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Keywords Summary

B-O-4 ether bonds The present paper aims at elucidating the effect of high-temperature defibration at different temperatures
Wood fibers on the bulk and surface chemical properties of defibrated birch, aspen and eucalypt. The results indicate
Chemical structure that defibration of these hardwoods results in partial depolymerization of fiber lign{homolytic)

13C CP/MAS NMR cleavage of interunit alkyl-arylB¢O-4) ether bonds. This increases the phenolic hydroxyl content and
High-temperature defibration produces relatively stable (phenoxy) radicals. Syringyl-type lignin is more extensively depolymerized
ESCA than guaiacyl-type lignin. Defibration generates water-extractable material, which is enriched in hemi-

Surface chemical composition cellulose-derived carbohydrates and has a substantial content of aromatic compounds rich in phenolic
hydroxyl groups. The amount of water-extract and the extent of lignin interunit ether bond cleavage
increase with an increase in defibration temperature. The differences between various hardwood species
in this respect are small. The surface chemical composition of the fibers differs considerably from their
bulk composition, but is not significantly influenced by variations in defibration temperature. Lipophilic
extractives cover a large portion of the fiber surface, while the lignin content of lipophilic extractives-
free fiber surfaces is 2—3 times as high as the bulk lignin content of the fibers.

Introduction largest region of the wood cell, the secondary wall. How-
ever, in high-temperature TMP pulping (Dorris and Gray
Wood is a composite material whose main constituents afk978) or mechanical pulping according to the Asplund
cellulose, hemicellulose and lignin. These are unevenlprocess (Mjoberg 1981), the fracture zone is shifted to the
distributed between the different morphological regions ofignin-rich middle lamella. As a result of the thermal treat-
wood (Fergus and Goring 1970a). Also the syringyl/guaiament to which wood chips are subjected in the preheater
cyl (S/G) ratio of lignin units in hardwood varies betweenbefore the defibration, the middle lamella lignin is liquefied
different layers of the wood cells (Fergus and Goring 1970b)gs the temperature reaches its glass transition point. As the
In the secondary walls of white bircBdtula papyrifera  defibration is performed while the lignin is still soft, fibers
xylem, the lignin concentration is low and the lignin is are separated along the middle lamella, and on cooling the
mainly of S-type in fiber and ray cells and of G-type in vesdignin solidifies forming a crust on the wood fibers (Mjo-
sel cells. However, in the primary wall and middle lamellaberg 1981; Kharazipowt al 1997). The surface lignin con-
of birch xylem, the lignin concentration is high and a mixedtent of even unextracted fibers from high-temperature defi-
S/G-type lignin is found in fiber cells and a G-type lignin inbration is thus considerably higher than their bulk lignin
vessel cells. Under mechanical defibration conditions, theontent.
surface chemical composition of the separated fibers there- In addition to the surface chemical composition, also the
fore depends more on the morphology of the fracture zonaner fiber domains undergo changes during high-temper-
than on the bulk chemical composition of wood. The fracature defibration. Hydrolytic cleavage of ether bonds in
ture zone is largely determined by the temperature of defhemicelluloses and lignin is known to occur during high-
bration (Koran 1968; Zavarin 1984). Due to a redistributiorpressure refining (Suchsland and Woodson 1991;e5ah
of wood extractives after surface formation (Zavarin 1984)1999). As a result, water-extractable material is formed, a
the fiber surfaces are typically enriched in lipophilic extracpart of which is released in the process water. The hydroly-
tives, whose removal by organic solvent extraction leaves sis is catalyzed by acetic and formic acids formed from wood
pure lignocellulosic surface. Solvent-extracted commerciatarbohydrates. Moreover, mechanical stress causes structur-
mechanical (Dorris and Gray 1978), CTMP (Bords andal modifications of the wood constituents due to homolytic
Gatenholm 1999) and TMP (Dorris and Gray 1978; Mjo-cleavage of covalent bonds, resulting in their depolymer-
berg 1981) softwood pulps for paper have similar bulk andization and the formation of mechanoradicals (Hon 1983;
surface compositions. This is because the fracture zoreee and Sumimoto 1990). Homolytic cleavage of iHe-
under the conditions of their production is mainly the4 ether bonds in fiber lignin generates phenoxy radicals,
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52 P. Widsteret al: Chemical Structure of Defibrated Hardwood

which may be stabilized in the lignin matrix, undergo freedioxane lignins (Dence 1992). The value of 13.11gm ! was
radical coupling reactions, form stable quinonoid struc-also used for the eucalypt water-extract.

