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RHEOLOGY OF CARBOXYMETHYL CELLULOSE SOLUTIONS 
TREATED WITH CELLULASES 
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The effect of cellulase treatments on the rheology of carboxymethyl 
cellulose (CMC) solutions was studied using a rotational viscometer.  
The rheological behaviors of CMC solutions of different molecular mass 
and degrees of substitution where studied as a function of time after 
various treatments.  These solutions were subjected to active and heat-
denatured cellulase, a cationic polyelectrolyte (C-PAM), as well as 
different shear rates.  A complex protein-polymer interaction was 
observed, leading to a potential error source in the measurement of 
enzymatic activity by changes in the intrinsic viscosity.  The interaction 
was termed a polymeric effect and defined as a reduction in viscosity of 
the substrate solution without significant formation of reducing sugars 
from enzymatic hydrolysis.  The cause of the reduction in viscosity 
appears to be related to the interaction between the enzymes as 
amphipathic particles and the soluble CMC.  Thus, the polymeric effect 
may cause a considerable experimental error in the measurement of 
enzymatic activity by viscometric methods.  
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INTRODUCTION 
 
 Cellulases are produced by a variety of bacteria and fungi.  These enzymes have 
been used in a number of industrial applications in the fields of food science, textiles, and 
pulp and paper (Bhat 2000).  These enzymes act on cellulosic substrates, both soluble and 
insoluble.  Native cellulose has a complex ultrastructure with both crystalline and 
amorphous regions.   The simultaneous synergistic action of several different isozymes of 
cellulase is required to complete the hydrolysis of solid cellulose.  Based on their activity 
on cellulose, cellulases can be classified as endoglucanases (EGs), cellobiohydrases 
(CBHs), and β-glucosidases (Belgiun and Aubert 1994).  EGs preferentially hydrolyze 
the β-(1-4) linkages of amorphous cellulose in a random manner. CBHs hydrolyze 
crystalline cellulose by cleaving the β-(1-4) linkage of the cellulose to produce cellobiose 
and may work synergistically with EG to depolymerize the cellulose.  The cellobiose 
released from EG and CBH actions is finally converted into glucose by action of β-
glucosidase.  Thus, the structure-function relationship between the cellulase isozymes and 
the cellulosic substrate enhances our knowledge of cellulose biodegradation (Boisset et al. 
1998).  
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Enzyme activity is measured by the production of sugar reducing end group, 
which is taken to be an indication of cleavage of the cellulose molecules.  It is also an 
indication of the efficiency of the cellulase hydrolyzing reaction.  The determination of 
cellulase activity is a complicated process, because the hydrolysis of insoluble cellulose 
may not be linear with enzyme dosage and/or reaction time.  Thus, the dosage of enzyme 
and the point in the reaction at which the activity is measured is critical.  For such reasons, 
enzymatic activity should be carefully determined.  Several standard substrates are 
available for the determination of cellulase activity in terms of the overall and EG activity 
(Ghose 1987).  Filter papers have been used as a standard substrate to measure the total 
cellulase activity (Wu et al. 2006).  The filter paper activity, termed as FPase, expressed 
the summations of the simultaneous synergistic action of EGs, CBHs, and β-glucosidase 
in a cellulase preparation.  Soluble cellulose derivatives, such as carboxymethyl cellulose 
(CMC) and hydroxyethyl cellulose (HEC), may be used as substrates for determining EG 
activity.  These substrates are rather specific to EG activity, since CBHs are not generally 
able to degrade substituted cellulose (Rouvinen et al. 1990).  The hydrolysis rate of EG 
was conventionally determined by reduction of viscosity or by increase of reducing sugar 
end groups of the cellulose derivatives (Sharrock 1988; Mullings 1985).  Recently, based 
on adsorption behaviors of free and bound enzymes on microcrystalline cellulose (MCC), 
a new measurement of EG activity has been introduced (Zhou et al. 2004).  Among these 
methods, monitoring the reduction in CMC solution viscosity is considered to be the most 
accurate method to detect EG activity (Almin and Eriksson 1967; Valsenko et al. 1998).  
However, the viscometric method for measuring activity is not commonly used due to its 
laborious and discontinuous nature.  For this reason, the colorimetric measurement of 
reducing sugars has been routinely used for measurement of EG activity. 

