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a b s t r a c t

Amino functional mesoporous silica SBA-15 materials have been prepared to develop efficient
adsorbents of heavy metals in wastewater. Functionalization with amino groups has been car-
ried out by using two independent methods, grafting and co-condensation. Three organic moieties
have been selected to incorporate the active amino sites: aminopropyl (H2N–(CH2)3–), [2-
aminoethylamino]-propyl (H2N–(CH2)2–NH–(CH2)3–) and [(2-aminoethylamino)-ethylamino]-propyl
(H2N–(CH2)2–NH–(CH2)2–NH–(CH2)3–). Materials have been characterized by XRD, nitrogen sorption
measurements and chemical analysis. We have found that all materials preserve the mesoscopic order
and exhibit suitable textural properties and nitrogen contents to act as potential adsorbents. Metal removal
mine-functionalized SBA-15
dsorption
astewater treatment

from aqueous solution has been examined for Cu(II), Ni(II), Pb(II), Cd(II), and Zn(II); adsorption perfor-
mances of materials prepared by the two functionalization methods have been compared. In addition,
copper adsorption process has been thoroughly studied from both kinetic and equilibrium points of view
for some selected materials. Aqueous Cu(II) adsorption rates show that the overall process is fast and the
time evolution can be successfully reproduced with a pseudo-second-order kinetic model. Whole copper
adsorption isotherms have been obtained at 25 ◦C. Significant maximum adsorption capacities have been
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. Introduction

Removal of heavy metals from aqueous solutions is one of the
ajor problems on wastewater treatment because they are mostly

oxic even at very low concentration. These pollutants are present
n water from industrial applications, including mining, refining
nd production of textiles, paints and dyes. A wide variety of tech-
iques to remove heavy metals from water is available such as

on exchange, reverse osmosis and nanofiltration, precipitation,
oagulation/co-precipitation and adsorption [1,2]. This last tech-
ique is very popular due to simplicity and low cost. Although
ctivated carbon is frequently used as general adsorbent of inor-
anic and organic compounds, alternative adsorbents have been
eveloped to improve the effectiveness at very low pollutant con-
entration. For this aim, new hybrid organic–inorganic mesoporous
rdered structures have been lately proposed as heavy metals

dsorbents.

The preparation of mesostructured silicas since 1992 [3] until
ow has opened a wide field of applications [4]. These materials
re obtained by surfactant promoted alkoxysilane autoassembly

∗ Corresponding author. Tel.: +34 91 488 70 85; fax: +34 91 488 70 68.
E-mail address: amaya.arencibia@urjc.es (A. Arencibia).
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© 2008 Elsevier B.V. All rights reserved.

ethods. Mesoporous silicas present high superficial areas and
arge uniform pores [3,5–7]; moreover, the silica wall surface can be

odified with organic groups to tailor their properties and achieve
pecific purposes [8,9]. In general, functionalization of these mate-
ials can be carried out by two independent methods [8]. The first of
hem is carried out by grafting the surface of the preformed silica by

eans of silanol groups reactions with an organoalkoxysilane com-
ound supporting the active functional group. The second method
onsists in the simultaneous co-condensation within the synthesis
edium of the alkoxysilane precursor of the silica mesostructure

nd a selected organoalkoxysilane to obtain the functionalized
aterial after one step.
Among the main uses of mesoporous silicas, it is prominent the

esign of selective heavy metal adsorbents for environmental clean
p and many reports can be found in literature since the seminal
eports [10,11].

Most of the reported works about this topic have been
oncerned to the functionalization with propylthiol and other
hio-groups in order to remove mercury from water [10–18].

owever, other heavy metals are more efficiently adsorbed on
esostructured silica modified with organic chains containing

ne or more amino groups [19–26]. The amine derivatives have
een developed by incorporating the monoamino, diamino and
riamino ligands into various families of mesoporous ordered

