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ABSTRACT

A novel, alternative and efficient organic-inorganic hybrid was synthesized by immobilizing
1-(1,3-diphenyl-5-hydroxy-1H-pyrazol-4-yl)ethanone on silica gel, previously modified with
3-aminopropyltrimethoxysilane. This novel material was well characterized by fourier transform infra-
red spectroscopy, ¥Si and "C cross-polarization magic-angle-spinning solid-state nuclear magnetic
resonance, scanning electron microscopy, Brunauer—-Emmett-Teller surface area, X-ray diffraction and
elemental analysis. Thermal stability of the material was determined by thermogravimetry curves
(TGA). This new chelating agent effectively removed Lead ions Pb(II) from the aqueous solution and
showed very high adsorption capacity (g, (mg/g) up to 120.83 mg/g for hyper toxic Pb(II) ions.

Keywords: Modified silica gel; Pyrazolone; Adsorption; Pb(II); Kinetics; Thermodynamics; Isotherms

1. Introduction

Heavy metals like lead, chromium, arsenic, mercury etc
in wastewater of industries cause significant toxic effects
to the environment. If the concentration of heavy met-
als exceeds from a certain safe and allowable limit, it can
cause health issues to both human and aquatic life. Lead
is a non biodegradable element and accumulates in living
organisms. Even, low concentration of lead can cause dif-
ferent diseases and disorders [1-4]. Over the years, various
methods which include adsorption, ion exchange, solvent
extraction, coagulation [5], membrane separation, reverse
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osmosis, cementation and chemical precipitation [6] have
been developed for heavy metal removal from waste water.
For adsorption, different types of adsorbents e.g. zeolites,
activated carbon, clay, peat, fly ash etc. are used. Most of these
adsorbents have low thermal and mechanical stability, low
bond strength, high cost and poor removal of metal ions. To
overcome these problems, organic-inorganic hybrid materials
based on silica sources have been used. Porous polysiloxanes
SiO, (silica) is an adsorbent but when modified with selected
organic groups, gains renewed interest. Major advantages
of using silica gel as a support include its high mechanical
and thermal stability, high surface area [7] and easy modifi-
cation of surface silanol groups [8] with some organic moiety
to make organo-fuctionalized silanes. Although, no specific
interaction with metal ions is shown by unmodified porous

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.



214 F. Suhail et al. / Desalination and Water Treatment 142 (2019) 213-224

silica, but when organic moiety is attached to it, metal ion
complexation property is enhanced to a significant extent [9].
Donoratoms (for example O, S and N) of organic molecules
immobilized on the surface of silica can make complexes
with a number of metal ions and show their selective and
distinguishable extraction properties [10].

Pyrazole unit is a part of many natural products. Like
other nitrogen-containing heterocycles [11,12], it has good
capability of coordinating with metal ions. Its sp® hybrid
nitrogen donors make its derivatives a good ligand [13-15].A
number of articles are available in which derivatives of pyr-
azole have been covalently immobilized to the surface of
modified silica through Schiff base formation that facilitates the
immobilization of organic moiety on silica surface. Because
of B-diketone system in 4-acylpyrazolone ligand, it has been
used as organic part of different hybrids. Different metals
like Pr(1II), Eu(III), Tb(III) and Yb(III) have been separated by
4-benzoyl and 4-capryloyl derivatives of 5-pyrazolone [16].

SmaailRadi and his co-workers have contributed a lot in
the removal of heavy metals using a number of silica-supported
pyrazoleadsorbents. They reported hydroxybipyrazole [17],
bipyrazoltripodal [18], bis(3,5-dimethylpyrazole [19], acy-
clic pyrazole [20] derivatives, pyridylpyrazole derivative [9],
1,5-dimethylpyrazole-3-carbaldehyde [10] and 3-methyl-
1-phenylpyrazolone [21] anchored on modified silica
surface and studied their adsorption properties. Highly
selective and efficient adsorption of Hg was reported using
hydroxyethyl derivative of pyrazole [22]. Cu(II) metal was
selectively adsorbed [23] by modifying the surface of silica
with 3,5-dimethylpyrazole. Tetrapyrazole [24] functional-
ized silica gel and Merrifield resin were used for extraction
of metals from aqueous solution. Adsorption properties of
lanthanide ions (selectively of Yb(III)) [25] were also studied
using derivative of pyrazole on modified TEOS. Ion imprint-
ing technique was used for selective adsorption of Th(IV)
[26] by silica-supported pyrazole derivative. Solid phase
extraction technique (SPE) is efficiently involved in sepa-
ration/pre-concentration of heavy metals using different
inorganic and organic moieties [27-32]. Major advantages
of SPE technique include environmental friendliness, high
selectivity, flexibility, higher enrichment factors, safety in
case of hazardous samples, simple operation, lower cost and
less time, lower consumption of reagents, and can easily be
combined with different modern detection techniques [33].

