Zhao et al. Heritage Science (2023) 11:260
https://doi.org/10.1186/540494-023-01111-2

Heritage Science

Microbial corrosion on underwater pottery

®

Check for
updates

relics with typical biological condensation

disease

Meng Zhao', Yang Zhai?, Jing Zhao'", Wenhui Zhou?, Luo Zhao?, Yan Ge* Kexin Zhang' and Hongjie Luo'

Abstract

of pottery relics.

Underwater pottery relics salvaged from shipwrecks are vulnerable to physical, chemical and biological corro-

sion. In this study, the microscopic morphology and structural composition of glazed pottery fragments excavated
from the South China Sea as well as purple clay teapot samples from the Yangtze River Estuary Il shipwreck were ana-
lyzed by means of optical microscopy, scanning electron microscope equipped with energy dispersive spectrometer,
X-ray diffraction, X-ray photoelectron spectroscopy, Fourier infrared transform spectroscopy and photoluminescence
spectroscopy. According to the research results, the corrosion products deposited on the surface of the glazed pot-
tery fragment from the South China Sea mainly included FeOOH and MnO,, whereas those on the surface of the pur-
ple clay teapot fragment from the Yangtze River Estuary Il shipwreck primarily incorporated FeS, and FeS. According
to the corrosion phenomenon, it was speculated that the underwater pottery relics were mainly corroded by differ-
ent microorganisms in the underwater environment, including manganese-oxidizing bacteria, dissimilatory metal-
reducing bacteria and sulfate-reducing bacteria. As the corrosion process of these cultural artifacts was described
and related models were established, this study provides valuable reference for the disease removal and protection

Keywords Underwater pottery relics, Bacteria, Biomineralization, Corrosion mechanism

Introduction

Natural processes regulate the development and evolu-
tion of the shipwreck sites, whose formation is a complex
course involving various physical, chemical, and biologi-
cal phenomena [1]. Part of the underwater pottery relics
were attached to underwater organisms before they were
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salvaged, and engaged in the recirculation of nutrients of
the ocean, playing a vital role in the underwater ecosys-
tem, and constituting the bottom layer for the coloniza-
tion of underwater organisms and the development of
stable communities over time [2, 3].

During the Song Dynasty, the southeast coast of China
with Fujian as the center emerged as an important hub
for constructing the Maritime Silk Road of China’s world
maritime economic, trade, transportation and cultural
exchanges. The Fujian maritime space located along the
ancient maritime Silk Road of China, was potentially
home to a large amount of underwater cultural relics.
Since 2005, numerous underwater cultural relics dating
back the late Tang Dynasty to the Qing Dynasty, have
been discovered in Fujian maritime space. At present, the
excavated underwater cultural relics were dominated by
pottery [4], and plenty of bryozoans and some shellfish
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deposits were found on the surface of the glazed pottery
samples. Bryozoans are a group of fixed living moss ani-
mals that prefer to live in clean, algae rich, and dissolved
oxygen rich waters. Bryozoans adapt to temperatures in
various regions and are widely distributed around the
world. Freshwater bryozoans grow vigorously in spring
and autumn (water temperature of 25-28 °C). Bryozoans
belong to a type of large biological fouling in water bodies
that utilize the energy of water movement to carry away
waste and obtain food [5, 6]. In November 2022, the ship-
wreck named Yangtze River Estuary II of Tongzhi Period
of Qing Dynasty (AD 1862-1875) was salvaged from
the Yangtze River Estuary in Shanghai, which was one
of the most intact ancient wooden shipwrecks in China,
with a huge number of cultural relics, such as exquisite
porcelain and purple clay pottery [7]. The Yangtze River
Estuary II shipwreck was about 38.1 m long and 9.9 m in
width, located in the Yangtze River Estuary at a depth of
8-10 m and was buried in 5.5 m of mud with 31 compart-
ments [8]. Different from findings in the Fujian maritime
space, plenty of oysters were bound on the surface of the
purple clay teapot fragment samples. Due to long lasting
exposure to underwater conditions, proteins, polysac-
charides, bacteria and other underwater organisms inevi-
tably embedded on the surface of such materials, which
further led to reduced service life and microbial corro-
sion of the materials [9]. Furthermore, shells of under-
water organisms attached to the surface of cultural relics
would remain in situ after natural death or death due to
environmental changes, forming a thick layer of biologi-
cal condensation. Currently, archaeological excavation
revealed that such underwater organisms attached to the
cultural relics include bivalve molluscs with a hard shell
such as oysters, crustaceans such as barnacles, moss ani-
mals such as bryozoans, as well as coelenterates such as
corals, etc. [10-12]. Benthos or fouling organisms serve
as the main types of organisms that affect the formation
of condensation on the surface of cultural relics. As the
colonization of some benthos is affected by the proper-
ties of the matrix, the roughness of the matrix is a part
of the influencing factors [13]. In addition, the composi-
tion and content of the substances in the biological con-
densation are related to microorganisms. In the ocean,
all natural and artificial substrates are covered with bio-
films composed mainly of microorganisms [14], whose
composition and age may affect the attachment of under-
water organisms [15, 16]. Previous studies have shown
that microorganisms and their metabolites can attach to
the metal surface and accelerate or inhibit the corrosion
process, while microbial corrosion always depends on
the formation of biofilm on the eroded surface [17-19].
At present, the research regarding biological condensa-
tion on the surface of the excavated underwater cultural
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relics mainly focuses on the composition structure,
microscopic morphology of the condensation, as well
as the materials and technologies for removing the con-
densation, etc. However, relatively few studies have been
conducted on the microbial corrosion and biomineraliza-
tion at the interface between the condensation and cul-
tural relics [11, 20, 21].

