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A B S T R A C T   

Mesoporous amino functionalized silica aerogels (MASA-X) with high adsorption capacity were prepared at 
ambient pressure conditions for removal of Pb (II) ions from water. Supported by SEM images and FTIR spectra, 
the presence of –NH2 groups and porous structures on the surface of MASA-X were demonstrated, which played a 
critical role in promoting the interfacial adsorption process. The adsorption isotherm fitted well by Langmuir 
model, indicating that the adsorption occurred on a homogeneous surface and the maximum adsorption capacity 
of MASA-1, MASA-2, MASA-3, MASA-4 were 444.4 mg/g, 628.93 mg/g, 549.45 mg/g and 286.53 mg/g, 
respectively, and MASA-2 demonstrated optimal adsorption performance. The kinetic data showed good cor-
relation coefficient with the pseudo-second order kinetic model, and the adsorption equilibrium of MASA-1, 
MASA-2, MASA-3, MASA-4 were reached in 120 min, 60 min, 20 min and 20 min, respectively. And raising 
temperature facilitated the adsorption of Pb (II) as it was a spontaneous and endothermic process. It was 
noteworthy that MASA-2 showed satisfactory reusability after eight adsorption-desorption cycles. FTIR, XPS 
coupled with Density Functional Theory (DFT) calculation revealed that the involvement of monodentate N 
atoms in the coordination with Pb (II) on adsorption of Pb (II) by MASA-2. The environmental impact of the 
MASA-2 preparation process was calculated through Life Cycle Assessment (LCA) and by analyzing the contri-
bution of each material in the production of MASA-2, a more environmentally friendly and effective production 
strategy has been finally proposed, which could facilitate the promotion of MASA-X adsorbents in the heavy 
metal contaminated water market.   

1. Introduction 

Water pollution has become a global problem, especially heavy 
metal pollution has been widely concerned because of its non- 
biodegradability and easy bioaccumulation [1,2]. Lead (Pb) is one of 
the most toxic heavy metals, if it enters the human body through the 
food chain, it will cause serious harm such as neurobehavioral disorder 
and renal function damage [3]. Therefore, the removal of Pb (II) from 

water has been studied extensively. Among various remediation tech-
nologies such as chemical precipitation [4], ion exchange [5], mem-
brane filtration [6], absorption [7] and electrochemical treatment [8], 
adsorption is considered to be an effective and attractive method due to 
its low cost, high efficiency and environmental friendliness [9,10]. 

Various materials such as activated carbon [11], molecular sieves 
[12], clays [13], carbon nanotubes [14], chitosan [15], silica aerogels 
[16] and many other materials [17–19] have been reported as 
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adsorbents for the removal of heavy metal ions from solutions. 
Compared with other adsorbents, silica aerogels have the advantage of 
high specific surface area, high porosity, lightweight structure, and easy 
surface functionalization [20]. Conventional silica aerogels were typi-
cally dried by supercritical drying process, considering cost and safety 
issues, producing them under ambient pressure conditions becomes 
more attractive [21]. 

Due to the lack of specific functional groups in silica aerogels, the 
introduction of functional groups plays a crucial role in the adsorption of 
metal ions [22,23]. It has been widely reported that amine functional-
ized aerogel can be used as adsorbent to remove heavy metal ions from 
wastewaters [24]. Wang et al. [25] prepared pectin-based aerogels 
(PPEAs) by incorporating polyethylenimine (PEI) showing an excellent 
adsorption ability for lead-containing wastewater. Alyne et al. [26] re-
ported that the lead removal efficiency of amine-functionalized silica 
aerogel was significantly improved after amine functionalization, and 
the removal efficiency was higher than 90%. 

In view of the fact that traditional explanations of the adsorption 
mechanisms based on explicit correlation analysis, mainly through 
experimental tests, characterizations and classical models, are not 
comprehensive [27–30]. Meanwhile, the environmental impact of the 
aerogel preparation process has been much more rarely studied. In this 
work, Density Functional Theory (DFT) and Life Cycle Assessment (LCA) 
are therefore used to investigate the mechanisms of intermolecular in-
teractions in the removal of pollutants by adsorbents and the environ-
mental impact of adsorbents preparation, respectively. DFT is a 
molecular dynamics method that realistically reflects the thermody-
namic properties of fluids in the pores of porous materials. It not only 
provides a microscopic model of adsorption, but also reflects the pore 
size distribution more accurately than conventional thermodynamic 
methods [31]. LCA is an environmentally and health-based method for 
quantifying emissions, resource consumption, and associated environ-
mental and health impacts of products, services, and assets [32]. Pre-
vious applications include food production, electricity generation and 
dynamic life. Nevertheless, LCA started to be involved in the adsorbents 
sector in recent years, with a progress in a series of international stan-
dards development [33]. 

Based on the above considerations, mesoporous amino functional-
ized silica aerogels (MASA-X) with high adsorption capacity were firstly 
designed at ambient pressure conditions for the adsorption of Pb (II) 
from contaminated water. Then, the morphology, microstructure, spe-
cific surface area, and chemical binding states of MASA-X were inves-
tigated. The performance of MASA-X for Pb (II) adsorption were 
explored, including solution pH effects, adsorption kinetics, adsorption 
isotherm, adsorption thermodynamics and reusability. And the adsorp-
tion mechanism of Pb (II) was explained by a combination of FTIR, XPS 
and DFT calculation. Finally, the environmental impact of the MASA-2 
preparation process was identified through LCA method. The innova-
tive contribution of this study is the comprehensive investigation of the 
preparation, adsorption effect, mechanism and environmental impact of 
mesoporous amino functionalized silica aerogels, thus demonstrating 
that it has great potential application in heavy metal ions removing 
field. 

2. Material and methodology 

2.1. Materials 

Tetraethoxysilane (TEOS), N, N-dimethylformamide (DMF), 
ammonia (NH4OH), hydrochloric acid (HCl), ethanol (EtOH), lead 
chloride (PbCl2), n-hexane were purchased from Xian Chemical Reagent 
Co. Ltd. 3-aminopropyl triethoxysilane (KH550) was supplied by 
Shanghai Aladdin Biochemical Technology Co. Ltd. The chemicals and 
reagents were analytical grade and were used without further 
purification. 

