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Abstract

A Monte Carlo model was employed to investigate the grafting of maleic anhydride onto
polypropylene using a peroxide initiator. The study aimed to develop a comprehensive model that
considered a very detailed kinetic mechanism, including chain transfer to polymer,
homopolymerization as well as several copolymer reactions. The relative importance of these
reactions was evaluated using a sensitivity analysis, which identified homopolymerization, B-scission,
chain grafting, and termination by disproportionation as the most influential reactions. The kinetic
constants of these reactions were tuned to fit reported experimental data using the Surface Response
Method. The model considers a pseudo-homogeneous reaction medium and predicts average
molecular weights, degree of grafting, molecular weight distribution, and grafting distribution.
Furthermore, model simulations provided useful information about the impact of initial

concentrations of reactants and reaction time on the molecular properties of the grafted polymer.

We present a Monte Carlo model for the grafting of maleic anhydride onto polypropylene using
peroxide as initiator. We perform a sensitivityy analysis to evaluate which kinetic steps affect polymer
properties the most. The final set of contants allows fitting experimental data. The model is used to

assess effects of initial concentrations and reaction time on polymer properties.
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1. Introduction

For several decades, research has been conducted on the grafting reactions of unsaturated monomers
on polypropylene (PP). Functionalization of PP through the grafting of a comonomer helps to obtain
desired properties while improving other features. The use of maleic anhydride (MAH) as a graft
monomer is well documented™! and has been shown to improve physical properties and enhance
compatibility with polymer blends such as polyamides and polyesters. The PP-g-MAH also allows
further modifications to create special polymer structures, such as branching.*®’ Numerous
experimental studies have been published on the entire grafting process,’?3! using a variety of
production methods, with reactive extrusion being the most commonly used technique.”’ These
studies provide valuable information on the characterization of the reaction system and highlight the
influence of the process variables on the final properties of the copolymer. It is worth mentioning that
numerous studies regarding the grafting of various polymers to alter their properties have been
documented in the literature. These works provide valuable insights into the impact and significance

of grafting.?4%”)

Despite the large number of works published on this subject, a complete understanding remains
elusive and has been debated for many years. There is a consensus on the main steps of the grafting
mechanism.[12 28321 The first step is the formation of radicals from peroxide decomposition. At
relatively high temperatures, 8-scission dominates, which is favored by the presence of radicals. In
this reaction, two shorter chains are formed from one PP chain, one of which contains an end-chain
radical, while the other chain becomes unsaturated. It is generally accepted that the grafting reaction
can occur on any available radical and that there is termination by disproportionation reactions
between PP molecules. However, several possible reactions in this process are not agreed upon. One
of them is the homopolymerization of MAH. Some authors have disregarded its occurrence, citing the
reaction's ceiling temperature,!> 2% while others have reported the presence of a significant amount
of MAH oligomer and suggested that the true ceiling temperature is higher than the previously

reported one, which was a calculated value.B* 34 A third, intermediate approach has also been
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reported in which homopolymerization of MAH is allowed up to a certain chain length.'® The
occurrence of the hydrogen abstraction reaction remains a topic of debate. Some reports suggest that
it is a step of the B-scission reaction,® 34 while others propose that it may occur independently,
forming backbone radicals due to the large number of tertiary hydrogen atoms in the PP chains.[*% 3%
The distinction between these two possibilities is crucial for understanding the reaction mechanism
because the presence of backbone radicals broadens the spectrum of possible reactions. Other
reactions, such as chain transfer to polymer and various forms of termination, are significant.3% 3 3¢
3711t was also found that the B-scission reaction can also occur after the grafting reaction, leading to a
combination of a copolymer radical and a dead chain.B”! This expands the possibilities for new
reactions because the grafted copolymer has a different reactivity than the virgin PP.3%3%37 Since the
mixture contains both polar (MAH) and non-polar (PP) components, it is possible to describe it using
two phases, or a single pseudo homogeneous phase. Previous studies have conducted a comparative
analysis to assess the advantages of including phase differentiation in order to enhance the depiction
of the grafting process.[?> 31 38 3% We found that for our system the use of a pseudo-homogeneous
model was enough to accurately portray the grafting process, as we will discuss in detail later.
Diffusional limitations have not been specially considered in this model. Although there are studies
that highlight the importance of diffusional effects in grafting processes,'>® the approach adopted in
this work represents the behavior of the system well, as evidenced by the comparison with
experimental data. The influence of variables such as reaction time and reactant concentrations on
the final properties, including the degree of grafting (DG), number-average molecular weight (M,,),
and weight average molecular weight (M,,), is still a matter of debate. Nevertheless, some findings in

this area have become widely accepted.[*-3 79 12-16, 19, 21-23, 28, 29, 35-37, 40-43]

