(the coordination number, local symmetry, etc.) dif�
ferent from those for the atoms inside a bulky phase.
The fraction of surface atoms decreases with increas�
ing particle size [5].

The adsorption and catalytic properties of metal
nanoparticles and their oxides depend on the nature of
precursor solution, on the type of its interactions with the
support, on chemical nature of the support, on prepara�
tion conditions, and size of resulting particles [6].

Adsorption of molecules of the original com�
pounds, chemical conversion of the adsorbed com�
pounds, and subsequent desorption of the reaction
products occur on the catalyst surface during a cata�
lytic reaction. In order to understand the mechanism
of catalytic reactions occurring on immobilized nano�
particles of metals and their oxides, the data on the
force and nature of their interaction with supports and
reagents needs to be available [7–10].

This work was aimed at studying the adsorption
properties of γ�Al2O3, both the original one (which is
widely used as a support in heterogeneous catalysts for

various processes) and the one modified with NiO
nanoparticles and [NiO + Ag] bimetallic nanoparti�
cles via dynamic adsorption at low surface coverage.

EXPERIMENTAL

Adsorbents. We used original γ�Al2O3 (Sigma�
Aldrich; specific surface area of 110 m2/g, average
pore volume of 0.29 cm3/g, pore diameter of 340 Å),
and γ�Al2O3�based nanocomposites ([0.5%NiO +
0.5%Ag]/γ�Al2O3 and [2.5%NiO + 2.5%Ag]/γ�Al2O3)
were used as adsorbents.

Synthesis of nanocomposites. γ�Al2O3 and NaOH
were sequentially added to the aqueous solution of
nickel(II) chloride preheated to 50–90°С. After the
mixture was cooled, sodium tetrahydroborate solution
in an aliphatic alcohol was added. The azeotropic
mixture of aliphatic alcohol and water was distilled off
the resulting product; the product was kept at 70–
90°С for 30 min and washed once with water and twice
with ethanol; the precipitate was kept in air at 50°С for
2 h until nickel was completely oxidized to nickel(II)
oxide. The equations of the reactions occurring during
synthesis of nickel oxide nanoparticles can be written
as follows:

A solution containing preset amounts of silver
nitrate and nickel(II) chloride was used instead of the
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aqueous solution of nickel(II) chloride to fabricate
bimetallic [NiO + Ag]/γ�Al2O3 nanocomposites [11].

Nanocomposite samples were studied by X�ray dif�
fraction on a Rigaku D/MAX 2500 diffractometer
with a rotating anode (Japan).

We used the XRD patterns (Fig. 1) and the Debye–
Scherrer equation [12] (Eq. (1)) to estimate the aver�
age diameter  of NiO nanoparticles.

(1)

where k is the dimensionless form factor (k = 0.89); λ
is the irradiation wavelength, Å;  is the diffraction
angle; and  is the half�width of the diffraction peak
(radians).

Table 1 lists the results of calculation of particle
size.

Adsorbates. We used n�alkanes (C6–C8), benzene,
toluene, ethylbenzene, chloroform, and diethyl ether
as adsorbates to study the texture and chemistry of
μ�Al2O3 surface, both original and modified with
nanoparticles. Parameters of these compounds are
given in Table 2.

Adsorption studies. Adsorption properties were
studied by dynamic vapor sorption on a Crystal Lux
4000M chromatograph with a thermal conductivity
detector. To perform physicochemical measurements,
we used 20�cm�long glass columns with an internal
diameter of 2 mm. Helium was used as a carrier gas; its
flow rate was 30 mL/min. Prior to measurements, the
sample was kept in the chromatograph chamber in a
flow of the carrier gas at 200°С for 3 h. The volume of
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adsorbate sample injected with a microsyringe was
varied from 0.5 to 10 μL.

At low degrees of surface coverage, we measured
the specific retention volumes, determined the
adsorption isotherms, and calculated the isosteric
heats of adsorption via procedure [13] for n�C6H14,
C6H6, CHCl3, and (C2H5)2O at 100, 110, and 120°С;
for С6Н5CH3 at 130, 140, and 150°C; and for
С6Н5С2Н5 at 150, 160, and 170°С.

