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Editorial

Editorial for the Special Issue: “Aerogel Hybrids
and Nanocomposites”
István Lázár 1,* and Melita Menelaou 2,*

1 Department of Inorganic and Analytical Chemistry, University of Debrecen, 4032 Debrecen, Hungary
2 Department of Chemical Engineering, Cyprus University of Technology, Limassol 3036, Cyprus
* Correspondence: lazar@science.unideb.hu (I.L.); melita.menelaou@cut.ac.cy (M.M.)

Aerogel materials are porous ultralight solid materials obtained from gels, wherein a
gas, commonly air, replaces the liquid component. These aerogels exhibit several distinctive
characteristics, such as high porosity (exceeding 90% of the total volume), very low apparent
density, very high specific surface area and high mechanical strength, when compared to
the density of the material, among others. The term “aerogel” encompasses a broad range
of structures and does not impose specific restrictions on materials selection or synthetic
methodologies. Moreover, aerogels may vary widely in their composition and can be of
inorganic or organic origin. Due to their extremely low density, huge specific surface area,
and open mesoporous structure, single-component aerogels have already claimed dozens
of applications, such as in catalysis, aerospace, construction industries, energy storage
devices, solar-steam generation, and medical applications.

Aerogel materials exhibit a wide range of classifications based on their appearance
(i.e., monoliths, powders, films), their microstructural characteristics (i.e., microporous,
mesoporous, mixed porous), their composition (i.e., inorganic, organic, hybrid materials)
and on their polarity and surface functionality (i.e., hydrophilic, hydrophobic, amphiphilic,
oleophilic or oleophobic). Typical inorganic aerogels can derive from various oxides
like silica and alumina. Organic aerogels comprise carbon-based materials like cellulose,
graphene, polymers and chitosan. Hybrid aerogels are prepared by combining organic and
inorganic materials at the molecular level, and harnessing the versatile and cooperating
properties arising from their constituent components.

Considering these factors, this Gels Special Issue focuses on the synthesis, production,
structure, properties and applications of such complex aerogel materials, while paying
particular attention to the cooperation between the hybrid matrix components and the guest
particles. We explored original contributions based on conventional and non-conventional
approaches to obtain hybrid and composite aerogel materials. The aim was to delve into
fundamental and applied aspects, including the technological and biomedical applications
of such materials.

The recent advancements concerning the role of aerogel-based materials in bone and
cartilage tissue engineering were thoroughly discussed by Lazar and colleagues. Through
their literature review, the authors presented a comprehensive list and summary of various
aerogel building blocks and their biological activities synthesized under different synthetic
protocols, as well as how the complexity of aerogel scaffolds can influence their in vivo
performance, ranging from simple single-component or hybrid aerogels to more intricate
and organized structures. Lastly, the authors acknowledged the challenges of aerogel-based
hard tissue engineering materials in the near and far future, and their potential connection
with emerging healing techniques [1].

In addition, chronic wounds are physical traumas that significantly impair the quality
of life of over 40 million patients worldwide, and aerogels can act as carriers for the
local delivery of bioactive compounds at the wound site. In this regard, Remuiñán-Pose
and colleagues obtained alginate aerogel particles loaded with vancomycin, an antibiotic

1



Gels 2023, 9, 812

used for the treatment of Staphylococcus aureus infections, through aerogel technology
combined with gel inkjet printing and water-repellent surfaces. Alginate aerogel particles
showed high porosity, large surface area, a well-defined spherical shape and a reproducible
size. Several drug-loading strategies (in ink, a bath or ink-plus-bath) were tested, which,
due to the increase in the specific surface area and the mesoporosity, opened the way to the
preparation of more efficient drug-delivery aerogels [2].

Silica and silica-based (hybrid) aerogels represent the most extensively studied family
of mesoporous materials. Within this Special Issue, Lee and colleagues published an article
on the synthesis of spherical silica aerogel powder with hydrophobic surfaces from a water
glass-in-hexane emulsion. The gelation was completed by heating the water glass droplets,
which was then followed by the solvent exchange and surface modification steps. The
authors claim that the pH of the silicic acid solution was crucial in obtaining a highly
porous silica aerogel powder with a spherical morphology [3].

In another study, Pérez-Moreno and colleagues prepared chitosan (CS)-silica xero-
gel and aerogel hybrids using the sol–gel method, either by direct solvent evaporation
at atmospheric pressure or by supercritical drying in CO2, respectively. Both types of
mesoporous materials exhibited large surface areas (821 m2g−1–858 m2g−1), outstanding
bioactivity and osteoconductive properties. Through a comparative study, the authors
showed that the sol–gel synthesis of CS-silica xerogels and aerogels enhanced not only
their bioactive response but also their osteoconduction and cell differentiation properties.
Therefore, these new biomaterials can provide adequate secretion of the osteoid for fast
bone regeneration [4].

Additionally, Sai et al. described the synthesis of robust fibrous silica-bacterial cel-
lulose (BC) composite aerogels with high performance, following a novel synthetic path.
Silica sol was diffused into a fiber-like matrix, which was obtained by cutting the BC
hydrogel. A secondary shaping formed a composite wet gel fiber with a nanoscale interpen-
etrating network structure. The tensile strength of the resulting aerogel fibers reached up
to 5.4 MPa. The quantity of BC nanofibers in the unit volume of the matrix was improved
significantly by the secondary shaping process. Thus, a novel method was proposed herein
to prepare aerogel fibers with excellent performance to meet the requirements of wearable
applications [5].

Furthermore, Győri and colleagues reported a way of functionalizing porphyrin
rings of 5,10,15,20-tetrakis(4-aminophenyl)porphyrin with a silane linker, followed by
complexation with selected metal ions, such as copper and iron, and binding the complexes
to the silica aerogel matrix with strong covalent bonds. The as-prepared aerogel catalysts
were highly compatible with the aqueous phase, in contrast to the insoluble nature of the
porphyrin complexes initially synthesized. The authors studied their catalytic activities
in the mineralization reaction of environmental pollutants phenol, 3-chlorophenol and
2,4-dichlorophenol with hydrogen peroxide. The as-obtained catalysts had a large specific
surface area and an open mesoporous structure, essential features for heterogeneous
catalysis [6].

In another study, Kaplin and colleagues obtained luminescent aerogels in a super-
critical carbon dioxide medium for the first time based on sodium alginate, cross-linked
with ions of rare earth elements (Eu3+, Tb3+, Sm3+) where phenanthroline, thenoyltrifluo-
roacetone, dibenzoylmethane and acetylacetonate served as ligands upon SC impregnation.
The intensity of the luminescence bands changed after impregnation, while the nature of
the influence of the organic additives (ligands) on the luminescent properties of REE ions
depended on the nature of both the ion and the ligand. Thus, the authors demonstrated
that, upon SC impregnation, ligands could penetrate and act as luminescence sensitizers of
rare earth ions throughout the entire thickness of aerogels [7].

The removal of polyvalent metal ions Eu(III) and Th(IV) from aqueous solutions us-
ing polyurea-crosslinked calcium alginate (X-alginate) aerogels was investigated, through
batch-type experiments under ambient conditions and pH 3, by Georgiou and colleagues.
Compared to other materials used for the sorption of Eu(III), such as carbon-based ma-
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terials, the authors proved for the first time that X-alginate aerogels showed by far the
highest sorption capacity. Regarding Th(IV) species, X-alginate aerogels showed the highest
capacity per volume among the aerogels reported in the literature. Eu(III) and Th(IV) could
be recovered from the beads by 65% and 70%, respectively. Thus, such characteristics,
along with their stability in aqueous environments, make X-alginate aerogels attractive
candidates for water treatment and metal recovery applications [8].

Carbon materials, including graphene aerogels, carbon nanotube aerogels, and carbon
aerogels, have been the subjects of extensive investigation. Kubovics and colleagues fabri-
cated composites involving reduced graphene oxide (rGO) aerogels supporting Pt/TiO2
nanoparticles using a one-pot supercritical CO2 gelling and drying method, where 3D
monolithic aerogels with a mesa/macroporous morphology were obtained, targeted to
evaluate the photocatalytic production of H2 from methanol in aqueous media. The reaction
conditions, aerogel composition and architecture were the factors that varied in optimizing
the process. Using methanol as the sacrificial agent, the measured H2 production rate for
the optimized system was remarkably higher than the values found in the literature for
similar Pt/TiO2/rGO catalysts and reaction media [9].

Furthermore, Cheng et al. reported a novel method of increasing the mechanical
properties of poly(vinyl alcohol) (PVA) aerogels while decreasing their flammabilities,
maintaining low densities and using a low-cost/toxicity additive. Sodium hydroxide
(NaOH) was used as a base catalyst at flame temperatures to reduce the flammability of
PVA aerogels. Low additive levels of NaOH were found to profoundly alter the aerogel
properties, such as their mechanical properties and flammability, minimizing their impact
on product density without using char-forming agents or halogen compounds to decrease
flammability [10].

In summary, aerogel hybrids and nanocomposites represent distinctive materials with
versatile applications across various technological and biomedical domains. Among these,
silica aerogel stands out as the most prevalent, initially finding commercial use in thermal
insulation blankets. However, research endeavors worldwide have since been dedicated to
exploring various materials and structures and alternative applications for aerogel-based
materials, extending their utility into sectors such as catalysis and tissue engineering. This
wide-ranging applicability hinges on the chosen synthesis method, the constituents and
the unique properties of the resultant aerogels. It is evident that these materials offer
substantial insights, both in terms of fundamental scientific understanding and practical
applications, holding the promise of continued discoveries and innovations.
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Review

Aerogel-Based Materials in Bone and Cartilage Tissue
Engineering—A Review with Future Implications
István Lázár 1,* , Ladislav Čelko 2 and Melita Menelaou 3,*

1 Department of Inorganic and Analytical Chemistry, University of Debrecen, Egyetem tér 1,
4032 Debrecen, Hungary

2 Central European Institute of Technology, Brno University of Technology, Purkynova 656/123,
612 00 Brno, Czech Republic; ladislav.celko@ceitec.vutbr.cz

3 Department of Chemical Engineering, Cyprus University of Technology, 30 Arch. Kyprianos Str.,
Limassol 3036, Cyprus

* Correspondence: lazar@science.unideb.hu (I.L.); melita.menelaou@cut.ac.cy (M.M.)

Abstract: Aerogels are fascinating solid materials known for their highly porous nanostructure and
exceptional physical, chemical, and mechanical properties. They show great promise in various
technological and biomedical applications, including tissue engineering, and bone and cartilage
substitution. To evaluate the bioactivity of bone substitutes, researchers typically conduct in vitro
tests using simulated body fluids and specific cell lines, while in vivo testing involves the study
of materials in different animal species. In this context, our primary focus is to investigate the
applications of different types of aerogels, considering their specific materials, microstructure, and
porosity in the field of bone and cartilage tissue engineering. From clinically approved materials to
experimental aerogels, we present a comprehensive list and summary of various aerogel building
blocks and their biological activities. Additionally, we explore how the complexity of aerogel scaffolds
influences their in vivo performance, ranging from simple single-component or hybrid aerogels to
more intricate and organized structures. We also discuss commonly used formulation and drying
methods in aerogel chemistry, including molding, freeze casting, supercritical foaming, freeze drying,
subcritical, and supercritical drying techniques. These techniques play a crucial role in shaping
aerogels for specific applications. Alongside the progress made, we acknowledge the challenges
ahead and assess the near and far future of aerogel-based hard tissue engineering materials, as well
as their potential connection with emerging healing techniques.

Keywords: aerogel; tissue engineering; artificial bone substitution; in vitro and in vivo bioactivity;
biodegradation; cartilage regeneration; scaffold; osteogenesis; simulated body fluids; immortalized
cell lines

1. Introduction

Bone is a rigid tissue with essential functions in providing structural support, pro-
tecting vital organs, and enabling movement [1]. It consists of an organic matrix (20%),
primarily made up of type I collagen, a mineral phase (65%) predominantly composed of
hydroxyapatite [Ca10(PO4)6(OH)2, HAp], water (10%), and various bioactive factors and
cells, mainly osteoblasts and osteoclasts [2]. Bone has a natural regenerative process that
is regulated by biomechanical, cellular, and molecular factors [3]. Articular cartilage is a
thin layer covering the ends of bones, allowing smooth gliding and facilitating proper joint
function. The cartilage tissue is a sturdy, flexible avascular structure composed of collagen,
proteoglycan, non-collagenous proteins, and water. A unique feature of cartilage is its
close connection with the underlying hard subchondral bone, comprising three distinct
components: highly mineralized subchondral, intermediate-mineralized calcified, and
non-mineralized tissues, separated by a dense tidemark.
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Damage to bones and cartilage often occurs due to disease or traumatic injuries. Inci-
dences of bone- and cartilage-related disorders have been on the rise, linked to factors like
aging, obesity, cancer, and sports-related injuries. These conditions can significantly impact
patients’ quality of life, causing pain, reduced mobility, and loss of independence. To ad-
dress these challenges, the research community has been focusing on regenerative medicine
approaches, including the development of biomaterial-based and tissue-engineering solutions.

Restoring bone integrity and structure is essential in cases of fractures, skeletal devel-
opment, or regular physiological reshaping. It involves facilitating the transport, growth,
proliferation, and differentiation of osteoprogenitor cells in the injured or defective area.
To achieve successful bone repair, a well-designed system is necessary to support the
three primary mechanisms of bone regeneration: (a) rapid revascularization, (b) osteoge-
nesis induction, and (c) osteoinduction, which generate new tissue from osteogenic cells.
Additionally, the process should promote osteoconduction and encourage cell growth
towards the bone surface [4]. However, there are instances where bone regeneration or
repair exceeds the tissue’s capacity for new bone formation. Such cases may include bone
deformations, neoplastic diseases, infections, avascular necrosis, and osteoporosis, among
others [3].

Addressing bone defects requires orthopedic reconstruction methodologies that in-
volve bone replacement through the implantation of natural or artificial grafts [5]. Both
types of grafts must meet specific criteria, such as high biocompatibility, osteoconduction,
and osseointegration [6]. Moreover, they should exhibit robust mechanical strength, be
harmless to the body, and remain stable in the biological environment. Throughout their
presence in the body, the grafts must not demonstrate any toxic effects [5].

Recent advancements in bone tissue engineering are centered around the development
of structures that can closely mimic the behavior of natural bone in terms of both structure
and performance. This involves creating materials with exceptional mechanical reinforce-
ment and a supporting matrix, all while maintaining biocompatibility [7]. To promote
successful regeneration, these materials need to be highly porous, encouraging vasculariza-
tion into the damaged area and facilitating the migration of osteogenic cells. Biocompatible
three-dimensional scaffolds or hydrogels often possess these desirable characteristics [8].

Scaffolds tailored for bone and cartilage tissue engineering must meet specific biologi-
cal requirements. They should be biocompatible, non-toxic, and biodegradable, capable of
seamlessly integrating and interacting with the surrounding environment. Porosity is a
key factor, as it enables cellular infiltration and facilitates the transport of essential gases,
nutrients, and regulatory factors, all crucial for cell survival. Finding the right balance
is crucial, as excessively large pores reduce the surface area available for cell attachment,
while overly small pores hinder cell migration and infiltration, and restrict the diffusion
of vital nutrients and waste products. Research conducted by Matsiko et al. suggests
that the optimal pore sizes for bone and cartilage tissue-engineering applications typically
fall within the range of 100–300 µm [9]. Various fabrication methods can be employed to
create these scaffolds, such as freeze drying, electrospinning, and 3D printing, as studied
by Iglesias-Mejuto, García-González, Włodarczyk-Biegun, and del Campo [10,11]. Detailed
insights into these methods will be provided in Section 3.

In bone and cartilage repair applications, both synthetic and natural polymers have
found utility. Synthetic polymers offer versatility in their physical and chemical properties,
allowing precise control over molecular weight, degradation time, and hydrophobicity.
Prominent examples of synthetic materials employed in such applications, as reported
by Puppi et al., include poly L-lactic acid (PLLA), polycaprolactone (PCL), polyglycolic
acid (PGA), and polyethylene glycol (PEG) [12]. These synthetic materials can be used in
various forms to create scaffolds of different shapes and sizes.

Conversely, natural polymers boast several advantages over their synthetic counter-
parts. They demonstrate biocompatibility, biodegradability with non-toxic degradation
products, and possess bioactive properties that facilitate enhanced cell interactions. Some of
the natural polymers used for bone and cartilage repair applications include collagen, silk,
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gelatin, fibrinogen, elastin, keratin, actin, and myosin. Several examples of polysaccharide-
based aerogels exist, such as the crosslinked cellulose nanocrystal aerogels synthesized by
Osorio et al. [13], an alginate aerogel reported by Wu et al. [14], and the development of a
novel high-methoxyl pectin–xanthan aerogel coating on medical-grade stainless steel re-
ported by Horvat et al. [15]. They can be classified as “bio-aerogels”, which originated from
natural, semi-synthetic, and synthetic sources, with promising biomedical applications.
The processing steps of the polysaccharide-based aerogels are similar to those applied for
silica and other organic counterparts and, most commonly, start with the preparation of gel
from an aqueous solution (often called hydrogel or “aquagel”) and the water in the pores
of the aquagel is replaced with an alcohol such as methanol, to prepare an “alcogel” and to
make possible the drying by supercritical carbon dioxide (scCO2) [16]. Alternatively, the
solvent exchange step can be circumvented if gelation is directly carried out in alcohol. In
addition, composite materials such as PEGDA/CNF aerogel–wet hydrogel scaffold (where
PEGDA: polyethylene glycol diacrylate; and CNF: cellulose nanofibril) have been proposed
to overcome limitations of the single components in a concise review by Kazimierczak and
Przekora [4].

Ceramic materials in the form of calcium phosphate have also been studied and pro-
posed as potential candidates for bone regeneration and/or substitution. Hydroxyapatite
(HAp), the main inorganic constituent of human bone, has high biocompatibility and
osteo-conductivity, rendering it a material of particular interest for bone regeneration [3].
HAp biomaterials, however, are characterized by poor cell adhesion and difficult ingrowth,
thus limiting their therapeutic effect in clinical applications. Also, it is not easy to prepare
single-phase HAp porous scaffolds with both high porosity and excellent mechanical prop-
erties to be suitable candidates for bone regeneration. Thus, researchers worldwide are
working to improve the properties of such materials. An example includes the work of
Duan and coworkers who investigated HAp-based composite porous scaffolds instead of
“HAp-only” porous scaffolds for such applications. Their experimental results suggest that
they prepared a promising material in the form of HAp nanowire aerogel scaffold [17].

Other promising calcium phosphate-based ceramic materials are the a-tricalcium phos-
phate (α-Ca3(PO4)2, α-TCP) and β-tricalcium phosphate (β-Ca3(PO4)2, β-TCP). Combining
the excellent biocompatibility of β-TCP and the conductivity of carbon aerogels, Tevlek
et al. synthesized a β-TCP carbon–aerogel composite material. The biocompatibility of the
composite material was evaluated, and their results suggested that composites may also
act as promising targets for such applications [18]. Also, Lin and coworkers developed a
β-TCP bioceramic platform coated with carbon aerogel as a novel approach to conquer
osteosarcoma in one step [19].

In 2015, Wan et al. proposed mesoporous TiO2 nanotube materials as a novel 3D porous
network-structured scaffold for potential bone tissue engineering. The TiO2 nanotubes
were synthesized using the template-assisted sol–gel method followed by calcination. The
scaffold showed an extremely large surface area of 1629 m2 g−1 and a diameter of less than
100 nm [20].

Repairing cartilage defects remains a significant challenge in the field. While various
clinical treatments for cartilage regeneration, such as microfracture, autologous chondrocyte
implantation, Pridie perforations, and transplantation of osteochondral plugs have been
developed [21], their success in fully regenerating functional cartilage tissue has been
limited. To address these limitations, alternative approaches have been proposed, including
the use of cell-loaded scaffold constructs. For successful cartilage regeneration through
tissue engineering, an ideal scaffold must possess certain crucial characteristics, similar
to those required for bone regeneration. These characteristics include a biomimetic three-
dimensional (3D) architecture to facilitate cell adhesion, an appropriate porosity to support
cell ingrowth, sufficient mechanical strength to maintain its shape, good biocompatibility,
and biodegradability, among others. These essential features are key to developing effective
strategies for cartilage repair and regeneration.
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Electrospinning proves to be a highly effective technique for producing composite
fibers with varying diameters and arrangements, closely resembling the morphology of
the natural extracellular matrix (ECM) found in cartilage tissue, while also possessing
suitable mechanical properties. For instance, Feng et al. explored a novel method involving
electrospinning cartilage-derived extracellular matrix and polycaprolactone (PCL) com-
posite nanofibrous membranes [22]. The traditional electrospinning technique primarily
produces two-dimensional (2D) fiber membrane materials with minimal thickness and
small pores. However, researchers have pursued the electrospinning of multi-component
nanofibers to overcome the limitations associated with individual polymers and to cater
to specific requirements. These requirements encompass crucial aspects like mechanical
strength, biocompatibility, and degradation rate. By finely adjusting the proportion of each
component in the composite fibers, these special requirements can be met, as was reviewed
in detail by Chen et al. [23].

Various methods for preparing 3D electrospun nanofibrous scaffolds have been ex-
tensively researched and published. Examples include multilayering electrospinning, as
reported by Zhang et al. [24] and Chainani et al. [25], as well as liquid and template-assisted
electrospinning and post-treated electrospinning, as explored by Shim and colleagues [26],
among others. In light of these advancements, Chen et al. [23] and Li et al. [27] suc-
cessfully prepared aerogels composed of electrospun gelatin/polylactide (Gel/PLA) or
gelatin/polycaprolactone (Gel/PCL) fibers, offering promising potential for cartilage re-
generation. Additionally, Wang et al. developed a 3D fibrous aerogel comprising SiO2
nanofibers with chitosan serving as bonding sites for bone regeneration [28]. These reports
represent a few examples demonstrating the feasibility and potential of fibrous aerogels
in the fields of cartilage and bone tissue engineering. Furthermore, inorganic components
like hydroxyapatite (HAp) have been widely incorporated into implants for calcified carti-
lage and subchondral bone regeneration. Meanwhile, glycosaminoglycans (GAG) such as
hyaluronic acid (HA) and chondroitin sulfate (CS) are frequently utilized for cartilage regen-
eration. These materials play crucial roles in enhancing the performance and functionality
of tissue-engineering scaffolds.

The quest for robust and long-lasting bone regeneration and cartilage tissue remains
an important and challenging topic. In light of this, the present review article offers an
overview of (composite) aerogel materials, a remarkable category of nanoporous materials
with great potential for bone and cartilage repair applications. In the following sections,
detailed information on the physical and chemical properties, and the significant role that
such aerogels can play in various bone-related biomedical applications will be explored.

2. Aerogel Microstructure

The discovery of aerogels dates back to 1931 when Kistler published the first article
on the subject in Nature, titled “Coherent expanded aerogels and jellies” [29]. Kistler’s
groundbreaking work involved the successful synthesis of aerogels from silica, achieved
through the condensation of sodium metasilicate. He later expanded his research to
include aerogels made from alumina, tungsten, nickel tartrate, cellulose, and gelatin. In his
definition, aerogels were described as “gels in which the liquid has been replaced by air,
with moderate shrinkage of the solid network.” For over 50 years, aerogels received little
attention from the scientific community. However, in the last four decades, the interest
in these materials has grown exponentially. This surge in interest can be attributed to
the diverse range of applications that aerogels offer in various fields. Notably, aerogels
provided solutions in catalysis, aerospace, and construction industries, for example. They
have also proven valuable in energy-storage devices, solar-steam generation, and medical
applications.

Aerogels are remarkable porous ultralight solid materials obtained from gels, wherein
the liquid component is replaced by a gas, commonly air. These aerogels exhibit several
distinctive characteristics, including (a) high porosity (exceeding 90% of the total volume),
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(b) very low apparent density, (c) very high specific surface area, and (d) high mechanical
strength when compared to the density of the material.

The term “aerogel” encompasses a broad description of the structure and does not
impose specific restrictions on material compositions or synthetic methodologies. Hüsing
and Schubert proposed that “aerogels are materials in which the typical pore structures
and networks remain remarkably maintained when the pore liquid of a gel is replaced by
air” [30]. This definition better captures the essential characteristic of aerogels, highlighting
their porous and highly structured nature, even after the liquid component has been
replaced by air.

In this regard, aerogel materials exhibit a wide range of classifications, as discussed by
Karamikamkar et al. [31]. These classifications include their appearance, microstructural
characteristics, composition, polarity and surface functionality.

The most commonly employed and, perhaps, the simplest method for producing
aerogels is the well-established sol–gel approach, followed by the specific drying process,
known as supercritical drying at or above the supercritical point [30]. The sol–gel procedure
involves two main stages: the formation of a sol and the subsequent transformation into a
gel. The last step involves removing the pore liquid through a specialized drying process,
leading to the formation of the aerogel. This drying step plays a critical role in shaping
the final physical and chemical profile of the aerogel, allowing for precise control over its
characteristics and performance.

The gelation of inorganic aerogels primarily relies on hydrolysis and condensation
processes, while biopolymer aerogels form through the aggregation process. Subsequent
to gel formation, liquid extraction from the gel can be achieved using various techniques,
resulting in materials classified as xerogels, cryogels, and aerogels [32]. The drying meth-
ods strongly affect the final properties of these materials, and are discussed in Section 3.
(Figure 1)
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Figure 1. Graphical visualization of the general process of making aerogels in a sol–gel process
followed by a specific drying technique to provide aerogel materials for biomedical applications.

To address drawbacks like mechanical issues and limited specific functionalities,
various new synthetic approaches have been employed in the production of aerogels.
Techniques such as ambient pressure drying and freeze drying have been utilized to tailor
the physical, chemical, and biological properties of aerogels, leading to the design and
synthesis of hybrid inorganic or organic–inorganic hybrid aerogels. Aerogels stand apart
from conventional foams due to their nanometer-scale pores with intricate interconnectivity,
resulting in their superior insulating capabilities, being 2–5 times more effective than foams,
with low thermal conductivity (0.005–0.1 W/mK), and an ultra-low dielectric constant
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(k = 1.0–2.0). Such characteristics make aerogels highly appealing for various applications.
However, one of the challenges faced by these materials lies in their mechanical properties,
which can be limited. For instance, silica aerogels are known for their fragility, hygroscopic
nature, and poor mechanical properties, leading to drawbacks in certain applications [31].
To expand the range of applications while preserving the unique properties of aerogels,
mechanical reinforcing strategies have been devised. For silica-based aerogels, which
represent the most extensively studied family, several methods have been explored in the
literature to improve their mechanical properties. A common technique employed for
structural reinforcement is prolonged aging time, as utilized by Hong et al., leading to
the development of 3D internetworked GA@PDMS (where GA: graphene aerogel; and
PDMS: poly(dimethylsiloxane)) [33]. Another widely employed approach involves surface-
crosslinking of a silica backbone with a polymer. Boday et al. demonstrated the growth
of silica aerogel polymer nanocomposites in the presence of poly(methyl methacrylate)
(PMMA), while Leventis reported the development of silica aerogels crosslinked with
isocyanate-derived polymers [34,35]. In addition, the incorporation of a secondary phase,
such as an organic/inorganic phase, embedded in the structure before (or after) gelation, has
proven to be an effective strategy for aerogel structural reinforcement, as demonstrated by
Randall and coworkers [36]. Theoretical considerations also suggest that improving elastic
recovery in silica aerogels can be achieved by including organic flexible linking groups in the
silica backbone or by crosslinking the underlying structural gel with silanol groups through
reactions with precursors, monomers, or polymers, as described by Lenentis et al. [37].
These methodologies have successfully enhanced the mechanical properties of aerogels
while also improving their transparency.

3. Formulation and Drying Methods
3.1. Formulation Methods
3.1.1. Casting, Molding

Monolithic aerogels are crafted through a straightforward casting or molding tech-
nique, which stands as the most extensively employed procedure. The constituents for
gel formation are poured in a suitable container, allowing the gelation process to reach
completion while facilitating subsequent retrieval of the gelled or solidified material de-
void of structural compromise. Following this, the material undergoes a series of solvent
exchange steps, wherein the original solvent mixture is replaced with an organic solvent
compatible with carbon dioxide, such as acetone, methanol, or ethanol. As an alternative
route, water-based gels are subjected to freezing and subsequent freeze drying. A viable
realization of the casting, solvent exchange, and supercritical drying sequence is elucidated
within the literature [38].

3.1.2. Freeze Casting

The freeze-casting process is also frequently used in fabricating porous materials,
including aerogels. The technique is thoroughly described in the literature by Li et al. and
García-González et al. [39,40]. The aqueous gel is frozen slowly in a segmented pattern
before drying. In the process, ice crystals of different sizes are formed in the segmented
temperature zones, leading to a patterned meso/macro porosity of the aerogel (cryogel)
monoliths after drying, as presented by Tetik and coworkers [41]. This method was
used to prepare silk fibroin–silica aerogels by Maleki and coworkers [42] and crosslinked
cellulose [13] aerogels for bone substitution by Osorio et al.

3.1.3. Supercritical Foaming

In some instances, supercritical carbon dioxide can also generate gelation and macro-
pore formation. The generally used supercritical foaming technique is reviewed in the
literature [43,44] and has been successfully applied for the preparation of aerogel–polymer
composite scaffolds made from starch and polycaprolactone by Goimil et al. [45] or from
silk fibroin/polycaprolactone by Goimil and coworkers [46].
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3.1.4. Stereolithography, 3D Printing

Bio-ink technology and 3D printing stand as firmly established and widely embraced
methodologies in the biomedical sphere, particularly in scaffold formulation and the provi-
sion of intricate structural arrangements. The outcome of a specific tissue replacement or
tissue-mimicking application is contingent upon the materials’ intrinsic nature, the 3D ar-
chitecture of the scaffold, the involved cell types, and the presence or absence of stimulating
factors. Computer-aided design tools rapidly generate the blueprint for a 3D framework,
subsequently realized using specialized extrusion or syringe-type printers. These printers
can utilize a singular bio-ink component capable of light-induced crosslinking, a pliable
yet self-supporting paste that undergoes post-printing crosslinking, or a printer with a
two-component coaxial head that triggers chemical reactions upon contact, or even a blend
thereof. The fabrication of scaffolds for artificial bone or cartilage substitutes presents chal-
lenges due to the intricacies of identifying a suitable 3D-printable material. In biomedical
practice, nanofibrous bioactive substances are frequently 3D printed and subsequently sub-
jected to freeze drying, transforming them into aerogels or aerogel-like forms to maintain
their structural integrity and functionality. An evaluation of the technique’s merits and
limitations has been comprehensively compiled by Badhe and colleagues [47].

Iglesias-Mejuto and García-González prepared an alginate–hydroxyapatite 3D-printed
aerogel scaffold [10] as well as sterile dual crosslinked alginate–hydroxyapatite 3D-printed
aerogel scaffolds with carbon dioxide gelling and glutaraldehyde crosslinking technol-
ogy for bone tissue engineering. The as-prepared scaffolds showed enhanced fibroblast
migration and good bioactivity; the latter correlated with the hydroxyapatite content [48].

Ng and coworkers developed a technique in which simultaneous 365 nm photo-
crosslinking and microextrusion 3D printing of the mixture of methacrylated silk fibroin
and methacrylated hollow silica nanoparticles provided a mechanically stable scaffold
compared to the simple silk fibroin networks. Unidirectional freeze casting provided
even more interconnection of the pores, after which the aerogel was made by freeze
drying. The as-prepared material is expected to be osteoconductive and osteoinductive
bone substitute material that can be loaded with ciprofloxacin or other drugs to treat
bone-related diseases [49].

3.2. Drying Methods

Regardless of the specific synthetic methods employed, wet gels undergo diverse
drying techniques to transform into aerogel-based materials. Among these approaches,
freeze drying and supercritical carbon dioxide drying emerge as the most prevalent. To
a somewhat lesser extent, alternative strategies such as subcritical drying, spring-back
drying [50], and ambient pressure drying [51] have also been explored and subjected to
systematic investigation.

3.2.1. Freeze Drying

Aqueous gels have been effectively transformed into aerogels through freeze drying,
often referred to as cryogels. This method can be directly applied to aqueous gels, eliminat-
ing the need for the solvent exchange steps necessary in supercritical drying. An inherent
benefit is that even highly heat-sensitive materials can be dried without undergoing de-
composition. Thus, the freeze-drying technique has been harnessed to craft aerogels with
successful outcomes.

Examples include the development of aerogels from nanocellulose-PEGDA by Tang
et al. [52], from rGO-collagen by Bahrami et al. [53], from rGO network by Asha et al. [54],
from PEGDA-CNF by Sun et al. [55], from nanocellulose–bioglass by Ferreira et al. [56], from
CA and PCL nanofiber-reinforced chitosan by Zhang et al. [57], from crosslinked cellulose
by Osorio et al. [13], and from silk fibroin–cellulose developed by Chen and coworkers [58].
In a number of cases, freeze drying was combined with a freeze-casting/cryotemplating
technique.
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3.2.2. Subcritical Drying

Subcritical drying of solvogels or aquagels is a recognized technique, albeit one
employed with varying interpretations. It can be conveniently executed using cost-effective
equipment at or near atmospheric pressure, or with pressures and temperatures slightly
below the critical point. A shared characteristic across all variations is the wet gels’ aging,
followed by a solvent exchange step. The drying process takes several hours to a day or
two, making subcritical drying comparable in time requirement to freeze drying. When
ambient pressure drying is conducted, the resulting solid material can manifest as either
an aerogel or a xerogel, contingent upon the solvent and the gel material’s polarity. As
an instance, sol–gel-synthesized silica monoliths with chemically modified hydrophobic
surfaces can be subjected to the spring-back effect to yield aerogels [50].

The range of conditions and the quality of the dried material depends on the nature
of the solvent that fills the pores, as was studied by Kirkbir and coworkers in making
aerogels from atmospheric to supercritical conditions [51]. Shrinkage can be minimized
to a few percentages under high-pressure conditions. Lower pressures result in higher
shrinkage, which can be extensive at around the atmospheric pressure, as found by Singh
and coworkers in making microsphere-based scaffolds for cartilage tissue regeneration [59].
In that situation, the dried product can be considered more a xerogel than an aerogel,
but fairly frequently, it is also called an aerogel. The porosity of the low-pressure dried
materials is well under or near 90%, compared to the 95–99% porosity of the supercritically
or higher-pressure subcritically dried materials. The shrinkage itself is not necessarily a
disadvantage. In some instances, it is a desirable feature to increase the stiffness. Subcritical
CO2 drying was applied to make polymeric microparticles for cartilage engineering by
Bhamidipati and coworkers, for example [60].

Subcritical drying was applied by Vazhayal et al. during the synthesis of hierarchically
porous aluminosiloxane particles in a sol–gel emulsion process, which was tested as a drug
carrier and as an osteoconductive support matrix material for bone tissue engineering. The
particles were dried from isopropanol at 50 ◦C under ambient pressure [61].

3.2.3. Supercritical Carbon Dioxide Drying

Supercritical carbon dioxide drying is one of the most widely used techniques to
make aerogel materials. It was used in many cases; thus, only a few examples are listed
here. The temperature range is approximately 40 to 80–90 ◦C, and the pressure range is
75–250 bar. This technique was used for the preparation of a wide range of aerogel materials
including chitosan-GPTMS by Reyes-Peces et al. [62], collagen–alginate by Muñoz-Ruíz
et al. [63], alginate–lignin by Quaraishi et al. [64], alginate by Martins et al. [65], starch and
polycaprolactone by Goimil et al. [45], and silica-TCP-HAp by Lázár et al. [38].

3.3. Post-Drying Workup and Shaping

After the drying process is finished, aerogel materials frequently require further
workup, i.e., cutting, mechanical shaping, or thermal treatment to meet the application-
specific requirements. The most commonly used techniques are graphically summarized in
Figure 2.

Due to the sensitivity of the fine aerogel structure to any kind of wetting liquids, solid-
phase post-drying procedures can be used in most cases. Solution-phase soaking, leaching,
wet grinding, and melting techniques cannot be applied when the original structure is to
be maintained.
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Figure 2. Major types of post-drying thermal or mechanical treatments of aerogels to generate
application-specific properties. (A) Burning-out sacrificial porogen materials to provide macropores,
(B) annealing of inorganic aerogels to provide increased mechanical strength, (C) high-temperature
inert atmosphere carbonization of organic materials to change surface properties, (D) mechanical
shaping (turning, drilling, milling) to make customized scaffolds.

Heat treatment is a simple and convenient way to change the porosity, mechanical
strength, dissolvation, and degradation properties of inorganic aerogel-based materials.
The process is viable only for thermally stable materials like silica, alumina, TCP, and
HAp. Meso- and macropores are generated randomly or pre-arranged by burning out
sacrificial porogen template materials at a temperature of a few hundred degrees Celsius
(Figure 2A). A further increase in the temperature results in some degree of shrinking of
the materials. That may increase the compressive strength and hardness to a high level,
decrease the pore diameters, and reduce specific surface areas. Silica aerogel-based TCP
composites containing the sacrificial porogen material microcrystalline cellulose or ashless
filter paper or highly purified cotton fabric heated in the range of 500–1000 ◦C preserved
their mesoporosity (average pore size: 26–46 nm) along with a decrease in specific surface
area (from 400 to 184 m2/g) and a significant increase in compressive strength (from 0.47 to
16 MPa). Biological activities of the heat-treated materials showed the maximum at 800 ◦C
in cell studies and rat critical size calvaria defect model experiments. The preparation and
biological activities of the heat-treated materials were presented by Szabó et al., Hegedűs
et al., Kuttor et al., Lázár et al., and Hegedűs and coworkers (Figure 2B) [66–70].

Thermosetting polymer-based aerogel materials (resorcinol–formaldehyde, and poly-
benzoxazine) alone or in composites with other thermally stable material (i.e., TCP) may
undergo an inert atmosphere thermal decomposition and carbonization process at a tem-
perature near 1000 ◦C. The resulting carbon aerogel materials proved to be biocompatible
and supported the growth of human osteoblast cells, as pointed out by Dong et al. and
Rubinstein and coworkers [19,71] (Figure 2C).

High-mechanical-strength materials like heat-treated silica-TCP aerogel composites,
successfully used in artificial bone substitution in vivo in animal models, can be implanted
in load-bearing positions. A high number of applications, however, would require cus-
tomized mechanical shaping of the specimens to fit in the shape of the defect. Machining,
milling, and drilling can be performed with mechanically sufficiently strong materials
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to provide custom-shaped scaffolds. Silica-HAp or TCP composites, for example, can be
drilled and shaped to provide 200–500 micron highly oriented channels that are expected
to support bone ingrowth and vascularization in cortical bones [70] (Figure 2D).

4. Biomechanical, In Vitro and In Vivo Properties, Toxicity and Biocompatibility

The concept of “biocompatibility”, outlined in 1986 as the “ability of a material to
function with a suitable response within a given application”, has remained unaltered and
was reaffirmed during the 2018 Consensus Conference in Chengdu, organized under the
auspices of International Union of Societies for Biomaterials Science & Engineering [72].

The assessment of biocompatibility encompasses two fundamental criteria: the ab-
sence of toxicity and the seamless integration of the material into the biological system.
The latter implies that the material should not hinder cellular function and should possess
mechanical, chemical, and physical attributes compatible with the facilitation of cell-specific
functions [73]. The evolution of artificial bone substitute materials has followed a com-
prehensive path, traversing through various material generations, each with its distinct
attributes and complexities, as comprehensively reviewed by Bongia et al. within the
existing scholarly discourse [74].

Conversely, the history of aerogel-based materials is comparatively succinct. Nonethe-
less, their introduction to the domain introduces an array of distinctive benefits, primarily
arising from their intricately porous architectures, which evoke specific tissue responses.
The methodologies and protocols governing the scrutiny of biocompatibility and bioactiv-
ity commence with meticulously tailored inorganic solutions and culminate in intricate
investigations involving living animal models [74].

4.1. Biomechanical Properties

The biomechanical properties of different bones and cartilage are well known for quite
a long time [75]. Standardized experimental protocols and a wide range of instrumental
techniques are used for their characterization. When aerogels are tested, some of the
methods have to be significantly modified due to the much lower strength of aerogels. The
aerogel-based materials and their scaffolds should match the mechanical properties of the
connecting tissues to provide a cooperating and supportive medium for tissue ingrowth,
provided the material is implanted in load-bearing positions. That task can be achieved
with annealed aerogel-based bioceramic materials [67–70,76], while other aerogels should
be placed in non-load-bearing positions. Most aerogel-based scaffolds contain one or
more natural or synthetic polymeric components with or without inorganic counterparts
like silica, graphene, carbon nanotube, calcium phosphates, etc. Although the physical
properties are important in bone-related research, only a part of the papers contain relevant
data [24,42,58,77–87]. Most recently, a critical review paper has been published describing
and summarizing the syntheses, biomechanical properties, and their connection with the
porosities of bone substitute aerogel materials by Souto-Lopez and coworkers [88].

The most frequently determined mechanical properties of aerogels are the following:
compressive strength, Young’s modulus, tensile strength, elastic modulus, stiffness, and
shape recovery rate. Although the bone hardness scales (i.e., Vickers hardness, and Shore
D) are essential indicators of bone quality [89], they are less frequently used for aerogels.
Specialized measurement techniques for this family of materials are described in several
papers. Many of them are traditionally related to silica hybrids and composites [90,91];
others deal with elastic organic aerogels [92,93].

4.2. In Vitro Testing Methods

The evaluation of artificial bone substitute materials through in vitro testing primarily
encompasses distinct categories of assessments. Estimating the toxicity is always a vital
step in determining the basic potential of a new preparation. Using diverse cell lines and
cell types in controlled cultures is a standard way to assess various parameters, including
viability, toxicity, potential immune reactions, adhesion, proliferation, and other pertinent
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characteristics. Additionally, an important part of the in vitro testing of artificial bone
substitute materials revolves around the observation and characterization of the surface
hydroxyapatite layer formation in diverse solutions termed as simulated body fluids (SBFs).

4.2.1. Biocompatibility, Cell Viability

Introducing an exogenous aerogel material into a living organism may induce more or
less severe immune and inflammatory responses controlled by cytokines. While an initial
inflammation of the damaged bone tissue is necessary for collecting osteoprogenitor cells,
extended inflammation has adverse effects. Measuring the concentration of the cytokines
may provide crucial information on the bone tissue compatibility of the materials [94].

Several methods based on the use of different living cells have been developed to
test artificial bone substitute materials. Under controlled conditions, the tested materials
are incubated with the selected cells, and from the immune response to the osteogenic
differentiation, the studies follow several activities to determine the tested materials’ toxic-
ity, biocompatibility, and bioactivity. Przekora summarizes such examinations in a recent
review paper [95].

Cell viability can be determined in the simplest cases by spectrophotometry absorbance
measurements or by calculating the ratio of live and dead cells after specific staining and
simple optical microscopy plus cell counting. Fluorescent dyes combined with fluorescence
spectroscopy or computerized image analysis software may provide information on the
number of live or dead cells and cellular activities [96,97]. Cell viability studies are so
common that approximately half of the aerogel-related papers are involved; therefore, they
are not listed here individually.

4.2.2. Antimicrobial Activity

In general, antimicrobial activity is not an expectation for artificial bone replacement
materials. Still, its presence can be beneficial from the point of view of the use of the
product. Only chitosan has inherent antimicrobial activity among the components of
aerogels prepared for this purpose [98]. Other biopolymers, such as cellulose, gelatin,
dextran, pectin, etc., are inactive but suitable for carrying selected antibiotics or gold, silver,
platinum, TiO2, or ZnO nanoparticles, all possessing antimicrobial activity [98–102].

4.2.3. Simulated Body Fluids

The concept of simulated body fluids finds widespread utilization in the exploration
of bioactivity during bone mineralization processes. This testing methodology involves
the immersion of samples in clear solutions containing the principal inorganic constituents
found in human blood plasma over a span of several days. The inception of this technique
traces back to the work of Kokubo and colleagues, who introduced the initial simulated
body fluid (SBF) for such investigations [103]. Subsequently, a second publication accen-
tuated the value of these tests [104] in approximating the in vivo bioactivity of distinct
categories of bone substitute materials. Several works have effectively extended the applica-
tion of Kokubo’s test to aerogel-based bone substitute materials [62,66,77,105]. Expanding
on the original formulation, researchers have sought modifications to more accurately
mirror the comprehensive chemical composition of human blood plasma. Müller et al.
ventured to vary the concentration of bicarbonate ions [106], whereas Győri et al. intro-
duced amino acids and serum albumin to generate modified SBFs, thus rendering them
more representative of in vivo conditions [107]. Practical considerations in the prepara-
tion and application of SBFs encompass crucial steps to prevent precipitation through
proper component dissolution sequencing, an approach detailed by Kokubo et al. [104].
Further variations include adopting saturated stock solutions as recommended by Müller
et al. [106], or devising a dual-component set of solutions as elucidated by Győri et al. and
Vallés Lluch et al. [107,108], thereby simplifying the making of the SBF solution. Achieving
a final pH of 7.4 is imperative, while the temperature must remain constant within the
36–37 ◦C range during the entire course of treatment. To mitigate the risk of bacterial
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contamination stemming from the presence of glucose, amino acids, or albumin, it is a
prudent practice to supplement the SBFs with sodium azide or antibiotics like gentamycin
or kanamycin [106,107]. Given the dynamic nature of the bicarbonate/carbon dioxide
equilibrium dominant in unsealed containers, the composition and pH of SBFs might
fluctuate over time. As a result, experimentation should be confined to sealed vessels,
and periodic replenishment of the SBF solution with fresh aliquots becomes imperative.
While SBF testing offers a straightforward avenue for estimating the potential for bone
formation in artificial bone substitute materials, cautious interpretation is warranted due to
the aforementioned intricacies. It is advisable not to exclusively rely on the outcomes of
these tests in categorizing or sorting out materials [107].

4.2.4. In Vitro Cell Studies

In the realm of in vitro examinations, a significant portion of research entails the appli-
cation of diverse cell lines as a fundamental approach. These cell-based investigations offer
crucial insights into a range of parameters including cytotoxicity, inflammatory response,
cellular metabolism, adhesion, proliferation, and an array of pertinent characteristics of
the materials under scrutiny. However, it is important to note that individual cell culture
tests may provide insights into only specific aspects of material behavior, with the broader
context of intricate tissue reactions or the foreign body response remaining beyond their
scope. Despite this limitation, such assays present a convenient and economical means of
analysis, exempt from the complexities of permissions and ethical considerations, and are
extensively reviewed in the literature [73,109,110]. The cornerstone of these investigations
resides in human cell lines, which serve as a fundamental test for gauging and predicting
the interactions of the materials in question. However, it is pertinent to acknowledge that
access to primary human osteoblast cells remains limited. Consequently, alternative animal
cell models have been adopted in the studies. This review does not aim to cover all the
tests and protocols; a detailed account of non-aerogel-related areas is summarized in the
literature [111–115].

In laboratory studies, a variety of bone tissue cells from both humans and animals
are employed to assess cell adhesion, viability, and growth. Key human cell lines include
primary osteosarcoma cell lines, such as SaOs-2 and MG-63, which are immortalized
and malignant cells. Among non-human cell lines, there are immortalized osteoblast
precursor MC3T3-E1 cells from mouse calvaria, primary osteoblast cells from animals like
rats, mice, bovines, and rabbits [111], and induced osteoblasts from stem cells of different
animal species or humans [115,116]. During these experiments, the focus is on examining
cell attachment to surfaces, their viability and proliferation, as well as the potential of
stem cells to transform into osteoblasts and the detection of specific indicators of bone
metabolism [117].

Tang et al., for example, undertook an investigation involving a 3D-printed nanocel-
lulose/PEGDA aerogel scaffold in conjunction with mouse bone marrow mesenchymal
stem cells. Their study revealed that the scaffold exhibited supportive attributes for cell
growth, stem cell proliferation, and chondrogenic induction, with outcomes influenced by
the Poisson’s ratio sign [52]. In a similar vein, Ge and colleagues crafted a silica aerogel-PCL
composite, subjecting it to assessment with MC3T3 and primary mouse osteoblast cells.
Their findings demonstrated that the silica aerogel contributed to heightened cell survival,
attachment, and growth, while concurrently mitigating the cytotoxicity of the PCL film
during prolonged contact [118]. Moreover, Bahrami et al. synthesized collagen aerogel
scaffolds coated with reduced graphene oxide (rGO) using a combination of 3D printing
and chemical crosslinking, followed by freeze drying. The scaffolds underwent evaluation
for bioactivity and bone regeneration potential in both in vitro and in vivo settings. The
incorporation of the rGO layer increased mechanical strength by a factor of 2.8 and did
not lead to augmented cytotoxicity. Human mesenchymal stem cells displayed heightened
viability and proliferation on the scaffold surface. When implanted into cranial bone defects
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in rabbits, the scaffolds exhibited enhanced bone formation after a 12-week observation
period [53].

