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ABSTRACT

Magnetic bentonite was successfully synthesized by incorporating ferrofluids based on maghemite
nanoparticles (y-Fe,O,) and bentonite. The capacity of magnetic particles to remove praseodymium
and cadmium ions from aqueous media was investigated. A magnetic adsorbent can be quickly
separated from a medium by a simple magnetic process. Based on these properties, some parameters
were studied to assess the performance of maghemite nanocomposite clay in removing and sepa-
rating ions from a medium. Parameters such as the initial pH, dosage of adsorbent and contact time
have been examined in order to find the optimum adsorption conditions. The results revealed that
74.32% and 15.06% of Pr (III) and Cd (II), respectively, were extracted within 20 min at pH 6.5. The
separation was optimized according to a complete factorial design 2°. The individual effects, as well
as the interactions between variables were studied. Student and Fisher’s tests indicated that the pH
and initial metal ion concentration are certainly the most influential parameters. The experimental
adsorption isotherm data were analyzed using Langmuir, Freundlich and Tempkin isotherm equa-
tions. Freundlich isotherm showed a better fit for praseodymium and cadmium adsorption. The
optimal extraction by magnetic bentonite was obtained after six cycles with 0.01 g of adsorbent, and

two cycles with 0.05 g of adsorbent.
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1. Introduction

According to the International Union of Pure and
Applied Chemistry (IUPAC), rare earth elements (REE) are
formed by 17 similar metallic elements including scandium
(Sc), and Yttrium (Y). Praseodymium (Pr) is one of the most
abundant rare earth elements [1].

Recently potential applications of rare earth elements
in various strategic fields have become more attractive [2].
All rare chemicals have comparable properties. Praseodym-
ium is one of the rare chemicals that can be found in home
equipment such as color televisions, fluorescent lamps,
energy saving lamps and glasses [3]. The use of praseo-
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dymium is still growing, due to the fact that it is well-suited
for producing pigments, materials with higher electrical
conductivity and catalyzers [4]. Despite its wide range of
applications in various areas, praseodymium may still be
harmful to human health [5].

Owing to the high commercial value of rare earths
elements, in various important fields, and the hazards
induced by their presence in the environment, the separa-
tion and recovery of those elements from different media
has becomes important. Therefore, a lot of research has
been done to develop successful solvent extraction and ion
exchange processes to separate rare earths from aqueous
solutions [6,7].
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A large number of studies have been conducted
to develop cheaper and effective adsorbents of min-
eral, organic or biological origin, zeolites [8], industrial
by-products, agricultural wastes [9], and adsorbents based
on biopolymers such as cellulose [10]. Even though these
adsorbents have proved to be very effective in removing
pollutants from wastewater [11,12], the development of
new adsorbents and new removal systems is still very
essential.

Interest in maghemite nanoparticles covers many areas
of science and technology. They are particularly used in
many biomedical and industrial applications; they are
currently applied in DNA purification, drug delivery,
magnetic membranes, catalysis and other applications
[13]. Maghemite is suitable for the extraction of hazard-
ous substances from wastewaters. It is used in magnetic
separation techniques which aim to provide a more effec-
tive, less expensive, easier way to remove hazardous met-
als from wastes [14]. Considering their wide applications
and unique characteristics, magnetic nanoparticles, par-
ticularly maghemite grafted with bentonite, have received
much attention in environmental applications. They may be
used in the adsorption of chemicals and separation of con-
taminants [15,16]. Montmorillonite-rich materials, such as
bentonites, exhibit highly interesting properties, as well as
high specific surface area, cation exchange capacity (CEC),
porosity, and tendency to retain water or other polar and
non-polar compounds; it is also an inexpensive opera-
tion [17]. Over the last few years, magnetic separation has
become a promising new environmental purification tech-
nique due to lack or insufficient production of flocculants.
This technique allows treating large amounts of wastewa-
ter within a short time [18,19]. In addition, it is an excellent
adsorbent which should have more surface area; it needs a
very short time to reach equilibrium.