RESULTS AND DISCUSSION

Adsorption isotherms of n�hexane, benzene, tolu�
ene, and ethylbenzene on the original γ�Al2O3 and that
modified with nickel oxide nanoparticles are shown in
Fig. 2. All the isotherms are convex facing the adsorp�
tion axis, attesting to the fact that the adsorbate–
adsorbent interaction is stronger than the adsorbate–
adsorbate one. At identical equilibrium pressures,
adsorption of all the adsorbates onto the original and
modified γ�Al2O3 samples decreases with increasing
temperature (Fig. 2), being indicative of the physical
nature of the adsorption.

Figure 3 shows the sorption isotherms of benzene
at 100°С onto bimetallic [NiO + Ag]/γ�Al2O3 nano�
composites and NiO/γ�Al2O3 nanocomposites.
Adsorption of all the adsorbates at identical equilib�
rium pressures decreased for the following series: 5%
NiO/γ�Al2O3 > 10% NiO/γ�Al2O3 > [2.5% NiO +
2.5% Ag]/γ�Al2O3 > γ�Al2O3 > [0.5% NiO + 0.5%
Ag]/γ�Al2O3, which correlates with the average size of
immobilized mono� and bimetallic nanoparticles
(Table 1).

Figure 4 shows the adsorption isotherms of toluene
and ethylbenzene at different temperatures onto the
original γ�Al2O3 and 5%NiO/γ�Al2O3 nanocompos�
ite. One can see how the adsorption values decrease
stepwise with increasing temperature; at each point,
the adsorption isotherms of toluene and ethylbenzene
onto 5%NiO/γ�Al2O3 composite lie noticeably higher
than those for the original γ�Al2O3.

The specific surface areas (s, m2/g) and monolayer
capacities аm for the samples under study were calcu�
lated using the adsorption isotherms of hexane at
100°C and the BET method. Parameters of microporous
structure were estimated using the adsorption iso�
therms of benzene and the Dubinin–Radushkevich
equation [14]. The micropore radius (R) was calcu�
lated based on the dependence of characteristic
adsorption energy (Е0) using the equation R = 12/Е0
[15]. The calculated data are listed in Table 3. It is
clear from Table 3 that immobilization of both mono�
and bimetallic nanoparticles onto the γ�Al2O3 surface
reduces the specific surface area of the nanocompos�
ites by 20–30% compared to the original support
(γ�Al2O3), while the characteristic adsorption energy
increases by ~0.5–3 kJ/mol. The micropore radius
decreases for all nanocomposites.
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Fig. 1. X�ray diffraction pattern of the 10% NiO/γ�Al2O3
composite (1) with the superimposed X�ray diffraction
pattern of the NiO phase (2).

Table 1. Average size of NiO nanoparticles, nm

Composite Nanoparticle 
size, nm

5% NiO/γ�Al2O3 3.7

10% NiO/γ�Al2O3 7.1

[0.5% Ag + 0.5% NiO]/γ�Al2O3 4.7

[2.5% Ag + 2.5% NiO]/γ�Al2O3 7.4
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Heats of Adsorption

By definition, the surface of the synthesized nano�
composites is heterogeneous both in terms of their
chemistry and energy. The reason is that the greatest
part of the γ�Al2O3 surface is covered with nickel oxide
nanoparticles that block the most active sites of the
original γ�Al2O3 on one hand and act as active adsorp�
tion sites on the other hand. Thus, active sites of
immobilized nickel oxide and silver nanoparticles
make the decisive contribution to the changes in
adsorption activity of the synthesized nanocompos�
ites. It is clear that several types of active sites, formed
both by the original γ�Al2O3 structure and by the sup�

ported nanoparticles, will sequentially participate in
the adsorption. In order to test this assumption, we
used the empirical Freundlich equation describing
adsorption onto heterogeneous surfaces,

(2)

and the Langmuir equation (the equation of localized
adsorption onto homogeneous surface in the absence of
any strong interactions between adsorbate molecules),

(3)

,na kp=

,
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+

Table 2. Characteristics of the adsorbates tested (M is the molecular weight; μ is the dipole moment; α is the total polariz�
ability of a molecule; and AN and DN are the electron�accepting and electron�donating energy parameters of molecules,
respectively [6])

