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Abstract: In this paper, a mathematical model for microbial treatment in livestock and poultry sewage
is proposed and analyzed. We consider periodic addition of microbial flocculants to treat microorgan-
isms such as Escherichia coli in sewage. Different from the traditional models, a class of composite
dynamics models composed of impulsive differential equations is established. Our aim is to study the
relationship between substrate, microorganisms and flocculants in sewage systems as well as the treat-
ment strategies of microorganisms. Precisely, we first show the process of mathematical modeling by
using impulsive differential equations. Then by using the theory of impulsive differential equations,
the dynamics of the model is investigated. Our results show that the system has a microorganisms-
extinction periodic solution which is globally asymptotically stable when a certain threshold value is
less than one, and the system is permanent when a certain threshold value is greater than one. Fur-
thermore, the control strategy for microorganisms treatment is discussed. Finally, some numerical
simulations are carried out to illustrate the theoretical results.

Keywords: sewage treatment; control strategy; impulsive differential equation; globally asymptotical
stability; permanence

1. Introduction and model formulation

With the improvement of people’s living standards, people’s demand for food, especially various
meat product is growing. According to the statistics of the US Department of Agriculture, in 2014, the
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per capita consumption of red meat and chicken reached 100.4 pounds and 83.8 pounds, respectively.
In 2015, these indicators reached 104.2 pounds and 89.3 pounds respectively, and these indicators in-
creased year by year, by 2017, these indicators reached 108.2 pounds and 92.1 pounds respectively,
compared with 2014, the growth rate has reached 7.7% and 9.9% respectively [1, 2]. People’s depen-
dence on meat food has stimulated the prosperity of the global livestock and poultry industry, which
has spawned farms of different sizes. However, livestock and poultry farms produce a large amount
of sewage every day. This sewage mainly include livestock and poultry urine and feces, feed residues,
washing water and sewage generated by workers’ production [3, 4]. Moreover, the sewage contains
lots of pathogens, such as Escherichia coli, Enterococcus, Ascaris eggs and so on. The indiscriminate
discharge and treatment of aquaculture sewage have caused serious environmental pollution [5,6]. The
pollution caused by livestock and poultry farming has become the third largest source of pollution after
industrial pollution and domestic pollution. Therefore, how to treat sewage from livestock and poultry
farming effectively has become an important issue in sewage treatment.

Many environmental protection experts and scholars have conducted in-depth research and got
many excellent results [7–10]. Numerous studies have shown that microbial flocculants can floccu-
late bacteria such as Escherichia coli and yeast through various mechanisms of action such as adsorp-
tion bridging [11], electrical neutralization [12], and chemical reaction [13], which makes it possible
to remove microorganisms by adding microbial flocculation to sewage [14]. The earliest flocculant-
producing bacteria were screened from activated sludge by Butterfield [15]. In 1976, Nakamura J et
al. screened microorganisms with flocculation ability from molds, bacteria, actinomycete, etc., among
which the flocculation effect produced by Aspergillus sojae was the best, thus opening up the up-
surge of microbial flocculants [16]. In 1985, Takagi H et al. studied the flocculant PF101 produced
by the pseudomycin penicillin microorganism. PF101 has good flocculation effect on Bacillus sub-
tilis, Escherichia coli, brewer’s yeast, activated sludge, etc. [17]. In 1986, Kurane et al. developed a
bioflocculant NOC-1 using Rhodococcus erythropolis, which has excellent flocculation and the decol-
orization effect for E. coli, yeast, muddy water, river water, fly ash water, expanded sludge, and pulp
sewage which is the best microbial flocculating floc found at present [18]. With the development of
microbial flocculants, new flocculants have emerged in recent years. In [19], Salehizadeh et al. stud-
ied the flocculant produced by Pasteurella and used the flocculant to flocculate dye wastewater and
yeast wastewater well. Zhang et al. [20] studied the characteristics of high flocculating active micro-
bial flocculant TJ-F1 produced by Proteus mirabilis and its flocculation mechanism. Recently, Song
et al. proposed some models describing biodegradation of Microcystins [21–23]. Guo et al. [24, 25]
considered two delayed microorganism flocculation models with different functional responses.

Previous work on general livestock and poultry sewage treatment process [24, 25] motivated us in
considering addition of a suitable microbial flocculant to eliminate microorganisms in the supernatant
after the second precipitation (Figure 1). We try to establish some mathematical models to describe the
kinetics of the treatment of microorganisms in sewage by using microbial flocculants.

First, we give the classical chemostat model, in which a population of microorganisms depend on a
single growth limiting substrate, the two-dimensional system can be formulated as follows

dS (t)
dt

= D(S 0 − S (t)) −
µmS (t)x(t)
δ(Km + S (t))

,

dX(t)
dt

=
µmS (t)X(t)
Km + S (t)

− DX(t),
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where S (t), X(t) stand for the concentration of substrate, microorganisms in sewage at time t, respec-
tively. D is the dilution rate, µm and δ represent the maximum growth rate and a growth yield constant,
respectively. Km represents the half-saturation constant. S 0 is the initial input concentration of sub-
strate.

Second, we consider adding a certain flocculant to remove E. coli from sewage. Let P(t) stand
for the concentration of flocculants in sewage at time t, considering the saturation effect of microbial
flocculation, the consumption of flocculants can be expressed as h3X(t)P(t)

Ks+X(t) and the amount of microor-
ganisms flocculated by microbial flocculants can be expressed as h2X(t)P(t)

Ks+X(t) . Then we get the equations
of concentration change of flocculants and microorganisms during treatment respectively as follows,

dP(t)
dt

= D(P0 − P(t)) −
h3X(t)P(t)
Ks + X(t)

,

and
dX(t)

dt
=
µmS (t)X(t)
Km + S (t)

− DX(t) −
h2X(t)P(t)
Ks + X(t)

,

where Ks represents the half-saturation constant, h3 and h2 are the maximum consumption rate of
flocculants and the maximum flocculation rate, respectively. P0 is the initial input concentration of
flocculants. Then, a mathematical model by the ordinary differential equations (ODEs) is proposed to
describe continuous eliminating microorganisms process using microbial flocculants as follows,

dS (t)
dt

= D(S 0 − S (t)) −
µmS (t)X(t)
δ(Km + S (t))

,

dX(t)
dt

=
µmS (t)X(t)
Km + S (t)

− DX(t) −
h2X(t)P(t)
Ks + X(t)

,

dP(t)
dt

= D(P0 − P(t)) −
h3X(t)P(t)
Ks + X(t)

,

(1.1)

system (1.1) describes the process of treating microorganisms in sewage by continuously adding mi-
crobial flocculants based on a chemostat system.
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Figure 1. Flow-process diagram.

