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Abstract
The roles of molecular size and structure were investi­

gated in relation to the extent of peroxide bleaching and 
lignin adsorption on pulp. Structural analysis of components 
from effluents generated by peroxide bleaching was accom­
plished using UV-visible spectrophotometry and and NMR 
spectroscopy. These results provide evidence for a 1:1 
sugar : aromatic ratio of components in the effluent mixture. 
Results are consistent with the presence of both hydroguinone 
and benzylic acid aromatic structures. Both "c NMR and UV 
analysis support the hypothesis that about 12% of the aro­
matic structures are of a benzylic acid form. During peroxide 
brightening, low-mass components with a higher fraction of 
phenolic structures are released into solution most rapidly 
while carbohydrate degradation appears to be more important 
over extended periods. Changes in the UV spectra of the ef­
fluent during bleaching appear to be dominated by changes re­
sulting from a reduction of pH arising from carbohydrate deg­
radation. The principle pK. values, determined by titration 
with UV spectrophotometry, for effluents generated from eilka- 
line hydrogen peroxide bleaching are at 4.64, 8.01 and 10.01. 
These pK. values correspond to the dissociation of Ccurboxylic 
acid, p-hydroxybenzylic acid (phenolic proton), and phenolic 
hydroxyl groups. In contrast, the pK, of kraft lignin was es­
timated at -7.5 and 10.3 corresponding to the ionization of 
phenolic groups with and without conjugated a-carbonyl struc­
tures. The acid dissociation constants decrease between 0.2 
and 0.7 pK. units with increasing ionic strength as do model 
con^unds. The combined effects of decreasing the pK. and 
ionic strength screening of ion-ion interactions leads to in­
creased adsorption of lignin on cellulose with increasing 
ionic strength. Around the effective pK, values the protona­
tion of phenolic groups dominates the extent of interaction 
of lignin with cellulose. Pulsed Field Gradient NMR (PFGNMR) 
was utilized to evaluate the structure-size relationships for 
lignin preparations. Difficulties with the PFGNMR technique, 
including interaction of the gradient with r.f. and the su­
perconducting magnet are discussed in detail. Results from 
PFGNMR indicate that high molecular weight kraft lignin has a 
lower frequency of ionizable phenolic groups. PFGNMR is com­
pared to other NMR relaxation methods as a means to investi­
gate size-structure relationships.
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Chapter One

Introduction
Lignin Is the second most abnndemt natural polymer next 

to cellulose [ 1.1]. It Is found In conjunction with 
hemlcellulose con^nents between cellulose mlcrofIbrlls, In 
the cell wall of vascular plants, such as hardwood and 
softwood trees, non-woody grasses. Its functions In the 
plant cell wall are primarily for structural stability emd 
defense against attack by microorganisms [1.1,1.2,1.3,1.4].

The structure of lignin has not been clearly 
understood. This Is In part because carbohydrates are cJ.ways 
bound to lignin In situ[1.3], It Is very heurd to prepare a 
lignin sangle Identical to the lignin In situ. Furthermore, 
It would be ixqiosslble to determine a 'unlverscil ' lignin 
structure as lignin Is different from each tree species and 
even between locations In a single tree[1.4]. Chemically, 
lignin Is a phenylpropanold macromolecule formed by an 
enzymic dehydrogenatlve polymerization of lignin precursors : 
p-coumaryl, conlf eryl and slnapyl alcohols ( Figure 1.1). 
These monomers are joined by various linkages such as ether 
or carbon-carbon bonds to form the lignin 
macromolecule[1.3]. Lignin biosynthesis Is currently 
perceived to occur by random coupling of free-radical 
Intermediates derived from phenylpropanold alcohols, the 
'polymerization' steps of lignin biosynthesis are poorly 
understood.

Lignin In softwood, such as spruce, consists mainly of
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Figure 1.1 Lignin precursors
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Figure 1.2 The linkages between lignin structurcü. units

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1 Introduction

HO

OH

HO

OH
00^

CK

la R = CEO 
lb R » CH=CHCH0 
Ic R = CHCHjOH

2a R = CH=CHCHO 
2b R « CH=CHCHjOH 3a R = CEO 

3b R « CEjCHjCE-OE 
3c R = CE=CHCEO 
3d R = CE=CHCH20E

HÇ-
CH.

OH

HO.

HO

OH

00^

AO CHO

HO

OCHjHO

OH

HO

HO

OH

4a R  = E 
4b R = CEgOE

Figure 1.3 Lignin structural units
4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1 Introduction
4-hydroxy substituted phenylpropane units ( guaiacyl-type ). 

About 65% of these units are joined by ether type linkages 
eind the rest by carbon-carbon bonds. The linkages between
the units are p—O—4^ ct—O—4^ p—5/ 5—5, 4—0—5 y P—1 and p—

P(Figure 1.2). Types of structural units in lignin are shown
in Figure 1.3. The 'guaiacyl-syringyal' lignin, which occurs 
typically in hardwoods, such as aspen, is a copolymer of 
coniferyl and sinapyl alcohols, the ratio varying from 4:1 
to 1:2 for the two monomeric units[1.3]. The lignin 
concentration is high in the middle lamella and low in the 
secondeury wall. Because of its thickness, at least 70% of 
the lignin is located in the secondary wall.

Lignin functionality is dominated by oxygen containing 
groups such as methoxyl groups, hydroxyl groups cuid carbonyl 
groups. Lignin is one of the main conqsonents of paper from 
mechanical pulps. The colour of paper is believed to be 
resulted from the lignin. In order to remove the colour from 
paper and pulp, lignin can be bleached by chemicals or 
leached from pulp. With the environmental concerns, more and 
more researchers are investigating to lignin leaching from 
pulp. Both molecular size and structure of lignin are 
important considerations in developing methods for removing 
and leaching lignin from pulp, and processing effluents. The 
leaching of lignin from pulp is controlled by diffusion.

Diffusion is the net result of the thermal motion- 
induced random-walk process experienced by particles or 
molecules in solution. The theory of diffusion is highly
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Chapter 1 Introduction
developed and extensive and can be found in many 
presentations[1.5,1.6, 1.7]. The diffusion data provide
uniquely information on molecular organization and phase 
structure. Diffusion coefficients(Dq) are quite sensitive to 
structural changes and to binding and association phenomena. 
Furthermore, the vêüLues of diffusion coefficients(D^) are 
directly related to molecular size and shape without any 
more interprétions.

The powerful PFGNMR has been applied widely in 
determination of the diffusion coefficients. In this study, 
our mcLin purpose is to ençloy PFGNMR to measure lignin 
diffusion coefficients (D̂ ) and to obtain size-resolved 
spectra.

The mechcuiism of hydrogen peroxide bleaching of machanical 
pulps was been studied by analysis of the structure of 
bleaching effluent components using UV-VIS and NMR 
spectrometry. The UV-VIS titration method has been used to 
measure the pK.s of model compounds and lignins. The 
titration curves of lignin and its model conqpounds were used 
to study their hydrodynamics properties and to deduct their 
molecular structure information.

References
[ 1 . 1 ]  K.V.Sarkanen; C.H. Ludwig eds Licmina • John Wiley & Sons 
: New York, (1971)
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Chapter Two 
NMR and UV-VIS Study of Alkaline 

Hydrogen Peroxide Bleaching Process 

Introduction
The colour of paper and pulp is believed to result 

from some highly conjugated structures such as 
orthoguinone, a-carbonyl phenolic, stilbene and conifer-
aldehyde structures (Figure 2.1). Bleaching agents are used 
to destroy the conjugated structures cuid to remove light 
absorption in 400-500 nm range. Alkaline hydrogen peroxide 
has proved effective in environmentally bleaching 
mechanical and chemimechcmical pulps[2.1]. Although lignin 
rich mechanical pulps can be bleached to rather high 
brightness without any substantial dissolution of lignin 
con^nents (lignin retaining bleaching), it is found that 
alkaline hydrogen peroxide treatment of chemimechanical 
pulps results in some lignin removal[2.1].

It is very important to know the structures of the 
wood coiq)onents before and after peroxide bleaching to gain 
an understanding of bleaching mechanism. A systematic 
approach to study these changes can be en^loyed to in^rove 
the efficiency of the bleaching process. For this purpose, 
a series of effluent obtained from successive bleaching 
treatments was characterised using UV-VIS, and "c NMR 
spectroscopy.
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Lignin Chromophores and Leucocbromophores in Pulps

coniferalddiyde type quinone type a-carbonyl type
R=H, anodier lignin structural unit or a hemicellulose chain.

stilbene type

2.1 The structures that cause colour in paper
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Chapter 2 Alkaline Hydrogen Peroxide Bleaching Studies
Hydrogen Peroxide (

The bleaching action of hydrogen peroxide is 
primarily attributed to the hydroperoxyl anion (H00~). The
pK. of hydrogen peroxide is 11.6 at 20°C. High pH increases 
its reactivity but decreases its stability [ 2.1 ].

HgOg +0H- o  EjO + HOQ-
Under alkaline conditions, hydrogen peroxide 

dissociates to form hydroperoxyl anion(HOO ). The 
hydroperoxyl anion (H00~) will promote degradation 
reactions leading the formation of hydroxyl radicals(OH*) 
and hydroperoxyl anion (H00~). These ions may degrade to 
superoxide(O,- ) and singlet oxygen(^Oj) which then may lead 
to the formation of chromophoric groups by the reaction 
with lignin to decrease the brightness of pulp[2.2]. The 
decomposition of hydrogen peroxide depends mainly on pH and 
metal ions such as Pe^, Cu"̂ , Mn̂ * and Zn**, which catalyse 
the decomposition[2.2]. The strongest bleaching ability of 
hydrogen peroxide occurs at pH values near the pK,
(11.6) [2.3]. The sted)ility of the hydrogen peroxide is at a 
minimum at this pH. Under standcurd conditions, pH buffers 
were added to control pH, and sodium metasalicate, 
magnesium sulphate and NajDTPA (sodium
diethylenetriaminepenta-acetate) are added to congete with 
or chelate unwanted metal ions [2.2].
The Bleaching Reactions

Investigations into the reactions between the 
coiqponents of peroxide bleaching liquors and the organic 
substrates are intrins ically complex because of the 
vêuriable properties of pulps. For this reason, most studies 
have involved model congounds and milled wood lignin rather 
than the chemiccü. components of pulp and bleached effluent. 
Within these limits, the identification of the specific

10
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Chapter 2 Alkaline Hydrogen Peroxide Bleaching Studies
reactions in the bleaching process is a difficult matter. 
The following is a summary of the study of the reactions of 
hydrogen peroxide with model conpounds and lign in.
The Dakin Reaction

In organic chemistry, the Dakin reaction[2.4] is used 
to obtain a predictable variety of hydroxylated aromatic 
nuclei from appropriate ortho- or para- hydroxylated 
aldehydes or ketones by reaction with alkaline hydrogen 
peroxide[2.5]. There are several versions of the mechanism 
of the Deücin reaction. The simplest one is shown in Figure 
2.2[2.5]. In this mechanism, the initial step in the 
degradation of these structures is the nucleophilic 
addition of the hydroperoxide anion (00H~) to the electron 
deficient centre. The second step is the rearrangement of 
the carbon to ester, this is a slow step, which may involve 
a spirocyclic transition state or intermediate. The fineil 
step is the migration of RCOO- group. A very strong 
electron-donating substitutents (X, or Y) such as OH (-0~ ) 
on the aromatic nucleus is required in order to make the 
Dakin reaction occur. The Dakin reaction is the single most 
importamt reaction in alkaline hydrogen peroxide bleaching 
of pulp.
a-Ketone and a, p-Unsaturated Aldehydes

Phenolic a-ketone structures are oxidized by alkaline
peroxide hydrogen via the Dakin reaction to the
corresponding hydroquinone [2.6] (Figure 2.3). a, p-
unsaturated aldehyde type structures are oxidized by

alkaline hydrogen peroxide to produce aryl-a-carbonyl
structures. The proposed mechanism was shown in Figure 2.4 
[2.6, 2.7].

