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a b s t r a c t 

The widespread presence of iron and sulfur compounds such as pyrite in marine waterlogged archeological wood 

(WAW) can cause irreversible damage to the safety of its preservation. This issue has been a longstanding concern 

for cultural heritage conservation communities. In this study, we examined the distribution and phase compo- 

sition of Fe and sulfur compounds in wood samples obtained from the Nanhai I shipwreck using ESEM-EDS, 

micro-Raman spectroscopy, and an X-ray diffractometer. The removal of iron from WAW samples of the Nanhai 

I shipwreck using Acidithiobacillus ferrooxidans ( A. ferrooxidans ) was evaluated using conductivity and ICP-AES 

analysis. The results showed that A. ferrooxidans effectively improved the removal of iron from WAW. The degra- 

dation of fresh healthy wood during treatment was also analyzed using infrared spectroscopy, and the results 

showed that the treatment had little effect on the samples over a short period. This study demonstrates, for the 

first time, the feasibility of iron extraction from marine WAW by A.ferrooxidans . This was also the first attempt 

in China to apply biological oxidation to the removal of iron from marine archeological materials. 
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. Introduction 

Nanhai I was a wooden ship that sank during the Southern Song

ynasty (1127–1279 AD) while transporting porcelain outwards on the

aritime Silk Road. The Nanhai I shipwreck was the first shipwreck

ite discovered in China, and is a precious cultural heritage site of the

aritime Silk Road. As the earliest dated, largest, and best-preserved

cean-going trading merchant ship among maritime shipwrecks found

n the world to date, it is of great significance to the study of the ancient

aritime Silk Road [1] . It was discovered in the 1980s, then recovered

ntact in 2007 and is currently housed in the ’Crystal Palace’ at the Mar-

time Silk Museum in Yangjiang, Guangdong Province, China ( Fig. 1 ). 

The anaerobic environment of the ocean and the actions of microor-

anisms can lead to the deposition of iron and sulfur in wood. Gener-

lly, wooden shipwrecks that emerge from marine environments con-

ain large amounts of iron. The Nanhai I shipwreck was excavated with

ore than 130 t of iron [2] . The cold and dark underwater environ-

ent of the ocean provides near-anoxic conditions for the preservation

f waterlogged archeological wood (WAW). This environment creates a

elatively stable ’time capsule’ and is the reason why some large wooden

hipwrecks have survived intact [3] . Simultaneously, this anaerobic en-

ironment and the large amount of sulfate in the ocean create conditions

or the reproduction of sulfate-reducing bacteria (SRB). SRB can use
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ood as their carbon source and participate in the sulfur cycle through

heir own metabolism, gaining sufficient electrons to completely reduce

O4 
2− to H2 S [4–6] . The hydrogen sulfide gas then reacts with large

mounts of iron ions in the environment to form sulfur-iron compounds.

nder the combined action of erosion bacteria (EB), iron and sulfur

radually accumulate in wood; therefore, iron and sulfur compounds

re commonly found in marine WAW [7] . 

Studies on several wooden shipwrecks have shown that sulfur and

ron compounds are prevalent in the wood of these wrecks. Research on

he iron and sulfur compounds in WAW began with conservation work

n Vasa. Since 2000, deposits have begun to erupt on the surfaces of

any Vasa panels, along with a marked increase in the acidity of the

ood surface [8] . The main components of these deposits are jarosite

KFe3 (SO4 )2 (OH)6 ), green vitriol (FeSO4 ·7H2 O), sulfur (S8 ), and gyp-

um (CaSO4 ) [ 8 , 9 ]. In 2006, similar accumulations of iron and sulfur

ere found on wooden shipwrecks such as Mary Rose and Batavia [10] .

n 2003, Jones [11] speculated that the hull of Mary Rose might contain

t least two tons of sulfide and iron compounds. In addition, Fors’ anal-

ses of WAW from shipwrecks in the Baltic Sea area, Kronan, Riksnyck-

ln,Tattran, the Puck Bay Boat, and the Ghost wreck, and on the Scan-

inavian West coast, the Göta wreck, Stora Sofia, and the Viking ship-

recks of Skuldelev, show the accumulation of sulfur compounds [12] .

everal wooden shipwrecks excavated in China, such as Huaguangjiao I
n) . 
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Fig. 1. The excavation and preservation site of Nanhai I shipwreck in the “Crys- 

tal Palace ”. 
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Fig. 2. Wood samples of Nanhai I shipwreck. 
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c  
t Hainan Province [13] , Xiaobaijiao I at Fujian province [14] , Nanhai I

15] and Nan’ao I at Guangdong [16] , also show deposits of sulfur and

ron compounds. 

