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Abstract

Polylactic acid (PLA) is a bio-based plastic that is biodegradable under appropriate conditions of temperature, humidity and
oxygen, which are achieved in the composting process. The objective of this work is to formulate a mathematical model that
predicts the biodegradation of polylactic acid in composting processes. We performed a qualitative analysis of the reduced com-
posting mass system, which is non-linear and non-autonomous. First, the reduced model was transformed into an autonomous
system, showing that their solutions are positive, bounded and non-periodic. Furthermore, it was shown that the origin is
locally and globally exponentially stable, the axial equilibrium is unstable and that a degenerate transcritical bifurcation exists
at the origin. Simulations of the reduced system indicated that the PLA mass is completely biodegraded when the time tends to
infinity, which was shown theoretically. In addition, numerical simulations of the complete composting system were performed
considering three initial values of the carbon/nitrogen ratio. It was concluded that the initial carbon/nitrogen ratio of 32.5
reached 90% of PLA biodegradation in approximately 150 days. This work provides a mathematical tool applied to the field of
biotechnology of biodegradable plastics.



Received: Added at production

Revised: Added at production

Accepted: Added at production

DOI: xxx/xxxx

RESEARCH ARTICLE

A theoretical description of polylactic acid biodegradation in
composting processes through mathematical modeling

Yvan Baldera-Moreno'? | Alejandro Rojas-Palma'? | Rodrigo Andler’

"Doctorado en Modelamiento Matemético Aplicado,
Universidad Catdlica del Maule, Talca, Chile

2Departamemo de Matemitica, Fisica y Estadistica,
Universidad Catélica del Maule, Talca, Chile

3Escuela de Ingenierfa en Biotecnologia, Centro de

Biotecnologia de los Recursos Naturales (Cenbio),
Universidad Catélica del Maule, Talca, Chile

Abstract

Polylactic acid (PLA) is a bio-based plastic that is biodegradable under appropriate conditions of temperature,
humidity and oxygen, which are achieved in the composting process. The objective of this work is to
formulate a mathematical model that predicts the biodegradation of polylactic acid in composting processes.
We performed a qualitative analysis of the reduced composting mass system, which is non-linear and non-
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solutions are positive, bounded and non-periodic. Furthermore, it was shown that the origin is locally and

Correspondence . . R . .. . .
P globally exponentially stable, the axial equilibrium is unstable and that a degenerate transcritical bifurcation
Yvan Baldera-Moreno, Doctorado en Modelamiento . L. A . o . .
» ) . o exists at the origin. Simulations of the reduced system indicated that the PLA mass is completely biodegraded
Matemadtico Aplicado, Universidad Catélica del

Maule, Av San Miguel 3605, Talca, 3460000, Chile.

Email: yvan.baldera@alu.ucm.cl

when the time tends to infinity, which was shown theoretically. In addition, numerical simulations of the
complete composting system were performed considering three initial values of the carbon/nitrogen ratio.
It was concluded that the initial carbon/nitrogen ratio of 32.5 reached 90% of PLA biodegradation in
approximately 150 days. This work provides a mathematical tool applied to the field of biotechnology of
biodegradable plastics.
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1 | INTRODUCTION

Polylactic acid (PLA) is one of the most widely used bio-based and biodegradable polymers for applications in agriculture [[64],
biomedicine [60] and as a packaging material [S7], due to its easy availability, good biodegradability and good mechanical
properties. However, the applicability of PLA has been relatively limited because its heat distortion temperature, hardness and
degradation rate are unsatisfactory [21]. In addition, it is known that its degradability is null or very low if it is disposed of in
natural environments [30]. According to Booth et al. (2017) [9], the rate of hydrolysis of the polymer chain also increases with
temperature as it affects both the rate of oxygen diffusion and free radical formation. For this reason, in order to degrade PLA,
suitable temperature conditions are required, such as those achieved in the composting process [23}34].

Composting is currently the most used technique at the moment of valorizing organic wastes, thanks to its low operational
cost and the production of a stabilized substrate, called compost [59]]. Biodegradation of PLA in the composting process
occurs in two steps. Initially, the heat and moisture from composting attack the PLA chains and break them apart, producing
low molecular weight polymers and, eventually, lactic acid. Finally, the microorganisms present in the composting process
mineralize the oligomer fragments and lactic acid to generate methane and carbon dioxide under anaerobic and aerobic conditions,
respectively [41}52]. Furthermore, the rate of PLA biodegradation depends on several influencing factors of the composting
process, such as temperature, moisture content, oxygen concentration, aeration, carbon/nitrogen (C/N) ratio and pH [24].

Nowadays, there are some studies of mathematical models that evaluate the degradability of plastics based on the measurement
of carbon dioxide, mass loss, Arrhenius equation, among others [4]. In the work of Baldera-Moreno et al. (2023) [3]], a model of
PLA biodegradation under controlled composting conditions was proposed whose degradation rates are variable with respect to

Abbreviations: PLA, polylactic acid; C/N, carbon/nitrogen ratio; ODE, ordinary differential equations.
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the influencing factors; but the influence of the C/N ratio is not considered. According to Chowdhury et al. (2013) [11]], the ideal
range of the initial C/N ratio should be between 25 and 40 to perform well in the composting process.

The main objective of this work is to formulate a mathematical model that predicts the biodegradation of PLA in composting
processes. In Section[2] the mathematical model is formulated, the assumptions of the model are presented and a schematic of
the relationship between the state variables. Then, in Section[3] a qualitative analysis of the reduced composting mass model is
presented and the numerical simulations that validate the previous results are also shown. Section[d] simulations of the complete
composting model were performed with three different initial C/N ratios to evaluate their effect on the biodegradation of the
PLA mass. Finally, the main conclusions of this work are presented in Section 3]

2 | MATHEMATICAL MODEL PROPOSAL

In this section, a mathematical model of the composting process is formulated to carry out the biodegradation of the PLA mass,
by means of ordinary differential equations. In this formulation, it was considered that the degradation rates of the composting
masses are variable with respect to some of the main influencing factors of the composting process (temperature, moisture
content, oxygen concentration and C/N ratio).

