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ABSTRACT 

Two series of pine kraft lignins were prepared by a) normal 
kraft cooks to different pulp yield levels and precipitation of 
the lignins from the black liquors by acidification and b) by 
successive acidification of the black liquor obtained from a 
flow-through cook. All the lignins were extensively purified, 
subjected to elemental and methoxyl analysis and subsequently 
acetylated. 

Quantitative I3C-NMR analysis was carried out on acety- 
lated samples and the results were combined with the results of 
phenolic group determination by means of aminolysis and with 
elemental analysis data. The various acetylated lignins were also 
subjected to analysis by size exclusion chromatography. 

of kraft cooking and of kraft lignins. 
All results are discussed with reference to known features 

*Part 2. See Ref. 1. 
**Member of the Scientific and Medical University of Grenoble, 
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INTRODUCTION 

ROBERT ET AL. 

During the kraft cooking process the lignin is fragmented 
predominantly by ether cleavage reactions in phenylpropane-a- and 

6-aryl ether structures. These reactions lead simultaneously 

to the formation of new phenolic hydroxyl groups in the lignin 

macromolecules, thus increasing their solubility in aqueous alka- 
line media. These reactions promoting delignification are assumed 

to be counter-balanced to some extent by a number of different 
condensation reactions . 3  Particularly towards the end of the 
kraft cook the latter may increase in relative importance. 
This view is further supported by the fact that the last portion 
of the residual lignin in a kraft pulp is removed in the cooking 

process only with considerable difficulty and at the expense of 
both pulp yield and pulp quality.4s5 

2 

In order to gain further knowledge about the structural 
changes which take place in the lignin during kraft cooking and 

their importance for delignification, kraft lignin samples with- 

drawn after various cooking times have been analysed for phenolic 

hydroxyl groups. The analyses were carried out on acetylated 

lignin samples using two different techniques G. quantitative 
I3C-NMR spectroscopy and selective deacetylation of phenolic 
acetyl groups. In addition the data from the "C-NMR analyses 

were used to calculate the number of primary and secondary 
aliphatic hydroxyl groups as well as to provide a rough estima- 
tion of the proportions of side-chain carbon atoms present in the 
lignina. Furthermore, the average elemental compositions of the 
various lignin samples were calculated, thus permitting a com- 
parison of the degree of condensation as given by the number of 
double-bond equivalents (DBE). Corresponding analytical data were 
collected on a series of kraft lignins obtained from a flow- 
-through cook, since in this case the lignins should be expected 
to be less modified due to a shorter residence time in the 
cooking liquor. These lignins were analysed by size exclusion 
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CHANGES IN LIGNIN 24 1 

chromatography (SEC) on b-Spherogel and the results compared with 

previously published SEC curves run on normal kraft lignins.6 

RESULTS AND DISCUSSION 

Preparation of and Analytical Data for Flow-through Lignins 

The two series of kraft lignins used in the present work 

were both obtained by acidification of the black liquors obtained 

from kraft cooks of pine. Within each series the cooking time was 

varied in order to obtain lignin samples characteristic of 

different parts of the cook. The first series of lignins came 

from normal kraft cooks (designated SK 1 -SK 7) and was the same 
as previously described (analytical data in Ref. 6) whereas the 

second (designated GSK 1 - GSK 6) was obtained by cooking the 

chips in a flow-through reactor. In this reactor (see Ref. 5 for 
a closer description), the original cooking liquor can be con- 

tinuously replaced by fresh white liquor in which the concentra- 

tion of hydroxyl ions simulates the actual alkali profile 

employed in a normal kraft cook. This makes it possible to obtain 

highly representative lignin samples from different parts of the 

cook by sampling the outlet of black liquor. In this way, six 

black liquor fractions were collected as shown in Fig. 1. Of 

these, the last fraction (GSK 6) is assumed to be representative 

of the lignin which is removed in the final delignification phase 

of a kraft cook. 

After acidification, the resulting precipitated lignins were 

purified following the scheme described in Ref. 6. Subsequently 

these lignins were subjected to elemental and methoxyl analyses. 