The presence of sulfur and iron compounds is detrimental to the long-

erm preservation of wood. In the presence of water and oxygen, iron

nd sulfur compounds are easily oxidized to produce sulfuric acid, which

urther degrades damaged cellulose in wood. Simultaneously, the redox

eaction between Fe2+ and Fe3 + plays a catalytic role in the oxidation

f sulfuric iron compounds and the degradation of organic matter. In

ddition, with the gradual oxidation of sulfur and iron compounds, the

olecular volume of the mineral units expands, causing stress damage

o wood fibers [17–19] . Therefore, sulfur and iron compounds in WAW

ust be removed or controlled. 

Many treatment methods have been proposed to remove and control

ulfur and iron compounds in wood. Because of the late recognition of

he hazards and effects of sulfur and iron compounds in WAW, for most

oreign shipwrecks (e.g., Vasa and Batavia), issues related to sulfur and

ron compounds were investigated only after the wood was reinforced

nd filled. Therefore, these shipwrecks have mainly adopted different

ethods to control the negative effects from sulfur and iron compounds.

or example, some studies have shown that the use of alkaline solutions

 20 , 21 ], gasses [22] , and nanomaterials [23] can neutralize acids in

ood or that wood can be wrapped with polymers to prevent further

xidation and acidification of the hull [24] . In China, the conservation

f many ancient wooden shipwrecks builds on foreign experience and

ocuses more on the removal of sulfur and iron compounds, aiming to re-

uce the accumulation of sulfur and iron compounds in wooden artifacts

nd the negative effects they bring. For example, Zhang [25] conducted

 study in 2014 on the removal of sulfur and iron compounds from wood

amples of the “Xiaobaijiao Ⅰ shipwreck. ” A comparative study revealed

hat the addition of oxidizing agents to conventional chelating reagents

s more beneficial for the removal of sulfur and iron. Therefore, this

tudy uses EDTA-2Na hydrogen peroxide compounded with EDTA-HO

o achieve significant results in seawater desalination. 

In recent decades, bioleaching, which uses microorganisms to dis-

olve metals, has been widely used to produce nonferrous metals [26] .

herefore, the idea of microbial oxidative removal of sulfur and iron

rom wooden artifacts has been proposed. In 2019, Magdalena et al.

27] used Thiobacillus denitrificans ( T. denitrificans ) as a biomaterial for

he removal of sulfides commonly found in artificially degraded wood.

his study demonstrated the ability of T. denitrificans to use reduced sul-

ur compounds present in wood samples as an energy source, demon-

trating the feasibility of biotechnology for the preventive removal of

ulfides from wood, which is the first step in the study of the bio-

xidative removal of sulfur and iron compounds from wood. In 2021,

he latest study published by the team [28] continued with the study

f T. denitrificans in combination with natural iron chelator (iron car-

ier) approach for the joint removal of iron and sulfur from wood. It

as concluded that the denitrifying sulfur Bacillus chemical removal

ethod was more effective than the conventional chemical method. 

However, the deficiency of iron oxidation and poor elemental sul-

ur oxidation capacities of T. denitrificans give rise to a low bioleach-
2

ng efficiency of iron, sulfur compounds, and sulfide minerals [29] .

cidithiobacillus ferrooxidans ( A. ferrooxidans ), a widely used bioleach-

ng bacterium, is highly efficient in the microbial oxidation of iron

nd sulfur compounds [30] . A. ferrooxidans is an acidophilic and

hemolithotrophic iron- and sulfur-oxidizing bacterium [ 31 , 32 ]. As a

hemoautotrophic bacterium, it is generally accepted to be an aerobic

hemolithoautotroph that derives energy for growth from oxidative res-

iration involving the oxidation of ferrous iron or various sulfur com-

ounds. In addition to its strong adaptability to the environment, it is

ne of the most widely engineered strains. It has prominent applications

n coal desulfurization [33] , biometallurgy [34–36] , and environmental

reatment [37] . At present, although A. ferrooxidans has a significant ef-

ect on the removal of iron and sulfur compounds such as pyrite [38] ,

his biomaterial has not been applied in the field of heritage conserva-

ion, like T. denitrificans . Therefore, it is highly relevant to use A. fer-

ooxidans to remove iron and sulfur compounds from WAW to provide

ew methods for its protection. 

