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Abstract

The potential of polyoxometalate ionic liquid POM-IL supported on low-cost
and available eco-friendly Saudi raw bentonite in the adsorption of MB catio-
nic dye was investigated. For this purpose, TOA[a-XW1,039] @Bentonite (X
= Si, P; TOA = TetraOctylAmmonium), namely SWB and PWB were pre-
pared and characterized by IR, XRD, XRF, SEM, TEM and BET. Batch ad-
sorption experiments showed that SWB and PWB have higher adsorption
capacity than the raw bentonite with an enhancement of about 37% for SWB.
The adsorption capacities of both SWB and PWB improved with increasing
contact time and temperature and decreased with higher salt concentration in
solution. The pH is shown to have insignificant effect on the adsorption of
MB onto SWB and PWB. This result is quite meaningful in the adsorption
process application since it makes pH complicated adjustment of the dis-
charged contaminated water before treatment unnecessary. The Kinetic study
expressed that the pseudo-second-order model described the adsorption
process better than the pseudo first order. The experimental isotherm data
were found to fit the Langmuir model compared to the Freundlich model
with a maximum adsorption capacity 277.78 mg/g and 113.6 for PWB and
SWB respectively. The thermodynamic parameters illustrated that the ad-
sorption process was favorable, spontaneous and endothermic.
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1. Introduction

Water pollution became the most challenging environmental issues in many
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countries, due to the industrial rapid development [1] [2]. Dyes as worst type of
water pollutants [3] [4] are toxic and have an important ecological impact on
ecosystem due to their strong hazard, bioaccumulation, and environmental per-
sistence [5].

Discharge of dyes from various industrial sources such as textile, paper, food
and cosmetics without treatment into the water bodies has a badly effect on eco-
system [6] [7].

Dyes can be divided into several categories, whether anionic or cationic dyes.
Methylene Blue, as a typical cationic dye, was predominantly selected as a model
compound to examine the adsorption process due to its wide range application
in textile industries [4] [8].

A variety of conventional techniques consisting of physical, physicochemical
and biological treatment have been used for the removal of dyes [9] [10] [11]
[12].

Adsorption as, physicochemical treatment, is considered a technique of choice
due to its low-cost, effectiveness, and easy adaptation [13].

Polyoxometalates POMs as transitional metal-oxygen clusters, are a class of
inorganic compounds having tunable properties and versatile applications in
different fields such as catalysis, materials science, medicine... [14] [15]. The
Polyoxometalates clusters can be associated with massive organic cations to give
versatile liquid materials (POM-IL) and offer several properties required for wa-
ter decontamination [16] [17] [18]. On the other hand, POMs have low surface
area; this disadvantage can be overcome by incorporation of the POM in differ-
ent stable porous supports by formation of various composites.

Several groups have reported some adsorbents for water purification from
dyes which include activated carbon, fly ash, zeolite, red mud and polymers.
These adsorbents have many drawbacks such as high cost and difficult regenera-
tion and long time to achieve adsorption equilibrium, thus limiting the applica-
tion use of adsorption method in dye removal in large scale. Bentonite can be
used as potential support, because it has the advantages to be naturally abun-
dant, inexpensive, eco-friendly, having good surface area and good cation ex-
change capacity [19] [20].

This work aims to assess the potential for using a new adsorbent based on
supported POM-IL on bentonite in the removal of MB dye from aqueous solu-
tions. The adsorption characteristics will be investigated under operating va-
riables, such as contact time, adsorbent mass, initial MB concentration, pH solu-
tion and temperature. Isotherm, kinetics and thermodynamic studies were per-
formed in order to evaluate the adsorption process that controlled the removal

of MB from aqueous solutions.

2. Materials and Methods
2.1. Materials

Bentonite was collected from Khulays bentonite deposit, 95 km north of Jeddah,

DOI: 10.4236/0jpc.2021.112006

107 Open Journal of Physical Chemistry


https://doi.org/10.4236/ojpc.2021.112006

N. Alsubaie et al.

Saudi Arabia. All reagents used were analytical grade and were not subjected to
additional purification. Analytical grade Methylene Blue (MB) (C;sHsCINsS),
supplied from Fluka was used without further purification. Sodium tungstate
Na,WO,, salts, namely sodium chloride (NaCl), potassium chloride (KCI) and
sodium nitrate (NaNQ;) were all obtained from J.T. Baker. Distilled water was

used to prepare all aqueous solutions in the study.

2.2. Adsorbent Preparation

The adsorbent preparation was preformed according to three steps.

First monolacunary Keggin-type polyoxometalates preparation, then prepara-
tion of polyoxometalate Ionic liquid POM-IL by metathesis reaction, followed by
impregnation of the raw clay.