In addition the amounts and distribution of sugars were deter- 

mined. From the data in Table 1 and Table 2 it can be seen that 
all the samples contained small amounts of sugars. However, as in 

previously analysed kraft lignins, the sugar content was found to 

be somewhat higher in the beginning and towards the end of the 
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FIGURE 1. Alkali profile for the flow-through kraft cook ( 0 )  and 
for a batch kraft cook ( 0 )  with 20 X effective alkali and a 
liquor-wood ratio of 4: l .  Lignin samples GSK 1 - GSK 6 obtained 
by precipitation of the black liquor fractions 1-6. 

cook.6 The lignin dissolved early in the cook contained glucose 
as the predominating sugar component whereas arabinose and xylose 
constituted the major sugars in the lignin which was dissolved in 
the later stages. The data in Table 1 also confirm that the first 
lignin to be dissolved in a kraft cook contains a small amount of 
protein. 

After acetplation, the lignin samples from the flow-through 
cook were subjected to analysis by size exclusion chromatography 
on a series of r-Spherogel columns ranging in pore size from 

10-10 4 nm.' In agreement with the results obtained previously 
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244 ROBERT ET AL. 

TABLE 2 
Relative Abundance of Individual Sugars in Flow-through Kraft 
Lignins . 
Sugar Lignin fraction number 

component GSK 1 GSK 2 GSK 3 GSK 4 GSK 5 GSK 6 

Arabinose 14 28 45 32 46 52 

Xylose 30 39 12 26 23 30 

Mannose 0 7 5 2 3 0 

Galactose 6 17 26 11 12 18 

Glucose 50 9 12 29 16 0 

with the series of normal kraft lignine, it was found that the 

average molecular size of the flow-through lignins increased as 
the cook proceeded (Fig. 2 ) . 6  However, no major differences in 

molecular size distribution could be observed when the SEC curve 
obtained for a flow-through cook lignin withdrawn towards the end 

of the cook was compared with the curve from a normal kraft 
lignin sample subjected to the whole cooking cycle (Fig. 3 ) .  This 
result suggests that the number of secondary reactions, i . e . ,  
reactions taking place in the lignin after dissolution, is rather 
low. Alternatively the similarity of the SEC curves may reflect a 

distribution of pore sizes in the cell walls of the fibres (cf. 

Ref. 8) .  

Selective Deacetylation of Phenolic Acetyl Groups 

The free phenolic hydroxyl groups present in lignin are 

known to exert a dominating influence during pulping procedures 
in alkaline and neutral Not only is this functional 
group able to Ionize and thus improve the solubility of lignin 
in aqueous solution but the free phenolic lignin units also 
constitute by far the most reactive structures in both fragmenta- 
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1 I I I  1 

105 104 103 5.102 102 Molecular weight 
(polystyrene standards 1 

FIGURE 2 .  Size exclusion chromatograms of acetylated kraft 
lignins obtained from a flow-through cook. I.S. = acetone. 
Lignin sample GSK 2 (---), GSK 4 ( - * - * ) ,  GSK 6 (-). 

tion and condensation reactions known to take place under pulping 
conditions. 2 

In the present work the number of free phenolic hydroxyl 

groups has been determined for the two series of kraft lignins 
by two different methods. In the first of these the difference 
in rate of deacetylation between phenolic and aliphatic acetyl 
groups was utilized. Thus, the acetylated lignin samples were 
treated with pyrrolidine according to the method described in 
Ref. 10 and the amount of 1-acetylpyrrolidine being formed was 
followed by gas chromatography. The number of phenolic hydroxyl 
groups can be calculated by quantitative determination of the 
amount of 1-acetylpyrrolidine rapidly formed by aminolysis of the 
phenolic acetyl groups. 
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246 ROBERT ET AL. 

Isorbonce, 280 nm 

I 1 1 I 

105 104 103 ;.lo2 102 Molecular weight 
t polystyrene standards 1 

FIGURE 3. Size exclusion chromatograms of the acetylated kraft 
lignin samples GSK 6 (-) and SK 7 (-..-). I.S. = acetone. 