In this work, the adsorption features of bentonite
together with the magnetic properties of iron oxides have
been combined into one composite to produce a magnetic
adsorbent. Due to the presence of the metal component,
bentonite can rapidly and easily be separated from water by
simple application of an external magnetic field, which is a
cost effective technique. It is therefore proposed to separate
Pr (II) from binary systems containing cadmium Cd (II)
and Pr (III) 1:1, knowing that cadmium is one of the most
toxic and carcinogenic heavy metals capable of causing seri-
ous environmental and health problems [20]. It is released
to the environment from point sources, such as metal min-
ing discharges, as well as metal plating, battery, and paper
industries [21].

The effects of various parameters, including contact
time, initial pH, initial concentrations of Praseodymium
and cadmium and the amount of adsorbent, on separation
process, were used in the factorial design to optimize the
procedure. Langmuir, Freundlich and Temkin isotherm
models were studied.

2. Materials and methods
2.1. Reagents

Praseodymium and cadmium solutions at 10° M were
prepared by dissolving of praseodymium nitrate hexahy-

drate 0.218 g and 0.183 g cadmium iodide in 500 mL of
distilled water (purchased by Sigma-Aldrich). The initial
pH of the sample solutions was adjusted by using dilutes
HCI or NaOH (from Sigma-Aldrich). Arsenazo III 10 M
(from Fluka) was prepared by dissolving 0.0820 g in abso-
lute ethanol. Bentonite used in this study is a montmoril-
lonite-rich material originating from Hammam Boughrara
deposit (Maghnia, Algeria), and supplied by ENOF Ltd.
(Algeria), sodium thiosulfate pentahydrate (from Sig-
ma-Aldrich). For magnetic nanoparticles synthesized,
FeCl,-4H,O (from Sigma-Aldrich), FeCL-6H,O (from Pan-
reac), NH,OH (from Sigma-Aldrich), HNO, and Fe(NO,),
(fromSigma-Aldrich) were used.

2.2. Apparatus

The separation of Pr (III) from Cd (II) was studied by
the batch process using a stirring vibrator (Haier model).
pH measurements were performed with a pH meter using
a combined electrode mark (Adwa). X-Ray fluorescence
spectroscopy of dried Bentonite were performed using
Philips PW 3710.Thermogravimetric analyses of samples
(TGA) were performed using a SDT Q600 thermogravimet-
ric analyzer at a heating rate of 20°C/min under nitrogen
atmosphere, Tlemcen—Algeria. A magnet for the recovery
of the magnetic bentonite in the aqueous phase was used.
Maghemite is magnetic with magnetization, 6, was per-
formed using a Teslameter M-Test LL.

Samples containing metal ions were analyzed by
spectrophotometer (Analytik Jena Specord 210 Plus) with
Arsenazo III as ligand; the concentrations of Cd (II) in the
aqueous phase were determined using an atomic adsorp-
tion spectrophotometer (Perkin Elmer Pinnacle 500), Tlem-
cen-Algeria.

2.3. Extraction procedure

All the adsorption experiments were carried out at
room temperature (20 + 1°C) in a typical procedure; 0.01
g of the magnetic bentonite was added to 5 mL of sol-
ute concentration, at pH value 6.5 + 0.1, in 250 mL Erlen-
meyer flasks under vigorous Stirring. After adsorption,
the sorbents were separated with a magnet, the concen-
trations of Pr (III) was determined by UV-Visible spec-
trometer at sample pH adjusted to 2.5 and mixed with
150 pL Arzenazo III solution, and Cd (II) in the aqueous
phase was determined using an atomic adsorption spec-
trophotometer.

The adsorption capacity g, (mg/g), was calculated
using:

qe(mg / §)=(Co—C,)-V-M/m 1)

where C| and C, are initial concentration and equilibrium

concentration (mol/L), respectively, M is the molecular

weight of metal ion and m is the masse of adsorbent (g).
The adsorption efficiency is calculated as follows:

Co-C
Extraction Yield (%) = % -100 ()

0
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2.4. Preparation of magnetic Ferrofluid

The magnetic ferrofluid was obtained by dispersion
of maghemite in an aqueous solution. At the beginning,
magnetite (Fe,O,) was synthesized by coprecipitation of a
stoichiometric mixture of ferrous and ferric chlorides in an
ammonium hydroxide solution. Then, the black precipitate
was acidified by nitric acid and oxidized into maghemite
(y-Fe,O,) at 90°C, with iron (III) nitrate. The maghemite
particles obtained were precipitated by means of acetone,
and then dispersed into water leading to an acid ionic ferro-
fluid (pH 2.0). After this step, nanoparticles were positively
charged with nitrate as counter-ions [22,14]. Maghemite has
magnetization ¢ equal to 102 ] T kg™ [23].

