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Abstract  Nanosilica particles modified by Schiff base
ligands 3-methoxy salicylaldimine propyl triethoxysilane
(MNS;), 5-bromo salicylaldimine propyl triethoxysilane
(MNS;) and 3-hydroxy salicylaldimine propyl tri-
ethoxysilane (MNS3) were prepared, and their potential for
separation of copper, lead, zinc, cadmium, cobalt and
nickel ions from aqueous solutions was examined. The
effect of parameters influencing adsorption efficiency
including aqueous-phase pH, amount of adsorbent, stirring
time and initial concentration of the metal ions was
assessed and discussed. Although MNS; and MNS;
removed lead ions efficiently, all adsorbents showed strong
selectivity toward copper ions. It was shown that, under
some circumstances, MNS; decreased the amount of other
ions, particularly cobalt, in the aqueous phase. The adsor-
bents were also applied for removal of copper and lead ions
from real samples. Possible quantitative desorption of the
metal ions loaded onto the adsorbents suggests their mul-
tiple uses in adsorption—desorption process. Investigation
of temperature dependency of the process led to determi-
nation of the AH®, AS® and AG® values. This investigation
indicates that the adsorption of copper ions onto the all
studied adsorbents and lead ions onto MNS; and MNS3 is
endothermic. The Langmuir, Freundlich, Temkin and
Dubinin—Radushkevich isotherms were tested to describe
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the equilibrium data. Pseudo-first-order, pseudo-second-
order, Elovich and intra-particle diffusion equations were
applied to study the kinetics of copper and lead adsorption
onto the modified nanoparticles. This investigation indi-
cates that the process for all adsorbents follows pseudo-
second-order kinetics and suggests a chemisorption
mechanism for the adsorption processes by the studied
adsorbents.

Keywords Heavy metals - Removal - Silica nanoparticles -
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Introduction

Pollution created by heavy metals is a serious environ-
mental issue (Agrawal 2009). The removal of these ions
from wastewater is the subject of extensive fundamental
and industrial research (Fu and Wang 2011). The recovery
of some heavy metals from secondary sources may also
have economic benefits (Hoque and Philip 2011).

Nanosized materials play a substantial role in metal ion
separation owing to their physical and chemical properties.
The potential of these materials for removal of biomole-
cules (Janschm et al. 2012), organic (Yu et al. 2014) and
inorganic (Onnby et al. 2014) species has been widely
investigated.

Schiff base ligands bearing nitrogen/oxygen donor
atoms have been shown to exhibit ionophoric properties,
especially toward heavy metal ions (Shokrolahi et al.
2007). These properties have been investigated by their
application as modifier of octadecyl disks for separation—
concentration of trace amounts of metal ions (Fathi et al.
2010; Shamsipur et al. 2000), as phase transfer agents of
metal ions in liquid-liquid extraction (Oshima et al. 2003),
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as extractant in cloud point extraction procedures (Fathi
and Yaftian 2009; Shemirani et al. 2006), as mobile carrier
agents for the transport of metal ions through liquid
membranes (Fathi et al. 2008) and as sensory molecules for
preparation of cation-selective electrodes (Pilehvari et al.
2007).

Following our previous reports focused on the iono-
phoric properties of Schiff base receptors (Fathi et al. 2008;
Fathi and Yaftian 2009; Fathi et al. 2010; Pilehvari et al.
2007) and the application of modified silica nanoparticles
for removal of metal ions from water samples (Shiri-Yekta
et al. 2013), the present study investigated the application
of modified nanosilica particles (MNS) by three Schiff base
ligands (Fig. 1) named 3-methoxy salicylaldimine propyl
triethoxysilane (MNS;), 5-bromo salicylaldimine propyl
triethoxysilane (MNS;) and 3-hydroxy salicylaldimine
propyl triethoxysilane (MNS3) as adsorbents for removal of
copper, lead, cobalt, nickel, zinc and cadmium ions from
aqueous solutions. The parameters affecting the adsorption
properties of the studied adsorbents were investigated and
discussed. Experimental equilibrium data were evaluated
using the Langmuir, Freundlich, Temkin and Dubinin—

(0]
silica O Si N
Nanoparticle (

J

AN

HO
OMe

3-Methoxy salicylaldimine propyl triethoxysilane (MNS;)

/OO>S/\/\N/ Br
Silica /'
Nanoparticle
J HO

5-Bromo salicylaldimine propyl triethoxysilane (MNS;,)

o)

SN NN F
siica O S N
Nanoparticle

HO
OH

3-Hydroxy salicylaldimine propyl triethoxysilane (MNS;)

Fig. 1 Structure of the modified silica nanoparticles
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Radushkevich  isotherm models. Pseudo-first-order,
pseudo-second-order, Elovich and intra-particle diffusion
equations were tested to determine the kinetics of the
adsorption process.

Beside the advantages of Schiff base ligands to bind
efficiently heavy metal ions and the high surface area
provided by nanosilica materials, the use of relatively low-
cost materials in the preparation of the studied adsorbents
allows this type of adsorbents to be considered as potential
candidates for removal of heavy metal ions from water
solutions. To the best of our knowledge, the preparation of
the studied modified nanosilica particles and their appli-
cation for removal of the target ions were not previously
reported.