11
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Figure 2.2 The mechanism of Daücin reactions[2.5]
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Figure 2.3 The mechanism of the oxidation of a-ketones by 
alkaline hydrogen peroxide[2.6]
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Chapter 2 Alkaline Hydrogen Peroxide Bleaching Studies
Reaction of Phenolic Structures

Non-carbonyl phenolic structures may be degraded 1:̂  
unstablized hydrogen peroxide but it has been reported that 
stabilized peroxide has no effect on phenolic structures. 
a-Hydroxyl phenolic groups may be degraded by Dakin like
reactions if the cc-hydroxyl group is first oxidizied to a
carbonyl. The opening of an eurcxnatic ring is possible if 
the methoxyl is oxidized to an o-guinone that may readily 
react with a peroxide. Some proposed reactions for phenolic 
structures are sho%m in Figure 2.5[2.8].

The literature suggests that p-0-4 units in the model
con^und and lignin were virtually unreactive toward 
peroxide stabilized by Na,DTPA or silicate[2.9]. These 
con^nents may react under condition in which the peroxide 
is unstabilized.
Reactions of p-1 structures

The main reactions of 1,2-diarylpropane models with 
stabilized alkaline hydrogen peroxide at pH=10.5 have been 
shown to be nucleophilic attack of hydroperoxide anion on a 
quinonemethide structure(Figure 2.6)[2.10]. Oxidation of 
stilbene structures by reactions with alkali may occur. 
Both of these reactions are not kinetically favoured and 
require higher temperature. The p-1 diol model was more
reactive toward unstabilized peroxide than toward 
stabilized peroxide with Na^DTPA [2.11].

14
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Figure 2.4 The mechanism of the oxidation of a,p. 
unsaturated aldehydes by cü.kaline hydrogen peroxide[2.6].
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Figure 2.5 The reactions of phenolic structures [2.9]
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Figure 2.7 The proposed reactions for spruce groundwood 
bleaching, according to Bailey and Dence[2.8].
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Reactions of Lignin
Despite the variable properties of pulp, there are 

some proposed lignin bleaching reactions based on the 
experimental observations euid model compound studies. One 
of the most importemt observations Is that the yields of 
groundwood bleached with peroxide commonly lie In the range 
of 98-100%[2.6]. This suggests that very little of the 
lignin Is degraded to the point of solubilization. Bailey 
and Dence [2.8] proposed reactions for spruce groundwood, 
as shown In Figure 2.7. Kenpf emd Dence proposed a reaction 
sequence for oxidative breakdown of hardwood lignin reacted 
with alkaline hydrogen peroxide[2.12]. A wider bleaching 
reaction concept of lignin structure by alkaline peroxide, 
which was based on the nucleophilic addition of 
hydroperoxide anions to carbonyl and conjugated carbonyl 
structures, was published [2.13 ]. But these proposed 
reactions and reaction sequence have not confirmed yet.

In this chapter, UV-VIS, Ĥ and "c NHR spectra techniques 
are applied to the analysis of effluent compositions 
generated from lignin bleaching process. The results 
provide evidence for the proposed lignin bleaching 
reactions.

UV-VIS Spectrum
A UV-VIS spectrum Is a plot of the wavelength or 

frequency of absorption against the absorption Intensity 
(absorbance In our experiments). The principal characteris­
tics of an absorption are Its position and Intensity. The 
position of the absorption corresponds to the wavelength of 
radiation whose energy Is equal to that required for an 
electronic transition. The Intensity of eJssorptlon Is 
related to two factors : (1) the probéüalllty of Interaction
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between the radiation energy cind the electronic system 
raising the ground level to an excited state and the 
polarity of the excited state. (2) the concentration of the 
substance in the solution.

Gunhild Aulin-Brdtman et al studied the UV-VIS 
absorption of lignin and its model compounds. They found 
that UV-VIS spectra of lignin model compounds and lignin 
can be divided Into 4 areas (2.14).

(1), long-wave benzenold n-n* bands (= L.E bands of
the ^Arg -» ̂B,, type). These bands occur at about 270-280 nm
In the absorption curves of phenol emd non-methoxylated p- 
all^lphenols.

(2). Short-wave bands, with maxima up to
approximately 250 nm. These bemds may be either displaced 
benzoic primary L.E bands( the ^ A r g t y p e )  or p-p* bands
resulting from the transfer of p electron from oxygen 
substitutes (In -OH or -OCH,) to the benzene ring, or
combinations of these band types. With some model compounds 
studies. It Is found that these short wave bands, which are 
often called 'first primary bands', partially overlap with 
stronger bemds having maxima at shorter wavelengths,
presumably 'second primary bands' (the ^Arg-* ̂E,, type).

(3). E. T. Bands (k-bands), largely result from 
electron tremsfer from a p orbital of one unsaturated group 
to a p* orbital of a conjugated unsaturated group, which 
occurred at around 350nm.

(4). Complex long wave bands, these bands occur at
more than 400 nm, which are contributed from more than one
kind of electron excitations.

2.2 Experiments
20
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The alkaline hydrogen peroxide bleaching
The standard conditions for brightening consist of 4%

HgOg, 0.05% MgSOf, 0.15% DTPA( dlethylenetrlamlnepentaacetlc
acid), 3% Na,SlO, (sodium metaslllcate) on O.D. aspen pulp
at 60%, 10% consistency and an Initial pH as
required (typically 11.0). The pulp was mixed In a Hobart
mixer with water, DTPA and HjO,, then the magnesium sulphate
and sodium silicate were added. Finally, the pulp was
brought up to pH 11 by addition of NaOH solution, mixed and
rapidly placed In a controlled temperature heater bath for
the duration of the bleaching reaction.

A 250 ml syringe with a layer of glass wool In the
bottom was used to squeeze the effluents from pulp. About 
200 ml pulp was used to obtain the effluent. About 50 ml 
effluent was squeezed from the pulp at different time (0, 
5, 10...50, 60 minutes) and frozen by Immersion In liquid 
nitrogen. The Iced samples were freeze dried Immediately. 
The dry bleached effluent was acetylated according to the 
procedure described In Chapter 4. NMR spectrometer and Its 
parameters cam be found In Chapter 4.
UV-VIS spectrometer and procedure

UV-VIS spectrometer used In this experiment Is a 
Varlan CARZ* IE. The parameters used were as following, 

Method Name: Bleaching Study 
Photometric Mode: ABS 
Abscissa Mode: NM 
Ordinate(y) Mln/Max: -0.2000/2.000 
Abscissa(X) Mln/Max: 230.00/500.00 nm 
SBW(nm) : 1.000 
Energy level: 1.000 
Signal Averaging time(sec): 0.500

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 Alkaline Hydrogen Peroxide Bleaching Studies
Data Interval: 0.5000 
Scan Rate(nm/mln): 60.00 
Lamp On: UV-VIS 
Baseline Correct: On 
Auto Scale: NO 
Auto Store Data: Yes 
Auto Store report: NO

The solution was taken from the squeezed effluent 
described as above. A special 1 mm flow through UV cell was
used and a 0.45 pm syringe filter was put at the head In
order to remove any colloidal components. The UV-VIS 
spectra are obtained using the parameter described as 
above.
2.3 Results and Discussion
2.3.1 NMR Spectra of Bleaching Effluents

Ĥ NMR spectra of the acetylated effluent components 
from peroxide bleaching of aspen hardwoods are shown In 
Figure 2.8. The effluents were téücen at 1.75 minutes, 
(spectrum A), 10.5 minutes (spectrum B), 20 minutes
(spectrum C) and 30.75 minutes (spectrum D). Assignments 
are shown In Table 2.1. The presence of peaks related to 
carbohydrate structures and the variation In the phenolic 
acetoxyl (-2.2 ppm) with time Is noteworthy. These samples 
were prepared by acétylation of freeze dried effluents. The 
acétylation and purification process will remove 
slgnlflcauit portion of the acidic structure and for this 
reason we must consider these results as relating primarily 
to the neutral compounds.
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Figure 2.8 NMR spectra of the bleaching effluents at 
1.75(A), 10.5(B), 20(C) and 30.5(D) minutes.
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Table 2.1 Assignments for Proton NMR of Acetylated Ĥ Og 
Bleaching Effluents
7.99 aromatic protons adjacent to a-carbonyl groups
7.40 aromatic protons adjacent to a-carbonyl groups
6.88 aromatic protons
6.51 aromatic protons
5.96 Hg in p-O-4 and p-p groups
5.04 xylan (C3 proton)
4.60 Hpin p-O-4
3.67 methoxyl protons
2.23 arcxnatic acetate (lignin, phenolic extractives)
1.97 aliphatic acetate (carbohydrates, lignin side 

chains)
1.52 water
1.25 Y-™®thyl structures and aliphatic extractives
0.80 aliphatic extractives

P-O-4 Structures
Ĥ NMR spectra of the effluents have pecücs at -6.0 and 

-4.6 (Figure 2.8) that indicate the presence of a and p
protons in p-O-4 structures. Peaks on Ĥ NMR spectra of
effluents from bleaching process were integrated using a 
Lorentzian fit program(in FELIX package) and various ratios 
were calculated using the measured integreil of the 
different groups. Plots of the normalized integral of p-O-4
units (5.97 ppm) and methoxyl groups(3.67 ppm) is shown in 
Figure 2.9. There is a decrease in the relative frequency 
of p-O-4 structures (5.97 ppm) with increasing bleaching 
time. Methoxyl group frequency appears to first increase, 
then decrease as do the aromatic protons (Figure 2.10). p- 
0-4 structures were present in the effluent from early in
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the bleaching sequence, suggesting that deligninfication 
plays a role in the initial brightening reactions. More 
than 80% of the decrease occurs in the first 20 minutes, 
indicating that most of the reaction contributing to the 
quantity of components in solution occurs in the first 20
minutes. This result, indicates the stability of p-O-4
structures to peroxide bleaching, and agrees with a 
bleaching mechanism in which lignin leaching from pulp 
plays a significant role in determining the brightening 
rate[2.18]. Although dissolved components are known to 
decompose during peroxide bleaching [2.19], it appears that 
this decomposition does not involve destruction of p-O-4
structures.
Phenolic Structures

The relative frequency of phenolic structures was 
measured by the normalized integration of the ciromatic 
acetoxyl peak (2.23 ppm) on the Ĥ NMR spectra. Integration 
of the aromatic acetoxyl groups indicates the relative 
proportion of phenolic hydroxyls decreased with bleaching 
time in the first 30 minutes of bleaching (Figure 2.10). 
This may suggest that phenolic units that were more 
susceptible to peroxide were removed in the earlier 
bleaching time. Later hydroquinone type structures may be 
destroyed by further reactions. The addition of 
carbohydrate structures or degradation of phenolic 
structures (evidenced by the increase in the peak at 1.97 
ppm) by ring opening reactions will also lower the relative 
cunount of phenolic OH as a function of bleaching time. 
Aromatic Structures

Most aromatic protons in lignin structures have 
chemical shifts between 6.6 and 7.2 ppm. These have been 
integrated as one broad peak at 6.9 ppm which increase,
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Figure 2.9 Plot of the frequency of p-O-4 units (5.97ppm) 
and methoxyl groups(3.7 ppm).
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Figure 2.10 Plot of the frequency of ciromatic acetoxyl 
(2.23ppm) and aliphatic acetoxyl(1.97 ppm) groups.
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Figure 2.11 Plot of the downfiled aromatic protons 
(7.883ppm) and aromatic protons (6.884 ppm)
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then decrease in intensity as shown in Figure 2.11. This 
result is similar to the result for methoxyl groups.
Aromatic structures with a-carbonyl groups have protons at
the Cj and C,with peaks in the 7.2 - 7.8 ppm region [2.15]. 
Initially there are two aromatic protons corresponding to
a-carbonyl structures for every three protons on noncar­
bonyl substituted aromatic structures. The peak at 7.8 ppm 
decreases exponenti«ü.ly with a rate constant of 0.037 Hin~̂  
as shown in Figure 2.11. The steady decrease in these 
structures is a expected result of peroxide brightening.

