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Abstract. In this paper, we consider the stiff systems of ordinary differential equations arising
from chemistry kinetics. We develop the fractional order model for chemistry kinetics problems
by using the Caputo Fabrizio and Atangana-Baleanu derivatives in Caputo sense. We apply the
Sumudu transform to obtain the solutions of the models. Uniqueness and stability analysis of
the problem are also established by using the fixed point theory results. Numerical results are
obtained by using the proposed schemes which supports theoretical results. These concepts are
very important for using the real-life problems like Brine tank cascade, Recycled Brine tank cascade,
pond pollution, home heating and biomass transfer problem. These results are crucial for solving
the nonlinear model in chemistry kinetics.
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1. Introduction

Some problems with the fractional derivatives which include the trigonometric and
exponential functions [3-8, 12, 14] show some related approaches for models of epidemic.
Different fractional operator is used in literature to solve the real life problems [2, 9, 10,
13, 15] . The chemical reaction has been introduced by Robertson as [1]:

*Corresponding author.
DOI: https://doi.org/10.29020/nybg.ejpam.v15i3.4406

Email addresses: j.asad@ptuk.edu.ps (Jihad Asad)

https://www.ejpam.com 1144 © 2022 EJPAM All rights reserved.



J. Asad et al. / Eur. J. Pure Appl. Math, 15 (3) (2022), 1144-1157 1145

A% B (1)
B+BBC+B. (2)
B+C8A+c. (3)

The problem has three equations, where ki,ke and ks describe the rate constants and
A.B and C are the chemical species contained. By using the mass action law, the get
y1 = —Miyr + M3yays,
yy = My — Mays — Msysys, (4)
Yy = Mays.
In this system y1(t), y2(t) and y3(t) are the concentrations of the chemical species A,B and
C. The initial time ¢ = 0 can be given by (yo1,¥02, ¥03)’ . Where M; = 0.04, Moy = 3 x 107
and M3 = 10%, and the initial concentrations were yo; = 1 /100000, yp2 = 0 and yp3 = 0.

Our new Caputo—Fabrizio fractional model for Robertson problem can therefore be written
as follows:

SEDLy1 = —Miys + Mayays,
SEDYys = Myiyr — Mays — Mzyays, (5)
SEDYys = May3.

2. Basic Definitions

Some basic definitions are given in this section [3-5, 12].

Definition 1. Sumudu transform for any function ¢(t) over a set is given as,
A = {p(t) : there exist A, 71,72 > 0, |¢(t)| < Aexp(|t|/7), if t € (—1)" x [0,00)}
1s described by

F(u) = STIo(0)] = [ expl(-t)out)dt,u € (~71, 7). (©
0
Definition 2. Atangana-Baleanu derivative in Caputo sense is described as [15] :
AB(a) [t d" —a(t —w)®
ABC na _ _
L7V DEo(t) = R /a dwnqﬁ(w)Ea n—a) dw,n—1<a<n. (7)

The Laplace transform of equation (7) is acquired as:

_ AB(a) (s“L[g(1)](s) — s*7¢(0))

L[ABC D 5 :
(47 DRop)(s) = Ao A 0
By using Sumudu transform (ST) for equation (7), we obtain
ST DRo(0))(5) = Dl (0 + 1) Eal; =) [ST(6(1) ~ 90)).  (9)



J. Asad et al. / Eur. J. Pure Appl. Math, 15 (3) (2022), 1144-1157

3. Caputo Fabrizio Derivative

By using Sumudu Transform on system (5), we have

ST(y1(t)) — y1(0)
1—p+pu

ST (y2(t)) — y2(0)
1—p+pu

ST(y3(t)) — y3(0)
1—p+pu

M (p) = ST[~Miy1 + M3yays),

M(p) = ST[Myy; — Mays — Mayays),

M (p) = ST[May3).

Rearranging the above equations yields:

1—p+pu
M(p)

1—p+pu
M(p)

1—p+pu
M(p)

ST(y1(t)) = y1(0) + ST[— My, + Mzyays],

ST (y2(t)) = y2(0) + ST[My, — Mays — Msyays),
ST (ys(t)) = y3(0) + ST[May3).

