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Abstract: A comparative study of the microscopic morphology and chemical characteristics of
spicules of Hexactinellids (Hexactinellida) with different structural features of the skeletons, as well
as the freshwater Baikal sponge belonging to the class of common sponges (Demospongia), was
carried out. The trace element composition of sponge spicules was determined by X-ray fluorescence
spectrometry. The spicules of siliceous sponges contain many elements, arranged in decreasing
order of concentration: Si, Ca, Fe, Cl, K, Zn, and others. It was shown that the surface layer of sea
sponges contains mainly carbon (C), oxygen (O), and to a lesser extent nitrogen (N), silicon (Si), and
sodium (Na). The spicules of the studied siliceous sponges can be divided into two groups according
to the phase composition, namely one containing crystalline calcium compounds and one without
them. Analysis of infrared absorption spectra allows us to conclude that the sponges Euplectella
aspergillum, E. suberia and Dactylocalyx sp. contain silica partially bound to the organic matrix, while
the silica skeleton of the sponges of the other group (Schulzeviella gigas, Sericolophus sp., Asconema
setubalense, Sarostegia oculata, Farrea sp. and Lubomirskia baicalensis sp.) practically does not differ from
the precipitated SiO2. This comparative study of the chemical composition of the skeletons of marine
Hexactinellids and common freshwater sponge allows us to conclude that there are no fundamental
differences in the chemical composition of spicules, and all of them can be used as a starting material
for creating new composite silicon–organic functional materials.

Keywords: glass sponges; Hexactinellida; Demospongia; silicon compounds; biomimetics; composite
silicon–organic functional materials

1. Introduction

The important role of silicon in nature has now been reliably proven [1–5]. In terms
of abundance in Earth’s crust, silicon ranks second after oxygen. In it, about 12% is
occupied by the mineral–silica compounds based on silicon dioxide (quartz, quartzite, flint,
feldspar), as well as silicates and aluminosilicates. In tissues of plants and animals, silicon
is in the form of water-soluble compounds such as orthosilicic acid (H2SiO4), orthosilicic
esters (R4SiO4, where R is an organic radical), as well as in the form of insoluble mineral
polymers formed by polysilicic acids (nSiO2. mH2O) and amorphous silica (SiO2), and
crystalline impurities [5]. The viability of all terrestrial organisms at ambient temperature
is determined by the stability of cell membranes and the spatial structure of proteins-amino
acids linked by peptide bonds (-C (O) NH-) in a certain order. Silicon can bind through the
nitrogen atom with proteins, amino acids and amino sugars, and carbohydrates through the
formation of the Si-O-C (N) bond; however, the biochemical aspects of silicon metabolism
are still poorly understood [5].

Earlier, in the study of silica plants as a source of renewable raw materials for the
production of amorphous silicon dioxide, which has a wide area of use depending on
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the physicochemical characteristics [6–10], we have identified some structural features
of silica in samples isolated from different plants: rice, oats, horsetails, needles of larch,
spruce, pine, and cedar, which in some parameters turned out to be comparable with the
data obtained for the Asconema setubalense sea siliceous sponge [11]. It was interesting
to compare the characteristics of plant silica samples with other types of marine and
freshwater siliceous sponges.

In modern materials science, studies of natural composite organosilicon biominerals
are in demand to create new structural functional biomimetic materials. The remarkable
body structure of sea sponges serves as a model for biomimetic structure for tissue engi-
neering applications [12–25]. The most common biomimetic approach, in which the object
is previously disassembled into its constituent components. In addition to silicon, chitin
and collagen were found in the spicules of the sponges. Then, some of them can be used in
a new synthesis, supplemented with other components. Macro and microstructural charac-
teristics of deep-sea sponges serve as bioinspired models for tissue engineering. The first
nanostructured 3D composite spongin-atacamite model was created [26–31]. Skeletons of
glass (Hyalospongia) or six-rayed sponges (Hexactinellida) are considered by many authors
as a very promising material for biomimetics [21–23,32–37]. They have unique physical
properties: good elastic light guides with properties of photonic crystals [21,26,33,36,37].

