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A B S T R A C T   

In this work, a novel adsorbent was evaluated for eliminating heavy metal ions from water. The cyano- 
functionalized silica aerogels (ANSA-X) were fabricated by functionalizing silica aerogel with 2-cyanoethyltrie
thoxysilane, and then further by the reaction with hydroxylamine hydrochloride to obtain amidoxime- 
functionalized silica aerogels (AOSA-X) with a large specific surface area. The FTIR and NMR analysis indi
cated that cyano was successfully transformed into amidoxime groups. Adsorption experiments showed the 
adsorption performed well with the Langmuir isotherm, and AOSA3 exhibited the optimum adsorption property 
with 598.05 mg/g for Pb (II) and 534.10 mg/g for Cu (II). The thermodynamic results indicated that spontaneous 
endothermic process was the nature of the adsorption. The adsorption rate of AOSA3 was above 86% after five 
successive adsorption–desorption cycles. XPS analysis and DFT calculations demonstrated that the N and O atoms 
participated in the chelating adsorption of Pb (II) and Cu (II), and the N atom on the amidoxime groups played a 
dominant role. Life Cycle Analysis (LCA) evaluated the environmental effect of the preparation of 1 kg AOSA3 
adsorbent, identified the environmental factors with high environmental impact, proposed alternative solutions, 
proved the feasibility of preparing a novel high-efficiency amidoxime-based adsorbent, and provided a guideline 
for the sustainable mass production of AOSA3 adsorbent. In conclusion, AOSA3 demonstrated to have promising 
application perspectives in heavy metal effluent treatment.   

1. Introduction 

Great advances in science and technology have led to industrial 
development that has made life easier for human beings. However, the 
development of global industry is often associated with environmental 
pollution, and the emission of industrial wastewater has led to rising 
heavy metal concentrations in water, causing unreversible impacts on 
nature [1]. Heavy metal pollution possesses permanent, non- 
degradable, and bio-accumulative properties, and will eventually 
cause great harm to human beings through the amplification of the food 
chain layer by layer [2,3]. Lead is one of the most hazardous metal 
contaminants and can lead to brain damage, high blood pressure, 

anorexia, reproductive organ damage, cause kidney failure and Fanconi- 
like syndrome [4]. Copper is probably deemed essential, but a wide 
range of health complications may arise with increased intake and high 
levels of exposure, which may trigger stomach disorders, central ner
vous system irritation, kidney function decline, and lead to Alzheimer’s 
disease [5]. Therefore, heavy metal pollution has become a serious issue 
for environmental treatment in the current global environment. 

Currently, various remediation methods and technologies, including 
chemical precipitation [6], biological methods [7], membrane separa
tion technology [8], ion exchange [9], electrochemical methods [10] 
and adsorption methods [11]. Adsorption is widely regarded as an 
efficient and appealing method owing to its high adsorption efficiency, 
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cost-effective and environmentally friendly nature [12]. Many re
searchers have explored the removal of Pb (II) and Cu (II) by a variety of 
different adsorbents including chitin [13], graphene [14], attapulgite 
[15], mesoporous silica [16], chitosan [17], kaolinite [18], biochar 
[19], geopolymer [20], clay [21], and zeolite [22]. However, these 
adsorbents have the disadvantages of low adsorption efficiency and 
difficult regeneration [12]. Therefore, it is urgent to develop and to 
exploit high-efficiency and recyclable adsorbents. 

With high specific surface area, high thermodynamic stability, high 
porosity and environmental friendliness, silica aerogels are expected to 
overcome the disadvantages by using them as carriers [23]. The ami
doxime group possesses both an amino group and an oximido group, 
which can be expressed as –C(NOH)NH2, having excellent metal ion 
chelating properties [24]. The early use of amidoxime chelate materials 
was mainly for seawater uranium extraction, due to the high affinity of 
amidoxime (AO) for UO2

2+, it was widely considered as one of the most 
promising binding sites for UO2

2+ [25]. Due to the extremely strong 
chelating and ligating ability of amidoxime groups, amidoxime 
chelating materials are becoming more and more attractive for the 
removal of heavy metal ions [26]. Cross-linked amidoxime poly
acrylonitrile microspheres (H-CAN) were prepared by grafting N’- 
methylene bis(acrylamide) into polyacrylonitrile followed by treatment 
with hydroxylamine hydrochloride. The maximum adsorption amounts 
of H-CAN was 113.13 mg/g for Pb (II) and 140.33 mg/g for Cu (II) [27]. 
Zhao et al. obtained amidoxime-functionalized polypropylene fiber (AO- 
PP) by graft copolymerization of acrylonitrile (AN) on polypropylene 
(PP) fiber and transformed into amidoxime (AO) groups via a reaction of 
the fiber with hydroxylamine hydrochloride solution. The maximum 
adsorption by AO-PP was 45.64 mg/g for Pb (II) and 47.23 mg/g for Cu 
(II) [28]. Firstly, vinyl modified seafoam was obtained by functionaliz
ing seafoam with coupling agent vinyl triethoxysilane. Acrylonitrile 
monomers were grafted on vinyl-modified seafoam using gamma rays, 
and then reacted with hydroxylamine hydrochloride to prepare ami
doxime chelated adsorbent (AO-RGS). The samples irradiated at 5 kGy 
showed the optimum adsorption of Cu (II) with a maximum adsorption 
of 278 mg/g [29]. Xie et al. synthesized fibrous cyano-modified meso
porous SiO2 microspheres using 2-cyanoethyltriethoxysilane as raw 
material, and then transformed the cyano into amidoxime groups to 
obtain amidoxime-functionalized SiO2 microspheres with a maximum 
adsorption towards Pb (II) of 284 mg/g, which is a prospective heavy 
metal ion adsorbent [30]. Therefore, it is valuable to exploit the feasi
bility of high-efficiency heavy metal ion adsorbents with high adsorp
tion capacity, stable structure, and easy recycling via the incorporation 
of excellent chelating performance of amidoxime groups and the specific 
properties of silica aerogels. 

There is a shortage of profound understanding of the heavy metal 
ions adsorption mechanism by adsorbents. Density Functional Theory 
(DFT) calculations have been widely used as a powerful tool in physics, 
chemistry, and materials, which can provide a profound understanding 
of the adsorption mechanism of heavy metal ions at the atomic level 
[31]. Meanwhile, researchers have paid little consideration to the 
environmental implications of the aerogel fabrication process. Life Cycle 
Analysis (LCA) is used to quantify products, services, resource con
sumption, as well as related environmental and health effects based on 
environmental and health impacts [32]. LCA analysis gives a clear 
overview of the impact on the environment in the early stages of product 
preparation, and it is useful to mitigate the impact on the environment 
by modifying or changing the factors that have a negative impact on the 
environment [33,34]. 

