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ABSTRACT 
Porous SiO2 has been chemically modified with functional ortho-, meta- or para-nitrophenyl moieties using the 
heterogeneous route. This synthetic route involved the reaction of carbaldehyde derivatives with 3-aminopropyl 
trimethoxysilane prior to immobilization on the support. The new modified surfaces have been characterized by 
elemental analysis, FT-IR, 13C NMR of the solid state, nitrogen adsorption-desorption isotherm, BET surface 
area, B.J.H. Pore sizes, thermogravimetry curves (TGA) and scanning electron microscope (SEM). The new ma-
terials exhibit good chemical and thermal stability. These products were employed as a Cu(II) adsorbent from 
aqueous solutions at room temperature using the batch technique. Flame atomic absorption spectrometry was 
used to determine the Cu(II) concentration in the filtrate after the adsorption process. The results indicate that 
under the optimum conditions, the maximum adsorption value for Cu(II) was 20.0 mg Cu(II) g−1 modified silica, 
whereas the adsorption capacity of the unmodified silica was only 1.0 mg Cu(II) g−1 silica. On the basis of these 
results, it can be concluded that it is possible to modify chemically SiO2 with functional groups and use it as ad-
sorbents for metals in aqueous media. 
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1. Introduction 
The high Cu2+ concentration not only endangers the 
growth of the aquatic animals and plants, obstructs the 
self-purification of the water bodies, but also exerts a 
deleterious effect on the human’s health. Owing to the 
toxicity of copper, the World Health Organization (WHO) 
recommended the maximum acceptable concentration of 
this element in drinking water to be 2.0 mg∙L−1 [1]. Metal 
separation via adsorption using appropriates surfaces is a 
very promising technique because of its simplicity and 
reversibility. Therefore, extensive research effort has 
been directed towards the development of new surfaces 
for the removal of heavy metals from water. 

Recently, various studies have focused on the removal 

of this toxic heavy metal ions from water. One of the 
potential remedies is the use of adsorption technology. 
Activated carbon and a number of low-cost adsorbents 
such as rice husk, montmorillonite and natural bentonite 
have been used for the removal of Cu(II) [2-4]. Never- 
theless, some of these materials suffer from inherent 
problems such as the low removal capacity, low selectiv- 
ity, long equilibrium time, mechanical and thermal insta- 
bility. 

In recent years, the preparation of porous materials 
based adsorbents has generated considerable interest due 
to their unique large specific surface area, regular pore 
structure and well-modified surface properties [5-7]. 
Moreover, they can also be regenerated for many times 
after adsorption saturation [8]. 

To enhance the adsorption capacity for heavy metals, *Corresponding author. 
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the organically modified porous silicas have drawn much 
attention as promising adsorbents. The porous silicas are 
usually modified by the post-synthesis or one-pot syn- 
thesis. In both methods, the organic functional groups are 
used. Indeed, the aptitude of attached chelate is mainly 
owed to the presence of donor atoms, such as oxygen, 
nitrogen and sulfur [9-13]. 

In continuation of our work in this field [14-25], this 
paper describes the synthesis and the characterization of 
new surface materials obtained by grafting functionalized 
orth-, meta- or para-nitrophenyl on porous silica. The 
adsorption capacities of unmodified silica, and nitro- 
phenyl-modified silicas towards Cu(II) were investigated 
and the extracted amounts of metals ions were deter- 
mined by atomic absorption measurements. 

2. Experimental 
2.1. Materials and Methods 

All solvents and other chemicals employed in this inves- 
tigation were of analytical grade and used without further 
purification. Silica gel (E. Merck) with particle size in 
the range of 70 - 230 mesh and a median pore diameter 
of 60 Å, was activated before use by heating it at 160˚C 
for 24 h. The silylating agent 3-aminopropyltrimetho- 
xysilane purchased from Janssen Chimica was used 
without purification. Solid state 13C NMR spectrum of 
the product was obtained with a CP MAS CXP 300 MHz 
spectrometer. Elemental analyses were performed by 
Microanalysis Central Service (CNRS). FT-IR spectra 
were recorded with a Perkin-Elmer 1310 Fourier trans- 
form infrared Spectrophotometer. X-ray diffraction spec- 
tra were performed by UATRS-CNRST using Panalyti- 
cal X’Pert PRO-Philips diffractometer. Atomic absorp- 
tion measurements were performed acquired with the aid 
of a Spectra Varian A.A. 400 Spectrophotometer. A spe- 
cific area of modified silica was determined by using the 
BET equation. The nitrogen adsorption-desorption was 
obtained by means of a Thermoquest Sorpsomatic 1990 
analyzer, after the material had been purged in a stream 
of dry nitrogen. The mass loss determinations were per- 
formed in 90:10 oxygen/nitrogen atmospheres on a TGA 
Q50 V6.7 Build 203 instrument, at a heating rate of 
10˚C∙min−1. 

