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Abstract: Because of the many expected uses of beryllium from its ores in the future and the presence
of exhausts resulting from its extraction, it was necessary to study how to remove these exhausts first.
A novel, efficient beryllium adsorbent was prepared by impregnating calcion dye onto Amberlite XAD-
2010 resin beads and characterized by FTIR and a scan electron microscope (SEM). Batch sorption
experiments were carried out to remove beryllium from aqueous solutions using the new extractant-
impregnated resin, EIR. The influences of various parameters such as pH, initial concentration, contact
time, and the effect of temperature were evaluated. Optimum conditions for the maximum beryllium
removal were performed at pH 3.5, with an equilibrium time of 25 min. The Langmuir sorption isotherm
model better describes the equilibrium sorption isotherm. The thermodynamic data showed negative
values of Gibbs free energy (AG), indicating that the sorption process was spontaneous at different
temperatures. The entropy (AS) and enthalpy (AH) change were estimated. Results of the kinetic studies
showed that the sorption process follows a pseudo-second-order model. To some extent, beryllium can
be desorbed from the loaded resin using a 1.5 M HCI solution.

Keywords: beryllium; removal; adsorption; amberliteX XAD-2010; calcion; equilibrium study, kinetic
study.
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1. Introduction

Beryllium (Be) is a unique strategic element due to its high importance and uses in
several nuclear and non-nuclear industries. It doesn’t appear as a free element in nature, and its
presence is rather limited (6ppm) in the earth’s crust. It is one of the lightest metals with high
physical strength; it is about two-thirds as heavy as aluminum (Al) and has a modulus of
elasticity of one-third greater than steel. So, it is a wonderful option to be a fundamental
material in nuclear technology as a reflector, canning material, fuel diluent, and neutron source
due to its lightweight and high melting temperature. Beryllium metal and its alloys have
attracted much attention in various industrial applications such as electrical equipment, aircraft
structural components, missiles, satellites, instrumental detectors, Geiger tubes, electrodes,
computer parts,non-sparking tools, etc. It must be mentioned that Be is used in fabricating the
X-ray windows because it transmits X-rays 17 times better than Al. Beryllium and its
compounds exhibit extreme toxicity due to the inhalation of dust, fumes, or mists for
susceptible individuals’ health. Still, there is no evidence that it is toxic when handled (in
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massive form). By far, there are about 40 minerals containing Be, but beryl BesAl, (SiO3)e is
the most common Be mineral known in ancient Egypt as a gemstone (Emerald). Also, many
German and British coal ashes contain a high Be content (0.1-1% Be) [1-4]. These applications
prompted the development of various extraction methods and separation from different types
of complex matrices, including precipitation, ion exchange [5], solid phase extraction [6], nano
adsorbentextraction [7], hydrometallurgy and pyrometallurgyextraction [8], solvent extraction
[9,10].

Among all currently available technologies, the adsorption method is convenient
enough to be adopted in this study because of its low cost, environmentally friendly, and ease
of operation for trace amounts of analyte from aqueous solutions compared to other methods
with different adsorbents such as silica, metal oxide, zeolite, bentonite, modified chitosan,
polystyrene, and activated carbon [5,11,12].

