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A new mathematical model based on Michaelis Menten (MM) kinetics is developed to predict the changes in
molecular weight distribution (MWD) during the enzymatic depolymerization of guar galactomannan. The model
accounts for the effect of branching by considering the guar molecule as a substrate having three types of bonds
with different MM kinetic parameters. The overall kinetics of the enzymatic reactions then can be represented in
terms of composite kinetic parameters that are functions of the MM parameters for the individual bonds. The
depolymerization is assumed to follow a random scission mechanism, in which an enzyme randomly attacks the
substrate molecule at any one of the three types of bonds, and leaves the substrate on cleavage of the bond.
Expressions for the variation in molecular weights during depolymerization are developed by applying moment
generating techniques to the kinetic model. The model is evaluated against the complete MWD obtained using
gel permeation chromatography. During the initial stages of depolymerization, the enzymatic reaction is in the
zero-order regime of MM kinetics and the polydispersity index (PDI) increases with time. Subsequently, the PDI
decreases as the depolymerization tends to follow first order kinetics. We also show that for a zero-order, random
or nonrandom scission, the variation of PDI with time can exhibit a maximum. These analyses confirm that an
increase in PDI during the depolymerization is not necessarily due to nonrandom scission, as previously concluded.

1. Introduction

Guar galactomannan is a naturally occurring polysaccharide
consisting of a linear backbone ofâ-1,4-linked mannose units
with randomly attachedR-1,6-linked galactose branches, with
the ratio of mannose to galactose units being approximately 2
(Figure 1)1. Guar and its derivatives are extensively used in
many applications including food, oil recovery, drug-delivery,
and personal and health-care products2 because of their low cost,
natural abundance, and ability to impart thickening and other
desirable functionalities. In many of these applications, depo-
lymerization of the guar is required to tailor the rheological and
microstructural properties of specific products.3,4 Consequently,
a study of the depolymerization of the native guar to different
extents and molecular weights is needed to understand the
structure and molecular weight dependence of the physiochemi-
cal properties of the polymer.5-7 Although chemical, thermal,
and mechanical methods are traditionally used for degradation,8,9

enzymes offer a powerful alternative10 because of their specific-
ity. Guar is susceptible to hydrolysis by three types of
enzymes: â-mannanase cleaves theâ-1,4 linkages between
mannose backbone units;â-mannosidase cleaves the terminal
â-1,4 linkages from the nonreducing end of the guar molecule;
and R-galactosidase cleaves theR-1,6 linkages between the
mannose and galactose units.5,11 Figure 1 shows a schematic of
a guar molecule together with the sites for enzyme action.

Although the effects of enzyme modification on rheology and
microstructure of guar solutions and gels have been studied,12-16

the kinetics of the enzymatic depolymerization of guar is not
clearly understood. In previous investigations, the kinetics of
depolymerization byâ-mannanase enzyme was measured and
compared with the kinetics of degradation by acid hydrolysis6

and ultrasonication.9 The enzymatic hydrolysis showed similar
viscosity and molecular weight reduction patterns compared to
those of ultrasonication and acid hydrolysis. Enzymatic hy-
drolysis resulted in a broadening of the molecular weight
distribution (MWD), i.e., an increase of the polydispersity index
(PDI). However, ultrasonication and acid hydrolysis resulted
in a narrowing of the MWD, i.e., a decrease of the PDI.
Although the enzymatic depolymerization was shown to follow
a zero-order kinetics,6,9 the kinetic model could not explain why
PDI increased during the depolymerization. In previous studies
of â-mannanase catalyzed depolymerization of guar,6,9 the
increase in the PDI was attributed to nonrandom enzyme attack
on theâ-1,4 linkages in the guar backbone. It was hypothesized
that the nonrandomness might result from local confinement
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Figure 1. Structure of guar galactomannan showing action of three
different enzymes. â-Mannanase cleaves all â-1,4 linkages, â-man-
nosidase cleaves only terminal â-1, 4 linkages, and R-galactosidase
cleaves R-1,6 linkages.
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of the enzymes in the concentrated guar matrix, leading to high
levels of hydrolysis in regions around the enzyme and to no
degradation in regions inaccessible to the enzyme.6 This is in
contrast to hydrolysis by acids and bases or by mechanical
methods, where all degradable bonds in a guar molecule are
equally reactive.