This study was wholly carried out at the Department of
Chemistry, University of Zanjan (Iran), between November
2013 and October 2014.

Materials and methods
Chemicals

Methanol, toluene, amino propyl triethoxysilane, 2-hy-
droxy-3-methoxy benzaldehyde, 5-bromo-2-hydroxy ben-
zaldehyde, 2,3-dihydroxy benzaldehyde, hydrochloric
acid, nitric acid and sulfuric acid (Merck) were used as
received. Unmodified nanoparticles (APS 20-30 nm) were
purchased from Iranian Nanomaterial Pioneers. Stock
solutions of the heavy metal ions (1000 mg L") were
prepared using corresponding nitrate salts (Merck or
Fluka). The stock solutions were standardized complex-
ometrically (Dean 1995). Working solutions were pre-
pared by suitable dilution of the stock solutions with
distilled water.

Apparatus

"H NMR and "*C NMR measurements were taken using a
FT-Bruker spectrometer (AVC 250 MHz), and the data
were referenced relative to residual protonated solvents
(7.26 ppm for CDCl3). FT-IR spectra were recorded on a
Thermo-Nicolet-is10 FT-IR spectrometer. The pH adjust-
ments were performed using a Metrohm digital pH meter
(model 780) equipped with a combined glass electrode. An
Ika magnetic stirrer (MR 3001 K) was used for dispersing
the adsorbent particles in the aqueous solutions. The tem-
perature of the experiment vessels was controlled using a
Julabo MP5 thermostat water circulator. Flame atomic
absorption spectroscopy (FAAS; Varian 220AA) was used
for metal ion determinations in water solutions. A furnace
(Exiton, model Atash-1200) was used for activation of the
silica nanoparticle surfaces before modification. The
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separation of adsorbents from aqueous solution was assis-
ted by a high-speed centrifuge (Sigma, 3-30 K). Distilled
water was passed through a filter (TKA-Gen Pure) before
use for preparation of aqueous solutions. The SEM pho-
tograph was taken by a Philips XL30 scanning microscope.

Preparation of adsorbents

Modification of silica nanoparticles was carried out according
to the reported procedure elsewhere (Ghorbanloo et al. 2011).
Condensation of amino propyl triethoxysilane with 2-hy-
droxy-3-methoxy benzaldehyde, 5-bromo-2-hydroxy ben-
zaldehyde and 2,3-dihydroxy benzaldehyde in methanol
produced 3-methoxy salicylaldimine propyl triethoxysilane,
5-bromo salicylaldimine propyl triethoxysilane and 3-hy-
droxy salicylaldimine propyl triethoxysilane, respectively.
The prepared Schiff base ligands were characterized by
"HNMR, *CNMR and FT-IR spectra. By refluxing the syn-
thesized Schiff base ligands with nanosized silica in toluene,
the adsorbents MNS;, MNS, and MNS; were resulted. Ele-
mental analysis indicated that the amount of imine grafted on
MNS;, MNS, and MNS; was 0.34 x 107>,0.44 x 10~ and
0.49 x 107> mol imine g, respectively. Figure 2 shows,
as example, the SEM of the adsorbent MNS,. SEM allowed
examining the morphology and surface structure of the
adsorbents at the required magnification.

Comparison of the FT-IR spectra of the unloaded and
loaded modified adsorbents by copper ions was used for

&
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Fig. 2 SEM of the modified MNS;

characterization of the metal ion complexed by the ligating
groups anchored on the adsorbents. A peak at 1653.5,
1648.3 and 1648.5 cm™! is attributed to the C=N bond for
MNS;, MNS, and MNS;, respectively. After adsorption of
copper ions, these peaks shift to the lower values at 1634.6,
1632.3 and 1647.4 cm ™", respectively. This shift shows the
participation of C=N bonds on the complexation of copper
ions. The presence of water molecules prohibits charac-
terizing the possible participation of oxygen atoms on the
complexation of the metal ions.

Adsorption

The adsorption experiments were carried out in stoppered
plastic vessels using 0.1 g of adsorbent in 20 mL of sample
containing Cu**, Pb**, Co®", Ni**, Zn>" and Cd*" ions
(20 mg L™"). It was confirmed that adsorption equilibrium
was reached after 50 min of magnetic stirring at 25 °C.
After separation of the phases by centrifugation
(20,000 rpm), the cation concentration remaining in the
aqueous phase was measured by FAAS. The percentage of
ion uptake and the percentage of ion desorption were cal-
culated using Eqgs. 1 and 2, respectively:

(CO - Ce)
0

Uptake % = x 100 (1)

Desorption % = M 100 (2)
a

where Cj and C, are the initial and equilibrium concen-

tration of ions (mg LY, respectively, and my and m, (mg)

are the desorbed and adsorbed mass of ions, respectively.