Carbohydrates
Ĥ NMR spectra of the effluent indicated the presence 

of carbohydrates at 5.25, 5.04 and 4.69 ppm [2.16]. These 
peaks were difficult to integrate. The aliphatic acetoxyl 
group , however, showed a remarkable increase in intensity 
in the first 20 minutes before decreasing as shown in 
Figure 2.10.
Other Structures and Conclusion

There are two peak changing patterns in the effluent. 
One relates the peaücs at 6.8, 6.5, 3.67 and 1.94 ppm which 
appear to increase for 20 minutes then decrease. This 
suggests that there are some accumulations of these 
structures in the effluents at the first 20 minutes. These 
reactions may involve rate limiting removal of lignin and 
carbohydrates. The peaks at 7.883, 5.97, 0.79 ppm form the 
other pattern which decreases exponentially.
2.3.2 The "c NMR spectra of bleached lignin

"C NMR spectroscopy was first used to study kraft 
lignin structure by Ltidemann and Nimz [2.17]. NMR
spectrometry has proved to be a valuable tool for the 
direct observation of structural changes in polymeric

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 Alkaline Hydrogen Peroxide Bleaching Studies
lignin resulting from chemical reactions. The “C NMR 
spectrum of lignin can be divided into three main parts: 
the first(175 to 165ppm) contains signals assignable 
carbonyl carbons including carboxylic acid structures; the 
second(165 to 108 ppm) is ascribable to aromatic emd 
olefinic carbons; and the third (108 to 10 ppm) is 
attributed to aliphatic carbon atoms. We have further 
separated the eü.iphatic region into aliphatic carbon with 
hydroxyl substitution (108-56 ppm) euid non-substituted 
carbon (90-10 ppm).

Our "C NMR spectrum was obtained by dissolving 
bleached lignin in DMSG, the sample was obtained by freeze 
drying the effluents from the standard bleaching condition. 
The parameters of NMR spectrometer are as following: 
SW=20,000Hz, SE^ 50.3MHz. The NMR spectrum of bleached 
lignin is shown in Figure 2.12. The integrals and 
assignments are given in Table 2.2.

There are several major conclusions we can draw from 
the "C spectrum upon examination of Table 2.2. First, 
conçarison of the total signal between 150 and 110 ppm, 
with the signal for the sugeir 90-105 ppm indicates that 
the ratio of sugar units to aromatic groups is 
approximately one to one. Second, comparison of the 
aromatic region with the aliphatic OH substituted region 
(108-60 ppm) yields a 2:1 ratio. This ratio accounts for 
aliphatic hydroxyl substituted groups on lignin side 
chains. The number of methoxyl groups (57-55.5 ppm) is 
about 2 for each aromatic residual which is about 2 for 
each aromatic residue which is consistent with the product 
containing mostly syringyl type euromatic structures. The 
frequency of carboxylic groups (166-176 ppm) is high at 
about 2 for each aromatic moiety. Of these carboxylic acid 
structures, the frequency of acids directly bonded to the
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ciromatic group (166-168 ppm) is cüxsut 0.12(12%) for each 
curomatic group. Aliphatic carboxylic structures (-173.4
ppm) possibly related to ^-substituted euromatic acids
Table 2.2 Integrals and "C chemical shifts values for
Peroxide Bleached Effluents (DMSO-d6 solvent).

Assignment

aldehyde

carboxylic acid carboxylic acid carboxylic acid

Chemical Relative Sum of Integral forShift193.2 Integral Region
191.3 0.001224186.9 0.000457183.2 0.000401 0.00214 (182-191 ppi179.1 0.00097176.3 0.0088173.1 0.850167.7 0.0526166.1 0.185 1.088 (166-176 ppm)161.9 0.0903152 1.00147.7 0.283138.1 0.514134.2 0.694130.5 0.00881127.2 0.0409123.4 0.0338118.4 0.139114.8 0.183110.9 0.0199 3.007 (110-162 pgm) aromatic105.8 0.226103.6 0.89799.8 0.00656 1.129 (99-107 ppm)96.9 0.019992.3 0.044185.7 0.49082.4 0.46280.3 0.069178.5 0.40173.9 0.29471.9 1.11469.2 0.48162.5 0.12360 1.378 6.00 (60-106 ppm)57 0.41855.5 1.158 1.56 (55-57 ppm)

(179.5 ppm) constitute the dominate 1

cl sugar cl sugar cl sugar

methoxylmethoxyl

166 ppm acid type
structure. These structures are present at a frequency of
0.85 groups per sugar residue [2.14].

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 Alkaline Hydrogen Peroxide Bleaching Studies

160.0 120.0 
p p m

80.0

Figure 2.12 "c NMR spectrum of Bleaching Effluent
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Figure 2.13 UV spectra during the reaction of alkaline 
hydrogen peroxide with pulp.
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Figure 2.14 UV spectra as a function of time during the 
reaction of alkaline hydrogen peroxide without pulp.
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Figure 2.15 UV (time) difference spectra for effluents 
from hydrogen peroxide bleaching of pulp.
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Figure 2.16 The ratio of A350/A280 in the solution with and 
without pulp showing the loss of carbonyl structures.
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Figure 2.17 The ratio of A300/A280 in the solution with and 
without pulp.
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2.3.3 UV-VIS study of bleaching effluent
UV spectrum of Ĥ O, bleaching effluents from 

stoneground aspen pulp were taücen as a function of time 
during pulp brightening. The difference between the 
absorbance changes when the effluent was removed from the 
pulp (Figure 2.13) and when it was not (Figure 2.14) is 
examined here. Further analysis of the titration of Ĥ O, 
generated bleaching effluents will be examined in Chapter 
3. The overall changes in the absorbcuice with time are 
shown by the difference spectra (as a function of bleaching 
time) in Figure 2.15. These difference spectra, taken as 
the difference in absorbance between 11 minutes and 60 
minutes are very much like pH difference spectra (cf. 
Figure 3.15).

During the brightening reaction, c-carbonyl groups
cu:e generated and destroyed, phenolic hydroxyl groups are 
generated and protonated as the pH drops. Evidence of loss 
of colour occurs, is provided by the decrease in the 
absorbance at 350 nm from as shown Figure 2.16. The rates 
of change are similar to the solution with pulp (0.037 min~ 
)̂ and without pulp (0.048 min"̂ ).

The relative amount of phenolic groups may be 
examined from the cibsorbance ratio of Â g,̂  /Ajson» ( larger 
ionizied). This is due to the bathochromic shift upon 
ionization. Examination of this ratio, in Figure 2.17 shows 
that the extent of ionizied groups and phenolic structures 
decreases much more rapidly with pulp than without pulp. It 
appears that the primary difference between the UV of the 
effluents with and without pulp is the substantial decline 
in pH occurring with the presence of pulp. It is expected 
that the decomposition and solubilization of carbohydrates
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contributes to the decline in pH.
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Chapter Three 

Lignin Ionization and Adsorption 

3.1 Introduction
Lignin derived con^unds may contain methoxyl 

substituted phenolic structures and unsaturated propyl side 
chains that may be substituted with carbonyl, hydroxyl and 
carbonyl groups, conjugation of phenolic structure with 
olefinic and céirbonyl moieties in the side chains is common. 
The ionization of phenolic hydroxyl and carboxylic moieties 
determines the pK. of lignin, which in turn dominates 
features contributing to the hydrodyneunic properties and 
solubility of lignin. Among the physical properties related 
to the ionization of lignin are solubility, adsorption on 
cellulose, conformation, hydrodynamic size and the extent of 
association. An understanding of the extent of ionization of 
lignin is critical to the study of lignin adsorption and 
removéü. on/from pulp. For example, in the following 
adsorption/desorption experiments, we found that the 
adsorption of lignin on pulp had a sudden increase at the 
dominated pK, of the lignin.

Some useful techniques, such as light scattering,
chromatography, viscosimetry, and tracer aneilysis, have been
implemented to study lignin hydrodynamics. The problems of
fractionation emd purification due to association and
adsorption on chromatographic media, the ubiquitous
absorbence and fluorescence bands in light scattering [3.1]
have been impeded their application. The deficiency of
information of lignin hydrodynamics has led to the confusion
about lignin's branching and conformation [3.2, 3.3]. In
this study, two techniques, PFGNMR(Chapter 4) emd UV-VIS
titration have been employed to investigate lignin's
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hydrodynamics.

There are many titration methods used in lignin 
studies. Because high pK, phenolic OH-groups occur on 
lignin, direct titration with base needs nonagueous solvents 
with a base character[3.4]. All these methods, including 
direct titration[3.4], potentiometric titration [3.5, 3.6,
3.7], conductometric titration [3.8, 3.9 3.10] and UV-VIS 
spectrometric titration, were first developed to determine 
phenol and carboxyl groups in lignin. Later, Mikawa et al 
performed the systematic studies of lignin model compounds' 
pK. by conductometric titration [3.11, 3.12, 3.13, 3.14]. 
The dra%A)ack of potentiometric and conductometric titration 
is that a large amount of lignin (0.5-1.5 g)[3.15] and high 
concentration titrant (1.4 N-1.5 N LiOH) must be used [3.16]. 
Even the high frequency conductometry(HFC) method[3.17] is 
not practical in our experiment because some of our lignin 
preparations are only about 80 mg. On the contrary, the UV- 
VIS titration utilises a very small amount (0.5 mg) or very 
low concentration of lignin prepeurations (0.02 mg/ml). 
Because a very small amount of titrant (HCl) was used in the 
UV-VIS titration, the constant ionic strength during the 
titration can be maintained using ionic strength buffer 
solution( NaCl solution in our experiment).

From UV-VIS titration studies, we found that pK,s of 
model con^unds and lignins depend on ionic strength greatly 
(Figure 3.4). Potentially, the measured pK.s of vanillin 
have different values when examined by different titration 
methods because the experiments were done at different, or 
varying. The high concentrations required for direct 
potentiometric and conductometric titrations would lead to 
lower pK, values. Obviously, the UV-VIS titration doesn't 
have this problem, with the development of computer hardware 
and software, it makes it possible to extract the molecular
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structure information, such as pK. and absorption 
coefficients( E )  of every con^nent of lignins emd its model
con^unds in solution through fitting the titration curve. 
Furthermore, the molecular photon absorption cross 
section (a) and molecular structure information of lignin and 
its model compounds may be deduced according to its 
cüDsorption coefficient ( e ) variation with ionic strengths ( I ).
Because spectrometric titration is based on a bathochrome 
shift of the UV spectreU. band of phenol structure of lignin 
after ionization, only the pK.s emd the éüasorption
coefficients ( e) of phenol hydroxide can be determined by this 
method. This is the shortcoming of UV titration study.

3.2 Experiments
Stock solution was made by dissolving 50 mg lignin 

(kraft softwood, kraft hardwood or HgO, bleached mechanical 
lignin or model compounds ), which was weighted by em 
analyticcü. balance (Metter* AEIOO 0.0001 g), into a 25 ml 
flask and then adding O.IM NaOH solution to 25 ml. 0.25 ml 
the stock solution was put into a 25 ml flask using a 0.25ml 
syringe. Because the syringe is not accurate enough, the 
stock solution was weighted by an euialytical balemce to 
is^rove the accuracy. Different volumes ( 0, 0.1, 0.2,0.25, 
etc.) of 0.1 M HCl was added into the flask to adjust pH. 
0.1 M NaCl was added to the volume for the purpose of 
keeping ionic strength in the solution constant.

The blank was made by adding 0.25ml O.IM NaOH (without 
lignin) cmd the same amount of O.IM HCl and O.IM NaCl as 
that in the sangle. In order to remove any possible errors, 
only two flasks (one used for the semble, one used for
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blank) were used in the whole titration experiment. Because 
lignin and lignin model con^und solutions are extremely 
sensitive to air and light, the one by one titration method 
was found to reduce the errors caused by exposure to air and 
light.

UV-VIS spectrum was obtained using CARS* 44 UV-VIS 
spectrometer, its measurement parameters were described in 
Chapter 2.

