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Abstract: Two different silica conformations (xerogels and nanoparticles), both formed by the media-
tion of dendritic poly (ethylene imine), were tested at low pHs for problematic uranyl cation sorption.
The effect of crucial factors, i.e., temperature, electrostatic forces, adsorbent composition, accessibility
of the pollutant to the dendritic cavities, and MW of the organic matrix, was investigated to determine
the optimum formulation for water purification under these conditions. This was attained with
the aid of UV-visible and FTIR spectroscopy, dynamic light scattering (DLS), ζ-potential, liquid
nitrogen (LN2) porosimetry, thermogravimetric analysis (TGA), and scanning electron microscopy
(SEM). Results highlighted that both adsorbents have extraordinary sorption capacities. Xerogels
are cost-effective since they approximate the performance of nanoparticles with much less organic
content. Both adsorbents could be used in the form of dispersions. The xerogels, though, are more
practicable materials since they may penetrate the pores of a metal or ceramic solid substrate in the
form of a precursor gel-forming solution, producing composite purification devices.

Keywords: uranyl cations; dendritic polymers; silica xerogels; composites; nanoparticles; water
purification; radioactive wastewater; uranium removal; dendrimers; biomimetic

1. Introduction

Nowadays, toxic metal radionuclide accumulation, particularly uranium, is rapidly
accelerated due to the enormous technological development that continuously strives to
satisfy military needs and increasing demands for energy [1,2]. Uranium exhibits a very
complex behavior in water, comprising a wide spectrum of transitions between reduced or
oxidized species, hydrolyzed forms, and complexes (Figure 1). Furthermore, precipitate
formation, colloid aggregation, and sorption generate a multitude of chemical states that
cause different side effects in the hydrosphere [1–3].

Adsorption proved the most cost-effective technique [4,5] for addressing the radioactiv-
ity of industrial wastewater and the decontamination of uranium-polluted aquatic systems
among the other researched treatment methods (precipitation, solvent extraction, and ion
exchange). It is mainly based on the complexation of the predominant form of uranium in
water, i.e., the hexavalent uranyl cation (UO2

2+), with the external groups of the adsorbing
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material (e.g., -NH2, -COOH, -OH), producing inner-sphere complexes, and the electro-
static interactions between the charged substrate surface and the opposite ionic species,
affording outer-sphere analogues [6–10]. Intensive investigations performed recently led to
the discovery of exceptional adsorbing substrates distinguished for both their specificity
and effectiveness. The field extends from purely inorganic compounds such as carbon
allotropes [11], metal oxides, and minerals [12] to organic-inorganic hybrids [11,13,14], com-
posites [15,16], metal-organic frameworks (MOFs) [17–19], and aerogels [20–22]. Organic
counterparts include conventional polymers [23,24], biopolymers [25,26], and dendritic
polymers [27,28].
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Hyperbranched polymers represent one of the three major categories of dendritic
polymers [29–35]. Their polydispersity, inherited from their asymmetry, is the major
difference from the symmetrical dendrimers [36–40]. Dendrons [41,42], on the other hand,
are fragments of dendrimers or hyperbranched polymers that emanate from a central
focal point. Together with the more exotic variants of dendrigrafts [43] and dendronized
polymers [44–47], they form the family of radially polymerized dendritic polymers [48–50]:
the fourth class of macromolecular architecture next to the linear, the branched, and the
cross-linked [51].

Due to their particular irregular architecture, hyperbranched polymers resemble more
closely the branched structures commonly encountered in nature. Some examples are the
river deltas, the roots of the trees, the arteries of the blood circulatory system, the veins of
the leaves, the fractals, and the dendritic cells [52]. The properties of hyperbranched poly-
mers depend on their three main structural parts. The core or central focal point is usually
formed by a similar type of monomer or by a functional moiety designed to introduce a
specific functionality. The dense network of branches that generate internal cavities capable
of hosting a wide variety of guest molecules or aggregates and the external-terminal groups
that are responsible for the organization, solubility, and reactivity of the macromolecules fre-
quently lead to their functionalization. The hyperbranched polymers share the same range
of applications with their other dendritic polymers, for instance, in liquid crystals [53–55],
drug delivery [56–59], tissue engineering [60], antimicrobial protection [61–67], diagnos-
tics [68–73], gene transfection [74–76], and biosensors [77,78]. They have made a substantial
contribution to the therapy of diseases such as cancer [79,80], conditions of the central
nervous system [81,82], and rheumatoid arthritis [83,84]. In some of the most important
implementations, the hyperbranched polymers are combined with inorganic substrates [85].
Examples of this category include (photo)catalysts [86–88], implants [89], and most notably,
water purification [90–92]. In this context, our group has developed biomimetic silica-
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hyperbranched poly(ethylene imine) (PEI) nanospheres that proved capable of adsorbing a
variety of pollutants [93]. By fine-tuning the inorganic/organic content ratio, this hybrid
material was further evolved into gels that could be dried into xerogels. Gel formation
optimally takes place in the pores of porous substrates, in particular ceramic substrates.
Apart from dispersions, they are thus also capable of forming coatings and, in consequence,
composite filters for continuous filtration. The scope of this work is to compare the two
variants, i.e., nanospheres with higher content in hyperbranched nanosponge, against the
more flexible and applicable xerogels under the demanding conditions required for the
adsorption of U(IV) cation.

2. Materials and Methods

Hyperbranched poly(ethylene imines) PEIs (Mn = 2000, 5000, 25,000, and 750,000) were
purchased from BASF, Ludwigshafen, Germany. Tetraethoxysilane, UO2(NO3) 2·6H2O, and
P2O5 were obtained from Sigma-Aldrich, Steinheim, Germany; K2HPO4 from Carlo Erba
Reagenti, Rodano, Milano, Italy; KH2PO4 from Merck, Darmstadt, Germany; and CoSO4·7H2O
from Alpha Aesar (Ward Hill, MA, USA). All compounds were used as received.

The existence of solubilized adsorbents was determined by UV-vis spectroscopy
employing a Cary 100 spectrophotometer Varian Inc., Palo Alto, CA, USA. The samples
before and after U(VI) adsorption were characterized by FTIR (KBr) spectroscopy (using an
FTIR spectrometer 8900, Shimadzu Duisburg, Germany) after drying the samples overnight
in a vacuum oven at 70 ◦C. The morphology of the nanospheres and the xerogels was
observed by scanning electron microscopy (SEM) using an FEI Quanta Inspect instrument
FEI Hillsboro, OR, USA, which is also capable of Energy Dispersive X-Ray Spectroscopy
(SEM-EDS) analysis. A thermal analysis study was conducted on a Setaram SETSYS
Evolution 16/18 TGA/DSC analyzer, Caluire, France. The samples were heated up to
700 ◦C at a rate of 10 ◦C/min and remained at the terminal temperature for 3 h. The size of
the aggregates at low pH before and after U(IV) sorption was determined in typical DLS
experiments with the aid of an AXIOS-150/EX (Triton Hellas Thessaloniki Greece) with a
He–Ne laser emitting at 658 nm and an Avalance detector at 90◦. Electrostatic interactions
were monitored by ζ-potential measurements on a ZetaPlus (Brookhaven Instruments
Corporation Holtsville, NY, USA); the results represent the mean values of 10 measurements
collected for each dispersion. N2 adsorption experiments at 77 K were performed on an
Autosorb-1 gas analyzer with a Krypton upgrade (Quantachrome Corp. Boynton Beach,
FL, USA). Before the isotherm measurements, the samples were outgassed overnight at
120 ◦C. The surface areas were calculated according to the Brunauer-Emmett-Teller (BET)
equation, while the pore size distribution (PSD) was determined by the Non-Local Density
Functional Theory (NLDFT) method.

2.1. Preparation of Hybrid Silica-PEI Nanoparticles

The PEI core-silica shell composites were synthesized according to the standard method
disclosed by Knecht et al. [94,95] for poly(amidoamine) PAMAM and poly(propylene imine)
PPI dendrimers, adapted for the non-symmetric PEI counterpart. Briefly, 10 mL of 20 mM
(concerning the total of primary and secondary amine groups) hyperbranched PEI solutions
(for all 4 different Mns) were buffered at pH 7.5 by phosphates. Silicic acid (1 M) was prepared
from the hydrolysis of tetramethyl orthosilicate in 5 mM HCl under intense stirring for 15 min.
Silica precipitation was instantaneous after adding 1 mL to the dendritic polymer solution.
The product was isolated by centrifugation (10 min, 12,000× g) and washed twice with water
(yield: 77%).

2.2. Preparation of Silica-PEI Xerogels

Acid hydrolysis of 5 mL tetraethoxysilane solution (1 M) with 25 µL HCl (1 M) under
stirring for 15 min afforded 1 M orthosilicic acid as above. Afterwards, 5 mL of PEI solutions
(40 mM concerning the total of primary and secondary amine groups) were added, and the
pH was adjusted to 7.5 with KHPO4. Following 2 h, a hydrogel was formed and submitted
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to drying overnight under vacuum and over phosphorus pentoxide (P2O5) (Sigma-Aldrich,
Steinheim, Germany) to form a silica/PEI xerogel.

2.3. Determination of Sorption Kinetics

Adsorption experiments of UO2
2+ on the composite nanoparticles and xerogel sam-

ples were conducted as described elsewhere [22,96]. Briefly, the kinetic experiments were
carried out in aqueous solutions (25 mL) containing 0.01 g (0.4 g/L) of each adsorbate and
0.01 mol/L UO2(NO3) 2·6H2O. The cation adsorption was investigated under ambient con-
ditions. The spectrophotometric method was calibrated before and after each experiment
using reference solutions, which were prepared by dissolving analytical grade UO2(NO3)
2·6H2O in de-ionized water under similar conditions.