2.2. Preparation of mesoporous amino functionalized silica aerogels 
(MASA-X) 

The MASA-X samples were synthesized by a novel method elimi-
nating the step of alkaline catalysis. Silica gel was prepared by sol-gel 
method, TEOS was used as precursor, HCl aqueous solution was used 
as catalyst, and ethanol was used as solvent. First, 10 mL TEOS was 
dissolved in ethanol with string. Then, 0.1 M HCl solution was added to 
adjust pH = 3 (all water was replaced by 0.1 M HCl solution), stirred and 
heated to 60 ◦C for reflux reaction for 2 h. After cooling to room tem-
perature, 1.73 mL DMF was added and stirred for 15 min. And then 
KH550 was added into ethanol and stirred to obtain a uniform solution 
with a volumetric ratio of 1:10, the silica sol obtained above was added 
into the mixed solution with vigorous stirring for 30 s and transferred 
into a mold for gelation. The wet gels were obtained in 2 min. After the 
gel was formed, it was aged for 24 h with ethanol, then used ethanol to 
exchange 6 times within 48 h to remove redundant water and residual 
organic compounds, and then exchanged with n-hexane 4 times in 48 h 
in a water bath at 40 ◦C. Finally, the mesoporous amino silica aerogels 
(MASA-X) were obtained by drying the wet gel at 40 ◦C for 48 h under 
ambient pressure drying (APD). The molar ratios of n(TEOS): n(EtOH): n 
(H2O): n(DMF) were 1 : 10: 16 : 0.5. According to the molar ratios of n 
(KH550): n(TEOS) ranging from 0.5, 1.0, 1.5 to 2.0, the synthesized 
samples were named as MASA-1, MASA-2, MASA-3 and MASA-4, 
respectively. MASA-2 is selected as a representative for subsequent 
DFT and LCA studies as it demonstrates optimal adsorption 
performance. 

2.3. Characterizations 

SEM morphology was observed on a scanning electron microscopy 
(Hitachi S-4800, Japan). Fourier transform infrared (FTIR) spectroscopy 
was provided by Nicolet 5700 spectrometer to analyze the functional 
groups on the surfaces of aerogels. X-Ray Diffraction (XRD) patterns of 
the samples were performed by using a D8 ADVANCE diffractometer. 
The specific surface area (SBET) was measured by a NOVA 2200 analyzer 
using the Brunauer-Emmett-Teller method. The X-ray photoelectron 
spectroscopy analysis was obtained using an ESCALAB 250 (USA) in-
strument to analyze the chemical binding states of aerogels before and 
after adsorption. The Pb (II) concentrations were measured by atomic 
absorption spectrophotometry (AAS, WFX-120, Beijing Rayleigh 
Analytical Instrument Co., Ltd.). 

2.4. Adsorption experiments 

Adsorption experiments were carried out in the 50 mL centrifuge 
tube with 20 mL 50 mg/L Pb (II) solution using 0.5 g/L adsorbent. The 
effect of pH on Pb (II) adsorption was investigated by adjusting the 
initial pH from 1 to 6 using 0.1 M HCl and 0.1 M NaOH solutions. 
Adsorption kinetic experiments were investigated at different times 
from 10 min to 480 min, adsorption isotherm experiments were carried 
out in different initial concentration of Pb (II) with Pb (II) concentration 
varied from 10 mg/L to 1000 mg/L, and the adsorption thermodynamics 
of Pb (II) were also performed under different temperatures from 293 K 
to 313 K. The adsorption cycle experiment was carried out eight times. 
After each adsorption, the saturated adsorbents were added in 25 mL 
0.1 M HCl solution with stirring for 180 min for desorption, and the next 
adsorption test was conducted. Each experiment was repeated three 
times and the average value was used in the results. The removal effi-
ciency (%) and adsorption capacity (q, mg/g) of Pb (II) were calculated 
by the following Eqs. (1) and (2): 

φ=
c0 − c

c0
× 100% (1)  
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q=
(c0 − c) × v

w
(2)  

Where c0 (mg/L) and c (mg/L) are the concentration of Pb (II) at initial 
and time t, respectively. v (L) is the volume of solution, w (g) is the 
dosage of adsorbent. 

2.5. DFT calculation 

The DFT calculations were conducted with Gauss 09 software [34]. 
The calculation was carried out using the B3LYP exchange-related 
hybrid functions in the ground state for the simulations [35]. Geome-
try optimization and frequency calculations were carried out using the 
LanL2DZ basis set for Pb atom and 6–31g(d) for the other atoms. And a 
larger basis set combination was used for the singlet point energy 
calculation, using the LanL2DZ basis set for Pb atom and 6–311 g(d, p) 
for the other atoms [36–38]. The adsorption energy (Eads) can be 
calculated as given in Eq. (3) [39,40]. 

Eads =Etotal − (Eadsorbent +Emetal) (3)  

where Etotal refers to the total energy associated with the adsorption of 
Pb (II) on MASA-2, Eadsorbent implies the energy of MASA-2 and Emetal 
describes the energy of individual heavy metal Pb atom, respectively. 

2.6. Life Cycle Assessment (LCA) 

2.6.1. Goal and scope definition 
Life Cycle Assessment (LCA) is a valuable tool for evaluating the 

environmental footprint of any product during its existence. This 
investigation used the LCA methodology to identify and characterize the 
environmental impacts associated with the production of 1 kg of mes-
oporous amino functionalized silica aerogels (MASA-2). The guidelines 
in the ISO 14044 standard [41] were used to calculate the impact on the 
environment. By analyzing the contribution of each material used in the 
production of MASA-2, environmental hotspots were identified and 
additional environmentally effective production strategies aimed at 
reducing the negative impact on sustainability are proposed. These in-
sights may contribute to the popularity of MASA-2 in the absorbent 
market. 