tures, or abstract a hydrogen whereby the frequency of phe-

nolic hydroxyl (PhOH) groups is increased. Such changeg®Pohydrate analyses

in the molecular size distribution and content of functionall "¢ monosaccharide compositions were determined with a HPLC

groups of the fiber constituents affect the chemical anaystem according to Hausalo (1995) after acid hydrolysis of the
physical properties of the fibers carbohydrates to monosaccharides. The polysaccharide composi-

tions were calculated from the monosaccharide compositions ac-
The aim of this paper is to gain insight into the effectcording to Janson (1974).

of temperature variation in high-temperature defibration _

(171-196°C) on the chemical properties of hardwoodVater-extractions

fibers. It is also of interest to find out whether differentThe fibers were soaked in water at 2% consistency for 1 h at room

hardwood species are affected in the same way. Hardwoé(anperature. The fi_bers were not Wiley_-milled bgfore treat_me_nt.

fibers produced at different refining temperatures are Chaf_«fter soaking, the fibers were vacuum filtered using quantitative

. . . . _filter paper and washed with distilled water until the filtrate was
acterized with regard to their bulk and surface chemic olorless. The filtrate was lyophilized and weighed for the deter-

composition, and the amount and type of water-extractabl@ination of water-extractives content while the insoluble fiber
material formed. Particular emphasis is placed on the detefraction was allowed to air-dry.
mination of the extent and type of lignin modification at _ _
each temperature level. Organic solvent extractions
The dichloromethane and acetone extractions were carried out
according to SCAN-C 7:62 and SCAN-CM 49:93, respectively.
Materials and Methods
Determination of PhOH contents
The periodate oxidation method based on the formation of
The samples subjected to chemical analyses included both untreatethanol from methoxyl groups ortho to a PhOH group (Lai 1992)
ed (chips) and defibrated wood, and were obtained from entirevas used for PhOH group determination. PhOH groups of lignin
freshly cut, debarked birch (mainBetula verrucospor aspen p-coumaryl units or extractives such as tannins or flavonoids have
(Populus tremulalogs of unknown age from Sundsvall, Sweden. no methoxyl groups and are therefore not included in the results.
In addition, eucalyptEucalyptussp.) chips from trees of unknown Methanol reached its maximum concentration and was quantified

Materials

age were obtained from elsewhere. after 3 days reaction time. The GC equipment and conditions for
the quantification of methanol were as follows: GC unit: HP 6890;
Defibration detector: FID; column: Nordion NB-20M, 25 x 0.20 mm i.d.,

The wood chips (moisture content 50%) were defibrated afilM thickness 0,2um; injection volume and type: 1-18, split
Sunds Defibrator, Sundsvall, Sweden using a pressurized Asplurf@i€ction (50:1); detector gases; t0.5 MPa) and air (0.7 MPa);
defibrator consisting of a chip feeder, a preheater (pressurizeGfMer gas: He (1.5 MPa); oven temperature: 80°C (isothermic),
equipped with a temperature sensor, a double-disc refiner (preS€tector temperature: 240°C; injector temperature: 250°C. The
surized) and a chamber (pressurized) from which the pulp id1t€rnal standard was acetonitrile.

discharged to atmospheric pressure. The preheating time was 4
and the production rate 65-80 kg/h. Approximately 50-100 kg

ggﬂrface characterization of fibers by ESCA

chips were processed for each fiber batch. ESCA spectra were obtained using an AXIS 165 spectrometer
(Kratos Analytical). Monochromatic Al K radiation from an
Preparation of fibers for analysis X-ray source was used to excite the electrons. The fiber surface area

