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Abstract Current antimold agents that capitalize on broad spectrum biocidal tox-
icity for their efficacy can create potential hazards in the environment, as in many 
cases these biocides are not chemically bonded to the wood. They can therefore leach 
into the ecosystem to jeopardize off-target organisms. In this study, “bio-catalysis” 
of potassium iodide (KI) was used to impart non-diffusible antimold properties to 
4-year-old bamboo, and the mechanisms of how this system works against Aspergil-
lus niger and Trichoderma viride fungi were also studied. In addition to the bamboo 
block material tested, powdered samples of lignin, cellulose and hemicellulose were 
studied to better understand binding of iodide to the chemical subcomponents of the 
bamboo cell walls. Fourier transform infrared spectroscopy (FTIR) and X-ray pho-
toelectron spectroscopy (XPS) analyses were used to investigate the sample chem-
istries and antimold mechanisms, respectively. The results revealed that a specific 
ratio of laccase enzyme with a laccase-mediator functioned best in binding KI to 
bamboo. Lignin samples showed the greatest changes in FTIR, especially relative to 
the methoxyl groups and aromatic skeleton. Additionally, enzyme activity on lignin 
moieties showed much more differences than on hemicellulose and cellulose after 
biocatalyzed KI modification. Moreover, the XPS binding energy readings of 621.1 
and 632.7 eV (Aromatic region) for lignin were consistent with I–C binding associ-
ated with its phenolic structures. While the 620.7 eV (Aliphatic region) suggested 
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I–C bonding that associated with residual lignin in hemicellulose, no peaks were 
observed for the iodine 3d XPS spectra of treated cellulose. XPS analyses of the 
O/C and C1/C2 ratios revealed that the formation of I–C bonds was likely due to the 
substitution of oxygen-contained groups which were formed from laccase-catalyzed 
oxidation. Thus, enzyme-catalyzed formation of I–C bonds with bamboo chemical 
constituents is a highly effectual, as well as an ecological method to protect bamboo 
against mold colonization in the present research.

Introduction

The increasing rate of deforestation in many parts of the world combined with an 
ever-increasing global population has continued to stress existing wood resources. 
Alternative lignocellulose resources are therefore needed to help reduce the demand 
for wood (Jha and Bawa 2006). Bamboo, a woody grass, has been assisting to serve 
the purpose as a structural bio-based material due to its rapid growth rate and high 
density. With 1317 known species that are widely distributed throughout the world, 
it has the potential to be used as a global resource (Clark 2012; Hibbett et al. 2007). 
However, its products have low natural durability because of their relatively high 
moisture content in initial processing stages, culm sugar and starch contents in many 
species. For this reason, they are readily infected by both mold and decay fungi 
which cause the materials to lose value during storage, transport and even in final 
usage (Liese and Kumar 2003).

Many current fungicidal chemicals used in mold protection readily leach from 
treated materials in wet environments, and this is of particular concern for prod-
ucts that come in contact with food and eating utensils such as bamboo chopsticks, 
baskets, mats, chopping boards and toys (Sun and Duan 2004). Leaching of bioc-
idal chemicals can potentially impact human health but is also a concern from the 
perspective of both abiotic and biotic contamination in the environment. Further, 
leaching of the chemical protectants from the bamboo structure leaves the material 
susceptible to mold attack. Current research has therefore focused on antifungal sys-
tems that can protect bamboo with low leaching potential, which also have low risk 
to human health and limited environmental impacts (Tang et al. 2012).

Being a widely known antiseptic, iodine  (I2) is also approved by food and drug 
administrations around the world for low-dosage use by humans and in food contact 
materials (Lawrence 1998). More so, it is reported to be very effective against fungi 
even in minute quantities (Adimurthy et al. 2003; Choi et al. 2003). When higher 
concentrations of molecular  I2 are added to water, excess of  I− will form a brown-
ish water-soluble triiodide  (I3−) precipitate that will remain in equilibrium with dis-
solved  I2.