4.3. In Vivo Animal Testing Methods
4.3.1. General Considerations

Broadly, in vitro testing methods involve the utilization of diverse species possessing
varying degrees of bone regeneration potential. These assessments encompass scenarios
where bone substitute materials are either subjected to soft tissues without direct bone
contact (heterotopic testing) or placed in direct proximity to bone tissue (orthotopic testing).
These investigations, conducted across different mammalian species, yield insights into
immunological responses, histochemical attributes, and cell regulatory mechanisms. By
placing materials within artificial defects, the progression of bone remodeling and regenera-
tion is monitored, spanning several months and occasionally extending beyond a year. The
bone healing trajectory traverses three principal phases: the sterile inflammatory phase,
the repair phase, and the remodeling phase.

4.3.2. The Role of Porosity

The porosity of materials emerges as a pivotal determinant in shaping the in vivo
behavior of bioactive substances. Open-pore architectures stand as a remarkably effective
conduit for facilitating the transport of materials to and from living tissues, ushering
in vital elements like nutrients, oxygen, and signaling molecules. The significance of
macroporosity has been expounded upon in the preceding section, elucidating its role
in facilitating optimal bone ingrowth. A recent observation by Ratner underscores the
role of material porosity in the early stages of regeneration. In instances where identical
artificial materials are employed, densely compacted solid structures tend to trigger an
inflammatory response in surrounding tissues, characterized as a foreign body reaction.
In contrast, porous architectures tend to mitigate the occurrence of such an inflammatory
phase [119]. Further insights, such as those offered by Matsiko et al., underscore that
scaffold pore size significantly influences the differentiation process of stem cells [9].

The role of porosity of aerogel-based scaffolds has yet to be systematically studied.
The need for large pores is well-known in bone tissue ingrowth [120]. However, besides
providing a penetrable material-transport channel, the biological role of the much finer
aerogel mesopores has yet to be discovered [88]. Comparative cellular studies with chem-
ically identical aerogel samples exhibiting different narrow pore size distribution peaks
walking through the entire mesopore and lower macropore region would be desirable to
answer the questions.

Foreseen as instigators of minimal foreign body reactions upon implantation, the ab
ovo porous aerogel-based materials may hold substantial promise in this context. The
intricate structure of these scaffolds can potentially augment this advantage. Collectively,
these observations underscore the pivotal role and potential of bioactive aerogel-based
materials in the domain of artificial bone substitution.

4.3.3. Selection of the Animal Species

Animal models represent a cornerstone in the exploration of biocompatibility and
regenerative potential, both for established commercial and novel experimental artificial
bone substitute materials. This paradigm has also been embraced in the assessment of
aerogel-based materials. Among the diverse array of animal species, including mouse,
rat, rabbit, sheep, dog, goat, and pig, that have been employed in these inquiries, a
comprehensive review of their usage, contexts, considerations, and outcomes is available
within the literature [121–123]. In these experimental investigations, small laboratory
animals, mostly rodents, are frequently used due to their accessibility within orthopedic
surgical research facilities. However, it is worth noting that their inherent regenerative
capabilities may significantly diverge from those of large animals. Although mature
large-bodied animals exhibit bone structures akin to humans, their practical availability,
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expenses, and material demands introduce limiting constraints. The careful selection of
the appropriate animal species for experimentation becomes crucial and hinges upon the
specific objectives of the research endeavor [124].

4.3.4. Critical and Non-Critical Size Models

The dimensions and location of the bone defect assume a pivotal importance when
gauging biological activity. Divergent compositions, structures, and qualities of bones
across distinct animal species necessitate the careful selection of the right animal model for
evaluating regenerative potentials, as comprehensively covered in the literature [123–127].
The size of the defect bears paramount significance in appraising regenerative capabilities.
When working with bones, a defect that lacks spontaneous self-healing throughout the
anticipated lifespan of the animal is classified as a critical size defect [69,127]. Contrarily,
subcritical size defects may exhibit spontaneous healing. The interposition of the regen-
erative process with artificial bone substitute materials in critical-size models effectively
demonstrates the regenerative potential inherent in the experimental materials. Typically, a
single material is evaluated per animal, involving one or two defects. However, there are
instances where multiple materials are concurrently tested within the same experimental
animal [121].

The materials can undergo testing in load-bearing and non-load-bearing positions. A
notably prevalent model in studies involving small animals encompasses the critical-size
calvarial defect model. This model expedites material testing in an easily attainable and
reproducible manner, obviating the need for precise positioning of experimental materials.
In this approach, a disc-shaped sample is nestled within a circular opening atop the cranial
bone (typically 6 or 8 mm in diameter), establishing contact with the native bone tissue. An
instance of this technique involved the application of a calcium phosphate–silica aerogel
composite in rats [67]. While this model is convenient, it does not furnish insights into the
functional behavior of the materials, such as their mechanical properties. For investigations
of such nature, a load-bearing defect position, such as within the femur, is selected to study
the healing and remodeling dynamics of an aerogel material [66].

5. Aerogel-Based Materials and Structures for Bone Tissue Engineering

By the traditional IUPAC Gold Book definition, aerogel is a “gel comprised of a
microporous solid in which the dispersed phase is a gas”. A problem with the definition is
that it does not follow the IUPAC definition of micropores. Aerogels are mostly mesoporous
materials containing macropores in some cases. A large portion of aerogels does not
have micropores at all. Besides the definition by Hüsing and Schubert, as mentioned in
Section 1 [30], the aerogel definition needed fine-tuning. Following the most recent trends
supported by several publications, an even broader definition of aerogels, which includes,
i.e., the nanofibrous materials as they are appearing in the literature, is applied in this paper.
According to the recommendations of Vareda et al. and García-Gonzalez et al., here we
use the definition of aerogels as “solid, lightweight and coherent open porous networks
of loosely packed, bonded particles or nanoscale fibers, obtained from a gel following the
removal of the pore fluid without significant structural modification” [128,129].

Considering the materials and techniques used in bone and cartilage tissue engineer-
ing, wet gels, and aerogels have common roots and significant overlapping in many aspects.
In this review, we focus only on dry aerogel materials. Independently from their features,
only the gels that were dried to aerogels or cryogels by any means will be referred here.

5.1. Building Materials of Aerogels and Their Scaffolds Used in Hard Tissue Engineering

The majority of aerogels assessed for their potential in bone regeneration have been
constructed from the same building materials widely employed and exhaustively inves-
tigated in practical applications. A significant proportion of the tested substances hold
approval from the FDA for human usage. The most important characteristics of the ma-
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terials utilized in the context of aerogel-based bone substitute materials, accompanied by
references from the existing literature, are summarized in Table 1.

Table 1. Building block materials used for aerogel-based bone and cartilage tissue engineering. Their
bulk bioactivities were tested in vivo, and many of them are used in clinical practice. The references
in the table are mainly review papers summarizing the properties, in vivo effects, and therapeutic
results achieved in the non-aerogel era.

Name Properties References

Alginate

The β-D-mannuronic acid and
α-L-guluronic acid-containing alginates
can be formulated into gels, particulate

solids, nanofibers, or ordered
microstructures. They are frequently
combined with other biomolecules or

chemically modified. Alginates exhibit
excellent biocompatibility,

biodegradability, and tunable
cell-binding affinity, making them

versatile materials in wound healing,
drug delivery, cartilage, or bone

tissue repair.

Sun and Tan; Martau
et al. [130,131]

Aluminosilicate

Aluminosilicates show zeolite-like
structures and link to the bone matrix.

The coating on the alumina surface
shows good biocompatibility with the

osteoblasts that can sustain
their bioactivity.

Oudadesse et al. [132]

Bioactive glass,
Bioglass

Bioactive glasses exhibit excellent tissue
binding and good bone regeneration

properties. Their chemical composition
is described with different SiO2, Na2O,
CaO and P2O5 ratios. Depending on

the composition, they may also bind to
soft tissues. In combination with other
bioactive materials, they are frequently

used in bone scaffolds. Silicate ions
liberated in the degradation process

promote the formation of Type I
collagen. Bioactive glasses are

FDA-approved bone graft materials.

Bellucci et al.; Gerhardt and
Boccaccini [114,133]

Carbon (amorphous,
graphitized)

Carbon forms are insoluble and
non-resorbable (thus permanent)

bioinert materials made by
high-temperature carbonization of

resorcinol–formaldehyde or
polybenzoxazine resins. Due to their
electric conductance, they may find

future applications as building
materials in communicating fourth

generation devices.

Dubey et al. [134]
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Name Properties References

Cellulose acetate
(CA)

Cellulose acetate is a hydrophilic and
thermoplastic biodegradable cellulose

derivative. It can be conveniently
formulated into sheets, nanofibers, etc.

CA scaffolds combined with other
bioactive molecules, biopolymers,

drugs, etc., support endothelial cell
migration and adhesion, and do not

promote platelet activation. Chemically
modified CA mats bolster

osteoconduction and osteoinduction
and may help bone regeneration.

Laboy-López and Frenández;
Shaban et al.; Rubenstein

et al. [135–137]

Cellulose, bacterial
cellulose nanofibrils

(CNF)

Cellulose nanofibers (from plant or
bacterial sources) are nontoxic,

biocompatible, and biodegradable
materials that can be produced in large

quantities at low cost. Pristine and
chemically modified or crosslinked

CNFs have applications in controlled
drug delivery, antibacterial wound

dressing, and skin and bone
tissue engineering.

Pandey; Torres et al.; Helenius
et al. [138–140]

Chitosan

Chitosan is an amino group-containing
polysaccharide derived from the

natural chitin sources by deacetylation.
It contains randomly ordered

D-glucosamine and
N-acetyl-D-glucosamine units.

Chitosan is a highly biocompatible and
biodegradable material that can be

digested by either lysozyme or
chitinase enzymes in the body. It is
frequently used for drug delivery,

antibacterial wound dressing, tissue
engineering, and bone substitution

purposes, in combination with other
biopolymers like PEGDA, PLA, gelatin,

and alginate. The higher degree of
deacetylation increases the strength of

cell membrane interactions and
cellular uptake.

Rodrigues et al.; Venkatesan
and Kim; Bojar et al. [141–143]

Collagen, Type-I and
II

Collagen is a natural fibrous protein
with excellent biocompatibility,

biodegradability and bioactivity. Type I
collagen is the major component of the

extracellular matrix and the bones,
while Type II collagen can be found in

the cartilage tissues. Due to their
excellent cellular interactions, both

types were applied in bone scaffolds
and cartilage repair preparations.

Ferreira et al.; Rezvani Ghomi
et al.; Kilmer et al. [2,144,145]
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Name Properties References

Gelatin

Gelatin is a partly hydrolyzed form of
collagen containing interconnecting

protein chains. It is isolated from
animal skin, bone, or connecting tissues.

The amino acid composition and
sequence is changing with the origin of
the tissue. Gelatin is mostly used with
other bioactive polymers, i.e., alginate,
chitosan, PLLA, and PCL. In scaffolds,
it improves cell adhesion, proliferation,

and infiltration.

Su and Wang; Peter
et al. [146,147]

Glycosaminoglycan
(GAG)

Glycosaminoglycans are long-chained
polysaccharides built from repeating

disaccharide units. They are present on
cell surfaces and in the extracellular

matrix. Due to their role in regulating
the growth factor signaling, interaction

with cytokines, and cell surface
receptors, GAGs affect, for instance, the

inflammation and cell growth
processes. They are used in hydrogels,
antibacterial surface layers, and porous

scaffolds in tissue engineering.

Köwitsch et al. [148]

Graphene

Graphene nanosheets are made from
graphite and consist of only a single
layer of carbon atoms. Graphene is

biocompatible, although it is not
biodegradable. Graphene promotes

stem cell growth and proliferation, as
well as osteogenic differentiation. High

concentrations of pristine graphene
may decrease cell viability, but

PEGylation may reduce that effect. Due
to its electrical conductance, it might

find application in the fourth
generation of bioactive materials.

Dubey et al. [134]

Graphene oxide
(GO)

GO is prepared from graphite or
graphene by strong chemical oxidation.

Epoxides, hydroxyl, and carboxylic
groups are generated on the surface,

providing connecting points to
anchorage-dependent cells to adhere,

spread and function.

Berrio et al.; Dubey
et al. [8,134]

Graphene oxide,
reduced (rGO)

rGO is made from GO by thermal
decomposition or chemical reduction.

Epoxide rings are removed, but
carboxylic and phenolic groups remain
on the perimeter. When combined with
collagen type-I, the material becomes

mechanically more robust and activates
the differentiation of human osteoblast
stem cells. Scaffolds made with them
could be used in bone substitution.

Bahrami et al.; Norahan et al.
[53,149]
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Name Properties References

Pectin, Methoxyl
pectin

Pectin is a highly hydrophilic,
biocompatible, and biodegradable

natural polysaccharide rich in
carboxylic group-containing

galacturonic acid. When more than half
of the carboxylate groups are in the

methyl ester form, the material is called
high methoxyl pectin; otherwise, we

talk about low methoxyl pectin. High
methoxyl pectin can form hydrogels
under mildly acidic conditions. Low
methoxyl pectins can be crosslinked
with calcium ions to make them less
polar drug carriers. Pectins are used
alone or in combination with other
natural polymers in the 3D printing

of scaffolds.

Martau et al.; Li et al.;
Tortorella et al. [131,150,151]

Poly(lactic-co-
glycolic acid)

(PLGA)

PLGA is a highly biocompatible and
biodegradable material approved by

the FDA for drug delivery, gene
engineering, and biomedical uses.
Pristine polyglycolic acid would

hydrolyze readily. Thus, it is blended
with PLA or other polymers to improve
hydrolytic and degradation properties.

PLGA is combined with different
bioactive materials (TCP, HA, gelatin,
etc.) or bone morphogenetic proteins

(BMPs) and is extensively used in
artificial bone substitution applications

to facilitate cell adhesion and
proliferation. PLGA can easily be

formulated into various matrices, from
solid scaffolds to nanofiber mats.

Makadia and Siegel; Zhao
et al.; Elmowafy et al.; Gentile

et al.; Jin et al. [152–156]

Poly(lactic acid and
poly(L-lactic acid)
(PLA and PLLA)

PLA is a highly biocompatible and
biodegradable thermoplastic polymeric

material approved by the FDA for
biomedical, drug delivery, and tissue
engineering applications. Due to the

less polar nature of PLA, it is frequently
used in co-polymers with hydrophilic

polyglycolic acid to improve hydrolytic
behavior. When pristine PLA is used

alone in the body, it often induces
foreign body reactions. Electrospun

PLA-copolymers and their
microspheres and nanoparticles

provide bioactive materials for drug
delivery, wound healing, or bone

substitution. PLA is widely used in 3D
printing. In the human body, PLA

implants degrade significantly slower
than polyglycolic acid.

Makadia and Siegel; Zhao
et al.; Elmowafy et al.; Gentile

et al.; DaSilva et al.; Tyler
et al.; Böstman and

Pihlajamaki [152–155,157–159]
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Name Properties References

Poly(methyl
methacrylate)

(PMMA)

PMMA is a bioinert polymeric material,
the main component of acrylic bone

cement. The mechanical properties can
be improved by blending, i.e., with

polystyrene. PMMA-based bone
cement can be injected into the position
and cured at room temperature. It can
be mixed with antibiotics. PMMA is

not biodegradable; it usually works as a
spacer in joining implants. Fixation

properties can be improved by
chemical modification of the PMMA
structure and by loading with TCP or

other bioactive and degradable
materials. PMMA cements are

FDA-approved bone graft materials.

Arora; Magnan et al. [160,161]

Poly(ε-caprolactone)
(PCL)

PCL is an FDA-approved
biocompatible and biodegradable
synthetic material for human drug

delivery, suture, and adhesion barrier
applications. The biodegradation is the

slowest among the ester-type bone
substitute materials. Thus, PCL is used

in long-term implants. Orthopedics
frequently combines it with bioactive
components like silk fibroin, bioactive

glasses, or TCP to improve cell
adhesion. It can be formulated by

molding, pressing, 3D printing,
solution or melt electrospinning.

Janmohammadi and
Nourbakhsh; Dwivedi

et al. [162,163]

Polybenzoxazine
(PBO)

The name polybenzoxazine covers a
wide range of polymers in which the

benzoxazine/polybenzoxazine moiety
is the standard building block. PBO

resins are prepared by thermal or
catalytic ring opening and

polymerization of substituted
benzoxazine structures derived from
synthetic or natural precursors, i.e.,
cellulose or chitosan. In thin films,
PBOs show good antibacterial and

antifungal activity. Carbonization at
high temperatures results in carbon

foams that offer good biocompatibility.

Ghosh et al.; Periyasamy et al.;
Thirukumaran et al.; Lorjai

et al. [164–167]

Poly(ethylene glycol
diacrylate) (PEGDA)

Ethylene glycol diacrylate alone or
combined with other acrylates can be

easily polymerized or
photopolymerized to PEGDA and

copolymers. Crosslinking may increase
the mechanical strength. PEGDA is a
hydrophilic and low-immunogenic

compound suitable for scaffolds and
hydrogels. It is a good drug depot, and

the drug release profile can be finely
tuned. It can be used in bio-inks for 3D

printing to provide biocompatible
flow-through devices. It forms

hydrogels that are used in cartilage
tissue regeneration.

Rekowska et al.; Warr et al.;
Qin et al.; Musumeci

et al. [168–171]
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Silica

Silica is a biocompatible, biodegradable,
and osteoconductive material. Silica

enhances the osteogenic differentiation
of stem cells and bone regeneration by
promoting Type I collagen formation,

stabilization, and matrix mineralization.
Porous silica can be combined with

various polymers, biomaterials,
proteins, enzymes, drugs, and
hormones. The surface can be
covalently functionalized with

bioactive agents. Higher concentrations
of nano-silica particles may lead to

bioaccumulation and cellular damage.

Zhou et al.; Jurkic et al.;
Shadjou et al.; Vareda

et al. [172–175]

Silk fibroin

Silk fibroin is a natural protein
produced by insects. It is a lightweight
but mechanically strong material and
can be found, i.e., in spider webs and

prepared from the cocoon of the
domestic silkworm. Scaffolds made of

it are biodegradable, can be
functionalized, and support the

attachment and growth of cells. In the
form of fibers, nanofibers, mats, films,
and porous structures, silk fibroin has

many applications in cell cultures,
tissue engineering, and cartilage

tissue regeneration.

Nguyen et al.; Wang et al.;
Wang et al.; Farokhi et al.

[176–179]

Starch

Starch is a natural polysaccharide
consisting of d-glucose units. It is
produced mainly from potatoes,

manioc, or seeds like rice, wheat, and
corn. Starch is an edible, biocompatible,
and readily biodegradable material. It
supports cell growth on the surface. It
can be formulated in different shapes

and porosities with biodegradable
polymeric materials. By 3D

prototyping, custom-shaped bioactive
scaffolds are created.

Martins et al.; Salgado
et al. [180,181]

Strontium ranelate
(SR)

SR is a medical drug to treat
osteoporosis in men and women,
regardless of age. It is capable of

reducing the risk of fracture. Strontium
ranelate promotes the osteoblastic

differentiation of stem cells, inhibits
osteoclasts, and improves the structure

of bones.

Pilmane et al.; Kaufman et al.;
Cianferotti et al. [182–184]

24



Gels 2023, 9, 746

Table 1. Cont.

Name Properties References

Tricalcium
phosphate (βTCP,

TCP)

Beta tricalcium phosphate is the “gold
standard” of bone grafts approved by

the FDA. It is osteoinductive,
biodegradable, and one of the most

extensively used bone substitute
materials in clinical practice. The

physical appearance of TCP covers a
wide range, from low-strength porous
bodies to hard grafts. TCP shows no
adverse effects and maintains normal

calcium and phosphate ions level in the
blood. The apparent in vivo behavior is

affected to some extent by the purity
and the way TCP was produced. TCP is

insoluble under physiological
conditions at pH 7.4 and is dissolved

and resorbed by cell-mediated
processes. The resorption time is in the

6–24 month range.

Lu et al.; Bohner et al.; Tanaka
et al.; Gilmann and

Jayasuriya [185–188]

Xanthan gum

Xanthan gum is a biodegradable
branched polysaccharide produced in

large quantities by industrial
fermentation with the bacteria
Xanthomonas campestris. The
backbone is cellobiose, and the

branches contain D-mannoses and
D-glucuronic acid. The structure of the

chain in solutions can be tuned from
coiled to helical by increasing the

temperature and the ionic strength.
High-molecular-weight xanthan gums,
frequently in combination with other

biopolymers, have found application in
the biomedical field, from drug

delivery to bone substitute scaffolds.

Petri [189]

5.2. Aerogel-Based Materials for Bone Substitution

Given the wide range and diverse compositions of aerogel-based materials utilized in
hard-tissue engineering, a systematic classification based on shared properties becomes nec-
essary. The approach adopted here involves categorizing all aerogel-containing structures,
except for single-phase aerogels, as composite materials, characterized by distinct physical
phase boundaries. This classification proves especially relevant when natural or synthetic
polymeric materials, and complex or layered structures are present. While the chemical
composition remains the primary determinant, other factors, such as biocompatibility,
bioactivity, cellular responses, and tissue reactions, and other parameters are deterministic
and discussed in the previous sections. Pore structures, their multi-dimensional orientation,
and the arrangement of different scaffold layers also exert significant influence. Table 1
presents the wide array of chemical components utilized in the field of aerogel-based tissue
engineering. Their combination can yield numerous materials, the management of which
is not always straightforward. Figure 3 provides an illustrative representation of potential
classes and their interconnections, delineating increasing complexities.
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Figure 3. Schematic representation of the major types of chemical composition and structure of
aerogel-based artificial bone substitute materials. (A) Homogeneous aerogels structures made
of single- or multi-component material [15,17,42,61,62,64,65,71,77]. (B) Nanofibrous materials
dried to an aerogel structure [52,55–57,79,190]. (C) Aerogel matrix material containing guest
particles and/or fibers [14,18,19,53,63,66–70,80,191]). (D) Polymeric matrices containing guest
aerogel particles [45,46,118,192]. (E) Highly complex structures made of aerogels, particles and
nanofibers [13,24,27,41,54]. (The different symbols in the figure represent guest particles without
further specification.)

A single-phase homogeneous material may be a chemically one-component pristine
aerogel or a multi-component hybrid aerogel in which the components are mixed at the
molecular level. In that meaning, there is no difference between aerogels of organic or
inorganic origin (Figure 3A). Nanofibrous materials from mostly polymeric materials may
also be distributed evenly in space by different treatments, forming a gel from which
homogeneous aerogels are made by different drying techniques (Figure 3B). Such a ho-
mogeneous aerogel phase may serve as the matrix material in which guest particles are
distributed (Figure 3C). Polymeric materials may also be combined or fortified with aerogel
particles as guests to improve properties (Figure 3D). And finally, all the structures may
be evolved into a very complex unit where the matrix and guest functions are combined,
and new properties may appear due to the synergistic interaction of materials in the living
environment.

The way aerogels are made for hard-tissue-engineering purposes depends on the
material and the properties of the aerogel phase, as well as the complexity of the structure.
However, independently from the nature of the materials and the final complexity of
the structures, the common point is that all “pre-aerogels” go through a wet gel state,
from which the final aerogel is prepared by a suitable drying technique. The technical
implementation of wet gel-making procedures is summarized and shown in Figure 4. The
simplest and most traditional way, as mentioned in Section 2, is the sol–gel technique
(Figure 1).
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Figure 4. Major types of gel-making techniques leading to simple- or complex-shaped materials prior
to drying. (A) Sol–gel process and gel casting, (B) gelling and crosslinking, (C) cryotemplating and
freeze casting, (D) stereolithography and 3D printing, (E) ball milling, (F) supercritical CO2 gelation
and foaming. (The gel is made with scCO2 then expanded by a rapid pressure drop).

In the gel-casting process (Figure 4A), the reaction mixture is poured into a mold and
allowed to set there. The casting process may be combined with the addition of guest
particles, fibers, or nanofibers, followed by crosslinking chemical reactions (Figure 4B).
Freeze casting is the way to make controlled bimodal pore size distribution by programmed
zone freezing of the solvent in the gelation phase (Figure 4C). Stereolithography processes
use chemical crosslinking or photochemical polymerization in special 3D-printing tech-
niques to provide custom shape and geometry of scaffolds with controlled macroporosity
(Figure 4D). Nanofibrous gels are made from natural nanofibers or electrospun mats by
ball milling in an adequately selected solvent (Figure 4E). A rarely used technique is the
supercritical gelation and foaming initiated by a rapid pressure drop of gas-saturated
polymeric materials combined with other gel-making steps (Figure 4F).

5.2.1. Single-Component and Hybrid Aerogels

Creating biocompatible aerogels for hard-tissue replacement can be achieved through
a straightforward approach. One option involves using a single biocompatible or bioactive
component, or alternatively, combining multiple such ingredients to form a hybrid structure
without macroscopic or micron-level internal phase boundaries. Subsequently, these gels
can be dried to aerogels without encountering any constraints in the drying process. This
custom formulation allows for the development of the essential macroporous structure
crucial for facilitating optimal bone tissue ingrowth.

Silica–chitosan hybrid aerogels were synthesized by Perez-Moreno and coworkers in a
sol–gel process from TEOS and chitosan with the help of high-power ultrasound. Chitosan
improved the mechanical properties of the gels, which were dried with supercritical CO2
to monoliths with very high specific surface area (786–1072 m2/g), and a 0.13–0.20 g/cm3

density range. The aerogels were tested in simulated body fluid, and found that the surface
silanol groups promoted the nucleation and formation of hydroxyapatite crystals on the
surface, which is an indication of bioactivity. Human osteoblast cells were cultured on the
aerogel surface and immunolabeled to monitor cytoskeletal changes and focal adhesion.
The aerogels proved to be osteoconductive and osteoinductive in the cell studies [77].
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Maleki et al. synthesized a silica–silk fibroin hybrid aerogel scaffold with honeycomb
micromorphology and multiscale porosity manufactured from TEOS and silk fibroin in the
presence of hexadecyltrimethylammonium bromide in a one-pot acetic acid-catalyzed sol–
gel reaction and unidirectional freeze casting, which controlled the size of the macropores
in the ten-micron range. The reason for the combination of silica and silk fibroin was
to increase the pore size regime and the mechanical strength synergistically. Mechanical
strength increased to a 4–7 MPa Young’s modulus. The as-prepared aerogel proved to be
cytocompatible and nonhemolytic, showed no toxicity, and triggered MG63 osteoblast cell
attachment and proliferation in 14 days. Implantation of the material in rat femur bone
defects resulted in bone formation in 25 days [42].

Polybenzoxazine (PBO) aerogel and its hybrid with resorcinol–formaldehyde (PBO-
RF) were prepared and then carbonized at high temperature by Rubenstein and coworkers.
Human calvarial osteoblasts were used in the biological studies. Results showed that PBO
aerogel and its combination with RF and the carbonized aerogels are compatible with the
osteoblasts. However, PBO-RF aerogel resulted in a low growth rate of cells. Carbonized
PBO aerogel had better mechanical properties and high porosity. It proved to be the most
advantageous for osteoblast growing, which makes the material a promising candidate for
tissue-engineering applications [71].

Horvat and coworkers prepared a methoxyl pectin–xanthan aerogel layer on the
surface of medical grade stainless steel from the aqueous solution of high-methoxyl pectin
and xanthan in an optimized 1:1 ratio by an absolute ethanol-induced gelation process, after
which the gel layer was dried with a continuous flow of supercritical CO2. Non-steroidal
anti-inflammatory drugs diclofenac sodium and indomethacin were loaded in the aerogel
either from the saccharide solution directly or from an ethanol solution in the soaking
phase. After drying, their release profiles were determined. The aerogel layer protected
the steel surface from corrosion, and the loaded drugs were released in one day. The
biocompatibility of the layer material was tested after dissolving the aerogels in a buffer
with a human bone-derived osteoblast hFOB cell line. The results showed higher viability
and better proliferation of the cells in the aerogel solutions than in the control samples [15].

Quraishi and coworkers prepared meso–macro porous alginate–lignin hybrid aerogels
from a basic solution of alginate and lignin, containing calcium carbonate particles gelled
under a CO2 atmosphere (45 bar for 24 h), then foamed by a controlled release of pressure.
The as-prepared gels were subjected to solvent exchange and then CO2 supercritical drying.
The biocompatibility of the materials was tested using a mouse fibroblast-like cell line
L929. The aerogels proved to be non-cytotoxic in cell studies compared to tissue culture
polystyrene reference. The cell viability was similar to that of the control, and the materials
showed good cell adhesion and indicated no negative effect of the lignin component.
The alginate–lignin aerogels are good candidates as scaffold materials for further in vivo
tissue-engineering studies [64].

Calcium– alginate also served as one of the major components in new alginate–starch
aerogels prepared by Martins et al. The wet gels were made from an aqueous solution of
sodium alginate and starch in the presence of calcium carbonate particles. The gelation
occurred under the acidification effect of high-pressure carbon dioxide. A rapid release of
carbon dioxide produced a foamed material that was then dehydrated with anhydrous
ethanol and dried to aerogel with supercritical carbon dioxide. The macropore formation
sharply depended on the rate of depressurization. In simulated body fluid, the material
developed surface hydroxyapatite crystals indicating bioactivity potential, which was
attributed to the presence of calcium ions. Cell studies with fibroblast-like cell line L929
showed no cytotoxic effect, and the cells colonized the surface. Thus, the alginate–starch
hybrid material may be applied in biomedical research and bone repair [65].

Vazhayal and coworkers synthesized mesochanneled and tunable bimodal pore size
distribution aluminosiloxane microspheres from acidic pre-hydrolyzed aluminum iso-
propoxide sol stabilized with PVA and aminopropyl trimethoxysilane solution injected
in ammoniac paraffin oil that initiated self-assembly and solidified the droplets. After
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fortification of the structure by soaking in TEOS, the microspheres were washed, solvent
exchanged, and dried to aerogel under subcritical conditions at 50 ◦C and ambient pressure.
Finally, the microparticles were calcined at 600 ◦C to provide a pH-responsive, controlled-
release drug carrier material. NSAIDs were adsorbed in the aerogel from hexane solutions,
and the preparations were tested for release in simulated gastric and intestinal fluids. The
biocompatibility and cytotoxicity of the aerogels were tested in vitro on normal H9c2 cells,
while gastric ulceration was tested in vivo on albino male rats. Although it was not tested
directly, the authors envisaged utilizing these aerogel microspheres in potential bone tissue
engineering [61].

To defeat the mechanical limitations of the traditional hydroxyapatite scaffolds, a
new highly porous and elastic single-phase aerogel material made from hydrothermally
synthesized and freeze-dried ultra-long hydroxyapatite nanowires was prepared by Huang
and coworkers. The biological activity was tested with rat bone marrow mesenchymal
stem cells. The results showed that the material promotes cell adhesion, proliferation, and
migration of the cells and elevate the expression of osteogenesis- and angiogenesis-related
genes. The nanowire aerogel scaffold can promote the ingrowth of the new bone and
neovascularization in the bone defect region, thus making this a promising material for
bone tissue engineering [17].

Osorio and coworkers made sulfate or phosphate half-ester-functionalized cellulose
nanocrystals and crosslinked them through the carboxylate derivative with adipic acid
dihydrazide. The as-prepared materials were transformed into cryogel by freezing in
molds at −5 ◦C, and then ice crystals were removed by soaking in absolute ethanol. Finally,
the materials were dried with supercritical CO2 to aerogels. The bioactivity was tested
on SaOS-2 cells, and the materials showed an increase in cell metabolism for seven days.
A simulated body fluid test showed hydroxyapatite layer formation after the materials
were pre-treated with calcium chloride solution. The sulfated aerogel proved to be more
advantageous regarding mechanical strength and stability under an aqueous environment.
In vivo implantation in the calvaria of male rats showed a significant increase in bioactivity
in 12 weeks, proving that the new and flexible materials can facilitate bone ingrowth [13].

Reyes-Peces et al. combined chitosan with hydrolyzing 3-glycidoxypropyl-trimethoxysilane
(GPTMS) in an acid-catalyzed sol–gel process at 50 ◦C followed by supercritical CO2 drying
resulting in a mechanically exceptionally strong aerogel material. The crosslinking with GPTMS
connects the amino and hydroxyl groups of the polysaccharide chains into a hybrid inter-
connected silica plus carbohydrate network. In vitro, biocompatibilities were proved by the
hydroxyapatite layer formation in simulated body fluid. The in vivo bioactivities were tested
on human osteoblast cells. No cytotoxicity was observed; the material induced cell adhesion
and the cells showed cytoskeletal rearrangements and elongation with stress fibers [62].

5.2.2. Nanofiber Aerogels

Electrospun PLGA-collagen-gelatin nanofibers combined with Sr-Cu co-doped bio-
glass fibers and bone morphogenetic protein 2 (BMP-2) were combined in a 3D hybrid
nanofiber aerogel network by Weng et al. The new material was tested for cranial bone
healing using the critical-size rat calvaria model. The sustained slow-release of BMP-2
proteins from the degradable aerogel increased the rate of bone healing significantly and
improved the vascularization. Histopathology data showed a near-complete degradation
of the aerogel material in the regenerated tissue [79].

Xu and coworkers transformed electrospun polycaprolactone nanofibers into soft,
elastic, and very porous aerogel scaffolds by freeze grinding the nanofibers and then by
thermally inducing the self-agglomeration, and the as-prepared gels were freeze-dried.
In vitro studies with mouse bone marrow mesenchymal stem cells showed high cell via-
bility. Depending on their elasticities, the materials favored osteogenic or chondrogenic
differentiation of the stem cells. In vivo experiments indicated that the highly porous and
elastic scaffold can act as a favorable synthetic extracellular matrix for bone and cartilage
regeneration [193].
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Rong and coworkers prepared silk fibroin (SF)–chitosan (CS) aerogel scaffolds rein-
forced with different amounts of SF nanofibers (SF-CS/NF1%, SF-CS/NF2% and SF-
CS/NF3%) for bone regeneration. In vitro cytotoxicity test against MC3T3-E1 cells con-
firmed that all samples were biocompatible while further experiments confirmed that by
rougher surface, enhanced mechanical strength and well-regulated pores, this biocompati-
ble scaffold significantly facilitated osteogenic differentiation [194].

5.2.3. Aerogels as Matrix Materials

Silica aerogel–tricalcium phosphate and hydroxyapatite composites were synthesized,
and their potential in artificial bone substitution was systematically studied by Szabó et al.,
Győri et al., Hegedüs et al., Kuttor et al., and Lázár et al. The silica matrix was synthesized
in a sol–gel process from TMOS under basic conditions. Microcrystalline or nanocrystalline
TCP and/or HAp, which acted as bioactive components, in addition to microcrystalline
cellulose, were all dispersed in the reaction mixture in the gelation phase. Large monoliths,
small cylinders, spheres, and irregularly shaped particles were prepared and dried with
supercritical CO2 at 80 ◦C. Cellulose was a sacrificial porogen material and burned out at
500 ◦C. High-temperature annealing (in the range of 500–1000 ◦C) of the samples resulted
in a change in their dissolution profile and mechanical strengths, but the mesoporous
structure and high specific surface area were preserved at all temperatures. The highest
temperature provided the highest rate of shrinkage and also the highest compressive
strength (up to 102 MPa). The 900 ◦ and 1000 ◦C materials were strong enough to be tested
in load-bearing positions. The in vitro SBF examination resulted in microcrystalline HAp
layer formation on the surface. The cellular metabolism and proliferation were studied with
MG-63 cells, while gene expression studies were also performed on SaOS-2 cells. In vivo
small animal studies used 1.5 mm diameter cylinders in rat femurs and 8 mm discs in
rat calvaria defect models. Both series of animal experiments proved the bioactivity and
bone regeneration potential of the silica aerogel-TCP composites in a few months. The
highest bone regeneration potential was observed with the 800 ◦C temperature sample
versions [66–70,107].

Tevlek and coworkers synthesized electrically conductive carbon aerogels decorated
with tricalcium phosphate nanocrystallites. The decorated aerogel was made from cellulose
fibers, while TCP was also added. Freeze drying produced the pristine aerogels that were
heated at 850 ◦C or 1100 ◦C under argon atmosphere. The new aerogels were not cytotoxic
when tested on P9 L929 mouse fibroblast cells. Proliferation and attachment were tested
using disk-shaped specimens with MC3T3-E1 mouse pre-osteoblast cells, providing, thus,
a future possibility of applying electric stimuli that might have a significant effect on the
cellular behavior [18].

Muñoz-Ruíz and coworkers synthesized a highly porous collagen–alginate aerogel-
based scaffold with and without graphene oxide mixed in. The buffered solution of collagen
and alginic acid (and graphene oxide) was crosslinked and gelled with calcium chloride,
solvent-exchanged with ethanol, and dried under supercritical CO2 conditions to form
the aerogel. Osteoblast cells seeded on the surface of collagen–alginate aerogel showed
adhesion, proliferation, and some degree of extracellular matrix formation after 48 h of
incubation. In contrast, the graphene oxide-containing aerogel did not support the cellular
growth and activity [63].

Chitosan (CH) matrix was combined with an electrospun nanomaterial of cellulose
acetate (CA) and poly(ε-caprolactone) (PCL) by Zhang et al. in a ball-milling process and
then freeze-dried to the aerogel CA/PCL/CH. The material showed increased mechanical
strength and was bioactive in studies with the MC3T3-E1 cell line. It promoted cell adhesion,
infiltration, and osteogenic differentiation [57].

Dong and coworkers prepared beta-tricalcium phosphate-based specimens with print-
ing or compression and soaked them in the premix of a resorcinol–formaldehyde (RF) wet
gel. After setting, the samples were dried under ambient conditions and carbonized at high
temperature, resulting in the carbon aerogel-coated β-TCP scaffold, which was then used
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in photothermal therapy. The material was not only effective in ablation of osteosarcoma
tumors but promoted osteogenesis as well [19].

A new composite aerogel composed of nano-hydroxyapatite (n-HAp), silk fibroin,
and cotton cellulose, crosslinked with epichlorohydrin, and freeze-dried from tert-butanol
was developed by Chen et al. to overcome the mechanical problems of the previously
synthesized n-HAp biopolymeric composites. Uniaxial compressing of the aerogel showed
increased mechanical strength and toughness, making the values similar to that of the
cancellous bones. HEK-293T cell studies of the material showed a high ability of cell
adhesion, proliferation, and differentiation [58].

Tetik et al. prepared bioinspired aerogels resembling the pore structure of the bones
using the unidirectional freeze-casting process followed by freeze drying, resulting in
layered mesoporous and macroporous regions. Colloidal silica and graphene oxide were
used as base materials. The study focused on the technical aspects of the process. The
as-prepared structured aerogels were not tested for bone substitution potential [41].

Graphene oxide (GO) (in the 0–0.2% range) and Type I collagen-containing composite
aerogels with enhanced stiffness were prepared by Liu et al. to improve the bone repairing
potential of large monolithic aerogel pieces. The aerogel materials were tested in the
rat cranial defect model, which proved its biocompatibility and osteogenic activity. The
graphene oxide content positively affected the mechanical properties, and the 0.1% GO
content produced the highest biological activity [80].

Wu and coworkers synthesized an alginate aerogel combined with in situ-prepared
octahedral metallic copper nanocrystals stabilized with carbon dots and loaded with the
antibiotic tigecycline. The aerogel proved to be an efficient slow-release antibacterial agent
in which the antibiotics and the copper ions acted synergistically. The as-prepared aerogel
material showed low cytotoxicity and may be important in preventing bone infections
leading to osteomyelitis [14].

Nanoparticles consisting of the miR-26a and a cationic polymeric gene delivery vec-
tor (HA–SS–PGEA) were embedded by Li et al. in an electrospun 3D matrix made of
poly(lactic-co-glycolic acid) (PLGA)–collagen–gelatin (PCG) and bioactive glass (BG). The
scaffold proved to be a promising bone graft candidate in the rat cranial defect model.
The molecular mechanism of the mesenchymal stem cells is governed by the microR-
NAs. In the osteoblastogenesis process, miRNA-26a acts as the promoter of the osteogenic
differentiation of bone marrow derived from mesenchymal stem cells [27].

Scaffolds made from type I collagen aerogel (Col) and reduced graphene-oxide–
collagen aerogel (Col-rGO) were synthesized by Bahrami et al. in a two-step crosslinking
and freeze-drying process. The addition of rGO improved the mechanical strength, and the
aerogel showed no cytotoxicity and increased the viability and proliferation of human bone
marrow mesenchymal stem cells. The rabbit cranial defect model showed an increased rate
of bone formation [53].

5.2.4. Aerogels as Guest Particles

The matrix material polyethylene glycol diacrylate was combined with hydrophilic
and highly biocompatible cellulose nanofibrils (PEGDA/CNF) by Sun et al. in different
compositions and printed out in a self-built stereolithographic method using a hexagonal
mask pattern irradiated with white light, followed by freeze drying to dry aerogel scaffolds.
Soaking the aerogels in water resulted in significant water uptake, leading to aerogel–wet
gel combo materials. Mechanical properties and the biocompatibility of the as-prepared
wet materials were tested. The non-toxic aerogel–wet gel scaffolds were of a porous nature
that proved to be advantageous for the adhesion of bone mesenchymal stem cells [55].

PMMA-based bone cements are widely used in the medical practice in filling bone
cavities or fixing metallic implants in position. Although such bone cements are bioinert
materials, ossification is not induced on their surface. Lázár and coworkers embedded
functionalized silica aerogels as guest particles in in situ polymerized PMMA matrix and
tested them in simulated body fluids for bioactivity. Results showed that the compres-
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sive strengths were increased compared to the neat PMMA. SBF solution resulted in a
dissolution of the hydrophilic silica aerogel from the polymeric matrix, leaving a highly
porous surface behind. In contrast to the smooth surfaces of the PMMA bone cements,
the newly developed porous surface may be advantageous, providing a better bone tissue
adherence [192].

Goimil and coworkers embedded starch aerogel microspheres in a supercritically
foamed poly(ε-caprolactone) (PCL) highly porous scaffold, increasing the interconnectivity
of the pores and the specific surface area. The composite was loaded with ketoprofen under
supercritical CO2 conditions and showed a sustained ketoprofen release at pH 7.4. Starch
aerogel microspheres mildly decreased the mechanical strength and increased the drug
release rate compared to the pristine PCL matrix [45].

Silica aerogel was embedded in poly(ε-caprolactone) (PCL) by Ge et al., and its pres-
ence prevented any cytotoxic effect of PCL in a long period of time in contact with tissue
cultures. It improved the survival and growth of 3T3 cells and primary mouse osteoblast
cells. Silica aerogel helped maintain the pH and prevented the acidification of the connect-
ing tissues for four weeks [118].

Silk fibroin aerogel is embedded in supercritically foamed poly(ε-caprolactone) (PCL)
scaffolds loaded with dexamethasone under scCO2 conditions by Goimil et al. Silk fibroin
is a cell-adhesion promoter, while dexamethasone is an osteogenic differentiation agent.
The aerogels improved the pore structure and, thus, the biological fluid transport and
facilitated the cell infiltration. The in vivo calvarial test showed the importance of the form
of dexamethasone, which promoted bone tissue regeneration [46].

Finely ground heat-treated silica aerogel-TCP composites were embedded in PVA/chitosan
electrospun nanofiber (147+/−50 nm diameter) meshes and crosslinked with citric acid by Boda
and coworkers. Dental pulp stem cells were seeded onto the surfaces and proved the bioactivity
of the materials. Rat critical-size calvarial models were used to test the role of the meshes on
bone regeneration. After six months, significant new bone formation was observed, proving
that the hybrid nanospun scaffolds containing bioactive aerogel guest particles may be used as
new experimental bone substitute bioactive materials [195].

5.2.5. Complex Aerogel Structures

Incorporating complex structures defies straightforward categorization. Often, classifi-
cation appears arbitrary due to varying perspectives. This challenge is particularly evident
with composites or scaffolds, where determining whether the aerogel phase serves as the
host or the guest becomes intricate, especially within multicomponent systems.

Zhang and coworkers prepared 3D fibrous composite aerogels in a three-layer gradient
structure from poly(L-lactide)/gelatin composite fibers, glycosaminoglycan in the top layer,
and apatite in the middle and lower layers. The properties of the materials are described in
detail in Section 5 [24].

Li et al. prepared strontium ranelate (SR) and incorporated it in mushroom tyrosinase
enzyme-induced crosslinked gelatine nanoparticles/silk fibroin gel that was freeze-dried
to aerogel. Rapid deposition of HAp on the surface of the scaffold took place, but initial
burst release of strontium did not occur. Instead, increased osteogenic differentiation of
osteoblasts and inhibiting the activity of osteoclasts was observed in ovariectomized rats
using the calvaria defect model [196].

Asha and coworkers made reduced graphene oxide (A-rGO) aerogel from rGO with
citric acid at 90 ◦C in aqueous solution. After gelation, the first aerogel was made by
freeze drying. After that, it was functionalized with chitosan by soaking A-rGO in chitosan
solution, then freeze-dried again. HAp particle decoration was made by soaking in SBF.
MG63 cell studies indicated that the chitosan interfacial layer improves biocompatibility,
and the mineralized chitosan layer increased the cell viability and proliferation [54].

Ferreira et al. combined a colloidal aqueous suspension of cellulose nanofibrils (20%)
and bioglass particles (80%) in an interconnected 3D network, freeze-dried to a porous
cryogel structure. A hydroxyapatite layer was formed on the surface in SBF, shown by the
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red stain (Alizarin Red) and the IR spectroscopy, indicating good in vitro biocompatibility
of the material. The bioglass content provided the necessary ions to facilitate BMP-2
production in cells. The combined material in the in vivo experiments showed no liver
or kidney toxicity. Rat calvarial defect experiments proved that the composite material
induced new bone formation in 57 days [56].

6. Aerogel-Based Materials for Cartilage Tissue Engineering

In comparison to bone substitution, only a limited number of publications address
the utilization of aerogel-based materials for cartilage tissue regeneration. This endeavor
encounters notable mechanical, chemical, and biological complexities. Articular cartilage
comprises four key constituents: type II collagen, proteoglycans (glycosaminoglycans
bound to proteins), water, and chondrocyte cells embedded within the extracellular matrix.
Unlike bone, articular cartilage lacks intrinsic self-repair capabilities. Consequently, all
essential elements must be supplied externally, with material transport occurring grad-
ually through the synovial fluid. Notably, chondrocyte cell density is much higher on
or near the gliding surface compared to the base layer, with cellular morphology and
orientation varying by depth. Artificial scaffold materials necessitate seeding with chondro-
genic cells sourced from the patient or, more recently, utilizing undifferentiated stem cells.
Furthermore, maintaining a continuous mechanical stimulus in vitro is crucial to foster
the development of a compression and impact-resistant surface characterized by aligned
chondrocytes and collagen fibers parallel to the surface [197,198].

Chen et al. made 3D aerogel-like scaffolds from electrospun nanofibers containing
gelatin–polylactic acid and gelatine–polylactic acid–hyaluronic acid and studied their bioac-
tivity. In vitro examinations proved the adhesion, growth, and proliferation of chondrocyte
cells. The materials were elastic and showed a sort of shape memory effect. The rabbit
articular cartilage injury model indicated that gelatin-PLA had only a limited cartilage-
repair effect. However, the hyaluronic acid-modified gelatin-PLA scaffold proved to be
more active in cartilage regeneration [190].

Scaffold materials with tunable mechanical properties were synthesized by Tang
and coworkers from nanocellulose fibers and polyethylene glycol diacrylate (PEGDA) by
stereolithography (SLA), and the wet gels were freeze-dried to an aerogel. The macropore
sizes were basically determined by the parameters of the SLA process. Mouse bone
marrow mesenchymal stem cells showed proliferation and induction, making the material
a promising candidate for the cartilage repair [52].

Zhang and coworkers prepared aerogel-based gradient scaffolds to provide an artificial
bioactive interface between the bone and the cartilage tissue. Three layers of 3D fibrous
aerogel structure were constructed in a gradient arrangement from electrospun poly(L-
lactide), gelatin, glycosaminoglycan, and hydroxyapatite. The aerogel layers were prepared
separately from electrospun mats by homogenization, freeze drying, and crosslinking with
heat, then mineralized and glued together with gelatine. The hierarchical aerogel scaffold
induced the bone mesenchymal stromal cells, which differentiated into chondrogenic and
osteogenic phenotypes specific to the zone they were in contact with. Cell affinity peptide
E7, intended to enhance cell migration, was grafted in the gradient structure by soaking the
pre-treated aerogel in its aqueous solution. Aerogel scaffolds without composition gradient
and scaffolds with gradient aerogels were implanted in rabbit knees and monitored for
12 weeks for tissue regeneration. The results showed that the gradient aerogels could
reconstruct an osteochondral interface, and the E7 peptide-containing aerogel scaffolds are
promising candidates in tissue engineering [24].