N . ) analyzed was about 1 ninand the maximum sampling depth
Unless otherwise indicated, air-dry unfractionated or water-extractj y L 5_4 |ocations per sample were analyzed and the results
edfibers representative of an entire fiber batch or wood chips fror%veraged. The spectra of C-1s and O-1s were recorded and the total
€8/C atomic ratio as well as the relative abundances of organic car-
extracts were analyzed g5, \ith different degrees of oxidation were calculated for fiber

samples before and after acetone-extraction. Gaussian line shapes

N - were used for the deconvolution of the C-1s signal. The chemical
Determination of lignin contents shifts of the C-1s component peaks relative to C-1 (C-C) were as
The acid-insoluble lignin content of the fibers was determinedollows: C-2 (C-O): 1.7+ 0.2 eV, C-3 (C= O or O-C-O):
gravimetrically after acid hydrolysis of the carbohydrates (Jayme&.1+0.3 eV, C-4 (O-C= O): 4.4 £0.3 eV. For samples A1 and A2
et al 1967) from fibers Soxhlet-extracted with &, for the
removal of lipophilic extractives. The amount of acid-soluble lignin o .
was estimated from the filtrate by UV-spectroscopy (Dence 19921able 1. Description of fiber samples
by using 3% acid as the reference solution and measuring tt_

before analysis. The lyophilized water-
such.

absorbance at 205 nm. An absorptivity value of 116G bgrifor T iDer Species Treatment
lignin (Dence 1992) was used in the calculations. ] ]
Al Aspen Defibration at 171 °C

Determination of aromatic substances in fiber water-extracts A2 Aspen Defibration at 188 °C

] . i Birch Untreated
The aromatic substances of lyophilized fiber water-extracts wergy Birch Defibration at 171 °C
quantlfle_d by _UV-spectroscopy from a small portion of water-g3 Birch Defibration at 188 °C
extract in distilled water by using the absorbance at 280 nrgg Birch Defibration at 196 °C
(0.4-0.6) and distilled water as the reference solution. Thigy Eucalypt Untreated
absorptivity values used for birch (13.11%¢m™?) and aspen pg» Eucalypt Defibration at 171°C

(12.2 1 gt cm~1) samples were as reported for the corresponding
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(Table 1) the spectra of N-1s, Si-2p and S-2p were recorded @ontent of cellulose is very low. It is not known to what

well. The surface extractive coverage of the fibers as well as thextent the carbohydrates actually occur as polysaccharides
lignin coverage of acetone-extracted fibers were calculated accordy they may also be present as mono- and oligosaccharides
ing to Strom and Carlsson (1992) using the following theoretica,

O/C atomic ratios: lignin: 0.33, carbohydrates: 0.83, and lipophilic ormed from depolymerization of polysaccharides. In high-

extractives: 0.10. t_em_per_ature_defibration the frgcture zone _is mainly the
lignin-rich middle lamella, leaving a lignin-rich layer on
ESR measurements fiber surfaces (Mjoberg 1981; Kharazip@iral.1997). The

ESR measurements were carried out on 100 mg of air-dry fibdProportion of water-extracts not accounted for by lignin
samples Wiley-milled to pass a 20 mesh screen, which were un@ carbohydrate analyses is likely to be mainly made up
formly packed in a quartz tube in a standard volume. The ESR

spectra were measured ‘.at room temperature with a Varian E'lmlgable 2. Lignin and extractive contents of unfractionated fibers
cw ESR spectrometer using a microwave frequendy%5b GHz.
A modulation frequency of 100 kHz and modulation amplitude OfFiber

o . Lignin, % Extractives, %

0.5 gauss were applied in the measurements. The microwave pow Acid Acid Tot. H,0 CH,Cl,
was 1 mW. Relative concentrations of radicals were determined k insol. sol.

double integration of the baseline corrected first derivative spectr:

Solid-state!*C CP/MAS NMR spectra 2% gi gg iég 2?)?) gg
The solid-staté3C NMR spectra were run at room temperature B1 16.7 5.1 21.8 - 3.2
using cross polarization and magic angle spinning at 7 kHz oB2 18.6 3.7 22.3 8.5 3.6
a Chemagnetics CMX Infinity 270 MHz spectrometer operatingB3 17.9 3.3 21.2 19.8 5.3
at 67.9 MHz for carbon. Each cross-polarization contact timeB4 17.8 2.7 20.6 23.2 9.3
was 2 ms and data acquisition time 24 ms. The pulse delay was 2E2 17.9 4.5 22.4 5.9 1.1

