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Abstract
Fossils are nonrenewable natural heritages formed by Mother Nature. After being excavated or exposed, fossils can be
destroyed by weathering and water erosion. However, until now, there is very limited research work on fossil conservation.
In this work, we focus on the protection of pterosaur fossils found in Hami, which are very sensitive to water. Four siloxane-
based polymeric sols, including from tetraethyl orthosilicate and other three hybrid siloxane monomers, are prepared by
controlled hydrolysis protocol. Their chemical and physical properties and performances as fossil protection materials are
examined. Experimental data show that all sols have excellent permeabilities, decent reinforcement abilities, good resistance
to light and heat aging. The organic moieties in the hybrids can also significantly increase the fossil’s hydrophobicity and
reduce the cracking of the gels. The results indicate siloxane-based polymers can be very potential protection materials for
fossils. And the hybrid polysiloxane sol containing epoxy function groups has overall the best performances.

Graphical Abstract
Top left: severely degraded fossil due to water erosion, top right: structures of four sols Bottom: significantly improved fossil
resistance to water after treated by silica sols, from left to right: treated by TEOS-TMPM-s, TEOS-TMPE-s, TEOS-BTME-s,
TEOS-s and control sample.
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Highlights
● Four silica sols, including three hybrids sols, are synthesized via controlled sol–gel process. Their chemical and physical

properties are examined.
● The as-prepared sols are applied to protect Hami fossils. It is the first systematic research on fossil protection.
● Hami fossil can be protected by these silica sols nicely and among them, hybrid sol containing epoxy function groups has

overall the best performances.

1 Introduction

Fossils are the “evidence” of the world’s species changes
and the key to human understanding of nature, playing an
important role in the history of human cultural develop-
ment. They have interpreted the entire process of the evo-
lution of the earth and the development, replacement and
extinction of ancient lives. The early evolutionary history of
biology and the crust are documented by fossils [1]. By
extracting information from fossils, we can learn more
about evolution of paleoclimate [2], paleoenvironment [3]
and paleogeography [4], which are of great significance in
predicting the future development of the earth.

In many ways, fossils are very similar to their cousins,
stone cultural relics. Both of them are basically formed by
stones and contain important information which is inter-
esting and important to human beings. They are also facing
the same thermodynamic destiny. Once exposed or exca-
vated, they will deteriorate and eventually collapse com-
pletely due to the effects from physical, chemical,
biological, and anthropogenic activities [5–10]. Many stu-
dies have been carried out on the protection of stone cultural
relics, to understand the weathering mechanisms, to slow
down the weathering process and extend their lifetime [11–
17]. And such research work is still going on. But, unfor-
tunately very little related protection work has been done on
fossils.

Factors such as wind [6], rain [18], underground water,
soluble mineral salts [8, 9], environmental pollutions
[7, 19], microorganism [10] and dramatic environmental
changes before and after excavation are the major possible
causes for deterioration of stone heritages. And among these
factors, efflorescence from water is a serious threat and of
particular importance. Water, not only itself can do damages
to those relics, but also can further arise problems caused by
soluble salts, microorganism etc. Reinforcement of the
weathered relics and water-resistance treatments are often
applied to against water-induced erosion.

Simple siloxanes such as ethyl orthosilicate and their
oligomers have been widely applied in stone conservations
because they will eventually convert to silica, a major
component of silicious stones [20–22]. Meanwhile, such

materials have fairly low viscosity, so that they can wet the
stone surface and penetrate into the stone well to guarantee
good reinforcement. For example, Grissom et al. [23] used
the ethyl silicate solution to consolidate the ancient stone
statue fragments, which remained intact after 11 years.
Saleh et al. [24] used methyl trimethoxy silane to achieve
good results in the protection of Egyptian sandstone.
However, the simple siloxanes or oligomers tend to form
brittle and rigid gels. Obvious weight loss and volumetric
shrinkage during curing make them susceptible to crack and
may accelerate the destruction of cultural heritages [25–28].
Avoiding cracking during curing is still a major research
focus of siloxane-based materials in stone consolidation
applications [29–32].

