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Abstract

A small angle neutron scattering (SANS) contrast variation study was performed to investigate the presence of air filled voids in fully
hydrated Tencél cellulose fibres. The data indicate that there are very few, if any, air filled voids within the water swollen fibres. A three
phase scattering power analysis together with additional information from water imbibtion measurements show that the volume fraction of
air filled voids in water swollen Tencel fibres is probably zero, but has an upper limit of 0.02.

In a complementary experiment, a®D,O mixture was prepared with the same neutron scattering length density as air. The difference
between the SANS patterns from air and water swollen fibres persists when the fibres are swollen in an air/water contrast;0dbsed H
mixture. The data qualitatively agrees with the analysis of time resolved SAXS data which indicated that the void size increases on drying,
and the void volume fraction decreases on drying water swollen Tencel fibres (Crawshaw J, Cameron RE. Polymer, in press, Crawshaw J.
PhD thesis. Changes in cellulose microstructure during processing. University of Cambridge€1999%. Elsevier Science Ltd. All rights
reserved.

Keywords Small angle neutron scattering; Contrast variation; Cellulose

1. Introduction swollen fibre the fraction of air filled voids is very small or
zero.

Tencel is a lyocell fibre. Such fibres have a high degree ~ While it is clear that many voids fill with water during
of crystallinity and are composed of elementary fibrils about hydration of the fibre, there has been, to date no evidence to
80 A in diameter, oriented roughly parallel to the fibre axis. prove that all are filled. It is possible that some remain
The elementary fibrils consist of cellulose Il crystallites, isolated and filled with air. This paper addresses this ques-
separated in the fibre axis direction by highly oriented amor- tion using contrast variation and small angle neutron scat-
phous regions [1,2]. Between some of the fibrils are long tering (SANS). Tencel fibres swollen in the water/cellulose
thin voids, which can be characterised by small angle scat- match point mixture will give zero SANS contrast if all the
tering [3,4]. When the fibre as a whole in hydrated, swelling voids in the fibres are water filled. However, if some air
occurs, which changes the void size shape and orientation.filled voids remain in the water swollen fibres, then the

Elsewhere [5,6] we report time resolved small angle SANS signal will not be zero throughout the sample and a
X-ray scattering (SAXS) during the dehydration of Tencel scattering pattern will be seen.
fibres. The data show that the void size increases and the
void volume fraction decreases on drying. The water
swollen fibre apparently consists of a network of small
voids between many of the elementary fibrils. As the
water is driven out of the fibre, smaller voids collapse leav-
ing dense regions and a few large voids. Implicit in such
analysis of SAXS data is the assumption that in the water

2. Experimental
2.1. Materials

Tencel fibres are produced from a solution of cellulose in
n-methyl morpholine oxide (NMMO). The fibres were
* Corresponding author. supplied by Courtaulds Corporate Technology (now Akzo
! Tence® is a registered trademark of Akzo Nobel. Nobel).
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Table 1 N ~ whereF is the volume fraction of BD in the mixture and

Scattering Length densities of water deuterated water, cellulose and air 3D20 and 5H20 are the scattering length densities oflDand

Molecule Neutron scattering HO, respectively. Thus, a value fmay be chosen such
length density (cr?) that the scattering length density of the water mixture is

equal to that of another phase of the system. The match

H,0 —0.56x 10%° : - . .

Do 6 355 1010 point between water and Tencel fibres is approximately

Cfe”ulose_glucose unit 1.86x 10 F = 0.35. The water/air match pc_)int was calculated simi-

CeHio0s larly and found to be at a JO fraction of 0.08.

Air—ideal gas composed of N 0.008x 10%°

and Q

2.4. Neutron experiments

2.2. Calculation of scattering length densities The experiments were carried out on the LOQ station of
the ISIS spallation source at the Rutherford Appleton

The scattering length density of cellulose was estimated | ghoratory which has been described in detail elsewhere
assuming 100% crystalline cellulose of mass density 8.