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:amaya.arencibia@urjc.es
dx.doi.org/10.1016/j.jhazmat.2008.06.080
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ilicas by the two independent methods mentioned above, graft-
ng [19,20,23,24] and co-condensation [21,22,25–28]. In addition,

ultiamine-functionalized materials have been also studied due
o their implication in anion removal by copper-loaded amine-
ilica [29–32], CO2 capture [33,34], inmobilization of biological
olecules [35], and basic catalysis of fine chemistry reactions [36].
Among the mesoporous silica materials, SBA-15, prepared by

sing poly(alkylene oxide) triblock-copolymer as structure direct-
ng agent, has one of the largest pore size found for siliceous

esostructured materials [7]. Therefore, SBA-15 could be the ideal
upport for designing general purpose adsorbents. In particular,
his work reports the study of the properties of some amine-
unctionalized SBA-15 silicas as heavy metal adsorbents. We have
btained SBA-15 materials functionalized with organic moieties
hat contain one, two or three amino functional groups. The two
nown synthesis routes, co-condensation and grafting, have been
sed to prepare the materials. In the last case, calcination and
xtraction methods of template removal have been compared in
rder to optimize the post-functionalization with amino groups
nd further use as heavy metal adsorbents. Our aim is to check
he ability of the synthesized materials to act as adsorbents of the
ollowing aqueous metals: copper, nickel, zinc, cadmium and lead.
he last part of this research has been focused on copper in order to
tudy the metal adsorption process in detail, analyzing both kinetic
nd equilibrium features.

. Materials and methods

.1. Chemicals

Surfactant Pluronic P123, triblock poly(ethylene oxide)-
oly(propylene oxide)-poly(ethylene oxide), (PEO20PPO70PEO20),
as used as structure directing agent. Tetraethoxysilane

TEOS; (CH3CH2O)4Si] was employed as silica precursor. The
rganoalkoxysilanes selected for the functionalization process
ere aminopropyltrimethoxysilane [(H2N–(CH2)3–Si(OCH3)3)],

amino-ethylamino]-propyltrimethoxysilane [(H2N–(CH2)2–
H–(CH2)3–Si(OCH3)3)] and [(2-aminoethylamino)ethylamino]
ropyltrimethoxysilane [(H2N–(CH2)2–NH–(CH2)2–NH–(CH2)3
Si(OCH3)3)] (Table 1). These reagents were purchased from
ldrich and used without further purification. Sources of metals

or sorption experiments were copper nitrate, cadmium nitrate,
ead nitrate, zinc nitrate and nickel nitrate of synthesis grade that

ere supplied from Scharlau.

.2. Adsorbents synthesis

.2.1. Synthesis of amine-functionalized silica SBA-15 by grafting
Prior to the functionalization with organic chains, pure silica

BA-15 was synthesized by using Pluronic 123 triblock-copolymer

ccording to the bibliography [7]. 4 g of Pluronic 123 were dissolved
t room temperature in 125 mL of HCl 1.9 M. TEOS was added to this
olution and the synthesis was carried out by stirring at 40 ◦C for
0 h. Then, aging was performed at 100 ◦C for 24 h. Solid product
as recovered by filtration and the template removed by using two

able 1
rganic chains used to functionalize the silica surface

rganic radical Chemical formula Symbol

minopropyl (AP) –CH2CH2CH2NH2 –N
thylendiaminopropyl (ED) –CH2CH2CH2NHCH2CH2NH2 –NN
iethylentriaminopropyl (DT) –CH2CH2CH2NHCH2CH2NHCH2CH2NH2 –NNN

old text highlights the number of nitrogen atoms of each organic chain, which
orrespond to the symbols used along the text for these organic radicals.
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t
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ifferent procedures: calcination at 550 ◦C for 5 h (C) and extraction
y ethanol refluxing (roughly 140 mL per gram of silica) during 24 h
E). Further hydration of calcined silica surface was carried out by
tirring 1 g of material C within boiling water for 4 h (C-H).

To graft the silica surface, 1.1 g of so-obtained materials were
ispersed in toluene and 4.1 mmol of organoalkoxysilane precur-
or were added; the mixture was refluxed for 24 h. Solid materials
ere vacuum filtered and then cleaned by Soxhlet extraction in

oluene. Amine-grafted silica materials were labeled G-SBA-15-
, G-SBA-15-NN, and G-SBA-15-NNN corresponding to organic
hains containing one, two and three amino functional groups.
ince the propylamine group was used to graft every SBA-15 pre-
ared material (C, E and C-H), the resulting adsorbents were named
s G-SBA-15-N-C, G-SBA-15-N-E, and G-SBA-15-N-C-H. However,
rafting functionalization with organic chains containing two and
hree amino groups was solely carried out with SBA-15 purified by
xtraction; thus, these materials were referred to as G-SBA-15-NN-
and G-SBA-15-NNN-E.

