#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Glauconite clay-functionalized chitosan
nanocomposites for efficient adsorptive removal of
fluoride ions from polluted aqueous solutions
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We herein have developed a mild approach for the fabrication of glauconite clay (G)-modified chitosan (CS)
nanocomposites by the combination of a simple blending and crosslinking method. The chitosan was
modified with ethylenediaminetetraacetic acid (EDTA), glutaraldehyde (GL), sodium dodecyl sulfate (SDS),
and cetyltrimethyl ammonium bromide (CTAB). The as-prepared composites were identified using
Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field emission scanning electron
microscopy (FE-SEM), nitrogen physical adsorption (BET), atomic absorption spectrophotometry (AA),
and thermal gravimetric analysis (TGA). The adsorption activities of the as-prepared materials were
assessed for the removal of fluoride ions from aqueous media using a batch technique. Raw glauconite
(G), GL-CS/G, SDS-CS/G, EDTA-GL-CS/G, and CTAB-CS/G adsorbents displayed maximum adsorption
capacity values of 1.15, 4.31, 4.55, 6.90, and 9.03 mg g%, respectively. The adsorption results were well

described by employing the pseudo-second-order kinetic and Langmuir isotherm models. The estimated
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Accepted 25th June 2020 thermodynamic constants indicated that the F~ ion adsorption was a spontaneous, physisorption

. process. Furthermore, the modified chitosan adsorbents are good candidates for the adsorptive
DOI: 10.1039/d0ra02340j elimination of F~ ions from aqueous solutions, according to their reusability, high stability, good

rsc.li/rsc-advances adsorption capacity, and applicability for actual field water samples.
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1 Introduction

Although fluoride ions (F™) are identified as a crucial compo-
nent for the normal functioning of the human body such as the
formation and preservation of teeth, regular consumption of
fluoride ions beyond recommended levels brings about various
health issues. For example, the excessive intake of fluoride can
cause dental and skeletal fluorosis as well as fluoride ousting in
bone which can cause structural damage in ligaments." The
anthropogenic fluoride is the most frequent type and its
occurrence is attributed to waste discharging from several
industries into the environment.”> After guidance from the
WHO, various countries agreed to set 1.5 mg L™ " of fluoride
concentration as the maximum contaminant level of that
species in drinking waters.?

So far, numerous physical and chemical means have been
applied to remove fluoride ions from polluted waters, such as
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coagulation,® precipitation,* electro-coagulation (EC),” solar
distillation,® adsorption, and ion-exchange methods.” Among
these procedures, adsorption is still the most suitable process
because it is simple and offers low-cost performance.*® Various
commercial adsorbents such as charcoal, fly ash," activated
alumina, activated carbon, groundnut husk," and zeolite* are
employed for fluoride adsorption from water. However, most of
those adsorbents have some shortcomings due to their low
performance and high-cost production. Accordingly, natural
materials such as clays and zeolites have received a notable
attention due to their local availability, chemical and mechan-
ical stability, low-cost production, good adsorption capacities,
and layered structure.™

Besides, heterogeneous phyllosilicate mineral sediments
with a chemical formula of (K,Na)(Fe,Al,Mg),(Si,Al);0,0(OH),
are recognized as glauconite clay (G), green clay, green sand or
green earth, and they have a bluish-green to greenish-black
color.** This clay has a structure of one di-octahedral layer
sandwiched between two silicon tetrahedral layers in the pres-
ence of alumina and silica together with relatively high iron-
and potassium oxides."> More studies showed that glauconite
clay has been widely used as a preferred adsorbent in water
treatment applications for the removal of different metal ions
and dyes.'® The adsorption capacities of clays can be enhanced
by their modification using some polymers such as chitosan.”
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Chitosan is a good candidate polymer, owing to its low cost,
local availability, biocompatibility, biodegradability,
toxicity, bioactivity, as well as its great number of hydroxyl
and amine groups.'® The chemical stability of this polymer can
be reinforced through treatments using functional crosslinking
agents. However, most of the cross-linkers reduce the adsorp-
tion efficiency of chitosan in most cases, owing to the involve-
ment of the amino groups in the crosslinking procedure.
Consequently, the introduction of special functional groups
such as amino, sulfur, carboxyl, and alky groups into the poly-
meric matrix of chitosan is an effective way to enhance the
adsorption capacity and selectivity of the adsorbents.* This can
be performed by using ethylenediaminetetraacetic acid (EDTA),
which improves the adsorption capacities of the adsorbents.*
Furthermore, chitosan modification utilizing surfactants such
as sodium dodecyl sulfate (SDS) and cetyltrimethyl-ammonium
bromide (CTAB) not only overcomes the challenge of high
agglomeration but also makes adsorbents with good adsorption
capacity, selectivity, and high stability.*