Laccase is an enzyme that possesses high specific activity and stability and acts 
on a wide range of substrates, thus, it is of value in certain organic synthesis applica-
tions (Rodríguez and Toca Herrera 2006). Type III of this enzyme is known to oxi-
dize various aromatic and non-aromatic compounds, including phenolic lignin, and 
the electrons generated are transferred to molecular oxygen which is then reduced 
to water (Alcalde and Bulter 2003). Additionally, the increased oxidation rates for 



621

1 3

Wood Sci Technol (2018) 52:619–635 

lignin and certain xenobiotics have been achieved when a substrate like 2, 2′-azino-
bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) is used as a redox mediator 
(Camarero et al. 2007; Cañas and Camarero 2010).

Furthermore, research over the past 10 years has disclosed that laccase isolated 
from the white-rot fungus (Trametes versicolor) in combination with ABTS has the 
ability to directly oxidize iodide to iodine  (I2) in aqueous solution which is in equi-
librium with iodine triiodide  (I3−) (Couto and Toca-Herrera 2007). In an innovative 
and seminal research, Schubert et al. (2012) and Ihssen et al. (2014) demonstrated 
that KI could be bound to wood using the laccase-mediator system. In this way, 
KI would then provide antimicrobial surfaces even after leaching. The research of 
Schubert et al. (2012) and Ihssen et al. (2014) was some of the first to be conducted 
which demonstrated a new and bio-based technology to fix iodine residues onto Nor-
way spruce wood for potential protection in a safe and environmentally acceptable 
manner. Their work was focused on wood rather than bamboo or grasses but demon-
strated the effectiveness of such treatments against a wide variety of fungi including 
blue-stain, wood decay, yeasts, and gram-positive and gram-negative bacteria.

The present research extends the mediate KI binding concept to an exploration 
of whether the mediated KI system has potential for protecting bamboo. The pur-
pose of this research was to test if bamboo, which is vulnerable to mold attack, can 
be protected using a laccase-catalyzed KI treatment. Since leaching resistance is 
essential to special bamboo products such as chopping boards, bamboo curtains and 
mats, this study also determined if the mold protection effects persisted after a water 
leaching procedure which would simulate natural weathering. Chemical analysis of 
iodine to assess binding to cellulose, hemicelluloses and lignin was conducted after 
treatment and leaching to find out which bamboo components played roles in the 
fixation of iodide to the substrate. Specifically, FTIR and XPS were employed to 
determine any chemical changes in the three major constituents of bamboo to assess 
the mechanism of KI fixation.

Materials and methods

Bamboo blocks

Bamboo samples 50 × 50 × 20 (radial)  mm3 were produced from 4-year-old Phyl-
lostachys pubescens culms collected from a plantation, in Lin’an, Hangzhou, Zheji-
ang province, China.

Reagents

Commercial 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and lac-
case from Trametes versicolor were purchased from Sigma-Aldrich company; PBS 
buffer components,  KH2PO4 solution and potassium iodide (KI), were purchased 
from Hangzhou East China Pharmaceutical Group Company limited.
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Fungal species

Two species of mold fungi including Trichoderma viride (isolation number: 
GDMCC 3.140) and Aspergillus niger (isolation number: GDMCC 3.411) were pur-
chased from Guangdong Institute of Microbiology (Guangdong Province, China) 
and archived by the National and Local Joint Engineering Laboratory for High 
Efficiency Pesticide Preparation Technology at Zhejiang Agriculture and Forestry 
University.

Culture conditions

Potato dextrose agar (PDA - final pH, 5.6 ± 2) was prepared as previously described 
(Sun et al. 2012) and under sterile conditions and the test fungi were activated on 
PDA medium at 25–28 °C and 85 ± 2% relative humidity for 7 days.

Impregnation and leaching of test blocks

To study the effect of enzyme on iodine fixation to bamboo, the blocks were treated 
with 2.5 wt% KI solution alone or catalyzed by laccase at activities which varied 
from 0.05 to 0.18 and 0.60 U/mL, in the presence of 18 mg/L ABTS with six rep-
licates each. The test samples were submerged with weights to assure complete 
immersion in the treatment solutions and incubated in a 40 °C water bath for 20 h 
to permit enzymatic action. They were then removed from solutions and oven-dried 
(40 °C, 3 h). While the blocks numbered L-0, L-0.05, L-0.18 and L-0.60 (0, 0.05, 
0.18 and 0.60 represent the laccase activity) were leached with distilled water prior 
to exposure to the fungi, UL-0, UL-0.05, UL-0.18 and UL-0.60 were unleached. 
The leaching test was conducted by immersing the treated blocks into 100 mL of 
distilled water and changing it after every 24 h for 2 weeks.

