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ABSTRACT

Allylamine and N,N-dimethylacrylamide were graft-polymerized to modified silylate glass
nanoparticles with 3-mercaptopropyltrimethoxysilane. Then, the grafted polymeric chines were mod-
ified with bromoacetic acid. The final grafted nanoglass was characterized through Fourier transform
infra-red spectroscopy, elemental analysis, scanning electron microscopy, and transmission electron
microscopy. The trace amounts of Pb (II) ions from milk, human plasma, and environmental water
samples were successfully removed by grafted nanoglass, which shows the chelating sites on nano-
sorbent were suitably accessible for Pb (II) in the sample. The optimal pH value for Pb (II) adsorption
was measured to be 5.5 in batch mode. The adsorption capacity of the sorbent was obtained to be
26.7 mg g for Pb (II) under the optimal conditions. For designing the equilibrium data of the sorption
process, the Temkin, Langmuir, and Freundlich models were applied as the adsorption isotherms
with the constants of 3.97 (J mol™), 0.34 (L mg™), and 10.1 (mg g™) (L mg™)"* under the optimum pH
value of 5.5 at ambient temperature, respectively.
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1. Introduction

Heavy metals are toxic and can cause damage to some
vital factors in human body at high concentrations. Toxic
heavy metals like Pb, Cu, Ni, Cd, and Hg can enter the
body via food and breathing or absorption through the
skin [1-5]. One of these toxic heavy metals is lead, which
is distributed in the environment through different chem-
ical pollutants and can eventually enter the food chain. It
tends to accumulate in living organisms and cause vari-
ous life-threatening illnesses, such as anemia, kidney and
brain damage, paralysis, miscarriage, and behavioral dis-
turbances, when accumulated in the bone marrow [6-8].
Hence, there is a great need to find practical procedures for
reducing lead from water and protect the environment.

* Corresponding author.

Many attempts have been recently focused on repulsing
these threats by researchers, which have resulted in the devel-
opment of a variety of separation procedures for removing
this toxic metal from aqueous solutions. These procedures
include chemical precipitation [9], ion exchange [10], adsorp-
tion [11,12], membrane filtration [13], and coagulation—floc-
culation [14]. Among these approaches, adsorption process
is commonly applied because of its simplicity, feasibility, and
high selectivity and efficiency. Accordingly, nanoadsorbents
have been highly considered for their special properties such
as large surface area and high adsorption capacity [15]. Glass
nanoparticles (NPs) have shown to be advantageous due to
their physical and chemical stabilities, non-toxicity, easy
availability, simple preparation, and low cost [16].

A highly sensitive and selective technique is required for
the determination of lead adsorption amount. There are many
instrumental techniques, such as flame atomic absorption
spectrometry (FAAS) [17], inductively coupled plasma mass
spectrometry [18], and graphite-furnace atomic-absorption
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spectrometry [19], but FAAS is preferred because of its sim-
plicity and cost efficiency.

Graft polymerization is a common modification method
for preparing a tailored surface with desired functions [20].
The grafted polymer chains on the reactive sites of solid sur-
faces change the interfacial properties of the substrate, thus
providing a method for controlling the interactions between
surfaces and solutes [21,22]. Grafting can be carried out by
either “grafting-from” or “grafting-to” procedures. In the
“grafting-from” approach, a substrate is treated to produce
immobilized initiators followed by polymerization, while
in the “grafting-to” method, functionalized monomers are
employed to react with the backbone polymer and generate
the grafted one [23].

In the present study, graft polymerization of N,N-
dimethylacrylamide (DMAA) and a functional monomer
containing the metal-chelating group of allylamine (AA) onto
glass NP surfaces silylated with 3-mercaptopropyltrimethox-
ysilane (3-MPTMS) and finally modified with bromoacetic
acid (BAA) was reported. The aim of this work was to study
the feasibility of Pb (II) ion adsorption from environmental
water samples onto glass NPs grafted by DMAA and AA and
modified with BAA (GN-DAB). The adsorption of trace lead
onto GN-DAB surface was evidenced and the amount of lead
remaining in the eluate was determined via FAAS.