More recently, organosiloxane-based hybrid materials
have attracted a lot of attention because of their unique
molecular structures, which mainly consist of both Si–O–Si
bonds and some organic functional groups [33, 34]. When
applied, the Si–O bonds will combine with the stones to
restore the mechanical integrity as simple siloxane mole-
cules do, while the organic groups can provide certain type
of protective function, for example hydrophobicity. Fur-
thermore, the organic groups can reduce the amount of
weight and volume loss, and provide some flexibility to the
rigid silica gel network, thus to weaken cracking.

After more than 10 years of investigation and research, a
large number of vertebrate fossils represented by pterosaurs
(Hamipterus tianshanensis) were discovered in Hami,
Xinjiang, including the first 3D pterosaur egg and embryo
in the world [35, 36]. This is one of the most exciting
discoveries of pterosaur research in 200 years. The dis-
covery represents a unique opportunity to investigate pter-
osaur growth, development, reproductive behavior and
ecology [37], and is a crucial advance in understanding
pterosaur reproduction [38]. However, during research it
was found that many of these precise fossils started to
decay. Shortly after their excavation and transportation from
Hami to laboratories in Beijing, severe degradation such as
surface powdering, spalling and disintegration occurred
(Fig. 1). Previous research shows that the deterioration of
these fossils is mainly due to water erosion [39]. It was
found that the fossil and matrix acquired in Hami had very
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poor resistant to water. Meanwhile, wind erosion is the
major cause for Hami fossil weathering in the field.

In this work, for the purpose of Hami fossil protection,
several sol–gel derived hybrid materials are prepared form
organosiloxane monomers. Their abilities of fossil con-
servation are evaluated.

2 Experimental

2.1 Materials

Tetraethyl orthosilicate (TEOS, 98%) was purchased from
Macklin Co. Bis(trimethoxysilyl)ethane (BTME) was
obtained by Wuda Organic Silicon New Materials
Co. (3-Aminopropyl) trimethoxysilane (TMA, 97%),
γ-(2,3-epoxypropoxy) propytrimethoxysilane (TMPE, 97%)
and 3-(Trimethoxysilyl) propyl methacrylate (TMPM, 97%)
were acquired from Aladdin Co. Anhydrous ethanol
(>99.9%, AR) and hydrochloric acid (36–38%, AR) were
purchased from Sinopharm Co. All reagents were used as
received without further purification.

The pterosaur fossils and matrices were collected from
Hami, Xinjiang. Before usage, the matrices were cut into
10*10*10 mm cubic blocks.

2.2 Characterizations

X-Ray Fluorescence (XRF) was recorded by a Niton XL3t
spectrometer (Thermo Fisher Scientific Co.). The X-ray
diffraction (XRD) analyses were performed using a
PANalytical AERIS X-ray Diffractometer. Viscosities were
measured by a Rotational viscometer (Smart series,
ChemTron Co.) at 25 °C. Fourier-transform infrared spectra
(FT-IR) were recorded on a Nicolet iS50 spectrometer over
a spectrum range from 4000 to 400 cm−1. 29Si NMR spectra
were collected at room temperature in CDCl3 with a Bruker
AVANCE III HD 600MHz spectrometer. Photos were

taken by a Canon EOS 5D MARK IV camera. Thermo-
gravimetric analyses (TGA) were recorded on an STA 449
F3 thermal analyzer (Netzsch Co.). The Leeb hardness was
measured by a CXJ-30 pen type hardness tester. Water
contact angles of the samples were determined using a
contact angle goniometer (OCA15EC, Dataphysics). Com-
pressive strength was measured by a Zwick BZ2.5/TS1S
material testing machine. The chromatic aberration was
measured by a I5 desktop spectrophotometer (X-
Rite, USA).

2.3 Preparation of hybrid sols

Four kinds of sols synthesized from different organosilox-
ane monomers are listed in Table 1. Monomers were first
added into anhydrous ethanol (molar ratio of monomer/
anhydrous ethanol= 1/2.6) under magnetic agitation. Then,
they were stirred for 10 min before 0.1 M HCl solution
(60% hydrolysis degree of organosiloxane monomer) was
added dropwisely. After the completion of addition, all the
samples were kept under magnetic agitation at 70 °C for
10 h. All sols are prepared as the molarities of Si are the
same. Figure 2 shows the proposed molecular structures of
the four organosiloxane-based hybrid sols.