Recently, extractant-impregnated resins, EIRs, have been reported to be effective solid
adsorbents for sorption and separating metal ions from their aqueous solutions. Metwally
investigated the sorption of U(VI), Th(IV), and Co(ll) ions from an acid medium using tri-
dodecyl amine (TDA) loaded on a macroporous polymeric resin (XAD4)as a supporting
material using the batch technique [13]. Navarro et al. prepared an extractant-impregnated resin
(EIR) usedCyanex® 921 (tri-octyl phosphine oxide, TOPQO) for the impregnation of
Amberlite® XAD-7 [14]. Seyhan et al., used the impregnation of the polymeric matrix,
Amberlite XAD-2000, with o-phenylenedioxydiacetic acid (OPDA) for the sorption of U(VI)
and Th(IV) from aqueous solution [15]. Hosseini and Hosseini described a superior binding
affinity for Th(IV) over U(VI) and many co-existing ions with eosin B and Amberlite IRA-410
resin [16]. Kovalenko et al. prepared solvent-impregnated resins (SIRs) by treatment of
styrene—divinylbenzene copolymer (LPS-500) with mixtures of the promising
polydentanteextractantdiphenylphosphine oxide (L) and an ionic liquid for the extraction
chromatography of Nd(II1) from nitric acid solutions [17]. Bezhin et al. investigated the
physicochemical regularities of phosphorus and Be recovery by sorbents based on
polyacrylonitrile (PAN) fiber and Fe(OH)s obtained by various methods [18]. Direct bonding
of chelating ligands to a polymeric matrix is very difficult and time-consuming owing to the
relative inertness of polymeric surface in the ground state; hence, surface activation is required.
Therefore, the impregnation technique is the most convenient method of preparing chelating
resins since it is exceedingly easy to perform. It merely requires stirring of the extractant and
the polymeric support with a wide choice of reagents for the desired selectivity.
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Figure 1. The structural formula of calcion dye.
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In this study, the suggested resins (Amberlite XAD) found widespread application for
separating and removing metal ions because they have good physical and chemical properties
such as porosity, high surface area, durability, and purity [19,20]. Furthermore, the proposed
reagent amino naphtholbisazo reactive dye (Calcion) (C3oH14022N4SeNas) had three functional
groups (one peri-hydroxy and two peri-orthodhydroxyazo), making it the preferred dye for this
work. The structural formula of the calcion dye is presented in Figure 1 [21,22].

The addition of Be through waste drainage into natural bodies of water poses serious
environmental hazards due to its high toxicity. Therefore, the current work is focused on
designing an adequate chelating ion-exchange support for the sorption and removal of Be from
aqueous solution, synthetic wastewater, and real industrial wastewater in small-scale effluent
or low metal ion-contaminated industrial wastewater. For this purpose, calcion is impregnated
onto the surface of Amberlite XAD-2010 resin beads to prepare a new extractant-impregnated
resin, EIR. Batch sorption experiments examine the effectiveness of this EIR resin for the
sorption of Be ion. To evaluate the effects of solution pH, contact time, initial concentration of
Be ions, and temperature, batch sorption experiments are carried out using the optimum EIR
sample. Thermodynamic parameters for Be sorption onto the new chelating ion-exchange resin
are also estimated. In addition, the kinetic and equilibrium studies are used to gain insight into
Be's potential sorption mechanism by EIR beads.

2. Materials and Methods
Materials and samples were provided by the Nuclear Materials Authority.

2.1. Chemicals and reagents.

All chemicals and reagents used in this study were of analytical grade. Beryllium stock
solution (1000mglt) was prepared by dissolving the appropriate amounts of beryllium sulfate
trahydrate (BeSO4.4H,0), (Merck Co.) in deionized water. All the working solutions were
prepared by diluting appropriate volumes from the stock solution with deionized water. Calcion
dye (calcichrome) (C3oH14022N4SeNas) and amberlite XAD-2010 were purchased from Sigma
Co. Ethylene diamine tetraacetic acid disodium salt, EDTA-2Na (5%, w/v) (C10H1408N2Na>.
2H20) supplied from Adwick Co. was prepared by dissolving 5g of analytical grade in double
distilled water and diluted in 100ml volumetric flask and hydrochloric acid (1.5M HCI),
purchased from Merck Co.

2.2. Instruments

Spectrophotometric measurements were performed by using a double beam UV-
Visible spectrophotometer of high-resolution power model Jasco V-530 with a wavelength
ranging from 190 to 1100 nm; computer controlled data analysis and reporting software was
used in the systematic study to determine Be. The pH value was controlled by using a Jenway
pH meter.