Mathematical models that can accurately predict the molecular structure of the grafted polymer have
become a desirable option for revealing the reaction mechanism. To achieve this, a comprehensive
description of the reaction steps is required. There are numerous studies in the literature on the
modeling of the grafting of MAH onto PP. For example, Giudici et al.®?% and Aguiar et al.®* have
developed a comprehensive mechanism encompassing a wide range of secondary reactions in single-
and two-phase systems, respectively. These models were constructed using the method of moments,
which transforms a system of population balance differential equations of infinite size into a finite
system of moment equations. In these works, the method of moments provides information on the
evolution ofM_n, M—W, and DG over time, but it does not provide insight into other critical variables
such as the rate of occurrence of the different reaction steps and the topology of the grafted chains.
However, it is important to note that recent studies have reported being able to use the method of

moments to determine the topology of polymer chains.* %! Nevertheless, this method presents a
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challenge when dealing with reactions such as 8-scission and chain transfer to polymer, as it requires
closure equations for the resulting open system of moment equations. Shi et al.”® and Zhu et al.l3?
presented Monte Carlo (MC) algorithms based on a simplified reaction mechanism that did not
consider many of the possible secondary reactions. Although these two studies are consistent with
each other and show good agreement with experimental data, they fell short of giving a full
comprehension of the reaction mechanism and determining the relative significance of the reactions

that were presented.

A stochastic approach such as the MC method is well suited for this polymer system. It provides a
thorough insight into the process variables as they change over time and can be easily refined by
including additional kinetic steps, making it ideal for analyzing the effects of any secondary reaction.
Several detailed analyses of the topography of grafts and polymer chain branches obtained using
Monte Carlo methods have been reported.[?* 2> 44 46,47 | this work, a model is proposed that includes
a comprehensive mechanism for grafting MAH onto PP. It is based on the MC approach and predicts
the evolution along the reaction time of the number of molecules of each reacting species, the DG,
the M,,, M,,, and molecular weight distribution (MWD) of the copolymer chains, as well as the chain

length, position, and topology of the grafted MAH chains.

The model parameters were estimated using experimental data obtained in our laboratories. These
data involved a variety of initial concentrations of MAH and peroxide, as well as measurements of M,,,
M,,, MWD, and DG at different reaction times. First, a sensitivity analysis was performed to evaluate
the effects of each kinetic step on the measured properties to identify the most important kinetic
constants for the model validation. Then, the selected kinetic constants were tuned to fit the
experimental data. A very good agreement was obtained. Afterward, the model was used to
determine the influence of operating variables such as reaction time and reactant initial

concentrations on the molecular properties of the polymer.
2. Kinetic mechanism

The system analyzed in this work is the grafting of MAH onto PP in bulk using 2,5-dimethyl-2,5-di-(tert-
butyl peroxy) hexane as initiator. This initiator was selected due to its ability to generate four radicals
per peroxide molecule, unlike other peroxides that produce fewer radicals per molecule. In addition,
its half-liftime is suitable for the operating temperature and it is commonly used in PP modification.®
912,13,17,42, 431 The reaction was performed in a batch equipment, a Brabender Plastograph® mixer at
180 °C and 40 rpm. The experimental data were obtained in our laboratories. Table 1 presents the

initial concentrations of initiator and MAH, reaction time, and the average molecular weights and

This article is protected by copyright. All rights reserved.

85US01 SUOWILLIOD BA[12810) 3|qedl|dde sy Aq pausenob afe sl YO ‘8sn JO Sa|ni 10} Akelqi 8UljUQ AS|IA UO (SUORIPUOD-pUR-SWBI W0 A8 1M AReIq 1 [BU 1 |UO//SAY) SUOIIPUOD pUe SWid | 8y} 89S *[£202/90/20] U0 ArigiaulluO A3|IM ‘ SauoioeBssAu | ap feuoideN 0Bsuod 13DINOD - NIVNSVILISY ONVIMYIN AQ 8T000E€202 SIeW/Z00T 0T/ I0p/L00" A8 1M AReiq 1pul|uo//:Sdny Wwouj pepeojumoq ‘el ‘6T6ETZST



Accepted Article

degree of grafting of the grafted PP. Concentrations of reactants are defined as bulk concentrations
considering the entire volume of the reaction medium. The initial concentration of the initiator is
reported in parts per million (ppm), on a weight basis. Experiments E.I-E.lll correspond to a virgin PP
called PP-A of M,,=1.06x10° g mol™* and M,,=3.82x10° g mol'; experiments E.IV and E.V correspond to
a virgin PP called PP-B of M,,=1.91x10° g mol* and M,,=4.67x10° g mol™.

