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ABSTRACT

A rapid method for the determimation of the substituent distnibution 1n carboxymethylcellulose has been developed, involving
hydrolysis of carboxymethylcellulose 1n 1 2 M perchloric acid and analysis of the mixture of carboxymethylated glucose residues and
glucose by high-pH amon-exchange chromatography with pulsed amperometric detection The peaks in the chromatogram were
1dentified by combined gas-hquid chromatography-mass spectrometry after pertrimethylsilylatton Molar response factors for each of
the constituent monomers were established by 'H NMR spectroscopy The degrees of substitution for three carboxymethylcellulose
preparations determined by the proposed method and by a standard titration method were found to be 1n excellent agreement

INTRODUCTION

Sodium carboxymethyl (CM)-cellulose, prepared
by conversion of cellulose with sodium chloroace-
tate, 1s an industrially important polymer that has
found widespread use 1n the food and coatings n-
dustry and 1n o1l-well drilling The average degree of
substitution (DS) of commercial, water-soluble
CM-cellulose lies 1n the range 0 4-1 3 [1] Being on-
ly partially carboxymethylated, CM-cellulose can
be regarded as a copolymer of unsubstituted (D-glu-
cose), monosubstituted (2-, 3- and 6-O-CM-p-glu-
cose), disubstituted (2,3-, 2,6- and 3,6-d1-O-CM-D-
glucose), and trisubstituted (2,3,6-tr1-O-CM-D-glu-
cose) glucose

Knowledge of the relative amounts of the constit-
uent monomers of CM-cellulose 1s important in
product control, and 1s essential for understanding
structure—property relationships So far, analysis of
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the intact polysaccharide by 13C NMR spectrosco-
py has only resulted in information on the molar
ratio of the substituents at HO-2, HO-3 and HO-6
{2] For the determination of the monomer compo-
sition 1n solvolysates of CM-cellullose, different ap-
proaches have been developed Mixtures of mono-
mers, obtamed by hydrolysis or methanolysis, have
been analysed by carbon column chromatography
[3], gas—hquid chromatography (GLC) [4-7], *3C
NMR spectroscopy [1,8] and 'H NMR spectrosco-
py [9] Recently, the substitutent distribution in
CM-cellulose has been determined by GLC using a
reductive cleavage procedure to obtain mixtures of
the constituent monomers [10] These methods are
elaborate and time consuming Recent advances in
the separation of unmodified carbohydrates using
high-pH anion-exchange chromatography (AEC)
1n combination with pulsed amperometric detection
(PAD) [11] prompted us to devise a simple and rap-
1d method for the determination of the substituent
distribution 1n CM-cellulose
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EXPERIMENTAL

Materals
CM-Cellulose samples, A, B and C were obtained
from AKZO Research (Arnhem, Netherlands)

Hydrolysis procedure

Hydrolysis was carried out according to ref 11n
modified form CM-Cellulose (5 mg) m 01 ml of
70% HCIO,4 was kept for 10 min at room temper-
ature and, after addition of 0 9 ml of doubly dis-
tilled water affording 1 2 M HCIO,, heated for 16 h
at 100°C The solution was then neutralized with 2
M KOH, the precipitated KCIQ, was removed by
centrifugation (2500 g, 5 min) and the supernatant
was collected The residue was washed twice with
0 5 ml of doubly distilled water and the superna-
tants were pooled

High-pH amon-exchange chromatography with
pulsed amperometric detection

Separation and quantification of the mixture of
carboxymethylated glucose residues and glucose
was carried out by high-pH AEC-PAD on a Dio-
nex LC system consisting of a Dionex Bio-LC qua-
ternary gradient module, a Model PAD-2 detector,
a CarboPac PA-1 pellicular anion-exchange column
(25 x 09 cm I D), (Dionex, Breda, Netherlands)
and a Shimadzu C-R3A integrator An aliquot (25
pl) of the pooled supernatants was apphed to the
column and elution was carried out starting with
01 M NaOH (eluent A)}-0 1 M NaOH contaiming 1
M sodium acetate (eluent B) (95 5, v/v) for 0 3 min,
followed by a linear gradient to eluent B 1n 15 min,
at a flow-rate of 4 0 ml/min and ambient temper-
ature Detection was performed by PAD with a
gold working electrode and triple-pulse amperom-
etry with the following pulse potentials and dura-
tions E; = 005V, 300 ms (sampling), E; = 065
V, 60 ms (cleaning), E5 = —0 95V, 180 ms (reduc-
tion), and a response time of 1 s For structural
identification, fractions were isolated, neutralized
with 4 M HCI, lyophilized and desalted on a col-
umn (40 x 15 cm I D) of Bio-Gel P-2 (200400
mesh, Bio-Rad Labs ) using doubly distilled water
The eluent was monitored by UV detection at 206
nm with an LKB 2238 Uvicord S II absorbance de-
tector Residual sodium acetate was removed by
conversion into acetic acid on a column (3 x 0 5cm
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I D) of Dowex 50W-X8 (H™) resin (100-200 mesh,
Bio-Rad Labs ) and repeated lyophihization of the
resulting solutions

