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Abstract. The main objective of this paper is to derive an approximate analytical solution for
the mathematical model pertaining to deactivation of immobilized glucose in packed-bed reactors.
The Akbari-Ganji’'s method is applied to solve the previously developed mathematical model.
The approximate analytical expressions corresponding to the concentration and current in the steady
state condition have been derived for all values of parameters. Excellent agreement is obtained
between the analytical solution and the numerical simulation. The analytical solution presented in
this paper is presented for the first time. The results of this work will provide a better understanding
of the mathematical model examined.
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1. Introduction

Kinetic studies of enzyme deactivation are essential for the development of an enzymatic
conversion process. Houng et al. [7] studied the effect of substrate protection on a commercial
immobilized glucose isomerise. This was experimentally investigated in a differential bed
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reactor, and a theoretical analysis was performed for a packed bed reactor. Pore network
model is used for converting glucose to fructose by enzymatic isomerisation. This process
takes place in a packed-bed reactor that consists of micro porous particles with a range of
pore sizes, characterized by a pore size distribution. Glucose isomerase was discovered by
Marshall and Kooi [11], who succeeded in producing it in commercially viable amounts using
enzymatic isomerisation. Glucose isomerase is an example of the highly successful application
of enzyme biotechnology to an industrial process that has no commercially viable route through
conventional chemistry. Chen and Wu [3]] studied the effect of substrate protection on enzyme
deactivation. Theoretical analysis of enzyme deactivation with substrate protection offers an
effective understanding which is essential for enzyme replacement and process optimization.
Benaiges et al. [2] calculated the intrinsic kinetic constants of the reversible reaction Michaelis-
Menten equation in operational conditions free of mass transfer effects. Dadvar and Sahimi
[4] developed pore-level model of conversion of glucose to fructose by enzymatic isomerisation
and the associated deactivation of the micro porous particles in which the phenomenon takes
place. The purpose of this communication is to derive expressions for the steady-state substrate
concentration and the current in closed form using the Akbari-Ganji’s method for all values of
parameters.

2. Mathematical Formulation of the Problem

The model describes the mechanism by which glucose enzyme moves from the intermediate
complex form to fructose and back to the intermediate to the complex glucose enzyme. This can
be written as

G+F=)' X=)*® F+E, (2.1)

where G, E and F represent the glucose, enzyme and fructose, X is an intermediate complex
formed during the reaction and k1, k_1, k2 and k_5 are kinetic constants. The non-linear
differential equation for concentration of glucose is given as follows:
d*G 2
D,(A)——-—R =0, 2.2
p) dx? ra (2.2)
where D, is the pore diffusivity in the micro pores, a is the surface area per unit weight of the

R
particle and A = —M, where R} is the molecular radius of the reactants and r is the radius of

-
the micro pore. By introducing the following dimensionless variables

va ~ Kmrvmr(1+K_1) Kmemr [ ( -1 K ) Go
= G=G-G = K,=—"—|1+|K_+— )
Kn+G’ O T R —Kmp ™ Koy —Ey mf " Kr) 14K
The eqn. (2.2) becomes
d’G 2 vn,G
‘mT o, (2.3)

Pdx® rK,+G
where G is the concentration of glucose, G, is an initial concentration of glucose, R is are
action rate, K, s is the Michaelis-Menten constant, v,,s is the maximum velocity of the forward
reaction and K,,,, v, are maximum velocities of the backward reaction.
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By introducing the following dimensionless quantities
G x ~ C, ~ 2l§v;n
Go-G. ° 71, b=g > ¢ = 7D K
Now, the eqn. becomes
a’c ,( C
a2 ¢ (1+ﬁc): ’
where C is the dimensionless concentration, z is the dimensionless distance, [, is pore length

C=

(2.4)

and ¢ is pore-level Thiele-modulus and v}, = Im
a

The boundary conditions are given as follows:
Cz=0)=a;, Cz=1)=as. (2.5)
The dimensionless current is given by

dC

Ytz

(2.6)

z=1

3. Analytical Solution of the Glucose Concentration and
Current Using Akbari-Ganji’s Method

A variety of powerful analytical methods such as homotopy perturbation method [1,5,9,(12,/13],
homotopy analysis method [8], adomian decomposition method, and wavelet transform method
[10], etc. are applied to solve the nonlinear problems. In this paper, Akbari-Ganji’s method is
applied to find the analytical expression for the concentration of the glucose [6},14].
The approximate analytical expression for glucose concentration using Akbari-Ganji’s
method is given by
(ag — ajcoshb)sinh bz

C(z)=ajcoshbz + <nhb . (3.1)

The dimensionless current is given by
b(ag — a1coshbd)coshd
sinhb ’

Jij:albsinhb+ (3.2)

