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are especially sensitive to external in!uences, due 

to their long exposure to external in!uences, which 

-

-
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Inter alia, they alleviate deteriora-
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spectroscopy can be applied as a non-destructive 
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-

-

-
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2.1 Materials
-

chose non-whitened and non-sized cotton, woven 

-

-

-
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2.2 Laboratory specimen preparation

2.2.1 Arti!cial ageing

-

 

2.2.2 Inoculation with fungi and incubation

-

cies (Aspergillus clavatus Cladospori-

um cladosporoides Fomes fomentari-

us Hypoxylon fragiforme 

Penicillium chrysogenum P. corylo-

philum -

 

-

-

 

dish, in which we put blotting paper soaked with 

 

-

-

-

-

2.2.3 Irradiation with gamma rays

-

-

-

-

-

tion was conducted in Zagreb, Croatia at the Ruđjer 

-

Table 1: List of museum specimens with marks and descriptions of objects

Object description Source

th

original canvas

original canvas
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Co were arranged in a cylindri-

2.3 Methods for analysis of !bre structures

2.3.1 Raman spectroscopy

-

-

 at the 

 

-

-

Table 2: List of marks of laboratory specimens and example of specimen designation

CO Cotton

n 

s 

Hypoxylon fragiforme

Cladosporium cladosporoides

Aspergillus clavatus

Penicillium corylophilum

Fomes fomentarius

Penicillium chrysogenum

Cotton, non-aged, inoculated with F. fomentarius
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-

2.3.2 Fourier transform infrared spectroscopy (FTIR)

-

-

on its properties and was always the highest possi-

-

-

-

-

 

analysed with both above described spectrosco- 

intensive bands could be observed in such spec-

 

was reduced with drench quenching, where a speci-

-

-

 

 

 

3.1 Cotton

, as well as an increase in the absorption bands 

Table 3: Positions of bands and their assignments for cellulose in Raman spectra together with references

 bending and skeletal vibrations

 vibrations
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-

-

-

-

-

-

 

Table 4: Positions of bands and their assignments for cellulose in FTIR spectra together with references

Carbonyl bands

bonds bending

 vibrations

Figure 1: Raman spectra of (a) reference non-aged 

and (b) arti!cially aged cotton reference specimens; 

labelled bands are (from le") at 435 cm–1, 1096 cm–1 

and 1335 cm–1

Figure 2: Raman spectra of (a) contaminated and (b) 

non-contaminated position of arti!cially aged speci-

men inoculated with A. clavatus in the range between 

350 cm–1 and 550 cm–1; marked are bands (from le") 

435 cm–1 and 520 cm–1, intensities of which decreased 

during biodeterioration
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-

H. 

fragiforme, P. chrysogenum and P. corylophilum a#er 

 

-

-

A. clavatus, where in a 

-

-

-

 

-

C. cladosporoides, 

A. 

clavatus

Hypoxylon fragi-

forme and Penicillium corylophilum, which ap-

 (si- 

-

ed with A. clavatus  

with P. corylophilum -

changes in the skeletal structure as the ageing pro-

C. 

cladosporoides

-

-

-

C. cladospo- 

roides

-

-

Figure 3: Raman spectra of (a) reference non-aged 

specimen, (b) non-aged specimen inoculated with C. 

cladosporoides and (c) non-aged specimen inoculat-

ed with A. clavatus; marked are bands (from le") 435 

cm–1, 520 cm–1, 1096 cm–1 and 1120 cm–1, the intensi-

ties of which decreased during biodeterioration

Figure 4: FTIR ATR spectra in range of carbonyl 

band in (a) reference specimen as well as in arti!cial-

ly aged specimens, inoculated with C. cladosporoides 

a"er (b) 8 and (c) 20 weeks of incubation, and a"er 

irradiation with gamma rays of doses (d) 5 kGy and 

(e) 10 kGy



26 Application of FTIR and Raman Spectroscopy to Qualitative

Tekstilec, 2012, letn. 55, št. 1, str. 19–31 

A. clavatus

 

A. clavatus and C. cla- 

dosporoides

-

 