2.2.1. Synthesis of Kg [@-SiW11039]-13H-0

The polyanion was prepared according to the reported literature procedure [18].
Na,WO0,-4H,0 (182 g, 0.55 mol) is dissolved in distilled water (300 mL) and the
solution is heated to reflux. Aqueous 4M HCI (165 mL) is added dropwise under
vigorous stirring to the heated solution over a period of 30 min. Crucially, any
precipitate (tungstic acid) formed is allowed to re-dissolve before further acid
addition. An aqueous solution of sodium metasilicate (11 g, 50 mmol in 100 mL
distilled water) is added followed by quick addition of aqueous 4M HCI (50 mL),
giving a solution pH of 5.0. The solution is refluxed for 1 h.

After cooling to room temperature, KCI (150 g) is added, and a colorless pre-
cipitate is formed. The solid product is collected by filtration, washed with two
50 mL portions of aqueous KCl solution (1 M) followed by two 30 mL portions
of cold water. The crude product is recrystallized from water, filtered and the

colorless crystalline product is dried in the desiccator under vacuum.

2.2.2. Synthesis of K7 [a-PW1030]-13H20
The undecatungstophosphate was prepared using the same method according to
the literature procedure. [18]

In 300 mL beaker, 54 g of Na,WO,2H,0 (0.164 mole) and 2.1 g of Na,HPO,
(0.015 mole) were dissolved in 150 mL distilled water. The solution was heated
and stirred at 90°C and 60 mL of (4 M) HCI was added dropwise by burette over
one hour. The final pH of the solution should be adjusted to 5.5 - 6.5, if neces-
sary. The solution was kept at 90°C for another hour and the pH was checked
again. If the pH remained unchanged, 21 g of solid KCl was added to the solution
and dissolved. Upon cooling to 0°C the white precipitate was isolated from the so-
lution, and it was recrystallized twice from hot water. The salt was checked with IR
and EDS and the results were in agreement with those reported in literature.

2.2.3. Synthesis of TOAx [a-XW11039] (X = Si, P)

In a round-bottom flask, a solution of Ky [a-XW;03]-xH,O (1.00 eq.) was dis-
solved in 50 mL of water, heated to 50°C and a solution of adequate amount of
TOA-Br (8.00 eq for {SiW;,039} and 7.00 for {PW,,036}) in toluene (80 mL) was
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added. The mixture was vigorously stirred for 5 minutes and the organic layer
was separated. After removal of the solvent under reduced pressure, the light
yellow highly viscous liquid was solvent-stripped once with 50 mL toluene and

three times with 50 mL chloroform.

2.2.4. Synthesis of TOAg [a-XW11039] @Bentonite

(X = Si Namely SWB, X = P Namely PWB)
0.5 g of [N(CsHi7)4],XW1,030 was dissolved in 50 mL of acetone and then 4 g of
Bentonite were added. The suspension was gently shaken for 30 minutes and the
solvent was removed by rotary evaporator. Further 50 mL of acetone were add-
ed, and the shaking/solvent removal procedure was repeated three times. The
final product was obtained as a solid, free-flowing powder. The POM-IL loading

corresponds to 12.5 wt%.

2.3. Characterizations of SWB and PWB

Information on the crystalline structures was obtained through XRD analysis
(powder PXRD diffractometer (Model Equinox 1000-INEL (France) with Co K.
(1 =1.7890 A) radiation at 30kV and 30mA. Comparison of POMs to the parent
Keggin structure was performed using the reference data in the ICDD (interna-
tional Centre for Diffraction Data) database. Sample morphology was investi-
gated by means of field emission scanning electron microscopy (FEG-SEM,
Quanta FEG450. FEL, the Netherlands) using an ETD Everhart Thornley detec-
tor (High Vacuum mode), a solid-state backscattering electron detector (VCD)
and EDS detector (XFLASH6-30, Brucker) for the determination of elemental
composition of the samples. The dispersion as well as size of POMs particles on the
Bentonite support and the layered structure of Bentonite and POM-IL@Bentonite
were confirmed by transmission electron microscope (TEM) using a Tecnai G2
F20 Super Twin (FEI, the Netherlands) with a LaB6 source at 200 kV. The elec-
tron microscope was fitted with an EDS detector used for elemental analysis.
The nanoprobe STEM imaging were performed with a HADAF detector. Gatan
camera 200 kV, 2kx2k resolution was used to collect TEM images. The TEM,
HRTEM, STEM and EDS data were collected and treated by using the TIA soft-
ware (Tecnai Imaging and Analysis software version 1.9.162) and Gatan Micro-
graph Software version 2.3.

POM-IL and bentonite surface functional groups were investigated using
Fourier transform infrared spectroscopy (FTIR) analysis (Bruker Tensor II spec-
trometer).

Nitrogen sorption was used to investigate the specific surface area (BET me-
thod), specific pore volume and pore diameter (BJH method) of the raw bento-
nite and POM-SIL modified bentonite using NOVA (2200 e) high-speed surface

area and pore size analyzer.

