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a b s t r a c t
SBA-15 mesoporous silica-bearing branched amine was explored as the adsorbent for the efficient 
removal of Cu(II) and Cr(III) ions from aqueous solutions. The nanoabsorbent was prepared by 
the Michael addition of amino-modified SBA-15 with methyl acrylate and subsequent amidation 
with diethylenetriamine (DETA). Batch tests were performed and the optimal adsorption pH was 
determined to be 5.0 for Cu(II) and 3.0 for Cr(III). The experimental data showed the adsorption 
process was well represented by both pseudo-second-order kinetic model and Langmuir isotherm 
model. According to the Langmuir equation, maximum Cu(II) and Cr(III) adsorption capacities 
of SBA-15-DETA were 57.5 and 48.3 mg g−1, respectively, which were much higher than the values 
of amino-functionalized silica precursor. Furthermore, the adsorbent showed excellent stability 
and could be readily regenerated by acid treatment without an obvious reduction in adsorption 
efficiency. Thus, SBA-15-DETA prepared here shows great application prospects for the adsorption 
and recovery of aqueous heavy metal ions.
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1. Introduction

Heavy metal ions in environment are known to cause 
severe threat on the ecological systems and public health 
[1,2]. Among them, copper and chromium are often present 
in effluents of electroplating, leather tanning, and dyeing. 
These ions at a high level are toxic to living organisms and 
could enter and accumulate in human body tissues through 
food or drinking water, leading to a great variety of dis-
eases and disorders. Many techniques including adsorp-
tion, membrane process, ion exchange, and precipitation 
have been explored to decontaminate water solutions from 
heavy metal ions [3]. Among them, adsorption is one of the 
most effective and widely used methods due to its high 

efficiency and simplicity for treatment. Most importantly, 
the adsorption process is generally reversible and adsorbent 
could be easily regenerated for use again, leading to the 
reduction of treatment cost [4,5].

With the advancement of materials chemistry, the 
mesoporous silica substrates have shown great potential for 
the metal ions removal application over the past decade, and 
this is due to the fact that mesoporous silica offers excellent 
adsorbent features such as good stability, uniform pore size, 
and relatively high surface area [6,7]. Furthermore, by rea-
son of the high density of silanol on the internal pore sur-
face of mesoporous silica, various functional groups could 
be easily immobilized after silane treatment [8–12]. Among 
the different mesoporous materials, SBA-15 has been 
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regarded to be most promising for ions adsorption due to 
the advantages of higher thermal stability, higher mechan-
ical strength, and larger pore size up to 30 nm in diameter 
as compared with other mesoporous silica sources [13].

It is worth mentioning that the nitrogen-containing 
ligands have a strong sorption affinity toward a variety of 
cations or anions at specific pH values [14]. Therefore, a con-
siderable number of organic functional groups including 
amino [15], polyamine [16,17], imidazole [18], pyrazole [19], 
have been incorporated into mesoporous silica for chelation. 
The amine groups were generally added by the process of 
co-condensation or post-modification of the mesoporous 
silica matrix. For instance, the amino-functionalized SBA-
15 materials with fibrous-like, rod-like, and platelet-like 
morphologies were obtained through co-condensation and 
their adsorption behaviors were studied and compared 
[20]. The mono-, di-, and tri-amine grafted SBA-15 materi-
als have also been prepared by two independent methods 
and the adsorption results showed the adsorption capacity 
for Hg(II) increased with an increasing amount of nitrogen 
of coupling agents [16,17]. Besides, the amine molecule has 
been reported to graft on mesoporous materials by reacting 
with epoxy unit modified substrate [21]. For easily separa-
tion by an external magnet field, the amino-functionalized 
magnetic nanocomposites Fe3O4@SBA-15 were prepared 
and the adsorption of Pb(II) was studied [22]. Apart from 
the ions adsorption, amine-modified SBA-15 has also been 
explored as an adsorbent to remove organic pollutants 
such as pentachlorophenol [23].

It has been reported that the adsorption performance 
of porous materials is affected by the surface density of 
the grafted chelating groups [24,25]. In particular, den-
drimeric ligands such as four carboxyl groups containing 
porphyrin [26], ethylenediaminetetraacetic acid (EDTA) 
[27], have been immobilized onto the mesoporous materi-
als to improve adsorption capacity toward heavy metals. 
Poly(ethyleneimine) (PEI), which contains plenty of amine 
groups on the single macromolecular chain, has also been 
functionalized on the surface of porous silica for adsorption 
application [28,29]. In addition, multi-reactive groups con-
taining compounds including cyanuric chloride [30,31] and 
benzenetricarbonyl trichloride [32] have been anchored on 
the mesoporous silica surface and served as the branched 
linker, to provide more reacting sites for the introduction of 
chelating groups. All results reveal the branched structure 
of ligands on the surface of mesoporous materials could 
increase sorption efficiency toward heavy metal ions.