Results and discussion
Effect of pH on adsorption

Since the ionization of hydroxyl groups of Schiff base
ligands grafted onto the nanosilica matrix depends on the
aqueous-phase pH, this parameter plays an important role
on the adsorption efficiency. Figure 3 shows a significant
increase in adsorption of copper ions by increasing the
aqueous-phase pH. Similar result was observed for the
adsorption of lead ions onto MNS; and MNS;3;. An increase
in the aqueous-phase pH reduces the competition of H"
ions and metal cations for adsorption sites. These finding
suggest an ion exchange mechanism for the adsorption of
the studied ions onto the adsorbents.

A comparison of the results obtained for unmodified
nanoparticles (NS) and modified nanoparticles (MNS;,
MNS, and MNS3;) reveals that modification remarkably
increases uptake of Cu®" and Pb*" ions. Although MNS,

* @ Springer
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and MNS; show good adsorption potential toward copper
and lead ions, the best selectivity of copper ions was
demonstrated by MNS,. The adsorption of other ions under
selected experimental conditions was very weak and did
not practically depend on the variation of the aqueous-
phase pH. The higher extraction percentage of copper ions
at lower pH values by MNS; over MNS; and MNS, indi-
cates the higher acidic nature of the hydroxyl group of the
Schiff base grafted onto MNS; with respect to the other
examined adsorbents. This can be also attributed to the
amount of the grafted complexing groups on the adsorbents
(see “Materials and methods” section).

Y4
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Amount of adsorbent

One of the parameters influencing the efficiency of the
adsorption of metal ion from an aqueous solution is the
employed amount of adsorbent. To determine the effect of
this parameter on the efficiency of the studied adsorbents, a
series of experiments were carried out using 0.025-0.2 g of
MNS,, MNS, and MNS; for the removal of Cu®", Pb>*,
Zn**, Cd**, Co*" and Ni** ions from aqueous phase,
adjusted to pH 5 (Fig. 4). By increasing the amount of
adsorbent, the complexing groups available on the adsor-
bent surface increase and provide more adsorption sites for
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Fig. 4 Effect of amount of modified nanoparticles on adsorption
efficiency of the studied metal ions (filled diamond Cu™, filled square
Pb>", filled rectangle Zn%*, times Cd**, asterisk Co*™, filled circle

the metal ions, and thus an increase in metal ion uptake
takes place (Zhang et al. 2012). It was found that the use of
more than 0.15 g of MNS;, MNS, and MNS; results in
quantitative removal of copper ions from the aqueous
phase. Although an amount of more than 0.2 g of MNS;
allows a quantitative elimination of lead ions, the lower
efficiency of MNS; inhibits the removal of these ions more
than 80 % by using the same mass of the adsorbent. The
results obtained by MNS; show also the potential of this
adsorbent toward other examined ions. It is found that, by
using 0.2 g of MNS;3, 40 % of cobalt ions and 20 % of
zinc, cadmium and nickel ions can be removed from
aqueous phase.

Time dependency of process

In order to optimize the time required for access to equi-
librium condition, a series of adsorption experiments were
performed. This investigation allows also verifying the
kinetics of the process (see the section “kinetics of
adsorption”). The adsorption of metal ions from aqueous
solution (pH 5) using 0.1 g of adsorbent was studied by
contacting the solid and liquid phases in the range
3-120 min (Fig. 5). Equilibrium of adsorption of copper
ions was achieved after 10 min for MNS;, 20 min for
MNS, and 50 min for MNS;. These results demonstrate
that the kinetics of copper adsorption by MNS; is more
rapid than by the other studied adsorbents. It is also seen
that the adsorption of lead ions onto MNS; is more rapid
than onto MNS;. An equilibrium condition for the removal

Ni*™). Experimental conditions: initial concentration of metal ions
20 mg L, aqueous-phase pH 5, stirring time 60 min, temperature
25 °C

of cobalt ions by MNS; can be achieved after 60 min of
stirring the phases.

Initial concentration of metal ions

It is found that an increase in initial metal ion concentration
in the aqueous phase afforded an enhancement in the metal
ion uptake (Fig. 6). The process was monitored by evalu-
ating the maximum amount of metal ions adsorbed (g,,) by
a given amount of adsorbent at pH 5. The ¢, value for
copper adsorption was 3.73 mg by MNS,, 4.12 mg by
MNS, and 5.92 mg by MNS;, per g of adsorbent. This
value was 1.69 and 5.82 mg lead per g of adsorbent for
MNS,; and MNS;, respectively. These values are in
agreement with the order of the amount of imines grafted
onto modified nanosilica particles, which was determined
by elemental analysis, as 0.34 x 10_3, 0.44 x 1072 and
0.49 x 10~ mol imine g_1 for MNS;, MNS, and MNS;,
respectively.

Desorption

A series of adsorption experiments were performed to
examine the possibility of multiple uses of the adsorbents
and evaluate their stability. In these experiments, 20 mL of
aqueous solution containing 20 mg L™" of copper and lead
ions adjusted to pH 5 was mixed with 0.2 g of the adsor-
bent and stirred magnetically for 60 min. After separation
of the phases, the metal ions remained in the aqueous phase
was analyzed. The results showed 100 % of Cu®" ions by
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Fig. 5 Adsorption percentage of the studied metal ions (filled
diamond Cu*™*, filled square Pb>+, filled rectangle Zn?*, times
Cd>*, asterisk Co*™, filled circle Ni*) as a function of stirring time.