The enzymatic hydrolysis of polymers involves the interaction
between an enzyme and a polymer molecule, forming an
intermediate complex at an active site on the polymer mol-
ecule.17 Some of the factors that affect enzyme-substrate
complexation are branching and conformation18-22 of polymer
molecules and the accessibility of bonds to the enzyme attack.
Since guar is a branched polymer with galactose side chains
randomly attached to the backbone, the presence of the branches
can hinder enzyme attack and lead to different reaction rate
constants for different bonds in the guar chain. Although
nonrandom enzymatic attack was used as one of the possible
explanations for the increasing PDI that was observed during
the enzymatic hydrolysis of guar,6 no quantitative kinetic model
was developed to show how nonrandom scission increases the
PDI.

In this study, we first develop a zero order kinetic model to
predict changes in the MWD during the depolymerization of
guar by â-mannanase enzyme. The model reveals that both
random and nonrandom bond scission lead to a PDI that
increases initially and then decreases as the depolymerization
reactions progress. Consequently, one cannot conclude that
enzymatic depolymerization follows a nonrandom scission
mechanism, based solely on changes in PDI with time. In a
few studies, enzymatic reactions have been treated as first order
with respect to the concentration of degradable bonds.23-25 In
particular, Yoon et al.25 showed that the PDI increases during
microbial depolymerization of polyesters if the reaction follows
first-order random scission kinetics. Although some of these
models were able to predict changes in MWD during depo-
lymerization, they do not provide a physical interpretation of
enzymatic reactions, where the concentration of enzyme-
substrate complex determines the rate of reaction.

To gain further insight into the behavior of the enzymatic
hydrolysis of guar, we develop a new mathematical model based
on Michaelis Menton (MM) kinetics. There are many studies
showing that Michaelis Menten kinetics describes the enzymatic
depolymerization of polymers.18,19,26,27However, their focus has
been on estimating the MM kinetic parameters from experi-
mental data. No model has been developed based on MM
kinetics to predict the changes in MWD during enzymatic
degradation of polymers.

The presence of branches on the backbone of galactomannans
and other polysaccharides changes the action pattern and activity
of endo-acting glycosidase enzymes on the backbone.5,11,18,19,28

These effects have been studied via computer simulations.9,29

In the present model, we treat the effect of galactose branches
on theâ-mannanase activity by considering the guar molecule
as a substrate with three types of active sites (bonds) randomly
distributed on the backbone as shown in Figure 2. The three
types of bonds are (1) theâ-1,4 bond between two unsubstituted
mannose units, (2) theâ-1,4 bond between an unsubstituted and
a substituted mannose unit, and (3) theâ-1,4 bond between two
substituted mannose units. Each type of bond will have different
MM kinetic parameters. However, theâ-mannanase enzyme
attacks randomly at any of these bonds to form an enzyme-
substrate complex, followed by degradation of the bond. We
assume that the degradation follows a single scission mecha-
nism,17 where the enzyme leaves the substrate upon cleavage

of a bond. We develop a kinetic rate equation for depolymer-
ization of guar molecules with a distribution of chain lengths
assuming that the kinetic parameters are independent of chain
length. We then apply moment generating techniques30 to the
kinetic rate equation to develop equations for the rate of change
of number-average and weight-average molecular weights as a
function of the kinetic parameters.

2. Results and Discussion

2.1. Mathematical Modeling. 2.1.1. Nonrandom Zero
Order Depolymerization Kinetics. The zero order model
assumes the rate of degradation of guar to be independent of
substrate concentration but proportional to enzyme concentra-
tion. In this model, nonrandom scission is taken into account
by considering the rate constant to be a function of both chain
length and the position of the hydrolyzable bond on the chain.
For zero order scission kinetics, the rate of change of concentra-
tion of guar molecules of chain length “i” is given by

In the above equation,ki,j is the rate constant for the hydrolysis
reaction occurring at thejth bond on a polymer chain ofi
monomer units.ET is the total concentration of enzyme in the
reaction mixture, andPi is the concentration of a molecule with
chain length “i”. The first summation on the right-hand side of
the above equation represents the rate of formation of molecules
of chain length “i” due to degradation of molecules of chain
length j > i at the ith bond or (j - i)th bond. The second
summation shows the rate of degradation of the molecules of
chain lengthi at any of thei - 1 bonds. For random scission
kinetics, allkij are equal.