The kingdom of sponges includes about 7000 modern species. Of these, about 600
belong to the class glass sponges (Hyalospongia) or six-rayed sponges (Hexactinellida).
They vary greatly in shape, size and age, and their skeletons are extremely diverse: several
types can be distinguished (Figure 1).
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Figure 1. Types of skeletons of Hexactinellids: 1, 4—dictional strand, 2—farreoid, 3—euretoid, 5—
aulocalicoid, 6—lychninisskosan, 7—fieldingioid, 8/9—lissacinosan (8—free skeleton, 9—fused 
form of free skeleton), 10—skeleton of the basal lamina, 11—skeleton of the base (pedoncle) (after 
[38]).  

Earlier, based on spicules of glass sponges, we managed to create both flat and three-
dimensional three-dimensional silicon–organic composite material in laboratory condi-
tions without their preliminary destruction [39]. Since the silicon–organic skeletons of six-
rayed sponges (Hexactinellida) are very diverse (Figure 1), and in the spicules of ordinary 
sponges (Demospongia), the silicon–organic rods are surrounded by an extensive clutch 
of organic material, it was interesting to study the chemical composition of spicules of 
different organization. The results obtained allow us to conclude that there are no funda-
mental differences in the chemical composition of spicules, and all of them can be used as 
a starting material for the creation of new composite silicon–organic functional materials. 
The same silicon–organic material was found in fossil sponges [40]. Spicules of some spe-
cies of silicon sponges can be a source for obtaining silicon, chitin and collagen-like mate-
rial [18,20–24,29,30]. Consequently, natural resources can also be used as a source of tech-
nological raw materials. Thus, sponges with different silicon-containing skeletons, along 
with other marine biomaterials [41], can be valuable raw materials for the creation of bio-
mimetic materials.  

Figure 1. Types of skeletons of Hexactinellids: 1, 4—dictional strand, 2—farreoid, 3—euretoid, 5—
aulocalicoid, 6—lychninisskosan, 7—fieldingioid, 8/9—lissacinosan (8—free skeleton, 9—fused form
of free skeleton), 10—skeleton of the basal lamina, 11—skeleton of the base (pedoncle) (after [38]).
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Earlier, based on spicules of glass sponges, we managed to create both flat and three-
dimensional three-dimensional silicon–organic composite material in laboratory conditions
without their preliminary destruction [39]. Since the silicon–organic skeletons of six-rayed
sponges (Hexactinellida) are very diverse (Figure 1), and in the spicules of ordinary sponges
(Demospongia), the silicon–organic rods are surrounded by an extensive clutch of organic
material, it was interesting to study the chemical composition of spicules of different
organization. The results obtained allow us to conclude that there are no fundamental
differences in the chemical composition of spicules, and all of them can be used as a
starting material for the creation of new composite silicon–organic functional materials.
The same silicon–organic material was found in fossil sponges [40]. Spicules of some
species of silicon sponges can be a source for obtaining silicon, chitin and collagen-like
material [18,20–24,29,30]. Consequently, natural resources can also be used as a source of
technological raw materials. Thus, sponges with different silicon-containing skeletons,
along with other marine biomaterials [41], can be valuable raw materials for the creation of
biomimetic materials.

The chemical characteristics of silicon spicules from different systematic groups have
not been previously studied. Since their morphology can differ significantly, it can be
assumed that they have a different chemical composition, which in turn will determine
their different physicochemical properties.

The aim of this work was a comparative study of the chemical characteristics of hex-
actinellid spicules with different structural features of the skeletons, as well as a freshwater
Baikal sponge belonging to the common sponge type (Demospongia).

2. Materials and Research Methods

The objects of the study were samples of sea (1–8) and freshwater (9) sponges, pre-
sented in Table 1.

In appearance, the skeletons of the studied samples of sea sponges were subdivided
into dictional bands, lissacinosan (with a free skeleton and a fused skeleton), farreoid, and
small spicules of the Baikal sponge.

The material was obtained during sea expeditions in different regions of the Pacific,
Atlantic, and Indian oceans. It is kept dry in collections. (Figures 2–10)

Table 1. Samples of the investigated sponges.