GLC and GLC—electron impact mass spectrometry
(EI-MS)

Alquots of the desalted high-pH AEC fractions
were pertrimethylsilylated using pyridine-hexa-
methyldisilazane—trimethylchlorosilane (51 1, v/v/
v) GLC was carried out on a Perkin-Elmer Model
8410 gas chromatograph equpped with a SE-30
bonded-phase, fused-silica capillary column (25 m
X 032 mm I D) (Pierce) and a flame 1omization
detector, and connected to a Shimadzu C-R3A 1n-
tegrator The temperature of the column was in-
creased from 150 to 250°C at 4°C/mun, and then
kept at 250°C for 5 min GLC-EI-MS was perform-
ed on a Carlo Erba GC-Kratos MS 80-Kratos DS
55 system (electron energy, 70 eV, accelerating volt-
age, 2 7 kV, 1omzing current, 100 pA, 1on-source
temperature, 225°C, BP-1 capillary column) The
1tial temperature of the column was 200°C for 2
min, then increased to 300°C at 4°C/min

'H NMR spectrocopy

Prior to 'H NMR spectroscopic analyses, sam-
ples were repeatedly treated with 2H,O (999
atom% “H) (MSD Isotopes), finally using 99 96
atom% *H at p’H > 7 300-MHz 'H NMR spectra
were recorded using a Bruker AC-300 spectrometer
at a probe temperature of 20°C Chemical shifts (5)
are expressed 1n ppm downfield from the signal for
internal sodium 4,4-dimethyl-4-silapentane-1-sul-
phonate, but were actually measured by reference
to the signal for internal acetone (6 2 225) with an
accuracy of 0 002 ppm To obtain quantitatively re-
liable results, no resolution enhancement was ap-
phed, the HO?H signal was not suppressed and a
repetition delay of 5 s was used

RESULTS AND DISCUSSION

For a rehable analysis of its substituent distribu-
tion, solvolysis of CM-cellulose has to be complete
and the occurrence of side-reactions during solvoly-
s1s has to be avoided A brief incubation with 70%
HCIO, at room temperature was apphed to im-
prove the solubility of the material, thereby making
1t accessible for complete hydrolysis n 12 M
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HCIO, (16 h, 100°C) without browning of the hy-
drolysate Then, most of the HCIO, was removed
as KClO, after precipitation with KOH This pro-
cedure gave samples that could be analysed directly
by high-pH AEC-PAD

A typical high-pH AEC-PAD trace for a hydro-
lysate separated on CarboPac PA-1 1s shown in Fig
1 For identification purposes fractions 1-8 were
collected, neutralized, desalted on Bio-Gel P-2, per-
trimethylsilylated and identified by GLC-EI-MS
Fraction 1 was found to correspond to D-glucose
Fractions 2, 3 and 4 contained 6-, 2- and 3-O-CM-
D-glucose, respectively Fractions 5, 6 and 7 corre-
sponded to 2,6-, 3,6- and 2,3-di-O-CM-D-glucose,
respectively, whereas fraction 8 contained 2,3,6-tr1-
O-CM-p-glucose Apart from some minor differ-
ences 1n relative peak intensities, the mass spectra
were 1n agreement with reference mass spectra of
these derivatives [4,12] It 1s evident that the com-
pounds elute 1n groups according to the number of
substituents, indicating that the interaction with the
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Fig 1 Typical high-pH AEC trace of a CM-cellulose hydroly-
sate separated on a CarboPac PA-1 anion-exchange column (250
x 9mm I D ) using a gradient of sodium acetate (NaOAc) (dot-
ted hine) 1n 0 1 M NaOH at a flow-rate of 4 ml/min and PAD
Peaks 1 = p-glucose, 2 = 6-O-CM-D-glucose, 3 = 2-O-CM-p-
glucose, 4 = 3-O-CM-p-glucose, 5 = 2,6-d1-O-CM-Dp-glucose,
6 = 3,6-di-O-CM-p-glucose, 7 = 2,3-d1-O-CM-p-glucose,
8 = 2,3,6-tr1-O-CM-D-glucose
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amon-exchange resin 1s dominated by the carboxy-
methyl groups Completely resolved peaks were ob-
tained for the positional isomers within each group,
with the exception of 2-0- and 3-O-CM-p-glucose
However, the fractionation was sufficient to allow
accurate integration (Fig 1) The order of elution of
the carboxymethylated glucose residues on Carbo-
Pac PA-1 was 1dentical with that of the correspond-
ing sulphoethylated glucose residues, separated on
the same resin [13] This suggests that the type of
mteractions of these compounds with the anion-ex-
change beads 1s similar, irrespective of the character
of the anionic substituent However, compared with
the sulphoethylated glucose residues, a lower con-
centration of sodium acetate 1s sufficient for the elu-
tion of the carboxymethylated glucose residues,
probably reflecting the weaker binding of the less
acidic carboxymethyl group to the anion-exchange
beads