However, sewage treatment is a discontinuous process [26–29]. Generally, a certain amount of
flocculant is released at intervals to treat microorganisms in sewage. Therefore, the concentration
change of the flocculant in the system is not a continuous process, and the concentration of flocculant
in the system will change sharply in the initial stage of flocculant delivery. This sharp change can be
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represented by Impulsive Differential Equations (IDEs), mathematically. In the past 20 years, IDEs
have received extensive attention, and have been widely used in predator-prey model [32–43], chemo-
stat model [44–52], epidemic model [53–58] and general theoretical study [59–61]. Then based on
model (1.1), by introducing microbial flocculants periodically, a more realistic model for eliminating
microorganisms is proposed as follows,

dS (t)
dt

= D(S 0 − S (t)) −
µmS (t)X(t)
δ(Km + S (t))

,

dX(t)
dt

=
µmS (t)X(t)
Km + S (t)

− DX(t) −
h2X(t)P(t)
Ks + X(t)

,

dP(t)
dt

= −DP(t) −
h3X(t)P(t)
Ks + X(t)

,


t , nT,

∆S (t) = 0,
∆X(t) = 0,
∆P(t) = γP0,

 t = nT,

(1.2)

where T is the impulsive period, γP0 is the amount of flocculant added in each period T. ∆P(t) =

P(nT +) − P(nT−). P(nT +) = lim
t→nT +

P(t), P(t) is left continuous at t = nT, S (t) and X(t) are continuous
for all t ≥ 0.

This paper is organized as follows, some preliminary knowledge are given in Section 2. Then the
global dynamics of system (1.2) are analyzed in Section 3, more precisely, the existence and globally
asymptotic stability of the microorganisms-extinction periodic solution are discussed in the first part
and the permanence of system (1.2) is discussed in the second part. The control strategy for microbial
treatment is investigated in Section 4. In Section 5, an example with some computer simulations are
given to illustrate the theoretical results. At last, a brief conclusion is given in Section 6.

2. Preliminaries

In this section, we will give some preliminary knowledge. Let N be the set of all non-negative
integers, and R+ = [0,∞),R3

+ = {x ∈ R3 : x ≥ 0},Ω = intR3
+. Denote the solution of system (1.2)

by X = (S (t), X(t), P(t)) : R+ → R3
+, then X is continuously differentiable on ((n − 1)T, nT )(n ∈ N),

moreover, the global existence and uniqueness of solutions of system (1.2) can be guaranteed by the
smoothness properties of f , where the map f = ( f1, f2, f3)T is defined by the system (1.2).

Definition 2.1. ( [62,63]) Suppose M : R+×R3
+ → R+, and M is continuous in ((n−1)T, nT ]×R3

+, n ∈ N,
for each x ∈ R3

+, lim(t,u)→(nT +,x) M(t, z) exist, and M is locally Lipschitz continuous with respect to x in
((n − 1)T, nT ] × R3

+, n ∈ N. Then for (t, x) ∈ ((n − 1)T, nT ] × R3
+, n ∈ N, the upper right derivative of

M(t, x) with respect to (1.2) can be defined as

D+M(t, x) = lim sup
h→0+

1
h

[M(t + h, x + h f (t, x)) − M(t, x)].

Lemma 2.1. [54] Consider the impulsive differential system
dh(t)

dt
= c − dh(t), t , nT, n ∈ N,

∆h(t) = µ, t = nT, n ∈ N,
(2.1)
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then system (2.1) has a globally attractive T periodic solution h∗(t), where

h∗(t) =
c
d

+
µe−d(t−nT )

1 − e−dT .

Lemma 2.2. Let T (t) = (S (t), X(t), P(t)) be a solution of system (1.2) satisfying T (0+) ≥ 0, then
T (t) ≥ 0 for all t ≥ 0.

Lemma 2.3. For the solution (S (t), X(t), P(t)) of system (1.2), we have

lim sup
t→∞

S (t) ≤ S 0 = M1, lim sup
t→∞

X(t) ≤ δS 0 = M2, lim sup
t→∞

P(t) ≤
γP0eDT

eDT − 1
= M3.

In fact, by standard analytical methods, it is easy to get that the solution of system (1.2) is ultimately
bounded. This method is similar to [36], here, we omit it.

3. Global dynamics analysis for model (1.2)

3.1. Existence and globally asymptotic stability of the microorganisms-extinction periodic solution

At first, we discuss the case in which the microorganisms eventually become extinct. To this end,
let X(t) = 0 in system (1.2), a low dimensional system is obtained as follows,

dS (t)
dt

= D(S 0 − S (t)),
dP(t)

dt
= −DP(t),

 t , nT,

∆S (t) = 0,
∆P(t) = γP0,

 t = nT.

(3.1)

Then according to Lemma 2.1, the system (3.1) has a globally attractive positive T periodic solution
(S ∗(t), P∗(t)), where S ∗(t) = S 0,

P∗(t) =
γP0e−D(t−nT )

1−e−DT ,
(3.2)

thus, for system (1.2), we know that system (1.2) has a microorganisms-extinction periodic solution
(S 0, 0, P∗(t)).

