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Abstract

Solid-state NMR spectroscopy and Fourier transform IR (FTIR) spectroscopy have been used to study the de-

gradation of cellulose in the form of transformer insulating paper and Whatman ®lter paper in air at temperatures from

200°C to 550°C for 1 h with and without 0.01 wt.% NaCl, ZnCl2 and CuCl2. The NMR studies included 1H wide line

measurements of the spin-lattice relaxation time (T1) and spin-lattice relaxation time in the rotating frame (T1q), and 13C

magic-angle spinning experiments. The 1H spectra and relaxation times indicated the presence of absorbed water and

oxygen in the papers. On degradation, the 1H intensity and line width decreased, indicating the loss of hydrogen nuclei,

and the 1H relaxation times decreased due to the formation of paramagnetic species. The 13C-NMR spectra and FTIR

spectra indicated the formation of aromatic structures on degradation above 250°C, the conversion being essentially

complete at 450°C. The presence of the salts had little or no e�ect on the rate or mechanism of degradation. Ó 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cellulose products such as cotton textiles and paper

are widely used materials of great commercial impor-

tance. An important property of cellulose in these

products and others is its deterioration due to ageing

and degradation e�ects. For example, cellulosic materi-

als have been proven to have desirable chemical and

physical properties for use as electrical insulators, but

the materials degrade as the materials age. The degra-

dation of cellulose at relatively low temperatures

(<200°C) has been the subject of a number of studies,

two major points of interest being the decrease in the

degree of polymerisation and the detection of furanoic

compounds for use as speci®c chemical indicators of

degradation [1±13].

Pyrolysis of cellulose at higher temperatures has also

been widely studied [14±23], one driving force being

understanding the processes involved in the production

of activated carbon. The chemistry appears to proceed

via the formation ®rst of furanoic then of aromatic

structures. Fourier transform IR (FTIR) spectroscopy

and high-resolution solid-state 13C-NMR studies

[19,20,22] have shown that there is little change in

chemical structure up to �200°C but degradation is

rapid thereafter. ESR studies [23±25] have shown that

free radicals are produced during cellulose pyrolysis, the

concentration of free radicals increasing for pyrolysis

temperatures up to 650±700°C but decreasing thereafter

[23]. There is evidence that the process may be a�ected

by the presence of quite small amounts of metal ions

[26±31].
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In this study, the degradation of cellulose in the form

of transformer insulating paper and of Whatman ®lter

paper in air at temperatures up to 550°C with and without

metal chlorides has been studied using solid-state NMR

spectroscopy and FTIR. The NMR studies included 1H

wide line measurements of the spin-lattice relaxation time

(T1) and spin-lattice relaxation time in the rotating frame

(T1q), and 13C magic-angle spinning (MAS) experiments.

Although NMR studies of the high temperature degra-

dation of cellulose have been reported previously

[19,20,22,23], none have used all these techniques to-

gether on the same materials, nor has such a detailed

NMR study using 1H and 13C-NMR been performed.

2. Experimental

2.1. Materials

The materials studied were

(i) a pulp Kraft paper from Mukyuo, Sweden con-

taining 90% cellulose, the remainder being pentosans

and lignin;

(ii) Whatman no. 42 ®lter paper obtained in Brazil;

(iii) Whatman no. 42 ®lter paper obtained in Brazil

and impregnated with aqueous solutions of the salts

NaCl, ZnCl2 and CuCl2 to obtain an increase of

metal mass corresponding to approximately 0.01

wt.%. The impregnated papers were dried in air using

an oven at a maximum temperature of 50°C;

(iv) Whatman no. 1 ®lter paper obtained in Manches-

ter.

2.2. Filter paper samples

For reasons explained in Section 3, 1H-NMR mea-

surements were made on Whatman no. 1 ®lter paper

exposed to the following conditions:

(i) Under ambient conditions exposed to atmospheric

oxygen and water vapour. Undried air was used to

¯ush the NMR probe.