In order to analyze the corrosion of biological conden-
sation on the surface of pottery artifacts in different sea
areas, both the glazed pottery fragment salvaged from
the South China Sea and the purple clay teapot frag-
ment from the Yangtze River Estuary II shipwreck were
analyzed by optical microscope (OM) analysis, scan-
ning electron microscope equipped with energy disper-
sive spectrometer (SEM-EDS) analysis, X-ray diffraction
(XRD) analysis, X-ray photoelectron spectroscopy (XPS)
analysis, Fourier transform infrared spectroscopy (FTIR)
analysis and photoluminescence spectroscopy (PL) analy-
sis in this study, and corresponding analysis were made.
The contributing factors for the formation of condensa-
tion and the influence of microbial corrosion on the sur-
face of underwater pottery relics were determined, along
with the explanation of corrosion process and the estab-
lishment of the related corrosion model.

Materials and methods

Materials

Fragment of the glazed pottery salvaged from the South
China Sea and that of the purple clay teapots from the
Yangtze River Estuary II shipwreck were selected, num-
bered NH-1 and CJK-1 respectively. As shown in Fig. 1b,
a great amount of bryozoans and certain shellfishes were
attached to the surface of the glazed pottery, and after
the natural removal of these organisms, brownish-yellow
residual substance could be displayed. What is more,
underwater organisms such as oysters were also attached
to the surface of the matrix of the purple clay teapot frag-
ment salvaged from the Yangtze River Estuary, and there
was a residual black substance after elimination of such
attachments, as shown in the red box in Fig. 2b.

Methods

OM analysis

An optical microscope XTZ-4KHD from Shanghai Opti-
cal Instrument Factory (China) was used to observe the
microscopic morphology of the surface of the attach-
ment, the surface of the specimen and the cross sec-
tion, and the observation was made at 0.7 and 3.5
magnifications.

SEM-EDS analysis
A field-emission scanning electron microscope Verios G4
from FEI Company (America) equipped with an energy
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Fig. 2 a Pure surface of CJK-1. b The attachments on the surface of matrix

dispersive spectrometer was used to analyze the micro-  XRD analysis

scopic morphology and element distribution of the sam- A micro focal spot two-dimensional (2D) X-ray diffrac-
ple after 3 nm platinum plating. The set voltage was 10  tometer D8 Discover from Bruker (Germany) was used
kV, and the working distance varied from 3.9 to 5.3 mm. to examine the sample corrosion area. The maximum
The test results included secondary and backscattered  voltage of the instrument was 60 kV, the maximum tube
electron images. current was 80 mA, the optical tube power was 2.2 kW
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(Cu target), and the angle reproducibility was +0.0001°.
A Vantec 500 2D surface detector with a test spot diam-
eter of 0.5 mm and an integration time of 300s was used.