Taking inverse transform for system (11) gives:

(t) = (0) + ST =0 L ST My + Miyus),
(p)
y2(t) = y2(0) + STl[WST(M1y1 — May3 — Mzyays)],
(1) = 10(0) + ST P L ST ().
We get this recursive form as:
—p+pu

4.1
Y1 (1) (t) = y1(n) (0) + ST ST (—=Miy1(n) + M3y2(n)¥3(n))];

M (p)
1—p+pu

Y2(n+1) () = Y20 (0) + ST_l[WST(Man) — May3 n) — Msy2(n)¥3(m))],

1—p+pu

Y3(nt1)(t) = Y3y (0) + ST
And the solution of system (13) is obtained as:

yi(t) = m g1 (1), y2(t) = Hm ya0)(t), ys(t) = Hm yse(f).

n—oo

3.1. Stability Analysis of the Problem

Theorem 1. Let (X1,.) be a Banach space and P be a self-map of X1 satisfying
1Pr = Pyl| < Cllz = Prl| + cflz - y]]

1146

(10)

(11)

(13)

(14)
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for all x,y € X1, where 0 < C,0 < c¢ < 1. Consider that P is a P-Stable. We have

1. 1=—p+pu

Y1(nt1) (1) = Y1(n) (0) + ST 1{#5?(—%%(”) + M3ya(n)Y3(m))],

1. 1—=p+pu

Y2(n+1) (1) = Y202 (0) + ST 1[#”(]‘411/1@) = May3 () — Maya(yysm)], - (15)

1—p+pu

Y3(n+1)(£) = ¥3(n) (0) + ST M (p)

ST (Mays )]

Where IM)(—;S’“ is the fractional Lagrange multiplier.

Theorem 2. Let us describe a self-map P as

P(1(1)) = Y101 (8) = 1300 (0)+ ST~ [ f LA ST (=M oy + Moy
1-— U
P(y2((1) = o) (8) = () (0) + ST [ 75
ST(Miy1(ny — May3 ) — Mayam)ysm))];
_ _ i l=p+pu 2
P(y3(n)(t)) = Y3(nt1) (1) = Y3y (0) + ST [WS’T(MﬂD(n))]’
(16)
is P-Stable in L'(a,b) if
C = ([ = Mif(y) + Ms(K + L)h(7)], [1 + My f(7) — Mag(y) — M3(K + L)h(v)],
[1+ Mag(7))), (17)

¢ =(0,0,0).

Proof. We prove that P has a fixed point. For this, we evaluate the following for all
(m,n) € NxN.

1. 1l=p+pu

Py1n)(t)) = P(Y1(m) () = y1(n)(t) = Y1(m) (t) + ST 1[WST(_M1y1(n) + M3y2(n)Y3(n))]
1 l—p+pu

- ST 1[#511(*]\41&/1(@ + M3y2 (m)Y3(m))]s

1—p+pu

P(y2(n)(t)) = P(y2(m) (1)) = y2(n) (t) — y2(m) () + ST ST (Myy1(n) — Ma2y3 (n)

M(p)
1. 1=p+pu
+ M3ya(n)Y3(n))] — ST 1[#ST(]\LZA(M — May3 (m) — M3y2(m)¥3m))]s
1l —p+pu
P(ysn) (1) = P(Ys(m)(t)) = y3(n)(t) — y3(m) () + ST 1[WST(M2y§(n))]
1 l=p+pu 9
B A TG VAT I

(18)
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Considering equation (18) , we get

P (y10n) () — Py1m) )l = ly1(n) () — Y1) (B)]

_1.1 + pu
+ST 1[#ST(—M1y1(n) + M3y2(n)Y3n))]
1.1 —p+pu
—ST 1[#ST(_Mlyl(m) + M3y2(m)y3m))]|I-

Using triangular inequality for equation (19), we get

1P (Y1) () = PW1im) O = 19100y () = y1.(m) (D)

_ + pu
+ [|IST [#ST(—Mﬂh(n) + M3y2(n)Y3(n))]
1 l=p+pu
- 5T 1[#571(—]\41%@) + M3y2(m)ysm))] |l

Upon further simplification gives:

1P (y1(n) (1) — P(y1m) ) = [[y100)(£) — y10m) ()]