Various types of automated viscometers are available to measure the rheological 
changes of a polymer solution.  Viscosity is a fundamental rheological parameter that 
characterizes the resistance of the fluid to flow.  The viscosity of a polymer solution is 
related to the polymer concentration, the extent of polymer-solvent interaction, and the 
polymer structure such as molecular weight, shape, molecular flexibility, and molecular 
conformation.  Under appropriate experimental conditions, it is functionally related to the 
molecular weight (Browning 1967).  However, a more complete understanding of the 
rheological changes in a cellulase-polymer solution is required to accurately monitor 
cellulose hydrolysis by viscosity measurements.   

Like all proteins, enzymes are basically made up of amino acids linked by peptide 
bonds between the carboxyl groups of one amino acid and the amino group of the next 
amino acid.  The hydrophobic and hydrophilic nature of amino acids often makes the 
surface of enzymes have an amphipathic interfacial structure, i.e. proteins tend to adsorb 
at interfaces as a surface-active polymer (Britt et al. 2003).  Moreover, CMC is a 
semiflexible anionic polymer (Hoogendam et al. 1998).  The adsorption of enzymes 
(protein) on the CMC leads to a change of the polymer behavior.  Of particular interest is 
the effect of enzyme absorption on the rheology of a cellulase-CMC solution.  Mixtures 
of proteins (enzymes) and polymers in aqueous dispersion are often accompanied by 
either segregative or associative phase separation (Doublier et al. 2000).  Thus, physical 
and chemical parameters of the proteins (enzymes) and substrate and solution 
characteristics such as solution pH, ionic strength, concentration and protein/polymer 
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ratio should be considered.  Moreover, processing variables such as temperature, shear 
rate, and time also strongly influence the rheological behavior of the complexes.  For 
example, changes in functional properties due to soluble complexes between a globular 
protein (BSA) and a polysaccharide (CMC) have been reported (Tuiner et al. 2000; 
Renard et al. 1997).  The protein was adsorbed onto the CMC segments in the dilute 
regime or entrapped in the polymer network in the semi-dilute region.  After thermal 
treatment of the soluble complexes, a considerable change in the visco-elastic properties 
of the network was observed (Renard et al. 1998). 

When a cellulase is added to a soluble cellulose derivative (e.g. CMC), one might 
expect that the rheological behavior of the mixture will change considerably as a function 
of reaction time.  The change in the viscosity may be due to the cellulase ad- and de-
sorbing or entrapping the substrate.  The configuration and conformation of the substrate 
molecules will then be changed.  These interactions between cellulases and substrates 
may be expected to result in considerable changes in the solution viscosity.  Thus, 
significant changes in the solution viscosity may result without any enzymatic hydrolysis 
taking place.  It should also be noted that reductions of enzymatic activity and its binding 
ability are expected when enzymes are continuously subjected to shear or exposed to an 
air-liquid interface during mixing and agitation processes (Kaya et al. 1994; Kim et al. 
1982).   
 The study reported herein investigates the rheological behavior of CMC solutions 
during enzyme hydrolysis and the influence of enzymes on CMC solutions without 
hydrolysis.  The ability of enzymes to reduce CMC solution viscosity without hydrolysis 
was investigated in two manners.  First a heat-denatured enzyme was applied to the CMC 
solution.  Second, a high degree of substitution CMC was used.  This CMC could not be 
degraded by the enzymes.  In addition, the effects of shear rate and contact time were 
evaluated during the cellulase-polymer interaction.  
 
 
EXPERIMENTAL 
 
Materials 

A commercial enzyme preparation supplied by Dyadic International (Fibrezyme L, 
Florida, USA) was used in this study.  The cellulase preparation was fractionated by 
using a 10 kD cut-off filter (Amicon, USA) and then used as an active cellulase 
preparation.  In order to make a heat-denatured cellulase preparation, a 10 g l-1 solution of 
the active cellulase preparation was transferred to a glass tube and covered. The tube was 
then placed in a boiling water bath for 2 hours with vigorous agitation.  After the boiling, 
the suspension was homogenized for 15 minutes with an ultrasonic homogenizer (Omni 
Ruptor 250, Omni international Inc, USA) in order to make a well dispersed heat-
denatured cellulase suspension.  The active and heat-denatured cellulase suspensions 
were refrigerated during storage.   

Five commercial carboxymethyl celluloses (CMCs) in the sodium salt form of 
different average degrees of polymerization (DP) and degrees of substitution (DS) were 
obtained from Aqualon Hercules Inc. (Wilmington, Delaware, USA): 7L (0.7 DS and 400 
DP), 7M (0.7 DS and 1,100 DP), 7H (0.7 DS and 3,200 DP), 9M8 (0.9 and 800 DP), and 
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12M8 (1.2 DS and 800 DP).  The letters L, M, and H correspond to low, medium, and 
high molecular mass.  According to the manufacturer, the typical molecular mass values 
corresponding to these categories are 90,000, 250,000, and 700,000 Daltons.  A cationic 
polyacrylamide (C-PAM) (Percol® 175, from Ciba Specialty Chemicals) was also used.  
Its molecular mass is approximately 5,000,000 Daltons.   
 