Three-dimensional porous nanocomposite scaffolds based on cellulose nanofibers for
cartilage tissue engineering were prepared by Naseri and coworkers containing freeze-dried
cellulose nanofibers as the major component in a gelatin and chitosan matrix crosslinked
with genipin. The scaffold showed a macroporous structure of interconnected pores. The
dry material’s mechanical strength (compression modulus) was higher than that of the
natural cartilage tissue and lowered in phosphate-buffered saline solution. The high
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porosity and compatibility with the chondrocytes made the material interesting for cell
attachment and extracellular matrix production [198].

7. Challenges, Opportunities and Future Trends

Bone and cartilage tissue regeneration materials have evolved through three distinct
developmental stages. Initially, they served as simple bioinert tissue support (first genera-
tion). Subsequently, advancements led to the emergence of nano-engineered resorbable
composite materials containing bioactive molecules and growth factors (third generation),
as elucidated by Hench and Polak [199]. Now, we look towards the future of this biomedical
sector of aerogel research, seeking answers to several key questions. How can the tissue
regeneration potential be further enhanced in the fourth generation of materials? How can
aerogel-based materials, structures, and devices take advantage on these developments?
And how can the new technical extensions be effectively integrated or combined with
aerogels?

Aerogel-based bone and cartilage substitution has encountered various challenges
from its inception. The use of substances already approved for clinical applications proves
invaluable in selecting aerogel building materials with the desired bioactivity. One of the
remarkable advantages of aerogels lies in their high porosity and interconnected open-pore
structure, which offers additional benefits. The porosity plays a crucial role in enhancing
their bioactivity and tissue reactions, facilitating the efficient transport of dissolved oxygen
and nutrients to surrounding tissues, and potentially reducing the occurrence of foreign
body reactions. Another noteworthy feature is the high specific surface area of aerogels,
allowing them to be loaded with bioactive small molecules during the gelation or nanofiber-
making stages, or even after drying. Supercritical adsorption is a convenient method for
loading aerogels while preserving their original structure. Additionally, during the gelation
phase, protein-like molecules, macromolecules, growth factors, and even living cells may
be embedded within the aerogel, which can later be freeze-dried.

Improving the benefits of aerogel-based materials could be further refined by crafting
oriented, multi-component, and function-specific layered structures or scaffolds, featur-
ing concentration gradients, precisely tailored macropores, and channels that mirror the
intended tissue’s architecture for regeneration. The inclusion of oriented macro-channels
could facilitate tissue ingrowth and promote vascularization. Various techniques, such
as successive casting, electrospinning, stereolithography, 3D printing, selective leaching,
cryotemplating, and employing sacrificial porogens, along with post-drying manufactur-
ing, can be employed to achieve these specialized materials. Through the integration of
materials within a carefully planned hierarchical structure and the utilization of additive
manufacturing techniques, the bioactivity can be heightened. Looking ahead, the poten-
tial for improved efficacy in bioactive aerogels may also stem from the discovery of new
building materials and unexplored synergistic interactions. Utilizing aerogels made from
materials that have already gained approval and clinical licensure may offer the advantage
of expediting the approval process for animal experiments. However, the continuous quest
for novel materials remains paramount in uncovering novel interactions with living tissues,
underscoring the persistent need for innovation in this area.

In addition to their advantages, aerogel-based materials may have some drawbacks
when compared to traditional tissue-engineering materials. One significant concern is their
mechanical properties, which may not be suitable for load-bearing positions, except for
aerogel-based bioceramics. Moreover, the variable sensitivity of aerogel materials to wetting
liquids like water, body fluids, or blood can also pose challenges for certain applications.
In terms of manufacturing, subcritical and freeze-drying techniques have shown potential
for upscaling to economically feasible high volume levels due to their relative simplicity
and lower costs. However, supercritical drying, while not impossible, is more difficult and
costly to be upscaled to produce large quantities of aerogel-based materials. Despite these
limitations, ongoing research and advancements in aerogel technology continue to address
these challenges and open up new possibilities for their use in tissue-engineering appli-
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cations. As the field progresses, we can expect to see further developments to overcome
these drawbacks and fully harness the potential of aerogel-based materials in regenerative
medicine.

In the foreseeable future, the field of aerogel-based bone and cartilage tissue engi-
neering is poised for ongoing development. The research will continue to create new
materials, combine existing ones, and explore synergistic interactions to enhance outcomes.
Additionally, there will be a concerted effort to fabricate intricate 3D scaffold structures
that closely emulate the composition, hierarchy, and functions of the target tissues.

In the more distant future, the trajectory of aerogel-based tissue-engineering materials
appears to be closely linked with the advancement of the fourth generation of bone and
cartilage tissue-engineering materials, as described or anticipated by Ning et al. [200]. A
potential outcome of future investigations could involve the integration of next-generation
aerogel-based scaffolds with implantable and biodegradable power sources, along with
microelectronic circuits capable of continuously monitoring the progress of the healing
process. While the fundamental components of such electronic devices and power sources
have been developed, their incorporation into implants remains an ongoing endeavor.
In relation to aerogels, a few promising examples exist that could potentially open new
avenues for innovative solutions in the years ahead.

Hong and colleagues have already developed graphene aerogels incorporating electri-
cally conducting polydimethylsiloxane sheets. These materials bear structural and func-
tional resemblance to cartilage tissue found in articular joints. These innovative constructs
have found application in sensor technology, capable of transmitting signals concerning
mechanical force intensity during joint loading [33].

Another avenue for exploration is the potential to enhance or stimulate bone healing
through external stimuli. As demonstrated by Caliogna et al., pulsed electromagnetic
fields can initiate or bolster the healing process [201]. Although dedicated aerogel-based
composite devices designed to generate or support external stimuli are not yet available,
a noteworthy advancement is exemplified by the electrically conductive carbon aerogel
adorned with ceramic tricalcium phosphate nanocrystallites, as developed by Tevlek and
colleagues. This work could potentially pave the way for upcoming advancements [18].

The existing devices and therapies have already demonstrated certain aspects of
the concept. For instance, microwave devices are employed for the sensing the bone-
healing process [202], and low-dose microwaves have also been tested to promote bone
healing [203,204]. Electrical stimulation has been extensively studied in bone therapy [205],
while infrared laser has been found to aid in bone healing when combined with bone
morphogenetic protein [206]. Even red visible light has shown potential in promoting
bone regeneration [207]. These examples highlight the diverse array of approaches being
explored to enhance bone healing and tissue regeneration.

8. Conclusions

Aerogel-based materials continue to play a significant and evolving role in orthopedic
and dental research. The strategic combination of bioactive inorganic, organic, natural,
and synthetic polymeric materials within aerogel matrices has notably enhanced the bio-
compatibility and bioactivity of engineered bone and cartilage substitutes. Leveraging
their exceptional porosity and customizable surface properties, these grafts and scaffolds
create a conducive milieu for stem cell growth, proliferation, and differentiation, fostering
osteogenic development. In vivo animal studies have underscored that aerogel-based
materials exhibit not only biocompatibility but also osteoinductive properties and active
bioresorption, leading to the regeneration of deficient bone tissues.

By incorporating aerogels with established bioactive materials, the adverse effects
linked to the degradation of polymeric materials have been mitigated. Recent works have
yielded highly oriented and layered aerogel architectures that closely emulate the intricacies
of living tissue environments. These materials have already demonstrated their potential
in healing and regenerating bone and cartilage tissue defects.
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In the near future, the refinement of scaffold designs tailored to specific application
sites, coupled with novel material combinations, is poised to amplify their therapeutic effi-
cacy and biomedical utility. Beyond advancements in chemical composition and structural
intricacy, the next developments of aerogel bone substitute materials may involve external
interactions after implantation, to both bolster and monitor the healing process.
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Abstract: Chronic wounds are physical traumas that significantly impair the quality of life of over
40 million patients worldwide. Aerogels are nanostructured dry porous materials that can act as
carriers for the local delivery of bioactive compounds at the wound site. However, aerogels are
usually obtained with low drug loading yields and poor particle size reproducibility and urges
the implementation of novel and high-performance processing strategies. In this work, alginate
aerogel particles loaded with vancomycin, an antibiotic used for the treatment of Staphylococcus
aureus infections, were obtained through aerogel technology combined with gel inkjet printing and
water-repellent surfaces. Alginate aerogel particles showed high porosity, large surface area, a well-
defined spherical shape and a reproducible size (609 ± 37 µm). Aerogel formulation with vancomycin
loadings of up to 33.01 ± 0.47 µg drug/mg of particle were obtained with sustained-release profiles
from alginate aerogels for more than 7 days (PBS pH 7.4 medium). Overall, this novel green aerogel
processing strategy allowed us to obtain nanostructured drug delivery systems with improved drug
loading yields that can enhance the current antibacterial treatments for chronic wounds.

Keywords: aerogels; chronic wounds; vancomycin; gel inkjet printing; superhydrophobic surfaces;
3D droplet printing; alginate; bioaerogels

1. Introduction

Wounds are physical traumas where the integrity of the skin or any other tissue
is compromised. The normal wound healing process has different overlapping phases,
namely, hemostasis/inflammatory, proliferative and remodelling phases. A chronic wound
appears when the injury is not capable of healing during those phases in a determined
period of time [1,2]. Common chronic wounds include ulcers, diabetic foot ulcers, pressure
ulcers, surgical wounds or infectious wounds. These injuries represent a global health
problem due to the reduction in quality of life of patients, with pain, stress and usually,
several work leaves [3]. From a health-economics perspective, chronic wounds could
require daily health workers’ attention and possible surgical interventions. Economic
forecasts expect expense growth of up to USD 27.8 billion by 2026 [4].

Chronic wounds can be prevented with suitable, effective and space- and time-accurate
treatments [5]. Ideal drug release in the wound healing process must be a controlled and
local release with two phases: (i) a burst release with immediate therapeutic effect at the
infected site and (ii) a sustained release for a prolonged period of time [6]. Currently,
there are several commercially available wound dressings, including foams, gauzes and
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hydrocolloids. However, they do not solve simultaneously chronic wound problems such
as odour, pain, limited ability to absorb blood or exudates, control bacterial infections or
promotion of cell migration and skin regeneration. Moreover, new technologies such as
regenerative medicine and antimicrobial or bioactive materials are being used to develop
next-generation dressings [7].

Aerogels are defined as solid, lightweight, open porous networks endowed with
unique properties such as low bulk density (0.05–0.3 g/cm3), high porosity (>95%), very
high specific surface area (>200 m2/g) and wide capacity of swelling (i.e., absorbent) [8].
Therefore, aerogels could be excellent materials in biomedicine because they allow fast
initial biological fluid absorption and can also act as a carrier for bioactive compounds
with a high loading capacity [7,9]. Aerogel-based formulations have been proposed as
effective therapeutic solutions for wound treatment [7,10–15]. Compared with hydrogels
(i.e., crosslinked hydrophilic polymeric networks where the internal phase is a hydrophilic
solvent [16]), aerogels rely on an extraordinary degree of swelling of the dried network.
They have a glove-like fitting capacity to the exudative wound morphology as well as a
triggered release of their drug payload after contact with the wound fluid [13,17]. Further-
more, aerogels open the possibility of including hydrophilic and hydrophobic active agents
within the matrix [18].

Biopolymer aerogels (bioaerogels) are usually preferred for these purposes because
they can be obtained from sustainable sources, can have their own biological activity,
and are well tolerated and non-toxic. Bioaerogels also usually have at their disposal a
wide variety of available functional groups at the surface for the interaction with the
biological environment and further chemical tailoring [5,19,20]. Particularly, alginate is
a superabsorbent and haemostatic biopolymer, widely used in the development of drug
delivery systems [16]. Moreover, alginate is able to stimulate fibroblasts, targeting growth
factors and promoting granulated tissue formation [21,22]. Due to these characteristics,
the use of alginate aerogels in wound healing could be suitable due to the capacity to
maintain a balance between humidity, amount of exudate and gas permeation—important
factors for good wound healing. Their high surface area is an advantage in absorbing a
high amount of exudate and improving contact with the wound area. Furthermore, they
have the simultaneous capacity of being flexible enough to fit the natural shape of wounds
and of avoiding all potential sources of infection [8,19]. Particularly, aerogels in the form of
small particles or beads are very interesting for reaching the application site in the case of
deep chronic wounds [7].

Bioaerogels are usually prepared by extraction of the liquid phase of a hydrogel
without alteration of the inner polymer structure. The most common preparation scheme
involves the formation of the hydrogel precursor, followed by a solvent exchange and an
extraction of the solvent. Conventional methods to obtain hydrogel particle precursors
(electrostatic/vibrating nozzle, atomisation or jet cutting) are based on dripping a polymer
solution on a bath containing the crosslinking agent, so that droplets are gelled in the
form of spheres [23]. Despite the simplicity of these methods, droplets freely falling under
gravitational forces may lead to polydisperse particles. To prepare drug-loaded hydrogel
spheres, the drug can be loaded in the initial polymer solution; however, high volumes
of gelation bath may lead to a prompt drug diffusion, resulting in decreased loading
efficiency [24]. Finally, the use of a supercritical drying process is advantageous for the
extraction step as it leads to inner mesoporous structures, differently from atmospheric and
freeze-drying processes [7,23,25,26].

Gel inkjet 3D printing is an alternative method that allows the production of gel
particles with narrow size distributions [27–29]. Gel inkjet printing is an accurate and
flexible technique with a drop volume range in the micro- to picoliter range at high through-
puts [27,30]. On the other hand, superhydrophobic surfaces bring new possibilities to
enhance the drug entrapment, showing a virtual 100% yield since the encapsulation of the
active occurs in the air–solid interface, reducing the use of solvents. These surfaces are
able to repel polar dispersions of hydrophilic polymers into polar solvents. The contact
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angles formed between the drop and the surface are higher than 150◦, so the obtained drops
have a spherical shape. These surfaces have been used for the development of polymeric
hydrogels with a perfectly spherical shape [31]. This technology is simple, reproducible
and biocompatible and widely used in several drug delivery formulations and tissue
engineering approaches [30–32].

Local administration of antibiotics is commonly preferred to promote wound healing
and fight against possible infections, while avoiding systemic side effects and potential bac-
teria drug resistance [33]. There are several products in the market that have implemented a
topical delivery, as they can be a good help to remove biofilm and avoid multidrug-bacteria
resistance in the wound site [34]. Vancomycin is a common choice to treat Staphylococcus
aureus infections, the most frequent Gram-positive bacteria in chronic wound diseases [10].
Vancomycin topical administration allows therapeutic levels (minimum inhibitory con-
centration (MIC) for Staphylococcus aureus of 2 µg/mL) without systemic side effects [35].
Conventional dropping methods to obtain drug-loaded aerogels (including vancomycin)
demonstrated a trend of low loading efficiency, with a load percentage of vancomycin and
other actives of around 7–12% [5,10,11,23].

An innovative technological combination of 3D-printing and water-repellent surfaces
is herein proposed as a proof-of-concept to obtain drug-loaded aerogel microspheres at
uniform particle size, shape reproducibility and expected high drug loading efficiency. To
the best of our knowledge, there is not another aerogel system developed implementing
the combination of both technologies. Alginate aerogels loaded with vancomycin were
obtained through gel inkjet printing of an aqueous alginate solution (0.1–1.0 wt.%) into
water-repellent surfaces and followed by supercritical drying. Several drug loading strate-
gies (in the ink, bath or ink + bath) were tested. The obtained aerogels were characterised in
terms of particle size by optical and scanning electron microscopies, textural properties by
N2 adsorption–desorption analysis and drug loading yield, as well as their release profile
in a simulated body fluid medium (PBS pH 7.4).

2. Results and Discussion
2.1. Definition of Operating Window for Alginate Aerogel Preparation

The classical ionic gelation mechanism of alginate has been integrated into the tech-
nological development with inkjet printing herein explored to obtain hydrogel particles
of high sphericity and reproducible size. Alginate is able to form links between adjacent
chains in an egg-box conformation [36]. Generally, these bonds are established with divalent
and trivalent cations (typically Ca2+). These links allow us to encapsulate a broad type of
bioactive agents, including, for example, monoclonal antibodies [16].

Injection pressure, nozzle-to-bath distance, output cycle time and printhead speed
were crucial parameters for inkjet printing to produce spheres with uniform size on the
superhydrophobic surface. High injection pressures and distances between the nozzle and
the gelation bath resulted in flattened drops due to the heavy impact of solutions above the
superhydrophobic surface. If the printhead speed was high and drop output cycle time
(i.e., frequency of droplet ejection) was low, drops were printed within a short time of each
other and agglomeration of several drops was observed [27,37,38].

The optimum concentration of alginate within the aqueous ink formulations was
established by visual observation of 50 drops of each alginate concentration printed using
the method described in Section 4.3.1. Inks with alginate concentrations of 0.1 and 0.25%
(w/v) resulted in very diluted hydrogels, flattened and without enough consistency for
handling. Hydrogel particles obtained from inks with 0.5% (w/v) concentration also resulted
in deformed particles, although to a lesser degree. Instead, hydrogels obtained from inks
with 0.75 and 1% (w/v) alginate were mostly spherical and with good consistency. However,
hydrogels from inks of 0.75% (w/v) alginate concentration hydrogels were chosen as the
optimum ones (Figure 1) since the pressure used (40 kPa) was half of the value needed to
be able to print drops from 1% (w/v) alginate inks.
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Figure 1. Images of gels from the different alginate concentrations tested for the search of the
optimum concentration (a) before (hydrogels) and (b) after (aerogels) the scCO2 drying.

Drops of 0.75% (w/v) alginate solution were printed and gelified using 5 mL CaCl2
aqueous bath solutions of different concentrations (0.2, 0.5, 0.8 and 1 M) over a super-
hydrophobic surface (cf. Section 4.3.2). The use of 0.2 M CaCl2 solutions resulted in a
slow gelation process. The use of 1 M CaCl2 solutions resulted in a very fast gelation
only able to gelify the outer shell of the sphere, resulting in hollow particles. Trade-off
CaCl2 concentrations were set to the 0.5–0.8 M range, with 0.8 M selected for ulterior tests
because of faster gelation. At a 0.8 M CaCl2 concentration, drops began to gelify with a
transparent appearance as soon as they were in contact with the gelation bath. As gel
particles aged, their appearance changed to a whitish colour that was maintained after the
solvent exchange and supercritical drying steps reported in Section 4.3.3.

2.2. Production of Vancomycin-Loaded Aerogels Using Superhydrophobic Surfaces

Alginate aerogels were loaded with vancomycin in situ during the gelation process.
Vancomycin is a very water-soluble drug and is non-soluble in ethanol. Therefore, van-
comycin can be dissolved in high amounts in both the aqueous ink and in the gelation
bath. Solvent exchange from the aqueous matrix of hydrogels to pure ethanol avoided
additional losses during the aerogel obtaining process. The development of three types of
vancomycin-loaded aerogels was intended to compare the capacities of those types to load
increasing amounts of the bioactive agent.

After supercritical drying, vancomycin loading of aerogel formulations was 26.59 ± 0.17,
17.22 ± 0.35 and 33.01 ± 0.47 µg vancomycin/mg of type I, II and III particles, respectively
(Table 1). These values are quite high if compared to vancomycin-loaded bioaerogels
previously reported (ca. 8.5 ± 4.0, 12.9 ± 1.0 and 27.3 ± 2.8 µg vancomycin/mg of
particle [10]). The results obtained correlate with the initial composition of the forming
solutions. Type III aerogels, where vancomycin was initially present in the alginate ink
and in the CaCl2 bath, were the ones with the highest loading. Type I aerogels had a
lower drug loading as with this strategy; the drug is only encapsulated by impregnation
when the hydrogels adsorbed the vancomycin in the gelation bath. Finally, type II aerogels
were the ones with the lowest loading due to the possible diffusion of vancomycin to the
crosslinking bath during the process, as the vancomycin is water-soluble. Type II and III
aerogels had an encapsulation yield of 15.63 (±0.10) and 19.41 (±0.28), respectively, which
are coherent yields if conventional methods were used (12.0 ± 2.0%) [5,10,11,23]. Despite
the loading yields being higher than the reported ones, we hypothesise that vancomycin
diffusion took place when the gels were in contact with the crosslinking bath to a certain
extent. Nevertheless, the volume of this bath was 8 mL, i.e., the minimum possible at the
moment, so there is room for improvement of load yields in further studies.
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Table 1. Vancomycin loading and entrapment yield of different aerogels using superhydrophobic
surfaces.

Type I Type II Type III

Vancomycin loading (µg/mg particles) 26.59 (±0.17) 17.22 (±0.35) 33.01 (±0.47)
Entrapment yield (%) 15.63 (±0.10) 10.13 (±0.20) 19.41 (±0.28)

2.3. Morphological and Physicochemical Characterisation of Alginate Gels and Aerogels

Aerogel and hydrogel Feret diameters were measured using an optical microscope to
determine the particle size distribution and the volume shrinkage taking place upon aerogel
processing. The average diameter of the hydrogels was 861 ± 32 µm, while the average
diameter of the aerogels was 609 ± 37 µm (Figure 2). The standard deviation of the aerogels
was very low; consequently, they can be considered uniform due to their narrow size
distribution compared with traditional methods of gel preparation [23]. The degree of the
volume shrinkage was 64.61%, a similar value compared with literature (57.0 ± 5.0%) [10].
Moreover, aerogel circularity was 80.2 ± 0.7%, while hydrogel circularity was 73.7 ± 0.6%.
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Figure 2. Optical images of 0.75% (w/v) alginate (crosslinked in 0.8 M CaCl2 baths) (a) aerogels and
(b) hydrogels obtained by inkjet printing, with (c) the particle size distribution (in number) of aerogels
(blue) and hydrogels (yellow), respectively.

Aerogel surface morphology and inner structure were analysed by SEM for both blank
and loaded ones (Figure 3). A well-defined spherical shape was shown in all formulations.
Moreover, the characteristic porous structure with the strongly interconnected fibrous
network of alginate aerogels was also observed. These fibres are mixed with each other,
and the generated voids are responsible for the porosity both in the outer and inner aerogel
structure. The presence of mesoporosity was confirmed by nitrogen adsorption-desorption
analysis (Table 2, Figures S1 and S2), with typical parameters for these systems [39,40]. The
amino groups of vancomycin confer the ability to bond via electrostatic interactions to
carboxyl groups of alginate of the ink [41]. This could be an explanation for this effect of
vancomycin in the textural properties, as the said drug may act as an extra crosslinking
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agent, which would stabilise the structure and better prevent shrinkage during the solvent
exchange and supercritical drying processes.
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Figure 3. Blank 0.75% (w/v) alginate aerogels (a,b); type I aerogels (c,d); type II aerogels (e,f); type
III aerogel (g,h) structures. In higher magnification images, porous structure is observed in all
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Table 2. Textural properties of blank and vancomycin-loaded alginate aerogel microspheres evaluated
by nitrogen adsorption–desorption tests. In parenthesis, standard deviation values.

Formulations aBET (m2/g) * VP,BJH (cm3/g) ** DP,BJH (nm) ***

Blank aerogels 312 (16) 0.80 (0.04) 11.2 (0.6)
Type I 742 (37) 3.90 (0.20) 21.8 (1.1)
Type II 268 (13) 2.54 (0.13) 35.2 (1.8)
Type III 530 (26) 2.65 (0.13) 21.0 (1.0)

* Specific surface area by the BET method; ** Overall specific pore volume obtained by the BJH-method from the
desorption curve; *** Mean pore diameter by the BJH-method from the desorption curve.

Aerogels evaluated by nitrogen adsorption–desorption showed type IV isotherms ac-
cording to IUPAC recommendations (Figure S1). The isotherm morphology from nitrogen
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adsorption–desorption tests is typical of mesoporous materials and is characterised by a
huge volume of nitrogen molecules adsorbed at high relative pressures [42]. Physisorption
studies using non-reactive molecules, like nitrogen adsorption–desorption tests, are usually
preferred for textural analysis over other chemisorption tests (such as ammonia or deuter-
ated water) as they do not react with the functional groups of the polymer chains [43].
In the initial part of the isotherm, the adsorption of the monolayer was completed, and
then multilayer adsorption started. An H1 hysteresis loop was observed, which is associ-
ated with capillary condensation in the mesopores. Aerogels also presented a log-normal,
unimodal pore size distribution according to the BJH method. The surface properties of
biopolymer aerogels have a great influence on biological processes such as cell attachment
and proliferation, protection against bacteria and fluid sorption capacity [7].

FTIR results show the presence of the vancomycin within the structure of the aerogels
compared with the blank ones (Figure 4). The absorption bands of the vancomycin at 3450,
1654, 1504 and 1230 cm−1 for hydroxyl stretching, C=O stretching, C=C and phenols were
observed in the vancomycin spectrum [10]. However, due to overlapping with the alginate
bands, very slight changes in the formulations were observed compared with the spectrum
of the polysaccharide at ca. 1540 cm−1 (single asterisk, Figure 4) and 1230 cm−1 (double
asterisk, Figure 4). However, in the physical mixture of alginate and vancomycin (Figure 4f),
the peaks at these wavenumbers were clearer. Since the physical mixture was evaluated at
the same ratio of alginate/vancomycin as the ink, this difference in band intensities could
be explained by the loss of vancomycin in the aerogel processing during the crosslinking in
the gelation bath by means of diffusion.
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Figure 4. FTIR spectra of (a) alginate blank aerogels; (b) vancomycin; printed aerogels; (c) type I:
0.75% alginate in the ink and a saturated bath of vancomycin in CaCl2 O.8 M; (d) type II: 0.75%
alginate and 17% (w/w alginate) vancomycin forming part of the ink; (e) type III: drug both in the
saturated vancomycin aqueous bath and forming part of the ink and (f) the physical mixture of
alginate and vancomycin powders. Single asterisk and double asterisks indicate the presence in all
formulations of typical bands of vancomycin at 1540 cm−1 and 1230 cm−1 respectively.

2.4. Vancomycin Release Studies from Alginate Aerogels

Drug release profile from the aerogel matrices will depend on several factors such
as drug and aerogel material hydrophilicity, drug crystallinity, degree of gel crosslinking,
drug mass transport mechanisms, specific interactions between the drug and the aerogel,
pH and temperature, among others [9]. The three types of vancomycin-loaded aerogels
processed using superhydrophobic surfaces had a similar release profile with three stages.
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Type III aerogels provided a sustained release during a longer release period with respect
to the other aerogel formulations (Figure 5).
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Figure 5. (a) Vancomycin released (%) from the 3 aerogel formulations in PBS pH 7.4 at 37 ◦C for
7 days and (b) magnification of the release profile in the first hours, showing the burst release and the
initial phase of the plateau region.

Several release kinetics models intended for spherical drug delivery systems with
swelling matrices were used to fit the vancomycin release profiles (Table 3). The Ritger–
Peppas equation (Equation (1)) was the kinetic model that better characterised the release
behaviour, revealing a classical kinetic release for swelling matrices:

Mt/M∞ = k·tn (1)
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where Mt/M∞ is the fraction (in %) of drug released at a certain time t (in h.), k is the
release kinetic coefficient (h−1) and n is the diffusion coefficient [44].

Table 3. Kinetic fitting parameters of the vancomycin release from drug-loaded alginate aerogels in
PBS solution (pH 7.4) to different kinetic models. Bold letters highlight the more adequate parameters.

Kinetic Model Parameters Type I Type II Type III

Ritger-Peppas
k (h−1) 8.24 13.88 3.35

n 0.48 0.39 0.41
R2 0.96 0.94 0.96

Higuchi
k (h−1/2) 0.38 11.18 8.85

n 8.13 8.91 6.82
R2 0.95 0.93 0.97

Zero order
k (h−1) 13.42 6.30 22.93

n 0.914 0.87 0.64
R2 0.87 0.96 0.92

First order
k (h−1) 87.35 100.48 79.04

n 0.011 0.016 0.012
R2 0.93 0.93 0.97

This type of release kinetics has three typical stages; the first one is a burst release,
in this case, during the first 8 h. This could be attributed to the fraction of drug in the
external surface of the aerogels, which is weakly bound to the structure and also, it is easy
to diffuse due to the absence of resistance of the polymeric matrix. In this release stage,
there is a slower drug release from type II aerogels that can be related to the effect that the
vancomycin loading has on the textural properties of the aerogels. As the surface area is
higher in the case of type I and III aerogels, a faster initial release can be expected. In the
case of the type II aerogels, the surface area, as well as the pore size, is lower, and thus
a slower release was obtained. Then, there is a sustained release from 8 to 72 h because
of a combination of Fickian diffusion and the slow erosion of the polymeric matrix. As
time progressed, the matrix changed with large sizes of pores in the inner region due to the
erosion of the polymeric matrix. Then, this erosion controls the release with a slow drug
release ratio [45,46].

In the Ritger–Peppas model, the governing mass transport mechanism of the drug
from the carrier system to the release medium depends on the geometry and structure of
the said carrier (Figure S3). In spherical-shape systems, the value of the diffusion exponent
(n) indicates the drug release mechanism. As the n-value of aerogels type I is in the range of
0.43 to 0.85, it could be classified as anomalous transport, thus non-Fickian diffusion. In the
case of type II and III aerogels, the mechanism could be assumed as Fickian diffusion. [44]

The minimum inhibitory concentration (MIC) for sensitive bacterial strains Staphylo-
coccus aureus (2 µg/mL) was outperformed in all drug release tests after the first 2 h so that
the aerogels exhibited initially rapid and subsequently sustained antimicrobial activity over
time [10]. The test was performed for 7 days due to the intended biomedical application.

3. Conclusions

For the first time, vancomycin-loaded alginate aerogels were successfully developed
using a novel 3D printing method implementing superhydrophobic surfaces. The use of this
class of surfaces is an efficient method to obtain spherical and uniform size aerogel particles
with very low variability (aerogel circularity was 80.2 ± 0.7%). This could lead to the
preparation of more efficient drug-loaded aerogels to deliver the agent due to the increase of
the specific surface area and the mesoporosity achieved. Furthermore, the implementation
of the combination of 3D printing and superhydrophobic surfaces is versatile in terms of
the use of different methods for the preparation of drug-loaded aerogels, as is proved in
this work with vancomycin loading. All the loading strategies used herein were able to
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deliver the bioactive agent in PBS pH 7.4 medium for 1 week. The quantity of drug released
from the alginate aerogels is enough to treat the most common infection in chronic wounds,
reaching therapeutic levels. The possibility of a theoretical 100% encapsulation yield in the
hydrogel formation could lead to aerogels with an improvement in the drug payload and
will be the subject of future studies. Further research will also focus on the evaluation of
the antimicrobial efficiency of the obtained aerogels and the evaluation of the versatility of
this technological combination for the incorporation of different wound healing promoting
agents.

4. Materials and methods
4.1. Materials

Alginic acid sodium salt from brown algae (guluronic/mannuronic acid ratio of
70/30) was supplied by Sigma Life Science (Irvine, UK). Vancomycin hydrochloride
(C66H75Cl2N9O24·HCl, 94.3% purity) was supplied by Guinama (Valencia, Spain). Calcium
chloride anhydrous (CaCl2, >99% purity) was supplied by Scharlab (Barcelona, Spain).
Absolute ethanol (EtOH, >99.9% purity) and CO2 (99.8% purity) were purchased from VWR
Chemicals (Fontenay-sous-Bois, France) and Nippon Gases (Madrid, Spain), respectively.
Tetraethylorthosilicate (TEOS, 98% purity), ammonium aqueous solution 30–33% and
1H,1H,2H,2H-perfluorodecyltriethoxisilane (PFDTS, 97% purity) were from Sigma–Aldrich
(Darmstadt, Germany). Water was purified using reverse osmosis (resistivity > 18 MΩ·cm,
Milli-Q, Millipore®, Madrid, Spain).

Ultrapure nitrogen (N2 (g), >99% purity) supplied by Praxair (Madrid, Spain) was
used for the adsorption-desorption textural analysis. Phosphate buffered saline (PBS)
pH 7.4, and potassium dihydrogen phosphate (KH2PO4, 98.0–100.5% purity) were both
supplied by ITW Reagents (Barcelona, Spain). Sodium hydroxide (NaOH, 99% purity)
and acetonitrile (CH3CN, ≥99.9% purity) were both purchased from VWR Chemicals
(Barcelona, Spain).

4.2. Preparation of Superhydrophobic Surfaces

The production of polystyrene superhydrophobic surfaces was performed using a
simple, economical and fast procedure based on the protocol previously described [47].
In brief, polystyrene Petri dish plates were spray-coated with UV-resistant FluoroThane-
MW reagent (WX 2100™) that provides a contact angle of about 150◦, as described by the
manufacturer (Cytonix, Beltsville, MD, USA). The Petri dish surface was spray-coated and
left to dry overnight in a chemical safety fume hood at room temperature. On the following
day, the surface was washed with ethanol (99%) and oven dried at 37 ◦C for 5 days.

4.3. Preparation of Alginate Aerogel Microspheres
4.3.1. Determination of Optimal Concentration of The Alginate and CaCl2 Solutions

Alginate hydrogel particles were prepared following the sol-gel method and conse-
quently crosslinked with an ionic crosslinker (CaCl2). Alginate solutions with concen-
trations of 0.1, 0.25, 0.5, 0.75 and 1.0% (w/v) were used as inks and loaded into the 6 mL
cartridge of the inkjet printhead of BIO XTM printer (Cellink, Gothenburg, Sweden) to
evaluate their printability. Drops were printed in a Petri dish at room temperature to
analyse them visually. Printing parameters, such as printhead speed (8–20 mm/s), injec-
tion pressure (10–55 kPa), drop output cycle time (250–450 ms), microvalve opening time
(5–15 ms) and pattern density (1.5–3.5%), were modified for each alginate concentration.

Drops with the optimum alginate concentration (0.75% (w/v)) were inkjet printed
on a superhydrophobic surface and crosslinked in gelation baths of CaCl2 at different
concentrations (0.2, 0.5, 0.8 and 1 M). Gelation time of alginate drops was evaluated.
Optimum concentrations of the alginate and CaCl2 solutions were chosen, taking into
account the best printing parameters obtained among the different concentrations of the
alginate and CaCl2 tested in our laboratory.
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4.3.2. Preparation of Alginate Hydrogels by Gel Inkjet Printing Using
Superhydrophobic Surfaces

Three millilitres of 0.75 % (w/v) alginate concentration were loaded into the printing
cartridge. The superhydrophobic surface was placed at a slant, and 8 mL of 0.8 M CaCl2
was added at the bottom of it. Drops were printed from the top of the surface and rolled
along it (ca. 8 cm) until the gelation bath. Optimum printing parameters were 16 mm/s
printhead speed, 40 kPa pressure, 300 ms drop output cycle time, 10 ms microvalve opening
time and 3.5% pattern density. Grid patterns were 30 mm × 30 mm × 1 mm (ca. 65 drops).
Alginate beads were left in the gelation bath for 24 h at room temperature and pressure.
These parameters were experimentally determined. (Video S1).

Three different printing strategies were evaluated to produce vancomycin-loaded
hydrogels. In the first type of formulation (Type I), vancomycin at a saturated concentration
(25 mg/mL) was placed in the 0.8 M CaCl2 bath. In type II, 17.0 % (w/w) vancomycin was
included within the alginate ink. The third type (Type III) of sample had vancomycin in the
ink and in the CaCl2 bath at the same concentration as in formulations I and II (Figure 6).
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Figure 6. Different ink and gelation bath compositions for inkjet-printing of hydrogels; (a) Type I:
0.75% (w/v) alginate in the ink and a saturated bath of vancomycin in CaCl2 O.8 M; (b) Type II: 0.75%
(w/v) alginate and 17% (w/w alginate) vancomycin forming part of the ink; and (c) Type III: drug both
in the saturated vancomycin bath and being part of the ink.

4.3.3. Solvent Exchange and Supercritical Drying of Alginate Gels

Ninety millilitres of each vancomycin-loaded gel type (Section 4.3.2.) were produced.
Then, two sequential solvent exchanges of the alginate gels with absolute EtOH were
carried out at a frequency of 24 h to eliminate water from the gel particles. Alcogel particles
were introduced into paper cartridges and put into a 100 mL autoclave (TharSFC, Pittsburg,
PA, USA). Twenty millilitres of EtOH were previously added to avoid the premature evap-
oration of the EtOH contained in alcogels. During the drying process (3.5 h), temperature
and pressure were 40 ◦C and 120 bar, respectively, with a CO2 flow of 5–7 g/min passing
through the autoclave. Ethanol extracts were taken out and weighed at selected drying
times to monitor the supercritical process. Finally, the equipment was depressurised, and
the aerogels were collected from the autoclave for further characterisation [10].
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4.4. Alginate Gels Characterization
4.4.1. Morphological and Physicochemical Properties of Alginate Beads

Morphological and physicochemical characteristics were analysed similarly to other
aerogel formulations [14,48]. Firstly, hydrogel and aerogel particle diameters were deter-
mined by using a CKC53 optical microscope equipped with an EP50 camera and using
EPview image analysis software v.1.3 (Olympus, Tokyo, Japan). Surface structure of aerogel
microspheres was studied by scanning electron microscopy (SEM) using a FESEM Ultra-
Plus microscope (Zeiss, Jena, Germany). Aerogels were previously sputter-coated with a
10 nm layer of iridium to improve the contrast (Q150 T S/E/ES equipment, Quorum Tech-
nologies, Lewes, UK). Then, textural properties of aerogel particles were characterised by
nitrogen adsorption–desorption analysis (ASAP 2000, Micromeritics, Norcross, GA, USA).
Samples were degassed under vacuum at 40 ◦C for 24 h. The Brunauer–Emmet–Teller
(BET) and Barrett–Joyner–Halenda (BJH) methods were applied to determine the specific
surface area (aBET), pore size distribution, pore diameter (Dp) and pore volume (Vp). Lastly,
attenuated total reflectance/Fourier-transform infrared spectroscopy (ATR/FT-IR) was
performed with a Gladi-ATR accessory using a diamond crystal (Pike, Madison, WI, USA).
Raw vancomycin, blank alginate aerogels, a physical mixture and the three formulations
in the powdered form were characterised in the 400–4000 cm−1 IR-spectrum range using
32 scans at a resolution of 2 cm−1.

4.4.2. Vancomycin Drug Content and Loading Efficiency

Vancomycin entrapment yield of the different aerogel formulations was evaluated
with ca. 20 mg of each sample placed in Eppendorf tubes with 5 mL of PBS pH 7.4 buffer
solution. Tests were carried out in triplicate. Samples were introduced in ultrasound
equipment (Branson Ultrasonics, Danbury, CT, USA) for 30 min to completely dissolve
the drug. Then, 1 mL of sample was filtered (PTFE hydrophilic, 13 mm, 0.22 µm) and
introduced into HPLC glass vials. Jasco LC-4000 HPLC (Madrid, Spain) equipped with
a C18 column (symmetry columns, 5 µm, 3.9 × 150 mm) was used to measure the drug
content. HPLC method conditions were set at 25 ◦C, a mobile phase of phosphate buffer
(30 mM, pH 2.2) and acetonitrile (86:14% v/v) operating at an isocratic flow of 0.72 mL/min
for 7 min. Chromatograms were obtained at the wavelength of 205 nm [49]. Previously, a
calibration curve of vancomycin was obtained and validated in the 0.5–50 µg/mL range
(R2 > 0.999) [50].

4.4.3. Vancomycin Release from Alginate Aerogels

Vertical Franz diffusion cells with a 6.2 mL volume in the receptor compartment fitted
with cellulose nitrate filters (pore size 0.45 µm) as membranes were employed in the test.
Tests were carried out in quadruplicate at 37 ◦C and 70 rpm of continuous stirring with
Heidolph Incubator 1000 equipment (Schwabach, Germany). Franz diffusion cells were
filled with PBS buffer pH 7.4 as a release medium, and ca. 20 mg of aerogels were placed
into the cells. Then, 200 µL of PBS was added to the donor compartment containing the
aerogels to mimic the wet wound environment (time 0). Aliquots of 0.9 mL of release
medium were taken at pre-established times (2, 4, 6, 8, 24, 48, 72, 96 and 168 h) in the
receptor chamber, and vancomycin content was monitored by HPLC. The extracted volume
was immediately replaced with equal volumes of fresh PBS medium. Vancomycin content
was measured using the same HPLC method reported in Section 4.4.2.

For the kinetic fitting, the following equations were applied [10,51]:
Zero order (Equation (2)):

Mt/M∞= kt (2)

where Mt/M∞ is the amount of vancomycin released (%) at time t, k the release kinetic
coefficient and t the time in h.

First order (Equation (3)):
Mt/M∞= 1+ e−k

1
t (3)
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where Mt/M∞ is the amount of drug released (%) at time t, k1 is the release kinetic
coefficient and t, the time in h.

Higuchi model (Equation (4)):

Mt/M∞ = k2 t
1
2 (4)

where Mt/M∞ is the amount of drug released (%) at time t, k2 is the release kinetic
coefficient and t, the time in h.
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S2: Pore size distribution of blank and drug-loaded aerogel formulations obtained by a technological
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fitting to Ritger-Peppas equation from alginate aerogel matrices. Dotted lines representing theorical
values estimated with the model. Standard deviations are not shown for the sake of clarity; Video S1:
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Abstract: A spherical silica aerogel powder with hydrophobic surfaces displaying a water contact
angle of 147◦ was synthesized from a water glass-in-hexane emulsion through ambient pressure
drying. Water glass droplets containing acetic acid and ethyl alcohol were stabilized in n-hexane
with a surfactant. Gelation was performed by heating the droplets, followed by solvent exchange
and surface modification using a hexamethyldisilazane (HMDS)/n-hexane solution. The pH of the
silicic acid solution was crucial in obtaining a highly porous silica aerogel powder with a spherical
morphology. The thermal conductivity, tapped density, pore volume, and BET surface area of the silica
aerogel powder were 22.4 mW·m−1K−1, 0.07 g·cm−3, 4.64 cm3·g−1, and 989 m2·g−1, respectively.
Fourier transform infrared (FT–IR) spectroscopy analysis showed that the silica granule surface was
modified by Si-CH3 groups, producing a hydrophobic aerogel.

Keywords: silica aerogel; thermal gelation; porous; thermal conductivity; hydrophobicity

1. Introduction

A silica aerogel is a mesoporous solid with outstanding properties, including low
thermal conductivity, a low dielectric constant, a low refractive index, and high specific sur-
face area. Silica aerogels are considered as promising materials for thermal insulation [1,2],
anti-reflection coatings [3], low dielectrics [4], supports for cosmetics [5], adsorbents [6–8],
and viscosity agents [9].

Silica aerogels can be fabricated in the form of a monolith or a powder. Silica aerogel
monoliths are normally produced by supercritical or ambient pressure drying of a wet gel
derived via hydrolysis, and polymerization of alkoxide- or water glass-based precursor
solutions [10]. Wei et al. reported an ambient pressure-dried silica aerogel monolith with
multiple surface modifications, low thermal conductivity (36 mW/mK), and high porosity
(97%) [11]. However, the repeated modification process to transfer hydrophilicity to the
hydrophobic surface of the silica aerogel monolith is tedious and requires an extremely
long processing time. The reactions between the surface modification agent and silanol
groups (Si OH) are diffusion-limited processes, suggesting that the processing time for
surface modification increases in proportion to the size of the silica aerogel sample. In
addition, silica aerogel monoliths are fragile [12].

Silica aerogel powders and granules are easily and inexpensively fabricated and have
a short processing time compared with silica aerogel monoliths. Researchers have recently
reported novel methods for rapid synthesis of hydrophobic silica aerogel powders and
granules using ambient pressure drying. Bhagat et al. proposed a one-step process with
simultaneous surface modification, solvent exchange, and sodium ion removal [13]. Huber
et al. presented a one-pot synthesis method for silica aerogel granulates [14]. They argued
that gelation after surface modification is crucial for reducing the amount of solvent and
production time. In our previous study focusing on catalysts for hydrolysis and conden-
sation of water glass, we proposed a novel fast synthesis technique for spherical silica
aerogel powders with a narrow particle size distribution. This synthesis technique reduced
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the total processing time to less than 2 h [15]. However, silica aerogel powders using the
aforementioned fast synthesis processes exhibit some drawbacks. The powder quality is
somewhat poor. Tapped density and pore volume are lower than for supercritically dried
aerogels [10,11,16]. In addition, the silica aerogels lack particle size homogeneity.

Silica aerogel powders can be prepared by crushing bulk dried silica aerogel or using
emulsion polymerization techniques. Although it appears simple and straightforward,
crushing silica aerogel bulk is cumbersome, and the resulting powder is bulky. In addition,
size and shape control is challenging. Emulsion polymerization is a promising technique
for controlling the size and shape of silica aerogel particles. Spherical silica aerogel powder
is produced from a water glass-in-hexane emulsion. The particle size of the silica aerogel
can be determined by the water glass droplet size, which depends on the force applied to
the homogenizer and the emulsifier content.

The silica aerogel powder produced by emulsion polymerization in our previous
study had a tapped density of 0.12 g·cm−3, a pore volume of 2.35 cm3·g−1, and a thermal
conductivity of 26 mW·m−1K−1, somewhat inferior to commercially available silica aerogel
powders. We believe that the inferior properties are attributed to inhomogeneous hydrol-
ysis and gelation in the water glass-in-hexane emulsion. In this study, a novel synthesis
technique is proposed to produce high-quality spherical silica aerogel particles. We used a
novel gelation process (thermal gelation), used for a sol-gel transition of natural polymers
such as methylcellulose [17,18]. Water glass droplets containing acid and a gelation cata-
lyst were stabilized in n-hexane with a surfactant, followed by thermal gelation, surface
modification, and solvent exchange.

2. Materials and Methods

A water glass sodium silicate solution (silica content: 28–30 wt.%, SiO2:Na2O = 3.4:1,
Young Il Chemical Co., Ltd., Incheon, Korea) was used as the starting material. Initially,
the water glass solution was diluted to 5.3–8.7 wt.% with deionized water; 75 mL of
water glass, 5 mL of acetic acid (99.5%, Samchun Pure Chemical, Pyeongtaek, Korea), and
5 mL of ethyl alcohol (95.0%, Samchun Pure Chemical) were mixed simultaneously. Ethyl
alcohol was used as a condensation (gelation) catalyst, and as a con-solvent because a
protic solvent such as ethyl alcohol can promote condensation. Next, 85 mL of n-hexane
(95%, Samchun Pure Chemical) containing a surfactant, sorbitan monooleate (Span80,
Junsei Chemical Co., Ltd., Tokyo, Japan), was added to the water glass/acetic acid/ethyl
alcohol solution. The water glass solution to n-hexane ratio was fixed at 1. Water glass and
n-hexane were emulsified using a homogenizer (UltraTurrax IKA T25:S25D-10G-KS, IKA
Werke, Konigswinter, Germany) at 6000 rpm for 10 min. A stable water glass-in-hexane
emulsion was obtained and heated at 60 ◦C for condensation (thermal gelation).

Most of the n-hexane was drained from the emulsion, and the silica wet gel spheres
were immersed in 150 mL of ethyl alcohol. Silica wet gel spheres were solvent-exchanged
with ethyl alcohol, which can induce hydrogel-to-alcogel transformation. The surfaces of
the silica alcogel spheres were chemically modified in 150 mL of 20% hexamethyldisilazane
(HMDS, 98%, Samchun Pure Chemical)/n-hexane solution at 60 ◦C for 3 h. The silylated
silica wet gel spheres were washed using an ethyl alcohol/n-hexane solution to remove
the remaining surface modification agents and reaction products. The surface modification
process was repeated three times. The silica wet gel spheres were dried at 100 ◦C in ambient
pressure for 1 h. A schematic of the spherical silica aerogel powder preparation procedure
is shown in Figure 1.
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Figure 1. Experimental flow chart for synthesis of spherical silica aerogel powder.

The tapped density of the aerogel powders was determined using a tapping density
tester (TAP-2S, Logan Instruments Co., Somerset, NJ, USA). The viscosity of the silicic
acid solution was measured using a viscometer (LVT B, Brookfield, Chander, AZ) at 25 ◦C.
The surface area was determined by BET analysis from the amount of N2 gas adsorbed at
different partial pressures (0.01 < p/p0 < 1, ASAP 2010; Micrometrics, Norcross, GA, USA).
Fourier transform infrared (FT–IR) spectroscopy (FTS-165, Bio-Rad, Hercules, CA, USA)
was used to confirm the surface chemical structure of the aerogels in the wavenumber
range of 400–4000 cm−1. The contact angle of the water droplet on the silica aerogel powder
was calculated from the height and width of the water droplet [19].