The results of these analyses are given in Table 3 for the 
two series of lignins. It can be seen that the frequency of free 

phenolic hydroxyl groups is high in all of the lignin samples and 
that it increases only slightly as the cook proceeds. Again the 
results indicate that the major part of the chemical reactions in 
kraft cooking take place in the solid (or gel) phase. These must 
involve a certain number of reactions leading to the cleavage of 
fnter-unit lignin bonds in order to separate the individual 
lignin molecules from the solid matrix. In addition, the content 
of phenolic hydroxyl groups seems to increase up to a minimum 
level in order to attain solubility (cf. Ref. 6). It should also 
be noted that the soda lignin, which was analysed for the sake of 
comparison, contained approximately the same amount of phenolic 
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248 ROBERT ET AL. 

hydroxyl groups as the kraft lignins. Furthermore, it has been 
demonstrated previously by SEC analysis that there is no 
significant difference in molecular size distribution between a 

soda and a kraft lignin.6 

Quantitative Analysis of Acetylated Kraf t Lignins by 13C-NMR 

Recent work on the 13C-NMR analysis of various acetylated 
lignin preparations has shown that by employing a high field 
operating magnet it is possible to observe well separated signals 
for the different types of acetyl groups present.13 Using 
special experimental conditions including a selected antigate 
pulse sequence the Nuclear Overhauser Effect can be minimized and 
then the pertubing effects on the signal intensities due to 
different spin-lattice relaxation times (Tl) for the different 
carbon atoms can be virtually avoided l4-I6 (cf. also Ref. 17). 
It is thus possible to obtain information about the quantity of 
primary, secondary and phenolic hydroxyl groups in lignin by 
integrating the carboxyl signals from the different acetyl groups 
(found at 6 - 170.8, 170.0 and 168.9 ppm respectively). This is 
exemplified in Fig. 4 which shows the same kraft lignin sample 
analysed in a "routine" and in a "quantitative" mode. It is also 
possible to integrate the other regions of the NMR spectrum and 
thus obtain information about the methoxyl content (6 = 56.3 ppm) 
as well as the number of aromatic and aliphatic carbon atoms. 
Such analyses have now been carried out on some of the samples 
from the two series of kraft lignins employed in this work. The 
analyses were carried out at room temperature and with acetone-d6 
as solvent. 

The contents of methoxyl and different types of hydroxyl 
groups were calculated in relation to the aromatic ring. In 
addition, attempts were made by integration of the region between 
60 and 90 ppm to estimate the number of aliphatic side chain 
carbon atoms still carrying an oxygen. On one sample, the NMR 
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CHANGES I N  L I G N I N  249 

analysis was run in CDC13 in order to obtain quantitative 
information about the number of saturated carbon atoms in the 

region between 10 and 50 ppm. This attempt was, however, 
unsuccessful due to the difficulty of getting a meaningful 

integral from these signals which have very low signal to noise 

ratios. 

Vinylic carbon atoms e.g. from stilbenes and styryl aryl 

ethers have shift values within the aromatic region (105- 

155 ppm)" and the presence of such structures thus introduces 

a certain error into the integral for the aromatic carbon atoms. 
All integral values were therefore related to the integral for 

the phenolic acetyl carboxyl group. Using the value for the 

amount of phenolic hydroxyl groups given by aminolysis (see 
above), the integral value for one aromatic carbon atom could be 

calculated. The difference between the measured total integral 

for the aromatic carbon region and the calculated value for six 

aromatic carbon atoms was then used to estimate the number of 

vinylic carbon atoms. The results of these calculations are given 

in Table 4 together with the corresponding value for a spruce 
milled wood lignin sample. 

It can clearly be seen that the number of primary hydroxyl 

groups, assumed to correspond to the number of y-hydroxymethyl 
groups in lignin, is much lower in all the samples than in the 
milled wood lignin. Thus, not only the lignin which is dissolved 

early in the kraft cook but also the flow-through lignins have 
suffered a comprehensive elimination of the terminal hydroxy- 
methyl group. This elimination reaction seems to take place 
before and/or when the lignin is dissolved and the results again 
tend to indicate that the proportion of reactions taking place 

after dissolution I s  comparatively small in number. 
The number of secondary hydroxyl groups in the kraft lignin 

samples was found to be comparable to the value for milled wood 
lignin. However, samples withdrawn in the later stages of the 
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250 ROBERT ET AL. 

cook showed a certain decrease, thus indicating a slight forma- 
tion of unsaturated andlor condensed Structures. 