The objective of this study was to develop the mes-
oporous silica adsorbent with the branched structure of 
ligands via facial post-synthesis functionalization for the 
adsorption and removal of metal ions. Based on the above 
considerations, branched amine-immobilized mesoporous 
silica SBA-15-DETA has been prepared via Michael addi-
tion of amino-modified SBA-15 with methyl acrylate (MA) 
and subsequent amidation with diethylenetriamine (DETA). 
Batch experiments were carried out and SBA-15-DETA was 
used as the solid-phase extraction adsorbent for removing 
Cu(II) and Cr(III) ions. Moreover, pH-dependent effect, 
adsorption kinetic models, adsorption isotherms, ionic 
strength, co-existing ions, and regeneration of SBA-15-DETA 
were also evaluated.

2. Materials and methods

2.1. Material

Toluene (Sinopharm Chemical Reagent, analytically 
pure) was dried with calcium hydride under reflux for 
24  h and collected by distillation under reduced pressure. 
Pluronic P123 triblock copolymer was obtained from Sigma-
Aldrich. Methyl acrylate (MA), 3-aminopropyltrimethox-
ysilane (APTMS), DETA, tetraethylorthosilicate (TEOS), 
methanol, ethanol, CuSO4·5H2O, Cr(NO3)3·9H2O, NaCl, 
and NaNO3 were all analytically pure and purchased from 
Sinopharm Chemical Reagent without further purification.

2.2. Characterization

Transmission electron microscopy (TEM) images were 
collected on JEOL JEM-1400 with 100  kV acceleration 
voltage. Scanning electron microscopy (SEM) image was 
obtained on SM-6390 (JEOL). The nitrogen adsorption–
desorption isotherms were determined by specific surface 
area measuring instrument Beijing Beishide 3H-2000PM1. 
The Brunauer−Emmett−Teller (BET) model was employed 
for the analysis of specific surface areas. Although Barret–
Joyner–Halenda (BJH) method is not the most accurate on 
the pore size distribution for mesoporous materials as com-
pared with other proposed methods [33], it is still widely 
used due to the simplification. Finally, BJH method was 
adopted to evaluate pore size distribution in this study. 
Fourier transform infrared (FTIR) spectra were recorded on 
a Shimadzu Prestige-21 spectrometer. Quantitative determi-
nation of the concentrations of Cu(II) and Cr(III) was car-
ried out by flame atomic absorption spectrometry (FAAS) 
Beijing Purkinje General TAS-990 with an air-acetylene 
flame. The thermal stability was studied using thermograv-
imetric analysis (TGA) analyzer GA Q500 in airflow at a 
heating rate of 10°C min−1. To quantify the nitrogen content, 
elemental analysis (LECO TC400) was used.

2.3. Preparation of SBA-15-DETA

SBA-15 type mesoporous silica with Pluronic P123 
copolymer as the surfactant template was synthesized 
according to the literature reported [34]. For the removal 
of the template, the prepared silica material was calcinated 
at 550°C for 6  h. After that, the template removed SBA-15 
(4.0  g) was placed in a flask containing in anhydrous tol-
uene (100  mL) and dispersed by sonication. Subsequently, 
APTMS (4.0 mL) was added and the suspension was heated 
at reflux for 24 h under a nitrogen atmosphere. After centrif-
ugation, the resultant solid was isolated and washed three 
times with ethanol. Finally, the product was dried under 
vacuum and denoted as SBA-15-NH2.

For coupling with MA, SBA-15-NH2 (4.0 g) was added 
into the mixture of methanol (80 mL) and MA (6.0 mL) and 
dispersed by sonication. Then, the suspension was stirred 
to react at 50°C for 48  h under a nitrogen atmosphere. 
After centrifugation, the resultant solid SBA-15-MA was 
isolated, washed three times with ethanol, and dried under 
vacuum.

Finally, SBA-15-MA (3.8 g) was added into the methanol 
(80  mL) and dispersed by sonication. After the addition of 
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DETA (19  mL), the suspension was stirred to react at 50°C 
for 48  h under a nitrogen atmosphere. The resultant solid 
was isolated by centrifugation, washed three times with 
ethanol. After drying under vacuum, the resultant product 
was obtained and denoted as SBA-15-DETA.

2.4. Zeta potential measurement

For the measurement of zeta potential values, 0.01  g 
of SBA-15-DETA was dispersed in 100  mL of 0.1  mmol/L 
NaCl solution assisted by sonicator and the pH of suspen-
sion was adjusted by using HCl or NaOH solution was 
used for zeta potential measurement.

