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ABSTRACT: Unsaturated and saturated organic acids with 11 and 18 carbon atoms,
respectively, were used in a heterogeneous esterification reaction in the pyridine/
toluene sulfonyl chloride system to prepare fibrous cellulose esters with different
degrees of substitution. Highly bleached sulfite cellulose fibers were esterified during a
1- or 2-h reaction time with the following organic acids: undecylenic acid, undecanoic
acid, oleic acid, and stearic acid. In all cases, the heterogeneous esterification yielded
partially substituted cellulose esters retaining their fibrous structure. The substitution
reaction was confirmed by diffuse reflectance infrared spectroscopy and the chemical
structures of cellulose esters were identified by solid-state CP/MAS '3*C-NMR (75.3
MHz). X-ray diffraction analyses showed broadening of the diffraction peaks with a
higher degree of substitution of cellulose esters, which suggests structural changes
within the cellulose fibers. Because the broadening peaks of X-ray spectra or the
unassigned C-4 region of substituted cellulose chains in NMR spectra do not allow the
calculation of dimensional changes of cellulose crystallites in cellulose esters, the
lateral dimensions of crystallites in only cellulose fibers were calculated. The value
derived from NMR (4.6 nm) differs by about 11% when compared with the value
calculated from X-ray diffraction data (4.1 nm). © 2000 John Wiley & Sons, Inc. J Appl Polym
Sci 78: 1354-1365, 2000

Key words: long-chain organic acid cellulose esters; undecylenic acid; undecanoic
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INTRODUCTION

Acetylation is the most widely used esterification
reaction on cellulose and has had an industrial
use for a long time. When the reaction of acetic
anhydride in the presence of glacial acetic acid
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with a sulfuric acid catalyst proceeds to a higher
degree of substitution, the primary structure of
cellulose is lost and the substituted cellulose
chains are organized into two polymorphic forms
analogous to the original cellulose I or IL.!
Crofton et al.? reported small morphological
changes when the solvent system used is aprotic
and that the order is retained to a significant
extent even in the completely substituted mate-
rial. The heterogeneous nature of the chemical
substitution of cellulose hydroxyl groups reflects
the accessibility of the reaction site to the mole-
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cules of an organic acid. It has been reported that
the acetylation of cellulose linters with acetic acid
in an aprotic solvent, such as pyridine, does not
significantly affect the crystalline regions.® The
same observation comes from another report
which described the preparation of some acyl de-
rivatives of microcrystalline cellulose (from bu-
tyryl to stearyl) in CCly/heptane.* Doyle et al.’
proposed that the initial acetylation in heteroge-
neously esterified cellulose occurs in disordered
regions, which may thereafter be solubilized, but
that subsequent acetylation permits the preser-
vation of order in the sample.

There are only a few studies on heterogeneous
esterification of cellulose fibers with long-chain
organic acids in an aprotic solvent.®~® These es-
ters are identified as potential biodegradable
plastics due to the enzymatically labile ester bond
and the natural abundance of both cellulose and
long-chain organic acids.” When modified fibers
are used in cellulose—polymer composites as a
filler/reinforcing agent, not only chemical but also
morphological changes, surface energetics, or
thermal properties significantly affect their over-
all behavior in a polymer matrix. In this article,
the preparation and characterization of such cel-
lulose esters using infrared spectroscopy FTIR-
DRIFT, solid-state CP/MAS '3C-NMR, and X-ray
diffraction are reported.

EXPERIMENTAL

Chemicals

Pyridine (Py), p-toluenesulfonyl chloride (TsCl),
and all organic acids (undecylenic acid, unde-
canoic acid, oleic acid, stearic acid) were A.C.S.
reagents supplied by Aldrich (Oakville, Ontario,
Canada) and they were used without any further
purification.

Cellulose Sample

The cellulose used in this work was highly puri-
fied bleached sulfite pulp (PUGET ULTRA 60/
40% Radiata Pine/Western Hemlock blend) pro-
vided by the Georgia—Pacific Corp. (Bellingham,
WA, USA). The sample was received in dry sheet
form and the cellulose fibers were prepared for
the esterification reaction following the disinte-
gration procedure. The technical data of the cel-
lulose sample was brightness ISO 95.1, a-cellu-
lose content 92.5%, ash 0.23%, pH 7.0, and arith-

metic fiber length 0.76 = 0.03 mm measured after
disintegration in a mixer.