2. Experimental procedure
2.1. Instruments

The metal ions were determined by using a flame atomic
absorption spectrometer (Varian Model AA240, Palo Alto,
CA, USA) in the air-acetylene flame at the flow rates of 8
and 1.7 L min™ for air and acetylene, respectively. In addi-
tion, an inductively coupled plasma-optical emission spec-
trometer (Varian Model 715-ES, Santa Clara, CA, USA) was
applied. PH adjustments were done by using a pH meter
(Model WTW 7110, Weilheim, Germany). A Perkin-Elmer
spectrometer (Model 100, Shelton, USA) was employed
to record the infra red (IR) spectra. The elemental analysis
(EA) of the functionalized sorbent was performed by using a
Costech elemental analyzer (Model ECS 4010, Valencia, CA,
USA). The scanning electron microscopy (SEM) micrographs
were acquired through a scanning electron microscope
(KYKY Model EM3200, Zhongguancun, Beijing, China). The
transmission electron microscopy (TEM) was conducted by
using a Philips transmission electron microscope (Model
CM120, Amsterdam, the Netherlands). Surface areas were
done using the Brunauer-Emmentt-Teller (BET) method
(BEISORP Mini, Microtrac Bel Corp Company, Osaka,
Japan). The nanodimensional coverslip powder was pre-
pared by using a Fritsch Pulverisette 6 classic line Planetary
Mono-Mill (Idar-Oberstein, Germany).

2.2. Reagents and solutions

3-MPTMS, anhydrous toluene, 2,2’-Azobis (2-methyl-
propionitrile) (AIBN), AA, DMAA, and BAA were pur-
chased from Aldrich (Steinheim, Germany). The impuri-
ties inhibiting polymerization were removed by purifying
2,2’-azobis(2-methylpropionitrile). The applied ethanol, eth-
ylenediaminetetraacetic acid, NaHCO,, K,HPO,, KH,PO,,
CH,COONa, CH,COOH, HNO,, and HCI were products of

Merck (Darmstadt, Germany). To prepare the reagent solu-
tions, the chemical compounds of analytical grade were uti-
lized without further purification. The stock solutions of Co
(I1), Cd (II), Al (III), Ni (IT), Zn (II), Ag (T), Cu (II), Fe (III) (10,
50, and 100 mg L), and Pb (II) (1,000 mg L) were prepared
by dissolving appropriate amounts of CoSO, - 8H,0, CdSO,,
Al (NO,), - 9H,0, NiSO, - 6H,0, Zn (NO,), - 6H,O, AgNO,,
CuSO, - 5H,0, FeSO, - 7H,0, and Pb (NO,), in deionized
water. To optimize the pH values of the solutions, 10 mL of
0.01 M acetic acid/acetate buffer or 0.01 M phosphate buffer
was used within the pH ranges of 3.5-6.5 and 7-7.5 whenever
suitable, respectively.

2.3. Synthesis of the GN-DAB

At first, some glass coverslips were provided and
powdered using mortar as much as possible. Then, their
nanodimensional sizes were prepared by using a planetary
mono-mill.

2.3.1. Modification of glass NPs with 3-MPTMS

First, 2.5 mL of 3-MPTMS was added to 47.5 mL of
anhydrous toluene. Then, 3 g of glass NPs was added to
the mixture. Afterwards, the mixture was refluxed in an oil
bath at 70°C-80°C for 3 d. Upon completion of the reaction,
the slurry was filtered and washed with 30 mL of anhy-
drous toluene. Finally, the washed glass NPs were dried in
a desiccator over dry calcium chloride.

2.3.2. Graft polymerization

At this stage, 10 mL of AA, 2 mL of DMAA, and 30 mL
of ethanol (as a solvent) were added to the silylated glass
NPs. The mixture was stirred under nitrogen atmosphere for
5 min. Nitrogen atmosphere was needed to exclude oxygen,
which could waste the free radicals and stop the polymeriza-
tion process. Then, 0.1 g of AIBN was added to the degassed
polymerization mixture and the slurry was refluxed on a
water bath at 65°C-70°C under nitrogen atmosphere for 7 h.
After filtering the grafted glass NPs and washing them with
40 mL of ethanol, they were dried in a desiccator over dry
calcium chloride.