__®
\/1+a2[3'

where b =

4. Results and Discussion

The analytical expressions for the dimensionless glucose concentration and dimensionless
current have been derived using the Akbari-Ganji’'s method. The analytical solution derived has
been compared with the numerical simulation, and is found to make an excellent fit. Further
from Figures|1|to 7, we observe that the dimensionless glucose concentration varies directly
with B, but inversely with ¢. The dimensionless current varies inversely with g, but directly
with ¢. The basic concept of the Akbari-Ganji’s method is given in Appendix[Al The MATLAB
program is given in Appendix
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Figure 1. Dimensionless glucose concentration C versus dimensionless distance z. The dotted lines
represent the analytical solution and the solid lines represent the numerical solution
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Figure 2. Dimensionless glucose concentration C versus dimensionless distance z for various values of ¢.
The dotted lines represent the analytical solution and the solid lines represent the numerical simulation
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Figure 3. Dimensionless glucose concentration C versus dimensionless distance z for various values of .
The dotted lines represent the analytical solution and the solid lines represent the numerical simulation
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Figure 4. Plot of dimensionless current versus ¢ for various values of 8
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Figure 5. Plot of dimensionless current versusf for various values of ¢
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I3 5-=001, =05 /

Figure 7. Plot of dimensionless current versus ¢ for various values of ay

5. Conclusion

A pore network model of deactivation of immobilized glucose isomerase in packed-bed reactors
is solved using the Akbari-Ganji’s method to obtain approximate analytical expressions for

dimensionless glucose concentration and dimensionless current. The result obtained in this
paper may be used to make prediction in future experiments.
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Appendices
A. Basic Concept of Akbari-Ganji’s Method

Consider the following nonlinear differential equation and boundary conditions
f@w' v u,F,(sinwt)=0,
u(0)=A, u'(0)=B.

Choose an initial guess which satisfies eqn. (A.2), as follows
u(x) = e *{bcos(wt + P)},

where {a,b,w,p} are constant coefficients.
Using the initial conditions of eqn. (A.2) the following two cases arises:

(@) u()=ulC),
(b) u(t)=g(?).

Substituting eqn. (A.5) in eqn. (A.1), we get
) =f(g"t),8'(®),8(t),Fo(sinw t))=0.

Substituting eqn. (A.4) in eqn. (A.6) and its derivatives, the following is obtained
fUC)=f(g"UIC),g'(I1C),g(IC),..) =0,
fac)=fE"1c),g'uc),glc),...)=0,
f'IC)=f(g"IC),g'(IC),g(IC),...) = 0.

(A.1)
(A.2)

(A.3)

(A.4)
(A.5)

(A.6)

(A.7)

(A.8)
(A.9)

From the eqn. (A.7), the set of n-algebraic equations with n-unknowns can be determined.

From these equations, the constant coefficients {a,b,w, ¢} can be obtained.

B. MATLAB Program to Find the Numerical Solution of eqns. and

(2.5)

function pdex4

m=0;

x=linspace(0,1);

t=linspace(0,100000) ;

sol=pdepe (m,0pdex4pde,@pdex4ic,Opdexdbc,x,t);
ul=sol(:,:,1);

figure

plot(x,ul(end,:))

title(CCul(x,t)?)

xlabel(°Distance x’)

ylabel(’ul(x,2)’)

Y-

function [c,f,s] = pdex4pde(x,t,u,DuDx)
c=1;

f=DuDx;

Commaunications in Mathematics and Applications, Vol. 13, No. 3, pp.[865 , 2022



874 Approximate Analytical Solution to a Pore Network Model of Deactivation. .. : B. Seethalakshmi et al.

F=-qA2*xu(1)/(1+B*u(1));
s=F;

function u0 = pdex4ic(x); ’%create a initial conditions
ul=1;

function [pl,ql,pr,qrl=pdexdbc(xl,ul,xr,ur,t) %create a boundary conditions
pl=[ul(1)-11;

ql=[0];

pr=[ur(1)-0.5];

qr=[0];

Competing Interests
The authors declare that they have no competing interests.

Authors’ Contributions
All the authors contributed significantly in writing this article. The authors read and approved
the final manuscript.

References

[1] V. Ananthaswamy and B. Seethalakshmi, Mathematical analysis of information dissemination
model for social networking services, American Journal of Modeling and Optimization 3(1) (2015),
26 — 34, URL: http://pubs.sciepub.com/ajmo/3/1/4.

[2] M. D. Benaiges, C. Sola and C. De Mas, Intrinsic kinetic constants of an immobilised
glucose isomerase, Journal of Chemical Technology & Biotechnology 36(10) (1986), 480 — 486,
DOI:/10.1002/jctb.280361008.