№ *
Samples Class Family Species Skeleton Type Figure Source

1

Hexactinellida

Pheronematidae
Schulzeviella gigas

spinosum Dictional strands 2 Orig.

2 Sericolophus sp. Dictional strands 3 [21]

3 Rossellidae Asconema setubalense Dictional strands 4 [39,42]

4

Euplectellida

Euplectella aspergillum Dictional strands
and lissacinosan 5 [35]

5 Euplectella suberia Dictional strands
and lissacinosan 6 [43]

6 Dactylocalycidae Dactylocalyx sp. Lissacinosan 7 [44]

7
Farreidae

Sarostegia oculata Lissacinosan 8 [45,46]

8 Farrea sp. Pharreoid 9 [47,48]

9 Demospongiae Lubomirskiidae Lubomirskia baicalensis Small spicules 10 [49]

* Further in the text this numbering of the studied samples is used. Samples taken from collections of A.V. Zhirmunsky National Scientific
Center of Marine Biology, FEB RAS, Vladivostok 690041, St.17, Palchevsky, Russia; P.P. Shirshov Institute of Oceanology, RAS, 117997,
Moscow, Nakhimovsky Avenue, Russia; G.B. Elyakov Pacific Institute Bioorganic Chemistry FEB RAS, Russia.
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Figure 2. Schulzeviella gigasspinosum. Morphological feature (a) and the ultrastructure of the spicules 
by SEM (b,c). Scale: (а)—10 cm, (b)—400 μ, (с)—4 μ. 

Figure 2. Schulzeviella gigasspinosum. Morphological feature (a) and the ultrastructure of the spicules by SEM (b,c). Scale:
(a)—10 cm, (b)—400 µ, (c)—4 µ.
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Figure 3. Sericolophus sp. Morphological feature (a,b) and the ultrastructure of the spicules by SEM 
(c,d). Scale: (a)—10 cm, (b)—5 cm, (c)—600 μ, (d)—10 μ. 

Figure 3. Sericolophus sp. Morphological feature (a,b) and the ultrastructure of the spicules by SEM (c,d). Scale: (a)—10 cm,
(b)—5 cm, (c)—600 µ, (d)—10 µ.
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Figure 4. Asconema setubalense. Morphological feature (a), dry felt (b), and the ultrastructure of the 
spicules by SEM (c,d). Scale: (a)—40 cm, (b)—30 mm, (c)—600 μ, (d)—20 μ. 

Figure 4. Asconema setubalense. Morphological feature (a), dry felt (b), and the ultrastructure of the spicules by SEM (c,d).
Scale: (a)—40 cm, (b)—30 mm, (c)—600 µ, (d)—20 µ.
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Figure 5. Euplectella aspergillum. Morphological feature (a) and the ultrastructure of the spicules by 
SEM (b,c). Scale: (a)—2 cm, (b)—600 μ, (c)—6 μ. 

Figure 5. Euplectella aspergillum. Morphological feature (a) and the ultrastructure of the spicules by SEM (b,c). Scale:
(a)—2 cm, (b)—600 µ, (c)—6 µ.
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Figure 6. Euplectella suberea. Morphological feature (a) and the ultrastructure of the spicules by SEM 
(b,c). Scale: (b)—2 mm, (с)—20 μ. 

Figure 6. Euplectella suberea. Morphological feature (a) and the ultrastructure of the spicules by SEM (b,c). Scale: (b)—2 mm,
(c)—20 µ.
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Figure 7. Dactylocalyx sp. Morphological feature (a) and the ultrastructure of the spicules by SEM 
(b,c). Scale: (a)—2 cm, (b)—200 μ, (с)—4 μ. 

Figure 7. Dactylocalyx sp. Morphological feature (a) and the ultrastructure of the spicules by SEM (b,c). Scale: (a)—2 cm,
(b)—200 µ, (c)—4 µ.
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Figure 8. Sarostegia oculata. Morphological feature (a,b) and the ultrastructure of the spicules by SEM 
(c,d). Scale: (a)—10 cm, (b)—2 cm, (c)—400 μ, (d)—4 μ. 

