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ABSTRACT

The industrial revolution has led to an unequal and uncontrolled distribution of the toxic substances
in different environmental compartments. A large number of researchers have offered specific solu-
tion to combat the hazardous and toxic substances. The real challenge faced today is the complex
interaction of the pollutants in each compartment compelling the scientists to develop materials
offering one spot solution applicable to a wide range of toxicants. In the present research, zeolite
as base material is synthesized from economical precursors using hydrothermal method. Post
modification for synthesis of functionalized hybrids is attempted with doping of metals (Cu, Zn).
The purpose of preparation of hybrids is to have diverse functional groups on the surface of a sin-
gle zeolite to adsorb a variety of pollutants from environmental media. The synthesized materials
are subjected to a series of characterization techniques [Fourier-transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy/
Energy-dispersive X-ray (SEM/EDX)] to determine surface and bulk properties for effective adsorp-
tion. The successful incorporation of metal-oxygen is indicated by FTIR. SEM analysis proposes that
crevices and channels serve as pores for uptake of incoming pollutants. Further, EDX shows silica
and alumina percentage which is involved in developing zeolite framework (internal and external
linkages) for binding. The thermal stability of zeolite (360°C-570°C) is assessed from TGA studies.
XRD demonstrates the amorphous nature of zeolite framework that generally decreases on func-
tionalization. Zeolite and the functionalized hybrids are applied for the removal of metals (Hg, As),
dyes (Methylene blue, Methyl orange). Generally, mercury showed better removal than arsenic on
the adsorbents. Moreover all zeolite based hybrids testifies the fitness of pseudo-second-order
kinetics and Langmuir and Freundlich isotherms for the removal of mercury and arsenic.
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1. Introduction

The environment today has become very complex and
contaminated with different pollutants. The air is loaded
with gaseous pollutants, the water used for drinking; wash-
ing, agricultural and industrial purposes have metals, dyes,
and pesticides residues. Furthermore, these pollutants

* Corresponding author.

produce a considerable waste, adding to the cost for waste
management and environmental health. The industrial rev-
olution has led to an unequal and uncontrolled distribu-
tion of the toxic substances in the environment. Exposure
to these pollutants through intake of plants derived foods
and beverages, drinking water or air exerts short and long
term effects on human health [1-3]. For instance, arsenic
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contamination in water is linked to skin cancer, arsenical
dermatitis, neurological effects, liver enlargement and heart
diseases [4,5]. Similarly, exposure to mercury cause impair-
ment of pulmonary and kidney function and also pro-
motes tyrosinemia [6]. Heavy metal pollution is increas-
ing day by day calling for immediate remediation actions.
Many industries such as metal plating, mining, fertilizers,
paper, pesticides, batteries, etc. are directly discharging
their heavy metal wastewater into environmental com-
partments. These pollutants are non-biodegradable so they
tend to accumulate in living organisms through food chain
[7]. Most of these metals such as mercury, lead, arsenic
and chromium are classified as carcinogenic [8]. The most
deleterious effects are integrated by mercury and arsenic
because of high toxicity, volatility, bioaccumulation capac-
ity and persistence for longer duration in the environment.
The discarded fluorescent bulbs, electrical fixers, switches,
medical equipment’s and thermostats etc. are main sources
of mercury contamination. The mercury in organic form is
more obvious, whereas inorganic forms can be biologically
methylated showing high tendency for bioaccumulation
[9]. A rigorous control in a cost-effective manner is required
for leaching of mercury from wastewater sources [10].
Clean-up technologies are capable of treating large volumes
of soil, water or sediment contaminated with relatively low
levels of mercury.

Arsenic, the most abundant element in the earth crust,
exhibits complex chemistry due to several oxidation states.
The sources of arsenic in environment are mostly geological
formations such as volcanic rocks, sediments etc. [11] from
where it can leach as soluble metal into ground water [12].
However anthropogenic sources and products such as wood
preservatives, semi-conductors, and agricultural appliances
are also responsible for arsenic pollution [13]. Although
arsenic is found in several forms in food and environmen-
tal compartments, but in drinking water it is highly toxic.
The maximum contaminant level for arsenic in drinking
water is 10 pg/L (World Health Organization, 2004).

The identification of heavy metals in different envi-
ronmental compartments is a serious challenge because of
their increase discharge, toxicity and other negative effects
in receiving compartment. Removal of metal ions from
wastewaters is one of the most important areas of research.
The pre-requisites of selected removal technique for metal
ions are safe operation, low cost, high efficiency and easy
handling [14].