Adsorbate M μ, D α, Å3 DN, kJ/mol AN

n�C6H14 86.2 0 11.9 0 0
n�C7H16 100.2 0 13.7 0 0
C6H6 78.1 0 10.4 0.4 8.2
C6H5CH3 92.1 0.37 12.2 – –
C6H5C2H5 106.2 0.59 14.1 – –
CHCl3 119.4 1.15 8.2 0 23.0
(C2H5)2O 79.1 1.70 9.0 80.3 3.9
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Fig. 2. Adsorption isotherms of (a) n�С6Н14 at 100°С, (b) С6Н6 at 100°С, (c) С6Н5СН3 at 150°С, and (d) С6Н5С2Н5 at 150°C
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where а is the adsorption, am is monolayer capacity, К
is the equilibrium constant, and р is the adsorbate
pressure in the gas phase.

Figure 5 shows the adsorption isotherms of ben�
zene onto 5%NiO/γ�Al2O3 nanocomposite in the lin�
ear coordinates of the Freundlich equation. It is clear
that the isotherms are almost ideally linear when pre�
sented in logarithmic coordinates.

The adsorption isotherms in the linear form of the
Langmuir equation are shown in Fig. 6. Three linear
regions were distinguished on each isotherm, indicat�
ing that there are three homogeneous surface areas
that differ in their adsorption properties and constitute
the homogeneous surface together: the regions corre�
sponding to low concentrations (I), medium concen�
trations (II), and relatively high concentrations (III).
The monolayer capacities am, equilibrium constants K,
Henry constants КH and KH,calc = amK were deter�
mined for these homogeneous surface areas. The K
values of all sorbates decrease with increasing temper�
ature both for the intact and modified alumina.

At low degrees of surface coverage (region I in Fig. 5),
the Kp values are much lower than unity (Table 4);
hence, the Kp value in the denominator can be
neglected and in this case

(4)

Thus, the adsorption value is proportional to
adsorbate pressure in the gas phase, and the Langmuir
equation is converted to the Henry equation.

(5)

We used the inverse temperature dependence of
lnKH to calculate heats of adsorption Q in the Henry’s
region (region I); their values are listed in Table 5. The
heats of adsorption of the tested compounds onto 5%
NiO/Al2O3 are considerably higher, while the heats of
adsorption onto 10% NiO/Al2O3 are also higher for
n�hexane and ethylbenzene and slightly lower for ben�
zene and toluene than those of adsorption onto γ�Al2O3.

We used the adsorption isotherms to calculate the
isosteric heats of adsorption (Qst) at low degrees of sur�
face coverage (a = 0.35 µmol/m2) for all the nanocom�
posites studied (Table 6). It can be seen from Table 6
that low heats of adsorption of СHCl3 (its molecules
exhibiting electron�accepting properties; DN = 0,
AN = 23) and high heats of adsorption for (C2H5)2O
molecules (with electron�donating properties pre�
dominating; DN = 80, AN = 3.9) onto the original γ�
Al2O3 indicate that the surface of the original γ�Al2O3
exhibits electron�accepting (acidic) properties. In
turn, the lower heats of adsorption of (C2H5)2O com�
pared to those of СНСl3 onto NiO/γ�Al2O3 compos�
ites attest to the predominantly electron�donating
(basic) properties of their surface. An increase in heats
of adsorption onto NiO/γ�Al2O3 was also observed for
benzene molecules (with electron�accepting proper�
ties predominating; DN = 0.4, AN = 8.2).

The heats of adsorption of n�C6H14 (molecules of
which can be adsorbed only due to nonspecific disper�
sion interactions) onto NiO/γ�Al2O3 increased
abruptly compared to the original γ�Al2O3. Immobili�
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5%NiO/γ�Al2O3, (2) 10%NiO/γ�Al2O3, (3) [2.5%NiO +
2.5%Ag]/γ�Al2O3, (4) the original γ�Al2O3, and (5)
[0.5%NiO + 0.5% Ag]/γ�Al2O3 nanocomposites.
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zation of nanoparticles reduced the effective pore
diameter of the support (Table 3), as a certain number
of pores were blocked by nanoparticles. The adsorp�
tion potential of nanocomposites increases, resulting
in a consistent rise in the heats of adsorption.

