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Abstract Modified mesoporous SBA-15 silica materials
(G-SBA-IDA, G-SBA-EDTA and G-SBA-DTPA) (where
IDA, EDTA and DTPA represent iminodiacetic acid, ethylene-
diaminetetraacetic acid and diethylenetriaminepentaacetic
acid, respectively) were prepared by treatment of grafted
monoamine or diamine or triamine mesoporous SBA-15
silica (G-SBA-N, G-SBA-NN, G-SBA-NNN) nanomateri-
als with ethylchloroacetate, followed by acid hydrolysis of
ester groups. These materials were characterized by sev-
eral techniques including transmission electron microscopy
(TEM), scanning electron microscopy (SEM) with energy
dispersive X-ray spectroscopy (EDS), Fourier transform
infrared spectroscopy (FTIR), small angle X-ray scattering
(SAXS), thermal analysis (TGA) and X-ray photoelectron
spectroscopy (XPS). TEM and BET analysis revealed that
the IDA functionalized amine mesoporous SBA-15 silica
materials have maintained their mesostructure after modifi-
cation of the amine mesoporous silica with ethylchloroac-
etate. Thermal analysis (TGA-DTA) and FTIR confirmed
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that ethylchloroacetate groups are covalently bound to the
amine groups. The acid forms of IDA functionalized mate-
rials showed high potential for extraction and removal of
heavy pollutant metal ions (Co2+, Ni2+, Cu2+and Pb2+)

from aqueous solutions.

Keywords SBA-15 mesoporous silica · Modified SBA-15
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1 Introduction

A great deal of research has been directed towards func-
tionalized mesoporous SBA-15 silica, not only associated
with structure features but also due to essential enormous
potential applications in many different areas. The SBA
type silica was first synthesized using a nonionic block
polymer as a template [1]. These materials were prepared
at low pH, where interaction between silica precursor and
template through Si-OH + X−H+ is expected. SBA-15
mesoporous silica is generally obtained through the reac-
tion of template pluronic acid 123 under acidic condition.
A lot of research work has been directed to the synthesis of
well-defined hybrid organic-inorganic silica based porous
materials, because of their fascinating regular mesostruc-
ture along with high specific surface area, thermal and
mechanical stability, uniform pore distribution and high
adsorption capacity [2–6]. There are two different meth-
ods reported for preparation of functionalized mesoporous
silica [7, 8], the co-condensation method in which the func-
tional groups are introduced into the interior channel of the
pore side and the grafting method (post-synthesis) in which
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the functional groups are introduced into the external side
of the pore. There is a significant potential of work for syn-
thesis of functionalized amine and other ligand systems,
because of their versatile applications [9–12]. Iminodiacetic
acid(IDA)-functionalized mesoporous materials are very
interesting, because they have a wide range of applications
in drug delivery [13], adsorption, separation and removal
of toxic heavy metal ions from water [14–21], environmen-
tal studies [17–21] and biochemistry [21]. Most previous
reported work was concerned with IDA-functionalized silica
or modification of pre-prepared functionalized polysiloxane
materials. Few research articles are reported on synthesis
of IDA-modified mesoporous silica [13, 17, 22]. Iminodi-
acetic acid (IDA), ethylenediaminetetraacetic acid (EDTA)
and diethylenetriaminepentaacetic acid (DTPA) have favor-
able chelating groups and ion-exchange properties for many
different metal ions. Therefore, their immobilization onto
inorganic mesoporous SBA-15 silica supporting materials,
for metal adsorption purposes should receive wide atten-
tion. The reasons for selecting the following materials G-
SBA-IDA, G-SBA-EDTA and G-SBA-DTPA, are the parent
substrate SBA-15 silica has higher surface area, large wall
thickness and it is thermally and mechanically stable. These
materials would also have a wide range of applications in
environmental and biochemical fields.

