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ARTICLE INFO ABSTRACT

Keywords: Schiff base silica aerogels (SCA-X) were synthesized using amino-containing organosilanes and salicylic aldehyde

Adsorption as functional monomers with ethyl orthosilicate hydrolysis condensation as carrier. The influence of SCA-X on

Is{elf"g bmetal the adsorption of Pb (II) and Cu (II) under different adsorption conditions was evaluated, including the effect of
CL ase

solution pH, isotherm, kinetics, thermodynamics and adsorption mechanism. The batch adsorption experiments
showed that SCA2 had the optimum adsorption capacity for Pb (II) (357.1 mg/g) and Cu (II) (243.9 mg/g),
leading to adsorption equilibrium within 120 min and 360 min, respectively. After six adsorption—-desorption
cycles, SCA2 still possessed satisfactory adsorption for Pb (II) and Cu (II), demonstrating the reusability of the
SCA2 adsorbent material. Kinetic studies indicated that the adsorption process could be described by a pseudo-
second-order kinetic model, adsorption isotherms were in accordance with the Langmuir model, indicative of
monomolecular layer adsorption. Thermodynamics evaluation revealed the nature of the adsorption process was
an endothermic spontaneous process. XPS analysis combined with DFT calculations confirmed that the inter-
action mechanism between SCA2 and Pb (II) occurred through the coordination between the nitrogen atom
donor in the Schiff base and the oxygen atom donor in the benzene ring, while the interaction between SCA2 and
Cu (II) occurred mainly through the coordination between the nitrogen atom in the Schiff base and Cu (II). Life
Cycle Assessment (LCA) was introduced to analyze the environmental impact of the SCA2 fabrication process and
eco-friendly approaches were provided, which eventually provided theoretical evidence for the application of as-
prepared material in the handling of heavy metal effluents.

Density functional theory
Life Cycle Assessment

1. Introduction

It is well-known that water is an irreplaceable resource on which
human society depends for survival and development. In recent years,
heavy metal pollution has become increasingly serious and poses a
serious threat to the ecological environment [1]. Heavy metals are
directly or indirectly released into water bodies through various indus-
trial emissions, such as printing, electroplating, fertilizers, batteries, etc.
[2]. Heavy metals can hardly be biodegraded and can bioaccumulate in
living organisms, for example, kidney failure and Fanconi-like syndrome
due to lead retention, and Wilson’s disease caused by excessive copper
retention [3]. Therefore, effectively eliminating heavy metal ions from

water is one of the leading topics of research.

Currently, some methods available for the removal of heavy metal
ions from water involve electrodialysis, adsorption, ion exchange,
chemical precipitation, membrane filtration, and biological remediation
[4]. In this regard, the adsorption technique has great potential for
practical application over other methods thanks to its outstanding
effectiveness, operational simplicity, recyclability, and cost-
effectiveness [5]. The high-efficiency heavy metal removal depends
largely on what adsorbent materials are used in the adsorption pro-
cesses. However, conventional adsorbents exhibit unsatisfactory reus-
ability properties as well as tunability, which has led to the development
of novel, high-efficiency adsorbents [6].
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The Schiff-base functionalized composites were already found to be
prospective candidates for the removal of heavy metal ions from water
[7]. The Schiff-based adsorbent material exhibits excellent chelation of
metal ions due to its possession of azomethine (C = N) donor groups and
large surface area [8]. Shahraki et al. [9] prepared Schiff base-chitosan
adsorbent (MCS-ITMB) with an excellent adsorption capacity of 134.10
mg/g for Pb (II) and a high adsorption capacity after five cycles of use.
Fang et al. [10] fabricated ion-imprinted Schiff base functionalized ad-
sorbents (Cu(II)-IIPs), which exhibited a high capacity to remove Cu (II)
with an adsorption capacity of 195.3 mg/g, and found that the capture
of Cu (II) ions was not impacted by the presence of Ni (II), Zn (II), Cd (II),
and Co (II) co-existing ions and that Cu(II)-IIP-2 possessed high stability
allowing it to be recycled six times. Zhang et al. [11] synthesized a new
double Schiff base chelating resin (CPS-AA), which had good reusability
with adsorption capacities of 432.9 and 215.9 mg/g for Cu (II) and Pb
(ID), respectively. Despite the benefits of the above Schiff-based mate-
rials, they also have some drawbacks, such as adsorbent materials ag-
gregation, which can greatly decrease their surface area and severely
limit their contaminant removal properties. Therefore, the introduction
of Schiff base functionalized groups into the aerogel matrix could be an
excellent way to overcome this problem [12]. However, there are few
relevant literature reports on the combination of Schiff base functional
groups and aerogel backbones.

Available interpretations regarding the adsorption mechanism are
incomplete, just including experiments, characterizations as well as
classical models [13-16]. Consequently, density functional theory (DFT)
has been gradually being adopted to give a more in-depth explanation of
the adsorption mechanisms of pollutants by adsorbents [17,18]. DFT is
an extremely useful tool, which allows theoretical computations of ex-
periments to be solved at the atomic level [19]. In light of these factors,
this study utilizes DFT calculations to explore the mechanism of
adsorption involving heavy metal ions from the atomic-level point of
view, which is important for explaining the elimination of Pb (II) and Cu
(ID) from effluents. Identifying potential trade-offs at the start of adsor-
bent material development can help to formulate sustainable adsorbent
materials with a lower environmental impact. At an early stage of
product development, the life cycle assessment of different adsorbents
allows assessment of their environmental impact [20]. To identify and
understand the negative environmental impacts of each product at the
various stages of production, use and disposal, it is essential to assess its
environmental impact at the earliest stage of development in order to
avoid these impacts by changing or modifying these stages [21]. Un-
fortunately, the environmental impacts of Schiff-based adsorbent pro-
duction are hardly to be found in the literatures.

In this work, Schiff-base functionalized aerogels (SCA-X) were
fabricated by a facile sol-gel method via atmospheric pressure drying.
The major aims of this work were: (1) to describe the characteristics of
the fabricated Schiff base silica aerogels; (2) to evaluate the effect of
different conditions on the adsorption of Pb (II) and Cu (II); (3) to un-
cover the atomic basis of the adsorption mechanism of Pb (II) and Cu (II)
on SCA2 with DFT calculations; (4) to reveal the environmental and
health effects of SCA2 preparation processes in conjunction with LCA
analysis.