Azo dyes are an important group of xenobiotic com-
pounds that are recalcitrant to degradation processes. The
colored dyes generated by the textile, printing, plastic and
paper making industries pose a serious threat to environ-
mental and public health [15]. Even the small amounts of
dyes in industrial wastewater are highly visible and unde-
sirable [16,17]. The colored water generated by the textile
industry is rated as the most polluting among all industrial
sectors [18].

The commonly employed dyes in printing, textile, food,
pharmaceutical, paper, wood and research laboratories
[19,20] are Methyl orange (MO) and Methylene blue (MB).
The toxicity of both dyes is well established. Furthermore,
dye materials are not easy to degrade because of their
high stability to light and oxidation reaction [21].

The genotoxic and mutagenic effects in humans [22]
are reported by the release of azo-dyes from textile, phar-
maceutical and printing industries. A large number of
researchers have offered solution to combat the pollution
problems and each solution has a certain degree of specific-
ity. Considering the scenario where a single environmental
compartment cannot stand alone, efforts are required to be
directed towards a single solution to multi-problems.

Although a number of materials and techniques have
been utilized, the use of zeolites and their modified forms
offer advantages such as low-cost, ease of availability,
good mechanical and thermal properties and high sorp-
tion capacity. Zeolites represent an important group of
materials and have attracted ever-increasing interest from
academic and industrial laboratories due to high cata-
lytic and exchange properties. Their application as cation
exchanger for removal of heavy metal is described in the
literature for water and industrial waste treatment [23-25].
For instance, a molecular complex sorption mechanism is
expected [26] in the case of arsenic. The exchange between
terminal aluminol or silanol hydroxyl groups and adsor-
bate anionic species results in arsenic adsorption at the
edges of the zeolite particles [27,28]. A significant expan-
sion in the area of application can be made by functional-
ization of the zeolite surface [29].

Metal functionalization is an essential tool to tailor the
physicochemical properties of already synthesized zeolites.
The first modification process is reported in the late 1960s,
with significant advances in early 1980s [30]. The metal
incorporation is helpful to enhance the adsorption, catalytic
and shape selective properties. For this purpose, differ-
ent post synthesis multistep protocols like ionic exchange
[31,32], impregnation [33], or chemical vapor deposition
[34] is reported. The incorporation of metal improves the
framework topologies [35] and attains good dispersion with-
out disturbing the structure stability [36,37] of zeolites. The
metal functionalized zeolites show remarkable application
like ion exchange, catalytic activity [38] and redox catalysts,
due to tetrahedral isolated metal atoms into the molecular
sieve framework which can undergo changes in their oxi-
dation state. For instance, these materials are used in oxi-
dation of benzene to phenol [39] [24], oxidation of methane
to methanol [40], oxidation of ethane to oxygenate [41] and
catalytic reduction of NO [42]. More specifically, Cu and Fe
modified forms are successfully utilized for pollution prob-
lem because of their precise microporosity, strong acidity
and high thermal stability [40,43].

The scope of this work is to conduct the synthesis and
characterization of zeolites using both reported and novel
methods, enhancing their potential applications for envi-
ronmental remediation by functionalization with metals.
Evaluated applications include the efficiency of both zeolites
and their hybrids for removal of contaminants from pol-
luted effluents as potential remediation alternatives.

2. Experimental
2.1. Chemicals

Sodium silicate (Na,SiO,), aluminium isopropox-
ide (CH,1AIO,), sodium hydroxide (NaOH), copper
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nitrate Cu(NO,),, zinc nitrate Zn(NO,), Methyl orange
(C,H,,N,NaOS), Methylene blue (C, H,,CIN,S) are procured

16 718
from Sigma-Aldrich and used without purification.

2.2. Characterization

Each of the synthesized zeolite and its metal function-
alized hybrids are characterized by an extensive range of
techniques like Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy/Energy-dispersive
X-ray (SEM/EDX), X-ray diffraction (XRD), thermogravimet-
ric analysis (TGA) and Brunauer-Emmett-Teller (BET) to
find out their surface and bulk properties.

FTIR is an analytical technique that identifies the func-
tional groups of materials. In this research, the pressed KBr
pellets of the synthesized zeolites are subjected to FTIR
spectrophotometer (FTIR 8400, Shimadzu, Japan) to deter-
mine the functional groups likely to contribute in binding
of the materials. Each material is independently run on FTIR
and a spectrum is recorded. SEM/EDX. Scanning electron
microscopy (Quanta 200 FEI) operated under 10 kV volt-
age and distance of 10 mm. The sample was sputtered with
gold to prevent sample charging and placed on a thin film
of carbon tape mounted on stub. Air pulse was applied to
remove excess and loose sample and then placed inside a
vacuum chamber under argon.