[8] K. C. Chen and J. Y. Wu, Substrate protection of immobilized glucose isomerase, Biotechnology and
Bioengineering 30(7) (1987), 817 — 824, DOI:10.1002/b1t.260300703.

[4] M. Dadvar and M. Sahimi, Pore network model of deactivation of immobilized glucose isomerase in
packed-bed reactors. Part ITI: Multiscale modelling, Chemical Engineering Science 58 (2003), 4935
— 4951, DOI:|10.1016/j.ces.2003.07.006.

[5]1 A. Demir, S. Erman, B. Ozgur and E. Korkmaz, Analysis of the new homotopy perturbation method
for linear and nonlinear problems, Boundary Value Problems 2013 (2013), Article number: 61,
DOI:10.1186/1687-2770-2013-61.

[6] K. M. Dharmalingam and M. Veeramuni, Akbari-Ganji’s Method (AGM) for solving non-linear
reaction - Diffusion equation in the electroactive polymer film, Journal of Electroanalytical
Chemistry 844(1) (2019), 1 — 5, DOI: 10.1016/j.jelechem.2019.04.061.

[7]1 J.-Y. Houng, H.-Y. Yu, K.-C. Chen and C. Tiu, Analysis of substrate protection of an
immobilized glucose isomerase reactor, Biotechnology and Bioengineering 41(4) (1993), 451 —
458, DOI:(10.1002/bit.260410408.

Commaunications in Mathematics and Applications, Vol. 13, No. 3, pp.[865 , 2022


http://pubs.sciepub.com/ajmo/3/1/4
http://doi.org/10.1002/jctb.280361008
http://doi.org/10.1002/bit.260300703
http://doi.org/10.1016/j.ces.2003.07.006
http://doi.org/10.1186/1687-2770-2013-61
http://doi.org/10.1016/j.jelechem.2019.04.061
http://doi.org/10.1002/bit.260410408

Approximate Analytical Solution to a Pore Network Model of Deactivation. .. : B. Seethalakshmi et al. 875

[8]

[9]

[10]

[11]

[12]

[13]

[14]

R. A. Joy, A. Meena, S. Loghambal and L. Rajendran, A two-parameter mathematical model
for immobilizedenzymes and homotopy analysis method, Natural Science 3 (2011), 556 — 565,
DOI:/10.4236/ns.2011.37078.

M. Kirthiga, S. Balamurugan and L. Rajendran, Modelling of reaction-diffusion process at carbon
nanotube-Redox enzyme composite modified electrode biosensor, Chemical Physics Letters 715
(2019), 20 — 28, DOI:10.1016/j.cplett.2018.11.019.

M. Mahalakshmi, G. Hariharan and K. Kannan, The wavelet methods to linear and nonlinear
reaction-diffusion model arising in mathematical chemistry, Journal of Mathematical Chemistry 51
(2013), 2361 — 2385, DOI:10.1007/s10910-013-0216-x.

R. O. Marshall and E. R. Kooi, Enzymatic conversion of D-glucose to D-fructose, Science 125(3249)
(1957), 648 — 649, DOI:|10.1126/science.125.3249.648.

S. Narmatha, V. Ananthaswamy and M. Rasi, Application of new approach to homotopy
perturbation method in solving a system of nonlinear self-igniting reaction diffusion equations,
Mathematics in Engineering, Science and Aerospace 12(1) (2021), 231 — 244, URL: http://
nonlinearstudies.com/index.php/mesa/issue/view/192.

M. Rabbani, New homotopy perturbation method to solve non-linear problems, Journal of
Mathematics and Computer Science 7(4) (2013), 272 — 275, DOI:10.22436/jmcs.07.04.06.

A. K. Rostami, M. R. Akbari, D. D. Ganji and S. Heydari, Investigating Jeffery-Hamel flow with
high magnetic field and nano particle by HPM and AGM, Central European Journal of Engineering
4 (2014), 357 — 370, DOI: 10.2478/s13531-013-0175-9.

Commaunications in Mathematics and Applications, Vol. 13, No. 3, pp.[865 , 2022


http://doi.org/10.4236/ns.2011.37078
http://doi.org/10.1016/j.cplett.2018.11.019
http://doi.org/10.1007/s10910-013-0216-x
http://doi.org/10.1126/science.125.3249.648
http://nonlinearstudies.com/index.php/mesa/issue/view/192
http://nonlinearstudies.com/index.php/mesa/issue/view/192
http://doi.org/10.22436/jmcs.07.04.06
http://doi.org/10.2478/s13531-013-0175-9

	Introduction
	Mathematical Formulation of the Problem
	Analytical Solution of the Glucose Concentration and Current Using Akbari-Ganji's Method
	Results and Discussion
	Conclusion
	Basic Concept of Akbari-Ganji's Method
	MATLAB Program to Find the Numerical Solution of eqns. (2.4) and (2.5)
	References