.2.2. Synthesis of amine-functionalized silica SBA-15 by
o-condensation

Amine-functionalized mesoporous SBA-15 silicas obtained by
o-condensation were synthesized following the procedure pre-
iously reported to incorporate other functional groups into
esostructured silica [17,18,37]. 4 g of Pluronic P123 were dissolved

t room temperature in 125 mL of HCl 1.9 M. After heating to 40 ◦C,
7 mmol of TEOS were added to the solution that was stirred for
5 min before adding 4.1 mmol of the corresponding organosilane
recursor (N, NN or NNN) to obtain an organosilane/TEOS molar
atio of 0.1 in the synthesis medium. The reactant mixture was
tirred for 20 h and finally aged for 24 h at 100 ◦C. Silica prod-
cts were recovered by filtration and then dried. The template was
xtracted with ethanol (140 mL per gram of solid) under reflux for
4 h and solid was filtered and dried at 100 ◦C for 2 h. We denoted
hese materials as C-SBA-15-N, C-SBA-15-NN, and C-SBA-15-NNN.

.3. Characterization of synthesized amine-functionalized silica
BA-15

Mesoscopic order was investigated by Low-angle X-Ray Diffrac-
ion (XRD). Patterns of the samples were obtained on a powder
W3040/00 X’Pert MPD/MRD diffractometer using the K� Cu line.
2 adsorption–desorption isotherms at 77 K were measured by
sing a Micromeritics Tristar 3000 sorptometer to determine tex-
ural properties. Surface area was calculated by using the B.E.T.
quation and the pore size distribution was obtained from the
dsorption branch by means of the B.J.H. model with cylindrical
eometry of the pores; pore volume was taken at P/P0 = 0.97. Quan-
itative determination of the amino functional group content was

easured by elemental microanalysis on a CHNOS model Vario EL
II of Elementar Analises System GMHB.

.4. Heavy metal adsorption experiments

In order to test the metal removal ability of the synthesized
aterials a set of adsorption experiments was carried out by stir-

ing 50 mg of functionalized silica in 45 mL of a single metal solution
t 25 ◦C. The aqueous systems selected were Cu(II), Pb(II), Cd(II),
n(II) and Ni(II). Initial concentration for these experiments was
00 mg L−1 and the metal salts used were nitrates in all cases.

dsorbent–solution mixtures were stirred for 24 h and then fil-

ered with a syringe filter of 0.22 �m to collect the final solutions.
etal concentration, both in the initial and final solutions, was

etermined by inductively coupled plasma atomic emission spec-
roscopy (ICP-AES). Measurements were performed in a Varian
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smaller N adsorption capacity. Pore size distributions are relatively
ig. 1. Low-angle XRD patterns of propylamine-functionalized SBA-15 materials by
rafting.

ista AX spectrometer after calibration with stock solutions in the
ange of concentration of 0–10 mg L−1. The emission lines used
ere according to the standard EPA method for analysis of these
etals [38]. Adsorbed heavy metal amount was determined by

ifference between initial and final metal concentrations in the
olution.

.5. Copper adsorption experiments

The copper adsorption process in aqueous solution was stud-
ed in detail for some selected synthesized materials. The effect of
ontact time between solution and adsorbent along with the influ-
nce of initial Cu(II) concentration were investigated to analyze the
dsorption kinetics and determine the equilibrium time. In addi-

ion, full copper adsorption isotherms were obtained from multiple
quilibrium experiments.

All Cu(II) adsorption essays were conducted by the same proce-
ure mentioned in Section 2.4, but 25 mg of adsorbent mass was

n
a
a
c

Fig. 2. Nitrogen adsorption–desorption isotherms at 77 K and pore size distr
Materials 163 (2009) 213–221 215

sed in each run instead. Kinetic experiments were carried out by
topping agitation at different times selected from 5 min to 24 h. To
btain the complete isotherm, many independent runs were carried
ut by varying the initial metal concentration from 5 to 300 mg L−1.

. Results and discussion

.1. Structural, textural and chemical properties of
mine-functionalized SBA-15 adsorbents

As mentioned above, amine-functionalized SBA-15 materials
ave been prepared by grafting and co-condensation. In this section
e present the results of the characterization by small angle X-Ray
iffraction (XRD), nitrogen adsorption–desorption measurements
nd chemical analysis of the amine-functionalized SBA-15 samples.

