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ab s t r ac t
In this work, CeAl and CeAlMnx oxides (x = 0.1, 0.3, 0.5 and 0.7) were prepared using a co-precipitation 
method and their use for removal of methyl violet dye from an aqueous solution was investigated. The 
characteristics of the mixed oxides were determined using XRD, FT-IR, UV-vis DRS, SEM and EDX. 
It was found that cerium, aluminum and manganese ions were homogeneously incorporated into the 
cubic fluorite structure of CeO2. Moreover, the mixed oxides were found to consist of small grains 
containing pores, which resulted in a large surface area to volume ratio. Batch adsorption studies were 
performed to determine the contact time required to achieve equilibrium. The removal of dye by CeAl 
and CeAlMnx (x = 0.1 and 0.3) attained equilibrium after 60 min, while oxide samples with higher man-
ganese fractions achieved equilibrium in 120 to 150 min. Based on the isotherm data, the adsorption 
behavior of CeAl was found to follow a Langmuir isotherm (R2 = 0.9951) with a maximum adsorptive 
capacity of 2.35 mg/g. Results show that the Freundlich model best describes the adsorption of MV dye 
onto all CeAlMnx formulations.

Keywords:  Cerium and aluminum mixed oxides; Langmuir isotherm; Freundlich isotherm; Temkin 
isotherm; Manganese; Methyl violet dye

1. Introduction

Methyl violet (MV) dye (C24H28ClN3), otherwise known 
as the hydrochloride of pentamethyl triamino triphenyl car-
binol, is commonly used for dyeing cotton, wood, paper and 
silk and for manufacturing carbon paper, copying pencils, 
stamping ink and other colored materials. It is often present 
in the effluents produced by the textile, paper, printing, food 
and cosmetics industries [1]. Dyes are characterized by their 
stability due to the complex aromatic structure that makes 
them difficult to remove. Apart from being unaesthetic, the 
presence of dyes in water reduces light penetration, which 
hinders photosynthesis in aquatic plants. Moreover, dyes are 

known to cause allergic reactions in some people and some 
are considered carcinogenic [2]. It is therefore essential to 
treat dye- contained effluents prior to their discharge.

Conventional approaches used in dye removal are 
ultra-filtration [3], extraction [4], oxidation with ozone [5], 
reaction with hydrogen peroxide [6] and adsorption [7,8]. 
Among these technologies, adsorption has been consid-
ered an attractive method because it has several advan-
tages including high efficiency, ease of operation, low cost, 
simplicity of design, insensitivity to toxic pollutants and 
reduced production of harmful substances [9]. Different 
porous adsorbents including ceramics [10], agricultural 
wastes [11], fly ash [12], perlite [13] and mixed oxides 
[7,14,15] have been investigated for their effectiveness in 
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adsorptive removal of dyes from aqueous solutions. The 
efficiencies of these adsorbents vary, but high cost generally 
limits their commercial application.

Mixed metal oxides typically consist of two or more cat-
ions with different oxidation states, ionic radii and coordi-
nation numbers. This diversity presents an opportunity to 
generate materials with physical and chemical properties that 
differ from those of simple metal oxides [16]. Mixed oxides 
such as Fe-Al [14], Al-Co [15], Co-Ni [16], Fe-Sn [17], Ni-Zn 
[18] and Fe-Mn [19] have been used for dye removal. Ce and 
Al mixed oxides have been used as heterogeneous catalysts 
and adsorbents due to their large surface area to volume 
ratio and high catalytic/adsorptive performance. In previ-
ous work [7] CexAl1–x (x = 0.3, 0.5 and 0.7) mixed oxides were 
assessed for their capacity to adsorb MV dye. It was found 
that Ce0.3Al0.7 with its rough texture and high surface to vol-
ume ratio provided the best adsorption efficiency at pH 9.0, a 
contact time of 120 min and a shaking speed of 150 rpm. This 
study incorporated manganese ions into a Ce0.3Al0.7 oxide 
host as ternary mixed oxides for the purpose of determining 
whether this increases MV adsorption from aqueous solutions 
by CeAl mixed oxides. The ternary mixed oxides of Fe-Al-Cr 
[20] and Fe-Al-Ce [21] have previously been investigated for 
their capacity to adsorb fluoride ions from aqueous solutions. 
However, the new ternary mixed oxides of CeAlMnx pre-
pared by a co-precipitation method have not been studied for 
the removal of dyes from an aqueous solution.

