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Abstract

In the present paper, two amorphous aluminum silicates (i.e. geopolymers) were synthesized via the interaction of 23.57 mmol
of sodium metasilicate pentahydrate with 5.18 or 10.35 mmol of aluminum chloride hexahydrate. The synthesized geopoly-
mers using 5.18 and 10.35 mmol of aluminum chloride hexahydrate were abbreviated as G1.25 and G2.50, respectively. Also,
the synthesized geopolymers were modified with chitosan as novel composites. The synthesized composites using G1.25 and
G2.50 were abbreviated as G1.25/Ch and G2.50/Ch, respectively. Besides, the synthesized geopolymers and their chitosan
composites were characterized using different tools such as XRD, FT-IR, SEM, and EDX. Moreover, the synthesized geo-
polymers and their chitosan composites were utilized as efficient adsorbents for the removal of Hg(II), Cd(II), and Pb(II) ions
from aqueous media. The Langmuir isotherm and pseudo-first-order kinetic model were more consistent with the removal of
metal ions from aqueous media. Furthermore, the adsorption processes were spontaneous, exothermic, and chemisorption.
In the case of Hg(II), the maximum adsorption capacity of G1.25, G2.50, G1.25/Ch, and G2.50/Ch were 131.93, 140.85,
166.67, and 173.91 mg/g, respectively. In the case of Cd(II), the maximum adsorption capacity of G1.25, G2.50, G1.25/Ch,
and G2.50/Ch were 118.34, 134.95, 159.49, and 166.11 mg/g, respectively. In the case of Pb(II), the maximum adsorption
capacity of G1.25, G2.50, G1.25/Ch, and G2.50/Ch were 102.15, 118.91, 128.21, and 156.01 mg/g, respectively.
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1 Introduction

Water is the foundation of life on earth. Water makes up
about 60% of the human body’s weight. Also, water is
essential for all cells, organs, and tissues of the body.
Besides, water is a fundamental asset for producing cloth-
ing and food [1]. So, safe drinking water is significant
everywhere throughout the world. The industrial releasing
of tremendous amounts of hurtful chemicals into water
escalates the water crisis [2]. Pollutants can be classi-
fied into four classes: biological, chemical, physical, and
radiological [3—7]. Physical toxins principally impact the
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physical properties of water such as appearance, sedimen-
tation, and suspension of materials in the water. Biologi-
cal contaminations are microorganisms or microbiological
poisons such as parasites, viruses, and bacteria. Radio-
logical toxins are elements with unsteady atoms that can
emit ionizing radiation such as uranium, plutonium, and
cesium. Chemical toxins are compounds which can be nor-
mally happening or man-made such as bleaching prod-
ucts, drugs, metals, pesticides, beauty care products, and
phytosanitary products. Heavy metals are elements with
a specific gravity more than 5.0, and atomic weights in
the range 63.5-200.6 [8, 9]. These days, the overwhelm-
ing metal contamination of water is the most significant
problems undermining human life because of the portabil-
ity of these poisons in the water resources. With the fast
advancement of industries, for example, batteries, mining,
tanneries, metal plating, pesticides, and paper, heavy metal
ions are straightforwardly or indirectly released into lakes,
rivers, or sea environments [10—12]. The heavy metal ions
are steady ecological contaminants since they can’t be
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corrupted and devastated. Poisonous heavy metals ions,
for example, As(III), Cu(Il), Zn(II), Ni(IT), Cd(1I), Cr(III),
Hg(II), and Pb(II) can be hurtful to water and further-
more remain a genuine general health problem. As(III)
ions can cause skin and lung cancers. Also, Hg(II) ions
can cause weakness of aspiratory and kidney function,
dyspnea, and chest pain. Pb(II) ions can cause extreme
dysfunction in the liver, kidneys, and reproductive system.
Cd(II) ions can cause osteoporosis, kidney damage, high
blood pressure, and destruction of testicular tissue or red
blood cells [1, 13—17]. Numerous strategies, for example,
physical precipitation, chemical precipitation, electro-
chemical, membrane filtration, solvent extraction, reverse
osmosis, and adsorption are widely utilized for expelling
heavy metal ions from aqueous media [1, 18-21]. Among

