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a b s t r a c t 
Multiamine materials were prepared from SBA-15 mesoporous silica by grafting and impregnation 
methods. Polyethylenimine and two organosilanes containing amino groups: [amino-ethylamino]-
propyltrimethoxysilane (NN), [(2-aminoethylamino)ethylamino]propyl-trimethoxysilane (NNN) 
were used as supply of the organic chains. These functionalized materials were used as adsorbents 
for the removal of aqueous lead(II) and cadmium(II), which are included in the EU list of Priority 
Substances in Water. The prepared materials were characterized by XRD, nitrogen adsorption–
desorption, 29Si MAS NMR, and elemental analysis. Experimental adsorption isotherms were 
determined up to saturation and successfully reproduced with the Langmuir model. The influence on 
Pb(II) and Cd(II) adsorption of the type of functional organic chain incorporated and the percentage 
of functionalization was studied. Likewise, pH effect and sorption mechanism were analyzed. 
Consequently, maximum adsorption capacities were significantly superior for Pb(II) achieving values 
as high as 1.37 mmol Pb g–1. Furthermore, the observed strong affinity between adsorbent and metals 
at trace-level concentrations evidenced potential industrial application of these adsorbents for Pb(II) 
and Cd(II) uptake in contaminated water treatments.

Keywords:  Amine-functionalized SBA-15; Water treatment; Selective adsorption; Lead and cadmium 
removal

1. Introduction

World Health Organization (WHO) recent studies show 
how billions of people globally are presently drinking tap 
water contaminated by heavy metals at a trace level [1,2]. 
Among them, lead and cadmium are hazardous pollutants 
commonly found in aquatic effluents as they are discharged 
from several industries [3–5]. As heavy metals, they cannot be 
destroyed and thus, they can be accumulated throughout the 
food chain, being noxious for both living organisms in water 
media and for humans. Their high toxicity, even at a very low 
concentration, has made international legislation to establish 
restrictive limits for their concentration levels in water [6]. 

Cadmium metal and its compounds are defined as priority 
hazardous substances in the field of water policy since 
2011 (2000/60/EC Directive according to the 2455/2001/EC 
resolution) which led the maximum allowable concentration 
for environmental quality standards (MAC-EQS) to be lower 
than 1.5 µg L–1 [7]. Furthermore, according to 2013/39/EU 
Directive, EQS values for cadmium and its compounds vary 
depending on the water hardness [8]. In the case of lead, the 
value for MAC-EQS is also regulated and its proposed limit 
has been recently reduced to 14 µg L–1 [8,9]. The values rec-
ommended by WHO for drinking water are 10 and 3 µg L–1 
for Pb(II) and Cd(II), respectively [1], and similar limits are 
worldwide prescribed [2].
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To remove toxic heavy metals from wastewater, remediation 
methods including chemical precipitation and adsorption are 
usually effective. The adsorption technique is popular due to 
its easy operation, low-energy consumption, simple mainte-
nance, and its large capacity [10,11]. However, although the 
common adsorbents including activated carbons have been 
used for metals removal, they are indeed nonselective and, 
besides, they are not recommended for reducing aqueous con-
centration below the legally required ppb limits [12].

Among selective adsorbents, those based on mesostruc-
tured silica materials are being widely investigated with the 
aim of developing a standard technology for treating waste-
water containing heavy metals at very low concentrations. 
Mesoporous silica materials which are chemically function-
alized with organic groups exhibit remarkable ability as 
adsorbents in water remediation applications. They show 
excellent textural properties to be used as bespoke adsor-
bents, showing high surface areas, high pore volumes and 
homogeneous pore diameters. Furthermore, the organic 
groups anchored to the silica walls promote specific affinity 
towards target metallic species [13]. Apart from the extensive 
work focused on mercury removal by silica functionalized 
with organic sulphur [13–15], some other studies have been 
carried out in relation with the synthesis of amine-modified 
adsorbents with the intention of eliminating metals in water 
including copper, zinc, nickel, or cobalt [13,16]; nevertheless, 
deeper studies cannot be commonly found relative to the 
specific removal of hazardous cadmium and lead species.

Some investigations have been conducted by incorporat-
ing complex organic ligands such as highly branched poly-
amidoamine dendrimers (PAMAM) [17,18], humic acids 
that contains carboxylic and phenolic groups [19], or guan-
idine organic entities [20], but in none of those the reported 
maximum adsorption capacities were significantly high. 
Nevertheless, more successful results were reported regarding 
the study of SBA-15 functionalized with melamine-based den-
drimer amines employed for the adsorption of Pb(II), Cd(II), 
and Cu(II), having maximum capacities of 0.62 mmol g–1 and 
0.87 mmol g–1 for lead and cadmium, respectively [21]. 

Lead removal has also been tested by ion-imprinted poly-
mer derived from chitosan supported on SBA-15 [22] obtain-
ing 0.2 mmol Pb g–1, or other materials based on molecular 
recognition with a di(aminocyclohexyl)-18 crown-6 with 
high metal recovery at 100 ppm [23]. Formerly, the function-
alization of mesostructured silica with EDTA was reported 
to be suitable for removing Pb(II) [24], and other metals [25], 
being possible to achieve an adsorption capacity of 1.1 mmol 
Cd(II) g–1 and 1.32 mmol Pb(II) g–1 through a complex process 
involving ion exchange and surface complexation. For the 
specific adsorption of cadmium, the incorporation of imino-
diacetic acid in SBA-15 has been tested with an adsorption 
capacity of 0.25 mmol Cd(II) g–1 [26]. 

However, the above-mentioned materials usually require 
the synthesis of complex organic molecules by several synthe-
sis steps before or after grafting the silica mesostructured sur-
face. More simplex organic compounds based on alkylamines 
have been reported to achieve good results. Benhamou et al. 
[27] and Sayari et al. [28] studied the adsorption of Pb(II), 
Cd(II), and other metals by pore expanded MCM-41 and 
MCM-48 materials obtained through the post-synthesis pore 
expansion procedure developed by Sayari’s group.

Alternatively, aminopropyl (AP), ethylenediamine (ED), 
and diethylenetriamine (DT) were proposed to develop 
efficient adsorbents for aqueous lead and cadmium, along 
with copper, cobalt, or iron [29–31]. AP was widely stud-
ied [16,32–35], particularly for copper [34,36–39]. It has been 
reported that the adsorption was higher for lead(II) than for 
cadmium(II) [40,41]. In addition, the mechanism of interaction 
between Pb2+ ions and R–NH2 groups located on the adsorbent 
surface has been investigated by Hernandez-Morales et al. [42]. 