.1.1. Amine-functionalized SBA-15 obtained by grafting
In this synthesis method, previous to the functionalization with

minopropyltrimethoxysilane, different template removal proce-
ures have been investigated: calcination (C), extraction (E) and
alcination-hydration (C-H), the last intended to enhance the
umber of silanol groups available for the subsequent silylation
eaction with the organosilane precursor [10]. XRD patterns of
onoamine-grafted samples G-SBA-15-N-C, G-SBA-15-N-E and G-

BA-15-N-C-H are plotted in Fig. 1; also shown is calcined pure
ilica SBA-15. All diffractograms exhibit the characteristic peak
orresponding to the pore family (1 0 0) denoting their meso-
copic order. However, while diffractograms corresponding to
ure SBA-15 and G-SBA-15-N-C clearly present the two higher
rder peaks of plane families (1 1 0) and (2 0 0), Fig. 1 shows that
he functionalization with amino groups of materials obtained
rom calcination-hydration and extraction procedures reduces the

esoscopic order because the intensity of secondary peaks is lower.
Fig. 2 shows the adsorption–desorption isotherms of N2 at

7 K and the corresponding pore size distributions calculated by
he B.J.H. method for these amine-grafted SBA-15 materials. Tex-
ural properties obtained from the experimental isotherms are
ollected in Table 2. Characteristic mesoporous type IV IUPAC
sotherms have been found for all materials. Adsorbed nitrogen
olume decreases in the order G-SBA-15-N-E > G-SBA-15-N-C > G-
BA-15-N-C-H, because calcination produces contraction of the
esoporous structure and the posterior surface hydration leads to a
2
arrow and the mean pore diameter diminishes in the order cited
bove (Table 2). Likewise, the highest surface area and pore volume
re found for the adsorbent prepared by extraction, followed by the
alcined amine-material.

ibutions of propylamine-functionalized SBA-15 materials by grafting.
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Table 2
Textural and structural properties of amine SBA-15 synthesized materials by grafting (G) and co-condensation (C)

Materials Dp BJH (nm) SBET (m2 g−1) Vp (cm3 g−1) N (mmol g−1) Org. chain
(mmol g−1)

SBA-15 silica 9.1 790 1.44 – –
G-SBA-15-N-C 7.2 345 0.58 1.9 1.9
G-SBA-15-N-C-H 6.4 178 0.28 2.8 2.8
G-SBA-15-N-E 9.0 565 1.02 3.1 3.1
G-SBA-15-NN-E 7.3 246 0.46 4.0 2.0
G
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-SBA-15-NNN-E - 48
-SBA-15-N 8.2 572
-SBA-15-NN 8.3 508
-SBA-15-NNN 8.1 477

Nitrogen content of the monoamine-grafted samples is shown in
able 2. As it can be seen, G-SBA-15-N-E and G-SBA-15-N-C-H con-
ain rather similar amounts of organic group (3.1 and 2.8 mmol g−1,
espectively) which are significantly higher than the corresponding
o the G-SBA-15-N-C material (1.9 mmol g−1). This is an expected
ehavior, because calcination removes a great quantity of surface
ilanol groups and hence, there are few organic groups incorporated
o the material. However, the posterior hydration step increases
he number of silanol groups available to reaction with amino-
ropyltrimethoxysilane and a larger amount of organic groups

ncorporates to the material.
Functionalization with organic chains that contain more than

ne amino functional group in their structure has been exclu-
ively carried out with SBA-15 silica obtained by extraction, because
his surfactant removal procedure allows incorporating higher
mounts of organic chain to the silica structure. Low-angle XRD
iffractograms of G-SBA-15-NN-E and G-SBA-15-NNN-E samples

orresponding to the materials grafted with NN and NNN are shown
n Fig. 3 and compared with G-SBA-15-N-E. The presence of (1 0 0)
iffraction peaks as well as the weak (1 1 0) and (2 0 0) reflections

ndicate that all samples preserve the mesoscopic order after func-
ionalization process.