However, the fabrication of most of the earlier reported
adsorbents was multi-step and/or time-consuming. The
synthesis of adsorbents with low-cost production, good recy-
clability, and high adsorption capacity is still deeply favored.
The fabrication of glauconite clay and EDTA, surfactant-
modified chitosan composites and applying them for the
elimination of fluoride ions have not been reported, so far.
Accordingly, herein, we have developed a new strategy to
fabricate cross-linked chitosan/glauconite clay, EDTA-chitosan
modified glauconite, CTAB-modified chitosan/glauconite, and
SDS-modified chitosan/glauconite composites employing
a simple approach. The adsorption properties of the as-
synthesized glauconite clay adsorbents were examined for the
elimination of fluoride ions from aqueous media. The impact of
some parameters on the adsorption process was further
explored. The as-prepared adsorbents were identified utilizing
various means.

non-

2 Experimental

2.1. Materials and reagents

Glauconite clay (G) was collected from the El-Gideda area,
Bahariya Oasis, located in the central section of the western
desert, 370 km southwest of Cairo, Egypt. Chitosan (CS) (degree
of deacetylation >85%), sodium dodecyl sulfate (SDS), and
cetyltrimethyl ammonium bromide (CTAB) were obtained from
Sigma Chemical Co., USA. All other chemicals were of analytical
grade. Acetic acid, sodium hydroxide, HCI, and glutaraldehyde
(GL) were used without additional purification as obtained from
El-Nasr Pharmaceutical Chemicals Company (ADWIC)-
Company, Egypt. The standard stock solution (1000 mg L)
of fluoride was prepared by dissolving 2.21 g of sodium fluoride
(Merck, Germany) in one liter of de-ionized water. Then, the
required fluoride solution concentration was prepared by
successive dilution of the stock solution. The desired pH was
regulated by using 0.2 M HCI and/or NaOH solutions. De-
ionized water was used for all reagent solutions. For the field
study, water containing fluoride was collected from wastewater
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ponds in Abu-Zaabal for Fertilizers and Chemicals Company
(AZFC), Egypt. Collection and samples preservation for the pH,
turbidity, and COD were done according to the standard
methods for the examination of water and wastewater.>?

2.2. Adsorbents formation

2.2.1. Glauconite clay (G). The glauconite clay (G) sample
was washed with distilled water several times with constant
stirring to remove soluble inorganic salts and any adhering
substances. The sample was allowed to settle, separated from
the liquid by filtration, and dried at 100 °C until a constant
weight was attained. The dried G product was sieved into
different grain size fractions: <63, 63-125, 125-250, 250-500,
500-800, and 800-1000 pm. The glauconite clay (G) of a grain
size fraction of 125-500 um was selected for the adsorption
study.

2.2.2. Formation of cross-linked chitosan/glauconite clay
(GL-CS/G) composite. A chitosan solution was prepared by
dissolving 1 g chitosan powder in 100 mL of (2%,v/v) acetic acid
solution, having 1 g natural glauconite clay (G), and the reaction
system was maintained agitating for 2 h at ca. 25 °C. Afterward,
the cross-linking method was carried out in situ by the addition
of 1 mL glutaraldehyde (GL) as a cross-linker to the previously
stirring blend. The stirring was extended for 23 h at 60 °C, the
generated gel was washed with distilled water to eliminate any
free GL, then dried at 60 °C.** Eventually, the dried cross-linked
chitosan-glauconite clay (GL-CS/G) composite was crushed and
sieved, to get a particle size of 80-100 mesh to ensure the
sufficient surface area for adsorption.

2.2.3. Formation of EDTA-chitosan modified glauconite
(EDTA-GL-CS/G) composite. EDTA-modified chitosan was
prepared according to the reported method with some modifi-
cation.” The EDTA-modified chitosan was in situ prepared in
the presence of natural glauconite as following: 1 g chitosan
powder was dissolved in (2%,v/v) acetic acid solution (100 mL),
having 1 g natural glauconite clay (G), and the reaction system
was continued stirring overnight. Afterward, 1 mL of glutaral-
dehyde (GL) and 50 mL of 0.2 M EDTA, adjusted with NaOH
solution at pH 8.5, were then also added to the reaction mixture,
forming a gel product. The generated gel was filtered, washed
with deionized water to remove unreacted EDTA, and then dried
at 60 °C. Lastly, the dried EDTA-GL-CS/G composite was ground
and saved for further usage.