In this research article, three modified mesoporous
SBA-15 silica ligand systems namely IDA-, EDTA-
and DTPA- were prepared via modification of grafted
monoamine, diamine and triamine mesoporous materials
with ethylchloroacetate followed by hydrolysis using HCl.
Their potential for extraction and removal of some heavy
toxic metal ions (Co2+, Ni2+, Cu2+and Pb2+) from aque-
ous solutions was examined and compared with the data of
reported similar IDA- and EDTA-functionalized polysilox-
ane ligand systems. These materials have promising appli-
cation for removal of toxic heavy metals. Several tech-
niques were used for the structure characterization of these
new materials. These methods include: X-ray photoelec-
tron spectroscopy (XPS), transmission electron microscopy
(TEM), scanning electron microscopy (SEM-EDS), Fourier
transform infrared spectroscopy (FTIR), small angle X-ray
scattering (SAXS), and thermal analysis (TGA).

2 Materials and Methods

2.1 Materials

Tetraethylorthosilicate, ethylchloroacetate, iminodiacetic acid
(IDA) and pluronic P123 (EO20PO70EO20), were purchased
from (Merck) and used as received. The organoalkoxysilanes

selected for the functionalization process were 3-amino-
propyltrimethoxysilane [1-(2-aminoethyl)-3-aminopropyl]
trimethoxysilane and 1-[3-(trimethoxysilyl)-propyl]-diethy-
lenetriamine. These reagents were purchased from the
Aldrich company and used without further purification.
Toluene and ethanol (spectroscopic grade) were purchased
from Aldrich and used as received. Metal ion solutions of
the appropriate concentration were prepared by dissolving
the metal nitrate (analar grade) in deionized water.

2.2 General Techniques

Infrared spectra for the materials were recorded on a Perkin-
Elmer FTIR, spectrometer using a KBr disk in the range
4000 to 400 cm−1. All pH measurements were obtained
using an AD1020 pH Meter. All ligand samples were shaken
with aqueous metal ion solutions using an ELEIA-Multi
Shaker. The concentrations of metal ions in their aqueous
solutions were measured using a Perkin-Elmer AAnalyst-
100, spectrometer.

Thermogravemetric analysis TGA was carried out for
the samples using a Mettler Toledo SW 7.01 analyzer in
the range of 25-600 oC under nitrogen. Scanning elec-
tron microscopy (SEM) was performed with a Philips
X130 ESEMFEG with energy dispersive X-ray (EDS) spec-
troscopy. The transmission electron microscopy (TEM)
analysis was done with a Tecnai F300 transmission elec-
tron microscope, with images taken after suspending
the nanoparticles in ethanol. N2 adsorption–desorption
isotherms at 77K were measured by using a Micromeritics
Tristar 3000 sorptometer to determine textural properties.
Surface area was calculated by using the BET equation.

XPS spectra were recorded using a K Alpha (Thermo) fit-
ted monochromatic Al K X-ray source (spot size: 400 µm).
The pass energy was set to 200 and 50 eV for the survey
and the narrow regions, respectively. The spectra were cal-
ibrated against the C-C/C-H C1s component set at 285 eV.
The composition was determined using the manufacturer’s
sensitivity factors.

2.3 Preparations

2.3.1 Preparation of SBA-15 Silica Nanoparticles

SBA-15 pure silica was prepared by using pluronic P123 tri-
block copolymer as previously prepared [1]. 4.0 g of P123
was dissolved at room temperature in 125 ml 2M HCl.
TEOS was added to the solution and stirred at 35 ◦C for
24 h, then autoclaved at 100 ◦C in a sealed reactor at 100 ◦C
for 48 h. The solid product was isolated by filtration and
washed with water and ethanol. The surfactant was removed
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Scheme 1 Systematic drawing
of the formation of
IDA-functionalized mesoporous
SBA-15 silica
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using two ways, by reflux in ethanol or calcination at 600
◦C for four hours.

2.3.2 Preparation of Amine Functionalized Silica
Mesoporous Nanoparticles

Amine functionalized mesoporous material was prepared
as previously described [8, 23] by dispersing 1.0 g of the
pure silica SBA-15 (surfactant was washed by ethanol) and
the appropriate amount (0.02 mol) of amine silane cou-
pling agent precursor in 30 ml of dry toluene. The mixture
was refluxed for 24 h at 110 ◦C. The solid material was

filtered off, washed with toluene and ethanol and dried
in vacuum at 60 ◦C for 24 h. The products are labeled
as G-SBA-N, G-SBA-NN and G-SBA-NNN for grafted
monoamine-, diamine- and triamine-mesoporous SBA-15
silica, respectively.