In view of the above-mentioned concerns, cyano-functionalized sil
ica aerogels (ANSA-X) were first obtained by using 2-cyanoethyltrie
thoxysilane (CTES) and ethyl orthosilicate (TEOS) under atmospheric 
pressure drying (APD) conditions. Then, by reaction with hydroxyl
amine hydrochloride solution, the amidoxime (AO) group was intro
duced into the ANSA-X aerogels, which resulted in a high chelating 
ability of the AOSA-X for heavy metal ions. The influence of different 

levels of cyanosilane coupling agents on the morphology, microstructure 
and specific surface area of the generated AOSA-X samples were inves
tigated. The adsorption properties of AOSA-X on Pb (II) and Cu (II) were 
studied, and the adsorption mechanism was interpreted by combining 
XPS analysis, 1H NMR and DFT theoretical calculations. Finally, the 
environmental effects of the amidoxime functionalized silica aerogels 
production process was assessed by LCA method. The findings of this 
work will be useful for the prospective design of heavy metal adsorbent 
strategies with excellent properties, rapidity and environmental 
friendliness for large-scale applications. 

2. Experimental methods 

2.1. Materials 

2-Cyanoethyltriethoxysilane (CTES) was purchased from Shanghai 
Aladdin Base Ltd. Ethyl orthosilicate (TEOS), anhydrous ethanol 
(ETOH), n-Hexane, hydrochloric acid, sodium hydroxide, ammonia, 
hydroxylamine hydrochloride (NH2OH⋅HCl), sodium carbonate, copper 
(II) chloride, nickel(II) chloride, cadmium(II) chloride, zinc(II) chloride, 
manganese(II) chloride, and lead(II) chloride were obtained from 
Sinopharm Chemical Reagent Co. 

2.2. Preparation of cyano-functionalized silica aerogels (ANSA-X) 

The first step involved dissolving 10 mL of TEOS in anhydrous 
ethanol, followed by pH adjustment to 3 using 0.1 M HCl (wherein all 
water was substituted with 0.1 M HCl). The mixture was then agitated 
and heated at 60 ◦C for a duration of 2 h. Then, different levels of CTES 
were introduced and the reflux reaction was kept at 60 ◦C for 2 h. Af
terward, the pH was adapted to 7.0 by adding 1 M ammonia, agitated 
violently for about 5 min, and moved to the mold. After the wet gel was 
formed, the gel was aged in ethanol over 24 h and then exchanged with 
ethanol 6 times (within 48 h) and with n-Hexane 4 times (within 48 h) in 
a water buffer at 40 ◦C for elimination of excess moisture and retained 
organic compounds. Finally, the wet gels were dried under 40 ◦C at
mospheric pressure for 48 h resulting in cyano-functionalized silica 
aerogels (ANSA-X). The TEOS/ETOH/H2O molar ratio was 1:10:16. The 
corresponding synthetic samples were named ANSA1, ANSA2, ANSA3 
and ANSA4 based on the CTES/TEOS molar ratios of 0.1, 0.2, 0.3 and 
0.4, respectively. 

2.3. Preparation of amidoxime functionalized silica aerogels (AOSA-X) 

Firstly, 1.3898 g of hydroxylamine hydrochloride was taken into 25 
mL of deionized water and agitated until fully dissolved. And 1.10 g of 
sodium carbonate was added and heated to 70 ℃ with stirring. Then, 
1.0 g of sieved ANSA-X aerogels were added and stirred magnetically at 
70 ℃ for 3 h. After centrifugal filtration and washing with deionized 
water, the AOSA-X samples were obtained by drying at 60 ◦C overnight. 
According to the different CTES contents mentioned above, the corre
sponding samples were named AOSA1, AOSA2, AOSA3, and AOSA4, 
respectively, and the synthesis process was shown in Fig. 1. Among 
them, AOSA3 was singled out for the subsequent adsorption mechanism 
study and LCA evaluation, as it demonstrated the optimum adsorption 
property. The monomeric amidoxime sample (AO) was obtained by 
reacting 2-cyanoethyltriethoxysilane with hydroxylamine hydrochlo
ride by exactly the same experimental method except for the absence of 
TEOS. After the reaction of monomer AO with Pb (II) and Cu (II) solu
tions, AO-Pb (II) and AO-Cu (II) were obtained, respectively. 

2.4. Characterization 

The surface morphology of the functionalized silica aerogels was 
determined using scanning electron microscope (Hitachi S-4800, 
Japan). The material phase composition was ascertained by X-ray 
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diffraction (XRD) using a D8 ADVANCE diffractometer. The functional 
group characteristics of the functionalized silica aerogels were analyzed 
using the ATR method with a fourier infrared spectrometer (Nicolet 
5700 spectrometer). Isothermal N2 adsorption–desorption of function
alized aerogels were measured by the NOVA 2200 specific surface area 
and pore size analyzer. Element content measurement of functionalized 
aerogels using the Elementar Vario EL Cube elemental analyzer. 1H NMR 
spectra and 13C NMR spectra were recorded using a JAPAN-JEOL 400 
MHz spectrometer (with CDCl3 as solvent) to characterize CTES, AO, 
AO-Pb (II) and AO-Cu (II). Thermal stability of functionalized aerogel 
samples were characterized by Setaram Labsys Evo thermogravimetric 
differential thermal instrument. X-ray photoelectron spectroscopy (XPS) 
was obtained by ESCALAB 250 (USA) instrument for analyzing the 
chemical composition and elemental valence of functionalized silica 
aerogel samples before and after adsorption. The concentration of heavy 
metal ions was detected by a WFX-120 Atomic Absorption Spectro
photometer (AAS) from Beijing Ruili Analytical Instruments Co. 

2.5. Heavy metal ion adsorption experiments 

A series of centrifuge tubes containing different levels of adsorbents 
were tested for adsorption properties with 20 mL of 50 mg/L of heavy 
metal solutions. The impact of pH on the removal of Pb (II) and Cu (II) by 
AOSA-X was examined with the variation of initial pH between 1.0 and 
6.0. Adsorption kinetics experiments were undertaken with 20 mg of 
adsorbent and 20 mL of heavy metal ion solution at different time in
tervals from 0 to 180 min. Isothermal adsorption tests were conducted 
over an initial concentration range of 50–1000 mg/L. Adsorption ther
modynamics experiments were conducted at varying temperatures 
ranging from 293 K to 318 K. Following every adsorption, the reusability 
was assessed by adding the saturated sorbent to HCl solution (0.1 M) and 
stirring over 180 min for desorption. Three replications of each exper
iment were undertaken and the average values were reported. The 
removal rate (φ, %) and adsorption capacity (q, mg/g) were measured 
by Eqs. (1) and (2): 

φ =
c0 − c

c0
× 100% (1)  

q =
(c0 − c) × v

w
(2) 

Where the initial and time t concentration of heavy metal ions are 
denoted as c0 (mg/L) and c (mg/L), respectively. The adsorbent dosage is 
indicated by w (g), while the solution volume is represented by v (L). 

Further details on the isotherm, kinetic and thermodynamic 
modeling can be found in the Supporting Information (S1). 