2.4. Preparation of Adsorbate

Stock solution of 1000 mg/L was prepared by dissolving a 1 g of Methylene Blue
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in 1 L of distilled water. The experimental solution was prepared by using dis-
tilled water for diluting the stock solution. The concentration of Methylene Blue
dye before and after adsorption were determined using UV spectrophotometer,
GENESYS 10S UV-VIS. The An.x of MB dye has been estimated at 665 nm as
shown in Figure 1.

2.5. Adsorption Experiment
2.5.1. Batch Method

Adsorption test for MB removal from aqueous solutions was examined using
adsorption batch experiments to explore the adsorption properties and the fac-
tors influencing the adsorption. Batch experiments were performed by varying
contact time, mass of adsorbents, concentration of dyes, pH, ionic strength and
temperature.

The following conditions were preserved for the different sets of experiments:

1) The effect of pH was conducted in the range from 2.0 to 10.0, 30 mg of
SWB and 40 mg of PWB, 100 mL solution volume, 50 ppm MB concentration
and T =298 K. HCI(0.01 M) or NaOH (0.01 M) was added to set the desired pH
value.

2) Effect of contact time was carried out through the time intervals (10, 20, 30,
40, 50, and 60 min), 30 mg of adsorbent, 100 mL solution, 50 ppm MB concen-
tration, 298 K, initial non modified pH.

3) The effect of adsorbent mass was examined using different doses (20, 30, 40
and 50 mg) of adsorbent, initial non modified pH, time 60 min, 50 ppm MB
concentration, 100 mL solution volume, and temperature 298 K.

4) The effect of initial concentration was conducted using 50, 100, 150 and 200
mg/L of MB, initial non modified pH, time 60 min, adsorbent mass 30 mg of
SWB and 40 mg of PWB, and temperature 298 K.

5) The Effect of ionic strength was conducted by adding NaCl, KCl and Na-
NO; salts at different concentrations ranging from 0.1 to 0.4 M, initial non mod-
ified pH, time 60 min, 50 ppm MB concentration, 100 mL solution volume, and

temperature 298 K.

665

Hy;C
|
CH,
Wavelength [nm]
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

Figure 1. Absorbance of methylene blue (MB) at Amax = 665 nm (C = 5 mg/L).
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6) The influence of temperature on the adsorption process was studied under
different temperatures of 298, 313, 328 and 343 K, initial non modified pH, time 60
min, 50 mg/L MB concentration, adsorbent mass 20 mg, solution volume 100 mL.

In all experiments, a water bath shaker at 300 rpm was used to set the desired
temperature and duration of the studied mixture. After adsorption, the dye was
kept apart from the adsorbent by centrifugation with 3000 rpm speed and use
UV-VIS spectrophotometric technique to determine the residual concentration

C based on Beer-lambert equation.

2.5.2. Data Processing
The percentage removal and adsorption capacity at time (Q,) were calculated by

using Equations (1) and (2), respectively.

C,-C,
R% = L %100 (1)

0= —xV (2)

G and C; initial and final concentrations (mg/L) of dye solutions. V: volume

(L). n2: mass (g) of the adsorbent.

2.6. Reusability Test

The reusability of the adsorbent was examined for four adsorption cycles. Ad-
sorption was performed in 50 mg/L Methylene Blue (MB) solution with 400 mg
absorbent at room temperature, after removing MB dye, the MB-loaded adsor-
bent was washed with 80 mL of 5% HCl/ethanol (v/v) and washed twice with
distilled water for 15 minutes and then dried at 120°C for reuse in a fresh con-

taminated solution.

3. Results and Discussion
3.1. Characterization of SWB and PWB

3.1.1. Fourier Transform Infrared (FTIR)

The FTIR spectra of raw bentonite, SWB and PWB in the range of 4000 - 400
cm™ were shown in Figure 2. The FTIR transmittance bands in the low fre-
quency region (1200 - 400 cm™) of the modified Bentonite and raw Bentonite
are largely comparable indicating that the clay mineral has not changed upon
modification by polyoxometalate.

Absorption due to Al-O-Si bending at 527 cm™’, Si-O-Si bending at 468 cm™,
and Al-Al-OH bending at 914 cm™ confirm the presence of montmorillonite
[21] [22]. The very strong characteristic peak observed at 1032 cm™ was ascribed
to asymmetric stretching vibrations of Si-O-Si bonds. The broad band in the
3430 - 3623 cm™ region can be ascribed to the symmetric stretching of (Si-OH,
Al-OH) structural hydroxyl groups OH and of the physically adsorbed water
OH. The shoulder at 3694 cm™ and the weak band at 695 cm™ suggest the pres-
ence of kaolinite. The absorption band at 1639 cm™ is attributed to the
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Wavenumbers [1/cm]

300 300 3400 3200 3000 2800 200 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Figure 2. Infrared spectra (from top to bottom) of SWB after MB adsorption, SWB before adsorption, PWB and Bentonite.

angular vibration of the OH group and related to the adsorbed water and the
hydration water present in the clay.

