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AB8TRAL3p 

13C C P p  NMR spectra of birch pulp samples were measured at 
regular intervals during the k r a f t  pulping process. General 
multivariate data analysis methcds based on principal camponents 
were used to extract the spectral information content and to 
relate these CcBnpOnents to chemical descriptors such as lignin 
content. It was shwn that this approach has an impravea 
predictive ability relative to traditional methcds. Model 
parameters auld also be used to construct subqe&m with 
independent information. 

QN 

A variety of spectroscopic techniques have earlier been 
used in order to separate concepts of crystallinity, morphology, 
mobility, 1igni.n content etc. in cellulose samples. However,  all 
meafllrements are hampered by the fact that contributions frcnn 
lignin, cellulose and other carbohydrates are superimposed in 
uverlapping bands. An inportant facet of WDOd research would be 
to design specific experiments that could afford subspectra of 
the different chemical Ccanponents. 13C C P p  NMR is a 
relatively new technique that has shown great p d s e  in 
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236 WALLBACKS, EDLUND AND NORDEN 

elucidating polymeric order/dison%r. In the cellulase chemistry 
field, several reports have recently aIrpeared where 13C cp/MAs 

NMR data have been interpreted in terms of morphology change~l. 

AS expckd for ccmp1icate.d sanples, resolution is a 
strongly limiting 
and there is also a contrwersy h m  to assign the broad signals, 
i e what areas in the biapolymer are responsible for the broad 
components2. TO m y  overcome these problems, variation in 
molecular dynamics has been praposed as an approach to separate 
signals f m  crystalline an3 non-crystalline areas. Horii3 shmed 
that 13C Ti's w e r e  considerably longer for Crystalline than for 
nonl=rystdllhe cellulose. A similar dynamic separation, based on 
T ~ H ~  differences, has recently been suggested for the construction 
of subspectra of various wooti products4. 

m e  to the low resolution in 1 3 ~  B/MAS NMR of pulp samples, 
all studies reported so far have only discussed spectral changes 

in regions of low sigml overlap. In a recent study of the 
delignification during pulping of w h i t e  spruce, the Klason 
lignin content was  correlated to the nonnalized intensity of the 
-tic ~ 3 ,  ~4 carbon signals of li+5. m e  to the low 
relative intensity of this sigrnl, pulp samples having lignin 
content below 5 % did not have meafllrable resonances at that 

spectral region. It is abvicxls that if spectral changes due to 
the methoxy carbons, as well as f m  the Ca, CB and C carbons 
could be taken into account, a better description of the 
deliqnification process could be achieved. 'Bds approach, 
however, would demand the use of multivariate data analysis 
methods. 

Multivariate approaches, based on principal CcBnpOnents data 
analysis, have earlier been applied on experimental data of 
complex samples of this ~ 6 ~ 7 .  partid least squams (PIS) data 
analysis have been used to the multivariate calibration problem 
of determining concentrations of ligninsulfonate, humic acid and 

factor for interpreting spectroscopic results 
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237 IN SITU PULP KINETICS 

a detergent containing whitener, by molecular fluoresceme8. 
This two-block a m m c h  has also been used to give valuable 
hformation abut properties of peat using FT-IR intensity 
value~9. FT-IR data at selected wavenmters were correlated with 
various peat descriptors, like calorific value, degree of 
deccanposition, content o f  amino acids etc. using mS modelling. 
These data analytical methods have been developed to handle 
causal and ccmplicated relations within a data set, and they are 
also well suited to handle large data sets, where relatively few 
objects are described by many variables. 

If the multivariate methaiolcgy is applied on the 13c C F ~  

NMR data of pulp qles, we will have a most efficient tool to 
extract information concesning the pulping process. In this first 
report we will demonstrate the metho3olcqy using birch k r a f t  pulp 
samples where KLason lignin content is used as the only pulp 
descriptor. 

data analysis amroach, is to eliminate factors that are 
associated with spectral processing. In future reports we will 
include lkariy-block'l PLS techniques, using FP-IR diffuse 
reflectance data, NIR, an extended descriptor matrix containing 
carkohydrate analysis data etc. The purpose of this project is to 
get as a detailed description as possible of the major pulphj 
stages, by identifying the spectral regions which are of interest 
and hcw these abserved signal changes are related to other 
accessible descriptom used to probe the pulping pmcess. 

