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ABSTRACT

In this study, the adsorption efficiency of methyl violet dye onto Ce03A107, Ce05A105, and
Ce07AI03 mixed oxides was investigated. The properties of Ce/Al oxides were determined
by scanning electron microscope, X-ray diffraction, FT-Raman spectrometry, and N, adsorp-
tion—desorption isotherms. Characterization tests showed that synthesized Ce/Al oxide with
fluorite has pure cubic structure of mesoporous nature and non-uniform in size with rough
surface. Moreover, the surface areas of Ce/Al oxides were observed to decrease with
increase in cerium content. The batch adsorption experiments were performed at 25°C and
various parameters including solution pH, contact time, and initial dye concentration were
studied. The dye adsorption of Ce03A107 mixed oxide attained equilibrium at 15 min, which
was faster than that of Ce05A105 and Ce07Al03. The equilibrium adsorption data were ana-
lyzed using Langmuir, Freundlich, and Temkin isotherms. The adsorption behavior of
methyl violet onto Ce03A107 (R* = 0.9739) was found to follow the Langmuir isotherm, pro-
viding maximum monolayer adsorptive capacity of 25 mg/g. On the other hand, the
adsorption of methyl violet onto Ce05AI05 (R*=0.9581) and Ce07Al03 (R*=0.9894)
followed the Freundlich isotherm.

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

1. Introduction

Methyl violet (MV) dye, Cy4H»5CIN3, is a mixture
of hexamethyl, pararosanilines, pentamethyl, and
tetramethyl. The dye is commonly known as crystal
violet or methyl violet 10B [1]. It is a triphenylmethane
powdered dye with dark green color that has a poor
resistance toward light and chemical bleaches and is
soluble in water, ethanol, diethylene glycol,

*Corresponding author.

dipropylene glycol, and methanol [2]. Common uses
of MV dye are as pH indicator in analytical laborato-
ries; dyeing of bamboo, cotton, leather, paper, silk,
and straw; and heterography and printing inks.
Moreover, MV dye is naturally present in the effluent
of several industries, such as the textile, cosmetic,
plastic, paper, printing, and pharmaceutical industries
and is routinely discharged into natural streams and
rivers. The presence of MV dye in surface waters and
groundwater can cause significant problems to public
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health such as irritation in eyes, gastrointestinal tract,
skin, and respiratory tract [1]. MV is a mutagen, mito-
tic poison, and clastogen [3] and was reported to be
potentially carcinogenic [4]. In addition, dyes reduce
the penetration of light that leads to disruption of the
biological metabolism processes that can cause
destruction of aquatic communities [5-7].

Several technologies are available for the removal
of MV dye in waters including chemical oxidation,
froth flotation, adsorption, coagulation, phytoextrac-
tion, ultrafiltration, reverse osmosis, and electrodialy-
sis. Among these, adsorption has been considered to
be an attractive method because it has several advan-
tages such as high efficiency, ease of operation, low
cost, simplicity of design, and profitability [8-10].
Adsorption has been extensively studied for the
removal of various contaminants such as color, dyes,
heavy metals, and phenols using nanoalumina, egg
shell wastes, egg shell membrane, hen feather, bottom
ash, and Hibiscus cannabinus fiber grafted with vinyl
monomer acrylic acid [11-18]. The removal of MV dye
concentration from aqueous solution has been widely
investigated, where previous researches include adsor-
bents such as stevensite-rich clay [19], granulated acti-
vated carbon [20], bagasse fly ash [21], mansonia
wood sawdust [22], sepiolite [23], cellulose [24], peach
gum [25], and nanographite/Fe;O, [26]. Recently,
researchers have intensified their efforts in exploring
the use of metal ion-based oxides as an adsorbent for
the removal of contaminants in wastewater. Mixed
metal oxides, such as Fe-Sn oxide for fluoride removal
[27], Ni-Zn oxide for methyl orange and tartrazine
removal [28], and Fe-Mn mixed oxide for selenium
removal [29], have been investigated. Mixed oxides
have desirable properties, such as high surface area
and small crystallite size, which would have a signifi-
cant impact upon the adsorption process. Accordingly,
there has been increased attention devoted to the
development of new adsorbent materials with various
compositions and properties.

