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Abstract

A size exclusion chromatographic (SEC) system was developed in order to investigate the molecular weight distribution of depolymer-
isation products obtained by enzymatic degradation of carboxymethyl cellulose (CMC). The SEC system, which relies on a Superose 12 HR
10/30 column and an eluent containing sodium hydroxide (0.05 M), enabled an effective separation of CMC fragments. Cellulase was used
for the degradation of CMC. Degradation was followed as a function of incubation time and cellulase dosage by viscosity measurements.

The CMC hydrolysates separated by SEC were detected as total organic carbon (TOC) and reducing sugars. The degree of polymerisation
(DP) of the hydrolysates was then determined by dividing the number of anhydroglucose units by the reducing sugar concentrations. The DP
of the CMC fragments obtained after enzymatic hydrolysis ranged from 100 to 1, compared with a DP, of 170 for untreated CMC samples.
The results obtained for a series of CMC fragments agreed with the DP values of standards of known molecular weight. The method is an
absolute method; no external calibration was needed to calibrate the Superose 12 HR 10/30 column. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Carboxymethyl cellulose is the most widely used
cellulose ether today, with applications in the detergent,
food, oil exploration, paper, textile, pharmaceutical and
paint industries. Because of the different demands on the
CMC in these industries, it is important to know the
molecular weight distribution (MWD). The SEC method
continues to be very useful for MWD analysis of CMC as
well as other water-soluble polymers. Numerous articles
have been published on aqueous SEC of CMC (Eremeeva
& Bykova, 1998; Rinaudo, Danhelka, & Milas, 1993).

One drawback of the SEC method is that it requires
column calibration with materials of known molecular
weight in order to determine the MWD of polymers. This
is generally done with use of a universal calibration proce-
dure, which employs Mark-Houwink coefficients derived
from the polymers under investigation and the polymers
used in the calibration (Nilsson & Nilsson, 1974). The
usual standards for the calibration of SEC columns are glob-
ular proteins and dextrans (Hamacher & Sahm, 1985;
Horner, Puls, Saake, Klor, & Thielking, 1999; Vuorinen
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& Alén, 1999). A relevant point in regard to dextrans is
that they are more flexible than cellulose and may not
accurately represent the hydrodynamic behaviour of
cellulose (Wu, 1995).

Degree of polymerisation and M,, are typically deter-
mined by light scattering, sedimentation or vapour pressure
osmosis (viscosity) techniques (Klemm, Philipp, Heinze,
Heinze, & Wagenknecht, 1998).

The aim of our work was to develop a chromatographic
method to determine the degree of polymerisation of
carboxymethyl cellulose after enzymatic degradation with
commercial cellulase. A size exclusion chromatographic
system with continuous total organic carbon and reducing
sugar detection was developed for the purpose.

2. Materials and methods
2.1. Carboxymethyl cellulose

The commercial and water soluble sodium carboxymethyl
cellulose (NaCMC) used in the experiments was Finnfix BW-
2 (Metsa Specialty Chemicals Oy) with a degree of substitu-
tion (DS) of 0.57. The NaCMC content was about 76% (dry
basis), containing after acid metanolysis 13.9% glucose and
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Fig. 1. Flow diagram for determining the molecular weight distribution and TOC of CMC fragments.

6.7% xylose (Holmbom & Orsa, 1993). The samples of
NaCMC were dissolved in water and filtered through a
0.2 pm filter before SEC analysis.

2.2. Enzymatic hydrolysis of CMC

Low molecular weight salt in the sodium carboxymethyl
cellulose solution used in the experiments was removed by
dialysis (Thomas Scientiﬁc®, pore size 6000-8000 Da)
before the enzymatic hydrolysis. The purified CMC solution
(0.3% determined by the phenol—sulphuric acid method)
was then hydrolysed with commercial Trichoderma long-
ibrachiatum cellulase (Econase®CE, Réhm Enzyme
Finland Oy). The cellulase activity (15.000 ECU/g) was
determined by a method developed by Bailey and Nevalai-
nen (1981). The enzymatic hydrolysis was carried out at
0.3% consistency at 50°C for 3 and 24 h. The pH of the
samples was 5.5. Both low (74 nkat/g of the dry weight of
the sample) and high (1477 nkat/g of the dry weight of the
sample) enzyme dosages were used in the treatments. After
an appropriate incubation time, the enzyme was denatured
by heating the CMC samples at 100°C for 15 min.

The concentration of CMC in the solution before and after
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the enzymatic treatment was determined by phenol—sulphuric
acid assay (Dubois, 1956).

2.3. Viscometry

The decrease in the degree of polymerisation before and
after the enzymatic treatment was followed by viscosity
measurements. Dynamic viscosity determination was
carried out with a capillary viscometer AVS 350 at
25+ 0.1°C.