This work provided a cradle-to-grave LCA with system boundaries 
that included the production and transport of the raw materials that 
make up the MASA-2 and the preparation of the MASA-2, as shown in 
Fig. 1. The transport distance for raw materials was based on the average 
distance of 181 km for cargo transport in China. As there was no envi-
ronmental impact during the use phase, no treatment was required 
during the end-of-life phase. This work did not consider the use and end- 
of-life phases. 

2.6.2. Life cycle inventory analysis 
Inventory analysis plays a key role in the whole assessment, 

revealing all the inputs and outputs of the entire synthesis process. Based 
on the boundary mentioned above, the inventory was collected and 
recorded from experiments conducted in our laboratory described in 
section 2.2. and previous literature. The calculations were conducted in 
eFootprint and the Ecoinvent database v.3.1 and CLCD were accessed for 

all data in the Life Cycle Inventory (LCI). This work presumed the use of 
a global average electricity mix as the electricity supply for production. 
The LCI for MASA-2 is shown in Table 1. 

2.6.3. Life cycle impact assessment 
According to Ferrão [42], the choice of evaluation method must be 

related to the choice of environmental impact category. In this work, the 
method used was based on intermediate indicators that focused on 
environmental loads and final consequences. The CML 2001method 
(developed in the Netherlands by the Institute of Environmental Sci-
ences of the Leiden University) was used, with categories such as: Global 
Warming Potential (GWP); Acidification Potential (AP), Abiotic Deple-
tion Potential (ADP), Eutrophication Potential (EP), Ozone Depletion 
Potential (ODP), and Photochemical Ozone Creation Potential (POFP). 
Meanwhile, a category for Primary Energy Demand (PED) has been 
added, based on the Cumulative Energy Demand (CED) approach. 

3. Results and discussion 

3.1. Characterization 

Fig. 2 shows the SEM images of MASA-X samples synthesized with 
the different molar ratios (KH550/TEOS). All samples present the 
porous structure, which is derived from accumulation of nanoparticles 
and the growth of agglomerates is controlled by controlling the molar 
ratios of KH550/TEOS. At a molar ratio (KH550/TEOS) of 0.5, the 
skeleton structure of amino aerogel is composed of secondary particles 
with some clusters due to incomplete reaction, which contributed to the 
formation of the aerogel skeleton consisting of small silica agglomerates 
with dense porosity. As the molar ratio (KH550/TEOS) increase to 1.0, 
the surface of skeleton becomes rougher and forms a uniform porous 
morphology with more tightly connected secondary particles. Note that 
the secondary particle clusters become larger. With the molar ratio 
(KH550/TEOS) further increase, the size of pores which originated from 
accumulation of nanoparticles increase apparently, resulting in larger 
spherical agglomerates (Fig. 2c and d). The particle size of agglomerates 
derived from the polycondensation reactions between TEOS and KH550 
increase with the KH550 ratio increasing, and the pores possess three- 
dimensional connection microstructure due to nanoparticles 

Fig. 1. Stages of MASA-2 considered in this study.  

Table 1 
The LCI of 1 kg MASA-2.   

Mass Unit 

Raw material input 
TEOS 0.47 kg 
Ethanol 20 kg 
HCl 7.58 g 
DMF 0.08 kg 
KH550 0.49 kg 
n-Hexane 13.86 kg 
Water 0.64 kg 
Energy input 
Electricity 2 kWh 
Transportation 181 km 
Output   
MASA-2 1 kg  
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accumulation effect. 
The small angle XRD patterns (Fig. 3a) can be used to characterize 

the structure of the MASA-X samples. All amino-functionalized silica 
aerogels with different amino group loadings exhibited two diffraction 
peaks that can be indexed to (100) and (200) reflections associated with 
two-dimensional hexagonal mesostructure, which is consistent with the 
results reported in the literature [43,44]. However, there was a gradual 
reduction in the intensity of the (100) diffraction peak and a gradual 
disappearance of the (200) diffraction peak as the increase amount of 
KH550, suggesting that the use of the organosilicon source had influ-
enced the formation of the mesoporous structure and had resulted in a 
gradual decrease in the ordered of the mesostructured [45]. The wide 
angle XRD patterns are shown in Fig. 3b. The XRD peaks of samples 
present similar broadened diffraction peak at about 22◦, corresponding 
to the typical amorphous silica structure [46]. With the increasing of the 
KH550/TEOS molar ratio, the diffraction intensity of amorphous silica 
gradually weakened, indicating that hydrolysis reaction and condensa-
tion reaction of TEOS are preferred to form amorphous structure. 

FTIR spectra for MASA-X with different KH550/TEOS molar ratios 
are displayed in Fig. 4. The peaks at 460 cm− 1, 781 cm− 1 and 1054 cm− 1 

are ascribed to the Si–O–Si bending vibration peak, symmetric vibration 
peak and asymmetric vibration peak, respectively. The peak at 2929 
cm− 1 is designated as the vibration of C–H [47], and the band at 1649 
cm− 1 is attributed to the O–H of adsorbed water. The peak at 1564 cm− 1 

is associated with N–H bending vibration peak. The peak at 3431 cm− 1 is 
ascribed to the O–H band and N–H bond. Obviously, the adsorption 
intensity of N–H, C–H and Si–O–Si increase with the molar ratio 
(KH550/TEOS) increasing, indicating that silane coupling reagents 

KH550 and TEOS have good compatibility. 
Fig. 5 presents the N2 adsorption-desorption isotherms of MASA-X. 