The purpose of the present study is to investigate
the adsorption capacity of Ce03Al07, Ce05AlI05, and
Ce07Al03 for the removal of MV dye from aqueous
solution. The effect of different experimental condi-
tions, such as Ce/Al molar ratio, solution pH, contact
time, and initial dye concentration, on the removal
efficiency and adsorption capacity was examined. The
properties of the Ce/Al mixed oxides were deter-
mined by scanning electron microscope (SEM), X-ray
diffraction (XRD), FT-Raman spectrometry and N,
adsorption—-desorption isotherms. Isotherm models
such as Langmuir, Freundlich, and Temkin were uti-
lized to determine the adsorption phenomena
information which may be useful for further research
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and practical applications of the adsorbent in dye
wastewater treatment.

2. Materials and methods
2.1. Materials

Chemical reagents such as Ce(NOs;);-6H,O, Al
(NO3)3:6H,O, ethylene glycol 20,0000 NH,OH,
n—C4H90H, KH2PO4, KOH, NaH2PO4'H20, NazHPO4,
H3;PO,s, H3;BO;, and NaOH were purchased from
Merck (Germany). The MV was used without addi-
tional purification, and its chemical structure is shown
in Fig. 1. Stock solutions of MV dye were prepared by
dissolving weighed amounts of MV with deionized
water. Buffer solutions of various pH ranges from 3 to
9 were prepared (European Pharmacopoeia 5.0, 2012).
All chemicals were of analytical grade and utilized
without further purification.

2.2. Preparation of adsorbent

The preparation of Ce,Al;_, mixed oxides (x = 0.3,
0.5, and 0.7) was carried out using a modified co-pre-
cipitation methodology similar to that of Chen et al.
[30]. The molar ratio composition of Ce,Al;_, mixed
oxides was varied: Cey3Alg7, CegsAlys, and Ceg7Alg3
that would be referred to as Ce03A107, Ce05A105, and
Ce07Al03, respectively. A mixture of Ce(NO3);-6H,O
and AI(NO3)3-9H,O at the desired molar ratios was
dissolved in water and NH,OH. About 1.0 g of ethy-
lene glycol 20,000 was slowly added into the mixture
under vigorous stirring until a pH of 9.0 is attained.
Then, the solution was frozen for 24 h at 0°C, and the
resulting gel was filtered. Next, the purple gel was
cleaned with n-butyl alcohol repeatedly. After several
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Fig. 1. Structure of methyl violet dye.
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washings, the samples were dried at 120°C for 2 h and
the resulting powder was calcined in air at 600°C
for 4 h.

2.3. Equipment

All pH measurements were performed using a pH
meter (Consort C830, Belgium). An electronic balance
(Precisa XB220A) with an accuracy of 0.0001 g was
used for weighing the adsorbent and chemicals. The
dye concentrations were measured using the absor-
bance over wavelength of 584 nm and were recorded
in a UV-vis spectrophotometer (Spectronics Genesis 2).

The morphology and surface structure of the Ce/Al
mixed oxide were determined by scanning electron
microscope (SEM, JEOL-JPM-6010LV) with an accelerat-
ing voltage of 10 kV. Crystal phases of Ce/Al mixed
oxides were analyzed using a X-ray diffractometer
(XRD, Bruker D2 Phaser) with an accelerating voltage
of 30kV, current of 10 mA, and Cu Ko radiation
(A =15405 A). The Raman spectrum was generated
using a V70-RAM II FT-Raman Spectrometer in the
range of 1,500-200 cm™' with spectral resolution of
1 cm™'. The N, adsorption-desorption isotherms were
determined using Quantachrome AUTOSORB-1. The
physical properties of the Ce/Al mixed oxides that
include specific surface area and average pore diameter
were calculated using the Brunauer, Emmett, and Teller
method from adsorption data with a relative pressure
range of 0.01-0.99. The pore size distribution and total
pore volume were determined by the Barrett—Joyner—
Halenda method.