Table 1. Experimental data sets.

Experiment Initiator MAH Reaction Copolymer M,, Copolymer M,, Degree of
[ppm] time grafting
[wiw%] [g mol] [g mol "]
[min] [%]
E.l 375 1 5 98000 226000 0.058
E.ll 750 1 10 81000 194000 0.106
E.lN 750 1 40 46000 158000 0.125
E.IV 250 1 15 106000 314000 0.09
EV 500 1 15 113000 290000 0.14

We present a thorough kinetic mechanism based on a literature review. 3 7, 10-14,17,18,20, 21, 23, 28-34, 36-38,
42,4850 Tg cover the largest possible number of reactions, we allow unrestricted homopolymerization
of MAH in both grafted and ungrafted units. 8-scission and chain transfer reactions are treated as
described by De Roover et al.®¥ In this approach, 8-scission and chain transfer reactions are deemed
to occur much faster than hydrogen abstraction reactions. As a result, these reactions (reactions (5)-
(8) and (13)-(20)) are considered to happen simultaneously, leading to the generation of only end-
chain radicals. Furthermore, these reactions create double bonds at the end of the inactive molecules,
which are regarded as unreactive as reported in prior studies.!?>3% 38 Thermal degradation reactions
were excluded because they only occur at temperatures much higher than the one used in our

experiments.

Peroxide decomposition

PO—% 34RO (1)
Deactivation of initiation radicals
2RO—te 5 XRO (2)
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MAH activation
RO+MAH,,, — =+ RMAH,
MAH deactivation

RO+ MAH,,, —Ya s XMAH
B-scission

PP+ RO—'*=_sPP_ +RPP
COP, + RO—"==»_COP__+RCOP
COP, +RO—'=2_5 PP+ RCOP

COP, + RO—*=»_>COP__+RPP.
Grafting
RPP, + MAH,,,, —"»— RCOP,""""
RCOP, + MAH,,,, —=»— RCOP,"*"*
Propagation
RMAH, + MAH,,,, —% > RMAH,,
RCOPM™ " & MAH,  — s RCOP M
Transfer to polymer
RPP, + PP.—*—>PP + RPP_, + PP,
RPP, + COP,—*5 PP, + COP._, + RCOP.
RPP, + COP,—*— PP, + PP_, + RCOP.

RPP, +COP,—*—> PP, + COP_, + RPP.
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RCOP, + PP —*—5COP, + RPP_, + PP
RCOP, + COP. —*~>COP, + COP_, + RCOP.
RCOP, +COP, —%—>COP, + PP_, + RCOP
RCOP, + COP. —%—>COP, + COP._, + RPP.
Termination by combination

RPP. + RCOP, == 5COP,

RPP, + RMA, —2= 5 COP,

RPP. + RCOP s _tama_y cOP

n+m

Termination by disproportionation

RPP. + RPP — % pp 1 PP
RPP. + RCOP,—ux» 5 PP 1 COP,
RCOP, + RCOP, —‘x_ COP + COP,
RCOP, + RMAH , —%ms_s COP. + TMAH,,

RCOP, + RCOP s _Lawmar_y COP 1 COP,
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(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

In the above equations, PO is an unreacted peroxide, RO a peroxide radical, and MA Hnon the MAH
monomer; XMAH and XRO are deactivated MAH and peroxide molecules, respectively; ZMAH, is an
activated MAH chain with n MAH units, PPn a dead PP chain with n propylene units, RPP, a PP end-

chain radical with n propylene units, and COP, is a copolymer chain with n propylene units; RCOP, is

an end-chain copolymer radical with n propylene units and the radical site in a propylene unit, and

RCOP,MAHm is 3 copolymer radical with n propylene units and the radical site at the end of a grafted

MAH chain of length m; TMAH, is a MAH chain of length n. Please note that reaction (4) is a simplified

version of the generation of inactive species starting from peroxide radicals and MAH, through a

dismutation intermediate step.[!”” 2! Note that reactions (6)-(8) correspond to the same reactants

resulting in different products depending on the position of the grafted MAH after the 8-scission, as

This article is protected by copyright. All rights reserved.