In continuation of the research on immobilization of
pyrazole derivative on silica surface, we report a novel, effi-
cient and highly selective material (SP) for the removal of
Pb(II) ions from aqueous solution. Our adsorbent shows very
high value of adsorption capacity (g, in mg/g) for Pb(II) ions
than the reported literature. All the parameters and models
upon which adsorption capacity depends have also been
studied in detail.

2. Experimental
2.1. Material and Instruments

The solvents and chemicals of usual analytical grade
were used with no further purification. Activated sil-
ica gel (heated at 160°C for 24 h) with 70-230 mesh
particle size and 60 A median pore diameter, was used.
3-Aminopropyltriethoxysilane (APTES) was used assilylating

agent. Flame atomic absorption spectrophotometer of Perkin
Elmer, A Analyst 100 was used for measuring metal ions. The
pH value was controlled by a digital pH-meter (HANNA,
Model-8417). Fourier transform infrared (FTIR) spectra
were recorded using Agilent technology model 41630. The
solid state #Si and *C nuclear magnetic resonance (NMR)
were obtained by Bruker AV II 400WB 100 MHz instru-
ment. SEM image were obtained on TESCAN Vega3 LMU
Scanning electron microscope (SEM). The thermogravimet-
ric analysis was performed by Perkin Elmer Diamond TG/
DTA at a heating rate of 10°C min™ in 90:10 oxygen/nitrogen
atmospheres. The Brunauer-Emmett-Teller (BET) specific
surface area and other surface properties of the new mate-
rial were determined by nitrogen gas adsorption/desorption
technique. X-ray diffraction spectra were obtained by X-ray
diffractometer (XRD), PANalytical XPERT-PRO model. For
elemental analysis LECO CHN 628 was used.

2.2. Preparation of pyrazole modified silica

2.2.1. Synthesis of 1-(1,3-diphenyl-5-hydroxy-1H-pyrazol-4-yl)
ethanone(1)

1,3-Diphenyl-4,5-dihydro-1H-pyrazol-5-one was syn-
thesized by the literature available method [34] using
phenyl hydrazine and ethyl benzoylacetate (yield = 79%,
M.p. = 138°C-139°C). infrared (cm™):1,700 (lactone C=0),
1,592 and 1,499 (phenyl). Acylation of this product was
done by using acetyl chloride as reported by Jensen [35] to
get 1-(1,3-diphenyl-5-hydoxy-1H-pyrazol-4-yl)ethanone(1).
(vield = 85%, M.p = 145°C). IR (cm™): 1,458 and 1,492 phe-
nyl ring, 1619 (acyl > C=0), 2,600 (intramolecular hydrogen
bonding (O-H...O) 3,100-3,200 (intermolecular H-bonding).

2.2.2. Synthesis of amine-modified silica (SN) (2)

25 g of Silica gel (activated SiO,)and 10 mL of amino-
propyltriethoxysilane (APTES) was refluxed in dry toluene
(150 mL) under inert nitrogen environment to get the
product 3-aminopropylsilica (SN) (2) as available in litera-
ture [10], followed by Soxhlet extraction using ethanol and
dichloromethane (1:1 mixture) for 24 h.

2.2.3. Synthesis of ((1,3-diphenyl-5-hydroxy-1H-pyrazol-4-yl)
ethanimidoyl-substituted silica (SP) (3)

To obtain the Schiff base of 1-(1,3-diphenyl-5-hydroxy-
1H-pyrazol-4-yl)ethanone, pyrazole derivative (1) (1g) and
3-aminopropylsilica (SN) (2) (1.66g) were refluxed in dry
ethanol for 8 h and then Soxhlet extracted the dried prod-
uct (modified silica SP (3)) in acetonitrile, methanol and
dichloromethane for 24 h respectively [10].