XPS analysis

An X-ray photoelectron spectroscopy ESCAlab250 from
Thermo Fisher Scientific (America) was used to examine
the valence states of different elements in the corroded
region of a sample. The excitation light source was Al
K, X-ray, the power was 15 kW, the beam spot size was
500 um, and the base vacuum of the analysis chamber
was 8x107® Pa. The photoelectron spectra for analysis
were recorded at a flux energy of 20 eV, residence time of
50 ms, and step size of 0.05 eV.

FTIR analysis

A Fourier transform infrared spectrometer Spotlight 400
from Perkin Elmer (America) was used to test the organic
molecular structure of corrosive substances. The spectral
detection range was 500-4000 cm™!, the spectral reso-
lution was 16 cm™, and the wave number accuracy was
better than 0.008 cm™".

PL analysis

The steady state measurement mode of steady state and
transient fluorescence spectrometer FLS 920 from Edin-
burgh Instruments (Britain) was used to examine the
corrosion area on the sample surface. The steady state
measurement mode uses the 450 W xenon lamp and the
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nanosecond and microsecond pulsed flash lamp as the
excitation light source, and the voltage and current of the
xenon lamp are 17 V and 25 A after the power supply is
stabilized. Under the test condition of excitation wave-
length 222 nm and slit 2 nm and the test condition of
excitation wavelength 220 nm and slit 6 nm, respectively,
the emission spectra of the samples in the range of 250 to
700 nm were measured.

Results and discussion

Morphology and composition analysis of the surface

of underwater pottery relics and their biological
condensation attached on the surfaces

Glazed pottery fragment salvaged from the South China Sea
and its biological condensation attached on the surface
Plenty of bryozoans were attached to the surface of
sample NH-1. OM was used to observe the macro-
scopic morphological characteristics of the surface
of the bryozoans (Fig. 3a), the adhesion surface of the
bryozoans in contact with the glazed pottery matrix
(Fig. 3b), the surface of the glazed pottery matrix after
disposal of the bryozoans (Fig. 3¢) and the cross section
of the glazed pottery matrix (Fig. 3d). It was observed
that the surface of the bryozoans was filled with hol-
low calcareous bones, and a great deal of particles of
the glazed pottery matrix were bound to the adhesion
surface between the bryozoans and the glazed pottery
matrix. Meanwhile, the surface of the glazed pottery
matrix after the shedding of the bryozoan presented

Fig. 3 Optical morphologies of NH-1. a The surface of bryozoans. b The adhesion surface of the bryozoans in contact with the glazed pottery. ¢ The
surface of the glazed pottery after the shedding of the bryozoans. d The cross section of the glazed pottery
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pits in certain regions, and the contact between the
glazed pottery matrix and the bryozoans was obviously
loose.

SEM-EDS was used to test the micromorphology and
element distribution on the surface of the bryozoans, the
adhesion surface of the bryozoans in contact with the
surface of NH-1, the surface of NH-1 after the shedding
of the bryozoans, the surface of the shellfish bonded to
the NH-1 surface, the surface of NH-1 after shell shed-
ding and the cross section of NH-1. Figure 4 showed the
morphology of the surface of bryozoans. Apart from cal-
careous sediments, short rod-shaped microbial colonies
with main element C also existed.

Figure 5 showed the morphology of the adhesion sur-
face of the bryozoans in contact with NH-1 surface. EDS
results of Fig. 5b showed that there was a pleated mem-
brane material with a C element content of 87.01% on
the bryozoans adhesion surface (Table 1), and the pleated
protrusions of the membrane material were in point con-
tact with the pottery sample.

As demonstrated in Fig. 6, when the bryozoans were
removed in a natural way, pottery particles in certain
areas on the glazed pottery matrix surface were brown-
ish-yellow and porous (Fig. 6a), with the existence of
biofilm (Fig. 6b). The EDS results in Fig. 6a showed
that in addition to Al and Si elements, which accounted
for 5.02% and 8.50% respectively, there were 9.64%
and 18.08% of Mn and Fe on the surface of the matrix
(Table 1).

In addition to a large area of bryozoan symbionts, shell-
fish deposits also existed on the surface of the glazed
pottery, as shown in Fig. 7. The area with the greatest
bonding force with the pottery matrix was in the shape of
a vortex (Fig. 7a), with the banded contact surface mainly
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consisting of C element (Fig. 7b), and some areas bonded
to pottery particles (Fig. 7c; Table 2).