2.4. Determination of Sorption Isotherms

Samples of varying concentrations of U(VI) at pH 3.0 or 4.0 were prepared. The initial
U(VI) concentration was varied between 1 × 10−6 mol/L and 0.1 mol/L, the contact time
was set at 24 h, and the determination of UO2

2+ in the solutions was carried out by UV-Vis
spectrophotometry directly at higher concentrations and using Arsenazo-III at lower U(VI)
concentrations [22,96]. The pH values in the resulting diagrams correspond to the pH
values determined at equilibrium after adsorption. There was no buffer needed to stabilize
the pH because the desired pH was adjusted using 0.1 M HCl or 0.1 M NaOH and remained
stable (pH 3 and pH 4) after adjustment. The effect of temperature was investigated at
298 K, 308 K, and 318 K at a U(VI) concentration of 5 × 10−5 mol/L.

The isothermal data were fitted with the Langmuir (Equation (1)) and Freundlich
(Equation (2)) isotherm models.

qe =
qmax KL Ce

1 + KL Ce
(1)

qe= KF Ce
1/n (2)

where qe is the U(VI) uptake (in mol/kg) at equilibrium, Ce is the U(VI) concentration
in solution at equilibrium (in mol/L), qmax is the adsorption capacity (in mol/kg), KL is
the Langmuir equilibrium constant (in L/mol), KF is the Freundlich constant, and n is the
empirical adsorption intensity of the Freundlich model.

The amount of U(VI) adsorbed at time t, qt (mol kg−1), was calculated using Equation
(3), where Ci (mol/L) is the initial U(VI) concentration in the solution, Ct (mol/L) is the
final U(VI) concentration in the solution at time t, V (L) is the solution volume, and m (g) is
the weight of xerogel and nanoparticle samples.

qt =
(Ci − Ct)V

m
(3)

The experiments were performed in duplicate, and the mean values of the results have
been used for data evaluation. The relative uncertainty of the values was below 10%.

3. Results and Discussion
3.1. Xerogel and Nanoparticle Characterization
3.1.1. Thermogravimetry

From the experimental section, it can be easily deduced that in the case of nanoparticles,
a fivefold quantity of hyperbranched poly(ethylene imine) is used concerning the xerogels.
A first assessment of the final composition of the adsorbing materials is obtained with
thermogravimetry and by comparison of the thermal decomposition profiles of the dendritic
matrices. As can be seen in Figure 2a, PEI’s thermal decomposition profile contains roughly
two major steps. The first up to 170 ◦C corresponds to the loss of humidity and potentially
hydrogen-bonded ethanol deriving from the hydrolysis of tetraethoxysilane. The second
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depicts their total decomposition at 400 ◦C. The latter is completed with a considerable
thermal hysteresis when the dendritic polymers are coupled with silica (Figure 2b). From
the percentages of organic content that derive from the deduction of the moisture-alcoholic
fraction from the total weight loss percentages (Table 1), it can be concluded that the organic
content of the hybrid nanoparticles is more than double.
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Figure 2. Thermogravimetry profiles for the dendritic matrices (a) (Adapted with permission from
Ref. [97] 2022 Elsevier) and the hybrid adsorbents (b).

Table 1. Weight loss percentages of the hybrid adsorbents.

Adsorbent Weight Loss 170 ◦C
(Water/Ethanol) (%)

Total Weight Loss
3 h 700 ◦C (%)

Organic Content
(%)

Xerogel 2000 6.99 15.97 8.98

Xerogel 5000 4.92 14.89 9.91

Xerogel 25,000 7.15 17.28 10.13

Xerogel 750,000 7.05 16.01 8.96

Nanoparticles 2000 8.28 31.08 22.80

Nanoparticles 5000 7.40 28.90 21.50

Nanoparticles 25,000 7.80 32.23 24.43

Nanoparticles 750,000 6.53 28.84 22.31

3.1.2. IR Spectroscopy of Nanoparticles and Xerogels

Infrared spectra reveal more information about composite nanoparticles and xerogels.
Table 2 summarizes the assignment of the observed absorption bands along with PEI 25,000
for comparison purposes. The typical amorphous silica vibrations are present [98], whereas
the majority of the PEI bands are weak and difficult to detect. Some of them appear as
shoulders, for instance, the antisymmetric C-N stretching band at 1105 cm−1 that is next
to the broad Si–O–Si stretching at 1042 cm−1 for the nanoparticles and 1074 cm−1 for the
xerogels, while some others, such as the respective symmetric C-N stretching vibration
at 1045 cm−1 and the CH2 rocking vibrations at 760 cm−1, are completely overlapped.
The latter is under the Si–O–Si bending band at 784 cm−1. All these observations are
consistent with the typical spectra of silicas deriving from both biomimetic [94,99,100] and
biogenic biosilicification [101–103]. The reason for the lower absorption intensities of the
organic matrices resides in their encapsulation into a ceramic silica entourage. From the
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few discerned, the N–H asymmetric stretching vibration appears at 3400–3370 cm−1 and
is partially overlapped by the broad absorption of the hydrogen-bonded Si-OH groups
that are not transformed into siloxanes (3250 cm−1). Additionally, both symmetric and
asymmetric stretchings of CH2 are present at 2981 and 2820 cm−1 for nanoparticles and
2962 and 2853 cm−1 for the xerogels [104]. They exhibit a shift to higher wavelengths in
comparison to the respective PEI 25,000 bands (2935 and 2810 cm−1, respectively) due to
the protonation of the PEI primary and secondary amine groups that balance the negative
change of the Si–O− groups (stretching band at 964 cm−1) of the developing silica gels and
the forming nanoparticles. An analogous shift is encountered in the FTIR spectra of PEI–
H2SO4 complexes [105]. This formation of ammonium groups additionally affects the N-H
stretching, mainly the asymmetric [106]. The presence of the ammonium groups is further
established by two new absorption bands at 1524 and 1473 cm−1 for the nanoparticles
and 1530 cm−1 for the xerogels that correspond to the NHx

+ symmetric and asymmetric
bending of the Si–O−···NHx

+ associations [107,108]. The characteristic Si-O-Si rocking
band (540 cm−1) is also present [109], while a small sharp band observed at 3750 cm−1

in the case of xerogels is attributed to the SiO-H stretching of the non-hydrogen-bonded
silanol groups.

Table 2. FTIR vibrational band assignments (in cm−1) for hyperbranched poly(ethylene imine) and
composite silica xerogels and nanospheres (nanoparticles).

Band Assignment 1 PEI25000 Xerogels Nanoparticles

νs SiO-H free - 3750 (vw) -
νs SiO-H Hydrogen bonded - 3450 (w/b) 3450 (w/b)
νas NH (primary, secondary) 3350 (m) 3400 (w) 3370 (sh)
νs NH (primary, secondary) 3276 (m) op 3200 (w)

νas CH2 2935 (m) 2981 (vw) 2962 (vw)
νs CH2 2810 (s) 2820 (vw) 2853 (vw)

δ NH, NH2 1585 (m) 1640 (vw) -
δas NH2

+, NH3
+ - 1530 (vw) 1524 (vw)

δs NH2
+, NH3

+ - - 1473 (vw)
νas C-N 1105 (m) sh sh
νs C-N 1045 (m) op op

ν Si-O-Si - 1074 (s) 1042 (s)
ν Si-OH, Si-O- - 960 (m) 964 (m)

δ Si-O-Si - 788 (m) 785 (m)
ρ CH2 760 (s) op op

δ Si-OH - 540 (m) 540 (m)
1 Assignments: ν (stretch), δ (bend), and ρ (rock). The subscripts as and s denote asymmetric and symmetric
vibrations, respectively. Band intensities: s (strong), m (medium), w (weak), vw (very weak), sh (shoulder), br
(broad), and op (overlapped).

3.1.3. LN2 Porosimetry

N2 adsorption isotherms were performed to determine the structural characteristics
of the developed samples, such as pore size distribution, total pore volume, and specific
surface area. Through the nitrogen adsorption isotherms at 77 K, the adsorbed volumes
were obtained (Figure 3a,b), with the BET (Brunauer-Emmett-Teller) surface areas [110]
being between approximately 80 and 715 m2/g (Table 3). The “xerogel 25,000” initially
exhibited a wider hysteresis loop and a higher pore distribution, and the specific area
value was 242.0 m2/g. Exhaustive drying of this particular sample under vacuum led to
a dramatic increase in the specific area to 715 m2/g and a “normalization” of the overall
behavior of the sample. Drying conditions thus play a critical role in the porosity of
the xerogels and trigger interest in further research. These specific areas are sufficiently
comparable to those previously encountered in the literature for similar materials (Table 4).
The measured total pore volumes fluctuated between 0.30 and 0.83 cc/g and 0.33 and
0.88 cc/g for xerogel and nanoparticle samples, respectively.
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Table 3. BET surface areas and pore characteristics of all samples.

Sample TPV 1 SBET dmean
2 dBJH

3 dDFT
4

(mL/g) (m2/g) (nm) (nm) (nm)

Nanoparticles 750,000 0.640 139.0 18.4 32.0 28.4
Nanoparticles 25,000 0.326 77.9 16.7 53.5 55.8
Nanoparticles 5000 0.880 148.3 23.7 31.0 28.4
Nanoparticles 2000 0.508 98.5 20.6 53.6 28.4

Xerogel 750,000 0.461 271.4 6.8 3.8 5.1
Xerogel 25,000 0.829 714.1 4.6 3.8 5.9
Xerogel 5000 0.390 220.3 7.1 4.7 6.1
Xerogel 2000 0.297 194.3 6.1 5.4 7.0

1 Total pore volume at 0.99. 2 Mean pore size dmean as 4000·TPV/SBET. 3 Pore size was determined from the pore
size distribution (PSD) using the Barrett-Joyner-Halenda (BJH) method based on the Kelvin equation of the N2
desorption branch. 4 Pore diameter was determined from the pore size distribution (PSD) curve based on the
DFT model (for the Non-Local Density Functional Theory (NLDFT) method, an equilibrium kernel for silica as an
adsorbent and N2 77 K as an adsorbate was used).
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Table 4. Specific surface areas of silica nanoparticles/xerogels and relevant adsorbents.