Figure 8. Sarostegia oculata. Morphological feature (a,b) and the ultrastructure of the spicules by SEM (c,d). Scale: (a)—10 cm,
(b)—2 cm, (c)—400 µ, (d)—4 µ.
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Figure 9. Farrea sp. Morphological feature (a) and the ultrastructure of the spicules by SEM (b,c). 
Scale: (a)—4 cm, (b)—60 μ, (с)—20 μ. 

Figure 9. Farrea sp. Morphological feature (a) and the ultrastructure of the spicules by SEM (b,c). Scale: (a)—4 cm, (b)—60 µ,
(c)—20 µ.



Appl. Sci. 2021, 11, 6587 12 of 23
Appl. Sci. 2021, 11, x FOR PEER REVIEW 13 of 24 
 

 
Figure 10. Lubomirskia baicalensis. Morphological feature (a,b) and the ultrastructure of the spicules 
by SEM (c–f). Scale: (a)—15 cm, (b)—2 cm, (с)—40 μ, (d)—20 μ, (e)—20 μ, (f)—10 μ. 

3. Research Methods 
Elemental analysis. To determine the qualitative microelement composition of the 

sponges, we used the method of X-ray fluorescence analysis (spectrometers EDX 800 HS 
(Kyoto, Japan) and TXRF 8030C (Dreieich, Germany)), which makes it possible to perform 
express analysis of samples in a wide range of determined elements (from Si to U) and 
content in the sample from 10−4 to 100% of the mass. 

The elemental composition of the sample surface and the valence state of the ob-
served atoms from the value of the chemical shift were determined by X-ray photoelectron 

Figure 10. Lubomirskia baicalensis. Morphological feature (a,b) and the ultrastructure of the spicules by SEM (c–f). Scale:
(a)—15 cm, (b)—2 cm, (c)—40 µ, (d)—20 µ, (e)—20 µ, (f)—10 µ.
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3. Research Methods

Elemental analysis. To determine the qualitative microelement composition of the
sponges, we used the method of X-ray fluorescence analysis (spectrometers EDX 800 HS
(Kyoto, Japan) and TXRF 8030C (Dreieich, Germany)), which makes it possible to perform
express analysis of samples in a wide range of determined elements (from Si to U) and
content in the sample from 10−4 to 100% of the mass.

The elemental composition of the sample surface and the valence state of the observed
atoms from the value of the chemical shift were determined by X-ray photoelectron spec-
troscopy (XPS) on the SPECS spectral complex (Berlin, Germany) using MgKα radiation.

X-ray phase analysis of the samples was carried out on a DRON-2.0 X-ray diffractometer
in Cu Kα radiation. When performing X-ray phase analysis, we used the data of chemical
analysis (the presence of chemical elements), which are necessary when using the EVA
program with a PDF-2 powder data bank for the identification of substances.

Infrared (IR) absorption spectra of the samples were recorded in the range 400–4000 cm−1

using a Shimadzu FTIR Prestige-21 Fourier spectrometer (Kyoto, Japan) at room tempera-
ture. Samples for recording spectra were prepared according to the standard technique by
suspending in liquid paraffin or pressing the substance in KBr. Frequency determination
accuracy ±1 cm−1.

29Si NMR spectra were recorded on a Bruker Avance AV-300 spectrometer using the
magic angle sample rotation (MAS) technique; registration was performed by the method
of echo Khan. Tetramethylsilane was used as a reference. The number of accumulations
was 1024, the delay between impulses was 60 s.

Differential thermal analysis (DTA). The thermal properties of the samples under study
were determined using a derivatograph system F. Paulik, I. Paulik and L. Erdey brand
Q-1000 (Mateszalka, Hungary) in air at a temperature of 25–700 ◦C, with a heating rate of
5 deg/min.