21 | Multicomponent composting model

The total dry mass of composting M can be expressed as the sum of the composting mixture and the PLA mass, as shown in

Equation (T [5]:
aM _ dmc + dmpLA

dr T dt dr W
where, M is the total dry mass of composting (kg), m, is the dry mass of the composting mixture (kg) and mp.4 is the dry mass
of PLA (kg).

The degradation of compost dry mass has a decreasing exponential behavior, given by Equation (2)) [36]:

% = —k.(-) [me —me], 2
where, m, is the dry mass of the composting mixture at time 7 (kg), k. is the degradation rate of the composting mixture (day™')
and m, is the equilibrium of the composting mixture (kg). This equation is often used to describe the biodegradation of different
organic solid wastes such as: poultry manure [36], municipal solid waste [39], yard waste [43]], food waste [37], short paper
fiber [16]], broiler litter [[15]], pig manure [29], wheat straw [49], rose pomace [19]], among others.

In the Equation (TJ), the mass of PLA is considered as a substrate of the composting process. The biodegradation of PLA mass
in the composting process is divided into two phases: slow and fast reaction phase. Initially, in the slow reaction phase the heat
and moisture of the composting process attack the PLA chains and break them, producing small molecular weight polymers
(oligomers or monomers) and lactic acid; and it culminates when the switching time between the phases is reached. Finally,
in the fast reaction phase, the degradation rate of PLA is higher, because microorganisms begin to metabolize the small PLA
fragments to generate methane and carbon dioxide under anaerobic and aerobic conditions, respectively [41}152,|61]]. Thus, the
dynamics of PLA mass degradation is represented by Equation (@) [15,50]:

dmpra _ ki(-Ympra  ky(-) mpra/mprao = npra

dt 1 +e 1 + e ’

3)

where, mpr4 is the mass concentration of PLA at time ¢ (kg), mpra 0 is the initial concentration of PLA (kg), t* is the switching
time between the slow and fast reaction phase (day), k; is the slow reaction kinetic constant (day™'), k;; is the fast reaction kinetic
constant (day’1 . kg’o's). In addition, the switching time, t* = aT + b, depends on the temperature (7'), with a and b constants.
The exponential terms have been added to smooth the kinetic curves around the switching time at ¢ = ¢*. Indeed.,it is reasonable,
from a physical point of view, to consider a gradual transition between the two reaction phases when approaching the switching
time [S0]].
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In this study, we consider that the decomposition rates k;(-) are variable (not constant) and take into account the effects of
temperature (7), moisture content (mp,0), oxygen concentration (Cy,) and Carbon/Nitogen ratio (R¢/y), we have to

ki(T, mu,0, Co,, Rein) = Kjmax - X1+ Xinyyo - Xco, - Xrew> — J=¢ LILT, “)

where k;j ;4 is the maximum degradation rate, and the correction factors have been taken from secondary sources [16, 13,38, 20],
given by

Xy = 3 (UEET), ©)

My 04451 2
Ko = ~s([ ] ) (©6)
Xc,, = 0.614 - arctan(0.4 - Co,), @)
- () .

2.2 |  Energy balance

The energy balance of a composting reactor is largely determined by the extent of decomposition and its associated heat release
[26]]. Therefore, the heat stored in the compost (gy) is evaluated knowing the rate of heat production in the biorector (g,), the
sensible heat of dry air (g,) and the latent heat of water (g,,) inside and outside the system and the heat loss from the reactor wall
(g 139,133} 13]]. The thermal balance for a composting system is given by:

qs = (g + (qa + CIW)in - (qa + QW)aut -4

The following equation describes the temperature (7') of the composting process, which is closely related to the thermal
balance:

dT 1 am
— = Ahe()— + mj, HAI(-) — i, HAO(-) — UA[T = Tynp] | » 9
i Mcp(-)< ()dt mn (+) = o HAO() [ b]> )
where c,, is the specific heat capacity of the compost (kJ kg™ °C™1), Ah, is heat of combustion (kJ kg™!), i is the inlet and outlet
airflow rate (kg day™"), HAI and HAO are the inlet and outlet air enthalpies (kJ kg™'), respectively, U is the overall heat transfer
coefficient (kJ day™' m™2 °C™"), A is the surface area of the reactor (m?) and T, is the ambient temperature (°C).

2.3 | Water balance or moisture content

The water balance of the composting based on the amount of air evaporated and the amount of water produced by microbial
activity in the composting facility [39| 38]], is given by:
deZO dM

dt = szO? + Was,in(')min - Wax,out(‘)moutv (10)

where my, o is the mass of composting water (kg), wq, is the absolute humidity of saturated air at local temperature (kg kg™!) ,
by,o is the production of water due to microbial metabolism (kg kg™").
24 | Oxygen concentration

The microorganisms that carry out the decomposition of the composting material are aerobic. Therefore, oxygen is necessary for
aerobic biochemical reactions in the composting system. The oxygen mass balance for composting can be written considering
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the oxygen accumulation in the composting matrix, the rate of oxygen mass inside and outside the matrix, and the oxygen
consumption during degradation 39} [12]]. The equation that describes the oxygen concentration is given by:

dCOz _ 1 ( dM + minCOz,in moutc02,0m>

(1)

d v \"?% ar p p

where Cy, is the oxygen concentration in the composting matrix (kg O, m™ dry air), ¢ is the air porosity of the composting
material (%), V is the volume of compost (m?), b, is the oxygen consumption per kg of dry mass of degradable compost
(kg kg™"), p is the density of air (kg m™>).