The rf power levels were 60 kHz. The number of transients wa
=20000 for water-extracts arr5000 for other samples. A line
width of 40 Hz was used for the processing of the spectra. The

peaks were referenced to TMS using hexamethylbenzene (methy3pie 3. Chemical composition of fiber water-extracts
peak at 17.35 ppm) as a secondary reference. The sawgies

air-dry portions of=200 mg of Wiley-milled (20 meshfiber or  FEjper Aromatic substances,% Carbohydrates, %
=50 mg of fiber water-extract and had a moisture contentéb.
Variations in the frequency di-O-4 etherified syringyl (S) A1 27.2 43.2
units of the samples were estimated by monitoring intensitya2 253 47.9
changes of the C-4 of S units across 151 ppm (Letal. 1986; B2 175 56.8
Leary and Newman 1992). The degree of etherification was expressg3 15.8 60.4
as the proportion of etherified C-4 (155-151 ppm) of total C-4 sigp4 18.2 68.2
nal strength (155—-145 ppm) neglecting signals from guaiacyl (Gg2 20.7 42.1
carbons. The peak assignments by Lexrgl (1986) were based
on solution NMR data on beech lignin by Nimz (1974). Lincluding true lignin, lignin-like oligomers, lignans, tannins etc.

aromatic compounds.

Results and Discussion

Bulk chemical composition of fibers and fiber water- Table 4. Polysaccharide composition of fiber water-extract carbo-
extracts hydrates
A description of the samples is given in Table 1. The lignir Al A2 B2 B3 B4 E2

contents of the defibrated samples (Table 2) are close to tl

: Cellulose % 1.2 2.8 4.5 0.4 0.0 1.0

va_IHes“reported for_the corresponding untreated sar‘r_1p|<xylan % 510 773 709 813 780 694
(Sjostrom 1993). This was to be expected since there is 5| ,comannan % 29.1 10.8 13.0 11.2 16.4 8.3
significant loss of raw material during defibration. Arabinan % 13.9 6.4 65 3.6 25 10.1
The amount of water-extractives tends to increase witGalactan % 4.8 2.7 51 35 3.1 112

increasing defibration temperature (Table 2). This indicate
that the extent of breakdown of hemicelluloses and lignir,

by acid hydrolysis and homolytic bond scission increases ) - ]

with increasing preheater temperature. The results a|ETabIe 5. Monosaccharide composition of fiber water-extract car-

show an increase in the carbohydrate content of the watebohyOIrates

extracts with increasing temperature (Table 3). The aroma Al A2 B2 B3 B4 E2

ic substances may include lignin fragments formed duriny

defibration as well as oligomeric lignin-like compounds, Arabinose % 14.8 6.9 7.0 3.8 2.7 109

lignans and other aromatic compounds originally present iGalactose % 50 29 54 37 34 118

wood and enriched in the water-extracts (Pranoeichl. S'TCOS%/% 4182;9 757-;‘ 61311 sg'f 7;‘-2’ 6;'-2
. ; _Xylose % . . . . . .

1995; Suret al. 1999). Carbohydrate analysis of the water Mannoese % 18.6 71 8.4 74 110 54

extracts (Tables 4 and 5) shows that the carbohydrates magy, . 1ose 04

. . . . 0.0 0.0 0.0 0.0 0.0 0.0
ly consist of hemicelluloses, particularly xylan, while the
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Table 6.Results of fiber surface analysis by ESCA. HRinextracted fibers, AE acetone-extracted fibers

Sample o/C Proportion of carbons at different oxidation levels, % Lignin, Lipophilic
%! extractives, %

C-1 C-2 C-3 C-4
UE AE UE AE UE AE UE AE UE AE AE UE
Al 0.20 0.54 74 30 21 55 3 11 2 4 56 78
A2 0.39 0.52 47 30 43 59 7 9 2 2 60 32
B2 0.17 0.53 73 22 22 52 3 17 2 9 59 83
B3 0.13 0.55 79 21 18 59 2 16 1 4 53 93
B4 0.29 0.53 60 29 33 58 5 11 2 2 59 55
E2 0.46 0.60 39 22 47 59 10 16 4 4 43 28
Average 0.27 0.55 55 61

