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Abstract: The aim of the research was to prepare silica adsorbents using an environmentally friendly
pathway, a template synthesis with saponin biosurfactant as a structure-directing agent. The adsor-
bents prepared in this way exhibit improved adsorption properties while maintaining environmental
innocuousness. For the preparation of porous silica, the biosurfactant template sol–gel method
was used with tetraethoxysilane as a silica precursor. The silica adsorbents were analyzed by FTIR
spectroscopy, nitrogen adsorption–desorption and SEM/EDX microscopy, TEM/HRTEM microscopy,
and thermogravimetric analyses. Batch tests were carried out to remediate Pb(II)/Cd(II) ions in
single/binary aqueous solutions, and the effect of the surfactant on the adsorption properties was as-
sessed. The optimal adsorption parameters (pH, contact time, initial concentration of metal ions) have
been determined. The adsorption was fitted using Langmuir and Freundlich adsorption isotherms
and kinetic models. Mathematical modeling of the retention process of Pb(II) and Cd(II) ions from
binary solutions indicated a competitive effect of each of the two adsorbed metal ions. The exper-
imental results demonstrated that saponin has the effect of modifying the silica structure through
the formation of pores, which are involved in the retention of metal ions from aqueous solutions
and wastewater.

Keywords: biosurfactant; biosorbent; porous silica; saponin; template synthesis; Pb(II)/Cd(II) ions

1. Introduction

Pb(II) and Cd(II) ions are priority pollutants according to environmental regulations [1].
As reported by the World Health Organization (WHO), inorganic compounds of lead and
cadmium are included in group 2A (by the International Agency for Research on Cancer,
https://monographs.iarc.who.int/agents-classified-by-the-iarc/, accessed on 26 April
2024) and are described as “probably carcinogenic” to humans with a maximum permissible
concentration of 10 µg/L and 3 µg/L in drinking water [2–4].

Different physicochemical methods for the remediation of wastewater and aqueous
solutions containing these metal ions have been developed and applied to reduce their
significant negative effects on the environment and human health. The most represen-
tative methods are ion exchange, precipitation/coagulation, reverse osmosis, membrane
filtration, and electrochemical methods [5]. These traditional methods are burdened by
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high implementation costs and disadvantages, such as the generation of large amounts of
toxic sludge, use of various chemical substances as raw materials, purification efficiency
that does not reach maximum values, high energy consumption, and the production of
secondary pollution, that limit their widespread use [5].

Adsorption, with its advantages of low maintenance and reduced handling costs,
reusability of the adsorbent materials, high efficiency and selectivity, great diversity of
materials that can be used as adsorbents etc., could represent an alternative technology
for the removal of heavy metal ions from wastewater. Numerous studies have been car-
ried out on the remediation of Pb(II) and Cd(II) ions in industrial effluents and aqueous
solutions by adsorption. The following adsorbent materials have been used: activated
carbon and its derivatives [6], clays [7], natural and synthetic zeolites [8,9], hydroxyap-
atite and its composites [10], hydroxides [11], carbon nanotubes [12], simple and small
oxides [13,14], silicates and their derivatives [15,16], magnetic nanoparticles [17–19], lignin
and its derivatives [20], chitosan-based materials [21], geopolymers [22], metal-organic
compounds [23], food waste [24], agricultural waste [25], industrial waste [26]. Among
these, porous materials are considered alternative adsorbents with improved adsorption
performance compared to activated carbon and other conventional adsorbent materials.
Mesoporous silica with an ordered structure presents a high specific surface area and good
physicochemical stability, which allows it to participate in functionalization processes with
various functional groups, leading to adsorbents with selectivity and high adsorption
capacity. The surface structure of porous and mesoporous silica represents an advantage
over other adsorbent materials. It ensures the structural orientation of the host molecules
(metal ions) in the pores, which determines the increase in selectivity and adsorption
capacity [27]. The synthesis of materials based on porous and mesoporous silica can be
carried out by co-condensation, sol–gel methods, wet impregnation, direct incorporation,
and alternative methods [28]. The template synthesis method is a relatively simple and
easy method that controls the structure, morphology, and pore size through the template
material [29]. Surfactants, polymers, and biopolymers are used as template agents [29].

Silica mesoporous compounds are considered intriguing materials for a diversity of ap-
plications such as catalysis, biomedicine, drug delivery, and the removal of pollutants [30].
These applications are based on their unique properties, including large surface area, high
values of pore volume, non-toxic character, tunable pore size, and surface properties. How-
ever, few articles regarding the ability of mesoporous silica-based materials to remove
Pb(II) and Cd(II) from aqueous effluents are offered in the literature [31,32].

Our work is focused on the synthesis of novel silica adsorbents using a renewable,
readily available, low cost and environmentally benign biosurfactant saponin as a template
agent. Saponins are non-ionic biosurfactants, structurally composed of a lipophilic soluble
aglycon (steroidal or triterpenoid) and hydrophilic sugar parts that form soft aggregates in
aqueous solution, spherical or filamentous in shape, at the critical micellar concentration
(CMC) [33–35], and, due to their biodegradable, renewable, and eco-friendly nature, have
been used in numerous environmental applications, for soil or wastewater remediation,
without producing of secondary pollution [35–43]. As far as we know, the synthesis
of porous/mesoporous silica in the presence of saponin as a template agent is poorly
explored [44]. The aim of this research was to obtain two novel silica adsorbents, one
which is a biosorbent, SiO2@Saponin, the as-synthesized silica in the biosurfactant template
method, and the second, wormlike mesoporous silica, meso-SiO2, obtained by the removal
of the saponin biosurfactant from pores by calcination of SiO2@Saponin. Discontinuous
experiments were carried out to assess the adsorption performance of the prepared silicas
of Pb(II) and Cd(II) ions from single/binary solutions.