XRD is non-destructive technique primarily used for
phase identification of a material in which X-rays are
generated and impinged on target material to dislodge
inner shell electrons. The diffraction pattern for zeolite
and its hybrids were recorded using Bruker D8 X-Ray
Diffractometer having Cu-Ka radiation (1.54056 A) with 0.02
step size from 5° to 80°. Thermogravimetric analysis (Mettler
Toledo AG) was used to measure the change in mass of a
sample as a function of temperature under nitrogen.

2.3. Procedure for synthesis of zeolite framework (Z)

In the present investigation, the zeolite framework is
synthesized following the reported protocol [44]. An equim-
olar ratio of sodium silicate (5 g) and aluminum isopropox-
ide (5 g) is dissolved in alkaline medium (2 M NaOH). The
mixture is continuously stirred at room temperature till
complete dissolution. The homogenized mixture is auto-
claved at 121°C for 4 h. The crude white product obtained is
washed in detail with deionized water and dried in oven for
12 h at 110°C. The product is coded as Z (zeolite framework).

2.4. Procedure for the synthesis of metal functionalized zeolites

The procedure layout follows addition of individual
metal solution of zinc nitrate and copper nitrate into synthe-
sized zeolite. The mixture is thoroughly stirred at 400 rpm
for 6 h and temperature is maintained at 70°C. The crude
products are washed and dried. Two metal functionalized
hybrids are synthesized and coded as ZC and ZZ.

2.5. Environmental remediation application

The base material zeolite (sample Z) and metal func-
tionalized hybrids are opted for a wider application

window. The applications include removal of Metals
(Hg, As) and removal of dyes (Methylene blue, Methyl
orange). For each application, closed batch adsorption
protocol is followed.

The synthetic solution of Hg and As is subjected to
batch removal using zeolite and its functionalized hybrids.
The stock solution of metal ions with the concentration of
1,000 mg/L is prepared and dilution of 0.1 mg/L is made
with distilled water. The batch experiment is conducted
by taking adsorbent dose (5, 10, and 15 mg) in solution of
0.1 mg/L. The solution is placed for 30 min on shaking at
150 rpm. An aliquot is drawn after every 3 min, filtered and
analyzed on AAS (Varian Spectra AA 220). Removal of metal
(%R) by the zeolite and its functionalized hybrids is deter-
mined from Eq. (1).

%R:{C"C_C’]xmo )

i

3. Result and discussion
3.1. Fourier-transform infrared spectroscopy

The wavenumbers recorded in the spectral region
of 400-1,400 cm™ indicated vibrations for the basic
framework of zeolite (sample code Z). The band at 420-
500 cm™ is assigned to T-O bends, where T is Si or Al
More specifically, the silane (Si-H) linkage is observed
at 2,300-2,360 cm™. The interaction of alumina tetrahe-
dral and SiO, groups in zeolite framework is witnessed
from 500-650 cm™ also reported by [45], whereas peaks
between 1,500-1,700 cm™ are related the bending vibra-
tion of the adsorbed water molecules [46]. The presence of
silica, alumina and water as components of single mate-
rial (sample Z) clearly indicates successful conversion of
basic ingredients into hydrated aluminosilicate defined
as ‘zeolite’ (Fig. 1). Further, the presence of free water
molecules in zeolite framework [47] is also witnessed by
sharp and weak bands between 3,200 to 3,600 cm™.

The zeolite (sample Z) is subjected to metal doping for
functionalization of zinc (sample ZZ) and copper (sample
ZC) and the bimetallic functionalized hybrid (sample ZCZ)
are characterized by FTIR spectroscopy.

