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Abstract: The Stober version of a sol-gel method of co-condensation of two alkoxysilanes (structuring
tetraethoxysilane (TEOS) and functionalising N-containing silane) in an ammonia medium was used
for the one-pot synthesis of spherical silica particles with =Si(CH;)sNH;, =Si(CH;);NH(CH;),NH,,
and =[Si(CH;)3;NH], functional groups with available groups content of 1.3-2.3 mmol/g. The
materials were researched by a range of methods, including SEM, TEM, IR spectroscopy, 3C, and 2’Si
solid-state NMR spectroscopy, acid-base titration, and thermal analysis to identify the peculiarities
of the morphology, functional groups content, composition, and thermal resistance of the surface
layers in the synthesised samples. The type of N-containing silane was shown to affect the structure
and properties of the synthesised spherical particles. The silane with the simplest, 3-aminopropyl,
functional group caused the formation of nonporous material composed of large 600-800 nm spherical
microparticles. Meanwhile, the complication of functional groups enhanced the emergence of small
15 nm primary particles and the origination of porosity, generated by the slits between particles and
particle agglomerates. Thereafter, the sorption properties of the synthesised hybrid materials for
nickel(Il) and copper(Il)ions, and bovine serum albumin (BSA) were also found to be dependent
on the structure of the materials and the type of incorporated functional group. The maximal
static sorption capacity values towards the targeted adsorbates were shown by the samples with
3-aminopropyl groups (1.27 mmol Ni/g), diamine groups (1.09 mmol Cu/g), and secondary amine
groups (204.6 mg BSA/g). The conducted research opens up the prospects of directed one-pot
synthesis of amino-functionalised hybrid organosilica materials for different applications.

Keywords: sol-gel technique; one-pot synthesis; 3-aminopropyl groups; ethylenediamine groups;
secondary amine groups; Cu(II) ions sorption; Ni(II) ions sorption; bovine serum albumin sorption

1. Introduction

The influence of anthropogenic factors on environmental pollution has aggravated
recently. Heavy metals that are widely used in various industries form a special group of
pollutants [1]. Heavy metal ions are usually distributed in the environment by means of
water [2]. Therefore, their removal from water is an urgent problem that constantly causes
concern [3]. Respecting sorption technologies, the search for approaches to synthesise novel
materials with a well-developed porous structure (ensuring good kinetic characteristics)
and a high content of available functional groups is worthy of attention.

Silica-based materials can be used for catalysis and environmental applications [4].
However, the efficiency of pure silica sorbents is relatively low [5]. To improve the sorption
properties of these materials, oxygen-, nitrogen-, or sulfur-containing functional groups are
incorporated into them [6]. Recently, silicas functionalised with amino groups have been
of considerable interest, because their surface layer allows binding ions of such metals as
copper and nickel into stable complex compounds [7,8]. Nitrogen-containing polysiloxane
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sorbents have been well-studied, described in detail in [9,10], and even produced as
commercial materials [11,12].

It should be mentioned that sorption materials formed by spherical particles are more
effective for sorption processes from a technological point of view. Such materials are
characterised by greater availability of complex-forming functional groups for interaction
with metal ions, which improves the process of extraction of metal ions from their aqueous
solutions. Sorption materials in the form of spherical particles can be prepared using the
Stober version of sol-gel synthesis [13]. Spherical silica particles with amino groups have
recently been very popular as carriers for various applications, such as drug delivery [14],
chemotherapy [15], biomedicine [16], antibacterial therapy [17], liquid chromatography [18],
catalysis [19]; as fillers for the flame retardants [20]; as sorbents of organic molecules [21,22],
gasses [23,24], and metal ions [25-27]. Therefore, their economically feasible production is
an urgent task. In many cases in the above-mentioned references, surface modification was
used to attach amino groups to the silica surface, while a template method was applied
to create mesoporous materials. Functionalising alkoxysilanes of different compositions
can be used to affix different types of nitrogen-containing groups onto the surface of the
materials. Previously, we described a one-step synthesis of aminosilica particles [28] and
the possibility of influencing their size and surface chemistry [29]. Moreover, for the certain
tasks, silanes with diamine groups [30,31] and bridged silanes with amino groups [32,33]
are increasingly used, so the research data will be of practical interest to the scientists in this
area. The main idea of this work is to use the Stober method for the one-component system
(TEOS) and apply it to the two-component system, where the second component is a silane
with amino groups of different structure. In this study, it is proposed to obtain in one step
silica spheres with 3-aminopropyl groups, diamine groups (which increases the number
of heteroatoms on the surface), as well as to synthesise materials with bridging silanes
containing a secondary amino group and affecting the porosity of the obtained materials. It
was shown that the suggested method of synthesis promotes the fixation of a large number
of amino-containing groups and they are available for interactions with metal cations and
protein molecules on the example of bovine serum albumin.