2.5. Adsorption experiments

Batch tests were performed to study the adsorption fea-
tures of branched amine-immobilized SBA-15-DETA for the 
removal and concentration of Cu(II) and Cr(III) from water. 
The salt CuSO4·5H2O and Cr(NO3)3·9H2O were dissolved 
in high purity water to prepare their corresponding metal 
ion stock solutions at the required concentration for exper-
iments. The adsorbed amount Q (mg  g−1) was determined 
using the following expressing: Q  =  (C0 − C) × V/W, where 
C0 and C define the initial and final concentration of tar-
geted ions (mg L−1), respectively, V refers to the volume (L) of 
the suspension, and W is the mass (g) of the SBA-15-DETA.

2.5.1. Effect of pH

40.0 mg of SBA-15-DETA was added to the 50 mL con-
ical flask containing 40.0  mL of 100  mg  L−1 of Cu(II) or 
Cr(III) solution. After that, the pH values of each suspen-
sion were adjusted with diluted HNO3 or NaOH solutions 
to 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0. All the flasks were 
placed into the automatic shaker with a water bath and 
shaken at 25°C for 300 min to reach the equilibrium. After 
adsorption, the solid adsorbents were removed by filtra-
tion with a syringe filter (0.22  μm), and the concentration 
of heavy metal elements was determined by FAAS.

2.5.2. Effect of contact time

40.0 mg of SBA-15-DETA was added in the 40.0 mL of 
100 mg L−1 Cu(II) or Cr(III) solution at the optimum pH val-
ues. Then, the suspensions were shaken in the automatic 
shaker at 25°C in the dark. At predetermined time intervals 
(1, 2, 4, 8, 16, 30, 60, 120, and 180 min), 2.0 mL of the suspen-
sion was taken out, the solid adsorbents were removed by 
filtration with syringe filter (0.22 μm), and the concentration 
of heavy metal elements was determined by FAAS.

2.5.3. Effect of initial concentration

Concentrations of ions solutions were prepared to be 
20, 40, 60, 100, 140, 200, 300, and 400 mg L−1 at first. After 
adjusting the pH of solutions to the desired values, the 
40.0 mL of the above ion solution and 40.0 mg of the absor-
bent were transferred into the conical flask and the flask 
was shaken at 25°C for 300  min. After the filtration with 
0.22  μm syringe filter, the ion concentration of the filtrate 
was determined by FAAS.

2.5.4. Adsorption selectivity

The mixed ions solution containing seven metal cat-
ions including Cu(II), Cr(III), Co(II), Ni(II), Cd(II), Mn(II), 
and Na(I) was prepared at first and each ions solution was 
set as 100 mg L−1. Experimental conditions were consistent 
with those in the effect of the initial concentration study.

2.5.5. Reusability study

Initially, the metal ion adsorbed SBA-15-DETA was iso-
lated by centrifugation and the adsorbent was regenerated by 
treating with 0.1 mol L−1 HCl for 1 h two times. Subsequently, 
the ions-removed adsorbent was neutralized with 5% 
NaHCO3 solution once for 0.5 h and washed with deionized 
water. Finally, four cycles of adsorption–desorption were 
conducted.

3. Results and discussion

3.1. Synthesis and characterization

The branched amine-modified mesoporous silica, SBA-
15-DETA, was prepared via three steps (Fig. 1). At first, 
amino groups were immobilized onto the channel surface of 
template-removed SBA-15 by silylation, and then the addi-
tion of MA to the amino groups was realized via Michael 
reaction, resulting in the branched structure. Finally, DETA 
was reacted with ester groups by amidation to obtain the 
product SBA-15-DETA with the branched amine. SEM and 
TEM images of the product are shown in Fig. 2. The SEM 
image shows that SBA-15-DETA possessed short rod-like 
morphology with an average size of 0.5  μm in diameter. 
TEM images of SBA-15-DETA exhibit that mesoporous 
channels were homogeneously arranged. The results 
suggest that SBA-15-DETA maintained the well-ordered 
hexagonal mesoporous structure even after the multi-step 
chemical modifications.

The chemical modification of each synthetic step was 
monitored by FTIR spectra. It can be observed that the 
intense absorption peaks at 815 and 1,090 cm−1 were present 
in all samples (Fig. 3), and these peaks were attributed to 
the stretching vibration of Si–O–Si bond in the condensed 
silica network. In comparison to pristine SBA-15, a new 
peak from SBA-15-NH2 appeared around 1,535 cm−1, which 
could be due to the N−H bending vibration of the primary 
amine. Also, the appearance of a peak at 2,930 cm−1 was evi-
dence of asymmetric C–H stretching in the propyl chain of 
APTMS, confirming silane coupling agent has been immo-
bilized on the material. When SBA-15-NH2 was treated with 
MA, a new and distinct peak at 1,743  cm−1 was observed, 
and it was in agreement with the C=O stretching vibration 
from the introduced ester bonds. After amidation with 
DETA, the peak at 1,743 cm−1 shifted to 1,725 cm−1 as to that 
of SBA-15-MA, indicating that the ester bond has turned 
into an amido group. Furthermore, the new peak appeared 
at 1,625  cm−1 was due to the stretching vibration mode of 
amine groups (primary and secondary), and the results indi-
cate that the branched amine was successfully introduced.