(ii) With absorbed water but substantially reduced

oxygen. A desorbed sample from (iv) below was ex-

posed to water vapour under N2 atmosphere in a

closed vessel for 24 h, then the NMR tube was sealed.

(iii) With absorbed oxygen but substantially reduced

water. A normal sample was placed in air in a dessi-

cator with calcium chloride until the water had been

drawn o� (24 h) then the NMR tube was sealed.

(iv) Substantially reduced absorbed water and oxy-

gen. The NMR probe was ¯ushed with dry N2 gas

with the sample in an open NMR tube until the

NMR spectrum and relaxation times had reached

equilibrium (�24 h).

2.3. Degradation

Thermal degradation was carried out by heating

separate samples of papers in air at 200°C, 250°C,

300°C, 350°C, 400°C, 450°C and 550°C for 1 h.

2.4. FTIR spectroscopy

Degradation residues in the form of KBr discs were

analysed by transmittance IR spectroscopy using a

Perkin Elmer Spectrum 1000 FTIR spectrometer.

2.5. NMR spectroscopy

Residues from thermal degradation were studied by
1H wide line (300 MHz) and 13C-NMR (75.5 MHz)

spectroscopy, using a Varian Associates Unity 300

spectrometer equipped with Doty Scienti®c Inc. probes.

All 13C spectra and most 1H spectra were run under

ambient atmosphere at �22°C. 1H spectra of some

samples were also run using dry N2 gas to ¯ush the probe.

For 1H spectra, the samples were packed into short

lengths of 5 mm OD glass NMR tubes. T1 and T1q were

measured using standard techniques [18]; the RF ®eld for

T1q was 45 kHz and the 90° pulse width was 1.6 ls. For
13C spectra, the samples were packed into 7 mm OD

alumina or zirconia rotors. Spectra were acquired using

CP/MAS cross-polarisation (CP) at a spin rate of 4±4.5

kHz. The RF ®eld strengths were 36 kHz for CP and 45

kHz for dipolar decoupling. Other relevant spectrometer

conditions are given in the text or ®gure captions.

3. Results and discussion

3.1. 1H-NMR line shape

Fig. 1 shows 1H wide line NMR spectra run in am-

bient atmosphere for Kraft paper in its original state and

after degradation at various temperatures. All spectra

clearly showed relatively broad and narrow components.

The broad component was attributed to rigid cellulose

molecules. The narrow component disappeared after a

few hours when dry N2 gas was used to ¯ush the NMR

sample (see Fig. 2) but re-appeared when air was re-

stored, and it was therefore attributed to relatively mo-

bile absorbed water. It is noteworthy that water was

absorbed even by highly degraded samples which ap-

peared highly carbonaceous: compare for example the

spectra of the sample degraded at 350°C run in air (Fig.

1(e)) and in N2 (Fig. 2(b)).

As the degradation temperature increased, there were

two noticeable changes in the character of the 1H spec-

trum. The ®rst change was that the total 1H intensity

decreased signi®cantly. Although it is recognised that it

is di�cult to compare the NMR intensity of di�erent
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samples because of variations in such instrumental in-

¯uences as the sample tube ®lling factor and probe

tuning, nevertheless every e�ort was made to keep these

conditions constant as far as possible, and it is believed

that the intensities of di�erent samples were comparable

to better than a factor of 2. In fact a di�erence of a

factor of 5 in absolute integrated intensity was observed

between the original cellulose and that degraded at

450°C. This di�erence was therefore signi®cant, and

pointed to a substantial loss of hydrogen nuclei during

degradation. This is consistent with elemental analysis

results of Julien et al. [17] who reported that the H/C

ratio decreased from a value of 1.8 in cellulose to a value

of �0.4 on pyrolysis at 500°C for 3 h. The second change

was that the 1H line shape narrowed signi®cantly on

degradation. In principle, a reduction in line width could

arise from either an increase in molecular mobility or

from a decrease in the magnitude of 1H±1H dipole±di-

pole coupling arising from more widely separated 1H

nuclei. In view of the brittle character of the degraded

materials and the loss of 1H nuclei, the second inter-

pretation is undoubtedly correct.