_ + pu
+ ST 1[#ST(—M11/1(71) + M3Y2(n)Y3(n) + M1Y1(m)
— M3Y2(m)Y3(m))]
1P (y1(n) (1) = P(y1im) ) = [[y100) () — y10m) () ]
1 1=—p+pu
+ ST LT g - Mi(y1(n) — viem) Il + [[M3y2(n) (Y3(n) — Y3

M(p)
A 1 M3Y3(m) (Y2(n) — Y2(m)) )]-

Y1) () = Y1) )| = Y200) () = Y2(m) @) ]

19100) () = 91 m) (D] = [[Y3(n) () = Y3m) (B
Replacing this in equation (22) gives:

1P (y1(n) () — Py1my @) = Y1) (1) —
1—p+pu

+ST Y ()

1 Msys m) (1 (n)

— +
1Py (8)) = P01y D] = 191y = 1y [1+ ST 1ST(#
L=ptpu

-1
ST (ST~ B

ST(|| = Mi(y1 () — Y1)l + ”M3y2(n)(y1(n) -y

MM (y2) + Y30m)l]

1148

(19)

(21)

(22)

(23)
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Since Y2(n), Y3(m) are bounded as they are convergent sequence, therefore, we can obtain
two different constants K,L for all “t” such that

ly2m)ll < K, [lysmll < L, (m,n) € NxN. (24)
Now considering equation (22) with equation (23), we get
[P (Y1n)(£)) = P(y1(my (D)l = (1 = My f () + Ms(K + L)h(Y) 1) — 16yl (25)

Where f,g and h are functions from ST’lST(%). Similarly we get

1P (Y2(n) (1)) = P(y2(m) ()] = (1 + M1 f(v) — Mag(y) — Ms(K + L)h(7))[ly2(n) — y2(T)H)
26
1P (3(n) () = P(y3(m) ()| = (1 + Mag(y))llys((n)) = y3m) | (27)
Where
1= M f(v) + M3(K + L)h(y) <1,

14+My f(v) — Mag(y) — Ms(K + L)h(y) <1,
1+M29(’7) < 17

Then, we get ¢ = (0,0,0),
C=(1—-Mf(y)+ Ms(K + L)h(v),

1+ My f(y) — Mag(vy) — M3(K + L)h(v),
1+ Mag(v)).

4. Atangana-Baleanu Derivative in Caputo Sense

We consider

SABC DRy = —Myyr + Mayays,
ABODyy = Myyy, — Mays — Mayays, (28)
07 Diys = Mays.

By using Sumudu transform, we have

B(Oé()f{(z;r g (- i i U STOn(0) = 11(0)) = STI=Miys + Magays,
B(Oé()lo{(z;r 1)Ea(_ i _1 3 w*) ST (ya(t) — y2(0)) = ST[Miyr — Mays — Msyays], (29)
B(Oé()loélig)Jr 1)Ea(_ (1 _1 ) w*)ST (ys(t) — y3(0)) = ST[May3).
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Rearranging the above equations gives:

1—«

B(a)al'(a + 1)Ea(—ﬁw0‘)

ST (y1(t)) = y1(0) + x ST[—Myy1 + M3zysys],

11—«

B(a)al'(a+ 1)Ea(—ﬁwa)

ST (y2(t)) = y2(0) +

x ST[Miy1 — Mays — Mayays], (30)

1—«

B(a)al'(a + 1)Eq(— (lia) w)

ST(ys(t)) = ys3(0) + x ST[May3).

1—a

B(a)al'(a+ 1)E.(— (lia) w)

y1(t) = y1(0) + ST x ST(=My1 + Mzy2ys3)),

1—a

B(a)al'(a + 1)Ea(—ﬁw°‘)

ya(t) = y2(0) + ST x ST(Myy; — Mays — Mzyays)),

l—a

B(a)al(a + l)Ea(—ﬁw“)

ys(t) = y3(0) + ST x ST (May3)).