In this study, we analyzed the feasibility of iron removal from WAW

y A. ferrooxidans using wood samples from Nanhai I and the impact

f the treatment process on the safety of wood. This study offers new

ossibilities for the microbial oxidative removal of sulfur and iron com-

ounds from wood, which is of great importance for the long-lasting

reservation of WAW. 

. Materials and methods 

.1. Wood samples 

A large amount of loose wood was excavated from sea mud at the

anhai I shipwreck site. Often, such loose wood samples cannot be

pliced back into the hull of a ship. To maintain its condition and re-

ove soluble salts, the vast majority of this loose wood was immersed

n a pool containing deionized water. At the end of 2020, we removed

ample K2NH-23 and Sample K2NH-26 ( Fig. 2 ) from the pools to con-

uct microbial oxidative iron removal experiments.The WAW samples

rom the Nanhai I shipwreck were severely degraded, and the wood lost

arge amounts of cellulose and lignin [15] . Therefore, even if the bio-

ogical oxidation process affected the lignin and cellulose components

f wood, it would have been difficult to detect and identify them. Com-

ared with the archeological samples, the healthy pine samples had a

ore complete preservation of cellulose and lignin, and the samples

ere in a more uniform state of preservation, which can better charac-

erize the effects of the bio-oxidation process on wood. Pine was one of

he main species used in the construction of ancient wooden shipwrecks

nd preliminary studies showed that the main species in the Nanhai

 shipwreck was pine [39] . Therefore, to evaluate the degradation of

ood by bio-oxidation, we selected healthy pine samples as treatment

bjects to assess the risk of the method. 

The large wood samples were cut into cubes of size 1 × 1 × 1 cm3 .

ach sample was placed in a beaker, autoclaved at 121 °C for 15 min,

ooled, and set aside on an ultraclean table. 

.2. Bacteria and culture conditions 

Acidithiobacillus ferrooxidans (ATCC 23270) was obtained from the

ulture collection of the State Key Laboratory of Microbial Technol-
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Fig. 3. Schematic diagram of inoculating A. ferrooxidans cultured to day 8 into the WAW microbial oxidation and iron removal system. 
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gy at Shandong University, China. The strain was cultured using the

erobic culture technique at 30 °C with agitation (150 rpm) in 9 K

edium. The composition of the 9 K medium was:2.5 g (NH4 )2 SO4 ,

.5 g MgSO4 ·7H2 O, 0.1 g KCl,0.5 g K2 HPO4 , 0.02 g CaNO3 , and 5 g

onomeric sulfur powder in a final volume of 1 L, with pH adjusted to

.5. All chemical reagents used in the experiments were purchased from

laddin. 

.3. Oxidation experiments 

The 9 K medium used for WAW microbial oxidation for iron removal

xperiments must have the reduced sulfur powder removed to ensure

hat no additional sulfur or iron is added other than that in the WAW

amples. A conical flask was filled with 50 ml of medium and autoclaved

t 121 °C for 15 min. Three sterilized WAW samples were placed in each

onical flask. The broth of A.ferrooxidans cultured up to day 8 was left

or approximately 40 min, and after the unreacted sulfur powder in the

onical flask had settled, 5 ml of the upper layer was carefully pipetted

nto the conical flask containing the WAW sample. The prepared reac-

ion system was placed in an incubator and subjected to bio-oxidation

xperiments at 30 °C and 80 rpm for 25 days ( Fig. 3 ). The same samples

nder the same experimental conditions, but without the system inocu-

ated with bacteria, were used as negative controls, and the experiments

nd controls were performed in triplicate. 