Conversely, few studies have been reported regarding 
multiamine functionalized materials for heavy metal removal. 
Faghihian and Naghavi [43] compared the adsorption prop-
erties of mesoporous silica MCM-41 and MCM-48 function-
alized with ethylenediamine for Pb(II) and Cd(II), among 
other metals. Machida et al. [44] studied the role of diverse 
functional groups (mono, di, triamine, thiol, or carboxylic 
groups) on MSU and hexagonal mesoporous silica (HMS) as 
adsorbents of cadmium [44], while Xia et al. [45] investigated 
the adsorption properties of several mesostructured silicas 
at low concentration of Pb, Cd, Fe, Mn, and As. Our group 
reported an extensive work focused on the preparation of 
amine-functionalized SBA-15 with one (N, AP), two (NN, ED), 
or three (NNN, DT) amino groups [46]. In that study, prelimi-
nary tests were carried out for the adsorption of Cu(II), Pb(II), 
Cd(II), and other metals. Cu(II) removal was studied in detail 
with adsorption capacities very enhanced when using organic 
precursors containing several amino groups per molecule.

Therefore, as the SBA-15 mesostructure is very stable and 
offers excellent porous properties due to its open pore struc-
ture, our aim in this work is to obtain materials with a high 
amount of amino groups using multiamine as precursor in 
order to develop efficient adsorbents for aqueous lead and 
cadmium [47,48]. We present a detailed study on the synthesis 
and characterization of multiamine-prepared mesostructured 
SBA-15 materials that were mostly obtained by grafting the 
surface with ethylenediamine (ED) and DT. The influence 
of the amount and type of organosilane groups employed, 
together with the influence that has got the surfactant removal 
method on the physicochemical properties of adsorbents and 
the equilibrium adsorption of lead and cadmium is discussed. 
Furthermore, the preparation of materials obtained by polyeth-
ylenimine (PEI) impregnation [47,48] has been accomplished 
and their adsorption capacity was evaluated for cadmium. 
Besides, the ability of all of these materials to reduce the heavy 
metal concentration below the limits allowed by the interna-
tional legislation on drinking water has been examined.

2. Experimental section

2.1. Chemical reagents

All the chemicals used for synthesis were supplied by 
Sigma-Aldrich. Tetraethyl orthosilicate (TEOS) and tri-
block copolymer poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) Pluronic P123 (MW = 5,800) 
were used as the silica source and structure directing agent, 
respectively, for SBA-15. The functionalization agents used 
for grafting were [amino-ethylamino]-propyltrimethoxysi-
lane (NN) and [(2-aminoethylamino)ethylamino] propyltri-
methoxysilane (NNN). PEI was used for the impregnation 
of SBA-15 silica surface (branched PEI, average molecular 
weight 800, ρ = 1.05 g mL–1).
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Sources of metals for adsorption experiments were cad-
mium nitrate and lead nitrate that are reagent grade and were 
supplied from Scharlab (Spain). Lead(II) atomic spectroscopy 
standard 1.0 g L–1 and cadmium(II) atomic spectroscopy stan-
dard 1.0 g L–1 were supplied by Fluka (Sigma-Aldrich, Spain). 
Hydrochloric acid, nitric acid, methanol, ethanol, and toluene 
were provided from Scharlab. Solvents were all analytical or 
HPLC grade. All materials were used as received, without 
further purification. Water purity was Milli-Q grade.

2.2. Adsorbents synthesis

Pure silica SBA-15 was synthesized by using Pluronic 
P123 triblock copolymer according to the bibliography 
[49,50]. The white solid product was recovered by filtration, 
washed with ethanol and air dried. The organic template 
was removed by using two different procedures: calcina-
tion (C) at 550°C or extraction (E) by ethanol reflux. The 
obtained mesoporous materials, denoted as SBA-15-C and 
SBA-15-E, were functionalized with two different amino 
chains [amino-ethylamino]-propyl (denoted as ED or NN) 
and [(2-aminoethylamino)ethylamino]propyl (denoted as 
DT or NNN). The grafting was accomplished through the 
silanization reaction of the surface silanol groups with the 
aminosilane precursors. The molar degree of functionaliza-
tion (X%) in the grafting mixture was varied between 15% 
and 40%. The resulting functionalized materials were desig-
nated as SBA-15-E-NN-X%, SBA-15-E-NNN-X%, SBA-15-C-
NN-X%, and SBA-15-C-NNN-X%, respectively.

In addition, pure calcined SBA-15 (SBA-15-C) was 
impregnated with an organic polymer, PEI, according to 
Sanz et al. [51]. The impregnation was carried out by adding 
different amounts of the PEI polymer to obtain 30% and 50% 
weight of organic component in the final product. These 
adsorbents were denoted as SBA-15-C-PEI-X%, where now 
X represents the weight percentage of PEI in the final solid.

2.3. Characterization

Mesoscopic order was investigated by low-angle X-ray 
diffraction (XRD). Patterns of the samples were obtained 
on a powder PW3040/00 X’Pert MPD/MRD diffractometer 
using Cu Ka radiation. Nitrogen adsorption–desorption iso-
therms were measured at 77 K using Micromeritics Tristar 
3000 sorptometer. Prior to the measurements, samples were 
outgassed under nitrogen during 8 h at 200°C and 150°C 
for pure silicas and functionalized adsorbents, respectively. 
The specific surface area, SBET, was calculated from nitrogen 
adsorption data in the relative pressure range from 0.04 to 0.2 
using the Brunauer–Emmet–Teller (BET) method [52]. The 
total pore volume, Vads, was determined from the amount 
of nitrogen adsorbed at a relative pressure P/Po of 0.97 [52]. 
Pore size distributions were obtained from the adsorption 
branch of the nitrogen isotherms using the Barrett–Joyner–
Halenda model assuming a cylindrical geometry of the 
pores. Structural parameters of the synthetized mesoporous 
materials, such as the unit cell parameter (a0) and the wall 
thickness (ep), were obtained by combining XRD and nitro-
gen sorption data.

Nitrogen content of amine-functionalized adsorbents 
was determined by elemental analysis, on a CHNOS 

model Vario EL III of Elemental Analyses System, GmBh 
(Germany). The amine loading was calculated from the 
nitrogen content.

Solid state 29Si MAS NMR spectra were collected on 
a Varian Infinity 400 instrument operating at 79.4 mHz. 
Tetramethylsilane was used as a reference for establishing 
the chemical shifts. Runs were carried out under magic-angle 
spinning at 6.0 kHz with 90 pulses of 4.51 s and delay time 
of 15 s.

2.4. Heavy metal adsorption experiments

Adsorption of lead, Pb(II), and cadmium, Cd(II), on func-
tionalized materials was investigated through batch equilib-
rium experiments. The adsorbent-solution mixtures consisted 
of 45 mL of heavy metal aqueous solution (concentration range 
5–300 mg L–1) and 25 mg of adsorbent at 25°C controlled tem-
perature. Equilibrium time has been reported for the adsorption 
of different inorganic species on functionalized mesostructured 
adsorbents to vary between 30 and 120 min depending on 
contaminant concentration [46,53,54]. For these experiments, 
suspensions were magnetically stirred for 180 min, time much 
longer than the previously established to reach equilibrium 
for any concentration value [46]. Then, the solution was fil-
tered with a syringe filter (0.22 µm pore size) and the residual 
heavy metal solution was collected. Metal concentration in all 
aqueous solution was analysed by inductivity coupled plasma 
atomic emission spectroscopy. Measurements were performed 
in a Varian Vista AX spectrometer after calibration with stock 
solutions in the concentration range 0–10 mg L–1.