ig. 3. Low-angle X ray diffractograms of SBA-15 materials grafted with N, NN and
NN groups.
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0.09 6.0 2.0
0.87 0.9 0.95
0.78 1.9 0.95
0.74 1.8 0.6

Fig. 4 shows the experimental N2 adsorption–desorption
sotherms, with their B.J.H. pore size distributions, for G-SBA-15-N-
, G-SBA-15-NN-E, and G-SBA-15-NNN-E materials; Table 2 records
he corresponding textural properties. N2 adsorption isotherm of
-SBA-15-NN-E amine-silica is clearly type IV according to IUPAC
lassification, but the flat isotherm of material grafted with diethy-
entriamine (NNN) indicates a significant reduction of porosity.
ore size distribution of G-SBA-15-NN-E is slightly narrower than
hat of G-SBA-15-N-E and is centered at a lower value of pore
iameter. Although surface area, pore diameter and pore volume
orresponding to the material prepared with ethylendiamine (NN)
re smaller than found for G-SBA-15-N-E, these values are still suit-
ble to act as good adsorbent.

Significant differences have been found for the organic chain
ontent of materials grafted with the three different organosi-
ane compounds. As it can be seen in Table 2, that includes the
itrogen and the organic chain contents, the molar amount of
thylendiamine and diethylentriamine that is incorporated to the
-SBA-15-NN-E and G-SBA-15-NNN-E materials, respectively, is
learly lesser than the amount of aminopropyl anchored to the
-SBA-15-N-E sample.

.1.2. Amine-functionalized SBA-15 adsorbents obtained by
o-condensation

Direct synthesis of amine-SBA-15 materials by co-condensation
as carried out to incorporate the aminopropyl, diethylenamino-
ropyl and ethylentriaminopropyl groups into the mesoporous
tructure. Fig. 5 shows the XRD diffractograms of C-SBA-15-N, C-
BA-15-NN and C-SBA-15-NNN. In all cases, it can be observed the
ntense peak corresponding to the (1 0 0) pore family and the two
dditional weak reflections assigned to the family planes (1 1 0) and
2 0 0) which are indicative of high hexagonal mesoscopic order.

The nitrogen adsorption–desorption isotherms of samples
btained by co-condensation along with their pore size distri-
utions are plotted in Fig. 6 where calcined SBA-15 pure silica

s also shown for comparison. As seen, no significant differences
re observed in the isotherms of the three amine-functionalized
BA-15 materials. All of them are type IV according to the IUPAC
lassification and exhibit a similar decrease of adsorption capacity
ompared with pure silica due to the organic functionalization. Pore
ize distributions also are very alike and show a mean pore diame-
er of ca. 8.2 nm as read in Table 2. Values of surface area and pore
olume likewise are lower than the values of the pure silica; this
ehavior indicates that textural properties for the resulting amine
esoporous materials are rather independent of the specific amino

rganosilane group incorporated to the silica material.

Nitrogen and organic groups contents of the amine-materials

unctionalized by co-condensation are recorded in Table 2. The
mount of organic chain incorporated to the materials C-SBA-15-
and C-SBA-15-NN is very similar, nearly 1 mmol g−1; however, a

ignificant lower content is found for C-SBA-15-NNN. This behavior
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Fig. 4. Nitrogen adsorption–desorption isotherms at 77 K and pore size dis

Fig. 5. Low-angle XRD diffractograms of SBA-15 materials functionalized with N,
NN and NNN groups by co-condensation.
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Fig. 6. Nitrogen adsorption–desorption isotherms at 77 K and pore size distributions of S
tributions of SBA-15 materials grafted with N, NN and NNN groups.

as been previously also observed for other authors and indicates
hat the introduction of diethylentriamine in the mesoporous struc-
ure is a difficult task [25,34].

.2. Heavy metal removal evaluation

A first group of experiments has been carried out to test the
bility of synthesized materials to act as heavy metal adsorbents,
ure silica SBA-15 included. Aqueous solutions of metal concen-
ration 100 mg L−1 have been stirred in presence of 50 mg of each
mine-functionalized adsorbent at 25 ◦C and the essays have been
epeated for copper nitrate, lead nitrate, cadmium nitrate, zinc
itrate and nickel nitrate. Pure SBA-15 experiments yield null
dsorption at this detection level, so metal loading of the modi-
ed SBA-15 samples should exclusively attribute to the presence of
ctive amino groups anchored to the silica walls.