New absorption bands emerged at 2950, 2854, 1468 and 1382 cm™ which con-
firm the presence of TOA cations. The fingerprint of POM is not clearly visible
in FT-IR spectra of SWB and PWB due to their overlapping with FT-IR bands of
Bentonite.

After adsorption of MB dye some bands appeared, such as bands at 1488 cm™
and peaks at 1394 - 1335 cm™! region related to the —CH; and the feature con-
forming to the C=C skeleton stretching at 1600 cm™ characteristic of the aro-

matic ring vibrations of MB dye.

3.1.2. Scanning Electron Microscope Analysis (SEM)

The SEM images of the raw Bentonite showed an irregular porosity and disperse
surface with large number of cavities Figure 3(A). In contrast, the morphology
of SWB sample showed clear changing in the surficial properties of the clay Fig-
ure 3(B). The surface becomes smoother, flake like morphology with smaller
cavities than raw bentonite, this result is confirmed by BET analysis. The Scan-
ning Electron Microscopy showed that the bentonite layer-stacking structure
was retained even after incorporating polyoxometalate ionic liquid into the ben-

tonite matrix.

3.1.3. Chemical Composition

EDS analysis Table 1 showed that natural Saudi bentonite is mainly composed
of silicon dioxide, Aluminum oxide, iron oxide, sodium oxide, in addition to
calcium, magnesium, titanium and potassium oxides. Comparison of raw and
modified bentonite revealed no significant change of the chemical composition

of the bentonite matrix.

3.1.4. Powder X-Ray Diffraction (PXRD)
The X-ray patterns of raw Bentonite, PWB and SWB are illustrated in Figure 4.
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(A) (B)
Figure 3. SEM images of (A) natural bentonite and (B) SWB.

Table 1. Chemical composition of raw Saudi bentonite and POM-IL modified bentonite.

Main constituent SiO; ALOs; Fe;0O3 MgO TiO: Na; O CaO KO

Raw Bentonite Wt% 59.03 21.59 9.63 2.95 1.37 2.83 1.24 0.66

Modified Bentonite Wt% 58.11 19.58 10.06  2.15 1.69 1.43 1.39 0.63

K ' C
M *
‘ H ‘ PWB
SWB

Raw B

I T T 1
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110
20

Figure 4. XRD analysis of (from top to bottom) SWB, PWB and raw bentonite (* = pom peaks).

The XRD analysis of raw bentonite sample showed that bentonite is mainly
composed of, quartz (Si0,), calcite (CaCO;) and Feldspar as non-clay minerals.

XRD patterns diffractograms revealed three main clay minerals, montmoril-
lonite, kaolinite and illite. Moreover, the characteristic diffraction signals were
found to be identical for both raw bentonite and (TOA),XW;@Bentonite which
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indicate that the POM-IL remains on the surface of the clay.

The X-ray diffractogram recorded in a range of small angle (26) ranging from
0° to 10° Figure 5 shows the presence of a characteristic diffraction peak located
at (26) = 5.68° from which the interlayer distance was found to be 14.08 A. This
peak is associated with the (001) diffraction (deo:) of the montmorillonite phase.
[23] [24] The introduction of POM to the Bentonite has not affected the dgo; dif-
fraction peak which appears at 14.86 A for SWB and 15.58 A for PWB since
there is no significant expansion of interlayer space Ad (4.38A and 5.05 A).

This finding confirmed that the structure of Bentonite is retained after
POM-IL incorporation.

Moreover, the presence of POM in the prepared adsorbent is confirmed by the
presence of structural characteristic peaks at 26 37.20°, 65.80°, 66.83° and 78.77°
in agreement with the Keggin structure [25] [26]. The data also show that quartz

major component is not affected during POM incorporation to the clay.

3.1.5. Transmission Electron Microscopy Analysis (TEM)

TEM characterization carried out on the raw bentonite and POM modified ben-
tonite are presented in Figure 6(A). TEM analysis confirmed the XRD results
and reveal the existence of layers at basal space dos = 14.08A for bentonite and
door = 14.75 A for POM modified bentonite. Moreover, TEM shows that POM
molecules are located on the surface of Bentonite (dark spots in Figure 6(B))

and confirm the nanosized Keggin structure (~1 nm).

3.1.6. Nitrogen Sorption Analysis
Nitrogen sorption was used to investigate the specific surface area (BET method),

pore diameter and specific pore volume (BJH method) of the raw bentonite and

!

d=1558 A
Ad=15A

PWB
d=14.65A
Ad=0.57A

SWB

Raw B
d=14.08 A

Figure 5. Low angle PXRD diffractograms of (from top to bottom) SWB, PWB and raw
bentonite.
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Figure 6. TEM images of: (A) Raw bentonite and (B) SWB.