Next, we further investigate the globally asymptotic stability of solution (S 0, 0, P∗(t)). Let

R =

µmS 0
Km+S 0

T

DT +
h2γP0
KsD

,R′ =

µmS 0
Km+S 0

T

DT +
h2γP0

(Ks+M2)(D+
h3 M2

Ks+M2
)

,

then the following theorem is obtained.

Theorem 3.1. If R′ < 1, then the microorganisms-extinction periodic solution (S 0, 0, P∗(t)) is globally
asymptotical stable.
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Proof. The proof is divided into two steps. Firstly, we prove that the microorganisms-extinction peri-
odic solution is locally stable by using Floquet theory [62] and a small amplitude perturbations meth-
ods. By transformation, let S (t) = v1(t) + S 0, X(t) = v2(t), P(t) = v3(t) + P∗(t), for 0 ≤ t < T, there may
be written 

v1(t)
v2(t)
v3(t)

 = Ψ(t)


v1(0)
v2(0)
v3(0)

 ,
where Ψ satisfies

dΨ(t)
dt

=


−D µmS 0

δ(Km+S 0) 0
0 µmS 0

Km+S 0
− D − h2

Ks
P∗(t) 0

0 −
h3P∗(t)

Ks
−D

 Ψ(t),

and Ψ(0) is the identity matrix. Thus we get

Ψ(t) =


e−Dt ∗ 0

0 e
∫ t

0 ( µmS 0
Km+S 0

−D− h2
Ks

P∗(t))dt 0
0 ∗∗ e−Dt

 .
Linearizing the impulse expression of system (1.2) yeilds

v1(nT +)
v2(nT +)
v3(nT +)

 =


1 0 0
0 1 0
0 0 1




v1(nT )
v2(nT )
v3(nT )

 .
Let

M =


1 0 0
0 1 0
0 0 1

 Ψ(T ),

the eigenvalues are λ1 = e−DT < 1, λ2 = e
∫ T

0

(
µmS 0

Km+S 0
−D− h2

Ks
P∗(t)

)
dt
, λ3 = e−DT < 1. If∫ T

0

(
µmS 0

Km + S 0
− D −

h2

Ks
P∗(t)

)
dt < 0,

then λ2 < 1. By calculating the above integral, we can get

µmS 0

Km + S 0
T < DT +

h2γP0

KsD
,

if let

R =

µmS 0
Km+S 0

T

DT +
h2γP0
KsD

,

obviously, if R < 1, then | λ2 |< 1. While, we let

R′ =

µmS 0
Km+S 0

T

DT +
h2γP0

(Ks+M2)(D+
h3 M2

Ks+M2
)

> R.
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Obviously, R′ > R. Thus if R′ < 1, we have | λ2 |< 1. Therefore by Floquet theory [62], we obtain
that (S 0, 0, P∗(t)) is locally stable.

Next step, we will discuss the globally attractive. Since R′ > 1, we can choose two arbitrary
positive numbers ε1, ε2 such that

δ =

(
µm(S 0 + ε1)

Km + (S 0 + ε1)
− D +

h2ε2

Ks + M2

)
T −

h2γP0

(Ks + M2)(D + h3 M2
Ks+M2

)
< 0.

From system (1.2), one can get 
dS (t)

dt
≤ D(S 0 − S (t)), t , nT,

∆S (t) = 0, t = nT.

Construct the auxiliary system 
du1(t)

dt
= D(S 0 − u1(t)), t , nT,

∆u1(t) = 0, t = nT,

u1(0) = S (0),

by Lemma 2.1, we have u1(t) → S 0 as t → ∞. By the comparison theorem of ODEs [64], we have
S (t) ≤ u1(t), then for arbitrarily small positive number ε1,

S (t) ≤ u1(t) < S 0 + ε1 (3.3)

holds for all t large enough.
On the other hand, we can also get from system (1.2),

dP(t)
dt
≥ −

(
h3M2

Ks + M2
+ D

)
P(t), t , nT,

∆P(t) = γP0, t = nT,
(3.4)

then construct the auxiliary system
du2(t)

dt
= −

(
h3M2

Ks + M2
+ D

)
u2(t), t , nT,

∆u2(t) = γP0, t = nT,

u2(0) = P(0),

(3.5)

by Lemma 2.1, we have u2(t)→ u∗2(t) (t → ∞), where

u∗2(t) =
γP0e−( h3 M2

Ks+M2
+D)(t−nT )

1 − e−( h3 M2
Ks+M2

+D)T
, nT < t ≤ (n + 1)T

is the periodic solution of system (3.5). According to the comparison theorem of IDEs, we obtain
P(t) ≥ u2(t) and for sufficiently small ε2 > 0,

P(t) ≥ u2(t) > u∗2(t) − ε2 (3.6)
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holds for all t large enough.
On the other hand, by the second equation, the fifth equation, (3.3) and (3.6), one can get that

dX(t)
dt
≤

[
µm(S 0 + ε1)

Km + (S 0 + ε1)
− D −

h2

Ks + M2
(u∗2(t) − ε2)

]
X(t) (3.7)

for all t large enough.
Integrating both sides of (3.7) from nT to (n + 1)T yields

X((n + 1)T ) ≤ X(nT +) exp
∫ (n+1)T

nT

(
µm(S 0 + ε1)

Km + (S 0 + ε1)
− D −

h2

Ks + M2
(u∗2(t) − ε2)

)
dt

= X(nT )eδ.

Then we have X(nT ) ≤ X(0+)enδ. Since δ < 0, hence X(nT ) → 0 and because 0 ≤ X(t) ≤
X(nT ) exp

(
µmS 0

Km+S 0

)
T holds for nT < t ≤ (n + 1)T, therefore, we get X(t)→ 0 as t → ∞.