The shift area between 60 and 90 ppm contains virtually all 
aliphatic carbon atoms in lignin still carrying a hydroxyl, 

acetoxyl or ether 

primary hydroxyl groups found in the lignin samples (Table 4) is 
identical with the residual number of y-carbon atoms in the 
lignin side chains, the figures for oxygen-bonded carbon atoms 
were obtained. In agreement with the low number of aliphatic 
hydroxyl groups rather low values for the numbers of these carbon 
atoms were found for all the lignin samples. Again a certain 
decrease was noticed for the samples withdrawn late in the cook. 

The relatively low amounts of carbon atoms found in the NMR 

Assuming that the number of 

spectra between 60 and 90 ppm indicate that a substantial part of 
the side chain carbons in kraft lignins are included in alkyl and 
carboxyl groups. The former are found in the range between 10-50 

ppm and, as can be seen in Figure 4B, a kraft lignin contains 
several signals in this region (cf. also Ref. 18). As mentioned 
above, it was not, however, possible to obtain any quantitative 
NMR-data on these. The origin of the alkyl groups in kraft 
lignins is still largely unknown. In model experiments it has, 
however, been demonstrated that condensation reactions between 
lignin structures with and without the participation of form- 
aldehyde as well as reactions between lignin and carbohydrate- 
-derived structures may lead to the formation of alkyl 
groups .3J20 Alternatively such groups can be formed by the 
addition of water or hydrogen sulfide to double bonds. 

acid groups .21 No signals attributable to such groups could, 
however, be found in the spectra in the region between 165-180 

ppm. This may be due to overlap by the acetyl signals or to the 
presence of very broad low intensity signals buried in the base 
line. According to recent analytical data, 0.8 mmoles of 

Kraft lignins also contain a certain amount of carboxylic 
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A 

zoo IS0 100 50 

B 

100 50 0 ppm 200 150 

FIGURE 4. 13C-NMR spectra of the kraft lignin sample GSK 3 
recorded at 62.9 MHz. Spectrum A recorded in a quantitative mode 
using an antigate NMR sequence with a pulse delay of 12 s. 
Spectrum B recorded in a routine mode with a pulse delay of 
0.2 8 .  S =.solvent signal. (Signals denoted by * are from 
toluene. See Experimental.) 
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CHANGES IN LIGNIN 25 3 

carboxylic acid groups can be found per gram of a softwood kraft 
lignin. 22 This corresponds to 0.13-0.14 carboxylic acid groups 

per phenylpropane unit. 
The indirect method of calculating the number of vinylic 

structures present in the lignin gave, as shown in Table 4, 
values close to zero for most of the samples. Since the integral 
values for such carbon atoms will be low in comparison with the 
values for the aromatic carbon atoms, it must, however, be 
pointed out that the values obtained for the vinylic carbon atoms 

can only be regarded as indicative. Previously published data on 

kraft llgnins have also demonstrated the presence of both stil- 

benes and styryl aryl ether structures.1*23*24 

structures a value of 0.06-0.07 groups per phenylpropane unit has 

been calculated. 

For the former 

* 

200 150 100 50 0 PPm 

FIGURE 5. 13C-NMR spectrum of the kraft lignin sample SK 1 
recorded in a quantitative mode. See Experimental for shift 
values. S = solvent signal. 
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254 ROBERT ET AL. 

The sample SK 1 was found to contain a number of very 
sharp signals indicating the presence of low molecular weight 

compound(8) (Fig. 5). The shift values for these signals were 
found to be in fairly good agreement (but not identical) with the 
shifts for trans-3-(4-acetoxy-3-methoxyphenyl)-2-propenyl thio- 
acetate (see Experimental). The formation of this and some 
similar sulfur-containing compounds has previously been shown to 
take place by addition of hydrogen sulfide (polysulfide) ions to 
the extended quinone methide corresponding to coniferyl alco- 
ho1.25 It has also been shown that a number of other compounds 
containing vinylic carbon atoms can be formed from coniferyl 
alcohol during the initial part of a kraft cook.25,26 It 
therefore seems reasonable to assume that the lignin which is 
dissolved early in the kraft cook contains these types of 
structures. It is also well-known that fairly large amounts of 
the precursor, coniferyl alcohol, are present in the 
during the initial phase of a kraft cookz7 (cf. also 

black liquor 

Ref. 28). 

