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Polymer molar mass distributions critically affect macroscopic characteristics and perfor-
mance of polymeric materials. While multi-detector methods coupled to size exclusion
chromatography (SEC) are widely used to measure endproduct mass distributions, less pro-
gress has been made in simultaneously controlling and verifying the evolution of these dis-
tributions during synthesis. This work focuses on quantitative predictions and online
verification of conversion kinetics and of molecular weight during free radical homopoly-
merization of acrylamide, where reagents were fed into the reactor during the reaction. The
central task is to establish and experimentally test a formalism combining free radical
polymerization kinetics with time dependent processes related to flows of material into
and out of the reactor. Monomer feed experiments were performed that alternately hold
molecular weight constant and ramp the weight up, in contrast to batch reactions, where
molecular weight decreases. Three types of initiator feed ‘tapers’ were also used to produce
predictable conversion kinetics and mass distributions: (i) constant initiator feed, (ii) line-
arly stepped feed to produce Gaussian conversion kinetics, and (iii) booster shots to pro-
duce multi-modal masses. Automatic Continuous Online Monitoring of Polymerization
reactions (ACOMP) was used to follow the conversion and evolution of the average mass
distribution, and multi-detector SEC was used to cross-check results and measure full dis-
tributions of endproducts. In general, there was good agreement between the predictions
and results. In future work this approach can be used as an Ansatz for reaction trajectory
prediction, and the online monitoring signals exploited to make feedback controlled cor-
rections to the reagent flows and other reaction conditions.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

As demand for new and more sophisticated polymers
increases, there must be corresponding developments for
controlling the polymerization reactions themselves, espe-
cially as regards control of the polymer molecular weight.
Full, feedback control of reactors for small molecules has
been available for many years. For polymer reactions, how-
ever, the state of the art is less advanced, because, despite
numerous and deep works on the mathematical theory,
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most in situ sensors, such as infrared (IR) and Raman scat-
tering, primarily measure monomer conversion, not poly-
mer molar mass. Rheological measurements inside of
reactors provide a link to polymer molecular weight, but
not a direct measurement.

The lack of on-line measurement of polymer properties
is usually the main problem in closed-loop control of poly-
merization reactions. For that reason many open-loop
methods have been applied. The controllers employed in
closed-loop methods use some on-line measurements,
but heretofore none have continuous streams of conver-
sion and molecular weight data available. Hence control,
still heavily depends on the accuracy of available mathe-
matical models for the input parameters.
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Automatic Continuous Online Monitoring of Polymeri-
zation reactions (ACOMP) allows comprehensive, model-
independent monitoring of monomer and comonomer
conversion, weight average molar mass M,,, weight aver-
age intrinsic viscosity [7]., average composition drift and
distribution (for copolymers), and certain measures of
polydispersity [1,2]. ACOMP hence provides all the neces-
sary on-line measurements for closed-loop control.

While full feedback control based on ACOMP is a long-
term goal, this work takes the first step in this direction
by employing predictive control. In this, the kinetic data
provided by ACOMP are used to develop semi-batch poly-
merization reaction processes with predictable trends in
conversion and M, and the predictions are verified during
the reactions.

There is extensive work on measuring, controlling and
engineering more robust polymerization reactors, con-
cisely summarized by Richards and Congalidis [3]. As they
report, much attention has been devoted to maintaining
pressure, temperature, level and flow (PTLF) in the reactor
[4,5]. Different online composition measurement tech-
niques, such as IR analysis [7], Fourier transform infrared
(FTIR), near IR (NIR) [40], Raman spectroscopy [6], calorim-
etry [7], and gas chromatography [7] are available.