Abbreviations

In the text, the following abbreviations are used:
undecylenic acid (UNA), undecanoic acid (UNC),
oleic acid (OLA), stearic acid (STA), pyridine (Py),
p-toluenesulfonyl chloride (TsCl), cellulose (CEL),
cellulose esters (CEL-EST), cellulose esters where
organic acids with 11 or 18 carbon atoms were
used in the esterification reaction (CEL-EST-11)
or (CEL-EST-18), respectively; cellulose unde-
cylenate (CEL-UNA), cellulose wundecanoate
(CEL-UNC), cellulose oleate (CEL-OLA), cellu-
lose stearate (CEL-STA), and 1-h esterification
reaction (A) and 2-h (B); ex. CEL-UNA-B is cellu-
lose undecylenate synthesized after 2 h of reac-
tion time.

Preparation of Cellulose Fibers

In the following procedure, the separate cellulose
fibers were prepared from dried cellulose sheets.
First, the cellulose sheet was cut by hand into
small pieces and disintegrated in demineralized
water in a low-speed blender for 1 h. The cellulose
fibers were filtered and dried at 50°C for 3 days.
After drying, a low-density bulk form of cellulose
fibers was obtained. In the second stage, 15 g of
cellulose fibers were placed in a mixer containing
1 L of 95% ethanol, then disintegrated for 1 min
and filtered. The edges of the mixer knives were
smoothly rounded to minimize cutting of the cel-
lulose fibers. Finally, the fibers were dried
through a screen by compressed air and then
dried in an oven for 2 h at 70°C to remove any
residual ethanol. Prepared cellulose fibers were
used for analysis and in all esterification reac-
tions.

Esterification Reaction

Preparation of long-chain organic acid cellulose
esters in a Py/TsCl system followed the procedure
discussed by Shimizu and Hayashi.'®!! Fifteen
grams of cellulose fibers were added to a 1-L five-
necked flask containing a solution of 450 g of Py
and 105 g of TsCl, with stirring and purging with
nitrogen. Then, the carboxylic acid was slowly
added into the mixture to give a 1 : 1 TsCl/acid
molar ratio. The temperature of the reaction mix-
ture was kept at 50°C in a temperature bath for
1(A) or 2 (B) h. After the reaction period, the
fibers were filtered and washed with ethanol. All
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Figure 1
lose esters.

operations were performed under a fume hood
due to escaping Py and ethanol vapor. After the
fibers were Soxhlet-extracted with methanol for
the first 2 h, the methanol was then changed for
fresh methanol and the extraction continued for
another 12 h. Finally, the fibers were filtered,
washed with ethanol, dried with compressed air,
and finally kept in a desiccator at room tempera-
ture for 20 h to evaporate the residual ethanol.
The chemical formulas of CEL-EST are shown in
Figure 1.

Degree of Substitution Determined by Gravimetry
(DS¢,)

The degree of substitution (DS,) determined by
gravimetry was calculated using the formula

GAIN X MW sy

DSe = 100X (MW yorp — MWop)

(1)

where GAIN [%] is the weight gain of cellulose
fibers after the esterification reaction, GAIN
= [100 ms/(m; — my)] — 100, where m, and m4
are the weights [g] of cellulose fibers before and
after the esterification reaction and m, is the
weight loss of fibers after the reaction only with
Py (all weights are calculated for an equivalent of
10 g of cellulose fibers); MWy, the molecular
weight of one anhydroglucose unit of cellulose
(MW pquy = 162 g/mol); MW sc1p, the molecular
weight of an organic acid; and MW 5y, the molec-
ular weight of one hydroxyl group (MW = 17
g/mol).

FTIR-DRIFT Measurements

IR spectra were recorded using a Nicolet 510 P
FTIR spectrometer with a diffuse reflectance ac-

6 4 4 4 4 7 9

3 1 4 4 i % g ptoce

cellulose stearate (CEL-STA)

O-CEL

cellulose oleate (CEL-OLA)

13C-NMR numeration of the carbon atoms in long-chain organic acid cellu-

cessory (DRIFT) and they are presented in the
Kubelka—Munk absorbency mode. Resolution for
all infrared spectra was 4 cm™ ! with 40 scans.
KBr was used as a reference material to produce
a background diffuse reflectance spectrum.