4. Results and Discussion

Morphological feature and the ultrastructure of the spicules by SEM in silicon sponges
were studied by many authors [18,20,24,29,30,34,37–39]. We only tried to research the
comparative chemical composition in sponges with different spicule morphology. Spicules
of two types are morphologically distinguished in glass sponges. Some of them are
organized as if a cylinder in a cylinder: samples 1 (Schulzeviella gigas spinosum) (Figure 2), 2
(Sericolophus sp.) (Figure 3), 3 (Asconema setubalense) (Figure 4), 4 (Euplectella aspergillum)
(Figure 5), 5 (Euplectella suberia) (Figure 6). Spicules of samples 6 (Dactylocalyx sp.) (Figure 7),
7 (Sarostegia oculata) (Figure 8), 8 (Farrea sp.) (Figure 9) show the coalescence of layers into a
continuous monolithic aggregate. The spicules of the freshwater common sponge (Classis
Demospongia) (sample 9 Lubomirskia baicalensis) from Lake Baikal are small monolithic
spicules with a central channel (Figure 10).

4.1. The Elemental Composition

The elemental composition of the sponges was determined by the method of X-
ray fluorescence spectrometry, a significant limitation of which is the impossibility of
determining light elements (from H to Al), and for the quantitative determination of other
elements, either the introduction of an internal standard with the transfer of the sample
under study into a solution or the use of standard samples close in composition to objects
under study, to build calibration graphs. Due to the small number of samples 1–8 and
the absence of standards, it was not possible to quantitatively determine the elements;
therefore, in this work, the semiquantitative elemental composition of the sponges under
study was determined.

According to the results of the X-ray fluorescence analysis, performed on the TXRF
8030C spectrometer, the sea sponges (samples 1–8) contain the following elements, arranged
in decreasing order of concentration: Si, Ca, Fe, Cl, K, Zn, Ti, Cr, Mn, Ni, As, Br, Pb, Cu, Y
(traces). However, some specific features were revealed: in the spicules of Schulzeviella
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gigas spinosum (sample 1), the elements Cu, Pb, Cr and Ni are absent; arsenic (As) was not
detected in samples Euplectella suberia (sample 5), Dactylocalyx sp. (sample 6) and Sarostegia
oculata (sample 7), and chromium in Asconema setubalense (sample 3) and Farrea sp. (sample
8). The highest calcium (Ca) concentration was recorded in spicules of Dactylocalyx sp.
(sample 6), and zinc (Zn)—in spicules of Euplectella aspergillum (sample 4). The nature of
these features is not yet clear.

Analysis of the composition of the inorganic part of the skeleton of the common
freshwater sponge 9 showed a similarity with sea sponges. The main element of sample
9 is silicon, but there are no elements characteristic of marine organisms: chlorine (Cl),
bromine (Br), arsenic (As), and manganese (Mn).

The surface composition of sponge spicules was studied by X-ray photoelectron
spectroscopy XPS for two samples—2 (Sericolophus sp.) And 7 (Sarostegia oculata). As
follows from the analysis of X-ray photoelectron spectra (Table 2), the surface layer (~30
Å thick) of sample 7 contains mainly carbon (C), oxygen (O), to a lesser extent nitrogen
(N), silicon (Si), and sodium (Na). Most of the observed carbon is, according to the values
of the binding energy (Eb, Eb), of an aliphatic nature; the rest is in a more oxidized state.
Oxygen (O) is partly part of hydroxyl groups, partly part of silicon dioxide (SiO2) and
sodium oxide (Na2O). The oxidation state of silicon is +4. A noticeable content of nitrogen
in the surface layer is also observed. XPS spectra of sample No. 2, the state of the elements
and their content are similar to those described above.

Table 2. Analysis data of X-ray photoelectron spectra.

Sample No.
According to Table 1
Element Content, %

O N C Si Na

2 23.4 n/d 69.4 5.4 1.8

7 26.9 7.0 60.9 3.2 2.0

4.2. X-ray Phase Analysis

X-ray phase analysis of samples 1–9 (Figure 11, Table 3) showed that the compounds
included in their composition are in the amorphous (1, 2, 7, 9) and mixed amorphous state
with the presence of the crystalline phases (3–8). Sponges differ in the composition of
the crystalline phase. Therefore, halite was found only in 3, quartz—in 4 and 8. At the
same time, sample 4, in addition to quartz, also contains another phase of silica—tridymite.
Samples 4–6 contain calcium carbonate in different structural forms—in the form of calcite
and aragonite. Cationically mixed calcium and magnesium carbonates (magnesian calcite)
are present in samples 3–6. Zinc oxide was recorded only in sample 4. The data obtained
agree with the results of elemental analysis.