After air drying for 7  days, bamboo powder for iodine analyses was collected 
from the surfaces of six leached and unleached samples, by scraping with a razor. 
Then, 0.06 g of dried powder was digested with 10 mL concentrated nitric acid and 
2 mL perchloric acid at 120 °C for 4–5 h until dissolved and transparent. The tem-
perature of the solution was then raised to 160 °C to evaporate the solvent, and dis-
tilled water was added to 10 mL. The solutions were then assayed by inductively 
coupled plasma mass spectrometry (ICP-MS) to determine the level of iodine, and 
the leached blocks were also exposed to fungal incubation. The amount of iodine in 
bamboo was calculated as follows:

Iodine in bamboo (mg/g) = The amount of iodine determined by ICP-MS (mg)/
the amount of bamboo powder collected (g).

Extraction of bamboo chemical constituents

To extract lignin, cellulose and hemicelluloses from the bamboo, the dried and 
sliced bamboo pieces were crushed, sieved (60 mesh) and then milled in a plan-
etary ball milling machine (with 500 mL  ZrO2) to 100 mesh. This milled bamboo 
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powder was then used for extraction of the major chemical components of bamboo 
as follows:

Milled wood lignin (MWL) Milled powder (100 g) was shake-extracted twice in a 
p-dioxane–water solution (96% v/v) for 48 h before rotary evaporation to reduce the 
total volume to 40 mL. This extract concentrate was then added to 200 mL of deion-
ized water, stirred and freeze-dried to produce a crude preparation. After that, it was 
then dissolved in 20 mL of 90% acetic acid, precipitated in 400 mL of deionized 
water and centrifuged to produce a crude lignin precipitate. This was then dissolved 
in 10 mL, 2:1 (v/v) of 1, 2-dichloroethane/ethanol and reprecipitated in 200 mL die-
thyl ether for frozen storage. Just before experimental use, this material was thawed, 
and then washed twice with 100 mL of petroleum ether, and then freeze-dried again 
to obtain the MWL (Bai et al. 2013).

Cellulose Toluene and ethanol (2:1, V/V) were used to soxhlet extract 10 g of the 
milled bamboo powder (2 h at 25 °C). This powder was dried overnight at 70 °C 
and then further processed at 130 °C, using a hydrogen peroxide/acetic acid/titanium 
oxide catalyst (molar ratio 1:2.08) for 2 h. The material was then rinsed with deion-
ized water (pH = 7) before drying at 70 °C for 24 h and was further immersed in 
6% NaOH (rt) and heated at 80 °C (150 rpm stirring, 8 h). This precipitate was filter 
rinsed in a Bucher funnel with deionized water until a pH of 7 was reached, and the 
final product was then freeze-dried (− 85 °C, 48 h) (Liew et al. 2015).

Hemicellulose The milled bamboo powder was Soxhlet extracted with tolu-
ene–ethanol (2:1, v/v) for 6 h to obtain a delignified sample. This was followed by 
treatment with sodium chlorite in an acidic solution (pH 4.2–4.7) for 6 h at 75 °C to 
obtain holocellulose that was then extracted in a 2% hot NaOH solution. The product 
was then neutralized to pH = 5.5 with acetic acid, concentrated at reduced pressure, 
and then precipitated three times with equal volumes of 95% ethanol. The final prod-
uct was filtered and washed with 70% ethanol before freeze-drying (Luo et al. 2012).

Treatment of bamboo powder and chemical constitutes

Bamboo powder (100 mesh) and the extracted three chemical components were 
independently submerged in 2.5 wt% KI solution alone or catalyzed by laccase at 
activities of 0.60 U/mL, in the presence of 18 mg/L ABTS then reacted in a constant 
temperature water bath (40 °C, 12 h). The samples were removed from solution and 
vacuum-dried (60  °C, 2  h). 0.1  g of these samples was then individually leached 
with 6 mL distilled water that was changed every 24 h for 14 days, before a final 
vacuum drying at 60 °C for 30 min.