All samples possess type IV curves feature, and the hysteresis loops ap-
pears at relative pressures between 0.70 and 0.95, which indicating that 
mesoporous and macroporous structures are formed in the sample [48]. 
The corresponding pore size distribution can be seen in the inset in 
Fig. 5. As shown, the specific surface areas of MASA-1, MASA-2, MASA-3 
and MASA-4 are calculated to be 169.74 m2/g, 118.42 m2/g, 82.44 m2/g 
and 53.66 m2/g, respectively. And the pore sizes of MASA-1, MASA-2, 
MASA-3 and MASA-4 were 17.96 nm, 18.79 nm, 26.55 nm and 58.17 
nm, respectively. The pore sizes of MASA-1, MASA-2, MASA-3 and 
MASA-4 can be observed to be getting progressively larger. It can be 
concluded that the amino silane coupling agent react with the incom-
plete ethyl orthosilicate to form larger particles, and average diameter of 
pores increases rapidly in this process due to the pores plugging [49,50]. 
These results confirmed that excessive amino silane coupling agent had 
been successfully grafted onto the skeleton of aerogels. 

The elemental analysis data of MASA-1, MASA-2, MASA-3 and 
MASA-4 are summarized in Table S1. It is clear that the nitrogen content 
of MASA-1, MASA-2, MASA-3 and MASA-4 samples gradually increase 
with the increase of the mole ratio of amino silane coupling agent. This 
suggests that the mole ratio of amino silane coupling agent added 
directly determines the loading amount of KH550 in the MASA-X sam-
ples, and further confirms the successful preparation of amino func-
tionalized silica aerogels. 

Fig. 2. SEM images of MASA-X synthesized at different KH550/TEOS molar 
ratios. (a) 0.5; (b) 1.0; (c) 1.5; (d) 2.0. 

Fig. 3. XRD patterns of MASA-X. (a) small-angle; (b) wide-angle.  

Fig. 4. FTIR spectra of MASA-X.  

Y. Zhang et al.                                                                                                                                                                                                                                   



Microporous and Mesoporous Materials 345 (2022) 112280

5

3.2. Adsorption properties 

3.2.1. Effect of pH 
The pH of the solution has a significant effect on the adsorption of Pb 

(II) by changing the charge on the surface of the adsorbent [51]. The 
effects of pH (1–6) on the removal efficiency of Pb (II) is shown in Fig. 6. 
At low pH, the surface of the amino adsorbent is protonated and there is 
electrostatic repulsion between the adsorbent and Pb (II), resulting in a 
low removal efficiency of Pb (II). When the pH value increase from 1 to 
6, the removal efficiency of Pb (II) gradually increase because the pro-
tonated amino groups gradually deprotonated and reached a maximum 
at pH 5. The removal efficiency of Pb (II) increase slightly when the pH is 
exceeded 5, and the Pb (II) ions in solution will be precipitated as Pb 

(OH)2 state while the pH is above 6. Therefore, it is concluded that the 
adsorption process is pH–dependent. 

The pH of point of zero charge (pHpzc) is performed by the ΔpH 
method [52,53]. Fig. S1 shows the point of zero charge (pzc) of MASA-X 
at different pH. The pHpzc of the four aerogels are in the ranged of 
5.6–6.0. When the pH value is lower than the pHpzc, the surface of 
aerogels present positive charged, indicating the existence of protonated 
binding sites on the aerogels surface, which hinders the adsorption of 
heavy metals. However, while the pH value is higher than pHpzc, the 
surface of the aerogel is negative charged, indicating that in the 
deprotonation of the amino group, which is favorable for the adsorption 
of metal ions from solution. 

3.2.2. Adsorption kinetics 
The adsorption capacity of four adsorbents are plotted against 

adsorption time in Fig. S2. A rapid adsorption is observed in the initial 
stage, then followed by a level-off to reach equilibrium adsorption. The 
equilibrium adsorption times of MASA-1, MASA-2, MASA-3 and MASA-4 
were 120 min, 60 min, 20 min and 20 min, respectively. It can be seen 
that the diffusion of Pb (II) into the pores of aerogel is slower than the 
interactions between Pb (II) and adsorbents. 

In order to explore the adsorption process and possible adsorption 
mechanisms, a series of kinetic studies were performed. The results are 
presented in Fig. 7 and the corresponding parameters are summarized in 
Table 2. Furthermore, the experimental data are fitted using four kinetic 
models: Pseudo-first-order kinetic model, Pseudo-second-order kinetic 
model, Elovich kinetic model and Intraparticle diffusion model. The 
linear form of the four models is represented by the following equation 
[54,55]: 

ln(qe − qt)= − k1t + ln qe (4)  

t
qt
=

t
qe

+
1

k2q2
e

(5)  

Fig. 5. N2 adsorption-desorption isotherms of MASA-X.  

Fig. 6. The effect of pH on the removal efficiency of Pb (II).  

Y. Zhang et al.                                                                                                                                                                                                                                   



Microporous and Mesoporous Materials 345 (2022) 112280

6

qt =
1
β

ln t +
1
β

ln(αβ) (6)  

qt = kp
̅̅
t

√
+ C (7)  

Where qt (mg/g) and qe (mg/g) are the adsorption capacity of Pb (II) at 
time t (min) and at equilibrium, respectively, and k1 (min− 1), k2 (g/ 
(mg⋅min) and kp (mg/(g⋅min1/2) are the rate constant of the pseudo-first- 
order model, pseudo-second-order model and intra-particle diffusion 
model, respectively. C is constant. α (mg/(mg⋅min) and β (mg/g) are the 
initial elovich rate constant and desorption elovich rate constant, 
respectively. 