Experimental conditions: initial concentration of metal ions
20 mg L™', adsorbent 0.1 g, aqueous-phase pH 5, temperature 25 °C
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Fig. 6 Uptake of Cu*" (filled diamond) and Pb>" (filled square) ions by the studied adsorbents as a function of their initial concentrations in
aqueous phase. Experimental conditions: adsorbent 0.15 g, aqueous-phase pH 5, stirring time 60 min, temperature 25 °C

all the studied adsorbents and 80 % of lead ions by MNS,
and 100 % of lead ions by MNS, were removed from the
aqueous solutions. The adsorbents were washed twice
using 5 mL of distilled water and then dried in an oven at
110 °C. The loaded adsorbents were stripped with 5 mL of
nitric acid, hydrochloric acid and sulfuric acid
(0.1 mol L™") for 60 min (Table 1). It is seen that
hydrochloric acid solution (5 mL, 0.1 mol LY can
quantitatively strip copper ions from MNS; and MNSs.

ﬁ @ Springer

Quantitative stripping of lead ions from MNS; was
achieved by hydrochloric or nitric acid solutions
(0.1 mol L™"). For a quantitative stripping of copper ions
from loaded MNS; and lead ions from loaded MNS,, the
stripped adsorbent from the first step was mixed with a
second 5 mL solution of 0.1 mol L™" hydrochloric acid.
Under such conditions, all adsorbed metal ions transferred
into the aqueous phase. The separated nanoparticles were
used repeatedly for the experiments described above. There
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Table 1 Comparison of various

! ) ; Strippant (0.1 mol L_l) MNS; MNS, MNS;
acid solutions as strippant of
loaded adsorbents® Cu** Pb** Cu** Pb** Cu** Pb**"
HCI® 100.0 100.0 81.5 - 98.7 78.0
HCI° - - 20.0 - - 244
HNO; 87.8 100.0 84.7 - 87.0 61.5
H,SO, 73.0 66.0 79.3 - 91.0 12.5

* The values are in comparison with 100 % of the copper and lead ions loaded onto the adsorbents

" First stripping by 5 ml of hydrochloric acid

c

Second stripping by 5 ml of hydrochloric acid

Table 2 Results of the

- ) Adsorbent ~ Well water Tap water Molten snow
experiments evaluating the
applicability of the adsorbents Cu** Pb>+ Cu*t Pb>*+ Cu**t Pb>*+
for removal of copper and lead
ions from real samples MNS; 99.4 (£1.1) 99.2 (£1.4) 100.0 (£0.3) 93.5 (£0.6) 100.0 (£0.5)  96.5 (£0.2)
MNS, 98.8 (£0.3) - 99.4 (£0.2) - 99.6 (£0.1) -
MNS; 99.8 (£0.2) 98.4 (£0.1) 100.0 (£0.5) 98.9 (£1.0) 100.0 (£0.6)  99.3 (£0.8)

Experimental conditions: aqueous phase, 20 mL of the samples injected by 20 mg L™" of copper and lead
ions; pH 5; adsorbent dose 0.2 g; stirring time 60 min; temperature 25 °C

was no significant decrease (<5 %) in the determined
adsorbent efficiency of the adsorbents after three adsorp-
tion—desorption cycles.

Applications

A series of experiments was designed to assess the appli-
cability of the proposed method for removal of copper and
lead ions from water samples. Three water samples (tap
and well water samples from the University of Zanjan
campus, and a sample of molten snow) were first digested
by nitric acid solution. The resulting solutions were spiked
with copper and lead ions (20 mg L™"). A volume of
20 mL of samples adjusted to pH 5 was stirred with 0.2 g
of adsorbent at room temperature. After 60 min of mag-
netic stirring, the solid particles were separated from the
aqueous phase by centrifugation. The concentration of
metal ions remaining in the aqueous phase was determined
by FAAS. These experiments were repeated three times,
and the results are shown in Table 2. It was found that
copper ions were completely removed under selected
conditions by all the examined adsorbents. A quantitative
removal of Pb®" ions was attained by using MNS, and
MNS, adsorbents.

Temperature dependency and thermodynamics
of process

To verify the influence of temperature on the process, the
removal of Cu®t, Pb>*, Co?*, Ni*", Zn?>* and Cd>" ions

from their mixture by the modified nanoparticles was
examined in the range 293-343 K. The distribution coef-
ficient (K4) was calculated as:

(3)

where ¢. is the quantity of analyte adsorbed onto the
adsorbent (mg g~') and C. is the concentration of metal
remaining in solution at equilibrium (mg L™").

The free energy changes (AG®) for the adsorption
equilibrium is calculated from the distribution coefficients:

AG°® = —RTInKq (4)

and is related to the enthalpy (AH®) and entropy (AS°)
changes through the Gibbs—Helmholtz equation:

AG® = AH® — TAS® (5)

It is possible to determine AG°, AH® and AS°® using the
plots of InKy versus 7' and Eq. 6:
AH® AS°

Ky — — 1
N R RT TR

(6)

Figure 7 reveals that adsorption efficiency increases as
temperature increases. Table 3 lists the corresponding
thermodynamic values. These values reveal that all
adsorption processes were endothermic and controlled by
changes in entropy. A positive change in enthalpy results
from the dehydration of metal ions during adsorption (Tu
et al. 2012). This dehydration requires an amount of energy
that surpasses that from the heat released by the adsorption
reaction (Liu et al. 2013).