FTIR spectrum of sample ZZ showed interesting vibra-
tions. The absorption band at 418 and 889 cm™ is charac-
teristic of Zn-O [48] and Zn-O-Zn linkage, respectively.
Another sharp absorption band at 434 cm™ is observed
corresponding to Zn-O vibration [49]. This confirms the
successful doping of metal in zeolite (Fig. 1c). The met-
al-oxygen frequencies observed are in accordance with lit-
erature values [50-52]. The peak at 1,633 cm™ correspond
to Zn-O stretching, whereas the absence of deformation
vibration peak around 620 cm™ suggests that incorpora-
tion of Zinc has not changed the morphological character
of amorphous zeolite [53]. Absorption peaks at 3,585 and
3,470 cm™ are attributed to stretching vibration of free
O-H bond, whereas bending vibration of H-O-H bonded
water molecules are likely masked by the incorporation
of zinc. The peaks observed were found comparable with
earlier reports [54]. The interaction of zinc with zeolite
constituents can further be explained by the broadening
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Fig. 1. FTIR spectra of zeolite and metal functionalized hybrids: (a) Z, (b) ZC, and (c) ZZ.

of asymmetric stretching of Si-O-Si (around 1,003 cm™)
upon doping of respective metal indicating successful
functionalization. Such changes are also observed in tin
substituted ZSM-5 [55] and manganese substituted ZSM-5
[56]. However, relative to zeolite framework, minor peak
shifting is noticed in zinc doped zeolite. This suggests that
zinc has been immobilized indicating changes in the cros-
structural features of the zeolite framework [57].

FTIR spectra of Cu-doped zeolite can be distinguished
from Zn-doped zeolite by the emergence of ring vibration
and Silane in the former (Fig. 1b). In addition, the peculiar,
Cu-O symmetric and Cu-O asymmetric stretching observed
at 439 and 507 cm™ confirms the formation of copper func-
tionalized zeolite [58]. The metal-oxygen bond at 1,383 cm™
(M-O rocking in plane) and at 1,633 cm™ (M-O rocking
out of plane) [59] indicates formation of CuO from copper
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salt. However, an intense band at 1,633 cm™ further sug-
gests that copper is localized in extra framework positions.
Other weak peaks may correspond to the impurities in the
zeolite framework.

3.2. Scanning electron microscopy analysis

Each of the synthesized zeolite is scanned under elec-
tron microscope to figure out the morphological features.
The aggregation of silica and alumina in the zeolite (base
material) with wider channels is visible in Fig. 2a. On the
contrary, the metal doped zeolites exhibited filling up of the
spaces with relatively less void spaces. Further, the devel-
oped linkages of metal with Si/Al content are visible as fine
intricate connectivity between the two. Relatively higher
Si:Al in Zn-doped zeolite (also witnessed in EDX) suggest
more close contact and deeper crevices in comparison to
wider slits in Cu-doped zeolite. It is expected that earlier
(Zn-doped) inorganic functionalized hybrid will be a rela-
tively better adsorbent than later (Cu-doped).

3.3. Energy-dispersive X-ray analysis

Electron dispersive X-ray spectrums are obtained cou-
pled with SEM images. It is noticed that each synthesized
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zeolite has a major component of silica and alumina. The
results are given in Fig. 3. The zeolite represents the basic
ingredients of Silica and Alumina in the ratio of 1:1.34
(15.09%:11.23%) in respective order. The higher (56.46%)
oxygen and minimal (2.27%) carbon content suggests the
presence of silicon-aluminum as oxides and inorganic com-
position of the zeolite.

3.4. Thermal gravimetric analysis

Each of the synthesized zeolite was subjected to thermal
analysis to determine the degradation pattern as a func-
tion of temperature. It is generally observed that multistep
degradation path is undertaken by each zeolite. The initial
degradation is at relatively lower temperature.

The TG data is summarized in Table 1. It can be seen
that zeolite framework has weight loss of only 13% up
to 380°C. Further, a larger fraction of synthesized zeolite
does not undergo thermal degradation. This is evident
by the presence of more than 86% residue of the material.
The thermal analysis concludes that synthesized zeolite
is a thermally stable product and can withstand higher
temperatures.

The thermal studies of hybrid functionalized zeolites
with metals revealed interesting results. It is noted that

det mode wD
ETD SE 9.8 mm

016 | H t
1:44:16PM | 5.00kV | 3.

Fig. 2. SEM of zeolite and metal functionalized hybrids: (a) Z, (b) ZC, and (c) ZZ.
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generally the introduction of a metal dopant into the base
material zeolite has a relatively destabilizing effect.

The general observation noted for all of synthesized
materials reveal that the initial weight loss at relatively lower
temperatures is due to loss of solvent adsorbed (hydra-
tion water) on the surface of zeolite. In some cases, water
is gradually removed [60] over a wider temperature range.
On the other hand, thermal degradation at higher tempera-
ture (up to 400°C) can be attributed to modification due to
induced doping effect in the zeolite structure. Similar behav-
ior is also reported by [61]. Further, initial slower weight
loss followed by relatively second significant loss may be
caused by oxidation of organic group, dehydroxylation
of the zeolite [62] or changes in overall composition of the
framework.