2. Materials and Methods
2.1. Reagents

The following substances were used to prepare the samples: tetraethoxysilane, Si(OC,Hs),4
(TEOS, 98%, Aldrich, St.Louis, MO, USA); 3-aminopropyltriethoxysilane, CoHp3NO3Si
(APTES, 98%, Fluka); N-[3-(trimethoxysilyl)propyl]ethylenediamine, CsH»N»O3Si (TMPED,
97%, Aldrich, USA); bis [3-(trimethoxysilyl)propyl]lamine, [(CH30)3Si(CHy)3],NH (BTMPA,
95%, ABCR); ethanol (96%, Ukrspirt); ammonia solution, 25% (NH4OH, p.a., Macrochem, Ukraine).

Reagents used for acid-base titration and sorption: Cu(NO3),-3H,O (Merck); Ni(NO3),-3H,O
(Macrochem, Ukraine); bovine serum albumin (BSA, for biochemistry, protease free, Acros
organics); buffer aqueous solution (phosphate buffered saline tablets, Fisher BioReagents,
pH =7.4); solutions of 0.1 M HNO3, 0.1 M NaOH, and 0.1 M HCl prepared from fixanal
concentrates; 0.1 M NaNOj solution prepared from NaNOj salt (chem.pure, Macrochem,
Ukraine), methyl orange (1% solution prepared from methyl orange powder, chem.pure,
Macrochem, Ukraine).

2.2. Synthesis of Silica-Based Particles with Amino Groups in the Surface Layer

For the synthesis of TEOS/APTES, TA (and TEOS/TMPED, TEDA) samples, 100 cm?
(70 cm3) of ethanol, 21.7 cm? of NH4OH and 14 cm? of distilled water were mixed in a glass
at a constant stirring with a magnetic stirrer. In a few minutes, 2 cm? (0.0083 mol) of APTES
(1.9 cm?® (0.0085 mol) of TMPED) were added, followed by 6 cm? (0.0263 mol) of TEOS. The
precipitation started in 2 min (after that for TEDA, another 30 cm? of ethanol were added).

For the synthesis of TEOS/BTMPA, TBA sample, 30 cm?® of ethanol, 21.7 cm® of
NH4OH and 14 cm? of distilled water were mixed in a glass at a constant stirring with a
magnetic stirrer. Then, 2.8 cm? (0.0081 mol) of BTMPA in 40 cm?® of ethanol were added to
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the reaction, followed by 6 cm® (0.0263 mol) of TEOS. In 2 min, the precipitation started,
and when in several more minutes the precipitate turned curd-like, another 30 cm® of
ethanol was added to the reaction.

In general, the molar ratio of TEOS/N-containing silane was ~3/1 (Table 1). The reac-
tions continued for 1 h. The particles were separated from the solutions by centrifugation
(10 min, 5000 rpm), and washed 3 times with ethanol. The samples were dried at 120 °C
for 3 days.

Table 1. The content of functional groups in the studied samples and the value of the specific surface.