Morphological characteristics of EIR before and after the adsorption of Be ions were
investigated by scanning electron microscope (SEM) (Philips XL 30, Holand). Absorption
spectra in the IR region were recorded using a Fourier transform infrared spectrometer (FTIR)
on the wave number range 4000— 400cm™ (Thermo Scientific, NICOLET 1S10, USA) used to
characterize the major functional groups of the sorbent.
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2.3. Preparation of the EIR.

An adsorbent preparation was carried out by using manufactured beads for
impregnation. Consequently, when using these beads, many impurities must be eliminated. So,
the Amberlite resin XAD-2010 was treated with 1:1 methanol and HCI (50ml of methanol:
50ml of 6M HCI) for 12 hours to remove any impurities or unwanted particles. The resin was
rinsed with double-distilled water and placed into a drying oven at 50°C for 30 minutes. To
prepare the impregnated resin, 1g of dry Amberlite XAD-2010 resin was transferred into a
glass stoppered bottle containing 1g of calcion in 200 ml methanol, which was utilized as the
solvent. The content was slowly shaken for 6h to accomplish the impregnation process and
then was placed into a drying oven to expel the solvent at 50°C. The EIR sample was then
transferred to a filter paper and washed consecutively with 3M HCI and large volumes of
distilled water until no dye escaped into the filtrate. Finally, the impregnated resin was dried at
50°C and weighed [23].

2.4. Sorption procedures.

A batch technique was used to sorb the Be ions at room temperature. Aliquots of
agueous solution containing suitable concentrations of Be were taken in glass-stoppered bottles
and adjusted to a known pH. The EIR beads (0.05g) were added to each bottle, and the mixtures
were equilibrated for a specified period. The EIR beads were filtered, and the sorbed Be ions
were desorbed by shaking with 1.5M HCI. The desorbed ions were measured
spectrophotometrically by chrome azurol S procedure [1].

The sorption isotherms of Be ions onto the EIR were obtained at the pH of maximum
uptake. For this purpose, aliquots of the solutions (pH 3.5) containing Be with the different
concentrations were shaken at 25 + 1°C for 25min. These experiments were performed at
various temperatures to obtain thermodynamic data.

For sorption Kinetic data, a series of fixed-weighed portions (0.05g) of the EIRs were
immersed into vessels containing aliquots of Be (pH 3.5) with a concentration of 1.1x10™* M.
The mixtures were shaken at ambient temperature for different time intervals. Portions of the
supernatant were withdrawn from the solutions and subjected to the determination processes.

The amounts of metal ions adsorbed per gram of the EIR beads were calculated at
equilibrium (ge) and at various time‘t’ (qt) by the difference between the initial and the final
readings using the following equations.

(C _Ce)v

Qe = ——= 1)
(Co—C)V

q == )

Where qt is the amount of Be ions adsorbed onto the EIR beads at variable time t (mg
oY), ge is (adsorption capacity) the amount of the ions sorbed onto the EIR beads at equilibrium
(mg g?), Co is the initial concentration of Be in the aqueous solutions (mg 1), Ct is the
remaining concentration of Be in the solutions at time t (mg I?), Ce is the equilibrium
concentration of Be (mg I%), V is the volume of the solutions used by the liter, m is the weight
of the EIR beads used in gram and (R%) is the removal percentage at equilibrium was
calculated by equation (3) [24].