2.2.4. Formation of surfactant-modified chitosan/
glauconite (CTAB-CS/G and SDS-CS/G) composite. Surfactant-
modified chitosan was fabricated based on the reported
procedure with some modification.*® The surfactant-modified
chitosan was in situ fabricated in the presence of natural glau-
conite as following: 1 g chitosan was dissolved in (2%,v/v) acetic
acid solution (100 mL), containing 1 g natural glauconite clay
(G), and the reaction mixture was allowed to stir overnight. On
the other hand, a coagulating blend (H,O : CH;0H : NaOH:
4:5:1, w/w) was prepared. Next, the previously prepared chi-
tosan solution was added drop wise to the coagulating mixture
using a micropipette (5 mL capacity). Spherical and uniform
beads were generated attributing to the neutralization of acetic

This journal is © The Royal Society of Chemistry 2020
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acid present in the CS gel by the action of the alkaline coagu-
lating mixture. After that, the prepared chitosan beads were left
settled overnight and rinsed with deionized water. The resulting
beads were immersed in surfactant solutions; SDS or CTAB
(0.6 g SDS or CTAB dissolved in 100 mL deionized water), to
form CTAB-CS/G and SDS-CS/G composites, respectively. The
beads were left undisturbed for 3 days at room temperature (ca.
25 °C =+ 2), and then separated. The prepared surfactant-
modified chitosan beads were washed with deionized water
and preserved in deionized water for future usage.

2.3. Materials characterization

Characterization of raw glauconite and its composites were
carried out utilizing X-ray diffraction (XRD): X-ray diffractom-
eter model X'Pert PRO with Cu-radiation (A = 1.542 A) source
operated at 45 kV and 35 mA with scanning speed of 0.02° s~
The information about the changes occurring in the structure of
G before and after modification was determined by FT-IR
spectra. The FT-IR spectra were obtained with an FTIR Spec-
trometer (Shimadzu 4100) in the transmittance (%) mode with
a scan resolution of 4 cm ™" in the range of 4000 to 400 cm ™,
using KBr pellets. A thermal gravimetric analysis (TGA) was
collected on a thermal analyzer instrument (Shimadzu; model
TA-60WS) in 27-800 °C temperature range with 15 °C min~'
heating rate under nitrogen gas atmosphere. The morphology
of raw and the as-fabricated products was investigated utilizing
a Quanta, FEI Quanta model FEG 250 scanning electron
microscopy (FEI Company, USA) with an excitation voltage of 20
kv. The specific surface area studies of raw and modified
chitosan/clay composites were performed using BET (Brunauer,
Emmett and Teller) method after N, adsorption-desorption
using Quantachrome (USA; Nova 2000 series) analyzer. The UV-
Vis spectra of adsorption studies were taken utilizing a Jasco
UV-Vis spectrophotometer. Where the fluoride ion concentra-
tion was determined by alizarine fluorine blue method and the
absorbance of the formed complex was evaluated at 625 nm,
according to the reported method.*® The chemical compositions
of the glauconite and its modified forms were estimated
employing an atomic absorption spectrophotometer (Unicam,
Solar 929, UK supplied with acetylene and nitrous oxide burner
heads). A Janway flame-photometer, Germany, was utilized for
sodium and potassium estimation.

2.4. Adsorption studies

Various batch experiments were performed to estimate the
efficiency of the bare glauconite clay and its prepared compos-
ites, as adsorbents, for the elimination of fluoride ions from
contaminated aqueous solutions. In a typical batch procedure:
0.1 g adsorbent was magnetically stirred (350 rpm stirring
speed) in 50 mL of the fluoride solution of a particular initial
concentration (Co, mg L™ ") at 25 °C temperature, and particular
pH value. It is worthy to mention that the pH of the adsorption
media was first set to the necessary pH value utilizing HC] and/
or NaOH aqueous solutions (0.2 M), and the adsorbent was then
added. After adsorption, at pre-defined time intervals, aliquots
of the adsorption solution were taken outside the flask and

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

centrifuged to isolate the adsorbent. The residual fluoride
concentration in the supernatant was determined by a UV-Vis
spectrophotometer utilizing a pre-constructed calibration
curve for that anion. We calculated the percent removal effi-
ciency (R%), adsorption capacity (q;, mg g~ ') of the adsorbent,
and the equilibrium adsorption capacity (., mg g ') of the
adsorbent applying eqn (1), (2), and (3), respectively.

R% = [(Cy — C)ICy] x 100 (1)
q:= V(Co — C)Im (2)
qe = V(Co — Co)lm (3)

where C, (mg L"), C; (mg L"), and C, (mg L") are the initial
fluoride concentration, fluoride concentration, and equilibrium
fluoride concentration at time 0, ¢, and equilibrium time,
respectively, for the adsorption. Besides, V (L) is fluoride solu-
tion volume and m (g) is mass of the adsorbent. Moreover, we
explored various parameters controlling the fluoride ion
adsorption such as contact time, pH, initial fluoride concen-
tration, and temperature.