85UB0| 7 SUOWILLIOD BAIERID) B|eal|dde U} Aq pausenof e o1 e VO '8N JO s8N 104 ARIq1T 8UIIUO /B] 1A UO (SUORIPUOD-pUe-SWBH W00 A8 | IM"AfeAq 1 [Bu1|u0//SdiY) SUORIPUOD PUe SLB | 8U) 88 *[£202/90/20] Uo Afiq1 8uI|UO AB]IM * sauoidebiisenu| 8p feuooeN 0BsUoD 130INOD - NIVNSVALSY ONVINVIN A 8TO00EZ0Z STW/Z00T 0T/I0p/wod /8| imAreiqifeuljuo//sdiy Wwoij pepeojumoq ‘el ‘6T6ETZST



Figure 1 illustrates. Something similar happens in reactions (14)—(16) and (18)—(20). To simplify
matters, all COP, molecules in the reaction presented before are identified with the same name.
However, the model retains all the information regarding the number, length, and location of the
grafted sites. Furthermore, the model can distinguish between COP, molecules that have structural

differences, such as those resulting from reaction (23).

MAH MAH MAH MAH
Reaction (7) A)\/\)\ +
W  ROY . /\
cop

RCOP PP

Figure 1. Possible reaction paths for the 8-scission of COP, molecules.

The DG is defined as follows:

(Z S mk, (CORf:" + RCOP*" + RCOPM!* )JMMAH
DG = -

=1 m=1, =1

3 (nPPn +nRPP, +n3 S (CORf; + RCOP™ + RCOPM""*: )J M,

n=1 m=1 K:; =1

+ (i 3 i (COPf:" + RCOP™ + RCOP"* )J M\

n=1 m=l1 ;(:1:1

In the above equation, Muan and Mp are the molecular weights of MAH and propylene, respectively.

Accepted Article

Additionally, the symbol and superscript &, stands for the number of grafted chains of length m in
the corresponding polymer chain. It is worth noting that the model registers the position and length
of every MAH graft in every polymer chain, although, for the sake of simplicity, only some of these

features are made explicit in the notation as required for each particular case.

The number fraction of chains with x grafts (ANGC()) is calculated as follows:
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s

(PR/[ +RPRL + COR;( +RCOR;( +RCOR,MAH’K)

= k=0
i PP +RPP, + i(coe; + RCOP’ + RCOPM )J
ANGC(x)=1"" 3 - (30)
> (COPF + RCOP} + RCOPM™"*)
7=l k>0

i(”? +RPE, + i(cof:” +RCOP’ + RCOP™"" )J

n=1 v=l

where superscripts kor v stand for the number of grafts of any length in the corresponding chain.
Finally, the graft chain length distribution (GCLD) is computed as follows:

> (COPS + RCOP™ + RCOP - )

GCLD (m) = | — ! - * * (31)
>33 (CORY +RCORY +RCOR"" )

—

where m is the length of the MAH graft.
3. Monte Carlo Simulation

The Gillespie algorithm®? was used to develop the MC model considering a spatially homogeneous
reaction system. Reactions were assumed to occur discretely over a random reaction channel within
atime interval 7. The determination of how long the time interval is and which reaction occurs is based

on the following relationships:

5
P <nr<
71 71

T= [LJ ln(l) (33)
a, r

where r; and r, are random numbers between zero and one, § is the selected reaction channel, P; is

P (32)
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the reaction rate probability of reaction A, calculated as:

a=% (34)
0

and ao is the sum of all of the reaction rates:
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=S4,
A

According to the reaction scheme presented before, we can list the reaction rates as follows:

L MC
a,=k; np,

a, = kﬁ;ﬁo”Ro (nRO - 1)

_ . MC
a5 = KoMy

L MC
Ay = Koy MroPyass

kMC

aS = escpanOuPP
MC
a6—8 - esccoanOMCOP

_ g MC
ay = kz’njpanPPnMAH

_ L MC
ay = kinjcoanCOPnMAH

I MC
a, = kpmah My rvan

_ g MC
a, = kpmahnMAHnRCOPMAH

ap = k;v[ CnRPPuPP
16 = kzjru CnRPPuCOP

ay; = kz]rw CnRCOPuPP
i3 20 = ktjycnRCOPuCOP

_ g MC
a) = ktcppcoanPPnRCOP

o MC
a22 - ktcppmahnRPPnRA/MH
M4
Qyy = ktcppmah Nrpprcoprman
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MC

a24 = ktdpppp nRPP (nRPP - 1) (53)
MC

ays = ktdppcop N rppPlrcop (54)

MC
a26 = ktdcopcop nRCOP (nRCOP - 1) (55 )

kMC

Ay = Kigcopmanrcor Ryt (56)

L MC
g = ktdcopmahnRCOPnRCOPmH (57)

where n is the total number of molecular species and u is the sum of all valid reaction sites of these
species. To use the MC algorithm, the original macroscopic kinetic constants (k) must be converted to

microscopic ones (k). The conversion can be achieved using the following relations:
1** order reactions

(58)

2" order reactions

e = i (59)

where V is the reaction volume and Nais Avogadro’s number. Initial values of the macroscopic kinetic

constants, obtained from the literature® and previous work by our group,® are shown in Table 2.