1.6 g cm 3, using a single monomer unit,s8,,0s of rmm
162 using standard equations and known values of elemen
tal scattering lengths [7,8]. The scattering length density of

The Tencel fibres were carefully packed into quartz
‘sample cells, ensuring that as far as possible the fibres
- a " were parallel to each other and to the long sides of the
Tencel fibres was assumed to be approximately that esti-g5mpe cells. Care was taken to ensure that a similar number
mated for crystalline cellulose. This is a reasonable assumMp-¢finres was packed into each cell. They were then hydrated

tion as they are highly crysFaIIine cellulose 1 fibres.. The. with H,O/D,0 mixtures with fractions of BD of 0.00, 0.08
scattering length density of air was calculated by treating air (the water/air match point), 0.25, 0.35 (the approximate

as 80% nitrogen and 20% oxygen to estimate armm of 14.4.,4ier/cellulose match point), 0.45 and 1.00. A dry sample
Air was assumed to be an ideal gas, occupying a molar .« aiso prepared.

volume of 24l at_ s.t.p. The values of scattering length 145 minimise problems due to exchange between the
density used are in Table 1. hydrogen within the cellulose and the deuterium in the
H,O/D,0 mixture, the Tencel fibres were pre-swollen in
the HO/D,O mixture for at least 3 h, after which most of
the H/D exchange was expected to have occurred [9]. The
water was then removed just before SANS data were to be
collected, and replaced with a fresh®D,O mixture of the

0w =FXop,0+ (L-F)Xd,,0 (@H) correct contrast.

2.3. Calculation of match points

The scattering length density of a mixture of@ and
H,0, 8,, may be calculated from

Above  1.17
0.92 - 1.17
0.72 - 0.92
0.56 — 0.72
0.44 — 0.56
0.34 — 0.44
0.27 — 0.34
0.21 — 0.27
0.16 — 0.21
0.13 — 0.16
0.10 — 0.13
Below 0.10
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Eig. 1. Two-dimensional contour plot of approximate differential cross-section ift amthe g gy plane from dry Tencel fibres. Scattering anglgsare in
AL The fibre axis is vertical.



J. Crawshaw et al. / Polymer 41 (2000) 1873-1881 1875

Above  1.17
092 — 1.17
0.72 — 0.92
0.56 — 0.72
0.44 — 0.56
0.34 — 0.44
0.27 - 0.34
0:21. =10:27
0.16 — 0.21
0.13 — 0.16
0.10 — 0.13
Below 0.10
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Fig. 2. Tvyo—dimensional contour plot of approximate differential cross-section irt amheq, gy plane from Tencel fibres swollen inA. Scattering angles,
q, are in AL, The fibre axis is vertical.

These samples and a cell of dry Tencel fibres were 2.5. Water imbibtion measurements
exposed in the beam for a minimum of 2 h. Scattered
intensity was recorded on a two-dimensional position sensi-  Approximately 1 g of the Tencel fibres was soaked in
tive gas filled detector and sample transmission data weredistilled water for 30 min. The excess water was removed
collected. Data from an empty cell and from the siOA by centrifugation for 5 min at 1490 g, and the wet weight of
D,O mixtures were also collected for background fibre was recorded. The samples were air dried at@0@r
subtraction. 180 min, reaching constant weight.

Above  1.17
092 - 1.17
0.72 - 0.92
0.56 — 0.72
0.44 — 0.56
0.34 — 0.44
0.27 — 0.34
0.21 - 0.27
0.16 — 0.21
0.13 — 0.16
0.10 — 0.13
Below 0.10
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Fig. 3. Two-dimensional contour plot of approximate differential cross-section it amthe g gy plane from Tencel fibres swollen in 0.92®/0.08 DO.
Scattering anglesy, are in AL, The fibre axis is vertical.