2.3.3. Modification with BAA

To this aim, 2 g of BAA was dissolved in 100 mL of 0.1 M
sodium bicarbonate solution, to which the grafted NPs were
added. The mixture was powerfully stirred at ambient tem-
perature for 6 h. When the reaction was finished, the mixture
was washed with water, 50 mL of 0.1 M NaHCO,, and again
with water under stirring and then dried under ambient con-
ditions. A summary of the applied methodology for GN-DAB
synthesis is presented in Fig. 1. GN-DAB characterizations
were performed through Fourier transform infra-red (FTIR)
spectroscopy, EA, SEM, and TEM.

2.4. Batch method of Pb (II) adsorption

Batch adsorption experiments were performed using
100 mL of a sample solution including 0.5 pg mL~ of Pb (II),
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Fig. 1. Schematic presentation of synthesis of GN-DAB.
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which was then transferred into a beaker. Adjustment of the
optimal pH value of the solution was followed. After add-
ing 0.1 g of GN-DAB to the solution, it was stirred within
an optimum time. Upon filtration of the sorbent, Pb (II) ion
concentration in the solution was determined via FAAS.

2.5. Isotherm studies

In this step, 50-mL Pb (II) solutions were prepared at
their initial concentrations of 5-100 pug mL™" and pH values
of 5.5 (adjusted by adding 0.01 M acetate buffer) in some
beakers and 0.05 g of GN-DAB was added to them. The
beakers were then stirred at ambient temperature for 3 h.
After filtering the sorbent, the final lead ion concentration

S. Arjmandpour, H.A. Panahi / Desalination and Water Treatment 137 (2019) 212-220

was obtained through FAAS. The amount of Pb (II) absorbed
onto GN-DAB at equilibrium (mg g™) was determined by the
following equation:

(C,-C )V

W @

q[’:

where C; and C, (mg L) indicate lead initial and equilib-
rium concentrations, respectively; V (L) denotes the solution
volume and W (g) stands for GN-DAB mass.

3. Results and discussion
3.1. GN-DAB characterizations
3.1.1. IR spectrum analysis

In the FTIR spectrum of GN-DAB, the peaks at 3,442
and 1,069 cm™ can be attributed to the stretching vibrations
of O-H and Si-O groups, respectively. The presence of C-O,
C=0, and aliphatic C-H groups in Fig. 2 for the present
adsorbent were proved by spectral bands at 1,152, 1,803,
2,230 cm™, respectively [24]. Presence of these peaks suggests
that the glass nanoparticles are functionalized properly and
confirms the presence of respective groups at the surface of
the nanoparticles.

3.1.2. Elemental Analysis

The EA results of C, H, N, and S for GN-DAB were
1.75%, 0.14%, 0.25%, and 0.23%, respectively. These results
corroborated the presence of the mentioned elements in
the synthesized adsorbent and demonstrated the successful
polymerization and modification of GN-DAB.
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Fig. 2. FTIR spectrum of GN-DAB.
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3.1.3. SEM analysis

The structural properties and surface morphologies
of the GN-DAB beads were investigated through SEM
(Fig. 3(a)). As can be seen in this figure, GN-DAB is in the
shape of agglomerated granular grains. These NPs are in the
size range of 10-100 nm, most of which have a diameter of
20-40 nm.

3.1.4. TEM analysis

The TEM micrograph (Fig. 3(b)) showed and confirmed
the spherical and agglomerated structures of the NPs.

S1(nanojazeb),

26 KV 20.0 KX 1um KYKY-EM3200 SN:0568

Fig. 3. (a) SEM and (b) TEM image of GN-DAB.

3.2. Metal sorption

The suggested mechanism for the adsorption of Pb (II)
by grafted nanoglass is demonstrated in Fig. 1. With the best
of our knowledge, two types of interactions are involving for
Pb (II) adsorption: (i) the first one is electrostatic interactions
between the positive lead ions and negative oxygen in car-
boxylic acid, so Pb (II) ions can be easily exchange with H+ in
this groups and (ii) the coordinate bonding between nitrogen
and oxygen in iminodiacetic acid and Pb (II) ions as shown
in Fig. 1.

