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ABSTRACT

A semibatch emulsion copolymerization of acrylonitrile and
butadiene is theoretically investigated, with the aim of controlling
the molecular structure of the produced NBR. An open-loop
estimator based on calorimetric measurements is proposed for
monitoring the chemical composition, the average molecular
weights, and the average degree of branching. With little effect on
the other quality variables, the intermediate addition of acrylo-
nitrile allows to producc a polymer wilh a constant chemical
composition. Similarly, the intermediate addition of the chain
transfer agent produces a polymer with either a fixed M,, or with a
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prespecificd linear variation of the average branching. The re-
quired feed profiles are obtained from a numerical inversion of
a discrele process model. By increasing the initiator loads, the
semibalch strategies also allow to increase the final conversion
between 3% and 6%, without altering the reaction time nor de-
lcriorating the polymer quality with respect to the batch. The
numerical procedures were tested by inputing (relatively noisy)

heat measurements from an industrial batch reactor. .
N

INTRODUCTION

Nitrile rubber or NBR is industrially produced by polymerizing acryloni-
trile (A) and butadienc (B) in the **cold’” emulsion ?onnmw.:_ The reactor can be
cither batch, semibaltch, or a train of continuous stirred-tanks.

The molecular characteristics of NBR are determined by the copolymer
composilion, the molecular weights, and the degree of branching. The most
comuinen NBR type (the BILT grade), contains a mass fraction of bound A of
about 35%. This value is close Lo the azeotropic composition of 38%;'4 there-
fore, the BJLT grade exhibits only a slight compositional drift when produced
in a batch reactor. The other commercial grades contain lower amounts of
bound A, and normally require a composition control via scmibatch addition
of A The molecular weights are limited by including a chain transfer agent
(CTA)Y or “modilier’” in the reaction recipe. Finally, the average degree of
branching is maintained below certain limits by limiting the final conversion
to around 75%.

Industrial NBR processes normally involve on-line measurcments of the
reaction temperature; and ofi-line measurcments ol conversion, copolymer
composition, and Mooney viscosity. The varying amounts of oxygen and other
impurities in the reaction system determine that relatively large batch-to-batch
variations are observed in the conversion and in the quality variables.

Recent publications on the mathematical modeling of the NBR emulsion
process were produced by Vega et al,'" Dubé et al.,**! and Rodriguez et al!
This fast publication estimates the MWD of each generated branched topology;
where cach topology is characterized by the number of branching points
per molccule.

The balch-to-batch variations in the impurity contents determine that
open-loop models arc unable to predict the real evolution of the main process
variables. Such predictions can be considerably improved if the conversion is
on-line measured or estimated. For example, Leiza ct al.[®) have used on-line
gas chromatography (GC) to measurc conversion and to contro! copolymer
composition in a semibateh copolymerization of cthyl acrylate and methy!
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methacrylate. Canegallo et al.”’! cmployed on-line densitometry to monilor
conversion and to control copolymer composition in several co- and lerpoly-
merizations. Van den Brink et al.®) utilized on-line Raman spectroscopy to
monitor conversion and copolymer composition in the batch copolymerization
of n-butyl acrylate and vinyl neononanoale; and to control copolymer compo-
sition in a semibatch operation. By carrying out the polyinerizations in a
commercial calorimeter, several variables have been estimated and controlled.
For example, Saenz de Buruaga et al.¥ '3 controlled copolymer composition
in several co- and terpolymerizations. Via a simultancous feed of CTA and/or
of comonomers, Vicente et al.l'*'} produced linear homopolymers with
prespecified MWDs, and linear copolymers with controlled MWDs and
copolymer compositions.

Kozub and MacGregor''™ simulated a semi-batch emulsion copolymer-
ization of styrene and butadiene with the aim of controlling conversion, copo-
lymer composition, weight-average molecular weight, and degree of branching.
To this effect, a model-based open-loop controller was developed, and the
following on-line measurements were assumed: GC, light scattering, and CTA
titration. The control scheme also included an external feedback loop for
reducing the errors introduced by model mismatch and/or by uncertainties in
the initial loads. As far as the authors are aware, no publications have appeared
on the estimation and contro!l of the degree of branching on the basis of calo-
rimetric measurements.

In Gugliotta et al,!'® a simplified process model was used in combi-
nation with energy mecasurements for monitoring conversiorn, copolywer com-
position, and average molecular weights. To this effect, three open-loop esti-
mators were developed, and a good agrcement between on-line estimates and
off-linc measurements was obtained.

The present work is a continuation of the mentioned publication by
Gugliotta et al.l"® First, an open-loop estimator is presented that monitors the
average number of branching points per molecule. Then, threc semibatch
strategies arc proposed for controlling copolymer composition, molecular
weights, or degree of branching. Finally, the problem of increasing the monomer
conversion without deteriorating the polymer quality is investigated.