The nitrogen adsorption–desorption isotherms were 
used to investigate the mesopore structure parameters and 
the curves are shown in Fig. 4. The isotherms of all samples 
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exhibited characteristic type IV curves with H1 hystere-
sis loop in the partial pressure range of 0.5–0.8, indicating 
the presence of ordered cylindrical channel-like mesopores 
inside. The BET specific surface area and pore volume 
of SBA-15 were determined to be 485.1 and 0.528  mL  g−1, 
respectively, with a pore size distribution centered at 5.68 nm 
(Table 1). Besides, the BET surface area and pore volumes as 
well as average pore diameters decreased as modification 
proceeded step by step, due to the successful grafting of an 
organic constituent with the contraction of the mesopore 
channels. The pore size of SBA-15-DETA was still 4.35 nm, 
indicating the pore channels were still preserved after the 
modification process. There is no doubt that the relatively 
large pore size of SBA-15-DETA allowed easier diffusion of 
metal ions in and out of channels for adsorption.

The low-angle XRD data of SBA-15 and SBA-15-DETA 
are displayed in Fig. 5. The pristine SBA-15 exhibited a sin-
gle strong peak indexed to the characteristic (100) diffraction 
line, followed by two additional weak peaks which were 
indexed to (110, 200) diffraction associated with hexagonal 

symmetry of the pores. After anchoring with the branched 
amine, the relative intensities of characteristic diffraction 
peaks decreased slightly because of the filling of some of 
the pores by the grafted ligands and the slight decrease of 
long-range order.

Typically, the silica materials are highly thermally sta-
ble, while the grafted organic component decomposes at 
high temperature to induce the weight loss of the com-
posites after heating. Thus, TGA was used to evaluate the 
thermal stabilities and organic contents of all silica samples. 
As shown in Fig. 6, curves of TGA for all samples exhib-
ited continuous and slow weight loss in the heating pro-
cess. When the samples were heated at 800°C, the weight 
loss of the SBA-15 precursor was 1.9%. Since the pristine 
SBA-15 has been calcinated at 550°C, the slight weight loss 
was possibly attributed to the loss of some silanol groups 
at high temperatures. However, SBA-15-NH2, SBA-15-MA, 
and SBA-15-DETA presented much higher weight losses 
of 12.6%, 19.9%, and 25.8%, respectively. The implication 
of the increasing weight losses of these samples is that the 

Fig. 1. Synthetic route of SBA-15-DETA.

Fig. 2. SEM image (a), TEM image (b), and enlarged TEM image (c) of SBA-15-DETA.
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organic contents of the adsorbents increased as modifi-
cation proceeded stepwise. Moreover, the weight loss dif-
ference between SBA-15-MA and SBA-15-DETA was 5.9%, 
confirming the successful introduction of branched amine  
ligand.

3.2. Effect of pH

The solution pH is one major variable that determines 
the adsorption behavior and capability [35]. The apparent 
zeta-potential value of SBA-15-DETA at different pH val-
ues was studied. Fig. 7a reveals the potential value of SBA-
15-DETA decreased accordingly with the increase in pH 
value of suspension. Meanwhile, the isoelectric point was 
determined at about the pH of 7.4 when the zeta potential 
was zero. Below this pH value, the surface of the absor-
bent became positively charged owing to the protonation. 
While the pH value was higher than 7.4, the grafted amine 
ligand was deprotonated and gained a negatively charge.

Batch adsorption experiments were performed and the 
adsorption performance of SBA-15-DETA at different pH 
values was studied. As exhibited in Fig. 7b, the adsorbed 
amount of Cu(II) increased gradually as the pH of the 
suspension increased from 2.0 to 7.0. Besides, when the 
pH increased, the adsorption of Cr(III) increased slowly 
at pH < 6.0, followed by an abrupt increase at pH 6.0–7.0, 
and then reached a plateau at pH 7.0–8.0. Thus, the change 

Fig. 3. FTIR spectra of the SBA-15 material and its derivatives.
Fig. 5. Low-angle XRD patterns of SBA-15 and SBA-15-DETA.

Fig. 6. TGA curves of SBA-15 and its derivatives.

Fig. 4. Nitrogen adsorption–desorption isotherms of SBA-15 
material and its derivatives.