The structural and chemical properties of the adsorbents 
were determined using X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FT-IR), diffuse reflectance 
UV-vis spectroscopy (UV-vis DRS), scanning electron micros-
copy (SEM) and energy dispersive X-ray spectroscopy (EDX). 
The removal of MV dye by adsorption onto Ce0.3Al0.7 and 
Ce0.3Al0.7Mnx (x = 0.1, 0.3, 0.5 and 0.7) oxides was studied by 
varying the contact time and the initial dye concentration. 
Langmuir, Freundlich and Temkin isotherms were employed 
to determine the adsorption mechanisms. This information 
may stimulate further efforts to develop practical applications 
of these mixed oxides to remove MV dye from wastewater.

2. Materials and methods

2.1. Materials

All chemicals used were of analytical grade. 
Ce(NO3)3·6H2O, Al2(SO4)3·18H2O, MnSO4·H2O, polyethylene 
glycol (PEG, MW = 20,000), NH4OH, n-C4H9OH, KH2PO4, 
KOH, NaH2PO4·H2O, Na2HPO4, H3PO4, H3BO3 and NaOH 
were obtained from Sigma-Aldrich. MV dye with a MW = 
393.95 (Fig. 1) was purchased from Sigma-Aldrich and used 
without additional purification. Stock solutions of MV dye 
were prepared by dissolving a precise amount of MV dye in 
distilled water and buffering the solution to pH 9.0 (European 
Pharmacopoeia 5.0, 2012).

2.2. Preparation of adsorbents

Ce0.3Al0.7 and Ce0.3Al0.7Mnx (x = 0.1, 0.3, 0.5 and 0.7) 
oxides were prepared using a co-precipitation method mod-
ified from Chen et al. [22]. The precursors, Ce(NO3)3·6H2O, 
Al2(SO4)3·18H2O, and MnSO4·H2O were dissolved in the 
desired molar ratio in water and mixed with constant 

stirring. About 1.0 g PEG was added under vigorous stirring 
to the precursor solution as a template, followed by drop-
wise addition of NH4OH to the mixture until pH 9.0 was 
attained. Each solution was chilled to 0°C for 24 h, filtered 
and repeatedly washed with n-butyl alcohol to remove any 
un-reacted species. The samples were dried in an oven at 
120°C for 2 h, and then the dried samples were calcined in 
air at 600°C for 4 h. Ce0.3Al0.7 will hereafter be referred to as 
CeAl and compounds of Ce0.3Al0.7Mnx (x = 0.1, 0.3, 0.5 and 0.7) 
will be referred to as CeAlMn0.1, CeAlMn0.3, CeAlMn0.5 and 
CeAlMn0.7, respectively.

2.3. Equipment

The pH measurements were performed using a pH meter 
(Consort C830, Belgium). An electronic balance (Mettler 
Toledo AL204) with an accuracy of 0.0001 g was used for 
precisely weighing all chemicals. An orbital shaker bath 
(VS-202P, AC220V, 50 Hz) was utilized in all adsorption 
experiments. Quantitative analysis of the concentration of 
MV dye was performed using a UV-vis spectrophotometer 
(Hitachi U-2900).

The phases of the cerium, aluminum and manganese 
oxides were determined using X-ray diffraction (XRD, 
Bruker D8 ADVANCE Series 2). The unit was equipped 
with a Cu tube (Kα wavelength = 0.15406 nm) operating 
at 40 kV and 40 mA. The FT-IR spectra of fresh and spent 
mixed oxides were determined by Fourier Transform 
Infrared Spectroscopy (FT-IR, Spectrum Two-Perkin Elmer) 
in the range of 4,000–500 cm–1. To study the coordination 
and  oxidation states of the metal ions, diffuse reflectance 
UV-vis spectra (UV-vis DRS) were measured at room tem-
perature using a Lamda 35, Perkin Elmer system equipped 
with a reflectance attachment containing a BaSO4 coated 
integration sphere. The surface morphology was examined 
using scanning electron microscopy (SEM, Hitachi S-3000N) 
with an accelerating voltage of 5 kV. In preparation for the 
SEM observations, the sample surfaces were made conduc-
tive by sputter coating them with gold for 5 min using a 
K500X sputter coater operating at a pressure of 9 × 10–2 mbar 
and a current of 20 mA. The elemental composition of the 
mixed oxides was measured using Energy Dispersive X-ray 
Spectroscopy (EDX, Hitachi S-3000N).

