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Synthesis, Characterization and Study of Phenol Adsorption Over MnOx-

CeOz
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Abstract: Five MnOx-CeQO, samples with a molar ratio Mn-Ce between 0 and 100% were obtained by coprecipitation.
The samples, which were called 10/0, 7/3, 5/5, 3/7, 0/10, were characterized by XRD, FTIR, XPS, specific surface area
and TPR. Phenol was selected as pollutant. The adsorption of phenol from aqueous solution on Mn-Ce samples was car-
ried out in a batch reactor at 25 and 50° C. The adsorption isotherms were described by Langmuir and Freundlich iso-
therm models and both model fitted. The characterization results showed the formation of solid solution where Mn*" re-
places Ce*". The most active solid was Mn-Ce 7/3. The results showed that the adsorption process is a function of the Mn-
Ce composition. Thermodynamics parameters AG’, AH” and AS® were calculated. These parameters indicated that the ad-
sorption of phenol onto Mn-Ce was spontaneous and exothermic at 25 and 50 °C.
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INTRODUCTION

Many industrial processes produce wastewater containing
different pollutants such as phenol, benzene, aldehydes, ac-
ids, and aromatic polycyclic compounds. In many cases,
these pollutants are dangerous at a low concentration of the
order of a few ppm [1].

Techniques such as incineration and adsorptive separa-
tion can be used according to Busca [2]. However, both
methods have secondary problems. For example, combustion
produces the formation of particulate material and gaseous
pollutants (CO, NOx, etc.). Imamura, Hamoudi and other
authors have proposed Catalytic Wet Air Oxidation
(CWAO) as an alternative technique to liquid effluent treat-
ment [3, 4].

The heterogeneous catalytic processes have demonstrated
to be a good technique, mainly because the processes do not
need any extra separation. Noble metals and oxides of the
transition metal have been tested with different types of toxic
effluents [5]. The physicochemical properties of the catalysts
(oxidation state, formation of the redox pairs, etc.) are im-
portant in the selection of the oxidation catalyst. For this
reason, MnOx-CeO, catalysts are widely used in CWAO
processes with experimental conditions such as reaction
temperature between 100 and 200 °C, pressure between 3
and 35 atm. These reaction conditions allow us to obtain
biodegradable intermediaries, CO, and H,O with a conver-
sion near 100% [6].

The first steps of the catalytic process is the adsorption
and the formation of adsorbed species, for this reason the
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aim of this paper is: (i) to analyze the adsorption of phenol
on five mesoporous solids MnOx-CeO, obtained by alkaline
coprecipitation and (ii) to correlate the adsorption capacity
with the physicochemical properties of the solids.

EXPERIMENTAL

Synthesis: Manganese-cerium composites were prepared
by the coprecipitation method using Ce(NO3);-6H,0 (Sigma-
Aldrich), Mn(NO;),-4H,0 (Anedra) and NaOH (Carlo Erba)
solutions. The samples were prepared with molar ratios (Mn-
Ce) 10/0 (pure manganese oxide), 7/3, 5/5, 3/7 and 0/10
(pure cerium oxide). The solids were dried at 100 °C and
calcined in air at 350 °C for 3 h [7].

Characterization: XRD spectra were recorded on Philips
PW 1390 using Ko radiation. FTIR spectra were measured
on Bruker IFS 66 with a Globar source accumulating 32
scans at a resolution of 4 cm™. XPS spectra were analyzed
with a system of multi-technical equipment Phoibos 150, the
specific surface areas of the catalysts were determined using
N, adsorption and the BET model using the Micromeritics
ASAP 2020. TPR was carried out using a Quantachrome
Quantasorb Jr. instrument and CuO as patron.