After the natural shedding of the shellfish (Fig. 8), it
was observed that membranous cement with C element
content of 33.11% existed on the surface of the glazed
pottery matrix (Fig. 8e), along with lamellar distribution
with high Fe content in local areas (Fig. 8c; Table 3).

Similar to the surface changes, the cross section of
NH-1 in Fig. 9 was covered with obvious membranous
cement. In certain areas, clear microbial flora mainly
composed of C element can be observed (Fig. 9¢), as well
as high content of Na and Cl elements on the surface.
Additionally, there was a lamellae with high content of Fe
in the corrosion pits (Fig. 9d—f), which was presumed to
be the state of the formation of the iron-bearing lamellae
in Fig. 8c (Table 4, Figs. 10, 11).

The white shell deposited on the surface of NH-1
tested by XRD analysis turned out to be mainly CaCO,
and (Ca, Mg)CO; (Fig. 12a), whereas the major corrosion
products in the brownish-yellow corrosion region after
bryozoans shedding were FeOOH and MnO, (Fig. 12b).
In order to further identify the corrosion products gen-
erated on the surface of NH-1, XPS was used to test the
ion valence states of Fe and Mn in the brownish-yellow
corrosion region. As set forth in Fig. 13a, the spectrum
of Fe 2p showed two peaks with binding energy values
of 711.08 eV and 725.3 eV, which can be assigned to Fe
2p,,, and Fe 2p;, respectively. The binding energy values
of Fe 2p;, conformed to the valence range of Fe**, which
was consistent with the valence state of Fe in the struc-
ture of FeEOOH. As illustrated in Fig. 13b, the spectrum
of Mn 2p showed two peaks with binding energy values
of 641.31 eV and 651.4 eV, which can be assigned to Mn
2p,,, and Mn 2ps,, respectively, and the binding energy

Ca Kal

CKal2

Si Kal Al Kal

10pm

Fig. 4 SEM micromorphology and element distribution of the surface of bryozoans
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Fig.5 SEM microscopic morphology and element distribution of the bryozoan adhesion surface in contact with NH-1 surface

value of Mn 2p,, matches Mn**, which was consistent
with the valence state of Mn in the structure of MnO,.
The analytical characterization of Fe and Mn by XPS
analysis corresponded to the test results of XRD.

Purple clay teapot fragment from the salvaged Yangtze
Estuary Il shipwreck and its biological condensation

on the surface

The surface of the purple clay teapot fragment sam-
ple CJK-1 from the Yangtze River Estuary were covered
with oysters. To be more specific, the outermost layer of
oysters in Fig. 14a was distributed in lamellar form, with
Ca and C elements of 50.52% and 8.14%, respectively

(Table 5), and there was a membranous cement on the
surface (Fig. 14b). The surface of oysters in contact with
CJK-1 also presented membranous cement (Fig. 15a),
accompanied by flower-cluster substance with high con-
tents of Fe, S, C and O elements (Fig. 15b; Table 6).

The surface morphology of CJK-1 in contact with oys-
ters in Fig. 16 was similar to that of Fig. 15, which pre-
sented flower-cluster substance with high contents of
Fe and S (Fig. 16a), and acicular, flakelike and spherical
attachments containing Al and Si elements covered by
membranous cement (Fig. 16b, ¢; Table 6).

The crystalline phase structure of the black corrosion
region after oysters shedding on the surface of CJK-1 was
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Fig. 6 SEM micromorphology and element distribution on the surface of NH-1 after the shedding of the bryozoans
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Table 1 Element contents on the bryozoan adhesion surface in contact with NH-1 surface (Fig. 5b) and on the surface of NH-1 after
the shedding of the bryozoans (Fig. 6a) (wt%)

C o Mg Al Si K Ca Fe Mn S
Figure 5b mapping 87.01 11.82 - 0.34 0.11 - 0.31 - - 041
Figure 6a mapping 8.15 36.89 252 502 8.50 0.97 10.23 18.18 9.64 -

Fig. 7 SEM micromorphology. a The adhesion surface in the shape of a vortex. b The banded adhesion surface. c The adhesion pottery particles
surface. d The shellfish bonded to the NH-1 surface