The adsorption behavior of Pb (II) on GN-DAB surface
was investigated over the pH range of 3.5-7.5 via batch
equilibration technique. The results are displayed in Fig. 4.
The maximum adsorption for GN-DAB was obtained at
a pH value of 5.5. As can be seen, the best adsorption has
occurred within moderate acidic pH ranges, thus indicat-
ing the highest interaction of Pb (II) ions and the adsorbent
and proper chelation of Pb (II) ions by the adsorbent. Since
the glass powder was found to be dissolved in the basic pH
ranges and Pb (II) ions were deposited as Pb (OH),, there
was no need to test higher pH ranges in the current study.
The adsorption percentage of Pb (II) vs. contact time is
demonstrated in Fig. 5. As can be seen, maximum adsorp-
tion has been accomplished during 10 min of good accessi-
bility to the chelating sites in GN-DAB for interacting with
Pb (II).

3.3. Adsorption isotherms

In the present research, the different models of Langmuir,
Freundlich, and Temkin isotherms were employed to assess
the studied adsorbent affinity for removing Pb (II) ions from
the aqueous solutions.

The Langmuir isotherm assumes the adsorption at the
surface monolayer coverage with a finite number of identical
and equivalent adsorption sites. The related equation [25] can
be given as follows:

K,.C
= X——t 2
qe qmax (1+KL~CE) ( )
where g (mg g') represents the maximum adsorption

capacity of the adsorbent at the monolayer surface; C,
(mg L) demonstrates the equilibrium concentration and
K, (L mg™") displays the Langmuir constant related to the
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Fig. 4. Effect of pH on adsorption of Pb (II) ions on GN-DAB.
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Fig. 5. Effect of contact time on adsorption of Pb (II) ions on GN-DAB.

affinity and energy of the binding sites. The linear form of
this model is exhibited as follows:

F )
9o \Tmax Trmax

A plot of C/q, vs. C, enables the determination of the
constants from the slope and intercept. Fitting of the experi-
mental data into the Langmuir isotherm model suggested the
homogeneous binding sites of GN-DAB and the monolayer
adsorption of Pb (II) onto its outer surface. According to this
isotherm curve, the isotherm parameters of the Langmuir
model calculated from Eq. (3) are listed in Table 1.

The Langmuir isotherm can be expressed in terms of a
dimensionless constant separation factor called R,, which is
defined as follows:

R, value of 0.028 is in the range of 0-1 at pH = 5.5, which
represents the desirable description of lead adsorption
phenomenon by the Langmuir theory.

As an empirical equation, the Freundlich isotherm is
used to depict adsorption on a heterogeneous surface and
the interaction between the adsorbed molecules, which can
be expressed as follows [25]:

q, =K. xC/" (5)

where K. (mg g™)(L mg™)"" is the Freundlich constant
related to the bonding energy and 1/ is the heterogeneity
factor, which can be calculated from the slope and inter-
cept of the linear plot (Eq. (6)) according to In g, vs. In C, as
follows:

1 1
R =F7——— 4 Ing, =InK, +—InC 6
b(1+K,.Cy) @ g Tt ©
Table 1
Isotherm parameters obtained by using linear method
Isotherm
Langmuir e (ME &) K, (Lmg™) R, R?
26.70 0.34 0.03 0.9979
Frendlich K, (mgg™) (Lmg™)" n R?
10.10 4.23 0.9603
Temkin ALgh B (J mol™) b (J mol™) R?
11.10 3.97 624.074 0.9699
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The Freundlich equation could describe the relation
between Pb (II) concentration on the adsorbent and in the
liquid. By increasing Pb (II) concentration in the liquid, its
concentration on the adsorbent was seen to be enhanced.

The Temkin equation was indicative of the linearly
reduced adsorption heat of all the molecules by increasing
the adsorbate layer coverage on the adsorbent surface. The
related isotherm is represented as follows [25]:

q,= (Rijln AC, )

which can be linearized as this:

q,=BInA+BInC, ®)

where and b (J] mol™?) is the Temkin constant relevant to
the adsorption heat, R represents the gas constant equal to
8.314 ] mol™ K, A (L g) demonstrates the Temkin isotherm
constant relevant to adsorption capacity, and T (K) denotes
the absolute temperature in degrees Kelvin. Constants A
and B can be calculated from the linear plots of g, vs. In C,.
The Temkin parameters obtained from Egs. (7) and (8) are
presented in Table 1.