2. Materials and Methods
2.1. Reagents and Equipment

Weiss rein saponin from Merck (‘saponin white’), tetraethoxysilane (TEOS), and HCl
36.5% (Sigma–Aldrich, Merck, Darmstadt, Germany) were used for the synthesis of silica. In
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the adsorption experiments, stock solutions of metal ions with a concentration of 1000 mg/L
were prepared using Cd(NO3)2 and Pb(NO3)2 from Merck, Darmstadt, Germany. HNO3
10−3 mmol/L has been added to Pb(II)/Cd(II) stock solutions to adjust the solution’s pH at
a value lower than the precipitation pH. These solutions were diluted to prepare 100 mg/L,
75 mg/L, 50 mg/L, 25 mg/L, 10 mg/L and 5 mg/L concentration solutions. HNO3
10−3 mmol/L and NH4OH 10−4 mmol/L (analytical purity) were used to change the pH
of metal ion solutions. Quantitative determination of Pb(II)/Cd(II) ions was performed
using an AAnalyst 400 atomic absorption spectrometer manufactured by Perkin Elmer
(Shelton, CT, USA), and pH was determined with an Agilent 3200P laboratory pH meter.
Batch tests on the GFL 3031 Incubating Shaker (at 150 rpm) were carried out.

FTIR vibrational spectra of saponin, silica prepared in the presence of saponin
(SiO2@Saponin), and silica calcined at 550 ◦C for 6 h (meso-SiO2) were recorded in the
wavenumbers range of 4000–500 cm−1 with a Bruker Tensor 27 spectrophotometer, with
the ATR sampling unit. Thermal analysis (TG-DSC) was performed with Netzsch 449C STA
Jupiter equipment. The samples inserted in the Al2O3 crucible were heated at 10 ◦C/min up
to 900 ◦C under dry synthetic air with a flow rate of 20 mL/min. An empty Al2O3 crucible
was used as a reference. The silica samples were calcined in a Nabertherm HTC 03/16
furnace, Tmax. 1600 ◦C. SEM images were recorded on an SEM/EDAX High-Resolution
Scanning Electron Microscope, Quanta Inspect F50 (resolution 1.2 nm) with EDAX (133 eV
resolution at MnKα)—FEI Company, Hillsboro, OR, USA. TEM/HRTEM images were
recorded on a TECNAI F30 G2 high-resolution transmission electron microscope. This
equipment operates at an accelerating voltage of 300-kV device. The samples have been
ultrasonicated in methanol and subsequently collected into a holey carbon-coated TEM
support grid. A Micromeritics ASAP 2020 analyzer (at −196 ◦C) has been used to record
the N2 adsorption/desorption isotherms. The samples were outgassed at 160 ◦C for at
least 6 h under vacuum, and the specific surface areas (SBET) were determined using the
Brunauer–Emmett–Teller (BET) method. The pore size distribution curves were obtained
using the Barrett–Joyner–Halenda (BJH) method based on the desorption branch. The total
pore volume (Vtotal) was determined from the amount adsorbed at the relative pressure
of 0.99.

2.2. Synthesis of SiO2@Saponin and Meso-SiO2

SiO2@Saponin and meso-SiO2 have been synthesized using the soft-template method
for mesoporous silicas. The SiO2 network has been formed in a sol–gel process with TEOS
as a silica precursor templated by the micelles formed by the saponin biosurfactant. The
saponin biosurfactant aqueous concentration was 8 mg/mL, which represents 4 times the
CMC of saponin white (Merck & Co., Darmstadt, Germany) [45]. The saponin micelles
were stabilized by maintaining the solution at pH = 2, with HCl 36.5%. For SiO2@Saponin,
a mixture consisting of saponin solution (8 mg/mL) and TEOS (added dropwise, under
continuous stirring) in a 1:50 molar ratio was prepared and kept without stirring at room
temperature for 16 h. The resulting silica gel was dried in an oven. To obtain the meso-SiO2
material, a quantity of SiO2@Saponin was calcined in air at 550 ◦C for 6 h to remove the
saponin used as a structure-directing agent from the silica pores.

2.3. Adsorption Studies

The surfactant effect on the adsorption performance of silica prepared in the presence
of saponin (SiO2@Saponin) and silica calcined at 550 ◦C for 6 h (meso-SiO2) was analyzed
for Pb(II) and Cd(II) single-metal and binary-metals solutions, in batch tests. The observed
parameters and tested conditions are shown in Table 1.
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Table 1. Experimental conditions in adsorption tests.

Parameter Experimental Conditions

Contact time
0–360 min 25 mL Pb(II)/Cd(II) 100 mg/L; 0.01 g adsorbent, room temperature

pH
2.5–7 pH units 25 mL Pb(II)/Cd(II) 100 mg/L; 0.01 g adsorbent; room temperature, 5 h contact time

Heavy metal ion concentration
5–100 mg/L

25 mL heavy metal ions solution; 0.01 g adsorbent; room temperature, 3/5 h contact
time depending on the type of heavy metal ion

3. Results
3.1. Synthesis of SiO2@Saponin and Meso-SiO2

The saponin used in this work was the commercial Merck saponin white, a saponin
isolated from the roots of Gypsophila paniculata [46]. This saponin, with the chemical formula
C30H46O4, belongs to the triterpenoid saponins with the aglycone moiety identified as
gypsogenin and may have −OH and −COOH functional groups [34]. Saponin white
forms small micelles (aggregates of 2–10 molecules formed above the CMC), rod-like,
at critical micellar concentrations one or two orders of magnitude lower than that of
ionic surfactants [43,45,47]. The micelles of saponin white are elongated, filamentous and
they form in water at concentrations (CMCs): 1.4 mg/mL as reported by Böttcher [48] or
2.3 mg/mL CMC as determined by Korchowiec et al. [45]. Numerous studies stated that at
pH = 2, the CMC is even lower than these values [49–51], and the H3O+ ions are adsorbed
on the aggregate of saponin micelles, stabilizing them and, according to our objective,
making them more prone to interact with silica precursor to form the silica network around
them. The size and the micelle structure of saponin white were not clarified in detail, but
the meso-SiO2 obtained in the template synthesis and calcined at 550 ◦C have a wormlike
porous structure, as TEM/HRTEM images revealed.

Both silicas, SiO2@Saponin, and meso-SiO2, have been assessed in sorption experi-
ments to determine their adsorption capacities toward Pb(II) and Cd(II) ions from aqueous
effluents. SiO2@Saponin is a biosorbent with free carboxyl and hydroxyl moieties that can
serve as ligands in coordinating the metallic ions, and the presence of these functional
groups proved to be a key feature in the remediation of wastewater or contaminated
soil [40,42].