different procedures for expelling heavy metal ions from
aqueous media, adsorption is viewed as one of the most
conceivable and powerful systems for water treatment.
Adsorption has been observed to be better than differ-
ent techniques in terms of adaptability and effortlessness
of configuration, starting cost, simplicity, and harshness
toward lethal poisons. Besides, it doesn’t bring unsafe sub-
stances [1, 22-25]. Different inorganic adsorbents such
as titanium dioxide, silicon dioxide, manganese oxide,
zinc oxide, hematite, carbon nanotubes, graphene oxide,
magnetic graphene, hydroxyapatite, geopolymers, and
zeolites are the most generally utilized for the expulsion
of heavy metal ions from aqueous media [1, 26-39]. In
late decades, polymeric adsorbents have risen as potential
options in contrast to conventional adsorbents in terms of
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Scheme 1 Proposed structure of the chitosan/aluminum silicate composites according to Tiburu et al.
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their immense surface area, pore size distribution, flex-
ible surface, mechanical rigidity, and achievable recovery
under gentle conditions. Carbohydrate polymers such as
dextran, starch, cellulose, chitosan, and alginate are made
out of long chains of monosaccharide units bound together
by glycosidic linkages [1, 22, 23]. Also, carbohydrate
polymers possess amine, hydroxyl, carboxyl, and amide
functional groups which can capture the heavy metal ions.
Composite materials, which composed of organic polymer
and inorganic substance, are another gathering of adsor-
bents which were utilized essentially for the exclusion of
heavy metal ions from aqueous media. Composite materi-
als such as chitosan/zeolite, polypyrrole/Fe;O,, polypyr-
role/Ti0,, and polythiophene/Sb,0; show better adsorp-
tion capacities, chemical stabilities, and reproducibilities
compared to pure inorganic and organic materials [1, 22,
23]. The gelation method was utilized for the production of
geopolymers via three steps. The first step is the dissolving
of aluminum and silicon precursors. The second step is
the condensation for generating a —Si—O—Al-O— monomer.
The third step is gel production through polycondensation
for generating repeating units of —Si—-O-Al-O- [40, 41].
Tiburu et al. showed the proposed structure of chitosan-
aluminum silicate composites as clarified in Scheme 1
[42]. In this paper, geopolymer/chitosan composites were
synthesized and utilized for the removal of Hg(II), Pb(II),
and Cd(II) ions from aqueous media.

2 Experimental
2.1 Materials

Aluminum chloride hexahydrate (AlCl;-6H,0), sodium
metasilicate pentahydrate (Na,SiO5;-5H,0), mercury(II)
chloride (HgCl,), cadmium(II) chloride (CdCl,), ethyl-
enediaminetetraacetic acid tetrasodium salt dihydrate
(C,oH6N,Na,0,(), glacial acetic acid (CH;COOH), and
lead(II) chloride (PbCl,) were obtained from Sigma Aldrich
company. Also, hydrochloric acid (HCI) was obtained from
EL-Nasr Egyptian Company. Besides, sodium hydroxide
(NaOH) was obtained from El-Gomhoria Egyptian Com-
pany. In addition, chitosan was obtained from ROTH Ger-
many Company.
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Fig. 1 XRD of G1.25 (A), G1.25/Ch (B), G2.50 (C), and G2.50/Ch
(D) samples

2.2 Synthesis of Geopolymers

The aluminum solution was prepared as the following:
1.25 g (5.18 mmol) or 2.50 g (10.35 mmol) of aluminum
chloride hexahydrate was dissolved in 35 mL of distilled
water. Also, the silicon solution was prepared as the fol-
lowing: 5.00 g (23.57 mmol) of sodium metasilicate pen-
tahydrate was dissolved in 35 mL distilled water. Then, the
aluminum solution was added to the silicon solution drop
by drop with constant stirring for 30 min. After that, the
formed precipitate was filtered, washed several times with
hot distilled water, and dried at 60 °C for 2 days. The prod-
ucts which were synthesized using 1.25 and 2.50 g of alu-
minum chloride hexahydrate were named G1.25 and G2.50,
respectively.
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Fig.2 EDS of G1.25 (a) and G2.50 (b) samples

Fig.3 FE-SEM images of G1.25 (a), G2.50 (b), G1.25/Ch (c), and G2.50/Ch (d) samples

2.3 Synthesis of Geopolymer/Chitosan Composites for 6 h. After that, the resulting mixture was added par-

tially wise to 250 mL of 0.65 M sodium hydroxide solu-
2 g of G1.25 or G2.50 and chitosan were added to 125 mL tion then were stirred at 900 rpm for 6 h. In addition, the
of 1.04 M acetic acid solution then were stirred at 900 rpm  formed composite was filtered, washed several times with
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Fig.4 FT-IR of G1.25 (A), G1.25/Ch (B), G2.50 (C), and G2.50/Ch
(D) samples

hot distilled water, dried at 60 °C for 2 days, and grinded
using agate mortar. The composites which were synthesized
using G1.25 and G2.50 were named G1.25/Ch and G2.50/
Ch, respectively.
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2.4 Removal of Hg(ll), Ph(ll), and Cd(Il) lons
from Aqueous Media Using the Synthesized
Products