To examine magnetic relaxation in the presence of

absorbed water in more detail, the 1H line shape was

separated by integration into broad and narrow com-

ponents, the latter being de®ned somewhat arbitrarily as

the central 10 kHz region. This separation was not

carried out for dried samples.

3.2. 1H T1 relaxation times

For a particular sample, the T1 relaxation curves of

both broad and narrow components were very closely

exponential (standard deviations of an exponential ®t of

1% or less) with similar time constants, suggesting e�-

cient coupling of broad and narrow spin populations by

spin di�usion. We consider ®rst data for the original

materials and for the ®lter paper with and without water

or oxygen. Under ambient air conditions, the relaxation

times of the original materials were very similar, but

there were substantial changes when water and/or oxy-

gen was removed. It was observed that for unsealed

samples, the use of N2 gas for probe cooling had two

e�ects, ®rst the narrow component disappeared as noted

above and second the value of T1 increased markedly.

The increase in T1 could arise from two factors, anti-

plasticisation of the cellulose due to loss of absorbed

water, and/or loss of absorbed paramagnetic oxygen. In

order to elucidate the relative importance of these fac-

tors, measurements were made on ®lter paper treated as

described in Section 2 so as to have (i) ambient absorbed

Fig. 1. Wide line 1H-NMR spectra run in ambient air for

Whatman no. 42 ®lter paper degraded at di�erent temperatures:

(a) original; (b) 200°C; (c) 250°C; (d) 300°C; (e) 350°C; (f)

400°C; (g) 450°C.

Fig. 2. Wide line 1H-NMR spectra of Whatman no. 42 ®lter

paper run under N2 gas. (a) original; (b) degraded at 350°C.
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oxygen and water, (ii) absorbed water but substantially

reduced oxygen, (iii) absorbed oxygen but substantially

reduced water, and (iv) substantially reduced water and

oxygen; results are given in Table 1. Comparing samples

(iii) and (iv) ®rst, the slightly greater value of T1 for

sample (iv) clearly indicates that cellulose is capable of

absorbing O2, although the extent of absorption cannot

be determined from these data. Attempts to detect ab-

sorbed oxygen using X-band ESR [32] were unsuccessful

because of low concentration and/or broad lines. The

presence of absorbed oxygen could have implications for

the mechanism of cellulose degradation under aerobic or

anaerobic conditions. Large e�ects of absorbed oxygen

on longitudinal relaxation have been reported for other

polymers [33] though these contained aromatic groups

which are more capable of interacting with oxygen

molecules. Comparing samples (ii) and (iv), it is also

evident that the presence of absorbed water provides an

important longitudinal relaxation mechanism. The fact

that T1 of sample (ii) was shorter than that of sample (i)

even though (ii) contains no O2 is explained by the fact

that sample (ii) actually contained more absorbed water

than (i) because it was exposed to water vapour at its

saturated vapour pressure in a sealed container rather

than water vapour under ambient air conditions. The

higher water content was clearly manifest in a higher

relative intensity for the narrow component in sample

(ii). The narrow line width for the absorbed water in-

dicates that compared to the cellulose chains, the water

is relatively free motionally and capable of acting as a

longitudinal relaxation sink. The coupling of longitudi-

nal relaxation of the cellulose and the water is suggested

by the near equality of the T1 values of the broad and

narrow components and proven by a Goldman±Shen

experiment [34] illustrated in Fig. 3 which clearly shows

the features of two spin populations undergoing rapid

spin di�usion viz initially a rapid fall in the narrow in-

tensity and a rapid rise in the broad intensity until their

spin temperatures are equalised, followed by a common

relaxation to thermal equilibrium.

Table 2 gives T1 data for degraded samples. There was

a substantial di�erence between the degraded samples of

the Kraft and ®lter papers. For the ®lter paper, T1 ini-

tially increased slightly for temperatures of 200°C and

250°C but thereafter decreased signi®cantly as the de-

gradation temperature increased. The initial increase is

qualitatively consistent with data reported by Ali et al.