2.5 | Carbon/nitrogen ratio

The carbon/nitrogen (C/N) ratio is the amount of carbon per unit of nitrogen that exists in a mixture. If the C/N levels are
in optimal ranges (25-40:1) [15]], then the temperature is maintained at levels that favor the growth of microorganisms and
degradation rates are higher. In the equation that describes the C/N ratio, the effect of temperature through a first-order equation
that considers the Arrhenius temperature correction method [31}132], it is given by

dRcin

o = kO 0" Repw, (12)

where R¢y is the C/N ratio, k, is the process rate coefficient for  days (day™), 6 is the process rate.

2.6 | Scheme of the mathematical model

The mathematical model proposed describes the composting process by means of seven ODEs. The schematic representation
of interaction between variables of the mathematical model can be seen in Figure [T} The boxes represent the derivative of
the variables with respect to time: (i) total dry mass of composting, M; (ii) dry mass of composting mixture, m,; (iii) dry
mass of PLA, mpp4; (iv) composting temperature, 7'; (v) moisture content of the composting, my,o; (vi) composting oxygen
concentration, Co,; (vil) composting carbon/nitrogen ratio, R¢/y.

— I _ o _ _ykampra(t) | kumpra~/mprag=mpra
ke[me —m,] < me M mpra Lt LoD
" : ‘\ b()zM
‘ ), <V
L AhiM N
b MY R
10757 \ 2
. . MinCon in—1our C
Was,inMin — Was,outMout = = = => mmg,o T COZ F---> W
~
.’ ,V A AN
., e
.’ ;T—r) ~
R k OV Rey <
’ 1 ~
P ’ 1 AR
. A
i HAI 10 HAO R UA(T-Tamp)
Mc, CIN Mc,

FIGURE 1 Scheme of the mathematical model (I3)) of the composting process. Continuous arrows indicate that the term
adds to the input variable. Dashed arrows indicate positive input values and negative output values.
27 | Assumptions

In order to formulate the mathematical model of the composting process, several assumptions were made (similar to the
studies of ; Baldera-Moreno et al. (2023) [15]]; Ekinci et al. (2020) [39]; Sokac et al. (2022) [54]):

1. The composting process was carried under controlled conditions.
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2. Aeration during the composting process was considered constant.
. Initial composting is a homogeneous mixture of various substrates and PLA mass.

. The composting rate was formally expressed as the degradation rate of the dry mass, without taking the original moisture
content into account.

B W

. Air temperature is equal to the temperature of the compost at a given location in the reactor.
. The compost does not exceed the limits of the composting reactor.

. Heat loss from system due to conduction and radiation is zero.

. Compost mass is maintained at a moisture level > 40%.

0 3 O\ W

2.8 | Mathematical model of the composting process

Next, taking into account the above Equations (I)-(T2)), the mathematical model of the composting process is presented, which
is given by the system (I3):

dﬂ _ dmc n deLA
dat — dt dr ’
dm,
ZZ = —k.[m. —m,],
dmpra _ kympra  kumpray/mprao = mpra
dt T4t 1+ el ’
ar 1 am
— = Aho()— + mj, HAI(-) — i, ; HAO() — UA(T — Ty, R
7 Mcp< ()dt +1m () = Hitgu ) ( b)> (13)
dm am . .
d:lzo = szOE + Was,in(')min - Was,out(')muut»
dCo, 1 M
- = — Avy()—A out\* 5
dt 5% <b02 dt +( Vln() Vo t( ))C02>
dRcin
= k0T Re/y.
dt CIN

The system (I3)) is characterized by including the PLA mass as a substrate of the total composting and also considers that the
degradation rates are variable taking into account the main influencing factors of the composting process. On the other hand, in
system (13) a differential equation of the C/N ratio is considered to evaluate its effect on the biodegradation of PLA mass.

3 | MAINRESULTS
Now, we will present the main results obtained in this work. First, a qualitative analysis of the reduced mathematical model of

the composting masses was performed, in order to prove biodegradation of the PLA mass. Finally, simulations of the reduced
system were obtained where it is validated that the PLA mass is completely biodegraded when the time tends to infinity.

31 | Qualitative analysis of the composting masses

In this section, a qualitative analysis of the composting mass system was performed, assuming constant degradation rates.

31.1 | Non-autonomous system

Due to the complexity of the complete mathematical model (T3) (non linear ODE system of non-autonomous type), a qualitative

analysis of the reduced composting mass system was performed. For this purpose, we assume that the value of the degradation
rates are contant (k; = cte) in the system (14).



6 BALDERA ET AL.

dm,
” = _kc [mc - me]v
dt 14
dmppa _ kympra kiympra~/mMprao — Mpra
i l+e 1+ '

The above system can be written in the form of a non-homogeneous system:
X0 =AtX)-X@)+b (15)

T, .
where X = ( me mpja ) is the vector of composting masses,

AGLX) = (LO‘ g) and b= ("6”) (16)

; — _ k kit \/Mpra0=1pLA
with Ly = k. and L, = -1 b= — Trer -

The System (T4) is defined in the region

Q= {(me,mpra) € R* :m. > 0,mpps > 0} = R* x Ry,

Now, we show that the non-homogeneous system (I3)) satisfies the following positivity result of solutions.
Lemma 1. If the system (1) satisfies that X(0) > 0 and b = 0, then X(¢) > 0, for all t > 0.

Proof. First, we will prove that the elements of the diagonal are non-positive. Indeed, let us note that L; = —k. < 0 since k. > 0.

Now, let us note that the value of v
k 11\/MPLAD — MPLA
L, = ! <0,

1 +e" 1+e™
since, if t — +00 then

L, — —qu/mPLA!O —mpra <0,Vt>0.

Thus, all the elements in the diagonal of the matrix A(z, X) are non-positive, i.e., L; < 0 fori=1,2.