1 May include other aromatic compounds present on fiber surfaces.

C-2
of degradation products of the principal wood constituents
lipophilic extractives such as fatty acid esters, and ast
Dichloromethane extraction (Table 2) removed consider
ably less material than water extraction, reflecting the polar
ity of the water-extracted material. C-1

C-3
Surface chemical composition of the fibers

The surface composition of the unfractionated fibers wa
analyzed by ESCA (Table 6). The content of lipophilic sur-
face extractives such as fatty acid esters and terpenoids w
a very low oxygen-carbon (O/C) ratio and containing main:
ly unoxidixed (C-1) carbon is much higher than the bulk
content of lipophilic extractives, represented by dichloro-
methane extractives. In addition to the original lipophilic
extractives, the dichloromethane extractives may contai
low-molecular weight material of carbohydrate and lignin
origin rendered extractable by the defibration process. O
the average, about 60% of the fiber surface is covered t — T T
lipophilic extractives, although variations in this regard are 288286 284 282 280
.. . .. Binding energy / eV

very large between the samples. Redistribution of origine
lipophilic wood extractives by their migration to the sur-Fig. 1. Curve-fitted ESCA C-1s signals of unextracted (below) and
face, a phenomenon known to be associated with fiber suacetone-extracted (top) sample B4. G-tarbon with no bond to
face formation (Zavarin 1984; Laine and Stenius 1994), anoxygen (C-C), C-2= carbon with one bond to oxygen (C-O),
the paraffin wax added to the fibers during defibratiorC-3 = carbon with two bonds to oxygen (€O or 0-C-0) and
account for the high surface coverage of lipophilic extracc'4_ carbon with three bonds to oxygen (O=C0).
tives. The surface extractive content of the fibers decreases
with increasing defibration temperature with the exceptiortontents of 21 % and 79 %, respectively, is 0.73, while the
of sample B3. There is also considerable variance betwe&yVC ratio for the fiber surfaces analyzed averages 0.55. This
the different species. means that the surface lignin content of the acetone-extract-

The influence of acetone extraction on the ESCA C-1&d fibers is 2—3 times higher than their bulk lignin content
signal is seen in the spectra of sample B4 selected as @rable 2), which is consistent with the exposure of the car-
example (Fig. 1). The removal of the C-1 rich lipophilic bohydrate-rich middle lamella during defibration. Since the
extractives reveals a pure lignocellulosic fiber surface comaspen and birch samples have similar surface and bulk
posed mostly of oxygen and carbon of types C-2 (carbohyignin contents, it seems that variations in defibration tem-
drates and lignin) and C-1 (lignin). The combined proporperature in the range 171-196 °C do not affect the surface
tion of atoms of other elements analyzed (N, Si and S) olignin content. Judging by the lower surface lignin content
the surface of extracted or unextracted samples Al and B sample E2 as compared to the other samples, the wood
was below 1%. The theoretical O/C ratio is 0.83 for celluspecies used may have some effect on the amount of surface
lose and hemicellulose (xylan) and 0.33 for lignin (Lainelignin. Since the bulk lignin content of sample E2 is similar
and Stenius 1994). The bulk O/C ratio calculated for amo that of the other samples, it also seems that the amount
extractive-free fiber sample with lignin and carbohydrateof surface lignin does not depend on the bulk lignin content.

Holzforschung / Vol. 56 / 2002 / No. 1



P. Widsteret al: Chemical Structure of Defibrated Hardwood 55

Table 7. Concentration of mechanoradicals in untreated and defimechanoradicals (Hon 1983). In the present study, radicals
brated samples generated on wood fibers were quantified by means of ESR-
spectroscopy (Table 7). A diffuse ESR signal (Fig. 2) indi-

cating the presence of free radicals in defibrated wood is
observed for all samples analyzed. Most of the mechanorad-
Unfractionated Extracted Unfractionated icals detectable at ambient conditions are lignin radicals, as

Sample Radical concentration g-value
(relative values)

fiber fiber fiber their rate of formation and stability are much higher than
those of cellulose radicals (Hon 1983). Mechanical energy

Al S7 28 2.0037 has been found to produce transient aliphatic and phenoxy
A2 44 56 2.0037 radicals in lignin model compounds via homolytic cleavage
Bl 33 - 2.0039 . .
B2 69 12 20035 of the labilea- and-O-4 ether bonds (Lee and Sumimoto
B3 69 37 2.0035 1990; Leeet al 1990). While part of the lignin radicals
B4 61 99 2.0035 are unstable, phenoxy radicals in particular may become
El 17 - 2.0043 entrapped in the lignin matrix (Hon 1983). Their stability is
E2 100 25 2.0036 due to the restricted mobility of the lignin polymer and

effective delocalization of the unpaired electron. The radi-
cals detected in the fibers of the present study are thus prob-
ably mostly phenoxy radicals, as also suggested by their
g-values (Hon 1983) given in Table 7.