2.3. Batch experiment

50 mL of 50 mg/L solution of Pb(II) ions was shaken with
20 mg of the adsorbent (SP) (3) under various pH conditions
(5-7) at 20°C to 50°C for 0 to 120 min at 150 rpm. The solu-
tions were left for 10 min before filtration, followed by metal
ion determination by atomic absorption spectrophotometer.
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Sorption capacity (g, mg/g) of adsorbent and percent-
age removal (% R) of metal were measured by using the
following equations:

(6,-¢C.)

m

q, = xV 1)

%RzMXNO
C

o

@)

where C (mg/L) is initial concentration of metal ion, C,
(mg/L) is equilibrium metal ion concentration, m (g) is the
mass of adsorbent and V (L) is the volume of the metal
solution used for the experiment.

2.4. Computational method

All calculations have been executed by using Gaussian
09 suit of programs [36]. The geometry of SP material
has been optimized at B3LYP/6-31G (d, p) level of theory.
Frequency calculation has been carried out at the same level
to ascertain that the optimized geometry of SP belongs to true
minimum (absence of any imaginary frequency).

3. Result and Discussion

The scheme for the synthesis of new adsorbent is shown
in Fig. 1. The ligand was prepared by acylation of the pyrazole
derivative using acetyl chloride. The structure of synthesized
ligand was confirmed by spectroscopic methods. Activated
silica gel was functionalized with 3-aminopropyltriethoxysi-
lane (APTES) in toluene to attach amino group (-NH,) to the
surface of silica. Both reactants were mixed and refluxed in
dry ethanol to form new chelating agent (SP) (Fig. 1). NH;
group of silica and acyl group of pyrazole derivative reacted
to form Schiff base in adsorbent SP.

OH

(EtO)3Si/\/\NH

2

APTES

Silica Gel

Fig. 1. Scheme of synthesis of silica supported pyrazole derivative.
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3.1. Characterizations
3.1.1. Fourier transform infrared

FTIR spectra of silica gel (SG), 3-aminopropylsilica (SNH)
and pyrazole modified silica (SP) is shown in Fig. 2. A prom-
inent sharp peak at 1056 cm™ was observed in free silica
spectra attributed to Si-O-Si stretching vibrations. A shoul-
der peak at 976 cm™ corresponded to Si-O vibration. A broad
band of O-H vibration was present around 3000-3600 cm™
[37].Comparing with free silica, spectrum of aminopropyl-
silica (SN) was distinguished by the appearance of NH, and
CH, vibration at 1556 cm™and 2928 cm™ respectively [38]. The
disappearance of primary amine (NH,) peak at 1556 cm™ and
the appearance of a new peak of C=N vibrations at 1507 cm™
in the FTIR spectrum of SP confirmed the immobilization of
pyrazole derivative onto silica surface [10].

FTIR of silica supported pyrazole derivative has also
been calculated theoretically. The theoretically calculated
spectrum contains all major peaks as discussed for the
experimental FTIR spectrum (Fig. S1).

3.1.2. NMR characterization

Solid state NMR gives qualitative information about the
nature of atom present in molecule. No quantitative infor-
mation is easy to obtain as peak intensity in NMR is difficult
to correlate with the concentration of attached species on
surface. The ®Si NMR spectrum gives qualitative infor-
mation about the nature and coordination of silicon atom,
either present in silane chain or in silica gel. The solid state
¥Si NMR spectrum of the pyrazole functionalized silica
adsorbent (SP) is shown in Fig. 3(a). Two prominent peaks
appeared in the spectrum; one at —67.54 ppm and the other at
-110.46 ppm with a shoulder peak at -101.26 ppm. The peak
at —-67.54 ppm belonged to silicon atom of attached APTES,
which bound to the surface of silica in bidentate binding
mode (-Si—(OEt)(O-5i),~CH,-) with a free ethoxy group [39].

OH OEt CHs
EtOH — Ph
reflux o/ / \
/N
HO 'il
3 Ph
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Absorbance

Wavenumber (cm”)

Fig. 2. FTIR spectra of (a) silica gel (SG), (b) 3-aminopropylsilica
(SNH) and(c) SP.