There has been a significant amount of work reported
on controlling composition during copolymerization reac-
tions. The Kalman filter method is based on a linear
approximation of the nonlinear process [8] but has prob-
lems with stability and convergence [9-13]. For that rea-
son, numerous nonlinear methods have been developed.
Ellis et al. [10] proposed an extended Kalman filter that
has been used for control purposes [12,13]. Nonlinear state
observers that use rate of heat generation due to chemical
reaction were used by Hammouri et al. [8] to obtain key
parameters during free radical copolymerizations. These
estimations and techniques are simpler to tune than Kal-
man filters [14,15]. Kravaris et al. [16] used temperature
tracking as another nonlinear method to control copoly-
mer composition. Model predictive control (MPC) [17,18],
as well as nonlinear MPC (NLMPC) [19-22] algorithms
have been suggested for control of nonlinear systems.

The semi-batch approach, where policies are developed
for selective reagent feeds to the reactor has been exten-
sively elaborated, especially for emulsion polymerization,
and in the context of controlling composition during copo-
lymerization reactions [8,21,23-27,31]. Sun et al. devel-
oped model based semi-batch monomer feeding policies
for controlled radical polymerization (CRP) [28,29]. They
provided a reactor model with mass balance equations
and showed experimental results of controlling the com-
position. Vicente et al. [30,31] controlled composition
and molecular weight distribution in emulsion copolymer-
ization in an open-loop method by maintaining the ratio of
comonomers. Yanjarappa et al. [32] synthesized, via a
semi-batch method, copolymers with constant composi-
tion for biofunctionalization. General semi-batch policies
are reviewed by Asua [33].

One of the biggest issues in reactor control is the problem
of nonlinearities arising during the reaction due to gelation,
cage effects, exothermicity, drastic changes in kinetic coef-
ficients (e.g. propagation and termination coefficients), etc.

The focus of the current work is to control molecular
weight and conversion kinetics for free radical homopoly-
merization. There have been efforts to control molecular
weight, such as those by Kiparissides et al. [34], Othman
et al. [15], Wu and Shan [26]. It is frequently reported that
the main difficulty in controlling the molecular weight is
the lack of on-line sensors.

In general the best way to control molecular weight is
by manipulating the concentration of monomer, initiator,
or chain transfer agent [15,35-40]. Modi and Guillet [41]
described a photochemical method using a 1,3-(di-1-naph-
tyl)propan-2-one (DNP) compound. In the presence of
DNP, when exposed to light, growing polymer chains dur-
ing a free radical polymerization reaction are terminated,
hence providing a means to control molecular weight, even
if not particularly effective.

In the past the molecular weight was often controlled
by temperature [42]. Many problems with this approach
have been reported [3,8,14,15,17]. Garcia [43] employed
MPC for semi-batch polymerization where the reactor
temperature was controlled by monomer addition and
cooling water. The use of temperature as the only parame-
ter to control molecular weight can succeed only for a lim-
ited molecular weight range. Alhamad et al. [17] used a
multivariable MPC in emulsion polymerization to control
the particle size and molecular weight distribution
(MWD) by manipulating the flow rates of monomers, sur-
factant, initiator and temperature of the reactor. They used
off-line chemical solutions as set points for the MPC con-
trol. The set points were sent to the plant then, due to lack
of on-line sensors, conversion, average particle size, molec-
ular weight, etc. were estimated by a “soft sensor”, which
is a real-time, predictive simulation that uses knowledge
of current reactor conditions such as flow rates and tem-
perature. As a result they were able to achieve more de-
grees of freedom and hence a tighter control of molecular
weight.

Again, due to problems with on-line measurements,
Vicente at al. [30] controlled composition and MWD in
emulsion copolymerization by an open-loop semi-batch
method. They computed optimal feed profiles using itera-
tive dynamic programming. The success of this method de-
pends on how good the mathematical models are and
requires that there be no unmodeled disturbances during
the process. They estimated conversion from calorimetric
data. Off-line measurements after the reaction agreed with
the estimations and confirmed that the mathematical
model was good. The authors admitted, however, that
more robust closed-loop methods involving on-line
measurements would have to be developed for better
control.