Thus, the studied siliceous sponges by phase composition can be divided into two
groups: containing calcium compounds (3–6) and not (1, 2, 7, 8, 9). The first group of
sponges has an amorphous-crystalline state, the second is amorphous, except for sample 8,
the crystalline phase of which corresponds to the presence of quartz.
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Table 3. Results of X-ray phase analysis.

Sample No
According to Table 1 Sample Status Composition of the Crystal Phase

1 (Schulzeviella gigas) Amorphous

2 (Sericolophus sp.) Amorphous

3 (Asconema setubalense)

Amorphous-crystalline

Halite (NaCl), magnesian calcite
(Mg0.1CaO0.9CO3)

4 (Euplectella aspergillum)
Tridymite (SiO2), quartz (SiO2), aragonite

(CaCO3), calcite (CaCO3), magnesian calcite
(Mg0.129CaO0.871CO3), zinc oxide (ZnO)

5 (Euplectella suberia) Calcite (CaCO3), magnesian calcite
(Mg0.129CaO0.871CO3), aragonite (CaCO3)

6 (Dactylocalyx sp.) Calcite (CaCO3), magnesian calcite
(Mg0.06CaO0.94CO3), aragonite (CaCO3)

7 (Sarostegia oculata) Amorphous

8 (Farrea sp.) Amorphous-crystalline quartz (SiO2)

9 (Lubomirskia baicalensis) Amorphous

4.3. Infrared (IR) Absorption Spectra

IR spectra of all studied sponge samples (Figure 12) are united by the presence of
absorption bands characteristic of deposited silicon dioxide: 3289–3399 ν (O–H), 1630–1660
δ (O–H), 1090–1099 νas (Si–O–Si), 953–964 δ (Si–OH), 797–799 δ (Si–O–Si), 465–471 δ (Si–O–
Si) [12–14]. At the same time, several differences are observed in the spectra, according to
which the samples can be divided into two groups.

The first group includes samples 4, 5, and 6. A feature of their IR spectra is the
presence of absorption bands in the region close to the absorption bands of petroleum
jelly: ~1480 δas (CH3), δ (CH2) and ~1420 cm−1 δs (CH3), as well as bands at 876–878 and
856–858 cm−1, characteristic of vibrations of the Si–C bond, for example, in the Si–CH2 and
Si–CH3 groups [15–17].

The second group includes samples of sponges 1, 2, 3, 7, 8, 9, the IR spectra of which in
the range of 400–4000 cm–1 are practically identical to the spectrum of deposited amorphous
SiO2·H2O, as in [11–14]. Apparently, this is due to the low content of organic matter relative
to the silica skeleton.

The IR spectrum of the freshwater sponge Lubomirskia baicalensis (sample 9) is distin-
guished separately. A set of absorption bands 3289 ν (N–H), 1660 δ (N–H) and 1537 δ (N–H)
+ ν (C–N) (the “Amide II” band is a position characteristic of primary amides [15]) allows
us to speak unambiguously about the high content of peptides.

Thus, the analysis of IR spectra allows us to conclude that the sponges of the first
group (4–6) contain silica (SiO2), partially bound to the organic matrix, while the silica
skeleton of the sponges of the second group (1–3, 7–9) practically does not differ from the
precipitated SiO2. At the same time, a high content of peptides is identified in the spectrum
of a freshwater sponge.
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4.4. 29Si NMR Spectra

The 29Si NMR spectrum (Figure 13) was studied for sea sponge 3, which, according to
XRD data, is in an X-ray amorphous state, in comparison with the spectra of amorphous
silica samples (Table 4) obtained from rice husks by oxidative firing (SiO2, sample 1 *) and
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by precipitation from an alkaline hydrolyzate of husk (SiO2·nH2O, sample 2 *) [11], and
reagent SiO2·nH2O obtained from mineral raw materials (sample 4 *).
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Table 4. Values of chemical shift (CS) and concentration (I) of silicon groups.