Then, we get

_ l—«
Y1(nr1)(t) = Y10y (0) + ST 1[B(a)af(a + 1) Ea(— gy w®) -

(=)
ST (—=M1y1(ny + M3y2(n)Y3(n))];

_ 11—«
Bo(ue) (t) = 920(0) + ST g ) (32
@ -«

ST(M1y1 (n) — Moy () — Msya(m)y3 ()]

Y3 (1) = y3((n)(0) + ST~ 1)]

l—«

B(a)al'(a + 1)Ea(—%a)w°‘)

And the solution of system (32) is obtained as:
yi(t) = Jim 1) (1), ya(t) = Jim o) (t), ya(t) = lim () (t). (33)

4.1. Stability and Uniqueness of the Proposed Scheme

Assume that (X, |.|) is a Banach space and H a self-map of X. Let r,41 = f(Hry,) be
specific recursive procedure. The following condition must be fulfilled for 7,11 = Hr,

e The fixed point set of H possesses at least one element.
e 7, converges to a point p € F(H).

o limy, o0 zp(t) = p.
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Theorem 3. Suppose that (X,|.|) is a Banach space and H a self-map of X satisfying
[ He — He|| < Ol — Hyl| 4 0|z — 7|
for all x,r € X, where 0< O, 0< 0 < 1. Then H is Picard H-Stable.

Theorem 4. Describe H as a self-map:

l1-«a
B(a)al'(a+ 1)Ey(— (1 -

X ST(=M1yi(n) + M3y2(n)Y3(n))]

Hlya () (0] = 020 (8) = 920 (0) + ST [ e +11;Ea (Caaw®)  (34)
« l—«

X ST(Miy1(n) — M2y (n) — M3y2(m)¥3n))],
1l -«

H{y3(n1) ()] = Y3(n11) (1) = y3()(0) + ST_l[B(a)aF(a + 1) Ba(~ 2
a l—«o

x ST (May3 (n))]-

H{y1 (ns1) ()] = Y1 (ns1) () = 9106y () + ST )
)

")
Proof. By using norm properties, then the iteration is H-Stable

110 (0 = Bl (1] < g8 = s O] + ST et
(=)

X ST(=Milly1(ny — Y1 (m) | + Mslly2(n)Y3(n) — Y2(m)¥30m) D],

w)

1«
H{ya(o) (8)] = Hyam) O] < 920 () = v ()| + ST~
[ H (2 ()] [W2m) O < Y200y (8) = Y20y ()l [B(a)al“(aJrl)E = (11a)wa)
X ST(M1||y1(n) — Y1)l = M2llY3 ) — Y5 om) | = Mslly2 ) ¥3(n) — Y2(m)¥30my D],
1«
Hiys o (1)] — H < (@Ol + ST
1 H [y3(n) (1)] — H [y3m) (O] < Y3y (1) — y3m) ()l [B(a)ar(aJrl)E - (11a)wa)

xST(MzHyg(n) - y2(m) 1]-
(35)

Its satisfied in theorem 3, when

0 =1(0,0,0), © = ([[y1(n)() = Y1) O X [| = W10) (&) + Y1) O | = Mal[y1(n) — Y1)l +
M3ly2(m)¥3(n) — Y2(m)¥3em) | X Y2(0) () = Y20m) N X || = (Y2(n) (t )+y2 Y (O)I1+
My ) = viem | = Mally3 ) — Y5 (m || — M3lly2(n)ysn) — y?(m)y3 YIRS

||y3(n)( ) = 30m) (O X 1| = (U3 (n) (8) + Y3 0m) (O] + DMal|y3 () — Y3 oy 1)
(36)
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Theorem 5. The special solution of system (28) using the iteration method is unique
stngular solution.

Proof. By using Hilbert space H = L?((p,q) x (0,7)) which can be described as
h:(p,q) x (0,T) - R
Considering 0 = (0,0,0), © = (=Miys + Mayays, Miys — Moy — Maysys, Moys). We
have

T((y111)(t) — y112) (1), y221) (1) — Y2(22) (1), Y3(31) (1) — y3(32) (1)), (V1, V2, V3)).  (37)
we get

(=Mi(y111) — y112)) + M3(y2(21) — Y2(22)) (U3 (31) — ¥3(32))> V1) < Mallyian) — vl
IVl + Msllya2ry — y2c22) w331y — y3 32y VALl

(Mi(y1a1) — v1312)) — Ma(¥3(21) — Y3 (22)) — M3(y2(21) — ¥2(22)) (U3(31) — ¥3(32))> V)
< Ml”@/l(n) - y1(12)H||V2|| + M2||(y%(21) - y%(m))”

