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ABSTRACT

Nanocrystalline cellulose, cotton linters and softwood kraft pulp were reacted with the cationic epox-
ide 2,3-epoxypropyltrimethyl ammonium chloride (EPTMAC) according to two different procedures,
whereof one was a solvent and reagent minimizing spray technique. The samples were subjected to
acid hydrolysis and characterized by solution-state nuclear magnetic resonance (NMR). The spectra were
obtained using a 600 MHz cryoprobe NMR instrument. The use of ion exchange SPE-column chromatogra-
phy enhanced the intensity of the peaks derived from the modified monosaccharide residues and opened
for detailed NMR characterization at low degrees of substitution. In addition to a consistent 9 ppm change
in the initial shifts of carbons adjacent to substituted hydroxyl groups, the NMR spectra proved that other
neighboring atoms were affected by the substitution. Unlike nanocrystalline cellulose and cotton cellu-
lose, the softwood kraft pulp cationized with the spray technique demonstrated a higher preference for
0-6 (83%), on the expense of O-2 substitution (16%).

Characterization

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polysaccharides are the most abundant biopolymers produced
in nature and chemical modifications of these biopolymers may
be applied in the development of new materials. Such materials,
originating from a renewable source are, in principle, in agreement
with an eco-effective material development and are of interest
in many different industrial application areas (Rahman & Brazel,
2004; Shahidi, Arachchi, & Jeon, 1999).

Polysaccharides are polyhydroxylic polymers, which can be
functionalized by a wide selection of chemical reactions. The phys-
ical and chemical properties obtained are highly dependent on
how and where substituents are located along the polymer chains
(Mischnick & Hennig, 2001; Richardson & Gorton, 2003). Thus,
characterization methods for modified polysaccharides are of high
interest. Nuclear magnetic resonance (NMR) is a powerful char-
acterization technique indispensable for analyses in the field of
organic chemistry. In the early 1980s, new NMR techniques with
improved magnets and pulse sequences were introduced and the
characterization of polysaccharides in the pulp and paper indus-
try advanced in several function areas (Ek, Henriksson, Nystrom, &
Odberg, 1994; Gabrielii, Gatenholm, Glasser, Jain, & Kenne, 2000;
Haggkvist, Li, & Odberg, 1998; Jansson, Kenne, & Widmalm, 1989;
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Lennholm, Larsson, & Iversen, 1994; Olson, Chang, & Wang, 1990).
13C NMR has become a great tool for the characterization of both
native and modified polysaccharides on a molecular level (Atalla
& VanderHart, 1999; Nehls, Wagenknecht, Philipp, & Stscherbina,
1994) and recently the two-dimensional '3C-'H correlated solu-
tion state NMR has improved the characterization further (Kim &
Ralph, 2010).

Cationic modified polysaccharides are used extensively in the
industry. One important example is cationic starch which is used
as an additive to improve the dry strength of paper, the filler and
fines retention and drainage rate of the pulp in papermaking. Qua-
ternary ammonium starches are used in laundry detergents for
improved stiffness and smoothness of fabrics and as flocculants
for suspensions of inorganic and organic matter having a nega-
tive charge (Solarek, 1986). Other examples of cationic modified
polysaccharides are hydroxyethyl cellulose derivatives, which are
used as conditioners in personal hygiene products (Ungewiss et al.,
2005).

In this paper, a convenient method for molecular characteriza-
tion of cationic polysaccharides is described. The method is suitable
for cellulosic substrates with a low degree of substitution (DS).
These materials are of interest when the initial properties of the
fibers, such as the fiber structure, the nanocrystalline structure or
water insolubility, should be retained after modification.