2.5. Bentonite purification

The natural bentonite used in this study was obtained
from deposits in the area of Maghnia, Algeria. The chemical
composition of natural bentonite was determined by X-ray
fluorescence spectroscopy and is summarized in Table 1.
The mineralogical analysis showed that the native crude
clay mineral contains preponderantly montmorillonite (86
wt.%); the clay composition also includes quartz (10%), cris-
tobalite (3.0%) and beidellite (less than 1%).

For the purification of natural bentonite, 120 g was dis-
persed in 1.5 L of distilled water; after agitation during 15
min, a buffer solution of sodium citrate (pH 7.3) was added.
The mixture was heated under agitation at 75°C during
20 min and then, 15 g of sodium thiosulfate (Na,S,0,) was
slowly added. After 15 min under agitation, the mixture
was cooled and centrifuged at a rotational speed of 6000
rpm (Centrifugal type JA 10) for 15 min. The solid recovered
was washed two times with HC1 0.05 M (1.5 L) during 3 h
[24]. The chemical composition of purified bentonite was
determined by X-ray fluorescence spectroscopy and sum-
marized in Table 1.

X ray Difractograms (XRD) of natural bentonite and
purified bentonite are shown in Fig. 1. The purification is
confirmed by the loss of some impurities, especially quartz
at g = 26.8. The conjugation of some peaks at g =5.7 and 29,
then the appearance of new rays initially masked by quartz
atg=15and 17°.

2.6. Preparation of magnetic bentonite

An amount of 100 mL of the ferrofluid, of black color,
and 18 g of purified bentonite, a white powder, were mixed
at room temperature. The mixture was stirred for 60 min,
and then decanted onto magnetic plates. The brown pre-
cipitate obtained is due to the excess of magnetic particles.
Next, the precipitate was dried in an oven at 50°C for 24 h,
then ground and passed through a 0.24 mm sieve.

Table 1

Elemental composition of natural Bentonite and purified Bentonite

201

2.6.1. Thermogravimetric analysis

Thermogravimetric analysis of maghemite showed a
weight loss due to water vapor of approximately 0.9% at
temperatures lower the 100°C. In the temperature range
120-180°C it is observed a weight gain of ca. 0.3% which is
probably related to the oxidation of small amounts of Fe*
present in the sample. For aged samples, this weight gain is
not observed, suggesting that this Fe?*is slowly oxidized by
air at room temperature.

TGA for the dried purified bentonite pattern, 1.128%
weight-loss was checked at the temperature range of 59.61—
123.15°C, 1.982% weight-loss appeared at 472.48-591.97°C
and 1.708 % weight-increase appeared at 873.61-880.48 due
to the absorption of the nitrogen.

Thermogravimetric analysis of the bentonite : Fe oxide
composite (Fig. 2) showed H,O loss of 6.40% at the tempera-
ture range of 39.00-121.43°C, 1.187% weight-loss appeared
at 171.24-231.34°C, a weight decrease of approximately
1.10% observed for the Bentonite: Fe oxide composite
between 301.82-396.74°C is probably related to dehydrox-
ylation of the Fe oxide present in the composite and 1.50%
weight-loss appeared at 567.71-664.01°C likely related to
the clay showing on the dehydroxylation of the composite.
Upon heating, clay minerals usually become dehydroxyl-
ated and their structure break down at temperatures that
are often characteristic for individual species.

3. Results and discussion

In this study different parameters were examined: effect
of contact time, effect of initial pH, initial concentrations of
praseodymium and cadmium, effect of initial amount of
adsorbent and the effect of ionic strength.
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Fig. 1. XRD Difractograms of natural Bentonite' and purified
Bentonite?.

Composition Si0, ALO, Fe,0O, MgO KO CaO TiO, Na,O As LI
% (weight of natural bentonite) 62.4 17.33 1.2 3.56 0.8 0.81 0.2 0.65 0.05 13.0
% (weight of purified bentonite) 647 181 0.95 2.66 0.8 0.61 0.2 193 0.05 10.0

LI Loss on ignation at 900°C.