[15]

THE BATCH POLYMERIZATION AND THE ON-LINE ESTIMATOR

Reconsider the batch emulsion copolymerization of A and B for producing
a grade BILT NBR, that has been previously reported in Gugliotta et al.l' The
reaction was carried out in a 21000 dm?> industrial stirred-tank reactor (Pecom
Energia S.A., Argentina); and the recipe was as follows: A: 2048 Kg; B: 4475 Kg;
emulsifier: 230 Kg; initiator (di-isobutyl hydroperoxide): 0.32 Kg; CTA (ters-
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Figure 1. Industrial batch reactor and proposcd cxtension to allow the semi-batch
operations.

dodecyl mercaptan): 26.7 Kg; and water: 11100 Kg. The batch reactor is
schematically represented in Figure [, and it did not include the elements
indicated in *‘proposed plant exiension.”” A propane-propylene refrigerant
circulates through an internal set-of vertical tubes laid out to operate as reactor
baffles. The reaction heat was mainly removed by the evaporated refrigerant. The
reaction temperature was held at approximately 10°C by means of an external
control loop. A second contro! loop maintained a constant level of refrigerant in
the accumulator.

Except for the initiator, all other reagents were first emulsified and cooled
to the reaction temperature. The polymerization started when the initiator was
loaded. The following variables were measured on-linc every At=2 min: the
reaction temperature, T, (Figurc 2a); the ambient and refrigerant temperatures,
T, and T, (Figure 2a); the stirring power, W; the evaporated refrigerant mass
flow, F,, . (Figure 2b); and the refrigerant pressure, Pre. The estimated
rcaction heat, Q,, is presented in Figure 2b. As expected, an almost direct pro-
portionality between @, and F,, s is observed.!'®

Latex samples were withdrawn along the copolymerization, and the fol-
lowing analyses were carried out (see Figure 2c—e): a) the gravimetric conver-
sion, x,, following ASTM B 1417-80; b) the average mass fraction of A in the
copolymer, Jiy, through the Kjeldah! method;!'™ and ¢) the average molecular

14
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Figure 2. Balch experiment: main variables. (a) Measured temperatures, T,. T,, and
T,.s; (b) measured refrigerant mass flow, F,, e, and estimated reaction heat rate, Q0 (©
gravimetric conversion, x,, and average mass fraction of A in the copolymer, Ba; (d)
average molecular weights, M, and M.,; (e) average number of trifunctional branches per
copolymer molecule, Baa. (On-line measurcments and cstimates are shown in continvous
trace. Off-Yine measurements are shown in symbols. In (e), the dots arc SEC-viscometry
measurements, whercas the squares were indirectly estimated from polydispersity mca-
surements (sce bottom of Table 1).

weights and the (number-average) number of branches per molccule, By,
through a Waters ALC220 size exclusion chromatograph fitted with a Viscotek
200 on-line viscometer.

To determine By; by SEC-viscometry, the following was required: i) a
universal calibration; ii) the Mark—Houwink parameters of a linear NBR in a
range of molecular weights similar to that of the measured copolymer; and iii)
the ¢ exponent in g{(M) = g'(M), where g(#1) is the branching function based on
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Table 1. Batch Polymerization: Vinal Polymer Characteristics

Xg Pa M, M. Bxs
(%) (%) {g/mol) {g/mol) (br./molec.)
Measurement 72.1 342 652007 220000" 0.56"; 0.687°
Model prediction 71.7 35.0 62700 208000 0.45

* By SEC-viscometry.
b Indirectly calculated from: Bna=0.5 (M, /M,-2).

molceular sizes and g'(M) is the branching function based on intrinsic viscos-
itics. The Mark—Houwink parameters were determined [rom intrinsic viscosity
measurements of (almost linear) NBR samples produced at a very low
conversion. The € exponent was adjusted to 0.7, after comparing the SEC
estimations of g'(M) with theoretical predictions of mosv.:x._c_ Additionally,
the average degrec of branching was indirectly estimated from the molecular
weight polydispersily using the empirical correlation shown at the bottom of
Table 1.1202"

The initial comonomer ratio is somewhat below the azeotropic composi-
tion, and, for this reason, a decreasing mass fraction of A in the copolymer is
observed (P, in Figure 2¢). The variation of M, is very moderate (Figure 2d),
and this is a conscquence of an alinost constanl ratio between the rate of
propagation and the rate of chain transfer to the CTA. The branching reactions
increase with conversion; and this explains the increasing profiles of Bas and
M,. (Figure 2d.c). The [inal polymer characleristics are given in Table 1.

10000
[mol] [dnt )
a) 5000
0
. 0.02
b)
0.01
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0

0
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Figure 3. Batch experiment: some, estimated intermediate variables. (a) Total free-
radical moles in the polymer phase, Y;,-and monomer phasc volume, V,,; and (b) mono-
mers and CTA concentrations in the polymer phase, [A],, [B],, and [X ],
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All estimates were based on the cvolution of the reaction heat @,; that
in wm was cvaluated through Eq. A.8. The estimates for xg, pa, M, and
M, of Figure 2c,d were dircetly taken from Ref. 16. For Bns, the corres-
ponding on-line estimator is derived in the APPENDIX (Eg. A.9.a), and the
estimates are presented in Figure 2e). The final polymer predictions are
given in Table 1.