Elemental Composition of Kraft Lignins 

From the elemental and methoxyl analysis data (Table 1 and 
Ref. 6), the average elemental composition for the various lignin 
samples was calculated. In the calculations, the assumption was 
made that the number of primary hydroxyl groups present in the 
lignin samples (Table 4) is identical to the residual number of 
y-carbon atoms in the phenylpropane units. It was found that, 
with the exception of sample SK 1, the elemental composition of 
the dissolved lignin undergoes relatively minor changes as the 
kraft cook proceeds (Table 5). The coefficients obtained for the 
individual elements were also found to be very similar to 
previously published f igures . 
the cook the dissolved lignin contains a high proportion of 
sulfur due to the rapid reactions between quinone methides, 

However, at the beginning of 
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CHANGES IN LIGNIN 255 

TABLE 5 
Elemental Composition of Kraft Lignin Samples and Corresponding 
Calculated Numbers of Double Bond Equivalents (DBE). 

Sample Elemental composition 
No. 

SK 1 '8.43 Ha.77 O2.25 so.76 (OCH3)o.65 4-72 0.67 

SK 3 '8.41 H8.20 '2.35 '0.19 (OCH3)O.74 4.94 0.79 

SK 5 '8.35 H8.19 '2.21 '0.14 (OCH3)0.77 4.87 0.79 

SK 7 '8.35 %.86 '2.19 '0.09 (OCH3)O.75 5.05 0.74 

GSK 2 '8.45 H8.18 '2.25 '0.38 (OCH3)0.80 4.96 0.85 

GSK 3 '8.44 H7.90 '2.08 '0.24 (OCH3)O.85 5.07 0.81 

GSK 5 '8.37 H7.62 '2.10 '0.28 (OCH3)O.83 5.15 0.81 

GSK 6 '8.34 H7.54 '2.22 '0.39 (OCH3)0.81 5.17 0.80 

SK gb '8 -41 H8 .05 '2.36 ('cH3)0. 74 5.02 0.79 

MwLc '8.90 H8.20 '2.69 (OCH3)0.96 5-32 0.96 

MWLd '8 90 H7. 89 '2.37 (OCH3)0. 9 1 5-50 

a) Values from Table 4. 
b, Soda lignin. 

Milled wood lignin from spruce. Analytical data from Ref. 16. 
d l  Milled wood lignin from spruce. Analytical data from Ref. 30. 
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256 ROBERT ET AL. 

formed from phenolic phenylpropane units, and hydrogen sulfide 

ions. 29 

This particular lignin also contains a surprisingly small 

amount of methoxyl groups. In Table 5 it can further be seen that 
the number of methoxyl groups per phenylpropane unit, except for 

sample SK 1, is maintained at a rather constant level throughout 
the cook. All methoxyl values were found to be in good agreement 
with those obtained from the NMR analyses. 

With a knowledge of the elemental composition of the various 
lignin samples it is possible to calculate the average number of 
double bond equivalents (DBE), i.e. the degree of unsaturation 
according to the general 

CaHbOcSd : 

The numbers obtained can 

equation 

be used to estimate the number of double 

bonds, the presence of ring structures and the frequency of 

interunit linkages in the individual phenylpropane moieties. The 
calculated DBE-values included in Table 5 reveal that in 
comparison with milled wood lignin all the kraft (and the soda) 
lignin samples possess a lower degree of unsaturation. It must 
also be assumed that the numbers obtained mainly reflect the 

presence of the aromatic ring together with the degree of inter- 
unit linkages in the individual lignin units, since the I3C-NMR 
data did not reveal the presence of any, or only a small amount 
of, vinylic structures. 