3.2 Flax

Figure 5: FTIR ATR spectra of (a) non-aged reference 

specimen and (b) non-aged specimen inoculated with 

A. clavatus; arrow points at band at 1698 cm–1, as-

signed to vibrations of aldehyde groups

Figure 6: FTIR ATR spectra of (a) reference speci-

men, (b) non-aged specimen incubated for 20 weeks 

with H. fragiforme, (c) non-aged specimen incubat-

ed for 20 weeks with A. clavatus, and (d) non-aged 

specimen incubated for 20 weeks with F. fomentarius; 

band at 1430 cm–1 (cf. arrow) moved in infected spec-

imens to lower wavenumbers 

Figure 8: FTIR spectra of (a) reference non-aged #ax 

specimen, (b) non-aged specimen inoculated with C. 

cladosporioides, (c) non-aged specimen inoculated 

with P. corylophilum and (d) non-aged specimen in-

oculated with F. fomentarius in region of amide vi-

brations, indicating presence of fungi in analysed 

area

Figure 7: FTIR spectrum of specimen inoculated with 

H. fragiforme with marked band in region of aromat-

ic vibrations of lignin
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-

-

-

P. 

corylophilum  

culated with A. clavatus and H. fragiforme -

-

-

-

H. fragiforme and aged speci-

P. corylophilum

-

-

-

-

 

-

P. 

corylophilum -

 

-

A. clavatus 

and P. chrysogenum, where its intensity increased, 

-

-

 

Figure 9: Raman spectra of aged #ax specimens: (a) 

reference specimen, (b) specimen inoculated with 

H. fragiforme and (c) specimen inoculated with A. 

clavatus; marked are bands (from le") at 345 cm–1, 

435 cm–1, 520 cm–1, 1096 cm–1 and 1122 cm–1

Figure 10: FTIR ATR spectra in region of carbonyl (right) and of CH vibrations (le") of (a) non-aged non-inoc-

ulated reference specimen, (b) non-aged specimen inoculated with H. fragiforme, (c) non-aged specimen inocu-

lated with A. clavatus, (d) aged non-inoculated specimen and (e) aged specimen inoculated with F. fomentarius
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 vibrations, two peaks ap-

-

-

F. fomentarius

Figure 11: FTIR spectra of (a) non-aged non-inoc-

ulated specimen, (b) non-age specimen inoculated 

with F. fomentarius, (c) aged non-inoculated spec-

imen and (d) arti!cially aged specimen inoculat-

ed with F. fomentarius; in infected specimens, we ob-

served overlapping of two bands, forming single band 

with peak at 1320 cm–1

-

-

P. corylo-

philum

C. cladosporoides, the 

-

Figure 12: FTIR spectra of non-aged #ax specimen 

inoculated with P. corylophilum: (a) a"er 20 weeks of 

incubation, (b) a"er 20 weeks of incubation and irra-

diation with gamma rays of 5 kGy dose, and (c) a"er 

20 weeks of incubation and irradiation with gamma 

rays of 10 kGy dose; spectra are presented in carbon-

yl vibration region; in spectrum (c), shi" of carbon-

yl band toward higher wavenumbers can be observed

3.3 Specimens from museums

-

Figure 13: Raman spectra of specimen RCS01 (con-

tinuous line) and reference specimen (dashed line) 

in region of glycoside rings vibrations; marked bands 

are (from le") 1096 cm–1 and 1122 cm–1
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-

-

-

-

 

-

-

-

-

 

 

 

 

-

Figure 14: FTIR spectra obtained with microscope in diamond anvil cell in region of band at 900 cm–1; le": (a) 

reference cotton specimen, (b) MKS01, (c) PMP01 and (d) PMP05; in the middle: (e) reference specimen of 

hemp and (f) NGS01; right: (g) reference specimen of #ax, (h) RCS01 and (i) RCS02

Figure 15: FTIR spectra of (a) reference specimen 

of #ax and specimens of (b) RCS01, (c) RCS05), (d) 

RCS07 and (e) RCS10, scanned with microscope in 

diamond anvil cell in region of vibrations signi!cant 

for crystalline cellulose; band at 1430 cm–1 is marked

quenching, we could lower the background to such 

 and 

-

-

-

in crystallinity appeared as a decrease in the intensi-
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