An ORION* Model 920 pH meter with an 8103 BOSS* 
combination pH electrode was used to measure pH of the 
solution. This pH meter was calibrated by three standard pH 
buffers, pH=12.604 (Ca(OE); saturated at 20%), pH=6.874
(0.025m KHjPO^ and 0.025 m Na^HPO. at 20%) and pH=4.645 (0.1m 
acetic acid and 0.1 m Na acetate at 20% ). The preparation 
and pH values of standard buffer are described in the 
following section. All titrations are conducted at room 
temperature(about 20 %).
3.3 Results and Discussions
Hardwood, softwood and bleached mechanical lignins and some 
model compounds were titrated by uv-viS spectrometry in our 
experiments.
pK,of lignin model compounds

In order to explain lignin titration curves and pK. 
measurements, two model congounds, 4-hydroxy-3-methoxybenz- 
aldehyde (vanillin), emd 4- hydroxy - 3-methoxybenzyl 
alcohol (vanillyl êü.cohol) were titrated by UV-VIS 
spectrometry. Figure 3.1 is UV-VIS spectrum of vanillin at 
different pH values. Figure 3.1 shows the bathochrome shift
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of vanillin's UV spectrum upon ionization. The isosbestic 
point is where all UV-VIS meet and the isosbestic point of 
vcuiillin is 317 nm. The isosbestic point is a necessary 
condition to prove that there are only two absorbing 
substances in the equilibrium. Figure 3.2 is the UV-VIS 
difference spectrum of vanillin. Figure 3.3 is vanillin's 
titration curves at O.IM, IM emd 3M NaCl solution. From 
Figure 3.3, we cem find that different titration curves have 
different curve rates.

pK. can be calculated according to following equations 
from fitting titration curves.

According to the Beer-Lambert's Law:
A=ebc (Equ. 3.1)

Where
A is éüssorbence. 
e is the extinction coefficient.
C is the concentration, 
b is the length of the cell.

Because the absorbence (A) of vanillin at any 
wavelength contains two con^nents, one is from vanillin 
(HA) and the other is from its salt (A), so

A — C[hh]̂ [b\] "̂ [*-1 [̂*-3 (Equ. 3.2)
Where Cĵ  ̂,=f [HA] *c

Cf/,= f[A-]*c
f[HA],f[A“] (f[HA]+f[A-]=l) are distribution factors of HA
and A in the solution.
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f[HA]=[HA]/([HA]+[A-])=K./([H*]+K.) (Equ.3.3) 
f[A-]*[A-]/([HA]+[A-])*l-K./([r]+K.) (Equ. 3.4)
Because we always use an isosbestic point to divide the 

absorbance(A), which only depends on the concentration of 
the sample, after substituting all the equations into 
Equation 3.2, we can get

A/Ai^ = mj*f[HA] + m,*f[A-]
=mj*K./([r]+K.) +m,*[l-K./([r]+K.)](Equ. 3.5)

Where %  =(c*6[g^])/Ai.^.

®2 =(c*6t^.,)/Ai.«,
Through titration curve fitting, we can calculate m̂ , m, 

and pK,, while m̂  and m, are directly related to the
extinction factors and e^^^). Linda et al [3.14] proved

that the extincton coefficient ( e ) is related directly to

its absorption cross section(a). From Table 3.1, the change

of vanillin's cross section from O.IM NaCl solution to IM 
NaCl solution is very small, it shows that vanillin has a 
sphere shape and it has the smallest surface area, so it is 
hard to change its shape when ionic strength varies.
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Figure 3.1 UV-VIS spectra of vanillin at different pH 
values.
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Figure 3.2 UV-VIS difference spectra of vanillin.
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Figure 3.3 Vanillin's titration curve in 0.1 M NaCl solution 
by UV-VIS.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3 Lignin Ionization and Adsorption

A

7.5

6.5

0 0.5 1 1.5 2.52 3.53

ionic strength

Figure 3.4 Vanillin's pKa value vs. ionic strength.
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Table 3.1 Calculation Results of Vanillin
ml m2 PK.

348nm/317nm 0.IMNaCl 3.0138 .0046283 7.466
IMNaCl 3.0735 -.075667 6.7772
SMNaCl 2.917 -0.1035 6.0677

297nm/317nm 0.IMNaCl .39549 1.0271 7.3019
IMNaCl .39547 1.0276 6.7651
3MNaCl .55984 1.0757 6.0549

277nm/317nm 0.IMNaCl .21058 1.2454 7.3114
IMNaCl .18732 1.2679 6.7683
SMNaCl .1538 1.3443 6.056

247nm/317nm 0.IMNaCl 1.0496 .2145 7.332
IMNaCl 1.104 .15563 6.7792
SMNaCl 1.0743 .16259 6.058

As pointed out aüaove, the ionic strength in the solution
hard to control in the direct titration, or any other method 
which en^loyed a titrant. We found that pK, of vanillin 
change from 7.46 in O.IM NaCl to 6.0677 in 3M NaCl solution 
(Figure 3.4). Vanillin's pK, has about 1.4 decrease when 
ionic strength increases from O.IM NaCl to 3M NaCl. If the 
curve in Figure 3.4 were extrapolated to zero M NaCl, 
vanillin's pKa would be about 7.55. It is predictable that 
the measured pKa varies according to its titration method. 
In literature, vanillin's pKa has been measured as 7.30 ± 
0.03[3.4], 7.40[3.18] and 7.45[3.19]. Most likely, the
variation of pKa is resulting from the variation of 
solution's ionic strength variations.

Figure 3.6 shows the UV-VIS spectra of 4-hydroxy -3-
methozybenzyl alcohol or vanillyl alcohol II. The isosbestic
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point of 4-hydroxy -3-methoxybenzyl alcohol is 233.5nm. 
Figure 3.5 is UV-VIS spectra of 4-hydroxy-3-methoxybenzyl 
alcohol at different pH values. Figure 3.6 is the difference 
spectra rusulting from the subtraction of the absorbance for 
4-hydroxy-3-methoxybenzyl alcohol at 4.5 from that of an 
identical concentration of the con^und at pH 13.0. Figure 
3.7 is the titration curve of 4-hydroxy-3-methoxy-benzy 1 
alcohol in 0.1 M NaCl solution. Literature values for the 
pK, of 4-hydroxy-3-methoxybenzyl alcohol has been measured 
as 9.76 ± 0.03 [3.1] and 10.19[3.20].
Table 3.2 Calculation results for vanillyl alcohol at 
different ionic strengths.
nm/nm NaCl pK, ml m2
295/ O.IM 9.7953 0.77917 0.031758
233.5 l.OM 9.5032 0.76667 0.074706
249/ O.IM 9.7373 1.8362 0.11959
233.5 l.OM 9.5015 1.8844 0.21334

Titration of Softwood and Hardwood Kraft Lignin
Softwood kraft lignin in O.IM, 0.5M, 0.8M, IM, 1.2M and 

2.0M NaCl solution has been titrated by UV-VIS spectrometry. 
Figure 3.8 is UV-VIS spectrum of softwood kraft lignin at 
different pH values. There is no true isosbestic point for 
lignin because lignin has more than one kind of titratable 
group. Figure 3.9 is UV-VIS difference spectra of softwood 
lignin at different pH. Figure 3.10 is the titration curves 
for softwood kraft lignin at different pH values.
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Figure 3.5 UV-VIS spectra of 4-hydroxy-3-methoxybenzyl 
alcohol.
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Figure 3.6 UV-VIS difference spectra of 4-hydroxy-3- 
methoxybenzyl cü.cohol
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Figure 3.7 The titration curve of 4-hydroxy-3- 
methoxybenzyl alcohol in O.IM NaCl solution by UV-VIS
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Figure 3.8 UV-VIS spectra of softwood lignin at different pH
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Figure 3.9 ÜV-VIS difference spectra of softwood lignin in 
O.IM NaCl solution
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Figure 3.10 The titration curve of softwood lignin in 0.1 M 
NaCl solution by UV-VIS
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Figure 3.11 UV-VIS spectra of hardwood lignin at different pH 
values.
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Figure 3.12 ÜV-VIS difference spectra of kraft hardwood lignin 
in 0.1 M NaCl solution.
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Figure 3.13 The titration curve of kraft hardwood lignin in 
O.IM NaCl solution by üV-VIS.
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Figure 3.14 UV-VIS spectra of bleached lignin at different pH 
values.
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Figure 3.15 UV-VIS difference spectra of bleached lignin in
0.1 M NaCl solution.
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Figure 3.16 The titration curve of bleached lignin in 0.1 M 
NaCl solution by UV-VIS.
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The titration curve shown in Figure 3.10 argues that 

softwood kraft lignin has two dominate pK. values that 
correspond to two main different types of phenol hydroxyl 
groups (HA and HA* ) on lignin. One is vanillin type and the 
other is 4-hydroxy-3-methoxybenzyl alcohol type. Because there 
cu:e two kinds of phenol hydroxyl in the solution, the 
absorbance consists of 
4 con^nents.

A=ml*f[HA] + m2*f[A'] + m4*f[HA'] +m5*f[A''] (Equ.3.6)
variables f [HA], f[A'],f[HA’] and f[A'"] are distribution
factors as in equations 3.2 and 3.3.

f [HA]=[HA]/( [HA]+[A-] )=K^/( [H"]+K^) (Equ.3.7)
f[A-] = [A-]/([HA] + [A-])=l-K^/([ri+K^) (Equ.3.8)
f [HA' ]=[HA']/([HA' ]+[A'-] )=K^/( [H^]+K^) (Equ.3.9)
f[A'-]=[A'-]/([HA']+[A'-])=l-K^/([n+K^) (Equ. 3.10) 
Variables m̂,!!!.̂, m, ,m̂  and pK,l ,pK,2 can be calculated 

according to eq. 3.6 through fitting titration curves. Ted)le
3.3 and Figure 3.10, 3.13 are the calculated results for
softwood and hardwood kraft lignin. Table 3.3 shows the 
calculated results of m̂ , ny, m,, ny cuid pK^ ,pK.2 of softwood 
lignin in O.IM and IM NaCl solutions.Téüsle 3.3 indicates that 
nil, m,, m̂ , ny and pK^, pK,2 fluctuate compared with that of 
model conpounds. They have the smallest value in 1 M NaCl 
solution. These results indicate that lignin has the irregular 
shape.

The ratios used for the calculation of pK, values provide 
better fits to the data than the absorbance values sinply 
corrected for concentration. Shown in Figure 3.13 are the
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relative absorbance values for hardwood kraft lignin at 250 
nm, and 350 nm with respect to 280 nm. These values plotted 
are the absorbance values at all pH derived by the absorbance 
at high pH. The standard deviation of the values at 280 nm is 
1% while the standard deviation of values at 250 nm and 350 nm 
is 7.8% and 13.8%. The absorbance at 250 nm is sensitive to 
ionization of all phenolic groups. The absorbance at 350 nm is 
particulaurly sensitive to ionization of carbonyl conjugated 
phenolic groups which occurs around 7.

Hardwood kraft lignin has the same properties as softwood 
kraft lignin. Figure 3.11 is a hardwood lignin spectrum. 
Figure 3.12 is difference UV-VIS spectrum of hardwood lignin. 
Figure 3.13 is the titration curve of hardwood lignins at 
different pH.