Figure 3 presents the predicted evolution of some important intermediate
variables such as the total moles of free radicals in the polymer phase, Yy
(oblained from Eq. A.10); the monomer phase volume, V,,; and the concentra-
tion of the comonoiners and the CTA in the polymer particles, [Alp, [B],, and
[X],. Note the following: a) the oscillations in Yp(#) are a result of the os-
cillations in Q,(¢) (Figure 2b); b) the interval 11 of the emulsion polymerization
finishes at ¢ 22 270 min., when the monomer phase volume disappears; c) the
concentration of comonomers in the polymer phase are relatively constant while
the monomer phase is still prescnt, and thercafter they decrease; and d) the
concentration of CTA in the polymer phase decreases monotonically along
the reaction.

THE CONTROL ALGORITHM

Consider now the semibatch system of Figure 1, which includes the pro-
posed hardware extension. The mass fced of A, F,,. 4, is used to control the co-
polymer composition, while the mass feed of X, F,, x, is used to control either
M., M,, or Bys. Notc that the comonomer feeds were not considered for
controlling Bys. The temperature of the applicd feed (either T4 or Ty), is
on-line measured.

The equations for the model-based control are presented in the Appendix.
The copolymer composition control aims at producing a fixed and prespecified
mass fraction of A, mn. The initial charge of A, NS, and the required mass flow of
A, F,, 4(1), are obtained from Egs. A.! 1-—-A.14. To solve thesc equations, the
following intcrmediate variables must be either mcasured or estimated: Yo(),
{B],(1), and the unreacted moles of A, N4(f).

The control of M,, aims at producing a polymer with M. (=M The
necessary CTA prolile, F,,x, is obtained through Eq. A.16; and the required
CTA concentration in the polymer particles, CS% is calculated from Eq. A.17.
To solve Egs. A.16 and A.17, the following intermediate variables must be on-
line estimated: Yy(r); the total monomer concentration, {M], (1) (=[A],(1)+
[B],(1)); the unreacted moles of X, Ny{(f); the polymer phase volume, V,(0);
and the MWD moments, Q,() and Q»(1).

In the control of Bys, a fixed value of this variable cannot be specified
without seriously affecting the other quality variables. Instead, a trajectory with
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an increasing Bf5; has to be chosen. The necessary CTA profile is again obtained
through Eq. A.16, but in this case the CTA eoncentration in the polymer particles
is calculated from Eq. A.19. The algorithm requires the input of the following
intermediate variables: Yu(0), [M],00), Nx(0), V,,(1), and O,(2).

The proposed estimation and control algorithms arc based on finite-
difference equations. These equations arc very simple to implement on a process
computer, but may lead to deviations in the presence of a measurement noise.
This problem was particularly observed in the control of Bys. As an alternative
to the model-based control, an algorithm based on a virtual P+D controller??
was also proposed (Egs. A.20a,b). The P+D controller requires an eslimate of
Bys: that in this case was calculated through Eq. A.9.a.

SIMULATION RESULTS

In what follows, the proposed estimation and control strategies are
numerically evaluated. The industrial process was simulated using the polymer-
ization model of Vega ct al.!* The model parameters were taken from Rodriguez
et al.,} and are reproduced in Table 2.

In a real control situation, Yu(f) is estimated [rom the heat ratc measure-
ment @,(f). In the simulated examples that follow, Q,(¢) is obtained from the
batch Yy(r) profile of Figure 3a. The reason for this is that Yy(f) mainly

Table 2. Modcl Paramcters (at 10 °C)

Parameter® Value Reference
kpaa 3.98%10° dm*/imol min. (23}
Loy 5.30% 10 dm*/mol min. 13]
ka = krna 2.00 dm*/inol min. 123}
kpan = keay 0.01 dm/mol min. [24)
Kfpaa = kpapa 1.10 dm¥/mol min. 23]
kpoan = ko 0.055 dm*/mol min, [24]
Kyay . 1.28% 10° dm*/mol min. [23)
krpx 2.41x10? dm*/mol min, 13}
kpa= kog 9.56x 10~* dm*/mol min. 124
A= ».\SL\»\:_Q . 003 :0_
g = %.EQQ\»EQ\_ Ouo — —O_
AH, —~76.3 KJ/mo! [23)
AHy ~73.0 KJ/mol 123

*sce Nomenclature,
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Figure 4. Control of copolymer composition (simulation results). (a) *‘Mecasured’’
reaction heat rate, Q,; (b) required mass flow of A, F,, 4; (c) gravimetric conversion, x,,
and average mass fraction of A in the copolymer, fis; (d) average molecular weights, M,
and M,; and (e) average number of trifunctional branches per molecule, By (For
comparison, the batch predictions arc reproduced in continuous thin trace.)