3.2. Adsorbents Characterization
3.2.1. FTIR Spectra

FTIR spectra recorded for saponin, SiO2@Saponin, and meso-SiO2 are presented in
Figure 1. In these FTIR spectra, stretching vibration bands (νCH2as/sym, Si-O-Si, νC-H, νC=O,
νC-O-C) specific to silica network and organic moieties of the saponin surfactant are present.
The spectrum of saponin shows specific bands: one at 3336 cm−1 for hydroxyl groups
(-OH) and another one with a maximum at 2932 cm−1 that includes the symmetric and
asymmetric stretching vibrations of the -CH2- bonds. In the spectrum, there are also
maxima at 1728 cm−1 for the stretch of the carbonyl bond (-CH=O) and at 1611 cm−1 for the
stretching vibration of double bonds (-C=C-). The infrared bands at 1371/1251 cm−1 were
attributed to C-O-C in ester moieties, and an intense absorption maximum was observed at
~1041 cm−1 to oligosaccharide linkages (C-O-C) [52].

In the FTIR spectrum of SiO2@Saponin, the presence of saponin inside the material
is confirmed by the presence of the broad absorption maximum centered at 1634 cm−1;
this also includes the peak from 1734 cm−1 (corresponding to -CH=O bond), the band is
widened, probably due to the confinement effects, and the vibration of this bond is no longer
observed as a distinct signal. The very broad band at 3359 cm−1, shifted from 3336 cm−1

in the saponin spectrum, is ascribed to the overlapping of the stretching vibrations of
hydroxyl (-OH) and silanol (-Si-OH) bonds [38]. The strongest signals in FTIR spectra at
~1051 cm−1 of both SiO2@Saponin and meso-SiO2 are ascribed to asymmetric vibration of
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Si-O-Si, characteristic peaks confirming the formation of the silica network [53]. Also, the
symmetric vibration mode of the SiO2 group is present at 802 cm−1 in SiO2@Saponin and
meso-SiO2 spectra [53]. For SiO2@Saponin, the weak peak at 967 cm−1 was assigned to
non-condensed Si-OH groups [53].

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW  5  of  22 
 

 

~1051 cm−1 of both SiO2@Saponin and meso-SiO2 are ascribed to asymmetric vibration of 

Si-O-Si, characteristic peaks confirming the formation of the silica network [53]. Also, the 

symmetric vibration mode of the SiO2 group is present at 802 cm−1 in SiO2@Saponin and 

meso-SiO2 spectra [53]. For SiO2@Saponin, the weak peak at 967 cm−1 was assigned to non-

condensed Si-OH groups[53]. 

After thermal treatment (calcination), the saponin surfactant from the silica pores is 

removed, and the characteristic maxima of saponin are no longer present in the IR spec-

trum of meso-SiO2 (Figure 1). 

 

Figure 1. FTIR spectra of Saponin, SiO2@Saponin, and meso-SiO2 (the spectra were normalized and 

shifted on the y-axis). 

3.2.2. Thermal Analysis (TG-DSC) 

TG-DSC analyses (Figure 2, Table 2) support the conclusion of spectroscopic analysis, 

namely that the silica network was formed by the incorporation of saponin micelles, the 

mass loss being larger in the case of SiO2@Saponin (~10.3–10.5%), suggesting the loading 

of organic compound into synthesized silica. Weak endothermic effects (T1) take place be-

tween 25 and 150 °C and can be attributed to the loss of water. The TG curve of saponin 

shows a significant mass loss (55.27%) accompanied by two thermal effects at T2 = 330 °C 

and T3 = 483.8 °C,  followed by another decomposition step, T4 = 586.5 °C, with 34.18% 

mass loss. At 800 °C, the saponin loses about 98.1% of its mass (Figure 2a, Table 2). These 

steps, corresponding to the combustion of organic matter, are characterized by strong ex-

othermic effects (Figure 2b). 

The SiO2@Saponin thermal decomposition profile presents a small mass loss (8.45%) 

up to 150 °C, assigned to water/solvent removal, and another mass loss of 8.29%, observed 

from 150 to 600 °C, which corresponds to the decomposition/oxidation of saponin incor-

porated in silica, but also to the condensation of silanol Si-OH moieties on the surface of 

silica, and its densification (Figure 2a, Table 2). The mass loss is accompanied by a small 

exothermic effect. The reduced intensity of this effect can indicate a different decomposi-

tion/oxidation pathway of low intensity due to the slower oxygen diffusion and can also 

be explained by better thermal stability of saponin when included in silica (Figure 2b). 

The TG curve of meso-SiO2 indicates a small mass loss of about 8.57% over the whole 

temperature range, and this can be attributed to the thermal desorption of water (5.51% 

up to 150 °C) and the further dehydroxylation and condensation of silanol groups in the 

process of densification of the silica matrix. The higher mass loss in the case of SiO2@Sap-

onin suggests the incorporation of the biosurfactant in the pores of the formed silica net-

work. The mass loss is much lower in the case of calcined SiO2, meso-SiO2 (2.22% at T2 = 

318.4 °C, in the combustion stage of the organic part), which corresponds to the fact that 

the saponin has been eliminated from the silica pores. 

Figure 1. FTIR spectra of Saponin, SiO2@Saponin, and meso-SiO2 (the spectra were normalized and
shifted on the y-axis).

After thermal treatment (calcination), the saponin surfactant from the silica pores is
removed, and the characteristic maxima of saponin are no longer present in the IR spectrum
of meso-SiO2 (Figure 1).

3.2.2. Thermal Analysis (TG-DSC)

TG-DSC analyses (Figure 2, Table 2) support the conclusion of spectroscopic analysis,
namely that the silica network was formed by the incorporation of saponin micelles, the
mass loss being larger in the case of SiO2@Saponin (~10.3–10.5%), suggesting the loading
of organic compound into synthesized silica. Weak endothermic effects (T1) take place
between 25 and 150 ◦C and can be attributed to the loss of water. The TG curve of saponin
shows a significant mass loss (55.27%) accompanied by two thermal effects at T2 = 330 ◦C
and T3 = 483.8 ◦C, followed by another decomposition step, T4 = 586.5 ◦C, with 34.18%
mass loss. At 800 ◦C, the saponin loses about 98.1% of its mass (Figure 2a, Table 2). These
steps, corresponding to the combustion of organic matter, are characterized by strong
exothermic effects (Figure 2b).
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Table 2. Thermal effects, maximum temperature/effect, and corresponding mass loss.