2. Material and methods
2.1. Materials

Tetraethoxysilane (TEOS), ethanol (EtOH), n-hexane, hydrochloric
acid (HCl), ammonium hydroxide, lead chloride (PbCly), copper -
chloride (CuCly), mercury dichloride (HgCly), zinc nitrate (Zn(NOs)s),
chromic nitrate (Cr(NO3)3) and potassium chromate (KoCrO4) were
supplied from Xian Chemical Reagent Co. Ltd. Salicylaldehyde (SA) and
3-aminopropyl triethoxysilane (APTES) were available from Shanghai
Aladdin Biochemical Technology Co., Ltd. All chemical grades meet the
experimental requirements and do not require further purification.
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2.2. Preparation of Schiff-based silica aerogel adsorbents (SCA-X)

A mixture of APTES in 15 mL ethanol was slowly spiked with SA in
15 mL ethanol within 60 min under stirring. And the solution was
agitated at 30 °C for 6 h, named A solution. The mixture of 10 mL TEOS,
26 mL ethanol and 12 mL 0.1 mol/L HCI solution was stirred at 60 °C for
2 h and recorded as B solution. The solution A was charged slowly into
the solution B and stirred at 30 °C for 24 h. Then, 4 mL 1 mol/L
ammonium hydroxide was introduced to adjust the pH to 7 ~ 8, and
stirred vigorously for 5 ~ 10 min and the gel was formed after 12 h in a
40 °C water bath. The solvent exchange was then carried out 6 times
with anhydrous ethanol for 6 h. Subsequently, a further solvent ex-
change with n-hexane was performed 4 times for 6 h. Finally, the
products are dried in a vacuum drying oven at 40 °C and 60 °C for 24 h.
The molar ratios of n (TEOS): n (APTES): n (SA): were 1: 0.3: 0.3, 1: 0.5:
0.5, 1: 0.7: 0.7, 1: 0.9: 0.9, respectively, and named as SCA1, SCA2,
SCA3 and SCAA4, respectively. SCA2 was chosen for the follow-up DFT
calculations and LCA analysis as it showed the optimum adsorption
properties.

2.3. Characterizations

The aerogel samples were investigated by X-ray diffraction (XRD),
scanning electron microscopy (SEM), elemental analyser (EA), Fourier
transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET)
specific surface area, thermogravimetric analysis (TGA), atomic ab-
sorption spectrophotometry (AAS) and X-ray photoelectron spectros-
copy (XPS). The characterization techniques are described in detail in
the Supporting Information.

2.4. Adsorption experiments

The absorption behavior of SCA-X for Pb (II) and Cu (II) was assessed
in batch experiments under different conditions. Specifically, the effect
of SCA-X dosage was studied on 50 mg/L of Pb (I) and 50 mg/L of Cu (II)
solutions using 0.5-2.0 g/L of adsorbent in 50 mL centrifuge tubes. The
effect of pH (1-6) on the adsorption of Pb (II) and Cu (II) was carried out
using 1 g/L adsorbent. 0.1 M HCI and 0.1 M NaOH solutions are used to
adjust the pH of the solution. For kinetic studies, adsorption was per-
formed at 10 mg SCA2 and 10 mL of 50 mg/L Pb (II) and Cu (II) solutions
with 0-240 min for Pb (II) and 0-720 min for Cu (II) at 298 K. For the
absorption isotherm investigation, the initial concentrations of both Pb
(II) and Cu (II) were 50-1000 mg/L at 298 K. Adsorption thermody-
namic studies were conducted at different temperatures (293-318 K)
with a concentration of 100 mg/L for Pb (II) and 50 mg/L for Cu (II). Six
times adsorption cycling experiments were undertaken. Once the
adsorption was completed every time, the saturated adsorbent was
treated with 25 mL of 0.1 M HCl solution and agitated for 4 h to desorb,
followed by further adsorption and desorption. It is repeated three times
for each adsorption experiment and the results are obtained using the
mean value. Removal efficiency (¢, %) and adsorption capacity (g, mg/
g) can be obtained using Egs. (1) and (2).

Cyp —C

=" x100% 1)
0

_ (co—c) xv o)
w
Where cp (mg-L’l) and ¢ (mg-L’l) refer to concentration of Pb (II) and
Cu (II) at initial and time t, respectively. v (L) relates to the solution
volume and w (g) gives the adsorbent dosage.
More information regarding the kinetic, isothermal and thermody-
namic models is provided in the Supporting Information.



Y. Zhang et al.

Chemical Engineering Journal 462 (2023) 142019

The production of
n-Hexane

The production of
TEOS
Electricity,
The production of
Ethanol \ J
The production of Transport to . T i T
" . the lab - Preparation I Use E_.: End-of-life
S —— - 4
The production of / X
APTES
Water

Fig. 1. Flowchart describing the SCA2 adsorbent production.

2.5. DFT calculation

The Gaussian 09 software was used for all DFT calculations [22].
Simulations have been conducted in the ground state using the B3LYP
functional group [23]. Regarding geometrical optimization and fre-
quency calculations, the LanL2DZ basis set was used for Pb and Cu atoms
and the 6-31 g(d) basis set for the other atoms. The single point energy
calculation employed the LanL.2DZ basis set for Pb and Cu atoms and the
6-311 g(d, p) basis set for the other atoms [24]. It is calculated using an
integral equation formalism polarization continuum model (IEFPCM)
with water being the solvent to account for solvation effects [17]. The
adsorption energy (Eqqs) is determined as the following Eq. (3) [25].

Eads = Ezuml - (Eadsorbem + Emem[) (3)

where Eq is the total energy of Pb (II) or Cu (II) adsorbed onto SCA2,
Eqdsorbent refers the SCA2 energy and Ep,¢q depicts the energy of Pb or Cu
atom, respectively.

2.6. Life Cycle assessment (LCA)

2.6.1. Goal and scope definition

The goal of this study was to determine the environmental impacts
associated with the production of 1 kg SCA2. While it is still at an early
stage in the production process, there is a high degree of uncertainty
regarding its impact on the environment, therefore, this study uses
sensitivity analysis to characterize the synthesis process in order to
achieve the objective of reducing environmental impact.

Life Cycle Assessment (LCA) is a useful tool for evaluating a prod-
uct’s environmental impact over its lifetime [26]. The use of LCA to
quantify the environmental impact of SCA2 in the production process is
relatively new. An environmental impact assessment was conducted
using the guidelines in ISO 14044 [27]. Environmental hotspots were
identified through analysis of the impact of each material used in the
production of SCA2, and further environmental-friendly production
strategies were developed to reduce the negative impact on sustain-
ability. Fig. 1 provided the system boundaries for a cradle-to-grave LCA.
Raw material transport distances were calculated based on China’s
average distance of 181 km. This work does not take into account the use
and end-of-life phases, following the assumption that there is not envi-
ronmental impact in use phase and the end-of-life phase does not require
disposal.

