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Abstract The study of the behaviour of cellulose mate-

rials at low doses of ionizing radiation regained the interest

because of the recent results showing that physical prop-

erties of the paper have less or no changes for absorbed

doses below 10 kGy, despite the high decrease of the

degree of polymerization. The understanding of the rela-

tionship among molecular, microscopic and macroscopic

changes in cellulose materials may change the current

opinion that irradiation of paper is not the best choice for

conservation of cultural heritage. The aim of this study is to

reveal the changes in gamma-irradiated pure cellulose

paper by simultaneous TG/DSC analysis. For cellulose

fibres, the thermal decomposition parameters depend on the

cellulose degree of polymerization. For high irradiation

doses, there is established a relationship between the

absorbed dose and the degree of polymerization. However,

a direct relationship between absorbed dose and the

parameters of cellulose thermal decomposition for low

irradiation doses was not established either in the literature

or in our study. By using a peak separation technique, we

studied the changes in the region of water loss (70–150 �C)

and physical ageing (160–300 �C) for Whatman paper with

low initial water content (\1 %), previously gamma irra-

diated at doses between 0 and 30 kGy. We concluded that

strength of the hydrogen bond structure is increasing up to

a point when the stress produces fractures in the fibrilar

structure. This may explain the results reported for

mechanical tests at low dose irradiation and it is in

agreement with scanning electron microscopy pictures

showing changes in fibril structure at high irradiation

doses. Cellulose irradiated at low doses maintains its ori-

ginal hydrogen bond structure despite the decrease of the

degree of polymerization.
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Introduction

Paper is the main support for writing since the development

of industrial paper making machines. Because of its degra-

dability, the huge written heritage of the last centuries is

difficult to be preserved. Beside some technological errors

(rosin sizing, iron gall ink), another main issue is the bio-

logical degradation. Uncontrolled humidity and temperature

variations in storage conditions, caused by unpredictable

events (floods and other natural disasters, wars, etc.) or

simply the lack of care are always followed by a massive

attack of micro-organisms. Once paper is attacked; the

biological contamination is difficult to remove, and in the

field of paper conservation, there is a lack of efficient mass

decontamination techniques. Among others (fumigation,

oxygen deprivation), irradiation with high-energy ionizing

radiation seems to be the most effective because of the

certainty of the microbicidal effect [1–3].

Irradiation treatment showed no destructive effects

on some materials from cultural heritage like wood,
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parchment, or stone paintings [4–6], but in the case of

paper, it was obvious from the beginning a major decrease

of cellulose degree of polymerization [7, 8]. For that rea-

son, ionizing radiation is not considered the best choice for

the conservation of paper [9, 10]. Being the most wide-

spread biopolymer, the radiolysis of cellulose was on high

interest, and a relationship between the absorbed dose and

number of scissions or degree of polymerization was early

established [11]. Supplementary data were added in studies

connected to irradiation of mail as a measure against bio-ter-

rorism threats [12, 13]. Important decrease of DP in low-dose

irradiation range was confirmed for Whatman (pure cellulose)

paper [14] and other sorts of commercial paper [15, 16].

Despite the intensive decrease of the degree of poly-

merization, other physical properties of the paper have less

or no changes for irradiation at doses below 10 kGy

[14–19]. There were reported no significant differences for

mechanical test results (tensile strength, elongation at

break) for doses up to 5 kGy for paper samples irradiated

in different conditions (in nitrogen atmosphere, in vacuum

or soaked with water) and exposed to accelerated ageing

[14, 15]. Experimental data show sometime an improve-

ment of these properties, but it was considered the effect of

the high uncertainty of the measurement of the mechanical

testing methods [14–16, 19, 20]. This type of behaviour is

usually explained by crosslinking, but this is rarely repor-

ted for pure cellulose [12, 21, 23]. Because the direct

determination of crosslinks in the irradiated cellulose is

impossible, indirect methods like study of physical–

chemical processes that are associated with the mobility of

macro-chains should be applied [23]. In the absence of new

functional groups within the polymer moiety, the observed

crosslinking effects of irradiated cellulose may be assigned

to an increase in the hydrogen bond supramolecular

structure.