’r @ Springer
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Table 3 Thermodynamic parameters (in kJ mol™") for the adsorp-
tion of copper and lead ions onto MNS;, MNS, and MNS; at 298 K

Adsorbent Metal ion AH° TAS® AG°
MNS; Cu** 8.93 5.71 3.22
Pb>* 6.67 1.77 4.89
MNS, Cu** 9.04 5.95 3.10
Pb** - - -
MNS; Cu** 62.35 59.81 2.54
Pb** 76.30 71.35 495
SD < £0.60

Adsorption isotherms

To determine the most suitable isotherm for describing the
experimental data, the Langmuir, Freundlich, Temkin and
Dubinin—Radushkevich (D-R) isotherms were considered
and applied to the experimental data.

The Langmuir isotherm considers monolayer coverage
of the adsorption surface. The equation describing this
isotherm is shown in Eq. 7:

C. 1 +Ce

e B anKL q7m

(7)

in which C, is the equilibrium concentration of metal ions
in solution (mg L"), ge is the amount of metal ions
adsorbed per unit mass of adsorbent under equilibrium
conditions (mg g~ '), ¢m is the maximum adsorption
capacity (mg g~'), and K; is the Langmuir constant

ﬁ @ Springer

related to the adsorption energy (L mg™'). A plot of Co/
g. versus C. allows determination of ¢, and Ki. The
separation factor or equilibrium parameter (Ry) is a useful
dimensionless parameter which indicates the probability of
the occurrence of adsorption. This parameter is expressed
in Eq. 8:

1

R =———
L 1+ K1.Cy

(8)

A process is unfavorable if R, > 1.0 or R < 0; is linear
favorable if Ry, = 1; and is favorable if the value of Ry falls
between 0 and 1. An irreversible process occurs when
Ry = 0 (Zhang et al. 2012).

The Freundlich isotherm suggests that the uptake of
metal ions occurs on a heterogeneous surface by multilayer
adsorption (Jiang et al. 2009). The mathematical expres-
sion for the Freundlich isotherm is shown by Eq. 9:

©)

where Kr and n are Freundlich constants for adsorption
capacity and adsorption intensity, respectively. In this
model, n is greater than unity and smaller value for 1/n
indicates stronger interaction between adsorbent and
solute.

The Temkin isotherm assumes that the heat of adsorp-
tion decreases linearly versus coverage rather than loga-
rithmically, as for the Freundlich equation (Ghasemi et al.
2012). The equation describing this isotherm is:

RT RT
de = TIHKT +71n Ce

1
log g. = log Kr + —log C.
n

(10)
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where R is the gas constant (0.0083 kJ mol ™' K™Y, T is
the absolute temperature (K), b is the Temkin constant
related to heat of adsorption (kJ mol™), and Ky is the
Temkin isotherm constant (L g_l). Parameters Kt and
b can be estimated by drawing the variation of ¢g. as a
function of InCe.

The D-R isotherm does not assume homogeneous or
constant adsorption potential for the surface (Lin and Juang
2002). The equation describing D-R is given by Eq. 11:

Ing. = Ingy, — Kp_gé’ (11)

Here Kp g (mol® J72) is a constant related to adsorption
energy and ¢ is the Polanyi potential as defined by Eq. 12:

1
s-RTln(]—&—a) (12)

A plot of the variation of Ing, as a function of & allows
evaluating the parameters Kp g and g,. E is the mean
energy (kJ mol™') required to bring a mole of adsorbate
from infinity to the surface of the adsorbent (Ozcan et al.
2006). It can be calculated by Eq. 13:

- (13)
V2K, .

This parameter is used to estimate the type of
adsorption. The value of E <8kJmol™' shows a
physical nature for the adsorption. Adsorption is
explained by the ion exchange mechanism if E is greater
than 8 and smaller than 16 kJ mol ™',

The parameters for the Langmuir, Freundlich, Temkin
and D-R isotherms are shown in Table 4. A comparison of
R? values that correspond to the tested isotherms confirms
that the adsorption of both copper and lead ions onto MNS;
obeys the Langmuir model (Fig. 8a). The variation of Ing,
versus & based on the D-R isotherm presents two linear
ranges. The R? of the second linear range indicates that this
model is valid for the adsorption of copper onto MNS; in
this region (Fig. 8b). Except for copper ion adsorption onto
MNS; in the first linear range explained by D-R (Fig. 9d),
the adsorption of ions onto MNS, could be described by all
isotherms (Fig. 9).