The second peak at -110.46 ppm corresponded to the sil-
icon atom of silica gel attached to four other silicon atoms
through oxygen atom (-5i(OSi-),-). The shoulder peak at
-101.26 ppm corresponded to a Q* species of silica gel sil-
icon atom (-Si(OH)(OSi-),-) which was attached to one
hydroxyl group and three silicon atoms through oxygen
atom [25,40] representing surface silica atoms.

The occurrence of reaction between silica surface and
APTES to form SN and then the reaction between amino
group of SN and carbonyl derivative of pyrazole to form
final product SP was easily verified by taking solid state
BC NMR spectrum of SP adsorbent (Fig. 3(b)). The signal
at 172.29 ppm attributed to imine carbon (C=N). The weak
signals at167.98, 164.79 and 61.52 ppm assigned to C-5,
C-3 and C-4 of pyrazole ring, respectively. The ethoxy car-
bon (-OCH,CH,) has been observed by a peak at 45.28 ppm
while the methylene group attached to nitrogen (-CH,N=)

F1300
+1200
r1100
+1000
900
800
700
1600
500
+400
300
+200
100

—-67.54
—-101.26
—-110.41

r-100
+-200

"45 60 75 90 -105 125
ppm

Fig. 3. (a) Si NMR spectra of SP (b) *C NMR spectra of SP.

was shown by the signal at 41.72 ppm. A sharp peak at
20.67 ppm was observed for methylene group (-CH,CH,N=).
Two methyl groups (-CH,) have shown weak signals at
16.42 and 15.38 ppm. Another sharp peak at 8.68 ppm was
observed due to -CH,Si. The remaining signals were for phe-
nyl ring carbons: C-1" (139.06 ppm) phenyl carbon attached
with nitrogen of pyrazole ring, C-1” (137.86 ppm) phenyl
carbon attached with carbon of pyrazole ring, C-2’, C-6’
(118.07 ppm), C-2”, C-6”, C-4’, C-4” (127.74 ppm) and C-3’,
C-5, C-3”, C-5” (134.33 ppm).

Absence of signal ca. d =200 ppm for carbonyl carbon if
attached to pyrazole at C4 position and appearance of char-
acteristic peak of imine (C=N) at 172.29 ppm has confirmed
the successful reaction between amino group of SN and car-
bonyl carbon of pyrazole derivative to yield Schiff’s base.
Appearance of signal at 45.28 ppm indicated the presence
of one free alkoxy group on silicon which bound to silica
surface in bindentate mode.

3.1.3. Scanning electron microscope

The morphology and structure of the novel adsorbent
(SP) was examined by taking scanning electron micrographs
(SEM) at 100x and 500x magnifications (Fig. 4). The smooth
surface of unmodified silica gel turned in to a rough sur-
face after modification. Both the whole rough surface and
un-agglomeration of silica surface after modification with
pyrazole supported the claim of regular distribution of
organic moiety upon the silica surface reported earlier [10].

3.1.4. Elemental analysis

The activated silica gel did not contain any carbon or
nitrogen content. The carbon, hydrogen and nitrogen content
found in novel adsorbent SP were 7.05%, 6.44% and 3.62%
respectively. The occurrence of carbon and nitrogen content
in synthesized adsorbent indicated the successful immobili-
zation of the required organic moiety. Total content of carbon
and nitrogen (10.67%) in adsorbent SP corresponded to the
348 pumol/g of carbon and nitrogen organic moiety attached
to the silica surface.

® O
'\O\O\ _____ o @ N N oo 900
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SEM HV. 10.0 kV
SEM MAG: 500 x

Fig. 4. SEM images of SP at different magnification (a) 200 pm, 100x and (b) 50 pm, 500x.

3.1.5. TGA analysis

The thermo gravimetric analysis of unmodified (SG),
amine-modfied (SN) and pyrazole-modified (SP) gives the
information about the thermal stability of the compounds
and also confirmed the amount of organic compound immo-
bilized on the surface. The curve (Fig. 5) showed high ther-
mal stability of the material as degradation process occurred
at 150°C-800°C. In the TGA curve of silica gel, first weight
loss of 10.5% up to temperature 150°C was assigned to the
removal of physically adsorbed water. The next weight loss of
2.49% up to 800°C was attributed to the formation of siloxane

Weight (%)
8

82 (c)
80- (b)
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 5. TGA of SG (a), SN (b) and SP (c).