Since limt→+∞ x(t) = 0, thus for any ε > 0, there has a T1 > 0 such that X(t) < ε for t ≥ T1. Then by
first equation of (1.2), we get

DS 0 −

(
D +

εµm

δKm

)
S (t) ≤

dS (t)
dt
≤ D(S 0 − S (t)).

Consider the following auxiliary systems

dz1(t)
dt

= DS 0 − (D +
εµm

δKm
)z1(t) (3.8)

and
dz2(t)

dt
= D(S 0 − z2(t)). (3.9)

Let z1(t) and z2(t) are solutions of (3.8) and (3.9), respectively. There have z1(t) → D
D+

εµm
δKm

S 0, z2(t) →
S 0(t → ∞). Thus for any ε1 > 0, there exist T2 > 0 and T3 > 0 such that

z1(t) >
D

D +
εµm
δKm

S 0 − ε1 and z2(t) < S 0 + ε1

for t > T2 and t > T3, respectively. By the comparison theorem of IDEs, for any ε1, there must exist
T4 = max{T2,T3} such that

z1(t) ≤ S (t) ≤ z2(t),

for t > T4. Then we have
D

D +
εµm
δKm

S 0 − ε1 < S (t) < S 0 + ε1.

Let ε→ 0, we get
S 0 − ε1 < S (t) < S 0 + ε1,

i.e., S (t)→ S 0 as t → ∞.
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Similarly, from system (1.2), one can get that

−

(
D +

εh3

Ks + ε

)
P(t) ≤

dP(t)
dt
≤ −DP(t).

Consider the following auxiliary systems
du3(t)

dt
= −

(
εh3

Ks + ε
+ D

)
u3(t), t , nT,

∆u3(t) = γP0, t = nT,

u3(0+) = P(0+),

(3.10)

and 
du4(t)

dt
= −Du4(t), t , nT,

∆u4(t) = γP0, t = nT,

u4(0+) = P(0+),

(3.11)

where u3(t) and u4(t) are solutions of (3.10) and (3.11), respectively. Then have u3(t)→ u∗3(t), u4(t)→

P∗(t)(t → ∞), where u∗3(t) =
γP0e−(D+

εh3
Ks+ε )(t−nT )

1−e−(D+
εh3

Ks+ε )T
, nT < t ≤ (n + 1)T. Thus for any ε2 > 0, there exist T5 > 0

and T6 > 0 such that
u3(t) > u∗3(t) − ε2 and u4(t) < P∗(t) + ε2

for t > T5 and t > T6, respectively. By the comparison theorem of IDEs, for any ε2, there must exist
T7 = max{T5,T6} such that

u3(t) ≤ P(t) ≤ u4(t),

then we obtain
γP0e−(D+

εh3
Ks+ε )(t−nT )

1 − e−(D+
εh3

Ks+ε )T
− ε2 < P(t) < P∗(t) + ε2, (3.12)

let ε→ 0, then we have P(t)→ P∗(t) (t → ∞). The proof is completed. �

3.2. Permanence

Theorem 3.2. System (1.2) is permanent if R > 1 holds.

Proof. By Lemma 2.3, we obtain that the solution of system (1.2) is ultimately bounded. Then to
prove the permanence of system (1.2), we only need find three positive constants l1, l2 and l3 such that
S (t) ≥ l1, X(t) ≥ l2, P(t) ≥ l3 for t large enough.

We assume S (t), X(t), P(t) ≤ M for all t ≥ 0. At first, from system (1.2), we obtain
dS (t)

dt
≥ DS 0 −

(
D +

µmM
δKm

)
S (t), t , nT,

∆S (t) = 0, t = nT.

By the comparison theorem of ODEs, we can derive that

S (t) >
DS 0

D +
µm M
δKm

− ε = l1 > 0
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for t large enough. And from (3.4), (3.5) and (3.6), we can obtain

P(t) ≥ u2(t) > u∗2(t) − ε >
γP0e−(D+

h3 M
Ks+M )T

1 − e−(D+
h3 M

Ks+M )T
−ε = l3 > 0 (3.13)

for t large enough. Next, we aim to get l2 > 0 such that X(t) > l2 for t large enough. We will implement
it in two steps.

Step one. Choose l4 =
Dδ(R−1)(Km+S 0)

µm(R+1) , because R > 1, then l4 > 0. Let

χ =

(
µmα

Km + α
− D

)
T −

h2γP0

KsD
,

where α = DS 0

D+
µml4
δKm

. Since R =

µmS 0
Km+S 0

T

DT+
h2γP0
KsD

, then we have

µmS 0T
Km + S 0

=

(
DT +

h2γP0

KsD

)
R,

thus we have

χ =

(
µmα

Km + α
− D

)
T −

h2γP0

KsD
> 0.

Therefore, there exist two positive constants ε1, ε2 small enough such that

η =

[(
µm(α − ε1)

Km + (α − ε1)

)
− D

]
T − h2

(
γP0

KsD
+ ε2T

)
> 0.

In the following, we shall show that x(t) < l4 cannot hold for all t ≥ 0. If not, let us return to system
(1.2), by simple inequality, we have

dS (t)
dt
≥ DS 0 −

(
D +

µml4

δKm

)
S (t), t , nT,

∆S (t) = 0, t = nT.

By the comparison theorem of ODEs, for t large enough we have

S (t) >
DS 0

D +
µml4
δKm

− ε1 = α − ε1. (3.14)

From (3.12), we obtain

P(t) < P∗(t) + ε2 =
γP0e−D(t−nT )

1 − e−DT + ε2. (3.15)

Thus by (3.14) and (3.15), we obtain

dX(t)
dt
≥

(
µm(α − ε1)

Km + (α − ε1)
− D −

h2

Ks
(P∗(t) + ε2)

)
X(t). (3.16)
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Integrating (3.16) on (nT, (n + 1)T ], n ∈ N yields

X((n + 1)T ) ≥ X(nT +)
∫ (n+1)T

nT

(
µm(α − ε1)

Km + (α − ε1)
− D −

h2

Ks
(P∗(t) + ε2)

)
dt

= X(nT )
∫ (n+1)T

nT

(
µm(α − ε1)

Km + (α − ε1)
− D −

h2

Ks
(P∗(t) + ε2)

)
dt

= X(nT ) expη .