3 Results and discussion

3.1. Characterization of glauconite clay and its fabricated
composites

3.1.1. Chemical analysis of raw glauconite clay. The
chemical composition of glauconite clay (G) is provided in
Table 1. The chemical analysis showed that G is essentially
composed of SiO, (50.50%), Fe,03 (20.88%), Al,05 (7.88%) and
K,O (5.00%) as major components. The ratios of SiO, to Al,03
and SiO, to Fe,0; are ca. 6.4, 2.41, respectively. Glauconite clay
(G) contains also exchangeable cations that play a vital function
in F~ ion uptake throughout the de-fluorination process such as
Na', K', and Ca*".*” These results confirm the aluminosilicate
structure of G clay that supports its application as a reliable
sorbent for F~ ion. Other physical features such as bulk density,
specific surface area and moisture content were determined
based on appropriate standards?® and found to be 1.35 g cm 3,
47.59 m* g~' and 4.62%, respectively. According to the sieve
analysis, the grain size fractions: <63 pm, 125-63 um, and 500-
125 pm constituted 1.48%, 2.67%, and 87.33%, respectively of

Table 1 Chemical composition of glauconite clay (G) mineral

Constituent Content (wt%)
Sio, 50.50
ALO; 7.88
Fe,0; 20.88
MgO 2.81
CaO 0.34
P,0s 0.38
K,O 5.00
SO, 1.2
Na,O 0.95
Loss-on-ignition 9.70
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the total weighted mass of the G sample. Smaller quantity was
constituted for size fraction of 800-500 um that was ca. 0.34%,
while the grain size fraction of 800-1000 um constituted 8.18%
of the total weighted mass of the sample. G grains with size
fraction of 500 to 125 um was selected for this investigation
because it constituted ca. 87.33% of the total mass of the
adsorbent sample. This selection was in line with the reported
results,” which confirmed that grains of 100-500 pm size are
typically homogeneously glauconitized compared to other size
fractions.

3.1.2. XRD study. Fig. 1(a—e) displays the XRD patterns of
G, GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/G adsor-
bents, respectively. The X-ray diffraction pattern of G clay
(Fig. 1(a)) showed explicitly that the predominant peaks are due
to different phases like illite, smectite, and dolomite with the
predominance of the quartz phase. Such a composition of G
clay is in good consistency with glauconite term in a mineral-
ogical thought to indicate a Fe-rich illite-smectite clay mineral.*®
On the other hand, XRD patterns of GL-CS/G, EDTA-GL-CS/G,
SDS-CS/G, and CTAB-CS/G composites (Fig. 1(b-e)) manifested
a typical peak at 20 = 20.13° characteristic for chitosan along
with the diffraction peaks for G clay. The low intensity of this
peak is probably owing to hydrogen bonding and cross-linking
of the chitosan.* The XRD patterns of all prepared composites
manifested the characteristic reflection peaks for G sample.
Moreover, the XRD pattern of GL-CS/G showed a slight shifting
to lower angle compared to that of raw G with a decrease in the
peaks intensity, revealing the incorporation of chitosan into G
interlayer spaces. Also, the disappearance of distinctive crys-
talline peak of chitosan around 26 = 10.00°, may be due to the
destruction of the intermolecular hydrogen bonds and the
chitosan crystallinity caused by the interaction of G with chi-
tosan. The diffraction pattern of EDTA-GL-CS/G (Fig. 1(c))
showed an additional diffraction peak at 26 = 18.32°, indicating
the presence of EDTA.*® In addition to the diffraction peak
appeared at 20 = 20.13° characteristic for chitosan, the XRD
pattern (Fig. 1 (d)) for SDS-CS/G displayed also some reflection
peaks at 260 = 18.36°, 20.81°, and 21.86°, due to the co-existence
of SDS in the SDS-CS/G composite along with chitosan and G
clay.*® The XRD pattern (Fig. 1(e)) of CTAB-CS/G composite also
revealed the diffraction peaks of G with a small shifting at 20 =

—— (a)6 — (b) GL-CS/G —— (C) EDTA-GL-CS/G (d) SDS-CS/G —— (e) CTAB-CS/G

(e)
£
s (d)
>
=
e ()
3
£ (b)
(a)
5 15 25 35 45 55 65

2-Theta (degree)

Fig. 1 XRD patterns of G (a), GL-CS/G (b), EDTA-GL-CS/G (c), SDS-
CS/G (d), and CTAB-CS/G (e) products.
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20°, 35° and 62°, owing to binding of G with chitosan. No
remarkable change in the XRD pattern of G sample was recog-
nized after CTAB-CS/G formation, indicating that the crystal
structure of G was retained in composite.*® However, other
peaks at 260 = 27° and 29° are observed, which can be ascribed to
the traces of quartz and kaolinite minerals.