.4. Analytical methods 

.4.1. Environmental scanning electron microscope (ESEM) with attached 

-ray energy dispersive spectroscopy (EDS) 

To determine the deposition and distribution of sulfur and iron com-

ounds inside the WAW sample and the chemical composition of the

alts deposited inside the wood, a Thermo Scientific Quattro S en-

ironmental scanning electron microscope equipped with an energy-

ispersive X-ray analyzer was used to obtain high-resolution images and

etermine the elemental composition of the sample. The wood samples

ere first cut on the surface with a thin layer of wood slices in both

he cross-sectional and longitudinal directions using a blade, vacuum

reeze-dried, and then surface-sprayed with a gold layer. The observa-

ions were made under high vacuum, temperature 0 °C-35 °C, humidity

0% RH, operating voltage of + /− 15 V ( + 5%), and 300 mA current. 

.4.2. Raman microspectroscopy 

To determine the composition of iron and sulfur compounds in the

ood samples and the changes in the composition of sulfur and iron

ompounds in the system, micro-Raman spectroscopy was performed
3

n the WAW samples and the brown precipitates generated in the oxi-

ation system. Micro-Raman experiments were performed using a REN-

SHAW inVia Laser micro confocal Raman spectrometer equipped with

 research-grade Leica microscope with a spatial resolution of < 0.5 𝜇m.

he spot diameter under the 50 × objective was set at 3 𝜇m. The in-

trument uses a neon lamp as the signal source, and an 1800-line high-

esolution grating, UV, and NIR simultaneously enhance the CCD de-

ector. The spectral range is 100 ∼1600 nm; excitation wavelength is

85 nm; laser power is 280 mW; laser power density is 0.5%, scanning

ime is 10 s, and scan time is 10 scans. The spectrograms were ana-

yzed using LabSpec5 software (Horiba, Kyoto, J). The obtained spectra

ere compared to the reference spectra of pyrite and hematite(RRUFF

ibrary) [40] . 

.4.3. X-ray diffraction (XRD) 

The BRUKER D8Advance micro-area X-ray diffractometer was used

o analyze the crystalline phase of the Nanhai No. 1 wood sample to

dd information to the Raman study. The angle of incidence was 5°,

ith a CoK 𝛼 wavelength ( 𝜆 = 1.7903 Angström), providing a 90° curve

etector. The intensity of the acquisition was 40 mA, and the sample

cquisition time was 20 min. Finally, the diffraction patterns obtained

ere elaborated using Jade software. 

.4.4. Conductivity testing 

To detect changes in the salt content of the solution during the bio-

ogical oxidation process using a SevenCompact S230 conductivity me-

er, the conductivity of the stripped solution was measured at a constant

oom temperature of 25 °C and compared with the change in the con-

uctivity of the negative control group without inoculated bacteria. 

.4.5. Inductively coupled plasma atomic emission spectrometer (ICP-AES) 

To characterize the metabolism of iron during bacterial oxidation,

he concentration of iron in the solution during treatment was measured

sing a MAT-YQ-012 inductively coupled plasma emission spectrometer

ICP-AES). Detection was performed at a temperature of 20 °C and hu-

idity of 30% RH. The RF power for the detection was 1.2 kW, plasma

ow rate was 12 L/min, vertical observation height was 8 mils, analysis

ump speed was 12 r/min, stabilization time was 10 s, and reading time

as 5 s. 

.4.6. Fourier transform infrared spectroscopy (FTIR) 

Healthy pine samples were selected and subjected to FTIR analysis

o assess the risk of microbial treatment of wood substrates. The cut

nd sterilized pine samples were placed in a bacterial culture solution

nd observed for aging degradation. The analysis procedure utilized a
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Fig. 4. SEM images of sulfur and iron deposit 

in wood structure of Nanhai I shipwreck a SEM 

image of cross-section of K2NH-23 sample; b 

K2NH-23 cross profile element mapping; c SEM 

image of K2NH-26 sample; d K2NH-26 cross 

profile element mapping; e SEM image of the 

longitudinal section of the K2NH-23 sample; f 

SEM image of pyrite framboid particles. 
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Table 1 

SEM–EDS results of deposit (at.%) in Fig. 4 . 