The contribution of energy of specific interactions
(Qspec) to the total energy of adsorption onto NiO/γ�Al2O3
and [Ag + NiO]/γ�Al2O3 composites as compared to
the original γ�Al2O3 decreased both for the electron�
accepting (CHCl3) and for electron�donating
((С2Н5)2О) molecules.

The heats of adsorption of aromatic hydrocarbons
(benzene, toluene, and ethylbenzene), the molecules
of which comprise a conjugated π�system, onto the
original γ�Al2O3 and modified samples are higher than
those of n�hexane (Table 6) due to formation of π�com�
plexes of these molecules with active sites residing on
the sorbent surface. The increase in basic properties of
the molecules after alkyl moieties are added to the aro�
matic ring causes stronger adsorption of toluene and
ethylbenzene, in particular, compared with nonsubsti�
tuted benzene.

The initial heats of adsorption of ethylbenzene are
significantly higher than the heats of adsorption of
benzene onto γ�Al2O3 due to the strong interaction
between the π�electrons of the aromatic ring of ethyl�
benzene (which is additionally enriched in electron
density due to the ethyl moiety) with electron�accept�
ing sites on the surface. For NiO/γ�Al2O3 and [NiO +
Ag]/γ�Al2O3 composites, there is also interaction with
active sites of NiO and [NiO + Ag] nanoparticles,
respectively. At adsorption a = 0.35 µmol/m2, the
heats of adsorption of ethylbenzene are higher than
the heats of adsorption of benzene onto NiO/γ�Al2O3

Table 3. Parameters of the microporous structure of γ�Al2O3 and composites

Adsorbent S, m2/g am, μmol/g E0, kJ/mol R, nm

γ�Al2O3 98 275 10.3 1.16
5% NiO/γ�Al2O3 57 181 13.2 0.91
10% NiO/γ�Al2O3 70 222 12.1 0.99
[0.5% NiO + 0.5% Ag]/γ�Al2O3 74 237 12.2 0.99
[2.5% NiO + 2.5% Ag]/γ�Al2O3 73 232 10.8 0.91
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Fig. 5. Adsorption isotherms of С6Н6 onto 5% NiO/γ�
Al2O3 nanocomposite in linear coordinates of the Freun�
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Table 4. Products Kp calculated at the initial regions of the adsorption isotherms

Adsorbate C6H14 C6H6 C6H5CH3 C6H5C2H5

γ�Al2O3 0.11 0.17 0.16 0.16
5% NiO/γ�Al2O3 0.17 0.22 0.16 0.32
10% NiO/γ�Al2O3 0.10 0.11 0.39 0.14
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composite by 35 kJ/mol; onto 10% NiО/γ�Al2O3,
by 24 kJ/mol; onto [0.5% NiO + 0.5% Ag]/γ�Al2O3, by
22 kJ/mol; and onto [2.5% NiO + 2.5% Ag]/γ�Al2O3, by
25 kJ/mol.

The heats of adsorption of toluene are higher than
those of benzene by only 5–10 kJ/mol on average.
This is typical both of the original γ�Al2O3 and of all
the nanocomposites studied and is presumably caused
by the fact that toluene and benzene have similar
structures, as opposed to ethylbenzene.

The energy of specific interactions is determined by
electron�donating and electron�accepting properties
of adsorbate molecules and the adsorbent surface and
can be written as the following expression [10]:

 (6)
where KA and KD are the electron�accepting and elec�
tron�donating energy parameters of the surface and
AN and DN are the electron�accepting and electron�
donating parameters of adsorbate molecules.

Table 7 lists the electron�accepting (KA) and elec�
tron�donating (KD) energy parameters of the surface
of the original γ�Al2O3 and NiO/γ�Al2O3 nanocom�
posites determined using this equation.

The dependences of the isosteric heats of adsorp�
tion Qst on the degree of surface coverage were deter�
mined from adsorption isotherms calculated using the
empirical Freundlich equation for a heterogeneous
surface in its logarithmic form (with coefficient R2 =
0.999).

(7)

= +spec. ,D AQ AN K K DN AN

= +ln ln ln .a K n p

The calculated isosteric heats are shown in Tables 8
and 9.