Adsorption experiments using G1.25, G2.50, G1.25/Ch,
and G2.50/Ch adsorbents were performed for evaluating
the removal of Hg(II), Pb(Il), and Cd(II) ions from aque-
ous media. The effect of pH experiments was performed by
shaking 0.12 g of G1.25, G2.50, G1.25/Ch, or G2.50/Ch
with 60 mL of 500 mg/L pH-controlled Hg(II), Pb(Il), or
Cd(II) solution for 3 h. After that, the adsorbent was filtered
then the concentration of Hg(IT), Pb(I), or Cd(Il) ions in the
filtrate was estimated utilizing atomic absorption spectrom-
eter. The pH of the working solutions was controlled using
diluted solutions of sodium hydroxide and hydrochloric acid.
The effect of time experiments was performed by shaking
0.12 g of G1.25, G2.50, G1.25/Ch, or G2.50/Ch with 60 mL
of 500 mg/L Hg(II), Pb(II), or Cd(II) solution at pH 8 for a
specific time at room temperature (298 K). After that, the
adsorbent was filtered then the concentration of Hg(Il),
Pb(II), or Cd(II) ions in the filtrate was estimated utilizing
atomic absorption spectrometer. The effect of temperature
experiments was performed by shaking 0.12 g of G1.25,
G2.50, G1.25/Ch, or G2.50/Ch with 60 mL of 500 mg/L
Hg(1), Pb(I), or Cd(II) solution at pH 8 for 60 min at differ-
ent temperatures (298-328 K). After that, the adsorbent was
filtered then the concentration of Hg(Il), Pb(Il), or Cd(I)
ions in the filtrate was estimated utilizing atomic absorp-
tion spectrometer. The effect of concentration experiments
was performed by shaking 0.12 g of G1.25, G2.50, G1.25/
Ch, or G2.50/Ch with 60 mL of different concentrations of
Hg(II), Pb(II), or Cd(II) ions at pH equals 8 for 60 min at
room temperature (298 K). After that, the adsorbent was
filtered then the concentration of Hg(II), Pb(II), or Cd(II)
ions in the filtrate was estimated utilizing atomic absorption
spectrometer.

The % removal of Hg(II), Pb(Il), or Cd(II) ions using
G1.25, G2.50, G1.25/Ch, or G2.50/Ch was determined
according to Eq. (1).

% removal = (C, — C,) x 100/ C, (1)

The amount of Hg(II), Pb(Il), or Cd(II) ions adsorbed by
G1.25, G2.50, G1.25/Ch, or G2.50/Ch was determined
according to Eq. (2).

Q=(Cy-C,) V/m )
where, Q (mg/g) is the capacity of G1.25, G2.50, G1.25/

Ch, or G2.50/Ch, V(L) is the volume of the Hg(II), Pb(Il),
or Cd(II) solution, C, (mg/L) is the initial concentration of
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Fig.5 Relation between adsorption capacity and pH for the removal of Hg(II) (a), Cd(Il) (b), and Pb(II) (c) ions from aqueous media

Hg(I), Pb(I), or Cd(II) ions, C, (mg/L) is the equilibrium
concentrations of Hg(II), Pb(Il), or Cd(II) ions, and m (g)
is the dry weight of G1.25, G2.50, G1.25/Ch, or G2.50/Ch.
In desorption process, Hg(IT), Pb(II), or Cd(II) ions-loaded
G1.25, G2.50, G1.25/Ch, or G2.50/Ch were mixed with
50 ml of 0.2 M ethylenediaminetetraacetic acid tetrasodium
salt dihydrate then shaked for 6 h. Then, the adsorbents were
filtered, washed with distilled water, and dried at 60 °C for
24 h. After that, the regenerated G1.25, G2.50, G1.25/Ch,
or G2.50/Ch were reused three times to test the capacity
for Hg(II), Pb(Il), or Cd(II) ions under the same adsorption
condition.

2.5 Characterization

XRD of G1.25, G2.50, G1.25/Ch, and G2.50/Ch sam-
ples was performed using X-ray diffractometer (Bruker,
D8 Advance, and wavelength of Cu K, irradiation equals
0.15 nm). Perkin Elmer FT-IR spectrophotometer was uti-
lized for obtaining the spectra of G1.25, G2.50, G1.25/Ch,
and G2.50/Ch samples in the range 4000-400 cm~'. FE-
SEM images of the G1.25, G2.50, G1.25/Ch, and G2.50/
Ch samples were obtained using FEI QUANTA FEG 250
ultra-high resolution microscope equipped with an energy-
dispersive X-ray spectrometer.
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Fig.6 Relation between pH and % removal of Hg(II) (a), Cd(II) (b), and Pb(II) (c) ions from aqueous media

3 Results and Discussion
3.1 Characterization of the Synthesized Products

X-ray diffraction analysis demonstrated the non-crystalline
nature of the geopolymer samples (G1.25 and G2.50) and their
chitosan composites (G1.25/Ch and G2.50/Ch). Broadband
appeared in G1.25, G1.25/Ch, G2.50, and G2.50/Ch samples
in the range 20 =20°-30° as shown in Fig. 1a—d, respectively
[22,23, 40]. Energy-dispersive X-ray spectroscopy elucidated
that the G1.25 sample composed of Si (39.45%), Al (12.42%),