2.4. Size exclusion chromatography with TOC detection

The molecular weight distributions of the CMC hydro-
lysates, filtered through a 0.2 pm filter, were determined by
SEC on a Superose 12 HR 10/30 column (Pharmacia
Biotech, Sweden), made from 12% highly cross-linked
porous agarose (Andersson, Carlsson, Hagel, & Pernemalm,
1985). Sodium hydroxide (0.05 M) was used as eluent at a
rate of 0.5 ml/min. The injection volume was 200 wl. The
samples emerging from the column were acidified with
sulphuric acid to convert inorganic carbon to carbon
dioxide, which was then removed by membrane gas diffu-
sion. The samples, now free of carbon dioxide were then
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Fig. 2. Flow diagram for determining molecular weight distribution with the continuous detection of reducing sugars.
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Table 1
Enzymatic treatments of CMC and their viscosities (capillary viscometer)

Enzymatic treatment Viscosity (mPa, 25°C)

CMC 4.06
CMC, dialysed 3.67
1477 nkat/g, 24 h, 50°C 0.94
74 nkat/g, 24 h, 50°C 1.01
1477 nkat/g, 3 h, 50°C 0.93
74 nkat/g, 3 h, 50°C 1.05

mixed with a persulphate-solution (K,S,0g) and subjected
to ultra-violet radiation digestion. During the digestion,
organic carbon was converted to CO, (Nordin, 1983). The
generated CO, was diffused through a silicon membrane
into a weakly buffered phenolphthalein indicator containing
buffer (Na,CO;, NaHCOj), phenolphthalein (Cy0H;40,,
methyl alcohol) and detergent (Triton X-100, isopropyl
alcohol) solutions. The decrease in the colour intensity of
the indicator, which is proportional to the carbon concentra-
tion, was monitored continuously with an Alpkem 510
detector at 550 nm (Mitikka-Eklund, Halttunen, Melander,
Ruuttunen, & Vwuorinen, 1999; Suurndkki, Li, Buchert,
Tenkanen, Viikari, Vuorinen & Odberg, 1997). The data
were collected with a LABTECH program. The flow
diagram for this system is illustrated in Fig. 1.

2.5. Size exclusion chromatography with determination of
reducing sugars

The reducing sugars were determined by the neocuproine

3,5

assay described by Chaplin (1986). The filtrate (200 pl)
containing CMC was eluted through a Superose 12 HR
10/30 column (Pharmacia Biotech, Sweden) with 0.05 M
NaOH at a rate of 0.5 ml/min. The reagents A (Na,COs,
glycine, CuSQO,4-5H,0, water) and B (neocuproine-HCl and
water + Triton X-100 and isopropyl, 1:1) and the samples
from the column were eluted into the flow analyser and
heated for about 9 min at 95°C. Reducing sugars of the
samples were monitored continuously with an Alpkem
Flow Solution analyser at 450 nm. The data were collected
with a LABTECH program. A flow diagram of the system is
shown in Fig. 2.

3. Results and discussion

The SEC system using the column Superose 12 HR 10/30
and an eluent containing sodium hydroxide allowed an effec-
tive chromatographic separation of CMC fragments obtained
by enzymatic degradation. Earlier work has shown that
cleavage of the polymer chain with enzymes is less effective
at higher degree of substitution, leaving fragments with a
higher degree of polymerisation (Gelman, 1982; Hamacher
& Sahm, 1985; Horner et al., 1999). Eremeeva and Bykova
(1998) have shown that MWD analysis of CMC is preferably
carried out under alkaline rather than acidic conditions
because there are no undesirable effects and samples with
higher M,, can be analysed.

The degradation of the molecule by enzymatic hydrolysis
was followed by dynamic viscosity measurement. The
viscosities before and after the enzyme treatment are
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Fig. 3. SEC calibration curve derived with a TOC solution as standard; column Superose 12 HR 10/30, eluent NaOH and flow rate 0.5 ml/min. Correlation

coefficient 0.981 for absorbance = 4.877(1 — exp(—0.044Croc))-
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Fig. 4. SEC calibration curve prepared with D-glucose standard; column Superose 12 HR 10/30, eluent NaOH and flow rate 0.5 ml/min. Correlation coefficient

0.995 for absorbance = 12.277(1 — exp(—0.003Ceq sugar))-

presented in Table 1. As can be seen, the enzymatic
treatment split the linkages between the glucose units,
which led to a decrease in viscosity.

The SEC system with TOC detection illustrated in Fig. 1
was calibrated with a TOC solution containing potassium

hydrogen phthalate (CsHsKOy), sulphuric acid (H,SO,) and
deonized water. The calibration curve (Fig. 3) was
expressed by Eq. (1), calculated by fitting the calibration
data to a non-linear regression on SYSTAT software (Systat
Inc.). The TOC concentrations of the CMC samples were
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Fig. 5. Plot of TOC concentrations versus retention time for CMC fragments eluted (0.05 M NaOH) through the Superose 12 HR 10/30 column. The retention
time for the glucose peak (DP 1) is at about 2200 s and for cellopentaose (DP 5) at about 2060 s (data not shown). The solid line denotes to the calculated

selectivity curve of the column.
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Fig. 6. Plot of reducing sugars versus retention time for CMC fragments eluted through the Superose 12 HR 10/30 column. The peak of glucose (DP 1) is at
about 2620 s and for cellopentaose (DP 5) at about 2480 s (data not shown). The solid line signifies to the selectivity curve of the column.

then calculated with this equation.