For paper, it is well known the importance of the

hydrogen bonds, the basics of supramolecular cellulose

structure and the three-dimensional network of fibres [21].

Hydrogen bonds are considered to be responsible for the

stability of cellulose compositions over a large range of

temperatures [22]. In paper industry, it is known the effect

of formation and loss of cellulose intermolecular hydrogen

bonds when water is removed or added to paper. It is

known the hysteresis of the mechanical properties

(5–25 %) when humidity of paper is changed, and Tech-

nical Association of the Pulp and Paper Industry (TAPPI)

recommends the preconditioning of the samples at 20 %

R.H. for erasing the previous temperature/humidity history

of the paper samples [24]. The glass transition of amor-

phous cellulose was studied by differential scanning calo-

rimetry [25–29], dynamical mechanical analysis [30] and

computer simulation [31] and it was reported a shift of

the glass transition temperature from temperatures below

100 �C to temperatures over 200 �C when the water con-

tent of the samples decreases to 0.

Thermal analysis proved its potential for characterization

of cellulose modification processes in studies related to

wood, fabrics or paper ageing [25, 32–36], to fibres used in

fabrics [37] and composites [38] or to biomass production

[39–41]. Experimental results show a direct relationship

between the degree of polymerization of cellulose and cer-

tain thermal degradation parameters [42].

The aim of this study is the investigation of the changes in

gamma-irradiated pure cellulose paper by simultaneous TG/

DSC analysis and to find the correlation between peak

parameters and the changes in cellulose structure.

Materials and methods

The tests were performed on Whatman 1 CHR paper (pure

cellulose-chromatographic grade) produced from cotton

linters with no additives [43]. Samples where cut in discs of

about 5.5 mm (close to the size of the Al crucibles) with a

standard perforating machine. Netzsch STA 409 PC Luxx

Simultaneous Thermal Analyzer with TG/DSC sample car-

rier was used for testing under inert atmosphere

(50 mL min-1 pure nitrogen). A quantity of about 16 mg

was tested between 40 and 600 �C at 10 K min-1 in alu-

minium crucibles with pierced caps. For reducing the influ-

ence of free water, the samples were conditioned at least 24 h

at 5 % R.H. at room temperature. Each measurement was

performed in triplicate. For analysis of the DSC curves, it

was used a peak separation technique [44].

Samples were irradiated at the following doses:

2.9 ± 0.2, 5.7 ± 0.5, 8.4 ± 0.8, 14.1 ± 1.2,

28.2 ± 2.2 kGy, (confidence interval given with 2r), in

the SVST Co-60 gamma irradiator of IRASM Radiation

Processing Center (IFIN-HH) at 9.3 kGy h-1. The irra-

diator is a tote-box industrial type, but experimental

arrangements allow static irradiation. The dose range was

chosen to overlap the dose range of interest for the irra-

diation of cultural heritage items [14–17, 45]. The

absorbed dose was measured with ethanol–chlorobenzene

by oscillometric method.

Results and discussion

Typical TG/DTG/DSC curves [46] obtained in our exper-

iment are shown in Fig. 1. For noise reduction in the rep-

resentation of DTG curves a smooth factor = 5, it was

applied to the original TG curve. TG and DSC curves are

represented with original data.
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Four distinctive regions can be observed on the TG/

DTG/DSC curves: I—the region of water loss (around

100 �C); II—the region with practically no mass loss

(around 250 �C); III—the region of cellulose thermal

decomposition (around 365 �C); IV—the region of char

processes (over 400 �C).
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Fig. 1 Typical TG/DTG/DSC

curves obtained for Whatman

paper for doses between 0 and

30 kGy: a mass loss; b mass

loss rate; c heat flow
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Considering the low sensitivity of the DSC over

400 �C and the random appearance of artefacts which

may be assigned to char phase transitions, the region of

over 400 �C was not taken into consideration in our

analysis.

The water loss (I) is obvious in DSC curves but almost

hidden in TG/DTG curves (less than 1 % water loss).

Because of the reduced ratio of water (water evaporating/

desorbing below 100 �C), only one peak is observed on

DSC curves for 10 K min-1 heating rate [47]. The peak

temperature over 100 �C is showing the main contribution

of bond water [27, 48, 49].