Also, note that all off-diagonal elements of the matrix A(#, X) are zero and hence non-negative, that is, Ay; > 0 for k,/ =1, 2,
k # 1. Therefore, the matrix A(z, X) is a Laplacian graph.

Now, to prove positivity, let us consider any # > 0 such that there exists k' € {1,2} with X/ (') = 0 and such that X(¢') = 0,
clearly, unless such ¢’ exists. Therefore, X(r) remains forever in the nonnegative cone.

Note that

2
X ()= Ap X)) - X)) > 0. (17)
=1

because A is a graph Laplacian, so off-diagonal entries are nonnegative, see proof of the Proposition [2]in Blanes et al. 2022 [8].
Then, by Equations and (I6), we have that

2

Xp () =Y AwaX(W)) - Xi(t") + by > 0.
=1

Thus, X;- cannot change sign at ¢, i.e. any state variable X;/(f) > 0 for all # > 0. Therefore, X(¢) = 0 for all # > 0. O

3.1.2 | Autonomous system

Note that, the system of mass of composting (I4) is decoupled. Therefore, the composting mass systems will be qualitatively
studied separately. It is well known that, the solution of the equation (2)) has an exponentially decreasing behavior, and is given
by the Equation (T8):

me(1) = [m(0) = mele™ +m, V> 0. (18)
Also, if t = 0 then m, = m.(0) and if # — oo then m, = m, > 0, i.e., the solution m,(¢) is positive and bounded for all # > 0.

Note that, the Equation (3) is a non-autonomous and non-linear ODE. Classical theory suggests that any non-autonomous
system can be viewed as autonomous by considering time as another dependent variable (to eliminate its explicit dependence)
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and adding an additional differential equation to the dynamical system. This standard transformation converts a non-autonomous
system to autonomous. But this argument is not very useful, since the usual techniques for the study of autonomous systems,
such as local stability of equilibrium points, local bifurcations and other methods, cannot be applied.

For our purpose, an alternative transformation was considered to convert the Equation (3)) into a system of autonomous ODEs
with equilibrium points, similar to that proposed in the work of Ben-Tal (2021) [6]]. Now, considering the change of variable
v(r) = ¢~ we obtain the following autonomous system given by

dmpra _ kjvmpra  kumpray/mprag = mpra
dr -
dv

dr
The System (19) is defined in the region

>

1+v 1+v (19)

Q= {(mpLA,v) e R? : mpps > 0,v>0}. =R{ x R*.
The system parameters are all positive, that is,
k = (kp, kir, mprao) € (R,
The equilibria of the autonomous system are given by
My =(0,0)
and
M = (mpra,0).

Remark 1. The values of the degradation rates k; @) depend on several influencing factors. Thus, some may be zero at some
moment in time. In practice this does not occur since it would imply that there is no degradation. However, in this paper we
include the case when ky; = 0 to study the influence of bifurcation on the dynamics of the autonomous system (19).

Remark 2. The autonomous System (I9) is of Kolmogorov type. Therefore, the coordinate axes are invariant sets.
Next, we show that the solutions of the autonomous System (I9) are bounded.
Lemma 2. The solutions of the autonomous System (19) are uniformly bounded.

Proof. First, let us note that from the second equation of the System (I9), we have that 0 < v < L, where L = v(0). Now, we
have to

1<1+v<1+L

IA

IN

1
1+L 71+

<

Thus, we have that

<

IA
&~

On the other hand,

/Mprag —mppa < \/mprag =: M.
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Now, let Z = mpy4 + v, then

dZ dm PLA dv
= +

at — dt dt
dZz _ (kv N kir\/Mpra0 — Mpra o e
di — \1+v 1+v ra
7 _ s
— < —0mppa—v
de = TP
dz
— <-4Z
e —
which is a first order differential inequality with
0= kiL+ kyM > 0. 20)

Applying the comparison theorem for differential inequalities (Page 30 in [7]), we get that 0 < Z(f) < ¢™%'. Thus, we have that

0<Z(n < max{l,e";’} .

Therefore, the solutions of the autonomous system (I9) are uniformly bounded. O

The following result makes use of the Bendixson-Dulac criterion and the form of the Kolmogorov type system to show that
the system (T9) has no periodic orbits.
Lemma 3. There are no periodic solutions of the autonomous system (19).

Proof. Note that, the system (T9) can be expressed in the form X’ = F(X) where X = (mpz4,v)” and F(X) = (f1,£2)7, with

kyvmprs  kiumpra/mprao —mpra

fiX)=-

1+v 1+v
and
HX) =—v.
We will use the Bendixson-Dulac criterion [48]] considering the function
1
h(X) = >0,
mMpra vV

for all X at inside the region Q.
Now, let V - (hF) the divergence of vector field AF, defined by

d

V- (hF)(X) = p—

d
(iOAX)) + — (HXORX)).

Thus, we have

ky kll\/mPLA,O—mPLA) N d ( 1)
1+v v(l+v)
_ ki
~2y/mprag = mpa(v +v2)
Then, V - (hF) > O for all (mpp4, v) at inside the first quadrant. Therefore, by the Bendixson-Dulac criterion [48][10], has no
periodic solutions (or limit cycles) within the first quadrant. O

d
V- (hF)(X) T (

Remark 3. The system (T9) has equilibrium in the origin M, = (0, 0), but the system is not defined at this point, since v(¢) = €' -

cannot be zero. However, using what was proposed in the work of Markus [42]] and Thieme [58]], we will show that when t tends
to infinity the system is an asymptotically autonomous system and that the origin is locally asymptotically stable.