Solid-state CP/MAS "3C-NMR Measurements

Solid-state CP/MAS *C-NMR spectra were ob-
tained at 75.3 MHz using a Chemagnetics CMX-
300 spectrometer. Samples of dry fibers were
placed in 7.5-mm zirconia rotors and spun at 4
kHz. The spectra were acquired using a variable-
amplitude cross-polarization pulse sequence with
10 steps of the proton pulse amplitude, each last-
ing 300 ws, for a total contact time of 3 ms. (The
application of a normal CP pulse sequence gave
results for the degree of substitution which were
only slightly less than were the results from the
variable amplitude sequence.) The recycle delay
was 1 s and 1000 transients were accumulated.

High-power proton decoupling was carried out at
60 kHz.

Degree of Substitution Determined by ">C-NMR
(DSnmw)

The degree of substitution (DSyygr) was calcu-
lated from a ratio of the integrals of NMR peaks!?
using the formula

nerL X Lac

DSyur = (2)

nac X Icgy,

where I . and I gy, are the integration of peaks of
corresponding acyl carbons and cellulose carbons,
respectively. negp, and n,c are the number of
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Table I Reaction Gain (GAIN) and Degree of
Substitution (DSg;,) Calculated by Gravimetry
in Comparison with (DSyyr) and Percent of
Acyl Group (AC) Calculated from Solid-state CP/
MAS 3C-NMR Analysis in Cellulose Esters
(CEL-EST)

Gravimetry I3C-NMR
CEL-EST GAIN (%) DSg. DSyur AC (%)
CEL-UNA A 46 0.44 0.47 32.6
B 106 1.03 1.11 53.6
CEL-UNC A 28 0.27 0.31 24.3
B 61 0.58 0.59 38.2
CEL-OLA A 20 0.12 0.08 114
B 27 0.16 0.14 18.3
CEL-STA A 21 0.13 0.12 17.1
B 35 0.21 0.19 24.3

A = 1h and B = 2 h reaction time.

carbon atoms in cellulose (ng;, = 6) and in the
corresponding acyl group.

The acyl content, AC [%], of CEL-EST was
calculated using the Fordyce approach!'® using
the formula

_ DSxur(MW acip — MWoy)
MW sou + DSxur(MW scrp — MWoy — 1)

X 100 (3)

AC

where DSyyr is the degree of substitution of
CEL-EST. The results are shown in Table 1.
More spectra were run for each sample until
consistent results were obtained with slight dif-
ferences in DSyyr to the second decimal place
(about +0.02). The integration of spectra to ob-
tain DS g Was performed without the deconvo-
lution technique with the spectra plotted on an
expanded scale in which small broad humps ob-
served in the left halfs of some spectra shown in
Figure 5 (background signal from equipment) are
less obvious. The DS g values would give reli-
able results rounded to the first decimal place.
However, because of the lower degree of substitu-
tion in the case of CEL-OLA (0.08 and 0.14), it
would be difficult to distinguish between the two
samples, so the DSyygr values rounded to the
second decimal place are presented. Although the
DS values calculated from both the gravimetry
and NMR analyses are similar, the gravimetry
calculations were not repeated, and, therefore,

throughout the text, we refer to the DS values
calculated from NMR data.

The NMR estimation of the dimensions of crys-
tallites in the cellulose sample was based on a
square cross-section cellulose crystallite model as
shown in Figure 2 and described by Newman'*:

L=_— (4)

where L (nm) is the crystallite size, » = 0.57 nm
is the thickness of the layer of surface chains, and
X is the fraction of cellulose chains contained in
the crystallite interior calculated from the areas
of NMR C-4 peaks:

Iey

X=.
Too + Ioy

(%)

where I, is the integrated area of the C4 peak
with its maximum at 89.4 ppm and I, is the
area of its shoulder C4' at 84.7 ppm.

X-ray Diffraction Measurements

The randomly oriented fibers were prepared into
small pellets, 10 mm in diameter and 1-2 mm in
thickness. X-ray diffraction spectra were recorded

£(101)
AN

l¢

Z
Figure 2 Model of a cross section through a cellulose
crystallite. Each ellipse represents a glucose unit and
dotted lines represent hydrogen bonds. Cellulose

chains are oriented normal to the plane of the paper.
The shadowed area shows the crystallite interior.
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using a Siemens 500 D diffractometer equipped
with CuKa radiation. The spectra were obtained
at 190 mA with an accelerating voltage of 50 kV.
Samples were scanned on the automated diffrac-
tometer from 5 to 40° of 20 (Bragg angle). All
recorded spectra were normalized at the same
total scattering between 9 and 38° (260).