Then we obatain X((N + n)T ) ≥ X(NT )enη → ∞ as n → ∞, which is contradictory with the bounded-
ness of system (1.2). Hence there has a t1 > 0 such that X(t1) ≥ l4.

Step two. If X(t) > l4 for all t ≥ t1, then our goal is achieved. Otherwise, denote tM = inft>t1{X(t) <
l4}, then we have X(t) ≥ l4 for t ∈ [t1, tM] and X(tM) = l4, assume there exists n1 ∈ Z+ such that
tM ∈ (n1T, (n1 + 1)T ). According to the change of x(t) in the interval (n1T, (n1 + 1)T ), there have two
subcases to be discussed.

Case one, If X(t) ≤ l4 for all t ∈ (tM, (n1 + 1)T ). Let n2, n3 ∈ N such that

n2T > max{
1
D

ln
M +

γP0
1−e−DT

ε
,

1
D

ln
M + S 0

ε
},

e(n2+1)δT en3η > 1,

where

δ = h
(

DS 0

D + h1l4
− ε1

)
−

h2M
Ks
− D < 0.

We can confirm that there has a t2 ∈ [(n1 + 1)T, (n1 + 1 + n2 + n3)T ] such that X(t2) > l4. If not, let us
consider the following system,

du5(t)
dt

= DS 0 −

(
D +

µml4

δKm

)
S (t), t , nT,

∆S (t) = 0, t = nT,

u5((n1 + 1)T +) = S ((n1 + 1)T +),

and 
du4(t)

dt
= −Du4(t), t , nT,

∆u4(t) = γP0, t = nT,

u4((n1 + 1)T +) = P((n1 + 1)T +),

we have
u5(t) = (u5(tM+) − u∗5(0))e−D(t−(n1+1)) + u∗5(t)

and
u4(t) = (u4(tM+) − u∗4(0))e−D(t−(n1+1)) + u∗4(t)

for t ∈ [(n1 + 1)T, (n1 + 1 + n2 + n3)T ]. Then

|u5(t) − u∗5(t)| ≤ (M + S 0)e−D(t−(n1+1)T ) < ε,
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and
|u4(t) − P∗(t)| ≤ (M +

γP0

1 − e−DT )e−D(t−(n1+1)T ) < ε,

this makes (3.16) hold for t ∈ [(n1 + 1)T, (n1 + 1 + n2 + n3)T ]. Thus integrating both sides of (3.16)
from (n1 + 1 + n2)T to (n1 + 1 + n2 + n3)T ] yields

X((n1 + 1 + n2 + n3)T ) ≥ X((n1 + 1 + n2)T )en3η. (3.17)

On the other hand, we can also obtain from system (1.2),

dX(t)
dt
≥

(
h
(

DS 0

D + h1l4
− ε1

)
− D −

h2M
Ks

)
X(t), (3.18)

by integrating both sides of system (3.18) from tM to (n1 + 1 + n2)T, we get

X((n1 + 1 + n2)T ) ≥ X(tM)e(n1+1+n2−tM)δT ≥ l4e(n2+1)δT . (3.19)

From the above system and (3.17), one can have

X((n1 + 1 + n2 + n3)T ) ≥ l4e(n2+1)δT en3η > l4,

The result is contradictory.
Denote t̃ = inf

t>tM
{X(t) > l4} , then for t ∈ (tM, t̃), X(t) ≤ l4 and X(t̃) = l4. For t ∈ (tM, t̃), suppose

t ∈ (n1T + (k − 1)T, n1T + kT ′], k ∈ Z+, k ≤ 1 + n2 + n3, one can get

X(t) ≥ l4ekδT ≥ l4e(1+n2+n3)δT .

Let l2 = l4e(1+n2+n3)δT < l4, then X(t) ≥ l2 for t ∈ (tM, t̃). For the case t > t̃, the same arguments can be
continued since x(t̃) ≥ l4. Thus X(t) ≥ l2 for all t > t1.

Case two, there has a t ∈ (tM, (n1 + 1)T ) such that X(t) > l4. Choose tMM = inf
t>tM
{X(t) > l4} , then for

t ∈ (tM, tMM), X(t) ≤ l4 and X(tMM) = l4. For t ∈ (tM, tMM), (3.18) holds true, by integrating (3.18) from tM

to tMM), we can get
X(t) ≥ X(tM)eδ(t−tM) ≥ l4eδT > l2.

Because X(tMM) ≥ l2 for all t > tMM, the same arguments can be continued. Thus X(t) ≥ l2 for all t ≥ t1.

This completes the proof of Theorem 3.2. �

4. Control strategy for microorganisms treatment

In Section 3, we get the thresholds which can determine the extinction and existence of the mi-
croorganisms. In this section, we investigate the control strategy for microorganisms treatment based
on the thresholds. By theorem 3.1, if the threshold R′ < 1, then the microorganisms-extinction pe-
riodic solution (S 0, 0, P∗(t)) is globally asymptotically stable. Biologically, the microorganisms will
eventually become extinct. Then, in order to eliminate harmful microorganisms in sewage, we can
take the following two control strategies.

Denote
T ∗ =

h2γP0(Km + S 0)

(Ks + M2)(D + h3 M2
Ks+M2

)[µmS 0 − D(Km + S 0)]
,
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γP∗0 =
T [µmS 0 − D(Km + S 0)](Ks + M2)(D + h3 M2

Ks+M2
)

h2(Km + S 0)
.

[
P0

T
]M =

[µmS 0 − D(Km + S 0)](Ks + M2)(D + h3 M2
Ks+M2

)

h2γ(Km + S 0)

Control strategy I. Shorten the time interval T for entering the flocculants such that T < T ∗. Biologi-
cally, shorter pulse action intervals increase the efficiency of using flocculants, which helps to eliminate
the microorganisms in sewage.