However, no detectable adsorption has been observed from the
xperiments performed with the amine-SBA-15 materials func-
ionalized by co-condensation in spite of their significant nitrogen
ontent and good structural and textural properties. Negligible
dsorption values denote that amino groups incorporated to the
aterial are not accessible to the metallic species. As it has been

lready pointed by other authors, since SBA-15 synthesis is con-
ucted in strong acidic medium, the protonated amines can interact

ith both the surfactant and the silicate species [27]. These interac-

ions lead to the incorporation of the organic chains inside the silica
alls and, hence, to the absence of available sites for heavy metal

dsorption in contrast with other materials amine-functionalized
y co-condensation under neutral or basic conditions [25,26].

BA-15 materials functionalized with N, NN and NNN groups by co-condensation.
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Conversely, materials functionalized by grafting with
onoamine, diamine and triamine organic chains (G-SBA-

5-N-C, G-SBA-15-N-C-H, G-SBA-15-N-E, G-SBA-15-NN-E, and
-SBA-15-NNN-E) exhibit remarkable metal withdrawal capacities
s shown in Fig. 7, where removal percentages of the tested metals
re displayed. This graph suggests that there are three different
orption performances depending on the specific metal. Aqueous
b(II) adsorption percentage clearly is the biggest for all materials
ere studied with measured values around 100%. Cd(II) removal is

ntermediate between lead behavior and the percentages corre-
ponding to the group of Ni(II), Cu(II) and Zn(II) which adsorption
s rather similar. Nevertheless, it should be realized that an inat-
entive glance to Fig. 7 may lead to misunderstanding conclusions.
onsidering that initial mass concentration is the same for all
xperiments, namely 100 mg L−1, molar concentration depends
n the atomic weight of each metal; therefore, lead solutions are
lmost four times more dilute in molar scale than nickel solutions.
onsequently, the nitrogen anchoring points to metal species
umber ratio decreases in the sequence Pb � Cd � Zn ≥ Cu ≥ Ni,
he same diminution order found for adsorption percentage.
o, the three distinctive behaviors mentioned above should be
nalyzed in an individual way. Moreover, to determine both the
aximum adsorption capacity of each adsorbent and the efficiency

t low concentration, which are two crucial parameters to design
n adsorption process for heavy metal removal, it is necessary
o obtain global kinetic information and determine the whole
dsorption equilibrium isotherm for every metal.

In this work, copper has been selected to carry out the first
omplete study of the adsorption process on amine-grafted SBA-
5 materials as representative of the behavior observed for the
i(II)/Cu(II)/Zn(II) group.

.3. Specific study of aqueous copper adsorption

.3.1. Copper adsorption kinetics
A detailed study of the adsorption rate was carried out for G-

BA-15-NN-E, a material chosen as representative of the whole
ehavior. For this purpose, a collection of copper solutions with the
ame initial concentrations was stirred at 200 rpm in the presence

f adsorbent constant amounts. Stirring was stopped at differ-
nt selected times and solutions were filtered and analyzed. This
xperimental routine was repeated for three initial aqueous Cu(II)
oncentrations: 5, 113, and 263 mg L−1. Raw experimental data are
ecorded in Fig. 8 that shows the final copper concentration against

ig. 7. Removal percentage of Cu(II), Ni(II), Zn(II), Cd(II) and Pb(II) by amine-grafted
dsorbents G-SBA-15. 50 mg of adsorbent and 45 mL of 100 mg L−1 aqueous metal
olutions were thoroughly used.
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ig. 8. Temporal evolution of Cu(II) concentration after adsorption on G-SBA-15-
N-E for three initial copper concentrations.

ontact time. As seen, the significant metal concentration decrease
uickly occurs in the early stages of the process. Although solu-
ion concentration remains changeless after 120 min, an agitation
ime of 180 min has been selected for the subsequent adsorption
quilibrium experiments, a value in accordance with previously
eported for other functionalized SBA-15 adsorbents [39]. Similar
esults have been obtained in this work for the equilibrium time
scribed to the other amine-functionalized adsorbents.

Adsorption rate has been analyzed by using two common
emi-empirical kinetic models which are based on adsorption equi-
ibrium capacity: the pseudo-first-order and pseudo-second-order
quations, proposed by Lagergren [40] and Ho and McKay [41],
espectively.