RY% = % x 100 (3)
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3. Results and Discussion

3.1. Sorbent characterization.

The FTIR spectra of Amberlite XAD-2010 before and after impregnation are shown in
Figure 2. The IR spectrum of Amberlite XAD-2010 resin exhibits a less intense band at 3412
cmt, which can be attributed to the O-H stretching vibration of interlayer water molecules [25].
The bands between 3019 and 2923cm™ are related to the stretching modes of the aromatic and
aliphatic C—H groups. There are bands between 1617 and 1421cm™ that are assigned to the
vibration of benzene rings, which also contain contributions due to the bending modes of the
methyl and methylene groups, and the bands observed at 923, 860, 828, and 707cm™ are
attributed to out of plane ring C—H bending vibrations [26]. Upon impregnation with calcion,
a medium band around 3427cm? is ascertained to be OH of the phenolic group. The peaks
observed at 1380 and 1420cm™ are ascribed to C-N and N=N stretching vibrations, respectively
[27]. Moreover, the stretching vibrations of the S =0 and SOs% are observed at 1038, 1218, and
1119cm, respectively [28,29]. Furthermore, it is noticed that the characteristic bands related
to the polymeric skeleton are present in the impregnated resin spectrum with a slight shift (5-
10cm™), which confirms that the impregnation process has been performed through a physical
sorption pathway.

4000 3000 2000 1000 400
Wavenumber [cm'l ]

Figure 2. FTIR spectroscopy of the working polymeric resin: (a) Amberlite XAD-2010; (b) calcion /XAD-2010
modified resin.

3.2. Effect of pH.

pH is one of the most essential operational parameters in adsorption experiments, as it
determines the nature of the metal ions and the sorbent's surface properties. Batch sorption
studies were performed to investigate the influence of pH on the sorption of Be onto
calcionXAD-2010 from aqueous solutions in which the pH of the working solution was varied
from 1.0 to 8.0 at room temperature. According to the obtained experimental data in Figure 3,
the separation of Be ions from the aqueous phase is completely pH-dependent. It was found
that the removal of Be increases with increasing the pH from 1.0 to 3.0 and reaches a maximum
value at the pH range of 3.0-5.0; then, as the pH increases, the removal percentage decreases.
The possible reason for the decrease above could be precipitation phenomena at higher pH
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[30]. Beryllium exists as the tetra-hydrated ion [Be (H20)4]%* in an acidic solution (pH 1-4).
While at pH above 5, the precipitation of Be ions as Be (OH). was observed. Hence, pH 3.5
was selected for further optimization studies to remove Be ions [31].

Figure 3. Effect of pH on the removal percentage of Be by EIR resin.

3.3. Effect of initial beryllium concentration.

Studying metal concentration is important for metal removal from its aqueous solution.
Therefore, the effect of initial metal concentration is of significance in adsorption studies since
it depends on several parameters, such as the type of metal and the liquid medium, the
availability of the functional groups in the adsorbent surface, and the ability of these groups to
attach metal ions [32]. To investigate the effect of initial beryllium concentration upon the
removal percentage of the modified Amberlite XAD-2010 resin, a series of experiments were
performed by contacting a fixed weight (0.05g) for a certain time at room temperature. The
obtained results are plotted in Fig.4. From this figure, it is obvious that the Be removal
percentage decreases with increasing its initial concentration. The adsorption of Be ions was
studied at lower concentrations due to their detrimental and toxic consequences. This may be
because, at lower initial concentration, the ratio of metal cations to EIR resin mass is low; a
rise in initial concentration implies that additional metal ions are present in the mixture, and
hence, more ions are attached to the same quantity of the resin which results in saturation of
the adsorbent causing a decrease in R % [33].

The infrared technique was used for further study of the adsorption mechanism, Fig.5.
Comparing both spectra of EIR before and after adsorption, there is a noticeable change in the
spectra of the EIR resin from that of EIR loaded with Be in terms of position, shapes, and
intensities. After adsorption, the band noticed at 1380cm™ corresponding to (C-N) stretching
vibration for EIR is shifted to 1113cm™. In addition, the band that was observed at 1420cm™
due to (N=N) stretching vibration is shifted to 1377cm™. Also, the bands at 1119, 1038 cm™ of
the SOs? and S =0 are shifted to 979, 888cm™. The appearance of bands in 618cm™ and 458cm”
L are assigned to v (M-N) and v (M-O) stretching vibration [34]. The shifts and changes in band
frequencies indicate that the beryllium ions have been coordinated with EIR resin.