Table 1
Structure parameters of SBA-15 material and its derivatives 
measured by nitrogen adsorption–desorption isotherm

Samples BET surface 
area (m2 g−1)

Pore volume 
(mL g−1)

Pore size  
(nm)

SBA-15 485 0.528 5.68
SBA-15-NH2 222 0.287 5.17
SBA-15-MA 156 0.222 4.99
SBA-15-DETA 139 0.174 4.35
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of adsorption capacity for Cr(III) was much greater than 
that for Cu(II) with the increasing pH values. The differ-
ence between the adsorption capacity for Cu(II) and Cr(III) 
ions was dependent on the pH values of experimental 
conditions. The pH-dependent ions removal was not only 
influenced by the effect of protonation, but also by the 
effect of hydrolysis of ions. At a low pH value, protons in 
an acidic solution could protonate the binding sites of the 
grafted amine ligands, resulting in the decrease of metal 
ions binding. When the pH value was high, the hydrox-
ide in a basic solution may complex and precipitate metal 
ions. At pH 2.0–3.0, [Cr(H2O)6]3+ was the major species 
[36]. When the pH increased in the pH range of 3.0–6.0, 
more reactive OH− displaced the water molecules to form 
other species including Cr(H2O)2OH2+ and Cr(H2O)(OH)2+. 
Besides, for the adsorption of Cu(II), it was reported that 
the precipitation of Cu(II) as hydroxide may occur at pH 6.0 
[37]. Thus, to avoid hydrolyzing of Cu(II) and Cr(III), the 
pH values of two suspensions were selected at 5.0 and 3.0 
as the optimum adsorption condition, respectively.

3.3. Effect of contact time

The adsorption trend of SBA-15-DETA for Cu(II) and 
Cr(III) at different contact time was studied. As shown in 
Fig. 8, sorption of Cu(II) on SBA-15-DETA was faster than 
that of Cr(III) at the fixed time. The result also showed 
adsorption rates of Cu(II) and Cr(III) were very fast at the 
initial adsorption period, then increased gradually and 
finally leveled off to reach adsorption equilibrium. It could 
be explained that with the adsorption process going on, 
both ion concentrations in the aqueous solution and the 
amount of available functional groups on the absorbents 
decreased over time, leading to the slowdown of adsorption 
rate and final state of adsorption equilibrium.

According to the adsorption trend, the time for achiev-
ing optimum was 60 min for Cu(II), and 20 min for Cr(III). 
In addition, it was evident that ion removal efficiency of 
Cr(III) on SBA-15-DETA was much lower than that of Cu(II) 
at optimum adsorption, when 100 mg L−1 of ions solutions 

were used for adsorption. The fast adsorption equilibrium 
is beneficial for effective application of the material. The 
rapid uptake indicated a high affinity between the chelat-
ing ligand and heavy metal ions. It can be explained that 
the surface of SBA-15-DETA became hydrophilic after mod-
ification with the branched amine. In addition, the large 
BET surface area and high pore volume of the absorbent 
were also favorable for the rapid diffusion of adsorbates 
inside. In order to ensure the attainment of adsorption 
equilibrium, 180  min of the shaking time was chosen 
in the following experiments.

Kinetics analysis for metal ions uptake is able to provide 
essential information on adsorption mechanism [32]. The 
commonly used pseudo-first-order and pseudo-second-
order kinetic equations were used here to interpret the 
kinetic characteristics of the metal adsorption of SBA-15-
DETA. Pseudo-first-order [38] and pseudo-second-order 
[39] kinetic models are generally described as the following 
equations:

Fig. 7. (a) Apparent zeta-potential values of the SBA-15-DETA as a function of solution pH values (0.01 g SBA-15-DETA, 100 mL of 
0.1 mmol/L NaCl solution, and the pH values were adjusted by NaOH and HCl) and (b) effect of pH on the adsorption capacity of 
SBA-15-DETA toward Cu(II) and Cr(III) (40 mg of SBA-15-DETA, 40.0 mL of 100 mg/L initial ions solution, temperature 25°C, and 
contact time 5 h).

Fig. 8. Adsorption rates of SBA-15-DETA for Cu(II) and Cr(III) 
(40 mg of SBA-15-DETA, 40.0 mL of 100 mg/L initial ions solu-
tion, pH 5.0 for Cu(II)/pH 3.0 for Cr(III), and temperature 25°C).
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where Qe (mg g−1) and Qt (mg g−1) are the amount of metal 
ions adsorbed at the equilibrium state and at the predeter-
mined contact time t (min), respectively, while k1 (min−1) and 
k2 (g mg−1 min−1) refer to the rate constants of the pseudo-first-
order and pseudo-second-order kinetic model, respectively. 
By plotting log(Qe − Qt) vs. t (pseudo-first-order) and t/Qt 
vs. t (pseudo-second-order), the fitting curves and their esti-
mated parameter values were obtained and presented in 
Fig. 9 and Table 2, respectively. The experimental data for 
Cu(II) and Cr(III) fitted the pseudo-second-order model bet-
ter than the pseudo-first-order model since the value of cor-
relation coefficients (R2) of pseudo-second-order model was 
much higher and close to 1. Besides, as compared with the 
values obtained from the pseudo-first-order model, calcu-
lated equilibrium adsorption capacity from pseudo-second-
order model were more consistent with the final adsorption 
results According to the hypothesis of pseudo-second-order 
model [25], it is possible that ion uptake was a chemical 
adsorption process between metal ions and the adsorbents 
due to valence forces via exchange or sharing of electrons.