Sample Composition and isLabel gt Tunie” Ty hmarg - mie
Si0, /=Si(CH,)sNH, (TA) 3/1 3.3 1.3 1.9 17

Si0, /=Si(CH,)3;NH(CH,),NH, (TEDA) 3/1 3.0 2.3 29 174
Si0, /[=Si(CH>)3]1,NH (TBA) 3/1 26 2.0 2.1 179

2.3. Analysis Methods

The content of amine functional groups on the surface of the synthesised silica particles
was determined by the method of acid-base back titration [34]. It is based on the determi-
nation of the number of protons absorbed by the amino group after holding the sorbent
batch (0.1 g) in an excess of 0.1 M HCI solution (with periodic stirring) until equilibrium
is established (72 h). The excess of hydrochloric acid was titrated with 0.1 M NaOH and
methyl orange as an indicator.

Scanning electron microscopy (SEM) is widely used to study the morphology of
sorbents and determine their particle sizes. The sample was mounted on the surface of
the table with a pre-applied adhesive coating and sputtered with gold by the method of
cathodic sputtering. The SEM images were collected with a scanning electron microscope
JSM 6060 LA (Jeol, Tokyo, Japan) in the secondary electron mode at an accelerating voltage
of 30 kV. The materials (previously deposited on a transparent carbon film on a copper sub-
strate) were also analysed by transmission electron microscopy (TEM) using TEM/HRTEM
(JEOL JEM 2010-Fx) at 200 kV and energy-dispersive X-ray spectroscopy (EDXS).

Nitrogen adsorption-desorption isotherms for all samples were collected using a
Kelvin-1042 sorptometer. The samples were previously degassed in a helium stream at
110 °C for 1 h. The specific surface area (Ssp) was calculated according to BET [35] in the
range of relative pressures 0.05-0.35.

Infrared (IR) reflectance spectra of the samples ground with KBr (FT-IR grade, Sigma-
Aldrich) at 1/20 weight ratio were recorded on a Thermo Nicolet Nexus FTIR spectrometer
using the “SMART Collector” diffuse reflectance attachment in the region of 4000-400 cm ™!
at a resolution of 8 cm 1.

The thermal analysis (differential thermal analysis (DTA), differential thermal gravime-
try (DTG), and thermogravimetry (TG)) was performed on the MOM Q-1500 D (Paulik—
Paulik-Erdey) derivatograph operating in the range of 20-1000 °C, with a heating rate of
10 °C-min~1.

The 3C and ?Si MAS NMR experiments were conducted on a Bruker Avance II 400
spectrometer with 4 mm rotors (ZrO,) spun at 10 kHz. '3C NMR spectra were measured
using 'H—13C CP/MAS, 'H decoupling during acquisition, a contact time of 3 ms, and 5 s
of recycle delay. The number of scans was between 768 and 2300. 2°Si NMR spectra were
recorded with 3 ps excitation pulses, a contact time of 2 ms, and 5 s of recycle delay. The
number of scans was between 640 and 1024. '3C and ?’Si chemical shifts are referenced
towards 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

2.4. Adsorption Studies

The sorption of heavy metals nickel(II) and copper(Il) was studied under static condi-
tions. A batch of sorbent (0.05 g) was poured with 25 cm3 of working solutions of metal
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ions. The content of copper and nickel in the aqueous phase was determined by the atomic
absorption method on a C-115-M1 spectrophotometer along the resonance line of 324.7 nm
(for copper) and 232.0 nm in a depleted (oxidizing) flame of an acetylene/air mixture. The
source of resonant radiation was the LS-2 spectral lamp. The detection limit for metals was
0.01 pg/cm?.

To study the physical adsorption of bovine serum albumin (BSA) from aqueous solution
on functionalised nanoparticles, there was used 1% BSA stock solution in phosphate saline
buffer and its diluted solutions 0.1-1.0%. UV-Vis spectrophotometer Helios Gamma (Thermo
Electron Corporation, Great Britain) was used to register absorption spectra of BSA in solution.
Experimental conditions: m = 0.02 g, V (working volume of albumin solution) = 10 cm?,
the contact time of phases was 1.0 h, t = 36°C. The equilibrium concentration of albumin
was determined spectrophotometrically at A = 278 nm (the thickness of the cell = 1 cm) after
removing the sorbent.