depends on the concentrations of emulsifier and initiator, and it is, therefore,
quite independent of the semibatch policies. The injection of (the relatively
noisy) Yo(t) of Figure 3a into the control algorithms allows the testing of the
proposed procedures in a realistic fashion. In summary, for the computer si-
mulation, the ‘‘measurement’” Q,(¢) was calculated from the Yy(t) of Figure 3a,
as follows:

O, = Rpa(- AHp) + Ryp(—AHp) Q)
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with

o ik (AT + 1418, ) Y
- 2.
" kopnralAl, + kpaars(B), 2

bﬁ\;%_thh A\m_:&w + T:t:w;v Y
Ry = (2.6)
kpopralAl, + kpaars(B),

where AH,, AHj are the molar polymerization enthalpies of A and B; R4,
Ry are the consumption rates of A and B; ka4, k,5p are the homopropagation
rate constants for A, B; and r,, ry arc the reactivity ratios of A, B.

Control of Copolymer Composition

The aim here is to produce a copolymer with the following flat evolution
of the chemical composition: pa(f) =pA =0.35. Figure 4a presents the *‘meas-
urement’” Q,(¢) obtained from Egs. 1 and 2.a,b. The initial load of A was, in this
case, N =1681 Kg; while all the other initial loads coincided with the batch
operation. The required feed profile of A is presented in Figure 4b. Note that
while a monomer phase is prescnt (i.e., until r 2 270 min.), the required feed is
almost proportional to Q,(f). This is to be expected from Eq. A.15 under pseudo-
bulk conditions for the partitioning of the comonomers.

Figure dc—c represent the simulated evolution of the main variables. As
expected, a uniform-composition copolymer is produced. For comparison, the
batch evolulions are also included in Figure 4c—e. The final polydispersity and
the final degree of branching are lower than in the batch, with negligible effects

on x.(¢) and M, (0).

&

Control of the Weight-Average Molecular Weight

The aim here is to produce a polymer with M,,(r) = M= 200000 g/mol.
Since the addition of CTA has an alimost negligible effect on the polymerization
rate, then onc can directly adopt the Yy(f) and Q,(r) profiles of the baich
operation. Except for the initial charge of CTA (N3 =22.8 Kg), all other initial
conditions coincided with the batch. The required CTA profile is shown in
Figure Sa. Figure 5b indicates that it is indeed possible to produce the required
flat profile of 3,,(¢). The evolutions of Xg, Pa, and V,, almost coincide with the

J
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Figure 5. Control of M, (simulation results). (a) Reqguired mass flow of chain transfer
agent, F,, x; (b) average molccular weights, M, and M,.; and (c) average number of tri-
functional branches per molecule, By;. (For comparison, the batch predictions are also
reproduced in continuous thin trace.)

corresponding batch evolutions, and for this reason they are not reproduced here.
The average molecular weights and the average degree of branching arc
represented in Figure Sb,c. The final Bys is lower than in the batch, but the
polydispersity is slightly higher.

Control of Branching

The aim here was to reproduce the linear variation for Bps(), as
represented by B (1) in Figure 6c¢. Such profile was selected by extrapolation
of the almost linear profile of Bys(f) observed during intervals | and 11 of the
batch polymerization. All initial conditions coincide with the balch; as before,
the batch evolutions for Yy(r) and Q,(¢) are here readopted. In this casc, the
model-based control of Egs. A.16 and A.19 failed to produce the required
evolution of Byj. The feed profile that meets the control objective was
calculated with the virtual P+ D controller of Eqs. A.20.a,b. The CTA profiles
obtained via the two calculation methods are shown in Figure 6a. Note that an
increased CTA feed is necessary after disappearance of the monomer droplets at
122270 min. Also, the final By; and average molecular weights are all lower
than in the batch (Figure 6b,c).
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Figure 6. Control of the degree of branching (simulation results). Outputs from the
model-based controller are indicated in thick trace, while outputs from the P + D controller
are indicated in dashed trace. (a) Required mass flow of CTA, £, x; (b} average molecular
weights, M, and M,.; and (¢) average number of trifunctional branches per molccule, Bys.
(For comparison, batch predictions are also reproduced in continuous thin trace.)

Increasing the Final Conversion

In Figures 4—6, (he final conversions almost coincide with the final balch
conversion. Reconsider now the previously described strategics, but with the
added aim of increasing the final conversion without increasing the reaction time
nor detcriorating the polymer quality. To this effect, higher initiator loads my
are necessary: therefore, the Yor) profile is expected to be higher than in the
batch (Figure 3a). The new Yol profile was estimated from: Yo(f) = Yo paen(9)
nan A7 This expression is the result of assuming the Harkins® tnech-
anism of nucleation and a constant 7 in the emulsion process. The resulling
initintor loads are given in Table 3.