m e  major concern and also the strength of the presented 

Bm!s!s - 
The kraft  pulping process (birch) is pmbed by 40 samples 

collected at regular time intemals (5-320 m h ) ,  the zero point 
is 80 % with an inrrease by 0.8 %/minute until the maximum 

tenperatwe of 170 Oc is reached.  he sanples were prepared at 
two different occasians (with 20 saqles each), at MOB resear& 
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238 WALLBACKS, ELUND AND NORDEN 

laboratory, 6rnskjldsvik, Sweden. To confirm reprodtucibility, 
eight of the f i r s t  measurements m repeated once, using new 
material fran the given batch. Ibenty additional batches were 
produced in order to get a more debiled description of the main 
delignification period. The second series then contains the f i r s t  

28 sanples in addition to the 23 sanples fman 20 new pulp 
batches. The l i g n h  content was analyzed acc=ording to standard 
methods for Klason-lignin. 

am 
1 3 ~   MAS NMR spectra were obtained by using a ~ruker HSL 

packed into perdeuterated mMA rotors ard the SpimiIq rate w a s  
100 spectrcsneter aperating a t  25.2 M H z .  Airdried samples were 

approximately 3.5-4 KHz. The contact t i m e  was 1 m and the 
recycle time w a s  set to 2.5 sec. me rnrmber of scans varied 
between 2000 and 30 000. A 20 Hz line-broadening was intrcduced 
in eldl spectrum, and data WeYe analyz& using both lnanually 
phase corrected spectra and using magnitude spectralo. when 

duplicate samples w e r e  run it was faunrl that the use of magnitude 
spectra gave more consistent results. In order to  ovex-cme the 
problem of intensity differences caused by differences in sample 
volume and number of scans, spectra were normalized to a constant 
integration sum. For the data analysis the region from 5 to 184 
p ~ a n  was used for a l l  r=;imples.Intensity values in 93 evenly 
distributed data points fman the 51 spectra (11 duplicates) 
amstituted the 1 3 ~  NMR data matrices. ~n the calculation 
based on data from the carbohydrate spectrdl region (60-115 ppn) , 
a separate normalization of these 30 variables was performed. 

spectra of samples withdrawn a t  tw different stages i n  the 

pulping process (5 m i n  and 220 min, respectively) are ShaJn i n  
figure 1. 
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IN SITU PULP KINETICS 239 

5 min. 

220 min. 

l , . , , l , , , ~ l , , ~ ' l , , , , l  
200 150 100 50 0 

PPH 

FIGURE 1 I 3 C  CP/MAS NMR spectra of birch pulp samples 
taken at 5 min. and 220 min. 

Data analysis 
spectroscapic data are usually me umplex than 0xdirm-y 

l%tll &mid analyses data. T h i s  might lead to difficulties in 
the assignments of spectrdl regions which are of relevance for 
the actual pmblem. In our approach the intensity values at 
several &mid  shift wi~ues (I) of a set of N 13c CP/MZS 

spectra are -. Th-fter a multivariate method is used t o  
create a calibration model. The calibration model can then be 
used to predict lignin content (Y) of new pulp sartples, 
have not been chemically analyzed. The Y vector could also be 
expanded to other pulp descriptom of relevance like visoosity, 
~ 5 ,  kappa value, cabhydrate analysis data etc. 

which 
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2 40 WALLBACKS, EDLUND AND NORDEN 

Traditional methods. 
usually the calibration problem is tackled by applying 

multiple regression ( M R ) ,  where separate MR are made for each of 
the deperdent variables. Huwever ,  SpAmsmpic data are not 
suitable for such an analysis since the variables are often 
strongly correlated, lading to an unstable statistical solution. 
Alternatively one can reduce the x matrix to a set of 
uncorrelated principal caponenix and thenw?ter apply normal 
multiple regression using the CcBnponent scores as X variables. 

princiml caro3a nents/ Partial Isast Sauares Data Analysis. 
m e  experimental data w e r e  analyze3 using principal 

CcBnpOnents (X) and partial least squares (PLS) data 
analysisllr l2 l3 1 14. The descriptor matrix X contains the 
elements xfi (intensities) where index i is used for the 
descriptors (chemical shifts) and index k for the samples. J3-m 
this data matrix the number of product terms, A, and the 
parameters, bia and t& in eqn. 1 are estimated by minimizing the 
squared residuals efi. 

