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Abstract Mn–Ce solids were used for the adsorption of phenol from aqueous

solution at 25 and 50 �C. The samples were prepared with a Mn–Ce molar ratio

between 0 and 100 % by the alkaline co-precipitation method (KOH). Structural

studies showed the formation of cryptomelane, Mn2O3, Mn5O8, Mn3O4 and CeO2.

The formation of different phases is a function of the Ce concentration. The

adsorption isotherms of phenol were determined and modelled with Langmuir and

Freundlich equations. Sample 7/3 had a high adsorption capacity. Thermodynamic

parameters, in flat and vertical position of phenol, were calculated. These param-

eters indicated that the adsorption of phenol onto Mn–Ce was spontaneous and

exothermic. The DRIFTS study detected of both phenol and phenolate species

adsorbed on the surface and the aromatic ring of phenol is parallel to the surface.

The interaction between Mn and Ce enhanced the reducibility of the oxides and

activated oxygen, which is favorable for the adsorption process.

Keywords Phenol adsorption � Alkaline precipitation � Mn–Ce–K �
Thermodynamic parameters

Introduction

Phenolic compounds are used in different enterprises such as chemical, petroleum,

paper, and petrochemical plants. Phenol and its derivates are considered as priority

pollutants due to their toxicity at low concentrations. According to the World Health

Organization, the permissible concentration of phenolic contents in potable water is

1 lg L-1.
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Several processes have been employed for the removal of phenolic compounds

from aqueous solutions such as catalytic wet air oxidation, oxidation with ozone,

electrochemical oxidation, photocatalytic degradation, adsorption and solvent

extraction [1–6].

Activated carbon and clay minerals (bentonite, kaolinite, illite) are known

processes have been widely used because they have a large surface area and high

adsorption capacity. However, the adsorption of phenol is influenced by the

properties of the solids (oxidation state, oxygen vacancies, hollow structure, etc.).

For these reasons, new adsorbents such as MnO2, TiO2, and Fe2O3 have been

reported. In recent years, many authors have studied the adsorption of organic

compounds such as phenol, clarithromycin and catechol onto manganese oxides.

Their results have shown that the oxidation states and the morphology are important

factors in the adsorption process [7–9].

The aim of this work is to analyze phenol adsorption onto Mn–Ce solids. The

isotherm studies were conducted to evaluate the adsorption capacity as a function of

the physicochemical properties of the Mn–Ce samples.

Experimental

Synthesis: K(OH) was added to an aqueous solution of Ce(NO3)3�6H2O (Sigma-

Aldrich) and Mn(NO3)2�4H2O (Anedra). The solids were prepared with molar ratios

(Mn/Ce) 10/0 (pure manganese oxide), 7/3, 5/5, 3/7 and 0/10 (pure cerium oxide).

All solids were dried at 100 �C to constant weight and calcined in air at 350 �C for

3 h.

Characterization: powder X-ray diffraction (XRD) was performed on Philips PW

1390 using CuKa radiation. FTIR spectra were measured on Bruker Vertex 70

accumulating 32 scans at a resolution of 4 cm-1. X-ray photoelectron spectra (XPS)

were obtained with a system of multi-technical equipment Phoibos 150. The specific

surface areas of the catalysts were estimated using N2 adsorption isotherms at

-196 �C by the BET method employing the Micromeritics ASAP 2020. Temper-

ature-programmed reduction (TPR) measurements were carried out at atmospheric

pressure in a fixed-bed reactor (m = 50 mg, hydrogen flux = 30 mL min-1, 6.5 %

H2/Ar, heating rate 5 �C min-1) using a Quantachrome Quantasorb Jr. instrument.

Adsorption study adsorption experiments were conducted by the batch technique.