Adsorption study: The adsorption experiments were car-
ried out using the batch technique. For each isotherm 50 mg
of Mn-Ce oxide and 5 g/mL of phenol solution of given con-
centrations between 0.125 and 1 g/L were used. The adsorp-
tion temperature was 25 °C and 50 °C. The suspensions were
mixed on a rotary tumbler for 24 h (27.3 rpm). The phenol
removal was monitored by UV-VIS spectroscopy in a
Perkin-Elmer Lambda 35.

RESULTS AND DISCUSSION

The results of the XRD characterization indicate: (i) for
Mn-Ce 10/0, the formation of Mn,O; (JCPDS # 06-0540),
MnO, (JCPDS # 39-0375), Mn3;0, (JCPDS # 18 - 0803) and
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Fig. (1). IR spectra for Mn-Ce samples: () MnOy and (---) CeO,.
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Fig. (2). XPS spectra of Mn 2p region.

MnsOg (JCPDS # 39-1218), (ii) for Mn-Ce 0/10, the pres-
ence of CeO, phase with fluorite structure (JCPDS # 43-
1002), and (iii) for Mn-Ce 7/3, 5/5 and 3/7 solids, broad
peaks due to CeO, with a fluorite structure, which may indi-
cate the formation of a solid solution where Mn®" replaces
Ce*" [8]. Fig. (1) illustrates the FTIR spectra of the samples.
The solids with Mn present two strong bands, one of them at
520 cm™ and the other at 615 cm™. These bands are associ-
ated with the antisymmetric stresses O-Mn-O [9]. As can be
seen in the 7/3, 5/5 and 3/7 samples, the band at 615 cm’! has
shifted. This shift could be due to distortion of the MnQyq
octahedra. In the Mn-Ce 0/10 sample the bands correspond-
ing to O-Ce-O and O-Ce-OH at 850 and 1050 cm™, respec-
tively, are detected [10].

Fig. (2) shows the XPS spectra of Mn 2p in the samples
with Mn show a broad band at 640.7 eV, which could be
associated with the oxidation states Mn2+, Mn’" and Mn*"
[11]. Table 1 lists the binding energy (BE) of the bands Mn
2p3/2 and 2p1/2. As can be seen, between the samples 10/0
and 5/5 there is a shift towards higher energies of 2.4 eV,
which can indicate a strong interaction between Mn and Ce
[12]. The Mn-Ce 3/7 solid shows a lower shift than the other
solids. We suggest that this phenomenon should be associ-
ated with a decreased Mn-Ce interaction, which could be due
to low Mn concentration. Table 1 also shows the average
oxidation states (AOS) for each sample. The determination
of the average oxidation state of manganese was calculated
according to [13], and the results allow us to show the pres-
ence of Mn®"-Mn*".
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Table 1. Binding Energies (BE) of Mn 2p3/2, 2p1/2 and Average Oxidation State (AOS) of Mn.

Sample BE Mn 2ps; (V) BE Mn 2p,; (eV) AOS
Mn-Ce 10/0 640.7 652.3 3.69
Mn-Ce 7/3 641.7 653.4 3.42
Mn-Ce 5/5 643.1 654.7 3.63
Mn-Ce 3/7 642.3 654.2 3.29

Table 2. Binding Energies (BE) of Both Types of Oxygen as well as their Percentage in Each Sample.

Sample BE O, (eV) BE Oy (eV) 0, (%) 0y(%)
Mn-Ce 10/0 528.5 530.1 54.7 453
Mn-Ce 7/3 530.1 531.9 69.7 313
Mn-Ce 5/5 530.7 5323 71.3 28.7
Mn-Ce 3/7 530.8 531.9 58.1 41.9
Mn-Ce 0/10 531.1 533.1 58.5 41.5

Table 3. Pore Volume, Specific Surface Area and Pore Size of Mn-Ce Samples.
Sample Pore Volume (cm’/g) Surface Area (m’/g) Pore size(A)
Mn-Ce 10/0 0.145 22 148
Mn-Ce 7/3 0.331 63 167
Mn-Ce 5/5 0.456 87 182
Mn-Ce 3/7 0.460 96 179
Mn-Ce 0/10 0.241 137 68

The Ols region shows two different oxygen species. The
BE of 529-530 eV may be associated lattice oxygen (0%),
denoted as Oa, and the BE of 531-532 eV might be assigned
to defect oxide or OH, called Og [14]. Table 2 shows the BE
of both types of oxygen and their percentages.

