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2 MATERIALS AND METHODS
2.1 Chemicals

Analytical grade chemicals were used to conduct experiments. For safety reasons,
non-radioactive isotope strontium nitrate (Sr(NOs),) was used to prepare strontium solutions.
It was purchased from Sigma Aldrich. Sulfuric acid (H.SOs, (98%)) was purchased from
Loba Chemie and used for sulfuric acid leach reaction in the bentonite activation process.
IN HCI and HNO; were purchased from Loba Chemie and used to control solutions pH.

2.2 Adsorbent (SAB)

Bentonite samples were taken from Khulays area in the west of Saudi Arabia. The samples
were received as large lumps. Crushing, sieving and drying processes were conducted to
obtain the required particle size. Subsequently, samples were activated to increase its
adsorption efficiency as Khulays natural bentonite has low activity [16]. As reported before
[17], activation process was conducted by sulfuric acid leaching. This Activation process was
investigated under different conditions of temperature, concentration of acid solution, degree
and time of mixing and particle size of bentonite in order to find the best bentonite activity.
In this study, activated samples of 200 mesh particle size were prepared by mixing with 15%
sulfuric acid for 90 min at boiling temperature. The characterization of natural and SAB was
realized using, BET, SEM, EDS, XRD, and FTIR. The spent SAB material can be reused
after it undergoes reactivation process or can be disposed in a low-level radioactive waste
landfill’s sites. Reactivation of SAB will be conducted in the future work.

2.3 Adsorption process

Experiments were conducted in batches to investigate the adsorption of strontium ions from
wastewater using SAB. Initially, 1000 mg/L of stock solution was prepared by strontium
nitrate (Sr(NOs),) addition in distilled water. Different strontium concentrations were
prepared as required by adding distilled water in order to reduce the concentration of stock
solution. 50 ml of solution is added in each batch of flasks and shacked horizontally in water
bath (Model. JULABO SW 22). Flasks were shaken at 200 rpm at room temperature for a
certain time then removed from the shaker. The mixture in each flask was separated using
centrifugal device (Model: ROTOFIX 32A) working at 4000 rpm for 15 min. The separated
supernatant was measured for strontium concentration using atomic absorption
spectrophotometer. The adsorption percentage was measured as:

Ci—Ce

Ads % = %, M

13

where Ci (mg L) and C; (mg L) are the initial and final time concentration, respectively.
The amount of strontium adsorbed at equilibrium given as:

Ci—Ce)V
g, = GV, @)

m

where, C. presents equilibrium concentration of strontium (mg L), V is the solution volume
(L) and m being SAB mass (g).
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3 RESULT AND DISCUSSION
3.1 Adsorbent characterization

N»-BET was used to find the natural and activated bentonite (SAB) surface area. The
measured surface area of natural bentonite was 64.2 m?g and increased to 303 m?/g after
sulfuric acid treatment. The SEM images of the natural and H,SOj4 activated bentonite are
shown in Fig. 1. A Quanta Scanning Electron Microscopy with field emission gun (FEG)
systems containing an Everhart Thornley detector (ETD) and a solid-state back scattering
electron detector (VCD) for bright-field and dark-field sample imaging. A densely packed
structure was observed for natural bentonite compared to the activated bentonite, may be a
cause of leaching out some of the materials during activation process also the EDS analysis
suggests an increase in Si atom% in activated bentonite (26.37 atom%) compared to natural
bentonite (21.48 atom%) which may bring us to the conclusion of increment of the quartz
(Si0») phase in the activated bentonite and later on we also observed the same for IR and
XRD analysis of the samples. From EDS analysis, elemental composition of the bentonite
samples was identified which are comprised of mainly oxygen and silicon (which makes
the quartz structure) and tress amount alumina, iron, copper, potassium, sulphur,
sodium, magnesium.

")

Figure 1: SEM image for: (a) Natural bentonite; and (b) Activated bentonite (SAB).