1876 J. Crawshaw et al. / Polymer 41 (2000) 1873—-1881

Above  1.17
092 — 1.17
0.72 — 0.92
0.56 — 0.72
0.44 — 0.56
0.34 — 0.44
0.27 — 0.34
0.21 - 0.27
0.16 — 0.21
0.13 — 0.16
0.10 = 0.13
Below 0.10
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Fig. 4. Two-dimensional contour plot of approximate differential cross-section it amrthe g, gy plane from Tencel fibres swollen in 0.75®/0.25 DO.
Scattering angles, are in A L. The fibre axis is vertical.

3. Results and data analysis form of differential cross-section,odd(2, as a function of
the scattering vector. It was assumed that the same amount
3.1. Data processing of fibre was in the beam for each sample. Since this will not

be exactly true, the differential cross-sections obtained will
The raw time-of-flight cross-section data were reduced to have an additional element of uncertainty. The appropriate
two dimensions, calibrated in scattering vector, using stan- H,O/D,O mixture or empty cell background was then
dard programs described elsewhere [8,10] to give data in thesubtracted. Figs. 1-7 show the data obtained.

Above  1.17
092 — 1.17
0.72 — 0.92
0.56 — 0.72
0.44 — 0.56
0.34 — 044
0.27 - 0.34
0.21 — 0.27
0.16 — 0.21
0.13 — 0.16
0.10 — 0.13
Below 0.10
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Fig. 5. Two-dimensional contour plot of approximate differential cross-section it amthe g gy plane from Tencel fibres swollen in 0.65®/0.35 DO.
Scattering anglesy, are in A L. The fibre axis is vertical.
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Above  1.17
092 - 1.17
0.72 — 0.92
0.56 — 0.72
0.44 — 0.56
0.34 — 0.44
0.27 — 0.34
0.21.~0.27
0.16 — 0.21
0.13 — 0.16
0.10 — 0.13
Below 0.10
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Fig. 6. Two-dimensional contour plot of approximate differential cross-section it amthe g gy plane from Tencel fibres swollen in 0.55®10.45 DO.
Scattering anglesy, are in A L. The fibre axis is vertical.

3.2. The integrated equatorial intensity point according to

For simplicity of notation, and since these terms are i(qy) =J' 1(g) dg, 2)
directly proportional, equations will be expressed in e
terms of scattered intensiti(q) rather than differential  whereq,, is the scattering vector in the equatorial direction
cross-section, @df2. The SANS integrated equatorial andg, the scattering vector in the meridional direction. The
intensity, (g,), was extracted from the 2D dat#(q), integration was performed over the limits of reliability of
by meridionally summing intensities at each equatorial the detector.

Above  1.17
092 - 1.17
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0.56 — 0.72
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0.21 — 0.27
0.16 — 0.21
0.13 — 0.16
0.10 — 0.13
Below 0.10
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Fig. 7. Tvyo-dimensional contour plot of approximate differential cross-section ift imiheg, gy plane from Tencel fibres swollen in,D. Scattering angles,
q, are in AL, The fibre axis is vertical.
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—
(3]

reasonable since the incoherent scattering from water was

10 b bl J found to be approximately constant with angle.
E .l . J Fig. 8 shows the corrected integrated equatorial scattering
g t ] ‘| intensity for Tencel fibres swollen in the 0.08,@H,O
= 6 ) \ ; 7 mixture, and illustrates the nature and quality of the data
S4r B - obtained.
= . o
g2+ Pl - .
3 . P ‘ 3.3. The scattering power
5 0 - I 1 . . .
é_’b 2k . O - The scattering power (also known as the invaria@g),
~4 T P T R was calculated from the corrected integrated equatorial
-02 -015 -01 -005 0, 005 01 015 intensity after the method of Shioya and Takaku [11] for
! e q(A") cylindrically symmetric scatterers
Beamstop
Fig. 8. The corrected integrated equatorial intendityg,) in emtA! Qeth = JO (G0 da ©)

demonstrated for Tencel fibres swollen in a 0.08©D0.92 HO mixture.

Negative values near the beamstop are unphysical and should be dis-The integration was performed over the limits of the avail-
regarded. The negative values at higare a consequence of uncertainties  gple range.

in the background subtraction, and detector edge effects. Table 2 shows the scattering power of the samples swol-

len in D,O/H,O mixtures of varying concentration.