2.6. DFT calculation 

The DFT calculations were carried out using Gaussian 09 software 

[35]. The simulations were performed in the base state using B3LYP 
exchange-related hybrid functionals [36]. In this case, the heavy metals 
Pb and Cu were described by the LanL2DZ basis set, while 6–31 g(d) was 
employed for other atoms during geometry optimization and frequency 
calculations. For single point energy calculations, a larger combination 
of basis sets was used, with the LanL2DZ basis set applied to Pb and Cu, 
and 6–311 g(d, p) utilized for other atoms [37]. The adsorption energies 
(Eads) were computed from Eq. (3) [38]: 

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

Where the energy of AOSA3-Pb or AOSA3-Cu is expressed as Etotal, 
the energy of AOSA3 is replaced by Eadsorbent, and the energy of Pb or Cu 
atom is expressed as Emetal. 

2.7. LCA analysis 

2.7.1. Objective and scope definition 
Life Cycle Analysis (LCA) is a validated and applicable methodology 

for estimating the environmental footprint of a product throughout its 
life cycle. The LCA approach was applied to assess the environmental 
effect of the preparation of 1 kg of AOSA3. The eFootprint software 
package was adopted to calculate the environmental impact, according 
to the ISO 14044 guidelines [39]. Following an assessment of the 
environmental contribution from each raw material involved in the 
production of adsorbents, we identified environmental hotspots and 
proposed substitute environmentally efficient production solutions in 
order to alleviate the negative impacts on sustainable development. This 
can possibly facilitate the widespread usage of adsorbents in the 
adsorbent market. 

The system boundaries for this work include the generation and 
transportation of the original materials that constitute the adsorbent and 
its synthesis (Fig. S1). The transport distances of the original materials 
were determined using the average distance of goods transported as a 
baseline measure (181 km). There is no need for disposal at the end-of- 
life stage because of the non-impact on the environment in the usage 
stage. The utilization and end-of-life stages were not considered in this 
work. 

2.7.2. Life cycle inventory analysis 
A critical function of inventory analysis in the overall evaluation is to 

uncover all the outputs and inputs of the whole production process. 
According to the experiments gathered in our laboratory, we conducted 
calculations with eFootprint using the Ecoinvent database v.3.1, and 
accessed everything available from the Life Cycle Inventory (LCI) using 
the CLCD. This study supposed that the global average power mix was 
used as the production supply. The life cycle inventory of adsorbents can 
be found in Table 1. The assessment methodology is associated with the 
selection of the environmental impact category [40], and Life Cycle 
Impact Assessment methodology was in Supporting Information (S2). 

Fig. 1. Schematic synthesis of amidoxime functionalized silica aerogels.  
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3. Results and discussion 

3.1. Characterization 

Fig. 2 showed the SEM images of the ANSA-X and AOSA-X samples. 
The surface morphology of the ANSA-X samples changed considerably 
with the change of the CTES content. When n(CTES): n(TEOS) = 0.1, the 
ANSA1 sample was very dense and shrunken (Fig. 2a). As the CTES 
content increased, the structure of the silica aerogel samples became 
increasingly sparse and the sample particles became larger. The AOSA-X 
samples agglomeration became more compact, but still maintained a 
porous structure. The morphology of the AOSA-X samples exhibited a 
rich pore distribution, facilitating the migration and diffusion of metal 
ions to the AOSA-X surface. According to Table S1, the nitrogen content 
of the materials increased as the CTES content increased, with the 
elemental N content of ANSA1, ANSA2, ANSA3 and ANSA4 being 1.37, 
2.26, 2.90 and 3.43 mmol/g, respectively. And the elemental N content 
of AOSA1, AOSA2, AOSA3 and AOSA4 were 1.34, 2.46, 3.38 and 4.08 
mmol/g, respectively. 

The FTIR spectra were investigated to identify the chemical 
composition of the ANSA-X and AOSA-X in Fig. 3. The peaks at 458, 775 
and 1112 cm− 1 were divided into Si-O-Si bending vibrational, sym
metric and asymmetric vibrational peaks [41]. The band at 3452 cm− 1 

was an O–H vibrational peak. The vibration related to C–H symmetric 
and asymmetric vibrational peaks appeared at 2921 and 2813 cm− 1 

[42]. Moreover, a peak at 2260 cm− 1 was noted in the ANSA-X sample, 
corresponding to C≡N stretching vibration [43]. The intensity of the 
cyano peak gradually became larger as the CTES content increased. In 
the AOSA-X samples, the cyano peak almost disappeared, proving that 

the cyano group has been successfully reacted to form the amidoxime 
groups, and the generated C=N and C–N bonds overlapped with O–H 
(1602 cm− 1) and C–H (1381 cm− 1), respectively [44]. The XRD spectra 
of ANSA3 and AOSA3 were presented in Fig. S2. Both ANSA3 and 
AOSA3 samples exhibited broad diffraction peaks around 22◦, which 
were assigned as amorphous silica structure [45]. The AOSA-X samples 
showed three sharp diffraction peaks at 31.7◦, 45.4◦ and 56.5◦, which 
were ascribed to the characteristic peaks of the amidoxime groups [29], 
indicating the successful synthesis of amidoxime functionalized silica 
aerogels. 

The 1H NMR and 13C NMR spectra of CTES and AO were presented in 
Fig. S3. In Fig. S3a, the peak that appeared at 2.34 ppm was ascribed to 
the –CH2 linked to –CN. In the AO sample, the disappearance of the peak 
at 2.34 ppm was accompanied by the appearance of an amino peak 
(5.17 ppm) and a hydroxyl peak (9.03 ppm), which indicated that the 
cyano group had been converted to the amidoxime group [46]. In 
Fig. S3b, the peak at 120.95 ppm was attributed to –CN of CTES, and the 
presence of the amidoxime carbon [-C(NH2)NOH] at 160.08 ppm on AO 
demonstrated the successful reaction to generate amidoxime group 
[47,48]. Fig. 4 showed the N2 adsorption–desorption isotherm plots for 
the AOSA-X samples. All samples displayed typical type IV isotherms 
based on IUPAC classification, indicating that the AOSA-X samples had a 
mesoporous structure. The hysteresis can be clearly seen in the region 
where P/P0 is 0.4–0.9, and it may belong to the H1 type hysteresis loop, 

Table 1 
Life cycle inventory of the preparation of 1 kg AOSA3.   

Mass Unit 

Raw material input 
TEOS 0.62 kg 
Ethanol 20 kg 
n-Hexane 18.29 kg 
Water 2.96 kg 
HCl 10 g 
NH3 7.85 g 
NH2OH⋅HCl 91.73 g 
Na2CO3 72.6 g 
CTES 191.93 g  

Energy input 
Electricity 8 kWh 
Transportation 181 km 
Output   
AOSA3 1 kg  

Fig. 2. The SEM analysis of samples: (a) ANSA1, (b) ANSA2, (c) ANSA3, (d) ANSA4, (e) AOSA1, (f) AOSA2, (g) AOSA3, (h) AOSA4.  