The TG studies of all the synthesized zeolite materials
follow the thermal stability sequence as:

Z7>727>7C

The data of 50% decomposition presents the ther-
mal studies as a function of temperature. The tempera-
ture at which 50% of the synthesized zeolite materials are

degraded is tabulated and shown in Table 1. It is noted
that higher temperature is required to decompose 50% of
the material in case of metal doped zeolites. This is under-
stood that metals exhibit extremely higher melting points
than the organic component. The decomposition sequence
of synthesized zeolites with respect to decomposition tem-
perature is almost contrary to mass change. The thermal
stability pattern is attributed to the zeolite structure [63].

3.5. X-ray diffraction analysis

In order to find out the amorphous or crystalline nature
of the synthesized zeolites, X-ray diffractogram is obtained
for each material (Appendix X) and the data is presented
as angle of diffraction (20), d-spacing and relative intensity
in Table 2.

The synthesis of silica alumina hydrate (zeolite) fol-
lowing hydrothermal method clearly demonstrates the
amorphous nature of the material. On the other hand, zeo-
lite doped with metals (Cu and Zn), increases the crystal-
linity. This suggests that large void spaces of amorphous
zeolite are sequentially filled with the metal salt solution
and the more uniform phase change occurs due to doping.



256

Table 1
Thermal analysis of zeolite and its metal functionalized hybrids

N. Tabassum, U. Rafique / Desalination and Water Treatment 236 (2021) 250-263

Sample codes Step I: Loss (wt.%) Step II: Loss (wt.%)

Total loss (wt.%) Residue (wt.%) Temperature (°C)

at 50% decomposition

Z 5.5 8 13.5 86.5 368
0°C-135°C 135°C-380°C
z7C 10 18 28 72 230
0°C-220°C 220°C-480°C
77 13 9.5 22.5 77.5 215
0°C-265°C 265°C-525°C
Table 2 Table 3

XRD data of zeolite and its functionalized hybrids

Sample Pos. d-spacing FWHM Rel. Int.
code (°2Th.) A) (°2Th.) (%)
V4 13.8 6.41 - 88
12.92 6.84 0.09 10
18.83 4.71 0.47 7.98
7C 25.83 3.44 0.13 47.87
36.64 2.45 0.19 33.51
43.67 2.07 0.23 21.28
62.81 1.47 0.57 6.91
50.20 1.81 - 88
77 53.25 1.71 - 98
59.45 1.55 - 86

However, the frequency of sharp intense peaks is relatively
more in Cu-doped than zinc-doped zeolite indicating more
crystallinity in the former case.

3.6. BET surface area and particle size analysis

BET nitrogen gas adsorption method is usually used to
determine the exact surface area of a material. Each of the
synthesized material is degassed at 120°C for 60 min prior
to measurement. The results are summarized in Table 3. It
is interesting to note that each of the functionalized hybrid
has relatively smaller particle size than the base material
zeolite. This shows that doping of each functional group
into the porous material has a stabilizing effect through fill-
ing up the vacant spaces available. The interaction between
the zeolite and induced moiety helps in the development
of relatively stronger linkages through physical forces. It
is proposed that the inward pull is operative in function-
alized hybrid thus reducing the particle size. The general
sequence of particle size is as follows;

27.>7C>7

The BET surface area is another good parameter to
assess the adsorption potential of the synthesized mate-
rials. It is generally observed that larger is the surface
area, more adsorption results as adsorption is known to
be a surface phenomenon. The doping of zinc in compar-
ison to copper has increased the surface area likely due

BET surface area and particle size of zeolite and its metal func-
tionalized hybrids

Hybrids Sample Particle BET surface
code size (um) area (m%/g)
Zeolite basic framework Z 24.38 14.727
Metal functionalized ZC 15.39 28.684
hybrids 44 9.027 66.084

to d10 configuration of zinc in the periodic table. Zinc
has strong binding affinity due to stable oxidation state
so it does not require stabilization energy for ligands and
other related stereochemical requirements. So as a result
of strong binding affinity doping of zinc is more in com-
parison to copper. It can be concluded in general that
porosity and larger surface area are contributing factors
towards good adsorption potential.

3.7. Removal of metals

The toxicity of mercury and arsenic is well established.
Removal of these metals from the compartments of water,
soil, air, vegetation etc., is extensively explored. The present
investigation is an attempt to propose remediation model
for these metals using zeolite and its metal functional-
ized hybrids as adsorbents.