Table 2. Nitrogen sorption results for non-modified bentonite and POM-IL modified
bentonite.

Specific surface Specific pore Average pore
Samples 2 3 .
area (m?/g) volume (cm?/g) radius (A)
Raw Bentonite 59 0.086 17.60
PWB 1.16 0.013 14.83
SWB 2.32 0.015 15.58

POM-IL modified bentonite to establish the consequences of POM-IL adsorp-
tion on the bentonite pore structure. The data in Table 2 show that upon POM-IL
adsorption in POM-IL@bentonite, an overall reduction in pore diameter, specif-
ic pore volume and specific surface area is observed. This verifies that the
POM-IL does not only coat the exterior surface but also coats the internal pore

structure while leaving the pores still accessible.

3.2. MB Adsorption Experiments

3.2.1. Effect of Contact Time

The effect of contact time on Methylene Blue removal by SWB, PWB and ben-
tonite is shown in Figure 7. It could be seen that the MB adsorption increases
with increasing contact time for modified and raw bentonite and occurred in
two stage: first fast stage and equilibrium stage. SWB adsorbent has higher re-
moval than PWB during the rapid first stage and reached 93% removal after 10
min compared to 66% for PWB for the same time. The difference can be ex-
plained by the nature of the heteroatom in the polyoxometalate which plays a
role in the overall charge of the polyanion making [SiW;03]*" more negative
than [PW1,03]”” which in turn attracts more cationic MB dye since the adsorp-
tion is due to electrostatic attraction between negative adsorbent surface and
positive dye molecules. The rapid MB removal during the first stage (10 min) is
due to presence of high number of available vacant sites on the adsorbent sur-
faces, the adsorption reached equilibrium within almost 30 min with total re-
moval. Further increase in contact time will no longer improve the adsorption
percent removal. There is also a significant difference in percent removal be-

tween raw bentonite, SWB and PWB which clearly confirms the enhancement in
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bentonite adsorptive performance with POM-IL modification.

3.2.2. Effect of Adsorbent Mass

The effect of adsorbent mass was studied by variation of SWB and PWB dose
from 20 to 60 mg. Figure 8(A) clearly shows that the % removal of MB in-
creased with increasing dose of adsorbents. This is due to the increasing availa-
ble vacant sites which, therefore increases the percent removal. However, the
adsorption capacity (Q.) Figure 8(B) decreased as the adsorbent dose increased.
This is because, the large adsorbent mass effectively decreases the number of
covered sites per unit mass comes down, which results in a reduced capacity.

By comparison with raw bentonite, we noticed that the capacity uptake of
POM-IL bentonite for both adsorbents SWB and PWB is higher than that of raw
bentonite in the range of 20 - 60 mg. such a result shows clearly that the incor-
poration of POM-IL in the bentonite matrix enhances the adsorptive capacity of

the bentonite at low adsorbent dose.

3.2.3. Effect of Concentration
The effect of initial concentration on the removal of methylene blue on SWB,

100
80
60
- —e—SWB
20 —@—PWB
Bentonite
20
0 n
0 10 20 30 40 50 60 70

Time (min)

Figure 7. Effect of contact time on the adsorption of MB using SWB, PWB and bentonite.

250

A B
200
oo 150
B
o—SWB £ —e—SWB
o
—m—PWB g 100 ——PWB
—i—Bentonite Bentonite
50
0
100 120 0 20 40 60 80 100 120
m (mg)

Figure 8.Effect of adsorbent mass of MB on SWB, PWB and Bentonite on the (A) % removal, (B) adsorption capacity Q..
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PWB and bentonite is studied in the range from 50 - 200 mg/L. The results are
reported in Figure 9. Several studies have documented the effect of initial dye
concentration on dye uptake by clays. In most cases the increase of initial con-
centration resulted in an increase of the adsorption capacity and a decrease of
the overall removal efficiency. In this study, the % removal of dye decreased with
increasing initial dye concentrations. At low concentration (50 ppm), the re-
moval reached almost 100% for both POM-IL modified bentonite and raw ben-
tonite. Over loading of methylene blue above the saturation level did not find
available vacant site resulting on the formation of accumulation of methylene
blue molecule on the surface of adsorbent and the % removal decrease. At con-
centrations higher than 100 ppm, SWB adsorbent has higher % removal when
compared to PWB and Bentonite which have similar results. The adsorption ca-
pacity (Q.) increased gradually with the increase in concentration Figure 9(A).
However, at lower dye concentration, the adsorption is independent on initial
concentration since the ratio of the number of MB cations to the number of

available adsorption sites is small.