Definition 1 (Markus, 1956 [42]). An ordinary differential equation in R”,
X = f(t,x), 21
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is called asymptotically autonomous —with limit equation (22)-

y=80), (22)
if
f(t,x) — gx), t — 00, locally uniformly in x € R",
i.e., for x in any compact subset of R”.
Let’s note that, the solution of the second equation of the system (T9) is given by
v(t) = v(0)e™°, c=t*
or
w(E) = e

Now, if we substitute the above solution into the first equation of the system (T9) and making that  — oo, then we have that
the system (19) is equivalent to an asymptotically autonomous system, which has the limiting system 23), given by

dmpra

d = —kpmpra \V/MPLAO — MPLA- (23)

Clearly, the equilibria of the limit system are
mppa =0
and
Mpry = MPLA-
Now, we present a result about the stability of origin of system (T9).
Proposition 1. The origin My = (0, 0) of the system (19) is an equilibrium point locally asymptotically stable.
Proof. First, we determine the Jacobian DF of the system (23), which is given by

3mpra —2mprap
2,/mprag —Mpra

Now, we evaluate the equilibrium point m}; , = 0 in (24), we obtain that

DF(mpra) = ky (24)

DF(0) = —kjj/mprap < 0,

that is, the eigenvalue is negative. Therefore, the equilibrium m},, = 0 of limit system (23) is locally asymptotically stable.
Moreover, by Lemma [T] and Lemma 2] we have that the solutions of system (I9) are bounded and that there are no periodic
orbits for all r > 0, respectively. Therefore, applying Theorem 1.2, 1.3 and 1.5 [58]], we have that the origin M, = (0, 0) of the
system (T9) is an equilibrium point locally asymptotically stable. O

Now, we show the global exponential stability of the origin of the autonomous system (T9), by means of a Lyapunov function.
Theorem 1. The origin My = (0, 0) of the autonomous system (19) is globally exponentially stable.
Proof. Since (T9) is a Kolmogorov type system, we will consider the Lyapunov function given by
V(X) = mh, + V2.

Clearly V(X) > 0, for all mpy4 #0 and v 0.
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Deriving the function V with respect to ¢, we have:

81 _ 8V (9mpLA + 67‘/@
Ot~ Omprs Of v Or

k kym m —m
—QmpLy) 1VMpLa  KiuMpLa\/MpLao PLA +(20)()
1+v 1+v
kiv  ky/mprag—mpra
_ 2 1 S _ 2
B 2mPI‘A<1+v—'- I+v 2

Then % < 0 for all mpra # 0 and v # 0. Thus V(X) is a suitable Lyapunov function [28]], since it is positive definite,
decreasing and strictly decreasing.
Now, note that
ki[IX[|* < VX) < ko X%

where k; = 1, k, =2 and a = 2. In addition

v oV B ) kv kuy/mprao—mpra >
+6Xf(t,X)——4mPLA<1+V+ T+ v -4y

ot
< —4K(mb, +v)) < k3| X||“,

where K = max {0, 1}, with ¢ defined in (20) and k3 = 4K. Therefore, the origin My = (0,0) equilibrium point is globally
exponentially stable, by Theorem 4.10 [40]. O

Remark 4. The above result implies that the mass of PLA degrades asymptotically and also exponentially, i.e., it tends to zero
rapidly.

Remark 5. Observe that, if we evaluate the equilibrium point m};, = mpra in 24) then DF is indeterminate. However, using
the blow up technique we will show that the axial equilibrium point M| = (mpp4 9, 0) is unstable.

1
ki’

Theorem 2. If mprap < then the axial equilibrium point M| = (mppa,0) of the autonomous system is unstable.

Proof. First, we calculate the Jacobian matrix of the system (19), given by

kimpra \/Mprag=mpra—kimpra
DF(mPLA,V) — DJ(mPLA,V)ll (v+1)? ) (25)
0 -1
Clearly, the Jacobian matrix evaluated at the point (1mpp4 0, 0) is not defined, since
3k, -2k
DF(mppa, V)11 = Dy 4 SHHMmpLA 7 ZRITPLAO ) (26)
212 N

To overcome this difficulty, we will use the method of blowing-up in the v-direction with the change of variables mpy4 =
(mprao —x)y and v = y. Thus, the new system is given by

dx  Ompiao-n) (ku/mecao(=ywy+(ki-1y-1)

r ¥ ’ 27
& _y @7)
dt )

Hence, evaluating the point (mpp4 0, 0) the Jacobian matrix of the above system (27)), we obtain that

1-k 0
DX(mp1a,0) = ( e - ) : (28)

Therefore, if mpra o < 1%2’ then the axial equilibrium point M| = (mppa.0, 0) of the autonomous system (T9) is unstable. O
17
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3.1.3 | Bifurcation of codimension one with an eigenvalue equal to zero

Next, we will show under what conditions a transcritical bifurcation occurs at the equilibrium point My = (0,0) of the
three-parameter autonomous system ((19).
The system can also be written as a k-parameterized system:

x = F(x, k), (29)

where x = (mpa, v) € R§ x R* and k = (k;, ki, mprap) € R* x Rf x R*.

Theorem 3. The parameterized autonomous system @29), has a transcritical bifurcation at the equilibrium point My = (0, 0)
when the parameter k passes through the bifurcation value ky = (kl, 0, mpLA,o):

Proof. Note that, the eigenvalues of the Jacobian matrix, DF @I), evaluated at the equilibrium point My = (0, 0), are given
by A\ = -1 and A\, = —ky/mpray. If we consider that k;; = 0, then A, = 0, that is, there is a null eigenvalue. This shows that
(Mo, ko) = (O, 0,k;,0, mPLA,()) is a non-hyperbolic equilibrium point of codimension one, since F (M, ko) = (0 0)" and

DF(My, ko) = <8 _0] ) .