Table 2. Macroscopic kinetic rate constants.
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ke [s] 9.3%10°  Kgesro [L Mol 's™] 1.53%1072
Kimah [L Mol s1] 1.09%102  Kesre [L mol™s7'] 1.58x102
Kescpp [L oI s7] 4.09%x10*  Kesccop [L Mol 2.04x10
Kinjop [L MoI"s°7] 1%10°  Kinjeop [L MoOI"s7] 1.97x10""
Kpman [L Mol s™] 7.3x10"  kq [L mols™] 1.45%10"
Kteppoop [L Mol 5] 7.54x102  Kigppman [L Mol s7] 1.11x10
Kidpppp [L Mol 's] 1.45%10™"  Kigppoop [L MoOI's™] 1.45x10™"
Kedcopcop [L Mol 7] 1.45%10"  Kigoopman [L Mol ] 4.76x10*
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The model was implemented in MATLAB®.
4. Model validation

First, a sensitivity analysis was performed to evaluate the effects of each step of the kinetic mechanism
on the molecular properties of the copolymer. A number of approaches have been reported in the
literature for addressing the model sensitivity to the values of its parameters, such as distribution-
numerical fractionation-method of moments,® principal component analysis,®® estimability
analysis,® 57 design of experiments®® and Sobol’ indices,™ ¢ among others. In this work, an ad-hoc
procedure was employed. The analysis was performed by simulating the grafting reactions of PP-A
under different operating conditions, shown in Table 3. These conditions were chosen to give

significantly different final properties. A reaction time of 2400 s was used for all cases.

Table 3. Operating conditions for the sensitivity analysis.

Simulation Initiator [ppm] MAH [w/w%]
Sim.1 1000 1
Sim.lI 1000 3
Sim. Il 1000 45
Sim.IV 10000 1
Sim.V 10000 4.5
Sim.VI 10000 10

In the first step of the sensitivity analysis, the average frequency of each kinetic step in the series of
simulated grafting reactions was recorded using the kinetic constants listed in Table 2. Secondly, the
grafting process was simulated for each initial condition given in Table 3 scaling the kinetic constants
in Table 2 by a factor 0f 0.01, 0.1, 10, and 100. The resulting values of M_n, M_W, and DG were compared
with the ones obtained using the original values of the constants in order to determine the effect of
each reaction on the final copolymer properties. To quantify this effect, a performance indicator ¢ was
defined that represents the influence of a variation of a kinetic constant on a particular polymer
property (e.g., M,,) compared to the total influence of all kinetic constants on the same property. This

parameter is calculated as follows:
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Z : ‘00,1‘ ow ~ Yijow
S(py) == (60)
ZZ ‘90jkl// ljkl//‘
k=1 j=1 i=1

where ¢ stands for the property of interest, 1 is the evaluated reaction, n is the total number of
multiplying factors for the analysis, m is the total number of data sets, p is the total number of kinetic
constants, and 8 is the numerical value of the property ¢. From the model validation details,
experimental data, and model formulation, n = 4, m = 6, and p = 16, respectively. A higher value of £

(o, Y) indicates a higher influence of the reaction 1 on the property ¢.

The results of the sensitivity analysis were used to select the four most influential reactions, whose
kinetic constants were then tuned to fit the model results to the experimental data in Table 1. The

objective function of the parameter estimation problem was:

N _ 2 _ L ,
w(ﬁ) Mn exp,i;Mn sim,i (f) " W(M—) MWeXP,i;MWsimJ‘ (f)
: nexp,i g W exp,i
C DG. . —-DG,_ .
g(f) = zl +W(DG)1 CXP»lZ)G sim,i (f) (61)
= exp,i
2
L ( MWDc.. ..—MWDc_ ..
+W(MWDC)[ Z cexl}”"lfWD CSlm,l,j (f)
/= Coxpij

where f is the vector of the selected kinetic constants, exp refers to experimental data, and sim to
simulated data; MWDCeyp/sim,ij is the experimental/simulated cumulative molecular weight distribution
at the chain length j for the data set i; mis the number of data sets, /; is the maximum chain length of
the MWDc of the data set j, and the w(¢); is the weighting factor of the property ¢ =M,, , M,,, DG or

MW0Dc, for the data set .