3.4. BET Isotherm

The characterization of the N, adsorption—-desorption
was employed to further investigate the porous nature of
the GN-DAB. The sample exhibited type IV isotherms with a
distinct hysteresis loop according to the International Union
of Pure and Applied Chemistry (IUPAC) standards, suggest-
ing a typical mesoporous structure of them. The BET sur-
face areas of GN-DAB were 0.22 m? g-'. Total pore volume
(p/p,=0.990) was 6.9 x 10* cm™ g'. Mean pore diameter was
obtained 12.7 nm.

3.5. Adsorption kinetics

Pseudo-first-order (PFO) equation is one of the most
popular and empirical models for adsorption kinetics presented
by Lagergren.

The linear form of PFO can be given as follows:

k
In(q, —qt)=1n(qf)—[2'3‘g3j ©)

where g and g, (mg g™) are the adsorption capacity at equilib-
rium and time t (min), respectively and k, (min™) is the PFO
rate constant.

Another well-known kinetic model is pseudo-second-
order (PSO) equation with this equation:

—_ = 5 + | —
9. \kq.) \4.
where k, (mg g™ min™) is the PSO rate constant.

The last considered kinetic model is intraparticle diffusion
(ID) model with Eq. (11):

(10)

q,= kpt“'5 +A (11)
where k is the ID rate constant. A (mg g™') is a constant that
gives an indication of the thickness of the boundary layer.

Kinetic parameters of the models are given in Table 2. It is
obvious from Table 2 that the highest correlation coefficients
(r*=1) are related to PSO; thus, it can be concluded that PSO
model is suitable to describe the kinetic experimental data.
The low values of rate constant (k, = 0.0032) suggested that
the adsorption rate of Pb (II) by GN-DAB would decrease
with the increase in time and this rate could be proportional
to the number of unoccupied sites on the GN-DAB.

3.6. The effect of foreign ions

The probable interference of some metal ions with
the adsorption behavior of Pb (II) ions at a concentration
of 10 mg L was studied. The interference was found to
occur because of the competition of other heavy metal ions
with lead ion for the chelating sites. The results are listed
in Table 3. As shown in this Table, Cu (II), Co (II), and Cd
(II) are the most effective ions on Pb (II) adsorption onto
GN-DAB. The effects of the other foreign ions mentioned
at the given concentrations are insignificant. As demon-
strated by the results, the mentioned ions can interfere with
Pb (II) adsorption onto GN-DAB. Thus, GN-DAB cannot be
selectively operated for the adsorption of Pb (II) ions in the
environmental water samples.

3.7. Application of the proposed method

The experiments aimed at testing Pb (II) removal from the
environmental water samples by using GN-DAB. Different
water and milk samples from the Persian Gulf (Boshehr
Province, Iran), Vafs Spring (Markazi Province, Iran),
Aghsu (Golestan Province, Iran), and Haraz (Mazandaran
Province, Iran) rivers were collected. 2 mL of concentrated
hydrochloric acid was added to the prepared milk samples
and centrifuged to separate their proteins via flocculation.
Adjustments of the optimum pH values of the samples were
followed. The batch method of GN-DAB coupled with FAAS

Table 2
Constant of kinetic models for adsorption of Pb (II) onto
GN-DAB

Isotherm Parameters
Pseudo-first-order k, (min™) 0.38
q,(mgg™) 2.2
r 0.9326
pseudo-second-order k, (g mg™ min™) 0.0032
q,(mgg™) 17.5
I 1
Intraparticle diffusion k, 1.36
A 12.98
r 0.9876
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Table 3
Effect of other ions on sorption of Pb (II)

Interfering ions ~ Amount of adsorbed Loss adsorption (%)

Pb (II) (mg L)

- 10 —

Cu? 6.56 34.4
Ni2* 8.06 19.4
Co* 6.11 38.9
Ag 10 -

Fe* 8.88 11.2
Zn>* 7.43 25.7
Cd* 5.25 475
AP 7.82 21.8

was applied to remove Pb (II) ions from the samples. Since
the trace amounts of lead were detected in the water sam-
ples, 250 mL of them was spiked with Pb (II) (0.01 mg) to be

Table 4
Results for Pb (II) removal from environmental water samples
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then utilized in the current procedure. They showed to be
applicable to lead removal as displayed in Table 4.