2.4. Batch adsorption studies

All batch adsorption experiments were performed
using a 250-mL Erlenmeyer flask in an orbital shaker
bath (VS-202P, AC220V, 50 Hz). In a typical batch
experiment, about 0.1 g adsorbent was placed in an
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Erlenmeyer flask with 25 mL of dye solution and
agitated at a constant speed of 150 rpm. The effect of
varying parameters such as contact time (15-120 min),
solution pH (3-9), and initial dye concentration (25-
200 mg/L) on the removal efficiency and adsorption
capacity was evaluated. After reaching equilibrium,
the mixture was filtered with Whatman-42 filter paper
to determine the residue concentrations. The residual
MV dye in the filtrate was diluted and analyzed by
UV-vis spectrophotometer at a maximum wavelength
of 584 nm. All the batch experiments were repeated
three times to optimize precision of the results.

2.5. Isotherm studies

Equilibrium studies were performed by agitating
0.1g Ce/Al mixed oxides and 25 mL of solution
(pH 9.0) at 150 rpm for 120 min at 25°C. The isotherm
study was carried out by varying the initial MV
concentration from 25 to 200 mg/L.

3. Results and discussion
3.1. Characterization of Ce/Al mixed oxide

In Fig. 2, the SEM images of the Ce03Al07 mixed
oxide at 3,000x and 4,500x magnifications are shown.
The Ce03Al07 mixed oxides are illustrated as blocks
with non-uniform sizes and rough surfaces. However,
the porosity of the oxide could not be seen from the
micrographs.

The XRD patterns of Ce03Al07, Ce05Al05, and
Ce07Al103, calcined at 600°C for 4 h, are shown in
Fig. 3. For all three adsorbents, the XRD patterns illus-
trate four main peaks located at 28°, 32°, 47°, and 55°.
Moreover, two smaller peaks located at 69° and 76°
were observed. These diffraction peaks are characteris-
tic of a pure cubic structure of CeO, with fluorite
(JCPDS 34-394). The major peak of CeO, is located at

SEl 106V WD20mm S840

Fig. 2. SEM micrographs of Ce03Al07 mixed oxides at (a) 3,000 and (b) 4,500 magnifications.
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Fig. 3. XRD patterns of (a) Ce03A107, (b) Ce05A105, and (c)
Ce07Al03.

26 = 28°, which is attributed to the [1 1 1] lattice plane
of the face-centered cubic of CeO, [31]. There are no
peaks for Al,O; observed in the XRD patterns. It is
observed that increasing the amount of AI’* in the
mixed oxides causes broadening of the peaks due to
lattice strain caused by the insertion of AI** into the
crystal structure of CeO,. The insertion of AI** is due
to the smaller ionic radius of AI** (0.054 nm) compared
to Ce*" (0.101 nm) at the 6-coordinate configuration.

The Raman spectroscopy validates the formation of
CeO, particles, where the spectra of Ce/Al mixed oxi-
des are illustrated (Fig. 4). In all Raman spectra, a
strong band at 464.5cm™' is observed that could be
attributed to the F, g symmetrical breathing mode of
O atoms around each cerium ion [32,33]. Moreover,
the vibrational mode is almost independent of the
ionic mass of cerium because the only movement is
attributed to O atoms. There is no effect on the fluorite
structure, even if the Ce—Al ratio was varied. In addi-
tion, the absence of hydrous metal oxides could be
attributed to the calcination at 600°C for 4 h. A previ-
ous study by Liu et al. [34] prepared an Al-Ce hybrid
adsorbent via the co-precipitation method (without
calcination) for the removal of fluoride ions in drink-
ing water. Therefore, the hydroxyl functional group of
the metal oxide (M-OH), a crucial requirement for the
adsorption of fluoride ions in water, was present in
the hybrid adsorbent [34].