Compound T1 (◦C) ∆m1
(%wt) T2 (◦C) T3 (◦C) ∆m2

(%wt) T4 (◦C) ∆m3
(%wt)

Residual
Mass (%wt) ∆m (%wt)

Saponin 80.8 7.23 330.9 483.8 55.27 586.5 34.18 1.9 98.1

SiO2@Saponin 84.5 8.45 349.4 – 8.29 – – 82.01 17.99

meso-SiO2 79.2 5.51 318.4 – 2.22 – – 91.43 8.57

The SiO2@Saponin thermal decomposition profile presents a small mass loss (8.45%)
up to 150 ◦C, assigned to water/solvent removal, and another mass loss of 8.29%, observed
from 150 to 600 ◦C, which corresponds to the decomposition/oxidation of saponin incor-
porated in silica, but also to the condensation of silanol Si-OH moieties on the surface of
silica, and its densification (Figure 2a, Table 2). The mass loss is accompanied by a small
exothermic effect. The reduced intensity of this effect can indicate a different decomposi-
tion/oxidation pathway of low intensity due to the slower oxygen diffusion and can also
be explained by better thermal stability of saponin when included in silica (Figure 2b).

The TG curve of meso-SiO2 indicates a small mass loss of about 8.57% over the
whole temperature range, and this can be attributed to the thermal desorption of water
(5.51% up to 150 ◦C) and the further dehydroxylation and condensation of silanol groups
in the process of densification of the silica matrix. The higher mass loss in the case of
SiO2@Saponin suggests the incorporation of the biosurfactant in the pores of the formed
silica network. The mass loss is much lower in the case of calcined SiO2, meso-SiO2 (2.22%
at T2 = 318.4 ◦C, in the combustion stage of the organic part), which corresponds to the fact
that the saponin has been eliminated from the silica pores.

3.2.3. SEM/EDX Analysis

The surface and morphology of the two adsorbent materials, SiO2@Saponin, and
meso-SiO2, are illustrated in Figure 3.
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Figure 3. SEM images of (a) SiO2@Saponin and (b) meso-SiO2.
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From the analysis of the SEM images, it is found that the materials are composed of
non-uniform aggregates of relatively large particles with rigid lamellar structures. It can be
estimated that the size of the aggregates is ~3–5 µm for the prepared silicas, and the shapes
of the aggregates are very similar.

The SiO2 network in SiO2@Saponin has a layered morphology, which suggests the pos-
sibility of cleavage. In meso-SiO2, the consistency of the platelets that form the aggregates
seems to have changed, and the structure appears less dense (Figure 3b).

From the EDX patterns (Figure 4), one can observe that the adsorbent materials
are pure. Only the elements Si, O, C (with the characteristic spectral lines) are present,
with relative intensities that suggest a higher carbon (and oxygen) content in the case of
SiO2@Saponin (Si:O:C = 6.45:1.93:1) than in the case of meso-SiO2(Si:O:C = 6.45:1.21:1.1).
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3.2.4. High-Resolution Transmission Electron Microscopy (HRTEM)

In addition to SEM analysis, TEM/HRTEM images (Figure 5), recorded at the same
magnitude (×50,000) and resolution (20 nm) for both samples, confirm the porous structure
of meso-SiO2.
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Figure 5. HRTEM images (20 nm) of (a) SiO2@Saponin and (b) meso-SiO2; (c) HRTEM image (2 nm)
of meso-SiO2.

SiO2@Saponin has a denser structure, while meso-SiO2 has a wormlike mesoporous
structure with apparently uniformly distributed mesopores. This morphology is easier to
observe at the HRTEM resolution of 2 nm (Figure 5c) and can be explained by the existence
of micellar self-assembly of saponin and by the elongated nature of the micelles.
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3.2.5. Nitrogen Adsorption–Desorption Isotherms

The surface area and porosity of the synthesized SiO2@Saponin and meso-SiO2 silicas
were estimated using the N2 gas adsorption method at −196 ◦C. The N2 adsorption–
desorption isotherms of both samples (Figure 6) are type IV according to IUPAC clas-
sification, with H2(a)-type hysteresis [54]. This is indicative of capillary condensation
phenomena within mesoporous structures. The H2(a)-type hysteresis loops suggest the
existence of complex pore networks with interconnected pores. This type of hysteresis
loop can arise from pore-blocking-induced percolation effects in pore networks, where the
liquid in the pore cavities evaporates as the largest neck evaporates [55]. The inset plots of
Figure 6 illustrate the pore size distribution (PSD) of the samples. As can be seen, the PSD
is narrow in both samples, with the average pore width having close values and slightly
higher in the case of meso-SiO2 (Table 3). It is worth mentioning that the peak maximum
for the meso-SiO2 sample has a higher value (3.9 nm) than for SiO2@Saponin (3.6 nm). This
suggests that the removal of saponin, the silica structure-directing agent, led to the collapse
of micropores and smallest mesopores and, hence, to a decrease in the surface area and
porosity of the meso-SiO2 sample (Table 3). However, the ordered mesoporous structure
was preserved, as demonstrated by HRTEM images.
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Figure 6. Nitrogen adsorption–desorption isotherms of SiO2@Saponin and meso-SiO2.

Table 3. Textural properties of SiO2@Saponin and meso-SiO2.

Sample SBET (m2/g) Pore Volume (cm3/g) d * (nm)

SiO2@Saponin 587.5 0.466 3.28

meso-SiO2 347.2 0.286 3.32
* d = BJH desorption average pore width.

3.3. Adsorption Studies

To highlight the effect of the surfactant (saponin) on the adsorption capacity of the
silica for Pb(II) and Cd(II) ions, batch tests were performed on the sorption of Pb(II)/Cd(II)
ions in single-metal and binary solutions. In these tests, SiO2@Saponin and meso-SiO2
were used as adsorbents.

3.3.1. pH Effect

The pH appreciably influences the adsorption capacity of the materials since it de-
termines the type of ionic species in the form of which metal ions are found in aqueous
solutions, and the electrical charges of the functional groups grafted onto the structure
of the adsorbents. The results regarding the effect of pH on the adsorption capacity of
Pb(II)/Cd(II) onto SiO2@Saponin and meso-SiO2 are presented in Figure 7.
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Figure 7. The pH effect on Pb(II)/Cd(II) adsorption onto SiO2@Saponin and meso-SiO2 from single
(a) and binary solutions (b).

