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Abstract

Salt efflorescence is one of the critical problems for the preservation of immovable silicate relics. Salt efflorescence
mainly comes from continuous cycles of crystallization/dissolution or hydration/dehydration of salts in confined
pores in silicate relics. Many protocols have been developed in attempts to alleviate possible salt damages with minor
success because of endless water and salt feed from underground. In this study, we propose and design a novel
technique for salt damage prevention and protection of immovable relics. Materials with higher water-absorbing abil-
ity than matrix are applied to control the water and salt migration direction in simulated sand samples. The distribu-
tion of moisture content on the surface of sand is followed by hyperspectral imaging. It appears that water and salt
molecules will preferentially transport towards positions containing higher water-absorbing material. Both organic
and inorganic high water-absorbing materials show effective in controlling the water and salt migration direction,
which provides a new approach for the prevention and protection of salt efflorescence in silicate cultural relics.

Keywords Salt efflorescence, Cultural relics, High water-absorbing materials (HWAMs), Hyperspectral imaging

Introduction

Silicate relics are among the most abundant and impor-
tant cultural relics and historical sites around the world,
which are mainly made of silicate minerals. Many of
silicate relics are immovable cultural relics [1-6]. They
record the traces of human historic activities and are of
major value to scientific research and cultural education
[7]. However, due to factors such as natural erosion and
environmental changes, the current conservation state of
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these silicate cultural relics is not optimistic. Salt efflo-
rescence are the most widespread diseases in grottoes,
murals and earthen sites, which are directly or indirectly
associated with the transport of soluble salts [8-10].
Damages occur when soluble salts are transported to
the surface of silicate cultural relics for crystallization by
capillary action and diffusion [11]. Two of the most abun-
dant and destructive salts found in silicate cultural relics
are sodium sulfate and sodium chloride, and the destruc-
tive effects of salt efflorescence are mainly attributed to
the stress generated during salt crystallization [12]. If
proper actions are not employed timely, soluble salts will
continuously migrate upward with groundwater. Coupled
with changes in temperature and humidity of the exter-
nal environment, the salt solution residing in the pores
of cultural relics will constantly undergo crystallization-
dissolution process, ultimately resulting in the destruc-
tion of cultural relics [13-16].

There have been many studies for the prevention and
protection of salt efflorescence. Crystallization modifiers
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(inhibitors or promoters) are one of the approaches,
which aims to reduce the crystallization pressure or to
promote salt crystallization occurring at the surface
rather than in the pores of the cultural relics [17-19].
Ferrocyanide, citrate, organophosphorus compounds
and borax are the most studied crystallization modifiers
in the field of heritage conservation [20-25]. However,
the method is not always feasible and effective. Crystal-
lization modifiers are typically effective only for specific
types of salts, and environmental problems associated
with modifiers are inconclusive [26, 27]. In addition, the
crystallization modifiers will lead to a significant increase
in concentration of soluble salts in silicate cultural relics,
which arouses serious concerns.

Several studies have shown that blocking the pathway
of salt solution migration from the interior of relics to
the surface layers, such as constructing a so-called water-
salt barrier in between, is an effective solution to control
salt efflorescence in heritage [28—31]. Similar technique
is currently applied in the prevention of salinization in
agricultural land [32, 33]. The principle of the technology
is by reducing the suction of the matrix in the soil water
transport layer. Generally, the larger the particle size
used, the more durable its water-salt barrier effect [34].
This technique has been demonstrated to be effective to
some extent, and it has the potential to destroy silicate
cultural relics.

It is often observed that salt efflorescence is not homo-
geneously distributed in immovable heritages. And some
positions always show worse or much more obvious salt
efflorescence than other positions. Paper pulp can be
applied on the salty spots to remove some salt [35]. This
is a quite common conservation practice used by many
conservators. The inhomogeneous salty distribution
seems due to the inhomogeneous water absorbing abil-
ity at different spots. Until now, protections against salt
efflorescence mainly focus on treating salts. As we all
known, soluble salts transport with water. So, if we can
control the water absorbing ability of different spot in
cultural heritages, can we control the spots where salt
efflorescence occurs?

In this work, a novel method and technique for salt
efflorescence prevention and protection in silicate
cultural relics using high water-absorbing materials
(HWAMs) is proposed. It is primarily based on the
assumption that the migration and crystallization of
salt molecules can be controlled by manipulating water
migration. Here two HWAMs, one organic polymer
and one inorganic silicate material with significantly
different water absorbing ability, are applied. The study
examines the effect of two HWAMs on the directional
induction of water and salt migration in sand. Addi-
tionally, it provides a preliminary evaluation of the

Page 2 of 10

feasibility of this approach for salt efflorescence preven-
tion and protection in silicate cultural relics.