An IR study was conducted for the sample using Bruker Tensor II FTIR spectrometer
(closed system). The IR spectra of natural and H>SO4 activated bentonite can be seen in
Fig. 2. The strong adsorption band around 1000 cm™ (1021 cm™ for natural bentonite and
1044 cm!' for activated bentonite) relates to the Quartz Si-O bending vibration. The
adsorption band around 1591 cm™! and 3306 cm™! is for H,O (hydroxyls bound via H bond)
and small peak at 3644 cm’! is for stretching frequency of structural OH group. No significant
change in the IR peaks/bands are observed. Except broadening of the Si-O band at around
1044 cm!. The peak broadening may be due to the changes made to the quartz structure
during activation process with H,SO4. The change may be in the change of phase orientation
and that is also observed in XRD analysis.
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The diffraction of the prepared SAB was measured using Equinox 1000 bench top X-Ray
Diffractometer with CPS 180 detector using cobalt Kal radiation. Match® Crystal Impact
software was used to identify phases (using both COD and ICSD databases). The XRD
analysis of the samples (natural and H,SO4 activated) are depicted in the Fig. 3. The
XRD analysis confirmed a bentonite structure composed of Quartz-SiO, phase and
montmorillonite phase as it has been reported in many previous studies. In a close observation
between the two bentonite samples, there is no change in peak position except in some places
an increase in peak intensity is observed, especially at 2°=26.6° the change in peak intensity
can be clearly identified. This peak belongs to (210) plane of quartz-SiO,. So, the activation
process makes the bentonite planes more oriented in Quartz (210) plane. Also, there are some
minute changes in montmorillonite phases in the range (2°=20-25°) but not significant. The
increase in Quartz phase was also observed in IR spectrometric analysis.
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Figure 2: FTIR analysis for natural bentonite and SAB.
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Figure 3: XRD analysis for natural and activated bentonite (SAB).
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3.2 Effect of mixing time

The adsorption percentage was evaluated at a time varying between 5 to 120 min. Shaking
strontium solution with certain amount of SAB (0.25 g) was investigated for determining the
equilibrium adsorption time. The adsorption process tests were conducted on series of
batches, each of which had strontium concentration varying between 10 and 100 mg/L. The
mixture pH in each flask was measured during the experiment without any change at 3.4.
Lower pH of the mixture was due to the concentrated sulfuric acid used in bentonite
activation process. The shaking speed was 200 rpm at room temperature (25°C). Presented
in Fig. 4 strontium adsorption on SAB was rapid in the beginning of each experiment with a
sharp increase in the adsorption percentage during the first 10 minutes. Afterwards, a gradual
increase was observed before the adsorption process reached equilibrium after 50 minutes.
This time is quite less compared to other adsorbents as reported [8], [18]. Moreover, the
adsorption percentage was decreased from 85%-30% as the initial strontium solution
increased from 10-100 mg/L. This is due to the decreased in the available sites on the
adsorbent surface, occupied by strontium ions present in the solution. Therefore, mixing
strontium solution with SAB for 50 min is enough to attain equilibrium and in all subsequent
experiments solution is treated with bentonite for 50 min to ensure equilibrium adsorption.
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Figure 4: Effect of mixing time (min).

3.3 Effect of pH

Solution pH is an important factor controlling heavy metals adsorption dissolved in water.
Adsorption of strontium ions onto SAB was tested at different solution pH ranging from
1-10. Initial strontium concentration is maintained at 50 mg/L with bentonite ratio of 0.25
2/50 ml strontium solution at room temperature (25°C). The solution was shaken for 50 min
to reach equilibrium while the pH was adjusted during the experiments using 1N HCl and 1N
HNO:s. Fig. 5 shows week strontium adsorption percentage when the solution pH varies
between 1 and 4. Adsorption percentage was increased rapidly when solution pH increased
to 5 till 7. Any further increase in pH does not offer substantial adsorption. In acidic medium
(pH < 4), low adsorption percentage was observed as a result of positive charge increase on
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SAB surface. Strontium ions and SAB surface repel each other due to electrostatic positive
charge on their surfaces [19], [20]. Furthermore, lower pH means high hydrogen ions (H+)
concentration, which compete with strontium ions in the solution and thus, decreases
strontium ions adsorption efficiency. At (4 < pH < 7), adsorption percentage increases due to
the decrease in electrostatic repulsion as well as lesser H+ ions resulting in strontium
adsorption increase. The increase in adsorption with increasing solution pH above 7 may be
attributed to precipitation of Sr(OH), rather than adsorption [21]. Subsequent, experiments
are conducted using solution pH at 7.
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Figure 5: Effect of pH.