Croc = In(4.877(4.877 — absorbance)')(0.044) ! (1)

The reducing sugar concentrations of the CMC samples
were estimated with the calibration Eq. (2). p-Glucose
was used as calibration solution (Fig. 4) and the equation
was calculated with SYSTAT software (Systat Inc.).

Credsugar = In(12.277(12.277 — absorbance)')(0.003) '
(2

Fig. 5 shows how the sodium in the commercial NaCMC
solution is effectively removed by dialysis. Furthermore, it

can be seen from the selectivity curve (Eq. (5)) that the
allowed exclusion limit of the column is exceeded for
large molecular weight CMC fragments with a retention
time close to 1000 s. In other words the DP value of the
untreated CMC sample could not be defined, even if the
second major peak at 2.2 (retention time 1200 s) gave a
DP value of about 160, which corresponded quite well
with the DP, of 170, which was reported by Mitikka-Eklund
et al., 1999. The CMC fragments (DS 0.57) obtained after
enzymatic hydrolysis had a DP ranging from about 100 to 1.
Larger enzyme dosages and longer incubation times
resulted in smaller molecular weights. When the enzymatic
dosage was 1477 nkat/g and the hydrolysis was carried out
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Fig. 7. The average log (DP) calculated from the experimental results. Correlation coefficient 0.993 for log (DP) = 0.624 ln[(trt)(tfto)fl] + 1.431.
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for 24 h, we can assume that the CMC degradation was
nearly complete. Fig. 5 shows that the glucose peak with
retention time of 2100—2300 s is stronger for the more effi-
cient enzyme treatment.

Fig. 6 shows the molecular weight distributions and
reducing sugars for CMC treated with cellulase under
different conditions. As can be seen, degradation was
greater for enzyme dosage 1477 nkat/g sample than for
the dosage 74 nkat/g sample and more reducing sugar was
obtained. The decrease in sensitivity with increased
molecular weight is also clear. The major peaks of the redu-
cing sugars have the same retention time as glucose at
2620 s, suggesting that the DP must be about 1. The
untreated CMC sample gave no response to reducing sugars
suggesting that in this case there were no degradation of
non-reducing sugar units, even if it is a well-known
phenomenon that the chemicals used for the determination
of reducing sugars may degrade oligosaccharides.

The approximate DP values of the CMC fragments were
calculated with the following equations. First the number of
anhydroglucose units was calculated by Eq. (3) and then the
DP values were estimated by dividing the anhydroglucose
units with the concentration of reducing sugar in Eq. (4).
Before the DP values were calculated the retention times of
the TOC spectra were corrected to the same retention times
as for the reducing sugars by running glucose with both
methods (difference 420 s).

Canhyargie. = Croc(Mc(6 + 2DS)) ™! A3)

DP = Canhydr.glc.(Cred.sugar)_l (4)

where M denotes the atomic weight of carbon and DS the
degree of substitution of CMC.

The calculated DP values of the CMC samples are
presented in Fig. 7. As can be seen, a reliable curve fitting
can be received only at a certain area of the curve when the
retention times are between 1950-2500 s (maximum DP
about 50). If the retention times go above 2500 and under
1950 s the calculated DP values were not reliable because
the allowed sensitivity of the reducing sugar method was
exceeded. The selectivity curve for the column (Figs. 5 and
6) follows the Eqgs. (6) and (7) calculated by fitting the
estimated DP values (Fig. 7) to non-linear regression on
SYSTAT software (Andersson et al., 1985; Wu, 1995). The
selectivity curve of the column denotes to the range of frac-
tionation by molecular weight or in this case by the degree
of polymerisation of the CMC samples.

K= (t,—0)(t—1y) " 5
Log(DP) = 0.624 In(K) + 1.431 (6)
or

Log(My) = 0.623 In(K) + 3.718 7

where #, and #, correspond to elution times at the void and
total volumes of the Superose 12 HR 10/30 column. The
standards glucose and cellopentaose fit well the calculated
selectivity curve 5 and 6.

4. Conclusions

The usefulness of size exclusion chromatography in the
characterisation of CMC was exploited in the development
of a new method for the determination of degree of poly-
merisation of CMC. In the method, CMC fragmented with
cellulase is separated according to molecular mass by size
exclusion chromatography and TOC and reducing sugars
are detected in the CMC fragments. The advantage of the
method is that the degree of polymerisation of the CMC
fragments can be determined without the need for external
calibration of the Superose 12 HR 10/30 column.
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