A peak resolution program was used to calcu-
late the dimensions of crystallites in the cellulose
sample (CEL) through peak broadening.'® The
spectrum was corrected for the background at-
tributed to the amorphous region of the sam-
ple’®~'® simply by driving a straight line through
the peak minima. The resolution of X-ray diffrac-
tion patterns yielded into Gauss—Lorentzian
peaks, which represent the contribution of each of
the diffraction planes. The apparent dimensions
of cellulose crystallites were obtained by applying
the Scherrer equation to the data of deconvoluted
peaks:

K\

t(hkl) = B cos 6

(6)

where ¢ is the thickness of crystallites at the
(hkl) plane of diffraction; A, the wavelength of the
X-ray source (A = 1.5418 A for CuKw); K, the
Scherrer constant (K = 0.9); B, the peak full
width at the half-maximum height, and 6, the
Bragg angle for the (hkl) plane.

RESULTS AND DISCUSSION

FTIR-DRIFT

IR spectra of CEL-UNA and CEL-UNC are shown
in Figure 3, and CEL-OLA and CEL-STA, in Fig-
ure 4, together with original cellulose fibers. The
spectra of organic acids were taken from the lit-
erature and represent gas-phase absorption infra-
red spectra.l®

All CEL-EST spectra have a common absorp-
tion in ester carbonyl stretching C=0 with its
frequency increasing with a higher DS (exact val-
ues are as follows: 1748 cm ! CEL-UNA-A, 1751
cm ! CEL-UNA-B, 1746 cm ™! CEL-UNC-A, 1746
cm ! CEL-UNC-B, 1744 cm™ ! CEL-OLA-A, 1743
cm ! CEL-OLA-B, 1745 cm ! CEL-STA-A, 1746
cm ! CEL-STA-B). These findings are similar to
those published by Warwicker and Spedding® for
cellulose acetates with different DS and to results
obtained on highly substituted cellulose deriva-
tives.?° The changes in carbonyl frequencies sug-

gest a weakening of hydrogen bonds between es-
ter carbonyl groups and the remaining cellulose
hydroxyl groups. For comparison, the carbonyl
stretching of gas IR of organic acids'® are shifted
to higher wavenumbers (1761 cm™! UNA, 1779
cm ! UNC, OLA, and STA).

Asymmetric and symmetric CH, stretching are
at 2926 and 2856 cm !, respectively, arising from
the aliphatic chain of an organic acid. Cellulose in
this region has a broad band of CH stretching at
2902 cm .

A lower intensity of broad the cellulose hy-
droxyl absorption peak at about 3400 cm ! is
shown with an increased DS in the CEL-EST.
There are two new peaks in the cellulose hydroxyl
region arising at 3474 and 3355 cm ™! in the case
of CEL-UNC and more apparent in CEL-UNA as
shown in Figure 3. The frequency of hydrogen-
bonded OH groups depends partly upon whether
the oxygen atoms also act as a proton acceptor for
another group. Marrinan and Mann?! discussed
that these peak shifts are due to hydroxyl groups
participating in O—H - - - O for the former (3474
cm 1) and the groups participating in two hydro-
gen bonds of the type H--- O—H - - - O for the
latter (3355 cm™1). Hydroxyl groups of organic
acids measured by gas IR have their peaks at a
higher frequency (3587 cm ™ 1). These findings de-
scribed above indicate that, in the case of CEL-
UNA-B, the hydroxyl groups in less-ordered re-
gions of cellulose were substituted with an or-
ganic acid and that two new OH peaks arising
from the microfibril’s ordered regions are now
dominant in this part of the IR spectra.

Unsaturation is observed in CEL-UNA at 1641
cm ! arising from C=C stretching in the UNA
chain. Also, there are two peaks of C—H stretch-
ing at 3077 cm ™! and C—H bending at 910 cm !
arising from a —CH=CH,, group in ¢trans confor-
mation.?? It is interesting to point out that these
absorption peaks are not present in UNA.