Two-dimensional 'H-1H and 13C-'H correlated solution state
NMR were used to study the reaction of the epoxide 2,3-
epoxypropyltrimethyl ammonium chloride (EPTMAC) with three
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Table 1
Reaction conditions and results of the different reaction procedures of 2,3-epoxypropyltrimethyl ammonium chloride (EPTMAC) with three different types of cellulosic
substrates.
Cellulosic substrate Temperature (°C) Time (h) Sodium hydroxide Molar ratio Solvent Nitrogen Degree of
(M) (EPTMAC/AGU) content (%) substitution (DS, )
Cotton linters (P1) 50 5 1.15 1.5 Water 0.44 0.053
Nanocrystalline cellulose (P1) 65 5 2 3.0 Water 0.37 0.044
Softwood kraft pulp (P2) 140 1 -2 0.2 Dry 0.13 0.015°

3 The softwood kraft pulp was activated in a 0.1 M sodium hydroxide solution.
b The degree of substitution is calculated based on hexoses exclusionary.

types of cellulosic substrates: nanocrystalline cellulose, cotton cel-
lulose and softwood kraft pulp. The approach was to perform
the chemical modification of the cellulosic substrates and then
hydrolyze the product in order to liberate the monosaccharides.
To facilitate the NMR analyses of the sugar residues that had been
cationized by reaction with EPTMAGC, the cationized sugar residues
were concentrated by using preparative ion exchange chromatog-
raphy.

2. Material and methods
2.1. Materials

A never-dried, industrially produced Scandinavian softwood
kraft pulp bleached in a totally chlorine free peroxide-based
sequence was used in the experiments. Nanocrystalline cellu-
lose was prepared by sulphuric acid hydrolysis of the softwood
kraft pulp according to the previously reported procedure (Beck-
Candanedo, Roman, & Gray, 2005). The cotton linters were obtained

1)

from Munktell Filter AB, Sweden. 2,3-Epoxypropyltrimethyl
ammonium chloride (EPTMAC) was obtained from Shandong
Guofeng Fine Chemical Co., Ltd., China, and used without further
purification. The cationic exchange sorbent ISOLUTE® CBA was
obtained from Sorbent AB, Sweden.

2.2. Methods

2.2.1. Cationization of softwood kraft pulp with
2,3-epoxypropyltrimethyl ammonium chloride (EPTMAC)

The fibers (1g) were activated by washing the pulp with a
sodium hydroxide solution (0.1 M) followed by solvent exchange
with acetone. The fibers were oven-dried at 105°C for 1h. After
drying, the fibers were sprayed with EPTMAC (molar ratio EPT-
MAC/AGU =0.2) dissolved in water (6 wt% EPTMAC) followed by
kneading to distribute the reagent. The EPTMAC impregnated pulp
was placed in an oven at 140°C for 1 h. Following heat treatment,
the sample was stored over night at room temperature (weight
gain 12%). The sample was then thoroughly washed with water and
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Fig. 1. '"H NMR spectra displaying the integrals of the a-H1, B-H1, B-H2 and the nine methyl protons (H10) of the substituent of (1) cationic modified pulp prior to
ion-exchange chromatography concentration, (2) the neutral fraction of the ion-exchange chromatography and (3) the cationic modified fraction after the ion-exchange
chromatography.
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Fig. 2. 'H NMR spectrum of hydrolyzed and concentrated nanocrystalline cellulose modified with the cationization reagent E'TMAC.

then subjected to solvent exchange with acetone followed by air
drying (weight gain 0.4%). As a reference, softwood kraft pulp was
treated according to the same procedure, but without any addition
of EPTMAC to the water that was sprayed on the pulp prior to the
heat treatment. The reaction efficiency (the conversion of reagent
to product) was 7.3% based on nitrogen analysis.

2.2.2. Cationization of cotton linters with
2,3-epoxypropyltrimethyl ammonium chloride (EPTMAC)

The cotton linters were mixed with a sodium hydroxide solution
(1.15M) at a consistency of 11%. After 30 min at room temperature,
EPTMAC (molar ratio EPTMAC/AGU =1.5) was added and the tem-
perature was increased to 50 °C. After 5 h, the reaction mixture was
diluted with water. The product was filtered, washed thoroughly
with distilled water and air-dried. The reaction efficiency was 3.2%
based on nitrogen analysis.

2.2.3. Cationization of nanocrystalline cellulose with
2,3-epoxypropyltrimethyl ammonium chloride (EPTMAC)

Nanocrystalline cellulose (cellulose nanocrystals) was mixed
with a sodium hydroxide solution (2M) at a consistency of
5.9%. After 30 min stirring at room temperature, EPTMAC (molar
ratio EFTMAC/AGU=3) was added and the mixture was stirred
for 5h at 65°C. The reaction mixture was diluted 5-fold with
water and dialyzed (cellulose dialysis membranes, molecular
weight cut-off of 12000-14000Da from Spectrum Labs) against
de-ionized water for 15 days. The resulting suspension of
hydroxypropyltrimethyl ammonium chloride cellulose nanocrys-
tals (HPTMAC-CNC), approximately 1% (w/w), was sonicated before
concentration by evaporation at reduced pressure. The reaction
efficiency was 1.4% based on nitrogen analysis.