Mold tests and characterization

Mold resistance tests were conducted according to AWPA E 24-12 (2013) stand-
ard in which the treated samples were put into an environmental chamber with both 
Trichoderma viride and Aspergillus niger at 28 ± 2 °C and 85% RH (Fig. 1). Surface 
mold growth observations on the specimens were recorded on a weekly basis for 
3 months using a 5-point ranking criteria listed in Table 1.
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The efficiency of mold resistance (E) was calculated as follows;

where Dt was the average infection value of the treated samples and D0 was the aver-
age infection value of the untreated control samples.

Fourier transform infrared spectroscopy (FTIR) analysis and X‑ray 
photoelectron spectroscopy (XPS)

FTIR was used to study the chemical changes of the bamboo before and after lac-
case-catalyzed iodination. Finely ground 1 mg samples were crushed and dispersed 
in a matrix of 100  mg of KBr, followed by compression at 16  MPa to form pel-
lets. The spectra were measured using a Spectrum GX spectrometer (PerkinElmer, 
USA) from 4000 to 500 cm−1 at a spectral resolution of 8 cm−1, 32 scans/min, and a 
0.36 mm2 spot size.

For XPS analysis, the samples (100 mesh) were dried and etched for 30 s in argon 
gas before the analysis to exclude the effect of impurities present on the sample sur-
faces. The XPS data were collected using a K-Alpha XPS system (Thermo Fisher 
Scientific, USA) with a Magnesium Kα X-ray source. The base pressure in the ana-
lytical chamber was less than 5 × 10−7 Pa, and the survey scans spanned from 1100 

E =
(

1 − D
t
∕D

0

)

× 100%

Fig. 1  Bamboo samples in an auto control incubator according to AWPA E 24-12

Table 1  Ranking system for 
specimen mold damage

Value Infection area of the specimen

0 No mycelium on the surface
1 Sample surface area of less than 1/4
2 Surface area of sample 1/4–1/2
3 Surface area of sample 1/2–3/4
4 Sample surface area more than ¾



625

1 3

Wood Sci Technol (2018) 52:619–635 

to 0 eV binding energy, which were collected using a constant pass energy of 50 eV 
and a step interval of 1.00 eV.

Results and discussion

Fixation of iodine in bamboo blocks

This fixation was conducted on the treatment of 2.5 wt% KI with a laccase activity of 
0.60 (UL-0.60 and L-0.60), in the presence of 18 mg/L ABTS as compared with the 
treatment of 2.5 wt% KI solution alone (UL-0 and L-0) and the untreated bamboo 
(UL-Control and L-Control). The untreated bamboo contained a small amount of 
iodine (Table 2). In treated samples, the amount of iodine absorbed in bamboo was 
similar in both the KI alone treatments and laccase-catalyzed KI treatments. After 
leaching with water for 14  days, however, more iodine leached from the bamboo 
samples treated with KI alone and it decreased from 10.86 to 0.40 mg/g (Table 2). 
That of laccase-catalyzed KI samples reduced from 10.82 to 5.41 mg/g, indicating 
that the presence of laccase accelerated the fixation of iodine onto bamboo.

Mold resistances of bamboo treated with laccase‑catalyzed potassium iodide

To better understand the influence of iodine leaching on the protection of bamboo 
from mold attack, mold tests were conducted on KI-treated bamboo at different 
levels of laccase-catalyzed KI treatments. KI alone treatment is effective to some 
extent against mold attack (similar to L-0.05; see Fig. 2a), but the biocidal efficacy 
is greatly decreased after leaching (Fig. 2b) as would be expected from the leaching 
data provided in Table 2.

Besides, the biocidal effect of the treated samples increased with the activ-
ity of laccase in the order from 0.05 to 0.18 and 0.60 U/mL, for both leached and 
unleached samples which was attributed to the increased levels of KI bound to the 
bamboo during the laccase-mediator treatment with KI. In the unleached blocks, the 
KI alone treated blocks lost most of their biocidal capacity against mold, while the 
UL-0.60 samples decreased in biocidal efficacy after 2 months only to 48.1%, and 
to 22.5% in the third month. The leached blocks (Fig. 2b) also showed much better 
biocidal effects than the reference KI-only with the results similar to those of the 

Table 2  Fixation of iodine in 
bamboo blocks, and depletion of 
iodine after leaching

Test block series Content of iodine (mg/g)

UL-control 0.01 (± 0.00)
UL-0 10.86 (± 0.21)
UL-0.60 10.82 (± 0.42)
L-control 0.00 (± 0.00)
L-0 0.40 (± 0.18)
L-0.60 5.41 (± 0.26)
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unleached blocks except that the unleached blocks were able to control mold activity 
better toward the end of the test period.