2.4. Batch adsorption studies

Batch experiments to measure the adsorption of MV dye 
by CeAl and CeAlMnx mixed oxides were performed in two 
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(b) dissolution.
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ways. The first was as a function of contact time (15–180 min) to 
establish the experimental times required to ensure the adsorp-
tion process continued to completion. For these experiments, 
the initial dye concentration was 3 mg/L. Exactly 25 mL of this 
dye solution was added to a 250 mL Erlenmeyer flask with 
0.10 g of the adsorbent material. The solution was agitated at 
a constant speed of 150 rpm and the pH was held constant at 
9.0 by the buffered solution. At times between 15 and 180 min, 
the adsorption process was interrupted and the mixture was 
filtered using Whatman-42 filter paper. The clear filtrates were 
diluted and then analyzed for residual MV dye concentration 
using VIS spectrophotometry at a wavelength of 584 nm. The 
adsorption capacity of the MV dye was calculated as:

Adsorption capacity (mg/g) =
( - )C C V

m
i t  (1)

where Ci and Ct are the initial and equilibrium dye concen-
trations (mg/L), respectively. V is the volume of the solution 
(L) and m is the mass of metal oxide adsorbent (g) initially 
added.

The isotherm experiments were conducted following 
process similar to the one above, however the time-depen-
dent experiments had established that it was only necessary 
to continue the adsorption process for 120 min before equi-
librium could be assured in of 3 mg/L MV dye solutions. For 
higher concentrations used in the isotherm experiments, 
the equilibrium time was expected to be shorter. MV dye 
 solutions (pH 9.0) with initial concentrations ranging from 
5 to 50 mg/L were used. The MV dye remaining after adsorp-
tion (Ce, mg/L) was measured in the equilibrated solution. 
The equilibrium adsorption capacity (qe, mg/g) was calcu-
lated using Eq. (1) with Ce substituted for Ct.

3. Results and discussion

3.1. Characterization of the mixed oxides

Fig. 2 shows the XRD patterns obtained from the CeAl and 
CeAlMnx mixed oxide samples of various compositions after 
calcination at 600°C for 4 h. The samples exhibited the typical 
single phase cubic fluorite structure of CeO2 with peaks at 
2θ angles of 28.7°, 33.2°, 47.4°, 56.0°, 69.0° and 76.0° corre-
sponding to (111), (200), (220), (311), (400) and (331) crystal 
planes (JCPDS card number 34–394), respectively. The mea-
sured lattice parameter, 0.545 nm, agreed well with literature 
values [23]. The spectra collected from the CeAlMnx samples 
were similar to those obtained from the CeAl sample which 
suggests that the CeAlMnx oxide samples were not simple 
composites of the individual Ce, Al and Mn oxides. Rather, 
they were in the form of a CeO2 solid solution with metal 
atoms embedded in its crystal structure.  This is probably due 
to Al3+ (0.054 nm) and Mn3+ (0.062 nm) having smaller ionic 
radii compared to those of Ce4+ (0.097 nm) and Ce3+ (0.114 
nm) [24] allowing them to be readily substituted for Ce atoms 
in the lattice. Insertion of Al3+ and Mn3+ into the CeO2 lattice 
was also proposed by Xiaodong et al. [24].