For each isotherm, 50 mg of Mn–Ce sample and 5 g mL-1 of phenol solution of

given concentrations between 0.125 and 1 g L-1 were used. The system was placed

into a cryostatic bath. The adsorption temperatures were 25 and 50 �C. The

suspensions were mixed in a rotary tumbler for 24 h (27.3 rpm). Samples were

separated by filtration and phenol concentrations were analyzed by UV–VIS

spectroscopy (Perkin-Elmer Lambda 35) at kmax 270, 274, 280 and 290 nm. In this

work, Langmuir and Freundlich models were used to describe the relationship

between the amount of phenol adsorbed and its equilibrium concentration in

solution.
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The adsorption equilibrium constant at infinite dilution (Ko) was calculated as:

Ko ¼ cadsCads

ceqCeq

; ð1Þ

here, cads and ceq are the activity coefficients of adsorbed phenol and water,

respectively; Cads is the concentration of the adsorbed species (lg mL-1) and Ceq is

lg of phenol per millilitre of equilibrium solution.

The value of Cads was calculated as

Cads ¼

qH2O

M
H2O

� �
A

H2O

� �

S�104

NAqe

� �
� Aphenol

Mphenol�106

� �h i ; ð2Þ

here qH2O is the density of water (g mL-1), MH2O is the molecular weight of water

(g mol-1), Mfenol is the molecular weight of phenol (g mol-1), NA is the Avogadro

constant, qe is the amount of adsorbed phenol (lg g-1), S is the surface area of Mn–

Ce sample (m2 g-1), AH2O is the area of water molecule (9.9 Å
´ 2 molecule-1),

Aphenol is the area of phenol (41.0 and 21.7 Å
´ 2 molecule-1 in vertical and flat

orientation onto Mn–Ce solid [10, 11].

The activity coefficients are a function of the ionic strength and the temperature.

According to Linares et al. [12] cads and ceq lead to one at infinite dilution, so Eq. 1

can be rewritten in the form:

Ko ¼ lim
Cads!0

Cads

Ceq

� �
ð3Þ

Ko was calculated assuming the adsorption of phenol can be vertical (v) or flat

(f) and taking into account that the activity coefficients may change with the ionic

strength [12].

The thermodynamic functions were calculated according to [13]:

DG0 ¼ �RT ln Ko ð4Þ

ln KoðT2Þ � ln KoðT1Þ ¼
�DH0

R

1

T2

� 1

T1

� �
ð5Þ

DG0 ¼ DH0 � TDS0 ð6Þ

here, DG0 = standard free energy; DH0 = enthalpy, DS0 = entropy, R = gas uni-

versal constant (8.314 J mol-1 K-1) and T = absolute temperature.

DRIFT spectroscopy the DRIFTS analysis was carried out in Bruker Vertex 70

equipment using a cell Spectra Tech 0030-011. After the reaction, the samples were

dried in N2 atmosphere at room temperature for 24 h. The DRIFT spectra were

obtained in N2 atmosphere, with a spectral resolution of 4 cm-1 and accumulation

of 500 scans at RT.
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Results and discussion

Fig. 1 shows the XRD patterns. The results of the XRD characterization indicate:

(i) for Mn–Ce 10/0, the formation of Mn2O3 (JCPDS # 06-0540), MnO2 (JCPDS #

39-0375), Mn3O4 (JCPDS # 18-0803), Mn5O8 (JCPDS # 39-1218) and cryptomel-

ane Kx(Mn4?, Mn3?)6O12 (JCPDS # 34-0168), (ii) for Mn–Ce 0/10, the presence of

CeO2 phase with fluorite structure (JCPDS # 43-1002), and (iii) for Mn–Ce 7/3, 5/5

and 3/7 solids, XRD measurements showed the structure of CeO2 and manganese

oxides.

Fig. 2 illustrates the FTIR spectra of the samples. In the Mn/Ce 10/0 sample,

three peaks were detected at 520 cm-1, 617 cm-1 and 970 cm-1, which are

assigned to the O–Mn–O and Mn-OH stretching vibrations [14, 15]. The first two

peaks appeared in the Mn/Ce 7/3, 5/5 and 3/7 solids. The FTIR spectrum of Mn/Ce

0/10 presents two peaks. One of them at 850 cm-1 and the other at 1,061 cm-1,

which may be attributed to O–Ce–O and O–Ce–OH, respectively [16]. The band at

970 cm-1 was assigned to Mn3? and it disappeared when Ce was incorporated.