By comparing and analyzing the data in Table 2, it can be concluded 

that the adsorption kinetics were better described with the pseudo- 
second-order kinetic model than other three kinetic models, with 
higher fitting correlation coefficients (R2), and the fitting correlation 
coefficients (R2) of pseudo-second-order models are all greater than 
0.996, and the equilibrium adsorption capacities of the four samples 
calculated by pseudo-second-order model were 119.05 mg/g, 105.26 
mg/g, 100.10 mg/g and 100.00 mg/g for MASA-1, MASA-2, MASA-3 
and MASA-4 respectively, which were very close to the results of the 
adsorption experiments (all MASA-X samples had a saturation adsorp-
tion capacity of 100.00 mg/g). Furthermore, the intraparticle diffusion 
model also demonstrated a good fitting to the experimental data, and the 
order of adsorption rates for all samples of MASA-X was kp1 > kp2 > kp3. 
The first rapid adsorption was ascribed to the diffusion of Pb (II) ions 
from the liquid phase to the exterior surface of the solid adsorbent, 
during this period, Pb (II) was readily adsorbed to the exterior surface of 
the adsorbent due to membrane diffusion. In the second stage, there was 
a drop in the adsorption rate due to the gradual diffusion of Pb (II) ions 
into the internal pores of the adsorbent. Finally, the intraparticle 
diffusion rate exhibited a very low rate as the adsorption sites reached 
saturation. The intraparticle diffusion model revealed that multiple 
processes were engaged in the adsorption, which was consistent with 
previous literature [50]. In summary, it can be interpreted that the 
adsorption behavior of Pb (II) on MASA-X is mainly controlled by 
chemisorption [56,57]. 

3.2.3. Adsorption isotherm 
The adsorption properties of MASA-X are evaluated by testing the 

adsorption capacity of MASA-X at different initial concentrations of Pb 
(II) at room temperature. As can be observed from Fig. S3, the adsorp-
tion capacity gradually increases with the increasing of initial concen-
tration of Pb (II), and eventually reaching equilibrium. Adsorption 
isotherms play a very important role in optimizing experimental design 
and illustrating the interrelationships between adsorbates and adsor-
bents. Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) 
isotherm models are used to describe the adsorption of Pb (II) onto 
amino aerogel. These corresponding models are expressed as follows 

Fig. 7. Adsorption kinetics modelling of Pb (II) adsorption on MASA-X.  

Table 2 
Adsorption kinetic parameters of Pb (II) adsorption on MASA-X.  

Kinetic 
models 

Parameters MASA-1 MASA-2 MASA-3 MASA-4 

Pseudo-first- 
order 

k1 (min− 1) 0.03918 0.1019 0.3030 0.4746 
qe (mg/g) 118.04 153.59 60.75 59.25 
R2 0.8932 0.8373 0.8914 0.9096 

Pseudo- 
second- 
order 

k2 (g/ 
(mg⋅min) 

0.0002909 0.001147 0.0656 0.2019 

qe (mg/g) 119.05 105.26 100.10 100 
R2 0.9969 0.9989 1 1 

Elovich α (mg/ 
(mg⋅min) 

9.0654 34.2703 6.8761 
× 1026 

2.2470 
× 1061 

β (mg/g) 0.03832 0.05087 0.6561 1.4582 
R2 0.9804 0.8705 0.4699 0.3079 

Intraparticle 
diffusion 

kp1 (mg/ 
(g⋅min1/2) 

16.7031 23.0817 44.6484 45.4086 

R2 0.9943 0.9988 0.9976 0.9977 
kp2 (mg/ 
(g⋅min1/2) 

8.9733 7.8799 5.4833 3.9656 

R2 0.9698 0.9877 0.9102 0.9006 
kp3 (mg/ 
(g⋅min1/2) 

3.2716 0.0123 0.1772 0.0155 

R2 0.8302 0.5437 0.8543 0.7962  
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[58,59]. 
Langmuir isotherm model: 

ce

qe
=

ce

qm
+

1
qmKL

(8) 

Freundlich isotherm model: 

log qe = n log ce + log KF (9) 

Temkin isotherm model: 

qe =BT ln KT + BT ln ce (10) 

Dubinin-Radushkevich isotherm model: 

ln qe = − KDRε2 + ln qDR (11)  

ε=RT ln
(

1+
1
ce

)

(12)  

E =
1
̅̅̅̅̅̅̅̅̅̅̅
2KDR

√ (13)  

where qm (mg/g) is the maximum adsorption capacity of the adsorbent, 
KL (L/mg), KF ((mg/g)/(mg/L)n), KT (L/g) and KDR (mol2/kJ2) are the 
equilibrium constant of Langmuir isotherm model, Freundlich isotherm 
model, Temkin isotherm model and Dubinin-Radushkevich (D-R) 
isotherm model, respectively. n is the Freundlich intensity parameter. BT 
is the Temkin constant. ε is the Polanyi potential, E (kJ/mol) is the mean 
adsorption energy, R (8.314 J/(mol⋅K)) is the gas constant, T (K) is the 
Kelvin temperature. 

The linear fitting results were shown in Fig. 8 and Table 3. Compared 
with the other models, the Langmuir model has a higher correlation 
coefficient, and its calculated theoretical maximum adsorption amounts 
for MASA-1, MASA-2, MASA-3 and MASA-4 were 444.4 mg/g, 628.93 
mg/g, 549.45 mg/g and 286.53 mg/g, respectively, which was much 
closer to the experimental obtained maximum adsorption amounts of 
442.35 mg/g, 624.28 mg/g, 540.62 mg/g and 288.16 mg/g for MASA-1, 
MASA-2, MASA -3 and MASA-4, respectively, indicating that the 

Langmuir model was more suitable to describe the adsorption of Pb (II) 
and the adsorption process belongs to monolayer adsorption. In addi-
tion, a comparison of the MASA-X adsorbents with other adsorbents 
reported in recent years was presented in Table 4. Obviously, MASA-2 
displayed excellent adsorption performance with a greater adsorption 
capacity and considerably faster adsorption equilibration times. 
Furthermore, the n values calculated form the Freundlich equation are 
in the range of 0 < n < 1, suggesting that the adsorption of Pb (II) is 
favorable. In addition, the Temkin isotherms was also in good agreement 
with the adsorption experimental data, indicating that the electrostatic 
interactions may affect the adsorption of heavy metal ions [58,60]. The 
E values calculated from the Dubinin-Radushkevich equation are 
37.3096 kJ/mol, 62.4688 kJ/mol, 43.4697 kJ/mol and 44.7814 
kJ/mol, respectively. According to relevant literatures [61,62], if the E 
value is lower than 8 kJ/mol, it belongs to physical adsorption, if the E 
value is between 8 kJ/mol and 16 kJ/mol, then the adsorption process is 
caused by the ion exchange, and if the E value is higher than 16 kJ/mol, 
it belongs to chemisorption. Therefore, the adsorption of Pb (II) by 
MASA-X belongs to chemical adsorption. 