Figs. 3(A) and (B) show the FT-IR spectra obtained from 
fresh (a–c) and spent adsorbents (d–f). In Fig. 3A (a–f), the 
absorption bands at approximately 3,200–3,700 cm–1 and 
~1,673 cm–1 were present in all the FT-IR spectra and match 

the expected positions of M-OH stretching and bending 
vibrations, respectively. This indicates the presence of phy-
sisorbed water molecules in the samples due to the adsorp-
tion of atmospheric moisture during the measurements. The 
absorption band at ~1,151 cm–1 in Fig. 3A (a)–(c) is due to 
symmetric deformation vibrations of Al-O and S-O bonds 
[24,25]. In Fig. 3B (a)–(c), the bands at ~570–660 cm–1 are char-
acteristic of metal-oxygen-metal vibrations [17,20] which 
appeared when manganese was added. The FT-IR results 
suggest that different atomic connectivities and associated 
vibrations were present in the CeAlMn mixed oxide sam-
ples. Figs. 3A and B (d–f) show FT-IR spectra obtained from 
spent CeAlMnx. The absorption band at ~1,300–1,500 cm–1 
arose from bending vibrations of the methyl and methylene 
groups in the methyl violet dye [26], confirming the presence 
of the adsorbed dye molecules. The weakening of the Al-O 
and S-O stretching bond features in Fig. 3(A) is consistent 
with the adsorbent being covered with MV dye molecules, 
as is the weakening of the M-O-M vibration modes apparent 
in Fig. 3(B).

UV-DR spectroscopy can yield information about the 
coordination environment and oxidation states of embedded 
transition and rare earth metal ions. Fig. 4 shows UV-vis DRS 
spectra obtained from mixed oxide samples over the wave-
lengths of 200–800 nm. Peaks at ~265 and 320 nm are related 
to the charge transfer transitions of O2- → Ce3+ and O2- → Ce4+ 
respectively [27,28]. This suggests that Ce3+ and Ce4+ ions 
coexist within the mixed oxide lattices.

Fig. 5 shows SEM micrographs taken at a magnifica-
tion of 15,000x for various compositions of fresh CeAl and 
CeAlMnx powder samples following calcination. It can be 
seen that the oxide morphologies consisted of a range of 
fine grain sizes separated by an extensive network of pores. 

Fig. 2. XRD patterns obtained from mixed oxides (a) CeAl, 
(b) CeAlMn0.1, (c) CeAlMn0.3, (d) CeAlMn0.5, and (e) CeAlMn0.7.
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This high surface area to volume morphology would appear 
to have facilitated adsorption of MV dye molecules.

The chemical composition of the oxides studied was deter-
mined by means of large area EDX analysis. These results are 
shown in Table 1. The measured oxygen weight fractions are 
more than double the 34% to 36% expected values. This was 
almost certainly a result of atmospheric contamination by 
oxygen and water vapour. This contamination depressed the 
weight fractions of Ce, Al and Mn and so these figures cannot 
be considered reliable. It is notable that if the stoichiometry of 

the mixed oxide materials were as the EDX results suggest, it 
would have been impossible to obtain powder diffraction spec-
tra yielding a lattice parameter, 0.545 nm, in agreement with the 
literature value. The measured weight percentages of cerium, 
aluminum and manganese were 3%–5%, 10%–15% and 0%–5%, 
respectively. The expected weight percentages for these metals 
were 14%–45%, 6%–20% and 0%–43%. So, the Ce levels are a 
factor of about nine lower than expected. Al levels were simi-
lar to those expected, but lower values were about 50% higher 
than expected. Mn levels were about a factor of five lower than 
expected. Apart from the problem with oxygen contamination, 
these discrepancies could have been exacerbated by metal loss 
during template removal. A similar result was reported by 
Zabilskiy et al. [29] who, in preparing CuO-CeO2 catalysts for 
N2O decomposition studies, noticed NaOH leaching during 
template removal resulted in a minor loss of CuO.

Table 1 shows that sulfur was detected in all adsorbents 
at weight percentages between about 2% and 5%. The true 
weight percentages were almost certainly much higher due 
to oxygen contamination lowering the measured values for 
the other elements. This contamination must have origi-
nated from the precursors, Al2(SO4)3·18H2O and MnSO4·H2O 
used in the preparation of the adsorbent. Clearly the sulfur 
was not eliminated as a result of calcination at 600°C for 
4 h. Xiaodong et al. [24] reported that chemisorbed SO2 or 
other sulfate species contained in MnOx–CeO2-Al2O3 cata-
lysts were only removed after calcination for 30 min in air at 
800°C. However, such a high calcination temperature caused 
sintering of the metal oxides, thus decreasing their catalytic 
activity. The presence of sulfur may have “poisoned” surface 
sites, thus reducing the adsorption efficiency of all the mixed 
oxides investigated. Judging from the EDX results, this effect 
was reasonably uniform in all samples. However the effect of 
site “poisoning” is not likely to change the adsorption mech-
anisms at play during the adsorption of MV dye. Rather it 
will limit the efficiency of the process and the evidence for 
this will be discussed in Section 3.5.