Fig. 3. The FTIR spectra of samples.  
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implying that the AOSA-X samples had a narrow pore size distribution. 
Besides, the pore size distribution curve further demonstrated that 
AOSA-X had a narrow pore size distribution. From Table S2, it was 
observed that the specific surface area of the AOSA-X samples increased 
and then decreased as the CTES content increased, with the AOSA2 
sample possessing the largest specific surface area, followed by AOSA3. 

As observed in Fig. S4, the mass loss below 120 ◦C was owing to the 
weight loss of physically adsorbed water from the test samples. There 
are two weight loss stages for the ANSA-X samples at 120–550 ◦C and 
550–660 ◦C, associated with the decomposition of organic components, 
including the decomposition of cyano groups [49]. Between 120 and 
660 ◦C, the mass losses of ANSA1, ANSA2, ANSA3 and ANSA4 were 
10.13%, 12.62%, 14.98% and 15.70%, respectively. And the mass losses 
of the AOSA1, AOSA2, AOSA3 and AOSA4 samples were 12.98%, 
14.99%, 17.41% and 18.55% at 120–600 ◦C, respectively, relating to the 
thermal decomposition of the amidoxime moiety [50]. The total ther
mogravimetric losses of the AOSA1, AOSA2, AOSA3 and AOSA4 samples 
were 27.67%, 29.68%, 31.81% and 32.4%, respectively. These phe
nomena are indicative of the lower thermal stability of the AOSA-X 
samples in comparison to the ANSA-X samples. 

3.2. Adsorption performance 

3.2.1. Effect of adsorbent dosage 
ANSA-X samples were obtained by using varying CTES and TEOS 

molar ratios in the sol–gel synthesis process, and AOSA-X samples were 
obtained after the amidoxime modification. As depicted in Fig. 5, 
AOSA3 had the optimum removal of Pb (II) and Cu (II) at a CTES/TEOS 
molar ratio of 0.3. It may be attributed that as the CTES/TEOS molar 
ratio increased, the specific surface area of the aerogel samples 
increased and then decreased, the aerogel samples particles became 
larger and less dense, and ANSA-X samples with more functional groups 
can be obtained, providing more reactive functional groups for further 
amidoxime modification. However, when the molar ratio of CTES/TEOS 
increased to 0.4 (AOSA4), the metal ions were unable to access these 
functional groups due to the remarkable drop in specific surface area 
leading to severe particle aggregation. Therefore, AOSA3 was elected for 
the follow-up study, and the adsorbent dosage of 0.02 g was selected as 
having the optimum adsorption performance and economy for the 
adsorption test. 

Fig. 4. N2 adsorption–desorption isotherms and pore size distribution curves.  
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3.2.2. Effect of pH 
The impact of pH on metal ions adsorption by AOSA-X was displayed 

in Fig. 6. When pH < 3, the H+ concentration in solution was high, 
causing the protonation of the amidoxime groups on AOSA-X. The 
protonated AOSA-X samples generated electrostatic repulsion towards 
heavy metal cations, thus reducing the adsorption of the metal ions. The 
adsorption of AOSA-X on Pb (II) and Cu (II) increased rapidly from pH 3 
to 5 and attained a maximum value in pH 5. As can be seen from Fig. S5, 
the point of zero charge (pHpzc) of AOSA3 was approximately 4.1. At pH 
values <4.1, the surface of AOSA3 was positively charged, restricting 
the adsorption of metal cations. At pH value >4.1, the surface of AOSA3 
gradually became negatively charged and the repulsive effect gradually 
diminished [51]. The pH equal to 5 was chosen for further tests. 

3.2.3. Adsorption kinetics 
Fig. S6 exhibited the effect of reaction time on the removal of metal 

ions by AOSA-X. It can be observed that with increasing adsorption time, 
AOSA-X exhibited fast adsorption towards Pb (II), reaching the equi
librium within 60 min, and the adsorption towards Cu (II) was reached 
equilibrium at about 120 min. Apparently, AOSA-X reached equilibrium 
faster for Pb (II) adsorption than Cu (II) adsorption. 

Adsorption processes were investigated using the pseudo-first-order, 
pseudo-second-order, intraparticle diffusion and Elovich kinetic models. 
The nonlinear adsorption kinetic curves and results were displayed in 
Figs. 7, 8 and Table 2. Both the pseudo-first-order (R2 > 0.98) model and 
pseudo-second-order (R2 > 0.99) model conformed well to the 

experimental data, with the pseudo-first-order model presumed to be 
diffusion-dominated and the pseudo-second-order model assumed to be 
chemisorption-dominated, suggesting that both diffusion and chemi
sorption participated in the adsorption process [52,53]. The Elovich 
model also fitted the experimental data better, suggesting that the 
adsorption was controlled by chemical interactions [27]. Moreover, the 
intraparticle diffusion model presented three linear segments, suggest
ing that the adsorption process involved multi-steps. There was an 
external diffusion in the first stage, where heavy metal ions diffused 
rapidly to the exterior surface of AOSA-X from the solution. There was 
an intra-particle diffusion in the second stage, where the diffusion rates 
of metal ions were lower than the first stage. At the third stage, there was 
a progressive decrease and saturation of the reactive sites, and the 
adsorption achieved equilibrium. Therefore, the intraparticle diffusion 
modeling results indicated that the adsorption involved several kinetic 
stages [54]. Overall, the results indicated that the adsorption of Pb (II) 
and Cu (II) on AOSA-X occurred through physisorption and chemi
sorption mechanisms. 

3.2.4. Adsorption isotherm 
The effect of different initial concentrations on metal ions adsorption 

by AOSA-X was investigated (Fig. S7). The adsorption of metal ions by 
AOSA-X increased with the growth of the initial concentration, and as 
the initial concentration raised to 800 mg/L, the adsorption was almost 
ceased to increase, indicating that the adsorption had reached satura
tion. The maximum adsorption of Pb (II) by AOSA-X was greater than 

Fig. 5. Influence of various CTES/TEOS molar ratios on the adsorption of Pb (II) (a) and Cu (II) (b) (conditions: V = 20 mL, c0 = 50 mg/L, T = 298 K, pH = 5).  

Fig. 6. Impact of pH value on the adsorption of Pb (II) (a) and Cu (II) (b) (conditions: V = 20 mL, c0 = 50 mg/L, T = 298 K, adsorbent dosage: 20 mg).  
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that of Cu (II), and AOSA3 showed the optimum adsorption property for 
heavy metal ions. 