3. Results and Discussion

In the current research we synthesised three different types of particles via co-condensation
of TEOS (as the main structuring agent) and divergent amino-containing silanes (as func-
tionalising agents), as schematically depicted in Figure 1 and summarized in Table 1. The
first sample (TA) is carrying the usual 3-aminopropyl groups incorporated with APTES.
The second sample (TEDA) bears (propyl)ethylenediamine functional groups, i.e., it has
lengthened aminoorganic fragments with larger number of nitrogen donor centres. Finally,
the third sample (TBA) carries secondary amino groups introduced by means of a bissilane
having an amino group in the structure of the bridge. The syntheses of sorption materials
were carried out in the same conditions of a water-ethanol environment with a molar ratio
of reacting components TEOS/ functionalising alkoxysilane of 3/1. Ammonium hydroxide
was used as a catalyst for the hydrolytic polycondensation reaction [13].

CHsQ,
cszo—éi\ ~NH;
p, o i NH, TA
C,H,OH cndl s Y% i,
s APTES
OC,H, CH;Q
/SL,, + CH30>l§i ~NH. _NH, R NH
CHO, (eH Si0 e
e ) ocH, CH;0 P 2 i, @y, ¢ TEPA
s27 OCH, - -
: TMPED
tetraethoxysilane CH;Q, OCH
TEOS % S oot L~ (CH)3
P Sio, L TBA
CH,); (CH
cnyd! (CRs )y ¥y N(CH))s
NH,OH BTMPA

Figure 1. Synthesis of amino-containing spherical silica particles.

3.1. Morphology

The morphology and sizes of the synthesised particles were analysed with SEM mi-
crophotographs. In keeping with the SEM and TEM images of the TA sample presented in
Figure 2, the material is formed by clearly visible spherical particles from 600 to 800 nm in
size. Meanwhile, samples TEDA and TBA (Figure 2) are formed by 220-275 nm agglomer-
ates and aggregates, whereas their primary particles are much smaller in size ~15 nm. That
is, by the developed technique of synthesis, the emerging silica spheres with 3-aminopropyl
groups are spherical microparticles with a size of 500-800 nm. In the same conditions of
synthesis, the introduction of a larger functional group, as well as a group with a higher
basicity, leads to the formation of much smaller-sized primary particles, which tend to
agglomerate. Such a difference is explained by the rates of hydrolysis and condensation.
The kinetics of hydrolysis of methoxy derivatives (functionalising methoxy silanes TMPED
and BTMPA used in the synthesis of TEDA and TBA samples, respectively) is very fast,
faster than that of ethoxy derivatives (functionalising ethoxy silanes APTES used in the
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synthesis of TA sample). However, the rate of condensation decreases with the increase
in the size of the organic group near the silicon atom [36]. Thus, slow hydrolysis and
fast condensation of APTES in the case of TA sample result in the formation of large mi-
crospheres. Meanwhile, fast hydrolysis and slow condensation of TMPED and BTMPA,
as well as electrosteric barriers prevent the primary particles from uniting into spherical
secondary particles and facilitating dendromer formation [37], lead to the emergence of
15 nm particles of TEDA and TBA samples.

3EkU X198, 088

Figure 2. SEM (the left column) and TEM (the right column) images of the synthesised samples.

3.2. The Composition and Structure of the Obtained Samples

Table 1 shows the values of the specific surface area for silica-based samples, which were
calculated from the isotherms of low-temperature nitrogen adsorption-desorption (Figure 3).
These data correlate with TEM data and are related to the particle sizes. Observing the
results of low-temperature nitrogen adsorption-desorption analysis, 3-aminopropyl-bearing
TA is a non-porous sample with the value of the specific surface Sgp. = 17 m?/g (Table 1),
which is consistent with its large particle sizes (about 600-800 nm). Meanwhile, TEDA
material with ethylenediamine groups and TBA material with secondary amine groups,
formed by much smaller primary particles, are characterised by specific surfaces of 174 and
179 m2/ g. Calculations based on the SCV/SCR method [38] have shown that most pores
are formed by slits between particles and particle agglomerates, and belong to mesopores
for the TEDA sample and meso- and macropores for the TBA sample (Figure S1, Table S1)
(see Supplementary Materials).
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Figure 3. Low-temperature nitrogen adsorption-desorption isotherms for TEDA and TBA samples.