Figure 3.14 in the UV spectra of hardwood bleached 
effluents at different bleaching times (standcurd condition). 
Figure 3.16 shows pH difference spectra for peroxide generated 
effluent. The spectra generated by subtracting the bleaching 
effluent absorbamce at 61 minutes from the absorbance of the 
effluents at 11 minutes is similar to the pH difference 
spectrum. This indicates the titration of phenolic groups is 
important in the bleaching process. The loss of carbonyl 
groups at 350 nm is also evident by from these difference 
spectra.
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Table 3.3 Hardwood and softwood lignins
Hardwood Hardwood Softwood Softwood
O.IM NaCl IM NaCl O.IM NaCl IM NaCl

®1 .47657 .46427 .47182 .3949

®2 .61011 .58461 .5975 .5377

PK.X 7.833 7.2661 7.4037 6.726

.71218 .7277 .68035 .7405

.91366 .90414 .96999 1.0669

P̂ «2 10.244 10.049 10.19 9.833

3.3.3 pKa of peroxide bleached lignin
The bleached hardwood lignin was prepared from the 

bleaching effluents described in Chapter 2. Figure 3.14 is the 
UV spectrum of bleached lignin in solution. Figure 3.15 is the 
pH difference spectrum of bleached lignin. This spectrum shows 
that its structure has chemged after bleaching. From 
difference spectrum, after bleaching, the 365 nm peak has 
almost disappeared; the 296 nm peeUc shifted to 300 nm and 
intensified greatly; the 252 nm peak shifted to around 245 nm 
and its intensity reduced.

The bleached lignin has three pK,s from its titration
curve. In 0.1 M NaCl solution, its pK^ is 4.64, pK^ is 8.01
and pK^ is 10.01 while in IM NaCl solution, pK^ is 4.49, pK^
is 8.38 and pK^ is 9.99. From model confound study, pK^
corresponds to muconic acid XIX(pK.=4.66±0.13) ; pK^67
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corresponds to propiovcinillon IX(pK,=8.05±0.07) ; pK^
corresponds to vemillyl alcohol( pK,= 9.76 ±0.03)[3.4].

3.4 Study of Lignin Adsorption to Pulp
3.4.1 Introduction

Lignin removal from pulp has been studied by a lot of 
researchers [3.19, 3.20, 3.21,3.22]. Goring [3.23] has
found that the transfer of lignin from pulp to solution 
occurs in two distinctly different phases :

1). A rapid phase (seconds) during which dissolved matter 
is removed from the fibre surface and the lumen

2). A slow phase (hours) during which macromolecules, 
mainly lignin, diffuse from the fibre wall into the 
surrounding liquid.

This kind of studies have concluded that the rate of 
removal of lignin was governed by the diffusion of lignin 
macromolecules through the fibre wall into the liquid. The 
diffusion coefficients in this process are in the range of 
10"" -10"" m' s"̂ , which is 6-8 magnitude lower than those of 
free diffusion. All these studies ignored the lignin 
adsorption to pulp.

There are some studies on the adsorption of synthetic 
polymers onto pulp [3.24, 3.25]. In our removal and
adsorption experiment, the lignin adsorption to pulp is
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obvious from our experiments. According to our 
experiments, it is inconçlete without studying the 
adsorption in the study of lignin removal process.

3.4.2 Experiments
In this experiment, 4 stock solutions were made as 

follows.
1. Lignin stock solution (A) : 50 mg lignin in 1000 ml 

buffer solution.
2. Pulp stock solution(B) : 250g pulp in 1000 ml pH buffer 

solution.
3. Salt solution(C): 4M NaCl in pH buffer.
4. Buffer solution (D)

pH Buffer solutions
a) 0.05 m potassium hydrogen phthcLlate, 10.12g

KHCjH^O^ in 1000 ml distilled water, PH = 4.04(at 
20 %);

b) 0.01 m (borax) sodium bicarbonate, 3.80 g
NajB^O^.HjO in 1000 ml distilled water, pH = 
9.183(at 20 “C);

c) 0.025m sodium bicarbonate + 0.025 M sodium
carbonate, pH = 10.014, 2.092g NajHCOjt 2.640g
Na^CO, in 1000 ml distilled water;

d) calcium hydroxide ( saturated at 25 °C), 
pH=12.454;
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10 ml stock solution A and 10 ml stock solution B were put 

in the flask, then different eunount stock solutions C and 
D were put into the same flask. But solution C + D = 20 
ml. All the solutions mixed well. These flasks were sealed 
by parifilm and put in bath (60 °C) for 4 hours.

Before UV measurement, the solution was filtered by 0.45 
micron syringe filter in order to remove any interference 
of the particles. UV spectrometry were obtained by CARY* .
The measurement parameters are the same as those used for 
titration (Chapter 3). The blank has the same ionic 
strength and pH as that in the sample.
3.4.3 Results and Discussion

The adsorption of lignin to pulp is hard to observe 
directly because lignin removal from pulp dominates under 
the some conditions. A simple experiment cem be used to 
show the lignin adsorption to pulp. 2 g pulp and lignin 
stock solution in pH = 9.1 were put together in a 50 ml 
flasks (A), 2g pulp in pH (9.1) buffer (B) and the lignin 
stock solution (C) were put in two 50ml flasks separately.
All these three flasks were heated in a 60 %  bath for 4 
hours.

If there is no adsorption at all, the UV-VIS absorbance of
solution A should be equal to that of solution B plus
solution C (A^Ag + Ac). In fact, from Figure 3.17, A^< Ag +
Ac, obviously, this lignin loss is resulted from lignin
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Figure 3.17 UV eüssorbance of softwood kraft lignin 
solutions with and without cellulose.
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Figure 3.19 UV absorbance of softwood kraft lignin 
solutions with and cellulose at different pH and ionic 
strength values.
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adsorption to the pulp.

If any other solid materiêü. other than pulp is used, for 
ezanqsle glass wool, the lignin adsorption is unobservable 
under these conditions as shown in Figure 3.18. The result 
shows that the lignin adsorption to the pulp is selective 
and chemisorption.

All the adsorption at pH 6.8, 9.1, 10, 12, 13 and 0-3M 
NaCl have been studied. Figure 3.19 is the picture of 
lignin adsorption to pulp at different ionic strength 
(NaCl). The adsorption is affected by the ionic strength 
(NaCl). The biggest jump occurs at pH 9.1.
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Chapter Four

MMR and Pulsed Field Gradient NMR Lignin Study

4.1 Introduction

In 1964, Ludwig [4.1] first employed 1-D NMR technique to 
lignin chemistry. Since then, NMR has proved to be one of 
the most powerful tools in lignin chemistry. NMR has been 
widely applied to quantify the relative frequency of 
different functional groups[4.2]. "C NMR has also played an 
important role in the identification cuid quantitatively 
determination of various nuclear centers [4.3] in lignins. 
More recently, with the technical development in NMR 
hardware and software, some new methods, such as 2-D 
NMR[4.4] have been employed to provide additional structural 
information in lignin chemistry.

One of the major difficulties of lignin characterization 
is to resolve the structural changes which accon̂ >ciny 
moleculcir weight degradation. Previous studies have 
established that the structure of lignin degradation 
products vcuries substantially with molecular mass[4.5]. 
Furthermore, the size of lignin materials can vary by up to 
6 orders of magnitude due to a combination of covalent bonds
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and association[4.5]. For this reason, it is in^rtant to be 
able to resolve size-structural variations occurring in 
lignin derived macromolecules.

Pulsed field gradient NMR is a spin-echo technique that has 
been used to measure diffusion coefficients (Dq) and resolve 
molecular size based upon molecular mobility (self-diffusion 
Dq) . This technique has been used widely and achieved great 
success in polymer science [4.6], biological studies[4.7] 
cind many other areas [4.8,4.9]. Diffusion ordered 2-D 
NMR(DOSY) technique has been developed and employed to 
distinguish large unilamellar phospholid vesicles [4.10].

In our research, we attempted to apply pulsed field 
gradient NMR (PFGNMR) and stimulated echo pulsed field 
gradient NMR in a high field NMR instrument to measure the 
diffusion coefficients (Dg) and to distinguish large molecules 
from small molecules. The goal was to identify the 
structural features which are clearly size dependent. In 
order to understand and explain the results obtained by PFG 
NMR, it is necesscury to assign the peaks in the NMR spectrum 
of softwood cuid hardwood lignins .

4.2 The Theory of PPG And Stimulated Echo 
Gradient NMR

In 1946, Felix Bloch proposed the description of magnetic
properties of ensembles of nuclei in external magnetic
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fields[4.11]. The Bloch equation without diffusion 
coefficient is expressed in Equation (EQU 4.1).

(Equ. 4.1)

where i ', j ' and k ' are the unit vectors of the 
laboratory frame of reference. B is the magnetic field, M is 
the magnetization in the magnetic field. T̂  and T̂  are 
longitudinal and tremsverse relaxation times, respectively.

is the equilibrium magnetization in the static uniform 
magnetic field B^.

PFG NMR is based on the phenomena called Spin Echoes, 
which were first pointed out according to Bloch 
Equations (EQU. 4.1) and observed by Hahn in 1950 [4.12]. Spin 
Echoes are the spontaneous nuclear induction signals which 
are observed to appear due to the constructive interference 
of precessing macroscopic moment vector after more than one 
reference pulses have been applied. Based on Spin Echoes, 
Carr and Purcell[4.13] first developed a method to measure 
tramsverse relaxation time(T;) and the longitudinal 
relaxation time(Tj directly. Stejskal and Tanner[4.14] first 
developed a pulsed field gradient NMR sequence to measure 
diffusion coefficient (Dg) after adding two pulsed gradients 
to Hcihn's spin echoes sequence. This sequence is the basic 
and usueil PFGNMR sequence. It has a n/2 -G - x -G sequence
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90° G

0

80“

t, (2t+A

90°

0

80“

/■ r

tc (2t+A)

Figure 4.1 PFG sequence with and without prepulse
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Chapter 4 NMR cuid PFGNMR Studies
In PFG NMR, the moleculcir motion or diffusion 

coefficient(Dg) must be considered, because it is designed 
for measurement of diffusion coefficient (Dg). Torrey [4.15] 
obtained the Bloch equations (EQU. 4.2) after considering 
self diffusion coefficients (Dg).

- 5 ^ ( « ^ B ) , - ^ _ .D _ ( M , - # f „ )  

d*. (Bg-M,)-5P=Y(J»<B),H--   K_'D_(M,-M,^) (EW. 4.2)

The echo amplitude, expressed as am echo attenuation, which 
aure expressed in equation (EQU 4.3) for PFGNMR and equation 
(EQU 4.5) for stimulated echo, can be obtained through 
solving Bloch equations with the condition for PFGNMR amd 
stimulated echo. The way to obtauji the attenuation equations 
from Bloch Equations cam be found in reference[4.16].

In

(EQU. 4.3)
A(2t) + à^Cf{A -Î4) - Gg|(̂ * + 4)+ 0(/j +£j) +7Ô*

where

• Ag(2r)= echo amplitude at time t that excludes effects 
of diffusion, but includes effects of spin-spin 
relaixation, in practice, it is obtained when power
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supply is off;
• A(2x) = echo amplitude at time t that includes 

effects of diffusion and effects of spin-spin 
relaxation;

• Y = magnetogyric ratio of observed species ;
• D = diffusion coefficient;
• Gq = background (static) magnetic field gradient;
• G. = pulsed magnetic field gradient;
• = time between 90" rf pulse cuid field gradient

pulse, in PGSEl.AU and PGSE3.AU, it is the first VD;
• Ô = length of time the field gradient pulse is 

applied, in PGSEl.AU and PGSE3.AU, it is p2;
• c^= time between field gradient pulse and 180" rf, in 

PGSEl.AU and PGSE2.AU, it is the second VD;
• A = time between start of first field gradient and the 

start of the second field gradient pulse, A=2*VD + P2 
+ P3;

When G/ô*j »G„V, the above equation simplifies to

ln[ ]=-YW(^ ( A-y) (EQU. 4. 4)

Con^ared with the other methods, used for measuring 
diffusion coefficient, such as radioactive and sedimentation 
method, PFGNMR has a lot of adveuitages.
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First, as a non-invasive technique, PFG NMR allows the 

observation of the displacements of the individual molecule 
without any interference with the microdynamic processes 
within the sample.

Second, the diffusion coefficients (D„) of various 
con^nents in the sanqple can be measured simultaneously.

Third, the measuring temperature and the pressure over 
the sample may be veuried easily.

Fourth, high sensitivity (because of large number of 
repetition of measurements), the potential for in situ 
measurement and con^aratively easy operation, are its 
additional advantages.