Experimental

Sample preparation

In this work, commercial sand (the average particle
size is 150 pm shown in Figure S1) was used as the
medium for water-salt transport experiments after it
was cleaned with deionized water and dried. Sodium
polyacrylates, commercial super absorbent polymers
(SAPs) and pottery were employed as organic and inor-
ganic HWAMS, respectively. The pottery sample were
designed and fired between the temperature of 900-
1050 °C, with small aperture, high water absorption and
moderate strength, as inorganic superabsorbent mate-
rials. The pore size distribution and porosity of pottery
is shown in Figure S2. And the pottery and sand sam-
ples were ultrasonically cleaned with deionized water
until the conductivity of washing water was below 0.055
uS/cm, then were dried in a vacuum oven at 110 °C for
6 h. Sodium chloride solution (0.1 mol/L) was used as
salt solution reservoir. A plexiglass box (length 22 cm,
width 22 ¢cm and height 21 cm) with a perforated bot-
tom was used as the experimental base.

Experimental setup

The experimental schematic is shown in Figure S3, and
the schematic diagram of simplified laboratory experi-
ment is shown in Figure S4. A realistic picture of the
relic in actuality is shown in Figure S5.

Sample characterization

The morphology of samples was characterized using
a scanning electron microscope (SEM, Mwelin Com-
pact, Carl Zeiss NTS GmbH, German) coupled with
energy dispersive spectroscopy (Oxford) at an acceler-
ating voltage of 15 kV. Ion chromatography (Thermo
Scientific DIONEX Aquion AQ-1200) was performed
to characterize the anion concentration of the sam-
ples. Hyperspectral images of quartz sand surface were
collected in the short-wave infrared (SWIR) range of
1000-2500 nm with a spectral resolution of 5.6 nm.
The system consisted of an InGaAs camera (320 %240
pixels; Sensors Unlimited, Inc., Princeton, NJ, USA),
a spectrograph (Imspector N25E, Spectral Imaging
Ltd., Oulu, Finland), five halogen lamps (3 x50 W and
2%x20 W), a One-axis electric stepping mobile plat-
form (IRCP0076-1COMB, Isuzu Optics Corp., Taiwan,
China), data acquisition software (Spectral Image soft-
ware, Isuzu Optics Corp., Taiwan, China).
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Fig. 1 The water and salt solution absorption curves of quartz sand

and HWAMs

Result and discussion

Water and salt solution absorption capacity of water
absorbent materials

In order to determine the water absorption capacity of
two HWAMs, water absorption curves were established
for them in pure water and salt solution systems, respec-
tively. It can be seen from Fig. 1 that the water absorp-
tion capacity of SAPs was significantly higher than that
of pottery and quartz sand. The water absorption rate of
SAPs was relatively fast in the first 40 s, and then gradu-
ally decreases to reach the water absorption equilibrium.
The absorption capacity of SAPs on the salt solution was
significantly reduced compared to pure water system,
and reached stability after 30 s. It was attributed to the
reduced osmotic pressure within and outside the ionic
network structure of SAPs. Compared with the pure
water system, there were no differences in the absorption
of salt solution by pottery and quartz sand, but the salt
solution mass was higher than that of pure water due to
the same filling volume of salt water and pure water in
the pores.

The water-retention capacity of HWAMs is a critical
indicator that affects their upper limit of utilization. In
order to obtain the water-retention capacity of different
water-absorbent materials for salt solution, the weight
loss curves of water evaporation at room temperature
were measured separately, and the results are shown in
Fig. 2. The pottery samples were completed with water
evaporation at 600 h. However, the SAPs was not com-
pletely evaporated at up to 1000 h. The SAPs has an
extremely strong ability to hold water at room tempera-
ture, while the pottery samples are easily subject to water
evaporation, and the specific surface area is the primary
reason for the rate of water dissipation.
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Visualization of moisture content in simulated medium
surface

Hyperspectral imaging has been found to be effective
in predicting moisture content, offering the advantage
of non-destructive and visual characterization. Further-
more, this technique has been fully approved in a previ-
ous study [36-38]. We used this method to predict the
moisture content of sand surfaces. The moisture con-
tent distribution on the surface of sand was obtained by
providing deionized water from the bottom. The effect
of water-absorbing materials in preventing and protect-
ing cultural relics from salt efflorescence was explored
by hyperspectral imaging technique. The main step
was that the moisture content of each pixel point was
inversed out by an image processing program prepared
in MATLAB. A calibration model based on the charac-
teristic wavelength is applied to predict the moisture
content of each pixel in the image, which is presented
as a pseudo-colored. The spectral information of sand
with different water content (0-0.45 g/g) was collected
by hyperspectral imaging technique, and the raw data
were pre-processed by SG smoothing, and the results
are shown in Fig. 3.