The IR spectra of the samples are illustrated in Figure 4. All of them contain an intense
absorption band in the region of 1000-1200 cm ™! with a shoulder in the higher frequencies,
which is characteristic of v(Si-O-5i) stretches and indicates the formation of a network
of polysiloxane bonds. A broad absorption band at 3300 cm ! and a band of medium
intensity at 1630-1640 cm~! are caused by stretching and bending vibrations of water
molecules adsorbed on the surface of the samples. However, there are absorption bands of
amino groups in the same region [39] overlapping with water vibrations: two low-intensity
absorption bands for TA and TEDA samples, and one weak band for TBA in the region
of 3288-3366 cm ! are related to v s(NH) of the amino groups involved in the hydrogen
bond. An additional band at ~1540 cm ™! refers to deformations 5(NH,) of NH, groups [31],
while a broad strong absorption band around ~800 cm ™! belongs to wagging and twisting
vibrations of NH; (in TA and TEDA) and NH wagging (in TBA).

TEDA

. _NH. _NH
PO~ D), ),

Reflectance, a.u.

4000 3500 3000 2500 2000 1500 1000
v, em™!

Figure 4. IR spectra of the synthesised samples.



Crystals 2023, 13, 190

7 of 15

Absorption bands in the region of 2850-2950 cm ! belong to symmetric and asymmet-
ric CH stretches of the aminopropyl radical, whereas a group of bands in the 1350-1480 cm
region correspond to bending vibrations of CH.

Summarizing the analysis of the IR spectra, the particles that were synthesised consist
of a well-developed polysiloxane network with affixed targeted amine functional groups.

Furthermore, EDXS data (Figure S2) also confirm the existence of nitrogen-containing
functional groups in the surface layers of the silica particles (for the TA sample, due to the
small number of functional groups, signal N-K, apparently overlaps with oxygen signal).

The quantitative content of the organic component in the prepared samples was
additionally assessed on the basis of thermal analysis data (Figure 5). Analysing thermoan-
alytical curves, all the samples lose weight when heated to 100 °C (TA—7.9%; TEDA—5.5%;
TBA—12.2%), which can be associated with the removal of the remains of sorbed water,
the evidence of which in the samples was also recorded by IR spectra. The TEDA and
TBA samples have similar thermograms. For the TEDA sample, the exoeffect at 230 °C
is more pronounced than for the TBA sample at 275 °C, and it is completely absent in
the TA sample. The reason for such a difference may lie both in the porosity and in the
more complex structure of the functional groups in TEDA and TBA, due to which the
organic component burns out unevenly in several stages. The lack of endo effects above
200 °C in the DTG curve and the presence of exoeffects in the DTA curve of TA sample
indicate processes of oxidation of organic groups, accompanied by the weight loss at a
constant speed, due to the mutually compensating processes of formation and collapse of
decomposition compounds [40]. Taking into account the weight loss for the combustion of
the organic groups, the number of functional groups in the samples were calculated, and
they agree with the titration data (Table 1). Following Table 1, amino groups content in the
spherical silica microparticles TA is about 2 times less than in samples TEDA and TBA.
Again, such a relatively high content of functional groups (TEDA and TBA) at the taken
ratio of reacting components is more typical for xerogels with amino groups [41].