Table 1 Composition of the organosiloxane sols in molar ratios

Monomer TEOS BTME TMPE TMPM

Sol

TEOS-s 1 0 0 0

TEOS-
BTME-s

1 1 0 0

TEOS-
TMPE-s

1 0 1 0

TEOS-
TMPM-s

1 0 0 1

Fig. 1 Severe weathered
samples after being transported
from Hami to Beijing. a Matrix
(the white parts are fossils);
b Pterosaur fossil
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2.4 Consolidation evaluation

Immersion method is adopted since it is very convenient
and practical to perform in laboratory. Since fossils are
precious, matrices are used as simulated samples instead.

Two sets experiments were performed. Matrix blocks were
soaked in as-prepared four consolidants for 10 min respec-
tively. 5 wt% TMA was used as catalyst in call cases. All
consolidated samples were aged at ambient conditions for
24 h to ensure that the sol–gel processes were complete.
After reaction completion, the amount of final consolidant is
around 3.5 wt% of the matrices.

The effect of consolidation was indicated by compressive
strength, measured according to ASTM C170/C170M-09.

The aging-resistance was evaluated at two conditions,
respectively: exposure under a UV lamp (365 nm) at the
distance of 15 cm or in a 60 °C oven. Color alteration was
followed as an indication of photo and thermal aging. The
reported chromatic aberration was the average of the mea-
sured values of the three individual samples. The color
difference E was calculated by Eq. (1):

ΔE ¼ ΔL�ð Þ2 þ Δa�ð Þ2 þ Δb�ð Þ2
h i0:5

; ð1Þ

where L*, a* and b* are the measured parameters: L* is
brightness, a* and b* are coordinates (a* is the red–green
parameter and b* is the blue–yellow).

3 Results and discussions

3.1 Characterization of pterosaur fossils and
matrices

XRF and PXRD results of fossil and matrices are sum-
marized in Table 2 and Fig. 3. The matrices mainly consist
of quartz and calcite, while the fossils mainly consist of
fluorapatite and hydroxyapaptite. The XRF and PXRD data
are totally consistent with each other.

3.2 Organosiloxane sols characterization

For consolidation purpose, it is important for sols to pene-
trate into the fossils. Viscosities strongly influence their

Fig. 2 Proposed molecular
structures of four hybrid sols
(R=methyl/ethyl)

Table 2 XRF analyses of matrix and fossil samples from Hami

Chemical composition Weight (%)

Matrix Fossil

Si 31.22 7.1

Ca 11.72 37.18

Al 4.41 1.85

Fe 3.4 0.31

K 1.17 0.16

Mg 1.1 –

Ti 0.3 0.02

Cl 0.23 0.04

P – 14.06

Fig. 3 XRD patterns of the matrix (black) and fossil (red)
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penetration behaviors and also are indications of their
molecular weights, which are controlled by the degree of
hydrolysis with respect to the moles of siloxane monomers.
The as-prepared sols have fairly low viscosities which will
allow them to easily enter the interior of the fossils (Table 3).

The sols are further characterized by FT-IR after removal
of solvents, as shown in Fig. 4. Broad peaks around
3500 cm−1 are due to the –OH groups after hydrolysis of the
monomers. Adsorption bands around 2800–3000 cm−1 are
asymmetry stretching vibrations of C-H, among which
bands at 2846 cm−1 only observed in three hybrid sols are
vibrations of C-H in the organic function groups. The
characteristic adsorption peaks of the Si–O–Si around
1000–1300 cm−1 are clearly observed in all four sols,
indicating the occurrence of condensations. The character-
istic peaks of acrylate (carbonyl at 1720 cm−1 and C=C at
1639 cm−1) and epoxy groups (910 cm−1) can also be
observed nicely in TEOS-TMPE-s and TEOS-TMPM-s,
respectively.

29Si NMR is a powerful tool for the investigation of the
chemical bonding environments of Si atoms of organosi-
loxane sols, given the complex chemistry involved in the
sol–gel process. According to the number of O atoms
connected with Si atoms, Si can be classified into four
types: Mn (monofunctional), Dn (difunctional), Tn (trifunc-
tional) and Qn (quaternary), in which the subscript “n”

represents the number of oxygen linked to other Si atoms in
each Si–O unit [40]. In our cases, only T-type and Q-type Si
atoms are present, coming from three hybrid monomers and
TEOS, respectively. 29Si NMR spectra of four sols are
shown in Fig. 5a. It shows that Q-type Si atoms exist in all
spectrograms as expected. A closer examination on Q-type
Si atoms reveals that there is no existence of Q4 and small
amount of Q3. In hybrid sols, T-type Si atoms are mainly T1

and T2 (chemical shifts between −45 and −63 ppm). The
lack of T3, Q3 and Q4 indicates that condensation is limited,
as designed in this step. Further condensation is expected to
occur after materials being applied on fossils.