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?, Mn3? and

Mn4? [17]. Table 1 lists the binding energy (BE) of the bands Mn 2p3/2 and 2p1/2.

As can be seen (Fig. 3), between the samples 10/0 and 5/5, there is a shift towards

higher energies of 1.6 eV, which may indicate a strong interaction between Mn and

Ce [18]. The Mn–Ce 3/7 solid shows a lower shift than the other solids. We suggest
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Fig. 1 XRD of the solids: (filled circle) Mn2O3, (filled square) MnO2, (unfilled circle) Mn3O4, (unfilled
square) Mn5O8 and (T) cryptomelane
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that this phenomenon should be associated 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 [19]. The results show the presence of Mn3?–Mn4?.

The O1 s region shows two different oxygen species. The BE of 529–530 eV

may be associated with lattice oxygen (O2-), denoted as Oa, and the BE of

531–532 eV might be assigned to defect oxide or OH, called Ob [19, 20]. Table 2

shows the BE of both types of oxygen and their percentages. All the samples

showed an amount of Oa higher than that of Ob. However, both 7/3 and 5/5 solids

have the highest percentages of Oa.

With respect to Ce, the study of the Ce 3d region indicates the presence of three

bands at 879–890, 895–913 and 918 eV. These bands may suggest the presence of

Ce3? and Ce4? species [20]; in particular, the component around 918 eV is assigned

to the formation of Ce4? [21].
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Fig. 2 IR spectra for Mn–Ce solids

Table 1 Binding energies (BE) of Mn 2p3/2, 2p1/2 and average oxidation state (AOS) of Mn

Sample BE Mn 2p3/2 (eV) BE Mn 2p1/2 (eV) AOS

Mn–Ce(K) 10/0 641.9 653.5 3.64

Mn–Ce(K) 7/3 642.5 654.0 3.49

Mn–Ce(K) 5/5 643.5 655.1 3.57

Mn–Ce(K) 3/7 642.4 654.1 3.20
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The surface areas, pore volumes, particle size and pore sizes are summarized in

Table 3. The results demonstrated that with the increase in Mn content, the surface

area decreased with respect to Mn/Ce 0/10. The values of average particle size of

CeO2 [(111); 2h = 28.5�], as calculated using the Scherrer equation. Mn/Ce 0/10
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Fig. 3 Mn2p XPS spectra of the Mn/Ce samples

Table 2 Binding energies (BE) of both types of oxygen as well as their percentage in each sample

Sample BE Oa (eV) BE Ob (eV) Oa (%) Ob (%)

Mn–Ce(K) 10/0 529.9 531.5 62.9 36.1

Mn–Ce(K) 7/3 529.9 531.9 72.0 28.0

Mn–Ce(K) 5/5 529.8 531.9 72.9 27.1

Mn–Ce(K) 3/7 530.0 531.7 58.1 41.9

Mn–Ce(K) 0/10 529.8 531.4 52.9 46.1

Table 3 Pore volume, specific surface area and pore size of Mn–Ce samples

Sample Pore volume

(cm3/g)

Surface area.

(m2/g)

Ceria particle

size dCeO2 (nm)a
Pore

size (Å)

Mn–Ce(K) 10/0 0.187 25 – 277

Mn–Ce(K) 7/3 0.325 56 5.2 221

Mn–Ce(K) 5/5 0.324 88 5.1 145

Mn–Ce(K) 3/7 0.276 55 5.7 183

Mn–Ce(K) 0/10 0.149 123 4.6 52

a From the Scherrer equation, applied to the (111) reflection of the cerianite
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has a crystal size of 4.6 nm and Mn/Ce composites have a particle size in the range

of 5.3 nm. This result is in accordance with the surface area measurements, which

show that Mn/Ce 0/10 has a higher surface area than the other solids. The particle

size did not affect the capacity of adsorption.

