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1. Introduction

Water is significant for the continuity of human activity. Sadly, toxic heavy metals have damaged water
resources through various intermediaries, such as air, food, or heavy metals contained waste. Heavy metals can
be distributed into human body and can be accumulated. If this situation continues for a long time, it can be
harmful to human health[1-5].

Thus, elimination of toxic metal ions from water resources at trace levels is of the serious importance [6, 7].
Different treatment methods have been used for pre-concentration and separation of metal ions including co-
precipitation, ion exchange, liquid-liquid extraction, membrane filtration, andsolid-phase extraction (SPE)[8-
14]. Solid-phase extraction (SPE) has often been used as a popular technique for extraction and separation of
metal ions because of its simplicity, high efficiency, reusability, easy handling, ecofriendly, and the availability
of a variety of solid adsorbents[15, 16]. The most significant factor in solid-phase extraction is the selection
ofadequate adsorbent[6, 17-19]. Many types of adsorbents have been used for the elimination of heavy metal
ions from aqueous solutions, such as activated carbon [20], clays[21], chelating resin[22], cellulose [23],
chitosan[24], zeolites[25], and silica gel[26-28].

Excellent thermal and mechanical stability, well-modified surface property and relative simple in comparison to
polymer resin makes the silica gel an ideal inorganic solid matrix. Also, among the advantages of the silica: its
chemical stability, good swelling resistance in different solvents andrapid adsorption kinetics [29, 30]. Many
types of functional groups containing oxygen, sulfur and nitrogen groups have been used to make such hybrid
materials [31-33].
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In this study, silica-gel previously modified with 3-aminopropyltriethoxysilane, was functionalized by 1,1'-
Carbonyldiimidazole to obtain SiNCI. The preparation and characterisation by FT-IR, elementary analysis,
BET, ATG of the modified silica, and it adsorption properties towardsZnll and Pbll ions were explored. The
effects of pH, shaking time, concentration, kinetics and isotherms adsorptionwere systematically investigated.

2. Material and Methods

2.1. Materials and reagents

All solvents and other chemicals (Aldrich, purity>99.5%) were of analytical grades and used without further
purification. The silylating agent (ATPES) 3-aminopropyltrimethoxtsilane (Aldrich) was used without
purification. Silica gel (E. Merck) with particle size in the range of 70-230 mesh, and 60 A in the median pore
diameter, was heated it at 120°C during 24 h to activate it before use.

2.2. Instrumentation

All metal ions were determined by atomic adsorption measurements and were performed by Spectra Varian
A.A. 400 spectrophotometer. The pH value was controlled by a pH 2006, J. P. Selecta; s. a. FT-IR spectra were
obtained with Perkin Elmer System 2000. The mass loss determinations were performed in 90:10
oxygen/nitrogen atmospheres on a Perkin Elmer Diamond TG/DTA, at a heating rate of 10°C min"'. SEM
images were obtained on a FEI-Quanta 200. Elemental analysis was performed by Microanalysis Centre Service
(CNRS).The nitrogen adsorption-desorption was obtained by means of a ThermoquestSorpsomatic 1990
analyzer, after the material had been purged in a stream of dry nitrogen. A specific area of modified silica was
determined by using the BET equation.

2.3. Synthesis of new adsorbents (SiNCI)

First, the silica gel was heatedat 120 °C for 24 h to activation.Second, 25g of activated silica gel SiO, suspended
in 150 mL of anhydrous toluene was refluxed and stirred under nitrogen atmosphere for 2 hours. Then, 10 mLof
ATPES (amino-propyl-trimethoxysilane) was added dropwiseto this suspension, and the mixture was kept under
reflux for 24hours. The solid was filtered, washed with toluene and ethanol. It was then Soxhlet extracted with a
mixture of methanol/ dichloromethane (1/1) for 12h to remove the silylating reagent residue. The immobilized
silica gel, named SiNH2, was dried in vacuum at room temperature[34]. In the last step, 5 g of SiNH, was
mixed with 3g of 1,1 '-Carbonyldiimidazole in50 mL methanol for 24h at room temperature. The solid material
was filtered, dried and then extracted into Soxhlet with methanol / dichloromethane (1/1) for 12h. The solid
material was dried under vacuum at 40 ° C for 24 h.

2.4. Solid phase extraction technique (Batch method)
The mixture of 10 mg of SiNCI and 10 mL of a metal ion solution at various pH and concentrationswasagitated
at 25°C until equilibrium was reached. Then, the solid phase was separated by filtration. The remaining metal
concentration was determined by atomic absorption spectrometry and the quantity of metal ionssorbed was
calculated by the equation (1)[35] :

(CO B Ce)xm

ge=—"—v"r O

Where q. is the quantity of metal ion on the adsorbent (mg/g), C, the initial concentration of metal ions (mg/L),
C. the equilibrium metal ion concentration in solution (mg/L),m is the weight of the adsorbent (g), V is the
volume of aqueous solutions (L).