3.1.3. FT-IR study. The chemical structures of G, GL-CS/G,
EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/G adsorbents were
analyzed by utilizing FT-IR spectroscopy in range 4000 to
400 cm™'. The FT-IR spectrum (Fig. 2(a)) of G clay showed
absorption bands at ca. 3494 and 1629 cm ' due to the
stretching and bending vibrations of -OH groups of adsorbed
water molecules and metal hydroxides that G clay has.**** The
spectrum showed also vibrational bands at ca. 819 and
1014 cm ', attributing to Fe-OH bending and Si(Al)-O-Si
asymmetric stretching, respectively.®*>*® The bending vibration
of Si-O bond appeared at ca. 673 cm ‘. The vibrational
frequencies appeared at ca. 435, 447 and 497 cm™ ' are corre-
lated to Si-O-Mg, Si-O-Si, and Si-O-Fe** bending vibrations,
respectively.’” On the other hand, FT-IR spectra (Fig. 2) of GL-
CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/G composites
showed two bands at about 1620 and 3450 cm ™' corresponding
to O-H bending and stretching frequencies of adsorbed water
molecules and metal hydroxides, indicating the formation of
the hydrogen bonds in all different composites.*® These bands
are shifted to low frequencies comparing to those of the pristine
G clay.

Furthermore, the two vibrational bands which appeared at
435 and 447 cm ! for pristine G clay were shifted to higher
frequencies for the prepared composites. Vibrations of silica
group comprising of Si-O-Si bend and Si-O-Si symmetric and
asymmetric stretches were appeared at lower frequencies for the
prepared composites compared to the G clay.*® These bands

(e)

@
2 [(©
~
<
23
=
=
b=
2
s ()
=

@

3400 2400 1400 400
Wavenumber, cm!

Fig. 2 FT-IR spectra of G (a), GL-CS/G (b), EDTA-GL-CS/G (c), SDS-
CS/G (d), and CTAB-CS/G (e) products.
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Fig. 3 TG analyses for the products (a); and FE-SEM images for G (b), GL-CS/G (c), EDTA-GL-CS/G (d), SDS-CS/G (e), and CTAB-CS/G (f)

products.

appeared at ca. 804 and 989; 815 and 988; 970; as well as 809 and
970 cm ™! for GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/
G composites, respectively. It is clearly seen that all the
prepared chitosan/clay composites exhibited the characteristic
bands assigning to -NH, and -OH groups in the frequency
range of 3400-3500 cm ‘. The spectra of the composites
exhibited also vibrational bands at 2924, 3007, 2917, and
2919 ecm™ ', which may be attributed to ~CH stretching of chi-
tosan, for composites for GL-CS/G, EDTA-GL-CS/G, SDS-CS/G,
and CTAB-CS/G, respectively. The bending vibrational bands
due to methylene and methyl groups appeared in the range of

This journal is © The Royal Society of Chemistry 2020

1314-1475 em™ ', for the composites. The vibrational bands
appeared at about 1623, 1610, 1629, and 1627 cm ' are prob-
ably due to -C=0 groups for the aforementioned composites,
respectively. The bending -NH, group appeared in the range of
1410-1475 cm ™! for the as-prepared composites. The shift in
this vibration might be expected when an interaction between
functional groups of -NH, and the clay negatively-charged sites
is occurred.* The FT-IR spectrum (Fig. 2(c)) of EDTA-GL-CS/G
showed also a band at 1666 cm " corresponding to ~-C=0
stretching vibration of the EDTA carboxylate groups. This
spectrum showed also vibrational bands in the range of 1319~

RSC Adv, 2020, 10, 25567-25585 | 25571
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1475 em™ ', which are probably due to bending ~CH, groups of
the EDTA, indicating successful grafting of EDTA into the
composite.*’

In addition to the aforementioned characteristic vibrations
of G clay and chitosan, the FT-IR spectra of the surfactant
modified CS/G composites showed also other vibrational bands
assigning to the SDS and CTAB surfactants, implying the
formation of SDS-CS/G and CTAB-CS/G composites. The FT-IR
spectrum (Fig. 2(d)) of SDS-CS/G exhibited vibrational bands
at 2950, 2917, and 2850 cm ' due to asymmetric stretching
vibration of -CH3, asymmetric stretching vibration of -CH,, and
symmetric stretching vibration of -CH; and -CH,, respectively,
of the hydrophobic tail of the SDS molecule.** The vibrational
bands at ca. 1466 and 1374 cm™ ' can be attributed to a bending
vibration of -CH, and a deformation vibration of -CHj,
respectively.**> The characteristic vibrations of the hydrophilic
sulfonate head (-OSO;-) of the SDS surfactant appeared in the
range of 1003-1250 cm ™ '. The strong vibrational doublet at ca.
1248 and 1218 cm ™' is due to asymmetric stretching of S-O
bond. Whereas, the absorption bands at 970 and 1070 cm ™ * are
probably contributing to symmetric stretching of S-O bond.*
These findings support the hydrophobic interaction of the SDS
surfactant on the surface of G clay and its impregnation into the
interlayer space of clay.*** The FT-IR spectrum (Fig. 2(e)) of
CTAB-CS/G featured vibrational frequencies at ca. 2919 and
2853 em™ ! attributing to asymmetric and symmetric stretching
vibrations of ~-CH, group respectively. The scissoring vibrations
of -CH, group are observed at ca. 1407 and 1458 cm ™. Besides,
small bands for the wagging vibrations of -CH, group appeared
in the range of ca. 1300-1400 cm™'. Whereas, the hydrophilic
headgroup of the CTAB surfactant featured a small band at ca.
2956 cm ', attributing to symmetric stretching of the -N-CH;
groups. These groups showed their asymmetric stretching
vibrations as small and broad bands at around 3010 cm™".
While the bending vibration of the -N-CH; appeared at ca. 1374
em ™' and that of -C-N groups appeared as a shoulder at ca.
910 cm ™. These findings indicated that the CTAB molecule was
impregnated into the interlayer space of the G clay.**