3.4. Effect of initial concentration

Equilibrium studies on both SBA-15-DETA and SBA-
15-NH2 using varying concentrations of two ions were 

performed and adsorption trends are shown in Fig. 10. 
It shows the adsorption capacities of both SBA-15-NH2 and 
SBA-15-DETA for Cu(II) and Cr(III) ions increased gradually 
upon the increasing initial metal ions concentration. When the 
initial Cu(II) and Cr(III) ions concentration was 400 mg L−1, 
the maximum adsorption capacity of SBA-15-DETA reached 
54.2 mg g−1 for Cu(II) and 36.5 mg g−1 for Cr(III), respectively. 
Thus, it can be concluded that the SBA-15-DETA had better 
adsorption efficiency than that of the silica precursor SBA-
15-NH2 toward the two ions. Given the branched amine 
have been introduced to the adsorbent after amidation, the 
improved adsorption performance could mean that SBA-
15-DETA featured more available binding sites than that of 
SBA-15-NH2.

In order to elucidate the mechanism that adsorption 
occurred, the commonly used Langmuir and Freundlich 
isotherm models [40] were used and described as the fol-
lowing equations:

C
Q

C
Q Q K

e

e

e

m m L

= +
×
1 	 (3)
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Ce F e= +log log1 	 (4)

where Qe (mg g−1) and Qm (mg g−1) are equilibrium adsorp-
tion capacity and theoretical maximum adsorption capac-
ity of the adsorbent, respectively, Ce (mg  L−1) represents 
the equilibrium metal ion concentration after adsorption 
(mg  L−1), KL (L  mg−1) is the Langmuir affinity constant, KF 
(mg g−1) refers to the Freundlich constant associated with the 

Fig. 9. Kinetic linear fitting plots of (a) pseudo-first-order and (b) pseudo-second-order kinetic model for Cu(II) and 
Cr(III) adsorption on SBA-15-DETA.

Table 2
Kinetic parameters of pseudo-first-order and pseudo-second-order models for adsorption

Metal  
ions

Pseudo-first-order Pseudo-second-order

k1 (min−1) Qe (mg g−1) R2 k2 (g mg−1 min−1) Qe (mg g−1) R2

Cu(II) 0.09 20.0 0.829 0.02 38.8 0.999
Cr(III) 0.29 3.3 0.418 0.39 14.2 0.999
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adsorption capacity, and n is the heterogeneity factor related 
to sorption intensity.

By plotting Ce/Qe against Ce (Langmuir model) and 
logQe against logCe (Freundlich model), their fitting curves 
are shown in Figs. 11 and 12. Besides, the corresponding 

Langmuir and Freundlich isotherm parameters are obtained 
and shown in Table 3. The results reveal that the metal 
ions adsorption isotherms can be better described by the 
Langmuir isotherm model than the Freundlich model, 
based on the comparatively higher value of its correlation 

Fig. 10. Effect of initial (a) Cu(II) and (b) Cr(III) concentration on adsorption capacity of SBA-15-NH2 and SBA-15-DETA (40 mg of 
adsorbent, 40.0 mL of 100 mg/L initial ions solution, pH 5.0 for Cu(II)/pH 3.0 for Cr(III), and temperature 25°C).

Fig. 11. Linear isotherms fitting plots of (a) Langmuir model and (b) Freundlich model for the adsorption of Cu(II).

Fig. 12. Linear isotherms fitting plots of (a) Langmuir model and (b) Freundlich model for the adsorption of Cr(III).
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coefficients. According to the theory of the Langmuir model 
[41], it is likely that all the active sites of SBA-15-DETA 
were homogenously distributed and monolayer sorption 
occurred on the surface of the material. Meanwhile, the 
branched amine ligand grafted on SBA-15 reacted with 
metal ions through a complexation mechanism. According to 
Langmuir fitting curves, the maximum adsorption capacities 
of SBA-15-NH2 and SBA-15-DETA toward Cu(II)/Cr(III) were 
29.1/17.4 and 57.5/48.3 mg g−1, respectively. Considering the 
adsorption capacity of SBA-15-DETA toward the two ions 
was much higher than that of SBA-15-NH2, it is believed 
that the increasing density of branched chelating groups is 
beneficial for improving adsorption performance toward 
heavy metals in this study.