Effect of concentration: The suspensions were stirred in the concentration range from 5 to 200 mg/L at 25°C in
an thermostat agitator for 120 min. After equilibrium was fixed, the amounts of residual metal ions in solution
were measured by atomic absorption spectrometry.

pH studies: 10 mg of the material SiNCIwas mechanically stirred in solutions of Zn" and Pb'ions at
differentpH (2-7) for 30 min. The pH of the solution was adjusted using NaOHand HCI.
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Selectivity experiments:Ten milligrams of sorbent SiNCI was shaken in 10 mL of a solution of Zn"
andPb'ionsat optimum concentrations of 55 mg L™ and 50 mg L' respectively, pH = 6 and 25 °C. The mixture
was stirred for 30 min.

3. Results and discussion

3.1. Preparation of adsorbent SiNCI

The first stage in the preparation was the reaction between the silanol groups on the surface of silica and the
silylating agent. The SiNH, material was prepared using our previous reported method[13, 15, 36]. The second
stage is the reaction between the solid SiNH, and 1,1'-carbonyldiimidazole (CDI) in Methanol at room
temperature to form the sorbent SiNCI as shown in Schema 1. It is known that a reaction of CDI and amine
provides a N-alkyl-1H-imidazole-1-carboxamide[37].
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Schemal: Synthetic route of the hybrid SINAC(: Toluene, ii: 1,1"-Carbonyldiimidazole in Methanol).

3.2. Characterization of adsorbent

Infrared spectroscopy (FT-IR):The infrared spectra (400-4000 cm™) of SiNH,and SiNCI are shown in Figure
1. In the spectrum of SiNH,, there are three adsorption bands: at 2941 cm’'representative of the C-H elongation
vibrations, at 1560 cm'representative of the N-H stretching vibrations assigned to the primary amine, and in the
surroundings of 1400 cm'lrepresentative of Si-C elongation vibrations [15]. In the spectrum of SiNCI, the new
characteristic bands observed at1421 and 1549 cm™ can be attributed to the stretching vibration of C=C and
C=N groups of the imidazole ring, respectively, while the wide bands around 2941 cm™ are typical of the
stretching vibrations of C—H groups. Moreover, the appearance of the amide groups in the modified hybrid solid
was confirmed by the characteristic bandsvisibles at 1645 em™ (C=0 stretching), and 1559 ¢cm™ (NH band of
amide). These peaks clearly indicate the successful introduction of amide groups into the mesoporous silica.
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Fig. 1 FT-IR spectra of SiNH, and SiNCI.

Elemental analysis: The amount of carbon and nitrogen contents (%C = 4.46, %N = 1.66) in SiNHare an
indication of a successful fonctionalization of 3-aminopropyl on the activated surface of silica gel [22]. The
increase in amount of carbon and nitrogen inSiNCI (%C= 6.95, %N=1.92) indicates that the
imidazolecarboxamide is attached to SiNH,.

SEM analysis: The material surfaces were characterized by scanning electron microscopy. The SEM images of
SiNH,; and SiNCI are presented in Figure2. The surface of SiNH, is constituted of a particle structure with
deposits on the surface. After the modification by 1,1'-carbonyldiimidazole on SiNH,, the surface morphology
was changed by the formation of more deposits on its surface attributed to the immobilization of
carbonylimidazole units.

Fig. 2. SEM of the surface of SiNH, and SiNCI.

Thermogravimetric analysis (TGA):Fig. 3presents the TGA of SiNH; and SiNCI materials. The thermogram
of SiNH,shows two stages: the firststage with a small mass loss of 1.56%between 25-100 °C assigned to water
elimination, and the second stage with a mass loss of 7.47% between 208-800 °C, which corresponds to the 3-
propylamine added onto the surface over immobilization. In addition, the curve involving SiNCI shows a
marked mass loss of 13.32%, after the exclusion of physiosorbedH,O. This mass loss is attributed to the
decomposition of the grafted organic fraction at the same time the condensation of the remaining silanol groups.
The increase of the mass loss is in accordance with the increase of the organic matter attached, in a covalent
manner, on the surface of silica gel [38]. The results indicated that the SiNCI sorbent was stable at temperature
below 120°C.
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Fig. 3: The thermograms of (a) SiNH; and (b) SiNCI

3.3. Adsorption studies

3.3.1. Effect of pH

The pH has a significant influence on the adsorption process by the affectation of protonation of donor groups
on the surface of the adsorbent. Figure 4 shows thatthe adsorption continued to increase from pH 2 till optimum
pH 6. The adsorption process of Zn' and Pb" in acidic pH was not optimal. The surface of the adsorbent has
positively charged, so the adsorbent surface rejected to bind metal ions. In addition, the electrostatic repulsion
between the metal ions and the positively charged donor groups can prevent adsorption of Zn" and Pb" by the
adsorbent[39];these phenomena caused the low adsorption of Zn" and Pb". At pH 6, the active sites on
adsorbents were in the form of neutral, so they had a function as an electron-pair donor. At pH> 7, the
adsorption of metal ions decreases due to the formation of hydroxyl metals. Based on the results the optimum
pH of Zn" and Pb" adsorption using SiNCI was at pH 6.
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Fig. 4: Effect of pH on the retention of Zn" and Pb" onto SiNCL.