Sample Analyzed point C O Fe Mg S Ca 

K2NH-23 Fig. 4 a-1 49.7 30.1 13.0 0.8 3.6 2.8 

K2NH-26 Fig. 4 c-1 33.8 10.5 19.3 0.8 0.7 2.3 

K2NH-26 Fig. 4 c-2 46.2 13.6 32.3 0.6 0.9 6.5 

K2NH-26 Fig. 4 e-1 47.8 25.6 18.9 0.9 2.2 4.6 

K2NH-26 Fig. 4 e-2 45.9 25.3 21.1 0.7 2.7 3.8 

K2NH-26 Fig. 4 f-1 18.4 —— 27.2 —— 54.5 ——

c  

b  

c  

S  

h  

2  

s  

i  

p  

b  

S  

t  

d  

i  

a

ourier transform (micro) infrared spectrometer (Thermo Fisher Scien-

ific) with a microscopic infrared mainframe (Nicolet iN10), attenuated

otal reflection (ATR) attachment, and transmission attachment (Nico-

et iS10/iZ10 auxiliary optical stage). The surfaces of the treated wood

amples were measured at ambient temperature. Averaged spectra were

ollected over 32 scans in the range of 400–4000 cm− 1 with a spec-

ral resolution of 4 cm− 1 . Spectra were analyzed using the OMNICTM 

oftware. To assess the final wood degradation, the intensity ratio be-

ween the lignin absorption band (1505 cm− 1 ) and the carbohydrate

bsorption band (1365 cm− 1 ) was calculated. These bands are assigned

o aromatic skeletal vibrations in lignin, C–H deformation in cellulose

nd hemicellulose, C–O-C vibrations in cellulose and hemicellulose, and

–H deformation in cellulose [41] . 

. Results and discussion 

.1. Sulfur and iron in archeological wood from Nanhai I 

Analysis and knowledge of the distribution of sulfur and iron in WAW

amples from Nanhai Ⅰ and their physical phase composition are benefi-

ial to our work on biological oxidation experiments. The SEM images

how that a large number of deposited particles are distributed in the

ood pores in the cross-section (Fig(s). 4 a, b) and longitudinal section

Fig(s). 4 c, d) of the sample. The elemental sulfur in the wood is rel-

tively concentrated in the wood structure, and the results of its face

can distribution correspond to the wood structure. The distribution of

lemental iron corresponds to the deposition of the particles. The main
4

omponents of these deposits were iron, sulfur, and calcium, as detected

y EDS ( Table 1 ). The deposits near the wood surface have a high Fe

ontent and are considered as Fe oxides [15] . The molar ratio of Fe to

 in all deposited particles exceeded 2:1, and the oxygen content was

igh. This is mainly due to the fact that since Nanhai Ⅰ was salvaged in

007 and excavation began in 2011, the sulfur and iron deposited on the

urface were gradually oxidized by the action of oxygen, water, and iron

ons, so many iron oxides can be seen deposited in the wood. However,

yrite framboid crystal particles that have not yet been oxidized can still

e observed inside the wood ( Fig. 4 f), which has a molar ratio of Fe to

 of approximately 1:2 ( Table 1 ). Micro-Raman spectroscopy confirms

he presence of pyrite (FeS2 ) in the samples ( Fig. 5 ). The results of X-ray

iffraction analysis ( Figs. 6 , 7 ) show that the sample may also contain

ron sulfide (FeS), iron oxide hydroxide (FeOOH), pyrrhotite (Fe7 S8 ),

nd hematite (Fe2 O3 ). 
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Fig. 5. The results of Micro-Raman experiments a Raman spectra corresponding to iron deposits in K2NH-23 samples (deep red line) and reference spectra of pyrite 

(FeS2 ) (ink blue line). b Raman spectra corresponding to the brown precipitate formed within the bio-oxidation system (deep red line) and the reference spectrum 

of jarosite (KFe3 (SO4 )2 (OH)6 ) (ink blue line). 