The control objeclives were in all cases satisfied; Table 3 exhibits the final
rubber propertics. The following can be noted: a) when controlling the chemical
composition, the final conversion can be increased by about 3% with respect to
the batch. with a reduced polydispersily; b) when controlling A, the conversion
can be increased by about 6% with a negligible effect on Bys, but with a

’
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Table 3. Final Propertics with Increased Final Conversions

Control Objcctive in Scmibatch Policy

Batch

Reaction pi=035 M = 200000 B0y
my (Kg) 0.320 0.387 0.378 0.378
x, (%) 71.7 74.0 75.8 75.8
Pa (%) 35.0 35.0 347 34.7
M, (g/mol) 62600 62300 55600 52000
M,, (g/mol) 208400 205800 206900 188900
M, /M, 333 3.30 3.72 3.63
Brs 0.45 0.45 0.44 0.41

" Bis()=0.304+ 1.5%107%.

somewhat reduced M,, and an increased polydispersity; and c) when controlling
By;, the conversion can be also increased by about 6%, but with a slight drop in
the average molecular weights.

CONCLUSIONS

Conversion can be accurately estimated from calorimetric measurements;
and this allows to apply open-loop observers for controlling the polymer quality.
However, open-loop estimators cannol compensate for errors in the initial loads
and/or in the model parameters. In this case, additional on-line measurements
would be required.

The simulation results show that it is possible to independently control the
copolymer composition, the weight-average molecular weight, or the average
degree of branching. By controlling the composition, the final conversion can be
increased by approximatcly 3% with respect to the batch, without deteriorating
the other quality variablcs. By controlling M., or By, the final conversion can be
increased by about 6% with respect lo the batch, but at the cost of a slight
increase in the molecular weight polydispersity.

The proposcd control policies were not experimentally validated. The
predicted dilferences in M,. between the semibatch and the batch runs were
small becausc the desired M,, was chosen identical 1o the corresponding final
batch value; therefore, their dillerences are perhaps within cxperimental errors
(c.g., when determined by size exclusion chiromatography). For the experimental
validation of the M,, control stratcgy, an M2 significantly different than that of
the batch would be required.

The mechanism that determines the copolymer composition is basically
decoupled from the mechanism that determines the molecular weights or the
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mmmﬂonmlg branching. For this reason, a simultaneous control of i, with either
M. or Bys seems a priori perfectly feasible.
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NOMENCLATURE
acrylonitrile, c::_&o_.i
number average number of tri- and tetrafunctional branches per
molecule (dimensionless) )
A»\..\»:v ratio between ithe pscudo-rate constant of propagation with
the polymer and the pseudo-rate constant of propagation with the
monomers (dimensionless)
(kpfk,) ratio between the pseudo-rate constant of transfer to the
monomier and the pscudo-rate constant of propagation (dimen-
sionless)
(kgtk,) ratio between the pseudo-rate constant of transfer to the
polymer and the pseudo-rate constant of propagation (dimension-
less)
specific heat of reagent i (i = A, B, X, copolymer, and water) (KJ/
Kg C)
heat capacity of the internal fittings (KJ/C)
heat capacity of reagent i (i = A, B, X, copolymer, and water) (KJ/
C)
(kyx/k,) ratio between the pseudo-rate constant of transfer to the
modifier and the pscudo-rate constant of propagation (dimension-
less)
mass [Tow of reagent i (i= A, X) (Kg/min.)
refrigerant mass {low (Kg/min.)
branching parameters defined by the ratio of radii of gyration and
by the ratio of intrinsic viscosities, respectively (dimensionless)
concentration of species i (i = A, B, X) in the polymer phase (n1ol/
dm?)
constant defined by Eq. A.13 (dimensionless)
(AN =zdiscrete time (dimensionless)
transfer 1o the CTA rate constants for radicals terminated in A and
B units (dm*/mol min.)
rate constant of transfer between a radical i and a comonomer j
(i, j=AB) E_:u\_:o_ min.)
{@alkpanlAl, + kpaplB1,)+(1 ~ o) kppalAl,+ keppl B1) )/
{tAl, +[8],) pseudo-rate constant of transfer to thc monomer
(dm¥/mol min.)
{ T‘.f»b::w + (1 l.s\,v».\\;:w: I=y,)+ _.S\,».?..: + (1 IS\L»\?:..»._.; }

. - ki .
pseudo-rate constant of transfer to the polymer (dm/mel min.)

ACRYLONITRILE AND BUTADIENE 73

Kppis
kpx
Ky
Kimw

Kinp

3 *

\e\_\— ’ \e.\lw

k

PAAS \a\.hh

>.E> B> \{m\a

M
M
Mg
M eff
n;
M., B,
M],
My
N, Ay
N;
N,

n
NM}

P ref
Qi

o

T Tp

R A XEG
!

Ta

rale constant of transfer between a radical i and a polymerized
comonomer J (i,j = A,B) (dm*/mol min.)