Preparation of mesoporous Silica G-SBA-IDA, G-SBA-
EDTA and G-SBA-DTPA G-SBA-IDA, G-SBA-EDTA
and G-SBA-DTPA mesoporous silica materials were pre-
pared by modification of grafted amine mesoporous SBA-
15 silica materials G-SBA-N, G-SBA-NN and G-SBA-
NNN, with excess of ethylchloroacetate as follows: 1.0 g

Scheme 2 Synthesis of
G-SBA-IDA
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Scheme 3 Synthesis of
G-SBA-EDTA SiCH2CH2CH2NH (CH2)2NH2 + ClCH2COOC2H5
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of functionalized grafted amine material was refluxed with
excess of ethylchloroacetate in ethanol at 80 ◦C for 48 h.
The products labeled as G-SBA-IDA, G-SBA-EDTA and G-
SBA-DTPA materials were filtered and washed with ethanol
three times. They were dried in vacuum at 60 ◦C for 48 h,
and hydrolyzed using 2M hydrochloric acid at 90 ◦C for
8 h.

2.3.3 Metal Uptake Experiments

50 mg each of G-SBA-IDA or G-SBA-EDTA or G-SBA-
DTPA-modified mesoporous SBA-15 silica material (acid
form) was shaken with 50 ml, of 0.02 M of aqueous solution
of the appropriate metal ions (Co2+, Ni2+, Cu2+ and Pb2+)

using 100 ml glass conical flasks for 48 h. Determination
of the metal ion concentration was carried out by allowing
the insoluble complex to settle and an appropriate volume
of the supernatant was withdrawn using a micropipette then
diluted to the linear range of the calibration curve for each
metal. The metal ion uptake was calculated as mmole of
M2+/g ligand. Each study was performed at least in tripli-
cate. Metal uptake was examined. The metal uptake capacity
experiments for each of the three ligand systems was con-
ducted in the same way, by treatment of a certain amount of
the ligand system for 48 hours under shaking with an aque-
ous solution of the metal ion, an excess of metal ions was
used to ensure the equilibrium state between metal ions and
immobilized ligand.

Scheme 4 Synthesis of
G-SBA-DTPA SiCH2CH2CH2NH (CH2)2NH(CH2)2NH2 + ClCH2COOC2H5
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3 Results and Discussions

3.1 Synthesis

Modified mesoporous silica materials G-SBA-IDA, G-
SBA-EDTA and G-SBA-DTPA were prepared by treating
grafted monoamine- diamine- and triamine-mesoporous sil-
ica SBA-15, namely G-SBA-N, G-SBA-NN and G-SBA-
NNN with excess ethylchloroacetate. The ester form mate-
rials were converted into the corresponding acid form
materials using 2M HCl (Schemes 2, 3 and 4). It is con-
firmed that the acetate groups are covalently bound to the
amine nitrogen atoms and that most ester groups were com-
pletely converted into the acid form as evident from FTIR,
TGA and XPS results. The mesoporous order of materi-
als is maintained after the reaction with ethylchloroacetate,
this was evident from TEM and SAXS analysis discussed
later.

3.2 XPS Results

Typical survey regions are displayed in Fig. 1 for SBA-15
silica and amine- modified silica (G-SBA-N and G-SBA-
NNN), G-SBA-NN was removed from Fig. 1 for simplicity.
They exhibit five main peaks: Si2p, Si2s, C1s, N1s and
O1s centered at 103, 153, 285, 400 and 533 eV, respec-
tively. On one hand, the SBA-15 silica is free of nitrogen,
whilst on the other hand a qualitatively note higher N1s/Si2p
intensity ratio on going from G-SBA-N and G-SBA-
NNN. Figure 2a and b display N1s narrow regions from
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Fig. 1 XPS survey spectra of pristine mesoporous silica, G-SBA-N
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Fig. 2 High resolution, peak-fitted N1s regions from a G-SBA-NNN
b G-SBA-DTPA c N/Si atomic ratio versus the number of nitrogen
atoms per ligand. The number zero corresponds to pristine silica



986 Silicon (2018) 10:981–993

G-SBA-NNN before and after attachment of IDA groups,
together with the N/Si atomic ratio determined for G-SBA-
N, NN and NNN. The N1s peaks have two components
centered at ∼ 399.6 and 401.5 eV corresponding to free and
quaternized amine. Table 1 reports the surface composition
of SBA-15 and functionalized mesoporous silica samples.