3.1.4. Thermal analysis study. The TG analysis was applied
to investigate the transformational behavior in above
mentioned adsorbents at a heating rate of 10 °C min~" under
a nitrogen atmosphere, as depicted in Fig. 3(a)(i-v), respectively.
The TG curve of G clay (Fig. 3(a)(i)) revealed a weight loss of
about 5.31% in the temperature range of 80-200 °C due to the
vaporization of water molecules. Rising the temperature up to
600 °C resulted in an additional loss of water molecules and
decomposition of the crystal structure of G (5.34%). On the
other hand, all the TG curves (Fig. 3(a)(ii-v)) of synthesized
composites exhibited their relatively high thermal stability. This
can be attributed to the high thermal stability of G clay that
appeared clearly after the interaction between chitosan and clay
particles in the synthesized composites. The TG curve
(Fig. 3(a)(ii)) of GL-CS/G composite exhibited two stages of
weight losses in the temperature ranges below 211 °C with
a value of 10%, and above 211 °C with a weight loss equal to
10.1%. The first step is probably attributing to the evaporation
of the surface water molecules. The second step may be due to
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de-polymerization and decomposition of some of the chitosan
and GL units of the GL-CS/G composite. This value is not high
comparing to the other chitosan composites due to its thermal
stability, which is attributing to utilizing GL cross-linker in its
preparation. The TG curve of EDTA-GL-CS/G composite
(Fig. 3(a)(iii)) showed three weight losses of values 9.14%,
18.96%, and 28.39% in temperature ranges below 200 °C, 228-
350 °C, and above 500 °C, respectively. The first weight loss is
presumably due to the elimination of the adsorbed surface
water molecules. The second weight loss can be returned to de-
polymerization and decomposition of the acetylated and de-
acetylated units of the adsorbent. The final step is probably
owing to the decomposition of EDTA-GL-CS/G adsorbent. The
TG curve (Fig. 3(a)(iv)) of SDS-CS/G revealed one main weight
loss step of about 62.03% in the temperature range of 40-
500 °C, owing to two superimposed stages. This is presumably
due to the dehydration of physically adsorbed water from 40 to
200 °C and decomposition of surfactants from 200 to 500 °C.
Eventually, the TG curve (Fig. 3(a)(v)) of CTAB-CS/G exhibited
three weight loss stages. In the first stage, a slight weight loss of
9.79% was appeared below 200 °C, attributing to the surface
water molecules evaporation. The second stage, weight loss of
28.97%, was observed in the temperature range from 250 to
382 °C, due to the decomposition of acetylated and de-
acetylated units of adsorbent, which was similar to the EDTA-
GL-CS/G adsorbent thermal behavior. Thereafter, a weight loss
of 14.29%, over 500 °C, was probably due to the decomposition
of the composite. These findings indicated that all the adsor-
bents of interest have a relatively good thermal stability. This
can be explained as the introduction of inorganic components
into organic materials can intensify their thermal stability as
well as the high thermal stability of G and the interaction
between chitosan and the G particles.”

3.1.5. Surface morphology and textural structure. The SEM
images of G, GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/
G adsorbents (Fig. 3(b-f)) revealed significant changes in the
surface morphologies of the G sample after different modifi-
cation processes. The SEM image (Fig. 3(b)) of the G sample
exhibited the typical morphology for this mineral, which is
regular and irregular spherical grains with presence of small
cavities and cracks on their surfaces. Once the cross-linked
chitosan/glauconite clay composite has been formed, the SEM
image of the GL-CS/G product showed the coverage of the
glauconite with cross-linked chitosan rough layered structures
(Fig. 3(c)). The SEM image (Fig. 3(d)) of EDTA-GL-CS/G
composite exhibited that the composite is composed of
sphere-like particles of G clay impeded into rough surface of
layered structure of EDTA-GL-CS. Modification of the CS/G
composites with SDS surfactant produced more porous,
rough, folded, and condensed layered structures with some
sphere-like agglomerates, as shown in Fig. 3(e). Whereas,
modification of the composite with CTAB surfactant brought
about product composed of cotton-like structure with spherical
particles, as displayed in Fig. 3(f). Besides, it is clearly seen that
CTAB-CS/G product has a highly porous structure.