3.2.4. Adsorption thermodynamics 
The effect of temperature on the adsorption of Pb (II) is also carried 

out in the range of 293–313 K (Fig. S4). Obviously, the adsorption ca-
pacity of Pb (II) on MASA-X gradually increases with the increase of 
temperature. Thermodynamic analysis can describe whether the 
adsorption process is spontaneous and the stability of the adsorbed 
phase. The thermodynamic parameters such as enthalpy change(ΔH0), 
entropy change(ΔS0) and Gibbs free energy change(ΔG0) in the 
adsorption process can be obtained from the following equations [69, 
70]. 

ΔG0 = − RT ln kc (14)  

kc =
c∂

ce
(15)  

Fig. 8. Adsorption isotherms models for Pb (II) adsorption on MASA-X.  
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ln kc = −
ΔH0

RT
+

ΔS0

R
(16)  

Where kc is the distribution coefficient, c∂ (mg/L) is the concentration of 
heavy metal ions on the adsorbent surface. The ΔS0 and ΔH0 can be 
obtained from the intercept and slope by plotting lnkc versus 1/T 
(Fig. 9). And the calculation results are listed in Table 5. 

The negative values of ΔG0 reveal that the adsorption of Pb (II) was a 
spontaneous process. And the absolute values of ΔG0 increase with the 
increasing of temperature, indicating that Pb (II) adsorption was 
favorable at higher temperature. In addition, the positive values of ΔH0 

suggest an endothermic nature and the positive ΔS0 values indicating 
that the randomness increasing at solid-liquid interface [71]. Mean-
while, the TΔS0 values were always greater than ΔH0, which indicates 
that the adsorption of Pb (II) on the adsorbents surface was the 
entropy-controlled process [72]. 

3.2.5. Reusability property 
The reuse of adsorbents is a key issue for economics and environmental 

protection. After adsorption of Pb (II), the exhausted adsorbent was re-
generated by HCl solution (0.1 mol/L), and the reusability of MASA-2 was 
evaluated in Fig. 10. After 8 consecutive adsorption-desorption cycles ex-
periments, the Pb (II) removal efficiency of MASA-2 still remain 95.82%, 
indicating that MASA-2 has excellent cycling stability. 

Table 3 
Adsorption isotherms fitting parameters for Pb (II) adsorption on MASA-X.  

Isotherms models Parameters MASA-1 MASA-2 MASA-3 MASA-4 

Langmuir kL (L/mg) 0.06637 0.09642 0.07197 0.1026 
qm (mg/g) 444.44 628.93 549.45 286.53 
R2 0.9960 0.9978 0.9962 0.9985 

Freundlich kF ((mg/g)/(mg/L)n) 115.5447 171.4905 183.1724 174.0003 
n 0.2099 0.2097 0.1684 0.07273 
R2 0.9067 0.8182 0.92792 0.9626 

Temkin kT (L/g) 0.6798 1.2178 15.6520 16725.6709 
BT 73.1395 97.4467 57.7116 17.1701 
R2 0.9387 0.8644 0.8725 0.9415 

Dubinin-Radushkevich kDR (mol2/kJ2) 3.5919 × 10− 4 1.2813 × 10− 4 2.6460 × 10− 4 2.4933 × 10− 4 

qDR (mg/g) 427.99 604.93 527.76 278.90 
E (kJ/mol) 37.3096 62.4688 43.4697 44.7814 
R2 0.9547 0.9812 0.9639 0.8724  

Table 4 
Comparison of the maximum adsorption capacities (qm) of MASA-X adsorbents 
with other adsorbents.  

Adsorbents conditions qm (mg/ 
g) 

Reference 

A-GO c0- 25–250 mg/L; pH-6.5; T-313 
K; dose- 10 mg; time- 120 min 

408 [63] 

Fe3O4@BC/APTES c0- 10–100 mg/L; pH-6.8; T-323 
K; dose- 10 mg; time- 60 min 

64.92 [64] 

DAS2-AT c0- 50–300 mg/L; pH-6; T-323 K; 
dose- 50 mg; time- 360 min 

203.2 [65] 

PAMAM@UiO-66- 
NH2 

c0- 100–1000 mg/L; pH-4; T-298 
K; dose- 10 mg; time- 50 min 

334.32 [66] 

HTMT c0- 100–600 mg/L; pH-5; T-298 K; 
dose- 10 mg; time- 60 min 

540.5 [67] 

ACEA-14 c0- 10–120 mg/L; pH-6; T-298 K; 
dose- 0.4 g/L; time- 480 min 

122.7 [68] 

Fe3O4@TATS@ATA c0- 25–400 mg/L; pH-5.7; T- 298 
K; dose- 20 mg; time- 150 min 

205.2 [61] 

MASA-1 c0- 10–1000 mg/L; pH-5; T- 298 
K; dose- 0.5 g/L; time- 120 min 

444.4 This work 

MASA-2 c0- 10–1000 mg/L; pH-5; T- 298 
K; dose- 0.5 g/L; time- 60 min 

628.93 This work 

MASA-3 c0- 10–1000 mg/L; pH-5; T- 298 
K; dose- 0.5 g/L; time- 20 min 

549.45 This work 

MASA-4 c0- 10–1000 mg/L; pH-5; T- 298 
K; dose- 0.5 g/L; time- 20 min 

286.53 This work  

Fig. 9. The plots of lnkc vs 1/T for Pb (II) adsorption onto MASA-X.  

Table 5 
Thermodynamic parameters for Pb (II) adsorption onto MASA-X.  