The data presented in Figure 7 reveal that reduced pH values have resulted in low
adsorption capacity values. This behavior is determined by the existence of a competitive
effect between protons in the solution and Pb(II)/Cd(II) ions to occupy the free active
groups on the adsorbent’s surface (SiO2@Saponin/meso-SiO2). As the pH increases, the
concentration of protons in the aqueous effluent decreases, and, as a result, the retention
capacity of SiO2@Saponin/meso-SiO2 increases. In the case of the Pb(II) ion, an optimal pH
value of 5.5 was established, and for Cd(II) ions, an optimal pH value of 6 was experimen-
tally determined. After reaching the optimum pH value, a slight decrease in the retention
capacity of Pb(II) ions was observed, and in the case of Cd(II) ions, the retention capacity
value is constant at pH values higher than 6. It can be appreciated that when hydrolyzed
species appear in solution, nanometric precipitates, in our case, cover the “active” surface
available for Pb(II) ions adsorption. The results are consistent with those found by Suman-
jeet et al. [56], Verma et al. [57], and Ifijen et al. [58]. Sajid et al. observed the coating of
sorbent with metal hydroxides and an increase in the time for sample filtration [59]. This
behavior was noticed both in the retention process of Pb(II)/Cd(II) ions from single aqueous
effluents and from binary solutions. A decrease in the retention capacity characteristic of
both metal ions was observed for binary effluents due to the competitive effect of each of
them in occupying the free active centers. Similar results were found by Lian et al. [60],
who have reported that onto ragweed biochar and horseweed biochar at pH 5.5, in a binary
system, the adsorption capacity is >95.10% for Cd(II) and >95.20% for Pb(II).

Taking into account these results, experiments were performed to establish the effect
of other parameters at the optimum pH values mentioned above.

The greater adsorption capacity of SiO2@Saponin is due, on the one hand, to the
saponin present in the silica pores. The carboxyl and hydroxyl functional groups of saponin
are involved in the interaction with Pb(II) and Cd(II) ions and, on the other hand, in its
large specific surface area.

3.3.2. The Contact Time Effect

When the experiments from the laboratory level need to be upscaled at the pilot
scale, it is necessary to establish the optimum time to reach the equilibrium. The obtained
experimental results are shown in Figure 8.

As can be observed from Figure 8, the retention process of Pb(II) and Cd(II) ions
from single/binary solutions on SiO2@Saponin/meso-SiO2 can be described as a two-step
process. A fast step that takes place in the first 60 min for both metal ions removed was
observed. This was followed by a slower step that takes place between 60 and 240/300 min,
depending on the nature of the metal ion. The explanation for this behavior is that in the
first 30 min, there is a high density of free functional groups involved in the binding of
metal ions, then the number of free functional groups decreases, and as a result, the increase
in retention capacity is slower. This behavior is valid for both metal ions.
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Another observation is that, for the Pb(II) ion, the time required to reach the equilib-
rium is approximately three hours, and for the Cd(II) ion, the time to reach the equilibrium
is five hours. This observation determined that the experiments performed to assess the
retention of Pb(II) ions were to be carried out for three hours, and those on the retention of
Cd(II) ions for five hours.

It can also be noted that the retention capacity of Pb(II) ions determined experimentally
is 121.76 ± 0.45 mg/g in the case of the SiO2@Saponin sample and 115.89 ± 0.34 mg/g in the
case of the sample meso-SiO2, while the Cd(II) ion retention capacity determined experimen-
tally is 82.97 ± 0.31 mg/g in the case of the SiO2@Saponin sample and
72.5 ± 0.25 mg/g in the case of the meso-SiO2 sample.

The higher value of the retention capacity of Pb(II) ions compared to the value of the
retention capacity of Cd(II) ions is caused by its characteristics. Thus, according to literature
data, ions with larger radii are much more easily retained by adsorbents [61]. As a result,
the larger value of the radius of the Pb(II) ions (1.20 Å) compared to 0.95 Å—the value of
the radius of the Cd(II) ions [62] determined that the prepared silica samples presented a
higher retention of Pb(II) ions. This can also be correlated with the stability of hydrated
metal ions (aqua ions). Metal ions with smaller radii present higher hydration energies and
are stabilized in aqueous solutions, and consequently, adsorption becomes difficult [61].
The hydrated Pb(II) ion has a radius of 4.01 Å and the hydrated Cd(II) ion of 4.26 Å, and
the lower value of the radius of hydrated species of Pb(II) determined the higher value of
the retention capacity for Pb(II) ions [61].

Another factor that influences the retention capacity is the electronegativity of the
metal ion. Metals with higher electronegativity are retained much more easily than metals
with lower electronegativity. Therefore, the value of the electronegativity of Pb(II) ions
(2.33) higher than of Cd(II) ions (1.69) can also explain the greater retention capacity of
Pb(II) ions compared to Cd(II) ions [62].

3.3.3. Adsorption Isotherm

In industrial adsorption processes, it is relevant to know the equilibrium data, the max-
imum adsorption capacity, and the adsorption kinetics for design and optimization. The
most intensively applied isotherm models for the characterization of adsorption processes
are the Freundlich and Langmuir isotherm models.

The Freundlich isotherm is applicable in adsorption studies on rough and multisite
(heterogeneous) surfaces [63]. The mathematical model of the Freundlich isotherm is
presented in Table 4.

The Langmuir isotherm model (Table 4) is applied to characterize the adsorption
processes on homogeneous surfaces. Another hypothesis of this isotherm model is the
reversibility of the adsorption–desorption process [64].
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Table 4. The mathematical expression of the isotherm models used to model the Pb(II)/Cd(II)
adsorption from single/binary solutions.

Isotherm Mathematical Expression Plot

Nonlinear Freundlich Qe = KF × C
1
n
e Qe vs. Ce

Nonlinear Langmuir Qe =
QmaxKLCe
1+KLCe

Qe vs. Ce

Linear modified Langmuir for
heavy metal 1

1
Qe,M1

= 1
Qmax,M1

+ 1
Qmax,M1KL,M1

[
1

Ce,M1
+ KL,M2Ce,M2

Ce,M1

]
1

Qe,M1
vs.

[
1

Ce,M1
+ KL,M2Ce,M2

Ce,M1

]
Linear modified Langmuir for

heavy metal 2
1

Qe,M2
= 1

Qmax,M2
+ 1

Qmax,M2KL,M2

[
1

Ce,M2
+ KL,M1Ce,M1

Ce,M2

]
1

Qe,M2
vs.