@ Springer

Na (9.05), and O (39.08%) as shown in Fig. 2a. Also, G2.50
sample composed of Si (38.22%), Al (14.13%), Na (9.96), and
0O (37.69%) as shown in Fig. 2b. FE-SEM demonstrated that
the G1.25 sample composed of sphere and irregular shapes as
shown in Fig. 3a. Also, the G2.50 sample composed of cotton-
like shapes as shown in Fig. 3b. Besides, G1.25/Ch and G2.25/
Ch samples composed of flaky and irregular shapes as shown
in Fig. 3c—d, respectively. Figure 4a—d represents FT-IR spec-
tra of G1.25, G1.25/Ch, G2.50, and G2.25/Ch samples, respec-
tively. The peaks which were observed at 467 and 463 cm™"
in the G1.25 and G2.25 samples are due to T-O-T bending



Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:2440-2463

2447

200 T T T T 180 ' T ¥ T ¥ T T T
" : 160 - . v
160 - . o o 140 ' !
. . 120 . * -
6120- - 5 100- - ]
Ee) [5) 1 |
£ 80 i
E 50 . = ; 1
<] e G1.25 © 60- e G1.25 9
e G2.50 g0l e G2.50 | ]
40 4 —a— G1.25/Ch | 1 : —a— G1.25/Ch| -
—v— G2.50/Ch 201 —v— G2.50/Ch| 7
0 T T T T T T 0 4 J . L) L )
0 40 80 120 160 200 0 40 80 120 160 200
time (min) time (min)
C 160 r r . T
1404 N d
120 4 : 4
4 -0-;____‘_____*———" 1
100 .
C) 1 |
S 804 g
g 4 )
o 60 -
1 —a— G1.25 iy
£ ——G2.50 | ]
20 _a—G1.25/Ch|
] —v— G2.50/Ch
0 T 1 L) T 1
0 40 80 120 160 200
time (min)

Fig. 7 Relation between adsorption capacity and time for the removal of Hg(II) (a), Cd(II) (b), and Pb(II) (¢) ions from aqueous media

vibrations (T =Si and/or Al), respectively. Also, the peaks
which were observed at 587 and 591 cm™! in the G1.25 and
G2.25 samples are due to internal T-O-T symmetric vibra-
tions, respectively. Besides, the peaks which were observed at
724 and 720 cm™" in the G1.25 and G2.25 samples are due to
external T-O-T symmetric vibrations, respectively. Moreo-
ver, the peaks which were observed at 1043 and 1031 cm™'
in the G1.25 and G2.25 samples are due to external T-O-T
asymmetric vibrations, respectively. The peaks which were
observed at 1639 cm™" and 1645 cm™ in the G1.25 and G2.25
samples are due to bending vibrations of adsorbed water,
respectively. Furthermore, the peaks which were observed at
3451 and 3453 cm™! in the G1.25 and G2.25 samples are due
to stretching vibrations of adsorbed water, respectively. The
peaks which were observed at 459, 567, 722, and 1046 cm™!

(in the case of G1.25/Ch) or at 448, 567, 721, and 1031 cm™!
(in the case of G2.50/Ch) are due to geopolymers. The peaks
which were observed at 1419 cm™! in the G1.25/Ch or G2.50/
Ch samples are due to C—O bending vibrations. The peaks
which were observed at 1572 cm™" in the G1.25/Ch or G2.50/
Ch samples are due to NH;* deformation. The peaks which
were observed at 1636 and 1643 cm™! in the G1.25/Ch and
G2.50/Ch samples are due to bending vibrations of adsorbed
water and/or amino groups. The peaks which were observed
at 3427 and 3433 cm™! in the G1.25/Ch and G2.50/Ch sam-
ples are due to stretching vibrations of OH and/or NH groups.
The peaks which were observed at 2922 and 2924 cm™! in the
G1.25/Ch and G2.50/Ch samples are due to stretching vibra-
tions of C-H [22, 23, 40, 43].
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Fig.8 Relation between time and % removal of Hg(Il) (a), Cd(II) (b), and Pb(II) (c) ions from aqueous media

3.2 Removal of Hg(ll), Cd(Il), or Ph(ll) lons
from Aqueous Media

3.2.1 Effect of pH

The amount of adsorbed Hg(II) ions using G1.25, G2.50,
G1.25/Ch, and G2.50/Ch was 130, 140, 165, and 175 mg/g
at pH 8, respectively as shown in Fig. 5a. The amount of
adsorbed Hg(II) ions using the previous adsorbents was
decreased by decreasing pH value. The % removal of Hg(I)
ions using G1.25, G2.50, G1.25/Ch, and G2.50/Ch was 52,
56, 66, and 70% at pH 8, respectively as shown in Fig. 6a.
The % removal of Hg(II) ions using the previous adsorbents
was decreased by decreasing pH value.