[pakmx+ (1—@a)kmx] pseudo-rate constant of transfer to the
CTA (dm3*/mol min.)

parlition coefficient of reagent i (i = A, B) between the monomer
phase and the polymer phase (dimensionless)

partition coefficient of rcagent i (i = A, B) between the monomer
phase and the aqueous phasc (dimensionless)

partition cocfficient of reagent i (i=A, B) between the agucous
phasc and the polymer phase (dimensionless)

A €>Ak3>>ﬁ>_t + \a\ihmﬁ_vv + A 1- €>VA»EQ>—>ME + kﬁuw—a_\.vw\
{[A],+[B],} pseudo-rate constant of propagation in the poly-
mer phase {dm*/mol min.)

A—S\.»\y+:ls>v>‘ma._2l¥: pseudo-rate constant of reaction
with internal double-bonds (dm*/mol min.)

rate constant of propagation between A- or B-lerminated radicals
with internal double bonds a_:u\.:o_ min.)

homopropagation rate constants in the polymer phase (dm*/mol
min.)

cross-propagation rate constants in the polymer phase (dm*/mol
min.)

polymer molecular weight (g/mol)

53.06 g/mol = molecular weight of A

54.09 g/mol = molccular weight of B

effective moiecular weight ol an average repealing unit (g/mol)
mass of reagent i (i=A, B, copolymer, water, and initiator) (Kg)
number- and weight-average molecular weights (g/mol)

total monomer concentration in the polymer phase (mol/din®)
202.4 g/mol = molecular weight of X

Avogadro’s constant (1/mol)

moles of reagent i (i=A, B, X) (mol)

total number of polymer particles (dimensionless)

average number of free radical per particle (dimensionless)
average mass [raction of polymerized A in the copolymer
(dimensionlecss)

refrigerant pressure (atin)

i-th (i=0, 1, 2) moment of the number-chain length distribution
AEo_\aEuv

reaction heat rate (KJ/min.)

reactivity ratios of A and B (dimensionless)

consumption rates of monomers A, B (mol/min.)

time (min.)

ambient temperature (C)



Ya

Yo

Greck Symbols

o d

At
AH,, AHy

Superscripts
0

o

s AL IViLIRA

iniet temperature of reagert i (i = A, X) (C)

reaction (emperature (C)

refrigerant temperature (C)

initial volume of water (dm?)

volumes of monomer phase and polymer phase (dm?)
stirring power (KJ/min.)

gravimetric conversion (dimensionless)

chain transfer agent

average molar fraction of polymerized A in the accumulated
copolymer (dimensionless)

tolal moles of free radicals in the polymer phase (moles)

global heat transfer coefficient for the heat lost into the en-
vironment (J/K min.)

stirring heat coon._“_mmn_: (dimensionless)
constant defined by Eq. A.12 (dimensionless)
empirical exponent relating g and g’ (dimensionless)

fraction of A-terminated radical (dimensionless)

“‘effective’’ latent heat of vaporization of the refrigerant (a
propane—propylene niixture) (J/g)

time interval belween two consecutive measurements (min.)
molar polymerization enthalpies of A, B (J/mol)

indicates initial toad or initial value
indicates desired value (or set point)

APPENDIX A. ESTIMATION AND CONTROL ALGORITHMS

Molccular Weight Model

The kinetic scheme assumes that the folowing reactions take place in the
polymer phase: propagation, tecrmination, trans{er to the comonomers, transler to
the chain transfer agent (CTA), transfer to the polymer (producing trifunctional
branches), and propagation with the internal double bonds of the accumulated
polymer (producing tetrafunctional branches). The main rcagents are in equili-

brium between phases with constant partition cocfficients;

(251 cross-propagation

[26.27]

enthalpies are assumed identical (o homopropagation enthalpies; and the
aqueous phase polymerization is :om_nﬁoa.i_

With regards to molecular weights, the reaction is considered a homo-
palymerization, with the monomer conceniration in the polymer particles equal

SR AN R RaNJANA A ANAR 4Dy R RIRI R OAASRR4L AR

to M1, =[A],+[B],. Under semibalch conditions, the following mass balances
may be wrilten for the unreacted moles of CTA, Ny; the first three moments of
the number chain-length distribution, Q; (i=0,1,2); and the tri- and tetrafunc-

tional branching frequencies, Bys and By,
dNy Fux
Dx — b, CxlX], Y Al
dt Zk / k— _\w 0 A )
da(v,Q
{ = \f.\;ﬁ:;s_\. + ﬁk—x_t - ﬁhm__v\o (A2
N\A \tm_v ,
|n|n=|l = \ft_sr\v\O A>uv
d(V,Q2) . M], + Cx[X], + (Cx + C,)Q2
<2 = 2kp(M) + C; d £ Y, A4
di P, + G0 p G, G 0 Y
d(V,QoBy: ,
(VpQoBy3) _ kCo O Yo (A5)
dr
d(V,QoB.
A ﬁmw _(av == #\vﬁhm_v\c {A.0)

where F,, x is the mass flow rate of CTA; My is the CTA molecular weight; [X],

is the CTA concentration in the polymer particles; &, is the pseudo rate constant

of propagation; and Cx, C,,, C,» and Gy, are ratios of pscudo rate conslants (see

Nomenclature). The total moles of free-radicals in the polymer phase are given

by Yy =ANp/N,,; where 7i is the average number of free radicals per particle, N,

is the total number of polymer particles, and Ny, is the Avogadro’s constant.
The average molecular weights are calculated from:

M, = \SA\NQ_\QC (A.7.a)

M, = MypQa/Q (A.7b)

where M= ya Ma+(1-y1) Mp is the effective molecular weight of an
hypothetical average repeating unit; y4 is the molar fraction of polymerized
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A in the accumulated copolymer; and Ma, My are the molecular weights of
A, B.