In three hybrid sols, the molar ratio of TEOS and orga-
nosiloxanes is 1. But the number of Q-Si atoms seems much
less than T-Si atoms. It may be because methoxyl groups in
three organosiloxanes hydrolyze faster than the ethoxyl
groups in TEOS. So part of the TEOS is not reacted and lost
during evaporation. It should be aware that the sol compo-
sitions may be different from original feeding compositions.
More work is still under progress in our group on this subject.
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Table 3 Viscosities of the organosiloxane solsa

TEOS-s TEOS-
BTME-s

TEOS-
TMPE-s

TEOS-
TMPM-s

Viscosities (cP) 1.8 3.0 1.9 2.2

aThe molarities of Si in the sols are the same
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The NMR signals of T- and Q-type Si atoms are inte-
grated and normalized to the total integral intensity of all Si
atoms in the corresponding 29Si NMR spectra. Based on the
quantitative analysis of 29Si NMR data, the extent of ter-
mination (Q1, T1), linear (Q2, T2) and branching (Q3, T3)
structures of polysiloxanes are further elucidated [41], as
shown in Fig. 5b. The four kinds of sols are all pre-
dominantly composed of siloxane in the form of linear
chains. The absence of the branched structure in TEOS-
TMPM-s can be interpreted as the large steric hindrance
effect caused by the acrylate groups in TMPM.

Figure 6 shows the film-forming properties of the four
sols after they were coated on 7.5*2.5 cm2 glass slides.
Obvious cracks can be seen on films from TEOS-s and
TEOS-BTME-s sols, in which cracking in film from TEOS-
s is more serious. And sols of TEOS-TMPE-s and TEOS-
TMPM-s can form smooth, crack-free films. As known,
cracking is mainly due to the inner stress generated during
sol–gel process. Apparently, organic function groups can
significantly reduce the inner stress by reducing the quantity
loss in the sol–gel process and proving some degree of
flexibility in the final products.

3.3 Fossils protection evaluations

Although fossils and matrices have obvious different com-
positions, they show similar response to environmental
changes. Thus, because of high value of fossils, evaluation
experiments are normally performed on matrices as simu-
lated fossil samples.

3.3.1 Water-resistance evaluations

The fossil and matrix samples from Hami are all argillaceous
rocks, which contains a large amount of water-sensitive clay

components besides quartz, calcite, apatites and feldspars.
The fossils and matrices will disintegrate upon contract with
water. XRD, XRF and TGA are used to compare good and
disintegrated samples. XRD and XRF results indicate there
are no composition and phase differences between good and
disintegrated samples. As shown in Fig. 7, TGA profiles show
that disintegrated sample contains 27.5% more water than
original good sample. It is believed that water is the most
important factor responsible for the disintegration of Hami
fossils [39]. Thus, one goal of Hami fossil protection is to
increase their resistance to water.

As seen in Table 4, after protective treatment the contact
angles of matrices to water, all increase notably and their
water absorption decrease significantly. Figure 8 visually
exemplifies the water-resistance outcomes before and after
protective treatments. The untreated and treated fossil samples
are all placed in 10ml of deionized water. The untreated
sample falls apart immediately upon contact with water, while

Fig. 6 Microscopic images of
films from various consolidants:
a TEOS-s, b TEOS-BTME-s,
c TEOS-TMPE-s and d TEOS-
TMPM-s

Fig. 7 TG curves of good and disintegrated matrices
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the consolidants treated samples remain intact after being
soaked for 12 h. It shows that the water-resistance property of
the sample is greatly improved after treatment.

In Fig. 8, it can also be observed that the samples are still
can be wetted nicely by water although they become more
hydrophobic after treatment. This is an important issue. In
the field, it allows water, from rain or other sources can still
permeate into the ground after protective treatment.