Methods 
 
Preparation of CMC solutions 

An appropriate amount of the CMCs was slowly added into a sodium acetate 
buffer (50 mM, pH 4.7) to make 1.0 % and 1.4 % concentrations of CMC suspensions 
under vigorous agitation.  After completing the addition, the suspensions were transferred 
to a blender and vigorously mixed for one minute at room temperature.  The blended 
suspension was stirred for one hour, while heating to 80 °C.  In order to make 
homogenous CMC solutions, the suspension was then filtered through a sintered glass 
(coarse) funnel into a vacuum filtering flask.  The suspension was then agitated for one 
hour at room temperature under the vacuum to remove entrapped air bubbles.  The CMC 
solutions were stored at 4 °C and used within one week.  After one week, fresh CMC 
solutions were again prepared.  
 
Enzymatic hydrolysis and its viscosity measurement 

Enzymatic hydrolysis of CMC solutions was performed using a Brookfield 
rotational viscometer with a UL adaptor (Brookfield DV-II+2, USA).  20 ml of each 
CMC suspension was preheated at 50 °C in a water bath before being transferred to the 
UL adaptor, which was controlled to 50 °C.  One ml of each cellulase preparation was 
added to the CMC suspension to start the enzymatic reaction.  The apparent viscosity of 
CMCs was collected every one minute with an automated program (Rheocalc®, 
Brookfield instrument, USA).  The viscometer used a rotational speed of 10 rpm except 
during the shear rate dependence experiments.  During this set of experiments the shear 
rates were varied in the range of 1 to 32 rpm.    
 
Reducing sugar measurement 

The reaction products of enzymatic hydrolysis were transferred into a test tube as 
quickly as possible to determine the concentration of reducing sugar end-groups in the 
sample.  The amounts of reducing sugar end groups formed by cellulase action were 
determined by the dinitrosalicylic acid (DNS) method (Miller et al. 1960) using glucose 
to generate a standard curve.   
 
 
RESULTS AND DISCUSSION 
 
Polymeric and Enzymatic Effects of Cellulase 

Figure 1 shows the change of the apparent viscosity as a function of time with the 
addition of active and heat-denatured enzymes.  It should be noted that the zero time 
viscosity of the CMC solutions are indicative of the pure CMC solution viscosity.  Also, 
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at the enzyme concentration used, there was no detectable difference between water and 
the enzyme solution viscosity.  It is clear from this figure that both the active and the 
heat-denatured enzyme reduce the viscosity of the CMC solution as a function of contact 
time.  This seems to imply that the heat-denatured enzyme preparation retains a portion 
of its activity, although the preparation was brought to boiling for 2 hours.   
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Fig. 1. Changes in apparent viscosity (50 °C and 10 rpm) and reducing sugar of 7 M CMC (1.0 % 
conc.) treated with active and heat-denatured cellulase as a function of time. 
 

In order to examine whether the change in viscosity of the solution with the heat-
denatured enzyme is from its residual activity, the production of reducing end groups in 
the hydrolysates from the active and heat-denatured cellulases were analyzed by the DNS 
method.  The concentration of reducing sugar (glucose equivalent) liberated from the 
CMC can be used as a measure of hydrolytic efficiency of the active and heat-denatured 
cellulase preparations.  The active cellulase depolymerized the substrate as a function of 
reaction time, leading to increased formation of the reducing sugar, whereas the heat-
denatured preparation showed no significant change in the reducing sugar.  It appears 
likely that the thermal denaturation of cellulases (Baker et al. 1992; Andreaus et al. 1999) 
and proteins (Kelly et al. 1994; Shimada and Cheftel 1989) caused partial unfolding of 
the proteins due to the disruption of the hydrogen bonds responsible for the three-
dimensional structure.  This may expose highly reactive groups buried inside the protein 
structure to the solution.  This may lead to increased sites available for the CMC to 
interact with the de-natured enzyme causing conformational changes of the substrate 
(Kelly et al. 1994).  Based on this observation, the results in Figure 1 imply that the heat-
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denatured enzyme alters the conformation of the CMC and thus changes the viscosity of 
the solution.  The change in the viscosity due to the amphipathic nature of the enzyme 
has been the termed the polymeric effect in this study.    
 