Furthermore, the biocidal effect displayed by the leached blocks was consider-
ably less than that for the unleached samples, with the 0.05 laccase activity treat-
ment being covered with mold after about 50 days in the leached samples compared 
to 70  days for the unleached samples. At the end of the test period, the UL-0.60 
samples still retained some biocidal effect with a rating of 22.5% biocidal efficacy 
(Fig. 2). The data of leached sample showed that increasing activity of laccase treat-
ment enhanced fixation of iodine to the bamboo; however, the effectiveness was not 
so good as the unleached laccase-fixed material suggesting even at the highest level 
of laccase-mediator treatment, fixation of the entire 2.5  wt% KI amount was not 
achieved. This suggests that treatment might also be effective with the same laccase-
ABTS treatment used with lower KI concentrations.

FTIR analyses

To better understand the chemical changes which occurred in the bamboo after lac-
case iodination, FTIR was used to assess changes in lignin, hemicelluloses and cel-
lulose after treatment. The portions of the FTIR spectra displayed notable changes 
(Fig. 3) with the aromatic skeleton of lignin peaks at 1600, 1510 and 1421 cm−1, all 
decreasing, and the 1510 cm−1 peak also splitting, indicating changes in the skeleton 
of lignin (Xu et al. 2013; Zhou et al. 2011). The peak at 1460 cm−1 is the bending 
vibration of C–H bond connected on benzene ring, which decreased after treatment, 
indicating a change in C–H bonds connected on benzene ring.
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Fig. 2  Biocidal efficacy of bamboo under various activities of laccase-catalyzed iodination. a Unleached 
samples and b leached samples. The number designator of the samples refers to the activity of laccase 
used in the treatment
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Moreover, the new bands at 1087 and 880 might be caused by the I-substi-
tuted ring, which in most cases shifted to higher frequency than the aliphatic C–I 
bonds (500–600 cm−1) (Coates 2000). Although no well-defined I-substituted aro-
matic compounds are observed, the presence of a halogen on an aromatic ring can 
be detected indirectly from its electronic impact on the C–H bands. The bands at 
2972 cm−1 for C–H stretches of side chain  CH3 and  CH2 increased after treatment, 
and 2928  cm−1 and a new band at 1380  cm−1 further suggested changes in C–H 
bonds. The laccase-mediated formation of phenoxyl radicals might also result in 
cleavage of carbon–carbon and aromatic rings in lignin (Bourbonnais et  al. 1995; 
Kawai et al. 1999), and the changes in C–H bonds were probably caused by the vari-
ation of the benzene structure.

Additionally, iodine substitution on the benzene ring is also potentially supported 
by the relatively good resistance of the treated samples against mold fungi after 
leaching. The formation of aromatic organo-iodine complexes which can impart 
antifungal properties to wood has been previously reported (Ihssen et  al. 2014; 
Schubert et  al. 2012). In addition, the XPS analyses in the  Section  XPS analysis 
results of the samples demonstrated possible formation of C–I covalent bonds.

Conversely, hemicellulose (Fig.  4) and cellulose (Fig.  5) treated samples dis-
played fewer differences from the controls except for C–H stretches in hemicellulose 
at 2922 and 2854 cm−1, which were probably caused by the cleavage of xylan back-
bone (U.S. DOE 2006). In comparison with control samples in Figs. 3, 4, 5 to 6, the 
spectra for bamboo powder were basically a combination of lignin, hemicellulose 
and cellulose.