When a zero-order model is used, it is mathematically
possible for the concentrations of polymer molecules with a
specific chain length to become negative unless the reaction is
“turned off” when all of the molecules of that chain length have
been consumed. This can be accomplished by setting all of the
rate constants that apply to this chain length equal to zero

For molecules with high values ofi, ki,j may become zero at
relatively short times, especially if the initial concentration of
molecules with this chain length is low. On the other hand, the
initial concentration of a particular short chain (lowi) molecule
may be zero such thatki,j ) 0 for this chain length, initially.
However, as molecules of these chain lengths are formed during
the depolymerization reaction, the values ofki,j become finite.
We do not attempt to account explicitly for these types of

Figure 2. Schematic of a guar molecule showing three types of â-1,4
bonds.

dPi

dt
) { ∑

j)i+1

∞

(kj,i + kj,j-i) - ∑
j)1

i-1

ki,j}ET (1)

kij ) 0; 1 e j e i - 1; Pi ) 0
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behavior since they depend on the initial chain length and on
the final extent of depolymerization.

The following development is based on the assumption that
all of the chain lengths that are present in the initial distribution
are continuously present until the end of the reaction and that
no polymers are formed with a chain length that is not present
in the initial distribution. From eq 1, the changes in the moments
of chain length distribution can be derived,30 as follows.

For thenth moment

Equation 2 can be used to derive the following equations for
µ0, µ1, andµ2

In eqs 4, 6, and 8,µ00, µ10, andµ20 are the initial moments of
the chain length distribution before the hydrolysis reactions
begin. The equations for changes in number average (Xn) and
weight average (Xw) degrees of polymerization (DP) can be
derived using eqs 4, 6, and 8

where

The change in PDI (Q) with time is given by

Here,Xno and Xwo are the initial number average and weight
average degrees of polymerization, respectively.

The PDI versus time curve will have an extremum, if

If an extremum exists, it must be a maximum since

The maximum value ofQ (Qmax) and the time (tmax) at which
the maximum occurs can be derived using eqs 12 and 13,
respectively

Equation 15 shows that ifk′2/k′0 g XwoXno, a maximum will
not occur and the PDI will decline monotonically with time.
However, if the initial molecular weight of the polymer is
sufficiently high,XnoXwo will be greater thank′2/k′0. In this case,
the PDI will increase to the maximum given by eq 16 and then
will decrease. The above results show that the PDI can either
increase or decreases for both random and nonrandom scission
under zero order kinetics depending on relative values ofXwoXno

andk′2/k′0.
In a previous investigation, it was shown that the PDI can

increase for random scission under first-order kinetics.25 The
kinetics of enzymatic depolymerization of guar also were studied
for two cases of nonrandom scission: central scission and
Gaussian scission.9 In the central scission case, enzyme
preferentially attacks at the center of the polymer chain, whereas
in Gaussian scission, the variation in the rate constant along
the chain follows a Gaussian distribution with the maximum at
the center. However, the experimental data did not fit either of
these mechanisms for first-order kinetics. Previous analyses have
been based on simplified kinetic models of enzyme-substrate
complexation, i.e., either first- or zero-order kinetics. In addition,
previous models allowed more than one enzyme to be attached
to a guar molecule. However, in view of the very small ratio of
enzyme to hydrolyzable bonds, the present model permits no
more than one enzyme to be attached to a single polymer
molecule. In the following section, we develop a new math-
ematical model based on the above picture of enzyme-polymer
interaction and on a full MM kinetic model to extend the range
of previous kinetic analyses.

2.1.2. Michaelis Menten Kinetics.The enzymatic reactions
of a single substrate with a single type of active site can be
represented as31

The free enzyme (E) attaches to the substrate (S) and forms an
enzyme-substrate complex (ES). The enzyme then acts on the
substrate to release the products and free enzyme. The kinetic
pathway may involve single scission, where an enzyme molecule
leaves the substrate on degrading a bond, or multiple scissions,
where the enzyme remains attached to a substrate molecule until
all the degradable bonds in the molecule have been cut. A
pathway intermediate between single scission and multiple
scissions also may be followed.17 We assume that the depo-
lymerization follows a single scission mechanism, as the
presence of galactose side chains may preclude the multiple
scission mechanism.