Elemental analysis was used to directly evaluate the 
nitrogen content of samples. The nitrogen contents of pris-
tine SBA-NH2 and SBA-15-DETA were determined to be 
1.1 and 3.6  mmol/g, respectively. It can be concluded that 
the adsorption performance of SBA-NH2 and SBA-15-
DETA increased with the increasing nitrogen contents. 
Moreover, the maximum adsorption capacity of SBA-
15-NH2 could be converted to 0.45  mmol/g for Cu(II) and 
0.33 mmol/g for Cr(III). Thus, most of the functional nitro-
gen atoms on SBA-NH2 seemed to form 2.4:1 complex with 
Cu(II) and 3.3:1 complex with Cr(III). On the other hand, 
the maximum adsorption capacity of SBA-15-DETA were 
0.90  mmol/g for Cu(II) and 0.93  mmol/g for Cr(III). The 
molar ratio of nitrogen atoms with respect to Cu(II) and 
Cr(III) was calculated to be 4.0:1 and 3.8:1, respectively. 
According to the above fact, the adsorbents with a high con-
tent of nitrogen element led to the increase of N to adsorbed 
ions ratios, which may be attributed to the higher steric 
hindrance effect of the grafted ligands.

3.5. X-ray diffraction analyses

To investigate the interactions between SBA-15-DETA 
and heavy metal ions, XPS analysis of the surface of adsor-
bents before and after ions adsorption was conducted. 
Wide scan XPS spectra of SBA-15-DETA before and after 
Cu(II) and Cr(III) adsorption are displayed in Fig. 13a. The 
appearance of the Cu(II) and Cr(III) binding energy peaks 
at 935 and 577/586 nm after adsorption were observed and 
these results confirmed the successful uptake of ions by 
SBA-15-DETA. The narrow N 1s spectrum of SBA-15-DETA 
comprised two peaks (Fig. 13b). The peak at 398.8 eV was 
attributed to the nitrogen in primary/secondary/tertiary 
amine and amide groups, while the second weak peak 
at 400.6  eV mainly originated from protonated amine. 

As shown in Fig. 13c, a new peak appeared at 401.6  eV, 
and the peak at 398.8 eV of SBA-15-DETA shifted slightly 
to 399.7  eV after Cu(II) adsorption. Besides, after Cr(III) 
adsorption, the peak at 398.8  eV of SBA-15-DETA shifted 
slightly to 401.5 eV, and two new peaks appeared at 401.5 
and 406.5  eV (Fig. 13d). The peak at 406.5  eV might cor-
respond to the NO3

− anion attracted by the protonated 
amine on SBA-15-DETA, when the adsorbents were incubated 
with Cr(NO3)3 for adsorption. These results demonstrate 
that adsorption was probably caused by the coordination 
interaction between the amine ligand and Cu(II)/Cr(III) 
metal ions. Therefore, a possible binding mechanism of 
SBA-15-DETA with Cu(II)/Cr(III) ions is proposed and  
exhibited in Fig. 14.

3.6. Effect of ionic strength

The influence of ionic strength was also examined and 
NaNO3 was select as the representative salt. As shown 
in Fig. 15, with the increasing ionic strength from 0 to 
1.0 mol/L of NaNO3, only a slight decrease of Cu(II) adsorp-
tion amount from 39.6 to 36.5 mg g−1 and Cr(III) adsorption 
amount from 21.5 to 19.6 mg g−1 was observed. On the whole, 
ion strength increase did not inhibit the Cu(II) and Cr(III) 
adsorption at the described concentration range. Thus, the 
added Na(I) did not interact with amine groups to inter-
fere adsorption process and the complexation may be the 
main factor responsible for ions adsorption.

3.7. Adsorption selectivity

Since a broad range of cations may coexisted in real 
water samples, it is very important to study the influence of 
various ions for the adsorption property of SBA-15-DETA. 
The selective adsorption of Cu(II) and Cr(III) ions was 
studied using a medium that contained metal ions includ-
ing Cu(II), Cr(III), Co(II), Ni(II), Cd(II), Mn(II), and Na(I). 
In order to be consistent with previous experimental con-
ditions, the completive study was performed at pH 3.0 and 
5.0, respectively, and the results are shown in Fig. 16. When 
the suspension pH was 3.0, adsorbed amount of Cu(II) and 
Cr(III) were much higher than that of other coexisted metal 
ions, and the adsorption was selective toward Cu(II) and 
Cr(III) ions. The adsorption performance of SBA-15-DETA 
for all the studied ions other than Na(I) increased signifi-
cantly when the pH value increased to 5.0. At this time, 
the selectivity towards Cu(II) and Cr(III) ions with respect 
to Co(II), Ni(II), Cd(II), and Mn(II) decreased. Therefore, 
the adsorption method is selective for Cu(II) and Cr(III) ions 

Table 3
Langmuir and Freundlich isotherm parameters

Adsorbent Metal  
ions

Langmuir model Freundlich model

KL (L mg−1) Qm (mg g−1) R2 n KF (mg g−1) R2

SBA-15-NH2

Cu(II) 5.92 × 10−1 29.1 0.998 2.01 3.35 0.686
Cr(III) 1.04 × 10−2 17.4 0.999 1.79 0.58 0.942

SBA-15-DETA
Cu(II) 3.77 × 10−2 57.5 0.998 3.92 7.31 0.941
Cr(III) 6.01 × 10−3 48.3 0.999 1.48 0.63 0.971
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at pH 3.0, although the adsorption performance of SBA-15-
DETA toward the two ions is lower than that at pH 5.0.