Fig. 6. XRD spectra of sample K2NH-23. 
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Thus, although some sulfur and iron compounds in the samples were

xidized to produce iron deposits such as hematite and iron oxide hy-

roxide, unoxidized sulfur and iron compounds such as pyrite were still

resent. The presence of these unoxidized iron deposits may have con-

ributed to the degradation of the wood [19] . A. ferrooxidans has good

bility to oxidize and metabolize pyrite and other sulfur and iron com-

ounds [ 42 , 43 ]. Therefore, it is reasonable to select A.ferrooxidans for

e removal from wood. 

During the microbial oxidation experiments, the stripping solutions

ere photographed and recorded from day 1 to 20. As shown in
5

ig. 8 , the color of the stripped solution gradually changed from col-

rless to cloudy yellowish, then reddish brown, finally deepening to

 brown-black turbid state as time increased. As the removal time in-

reased, a brown precipitate was generated. By comparing the color

f the stripping solution with and without bacteria, we found that

he color of the solution with the addition of A. ferrooxidans changed

ore rapidly ( Fig. 8 a). Because the reaction needs to be carried out

n a shaker in an incubator, centrifugal force is generated even though

he shaker is set to a low speed (80 rpm) to match the fragile WAW

amples. Brown colloidal precipitates were observed adhering to the



Y. Wang, Z. Zhao, J. Lin et al. Engineering Microbiology 4 (2024) 100107

Fig. 7. XRD spectra of sample K2NH-263.2. Oxidation experiments. 

Fig. 8. a Variation of solutions corresponding to differ- 

ent treatment times during microbial oxidation treatment b 

treatment system on day 10 for sample 23 inoculated with 

A.ferrooxidans . 
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nner walls of the conical flasks during the later stages of treatment

 Fig. 8 b). 

The reaction broth was filtered and a brown precipitate was col-

ected. Using micro-Raman spectroscopy, the main component of the

recipitate was identified as potassium alum pyrite. The presence of

arosite, a product of the biological oxidation of pyrite, is evidence

f the oxidation of pyrite in the WAW sample by A.f. [43] . After

io-oxidation, iron was separated from the wood to form a jarosite

recipitate. 

We examined the conductivity of the treated solutions from days 1

o 20. Fig. 9 shows that the conductivity of the solution increased in

he first 15 days with the precipitation of ions from the sample and de-

reased after the 15th day. The conductivities of the solutions inoculated
6

ith A. ferrooxidans were higher than those of uninoculated solutions.

his indicates that the inorganic salt ions in the samples were continu-

usly leached out during the early stages of treatment, which led to a

ontinuous increase in conductivity. A. ferrooxidans can promote the ox-

dation of iron and sulfur in samples, producing Fe3 + , SO4 
2− , and other

oluble salt ions in solution, which leads to an increase in conductivity.

his indicated that A. ferrooxidans may have contributed to the removal

f deposits from the samples. 

The results of the ICP-AES analysis ( Fig. 10 ) show that the iron

ontent in the solution gradually increased during the first 15 days

s the treatment time increased. Iron concentration increased more

apidly in the system inoculated with A. ferrooxidans than in the control

roups . For example, on day 15, the iron concentration in the treated
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Fig. 9. Changes in conductivity in treated solutions. 

Fig. 10. Changes in iron content in the treated solution. 

s  

2  

t  

i  

b  

c  

7  

t  

e  

s  

t  

b  

m  

F  

t  

d  

d  

t  

l  

s

Fig. 11. Changes in iron removal efficiency in the treated solution. 
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olution of the K2NH-23 sample inoculated with bacteria reached