In enzymatic depolymerization reactions, every degradable
bond is often considered to be a substrate.26,32 However, it is
physically not possible for a guar molecule to hold enzymes at
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all degradable bonds, as the MW of a repeat unit between the
degradable bonds (∼270) is much smaller than the MW of the
enzyme (∼50 000). Moreover, the enzyme concentration is
much lower than that of the guar. In a typical guar hydrolysis
reaction, theâ-mannanase enzyme concentration is of the order
10-10 mmol/mL, whereas the guar concentration is of the order
of 10-5 mmol/mL. Consequently, in the following development,
the guar molecule is considered to be the substrate, rather than
a degradable bond. A guar molecule can complex with an
enzyme at any of the three types of active sites on the guar
backbone, as discussed earlier. The reactions at each of these
sites are assumed to follow MM kinetics but with different
kinetic parameters at each type of site. We assume these kinetic
parameters to be independent of polymer chain length.

Equation 17 can be modified to take into account the multiple
types of active sites on a guar backbone. For an enzyme acting
on a j type bond on a polymer chain containingi monomer
units, eq 17 can be written as

Assuming pseudo steady state for each type of enzyme-
substrate complex

where

In the above equation, [EPi] j represents the concentration of
enzyme substrate complex formed atj type bonds on a guar
molecule of chain lengthi, and [E] is the concentration of free
enzyme. The mass balance on the total enzyme gives

Hence

AssumingKj is independent of guar concentration and chain
length, eq 23 can be simplified as

where

The overall rate of formation of polymer molecules of chain
length i is written as

The two terms in the right-hand side of eq 26 represent the rate
of disappearance and rate of formation of polymer molecule
containingi monomer units, respectively. The factor 2/(l - 1)
is the probability of formation of polymer molecules ofi
monomer units from the polymer molecules containingl(l > i)
monomer units.

Substituting for [EPi] j using eqs 20 and 24, we get

The above equation shows that the depolymerization kinetics
can be represented by a modified MM kinetic equation with
composite kinetic parameters given by

Eq 27 is applicable fori > 2. For i ) 1

In the following sections, we use eqs 27 and 29 to derive
equations for molecular weight distributions using moment
generating techniques.

2.1.3. Determination of Molecular Weight Distribution
(MWD) and Polydispersity. The generating function30 is
defined as

From eqs 27 and 29

The above equation can be simplified, after expanding the
summations

The moments of the MWD,µ0, µ1, andµ2, are given by

E + Pi y\z
k1j

k2j
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The equations for the rates of change of the moments can be
obtained from eqs 32-35 after applying L’Hopitals rule

Here,P1 is the concentration of monomer units and (µ0 - P1)
is the concentration of polymers with at least one hydrolyzable
bond

In the following sections, two limiting cases of eqs 36 and 38
are examined to derive equations for average molecular weights
and PDI. In a previous investigation,32 we have shown that the
reaction becomes diffusion controlled above 3% (w/w) of guar
solution. However, the following analyses will be accurate
enough to predict the changes in MWD during enzymatic
hydrolysis of guar in the concentration range of<3%(w/w).

Initial Stages Of Depolymerization.In a previous investiga-
tion,32 zero-order kinetics were observed in the guar concentra-
tion range of 0.1-3% w/w over a reaction time of 20 h. This
can be true only ifKM , (µ0 - P1) in eq 36. Initially, the
concentration of monomersP1 is very low. Moreover, the total
concentration of substrate molecules containing degradable
bonds (µ0 - P1) increases during the initial stages of reaction
due to cleavage of interiorâ-1,4 glycosidic bonds. If the
molecular weight of the guar is high, the total probability of
cleavage at interior bonds is higher than that of terminal bond
cleavage. Hence, the rate of increase inµ0 is greater than the
rate of increase in P1. If KM , (µ0 - P1), eqs 36 and 38 can be
further simplified

The rate of change of number (Xn) and weight (Xw) average
degree of polymerization (DP) is given by

Note that the apparent rate constantk′′ is proportional to the

total enzyme concentration,ET and inversely proportional to
weight percentage of guar in solution (∼µ1).