On the other hand, the scanning electron microscope (SEM) is considered the most
reliable and convenient tool for studying the physical structure of the synthesized EIR resin
beads. Therefore, to demonstrate the morphological features and the surface characteristics of
the synthesized resin before and after Be sorption, the corresponding SEM micrographs are
shown in Figure 6. As seen in Fig. 6a, the appearance of EIR resin before adsorption is uniform
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and smooth. Meanwhile after adsorption, brilliant spots are observed on the resin beads, as
shown in Figure 6b.
70
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Initial concentration (mgfl)

Figure 4. Effect of initial concentration on the removal percentage of Be by EIR resin.

4000 3000 2000 1000 400
‘Wavenumber [cm'l]

Figure 5. FTIR spectroscopy of (a) EIR resin; (b) Be loaded EIR resin.

(b)
Figure 6. SEM images of (a) EIR resin; (b) Be-loaded EIR resin.

3.4. Adsorption equilibrium studies.

Generally, solute encounters a finite distribution between the liquid and solid phases at
the sorption equilibrium, which a variety of isotherms can describe, and adsorption models can
be used to fit the observed experimental data and determine the model parameters. The sorption
isotherm is a functional expression that relates the amount of solute adsorbed per unit weight
of the adsorbent and the solute concentration in bulk solution at a particular temperature under
equilibrium conditions. Moreover, it is an important physicochemical property for estimating
an ’adsorbent’s sorption capacity and energy [26].
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To investigate the best model of adsorption, exact weighed portions of 0.05g of EIR
resin were contacted with a series of solutions containing different concentrations of Be at pH
3.5 for 25 minutes. The maximum adsorption capacity of the investigated adsorbent is 2.75mg
Be per gram of EIR resin. Several isotherm models were used to treat the data from the
adsorption experiments (Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich).

Langmuir proposes that adsorption is a monolayer system at a homogeneous adsorbent
surface with energetically similar adsorption sites. It also presupposes that sorption occurs as
a monolayer at the surface of the sorbent [35,36].

The linear form of Langmuir isotherm model is represented by the following equation:
1 1 1 1
o Ew) Fow @

Where Ce is the equilibrium concentration (mg I%), ge is the adsorption capacity at
equilibrium (mg g*), gm represents the monolayer capacity (mg g), and Ky is the Langmuir
constant related to the energy of adsorption (I mg™1). A linear plot of 1/ge versus 1/Ce based on
the data obtained from the batch tests is given in Figure 7. From the plotted linear relation, the
sorption values and correlation coefficients for Be sorption on the prepared EIR resin are
recorded in Table 1.

A dimensionless constant called equilibrium parameter or separation factor, R, can be
used to predict whether a sorption system is favorable or unfavorable. This parameter is
evaluated from the essential characteristics of the Langmuir equation and can be calculated by
the following equation:

1
= TG ©)

Where Ci is the initial Be concentration (mg I'Y). The value of R. indicates the nature
of the isotherm to be irreversible (R.=0), favorable (0 < R < 1), linear (R_.=1), and unfavorable
(R> 1) [37]. From the obtained data, the prepared EIR resin appears to be a favorable sorbent
for Be since the R value is between 0 and 1.

RL

104 -

84

64

1/qe

44

24

0 T T T T T T T v T T
0.0 02 04 06 0.8 10 1.2 14 16 18 20 2.2

1/Ce

Figure7. Langmuir isotherm for the adsorption of Be by EIR resin.

