
B U L L E T I N DE L'ACADEMIE 
POLONAISE DES SCIENCES 
S6rie des sci. chim., g6ol. 
et geogr.—Vol. VII, No. 12, 1959 

ORGANIC CHEMISTRY 

Infra-red Absorption Spectra of Products 
of Carbonization of Cellulose 

T . U R B A N S K I , W . H O F M A N , T . O S T R O W S K I a n d M . W I T A N O W S K I 

There are two theories concerning the o r ig in of n a t u r a l coa l [1]. 
T h a t of Berg ius [2] suggests tha t cellulose is the p r i m a r y substance i n 
the coal i f ica t ion process; the other main ta ins tha t coal has been formed 
due to some ac t ion of temperature a n d pressure o n l i g n i n (Fischer and 
Schrader [3]). The la t ter v i ew is not general ly p reva i l ing . 

I n one of our earlier papers [5] we no ted tha t the infra-red spect rum 
of a r e l a t ive ly y o u n g b r o w n coal showed a group of bands character is t ic 
of cellulose, u n l i k e the spectra of older coals. T h e w o r k n o w presented 
is a n a t tempt of fo l lowing the process of a r t i f i c ia l ca rbon iza t ion of 
cellulose b y e x a m i n i n g the absorpt ion spectra of the products of car­
bonisa t ion . 

E x p e r i m e n t s were made w i t h co t ton l inters (98% a-cellulose) a n d 
wood cellulose (96% a-celluloso), so as to e l iminate acc identa l errors and 
to make sure of a general character of the changes. Since the process 
of t he rma l decomposi t ion was carr ied out i n a slow f low of n i t rogen under 
reduced or a tmospheric pressure, the vola t i le products were r emoved a n d 
a clearer p ic ture of ca rbon iza t ion cou ld be ob ta ined ; also eventua l pressure 
effect m igh t be t raced. The process r u n under higher pressure, i . e. i n 
condi t ions more resembl ing those of na tu ra l coal i f ica t ion, w i l l be the 
subject of fur ther inves t iga t ion . 

Tlirco series of experiments were made: two with cotton linters (under 15 mm Hg 
and atmospheric pressure) and one with wood cellulose (under 15 mm Hg pressure). 
4 g samples of the substance were placed in a glass tube of 26 mm in diameter, heated 
in an electric furnace to a definite temperature with ±2°C deviations. Nitrogen was 
slowly drawn through the tube in order to avoid combustion of the sample, and to 
remove the volatile products of decomposition. Inside the tube either atmospheric or 
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15 mm Hg pressure was maintained. The heating of the samples was continued at 
a constant temperature until no further decomposition could be detected, i . e. no more 
gaseous products were evolved and (in a special series of experiments) a constant weight 
of the samples was attained. Two hours were sufficient to obtain this stage. Each 
series of experiments involved heating the samples at different temperatures within 
the range of 205-575°C. 

Thereafter, elementary analysis of each sample was performed. The results are 
xiven in Tables I and II. The losses in the weight of the samples are plotted against 

H 0 
the temperature in Fig. 1, the van Krevelen diagram - - against - is shown in Fig. .'!. 

The infra-red spectra of the carbonized samples were measured in a Hilger 
.800 double-beam recording spectrometer with sodium chloride optics. Nujol mulls 
(ratio 50:50) of the samples were used as thin films. The range of measurement was 
4500—750 c m - 1 . The spectra are given in Fig. 2; the curves are subsequently shifted 
up in the absorption scale to avoid overcrowding. The band frequencies are listed in 
Tables III and IV. 

Discussion 

There is a considerable increase of losses i n the weight of bo th co t ton 
I inters a n d wood cellulose near 300° C (F ig . 1). The rise of the curve, 
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Fig. 1 

s l igh t ly more pronounced for the experiments under reduced pressure, 
is v e r y sharp i n each case. The v a n K r e v e l e n d iagram ( F i g . 3) shows 

tha t there is a large decrease of the a tomic rat ios -~ and ^ when passing 

through a narrow range of temperature about 3 0 0 ° 0 . T h e d i r ec t ion of 
the curve suggests tha t dehydra t ion of the samples should occur . These 
facts po in t out that some essential changes in the structure of cellulose 
must take place after a ce r ta in c r i t i ca l temperature has been reached. 
A more detai led picture of the changes can be obtained from the infra­
red spectra. 