Integration of eqs 41 and 42 gives the variation ofXn andXw

with time

or

The polydispersity indexQ is given by

whereQ0 represents the initial PDI. Equation 45 shows that
the polydispersity index increases during the initial stages of
depolymerization.

For Xnokt < 1, eq 44 can be simplified using a Taylor series
expansion

As expected, eqs 43 and 46 have the same form as the
corresponding equations for zero-order kinetics given in eqs 9
and 10.

Late Stages of Depolymerization.During the late stages of
reaction, KM . µ0 - P1, when the number of substrate
molecules with degradable bonds, less the number of monomer
units decreases belowKM. The reaction then follows pseudo-
first-order kinetics, where the rate of depolymerization is
proportional to the concentration of substrate molecules with
degradable bonds, as shown in eq 47. This stage will occur when
Xn is so low that the hydrolysis of guar molecules at the terminal
ends results in an increase in concentration of monomer units
(P1) accompanied by a decrease in the concentration of substrate
(µ0 - P1) containing hydrolyzable bonds. Under these condi-
tions, eqs 36 and 38 simplify to

The variation of polydispersity index is then given by

As the reaction progresses,P1 f µ0 and the concentration of
monomer units will be higher than the total concentration of
oligomers and polymers. Hence, eq 49 simplifies to

µ1 ) ∑
i)1

∞

iPi ) limsf1(s∂G

∂s) (34)

µ2 ) ∑
i)1

∞

i2Pi ) limsf1{s
∂

∂s(s∂G

∂s)} (35)

dµ0

dt
)

k′ET(µ0 - P1)

KM + (µ0 - P1)
(36)

dµ1

dt
) 0 (37)

dµ2

dt
)

- k′
3

(µ2 + µ1 - 2P1)

KM + (µ0 - P1)
(38)

dµ0

dt
) k′ET (39)

dµ2

dt
)

-k′ET(µ2 + µ1)

3µ0
(40)

d
dt( 1

Xn
) ) (k′ET

µ1
) ) k′′ (41)

dXw

dt
)

-k′′(Xw + 1)

3( 1
Xn

)
(42)

Xno

Xn
) 1 + Xnok′′t (43)

(Xwo + 1)3

(Xw + 1)3
) 1 + Xnok′′t

Xwo
3

Xw
3

) 1 + Xnok′′t, if Xw . 1 (44)

Q )
Xw

Xn
) Q0(1 + Xnok′′t)2/3 (45)

Xw

Xwo
) 1 - 1

3
Xnok′′t (46)

dµ0

dt
)

k′ET(µ0 - P1)

KM
(47)

dµ2

dt
)

-k′ET(µ2 + µ1 - 2P1)

3KM
(48)

dQ
dt

)
k′ET

3KM
[2Q - 1

Xn
- 3

XwP1

µ1
+ 2

P1

Xnµ1
] (49)

dQ
dt

≈ k′ET

3KM[- Q - 1
Xn

+ 2
1

Xn
2] (50)

Enzymatic Depolymerization of Guar Galactomannan Biomacromolecules, Vol. 7, No. 9, 2006 2587



For

Hence, the polydispersity should decrease during the latter stages
of hydrolysis.

2.2. Model Evaluation. The enzymatic hydrolysis of guar
solution has been studied usingâ-mannanase enzyme.6,32 The
reaction was carried out with 0.5% (w/w) guar in aqueous
solution at room temperature and neutral pH. The enzyme
concentration in the reaction mixture was 2× 10-4 U/mL. The
changes in MWD during the reactions were measured using
gel permeation chromatography (GPC) with pullulan standards.
We use the MWDs obtained from these experiments to evaluate
the MM kinetic model.