To get more insight into the surface structures of the prod-
ucts, the porosity and BET surface areas of the products were

This journal is © The Royal Society of Chemistry 2020
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the corresponding BJH pore-size distribution), and effect of pH on the F~ ion adsorption on the products (f).

determined by using nitrogen gas adsorption-desorption
isotherm measurements for the products and the results are
displayed in Fig. 4(a-e). It is clearly obvious that the as-prepared

This journal is © The Royal Society of Chemistry 2020

products showed type-IV isotherms with a hysteresis phenom-
enon of H3 type, as depicted in Fig. 4(a-e), according to the
IUPAC classification.** These results imply the mesoporous
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nature of the G clay products. Interestingly, the BET surface area
of the G, GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/G
products were determined to be 67.16, 19.80, 15.80, 7.05,
12.78 m> g ', respectively. It can be easily concluded that
coating process of the G clay and incorporation of the chitosan
polymer and other organic species into its porous structures
resulted in the noticeable reduction in the surface area of the G
clay compared to the prepared composites. Similar trends have
been reported before.*” It is worth mentioning that the BET
surface area of CTAB-CS/G is greater than that of SDS-CS/G
composite, which is consistent with the obtained SEM results.
The Barret-Joyner-Halenda (BJH) pore volume and pore diam-
eter of the G, GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/
G products were found to be (10.64 cm® g~ '; ca. 13.55 nm),
(0.049 cm® g7 *; ca. 15.23 nm), (0.053 cm® g~ *; ca. 17.35 nm),
(0.034 cm® g~ *; ca. 19.71 nm), and (0.081 cm® g~ *; ca. 22.38 nm),
respectively. The Barrett-Joyner-Halenda (BJH) pore size
distribution displayed in the insets of Fig. 4(a—e), indicated that
the average pore diameter of as-prepared composites has high
values compared to G and falls into the mesoporous category
(less than 50 nm). The results also indicated that although the
chitosan and organic species inserted into and coated some
pores of the G clay, the total number of pores of the composites
increased due to the high porosity of the modified chitosan
polymer. This might facilitate the F~ anion removal through
diffusion of these anions into these pores.

3.2. Adsorption studies

The adsorption characteristics of G, GL-CS/G, EDTA-GL-CS/G,
SDS-CS/G, and CTAB-CS/G adsorbents were examined utilizing
F~ ion as a pollutant model. Accordingly, different parameters
controlling the adsorption process were tested such as media
pH, adsorbent dosage, contact time, initial F~ ion concentra-
tion, and temperature.

3.2.1. Effect of pH. To examine the impact of pH on F~ ion
adsorption, batch equilibrium investigations are conducted at
different pH values in the range of 2-10. Fig. 4(f) displays the
effect of initial pH on the performance of the F~ ion removal on
G, GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/G adsor-
bents with 24 h stirring time. The adsorption working condi-
tions were 50 mL of F ion solution with an initial
concentration (C,) of 50 mg L™, a specific mass of the adsor-
bent (2 g for G adsorbent or 0.1 g for GL-CS/G, EDTA-GL-CS/G,
SDS-CS/G, and CTAB-CS/G adsorbents, respectively), and 25 °C
temperature. The results revealed that the F~ ion adsorption
first enhanced with increasing the pH until it attained the
equilibrium at pH 3.5 and then declined with increasing the pH
value. A similar trend has been published elsewhere.*®* The
drops in F~ ion uptake with increasing pH were seemingly due
to the change of adsorbents surface charge. At an acidic pH
value of less than 2, F~ ion removal was low because very high
acidity induced the generation of weak hydrofluoric acid which
hindered the adsorption of F~ ion.*” With a gradual increase in
pH up to 3.5, the surface of adsorbent was highly protonated
and the ionization of sodium fluoride increased, and hence the
positively charged surface sites of the adsorbent have been

25574 | RSC Adv, 2020, 10, 25567-25585

View Article Online

Paper

evolved. With increasing the pH value above 3.5, these
adsorption sites are gradually de-protonated causing hydroxide
ions generation, which are adsorptive competitor to F~ ions
resulting in a decline in the adsorption.