3.4 Srinitial concentration effects

The adsorption process was investigated by varying the initial strontium ions mass from 8 to
115 mg/L. The other parameters were held constant including solution pH at 7, mass of
adsorbent ratio at 0.25g/50 ml strontium solution at ambient temperature (25°C). Fig. 6(a)
presents the adsorption percentage of strontium versus the initial strontium concentration. It
shows higher adsorption at lowest initial strontium concentration (8 mg/L) and decreased
gradually with increasing initial strontium concentration and reaches 40% at concentration
of 115 mg/L. This behaviour may be attributed to the saturation of exchangeable active sites
on adsorbent surface by strontium ions which increases with high strontium ions
concentration. Rapid adsorption and higher adsorption at low strontium concentration makes
SAB an adsorbent having high capacity to remove strontium ions from wastewater.
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3.5 SAB concentration effects

Bentonite concentration for adsorption process is tested by varying the mass of SAB from
0.03 to 1.5g/50 ml of strontium solution. All the other parameters were kept constant, i.e. 50
mg/L of strontium, 50 min of shaking (equilibrium time) and solution pH of 7 at room
temperature (25°C). Fig. 6(b) displays the relation between the adsorption percentage and
SAB dosage. The plot trend shows rapid increase of the adsorption percentage with
increasing of SAB dosage when SAB dosage was between 0.03 and 0.75 g. it is clear that
0.75g of SAB was sufficient to remove all of strontium ions in the solution. Further addition
of bentonite is futile. Increase in active sites to adsorb strontium ions may have resulted in
such behaviour as adsorbent dosage is increased [22].
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Figure 6: Effect of: (a) Sr concentration; and (b) SAB dosage.

3.6 Adsorption isotherm

Study of adsorption isotherm is important for system design purposes. Furthermore, it can be
used to understand how adsorbed ions interact with the adsorbent surfaces and the adsorption
mechanism. The adsorption isotherms were studied with different initial strontium ions
concentration ranging from 8-115 mg. 0.25 g of bentonite was added to 50 ml of strontium
solution. Time and solution pH were adjusted to 50 min and 7, respectively. Adsorption of
strontium ions onto SAB data may follow Langmuir or Freundlich models. Former assumes
single layer adsorption onto adsorbent surfaces while the interaction between the adsorbed
particles is ignored. The Langmuir eqn is written in the form [23]:

c._ 1 G 3)

0 bQ. Qu

where Quay is the maximum adsorption capacity of SAB (mg g!) while b is termed as model
constant (L mg™)

Adsorption non-linear surfaces are usually characterized by using Freundlich isotherm
eqn which can be written as [24]:

logq, = logkKy +%logCe 4
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Kr and n presents the model constants. It is clear from Fig. 7 that the experimental data
for strontium adsorption on SAB was well fitted to Langmuir and Freundlich models with
linearized regression coefficient (R?) 0.993 and 0.834, respectively. However, data fitting is
better for Langmuir than Freundlich. The maximum sorption capacity, Qmax of SAB was
calculated as shown in Table 1 as 11.98 mg/g. Furthermore, Freundlich model parameters
were also evaluated. The values of constant n=5.0 reveals a strong adsorption capacity as its
value is in between 0 and 10 [12], [25].

Table 1: Isotherm models parameters.

Model Isotherm constants
Langmuir Qumax (mg ) b (L mg") R?
11.98 29.8 0.993
Freundlich Ke (mg g n R?
6.09 5.0 0.834
8 @ 1.4 ®
a
| L
’ 1.2 1 R? = 0.8339
6 - . /
s | Re=09932
E‘-‘4 E‘f 0.8 -
o} 206 1
3
5 0.4 |
1 0.2
0 T T T T O i T
0 20 40 60 80 100 0.5 1 log(C,) 1.5 2

Figure 7: Isotherm models: (a) Langmuir model; and (b) Freundlich model.

3.7 Adsorption kinetic

Sorption kinetic experiments were conducted in a batch mode using strontium solution of
10,30,50 and 100 mg/L. The other parameters were constant at bentonite dosage ratio of 0.25
g/ 50 ml of strontium solution, pH at 3.4 and at room temperature (25°C). Pseudo-first order
and second kinetic models were fitted to experimental data. The pseudo-first order is
represented by Lagergren [26] eqn as follows:

log(qe — qc) = logqe — 75=t. )

2.303

The following eqn provides a linearized relation of pseudo-second order model:

t 1 1
—_= + —t' 6
e K:q%  qe ©
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where K; (min™') and K; (g mg! min™) represents the model parameters for pseudo-first and
second order kinetic model, respectively. The results as shown in Table 2. Fig. 8 shows a
good agreement between the experimental data and the pseudo-second order. The correlation
factor (R?) is very close to 1 for all initial strontium concentration (10-100 mg/L) comparing
to low value for pseudo first order (R > 0.6). It means that the chemisorption mechanism is
controlling the adsorption of strontium onto SAB [13], [22]. The values of rate constant K;
and ge were calculated from the slope and the intercept of the straight lines. A decrease in K
value is observed (Table 2) for increasing strontium initial concentration. Furthermore,
equilibrium adsorption of strontium (q.) also increases when initial strontium concentration
increases. This may be attributed to the higher available adsorbent sites available to adsorb
strontium ions at low initial strontium concentration.