The C=C stretching vibration band is not ob-
served in CEL-OLA because it is very weak when
it is internal in symmetrical molecules in cis con-
formation (in the case of oleic acid) and is not
observed in oleic acid also because there is inter-
fering absorption from the strong C=0 stretching
vibration.??

All CEL-EST infrared spectra show increasing
intensities of two bands, first at 1166-cm ™! cellu-
lose antisymmetric bridge oxygen stretching and
C—O stretching at 1065 cm ™~ *. Together with an-
tisymmetric in-phase cellulose ring wagging at
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Figure 3 Diffuse reflectance infrared spectra of cellulose, cellulose esters CEL-EST-

11, and corresponding organic acids. *Gas-

from the literature.'®

1114 cm ™!, they are shown as a characteristic
three peaks.

The reflectance IR spectra demonstrated the
chemical substitution of hydroxyl groups with or-
ganic acids. Clear evidence for the esterification
reaction was observed by the appearance of a new
ester carbonyl band and an increased intensity of
CH,, stretching arising from an organic acid

phase absorption infrared spectra taken

chain. On the other hand, the decrease and the
sharpening of a broad peak in the cellulose hy-
droxyl region suggested the disappearance of in-
tensities originated from hydroxyls in less or-
dered regions due to their substitution with an
organic acid and revealed the remaining hydroxyl
groups from crystalline regions. In the case of
CEL-EST-11, the possibility of the involvement of
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Figure 4 Diffuse reflectance infrared spectra of cellulose, cellulose esters CEL-EST-
18, and corresponding organic acids. *Gas-phase absorption infrared spectra taken

from the literature.'®

cellulose crystallites regions in the chemical reac-
tion was considered.

Solid-State CP/MAS "3C-NMR

Solid-state '*C-NMR spectra of the original cellu-
lose sample and cellulose esters synthesized after
2 h of esterification (resonance shifts of CEL-EST

acyl carbons are independent of DS) are pre-
sented in Figure 5. Peak assignment of acyl car-
bons was made according to the literature.?® Or-
ganic acid carbonyl carbons are strongly
deshielded by electronegative oxygen atoms and
have their resonance peaks between 180.6 and
180.8 ppm.?? The resonance of carbonyl groups in
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Figure 5 CP/MAS '3C-NMR spectra of cellulose and
long-chain organic acid cellulose esters after a 2-h es-
terification reaction.

CEL-EST is upfield-shifted and appears at 173.5—
173.7 ppm, suggesting that the esterification re-
action took place.

The ratio obtained from corresponding integra-
tion in the spectra, which is 5.1 : 1, is similar to
the theoretical ratio between the number of car-
bon atoms in the anhydroglucose unit C-2,3,4,5,6/
C-1, which is 5 : 1. For comparison purposes,
cellulose carbon peaks were normalized for C-4
peak intensities (I, + I, = 1). The intensities
of the carbonyl peaks obtained after normaliza-
tion are in linear correlation with an increasing
DS of CEL-EST as shown in Figure 6.

The assignment of cellulose carbon peaks is
well documented in the literature?*~2%; however,
only a few articles on solid-state CP/MAS 3C-
NMR spectra of esterified cellulose have been
published. These studies compared solution and
solid-state 13C NMR spectra of heterogeneously

acetylated cellulose as a function of degree of sub-
stitution,” several cellulose derivatives including
cellulose triacetate, tripropionate, tributyrate,
and trinitrate, and some cellulose ethers,?® long-
chain fatty acid cellulose ester synthesized with
soybean oil,” cellulose acetate and cellulose pro-
pionate as powder,° or cellulose triacetate and its
oligomers (DP = 2-9).5!

The explanation of peak broadness in solid-
state CP/MAS **C-NMR for cellulose fibers in ear-
lier studies suggests that crystalline regions of
cellulose give a narrow resonance, while noncrys-
talline or paracrystalline regions give a broader
resonance.”® The broadness in the resonance of
noncrystalline regions is due to a greater disorder
in molecular packing, distribution of molecular
conformations, and/or higher molecular mobility
in these regions.?®

There is more evidence that a narrow C4 peak
can be associated with cellulose chains contained
within crystals and a broader C4’ shoulder with
chains exposed on crystallite surfaces.*2425:28.32
The chemical-shift difference between these two
bands is attributed to a difference in patterns of
hydrogen bonding. Each cellulose chain in the
crystallite interior is hydrogen-bonded to its two
neighboring chains (cellulose-I model). On a crys-
tallite surface, however, the cellulose chain is hy-
drogen-bonded to just one adjacent chain of the
crystallite interior.