Since the results of the infra-red analysis are near ly ident ica l for a l l 
the series of experiments , the discussion cont inued below involves them 
as a whole. 
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Hand 

C o t t o n 1 i n t e r s u n d e r 

1 nou-carbonized c. 3300 (vs,b), 1640 (m), 1270 (sh), 
2 205° C c. 3300 (vs,b), 1635 (w), 1280 (sh), 
3 245° C c. 3300 (s,b), 1635 (w). 1270 (sh), 
4 300° C c. 3300 (w,b), 1695 (m), 1600 (w) 1280 (vw) 
5 375° C c. 3300 (vw,b) 1605 (s), 1595 (m) 1280 (vw) 
ii 375° C c. 3300 (vw,b), 1695 (w), 1580 (m), 1280 (ww) 
7 425° C 1690 (fir), 1580 (m), 1280 (vw), 
8 475° C 1690 (vw), 1575 (w) 
9 525° C 1690 (vw), 1570 (w) 

lo 575° C 1690 (vw) 1570 (w) 

C o t t o n s L i n t e r a u n d e i 

1 245° C c. 3300 (vs,b) 1640 (w) 1280 (w), 
- 275° C c. 3300 (vs,b) 1690 (w), 1630 (m). 1280 (w), 
3 325° C c. 3300 (vw,b), 1690 (s), 1595 (m). 1280 (vw), 
4 375° C 1690 (g), 1590 (8), 1280 (vw), 
5 475° C 1690 (vw), 1580 (w). 1280 (vw) 
6 575° C 1580(w) 

T A 

J • Hand 

W o o d <M ! 11 u 1 0 s ( u n d e r 

1 non-carbonized c.3250(vs.b). 1640(111). 1280 (sh), 
2 205° C c. 3250 (vs,b), 1640 (in), 1280 (w). 
3 245° C c.3250(vs,b), 1695 (sh), 1640 (w). 1280 (vw), 1240 (w). 
4 275° C 0. 3250 (vs.b), 1695 (w). 1640 (w), 1280 (vw), 1240 (w), 
5 300° C c.3250(s.b). 1695 (s), 16(H) (m). 1280 (vw), 1240 (w), 
6 325° C c. 3250 (w,b), 1695 (s). 16(H) (•), 1280 (vw), 
7 375° C c. 3350 (vw,b). 1695 (s). 1600 (s), 1280 (vw). 

8 425° C 1695 (m). 1600 (•), 1280 (vw). 

9 475° C 1695 (w). 1595 («), 1280 (vw). 

10 575° C 1690 (vw). 1580 (ill). 

11 575° C 1690 (vw) 1570 (w) i 

Legend: b -broad, m medium, sh shoulder, s strong, vs —very strong, 
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B L K III 

f requencies ( cm - 1 ) 

15 nun Hg p r e s s u r e 

1195 (sh), 1155 (s). 1105 (sh), 1050 (vs), 1025 (sh), 895 (w). 
1195 (sh). 1155 (s). 1105 (s). 1050 (vs), 1025 (sh). 895 (sh), 
1195 (sh). 1155 (s), 1105 (s). 1050 (vs), 1025 (s). 895 (Sh) 

1156 (vw), 1105 (vw), 1050 (vw), 895 (vw), 790(vw) 
1155 (sh), 1105 (sh), 1050 (sh). 1025(sh) 945 (sh), 870 (vw) 
1155 (sh), 1050 (sh). 950 (sh). 880 (vw), 795 (vw) 
1155 (sh) 870 (vw) 
1155 (sh) 860 (vw). 800 (vw) 

870 (w), 
S70 (w) 

800 (vw) 

a t m o s p 1 
1 

e t i <• p re ss u t e 

1200 (w). 1155 (s). 1105 (s)„ 1050 (vs), 1030 (vs). 100O (sh), 900 (sh) 
1200 (sh), 1155 (s). 1105 (s), 1050 (vs), 1030 (vs), 1000 (sh). 910 (sh) 
1200 (vw), 1155 (sh). 1045(sh) 
1200 (sh), 1155 (sh) 

1155 (vw) 950 (vw). 
880 (vw) 
880 (Vw); 805(vw) 

960 (vw). 880 (w), 805 (vw) 

B L E IV 

f r e q u e n c i e s ( cm - 1 ) 

15 nun llj. p r s s ,. 

11200 (w), 
1200 (sh), 
1200 (sh), 
1200 (sh). 
12(H) (w). 
1200 (sh), 
1200 (sh), 

1155 (s). 1LO0 (sh). 1050 (vs)» 1030 (sh). 
1155 (s). 1105 (s). 1050 (vs). 1030 (sh), 
115 (s). 1105 (s). 1050 (vs), 1030 (sh). 
1155 (s). ' '05 (s). 1050 (vs). 1030 (sh), 

1155 (w). 1050 (s). 1030 (sh), 

1155 (sh), 1050 (sh). 

1 155 (sh). 

1155 (sh). 

1155 (sh). 

1 155 (sh), 

1155 (sh), 

lOOO (sh), 

960 (sh). 

960 (sh), 

960 (sh), 

960 (sh). 

960 (sh). 