Lu et al.and Freundlich [36, 38] (isotherm) suggest that the adsorption occurs on a
hetero generous surface by a multilayer system in a linear form, as:
logq. = log Ky + %logCe (6)
Where Kr and n are the Freundlich constants, which represent sorption capacity and

sorption intensity, respectively. The values of Freundlich constants are calculated from the
slope and intercept of the log de versus log Ceplot (Figure 8) and are listed in Table 1. It was
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found that 1/n lies between zero and one; this indicates a favorable sorption process [39]. The
value of the regression coefficient was lower than the Langmuir isotherm value. Therefore, the
linear form of the Langmuir isotherm appears to produce a reasonable model.

0.2

0.0 1

04 02 00 02 04 06 08
log Ce
Figure 8. Freundlich isotherm for the adsorption of Be by EIR resin.

The Temkin isotherm model supposes that the adsorption heat of all molecules
decreases linearly with increasing surface adsorbent coverage. That adsorption is characterized
by a uniform distribution of binding energies up to a maximum binding energy. It can be
depicted by Equation (7) [40,41].

Je — BTlnAT + BTlnCe (7)
o _RT
T — bT

Where At is the equilibrium binding constant (L g*) corresponding to the maximum
binding energy, br is the Temkin isotherm constant, Br is the adsorption heat constant, R is the
universal gas constant (8.314Jmol*K™), and T is the temperature (K) A plot of ge vs. InCe
enables the determination of isotherm constants B+ and At from the slope and the intercept,
respectively (Table 1). The small value of At indicates the physical binding between the
beryllium ion and EIR resin active sites (physisorption mechanism). Moreover, the value of Bt
is lower than 8kJmol™?, which indicating the sorption process is a physical adsorption process
[39].

Another equation used in the analysis of isotherms was proposed by Dubinin and
Radushkevich [42]. The D-R isotherm is expressed in the linear form as the following
equation:

Ing, = Inq, — BSZ 8

Where g refers to the theoretical saturation capacity (mg g2). p is the Dubinin—
Radushkevich isotherm constant (mol®kJ2 ), and ¢ is the Polanyi potential, which depends on
temperature and equilibrium concentration of metal ion and is given by Equation (9).

e=RTn (1+) ©)

e

To demonstrate the mechanism of the sorption process, the mean free energy (E) of the
adsorption process was computed using the following relationship:

E= \/%B (10)

From the obtained data in Table 1, the value of E is less than 8kJmol-for Beions,
implying that the adsorption process proceeds via physisorption [38]. Values of gs and B can
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be determined through linearization of the D-R isotherm. Plotting Inge versus €2, using Equation
(8), results in a straight slope line  and intercept In gs (Figure 9).

Considering the results obtained from the four models, it is realized that the sorption
process obeys the Langmuir model due to the higher correlation coefficient and a better fit to
adsorption data than the other isotherm equations. This explains the Langmuir model's

suitability for describing Be's adsorption onto EIR resin.
1.0

0.5

e2

Figure 9. The Dubinin- Radushkevich (D-R) isotherm model of Be adsorption by EIR resin.

Table 1. The isotherm parameters for the adsorption of Be on EIR resin.

Isotherm model Parameters Value
gmax 2.75 mg/g
Langmuir KL 0.25
RL 0.4
R2
KF 0.301
Freundlich n 1.5
R2 0.9355
BT 1.1
Temkin AT 1.9
R2 0.8927
B 1.5
D-R E 0.6
R2 0.8606

3.5. Effect of contact time and kinetics studies.

To study the effect of contact time on the removal of Be by the EIR resin, aliquots of
25 ml of the solutions (pH 3.5) containing a fixed concentration of Be were shaken at 25°C for
different time intervals (5- 40min) using 50mg resin. As illustrated in Figure 10, the removal
amount of Be increased with increasing time and attained equilibrium at 25min. Therefore, 25
min of contact time was recommended in the present work.

The kinetic models give important information for designing the sorption process for
Beremoval from its solutions, as well as predicting the sorption rate. To determine the kinetics
of the sorption process of Be onto EIR resin, different kinetic models, including pseudo-first-
order, pseudo-second-order, and intra-particle diffusion models, are used to investigate the
sorption Kinetic process.