The thermal conductivity of the silica aerogel powder was measured using the heat
flow metering method with a heat flow meter (HFM 436 Lambda, NETZSCH, Selb, Ger-
many). A silica aerogel powder was placed between two flat plates (25 cm × 25 cm), with
the upper and lower plates set at 35 ◦C and 15 ◦C, respectively. When thermal equilibrium
was reached, the thermal conductivity was estimated using Fourier’s law. The thermal
conductivity was calculated from the heat flux, the thickness of the silica aerogel powder,
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and the temperature gradient of the two plates. The microstructure of the silica aerogel
powder was observed using field-emission scanning electron microscopy (FESEM, S-4200,
Hitachi, Tokyo, Japan).

3. Results and Discussion

Both homogeneous gelation and surface modification are required to obtain high-
quality hydrophobic silica aerogel powders (with low bulk density and high pore vol-
ume) [20]. Generally, hydrophobic silica aerogels are synthesized through gelation of silica
sol or silicic acid solution and subsequent solvent exchange (SE) and surface modification
(SM) using hydrophobizing agents. The SE and SM processes require a long processing
time. To reduce the processing time, a one-pot process with simultaneous gelation, SE, and
SM via the co-precursor method has been proposed [13, 14]. However, the one-pot process
results in some reduced physical properties, including density and pore volume [21].

In this study, acetic acid and ethyl alcohol catalysts were used for the hydrolysis and
condensation of the water glass solution. Generally, silica sol made with weak acids such
as acetic acid is less stable than sol made with strong acids such as hydrochloric and nitric
acids. In our previous study, it was deduced that acetic acid and isopropanol catalysts for
hydrolysis and condensation of water glass were crucial for spherical silica aerogel powder
synthesis with a narrow particle size distribution and a shorter production time. The pH of
the silica sol made with acetic acid was 4.5–5.0; the silica sol exhibited adequate gelation
time, neither long nor short, suggesting that silica sol catalyzed with acetic acid is stable.

When acetic acid and ethyl alcohol catalysts were added to the water glass solution,
gelation did not occur in this step because the concentration of water glass was low
(5–8%) and the silica sol made with acetic acid and ethyl alcohol was sufficiently stable at
pH = 4.5–5.0. Gelation occurred when the silica sol in the n-hexane emulsion was heated to
60 ◦C. A silica wet gel with a spherical morphology was obtained.

Figure 2a,b show the tapped density of the obtained silica aerogel powders as a
function of the water glass concentration and pH of the silicic acid solution. The lowest
tapped density (0.067 g·cm−3) was obtained in a 6.6% water glass solution. Less than 6.6%
water glass solution resulted in an increased tapped density. Above 6.6%, the increase in
the tapped density was somewhat reasonable because the tapped density of the aerogel is
proportional to the concentration of the starting water glass solution. In Figure 2a, below
6.6%, the tapped density increases again as a function of the water glass concentration.
It can be inferred that this is associated with the pH of the silicic acid solution. The pH
of the starting water glass solution was estimated to be 11.4 and does not depend on its
concentration. In the silicic acid solution, a minimum tapped density was observed at
pH = 4.5 (6.6% water glass solution).
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Sarawade et al. addressed the mechanism of sol-gel polymerization from a water glass
solution with an acetic acid catalyst. The gelation time decreased as the pH of the silicic
acid solution increased; they showed that the minimum gelation time (5 min) was observed
with a pH of 5–6 [22]. To obtain low-density silica aerogels, they used a silicic acid solution
with a pH of 4. Above pH = 4, the gelation is too fast, leading to an extremely unstable
silica sol. Below pH = 4, the hydrolysis and condensation reactions are not sufficient in the
gelation process, which can affect the properties of the final silica aerogel products [23].

Figure 3 shows the change in viscosity as a function of aging time for silicic acid
solutions at different pH values. The viscosity abruptly increased to 400 cP from 30–180 min
at pH = 5.08 and 4.10, respectively. The rate of viscosity change increased as the pH
increased (acetic acid content decreased). Table 1 summarizes the gelation times of the
silicic acid solutions and the tapped densities of the synthesized silica aerogel powders
as a function of acetic acid content and pH. The concentration of the water glass solution
was 6.6%. Gelation time is defined as the time after which the viscosity deviates from
linearity [24]. The gelation time strongly depends on the pH of the silicic acid solution. As
the acetic acid content increases, the pH value of the silicic acid solution decreases, and
the gelation time gradually increases. The condensation rate is generally faster than the
hydrolysis rate and increases with increasing pH from 4–10 [25].
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Table 1. Gelation time of silicic acid solutions with different pH and tapped densities of silica aerogel
powders (concentration of water glass solution: 6.6%).

Acetic Acid Content
(mL)

pH of Silicic Acid
Solution

Gelation Time
(min)

Tapped Density
(g·cm−3)

3 5.08 24 0.227
5 4.52 85 0.090
7 4.31 128 0.097
10 4.10 180 0.236

From Table 1, the silica aerogel powder sample prepared with a water glass concen-
tration of 6.6% and a pH value of 4.52 exhibited the lowest tapped density (0.090 g·cm−3),
which was also observed in the aerogel powder sample with a water glass concentration
higher than 6.6%. This result suggests that an optimum pH exists at which the aerogel
powder sample exhibits the lowest tapped density. When the pH of the silicic acid solution
is higher than approximately 4.5, gelation is too fast, which can lead to an increased tapped
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density owing to insufficient time for solvent exchange and surface modification. In Table 1,
the tapped density of the silica aerogel powder sample prepared using a silicic acid solution
with a pH of 5.08 was significantly higher than those of silica aerogel powder samples with
pH values of 4.31 and 4.51. The tapped density increased at pH = 4.1 (acetic acid content:
10 mL) owing to the slow hydrolysis and condensation rate at a low pH. If the pH of the
silicic acid solution is too low, hydrolysis, condensation, and surface modification reactions
occur simultaneously, which can have a detrimental effect on the mesoporous structure
development of silica aerogel.

Figure 4a–f show SEM images of silica aerogel powders prepared with different water
glass concentrations. Figure 4a–c show that the obtained silica aerogel powders have
a spherical shape, with average estimated sizes of approximately 10–30 µm, regardless
of the water glass concentration (Figure S1). This result suggests that the water glass
concentration does not significantly affect the size and morphology (sphericity) of the
silica aerogel powders. High-magnification SEM images (Figure 4d–f) show that the silica
particles possess a typical highly porous three-dimensional network structure consisting of
silica nanoparticles, although their tapped densities are slightly different.
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Figure 4. SEM images of silica aerogel powders prepared from (a,d) 5.7%; (b,e) 6.6%; (c,f) 8.7% water
glass solutions.

N2 adsorption–desorption isotherms of the silica aerogel powder are shown in Figure 5.
N2 absorption sharply increases near the high relative pressure area (Type IV adsorption–
desorption isotherm with type H1 hysteresis loop), indicating that the silica aerogel is
mesoporous [26,27]. It is known that hysteresis is attributed to capillary condensation and
evaporation occurring in the mesopores [28]. The hysteresis loop in Figure 5b was found to
be more significant, indicating many mesopores in the silica aerogel powder sample with a
water glass concentration of 6.6%.
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Table 2 summarizes the physical properties of silica aerogel powders prepared with
different water glass concentrations. Tapped density, BET specific surface area, and pore
volume strongly depend on the water glass concentration. However, the water glass
concentration does not affect the size of the mesopores. The mean pore diameter ranges
from 17–19 nm. However, in Figure 4, it appears that the macropore size and distribution
changes with the water glass concentration. This observed phenomenon is associated with
the difference in agglomeration behavior between secondary silica particles. Depending on
the pH of silicic acid solution with different water glass concentrations, silica aerogels had
different macrostructures. The agglomeration between silica particles increases with an
increase in the pH of the silicic acid solution [29], leading to the formation of macropores,
as can be seen in Figure 4b. In the case of 8.7% of water glass concentration, the silica
aerogel possessed denser macrostructure than 5.7% and 6.6% aerogel samples, which is
due to the large shrinkage during ambient pressure drying.

Table 2. Physical properties of silica aerogel powders synthesized from different water
glass concentrations.

Water Glass
Concentration (%)

Specific Surface
Area (m2·g−1)

Pore Volume
(cm3·g−1)

Mean Pore Diameter
(nm)

5.3 719 3.11 17.3
5.7 731 3.20 17.5
6.2 680 3.20 18.8
6.6 989 4.64 18.8
7.0 709 3.14 17.7

In Table 1, the silica aerogel powder prepared using a 6.6% water glass concentration
exhibits the maximum BET specific surface area of 989 m2·g−1, and a pore volume of
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4.64 cm3·g−1. The excellent properties of the 6.6% water glass solution sample are the
result of a more porous microstructure and a slightly smaller particle size than the 5.7%
and 8.7% samples. An adequate water glass concentration and pH are crucial for the silicic
acid solution to obtain a silica aerogel powder with a low bulk density and a high pore
volume.

Fourier transform infrared (FTIR) spectroscopy was used to confirm the hydropho-
bicity of the silica aerogel powder samples; the corresponding FTIR spectra are shown
in Figure 6. According to previous studies [30,31], the absorption peaks near 1090 cm−1,
760 cm−1, and 460 cm−1 can be attributed to the asymmetric, symmetric and bending
modes of Si-O-Si, respectively. These peaks are characteristic of typical silica aerogel net-
work structures. The peaks at 1260 cm−1 and 850 cm−1 indicate the presence of a Si-C bond;
the peaks at 2960 cm−1 and 1600 cm−1 correspond to C-H stretching. Peaks corresponding
to the stretching vibration of O-H (3455 cm−1 and 1635 cm−1) and Si-OH (~800 cm−1) were
not observed in any of the silica aerogel powder samples [32]. Thus, it can be inferred
that the silica aerogel was modified into a hydrophobic form by the surface methyl groups
(-CH3). Photographs of water droplets on the silica aerogel powders prepared with water
glass concentrations of 5.7%, 6.6%, and 8.7% are shown in Figure 7. The contact angles of
the silica aerogel powder from the 6.6% water glass solution exhibited the highest contact
angle of 147◦ (hydrophobicity); the contact angle decreased with increasing tapped density
of the silica aerogel powder, suggesting that the contact angle (good hydrophobicity) is
closely related to the tapped density of the silica aerogel powder. In general, the density
of the silica aerogel depends on the degree of surface modification by functional groups.
In other words, the high degree of modification results in low density because the pore
water can be effectively exchanged by ethyl alcohol and n-hexane. Thus, it appears that the
surface of the low-density silica aerogel is modified with large number of function groups,
which can lead to good hydrophobicity.

The spherical silica aerogel powders prepared with water glass concentrations of 5.3%
and 6.6% exhibited thermal conductivities of 24.2 mWm−1·K−1 and 22.4 mWm−1·K−1,
respectively. Within our system, silica aerogel powder with a lower tapped density and
higher pore volume exhibits a lower thermal conductivity. Although the thermal conduc-
tivity (22.4 mW·m−1·K−1) obtained in this study is somewhat lower than that of previously
reported silica aerogel powder (~14 mW·m−1·K−1) [14], it is comparable to that of commer-
cially available silica aerogel powder with a similar particle size [33]. Thus, the silica aerogel
powder obtained in this study can be used commercially in the field of superinsulation.
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4. Conclusions

Silica aerogel powders with spherical morphology and hydrophobic surfaces display-
ing a water contact angle of 147◦ can be synthesized from water glass solutions via emulsion
polymerization, thermal gelation, and ambient pressure drying. In this study, acetic acid
and ethyl alcohol were used as hydrolysis and condensation catalysts, respectively. The
ratio of acetic acid content to water glass concentration, affecting the pH value of the silicic
acid solution, was crucial in obtaining a highly porous spherical silica aerogel powder. The
silica aerogel powder obtained from a silicic acid solution with a pH of approximately
4.5 exhibited the lowest thermal conductivity, and the greatest specific surface area and
pore volume. As the acetic acid content was increased (as the pH of the silicic acid solution
decreased), the gelation time was significantly increased, which led to an increased tapped
density. If the pH of the silicic acid solution was above 4.5, the gelation rate was too fast
and difficult to control, and physical properties of the silica aerogel powder such as pore
volume and specific surface area deteriorated significantly.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/gels7040242/s1, Figure S1: Particle size distribu-tions of silica aerogel powder samples
prepared with different water glass concentrations.
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Abstract: Chitosan (CS) is a natural biopolymer that shows promise as a biomaterial for bone-
tissue regeneration. However, because of their limited ability to induce cell differentiation and
high degradation rate, among other drawbacks associated with its use, the creation of CS-based
biomaterials remains a problem in bone tissue engineering research. Here we aimed to reduce these
disadvantages while retaining the benefits of potential CS biomaterial by combining it with silica
to provide sufficient additional structural support for bone regeneration. In this work, CS-silica
xerogel and aerogel hybrids with 8 wt.% CS content, designated SCS8X and SCS8A, respectively,
were prepared by sol-gel method, either by direct solvent evaporation at the atmospheric pressure
or by supercritical drying in CO2, respectively. As reported in previous studies, it was confirmed
that both types of mesoporous materials exhibited large surface areas (821 m2g−1–858 m2g−1) and
outstanding bioactivity, as well as osteoconductive properties. In addition to silica and chitosan, the
inclusion of 10 wt.% of tricalcium phosphate (TCP), designated SCS8T10X, was also considered, which
stimulates a fast bioactive response of the xerogel surface. The results here obtained also demonstrate
that xerogels induced earlier cell differentiation than the aerogels with identical composition. In
conclusion, our study shows that the sol-gel synthesis of CS-silica xerogels and aerogels enhances not
only their bioactive response, but also osteoconduction and cell differentiation properties. Therefore,
these new biomaterials should provide adequate secretion of the osteoid for a fast bone regeneration.

Keywords: xerogel; aerogel; chitosan; bioactivity; osteoconduction; focal adhesion; mechanotransduction;
bone healing

1. Introduction

Natural polymers and composites for bone-tissue engineering (BTE) have gained con-
siderable interest in recent years due to their good biocompatibility, biodegradability, and
ability to mimic the bone extracellular matrix (ECM) [1–4]. Indeed, by combining biopoly-
mers such as chitosan [5,6], collagen [7], alginate [8], silk fibroin [9], polycaprolactone [10],
and gelatin [11,12] with inorganic materials, such as hydroxyapatite [13,14], other types of
calcium phosphates [15], or silica hydrogels [16] and aerogels [17,18], hybrid composites
with new material properties and applications in various areas of the biomedical field
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are made possible [4,19,20]. Several investigations on chitosan-based composites for BTE
have recently been conducted in order to better understand the function of these novel
biomaterials in overcoming the drawbacks of traditional bone-graft treatment. As a result,
advancements in chitosan-based scaffolds have produced effective and efficient biological
properties through material structural design, primarily through chitosan modification
to address its drawbacks, such as poor mechanical properties, bad solubility in water,
blood incompatibility and fast biodegradation in the body [21]. For example, CS-based
hydrogels have been modified primarily through their main functional groups (OH and
NH2) with the addition of other compounds or biomaterials to achieve not only enhanced
mechanical and physical properties through synergistic effects, but also to improve their
biological behavior as bone-regeneration biomaterials. The result is that a lot of CS-based
materials have been investigated and described in the literature. On this premise, hydro-
gel nanocomposites consisting of CS and polyhedral oligomeric silsesquioxanes (POSS)
have demonstrated excellent in vitro biocompatibility and drug-release capabilities [22].
Additionally, novel hybrid organic–inorganic porous scaffolds with an interconnected pore
network, excellent swelling properties, and adjustable degradation rate have been created
from chitosan nanofibers modified with silane coupling agents and polyvinyl alcohol
(PVA) [23]. In vitro cell culture investigations have also proven its cytocompatibility and
prospective application in BTE.

Among these hybrid materials, the chitosan-silica system has received a lot of attention
because of its outstanding bone regeneration characteristics, including osteoconductive
and drug transport ability, which allows for the regulated release of pharmaceuticals such
as growth factors or antibiotics [5,24–26]. As a result, several experiments using chitosan
and inorganic silica gels—both with and without chemical alteration of its molecular
structure—have been published. In both situations, CS has been demonstrated to be
advantageous for BTE, regardless of the drying method (evaporative or supercritical drying)
used to create porous CS-silica biomaterials for xerogel or aerogel [27–30]. The resulting
specimens have demonstrated great mechanical strength, making them suitable for load-
bearing applications. These hybrid biomaterials also have additional advantages for bone
tissue repairing, such as increased porosity and specific surface area, which improve cell
adhesion and proliferation [16,31].

To date, many methods such as the sol-gel process [32–34], electrospinning [35], spray
drying [36], and freeze or supercritical drying [37,38], have been used to produce CS-
silica biomaterials with varying microstructure and morphology. Among the numerous
methods currently being utilized, the sol-gel method has been extensively used to produce
a wide range of organic–inorganic hybrid materials due to its unique benefits, such as
chemical homogeneity and purity, as well as the ability to regulate material structure at
the nanoscale. So far, silane coupling agents such as aminopropyltriethoxysilane (APTES)
or 3-glycidoxypropyltrimethoxysilane (GPTMS), have been used to crosslink the silica
and the polymer organic network of chitosan to create mechanically strengthened hybrid
composites via sol-gel [28,39]. However, studies have shown that these substances can be
hydrolyzed in aqueous solutions, including bodily fluids. Depending on the concentration,
this could result in the creation of cytotoxic degradation [40,41]. Incorporating calcium
phosphates (CaP) into hybrid biomaterials, on the other hand, can enhance cell compatibility
and encourage cell adhesion and proliferation, making these hybrids more appropriate
for bone regeneration uses [1,42,43]. Various mesoporous CS–silica hybrids incorporating
CaP have been prepared by sol-gel, including xerogels (dried by conventional evaporation
of solvents) [27,33] and aerogels (dried in supercritical CO2) [28] until now. Obviously,
the textural properties of these hybrids are dependent on the drying processes performed.
Indeed, they present large surface areas and also have a high potential as support matrices
for replicating the structure of the native extracellular matrix (ECM) [27,29].

We are interested in these CS–SiO2 hybrid materials as bone substitutes, because
their large surface area provides support for other reactive species. However, we must
develop a systematic understanding of how various material substrates may influence
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the bioactive and biological reactions. Thus, while some information exists about how
the CS composition affects the textural properties and osteoconductive role of the final
hybrid xerogels [27] and aerogels [29], there is little information about how initial cell
differentiation, which is linked to mechanotransduction processes, is affected differently in
the presence of these type of biomaterials.

Thus, we have created a CS–silica xerogel and aerogel monoliths using a previously
described sol-gel approach [38,39] utilizing TEOS and CS powder as biomaterial precursors.
For the study, we selected composition samples with well-known bioactive and osteocon-
ductive characteristics, and we compared their effectiveness as bone-healing materials. In
particular, we chose silica hybrid samples with an 8 wt.% CS content and no additional
chemical additives or crosslinkers in order to avoid possible cytotoxic side effects. Ac-
cording to our previous results, (Perez-Moreno et al., 2020; Pérez-Moreno et al. 2021) this
synthetic procedure guarantees that the resulting biomaterials will present high in vitro
bioactivity response as well as osteoconduction behavior in cell culture media [27,29] Ad-
ditionally, a 10 wt.% TCP was added prior to gelation to the original 8 wt.% CS–silica sol
in order to evaluate the effects of CaP on cellular development. Because TCP leaching
was observed during the CO2 supercritical fluid extraction technique to produce the corre-
sponding aerogels, the incorporation of TCP was only taken into account for samples in
the xerogel stage. The resulting samples were characterized by thermogravimetric anal-
ysis (TGA) and Fourier transform infrared spectroscopy (FTIR). The microstructure and
bioactivity were assessed by N2-physisorption analysis and SEM, and correlated with actin
cytoskeletal changes and focal adhesion maturation in order to identify the best platform
for bone healing.

2. Results and Discussion

Our goal in this comparative research was to examine the similarities and differences
between xerogels and aerogels based on the silica/chitosan hybrid system, with a focus
on its use in bone regeneration. This was undertaken from the viewpoint of prior find-
ings [27,29] taking into account the incorporation of TCP in the setting of xerogels. Prior to
conventional evaporative drying, the wet gel samples were washed with ethanol solvent for
a week to produce the corresponding xerogels. Alternatively, supercritical CO2 was used
in the drying process to produce the equivalent aerogels. The samples used in this study
were chosen based on their in vitro biological performance, as well as well-known bioactive
responses in simulated body fluid (SBF), and their synthesis process is discussed in more
detail in Section 4.1. Aerogel samples were labeled SCS8A (aerogel), SCS8X (xerogel), and
SCS8T10X (a xerogel containing 10 wt.% TCP). In addition, xerogel and aerogels of pure
silica (SiO2X and SiO2A, respectively) were synthesized and included in this study as refer-
ences. According to earlier research, this variety of compositions offers the materials with
enhanced bioactivity as well as the necessary hybrid network stability to avoid undesirable
fast biodegradation [27,29]. However, small differences between their biochemical and
biophysical responses when exposed to simulated body fluid (SBF) and cell culture, can
allow for the best performance of these types of biomaterials to be identified.

2.1. Physical and Textural Properties of Xerogels and Aerogels

Table 1 displays the physical properties of the samples under consideration. In all
cases, homogeneous and elastic samples in the shape of monolithic cylinders were obtained,
with bulk densities ranging from 0.18–0.19 gcm−3 in the case of aerogels and from 0.49
to 0.61 gcm−3 in xerogels. A significant volume shrinkage of up to 30–33% in aerogels
and higher in xerogels (67–76%) was also observed (see Figure 1). Given the high hydrol-
ysis ratio used in the synthesis (Rw = 30), these extremely large shrinkage values were
attributed to both drying processes and conventional post-processing [44,45], including
polycondensation continuity of the hybrid networks during washing and aging periods, an
outcome which was particularly manifest in the samples undergoing solvent evaporation.

72



Gels 2023, 9, 383

Table 1. Bulk density, volume shrinkage, and textural parameters calculated from N2-physisorption
experiments of the xerogel (X) and aerogel (A) samples involved in this study.

Sample ρ *
(gcm−3)

Volume
Shrinkage * (%)

SBET **
(m2g−1)

Vp
(cm3g−1)

Pore Size
(nm)

SiO2A 0.19 ± 0.01 33.0 ± 2.3 978.2 4.1 16.9

SCS8A 0.18 ± 0.03 30.2 ± 3.1 857.7 3.9 17.3

SiO2X 0.61 ± 0.05 75.7 ± 2.6 807.5 1.0 4.7

SCS8X 0.49 ± 0.10 72.3 ± 4.2 821.1 1.1 5.0

SCS8T10X 0.54 ± 0.03 67.4 ± 2.4 733.6 1.5 7.5

* Errors indicate the standard deviation computed from three replicate measurements. ** Correlation coefficient
for BET surface area measurements was higher than 0.9996 in all cases.

Figure 1. Representative sample set of the studied samples. From left to right: SiO2A, SiO2X, SCS8A,
SCS8X and SCS8T10X.

Additionally, the textural parameters obtained from N2-physisorption experiments are
shown in Table 1 for the corresponding hybrid materials (SCS8A, SCS8X and SCS8T10X),
and their respective pure silica matrices (SiO2A and SiO2X). In general, the xerogel samples
showed rather high specific surface areas, varying from approximately 734 to 821 m2g−1

for SCS8T10X and SCS8X samples, respectively. They also exhibited relatively low pore
volumes of about 1.0 cm3g−1 for both the pure silica xerogel and SCS8X sample. This
volume increased by 50% when 10 wt.% TCP was incorporated with the SCS8 sample,
allowing a xerogel sample with 1.5 gcm−3 of pore volume and also the highest pore size
(7.5 nm) of all the three xerogel samples involved.

The before-mentioned results should be related to the presence of a certain amount of
Ca2+ in dissolution after the TCP addition, providing the formation of calcium phosphate
hydrates and resulting in a composite of interest in biomedical applications, particularly for
bone-tissue engineering and repair [46,47]. As observed in Table 1, the xerogels displayed
70–75% smaller pore volumes and pore sizes than comparable aerogels, a result that can
be attributed to the different drying process mechanisms involved. All these findings are
consistent with aerogels of mesopore interconnected structures and high surface areas
ranging from 857 m2g−1 to approximately 978 m2g−1 for the SCS8A and SiO2A samples.

Figure 2a displays the N2-physisorption isotherms for the pure silica aerogel and the
xerogel samples, revealing that the aerogel SiO2A adsorbs almost four times the volume
of gas at high pressures as xerogel SiO2X, which undergoes stabilization at high relative
pressures (0.8–1.0). This is reflected by a reduction in surface area from 978.2 to 807.5 m2g−1

and also pore size from 16.9 to 4.7 nm (Table 1). Additionally, type IV isotherms with H1
hysteresis loops were observed in both cases, indicating the existence of an interconnected
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mesopore network with widths between 2 and 50 nm [48], generated by the organic and
inorganic precursors and the high hydrolysis ratio employed (30:1) [45]. The corresponding
N2-isotherms of the SCS8A, SCS8X, and SCS8T10X hybrid biomaterials are shown in
Figure 2b, exhibiting characteristics similar to those of their respective inorganic matrices.
Both SCS8X and SCS8T10X xerogel isotherms presented a well-defined horizontal plateau
at relative pressures of 0.8–1.0 and 0.9–1.0, and a sharp step in the desorption branch at
P/P0 values of 0.5–0.6 and 0.6–0.7, respectively. The shape of these isotherms and hysteresis
loops is characteristic of cylindrical pores with a narrow pore size distribution and high
pore size uniformity [49]. The pore size distribution (PSD) (see insets in Figure 2a,b) showed
that the pore volume of the xerogels was mostly in the mesopore domain, with diameters
in the 2–16 nm range, while its maximum was situated between 5.0–7.5 nm. Moreover, the
t-plot analysis revealed the absence of micropores in all xerogel and aerogel samples [50].
Besides this, the isotherm curves of the aerogels have a steep adsorption branch, confirming
their large surface area, followed by a large desorption hysteresis loop that closes at a lower
relative pressure than the adsorption branch, which indicates a broad range of pore sizes
from approximately 6 to 130 nm, noticeably invading the macropore region, but with the
most abundant value of around 17 nm, in the mesopore domain (see Figure 2a,b inset).
A cylindrical-like pore geometry with small openings was also suggested by the loop
shape in this case, which could be caused by aggregates or bundles of cylindrical pores or
interconnected channels [51].
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Figure 2. N2-isotherms and pore size distribution (see insets) of (a) pure silica aerogel (SiO2A) and
xerogel (SiO2X), and (b) of the three biomaterials under study (SCS8A, SCS8X and SCS8T10X).

2.2. Thermogravimetric Analysis

The thermal stability and decomposition behavior of the different materials was exam-
ined by thermogravimetric analysis. Figure 3a shows the thermogram curves for SiO2A and
SiO2X silica matrices, while Figure 3b shows the thermogram curves for SCS8A, SCS8X, and
SCS8T10X hybrid biomaterials. An initial weight loss in the range of 50–150 ◦C, accounting
for the loss of adsorbed moisture, was observed in all cases (Figure 3a,b), suggesting the
typical hydrophilic nature of all surfaces, most notably in the case of the SiO2A aerogel spec-
imen. The second weight loss occurred in the temperature range 150 ◦C–450 ◦C (Figure 3a).
This is because of elimination of water molecules, which are produced by the dehydration
of the silica network that develops during the hydrolysis and condensation of TEOS, with
the silica aerogel losing additional weight. The degradation of any residual organic compo-
nent contained in the silica aerogel caused a third weight loss that occurred between 450
and 600 ◦C (Figure 3a). This was mostly due to the decomposition of ethanol and unreacted
precursors. Finally, the dehydroxylation of the silica network causes the fourth weight loss,
which occurs between 600 and 900 ◦C, which is attributed to the elimination of hydroxyl
groups from the silica network, which causes the creation of a more organized and denser
silica structure [29]. Figure 3b shows comparable thermal processes for the SCS8A aerogel
and SCS8X and SCS8T10 xerogel samples, including typical weight losses between 150 and
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350 ◦C and 350–600 ◦C related to the degradation of chitosan [27,52]. In addition, a notable
weight loss was observed in the thermogram of SCS8T10X between 350 and 600 ◦C, which
was caused by the decomposition of TCP contained in the hybrid xerogel [27,53].
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Figure 3. Thermograms of (a) (SiO2A) and (SiO2X) pure silica samples, and (b) of SCS8A, SCS8X,
and SCS8T10X biomaterials.

2.3. FTIR Spectral Analysis

A few significant differences were observed in the FTIR spectra of the aerogels and the
xerogels (Figure 4). First, aerogels (SiO2S and SCS8A) often display larger and more intense
bands at 450 cm−1 and 800 cm−1 (Si-O-Si bending vibration), and in the 1050–1200 cm−1

range (Si-O-Si stretching vibration), which are characteristics of the silica network [54].
This is because the supercritical drying technique used to create aerogels results in a
more densely cross-linked network structure with a greater degree of polymerization, and
therefore a more compact pore network structure. A shorter and narrower band, which
denotes a lower level of polymerization and a more porous network structure, is generally
observed in the same frequency region for the xerogels (SiO2X, SCS8X, and SCS8T10X). The
stretching vibrations of the OH groups, which correspond to the 3200–3700 cm−1 range,
where aerogels also show more prominent peaks, suggest a larger number of residual
silanol groups (-Si-OH) and adsorbed water owing to their typical hydrophilic character.
In addition, the peaks at 950 cm−1 and at around 2350 cm−1 in the SiO2A sample were
attributed to the stretching and bending vibrations of the Si-OH bond, respectively, thus
confirming the high -OH density at the aerogel surfaces [29]. Peaks at approximately
2900–3000 cm−1 were present only in the aerogels (SiO2A and SCS8A) accounting for C-H
stretching vibrations due to the use of ethanol as s M!”olvent to preserve the samples before
supercritical drying [29].

However, the incorporation of chitosan into the hybrid gel structures of SCS8A, SCS8X,
and SCS8T10X is difficult to discern, given that the majority of FTIR peaks overlap with
those of silica [27]. The presence of chitosan in these hybrids provides the appearance of
peaks at approximately 1150 cm−1 (stretching vibration of C-O-C), 1400 cm−1 (bending
vibrations of C-H bond), 1560 cm−1, and 1650 cm−1 (bending vibrations of the N-H and
C=O groups, respectively). Both bands (amide I and amide II) may also be signals of the
presence of chitosan. In addition, the broad peak in the range of 3200–3400 cm−1 can
indicate stretching vibrations of -OH and N-H in chitosan [30].

Additionally, the FTIR spectrum of SCS8T10X includes a broad peak at approximately
1100–1200 cm−1, which corresponds to the stretching vibration of the phosphate (PO4)
groups in TCP, while bending vibrations may appear between 600–900 cm−1. Finally, a
peak at approximately 400–600 cm−1 may be indicative of the stretching vibrations of Ca-O
bonds in TCP [27].
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Figure 4. FTIR spectra of aerogel and xerogel pure and hybrid samples containing 8 wt.% chitosan
and 10 wt.% TCP.

2.4. In Vitro Bioactivity in SBF

Figure 5 shows SEM micrographs of the hybrids after they were tested for bioactivity
in SBF. The interaction of calcium and phosphate ions from the surrounding media formed
an apatite-like structure on the surfaces of all samples after immersion for 28 days in SBF. As
previously shown, the textural characteristics of the gels, along with the composition of the
mineralized products, both affected the morphology and particle size of the HAp aggregates
deposited on the three different surfaces [11,27,29]. As an illustration, Figure 3a,b show
how the aerogel surface of SCS8A enables the formation of HAp spherulitic particles, which
develop into an abundant accumulation with a nearly ideal spheric shape of uniform size
(~10 µm). Instead, the corresponding xerogel (SCS8X) allows for the formation of HAp
spherulites, which appear as agglomerates of varying sizes (~4–8 µm) and cover the surface
to a lesser extent than the aerogel (see Figure 3c,d). Finally, as shown in Figure 3e,f, the
TCP-containing xerogel sample (SCS8T10X) promoted the formation of an apatite layer
that covered almost the entire surface of the substrate and had particle sizes of about 5 µm.

These results show the potential for the proposed biomimetic mineralization method
to produce materials recovered by hydroxyapatite layers in all cases, with particle sizes
ranging from 5 to 10 mm and a Ca/P ratio that is nearly stoichiometric (1.67) as described in
previous work [27,29], with biocompatibility properties, which may be useful for a variety
of biomedical applications as will be discussed below.

2.5. Osteoblast Behavior

The barrier that exists between a host and any implanted device that forms at the cell–
biomaterial interface is considerably more than just a simple border; instead, it provides key
cues for cell adhesion, subsequent induction, and tissue neogenesis as described by Biggs
et al. [55]. A construct’s function and cytocompatibility can be evaluated in vitro by examining
cell viability and adherence at the substratum interface. The initial polarization of HOB
cells was evident from 24 h onwards, and then followed by cell-adhesion protein expression
and cell modifications identified as early osteoblast differentiation markers, which can be
attributed to the biomaterial, as we and others have previously described [28,56–60].
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Figure 5. SEM micrographs of the surfaces of (a,b) SCS8A, (c,d) SCS8X, and (e,f) SCS8T10X hybrid
gels after immersion in SBF for 28 days at 37 ◦C displaying strong bioactive response through the
formation of a hydroxyapatite (HAp) layer.

At seeding, cell viability reached 98%. No appreciable apoptotic events were observed
in either the experimental or control groups. The live dead assay was used in experimental
groups to evaluate cell growth and viability, with a majority of osteoblasts, at any experi-
mental time, were in a viable state (green), with only a small number of dead cells (red)
(see Figure 6a,b).

In the first 48 and 72 hours of cell cultures, some of the materials cause variations
in the cell proliferation of osteoblasts, although after one week of cell culture there is no
difference between the materials, even when compared with the positive control. Therefore,
the materials do not appear to affect the optimal growth of osteoblasts. (See Figure 7).

2.6. Cell Morphology, Cytoskeletal Organization, and Focal Adhesions

The importance and development of biochemical and biophysical features regulating
cell–biomaterial interactions in the early stages are of capital importance in orchestrating the
complex material–cytoskeleton crosstalk occurring at the interface. Although the precise
underlying biomolecular mechanisms are not well defined, there is growing evidence
that cytoskeleton-mediated signaling could prove to be sufficient to start and sustain
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differentiation programs [55,60]. In this milieu, focal adhesions (FAs) have a pivotal
function in this process as a mechanical link between the cytoskeleton and the extracellular
environment. They change in size, maturation stages, and in distribution according to the
forces acting on them, as well as cytoskeleton changes according to FAs spatial distribution
and size [61–64]. Two distinct forms of FAs have been identified that differ depending on
cellular motility. In cells that retain their migratory capacity, small FAs are predominant,
mostly composed of vinculin and talin, and appear on the leading edges of filopodia
or lamellipodia.
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Figure 6. (a) Live/dead staining of HOB culture. Negative controls treated with 70% methanol for
30 min prior to staining: (A) 48 h HOB cultures, (E) 72 h HOB cultures and (I) one-week HOB cultures.
The cultures of live control osteoblasts (positive control) were untreated cells grown underoptimal
conditions at the described timepoints. Positive controls: (B) 48 h HOB cultures, (F) 72 h HOB cultures
and (J) one-week HOB cultures. HOB cultures with SiO2A: (C) 48 h HOB cultures, (G) 72 h HOB
cultures and (K) one-week HOB cultures. HOB cultures with SiO2X: (D) 48 h HOB cultures, (H) 72 h
HOB cultures and (L) one-week HOB cultures. Green: living cells; red: dead cells and materials in
gray. Scale: 20 µm. (b) Live/dead staining of HOB cells grown in the presence of SCS8A: (A) 48 h
HOB cultures, (D) 72 h HOB cultures and (G) one-week HOB cultures. HOB cultures with SCS8X:
(B) 48 h HOB cultures, (E) 72 h HOB cultures and (H) one-week HOB cultures. HOB cultures with
SCS8T10X: (C) 48 h HOB cultures, (F) 72 h HOB cultures and (I) one-week HOB cultures. Live cells
flouresce green; dead cells are imaged in red and materials in gray. Scale bar: 20 µm.
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These are also called immature punctate nanoscale (0.2 µm2) FAs and can undergo
rapid turnover within the lamellipodium or mature into larger FAs influenced by cy-
toskeletal tension and motion state of the cell. Mature FAs are large (1.0–10 mm2) and
predominantly composed of paxillin, vinculin, focal adhesion kinases and α actinin. During
the migration phase they anchor cells, to maintain cellular morphology and tensional home-
ostasis. In resting and non-migrating osteoblasts, they can be localized or even formed
throughout the whole cytoplasm [11,65–67].

After osteoblast immunolabelling with rhodamine phalloidin and antivinculin antibodies,
we observed focal adhesion development and cytoskeletal changes in both the aerogel and
xerogel groups. Once the distribution of vinculin-positive events was assessed, we used image
analysis to measure the size of FAs in the proposed silica–chitosan biomaterials (Figure 8).

Our findings showed that predominantly small- and medium-sized FAs, as a sign
of cell migration, were identified after 48 h in culture in SCS8X and SCS8T10X with ac-
companying changes in the cytoskeleton. In the silica–chitosan xerogel groups (Figure 8),
the development of stress fibers was observed from 48 h, increased with time, and were
arranged in the cell periphery and tipped with FAs. After 1 week (Figure 8 I–L), actin stress
fibers appear clearly organized on the entire mobile surface of the cell and reinforced by a
large number of FAs on the cell’s leading edges

Comparative images of osteoblasts cultured in the presence of SiO2X or SiO2A samples
are shown in Figure 9 and revealed quite a different pattern both for focal adhesion
distribution and also for cytoskeletal changes. Scarce and poorly developed FAs appeared
in the first 48 and 72 h, and even after one week, especially in the SiO2A groups, which can
be associated with cells that are still in the migratory phase. In the SiO2X groups, a greater
differentiation of actin filaments towards stress fibers was observed after 1 week in culture,
although at all experimental times, the cellular response was lower than that observed in
the hybrid groups.

According to our data and the literature, osteoblasts grown in the presence of SCS8A
seem to maintain their migration capability, according to focal adhesion patterns with an
elongated morphology over time. In the aerogel groups (Figure 10A–C), the appearance of
stress fibers occurred somewhat later, being already evident after 72 h, in which they pre-
sented a peripheral distribution associated with lamellipodia and filopodia and were very
evident after one week of culture. Finally, in the control groups on glass (Figure 10D–F),
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elongated and narrow cells with few filopodia, some lamellipodia, few non-polarized FAs,
and a cytoskeleton pattern with no obvious stress fibers were observed.

Figure 8. Immunolabelling and confocal examination of actin cytoskeleton with rhodamine phalloidin
(red) and vinculin for focal adhesions (green) of HOB® osteoblasts cultured in the presence of: (A,B)
xerogel SCS8X; (C,D) SCS8T10X, 48 hours; (E,F) xerogel SCS8X after 72 h,(G,H) SCS8T10X after 72 h in
culture; (I,J) xerogel SCS8X, 1 week, and (K,L) SCS8T10X after 1 week in culture. Blue, DAPI-labelled
nuclei. Scale bar: 20 µm.

Figure 9. Immunolabelling with rhodamine phalloidin and confocal examination of actin cytoskeleton
(red) and vinculin (green) for FAs of HOB® osteoblasts grown in the presence of: (A,B) SiO2A, 48 h
culture; (C,D) SiO2X, 48 h culture; (E,F) SiO2A 72 h culture; (G,H) SiO2X 72 h culture; (I,J) SiO2A 1
week culture; (K,L) SiO2X after 1 week in culture. Blue, DAPI-labelled nuclei. Scale bar: 20 µm.
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Figure 10. Immunolabelling and confocal examination of actin cytoskeleton with rhodamine phalloidin
(red) and vinculin (green) for FAs of HOB® osteoblasts growing in culture in the presence of: SCS8A (A),
48 h culture; (B) 72 h culture; (C) 1 week culture and osteoblasts growing in glass (controls) (D), 48 h
culture; (E) 72 h culture; (F) 1 week culture. Blue, DAPI-labelled nuclei. Scale bar: 20 µm.

Image analysis confirmed the data described above, with predominantly small- and
medium-sized FAs (Figure 11), as expression of cell migration, after 48 h in culture in
SCS8X and SCS8T10X. Concordantly, minor morphological changes were identified in these
groups (Figure 12).

Figure 11. FA size in HOB® cultured on the xerogels. Time-dependent percentage after (a) 48 h,
(b) 72 h, (c) 1 week. One way analysis of variance. Statistical significance was defined as p < 0.05.
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Figure 12. Quantification of shape variables. (a) Cell spread area, (b) cell aspect ratio, (c) circularity,
(d) cell perimeter, and (e) cell roundness. One way ANOVA. Significance: p < 0.05.

In SiO2A groups, as well as in SiO2X groups, small FAs predominated and the per-
centage increased after 72 h and 1 week, while medium- and large-sized FAs percentages
decreased with time (Figure 11). This tendency persisted for 72 h and 1 week in culture.
Nevertheless, in the SCS8T10 X groups, the percentage of mature FAs, sized > 1 square
micron, remain stable for 48 h onwards and significantly increased with respect to the
rest of the experimental groups after one week of culture. In control cells, small- and
medium-sized FAs predominate at any experimental times.

Morphological analysis of shape parameters revealed changes in cell area, mainly in
SCS8A groups, which were the largest at initial times and elongated with time, as confirmed
by the perimeter and aspect ratio data shown in Figure 12a–c. In contrast, cells grown on
SCS8X increased both in area and perimeter, and consequently in aspect ratio, from 48 h to
72 h and finally 1 week. These data were consistent with FA expression, with small- and
medium-sized FAs during all experimental times. Osteoblasts grown in the control groups
and in biomaterials composed only of SiO2 presented a less complex cell morphology with
the highest circularity values.

Bone tissue capability of self-regeneration in response to a variety of diseases and
injuries is mainly mediated by osteoblasts, cells from the mesenchymal lineage that can
divide and generate both collagen fibers and extracellular bone matrix (EBM) compo-
nents. During both osteogenesis and regeneration processes, osteoblasts differentiate into a
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second type of bony cell called osteocytes, which are in the final differentiation stage of
the osteoblastic lineage. During the process, osteoblast morphology changes, and long
branched osteocytic processes emerge from a smaller cell body, while the extracellular
matrix osteoid is formed. Osteocytic channels within progressively calcified EBM are
then created, while osteocytic processes grow to maintain cells in contact with nearby
capillaries, osteocytes, and border cells. Osteocytic processes also play an important role
in mechanotransduction events by keeping the cytoskeleton in deep contact with focal
adhesion contacts, thus allowing mechanical forces from the surrounding environment to
modulate cell differentiation [66,68].

Proteins, primarily serum vitronectin and fibronectin, begin to cling to the biomaterial
surface when exposed to a supplemented cell culture medium in vitro. Cell membrane
integrins can recognize specific binding sites on these proteins. Following this, via linker
proteins such as vinculin, the integrins assemble into what are known as FA complexes
and bind to F-actin. Osteogenic cells have a highly developed actin cytoskeleton, and it is
well known that mechanical stress in their microenvironment plays a role in determining
their development [56–58,69].

The role of FAs during initial cell adhesion couples their role as mechanosensors for
biophysical and biochemical properties of the material with continuous assembly and
disassembly as the cell moves, leading to focal adhesion changes in number and size, as
described in the results section. Concordant cytoskeletal changes in actin networks leading
to stress fiber development and changes in cell morphology are observed when osteoblasts
are in the presence of an optimal scaffold [70].

We previously demonstrated that FAs are involved in the surface recognition process,
which leads to cell adhesion and mechanotransduction-induced alterations in osteoblasts.
Additional cues for cell placement, spreading, and differentiation can be achieved when
the nanoscale biomaterial surface is chemically optimal. As we and others have previously
described, chitosan is a natural polymer that offers adequate biocompatibility, biodegrad-
ability, hydrophilicity, and nontoxicity.

3. Conclusions

Nanoscale chitosan-based biomaterial surfaces described in the paper offer an ade-
quate set of characteristics for BTE. In addition, they are chemically attractive and provide
additional cues for cell positioning, spreading, and differentiation. The best osteoblastic
response was observed in the presence of SCS8T10X with indicators that would hopefully
favor adequate secretion of osteoid. SCS8A and SCS8X samples required more time to
induce an osteoblastic differentiation response comparable to that of TCP-enriched samples,
and osteoblasts grown on these samples retained a good migration capacity for quite some
time. All xerogel samples appeared to induce cell differentiation earlier than the aerogels
with identical compositions.

Finally, the data obtained for the samples composed only of SiO2 showed the least
influence on the differentiation indicators used in the time periods studied, and the cellular
response was much slower. We can conclude that nanoscale chitosan-based biomaterial
surfaces offer an adequate set of characteristics, such as biocompatibility, biodegradability,
hydrophilicity, and non-toxicity. In addition, they are chemically appealing, providing
additional cues for cell placement, osteoblast spreading, and cell differentiation, which
can be improved by the addition of chitosan, TCP, or both. Therefore, the adequacy of the
different parameters influencing synthesis (including drying strategies) must be considered
to optimize the osteoblastic response.

4. Materials and Methods
4.1. Materials

Chitosan (CS; 50,000–190,000 Da; 75–85% deacetylation degree) was provided by
Sigma Aldrich (St. Louis, MI, USA). Tetraethyl-orthosilicate (TEOS, 99%) and hydrochloric
acid (37%, Pharma grade) were supplied for Alfa Aesar (Haverhill, MA, USA). Tri-calcium
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phosphate (TCP, pure, pharma grade) and absolute ethanol (99.5%) were obtained from
Panreac (Barcelona, Spain), HOB® human osteoblasts, fetal calf serum, and osteoblast
growing medium (Promocell, Heidelberg, Germany) paraformaldehyde, PBS, Triton x-100,
bovine serum albumin, methanol, rhodamine phalloidin, and monoclonal anti-vinculin
FITC conjugate were all purchased from Sigma Aldrich, (St. Louis, MI, USA) along with
Hard Set Vectashield with DAPI ® (Vector, Burlingame, CA, USA).

4.2. Gel Synthesis

Chitosan–silica hybrid gels were synthesized using the sol-gel technique based on
previously reported procedures [27,29] and schematized in Figure 13. First, silica sol was
made by combining TEOS, water, and HCl in a molar ratio of 1:4:0.05, while exposed to
4.5 kJcm−3 of ultrasound energy in a glass reactor. A CS solution was prepared separately
by adding 2.5 g of low molecular weight CS (50,000–190,000 Da) and 0.6M HCl to a 250 mL
solution. A homogeneous mixture was obtained under the ultrasound exposure with an
energy of 10 kJcm−3. The final solution was then obtained by combining both sols and
adding an extra dose of ultrasound (0.5 kJcm−3), resulting in totally transparent solutions.
All samples included 8% chitosan and the water/TEOS molar ratio was maintained at
30:1. TCP was then added to the TEOS/CS sol and completely dissolved to produce
silica-8 wt.% CS, 10 wt.% TCP sols that were kept at 50 ◦C on a stove to gel for 24–48 h.
The hybrid samples were then aged in an ethanol bath for 28 days to strengthen them
and achieve the greatest shrinkage before drying. Finally, residual water in the hybrid
hydrogel was removed after another week of soaking in ethanol with daily exchange. SCS8X
and SCS8T10X xerogels were thus obtained by direct liquid evaporation at 50 ◦C, while
supercritical drying in CO2 was employed to produce SCS8A aerogels. Samples were found
in both cases as fracture-free monoliths with cylindrical geometry and well-differentiated
volume contraction (see Figure 11).
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Figure 13. Process flow schematic for the production of SiO2/CS aerogels and SiO2/CS/TCP xerogels.

According to our previous results (Perez-Moreno et al., 2020; Pérez-Moreno et al., 2021),
the above synthetic procedure ensures that the resulting biomaterials exhibit high in vitro
bioactivity responses as well as osteoconduction behavior in cell culture media [27,29]. In
addition, the inclusion of 10 wt.% TCP has impact on the production of osteoinductive
surfaces [27,71]. However, this TCP incorporation was unsuccessful for aerogels, because
total TCP leaching was observed during the CO2 supercritical procedure.
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4.3. Physical Characterization and Structural Properties

The mass of the samples was determined using a microbalance with an accuracy of
0.1 mg, and the sizes of monolithic specimens were measured by a Vernier caliper. Nitrogen
physisorption tests (Micromeritics ASAP2010, Norcross, GA, USA) at 77 K with a pressure
transducer resolution of 10−4 mm Hg were used to examine the textural characteristics
of the hybrid aerogels. In order to conduct the study, specific surface area, pore volume,
and pore size distribution were calculated using the BET and BJH standard models. The
samples were degassed at 120 ◦C for 4 h before the tests.

4.4. Thermal Characterization

The thermal analysis of the materials was performed by thermogravimetric analy-
sis (TGA) by measuring weight changes in the temperature range 50–900 ◦C in an air
environment at a constant heating rate of 10 ◦C/min with a TGA Discovery instrument
(TA Instruments, Ndw Castle, DE, USA).