The results also show that the defibrated samples contain
more free radicals than the untreated samples B1 and E1.
There is, however, no clear trend regarding the effect of
defibration temperature on the radical content. A plausible
explanation for this is that both the rate of formation and
decay of radicals are likely to increase with increasing
temperature. As the temperature increases, the fibers also
become darker, indicating an increased frequency of chro-
mophoric groups formed via radical intermediates such as
quinonoid structures on fiber surfaces.

New PhOH groups can be formed by hydrogen abstrac-
tion of phenoxy radicals resulting from the homolytic cleav-

335 5355 ‘ ,33,‘75 ' 3395 3415 age of mainlyB3-O-4 ether bonds or by protonation of anion-
Magnetic field, Gauss . .
ic PhOH groups from heterolytic ether bond cleavage
Fig. 2. Solid-state ESR spectrum of sample B4. (Domburget al. 1977). The defibrated samples are consid-

erably richer in PhOH groups than the untreated samples
(Fig. 3). The unfractionated samples Al, B2 and E2, from
different hardwoods refined at the same temperature, have
similar PhOH contents. The same is true for the correspon-
ding water-extracted samples. Moreover, for the unfraction-
When lignocellulosic material is subjected to mechanicahted or water-extracted birch samples B2, B3 and B4, the
stress, covalent bonds in lignin and carbohydrates areequency of PhOH groups increases with increasing defi-
ruptured. Homolytic cleavage results in the formation ofbration temperature. This is also the case for the aspen sam-

Effect of defibration on the chemical structure
of fiber lignin

Phenolic hydroxyl groups, mmol/g

Al A2 Bl B2 B3 B4 El E2

Fig. 3. PhOH content of the fiber water-extracts (black bars), unfractionated fibers (white bars) and water-extracted fibers (gfay bars)
untreated and defibrated samples.

Holzforschung / Vol. 56 / 2002 / No. 1
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ples Al and A2. These results show that the extent of ethphous cellulose/hemicellulose peak at 84 ppm. Aside from
bond cleavage increases with an increase in defibration terthese differences, the spectra are quite similar.
perature, which may contribute to the amount of water- The spectra of the water-extracts differ considerably
extracts formed by generating low-molecular weight ligninfrom those of the unfractionated fibers. An enrichment of
fragments. hemicelluloses in the water-extracts is evident as the
Representative solid-staléC CP/MAS NMR spectra pronounced peaks at about 21, 102 and 173 ppm arise main-
of untreated and defibrated samples (unfractionated) arlg from hemicelluloses, which according to wet chemical
water-extracts from defibrated samples are shown in Figur@nalyses (Tables 3 and 4) are the most important component
4. Selected spectral assignments are given in Table 8. Cowfthe water-extracts. The virtual absence of cellulose in the
parison of the spectra of samples B1 and B4 indicates thafater-extracts, indicated by the wet chemical analyses, is
the region of oxygen-substituted aromatic carbons (141also supported by the absence of signals unambiguously
160 ppm) is significantly affected by defibration. Anotherassignable to cellulose. As with the unfractionated fibers,
clear change caused by defibration and revealed by thefee spectra of different water-extracts are similar except for
spectra concerns the degree of carbohydrate crystallinity, dse region of oxygen-substituted aromatic carbons.
evidenced by the increase of the intensity ratio of the crys- The partial spectra of the defibrated (unfractionated) and
talline cellulose/hemicellulose peak at 89 ppm to the amomntreated wood samples (Fig. 5) show changes in the lignin

%M

B1

T T T T T T T T T

p———r
200 150 100 ppm 50

o

Fig. 4. CP/MAS NMR spectra of untreated sample B1, defibrated sample B4 and water-extract from sample B4.