Fig. 3. FT-IR spectra of fresh mixed oxides: (a) CeAl, (b) CeAlMn0.3, (c) CeAlMn0.7, and spent mixed oxides: (d) CeAl, (e) CeAlMn0.3, 
(f) CeAlMn0.7 at the wavenumbers of (A) 500–4000 cm–1 and (B) 500–1000 cm–1.

Fig. 4. UV-vis DRS spectra obtained from mixed oxides (a) CeAl, 
(b) CeAlMn0.1, (c) CeAlMn0.3, (d) CeAlMn0.5, and (e) CeAlMn0.7.
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3.2. The effect of contact time

The equilibrium time required for the maximum adsorp-
tion of MV dye onto CeAl and CeAlMnx oxides was estab-
lished by performing a series of adsorption experiments with 

contact times between 15 and 180 min. The amounts of MV 
dye removed from aqueous solutions by CeAl and CeAlMnx 
are plotted in Fig. 6 as functions of time. The adsorption capac-
ities of CeAl, CeAlMn0.1 and CeAlMn0.3 increased rapidly in 
the first 15 min, while CeAlMn0.5 and CeAlMn0.7 increasing 

Table 1
Weight percentages of Ce, Al, Mn, O and S in mixed oxides derived from the EDX measurements. The shells to which electrons 
 transition are shown for each element

Adsorbents % weight
Ce (L) Al (K) Mn (K) O (K) S (K)

CeAl 4.49 14.77 0.00 75.54 5.20
CeAlMn0.1 4.93 14.85 0.99 76.95 2.28
CeAlMn0.3 3.51 13.04 2.15 77.81 3.48
CeAlMn0.5 3.62 13.34 3.74 76.08 3.21
CeAlMn0.7 3.15 10.57 4.52 77.59 4.16

Fig. 5. SEM images of mixed oxides at 15,000 × magnification (a) CeAl, (b) CeAlMn0.1, (c) CeAlMn0.3, (d) CeAlMn0.5, and (e) CeAlMn0.7.

(a)

(c)

(b)

(d)

(e)
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more gradually. The adsorption capacities of CeAlMn0.5 and 
CeAlMn0.7 gradually increased for up to 120 min, reaching 
maximums of 0.37 and 0.33 mg/g, respectively. The highest 
adsorption capacity of about 0.5 mg/g was measured for the 
CeAlMn0.1 oxide. Within experimental error, it was appar-
ent from these measurements that the adsorption process 
had reached equilibrium well before 180 min, so subsequent 
experiments exposed the mixed oxides to MV dye solutions 
for 120 min.

3.3. The effect of initial dye concentration

Initial dye concentration was expected to be one of the 
most important experimental parameters driving the trans-
fer of dye from the solution to an adsorbent. Experiments 
were performed at different initial MV dye concentrations 

ranging from 5 to 50 mg/L with an adsorbent dose of 0.1 g. 
The adsorption capacity of each of the mixed oxide materi-
als investigated versus the initial concentration of MV dye is 
shown in Table 2 and plotted in Fig. 7. The adsorption capac-
ity of all adsorbents increased with increasing initial dye con-
centration since higher initial dye concentrations resulted in 
a larger concentration gradient between the solution and the 
adsorbent surface. Similar results were found for the adsorp-
tion of Congo red onto MFe2O4 (M = Mn, Fe, Co, Ni) by Wang 
et al. [30].

3.4. Adsorption isotherm modeling

It is relevant to describe how adsorbed molecules are 
distributed between the liquid and solid phases when 
the adsorption process has reached its equilibrium state. 