4.5. Fourier Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was employed to obtain information
about the surface chemical structure of the samples. Experiments were recorded with a
Bruker Alpha System Spectrophotometer (KBr wafer technique), using the same quantity of
sample in all measurements. Signals were obtained in transmittance mode and the spectral
range was set at 4000 to 500 cm−1 with a resolution of 4 cm−1.

4.6. Evaluation of the Bioactivity in SBF

Aerogel pellets measuring 5 mm in length and 8 mm in diameter were submerged
in 20 mL of simulated body fluid (SBF) [61] in polyethylene flasks to study bioactivity.
Hydroxyapatite (HAp) was then measured at the top after 28 days of soaking at 37 ◦C. The
samples were meticulously removed from the buffer solution on a weekly basis, washed
with Milli-Q water (Millipore Sigma, Burlington, MA, USA), and then dried once more
at 50 ◦C and ambient pressure. The test was conducted with weekly fluid exchange.
The surface morphologies of the SBF-treated samples were examined using an FEI Nova
NanoSEM 450 (FEI, Morristown, NJ, USA) with a precision of 1.4 nm after various soaking
times. Additionally, using a Bruker SDD-EDS analyzer, the Ca/P composition of the
specimen surface was determined.

4.7. Cell Culture

Under sterile conditions, HOB cells were seeded onto the scaffolds. Once at optimal
confluence, osteoblasts were extracted and counted to determine the optimal seeding
density, and osteoblasts viability was determined using an automatic Luna® cell counter
(Invitrogen, San Diego, CA 92121 USA). The cell population doubling did not surpass
ten. Both aerogels and xerogels were sterilized in a clinically standardized autoclave in
accordance with the European standard DIN EN ISO 13,060 recommendations for class
B autoclaves. After sterilization, the samples were placed in a laminar flow chamber
in Mattek® glass bottom wells under sterile conditions. Samples with a surface area of
1 square cm were used. A drop of 50 µL of cell suspension at a density of 15,000 HOB®

cells /cm2 was added to each sample and kept for 30 min, to avoid dispersion and ensure
optimal cell attachment, in humid conditions and under incubation at 37 ◦C and 5% CO2.
Following this, wells were refilled with OGM® supplemented to a final concentration of
0.1 mL/mL of fetal calf serum and incubated during experimental times. Every two days,
the media were replaced, and the degradation products were determined. The test groups
were: SCS8A, SCS8X, SCS8T10X. Control groups consisted of HOB® cells grown on glass.

4.8. Live/Dead Cell Assay

The cell viability and cytotoxicity of were assessed using a live/dead cell assay at
experimental times of 24 h, 48 h, and 7 days. The samples were rinsed twice with PBS

85



Gels 2023, 9, 383

and exposed to calcein-AM (0.5 µL/mL) in PBS and ethidium homodimer-1 (EthD-1)
(2 µL/mL) diluted in PBS. A confocal laser scanning microscope (CSLM) was employed to
identify live and dead cells.

4.9. Cell Morphology and Spreading

Cell changes in morphology, alignment and spreading were assessed using a phase-
contrast microscope prior to immunolabelling for fluorescence and confocal laser scanning
microscopy. Both the fluorescence and confocal modes were combined, with the Nomarski
mode for both material and cell imaging.

4.10. Actin Cytoskeletal Organization

Osteoblasts were immunolabeled with rhodamine-phalloidin and anti-vinculin anti-
bodies after 48 h, 72 h, and 7 days of incubation. After washing with pH 7.4 prewarmed
phosphate-buffered saline (PBS), samples were fixed with 3.7% paraformaldehyde at RT
and permeabilized with 0.1% Triton x-100 after washing. Finally, preincubation with 1%
bovine serum albumin in PBS for 20 min, after PBS rinsing, was performed in order to
remove background prior to cell immunolabelling with rhodamine phalloidin and then
rinsed with prewarmed PBS prior to mounting with Vectashield ®. At least five samples of
each type were seeded and analyzed for each experiment. All experiments were repeated
in triplicates unless otherwise stated. The test groups were: SCS8A, SCS8X, SCS8T10X.
HOB cells grown on glass under the conditions described above were used as controls.

4.11. Confocal Examination

At least five samples were analyzed for each group using an Olympus confocal micro-
scope to assess the influence of the surface on focal adhesion number and development,
cytoskeletal organization, and cell morphology. At least 50 cells per sample were analyzed.
Samples were exposed to the lowest laser power necessary to generate a fluorescent signal
for a time interval not higher than 5 min to avoid photobleaching. Images were acquired at
a resolution of 1024 × 1024, and processed.

4.12. Image Analysis

Sample images were collected as frames obtained at 40x magnification and processed
using Image J software (NIH, http://rsb.info.nih.gov/ij (accessed on 26 June 2021). The
perimeter, area, circularity, roundness, and aspect ratio were analyzed as shape variables.
At least 40 regions of interest (ROIs) were measured for quantitative analysis. ROIs were
selected under the following criteria: well-defined limits, clear identification of the nucleus,
and absence of intersection with neighboring cells. Data were analyzed using SPSS and
expressed as the mean ± standard deviation. Once normality and homoscedasticity were
confirmed, the difference between the mean values was analyzed using one-way analysis
of variance and the Brown–Forsythe and Games–Howell tests. Statistical significance was
defined as p < 0.05.
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Abstract: Aerogels are nanoporous materials with excellent properties, especially super thermal
insulation. However, owing to their serious high brittleness, the macroscopic forms of aerogels are
not sufficiently rich for the application in some fields, such as thermal insulation clothing fabric.
Recently, freeze spinning and wet spinning have been attempted for the synthesis of aerogel fibers.
In this study, robust fibrous silica-bacterial cellulose (BC) composite aerogels with high performance
were synthesized in a novel way. Silica sol was diffused into a fiber-like matrix, which was obtained
by cutting the BC hydrogel and followed by secondary shaping to form a composite wet gel fiber with
a nanoscale interpenetrating network structure. The tensile strength of the resulting aerogel fibers
reached up to 5.4 MPa because the quantity of BC nanofibers in the unit volume of the matrix was
improved significantly by the secondary shaping process. In addition, the composite aerogel fibers
had a high specific area (up to 606.9 m2/g), low density (less than 0.164 g/cm3), and outstanding
hydrophobicity. Most notably, they exhibited excellent thermal insulation performance in high-
temperature (210 ◦C) or low-temperature (−72 ◦C) environments. Moreover, the thermal stability of
CAFs (decomposition temperature was about 330 ◦C) was higher than that of natural polymer fiber.
A novel method was proposed herein to prepare aerogel fibers with excellent performance to meet
the requirements of wearable applications.

Keywords: fibrous aerogel; nanoscale interpenetrating network; secondary shaping; strength; ther-
mal properties

1. Introduction

Aerogels are materials with excellent features, such as large specific surface area
(500–1200 m2/g), high porosity (80–99.8%), and low density (0.003–0.5 g/cm3) [1],
which make them readily applicable in adsorption [2,3], heat preservation [4,5], and
catalysis [6,7]. However, as ultra-porous materials, aerogels are often highly brittle, es-
pecially in the case of a three-dimensional gel skeleton composed of nanoparticles, e.g.,
silica and other inorganic oxide aerogels [8]. This poor mechanical property is mainly
due to the very small connection area between the nanoparticles that make up the gel
skeleton [9]. Hence, the utilization and promotion of aerogels are severely restricted by
their low mechanical strength.

Researchers worldwide have mainly focused on improving the mechanical properties
of aerogel materials through precursor regulation and external doping. Methods of regu-
lating gel precursors include increasing the quantity of precursors [10], using precursors
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containing inert groups [11–13], using precursors with flexible chains [14–16], and using
precursors containing polymer monomers to construct bimolecular chain cross-linking
network structures [17,18] to reduce the content of rigid –Si–O–Si–, giving the gel skeleton
excellent flexibility to resist the impact of external forces. The external doping strategy
includes a mixed extrusion of aerogel powder and long fiber [19], dispersion fiber dop-
ing [20], reinforcement by fiber felt [21,22] and isometric growth of polymers on the aerogel
skeleton [23,24] to connect different areas of the skeleton or expend the connection area of
the nanoparticles. These two strategies improve the mechanical properties to a great extent,
but they are mainly applied to aerogel blocks, sheets, and blankets.

At present, the excellent thermal insulation performance of aerogel materials makes
them suitable for application in thermal insulation clothing and other fabrics, which would
require the processing and manufacture of aerogels as high-strength fibers. Aerogel fibers
not only enrich the morphology of aerogels but also expand the applicability of aerogels in
different fields and contexts. In addition to thermal insulation applications [25,26], aerogel
fibers could also be used in other fields, such as adsorption [27–29], biological sensing [30],
and supercapacitors [31]. As a result of these potential advantages, it is essential to develop
different strategies to obtain high-strength aerogel fibers.

Freeze spinning and wet spinning are the most commonly reported methods used to
prepare aerogel fibers [32]. The raw materials of the aerogel fibers are typically synthetic
polymers [33], natural polymers [34], graphene oxide [35], or their composites [36]. Al-
though some studies have reported on inorganic oxide (e.g., SiO2) aerogels, their tensile
strength generally does not exceed 0.5 MPa [27,37], which is much lower than that of the
previously mentioned fibrous aerogels. This is because there are significant differences
between their microstructures. As a result of the extremely limited particle connection area,
the “pearl-necklace” network formed by inorganic oxide nanoparticles is weaker than the
gel skeleton composite of nanofiber-like or nanosheet-like nanostructure units connected
to each other [38]. Unlike direct freeze spinning or wet spinning, a hollow polymer fiber is
prepared by coaxial wet spinning, and then silk fibroin, graphene oxide, etc. are poured
into it. Subsequently, the fiber being freeze dried to construct a gel skeleton was achieved
recently [26,36]. The tensile strength of the obtained sheath–core coaxial aerogel fibers is
significantly improved compared with that of fibrous aerogels without an outer polymer
layer. This preparation process, which uses coaxial wet spinning to construct the hollow
polymer fiber as a protective layer, is complicated and time consuming. Therefore, it
is critical to continuously explore new strategies to prepare high-strength aerogel fibers,
especially inorganic oxide-based aerogel fibers with excellent thermal insulation properties.

In this paper, a novel method that does not use spinning is proposed for fabricating
aerogel fibers with a nanoscale interpenetrating network (as shown in Figure 1), which
is a structure that has been proven to significantly improve the mechanical properties of
aerogel blocks or films. Bacterial cellulose (BC) hydrogel was processed into a long fiber as
the matrix, and then, the silica sol was diffused into the matrix. After secondary shaping to
regulate the matrix morphology at both macroscopic and microscopic levels, the nanoscale
interpenetrating network structure was obtained by an in situ sol-gel reaction. Finally,
silica-BC composite aerogel fibers (CAFs) were obtained by hydrophobic modification and
atmospheric pressure drying. The secondary shaping process, which increases the content
of BC nanofibers per unit volume of the matrix, combined with the excellent mechanical
properties of BC [39], significantly improves the tensile strength of the silica aerogel fibers.
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Figure 1. Schematic of the preparation process of CAFs. A nata-de-coco slice was cut by a laser (a), followed by freeze drying 
to obtain a fiber-like matrix consisting of BC nanofibers (b). The matrix containing silica sols (c) was reshaped by a small 
hole mold (d). After the silica gel skeleton was formed in the matrix (e), the fiber-like composite wet gel was dried at 
ambient pressure after hydrophobization to obtain CAFs (f). 

2. Results and Discussion 
2.1. Synthesis of CAFs and Their Macroscopic Characteristics 

The detailed preparation method was described in the section “Materials and Meth-
ods part (Section 4). The diameter of the obtained CAFs was approximately 0.7 mm, as 
obtained from scanning electron microscopy (SEM) images; this diameter was close to the 
inner diameter of the mold. This means that the sample was able to almost completely 
spring back in the process of atmospheric drying owing to the effective hydrophobic mod-
ification. The hydroxyl groups (including –C–OH and –Si–OH) on the surface of BC nan-
ofibers and silica gel skeleton were replaced with the inert and hydrophobic methyl 
groups through the hydrophobic modification process, which inhibited the formation of 
new –Si–O–Si– on the surface of the gel skeleton, allowing it to spring back during the 
drying process. Moreover, the hydrophobic modification also endowed the CAFs with 
excellent hydrophobicity. As shown in Figure 2 and Video S1, the water droplet main-
tained its spherical shape even when the fiber was pushed against the droplet. The excel-
lent hydrophobicity could prevent the nanoporous structure of the CAFs from being de-
stroyed by water vapor or water droplets. 

Figure 1. Schematic of the preparation process of CAFs. A nata-de-coco slice was cut by a laser (a), followed by freeze drying
to obtain a fiber-like matrix consisting of BC nanofibers (b). The matrix containing silica sols (c) was reshaped by a small
hole mold (d). After the silica gel skeleton was formed in the matrix (e), the fiber-like composite wet gel was dried at
ambient pressure after hydrophobization to obtain CAFs (f).

2. Results and Discussion
2.1. Synthesis of CAFs and Their Macroscopic Characteristics

The detailed preparation method was described in the section “Materials and Methods
part (Section 4). The diameter of the obtained CAFs was approximately 0.7 mm, as obtained
from scanning electron microscopy (SEM) images; this diameter was close to the inner
diameter of the mold. This means that the sample was able to almost completely spring
back in the process of atmospheric drying owing to the effective hydrophobic modification.
The hydroxyl groups (including –C–OH and –Si–OH) on the surface of BC nanofibers and
silica gel skeleton were replaced with the inert and hydrophobic methyl groups through the
hydrophobic modification process, which inhibited the formation of new –Si–O–Si– on the
surface of the gel skeleton, allowing it to spring back during the drying process. Moreover,
the hydrophobic modification also endowed the CAFs with excellent hydrophobicity.
As shown in Figure 2 and Video S1, the water droplet maintained its spherical shape
even when the fiber was pushed against the droplet. The excellent hydrophobicity could
prevent the nanoporous structure of the CAFs from being destroyed by water vapor or
water droplets.
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Figure 2. Wettability of CAF-3. (a–c) The gradual contact process between water droplets and the
CAF. (d–f) The process of water droplets leaving the CAF.

2.2. Microstructures

As shown in the SEM images (Figure 3), when the precursor concentration was low, the
CAF-1 was mainly composed of BC nanofiber aggregates, with only a small amount of silica
nanoparticles attached to the BC by hydrogen bonding. At larger precursor concentrations,
as in CAF-2 and CAF-3, the silica gel skeleton was gradually formed in the BC nanofiber
network. Thus, the nanoscale interpenetrating network structure was constructed. When
the precursor concentration was improved further, the silica gel skeleton became more
compact, as shown in CAF-4. It can be seen from the cross-section that the diameter of the
sample is approximately 0.7 mm, which is close to the inner diameter of the secondary
shaping mold, indicating that the sample did not significant shrink during the atmospheric
pressure drying process. The diameter of CAF-1 was slightly smaller than those of the
other samples because of the lack of a rigid silica gel skeleton, which caused the sample
to shrink by a certain extent during the drying process. As the gel skeleton first shrinks
and then springs back during the drying process, the gel skeleton must reach a certain
strength to ensure that it can effectively spring back. As a result, a certain concentration of
precursors (TEOS) to construct a gel skeleton with sufficient strength is very important for
the preparation of composite aerogel fibers.

In addition, the spatial distribution of BC nanofibers in CAFs was obviously denser
than that of BC nanofibers without secondary shaping (Figure S2), which is beneficial for
further improving the strength of the composite aerogels. Compared with our previous
study, the higher density of the obtained BC nanofibers enables the samples to better retain
their morphology without shrinkage, even at low concentrations of silica precursors [40].
This could be because denser BC nanofibers could more effectively resist the shrinkage
caused by capillary forces during the ambient pressure drying process.

The nitrogen adsorption–desorption isotherms of the prepared CAFs (Figure 4a) were
type IV isotherms with hysteresis loops, confirming the formation of mesoporous structures.
The hysteresis loops of CAF-3 and CAF-4 were more obvious than those of CAF-1 and
CAF-2. Moreover, the pore size distribution (Figure 4b) showed that CAF-3 and CAF-4
had more significant mesoporous structure characteristics than CAF-1 and CAF-2. This
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suggests that sufficient silica precursors are required to form a complete gel skeleton. When
the concentration of silica precursor was relatively low, there was a lack of sufficient silica
nanoparticles among the nanofiber network to form a gel skeleton due to the attachment
of silica nanoparticles to BC nanofibers. In particular, the number of BC nanofibers per
unit volume was enhanced by secondary shaping, which further enhanced the adhesion of
silica particles to the BC nanofibers. Based on the results of a BET test, the specific surface
areas of the samples grew from 367.9 to 606.9 m2/g (Table 1) with an increase in TEOS
concentration, which is higher than that of PAO@ANF symbiotic aerogel fiber [28] and
Kevlar aerogel fibers [25]. This is because a gel skeleton composed of inorganic oxide
nanoparticles has a rougher surface compared to a gel skeleton composed of nanofibers
or nanosheets.
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Table 1. Physical properties of CAFs.

Samples SiO2 in Aerogels
[% w/w]

Bulk Density
[g cm−3]

SBET
[m2 g−1] Pore Size [nm] Porosity a

[%]

CAF-1 27 0.110 367.9 14.2 93.6
CAF-2 40 0.121 387.6 13.7 93.3
CAF-3 49 0.143 541.1 15.5 92.2
CAF-4 55 0.164 606.9 15.1 91.2

a The porosity includes the voids caused by crystal growth among gel skeletons during gel freezing.

2.3. Mechanical Properties

High mechanical performance is crucial for a wearable thermal insulation material.
The mechanical performances of CAFs prepared with different concentrations of TEOS
precursor are presented in Figure 5. The stress–strain curves of CAFs obtained from tensile
tests showed that the breaking stress was in the range of 4.5–5.4 MPa. All the samples
showed good tensile strength, which was much higher than that of native silica aerogel
fibers, and it was comparable or even superior to those of CA/PAA-SF aerogel fibers [41]
(3 MPa), SF/GO aerogel fibers [36] (3.2 MPa), and PAO@ANF aerogel fibers [28] (4.56 MPa).
Moreover, the curves also showed that the elongation at break of the sample decreased
from 6.8% to 1.1% with increasing precursor concentration. This could be because when
more and denser gel skeletons formed between the BC nanofibers, the free movement
of the nanofibers was restricted, resulting in the free deformation space of the nanofiber
network being compressed. At the same time, the sample density increased slightly with
increasing precursor concentration because of the enhancement of silica that forms the gel
skeleton in the obtained CAFs, but it was generally in a low range (Table 1).
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2.4. Thermal Insulation

The insulation performance of CAFs obtained from different concentrations of TEOS
was tested under hot and cold conditions. Cotton threads and silk fabric, with similar
diameters or thicknesses as those of the CAFs, were also tested under the same conditions.
First, several CAFs were packed tightly and aligned in one direction to form a single-layer
mat with a thickness of approximately 0.7 mm and placed on a hot plate. The thermocouple
was connected to the fiber surface and the hot plate, and the temperature of the surface of
CAFs (Tf) was recorded during the heating of the hot plate from 30 to 200 ◦C. The absolute
value of the temperature difference (|∆T|) of the CAF surface (Tf) and the hot plate were
plotted against the hot plate temperature (Th). As shown in Figure 6a, while heating the
hot plate from 30 to 200 ◦C, the temperature difference of the one-layer CAF mat was
always higher than those of the one-layer silk fabric mat and cotton fabric mat. When Th
was 120 ◦C, the CAF mat temperature reached 79 ◦C, and the temperatures of the silk and
cotton fabric mats reached 101.3 ◦C and 107 ◦C, respectively. The higher the temperature
difference (|∆T|), the better the thermal insulation of the studied materials. Hence, the
thermal insulation properties of CAFs are superior to those of silk fabrics and cotton
threads. Meanwhile, for visually comparing the thermal insulation difference between
the CAF fabric and cotton threads at the same heat source temperature (80 ◦C), a layer of
CAF-3 formed by approximately 10 samples and a layer of 10 cotton threads of the same
length were heated at the same time. After the temperature was stable, an infrared camera
was used to capture photographs (Figure 6b), which showed that the temperature of the
cotton fabric was higher than that of the CAF fabric, intuitively proving that the CAFs have
excellent thermal insulation properties.

As seen in Figure 6a, with an increase in the amounts of TEOS in CAF-1, CAF-2, and
CAF-3, the thermal insulation performances of the corresponding CAFs were gradually
enhanced, owing to the complete gel skeleton gradually forming with increasing solid
concentration in the aerogel. However, when the concentration of the silica precursor
increased further (CAF-4), the thermal insulation performance of CAF-4 decreased because
of the high content of the solid phase and because heat is more easily transmitted within
the solid phase. At the same time, when the temperature was high, the slope of |∆T|
to Th decreased slightly with an increase in temperature, implying that the proportion
of thermal radiation on heat transfer rose gradually at high temperatures. In fact, the
thermal insulation mechanism of aerogels mainly depended on the blocking of thermal
convection and heat conduction, not thermal radiation. Figure 6c shows the precise values
of temperature change on the surface of the hot plate (Th) and aerogel fibers (CAF-3) during
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the heating process of the hot plate. The surface temperature of CAF-3 varied from 28 to
131 ◦C as the temperature of the hot plate rose from 30 to 210 ◦C. When Th was stable
at 210 ◦C, the |∆T| of the hot plate and CAF-3 was approximately 80 ◦C. When CAF-3
was heated again after a heating-cooling process, the |∆T| showed no obvious change,
indicating that the thermal insulation performance of CAF-3 was stable. The temperature–
time curves for the other samples are shown in Figure S3 (in the Supporting Information)
and indicate the stability of the thermal insulation.
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To test the thermal insulation performance of the sample at lower temperatures, the
three single-layer fiber mats of CAF-3, silk fabric, and cotton threads were placed on a
sheet of iron with 2.5 cm of dry ice underneath. The temperatures of the fiber surface and
iron sheet were monitored simultaneously. When the sheet temperature was −72 ◦C, the
absolute temperature difference |∆T| values of the one-layer aerogel fiber mat, silk fabric
mat, and cotton thread mat were 59 ◦C, 22 ◦C, and 46 ◦C, respectively. This demonstrates
that CAF-3 has excellent insulation performance in cold environments.

2.5. Thermal Stability

As shown in Figure 7a, the BC matrix demonstrates thermal stability similar to that
of cotton thread and silk fabric, which are also composites of natural polymers. The
thermogravimetric analysis curves showed that the temperature of decomposition of the
cellulose (BC matrix) in composite aerogel fibers gradually shifted from about 280 ◦C
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to about 330 ◦C (Figure 7b) as the silica content increased. Moreover, when the mass
gradually decreased to 88% of the initial mass, as shown by the blue arrow in Figure 7b, the
temperature corresponding to the sample gradually rose from 300 ◦C to about 370 ◦C as the
silica content increased. Hence, silica improved the thermal stability of the polymer matrix.
This allows the CAFs to be used at higher temperatures than the traditional polymer fiber,
owing to the stabilizing effect of silica on BC matrix.
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3. Conclusions

In summary, a novel and simple method for preparing aerogel fibers with excellent
mechanical properties and thermal insulation has been demonstrated here. The silica
precursor TEOS and BC matrix were used to obtain the CAFs through in situ sol–gel
reaction. The mechanical properties of CAFs were significantly improved by increasing the
content of BC nanofibers per unit volume via a secondary shaping process. Efficient silica
gel skeleton formed in the BC matrix endowed the CAFs with excellent thermal insulation
performance and large specific surface area (606.9 m2/g). Moreover, the stabilizing effect
of silica on the BC matrix makes the CAFs usable at relatively high temperatures (up to
about 330 ◦C). In addition, the outstanding hydrophobicity of CAFs enables them to resist
erosion by water vapor and have good weather resistance. Consequently, these aerogel
fibers are promising materials for wearable thermal insulation. This work introduced the
nanoscale interpenetrating network structure into aerogel fibers and provided a new way
for the preparation and toughening of aerogel fibers, especially the inorganic oxide-based
aerogel fibers.

4. Materials and Methods
4.1. Materials

Nata-de-coco slices were purchased from Wenchang Baocheng Industry and Trade
Co., Ltd. (Hainan, China). Tetraethoxysilane (TEOS), n-hexane, triethylamine (TEA),
trimethylchlorosilane (TMCS), and tert-butanol were obtained from Aladdin Reagent Co.,
Ltd. (Shanghai, China). Ethanol, hydrochloric acid (HCl), sodium hydroxide (NaOH,
4 wt %), and ammonium hydroxide (NH3·H2O) were purchased from Beijing Chemical
Reagent Co. (Beijing, China), LTD. All the chemicals were of analytical grade and were
used as received without any further purification.

4.2. Preparation of BC Fibers

Nata-de-coco slices (i.e., bacterial cellulose hydrogel, BC hydrogel) of thicknesses of
3 mm were first soaked in deionized water for 4 h. The water was replaced several times to
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remove the added sucrose; after this process, the slices were boiled in NaOH for 6 h at 90 ◦C.
Subsequently, clean BC hydrogel was obtained by rinsing it with deionized water until it
became neutral. The nata-de-coco slice (Figure S1a) was placed on a glass plate, squeezed
to remove about 80% of the water, and then cut using a laser (15 W power, 80W6040,
Liaocheng Julong Laser Equipment Co., Ltd., Liaocheng, China) to obtain fibers of uniform
width (2 mm) and length (about 500 mm) (Figure 1a and Figure S1b). Finally, the dried fiber-
like BC matrix (Figure 1b and Figure S1c) was obtained by freeze drying for 24 h after the
solvent replacement of the mixed liquid of water and tert-butanol (Vwater:Vtert-butanol = 3:2).
This step was shown on the left side of Figure 8.
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Figure 8. Flowchart illustrating the overall processes used in this work.

4.3. Preparation of Silica Sols

The preparation of silica sols with different concentrations of precursor TEOS was
carried out by following the previously reported method [40]. The dosages of deionized
water, HCl (w/w 1%), and ethanol in the process of sol preparation were 2, 0.2, and 9.2 mL,
respectively. Different amounts (Table 2) of TEOS, deionized water, ethanol, and HCl were
mixed in a beaker and stirred for 1 h at room temperature. Dilute ammonia (0.1 mol L−1,
1 mL) was added to this system to form silica alcosols as shown in the middle of Figure 8.

Table 2. CAFs formed by varying concentration of precursor TEOS.

Sample CAF-1 CAF-2 CAF-3 CAF-4

TEOS (mL) 0.85 1.7 2.55 3.4

4.4. Preparation of Silica–BC Composite Wet Gel Fibers

The dried fiber-like BC matrix was immersed in silica sol and then stirred (Figure 1c
and Figure S1d). The silica sol with the matrix was placed in an ice-water bath to inhibit
the gelation process, ensuring that the silica sol could fully diffuse into the BC matrix. After
sufficient diffusion for 2 h, the BC matrix containing silica sol was removed and passed
through a tapered mold (the front end of 1000 µL pipette gun head with an inner diameter
of 0.8 mm was cut as mold, produced by Nantong Hairui Experimental Equipment Co.,
Ltd., Nantong, China) immediately to make the fiber-like BC matrix finer and more uniform
(Figure 1d and Figure S1e); this was the secondary shaping process. Then, the fiber-like BC
matrix was placed in a sealed container filled with ethanol vapor for approximately 25 min
to obtain silica–BC composite wet gel fibers (Figure 1e). The ethanol vapor was used to
ensure that the composite wet gel did not shrink.
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4.5. Hydrophobic Modification and Atmospheric Drying of CAFs

The wet gel fibers were soaked in ethanol and heated at 70 ◦C for 1 h to age the silica
gel skeleton. Then, ethanol was replaced with n-hexane for 3 h for solvent replacement.
N-hexane (50 mL), TEA (4 mL), and TMCS (3 mL) were added to the glass reactor, and the
wet gel fibers were immersed in the liquid mixture. The glass reactor was heated in an
oil bath and refluxed for 2 h. Then, the wet gel fibers were dipped into a 100 mL beaker
containing 50 mL ethanol, which was replaced every 30 min; this process was repeated
twice. Subsequently, ethanol was replaced with n-hexane, and the same operation as
above was repeated. Subsequently, the wet gel fibers after hydrophobic modification were
removed and heated in an oven at 80 ◦C for 20 min. Finally, the hydrophobic CAFs were
obtained (Figure 1f and Figure S1f).

4.6. Characterization

As shown in the upper right corner of Figure 8, the morphology of the CAFs was
determined, and the specific surface area, porosity, pore-size distribution, mechanical
properties, wettability, density, and content of silica in the CAFs were examined. Thermal
insulation performance and thermal stability were also evaluated. Detailed characterization
methods are provided in the Supporting Information.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/gels7030145/s1, Video S1: video of the wettability of the silica–bacterial cellulose composite
aerogel fibers (CAFs), Figure S1: Photos of the preparation process of CAFs; Figure S2: SEM images
of BC without secondary shaping; Figure S3: Temperature–time curves of CAFs at high temperature;
Characterization and Reference.
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Abstract: Fenton reactions with metal complexes of substituted porphyrins and hydrogen peroxide
are useful tools for the mineralization of environmentally dangerous substances. In the homogeneous
phase, autooxidation of the prophyrin ring may also occur. Covalent binding of porphyrins to a
solid support may increase the lifetime of the catalysts and might change its activity. In this study,
highly water-insoluble copper and iron complexes of 5,10,15,20-tetrakis(4-aminophenyl)porphyrin
were synthesized and bonded covalently to a very hydrophilic silica aerogel matrix prepared by
co-gelation of the propyl triethoxysilyl-functionalized porphyrin complex precursors with tetram-
ethoxysilane, followed by a supercritical carbon dioxide drying. In contrast to the insoluble nature of
the porphyrin complexes, the as-prepared aerogel catalysts were highly compatible with the aqueous
phase. Their catalytic activities were tested in the mineralization reaction of phenol, 3-chlorophenol,
and 2,4-dichlorophenol with hydrogen peroxide. The results show that both aerogels catalyzed the
oxidation of phenol and chlorophenols to harmless short-chained carboxylic acids under neutral
conditions. In batch experiments, and also in a miniature continuous-flow tubular reactor, the aerogel
catalysts gradually reduced their activity, due to the slow oxidation of the porphyrin ring. However,
the rate and extent of the degradation was moderate and did not exclude the possibility that the
as-prepared catalysts, as well as their more stable derivatives, might find practical applications in
environment protection.

Keywords: silica aerogel; aerogel hybrid; covalent immobilization; porphyrin complexes; heteroge-
neous catalyst; phenol mineralization; chlorophenol mineralization

1. Introduction

Phenol is an extensively used reagent in the production of phenolic resins, bisphenol
A, caprolactam, and other chemicals. As an unfortunate consequence, similarly to many
compounds used in the industry, phenol can be found in wastewater or in the soil. Due to
its high toxicity, complete elimination of phenol is an important environmental goal.

Chlorophenols are produced by the chlorination of phenol, resulting in 19 different
compounds including isomers. All of them show significant antiseptic activity and higher
toxicity than that of phenol. That property is utilized when they are applied as disinfectants,
preservative agents, herbicides, or insecticides [1]. However, these compounds are not
biodegradable at all. By bioaccumulation in plant and animal species, they can affect the
food chain. Due to their persistence in the environment, they are listed as first-priority
pollutants, so the necessity of their effective mineralization is indisputable [2]. Since
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chlorinated organic compounds are resistant to biodegradation, processes other than
microbial processes are needed to eliminate them [3]. Thus far, many techniques have
been developed for the removal of phenols from the environment [4,5]. The most efficient
methods are the advanced oxidation processes (AOPs), in which hydroxyl or sulfate radicals
act as active agents. In practice, several reactions and materials are used to generate them,
such as UV light combined with either hydrogen peroxide or ozone, the Fenton reaction, or
salts of the peroxy monosulfate ion, for example [6–9].

In the Fenton and Fenton-like reactions, hydroxyl radical (OH−) is generated from
hydrogen peroxide, although the exact mechanism is still not clarified. H2O2 can oxidize
Fe2+ ion to produce Fe3+ ion, hydroxide ion and highly reactive radicals (see Equations (1)
and (2)) and these free radicals can easily oxidize the organic pollutants [10–12].

Fe2+ + H2O2 → Fe3+ + OH− + OH• (1)

OH• + H2O2 → HO•2 + H2O (2)

The Fenton-like metal ion catalysts are used mostly in the homogeneous phase. Their
main drawbacks are the difficulty of separation and regeneration of the catalyst, as well as
the increasing concentration of metal ions in water and the soil.

The most common catalytically active materials are metals, oxides and sulfides. The
efficiency of the heterogeneous catalysts may be increased by applying them on a solid
support. Although the turnover rate is in general lower compared to the homogeneous
phase reactions, heterogeneous catalysis has several advantages. Easy separation from the
reaction mixture, better tolerance towards extreme reaction parameters, larger surface area
and a higher number of active sites make them valuable materials [13,14].

Numerous heterogeneous catalysts have been studied, such as, the Cu- or Fe-containing
zeolites due to their high catalytic activity and selectivity [15–17]. Additional examples
are the porphyrins, which are tetradentate macrocyclic ligands and form complexes of
extremely high stability. Various porphyrin derivatives containing zinc, copper, iron,
manganese, palladium, vanadium or other transition metal ions are extensively used as
catalysts [18–20]. In the homogeneous phase catalytic processes, porphyrins are susceptible
to self-degradation and loss of activity [21,22]. Therefore, it is an important goal to develop
heterogeneous phase porphyrin catalysts possessing high activity and increased stability.

Aerogels are extremely light solid materials exhibiting unique physical and surface
properties. Some of the most versatile ones are silica aerogels, which are prepared by
the sol-gel technique from an organic silane precursor, and dried to a solid under su-
percritical conditions. The process results in a substance with specific properties, such
as high and open porosity, large specific surface area, extremely low bulk density, high
insulating capacity, to name a few. Thanks to these features, aerogels can be applied in
many different industrial fields, for example as insulating materials, Cherenkov radiators,
biomaterials, or catalysts [23–27]. The siloxane network can be functionalized by covalently
binding organic moieties to the skeleton, embedding guest particles in the structure, or
adsorbing metal ions on the surface. Such aerogel-based materials are widely used as
catalysts in hydrogen production [28,29], dye degradation in wastewaters [30], or methanol
electrooxidation [31,32].

There are several methods for the immobilization of porphyrins on a carrier. The
simplest technique is adsorption of the molecules on the surface [33]. Although the process
is straightforward, the chance of leaching from the matrix is rather high. Another method is
the “ship in a bottle” process [34], which embeds the molecules in narrow necked cavities.
A major disadvantage of such a catalyst is the limited access of substrates to the catalytically
active centers. The most sophisticated way is the covalent immobilization, which prevents
leaching from the solid phase, and provides a good contact with the substrates. However,
the technique may require special knowledge of synthetic chemistry [35–37].

In an earlier study it was demonstrated that highly water-soluble porphyrin complexes
may undergo decomposition in Fenton reactions due to their autocatalytic oxidation [38].
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It was supposed that immobilization of catalytically active porphyrin complexes may
decrease the rate of autooxidation. Recently, silica aerogels covalently functionalized with
tetraaza macrocyclic copper complexes were prepared and tested in our laboratory for
catalytic oxidation of phenols with hydrogen peroxide [26]. In this paper we report the
synthesis and characterization of silica aerogels which are covalently functionalized with
water-insoluble 5,10,15,20-tetrakis(4-aminophenyl)porphyrin complexes. Their catalytic
activities were tested in mineralization of environment-polluting materials, phenol and
chlorophenols, in batch mode and in continuous-flow microreactor and the life expectances
of the catalysts were determined at different temperatures and molar ratios.

2. Results and Discussion
2.1. Preparation of the Heterogeneous Catalysts

Scheme 1 shows the synthetic steps of the preparation. First, the porphyrin ring
was functionalized with 3-isocyanatopropyl triethoxysilane (3-IPTES), which acted as a
bifunctional spacer and coupling agent. A 40.4 mg (5.99 × 10−5 mmol) portion of TAPP
was dissolved in 8.00 mL anhydrous DMF under an argon atmosphere. To that 0.67 cm3

(656 mg, 2.39 × 10−3 mmol) of 3-IPTES was added, and the solution was heated at 70 ◦C
for 96 h. Metal complexes were prepared then by carefully reacting the functionalized
porphyrin rings with substoichiometric portions of either copper(2+) acetate or crystalline
iron(2+) sulfate heptahydrate under anhydrous conditions in DMF or DMSO until the UV
fluorescence of the free porphyrine ring disappeared. The aerogel catalysts were obtained
by the ammonia-catalyzed co-hydrolysis and co-condensation of the triethoxypropylsilyl-
functionalized porphyrin complexes with tetramethoxysilane (TMOS) in a methanol-water
mixture using the sol-gel technique, as described earlier. After the necessary ageing
and solvent exchange process, the supercritical carbon dioxide drying process resulted
in aerogel monoliths [39]. The photographs of the as-prepared catalysts are shown in
Scheme 1. Although it might be difficult to see their true colour in the cylindrical form,
microscopic images of thin fragments revealed the red colour of the copper-containing
(denoted as CuPA), and greenish brown colour of the iron-containing (denoted as FePA)
aerogels.
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Scheme 1. Synthetic pathway and reaction conditions of the complex formation, covalent binding
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complex–aerogel catalysts FePA and CuPA. On the right side: Photographs (left) and microscopic
images (40×) (right) of monolithic and fragmented pieces of CuPA and FePA catalysts.
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2.2. Characterization of the Catalysts

The functionalization of the porphyrin ring with 3-isocyanatopropyltriethoxysilane
(3-IPTES) was monitored by NMR spectroscopy (See in Figures S1 and S2). The differences
between the two spectra can be clearly seen. The significant change in the aromatic region
of the spectra (Figure S2) indicates that the coupling was successful. The complexation
of the functionalized porphyrin ring with Cu(2+) and Fe(2+) ion was monitored with
a 366 nm UV lamp. The non-complexed porphyrin ring had a strong red fluorescence,
which disappears when the complex is formed. We could observe the vanishing of the
fluorescence in the case of both metal ions.

The FT-IR spectra of the complex solutions were recorded as well, they can be found
in the Supplementary Materials (Figure S3). Figure 1 shows the fingerprint regions of the
spectra compared with that of the non-complexed porphyrin ring. The differences prove
the change in the structure of the porphyrin ring and thus the formation of the complexes.
Figure 2 shows the FT-IR spectra of an aerogel functionalized with porphyrin complex.
The following peaks can be assigned to silica aerogels: The O–H stretching vibration
at ~3400 cm−1, the Si–O–Si asymmetric stretching vibration at around 1050 cm−1 and the
asymmetric stretching vibration at approximately 950 cm−1. The vibrations of C–H bonds
appearing between 2800 and 3000 cm−1 indicate the successful functionalization.

The Raman spectra of the porphyrin ring, the complexes and the functionalized
aerogels were also recorded. Figure 3 shows the difference between the spectrum of
the empty porphyrin ring and the complexes. In the high-frequency region the Raman
bands are sensitive to the electron density, the axial ligation and to the core size of the
central metal ion. The band at 1543 cm−1 of the porphyrin ligand can be assigned to
the CβCβ stretch, which was upshifted to 1546 cm−1 in the Fe and 1576 cm−1 in the Cu
complexes, respectively. This band appears as one of the most intense bands in the spectra
for the Fe and Cu complexes. The band at 1487 cm−1 of the porphyrin ligand could be
assigned to the phenyl ring vibration, which was practically the same in the Fe complex
but was shifted to 1497 cm−1 in the Cu complex, indicating a higher effect of the Cu
ion on the phenyl at the meso-positions. The bands between 1300 cm−1 and 1450 cm−1

are most likely the out-of-phase coupled CαCβ/CαN stretching modes. The 1323 and
1360 cm−1 bands of the porphyrin ligand were most probably the pyrrole quarter ring
stretching and the CαCβ/CαN stretching modes, respectively. The CαCβ/CαN stretching
appeared at 1333 cm−1 for both the Cu and the Fe complexes too. The pyrrole stretching
was found at 1360 cm−1 for the Cu and Fe complexes as well. The 1236 cm−1 band of the
5,10,15,20-tetrakis(4-aminophenyl)-porphyrin (TAPP) and the 1230 and 1234 cm−1 bands
of the Cu and Fe complexes were most likely attributed to the Cm-ph stretching. The
band at 1076 cm−1 of the porphyrin ligand was most probably the vibration of the pyrrole
Cβ–H stretching, which appeared at the same wavenumber for the Cu complex and shifted
to 1080 cm−1 for the Fe complex. The band at 997 cm−1 of the porphyrin ligand was most
likely the vibration of pyrrole breathing and phenyl stretching, which shifted to 1001 cm−1

in the case of both the Cu and the Fe complexes as well. The band at 960 cm−1 of the
porphyrin ligand was most probably the pyrrole breathing, but it could not be found in
the complexes due to the exchange of the hydrogen atom with the metal ion in the N-H
bonding. The band at 710 cm−1 was most likely the π3, phenyl mode, which was not seen
in the Cu complex but shifted to 714 cm−1 for the Fe complex. At 384 cm−1 for the Cu
and at 385 cm−1 for the Fe complexes the bands are assigned to the M-N vibration, which
cannot be seen in the porphyrin ligand [40]. For the porphyrin ligand, a weak Raman
band can be seen at 330 cm−1, which was most likely the in-plane translational motion of
the pyrrole [41]. The peaks at around 1000 cm−1, 1340 cm−1 and 1580 cm−1 indicate the
presence of the aromatic hydrocarbons in which a hydrogen has been replaced by an amino
group (benzene and pyrrole). These peaks appear in the spectra of the complexes as well
as in that of the empty porphyrin ring but at a slightly different position (circled peaks
in the spectra). For easier comparability, adifferent intensity scale was used in the case
of the Cu-porphyrin complex since the intensities were too weak compared to the other
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two samples. Figure 4 shows the Raman spectra of the functionalized aerogels. Since the
aerogels contain a little amount of the complexes, it was quite difficult to record acceptable
quality spectra. Despite this hardship, the difference between the spectrum of the CuPA
aerogel and that of the free complexes clearly indicate a change in the structure of the
complex by which the formation of the covalent bond between the complex and silica
framework is confirmed.

The results of the elemental analysis can be seen in Table 1. The non-zero carbon and
nitrogen content of the blank aerogel sample indicates that after the supercritical drying
adsorbed residues of the solvents and the catalyst ammonia may be present in the aerogels.
Compared to that as a background, both the carbon and nitrogen contents of CuPA and
FePA are higher in the obtained samples, indicating the successful incorporation of the
porphyrin complexes.

Porosity of the aerogel samples was measured by nitrogen adsorption porosimetry
at 77 K temperature, after degassing the samples at 100 ◦C for 24 h. Figure 5 shows the
cumulative pore volumes and pore size distribution curves calculated by the BJH method.
Nitrogen adsorption-desorption isotherms can be found in the Supplementary Materials
(Figure S4). The specific surface area of the CuPA and FePA aerogels was 980 m2/g, and
1019 m2/g, respectively. The actual values are significantly higher than the 600–700 m2/g
values characteristic of pristine silica aerogels prepared by the same method. Bulk densities
of the functionalized aerogels were in the range of 0.076–0.085 g/cm3, which was a bit lower
than 0.085–0.090 g/cm3 obtained for the pristine silica aerogels. Measured and calculated
parameters are given in Table 2. The values are characteristic of the silica-based aerogels in
general, thus the incorporation of the porphyrin complexes did not alter the gel structure
significantly. Most of the pores are in the 2–50 nm mesopore region, and only a negligible
volume falls in the less than 2 nm diameter micropore region, as calculated by the t-plot
method.

Scanning electron microscopy (SEM) pictures were in good agreement with the
porosimetry results. The samples showed the homogeneous structure, and the visible
pores were in the higher mesopore and lower macropore region (Figure 5). The size of the
globules and the pores are also characteristic of the silica-based aerogels. Most importantly,
no detectable agglomeration of the porphyrin complexes was observed. According to these
results a uniform and molecular level distribution of the complexes was obtained in the
silica matrix.

The metal content of the aerogels was determined by an inductively coupled plasma-
optical emission spectrometry (ICP-OES) method, and the results are summarized in Table 3.
The measured values are a bit higher than the values calculated from the chemical compo-
sition of the reaction mixtures, due to the leaching of short-chained partially hydrolized
siloxanes in the ageing and solvent exchange steps. However, the colourless nature of
the ageing solutions proved that no intense-coloured porphyrin complex was lost in the
process, and their entire amount was incorporated.
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Figure 1. Fingerprint region of the FT-IR spectra of the free copper and iron complexes (blue curves) 
compared with that of the empty porphyrin ring (red curves). The full recorded spectra can be seen 
in the Supplementary Materials (Figure S3). Although accurate assignation of the peaks is not avail-
able, a detailed analysis of the IR spectra of tetraphenyl porphyrin complexes is available in the 
literature [42]. 
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compared with that of the empty porphyrin ring (red curves). The full recorded spectra can be
seen in the Supplementary Materials (Figure S3). Although accurate assignation of the peaks is not
available, a detailed analysis of the IR spectra of tetraphenyl porphyrin complexes is available in the
literature [42].
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Figure 2. FT-IR spectra of the aerogels CuAP and FeAP functionalized with the copper and iron
porphyrin complexes. They are in good agreement with the spectra published in the literature for
silica aerogels [43] and silicas covalently coupled with porphyrins [44]. Due to the low concentration
of the complexes in the silica aerogel matrix, the characteristic peaks of the complexes shown in
Figure 1 are too weak to be observed.
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the porphyrin complex, the spectrum of FePA is less informative than that of CuPA. The spectral 
differences and the direction of the intensity changes of the CuPA and FePA aerogels compared to 
the complexes (shown in Figure 3) clearly indicate the formation of covalent bonds between the 
functionalized porphyrin complexes and the silica aerogel matrix. (*) CuPA, (**) FePA. 

  

Figure 3. Raman-spectra of the empty 5,10,15,20-tetrakis(4-aminophenyl)porphyrin ring (TAPP) and
its Cu- and Fe-complexes. In the case of Cu-complex, a different intensity scale was used for easier
comparability of the spectra. The differences between the positions of the circled peaks—which
can be assigned to the aromatic hydrocarbons, in which a hydrogen has been replaced by amino
group—indicates change in the structure and the formation of the complexes.

Gels 2022, 8, x FOR PEER REVIEW 7 of 20 
 

 

Figure 2. FT-IR spectra of the aerogels CuAP and FeAP functionalized with the copper and iron 
porphyrin complexes. They are in good agreement with the spectra published in the literature for 
silica aerogels [43] and silicas covalently coupled with porphyrins [44]. Due to the low concentration 
of the complexes in the silica aerogel matrix, the characteristic peaks of the complexes shown in 
Figure 1 are too weak to be observed. 

 
Figure 3. Raman-spectra of the empty 5,10,15,20-tetrakis(4-aminophenyl)porphyrin ring (TAPP) 
and its Cu- and Fe-complexes. In the case of Cu-complex, a different intensity scale was used for 
easier comparability of the spectra. The differences between the positions of the circled peaks—
which can be assigned to the aromatic hydrocarbons, in which a hydrogen has been replaced by 
amino group—indicates change in the structure and the formation of the complexes. 

 
Figure 4. Raman-spectra of the aerogel materials CuPA and FePA. Due to the low concentration of 
the porphyrin complex, the spectrum of FePA is less informative than that of CuPA. The spectral 
differences and the direction of the intensity changes of the CuPA and FePA aerogels compared to 
the complexes (shown in Figure 3) clearly indicate the formation of covalent bonds between the 
functionalized porphyrin complexes and the silica aerogel matrix. (*) CuPA, (**) FePA. 

  

Figure 4. Raman-spectra of the aerogel materials CuPA and FePA. Due to the low concentration of
the porphyrin complex, the spectrum of FePA is less informative than that of CuPA. The spectral
differences and the direction of the intensity changes of the CuPA and FePA aerogels compared to
the complexes (shown in Figure 3) clearly indicate the formation of covalent bonds between the
functionalized porphyrin complexes and the silica aerogel matrix. (*) CuPA, (**) FePA.
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Table 1. Elemental analysis of the hybrid aerogel samples. The increased carbon and nitrogen content
indicate the presence of the porphyrin complexes in the silica matrix. The non-zero values of the
blank silica sample are an indication of the presence of adsorbed organic residues and the catalyst
ammonia after the supercritical CO2 drying process.

Sample\Element C (%) H (%) N (%)

“blank” silica aerogel 0.75 1.41 0.36
CuPA 1.93 1.70 0.51
FePA 3.21 1.80 0.69
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FePA 0.084 0.110 ± 0.001 

2.3. Catalytic Activity 
The catalytic activity of the samples was evaluated through the oxidation of phenol 
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tion products of phenol were identified by HPLC measurements; further products and the 

Figure 5. Scanning electron micrographs of the aerogel catalysts (a) CuPA, and (b) FePA. Insert:
Pore size distribution curves calculated by the BJH method for CuPA (red line) and FePA (blue line).
Both of the curves show the characteristic pore diameter of around 12 nm, which is typical for the
silica aerogels.