120
ESWB mPWB mRawB B

00

o
o

-
o

'S
o

N}
o

A
1
3
X
0 I I 0
50 100 150 200 50 100 150 200

C(mg/L)

Figure 9. Effect of initial concentration Effect of initial concentration on the % removal (A) and adsorption capacity (B).

3.2.4. Effect of pH
The pH effect on the adsorption of MB dye on SWB and PWB was investigated
in the range of 2 - 10. As shown in Figure 10, there is no significant effect on the
adsorption of methylene blue while changing the pH solution values, SWB and
PWB are stable adsorbents over a wide pH range. Independent of the origin of
this insignificant effect of the pH, this finding is quite meaningful in the adsorp-
tion process application since it makes complicated pH adjustment of the efflu-
ent before treatment unnecessary.

As a result, pH was not adjusted during adsorption experiments to simulate

real treatment condition of industrial effluents.

3.2.5. Effect of Temperature
The effect of temperature on MB dye adsorption onto SWB and PWB was con-
ducted at 5 different temperatures ranging from 303 to 343 K.

Figure 11 shows that the removal percentage of MB increased with the in-
crease in temperature, indicating that MB adsorption on both adsorbent surfaces

was favored at higher temperatures. The increase in adsorption with increasing
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Figure 11. Effect of temperature on the adsorption of MB by TOAPV;Wy@clay.

temperature indicated the endothermic nature of the adsorption process.

3.2.6. Effect of Ionic Strength

The study the effect of salts on the adsorption of dyes is important since waste-
water contains different concentrations of salts Figure 12 shows the influence of
salt concentration on MB adsorption onto SWB and PWB. As a whole, the
presence of salts reduced the capacities of SWB and PWB on adsorbing MB dye.
Both the % removal and the adsorption capacity of the POM-IL modified bento-
nite began to decrease when high concentrations of salts were added. This could
be partly ascribed to the competitive adsorption between Na*, K and MB ca-
tions for available active sites. As shown in Figure 12, the reduced affinity be-
tween negatively charged POM-IL modified bentonite and MB cationic dye ob-
served in presence of KCl is due K* smaller hydrated radius (2.32 A) than Na*
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(2.76 A); in this case K* could easily occupy more adsorption sites and could not
as easily be leached. Similar results were reported by De Castro et a/ when stud-
ying the adsorption of MB onto EDTA modified bentonite [27].

It is noticed that KCI inhibiting effect on the adsorption of MB is more pro-
nounced in the case of SWB compared to PWB (Figure 12 and Figure 13).

The effect of chloride and nitrate anions on the MB adsorption is comparable
Figure 13, because these negatively charged anions can compete with the bento-
nite as sites for electrostatic attraction and disrupt MB adsorption [27].

3.3. Kinetic Study

Adsorption kinetic describes the solute uptake rate and evidently this rate con-
trols the residence time of adsorbate uptake at solid-solution interface. Two
models were used to evaluate adsorption kinetics which are Pseudo-first order

and Pseudo-second order kinetic models.

3.3.1. Pseudo First Order (Lagergren Model)
This model is one of the most extensively used models to describe the adsorption
kinetics. The equation for pseudo-first order is:

dt

- -k - 3

0 1(0.-0) (3)
Q: and Q. are dye amount adsorbed (mg/g) at time, ¢ (min) and at equili-

brium, respectively, 4; is the rate constant of adsorption (min™).

KCL NaNOs NaCl
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Figure 12. Effects of ionic strength on MB adsorption on SWB and PWB.
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Figure 13. Effects of ionic strength on MB adsorption onto SWB.
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The linear form for pseudo first order can be expressed as:
In(Q,-0,)=InQ, -kt (4)

When plot of In(Q,-Q,) vstdrawn, Q.and k values can be obtained from
intercept and slope respectively.

3.3.2. Pseudo-Second Order Model
Pseudo-second order suggests that the uptake process is due to chemisorption

and has the general form as:

k 2
0 =L )
1+k,0.t
Mathematically it can also be expressed as follows:
1
L = L + — (6)
Qt Qe kZQe

where & ((g/mg)/min) is the constant for second order, Q. (mg/g) and Q,(mg/g)
the amount of dye adsorbed at equilibrium and any time respectively.

The kinetics of MB dye adsorption onto SWB and PWB were analyzed using
pseudo-first-order PFO model (Equation (4)) and pseudo-second order PSO
model (Equation (6)).

By applying the two kinetic model, it was found that the plot of # ¢, vs. ¢ for
PSO model fit for the whole range of contact time for both adsorbent, with ex-
cellent linearity Figure 14. On the other hand plots of In(Q,-Q,) vs. ¢ dis-
played less-linearity.

The kinetic parameters for PFO and PSO were calculated and tabulated in
Table 3.