Fig. 4 shows the H2-TPR profiles of Mn/Ce solids. For the Mn/Ce 10/0 sample

two reduction peaks located at 341 and 465 �C, which correspond to the two-step

reduction process MnO2 or Mn2O3 to Mn3O4 and that of Mn3O4 to MnO, can clearly

be observed. In addition, the Mn/Ce 10/0 sample has a broad peak at 255 �C.

According to Kapteijn [22], this broad peak is associated with the presence of MnO2

wtih disordered structure. It can be seen that all Mn/Ce (7/3, 5/5 and 3/7) solids

show similar TPR profiles, although the two peaks shift towards lower temperatures.

These phenomena indicate that the reduction of MnOx is favored by Ce addition

[23, 24].

Fig. 5 shows the results of the adsorption study. As can be seen, the process is

favorable at both temperatures. It is very interesting to observe that in pure MnOx

and CeO2, phenol adsorption is negligible. The results show that sample 7/3 has a

high adsorption capacity. This observation is consistent with different results [25,

26], which have showed that the phenol adsorption is favored with a higher

concentration of Mn4?.

Table 4 presents the adsorption constants for Langmuir and Freundlich models.

An increase is observed when the temperature rises from 25 to 50 �C. The results of

adsorption experiments show that the adsorption capacity increases with the

temperature. A similar behavior was observed by [27] when the adsorbent was

graphene. In both models, the r2 values showed that both Langmuir and Freundlich

isotherm models could describe the adsorption process. This may be due to both
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Fig. 4 H2 TPR profiles of the Mn/Ce mixed oxides
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homogeneous and heterogeneous distribution of active sites on the surface of the

Mn/Ce solids.

Table 5 lists the thermodynamic parameters. The adsorption equilibrium constant

(Ko) was calculated assuming the adsorption of phenol can be vertical (v) or flat

(f) and taking into account that the activity coefficients may change with the ionic

strength [14]. The results show that the Ko25 (f) constant is higher than Ko25 (v), but

both Ko50 (v) and Ko50 (f) constants are similar.

The values of DH0, DG0 and DS0 were calculated from Eqs. 4, 5 and 6.

The negative values of DG0 indicate that the process is spontaneous at both

temperatures. In addition, the decrease in the magnitude of DG0 (25 �C) showed the

adsorption is more favorable over the Mn–Ce 7/3 sample than over the other solids.
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Fig. 5 Phenol adsorption isotherms at 25 and 50 �C. Filled circle Mn–Ce 7/3, filled triangle Mn–Ce 3/7
and filled square Mn–Ce 5/5 at 50 �C unfilled circle Mn–Ce 7/3, unfilled triangle Mn–Ce 3/7 and unfilled
square Mn–Ce 5/5 at 25 �C

Table 4 Adsorption constants for Ce–Mn series at 25 and 50 �C; Ka (L mmol-1) adsorption equilibrium

constant, qm (mmol m-2) the amount of phenol adsorbed for a complete monolayer, KF Freundlich

constant, nF empirical parameter

Sample Ka qm r2 KF nF r2

25 �C

Mn–Ce 7/3 0.176 2.12 9 10-3 0.999 4.49 9 10-4 2.0 0.995

Mn–Ce 5/5 0.381 1.12 9 10-3 0.999 3.31 9 10-4 2.1 0.988

Mn–Ce 3/7 0.381 1.53 9 10-3 0.999 4.68 9 10-4 2.2 0.989

50 �C

Mn–Ce 7/3 0.562 3.55 9 10-3 0.999 1.38 9 10-3 2.5 0.999

Mn–Ce 5/5 0.213 2.81 9 10-3 0.999 6.61 9 10-4 2.1 0.997

Mn–Ce 3/7 0.220 3.85 9 10-3 0.998 7.76 9 10-4 1.7 0.999
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The positive value of the enthalpy change indicates that the interaction between

adsorbed phenol and the surface is an endothermic process. Finally, the positive DS0

value suggests an increased randomness in the adsorbent–solution interface during

this process [27] . The positive values may be due to some structural changes both in

the adsorbate and the adsorbent during the adsorption process, i.e. the displacement

of the adsorbed water molecules by the adsorbate.