153.2 mg/L, whereas the iron concentration in the treated solution of

he corresponding negative control sample was only 1209.5 mg/L. The

ron concentration in the treated K2NH-26 solution inoculated with

acteria reached 1377.6 mg/L, whereas the treatment solution of the

orresponding negative control sample had an iron concentration of

60.8 mg/L. Fig. 11 shows the iron removal efficiencies under different

reatment conditions. In the early stages of treatment, the Fe removal

fficiency was relatively high, and the removal efficiency within the

ystem inoculated with A. ferrooxidans was relatively high for the sys-

em inoculated with bacteria as a whole. These results suggest that this

io-oxidation method with A. ferrooxidans significantly promotes the re-

oval of Fe from WAW samples, thus attenuating the negative effect of

e on the preservation of WAW samples. At a later stage of the reaction,

he conductivity of the solution and Fe content in the treated solution

ecreased, which may be related to jarosite precipitation produced

uring the bio-oxidation treatment. Some of the iron and sulfate ions in

he solution were transferred to the potassium pyrite alum precipitate,

eading to a decrease in the conductivity and iron content of the

olution. 
7

. Risk evaluation 

In parallel with the characterization of the sulfur and iron species

resent before and after treatment with A. ferrooxidans , Fourier-

ransform infrared spectroscopy (FTIR) measurements were performed

o evaluate the impact of microbiological treatment on the wood sub-

trate. The relative contents of the cell wall fractions of archeological

ood were significantly altered compared to those of normal wood. The

elative hemicellulose and cellulose contents decrease, whereas the rel-

tive lignin content increases [44] . Therefore, the preservation status

f WAW can be determined from the lignin/hemicellulose ratio and the

elative ratio of hemicellulose to lignin [ 45 , 46 ]. In general, the higher

he degree of degradation, the smaller is the lignin/holocellulose ratio.

he areas of the characteristic peaks of lignin (1505 cm− 1 ) and holo-

ellulose (1365 cm− 1 ) were measured using OMSNIC software, and the

1505 /I1365 ratio was calculated ( Fig. 12 ). The results in Fig. 10 show

hat the I1505 /I1365 ratio did not change significantly in the first 10

ays, indicating that the microbial removal process had little effect on

resh pine wood over a short period of time. And after the 15th day, the

urve shows a small upward trend, indicating that the removal system
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Fig. 12. Changes in I1505 /I1365 ratio of healthy pine wood during sample treat- 

ment. 

m  

T  

t  

i  

t  

o  

t  

e

5

 

a  

c  

i  

b  

i  

T  

d  

f  

d  

t  

o  

u  

t  

r  

s  

b  

m  

 

r  

o  

i  

t  

f  

p  

s  

a

D

 

p  

u

D

 

i  

t

A

 

t  

e  

a  

t

A

 

C  

t  

s  

o  

o

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[

[  

 

[  

[  

 

[  

[  

 

[  

 

[  

 

ay affect the degradation of wood as the treatment time is extended.

he metabolic process of A. ferrooxidans does not consume organic mat-

er; therefore, the reproduction and metabolic processes of A. ferroox-

dans do not theoretically cause wood degradation. We speculate that

his degradation trend may be related to the prolonged impregnation

f wood samples and the acidic environment within the reaction sys-

em, where hemicellulose degrades under acidic conditions, which may

ventually lead to the loss of holocellulose in the WAW samples. 

. Conclusion 

The Nanhai I shipwreck, the largest ancient shipwreck in China, was

nalyzed. Its wood interior contained sedimentary salts of sulfur, iron

ompounds, and was found to contain pyrite that had not yet been ox-

dized. In recent years, although microbial oxidation treatments have

een proposed for the removal of Fe and sulfur from wood, our study

s the first to apply A. ferrooxidans for the removal of Fe from WAW.

hrough experimental and assay analyses, we showed that A. ferrooxi-

ans could effectively improve the removal of iron from wood samples

rom the Nanhai I shipwreck. The degradation of fresh healthy wood

uring treatment was also analyzed using infrared spectroscopy, and

he results showed that the treatment had little effect on the samples

ver a short period of time. However, after day 15, there was a slight

pward trend in the ratio of I1505 /I1365 , indicating a certain degradation

rend of wood, presumably related to the acidic environment within the

eaction system. This requires follow-up and continuous attention. This

tudy demonstrated the feasibility of iron extraction from marine WAW

y A. ferrooxidans , providing a new approach to microbiological treat-

ent for the removal of sulfur and iron compounds from marine WAW.

Since 2021, our team has been experimenting and working in the di-

ection of the microbial removal of iron deposits from WAW. Currently,

ur team is systematically evaluating and improving this method, hop-

ng to remove iron and sulfur from wood using a safer and more efficient

reatment method. Relevant research reports should be published in the

uture. This study not only represents a significant innovation in the ap-

lication of ferruginous bacteria for the removal of iron deposits from

ea-sawn wood, but also a key step in advancing the application of green

nd sustainable materials for cultural heritage. 
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