Although the simple subtraction of the scattering fromthe 3 4 |mbibtion measurements
solvent gives a reasonable background subtraction, it does
not take into account problems arising from incoherent scat-  Imbibtion measurements for three Tencel fibre samples
ter from H and D. For Tencel fibres swollen in®D,0 indicated a mean dry weight aof, = 1.01 = 0.01 g, and an
mixtures, the HO/D,0 background subtractions were incor- imbibed water content af, = 0.69 = 0.01 g. The centri-
rect because there is actually a higher proportion of H in the fugation step is designed to remove all water except that
swollen Tencel fibre sample than in the®D,0 sample. within the voids. Therefore, the relationship between the
This is due to the contribution to scattering from the H in volume fraction of wateryw,, and the volume fraction of
cellulose. cellulose,w,, can be estimated using

This problem was addressed in the calculation of the W /
integrated equatorial intensityi(qgy), by estimating the T = M/ P
extent to which the pure solvent background subtraction Wiy +We - (My/p) + (M + pc)
was too high, or too low, from a section of the two-dimen- 0.691.0 _
sional image which contained no Tencel fibre scattering. ~ (0.691.0) + (1.0V16) 0.52 @
This area of the image should have zero intensity if the ] ] B
correct incoherent background subtraction is used. TheWhere.py, is the mass density of water set at 1.0 g Crfor _
resulting intensity was multiplied by the ratio of the whole &l mixtures, angh. |_sathe mass density of cellulose, approxi-
detector area used in the calculationi @) to the area of ~ Mated by 1.6 g cnt, the value for crystalline cellulose.
the background section used to give the background correc-R&-arranging Eq. (4) shows that
tion. This constant was then subtracted from the already w, = 0.92w, (5)
background subtractdda,) to give the corrected integrated
equatorial scattering intensityl.(g,). This method of
correcting the pure solvent background subtraction is 4. Discussion

4.1. Contrast matching air and water

Table 2
The scattering power of water swollen Tencel fib@gy, in em A3 for .
each percentage of,D in the water mixture Figs. 1 and 3 show the SANS area patterns for dry Tencel

. fibres and for Tencel fibres in the water/air matched, 0.08
Fraction of DO in the Qexpt (cm A ™) D,0/H,O mixture. The contrast between the phases in each
water mixture pattern is thus the same, and differences between them are
0.00 0.100 thus solely a consequence of changes in the void size shape
0.08 0.061 and number. These patterns clearly demonstrate the effect of
0.25 0.009 water on the structure of the fibre. Dry Tencel fibore SANS
8'4312 8'82; appears as a small diamond shape pattern, showing slight
1.00 0282 equatorial elongation. Water swollen fibres give scattering

broadened in a meridional direction, and elongated on the
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Cross section (cm™)

q(A"

Fig. 9. An equatorial slice of the 2D SANS pattern from Tencel fibres
swollen in the approximate cellulose/water match point mixture of 0.35
D,0 and 0.65 HO. The slice was produced by adding intensities around
a contour of constang, between 20both above and below the equator.

1879

filled voids. For such a system the experimentally deter-
mined scattering power obeys

Qexpt oc (WwWa(éw - 6a)2 + Wch(‘Sc - 8w)2

+ WaWc(Sa - 6c)2) (6)

wherew,, is the volume fraction of the #/D,O mixture,
W, is the volume fraction of aimy, is the volume fraction of
cellulose,é,, is the neutron scattering length density of the
H,0/D,0O mixture,d, is the neutron scattering length density
of air and §; is the neutron scattering length density of
celluose [12].