Although the Langmuir isotherm was more suitable for
lead ion adsorption onto MNS;3 (Fig. 10a), the removal of
copper ions by this adsorbent obeyed both the Langmuir
and Temkin isotherms (Fig. 10). The results for the
Langmuir and D-R models (Table 4) show accept-
able agreement between the calculated and experimental
values of gm (gmexp and gmca))- The Ry values calculated
by the Langmuir isotherm indicate that the processes were
favorable. The n values derived from Freundlich isotherm
reveal favorable processes for all types of adsorption.
Table 4 shows that the values for I/n derived from the

Freundlich model were 0.038—0.472. This confirms that the
metal ions were favorably adsorbed by the modified
adsorbents. Based on this parameter, the interaction
between the adsorbed ion and the adsorbents varies as
Pb>*/MNS, < Cu**/MNS, < Cu**/MNS, < Pb**/
MNS; < Cu’*/MNS;.

Table 5 shows the adsorption capacity and the time
required for achieving equilibrium condition for the
removal of copper and lead ions by the studied adsorbents
in the present work, and those found by using the
adsorbents p-dimethylaminobenzaldehyde-modified
nanometer SiO,, SiO,-DMABD, (Cui et al. 2006), sodium
dodecyl sulfate-coated poly(vinyl)chloride modified with
bis(2-hydroxyacetophenone)- 1,4-butanediimine, SDS-
PVC-BHABDI, (Marahel et al. 2009) and Schiff base-
modified nanocomposite, Fe;0,4/SiO,-Pr-N = salicylalde-
hyde, (Moradinasab and Behzad 2014). The comparison
of the data presented in Table 5 shows, although the
capacity of SiO,-DMABD and modified nanocomposite
Fe;04/S10, toward copper ions is remarkably higher than
the studied adsorbents, these adsorbents are more effica-
cious materials with respect to the modified SDS-PVC
adsorbent. MNS; shows comparable capacity toward lead
ions in comparison with SiO,-DMABD. However, it
presents higher adsorption potential toward lead ions than
SDS-PVC-modified adsorbent. The time required for
achieving equilibrium condition of adsorption of lead and
copper ions (Table 5) reveals that the adsorption process
onto MNS,; is more rapid than the other compared
adsorbents. It is seen that the equilibrium time for the
copper adsorption by MNS, is reached after 20 min,
which is the same as that for SiO,-DMABD. More rapid
kinetics of the adsorption of copper ions was observed by
MNS;, MNS, and MNS3;, with respect to the modified
nanocomposite Fe;04/Si0,.

Prediction of multi-component adsorption
equilibrium

Multi-component adsorption systems involve competition
among the heavy metals to occupy limited available
adsorbent surface sites and the interactions between dif-
ferent adsorbates. Multi-component models are used to
predict multi-component adsorptions equilibrium from
single-component systems. Numerous models have been
proposed to give a mathematical description of this
proposition (Ho and McKay 2000; Wurster et al. 2000;
Dabrowski et al. 2005). We selected Langmuir multi-
component model, because the results of adsorption iso-
therms show this model describes suitably the single-
component experimental results.

In order to correlate the results of multiple-component
system to those of single component, Butler and Ockrent
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Table. 4P ar.ametfzrs evaluated Isotherm type Parameter MNS; MNS, MNS;
by using various isotherms for
the adsorption of copper and Cu*" Pb** Cu**t Cu*t Pb>+
lead ions onto the studied
adsorbents Langmuir Gm,exp (ME g*') 3.73 1.69 4.2 5.92 5.82
K. (Lmg™h 0.78 3.31 0.57 0.14 0.27
Ginca (Mg g7 1) 3.61 1.77 3.78 5.92 2.51
Rp 0.06 0.01 0.08 0.26 0.16
R? 0.994 0.998 0.997 0.991 0.994
Freundlich isotherm Ky ((mg g~ /(mg L™H" 2013 1.58 1.95 1.14 0.97
n 5.24 26.31 4.88 2.12 3.72
1/n 0.191 0.038 0.205 0.472 0.269
R? 0.956 0.944 0.995 0.983 0.983
Temkin isotherm Kr@Lg™h 24.89 32.41 27.70 1.14 4.29
b (kJ mol™") 4.28 37.43 4.34 1.72 5.04
R? 0.954 0.944 0.993 0.991 0.975
D-R isotherm Kp_r (mol®> kI73) 0.826 0.11 —0.95 291 1.93
0.052 0.15
Gmca (Mg g7 1) 333 1.72 3.37 4.16 2.06
2.63 2.68
E (kJ mol™") 0.78 2.15 - 0.42 0.51
3.10 1.81
R? 0.887 0.946 0.931 0.908 0.894
0.999 0.998
Fig. 8 a Langmuir and b D-R 10 14
isotherms for adsorption of LA Pb2+ r B
Cu?* (filled diamond) and Pb*"
(filled square) ions onto MNS, - !
8t 12%
T o6t
-1 L
E’); Cu2+ g_w
o L =
3 |
2 -
L ¢ [
0 5 10 15 20 0 2 4 6
C.(mgL") €2 (kJ2 mol=)

(1930) developed a model (BO model) based on the It is widely used to calculate the Langmuir constant Q,, in
Langmuir equation. In these equations, it is assumed that  multi-component systems. The common form for depicting
each component adsorbs onto the surface according to ideal ~ the adsorbate distribution is to correlate the amount of
solute behavior under homogeneous conditions with no solute adsorbed per unit weight of adsorbent with the
interaction or competition between molecules taking place.  residual solute concentration remaining in an equilibrium
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Fig. 9 a Langmuir; 5 0.6
b Freundlich; ¢ Temkin; and LA ' B
d D-R isotherms for adsorption
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state. If there are two solutes present together in the
adsorption system, the extended Langmuir isotherms are
(Butler and Ockrent 1930):