Table 2: Kinetic parameters for pseudo-second model.

Co (mgL™) T(K) Kz(g mg™* min) ge (Mg g) R?
10 298 1.4 1.70 0.9999
30 298 0.2 33 0.9995
50 298 0.18 4.28 0.9998
100 298 0.15 6.60 0.998
3 80
5 ¥ (a) (b)
I T e
y 1 W30mglL 20,9999
~ 0 f& A A + 50 mg/L K
- ) ) 50 -
S - X100 mg/L
g < |Ea ]
=
— -2 1 a
A10mg/L \ 30 ol
-3 {|m30 mgL X R =05053 | 20 - R 0999
_4 ||®50mgL R2=0.2538 10 B
X 100 mg/L A A R>=0.998
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0 50 100 150 0 50 100 150
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Figure 8: Adsorption kinetic models: (a) Pseudo-first order; and (b) Pseudo-second order.

3.8 Thermodynamic study

Temperature may affect the strontium adsorption by porous SAB. 0.25 g of SAB is added in
50 ml of strontium solution giving resultant concentration of 50 mg/L. The mixture was
mixed for 50 min to ensure the equilibrium was achieved. The same experiment was repeated
while the solution temperature was controlled at 298, 308 and 318K. To explore the
mechanism of adsorption of strontium on SAB, adsorption system energy parameters
including Gibbs free energy of adsorption (AG®), Enthalpy change of adsorption (AH®) and
Entropy change of adsorption (AS°) were determined using the following eqns:
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AG® = —RT X In (Kp), )
In(K,) = 2= - 227, (®)

where T is the absolute temperature in Kelvin, R is the gas constant (8.314x1073), and Kp (=
0e/Ce) is known as the distribution coefficient.

Relation between Kp and 1/T is shown in Fig. 9, where AH® and AS° being the slope and
the intercept of the plot, respectively. Thermodynamic parameters for the adsorption process
are shown in Table 3 at three different temperatures, 298, 308 and 318 K. Spontaneous rates
are elucidated by the negative values of free energy (AG°). As the values of enthalpy (AH®)
and entropy (AS°) are positive with values of 40.4 kJ mol! and 52.78 J mol ! K'!
respectively, suggests endothermic as well as rapid adsorption process. Similar studies are
conducted with corresponding results for the removal of various heavy metals [27], [28].
Furthermore, change in pore size may be attributed to increased temperatures which increases
adsorption capacity of SAB. Temperature also increases the rate of interparticle diffusion of
strontium ions [29].

Table 3: Strontium adsorption thermodynamic data onto SAB.

Temperature (°C) AG (k] mol'") AH (kJ mol) AS (Jmol' K1)
298 -2.71
308 -3.54 20.4 52.78
318 -4.26
2.5
2 u
1.5 - R2=0.9975
-
5 1+
0.5 -
0 T T T T T
3.1 3.15 3.2 3.25 33 3.35 34

/T x 1000 (k)

Figure 9: Plot of In K versus 1/T for adsorption of strontium on SAB.

4 CONCLUSION
Adsorption of strontium on SAB was investigated at different experimental conditions.
Adsorption of strontium on SAB was rapid and it takes 50 min to reach equilibrium
adsorption. The process was pH dependent where increasing the solution pH increased the
adsorption percentage. In acidic medium, lower pH (pH <4) means high hydrogen ions (H")
concentration, which competes with strontium ions in the solution and thus, decreases
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strontium ions adsorption efficiency. At (4 < pH < 7), adsorption percentage increases due to
lesser H' ions resulting in strontium adsorption increase. The increase in adsorption with
increasing solution pH above 7 may be attributed to precipitation of Sr(OH), rather than
adsorption. The adsorption percentage decreased with increasing of initial strontium
concentration. Furthermore, increasing SAB dosage increased the adsorption percentage
because of increase in active sites. Data can be fitted by Langmuir as well as Freundlich
adsorption models but isotherm fit better to Langmuir than Freundlich. The maximum
loading capacity of SAB was 11.98 mg/g. The process is chemisorption in nature as
experimental data was modelled with pseudo-second order equation. Thermodynamic study
of strontium on SAB confirms spontaneous and endothermic process. In the future work,
efficiency of the adsorption process using SAB needs to be investigated in the presence of
other ions in wastewater such caesium and other cations (K*, Na*, Ca?" and Mg>").
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