The amount of heavy metal adsorbed at equilibrium, qe 
(mmol g–1), was determined by difference between initial and 
equilibrium metal concentration in the solutions as follows:

q C C V
m Me o e= −( ) ⋅
⋅

 (1)

where qe is the adsorbed amount at equilibrium (mmol g–1), V 
is the total volume of Cd(II) or Pb(II) solution used in every 
adsorption experiment (45 mL), m is the mass of adsorbent 
(25 mg), Co is the initial concentration of Cd(II) or Pb(II) solu-
tions (mg L–1), Ce is the equilibrium Cd(II) and Pb(II) concen-
tration (mg L–1), and M is the molar mass of the heavy metal 
studied, lead or cadmium. Percentage removal, R (%), was 
calculated according to Eq. (2):

R
C C
C
o e

o

(%) =
−

⋅100  (2)

3. Results and discussion

3.1. Characterization of SBA-15 adsorbents

3.1.1. Amine-functionalized silica SBA-15

Mesoporous silica adsorbents functionalization with 
organic chains containing multiple amino groups, denoted as 
NN and NNN, was carried out by grafting the surface of pure 
SBA-15 prepared through two alternative surfactant removal 
procedures, calcination and extraction. Fig. S1 shows the 
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low-angle XRD patterns of calcined and extracted SBA-15 
materials (SBA-15-C and SBA-15-E, respectively) compared 
with several functionalized materials, SBA-15-C/E-NN-X% 
and SBA-15-C/E-NNN-X%. Three diffraction peaks corre-
sponding to (1 0 0), (1 1 0), and (2 0 0) family planes were 
detected for each pure silica sample, which can be indexed to 
a two-dimensional hexagonal lattice characteristic of the mes-
oporous material SBA-15 [50]. The relative intensity of the 
reflections diminished for functionalized samples due to the 
increased organic content inside the pores. Diffractograms 
corresponding to adsorbents containing diamine organic 
chains, SBA-15-C/E-NN, still exhibit the well-resolved reflec-
tions corresponding to (1 1 0) and (2 0 0) for both types of silica 
so indicating that the mesoporous structure was preserved 
after the incorporation of amino groups, although lower 
intensities were thoroughly found for structures obtained 
by extraction procedure (SBA-15-E-NN). However, materi-
als obtained by grafting the silica surface with diethylenetri-
amine chains, SBA-15-C/E-NNN, yield diffractograms with 
significant reduction of (1 1 0) and (2 0 0) reflexions; hence, 
one single distinctive diffraction peak was found for almost 
all these triamine-modified materials.

Fig. S2 shows some representative N2 adsorption–
desorption isotherms measured at 77 K, along with the cal-
culated pore size distributions (inset), for pure silica SBA-15-
C/E and functionalized samples (SBA-15-C/E-NN-X% and 
SBA-15-C/E-NNN-X%). As observed, all the functionalized 
materials maintained the characteristic type IV isotherm and 
uniform pore sizes within the mesoporous range. Therefore, 
it can be concluded that the SBA-15 structure was success-
fully preserved after functionalization.

Textural parameters estimated from N2 adsorption–
desorption isotherms are summarized in Table 1. As expected, 
an evident decrease of those parameters is systematically 
observed for amine-functionalized materials. Thus, the 
parameters corresponding to calcined samples (SBA-15-C) 
grafted with diamine (NN) gradually decrease from 83 to 59 
Å (Dp), 604 to 156 m2 g–1 (SBET), and 0.95 to 0.27 cm3 g–1 (Vp) 
as the functionalization percentage raises from pure silica to 
SBA-15-C-NN-30%. For diethylenetriamine (NNN) materials, 

a reduction of around 30%, 60%, and 45% is observed for Dp, 
SBET, and Vp, respectively, higher than that corresponding to 
diamine modified solids and almost independent from the 
functionalization percentage.

The textural properties decline of adsorbents prepared 
from extracted silica (SBA-15-E) is rather similar to that 
obtained for calcined samples with a slight difference: the 
length of the amine chains hardly affects the parameters. For 
example, the pore size remains close to 81 Å for the function-
alized SBA-15-E-NN/NNN materials.

Regarding the structural information displayed in 
Table 1, a slight reduction in the unit cell parameter a0 of cal-
cined samples was found as compared with the pure silica 
parent structure, whereas for extracted materials no clear 
changes were evidenced. Besides, the wall thickness (ep) was 
systematically enlarged due to amine functionalization; how-
ever, no evident correlation was found between the extent of 
organic chains incorporation and wall thickness.

The analysis of nitrogen content and the calculated molar 
amount of organic chain in calcined samples revealed that 
when functionalizing agent percentage in the grafting mix-
ture was raised from 15% to 30%, an insignificant increase of 
incorporated nitrogen was detected both for SBA-15-C-NN 
(3.15 and 3.21 mmol N g–1) and SBA-15-C-NNN (3.92 and 
3.98 mmol N g–1). Conversely, the increment was apparent 
for SBA-15-C-NNN-40%. The grafting process was more 
efficient for extracted materials than for calcined ones, show-
ing an enhanced organic functionalization probably due to 
the increased availability of silanol groups on their surface 
[55]. The maximum nitrogen content attained by grafting 
in this study was 4.82 mmol g–1 (SBA-15-C-NNN-40% and 
SBA-15-E-NNN-15%).

For each SBA-15 precursor, calcined or extracted, the nitro-
gen content of the final material increased when the number 
of amino groups per organosilane molecule was higher 
(NNN > NN). However, the molar amount of organic chains 
incorporated into the adsorbents was always smaller for 
samples functionalized with diethylenetriamine (NNN). For 
example, SBA-15-C-NN-15% material contains 1.57 mmol g–1 
against 1.31 mmol g–1 corresponding to SBA-15-C-NNN-15%. 

Table 1
Textural and structural properties of sorbents synthesized from calcined (C) and extracted (E) SBA-15 by grafting of organic 
polyamine chains (NN and NNN) and polyethylenimine impregnation (PEI). Nitrogen content obtained from CHNSO 
elemental analysis is also displayed

Material Textural properties Structural properties Nitrogen content
Dp (Å) SBET (m2 g–1) Vp (cm3 g–1) d100 (Å) ao (Å) ep (Å) N (mmol g–1) Org. Chain (mmol g–1)

SBA-15-C 83 604 0.95 101 117 34 – –
SBA-15-C-NN-15% 71 284 0.49 97 112 41 3.15 1.57
SBA-15-C-NN-30% 59 156 0.27 99 114 56 3.21 1.60
SBA-15-C-NNN-15% 58 235 0.44 97 112 54 3.92 1.31
SBA-15-C-NNN-30% 57 262 0.44 97 112 55 3.98 1.33
SBA-15-C-NNN-40% 62 191 0.32 97 112 50 4.82 1.74
SBA-15-E 91 576 1.03 109 126 35 – –
SBA-15-E-NN-15% 82 233 0.57 109 126 44 3.55 1.77
SBA-15-E-NNN-15% 80 240 0.51 112 129 49 4.82 1.61
SBA-15-C-PEI-30% 58 153 0.27 104 120 62 5.86 N/A
SBA-15-C-PEI-50% 59 49 0.09 104 120 61 9.64 N/A
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This fact, previously observed for analogous materials, was 
attributed to restrictions in the diffusion of the NNN orga-
nosilane within the pores during the grafting reaction that 
resulted in limited accessibility toward the reactive surface 
silanol groups [46]. 