The adsorption isotherms were analyzed by Langmuir, Freundlich, 
Temkin and Dubinin-Radushkevich (D-R) models, and the fitted curves 
and its associated parameters were shown in Figs. 9, 10 and Table 3. The 
Langmuir model exhibited high R2 values ranging from 0.9397 to 
0.9942, demonstrating that monomolecular layer adsorption took place 
on the AOSA-X surface. The maximum adsorption (qm) of Pb (II) by 
AOSA1, AOSA2, AOSA3 and AOSA4 were 453.53, 505.14, 598.05 and 
511.75 mg/g, respectively, and the corresponding experimental 
measured values (qe) were 442.40, 484.60, 578.21 and 473.67 mg/g, 
respectively. Similarly, the maximum calculated adsorption capacities 
(qm) of AOSA1, AOSA2, AOSA3 and AOSA4 for Cu (II) were 417.08, 
480.40, 534.10 and 417.51 mg/g, respectively, and the experimental 
measured values (qe) were 364.21, 438.11, 486.73 and 382.08 mg/g, 
respectively. The Langmuir constant (KL) for Pb (II) adsorption by 
AOSA-X was greater than Cu (II), suggesting that amidoxime possessed a 
higher affinity for Pb (II) [55]. In addition, the Freundlich model was 
also associated well with KF [Cu (II)] < KF [Pb (II)] (R2, 0.90–0.97), 
indicating that the affinity of AOSA-X for Pb (II) was higher than Cu (II) 
[56]. And the n values were higher than 0 and smaller than 1, implying 
favorable adsorption. Furthermore, the Temkin model also fitted the 
adsorption data well (R2, 0.81–0.98), suggesting that the adsorption was 
likely impacted by adsorbate and adsorbent interactions [57]. Besides, 
the R2 values calculated from the D-R model ranged from 0.8472 to 
0.9426, indicating that the adsorption of Pb (II) and Cu (II) by AOSA-X 
conformed to the pore-filling mechanism (E < 8 kJ/mol) [58,59]. Thus, 
the Langmuir model was more suitable for describing the adsorption of 
Pb (II) and Cu (II) on the AOSA-X material than the other models, with 
the highest value of Langmuir isotherm correlation coefficients (R2), 
indicating that the adsorption involved both chemisorption and pore- 

filling mechanism and was mainly influenced by chemisorption. 
The comparison of the adsorption capacity of Pb (II) and Cu (II) 

between other amidoxime-based adsorbents reported in the literature 
and AOSA-X was shown in Table 4. Combined with XPS analysis, NMR 
analysis, DFT calculations, and in conjunction with the adsorption re
sults, the high adsorption performance of AOSA3 for Pb (II) and Cu (II) 
was mainly dependent on two aspects, one was the complex adsorption 
of heavy metal ions by the reactive functional group of amidoxime 
groups on the surface of the adsorbent, and the other was attributed to 
the large specific surface area of AOSA3 and the physical adsorption by 
the filling of the pores. In general, AOSA-X possessed high adsorption 
capacity towards Pb (II) and Cu (II) making it a prospective heavy metal 
adsorbent. 

3.2.5. Adsorption thermodynamics 
The influence of various temperatures upon AOSA-X for metal ions 

adsorption was demonstrated in Fig. S8. Increasing the temperature 
facilitated the adsorption reaction and increased Pb (II) and Cu (II) 
adsorption by AOSA-X, indicating the adsorption was an endothermic 
process. The influence of temperature towards Cu (II) adsorption by 
AOSA-X was more pronounced. The relationship between lnkc and 1/T 
was shown in Fig. 11, which gave the intercepts and slopes used to 
calculate the ΔS0 and ΔH0 parameters, with corresponding parameters 
presented in Table 5. 

As observed in Table 5, the negative values of ΔG0 for metal ions 
adsorption by AOSA-X suggested that the adsorption was viable and 
thermodynamically spontaneous. The ΔG0 values changed between 
− 20 and 0 kJ/mol, implying that the adsorption process concerned 
physical adsorption in the thermodynamic range studied [63]. ΔH0 

values were positive, demonstrating that the adsorption was endo
thermic and the adsorption of Pb (II) and Cu (II) by AOSA-X increased 

Fig. 7. Adsorption kinetics of Pb (II) on AOSA-X (conditions: V = 20 mL, c0 = 50 mg/L, T = 298 K, adsorbent dosage: 20 mg).  
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Fig. 8. Adsorption kinetics of Cu (II) on AOSA-X (conditions: V = 20 mL, c0 = 50 mg/L, T = 298 K, adsorbent dosage: 20 mg).  

Table 2 
Adsorption kinetic parameters for Pb (II) and Cu (II) onto AOSA-X.  

Kinetic models Parameters Pb (II) Cu (II) 

AOSA1 AOSA2 AOSA3 AOSA4 AOSA1 AOSA2 AOSA3 AOSA4 

Pseudo-first-order k1 (min− 1)  0.1631  0.2415  0.2690  0.1251  0.0282  0.0409  0.0546  0.0483 
qe (mg/g)  46.78  47.86  49.04  48.38  40.93  44.72  48.16  42.85 
R2  0.9825  0.9909  0.9959  0.9917  0.9911  0.9967  0.9963  0.9961  

Pseudo-second-order k2 (g/(mg⋅min)  0.0039  0.0055  0.0065  0.0031  0.0006  0.0008  0.0013  0.0011 
qe (mg/g)  53.22  53.93  54.36  55.89  49.45  53.18  53.87  48.75 
R2  0.9991  0.9967  0.9918  0.9945  0.9988  0.9976  0.9947  0.9977  

Elovich α (mg/(mg⋅min)  24.18  31.07  82.59  27.89  2.51  2.97  9.84  3.87 
β (mg/g)  0.0952  0.0962  0.1160  0.0943  0.0812  0.0708  0.0982  0.0865 
R2  0.9753  0.9361  0.9231  0.9467  0.9908  0.9876  0.9645  0.9855  

Intraparticle diffusion kp1 (mg/(g⋅min1/2)  11.92  15.07  15.61  11.09  4.75  6.11  7.52  6.27 
R2  0.9922  0.9892  0.9917  0.9935  0.9764  0.9797  0.9895  0.9856 
kp2 (mg/(g⋅min1/2)  6.41  4.69  3.99  7.38  2.64  2.98  1.73  2.05 
R2  0.9735  0.9963  0.9814  0.9743  0.9853  0.9619  0.9979  0.9908 
kp3 (mg/(g⋅min1/2)  1.5275  0.5231  0.3101  1.3539  0.5771  0.0652  0.0052  0.0241 
R2  0.9096  0.6829  0.7559  0.8415  0.8688  0.9936  0.8550  0.8793  
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with increasing temperature. The positive ΔS0 values illustrated that 
metal ions adsorption by AOSA-X became disordered at the solid–liquid 
interface. Thus, the adsorption was a spontaneous endothermic process. 