[22] for Kraft insulating paper degraded at 160°C,

though their values of T1 were shorter than those found

here by a factors of 3 or 4, even though measurements

were made at the same resonance frequency. In this

work, no increase in T1 for the Kraft paper samples was

observed, and the values were signi®cantly less than

those of the ®lter paper samples. Possibly the di�erence

in T1 between celluloses from di�erent sources is due to

variations in morphology or molar mass, and a detailed

study of the variation in T1 for cellulose samples of dif-

ferent origins and histories would seem desirable. In two

cases (®lter paper at 200°C and 400°C), the values of T1

increases substantially when N2 was used to ¯ush an

unsealed sample tube. It is thus likely that the char

products continue to be able to absorb water and oxygen.

Table 1
1H T1 relaxation times for Whatman ®lter paper under various conditions

Material Conditions % Narrow component T1 (s)

Broad Narrow

Kraft paper Ambient O2, H2O 8.4 1.51 1.27

Whatman no. 42 Ambient O2, H2O 1.40 1.42

Whatman no. 1 (i) Ambient O2, H2O 2.00 1.91

(ii) Absorbed H2O, no O2 1.09 0.99

(iii) Absorbed O2, no H2O 3.36 ±

(iv) No O2, no H2O 6.73 ±

Fig. 3. Example of a Goldman±Shen spin di�usion experiment

for Whatman no. 1 ®lter paper under ambient atmosphere. The

ordinate is the integral as a fraction of its equilibrium value.

(�): broad component; ( ): narrow component.
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As the degradation temperature increased up to

450°C, the value of T1 decreased signi®cantly. In view of

the brittle character of the residues, this decrease in T1 is

unlikely to be due to an increase in chain mobility but

rather enhancement of relaxation e�ciency by para-

magnetic species whose presence in degraded cellulose

was mentioned by Zawadzki [16] and by Price et al. [18]

and which have been observed directly by ESR [23,24].

Wind et al. [23] have reported values of 1H T1 at reso-

nance frequencies of 64 and 187 MHz in cellulose de-

graded under N2 at up to 1000°C for 6 h, measured on

samples sealed in vacuo. As well as the di�erences in

degradation and experimental NMR conditions, their

data were reported graphically so it is di�cult to com-

pare results in detail. As an example, we estimate their

T1 at 187 MHz for a sample degraded at 450°C to be

0.12 s. This is of the same order of magnitude to the

value of 0.069 s reported here for a sample degraded for

only 1 h run at 300 MHz in air.

For the ®lter paper samples, the presence of NaCl

and ZnCl2 had little or no e�ect on T1 of either de-

graded or undegraded materials (Table 1), but the

presence of CuCl2 led to a signi®cant decrease, due

presumably to enhanced relaxation by the paramagnetic

Cu2� ions.

3.3. 1H T1q relaxation times

The T1q relaxation curves of both broad and narrow

components for the ®lter paper samples were found to

be non-exponential in character as shown by the non-

linearity of the example plot of log (intensity) vs. time in

Fig. 4. The T1q curves were accordingly ®tted with a

biexponential function with fast and slow contributions,

T1qf and T1qs. The quality of this analysis is shown in

Fig. 4, where the biexponential ®t (solid line) is com-

pared with a single exponential ®t (dashed line); it is

clear that the former is an acceptable representation.

Biexponential ®t parameters for all samples are given in

Table 3. As for T1, the values of T1q decrease on de-

gradation, again presumably due to the contribution

from paramagnetic degradation products, but in general

the magnitude of the decrease in T1q is somewhat less

than that in T1. Also the decrease in T1q appears to

occur as a rather sudden step at a degradation temper-

ature of �300°C, its value remaining relatively constant

below and above that temperature. Thus unlike T1, T1q

appears insensitive to the increasing concentration of

unpaired electrons produced [23] as the degradation

temperature increases. Both T1 and T1q are controlled by
1H±1H dipole±dipole interactions and by 1H±electron

dipole±dipole and scalar interactions, but it is well-

known that T1q is more sensitive than T1 to slow mo-

lecular motions and that it is much less susceptible than

T1 to averaging by spin di�usion because of its much

lower value [35]. It is suggested therefore that T1q is

controlled principally by the relaxation contribution

from 1H±1H dipole±dipole interactions operating on a

slower timescale than that of the 1H±unpaired electron

interactions. T1q therefore changes to a smaller extent on

degradation. For the same reason, the values of T1q

changed very little when N2 was used for probe cooling.