_ Gm1KL1Ce 1
1+ Ky 1Ce1 +K12Cen

O (14)

_ 2K 2Ce2
1+ Ky 1Ce1 +K12Cen

0> (15)
where Q; and Q, are the amounts of solutes 1 and 2
adsorbed per unit weight of adsorbent at equilibrium con-
centrations C ; and C. », respectively. gy, 1 and gy, » are the

maximum adsorption capacities of solutes 1 and 2,
respectively. These are determined from single-component
systems and, therefore, correspond to monolayer coverage
of the adsorbent. The parameters Ki ; and K, are the
Langmuir constants and are a function of the energy of
adsorption of solutes 1 and 2, respectively, which are also
determined from single-component systems.

The original competitive Langmuir model was improved
by Jain and Snoeyink (1973). According to Jain and
Snoeyink (JS) model, the Langmuir theory for binary
adsorbate systems is based on adsorption without
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Fig. 10 a Langmuir and 10 5
b Temkin isotherms for LA | B
adsorption of Cu*" (filled
diamond) and Pb>* (filled L r
square) ions onto MNS3 8k -
Pb2+ .
- 4 L
—_ 3
Lo 5
v
9 D 3t
> =
% I Cu?2+ ~ b4
O 4f u &
- 2 -
2 -
0 PR Bt P B U S S S T 1 1 P L 1 1 I I 1 P " 1 L 1 1
0 5 10 15 20 1 1.5 2 25 3
C.(mgL™) InC,
Table 5 Comparison of the proposed method with some of the methods reported in the literature
Adsorbent Ton Adsorption capacity (mg g~ ') Time (min) References
Si0,-DMABD?* Cu*" 18.6 20 Cui et al. (2006)
Pb** 6 20
SDS-PVC-BHABDI” Cu** 2.6 60 Marahel et al. (2009)
Pb** 2.2 60
Fe;0,@8Si0,-Pr-N = salicylaldehyde Cu** 97.2 60 Moradinasab and Behzad (2014)
MNS;, Cu** 3.73 10 Present work
Pb** 1.69 10
MNS, Cu** 4.12 20 Present work
MNS; Cu*" 5.92 50 Present work
Pb>* 5.82 50

* p-Dimethylaminobenzaldehyde-modified nanometer SiO,

" Sodium dodecyl sulfate-coated poly(vinyl)chloride modified with bis(2-hydroxyacetophenone)-1,4-butanediimine

competition. Thus, in order to account for competition in
the Langmuir theory, the JS model is proposed as (Jain and
Snoeyink 1973):

(Qm‘l - Qm,z)KL,lce,l
1+ K 1Ce 1

Gm2K1.1Ce 1
1+ K 1Ce1 +Kp2Ce

(16)

The first term of Eq. 16 is the Langmuir expression for
the number of molecules of solute 1 that are adsorbed
without competition on the surface area and is proportional
to (¢m.1—9gmp). It is noteworthy that g ; > gmo. The
second term in Eq. 16 represents the number of molecules
of solute 1 adsorbed on the surface area proportional to
gm, in competition with solute 2. The number of molecules

0 =

ﬁ @ Springer

of solute 2 adsorbed on the adsorbent surface is
proportional to ¢, in competition with solute 1 and can
be calculated from Eq. 15.

To predict the results of a multi-component adsorption
system, the competitive Langmuir model (BO) and its
modified model (JS) were both applied to Cu** and Pb*"
ions bisolute system. The obtained data for the adsorption
studies are presented in Fig. 11. The low values of adsor-
bed copper ions predicted by BO model prohibited con-
sidering this model for extension of single-component
experimental results to the competitive adsorption of cop-
per in the presence of lead ions. This result is not surprising
because the competitive Langmuir model is thermody-
namically consistent only in the special case where the
capacities of the adsorbates are equal. Therefore, it seems
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Fig. 11 Prediction of the 100 100
competziiiv.e removal of Cu®* - MNS;-Cu2* - MNS-Pb2+
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and JS models onto MNS; and H
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that the predicted values estimated by JS model are more
close to that can be obtained experimentally.

However, JS model predicts that although the competi-
tion of copper and lead ions adsorption on MNS; was not
altered by adsorbent dose, it is seen that an inverse selec-
tivity in favor of lead ions can be predicted beyond 0.125 g
of the adsorbent MINS;.

Kinetics of adsorption

Pseudo-first-order, pseudo-second-order, simple Elovich
and intra-particle diffusion kinetic models are conventional

models examined to investigate the kinetics of adsorption
processes (Nameni et al. 2008; Mohaptra et al. 2009). The
pseudo-first-order kinetics model assumes that adsorption
is controlled by the diffusion step and its adsorption is
proportional to the difference in adsorption capacity at
equilibrium and at any time ¢ (g. and ¢, respectively, in
mg g~ '). This model is mathematically described by
Eq. 17:

k
log(ge — qi) = log g. — 2.13""1(()1;t (17)

where k& o45 15 the pseudo-first-order rate constant.