The high-pH AEC-PAD trace shows no addi-
tional peaks, suggesting that the formation of O-
CM-glucoselactones (ca 3 mol%) [5], which oc-
curred during hydrolysis (6 M HCI, 2 h, room tem-
perature, and subsequently 2 M HCI, 30 min,
120°C) or sample concentration, does not take place
in the present procedure In the method presented
here the hydrolysis conditions are milder However,
when a higher concentration of HCIO, (2 M) or a
longer treatment (30 min) with 70% HCIO, was
supplied, minor additional peaks were observed on
the high-pH AEC-PAD trace, which probably orig-
mate from O-CM-glucoselactones This suggests
that lactomization takes place only when carboxy-
methylated glucoses are exposed to strongly acidic
conditions for a prolonged period of time

For the determination of the substituent distribu-
tion 1n CM-cellulose from the peaks on the high-pH
AEC-PAD trace, the molar response of each
monomer to the pulsed amperometric detector was
obtained from 300-MHz 'H NMR spectra, record-
ed without resolution enhancement, of solutions
containing one of the monomers and a defined
amount of methyl f-cellobioside as an internal stan-
dard In each instance the molar ratio of monomer
to methyl f-cellobioside was determined by integra-
tion of the signals for the respective anomeric pro-
tons in the *H NMR spectra [14] Then, each of the
mixtures of monomer and methyl B-cellobioside
was lyophilized, dissolved in doubly distilled water



52
TABLE 1
CALCULATED PAD RESPONSE FACTORS OF THE
MONOMERS OF CARBOXYMETHYL- AND SUL-
PHOETHYLCELLULOSES
Monomer PAD response®

R = CM? R = SE?
D-Glucose 100 100
2-O-R-p-glucose 071 071
3-O-R-D-glucose 037 -
6-O-R-D-glucose 077 077
2,3-D1-O-R-p-glucose 026 016
2,6-D1-O-R-p-glucose 038 036
3,6-D1-O-R-p-glucose 024 017
2,3,6-Tr1-O-R-D-glucose 020 -

“ Relative to p-glucose
b CM = Carboxymethyl, SE = sulphoethyl

and subjected to high-pH AEC-PAD on CarboPac
PA-1 Molar PAD responses under the conditions
described under Experimental were calculated by
matching the relative peak areas obtained by PAD
with the relative amounts determined by *H NMR
spectroscopy (see Table I) The general effect of
substitution 1s a decrease 1n PAD response with an
increasing number of carboxymethyl groups in the
glucose residue Although httle 1s known about the
actual electrochemical reactions taking place at the

TABLE II
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gold electrode, 1t 1s likely that the response to the
pulsed amperometric detector mainly results from
the oxidation of unsubstituted hydroxyl groups and
of the hemiacetal group 1n the glucose residue It 1s
interesting that, within the group of monocarboxy-
methylated glucose residues, substitution of HO-3
results 1n the largest decrease in PAD response A
simular effect 1s observable for the dicarboxymethy-
lated glucose residues However, the response fac-
tors of the di- and trnicarboxymethylated glucose
residues cannot be calculated simply by addition of
the effects of monocarboxymethylation on the PAD
response For comparison, previously established
molar response factors of some sulphoethylated
glucose residues [13] are included in Table I Simular
response factors for carboxymethylated and sul-
phoethylated glucose residues are observed when
substituents occur at O-2 or O-6 The decrease n
molar response 1s, however, larger with a sul-
phoethyl group than with a carboxymethyl group at
0-3

The high-pH AEC-PAD procedure was apphed
twice to samples A and B and four times to sample
C, and 1n Table II the calculated substituent distri-
bution for each of the samples 1s shown The de-
grees of substitution (DS) of A, B and C, calculated
using the data in Table II, were found to be 0 80,
081 and 0 68 =+ 0 03, respectively The determined
DS values were 1n excellent agreement with the de-
gree of substitution [(A) 0 77, (B) 0 80 and (C) 0 67]