202 O. Belyouci, M.A. Didi / Desalination and Water Treatment 68 (2017) 199-210
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b} Maghemite
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Fig. 2. Thermogravimetric analyses in air for the (a) The purified
bentonite (b) maghemite (y-Fe,O,) and (c) magnetic bentonite.

3.1. Effect of contact time

The effect of contact time in adsorption sufficiency of
praseodymium and cadmium was analyzed kinetically
over a range of 2-50 min. The reaction was stimulated by
shaking with magnetic bentonite at 250 rpm at 20°C with
initial metal solution of pH 6.5.The initial solution concen-
tration was 10 mol-L™ for Pr (IIT) and Cd (I), while amount
of adsorbent was 0.01 g/5 mL. Adsorption capacities were
measured as a function of time (shown in Fig. 3). It was
observed that removal of metal ions was rapidly achieved,
within a short period of 20 min. That is probably due to
the large surface of magnetique bentonite being available
at the beginning. Adsorptions onto our adsorbent within
short time of 20 min become interesting for liquid-solid
extraction, comparing to Core-nanoshell magnetic compos-
ite material with 80 min equilibrium time [25].

3.2. Effect of pH

The separation of metal ions from aqueous solution by
adsorption was studied over a pH range from 2.2 to 11.0,
while maintaining the other parameters constant. HCl and
NaOH solutions were used to adjust system pH. It was
observed from Fig. 4, that the metal ion sorption process is
dependent on the initial pH of the solution and the amount
of metal ions sorbed increased with the increase of the pH
value. The zero point of charge (ZPC) of maghemite is at
pH of 6.6. At lower values, a poor adsorption is observed
because the metal ion uptake was inhibited in this acidic
medium and this can be attributed to a pronounced impact
of electrostatic repulsion between positively charged Pr(I1I),
Cd(II) and positive charged surface of maghemite below
the pH of (ZPC) [26]. Primordially, Pr(III) and Cd(III) exists
in their ionic forms between pH 2.0 and 6.5. A remarkable
removal efficiency of Pr(Ill) increase with decrease of pH to
6.5 but Cd(II) adsorbs lesser than Pr(III) and the difference
on adsorption capacity keeps almost constant. This result
shows the occurrence of competition phenomena between
praseodymium and cadmium on adsorption in actives sites
of magnetic bentonite, which the maghemite is not charged
at pH 6.6. Above the pH of ZPC, the particle surface pro-
cesses an overall negative charge while the dominant spe-
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Fig. 3. Effect of contact time on removal of Pr(IIl) and Cd(II) by
magnetic bentonite. [Pr (II)]; =[Cd (I)], = 10~ mol-L™, w = 0.01
g, V=5mL, J =250 rpm.
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Fig. 4. Effect of pH on Pr (III) and Cd (II) adsorption. [Pr (III)],
=[Cd (D], =10 mol-L™, w, ,=0.01 g, @ =250 rpm.

‘magnetic bentonite

cies Fig. 5 of Praseodymium were Pr* and Pr(OH)* and
dominant species of Cadmium Cd*", CdI* and Cd(OH)*and
thus under basic conditions electrostatic attraction exists
and high adsorption is observed.

3.3. Effect of initial amount of adsorbent

One of the most important parameters is the adsorp-
tion dosage. The number of sites available for adsorption
of metal ions depends on the amount of adsorbent used.
The influence of the amount of adsorbent on the adsorp-
tion yield was determined at the initial metal ion concen-
tration of 10° mol-L" and at pH 6.5. The results shown in
Fig. 6 indicate that the adsorption efficiency increased
from 37.8-74.3% for praseodymium, and from 12.1-15.1%
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Fig. 6. Effect of the initial weight of magnetic bentonite on Pr
(II) and Cd (II) adsorption. [Pr (IID)], =[Cd (1I)] , = 10~ mol-L7, ¢t
=20min, V=5mL, & =250 rpm, pH, =6.5.

for cadmium, when the adsorbent doses were raised from
0.005-0.05 g. It is observed that the adsorption of praseo-
dymium increased is due to an increase in the surface area
of adsorbent [28], but the adsorption increase of cadmium
is smaller than that of praseodymium due to the phenome-
non of competition in the adsorption of metal ions in active
sites. For the mixture (Pr (IIT) + Cd (II)), the results show
that the effect of the adsorbent on the adsorption efficiency
is very selective for praseodymium adsorption on magnetic
bentonite.