Sample Source, Silicon Dioxide
Production Scheme

Q2 (SiO2(OH)2) Q3 (SiO3OH) Q4 (SiO4)

CS, ppm I, % CS, ppm I, % CS, ppm I, %

1 * RH, scheme 1,
650 ◦C - n/f * −103 8 −112 91

2 * RH, scheme 3 −93 3 −103 29 −112 68

3 Marine siliceous sponge
Asconema setubalense – n/f −103 30 −112 70

4 *
Reagent

“Water silicon acid”
GOST 4214-78

−93 9 −102 33 −111 58

* n/f—not found; RH (rice husk).
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The IR absorption spectrum of sea sponge 3 (Figure 12) is identical to the spectra of
precipitated silica 2 * and 4 * [11] and indicates the presence in all samples of siloxane Si–O–
Si (467, 797, 1092–1098 cm−1), silanol Si–OH bonds (957 cm–1) and OH groups (3182–3650
and ~1630–1640 cm–1), in contrast to the spectrum of sample 1 * [11], in which there are no
vibrations of Si–OH and OH bonds.

The 29Si NMR spectra of the studied samples (Figure 3, Table 4) contain signals with a
chemical shift (CS) equal to −112 ppm. and −102 ppm. (the latter, as a rule, in the form
of a shoulder), which correspond to the SiO4 and SiO3OH groups), according to [26]. In
samples 1 *, 2 *, 4 * and, possibly, in sample 3, there is also a weak signal with CS − 93
ppm, corresponding to the SiO2 (OH)2 group. The use of the Khan echo technique [26]
makes it possible to obtain undistorted ratios of the concentrations of groups, based on the
integral intensities of the components (Table 4). Sample 1 * has the highest content of the
basic substance (SiO2).

Thus, the analysis of the 29Si NMR spectra shows that in the sea sponge sample (3),
silicon is mainly as in the form of silicon dioxide SiO2, as in the sample 2 * precipitated
from rice husk, and partially as in the samples 1 * and 4 * state of silicon corresponds to
polysilicic acid SiO2·nH2O.

4.5. Thermal Properties

The thermal behavior of siliceous sponges was studied for two samples—1 and 9.
Analysis of thermograms (Figure 14) shows that the decomposition of these samples in
the region of 25–700 ◦C proceeds in three stages with some peculiarities, which will be
considered in more detail.
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Decomposition of sample 1 (Figure 4a), weight—130 mg. At the first stage (25–180 ◦C),
water is removed and, probably, some organic component. The weight loss in this tempera-
ture range is 3.1%.

At the second stage (180–500 ◦C), first, thermal oxidative destruction occurs (above
180 ◦C), and at 410 and 440 ◦C there is a pronounced stepwise decomposition of individual
inorganic compounds against the background of thermal oxidative destruction of organic
substances. The decomposition temperatures suggest the presence of Mg(OH)2 in the
sample under study, the decomposition of which occurs at 410 ◦C into MgO and H2O, and
Ca(OH)2, which decomposes at 440 ◦C into CaO and H2O.

At the third stage (500–700 ◦C), the carbonated residue burns out at a maximum rate
at 540 ◦C. The mass of the mineral residue is 88.5%.

The color of the residue is gray, irregular, with white needles. X-ray phase analysis of
the remainder of sample 1 shows that it is X-ray amorphous (interplanar distance 3.96 Å),
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and the IR absorption spectrum (maxima of absorption bands (cm−1) at 470, 584, 798,
1103) corresponds to the spectrum of amorphous silica SiO2 obtained thermally, as, for
example, sample 1 * in Table 4. Elemental analysis performed on a Shimadzu EDX 800 HS
spectrometer confirms the formation of anhydrous silicon dioxide when sample 1 is heated
to 700 ◦C. Thus, the content of water and organic components in sample 1 is 11.5%, and the
content of the mineral residue is 88.5%.