2.6.2. Life cycle inventory
The second stage of LCA research is Life Cycle Inventory (LCI)

Table 1
Life Cycle Inventory for the production of 1 kg SCA2.
Mass Unit

Raw material input
TEOS 0.47 kg
Ethanol 30 kg
SA 0.2 kg
APTES 0.35 kg
n-hexane 21.25 kg
Water 0.64 kg
Energy input
Electricity 6 kWh
Transportation 181 km
Output
SCA2 1 kg

analysis. It is responsible for collecting data about all inputs and outputs
recognized at the boundaries of a system [28]. Experiments carried out
in the laboratory (see section 2.2) and literatures were collected and
recorded according to the boundaries mentioned above. The calcula-
tions were performed in eFootprint and the Ecoinvent database v.3.1
and CLCD were used to access all data in the Life Cycle Inventory (LCI).
As a source of electricity, this study assumed that an average global mix
of electricity would be used. The LCI for generating final products
(SCA2) was indicated in Table 1.

2.6.3. Impact categories

The results of the LCI can be assigned to environmental issues of
focus by impact category. The evaluating methodologies, including cu-
mulative energy demand (CED), IPCC GWP 100a, and CML-IA baseline,
are used. Meanwhile, seven common impact categories are investigated,
namely Global Warming Potential (GWP), Acidification Potential (AP),
Abiotic Depletion Potential (ADP), Eutrophication Potential (EP), Ozone
Depletion Potential (ODP), Photochemical Ozone Creation Potential
(POFP) and Primary Energy Demand (PED).

3. Results and discussion
3.1. Characterization

The SEM result illustrated in Fig. 2 demonstrated that the obtained
samples exhibited a clear successive net-like structure with high



Y. Zhang et al.

Chemical Engineering Journal 462 (2023) 142019

Fig. 2. Morphology of SCA-X. (a) SCA1; (b) SCA2; (c) SCA3; (d) SCAA4.
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Fig. 3. FTIR spectra of SCA-X.

porosity. When the content of APTES and SA was low, a compact aerogel
skeleton with a dense porous structure was formed due to the incom-
plete reaction (Fig. 2a). Increasing the amount of APTES and SA caused
the aerogel skeleton to loosen, forming large continuous pores as sec-
ondary particles accumulate at the surface (Fig. 2b) [29]. Interesting,
the aerogel skeleton surface was comparatively coarse, which facilitated
the formation of a robust framework as the secondary particles were
able to connect more easily. It was observed that when APTES and SA
were increased further, a chains-like structure was formed with large
smooth spheres (Fig. 2¢ and d), where phase split occurred due to the
large amounts of APTES and SA [30]. Morphological images of Schiff
base aerogels were displayed in Fig. S1. In addition, Table S1 presented
the physical properties of Schiff base aerogels prepared with varying

amounts of APTES and SA. By increasing the amount of APTES and SA,
the density and volume shrinkage of Schiff base aerogels first decreased
and then increased, correspondingly the density changed from 0.35 g/
em® to 0.31 g/em® and then increased to 0.62 g/cm®. The volume
shrinkage dropped from 17.2% to 16.6% and then increased to 24.7%,
with SCA2 having the lowest density and smallest volume shrinkage.
Moreover, Table S2 provided information about elemental analysis of
SCA-X samples. And the C and N content of the SCA1, SCA2, SCA3 and
SCA4 progressively increased with increasing APTES and SA content. It
appeared that Schiff base content in samples was directly related to the
amount of APTES and SA, thus the preparation of SCA-X materials was
confirmed to be successful.

An investigation of the FTIR spectra was carried out for the deter-
mination of the chemical compositions of SCA-X samples (Fig. 3). The
bands at 1114, 775 and 458 cm™! were classified as the Si-O-Si asym-
metric vibration, symmetric vibration and bending vibration [31]. The
peak at 1359 cm ™! was assigned to a C-N stretching vibration [8]. The
peaks at 2829 and 2940 cm ™! were ascribed to C-H asymmetric and
symmetric vibration [32]. The weak peak at 3056 cm ™! was attributed
to hydrogen vibrations on the benzene ring [33]. The broad peak at
3451 cm ! was classified as the O-H stretching vibration. Additionally, a
peak at 1612 cm ! appeared due to the multi-bond stretching vibrations
of C =N, and C = C in aromatic rings coupled with O-H from adsorbed
water [10,33].

The XRD patterns of SCA-X were exhibited in Fig. S2. In all SCA-X
samples, XRD patterns displayed a similar broadening peak at 20 ~
21.75°, which was consistent with an amorphous structure of silica [34].
The intensity of the peaks decreased slightly with increasing APTES and
SA content. According to the XRD plots, the SCA-X samples still main-
tained the original amorphous structure of the silica aerogel and were
essentially unchanged.

A representation of Ny adsorption—desorption isotherms and distri-
butions of pore sizes was shown in Fig. 4. A type IV isotherm was found
in SCA-X samples and an H3 hysteresis loop was detected, which indi-
cated the mesoporous materials [35]. The SCA-X sample structure had
an uneven distribution of pore structures, with the majority of holes
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being of a fractured shape and flask-shaped holes with open ends [29].
The samples exhibited dramatic Ny absorption around P/Py ~ 1,
demonstrating that the macroporous structures presented in SCA-X [36].
The specific surface area (SSA) of SCA1, SCA2, SCA3 and SCA4 were
152.47, 80.85, 34.87 and 17.41 m?/g, respectively. A gradual increase
in pore size of 15.78, 18.79, 22.10 and 31.06 nm can be found for SCA1,

SCA2, SCA3 and SCAA4, respectively. There was a reduction in SSA due to
an increased molecular volume formed when more aminosilane
coupling agents and salicylic aldehydes were combined [37].

The thermogravimetric curves for the SCA-X samples were shown in
Fig. 3. The slight weight loss of approximately 4% under 200 °C was
considered to the humidity and physically adsorbed water [8]. Then, a
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Fig. 6. The effect of pH on the Pb (II) (a) and Cu (II) (b) adsorption by SCA-X.

dramatic drop was noted between 200 and 700 °C owing to the
condensation of residual silanol groups and the decomposition of Schiff
bases [38]. The weight loss above 700 °C was possibly caused by the
breaking of the benzene ring and the breakage of the siloxane groups of
the SCA-X aerogels [39]. The final mass losses were 33.65%, 36.20%,
46.68% and 49.49% for SCA1, SCA2, SCA3 and SCA4, indicating that
the increase of weight loss correspond to the increasing amount of
APTES and SA.