The 3C NMR spectra (Figure 6, Table 2) of the synthesised samples confirm the
presence of functional groups introduced during the synthesis, as well as the presence
of residual ethoxy and methoxy groups [42,43]. These results correlate with the data
of 22Si NMR spectroscopy (Figure 6, Table 3). The presence of methoxy groups in the
prepared samples demonstrates an incompleteness of hydrolysis of nitrogen-containing
alkoxysilanes (TMPED or BTMPA) and, accordingly, explains the appearance of signals in
295 NMR spectra at ~57-58 ppm related to the T2 structural units [32]. In addition, in the
29Si NMR spectrum of the TBA sample (Figure 6), a signal at —50.5 ppm corresponding
to the T! structural unit is observed (Table 3). The appearance of such a structural unit
may be related to the nature of functionalising alkoxysilane (bissilane BTMPA), when the
hydrolysis and polycondensation processes are hindered by the size of the bridging group.
Such hindered hydrolysis and polycondensation of BTMPA may be one of the reasons for
lower content of functional groups in TBA compared to TEDA sample (Table 1). However,
as secondary amino groups of TBA are located within polysiloxane network, some of them
may be both unavailable for titration and their burnout may be complicated. The presence
in the 2°Si NMR spectra of TA of only Q* and Q? structural units indicates the completeness
of hydrolysis in the TEOS/APTES system [44].
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Figure 5. Thermoanalysis curves for the amino-containing samples.
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4038 22.6

100 80 60 40 20 0 0 =50 -100
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Figure 6. 13C NMR spectra (a) and 2°Si NMR spectra (b) of synthesised samples.

Table 2. 13C CP/MAS NMR spectroscopy data for samples with nitrogen-containing groups.

Chemical Shifts, ppm
Peak Assignments A TEDA TBA
=Si-CH,-CH,-CH,- N 10.47 11.1 11.17
=5i-O-CH;,-CH3 18.14 - -
=Si-CH,-CH,-CH,-N 22.38 22.6 22.14
=Si-CH,-CH,-CH,-N 43.15 40.38 40.1
=Si-O-CHj; - 51.05 50.59
=Si-O-CH,-CHj 58.7 - -

Table 3. 2°Si CP/MAS NMR spectroscopy data for samples with nitrogen-containing groups.

Chemical Shifts, Ppm

Structural Units

TA TEDA TBA
Q* —109.8 —108.7 —~109.8
Q? —101.1 —100.3 —100.3
Qz _ - -
T3 —65.3 —65.1 —66.6
T? - —57.1 —58.5
T! - - —50.5

3.3. Sorption of Copper(Il) and Nickel(II) Ions from Aqueous Solutions

The sorption studies of Cu(ll) ions were carried out at pH ~5.5, and Ni(II) at ~6.5 [14],
because the higher the pH, the better the sorption of these metals, but copper(Il) and
nickel(II) hydroxides begin to form at pH values ~5.5 and ~7, respectively [45]. As demon-
strated in Figure 7, these materials are not an exception, and the best sorption of nickel(II)
by all samples was observed at pH = 6. The addition of acids promotes the protonation of
the amino groups reducing their sorption capacity. Meanwhile, the addition of alkali can
cause the formation of basic metal salts. Therefore, aqueous solutions of salts with their
natural pH were used in the sorption experiments.



Crystals 2023, 13, 190

10 of 15

. TA a b
I TEDA

0267 I TBA

024 ] o8] TEDA+Cu(Il)
0
= 024 .
=] 4
g 0.20 o E o7
n 0.18 4 g 06
2 016 £
g 0.16 £ o]
5 014 13
< 012 g 04
Z ool - TEDA+Ni(IT)
=" = 03
= 0.08 =
Z =2

0.06 = 02

0.04 4 01

0.2

00
000 1 i 1 p ] 3 : 0 5 10 I 20 %5
pH time, h

Figure 7. Dependence of nickel(II) ions adsorption on pH for all samples (a) and kinetic curves of
Ni(II) (green line and symbols) and Cu(II) (blue line and symbols) sorption by TEDA sorbent (b).