Decomposition of sample 9 (Figure 4b), weight—130 mg. At the first stage (25–160 ◦C),
the sample is dehydrated at a maximum rate at 80 ◦C. The endothermic effect is observed
on the differential thermal curve (DTA). Above 80 ◦C, a broad, mild exo effect begins,
accompanying the process of protein denaturation (decomposition), according to [27]. The
mass loss is 7.7%, which is almost 2.5 times greater than during the decomposition of sea
sponge 1.

At the second stage (160–390 ◦C), thermal oxidative destruction of protein components
begins above 160 ◦C with a maximum rate at 260 and 290 ◦C. On DTA, this process is
accompanied by an exo effect (shoulder at 290 ◦C and at 330 ◦C). Above 330 ◦C, thermal
oxidative destruction of the formed new organic products and their carbonization occur,
which proceeds up to about 390 ◦C. An inflection is observed on the TG weight loss curve.
The total loss in the mass of volatile products at 390 ◦C is 36.2%, which is much higher than
during the decomposition of sample 1.

At the third stage (390–700 ◦C), the decomposition of the carbonated residue above
390 ◦C occurs, which is accompanied on the DTA curve by a broad intense exothermic
effect with maxima at 490, 550, and 630 ◦C. The total weight loss at 700 ◦C is 61.9%. The
mass of the mineral residue is 38.1%, which is 2.4 times less than in the decomposition of
sample 1.

The color of the residue is light gray, uniform. According to the X-ray phase analysis
data, the residue, as with sample 1, is in the X-ray amorphous state, but with a slightly
different position of the maximum of the amorphous peak (interplanar distance 4.00 Å).
The IR absorption spectrum with the maxima of absorption bands (cm−1) at 470, 574,
800, 1099 is comparable with the spectrum of the residue of sample 1 and, as with the
elemental analysis data, indicates the formation of anhydrous amorphous silica. Further
heating of the remainder of sample 9 to 1000 ◦C for three hours showed that amorphous
silica only partially crystallizes with the formation of tridymite and cristobalite phases
(Figure 15b). In this case, weak bands are observed in the IR absorption spectrum in the
region 586–611 cm−1.

Thus, the nature of the thermal decomposition of sea and freshwater sponges in the
region of 25–700 ◦C is similar to each other. The composition of the final product is anhy-
drous amorphous silicon dioxide, but their mass varies significantly, which is associated
with the content of organic substances, which are much more in the freshwater sponge.
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5. Conclusions

Using X-ray fluorescence analysis, it has been showed that the following elements are
contained in sea sponges (samples 1–8, in decreasing order of concentration): Si, Ca, Fe, Cl, K,
Zn, Ti, Cr, Mn, Ni, As, Br, Pb, Cu, Y (traces) with interspecies variations. Freshwater sponge
Lubomirskia baicalensis (sample 9) has similar composition of the skeleton, but it also contains
silicon as the main element, but there are no elements characteristic of marine skeletal
sponges: chlorine (Cl), bromine (Br), arsenic (As) and manganese (Mn). From this it follows
that there are no fundamental differences in the elemental composition of the studied
skeletons of glass (six-rayed) sponges (Hexactinellida) and common (Demospongia).

The surface of the studied spicules contains mainly carbon, oxygen, to a lesser extent
nitrogen, silicon, and sodium. This indicates that in the body of the sponges, the spicules
are surrounded by cells, which, when dried, turn out to be represented by dry organic
matter. In the freshwater sponge Lubomirskia baicalensis, a large amount of nitrogen, a
derivative of a significant amount of organic matter contained in the spicules, was found
on the surface of the spicules. It surrounds a central rod formed by a silicon–organic
composite material.

X-ray phase analysis of the samples showed that the compounds included in the
skeletons are in the amorphous state or amorphous mixed with crystalline phases of
calcium compounds or quartz. The IR spectra of all sponge samples studied indicate that
the sponges contain silica partially associated with an organic matrix, or silica of itself.
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Meanwhile, according to 29Si NMR data, silicon is in the form of silicon dioxide SiO2, or
polysilicic acid SiO2·nH2O.
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