The relative constancy of T1q for degradation tempera-

tures above 300°C suggests a heterogeneous structure

for the char in which the protons remain localised in

small groups separated by carbon-rich domains. Further

clari®cation of the relaxation mechanism could shed

light on the structure of the degradation products, but an

Table 2
1H T1 relaxation times for degraded cellulose

Material Degradation

temperature (°C)

NMR atmosphere Salt % Narrow

component

T1 (s)

Broad Narrow

Kraft paper 200 Air ± 6.4 0.39 0.38

250 Air ± 10 0.23 0.22

300 Air ± 6.5 0.12 0.12

350 Air ± 8.6 0.069 0.042

Whatman no. 42 200 Air ± 5.7 2.14 2.05

200 N2 ± 7.6 ±

250 Air ± 4.9 2.14 2.09

300 Air ± 10 0.39 0.36

350 Air ± 11 0.19 0.20

400 Air ± 8.2 0.093 0.088

400 N2 ± ± 0.38 ±

450 Air ± 22 0.077 0.069

Whatman no. 42 Original Air CuCl2 7.8 0.11 0.14

350 Air CuCl2 12 0.077 0.076

350 Air ZnCl2 12 0.22 0.21

350 Air NaCl 8.2 0.23 0.21
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extensive investigation of the temperature and frequency

dependence of relaxation times would be required.

3.4. 13C-NMR

Fig. 5 shows 13C-CP/MAS-NMR spectra of Kraft

paper in its original state and after degradation for 1 h at

various temperatures. Up to a degradation temperature

of 250°C, the 13C spectra remained relatively unchanged

and fairly well resolved with peaks in the region of 60±

100 ppm corresponding to carbons bonded to oxygen in

the cellulose polysaccharide structure [22]. However

there was a dramatic change at 300°C and above. The

spectra became much less well resolved and new peaks

developed. The most signi®cant new peak was an in-

tense, broad unsaturated carbon peak spanning the re-

gion 100±160 ppm which was present for all degradation

temperatures. The second new peak was a broad satu-

rated carbon peak spanning the region 0±60 ppm which

developed rapidly in intensity at a degradation temper-

ature of 300°C but which thereafter declined and became

barely detectable at 450°C. There were large chemical

shielding anisotropy spinning sidebands (ssb) of the

unsaturated carbon peak as indicated on the spectra.

Unfortunately the low frequency sidebands completely

obscured the original cellulose peaks and partially

overlapped the saturated carbon resonance at 0±60 ppm.

To quantify the saturated/unsaturated carbon ratio, it

was necessary to estimate the contribution of the low

frequency unsaturated carbon sidebands to this satu-

rated carbon resonance. To do this, it was assumed that

degradation at 450°C eliminated all saturated carbons,

an assumption justi®ed by the very low intensity at 30±

50 ppm in Fig. 5(f). This spectrum then gave the relative

intensities of the aromatic sidebands and centreband,

which were then used to estimate the aromatic sideband

contribution to the saturated carbon region in the lower

temperature samples. It was found that at 300°C, about

30% of the carbon intensity lay in the aliphatic region,

and at 350°C, about 10%. These values are consistent with

those reported previously [20] for similar samples where
13C spectra were recorded using a lower resonance fre-

quency at which spinning sidebands were not a problem.

In order to obtain additional information on the

constitution of the degraded cellulose, additional 13C-

Fig. 4. Example of the analysis of a T1q decay curve. The data

is for the broad component of Whatman no. 42 ®lter paper

degraded at 200°C run under ambient atmosphere. (�): exper-

imental points, (Ð): biexponential best ®t and (- - -): expo-

nential best ®t.