The extent of carbon increase on going from monoamine
to diamine and then to triamine is evident. This accounts
for the chemical structures displayed in Schemes 1–3. Sim-
ilarly, Table 1 and Fig. 2c indicate a progressive increase
of the N/Si atomic ratio which accounts for the theoretical
number of nitrogen atoms per ligand. Note however that part
of the nitrogen atoms are positively charged, most proba-
bly quaternized; we invariably observed a higher N+/N after
attachment of the IDA group (see Table 1). Quaternization is
due to the HCl hydrolysis. As a matter of fact, we frequently
detected chlorides in the powder particle surfaces.

High resolution C1s peaks were fitted with three com-
ponents centered at 285, ∼ 286.5 and ∼ 289 eV, assigned
to C-C/C-H, C-N/C-O and COOR (R = C or H), respec-
tively. The component in the middle at 286.5 eV is probably
composed of two overlapped components of a major C-N
and a minor C-O [22]. Note that Fig. 3a exhibits an intense
C-O C1s component for silica; this is due to the pluronic
employed for the synthesis of mesoporous silica.

Figure 3b and c display the C1s narrow regions for
G-SBA-NNN and G-SBA-DTPA, respectively. After attach-
ment of IDA groups, the COOR contribution to the C1s peak
area increases significantly. This is invariably observed for
all ligand-functionalized meoporous silicas as reported in
Table 2. From Tables 1 and 2, we calculated the CCOOR/Si
atomic ratio (R = H or ethyl) for all grafted silica. The
results showed that there is an increasing of CCOOR/Si from
2.0 for IDA to 2.7 for EDTA and to 3.2 for DTPA as the
number of nitrogen atoms increased. This of course results
from increasing the number of IDA ligand sites that could
bind with metal ions. Figure 4 brings strong supporting evi-
dence for the significant change in the fine structure of the

Table 1 Surface chemical composition of pristine and modified
mesoporous SBA-15 silica samples

Materials Si O C N N+ Cl

SBA-15 Silica 21.3 49.3 29.4

G-SBA-N 25.0 42.1 26.3 4.46 1.46(24.7%) 0.73

G-SBA-IDA 22.5 43.2 28.6 3.3 1.72(34.3%) 0.70

G-SBA-NN 24.5 43.6 24.8 5.22 1.51(22.4%) 0.39

G-SBA-EDTA 21.9 41.6 29.1 4.94 1.63(24.8%) 0.94

G-SBA-NNN 21.1 37.9 30.87 6.91 2.30(25%) 0.97

G-SBA-DTPA 20.0 39.2 32.6 4.57 2.23(32.8%) 1.40

The numbers between brackets indicate the contribution (in %) of the
quaternized nitrogen atoms to the total amount of nitrogen
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Fig. 3 Peak-fitted narrow C1regions of a pristine mesoporous silica,
b G-SBA-NNN, and c G-SBA-DTPA

C1s narrow regions. It follows that one can monitor the sub-
tle change in the chemistry of the mesoporous silica by XPS
and can thus verify the change in the chemical structures of
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Table 2 Peak fittings parameters for C1s regions

Materials CC/CH C-N/C-O -COOR

SBA-15 Silica 27.3 66.7 6.0

G-SBA-N 62.9 34.0 3.1

G-SBA-IDA 48.1 39.9 12.0

G-SBA-NN 36.4 57.8 5.8

G-SBA-EDTA 31.8 52.1 16.1

G-SBA-NNN 35.8 60.6 3.6

G-SBA-DTPA 27.5 58.5 14.0

the ligands from amine groups (monoamine, diamine and
triamine) to the iminodiacetate groups.