Sample SBET (m2/g) Reference

Nanoparticles 5000 148.3 This Work

Xerogel 25,000 714.1 This Work

Nano-silica composites- PEI 30% 104 [111]

Nano-silica composites- PEI 60% 0.65 [111]

Mesoporous silica microcapsules 514 [112]

Silica xerogels 363.72 [113]

Silica xerogels 335–850 [114]

PEG-silica xerogels 19–127 [115]

For the pore size distribution, the BJH (Barret, Joyner, and Halenda) [116] and NLDFT
models were applied for the LN2 isotherm desorption branch. The pore sizes were de-
termined to be between 2 and 80 nm for all studied samples. As observed (Figure 3a,b),
each material’s group presents a different type of N2 adsorption isotherm. The xerogel
samples present similar isotherms (Figure 3a) of type IV(a) with a hysteresis loop [117]. The
existence of these reproducible, permanent hysteresis loops is generally associated with
capillary condensation and, in this case, can be attributed to network effects [117]. The
main differences among the four isotherms lie in the different total adsorbed amounts as
well as the shapes of the hysteresis loops. In specific, the xerogel samples with the lower
molecular weights (2000, 5000, and 25,000) present type H2(b) hysteresis loops. This type
of hysteresis is associated with pore blocking, and the size distribution of neck widths
is larger compared to type H2(a). However, slight differences are presented between the
xerogel samples 2000/25,000 and 5000. Indeed, from Figure 3c, it could be observed that
the PSD curves of “xerogel 2000” and “xerogel 25,000” present a bimodal form (“xerogel
25,000” has a wider curve) compared to the narrow unimodal shape of the “xerogel 5000”
sample. In addition, for the case of “xerogel 25,000”, with the highest outstanding surface
area and the largest pore volume, its wider PSD curve is presented at the mesoporous area
of 2–8 nm. Simultaneously, the sample possesses a slight amount of micropores (1.9 nm).
Finally, the “xerogel 750,000” sample presents a type H5 hysteresis loop with a wider PSD
curve (Figure 3c) from 4–10 nm mesopores containing both open and partially blocked
mesopores. At this point, it could also be assumed that cavitation might be involved in
the mechanism of desorption of this sample while the pore neck remains filled. Cavitation
is broadly defined as the spontaneous formation and activity of bubbles in metastable
liquids [118].

With the exception of the “xerogel 25,000”, which presents exceptional surface area
and pore volume, the molecular weight seems to be a crucial parameter for the other xerogel
samples, which determine the total pore volume and the surface area but not the formatted
pore size, which remains almost the same. On the other hand, the nanoparticle samples
present lower surface areas but higher total pore volumes and pore sizes (Table 3). The N2
adsorption isotherms (Figure 3b) are similar to type II with a sharp uptake at the higher
relative pressures after P/P0 > 0.9, which forms a hysteresis loop during the desorption
branch. According to the Kelvin equation, this is characteristic of materials containing
large mesopores and macropores, as smoothly depicted in Figure 3d. Truly, a complex pore
structure is disclosed with the existence of a broad range of pore sizes (pores from 6 up to
80 nm). Moreover, a pronounced difference concerning the adsorbed micropore volume of
all samples is illustrated in the low-pressure region of the N2 (77 K) adsorption isotherms
(insets in Figure 3a,b). Specifically, the xerogel samples present higher micropore volumes
(“xerogel 25,000” approaches the maximum amount of 0.253 mL/g) compared to the other
samples. On the other hand, the pore sizes of the nanoparticle samples (Figure 3c,d) are
significantly larger than those of the xerogel samples, but overall their specific surface area
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is considerably smaller. It could be concluded that the observed differences between both
variants of the developed materials reflect the different process steps (different precur-
sor concentrations, drying conditions) involved during their preparation. An additional
extensive study about the pore characteristics obtained from these hybrid materials corre-
lated to their preparation parameters is in progress to shed light on their structural and
textural properties.

3.1.4. Size (DLS) and Charge (ζ-Potential)

Both the size of the pure adsorbents and the charge that develops at the interface
between the surface of their solvation sphere and the liquid were measured at pH 3
obtained by nitric acid to simulate the conditions of the uranyl cation adsorption. Dynamic
light scattering measurements of the PEI 5000 nanoparticles (Figure 4a) revealed aggregates
with much bigger hydrodynamic radii (605 nm) than those measured in phosphate buffer
pH 7 (384 nm) [93], indicating the development of bulkier solvation spheres around them,
most probably due to the larger concentration of the nitrate anions. The nanoparticle size
increases with increasing Mw of hyperbranched PEI. On the other hand, the particle’s
charge decreases at the bulkier solvation spheres (Figure 4b), reflecting simply the fact that
the same concentration of ammonium cations is distributed in a larger volume [119,120]. In
contrast to the hybrid silica nanoparticles, the size and charge of the xerogel aggregates
remain independent of PEI Mw. In this case, there are no separate silica shell polymer core
entities, but dendritic “islands” dispersed in a continuous “sea” of silica.
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3.2. Adsorption Kinetics

Silica is a well-known heavy metal adsorbent from water, and this property has been
correlated with the electrostatic attractions between the positively charged metal ions and
the negatively charged external silanol groups [121,122]. In this case, at pH 3, all adsorbing
composites are positively charged, and electrostatic interactions are unfavorable. Uranium
removal is attributed mainly to the presence of the dendritic polymer and the formation
of inner-sphere complexes. This behavior is analogous to that of negatively charged
dichromates and simple and hybrid silica nanoparticles [93]. Generally, the nanoparticles
adsorb faster and contain about twice as much uranium as xerogels, while equilibrium for
the former is established in about 2 h (Figure 5), a bit later than what was observed with
lead and dichromate ions and at about the same time as mercury and cadmium cations [93].
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3.3. Adsorption Isotherms

To evaluate the adsorption capacity of the dendrimers for the hexavalent uranium
cations (UO2

2+), batch-type adsorption experiments have been performed at pH 4.0 and
pH 3.0 under ambient conditions. The experiments were carried out in the acidic pH range
(pH 3.0 and pH 4.0) to avoid U(VI) solid phase precipitation due to the relatively high U(VI)
concentrations used in the experiments (5 × 10−6 mol/L < [U(VI)] < 0.1 mol/L) [6–8,122].
The adsorption isotherms obtained at pH 4 are shown in Figure 6a and indicate that for
the same size PEIs, the nanoparticles present higher adsorption capacities than xerogels,
as expected due to their higher dendritic polymer content. Additionally, the molecular
weight affects the adsorption efficiency. Except for PEI 5000 nanoparticles, which show the
second-best adsorption efficiency, matrices of larger polymers result in better performance.
This exception may be correlated with PEI 5000’s abnormally high BET surface area. The
highest adsorption efficiency is observed for PEI 750,000 nanoparticles and the lowest for
PEI 2000 counterparts, in conformity with the general tendency of materials with larger
BET surface areas to exhibit higher pollutant retention potential.
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Figure 6. (a) Isotherms of U(VI) adsorbed by xerogel and nanoparticle adsorbents at 283 K and
varying initial U(VI) levels in solution (1 × 10−5–0.1 mol/L). The experiments were performed at pH
4 (left) (a) and pH 3 (b), at an adsorbent dosage of 0.4 g/L, under ambient conditions (298 K), 24 h
contact time, and an agitation rate of 125 rpm.
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Even at a 0.001 M U(VI) concentration in solution, the adsorption data did not reach a
plateau, indicating extremely high adsorption capacities of the dendrimers for U(VI). To
avoid U(VI) surface precipitation, which could interfere with the U(VI) sorption by the
dendrimers, the adsorption experiments have also been performed at pH 3 using the PEI
750,000 nanoparticle and xerogel samples. The corresponding data, which are presented in
Figure 6b, show that even at 0.01 M U(VI) concentration in solution, the adsorption data
do not reach a plateau assuming extraordinary adsorption capacities (qmax > 7 mol/kg),
which are supreme sorption capacity values, comparable to the best reported for aerogel
materials [123] and superior to those of dendritic fibrous nano-silica bearing hyperbranched
poly(amidoamine) (Table 5) [124].

Table 5. Adsorption capacities of the nanoparticle and xerogel samples in comparison with other adsorbents.

Sample qmax (mol kg−1) Reference

Nanoparticles 750,000 11.5 This Work
Nanoparticles 25,000 9.5 This Work
Nanoparticles 5000 10.6 This Work
Nanoparticles 2000 8.1 This Work

Xerogel 750,000 3.7 This Work
Xerogel 25,000 1.5 This Work
Xerogel 5000 1.7 This Work
Xerogel 2000 2.3 This Work

Nano-silica with hyperbranched PAMAM 0.91 [124]
Hydroxyapatite with konjac gum 9.0 [125,126]

Polyurea-crosslinked alginate 8.72 [127]
Reduced graphene oxide/ZIF-67 8.14 [128]

Al2O3/MgO 4.51 [129]
MOF/black phosphorus quantum dots on cellulose 3.7 [130]

Effects of Temperature and Calcination

The effect of temperature has been studied at three different temperatures (e.g., 25, 35,
and 45 ◦C) for the U(VI) adsorption by the PEI 750,000 of nanoparticles (Figure 7a) and
xerogels (Figure 7b). From the data summarized therein, it is obvious that for both material
types, the adsorption efficiency increases significantly when the temperature increases from
25 ◦C to 35 ◦C, assuming that the adsorption is an endothermic, entropy-driven process.
At 45 ◦C, the adsorption efficiency decreases, which is in contradiction with the previous
statement. However, this could be attributed to an observed partial dissolution of the solid
phase at 45 ◦C, which could explain the decline in the adsorption efficiency. The overall
behavior of the U(VI) sorption by the hybrid silica dendritic polymer composites differs
from what is generally observed for the adsorption of U(VI) by aerogel materials [123],
dendritic fibrous nano-silica bearing hyperbranched poly(amidoamine) [124], and oxidized
biochar fibers [6–9], which was found to be a purely endothermic, entropy-driven process.