SUBSTITUENT DISTRIBUTIONS IN THREE CARBOXYMETHYLCELLULOSES DETERMINED BY HIGH-pH AEC-PAD

Monomer Dustribution (mol%)

Sample A® Sample B* Sample Cb
p-Glucose 370 367 45+ 10°
2-0O-CM-p-glucose? 214 217 210+ 03
3-O-CM-p-glucose 125 119 92+ 02
6-O-CM-p-glucose 127 130 130+ 03
2,3-D1-O-CM-D-glucose 44 45 30£03
2,6-D1-O-CM-D-glucose 81 82 64 +02
3,6-D1-O-CM-D-glucose 31 33 24+ 02
2,3,6-Tr1-O-CM-D-glucose 08 07 05+01

“ Average results of two individual analyses

® Average results of four individual analyses with standard deviation
¢ Ths larger standard deviation probably results from contamination of the sample with glucose from external sources

4 CM = Carboxymethyl
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provided by the manufacturer, based on a standard
acid wash procedure [15]

From the data in Table II, the order of reactivity
of the hydroxyl groups in cellulose towards carbox-
ymethylation was calculated to be HO-2 > HO-6
> HO-3, 1n agreement with several other reports on
CM-cellulose solvolysates using '3C NMR spec-
troscopy [1], TH NMR spectroscopy [9] or GLC
[5,6,10] In two studies employing *3C NMR spec-
troscopy [2,16] directly on the polymer 1t was re-
ported that the reactivities of HO-3 and HO-6 are
equal Using a statistical model for the etherifica-
tion of cellulose [17], which has been confirmed for
CM-cellulose [1], the relative reaction rate con-
stants for HO-2, HO-3 and HO-6 were calculated to
bek,kike =18112,19113and23115 for
samples A, B and C, respectively Comparison of
these data with results from other studies 1s comph-
cated by the fact that relative reaction rate con-
stants, especially that of HO-3, depend to some ex-
tent on the reaction conditions used [8] However,
the relative reaction constants presented here are
smmilar to previously reported data [1,6,9,10], with
the exception of one study presenting higher values
(5]

The method for the determination of the substi-
tuent distribution of CM-cellulose reported here of-
fers important advantages over other procedures
There 1s no need for denivatization as required for
GLC Further, contrary to the appearance in *C
and 'H NMR spectra and gas-liquid chromato-
grams, each monomer 1s represented by a single
peak on the high-pH AEC-PAD trace, making
quantification more easy

53
ACKNOWLEDGEMENTS

We thank A C van der Kerk-van Hoof (Byvoet
Center, Department of Mass Spectrometry, Utrecht
Unversity) for recording the GLC-EI-MS data
This investigation was carried out with financial aid
from AKZO Research Arnhem and the Nether-
lands Foundation for Chemical Research (NWOQO/

SON)
REFERENCES

1 J Reuben and H T Conner, Carbohydr Res, 115 (1983) 1

2 S N K Chaudhart, K C Gounden, G Srinivasanand V S
Ekkundy, J Polym Sci, Part A, 25 (1987) 337

3 J Croon, Sven Papperstidn , 8 (1960) 247

4 K Niemela and E Sjostrom, Carbohydr Res, 180 (1988) 43

5 K Niemela and E Sjostrom, Polym Commun, 30 (1989)
254

6 F A Buytenhuys and R Bonn, Paper, 31 (1977) 525

7 S Ukai,, A Honda, K Nagai and T Kiho, J Chromatogr ,
513 (1990) 338

8 A Parfondry and A S Perlin, Carbohydr Res, 57 (1977) 39

9 F F-L Ho and D W Klosiewicz, 4nal Chem , 52 (1980)
913

10 S G Zeller, G W Griesgaber and G R Gray, Carbohydr
Res , 211 (1991) 41

11 Y C Lee, Anal Biochem , 189 (1990) 151

12 D C Delongh, T Radford, ] D Hnbar, S Hanessian, M
Bieber, G Dawson and C C Sweeley, J Am Chem Soc , 91
(1969) 1728

13 E A Kragten, ] P Kamerling, ] F G Vhegenthart, H
Botter and J G Batelaan, Carbohydr Res , (1992) mn press

14 E A Kragten, B R Leeflang, ] P KamerlingandJ F G
Vhegenthart, Carbohydr Res, 228 (1992) 433

15 Monograph D 1439 (78), American Society for Testing and
Materials, Philadelphia, PA

16 A Talvitie and J Paasivirta, Finn Chem Lett, 1 (1984) 1§

17 H M Spurhn, J Am Chem Soc, 61 (1939) 2222