DRIFT spectra of phenol adsorbed on three solids (7/3, 5/5 and 3/7) at 25 �C

were recorded and are shown in Fig. 6. Bands around 1,640, 1,510, 1,490 and

1,330 cm-1 are observed on three samples. The bands are assigned to: (i) olefinic

C=C stretching (1,636 cm-1), (ii) C=C and C=C–H stretching in aromatic

compounds (1,512 cm-1), (iii) C–H symmetric deformation in OCH2 groups

(1,490 cm-1) and (iv) OH species of phenol (1,332 cm-1).

A band at 1,205 cm-1 appears with increasing Ce content (Mn–Ce 5/5 and 3/7).

According to Mathew et al. [28] this band can be attributed to [C–O-groups. The

presence[C–O-vibration between 1,230 and 1,210 cm-1 is indicative deprotonated

phenol. The deprotonation of phenol is due to the interaction of phenolic group and

an acid–base site.

On the other hand, Mathew et al. [28] have demonstrated that the formation of

bands between 2,100 and 1,700 cm-1, when interaction phenol-surface occurs, are a

signal that the adsorption of phenol is perpendicular to surface. As it can be seen

(Fig. 6), these bands are not detected in this work. Finally, the results of the

thermodynamic parameters and DRIFT spectroscopy suggest that phenol is

adsorbed in flat position.

The results showed that at high Mn loadings, the phenol adsorption is favoured.

The presence of CeO2 could influence in the adsorption mechanism (formation of

phenolate). On the basis of the results reported in this paper, it can be concluded

that: (i) the adsorption of phenol on the Mn–Ce solid is independent of the structural

properties, but the process is a function of the Mn–Ce interaction, (ii) IR analysis

detected of both phenol and phenolate species adsorbed on all solids and Mn–Ce 5/5

and 3/7, and (iii) phenol is chemisorbed in flat position.

Table 5 Thermodynamic parameters of Mn–Ce at 25 and 50 �C

Sample Ko25 (f) Ko25 (v) DG0 (KJ mol-1) DH0 (KJ mol-1) DS0 (KJ �K-1 mol-1)

f v f v f v

Mn–Ce(K) 7/3 7.62 5.83 -5.03 -4.37 4.28 13.3 0.031 0.060

Mn–Ce(K) 5/5 7.49 4.05 -4.99 -3.46 0.592 20.6 0.019 0.081

Mn–Ce(K) 3/7 5.91 4.32 -4.40 -3.62 9.41 19.8 0.046 0.079

Sample Ko50 (f) Ko50 (v) DG0 (KJ mol-1) DH0 (KJ mol-1) DS0 (KJ �K-1 mol-1)

f v f v f v

Mn–Ce(K) 7/3 8.71 8.83 -5.81 -5.85 4.28 13.3 0.031 0.060

Mn–Ce(K) 5/5 7.63 7.71 -5.45 -5.48 0.592 20.6 0.019 0.081

Mn–Ce(K) 3/7 7.93 8.01 -5.56 -5.58 9.41 19.8 0.046 0.079

Reac Kinet Mech Cat

123

Author's personal copy



Conclusions

Phenol adsorption was studied over manganese/cerium composites, which were

prepared by alkaline co-precipitation with KOH. The adsorption process was

analyzed at 25 and 50 �C. The results showed: (i) the formation of different phases

of MnOx and CeO2 as a function of the molar ratio, (ii) the presence of redox couple

Mn3?/Mn4?, and (iii) a stronger interaction between Mn and Ce. The adsorption

capacity of Mn–Ce 7/3 is higher than that of Mn–Ce 5/5 and 3/7 solids. In addition,

the adsorptions of phenol onto the Mn–Ce 10/0 and 0/10 samples are negligible.

This result suggested that the capacity is a function of the presence of both metals.

The process is spontaneous and endothermic, and the positive DS0 values could

suggest that the organization of the adsorbate at the solid/solution interface becomes

more random. The phenol is adsorbed in parallel form to the surface through the

interaction between OH of phenol and acid–base pair site.
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