In order to further investigate this discrepancy and inquire about the macroscopic
material loss, 100 mg of the two samples (xerogel nanoparticles) were left under constant
stirring at 45 ◦C for a week. Following centrifugation, we measured the supernatant’s
UV-Vis absorbance. A broad peak at 230–200 nm (Figure 7c) could be attributed to PEI but
is not characteristic. To verify PEI elusion into aqueous solutions at 45 ◦C, we attempted
complexation with Co(II). The formation of a yellow complex permitted easy detection of
PEI up to 0.2 mM (Figure 7c) (in primary and secondary amines), 200 times less than the
initial concentration in the xerogels. Nevertheless, no such absorbance was observed in
either supernatant. A possible explanation for the above-mentioned weight loss could be the
release of the ethoxy silane hydrolysis byproduct, ethanol, which has a similar absorbance
spectrum (Figure 7c). Probably some ethanol molecules were firmly incorporated in the
amine-silanol hydrogen bond network and did not evaporate during drying. Thus, U(VI)
adsorption to silica xerogels and nanoparticles is still endothermic, and the decrease in
capacity at 45 ◦C is due to material dissolution that disrupts the pore structure of the
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adsorbent. Finally, elimination of the organic matrix by 3-h protracted heating at 700 ◦C
reduces pollutant retention, but this decrease is not as dramatic as proven for the PEI
25,000 nanoparticles (Figure 7d).
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3.4. Adsorbent Characterization Posterior to the Uranyl Adsorption
3.4.1. Scanning Electron Microscopy (SEM)

Figure 8a,b depicts SEM micrographs of the hybrid nanoparticles and xerogel adsor-
bents, respectively, and provide a first perception of their morphology. The only differ-
ence between silica samples obtained through precipitation and gel-drying is the quasi-
spherical structures that are present in Figure 8a, although to a lesser extent than previously
recorded [97,131]. Uranium cubic crystals or other accumulation forms were not detected,
in contrast to the previous observations on uranyl adsorption on polyamide microplas-
tics [132]. The formation of SiO2 was established by energy-dispersive X-ray spectroscopy
(Figure 8c for the nanoparticles, Figure 8d for the xerogels). The oxygen to silicon atomic
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ratio is about the same for the two samples (1.32 nanoparticles and 1.36 xerogels); however,
the weight percentage of carbon is much larger in the nanoparticles (22.70 against 16.46),
indicating the larger content of the dendritic matrix as registered in the thermogravimetry
profiles. A slight increase in the uranium weight percentage in the nanoparticles corrobo-
rates the isotherm adsorption data on their better adsorption capacity. The concentration of
the electron beam on the bright spots did not cause an increase in the uranium percentage
(Figure 8c, gray profile), verifying that they originate from silica. The small percentages
of chlorine are due to the HCl used for the hydrolysis of tetraethoxysilane, whereas the
phosphorus has its origin in the buffering reagents.
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3.4.2. Size (DLS) and Charge (ζ-Potential)

To get a first impression of the effects of uranyl cation adsorption, two additional
experiments were designed. The size and charge of the xerogel aggregates adsorbing in
a gradually more concentrated uranyl cation solution have been measured at pH 3. As is
naturally expected, xerogel aggregates became bigger when exposed to gradually higher
uranium concentrations (Figure 9a). Furthermore, in conformity with the behavior of
the polyamide microplastics adsorbing europium and uranium [132], a decrease in the
charge that develops at the interface between the liquid and the solvation sphere surface by
increasing uranium concentration has been observed (Figure 9b). This decrease, though, is
less intense, and the hybrid adsorbents maintain a positive charge throughout the entire
concentration range. This phenomenally unexpected tendency has been attributed to the
development of an anion solvation sphere with hydroxyl and nitrate anions that counter-
balance the positive charge of the adsorbed uranyl cations. The observed considerable
increase in hydrodynamic radii is thus not attributed solely to the accumulation of uranyl
cations but also to the formation of larger solvation spheres. Analogous behavior has been
encountered during the investigation of the size and charge of the silica nanoparticles
adsorbing at different pHs (Figure 9c). The increase in the hydrodynamic radius indicates a
higher adsorption capacity and accumulation of uranyl cations at pH 3, as was verified for
nanoparticles 75,000 (compare Figure 5a with Figure 5b) and, in parallel, a larger solvation
sphere as discussed above. The “unanticipated” lower charge of the nanoparticles at pH 3
(Figure 9d) corroborates the theory of the larger concentration of counter anions in their
solvation sphere.
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3.4.3. IR Spectroscopy

The formation of inner-sphere complexes between uranium and the composites with
the hyperbranched poly(ethylene imine) matrix is indicated by the associated FTIR spectra,
which have been obtained after U(VI) adsorption at different initial concentrations and are
shown in Figure 10. The spectra show significant changes in the structure and intensity
ratio of the absorption bands related to the surface-active groups of the dendritic polymers
(peaks in the range of 1700 and 1000 cm−1) after interaction with U(VI) [93]. These changes
are related to the formation of inner-sphere complexes between U(VI) and the surface-active
groups, which affect the geometry and bonding strength of the interacting groups. There is
also a significant shift of the silanol stretching bands from 960 to 900 cm−1. Moreover, the
peak, which appears at 1010 cm−1 and 970 cm−1 in the FTIR spectra of the nanoparticles
and xerogels, respectively, is attributed to the asymmetric band (ν3) of the [O=U=O]2+

moiety [133], and its intensity increases with the amount of U(VI) adsorbed, indicating the
progressing and supreme U(VI) adsorption by the dendrimers. Moreover, the sharp peak
at 1380 cm−1 is ascribed to nitrate anions (NO3

−) [134], which act as counter-ions for the
U(VI) cationic surface complexes. It is very interesting to note in all cases the profound
escalation in the intensity of this NO3

− band by increasing uranium concentration. This is
another piece of evidence that supports the accumulation of nitrates in the solvation sphere
and explains the previously discussed ζ-potential decrease. It further indicates that the
anions are adsorbed into the composite surface and remain in the dried samples.
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Figure 10. FTIR spectra of nanoparticles at pH 3 (a) and pH 4 (b) and xerogels at pH 3 (c) after
U(VI) adsorption at varying initial U(VI) levels in the suspension. The associated experiments were
performed in a U(VI) initial concentration range between 1 × 10−5 and 1 × 10−2 mol L−1, with an
adsorbent dosage of 0.4 g/L under ambient conditions (298 K), a 24 h contact time, and an agitation
rate of 125 rpm.

4. Conclusions

Dendritic PEI proved to be an ideal matrix for biomimetic silicification. Furthermore,
besides the beneficial fusion of an organic and an inorganic adsorbent, an adequate alterna-
tive to the tedious processes required for the chemical attachment of a dendritic polymer
to silica particles was provided. The novelty introduced by this work is that a simple
variation of the orthosilicic acid/hyperbranched poly(ethylene imine) ratio yields two
materials with different properties and capabilities: silica hydrogels-xerogels and precip-
itated silica nanoparticles. Both can be used in the form of dispersed powders and are
potent adsorbing materials. Gelation, in contrast to precipitation, may take place on porous
substrates. This implementation of xerogels as coatings offers many more possibilities, such
as enhancement of the pollutant removal potential of an already porous adsorbent and
immobilization on an appropriate scaffold for easy removal and reuse. On the other hand,
precipitated nanoparticles contain double quantities of PEI. This larger organic content
enhances their capacity, which is among the best in the literature. Hybrid silica dendritic
polymer composites may additionally be regenerated by changing the pH or by washing
organic solvents with mild heating [135–138]. The performance of these hybrid materials
equals or even surpasses that of their conventionally synthesized counterparts. They are far
cheaper and more environmentally friendly since their production does not require high
temperatures or toxic organic solvents. Their most promising property, though, is the ability
of PEI to combine silicification with biomimetic mineralization [139]. The transformation
of noble metal ions into nanoparticles allows synchronous adsorption and (photo)catalytic
decomposition of many toxic pollutants [140]. Both composites may benefit from this
possibility, and an investigation is currently underway with promising results.
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By-Product for the Treatment of Uranium-Contaminated Waters. J. Hazard. Mater. 2021, 404, 124147. [CrossRef] [PubMed]

24. Liatsou, I.; Savva, I.; Vasile, E.; Vekas, L.; Marinica, O.; Mpekris, F.; Pashalidis, I.; Krasia-Christoforou, T. Magnetoresponsive
Polymer Networks as Adsorbents for the Removal of U(VI) Ions from Aqueous Media. Eur. Polym. J. 2017, 97, 138–146.

25. Yin, J.; Yang, S.; He, W.; Zhao, T.; Li, C.; Hua, D. Biogene-Derived Aerogels for Simultaneously Selective Adsorption of
Uranium(VI) and Strontium(II) by Co-Imprinting Method. Sep. Purif. Technol. 2021, 271, 118849. [CrossRef]

26. Yu, J.; Wang, J.; Jiang, Y. Removal of Uranium from Aqueous Solution by Alginate Beads. Nucl. Eng. Technol. 2017, 49, 534–540.
[CrossRef]

27. Ilaiyaraja, P.; Deb, A.S.; Ponraju, D.; Ali, S.M.; Venkatraman, B. Surface engineering of PAMAM-SDB chelating resin with
diglycolamic acid (DGA) functional group for efficient sorption of U (VI) and Th (IV) from aqueous medium. J. Hazard. Mater.
2017, 328, 1–11. [CrossRef] [PubMed]

28. Douloudi, M.; Nikoli, E.; Katsika, T.; Arkas, M. Dendritic polymers for water resources remediation. In Novel Materials for
Environmental Remediation Applications; Elsevier: Amsterdam, The Netherlands, 2023; pp. 435–490.