T T T T T T T T

I I — I | e ey
160 155 150 ppm 145 140 160 155 150 ppm 145 140

Fig. 5. Partial'3C CP/MAS NMR spectra of defibrated and untreated samples showing that the fa@ebétherified S units (153 ppm)
to phenolic S units (148 ppm) decreases with an increase in defibration temperature. Birch, aspen and eucalypt behave similarly.
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80 - : Table 8. Assignments of selected peaks of CP/MAS NMR spectra
70 T ] (Nimz 1974; Kolodziejsket al. 1982; Learyet al 1986; Leary and
60 : 1 Newman 1992)
0 - L Chemical ~ Main assignment
S oo i shift, ppm
173 'GOOH(R) in hemicellulose acetate and carboxyl
groups; carboxyl groups in lignin
160-141 Oxygen-substituted aromatic carbons in lignin,
‘ l lignin-like compounds, lignans etc.
Al A2 Bi B2 B3 B4 El B2 153 C-4 of3-O-4 etherified G units; C-3, C-4 and C-5
of etherified S units
Fig. 6. Proportion of G and S units with a PhOH group (black148 C-3 of G units; C-3 and C-5 of phenolic S units
bars), and degree @#O-4 etherification of S units (white bars) 146 C-4 of phenolic G units; C-4 of etherified phenyl-
of the fibers. The PhOH contents are calculated from the coumaran structures
lignin contents (Table 2) for an average phenylpropane uniips C-1 of cellulose
(MW = 200 g/mol). 102 C-1 of hemicellulose
89 C-4 of crystalline cellulose; C-4 of hemicellulose

84 C-4 of amorphous cellulose; C-4 of hemicellulose
56 Methoxy! groups in lignin and hemicellulose
21 CH; of hemicellulose acetate groups

E2

polymer resulting from defibration which are in accord
A2 with their PhOH contents. Relative changes with defibra-

tion temperature in the degree B0-4 etherification of S

units were estimated from these spectra (Leal. 1986;

Al Leary and Newman 1992). As the signals from S and G
units overlap partially, the results should be considered as
B4 semi-quantitative. Only weak signals from phenolic S and

G units are seen at 151-146 ppm in the spectra of the
untreated samples B1 and E1. However, a prominent peak
3 centered at 148 ppm from C-3 and C-5 of phenolic S units
appears in the spectra of the defibrated samples and grows
gradually relative to the region 155-151 ppm containing
B2 peaks from etherified lignin units. The results are presented
in Figure 6 together with the PhOH content of the samples
—— per phenylpropane unit. It can be seen that the numifler of
160 155 150 ppm 145 140 O-4 etherified S units declines as a result of defibration and
with increasing defibration temperature, while a concurrent
The spectra show that_ the ra_tio[bp-4 etherified S ur_]its (signal bﬁ;&g?ﬁ;t?hgﬁsgeﬁt Oo%s:gfdet?:;rthbeosg(zg af/%ntsné% -;“S
at 153 ppm) to phenolic S units (signal at 148 ppm) is low in thesg L . . . . 9 .
samples. least S units increases with an increase in defibration tem-
perature. Shear deformation at very high pressure (6 GPa)
has been found to have the same effect on birch (Gravitis

vs)

Fig. 7. Partial 13C CP/MAS NMR spectra of fiber water-extracts.

100

90 | al. 1991; Teedéet al 1994). Judging by the spectra, fhe

80 O-4 etherified G units are less affected by defibration than

70 | S units as no clear signal from C-4 of phenolic G units is

60 | seen at 145 ppm. The reason for this may be the higher ther-
£ 50 , molability of ether bonds of S units as compared to those of

40y ] G units (Domburget al. 1977). The agreement between

;2 increasing PhOH content and decreasing degree of etherifi-

o | cation is expected, since the homolytic rupture of alkyl-aryl

0 L . ‘ r ‘ ether bonds produces phenoxy radicals, which may be con-

Al A2 B2 B3 B4 B2 verted into PhOH groups by hydrogen abstraction.