The weighting factors are calculated using the relationship presented in Equation (62) and are shown

in Table 4:
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5%1.
W((D)i: ( (;0)) (62)
e
" (ME(p))

where w(@); is the weighting factor of the property ¢ in experiment i, ME(¢) is the experimental
measurement error of the property ¢, and 6, = 1 if the data of property @ is available in experiment
i or 0 otherwise. Note that the experimental MWD is only available for experiments E. IV and E.V, and

therefore the weights of the other properties are lower for these experiments than for the other ones.

Table 4. Weighting factors for the fitting problem.

Property Experimental 540," W( ¢7)i
measurement error
E.I-E.lN E.IV&E.V E.I-E.lNI E.IV&E.V
M, +15% 1 1 0.09 0.06
M, +5% 1 1 0.73 0.62
DG +10% 1 1 0.18 0.16
MWDc +10% 0 1 0 0.16

Given the probabilistic nature of the model, conventional optimization methods are not suitable for
parameter estimation. Therefore, the Surface Response Method (SRM) was chosen, which is effective
for stochastic optimization.®* 2 This method allows the construction of approximate models, called
response-surface models, between the system variables (in this case, the kinetic constants) and the
response values (the objective function £).5% %4 |n this work, a response surface model of second-
order was used (Equation (63)). This model structure is frequently chosen because it usually
adequately captures the behavior of the response surface, especially within a limited region of

interest.[®!

n n n
V=Gt 20N+ D G (63)
=

J=1 k=

In Equation (63), x; are the system variables that affect the response y;, and co, ¢ij, and cyi are

estimated regression coefficients. These coefficients are found using a least-squares approach. The D-
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optimum criterion was used to construct the experimental designs because they provide a minimum

variance error.[®%

The optimization procedure of the SRM used in this work is relatively straightforward and has the

following steps:[6% 62

(A)

(B)

(€)

(D)

a D-optimal experimental design is created from an initial point of the system variables. In
this work, a variation of £25 % from the initial point is considered for the design factors #1,

i.e. the design factor +1 equals £25 % of the initial point for each system variable.

response values are obtained with the MC model for each value of the system variables

indicated by the experimental design formulated in step (A).

using a least squares method, a response surface model is obtained by tuning the coefficients

Co, C1j, and ¢z in Equation (63) to fit the response values calculated in step (B).
the response surface model obtained in step (C) is minimized by varying the system variables.

Convergence is checked by evaluating the optimum obtained in step (D) with the initial point
in step (A). If the difference is less than £10 % for each of the system variables, the algorithm
ends; if not, the process is repeated from step (A) using the values of the system variables

found in (D) as the initial point.

The parameter estimation problem was repeated with different initial points, observing no noticeable

changes in the optimal set of the kinetic constants. The +25 % perturbation value was selected after

preliminary numerical tests: smaller values led to the same result but in a longer time, while larger

values affected the convergence of the algorithm.

5. Results and Discussion

5.1. Model validation

Table 5 shows the average frequencies of the different reactions that make up the kinetic mechanism
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as well as the calculated values of {(@w), which measure the influence of kinetic constants on

particular polymer properties.
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Table 5. Effect of changes in kinetic constants on polymer properties.

Reaction Kinetic constant ~ Average rate of EM,, ) &M, v) &(DG, w)
j ; number (1) occurrence %
) kq 3.08 0.144 0.114 0.016
—

(2) Kdesro 0.80 0.131 0.099 0.016
O (3) Kimah 0.77 0.059 0.050 0.151
g M (4) Kaesrc 1.11 0.152 0.111 0.017
H (5) Kescpp 6.72 0.151 0.146 0.043
H (6)-(8) Kescoop 1.40 0.006 0.017 0.006
9) Kinjop 1x10* 0.002 0.006 0.002
(10) Kinjcop 0.03 0.061 0.020 0.149
(11) Kpmah 82.14 0.001 0.002 0.077
@ (12) Kpman 1.25 0.004 0.007 0.137
(13) Kir 0.51 0.109 0.138 0.001
@ (14)-(16) K 4x108 0.001 0.003 0.004
H 17) Kir 3x10* 0.004 0.015 0.006

Q (18)-(20) Kir 0 0 0 0
(21) Kicppcop 5x10* 0.002 0.007 0.002
D (22) Kicppmah 0.16 0.058 0.026 0.214
< ) (23) Kicppmah 0.01 0.007 0.001 0.003
( ) (24) Kidpppp 1.39 0.045 0.207 0.011
(25) Ktdppoop 9x10+4 0.002 0.010 0.001

(26) Kidoopoop 0 0 0 0
(27) Kidoopmah 0.81 0.058 0.014 0.123
(28) Kidoopmah 0.02 0.003 0.007 0.025