Fig. 6. The effect of contact time on adsorption capacity by 
mixed oxides: (•) CeAl, (○) CeAlMn0.1, (D) CeAlMn0.3, (∇) 
CeAlMn0.5 and (♦) CeAlMn0.7 (adsorbent dose = 0.10 g; initial dye 
 concentration = 3.0 mg/L; pH = 9.0, shaking speed = 150 rpm).

Table 2
MV dye adsorption for all mixed oxide adsorbents and initial dye concentrations

Initial MV dye MV amount adsorbed
CeAl CeAlMn0.1 CeAlMn0.3 CeAlMn0.5 CeAlMn0.7

Conc.(mg/L) Amount(mg) mg % mg % mg % mg % mg %
5 0.125 0.100 80 0.089 71 0.078 62 0.081 65 0.070 56
10 0.25 0.205 82 0.180 72 0.134 53 0.175 70 0.157 63
20 0.5 0.387 77 0.353 71 0.314 63 0.367 73 0.317 63
30 0.75 0.585 78 0.483 64 0.502 67 0.554 74 0.501 67
40 1 0.886 89 0.608 61 0.638 64 0.674 67 0.594 59
50 1.25 0.833 67 0.774 62 0.755 60 0.795 64 0.706 56
Averages 0.499 79 0.414 67 0.403 62 0.441 69 0.391 61

Fig. 7. The effect of initial dye concentration on adsorption 
capacity of mixed oxides: (•) CeAl, (○) CeAlMn0.1, (D) CeAlMn0.3, 
(∇) CeAlMn0.5 and (♦) CeAlMn0.7 (adsorbent dose = 0.10 g; 
pH = 9.0, shaking speed = 150 rpm).



263P. Phatai, C.M. Futalan / Desalination and Water Treatment 62 (2017) 257–266

The equilibrium data on the capacity of CeAl and CeAlMnx 
oxides to remove MV dye were analyzed using three iso-
therms, Langmuir, Freundlich and Temkin. The Langmuir 
isotherm is based on four assumptions, (i) that adsorption 
is limited to monolayer coverage, (ii) that all surface sites 
are alike and can only accommodate one adsorbed atom, 
(iii) that the ability of a molecule to be adsorbed on a given 
site is independent of occupancies of neighboring sites, and 
(iv) that adsorbed species can subsequently desorb [30–32]. 
The Langmuir equation expresses these assumptions in the 
form:

q q
K C
K Ce m
L e

L e

=
+1  

 (2)

where Ce is the equilibrium concentration of the dye solu-
tion following adsorption (mg/L), qe is the amount of dye 
adsorbed per unit mass of adsorbent (mg/g), qm is the mono-
layer dye capacity on the adsorbent material (mg/g) and 
KL is the adsorption equilibrium constant (L/mg) [33]. The 
Langmuir isotherm can be written in linear form as:

C
q q K

C
q

e

e m L

e

m

= +
1  (3)

and a plot of Ce/qe vs. Ce yields values for the parameters, 
qm and KL.

The Freundlich isotherm is an empirical relationship 
explaining the adsorption of solutes from a liquid to a sur-
face. It allows for different sites with different adsorption 
energies to be involved in the adsorption process [32,34–36] 
and the linear form of the Frendlich equation is:

ln ln lnq K
n

Ce F e= +
1  (4)

where KF (mg/g) and n are the Frendlich constants associated 
with adsorption capacity and adsorption intensity of the dye 
onto the adsorbent, respectively.

The Temkin isotherm assumes that the heat of adsorp-
tion decreases linearly as the adsorbate covers the binding 
sites. A linear form of the Temkin isotherm equation can be 
expressed as:

q B A B Ce e= +ln ln  (5)

where B = RT/b and A is an equilibrium constant correspond-
ing to the maximum binding energy (L/g). b is the Temkin 
constant related to the heat of adsorption (kJ/mol), R is the 
gas constant and T (K) is the absolute temperature [32]. All 
three adsorption isotherms were used in their linear forms, 
i.e., Eqs. (3)–(5) and the parameters were extracted from the 
respective plots as shown in Table 3.