3.8. Reusability study

The reusability of the adsorbent is a key feature for prac-
tical application. Initially, the metal ions adsorbed SBA-15-
DETA was collected by centrifugation. The previous pH 
study revealed that the amount of adsorbed ions was very 

low under strong acidic conditions. Thus, 0.1  mol  L−1 HCl 
was selected as the desorption reagent. As exhibited in 
Fig. 17, the adsorption capacity was still above 90% of the 
original value after four adsorption–desorption cycles, 
indicating that branched amine functionality firmly immo-
bilized on the silica and the adsorption performance could 
be well-maintained during the regeneration process.

Fig. 13. (a) XPS spectra of SBA-15-DETA before and after adsorption of metal ions, (b) N 1s spectrum of SBA-15-DETA before 
adsorption, N 1s spectra of SBA-15-DETA after adsorption of (c) Cu(II), and (d) Cr(III) ions.

Fig. 14. Possible mechanism of Cu(II) and Cr(III) coordination 
by branched amine on SBA-15-DETA.

Fig. 15. Effects of ionic strength (NaNO3) on Cu(II) and Cr(III) 
adsorption (40  mg of adsorbent, 40.0  mL of 100  mg/L initial 
ions solution, pH 5.0 for Cu(II)/pH 3.0 for Cr(III), and tem-
perature 25°C).
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3.9. Comparison with some other adsorbents

Adsorption capacity of the SBA-15-DETA toward both 
cations were compared with other mesoporous silica adsor-
bents. The adsorption performances of various adsorbents 
are summarized in Table 4. It can be observed the adsorp-
tion capacity value of SBA-15-DETA for Cu(II) and Cr(III) 
was relatively higher than or similar to those of other adsor-
bents [17,20,43–45], but lower than some adsorbents bearing 
branched chelating ligands [19,30].

4. Conclusion

In this study, the branched amine moiety was success-
fully immobilized onto the surfaces of SBA-15 mesoporous 
silica. Adsorption behavior of SBA-15-DETA for the removal 
of Cu(II) and Cr(III) ions from water was investigated via 
batch adsorption tests. The effects of the solution pH, contact 
time, and initial metal ion concentration were investigated. 
According to the results, the introduction of branched amine 
to the SBA-15-NH2 precursor could increase the adsorp-
tion performance of the adsorbent. The adsorption kinetic 

was better represented by the pseudo-second-order kinetic 
model. Besides, Langmuir isotherm model fitted experimen-
tal data adsorption isotherm, indicating adsorption sites on 
the adsorbent were homogeneous and adsorption occurred 
on monolayer. SBA-15-DETA also exhibited a measure of 
selective adsorption performance toward Cu(II) and Cr(III) 
ions in the mixed metal ions solution. In addition, with excel-
lent regeneration and reuse performance, this absorbent 
presents a great potential for removing toxic metal ions from 
wastewater.
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Fig. 16. Competitive adsorption of coexistent ions on SBA-15-
DETA in mixed metal ion solutions (80 mg of adsorbent, 80.0 mL 
of 100 mg/L each initial ion solution, and temperature 25°C).

Fig. 17. Reusability of SBA-15-DETA toward the adsorption 
of Cu(II) or Cr(III) with four adsorption–desorption cycles 
(40 mg of SBA-15-DETA, 40.0 mL of 100 mg/L initial ions solu-
tion, pH 5.0 for Cu(II)/pH 3.0 for Cr(III), and temperature 25°C).

Table 4
Comparison of adsorption capacity with other SBA-15 adsorbents

Adsorbent Ions pH Qe (mg g−1) Reference

NH2-SBA-15-f Cu(II) 6.0 19.8 [20]
G-SBA-15-NN-E Cu(II) Unmentioned 53.1 [17]
MDA–SBA-15 Cu(II) 4.0 90.3 [30]
SA-SBA-15 Cu(II) 4.8 57.2 [42]
TS-SBA-15 Cr(III) 6.0 31.0 [43]
SBA-15-Cr(III)-IIP Cr(III) 6.0 38.5 [44]
G3-PAMAM-SBA-15 Cr(III) 4.0 23.0 [45]
DPP@SBA-15 Cr(III) 6.0 72.5 [19]
SBA-15-DETA Cu(II) 5.0 57.5 This study
SBA-15-DETA Cr(III) 3.0 48.3 This study
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