bond after condensation of free silanol groups [41]. In case
of SN, weight loss also occurred in two steps; the weight
loss of 9.87% from room temperature to 150°C appeared in
the first step and the weight loss of 9.75% between the tem-
peratures 150°C to 800°C appeared in the second step, which
was assigned to the remaining silanol hydration water and
the attached amine group decomposition respectively. The
decomposition of amine group above 150°C indicated its
attachment through chemical bond. Similarly in case of SP the
weight loss of 5.57% up to 118°C was because of adsorbed
water and a weight loss of 13.88% from 150°C to 800°C was
evident of decomposition of immobilized pyrazole and
remaining organic fraction. The high value of weight loss in
the second step indicated the higher amount of immobilized
organic molecule. The mass lost in second step (13.88%) can be
used to calculate the amount of organic moiety immobilized
on silica surface of SP corresponding to the molecular mass of
the relevant carbon chain. Hence, the amount of organic part
attached to silica surface was calculated to be 382 umolg™
which was in agreement with the elemental analysis results.

3.1.6. Surface properties

The surface properties of inorganic silica backbone were
changed due to covalent attachment of pyrazole derivative.
The initial specific surface area of silica gel was 305.21 m?g™"
and pore volume was 0.77 cm’g™ (Table 1). The immobiliza-
tion of pyrazole derivative caused the decrease in the specific
surface area as well asin the pore volume t0198.98 m?g~ and
0.27 cm®g™ respectively. The bigger organic moieties grafted
on the silica surface occupied the space around the pores to
partially block them, resulting in less approach of nitrogen
atoms to the silica surface [10].
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Table 1
Surface properties of pyrazole-modified silica

Silica derivative Specific surface S, Pore volume

(m?/g) (cm®/g)
SG 305.21 0.77
SP 198.98 0.27

3.1.7. X-Ray diffraction

The XRD patterns of unmodified and modified silica
(Fig. 6) indicated that amorphous structure of silica retained
even after grafting of the organic part. All diffractro grams
exhibited a characteristic broad peak at high 20 angle range
(i.e. 22°) for a typical amorphous silica halo [42]. A decrease
in peak intensity of the grafted material was clearly observed
while comparing with the unmodified silica as reported in
literature [43] of similar silica hybrid.

3.2. Density functional theory calculations

The first step towards optimization of silica supported
pyrazole derivative (SP) is the selection of silicon-oxygen
ring network to model the silica surface. Hydroxy groups
have been inserted for termination. After designing the silica
surface, APTES and pyrazole derivatives have been added
and the resultant structure has been optimized as shown in
Fig. 7. From the optimized geometry, some prominent struc-
tural features can be tracked like the pyrazole ring, N-phenyl
ring and imine moiety are co-planar. The second phenyl
group is deviated from the plane of pyrazole ring.

Frontier molecular orbital (FMO) analysis has been
performed to gain an insight into the mechanism of
adsorption of Pb(I) by the SP. The HOMO is mainly dis-
tributed over the pyrazole ring and imine moiety whereas
LUMO is dispersed over the phenyl ring (Fig. 8). The den-
sity of HOMO over imine and pyrazole moieties confirms
interaction of these moieties with the Pb(II) ions. This inter-
action involves transfer of electronic charge from SP to
Pb(II) ions.

100:WWMM

Mok
4 h " o |
r f

(o)
N Mmmmmmwmwmwmm

MWWW :

o WWWWMMWWMMMWWM

Position [ 0 theta]

Fig. 6. X-ray diffraction spectra of SG (a), SN (b), SP (c).

Fig. 7. Optimized geometry of silica supported pyrazole
derivative (SP).

Fig. 8. HOMO (left) and LUMO (right) of silica supported pyrazole derivative (SP).
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3.3. Adsorption studies
3.3.1. Optimization of adsorption parameters

The concentration of adsorbent (mass in g or mg) is an
important parameter for the process of adsorption. In this
research the adsorption capacity (g,) increased increasing
the adsorbent dose from 5 to 30 mg, till a maximum state
(20 mg) reached where all binding sites were occupied.
Further increasing the adsorbent dose did not show any
significant increase in g, which was consistent to literature
[44]. Maximum adsorption capacity (84.16 mg/g) and utmost
removal of metal (67.33%) were obtained with optimum dose
of 20 mg SP adsorbent.