3.4. Effect of metals concentration

The influence of initial metal concentration on adsorp-
tion efficiency onto magnetic bentonite is shown in Fig. 7. It
was carried out, at different initial concentrations of Pr(III)
and Cd(I), from 0.2 mM to 1.0 mM, under the operating
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pH of 6.5 and agitation 250 rpm within the equilibrium of
20 min. The adsorption efficiency increased with increas-
ing metal ions efficiency until the saturation of available
adsorption sites, the observed trend of percentage removal
of metal ions was Pr (III) > Cd (II).

3.5. Adsorption isotherms

Langmuir, Freundlich and Temkin isotherm mod-
els were used in this study to establish the relationship
between the amount of adsorbed metal onto our magnetic
bentonite and its equilibrium concentration in aqueous
system [29].

The Langmuir model assumes monolayer coverage of
adsorbent surface, the global and linear form of Langmuir
isotherm is given by the following equation:

L K-Co @3)
Im 1+ KLCe

C 1 1

—= +Co— (4)

de - QmKL Im

where C, is equilibrium concentration of the adsorbate
(mol-L™"), g, and K, are Langmuir constants related to
maximum of adsosrption capacity and energy of adsorp-
tion, respectively. The value of g4, and K, can be obtained
from the intercept and slope of the plot of C /g, versus C, as
shown in Fig. 8b.

The Freundlich isotherm model applied to adsorp-
tion on heterogeneous surfaces with interaction between
adsorbed molecules and it’s not restricted to the formation
of a monolayer. The equation can be described by the lin-
earized form:

q.=Kp - C/ (5)

Logq, = LogKg +nLogC, (6)

where K, (mg-g™) and n are the Freundlich constants of
the system indicate adsorption capacity and adsorption
intensity, the value of K. and n obtained from the intercept
and slope of the plot ot[ Log g, versus Log C, as shown in
Fig. 8a.

Temkin isotherm describes the adsorption potentials
of adsorbent and adsorbate and is given by the following
equation:

gp = a+nLogC, 7)

where C, is the concentration of metal ions at equilibrium
(mol/L), g, is the amount of praseodymium and cadmium
adsorbed per unit weight of adsorbent (mg/g), 2 and b are
constants related to adsorption capacity and intensity of
adsorption respectively and were calculated from the inter-
cept and slope of the plot of g, versus log C, Fig. 8c.

However the higher correlation coefficient obtained
from Freundlich plot represented in (Table 2) compared to
Langmuir plot Temkin and suggests multi layer coverage of
the adsorbent by metals ions in system.
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Fig. 8. (a) Freundlich isotherm illustrating the linear depen-
dence of log g, on log C, (b) Langmuir isotherm illustrating the
linear dependence of C,/Q, on C, (c) Temkin isotherm illustrat-
ing the linear dependence of Q, on log C..
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Table 2

205

Isotherm parameters and correlation coefficient of Langmuir, Temkin and Freundlich; for Pr (III) and Cd (II) adsorption onto

magnetique bentonite

Freundlich Langmuir Temkin
K, n R? q, K, R? b R?
Pr(III) 5292.97 0.71 0.9662 95.32 555.55 0.6268 37.87 0.8686
Cd(II) 516.29 0.58 0.9177 14.36 1740.94 0.8309 775 0.8955
For praseodymium, the sorption capacity of ben- Taple3

tonite-y-Fe,O, (95.32 mg/L) was better that the sorption
capacities with NiFeO (12.5 mg/L) and CuFeO (9.09
mg/L) [30].

3.6. Multi-component system adsorption kinetics of metal ions

Binary adsorption studies are important to assess the
degree of interference posed by common metal ions present
in water solution [31]. The effect of the ionic interactions on
the adsorption may be represented by the ratio of the maxi-
mum adsorption capacity for one ion in the presence of the
other ions, g,, to the adsorption capacity for the same ion
when it is present alone in the solution, q,.

q
q_’(’; =1, synergism (the effect of the mixture is greater

than that the individual adsorbents in the mixture).

l;—m =1: Non-interaction (the mixture has no effect on
0
the adsorption of each of the adsorbents in the mixture).

Im

90
than that each of the adsorbents in the mixture).