The constant of proportionalityk, will depend on the
constant relating intensity to differential cross-section, and
other factors relating to the volume of material in the beam,
the geometry of the scattering particles and approximations
made in the calculation &, The scattering length densi-
ties are all known. Sincé, is much smaller than the other
scattering length densities it may be set to zero. Eqg. (6) can

Negative values near the beamstop are unphysical and should be disrebe simplified by considering two relationships between the

garded. The negative values at higlare a consequence of uncertainties
in the background subtraction, and detector edge effects.

equator. The scattering at very low angles is less intense in

the wet fibres than in the dry. This result qualitatively agrees
with the analysis of SAXS data which indicates that the void
size increases on drying, and the void volume fraction
decreases on drying water swollen Tencel fibres [5,6].

4.2. Contrast matching cellulose and water

Figs. 2—7 show the two-dimensional SANS for Tencel
fibres swollen in the six different #/D,O mixture concen-

trations. The contrast does indeed fall very close to zero at

the calculated water/cellulose match point of approximately
0.35 D,O.

Indication of the error in these data can be seen from Fig.
9, which shows an equatorial slice of the two-dimensional
SANS data for Tencel fibres swollen in the 0.35(
mixture. This equatorial slice was produced by adding
intensities around a contour of constamt between 20

both above and below the equator. There is statistical uncer-

tainty in the data. Further, the calculated value of the match
point is approximate as it does not take into account the

(small) density difference between amorphous and crystal-

line cellulose or the possibility that water in the void might
have a difference density from bulk water. These factors
mean that the results do not prove complete absence ai
filled voids within the water swollen Tencel fibres, but the
results are consistent with there being no air filled voids.

4.3. Estimation of the volume fractions of water and air
filled voids and cellulose

If air filled voids persist in water swollen Tencel fibres,
the fibre will form a three-phase small angle scattering
system consisting of cellulose, water filled voids and air

r

volume fractions of the constituent phases. First, by
definition, the three volume fractions obey:

Wy, Wy +tw,=1

(7
Secondly, from Eqgs. (5) and (7) it can be seen that

w, = 1 — 1.92w, ®)

Substituting into the expression Qg in Eq. (6) can gives
a quadratic equation iw,,

Qexpt ° (Wyy(1 — L92W,)(F8p,0 + (1 — F)d,0)°
+ 0.920W4/(8; — Fdp,0 — (1 — F)8y,0)°

+ 0.920,(1 — 1.92W,,)(8.)%) 9)

with all parameters known except the constant of propor-
tionality, k. If the ratio of Qe Shown in Eq. (9) is taken for
pairs of HO/D,O mixtures, then the constant of proportion-
ality is eliminated leavingv,, as the only unknown. There-
fore,w,,, and hencav, andw, may be estimated from pairs
of SANS data and the additional information provided by
the water imbibtion measurements. The advantage of this
method of analysis is that no fitting parameter is introduced:
the parameters are all calculated directly from the data. This
calculation was performed for all possible pairings of the six
H,0O/D,0 mixtures and the values obtained listed in Table 3.
The pairs of HO/D,O mixtures have been represented by
the percentage of J® in each HO/D,O mixture of the pair.
From Table 3 it can be seen that the valuegipfw,, and
w, are broadly similar for every pairing, except 0.25M®D
with 0.45 D,O. (This exception was found to be the result of
a rather highQe,, obtained for 0.45 BD. If Qgyp for 0.45
D,O is set at 0.01 cmt A3, which is similar to that
obtained for 0.25 BD, thenwy,,, w,, andw, fall within the
same range as was found for all the other pairs of mixtures.
The values obtained for this pairing gives a curve, which
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Table 3 0.3 C T I T l LI ] T 17T [ LENLENE B B L T .
Estimated volume fractions of water, cellulose, and air in water swollen o ]

Tencel fibres, calculated from pairs of data, indicated by the fraction©f D 025 F ]

in the water mixture ]

Fraction of BO, F  Fraction of BO,F  w, W W, : 0.2 3 —:

0.08 0.25 0515 0474  0.010 E 015 E e

0.08 0.35 0.519 0.477 0.003 5

0.08 0.45 0.509 0.468 0.023 N O 7

0.25 0.35 0.519 0.478 0.003 F ]

0.25 0.45 0.216 0.199 0.585 0.05 .