Table 3
1H T1q relaxation times for degraded Whatman no. 42 ®lter paper

Degradation

temperature (°C)

NMR atmosphere Salt T1q (ms)

Broad Narrow

T1qf T1qs % Fast T1qf T1qs % Fast

Original Air ± 3.8 25 37 1.0 58 84

200 Air ± 2.5 19 33 0.54 23 93

200 N2 ± 2.5 20 28 ± ± ±

250 Air ± 2.4 17 37 0.38 16 84

300 Air ± 0.76 5.8 33 0.29 7.6 85

350 Air ± 0.54 4.0 51 0.24 3.9 82

400 Air ± 0.75 5.6 54 0.50 4.5 82

400 N2 ± 0.52 6.6 73 ± ± ±

450 Air ± 0.67 4.4 47 0.86 4.3 77

Original Air CuCl2 2.9 19 41 0.71 12 86

350 Air NaCl 0.53 4.6 57 0.21 8.6 81

350 Air ZnCl2 0.57 4.3 57 0.18 9.4 73

350 Air CuCl2 0.59 4.4 55 0.27 9.7 86
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NMR experiments were carried out. Fig. 6 compares the

standard CP/MAS spectrum of the Whatman paper no.

42 degraded at 350°C with that obtained after allowing

the 13C-FID to dephase under the in¯uence of 13C±1H

dipolar coupling for 30 ls. The dipolar dephasing

technique discriminates against protonated carbons

compared to non-protonated carbons because of the

greater 13C±1H dipole±dipole coupling for the former. It

is apparent that dipolar dephasing results in a much

greater loss in intensity for the saturated carbon degra-

dation peak at 0±60 ppm than for the unsaturated peak

at 100±160 ppm. Thus the unsaturated peak has a sub-

stantial contribution from unprotonated carbons. This is

also revealed by variable contact time experiments in

which the intensity of a 13C peak is monitored as a

function of the time for which the Hartmann±Hahn

contact is maintained to transfer magnetisation from 1H

to 13C nuclei. Typically the 13C intensity ®rst increases

rapidly for �100 ls due to fast CP with a time constant

TCH and then decreases more slowly due to 1H relax-

ation in the rotating frame with relaxation time T1qH,

according to the equation [34]

St � S0 1
ÿ ÿ eÿt=TCH

�
eÿt=T1qH �1�

where S0 is the equilibrium 13C-CP intensity in the ab-

sence of 1H or 13C rotating frame relaxation. Using peak

heights as a measure of peak intensity, the intensities of

the unsaturated and saturated degradation peaks for the

Whatman no. 42 paper degraded at 350°C are shown as

a function of contact time in Fig. 7, together with the

best-®t curves according to Eq. (1). The best-®t relax-

ation times were:

unsaturated peak: TCH � 0:14 ms and T1qH � 3:4 ms,

saturated peak: TCH � 0:05 ms and T1qH � 2:7 ms.

The value of TCH for the saturated peak was a factor

of 3 shorter than that of the unsaturated peak, indicat-

ing a very much higher proportion of protonated carbon

content. The values of T1qH were not signi®cantly dif-

ferent, indicating that the 13C intensity of both saturated

and unsaturated peaks in CP experiments was generated

from the same 1H population.

CP/MAS spectra for cellulose degraded at 350°C

with added NaCl, ZnCl2 or CuCl2 are shown in Fig. 8;

these were little di�erent from each other or from cel-

lulose degraded alone, indicating that these salts had

Fig. 5. 13C-CP/MAS spectra for Whatman no. 42 ®lter paper

degraded at di�erent temperatures. (a) original; (b) 250°C; (c)

300°C; (d) 350°C; (e) 400°C; (f) 450°C. The labels ssb on (d)

indicate a CSA ssb.