As shown in Table 5, only minor Increases in the DBE-values 
were found for both the series of ktaft lignins as the cook pro- 

ceeded. The flow-through lignins (GSK 1 - CSK 6) showed, however, 
somewhae higher values throughout. This difference may be 

attributed to a slightly higher amount of residual phenylpropane- 
6-aryl ether structures in the flow-through lignins31 due to a 
shorter residence time in the cooking liquor. For both series of 
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CHANGES I N  L I G N I N  25 7 

lignins, however, the decrease in the DBE-number compared with 

the milled wood lignin can to a large extent be attributed to the 

cleavage of tl-aryl ether bonds and to the extensive formation of 

free phenolic hydroxyl groups. 

In Table 5 the elemental analysis data for the various 
lignin samples give values between 2 .45  and 2 . 3 4  for the total 

number of side chain carbon atoms in the phenylpropane units. 

From the NMR-data, on the other hand, the total number of side 

chain carbons only amount to between 1.39 and 0.74 per aromatic 

ring. The discrepancy between these figures indicate that the 

side chains in kraft lignins contain a substantial portion of 

saturated carbon atoms since the total number of carboxylic acid 

and vinylic groups can be assumed to be rather small. 

The analytical data for the soda lignin, included in 

Tables 4 and 5 for the sake of comparison, clearly demonstrate 
that the well-known differences between the kraft and soda 

pulping processes do not show up as any noticable differences in 

the analytical characteristics of the corresponding dissolved 

lignins. Thus, the degree of condensation revealed by the DBE- 

number does not differ from the data for the kraft lignins, nor 

does the content of phenolic hydroxyl groups show any differ- 

ences. A slightly higher amount of residual primary hydroxyl 
groups was indicated from the I3C-NMR data (Table 4 )  but the 

difference is within the limits of error for this analysis. 

CONCLUSIONS 

From the analytical data obtained in this work it has not 

been possible to identify any major changes in the chemical 

structure of the dissolved lignins which can be attributed to the 

differences in delignification rates in different parts of a 
kraft cook. N o r  has it been possible to find any clear indication 

of condensation reactions assumed to contribute to the slow rate 

of delignification in the final phase of a kraft cook. The lignin 
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25 8 ROBERT ET AL. 

sample designated GSK 6 and assumed to be representative of the 
last fraction of lignin to be dissolved gave no analytical data 
indicative of a "different" type of lignin. 

The results tend rather to indicate that the major part of 
the chemical reactions of lignin in kraft cooking take place in 
the solid (gel) phase thus leading to comprehensive changes in 
the lignin structure. These changes include cleavage reactions of 
a- and B-aryl ether structures which increase the content of 
phenolic hydroxyl groups, and also reactions resulting in the 
elimination of terminal hydroxymethyl groups. In order to attain 
solubility for a certain lignin fragment it seems to be necessary 
that the frequency of phenolic hydroxyl groups exceeds a certain 
minimum value. In addition the kraft lignins seem to contain a 
fairly large proportion of saturated side-chain carbon atoms with 
bonds only to carbon and hydrogen. 

EXPERIMENTAL 

Preparation of Samples 

The lignin samples designated SK 1 - SK 7 were obtained from 
a series of laboratory kraft cooks of pine (Pinus silvestris). 
All cooks were carried out with a white liquor having a sulfidity 
of 30 X and an effective alkali charge of 18 X .  In the soda cook 

(SK 9 ) ,  carried out to a kappa number of 41.1, an effective 
alkali charge of 25 X was employed. The precipitation and 
purification of these lignin samples have been described in 
Ref. 6. 

The flow-through kraft cook was carried out on pine chips in 
the apparatus described in Ref. 5. The starting white liquor had 
a concentration of 0.29 moll1 of Na2S and 1.0 moll1 of NaOH. 
This liquor was continuously replaced with liquor of lower 
alkalinity as shown in Fig. 1. The concentraton of Na2S was 
stepwise reduced during the cook to a final concentration of 
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CHANGES IN LIGNIN 259 

0.22 molll. After a total cooking time of 210 min the yield of 

pulp was 43.8 X and the kappa number 16.3. From the cook, 
s i x  fractions of black liquor were collected and acidified to 

recover the kraft lignins (designated GSK 1 - GSK 6). These were 

purified as above and subjected to carbohydrate analysis (gas 
chromatography of alditol acetates) and to elemental and methoxyl 
analysis (A. Bernhardt, Elback, West Germany). 