The real test for the validity of the kinetic model arises from the comparison
between the experimentally determined g. and the calculated g. [28] [29]. Ac-
cording to the reported results it is clear that in the PSO kinetic model, the Q.ca/
is very close to the g. exp values. In addition, the R* values > 0.99 for the PSO
model were higher than those obtained in PFO model. Moreover, in pseu-
do-second-order a trend was observed with the rate constants, 4, generally de-
creased as the initial concentration increases, which is due to the occupation of

active sites. As a result of the above-mentioned reasons, it can be concluded that

0.7 18 ® 50 ppm y =0.0199x + 0.0066. R? = 0.999
250 ppm ¥ =0.0099x + 0.0105. R? = 0.9991 )
06 %100 ppm y=0.0079x + 0.0073. R = 0.9991 16 x100ppm  ¥=00094x+0.0425.R"=0,558
= 2=
+ 150 ppm ¥y =0.007x+0.036.R* = 0.9814 14 ©150 ppm  y =0.0067x +0.076. R? = 0,978
A 200 ppm y =0.0055x + 0.0601. R? = 0.9165
12 4200 ppm  y=0.005x+0.1072.R?=0,931

t/at
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Figure 14. Pseudo-second-order kinetics plots for adsorption onto SWB (A) and PWB (B).
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Table 3. Kinetic parameters for PFO and PSO models.

Pseudo -first-order kinetic pseudo-second-order kinetic
G Q-Exp
Adsorbent 1) (mgg)  k Q.Cal k Q.Cal
(min™) (mg/g) (g/mg min) (mg/g)
50 50 0.04 1.43 0.842 0.02 50 0.999
100 99.9 0.0713 41.24 0.814 0.011 100 0.998
PWB
150 140 0.0332 87.58 0.631 0.007 142 0.978
200 182 0.048 349.67 0.515 0.005 200 0.931
50 50 1.040 2.83 0.365 0.02 50 0,999
100 100 0.058 20.82 0.715 0.011 101 0.999
SWB
150 147 0.063 209.9 0.813 0.001 154 0.987
200 195 0.052 334.4 0.565 0.005 208 0.943

the pseudo-second-order model best fit the experimental equilibrium data.

3.4. Equilibrium Study: Adsorption Isotherm

Adsorption isotherms are mathematical models that characterize the distribu-
tion of the adsorbate types among liquid and adsorbent, based on a set of suppo-
sitions that are mainly related to the heterogeneity/homogeneity of adsorbents,
the type of coverage and possibility of interaction between the adsorbate types.
They provide clear indication of the surface properties, affinity between the
adsorbent and the adsorbate and the adsorption capacity of the adsorbent. Two
equilibrium isotherm models were applied to interpret the experimental data for
the adsorbent at different concentration to obtain the optimum values of the

equilibrium parameters.

3.4.1. Langmuir Isotherm

The Langmuir isotherm assumes monolayer adsorption, absence of interaction

between adsorbate molecules and homogeneous distribution of active sites on

the adsorbent surface [22]. The general equation for Langmuir is:
0nkC,

7
‘ 1+k,C, @)

where, Q. is the dye adsorbed amount at equilibrium (mg/g), Qnmax is the maxi-
mum adsorption capacity (mg/g). &; is the constant of Langmuir and C, is dye
concentration at equilibrium.
It can also be expressed as:
o1 & ®)
0. Omkr O
The value of (1/Qu.x) and K; can be obtained from linear curve of (CJ/Q.)

versus C..

The R; separation factor values provide information about the affinity be-

tween adsorbate and adsorbent which can be calculated using the following Eq-
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uation (9):
1

R =—— 9
bo1+k,C, ©)

where K is the Langmuir constant, ¢ (mg /L) is the initial concentration of dye.

Table 4 shows the types of Langmuir isotherm according to R; Values.

3.4.2. Freundlich Isotherm
The Freundlich equation is empirical and assumes heterogeneous multilayer

adsorption, its mathematical equation is express as:
0, =k C}" (10)

where C, is the equilibrium dye concentration (mg/L), Q. is the dye adsorbed
amount at equilibrium (mg/g), krare the Freundlich constants and 2 indicative
of the extent of the adsorption and the degree of nonlinearity between solution
concentration and adsorption intensity.

It can also be linearized in logarithmic form as shown below:
logQ, zlogkf-i-llogCe (11)
n

The value of (1/n) and logks can be calculated from slope and the intercept
respectively from linear plot of log Q. verses log C..

Table 5 summarizes the calculated coefficients of determination (AR?) and
model parameters of the Langmuir and Freundlich isotherms. The results show
clearly that the Langmuir isotherm (& > 0.98 for SWB and & > 0.97 for PWB)
best fits the equilibrium data for both adsorbents. This indicates that MB ad-
sorption onto SWB and PWB is homogeneous. The maximum adsorption ca-
pacities for MB onto SWB and PWB were 113 and 277 mg-g™, respectively.