2.2. Preparation of Silica-Immobilized 
Propylamine (SiNH2) 

The first stage in the preparation was the reaction be- 
tween the silylating agent and the silanol groups on the 
silica surface. Activated silica gel (SiG) (25 g) suspended 
in 150 mL of dried toluene was refluxed and mechani-  
cally stirred under nitrogen atmosphere for 2 h. To this 
suspension, 10 mL of aminopropyltrimethoxysilane was 

added dropwise and the mixture was kept under reflux 
for 24 h. The solid was filtered, washed with toluene and 
ethanol and was then Soxhlet extracted with a mixture of 
ethanol and dichloromethane (1:1) for 12 h, to remove 
the silylating reagent residue. The obtained immobilized 
silica gel, named SiPr, was dried in vacuum at room tem- 
perature. 

2.3. Synthesis of Nitrophenyl-Substituted Silicas 
(Si-o-NO2), (Si-m-NO2) and (Si-p-NO2) 

A mixture of 3-aminopropylsilica (SiNH2) (10 g) and 
ortho-nitroacetophenone, meta-nitroacetophenone, or 
para-nitroacetophenone, (3 g) in 100 mL of dry diethyl 
ether was stirred at room temperature for 12 h leading to 
(Si-o-NO2), (Si-m-NO2) and (Si-p-NO2) respectively. 
After being filtered, the solid products were Soxhlet and 
extracted with acetonitrile, methanol and dichlorome- 
thane for 12 h. The products were then dried under va- 
cuum at 70˚C over 24 h. 

2.4. Batch Experiments 

A 100 mg sample of modified silica and 10 mL of an 
aqueous solution of a copper ion (0.006 g) were shaken 
for 1 min to 24 h at 25˚C and under various pH. The 
mixture was then filtered off and the amount of metal ion 
in the filtrate was determined by atomic absorption spec- 
trophotometry using standard solutions for calibration. 
Solutions of the metal ions were prepared by dissolution 
of the nitrate salt. Analyses were performed in duplicate 
for each sample and only the mean data were reported. 

3. RESULTS AND DISCUSSION 
3.1. Linker Synthesis 

The synthetic route of the new chelating materials can be 
summarized in Scheme 1. The preparation involves 
reacting the activated silica gel with 3-aminopropyltri- 
methoxysilane in toluene to form the amino groups at- 
tached to the silica surface (SiG) [26]. These NH2-groups 
onto the silica surface were then reacted with ortho-, 
meta- or para-nitrobenzaldehyde under gentle conditions 
(room temperature, atmospheric pressure, 12 h), using 
anhydrous diethyl ether as solvent to form the new che- 
lating sorbents (Si-o-NO2), (Si-m-NO2) and (Si-p-NO2) 
respectively. 

3.2. Materials Characterization 
3.2.1. Elemental Analysis 
Elemental analyses (Table 1) of carbon and nitrogen (not 
present in the starting activated silica gel SiG) of amino- 
propyl-silica (SiNH2) make it possible to characterize the 
modification on the silica gel surface. The microanalysis 
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Scheme 1. The synthesis route of modified silicas. 

 
Table 1. Adsorption and texture parameters of the initial (SiG) and of the modified samples (SiNH2), (Si-o-NO2), (Si-m-NO2) 
and (Si-p-NO2). 

Parameters SiG SiNH2 Si-o-NO2 Si-m-NO2 Si-p-NO2 

SBET (m2∙g−1) 305 241 240 223 232 

Pore volume (cm3∙g−1) 0.77 0.67 0.65 0.54 0.63 

Carbon content (wt %) - 4.12 4.92 5.70 5.75 

Nitrogen content (wt %) - 1.60 1.76 1.72 1.64 

 
suggests that two methoxy groups were substituted by 
silanol and the -NH2 content of SiNH2 was 1.14 mmol/g. 
The final materials (Si-o-NO2), (Si-m-NO2) and (Si-p- 
NO2) showed also an increase in the percentages of C 
and N attributed to the nitrophenyl fraction immobilized 
on the silica gel surface. 