2.2.4. Hydrolysis

The cationic modified cellulose substrates were hydrolyzed
according to Theander and Westerlund (1986). 3 mL of sulphuric
acid (72%) was added to 200 mg of cellulosic substrate. The sample
was subjected to vacuum for 15 min and then heated in a water
bath (30°C) for 1 h. Distilled water (84 g) was added and the sam-
ple was autoclaved for 1h at 125°C. The hydrolysate was filtered,
neutralized with barium hydroxide and again filtered. The filtrate
was concentrated to dryness under reduced pressure.

2.2.5. Preparative ion exchange chromatography

The hydrolyzed cationic modified cellulosic substrates were
concentrated using preparative ion exchange chromatography. The
sorbent was wetted with methanol and loaded on a column (Bio-
tage 6 mL, 2.5 cm ISOLUTE® CBA sorbent). The methanol was eluted
with de-ionized water and the sorbent was converted to its sodium
form by the addition of a sodium hydroxide solution (0.1 M) to the
column. After rinsing with de-ionized water (10 column volumes)
the cellulosic hydrolysate were applied on the column (1 g/20 g sor-
bent). To elute uncharged molecules the column was again rinsed
with de-ionized water (3 column volumes). The cationic fraction
was eluted with 3 column volumes of diluted sulphuric acid (0.1 M).
The cationic fraction was neutralized with barium hydroxide, fil-
tered and concentrated to dryness under reduced pressure.

According to a control experiment starting with 750 mg of
hydrolyzed cationized softwood kraft pulp, at least 77% of the car-
bon content is recovered from the column based on carbon analysis
(presuming that the amount of carbon in the starting material is
300 mg). The amount of carbon in the neutral fraction was 213 mg,
and in the cationic fraction 17 mg.
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Fig. 3. COSY NMR of hydrolyzed and concentrated modified nanocrystalline cellulose. The heavy black rectangle corresponds to the couplings of the original position of the
3-H2 proton, hidden in the strong peak belonging to the methyl groups of EPTMAC. The thin black rectangle shows the new couplings of the substituted position of 3-H2.
The dashed rectangles are the equivalent of the a-isomer. The 'H NMR spectrum of hydrolyzed and concentrated nanocrystalline cellulose modified with the cationization

reagent EPTMAC is inserted to make the figure more perspicuous.

2.2.6. NMR analysis and elementary analysis

Before NMR analysis, materials were lyophilized and dissolved
in D,0. The 'H and '3C-"H-correlated NMR spectra were recorded
at 25°C on a Varian Inova 600 spectrometer equipped with a
cold probe, operating at 599.76 MHz for proton detection and at
150.81 MHz for carbon detection. The "H-1H correlated NMR spec-
trawere recorded at 25 °Cona Varian Unity Inova 500 spectrometer
operating at 499.9 MHz for proton detection. The nitrogen anal-
ysis was provided by the Mikroanalytische Laboratorium, Kolbe,
Germany and at the Department of Biology, Plant Ecology and Sys-
tematics, Lund University, Sweden.

2.2.7. Carbohydrate composition analysis

The carbohydrate composition of the hydrolyzed and concen-
trated cationic modified nanocrystalline cellulose, cotton cellulose
and softwood kraft pulp was analyzed using ion chromatography
with pulsed amperometric detection. The separation was per-
formed isocratically in Milli-Q water on a CarboPac™ PA1 column
(Dionex, Sunnyvale, CA, USA). The detection was enhanced by the
post column addition of a sodium hydroxide solution.

2.2.8. DS calculation
The degree of substitution was calculated from the nitrogen
analysis according to the following equation:

_ 162.15 x ZN
" 1401 — 151.64 x %N

DSy (1)

The degree of substitution was estimated from NMR spectra accord-
ing to the following equation:

J(B-H2 + 9 methyl protons of EPTMAC) — [ B-H1
9 ([ a-H1+ [B-H1)

where [BH2= [ BH1=1 is the normalized integrated area of the
B-H1 peak.