A detailed series of normalized NMR spectra
in the region of cellulose carbons for the cellu-
lose sample and all cellulose esters (CEL-
EST-11 and CEL-EST-18) is shown in Figure 7.
The signal at 105.6 ppm due to C-1 carbon
shows one peak for the CEL sample and de-

—

EXTE A
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% 0.6 _//// -
B T
> 04 -
z 02 5 4 y=0.7319x
= o - R’ = 0.9901
o . . , ,
0 0.2 04 0.6 0.8 1 1.2

Degree of substitution

Figure 6 Normalized CP/MAS '3C-NMR carbonyl in-
tegral intensities versus degree of substitution of cel-
lulose esters: (X) CEL; (A) CEL-UNA-A, DS = 0.47; (A)
CEL-UNA-B, DS = 1.11; (O) CEL-UNC-A, DS = 0.31;
(® CEL-UNC-B, DS = 0.59; (¢) CEL-OLA-A, DS
= 0.08; (¢) CEL-OLA-B, DS = 0.14; () CEL-STA-A,
DS = 0.12; (m) CEL-STA-B, DS = 0.19.
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Figure 7 CP/MAS '3C-NMR detailed spectra of cellulose anhydroglucose carbons in

cellulose esters.

creases gradually in CEL-EST as the DS in-
creases. In the case of CEL-EST-11, a new band
assigned as C1' arises with its maximum at
101.9 for CEL-UNA-B (DS = 1.11). This effect is
less intense in the case of CEL-EST-18.

C-4 carbons in CEL show a splitting as a narrow
C4 peak at 89.4 and a broader C4’ peak at 84.7
ppm. Some interesting observations may be made:
In the case of CEL-EST-11, the narrow C4 peak
decreases and the broader C4’ increases after 2 h of
esterification in the case of CEL-UNC-B (DS
= 0.59) and CEL-UNA-B (DS = 1.11). This would
lead to the conclusion that the dimensions of crys-
tallites was affected during the esterification reac-

tion if the assignment of C4/C4’ regions represents
the crystallites interior/surface chains, as discussed
before. However, to make a quantitative conclusion
is more complicated because the intensities of cel-
lulose carbon atoms carrying substituted hydroxyl
groups should also be present in the C4’ region of
the spectrum and therefore influencing the C4/C4’
intensity ratio. Such derived dimensions of crystal-
lites would be, hence, underestimated. The new un-
assigned peak in the C-4 region of substituted cel-
lulose chains is not seen from the spectra, probably
due to low NMR resolution.

Wickholm et al.?® calculated the lateral fibril
dimensions of cellulose samples after an acid hy-
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drolysis procedure which removed the interfering
signals found in the C4' region originating from
hemicelluloses. Another approach was used by
Newman'* where the NMR spectra were sepa-
rated into signals assigned to cellulose crystal-
lites and signals assigned to amorphous material.
The lateral dimensions of crystallites in several
solid lignocellulosics calculated from *C NMR
and from X-ray scattering data were compared. It
was found that those estimated by X-ray were
about 10% lower than were those estimated by
NMR.

In this work, the dimensions of crystallites in
the only cellulose sample (CEL) were calculated

101 101 021 002

<o
-

0

1

LT
\\\i\x\\\i\ 1‘31\ o~
e C [ { g(

e W S SN S S

i
7
.

am
18.0
14.9 16,5 20.51 226 347
T

T

s 20 25 30
Difractomelter angle 26

—
[
—
w
n

Figure 8 X-ray diffraction spectra of cellulose and
cellulose esters: (A) Cellulose; (B) CEL-UNA-A, DS
= 0.47; (B*) CEL-UNA-B, DS = 1.11, (C) CEL-UNC-A,
DS = 0.31; (C*) CEL-UNC-B, DS = 0.59; (D) CEL-
OLA-A, DS = 0.08; (D*) CEL-OLA-B, DS = 0.14; (E)
CEL-STA-A, DS = 0.12; (E¥*) CEL-STA-B, DS = 0.19.
am, intensity of amorphous regions of cellulose.

using a square cross-section crystallite model
shown in Figure 2, with spacing between chains
of 0.57 nm, described by Newman.'* The model
represents the fraction of cellulose chains in the
crystallites interior (0.53) close to the value X
= 0.57 calculated through eq. (5) from data of the
fitted C-4 region of the NMR spectra. The size of
cellulose crystallites calculated with eq. (4) was L
= 4.6 nm.