To predict the adsorption efficiency, the essential characteristics of Langmuir
isotherm was explained in term of a dimensionless constant separation factor R;.

As shown in Figure 15(B), the R; values calculated for both SWB and PWB

Table 4. Langmuir isotherm types according to R; Values.

R (R:=0) (0O<R<1) (Re=1) (Re>1)

Type of isotherm irreversible favorable linear unfavorable

Table 5. Adsorption Isotherm parameters of the MB on SWB and PWB.

Isotherm Parameter PWB SWB
Quax (mg/g) 277.78 113.6

Langmuir ki (L/mg) 0.24 0.16
R 0.972 0.985

n 13.08 5.122

Freundlich kr(mg/g) 181.22 313.2
R 0.879 0.860
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Figure 15. (A) Langmuir plot for adsorption of MB onto SWB and PWB. (B) Separation factor values (R;) at varying ini-

tial MB onto SWB and PWB.

were all in the range of 0 - 1. Moreover, the R; values were also observed to de-
crease when the MB dye initial concentration were increasing which means that
the adsorption becomes more favorable. This could be due to the increase in

driving force when more MB solute was present.

3.5. Thermodynamic Parameters

To evaluate the effect of temperature on the adsorption process, the standard
Gibbs free energy AG®, the standard enthalpy AF°, were calculated using the
below Equations:

AG°=-RTInK, (12)
Ink, = AT AS (13)
RT R
Q.
K, = c (14)

where K; (Lg™) is the distribution coefficient, 7{K): temperature expressed in
Kevin and R is Gas constant (8.314 J-mol 1. K1)
The standard entropy values (J/mol K), AS® were calculated using Gibbs-
Helmholtz equation:
AH® - AG®

AS®=———— 15
T (15)

The AG® values of MB adsorption onto SWB and PWB under different tem-
peratures (303, 313, 323, 333 and 343 K) as well as AH° and AS° values are pre-
sented in Table 6.

MB dye adsorption process was spontaneous and endothermic which is
proved by the negative value of AG® and positive value of AZ". In addition, the
AG® values became more negative at higher temperatures making the adsorption
more favorable. Positive values of AS® indicate that the MB dye adsorption
process increased the randomness during the adsorption process and suggest a
strong affinity between MB and both adsorbents SWB and PWB.

3.6. Reusability Test

The ability of the adsorbents to be reused is a crucial factor. Reusability of the
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Table 6. Thermodynamic parameters of the MB on SWB and PWB.

AG AR° AS
Adsorbent T'(K
(K) (KJ/mol) (KJ/mol) (J-Klmol™)
303 -0.272
313 -1.429
PWB 323 -2.603 35.014 116.62
333 -2.986
343 —5.741
303 —5.102
313 —6.026
SWB 323 —6.530 11.88 56.65
333 -6.979
343 -7.426
100
80 -
o« 60
X mPWB
40 4 mSWB
20 I
0 J
1st run 2nd run 3rd run 4th run

Adsorption cycles
Figure 16. Reusability test for SWB and PWB adsorbent.

adsorbent is usually carried out in order to avoid the cost of a new acquisition
and minimizing the amount of waste.

The recycled adsorbent indicated reasonable efficiency (100%) after one cycle
and more than 50% after four and three runs for SWB and PWB respectively as
shown in Figure 16. These results revealed that both SWB and PWB have a good

potential as cost-effective adsorbent for removal.

4. Conclusions

In this study, new adsorbents based on polyoxometalate ionic liquid supported
on Saudi bentonite were prepared and totally characterized. This surface mod-
ification was demonstrated to enhance the efficiency of Saudi raw bentonite in
adsorbing MB cationic dye from aqueous solutions. In detail, the study was fo-
cused on the different parameters affecting the adsorption process, showing the

role of the MB initial concentration, adsorbent dose, pH, temperature values and
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ionic strength. The obtained data show that the adsorption process follows the
PSO kinetic model. Adsorption isotherms are described by the Langmuir model
confirming the homogeneous monolayer coverage of the adsorbent. The data
obtained from the thermodynamic study at different temperatures were used to
calculate the thermodynamic parameters and showed that the adsorption
process onto POM-IL modified bentonite was found to be spontaneous, endo-
thermic and favorable.

The possibility to perform consecutive cycles of adsorption using the same
adsorbent was also presented. Overall, we can conclude that SWB and PWB can
be used as an inexpensive, reusable, and environment-friendly treatment option
for MB contaminated water. The POM-IL supported bentonite can have poten-
tial as multicomponent adsorbent in the removal of heavy metal due to the
presence of lacunary polyoxometalate featuring metal binding sites (work in
progress) and antibacterial activity owing to the presence of antimicrobial alkyl

ammonium cations.
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