Several factors were considered to correlate metal ion
uptake with metal ions properties. Factors like (i) the elec-
tronegativity of the metal ion, (ii) electrostatic attrition due
to charge to radius ratio, (iii) ability to form a metal hydrox-
ide complex and (iv) suitable sites for adsorption on adsor-
bent are responsible for competitive adsorption of one metal
ion over another. The hydrated radii of metal ions were
6.57A for Pr (Il) and 4.26A for Cd (II). Thus, Cd (II) ions
have higher accessibility to the surface and pores than Pr
(IIT) cations, which leads to preferred adsorption of Cd (II).
Pr (III) has a higher hydrated radii and molecular weight in
comparison to Cd (II). It was observed from Table 2 that the
Freundlich isotherm model showed the best fit for mono-
and multi-component system compared to Langmuir and
Temkin isotherm models.

- 1. Antagonism (the effect of the mixture is less

3.7. Experimental design

Experimental design method is able to detect possible
interactions with a reasonable number of experiments [31],
in this investigation for quantification of the effects of three
variables on the praseodymium and cadmium removal, a
two level factorial design (low and high) of experiments
was adopted. The variables studied were pH of solution
(2.2, 11), initial metal concentration (2.10#, 10~ mol-L') and
amount of adsorbent (0.005, 0.05 g), defined by the coded
variables X, X, and X respectively. If number of factors and

Factor levels used in the 2° factorial experiment design

Variable Real values of coded levels
-1 +1

pH 22 1

Initial concentration [mol.L™] 210+ 10°°

Mass of adsorbent (g) 0.005 0.05

levels increases, the number of experiments geometrically
increases, the variables and levels for the study were given
in Table 3.

To evaluate the main effects of these three factors, their
interactions, a 23 experiment factorial design with 8 runs
experimental design was built, but totally 11 experiments
were performed because three additional attempts at the
central point (0, 0, 0) are required for estimating the average
error in the value of each coefficient, on the basis of the ran-
dom variance. The model is given in Eq. (8).

Y= ag + 121X1 + a2X2 + 123X3 + ﬂ12X1X2

+a13X1 X3 + a3 X5 X313 X1 X0 X 3 ®)
where Y, is the predicted response (adsorbed metal ion
amount); and X[ values (j = 1, 2, 3) represent the corre-
sponding parameters in their coded forms. a, gives the
average value of the results obtained for the adsorbed metal
amount; a,, a,and a, are linear coefficients shows the effect
of pH of solution, initial metal concentration and amount
of adsorbent respectively; a,,, a,,, a,, and a,, are the inter-
action coefficients shows the interacting effect of all three
variables taken at a time, Fig. 9 show the coefficient values
of the model, supposed to describe the individual effects
of parameters, along with their possible interactions [32].
The values of regression coefficients determined are given
in Table 4. Both of the low (-1) and high (+1) levels of every
factor are compared with each other and the effects of each
of the factor levels on the response are investigated accord-
ing to the levels of other factors as shown in table. The
equations for praseodymium and cadmium separation by
adsorption were obtained from the trial runs and presented
in Egs. (9) and (10).

Yp, = 65.60 +25.20X; —2.08X, — 2.58X; +7.22X; X,

9
+1.08X; X5 +2.74X, X5 +0.11X; X, X5 ®

You = 26.5+17.42X; +7.02X, —0.91X;5 +11.60X; X,

~1.69X, X5 +1.49X, X5 —1.62X; X, X5 (10)
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Fig. 9. Graphical study of the coefficients values on the extraction of Pr* and Cd** to describe the individual and interaction effects
of parameters: a, [pH (2.2 and 11), [Pr(NO,),] = [CdL] (2-10~* and 10-* mol/L) and w (Magnetic Bentonite) (0.005 and 0.05 g), a, and By

are the constants of the polynomial model [Egs. (9), (10)].