Homopolymerization of MAH (reaction (11)) occurs most frequently, accounting for 82 % of the total
number of reactions that took place in the simulated experiments. In contrast, reactions (14)-(16) are

very unlikely. Transfer from copolymer radicals to dead copolymers (reactions (18)-(20)) and
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termination by disproportionation between copolymer radicals (reaction (26)) do not occur. Transfer
to polymer reactions (reactions (13)-(20)) make a difference only when both reactants are PP chains
(reaction (13)), both because of their frequency and of their effect on the polymer properties. Since
all transfer to polymer reactions have the same kinetic constant, this can be explained by the
combination of a small population of copolymer molecules and a predominance of other reactions in
which copolymers serve as reactants. Hence, reactions (14)-(20) can be neglected due to their low
frequency and impact on polymer properties. All other reactions affect at least one polymer property

and occur at a reasonable rate.

Although several reactions affect significantly the polymer properties, only four of them were chosen
to be fitted because of the limited number of available experimental points. The four kinetic selected
kinetic constants were: Kesqpp, Kinjcops Komah, and Kegpppp. The constant kesep is the most influential on M,,
and the second most influential on M_W, Kinjcop is the second most influential on DG, kpmas, adding the
contributions of reactions (11) and (12), has the highest influence on DG together with Ktcppman but with
a higher rate of occurrence than the latter, and kegpppp has the highest influence on M,,. Initiator-
induced reactions are frequent and also affect polymer properties, but they were not selected because
values available in the literature are generally well accepted.® It should be noted that the ranking of

most significant kinetic steps may be different for other grafting systems.>*

The final values of the estimated kinetic constants obtained using the SRM are given in Table 6. The
response surfaces corresponding to the minimum point are shown in Figure 2. It can be noted that
the response surfaces are centered very near to the (0,0) which is the coordinate required for a

minimum point, presenting a reasonable error margin.

Table 6. Final values of the estimated kinetic constants.

Reaction number  Kinetic constant  Final value [L mol s7]

) Kescop 5.28x10*
(10) Kinjcop 5.2x10°
(11),(12) Kpmanh 2.31x10'
(24) Kidpppp 5.55x10""
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Figure 2. Response surfaces corresponding to the optimal point

Figure 3 and Figure 4 compare simulated and experimental data for M,,, M,,,, and DG. There is a good
degree of agreement. The average relative errors for M,,, M,,, and DG are 21.1 %, 5.3 %, and 7.9 %,
respectively. These values are consistent with the experimental errors reported in Table 4, although

the one for M,, is slightly higher.

Figure 5 and Figure 6 show the experimental and simulated MWD and MWDc for experiments E.IV
and E.V. Both the cumulative MWD, which was used to fit the kinetic constants, and the MWD of the
modified resins are depicted, along with the MWD of the virgin PP. The curves for the simulated
distributions have been smoothed using splines to minimize the numerical noise inherent to MC
simulations. Overall, the agreement between the simulated and experimental MWDs is good. There

are small discrepancies near the peak of the distributions, but they are not very significant.
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Figure 4. Experimental and simulated DG.
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Figure 5. Experimental and simulated MWD and MWDc for E.IV. PO 250 ppm, MA 1% w/w, t=15 min.
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Figure 6. Experimental and simulated MWD and MWDc for E.V. PO 500 ppm, MA 1% w/w, t=15 min.

5.2. Effect of the process variables on the polymer properties

The MC model was used to investigate the influence of the initial concentrations of PO and MAH and

of the reaction time on the polymer properties. Table 7 shows the values of the process variables
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considered in this analysis. One variable was modified at a time, keeping the other two fixed at the

values marked with an asterisk.

Table 7. Initial values for the variables used for sensitivity analysis.

PO [ppm] MAH [wiw %] t [min]
250 05 5
375 0.75 15
500* 1* 22.5
625 1.25 33
750 15 40

The effects of the initial concentrations of PO and MAH on M,,, M,, and DG are shown in Figure 7,
Figure 8 and Figure 9. It can be seen that as the concentration of PO increases, M,, decreases (Figure
7a). A higher concentration of PO increases the frequency of the B8-scission reactions, resulting in a
larger population of shorter chains. On the other hand, an increase in the concentration of MAH has
a minor effect on M,, (Figure 7b). Additionally, Figure 7c shows that increasing the reaction time
beyond 15 minutes has a negligible effect on M,,, presumably because all RO molecules have already
been consumed. Regarding M,,, (Figure 8), a similar trend is observed. The only significant difference
is found in the influence of MAH, which causes a slightly higher increase in M,,.. Regarding DG, it can
be seen that increasing the initial PO concentration causes a minor increment in the grafting values,
whereas the initial MAH concentration has a significant effect. As with the other cases, DG values tend
to stabilize after 15 minutes of reaction time. These results are in agreement with other published

works [7, 28, 32, 33]
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Figure 7. Effect of operating variables on M,,. (a) MAH 1 w/w%, t=15 min; (b) PO 500 ppm, t=15 min;