It is worth mentioning that the incorporation of higher 
amounts of functionalizing agent for extracted samples was 
tried with unsuccessful result when NN or NNN > 20% 
were used. For instance, the synthesis of SBA-15-NNN-40% 
yielded a material such as SBA-15-E-NN-20% [56].

Fig. 1 displays the 29Si MAS-NMR spectra of three 
amine-functionalized SBA-15 materials (SBA-15-C-NN-15%, 
SBA-15-C-NNN-15%, and SBA-15-E-NN-15%) selected to con-
firm the covalent incorporation of organosilanes to the silica 
walls. As visible in Fig. 1, the spectra profiles were split into 
individual Gaussian bands. Three pure silica characteristic 
peaks were assigned to Qn [Qn = Si(OSi)n(OH)4–n, n = 2, 3, or 4], 
Q4 at δ = –110 ppm, Q3 at δ = –100 ppm, and Q2 at δ = –90 ppm. 
The two additional peaks appearing at higher chemical shift, 
namely Tm signals, [Tm = R-Si(OSi)m(OH)3–m, m = 2 or 3], T3 at 
δ = –65 ppm, and T2 at δ = –55 ppm, indicated that the organic 
chains (R-) had been successfully grafted within the materials. 
The degree of organic incorporation was estimated through 
the signal intensity ratio, RI = I(Tm)/I(Qn) [57]. Measured ratios 
revealed that the incorporation was more effective for the 
extracted sample, RI = 0.17, against RI = 0.12 found for each 
calcined material. These values were coherent with the corre-
sponding organic chain content displayed in Table 1.

3.1.2. PEI impregnated silica samples

Impregnation of calcined SBA-15 silica with hyper-
branched PEI was carried out for two PEI percentages (30% 
and 50%). Fig. S3(A) shows the low-angle XRD patterns as well 
as the characterization obtained from nitrogen adsorption–
desorption isotherms at 77 K and pore diameter distributions 

of the samples (Fig. S3(B)). Diffractograms confirmed the 
SBA-15 hexagonal structure for both impregnated silicas: 
SBA-15-C-PEI-30% and SBA-15-C-PEI-50%. The SBA-15-C-
PEI-30% material exhibited the strong (1 0 0) reflection peak 
(at 2θ = 0.85°) and the smaller (1 1 0) and (2 0 0) diffraction 
signals, which are characteristic of a well-ordered SBA-15 
type material. Conversely, SBA-15-C-PEI-50% showed a sig-
nificant decrease in XRD peak intensities, providing evidence 
that impregnation occurred mainly inside the pore channels, 
as previously found [51]. 

Nitrogen sorption isotherms displayed the usual type IV 
profile for this type of SBA-15 material, hence confirming the 
characteristic nature of mesoporous materials. As observed, 
the incorporation of PEI on SBA-15 yields final structures 
with much reduced porosity compared with pure silica, 
especially for the SBA-15-C-PEI-50% sample barely shows 
capacity for N2 adsorption due to the filling of mesochannels. 
Concerning the values of textural parameters (Table 1), these 
materials exhibited a significant decrease of superficial area 
and pore volume when increasing PEI content, but main-
tained mesopore sizes around 58 Å. Thus, it can be concluded 
that the mesoporous structure was preserved after impreg-
nation although the pores were almost completely filled with 
organic polymer. 

As expected, samples obtained by PEI impregnation 
achieve much higher nitrogen content (5.86–9.64 mmol amine 
groups per gram of solid) than every material functionalized 
by grafting.

3.2. Heavy metal aqueous adsorption 

The feasibility of amine-modified SBA-15 materials for the 
removal of lead and cadmium from aqueous solutions was 
evaluated by obtaining the whole equilibrium adsorption iso-
therms up to saturation at 25°C. Isotherms were constructed 
by aggregating multiple individual batch experiments using 
lead or cadmium nitrate as metal source. The materials 
selected for the adsorption study were SBA-15-C-NN-30%, 
SBA-15-C-NNN-30%, SBA-15-E-NN-15%, and SBA-15-E-
NNN-15%. It has to be mentioned here that the adsorption 
capacity previously found for pure silica SBA-15 was negligi-
ble compared with amine-functionalized samples [46].

3.2.1. Lead adsorption isotherms

The experimental isotherms of Pb(II) adsorption from 
aqueous solution at 25°C are shown in Fig. 2 where the metal 
adsorbed amount at equilibrium (qe) is plotted vs. the equilib-
rium concentration in the liquid phase (Ce). All the isotherms 
show characteristic type I shape in IUPAC classification [52] 
or type L according to the Giles classification [58], having a 
sharp initial slope, that indicates high efficiency of the adsor-
bent at low metal concentration, with a typical saturation 
constant value when aqueous Pb(II) concentration increases. 
The adsorption data were modelled using Langmuir and 
Freundlich equations in their linear forms [59,60]. As it is well-
known, the Langmuir adsorption model (Eqs. (3) and (4)) was 
derived for surfaces with homogeneous adsorption sites hav-
ing the same affinity that are covered by the adsorbate until 
filling the monolayer at high equilibrium concentration. Qo 
and b are the maximum adsorbed amount in the monolayer 

Fig. 1. 29Si MAS-NMR for selected amine-functionalized SBA-15 
materials and relative peak intensities.
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and the equilibrium constant of adsorption for Langmuir 
model. Freundlich isotherm (Eqs. (5) and (6)) should be con-
sidered for heterogeneous energetic surfaces, with k and n 
being empirical constants that are related to the uptake capac-
ity of the adsorbent and the intensity of adsorption.

q Q
b C
b Ce o

e

e

= ⋅
⋅

+ ⋅1
 (3)

C
q Q b Q

Ce

e o o
e=

⋅
+ ⋅

1 1
 (4)

q k Ce e
n= ⋅ 1/  (5)

log log logq k
n

Ce e= + ⋅
1

 (6)

Figs. S4(A) and (B) show the predictions of both models 
in their linear equation form. The obtained fitting param-
eters are presented in Table 2, along with the correlation 
coefficients. As seen, the values of R2 for Langmuir are 
excellent (around 0.999), whereas those estimated from the 
Freundlich model are deficient (R2 in the range 0.63–0.84), 
demonstrating the correctness of Langmuir model for 
reproducing the Pb(II) adsorption isotherm and confirming 
monolayer adsorption.