3.3.1. Effect of contact time and kinetic adsorption

The sorption capacity of Zn" and Pb" ions was determined as a function of time to determine an optimal contact
time for the sorption of metal ions on the sorbent. Figure 5 shows that the Zn" and Pb" removal increased
rapidly over the initial 20 min. After that, the removal rate decreased slightly until the point of equilibrium was
achieved at approximately 25 min. The adsorption equilibrium can be achieved rapidly due to the requirement
of minimal activation energy.
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To better understand the Zn" and Pb" adsorption kinetics of SiNCI, theoretical kinetic models such as the
pseudo-first-order and pseudo-second-order kinetic models[40-42]have been applied to the experimental data.
The pseudo-first-order kinetic model is given by Eq. (2):

qe = qe(1 —exp(=kqit))  (2)
The Pseudo-second-order kinetic model is given by Eq. (3):

t 1 + t 3)

q k202 qe

Where q. and q; are the adsorption capacities for the metal ions (mg/g) in equilibrium and at time t (min.),
respectively, ki(min™) is the kinetic constant of pseudo-first-order model and k, (g/mg.min) is the kinetic
constant of pseudo-second-order model.
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Fig.5: a) Effect of shaking time on the adsorption of Zn" and Pb" onto SiNCI, b) Pseudo-second-order kinetic model dose:
10 mg, V =10 mL, and pH = 6 for Zn" and Pb" at 25 °C.

The parameters ofpseudo-first order and pseudo-second order kinetic are indicated in Tablel and Figure 5. The
correlation coefficient of the pseudo-first orderwas less high than the pseudo-second order kinetic model (R’=
0.993; R’=0.996) for both Zn" and Pb" ions respectively, indicating that the adsorption completelywas
conformwith the pseudo-second order reaction and the chemical interaction process controlled the adsorption

process. In addition, the experimental q. values is close to the theoretical q. values found from the second-order
kinetic model.

Table. 1: Parameters of the pseudo-first order and the pseudo-second order kinetic.

) ge (exp) First-order Second-order
Metal ions — -
(mg/g) de (Mmg/g) ki(min™) R? qe(mg/g)  k;(g/mg.min) R?
Zn" 24.25 2421 0.179 0.988 25.57 0.019 0.993
pb" 10.21 10.11 0.213 0.992 10.64 0.059 0.996

3.3.2. Effect of concentration and sorption isotherms

The adsorption capacity is amajor factor to determine how much of sorbent is necessary to quantitatively
concentrate the analytes from a given solution. As can we see in Figure 6, the uptake amount of adsorption of
Zn" and Pb" increased with the initial concentrations of Zn" and Pb" in solution. The initial Zn" and Pb"
concentrations were increased until the equilibrium values of 24.25 mg/g and 10.21 mg/g were obtained,
respectively. The equilibrium isotherms are very important for understanding the sorption systems; many
isothermal equations exist to analyze the experimental equilibrium sorption data.The Langmuir and Freundlich
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isothermal equations are the most frequently used for sorption[43, 44]. Herein, the experimental data obtained
by the effect of the initial concentration on the sorption capacity were adjusted to the Langmuir and Freundlich
sorption isotherms.
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Fig. 6: Effect of the concentration on the metal ion adsorption onto SiNCI adsorption dose: 10 mg, V = 10 mL, and pH =6
for Zn" and Pb" at 25 °C.

Langmuir isotherms: The equilibrium distribution of metal ions between the solid and liquid phases was
represented by the Langmuir isotherm. It is applicable for monolayer sorption onto a surface containing a finite
number of identical sites. [45, 46]

The Langmuir adsorption model is described in Eq (4):

C. C, N 1 @
de 9. 9K,

Where ge is the amount of solute sorbed on the surface of the sorbent (mg/g), Ce is the equilibrium ion
concentration in the solution (mg/L), q is the saturated adsorption capacity (mg/g) and K is the Langmuir
adsorption constant (L/mg). The plot of C./q. vs. Ce for the sorption gives a straight line of slope 1/qK. and
intercept 1/q.

Freundlich isotherms: The Freundlich isotherm is based on the assumption that sorption happens on
heterogeneous surfaces with multilayer adsorption [15].