In case of using GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and
CTAB-CS/G adsorbents at lower pH, parts of -NH, groups were
protonated; consequently, raising electrostatic attraction
between negatively charged F~ ion and positively charged
adsorption sites of chitosan chains enhances the adsorption.*
On the contrary, with increasing the pH value the amino groups
are deprotonated and abundant OH™ ions generated a competi-
tive situation with anionic F~ ion for the adsorption sites due to
the electrostatic repulsion between the negatively charged
surface sites of the adsorbent and F~ ion; thus the F~ ion removal
declines. It must be noted that the relatively low F~ ion sorption
efficiency on G clay compared with other modified forms is most
likely caused by a high content of silicates which having a nega-
tive charge, electrostatically repel F~ ion, thus blocking its sorp-
tion. Similar findings have been stated earlier.>* Therefore, all the
following operations were performed at pH 3.5.

3.2.2. Effect of adsorbent dosage. The effect of adsorbent
dosage on F~ ion was studied under the former working
conditions except for the amount of adsorbent as depicted in
Fig. 5(a and b). The results showed that the adsorption of F~ ion
was enhanced as the quantity of adsorbent increased. This
might be due to that at a fixed initial concentration of sorbate
the rise in the adsorbent amount afforded more adsorptive
sites.”* This improvement in adsorption proceeded until
a particular dose of adsorbent, and then remained constant or
decreased. The decrease in the adsorption efficiency is probably
due to that increasing the adsorbent dosage is sometimes
resulting in particle aggregation. This aggregation brings about
a drop in the total adsorbent surface area and consequently
a decrease in the available adsorption active sites, resulting in
reduction in the adsorption efficiency.® Based on the attained
results, 2 g of G or 0.1 g of GL-CS/G, EDTA-GL-CS/G, SDS-CS/G,
and CTAB-CS/G was selected as the optimum adsorbent dosage
for subsequent studies. The results also revealed that the
adsorption capacities enhanced in the order of CTAB-CS/G >
EDTA-GL-CS/G > SDS-CS/G > GL-CS/G > G. This behavior might
be interpreted based on the fact that the chitosan was interca-
lated in G clay throughout the preparation process of compos-
ites, which expanded the interlayer spacing. This expansion can
improve the F~ ion adsorption. CTAB-CS/G composite has
showed the highest adsorption capacity toward F~ ions
compared with other adsorbents; this may be due to function-
alization of the G clay with positively charged cationic surfac-
tant. The presence of CTAB surfactant in the CTAB-CS/G
composite may change the G surface from hydrophilic to
hydrophobic which might have enhanced the F~ ion adsorption
onto its external surface and into the interlayer spacing.

3.2.3. Effect of contact time. The effect of contact time on
F~ ion adsorption was explored by varying the contact time
between F~ ion adsorbate and the adsorbents of interest in the
range of 0-300 min under operation conditions: 50 mL of F~ ion
solution with an initial concentration of 50 mg L™, 25 °C
temperature, 3.5 pH, and a specific mass of the adsorbent (2 g

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Effect of adsorbent dosage on the F~ ions adsorption on G (a)

for G adsorbent or 0.1 g for GL-CS/G, EDTA-GL-CS/G, SDS-CS/G,
and CTAB-CS/G adsorbents, respectively). Fig. 6(a) demon-
strated that the removal efficiency of F~ ion improved by
extending the contact time. The rate of F~ ion uptake using G
adsorbents was initially fast and then slowed down progres-
sively until reached saturation after 120 min, which was fixed as
their optimum contact time for further examinations. GL-CS/G,
EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/G composites exhibi-
ted more powerful adsorption capacity and attained equilib-
rium after 180 min, which was fixed as their optimum contact
time for further investigations. The rapid uptake throughout
the initial stage of adsorption is seemingly due to the avail-
ability of substantial number of vacant active sites on the
surface of adsorbents. However, the slower rates at more
extended contact times are reasonably owing to slow pore
diffusion of F~ ions into the adsorbent particles.>*

This journal is © The Royal Society of Chemistry 2020

GL-CS/G, EDTA-GL-CS/G, SDS-CS/G, and CTAB-CS/G (b) adsorbents.

3.3. Adsorption kinetics

To gain more knowledge into the adsorption mechanism and
effectiveness of adsorption, some kinetic models have been
considered such as pseudo-first-order, pseudo-second-order,
and intra-particle diffusion models. The linear forms of
pseudo-first-order (eqn (4)) and pseudo-second-order (eqn (5))

kinetic models are denoted as follows:>*”

log(ge — q) = log ge — (k1/2.303)t (4)

(5)

where, ¢ (min) is the elapsed contact time, k; (min~") is the first-
order rate constant, g. (mg g~ ') is the adsorption capacity of the
adsorbent for F~ ion at equilibrium, g, (mg g ") is the adsorp-
tion capacity of the adsorbent for F~ ion at ¢ time, and k, is the

tlg, = U(kaqe®) + (1/ge)t
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