3.2. Adsorption properties

3.2.1. Comparison of the adsorbent capacity
Fig. 5 showed the effect of aerogels obtained using different contents

of APTES and SA on the adsorption of Pb (II) and Cu (II). The SCA2 (n
(TEOS): n (APTES): n (SA) = 1:0.5:0.5) adsorbent had optimal removal
performance for both Pb (I) and Cu (II). As the content of APTES and SA
increased, the longer macromolecular chains were generated by the
reaction of APTES and SA, the increased potential resistance hindered
further grafting onto the silica aerogel skeleton, and caused the aerogel
particles to become larger and the SSA to decrease significantly, thus
influencing the removal of heavy metals. Elemental analysis showed
that a further increase in the content of APTES and SA could increase the
Schiff base content, but the reduced SSA could result in part of the Schiff
base being unavailable. Therefore, considering the economic benefits
and adsorption performance, SCA2 was selected for the following
studies on heavy metal ion adsorption [40]. In addition, the removal

Pseudo-first-order
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Fig. 7. Adsorption kinetic fitting curve for Pb (II) on SCA-X.
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Fig. 8. Adsorption kinetics fitting curve for Cu (II) on SCA-X.

rates of Pb (II) and Cu (II) were observed to be almost maximum at an low pH (pH < 4) containing abundant H30™, SCA-X surface had a lot of

adsorbent dosage of 0.01 g (i.e. 1 g/L), and the increase of the adsorbent
dosage was not significant for improving the removal rate, so the
adsorbent dosage of 1 g/L at the inflection point was chosen.

3.2.2. The effect of pH

Solution pH has a significant impact on the surface charge of ad-
sorbents, and this will eventually influence the adsorption process [41].
Fig. 6 showed the influence of solution pH on the adsorption of Pb (II)
and Cu (II) by the SCA-X adsorbents. An increase in the pH in the range 1
to 6 caused to an increase in the adsorption of Pb (II) and Cu (II) by SCA-
X. Adsorption was commonly regarded as a competition between Lewis
acid (Pb?*, Cu?*, H30™) and Lewis base (-N = CH-). In solutions with a

active sites taken up by H3O" and produced protonated groups (-CH =
NH™-), leading to a low adsorption performance. Higher pH promoted
Pb (II) and Cu (II) trapping on SCA-X, as the greatly reduced H30™" in
aqueous solution and the deprotonation of the ligand [42]. At solutions
pH above 6.0, insoluble hydroxide precipitation was favored, which
could lead to inaccurate test results [43]. In addition, the zeta potential
analysis of SCA2 was illustrated in Fig. S4. The potential value of SCA2
dropped with rising pH. The isoelectric point of SCA2 was approxi-
mately at pH 4.28. The surface of SCA2 became protonated and posi-
tively charged when pH was below the isoelectric point, repelling
positively charged metal ions in solution and hindering Pb (II) and Cu
(II) adsorption. The functional groups protonated of SCA2 became

Table 2
Adsorption kinetic parameters for Pb (II) and Cu (II) on SCA-X.
Kinetic models Parameters Pb (ID) Cu (ID)
SCA1 SCA2 SCA3 SCA4 SCA1 SCA2 SCA3 SCA4
Pseudo-first-order k; (min~?) 0.033 0.024 0.144 0.138 0.009 0.011 0.006 0.011
Qe (mg/g) 57.03 25.41 14.83 23.61 11.94 35.21 31.25 25.90
R? 0.9745 0.9625 0.8333 0.9163 0.9624 0.9899 0.9694 0.9541
Pseudo-second-order ks (g/(mg-min) 0.0009 0.0014 0.0305 0.0179 0.001 0.0004 0.0002 0.0007
qe (mg/g) 54.35 53.19 50.25 50.00 25.25 46.94 48.08 34.48
R? 0.9989 0.9989 1 0.9999 0.9996 0.9987 0.9984 0.9989
Elovich o (mg/(mg-min) 7.122 12.694 4571.67 790.17 3.165 2.653 1.611 2.346
p (mg/g) 0.096 0.108 0.218 0.182 0.238 0.114 0.104 0.157
R? 0.9437 0.8962 0.6150 0.6886 0.9017 0.9682 0.9717 0.9287
Intraparticle diffusion Kkp1 (mg/(g:min'/?) 5.814 5.815 13.427 14.076 2.374 3.125 3.449 2.896
R? 0.9724 0.9831 0.9828 0.9976 0.9970 0.9715 0.9959 0.9977
k2 (mg/(g-min'/?) 1.669 0.905 0.545 1.057 0.317 1.222 1.201 0.338
R? 0.9962 0.9133 0.8622 0.9658 0.9982 0.9314 0.9754 0.9149
Kp3 (mg/(g-min'/?) 0.099 0.174 0.031 0.040 0.052 0.047 0.266 0.123
R? 0.9374 0.9868 0.4646 0.4645 0.9485 0.9736 0.9331 0.7845
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Fig. 9. Adsorption isotherm fitting curve for Pb (I) by SCA-X.

deprotonated and negatively charged when the pH was above the iso-
electric point, thereby facilitating heavy metal adsorption. Thus, pH 5.0
was selected to further investigate the elimination of Pb (II) and Cu (II),
considering the electrostatic attraction as mechanism for the adsorption
of Pb (II) and Cu (II) [44].

3.2.3. Adsorption kinetics

The amount of adsorption increased rapidly at first, then gradually
slowed down and finally reached equilibrium (Fig. S5). The absorption
equilibrium for Pb (II) on SCA-X was eventually achieved within 120
min, while for Cu (II) at 360 min. Clearly, Pb (II) adsorption achieved
adsorption equilibrium faster than Cu (II) adsorption, indicating that
SCA-X adsorbents adsorbed Pb (II) more readily.

Pseudo-first-order (PFO), Pseudo-second-order (PSO), Elovich and
intraparticle diffusion kinetics model were developed in order to better
understand the adsorption process. The results of the fitted kinetic
curves were shown in Pb (II) (Fig. 7) and Cu (I) (Fig. 8) and Table 2.

A comparison and analysis of the data in Table 2 showed that the
calculated equilibrium adsorption (g.q) from the PSO model (for Pb (II):
54.35, 53.19, 50.25, and 50.00 mg/g for SCA1, SCA2, SCA3, and SCA4,
respectively; for Cu (II): 25.25, 46.94, 48.08, and 34.48 mg/g for SCA1,
SCA2, SCA3, and SCA4, respectively) was in close accordance with the
experimental equilibrium adsorption value (qex) (for Pb (II): 49.49,
49.95, 49.94, and 49.81 mg/g for SCA1l, SCA2, SCA3, and SCA4,
respectively; for Cu (II): 24.25, 43.54, 43.35, and 32.42 mg/g for SCA1,
SCA2, SCA3, and SCA4, respectively). Moreover, the R? values from PSO
kinetic equation (R? greater than 0.99) were greater than those of the
other models. Therefore, the pseudo-second-order kinetic model was
more suitable for describing the capture of Pb (II) and Cu (I) by SCA-X,
denoting that chemisorption played a predominant part in the adsorp-
tion process [45,46]. In addition, three-stage linear components can be

clearly observed in the intraparticle diffusion model, which revealed
that multiple steps were involved in the adsorption process. The first
stage denoted external diffusion, involving a quick diffusion step of Pb
(I1) and Cu (II) from the solution to the outer surface of the adsorbent.
The second stage belonged to intraparticle diffusion, which showed a
lower diffusion rate of Pb (II) and Cu (II) than the first phase. At last, the
adsorption sites were gradually reduced and saturated, and the
adsorption tended to equilibrate [4]. Thus, intraparticle diffusion model
results demonstrated that the adsorption of Pb (II) and Cu (II) depended
on multi-steps [47]. The Elovich model was also well suited to experi-
mental data, which suggested that adsorption was a kinetic process
governed by the chemical interaction between the SCA-X adsorbents and
Pb (II) and Cu (II) [48,49]. Therefore, a chemisorption mechanism was
mainly responsible for the adsorption of Pb (II) and Cu (II) based on the
above analysis.