(2)

DSnmr =

2.2.9. Liquid chromatography-mass spectrometry (LC-MS)

LC-MS analysis was performed using a PerkerElmer 200 series
LC-pump system coupled to a PerkerElmer PE SCIEX API 150 EX
instrument equipped with a Turbolon spray ion source, using pos-
itive ion mode. Separation was achieved using a Grace Genesis C8
column (4 pm particle size, 4.6 mm inner diameter, 50 mm long).
The flow-rate was 1 ml/min and an aqueous buffer (18 mmol formic
acid) and acetonitrile constituted the eluent. A program using an
8 min gradient of the eluent (buffer/acetonitrile, 95/5% to 5/95%)
was used. The samples were dissolved in water prior to injec-
tion.

3. Results and discussion
3.1. Cationization reactions

The cellulosic substrates were cationized by two different pro-
cedures (Table 1): with a high amount of EPTMAC in an alkaline
water solution at a relatively low temperature and with a long
reaction time (P1), and with a lower amount of EPTMAC under
dry conditions at high temperature and with a short reaction
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Fig. 4. HSQC NMR of hydrolyzed and concentrated nanocrystalline cellulose modified with the cationization reagent EPTMAC. The changes in shift are demonstrated using
arrows. The '"H NMR spectrum of hydrolyzed and concentrated nanocrystalline cellulose modified with the cationization reagent EPTMAC is inserted to make the figure more

perspicuous.

time (P2). Procedure (P1) is based on previous work (Hasani,
Westman, Potthast, & Rosenau, 2009). The second procedure (P2) is
a dry procedure, which includes a preceding activation of the sub-
strate with sodium hydroxide. The substrate was, consequently,
washed with a sodium hydroxide solution (0.1 M) prior to sol-
vent exchange with acetone and drying. EPTMAC, dissolved in
water, was then distributed on the substrate using a spray tech-
nique. The cellulosic substrates were eventually placed in an
oven where the actual reaction occurred after the evaporation of
water. The results from the different procedures are presented in
Table 1.

Analysis of nitrogen content in the modified cellulosic substrates
indicated that the degree of substitution (DS; ) was fairly low for all
reactions. However, evaluation of the outcome of the reactions pro-
mote that the solvent-minimizing spray technique (procedure P2)
may have a more efficient use of the added EPTMAC. In this con-
clusion though, it must be taken into consideration that the three
cellulosic substrates have different degrees of crystallinity and, in
the case of kraft pulp, the presence of hemicelluloses should affect
the reactivity.

3.2. NMR spectroscopy

To attain more information regarding the introduction of sub-
stituents on the polysaccharides, different NMR-techniques were
applied. Structural characterization of reference softwood kraft
pulp and the modified cellulosic substrates was accomplished
using high resolution 1D and 2D NMR. For enhanced sensitivity a
600 MHz cryoprobe NMR instrument was used. In order to liberate
monosaccharides, and increase solubility in deuterated solvents,

the modified cellulosic materials were subjected to acid hydrol-
ysis prior to analysis. However, when the degree of substitution
is low, the signals originating from substituted monosaccharides
become weak and limit the extraction of useful information from
the spectra. To enhance the signals arising from the modified
monosaccharide residues, the cationic monosaccharides were con-
centrated by the use of preparative ion exchange chromatography.
The 'H NMR spectra in Fig. 1 illustrate how the ion exchange
chromatography opened for more detailed information. The nine
methyl protons belonging to the ammonium group of the reacted
EPTMAC are visible in the hydrolysate from the cationized soft-
wood kraft pulp. The signal from the methyl protons was, as
expected, strongly enhanced after ion exchange chromatography
of the hydrolysate.

The degree of substitution (DS) can be estimated from the 'H
NMR spectrum in Fig. 1(1). According to Eq. (2), the degree of substi-
tution of the modified softwood kraft pulp was calculated to 0.026.
The spectra in Fig. 1 also illustrate the DS-enrichment of the column
concentration method, although the integrals in the weak spectrum
(3) should be seen as indicative.