Problems and shortcomings with this method include:
(1). Improper probe design may lead to serious residual 

gradients, which will make the spin echo attenuation 
equation (Equation 4.1) very conglicated and the measured 
diffusion coefficient (Dg) smaller them its true value.

(2). A heterogeneous system with l/T, exceeding 1/T^; or 
the diffusion coefficient, D , being small(D<= 10~’cm^/s), 
may not be determined accurately, because the spin echo 
signal was stored in the X-axis in PFGNMR.

In order to overcome these difficulties, some new pulse
sequences have been developed. The widely used sequence is
the pulsed field gradient stimulated echo sequences. The
basic gradient stimulated echo sequences and some common
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features are shown in Figure 4.2.

The echo amplitude attenuation equation for gradient 
stimulated echo is expressed by equation( EQü 4.5).

ln[ ] =-y ^D(5^(A+t --|)

5 [2tA+2T^--^^- (Ôj+Sj) -5 (5^+5g) ]

+x2(A+-^)G„^] LEQO. 4.5)

Where A(t), A(tg),D, Gg ,G,,Vr & have the same meaning as 

in EQU. 4.4, However, A,0^ and 0% have different meanings ;

A is the time between the second n/2 pulse and the 

third x/2 pulse. A=D% in the PGSE3.AU and PGSE4.AU.

is time between 90° rf pulse and field gradient pulse, 

in PGSE2.a u and PGSE4.AU, 0̂ =0,.

ôj time between field gradient pulse and the second 90°

rf, in PGSE2.AÜ and PGSE4.AU, it is the second VD
Con^ared with equation (EQU.4.4), the effect of the 

background gradient (Gg) can be reduced greatly through 
careful selection of x, a, ô  and o, and EQU. 4.5 could be
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Preparation Store
90% G 907.

t.(t)

Read 
907^ G

tb (T+A) t. (2t+A)

Pre- Preparation 
Pulse 9 0 7 , G ? 0 7 .

Store

t.(t)

Read
9 0 7 ,

tb(x+A) t„(2x+A)

Figure 4.2 Stimulated Echo sequence with and without 
prepulse
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simplified to EQÜ 4.6.

A(t.) Ô ,
ln[5^;^]=-Y^D(0=(A+T-j)^ {EQU. 4.6)

4.3 Experiments
The Preparation of Lignin Samples

The major lignin preparations used for aneilysis through 
this study were isolated directly from a kraft black liquor 
which was obtained from Avenor Inc in Thunder Bay, Ontario, 
Canada. The other was isolated from the effluent from the 
peroxide bleaching of TMP aspen pulp.

The original kraft lignin was isolated from kraft 
black liquor as follows : 220ml of kraft black liquor (KBL) 
was diluted to 1000 ml and filtered through a VWR 617 filter 
before diluting to 1600 ml. The pH of the resulting solution 
was 12.34. This solution was acidified with l.OM Ĥ SO, at a 
rate of 0.4 ml/min to pH 3. A slow precipitation is thought 
to yield a lignin preparation with less impurities.

After precipitation to pH 3.0 the solution was allowed
to stand for 1 hour and the pH was readjusted to 3.0 before
centrifugation in polyccirbonate bottles on an
IEC(International Equipment Con^any) Centra MP4* at the rate
of 3000 rotation/minute for 30 minutes. Subsequent to
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precipitation, the lignin was resuspended by vigorous 
sheiking in an aqueous HCl wash at pH 3.0 and recentrifuged. 
The lignin was washed in this manner three times. The lignin 
was washed in the same way by water three times. Finally, it 
was freeze-dried. This dry lignin was used in the following 
experiments.

The bleached lignin was prepared directly from the 
bleaching effluents by freeze-drying of the neutralized 
bleaching effuents.
Acétylation

The acétylation of lignin is used to increase the 
solubility of lignin in deuterium chloroform( solvent ) and to 
eliminate the exchangeable hydrogen in OH with deuterium in 
the solvent. The acétylation reaction is occurred as 
following:

R(Ar)-OH + (CH3C0)20 R(Ar)-OCOCHj + CH3COOH
This acétylation procedure is evolved from reference

[4.17]. Impurities and side reactions être our major 
concerns. High purity reagents and dcurk and sometimes, 
nitrogen atmosphere cire used in our experiment.

All reagents were doubly distilled; with the first 
distillation being carried out from a drying agent or, in 
the case of acetic acid, from an oxidizing agent. In all 
cases only the portion which was distilled at the boiling 
point was redistilled. The reported distillation ten^rature 
are as follows : pyridine, 114.4 ®C; acetic acid, 117.9 “C;

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4 NMR and PFGNMR Studies
acetic anhydride, 139.44 °C. Pyridine was distilled from 
about 4 grams BaO and boiling chips. The portion collected 
between 114-116 °C was redistilled with boiling chips alone. 
Acetic acid was first distilled with 14 grams KMnO^ and the 
above 114 °C portion was redistilled. Acetic anhydride was 
dried over P̂ Ô  24 hours and then decanted before distilling 
from a 1000 ml flask. The portion collected between 136- 
139°C was redistilled. The reagents were used immediately 
for the acétylation [4.18].

The acétylation mixture was mixed as follows : frozen- 
dried lignin sangle of 1-40 mg was dissolved in 0.280 ml 
double distilled Ĥ O. Once dissolved the sample was then 
precipitated with 0.180ml acetic acid. The sangle was mixed 
well and 10 ml pyridine was used to facilitate lignin 
dissolution. Finally, 6.0 ml of acetic anhydride was added 
to solution. If the reagents are added in any other than the 
preceding, the sample will not dissolve completely.

The flask was sealed under nitrogn with parafilm and 
stirred by magnetic stir in dark for 24-48 hours.

The acétylation mixture was poured into 10 ml pyridine
in 140 ml high purity H^O which was cooled to 0 °C in an ice 
bath. The mixture was stirred and allowed to stand for about 
30 minutes before it was extracted by 40 ml chloroform three 
times. The 140 ml chloroform was washed five times with 40 
ml l.OM H2SO4 and then 40 ml reagent grade water five times. 
The sample was dried by anhydrous sodium sulfate and 
decanted into a flask for solvent removal on a rotary
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evaporator. The dried sample was further purified by 
extracting the dry sample on the wall of the flask with 
hexane, with redissolution in CECI, and evaporation between 
successive evaporation. 99.94% deuterated chloroform(CDCl,) 
from Cambridge Isotope Laboratories was used in our 
experiments.
NMR Equipment and Parameter

In our experiments, NMR spectrometer is a Bruker AM 200 
with a 200 MHZ superconducting magnet and an Aspect 3000 
conputer. A regular 5 mm Ĥ probe is used in this section.

The NMR pareuneters used in our experiments are as 
following:

SY=80.13MHz TD=409 SI=8K
T=298K, 01=379 SW^3000Hz
TE=297 NS=1024, RG=8
02=20,OOOHz FVN3800 DW=208.8
SF=200.134MHz DR=12

PPG and Stimulated Echo NMR Experiments
The NMR spectrometer and sangles are the same as above. 

The probe is a 5 mm with a pulsed field gradient generator 
made by Doty Scientific Inc. 700 Clemson Road Columbia, SC 
29223, USA. The probe has a 5mm pulsed Z gradient, inverse 
RF coils, multi nuclear, for diffusion measurement in 
Brucker AC-200 (NB 40mm) spectrometer. The parameters of our 
probe are as following:
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A: Highly corrected B, gradient coils fo efficient

generation of linear gradients in the Z direction, including 
high-order active shielding coils to reduce energy of eddy 
currents in probe emd magnet.

B: 2% gradient linearity over 10 mm diameter sphere
C. Gradient coil resistémce 2.4 Q , inductcuice » 0.12

mH .
D. Gradient magnitude 40 6 Cm~̂  A~̂
E. Continuous operation at 406/cm , 1% duty cycle §400 

G/cm.
F. Switching time 42 fis with Doty gradient driver at

400G/cm, with 14 amp drive in constant current region.
6. Rf shielding between gradient coils and sample 

region.
H. Supplied with orthogonêü. saddle receiver coils, for 

use with 5mm sangle tubes, for double resonance experiments. 
2 turn (6x6 mm) proton coil on ID of the form, and 4 turn

(7x7) obs coil on outside of proton coil.
I. Ĥ 3c/2 pulse of 12 (is with <20W §200MHz. This coil

double tuned for lock.
J. Multinuclecir LF channel via plug in wands.
K. "C n/2 pulse of 14 (is <100W §40.2MHz.

”Si n/2 pulse of 14 (is with <100W §39.7mHz.
*̂N pulse of 24 (is with <100W § 20.2MHz.
N. VT operation over the range of -10 to +60 °C.
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The electricity source is a Kepco Bipolar Operation 

Power Supply Anqolif 1er ( model BOP 36-12M) with current 
control and voltage control. A homemade speciéü. switch was 
used to generate electrical pulses. Its circuit is in 
^pendix 6. A Philips oscilloscope was used to monitor the 
pulses and a multimeter was used to measure the voltage from 
the power supply. The PFGNMR setup was shown in Figure 4.3. 
The voltage from power supply is changed from 2-9 V.
4.4 Results and Discussions

Sanq>le proton NMR spectra of acetylated soj. «.wood emd 
hardwood kraft lignins are shown in Figures 4.4 and 4.5. 
Overall these spectra are broad and featureless. The 
following assignments for peaks for lignin structures are 
shown in Tables 4.1 euid 4.2. The primary difference between 
these two types of lignin is the significantly larger 
relative amounts of carbonhydrate methoxyl and aromatic 
acetoxyl groups present in softwood kraft lignin. Few 
details can be resolved because of the broad peaks.
Setup
contains information concerning neighbouring protons which 
are responsible for splitting a signal into many peaks 
according to n+1 rule where n is the number of neighbouring 
protons. Integration provides a measure of the relative 
number of protons contributing to a specific peek or group 
of peaks. Coupling constants obtained by measuring the 
distance between peaks in a multiplet are used to confirm
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Probe

Power Supply

Multi­
meter

TIL From ------
NMR ------
Spectrometer

Switch

Scope

I I

Figure 4.3 PFGNMR and stimulated echo Experiment
Setup
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assignments and determine configuration.

In lignin, the chemical shift of aldehydic protons occur 
between 9.8-9.94 ppm, the aromatic region is between 6.4- 
8.0, methoxyl protons at 3.7-3.94 ppm, aromatic acetoxyl at 
2.3 ppm and aliphatic acetoxyl at 2.1 ppm. Vanillic protons 
between 4.4 - 7.8 ppm may overlap with the aromatic region. 
The detailed assignments of lignin are listed in Table 4.1 
and Table 4.2.