The effect of pH is a prominent factor in evaluating
the suitability and usefulness of the new adsorbent for the
metal ions removal. Below pH 5, the ligand is in entirely
protonated form, thus forming a positively charged mono-
layer on surface of silica. Increasing the pH, weakens the
protonation and therefore improves metal ion chelation and
adsorption capacity. For pH > 8, concentration of metal ion
decreases as a result of hydrolysis of metal ion making it
difficult to distinguish between adsorbed and hydrolyzed
metal ions [44,45].The pH range of 5-7 was investigated for
Pb(II) metal ion removal by SP and a significant change in
the adsorption capacity was observed, as shown in Fig. 9.
Maximum removal of lead ions Pb(II) (95.33%) and highest
adsorption capacity (119.16 mg/g) was observed at pH of 6.8
i.e. optimum pH for this adsorbent.

The process of adsorption covers in two steps: in the
former step, adsorption capacity increases rapidly because
of high availability of active binding sites at the start, how-
ever in the later step, g, changes very slowly as active sites
are saturated [46]. Therefore, in order to find required
minimum time to attain maximum adsorption efficiency
of adsorbent for metal ion removal, the effect of stirring
time was optimized from 0 to 120 min. The optimum time
for maximum adsorption (120.833 mg/g) to take place was
30 min with 96.66% removal of metal.

130-
120-
110
100-
90
80-
704 ‘\

60- \
50- . P
40-
45 50 55 60 65 70 75
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Fig. 9. Effect of pH on eradication of Pb(II) by adsorbent (SP).

To determine the temperature effecton the adsorption
of Pb(II) by adsorbent SP, a temperature range of 20°C-50°C
was studied. It was noted that highest adsorption capacity
(g, 118.33 mg/g) and maximum removal of metal (94.66%)
occurred at room temperature i.e. 20°C. Further increase in
the temperature decreased the adsorption capacity.

3.3.2. Kinetic modeling

The efficiency of adsorption depends on kinetics of adsor-
bents. The rapid adsorption time for ca. 30 min indicates that
active donor atoms (nitrogen and oxygen) attached to the sil-
ica are well-oriented and can easily be accessible for metal
ions in the solution. In addition, the donor atoms (nitrogen
and oxygen) act as a bidentate convergent chelating donor
as they are attached to the same metal atom and form more
stable six-membered ring.

The linear form of Lagergren’s pseudo first order kinet-
ics and Ho’s pseudo second order model can be written as
follows:

ln(qe qu) =Ing, -kt (3)
t_ 1t A
9, ka4, @

where g, and g, are the adsorption capacities (mg g™') at equi-
librium and at time £, and k, (min™) and k, (g mg™ min™)
are the rate constant of the first-order adsorption and the
second-order adsorption respectively. The graphs for linear
pseudo-first order model and linear pseudo-second order
model are shown in Figs. 10(a) and (b), respectively. The lin-
ear of Weber-Morris’s intra-particular diffusion model can be
written as follows:

q:= klPD\/Z +C (5)

A straight line graph was obtained between g, and Vi,
with K, as slope and C as intercept (Fig. 10(c)).

The results of kinetic models applied are shown in
Table 2. High value of determination coefficient (R? = 0.999)
for pseudo-second-order and low values of regression cor-
relation coefficient R? for intraparticle diffusion model and
pseudo-first-order indicated that pseudo-second-order
was being followed in the adsorption of Pb(Il) by SP and
consistent to literature [42] earlier for similar hybrids. The
straight line curve of intraparticle diffusion model did not
pass through the origin; which ensured that the process was
controlled by more than one mechanism and intra-particle
diffusion was not the only rate limiting step. Moreover, the
calculated adsorption capacity (q,,) for pseudo-second-
order model was close enough to the experimental (g

)/
e(exp)
which also confirmed the validity of this model. !

3.3.3. Equilibrium modeling

The initial metal ion concentration (C) was varied from
40-60 mg/L at optimized conditions of SP to obtain three
different adsorption isotherms. A direct relation between
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Fig. 10. (a) Pseudo-first-order model for adsorbent (SP),
(b) pseudo-second-order model for adsorbent (SP), (c) intraparticle
diffusion model for adsorbent (SP).

Table 2
Kinetic modeling for eradication of Pb(II) by SP
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initial metal ion concentration (C)) and adsorption capacity
(g,) existed which showed that if the metal ion concentration
increases, thenthe adsorption capacitywill also increase.