@ Springer

The amount of adsorbed Cd(II) ions using G1.25, G2.50,
G1.25/Ch, and G2.50/Ch was 110, 125, 150, and 160 mg/g
at pH 8, respectively as shown in Fig. 5b. The amount of
adsorbed Cd(II) ions using the previous adsorbents was
decreased by decreasing pH value. The % removal of Cd(II)
ions using G1.25, G2.50, G1.25/Ch, and G2.50/Ch was 44,
50, 60, and 64% at pH 8, respectively as shown in Fig. 6b.
The % removal of Cd(Il) ions using the previous adsorbents
was decreased by decreasing pH value.

The amount of adsorbed Pb(II) ions using G1.25, G2.50,
G1.25/Ch, and G2.50/Ch was 97.50, 112, 127, and 150 mg/g
at pH 8, respectively as shown in Fig. 5c. The amount of
adsorbed Pb(II) ions using the previous adsorbents was
decreased by decreasing pH value. The % removal of Pb(II)
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Fig.9 Pseudo-first-order for the removal of Hg(II) (a), Cd(II) (b), and Pb(II) (c) ions from aqueous media

ions using G1.25, G2.50, G1.25/Ch, and G2.50/Ch was 39,
44.80, 50.80, and 60% at pH 8, respectively as shown in
Fig. 6¢c. The % removal of Cd(II) ions using the previous
adsorbents was decreased by decreasing pH value.

3.2.2 Effect of Time

The amount of adsorbed Hg(II) ions increased with the
increase of time till equals 130, 140, 165, and 175 mg/g
after 60 min using G1.25, G2.50, G1.25/Ch, and G2.50/Ch,
respectively as shown in Fig. 7a. The % removal of Hg(II)

ions increased with the increase of time till equals 52, 56,
66, and 70% after 60 min using G1.25, G2.50, G1.25/Ch,
and G2.50/Ch, respectively as shown in Fig. 8a.

The amount of adsorbed Cd(II) ions increased with the
increase of time till equals 110, 125, 150, and 160 mg/g
after 60 min using G1.25, G2.50, G1.25/Ch, and G2.50/Ch,
respectively as shown in Fig. 7b. The % removal of Cd(II)
ions increased with the increase of time till equals 44, 50,
60, and 64% after 60 min using G1.25, G2.50, G1.25/Ch,
and G2.50/Ch, respectively as shown in Fig. 8b.
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Fig. 10 Pseudo-second-order for the removal of Hg(Il) (a), Cd(Il) (b), and Pb(II) (c) ions from aqueous media

Table 1 Constants of the applied kinetic models for the removal of Hg(II) ions from aqueous media

Kinetic model Adsorbent Constants
Q, (mg/g) Ky (1/min) R?
Pseudo first order Gl1.25 136.00 0.046 0.999
G2.50 150.00 0.048 0.998
G1.25/Ch 164.27 0.039 0.994
G2.50/Ch 174.61 0.037 0.999
Adsorbent Q. (mg/g) K (g/mg/min) R?
Pseudo second order Gl1.25 197.63 1.49E—4 0.989
G2.50 208.77 1.52E—4 0.995
G1.25/Ch 253.81 1.04E—4 0.968
G2.50/Ch 255.75 1.09E—4 0.994
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Table 2 Constants of the applied kinetic models for the removal of Cd(I) ions from aqueous media

Kinetic model Adsorbent Constants
Q. (mg/g) Ky (1/min) R?
Pseudo first order G1.25 111.83 0.058 0.999
G2.50 129.92 0.051 0.999
G1.25/Ch 146.48 0.045 0.999
G2.50/Ch 167.61 0.045 0.999
Adsorbent Q. (mg/g) K (g/mg/min) R?
Pseudo second order G1.25 146.63 3.48E—4 0.996
G2.50 179.53 2.07E—4 0.989
G1.25/Ch 203.25 1.98E—4 0.988
G2.50/Ch 246.31 1.176E—-4 0.982
Table 3 Constants of the applied kinetic models for the removal of Pb(II) ions from aqueous media
Kinetic model Adsorbent Constants
Q. (mg/g) K (1/min) R?
Pseudo first order Gl1.25 93.46 0.032 0.996
G2.50 113.11 0.042 0.999
G1.25/Ch 127.27 0.044 0.999
G2.50/Ch 151.87 0.051 0.999
Adsorbent Q. (mg/g) K (g/mg/min) R?
Pseudo second order Gl1.25 140.85 1.82E—4 0.982
G2.50 163.39 1.88E—4 0.995
G1.25/Ch 180.83 1.89E—4 0.996
G2.50/Ch 207.90 1.97E—4 0.996
The amount of adsorbed Pb(II) ions increased with the
. N (In) log (Q. — Q,) =log Q, — K 1/2.303 3)
increase of time till equals 97.50, 112, 127, and 150 mg/g
after 60 min using G1.25, G2.50, G1.25/Ch, and G2.50/Ch,
. . . 2
respectively as shown in Fig. 7c. The % removal of Pb(Il)  t/Q, = (1 / Ks Qe) + (1/ Qe)t @)

ions increased with the increase of time till equals 39, 44.80,
50.80, and 60% after 60 min using G1.25, G2.50, G1.25/Ch,
and G2.50/Ch, respectively as shown in Fig. 8c.