[
1

Ce,M2
+ KL,M1Ce,M1

Ce,M2

]

The adsorption capacity and selectivity of an adsorbent towards a certain metal ion
as a pollutant is influenced by numerous factors, which are grouped into the following:
(1) characteristics of the adsorbent material: specific surface area, porosity, types, and the
number of functional groups; (2) the characteristics of metal ions: hydrated ion radius,
ionic radius, hydration enthalpy, electronegativity and (3) the characteristics of the solution
such as concentration, pH, and the presence of competing ions.

The competitive adsorption of pollutants (metal ions/organic pollutants/other in-
organic pollutants) from binary solutions can be characterized by applying the modified
Langmuir isotherm equation introduced originally by Weber and Digiano (Table 4) [64–67].

In the Freundlich isotherm, Qe is the adsorption capacity at equilibrium (mg/g), Ce
represents the equilibrium concentration (mg/L), KF ((mg/g)(L/mg)1/n), and n are the
adsorption potential and the adsorption intensity constant [63]. The values of n in the Fre-
undlich isotherm equation and the values of the n parameter describe the heterogeneity of
a surface. Homogeneous surfaces are considered to have n = 1, which indicates that the ad-
sorption capacity is proportional to the percentage of occupied/occupied sites/centers [63].

In the Langmuir isotherm, Ce describes the equilibrium concentration of metal ions
(mg/L), KL represents the equilibrium constant of the Langmuir model that defines the ad-
sorption energy (L/mg), Qe represents the adsorption capacity at equilibrium (mg/g), Qmax
is the maximum adsorption capacity determined from the Langmuir isotherm (mg/g) [64].

The parameters of linear modified Langmuir for heavy metals (M1, M2) equations are
defined as follows:

• Ce,M1, Ce,M2, Qe,M1, and Qe,M2 represent the equilibrium concentrations and equilib-
rium retention capacity of metal ions (M1) (Pb(II)) and (M2) (Cd(II)) in binary solutions;

• KL,M1 and KL,M2 represent the characteristic equilibrium constants for the adsorption
of the respective metal ions from single solutions;

• Qmax,M1 and Qmax,M2 represent the maximum adsorption capacities for the experiments
with metal ions from the binary solutions.

To determine the values of Qmax,M1 and Qmax,M2, linear modified Langmuir for heavy
metals (M1, M2) equations will be represented graphically. The linear representation 1

Qe,M1

vs.
[

1
Ce,M1

+
KL,M2Ce,M2

Ce,M1

]
will be used to determine Qmax,M1 and the linear representation

1
Qe,M2

vs.
[

1
Ce,M2

+
KL,M1Ce,M1

Ce,M2

]
will be used to calculate Qmax,M2.

To establish the dynamics of the adsorption process of Pb(II) and Cd(II) ions from

binary solutions onto SiO2@Saponin/meso-SiO2, the ratio
Qmax,binary
Qmax,single

will be calculated [62].
The effects that each of the two metal ions can have on each other are:

• synergistic effects when the value of the ratio
Qmax,binary
Qmax,single

is above unity, and the effect of
the mixture is stronger than the effect of individual metal ions;

• antagonistic effects if the ratio
Qmax,binary
Qmax,single

is below 1, the two metal ions have an an-
tagonistic effect, and the mixture has a weaker effect compared to the effect of the
individual metal ions;
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• the mixture has no effect on the adsorption process of metal ions from binary solutions

if the ratio
Qmax,binary
Qmax,single

is equal to 1 [68].

From the graphical representations (Figures 9 and 10) of the experimental results, the
parameters of the nonlinear adsorption isotherms for the adsorption of Pb(II)/Cd(II) ions
on SiO2@Saponin/meso-SiO2 were determined (Table 5).
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Table 5. Langmuir and Freundlich isotherm parameters for the adsorption process of Pb(II)/Cd(II)
ions from single solutions on SiO2@Saponin and meso-SiO2.

Adsorbent SiO2@Saponin Meso-SiO2 Adsorbent SiO2@Saponin Meso-SiO2

Heavy metal ion Pb(II) Heavy metal ion Cd(II)

Langmuir parameters

Qmax (mg/g) 159.6 152.9 Qmax (mg/g) 124.5 114.1

KL (L/mg) 0.0654 0.0547 KL (L/mg) 0.0262 0.0226

R2 0.9965 0.9915 R2 0.9939 0.9965

RL 0.1326 0.1259 RL 0.2762 0.3067

AIC 27.74 32.19 AIC 26.52 21.66

Freundlich parameters

KF
((mg/g)(L/mg)1/n) 18.99 14.91 KF

((mg/g)(L/mg)1/n) 7.123 5.524

1/n 0.4899 0.5277 1/n 0.5773 0.6016

R2 0.9748 0.9742 R2 0.9922 0.9897

AIC 38.67 38.81 AIC 28.02 28.08

The correlation coefficient (R2) was used to determine the isotherm model that charac-
terizes the studied adsorption process. An R2 parameter value close to 1 suggests the fit of
the tested model with the studied adsorption process.

The separation factor (RL), calculated with the formula: RL = 1
1+KLC0

, where C0 (mg/L)
defines the initial concentration of Pb(II)/Cd(II) ions, and KL is the Langmuir equilibrium
constant represents another parameter that shows the correlation of the experimental results
of the studied adsorption process with the Langmuir isotherm model. According to the
literature data, the RL parameter with values between 0 and 1 indicates that the studied
adsorption is favorable, while RL > 1 adsorption is not favorable, and RL = 1 indicates a
linear process [69]. In the experimental tests carried out, the values of RL are between 0 and
1, which indicates the favorability of the studied adsorption process. A higher adsorption
capacity reflects a high specific surface and high pore volume of the adsorbent.

Another indicator used to determine which of the two models characterizes an ad-
sorption process is the Akaike Information Criterion (AIC) parameter. Lower AIC values
suggest that the analyzed model is valid for defining the studied adsorption [69].

Assessment of all the isotherm model parameters concluded that the Langmuir
isotherm model fits better with the Pb(II)/Cd(II) adsorption process onto SiO2@Saponin
and meso-SiO2. Thus, the adsorption of Pb(II)/Cd(II) adsorption onto SiO2@Saponin and
meso-SiO2 takes place as monolayer adsorption onto a homogeneous surface [69]. The
competitive adsorption of the experimental results has been modeled using the equations
from Table 4. The values of equilibrium constant KL,M1 and KL,M2 have been determined
for the Langmuir linear isotherm of the respective metal ions from single solutions.