Table 2 Element contents in different regions of shellfish adhesion surface in contact with NH-1 surface (wt%)

C (o} Na Mg Al Si Ca Fe S
Figure 7b mapping 11.20 46.76 0.28 1.59 0.27 063 38.27 033 067
Figure 7c mapping 9.28 45.62 046 1.14 1.72 227 3748 2.04 -

€

Fig. 8 SEM morphology after shellfish shedding. a Pitting. b, ¢ Fe-containing lamellar region. d—f Membranous cement (d—f) on the surface of NH-1
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Table 3 Elements contents in different areas of NH-1 surface of glazed pottery after shellfish shedding (wt%)

C o Na Mg Al Si K Ca Ti Fe Mn
P1 323 378 - 0.24 247 353 0.75 1.13 250 81.51 0.87
P2 33.11 33.13 0.35 0.30 6.37 19.89 2.96 217 0.35 1.37 -
P3 9.04 41.09 042 0.65 14.24 26.51 341 1.05 0.34 3.60 -

Fig. 9 SEM morphology in the cross section of NH-1

.a Corrosion pits. b Membranous cement. ¢ Microbial flora. d—f Fe-containing lamellae

Mg Kal_2 Fe Kal Ca Kal
4 10pum 10pum f 10pum

C Kal2 Na Ka1_2 Cl Kal

oum oum

10pm 10pm

Fig. 10 SEM morphology and element distribution of corrosion pits in cross section of NH-1

tested by XRD, and the test results revealed that the prod-  the surface of CJK-1. As shown in Fig. 18a, the spectrum
ucts in this region were mainly FeS, and FeS (Fig. 17).  of Fe 2p shows two peaks with binding energy values of
Furthermore, XPS was used to test the valence of Fe and ~ 711.87 eV and 725.6 eV, which can be assigned to Fe 2p, ,
S in the black corrosion region after oysters shedding on  and Fe 2p5,, respectively. The binding energy of Fe 2p;,
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Fig. 11 SEM micromorphology and element distribution at the lamellae in the cross section of NH-1

Table 4 Element contents in different areas of the cross section of NH-1 (wt%)

C

(o) Na Mg Al Si Cl K Ca Ti Fe Mn
P4 13.80 46.44 0.58 - 11.23 24.15 - 234 - - 147 -
Figure 10 mapping 2774 3544 1.36 0.60 8.29 17.07 1.16 242 1.82 0.19 3.67 0.23
Figure 11 mapping 4.99 42.77 0.74 1.98 11.69 19.68 - 2.57 0.67 0.27 13.92 0.73
a b
® (Ca,Mg)CO; A MnO, %
° CaCO; |
-~ -~
3 2
< =
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Fig. 12 XRD spectra. a NH-1 white shell sediments. b Brownish-yellow corrosion regions on the surface of NH-1 after the shedding

of the bryozoans

accorded with the valence range of Fe**. In Fig. 18b, in
the S 2p spectrum, the binding energy of 163.9 eV cor-
responds to S*.

Infrared spectrum and two-dimensional fluorescence
spectrum analysis

Considering the existence of membranous cement on the
surface of glazed pottery salvaged from the South China
Sea and purple clay teapot from the Yangtze River Estu-
ary, the molecular structure of such membranous cement

on the surfaces of NH-1 and CJK-1 was tested by FTIR.
As FTIR spectra shown in Fig. 19, the C=0 stretching
vibration peak of the amide I band was located at 1700-
1600 cm™!, the N—H deformation vibration stretching
peak of the amide II band was located at 1533 cm ™.
Additionally, the peak at 1454 cm™' belonged to the
C-H bond, as well as the protein bending vibration peak.
The COO- symmetric stretching vibration peak was
located at 1404 cm™ . Peaks at 1267 cm™! and 1228 cm™*
belonged to C-N stretching vibration and N-H bending
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Mn 2p
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Fig. 13 XPS spectra in the brownish-yellow corrosion regions on the surface of NH-1 after the shedding of the bryozoans. a Fe 2p. b Mn 2p

A | ETD  SE 4.1 mm | 5 0

Fig. 14 SEM micromorphology of the oyster surface. a Lamellar region. b Membranous cement

Table 5 Element contents in different areas of oyster surface (wt%)