To examine the kinetics of adsorption, the pseudo-first-
order and pseudo-second-order models were utilized as in
Egs. (3), (4), respectively [22-25].

where, Q, (mg/g) and Q, (mg/g) are adsorption capacity at
time t and equilibrium, respectively. Kq (g/mg/min) and Ky
(1/min) are the rate constants of pseudo-second-order and
pseudo-first-order models, respectively. The pseudo-first-
order linear fitting data due to the removal of Hg(II), Cd(II),
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Fig. 11 Relation between concentration and % removal of Hg(II) (a), Cd(II) (b), and Pb(II) (c) ions from aqueous media

and Pb(II) ions have appeared in Fig. 9a—c, respectively. The
pseudo-second-order linear fitting data due to the removal of
Hg(1I), Cd(II), and Pb(II) ions have appeared in Fig. 10a—c,
respectively. The determined parameters (i.e. Q,, Kg, K,
and correlation coefficient R?) due to the removal of Hg(II),
Cd(II), and Pb(II) ions are displayed in Tables 1, 2, and 3,
respectively. The results demonstrate that the determined

@ Springer

Q. values gotten by the pseudo-second-order model for the
adsorption of Hg(II), Cd(II), and Pb(II) ions are not con-
sistent with the experimental Q,. Also, the determined Q,
values gotten by the pseudo-first-order model are close to
the experimental Q, values.
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Fig. 12 Relation between adsorption capacity and concentration for the removal of Hg(II) (a), Cd(Il) (a), and Pb(II) (c) ions from aqueous media

3.2.3 Effect of Concentration

If the concentration of Hg(II), Cd(Il), or Pb(II) ions increases
from 200 to 500 mg/L, the % removal decreases as shown
in Fig. 11a—c while the adsorption capacity of adsorbents
increases as shown in Fig. 12a—c, respectively.

To examine the equilibrium of adsorption, the Langmuir
and Freundlich isotherms were utilized as in Egs. (5), (6),
respectively [22-25].

Ce/Qe = (I/KLanng) + (Ce/Qm) (5)

InQ, =InKg, + (1/n)InC, (6)
where, Q,,, (mg/g) is the maximum adsorption capacity, Kg,,
(mg/g)(L/mg)”n is the Freundlich constant, KLang (L/mg)
is the Langmuir constant, and 1/n is the heterogeneity fac-
tor. Besides, Q,, was determined from Freundlich isotherm
using Eq. (7).

Qm = KFre (CO) e (7)
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Fig. 13 Langmuir isotherm for the removal of Hg(II) (a), Cd(II) (b), and Pb(II) (c) ions from aqueous media

The Langmuir linear fitting data due to the removal of
Hg(1I), Cd(II), and Pb(II) ions have appeared in Fig. 13a—c,
respectively. The Freundlich linear fitting data due to the
removal of Hg(II), Cd(II), and Pb(II) ions have appeared
in Fig. 14a—c, respectively. The determined parameters (i.e.
Qs Kiangs Kpres and correlation coefficient R?) due to the
removal of Hg(II), Cd(II), and Pb(II) ions are displayed in
Tables 4, 5, and 6, respectively. The fitting lines of Langmuir
displayed better correlation coefficient than those of Freun-
dlich. Hence, the Langmuir model was more consistent with

@ Springer

the removal of Hg(Il), Cd(II), or Pb(Il) ions from aqueous
media. In the case of Hg(II), the maximum adsorption capac-
ity of G1.25, G2.50, G1.25/Ch, and G2.50/Ch were 131.93,
140.85, 166.67, and 173.91 mg/g, respectively. In the case of
Cd(II), the maximum adsorption capacity of G1.25, G2.50,
G1.25/Ch, and G2.50/Ch were 118.34, 134.95, 159.49, and
166.11 mg/g, respectively. In the case of Pb(Il), the maxi-
mum adsorption capacity of G1.25, G2.50, G1.25/Ch, and
G2.50/Ch were 102.15, 118.91, 128.21, and 156.01 mg/g,
respectively.
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Table 4 Constants of the applied isotherms for the removal of Hg(I) ions from aqueous media
Adsorption model Adsorbent Constants
Q,, (mg/g) Ky 4 (L/mg) R?
Langmuir G1.25 131.93 0.068 0.979
G2.50 140.85 0.112 0.985
G1.25/Ch 166.67 0.096 0.977
G2.50/Ch 173.91 0.133 0.973
Adsorbent Q,, (mg/g) K, (mg/g) (L/mg)”" R?
Freundlich G1.25 137.11 60.89 0.872
G2.50 148.42 74.09 0.880
G1.25/Ch 188.38 69.34 0.927
G2.50/Ch 187.70 89.77 0915
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Table 5 Constants of the applied isotherms for the removal of Cd(Il) ions from aqueous media