Fig. 5 illustrates the N, adsorption—desorption iso-
therms and corresponding pore size distribution
curves for Ce03Al07, Ce05A105, and Ce07Al03, and
their textural properties are listed in Table 1. Based on
the IUPAC classification, the isotherms of all samples
have large hysteresis loops and correspond to a
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Fig. 4. Raman spectra of (a) Ce03Al07, (b) Ce05A105, and
(c) Ce07Al03.

typical IV isotherm, which are characteristics of meso-
porous materials [35,36]. The pore size distribution
curves of Ce03Al07 and Ce05Al05 present a bimodal
structure, which shows a narrow peak at ~3 nm and
broad peak at ~7 nm. Meanwhile, Ce07AI03 has only
one broad peak located at 5 nm. The pore size dis-
tribution curves suggest that Ce03A107, Ce05A105, and
Ce07Al03 have an average pore diameter ranging
between 5 and 7 nm. From Table 1, the specific surface
area and total pore volume of the samples were
observed to decrease as the cerium content in the
mixed oxides was increased, which is attributed to the
accumulation of CeO, within the adsorbent pores [37].

3.2. Effect of solution pH

Solution pH is an important determinant of dye
adsorption from aqueous solution, as it affects the con-
centration of the counter ions on the adsorbent and
degree of ionization of the adsorbate during adsorp-
tion. As shown in Fig. 6, the percentage removal of
MV dye increases as the solution pH was increased
from 3.0 to 9.0. The low removal efficiency at acidic
pH is due to positive surface charge of Ce/Al oxides,
which creates an electrostatic repulsion between active
sites on the adsorbent and cationic dye. Moreover, a
competition between H" and MV dye molecules for
the adsorption sites would cause further decrease in
removal efficiency. On the other hand, the adsorbents
would acquire a net negative surface charge at alkaline
pH. This indicates an enhanced affinity between the
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Fig. 5. N, adsorption—desorption profiles and pore size distribution of Ce/Al mixed oxide adsorbents; (a) Ce03Al07,

(b) Ce05A105, and (c) Ce07AI03.

Table 1
Textural properties of Ce03Al107, Ce05A105, and Ce07Al03

derived from N, adsorption—desorption isotherms

Specific Total

surface area volume Average pore
Adsorbents (m*/g) (cm?/¢g) diameter (nm)
Ce03A107 158 0.22 5.75
Ce05A105 141 0.22 6.30
Ce07A103 97 0.14 5.94

cationic MV molecules and adsorbent through electro-
static forces of attraction, which would result to an
increase in the removal efficiency. As the overall graph

indicates that maximum MYV dye uptake occurs at
pH 9.0 for Ce03Al107, Ce05Al105, and Ce07Al03, there-
fore subsequent studies were conducted at this pH
value. A similar trend was observed, where the
maximum MV adsorption using wood sawdust [38],
biochar [39], and bagasse fly ash [21] occurred at pH 9.

3.3. Effect of contact time

To establish the equilibrium time for maximum
adsorption, experiments were conducted under differ-
ent contact times ranging from 15 to 120 min (Fig. 7).
For the adsorption of MV dye, a rapid uptake was
observed during the initial contact time. For the first
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Fig. 6. Effect of solution pH on removal efficiency of MV
dyes by Ce/Al mixed oxides (adsorbent dose = 0.10 g; ini-
tial dye concentration = 10 mg/L).

15 min, an instantaneous external adsorption occurs
due to a high number of adsorption sites available for
binding [40,41]. At 30 min, the uptake of Ce/Al oxides
was observed to slow down gradually until equilib-
rium is attained at about 120 min. When the adsorp-
tion process approaches equilibrium, the sites on the
adsorbent are almost covered by MV molecules. The
remaining binding sites on the surface become more
difficult to be filled in due to the repulsive forces
existing between the MV molecules on the adsorbent
and unbound MV molecules in the bulk phase. Previ-
ous studies showed that other adsorbents such as
Phragmites australis activated carbon and bagasse fly
ash have longer equilibrium time of 150 and 240 min,
respectively [21,42].