IVall + | + Mslly2(21) — v2c22) llwa31) — 332yl V2ll,

(M2(y%(21) - y%(m))ava) < M2||(y§(21) - y%(22))”||V3||

(38)
By using conditions, we get
lon =l o = vz < 25
ly2 = v2n)lls ly2 — y2(22) | < st, (39)
lys =yl lys — Y@zl < ng.
where
w=3(Milly111)y — vl + Mslly2e21) — v2(22) lllw331) — y3(32) DIVAll,
¢ =3(Millyian) — yiaz) |l + Mall(v321) — ¥3 @)l + Mallyz2) — v2(22) | (40)

1y3(31) — w3(a2) DI V2ll;
v = 3(Mal|(y3(21) — Y3 (22)) I V3]l

But, it is obvious that

(Millyrany — yiao)ll + Msllyzea1y — v2022) llys31) — Y32 ll) # 0
(Millyrany — viaz |+ Mall (43 21) — ¥3 22)) | + Mallya(21) — v202) lwsa1) — yssz)ll) # 0
(Mal|(y321) — Y3 (22))l1) # 0
Where|[Vi [, [[Vall, [|V3]| # 0
(41)
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Therefore, we have

Hyl(n) - 3/1(12)H =0, Hy2(21) - ?J2(22)H =0, Hy3(31) - y3(32)” =0, (42)
Which yields that

Y1(11) = Y1(12)» Y2(21) = Y2(22), Y3(31) = Y3(32) (43)

This completes the proof of uniqueness.

5. Results and Discussion

The mathematical analysis of chemistry kinetics model with non-linear occurrence has
been offered. Some convergence of theoretical results with some numerical method is also
given in [11]. In Figures 1, 2, 3, 4, 5, 6 the memory effect of fractional order technique for
Robertson problem has been demonstrated. Figures 1, 2, 3 represent the results by using
Caputo-Fabrizio derivative and Figures 4, 5, 6 are obtained with ABC derivative. We can
get better concentration of the components by using the fractional derivative which are
very important for chemical problem to check the actual behavior of the concentration of
the chemical with smallest changes in derivative with respect to time.

W <8 Proposed Method
| ' '
| —ua=1.0
a=0.97
L a=0.95| |
w=0.80
96
94
=
=Y
92
L
88
86

1] 05 1 15 2 25
t

Figure 1: Concentration results of y1 (¢) with CF operator at different fractional order .
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P Proposed Method
—(l:1.0
15 =097 ]
o=0.95
a=0.90
3 J
25 4
. |
& i
o 2 !
15
1 H - -
03 7
o 1 1 '
[} 05 1 15 2 25

t
Figure 2: Concentration results of y2(¢) with CF operator at different fractional order .

< 8 Proposed Method

14 T T T
(l=1.0
=097

ya(t)

1] 05 1 15 2 25
t

Figure 3: Concentration results of y3(¢) with CF operator at different fractional order .

6. Conclusion

1154

In this paper, we considered the stiff systems of nonlinear ordinary equations which
are depend on time t with given initial conditions. The new fractional operator has been
implemented to several initial value problems arising from chemical reactions composed
of large systems of stiff ordinary differential equations. By using the fixed point theory
results, stability and uniqueness of the chemistry kinetic model have been researched.
The arbitrary derivative of fractional order has been taken in the Caputo-Fabrizio sense
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1 < 1" Proposed Method

N a=1.0
LR < =097

07

03

0.2

Figure 4: Concentration results of y1(¢) with ABC operator at different fractional order .

AP (L : posed Me : :

© a=1.0
< a=097
| * a=095

a=0.90

2+ 4

1] 10 20 30 AD £ 1] 0

Figure 5: Concentration results of y2(t) with ABC operator at different fractional order .

with no singular kernel and Atangana-Baleanu in caputo sense with Mittag-Leffler kernel
respectively. Sumudu transform is used to obtain the results for proposed schemes. These
concepts are very important to use real life problems like Brine tank cascade, Recycled
Brine tank cascade, pond pollution, home heating and biomass transfer problem.
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<" Proposed Method

a=1.10

09 < a=097 /

0 ; /

1] 10 20 30 AD a5 b o
t

Figure 6: Concentration results of y3(¢) with ABC operator at different fractional order.
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