The comparison between adsorbents functionalized 
with different organosilanes yields dissimilar conclusions 
depending on the procedure used to remove the surfactant. 
From the extracted samples, it can be seen that material 
SBA-15-E-NNN-15% functionalized with DT (NNN) mole-
cule exhibited maximum adsorption capacities higher than 
SBA-15-E-NN-15%, modified with ED (NN), reflecting that 
an increase in the nitrogen amount per molecule produces 
an increment of Pb(II) uptake. Conversely, the lower maxi-
mum adsorption capacity for calcined samples was found for 
SBA-15-C-NNN-30%, as compared with SBA-15-C-NN-30%, 
indicating that no improvement on the adsorption capacity 
of Pb(II) was attained. Here, the organosilane NNN chain 
incorporation is smaller, being this arguably due to the less 
probability of finding silanol groups for grafting in calcined 
SBA-15. Hence, although the nitrogen content is higher for 
NNN material, no improvement in the overall adsorption 
is achieved because the lower efficiency of nitrogen as lead 
binding in DT molecules comparatively with ED.

As it has been previously reported, adsorption capacity 
is not always proportional to the number of functional moi-
eties incorporated to the material [29,31,61], indicating that 
the efficiency of amino groups can decrease with the loading 
amount [45]. Actually, Yokoi et al. [31] found that an incre-
ment of the AP and ED amounts yielded higher adsorption 
capacities, whereas this parameter did not always increase 
for DT. It must be taken into account that, for high density 
of multiamines, many active sites could be inactive due to 
porosity reduction or pore blockage. The latter factor can be 
originated by inhomogeneous grafting of functional groups 
located at the pore entrance irrespective of the silica pore 
diameter, avoiding the chemical interaction of heavy metal 
ions with the effective amino groups located inside the pores. 

Moreover, the distribution of amino groups inside the 
pores could be more homogeneous in extracted samples, 
since functional groups could be better dispersed in pres-
ence of remaining surfactant being more difficult to find 
blocked pores and hence obtaining higher efficiency of 
amino groups [62–64]. Besides, the amount of organosilane 

Fig. 2. Experimental Pb(II) adsorption isotherms at 25°C for 
extracted ‘E’ and calcined ‘C’ SBA-15 materials functionalized by 
grafting with NN and NNN organic chains.

Table 2
Nitrogen content of materials, experimental maximum lead(II) capacity of adsorption, and fitting parameters of model isotherms

Material N 
(mmol g–1)

Qo
exp 

(mmol Cd g–1)
Langmuir isotherm Ratio Freundlich isotherm
Qo (mmol Cd g–1) b (L mg–1) R2 Qo/N k n R2

SBA-15-C-NN-30% 3.2 1.16 1.18 0.50 0.9988 0.36 0.35 3.14 0.84
SBA-15-C-NNN-30% 4.0 1.06 1.11 0.47 0.9989 0.27 0.39 4.23 0.70
SBA-15-E-NN-15% 3.6 1.15 1.15 0.53 0.9990 0.32 0.53 5.65 0.82
SBA-15-E-NNN-15% 4.8 1.37 1.36 0.60 0.9998 0.28 0.52 5.20 0.63

Note: Individual adsorption experiments: 45 mL of Pb(II) aqueous solution (C0 = 5–300 mg L–1) and 25 mg of adsorbent. T = 25°C, natural pH.
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consumed during the synthesis from extracted silica is half 
the one needed to attain similar or poorer results with cal-
cined SBA-15. Thus, it is concluded that extraction is the 
preferred procedure, being possible to obtain maximum 
Pb(II) adsorption capacities of 1.37 mmol g–1 (284 mg g–1) with 
SBA-15-E-NNN-15%.

3.2.2. Cadmium adsorption isotherms

Fig. 3 displays the experimental isotherms for aqueous 
cadmium adsorption on amine-grafted SBA-15 materials. 
As for lead, all the isotherms exhibited a sharp initial slope, 
indicating that the grafted materials acted as high-efficiency 
adsorbents also at low metal concentration. When the ini-
tial aqueous cadmium concentration increased, saturation 
was easily attained. The equilibrium data were fitted using 
Langmuir and Freundlich models in their linear forms. 
Langmuir model (Fig. S5(A)) describes the adsorption better 

than the Freundlich model (Fig. S5(B)), as confirmed by the 
fitting parameters shown in Table 3, where the experimental 
maximum adsorption capacities, Q0

exp, along with the nitro-
gen content were also presented for each adsorbent. As seen, 
the maximum adsorption for calcined SBA-15-C-NNN-30% 
yields the same value (0.34 mmol Cd g–1) than the extracted 
sample SBA-15-E-NN-15% that contains less nitrogen. For 
extracted materials, a significant increase on adsorption 
capacity was found when DT (NNN) was used instead of 
ED (NN) due to the increase of nitrogen content. Thus, the 
SBA-15-E-NNN-15% adsorbent showed the highest capac-
ity for cadmium adsorption with a value of 0.45 mmol g–1 
(50.6 mg Cd g–1).

In the present study, PEI-impregnated SBA-15 was 
tested for aqueous cadmium removal to compare the perfor-
mances of diverse adsorbents. Cd(II) adsorption isotherms 
shown in Fig. 4 can be classified as type I, but with profiles 
considerably different from the materials obtained by graft-
ing due to two features: the smaller metal-adsorbent affin-
ity at low concentration and the incomplete saturation at 

Fig. 3. Experimental cadmium adsorption isotherms at 25°C for 
extracted ‘E’ and calcined ‘C’ SBA-15 materials functionalized by 
grafting with NN and NNN.

Fig. 4. Cd(II) adsorption isotherms at 25°C on calcined SBA-15 
impregnated with PEI molecules.

Table 3
Nitrogen content of materials, experimental maximum cadmium(II) capacity of adsorption, and fitting parameters of model isotherms

Material N 
(mmol g–1)

Qo
exp 

(mmol Cd g–1)
Langmuir isotherm Ratio Freundlich isotherm
Qo (mmol Cd/g) b (L/mg) R2 Qo/N k n R2

SBA-15-E-NN-15% 3.6 0.34 0.34 0.30 0.9983 0.10 0.18 7.17 0.95
SBA-15-E-NNN-15% 4.8 0.46 0.45 0.41 0.9994 0.09 0.17 4.62 0.94
SBA-15-C-NNN-30% 4.0 0.34 0.36 0.33 0.9998 0.08 0.17 5.67 0.94
SBA-15-PEI-30% 5.9 0.27 0.32 0.017 0.9813 0.05 0.015 1.86 0.95
SBA-15-PEI-50% 9.6 0.14 0.15 0.028 0.8625 0.02 0.001 1.07 0.82

Note: Individual adsorption experiments: 45 mL of Cd(II) aqueous solution (C0 = 5–300 mg L–1) and 25 mg of adsorbent. T = 25°C, natural pH.
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higher concentrations. Figs. S6(A) and (B) display the esti-
mated Langmuir and Freundlich linear plots, respectively. 
The equilibrium data were reasonably modelled by the 
Langmuir equation, although the difference between both 
fits, Langmuir and Freundlich, summarized in Table 3, was 
much less significant than the ones previously observed for 
grafted adsorbents.