The study design involves application of each synthe-
sized zeolite as independent adsorbent. The removal effi-
ciency is measured as a function of time (up to 30 min) with
three adsorbent dosages. The results are graphically pre-
sented through Figs. 4 and 5. Time has an important contri-
bution in defining the removal capacity of the adsorbents.
The base material zeolite (Z) served as a reference material
for adsorption of mercury and arsenic. It is generally noted
that adsorption increases with increase in time to opti-
mum level followed by decrease in adsorption. This trend
is observed in a number of adsorption studies [64] likely
due to availability of empty sites initially on the surface of
material leading to optimal saturation followed by emp-
tying of spaces and discharging into the solution. Another
aspect of this up and down adsorption trend is a closed
batch system in which the adsorbent remains in contact
with the solution for the entire duration of the experiment.

The adsorption studies conclude that zeolite (sample Z)
has shown an optimum removal of mercury than arsenic.
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Fig. 4. Removal (%age) of metals on zeolite and metal functionalized hybrids: (a) Z, (b) ZC, and (c) ZZ.

The different dosages of zeolite retained the same prefer-
ence for adsorption of mercury over arsenic. The higher
adsorption of mercury is likely due to its higher molecu-
lar weight (MW 200.59) and larger atomic radius (171 pm)
that can conveniently make its way to the relatively larger
pores in the zeolite matrix [65]. This is strengthened by
the fact that the lighter elements are difficult to remove in
comparison to heavier elements.

Metal functionalized zeolites also served as adsorbents
for the removal of two selected metals as a function of time.
It is noted that similar irregular minima to maxima and
maxima to minima pattern is observed for Cu-doped and
Zn-doped zeolites. However, the former zeolite is more
effective in metal uptake than the later. An incremental

increase in adsorption is observed with increase in adsorp-
tion dosage (from 5 to 15 mg) of metal functionalized
zeolite (Fig. 5). It is interesting to note that under all cir-
cumstances, mercury is more effectively removed in
comparison to arsenic. The minimum and maximum of
adsorption for metals depicts the range of 46%—64%, 56 %—
88%, 66%-96% for Z, ZC, and ZZ, respectively. The func-
tionalization also contributes in the adsorption of metals.
The present investigation results clearly indicate that the
base material is less efficient for the metal removal than
metal hybrids. Increased adsorption capacity for metal is
attributed to functionalization [66]. Each adsorbent per-
forms excellent for mercury removal and good for arsenic.
The same conclusion is also drawn from the particle size
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and surface area of synthesized materials. The larger par-
ticle size and lesser surface area of zeolite (sample code Z)
propose its better removal efficiency for Hg than As.

3.8. Remouval of dyes

The synthesized zeolite and its functionalized hybrids
are investigated as potential candidates for the removal of
dyes. Each member of functionalized hybrid at a fixed dose
is applied as adsorbent in closed batch system to remove
the known induced concentration of selected dyes (Fig. 6).

Adsorption UV studies when applied on zeolite base
material shows removal of Methylene blue and Methyl
orange that increase with increase in contact time. The per-
centage removal calculated for two dyes is comparable and

does not vary significantly. On the other hand, percentage
removal for two dyes vary to a relatively significant extent in
response to metal doped functionalized hybrids. However,
Cu- and Zn-doped adsorbents showed better removal for
Methyl orange and Methylene blue in respective order.

In addition, hybrid having functionalization of both
metals has shown its more potency for Methylene blue
removal and it suggests that Zn as counterpart of Cu has
more contribution in the removal of dye.

3.9. Adsorption isotherms and kinetics

The experimental data obtained from batch adsorption
is treated with Langmuir and Freundlich isotherm models.
The results for varying adsorbent doses are summarized



N. Tabassum, U. Rafique / Desalination and Water Treatment 236 (2021) 250-263

(@

75 7
65 -
55 1

%Removal

45 -
35 -

259

=¢—N1.B
el .C

2 5 T T T T T
0 3 o = 12 15

18 21 24 27 30

Time{min)

(b)

70

50

%Removal
8

30 4
20 A
10 4

== 1B
el 1 0

o 3 =1 9 12 15

i8 21 24 27 30

Time{min)

~
)
-’

70

%Removal
(¥
(=]

30 -

== 1B
=l MO

20 T T T T T
0 3 il 9 12 15

i8 21 24 27V 30

Time{min)

Fig. 6. Removal (%age) of dyes on zeolite and metal functionalized hybrids: (a) Z, (b) ZC, and (c) ZZ.

in Table 4. It is noted that change in adsorbent dose does
not have a significant impact on adsorption parameters.
Such scenario proposes that synthesized hybrids can be
successfully applied as adsorbents in minimum amount
(dose) without comprising the efficiency. The econom-
ical and green chemistry principles are also considered
under the same cover.