Carbohydrate composition analysis, using ion chromatography,
of the concentrated cationic fractions of the hydrolysate showed
that these fractions were virtually free from unmodified monosac-
charides (less than 0.5%). The solid phase extraction-column
(SPE-column) provided with propylcarboxyl acid functionalized sil-
ica could consequently be considered suitable for the concentration
of quaternized materials.

To further investigate the fractions of the ion-exchange chro-
matography, liquid chromatography-mass spectrometry (LC-MS)
was performed. In the spectrum belonging to the neutral frac-
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Fig. 5. DQF-COSY NMR of unmodified hydrolyzed softwood kraft pulp. In the anomeric region the peaks are assigned in order of shift values.

Table 2
The ratio of substitution at positions O-2, 0-3 and 0-6 for all three types of cellulosic
materials according to NMR integrals.

Cellulosic substrate 0-2 (%) 0-3 (%) 0-6 (%)
Cotton linters 52 3 45
Nanocrystalline cellulose 45 7 48
Softwood kraft pulp 16 1 83

tion of the ion exchange-chromatography the molecular mass of
single glucose monomers could be seen. Also small peaks of glu-
cose dimers were observed. In the spectrum belonging to the
cationic fractions, the molecular mass of cationic modified glucose
monomers were observed, as well as traces of cationic modified
pentoses and monosubstituted dimers. The presence of monosub-
stituted dimers in the samples could explain the minor variations
in the NMR calculations in regard to column efficiency and DS val-

Table 3

A summary of reference proton shifts and new proton shifts after substitution of
different OH-protons on the nanocrystalline cellulose monomers. New shifts are
seen as bold and italic.

Sample H1 H2 H3 H4 H5 H6 HE'
B-p-Glucose

Reference 4.67 3.26 3.51 3.45 3.47 3.73  3.90
2-OH substitution 4.73 3.13 3.58 3.45 3.47 3.73  3.90
3-OH substitution 4.67 3.33 342 3.45 3.47 3.73  3.90
6-OH substitution 4.67 3.26 3.51 3.45 347 374 394
«a-D-Glucose

Reference 5.24 3.55 3.72 3.45 3.83 3.78 3.85
2-0OH substitution 5.44 341 3.78 345 383 378 385
3-OH substitution 5.24 3.62 3.61 3.45 3.83 3.78 3.85
6-OH substitution 5.24 3.55 3.72 3.45 3.83 3.80 3.86

ues. The fragment pattern for single glucose monomers could not
be seen in the cationic sample. The molecular mass of the by-
product 2,3-dihydroxypropyl-trimethylammonium were present
in the cationic fraction, although LC-MS and NMR of the wash-
ing water prior to ion-exchange chromatography confirm that this
by-product, together with remaining EPTMAC, is washed out dur-
ing the work-up. Di- or trisubstituted glucose could not be seen in
the LC-MS sample of the cationic fraction. However, it cannot be
excluded that these monomers are produced in the cationization
reaction since they could be difficult to elute from the SPE-column.
LC-MS and NMR spectra are accessible in the supplementary data.

3.2.1. Characterization of hydrolyzed and concentrated
cationized nanocrystalline cellulose and cotton cellulose

The cationic fractions of nanocrystalline cellulose and cotton
cellulose provide somewhat simpler NMR spectra compared to that
of modified softwood kraft pulp, because of the absence of hemi-
celluloses related signals. For this reason, it seems appropriate to
use the results from cotton linters and nanocrystalline cellulose as
the starting point.

The 'H NMR spectrum of hydrolyzed and concentrated modi-
fied nanocrystalline cellulose confirms modification by comprising
new peaks at 4.45 ppm (H8) and 3.25 ppm (H10), belonging to the
cationic substituent (Fig. 2). The H7 (3.63 ppm) and H9 (3.52 ppm)
protons of the cationic substituent are hidden in the region of the
ring-protons of the glucose residues (Ebringerova, Hromadkova,
Kacurakova, & Antal, 1994). The methylene protons at H7, and H9,
are diastereotopic and such protons do not experience the same
environment as the side chain rotates. Unfortunately the protons
cannot be distinguished separately in these spectra because of over-
lapping signals.
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modified with the cationization reagent EPTMAC is inserted.