Also, the removal of Pb (II) ions from human serum was
studied. Since no Pb (II) ions were detected in the serum,
25 mL of the serum was spiked with 0.01 mg of Pb (II) to be
used in the procedure. Since high concentrations of plasma
samples can cause obstruction of the capillary tube of
FAAS instrument, the plasma samples were determined via
inductively coupled plasma optical emission spectrometry
(ICP-OES; Table 4).

3.8. Comparison of the proposed approach with other methods

The proposed procedure was compared with the previ-
ously reported studies on lead removal through various meth-
ods. The maximum adsorption capacities of the adsorbents
are represented in Table 5. This table shows that the adsorp-
tion capacity obtained from the present adsorbent is com-
parable to or better than those of some previously reported
techniques. The new procedure was successfully applied for
the analysis of trace lead ions in the environmental samples.

Persian Vafs Aghsou Haraz Milk Plasma
golf spring river river
Found (without spiking of Pb (II)) (mg L) 0.48 0.03 0.04 0.12 0.29 N.D.
Added Pb (II) (mg L) 0.1 0.1 0.1 0.1 0.1 0.1
Found Pb (II) after spiking of Pb (II) (mg L™) 0.58 0.13 0.14 0.22 0.39 0.1
Adsorption (%) 82.1 87 91.5 88.3 70.1 91.9
Standard deviation 0.005937 0.000757 0.000208 0.001493 0.00526 0.000212
Relative standard deviation (%)* 5.7 45 1.7 5.8 45 2.6
*For three determination.
Table 5
Comparison of the maximum adsorption capacity with some literatures
Adsorbent 9. (Mg g™ References
Activated carbon 13.05 [26]
Silica gel/Gallic acid 12.63 [27]
Peels of banana 2.18 [28]
Acid-treated maize tassel biomass 37.31 [29]
1:9 MPTMS:Tetraethyl orthosilicate (cashew nut shell liquid) 22.7 [30]
Walnut shell 31.23 [31]
Apple pomace 16.39 [32]
Gallic acid-modified silica gel 12.63 [33]
Nanometer titanium dioxide immobilized on silica gel 3.16 [34]
Dithizone-modified TiO, nanoparticles 5.8 [35]
Fig sawdust activated carbon 80.6 [36]
Surfactant-assisted nanocomposite cation exchanger 351.9 [37]
GN-DAB 26.7 Present study
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4, Conclusion

In the present research, a new grafted nanoglass was
synthesized with organic chelating ligands for the removal
of lead ions from some biological and environmental water
samples. The present nanoadsorbent may be considered as a
useful material due to its simplicity and economical aspects.
Our study demonstrated its merits of high sorption capacity,
fast sorption, and also chemical stability. The equilibrium
data were found to be fitted with the Langmuir isotherm
with an adsorption capacity of 26.7 mg g™'. The R, value
reflected the desirable potential of the adsorbent for Pb (II)
from water sample solutions. This adsorbent can be applied
to remove the trace amounts of lead ions from biological and
environmental water samples through the combined meth-
ods of FAAS and ICP-OES with satisfactory results.

Symbols

A — Temkin isotherm constant relevant to adsorption
capacity, L g™

—  Temkin isotherm constant, ] mol

Temkin constant relevant to the adsorption

heat, ] mol™!

—  Initial concentration, mg L™

—  Equilibrium concentration, mg L™

Freundlich isotherm constant, (mg g™) (L mg™)""

— Langmuir isotherm constant, L mg™

—  The amount of equilibrium adsorption, mg g™

Maximum adsorption capacity, mg g™

—  Universal gas constant, ] mol™ K™

— Dimensionless constant separation factor

Absolute temperature, K

—  Solution volume, L

— Mass, g
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