Effect of Cationic Polymer 

A decrease in the viscosity of a CMC solution was also observed when a cationic 
polymer was added to the solution, cf. Figure 2.  In this figure, one can see a decrease in 
the CMC solution viscosity over time with cationic polymer and heat-denatured enzyme 
addition.  After 90 minutes of elapsed time the solutions were left in the viscometer for 
500 minutes without shearing, and then the viscosities of the solutions were again 
measured.  The viscosity with heat-denatured enzyme decreased slightly (3 cPs), whereas 
the viscosity with the cationic polymer increased over 500 cPs.  This indicates that the 
cationic polyelectrolyte (C-PAM) interacts with the anionic polymer (CMC) as a function 
of time, forming a complex, and thus leading to an increase in the viscosity.  This 
increase, in the absence of stirring, may be attributed to the high degree of polymerization 
of the C-PAM.    
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Fig. 2. Changes in apparent viscosity of 7 M CMC (1.4 % conc.) treated with the heat-denatured 
enzyme or C-PAM (0.1 % conc.) at 50 °C and 10 rpm as a function of time.  The inserted plot 
represents the apparent viscosity of the CMC after 500 minutes elapsed. 
 
Effect of CMCs with Different DS  

The polymeric effect, which reduces the CMC viscosity without the creation of 
reducing end groups, can also be observed using CMC with different degrees of 
substitution.  Figure 3 shows the viscosity of CMC with different degrees of substitution 
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as a function of enzyme contact time.  Also shown in this figure is the concentration of 
reducing end groups as a function of time.  It is known that the susceptibility of CMC to 
enzyme hydrolysis is dependent on degree of substitution (DS) of the CMC.  When the 
DS of CMC reaches an average of one substitution per glucose unit, steric factors 
strongly retard the enzyme activity (Focher et al. 1991).  Thus the International Union of 
Pure and Applied Chemistry (IUPAC) recommended CMC having a DS of 0.7 as a 
substrate for measuring cellulase activity (Ghose 1987).  The inhibition of enzyme 
activity at high DS is shown again here by the lack of increase in reducing end group 
concentration with increased reaction time for the 1.2 DS CMC.  However, it is noted that 
the viscosities of CMC decreased in a similar manner for all degrees of substitution, 
regardless of the change in the reducing end groups.  This again indicates that a 
“polymeric effect” plays an important role in determining the viscosity of the CMC 
solution independent of hydrolytic activity.  
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Fig. 3. Changes of apparent viscosity and reducing sugar of 7 M, 9 M, and 12 M CMCs (1.4 % 
conc.) treated with the active cellulase. 
 
Changes of Intrinsic Viscosity  

When measuring the enzymatic activity via changes in solution viscosity, the 
polymeric effect can result in significant errors in the measured activity, as shown in 
Figures 1-3.  To evaluate the impact of the polymeric effect on the activity measurement, 
one needs to observe the intrinsic viscosity as a function of time, as the intrinsic viscosity 
is related to the molecular weight of the polymer.  The intrinsic viscosity of a polymer 
solution is determined by measuring apparent viscosity at a series of different solute 
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concentrations (0.5, 1.0, 2.0, and 3.0 % with the 7 M CMC).  The intrinsic viscosity was 
evaluated from the extrapolation to zero concentration of ln ηrel/C against concentration 
C, using the Kraemer equation (Kraemer 1938): 
 

 [ ] [ ] C
C

rel 2"ln
ηκη

η
+=                                Eq. [1] 

 
where [η] is intrinsic viscosity, ηrel is relative viscosity of the polymer solution compared 
with the solvent, C is the concentration of the polymer solution (in g/dl), and κ” is 
Kraemer’s constant. 
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Fig. 4. Intrinsic viscosity of CMC with active and heat-denatured cellulase at 50 °C and 10 rpm.   

 
Figure 4 shows the profiles of intrinsic viscosity of different concentrations of 7M 

CMC treated with active and heat-denatured cellulases for 2 hours at 50ºC and a shear 
rate of 10 rpm.  One observes a significant decrease in the intrinsic viscosity for both the 
heat-denatured and active enzymes.  Thus, significant errors could occur in measuring the 
enzymatic activity by solution viscosity, if the polymeric effect is strong or varies from 
sample to sample.   