Region (II) shows a similar DSC profile for all the

absorbed doses and practically no mass loss. This profile can

be assigned to cellulose de-polymerization (ageing) [29, 30]

and glass transition [25, 27, 29] combined effect. Such effect

is usually observed around 60 �C [29], but it was reported

also around 250 �C [46], as in our results. This shift to higher

temperature may be assigned to the strengthening of the

hydrogen bond structure in the samples with low water

content. An increased number of intra- and inter-molecular

hydrogen bonds will preserve the reduced macromolecule

mobility for a larger temperature range. There is no obvious

glass transition in that area in the DSC curves and this may be

explained by the random intermolecular hydrogen bonding

of the amorphous cellulose. The paper structure is inhomo-

geneous at microscopic level so the phase transitions should

be considered within the boundary of each structural unit

(fibres, fibrils, micro-fibrils).

Taking into account the shape of the obtained DSC

curves, we chosen to describe the region (II) with an

asymmetrical gaussian peak in the further described peak

separation. The shape and position of this peak should

depend on both the initial degree of polymerization and

strength of the hydrogen bond structure.

Third region (III) shows the usual profile of thermal

decomposition of cellulose [46]. As expected for Whatman

paper, there is a high peak temperature, related to the

high molecular mass of cotton cellulose and there are no

obvious evidences of mixture of different grade pulps (no

shoulders in the DTG/DSC peaks). Position and shape of

this peak should depend on the initial degree of polymer-

ization [42, 50] which should be supplementary decreased

by the de-polymerization (ageing) stage.

Figure 2 shows the dependence of the main thermal

analysis parameters on the absorbed dose for the thermal

decomposition of cellulose (region III). The error bars

represent the standard deviation of three samples for each

absorbed dose.

For doses higher than 10 kGy, there is a uniform

decrease or increase of the decomposition parameters, but

there is no obvious dose dependence below 10 kGy. The

high sensitivity of the thermal analysis methods (the

coefficient of variation is better than 1 % for most of the

parameters shown in Fig. 2) allows this conclusion when

mechanical tests can show only no statistical differences

for a similar range of doses [14, 15, 19]. Thermal analysis

samples are much smaller than mechanical testing samples,

and their uniformity is less affected by individual flaws in

paper structure.

The highest coefficient of variation was obtained for

temperature onset of the DTG peaks and this is due to an

artefact which is present on all the DTG curves, with no

correspondence on the DSC curves, as it can be seen in the

example from Fig. 3. This may be due to the contraction of

the sample during the char formation: the macroscopic

movement of fibres is following the microscopic move-

ment of fibrils when the backbone molecules of char are

aggregating. An interesting fact is that the temperature of

this phenomena (Tb in the plot from Fig. 2a) follows well
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Fig. 2 The main peak

parameters derived from TG/

DTG/DSC curves for Whatman

paper cellulose decomposition

for doses from 0 to 30 kGy:

a temperature parameters;

b mass loss; c maximum mass

change rate
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the profile of the peak temperature so the char formation

should be depend mainly on this parameter.

We obtained higher residual mass (Fig. 2b) at the end of

decomposition process when dose is increased which

suggests a retard of the process for lower degree of

polymerization.

The only parameter which shows a continuous increase

(in absolute value) with the increase of absorbed dose is the

maximum mass change rate. The speed of reaction is

probably the most sensitive parameter to the modification

of the degree of polymerization [42]. All other parameters

show a non-uniform behaviour below 10 kGy. However, it

should be mentioned the decrease of the peak width which

is opposite to the widening of DP distribution for irradiated

cellulose [12, 51].

The non-uniform behaviour of the cellulose peak

decomposition parameters may not be explained by the

decrease of degree of polymerization alone. The
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continuous decrease of the degree of polymerization was

reported at both low and high irradiation doses [11–15].

The hydrogen bond supramolecular structure, which is

known to be considerable in the case of cellulose paper,

cannot affect directly the decomposition peak because of

the high temperature range. Under these circumstances,

the study should be extended to the processes before the

thermal decomposition of cellulose.

By using a peak decomposition technique [44], we

obtained supplementary information on the changes

induced by the ionizing radiation to the hydrogen bond

structure of cellulose paper.