0.35 0.45 0.520 0.478 0.002 C X ]

0.00 0.08 0.490 0451  0.059 0 b b ISt L L L

0.00 0.25 0.514 0.473 0.012 -0.2 0 02 04 06 038 1 1.2

0.00 0.35 0.519 0.477 0.004 Fraction of DO in water mixture

0.00 0.45 0.508 0.467 0.024

0.00 1.00 0.563 0.518 —-0.080 F|g 11 The scattering power of water swollen Tencel fib@gy, in

1.00 0.08 0.577 0.531 —0.108 1A3 plotted against percentage of@in the water mixture (closed
1.00 0.25 0.500 0.460 0.040 C|rc|es) and the calculated curves obtained from fitting Eq. (6) to the data
1.00 0.35 0.518 0.477 0.005 and allowing the constant of proportionalkyo vary, but fixingw, as 0.00,

1.00 0.45 0.492 0.453 0.055 (solid line) 0.01 (long dashes) 0.05 (short well-separated dashes) and 0.1

(short, close spaced dashes).

does not fit the remainin@ey,; values at all.) Confidence in  volume fraction of air filled voids appearing in Table 3 are

the estimated volume fractions is supported by calculation obviously unphysical and arise from the experimental errors

of the constant of proportionalitk, which was found to be  in Qeypr.

roughly constant for all pairings except 0.25@with 0.45 An alternative analysis of the values de,pwas

D,0. performed in order to take into account the full shape of
Fig. 10 shows the values dQ.,,: together with the the curve, rather than only two points as in the pairwise

curve obtained from the average of the parameters inanalysis. The relative height of the minimum @, at

Table 3:w, = 0.004= 0.012 w, = 0.477= 0.006, w,, = the “match point”,8,, = 8, will depend onw,. Fits of Eq.
0519+ 0.006 k = 7.37x 10 22 = 0.47x 10™%2 (omitting (9) t0 Qexpr, adjusting only the scaling parametierby least
data from the 0.25/0.45 pair). squares, provide an estimate wf. Density variations

The above results in Table 3 indicate that the volume within the cellulose or water regions mean that for SANS
fraction of air filled voids in water swollen Tencel fibres a perfect match point; is rarely attained, thus whedeter-
lies in the approximate range 0.00-0.02. This estimation mined will be an upper limit. Curves on Fig. 11 show the
is consistent with the possibility that there are no air filled calculatedQ using (6) forw, = 0.00,0.01,0.05 and 0.10.
voids in water swollen fibres. The negative values for the (Fitted values ofk are 591x 10 2%, 532x 10 % and

4.89x 10 22, respectively). Like the pairwise analysis,

0.4 prr—rT g these curves suggest thaf is probably less than 0.02 and
035 _ ; may well be zero.
0.3 z_ . —;
o 03 — 3 5. Conclusions
5 % 3 ] The SANS data obtained are consistent with a complete
o 05 E absence of air filled voids in water swollen Tencel fibres.
0.1 3 Water imbibtion experiments indicate that the ratio of the
0.05 _ 3 volume of cellulose to the volume of water filled voids is
o T AT about 0.92. Three-phase scattering power analysis suggests
02 0 02 04 06 08 1 12 that the void fraction of air lies between 0.00 and 0.02. The
Fraction of D O in water mixture very small or non-existent fraction of air filled voids in
water swollen fibres validates SAXS analysis which
Fig. 10. The scattering power of water swollen Tencel fib@gy; in requires this assumption [5,6]. Contrast matched SANS

cm A3 plotted against percentage of@in the water mixture (closed data between air and water indicates that dry fibres have
circles), and the calculated curve obtained from the average of the

parameters obtained from the pairwise analysis (solid line): larger V'OIdS than We_t fibres and that the VOIume fraction is
w, = 0.004w, = 0.477 andw, = 0.519 (omitting data from the 0.25/ much higher in wet fibres. This is consistent with data from
0.45 pair). SAXS [5,6].
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