The adsorption properties of PEI-impregnated SBA-15 
were found strongly depending on the impregnation per-
centage, but the correlation was opposite to the one expected 
on the basis of nitrogen content. As observed in Fig. 4 and 
Table 3, SBA-15-C-PEI-50% yields lower cadmium adsorp-
tion capacity than SBA-15-C-PEI-30%, in spite of the former 
containing much more organic nitrogen (9.6 mmol N g–1) than 
the latter (5.9 mmol N g–1). This reduction is probably due to 
the pore blocking effect that massive impregnation originates 
(Fig. 4; Table 1); hence, many amino groups become inaccessi-
ble to aqueous Cd(II) species and SBA-15-C-PEI-50% is rather 
inefficient for the cadmium removal. Whereas, SBA-15-C-
PEI-30% adsorbent could achieve significant Cd(II) uptake 
(0.27 mmol Cd g–1) under the same conditions, this cadmium 
adsorption capacity is similar or even higher than the one 
reported in literature for PEI supported on silica, which was 
found to be lower than the one corresponding to Pb(II) sorp-
tion [47,48,65]. Our results suggest that a fair compromise 
between PEI content and both tolerable mesostructure and 
porosity decline should be assessed to obtain suitable adsor-
bents for metal removal in aqueous solution.

The comparison between both types of adsorbents for 
cadmium, amine-grafted and PEI-impregnated, proved 
that grafted samples systematically yielded better results, 
although their nitrogen content was lower. As it can be 
observed in Table 3, cadmium to nitrogen molar ratio was 
significantly smaller (0.02 and 0.05) for impregnated materi-
als than for the grafted materials (0.08–0.10). This fact points 
that the location of amino groups in PEI polymer might not 
be favourable to capture cadmium species or, on the con-
trary, the metal species in solution cannot easily access many 
amino active sites.

3.2.3. Comparison of maximum adsorption capacities with 
other adsorbents

The comparison of our experimental maximum adsorp-
tion capacities of aqueous lead against values found for 
other amine-functionalized mesoporous silica materials 
having similar amino groups density confirms the excellent 
results achieved in this work. Just to mention some exam-
ples, functionalization with AP of HMS or MCM-41 yielded 
Pb(II) uptake smaller than 0.5 mmol Pb g–1 [40,41,43] and 
the capacity reported for ED grafted in MCM-41 were equal 
to 0.8 mmol g–1. DT organosilane was used as a precursor to 
obtain a more complex ligand for developing mesoporous 
silica-based lead adsorbent, but metal uptake was not greater 
than 0.3 mmol Pb g–1 [66]. Imprinting technique was used to 
prepare Pb(II) adsorbents with a chelating silylating agent that 
contained four N-donor atoms; these materials were prepared 
from ED organosilane and 2-pyridinecarboxaldehyde. Their 
reported adsorption for lead was only 0.3 mmol Pb g–1, while 
for non-imprinted materials the maximum adsorption was 
0.20 mmol g–1 [66]. For SBA-15, significant Pb(II) capacities were 

reported for monoaminopropyl-modified adsorbents (0.19 [67] 
and 0.63 mmol g–1 [68]), but smaller than that obtained here.

Other authors also described the cadmium adsorption 
with adsorbent based on ED and DT molecules. For instance, 
Cd(II)-imprinted hybrid adsorbent with DT organosilane was 
tested for the removal of cadmium(II) from aqueous solu-
tions. Although the imprinted adsorbent achieved a higher 
adsorption capacity (0.68 mmol g–1), the non-imprinted 
adsorbent capacity was 0.42 mmol g–1, similar to the results 
presented in this work [69]. The cadmium removal ability 
of adsorbents grafted with ED and AP was found in litera-
ture, but reported results were divergent. In general, our 
SBA-15-E-NN/NNN materials achieved higher adsorption 
capacities than the described mesosilicas functionalized with 
AP [40,41], although some authors reported values close to 
0.7 mmol Cd g–1 for AP [33] or ED grafted materials of the 
M41S family [43].

Therefore, the notable results for lead removal attained 
in this study are attributed to the presence of several amino 
groups within the same organic chain that is incorporated 
into the SBA-15 open mesostructure. Accordingly, it is note-
worthy the advantage of using of SBA-15 which has larger 
pore diameters than other mesostructured silicas or silica gel 
and allows a better accessibility to active groups. Moreover, 
these adsorption capacities are similar to those obtained for 
recently presented adsorbents prepared from magnetic silica 
composites, which also exhibit significant capacities [70,71].

3.2.4. Adsorbent efficiency for lead and cadmium removal

The removal capacity at low heavy metal concentrations 
is one the most important criterion for selecting an adsor-
bent, since it is not frequent to find water streams polluted 
with metal concentration as high as these needed to reach the 
maximum adsorbent removal capacity. Thus, the goal of an 
adsorbent is its ability to significantly reduce the metal level 
to values lower than the limits established by legislation.

Fig. 5 displays the percentage of removal achieved for 
selected amine-grafted SBA-15 materials as a function of 
the initial concentration of lead (A) and cadmium (B) in 
the experimental conditions of this study, namely, 25 mg of 
adsorbent and 45 mL of solution. Said dose of adsorbent has 
been intentionally selected to investigate the potentiality of 
all the materials considered in this study as possible candi-
dates for water decontamination. As seen, the Pb(II) uptake 
by any of the grafted materials yielded almost complete 
removal percentages even for initial lead concentration as 
high as 120 mg L–1. It is remarkable the good performance of 
extracted materials that were enough efficient to reach aque-
ous Pb(II) concentrations under allowed values for drinking 
water. For instance, when treating 30 mg L–1 solutions with 
SBA-15-E-NN-15% or SBA-15-E-NNN-15% samples, the final 
concentration were below 0.008 mg L–1 (8 ppb). Nevertheless, 
for calcined samples, SBA-15-C-NN-30% and SBA-15-C-
NNN-30%, the efficiency was slightly lower, but still notable, 
reaching Pb(II) removal percentage around 99% for 61.0 and 
111.3 mg L–1 initial concentrations, respectively. 

For cadmium adsorption, the efficiency of removal using 
grafted materials was also near 99%; however, the usable 
initial concentration range decreased in comparison with 
lead. Thus, for aqueous concentrations up to 15 mg Cd L–1, 



V. Gascón et al. / Desalination and Water Treatment 146 (2019) 210–226218

the uptake percentage ranged from 99.4 to 99.9 for SBA-15-
E-NNN-15% and SBA-15-E-NN-15%, respectively, being 
possible to attain final Cd concentrations under 0.01 mg L–1 
(10 ppb) with the latter.

The experimental data obtained in this work evidence 
that amine-grafted adsorbents were suitable for treating 
contaminated water with lead or cadmium and for reducing 
the pollutant levels below the authorized limits. Conversely, 
Cd(II) removal by PEI impregnated materials was signifi-
cantly poorer with percentages around 21% for 25 mg Cd L–1 
initial concentration.