3.2.6. Selective adsorption of Pb (II) and Cu (II) 
It is essential to exploit the influence of selective adsorption pro

cesses of heavy metal ions considering the fact that only a single heavy 
metal ion exists rarely in real wastewater. The selective adsorption 
performance for Pb (II) and Cu (II) ions was elucidated by four common 
metal ions, such as Cd (II), Zn (II), Ni (II), and Mn (II) (Fig. S9). In a 
conical flask, 20 mL of each of the above four metal ions 0–50 mg/L with 
20 mL of 50 mg/L of Pb (II) and Cu (II) ions were added respectively, and 
then 20 mg of AOSA3 adsorbent was added and adsorbed at pH 5.0 for 2 
h for the selective adsorption experiments. The results indicated that the 
four interfering ions had a small influence on the adsorption of Pb (II) 
and Cu (II). When the concentrations of Cd (II), Zn (II), Ni (II), and Mn 
(II) were all 50 mg/L, the removal of Pb (II) decreased by 2.33%, 0.77%, 
1.02% and 0.85%, respectively, and the removal of Cu (II) declined by 
1.84%, 0.97%, 1.31% and 0.76%, respectively. The data revealed that 
AOSA3 has high selectivity and affinity for Pb (II) and Cu (II), demon
strating its potential to operate effectively in complicated heavy metal 
effluents. 

3.2.7. Recycling performance 
The recycling of the adsorbents is a key factor in assessing their 

performance for practical applications. In a 20 mL solution containing 
50 mg/L heavy metal ions, 20 mg of AOSA3 was used for the adsorption, 
and then 25 mL of 0.1 M HCl was used as the eluent solution with an 
elution time of 180 min, causing the Pb (II) and Cu (II) ions anchored on 
AOSA3 to be released from the surface of the aerogel adsorbent into the 
elution solution. The adsorbent successfully underwent five consecutive 
adsorption–desorption cycles, the removal rate of AOSA3 for Pb (II) and 
Cu (II) dropped from 100% and 97.12% to 90.86% and 86.28%, and the 

adsorption capacity of AOSA3 for Pb (II) and Cu (II) dropped from 50 
mg/g and 48.56 mg/g to 45.43 mg/g and 43.14 mg/g, respectively 
(Fig. 12). From the above data, it may be attributed to incomplete 
desorption during the acid-washing process, leading to some adsorption 
sites were not successfully eluted and some of the amidoxime groups 
were lost [64]. The regeneration experiments results indicated that the 
AOSA3 exhibited promising practical applications for the removal and 
recovery of metal ions from effluents. 

3.3. Adsorption mechanism 

The adsorption mechanism for metal ions adsorption by AOSA3 was 
revealed by XPS analysis. As illustrated in Fig. 13a, the total spectrum of 
AOSA3 displayed four elements, including C, Si, N and O. The AOSA3-Pb 
sample appeared at 138 eV with a new peak associated with Pb 4f after 
Pb (II) adsorption, with the peaks at 434 and 413 eV being associated 
with Pb 4d3/2 and Pb 4d5/2, respectively [65]. Similarly, the AOSA3- 
Cu sample exhibited the Cu 2p peak characterized at 934 eV following 
Cu (II) adsorption. The spectra of Pb 4f of AOSA3-Pb was presented in 
Fig. 13b, where the two peaks at 138.63 and 143.56 eV were assigned to 
Pb 4f7/2 and Pb 4f5/2, respectively [66]. Fig. 13c provided the Cu 2p 
spectrum of AOSA3-Cu, where the peaks at 934.96 and 954.63 eV 
belong to Cu 2p3/2 and Cu 2p1/2, and there was a satellite peak at 
942.98 eV [49]. These results verified the successful adsorption of Pb (II) 
and Cu (II) ions by AOSA3. 

Fig. 13d showed the N 1s spectrum of AOSA3, which was matched to 
two peaks, C–NH2 (400.48 eV) and C=N–OH (399.14 eV), respectively 
[67]. It was noticed in AOSA3-Pb sample that these two N 1s peaks from 
AOSA3 were shifted to 400.86 and 399.47 eV, respectively (Fig. 13e). 
Similarly, after Cu (II) adsorption, two peaks were observed for AOSA3- 
Cu moved to 400.81 and 399.63 eV, respectively (Fig. 13f). The rise of N 
1s binding energy can be ascribed to the sharing of electrons between 
the N atoms with metal ions, which decreased the electron cloud density 

Fig. 9. Adsorption isotherm of Pb (II) on AOSA-X (conditions: V = 20 mL, pH = 5, T = 298 K, adsorbent dosage: 20 mg).  
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around the N atoms, demonstrating that the N atoms on the amidoxime 
groups were all involved in metal ions adsorption [44]. 

The O 1s spectrum of AOSA3 was displayed in Fig. 13g, where three 
peaks at 533.36, 532.58 and 531.51 eV can be divided into C=N–OH, 
Si–O and O–H, respectively [68]. In Fig. 13h and i, the O 1s peaks 
attributing to Si–O and O–H were almost unchanged. However, the O 1s 
peaks for C=N–OH of AOSA3-Pb and AOSA3-Cu were shifted to 533.61 
and 533.99 eV, respectively. This indicated that the O atom on the 
amidoxime groups of AOSA3 was engaged in the adsorption process, and 
the decreased of its outer electron cloud density caused an increase in 

the binding energy [48]. In conclusion, XPS analysis unveiled that the N 
and O atoms of the amidoxime groups have participated in Pb (II) and Cu 
(II) adsorption process. 

In addition, the 1H NMR and 13C NMR spectra of AO-Pb (II) and AO- 
Cu (II) were presented in Fig. S3, both amino and hydroxyl signal in
tensities decreased after the adsorption of Pb (II) and Cu (II) ions, sug
gesting that they have robust interactions with heavy metal ions. 
However, after interaction with Pb (II) and Cu (II) ions, there was almost 
no change in 13C NMR spectrum, demonstrating that the metal ions did 
not interact with the backbone [69]. 

Fig. 10. Adsorption isotherm of Cu (II) on AOSA-X (conditions: V = 20 mL, pH = 5, T = 298 K, adsorbent dosage: 20 mg).  

Table 3 
Adsorption isotherm parameters for Pb (II) and Cu (II) onto AOSA-X.  

Isotherms models Parameters Pb (II) Cu (II) 

AOSA1 AOSA2 AOSA3 AOSA4 AOSA1 AOSA2 AOSA3 AOSA4 

Langmuir kL (L/mg)  0.0416  0.0401  0.0647  0.0285  0.0120  0.0233  0.0223  0.0162 
qm (mg/g)  453.53  505.14  598.05  511.75  417.08  480.41  534.10  417.51 
R2  0.9397  0.9527  0.9795  0.9619  0.9942  0.9666  0.9931  0.9884  

Freundlich kF ((mg/g)/(mg/L)n)  105.53  109.01  154.44  97.65  38.01  69.42  74.45  49.51 
n  0.2410  0.2555  0.2364  0.2678  0.3661  0.3105  0.3188  0.3335 
R2  0.9288  0.9303  0.9412  0.9284  0.9418  0.9015  0.9570  0.9713  

Temkin kT (L/g)  8.11  12.66  1.76  23.29  0.1473  0.3285  0.6258  0.3172 
BT  50.64  51.71  93.29  45.39  83.82  90.53  85.35  73.88 
R2  0.8883  0.8524  0.9715  0.8156  0.9835  0.9539  0.9645  0.9896  