Three common and important isotherm equations,
Langmuir isotherms (based on monolayer adsorption on
homogeneous surface), Freundlich isotherms (describes
multilayer adsorption on heterogeneous surface) and
Dubinin—Radushkevich isotherms (to calculate the mean free
energy (E) of adsorption in kJ/mol) were used to evaluate the
adsorption. Linear forms of these models can be expressed as
follows respectively:

Seofep L ©)
qe qmax KL x qmax
1
Ing, =InK, +—InC, 7)
n
Ing, =Ing,, -B €’ 8

where g, (mg/g) is the amount of metal sorbed at equilibrium,
4. (mg/g) is the monolayer sorption capacity, K, (L/mg)
is the Langmuir constant, C, (mg/L) is the concentration of
metal ion solution at equilibrium, 1/n is the heterogeneity
factor, K (L/mg) is the Freundlich constant, g, is the D-R
constant, € is the Polanyi potential (¢ = RT In(1 + 1/C)), R is
the general gas constant and T is the absolute temperature.
Data of these models are represented in Table 3.

The regression correlation value (R?=0.968) for Langmuir
model (Fig. 11) was close to ideal value, indicated the validity
of this model. The value of adsorption capacity calculated by
Langmuir model (g, _ 142.8571 mg/g) was close enough to
that of experimental value (q, _ 120.833 mg/g). A dimension-
less separation factor (R,) explains the shape and feasibility
of Langmuir isotherm which is calculated as follows:

1
1+ K,C,

©)

The adsorption is irreversible if R, is 0. The process is
unfavorable if R, > 1. The process is only favorable if R, is
0 <R, <1. The value of R, for adsorbent SP (0.00474-0.00709)
also ensured the validity of Langmuir model.

The low values of R? for Freundlich (R? = 0.739) and D-R
(R* = 0.681) suggested that these models were less fitted in
this case. The value of n from Freundlich model indicates the
favorability of the reaction. If n = 1, linear adsorption occurs.
If n > 1 then reaction takes place favorably as in the case for
adsorbent SP (n = 8.928571) was observed. The mean free
energy ((E=1/ \/% ) kJ/mol) tells about the physical (E < 8k]/
mol) or chemical (E is 8-16 kJ/mol) nature of adsorption.

Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

g, (mg/g) k; (1/min) R? q, (mg/g)

k, (g/mg/min) R?

kp (mg/g/min) R?

9.28128 -0.087 0.357 125

0.016

0.999 0.736 0.493




F. Suhail et al. / Desalination and Water Treatment 142 (2019) 213-224 221

Table 3
Adsorption isotherms and their parameters for adsorbent SP
Model Parameter Pb(1II)
Langmuir q,..(mg/g) 142.8571
K (L/mg) 3.500001
R? 0.968
R, 0.00474-0.00709
Freundlich K (mg/g) 102.1048
N 8.928571
R? 0.739
D-R 9pe(Mg/g) 124.2133
B (mol*/J?) 5x10°
E (kJ/mol) 3.162278
R? 0.681
0.06-
0.05-
* *
. 0.04-
=1
2
o 0.03-
(=2
N
O 0024
0.01-
0.00 T T 1 1

Ce (mgL)

Fig. 11. Langmuir adsorption model fit for eradication of Pb(II)
by adsorbent (SP).

For the adsorption of Pb(Il) by adsorbent SP, E was less than
8 kJ/mol indicated physical [44] nature of adsorption but low
value of R? suggested that adsorption process was not gov-
erned by this model.

On comparing three isotherms, the parameters of
Langmuir model (R? g and R,) ensured that it was the best
fit model for the adsorption of Pb(II) metal ions by SP adsor-
bentaand also consistent to the literature [42]. This indicated
that there was a saturated monolayer of Pb* ions upon the
homogenous surface of adsorbent SP related to the maxi-
mum adsorption and no mutual interactions between the
sorbed Pb(II) ions was present.