Pseudo-first-order equation relates the adsorption rate to the
etal adsorbed amount at time t as:

dqt

dt
= k1(qe − qt) (1)

here qe and qt are, respectively, the adsorbed amounts of metal
t equilibrium and time t, expressed as mmol g−1; k1 is the
seudo-first-order kinetic constant, expressed as min−1. Equation

ntegration and rearrangement yield the lineal form:

n(qe − qt) = ln qe − k1t (2)

Pseudo-second-order equation may be written in the form:

dqt

dt
= k2(qe − qt)

2 (3)

here k2 is the pseudo-second-order kinetic constant, expressed
s g mmol−1 min−1. The differential equation is usually integrated
nd transformed in its linear form:

t

qt
= 1

k2q2
e

+ t

qe
(4)

Linear arrangements, Eqs. (2) and (4), are commonly used to
heck the validity of these models and to obtain the model param-
ters when the corresponding linear plot is adequate. Fig. 9 shows
ome examples of both linear plots. It is clear from Fig. 9a that

seudo-first-order model is not suitable to describe the kinetic pro-
le because of the apparent lack of linear behavior. Conversely, rates
f aqueous Cu(II) adsorption over diamine-grafted SBA-15 material
re accurately described by the pseudo-second-order equation, as
hown in Fig. 9b where experimental t/qt and t data are provided
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where Q0 and b are the characteristic Langmuir parameters. Q0 is
the maximum adsorption capacity that it is the amount of metal to
form a complete monolayer and b is a constant related to the inten-
sity of adsorption. To obtain the model parameters the linearized
ig. 9. Modeling of Cu(II) adsorption kinetics on G-SBA-15-NN for three initial con-
entrations. Linear plots of (a) pseudo-first-order model; (b) pseudo-second-order
odel.

long with linear correlations for the three sets of experiments.
able 3 summarizes the calculated parameters qcalc

e and k2 for each
nitial copper concentrations, C0; regression coefficients r obtained
rom linear fits indicate a regular good correlation. Experimental
esults of adsorbed copper amount at equilibrium obtained after
tirring 24 h, qexp

e , are also included in Table 3. As seen, these C0
ependent values are in very good agreement with the calculated
rom the kinetic model. Pseudo-second-order constants diminish
rom 3.58 to 0.23 g mmol−1 min−1 when initial copper concen-
ration rises from 5 to 263 mg L−1. A similar evolution has been
reviously observed for other functionalized SBA-15 materials pre-
ared for mercury adsorption [39].

.3.2. Copper adsorption isotherms
◦
Full adsorption isotherms have been obtained at 25 C for the

mine-grafted materials G-SBA-15-N-C, G-SBA-15-N-E, G-SBA-15-
-C-H and G-SBA-15-NN-E. Isotherms have been constructed as
n aggregate of many separate experimental runs. Each essay has
een carried out by stirring 25 mg of adsorbent with 45 mL of aque-

able 3
ffect of Cu(II) initial concentration on adsorption kinetics

0 (mg L−1) qe (mmol g−1) k2 (g mmol−1 min−1) r

qcalc
e qexp

e

5 0.146 0.14 3.58 0.99995
113 0.656 0.65 0.61 0.99997
63 0.846 0.82 0.23 0.996

arameters obtained from the linearized pseudo-second-order model.
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us solutions which initial copper concentrations range from 5 to
00 mg L−1. Fig. 10a displays the isotherms where the amount of
opper adsorbed at equilibrium, qe (milimol per gram of adsor-
ent), is plotted as a function of the resulting aqueous Cu(II)
oncentration, Ce, (mg L−1). All the isotherms show a sharp initial
lope so indicating that materials act as high efficacy adsorbents
t low metal concentration; in addition, when aqueous Cu(II) con-
entration increases a saturation constant value is reached. This
ehavior corresponds to Langmuir isotherm, or L2-type according
o the Giles classification [42], which mathematical expression is:

e = Q0bCe

1 + bCe
(5)
ig. 10. (a) Experimental copper adsorption isotherms at 25 ◦C for monoamine and
thylendiamine SBA-15 materials functionalized by grafting. (b) Linearized Lang-
uir plots for the same systems.
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Table 4
Nitrogen and organic chain contents and maximum copper adsorption, Q0, from experimental and Langmuir-modeled adsorption isotherms