Dubinin-Radushkevich kDR (mol2/kJ2)  49.50  35.23  18.12  106.27  328.85  126.05  121.03  253.01 
qDR (mg/g)  397.03  432.06  520.75  443.70  330.36  406.54  440.12  344.38 
E (kJ/mol)  0.1421  0.1685  0.2349  0.0970  0.0551  0.0890  0.0909  0.0628 
R2  0.8472  0.8701  0.9201  0.9145  0.9426  0.9055  0.9245  0.8967  
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The adsorption mechanism was further revealed by DFT calculations, 
explaining the possible role of distinct groups contributing to the 
adsorption. Fig. S10 illustrated the optimized structures of AOSA3, 
AOSA3-Pb and AOSA3-Cu. Adsorption energy (Eads) smaller than 0 rep
resents favorable adsorption and Eads greater than 0 refers to adverse 
adsorption. DFT calculations showed that AOSA3-Pb had smaller Eads 
(− 0.71 eV) than AOSA3-Cu (− 0.69 eV), suggesting that the adsorption 
of Pb (II) by AOSA3 had more stability than for Cu (II). HOMO and 
LUMO were used to describe the ability to donate and acquire electrons, 
respectively [70]. Fig. 14 showed the orbital diagrams of the HOMO- 
LUMO and Egap changes for AOSA3, AOSA3-Pb and AOSA3-Cu. The 
HOMO and LUMO of AOSA3 was mainly located on the amidoxime 
groups. After metal ions adsorption by AOSA3, however, the HOMO and 
LUMO of both AOSA3-Pb and AOSA3-Cu changed significantly, indi
cating that AOSA3 successfully adsorbed Pb (II) and Cu (II). Moreover, 

the Egap of AOSA3-Pb and AOSA3-Cu was remarkably reduced, sug
gesting that the original structure of AOSA3 was destroyed after metal 
ions adsorption [71]. 

Natural Bond Orbital (NBO) analysis further revealed the adsorption 
mechanism of the AOSA3 adsorbent interacting with Pb (II) and Cu (II) 
[72]. If the stability energy (E(2)) is greater, the electron-donor and 
electron-acceptor interactions will be more powerful [73]. The adsorp
tion of metal ions by AOSA3 was mainly dominated by the interaction of 
N and O atoms providing lone pairs electrons with Pb (II) and Cu (II). 
From Table S3, it can be observed that AOSA3-Pb exhibited E(2) values 
of 44.21 and 0.30 kcal/mol for LP(N10) → LP*(Pb) and LP(N12) → LP* 
(Pb), respectively, and E(2) value of 0.69 kcal/mol for LP(O11) → LP* 
(Pb). The E(2) value for LP(N10) → LP*(Pb) was larger than that for LP 
(O11) → LP*(Pb), illustrating that the N atom of the amidoxime group 
on AOSA3 had a predominant role in Pb (II) adsorption, and the N and O 
atoms were both participated in the adsorption process. 

Similar results were observed in AOSA3-Cu, for which the E(2) values 
for LP(N10) → LP*(Cu) being larger than LP(O11) → LP*(Cu), sug
gesting the dominance of the N atom of the amidoxime functional 
groups for the Cu (II) adsorption [74]. In addition, the smaller E(2) value 
of LP(N) → LP*(Cu) than LP(N) → LP*(Pb), demonstrating that the 
binding affinity of AOSA3 for Pb (II) was superior to Cu (II) [75]. In 
conclusion, DFT calculations verified the key role of the amidoxime 
group in the adsorption of metal ions by AOSA3 and clearly elucidated 
the roles of various atoms contributing to the adsorption. 

3.4. LCA analysis 

3.4.1. Environmental impact of AOSA3 production 
The environmental effects of preparing 1 kg of AOSA3 sample were 

assessed using the LCA method, as AOSA3 showed optimum adsorption 
performance (Section 3.2). As shown in Table S4, the mean values for 
PED, POFP, ODP, EP, ADP, AP and GWP were 1439.66 MJ, 0.21 kg 
NMVOC eq, 9.53E-06 kg CFC-11 eq, 0.04 kg PO4

3- eq, 0.009 kg antimony 
eq, 0.29 kg SO2 eq and 69.02 kg CO2 eq. Among them, PED had the 
largest effect with 1439.66 MJ. The GWP value was not negligible 
because producing 1 kg of AOSA3 simultaneously produced 69.02 kg 
CO2 eq. It is beneficial to find more eco-friendly AOSA3 production 
solutions by analyzing the impact of various feedstocks for AOSA3 
production. 

For a clearer analysis of the environmental effects of the AOSA3 
adsorbent in the production process, the environment effect classifica
tion of all ingredients was standardized so that the sum of the factors for 
each effect classification was 100%. As presented in Fig. 15, ethanol had 
the highest percentage of environmental impacts among all ingredients 

Table 4 
Comparison of adsorption capacity of AOSA-X adsorbent with other amidoxime 
base adsorbents.  

Adsorbents Conditions qm (mg/g) Reference 

Pb (II) Cu (II) 

AO-PP fiber T = 298 K, pH 
= 5 

45.64  47.23 [28] 

Amidoxime-functionalized 
mesoporous silica 
microsphere 

T = 298 K, pH 
= 6.3 

284  – [30] 

Fe3O4@SiO2-g-PAMAM-AO 
magnetic composites 

T = 318 K, pH 
= 5.5 

157.25  – [50] 

PAN-Na-Y-zeolite composite T = 298 K, pH 
= 4 

74.2  48.5 [51] 

PAO-AM chelating resin T = 298 K, pH 
= 5.6, 5.4 

331.5  185.6 [54] 

CF-g-PAO cellulose T = 298 K, pH 
= 5 

25.16  25.65 [56] 

Waste amidoxime chelating 
resin 

T = 298 K, pH 
= 4 

115.5  93.8 [60] 

AM/AO/AEBI-CTS chitosan T = 298 K, pH 
= 5 

–  190.7 [61] 

Amidoximated non-woven 
polyethylene-g- 
acrylonitrile fabric 

T = 298 K, pH 
= 5.4, 5.2 

107  74.62 [62] 

AOSA1 T = 298 K, pH 
= 5 

453.53  417.08 This work 

AOSA2 T = 298 K, pH 
= 5 

505.14  480.40 This work 

AOSA3 T = 298 K, pH 
= 5 

598.05  534.10 This work 

AOSA4 T = 298 K, pH 
= 5 

511.75  417.51 This work  

Fig. 11. The plots of lnkc vs 1/T for the adsorption of Pb (II) (a) and Cu (II) (b) by AOSA-X (conditions: V = 20 mL, pH = 5, c0 = 100 mg/L, adsorbent dosage: 20 mg).  
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used in production. Its contribution to PED, POFP, ODP, EP, ADP, AP 
and GWP was 60.47%, 53.53%, 45.73%, 35.12%, 54.69%, 56.6% and 
70.51%, respectively. This may be due to the role of ethanol primarily as 
a solvent and detergent in adsorbent preparation processes, where the 
higher quantity needed results in greater environmental effects. This 
was followed by n-Hexane, which contributed 25.19%, 38.48%, 46.9%, 
37.25%, 38.23%, 17.05% and 8.89% to PED, POFP, ODP, EP, ADP, AP 
and GWP, respectively. The multiple usage of n-Hexane as a detergent 
made its environmental contribution proportionally higher. From 
Table 1, it was found that the TEOS dosage was only 0.62 kg, accounting 
for about 3.38% of the n-Hexane dosage, but caused a contribution of 
23.88% to the EP in the synthesis stage of AOSA3. In addition, the 
consumption of electricity in the production of AOSA3 also accounted 
for a relatively large proportion of the GWP and AP, with 14.01% and 
17.48%, respectively. 