Tables 8 and 9 show that the Qst for aromatic hydro�
carbons adsorbed onto NiO/γ�Al2O3 composites are
higher than those for [NiO + Ag]/γ�Al2O3 composites
for all degrees of surface coverage, which indicates that
NiO/γ�Al2O3 composites have a higher adsorption
activity than that of [NiO + Ag]/γ�Al2O3.

The heats of adsorption of all adsorbates decrease
with increasing average size of immobilized nanopar�
ticles. Higher heats of adsorption are typical of the
most active surface areas that are the first to be covered
with adsorbate molecules. After they are covered,
adsorption takes place at sites with lower activity, and
the heats of adsorption decrease gradually. NiO nano�
particles are the most active sites on the surface of
NiO/γ�Al2O3 composites. The surface of the original
γ�Al2O3 under conditions under study can contain
only hydroxyl moieties, since it was heated to temper�
atures higher than 200°С either at the preparation and
nanoparticle supporting stage nor during the adsorp�
tion experiments. Dehydroxylation of the Al2O3 sur�
face starts at temperatures higher than 200°С [16].

An analysis of the experimental data indicates that
the heats of adsorption are determined by the compo�
sition and structure of the composite surface. In terms
of heats of adsorption of aromatic hydrocarbons, the
composites can be arranged into the following series:
NiO/γ�Al2O3 > 10% NiO/γ�Al2O3 > [2.5% NiO +
2.5% Ag]/γ�Al2O3 > [0.5% NiO + 0.5% Ag]/γ�Al2O3.

Table 5. Heats of adsorption, Qst, kJ/mol, of the tested compounds adsorbed in the Henry region onto the original γ�Al2O3
and 5% NiO/γ�Al2O3 and 10% NiO/γ�Al2O3 nanocomposites

Adsorbate Al2O3 5% NiO/Al2O3 10% NiO/Al2O3

n�C6H14 40 51 46
C6H6 55 59 53
C6H5CH3 63 75 60
C6H5C2H5 86 105 104

Table 6. Isosteric heats of adsorption (Qst, kJ/mol) of the tested adsorbates onto the original γ�Al2O3 and 5% NiO/γ�Al2O3,
10% NiO�γ�Al2O3, [0.5Ag + 0.5% NiO]/γ�Al2O3, and [2.5% Ag + 2.5% NiO]/γ�Al2O3 nanocomposites at the degree of
surface coverage a = 0.35 μmol/m2

Adsorbate
Qst Qdisp Qspec Qst Qdisp Qspec Qst Qdisp Qspec Qst Qdisp Qspec Qst Qdisp Qspec

γ�Al2O3 5% NiO/γ�Al2O3 10% NiO/γ�Al2O3
[0.5% Ag +

0.5% NiO]/γ�Al2O3

[2.5% Ag + 
2.5% NiO]/γ�Al2O3

n�C6H14 35 48 45 47 45
n�C7H16 53 54 53 51 50
n�C8H18 67 60 61 54 55
C6H6 54 28 26 58 43 15 59 39 20 51 46 6 53 41 12
CHCH3 58 11 47 63 36 27 61 29 32 54 42 12 59 35 24
(C2H5)2O 83 21 62 59 40 19 52 35 17 62 44 18 60 39 21
C6H5CH3 62 41 21 71 49 22 67 46 21 55 49 6 64 46 18
C6H5C2H5 74 56 18 93 55 38 83 55 28 73 52 21 78 51 27
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Table 7. Electron�accepting (KA) and electron�donating (KD) energy parameters of the surface of the original γ�Al2O3 and
nanocomposites based on it

Adsorbent KA KD, kJ/mol KA/KD ( – KD)/ ( – KA)/

Al2O3 0.67 2.02 0.33 1.00 1.00
5% NiO/Al2O3 0.18 1.16 0.16 0.43 0.73
10% NiO/Al2O3 0.15 1.38 0.11 0.32 0.78
[0.5% NiO + 0.5% Ag]/Al2O3 0.20 0.52 0.38 0.74 0.70
[2.5% NiO + 2.5% Ag]/Al2O3 0.22 1.03 0.21 0.49 0.67

  is the electron�donating number of the original γ�Al2O3.

  is the electron�accepting number of the original γ�Al2O3.