The applicability of the respective isotherm equations 
was judged by the values of the R2 correlation  coefficients. 
The high R2 value obtained for the Langmuir isotherm, 
when applied to the CeAl mixed oxide adsorbent data sug-
gests that it may be appropriate in this case and yielded 
a qm of 2.35 mg/g and a KL of 0.31 L/mg. However, the 
Langmuir model was not successful in accounting for 
the data obtained from the manganese containing mixed 
oxides. This was best described by the more complex 
Freundlich model, suggesting multilayer adsorption with 
several types of active adsorption sites associated with dif-
ferent adsorption energies. The measured n values ranged 
from 1 to 2, indicating moderately difficult adsorption 
characteristics. The Temkin model was not as successful 
in describing any of the data. This suggests that adsorp-
tion of MV dye probably involved different sites and site 
energies with other possible complexities such as particle 
agglomeration.

3.5. Comparison with previous studies

In Table 4, the adsorption capacity of CeAl in removing 
MV dye in the present study is compared with other adsor-
bents employed in previous work. The maximum qm value 
measured in the current work was found when using CeAl as 
the adsorbent (2.35 mg/g). This was lower than that achieved 
previously with CeAl (25 mg/g) under similar experimental 
conditions [7]. In previous work, CeAl oxide was prepared 
using nitrate precursors for Ce and Al, whereas the CeAl and 
CeAlMnx prepared in this work used a nitrate precursor for 
Ce and sulfate precursors for Al and Mn. Sulfur present in 
the mixed oxide was not removed by calcination at 600°C and 
therefore may have formed sulfur oxide in the mixed oxide 
lattice. Sulfur may have blocked otherwise active sites from 

Table 3
Isotherm model parameters obtained for MV adsorption onto CeAl and CeAlMnx

Isotherms Parameters Adsorbents
CeAl CeAlMn0.1 CeAlMn0.3 CeAlMn0.5 CeAlMn0.7

Langmuir qm (mg/g) 2.3458 2.6810 2.7863 7.2098 5.5741
KL (L/mg) 0.3126 0.0926 0.0566 0.0156 0.0217
R2 0.9951 0.6338 0.7822 0.1025 0.3327

Freundlich KF (mg/g) 0.6460 0.3554 1.4857 0.1573 0.1550
n (g/L) 2.2655 1.8854 0.2042 1.2715 1.2625
R2 0.9431 0.9007 0.9630 0.8804 0.9412

Temkin B (kJ/mol) 0.5059 0.5515 0.5126 0.7766 0.6861
A (L/g) 3.1733 1.1314 0.7713 0.4705 0.5246
R2 0.979 0.7204 0.9043 0.6582 0.817
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adsorbing MV molecules. This is referred to as sulfur poi-
soning and it has been widely studied in catalytic reactions. 
Xiaodong et al. [24] reported that formation of sulfates on the 
surface of a MnOx-CeO2-Al2O3 catalyst resulted in a loss of 
active surface sites, thereby preventing NOx oxidation. Seo 
et al. [37] reported that the NOx adsorption capacity on a lean 
NOx trap-selective catalytic reduction (LNT-SCR) catalyst 
was decreased due to hydrothermal aging and sulfur poison-
ing. CeAl exhibited a higher capacity for MV adsorption in 
comparison to soil- silver nanocomposite. Poorer capacities 
were previously achieved using mansonia wood sawdust, 
siliceous material, banana and orange peels and a HNT-Fe2O4 
composite.

3.6. Discussion

Considering the CeAl data of Table 2 and the Langmuir 
isotherm modeling of this adsorbent, it may be concluded 
that this mixed oxide is a classic example of an equilib-
rium being established between monolayer adsorption and 
desorption of MV dye molecules in an aqueous solution. 
However the Freundlich and Temkin models also exhibited 
high R2 values for CeAl and neither of these models assumes 
monolayer adsorption. A Langmuir process assumes that, 
at equilibrium, there is a balance between the rates at which 
dye molecules are being adsorbed and the rate at which they 
are desorbing. However, if the dye molecules are unable to 
desorb there must be other processes at play which limit 
the adsorption of MV dye onto the mixed oxides. Indeed, 
the results of equilibrium isotherm modeling did not sug-
gest that the classic Langmuir model was appropriate for 
the other adsorbent materials. The R2 values obtained for all 
oxides containing manganese ranged from 0.1 to 0.7, with an 
average of only 0.46. So, even though the Langmuir model 
may be appropriate for CeAl, it was clearly inappropriate for 
all the other mixed oxides investigated.