The regression coefficient value larger than 0.9 in almost
all zeolite based hybrids testifies the fitness of both iso-
therms. However, zeolite (sample Z) has relatively lower
R? in comparison to functionalized hybrids, suggesting
good contribution of induced functional groups in the zeo-
lite framework. The results are encouraging and determine
the efficiency of each synthesized material as good to excel-
lent adsorbent. The fitness of Langmuir and Freundlich
to a comparable extent for the removal of mercury and

arsenic is attributed to capillary condensation mecha-
nism allowing the sequential uptake of pollutants from
sub-monolayer to multilayered structure of adsorbent.

The adsorption efficiency of synthesized materials
(zeolites) is determined quantitatively through adsorption
kinetics models as well. The results are summarized in
Table 5. It is noted that the amount of metal adsorbed (g,)
increases quantitatively with functionalization in compar-
ison to base material. The difference in experimental and
calculated g, is attributed to a number of contributing fac-
tors like amount of adsorbent, time of contact, metal salt
used and others.

However, mercury is adsorbed more in comparison
to arsenic. The result are in conformity with qualitative
(removal percentage) adsorption analysis. The regres-
sion coefficient (R?) values reveals the fitness of pseudo-
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Table 4
Adsorption isotherm model data for batch experiment of toxic metals on synthesize zeolite hybrids (a) 5, (b) 10, and (c) 15 mg/g.

Hybrid Langmuir model (Hg) Langmuir model (Hg) Freundlich model (Hg) Freundlich model (As)
g, (mg/g) K, (L/mg) R g, (mg/g) K, (L/mg) R n K(mg/g) R n K, (mg/g) R
(a)
Z 9.54 -0.02 090 3.59 -0.02 0.88 -5.04 299 097 -025 1.06 0.95
ZC 28.33 -0.05 094 3.07 -0.02 0.86 -1.33 212 093 -023 1.02 0.95
zZ 19.19 -0.03 0.96 2.56 -0.01 0.93 -0.84 176 097 -0.19 0.96 0.97
(b)
Z 33.56 -0.06 0.99 17.64 -0.03 099 -129 3.26 092 -0.73 1.65 0.99
ZC 58.82 -0.22 0.99 6.46 -0.02 0.764 -3.73 285 097 -045 1.35 0.89
77z 80.65 -1.29 099 6.37 -0.02 0.576 -10.8 3.23 095 -051 144 0.83
(©
Z 59.88 -0.25 0.99 38.46 -0.08 0.98 -3.62 283 097 -1.83 237 0.96
ZC 70.92 -0.51 0.99 30.86 -0.06 0.93 -6.85 3.11 09 -167 231 0.89
77 51.28 -0.15 0.99 3891 -0.08 0.97 -2.88 270 097 -190 239 0.94
Table 5

Comparison between the rate constants, g, and correlation coefficients associated with the kinetic models for metals at (a) 5, (b) 10,
and (c) 15 mg

Zero-order Pseudo-first-order Pseudo-second-order
Sorbents ~ Sorbates g,  (mg/g) 4, (mg/g) R ey (M8/8) R oy (M8/8)  k, (g/mgmin) R
@
7 Hg 167.28 123.64 0.08 3.12 0.06 0.04 -59.82 0.634
As 89.73 71.13 0.07 3.75 0.08 0.06 35.71 0.947
7C Hg 219.21 148.36 0.87 297 0.87 0.05 -84.14 0.612
As 75.63 50.994 0.56 4.31 0.53 0.10 -36.57 0.913
Hg 180.72 151.69 0.67 2.95 0.66 0.02 234.87 0.851
2z As 67.17 45.36 0.55 4.56 0.56 0.07 -13.18 0.999
(b)
7 Hg 95.78 39.18 0.17 4.96 0.151  0.02 6.57E-03 0.997
As 65.49 24.31 0.25 7.08 0.238  0.02 -0.56 0.997
7C Hg 132.49 4343 0.41 4.63 0.399  0.02 -113.68 0.969
As 78.53 44.70 0.043 4.73 0.026  0.06 -7.27 0.465
Hg 139.98 47.54 0.01 4.46 0.018  0.01 0.17 0.992
= As 98.88 68.95 4E-05 3.81 0.002  0.05 27.81 0.413
(©
7 Hg 92.23 18.93 0.39 9.15 0.42 0.01 43.09 0.98
As 78.67 7.51 0.20 -11.96 0.05 0.01 -7.52 0.89
7C Hg 94.56 231 0.46 -2.54 0.20 0.01 -64.90 0.99
As 80.7 25.87 0.45 -1.29 0.68 0.01 40.13 0.97
Hg 86.79 -2.54 0.87 -1.44 0.79 0.02 -111.07 0.98
2z As 80.17 14.27 0.0006 13.9 0.04 0.02 35.55 091
second-order depicting the dependence on adsorbate and Table 5 shows the adsorption kinetics for the removal