The Freundlich isotherm model can be described as Eq. (5):

InC,

Inqg, =Inkp + (5)

Where qe is the adsorption capacity (mg/g), Ce is the equilibrium concentration of the solute (mg/L), n is the
Freundlich constant and Ky is the binding energy constantly reflecting the affinity of the adsorbent towards
metal ions (mg/g). Kr and n values, which can be calculated from the intercept and slope of the straight line of
Inq. vs. InCe.

The calculated parameters for the Freundlich and Langmuir models from the linear regressions of the
experimental data are summarized in Table 2 and Figure 7. For Zn" and Pb", the correlation coefficients got
from Langmuir models are R’=0.993 and 0.992, respectively. The SiNCI had a monolayer adsorption capacity
value (q =25.83 mg/g), which was in accordance with the experimentally measured saturation value (qe = 24.25
mg/g). The Freundlich model had a lower coefficient of determination (R*= 0.768, 0.913) versus the Langmuir
model, which indicated that it was not able to explain the relationship between the quantity of adsorbed Zn" and
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Pb" and its equilibrium concentration in solution. The results indicated that the SiNCI surface was homogeneous
and that the adsorption process occurred via monolayers adsorption[47].

Table 2: Parameters of isotherm modelsof the adsorption onto SiNCI.

Langmuir isotherm model Freundlich isotherm model
Metal ions Q.exp (mg/g)
q (mg/g) Ki (L/mg) R2 n Kr (mg/g) R2
Zn" 24.25 25.83 0.248 0.992 2.722 6.266 0.768
Pb" 10.21 10.86 0.213 0.993 3.403 3.172 0.913
10
y = 0,092x + 0,430
8 - R2= 0,993
—_— Zn"
6 - —a— Pb"!
=)
=
O 4
a y =0,0387x + 0,156
R2= 0,992
0 . T . T . T . . .
0 20 40 60 80 100
C.(mg/L)

Fig.7: Langmuir adsorption model fit of Zn", Pb" on SINAC dose: 10 mg, V = 10 mL, and pH = 6 at 25 °C for Zn" and Pb"

3.3.3. Selectivity studies

Results given in Figure 8 show a quantitative extraction of Zn". Indeed, the adsorption of Pb" in the bimetallic
solution, is negligible compared to the adsorption of Zn". We noted that the respective concentration of Zn" and
Pb" in the bimetallic system is fixed in the same way as in the mono-metal system. Yet, we notice a selectivity

for Zn" in the bimetallic solution.
20

Zn!

15

10

(e(mgfg)

Pbll

(0]

Fig. 8: Effect of metal ion selectivity on extraction of Zn" and Pb" using SiINCI(dose: 10 mg, V = 10 mL and pH = 6 at
25 °C).
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3.3.4. Comparison with existing adsorbents

Even the comparison of the prepared SiNCI sorbent with the other sorbents in terms of adsorption efficiency
was difficult, because of the different experimental conditions;the SiNCI sorbent had been seen to have a
relatively high adsorption capacity for Zn" over other sorbents already reported in the literature, as shown in
Table 3. [16, 33, 35, 48-53].

Table 3: Comparison of adsorption efficiency of Zn" with previous published adsorbents

Ligand-Silica Sorption capacity (mg/g) Refs.
Humicacid 1.51 [16]
1-(Pyrrol-2-yl) imine 24.16 [33]
(Z2)-1-(Furan-2-yl) -3-hydroxybut-2-en-1-one 23.36 [35]
C, N-Bipyrazole 0 [48]
2,3-Dihydroxybenzaldehyde 8.69 [49]
p-Toluenesulfonylamide 12.60 [50]
2-Aminomethylpyridine 14.38 [51]
Sulfanilamide 19.09 [52]
3-Aminopropyltriethoxysilane 23.54 [53]
Imidazole-1-carboxamide 24.25 This work
Conclusions

The next conclusions can be subtracted from the above results:CDI was successfully linked to the surface of
silica after modification by 3-aminopropyltrimethoxysilane.The new hybrid material SINCI was perfectly
characterized. All the parameters that can influence the adsorption of Zn" and Pb" by SiNCI were studied. The
optimum pH of the adsorption of the metal ions is 6. The sorption of Zn" and Pb" ions by the prepared SiNCI
can be well expressed with the Langmuir model sorption isothermswhich prove the homogeneity of sorbent
sorption sites. The kinetics adsorption data were adjusted with various kinetic models; the pseudo-second-order
kinetic model was the best model to explain the kinetics of adsorption process. The affinity order of heavy metal
ions was as Zn'>Pb".The hybrid material described in this work shows further improvement and exhibits better
values and greater affinity for the efficient adsorption of Zn" over several other sorbents exist in the literature.
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