Table 4
Experimental matrix in coded values and obtained responses

Experimentn®  Real values Coded values Metal uptake

Xl XZ X3 Xl XZ X’% YPr(III) YCd(II)
01 2.2 210 0.005 -1 -1 -1 55.96 159
02 11 107 0.005 +1 -1 -1 90.06 27.78
03 22 210 0.005 -1 +1 -1 32.07 0.59
04 11 103 0.005 +1 +1 -1 94.62 65.17
05 2.2 2-10* 0.05 -1 -1 +1 43.35 11.23
06 11 10 0.05 +1 -1 +1 81.36 22.83
07 2.2 210 0.05 -1 +1 +1 30.03 8.39
08 11 10- 0.05 +1 +1 +1 97.34 59.73
09,10,11 6.6 6-10* 0,0275 0 0 0 78.59,79.75,79.92  19.01, 20.81, 20.93

Three additional tests at the central point (0, 0, 0) for the calculation of the student’s t test.

For the sake of reproducibility, one must check whether
this model accurately describes the process investigated by
determining which coefficients could be neglected, through
Student’s t test and Fisher’s test [33]. Calculation details are
summarized in Table 5.

The model tested at the 95% confidence (i.e., o = 0.05),
level obtained for extraction of Pr (III) and Cd (II), we
assessed the value of tv, . as being equal to 4.3. There-
fore, at this (1-a) level, the confidence range for all the
coefficients estimated using 08 runs, will be Aa, = +1.10
for Praseodymium and Aa, = +1.63 for cadmium at 95%
confidence. From the Student’s ¢ tests, coefficients with
la,l < lAa,| must be removed from the mathematical
model because they do not show significant effect upon
the response function. The resulting new model will be the
following:

Yp, = 65.60 +25.20X; —2.08X, — 258X

+7.22X,X, +2.74X, X5 (1)

Yeq =26.5+17.42X +7.02X, +11.60X,X, ~1.69X, X5 (12)

3.8. Interpretation

The effect of individual variables and interactional
effects can be estimated from the above equation.

According to Eq. (11), pH of solution has a positive
effect, while adsorbent weight and initial concentration
have a negative effect, on the praseodymium separation.
From Eq. (12), the initial concentration and pH of solution
have a positive effect on cadmium adsorption, by adsorp-
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Table 5
Model adequacy tests at (0, 0, 0) point and Student’s ¢ test

Features Model adequacy for Model adequacy for

Praseodymium Cadmium
Symbol Value Value

Model variance v 2 2

Average bleaching capacity at (0,0,0) point Y0 7942 20.25

Random variance S 0.52 115

Square root of variance S 0.72 1.07

Risk factor (chosen arbitrary) 0.05 (95%) 0.05 (95%)

Student’s t test factor ™,y 4.3 4.3

Average error on the coefficient value (trust range) Aa, +1.10 at 95% +1.63 at 95%

Number of remaining coefficients R 6 5

Model response at (0,0,0) a, (Yoo 65.59 26,5

Discrepancy on average yield d 13.89 6.25

Error on average yield discrepancy Ad 2.10 +3.13

Average yield for the 8 attempts Y, 65.59 26.45

Residual variance Sr, 2836.86 1319.84

Degrees of freedom L 5 4

Residual degrees of freedom v, 2 3

Fisher Test F 5414.90 1140.94

Fisher-Snedecor law E v, v, Fioss,=933 Fioss,=912
tion in the range of variation of each variable s.el.ec.ted for T iy sao*te
the present study. On the other hand, pH and initial con-
centration have the greatest effect on both of praseodym- 22| 778 82 1y pH 22| 1O7H | A28y pH
ium and cadmium separation. A negative value for the 42.92 93.41 e 733 45.56 g
effect indicates that the measured value of adsorbed metal
amount decreased as the factor was changed from its first 510°

level to its second level.

The interaction between pH and initial concentration of
praseodymium and cadmium plot in Fig. 10 show a higher
separation of praseodymium 95.97% and cadmium 62.41%
at the (+1) and (+1) for each factor, a high separation of pra-
seodymium 85.69% and cadmium 25.28% at the (+1) pH
and (-1) initial concentration.

As shown earlier in Fig. 11, for the interaction between
pH and weight of adsorbent , pH was the most significant
parameter witch the interaction at (+1) pH and (-1), (+1)
level of adsorbent amount show a high separation of Pra-
seodymium, 93.41 ,88.25% and cadmium 45.56, 42.18%
respectively.