3.3 FTIR Spectra

FTIR spectra for mesoporous SBA-15 silica, its modi-
fied monoamine G-SBA-N and G-SBA-IDA-ester and acid
derivatives are given in Fig. 5a–d. The spectra show three
regions of absorption bands at 3500–3300 cm−1 due to
v(OH ) or v(N-H) , 1750 −1550 cm−1 due to δ(OH) or
δ(NH), v(C=O) or v(CO-N) and at 1200–700 cm−1 due to
v( Si-O) vibrations of the inorganic backbone (Fig. 5a–d).
Peaks at 2943, 2826, 1472 cm−1 are due to the C-H vibra-
tions of methylene groups [24–28]. The FTIR spectrum
of the SBA-15 (Fig. 5a) showed strong peaks at 3400
and 1640 cm−1 due to O-H stretching and bending vibra-
tions respectively. Strong peaks around 1080, 795, 960
cm−1 are due to v(Si-O-Si) asymmetrical and symmetri-
cal vibrations and v(Si-O-H) stretching vibrations, respec-
tively. The peak around 960 cm−1 corresponds to free
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Fig. 5 FTIR spectra of a SBA-15, b G-SBA-N, c G-SBA-IDA ester
form, d G-SBA-IDA acid form

non-condensed silanols Si-OH groups for SBA-15 material,
which decreases in intensity upon modification of SBA-15
with aminosilane agent (Fig. 5b, G-SBA-N), the two bands
at 1640 and 1555 cm−1 are associated with δ(O-H) and
δ(N-H) respectively for G-SBA-N. The FTIR spectrum of
the G-SBA-IDA-ester (Fig. 5c) shows two absorptions at
1742 cm−1 and 1626 cm−1 due to v(C=O) vibration of
the ester group (-COOEt) and OH bending vibration [17–
19, 21]. The spectrum of the G-SBA-IDA-acid form ligand
system (Fig. 5d) shows a strong absorption at 1670 cm−1

due to υ(C=O) vibration and a small shoulder at 1740
cm−1 for v(C=O) of the ester group. The presence of a
small shoulder at 1740 cm−1 after hydrolysis with HCl indi-
cates that not all ester groups (-CH2COOEt) were converted
to the acid form (-CH2COOH) [18, 19]. These assign-
ments are based on reported spectral FTIR data of similar
systems [24–28]. The FTIR spectra for grafted diamine
and triamines and their G-SBA-EDTA and G-SBA-DTPA,
respectively showed similar patterns as that of SBA-15 and
its G-SBA-IDA derivative.
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3.4 TGA Analysis

Thermogravimetric analysis (TGA) and differential ther-
mogravimetric analysis (DTA) for SBA-15 mesoporous sil-
ica, grafted monoamine G-SBA-N mesoporous silica and
its modified derivative G-SBA-IDA were examined under
nitrogen atmosphere at 20–600 ◦C at a rate of 10 ◦C/minute.
Figure 6a shows the thermogram of SBA-15 material; two
peaks were observed, the main preak occurs at ∼75 ◦C
due to loss of 5% of its initial weight. This is attributed
to loss of physisorbed water and alcohol from the system
pores [17]. The second peak at ∼390 ◦C, the system loss
16%, is probably due to dehydroxylation and loss of water
or alcohol from silica [29–31]. The total loss of weight
was 21%. Figure 6b shows the thermogram of G-SBA-N;
it also shows two peaks, the main peak occurs at ∼75 ◦C
with a shoulder at 140 ◦C due to loss of 10% of its initial
weight, which is attributed to loss of physisorbed water and
alcohol and residual sufactant, respectively from the sys-
tem pores [18, 23, 29–31]. The second peak occurs at ∼470
◦C due to loss of 21% of its initial weight, which is proba-
bly due to degradation of organofunctional groups bound to
silicon atoms as well as dehydroxylation and loss of water
from silica. The total loss of weight was 31%. The ther-
mogram for G-SB-IDA material depicted in Fig. 6c shows
three peaks at 80 ◦C, 300–400 ◦C and >400 ◦C. The first
peak at 80 ◦C (3%) is attributed to loss of physisorbed water
and alcohol from the system pores. The second peak at the
temperature range 300–400 ◦C is probably due to loss and
degradation of organofunctional groups (16.5%) [18, 23].
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Fig. 6 TGA-DTA thermogram of a SBA-15, b G-SBA-N, c G-SBA-
IDA