Table 2. Summary of the nitrogen adsorption/desorption porosimetry results. Specific surface
area (SBET) was calculated by the multi-point BET method. Characteristic pore diameters (d), and
total pore volumes (Vtotal) were calculated from the isotherms by the BJH method. Mesopore and
macropore volumes (Vmeso, Vmacro) were calculated from the cumulative pore volume curves for the
regions 2–50 nm and above 50 nm, respectively. Micropore contribution (Vmicr) was calculated by the
t-plot method.

CuPA FePA

SBET (m2/g) 980 1019
d (nm) 12.8 11.4

Vtotal (cm3/g) 3.617 3.9185
Vmacro (cm3/g) 0.3702 0.417
Vmeso (cm3/g) 3.2218 3.4975
Vmicro (cm3/g) 0.025 0.004

Table 3. Metal ion content of the catalysts measured by the ICP-OES technique.

Sample Theoretical (w/w %) Measured (w/w %)

CuPA 0.068 0.072 ± 0.001
FePA 0.084 0.110 ± 0.001

2.3. Catalytic Activity

The catalytic activity of the samples was evaluated through the oxidation of phenol
and chlorophenols with hydrogen peroxide in aqueous solutions at different temperatures.
The pH of the reaction mixtures was left to change spontaneously in the course of the
reactions in order to simulate the behaviour of real-life wastewaters. The main oxidation
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products of phenol were identified by HPLC measurements; further products and the
proposed degradation pathways are published in a previous work [26]. In the case of
chlorinated phenols, the oxidation products were undetectable by UV/HPLC, and mass
spectrometry was used instead.

We made several attempts to determine the catalytic activities of the complexes in
the homogeneous phase. Unfortunately, all of them failed, due to the insolubility of the
porphyrin complexes in water, water–DMF and water–DMSO mixtures. The reaction
mixture seemed to be homogeneous at the applied 90 ◦C, nevertheless when it started to
cool down, solid particles appeared and the solution turned colourless (Figure S5). The
reaction could have been tested in a homogeneous phase using DMF as the solvent, in
which only the calculated volume of 30% (m/m) aqueous hydrogen peroxide was dissolved.
However, none of the complexes showed any catalytic activity against the phenols. The
reason for this can be either that a fast self-oxidation destroyed all the porphyrin complexes,
or that the oxidation of the solvent DMF, which was present in large excess, consumed the
oxidant.

2.3.1. Phenol Oxidation

Phenol oxidation and conversion was monitored by a reversed-phase HPLC technique,
the concentrations were determined by using a five-point calibration curve and UV detec-
tion. Several catalyst-to-substrate, and catalyst-to-hydrogen peroxide molar ratios were
tested in batch experiments. Conversion curves of phenol are shown in Figure 6. The main
feature is that 80% of the phenol was converted within three hours even when the catalyst
was applied only in a 0.33 mol%. Obviously, the free copper(II) ions in the homogeneous
phase were much more effective. Nevertheless, in a homogeneous phase the separation of
the catalyst Cu2+ would be difficult and it is not favorable in industrial use. As expected,
the free iron(2+) ions were more effective catalysts in the homogeneous phase than the
complex in the heterogeneous phase. However, when the catalyst was applied in 1 mol%
quantity, more than 90% of the phenol was eliminated within one hour (Figure 6b). The
FePA catalyst applied in a smaller amount did not show as high catalytic activity as the
catalyst CuPA did. Both catalysts showed slightly S-shaped conversion curves, which may
be the indication of autocatalytic reactions or the consequence of hindered diffusion and
materials transport in the pores.

Depending on the applied metal complexes, a different intermediate profile was
obtained (Figure 7). In the case of the copper complex, two main intermediates were
detected: catechol and hydrochinon. Only catechol was detected as an intermediate when
the iron complex was applied, supposedly due to the different reaction mechanisms. It was
confirmed by mass spectrometry that the intermediates continued to transform into further
products, and finally into short-chained carboxylic acids [45].

In order to compare the efficiency of the catalysts more expressively, the turnover
frequencies (TOFs) were calculated. We selected a set of points from the initial linear section
of the kinetic curves and applied linear regression (Figure 8). The TOF values and the
regression coefficients of the fittings are shown in Table 4. As it can be seen, the rate of
the phenol degradation is higher in the case of catalyst CuPA but both of the TOF values
are comparable to that of the industrial catalysts, since for the most relevant industrial
applications the TOF values are in the range of 10−2–102 s−1 [46].

Unfortunately, the catalysts lost their activity after the first cycle, most likely because
the porphyrin ring suffered self-oxidation. Due to the static conditions applied during
the reactions, the high excess of hydrogen peroxide could cause the oxidation of the
porphyrin ring.

The reaction was carried out with lower H2O2 excess, the applied molar ratios were:
catalyst:phenol:H2O2 = 1:100:1400. The kinetic curve can be seen in Figure 6. The con-
version was higher than 90% after one hour in this case as well, but the colour of the
catalyst changed this time too, which indicated the degradation of it. Therefore, we tried
to optimize the temperature too. The reaction was carried out at different temperatures
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besides 90 ◦C: 30–70 ◦C using the catalyst:phenol:H2O2 = 1:100:1400 molar ratio. The final
phenol conversion as a function of the temperature can be seen in Figure 9. We found that
the highest conversion was achieved at 90 ◦C. There is a breakpoint between 50 ◦C and
60 ◦C, the conversion was 50% compared to 12% at 50 ◦C. At 60 ◦C the degradation of the
catalyst was minimal, although the rate of the reaction was much lower than at 90 ◦C, the
calculated turnover frequency was 4.06 × 10−4 s−1.
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Table 4. Turnover frequencies (TOFs) of the immobilized complexes applied for oxidation of phenol.

Sample TOF (s−1) Regression Coefficient

CuPA 1.144 × 10−1 0.9816
FePA 4.05 × 10−2 0.9998
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Figure 9. Phenol conversion after 180 min as a function of the reaction temperature. The highest
conversion was achieved at 90 ◦C. Nevertheless, at 60 ◦C the degradation of the catalyst was minimal,
so this value is found to be the most advantageous to carry out the reaction.

The quantity of the free metal ions in the reaction mixture after the decomposition of
phenol was determined by an ICP-OES method. After three hours reaction time, 36% of the
total copper ion, and 89% of the total iron ion was free. In a control experiment, when only
the catalysts were suspended in distilled water and heated for three hours, only 3.7% of
the total copper-ion was measured in the supernatant. This was in good agreement with
the increasing solubility of the amorphous silica aerogel in water at elevated temperatures.
The concentration of the free iron ions in the control experiment was under the limit
of detection (LOD). Both experiments proved that the presence of the oxidizing agent
hydrogen peroxide was the prerequisite for the degradation of the porphyrin rings, which
led then to the release of metal ions. That is the reason why all of the regeneration attempts
failed. The degradation of the porphyrin ring was discernible through the colour change of
the catalysts. It gradually turned from red to brown in the case of CuPA, and the brown
colour of the FePA catalyst slowly disappeared during the reaction.

Beyond the batch experiments, a custom made continuous-flow reactor (see in Sup-
plementary Materials, Figure S6) was tested as well. Despite of the short contact time
(9 min) we observed good catalytic activity, although the efficiency gradually decreased
as the reaction proceeded (Figure 10). However, it might be approaching a constant value
in longer times when the neighboring catalytic centers became so distant that they could
not oxidize each other. The results proved that our aerogel-based materials can be used as
catalyst beds in continuous flow processes, which is more advantageous and manageable
for the industry.
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2.3.2. Oxidation of 3-Chloro- and 2,4-Dichlorophenol

The kinetic curves of the conversion of 3-chlorophenol (3-CP) can be seen in Figure 11.
In contrast to the phenol oxidation, the catalytic activity of the CuPA catalyst was smaller
than that of the FePA catalyst. Furthermore, the immobilized complex showed higher
activity than the free iron ions even when it was applied in Fe:3-CP = 1:200 molar ratio.
The decreased activity of the free iron ions is most likely due to the hydrolysis of Fe3+

ions forming catalytically inactive hydroxo-iron precipitates under the solution pH. The
“S” shape of the curve in that case may also indicate either autocatalytic or diffusion
controlled processes. The oxidation products were identified by high-resolution mass
spectrometry (HRMS), both in the positive and in the negative ion mode. Based on the
results, we suggested a reaction pathway, which is given in Scheme 2. The aromatic ring
was hydroxylated first, then dechlorinated, split open and fragmented into short-chained
carboxylic acids. In each case, fragmentation occurred through the loss of carbon dioxide.
In the case of 2,4-dichlorophenol (2,4-DCP) (Figure 12) a significant decrease in the catalytic
activity of the CuPA catalyst was observed compared to the 3-chlorophenol. Although
the activity of the FePA decreased as well, it was almost as effective as in the case of the
monochlorophenol. The free iron ions showed poor efficiency due to their hydrolysis under
the reaction conditions, as mentioned above. Considering the complexity of the reaction, as
well as the lack of appropriate analytical standards, the details of the mechanism has not
been explored.

The turnover frequencies were also calculated to compare the efficiency of the catalysts
(Figure 13), the results are summarized in Table 5. According to the results, the efficiency of
the CuPA catalyst did not reach that of the catalysts applied in the industry if we used it
for oxidation of a dichloro derivative of the phenol. In contrast to that, the TOF values of
the FePA catalyst are still comparable with the industrial catalysts’ TOF values.

The chlorophenols (mono- and dichlorinated) were identified by capillary electrophore-
sis coupled to a mass spectrometer (CE-MS). The advantage of using this technique over
HPLC is the higher sensitivity of the MS detector, which enables detection of chlorophenols
in a concentration range more relevant to environmental regulations [47]. A simple method
has developed for the CE separation of the chlorophenols, which also made it possible to
set the limit of quantitation (LOQ) below 1 ppm, which is the regulatory limit for phenol in
wastewaters. Chlorophenols are ionized more readily in the negative ion mode, therefore,
the negative ion mode was applied along with separation in basic background electrolyte
(40 mM ammonium formate/ammonia, pH = 9.5).
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oxidation of 3-chlorophenol. Through catalytic hydroxylation and dechlorination, chlorophenol was
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identified by high-resolution mass spectrometry (HRMS).
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of 3-chlorophenol (a) and 2,4-dichlorophenol (b) oxidation using CuPA (•) and FePA (�) catalysts.

Table 5. Turnover frequencies (TOFs) of the immobilized complexes applied for oxidation of
3-chlorophenol and 2,4-dichlorophenol.

3-Chlorophenol 2,4-Dichlorophenol

TOF (s−1) Regression Coefficient TOF (s−1) Regression Coefficient

CuPA 5.0 × 10−2 0.9604 1.5 × 10−3 0.9884
FePA 5.0 × 10−2 0.9996 2.2 × 10−2 0.995

3. Conclusions

Copper and iron complexes of 4-aminophenylporphyrin have been immobilized
successfully in silica aerogels using isocyanopropyl triehoxysilane as a bifunctional linker
reagent. By functionalizing the porphyrin rings, followed by complexation with selected
metal ions, we were able to bind the complexes to the silica aerogel matrix with strong
covalent bonds. The as-obtained catalysts have a large specific surface area and an open
mesoporous structure, which are important features of the heterogeneous catalysts.

The catalytic activity of the samples was tested through the oxidation of phenol,
3-chlorophenol and 2,4-dichlorophenol by hydrogen peroxide. The oxidation products
were identified by high-pressure liquid chromatography in the case of phenol and by
high-resolution mass spectrometry in the case of 3-chlorophenol. All intermediates of the
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degradation process were identified and a reaction scheme was proposed to describe the
entire process. The FePA and CuPA catalysts showed different selectivity towards the
substrates. In the case of phenol, the copper complex proved to be more efficient, while for
the chlorinated derivatives the iron complex showed significantly higher activity. We have
demonstrated that they can be used both in the batch and the continuous-flow modes.

Both the CuPA and FePA catalyst oxidized the dangerous phenolic pollutants in water
by the safe agent hydrogen peroxide. Phenol, 3-chlorophenol and 2,4-dichlorophenol were
converted to non-toxic short-chained carboxylic acids, and then finally mineralized into
carbon dioxide, water and hydrochloric acid in the process. A special advantage of the
process is that it can be used directly with contaminated natural waters, as the process does
not require any buffering or use of additives.

Our study clearly showed that the covalent incorporation of the ab ovo water-insoluble
porphyrin complexes in a hydrophilic silica aerogel matrix made them compatible with the
aqueous medium and allowed their active use in such an environment. By immobilization,
the extent and the rate of the catalysts’ self-oxidation was reduced, although it was still
present at a lower level. Since the direct interaction of the catalytically active centers
of the complexes was not possible due to their immobilization, the degradation was
most likely the consequence of the attack of active hydroxyl radicals generated in the
catalytic cycles. For future application, the chemical stability of the complexes should be
improved for example by changing the nature of the connecting pendant arms [48]. In
order to minimize the degradation of the catalysts but keep the reaction fast enough, the
temperature was optimized to 60 ◦C and the phenol:hydrogen peroxide molar ratio was
cut back to 1:14, which is close to the theoretical limit of 1:12–14 molar ratio required for
complete mineralization of chlorinated phenols. However, under such conditions, the
turnover frequency dropped from the 10−1–10−2 s−1 range to as low as 4.1× 10−4 s−1. Our
results show that the as-obtained catalysts CuPA and FePA may be considered as potential
alternatives for the mineralization of phenols with the environmentally safe oxidizing agent
hydrogen peroxide.

4. Materials and Methods
4.1. Materials

Methanol (technical grade), acetone (technical grade), 30% hydrogen peroxide solution
(analytical reagent grade), N,N-dimethylformamide (DMF) (analytical reagent grade) and
25 m/m% ammonia solution (analytical reagent grade) were purchased from Molar Chem-
icals Kft. (Hungary). Tetramethyl orthosilicate (TMOS) (purum), 3-chlorophenol (98 %)
and 2,4-dichlorophenol (99 %) were obtained from Sigma-Aldrich Ltd. (St. Louis, MO, USA).
5,10,15,20-Tetrakis(4-aminophenyl)porphyrin (TAPP) and 3-isocyanatopropyltriethoxysilane
(3-IPTES) were purchased from ABCR GmbH (Germany). Phenol (analytical reagent grade),
copper acetate (reagent grade) and iron(II) sulfate (reagent grade) were acquired from Re-
anal Finomvegyszergyár Zrt. (Hungary). Carbon dioxide cylinder was purchased from
Linde Gáz Magyarország Zrt. (Debrecen, Hungary). All the reagents were used without
any further purification.

4.2. Synthesis of Porphyrin Complexes

The synthesis of the complexes was carried out in two consecutive steps. First, the
porphyrin ring was functionalized with 3-isocyanatopropyltriethoxysilane (3-IPTES) in
a two neck flask under anhydrous conditions. A total of 20 mg of 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin (2.97 × 10−2 mmol) was dissolved in 4.0 mL anhydrous DMF and
kept under a dry argon atmosphere. 0.33 mL (1.191 mmol) of 3-IPTES was added to the
solution also under an argon atmosphere. The mixture was stirred at 70 ◦C for five days.
Next, the complexes were obtained by mixing 1.0 mL of 3-IPTES-TAPP with either copper
or iron salts. The reaction mixtures were diluted to 4.0 mL final volume with DMF and
stirred at 116 ◦C in sealed vessels. The metal ions were dosed in small portions until the red
fluorescence of the free base 3-IPTES-TAPP disappeared, indicating the complete formation
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of the complexes. The reaction time depended on the metal-ions. The Cu2+-TAPP-3-IPTES
complex formed typically in 10 min, while the formation of the complex with iron ion took
up to 72 h. The progress of the reactions was monitored by TLC.

4.3. Synthesis of Heterogeneous Catalysts

The catalysts (denoted as CuPA and FePA) were obtained by covalently binding
the complexes to the silica precursors and then co-gelated with TMOS to develop the
hybrid aerogel matrix. Two monoliths were prepared via the following general recipe.
Two solutions (labelled “A” and “B”) were prepared. Solution “A” contained 12.0 mL
MeOH (297 mmol) and 3.0 mL TMOS (20.33 mmol). Solution “B” was made from 12.0 mL
MeOH (297 mmol), 2.00 mL of the complex solution (3.705 × 10−3 mmol), 1.0 mL distilled
water (5.54 mmol) and 1.00 mL of diluted (1:1) NH3 solution (7.34 mmol). Solutions “A”
and “B” were mixed together, then poured into cylindrical plastic molds (66 × 28 mm)
and sealed with parafilm. The gels were kept in the molds overnight then they were
transferred into perforated aluminum frames. The frames provided mechanical support
and allowed for quick and efficient exchange of the solvents before supercritical drying.
All gels were soaked in the following solvents in order to purify them and to remove
the water: methanol-cc NH3 (8:1), pure methanol; each for a day. Then methanol was
gradually replaced by acetone, changed in 25% steps. There was no indication of leaching
of the porphyrin complexes during the process. Finally, the gels were stored in a copious
volume (2 L) of freshly distilled dry acetone for three days. After the change of the solvents,
the aerogels were obtained by supercritical drying, which was carried out in a custom-made
high-pressure reactor according to a general procedure published in a previous work [39].

4.4. Characterization of the Catalysts

Nitrogen gas porosimetry measurements were performed on a Quantachrome Nova
2200e surface area and porosity analyzer (Quantachrome Instruments, Boynton Beach,
FL, USA). Pieces of the samples were ground in a mortar and outgassed under vacuum at
100 ◦C for 24 h before the measurements.

1H-NMR measurements were performed on a Bruker 360 spectrometer (Bruker Biller-
ica, MA, USA).

FT-IR spectra were recorded on a Jasco FT/IR-4100 instrument (Easton, MD, USA).
Raman measurements were performed on a Renishaw InVia Raman microscope (Ren-

ishaw, Wotton-under-Edge, United Kingdom). It was used for the characterization of the
aerogel samples in the range 100–5000 Raman shift/cm−1. The laser used for the measure-
ments was a 532 nm, 50 mW diode laser. All spectra were recorded at a 10 s exposure time
each, utilizing 2400 L/mm grating. Beam centering and Raman spectra calibration were
performed daily before spectral acquisition using the inbuilt Si standard.

Elemental analysis was performed in a varioMICRO element analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany).

Scanning electron micrographs (SEM) were recorded on a Hitachi S-4300 instrument
(Hitachi Ltd., Tokyo, Japan) equipped with a Bruker energy dispersive X-ray spectroscope
(Bruker Corporation, Billerica, MA, USA). The surfaces were covered by a sputtered gold
conductive layer and a 5–15 kV accelerating voltage was used for taking high resolution
pictures.

The analysis of the metal content of the aerogels was carried out by an Agilent ICP-
OES 5100 SVDV device (Agilent Technologies, Santa Clara, CA, USA) after nitric acid and
hydrogen peroxide microwave digestion.

4.5. Study of Catalytic Activity

The catalytic activity of the aerogels was tested through the decomposition of phenol
and chlorophenols in an aqueous solution.

In the case of phenol, typically the phenol solution was placed into a flask along with
the appropriate amount of catalyst; the molar ratios were catalyst to phenol 1:100, 1:200 or
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1:300. The required amounts of the aerogels were calculated according to the ICP results.
The mixture was thermally equilibrated for several minutes before hydrogen peroxide
(molar ratios phenol to hydrogen peroxide 1:100 or 1:14) was added to start the reaction. The
total volume was 15.0 mL. The initial concentration of phenol was 250 ppm. The reaction
mixtures were stirred in closed vessels between 30–70 ◦C and at 90 ◦C for three hours. A
total of nine samples were taken (1.0 mL each) and centrifuged. The supernatants were
analyzed with HPLC, applying the following parameters: the column was a Phenomenex
Phenyl Hexyl column (150 × 4.6 mm, particle size: 5 µm); the composition of the mobile
phase was 50% H2O, 50% MeOH; the flow rate was 1.0 mL/min and the analysis time was
5 min. The components were detected by a UV detector at 270 nm.

Beyond the batch experiments, the oxidation of phenol was carried out in a continuous-
flow reactor as well. The applied catalyst to phenol and phenol to hydrogen peroxide molar
ratios were both 1:100. The phenol concentration was 500 ppm. The reaction mixture—
including the phenol solution, water and hydrogen peroxide solution—was filled in a
syringe and was dosed by a syringe pump with 2 mL/h rate. The catalyst was filled in a
U-shaped glass tube of 0.3 cm inner diameter. The bed length was 4.3 cm, the contact time
was set to 9 min. The reactor was immersed in a 90 ◦C water bath.

In the case of the chlorophenols, the chlorophenol solution was placed into a flask along
with the appropriate amount of catalyst, the molar ratios were catalyst to chlorophenol
1:100. The mixture was thermally equilibrated at 70 ◦C for several minutes before hydrogen
peroxide (molar ratio: chlorophenol: hydrogen peroxide = 1:100) was added to start the
reaction. The total volume was 15.0 mL. The initial concentration of the chlorophenols
was 500 ppm. The reaction mixtures were stirred in closed vessels at 70 ◦C for three hours.
In total, eight samples were taken (1.0 mL each) and centrifuged. The supernatants were
analyzed with HPLC, applying the following parameters. The column was a Supelcosil
LC-18 (250 mm × 4.6 mm, particle size: 5 µm) column; the composition of the mobile
phase was mixture of 50% ammonium acetate (50 mM)—50% MeOH in the case of 3-
chlorophenol; and ammonium acetate:methanol = 20:80 in the case of 2,4-DCP; the flow
rate was 1.0 mL/min, the analysis time was 8 min in both cases. 3-CP and 2,4-DCP was
detected by a UV detector at 280 nm and 287 nm, respectively.

Oxidation products of chlorophenols were detected by high resolution mass spec-
trometry (maXis II UHR ESI-QTOF MS instrument, Bruker, Karlsruhe, Germany), both in
the positive and in the negative ion mode. For positive mode ESI, the following param-
eters were used: capillary voltage: 3.5 kV, nebulizer pressure: 0.5 bar, dry gas flow rate:
4.5 L/min, temperature: 200 ◦C. For negative mode ESI, the following parameters were
used: capillary voltage: 2.5 kV, nebulizer pressure: 0.5 bar, dry gas flow rate: 4 L/min,
temperature: 200 ◦C. MS tuning parameters were optimized in both cases to measure the rel-
evant m/z range for chlorophenols (and their oxidation products), which was 50–600 m/z,
to generally detect any possible products.

A more sensitive (CE-)MS method was developed to separate and detect chlorophenols
in low concentrations (~1 ppm). The abovementioned MS instrument was coupled to a
capillary electrophoresis (7100 CE System, Agilent, Waldbronn, Germany) instrument via a
coaxial CE-ESI sprayer interface (G1607B, Agilent). Sheath liquid was transferred with a
1260 Infinity II isocratic pump (Agilent). CE instrument was operated by OpenLAB CDS
Chemstation software.

Parameters for the capillary zone electrophoretic separation: capillary: 90 cm × 50 µm
fused silica; background electrolyte: 40 mM ammonium formate/ammonia (pH 9.5); ap-
plied voltage: 20 kV; hydrodynamic injection: 500 mbar·s; sheath liquid: iso-propanol:
water = 1:1 containing 5 mM ammonia; sheath liquid flow rate: 10 µL/min. After each
injection, a small amount of background electrolyte was also injected from a distinct vial
(150 mbar) to eliminate carry-over effects. During electrophoresis, 35 mbar pressure was ap-
plied to the inlet buffer reservoir to decrease migration times significantly. The MS method
in the negative mode was tuned according to the desired mass range (80–250 m/z), a much
narrower one compared to the general detection of products, to obtain better sensitivity,
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although parameters for the ESI source were the same. Applied spectra rate was 3 Hz.
Electropherograms were recorded by otofControl version 4.1 (build: 3.5, Bruker). Spectral
background correction and internal calibration were performed on each electropherogram
and peaks were integrated by Compass DataAnalysis version 4.4 (build: 200.55.2969).

Leaching of metal ion from the catalysts was studied by the ICP-OES technique
after the following procedure: the remaining reaction mixture was centrifuged and the
supernatant was filtered through a PTFE membrane filter (pore size: 0.45 µm), after which
the solution was filled up in a volumetric flask. The concentrations were determined against
standard solutions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/gels8040202/s1, Figure S1: 1H NMR spectra of the 5,10,15,20-tetrakis(4-aminophenyl)porphyrin
and the coupling agent: 3-isocyanatopropyltriethoxysilane, Figure S2: 1H NMR spectra of the mixture of
5,10,15,20-tetrakis(4-aminophenyl)porphyrin and the coupling agent 3-isocyanatopropyltriethoxysilane.
The spectra of the reaction mixture were recorded directly after mixing and after 96 hours reaction
time. The changes—especially in the aromatic region—in the spectra indicate change in the chemical
structure of the porphyrin ring, meaning that the functionalization was successful, Figure S3: FT-
IR spectra of the empty porphyrin ring (a), and the complexes with Cu(II) (b), and Fe(II) ions (c),
Figure S4: Nitrogen adsorption-desorption isotherms of the catalysts denoted as CuPA (left) and
the iron-containing one, denoted as FePA (right). The shapes, as expected, are almost perfectly
alike, Figure S5: Initially the reaction mixture seemed to be homogeneous (left), but after a while
without heating solid particles of the porphyrin complex appeared (center), settled down and the
solution became colorless (right), Figure S6: Drawing of the continuous-flow tubular reactor for
phenol oxidation.
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Abstract: Luminescent aerogels based on sodium alginate cross-linked with ions of rare earth ele-
ments (Eu3+, Tb3+, Sm3+) and containing phenanthroline, thenoyltrifluoroacetone, dibenzoylmethane,
and acetylacetone as ligands introduced into the matrix during the impregnation of alginate aerogels
(AEG), were obtained for the first time in a supercritical carbon dioxide medium. The impregnation
method used made it possible to introduce organically soluble sensitizing ligands into polysaccharide
matrices over the entire thickness of the sample while maintaining the porous structure of the aerogel.
It is shown that the pore size and their specific area are 150 nm and 270 m2/g, respectively. Moreover,
metal ions with content of about 23 wt.%, acting as cross-linking agents, are uniformly distributed
over the thickness of the sample. In addition, the effect of sensitizing ligands on the luminescence
intensity of cross-linked aerogel matrices is considered. The interaction in the resulting metal/ligand
systems is unique for each pair, which is confirmed by the detection of broad bands with individual
positions in the luminescence excitation spectra of photoactive aerogels.

Keywords: aerogels; lanthanide luminescence; supercritical carbon dioxide; sodium alginate;
luminescent sensor

1. Introduction

The prospect of using rare earth elements (REE) in the creation of luminophores for
analytical purposes, in particular for sensors, is usually associated not only with high
quantum yields, long luminescence lifetimes, and a wide spectral range (from UV to IR),
in which narrow-band luminescence of REE compounds is observed [1], but is determined
by the possibility of regulating the functional characteristics of such systems when organic
ligands of different natures are introduced (usually, the introduction of several ligands
out of 4–6 possible options is conformationally acceptable) with the formation of specific
photoactive centers “REE ion–ligands” [2–4]. Moreover, ligands also act as “antennas” [5–7]
for radiation-initiating luminescence. This is even more important because of the low
intensity of the luminescence of rare earth ions, caused by the forbidden electronic parity
transitions [8]. The presence of third-party molecules or ions in the medium can affect the
response of “antennas”. Thus, cellulose aerogels cross-linked with terbium and europium
ions and exhibiting luminescence sensitive to K+, Ni2+, Co2+, Cu2+, and Fe2+ ions are
described in [9]. Zhang et al. demonstrate the quenching of the luminescence of Eu3+ ions
in a complex with YVO4 introduced into an alginate aerogel under the vapors of various
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organic solvents, including acetone, benzene, toluene, etc. [10]. Hai et al. show the binding
of terbium ions with cellulose macromolecules using bridge ligands: 4-aminopyridine-2,6-
dicarboxylic acid and 2-(2-aminobenzamido)benzoic acid. The resulting material exhibits
reversible quenching/buildup of the luminescence of terbium ions in the presence of ClO–

and SCN– ions, respectively [11].
The next range of problems that arise when creating analytical, in particular sensor,

systems using luminescent complexes based on REE elements is associated with the for-
mation of these complexes in polymer aerogels with a superporous cross-linked structure,
bearing in mind the conformational possibilities for placement in such matrices of ions of
organic ligands in the vicinity of REE. It is known [12] that for such purposes, the sodium
salt of alginic acid can be chosen as the polymer base. Indeed, lanthanide ions, similar to
calcium ions, are capable of binding with carboxyl groups of alginate polyanion macro-
molecules [13] to form three-dimensionally cross-linked gels, which acquire the structure
of aerogels after treatment in a supercritical carbon dioxide (SC-CO2) medium [14]. The for-
mation of three-dimensionally cross-linked structures prevents the extraction of ionically
bound luminophore centers from the matrix during SC-CO2 drying [15], which occurs,
for example, in lanthanide oxide aerogels [16]. At the same time, it should be noted that,
although the methods for obtaining alginate aerogels lack such stages as hydrolysis, sol–gel
formation, and sintering, which are characteristic of the synthesis of lanthanide-containing
silicon and aluminum oxide aerogels [17], a certain problem associated with the search for
common solvent for photoactive dopants and polymer matrix arises in the preparation of
such aerogels. This problem is solved in this work based on a result previously obtained by
the authors of the article. Thus, it is shown that organic sensitizing ligands, in particular
phenanthroline, are easily introduced into cross-linked polymer matrices in a SC-CO2
medium [18]. By this method, for the first time, this work demonstrates the sensitization
of the luminescence of rare earth ions in the composition of alginate aerogel matrices, per-
formed in a supercritical CO2 medium. No similar researches were found in the literature.
This made it possible to obtain luminescent aerogels based on sodium alginate cross-linked
with lanthanide ions (Eu3+, Tb3+, Sm3+), and to establish the effects of the exposure of
the formed systems of introduced sensitizing ligands (phenanthroline, dibenzoylmethane,
thenoyltrifluoroacetone, acetylacetonate) on the luminescence intensity, with a possible
perspective of using such systems as optical sensors for volatile organic substances.

2. Results and Discussion
2.1. Some Physicochemical Characteristics of Aerogel Matrices
2.1.1. Specific Surface Area

Superporous aerogel structures were obtained by drying in a supercritical CO2 medium
(Figure 1). The average pore diameter is 149 nm ± 61 nm.

The data presented in Table 1 were obtained by the method of low-temperature
adsorption of argon. The specific surface area (SSA) values of AEGs cross-linked by REE
ions are comparable with similar values for some inorganic aerogels [19–22]. This makes it
possible to use the obtained luminescent alginate aerogels as matrices in the development
of sensors for the identification of gases and volatile substances.

Table 1. Specific surface area of alginate aerogel films cross-linked with REE ions.

Aerogel Matrix SSA Average Value, m2/g
Eu AEG 255 ± 22
Tb AEG 290 ± 43
Sm AEG 270 ± 9

Inorganic AEG ≈100–2300
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Figure 1. SEM images of the surface of an aerogel film cross-linked with Eu3+ ions: (A) magnification
100×, (B) 810×, (C) 15,000×, (D) 65,000×.

2.1.2. The Content of Rare Earth Metals in Cross-Linked Aerogel Matrices

Even after prolonged washing of the hydrogels, the metal content in the obtained aero-
gels remains constant, which indicates the fixation of all REE ions in the cross-linking sites
of the alginate matrix. Therefore, the content of rare earth metals can provide information
on the degree of cross-linking of the three-dimensional structure of the alginate aerogel.
The elemental analysis data presented in Figure 2 as six data rows, correspond to six radial
straight lines emerging from the center of the cylinder (200 µm) to its edges (6400 µm).
The analysis was performed along each straight line at seven points. It can be seen that
the mass content of europium ions is approximately the same over the entire cross-section
of the Eu AEG sample (cylinder with a diameter of 13 mm), and is about 26%, which is
close to the theoretical maximum content of europium (22.4 wt.%), corresponding to one
trivalent europium ion per three carboxyl units. However, local measurements at the cut
points lead to a high measurement error, about 23%. Therefore, the thermogravimetric
method was used to determine the exact metal content in cross-linked aerogels.

The metal content was estimated by the thermogravimetric method, based on the
fact that after thermal oxidation in air (at 1000 ◦C), the residue contains only metal oxide.
The calculated maximum possible metal content (theoretical) and the content estimated
using the thermogravimetric method (experimental) are presented in Table 2, and is also
close to the EDS analysis data. The values that are lower than the theoretical ones are due to
the incomplete reaction of the substitution of sodium ions by REE ions (about 85%), caused
by steric hindrances in the formation of a cross-linked structure.

Table 2. Experimental and theoretical mass content of metal in alginate aerogel films cross-linked
with Eu3+, Tb3+, and Sm3+ ions.

Sample Metal Content
(Experimental), wt.%

Metal Content (Theoretical),
wt.%

Eu AEG 19.4 ± 0.3 22.4
Tb AEG 20.9 ± 0.2 23.2
Sm AEG 17.9 ± 0.2 22.2
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Figure 2. Mass content of Eu in a cross-linked matrix of sodium alginate.

For additional characterization of the complexes formed upon SC impregnation
of cross-linked aerogels with organic ligands, the materials were analyzed using FTIR.
The FTIR spectra of the initial films and ligands, as well as the resulting systems, are shown
in Figure 3a–c. As can be seen from the spectra, during the cross-linking of sodium al-
ginate, the bands at 1403 cm−1 and 1591 cm−1 (characteristic bands of symmetric and
antisymmetric C=O vibrations for salts of carboxylic acids) shift towards each other up to
1415 cm−1 and 1585 cm−1, respectively, when the Na+ ion is replaced by the lanthanide ion.
The 1024 cm−1 band (C-O hydroxyl groups) also shifts to 1032 cm−1 under the influence of
a more electronegative ion. The IR spectra of the impregnated films are a superposition
of the most intense bands of the ligand on the spectrum of cross-linked alginate, with
the exception of the Acac ligand, whose bands are not detected due to the extremely low
concentration (Figure S1). According to other publications, the absorption bands of Dbm
carbonyl groups do not undergo significant shifts relative to the absorption of the free
ligand upon coordination with lanthanides [23]. For the films SC -impregnated with Dbm,
shifts of the C=O vibration bands from 1525 cm−1 to 1517 cm−1 and C-H from 1461 cm−1

to 1479 cm−1 are observed (Figure 3b). In this case, a band at 516 cm–1 appears, which
is related to the new Ln–O bond, and is absent in the initial ligand and film. Due to the
low concentration of the ligand, this band is be detected in SC-impregnated films with the
Tta ligand. However, it is known that the position of the C=O band of the Tta ligand shift
down by about 40 cm−1 when combined with a rare earth ion [24,25]. For Ln AEG + Tta
films, a shift of this band from 1638 cm–1 to 1596 cm–1 is observed, which confirms the
coordination. On the spectra of films SC-impregnated with Phen, only a few of the most
intense bands belonging to phenanthroline are detected. However, their position is also
shifted relative to the bands of free phenanthroline, which is typical for Phen complexes
with metal: from 623 cm−1 to 635 cm−1, from 737 cm−1 to 730 cm−1, from 852 cm−1 to
841 cm−1, and from 1504 cm−1 to 1518 cm−1 (Figure 3c).
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127



Gels 2022, 8, 617

2.2. Effect of Organic Sensitizing Ligands on the Luminescent Properties of Aerogel Polysaccharide
Matrices Cross-Linked with REE Ions
2.2.1. Luminescence of Aerogel Films

Well-studied ligands with known triplet energy levels close to the radiative levels of a
given series of metals, as well as well-soluble in SC-CO2 medium, were used for sensitiza-
tion of luminescence: acetylacetone, phenanthroline, dibenzoylmethane, and thenoyltrifluo-
roacetone. Based on the difference between the energies of the triplet level of the ligand and
the radiative level of the metal, which should be in the range of 1000 cm–1–5500 cm–1 [26],
one can predict in advance the efficiency of energy transfer from the ligand to the metal [27–30].
Table 3 lists the energies of the triplet levels of the abovementioned ligands and the radiative
levels of Eu3+, Tb3+, and Sm3+ ions, as well as the difference between these energies (∆E) for
each metal/ligand pair. Green color indicates the pairs for which an effective sensitization
process is expected and, as a result, an increase in the intensity of the luminescence of
rare earth ions. Highlighted in red are ∆E, at which the energy transfer from the ligand to
the metal either does not occur (∆E > 5500 cm−1), or at which the reverse energy transfer
dominates (∆E < 1500 cm−1).

Table 3. The energies of the triplet levels of the Tta, Phen, Acac, and Dbm ligands, the energies
of the excited radiative levels of the Eu3+, Tb3+, and Sm3+ ions, and their difference ∆E for each
metal/ligand pair.

Tta:
20,500 cm−1

Phen:
22,075 cm−1

Acac:
25,310 cm−1

Dbm:
20,300 cm−1

Eu (5D0)
(17,267 cm−1) 3233 cm−1 4808 cm−1 8043 cm−1 3033 cm−1

Tb (5D4)
(20,394 cm−1) 106 cm−1 1681 cm−1 4916 cm−1 −94 cm−1

Sm (4G5/2)
(17,825 cm−1) 2675 cm−1 4250 cm−1 7485 cm−1 2475 cm−1

Thus, the effective REE–ligand interaction should be observed for Eu and Sm sys-
tems with Tta, Phen, and Dbm, and for Tb with Phen and Acac. The efficiency of the
sensitization process after the SC introduction of ligands was evaluated by the increase in
the luminescence intensity of aerogel matrices cross-linked with rare earth ions, and the
occurrence of metal–ligand interaction by changes in the luminescence excitation spectra.
Indeed, the change in the luminescence intensity for all AEGs occurs in accordance with
the expected results, with the exception of the Eu AEG + Dbm pair. Dbm molecules show a
weaker sensitizing ability compared to other ligands, and no sensitization is observed in
the Eu AEG matrix. This can be explained by the features of the keto–enol equilibrium of
the Dbm tautomers in the nonpolar SC-CO2 medium [31,32]. In the luminescence spectra of
aerogel matrices cross-linked with Eu3+ and Tb3+ ions, characteristic narrow bands of low
intensity metal-centered luminescence are observed. Moreover, the luminescence excitation
spectra are also represented by a set of narrow bands, the positions of which are given
in Table 4. At the same time, the characteristic luminescence (bands at 563 nm, 598 nm,
and 644 nm) are not detected in the samples cross-linked with Sm3+ ions. The excitation and
luminescence spectra of cross-linked aerogels are presented in Figures S2 and S3. Before SC
impregnation, the samples are transparent white or slightly yellow. After the introduction
of ligands in the SC-CO2 medium, the transparency is preserved, and the films acquire
a pink (for Phen and Dbm) or yellow (for Acac and Tta) tint. Figure 4 shows the films
of the original Eu AEG (1) and of the Eu AEG SC-impregnated with Phen (2) and Tta
(3) ligands. In the first row (A), the films are placed on a light monitor. Transparency is
also confirmed by the absorption spectra of the original Eu AEG film and of the Eu AEG
impregnated with Phen ligands (Figure S4). The second row (B) shows the films in daylight,
the third row (C) shows the films exposed to 365 nm UV light. The remaining samples have
a similar appearance, except that their glow under the ultraviolet light is not apparent to
the naked eye.
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Table 4. The position of the maxima of the original alginate aerogels cross-linked with REE ions and
aerogels after SC impregnation with organic ligands, as well as changes in the luminescence intensity.
The letters “S”, “M”, and “W” denote strong, medium, and weak luminescence bands, respectively.

Sample
Position of Band Maxima in

the Luminescence
Excitation Spectra

Changes in the Intensity of
Characteristic Luminescence

Peaks of REE Ions
Initial alginate aerogels cross-linked with REE ions

Eu AEG 393 nm; 464 nm 577, 590, 615 (S)

Tb AEG 317 nm; 340 nm; 351 nm;
368 nm; 377 nm 488, 543, 584, 620 (M)

Sm AEG – 563, 598, 644 (Not detected)
Matrices impregnated with thenoyltrifluoroacetone (Tta)

Eu AEG
+Tta 363 nm
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In all cases, after SC impregnation of the matrices, the excitation spectra are represented
by broad bands (from 140 to 240 nm wide) that are characteristic for organic molecules
(Table 4). Correspondingly, ligands dissolved in SC fluid are adsorbed on the surface and in
the volume of aerogels, and coordinate near REE ions, forming luminescent systems with
them. All recorded spectra of the SC-impregnated aerogels are shown in Figures S5–S15.

In Table 4, green indicates an increase in luminescence intensity after impregnation
with organic ligands, while red indicates a decrease in intensity.

It is known that the standard procedure for obtaining luminescent organic REE com-
plexes includes mixing solutions of metal salts and ligands, adjusting pH to a certain value,
and isolating and purifying the precipitated product [33]. The obtained complexes are no
longer able to act as cross-linking agents for water-soluble polyanions, since they become
insoluble in aqueous media. On the other hand, the introduction of a ready-made lumines-
cent REE complex into cross-linked aerogels (for example, by impregnation in SC-CO2) is
limited by solubility in SC-CO2, concentration quenching, and aggregation. For alginate
aerogels cross-linked with REE, each luminescent center is located in the cross-link site
and is shielded from neighboring centers by fragments of polymer molecules. Therefore,
the sensitization of such distributed luminescent centers in alginate matrices can be consid-
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ered as a way to bypass the problem of concentration quenching. However, luminescence
quenching is observed in aerogels with an ion content of about 20%. Thus, the maximum
luminescence intensity is achieved at a REE content of about 10 wt.%. Also, preliminary
tests of the luminescence sensitivity of some aerogel matrices to the presence of organic
and inorganic vapors (acetone, ammonia) were carried out. The original non-impregnated
aerogels cross-linked with REE are not sensitive to the tested volatile compounds. It is inter-
esting to note that only one matrix (AEG Eu, containing Tta) shows the reaction to acetone
after SC impregnation: the intensity of characteristic luminescence bands in the presence of
acetone vapor increase by 32% (Figure S16). Luminescence quenching by ammonia vapor
is observed in AEG Eu and AEG Tb aerogels SC-impregnated with Phen. The luminescence
intensity of the matrices drops by 18% and 60%, respectively (Figures S17 and S18). Thus,
not only the structure of the organic ligand, but also the metal, has a significant effect on
the nature of the response of luminescent aerogels.
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2.2.2. Features of the Distribution of Impregnated Ligands in the Volume of Aerogels

It is important to note that when mentioning the most characteristic properties of
aerogel materials, such as porosity, mechanical properties, and refractive index, three-
dimensional structure properties are implied. This also applies to luminescent properties:
up to a certain thickness, aerogels are optically transparent for the UV–NIR range; accord-
ingly, radiation should occur not only from rare earth ions localized on the surface of the
matrix, but also in its volume. Therefore, it is necessary to make sure that the interaction of
luminescent ions with the introduced sensitizing ligands occurs through the volume of the
matrix. For example, Zhang et al. demonstrate the penetration of a sensitizing ligand into a
sample layer no thicker than 130 µm, after impregnating an aerogel matrix in solution [10].
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This work shows that the impregnation of alginate aerogels in the SC-CO2 medium ensures
the impregnation of the matrix to a depth of at least 3.3 mm (cylinder with a radius of
6.6 mm) (Figure 5). At the same time, this value is still limited only by the difficulties in
obtaining thicker aerogel blocks, but not by the capabilities of the SC-fluid. Figure 5 shows
the intensity distribution of the luminescence signal at 613 nm over the thickness of the
Eu AEG (curve 1) and Eu AEG–Phen (after SC impregnation) matrices (curve 2). It can be
seen that the increase in signal intensity occurs throughout the entire volume of the matrix,
which indicates the penetration of the ligand dissolved in the SC-medium to a given depth.
The increased values from the edges of the matrix (0–100 µm, 6000–6500 µm) are associated
with a more intense diffusion of the solution into the near-surface layers.
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3. Conclusions

The luminescent aerogels based on sodium alginate, cross-linked with ions of rare
earth elements (Eu3+, Tb3+, Sm3+) and containing phenanthroline, thenoyltrifluoroacetone,
dibenzoylmethane, and acetylacetonate as ligands, introduced into the matrix during SC
impregnation of alginate aerogels, were obtained in a supercritical carbon dioxide medium
for the first time. It is shown that the intensity of the luminescence bands change after
impregnation. Moreover, the nature of the influence of organic additives (ligands) on
the luminescent properties of REE ions depends on the nature of both the ion and the
ligand. It is demonstrated that upon SC impregnation, ligands can penetrate and act as
luminescence sensitizers of rare earth ions throughout the entire thickness of aerogels.

4. Materials and Methods
4.1. Preparation of Alginate Aerogels Cross-Linked with REE Ions

The following substances were used without additional preparation and purifica-
tion: REE chloride hexahydrates: XCl3x6H2O, where X is Eu, Tb, Sm (Aldrich, St. Louis,
MO, USA, 99.9%); gadolinium (III) acetylacetonate hydrate (Gd(Acac)3xH2O) (Aldrich,
99.9%); europium (III) theonyltrifluoroacetonate trihydrate (Eu(Tta)3x3H2O) (Acros Organ-
ics, Geel, Belgium 95%); sodium alginate (Rushim, Moscow, Russia); sensitizing ligands:
1,10-phenanthroline (Acros Organics, 99+%); thenoyltrifluoroacetone (Aldrich, 99+%);
dibenzoylmethane (Aldrich, 99+%); isopropanol (HIMFARM, Moscow, Russia, TU 2632-
181-44493179-2014) (hereinafter, coordination water is not indicated for REE compounds).
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To create supercritical conditions for impregnation and drying, dry carbon dioxide,
with the volume content of water vapor not exceeding 0.001%, according to the quality
certificate, was utilized (OOO “NII KM” 99.8% All-Union State Standard 8050-85).

Alginate aerogels in the form of films and cylinders were obtained by the following
method. First, hydrogel films were obtained by pouring 40 mL of an aqueous solution of
REE chloride (5 wt.%) into 30 mL of an aqueous solution of sodium alginate (2 wt.%) in a
plastic Petri dish (d = 85 mm). The thickness of the formed film varied from 1 mm along
the edges to 3 mm in the center. Hydrogel cylinders of 2 cm in diameter were obtained by
squeezing 10 mL of a 2% aqueous solution of sodium alginate into a 10-fold excess of a
5% aqueous solution of REE chloride from a 10 mL syringe. The hydrogels were kept in
distilled water for 72 h, changing the water three times to remove unreacted REE chloride.
Then, the water in the hydrogels was replaced with isopropanol: the hydrogels were kept
in a mixture of isopropanol/water (25/75) for 24 h, and then the proportion of isopropanol
was increased by 25% once a day, bringing it to 100%.

The cross-linked alginate hydrogels were dried in a high-pressure flow reactor in su-
percritical carbon dioxide at a temperature of 40 ◦C and a pressure of 115 bar. The diagram
of the process is shown in Figure 6.
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4.2. Impregnation of Aerogels Cross-Linked with REE Ions by the Organic Ligands

Aerogels were impregnated with the organic ligands in SC-CO2 medium. The con-
centration of ligands in the supercritical solution was 0.25 mg/mL. The impregnation was
carried out for 1 h at a pressure of 180 bar and a temperature of 90 ◦C. Previously, in our
work it is shown that, under these conditions, it is possible to achieve a uniform distribution
of impregnated compounds in various polymer matrices in a SC-CO2 medium [34]. The re-
actor was then cooled to room temperature and depressurized to atmospheric pressure for
30 min (Figure 7).
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4.3. Determination of Luminescent and Physicochemical Characteristics of Cross-Linked
Aerogel Matrices

The luminescence and luminescence excitation spectra of the aerogel films were
recorded using a Horiba Fluoromax Plus (Horiba-Jobin-Yvon, Palaiseau, France) spectroflu-
orometer at room temperature. The distribution of the luminescence intensity over the
thickness of the aerogel cylinders was determined using a flexible optical fiber with a diam-
eter of 0.8 mm directed at the cross-section of the sample, and a QE Pro 65000 spectrometer
(Ocean Insight, Orlando, FL, USA). The displacement was provided by a movable stage
with a positioning accuracy of 10 ± 1 µm. The values were recorded from the surface of the
cross-section of the cylinder along a straight line from the periphery to the center with a
step of 100 µm.

The specific surface area (SSA) of polysaccharide aerogels was determined by the
low-temperature argon adsorption method (BET method). The analysis was carried out at
the V.V. Voevodsky Laboratory of Kinetics of Mechanochemical and Free-Radical Processes
(N.N. Semenov Federal Research Center for Chemical Physics, RAS, Moscow, Russia).