3.2.4. Adsorption isotherm

The impact of various concentrations on the adsorption of SCA-X was
carried out at 298 K. In Fig. S6, SCA-X adsorbents adsorption capacity
increased remarkably with increasing metal ion concentration, followed
by a plateau. The greater concentration gradient difference between the
solid and liquid phases leaded to an increase in mass transfer driving
forces as the initial concentration of heavy metal ions increased, the
active sites of SCA-X are progressively occupied and eventually the
adsorption capacity no longer increased [50]. Clearly, the adsorption
capacity of Pb (II) by SCA-X was higher than for Cu (II).

Some models were adopted to elucidate the adsorption mechanism of
SCA-X. A fitting curve for adsorption isotherm models can be seen in
Fig. 9 and Fig. 10 and its parameters can be found in Table 3. The
Langmuir model had higher R? values compared to other models, indi-
cating that it can better characterize the adsorption of Cu (II) and Pb (II)
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Fig. 10. Adsorption isotherm fitting curve for Cu (II) by SCA-X.
Table 3
Fitting parameters for the adsorption isotherms of Pb (II) and Cu (II) on SCA-X.
Isotherms models Parameters Pb (ID) Cu (II)
SCA1 SCA2 SCA3 SCA4 SCA1 SCA2 SCA3 SCA4
Langmuir ki, (L/mg) 0.024 0.041 0.031 0.034 0.004 0.015 0.011 0.008
qm (mg/g) 270.27 357.14 322.58 256.41 212.76 243.90 204.08 181.82
R? 0.9894 0.9953 0.9904 0.9932 0.9914 0.9899 0.9812 0.9855
Freundlich kg ((mg/g)/(mg/L)") 56.144 93.132 89.475 79.068 4.285 25.972 21.722 11.746
n 0.239 0.212 0.192 0.179 0.567 0.343 0.328 0.401
R? 0.9865 0.9786 0.9547 0.9440 0.9818 0.9828 0.9785 0.9780
Temkin kr (L/g) 4.144 30.634 43.823 41.464 0.051 0.363 0.307 0.127
Br 31.075 33.494 28.221 23.570 43.816 40.166 32.607 33.593
R? 0.9088 0.9014 0.8691 0.9161 0.9727 0.9851 0.9151 0.9763
Dubinin-Radushkevich kpr (mol?/kJ?) 0.186 0.028 0.031 0.071 191.62 11.17 9.51 73.83
qpr (Mg/g) 189.59 246.73 225.43 199.52 115.29 168.33 132.45 118.20
E (kJ/mol) 1.636 4.174 4.023 2.654 0.051 0.211 0.229 0.082
R? 0.6344 0.6487 0.6769 0.7898 0.7298 0.7190 0.5570 0.7576

and monolayer adsorption occurred on the surface of SCA-X aerogels.
The maximum adsorption capacity (g,) of Pb (II) by Langmuir model
was 270.27, 357.14, 322.58, and 256.41 mg/g for SCA1, SCA2, SCA3,
SCAA4, respectively, with corresponding experimental test values (g.) of
258.66, 349.73, 309.62, and 251.24 mg/g, respectively. Comparably,
the maximum adsorption capacity (g,;) of Cu (II) was 212.76, 243.90,
204.08, and 181.82 mg/g, with experimental test values (g.) of 165.35,
230.26, 184.28, and 160.78 mg/g, respectively. Furthermore, the
calculated separation factors Ry lied in the range of 0 to 1, indicating that
the SCA-X adsorbents were favorable for the adsorption process of both
Cu (II) and Pb (II) [51]. Besides, the Freundlich model also correlated
well (RZ, 0.94-0.98), with Kr [Pb(I)] > K [Cu(II)] implying that the
SCA-X adsorbent had a greater adsorption potential for Pb (II) than for

Cu (II), which was consistent with the finding of the adsorption exper-
iments [52]. It also indicated that metal ions on SCA-X had a preferential
adsorption process due to the Freundlich constant n, which was greater
than 0 and less than 1. Additionally, according to the Temkin model (R?,
0.86-0.98), adsorbent-adsorbate interactions may influence the
adsorption process [53]. Table 4 exhibited the comparison of the g, of
SCA-X for Pb (II) and Cu (II) with other reported Schiff base adsorbents
in the literature. In comparison with other Schiff base adsorbents, the g,
of SCA-X adsorbent for Pb (II) and Cu (II) in this study were greater than
other adsorbents, indicating that SCA-X adsorbent was a promising
adsorbent for heavy metals.
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Table 4
The maximum adsorption capacity (q,) of the SCA-X adsorbents compared to
other Schiff base adsorbents.
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3.2.5. Adsorption thermodynamics
The temperature effect on the absorption of Pb (II) and Cu (II) by
SCA-X was studied from 293 to 318 K (Fig. S7). The adsorption of both