Control strategy II. Keep the time interval between the input of flocculant and increase the amount
of flocculant such that P0 > P∗0. Biologically, higher concentrations of flocculants help to eliminate
microorganisms.

Also, we can get the threshold value of P0
T , the average amount of flocculants added in the long

run. Whether it is shortening the time interval T such that T < T ∗ or increasing the amount of floccu-
lant such that P0 > P∗0, it will eventually increase the usage of flocculant per unit of time P

T such that
P
T > [ P0

T ]M, while higher concentrations of flocculants is beneficial to the removal of harmful microor-
ganisms.

Under above control strategies, we can achieve the treatment process of microorganisms by reducing
the time interval for adding flocculants and increase the amount of flocculant used in each treatment
cycle in the actual sewage treatment process.

5. An example and computer simulations

In this section, we give an example with some computer simulations to illustrate the theoretical
results and the the control strategy. Let basic parameters be S 0 = 4,D = 0.5, h2 = 2.5, h3 = 0.05, µm =

1.5, δ = 0.1,Km = 0.5,Ks = 0.5,Ka = 0.5, γ = 1, then we can obtain

dS (t)
dt

= 0.5(4 − S (t)) −
1.5S (t)X(t)

0.1(0.5 + S (t))
,

dX(t)
dt

=
1.5S (t)X(t)
0.5 + S (t)

− 0.5X(t) −
2.5X(t)P(t)
0.5 + X(t)

,

dP(t)
dt

= −0.5P(t) −
0.05X(t)P(t)

0.5 + X(t)
,


t , nT,

∆S (t) = 0,
∆X(t) = 0,
∆P(t) = P0,

 t = nT.

(5.1)

Let the initial value be (0.5, 0.5, 0). First, we let P0 = 0.15,T = 2, by simple calculation, we obtain R =

1.0667 > 1, by Theorem 3.2, we know that the system is permanent. Biologically, the microorganisms
will exist in sewage for a long time. Numerical simulation shows, with the periodical input of flocculant
(see Figure 2(c)), the microorganisms and substrate produce periodic oscillations (see Figure 2(a)
and 2(b)). Mathematically, the system produces a global asymptotically stable periodic solution (see
Figure 2(d)).

In order to verify the control strategy I, we choose to reduce the period T of the pulse action (for
example, from 2 to 0.8), by simple calculation, we obtain R′ = 0.8942 < 1. By Theorem 3.1, the
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system has a globally asymptotically stable microorganisms-extinction periodic solution (S 0, 0, P∗(t))
(see Figure 3(d)), this makes the microorganisms eventually extinct (see Figure 3(b)). At this time, the
substrate and flocculant approach the periodic solution (S 0, P∗(t)) due to the action of the pulse (see
Figure 3(a) and 3(c)).

Next, in order to verify the control strategy II, we increase the amount of flocculant used γP0 (for
example, from 0.15 to 0.35, and other parameters are the same with those in Figure 2). By calculation,
we obtain R′ = 0.9357 < 1. By Theorem 3.1, the system produces a global asymptotically stable
periodic solution (see Figure 4(d)), that is, the microorganisms will eventually extinct.

If we use strategies I and II at the same time, the harmful microorganisms can be removed more
quickly (see Figure 5(b)).

In summary, computer simulations show that the control strategy is effective. The time of the
pulse action T and the amount of flocculant used γP0 have an important influence on the removal of
harmful microorganisms. From Figure 2(b), Figure 3(b) and Figure 4(b), we can see that the harmful
microorganisms that have existed for a long time in the system will eventually be eliminated under the
control strategy I or II.

Table 1. Threshold, state of system and the corresponding figures.

T γP0 The threshold value Microorganisms Figure
2 0.15 R = 1.0667 > 1 permanence Figure 2

0.8 0.15 R′ = 0.8942 < 1 extinction Figure 3
2 0.35 R′ = 0.9357 < 1 extinction Figure 4

0.8 0.35 R′ = 0.4741 < 1 extinction Figure 5

6. Conclusion

In this paper, a mathematical model by impulsive differential equations is proposed to describe the
process of eliminating microorganisms from livestock and poultry sewage by adding microbial floccu-
lants. In the model, we establish the law of variation among substrate, microorganisms and flocculants.
Using standard mathematical theories and methods, we analyze the evolution of variables over time in
the model system. We prove that the system has a microorganisms-extinction periodic solution which
is globally asymptotically stable if R′ < 1. Biologically, this means that microorganisms will eventu-
ally be eliminated from the system. And if R > 1, we prove that the system is permanent, that is, the
substrate, microorganisms and flocculants will coexist for a long time. Based on theoretical analysis,
we discuss control strategies for eliminating microorganisms. Our results show that microorganisms
can be eliminated by adjusting the time interval for adding flocculants and the amount of flocculant
used.
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Figure 2. Basic behavior of solutions of the system (5.1) where R = 1.0667 > 1.
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Figure 3. Basic behavior of solutions of the system (5.1) where R′ = 0.8942 < 1.
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Figure 4. Basic behavior of solutions of the system (5.1) where R′ = 0.9357 < 1.
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Figure 5. Basic behavior of solutions of the system (5.1) where R′ = 0.4741 < 1.
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5. R. Rajagopal and D. I. Massé, Start-up of dry anaerobic digestion system for processing solid
poultry litter using adapted liquid inoculum, Process Saf. Environ., 102 (2016), 495–502.

6. R. K. Upadhyay, K. Ranjit, J. Datta, et al., Emergence of spatial patterns in a damaged diffusive
eco-epidemiological system, Internat. J. Bifur. Chaos., 28 (2018), 1830028.

7. W. Zhang, Y. Wei and Y. Jin, Full-scale processing by anaerobic baffle reactor, sequencing batch
reactor, and sand filter for treating high-salinity wastewater from offshore oil rigs, Processes, 6
(2018).