Samples T/K △G0/(kJ/mol) △H0/(kJ/mol) △S0/(J/(mol⋅K) 

MASA-1 293 − 1.4490   
298 − 1.6930   
303 − 1.9980 13.8353 52.1815 
308 − 2.2800   
313 − 2.458   

MASA-2 293 − 3.5086   
298 − 3.8118   
303 − 4.3089 24.7767 96.2562 
308 − 4.9794   
313 − 5.3360   

MASA-3 293 − 9.6876   
298 − 11.1921   
303 − 11.8579 66.5678 260.1456 
308 − 13.4786   
313 − 15.0661   

MASA-4 293 − 12.4479   
298 − 13.3221 144.4788 532.0178 
303 − 15.7143   
308 − 19.2183   
313 − 22.9124    
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3.3. Adsorption mechanism 

For comprehensive investigation the adsorption mechanism of Pb (II) 
onto MASA-2, FTIR technique is used to analyze MASA-2 before and 
after Pb (II) adsorption (Fig. S5). The characteristic adsorption peaks at 
1564 cm− 1 and 3431 cm− 1 which are ascribed to the bending vibration 
and the stretching vibration of N–H bond in the sample MASA-2, 
respectively. After adsorption of Pb (II) by MASA-2, the characteristic 
peaks of N–H bond are shifted to 1569 cm− 1 and 3436 cm− 1, respec-
tively, because coordination adsorption of metal ions leads to the 
chemical environment changing. It can be inferred that the –NH2 group 
is involved in this adsorption process due to the coordination bond 
formation between Pb (II) ions and NH2 groups. 

The XPS spectra of MASA-2 before and after Pb (II) adsorption were 
shown in Fig. 11. In the overall spectrum of MASA-2, there are five peaks 
at 285 eV, 149 eV, 102 eV, 399 eV, 532 eV corresponding to C 1s, Si 2s, 
Si 2p, N 1s and O 1s, respectively (Fig. 11a). After adsorption of Pb (II), a 
new peak of Pb 4f in the binding energy at 138 eV is observed in the 
sample, which confirms that Pb (II) is adsorbed onto MASA-2. The high 
resolution of Pb (II) binding energies at 142.8 and 137.9 eV can be 
assigned to Pb 4f5/2 and Pb 4f7/2, respectively [73], as shown in 
Fig. 11b. This suggests that Pb (II) is effectively existed on the surface of 
MASA-2. Fig. 11c exhibits the high-resolution C 1s spectra of MASA-2, 
three peaks at binding energy of 283.9 eV, 284.8 eV and 285.8 eV are 
ascribed to C–Si, C–C and C–N, respectively. After adsorption of Pb (II), 
the binding energy of C–Si (283.9 eV), C–C (284.8 eV) did not change, 
while the binding energy of C–N (285.3 eV) is remarkably decreased 
after binding to Pb (II) (Fig. 11e). When adsorption of Pb (II) ions occurs 
on the surface of MASA-2, the lone pair electron of N atom is combined 
with the empty orbit of Pb (II) ions to form a new chemical coordination 
bond, and the bond energy of C–N decrease simultaneously. The binding 
energy of N 1s are observed at 399.1 eV and 401.1 eV, which are 
attributed to –NH2 and –NH3

+, respectively (Fig. 11d). After adsorption 
of Pb (II), the binding energy of –NH2 and –NH3

+ are remarkably shifted 
to 400.1 eV and 402.2 eV, respectively (Fig. 11f), which is due to the 
lone pairs of N coordinate with Pb (II) ions lead to the surrounding 
electron cloud density decreased and the binding energy increased [74]. 
The XPS results and the FTIR spectra are confirmed that N atom 
participated in coordination with Pb (II). 

The optimized molecular model of MASA-2 for the binding of Pb (II) 
was depicted in Fig. 12. The DFT results demonstrated that the 
adsorption binding energy corresponding to the adsorption configura-
tion was − 6.32 kcal/mol. Notably, there is a tendency for the molecule 

to interact with Pb (II) by chelation of a monodentate nitrogen atom 
ligand with Pb (II) at a Pb–N bond distance of 2.498 Å, which is similar 
to the findings of Zhao et al. [75]. This demonstrated that the Pb (II)–N 
interaction facilitated the uptake of Pb (II) on MASA-2, which is 
consistent with the XPS results. HOMO and LUMO depict the donating 
and acquiring electrons ability respectively. The size of Egap = ELUMO - 
EHOMO reflects the ability of electrons to make the jump from occupied 
orbitals to empty orbitals, and to some extent represents the ability of 
the molecule to participate in chemical reactions. If Egap is larger, indi-
cating that the molecule is more stable due to the fact that it is less 
readily to be excited [76]. The changes of HOMO and LOMO before and 
after the adsorption of Pb (II) on MASA-2 and its gap energy (Egap) are 
presented in Fig. 13. A clear view can be found that the LUMO of 
MASA-2 is mainly distributed on the Si–O–Si backbone, while the 
HOMO is partially located on the -NH2 group. However, it is noteworthy 
that both LUMO and HOMO were significantly altered after Pb (II) 
adsorption, demonstrating that Pb (II) was successfully bound on 
MASA-2. In addition, the Egap of MASA-2 was found to decrease when Pb 
(II) was adsorbed, which suggested that the previous steady structure 
was disrupted by the adhering Pb (II) [77]. XPS analysis and DFT 
calculation results point to a significant role of Pb (II)–N interactions in 
the adsorption behavior of Pb (II) on MASA-2. 

3.4. Environmental impacts of MASA-2 

As the results in section 3.2. show that MASA-2 exhibits better 
properties compared to other samples after adsorption and adsorption- 
desorption cycles, the LCA method is applied in this section to assess 
the environmental impact of producing 1 kg of MASA-2 adsorbent 
(Table 6). It can be seen that the highest impact value is achieved in the 
PED, i.e. 2385.4 MJ. Also, there is a higher production of greenhouse 
gases during the production process, which can lead to an increase in the 
global greenhouse effect. In addition to the two points mentioned above, 
the maximum value produced during the production of MASA-2 is only 
0.19 in terms of AP, so the MASA-2 production process mainly affects 
GWP and PED. 