Where vo =(1  0)" and wy = (1  0)7 are the right and left eigenvectors corresponding to A, = 0, respectively. In addition, it

follows that
: 0 —k 00
DyF(My, ko) = ( (—kz 0 ) (0 0) )

000
Fi(Mo, ko) = ( )

000
0 —/m 0
Fio(Mo, ko) = (0 O”LA'O 0)

Thus, we have that

0
a=w{Fy(xo,ko)=| 0 |,
0

b = Wl D2F(xo, ko)) (v, vo) = ( 0 ) + <°> ,

—k; 0
— _(wID? -1 T T T
¢ =—(wy D F(xo, ko))(vo, Po)Js" QoFi(xo, ko) + vy (Wo Fi(xo0, ko))

0 0

= | —vmrap | #| 0

0 0
Therefore, applying Sotomayor’s Theorem ] we have that there is a transcritical bifurcation at the equilibrium point M = (0, 0)
when the parameter k passes through the bifurcation value ky = (k,, 0, mpLA,o). O

3.2 | Numerical simulation of the autonomous system

In this section, numerical simulations have been carried out in order to validate the results obtained in our qualitative analysis of
the autonomous system (19).

In Figure[2] we can see that the equilibrium point M, = (0, 0) of the System (I9) is locally and globally asymptotically stable,
as was demonstrated in Theorems [I]and [I] respectively. This means that, the mass of PLA is completely biodegraded in the
composting process, when t — co. Furthermore, we can see that the solutions are positive, bounded and that there are no periodic
orbits, as proved in Lemmas|[I} 2] and [3] respectively. Whereas, solutions close to the axial equilibrium point M| = (mpra 0, 0)
move away from it, since it is an unstable equilibrium, as proved in Theorem 2]
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FIGURE 2 Fork; = 0.0024,(1?11 =0.1375, mprap = v(0) = 0.1216: (a) Solutions of mpLA(t)(;)nd v(t) tend to the equilibrium
point M, = (0, 0) of the system (T9), which is locally and globally asymptotically stable. (b) Phase portrait of the System (T9)
for different initial conditions: (0.012,0.1216), (0.069,0.1216), (0.1216,0.1216); which validates that the origin is globally
exponentially stable. This means that, if # — oo then the mass of PLA is fully biodegraded in the composting process.
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FIGURE 3 (a) Solutions of mpps(t) with k; = 0.0024, mpra o = v(0) = 0.1216 and k;; = -0.1375, 0, 0.1375. (b) Degenerate
transcritical bifurcation diagram of the autonomous system (T9).

Figure Eka), shows the dynamics of the PLA mass for a negative, zero and positive value of kj;, which suggests that it is
a bifurcation parameter. In Figure [3(b), the degenerate transcritical bifurcation diagram of the equilibrium M, = (0, 0) when
the parameter k;; = 0 is shown, as proved in Theorem@ In addition, Figure E| clearly shows the change in the stability of the
equilibria My = (0,0) and M| = (mprap,0). Note that, if ky = —0.1375 < 0 then My = (0, 0) is unstable. Whereas if kj; = 0
then the mpp4-axis is a straight of stable equilibria, i.e.,there are infinite equilibrium points. Finally, if k;; = 0.1375 > 0 then all
solutions of system (19) tend to the origin asymptotically.
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> 008 l

(a) (b) (©)
FIGURE 4 Portrait phase of autonomous system @ (a) ki = —0.1375. (b) ki = 0. (¢c) k7 = 0.1375.
4 | EFFECTS OF INITIAL C/N RATIO ON PLA MASS BIODEGRADATION

In this section, the simulations of the complete mathematical model (I3)) of the composting process are shown (see Figure[3). In
order to decrease the biodegradation time of the PLA mass, three levels of initial C/N ratio (25, 32.5, 40) were considered. In
Table |I[, the notations for each variable and their initial values are described. In addition, the values of the parameters used to
perform the numerical simulations are detailed in Table[2] which are mostly taken from secondary sources [3, 36, 39, 16| 15| 50

131381117, 35 146, 156 [14].

TABLE 1 Notation, description, and initial value of each variable.

Notation Description Initial value
M Total dry mass of composting 1kg

me Dry mass of composting mixture 0.8 kg

MprA Dry mass of PLA 0.2 kg

T Composting temperature 25.37°C
mH,0 Moisture content of the composting 45 %

Co, Composting oxygen concentration 21kg Oy m™3
Reiv Composting C/N ratio 25,32.5,402

*We used three initial C/N ratios to carry out the simulations.

TABLE 2 Notation, value, unit and description for each parameter.

Notation Value Unit Description

bu,o 0.51 kg H20 kg air™! Water production coefficient

bo, 1.177 kg 02 kg compost™ Utilization rate of O, of compost mixture

he 15000.986 kJ kg compost™ Combustion heat of the compost mixture

ke max 0.0135 day’1 Maximum degradation rate of composting mixture

ki max 0.0025 day™ Maximum degradation rate of the slow reaction phase of PLA
ki1 max 0.14758 day™! kg’o'5 Maximum degradation rate of the fast reaction phase of PLA
krmax 0.39 day‘1 Maximum process rate coefficient

(% 0.799 - Process rate C/N ratio

r* 40 day Switching time from slow to fast reaction

Tamp 25.57 °C Ambient temperature

UA 3.1046 kJ day™' °C! Overall heat transfer coefficient per reactor area
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FIGURE 5 Simulations of the mathematical model (T3] of the composting process with three initial C/N ratios (25, 32.5,
40). (a) Composting mass degradation. (b) Temperature. (c) Moisture content. (d) Oxygen concentration. (e¢) C/N ratio. (f) Dry
mass loss of PLA.