29. Jikei, M.; Kakimoto, M.A. Hyperbranched polymers: A promising new class of materials. Prog. Polym. Sci. 2001, 26, 1233–1285.
[CrossRef]

30. Kim, Y.H. Hyperbranched polymers 10 years after. J. Polym. Sci. Part A Polym. Chem. 1998, 36, 1685–1698. [CrossRef]
31. Malmström, E.; Hult, A. Hyperbranched polymers. J. Macromol. Sci. Part C Polym. Rev. 1997, 37, 555–579. [CrossRef]
32. Sunder, A.; Heinemann, J.; Frey, H. Controlling the growth of polymer trees: Concepts and perspectives for hyperbranched

polymers. Chem. A Eur. J. 2000, 6, 2499–2506. [CrossRef]
33. Voit, B.I. Hyperbranched polymers: A chance and a challenge. Comptes Rendus Chim. 2003, 6, 821–832. [CrossRef]
34. Yates, C.R.; Hayes, W. Synthesis and applications of hyperbranched polymers. Eur. Polym. J. 2004, 40, 1257–1281. [CrossRef]
35. Zheng, Y.; Li, S.; Weng, Z.; Gao, C. Hyperbranched polymers: Advances from synthesis to applications. Chem. Soc. Rev. 2015, 44,

4091–4130. [CrossRef] [PubMed]
36. Ardoin, N.; Astruc, D. Molecular trees: From syntheses towards applications. Bull. Société Chim. Fr. 1995, 9, 875–909.
37. Bosman, D.A.; Janssen, H.M.; Meijer, E.W. About dendrimers: Structure, physical properties, applications. Chem. Rev. 1999, 99,

1665–1688. [CrossRef]
38. Dvornic, P.R.; Tomalia, D.A. November. Starburst® dendrimers: A conceptual approach to nanoscopic chemistry and architecture.

In Macromolecular Symposia; Springer: Heidelberg/Berlin, Germany, 1994; Volume 88, pp. 123–148. [CrossRef]
39. Tully, D.C.; Fréchet, J.M. Dendrimers at surfaces and interfaces: Chemistry and applications. Chem. Commun. 2001, 14, 1229–1239.

[CrossRef]
40. Zeng, F.; Zimmerman, S.C. Dendrimers in supramolecular chemistry: From molecular recognition to self-assembly. Chem. Rev.

1997, 97, 1681–1712. [CrossRef]
41. Grayson, S.M.; Frechet, J.M. Convergent dendrons and dendrimers: From synthesis to applications. Chem. Rev. 2001, 101,

3819–3868. [CrossRef]
42. Rosen, B.M.; Wilson, C.J.; Wilson, D.A.; Peterca, M.; Imam, M.R.; Percec, V. Dendron-mediated self-assembly, disassembly, and

self-organization of complex systems. Chem. Rev. 2009, 109, 6275–6540. [CrossRef]
43. Teertstra, S.J.; Gauthier, M. Dendrigraft polymers: Macromolecular engineering on a mesoscopic scale. Prog. Polym. Sci. 2004, 29,

277–327. [CrossRef]
44. Afang, Z. Synthesis, characterization and applications of dendronized polymers. Prog. Chem. 2005, 17, 157–171. [CrossRef]
45. Chen, Y.; Xiong, X. Tailoring dendronized polymers. Chem. Commun. 2010, 46, 5049–5060. [CrossRef]
46. Frauenrath, H. Dendronized polymers—Building a new bridge from molecules to nanoscopic objects. Prog. Polym. Sci. 2005, 30,

325–384. [CrossRef]
47. Schlüter, A.D.; Rabe, J.P. Dendronized polymers: Synthesis, characterization, assembly at interfaces, and manipulation. Angew.

Chem. Int. Ed. 2000, 39, 864–883. [CrossRef]
48. Buhleier, E.; Wehner, W.; Vogtle, F. “Cascade”- and “nonskid-chain-like” syntheses of molecular cavity topologies. Synthesis 1978,

1978, 155–158. [CrossRef]
49. de Gennes, P.G.; Hervet, H. Statistics of «starburst» polymers. J. Phys. Lett. 1983, 44, 351–360. [CrossRef]

https://doi.org/10.1002/aoc.6554
https://doi.org/10.1021/acs.est.0c08743
https://doi.org/10.1039/C9DT04670D
https://www.ncbi.nlm.nih.gov/pubmed/32091513
https://doi.org/10.1016/j.scenv.2023.100005
https://doi.org/10.1016/j.jhazmat.2020.124147
https://www.ncbi.nlm.nih.gov/pubmed/33059251
https://doi.org/10.1016/j.seppur.2021.118849
https://doi.org/10.1016/j.net.2016.09.004
https://doi.org/10.1016/j.jhazmat.2017.01.001
https://www.ncbi.nlm.nih.gov/pubmed/28073058
https://doi.org/10.1016/S0079-6700(01)00018-1
https://doi.org/10.1002/(SICI)1099-0518(199808)36:11&lt;1685::AID-POLA1&gt;3.0.CO;2-R
https://doi.org/10.1080/15321799708018375
https://doi.org/10.1002/1521-3765(20000717)6:14&lt;2499::AID-CHEM2499&gt;3.0.CO;2-M
https://doi.org/10.1016/j.crci.2003.07.004
https://doi.org/10.1016/j.eurpolymj.2004.02.007
https://doi.org/10.1039/C4CS00528G
https://www.ncbi.nlm.nih.gov/pubmed/25902871
https://doi.org/10.1021/cr970069y
https://doi.org/10.1002/masy.19940880111
https://doi.org/10.1039/b104290b
https://doi.org/10.1021/cr9603892
https://doi.org/10.1021/cr990116h
https://doi.org/10.1021/cr900157q
https://doi.org/10.1016/j.progpolymsci.2004.01.001
https://doi.org/10.1002/masy.200751207
https://doi.org/10.1039/b922777f
https://doi.org/10.1016/j.progpolymsci.2005.01.011
https://doi.org/10.1002/(SICI)1521-3773(20000303)39:5&lt;864::AID-ANIE864&gt;3.0.CO;2-E
https://doi.org/10.1055/s-1978-24702
https://doi.org/10.1051/jphyslet:01983004409035100


Nanomaterials 2023, 13, 1794 19 of 22

50. Tomalia, D.A.; Fréchet, J.M. Discovery of dendrimers and dendritic polymers: A brief historical perspective. J. Polym. Sci. Part A:
Polym. Chem. 2002, 40, 2719–2728. [CrossRef]

51. Vögtle, F.; Gestermann, S.; Hesse, R.; Schwierz, H.; Windisch, B. Functional dendrimers. Prog. Polym. Sci. 2000, 25, 987–1041.
[CrossRef]

52. Caminade, A.M.; Turrin, C.O.; Laurent, R.; Ouali, A.; Delavaux-Nicot, B. (Eds.) Dendrimers: Towards Catalytic, Material, and
Biomedical Uses; John Wiley & Sons: Hoboken, NJ, USA, 2011.

53. Marcos, M.; Martín-Rapún, R.; Omenat, A.; Serrano, J.L. Highly congested liquid crystal structures: Dendrimers, dendrons,
dendronized and hyperbranched polymers. Chem. Soc. Rev. 2007, 36, 1889–1901. [CrossRef]

54. Tsiourvas, D.; Arkas, M. Columnar and smectic self-assembly deriving from non-ionic amphiphilic hyperbranched polyethylene
imine polymers and induced by hydrogen bonding and segregation into polar and non-polar parts. Polymer 2013, 54, 1114–1122.
[CrossRef]

55. Arkas, M.; Kitsou, I.; Gkouma, A.; Papageorgiou, M. The role of hydrogen bonds in the mesomorphic behaviour of supramolecular
assemblies organized in dendritic architectures. Liq. Cryst. Rev. 2019, 7, 60–105. [CrossRef]

56. Pourjavadi, A.; Hosseini, S.H.; Alizadeh, M.; Bennett, C. Magnetic pH-responsive nanocarrier with long spacer length and high
colloidal stability for controlled delivery of doxorubicin. Colloids Surf. B Biointerfaces 2014, 116, 49–54. [CrossRef]

57. Yetisgin, A.A.; Cetinel, S.; Zuvin, M.; Kosar, A.; Kutlu, O. Therapeutic nanoparticles and their targeted delivery applications.
Molecules 2020, 25, 2193. [CrossRef] [PubMed]

58. Le, N.T.T.; Nguyen, T.N.Q.; Cao, V.D.; Hoang, D.T.; Ngo, V.C.; Hoang Thi, T.T. Recent progress and advances of multi-stimuli-
responsive dendrimers in drug delivery for cancer treatment. Pharmaceutics 2019, 11, 591. [CrossRef] [PubMed]

59. Paleos, C.M.; Tsiourvas, D.; Sideratou, Z.; Tziveleka, L.A. Drug delivery using multifunctional dendrimers and hyperbranched
polymers. Expert Opin. Drug Deliv. 2010, 7, 1387–1398. [CrossRef] [PubMed]

60. Arkas, M.; Vardavoulias, M.; Kythreoti, G.; Giannakoudakis, D.A. Dendritic Polymers in Tissue Engineering: Contributions
of PAMAM, PPI PEG and PEI to Injury Restoration and Bioactive Scaffold Evolution. Pharmaceutics 2023, 15, 524. [CrossRef]
[PubMed]

61. Calabretta, M.K.; Kumar, A.; McDermott, A.M.; Cai, C. Antibacterial activities of poly (amidoamine) dendrimers terminated with
amino and poly (ethylene glycol) groups. Biomacromolecules 2007, 8, 1807–1811. [CrossRef]

62. Stach, M.; Siriwardena, T.N.; Köhler, T.; Van Delden, C.; Darbre, T.; Reymond, J.L. Combining Topology and Sequence Design for
the Discovery of Potent Antimicrobial Peptide Dendrimers against Multidrug-Resistant Pseudomonas aeruginosa. Angew. Chem.
2014, 126, 13041–13045. [CrossRef]

63. Pérez-Anes, A.; Spataro, G.; Coppel, Y.; Moog, C.; Blanzat, M.; Turrin, C.O.; Caminade, A.M.; Rico-Lattes, I.; Majoral, J.P.
Phosphonate terminated PPH dendrimers: Influence of pendant alkyl chains on the in vitro anti-HIV-1 properties. Org. Biomol.
Chem. 2009, 7, 3491–3498. [CrossRef]