Fig. 6. 13C-CP/MAS spectra for Whatman no. 42 ®lter paper

degraded at 350°C. (a) standard spectrum; (b) spectrum after

allowing the 13C-FID to dephase under the in¯uence of 13C±1H

dipolar coupling for 30 ls.
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little or no e�ect on the kinetics or mechanism of for-

mation of the char product.

3.5. FTIR spectroscopy

Fig. 9 compares the FTIR spectra of Kraft paper

residues at various temperatures, while Fig. 10 compares

the spectra of the 350°C residues of the di�erent papers

and of Whatman no. 42 paper impregnated with salts.

There were no signi®cant di�erences between the FTIR

spectra of the di�erent samples, indicating that neither

the pentosans and lignin in the Kraft paper nor the salts

in the impregnated Whatman paper had any signi®cant

e�ect. The spectra are unfortunately rather poorly re-

solved, presumably because of complex changes in

chemical structure and morphology. Detailed examina-

tion of the spectra in Fig. 9 reveals the following changes

in functional groups:

(a) Above 250°C, decomposition of the glycopyra-

nose ring was shown by the disappearance of bands

at 3400±3300 cmÿ1 (OH stretch), 2900 cmÿ1 (CH

stretch), 1430 cmÿ1 (CH2 deformation), 1370±1320

cmÿ1 (CH and C±OH deformation), 1160 cmÿ1 (C±

O±C stretching) and 1058 cmÿ1 (skeletal vibration in-

volving C±O stretching).

(b) A band at �1600 cmÿ1 due to aromatic C@C

stretching modes grew during degradation. An aro-

matic structure was also indicated by aromatic C±H

out-of-plane deformation vibrations at 870, 800 and

750 cmÿ1 for the sample degraded at 550°C.

(c) A band at �1700 cmÿ1 attributable to a carbonyl

stretch was observed on degradation at 350°C and

450°C. This declined sharply for the sample degraded

at 550°C. Although a characteristic carbonyl peak

would be expected at 170±200 ppm in the 13C-CP/

MAS spectra, this would be obscured by the high fre-

quency ssb of the unsaturated carbons. In the absence

of a better resolved spectrum, and further information

Fig. 7. 13C-CP/MAS intensity as a function of contact time for

Whatman no. 42 ®lter paper degraded at 350°C. ( ): unsatu-

rated carbon peak at 125 ppm; (�): saturated carbon peak at 20

ppm. The curves are best ®ts using Eq. (1).

Fig. 8. 13C-CP/MAS spectra for Whatman no. 42 ®lter paper

degraded at 350°C with and without added salt. (a) no salt; (b)

with NaCl; (c) with ZnCl2; (d) with CuCl2.

Fig. 9. FTIR spectra of Kraft paper samples degraded at dif-

ferent temperatures: (a) original; (b) 250°C; (c) 350°C; (d)

450°C; (e) 550°C. The feature at �2300 cmÿ1 is an instrumental

artefact.
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on the in¯uence of degradation conditions on the

FTIR spectrum, the question of why the carbonyl

peak decreases after 450°C remains unclear.

4. Conclusions

This work has shown in more detail than previously

the extent to which 1H and 13C-NMR spectra and re-

laxation times are a�ected by high temperature degra-

dation of cellulose. Major changes occur rather suddenly

at temperatures higher than 250°C resulting in the loss of

protons and the development of new saturated and un-

saturated structures. Unfortunately the 13C-CP/MAS

spectra showed insu�cient resolution to give detailed

information on the chemical structure of the degradation

char product. 1H spectra relaxation times are a�ected by

the presence of adsorbed oxygen and water. Since both of

these may in¯uence the degradation process, NMR o�ers

a possible method of investigating their e�ects.
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Fig. 10. FTIR spectra of cellulose samples degraded at 350°C.

(a) Kraft paper; (b) Whatman no. 42 ®lter paper; (c) Whatman

no. 42 paper with NaCl; (d) Whatman no. 42 paper with ZnCl2;

(e) Whatman no. 42 paper with CuCl2. The feature at �2300

cmÿ1 is an instrumental artefact.
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