KD
0

KD
0

KA
0

KA
0

KD
0

KA
0

Table 8. Isosteric heats (Qst, kJ/mol) of the tested adsorbates as functions of the degree of coverage up to the monolayer

a/s, μmol/m2 C6H14 C6H6 C6H5CH3 C6H5C2H5

γ�Al2O3

0.35 34.8 54.3 61.8 84.0
0.4 34.4 53.8 60.5 83.3
0.5 33.8 52.8 58.4 79.5
0.6 33.2 52.0 56.9 77.1
0.7 33.0 51.6 56.8 76.2
0.8 32.6 51.0 54.5 74.5
0.9 32.4 50.6 53.3 73.4
1.0 32.1 50.2 52.8 72.8

5% NiO/γ�Al2O3

0.35 48.6 58.2 71.0 92.5
0.45 47.5 56.8 69.1 89.3
0.55 46.4 55.8 67.5 86.8
0.65 45.7 55.1 66.4 84.9
0.8 44.9 54.3 64.8 82.9
0.9 43.9 53.3 63.6 80.3
1.0 43.3 52.8 62.9 79.1

10% NiO/γ�Al2O3

0.35 45.2 58.6 66.6 82.9
0.5 43.8 55.7 63.4 76.7
0.6 43.1 54.5 62.1 74.1
0.7 42.3 52.8 60.2 70.6
0.8 41.9 51.9 59.3 68.8
0.9 41.5 51.1 58.4 67.1
1.0 40.6 49.8 57.0 64.1

Table 9. Isosteric heats (Qst, kJ/mol) of the tested adsorbates as functions of the degree of coverage up to the monolayer

a/s, μmol/m2 C6H14 C6H6 C6H5CH3 C6H5C2H5 C6H14 C6H6 C6H5CH3 C6H5C2H5

[0.5% NiO + 0.5% Ag]/γ�Al2O3 [2.5% NiO + 2.5% Ag]/γ�Al2O3

0.35 47.4 51.0 55.3 72.7 45.1 52.8 57.9 66.6

0.45 46.2 49.9 54.1 71.0 44.3 52.1 56.1 65.1

0.55 45.3 49.1 53.2 69.7 43.7 51.5 54.7 63.9

0.6 44.8 48.6 52.8 69.0 43.3 51.2 53.9 63.3

0.7 44.1 48.0 52.1 68.0 42.9 50.7 52.8 62.4

0.8 43.5 47.5 51.5 67.2 42.5 50.4 52.1 61.7

0.9 42.9 47.0 51.0 66.3 42.1 49.9 51.0 60.8

1.0 42.4 46.5 50.5 65.6 41.7 49.6 50.3 60.2
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Bimetallic [NiO + Ag]/γ�Al2O3 composites exhibit
lower adsorption activity.

The adsorption and catalytic activity of [Au–Ni +
Ag]/γ�Al2O3 nanocomposite fabricated by metal�
vapor synthesis increased abruptly compared to the
sample containing gold only [17]. The authors attrib�
uted it to the fact that nickel interacts with gold to
form the mixed Au–Ni particles under the synthesis
conditions. Electron�deficient nickel pulls electron
density away from Au0, thus forming the active cata�
lytic site Au+1.

The mixed structures of Ni–Ag nanoparticles
(formed according the shell–nucleus principle) with
Ag residing in the shell and Ni residing in the nucleus
exhibit high catalytic properties, resulting in a shift in
electron density from Ag0 to the electron�deficient d�
orbital of nickel [18].

It is possible that a somewhat different structure of
bimetallic particles (having weaker donating–accept�
ing metal–metal interactions) could be formed in our
case during modification of γ�Al2O3 with [Ni + Ag]
nanoparticles followed by oxidation of Ni nanoparti�
cles to NiO.

Hence, we demonstrated that the thermodynamic
parameters of adsorption are dependent on the degree
of surface coverage, the average size of mono� and
bimetallic particles, as well as on the amount of metal
coated onto the support surface. The surface sites of
5% NiО/γ�Al2O3 and 10% NiО/γ�Al2O3 nanocompos�
ites exhibit the strongest adsorption properties with
respect to aromatic compounds.
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