Size Exclusion Chromatography 

Size exclusion chromatography was performed on acetylated 
lignin samples employing a series of five columns (ALTEX, 
M-Spherogel, 8 nun I.D. x 30 cm) having different pore sizes in 
the range of 10-10 nm. Tetrahydrofuran served as the solvent 
and acetone was used as an internal standard. The columns were 

calibrated by a series of polystyrene standards of different 

molecular weights. 

4 

Aminolysis 

The procedure described in Ref. 10 was used with some minor 
modifications. 

A weighed amount of lignin (of the order of 20 mg) was 
acetylated at room temperature overnight with 1 ml of pyridine- 
-acetic anhydride (1:l). After addition of methanol and 

evaporation to dryness, the residue was suspended in toluene, 
evaporated (repeated three times) and subsequently suspended in 
methanol and evaporated again. (It was later found that this 
work-up procedure probably leads to the introduction of methyl 
ester groups in the lignin via the formation of mixed anhydrides 
between carboxylic acid groups in lignin and acetic anhydride. 

The first addition of methanol was therefore replaced with a 
methanol-water mixture.) The lignin samples were subsequently 

placed under vacuum at 50°C overnight. The acetylated lignin 
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sample was dissolved in 1.0 ml of dioxane containing a weighed 

amount of the internal standard 1-propionylpyrrolidine. To this 
solution was added 0.5 ml of dioxane containing 20 X water and 

1.0 ml of dioxane-pyrrolidine (2:3). 
After the addition of pyrrolidine, samples were taken from 

the reaction mixture at different times (total reaction time, 
approximately 120 min) and analysed by gas chromatography. The 

amount of 1-acetylpyrrolidine being formed (and equivalent to the 

amount of hydroxyl groups being liberated) was recorded as a 
function of time. The content of phenolic hydroxyl groups (in 

mmoles/g of lignin) was calculated by extrapolation of the curve 

to zero time. 

'~C-NMR Analysis 

Due to the long time of analysis only those lignin samples 
tabulated in Table 4 were recorded. These were acetylated as 

described above. In each case 350-400 mg of sample, dissolved in 

2.0 ml of acetone-d6, was analysed. TMS was used as an internal 
reference. The Fourier transform "C-NMR spectra were recorded 
at 62.9 MHz and 25OC on a Bruker WM 250 spectrometer under the 
same experimental conditions as given in Ref. 16 but with the 
number of scans ranging from 7000 to 9000. The integral trace was 
recorded as exemplified in Fig. 4. The acetyl carboxyl region 

(165-175 ppm) was, however, expanded ten times before integration 
(cf. Ref. 16). The error in the analysis of the acetyl carboxyl, 
the aromatic and the methoxyl carbon atoms was estimated to 
55 X .  All of the spectra except SK I contained traces of toluene 
as shown in Fig. 4A. The small contribution from toluene in the 

integral trace was in all cases subtracted before calculation. 

phenyl)-2-propenylthioacetate was analysed by 13C-NMR to obtain 
the shifts for this compound in acetone (cf. Ref. 32): d = 20.4 
(CH3 in phenolic acetate), 30.4 (CH3 in thioacetate), 56.2 

In a separate experiment, trans-3-(4-acetoxy-3-methoxy- 
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CHANGES IN LIGNIN 26 1 

(OCH3), 111.0 (C-21, 119.6 (C-61, 123.7 (C-51, 125.8 (C-61, 

133.1 (C-a), 136.5 (C-11, 140.5 (C-4), 152.3 (C-3), 168.8 (CO in 
phenolic acetate), 194.8 (CO in thioacetate). (The shift for C-y 

was overlapped by the solvent signals.) 

From the lignin sample SK 1 (Fig. 5) sharp signals were 
obtained at +values: 110.9, 118,2, 119.7, 123.9, 131.8, 135.8, 

140.8, 152.4, 192.7. 
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