Additional peaks, not present in reference samples of cellulose,
are visible at 5.45, 4.72 and 3.13 ppm in the '"H NMR spectrum of
hydrolyzed and concentrated modified nanocrystalline cellulose.
To investigate these additional peaks, a 'H-1H correlated spec-
troscopy (COSY) NMR spectrum of the sample was recorded. The
COSY spectrum proves that the additional peaks are the result of
substitution of the a-2-OH and 3-2-OH protons (Fig. 3) by addi-
tion of the oxirane moiety. Substitution at position 2 affect the
shifts belonging to protons at position 1 as illustrated by a-H1,
and -H1; in the spectrum, where the subscribed (a) is a label
for an affected proton (Schwikal, Heinze, Ebringerova, & Petzold,
2006). It can also be seen that the a-H3 and [B-H3 protons are
shifted downfield when substitution at the corresponding 2-OH
occurs. Equally, the a-H2 and 3-H2 are affected when substitu-
tion at position 3-OH occurs. It is reasonable that the a-H1 proton
is more affected by the substitution of corresponding 2-OH than
the B3-H1 proton, because of stereoelectronic effects (de Oliveira,
Tasic, Rocco, & Rittner, 2006; Juaristi, Cuevas, & Floresvela, 1992).
The a-H1 proton is in the same equatorial plane as the substituted
hydroxyl group and is more prone to interact with the neigh-
boring oxygen. Substituent effects on the 'H chemical shifts of
monosaccharides are complex, and this observation requires fur-
ther investigation.

This conclusion is further evidenced by the 13C-1H correlated
heteronuclear single quantum coherence (HSQC) NMR, which is
in line with previous work where it has been found that sub-
stitution of a hydroxy group change the shift of the adjacent
carbon (Heinze, Haack, & Rensing, 2004). The HSQC NMR spec-
trum of nanocrystalline cellulose shows the typical ~9 ppm change

in shift for carbons next to substituted hydroxy groups (Fig. 4).
It is concluded from the spectrum that substitution occurs at all
three possible positions of cellulose, although positions 2 and
6 are highly favored, as determined by comparing the integrals
of the peaks belonging to the original and substituted atoms
(Table 2).

The peak 3-H2,, belonging to the (3-H2 proton affected by the
substitution of the 3-3-OH proton, is marked in the spectrum. This
proton has a somewhat higher proton shift and lower carbon shift
than the original position of 3-H2. Similar patterns can be found
close to the peaks belonging to the a-H2, a-H3 and 3-H3 protons.

A summary of the substitution patterns for nanocrystalline cel-
lulose, including how the proton and carbon shifts are affected by
different substitution positions, is presented in Tables 3 and 4.

Table 4

A summary of reference carbon shifts and new carbon shifts after substitution of
different OH-protons on the concentrated nanocrystalline cellulose monomers. New
shifts are seen as bold and italic.

Sample C1 c2 c3 C4 c5 C6
B-p-Glucose

Reference 95.9 74.1 75.6 69.4 75.8 605
2-OH substitution 95.7 83.0 75.1 69.4 75.8 605
3-OH substitution 95.9 73.7 85.0 69.4 75.8 605
6-OH substitution 95.9 74.1 75.6 69.4 758 70.2
«-D-Glucose

Reference 91.7 714 72.6 69.2 710 602
2-OH substitution 89.7 80.0 72.1 69.2 71.0 60.2
3-OH substitution 91.7 71.1 82.5 69.2 710 602
6-OH substitution 91.7 714 72.6 69.2 71.0 699
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To make the figure more perspicuous, a 'H NMR spectrum of hydrolyzed and concentrated softwood kraft pulp modified with the cationization reagent EPTMAC is inserted.

The results from the nanocrystalline cellulose are analo-
gous to the results of the cotton cellulose (see supplementary
data).

There are two strong unidentified peaks at 4.3 and 3.6 ppm
found not only in the nanocrystalline cellulose NMR sam-
ple, but also in the NMR sample from cotton cellulose. The
TH-1H correlated spectra indicate strong couplings between
these peaks. Two additional experiments were performed to
investigate these peaks: the reaction of ethanol and iso-
propanol with EPTMAC and the reaction of EPTMAC in sodium
hydroxide and water. In the second mentioned experiment
the referring peaks increase with time. This study indicates
that the peaks most likely belong to the by-product 2,3-
dihydroxypropyl-trimethylammonium. This by-product is formed
when the cationic epoxide 2,3-epoxypropyltrimethyl ammo-
nium chloride (EPTMAC) reacts with water under basic condi-
tions.