(c) PO 500 ppm, MAH 1 w/w%.
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Figure 8. Effect of operating variables on M,,. (a) MAH 1 w/w%, t=15 min; (b) PO 500 ppm, t=15 min;
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(c) PO 500 ppm, MAH 1 w/w%.

This article is protected by copyright. All rights reserved.

85UB0| 7 SUOWILLIOD BAIERID) B|eal|dde U} Aq pausenof e o1 e VO '8N JO s8N 104 ARIq1T 8UIIUO /B] 1A UO (SUORIPUOD-pUe-SWBH W00 A8 | IM"AfeAq 1 [Bu1|u0//SdiY) SUORIPUOD PUe SLB | 8U) 88 *[£202/90/20] Uo Afiq1 8uI|UO AB]IM * sauoidebiisenu| 8p feuooeN 0BsUoD 130INOD - NIVNSVALSY ONVINVIN A 8TO00EZ0Z STW/Z00T 0T/I0p/wod /8| imAreiqifeuljuo//sdiy Wwoij pepeojumoq ‘el ‘6T6ETZST



t [min]

Figure 9. Effect of operating variables on DG. (a) MAH 1 w/w%, t=15 min; (b) PO 500 ppm, t=15 min;

(c) PO 500 ppm, MAH 1 w/w%.

The impact of the operating variables on GCLD is shown in Figure 10, Figure 11, and Figure 12. When
the initial concentration of PO increases, the concentration of short-grafted chains also increases.
Conversely, an increase in the initial concentration of MAH generates higher concentrations of longer
grafted chains, something that could be attributed to a higher incidence of homopolymerization

reactions. The reaction time appears to have a negligible effect on the length of the grafted chains.
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Additionally, the results show that, on average, 25 % of the grafts are less than 6 units long, while 50%

are less than 15 units long. Only 5% of grafts are longer than 93 units.
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Figure 11. Graft chain length distributions at different MAH concentrations. PO 500 ppm, t=15 min.
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Figure 12. Graft chain length distributions at different final reaction times. PO 500 ppm, MAH 1
w/w%.

Figure 13 shows the influence of the initial concentration of MAH on ANGC. For the whole range
considered for this process variable, nearly all the population of chains remains ungrafted. Only a small
fraction, around 2-4 %, exhibit one graft, and an even smaller percentage have multiple grafts (0.5-
1 %). It is observed that as the concentrations of MAH increase, the number of grafts per chain also
increases. The same tendencies are observed when increasing the initial PO concentration. This is
probably because, for the first variable, the MAH concentration affects grafting reactions (reactions
(9) and (10)) directly, and a higher PO concentration results in a larger radical population that could
potentially become grafted. The variable ANGC presents a similar profile to the one in Figure 13 for a

given reaction time, but increasing the reaction time shows no noticeable effect after 15 minutes.
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Figure 13. Effect of the initial concentration of MAH on the number of grafts per chain. PO 500 ppm,
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6. Conclusion

A Monte Carlo model of the grafting of MAH onto PP, which considers a comprehensive set of kinetic
steps, was successfully developed. The model predicts M_n, M—W, DG, MWD, and detailed information
on the grafting distribution. A sensitivity analysis was conducted to determine the importance of the
different kinetic steps, with homopolymerization, B-scission, chain grafting, and termination by
disproportionation being the most significant. Chain transfer to polymer and termination by
combination reactions were negligible when the reactant was the copolymer. The most significant
kinetic constants were adjusted to fit experimental data, obtaining a very good representation of the
experimental information. The Surface Response Method was utilized as an optimization procedure
for the parameter estimation. The impact of PO and MAH initial concentrations and reaction time on
polymer and graft properties was also assessed, revealing that PO concentration has significant effect
on M_n and M_W, and a modest influence on DG. On the other hand, MAH concentration has a great

impact on M,,, M,, and DG, while the reaction time has a negligible effect after 15 minutes.

Finally, it is worth highlighting the potential of the method described in this study for modeling post-
reactor modification of polymers. Extending it to other systems would only require selecting the

appropriate kinetic steps for the mathematical model. This procedure is straightforward.
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