41 | Degradation of composting masses

In Figure[5{a), the degradation behavior of the total composting dry mass (M), which is composed of the mixture of the compost
dry mass (m,) and the PLA dry mass (mpp,) is described; considering three different values of initial C/N ratio: 25, 32.5, 40.
Note that, if the composting process starts with an initial C/N ratio of 32.5 then all the composting masses degrade faster. Next,
if the initial C/N ratio is increased to 40, then the degradation rates of the masses decrease. Finally, the lowest composting mass
degradation is obtained if we consider an initial C/N ratio of 25. Furthermore, note that the degradation of the PLA mass (mpp4)
changes the behavior of the other masses. This is due to the fact that PLA biodegradation is divided into three phases: At the
beginning of the composting process, PLA biodegradation is slow (0-40 days), since in this lag stage the microbial population
must adapt to the polymer and fragment it into smaller sections (oligomers or monomers) [61]]. Then, the biodegradation phase
begins (40-150 days) where the adapted microbial population starts to metabolize the small particles at a higher rate. Finally, the
process culminates in the plateau phase (150-180 days) where composting stabilizes [41} 22].

4.2 | Composting temperature

In Figure [5[b), the composting temperature (T) curves with different initial C/N ratios of 25, 32.5, 40 are observed. Clearly, the
curve that reaches the highest temperatures is the one that starts with a C/N ratio of 32.5, followed by the initial C/N ratio of 40
and 25, respectively. Note that, the composting process starts with mesophilic temperatures and after exceeding the switching
time of 40 days, all three curves begin to rise in temperature and achieve thermophilic levels which lasted approximately 2
months, favoring microbial growth and PLA biodegradation. This may explain why the composting process originated with
a C/N ratio of 32.5 showed the highest loss of organic matter [62]. Finally, the composting process culminates with the final
mesophilic phase, where the compost mass cools down and stabilizes at room temperature. The composting process with lower
initial C/N (25) showed the lowest maximum temperature due to lower microbial activity caused by a limited supply of readily
available carbon sources in the composting with lower initial C/N [63]]. Therefore, we can conclude that the optimal initial C/N
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ratio is 32.5, because at that level the PLA mass biodegrades faster due to the high temperatures reached by the composting
process. Moreover, we should mention that the model indicates that if the initial C/N ratio is higher than 40 or lower than 25,
then the maximum temperatures of the composting process will decrease. This result is similar to that obtained in composting
experiments with various initial C/N ratios in diverse investigations [65}47].

43 | Moisture content of the composting

The time variation of the moisture content curves (m,0) of the composting process is shown in Figure [5(c). We can observe
that the moisture content with decreases more with an initial C/N ratio of 32.5, since in this case the maximum temperature is
the highest with respect to the other levels. Also, it can be noted that the initial C/N ratio slightly affects the moisture content of
the composting process.

44 | Composting oxygen concentration

For the correct development of the composting process it is necessary to ensure the presence of oxygen, since the microorganisms
that are charged with degrading the composting mass are aerobic. In Figure[5[d), it is observed that the oxygen concentration
(Co,) starts to decrease slightly in all three cases, until the switching time of 40 days is reached. Then, it decreases at a faster rate
because it reaches the thermophilic phase of the composting process and the microorganisms consume more oxygen. Finally,
when the composting mass stabilizes at room temperature then the oxygen concentration also stabilizes. Note that, with an initial
C/N ratio of 32.5 the oxygen concentration decreased the most, because in this case the maximum temperature was the highest.
While with an initial C/N ratio of 25, the final oxygen concentration was the lowest, since in this case the maximum temperature
was the lowest and the microorganisms do not consume much oxygen.

45 | Composting carbon/nitrogen ratio

Among the different factors influencing the composting process, the initial C/N ratio is one of the most important, since it
provides the nutrients needed by the microorganisms to develop. Figure [5|e), shows the variation of the C/N ratio with respect to
time. The behavior of the C/N ratio is decreasing and this is mainly affected by the temperature of the composting process. The
C/N ratio of the three curves decreases slowly until the switching time of 40 days is reached. In the thermophilic phase, the C/N
ratios in all three cases decrease very slowly. Finally, in the cooling phase, the C/N ratio has a higher degradation rate and at
the end of the 180-day composting process, the C/N ratio in the three cases has decreased by approximately 30%. Thus, if the
initial values of the C/N ratio are higher than 40 or lower than 25, then inconveniences related to a slower biodegradation or the
decrease of the maximum temperature of the composting process may occur, this is due to the fact that the microorganisms do
not find the necessary nutritional conditions as we have discussed previously. Whereas, according to our model, the best initial
C/N ratio is 32.5. The C/N ratio simulations produced in our model are similar to laboratory experiments of the composting
process obtained in several investigations [27} 45} [18]].

4.6 | Drymassloss of PLA

The PLA’s dry mass loss (DML) was estimated from Equation (30) [51]:

mMprA0 — NMPpLAf

DML(%) = x 100 (30)

MpLA0
where mpr4 0 and mpy4 s are the initial and final dry mass of the PLA.

In Figure [5(f), the PLA biodegradation percentage is observed, which is calculated by Equation (30) above. It is clear that,
in the lag phase the biodegradation is very slow in the three curves, since the mesophilic temperatures are low, and at this
stage the plastic has not yet fragmented into small pieces. After reaching the switching time of 40 days, it can be seen that the
PLA biodegradation phase begins, which is carried out at higher rates, this is due to the fact that the thermophilic temperatures
are higher in this phase. Note that, according to the simulations of the model (T3, the best initial C/N ratio is 32.5 since it
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reaches 90% biodegradation of PLA in approximately 150 days. However, if the initial C/N ratio is increased to 40 then the 90%
biodegradation of PLA is reached in almost 180 days of the composting process. Whereas, if we decrease the initial C/N ratio to
25 then the percentage of biodegradation decreases and 90% is not reached. These results show that the initial C/N ratios of 32.5
and 40 are suitable to prove that PLA is a biodegradable plastic as stipulated by the standards ISO 14855 [22], EN 14806 [[1] and
ISO 20200 [53]]. Therefore, it is possible to confirm that the C/N ratio of the initial compost conditioned the biodegradation time
of PLA, reaching 90% before 180 days in those materials with an initial C/N ratio of 32.5 and 40; while the initial composting
with a C/N ratio of 20 does not reach 90% of biodegradation at the end of the process in 180 days.