The equations of pseudo-first-order and pseudo-second-order models are given as
follows [43, 44]:

In(q. — q,) = Inq. — Kt (11)

t 1 t
L = 12
a Kxq: ' qc (12)

Where ge and g (mg g*) are the amounts of Be sorbed at equilibrium and at time t
(min), respectively, ki (minYand k2 (g mg™* min™t) are pseudo-first-order and -second-order
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sorption rate constants, respectively.Kinetic parameters of these models were calculated from
the slope and intercept of the linear plots of In (de- Gt) versus t (Figure 11), t/q: versus t (Figure
12), and given in Table 2.

Based on the correlation coefficients (Table 2), the pseudo-second-order kinetic model
has provided a good correlation for the Be sorption. Additionally, there was a close agreement
between the theoretical and the experimental values of qe, confirming the validity of the
pseudo-second-order model to elucidate the Be sorption mechanism by the prepared EIR resin.

The kinetics data was also used to analyze the intra-particle diffusion for the adsorption
of Be ions on the prepared resin. This approach was based on the Weber and Morris model
[45]. The model was characterized by the following equation:

q: = Kiy° +C (13)

Where gt (mg g?) is the Be adsorbed amount at time t, Kia (mg g min®9) is the intra-
particle diffusion rate constant, and C is the thickness of the boundary layer. According to this
model, the plot of uptake (q) versus the square root of time (t%°) should be linear if intra-
particle diffusion is involved in the adsorption process. If these lines pass through the origin,
then intra-particle diffusion is the rate-controlling step. When the plots do not pass through the
origin, this is an indication of some degree of boundary layer control, and the intra-particle
diffusion is not the only rate-limiting step, but also other kinetic models may control the
sorption rate, all of which may be operating simultaneously [45].

0 5 10 15 20 25 30 35 40 45 0 10 20 30 40 50

time (min.)

Figurel0. Effect of contact time on the removal Figure 11. Pseudo-first-order kinetic of Be adsorption
percentage of Be by EIR resin. by EIR resin.

18

16 25
14
12
10

'l

uqy

o N & o
qt (ma/g)

°

o

o

o 10 20 3 40 50 4 0 1 2 3 4 5 6 7
time (min.) 195 (min.)

Figure 12. Pseudo-second-order kinetic of Be Figurel3. Intra-particle diffusion model plot ForBe
adsorption onto EIR resin. adsorption by EIR resin.

The intra-particle diffusion parameters are obtained from the linear plot's slope and
intercept, as represented in Figure 13. The plot of g; vs. t°° gives a straight line that does not
pass through the origin (C > 0). From the presented data in Table 2, it was noticed that the
value of correlation coefficient R? is 0.842 while the intra-particle diffusion rate constants Kig
is 0.46mg g min™%, and the thickness of the boundary layer C is 0.1mg g*. Therefore, in view
of these data, it can be said that the intra-particle diffusion kinetic model is not appropriate for
describing the sorption kinetics. Ultimately, from the Kkinetic parameters of three Kinetic
models, as seen in Table 2, the adsorption kinetics is estimated and fitted well by the pseudo-
second-order kinetic model.
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Table 2. The kinetic parameters for the adsorption of Be on EIR resin.
Pseudo-First-order

qe (mgg™) Ki (min™") R? Exp. qc (mg g™
4.71 0.002 0.9174 2.75
Pseudo-Second-order
Qe (mg g™) Kz (g mg™ min™") R? Exp. qe (mg g™")
3.12 0.194 0.9705 2.75
Intra-particle diffusion
kia (mg g' min*?) C(mgg™ S
0.46 0.107 0.842

3.6. Effect of temperature and thermodynamics studies.

Temperature, an important parameter in the adsorption process, is directly linked to the
kinetic energy of the adsorbent in the solution. The influence of temperature on Be removal
was investigated at a temperature range of 25-65°C. Figure 14 illustrates that the removal
percentage decreased with increasing temperature. Therefore, 25°C can be considered as the
optimum temperature for beryllium ions adsorption experiments.