The study of the kinetics of Ni** and Cu?* sorption by the obtained sorbents was
carried out in static mode. Graphically, the kinetics of the Ni>* and Cu?* sorption process
by the TEDA sample (as an example) is presented in Figure 7. The kinetic curves of Ni(II)
and Cu(Il) sorption align well with the pseudo-second-order equation (Figure S3, Table 52):
the cations sorption process occurs on the same type of active centres on the surface of
functional silicas, but with the formation of different complexes. Although the initial uptake
of Cu?* by TEDA is faster than Ni?*, the rate constant of Ni?* sorption is higher. However,
it appeared that 4 h of contact of TEDA with either of the mentioned ions was enough to
establish a state of dynamic equilibrium. However, relying on our previous research [22,29],
the establishment of adsorption equilibrium between copper cations and the samples with
3-aminopropyl groups lasted longer, so 24 h was chosen as the optimal time for further
investigations of isothermal sorption.

The experimental isotherms of copper(ll) and nickel(II) ions sorption on aminosilica
particles, as well as their plots in the coordinates of the linearised Langmuir and Freundlich
isotherm model equations, are illustrated in Figure 8, and Table 4 presents the parameters
of Ni(Il) and Cu(ll) sorption. According to these calculations, the adsorption occurs
on a heterogeneous surface for a TA sample with 3-aminopropyl groups, which are the
simplest in structure among the others. This may be due to the fact that amino groups
form hydrogen bonds with other amino and silanol groups [22], and adsorption occurs
on adsorption centres of different energy. For the samples with diamine groups (TEDA)
and secondary amines (TBA), the isotherms are well fitted by the Langmuir model, which
indicates chemisorption [46].

Moreover, the CLINP 2.1 program [47] was used to calculate the composition of the
complexes formed on the surface of such sorbents. The composition of copper(II)/N-group
complexes is 1/1 for the 3-aminopropyl group and 1/1 and 1/2 for the ethylenediamine
and the secondary amine groups, respectively (Figure 8). In the case of nickel(II) complexes,
their composition depends on the number of functional groups in the surface layer. If the
group content is approximately 1 mmol/g, then complexes of composition 1/1 (TA sample)
are formed, and if the group content increases, then 1/1 and 1/2 (for TBA sample) and
1/2 (for TEDA sample) complexes are formed. Thus, the number of nitrogen-containing
groups and their structure determine the formation of various complexes on the surface,
which affects the total sorption capacity of the samples.
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Figure 8. (a) Copper(Il) and Nickel(II) adsorption isotherms (Adsorption vs. equilibrium concen-
tration of metal ions [M?*]) for amine-containing silica microspheres (points—experimental data,
lines—calculated data); adsorption isotherms in the coordinates of the Langmuir (b) and Freundlich
(c) equations.

Table 4. Parameters of Ni(II) and Cu(II) ions sorption in the Langmuir and Freundlich equations.

Langmuir Equation Freundlich Equation
SSC, CeqlAeq = V(KL - Aax) + WApay) - Ceq InAgy =In Kp + (1/n) - In Cyy
Sample Cation 1/
mmol/g Amuxr KL/ Rz KF/ n Rz
mmol/g dm?/mmol mmol/g
TA Ni(II) 1.27 —3.69 —-0.077 0.2429 0.311 0.82 0.9541
Cu(ID) 0.53 7.54 0.015 0.0669 0.112 1.04 0.9824
TEDA Ni(II) 043 0.51 0.314 0.8599 0.147 2.23 0.8206
Cu(ID) 1.09 1.17 1.512 0.9888 0.719 4.40 0.9397
TBA Ni(II) 0.63 0.96 0.147 0.9142 0.143 1.65 0.9274
Cu(ID) 1.01 1.12 1.084 0.9980 0.589 3.68 0.9458

Ag;—adsorption capacity at equilibrium, mmol/g; K —the Langmuir constant, which characterises the adsorption
energy, dm?/mmol; Ceg—equilibrium concentration of metal ions in the solution, mmol/ dm?3; A,ax—maximal
adsorption capacity for complete monolayer covering of the surface, mmol/g; Kr—a Freundlich constant, mmol/g;
n—an empirical parameter related to the intensity of adsorption.