When cellulose was esterified with organic ac-
ids with 18 carbon atoms (CEL-EST-18), these
changes were smaller but reversed. The C4 peak
increased and C4’ decreased. In this case, the new
rearrangement of cellulose chains in the less-or-
dered region could lead to this effect, probably
resulting in a small increase of the crystallinity in
the samples, but it was not confirmed by the X-
ray analysis.

The two overlapping peaks at 75.3 and 72.6
ppm in Figure 5 are C-2, C-3, and C-5 carbons.
Until now, these peaks have not been assigned to
specific carbons.

The C-6 carbons have two overlapping peaks: a
narrow C6 at 65.8 ppm and its upfield shoulder
C6' at 63.3 ppm. In both CEL-EST-11 and CEL-
EST-18, the upfield shoulder C6’ tends to disap-
pear and the narrow C6 peak increases with
higher DS of CEL-EST. C6’ in CEL-EST-11 is
probably shifted downfield as the C6 carbon at-
oms become less mobile after the substitution of
C6-hydroxyls with an organic acid.

A comparison of NMR spectra indicates that
significant variations of intensity occur in the re-
gion of the C-1, C-4, and C-6 peaks as a function
of the DS. However, due to the low resolution of
the NMR spectra and the lack of information
about the assignment of new intensities to the
substituted cellulose carbons in the C-4 region, it
was not possible to calculate the dimensional
changes of cellulose crystallites after the esterifi-
cation. These changes in the NMR spectra are
more evident in CEL-EST-11 and follow the same
trend as observed by Doyle et al.> on heteroge-
neously acetylated cellulose.

X-ray Diffraction

Diffraction patterns obtained from CEL and CEL-
EST samples are shown in Figure 8. The progres-
sive decrease and broadening of intensities con-
nected with the 101, 101, and 002 planes and
decrease of intensity of 040 planes can be ob-
served. On the other hand, there is an increase of
diffraction intensities in the amorphous region of
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Figure 9 Resolution of X-ray diffraction pattern of
cellulose sample (CEL).

cellulose at around 18° which is attributed to the
less-ordered region of cellulose chains.?* X-ray
diffraction studies on cellulose acetates showed
that the heterogeneous acetylation process leads
to an increase in the amorphous content of the
material and the generation of a crystalline peak
associated with cellulose triacetate near the
amorphous region of cellulose.?®>3¢ Until now,
there were no studies with X-ray diffraction to
determine whether cellulose chains substituted
with long-chain organic acids in a heterogeneous
esterification reaction form an ordered structure.
The lack of information about the morphology of
such cellulose esters complicates the estimation
of the dimensions of cellulose crystallites. There-
fore, only an original cellulose sample (CEL) was
used to calculate the dimensions of crystallites
from X-ray data obtained from the fitted spectra
shown in Figure 9. The value calculated using eq.
(6) for the 002 plane was ¢t = 4.1 nm, which, in
comparison with L = 4.6 nm derived from NMR
data, shows a difference of about 11%. This is in
agreement with the observations made by New-
man'* as discussed earlier.

X-ray diffraction spectra of cellulose esters
show broader peaks at angles slightly different
from those for cellulose. The origin of these
broad peaks may come from a smaller size of
cellulose crystallites as the esterification reac-
tion continues. However, one has to consider
also an amorphous region of disordered cellu-
lose chains, or an amorphous ester at 18°, or
perhaps a new well-ordered ester, all appearing
at angles around 18°-20°.

CONCLUSIONS

In this study, several analytical techniques
were used to characterize chemical and morpho-

logical changes of cellulose fibers after an ester-
ification reaction with long-chain organic acids.
Diffuse reflectance infrared spectroscopy
(DRIFT) provides evidence of a substitution re-
action and suggests changes in the dimensions
of cellulose crystallites in the case of CEL-EST-
11. The solid-state CP/MAS *C-NMR and X-ray
diffraction spectra support the view about mor-
phological changes and suggests considering
more categories of different lateral order in sub-
stituted fibers.
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