Heat Rate of Polymerization

At the discrete time k (= /A1), the instantancously generated reaction heat,
0,(k), is calculated through the following discrete encrgy balance, which is an

extension to the semibatch case of that presented in Gugliotta et al 11
iy — T (k)= T (k1)
AN if .
Q\Q(v - ﬁ\t + Nl\ﬁ% At
- M N..::A»vﬁ.“kﬁﬁ»v - ‘N‘xA»vv + \..\ﬂ:::.\Qf.v
+ T, (k) — Ta(k)) — BW(K) (A8)

where C7 is the heat capacity of the internal fittings; 5._ is the specific heat of
reagent i (i=A, X) ﬁ.\w (= E.\.A.\C is the heat capacity of component j; v is the
mass ol component j (j = A, B, X, water, copolymer); Ais the “effcctive’” latent
heat of vaporization of the propanc—propylenc relrigerant; and a, [ arc constanls
that have been previously evaluated in Gugliotta et al."®l On the r.-h-s. of
Eq. A.8, the first term represents the heat accumulated in the reaction mass and
internal fittings (c.g., baffles and stirrer); the sccond term is the heat flow
introduced by the feed of A or X; the third term is the heat flow removed by the
refrigevant; the fourth term is the heat flow lost into the environment through the
insulator; and the last term is the heat flow introduced by the stirrer.

Zstimation of the Number-Average Number of Branches per Molecule

Estimates of the tri- and tetrafunctional number of branches per mole-

cule, Byyk) and Bya(k), are obtained from the discrele versions of Eqs. A5 and.

A0, yiclding:
Vy(k + 1)Qolk + DBk +1)
= V,(k)Qo(k)Ba(k) -+ Atk,CpQ1(k)Yo(k) (A9.2)
V,(k + 1)Qo(k + 1)Bua(k + 1)

= V,(k)Qo(K)Brua(k) + Dtk CeQu (k) Yo(k) (A9.b)

7
ACRYLONITRILE AND BUTADIENE 77
In Egs. A.9.a,b, V,(k), Qu(k), and Q,(k) are all estimated from Qk»x:o_ while
Yo(k) is calculated following Guglioua et al.:2"
ralA), (k) rulB] (k)
iy = ( AR OV (), w181, (00)
kt\—\— \/ES
x(~5H) + (ralBE) + 1AL, 0) 18, ))
-1
x(~AHs)] Q.(*) (A10)

where ka4, Kppn are the homopropagation rate constants of A, B; ra, rparc the
reaclivily ratios of A, B; and AH,, AHy are the molar polymerization cnthalpies
of A, B. In Eq. A.10, note that Y, is directly obtained from Q,, without requiring a
particle nucleation model.

Copolymer Composition Control via Semibatch Addition of A

An oplimal (minimum-time) addition policy is proposed. 1L consists of
initially charging the reactor with all of the less-reactive monomer (B) plus the

amount of the more reactive monomer (A) that is required for producing (at the

reaction start) the desired mass composition P Then, the remaining A is added

to ensurc that \q\_conw\«. The required mass profile of A, F,a. is calculated

from Ref. 3:

Np(k) = Na(k = 1) M, kpaakppay(! + YrA)
At kppptay 4 kpanls

x[B], (k) Yo(k) (A1)

\ﬂ=:>Q(.+ ~v = 7\;

where N, are the moies of unreacted A, and y is a constant obtained from:

0.5
T:% T:vQ(v 7‘ - _ lT ﬁﬂ\/\ — _v.. 1_‘ L\.\:S?\H—
ﬁ = i — i — ﬁ>._~v
B B o
with
=d
K = z:v.; ﬁ>_uv
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where _\:m, ::m are the comonomier concentrations in the polymer particles at
the initial time; and K is a constant.

An expression for the required initial moles of A may be derived froin the
algebraic cquations that cvaluate the phase volumes and the comonomer
concentrations in the polymer and aqueous phascs, yiclding:

) __ LK \ 4 { ~ 0
\<> ‘ .VA>>:=A,v\ﬂ\f:\.\/.._\.__..7\—\»2232 + \ﬁt:_t\v\—\‘tf\:uc

- \/\;E:.T..\A?.E?n\,ZN\V: + \Ah_:;&;?waz\w - \AF...,.ZEZN
+ Pp <N..Cv_ V\A\/\?E;:AQEV - \A?:.v?_;\f

-+ .V'A\/\\:E. - \A\—_év?r_\va_v (A.14)

where Kjpne Ko ad Kipy (= K Kivphs respectively, represent the partition
coelficients of monomer i (i = A, B) between the following phases: monomer and
aqueous, aqueous and polymer, and monomer and polymer; p,, pp arc the den-
sities of A, B: Vg arc the initial moles of B; and S.mcmm the initial water volume.