% | 1500k | 0.40 A | ETD

C (o} Na Mg Al Si Ca Fe
Figure 14a mapping 8.14 3745 0.36 049 0.63 1.22 50.52 1.18
Figure 14b mapping 11.75 44.09 0.35 0.29 0.07 0.15 4281 049

vibration peaks in the amide III zone. Besides, 1044 cm™!

and 800-1000 cm ™! were the stretching vibration peaks
of carbohydrate C-O, respectively. The above molecular
films were protein and carbohydrate cement produced by
bryozoans and oysters. Among them, the carbohydrate
peak on the black corrosion regions of CJK-1 surface
increased significantly, and the characteristic absorption
peak of B-pyranoside bond appeared at 890 cm™. Mean-
while, the C=S stretching vibration absorption band
was located at 1200-1020 cm™, and the membranous

cement of the sample was mainly composed of biological
proteins and carbohydrate.

Ultraviolet fluorescence was found on the surface
of NH-1 and CJK-1. The fluorescence reactions of dif-
ferent samples were measured by PL under excitation
wavelength of 220-300 nm and emission wavelength of
250-700 nm. The fluorescence spectra of the samples in
Fig. 20 showed the exact position of the emission wave-
length and the relative intensity that under excitation
wavelength of the fluorescent substance. The excitation
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Fig. 15 SEM micromorphology and element distribution of the oyster adhesion surface in contact with the surface of CJK-1.a Membranous

cement. b Flower-cluster substance

bands of brownish-yellow corrosion on the surface of the
NH-1 and the black corrosion on surface of CJK-1 were
222 nm and 220 nm respectively, along with the main
emission wavelength of 270 nm. Thus, it was confirmed
to be the typical fluorescence peaks with proteins (tryp-
tophan-like) as the main products [22]. The emission
peaks at 392 nm, 393 nm, 466 and 468 nm were identified
to be humus-like fluorophore of natural organic matter in
seawater [23].

Previous studies have shown that microorganisms can
promote the deposition of Mn in the underwater envi-
ronment [24, 25]. Manganese-oxidizing bacteria have
high Mn enrichment ability and can catalyze the oxida-
tion of Mn(II) ions to Mn(IV) ions and accelerate the

deposition of MnO, [14]. On top of that, Manganese-
oxidizing bacteria accumulate manganese and usually
form oxide minerals (as nucleation sites) in the form of
biofilms, and those biofilms dominated by manganese
oxidizing bacteria can effectively oxidize and precipitate
free Fe(II) and Mn(II) ions in seawater into Fe-Mn oxides
and hydroxides [26]. It was speculated that the manga-
nese-oxidizing bacteria on the surface of the NH-1 sam-
ple were biomineralized using biofilms as a template to
generate corrosion products such as iron hydroxide and
MnO, deposits, and the redox reaction in seawater fur-
ther converted iron hydroxide into FfFOOH [21, 27].

The generation of FeS, and FeS on the corroded sur-
face of CJK-1 samples was inferred to be related to the

Table 6 Element contents in different regions of oyster adhesion surface in contact with the surface of CJK-1 (Fig. 15a, b) and of CJK-1
surface in contact with oysters (Fig. 16a—c) (wt%)

C (o} Na Mg Al Si Cl K Ca Fe S
Figure 15a mapping 17.01 3247 0.52 1.87 0.86 087 0.25 - 43.74 1.21 1.20
Figure 15b mapping 14.74 12.04 0.12 0.29 0.34 0.65 - - 4.00 39.23 2859
Figure 16a mapping 25.02 19.73 0.30 0.74 235 491 - 0.52 9.12 22.38 1493
Figure 16b mapping 5.01 44.14 0.27 0.53 15.65 2778 - 2.05 - 4.58 -
Figure 16c mapping 18.09 4141 0.66 141 1.13 1.82 042 - 33.01 1.40 0.66
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Fig. 16 SEM microscopic morphologies and their element distributions on the surface of CJK-1 in contact with oysters. a Flower-cluster substance.
b Acicular and spherical morphologies
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activities of sulfate-reducing bacteria and dissimilating
metal-reducing bacteria in the underwater environment
of the Yangtze River Estuary [28]. Specifically, sulfate-
reducing bacteria can form corrosive biofilms, which
corrode attached objects [29-31]. In the anaerobic envi-
ronment at the bottom of the biofilm, sulfate-reducing
bacteria use SO,>~ ions in seawater as terminal elec-
tron acceptors in the sulfate reduction reaction, which
produces a large number of metabolites H,S [32]. Dis-
similating metal-reducing bacteria use Fe(IIl) in the
insoluble trivalent iron oxide in CJK-1 matrix as the

a

¢ FeS,

Intensity (a.u.)