Adsorbents  Ligands Gm (mg/g) Reference Pb (II) and Cu (II) by SCA-X adsorbents increased significantly with the
PbAD  CaqD increase in temperature, suggesting an endothermic nature of the
— - adsorbent.
SBA-DSA bis-salicylaldehyde Schiff base 60.9 36.6 [43] Thermodynamics can be used to assess the adsorption reaction and
GOSB chitosan Schiff base - 111.11 [38] . N
Reiaadl copolymerization chelating 20629 11629  [54] the thermodynamic parameters were shown in Table 5. The plot og InK,
Schiff base versus 1/T provided the intercept and slope for calculating the AS® and
PVP-SBA- polyvinylpyrrolidone- 175 128 [32] AH? parameters (Fig. S8).
c 11151—1 A‘ﬁi‘iof’r‘z’yl ?Chglibfs? sehiff 8192 6035 (55 AG? values were negative and became more negative with increasing
- t . . . .
ey CBZS: ose bearing Lhelating Scht temperature, demonstrating that the adsorption of Pb (II) and Cu (II) by
SBA-NPA pyridyl Schiff base 106.62  48.26 [56] SCA-X was feasible and thermodynamically spontaneous. All AGP values
SCA1 salicylaldehyde silica Schiff base ~ 270.27  212.76  This work for Pb (II) and Cu (II) adsorption by SCA-X varied from 0 to —20 kJ/mol,
SCA2 salicylaldehyde silica Schiff base  357.14  243.90  This work indicating the involvement of a physical adsorption mechanism within
:gii ZZiizy}ZigZ}ﬁyﬁz Zﬂizz ::ﬁg E::: Ziz‘if fg‘l"gg ?}E: vazii the studied thermo-range [57]. The positive value of AH? indicated that
Y 4 ) ) the adsorption of Pb (II) and Cu (II) on SCA-X was endothermic. All AS?
values were positive, indicating a random increase in the solid/solution
interface towards the adsorption of Pb (II) and Cu (II) [58]. In
Table 5
Thermodynamic parameters for the adsorption of Pb (II) and Cu (II) on SCA-X.
Samples T/K Pb (1) Cu (I
A\G®/(kJ/mol) AH/(kJ/mol) A\S°/(J/(mol-K) AG®/(kJ/mol) /\H%/(kJ/mol) A\S®/(J/(mol K)
SCA1 293 —5.627 14.938 70.166 —0.467 13.765 47.019
298 —5.932 —0.495
303 —6.406 —0.595
308 —6.576 —0.857
313 —7.087 -0.988
318 ~7.355 -1.067
SCA2 293 —10.472 18.454 98.804 —3.845 41.101 153.252
298 -10.970 —4.727
303 -11.525 —5.261
308 —~12.068 —5.683
313 ~12.354 -6.998
318 ~12.988 ~7.784
SCA3 293 ~11.269 54.076 221.826 —4.116 29.964 115.905
298 -11.943 —4.644
303 ~12.749 —4.957
308 ~14.129 -5.615
313 ~15.198 -6.197
318 ~16.856 -7.137
SCA4 293 -10.724 40.899 176.132 —0.615 15.621 55.344
298 -11.791 —0.881
303 -12.273 -1.190
308 -13.173 ~1.288
313 —~14.230 —~1.691
318 ~15.264 —2.054
100 (
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Fig. 11. Effect of co-existing ions on the removal of Pb (II) (a) and Cu (II) (b) by SCA2.
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conclusion, SCA-X adsorption of Pb (II) and Cu (II) was essentially a
spontaneous endothermic process.

3.2.6. The effect of co-existing ions

There are many types of heavy metal ions in the polluted solutions,
such as Hg (II), Zn (1I), Cr (III), Cr (VI), which have an impact on the
removal of the target ions. Thus, a study was conducted to determine
whether co-existing ions affected the removal of Pb (II) and Cu (II) by
SCA2. Experiments were performed at 50 mg/L of Pb (II) and Cu (I)
solutions under pH 5, mixing with other co-existing ions in the con-
centration range of 0-50 mg/L, respectively. As can be seen from
Fig. 11a, the coexisting ions (Hg (II), Zn (II), Cr (III), Cr (VD)) had little
effect on the removal of Pb (II). However, when the concentration of co-
existing ions was increased to 50 mg/L, the removal of Cu (II) dropped
with Hg (II) from 90.87% to 83.09%, with Zn (II) from 90.92% to
86.12%, with Cr (III) from 91.03% to 84.21% and with Cr (VI) from
90.35% to 80.23%. The drop in the removal rate could be related to
competing adsorption of heavy metal ions on the active sites (Fig. 11b)
[59].

3.2.7. Regeneration property

The recovery and reliability of the adsorbents are crucial factors for
evaluating its practical application performance. Fig. 12 revealed that
the removal efficiency of the SCA2 adsorbent for Pb (II) and Cu (II)
reduced with the cycles. After six cycles of recycling, the removal effi-
ciency of the SCA2 adsorbent for Pb (II) and Cu (II) decreased from
99.89% and 87.08% to 88.39% and 71.74%, respectively. The probable
reason was incomplete desorption resulting in part of the adsorption
sites being occupied [60]. Overall, the recycling experiments proved to
be good potential for the reuse of SCA2 adsorbent.

Moreover, to explore the stability of the SCA2, XRD and FTIR spectra
of the SCA2 after six cycles of reuse (R-SCA2-Pb and R-SCA2-Cu) was
performed. It was found that the amorphous silica peak at around 22°
remained in the same position after six cycles of reuse, which confirmed
that the cycling operation did not disrupt the skeletal structure of the
silica (Fig. S9a) [61]. Besides, FTIR spectra after six cycles of reuse
showed that the characteristic peaks were maintained after several acid
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elution cycles. These results illustrated the high stability of the SCA2
adsorbent (Fig. S9b) [62].

3.3. Adsorption mechanism

3.3.1. XPS analysis

XPS analysis coupled with DFT calculations provided in-depth un-
derstanding of the adsorption mechanisms of Pb (I) and Cu (II). Fig. 13a
presented the full spectra of SCA2, SCA2-Pb, and SCA2-Cu. Before the
adsorption of Pb (II) and Cu (II), the full spectrum contained four ele-
ments C, O, Si, and N. After the adsorption of Pb (II), SCA2-Pb exhibited
a new peak at 139 eV corresponding to Pb 4f, and peaks at 412 eV and
435 eV were attributed to Pb 4d5/2 and Pb 4d3/2, respectively [63].
Likewise, there appeared a Cu 2p characteristic peak at 934 eV after the
adsorption of Cu (II). These results confirmed that SCA2 was effective in
capturing Pb (II) and Cu (II). Fig. 13b displayed the high-resolution Pb 4f
spectrum with two peaks ascribed to Pb 4f 5/2 (143.85 eV) and Pb 4f 7/
2 (138.97 eV) [45,64]. Fig. 13c exhibited the Cu 2p double peak cor-
responding to Cu 2pl/2 (953.48 eV) and Cu 2p3/2 (933.71 eV),
respectively [65,66].

Fig. 13d illustrated the N 1 s spectrum of SCA2, with splitting into
two peaks perceived as C-N (398.69 eV) and C = N (401.01 eV),
respectively [67]. After the adsorption of Pb (II), these two peaks of N 1 s
can be observed in SCA2-Pb shifting towards 398.95 and 401.79 eV,
respectively (Fig. 13e). Similarly, the two peaks can be observed to
migrate towards 399.65 and 402.96 eV after Cu (II) adsorption in SCA2-
Cu (Fig. 13f). An increase in binding energy was attributed to the ni-
trogen atoms electron-sharing with copper and lead, reducing the den-
sity of the electron cloud surrounding the nitrogen atom, which
suggested that the nitrogen atom participated in the adsorption process
[68].