The results demonstrated that the amount of O, is higher
than that of Oy and the Mn-Ce 5/5 solid shows the greatest
percentages. With the addition of Ce, the O, band is shifted
to higher energies (2.3 eV maximum displacement in the
Mn-Ce 3/7 sample).

With respect to Ce, the study of Ce3d region indicates the
presence of three bands at 879-890 eV, 895-913 eV and 918
eV. These bands may suggest the presence of Ce’ and Ce**
species [15]; in particular, the component around 916 eV is
assigned to the formation of ce*'[ie].

The N, adsorption-desorption isotherm demonstrates that
the solids have a mesoporous structure. The surface areas,
pore volumes and pore size are summarized in Table 3. The
results show that the structural properties are a function of
Ce in the Mn-Ce mixed.

The TPR technique (Fig. 3) showed two reduction peaks
at 338 °C and 464 °C for the sample Mn-Ce 10/0, which can
be assigned to Mn,O3; and Mn30, respectively. If we com-

pare the reduction temperatures of Mn-Ce 10/0 and 0/10
with the reduction temperature of the Mn-Ce 7/3, 5/5 and 3/7
samples, around 318 and 418 °C, we can see a systematic
shift at lower temperatures. According to [17] this phenome-
non indicates a higher mobility of oxygen associated with an
improvement in the redox properties of the system. The
lower temperatures for the reduction peaks of Mn-Ce 7/3,
5/5 and 3/7 samples compared to those of the Mn-Ce 10/0
indicated that the manganese species with higher oxidation
states were easily reduced. The reduction profile for sample
Mn-Ce 0/10 shows one reduction peak between 338 and 568
°C at very low intensity and the other at 794 °C. The first
peak is associated with the reduction in surface and the other
with bulk reduction [18].

Fig. (4) shows the results of the adsorption study. As can
be seen, the process is favorable at both temperatures. Over
Mn-Ce 10/0 and 0/10 phenol adsorption is negligible.

The structural and spectroscopic characterization allows
us to say that: (i) Mn-Ce form a solid solution, where Mn**
(Tionic = 0.085 nm) replaces Ce*t (Tionic = 0.098 nm), (ii) the
reducibility of Mn species is enhanced when it is present in
the CeO, structure and (iii) the presence of redox pairs
Mn**/Mn** and Ce’*/Ce*".
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Fig. (4). phenol adsorption isotherms at 25 °C and 50 °C.
® Mn-Ce 7/3, A Mn-Ce 3/7 and m Mn-Ce 5/5 at 50 °C;
o Mn-Ce 7/3, A Mn-Ce 3/7 and o0 Mn-Ce 5/5 at 25 °C

Table 4 presents the adsorption constants for Langmuir
and Freundlich models. An increase is observed when the
temperature rises from 25 °C to 50 °C. The results of adsorp-
tion experiments show that the adsorption capacity increases
with the temperature. Similar behavior has been observed by
[19] when the adsorbent is graphene.

Ce (mmoles/L)

Table 5 shows the thermodynamic parameters. The ad-
sorption equilibrium constant at infinite dilution (Ky) was
calculated as:
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Table 4. Adsorption Constants for Mn-Ce series at 25 °C and 50 °C.

25°C
Sample Ka (L/mmol) qm (mmol/m?) r Ky ng r?