3.2.2. FT-IR Characterization 
The modified silica gel was also confirmed by FT–IR 
analysis. As shown in Figure 1, a characteristic feature 
of the 3-aminopropylsilica (SiNH2) when compared with 
the native silica (SiG) was the appearance of a ν(NH2) 
around 1580 cm−1 and a ν(C-H) weak bands at 2700 cm−1 

corresponding to the carbon chain of the pendant group 
attached to the inorganic silica matrix. On the spectrum 
of the final materials as Si-m-NO2, we note the disap- 
pearance of the absorption band at 1580 cm−1 which tes- 
tifies the reactivity of the primary amine (-NH2) and the 
appearance of new characteristic bands around 1554 
cm−1 resulted from C = N vibrations. The final materials 
reveal also the appearance of new characteristic band 
around 1540 and 1350 cm−1 due to N-O groups. These 
re-sults showed that the nitrophenyl units had been 
grafted onto the surface of silica gel after modification. 

3.2.3. 13C NMR Characterization 
The presence of the organic spacer arm on the inorganic 
polysiloxane was asserted by 13C solid state NMR spec- 
troscopy (Figure 2). Three well-formed peaks, at 9.4, 
25.0 and 42.6 ppm were attributed to the propyl carbon, 
Si-CH2, -CH2- and N-CH2, respectively. The signal at 
53.1 ppm was assigned to unsubstituted methoxy group 
–OCH3 as confirmed by microanalysis. For the (Si-o- 
NO2), (Si-m-NO2) and (Si-p-NO2), the spectra reveal 
other signals at 100 - 160 ppm corresponding to specific 
carbons of nitrophenyl units. 

3.2.4. TGA Analysis and Thermal Stability 
The thermogravimetric curves reflect the thermal stability 
of these new products. The quantity decomposed in each 
stage confirms the amount of the compounds grafted 
(Figure 3). Native silica gel (SiG) presents two losses 
attributed to physisorbed water molecules released and to 
the condensation of silanol groups bonded to the surface. 
Different from silica, the 3-aminopropyl-silica (SiNH2) 
presents an additional weight loss, after the drainage of 
physically adsorbed water, mainly attributed to the or- 
ganic arm. The final materials (Si-o-NO2), (Si-m-NO2) 
and (Si-p-NO2) showed also an increase of mass loss  
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Figure 1. FT-IR spectra of silica gel (SiG) and of the modified samples (SiNH2) and (Si-m-NO2). 

 

 
Figure 2. 13C NMR spectra of the modified sample (SiNH2). 
 
allotted to the decomposition of the nitrophenyl fraction 
immobilized on the surface of silica gel, together with 
the condensation of the remaining silanol groups. The 
pronounced increase in mass loss reflects the higher 
amount of the anchored organic groups with an order of 
para > meta > ortho because of the steric effects. 

 
Figure 3. Thermogravimetric curves of silica gel (SiG) and 
of the modified samples (SiNH2), (Si-o-NO2), (Si-m-NO2) 
and (Si-p-NO2). 
 
3.2.5. Surface Properties 
To gain insight into the porosity changes of the porous 
polysiloxane induced by the introduction of notrophenyl 
groups, we measured the surface area and pore volumes 
of modified silicas (SiNH2), (Si-o-NO2), (Si-m-NO2) and 
(Si-p-NO2) with nitrogen adsorption-desorption iso- 
therms (BET) (Figure 4) and Barrett-Joyner-Halenda 
(BJH) pore diameters methods [27,28]. The porous poly-
siloxane (SiG) has a BET (Brunauer-Emmett-Teller) 
surface area of 305 m2/g and a pore volume of 0.77 cm3/g.  
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Figure 4. Nitrogen adsorption–desorption isotherm plots of porous materials: (SiNH2), (Si-o-NO2), (Si-m-NO2) and (Si-p- 
NO2). 
 
On the other hand, we observed that SiNH2 has a de- 
crease BET surface area as additional groups’ immobili- 
zation takes place to give 241 m2/g and a pore volume of 
0.67 cm3/g. Moreover, the (Si-o-NO2), (Si-m-NO2) and 
(Si-p-NO2) have a decrease surface area and BJH pore 
diameters. The decreased parameters are attributable to 
the grafted nitrophenyl units on the porous polysiloxane 
(Table 1). Moreover, the nitrogen adsorption-desorption 
isotherm for silica derivatives, shown in Figure 4, are 
type IV according to the IUPAC classification and dis- 
play a pronounced hysteresis for partial pressures 1 > 
P/P0 > 0.4 which is the direct evidence of the presence of 
mesopores. The hysteresis loops is Type H2 indicating 
that there is a uniform pore diameter distribution. 