The third peak at temperature of 400–600 ◦C is proba-
bly due to further condensation of hydroxyl groups from
siloxane bonds (dehydroxylation) [29–31]. The increases
in weight loss from 21% for G-SBA-15 silica to 31% for
G-SBA-N to 33.5% for SBA-IDA silica is consistent with
increasing of organic contents in the following order:

SBA-15 > G-SBA-N > G-SBA-IDA

There is no clear correlation between thermal and spectro-
scopic properties of the functionalized mesoporous system
[32].

3.5 BET Analysis

The one-point BET analysis method of adsorption–
desorption isotherms at 77 K was used for determination
of surface area for all considered materials. Textural prop-
erties obtained from the experimental isotherms are given
in Table 3. Firstly, the calcinated SBA-15 has high sur-
face area than that of extracted SBA-15 silica(surfactant
was washed with ethanol). This is probably due to pres-
ence of unremoved surfactant and solvents. Significant
reduction of porosity of G-SBA-N, G-SBA-NN and G-
SBA-NNN, and their IDA derivatives in comparison with
the parent SBA-15 material is evident. This was reflected
by the significant drop in the surface area of SBA-15 sil-
ica material, after modification [33, 34]. It is obvious that
the diamine system has the highest surface area in com-
parison with that of the monoamine and triamine systems.
From the atomic Si/N ratios obtained from the XPS data
(Table 1), it is clearly noted that less diamine and tri-
amine groups are grafted into the silica precursor than
the monoamine probably due to sterric hindrance rea-
sons. This probably makes the diamine material (which has
less steric hindrance than the triamine) exhibit the high-
est surface area (Table 3). Furthermore, as presented in
Table 3, there is further significant decrease in surface
area values, after modification by grafted amines with IDA

Table 3 BET specific surface area of SBA-15 silica and its derivatives

Material Surface area d100 spacing Nitrogen content

(m2g−1) (nm) (mmolg−1)

G-SBA-N 170 10.2 0.75(1.9)

G-SBA-IDA 165 9.8 –

G-SBA-NN 256 10.2 1.25(2.77)

G-SBA-EDTA 162 10.0 –

G-SBA-NNN 139 10.8 1.75(3.50)

G-SBA-DTPA 120 9.4 –

SBA-15-extraction 600 9.2 –

SBA-15-calcination 910 8.8 –
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groups. The introduction of amine and IDA functional
groups onto the internal and the external sides of the pore
openings has formed different textural properties from that
of the parent SBA-15 mesoporous materials (Table 3).
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Fig. 7 SAXS analysis of a silica and calcinated silica,
b G-monoamine-IDA(G-SBA-IDA), G-diamine-IDA(G-SBA-EDTA),
G-triamine-IDA(G-SBA-DTPA), c G-diamine, G-triamine, G-monoamine