To accommodate the polymeric effect, the solution viscosity can be adjusted.  
Assuming that the viscosity of a solution is related to friction between molecules within 
the solution and that the different components contributing to the change in solution 
viscosity are linear, then one can separate the decrease in viscosity of the active enzyme 
into two components.  The first component is related to the decrease in the molecular 
weight of the CMC.  The second component is related to the polymeric effect.  The 
change in viscosity can be expressed as, 
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where the subscript MW indicates the viscosity changes associated with changes in the 
molecular weight, and the subscript polymer indicates viscosity changes associated with 
polymeric effects.  Equation 2 is not applicable when a large amount of enzymatic 
degradation has taken place, as the magnitude of the polymeric effect is influenced by the 
molecular weight, cf. Figure 5.  
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Fig. 5. Apparent viscosity of different molecular weights of CMC (1% conc.) treated with active 
cellulase (top) and heat-denatured cellulase (bottom) at 50 °C and 10 rpm as a function of time. 
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For relatively short degradation times, the change in viscosity as measured with 
the heat-denatured enzyme may be subtracted from the viscosity of the active enzyme 
solution to provide an estimate of the polymeric effect.  For purposes of this estimation it 
is necessary to assume that the heat-denatured enzymes retain a molecular conformation 
that is not too different from that of the native enzymes.  Using this modified viscosity 
data, a measurement of the change in viscosity attributed strictly to the catalytic activity 
can be made.  Figure 6 shows the change in the viscosity adjusted for the polymeric 
effect compared to the unadjusted viscosity.  As one can see in the figure, the polymeric 
effect is significant and should be compensated for in rheological measurements of 
enzyme activity.  However, one also can see that this adjustment for the polymeric effect 
is nonsensical for large contact times, as the adjusted viscosity becomes negative.  Thus, 
such a correction method should only be used for short contact times.   
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Fig. 6.  Adjusted viscosities of the different molecular weights of CMC (1 % conc.) as a function of 
time. 
 
Effect of Shear Rate on Viscosity  

Figure 7 shows the effect of shear rate on the measured viscosity of 1% 7 H CMC 
at 50 ºC treated with a fixed enzyme dosage.  A complex pattern of viscosity change is 
detected.  A possible explanation for this complex pattern is the interaction of enzyme 
mixing and the effect of shear rate on the disruption of cellulase binding.  At low shear 
rates, the enzymes must diffuse throughout the CMC solution with little assistance from 
mixing.  This results in a slower drop in the viscosity of the CMC solution with time.  As 
the shear rate increases, the mixing assistance becomes better at distributing the cellulase 
throughout the solution.  This results in a more rapid decrease in the solution viscosity.  
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However, at higher shear rates the viscosity does not decrease as fast as at intermediate 
shear rates.  This may be attributed to the shear rate disrupting the cellulase/CMC binding 
and thus reducing the cellulase efficiency (Kaya et al. 1994; Kim et al. 1982).  Thus, 
differences in shear rate can affect the measured viscosity change and the perceived 
cellulase activity.      
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Fig. 7. Effect of shear rates in the range of 1 to 32 rpm of 7 H CMC (1 % conc.) treated with 
active cellulase as a function of reaction time.  
 
 
CONCLUSIONS 
 

The rheological behavior of anionic cellulose derivatives during the course of 
enzyme hydrolysis has been investigated.  The effects of the active and heat-denatured 
cellulases, and a cationic polyelectrolyte (C-PAM) have been examined.  Cellulose 
derivatives with different degrees of polymerization and substitution were examined.  A 
polymeric effect, defined as a reduction in viscosity of the CMCs without significant 
formation of reducing sugars released from the degradation of the CMCs by enzymatic 
hydrolysis, has been observed in this study.  The polymeric effect may be attributed to 
the interactions of the enzyme with the polymer in solution.  This effect was observed 
with heat-denatured enzyme, active enzyme and high DS CMC (preventing enzymatic 
hydrolysis), and with the addition of C-PAM.  The intrinsic viscosity, which may be 
related to the molecular weight of a dissolved material, is reduced by the polymeric effect. 
This may cause a significant error in the measurement of enzymatic activity with 
viscometric methods. Assuming a linear relationship between the changes in the solution 



 

PEER-REVIEWED ARTICLE  ncsu.edu/bioresources 
 

 
Lee et al. (2006). “Cellulases and CMC Solution Rheology,” BioResources 2(1), 20-33.  31 

viscosity attributed to enzyme hydrolysis and the polymeric effect, a means for correcting 
for the polymeric effect was proposed.  This allows for making a correction for the 
polymeric effect during the onset of the hydrolysis reaction.  Finally, the effect of shear 
rate on the viscosity change caused by enzymatic hydrolysis was examined.  A complex 
behavior of viscosity change was found with shear rate.  The results were interpreted to 
be a combination of improved mixing with higher shear rates and disruption in binding 
by higher shear rates.     
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