Mn-Ce 7/3 0.287 2.69%107 0.998 5.73*10™ 1.6 0.996

Mn-Ce 5/5 0.270 1.76*10° 0.999 4.07%10 1.9 0.989

Mn-Ce 3/7 0.382 1.83%10° 0.996 5.94*10™ 2.4 0.972

50°C

Mn-Ce 7/3 0.311 9.75%107 0.998 2.30%107 1.6 0.996

Mn-Ce 5/5 0.513 4.19%107 0.998 1.56*10° 2.5 0.997

Mn-Ce 3/7 0.154 9.68%107 0.994 1.31*10° 1.3 0.998

Table 5. Thermodynamic Parameters of Mn-Ce at 25 and 50 °C.

Sample K,h(25°C) K, v(25°C) AG® (KJ/mol) AH’ (KJ/mol) AS’ (KJ/°K mol)
Mn-Ce 7/3 7.88 7.95 -5.11 7.11 0.0410
Mn-Ce 5/5 7.42 7.46 -4.96 6.14 0.0373
Mn-Ce 3/7 7.62 7.69 -5.03 4.02 0.0304

Sample K, h(50°C) K, v(50°C) AG’ (KJ/mol) AH’ (KJ/mol) AS° (KJ/PK mol)
Mn-Ce 7/3 9.84 9.26 -6.14 7.11 0.04101
Mn-Ce 5/5 8.99 9.10 -5.89 6.14 0.03725
Mn-Ce 3/7 8.64 8.48 -5.79 4.02 0.03037

where y.4s and veq are the activity coefficients of adsorbed
phenol and water, respectively; C,gs is the concentration of
the adsorbed species (ug/ml) and Cq is the pg of phenol per
millilitre of equilibrium solution.

The value of C,q4 is calculated as:

P 1o | 4
M 0
H,0

ads —
(S *10* ] A
N g, M, *10°

fenol

where puo is the water density (g/ml), Mypo: molecular
weight of water (g/mol), Mge,o: molecular weight of phenol
(g/mol), Na: Avogadro Number, qe: amount of adsorbed
phenol (ug/g), S: surface area of Mn-Ce sample (m*/g),
Ampo: area of water molecule (cmz/molec.), Afenol: area of
phenol (cm*/molec.).

Ko was calculated assuming the adsorption of phenol can
be vertical (v) or flat (f) and taking into account that the ac-
tivity coefficients may change with ionic strength [20]. As
constant values considering the adsorption of phenol on flat
and vertical mode differ by less than 1%, for performing
calculations of AG” = -RT In K, AH” with Van’t Hoff equa-
tion and AS’ = (AH-AG")*T™' [22] we took Koh value and

found that for 25 °C and 50 °C the constant adsorption equi-
librium varies by no more than 4%.

The negative values of free energy change at both tem-
peratures. This indicates that the process is spontaneous; a
more negative value results in a higher adsorption capacity.
The positive value of the enthalpy change indicates that the
interaction between adsorbed phenol and the surface is an
endothermic process and the positive value of entropy
change suggests an increased randomness in the adsorbent—
solution interface during this process [19] [21]. We consid-
ered that the change of AS’ value is related to some struc-
tural changes in both adsorbates and adsorbents during the
adsorption process, which could be due to the different Mn-
Ce interaction in each sample.

CONCLUSION

Manganese and cerium composite oxides were prepared
by alkaline coprecipitation. Structure analysis by XRD
showed the formation of different MnOx and CeO, solids.
The average oxidation state in the solids is close to 3.5. The
FTIR study demonstrated that the MnOg octahedron is dis-
torted. This distortion can be associated with the formation
of a solid solution and a strong Mn-Ce interaction, as is evi-
denced by XPS. Sample 7/3 has a high adsorption capacity,
whereas the monometallic samples do not absorb. Negative
values of the change in free energy indicate that the
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adsorption of phenol on Mn-Ce solids is spontaneous.
Changes in AH indicate positive values, and therefore, the
adsorption mechanism is found to be endothermic. The posi-
tive values of AS for phenol suggest that randomness in-
creases during adsorption. The results suggested that the
adsorption capacity of the Mn-Ce samples is a function of
the presence of both metals.
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