The graphical representations used to determine the maximum values of the removal
adsorption capacities for Pb(II) and Cd(II) ions in binary solutions from the modified
Langmuir isotherm are shown in Figures 10 and S1.

Table 6 shows the maximum retention capacity values for Pb(II) and Cd(II) ions

determined from the modified Langmuir isotherm and the
Qmax,binary
Qmax,single

ratio values for the
SiO2@Saponin and meso-SiO2 samples.
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Table 6. Maximum values of the removal capacity of Pb(II) and Cd(II) ions determined from the
Langmuir isotherm for single and binary solutions.

Adsorbent Heavy Metal
Ion

Qmax (Single
Solution) (mg/g)

Qmax (Binary
Solution) (mg/g)

Qmax,binary
Qmax,single

SiO2@Saponin
Pb(II) 159.6 94.51 0.5919

Cd(II) 124.5 75.22 0.6040

meso-SiO2
Pb(II) 152.9 85.47 0.5587

Cd(II) 114.1 62.89 0.5484

The results presented in Table 6 indicate the following:

• both for the SiO2@Saponin and for the meso-SiO2, the values of the ratio
Qmax,binary
Qmax,single

are lower than 1, which reveals that the adsorption of Pb(II) ions is hindered by the
adsorption of Cd(II) and vice versa (both metal ions show a competition effect);

• both for the Pb(II) ion and the Cd(II) ion, there is a decrease in the maximum retention
capacity determined from the linearized Langmuir isotherm in the retention process
from binary solutions compared to the retention from single solutions;

• the higher values of the retention capacity of Pb(II) ions are explained based on the
properties of the previously retained Pb(II) ions;

• it was also observed that in the case of meso-SiO2, Pb(II) has a more intense effect on
the Cd(II) removal from binary solutions, and in the case of SiO2@Saponinthe stronger
effect has been manifested by the Cd(II) ions.

3.3.4. Kinetic Study

Adsorption kinetics defines the rate of solute adsorption, and obviously, this rate gov-
erns the residence time of adsorbate retention at the solid-solution interface. Experimental
data on adsorption kinetics were analyzed using three types of adsorption kinetics often
used for this purpose. These are pseudo-first-order kinetics, pseudo-second-order kinetics,
and intraparticle diffusion. The mathematical expressions of the kinetic models used to
model the experimental results are described in Table 7.

Table 7. The mathematical expression of the kinetic models used to model the Pb(II)/Cd(II) adsorption
from single solutions.

Kinetic Model Mathematical Expression Plot

Pseudo-first-order Qt = Qe(1 − exp(−k1t)) Qt vs. time

Pseudo-second-order Qt =
t(

1
k2Q2

e

)
+( t

Qe )
Qt vs. time

Intraparticle diffusion (IPD) Qt = kit1/2 + C Qt vs. time1/2

The parameters included in Table 7 are described as follows: Qe (mg/g) is the adsorp-
tion capacity of Pb(II)/Cd(II) at equilibrium, Qt (mg/g) represents the adsorption capacity
of Pb(II)/Cd(II) at time t (min), k1 (min−1) is the rate constant of pseudo-first-order, k2
(mg/g·min) represents the second-order rate constant, ki defines the intraparticle diffusion
rate constant (mg/g·min1/2), and C (mg/g) is the intersection representing the boundary
layer thickness [69].

The kinetic parameters of the kinetic models tested and the correlation coefficient R2

were determined from the graphic representation of the adsorption capacity as a function
of t.

To calculate the kinetic parameters of the studied models, the results from Figure 11
have been used. The values obtained for these parameters are depicted in Table 8.
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Table 8. Kinetic parameters for Pb(II) and Cd(II) adsorption onto SiO2@Saponin and meso-SiO2

(nonlinear regression) from single aqueous solutions.

Adsorbent SiO2@Saponin Meso-SiO2

Pb(II)

Qexp (mg/g) 121.7 115.8

Pseudo-first-order kinetic model

Qcalc (mg/g) 119.3 ± 1.982 113.9 ± 1.738

k1 (min−1) 0.1622 ± 0.0151 0.1282 ± 0.0099

R2 adjusted 0.9796 0.9842

Pseudo-second-order kinetic model

Qcalc (mg/g) 123.9 ± 0.6681 118.8 ± 0.8907

k2·10−4 (g/mg·min) 24.3 ± 1.1382 18.6 ± 1.0691

R2 adjusted 0.9983 0.9970

Cd(II)

Qexp (mg/g) 82.97 72.50

Pseudo-first-order kinetic model

Qcalc (mg/g) 75.30 ± 4.063 68.64 ± 4.043

k1 (min−1) 0.0355 ± 0.0079 0.0202 ± 0.0046

R2 adjusted 0.8920 0.9051

Pseudo-second-order kinetic model

Qcalc (mg/g) 83.66 ± 3.750 78.04 ± 4.621

k2·10−4 (g/mg·min) 5.512 ± 1.299 3.433 ± 0.9730

R2 adjusted 0.9528 0.9471
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Analyzing the data in the table above, the following can be concluded: the correlation
coefficient R2 is the closest to 1 for the second-order pseudo-kinetic model; for both metal
ions, the experimental value of the adsorption capacity comes closest to the value of the
capacity calculated from the kinetic model for the second-order pseudo-kinetic model;
according to the second-order pseudo-kinetic model, the adsorption process of Cd(II) and
Pb(II) ions on SiO2@Saponin and meso-SiO2 proceeds through chemical reactions [62].

A two-phase process comprises one first phase—external mass transfer and the second
phase—intraparticle diffusion, which is used to describe the adsorption of heavy metal
ions [70]. As with other adsorption processes, the removal kinetics is mainly related to the
movement of Pb(II) and Cd(II) ions from the aqueous effluent towards the SiO2@Saponin
and meso-SiO2 surfaces. The Weber-Morris intraparticle diffusion model (IPD) (equation 3)
from Table 7 is applied to define this movement [70]. In the case of this kinetic model, if
the straight line generated by the plot Qt vs. time1/2 is passing through the origin, it can
be stated that intraparticle diffusion can be employed/used to describe the adsorption
mechanism [70]. The slope of the linear curve defines the rate constant of the intraparticle
diffusion process. The kinetic data of the adsorption processes studied were analyzed using
the IPD model (Figure 12).
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This figure reveals that the plot Qt versus time1/2 failed to pass through the origin.
Moreover, the plots are divided into two or more segments, suggesting that intraparticle
diffusion is not the only rate-limiting step. Similar results are also presented in the literature
data [70].