The intramolecular side-reactions possible during hydrolysis
of 2-O-hydroxalkyl ethers of glucans, where an intramolecular
acetal can be formed, are not evidently visible in the spectra
(Mischnick & Momcilovic, 2010). However, these side-reactions
cannot be excluded since traces of peaks can be seen in the
areas where predicted shifts are expected. The by-product O-
(2-oxo)propyl-glucose resulting from the plausible 3-elimination
reaction occurring in the presence of hydroxide ions and vacuum,
could not be detected using LC-MS.

3.2.2. Characterization of hydrolyzed reference softwood kraft
pulp and hydrolyzed and concentrated cationized softwood kraft
pulp

The NMR spectrum obtained from the reference softwood
kraft pulp contains observable peaks belonging to hemicellulose
monomers, i.e. xylose and mannose (Fig. 5). The high resolution of
the double quantum filtered (DQF)-COSY NMR of the reference soft-
wood kraft pulp enables full assignment of the anomeric protons
belonging to glucose.

A coupling pattern identical to modified nanocrystalline cellu-
lose and cotton cellulose can be seen in the 'H-1H correlated COSY
NMR of the hydrolyzed and concentrated cationized softwood kraft
pulp (Fig. 6).

The HSQC NMR of hydrolyzed and concentrated modified
softwood kraft pulp also agrees with previous spectra (Fig. 7). Sub-
stitution at position 3 of glucose is very low and only visible when
the spectrum is zoomed in. No clear indications of the presence of
substituted xylose and mannose monomers could be seen in the
spectra in Figs. 6 and 7.

The observation that substitution at position 2 (0-2) is com-
paratively high in crystalline cellulosic substrates is in line
with previous findings (Kondo, 2005; Volkert & Wagenknecht,
2008). Because of its relatively minor involvement in the inter-
molecular hydrogen bonding pattern of the cellulose crystalline
structure, position 2 becomes more accessible under heteroge-
neous conditions. It is however interesting that cationization
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of the softwood kraft pulp according to the spray technique
shows a higher preference for 0-6 (83%), on the expense of
0-2 substitution (16%). The variation in crystallinity of the sam-
ples does not compensate for this difference and the result
could be a consequence of the various cationization proce-
dures.

4. Conclusions

Softwood kraft pulp, nanocrystalline cellulose and cotton
cellulose were successfully reacted with the cationic epoxide
2,3-epoxypropyltrimethyl ammonium chloride (EPTMAC) accord-
ing to two different procedures, whereof one was a solvent and
reagent minimizing spray technique. After reaction, the modi-
fied cellulosic materials were subjected to acid hydrolysis and the
liberated monosaccharide residues were analyzed with different
NMR-techniques. The use of fast ion exchange SPE-column chro-
matography concentrated the cationic monomers and enhanced
the intensity of the peaks belonging to the modified monosac-
charides in the NMR spectra. The concentration method can
beneficially be applied on a cationic cellulosic substrate with a low
degree of substitution. The outcomes of the reactions were studied
using high resolution 1D and 2D 'H-'H and '3C-'H solution-state
NMR. The NMR results proved substitution at positions 2, 3 and 6
on the glucose units, even if substitution was favored at positions
2 and 6 for all three types of cellulosic materials. Unlike nanocrys-
talline cellulose and cotton cellulose, the cationic softwood kraft
pulp showed a higher preference for O-6 (83%), on the expense of
0-2 substitution (16%). The result could be a consequence of the
various cationization procedures. The 2D correlation NMR spec-
tra demonstrated a consistent 9 ppm change in the initial shifts
of carbons adjacent to substituted hydroxyl groups. Other neigh-
boring atoms were also affected by the substitution resulting in
small changes towards higher shifts for protons and slightly lower
shifts for carbons. This characterization procedure gives valuable
information about the molecular composition of cationic modi-
fied cellulosic materials also with a low degree of substitution.
The reactivity of the hemicelluloses, however, cannot clearly be
seen in the NMR analyses. A tentative explanation may be that
cationic modified hemicelluloses become water soluble and are
washed out in the washing operation after reaction with EPT-
MAC.
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