In order to find a method that would enable further evaluation of the 
environmental impact of MASA-2 in production, all eight environmental 
impact indicators were normalized so that all factors for each impact 
profile were 100%. The results are shown in Fig. 14. It can be seen that 
all the materials required for production, ethanol and n-hexane are the 
most influential components. The contributions of ethanol to GWP, AP, 
ADP, EP, ODP, FOFP and PED are 72.23%, 63.49%, 46.67%, 29.36%, 
45.42%, 53.83%, and 27.65% respectively; while the contributions of n- 
hexane are 9.11%, 19.13%, 32.62%, 22.77%, 46.58%, 38.69%, and 
11.52%. In addition, Table 1 shows that the amounts of TEOS and 
KH550 are 0.47 kg and 0.49 kg, respectively, which are approximately 
3.38% and 3.53% of the amount of n-hexane used, but contributed 
4.98% and 8.35% to the GWP of the MASA-2 synthesizing phase. KH550 
also exhibits a huge influence in terms of PED, accounting for 46.58% of 
the influence of all constituent materials. 

In order to discover a way to synthesize MASA-2 with less environ-
mental impact, the four raw materials mentioned above must be 
replaced or recycled. Ethanol and n-hexane are volatile and are heated 
during the production of MASA-2 thus evaporating the ethanol and n- 
hexane, techniques can be adopted to collect the evaporated ethanol and 
n-hexane. The recovery of ethanol and n-hexane will significantly 
change the environmental impact of MASA-2. The use of other silica 
sources such as sodium silicate (i.e., water glass) with less environ-
mental impact than that of TEOS is worth pursuing [78]. To analyze the 
environmental impact of KH550, it can be explored in terms of its syn-
thesis process, the reaction equation of which is shown below. 

Si+CH3CH2OH̅→
cat. HSi(OCH2CH3)3 + H2 (17)  

Fig. 10. The reusability study of MASA-2.  
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ClCH2CH =CH2 + HSi(OCH2CH3)3̅→
cat. ClCH2CH2CH2Si(OCH2CH3)3

(18)  

ClCH2CH2CH2Si(OCH2CH3)3 +NH3̅→
cat. NH2CH2CH2CH2Si(OCH2CH3)3

+ HCl
(19) 

KH550 was obtained from allyl chloride, silicon, methanol, and 
ammonia over a catalyst. The impact of the catalyst on environmental 
factors was not considered during the synthesis as the catalyst was not 
involved in the reaction and could be recycled after the completion of 
the test. In order to understand the contribution of each component, the 
above indicators are normalized making all factors of each impact pro-
file is 100% and the results are shown in Fig. 15. All the materials 
required for synthesis, ammonia is the most influential components. The 
contributions of ammonia to GWP, AP, ADP, EP, ODP, FOFP and PED are 
89.82%, 60.20%, 96.47%, 95.12%, 12.68%, 34.85% and 98.86%, 
respectively. The search for an environmentally friendly material to 
replace the role played by ammonia in the synthesis of KH550 or a new 

synthesis method for KH550 that avoids the use of ammonia could 
therefore have a positive impact on the environment. 

4. Conclusions 

The mesoporous amino functionalized silica aerogels (MASA-X) with 
high adsorption capacity are prepared for the removal of Pb (II) ions 
from solution. Microstructure characterization and surface chemical 
composition analysis reveal a great deal of –NH2 groups and porous 
structure existed in MASA-X. Based on previous reports [1,25,79–81], 
the present study demonstrates that the extensive presence of amino 
functional groups on the surface of the adsorbent plays a critical role in 
promoting the adsorption process. The adsorption kinetics and iso-
therms data are well fitted with the pseudo-second-order model and 
Langmuir model, both results prove that the adsorption process for Pb 
(II) onto MASA-X is mainly controlled by chemisorption reactions. The 
adsorption equilibrium of MASA-1, MASA-2, MASA-3 and MASA-4 are 
reached in 120 min, 60 min, 20 min and 20 min, respectively. And the 
maximum adsorption capacity of MASA-1, MASA-2, MASA-3 and 

Fig. 11. XPS spectra of MASA-2: (a) overall spectrum before and after Pb (II) adsorption; (b) high resolution of Pb 4f; C1spectra before Pb (II) adsorption (c) and after 
Pb (II) adsorption (e); N 1s spectra before Pb (II) adsorption (d) and after Pb (II) adsorption (f). 
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MASA-4 are 444.4 mg/g, 628.93 mg/g, 549.45 mg/g and 286.53 mg/g, 
respectively. Thermodynamic studies show that the Pb (II) ions 
adsorption onto MASA-X are endothermic and spontaneous process. The 
adsorption efficiency of MASA-2 is remained 95.8% after eight 
adsorption-desorption cycles, indicating that it has excellent cycling 
stability. Combining FTIR, XPS and DFT computation, the N atom of 
–NH2 in MASA-2 played a dominant role in providing the lone pair of 
electrons combined with Pb (II) to form the monodentate complex. At 
the end of this study the environmental impact of producing 1 kg of 
MASA-2 was investigated. By analyzing the contribution of various 
materials in the production of MASA-2, environmental hotspots are 
identified and proposed solutions, which are of great importance for the 
sustainability of MASA-2 production and the protection of the 
environment. 

Compliance with ethical standards 

The authors declare no conflict of interest. This article does not 
contain any studies with human participants and/or animals. Informed 
consent was obtained from all individual participants included in the 
study. 

Fig. 12. The optimized geometric model of MASA-2 bonding to Pb (II).  

Fig. 13. HOMO and LUMO plots of (A) MASA-2, and (B) MASA-2-Pb (II).  

Table 6 
The environmental impact of the production of 1 kg of MASA-2.  

Category Unit Result 

GWP kg CO2 eq 51.05 
AP kg SO2 eq 0.19 
ADP kg antimony eq. 0.008 
EP kg PO4

3-eq 0.03 
ODP kg CFC− 11 eq 7.27E-06 
POFP kg NMVOC eq 0.16 
PED MJ 2385.4  

Fig. 14. Relative contribution of environmental impact indicators for MASA-2.  
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