Adsorption model Adsorbent Constants
Q,, (mg/g) K{ 4 (L/mg) R?
Langmuir G1.25 118.34 0.046 0.999
G2.50 134.95 0.045 0.998
G1.25/Ch 159.49 0.051 0.983
G2.50/Ch 166.11 0.089 0.992
Adsorbent Q,, (mg/g) K, (mg/g) (L/mg)'™ R?
Freundlich G1.25 126.01 39.64 0.859
G2.50 146.65 41.37 0.912
G1.25/Ch 182.44 46.48 0.755
G2.50/Ch 194.41 62.32 0.693
Table 6 Constants of the applied isotherms for the removal of Pb(II) ions from aqueous media
Adsorption model Adsorbent Constants
Q,, (mg/g) Ky 4 (L/mg) R?
Langmuir G1.25 102.15 0.058 0.999
G2.50 118.91 0.061 0.999
G1.25/Ch 128.21 0.063 0.973
G2.50/Ch 156.01 0.061 0.981
Adsorbent Q,, (mg/g) Kgre (mg/g)(L/mg)”“ R?
Freundlich G1.25 104.63 46.64 0.928
G2.50 125.93 48.27 0.958
G1.25/Ch 129.89 62.55 0.805
G2.50/Ch 169.54 57.39 0.959
3.2.4 Effect of Temperature . . .
AG® = AH® — TAS ®

If the temperature of Hg(II), Cd(II), or Pb(II) solutions
increases from 298 to 328 K, the % removal decreases as
shown in Fig. 15a—c, respectively. Also, the amount of
adsorbed Hg(II), Cd(II), or Pb(II) ions decreases as shown
in Fig. 16a—c respectively.

To examine the thermodynamic parameters of adsorp-
tion such as a change in free energy (AG®), a change
in enthalpy (AH®), and a change in the entropy (AS°),
Egs. (8), (9), were utilized respectively [24, 25, 40, 44].

InK,; = (AS°/R) — (AH°/RT) ®)

@ Springer

where, R (KJ/mol K) is gas constant, K (L/g) is the distribu-
tion coefficient which is estimated utilizing Eq. (10), and T
(K) is the temperature of adsorption.

K, =Q/C, (10)
Plotting InK; against T for the removal of Hg(II), Cd(II), and
Pb(I) gives AS° and AH® as shown in Fig. 17a—c, respec-
tively. The determined parameters (i.e. AH®, AS°, and AG®)
due to the removal of Hg(II), Cd(II), and Pb(II) ions are
displayed in Tables 7, 8, and 9, respectively. The values of
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Fig. 15 Relation between temperature and % removal of Hg(Il) (a), Cd(II) (b), and Pb(II) (c) ions from aqueous media

AG® for the adsorption of Hg(II), Cd(II), and Pb(II) ions
were negative hence the processes were spontaneous. Also,
the values of AH® for the adsorption of Hg(II), Cd(II), and
Pb(II) ions were negative hence the processes were exother-
mic. In addition, the values of AH® for the adsorption of
Hg(II), Cd(II), and Pb(II) ions were more than 40 kJ/mol
hence the processes were chemisorption.

3.2.5 Selectivity Between Metal lons
The effect of selectivity using the synthesized composites

toward Hg(II), Pb(II), and Cd(II) ions was studied as the
following:

A mixture of Hg(II), Pb(Il), and Cd(II) ions was prepared
so that the concentration of each metal inside the mixture
equals 200 mg/L. Then, 0.12 g of G1.25/Ch or G2.50/Ch
was shaken with 60 mL of the mixture at pH equals 8 for
60 min. After that, the adsorbent was separated then the
concentration of Hg(IT), Pb(II), or Cd(II) ions in the filtrate
was estimated utilizing the atomic absorption spectrometer.

% removal of Hg(II), Pb(II), and Cd(II) ions using
G1.25/Ch was 70, 50, and 35, respectively as shown in
Fig. 18a. Also, % removal of Hg(II), Pb(II), and Cd(II)
ions using G2.50/Ch was 75, 58, and 42, respectively as
shown in Fig. 18b.
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3.2.6 Comparative Study

A Comparative study was performed between the synthe-
sized composites and other adsorbents in the literature.
The adsorption capacity of the synthesized composites
exceeds that of many other substances such as natural zeo-
lite, maifanite/MgAl-LDHs, EDTA-LDH/PVA, modified
steel-making slag, a-Fe,0;, rice straw, PEI-AC composite,
thiol-functional magnetic nanoparticles, ZSM-5 zeolite,
magnetite, and hydroxysodalite/Chitosan composite as
shown in Table 10 [23, 45-49].