The interaction between weight of adsorbent and ini-
tial concentration plot in Fig. 11 shows that by increasing
or decrease of adsorbent weight, metal separation changes
from 62.34, 63.33-73.0%. From Eq. (12) and Fig. 12, the
amount of adsorbent is not significant parameter.

v For X, = +1:

Yp, =90.80+5.14X, — 2.58X5 + 2.74X, X5

The optimal values are: X, = 0.941 and X, = -0.854
(Fig. 13a)
v For X, =-1:

Yp, = 40.4—9.3X, — 2.58X; +2.74X, X3

Fig. 10. Factorial interaction between pH and initial concentra-
tion of metal ion (X, X,).

A L4
cd(n 5102 Tw
37.76 88.25 1071 | 4218
R 22 11 pH
42.92 93.41 - 7.33 45.56 "
5.10°

Fig. 11. Factorial interaction between pH and amount of adsor-

bent (X, X,).
24 LA
Pr(l11) 5.10 w Ccd(ll) 5107w
J10% | 6235 63.66 | oo y10° | 1943 3346 | o
73 63.44 " 19.43 33.46 "
5.10° 5.10°

Fig. 12. Factorial interaction between pH and amount of adsor-

bent (X, X)).

The optimal values are: X, = 0.941 and X, = -0.254 (Fig.

13b)

v For X, = +1:

Yp, = 40.4—-9.3X, — 2.58X; +2.74X, X,
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25

(b)

AT

Fig. 14. 3D representation of the Y, at fixed X, = +1 (a) and X, =-1 (b).

The optimal values are: X, = +0.667 and X, = -0.954 (Fig.
14a)

v For X,=-1:
Y, = 63.02+25.20X; +1.66X, +7.22X,X,

The optimal values are: X, = +0.572 and X, = -0.754 (Fig.
14b)

v For X, = +1:

YPI‘ = 6818 + 2520X1 - 482X2 + 722X1X2

The optimal values are: X, = +0.77 and X, = -0.554 (Fig.
15a)
v For X, =-1:

Yo = 33.52+29.02X; —1.69X; X5

The optimal values are: X, = +0.47 and X, = -0.854 (Fig.
15b)

Yoy =19.48+5.82X; —1.69X, X5

3.9. Cycle number

For the determination of cycle number, 0.01 g and
0.05 g of magnetic bentonite were used for separation of
praseodymium and cadmium. After equilibrium time of
20 min, the same quantities of adsorbent (0.01 g of mag-
netic bentonite) were added to 5 mL of metal solution 107
mol-L7; the maximal extractions 92.80%, 15.64% of praseo-
dymium and cadmium respectively were obtained after
six cycles (see Fig. 16a); and with 0.05 g of adsorbent the
maximal extractions 90.48%, 15.11% of praseodymium
and cadmium respectively (Fig. 16b) were obtained after
2 cycles.
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Fig. 16. (a) Cycle number for extraction of metal ions using 0.01 g magnetic bentonite, (b) Cycle number for extraction of metal ions

using 0.05 g magnetic bentonite.

4. Conclusions

In this paper, a solid-liquid phase separation of pra-
seodymium and cadmium, using magnetic bentonite, was
studied. Proportions of 74.32% and 15.06% of Pr (III) and Cd
(II), respectively, were extracted within 20 min at pH 6.5, in
one step. The equilibrium data were analyzed using Lang-
muir, Temkin and Freundlich isotherm models. The results
showed that sorption of Pr (IIT) and Cd (II) had a better fit to
Freundlich isotherm model. A 2° factorial design was used to
study the separation. The pH of the solution together with
the combination of the initial pH and concentration were
found to be the most significant parameters affecting selec-
tivity. Other interactional parameters also contributed to the
increase in the amount of adsorbed metal, though the effect
is rather small. Maximum adsorptions of praseodymium and
cadmium were determined as 95.32 mg-L~ and 14.36 mg-L,
respectively. The maximal quantity was 13.2 mg/g for Pr
(II) or 33.72 mg/g for Pr(NO,),, and 1.47 mg/g for Cd(I)
or 4.77mg/g for CdlL, after six cycles. The maximal quantity
was 7.78 mg/g for Pr (Ill) or 19.72 mg/g for Pr (NO,), and
0.85 mg/g for Cd(Il) or 2.77 mg/g for Cd L, after two cycles.

These findings confirm the selective adsorption of pra-
seodymium by magnetic bentonite, which indicates that
magnetic bentonite is a promising material for selective
adsorption, separation and preconcentration.
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