900 (w). 
900 (w). 
900 (w). 
900 (vw) 
905 (sh), 880 (sh) 

880 (sh) 

880 (vw) 

880 (vw) 
800 (VW) 

880 (vw), 
800 (vw) 

880 (w) 
800 (sh) 

880 (w), 
800 (sh) 

vw- verv weak, w — weak 
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The spectra of the samples decomposed below 300°C do not differ 
grea t ly from each other and are much the same as the spect rum of non-
carbonized cellulose. The s t rong and b road band near 3300 c m - 1 is charac­
ter is t ic of hydrogen-bonded h y d r o x y l groups, and the group of s trong 
bands: 1155 c m - 1 , 1105 c m - 1 , 1050 c m - 1 , 1025 c m " 1 and 900 c m " 1 is most 
p robab ly due to 0 — O H and C — O — C v ibra t ions of h y d r o x y l groups and 
aceta l type l inkages i n cellulose [4]. These bands r e m a i n almost unchanged 
at temperature up to 3 0 0 ° C . The on ly character is t ic change i n this range 
of temperature is observed wi th the b a n d at 1040—1035 c m - 1 , w h i c h 
g radua l ly weakens and f ina l ly disappears above 275°C . A s i t was shown 
b y some of us [4], the band should be a t t r i bu ted to the O — H deformat ion 
v ib ra t ion of the water b o u n d i n carbohydrates . I t is a n in teres t ing fact 
tha t such wafer should s t i l l be present i n cellulose at the temperature as 
high as 2 7 5 ° 0 , even under reduced pressure. 

Essen t i a l changes i n the spectra occur on passing the temperature 
of 300°C . The h y d r o x y l bund ;it 3300 c m - 1 r a p i d l y weakens, a n d so does 
the group of bands between 1155 a n d 900 c m - 1 . O n l y traces of t hem can 
be observed at higher temperatures and even these disappear above 400°C. 
The band at 1035 c m - 1 ( that due to the b o u n d water) is no more present 
at 3 0 0 ° 0 , but two o i l i e r bands, 1095 and 1000 c m - 1 , appear i n th is region. 
The former is character is t ic of the C = 0 s t re tching v i b r a t i o n of ca rbony l 
groups. I t is observed i n the spectra throughout the whole range of 
300—575°C, its m a x i m u m intensi ty fa l l ing at 3 2 0 - 3 7 0 ° C . The la t ter band 
(1600 c m - 1 ) should be assigned to the skeletal v ibrat ions of a romat ic 
rings. Its in tensi ty reaches m a x i m u m at c. 3 7 0 ° C and then decreases, 
bu t the b;md is s t i l l observable at the highest temperature used. The 
frequency of the band g radua l ly shifts f rom 1600 c m - 1 a t 300° 0 to 
1570 c m - 1 at 5 7 5 ° 0 . S i m i l a r behaviour of this band is noted i n the spectra 
of na tura l coals, going f rom b r o w n coal to anthraci te [5]. The other bands 
tha t appear in the spectra of the samples decomposed at above 300°C 
are those at 880—S70 and 805—800 c m - 1 . T h e y can be assigned to the 
aromat ic ( ' — H out-of-planc v ibra t ions . F i n a l l y , it should be noted that 
the background level in the spectra rap id ly rises in the region of 300—330°C 
a n d then s lowly goes up unt i l an overa l l shape of absorpt ion l ike tha t 
i n the spect rum of anthraci te is obta ined. 

Conclusions 

I t is evident from the spectra thai the change of the s tructure of 
cellulose leading eventual ly to the fo rmat ion of coal- l ike substance begins 
at 3 0 0 ° C B e l o w this temperature on ly the b o u n d water is r emoved from 
cellulose: the basic a l ipha t ic s t ructure remains intact under these con­
di t ions . E a p i d changes start a t somewhat below 300*6. The process is 
formal ly dehydra t ion (see the v a n K r c v c l c n d iagram OH F i g . 3), bu t the 
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spectra, show tha t i t is a qu ick a romat iza t ion of the former a l ipha t ic struc­
ture . Th i s intermediate stage ends at 330° C, and then on ly slow changes 
take place wi th increasing temperature. I t can be deduced f rom the 
absorp t ion curves, wh ich approach ever closer to the infra-red spect rum 
of graphite as the temperature is raised, that condensat ion of aromat ic 
r ings in to larger systems is the m a i n process at temperatures 330—575°C. 

So far no par t i cu la r conclusions can be d r a w n o n the possible pressure 
effects, bu t we hope tha t a series of experiments carr ied out under higher 
pressm'c w i l l solve the p rob lem. Such experiments w i l l be under taken 
i n the near future. 

The authors are indebted to Professor E . L . H i r s t , F . E . S. for his 
helpful discussion of the results. 

The paper was read at the meet ing of the Chemica l Sec t ion of the 
P o l i s h A c a d e m y of Sciences on M a y 4, 1959. 
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