3.2.6. Scanning Electron Micrographs 
Some representative SEM micrographs of the original 
and modified materials are shown in Figure 5. They dis-
play an increased rough and porous nature, indicating 
that the materials present a potential to be employed as 
an adsorbent for metal ion uptake. 

3.2.7. Chemical Stability 
Finally, the chemical stability of the newly synthesized 
materials was examined in various acidic and buffer so-
lutions (pH 1 - 7). Samples were mixed with different 

concentrations and stirred at room temperature during 24 
h. No change in the material structure was observed. The 
high stability exhibited by the attached organofunctional  
group is presumably due to the length of the pendant 
group, which binds the nitrophenyl groups to the silica 
surface. It has been shown that when the length of the 
hydrocarbon bridge was more than two methylene groups, 
the rupture of Si-C bond did not occur in a mineral acid 
medium, due to the length of the chain; longer chains can 
no longer have a functional handle that can undergo be-
ta-elimination of the Si cation [29,30]. 

3.3. Solid-Liquid Retention of Cu(II) 
The preliminary adsorption properties of the above mod- 
ified materials (Si-o-NO2), (Si-m-NO2) and (Si-p-NO2) 
towards copper was evaluated by the batch method. The 
samples (0.1 g) were equilibrated by shaking with 10 mL 
of a solution containing 0.006 g of Cu(II) (90 μmol) for 
different time intervals (5, 10, 15, 30 min and 1, 2, 3, 4, 5, 
6 and 24 h). The concentration of metal ion was deter- 
mined by means of atomic absorption measurements. 
The amount of metal ion adsorbed by the synthesized 
materials from aqueous solution was calculated using the 
following equations [31]: 

QM = (C0 – Ce) × V/W 
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Figure 5. SEM photographs of silica gel (SiG) and of the 
modified samples (SiNH2), (Si-o-NO2), (Si-m-NO2) and (Si- 
p-NO2). 
 

QW = QM × M 
where QM is the amount of the metal ion on the adsorbent 
(mmol∙g−1), QW is the amount of the metal ion on the  
adsorbent (mg∙g−1), V is the volume of the aqueous solu- 
tion (l), W is the weight of the adsorbent (g), C0 the ini- 
tial concentration of metal ion (mmol∙l−1), Ce the equili- 
brium metal ion concentration in solution (mmol∙l−1) and 
M the atomic weight for metals (g∙mol−1). Analyses were 
performed in duplicate for each sample and only the 
mean data were reported. 

From Figure 6, a two-stage kinetic behavior was evi- 
dent: a very rapid initial adsorption over a few minutes, 
followed by a constant adsorption according to time. In- 
deed, the kinetics of adsorption that describes the metal 
ion uptake’s rate governing the contact time of the sorp- 
tion reaction is one of the important characteristics that 
define the efficiency of sorption. 

The higher adsorption of Cu(II) by Si-o-NO2 suggests 
that the two active donor atoms of nitro groups and ni- 
trogen imines are so oriented that their accessibility is not 
difficult and consequently, fast interaction with the free 
metal ions present in solution is feasible. Indeed, the two 
donor atoms act as a convergent chelating bidentate do- 
nor. The term convergent refers to the donor atoms coor- 
dinating to the same metal centre leading thus to a stable 
chelates. 

4. CONCLUSIONS 
In conclusion, porous polysiloxane with high specific 
surface and adjustable pore has gained renewed interest 
as a class of products presenting some particular charac- 
teristics when modified with selected organic groups. It 
is not surprising, therefore, to note that the chemistry of 
the interior surface of silica plays a dominant role in its 
chemical and physical behavior. It is this property that  

 
Figure 6. Adsorption kinetics of Cu(II) on modified samples 
(Si-o-NO2), (Si-m-NO2) and (Si-p-NO2). 
 
makes silica gel an attractive material for use as adsor- 
bents. 

Although unmodified porous silica shows no specific 
interactions with Cu(II), organo-functionalization may be 
used to make them suitable for such metal ions complex- 
ation. Indeed, porous silica-immobilized ligand systems 
showed strong complexing properties in the presence of 
some heavy metals. 
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