Figure 4 shows the separated peaks for the DSC curves

from Fig. 1 in a linear base line approximation. Non-linear

regression (w = 1 that is non-weighted least squares) was

performed for three peaks on a range close to the onset of the

water loss peak and end of the cellulose decomposition peak.

Despite the first two peaks seems to be almost symmetrical

(gaussian), we chosen for all three peaks a Fraser-Suzuki shape

(asymmetric gaussian) [52] available in Netzsch peak separa-

tion software. For all peak separations, it was obtained a cor-

relation coefficient better than 0.99918.

The plots in Figs. 5 and 6 show the dose dependence for

the parameters of the separated peaks. There is almost no

overlapping for the first two peaks, but the overlapping of

the second and third peak is increasing with dose. When

absorbed dose increases, there is shift of peak 2 to higher

temperatures and a shift of peak 3 to lower temperatures.

There are no significant changes for the values and the

shape of the dose dependence for the parameters of the cel-

lulose decomposition peak (Peak 3) compared with the dose

dependences from Fig. 2. The asymmetry of the peak (Fig. 6c)

shows no significant changes for the dose range on study.

A non-uniform behaviour at low doses was obtained also

for the first and second peak.

Because of the low water content and the lack of sen-

sibility of the instrument for temperatures below 70 �C, the

parameters of the water loss peak (peak 1) have a higher

coefficient of variation. Both position (peak temperature)

and width of the peak are changed when the dose is

increased (Fig. 5b, c). For both, it can be observed a step

function: over 10 kGy, there is a sudden broadening of the

DSC peak which in maintained almost constant for doses

higher than 10 kGy. Consequently, the peak area presents

the same shape (Fig. 5d).

The standard deviations of peak 2 onset and endset are

considerable higher than the standard deviation of other

parameters shown in Fig. 5a. This is due to weak constraints in

the peak separation that allows a weaker convergence of the

non-linear regression. Peak 2 width and asymmetry are also

mostly influenced by the linear baseline approximation.

However, peak temperature and peak amplitude have better

coefficient of variation and show a similar behaviour: almost

constant value below 10 kGy and a continuous increase over

10 kGy.

The asymmetry of first peak (Fig 6a) is low and is

decreasing to zero (gaussian shape), within the limits of a high

standard deviation. The same trend is observed for the second

peak, while the third one (cellulose decomposition) is main-

taining its specific asymmetry on a large interval of absorbed

doses (Fig. 6b, c).

Conclusions

The analysis of the peak parameters of the cellulose thermal

decomposition does not provide enough information for

explaining the week dose dependence at low doses. In this

temperature range, it should not be any influence of the

intermolecular hydrogen bonds, but the degree of polymer-

ization at the beginning of thermal decomposition is altered

by the previous ageing stage.

Supplementary information can be obtained by peak

separation. The strong hydrogen structure can delay the de-

polymerization of cellulose. By breaking the cellulose

macromolecule, it is expected in a first phase a change in the

hydrogen bond structure: reforming of the intra- and inter-

molecular hydrogen bonds or strengthening of the existing

ones with an overall increase of the hydrogen intermolecular

bonds (crosslink). With a further decrease of DP (increase of

absorbed dose), the strengthened hydrogen bond structure

may produce breakings in the structural units of the fibre

(micro-fibrils, fibrils). This can explain the step function

profile observed for peak 1 half width. Changes in the fibril

structure were observed by scanning electron microscopy

[53, 54].

For certain thermal analysis parameters (thermal

decomposition mass loss, rate of thermal degradation), it was

reported in the literature, a continuous (exponential)

decrease when degree of polymerization is increasing [42]. It

is well known the continuous decrease of degree of poly-

merization when irradiation dose is increased [11–18]. In our

study, we obtained a non-uniform dependence on the

absorbed dose for most of the thermal decomposition

parameters. However, we can identify a dose range where the

changes in cellulose structure are driven mainly by the

hydrogen bond structure. For this dose range, the hydrogen

bond structure is maintained or improved independently

of decrease of degree of polymerization (up to 50 %

[14, 20]). Cellulose irradiated at low doses maintains its

original hydrogen bond structure, despite the decrease of

the degree of polymerization, and this explains why paper

maintains its mechanical properties practically unchanged

[14, 15, 19].
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