1 L 1 1 1 1

30 40 50 60 70 80
2-Theta (°)
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electron acceptor for respiration, and reduce dissolved
iron oxide to produce highly active ferrous Fe(Il) ions.
Fe(III) ions reduction and sulfate reduction always occur
simultaneously. Under alkaline seawater conditions, the
dissimilated metal-reducing bacteria rely on the active
symbiosis or even reciprocal respiration of sulfate-reduc-
ing bacteria [33]. Besides, H,S reacts with Fe(Il) ions to
form a corresponding FeS thin layer on the cell surface
of sulfate-reducing bacteria (as a nucleation site), and the
precipitation of FeS thin layer will promote the reaction
with H,S released by bacteria and promote the formation

b

Fig. 17 XRD spectra of different black corrosion regions on the surface of CJK-1 after oysters shedding
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Fig. 18 XPS spectra in black corrosion regions on the surface of CJK-1.a Fe 2p. b S 2p
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of FeS, [34—38]. It was speculated that the sulfate-reduc-
ing bacteria on the surface of CJK-1 sample utilized the
corrosive biofilm as a template for biomineralization and
produce corrosion metabolites such as FeS, and FeS on
the bacterial surface.

Corrosion analysis
There were Na and Cl salts on the surface of the glazed
; pottery sample from the South China Sea, biofilms on the
1533 1454 surface and interior of the matrix, and corrosion prod-
. 1 /884 ucts such as FFOOH and MnO, in the corrosion pits of
) ) ) L 924 the cross section. By contrast, the surface of the purple
1800 1600 1400 1200 1000 800 clay teapot fragment from the Yangtze Estuary II ship-
wreck was covered with biofilm, along with flower-clus-
ter black corrosion products FeS, and FeS. Considering
the rich microbial environment in the ocean where the
pottery relics were located, the corrosion changes on the
surface of the pottery samples were speculated to mainly
be subject to microbial corrosion, including adhesion of
underwater macroscopic organisms, microbial acceler-
ated corrosion (manganese-oxidizing bacteria or dissimi-
latory metal-reducing bacteria, sulfate-reducing bacteria)
and biofilm mineralization.

The organic matters produced by bryozoans, shellfishes
and other underwater organisms from the South China
Sea and the Yangtze River Estuary adhered to the surface
of the pottery samples, serving as the nutrient sources of
997 underwater microorganisms. Furthermore, microorgan-
1800 1 6l00 1 4'00 12})0 10l00 8;)0 isms secreted exopolysaccharides, proteins and other
extracellular polymers so that their cells could be fixed
on the surface of pottery samples and form biofilms.
Meanwhile, biofilms and the microenvironment gener-
C ated by microbial activities, the existence of dissolved
metal ions, among others, constructed a chemical micro-
reaction environment before mineral deposition, which
determined the location of inorganic mineral mutually
reinforcing nuclei and mineral functions. The specific
biomineralization process includes:

Transmittance (%)

Wavenumber (cm™!)

(=n

Transmittance (%)

Wavenumber (cm™!)

(1) Microenvironmental control of biomineraliza-
tion. Extracellular polymers such as proteins and
polysaccharides produced by microorganisms con-
tained plenty of hydroxyl and carboxyl functional
groups and organic chelates, which built a chemical

1 . 1 . micro-reaction environment before mineral deposi-

1800 1600 1400 1200 1000 800 tion, determining the location of inorganic mineral

Wavenumber (cm™) mutually reinforcing nuclei and mineral functions.