3.3.5. Comparison of the Adsorption Capacity of SiO2@Saponin and Meso-SiO2 with Other
SiO2 Based Materials

The adsorption capacity of the as-prepared adsorbents compared to other SiO2-based
adsorbents is significant from a practical viewpoint. The results of this research were
compared to literature data, and the maximum removal capacity (Qmax) specific for Cd(II)
and Pb(II) are shown in Table 9.

As listed in Table 9, the SiO2@Saponin and meso-SiO2 samples investigated in this
study are described by higher adsorption capacities than other SiO2-related adsorbents
(even if they are functionalized). It can also be observed from Table 9 that, in most cases,
the Pb(II) and Cd(II) adsorption capacity of SiO2@Saponin and meso-SiO2 from binary
solutions are higher than Pb(II) and Cd(II) adsorption capacity of other SiO2 from single
solutions. From the survey of articles that mention the removal of Pb(II) and Cd(II) ions by
adsorption on SiO2-based materials, only one paper reports results on the removal of the
respective ions from multicomponent solutions.
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Table 9. Pb(II) and Cd(II) adsorption capacity for different silica adsorbents.

Adsorbent Pb(II) Adsorption Capacity
(mg/g)

Cd(II) Adsorption Capacity
(mg/g) Refs

SiO2 nanoparticles 34.2 42.2 [71]

MgO-SiO2 102.02 94.05 [72]

Fe3O4@SiO2-EDTA

[73]

SiO2: EDTA= 1:1 74.07
SiO2: EDTA = 1.5:1 79.37
SiO2: EDTA = 2:1 86.21

SiO2: EDTA = 2.5:1 114.94 50.25
SiO2: EDTA = 3:1 101.01

SiO2-EDTA 147.52 [74]

Fe3O4@SiO2–NH2

0.37 mmol/g at 25 ◦C
0.45 mmol/g at 35 ◦C
0.54 mmol/g at 45 ◦C

0.20 mmol/g at 25 ◦C
0.27 mmol/g at 35 ◦C
0.33 mmol/g at 45 ◦C

[75]

Fe3O4@SiO2–NH2-PAA 108.82 100.81 [76]

chitosan/SiO2/Fe3O4
EDTA-modified chitosan/SiO2/Fe3O4

0.045 mmol/g
0.596 mmol/g

0.040 mmol/g
0.563 mmol/g [77]

MnFe2O4@SiO2@Vinyltrimethylsilane
(VTMS) nanocomposite hydrogel 131 126 [78]

Fe3O4@SiO2@Carboxyl-Terminated
PAMAM Dendrimer Nanocomposite 117 115.82 [79]

NH2-MCM-41 57.74 (ternary Ni(II) + Pb(II) +
Cd(II) solns)

18.25 (ternary Ni(II) + Pb(II) +
Cd(II) solns) [80]

Magnetic melamine-MCM-48 127.24 114.08 [81]

SH-mSi@Fe3O4 91.5 [82]

Hierarchically macro/mesoporous hybrid
silica spheres 81.9 33.4 [83]

Amino-functionalized Fe3O4@mesoporous
SiO2 core-shell composite microspheres

NH2-MS
128.21 51.81 [84]

SiO2@Saponin 159.6 (Pb(II) solution)
94.52 (Pb(II) + Cd(II) solns)

124.5 (Cd(II) solution)
75.22 (Pb(II) + Cd(II) solns) This study

meso-SiO2
152.9 (Pb(II) solution)

85.47 (Pb(II) + Cd(II) solns)
114.1 (Cd(II) solution)

62.93 (Pb(II) + Cd(II) solns) This study

4. Conclusions

Porous silica was prepared using the sol–gel method using a biosurfactant structure-
directing agent saponin and TEOS (tetraethoxysilane) as a silica (SiO2) precursor. The
surface and morphology of the two as-prepared adsorbent materials, SiO2@Saponin, and
meso-SiO2, were analyzed by SEM and TEM/HRTEM images, and it was found that the
materials are composed of non-uniform aggregates of relatively large particles, with rigid,
lamellar structures and meso-SiO2 has a wormlike mesoporous structure, with uniform,
homogeneously distributed mesopores. The textural parameters were determined from the
nitrogen adsorption–desorption isotherms. Surprisingly, meso-SiO2 has a smaller specific
surface area than that of the SiO2@saponin adsorbent, which is probably due to the fusion
of micropores and smallest mesopores upon the calcination at 550 ◦C carried out for the
removal of the saponin templating agent and obtaining of meso-SiO2.

Batch experiments performed on the removal of Pb(II)/Cd(II) ions from single and
binary aqueous solutions also led to the conclusion that SiO2@Saponin has a higher adsorp-
tion capacity than meso-SiO2 and we attributed this fact to both the favorable interactions
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between carboxyl and hydroxyl functional groups of saponin and metal ions and its large
specific surface area.

All the parameters (pH, contact time, retention capacity) and the Langmuir and
Freundlich adsorption isotherms and kinetic models describing the adsorption processes
of Pb(II)/Cd(II) ions onto these new silica adsorbents have been assessed for sorption
of these metal ions from single and binary solutions. Our findings contribute to new
knowledge related to the phenomena that occur in the adsorption of heavy metal ions from
multicomponent solutions, a process extremely useful for the remediation of wastewater.
The results of the competitive adsorption indicated the strong inhibitive effect of Pb(II) on
the Cd(II) removal from binary solutions by adsorption onto meso-SiO2, and in the case of
SiO2@Saponin, the stronger effect has been manifested by the Cd(II) ions. The values of the
maximum adsorption capacities for Pb(II)/Cd(II), from single and binary solutions, onto
SiO2@Saponin and meso-SiO2 recommend the application of both silica adsorbents in the
removal of these metal ions from wastewater.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jcs8060227/s1, Figure S1: Linear Langmuir isotherm for Pd(II)
adsorption on SiO2@Saponin (a), meso-SiO2 (b) and Cd(II) adsorption on SiO2@Saponin (c), meso-
SiO2 (d)from single solutions.
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