1-D NMR spectrometry contains information regarding 
chemical shifts, multiplicities, integrations and coupling 
constants. The chemical shift depends on the electronic 
environment of the proton. Multiplicity or peak splitting
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3.0 5.0 7.0 6. 0 5.0 i i .  0 
PPM

3.0 1.0 0.0 •* Î. 3
Figure 4.4 NMR spectrum of softwood lignin
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Figure 4.5 NMR spectrum of hardwood lignin
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Table 4.1 Assignment of signals in the %  NMR 
spectrum of acetylated spruce kraft lignin (Figure 
4.4)
5 Assignment

1.26 Hydroceurbon contaminant 
Aliphatic acetate

2.28 Aromatic acetate
3.81 Protons in methoxyl groups
4.22-
4*44 Hyin several structures
4.64 Hg in fi-0-4 structures (methylene protons in 

cinnamyl alcohol units)
5«49 H, in B-0-4 structures (H„ in noncyclic benzyl aryl 

ethers. Eg in 2-aryloxypropiophenones
6.06 Hg in B-0-4 structures(H„ in B -1 structures. Eg in 

cinnamyl alcohol units
6.93 Aromatic protons (certain vinyl protons)
7.29 Chloroform (solvent)
7.40 Aromatic protons in benzcü.dehyde units and vinyl 

protons on the carbon atoms adjacent to aromatic 
rings in cinnamaldéhyde units
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Table 4.2 Aaaignaent of signals in the NMRspectrum of acetylated aspen kraft lignin (Figure 

l i S J ___________________________________________________________________
5 Assignment

1.26 Hydrocarbon contaminemt
3.83 Protons in methoxyl groups
4.0- H-C on carbohydrate and lignin side chains 5.0
6.01 Hg in B-0-4 structures(H, in B -1 structures. H, in 

cinncunyl alcohol units
6.60 Aromatic protons in syringyl units(certain vinyl 

protons)
6.94 Aromatic protons in guaiacyl units
7.29 Chloroform ( solvent)
7.43 Aromatic protons in benzaldehyde units
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Spin Relaxation and Molecular Size

The nuclear spin relaxation which occurs during the 
pulsed gradient NMR experiment may affect the results and 
must be accounted for. In a typical NMR experiment the 
reorientation correlation time, which may be largely 
determined by molecular size, is one of the principle
factors of the relaxation times. Spin-spin (T,) relaxation 
always decreases with increasing correlation time or 
molecular size. Spin-Lattice (T̂ ) relaxation times reach a 
minimum at = 1/v (v is frequency). One might be tempted
to exploit the molar mass dependence of the relaxation times 
to simplify spectra. But there is rarely enough variability 
in the correlation times of dissolved substances to clearly 
resolve different components. Furthermore, lignin protons 
are highly coupled by both spin-spin coupling and dipolar 
coupling, hence quantitative resolution of size-structure 
relationships is not possible through relaxation techniques 
alone. Nevezrtheless, we must account for the differences in 
relaxation times for various con^nents. and T, signal 
relaxation for an acetylated aspen kraft lignin sample is 
shown in Figure 4.6. Relaxation times for different
functional groups are given in Table 4. 3. This sample's
relaxation times are typicéü. for an acetylated lignin
derivative. The T, relaxation is significantly faster than 
the Ti relaxation. Figure 4.7 shows acetylated aspen kraft 
lignin spectra at two stages of T̂  relaxation and the 
corresponding difference spectrum.
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Figure 4.6 Tl, and T2 measurements
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Figure 4.7 spectra at two stages of relaxation and the 
corresponding difference spectrum.
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Figure 4.8 Spectra at two stages of relaxation and the 
corresponding difference spectrum.
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Figure 4.8 shows spectra at two stages of T, relaxation 

and the corresponding difference spectrum. Cougar Ison the 
spectra of Figures 4.7 with 4.8 show that spin-spin 
relaxation Is much more efficient at differentiating 
structural features thcui spln-lattlce relaxation. In the 
pulsed field gradient NMR experiments below the differential 
effects of and T, relaxation become an in^rtant
consideration. The signal for small molecules decays slowly 
for relaxation experiments udiile pulsed gradients select 
signcüL for léurge molecules. The difficulty lies in resolving 
molecular size by gradients before significant selection has 
occurred through relaxation.

Table 4.3. Relaxation times for acetylated 
kraft aspen lignin.
Proton Type Tj (seconds) T2(seconds)
ciromatic 0.865 0.085
methoxyl 0.6 0.172
ArOAc 0.702 0.178
ROAC 0.763 0.194
R (1.2 ppm) 0.662 0.1

The measurement of current in the probe
The current going to the probe was measured by measuring 

the voltage and resistor according to the Ohm's Law. The 
relationship between voltage measured across the power 
supply and the current going to the probe is shown in Figure
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4.9. The reproducible results are obtained using the 
constant voltage mode on the power supply.
The calibration of the probe
The pulse gradient in the probe is very difficult to measure 
directly. An alternative is to calibrate the probe by a 
standcurd sangle with a known self diffusion coefficient (Do). 
HjO in D20(HD0) is used widely to calibrate the gradient in 
the probe because its diffusion coefficient has been 
measured by many researchers and it has a very simple peak. 
HgO in DjO was prepared by putting a little drop of H^O in 
D^O( liHgO/DgO) and a little bit of CuSO^ as the indicator. The 
standard value of self-diffusion coefficient ( D* ) of H^O in 
DgO at 298K used in our experiment is D= 1.902x10"' nf sec"

^[4.21]. The magnetogeric ratio of is 2.6742x10® kg"̂  Sec.
In order to simplify equation 4.2, let 

y= ln[A(2x)/A„(2T)];

a^ô'(A-ô/3) 
y = -kx
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Figure 4.9 The effect of gradient pulse magnitude 
variation (Current Change)
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Figure 4.10 Calibration of probe using different 
voltages
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then
k = y D̂G* G' = k/(Ŷ D) (BQU. 4.7)

In our experiment, k is the slope of the diagram(y vs
X) .Substituting the vcü.ues of D emd Vr pulsed gradients (G)
may be obtained as:

G=2.7104k^/'
k is solely dependent on the current used to generate 

gradients. G is measured to be 0.188T/m A
From our experiment, the total resistance of our system is 

2.3020.
The Measured Diffusion Coefficients ( D*) of 
Polystyrene and Lignins

The problems in our measured diffusion coefficients (Ô ) 
of the samples are as following:

1) the measured diffusion coefficients (D̂ > are 30 - 100 
times bigger them the true value;

2) The probe doesn't have enough resolution in term of 
measured diffusion coefficients (Dg ). The measured diffusion 
coefficients (Dg) of lignin and polystyrenes are close to 
each other.

3). Although PFG NMR has been applied in many different
research areas, almost all researchers use the wide
bore(80mm. Our system is a narrow bore(40mm). The narrow
bore (4 0mm) system will result seriously residual gradients
and is difficult to shield. This is the fatêü. dravA)ack in
our experiment. The narrow bore and the short Tg relaxation
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times of our sauries (lignin) greatly reduce the value of our 
experiments.

In PFG NMR and stimulated echo experiments, all the 
problems, except mistakes in calibration of the probe, will 
result in a greater measured diffusion coefficient ( ) .  So 
it is very easy to obtéLin a bigger measured value rather 
than a smaller value of diffusion coefficient (Dg) by PFG 
NMR or stimulated echo experiments. In our experiments, we 
found that the residual gradients emd the vibrations are the 
two main problems in our probe.
The residual gradients in the probe

In PFG and stimulated echo PFG NMR experiment 
measurement of diffusion coefficients (Dg ), the residual 
gradients in the probe are always the major problems. The 
residual gradients have been studied by Merwall and 
Kamat[4.19] and Hrovat and Wade [4.20] . In this study, 
the term residual gradient refers to any additional magnetic 
field gradients which were observed after the electral 
current pulse which produces the magnetic pulsed field 
gradients has die down. Residual gradients are resulted from 
the application of the pulsed gradient; it may or may not be 
the result of slowing decaying eddy currents. The residual 
gradients in the probe can be observed directly by 
oscilloscope through the observed current to the probe 
corresponding to the residual. Figure 4.11 is the compaurison 
the residual gradients of the probe in the superconducting 
magnet(Figure 4.1 OB) with that outside the superconducting
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Figure 4.11 Direct observation of eddy current in 
the superconducting magnet
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magnet(Figure 4.11A). Figure 4.11 shows that the residual 
gradients of the probe in the superconducting magnet (Figure
4.1 IB) are much stronger than that outside the magnet (Figure 
4.11A).

The residual gradients may be divided into long-term and 
short-term residual gradients. The long term residual 
gradients may need hours to decay. Conparatively speaking, 
long term residual gradient has smaller effects on the 
measurement of diffusion coefficients. It could be 
eliminated by a prepulse in PFG NMR or stimulated echo NMR. 
Figure 4.11 is the effect of prepulse in PFG and stimulated 
echo experiments. The prepulse resulted about 4% improvement 
of measured diffusion coefficient(Dg).

The short term residucü. gradients are responsible for
many problems in PFGNMR technique. The major problems
resulted from the short term residual gradients are:

1) a decay time is required before a r.f pulse after a 
gradient pulse in order to avoid the strong residual 
gradients;

2) Distortions which appear in the Fourier transform of 
the spin echo;

3) Phase shift which cem affect measurement made 'on 
resonance ', this shift cem increase the measured value
greatly;

4) Errors in the calibration of the probe;
In total, the residucil gradients could increase the

measured diffusion coefficient(Dq)to 30-100 times greater
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Figure 4.12 ^ prepulse to compensate the long term 
residual gradient
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Figure 4.13 h -OD height from a jc/2 r.f pulse after a 
gradient pulse(PGSEl)
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them its true value.

In our probe, although it is actively shielded, the 
residual gradients are still serious. When the pulsed 
gradients reached to 3A(or lOV), the spin echo attenuation 
is seriously deformed. This is an evidence of residuaü. 
gradients.

A very sensitive experiment of detection the residual 
gradients was ençloyed to observe the short term residual 
gradients. After a single gradient pulse(3v or 4v, 2ms), a
3c/2 r.f pulse was applied at different times to acquire a
FID. After Fourier transform, the height of the peak of EDO 
was plotted verse the time after the gradient. From Figure 
4.13, we can find that the height of EDO before 30 ms was 
extremely unstable. This unstability was an observation of 
residual gradients. The waiting time after the pulse could 
not be too long, otherwise, the signals might disappear.

The Interaction Between r.f and Gradient Pulses
Comparing gradient pulses with r.f pulses, r.f pulses 

are shorter and stronger. The close proximity of the r.f 
coils with the gradient coils leads to induction of a 
gradient pulse during r.f pulse. The effective coupling of 
the r.f and gradient coils may be observed for a pulse 
sequence with a short time span as shown in Figure 4.11. The 
gradient generated from the induced current from the r.f 
pulse will contribute to the deploring which effectively 
reduces the accurracy of the^measurement by misreading the
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Figure 4.14 The Interaction between gradient pulses 
and rf pulses.
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measured echo attenuation.
The Residual Gradient Reduction Experiments

In order to avoid the residual gradients, every effort 
has been made to find the cause of residual gradients and 
the way to elimHate the residual gradients. The most 
powerful tool to reduce residual gradients is active- 
shielding. It could reduce the magnitude of the gradient- 
coil far field by a factor of approximately 20[4.20].

The idea of active shielding is to construct a suitable 
arrangement of wires at a large radius than the gradient 
coils, and excite these shielding wires with a current 
sufficient to cancel out the original gradient fields beyond 
a specified radius, which is smaller than the inner 
dimension of the main magnet. The shielding wires may be 
arrcinged on a cylindrical format and fed with equal currents 
if they are appropriately spaced[4.20]. The active-shielding 
was implemented by the manufacturer.

The stimulated echo PFGNMR cem also be used to reduce 
residual gradients.

The effect of the timing between r.f and gradient pulse 
is shown in Figure 4.15 - 4.18 for our experiments. In 
general, a 5 - 10 ms delay between peaks is required.
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Figure 4.15 The effect of variation of VD in PFG
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Figure 4.18 The effect of variation of D1 in PFG NMR
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The vibrations
In PPG and stimulated echo PFG NMR experiments, there 

cure two kinds of vibrations. One is the vibration of sangle 
tube and probe. The other is the vibration of the magnetic 
field. These vibrations will result a greater measured 
diffusion coefficient because the vibration was measured as 
diffusion.

In order to prevent the tube vibration, we cut the tube 
to about 4 cm long and sealed it to the probe by a speciail 
clip which was added to our probe by L.U machine shop. Even 
though, VT air emd room air on could result in 10% errors 
respectively. The heater would bring another 10% errors 
because of extra magnetic field. Interestingly, all these 
three factors(10%, respectively) are additive and would 
bring a 30% errors together if all three are on (Figure 
4.19).