@ Springer

3.2.7 FT-IR Spectra of the Synthesized Composites After
Loading with Metal lons

Figure 19a—c represents the FT-IR spectra of G1.25/Ch
composite after loading with Hg(IT), Cd(II), and Pb(II)
ions, respectively. Also, Fig. 20a—c represents the FT-IR
spectra of G2.50/Ch composite after loading with Hg(II),
Cd(I), and Pb(Il) ions, respectively. Based on the compar-
ison between the FT-IR of G1.25/Ch (Fig. 4b) or G2.50/
Ch (Fig. 4d) composite before adsorption and that after
adsorption with metal ions as in Fig. 19a—c in the case of
G1.25/Ch or the Fig. 20a—c in the case of G2.50/Ch, the
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Fig. 17 Relation between In K and 1/T for the removal of Hg(II) (a), Cd(I) (b), and Pb(I) (c) ions from aqueous media

Table 7 Thermodynamic
parameters for the removal of
Hg(I) ions from aqueous media

Table 8 Thermodynamic
parameters for the removal of
Cd(Il) ions from aqueous media

Thermodynamic  AG® (KJ/mol) AS° (KJ/mol K) AH° (KJ/mol)
parameters

298 (K) 308 (K) 318 (K) 328 (K)
G1.25 —87.65 —89.14 —-90.63 -92.12 0.149 —43.25
G2.50 —84.79 —86.23 —87.67 —89.11 0.144 —41.88
G1.25/Ch —92.89 —94.46 —-96.02 —-97.58 0.156 —46.41
G2.50/Ch —89.09 -90.58 -92.07 -93.56 0.149 —44.69
Thermodynamic  AG® (KJ/mol) AS° (KJ/mol K) AH° (KJ/mol)
parameters

298 (K) 308 (K) 318 (K) 328 (K)
G1.25 —89.03 -90.56 -92.09 -93.62 0.153 —43.44
G2.50 —-91.42 —-92.98 —94.54 -96.10 0.156 —44.93
G1.25/Ch —88.22 —89.71 —-91.20 -92.69 0.149 —43.82
G2.50/Ch —88.57 —-90.06 —-91.55 -93.04 0.149 —44.17
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Table 9 Thermodynamic

Thermodynamic  AG® (KJ/mol) AS° (KJ/mol K) AH° (KJ/mol)

parameters for the removal of parameters

Pb(II) ions from aqueous media 298 (K) 308 (K) 318 (K) 328 (K)
G1.25 -92.53 -94.12 -95.71 -97.30 0.159 —45.15
G2.50 —89.18 -90.71 -92.24 -93.77 0.153 —43.59
G1.25/Ch —94.59 -96.19 -97.81 -99.42 0.161 —46.61
G2.50/Ch -9291 —94.48 -96.05 -97.62 0.157 —46.12

A B

o —
g S
: :
S 2
Hg Pb Cd Hg Pb cd
Metal ion Metal ion
Fig. 18 Selectivity of the G1.25/Ch (a) and G2.50/Ch (b) composites
Table 10 Cpmp arisop between Metal ion Adsorbent Adsorption capacity References
the adsc?rptlon capac.lty of (mg/g)
synthesized composites and that
for other adsorbents Cd(1n) Natural zeolite 0.54 [45]
Cd(II) Maifanite/MgAl-LDHs 3.77 [45]
Cd(n EDTA-LDH/PVA 8.18 [45]
Cd(II) Modified steel-making slag 10.16 [45]
Cd(II) G1.25/Ch 159.49 This study
Cd(II) G2.50/Ch 166.11 This study
Hg(1) a-Fe,0; 11.20 [46]
Hg(II) Rice straw 22.00 [47]
Hg(1) PEI-AC composite 16.39 [48]
Hg() Thiol-functional magnetic nanoparticles 9.50 [49]
Hg(1) G1.25/Ch 166.67 This study
Hg(1) G2.50/Ch 173.91 This study
Pb(Il) Magnetite 2.78 [23]
Pb(I) ZSM-5 zeolite 20.10 [23]
Pb(II) Hydroxysodalite/Chitosan composite 17.85 [23]
Pb(I) G1.25/Ch 128.21 This study
Pb(1I) G2.50/Ch 156.01 This study
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Fig.19 FT-IR spectra of G1.25/Ch composite after loading with
Hg(ID) (A), Cd(I) (B), and Pb(II) (C) ions

peaks due to NH,, NH3+, C-0 of CH,0OH, and T-O-T
were shifted to left or right. Hence, they act as binding
sites for metal ions [50].

4 Conclusions

Two amorphous aluminum silicates (i.e. geopolymers) were
synthesized and modified with chitosan as novel composites.
The synthesized geopolymers and their chitosan compos-
ites were characterized using different tools such as XRD,
FT-IR, SEM, and EDX. Moreover, they were utilized as effi-
cient adsorbents for the removal of Hg(II), Cd(II), and Pb(II)
ions from aqueous media.
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Fig.20 FT-IR spectra of G2.50/Ch composite after loading with
Hg(II) (A), Cd(II) (B), and Pb(I) (C) ions
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