3.4. Effect of initial dye concentration

The effect of initial concentrations on the removal
percentage of MV dye using Ce03A107, Ce05A105, and
Ce07AIl03 is illustrated in Fig. 8. It is observed that the
percentage removal of Ce03AI07 decreases from 93.45
to 75.67% with increasing initial dye concentration
from 25 to 200 mg/L. This is due to the saturation of
active sites of Ce03Al07 at high concentrations of MV
dye. The results obtained from this study are in agree-
ment with previous studies of Ghorai et al. [43] and
Chen et al. [42]. The same trend was observed for the
removal of MV dye using polyacrylamide grafted xan-
than gum and incorporated nanosilica and activated
carbon derived from P. australis [42,43]. However, the
adsorption of MV dye onto Ce05Al05 and Ce07Al03
shows an opposite trend, where a gradual increase in
the removal efficiency was observed with increasing
dye concentration. This is due to the greater average
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Fig. 8. The effect of initial dye concentration on percentage
removal of MV dyes by Ce/Al mixed oxides (adsorbent
dose = 0.10 g; pH 9.0).



8890

pore diameter of Ce05AI05 and Ce07Al03 in compar-
ison to Ce03Al07, which implies better diffusivity of
MV dye into the pore network system. Moreover, the
two adsorbents have higher Ce content, which would
lead to formation of more CeO, that could provide
more binding sites for MV dye at high initial concen-
tration.

3.5. Adsorption isotherm modeling

Equilibrium studies are essential in evaluating the
interactive behavior between the contaminant and
adsorbent. Moreover, it is fundamental in investigat-
ing the adsorption mechanism and designing adsorp-
tion systems [44]. In this study, isotherm experimental
data were analyzed using Langmuir, Freundlich, and
Temkin models.

The Langmuir isotherm model considers the fol-
lowing assumptions: adsorption to occur as a mono-
layer, adsorption sites are assumed to be energetically
equivalent, and no transmigration or interactions
among the adsorbed molecules [45-47]. The equation
of Langmuir isotherm is represented in Eq. (1):

1 1 1 1
11,11 §
qe qm QmKL Ce

where g, is the equilibrium quantity of dye adsorbed
onto adsorbent (mg/g), m is the maximum monolayer
capacity of dye on the adsorbent material (mg/g), and
Ky is the adsorption equilibrium constant (L/mg) [19].

The Freundlich isotherm is an empirical equation
which has the following assumptions: (1) adsorption
occurs on a heterogeneous surface through a multilay-
ered adsorption mechanism with interaction between
adsorbed molecules; (2) increase in adsorbate concen-
tration results to an increase in adsorbate concentra-
tion on the adsorbent; and (3) applicable for
adsorbates at low concentration [46,48-50]. The Fre-
undlich isotherm constants can be calculated using the
logarithmic form as shown in Eq. (2):

1
Inge = InKg +Eln Ce 2

where Kr (mg/g) and n are the Freundlich constants
associated with adsorption capacity and adsorption
intensity of the dye onto the adsorbent, respectively.
The Temkin isotherm describes that the heat of
adsorption decreases linearly with layer coverage due
to the interaction between the adsorbate and binding
sites. The isotherm is also based on the assumption
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that there is uniform distribution of binding energies
up to a certain maximum binding energy [46,50,51].
The Temkin isotherm is expressed as Eq. (3):

ge=BInA+BInC, 3)

where A is the equilibrium constant corresponding to
the maximum binding energy (L/g), and B is the Tem-
kin constant related to the heat of adsorption (kJ/mol)
[46].

The computed values of the correlation coefficients
and isotherm constants are given in Table 2.

Results obtained show that the adsorption data for
Ce03Al07 could be best described by the Langmuir
isotherm (R? =0.9739), providing g, of 25.38 mg/g
and K of 0.13 L/mg. This implies that the adsorption
of MV onto Ce03Al07 proceeds by monolayer forma-
tion. On the other hand, the Langmuir adsorption
parameters have negative g, and K values for
Ce05A105 and Ce07Al03. This implies the inadequacy
of the Langmuir model in explaining the adsorption
of MV dye onto Ce05A105 and Ce07Al03, even though
an acceptable linearity exists in comparison to Fre-
undlich and Temkin models. Similar results where iso-
therm parameters have negative values have also been
documented by previous studies [46,51,52].