In this model 2i and bia are constants, wfiich only depend on 
the 1 3 ~  intensities. m e  t& term is the saqle mat 
parameter. Miations frcan the model are expressed by the 
residuals e*. 

each intensity is given as its mean value Xi. Then the ?i value 
for each variable is subtracted fm the matrix element x* thus 
giving residuals of dimension zero. If these residuals now 
contain systematic information, bia * t& is estimated. Whether 
the residuals contain infomation or not is determined by 

First a model A=O is fitted to the data, which means that 
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IN SITU PULP KINETICS 24 1 

cross-validation15, wfiich is an efficient strategy to determine 
if a conpnent is significant or not. With this method, the 

predictive strength of the a:th cross-tenn is checked by first 
deleting apl?roximately 25 % of the basis data set. The y values 
of the deleted saqles are then predicted and the sum of squared 
diff- (E) between the observed an3 calculated y values is 
calculated. Anather 25 % is then dtted, an additional ss is 
calculated etc. until every sample has been kept out jus t  once. 
If the sum of the faur separate is smaller than the ccanplete 
- ss of the total Y matrix, the conpnent is taken as significant. 

direction of the hyperplane in the A-ional space. By 

plotting the loadings against the shif t  it will be possible to 
create 11subspectra117, deterrmned ’ by the systematic variation in 
the data matrix. A geametrical interpretation of FCA is presented 
in figure 2. 

chemical analysis (a) matrix is quantified by using a soft 
nmdelling method called partial least squares data analysis 
(PIS). The PLs method is an extension of pcA in that two matrices 
are analyzed sirrailtaneously, one matrix (x) containing the 
independent set of variables (NMR measurements), and the other 
m a t r i x  (Y) containing the d@ent variables (1igni.n content). 
subsequently, pcA-like algorithms are used for both matrics and 
a regression relationship is established between the matrix 
ccanponents. !the relationship is later used for predictive 
purposes for new sanrples, where only the inaepennent matrix 
variables are measwed. 

The *kensitivity” of the shift variables, bia, determines the 

 he correlation between a 1 3 ~  CP/MAS NMR matrix and a 

AM) DIBXSSIClN 

PrinCiDal ccmponen ts Data Analvsis 

spectra froan the first 20 q l e s  (spanning the time dcanain 5-320 
As an initial analysis, a I3C intensity matrix including 28 
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\ Var .1 

- 
X 

bl 

FIGURE 2 The data  a r e  l e a s t  squares modelled by a l i n e  
through the  average 8.  This l i n e  is t h e  f i r s t  
p r inc ipa l  component (PC) and its equation is 
defined by t he  loading vector  b l .  The 
project ion of point  k on the  l i n e  l i es  on the  
dis tance t l k  from H. 

min.)  was capressed us- principal CcBnpOnents data analysis. A t  

this stage, no attenpts w e r e  made to optimize the sanplhg 
intervdl or to make any variable selection i.e. choice of shift 
values. me result of the f i r s t  analysis was that a model havirq 
two cclmponerrts could explain 90 % of the total variance w i t h i n  
the data set. T h e  major component, tl, described 85 % and was 

mainly accaunting for the grouping of samples froan the initial 
cooking ard the findl cooking period. As could be - fmn 
Fig.3, thm are few pulp sanples in between these two groups, 
a l l  of than representing in twmdl  'ate cooking times. As earlier 
mentioned the relevance of each variable in the model can be 
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cv 
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b' 

b 
' 

5 

t l  

FIGURE 3 Plot of the first two principal components 
(score tl vs score t2) from the PC analysis. 
Samples from initial cooking period to the 
left, and from the final cooking period to the 
right. 

illustrated by a loading (bia) plot. Since the tl cmponent 
approximately parallels the delignification process, one would 
expect a plot of the lcading values for the first CCBnponent vs. 
shift to s h a ~  stxaq  similarities to a 1 3 ~  NMR spectnm of 
lignin. As seen in Fig.4 it is possible to assign the main peaks 
in the ~ 1 ~ 1 1  to 1igni.n -16. 

corresponding to each relevant pc canponent. 'zhe whole class 
analysis cmld be subdivided into, in this case, three Separate 

classes based on the g-mupirg pattern. New bia-plats 
will n m  approxirrate ampsition/ mqhology changes w i t h i n  each 