8. T. Zhang, Global analysis of continuous flow bioreactor and membrane reactor models with death
and maintenance, J. Math. Chem., 50 (2012), 2239–2247.

9. T. Zhang, Z. Chen and M. Han, Dynamical analysis of a stochastic model for cascaded continuous
flow bioreactors, J. Math. Chem., 52 (2014), 1441–1459.

10. Z. Jiang, X. Bi, T. Zhang, et al., Global Hopf bifurcation of a delayed phytoplankton-zooplankton
system considering toxin producing effect and delay dependent coefficient, Math. Biosci. Eng., 16
(2019), 3807–3829.

Mathematical Biosciences and Engineering Volume 17, Issue 1, 179–201.

https://www.nass.usda.gov/Publications/Ag_Statistics/2017/index.php
https://www.nationalchickencouncil.org/about-the-industry/statistics/per-capita-consumption-of-poultry- \and-livestock-1965-to-estimated-2012-in-pounds/
https://www.nationalchickencouncil.org/about-the-industry/statistics/per-capita-consumption-of-poultry- \and-livestock-1965-to-estimated-2012-in-pounds/
https://www.nationalchickencouncil.org/about-the-industry/statistics/per-capita-consumption-of-poultry- \and-livestock-1965-to-estimated-2012-in-pounds/


198

11. S. Biggs, M. Habgood, G. J. Jameson, et al., Aggregate structures formed via a bridging floccula-
tion mechanism, Chem. Eng. J., 80 (2000), 13–22.

12. M. Hjorth and B. U. Jørgensen, Polymer flocculation mechanism in animal slurry established by
charge neutralization, Water Res., 46 (2012), 1045–1051.

13. P. Sun, C. Hui, N. Bai, et al., Revealing the characteristics of a novel bioflocculant and its floccu-
lation performance in Microcystis aeruginosa removal, Sci Rep., 5 (2015), 17465.

14. T. Holst, N. O. G Jørgensen, C. Jørgensen, et al., Degradation of microcystin in sediments at oxic
and anoxic, denitrifying conditions, Water Res., 37 (2003), 4748–4760.

15. C. Butterfield, Studies of sewage purification: ii. a zooglea-forming bacterium isolated from
activated sludge, Public Health Rep., 50 (1935), 671–684.

16. J. Chattopadhyay, R. Sarkar and A. El Abdllaoui, Conditions for production of microbial cell
flocculant by aspergillus sojae AJ7002, Agric. Biol. Chem., 40 (1976), 1341–1347.

17. H. Takagi and K. Kadowaki, Purification and chemical properties of a flocculant produced by
paecilomyces, Agric. Biol. Chem., 49 (1985), 3159–3164.

18. R. Kurane, K. Toeda, K. Takeda, et al., Culture conditions for production of microbial flocculant
by rhodococcus erythropolis, Agric. Biol. Chem., 50 (1986), 2309–2313.

19. H. Salehizadeh and S. Shojaosadati, Isolation and characterisation of a bioflocculant produced by
Bacillus firmus, Biotechnol. Lett., 24 (2002), 35–40.

20. Z. Zhang, S. Xia, J. Zhao, et al., Characterization and flocculation mechanism of high efficiency
microbial flocculant TJ-F1 from proteus mirabilis, Colloid. Surface B., 75 (2010), 247–251.

21. K. Song, W. Ma, S. Guo, et al., A class of dynamic models describing microbial flocculant with
nutrient competition and metabolic products in wastewater treatment, Adv. Difference Equ., 2018
(2018), 33.

22. K. Song, W. Ma, S. Guo, et al., Global behavior of a dynamic model with biodegradation of
microcystins, J. Appl. Anal. Comput., 9 (2019), 1261–1276.

23. K. Song, T. Zhang and W. Ma, Nontrivial periodic solution of a stochastic non-autonomous model
with biodegradation of microcystins, Appl. Math. Lett., 94 (2019), 87–93.

24. S. Guo and W. Ma, Global dynamics of a microorganism flocculation model with time delay,
Commun. Pure Appl. Anal., 16 (2017), 1883–1891.

25. S. Guo, W. Ma and X. Zhao, Global dynamics of a time-delayed microorganism flocculation model
with saturated functional responses, J. Dynam. Differential Equations, 30 (2018), 1247–1271.

26. M. Galle and C. Jungen, Discontinuous sewage treatment process and small installation for carry-
ing out this process, EP 2004.

27. J. Fleischer, K. Schlafmann, R. Otchwemah, et al., Elimination of enteroviruses, other enteric
viruses, F-specific coliphages, somatic coliphages and E. coli in four sewage treatment plants of
southern Germany, J. Water. Supply: Res. T., 49 (2000), 127–138.

28. T. Hsu, T. Meadows, L. Meadows, et al., Growth on Two Limiting Essential Resources in a
Self-Cycling Fermentor, Math. Biosci. Eng., 16 (2018), 78–100.

Mathematical Biosciences and Engineering Volume 17, Issue 1, 179–201.



199

29. M. Mohajerani, M. Mehrvar and F. Ein-Mozaffari, Recent Achievements in Combination of Ul-
trasonolysis and Other Advanced Oxidation Processes for Wastewater Treatment, Int. J. Chem.
React. Eng., 8 (2010).

30. T. Zhang, T. Zhang and X. Meng, Stability analysis of a chemostat model with maintenance
energy, Appl. Math. Lett., 68 (2017), 1–7.

31. T. Zhang, X. Liu, X. Meng, et al., Spatio-temporal dynamics near the steady state of a planktonic
system, Comput. Math. Appl., 75 (2018), 4490–4504.

32. T. Zhang, W. Ma, X. Meng, et al., Periodic solution of a prey-predator model with nonlinear state
feedback control, Appl. Math. Comput., 266 (2015), 95–107.