The successive projection algorithm (SPA) [39, 40] was
used to extract the characteristic wavelengths of the raw
spectra of SWIR hyperspectral imaging, as shown in
Fig. 4a and b. When the maximum characteristic wave-
length was selected as 8, the smallest root means square
error (RMSE) value of 0.00184 was obtained in SWIR
spectra. At this time, the model fitting effect is the best,
and 3 characteristic wavelengths were selected. It is evi-
dent in Fig. 4c that the support vector regression (SVR)
model for moisture content developed by the characteris-
tic wavelengths has a better prediction performance.
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In order to facilitate the realization of moisture content
in simulated medium surface, SG-MSC was used to pro-
cess the original image under characteristic wavelengths
(1478 nm, 1570 nm, 1742 nm). Besides, the processed
simulated medium surface images were generated by
multiplying the model’s regression coefficients for each
pixel of the image. It can be seen from Fig. 5 that the pix-
els color of the image with higher moisture content was
displayed in red, while the image with lower content was
shown in green. To facilitate the analysis of the water
content distribution of sand, the black color is employed
to indicate the HWAMs. With the increase of moisture
content of sand, the color of the image will change to red.
Visualizing distribution map of sand offered a more intui-
tive and comprehensive assessment of moisture content
of each pixel, which also has provided a novel approach
to silicate cultural relics. The results showed that several
water-absorbing materials could induce more water to
their nearby locations, reducing the moisture content of
distant samples and thus preventing the occurrence of
salt efflorescence to silicate cultural relics to some extent.
On the contrary, for sample without water-absorbing
materials, water was continuously transported from
the bottom to the surface over time with diffusion and

capillary action. As shown in Fig. 5a, the moisture con-
tent of sand was higher in the boundary at 13 days. At
25 days, the moisture content on the surface of sand was
increasing and the distribution had no obvious regularity.

Chloride ion concentration distribution of simulated
medium

In order to determine the effect of different absorbent
materials on simulated medium for salt efflorescence
prevention, seven parallel samples were set up simulta-
neously. The chloride ion concentration distribution was
obtained after equally interval sampling at different days,
and the results were shown in Fig. 6. It is clear from the
results that the simulated medium without absorbent
material has the highest chloride ion concentration on
the edge at 3 days due to interfacial effects. And chlo-
ride ion concentration shows a disorderly distribution at
25 days.

Figure 7 shows the CI™ concentration on the surface of
the sand protected by the absorbent material. It is con-
cluded that the CI™ content of the sand not protected
with any absorbent material increases dramatically with
time, and the ion content is much higher at any time than
that of the sand protected by HWAMs. Additionally,
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Fig. 5 Two-dimensional distribution maps of moisture content in sand surfaces by hyperspectral imaging: a Reference sample, b SAPs, ¢ pottery

the chloride ion content on the surface of sand is thus
the result of the synergistic effect of water retention
and absorption (Fig. 8). In particular, due to the strong-
est water absorption capacity of SAPs, there is virtually
no chlorine ion content on the sand in 0-10 days. The
water absorption capacity of the pottery was relatively
low, and the chloride ion content of the sand was slightly
elevated from 0 to 10 days. However, the Cl~ content
of sand under SAPs protection increased more rapidly
in 13-25 days compared to the pottery. This illustrates
that the ability of SAPs to absorb salt solutions is signifi-
cantly reduced in the late stage of water-salt transport.
And its super water retention capacity leads to less water
dissipation and cannot form the gradient of liquid con-
tent between SAPs and sand again. Therefore, more salt

13 days

25 days

solution inside was transferred to the surface of sand by
capillary and diffusion effects, which caused the CI~ con-
tent to increase dramatically. On the contrary, the rela-
tively inferior water-retention capacity of pottery causes
the salt solution inside to be transferred to the surface,
where water is dissipated and salt crystals precipitate due
to the external environment. This increased the duration
of the liquid concentration gradient between pottery and
sand, resulting in a relatively slow increase in the CI™
content of sand. The large specific surface area promotes
the evaporation of water and also prompts the salt solu-
tion in the foundation to move continuously toward the
pottery, and the solution eventually reaches supersatura-
tion crystallization on the surface of the pottery, achiev-
ing the purpose of directing the salt to crystallize at the