3.6 XRD Analysis

Small angle X-ray diffraction (SXRD) patterns of silica
SBA-15-extraction and SBA-15-calcinated are presented in
Fig. 7a. It shows a typical pattern of a hexagonal phase
with the occurrence of three well-resolved diffraction peaks
corresponding to the planes indexed to (100), (110) and
(200). This is associated with highly ordered mesoporous
silica SBA-15 with a two-dimensional hexagonal symmetry
(space group p6mm) [35]. There is a slight shift of all three
peaks to higher angles for the silica SBA-15-calination in
comparison with SBA-15-extraction [36]. The decrease of
interplanar spacing (silica contraction) is probably due to
further condensation of silanol groups and removal of sur-
factant and solvents from the pores of SBA-15. The d100
spacing value has decreased from 9.2 nm for silica SBA-15-
extraction to 8.8 nm for silica SBA-15-calcination (Table 3).
The small angle XRD patterns for IDA-modified ligand sys-
tems are given in Fig. 7b. It shows a typical pattern of a
hexagonal phase with the occurrence of a strong peak, due
to the (100) plane, and another two weak peaks, due to the
(110) and (200) planes as shown in Fig. 7a. This confirms
that the ordered structure was not particularly affected by
the functionalization steps. But in the case of the G-SBA-
DTPA system there was a significant decreasing of intensity
of the (100) peak and a shift to a larger angle with absence
of the other two small peaks (110) and (200); this may imply
there was some distortion of mesoporosity of the G-SBA-
DTPA material in comparison with that of G-SBA-DTP and
G-SBA-DTPA (Fig. 7b). The small angle patterns for the
G-monoamine and G-diamine showed similar patterns to
that of its parent SBA-15-calcinated (Fig. 7c). But in the
case of G-triamine there was a shift of the d100 peak to a
larger angle with disappearance of the other two small peaks
(110 and 200) probably due to distortion of its mesoporosity
(Fig. 7c). There is no trend for d100 spacing given in Table 3,
the values are in the range of 9.0-10.0 nm. There was a shift
towards larger d100 spacing after functionalization, which is
probably reflected by decrease of surface area (Table 3).

3.7 TEM and SEM-EDS Analysis

Figure 8a shows SEM image of high magnification power
of G-SBA-EDTA material. It shows well-defined lamel-
lar shape layers of smaller sizes in the range 0.5-1.0 μm
(Fig. 8a) than that of the parent SBA-15 silica material
(Fig. 9a). The EDX elemental analysis pattern reveals the
presence of the main elements Si, O, C and N as evidence
for the introduction of ethylchloroacetate groups. The pres-
ence of Cl peaks probably comes from the generated HCl
from the reaction between chloroethylacetate and amine
species (Scheme 2). The mesoporous ordered structure of
G-SBA-EDTA material was confirmed from TEM analysis
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Fig. 8 SEM image of a
G-SBA-IDA, b TEM image of
G-SBA-IDA and its EDS

(a) 

(b) 

(Fig. 8b). The TEM image of G-SBA-EDTA material shows
cylindrical channels taken along the 110 and 100 directions
indicating 2D p6mm meostructure [37]. The presence of the
mesoporous structure in the final functionalized solid was
also confirmed by TEM analysis (Fig. 8b) in which the typ-
ical channels of the G-SBA-EDTA matrix are seen as black

and white stripes. SEM and TEM images of SBA-15 mate-
rial (Fig. 9a and b) reveal the presence of lamellar shape
layers of different sizes; the EDX analysis pattern shows
only the two main elements Si and O of the silica and traces
of carbon which may be due to some contamination or unhy-
drolyzed alkoxy groups. The presence of the mesoporous

Fig. 9 SEM image of a
SBA-15, b TEM image of
SBA-15 and its EDS

(a) (b) 



Silicon (2018) 10:981–993 991

structure in the final functionalized solid was also confirmed
by TEM analysis (Fig. 9b). The estimated pore diameter is
about 5 nm, center to center pore distance is about 10 nm
and pore wall thickness is about 5 nm which are very close
to reported data [37].

3.8 Metal Uptake Study

A first group of experiments was carried out to test the
ability of synthesized materials to act as heavy metal
adsorbents; mesoporous silica SBA-15 and functionalized
monoamine G-SBA-N and its modified G-SBA-IDA were
included. Aqueous solutions of metal ions of each IDA-
functionalized adsorbent at 25 ◦C and the assays were
repeated for copper nitrate, lead nitrate, cobalt nitrate and
nickel nitrate. SBA-15 silics experiments yield null adsorp-
tion at this detection level, so metal loading of the modified
SBA-15 samples should exclusively be attributed to the
presence of active IDA groups anchored to the silica walls.
The metal uptake adsorption study for G-SBA-N, NN and
NNN materials was previously reported [17] and is beyond
our aim. The metal ion uptake adsorption was determined
by a batch method by mixing each of the modified amine
IDA derivatives: G-SBA-IDA and G-SBA-EDTA G-SBA-
DTPA-modified mesoporous ligand systems with solutions
of metal ions (Co2+, Ni2+, Cu2+and Pb2+). Measurements
were carried out at room temperature after 72 hours uptake
time to reach equlibrium. Table 4 reports the maximum
metal uptake capacity of the different metal ions (Co2+,
Ni2+, Cu2+and Pb2+) along with those data of reported
similar IDA- and EDTA-functionalized polysiloxane ligand
systems. The comparison of IDA, EDTA and DTPA func-
tional groups for the adsorption of metal ions showed no
distinct difference between the three systems. The long dif-
fusion channels in mesoporous silicates are considered as
the major reason. If so, a comparison for the adsorption abil-
ity by the same group modified SBA-15 but with different
loadings is recommended.