. , L o The partial spectra of fiber water-extracts (Fig. 7) show
Fig. 8. Proportion of phenolic units of total aromatic units (black that the ratio of phenolic $-O-4 etherified S units is high

bars), and degree @fO-4 etherification of S units (white bars) of . . .
the fiber water-extracts. The PhOH contents are calculated frorfr?r these samples, as is also the proportion of G and S units

the aromatic substance contents (Table 3) for an average phenfearing a PhOH group (Fig. 8). Unlike the unfractionated
propane unit (MW= 200 g/mol). fibers, no trend regarding the effect of defibration tempera-
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ture variations on the degree of etherification is seen for thdausalo, T. 1995. Analysis of wood and pulp carbohydrates by

water-extracts. anion exchange chromatography with pulsed amperometric
detection. 8th ISWPC, Helsinki, vol. 3, pp. 131-136.

Hon, D. N.-S. 1983. Mechanochemical reactions of lignocellulosic

Conclusion materials. J. Appl. Polym. Sci.: Appl. Polym. Symp7,
461-481.

The results of the present study allow the following concludanson, J. 1974. Analytik der Polysaccharide in Holz und Zellstoff.

sions to be drawn: Faserforschung und Textiltechr@il, 375-382.

High-temperature defibration of hardwood depolymer-Jayme, G., W. Schempp and S. Mahmud. 1967. Modified and
izes fiber lignin, resulting in the formation of free improved method for rapid determination of lignin. Cellul.

. . .. Chem. Technoll, 77-83.
(phenoxy) radicals and PhOH groups. S-type lignin I§<harazipour, A., A. Huttermann and H.D. Lidemann. 1997. Enzy-

depolymerized to a greater extent than G-type lignin. matic activation of wood fibers as a means for the production
— High-temperature defibration of hardwood generates of wood composites. J. Adhesion Sci. Techad].419-427.

water-extractable material, which is enriched in hemiKolodziejski, W., J.S. Frye and G.E. Maciel. 1982. Carbon-13

celluloses and contains aromatic substances with a low nuclear magnetic resonance spectrometry with cross polariza-

degree oPB-0-4 etherification. tion and magic-angle spinning for analysis of lodgepole pine
— The extent of lignin depolymerization and the amount okOWOOd' Anal. Chems4, 1419-1424.

. S . . . ran, Z. 1968. Electron microscopy of tangential tracheid sur-
water-extract increase with increasing defibration tem- fyces of black spruce produced by tensile failure at various

perature. temperatures. Sven. Papperstidh. 567-576.
— The surface chemical composition of the fibers differd.ai, Y.Z. 1992. Determination of phenolic hydroxyl groups.
considerably from their bulk chemical composition. Methods in Lignin Chemistry. Eds. S.Y. Lin and C.W. Dence.

Lipophilic extractives cover a large portion of the surface  SPringer Verlag, Berlin, Heidelberg. pp. 423-434.

] . . . |aine, J. and P. Stenius. 1994. Surface characterization of unbleached
of unextracted fibers. There is no clear relationship be=" * o pulps by means of ESCA. Celluloke145-160.,

twe_en their amount and defibration temperature. Thﬁ::eary, G.J. and R.H. Newman. 1992. Cross polarization/magic
main component of acetone-extracted fiber surfaces is angle spinning nuclear magnetic resonance (CP/MAS NMR)
lignin (may include other aromatic compounds), whose spectroscopyin: Methods in Lignin Chemistry. Eds. S.Y. Lin
amount does not correlate with the defibration tempera- and C.W. Dence. Springer Verlag, Berlin, Heidelberg. pp.
ture or the bulk lignin content. 146-161.

— Birch and aspen are similarly affected by variations iF€&": G-J.. R.H. Newman and K.R Morgan. 1986. A carbon-13

defibration temperature. The surface properties of defi- nuclear magnetic resonance study of chemical processes
P : prop involved in the isolation of Klason lignin. Holzforschuag,

brated eucalypt differ somewhat from those of birch and 5g7_572.
aspen, but the bulk properties of all the samples refinegee, D.-Y., M. Matsuoka and M. Sumimoto. 1990. Mechanochem-
at the same temperature are similar. istry of lignin 1V. Mechanochemical reactions of phenyl-
coumaran models. HolzforschuaAg, 415-418.
Lee, D.-Y. and M. Sumimoto. 1990. Mechanochemistry of lignin
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