Figure 3 shows the MWD at various times during the
enzymatic depolymerization of guar usingâ-mannanase enzyme.
The data points shown in the figure are reproduced from the
curves in ref 6. The MWD was fit to a Zimm Schultz (Z-S)
distribution33 as given by eq 52 using Sigma Plot 8.0. The solid
lines in Figure 3 show the resulting Z-S distributions. The
parameters “a” and “b” in the Z-S distribution are related to
the weight and number average molecular weights by eqs 53
and 54

The number average (Mn) and weight average (Mw) molecular
weights were calculated using eqs 53 and 54, respectively, at
each of the times in Figure 3. The values ofXn andXw were
then calculated fromMn andMw values as given by eqs 55 and
56

In the above equations,Mr is the average molecular weight of
a repeat unit. In this analysis, we assumed guar as a graft
copolymer of mannose and galactose with a galactose molecule
attached as a side group to every alternate mannose molecule.
Hence, the average molecular weight of a repeat unit (Mr) was
taken as 270, i.e., the average of molecular weights of an
unsubstituted mannose unit (∼180) and a mannose unit substi-
tuted with single molecule of galactose unit (∼360).

Figure 4 shows the variation in calculated values ofMn, Mw,
and PDI. As expected, both the molecular weights continuously
decrease with time. The reductions inMn and Mw are rapid
initially and slower at longer times. However, the PDI increases
continuously for the range of reaction times studied.

The kinetic parameter for guar hydrolysis was obtained using
eqs 43 and 44 as shown in Figures 5 and 6. The apparent rate
constant (k′′) determined from both plots is approximately the
same. The values ofk′′ obtained from Figures 5 and 6 are 14×
10-6 h-1 and 13 × 10-6 h-1 respectively. Although the
depolymerization was carried out for 20 h, the linearity of
Figures 5 and 6, and the agreement of the values ofk′′ from
the plots suggests that the reaction lies within the initial regime

Q > 1,
1
Xn

. 1

Xn
2

∴dQ
dt

e 0 (51)

w(Pi) ) ab+1

b!
Mi

b exp(-aMi) (52)

a ) 1
MW - Mn

(53)

b )
Mw

MW - Mn
(54)

Xn )
Mn

Mr
(55)

Xw )
Mw

Mr
(56)

Figure 3. Changes in MWD during hydrolysis of guar by â-mannan-
ase at 25 °C. The data points were obtained from the MWD curves
in ref 6. The solid lines are fits of the Zimm-Schultz distribution function
to the data points.

Figure 4. Changes in MW and PDI during the depolymerization of
guar by â-mannanase enzyme. The solid lines shown connect the
data points, which were obtained from the MWD curves in ref 6.

Figure 5. Estimation of kinetic rate constant for the data of ref 6
using eq 43. The error bars represent the residuals estimated from
the regression analysis.

2588 Biomacromolecules, Vol. 7, No. 9, 2006 Mahammad et al.



of MM kinetics over this whole range of time. Analysis of
previous results6,9 also shows that only a very small fraction
(<0.5%) of the original bonds were cleaved during the entire
time studied.

In another study34 on the enzymatic depolymerization of guar,
a linear relationship was observed between 1/Xn and time, and
between the apparent zero-order rate constant (k′′) and the
reciprocal of guar concentration. These results are in agreement
with our derivations (eq 41). In Figure 7, we use the MWDs
obtained from ref 9 to estimate the rate constant for the
enzymatic degradation of 0.7% guar solution. As discussed
previously, the MWDs were fit to a Zimm-Schultz distribution
to estimateMw andMn. In the Figure 7, we plot (Xno/Xn) and
(Xwo/Xw)3 against time to estimate the apparent rate constantk′′
as given in eqs 43 and 44. The good linear fit obtained for both
sets of data supports the validity of our approach. The difference
in the apparent rate constant obtained from the two lines could
be attributed to be experimental error. In Figures 5-7, we
estimated the kinetic rate constants assuming linear variations
in both 1/Xn and (1/Xw)3 with time. This is true only if the entire
range of reaction time studied falls in the zero-order regime of
Michaelis Menten kinetics as described earlier. Equations 43
and 46 show that the Michaelis Menten kinetics can be reduced
to a form of zero order scission kinetics (eqs 9 and 10) for the
initial stages of the reaction, whenXnok′′t , 1. In Figure 8,Xw

is plotted against time for the MWD data of ref 9 and the figure
shows thatXw decreases linearly with time as given by eqs 10
and 46. This also corroborates our assumption that the entire

reaction time studied falls within the zero order regime of
Michaelis Menten kinetics.