In this way it wmld be possible to amstmct subspectra 
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-OCH3 ::j 
0.25 

0.10 

0.05  

0 .00  
0 .0 10.0 

A I 

- CH, 

- .  . -  
20.0 30.0 40.0 50.0 60.0 i0 .0  eb.0 &.o &a,~ Variable 

180 160 140 120 100 80 60 4 0  20 0 Shift Ippm) 

FIGURE 4 Plot of chemical shift values vs loadings (bi,) 
fo r  the first component in the PC analysis. 

group. Thus by e x a m h h g  the loadings that result fram a subclass 
analysis, it will be possible to sort out the ccwposition mes 
that occur during a specific pulp* pericd. ‘Ihis 

approach will be espljcially useful in the two-block analysis 
step, when we have a b  to other mp descriptors than the 
lignin content. ?his approach will be considered in detail in a 
future paper. 

rartial Least  Sauares Data Analvsis GTSl. 

delignification process, it could be worthwhile to treat the 
Since the pc analysis sllcwe3 the expect& grnupingdue to the 
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2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 
Lignin lobs.) 

FIGURE 5 Plot of measured lignin content (obs)  vs PLS 
predicted lignin content (pred) for llunknownll 
samples (not included to calculate the model). 

problem as a two-block approach, where the intention is to 
approximate the information content in the NMR matrix and the 
calibration set ( lignin content) 
su& an analysis shmed that 99.7 % of the variance in the lignin 
content can be described by a three-ccarp?onent PIS model ( 26 of 
the 51 objects where used to calculate the model and the 

ccarp3onents explained as much as 98 % of the variance in lignin 
data. Based on this learning set, we have a most efficient model 
to predict the lignin content of new samples, as can be seen in 
Fig.5 . 

simultaneausly. The result of 

remaining samples W€m= predicted ) .  'Ihe first of these three 

~ence, based on the m-cmpnent PLS model, a -/MAS 1 3 ~  

NMR spectrum is ampletely sufficient to predict the lignin 
content of an %nknown~t pulp sample (which has not been include3 
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FIGURE 6 Expansion of figure 5, showing samples with low 
lignin content. 
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20.0 
18.0 

16.0 
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Lignin ( o b 3  
2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 

FIGURE 7 Plot of measured lignin content (obs) vs PLS 
predicted lignin content (pred) for "unknown" 
samples. The model is calculated based on 
resonances from the carbohydrate spectral 
region (60-115 ppm) . 
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to caldate the model). It is especially interesting to 
consider the predictive ability using samples of low lignin 
content, where traditional data analytic methods based on the 
intensity of resolved resonances have failed. As seen in Fig. 6, 
the stability of the mcdel is quite impressive i.e. sanples 
having lignin concentration less than 5 % are all well predicted. 
As expected the bia-plot for the first PLS CCBnponent is identical 
with the bia-plot frum the FC amlysis presented in Fig.4. 

To further demonstrate the p e r  of this technique, the 
analysis was repeated using only variables in the overlapped 
carbchydrate SpeCrtrdL region (60-115 p p )  . As can be seen f m  
Fig.7, the prediction of the lignin content is still acceptable. 
It is &viaus that even when the resolved peaks for lignin 
(methoxy and arcpnatic) are excluded, there is still enough 
infonnation in the nonresolved -ion wfiich could be used to 
prdict lignin content using the mS method. 

COMXIUSIW 

~n situ pulp kinetics can be p~ by 1 3 ~  NMR and 
the information content can easily be extracted using multi- 
variate data analysis methcds. The chemical intexpretation is 
substantially facilitated if NMR data are coupled to other data 
representing chemicdl/physicdl descriptors of the pulp, as 
exeaplified here with lignin content. 'Ihe interrelations between 
such data, using partial least squares data d y s i s ,  open new 
probes to d t o r  changes in caposition and morphology during 

pulping and to ccarrpare relative reaction rates in localized areas 
of wood polymers. An extension of this methodology is to add data 
frum other spectroswpic techniques, sua as IR and NIR. %his 
will be considered in detail in a future paper. - 

we are grateful to ~ o ~ o  AB for pmviding pulp samples and 
to N i l s  and mrthii Troedsson Faundation for financial support. 
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