Fig. 19 FTIR spectra. a Brownish-yellow corrosion region This stage is a premise of biomineralization.

on the surface of NH-1. b, € Matrix and black corrosion region (2) Mineral nucleation and growth regulation: under

on the surface of CJK-1 the regulation of the formed organic membrane,

microorganisms, their redox enzymes and extracel-
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lular macromolecules all acted as electron trans-
porters on the surface of minerals, and free metal
ions nucleate at the organic-inorganic interface
through physical and chemical effects such as elec-
trostatic attraction, cleavage, hydrogen bonding
and even Van Der Waals forces. At the same time,
through the slow enrichment of biofilm or organic
template at the nucleation site, the local concentra-
tion slowly exceeded the solubility product of min-
eral precipitation, promoting mineral growth.

a lAttachment of the bryozoans
A

Intensity (a.u.)
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Fig. 20 PL spectra. a The brownish-yellow corrosion regions on the surface of NH-1 at excitation of 222 nm and slit of 2 nm. b The black corrosion
regions on the surface of CJK-1 at excitation of 220 nm and slit of 6 nm

(3) The inherent physical and chemical actions of the

crystals: in the process of complex crystal assembly
superstructure, in addition to the organic influenc-
ing factors such as biological genes, proteins, poly-
saccharides and lipids, the inherent physical and
chemical actions of mineral crystals also had an
impact on the assembly of inorganic minerals, facil-
itating the emergence of the structure or orderly
assembly of biological minerals.

b Microbial attachment

and biofilm formatiorz
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Fig. 21 Corrosion model of NH-1
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Fig. 22 Corrosion model of CJK-1

The biomineralization process of NH-1 sample is shown
in Fig. 21. Underwater organisms such as bryozoans settled
on the surface of glazed pottery, and the organic matters
secreted by them attracted the attachment of manganese-
oxidizing bacteria. Subsequently, the metabolites of man-
ganese oxidizing bacteria formed biofilms on the basis of
organic matters. Under the action of manganese oxidiz-
ing bacteria, free Mn(II) ions in seawater were oxidized to
Mn(IV) ions, forming mineralized sedimentary layer of
MnO, on the uneven surface of the pottery. At the same
time, free Fe ions in seawater also formed iron hydroxide
on the uneven surface of cultural relics under the action of
manganese-oxidizing bacteria, and FeOOH was generated
under the redox action of seawater. The corrosion products
gradually accumulated in the unevenness and gaps on the
surface of the cultural relics, which loosened their matrix
and further deepened the corrosion. The mineralization
process of CJK-1 sample is shown in Fig. 22. The organic
matters secreted by oysters deposited on the surface of pur-
ple clay teapot attracted the attachment of microorganisms
such as dissimilatory metal-reducing bacteria and sulfate-
reducing bacteria, and the microbial metabolites formed
corrosive biofilms based on the organic matters. Under
the action of microorganisms, insoluble Fe(IIl) ions in the
matrix of purple clay teapot was reduced to Fe(Il) ions by
the dissimilatory metal-reducing bacteria, and SO,*~ ions
in seawater were converted to H,S by the sulfate-reducing
bacteria. Meanwhile, Fe(I) ions continued to react with
H,S, yielding corrosion mineralized products such as
FeS, and FeS on the surface of microorganisms, forming

c Microorganisms dissolve Fe** from the
matrix into Fe?*, forming corrosion
pits on the surface. And SO,* in
seawater are converted into H,S.
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Microbial attachment
and biofilm formation

d Fe?* continue to react with
H,S, and the reaction
products deposit on the
surface of the matrix.

corrosion pits on the surface, and further deepening the
corrosion of cultural relics.

Conclusion

This study has been able to demonstrate that ceramic
pieces are vulnerable to the attachment diseases caused
by macroscopic underwater organism like bryozoans and
oysters in the underwater preservation environment. This
further provides conditions for attachment of underwa-
ter sediments and attracts the attachment of microorgan-
isms. According to the morphology, element distribution,
infrared functional group test and steady-state fluores-
cence test of the corrosion area, it is determined that
NaCl salt particles were attached to the surface of the
pottery relics and corrosion products such as FeOOH,
MnO, or FeS, and FeS were produced. Moreover, the
results verify that the pottery samples were mainly cor-
roded by microorganisms, in which the biomineraliza-
tion of microorganisms on the biofilm aggravated the
corrosion of the pottery matrix. Thus, it is speculated
that the corrosion difference between the glazed pottery
sample from the South China Sea and the purple clay tea-
pot fragment from the Yangtze River Estuary is primarily
due to the divergence of the attached manganese-oxidiz-
ing bacteria, dissimilatory metal-reducing bacteria and
sulfate-reducing bacteria.
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