64. AWang, S.K.; Liang, P.H.; Astronomo, R.D.; Hsu, T.L.; Hsieh, S.L.; Burton, D.R.; Wong, C.H. Targeting the carbo-hydrates on
HIV-1: Interaction of oligomannose dendrons with human monoclonal antibody 2G12 and DC-SIGN. Proc. Natl. Acad. Sci. USA
2008, 105, 3690–3695. [CrossRef]

65. Meyers, S.R.; Juhn, F.S.; Griset, A.P.; Luman, N.R.; Grinstaff, M.W. Anionic amphiphilic dendrimers as antibacterial agents. J. Am.
Chem. Soc. 2008, 130, 14444–14445. [CrossRef] [PubMed]

66. Chen, C.Z.; Beck-Tan, N.C.; Dhurjati, P.; van Dyk, T.K.; LaRossa, R.A.; Cooper, S.L. Quaternary ammonium functionalized
poly (propylene imine) dendrimers as effective antimicrobials: Structure-activity studies. Biomacromolecules 2000, 1, 473–480.
[CrossRef] [PubMed]

67. Arkas, M.; Kythreoti, G.; Favvas, E.P.; Giannakopoulos, K.; Mouti, N.; Arvanitopoulou, M.; Athanasiou, A.; Douloudi, M.;
Nikoli, E.; Vardavoulias, M.; et al. Hydrophilic Antimicrobial Coatings for Medical Leathers from Silica-Dendritic Polymer-Silver
Nanoparticle Composite Xerogels. Textiles 2022, 2, 464–485. [CrossRef]

68. Shi, X.; Wang, S.H.; Van Antwerp, M.E.; Chen, X.; Baker Jr, J.R. Targeting and detecting cancer cells using spontaneously formed
multifunctional dendrimer-stabilized gold nanoparticles. Analyst 2009, 134, 1373–1379. [CrossRef]

69. JLi, H.; Sun, J.; Zhu, H.; Wu, H.; Zhang, H.; Gu, Z.; Luo, K. Recent advances in development of dendritic polymer-based
nanomedicines for cancer diagnosis. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2021, 13, e1670. [CrossRef]

70. Wiener, E.; Brechbiel, M.W.; Brothers, H.; Magin, R.L.; Gansow, O.A.; Tomalia, D.A.; Lauterbur, P.C. Dendrimer-based metal
chelates: A new class of magnetic resonance imaging contrast agents. Magn. Reson. Med. 1994, 31, 1–8. [CrossRef]

71. Nwe, K.; Bryant, L.H., Jr.; Brechbiel, M.W. Poly (amidoamine) dendrimer based MRI contrast agents exhibiting enhanced
relaxivities derived via metal preligation techniques. Bioconjug. Chem. 2010, 21, 1014–1017. [CrossRef]

72. Ma, Y.; Mou, Q.; Wang, D.; Zhu, X.; Yan, D. Dendritic polymers for theranostics. Theranostics 2016, 6, 930. [CrossRef]
73. Korake, S.; Shaikh, A.; Salve, R.; Gajbhiye, K.R.; Gajbhiye, V.; Pawar, A. Biodegradable dendritic Boltorn™ nano-constructs: A

promising avenue for cancer theranostics. Int. J. Pharm. 2021, 594, 120177. [CrossRef]
74. Haensler, J.; Szoka, F.C., Jr. Polyamidoamine cascade polymers mediate efficient transfection of cells in culture. Bioconjug. Chem.

1993, 4, 372–379. [CrossRef] [PubMed]
75. Kabanov, V.A.; Sergeyev, V.G.; Pyshkina, O.A.; Zinchenko, A.A.; Zezin, A.B.; Joosten, J.G.H.; Brackman, J.; Yoshikawa, K.

Interpolyelectrolyte complexes formed by DNA and astramol poly (propylene imine) dendrimers. Macromolecules 2000, 33,
9587–9593. [CrossRef]

https://doi.org/10.1002/pola.10301
https://doi.org/10.1016/S0079-6700(00)00017-4
https://doi.org/10.1039/b611123h
https://doi.org/10.1016/j.polymer.2012.12.023
https://doi.org/10.1080/21680396.2019.1621226
https://doi.org/10.1016/j.colsurfb.2013.12.048
https://doi.org/10.3390/molecules25092193
https://www.ncbi.nlm.nih.gov/pubmed/32397080
https://doi.org/10.3390/pharmaceutics11110591
https://www.ncbi.nlm.nih.gov/pubmed/31717376
https://doi.org/10.1517/17425247.2010.534981
https://www.ncbi.nlm.nih.gov/pubmed/21080860
https://doi.org/10.3390/pharmaceutics15020524
https://www.ncbi.nlm.nih.gov/pubmed/36839847
https://doi.org/10.1021/bm0701088
https://doi.org/10.1002/ange.201409270
https://doi.org/10.1039/b908352a
https://doi.org/10.1073/pnas.0712326105
https://doi.org/10.1021/ja806912a
https://www.ncbi.nlm.nih.gov/pubmed/18842041
https://doi.org/10.1021/bm0055495
https://www.ncbi.nlm.nih.gov/pubmed/11710139
https://doi.org/10.3390/textiles2030026
https://doi.org/10.1039/b902199j
https://doi.org/10.1002/wnan.1670
https://doi.org/10.1002/mrm.1910310102
https://doi.org/10.1021/bc1000802
https://doi.org/10.7150/thno.14855
https://doi.org/10.1016/j.ijpharm.2020.120177
https://doi.org/10.1021/bc00023a012
https://www.ncbi.nlm.nih.gov/pubmed/8274523
https://doi.org/10.1021/ma000674u


Nanomaterials 2023, 13, 1794 20 of 22

76. Patil, M.L.; Zhang, M.; Taratula, O.; Garbuzenko, O.B.; He, H.; Minko, T. Internally cationic polyamidoamine PAMAM-OH
dendrimers for siRNA delivery: Effect of the degree of quaternization and cancer targeting. Biomacromolecules 2009, 10, 258–266.
[CrossRef]

77. German, N.; Popov, A.; Ramanavicius, A.; Ramanaviciene, A. Development and practical application of glucose biosensor based
on dendritic gold nanostructures modified by conducting polymers. Biosensors 2022, 12, 641. [CrossRef] [PubMed]

78. Jimenez, A.; Armada, M.P.G.; Losada, J.; Villena, C.; Alonso, B.; Casado, C.M. Amperometric biosensors for NADH based on
hyperbranched dendritic ferrocene polymers and Pt nanoparticles. Sens. Actuators B Chem. 2014, 190, 111–119. [CrossRef]

79. Shukla, R.; Singh, A.; Pardhi, V.; Sunil Dubey, P.K. Dendrimer (polyamidoamine, polypropylene imine, poly-L-lysine, carbosilane
dendrimers, triazine dendrimers) as promising tool for anticancer therapeutics. In Polymeric Nanoparticles as a Promising Tool for
Anti-Cancer Therapeutics; Wolff, A.G., Ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2019; pp. 233–255. ISBN 9780128169636.

80. Wang, B.Y.; Liao, M.L.; Hong, G.C.; Chang, W.W.; Chu, C.C. Near-infrared-triggered photodynamic therapy toward breast cancer
cells using dendrimer-functionalized upconversion nanoparticles. Nanomaterials 2017, 7, 269. [CrossRef]

81. Dhanikula, R.S.; Argaw, A.; Bouchard, J.F.; Hildgen, P. Methotrexate loaded polyether-copolyester dendrimers for the treatment
of gliomas: Enhanced efficacy and intratumoral transport capability. Mol. Pharm. 2008, 5, 105–116. [CrossRef]

82. Klajnert, B.; Cangiotti, M.; Calici, S.; Majoral, J.P.; Caminade, A.M.; Cladera, J.; Bryszewska, M.; Ottaviani, M.F. EPR study of the
interactions between dendrimers and peptides involved in Alzheimer’s and prion diseases. Macromol. Biosci. 2007, 7, 1065–1074.
[CrossRef]

83. Fruchon, S.; Poupot, M.; Martinet, L.; Turrin, C.O.; Majoral, J.P.; Fournié, J.J.; Caminade, A.M.; Poupot, R. Anti-inflammatory and
immunosuppressive activation of human monocytes by a bioactive dendrimer. J. Leukoc. Biol. 2009, 85, 553–562. [CrossRef]

84. Chandrasekar, D.; Sistla, R.; Ahmad, F.J.; Khar, R.K.; Diwan, P.V. Folate-coupled poly (ethyleneglycol) conjugates of anionic poly
(amidoamine) dendrimer for inflammatory tissue-specific drug delivery. J. Biomed. Mater. Res. Part A 2007, 82, 92–103. [CrossRef]

85. Douloudi, M.; Nikoli, E.; Katsika, T.; Vardavoulias, M.; Arkas, M. Dendritic polymers as promising additives for the manufactur-
ing of hybrid organoceramic nanocomposites with ameliorated properties suitable for an extensive diversity of applications.
Nanomaterials 2020, 11, 19. [CrossRef] [PubMed]

86. Kitsou, I.; Panagopoulos, P.; Maggos, T.; Arkas, M.; Tsetsekou, A. Development of SiO2@TiO2 core-shell nanospheres for catalytic
applications. Appl. Surf. Sci. 2018, 441, 223–231. [CrossRef]

87. Tsiourvas, D.; Papavasiliou, A.; Deze, E.G.; Papageorgiou, S.K.; Katsaros, F.K.; Romanos, G.E.; Poulakis, E.; Philippopoulos, C.J.;
Xin, Q.; Cool, P. A green route to copper loaded silica nanoparticles using hyperbranched poly(Ethylene imine) as a biomimetic
template: Application in heterogeneous catalysis. Catalysts 2017, 7, 390. [CrossRef]

88. Kitsou, I.; Arkas, M.; Tsetsekou, A. Synthesis and characterization of ceria-coated silica nanospheres: Their application in
heterogeneous catalysis of organic pollutants. SN Appl. Sci. 2019, 1, 1557. [CrossRef]