It is confirmed that the maximum uptake capacities
for the three new modified ligand systems (G-SBA-IDA
and G-SBA-EDTA and G-SBA-DTPA) are much higher
in comparison with similar reported EDTA-modified lig-
and systems for lead ion [22] and IDA-immobilized ligand

Table 4 Metal uptake capacities ( mmol g−1) of materials

Divalent G-SBA-IDA G-SBA-EDTA G-SBA-DTPA

metal ions mmolg−1 mmolg−1 mmolg−1

Copper 2.0(1.23)[19] 2.1(1.56) [35] 2.08

Nickel 1.34(1.1) 1.51(1.5) [35] 1.65

Cobalt 1.2(1.1) 1.12(1.33) [35] 1.11

Lead 1.4 1.34(0.43) [22] 1.5

system of copper and nickel ions [37]. These differences
are probably due to the preparation route and therefore the
availability of the ligand sites on the silica network. The
results show no significant differences for the metal uptake
between the three involved functionalized ligand systems
(Table 4) despite the increasing of the number of acetate
functional ligand groups. The reason for this is probably that
when ligand sites at the pore surface are first involved in
complexation with metal ions they may block the accessi-
bility of other ligand sites for complexation to metal ions.
The metal uptake capacity of all ligand systems was found
to increase in the following order:

Co2+ < Ni2+ < Pb2+ < Cu2+

The functionality of the IDA group acts as tridentate lig-
and bonding to metal ions through the imino nitrogen atom
and through two carboxylic oxygen atoms through deproto-
nation [38]. The chelating ligand attached to a silica matrix
should possess strong metal binding properties and selec-
tivity toward certain metal ions. According to the hard-soft
acid-base (HASB) theory by Pearson [39, 40], the metal
ions, for instance, copper(II), nickel(II), cobalt(II) ions,
which lie in the border line(intermediate) should have dif-
ferent affinities with donor atoms as O and N of the IDA
functional group. Therefore, the anion of IDA is considered
as a hard ligand. The adsorption capacity followed the order
of Cu(II) > Pb(II) > Ni(II) > Co(II) which is consistent
with the hard–soft acid–base theory and is consistent with
similar reported systems [18, 41]. The IDA chelating lig-
and forms mainly 1:1 complexes with different metal ions,
though the possibility of 1:2 metal to ligand complexes may
occur.

4 Conclusion

• Functionalized mesoporous SBA-15 silica materials
labled G-SBA-IDA. G-SBA-EDTA and G-SBA-DTPA
are obtained by modification of monoamine, diamine
and triamine-grafted mesoporous SBA-15 material with
chloroethylacetate.

• The mesoporous structure of functionalized meso-
porous ligand systems is maintained after the modifica-
tion process and the ethyacetate groups are covalently
bound to amine nitrogen atoms of mesoporous silica.

• SAXS and BET confirmed the mesoporous ordered
structure was not particularly affected by the function-
alization steps, but there was a shift towards larger d100

spacing upon amine functionalization, which results in
decreasing surface area.

• FTIR spectra showed that the ester functional groups
are mostly converted to the acid form upon treatment
with HCl.
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• The three adsorbents are very efficient even at low
metal concentration and substantial amounts of M(II)
can be removed from aqueous solutions. Such materi-
als can also be used in several applications not only for
extraction, separation and removal of pollutants but also
for many other purposes.
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