adsorbent characteristics for the removal of heavy metals of Hg and As on different zeolites (adsorbent dose 10 mg).
(Hg and As). Each of the adsorbent shows preference for the removal
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Table 6

Comparison between the rate constants and correlation coefficients associated with the diffusion based rate equations for metals at

(a) 5, (b) 10, and (c) 15 mg

Intraparticle diffusion model

Elovich model

Sorbents Sorbates k,, (mg/g min®?) Cc R? B (g/mg) R?
(@)
7z Hg -0.35 43.64 0.081 -0.18 0.09
As -0.13 18.59 0.07 1.14 0.07
e Hg -1.11 70.85 0.87 -0.07 0.86
As -0.48 24.63 0.56 -0.11 0.97
Hg 0.75 29.03 0.67 0.13 0.40
= As -0.31 21.8 0.55 -0.26 0.51
(b)
7 Hg 0.13 56.59 0.17 0.81 0.13
As 0.09 41.17 0.25 1.29 0.15
7C Hg -0.56 89.06 0.41 -0.12 0.49
As -0.36 33.81 0.043 -1.12 0.001
Hg -0.06 92.43 0.015 -0.5 0.08
2z As ~0.01 29.92 4.00E-05 017 0.05
(©
7 Hg 0.56 73.29 0.39 0.18 0.31
As -0.49 71.15 0.21 -0.15 0.21
7C Hg -0.49 92.24 0.46 -0.20 0.28
As 0.87 54.82 0.45 0.16 0.30
Hg -1.006 89.33 0.87 -0.07 0.79
2z As -0.02 65.9 0.0006 -0.51 0.02

of Hg than As. However, it is interesting to note that with
increase in adsorbent dose from 5 mg to 10 mg and 15 mg,
the incremental difference in efficiency for the removal
of Hg and As reduces. This suggests that higher adsor-
bent doses are equally good for both metals. Further, fit-
ness of pseudo-second-order kinetics (R?) is observed
for all materials. On the contrary, Elovich and intrapar-
ticle diffusion models do not describe the adsorption.
This is attributed to the high thickness of the boundary
(C value, Tables 4-6), thus limiting the adsorption of the
metals approaching the surface.

4. Conclusions

Major conclusions drawn from the study are given below.

The method adopted led to successful synthesis of zeo-
lite based functionalized hybrids. The economical precursor
used in synthesis offer advantages of producing thermally
stable materials that can work under a wide range of envi-
ronmental conditions. Further, ratio of Si/Al conveniently
places the zeolite in Type A or X class. The incorporation of
each functional group is witnessed from FTIR. Cu and Zn
exhibited frequencies at 439 cm™and 418 cm™. XRD demon-
strates the amorphous nature of zeolite framework that
generally decreases on functionalization. SEM coupled with
EDX portraits the morphological features and elemental

composition. The size and molecular weight of induced
functional group is the determining factor regarding ther-
mal stability of synthesized material. The BET surface area
demonstrates that incorporation of metal plays a signifi-
cant role in defining the surface area. The batch adsorption
experiments confirm the efficiency of synthesized hybrids
as adsorbents for the removal of a number of pollutants.
In general, mercury showed better removal than arsenic on
the adsorbents. The hybrids depict higher removal capac-
ity for Methylene blue in comparison to Methyl orange.
The regression coefficient (R?) values reveals the fitness
of pseudo-second-order depicting the dependence on
adsorbate and adsorbent characteristics for the removal of
heavy metals (Hg and As). The regression coefficient value
larger than 0.9 in almost all zeolite based hybrids testifies
the fitness of Langmuir and Freundlich isotherms for the
removal of mercury and arsenic.
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