Fig. 13g showed the O 1s spectrum of SCA2, which can be split into
three peaks at 531.10, 532.36, and 533.73 eV belonging to O-H, Si-O,
and C-O, respectively [69,70]. In Fig. 13(h-i), the O 1s peaks of SCA2-
Pb belonging to O-H and C-O were shifted from 531.10 and 533.73 eV
to 531.23 and 534.01 eV. However, all the O 1s peaks of SCA2-Cu were
barely shifted. This demonstrated that the hydroxyl group on the ben-
zene ring of SCA2 was involved in the adsorption of Pb (II) and exhibited
little capture of Cu (II). In summary, XPS analysis demonstrated the
involvement of Schiff bases and —OH in the adsorption of Pb (II), and
only the Schiff bases engaged in the adsorption of Cu (II).

3.3.2. DFT calculation

DFT calculations were performed on the adsorption mechanism of Pb
(ID) and Cu (II), providing a good illustration of the contribution of
various functional groups involved in adsorption. Fig. 14 elucidated the
optimization of the SCA2, SCA2-Pb, and SCA2-Cu. Ey4s less than 0 means
beneficial adsorption, whereas Eg4s more than 0 denotes an unfavorable
condition [71]. The calculated adsorption energies revealed that the E4s
for Pb (—0.51 eV) was lower than for Cu (-0.42 eV), indicative of Pb (II)
being more robust on SCA2 than Cu (II).

Electron donating and electron gaining abilities are expressed in
terms of HOMO and LUMO, Egqy = Erumo-Enomo is taken as a mea-
surement of how easily a molecule can be excited [72]. Fig. 15 showed
the variations of HOMO-LUMO and Egq, of SCA2, SCA2-Pb, and SCA2-
Cu. Both HOMO and LUMO of SCA2 were observed to be predomi-
nantly distributed on the Schiff base group and benzene ring before
adsorption. However, a significant change in both HOMO and LUMO
was noticed after the adsorption of Pb (II) and Cu (II), revealing the
successful adsorption of Pb (II) and Cu (II) onto SCA2. Also, there was a
significant fall in the Egqy of SCA2-Pb and SCA2-Cu, implying that the
adsorption of Pb (II) and Cu (II) destabilized the former steady structure
[73].

The adsorption mechanisms of SCA2 interactions with Pb (II) and Cu
(II) were further revealed by NBO analysis [74]. The higher the stabi-
lization energy (E®), the stronger the interaction of the electron-donors
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Fig. 14. The optimized geometric model of SCA2 (a), SCA2-Pb (b) andSCA2-Cu (c).

with the electron-acceptors [72]. The main effect of SCA2 interactions
with Pb (II) and Cu (II) was controlled by the o-donation of lone-pair of
electrons from the N and O atoms to Pb (II) and Cu (II). As shown in
Table S3, the E® values of LP(N12) — LP*(Pb) and LP(O18) — LP*(Pb)
for SCN2-Pb were 8.43 and 4.63 kcal/mol, while the E® value of LP
(N12) — LP*(Cu) and LP(018) — LP*(Cu) for SCA2-Cu were 5.36 and
0.07 keal/mol. A smaller E@ value for LP(O) — LP*(Pb) than for LP(N)
— LP*(Pb) indicated that both N and O atoms of SCA2 were involved in
the adsorption of Pb (II) and that the nitrogen atom played a dominant
role.

In case of SCA2-Cu, similar results have been found, where the E?
value for the Schiff base functional group N atoms (LP(N) — LP*(Cu))

12

was much greater than for LP(O) — LP*(Cu), indicating that the Schiff
base functional groups were predominant in the adsorption of Cu (II)
[75]. Furthermore, it is clear that the E@ value for LP(N) — LP*(Pb) was
greater than that for LP(N) — LP*(Cu), indicating that SCA2 had a better
affinity for Pb (II) than Cu (II) [37]. Thus, DFT calculations have
explained the adsorption mechanism of SCA2 for Pb (II) and Cu (II) and
unveiled the contribution of different functional groups to the adsorp-
tion. In summary, coupled with the above characterization and
adsorption performance analysis, it is clear that the predominant role of
the SCA2 adsorbent in the adsorption of Pb (II) and Cu (II) was chemi-
sorption, followed by physical adsorption including electrostatic
attraction and porous structure [45].
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Table 6

Environmental impact of the production of 1 kg SCA2.
Category Unit Result
GWP kg CO, eq 76.26
AP kg SO, eq 0.32
ADP kg antimony eq 0.01
EP kg PO3 eq 0.04
OoDP kg CFC ! eq 1.53E-04
POFP kg NMVOC eq 0.23
PED MJ 1618.57

3.4. LCA result

3.4.1. Environmental impacts of SCA2 recommendations for green
production

As SCA2 exhibited better properties than other samples (section 3.2),
this section applied the LCA method to evaluate the environmental
impact of producing 1 kg of SCA2 adsorbent (Table 6). The results
indicated that the average values of GWP, AP, ADP, EP, ODP, POFP and
PED were 76.26 kg CO5 eq, 0.32 kg SOz eq, 0.01 kg antimony eq, 0.04 kg
PO3 eq, 1.53E-04 kg CFC™!! eq, 0.23 kg NMVOC eq, and 1618.57 MJ
respectively. The highest impact was obtained in the PED, i.e. 1618.57
MJ. At the same time the GWP value cannot be ignored, the production
of 1 kg of SCA2 generated 76.26 kg CO; eq. In order to propose a more
environmentally friendly and efficient production strategy for SCA2, it is
important to analyze the contribution each raw material to the pro-
duction of adsorbents.

In order to further analyze the environmental impact produced by

the adsorbent during production, the environmental impact categories
from all raw materials were normalized to be 100% of all factors for
every impact category (Fig. 16). Ethanol accounted for the largest pro-
portion of all materials required for production in most environmental
impact categories. It contributed 72.63%, 57.63%, 54.75%, 35.51%,
3.25%, 54.1% and 61.21% to GWP, AP, ADP, EP, ODP, POFP and PED
respectively. This is because ethanol acted mainly as a washing and
solvent in the preparation of the adsorbent and its high demand leaded
to a high proportion of environmental impact. The next factor with a
greater environmental impact was n-hexane, which accounted for
9.35%, 17.72%, 39.06%, 28.12%, 3.4%, 39.7% and 26.03% to GWP, AP,
ADP, EP, ODP, POFP and PED respectively. The reasons for the high
proportion of environmental impact of n-hexane were similar to ethanol.
Furthermore, Table 1 indicated that TEOS, APTES and SA were 0.47 kg,
0.35 kg and 0.2 kg respectively, representing around 2.21%, 1.65% and
0.94% of the n-hexane used, but contributing 3.33%, 3.98 and 1.07% to
the GWP and 16.07%, 28.12% and 2.96% to the EP of the adsorbent
production process. It was worth noting that SA had a significant impact
on ODP, accounting for 93% of the impact of all component materials.