The changes in PDI predicted by MM kinetics (eq 45) and
zero-order nonrandom kinetics (eq 11) are shown in Figure 9.
For predicting the PDI using MM kinetics, the average of the
slopes of the two lines in Figure 7 was used asXnok′′ ()0.2).
For predicting the PDI using zero order kinetics, the average
of slopes of the lines in Figure 7 was used ask0′ ()0.2), and
the slope of the line in Figure 8 was used ask2′ ()0.023). The
zero-order kinetic model shows a maximum in the PDI versus
time curve, whereas the PDI increases monotonically for MM
kinetics, during the reaction time studied. The MM kinetic model
predicts that PDI should decrease when the concentration of
guar molecule containing at least one degradable bond becomes
small compared toKM. Since guar is used as a rheology modifier
in many of its applications, previous kinetic studies have been
limited to time durations for which the maximum extent of
viscosity reduction occurred. Analysis of previous results6,9

shows that only a very small fraction (<0.5%) of the original
bonds were cleaved during the entire time studied. During this
time duration, the concentration of polymer molecules contain-
ing at least one degradable bond increases and probably does
not go belowKM. Hence PDI should increase during the entire
reaction time studied. The zero order models do not take into
account the enzyme-substrate complexation and are unable to

Figure 6. Estimation of kinetic rate constant for the data of ref 6
using eq 44. The error bars represent the residuals estimated from
the regression analysis.

Figure 7. Evaluation of MM kinetic model for the data of ref 9. The
error bars represent the residuals estimated from the regression
analysis.

Figure 8. Evaluation of zero-order nonrandom scission kinetic model
for the data of ref 9.

Figure 9. Prediction of PDI using MM kinetics and zero-order
nonrandom scission kinetics. The data points are calculated from the
MWD data of ref 9. For the MM kinetic model, an average of Xnok′′
(0.20 h-1) estimated from the lines of Figure 7 is used. For zero order
nonrandom scission kinetics, the rate constants k0′ ) 0.20 h-1

estimated from Figure 7 and k2′ ) 0.023 h-1 estimated from Figure
8 are used.
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accurately predict the kinetics for the later stages of the
degradation process where the concentration of enzyme-
substrate complex limits the rate of degradation.

3. Conclusions

In this study, we develop two mathematical models to
examine the kinetics of enzymatic degradation of guar galac-
tomannans: zero order nonrandom scission kinetics and MM
kinetics. These models address many of the unresolved issues
in prior investigations such as broadening of molecular weight,
random versus nonrandom scission, and effects of branches on
degradation kinetics, and provide a detailed analysis of the
changes in the entire molecular weight distribution during the
enzymatic hydrolysis process.

The enzymatic degradation of guar during the initial stages
can be described by zero-order nonrandom or random scission
kinetics. The model predicts that for zero order kinetics, the
PDI can increase for either random or nonrandom bond scission.
Hence the increase in PDI during the enzymatic degradation is
not necessarily due to nonrandom scission of bonds, as
previously concluded. However, the zero-order model does not
take into account the enzyme-substrate complexation behavior
and fails to predict accurately the changes in MWD during the
entire depolymerization process. As such, a new MM kinetic
model has been developed that takes into account enzyme
substrate complexation and the effects of galactose branches
on the enzyme-polymer complexation. The model is evaluated
against two sets of experimental data and fits the data well.
The model predicts the PDI to increase and MM rate equation
to approximate zero order during the initial stages of reaction,
but the PDI to decrease and the rate equation to tend toward
first-order kinetics as reaction progresses.
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Nomenclature

ET ) total enzyme concentration (units/mL)
G ) moment generating function (mol/mL)
k ) rate constant (units/mL)-1 (s)-1 or (mol/mL) (units/mL)-1

(s)-1

k′′ ) apparent rate constant (s-1)
KM ) Michaelis constant (mol/mL)
Mn ) number average molecular weight
Mr ) molecular weight of a repeat unit
Mw ) Weight average molecular weight
P ) concentration of polymer molecules (mol/mL)
Q ) Polydispersity index (PDI)
w ) weight fraction
Xn ) number average degree of polymerization
Xw ) weight average degree of polymerization
µ ) moments of molecular weight distribution
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