In the limit of the pscudo-bulk condition for the partitioning of A and B
(i.e., when _\:\\_AE\,HZ\,\Z? where Ny are the unreacted moles of B), the re-
quired feed profile of A is proportional (o the instantapeously gencraled heat of
reaction 2! Thus,

v Ma(K - 7) :
) = oty 1+ kA 2 (r15)

r _..‘_A~

Control of Molecular Weights and Degrees of Branching
via Addition of CTA

Initially, the reactor must be loaded with the needed amount of CTA for
initiully producing the desired value of M, or Bas. Then, the required CTA mass
[Tow rate, Fp, v, is obtained from the discrete version of Eq. A.l, i.c.,:

Nx(k) = Ny(k = 1)
VAN

Fux(k+1) = My + k,Cx [X]5 (k) Yo (k) (A.16)

;

where [X m is the required concehtratica of CTA in the polymer particles. In
the following, consider the way of obtaining C:u in cach of the investigated con-
trol strategies.
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a) M,, Control. To maintain a uniform M, (k)=M, the required CTA
concentration is obtained from (Egs. A3, A4, and A.7.b), yielding:

_ C, C s
Rm o+ O oM | 1+ 1953 _+A©‘HTQLQN
; i, M, i,
(X],(k) = [M], o
Cy loMy [ 1+ =522 ) — W
7 M],
(A1)

b) Bus Control. Consider the production of a copolymer with any pre-
specificd profile w.zu?vuwni»v. The required CTA concentralion —X_MAE is
caleulated as follows. First, the desired profile of Qy(k) is obtained from the
discrete version of Eq. A.5, yielding:

k
k,Co ALY 01(J)Yo(J)

dipy Jj=1
Qqy (k) = ABIIAG) (A18)

Then, the desired CTA concentration is obtained from Egs. A.2 and A.S, that
{inally provide: .

N Cok) | VoK) [ Bk
xds \f‘ — P + Ii 0 . _
X1, (%) CxBoy (k) CxkaYol) A\ By (k - 1)
3 CunlM], (k) + CiQ) (k) (A.19)
Cx Cx

In both control policies, the initial amount of X, Ny, is obtained by solving
a set of algebraic equations for: i) the CTA concentration in the polymer
particles, ii) the ratio of CTA to monomer in the polymer particles required for
producing the desired M,, or Bps, iil) thc comonomer concentrations in the
polymer and aqueous phases, and iv) the volumes of the monomer and aqueous
phases. The procedure is similar to that described in Gugliotta et al., for the

M,, control of an emulsion homopolymerization.

Virtual P+D Controller for the Molecular Weights and Branching

Eq. A.16 may lcad to numerical errors as a consequence of a potential
amplification of the measuretnent noise in the discrete algorithi. In particular,
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:amm errors were observed during the By; control. To overcome this problem,
the Bys profile can be altermatively calculated applying a classical proportional-

derivative (P + D) controller, as follows:

K,e(k) -+ Tple(k) — e(k — 1)] (A20.)

(k) - ¥ (k) (A.20.0)

where v/ is the desired value of either M, or Bys; e(k) is the error in (he controlled
-ariable at the discrete time &; and K,,. 73, are the controller paramelers.
Despite the noisy measurements, the P+ D controller proved adequalte for
calculating the required CTA flow. This is because most of the noisc was
filtered-olf by the slow process dynamics. An integral action was not included (o

favor a Tast system response.
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EFFECT OF REGRIND ON THE PROPERTIES
OF EXTRUDED PE PIPES

Sh. V. Mamedov,* V. A. >_o_€2o<.* and Y. Lenger Ozcanli

Yildiz Technical University, Department of Physics, Davulpasa
Cad. 34010, Topkap, Istanbul, Turkey

ABSTRACT

In this paper, the mechanical and thermo-oxidative degradation
propertics of samples made from high-density polyethylene
(HDPE) pipes conlaining *‘regrind”’ {rom 5% to 50% have been
investigated and compared with the structure changes of these
samples. The results of tensile strength tests under constant a,
long- and short-lerm intcrnal pressure tesls, heat processes
measurcments, the values of density, Mclt Flow Index (MFD),
and Oxygen Induction Time (OIT) of samples produced from
virgin resins were compared with international standards. 1t has
been observed that the addition of regrind to raw resin in ratios
20-30% gives good results (This is due (o the molecular
structure of semicrystalline polymer). Since the “regrind’’
material fills amorphous part, the ratio of amorphous to
crystalline parts of the virgin resin determines the amount of

the *‘regrind’’ to be added.
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