Y
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The pseudo-second-order model describes the relation
between the mass of adsorbate per unit mass of adsorbent
versus time (Eq. 18):

t 1 t

= + —_—
qt k2.adsqg qe

(18)

where k, .45 denotes the pseudo-second-order rate constant.
In this model, the initial rate of adsorption is when g/t
approaches zero. This means that:

ho = kag? (19)

where Ay is the initial rate of adsorption (mg g~ min™").

The Elovich equation establishes if the process is con-
trolled by diffusion or chemical reaction. In this model, the
adsorption kinetics for a homogeneous surface is mathe-
matically shown in Eq. 20 as:

g = a+2.303b log1 (20)

where a is the desorption constant (mg g~') and is a
function of both particle structural-chemical characteristics
and the solute diffusion coefficient, and b is the initial
adsorption rate (mg g~' min~'). These quantities can be
obtained from plots of g, versus logt.

Intra-particle diffusion in the solid phase is the rate-
controlling step, and the mathematical equation describing

adsorption is the Weber and Morris equation (Ho 2006)
(Eq. 21):

qt = im\/;-F C (21)

where k;, is the intra-particle diffusion equation constant
(mg g~ min~%%) and C is a constant. In this model, the
plot of ¢, versus %> should be a straight line when diffusion
influences the adsorption rate and should cross the origin if
intra-particle diffusion is the rate-determining step.

Table 6 lists the kinetic parameters for the models on the
adsorption of copper and lead ions onto MNS;, MNS, and
MNS;. The pseudo-second-order kinetic model provided an
impressive and comparable correlation for the adsorption of
ions. Although R? for the pseudo-first-order model for metal
adsorption was similar to that for the pseudo-second-order
kinetic model, g. values for the former model were very
different from those experimentally determined (gep). It
suggests that the rate-determining step for adsorption is
chemical adsorption and that adsorption involves valence
forces from sharing of electrons by the metal ions and
adsorbents (Yu et al. 2012; Bhattacharya et al. 2008; Zhou
et al. 2011). MNS;, MNS, and MNS; have chelating func-
tional groups on their surfaces that probably behave as
chelating exchangers; therefore, a complexation reaction is
expected for adsorption (Zhou et al. 2009).

Table 6 Parameters evaluated
by using different kinetic
models for interpreting the

experimental data of the
adsorption of copper and lead
ions onto the studied adsorbents

Kinetic models Parameter MNS; MNS, MNS;
Cu2+ Pb2+ Cu2+ Cu2+ Pb2+
Pseudo-first-order equation Geexp (MG g_l) 2.75 1.8 2.90 2.80 1.64
Gocal (mg g7 1) 039 059 243 1.22 2.05
ky (min™") 025 020 015 0.06 0.06
R’ 0.995 0.997 0.898  0.994 0.981
Pseudo-second-order equation Gecar (ME gfl) 2.79 1.91 3.27 2.89 2.22
ky (g mg™" min™") 127 054  0.08 0.11 0.02
h (mg g~" min™") 990 199  0.85 0.94 0.09
R? 1.000  0.999 0.995  0.999 0.992
Elovich equation a(mgg™h 244 125 092 134  —0.54
2.50°
b (mg g~ " min™") 0.11 020 0.9 0.36" 0.51
0.06°
R’ 0.930 0.996 0.982  0.981° 0.992
0.92°
Intra-particle diffusion equation k3 (mg g~' min="%)  0.074 0.15 0364  0.23 0.25
0.04°
C 245 123 1.04 136  —0.25
2.45°
R’ 0.856  0.975 0.965  0.993° 0.973
0.915°

# Parameters determined based on the first linear range of the studied model

® Parameters determined based on the second linear range of the studied model

’r @ Springer
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Conclusion

Nanosilica particles modified with Schiff base ligands
3-methoxy salicylaldimine propyl triethoxysilane (MNS),
5-bromo salicylaldimine propyl triethoxysilane (MNS;)
and 3-hydroxy salicylaldimine propyl triethoxysilane
(MNS;) are potential adsorbents for selective removal of
copper and lead ions from aqueous solutions. MNS,
demonstrated excellent selectivity for removal of copper
ions. Although the efficiency of MNS; for removal of
Zn>*, Cd**, Co** and Ni** ions was shown, more inves-
tigation is required to optimize the experimental conditions
for quantitative removal of these ions from aqueous
solutions.

Adsorption—desorption of the metal ions onto the
adsorbents allow their use repeatedly for removal of copper
and lead ions from aqueous solutions. Evaluated thermo-
dynamic parameters indicated that the adsorption processes
were endothermic and controlled by entropy changes. The
isotherms describing the experimental results of adsorption
depend on the metal ions and type of adsorbent. The
adsorption kinetics were described by considering pseudo-
second-order reaction with chemisorption as the rate-lim-
iting mechanism. The Elovich equation indicates both the
chemisorption nature of adsorption and the heterogeneous
surface of adsorbent.
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