Li et al. Heritage Science

(2024) 12:150

Page 6 of 10

I 18 18 18 = w550
a H
15 15 15 £
E B a6
- -~ - ~
En En En 5 I3
- ' - E
S S - g 29
=3 = =" -] 221
= = = SN*
1.49
=
6 6 6 z
S 0.77
S
9 12 51215 18 5 1215 18 085
Length (cm) Length (¢cm) Length (cm)
I 18 18 18 o 580
H
15 15 15 £
E Fhase
- - - =
En En En S 3
- - - E
r_] = o= = 293
- - - o
=29 29 =2 9 a Bl .2
= = = £
149
=]
6 6 6 =
2 0.77
S
3
9 12 18 9 12 15 18 3 9 12 15 18 0.5
Length (cm) Length (cm) Length (cm)
18 18 = - 5.80
©) 3
5.08
15 15 15 £
E a6
—~ —_~ g -
EIZ EIZ §|2 s 3.64
- - - E
= = = ' = 293
Rt R — >3
2o = 9 = = 221
z z z '
4 149
e
6 6 6 b
° 0.77
S
3
9 12 18 9 12 15 1t 3 9 12 15 18 003
Length (cm) Length (¢cm) Length (cm)

1 day

13 days

25 days

Fig. 6 Chloride ion content distribution on the surface of simulated medium at different days. a Reference sample, b SAPs, ¢ pottery

specified location and preventing the salt efflorescence.
Such results can be also observed by naked eyes. In Fig. 9,
Fig. 9a and b are side and overhead view of the simulated
sample after directional induction of water using pottery.
It is obvious all salts migration to pottery and crystal-
lize on pottery surface. On the other hand, salts basically
crystallize on the surface of the simulated sample without
water conduction treatment as shown in Fig. 9c.

In order to explain intuitively the effect of water-
absorbing materials on the salt content of sand, the aver-
age CI™ concentration at equally interval depths in sand
profiles were shown in Fig. 8, and the average ClI™ con-
centration distribution was shown in Fig. 10. The solution
at the bottom migrates through the pores to the surface

and connects to the atmosphere, causing the salt solu-
tion concentration to reach supersaturation as the water
is continuously evaporated, resulting in the formation of
salt crystals. The absorbent material was inserted into the
sand to a depth of 6 cm, and there was no variation in
salt solution concentration at depths of sand under 6 cm.
The average chloride ion concentration at a depth of 2 cm
in the sand profile without any HWAMs increased dra-
matically with time and salt crystals almost covered the
surface of the sand at 21 days. And the CI™ content in the
surface sand surpassing 3.0 (mmol/g) by day 25. In con-
trast, there was a gradual increase in Cl™ content in the
surface sand of the experimental group using SAPs, did
not exceed 2.5 (mmol/g) until day 25. But the chloride
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ion concentration of sand protected by water-absorbing
materials increases more gradually, which is due to more
salt solution being adsorbed into the internal pores of
water-absorbing materials. In particular, the CI™ con-
centration of sand under the action of SAPs increased
marginally after 13 days. This is a sufficient indication
that the presence of salt is a significant impediment to
the water absorption performance of SAPs. In the ini-
tial stage, the SAPs have a reticulate loose porous struc-
ture, which makes it possible for the solution to enter the
pores easily by capillary action and diffusion. When SAPs
absorbed the salt solution, the salt ions affected its retic-
ular structure and the polymer chains contracted under
the shielding effect of counter ions, resulting in a sharp
decrease in the water absorption capacity of SAPs. The
results demonstrate the superior effect of SAPs inducing
solution migration before reaching the water absorption
limitation. However, the pottery samples were able to
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Fig. 9 Photographs of a side view; b overhead view of the simulated sample after directional induction of water using pottery; white solids are salts
c overhead view of control sample; salt is basically precipitated on the surface
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induce migration for a long time, more importantly, the
pottery can be re-used in this situation after rinsing with
deionized water. Direct observation with naked eyes and
SEM images (see Figure S6 in supporting information)
show there are no observable changes of the pottery after
absorbing salt and water rinse.

Conclusion

This research explores the possibility of inducing water
directional migration for application in salt efflores-
cence prevention and protection of cultural relics.
The induction of water-salt transport by two water-
absorbing materials is investigated, and the feasibility
of different HWAMs in salt efflorescence prevention
of cultural relics is verified. Based on the optimal water
content prediction model of sand, the water content
distribution can be obtained by hyperspectral imaging,
which demonstrates visually the directional migration
of water under the effect of HWAMs. Organic HWAMs
used in this work is extremely effective in inducing
directional migration of salt solutions before reach-
ing the limit of its water absorption, however, once the
water absorption reaches saturation, it loses its water-
inducing effect.

The water absorbing ability of inorganic HWAMs
used is much weaker than its organic partner. But it is
still efficient in inducing salt solution migration. Mean-
while, it has the advantage of long-term effectiveness
after regular salt removal from the surface, and can
be used repeatedly. In summary, our results show that
directional induction of water and salt migration in sili-
cate cultural relics can be realized by using HWAMs,
and the method developed in this work is effective in
controlling the salt migration. The protocol proposed in
this work provides a novel approach for the prevention
and protection of salt efflorescence in silicate cultural
relics. But more research work is needed for field appli-
cations in the future.
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