SEM images of the porous structure of aerogels were obtained using a scanning elec-
tron microscope Prisma E (Thermo Fisher Scientific, Scheepsbouwersweg, The Netherlands)
after deposition of a layer of gold (10 nm). Data on the metal content in aerogel matrices
were obtained from the surface of a cross-section of a cylindrical sample using a Phe-
nom ProX scanning electron microscope (Thermo Fisher Scientific, Scheepsbouwersweg,
The Netherlands) equipped with an energy-dispersive spectroscopy (EDS) silicon drift
detector, which allows the performance of elemental analysis. Also, the metal content in the
matrices was determined by the gravimetric method, based on the residue after burning
the samples in a Saturn 1 high-temperature furnace at a temperature of 1000 ◦C.

FTIR analysis of the initial components and the synthesized system was carried out
using a spectrum two FT-IR spectrometer (PerkinElmer, Waltham, MA, USA) in atten-
uated total reflectance (ATR) mode. The spectrometer features were as follows: high-
performance, room-temperature LiTaO3 MIR detector, standard optical system with KBr
windows for data collection over a spectral range of 4000–350 cm−1 at a resolution of
0.5 cm−1. All spectra were initially collected in ATR mode and converted into IR transmit-
tance mode.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8100617/s1, Figure S1: FTIR spectra of initial cross-linked films
Ln AEG and SC-impregnated films Ln AEG + Acac; Figures S2 and S3: Luminescence spectra (orange
curve) and luminescence excitation spectra (green curve) of alginate aerogels cross-linked with Eu3+

and Tb3+ ions, respectively; Figure S4: Absorption spectra of Eu AEG (curve 1) and Eu AEG film after
SC impregnation of Phen (curve 2). Figures S5–S15: Luminescence (orange curve) and luminescence
excitation (green curve) spectra of alginate aerogels cross-linked with Eu3+, Tb3+, and Sm3+ ions,
SC-impregnated with Tta, Phen, Acac, and Dbm ligands; Figure S16: Luminescence spectra: 1.AEG
Eu SC-impregnated with Tta before and 2. after exposure to acetone vapor; Figure S17: Luminescence
spectra: 1. AEG Eu SC-impregnated with Phen before and 2. after exposure to ammonia vapor,
Figure S18: Luminescence spectra: 1. AEG Tb SC-impregnated with Phen before and 2. after exposure
to ammonia vapor.
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Abstract: The removal of polyvalent metal ions Eu(III) and Th(IV) from aqueous solutions using
polyurea-crosslinked calcium alginate (X-alginate) aerogels has been investigated by batch-type
experiments under ambient conditions and pH 3. The material presents relatively high sorption
capacity for Eu(III) (550 g kg−1) and Th(IV) (211 g kg−1). The lower sorption capacity for Th(IV)
compared to Eu(III) is attributed to the net charge of the dominant species in solution under the
given experimental conditions, which is Eu3+ for Eu(III), and Th(OH)2

2+ and Th(OH)3
+ for Th(IV).

Generally, the sorption is an endothermic and entropy-driven process, and it follows the Langmuir
isotherm model. According to the FTIR spectra, sorption occurs via formation of inner-sphere
complexes between the surface functional groups and the f -metal cationic species. The presence of
europium and thorium in the adsorbent material was confirmed and quantified with EDS analysis. To
the best of our knowledge, this is the first report of an aerogel material used as an adsorbent for Eu(III).
Compared to other materials used for the sorption of the specific ions, which are mostly carbon-based,
X-alginate aerogels show by far the highest sorption capacity. Regarding Th(IV) uptake, X-alginate
aerogels show the highest capacity per volume (27.9 g L−1) among the aerogels reported in the
literature. Both Eu(III) and Th(IV) could be recovered from the beads by 65% and 70%, respectively.
Furthermore, Th(VI) could also be quantitatively removed from wastewater, while Eu(III) could be
removed by 20%. The above, along with their stability in aqueous environments, make X-alginate
aerogels attractive candidates for water treatment and metal recovery applications.

Keywords: alginate aerogels; polymer-crosslinked aerogels; polyurea-crosslinked alginate aerogels;
Th(IV) sorption; Eu(III) sorption; thermodynamic; environmental remediation; water decontamination

1. Introduction

Europium is a member of the lanthanide series and one of the rarest members of
the rare earth elements. Similar to other lanthanide elements, europium in aqueous so-
lutions exists basically in the trivalent oxidation state and, under ambient conditions,
hydrolysis and carbonate complexation determine its chemical behavior. Although a heavy
metal, europium is relatively non-toxic, because it has no significant role in biological
processes. Europium compounds have found industrial applications because of their
optical/luminescent properties. In addition, Eu(III) is used as an analogue for trivalent
lanthanides and actinides, such as Am(III) and Cm(III), because it presents similar aquatic
chemistry to its radioactive counterparts, is non-(radio)toxic and possesses useful fluores-
cent properties, which make spectroscopic studies on its chemical behavior and speciation
possible [1].

Efficient collection of lanthanides (including europium) from process waters and in-
dustrial wastewaters prior to their discharge into environmental receivers is nowadays
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mandatory in order to protect the environment and secure the future availability of lan-
thanide resources. Lanthanides play a main role in the fabrication of different industrial
products (e.g., automotive catalysts, magnets, optical devices, ceramics, etc.), as well as in
green and sustainable energy production [2,3].

Thorium belongs to the actinide series of elements. Monazite contains relatively high
amounts of thorium together with other rare earth elements, and it is extracted from the
ore by liquid−liquid extraction using tributyl phosphate [4]. The naturally occurring
thorium isotope (Th-232) is a weakly radioactive nuclide, and not fissile, but it can be
transmuted via neutron absorption into the fissile uranium isotope U-233. Over the next
decades thorium could play a major role as a nuclear fuel in liquid fluoride thorium reactors
(LFTR), which, compared to uranium-fueled light water reactors, are significantly more
energy effective, and produce far less nuclear waste [5]; and they are also characterized of
higher safety, which is associated with considerably lower chances of getting into a nuclear
accident [6]. In addition, thorium is more abundant than uranium, which results to lower
energy production prices [6].

In the past, thorium has been widely used in ceramic glazes, lantern mantles, and
welding rods. In addition, thorium in the form of colloidal thorium dioxide was used
until the 1950s as a contrast agent in medical radiology. Studies of people and patients
who were exposed to thorium have shown increased risk of liver tumors, pancreatic,
lung, and bone cancer. The latter is mainly because thorium is stored in bones [7]. It is
expected that increased levels of thorium in the biosphere could have negative effects on
the environment and human health [8]. Therefore, removal of thorium from industrial
process waters and wastewaters prior to their discharge into environmental receivers is of
particular importance regarding the protection of the associated ecosystems. In addition,
possible recovery of thorium from industrial wastewaters is of particular interest because
of its use in nuclear fuel production.

Metal removal technologies based on adsorption have attracted a significant interest
because of their ease of operation, possible reuse of absorbents, and efficient recovery
of precious elements [9]. Aerogel materials as adsorbents are very attractive because of
their diverse chemical composition, high porosity, and a wide range of pore dimensions,
including micro-, meso-, and macropores, resulting in effective and low-cost processes, and
often also in selectivity towards the desirable adsorbates [10,11].

One example of aerogel materials studied as adsorbents are the polyurea-crosslinked
alginate (X-alginate) aerogels, which are a new class of biopolymer-based aerogels with high
mechanical strength [12–14]. These aerogels were prepared according to the polymer-cross-
linked (X-aerogel) technology [15–20], by the reaction of aliphatic or aromatic triisocyanates
with pre-formed M-alginate wet-gels (M refers to divalent or trivalent metal cation), which
results in the formation of a nano-thin layer of polyurea over the M-alginate skeleton,
leaving the primary M-alginate structure practically undisturbed. That polyurea layer
renders the materials hydrophobic, in contrast to the corresponding M-alginate aerogels
that are extremely hydrophilic. The nature of polyurea (aliphatic or aromatic) is also
significant, as the aliphatic polyurea layer is more compact compared to the aromatic
polyurea layer, which is a more randomly oriented polymer structure, leaving more exposed
the coordination sites [21].

Based on the above, X-alginate aerogels (Figure 1) derived from pre-formed Ca-alginate
(Figure 1) gels and an aromatic triisocyanate (Desmodur RE; Figure 1) have been found to
be excellent candidate materials for environmental remediation. These materials combine
hydrophobicity, high mechanical strength, and high stability (no swelling, shrinking, or
disintegration) in all aqueous environments, including seawater. Therefore they have been
used for decontamination of seawater from Pb(II), organic solvents, and oil [22], and also
for U(VI) uptake from various water environments [23]. In the case of U(VI), the adsorption
process was especially fast, and X-alginate aerogels showed an extremely high adsorption
capacity uptake—twice the mass of the material, which compared to that of other aerogel
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materials is one of the highest sorption capacities per weight and the highest per volume.
In addition to this, uranium could be recovered almost quantitatively.

Figure 1. The structures of Ca-alginate, triphenylmethane-4,4′,4′′-triisocyanate (TIPM; Desmodur
RE) and the corresponding X-alginate aerogels. Ca-alginate is a block copolymer of β-(1→4)-linked
D-mannuronate (M) and α-(1→4)-linked L-guluronate (G).

In this study, X-alginate aerogels described above have been studied in terms of
their ability to sorb Eu(III) and Th(IV) from aqueous solutions. In addition to batch-type
experiments, which were carried out to investigate the effect of various parameters on the
sorption efficiency of the aerogels towards Eu(III) and Th(IV), FTIR and EDS data were
used to confirm the post-adsorption presence of Eu(III) and Th(IV) on the adsorbent and to
evaluate the sorption mechanism.

2. Results and Discussion
2.1. Eu(III) Sorption

The adsorption capacity of the X-alginate aerogels for Eu(III) has been studied with
batch-type experiments, under ambient conditions and at pH 3.0. The experiments were
carried out at pH 3.0 to avoid the formation of hydrolysis products and enable the use of in-
creased metal ion concentrations without considering complex polynucleation and surface
precipitation reactions. The dominant species in solution under the given experimental
conditions is Eu3+. The initial Eu(III) concentration varied between 10−5 and 0.1 mol L−1,
and the isothermal data were fitted with the Langmuir model (Equation (1)), where qe
is the Eu(III) uptake (in mol kg−1) at equilibrium, Ce is the Eu(III) concentration in the
solution at equilibrium (in mol L−1), qmax is the adsorption capacity (in mol kg−1), and KL
the Langmuir equilibrium constant (in L mol−1). Equation (1) is as follows:

qe =
qmax KL Ce

1+KL Ce
(1)

The isothermal data are shown in Figure 2; these data are best fitted with the Langmuir
isotherm model, which assumes that specific sites are available for Eu(III) coordination. The
plateau of this curve is associated with saturation of these sites, which occurs at increased
Eu(III) concentrations. Evaluation of the experimental data by the Langmuir isotherm
model resulted in an adsorption capacity (qmax) of 3.62 mol Eu(III) per kg of X-alginate
aerogel (550 g kg−1), which is a supreme value when considering corresponding literature
values (90 g kg−1 < qmax < 360 g kg−1) for carbon-based adsorbents, particularly under
acidic conditions (pH 3) [24,25].

The FTIR spectra in Figure 3, which correspond to X-alginate aerogel beads (black
line) and dried X-alginate beads after sorption of different amounts of Eu(III) (colored
lines), clearly show that the shape and the relative intensity of the bands at 1622 and
1406 cm−1 (attributed to –COO− coordinated to Ca(II)) [26], 1506 cm−1 (attributed to –NH
groups [14]) and 1016 cm−1 (attributed to –C–O–C– groups of the sugar ring [14]) change
upon increasing Eu(III) adsorption. This is an indication that there is a direct interaction
between Eu(III) and the respective groups (–COO− and –NH) that leads to the formation of
inner-sphere complexes. Analogous observations were made previously for the adsorption
of U(VI) on X-alginate beads [23].
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Figure 2. Experimental data and Langmuir sorption isotherm of Eu(III) on X-alginate aerogels at
283 K and varying initial Eu(III) concentrations (10−5–0.1 mol L−1). Experimental conditions are as
follows: contact time 24 h, pH 3.0, adsorbent dosage 0.4 g L−1, agitation rate 125 rpm.

Figure 3. FTIR spectra of X-alginate aerogel beads (black line) and dried X-alginate beads after
sorption of different amounts of Eu(III) (colored lines) from solutions with different initial Eu(III)
concentrations (10−3–0.1 mol L−1, as indicated).

An EDS analysis was performed on selected samples, i.e., on X-alginate beads that
were used for adsorption from solutions with initial Eu(III) concentrations equal to 10−5

and 10−1 mol L−1 (Figure 4). The EDS analysis revealed that Ca is present in both samples,
and that the atomic ratio Eu/Ca changes from 0.55 to 55, respectively. These results are
consistent with a cation exchange process between Eu(III) and Ca(II). However, the moles
of Eu(III) adsorbed are up to seven times more than the moles of Ca(II) present in the same
mass of the X-alginate beads, which clearly shows that Ca(II)-coordination sites are not the
only sites available for Eu(III) coordination; indeed, –COO−, –NH, and −OH groups on
the framework of the aerogel can also act as coordination sites. Analogous observations
were previously made for the adsorption of U(VI) on X-alginate beads [23].
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Figure 4. Energy-dispersive X-ray spectra (EDS) of dried X-alginate beads after sorption of different
amounts of Eu(III) from solutions with different initial Eu(III) concentrations, as indicated.

The data obtained from the temperature effect experiments are graphically pre-
sented in Figure 5. The calculated thermodynamic parameters (∆Ho = 155.3 kJ mol−1;
∆So= 113.7 J K−1 mol−1) clearly indicate that Eu(III) sorption is an endothermic and
entropy-driven process, similar to the thermochemical behavior previously observed for
U(VI) [23], suggesting a similar sorption mechanism based on inner-sphere complex forma-
tion between the surface moieties and Eu(III) cations.

Figure 5. lnKd as a function of 1/T for the sorption of Eu(III) by X-alginate aerogels at an initial
Eu(III) concentration equal to 5 × 10−4 mol L−1. Experimental conditions are as follows: contact time
24 h, pH 3.0, adsorbent dosage 0.4 g L−1, agitation rate 125 rpm.

2.2. Th(IV) Sorption

Thorium sorption experiments were also performed at pH 3 in order to obtain compa-
rable results and to avoid extensive hydrolysis, polynucleation, and surface precipitation
reactions. The concentrations used in this study ([Th(IV)] < 0.001 M) are below satu-
ration but, at pH 3, Th(IV) exists in solution mainly in the form of the Th(OH)2

2+ and
Th(OH)3

+ species [27]. The affinity of these Th(IV) species to form complexes is expected
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to be significantly reduced due to their significantly lower charge density compared to the
non-hydrolyzed aquo cation (Th4+).

The maximum sorption capacity calculated using the Langmuir model (Figure 6) is
qmax = 0.91 mol Th(IV) per kg of X-alginate aerogel (211 g kg−1). This value is significantly
lower than the corresponding value for Eu(III) and U(VI) [23], in agreement with the fact
that the effective charge plays a central role regarding the stability of the surface species.
Nevertheless, this value is higher than the corresponding values obtained for modified
biochars (20 g kg−1 < qmax < 176 g kg−1) [28–33]. Compared to other aerogel materials that
have been reported in the literature for Th(IV) sorption (all graphene-based; Table 1) [34–36],
X-alginate aerogels do not show the highest sorption capacity per weight but, interestingly,
they show the highest sorption capacity per volume (27.9 g L−1; 6–12 times higher than the
other aerogels). Thus, for example, the volume of X-alginate aerogel needed to adsorb a
certain amount of Th(IV) is 6–12 times the volume of other aerogels.

Figure 6. Experimental data and Langmuir sorption isotherm of Th(IV) on X-alginate aerogels at
283 K and varying initial Th(IV) concentrations (10−5–10−3 mol L−1). Experimental conditions are as
follows: contact time 24 h, pH 3.0, adsorbent dosage 0.4 g L−1, agitation rate 125 rpm.

Table 1. Th(IV) sorption capacity from laboratory solutions and selected material properties of
different aerogel adsorbents.

Material T (K) pH
Max. Sorption

Capacity (Langmuir)
qmax (mg g−1)

Langmuir
Constant

KL (L mg−1)

BET Surf.
Area

σ (m2 g−1)

Bulk Density
ρb (mg cm−3)

Max. Sorption
Capacity

qmax (mg cm−3)
Ref.

X-alginate aerogel 298 3 211.12 0.019 459 a 150 a 27.9 this
work

graphene nanoribbons
aerogel 298 3 380.4 0.020 597.4 6.2 2.36 [34]

poly(TRIM/VPA)-
functionalized
graphene oxide

nanoribbons aerogel b

298 3 457.9 0.045 433.2 10.6 4.85 [35]

PEI-functionalized
graphene aerogel c 298 2 38.17 0.0088 36.06 [36]

a Data taken from ref. [22]. b Abbreviations are defined as follows: TRIM, trimethylolpropane trimethacrylate;
VPA, vinylphosphonic acid. c The abbreviation PEI is defined as polyethylenimine.

From the FTIR spectra shown in Figure 7, which correspond to dried X-alginate beads
after sorption of different amounts of Th(IV), similar observations can be made to those
described above for Eu(III), as in Section 2.1. The changes are not as intense as in the
case of Eu(III) or U(VI), in agreement with smaller sorption capacity of Th(IV) compared
to Eu(III) and U(VI), but they indicate again a direct interaction between Th(IV) species
and the respective groups (–COO– and –NH) of X-alginate, resulting in the formation of
inner-sphere complexes [23].
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Figure 7. FTIR spectra of dried X-alginate beads after sorption of different amounts of Th(IV) from
solutions with different initial Th(IV) concentrations (10−5–10−3 mol L−1, as indicated).

Figure 8. Energy-dispersive X-ray spectra (EDS) of dried X-alginate beads after sorption of different
amounts of Th(IV) from solutions with different initial Th(IV) concentrations, as indicated.

An EDS analysis was performed on selected samples, i.e., on X-alginate beads that
were used for adsorption from solutions with initial Th(IV) concentrations equal to 10−5

and 10−3 mol L−1 (Figure 8). The EDS results showed that the atomic ratio Th/Ca in the
beads changes from 3.2 to 5.7, respectively. These results not only indicate cation exchange
between Th(IV) species and Ca(II), but that Ca(II) are being replaced to a great extent even
at low concentrations (i.e., 10−5 mol L−1), showing a great affinity of Th(IV) species to X-
alginate. Again, Ca(II)-occupied sites are not the only coordination sites available for Th(IV)
coordination, as the moles of Th(IV) adsorbed are up to 1.4 times more than the moles of
Ca(II) present in the same mass of the aerogel. As has been previously discussed for Eu(III)
(see Section 2.1) and U(VI) [23], –COO–, –NH, and −OH groups on the framework of the
aerogel provide numerous sites available for coordination with Th(IV).
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The thermodynamic parameters (∆Ho = 140.6 kJ mol−1; ∆So = 109.2 J K−1 mol−1)
obtained from the evaluation of the experimental data corresponding to the temperature
effect (Figure 9) suggest that sorption is an endothermic and entropy-driven process. This
is similar to the thermochemical behavior observed for U(VI) [23] and Eu(III) and indicates
a similar sorption mechanism, which is based on the direct interaction between the surface
moieties and the Th(IV) species.

Figure 9. lnKd as a function of 1/T for the sorption of Th(IV) by X-alginate aerogels at an initial
Th(IV) concentration equal to 5 × 10−4 mol L−1. Experimental conditions are as follows: contact time
24 h, pH 3.0, adsorbent dosage 0.4 g L−1, agitation rate 125 rpm.

2.3. Desorption Studies and Application to Wastewater Solutions

Eu(III) and Th(IV) desorption has been studied with batch-type recovery experiments,
i.e., via extraction with an aqueous solution of EDTA (pH 10). The recovery was calculated
using Equation (3), and it was evaluated to 65 ± 2% and 70 ± 3% for Eu(III) and Th(IV),
respectively. After desorption, the beads remained apparently intact and could be reused
for further sorption experiments.

Application of X-alginate aerogel beads to Th(IV) and Eu(III) recovery from wastewater
solutions under similar conditions to de-ionized water test solutions have shown that,
in contrast to Eu(III), which is only partially (~20%) adsorbed, Th(IV) is quantitatively
(100%) removed from the solution. The latter can be attributed to the following facts:
(a) Th(IV) under the given conditions (pH 8.1) exists in the form of neutral Th(OH)4 which
presents very low solubility and high sorption tendency, and (b) the use of an extremely
low Th(IV) concentration ([Th] = 0.1 nmol L−1) to avoid colloid formation and/or solid
phase precipitation.

3. Conclusions

X-alginate aerogel beads derived from Ca-alginate gels and the aromatic triisocyanate
Desmodur RE show high adsorption capacities for Eu(III) and Th(IV). The concentration
range studied covers a wide range of Eu(III) and Th(IV) concentrations expected in acidic
process waters and wastewaters. The experimental data were fitted to the Langmuir
isotherm model and the maximum adsorption capacity, qmax, was found to be equal to
3.6 mol (550 g) of Eu(III) per kg of aerogel and 0.9 mol (211 g) of Th(IV) per kg of aerogel.
The lower sorption capacity for Th(IV) compared to Eu(III) is attributed to the net charge
of the dominant species in solution under the given experimental conditions (pH = 3),
which is Eu3+ for Eu(III), and Th(OH)2

2+ and Th(OH)3
+ for Th(IV). Evaluation of the

thermodynamic data indicated that in both cases sorption is an endothermic, entropy-
driven process. Furthermore, FTIR spectroscopy indicated the formation of inner-sphere
complexes between the surface functional groups of X-alginate beads and Eu(III) or Th(IV)
species, and EDS analysis confirmed the post-adsorption presence of europium and thorium
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in the adsorbent. The sorption of these f -metal species is very similar to the one observed
previously for U(VI).

To the best of our knowledge, this is the first aerogel material used for the adsorption
of Eu(III). Compared to other materials used for the sorption of Eu(III), which are mostly
carbon-based, X-alginate aerogels show by far the highest sorption capacity. Regarding
Th(IV) species, X-alginate aerogels show the highest capacity per volume (27.9 g L−1)
among the aerogels reported in the literature.

Both Eu(III) and Th(IV) could be recovered from the beads by 65% and 70%, respec-
tively. Th(VI) could also be quantitatively removed from wastewater, while Eu(III) could
be removed by 20%.

The above, along with their stability in aqueous environments, make X-alginate
aerogels attractive candidates for water treatment and metal recovery applications. Future
studies will focus on the application of X-alginate aerogels in packed columns and pilot scale
water treatment units, which are of particular interest for the potential commercialization
of the material.

4. Experimental Section
4.1. Materials and Methods

Sodium alginate PROTANAL LF 240 D (G/M = 0.43–0.54) was used as starting material.
Then, Eu(NO3)3·6H2O (analytical grade), CaCl2 and Arsenazo-III were purchased from
Sigma-Aldrich (Saint Louis, MO, USA), and Th(NO3)4·5H2O was purchased from Merck
(Darmstadt, Germany). Desmodur RE (27% w/w triphenylmethane-4,4′,4′′-triisocyanate
(TIPM) solution in ethyl acetate) was generously provided by Covestro AG (Leverkusen,
Germany). MeCN (HPLC grade) was purchased from Fisher Scientific (Waltham, MA,
USA), and acetone (P.A., ISO reagent) was purchased from Lach-Ner (Neratovice, Czechia).
All solvents were used as received.

All UV–Vis spectrophotometry measurements were carried out using a UV-2401 PC
Shimadzu (Kyoto, Japan) spectrophotometer. Alpha-spectroscopy was performed using a
high-resolution alpha-spectrometer (Alpha Analyst Integrated Alpha Spectrometer, Can-
berra, Meriden, CT, USA) equipped with semiconductor detectors. All pH measurements
were performed using a commercial glass electrode (Sentek, Braintree, UK), which was
calibrated prior to and after each experiment using a series of buffer solutions (pH 2, 4, 7
and 10, Scharlau, Barcelona, Spain). The FTIR spectroscopic measurements were carried
out using an FTIR spectrometer 8900 (Shimadzu, Kyoto, Japan). Samples were prepared as
pellets with KBr.

Energy-dispersive X-ray spectra (EDS) analysis was performed using an FEI Quanta
Inspect (FEI Company, Hillsboro, OR, USA) scanning electron microscope (SEM) equipped
with an EDAX EDS system.

4.2. Preparation and Characterization of X-Alginate Aerogels

X-alginate aerogels were prepared and characterized as previously described [14]. The
concentration of the initial aqueous solution of sodium alginate was 3% w/w.

4.3. Adsorption Experiments

The adsorption experiments of Eu(III) and Th(IV) on X-alginate aerogels were con-
ducted as described elsewhere [37–39]. Briefly, aqueous solutions (25 mL) containing 0.01 g
(0.4 g L−1) of X-alginate aerogel beads and varying metal ion concentrations at pH 3.0
were prepared, and the adsorption of Eu(III) or Th(IV) (M(z)) was investigated under
ambient conditions. The initial metal ion concentration was varied between 10−5 mol L−1

and 0.1 mol L−1 for Eu(III) and 10−5 mol L−1 and 0.001 mol L−1 for Th(IV). The contact
time to reach equilibrium was set at 24 h and the determination of metal ions in solution
was carried out using UV–Vis spectrophotometry directly at higher Eu(III) concentrations
and using Arsenazo-III at lower Eu(III) and Th(IV) concentrations [40]. Thorium analysis
was also performed by alpha-spectroscopy. The effect of temperature was investigated
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at 298 K, 303 K, 314 K, and 324 K at a metal ion concentration of 5 × 10−4 mol L−1. The
spectrophotometric method was calibrated prior to and after each experiment using ref-
erence solutions, which were prepared by dissolution of analytical grade nitrate salts of
the respective metal ions (i.e., Eu(NO3)3·5H2O) and Th(NO3)4·5H2O) in de-ionized water
under similar conditions. The amount of M(z) adsorbed, qe (mol kg−1), was calculated
using Equation (2), where Co (mol L−1) is the initial M(z) concentration in the solution, Ce
(mol L−1) is the final M(z) concentration in the solution at equilibrium, V (L) is the solution
volume, and m (g) is the weight of X-alginate aerogel beads. Equation (2) is as follows:

qe =
(Co − Ce)V

m
(2)

After adsorption, X-alginate beads were dried overnight in a vacuum oven at 80 ◦C
and were characterized by FTIR (KBr) spectroscopy and EDS analysis.

The applicability of X-alginate aerogel beads to remove Eu(III) and Th(IV) from
“real” samples was investigated by contacting wastewater obtained from a wastewater
treatment plant in Nicosia contaminated with Eu(III) ([Eu] = 1 × 10−4 mol L−1) and Th(IV)
([Th-230] = 0.1 nmol L−1). Sampling was carried out according to the Standard Methods.
Water sample analysis was performed using the Standard Methods for the examination
of water and wastewater [41]. The uptake experiments were performed using 0.4 g of
X-alginate aerogel beads per liter of solution.

4.4. Desorption Experiments

In this study, Eu(III) and Th(IV) batch-type recovery experiments were performed
using an aqueous EDTA solution 0.1 M (pH 10). After the adsorption experiments, the
beads were separated from the suspension and 30 mL of the EDTA solution were added.
Subsequently, the new suspension was shaken for 7 h in a thermostatic orbital shaker
(100 rpm, 23 ± 2 ◦C). Afterwards, the beads were separated and the europium or thorium
(M(z)) concentration in solution was determined using UV–Vis spectrophotometry. The
desorption efficiency (% Desorption) was determined using Equation (3) ([M(z)]ads and
[M(z)]des are the concentrations of ions adsorbed and desorbed, respectively).

% Desorption =
[M(z)]des
[M(z)]ads

× 100 (3)
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Abstract: Composites involving reduced graphene oxide (rGO) aerogels supporting Pt/TiO2 nanopar-
ticles were fabricated using a one-pot supercritical CO2 gelling and drying method, followed by
mild reduction under a N2 atmosphere. Electron microscopy images and N2 adsorption/desorption
isotherms indicate the formation of 3D monolithic aerogels with a meso/macroporous morphology. A
comprehensive evaluation of the synthesized photocatalyst was carried out with a focus on the target
application: the photocatalytic production of H2 from methanol in aqueous media. The reaction
conditions (water/methanol ratio, catalyst concentration), together with the aerogel composition
(Pt/TiO2/rGO ratio) and architecture (size of the aerogel pieces), were the factors that varied in opti-
mizing the process. These experimental parameters influenced the diffusion of the reactants/products
inside the aerogel, the permeability of the porous structure, and the light-harvesting properties, all
determined in this study towards maximizing H2 production. Using methanol as the sacrificial
agent, the measured H2 production rate for the optimized system (18,800 µmolH2h−1gNPs

−1) was
remarkably higher than the values found in the literature for similar Pt/TiO2/rGO catalysts and
reaction media (2000–10,000 µmolH2h−1gNPs

−1).

Keywords: aerogel; graphene oxide; supercritical CO2; photocatalysis; H2 production

1. Introduction

Hydrogen (H2) is one of the most promising carbon-neutral alternatives as a renewable
energy source, mainly due to its high calorific value and attainable purity [1]. Large-scale
H2 production via photocatalytic water splitting is a simple and cheap method, although
the low reached conversion values (ca. 1%) cause the procedure to still be inefficient and
economically unviable [2]. Consequently, the study of new catalytic systems that enhance
the conversion is important to improve the efficiency and sustainability of the process [3].
Heterogeneous photocatalysis, working via water splitting or by the photoreforming of
organic waste, is an attractive solution for H2 production, since the utilization of solar
energy moderates urgent environmental and energy issues [4].

In the photocatalytic H2 production process, a light beam with sufficient energy
irradiates a semiconductor material. The thus attained excited electrons (e−) and holes
(h+) migrate onto the surface of the catalyst and act as reducing and oxidizing agents,
respectively. Hence, the reduction and oxidation potentials of the reactant (e.g., water,
alcohol, glycerol) must be within the band gap of the photocatalyst [5]. Semiconductors,
such as titanium dioxide (TiO2), cadmium sulfide (CdS), and carbon nitride (C3N4), fulfill
this condition and are often used as photocatalytic systems [6–8]. TiO2 is traditionally
one of the most utilized semiconductors owing to its highly negative conduction band
potential, and thus strong reduction ability. This oxide is chemically stable, cheap, and

148



Gels 2022, 8, 719

abundant. However, its use also experienced some drawbacks. First, due to its wide band
gap, UV light is necessary for activation, and this light is present in a percentage lower
than 5% in sunlight [9]. Second, TiO2 experienced an extremely rapid recombination rate
of the photogenerated h+ and e−, in the order of 10−12 − 10−11 s, while a value in the
interval of 10−9 − 10−7 s is required for capturing the generated species in a successful
redox reaction [7]. To improve the photocatalytic efficiency, the semiconductor must be
combined with agents that can scavenge the photogenerated e−, e.g., Pt [1,10]. It is worth
mentioning that Pt has been recently included in the list of “critical raw materials -with
economic importance, but high supply risk-” by the European Commission [11]. The target
objective must be to decrease our dependence on these critical raw materials by minimizing
their percentage of use in the designed product [12].

A newly designed and feasible strategy to moderate the detrimental effects of the
large band gap and high e−/h+ recombination rate of TiO2 is to incorporate graphene
into the catalyst [13]. Undoubtedly, 2D graphene sheets are becoming a top choice as
catalyst compartment/supports due to their unique physicochemical properties, related
to their large surface area, high thermal and electrical conductivity, and ability to tailor
the band gap energy level of the semiconductor [14–16]. Furthermore, due to its high
work function, e− from the conduction band of the semiconductor can be accepted and
transferred by the graphene [17]. In parallel, the 2D sheets ensure an appropriate surface
for extensively anchoring the semiconductor in the form of nanoparticles (NPs), which can
be deposited on both sides of exfoliated graphene flakes, displaying the end composite with
a high concentration of active sites for the catalytic reaction [18,19]. The main drawback
of using this support is the large tendency of 2D graphene flakes to aggregate, which
results in the poor accessibility of the reagents and the light to the catalytically active
NPs trapped between the flakes, e− transport hindering, and the poor diffusion of the
gaseous product [7,20,21]. The penetration depth of the UV light in TiO2 is limited to ca.
100 nm; thus, the formation of large aggregates of NPs would result in an increased amount
of semiconductors not affected by the radiation [22]. Several works can be found in the
literature using composites of (Pt)TiO2 NPs and reduced graphene oxide (rGO) [22–28].
These systems are composed of either multiple stacked layers of rGO covered with NP
agglomerates [26,27] or photoactive NPs covered with an rGO layer [28]. In other works,
the aggregation of the Pt/TiO2 NPs has been directed to build 3D porous composites with
rGO added as an additive [29,30].

In this study, a different approach is presented to build a 3D structure, in which
an rGO aerogel matrix provides support for the photoactive NPs: Pt/TiO2@rGO. The
precursor is a 3D aerogel structure of graphene oxide (GO): Pt/TiO2@GO. GO is a highly
oxygenated precursor, with mainly hydroxyl, epoxy, and carboxylic functionalities, easily
exfoliated in polar liquids, and capable of establishing strong metal–support interactions
to ensure NP dispersion and to avoid NP leaching during catalytic reaction [31–33]. As
with other common aerogels [34,35], those of GO have a low-density network with a
meso/macroporous structure. The Pt/TiO2@GO intermediate composite was synthesized
in the form of a monolith using a previously described one-pot supercritical CO2 (scCO2)
methodology [36]. After aerogel synthesis, the number of oxygenated groups on the
support can be modulated by thermal treatment to prepare the desired Pt/TiO2@rGO
end product [37]. The macroscopic size and variable shape of the synthesized 3D aerogel
macrostructures bring advantages of operability and recoverability. The obtained aerogel
composites were structural and texturally characterized. Moreover, the new catalytic system
was evaluated for its photocatalytic H2 production in aqueous methanol solutions. The
process was adjusted for effective H2 production regarding the reaction conditions (catalyst
concentration, composition of reaction mixture), catalyst composition (Pt:TiO2:rGO ratios),
and architecture (one-piece monolith or smashed aerogel). Optimizing the Pt/TiO2@rGO
composite leads to H2 production rates in an aqueous methanol solution of ca. 2–10 times
higher than the values reported for similar systems in the literature [25,29].
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2. Results and Discussion
2.1. Aerogel Synthesis

The xPt/TiO2@rGO composite aerogels were synthesized through the intermediate
xPt/TiO2@GO aerogel (Figure 1), involving a non-reduced GO matrix containing a high
amount of oxygenated functional groups, mainly hydroxyl, epoxy, and carboxylic, which
are located on the basal plane and at the edges of the 2D platelets. The oxygenated func-
tionalities facilitate the dispersion and exfoliation of GO in aqueous and polar solutions
via simple sonication. Moreover, preserving the oxygenated functional groups in GO
during scCO2 aerogel synthesis was essential to ensure the presence of many anchor-
ing points on the substrate for the NPs, which guarantees the establishment of strong
interactions with a net or composed hydrophilic TiO2 involving hydroxyl groups on the
surface [32,38,39]. Three different compositions for the NPs in the intermediate were tested,
namely, 1Pt/TiO2@GO, 0.5Pt/TiO2@GO, and 0.1Pt/TiO2@GO, corresponding to an initially
mixed amount of Pt with the TiO2 NPs of 1, 0.5 and 0.1 wt%, respectively. To activate the
aerogel for the catalytic process, the xPt/TiO2@GO intermediate samples were exposed
to a temperature of 300 ◦C in a N2 atmosphere. This treatment eliminates most of the
oxygenated groups in GO. The reduction step is crucial to further achieve an efficient pho-
tocatalytic reaction, since important graphene-like characteristics, such as high e− mobility,
are partially restored by removing some of the oxygenated groups. Hence, the rGO matrix
can act as an efficient sink, where the photogenerated e− are stored and transferred [13,40].
During reduction, ca. 30 wt% is eliminated from the sample, corresponding mostly to
oxygenated functionalities. Taking this into account, the estimated ratios of the NPs:rGO
phase in the xPt/TiO2@rGO samples were calculated as 3:1 and 9:1, corresponding to the
intermediates with NPs:GO ratios of 2:1 and 6:1, respectively. The Pt content in the reduced
composites was measured by ICP-MS, giving values close to the expected quantity, 0.9, 0.5,
and 0.1 wt%, percentages calculated concerning TiO2 weight. Thus, practically, no noble
metal loss occurs during the preparation procedure. The obtained samples were named as
0.9Pt/TiO2@rGO, 0.5Pt/TiO2@rGO, and 0.1Pt/TiO2@rGO.
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Figure 1. Scheme of the scCO2-assisted synthesis for Pt/TiO2@rGO aerogels.

2.2. Aerogels Structure

The composite components, as well as the intermediate xPt/TiO2@GO and reduced
xPt/TiO2@rGO aerogels, were structurally analyzed by PXRD. Figure 2a shows the main
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signals in the patterns obtained in the 2θ interval of 20 to 40◦, with the lines corresponding
to anatase (2θ = 25.4, 37.0, 37.9, and 38.7◦) and rutile (2θ = 27.4 and 36.2◦), which were
identical in the bare TiO2 P25 and composed Pt/TiO2 patterns. The signal of GO is described
to appear at low angles, ca. 11◦ [41]. This signal could be observed for the intermediate non-
reduced sample as a minor peak at this 2θ (Figure S1), while it disappears from the pattern
of the reduced composite. The broadening of the diffraction lines was used to estimate NPs
diameter by using the Scherrer equation. For bare TiO2 and binary xPt/TiO2 NPs, a size of
ca. 21–22 nm was estimated, similar to that observed with TEM microscopy (Figure S2a,b).
The NPs size in the reduced composites was similar, ca. 19–20 nm. The estimated particle
size was, in all cases, in the range of the mean value given for the commercial TiO2 P25
(ca. 20 nm). Consequently, no significant alteration of the crystalline structure or in the
particle size of the TiO2 took place throughout the deposition of Pt on its surface or the
during aerogel formation and reduction.
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Figure 2. Structural characterization of bare NPs and as-synthesized or reduced aerogel composite
for the 1Pt/TiO2@GO (2:1) and 0.9Pt/TiO2@rGO (3:1) samples: (a) PXRD patterns, (b) Raman
spectra, in which D and G bands are indicated with dashed lines, (c) FTIR spectra, and (d) N2

adsorption/desorption analysis of the reduced aerogel.
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Raman spectroscopy was used to investigate the structural changes occurring in the
GO functional groups during the reduction process of the aerogel. The as-synthesized
and reduced aerogels recorded spectra were characterized by the presence of the typical G
and D bands at 1590 and 1345 cm−1, respectively (Figure 2b). The G band is generated by
the in-plane vibrations of sp2-bonded carbon atoms (C–C stretching), while the D-band
represents the out-of-plane sp3 vibrations corresponding to the defects in the graphitic
structure. The ratios of the intensities of the D and G bands (ID/IG) were 0.90 and 0.97
for the GO and rGO composite aerogels, respectively. This result indicates that both
synthesized and reduced samples have an elevated degree of sp3 defects in the graphitic
structure. For the xPt/TiO2@GO samples, the defects represent the highly oxygenated
character of GO. For the xPt/TiO2@rGO composites, defects not only originated from
the residual oxygenated groups but there are also structural defects (holes, vacancies,
dislocations, etc.) caused by the thermal treatment applied for sample reduction. It has
been described that reduction under relatively mild conditions, such as the ones used in
this work, triggers the formation of these defects in rGO [42]. A considerable number of
new sp2 graphitic domains are formed, but of small size [43]. Moreover, a broadened band
observed in the 2700–3000 cm−1 region of the Raman spectra, the usual position of the
2D peak in graphene, is indicative of randomly oriented multilayer graphene composing
the aerogels [44]. Finally, the presence of the NPs in the composite was noticed by the
detection of the TiO2 bands at 151, 394, 515, and 630 cm−1. The oxygenated character
of GO in the intermediate composite and reduced aerogel was further analyzed by FTIR
spectroscopy. The spectra of the intermediate samples (Figure 2c) show the GO functional
groups by displaying the vibrational modes of C=O at 1719 cm−1, C-OH at 1221 cm−1, C-O
at 1060 cm−1, C-O-C at 1370 cm−1, and OH at 1618 and 3400 cm−1, the latter indicating
also adsorbed water. The reduced sample displayed an intense C=C band at 1550 cm−1,
indicating the partial restoration of the graphitic structure. However, the bands of most of
the oxygen groups in GO were somehow preserved in the rGO samples, only the peaks
corresponding to epoxy vanished totally, while the peak at 3400 cm−1 corresponding to
the hydroxyl groups diminished. The presence of the NPs in the composites is shown
by the intense and broad stretching band appearing at 500–800 cm−1. Raman and FTIR
characterization indicate that, under the used experimental conditions for the reduction,
300 ◦C and a N2 atmosphere, the GO phase was partially reduced, but a significant amount
of oxygenated functionalities was conserved in the structure of rGO.

2.3. Textural Properties and Morphology

The textural properties of the synthesized aerogels were analyzed by N2 adsorp-
tion/desorption at low temperatures. Figure 2d shows the isotherm recorded for the sample
0.9Pt/TiO2@rGO (3:1), representative of all the studied systems, while the isotherms of
the precursors can be found in the SI (Figure S3). The isotherm of the 0.9Pt/TiO2@rGO
is described as type IV at low and medium relative pressure and type II at high relative
pressure, which is characteristic of nanoporous structures with both meso- and macrop-
ores and a negligible contribution of microporosity. A similar shape was found for the
non-reduced GO precursor, while the 0.9Pt/TiO2 NPs constitute a mesoporous system
originated by particle aggregation. The Sa value for the 0.9Pt/TiO2@rGO sample was in
the order of 110 m2g−1. This value is inferior to that found in the non-reduced GO sample
(ca. 150 m2g−1) but is superior to pristine NPs (ca. 50 m2g−1). Drying gels with scCO2 is
known to produce relatively denser aerogels than drying at the critical point of the alcohol
due to moderate shrinkage occurring upon gelation and drying. In this work, a diameter of
ca. 0.8 cm was measured for the cylindrical aerogel intermediates xPt/TiO2@GO, indicating
that they suffered some contraction in the axial direction since they were synthesized in
a vial of 1 cm diameter. Further, some extra tightening occurs during reduction, leading
to monoliths of ca. 0.7 cm diameter for the end products xPt/TiO2@rGO. Aerogels with
mesoporosity homogeneously distributed along all the mesopore range were obtained
(Figure S4), with a BJH Vp of 0.30 cm3g−1 and an average mesopore size of 10 nm.
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All the different xPt/TiO2@GO synthesized intermediate aerogels have similar mor-
phology; they are highly porous with a sponge-like macrostructure, as shown in the SEM
image of Figure 3a. The SEM images of the reduced monoliths displayed, similarly to the
intermediates, a 3D structure with interconnected meso- and macropores (Figure 3b).

Gels 2022, 8, x FOR PEER REVIEW  7  of  21 
 

 

 

Figure 3. SEM images of samples: (a) 1Pt/TiO2@GO (2:1), and (b) 0.9Pt/TiO2@rGO (3:1), representa‐

tive of the morphology of as‐synthesized and reduced aerogels. 

In most of the as‐synthesized and reduced samples, the NPs can be discerned as a 

highly dispersed phase deposited on  the  surface of  the GO or  rGO plates  (Figure 4a). 

However, the formation of large aggregates was also detected for the samples with the 

highest NPs:rGO (9:1) ratio (Figure 4b).   

 

Figure 4. TEM images of the 0.9Pt/TiO2@rGO samples with NPs:rGO ratios: (a) 3:1 and (b) 9:1. 

2.4. Aerogels Optical Properties 

The optical properties of the reduced composites, as well as those of bare TiO2 and 

rGO, were analyzed by UV‐VIS diffuse reflectance spectroscopy to investigate the sam‐

ples’ photoresponse (Figure 5a). TiO2 was active in the UV zone and exhibited an abrupt 

Figure 3. SEM images of samples: (a) 1Pt/TiO2@GO (2:1), and (b) 0.9Pt/TiO2@rGO (3:1), representa-
tive of the morphology of as-synthesized and reduced aerogels.

In most of the as-synthesized and reduced samples, the NPs can be discerned as
a highly dispersed phase deposited on the surface of the GO or rGO plates (Figure 4a).
However, the formation of large aggregates was also detected for the samples with the
highest NPs:rGO (9:1) ratio (Figure 4b).
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2.4. Aerogels Optical Properties

The optical properties of the reduced composites, as well as those of bare TiO2 and
rGO, were analyzed by UV-VIS diffuse reflectance spectroscopy to investigate the samples’
photoresponse (Figure 5a). TiO2 was active in the UV zone and exhibited an abrupt
absorption edge around 400 nm, while rGO displayed a continuous absorption in the
visible range. For the reduced composites, a broad background absorption in the visible
range was observed as a consequence of rGO black characteristics, more notable in the
sample with the lowest percentage of NPs, e.g., xPt/TiO2@rGO (3:1). The contribution
of the NPs to the absorption in the UV zone can be clearly appreciated in the composites’
spectra, although with a red shift in the adsorption edge that was slight, to 450 nm, for
the (9:1) composite and pronounced, to 750 nm, when the amount of rGO was increased
in the (3:1) sample. This shift indicates an increased photoresponse in the visible range
of the composite aerogels with respect to net TiO2 NPs. To study the indirect optical
band gap of the photocatalyst, a Tauc plot was determined, calculated from the UV-VIS
absorption spectrum (see the detailed description in the SI) (Figure 5b) [45,46]. For the
bare TiO2, a band gap energy of 3.1 eV was estimated from the x-axis intercept of the
extrapolated line fitted to the linear region of the plot. The effect of the Pt content was
analyzed for the xPt/TiO2@rGO (3:1) composites with an x range of 0.9–0.1 wt%. The
three measured bandgap values (at Pt contents of 0.9, 0.5, and 0.1 wt%) were of ca. 1.5 eV,
thus demonstrating the low influence of this parameter. Contrarily, enhancing the ratio of
NPs:rGO in the 0.9Pt/TiO2@rGO sample from 3:1 to 9:1 results in an increase in the bandgap
from 1.5 to 2.8 eV, with a concomitant increase in the transition energy of the photoexcited
electrons. This phenomenon is assigned to the generation of impurity energy levels above
the valance band in the NPs upon their incorporation onto the rGO surface. Thus, for the
excitation of the charge carriers, less energy is required [47]. It is worth mentioning that
the shift in the absorption edge and the decrease in the band gap energy are both more
notable in the studied compounds than in similar published systems, reporting shift values
of only 0.1–0.4 eV [17,26]. This important result is explained by the formation of a large
number of Ti–O–C bonds in the xPt/TiO2@rGO samples, established between the surface
of the TiO2 and the rGO flakes [48], and occurring during the reduction and elimination of
water from the pre-settle hydrogen bond interactions Ti–OH...OH–GO in the xPt/TiO2@GO
intermediates. Although the low band gap energy in the (3:1) aerogel suggests a high
photoresponse, this feature does not necessarily mark out the best photocatalyst system,
since other factors should be taken into account. Importantly, using a high amount of rGO
can evoke some activity loss, as the dark flakes can shield some active NPs, such that not
all catalytic units are exposed to the light. Hence, to design the right catalyst, a compromise
must be attained between the percentage of components (NPs:rGO) in the composite; on
the one hand, to increase the band gap through the decrease in the number of NPs and, on
the other hand, to reduce darkness via a decrease in the proportion of rGO.

Photoluminescence experiments were carried out to study the recombination rate
of the photogenerated e−/h+ pairs in the aerogel catalyst. One of the main drawbacks
described for the use of TiO2 semiconductors in photocatalytic processes is the fast re-
combination of the photogenerated species [7]. This behavior is clearly evidenced in the
photoluminescence spectrum with an intense emission after the photoexcitation of the bare
NPs under UV light at 320 nm (Figure 5c). A wide luminescence band is observed for TiO2,
with a maximum at 410 nm (close to the band gap energy of TiO2), which is followed by
a less intense signal at 468 nm. The spectra of the reduced xPt/TiO2@rGO (3:1) and (9:1)
composites did not have the same pattern as that of net TiO2, being indeed similar to that
of rGO. Thus, the photoluminescence intensity was diminished in the composites with
respect to bare NPs, which is a usual behavior originated by the e− acceptor and transport
features given by the rGO support, resulting in suppressed charge recombination and less
intense light emission. However, the composites with the lowest percentage of rGO showed
the weakest photoluminescence intensity values, indicating that there is an optimal rGO
content regarding the recombination rate. For the composite with the largest number of
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NPs, quantitatively more photoelectrons can be generated, thus resulting in a high number
of potential recombinations and increased photoluminescence intensity. The deposited Pt
on the TiO2 surface has been described to act as an electron sink, by trapping the electrons
and further transferring them to the rGO support [25]. Comparing the applied Pt ratios,
e.g., 0.1, 0.5, and 0.9 wt%, the lower the Pt loading, the weaker the photoluminescence
response (Figure 5d). This result suggests that Pt can also act as a recombination center [49].
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(d) samples of xPt/TiO2@rGO (3:1) with different Pt ratios.