3.3.4. Thermodynamic studies

For the evaluation of temperature effect on the eradica-
tion of Pb(II) by SP, the temperature was varied from 30°C to
50°C. A graph was plotted between T, and AG® (Fig. 12) and
following thermodynamic equations were used to determine

-10-
114
124
134
14

AGP (kJmol™1)
*

'18 T T T T 1
300 305 310 315 320 325

T(K)

Fig. 12. Thermodynamic study for the eradication of Pb(II) by SP
at optimum conditions.

the equilibrium constant K, value, thermodynamic parame-
ters, Gibbs free energy change (AG®), entropy change (AS®)
and enthalpy change (AH®):

AS AH
InK,==>-"= 10
M T RTRT (o)
AG® = AH® ~TAS° (11)
k, -GV (12)
P Cm

where C (mg/L) is the initial concentration of metal ion, C,
(mg/L) is the equilibrium metal ion concentration, m (g) is the
mass of adsorbent and V (L) is the volume of the metal solu-
tion, T (K) is the absolute temperature and R (8.314 J/mol/K)
being general gas constant.

Thermodynamic parameters are shown in Table 4. The
Gibb’s free energy (AG°) gave negative values for all the
temperature range indicating the spontaneous nature of
adsorption. The positive AH® value revealed the endother-
mic nature of adsorption and its value (AH° > 40 kJ/mol)
confirmed chemical adsorption; however the positive AS°
indicated the increase in randomness of the adsorption.

3.3.5. Comparison with the literature
Our novel synthesized adsorbent (SP) showed adsorption
capacity (g,) of 120.8333 mg/g with 50 mg/L of Pb(II) solution

Table 4
Thermodynamic parameters for eradication of Pb(II) by SP

T(K) AG® (kJ/mol)

303 -11.6549
313 -14.3163
323 -15.8808

AH® (kJ/mol)
52.1849

AS° (J/k/mol)  R?
0.2113

0.978
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Table 5
Comparison of SP and relevant sorbents for Pb(II) absorption

Ligand (support-silica gel) q, (mg/g) Reference
This work 120.8333
pyrazol-enol-imine 94.18 [43]
Pyrazol-3-carbaldehyde 74.89 [10]
Gallic acid 12.63 [47]
Ethylediamine derivatives 38.12 [48]
C N-pyridylpyrazole 09.5 [20]
Thiophene 11.3 [49]
Acid red 88 03.35 [50]
Dithizone 08.28 [51]
Resacetophenone 13.79 [4]
Tris(2-aminoethyl) amine 64.61 [52]

using 20 mg of adsorbent at pH 6.8 and stirring for 30 min-
utes at room temperature. Comparison of adsorption capac-
ity (g,) of related adsorbents in literature (Table 5) showed
that our novel adsorbent SP revealed much better adsorption
capacity than the available adsorbents in literature.

3.3.6. Regenerability of SP

The adsorbent after adsorbing Pb(II) ions can be regener-
ated easily by shaking it in 5 mL of 6 N HCl for 5 min, washed
with water and dried in oven. The adsorption capacity of
this regenerated material was 114 mg/g. The adsorbent was
regenerated and reused five times but no significant decrease
in its adsorption capacity was found. This suggested that no
change in the chemical structure of the adsorbent occurred
as a result of acid treatment which was confirmed by FTIR.
Therefore, this novel material SP proved to be not only effi-
cient adsorbent for Pb(II) ions but also has good chemical
stability.

4. Conclusion

Anovel chelating agent has been successfully synthesized
by immobilizing 1-(1,3-diphenyl-5-hydroxy-1H-pyrazol-
4-yl)ethanone on 3-aminopropyltrimethoxysilane modified
silica gel. The structure of new material was well character-
ized by FTIR,® Si and "C solid state NMR, SEM and XRD
and Elemental Analysis. The surface area of the material was
measured by BET equation. The material has good thermal
stability determined by TGA curves. From optimized geome-
try, FTIR and frontier molecular orbital analysis were carried
out. This new chelating agent effectively removed Lead ions
Pb(II) from the aqueous solution (120.83 mg of Pb(II)/g of sil-
ica gel). All the important parameters for adsorption such as
adsorbent concentration, pH, contact time and temperature
were studied. The adsorption process fitted into Langmuir
isotherm model and followed pseudo-second order kinetics.
Thermodynamic parameters revealed that the adsorption
process was endothermic (positive AH®) and spontaneous in
nature (negative AG°) with positive value of entropy (AS®).
Reusability of this adsorbent was checked up to five cycles.
Our adsorbent proved a novel, an efficient, a low cost and a
reusable adsorbent for Pb(Il) ions removal.
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Fig. S1. Theoretically calculated FTIR spectrum of SP.
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