5 | CONCLUSIONS

In this work, a mathematical model of PLA biodegradation in composting processes was formulated. The model consists of
seven ordinary differential equations, which was characterized by including the PLA mass as a substrate of the total composting
and also considers that the degradation rates of the masses are variable taking into account the main influencing factors of the
composting process (temperature, moisture content, oxygen concentration, C/N ratio).

A qualitative analysis was performed on the reduced composting mass model, which is non-linear and non-autonomous. This
system was transformed to autonomous, through a transformation similar to the one proposed in [6]], obtaining a bidemensional
system with two equilibrium points: origin My = (0, 0) and an axial equilibrium M, = (mppa0,0). Then, it was shown that the
autonomous system has non-negative, bounded solutions and that there are no periodic orbits by means of the Dulac criterion.
It was proved that the origin is a locally and globally exponentially stable equilibrium point; and that the axial equilibrium is
unstable, by linearization and a Lyapunov approach. It was shown that if the parameter k;; = O then a degenerate transcritical
bifurcation exists at the origin using Sotomayor’s Theorem generalized to m-parameterized functions @] (Appendix [B)). Also,
numerical simulations were carried out using Matlab software to validate the results obtained above and it was concluded that
the mass of PLA tends to zero rapidly when t — oo, i.e., the mass of PLA can be fully biodegraded in the composting process
when time tends to infinity as desired.

On the other hand, numerical simulations of the complete mathematical model of the composting process were performed.
Three initial C/N ratios of 25, 32.5 and 40 were used to evaluate their effects for the biodegradation of the PLA mass over
time. The results of the model simulations indicated that the initial C/N ratio of 32.5 showed higher and faster biodegradation
rates in comparison with the other C/N ratios. The maximum temperature was achieved at this conditions and a 90% of
biodegradation of the PLA mass was reached in approximately 150 days. Whereas, if the initial values of the C/N ratio are higher
than 40 or lower than 25, disadvantages may occur, such as slower degradation of the process and a decrease of the maximum
composting temperature. The above implies a decrease in the percentage of PLA biodegradation, which may be due to the fact
that microorganisms do not find the necessary nutritional conditions to develop.

This work provides a mathematical tool applied to the field of biotechnology of biodegradable plastics and shows that the
biodegradation time of PLA can be decreased if the composting process is initiated with an adequate C/N ratio.
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APPENDIX
A NON-NEGATIVE CONE

Next, we will present definitions and properties necessary to prove the positivity of the system (29) [8].
Definition 2. An n x n real matrix A is a graph Laplacian if it has the following properties:
Property 1 (Pattern of signs). A;; > Ofork,I=1,...,n,k#[, Ay, <Ofork=1,...,n

Property 2 (Zero column sum). ZA[{’[ =0,forl=1,...,n.
k=1


https://books.google.cl/books?id=v_BjPQAACAAJ
https://www.sciencedirect.com/science/article/pii/B9780125503501500473
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Definition 3. Let A C R"™", A # (), R} = {x € R : x > 0} is the set of non-negative real numbers. Then, A is a “non-negative
cone" if R - A C A.

Definition 4. Given two compatible matrices P and Q, we say that:

° P}QifPiJ>QiJf0ralli,jand
L] PinfPlJZQ,Jforalll,]

Proposition 2 (Positivity). If X’ = A(X) - X with X(0) = Xy = 0, where X € R", and A is a graph Laplacian, then X(t) = 0, for
allt >0

B SOTOMAYOR’S THEOREM FOR M-PARAMETERIZED FAMILIES

The following theorem will allow us to show under what conditions a bifurcation occurs at a non-hyperbolic equilibrium point of
codimension one of an m-parametric system [2} 44].

Theorem 4. Consider the parameterized system
X =F(x, k) (B1)

with x € R" and k € R™. Suppose that there is (xg, ko) such that

HI) F(xo, ko) =0,
H2) o(A) = {A; = 0,Re()) #0.forj=2,3,...,m}.

Let vo and wy be the right and left eigenvectors respectively of A = DF (xo, ko) corresponding to the eigenvalue A| = 0. Then,

() 1If

a = wh Fi(xo, ko) #0, (B2)
b = (W D*F(xo, ko))(vo, vo) # 0. (B3)

Then, the System (BI)) experiences a saddle-node bifurcation at the equilibrium point x = xo when the parameter k passes
through the bifurcation value k = k.

2) If
a = w{ Fy(xo, ko) = 0, (B4)
b = (w§ D*F(xo, ko))(vo, vo) # 0, (B5)
¢ = —(wg D*F(x0, ko)) (vo, Po)J; " QoF(x0, ko) + vl (g Fra(x0, ko))" % 0. (B6)

Then, the System (BI) experiences a transcritical bifurcation at the equilibrium point x = xo when the parameter k passes
through the bifurcation value k = ko.

(3) If
a = w{ Fi(xo. ko) = 0, (B7)
b = (W D*F(xo, ko)) (v, vo) = 0, (BS)
¢ = =W D*F(xo, ko)) (vo, Po)J; " QoFi(xo, ko) + v (Wg Fie(x0, ko))" # 0, (BY)
d= %(W5D3F(xo, ko))(vo. vo, vo) — %(wg DF(xo, ko))(vo, Po)J; ' (QoD*F (x0. ko))(vo, vo) # 0. (B10)

Then, the System (B1)) experiences a pitchfork bifurcation at the equilibrium point x = xo when the parameter k passes
through the bifurcation value k = k.

The proof for the uniparametric case, i.e., when k = 1, can be found in [48] 55/ 25], and the generalization of the k-parametric
case [2},144].
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