In Fig. 6, the lignin-related peaks including 1600, 1510 and 1420 cm−1 changed 
greatly, as well as peaks at 1087 and 882  cm−1, suggesting laccase reacted with 
lignin and the iodine grafted onto bamboo.
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Fig. 3  FTIR spectra of lignin before and after modification
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Hence, the overall FTIR analysis indicates that enzymatic treatment of bamboo in 
the presence of potassium iodide resulted in structural changes for lignin and hemi-
cellulose, but that bonding of iodine was associated primarily with lignin.
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Fig. 4  FTIR spectra of hemicellulose before and after modification
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XPS analysis results of the samples

In an effort to reveal the reasons for the better protection of bamboo from mold after 
in situ treatment with increasing laccase-catalyzed potassium iodide (Fig. 2b), XPS 
analyses were conducted to determine specifically where iodide bonds to bamboo 
surfaces. With XPS, surface information of a material can be revealed, especially 
with regard to elemental identity, chemical state and quantity of an element of 
interest.
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Accordingly, the binding energies of 618.8 and 630.2 eV (Fig. 7) in the iodine 3d 
XPS spectra of lignin are consistent with that of KI. In the cellulose and hemicel-
lulose samples, these peaks are not readily observable above the baseline. Peaks at 
621.1 and 632.7 eV in Fig. 7 represent I–C (aromatic) binding on the phenolic struc-
tures of lignin as has previously been demonstrated using GC–MS analysis (Wang 
et al. 2004). Other studies have also shown that  I− can be oxidized to  I· by laccase 
(Xu 1996), as well as phenolic compounds undergo this process to produce benzyl 
and phenoxy radicals (Sjöström 1993) which in turn can react with  I· to form aro-
matic-I covalent bonds to impart fungal resistance (Ihssen et al. 2014).
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Fig. 8  Iodine 3d XPS spectra of hemicellulose before and after treatment
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The binding energies of 620.7 and 632.2 eV in Fig. 8 were likely I–C bonding 
associated with residual lignin which remained in the treated hemicellulose sam-
ples (Mercier et al. 2002). In future research, other purified hemicellulose fractions 
should be tested to determine if iodine can be bound to hemicellulose directly or 
indirectly through the laccase-mediator system. No peak could be observed for 
iodine in 3d XPS spectra of the treated cellulose (Fig. 9) indicating that iodine had 
very limited or no binding to cellulose.

In bamboo powder (Fig. 10), no observable peaks in the 610–640 eV region were 
apparent in the untreated sample, while in the treated sample the binding energies 
of 620.7, 632.2, 621.1 and 632.8 eV were very strong, indicating the formation of 
I–C bonds. However, the specific binding energy peaks for unbound KI or  I2 were 
not obvious because the treated samples were leached with water for 14 days before 
XPS tests and any soluble KI or  I2 would have been lost.
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Fig. 10  Iodine 3d XPS spectra of bamboo powder before and after treatment

Table 3  O/C and I/C ratios 
of bamboo before and after 
modification

Sample Element (%) Element ratio

C O I O/C I/C

Lignin 64.77 33.64 0.00 0.52 0.0000
Treated lignin 65.23 33.56 0.25 0.51 0.0038
Hemicellulose 55.08 43.65 0.00 0.79 0.0000
Treated hemicellulose 56.78 42.67 0.19 0.75 0.0033
Cellulose 53.20 46.34 0.00 0.87 0.0000
Treated cellulose 51.87 47.70 0.00 0.92 0.0000
Bamboo 57.78 39.02 0.00 0.68 0.0000
Treated bamboo 63.28 34.89 0.17 0.55 0.0027
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The atomic percent, oxygen to carbon (O/C) and carbon1 to carbon2 (C1/C2) 
ratios are related to the chemical composition of bamboo, which allow for the iden-
tification of the principal components and changes on its surface (Sernek 2002). To 
assess the extent of I–C bond formation in bamboo after treatment, the O/C and I/C 
ratios of treated cellulose, hemicellulose, lignin and bamboo powder were calculated 
(Table 3). Cellulose samples were observed to contain higher O/C ratio, but no I–C 
bonds were detected, thus it is hypothesized that the oxidation of cellulose occurred 
indirectly from the laccase-mediator treatment, even though iodine did not bind to 
the oxidized cellulose. The O/C ratio for lignin before and after treatment was the 

280 282 284 286 288 290 292 294 296
0

1x104
2x104
3x104
4x104
5x104
6x104

280 282 284 286 288 290 292 294 296
0

1x104
2x104
3x104
4x104
5x104
6x104

In
te

ns
ity

(c
ps

)

Blinding Energy(eV)

284.9
(C1)

286.8
(C2)

288.3
(C3) 289.3

(C4)

In
te

ns
ity

(c
ps

)
Bamboo

284.8
(C1)