33. H. Zhang, P. Georgescu and L. Zhang, Periodic patterns and Pareto efficiency of state depen-
dent impulsive controls regulating interactions between wild and transgenic mosquito populations,
Commun. Nonlinear Sci. Numer. Simul., 31 (2016), 83–107.

34. H. Qi, X. Meng and T. Feng, Dynamics analysis of a stochastic non-autonomous one-predator-
two-prey system with Beddington-DeAngelis functional response and impulsive perturbations,
Adv. Difference Equ., 2019 (2019), 235.

35. Y. Li, H. Cheng, J. Wang, et al., Dynamic analysis of unilateral diffusion Gompertz model with
impulsive control strategy, Adv. Difference Equ., 2018 (2018), 32.

36. T. Zhang, W. Ma and X. Meng, Global dynamics of a delayed chemostat model with harvest by
impulsive flocculant input, Adv. Difference Equ., 2017 (2017), 115.

37. B. Liu, Y. Zhang and L. Chen, The dynamical behaviors of a Lotka-Volterra predator-prey model
concerning integrated pest management, Nonlinear Anal. Real World Appl., 6 (2005), 227–243.

38. G. Liu, Z. Chang and X. Meng, Asymptotic analysis of impulsive dispersal predator-prey systems
with Markov switching on finite-state space, J. Funct. Spaces, 2019 (2019), 8057153.

39. J. Jiao, S. Cai and L. Chen, Analysis of a stage-structured predator-prey system with birth pulse
and impulsive harvesting at different moments, Nonlinear Anal. Real World Appl., 12 (2011),
2232–2244.

40. M. Chi and W. Zhao, Dynamical Analysis of Two-Microorganism and Single Nutrient Stochastic
Chemostat Model with Monod-Haldane Response Function, Complexity, 2019 (2019), 8719067.

41. X. Zhuo, Global attractability and permanence for a new stage-structured delay impulsive ecosys-
tem, J. Appl. Anal. Comput., 8 (2018), 457–470.

42. J. Wang, H. Cheng, Y. Li, et al., The geometrical analysis of a predator-prey model with multi-state
dependent impulsive, J. Appl. Anal. Comput., 8 (2018), 427–442.

43. Z. Jiang, W. Zhang, J. Zhang, et al., Dynamical analysis of a phytoplankton-zooplankton system
with harvesting term and holling III functional response, Internat. J. Bifur. Chaos., 28 (2018),
1850162.

44. S. Yuan and T. Zhang, Dynamics of a plasmid chemostat model with periodic nutrient input and
delayed nutrient recycling, Nonlinear Anal. Real World Appl., 13 (2012), 2104–2119.

45. X. Meng, L. Wang and T. Zhang, Global dynamics analysis of a nonlinear impulsive stochastic
chemostat system in a polluted environment, J. Appl. Anal. Comput., 6 (2016), 865–875.

Mathematical Biosciences and Engineering Volume 17, Issue 1, 179–201.



200

46. J. Gao, B. Shen, E. Feng, et al., Modelling and optimal control for an impulsive dynamical system
in microbial fed-batch culture, J. Comput. Appl. Math., 32 (2013), 275–290.

47. S. Sun, Y. Sun, G. Zhang, et al., Dynamical behavior of a stochastic two-species Monod competi-
tion chemostat model, in Appl. Math. Comput., 298 (2017), 153–170.

48. S. Zhang, X. Meng, T. Feng, et al., Dynamics analysis and numerical simulations of a stochastic
non-autonomous predator-prey system with impulsive effects, Nonlinear Anal. Hybrid Syst., 26
(2017), 19–37.

49. Z. Li, L. Chen and Z. Liu, Periodic solution of a chemostat model with variable yield and impulsive
state feedback control, in Appl. Math. Model., 36 (2012), 1255–1266.

50. M. Chi and W. Zhao, Dynamical analysis of multi-nutrient and single microorganism chemostat
model in a polluted environment, Adv. Difference Equ., 2018 (2018), 120.

51. K. Sun, Y. Tian, L. Chen, et al., Nonlinear modelling of a synchronized chemostat with impulsive
state feedback control, Math. Comput. Model., 52 (2010), 227–240.

52. H. Guo and L. Chen, Periodic solution of a chemostat model with Monod growth rate and impul-
sive state feedback control, J. Theoret. Biol., 260 (2009), 502–509.

53. K. Liu, T. Zhang and L. Chen, State-dependent pulse vaccination and therapeutic strategy in an
SI epidemic model with nonlinear incidence rate, Comput. Math. Methods Med., 2019 (2019),
Article ID 3859815, 10 pages.

54. T. Zhang, X. Meng, Y. Song, et al., A stage-structured predator-prey SI model with disease in the
prey and impulsive effects, Math. Model. Anal., 18 (2013), 505–528.

55. S. Gao, L. Luo, S. Yan, et al., Dynamical behavior of a novel impulsive switching model for HLB
with seasonal fluctuations, Complexity, 2018 (2018), 11 pages.

56. Y. Song, A. Miao, T. Zhang, et al., Extinction and persistence of a stochastic SIRS epidemic
model with saturated incidence rate and transfer from infectious to susceptible, Adv. Difference
Equ., 2018 (2018), 293.

57. X. Fan, Y. Song and W. Zhao, Modeling cell-to-cell spread of HIV-1 with nonlocal infections,
Complexity, 2018 (2018), 2139290.

58. N. Gao, Y. Song, X. Wang, et al., Dynamics of a stochastic SIS epidemic model with nonlinear
incidence rates, Adv. Difference Equ., 2019 (2019), 41.

59. Z. Bai, X. Dong and C. Yin, Existence results for impulsive nonlinear fractional differential equa-
tion with mixed boundary conditions, Bound. Value Probl., 2016 (2016), 63.

60. G. Li, W. Ling and C. Ding, A new comparison principle for impulsive functional differential
equations, Discrete Dyn. Nat. Soc., (2015), 139828.
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