The adsorption thermodynamic parameters provide a great deal of information
concerning the type and mechanism of the adsorption process. Thermodynamic parameters
associated with the adsorption, such as enthalpy change (AH), entropy change (AS), and Gibbs
free energy change (AG) are calculated by the following equations [40]:

AG = —RTInK, (14)
AS AH

ane = K - ﬁ (15)

AG = AH — TAS (16)

Where Ke is the equilibrium constant, T is the absolute temperature (K), and R is the
universal gas constant (8.314Jmol*K™). It appears from Eq. (15) that both AS and AH of
sorption can be determined from the plot of In Ke versus 1/T (Figure 15). The thermodynamic
parameters are presented in Table 3. The negative values of AG indicate the feasibility and
spontaneous nature of the adsorption process. The negative value of AH confirms that
beryllium sorption is an exothermic process, while the positive value of AS shows an increase
of the randomness during Be adsorption by the prepared EIR resin. Moreover, it may be related
to the liberation of water from hydration during the adsorption process, causing an increase in
the system's randomness [46].
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Figure 14. Effect of temperature on the removal Percentage of Be by EIR resin.
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Figure 15. A plot of In Ke versus 1/T for the determination of thermodynamic parameters

Table3. Thermodynamic parameters for the adsorption of Be by calcion/ XAD-2010.

Temp (°C) AG (kJ mol™") | AH (kJ mol™) AS (J mol! K1)
25 -1.7
35 -1.9
45 2.1 =34 0.2
55 2.4
65 2.7

3.7. Desorption studies.

From the reusability point of view, the stability of EIR is of crucial importance, and the
adsorbed metal ions should be easily desorbed without destroying the EIR under operation
conditions. To find the convenient eluent for desorption of the metal ions from the EIR resin,
different types of acid solutions, including nitric, sulfuric, and hydrochloric acid, were
examined at different concentration values. The treatments involved stirring aliquots of 25ml
solutions of metal ions with 0.05g of EIR resin for 25min at room temperature. Among the
tested eluents, we deduce that 1.5M HCI achieved the maximum elution efficiency (95%) of
Be ions. Therefore, 1.5M HCI solution was selected as an eluent for elution EIR resin.

4. Application

Finally, to assess the feasibility of EIR resin (calcion/XAD-2010) as the adsorbent for
removing Be ions from the waste samples, adsorption experiments were carried out under the
optimum conditions (pH 3.5, 25min contact time at room temperature). The waste sample was
derived from the beryllium extractant project, Nuclear Materials Authority, Egypt. The
obtained result indicated the effective removal of Be species from the derived waste sample.

Finally, to ensure the precise elimination of Be ions from the waste sample, the
interfering ions were effectively masked by 2ml of 5% EDTA-2Na during the sorption process.

5. Conclusions

In the present study, batch adsorption experiments were carried out to remove Be from
aqueous solutions using calcion/Amberlite XAD-2010 resin. The removal process was highly
pH dependent, and the best results were obtained at a pH range of 3.0- 5.0. The equilibrium
time for the sorption of Be was achieved within 25 minutes of contact time. Sorption isotherm
and thermodynamic studies indicated the monolayer, exothermic, and spontaneous nature of

https://materials.international/ 13 of 16


https://doi.org/10.33263/Materials63.024
https://materials.international/

https://doi.org/10.33263/Materials63.024

Be sorption by the EIR. Kinetic sorption data suggested the applicability of the pseudo-second-
order kinetic model for the sorption process. The loaded Be ions on the investigated EIR resin
was 2.75mg g*. The loaded resin was desorbed by 1.5M HCI. The obtained results evidenced
the possibility of applying the impregnated resin to remove Be ions from the waste sample.
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