2.5. Photocatalytic Hydrogen Production

Studies of photocatalytic H2 production were performed to evaluate the new catalytic
system. For that, the applied conditions were first extensively examined and optimized.
The most favorable conditions for the use of the new catalyst in a particular catalytic
process would depend on both the character of the material (composition and structure)
and the setup used. In this study, the analysis is focused on the optimization of the
synthesized xPt/TiO2@rGO composite aerogel in regard to its photocatalytic activity in
irradiated aqueous methanol solutions. The applied setup for the photocatalytic reaction is
schematized in Figure 6. The studied parameters were catalyst reduction degree (from any
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to mild reduction), catalyst architecture (one-piece monolith or smashed aerogel), methanol
concentration in the aqueous solution (from 0.01 to 1 v%), the added amount of catalyst to
the reactor (from 0.03 to 2 gNPsL−1), Pt percentage in the catalyst (from 0 to 1 wt% in the
Pt/TiO2 NPs), and NP ratio with respect to rGO (3:1 and 9:1).
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Figure 6. Scheme of the catalyst reactor setup and picture of the vessel involving the hand-made
support holding the one-piece aerogel monolith.

In a typical experiment performed with the sample 0.9Pt/TiO2@rGO (3:1), the aerogel
was recovered after the photocatalytic reaction and analyzed in regard to composition.
The sample maintained the ratio 3:1 for NPs:rGO, thus indicating the lack of NP leaching,
which opens the door for the recyclability of the material.

2.5.1. Aerogel Reduction Degree

The straight use of GO monolithic aerogels with highly hydrophilic character in polar
solvents causes the destruction of the macroscopic structure, provoked by strong elec-
trostatic interactions with the solvent once it is immersed into the liquid. To avoid this
drawback, the reduction in the GO phase to rGO was the applied solution in this work.
The reduction step must be precisely controlled, since excessive reduction leads to highly
hydrophobic aerogels that can suffer from low wettability when soaked in polar liquids,
such as the water/methanol reaction medium used in this work. Hence, reaching an appro-
priate reduction degree of the GO composite aerogel is crucial to design an efficient catalyst
in which the aqueous solution must easily travel inside the 3D structure [7]. In this work, a
soft thermal treatment was applied for the reduction of the intermediate aerogel NPs@GO
to NPs@rGO, e.g., 300 ◦C under a N2 atmosphere. A reduced aerogel with amphiphilic
properties, involving graphitic hydrophobic regions and remaining hydrophilic oxygenated
groups (hydroxyl and carboxyl), was thus synthesized. The decrease in hydrophilicity
after reduction was depicted by water contact angle measurements, showing an increase
in the contact angle for the reduced composite (58.9◦) in comparison to the non-reduced
(21.8◦) (Figure S5). The relatively still high wettability found for the reduced composite
is the consequence of the residual oxygenated groups and the involvement of the more
hydrophilic TiO2 NPs, as well.

For the analyzed catalytic process, the necessity of reducing the GO support to
rGO was established in a preliminary experiment in which the H2 evolution with time
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was compared for similar samples either non-reduced (1Pt/TiO2@GO (2:1)) or reduced
(0.9Pt/TiO2@rGO (3:1)) under similar conditions in the catalytic reactor (0.5 v/v methanol/
water solution, 0.5 gNPsL−1, and smashed aerogel). The obtained results indicate that the
reduction step was necessary to improve the efficiency of the catalyst (Figure 7a).
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Figure 7. H2 production rate at different experimental conditions: (a) using the non-reduced
1Pt/TiO2@GO (2:1) and reduced 0.9Pt/TiO2@rGO (3:1) aerogels (reaction conditions: 0.5 v/v
methanol/water, 0.5 gNPsL−1, smashed aerogel), and (b) using the 0.9Pt/TiO2@rGO aerogel as a one-
piece monolith (green) and smashed (purple) (reaction conditions: 0.5 v/v methanol/water, 2gNPsL−1).

Indeed, the H2 production in steady-state conditions was more than doubled for
the reduced aerogel, increasing from 3280 µmolH2h−1gNPs

−1 in the 1Pt/TiO2@GO (2:1)
intermediate to 7070 µmolH2h−1gNPs

−1 in the 0.9Pt/TiO2@rGO (3:1) aerogel. The reasons
for the positive effect on the H2 production rate of the GO reduction are two-fold. On
one hand, upon the removal of the oxygenated groups on the GO surface, the graphitic
structure is partially restored, although in small spots due to defect generation [42,43]. Nev-
ertheless, rGO would own more electrical pathways than GO, enhancing the conductivity
of the matrix that plays a key role in transferring the photogenerated e−, thus preventing
recombination and improving H2 production efficiency [50]. On the other hand, the more
hydrophobic reduced structure favors the adsorption of the methanol sacrificial agent over
water and maintains it close to the Pt/TiO2 NPs to boost h+ consumption, which was
beneficial for production [26].

2.5.2. Aerogel Architecture

Fabricating GO-based composite aerogels using scCO2 makes possible the creation of
3D monolithic meso/macroporous architectures. Preliminary tests were performed using
a set-up designed for the straight use of the monoliths (Figure 6). Four of these cylinders
were simultaneously used with a total weight of ca. 40 mg, which represents a catalytic NPs
concentration of 2 gNPsL−1 in the reactor filled with 14 mL of a 0.5 v/v methanol/water
solution. Under these conditions, a specific H2 production of 180 µmolh−1gNP

−1 was
reached at the steady state for the sample 0.9Pt/TiO2@rGO (3:1) (Figure 7b). Compared
to the literature, this value is similar to those given in some of the published works (e.g.,
100–400 µmolh−1gNP

−1 using TiO2/Pt/rGO composites [25]), although it is considered to
be in the low range of H2 production [26,27,29,30]. Definitely, the most important drawback
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of using monolithic one-piece aerogels in the catalytic experiment is relays in the small
amount of sample exposed to light, so that during irradiation most of the Pt/TiO2 NPs
in the interior part of the monolith remains inactive. Moreover, a long reaction time was
needed to reach the steady state, in the order of 200 min, which was related to the slow
diffusion of reactants in the monolithic aerogels with low permeability due to certain
densification originated by shrinkage and high tortuosity. Diffusion is further hindered in
non-stirred setups such as the one used in this work for the one-piece monoliths. Agitation
was not used to avoid turbulence damage to the integrity of the monoliths during the
measurements. Hence, in spite of the great prospect of applying monolithic aerogels to
diminish the loss of active sites during recycling [7], the utilization of one-piece aerogel
photocatalysts in liquid media appears to still face significant challenges [51].

To improve the catalytic activity of the aerogels, a second set of experiments was per-
formed by first dispersing the reduced monoliths in small pieces in the aqueous methanol
solvent, using for that soft and short sonication. The aim of the ultrasonic treatment was
not to re-exfoliate the rGO flakes but to break the monoliths into pieces. The DLS character-
ization of the obtained dispersion gave a bimodal pattern with peaks at ca. 10 and 20 µm
hydrodynamic sizes, representative of the size of the broken pieces of aerogel (Figure S6).
After this treatment, the H2 production rate for the sample 0.9Pt/TiO2@rGO (3:1) increased
to 1600 µmolh−1gNPs

−1, with the particularity that this high rate was achieved after only
40 min (Figure 7b). The shortening in the required time to reach equilibrium is related to an
increase in the catalyst permeability occurring for the small pieces with shorter throughout
distances than the one-piece monoliths. Hence, permeability, even having similar absolute
values for the smashed and one-piece aerogels is not the key parameter limiting the catalytic
activity of the micrometric samples. The setup involving small pieces has the advantage
that measurements can be performed under stirring, thus minimizing drawbacks related to
reagent diffusion, adsorption, and desorption. Moreover, the small pieces of aerogel are
continuously moving in the turbulences created by agitation, thus giving more chance for
the catalytic NPs for being irradiated by light. All these factors lead to an enhancement in
the H2 production rate.

2.5.3. Methanol Concentration

Concerning methanol sacrificial agent concentration in the aqueous solution, diverse,
even contradictory results have been published on TiO2-based systems used for photocat-
alytic H2 production. Actually, some of them conclude that methanol contributes less than
its stoichiometric ratio to the overall H2 formation [52], while others confirm that the overall
reaction can be described as the photoconversion of exclusively methanol [53]. In fact, it is
expected that an increase in the methanol concentration in the aqueous solution results in
enhanced H2 production, whether it comes either from the water/sacrificial agent or the
sacrificial agent exclusively, due to the more effective scavenging of the photogenerated
h+ by the alcohol. Water is known to play an important role in the complete oxidation
of alcohol to CO2, making its presence necessary [54]. For instance, water has the ability
to fasten the essential desorption of the reaction products from the catalyst surface, thus
enhancing the reaction rate. As a consequence, after a certain increase in methanol con-
centration, the decrease in H2 production generally occurs due to the hindered adsorption
of water on the catalyst surface already occupied by alcohol molecules. To optimize this
parameter for the developed catalyst, methanol was applied in increased concentrations
in the aqueous solution, from 10 to 100 v% (0.01 to 1 v/v). Experiments were performed
with the smashed aerogel of sample 0.9Pt/TiO2@rGO (3:1) and a catalyst concentration
of 2 gNPsL−1. The measured flow rates of the produced H2 at the steady state, e.g., at
60 min for each methanol concentration, are shown in Figure 8a. Initially, the increase in
the methanol-to-water ratio favored the H2 production rate up to a maximum reached at
a concentration of ca. 0.5 v/v. Thereafter, a further increase in the alcohol concentration
results in a smooth decrease in the H2 evolution. Commonly, a behavior of a sharp decline
in H2 generation has been observed for similar catalysts [55,56]. The lack of severe decrease,
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caused by excess methanol on the catalytic efficiency of the studied composite, is here
related to the swelling characteristics of the used rGO support. Although the photocatalytic
reaction is induced by the photogenerated h+ and e− on the Pt/TiO2 NPs, the swelling of
the rGO support is influenced by the polarity of the solvent, which affects the interaction
between the dispersed active sites on the rGO surface and the reactants. Applying methanol
in high concentrations would enhance the swelling of the aerogel pieces since methanol
interaction with the hydrophobic graphitic regions in the rGO support would be stronger
than for water [57]. The swelled structure would allow better accessibility for the reactants
to the attached NPs. Hence, the above-mentioned adverse effects of the excess of methanol
are somewhat compensated by aerogel swelling, and the H2 production is maintained at a
relatively high level in all the studied ranges of alcohol concentration.
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Figure 8. H2 production rate in steady-state conditions (60 min) for 0.9Pt/TiO2@rGO (3:1) smashed
aerogel: (a) influence of methanol concentration (2 gNPsL−1), and (b) influence of NP concentration
(0.5 v/v methanol/water), in which results are expressed as the non-specific (µmolH2 h−1, blue) and
specific (µmolH2 h−1gNPs

−1, orange) production rates.

2.5.4. Catalyst Concentration

The effect of the catalyst loading, referring to the number of NPs, was investigated
in the concentration interval of 0.03 to 2 gNPsL−1 (equivalent to 0.04–2.67 gaerogelL−1) for
the 0.9Pt/TiO2@rGO (3:1) smashed aerogel dispersed in 0.5 v/v water/methanol solution.
The production rate of H2 was measured at a steady state (60 min) (Figure 8b). In the
studied interval of concentration, the H2 flow rate, expressed as the specific value, e.g.,
normalized to the catalyst NPs weight (µmolH2h−1gNPs

−1), was very high at low catalyst
loading (0.03–0.125 gNPsL−1), and then substantially decreased at high concentrations
(>0.5 gNPsL−1). However, this result, which could be taken at the first instance as an
indication of the benefits of working at a very low concentration of catalyst, is just a
mathematical artifact since, in fact, the total amount of the produced H2 can be considered
as being in the low range. The representation of the catalytic data as a function of the
non-specific H2 production rate (µmolH2h−1) indicates that the total amount of evolved H2
sharply increases with the catalyst loading up to a value of ca. 0.5 gNPsL−1. Thereafter, H2
production slightly decreases by increasing catalyst concentration. This decrease is likely
due to light blocking by an excess of dark solid catalyst dispersion [58].
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2.5.5. Catalyst Composition
Platinum Content

Regarding the catalyst composition, one important parameter for regulating the pho-
tocatalytic activity in the reaction of H2 production is the amount of Pt added to the TiO2
NPs. The presence of Pt is necessary for suppressing the recombination of the photogener-
ated e− and h+ in the TiO2 semiconductor, thus enhancing the formation of H2. Intimate
Pt–TiO2 contact at the interphase is also necessary to maximize the H2 production effi-
ciency [59]. To analyze this parameter, a series of experiments was performed with smashed
xPt/TiO2@rGO (3:1) aerogels with four different values of Pt content in the NPs: 0, 0.1, 0.5,
and 1.0 wt%. In previous works involving Pt/TiO2/rGO systems, the proportion of the
noble metal is also within this range, typically 0.4–1% [17,25,26,29], which facilitates data
comparison. Measurements were carried out at the optimal reaction conditions previously
established, e.g., 0.5 v/v water/methanol and smashed catalyst with a concentration of
0.5 gNPsL−1. Primary tests indicated that without the addition of the noble metal (sample
TiO2@rGO), the H2 evolution was negligible, with a value of only 60 µmolH2h−1gNPs

−1.
This result corroborates previous findings pointing to the inactivity of TiO2 NPs without
the use of a co-catalyst [60]. In the studied range of noble metal loading, the H2 production
increases concomitantly with Pt content (Figure 9a). The decline in H2 evolution was
smoother when the Pt content was decreased from 0.9 to 0.5 wt% than from 0.5 to 0.1 wt%.
This observation indicates that, although the overall H2 production was the highest with
the sample of 0.9 wt% Pt content in TiO2, the total amount of noble metal can be halved
without losing significant activity. This is an important result since Pt is the most expensive
component of the catalyst; therefore, the amount of noble metal incorporated into the
composite would be crucial in any industrial process and must be reduced as much as
possible. The design of a catalyst involving an important reduction in the use of Pt is
currently an important goal targeted by the European Commission [61].
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Figure 9. Specific H2 production rate for smashed aerogel samples: (a) xPt/TiO2@rGO (3:1) with
different Pt content, and (b) 0.9Pt/TiO2@rGO with 3:1 and 9:1 NP:rGO ratios. Reaction conditions:
0.5 v/v methanol/water, 0.5 gNPsL−1.
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NP:rGO Ratio

The influence of modifying the NPs:rGO ratio in the 0.9Pt/TiO2@rGO composite was
investigated by increasing this value from 3:1 to 9:1. This modification resulted in a 2.7-fold
enhancement in the H2 production efficiency, from 7070 to 18,800 µmolH2h−1gNPs

−1 at the
steady state (Figure 9b). The foremost effect of increasing the NP loading in the composite
was to enhance the light-harvesting of the catalyst since, statistically, the probability for
the UV radiation to contact active centers rises. On the contrary, the large amount of rGO
in the aerogel with the lowest number of NPs shields an important portion of the active
centers, hindering overall catalyst activity [62]. Moreover, the steady state in H2 evolution
was reached at 10 and 90 min for the 3:1 and 9:1 samples, respectively. Increasing the rGO
percentage in the composite should raise the hydrophobic character of the aerogel, thus
improving the accessibility of the methanol vs. water in the pores. Excess amounts of
methanol close to the photogenerated holes facilitate the fast h+ trapping by the alcohol,
such that in the initial phase of the reaction, the H2 production already reaches its limit [57].
Hence, the sample with the lowest proportion of NPs has the advantage of rapidly reaching
the steady state, while the sample with the higher proportion revealed the largest H2
production rate. One point that should be underlined particularly is that the value of the
H2 production rate obtained for the 0.9Pt/TiO2@rGO (9:1) catalyst exceeds ca. 2–10 times
the values published for similar systems using aqueous methanol solutions as reaction
media and involving Pt/TiO2/rGO in the catalyst [25,29].

3. Conclusions

Three-dimensional porous Pt/TiO2@GO and Pt/TiO2@rGO composite aerogels were
prepared using the one-step low-temperature green supercritical CO2 method. The pro-
duced aerogels are intended for the photocatalytic production of H2 from aqueous methanol
solutions. For this application, optimal working operational conditions resulting in the
highest H2 production rate were settled as a 0.5 gNPsL−1 catalyst concentration in a 0.5 v/v
methanol/water reaction solution. A two-fold increase in the H2 production was observed
when the GO support was mildly reduced to rGO, an effect assigned to the generation
of new electronic pathways upon the partial restoration of the graphene network, and
the favored adsorption of the methanol in the reduced structure. The moderate H2 pro-
duction rate observed when a one-piece monolith was used (180 µmolh−1gNP

−1) was
significantly improved (ca. 10-fold) when the aerogels were broken into small pieces
(1600 µmolh−1gNP

−1), shortening also the time needed to reach the equilibrium from 200
to only 40 min. This enhancement is the result of the improved light exposure of the active
sites and increased reagent and product diffusion. Increasing the NP:rGO ratio from 3:1 to
9:1 caused a 2.7-fold increase in the H2 evolution due to the reduced amount of shielded,
and thus inactive, NPs. Regarding the catalyst composition, low Pt percentages, in the
order of 0.9–0.5 wt%, can be used, still giving a high H2 production rate. In the most
favorable conditions, an H2 production of 18,800 µmolh−1gNP

−1 was measured for the
0.9Pt/TiO2@rGO (9:1) aerogel catalyst in aqueous methanol, which is remarkably high
compared to the reported similar Pt/TiO2/rGO systems.

4. Materials and Methods
4.1. Materials

For the preparation of the Pt/TiO2 NPs, chloroplatinic acid hexahydrate (H2PtCl6.6H2O)
and TiO2 NPs (AEROXIDE P25, ca. 20 nm), provided by Alfa Aesar and Evonik, respectively,
were used. For the aerogel preparation, a GO water dispersion of 4 mgmL−1, supplied
by Graphenea Inc. (Spain), was employed. Ethanol and methanol were purchased from
Carlo Erba. Liquid CO2 (99.95 wt%). N2 and H2 gasses were delivered by Carburos
Metálicos S.A.
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4.2. Synthetic Methods
4.2.1. Preparation of NPs of xPt/TiO2 Composite

NPs of Pt/TiO2 with different Pt contents were prepared following a reported incipient
impregnation deposition and followed by reduction methodology [63]. Briefly, a weighted
amount of H2PtCl6.6H2O, e.g., 2.7, 13, or 26 mg, was dissolved in 2.5 mL of ultrapure water
and used to obtain Pt/TiO2 composites with 0.1, 0.5, and 1.0 wt% Pt contents, respectively.
Each Pt solution was added dropwise to 1 g of TiO2 NPs at a rate of 8.33 µLmin−1, achieved
by using a peristaltic pump, while the resulting slurry was continuously sonicated. After
that, the deposited suspension was kept under sonication for 2 h. The dense dispersion
was dried at 100 ◦C overnight in an air oven. The recovered powder was treated at 200 ◦C
in a tubular oven, increasing the temperature with a heating ramp of 10 ◦C min−1, first
under N2 for 1 h and then reduced under a H2 flow of 50 mL min−1 for 3 h. A grey powder
was obtained and named as xPt/TiO2, where x indicates the added Pt weight content
in percentage.

4.2.2. Preparation of xPt/TiO2@rGO Composite Aerogels

For the composite aerogels, a suspension of GO in ethanol with an adjusted concen-
tration of 3.5 mg mL−1 was first prepared from water dispersion following a reported
protocol [36]. Weighted amounts of bare TiO2 and composed xPt/TiO2 NPs were dispersed
by sonication in aliquots of 1 mL of the GO-ethanol suspension to obtain weight ratios of 2:1
and 6:1 for NPs:GO. The suspensions were added to assay tubes of ca. 1 cm diameter and
2 mL volume and placed in a 200 mL high-pressure reactor (TharProcess). The aerogels
were prepared by drying the suspensions with scCO2 in the batch mode, keeping the
autoclave at 200 bar and 45 ◦C for 48 h (Figure 1a) [36]. Finally, the CO2 was slowly released
from the reactor under isothermal conditions. The xPt/TiO2@GO samples were recovered
as one-piece cylindrical monoliths. The reduction of the recovered 3D GO aerogels to rGO
was carried out in a tubular oven at 300 ◦C under N2 flow. To reach the target temperature, a
heating ramp of 5 ◦C min−1 was used, upholding the temperature for 20 min after reaching
100 and 200 ◦C, and then maintaining it for 2 h at 300 ◦C. The reduced xPt/TiO2@rGO
aerogels were also recovered as one-piece monoliths and used either as-synthesized or
smashed into small pieces.

4.3. Characterization

The platinum content in the xPt/TiO2@rGO aerogels was quantified by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7700x) after digesting the samples in
hydrochloric, nitric, and hydrofluoric acids (3:1:0.5 v/v). The structural characterization of
the prepared NPs and the reduced composite aerogels was performed by powder X-ray
diffraction (PXRD) in a Siemens D5000, using the Cu Kα incident radiation with a step
scan of 0.02◦ in the 2θ 5–40◦ range. The size of the NPs was estimated using PXRD data
and the Scherrer equation. Surface functional groups were studied by Fourier transform
infrared (FTIR) spectroscopy (Jasco 4700 Spectrophotometer), after the dispersion of the
samples in potassium bromide (KBr). Raman spectra were recorded to ascertain the
reduction in GO by using an excitation wavelength of 532 nm. The morphology of the
composite aerogels and the size of the NPs, as well as their degree of dispersion on the
rGO platelets, were investigated by scanning (SEM, Quanta FEI 200) and transmission
(TEM, JEOL 1210) electron microscopies. The BET (Brunauer, Emmet, Teller) surface area
(Sa), the BJH (Barrett, Joyner, and Halenda), and cumulative adsorption pore volume (Vp)
were determined by collecting N2 adsorption/desorption isotherms at 77 K (ASAP 2020,
Micromeritics Inc., Norcross, GA, USA), after degassing the samples at 393 K for 20 h. For
the smashed aerogels, dynamic light scattering (DLS Coulter LS230) was used to study the
hydrodynamic size of the aerogel broken pieces dispersed in methanol/water (0.5 v/v). The
wettability of the reduced and non-reduced composites was investigated by water contact
angle measurement (Biolin Sci. Attension Theta Lite) after preparing a compressed pellet
with the monoliths. The optical properties of the aerogels were investigated by UV-VIS
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diffuse reflectance (Jasco V-560) and photoluminescence (Jasco FP-8300) spectroscopies
using the smashed solid samples. For the UV experiments, barium sulfate (BaSO4) powder
was used as blank.

4.4. Photocatalytic H2 Production

The photocatalytic activity of the synthesized composite aerogels for H2 production
was tested by immersing the reduced monoliths, either as recovered in one piece or ul-
trasonically smashed, in an aqueous methanol solution. For the one-piece samples, a
specifically designed basket composed of poly-lactic acid (PLA) polymer was fabricated
with 3D printing to hold four monoliths and prevent them from floating during the reac-
tion. The basket was settled inside a cylindrical glass reactor of 20 mL that was filled with
14 mL of a methanol/water mixture (Figure 6). For the tests with the smashed aerogels,
four monoliths were added to the methanol/water solution, gentile sonicated for 5 min
in an ultrasonic bath, and poured into the 20 mL reactor vessel without the basket but
under mechanical stirring (100 rpm). The methanol percentage in the methanol/water
mixture was varied from 0.01 to 1 v/v. Different aerogel catalyst concentrations, from
0.04–2.67 gaerogelL−1 (equivalent to 0.03 to 2 gNPsL−1) were also tested. Before starting
the catalytic reaction, the system was purged with N2, and a stream of this inert gas was
continued at a rate of 7.5 mL min−1 during the entire experiment. The reaction mixture was
irradiated with a four visible-LED system placed at a 4 cm distance from the cylindrical
reactor wall. The emission spectrum is shown in the SI (Figure S7). The average nominal
irradiance of each LED was 45.0 mW cm−2, determined by using a UV–vis spectroradiome-
ter (OceanOptics USB2000+). The H2 production rate was analyzed online every 10 min in
the headspace of the reactor by using a gas chromatograph (Inficon 3000 MicroGC). The
results are expressed referring to either the rate of H2 production [µmolH2h−1] or the rate
per mass of the NPs [µmolH2h−1gNPs

−1]. Steady-state H2 production data recorded after
60 min were calculated for all the analyses performed with the smashed monoliths.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8110719/s1, Figure S1: XRD spectra of the non-reduced
1Pt/TiO2@GO and reduced 0.9Pt/TiO2@rGO (3:1) composites, Figure S2: TEM images of: (a) bare
TiO2, and (b) 0.9Pt/TiO2 NPs obtained by subjecting 1Pt/TiO2 NPs to the reduction treatment;
Figure S3: N2 adsorption/desorption isotherms for the 0.9Pt/TiO2@rGO sample compared to the
precursors GO and 1Pt/TiO2 NPs.; Figure S4: BJH volumetric pore size distribution calculated from
the adsorption branch of the isotherm; Figure S5: Contact angle measurement of: (a) 0.9Pt/TiO2@rGO
and 1Pt/TiO2@GO composites, measured with a water droplet; Figure S6: DLS analysis of the
1Pt/TiO2-rGO (3:1) aerogel dispersed in an aqueous methanol solution (0.5 v/v); Determination of
the band gap energy of the photocatalysts; Figure S7: Emission spectrum of the used light source.
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Abstract: Sodium hydroxide was used as a base catalyst to reduce the flammability of poly(vinyl
alcohol) (PVA) aerogels. The base-modified aerogels exhibited significantly enhanced compressive
moduli, likely resulting in decreased gallery spacing and increased numbers of “struts” in their
structures. The onset of decomposition temperature decreased for the PVA aerogels in the presence
of the base, which appears to hinder the polymer pyrolysis process, leading instead to the facile
formation of dense char. Cone calorimetry testing showed a dramatic decrease in heat release
when the base was added. The results indicate that an unexpected base-catalyzed dehydration
occurs at fire temperatures, which is the opposite of the chemistry normally observed under typical
synthesis conditions.

Keywords: aerogel; flammability; base; alkali; char

1. Introduction

Aerogels are one of the lowest density families of known materials, first reported by
Kistler in 1931 [1], who used silicon alkoxides as sol-gel precursors to silica, which were
then carefully dried to avoid capillary collapse. The name “aerogel” means a wet gel whose
solvent has been exchanged with air; these materials possess the unique properties of low
densities (ranging from 0.005 to 0.1 g/cm3), high porosities, high specific surface areas and
low thermal conductivities [2–5]. As these material properties are valuable in designing
consumer and industrial products, there has been a steady increase in the use of aerogels
in thermal insulation, liquid absorbents, energy storage, and catalysis [6–10]. Inorganic
aerogels tend to be brittle, which has led to the evaluation of polymer-based aerogels,
which are materials that can exhibit polymer foam-like properties [11,12]. Poly(vinyl
alcohol) (PVA) is an ideal candidate for fabricating such polymer aerogels because of its
good chemical stability, low toxicity and favorable mechanical properties [13]. As a water
soluble polymer with abundant hydroxyl groups, PVA aerogels can be prepared using an
environmentally friendly, freeze drying method [14–17].

PVA aerogels are potentially promising candidates for the replacement of traditional
polymer foams in insulation, packaging and building areas; these polymer foams suffer
from their inherent flammability [3,17]. More than 1.3 million fires were reported in 2017
in the United States alone, resulting in an estimated 3400 civilian deaths and $23 billion
in property loss, hence the importance of materials flammability cannot be over empha-
sized [18]. Flame retardants can be incorporated into polymer systems, but often suffer from
toxicity and/or mechanical properties issues; additives such as polybrominated diphenyl
ethers (PBDEs) and polybrominated biphenyls (PBBs) are often effective in limiting poly-
mer flammabilities, but are under increasing scrutiny for toxicological reasons [19–21].
The few known flame retardants that could potentially resolve the toxicity/mechanical
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properties problems require high loadings, increasing final product densities and costs [22],
limiting their commercial attractiveness [23,24]. The thermal degradation of PVA has
been addressed by some authors, and to a limited extent the flammability of this polymer
has also been explored [25–28]. These previous works have focused on dense films and
molded PVA samples; one of those studies also showed that added NaOH could lower the
flammability of the system, though no explanation for the effect was given [25].

In the present work, we report a novel method of increasing the mechanical properties
of PVA aerogels, while decreasing their flammabilities, maintaining low densities, and
making use of a low cost/toxicity additive. Sodium hydroxide (NaOH) can act as a catalyst
at flame temperatures to promote a char forming process without the addition of other
flame retardants. Low additive levels of NaOH were found to profoundly alter the aerogel
properties, minimizing their impact on product density. To the best of our knowledge,
there is no similar system of PVA aerogels that incorporates low levels of NaOH, nor of a
systematic study varying that additive’s concentration previously reported in the literature.

2. Results and Discussion

The aerogel compositions examined in this study are given in Table 1.

Table 1. Compositions of aerogels.

Sample PVA (g) NaOH (g)/(mol/L) DI Water (g) pH

P5 5 0/0 100 5.8
P5/S0.001 5 0.001/2.5 × 10−4 100 6.0
P5/S0.01 5 0.01/2.5 × 10−3 100 8.3
P5/S0.1 5 0.1/2.5 × 10−2 100 11.7
P5/S0.5 5 0.5/2.5 × 10−2 100 12.8

Poly(vinyl alcohol), PVA; sodium hydroxide, NaOH; deionized water, DI water.

2.1. Apparent Density and Mechanical Performance

The apparent densities of the aerogels are shown in Table 2. No significant differences
in densities were noted, which is consistent with the percentage of solids used for each
of the compositions; the exception to this observation occurred in P5/S0.5 when a large
amount of sodium hydroxide was added to the formulation, increasing the aerogel density.
No obvious shrinkage was observed after freeze-drying and all samples maintained good
shape in the mold during the process. While the mechanical properties of the PVA aerogel
were reported to decrease with the addition of inorganic matter (because the poor interfacial
adhesion between them) [29], the addition of NaOH actually increased the mechanical
properties of PVA aerogels produced in this study. The initial compressive modulus of
P5/S0.5 was 1.30 ± 0.30 MPa, which is nearly four times that of the control, potentially
because phase separated NaOH could densify the solid “struts” in the aerogel structure

Table 2. Observed aerogel properties.

Sample Modulus
(MPa) Density (g/cm3)

Specific Modulus
(MPa cm3/g)

P5 0.31 ± 0.11 0.065 ± 0.002 4.8 ± 1.6
P5/S0.001 0.36 ± 0.01 0.066 ± 0.002 5.5 ± 0.2
P5/S0.01 0.47 ± 0.08 0.067 ± 0.001 7.1 ± 1.3
P5/S0.1 0.55 ± 0.16 0.066 ± 0.002 8.3 ± 2.0
P5/S0.5 1.30 ± 0.30 0.079 ± 0.001 16.3 ± 3.0

To eliminate the influence of density, the specific compressive modulus was also
compared. The specific moduli were calculated by dividing the ultimate compressive
modulus values by the sample densities. As can be seen in Table 2, the specific compressive
moduli increased from 4.8 ± 1.6 to 16.3 ± 3.0 MPa cm3/g as the NaOH was increased from
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0% to 9.1%. The increases in mechanical properties of the aerogels with increasing NaOH
levels differs from the observed mechanical properties of PVA films, which incorporate that
same additive [28]. Our previous work with PVA aerogels has shown that their mechanical
properties are extremely sensitive to the skeletal density of aerogel “struts”, which resemble
the cellular walls in foams, as well as the morphology of the aerogels [3,5,11–13]. It has
also been demonstrated that increasing levels of hydrogen bonding within PVA aerogels
can significantly enhance their mechanicals properties [3]. It is not surprising that even
low levels of additives, capable of binding to the polymer via hydrogen bonding, would
bring about skeletal densification and morphological changes.

2.2. Morphology

SEM was used to investigate the aerogel morphologies and the relationship between
the structure and properties. Figure 1A,B shows typical “house of cards” aerogel structures,
which is a lamellar structure caused by ice growth [30,31]. While with the addition of 0.02%
NaOH, the lamellar structure was retained, the structure of the individual layers was not
as neat as those of unmodified PVA aerogels samples. As the level of NaOH added to the
polymer was increased, structural changes were observed—previous work has shown that
mechanical properties trend with an aerogel structure [32]. In samples wherein the amount
of NaOH was increased to 3.8%, the lamellar structure was interrupted (Figure 1E,F),
gallery spaces decreased in size and increased in number; the samples shrank/densified,
with a concomitant increase in compressive moduli (typical of such aerogels).
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2.3. Thermal Stability & Degradation Mechanism

The thermal stabilities of the aerogels in this study were investigated by thermogravi-
metric analysis (TGA; Figure 2) and differential thermogravimetry (DTG; Figure 3). The
related data are shown in Table 3, which includes the decomposition temperatures at 5%
weight loss (Td5%), at 20% weight loss (Td20%), and at the maximum decomposition rates
(Tdmax), the values at maximum mass decomposition rate (dW/dT) and the char. PVA
aerogels could easily capture water from the atmosphere because the existence of abundant
hydroxyl groups on its chain. To avoid the influence of moisture, the samples were heated
to 100 ◦C from room temperature at a heating rate of 40 ◦C/min and then equilibrated
at 100 ◦C for 2 min. After that it was heated to 700 ◦C at a heating rate of 10 ◦C/min
under nitrogen.
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Figure 2. TGA and DTG (differential gravimetry) curves of PVA and PVA/NaOH aerogels at a heating rate of 10 ◦C/min
under nitrogen.
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Figure 3. HRR plots of PVA and PVA/NaOH aerogels.

170



Gels 2021, 7, 57

Table 3. TGA (thermogravimetric analysis) data of freeze dried PVA and PVA/NaOH aerogels.

Sample Td5%
(◦C)

Td20%
(◦C)

Tdmax
(◦C)

Dw/dt
(%/◦C)

Residue
(%)

P5 246 262 274 2.71 7.9
P5/S0.001 249 266 277 2.68 11.3
P5/S0.01 244 258 270 2.63 9.3
P5/S0.1 224 238 243 1.60 16.4
P5/S0.5 171 189 199 1.98 23.5

As hydrophilic materials rich in surface hydroxyl, PVA aerogels were difficult to
remove all physisorbed water by regular drying methods. The weight loss stage before
100 ◦C is attributed to the loss of this water. The main decomposition step occurred
between 150–500 ◦C. The onset decomposition temperature was evaluated by Td5%. With
the addition of NaOH, the onset temperature decreased, which is consistent with previously
reported observations [31,33]. We propose that NaOH is acting as a base catalyst at the
elevated temperatures associated with burning polymers. In this mechanism, which is
speculative at this time, PVA undergoes a rapid chain-stripping elimination of water
once it is heated above the decomposition temperature (shown in Scheme 1) [34,35]. The
chain stripping reaction (which is known chemistry in the absence of base catalysis) could
produce polyenes through dehydration, which is in a competitive relationship with chain
scission. Such polyenes are char precursors. With base catalysis, hydroxide may decrease
the C-H bond strength, decreasing the onset decomposition temperature of the PVA in the
aerogels, producing higher levels of polyenes and ultimately char was produced rather
than chain scission products. Catalysis of the mechanistic steps shown in Scheme 1 are not
normally associated with alkaline materials (rather with acids); the normal mechanisms of
organic chemistry are not necessarily in play at the elevated temperatures associated with
fire events—activation energies for reactions can be overcome when reaction temperatures
are increased by hundreds of degrees. Recent innovations in high temperature alkaline
catalysis (sodium hydroxide and calcium carbonate) used in biodiesel refining [36,37], as
well as in the Guerbet Coupling reaction [38], suggest that the hypothetical mechanism
shown in Scheme 1 has a prior art basis. In the most generally-accepted mechanism for
the Guerbet Coupling of ethanol to butanol (or of butanol to 2-ethylhexanol), the high
temperature dehydration of an alcohol is a key step, just as it is in the chain stripping
mechanism. Hence, new chemistries may need to be considered when examining the
mechanisms of flame retardation of organic polymers.

As can be seen in Table 3, the onset temperature for PVA aerogels decreased from
246 ◦C to 171 ◦C with an increasing base catalyst. A change in the degradation mechanism,
enhancing chain stripping at the expense of chain scissions, was similarly observed with
increasing levels of the base catalyst (Figures 2 and 3). With the greater extent of chain
stripping in the presence of base, more char (less weight loss) resulted. In the proposed
char-forming pathway, the polyenes undergo a Diels-Alder or intramolecular cyclization
reaction [34,35], producing substituted cyclohexenes and cyclohexadienes, respectively,
which can then aromatize to substituted aromatics. The fusion of aromatics results in the
final, observed char products [39]. With the increase in char yield from 7.9 to as much as
23.5% (at 0.5% NaOH), approximately logarithmic relations between NaOH concentration
and char yield are observed, with the data point at 0.001 being the only outlier; by increasing
the addition levels of the base, the maximum mass-decomposition rates (dW/dT) dropped,
as expected from 2.71 to under 2.0. Previously reported work by Arora and coworkers [28],
examining the effects of as much as 5 wt% NaOH to PVA films, proposes that dehydration
of alcohol groups in PVA likely commence at decreased temperatures when the alkaline
agent is added—this is consistent with our proposed alkaline catalysis in PVA aerogels.
The previous workers observed an increase in limiting oxygen index (LOI) from 20.5 to 27.2
with the incorporation of 4.5% NaOH. These authors also suggested that water generated
by alcohol dehydrations could provide a diluent effect in reducing flammability. We cannot
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rule out such a mechanism, but also propose the graphitization/char formation shown in
Scheme 1 to play an important role in the observed flame retardation.
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2.4. Combustion Behavior

The combustion behavior of the aerogels was studied using cone calorimetry. Cone
calorimetry is widely used in fire studies, it could provide plentiful data, including the
time to ignition (TTI), peak of heat release (PHRR), time to peak of heat release (TTPHRR)
and total heat release (THR); the results are shown in Table 4.

Table 4. Cone Calorimetry Data for PVA and PVA/NaOH Aerogels.

Sample Weight
(g)

TTI
(s)

PHRR
(kW/m2)

TTPHRR
(s)

THR
(MJ/m2)

THR/Mass
(MJ/(m2 g))

P5 5.3 8 533 ± 35 32 12.9 2.4 ± 0.0
P5/S0.001 6.6 10 424 ± 37 55 14.0 2.1 ± 0.0
P5/S0.01 4.8 11 314 ± 13 45 9.9 2.1 ± 0.0
P5/S0.1 5.3 10 311 ± 31 35 11.2 2.1 ± 0.0
P5/S0.5 5.9 5 160 ± 20 13 9.5 1.6 ± 0.0

The samples were ignited under the heat flux of 50 kW/m2. While all the samples
were ignited in a short time, their overall flammability’s were significantly reduced with
incorporating NaOH. Figure 3 shows the HRR plots of PVA/NaOH aerogels and the control
sample. The HRR curve of pristine PVA samples exhibited a sharp peak, with a PHRR of
533 kW/m2; with the addition of a relatively small amount of NaOH, the curve showed
a similar, relatively broad peak, and PHRR was decreased to about 310 kw/m2; When
the amount of NaOH was “sufficient”, the HRR curve showed a very broad peaks with
the lowest PHRR. The shape of P5/S0.5 aerogel was a typical HRR curve of thick charring
materials [40]. The PHRR of P5/S0.5 was 160 kw/m2, which was 30% of the number for
pure PVA aerogel. The results indicate the addition of NaOH could decrease the fire risk
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of PVA based aerogel material in a big fire test. No dripping was observed for any of the
samples during combustion testing.

Total heat release (THR) data are listed in Table 4. THRs of aerogel samples were
all lower than that of the control samples, except for P5/S0.001, which likely contained
insufficient base catalyst to produce an observable effect. To eliminate the influence of mass
differences and to better illustrate the combustion behavior of the samples, THR/mass
was compared. The P5/S0.5 aerogel exhibited the lowest THR/mass value, which was
1.6 MJ/(m2 g), much lower than the results of the control PVA aerogels. The THR/mass
values of P5/S0.001, P5/S0.01, and P5/S0.1 samples were similar, which is consistent with
the PHRR results, indicating similar flammabilities.

The data above all showed that the addition of NaOH decreases the flammability of
the PVA aerogels. The samples containing NaOH could form char to protect the unignited
matrix polymer. The samples with relatively small amounts of NaOH in the PVA system
showed slightly lower flammabilities compared to the pristine PVA aerogels, but the char
forming process was insufficient to protect the unignited polymer. With a sufficient level of
NaOH incorporated into the aerogel system, the samples could form denser char rapidly
to fully cover the unignited part. The TGA char yields, given in Table 3, support the
increasing levels of char with increased NaOH addition levels (8–11% char at/under 0.01%
NaOH; 16% char at 0.1% NaOH; 24% char at 0.5%); these controlled values are consistent
with the qualitative observations from cone calorimetry experiments. The mechanism
of graphitization of PVA under flame conditions is consistent with the literature of PVA
degradation, with the largely undescribed addition of alkaline catalysis. This hampered
heat transfer and isolated the unignited matrix from the ignition source. Figure 4 illustrates
the chars remaining after cone calorimetry testing. The control samples burned totally
with little char forming. P5/S0.01 aerogel formed slightly more char than the pristine PVA
aerogel, while P5/S0.5 formed a much denser char and was sustained in a good shape, even
after the test. This result is in accordance with our proposed mechanism of base catalyzed
char formation.
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To better understand the catalytic function of NaOH in PVA aerogel during com-
bustion, the residues were studied using Raman spectroscopy (Figure 5). The spectra
of chars with and without NaOH all exhibit two broad peaks with intensity maxima at
1580–1600 cm−1 (G band) and 1350 cm−1 (D band) [41,42]. The G band corresponds to
the stretching vibration mode with E2 g symmetry in the aromatic layers of the graphite
crystalline, whereas the D band is due to the disordered graphite [41,43,44]. The graphi-
tization degree of the chars were estimated by the ratio of the intensity of the D and G
bands (ID/IG) [41,45]. The ID/IG of pristine PVA(0.76) is lower than that of the sample
prepared with NaOH(0.80). While lower ID/IG means better graphitization degree of the
char and the better flame retardancy, it was more important that the graphitized carbons
could realize an effective aggregate or crosslinking. The amount of char plays the key role
in providing protection from the ignition source [43,45]. Both spectra exhibited a shoulder
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at ∼1200 cm−1 in the D band, assigned as D4, and attributed to the presence of polyene
sp2-sp3 bonds or C–C and C=C stretching vibrations of polyene-like structures [46–49].
The charring residue of PVA/S had a higher D4 intensity than was seen with the char
residue of pristine PVA aerogels, indicating more polyenes were produced during the
combustion tests in the presence of the base, again consistent with the proposal that NaOH
was playing the role of catalyst promoting polyenes formation. The char structure enabled
by the NaOH could hinder the transfer of combustible volatiles and heat, restricting the
further decomposition of the polymer matrix.
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Figure 5. Raman spectra of char residues of P5 and P5/S0.5.

A potential concern to the addition of sodium hydroxide to the PVA aerogels prepared
in this study is that this additive is both hydroscopic and water soluble. One could
reasonably worry that properties could change with time and with environmental aging.
To the former point, samples were allowed to age under laboratory conditions and appear
not to suffer from any water uptake, perhaps due to hydrogen bonding between the
polymer and additive, and environmental equilibration native to the PVA polymer itself.
We have not carried out any experiments wherein the polymer is exposed to significant
washing with water—this is a point that should be addressed with any polymer system
that makes use of such basic catalysis.

3. Conclusions

PVA aerogels incorporating differing levels of NaOH were fabricated through a simple
and environmentally friendly freeze-drying process. The corresponding apparent densities,
compressive properties, morphologies, thermal stabilities, combustion behaviors, and
Raman spectroscopy were investigated. The moduli of PVA aerogels increased with in-
creasing NaOH concentration, likely due to higher overall levels of solids and densification
of polymeric “struts” and morphological changes in the aerogels. The specific moduli
increased by more than three times with the addition 9.1% NaOH. The microstructure of
the aerogels showed that the gallery spaces decreased in size and increased in number
with increasing base levels. While the thermal degradation onset temperature was lower
with the addition of NaOH, the decomposition process was shunted to a pathway wherein
higher char yields were obtained once a threshold level of the base was present. Combus-
tion tests showed the addition of NaOH formed much higher char yields once the threshold
level of NaOH was met; that char does protect the unignited polymer matrix, leading to
overall lower levels of combustion. The PHRR decreased from 533 kw/m2 to 160 kw/m2

and THR/Mass decreased from 2.4 MJ/(m2 g) to 1.6 MJ/(m2 g) in the presence of the
base. The results of this study suggest that NaOH can act as catalyst, promoting polyenes
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formation in PVA, therefore forming significant char. With a small quantity of base catalyst,
the PVA aerogel is mechanically stronger and much less flammable, maintaining, the most
important advantage of aerogel, low density without using any char forming agents or
halogens compounds in order to decrease flammability.

4. Materials and Methods

Poly(vinyl alcohol) (PVA; Mw 13,000–23,000, 98% hydrolyzed, SIGMA-Aldrich, St. Louis,
MO, USA) and sodium hydroxide pellets (ACS grade, >98%; Innovating Science, Avon, NY,
USA) were used without further purification. Deionized (DI) water was obtained using a
Barnstead RoPure low-pressure, reverse-osmosis system (Lake Balboa, CA, USA).

4.1. Preparation of Aerogels

The aerogel compositions are shown in Table 1. PVA solutions were prepared by
stirring PVA powder with DI water for six hours at 90 ◦C. Sodium hydroxide was mixed
with DI water under magnetic stirring at 40 ◦C for 30 min before addition to the PVA
solutions; the solutions were mixed to the desired PVA concentrations at 50 ◦C until
they were homogeneous suspensions (the final compositions are given in Table 1). The
suspensions were then cast into a 100 mm × 100 mm × 10 mm rectangular mold (for cone
calorimetry testing) or poured into 12.5 mL polystyrene vials (for compression testing) and
frozen in a solid carbon dioxide/ethanol bath (−70 ◦C). These samples were freeze dried
using a VirTis Advantage EL-85 lyophilizer, with the shelf temperature set to 25 ◦C, and the
pressure set to under 10 µbar. The products were named as Px/Sy, where P represents PVA
and S represents sodium hydroxide; the subscripts indicate their content per 100 g water.
P5 were prepared by same method and fabricated as the general controls. The samples
were stored in a desiccator after fabrication and were dried in a vacuum oven at 50 ◦C for
20 min before characterization.

4.2. Characterization

The pH values were measured using a pH meter (Hanna Instruments, Smithfield, RI,
USA). The meter was calibrated by two standard buffers (pH 4.01, 7.01) before every test;
each composition was tested 3 times, with average values given in Table 1.

The apparent densities were calculated by measuring the mass and dimensions using
a Mettler Toledo (Columbus, OH, USA) AB204-S analytical balance and an electronic digital
caliper (RCBS); each composition was tested with 5 samples.

Compression testing was conducted on Instron model 5500 universal testing machine
(Instron, Norwood, MA, USA), fitted with a 1 KN load cell and 10 mm/min compression
rate. The modulus values were attained from the slope of the area under the linear portion
of the stress-strain curves, using specimens measuring 20 mm in both height and diameter.
Each composition was tested with a minimum of five cylindrical samples, and the results
were averaged.

Thermal properties were measured by thermogravimetric analysis (TGA), using a
TGA Q500 (TA Instruments, New Castle, DE, USA). The specimens were placed in a
platinum pan, equilibrated at 100 ◦C for 3 min, then heated to 700 ◦C at a heating rate of
10 ◦C/min. The process was conducted under a nitrogen flow rate of 40 mL/min. Each
composition was replicated 3 times.

The morphological microstructure of the aerogels was investigated using a JEOL JSM
5900LV scanning electron microscopy (SEM)(JEOL, Tokyo, Japan) with an accelerating
voltage of 20 kV. Samples were frozen in liquid nitrogen for 20 min, then cryofractured
before imaging.

The combustion behavior of the aerogels was measured using a cone calorimeter (Fire
Testing Technology, East Grinstead, UK) in accordance with the ASTM E 1354 standard,
with the limitation noted below. The heat flux was set to 50 kW/m2. The rectangular
samples (100 mm × 100 mm × 10 mm) were wrapped with aluminum foil before testing.
Note that smoke generation measurements were not made due to equipment limitations.
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Raman spectroscopy was conducted on an inVia laser Raman spectrometer (Renishaw,
Gloucestershire, UK) at room temperature with excitation provided by a 514 nm laser line.
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