3.3.2 Consolidation evaluations

One of the major purposes of fossil protection is con-
solidation. Hardness and compressive strength are used to
evaluate the consolidation ability of four synthesized
materials. The mechanical properties of original matrices
before and after consolidation are shown in Fig. 9. After
consolidation, the compressive strengths of the samples
treated by polysiloxane sols all increase notably, among
which hybrid sols show better consolidation results than sol
of TEOS. This is because the precursors in hybrid sols have
more function groups per molecule than TEOS, providing
more binding/crosslinking sites (see Fig. 2).

Higher hardness can help the fossil to against wind ero-
sion. After treatment, the Leed hardness of the samples treated
by the hybrid sols increases. The sample treated by TEOS-
TMPM-s has the least increase in hardness because of the
larger and relatively more flexible acrylate function groups.
For TEOS-s, the result is rather interesting. Since it does not

have any organic side groups, it supposes to be the most rigid.
The unexpected low increase in hardness of TEOS-s is
probably due to its relative weaker binding with the matrix.

3.3.3 Aging resistance evaluation

In Hami, strong sunlight and heat are important factors for
material aging. Protected samples are placed in controlled
environments to accelerate their aging processes. Color
alteration is used to follow the aging. Data are summarized in
Fig. 10.

In Fig. 10a, all samples show slightly color changes in the
first two days and then are almost constant later. In all
samples, the ΔE is less than 1.2, which means that all four
consolidants have pretty good resistance to light. Generally,
ΔE < 5 is considered to be acceptable to conservation, since
such small variation will not be detected by naked eyes. The
small color changes in all samples including control are
probably due to water loss.

The color changes of untreated and treated samples with
different consolidants, which are aged at 60 °C, are recorded
in Fig. 10b. The control sample and the sample treated with
TEOS-s have the least color changes, less than 1.4, since both
do not have organic moieties. The color variations of the
samples treated with other three consolidants are relatively
larger. During heat aging, ΔEs of TEOS-TPME-s and TEOS-
TPMP-s are around 4, while ΔE of TEOS-BTME-s is around
5. This result is not surprising, as organic components are less
heat-resistant than inorganic ones. The addition of organic
groups will reduce the heat resistance of materials. But overall,
all four materials show decent resistance to heat aging.

4 Conclusions

In order to protect pterosaur fossils excavated in Hami, three
hybrid polysiloxane sols and one polysiloxane sol from
TEOS, a simple siloxane molecule, are synthesized via tra-
ditional sol–gel processes. TEOS is commonly used as stone

Fig. 8 Water-resistance test of
matrices, from left to right:
treated by TEOS-TMPM-s,
TEOS-TMPE-s, TEOS-BTME-s,
TEOS-s and control sample.
Upper: top-view; Lower: side-
view

Table 4 Resistance to water of untreated and treated matrices

Contact
angle (o)

Water
absorption (%)

Water
resistance

Control 0 11.62 ± 0.17 Poor

TEOS-s 27.3 ± 7.5 7.11 ± 0.23 Good

TEOS-BTME-s 86.6 ± 5.3 5.15 ± 0.21 Good

TEOS-TMPE-s 104.2 ± 4.4 6.64 ± 0.19 Good

TEOS-TMPM-s 124.2 ± 3.2 6.15 ± 0.14 Good
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consolidant. It will form Si–O–Si network after sol–gel pro-
cess, which can function as the binder to strengthen the stone.
The results show that protection material TEOS-s from TEOS
has the best aging ability against light and heat because it

lacks organic side function groups. But its abilities to increase
the mechanical strength and water resistance of the fossil are
relative weaker than other three hybrid materials. Meanwhile,
cracking due to inner stress is always a big concern for
TEOS-s.

In the hybrid sols, the organic side groups are hydro-
phobic and can provide extra crosslinking sites. So, the
hybrid sols can strengthen the fossils and increase their
resistance to water better than TEOS-s. The hybrid sols,
especially TEOS-TPME-s and TEOS-TPMP-s, also show
much-improved performance against cracking. This is
because organic groups in hybrids further reduce the mass
and volume loss during sol–gel process and provide certain
degree of flexibility in the final products. The hybrid sols
also show acceptable aging resistance to light and heat,
although worse than TEOS-s because of the organic groups.

Our results show that siloxane-based polymers are
potential protection materials for fossils. They all have their
pros and cons. Attention should be paid during real case
applications. But when taking all the factors into account,
such as consolidation, hardness, resistance to water, light
and water aging etc, hybrid sol TEOS-TPME-s shows best
performance in the protection of Hami fossils.
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