The other vibration is the one of the pulsed gradient 
which was resulted from the pulsed electrical current. When 
the current goes through the coil which was used to generate 
the pulse magnetic field, the coil will stress. When the 
current dies out, the coil will relax. This magnetic filed 
vibration could minimized by sealing the coil to the probe 
tightly. However, it seems that this vibration is 
inevitable.
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Figure 4.19 The effects of heater, body air and VT 
air
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Difference Spectrum

As described above, the molecular size and structure are 
important considerations when developing methods for 
removing and processing effluents. Although our probe has 
some difficulties to measure the true v£ü.ue of diffusion 
coefficients (Dq ), it may be used to obtêiin size-resolved 
spectra emd to measure and con^>are the self diffusion 
coefficients (Dg) of various functioned, groups. Also by 
comparison of the signal with small or no gradient pulses we 
can identify the letrge molecular species (residual signed, 
after substantial pulses ) and relatively small molecules 
(by difference with the initied. spectra). Spectra obtedjied 
from a heurdwood kraft lignin which clearly resolve the leurge 
molecules from the small molecules are shown in Figure 4.20. 
Due to residued. gradients, we kept our experiment time at 
80.4ms. Our gradient pulses were normally between 20 and 40 
Gauss cm~̂  . The high molecular weight material (B) has a 
much lower frequency of acetylated phenolic hydroxyl group 
than the low mass material(C). This result corresponds to 
the molecular mass sequence of ionizable phenolic groups on 
softwood kraft lignin [4.21] and is expected for lignin 
generated by kraft processes, in addition, the aromatic 
region shifts upfield for the higher mass materials.
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Figure 4.20 Acetylated kraft aspen lignin with
pulsed gradient spin echo selection of signal. Top
total signal; middle after pulse gradient spin echo
(Large mass). Bottom difference (low mass).
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Figure 4.21 Acetylated kraft spruce lignin with
pulsed gradient spin echo selection of signal. Top
total signal; middle after pulse gradient spin echo
(Large mass). Bottom difference(low mass).
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Appendix 1 PGSEl.AU

; PGSEl. AU SEQUENCE FOR PULSE GRADIENT NMR

;IT IS USED TO GENERATE HAHN SPIN-ECHO SEQUENCE WITH

/GRADIENT PULSES IN P2

;Dl-90° -VD-G-VD-180°-VD-G-VD-FID

1 ZE

2 D1 SI /RELAX TO EQUILIBRIUM

3 PI PHI /90 DEG PULSE WITH QP PHASE CONTROL

4 VD /PRECESSION OF SHIFT AND J-COUPLING

5 P2:D /USE DECOUPLER PULSE FOR GRADIENT TRIGGER

6 LO TO 5 TIMES 1/ InCREMENT PULSE LENGTH BY P2 MULTIPLE

7 VD

8 P3 PH2 /180 DEG PULSE, PHASE PR0G.PH2

9 VD / SET DELTA VD IN VDLIST =P2/2

10 P2:D / GRADIENT PULSE

11 LO TO 10 TIMES I

12 VD / REFOCUS SHIFTS BUT NOT J-MODULATIONS

13 G0=2 /ACQUIRE FID, LOOP TO 2

14 WR #1 /STORE FID
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15 IF #1; INCREMENT FILE EXTENSION

16 IN=1 /LOOP FOR NEXT EXPERIMENT, INCREMENT VDLIST

17 EXIT

PH1=A0 AO A2 a2 A1 A1 A3 A3 /EXORCYCLE AND Qp

A2 A2 AO AO A3 A3 A1 A1

PH2=A0 A2 AO A2 A1 A3 A1 A3

A1 A3 A1 A3 AO A2 AO A2

PROGRAM REQUESTS FILENAME FOR FIDS

NE DEFINES NO. OF EXPERIMENTS = NO. OF DELAYS IN VDLIST 

CURRENT VDLIST MUST CONTAIN DELAYS (IN SEC) FPR ECHO 

SINGNAL AMPLITUDES DECAY FOR SHORT VD ACCORDING TO EXP(- 

2*VD/T2) , FOR LONGER VD DECAY IS MORE RAPID DUE TO

DIFFUSION

D1=CA.5*T1 FOT COMPLETE RELAXATION

Pl= 90 DEG PULSE

P2=GRADIENT PULSE

P3=180 DEG PULSE

RD=PW=0, QP PHASE
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Appendix 2 PGSE2.AU

;PGSE2.a u  s e q u e n c e FOR PULSE GRADIENT NMR 

; IT IS USED TO GENERATE STIMULATED ECHO SEQUENCE WITH 

/GRADIENT PULSES IN P2 AND A PREPULSE GRADIENT 

/G-D2-90 -D3-G-VD-90-D2-90-90-D3-G-VD-FID

1 ZE

2 D1 SI /RELAX TO EQUILIBRIUM

3 P2:D

4 D2

5 PI PHI /90 DEG PULSE WITH QP PHASE CONTROL

6 D3 / SHORT DELAY BETWEEN 90 RF AND GRADIENT CA lOOUS

7 P2:D /USE DECOUPLER PULSE FOR GRADIENT TRIGGER

8 LO TO 5 TIMES 1/ InCREMENT PULSE LENGTH BY P2 MULTIPLE

9 VD

10 PI PH2 /90 DEG PULSE WITH QP PHASE CONTROL

11 D2 /PRECESSION OF SHIFT AND J-COUPLING

12 PI PH3 ;90 DEG PULSE WITH QP PHASE CONTROL

13 D3

14 P2:D /USE DECOUPLER PULSE FOR GRADIENT TRIGGER
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I 15 LO TO 14 TIMES I 

i 16 VD

17 GO=2 PH4 /ACQUIRE FID, LOOP TO 2

18 WR #1 /STORE FID

19 IF #1/ INCREMENT FILE EXTENSION

20 IN=1 /LOOP FOR NEXT EXPERIMENT, INCREMENT VDLIST

/POINTER

21 EXIT 

PH1=A0

PH2=A0 A2 A1 A3

PH3=A0 AO A2 a2 A1 A1 A3 A3 / EXORCYCLE AND Qp

A2 A2 AO AO A3 A3 A1 A1

PH4A0 A2 AO A2 A1 A3 A1 A3 

A1 A3 A1 A3 AO A2 AO A2 

/ PROGRAM REQUESTS FILENAME FOR FIDS

/NE DEFINES NO. OF EXPERIMENTS = NO. OF DELAYS IN VDLIST 

/CURRENT VDLIST MUST CONTAIN DELAYS (IN SEC) FPR ECHO 

/SINGNAL AMPLITUDES DECAY FOR SHORT VD ACCORDING TO EXP(- 

,-2*VD/T2), FOR LONGER VD DECAY IS MORE RAPID DUE TO
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/DIFFUSION

/D1=CA.5*T1 FOT COMPLETE RELAXATION 

/Pl= 90 DEG PULSE 

/P2=GRADIENT PULSE 

/RD=PW=0, QP PHASE
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Appendix 3 PGSE3.AU

;PGSE3.a u  s e q u e n c e FOR PULSE GRADIENT NMR 

; IT IS USED TO GENERATE HAHN SPIN-ECHO SEQUENCE WITH 

/GRADIENT PULSES IN P2 AND PREPULSE GRADIENT 

/Dl-G-VD-90° -VD-G-VD-180°-VD-G-VD-FID

1 ZE

2 D1 SI /RELAX TO EQUILIBRIUM

3 P2:D /GRADIENT PREPULSE TO COMPENSATE FOR EDDY

/CURRENT

4 VD

5 PI PHI /90 DEG PULSE WITH QP PHASE CONTROL

6 VD / PRECESSION OF SHIFT AND J-COUPLING

7 P2:D /USE DECOUPLER PULSE FOR GRADIENT TRIGGER

8 LO TO 7 TIMES 1/ InCREMENT PULSE LENGTH BY P2 MULTIPLE

9 VD

10 P3 PH2 /180 DEG PULSE, PHASE PR0G.PH2

11 VD / SET DELTA VD IN VDLIST =P2/2

12 P2:D / GRADIENT PULSE

13 LO TO 10 TIMES I
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14 VD ; REFOCUS SHIFTS BUT NOT J-MODULATIONS

15 G0=2 /ACQUIRE FID, LOOP TO 2

16 WR #1 /STORE FID

17 IF #1/ INCREMENT FILE EXTENSION

18 IN=1 /LOOP FOR NEXT EXPERIMENT, INCREMENT VDLIST

19 EXIT

PHI = AO AO A2 a2 A1 A1 A3 A3 / EXORCYCLE AND Qp

A2 A2 AO AO A3 A3 A1 A1

PH2=A0 A2 AO A2 A1 A3 A1 A3

A1 A3 A1 A3 AO A2 AO A2

PROGRAM REQUESTS FILENAME FOR FIDS

NE DEFINES NO. OF EXPERIMENTS = NO. OF DELAYS IN VDLIST 

CURRENT VDLIST MUST CONTAIN DELAYS (IN SEC) FPR ECHO 

SINGNAL AMPLITUDES DECAY FOR SHORT VD ACCORDING TO EXP(- 

2*VD/T2) , FOR LONGER VD DECAY IS MORE RAPID DUE TO

DIFFUSION

D1=CA.5*T1 FOT COMPLETE RELAXATION

Pl= 90 DEG PULSE

P2=GRADIENT PULSE
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;P3=180 DEG PULSE 

;RD=PW=0, QP PHASE
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Appendix 4 PGSE4.AU

; PGSE4.a u  s e q u e n c e  FOR PULSE GRADIENT NMR 

;IT IS USED TO GENERATE STIMULATED ECHO SEQUENCE WITH 

/GRADIENT PULSES IN P2 AND 2 PREPULSE GRADIENTS 

/D1-G-D2-G-D2-90 -D3-G-VD-90-D2-90-90-D3-G-VD-FID

1 ZE

2 D1 SI /RELAX TO EQUILIBRIUM

3 P2:D /GRADIENT PREPULSE

4 LO TO 3 TIMES I

5 D2

6 P2:D

7 LO TO 6 TIMES I /

8 PI PHI /90 DEG PULSE WITH QP PHASE CONTROL

9 D3 / SHORT DELAY BETWEEN 90 RF AND GRADIENT CA lOOUS

10 P2:D /USE DECOUPLER PULSE FOR GRADIENT TRIGGER

11 LO TO 10 TIMES 1/ INCREMENT PULSE LENGTH BY P2

/MULTIPLE

12 VD

13 PI PH2 /90 DEG PULSE WITH QP PHASE CONTROL
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14 D2 /PRECESSION OF SHIFT AND J-COUPLING

15 PI PH3 ;90 DEG PULSE WITH QP PHASE CONTROL

16 D3

17 P2:D /USE DECOUPLER PULSE FOR GRADIENT TRIGGER

18 LO TO 14 TIMES I

19 VD

20 GO=2 PH4 /ACQUIRE FID, LOOP TO 2

21 WR #1 /STORE FID

22 IF #1/ INCREMENT FILE EXTENSION

23 IN=1 /LOOP FOR NEXT EXPERIMENT, INCREMENT VDLIST

/POINTER

24 EXIT 

PH1=A0

PH2=A0 A2 A1 A3

PH3=A0 AO A2 a2 A1 A1 A3 A3 /EXORCYCLE AND Qp

A2 A2 AO AO A3 A3 A1 A1 

PH4A0 A2 AO A2 A1 A3 A1 A3 

A1 A3 A1 A3 AO A2 AO A2 

/ PROGRAM REQUESTS FILENAME FOR FIDS
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NE DEFINES NO. OF EXPERIMENTS = NO. OF DELAYS IN VDLIST 

CURRENT VDLIST MUST CONTAIN DELAYS (IN SEC) FPR ECHO 

SINGNAL AMPLITUDES DECAY FOR SHORT VD ACCORDING TO EXP 

(-2*VD/T2), FOR LONGER VD DECAY IS MORE RAPID DUE TO 

DIFFUSION 

D1=CA.5*T1 FOT COMPLETE RELAXATION 

Pl= 90 DEG PULSE 

P2=GRADIENT PULSE 

RD=PW=0, QP PHASE
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Gradient Switch

—  KEPCOBOP36-12M 
^  Power Supply, Current Control

5 Volt

i 82 Q2.5 n
dummy 
coll

TTY
Signal

Gradient
Coll82 0

0.333 a ISN
7416

To oscilloscope Tor 
pulse measurement

Homemade switch: Design modified from: Callaghan, P. T.; 
Trotter, C. M.; Jolley, K. W. J. Magn. Reson. 1980,37, 247.
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