3.4.2. Green production recommendations 
To provide a green and environmentally friendly method for sorbent 

synthesis, the environmental effects of the production process of AOSA3 
have been analyzed. It is important to mitigate the negative impact on 
the environment by developing a technology to capture and reuse 
evaporated ethanol and n-Hexane, as they are easily volatilized. 
Considering the environmental impact of TEOS, it can be replaced by 
water glass, which can be used for preparation at a lower cost than the 
approach using TEOS, providing environmental and economic benefits 
in large-scale production [76]. The environmental impact of electricity 
can be replaced by tidal energy or wind power, which will protect the 
environment. 

The environmental impact of the CTES synthesis process was also 
probed, due to the presence of the cyano group in CTES, which is a key 
feedstock for the introduction of the amidoxime group. 

Table 5 
Thermodynamic parameters for Pb (II) and Cu (II) adsorption onto AOSA-X.  

Samples T/K Pb (II) Cu (II) 

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

AOSA1 293  − 7.00 62.58 237.48  − 2.50 45.76 164.72 
298  − 8.18  − 3.32 
303  − 9.37  − 4.15 
308  − 10.56  − 4.97 
313  − 11.75  − 5.79 
318  − 12.94  − 6.62 

AOSA2 293  − 6.38 37.27 149.01  − 4.65 30.68 120.60 
298  − 7.13  − 5.26 
303  − 7.87  − 5.86 
308  − 8.62  − 6.46 
313  − 9.36  − 7.06 
318  − 10.11  − 7.67 

AOSA3 293  − 9.39 129.45 473.88  − 5.58 56.02 210.26 
298  − 11.76  − 6.64 
303  − 14.13  − 7.68 
308  − 16.49  − 8.74 
313  − 18.87  − 9.79 
318  − 21.23  − 10.84 

AOSA4 293  − 6.31 26.95 113.50  − 4.72 − 68.56 250.11 
298  − 6.87  − 5.97 
303  − 7.44  − 7.22 
308  − 8.01  − 8.47 
313  − 8.57  − 9.73 
318  − 9.14  − 10.98  

Fig. 12. Regeneration tests of AOSA3 (conditions: c0 = 50 mg/L, pH = 5, T = 298 K, adsorbent dosage: 20 mg).  
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(4)   

CTES was prepared from ethanol, silicon and acrylonitrile. To 
explain their impact on the environment, the above-mentioned factors 
were normalized to 100% in each impact category. In Fig. 16, among all 
ingredients, silicon had a particularly small environmental impact (close 
to 0%), while the environmental impacts of ethanol and acrylonitrile 
were more obvious. Ethanol contributed 51.67%, 66.67%, 53.33%, 
30.77%, 52.73%, 41.67% and 52.85% to PED, POFP, ODP, EP, ADP, AP 

Fig. 13. XPS spectra of AOSA3: (a) full-scan spectra; (b) spectra of Pb 4f; (c) spectra of Cu 2p; N 1s spectra of AOSA3 (d), AOSA3-Pb (e) and AOSA3-Cu (f); O 1s 
spectra of AOSA3 (g), AOSA3-Pb (h) and AOSA3-Cu (i). 

Fig. 14. Orbital diagram of the changes in HOMO-LUMO and Egap for AOSA3 (a), AOSA3-Pb (b) and AOSA3-Cu (c).  

(5)   
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and GWP, respectively. While acrylonitrile contributed 48.33%, 
33.33%, 46.67%, 69.23%, 47.27%, 58.33% and 47.14% to the impacts 
of the above environmental categories, respectively. As described pre
viously, the environmental effects of ethanol may be mitigated by 
recycling methods, finding other materials to replace acrylonitrile in the 
synthesis of CTES may also reduce the environmental impact. 

4. Conclusion 

Cyano-functionalized silica aerogel (ANSA-X) was obtained using 
ethyl orthosilicate as the silica source and 2-cyanoethyltriethoxysilane 
as the functionalization reagent, followed by reaction with hydroxyl
amine hydrochloride under alkaline condition to obtain amidoxime- 
functionalized silica aerogel (AOSA-X). SEM, FTIR, XRD, BET, 1H and 
13C NMR, thermogravimetry, elemental analysis and XPS analysis were 
used for the characterization of the adsorbents with respect to their 
micro-morphology, structural composition and thermal stability. SEM 
results displayed the surface of the AOSA-X material had a porous 
structure. FTIR analysis indicated that the ANSA-X sample had a 
cyanogenic peak at 2260 cm− 1, and after the amidoxime modification, 
no cyano peak could be observed in the AOSA-X sample, which proved 
that the cyano group had been successfully reacted to produce the 
amidoxime group. BET analysis exhibited that AOSA2 had the largest 
specific surface area, followed by AOSA3. The adsorption isotherm ex
periments exhibited that the maximum adsorption capacity (qm) of 
AOSA1, AOSA2, AOSA3, and AOSA4 for Pb (II) were 453.53, 505.14, 
598.05, and 511.75 mg/g, and the maximum capacity (qm) for Cu (II) 
were 417.08, 480.40, 534.10 and 417.51 mg/g, respectively. AOSA3 

showed the optimum adsorption for metal ions. The adsorption kinetic 
studies revealed that AOSA-X could reach adsorption equilibrium in 120 
min for Cu (II) and 60 min for Pb (II), and the adsorption was consistent 
with the pseudo-first-order and pseudo-second-order kinetic model. The 
adsorption thermodynamics demonstrated that adsorption was a spon
taneous endothermic process, and the randomness at the solid–liquid 
interface increased. XPS analysis, NMR analysis and DFT theoretical 
calculations unveiled that the adsorption of metal ions by AOSA3 mainly 
occurred through the formation of coordination bonds with Pb (II) and 
Cu (II) by N and O atom donors on the amidoxime moiety, and the 
amidoxime moiety exhibited a strong metal ions coordination ability 
and a greater affinity for Pb (II). Several factors with high environmental 
impacts were obtained by LCA analysis, and the preparation strategy 
with clean production, energy saving and environmental protection was 
proposed. 
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