Material N (mmol g−1) Org. Chain (mmol g−1) Q 0
exp(nmol Cu g−1) Langmuir isotherm

Q0 (mmol Cu g−1) r
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[

[
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[

[

-SBA-15-NN-E 4.0 2.0
-SBA-15-N-C-H 2.8 2.8
-SBA-15-N-E 3.1 3.1
-SBA-15-N-C 1.9 1.9

angmuir equation is mostly used:

Ce

qe
= 1

Q0b
+ Ce

Q0
(6)

Linear Langmuir plots are shown in Fig. 10b where it can be seen
hat successful fits to experimental data are thoroughly achieved.
able 4 displays the calculated parameters Q0 corresponding to the
angmuir model and the nitrogen and organic chain content for
he four selected adsorbents; experimental maximum adsorption
apacities Q exp

0 , obtained as the mean value of qe in flat region of
he isotherm, are also shown. The accordance between estimated
nd experimental Q0 values is excellent.

Fig. 10a and Table 4 evidence that copper maximum adsorp-
ion capacity Q0 of SBA-15 functionalized with propylamine is
ignificantly smaller than nitrogen content, an expected behavior
ue to the multiple coordination needed to form stable Cu(II)-
mine complexes (i.e. one copper atom requires several amino
ositions). In addition, copper loading for calcinated G-SBA-15-N-C

s lower than Q0 corresponding to G-SBA-15-N-E and G-SBA-15-
-C-H materials, as presumed because materials prepared after
xtraction and calcination-hydration include a higher content of
mino groups (around 3 against 1.9 mmol g−1). However, adsorp-
ion capacities of monoamine-grafted SBA-15 materials prepared
n this work are generally lower than values previously reported
or other mesoporous silicas [19,24]. So, Lam et al. have found
hat nitrogen to maximum copper adsorbed molar ratio for NH2-

CM-41 ranges between 2.7 and 4 [24], whereas N to Cu(II)
olar ratio for materials of this work varies from 7 to 9. The

bserved difference is attributed to the larger pore size of SBA-
5 silica which induces a wide monoamino groups spreading that
educes the chance for multiamine-copper binding. Perhaps, this
s why the pore contracted G-SBA-15-N-C-H exhibits a higher
0 than G-SBA-15-N-E material in spite of its lower nitrogen
ontent.

Copper adsorption on G-SBA-15-NN-E silica prepared with two
mino groups per organic chain is significantly enhanced with
espect to materials functionalized with aminopropyl. A maximum
dsorption capacity around 0.83 mmol g−1 has been determined, a
arge value in accordance with bibliographic data [21,25]. It should
e mention that Q0 increase for the diamine G-SBA-15-NN-E com-
ared to monoamine materials notably surpasses the nitrogen
ontent rise. So, the presence of two amine position in the same
rganic chain reinforces the copper adsorption capacity through a
ooperative effect due to nitrogen proximity reasons.

. Conclusions

Mesoporous materials SBA-15 amine-functionalized with
rganic chains containing one, two and three amino functional
roups have been synthesized by grafting and co-condensation to

chieve heavy metal adsorbents from aqueous solution. Materi-
ls prepared by co-condensation show negligible metal adsorption
apacity because amino active sites are not accessible to metal-
ic species despite their suitable nitrogen content and textural
roperties. Conversely, amine-grafted materials, that exhibit ade-

[

[

0.82 0.83 0.997
0.39 0.39 0.9991
0.35 0.35 0.9993
0.25 0.24 0.9998

uate mesoscopic order and high amino groups content (up to
.0 mmol N g−1), adsorb significant amounts of aqueous Cu(II),
d(II), Pb(II), Ni(II) and Zn(II). Copper adsorption process has been

nvestigated in detail as representative of the global behavior
ssigned to Ni(II), Cu(II), and Zn(II). Kinetics study reveals that cop-
er adsorption rate is fast and can be satisfactorily modeled by a
seudo-second-order equation. Full isotherms of Cu(II) adsorption
ave been assembled for four amine-functionalized SBA-15 materi-
ls. All adsorbents are very efficient at low metal concentration and
ubstantial amounts of Cu(II) can be removed from water. The pres-
nce of two amino positions in the same organic chain enhances the
opper adsorption capacity.
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