The adsorption data for Ce05Al05 and Ce07AI03
could be best fitted with the Freundlich isotherm with
R* of 0.9581 and 0.9894, respectively. This indicates
that the adsorption of MV onto Ce05Al05 and
Ce07Al03 proceeds by multilayer adsorption, signify-
ing that the MV dye is adsorbed onto different bind-
ing sites such as Ce-OH, AI-OH, and Ce-O-Al
Although all samples showed only the phase of CeO,
from FT-Raman results, a suspension of mixed oxide
in the dye solution during adsorption may cause

Table 2
Isotherm model parameters obtained for MV adsorption
onto Ce03A107, Ce05A105, and Ce07A103

Adsorbents
Isotherms  Parameters Ce03Al07 Ce05A105 Ce07AI03
Langmuir g, (mg/g) 25.38 -11.39 —23.81
Ky (L/mg) 0.13 —-0.03 -0.02
R? 0.9739 0.9025 0.9980
Freundlich Kg (mg/g) 3.91 0.07 0.18
n (g/L) 2.06 0.53 0.65
R? 0.9569 0.9581 0.9894
Temkin B (kJ]/mol) 6.65 28.56 23.97
A(L/g 0.89 0.12 0.14
R? 0.8615 0.8516 0.8420
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Table 3
Comparative adsorption capacities of MV dye onto various
adsorbents

Adsorption

capacity of

MVdye T
Adsorbents (mg/g) (°C) References
Granular activated carbon  95.00 25  [20]
Bagasse fly ash 26.24 30 [21]
Mansonia wood sawdust 16.11 26 [22]
Sepiolite 10.24 60 [23]
Unfunctionalized cellulose  43.67 25  [24]
Functionalized cellulose 106.67 25  [24]
Peach gum 277.00 25  [25]
Nanographite/Fe;O, 144.72 25 [26]
Ce03A107 25.28 25  This study

formation of hydrous metal oxide and further adsorb
dye molecules. In addition, the Freundlich parameter
n indicates the favorability of the MV dye adsorption
onto Ce/Al mixed oxide. If n <1, it implies the
adsorption intensity is good or favorable in the entire
concentration range studied, while n > 1 indicates the
adsorption intensity is favorable at high concentrations
and less at lower concentrations [53]. From the results,
the adsorption intensity is good over high initial con-
centrations for Ce03Al07. Meanwhile, adsorption of
MYV dye onto Ce05A105 and Ce07Al03 implies adsorp-
tion intensity is good in the entire concentration range
studied.

In Table 3, the adsorption capacity of Ce03Al07 in
removing MV dye was compared to other adsorbents
in previous researches. The Ce03Al07 showed com-
parable adsorption capacity against bagasse fly ash.
Moreover, it exhibited higher capacity for MV adsorp-
tion in comparison to mansonia wood sawdust and
sepiolite. However, the result of this study has lower
capacity in comparison to granular activated carbon,
unfunctionalized and functionalized cellulose, peach
gum, and nanographite/Fe;O,. This implies that the
Ce03AI07 is a promising material and has the poten-
tial in removing MV dye from aqueous solutions.

4. Conclusion

In the present study, samples of mesoporous
Ce/Al oxides (Ce03Al07, Ce05Al05, and Ce07Al03)
with different molar ratios via co-precipitation method
were successfully prepared. The adsorbents Ce03Al07,
Ce05AI05, and Ce07AlI03 are characterized by their
rough textures and high surface areas, which make it
an attractive adsorbent and increase its potential for
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commercial-scale applications in removing MV dye
residues. The maximum adsorption capacity and per-
cent removal were attained at a contact time of
120 min, solution pH of 9.0, and adsorbent dose of
0.10 g. The Langmuir isotherm model provides the
best fit for the adsorption behavior of MV dye onto
Ce03Al07, yielding a maximum adsorption capacity of
25mg/g. On the other hand, the Freundlich model
best describes the MV dye adsorption onto Ce05A105
and Ce(07Al03.
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