To conclude this section, it must be emphasized that the 
adsorbent mass to solution volume ratio selected for exper-
iments was comparatively low in this study, lesser than 1 g 
L–1. Amine-grafted SBA-15 materials were able to remove 
almost 100% of lead when treating 125 mg L–1 solutions and 
so did they for cadmium, although at lower initial concen-
tration. However, the amount of adsorbent found in liter-
ature for materials capable of reaching almost complete 
metal removal was significantly higher. For example, a lead 
removal of 95%–97% was reported for AP-MCM-41 treating 
50 mg L–1 solutions, but the experimental mass/volume ratio 

was 5 g L–1 [41]; while SBA-15-E-NNN-15% prepared in the 
present work can remove more than 99.5% using a mass/vol-
ume ratio 10 times smaller (0.56 g L–1).

3.2.5. Adsorption mechanism

It has been widely proposed in literature that the plausible 
mechanism involved in the adsorption of lead or cadmium on 
amine compounds is metal complexation. The significant dif-
ferences between both metals could be explained in terms of 
the hard-soft acid–base theory describing the mutual affinity 
of metals and ligand when forming complexes [72]. According 
to this theory, the Lewis acids and bases are divided into 
hard or soft species, with hard acids reacting preferentially 
with hard bases, and soft acids preferentially with soft bases. 
Acids of intermediate case could bond either with hard and 
soft bases. Metallic cations behave as acids, being harder, in 
general, as the polarizability decreases, while nitrogen in ali-
phatic amino groups acts as hard base. Thus, as cationic Cd2+ 
is a soft acid and Pb2+ is a border line acid [72], the affinity of 
amino groups of AP, ED, or DT molecules must be higher for 
lead. Likewise, for other types of ligands such as melamine-
based dendrimer amines having both aromatic and aliphatic 
amines, the lead adsorption is higher than cadmium adsorp-
tion [21]. Since complexation is the main mechanism to explain 
the aqueous lead(II) adsorption by amine-functionalized sil-
ica adsorbents, the involvement of amino and silanol groups 
as ligands should be evaluated. As seen in Table 2, the molar 
ratio calculated as maximum adsorbed Pb(II) related to nitro-
gen content (Qo/N) decreased from 0.32–0.36 for ED(NN) 
adsorbents to 0.27–0.28 for DT(NNN). Therefore, the nitrogen 
presented in ED chains was more efficient for adsorption. 
Accordingly, while around three nitrogen positions were nec-
essary per each Pb(II) species with ED molecules, 3.6 nitro-
gen atoms were computed for each Pb2+ ion in the case of DT 
adsorbents. In terms of loaded organosilane, one lead entity 
required around 1.40–1.47 ED(NN) and 1.17–1.21 DT(NNN) 
organic chains, suggesting that the formed complex could 
be explained considering three or four nitrogen positions, 
respectively. However, it is difficult to establish the metal 
coordination because some amino functional groups of the 
silica structure could be inaccessible for metallic species or 
located at longer distance than required. 

Another likely factor that could avoid the metal–nitrogen 
interaction could be the nitrogen–hydrogen bonding of adja-
cent amino groups which can be favoured with the increase 
of the alkyl chain length and density of amino-organic moi-
eties [61]. Moreover, oxygen atoms of silanol groups hypo-
thetically could also be involved in the complex formation. 
The presence of these groups on the adsorbents surface has 
been evidenced by 29Si MAS-NMR (peaks Q2 and Q3 in Fig. 3), 
and it has been reported that lead exhibit some affinity to 
ligands containing nitrogen and oxygen [22,23]. It is inter-
esting to mention here that when EDTA is used to modify 
the SBA-15 surface, it was found that lead adsorption could 
be a complex process involving ion exchange and surface 
complexation through amino groups and oxygen of carboxyl 
groups, with the latter being dominant [24].

Regarding cadmium, the maximum adsorption capacity 
found for any of the amine-grafted materials was smaller than 
the value determined for lead. Actually, the molar cadmium 

(A)

(B)

Fig. 5. Removal percentage vs. initial concentration for amine-
grafted SBA-15 adsorbents. (A) Pb(II) aqueous solutions; 
(B) Cd(II) aqueous solutions. Ratio of adsorbent/heavy metal 
solution employed is 0.56 mg mL–1, which means 25 mg of 
adsorbent per 45 mL of heavy metal solution.
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to nitrogen ratio is at the most 0.1, pointing that each cad-
mium species would need 10 nitrogen sites to be adsorbed. 
This ratio reveals a smaller chemical affinity of cadmium to 
nitrogen that reduces the metal tendency to form aminated 
complexes. Surface complexation was also reported for cad-
mium adsorption on silica gel and zeolites functionalized 
with propylethylenediamine triacetic acid trisodium salt. 
Here, mononuclear and polynuclear complexes involving 
nitrogen and oxygen were proposed being formed even with 
the participation of silanol groups [73]. EDTA has also been 
studied, although the affinity was found to be smaller than 
that of lead due to the smaller equilibrium constant [25].

The metal to nitrogen ratio determined for lead (Table 2) 
is in agreement with the well-established Pb(II) tendency 
to form tetra-linked complexes, preferentially with hemidi-
rected coordination geometry [74]. However, many different 
coordination structures involving four nitrogen atoms could 
be understood depending on the number of amino groups 
and their proximity, as displayed in Fig. 6, where the possi-
ble involvement of silanol groups in the complex formation 
is included. In any case, it should be pointed out that the 
adsorption of Pb2+ on SBA-15 pure silica, that contains many 
free surface silanol groups, is negligible [75].

To deepen in the metal complexation mechanism and 
underline the differences between lead and cadmium, the 
shift of the pH solution value was measured for every exper-
iment. Fig. 7 displays the pH values of the aqueous metal 
solutions determined before and after adsorption on SBA-15-
E-NNN-15% for Pb(II) and Cd(II). Within the range of initial 
concentration shown in the figure, that is, up to 225 mg L–1, the 
natural pH of both metal solutions thoroughly was around 
5.5, except for low concentration where it increased to 6–7. 
Although the pH dependence of aqueous metal speciation 
is troublesome, especially for lead at pH > 7 [76], the weak 
acid behaviour observed can be mainly attributed to minor 
hydrolysis of Pb2+ and Cd2+ ions through the processes:

Pb2+ + H2O ⇄ Pb(OH)– + H+ (I)

Cd2+ + H2O ⇄ Cd(OH)– + H+ (II)

According to the speciation diagrams calculated using 
the chemical equilibrium modelling software MINEQL+ [77], 

the aqueous divalent cations Cd2+ and Pb2+ are the only metal-
lic species expected in solution, along with lower amounts 
of the soluble monohydroxides Pb(OH)– and Cd(OH)–, under 
initial conditions [75].

After adsorption with amine-functionalized SBA-15, 
the solution pH systematically raised as observed in Fig. 7. 

(A) (B) (C) (D)
Fig. 6. Hypothesized coordination structures for lead adsorption on NN ((A) and (B)) and NNN ((C) and (D)). 