286.4
 (C2)

287.8
 (C3)288.9

 (C4)

Treated bamboo

Fig. 11  Curve fits of carbon C1 s peak of bamboo powder

Table 4  Carbon components 
of bamboo before and after 
modification

Sample Carbon components (area%) C1/C2

C1 C2 C3 C4

Lignin 39.89 56.67 2.54 0.9 0.70
Treated lignin 38.70 58.29 1.74 1.27 0.66
Hemicellulose 25.78 56.28 16.84 1.10 0.46
Treated hemicellulose 17.65 67.29 14.79 0.27 0.26
Cellulose 9.79 74.63 14.65 0.93 0.13
Treated cellulose 6.13 77.61 14.51 1.75 0.08
Bamboo 30.1 59.49 9.45 0.96 0.51
Treated bamboo 33.69 57.02 7.16 2.12 0.59
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same even though lignin is more sensitive to laccase oxidation, and the current data 
indicate that after oxidation, some oxygen groups on lignin did bind iodine. Hemi-
cellulose oxidation also showed very little change, and it is believed that the small 
increase in iodine content in those samples (Table 3) may be due to the binding of 
iodine to lignin that may have been associated with the hemicellulose fraction.

The curve fit for carbon peaks included the four main carbon components: C1, 
C2, C3 and C4 (Fig. 11 and Table 4). The C1 peak can provide additional evidence 
in support of the O/C interpretation of the wood surface chemistry, especially the 
C1/C2 component ratio (Sernek 2002). Each of the three component samples, 
lignin, cellulose and hemicellulose had reduced C1/C2 ratios after treatment com-
pared to the untreated samples, with hemicellulose and cellulose changing the most 
(Table 4). The reduced C1 peak compared to the C2 peak resulted from the oxidation 
of carbon, which should have increased the O/C ratio. However, the treated lignin 
sample displayed reduced O/C ratios, which were probably caused by substitution 
of oxygen-contained groups by iodine. This reduced O/C ratio was also observed in 
the hemicelluloses sample, with residual lignin in the hemicellulose possibly bind-
ing some iodine. The C3 peak in treated lignin was also distinctly reduced hence, 
providing more information about the mechanisms. Bamboo powder that contained 
cellulose, hemicellulose and lignin had reduced O/C and increased C1/C2 ratios 
(Fig. 11 and Table 4), which demonstrated the balance between carbon oxidization 
and iodine substitution.

Conclusion

1. The covalent coupling of iodine to phenolic structures in bamboo provided a leach 
resistant as well as an antimicrobial surface to help protect against the growth of 
mold fungi on bamboo surfaces. The best combination for the biotransformation 
of bamboo to impart antimold, biocidal properties was 18 mg/L ABTS + 0.60 U/
mL laccase + 2.5 wt% KI at pH 5 and 40 °C. However, leaching of some unfixed 
KI suggests that a lower percentage of KI with the same level of enzyme and 
mediator may be effective. Leaching of the samples reduced the biocidal capacity 
of the laccase-fixed KI treatments but to a much lesser degree than in samples 
treated with KI alone.

2. FTIR and XPS analyses showed that the treatment of bamboo with the KI-laccase-
mediator systems allowed iodine to covalently bond specifically to lignin. The 
results showed that cellulose was not greatly modified and did not bind iodine. As 
laccase-mediator systems are well documented relative to their modification of 
lignin, this study clearly demonstrated the effect of the treatment on the bonding 
of iodine to lignin (dominant).

3. Analyses of iodine with 3d XPS spectra demonstrated characteristic peaks for 
lignin-iodine bonds. The formation of I–C bonds to lignin permitted the pro-
tection of bamboo from mold after leaching to a much greater extent than KI 
treatment only. The O/C ratios of lignin, hemicelluloses and bamboo powder 
were reduced after modification, while the O/C ratio for cellulose increased. In 
addition, lower C1/C2 ratios in treated lignin, cellulose and hemicellulose were 
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observed compared to the untreated samples. Based on the above phenomena, a 
possible mechanism for laccase-catalyzed iodination of bamboo and its compo-
nents is proposed where substitution of iodine for some of the oxygen-containing 
groups in lignin, and in the lignin of bamboo powder, occurred when sample 
materials were treated using the laccase-mediator system with iodine.
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