89. Jensen, L.K.; Jensen, H.E.; Blirup-Plum, S.A.; Bue, M.; Hanberg, P.; Kvich, L.; Aalbæk, B.; López, Y.; Soto, S.M.; Douloudi, M.; et al.
Coating of bone implants with silica, hyperbranched polyethyleneimine, and gentamicin prevents development of osteomyelitis
in a porcine model. Materialia 2022, 24, 101473. [CrossRef]

90. Pang, Y.; Zeng, G.; Tang, L.; Zhang, Y.; Liu, Y.; Lei, X.; Li, Z.; Zhang, J.; Xie, G. PEI-grafted magnetic porous powder for highly
effective adsorption of heavy metal ions. Desalination 2011, 281, 278–284. [CrossRef]

91. Tsetsekou, A.; Arkas, M.; Kritikaki, A.; Simonetis, S.; Tsiourvas, D. Optimization of hybrid hyperbranched polymer/ceramic
filters for the efficient absorption of polyaromatic hydrocarbons from water. J. Membr. Sci. 2008, 311, 128–135. [CrossRef]

92. Arkas, M.; Tsiourvas, D.; Paleos, C.M. Organosilicon dendritic networks in porous ceramics for water purification. Chem. Mater.
2005, 17, 3439–3444. [CrossRef]

93. Arkas, M.; Tsiourvas, D. Organic/inorganic hybrid nanospheres based on hyperbranched poly (ethylene imine) encapsulated
into silica for the sorption of toxic metal ions and polycyclic aromatic hydrocarbons from water. J. Hazard. Mater. 2009, 170, 35–42.
[CrossRef]

94. Knecht, M.R.; Wright, D.W. Amine-terminated dendrimers as biomimetic templates for silica nanosphere formation. Langmuir
2004, 20, 4728–4732. [CrossRef]

95. Knecht, M.R.; Sewell, S.L.; Wright, D.W. Size control of dendrimer-templated silica. Langmuir 2005, 21, 2058–2061. [CrossRef]
[PubMed]

96. Giannakoudakis, D.A.; Anastopoulos, I.; Barczak, M.; Antoniou, E.; Terpiłowski, K.; Mohammadi, E.; Shams, M.; Coy, E.;
Bakandritsos, A.; Katsoyiannis, I.A.; et al. Enhanced uranium removal from acidic wastewater by phosphonate-functionalized
ordered mesoporous silica: Surface chemistry matters the most. J. Hazard. Mater. 2021, 413, 125279. [CrossRef] [PubMed]

97. Arkas, M.; Douloudi, M.; Nikoli, E.; Karountzou, G.; Kitsou, I.; Kavetsou, E.; Korres, D.; Vouyiouka, S.; Tsetsekou, A.; Gian-
nakopoulos, K.; et al. Investigation of two bioinspired reaction mechanisms for the optimization of nano catalysts generated from
hyperbranched polymer matrices. React. Funct. Polym. 2022, 174, 105238. [CrossRef]

98. Tsiourvas, D.; Tsetsekou, A.; Arkas, M.; Diplas, S.; Mastrogianni, E. Covalent attachment of a bioactive hyperbranched polymeric
layer to titanium surface for the biomimetic growth of calcium phosphates. J. Mater. Sci. Mater. Med. 2011, 22, 85–96. [CrossRef]

99. Kristensen, J.B.; Meyer, R.L.; Poulsen, C.H.; Kragh, K.M.; Besenbacher, F.; Laursen, B.S. Biomimetic Silica Encapsulation of
Enzymes for Replacement of Biocides in Antifouling Coatings. Green Chem. 2010, 12, 387–394. [CrossRef]

100. Knecht, M.R.; Wright, D.W. Functional Analysis of the Biomimetic Silica Precipitating Activity of the R5 Peptide from Cylin-
drotheca Fusiformis. Chem. Commun. 2003, 24, 3038–3039. [CrossRef]

https://doi.org/10.1021/bm8009973
https://doi.org/10.3390/bios12080641
https://www.ncbi.nlm.nih.gov/pubmed/36005036
https://doi.org/10.1016/j.snb.2013.08.072
https://doi.org/10.3390/nano7090269
https://doi.org/10.1021/mp700086j
https://doi.org/10.1002/mabi.200700049
https://doi.org/10.1189/jlb.0608371
https://doi.org/10.1002/jbm.a.31122
https://doi.org/10.3390/nano11010019
https://www.ncbi.nlm.nih.gov/pubmed/33374206
https://doi.org/10.1016/j.apsusc.2018.02.008
https://doi.org/10.3390/catal7120390
https://doi.org/10.1007/s42452-019-1613-y
https://doi.org/10.1016/j.mtla.2022.101473
https://doi.org/10.1016/j.desal.2011.08.001
https://doi.org/10.1016/j.memsci.2007.12.017
https://doi.org/10.1021/cm047981p
https://doi.org/10.1016/j.jhazmat.2009.05.031
https://doi.org/10.1021/la0494019
https://doi.org/10.1021/la047800y
https://www.ncbi.nlm.nih.gov/pubmed/15723511
https://doi.org/10.1016/j.jhazmat.2021.125279
https://www.ncbi.nlm.nih.gov/pubmed/33607585
https://doi.org/10.1016/j.reactfunctpolym.2022.105238
https://doi.org/10.1007/s10856-010-4181-7
https://doi.org/10.1039/B913772F
https://doi.org/10.1039/b309074d


Nanomaterials 2023, 13, 1794 21 of 22

101. Kroger, N.; Deutzmann, R.; Sumper, M. Polycationic Peptides from Diatom Biosilica That Direct Silica Nanosphere Formation.
Science 1999, 286, 1129–1132. [CrossRef]

102. Kroger, N.; Deutzmann, R.; Bergsdorf, C.; Sumper, M. Species-Specific Polyamines from Diatoms Control Silica Morphology. Proc.
Natl. Acad. Sci. USA 2000, 97, 14133–14138. [CrossRef]

103. Kröger, N.; Lorenz, S.; Brunner, E.; Sumper, M. Self-Assembly of Highly Phosphorylated Silaffins and Their Function in Biosilica
Morphogenesis. Science 2002, 298, 548–586. [CrossRef]

104. Dillon, R.E.A.; Shriver, D.F. Ion transport and vibrational spectra of branched polymer and dendrimer electrolytes. Chem. Mater.
2001, 13, 1369–1373. [CrossRef]

105. Hu, H.; Ortíz-Aguilar, B.E.; Hechavarría, L.E. Effect of pH value of poly(ethylenimine)–H2SO4 electrolyte on electrochromic
response of polyaniline thin films. Opt. Mater. 2007, 29, 579–584. [CrossRef]

106. Bellamy, L.J. The Infrared Spectra of Complex Molecules, 3rd ed.; Chapman and Hall: London, UK, 1975; pp. 16–17.
107. Kłonkowski, A.M.; Grobelna, B.; Widernik, T.; Jankowska-Frydel, A.; Mozgawa, W. Coordination state of copper(II) complexes

anchored and grafted onto the surface of organically modified silicates. Langmuir 1999, 15, 5814–5819. [CrossRef]
108. Shimizu, I.; Okabayashi, H.; Taga, K.; Nishio, E.; O’Connor, C.J. Diffuse reflectance infrared Fourier transform spectral study

of the thermal and adsorbed-water effects of a 3-aminopropyltriethoxysilane layer modified onto the surface of silica gel. Vib.
Spectrosc. 1997, 14, 113–123. [CrossRef]

109. Yoshino, H.; Kamiya, K.; Nasu, H. IR Study on the Structural Evolution of Sol-Gel Derived SiO2 Gels in the Early Stage of
Conversion to Glasses. J. Non. Cryst. Solids 1990, 126, 68–78. [CrossRef]

110. Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Amer. Chem. Soc. 1938, 60, 309–319.
[CrossRef]

111. Li, K.; Jiang, J.; Tian, S.; Yan, F.; Chen, X. Polyethyleneimine–nano silica composites: A low-cost and promising adsorbent for CO2
capture. J. Mater. Chem. A 2015, 3, 2166–2175. [CrossRef]

112. Bchellaoui, N.; Hayat, Z.; Mami, M.; Dorbez-Sridi, R.; El Abed, A.I. Microfluidic-assisted formation of highly mono-disperse and
mesoporous silica soft microcapsules. Sci. Rep. 2017, 7, 16326. [CrossRef]

113. Dahliyanti, A.; Yunitama, D.A.; Rofiqoh, I.M.; Mustapha, M. Synthesis and characterization of silica xerogel from corn husk waste
as cationic dyes adsorbent. F1000Research 2022, 11, 305. [CrossRef] [PubMed]

114. Arenas, L.T.; Simm, C.W.; Gushikem, Y.; Dias, S.L.; Moro, C.C.; Costa, T.M.; Benvenutti, E.V. Synthesis of silica xerogels with high
surface area using acetic acid as catalyst. J. Braz. Chem. Soc. 2007, 18, 886–890. [CrossRef]

115. Ding, W.; Wang, X.; Chen, D.; Li, T.; Shen, J. Cast-In-Situ, Large-Sized Monolithic Silica Xerogel Prepared in Aqueous System.
Molecules 2018, 23, 1178. [CrossRef] [PubMed]

116. Barrett, E.P.; Joyner, L.G.; Halenda, P.P. The Determination of Pore Volume and Area Distributions in Porous Substances. I.
Computations from Nitrogen Isotherms. J. Am. Chem. Soc. 1951, 73, 373–380. [CrossRef]

117. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of gases,
with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051–1069. [CrossRef]

118. Rasmussen, C.J.; Vishnyakov, A.; Thommes, M.; Smarsly, B.M.; Kleitz, F.; Neimark, A.V. Cavitation in metastable liquid nitrogen
confined to nanoscale pores. Langmuir 2010, 26, 10147–10157. [CrossRef] [PubMed]

119. Paleos, C.M.; Arkas, M.; Skoulios, A. Mesomorphic character of quaternary ammonium salts affected by secondary hydrogen
bonding interactions. Mol. Cryst. Liq. Cryst. Sci. Technol. Sect. A. Mol. Cryst. Liq. Cryst. 1998, 309, 237–250. [CrossRef]