(A)

(B)

Fig. 7. Experimental pH of aqueous Pb(II) and Cd(II) solutions 
measured before and after adsorption on SBA-15-E-NNN-15%.
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It must be emphasized that the adsorbent addition to pure 
water also increased the pH due to amino groups that are 
partially protonated in water, as previously reported for sim-
ilar materials [78]:

R–NH2 + H2O ⇄ R–NH3
+ + OH– (III)

R–NH–R′ + H2O ⇄ R–NH2
+–R′ + OH– (IV)

Therefore, the pH change accompanying the adsorption 
could be interpreted as a mere acid–base neutralization pro-
cess. However, this simple explanation is unsatisfactory due 
to the difference observed between Pb(II) and Cd(II). Save for 
dilute solutions, the pH increase is significantly lower with 
lead than with cadmium. Taking into account that adsorp-
tion extent is higher for lead, the pH alteration should be 
related to the metal capture. By assuming, as explained ear-
lier (Fig. 6), that the main adsorption mechanism is metal 
complexation to non-protonated amino groups, the evident 
conclusion is that the binding of Pb(II) ions to many nitro-
gen atoms of the amine chains prevents their further proton-
ation through hydrolysis, unless too low lead concentration 
is used. Conversely, since the cadmium adsorption on amino 
groups is less effective, the lone electron pairs of many nitro-
gen atoms remain free for protonation.

Of course, the same conclusion would be attained if look-
ing the process as the pH reduction promoted by the addition 
of metal ions to basic solutions that contain the adsorbent. 
Accordingly, chemisorption would resemble an ion-exchange 
process of the following type:

R–NH3
+ + Pb(II) → R–NH2···Pb(II) + H+ (V)

It should be mentioned that the acid–base behaviour of 
the residual silanol groups existing on the adsorbent surface 
has not been discussed in this work. This is a relevant but 
cumbersome issue; nevertheless, no significant contribution 
is attributed to this cause, since the Si–OH groups are inactive 
within the pH range under study where neither protonation 
nor dissociation is expected [79].

As final remark, it must be commented that the pH influ-
ence on cadmium and lead adsorption has been widely studied 
for amine-functionalized adsorbents [40,42,44,80]. By restrict-
ing to acidic conditions to prevent precipitation of insoluble 
species, the prevalent conclusion that could be drawn suggest 
that the adsorption degree dramatically diminishes below 
pH = 4 due to amino groups’ protonation that hinders the lone 
electron pair belonging to the nitrogen, creates a repulsing 
surface to cations, and inhibits the complexation process with 
Pb2+ or Cd2+ ions. We have found a similar tendency in explor-
ative experiments carried out with SBA-15-E-NNN-15% in 
HNO3 medium that confirms the inefficiency of the prepared 
adsorbents in moderate and strong acidic conditions.

4. Conclusions

Mesoporous silica materials type SBA-15 functionalized 
with multiamine chains have been successfully prepared for 
selective adsorption of aqueous Pb(II) and Cd(II) contaminants. 
Calcined and extracted SBA-15 supports have been grafted 
with different percentages of organic chains containing amino 

groups (ethylenediamine and diethylenetriamine). In addi-
tion, calcined SBA-15 has also been impregnated with a heav-
ily loaded polymer with amino groups (PEI). All the prepared 
materials present adequate stability and textural properties to 
act as adsorbents in aqueous media. Lead(II) and cadmium(II) 
adsorption studies has been conducted up to saturation point 
to obtain the full isotherms that are satisfactorily modelled 
by the Langmuir equation. All adsorbents are efficient at low 
metal concentration with removal percentages higher than 
99%, yielding concentration values which are below legally 
stabilised threshold. SBA-15-E-NNN-15%, the best prepared 
material, exhibits maximum adsorption capacities as high as 
1.37 mmol g–1 (284 mg g–1) and 0.46 mmol g–1 (50.6 mg g–1) for 
lead and cadmium, respectively. This material also renders full 
capacity of decontamination even when exposed to initial high 
concentrations of metals (140 mg Pb(II) L–1 and 21 mg Cd(II) L–1). 
These values are uncommonly high when compared with those 
reported in literature for most specific adsorbents whose syn-
thesis is usually more intricate. Especially for Pb(II), it is achiev-
able to reduce the toxic metal concentration below the legally 
authorised levels in drinking water employing uncommonly 
low dosages (0.56 g L–1). Finally, this study demonstrates that 
the incorporation of an excessively large organic content to the 
silica support can be unfavourable for sorption purposes, since 
PEI-impregnated materials having the highest nitrogen content 
exhibited the worst efficacy for cadmium uptake. These adsor-
bents could potentially be used in real world water samples con-
taminated at a trace level. In particular, SBA-15-E-NNN-15% is 
a promising candidate for water purification applications, sin-
gularly for purification in flow processes.
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Symbols

SBA-15-C —  Calcined SBA-15 (surfactant 
eliminated by calcination)

SBA-15-E —  Extracted SBA-15 (surfactant 
eliminated by extraction)

AP or N — Aminopropyl
ED or NN — ethylenediamine
DT or NNN — diethylenetriamine
PEI — Polyethylenimine
Dp — BJH pore diameter
SBET — BET surface area 
Vp — Pore volume
d100 —  Interplanar distance in the (100) 

planes
a0 —  Unit cell parameter calculated as 

a
d

0
1002
3

=
⋅

ep —  Silica wall thickness estimated as 
ep = ao – Dp 
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Supplementary material

Fig. S1. Low-angle XRD patterns of pure SBA-15 and materials grafted with NN and NNN chains. (A) Calcined silica, SBA-15-C; 
(B) extracted silica, SBA-15-E.

Fig. S2. Nitrogen adsorption–desorption isotherms at 77 K and BJH pore size distributions of calcined SBA-15 and materials grafted 
with NN (A) and NNN (B) chains, along with extracted SBA-15 and materials grafted with NN (C) and NNN (D) chains.
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Fig. S3. (A) Low-angle XRD patterns of SBA-15-C materials impregnated with PEI. (B) Nitrogen adsorption–desorption isotherms at 
77 K and BJH pore size distributions of calcined SBA-15 materials impregnated with PEI.

Fig. S4. (A) Linearized Langmuir isotherm plot for adsorption of lead(II) on extracted ‘E’ and calcined ‘C’ SBA-15 materials 
functionalized by grafting with NN and NNN organic chains. (B) Linearized Freundlich isotherm plot for adsorption of lead(II) on 
extracted ‘E’ and calcined ‘C’ SBA-15 materials functionalized by grafting with NN and NNN organic chains.
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Fig. S5. (A) Linearized Langmuir isotherm plot for adsorption of cadmium(II) on extracted ‘E’ and calcined ‘C’ SBA-15 materials 
functionalized by grafting with NN and NNN organic chains. (B) Linearized Freundlich isotherm plot for adsorption of cadmium(II) 
on extracted ‘E’ and calcined ‘C’ SBA-15 materials functionalized by grafting with NN and NNN organic chains.

Fig. S6. (A) Linearized Langmuir isotherm plot for adsorption of cadmium(II) on calcined ‘C’ SBA-15 materials impregnated 30% 
and 50% with PEI polymer molecules. (B) Linearized Freundlich isotherm plot for adsorption of cadmium(II) on calcined ‘C’ SBA-15 
materials impregnated 30% and 50% with PEI polymer molecules.