3.4. Albumin Adsorption Research

The adsorption of BSA on samples with different types of amino groups was also probed
(Figure 9, Table 5). In terms of sorption capacity to BSA molecules, the tested samples can be
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ranged as the following: TBA (204.6 mg/g) > TEDA (181.5 mg/g) > TA (78.3 mg/g). It was
shown that such large protein molecules as BSA have a higher affinity to the materials with
higher specific surface area and content of available amino groups for interactions, TEDA
and TBA.

b c
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Figure 9. BSA adsorption isotherms for amine-containing silica microspheres (a); adsorption
isotherms in the coordinates of the Langmuir (b) and Freundlich (c) equations.
Table 5. Parameters of BSA sorption in the Langmuir and Freundlich equations.
Langmuir Equation Freundlich Equation
Sample SSC, mg/g CeglAeq = UKL - Apax) + WApay) - Ceq InAgy =InKp + (1/n) - In Cey
Asmax, mglg Ky, dm3/mg R? Kr, mg/g n R?
TA 78.3 200.8 0.0001 0.682 0.064 1.28 0.965
TEDA 181.5 549.5 0.0001 0.356 0.066 1.13 0.904
TBA 204.6 641.0 0.0001 0.400 0.067 1.11 0.927

Agg—adsorption capacity at equilibrium, mmol/g; K;—the Langmuir constant, which characterises the adsorption
energy, dm?®/mmol; Ceg—equilibrium concentration of metal ions in the solution, mmol/ dm?; A,uax—maximal
adsorption capacity for complete monolayer covering of the surface, mmol/g; Kr—a Freundlich constant, mmol/g;
n—an empirical parameter related to the intensity of adsorption.

The higher values of correlation coefficients of isotherms of BSA adsorption by all the
studied samples with Freindlich isotherm model indicate adsorption on heterogeneous
adsorption centres (Table 5). Thus, a TBA material, which apart from amino groups also
contains the most significant among the samples hydrocarbon component, is characterised
by the highest SSA value towards BSA. Moreover, the molecules of BSA can also be trapped
between the aggregates of small particles of TEDA and TBA in the course of sorption.

4. Conclusions

The sol-gel method and its variant, Stober technique, were applied for the synthesis of
spherical silica particles containing 3-aminopropyl, ethylenediamine and secondary amine
groups. It was demonstrated that the size of the obtained particles is affected by the size of
the functional group (steric factor), the type of applied (methoxy or ethoxy) functionalising
derivative, and, consequently, the hydrolysis rate, leading to the formation of spherical
particles with 3-aminopropyl groups with a size up to 800 nm, and dendric silica particles
with ethylenediamine and secondary amine groups making aggregates up to 275 nm. The
presence of functional groups was qualitatively confirmed by IR spectroscopy, 3C NMR
spectroscopy, thermal analysis, and titration, and the quantitative content of functional
groups available for interaction was 1.3-2.3 mmol/g. The calculated composition of surface
complexes of metal ions indicates the complexation of one Cu(Il) and Ni(II) ion with one or
two surface amine-containing groups, depending on the concentration and geometry of the
surface functional groups. Therefore, current research explains how under similar condi-
tions of synthesis, functional silanes of a similar nature, but of a different structure, affect
the morphology and the properties of the obtained materials. Using nitrogen-containing
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silanes of various configurations, it is possible to form various complexes of copper(Il) and
nickel(Il) on the surface, and to regulate the sorption capacity of the materials. Besides, the
amino-containing spherical silicas are suitable for the adsorption of biomolecules, whereby
the sorption activity of the samples depends on the number of available functional groups,
the value of the specific surface and the presence of heterogeneous sorption centres on
the surface.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13020190/s1, Figure S1: Pore-size distribution curves for
the porous samples: TEDA and TBA plotted based on the SCV/SCR method; Figure S2: The EDXS
spectra of the synthesised samples title; Figure S3: Kinetic curves of Ni(II) and Cu(II) sorption by
TEDA silica in Lagergren equation coordinates for pseudo-first (left) and pseudo-second (right) order
processes; Table S1: Structural and adsorption characteristics of the synthesised porous samples;
Table S2: Kinetic parameters of Cu(II) and Ni(II) ions adsorption by the TEDA sample.
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