120. Nikokavoura, A.; Tsiourvas, D.; Arkas, M.; Sideratou, Z.; Paleos, C.M. Thermotropic liquid crystalline behaviour of piperazinium
and homopiperazinium alkylsulphates. Liq. Cryst. 2002, 29, 1547–1553. [CrossRef]

121. Lantenois, S.; Prélot, B.; Douillard, J.-M.; Szczodrowski, K.; Charbonnel, M.-C. Flow microcalorimetry: Experimental development
and application to adsorption of heavy metal cations on silica. Appl. Surf. Sci. 2007, 253, 5807–5813. [CrossRef]

122. da Silva, L.C.C.; Santos, L.B.O.D.; Abate, G.; Cosentino, I.C.; Fantini, M.C.A.; Masini, J.C.; Matos, J.R. Adsorption of Pb2+, Cu2+

and Cd2+ in FDU-1 silica and FDU-1 silica modified with humic acid. Micropor. Mesopor. Mater. 2008, 110, 250–259. [CrossRef]
123. Georgiou, E.; Raptopoulos, G.; Anastopoulos, I.; Giannakoudakis, D.A.; Arkas, M.; Paraskevopoulou, P.; Pashalidis, I. Uranium

Removal from Aqueous Solutions by Aerogel-Based Adsorbents—A Critical Review. Nanomaterials 2023, 13, 363. [CrossRef]
124. Wang, F.; Liao, Y.; Xia, L. Poly (amidoamine) dendrimer decorated dendritic fibrous nano-silica for efficient removal of uranium

(VI). J. Solid State Chem. 2021, 303, 122511. [CrossRef]
125. Xiong, T.; Li, Q.; Liao, J.; Zhang, Y.; Zhu, W. Highly Enhanced Adsorption Performance to Uranium(VI) by Facile Synthesized

Hydroxyapatite Aerogel. J. Hazard. Mater. 2022, 423, 127184. [CrossRef]
126. Xiong, T.; Li, Q.; Liao, J.; Zhang, Y.; Zhu, W. Design of Hydroxyapatite Aerogel with Excellent Adsorption Performance to

Uranium. J. Environ. Chem. Eng. 2021, 9, 106364. [CrossRef]
127. Georgiou, E.; Raptopoulos, G.; Papastergiou, M.; Paraskevopoulou, P.; Pashalidis, I. Extremely Efficient Uranium Removal

from Aqueous Environments with Polyurea-Cross-Linked Alginate Aerogel Beads. ACS Appl. Polym. Mater. 2022, 4, 920–928.
[CrossRef]

128. Zhao, M.; Tesfay Reda, A.; Zhang, D. Reduced Graphene Oxide/ZIF-67 Aerogel Composite Material for Uranium Adsorption in
Aqueous Solutions. ACS Omega 2020, 5, 8012–8022. [CrossRef]

https://doi.org/10.1126/science.286.5442.1129
https://doi.org/10.1073/pnas.260496497
https://doi.org/10.1126/science.1076221
https://doi.org/10.1021/cm0008866
https://doi.org/10.1016/j.optmat.2005.08.044
https://doi.org/10.1021/la981256+
https://doi.org/10.1016/S0924-2031(97)00002-7
https://doi.org/10.1016/0022-3093(90)91024-L
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1039/C4TA04275A
https://doi.org/10.1038/s41598-017-16554-4
https://doi.org/10.12688/f1000research.75979.1
https://www.ncbi.nlm.nih.gov/pubmed/36016989
https://doi.org/10.1590/S0103-50532007000500003
https://doi.org/10.3390/molecules23051178
https://www.ncbi.nlm.nih.gov/pubmed/29762470
https://doi.org/10.1021/ja01145a126
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1021/la100268q
https://www.ncbi.nlm.nih.gov/pubmed/20210340
https://doi.org/10.1080/10587259808045531
https://doi.org/10.1080/0267829021000034808
https://doi.org/10.1016/j.apsusc.2006.12.064
https://doi.org/10.1016/j.micromeso.2007.06.008
https://doi.org/10.3390/nano13020363
https://doi.org/10.1016/j.jssc.2021.122511
https://doi.org/10.1016/j.jhazmat.2021.127184
https://doi.org/10.1016/j.jece.2021.106364
https://doi.org/10.1021/acsapm.1c01400
https://doi.org/10.1021/acsomega.0c00089


Nanomaterials 2023, 13, 1794 22 of 22

129. Lei, Y.; Li, K.; Liao, J.; Zhang, Y.; Zhang, L.; Zhu, W. Design of 3D Alumina-Doped Magnesium Oxide Aerogels with a High-
Efficiency Removal of Uranium(VI) from Wastewater. Inorg. Chem. Front. 2021, 8, 2561–2574. [CrossRef]

130. Chen, M.; Liu, T.; Zhang, X.; Zhang, R.; Tang, S.; Yuan, Y.; Xie, Z.; Liu, Y.; Wang, H.; Fedorovich, K.V.; et al. Photoinduced
Enhancement of Uranium Extraction from Seawater by MOF/Black Phosphorus Quantum Dots Heterojunction Anchored on
Cellulose Nanofiber Aerogel. Adv. Funct. Mater. 2021, 31, 2100106. [CrossRef]

131. Arkas, M.; Douloudi, M.; Nikoli, E.; Karountzou, G.; Kitsou, I.; Kavetsou, E.; Korres, D.; Vouyiouka, S.; Tsetsekou, A.; Gian-
nakopoulos, K.; et al. Additional data on the investigation of the reaction mechanisms for the production of silica hyperbranched
polyethylene imine silver nanoparticle composites. Data Brief 2022, 43, 108374. [CrossRef]

132. Ioannidis, I.; Anastopoulos, I.; Giannakopoulos, K.; Arkas, M.; Dosche, C.; Pashalidis, I. A comprehensive investigation on the
sorption of U (VI) and Eu (III) by polyamide microplastics: Surface-assisted microparticle formation. J. Mol. Liq. 2022, 368, 120757.
[CrossRef]

133. Groenewold, G.S.; Gianotto, A.K.; McIlwain, M.E.; Van Stipdonk, M.J.; Kullman, M.; Moore, D.T.; Polfer, N.; Oomens, J.; Infante,
I.; Visscher, L.; et al. Infrared Spectroscopy of Discrete Uranyl Anion Complexes. J. Phys. Chem. A 2008, 112, 508–521. [CrossRef]

134. Gan, F.; Wu, K.; Ma, F.; Du, C. In Situ Determination of Nitrate in Water Using Fourier Transform Mid-Infrared Attenuated Total
Reflectance Spectroscopy Coupled with Deconvolution Algorithm. Molecules 2020, 25, 5838. [CrossRef]

135. Allabashi, R.; Arkas, M.; Hörmann, G.; Tsiourvas, D. Removal of some organic pollutants in water employing ceramic membranes
impregnated with cross-linked silylated dendritic and cyclodextrin polymers. Water Res. 2007, 41, 476–486. [CrossRef]

136. Arkas, M.; Tsiourvas, D.; Paleos, C.M. Functional dendrimeric “nanosponges” for the removal of polycyclic aromatic hydrocarbons
from water. Chem. Mater. 2003, 15, 2844–2847. [CrossRef]

137. Arkas, M.; Eleades, L.; Paleos, C.M.; Tsiourvas, D. Alkylated hyperbranched polymers as molecular nanosponges for the
purification of water from polycyclic aromatic hydrocarbons. J. Appl. Polym. Sci. 2005, 97, 2299–2305. [CrossRef]

138. Arkas, M.; Tsiourvas, D.; Paleos, C.M. Functional dendritic polymers for the development of hybrid materials for water
purification. Macromol. Mater. Eng. 2010, 295, 883–898. [CrossRef]

139. Arkas, M.; Kithreoti, G.; Boukos, N.; Kitsou, I.; Petrakli, F.; Panagiotaki, K. Two completely different biomimetic reactions
mediated by the same matrix producing inorganic/organic/inorganic hybrid nanoparticles. Nano-Struct. Nano-Objects 2018, 14,
138–148. [CrossRef]

140. Arkas, M.; Anastopoulos, I.; Giannakoudakis, D.A.; Pashalidis, I.; Katsika, T.; Nikoli, E.; Panagiotopoulos, R.; Fotopoulou, A.;
Vardavoulias, M.; Douloudi, M. Catalytic Neutralization of Water Pollutants Mediated by Dendritic Polymers. Nanomaterials
2022, 12, 445. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/D1QI00259G
https://doi.org/10.1002/adfm.202100106
https://doi.org/10.1016/j.dib.2022.108374
https://doi.org/10.1016/j.molliq.2022.120757
https://doi.org/10.1021/jp077309q
https://doi.org/10.3390/molecules25245838
https://doi.org/10.1016/j.watres.2006.10.011
https://doi.org/10.1021/cm030214q
https://doi.org/10.1002/app.22026
https://doi.org/10.1002/mame.201000219
https://doi.org/10.1016/j.nanoso.2018.01.009
https://doi.org/10.3390/nano12030445
https://www.ncbi.nlm.nih.gov/pubmed/35159790

	Introduction 
	Materials and Methods 
	Preparation of Hybrid Silica-PEI Nanoparticles 
	Preparation of Silica-PEI Xerogels 
	Determination of Sorption Kinetics 
	Determination of Sorption Isotherms 

	Results and Discussion 
	Xerogel and Nanoparticle Characterization 
	Thermogravimetry 
	IR Spectroscopy of Nanoparticles and Xerogels 
	LN2 Porosimetry 
	Size (DLS) and Charge (-Potential) 

	Adsorption Kinetics 
	Adsorption Isotherms 
	Adsorbent Characterization Posterior to the Uranyl Adsorption 
	Scanning Electron Microscopy (SEM) 
	Size (DLS) and Charge (-Potential) 
	IR Spectroscopy 


	Conclusions 
	References