3.4.2. Recommendations for green production

The analysis revealed that the five materials mentioned above had a
greater impact on the environment during the synthesis of the adsor-
bents. If one wants to find a method of synthesizing adsorbents with a
lower environmental impact, the mechanisms behind the results should
be analyzed in order to make recommendations for greener production.

Ethanol and n-hexane are volatile and the main role of both in the
production of adsorbents is that of a washing and solvent, and they are

I Transportation Jlllin-hexane
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Fig. 16. Relative contribution of environmental impact indicators for SCA2.
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Fig. 17. Relative contribution of environmental impact indicators for APTES.

subject to heat and evaporation during the production process. There-
fore, the environmental impact can be greatly reduced by finding a way
to collect evaporated ethanol and n-hexane for recovery and recycling.

In this work, TEOS is synthesized by alcoholysis of silicon tetra-
chloride [76]:

SiCl, + 4ROH-Si(OR), + 4HCl1 4

It was found that acidification and established corrosive hydro-
chloric acid are produced during the production of TEOS. Therefore, it
becomes important to explore the role of materials for the synthesis
process of TEOS. One typical approach to TEOS replacement is the use of
water glass [77]. Water glass is cheaper than TEOS and has not harmful

CICH,CH,CH,Si(OCH,CHj;),

by-products. The classical method of producing water glass is through
the reaction between sodium carbonate and silica. As both are salts, they
have a low impact on the environment. Although the process of pro-
ducing water glass by this method requires high temperature conditions
and may be accompanied by some greenhouse gas emissions, with the

+ NH; —=, NH,CH,CH,CH,Si(OCH,CH;),

increased ability to transform wind and solar energy, this will allow a
more environmentally friendly way of achieving water glass production
conditions. The use of water glass to replace TEOS in the production
process is thus positively correlated with the protection of the
environment.

Below is the reaction equation of APTES, which can be used to
analyze the environmental impact of APTES.
Si + CH;CH,0H —= HSi(OCH,CHj),

+ H; 5)

CICH,CH = CH, + HSi(OCH,CH;), — CICH,CH,CH,Si(OCH,CH;),
(6)

+ HCl @)

APTES is produced from allyl chloride, silicon, ethanol, and
ammonia working over a catalyst. As the catalyst is not involved in the
reaction and can be recycled afterward, its environmental impact is
negligible. Fig. 17 showed the results of normalizing the above factors so
that all factors in each influence curve are 100%. Ammonia is the largest

100

Relative contribution (%)
by
=}
1

[ NaOH [ Chiloroform [l Phenol

80 -
60 -
20
0-

GWP

QDP POFP

Fig. 18. Relative contribution of environmental impact indicators for SA.
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contributor in most environmental categories. The contributions of
ammonia to GWP, AP, ADP, EP, ODP, POFP and PED are 89.82%,
60.20%, 96.47%, 95.12%, 12.68%, 34.85% and 98.86% respectively.
The ammonia in this study is obtained by the Haber-Bosch process
combining hydrogen and nitrogen with iron oxide catalysts at very high
pressures and moderate temperatures [78]. Searching for alternatives to
ammonia or choosing an environmentally friendly production process
could significantly reduce the environmental impact of APTES. Bicer
et al. [79] also analyzed ammonia production in different methods and
found that the environmental impact of ammonia production using
municipal waste incineration plants and hydroelectric methods was
significantly less than other methods. Therefore, this idea can also be
adapted to produce ammonia in this study, which would result in a
noticeably lower environmental impact of APTES.

The synthesis process of SA, which has also been explored in this

study, is shown below.
OH OH
CHO
f (8)
CHO

A normalized analysis of the materials used to produce SA. Fig. 18
showed that chloroform and sodium hydroxide have a greater envi-
ronmental impact. In the ODP environmental category, chloroform has
an environmental impact of over 99%. Therefore, finding an environ-
mentally friendly material to replace chloroform in the product process
of SA can improve the environment to a greater extent. For sodium
hydroxide, a more environmentally friendly product process can be used
to reduce its environmental impact.

Furthermore, an assessment was conducted on the cost-effectiveness
of the adsorbent gained using atmospheric drying method. The con-
ventional supercritical drying method for the preparation of silica aer-
ogels involves costly, time-consuming, operationally complicated, high-
risk, making it difficult to produce on a large scale. Considering the
large-scale industrial production of silica aerogels, the atmospheric
drying method proved to be an attractive alternative to the supercritical
drying process since it is straightforward, cost-effective, short-cycle and
safe [80]. Moreover, the LCA environmental impact analysis proposed
using water glass as an alternative to TEOS. Kobylinska et al. [81] found
that the cost of synthesis using water glass was approximately 10%
lower than the method prepared with TEOS, which is both environ-
mentally and economically beneficial in large-scale production. The
recycling of ethanol and n-hexane in the solvent exchange process is also
a feasible method for large-scale, low-cost production. Therefore, these
methods may be regarded as viable preparation options for further
large-scale production applications.

OH

10%NaOH
—_—

CHCly

4. Conclusions

In this study, a novel Schiff base adsorbent (SCA-X) with excellent
adsorption performance for Pb (II) and Cu (II) has been successfully
developed using a facile and operational method. The adsorption pro-
cess was in accordance with the Langmuir isotherm and pseudo-second-
order kinetic model, with SCA1, SCA2, SCA3 and SCA4 showing g, of
270.2 mg/g, 357.1 mg/g, 322.5 mg/g and 256.4 mg/g for Pb (II) and
212.7 mg/g, 243.9 mg/g, 204.0 mg/g and 181.8 mg/g for Cu (1),
respectively. The optimum adsorption performance of SCA2 was
attributed to the large SSA and the availability of active functional
groups. In terms of the adsorption mechanism, the interaction between
SCA2 and Pb (II) occurred through the coordination of the nitrogen atom
donor in the Schiff base and the oxygen atom donor in the benzene ring
with Pb (II) during adsorption, whereas the interaction between SCA2
and Cu (II) occurred mainly through the coordination of the nitrogen
atom in the Schiff base with Cu (II). Furthermore, by assessing the
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environmental impact of the various materials used in the production of
1 kg of SCA2, an adoptable solution is provided. In conclusion, this study
demonstrated the feasibility of a novel and effective heavy metal ion
adsorbent, as well as provided a solid basis for sustainable and
environmental-friendly SCA2 production, which is crucial for heavy
metal wastewater treatment.
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