The equilibrium data of Table 2 is also surprising in 
that none of the MV dye uptake levels for any of the mixed 
oxides shows signs of saturation. Considering the CeAl 
data shown in Table 2 and Fig. 7 as representative of all of 
the mixed oxides, for the 5 mg/L initial dye concentration, 
there is an 80% uptake at equilibrium with the amount of 
adsorbed MV dye being 0.1 g. So, the MV dye solution was 
not fully depleted. However, the adsorbent is also not satu-
rated because for the 50 mg/L initial dye concentration, more 
than 0.8 mg of MV dye was adsorbed. Saturation would be 

expected if, for example, the number of sites available for 
MV dye adsorption was insufficient to adsorb all of the dye 
from solution before an equilibrium between adsorbent and 
solution was established. If this had occurred, some of the 
curves in Fig. 7 should have shown saturation at higher MV 
dye concentrations. The possible that the “poisoning” effect 
of sulfur in the mixed oxide samples reduced the number of 
sites initially available and thus made it even more likely that 
saturation would have been observed.

It is likely that there are other mechanisms at play, even in 
the case where CeAl was the adsorbent material. This yielded 
similar steady-state solutions as the other equilibrium mod-
els investigated. These mechanisms can be investigated by 
incorporating them in kinetic rate equations and comput-
ing both their time-dependent and steady-state solutions. 
Some preliminary work has been done on the possibility that 
other mechanisms are important. It appears that the exper-
imental results obtained for all the mixed oxide adsorbents 
might be accounted for by a model that includes oxide par-
ticle agglomeration. Agglomeration removes sites progres-
sively, thus limiting the uptake of dye depending on the rate 
at which MV dye is adsorbed relative to the rate at which 
sites are lost by particle agglomeration. This kinetic modeling 
work is ongoing because a number of other possible mecha-
nisms, such as fixed or progressive poisoning of adsorption 
sites, must be investigated for their consistency with the data.

It is clear that the details of the interaction between adsor-
bent and adsorbate must be established before a full under-
standing of this material system in its application to MV dye 
removal can be achieved. The significance of this understand-
ing is that it will point the way to achieving higher levels of 
MV dye uptake by this class of materials.

4. Conclusions

CeAl and CeAlMnx (x = 0.1, 0.3, 0.5 and 0.7) mixed oxides 
were successfully prepared via a co-precipitation method. 
The adsorbents were characterized using XRD, FT-IR, 
UV-vis DRS, SEM and EDX. It was found that the oxides 
had a highly porous structure exhibiting the cubic fluo-
rite structure of CeO2 and they appear to be homogeneous. 
Adsorption experiments showed that the removal of MV dye 
by CeAl and CeAlMnx with x = 0.1 and 0.3 attained equilib-
rium after 60 min, which was faster than those for x = 0.5 and 
0.7. Increasing the initial dye concentration increased adsorp-
tion capacity. The adsorption behavior of methyl violet 

Table 4
Comparative adsorption capacities of MV dye onto various adsorbents

Adsorbents Adsorption capacity of MV dye (mg/g) T (°C) References
CeAl
Soil silver nanocomposite

25.28
1.92

25
30

[7]
[38]

Mansonia wood sawdust 16.11 26 [39]
Siliceous material
Banana peel
Orange peel
HNT-Fe3O4 composite

20.0
12.20
11.50
20.04

30
30
30
25

[40]
[41]
[41]
[42]

CeAl 2.35 25 Present study
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adsorption onto CeAl was found to follow the Langmuir iso-
therm, providing a maximum monolayer adsorptive capacity 
of 2.35 mg/g. The adsorption of methyl violet dye onto the 
CeAlMnx compounds was better described by the Freundlich 
isotherm. In summary, the Langmuir adsorption/desorption 
model doesn’t appear to fit all the data presented in this 
work. Efforts to determine the relevance of other processes 
by performing kinetic analyses which included processes 
such as particle agglomeration are ongoing.
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