Othman et al. [15] proposed a closed-loop method to
control molecular weight. They used NIR to estimate con-
version. They developed a nonlinear estimator to get the
reaction rate necessary for the control loop. This method
relies on the quality of offline measurements necessary
for NIR calibration. They used non-linear high gain
observers to identify model parameters and the reaction
rates which were used to obtain desired monomer feeds
to keep M, constant. This feedback control produced
high molecular masses which could not be achieved in
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open-loop cases but the approach still relies on the
quality of the model.

Hur et al. [27] designed a multivariable model-on de-
mand predictive controller (MoD-PC) that overcomes the
imperfections of other identification methods in control-
ling molecular weight and composition during semi-batch
copolymerization. In this simulation they also used reac-
tion temperature and the feed flow rates as variables to
be manipulated and molecular weight and composition
as the control outputs. The strength of the designed
MoD-PC simulation lies in the fact that it identifies a model
using data belonging to a small neighborhood around the
current operating point rather than estimating a complex
global model.

Park and Rhee [19] used a learning-based nonlinear
model predictive control (NLMPC) to control semi-batch
copolymerization. The purpose was to linearize a nonlinear
model based on previous batch data. In this way the pre-
diction is a function of the increment of inputs between
two consecutive batches. They used an online densitome-
ter to obtain conversion and a viscometer to calculate
molecular weight. These measured properties were fed
back, and, by using estimation and optimization proce-
dures, the necessary feeds were obtained. Simulations
were successful and were experimentally verified for a
methacrylate/methyl acrylate copolymerization. The sys-
tem did not exhibit any disturbances for any reaction. As
the authors report, in general, disturbance models will
have to be used for successful control.

In the following, a compact formalism for extracting the
primary quantities from the ACOMP detector train is first
presented, and then a number of process scenarios are pre-
dicted, carried out experimentally, and assessed by online
measurements. The emphasis is on the developing and
testing formalisms that combine the time dependence of
natural free radical polymerization kinetics and reagent
flows.

It is important to point out that, although, in the follow-
ing formalism, no disturbances to flow are taken into ac-
count, such disturbances, e.g. in reagent flow rates due to
possible blockages or pump performance issues, will be
immediately detectable in the continuous ACOMP signals;
for example, if monomer is being fed into the reactor and a
blockage slows or stops the flow rate, all the signals - light
scattering, viscosity, refractive index, and UV absorption —
will show an abrupt change in their trends, alerting the
reaction operator to the problem; i.e. the online monitor-
ing itself, without any models, formalism, or interpretation
quickly detects anomalies.

2. Formalism for combined reaction and semi-batch
flow

ACOMP continuously extracts, dilutes, and conditions
the reactor contents, so that the detectors report the cumu-
lative state of the reaction; i.e. the current concentrations
of monomer and polymer, M,, and [#],,. From the continu-
ous record of these properties, it is also possible to com-
pute instantaneous values of M,, and other quantities.
The delay time between extraction and measurement in

the detector train is typically on the order of tens of sec-
onds to a few minutes. Composition drift, average compo-
sition, and reactivity ratios can be found in the case of free
radical [44] and living gradient copolymerization [45].

Here, expressions are first derived for the concentration
of monomer and polymer in the reactor, while reactions
are occurring, when N solutes in solution are allowed to
flow into the reactor, each at their own rate, which need
not be constant, such that solute s has caused a change
in reactor volume at time t of AVy(t), where Qs(t) is the
instantaneous flow rate of liquid from a reservoir contain-
ing component s into the reactor. In the following a con-
stant withdrawal rate from the reactor q (cm?/s) that
feeds the ACOMP extraction/dilution/conditioning front
end is assumed, which in turn provides a continuous flow
of dilute polymer solution to the detector train. The extrac-
tion flow rate q is in lower case to indicate that it is nor-
mally quite low, on the order of 0.01-0.2 cm®/minute,
and is intended to be a non-perturbative extraction stream.
Usually, the effect of the ACOMP withdrawal from the reac-
tor can be ignored, although for lengthy reactions in small
volume reactors the effects can become important.

The detectors provide the signals that allow monomer
and polymer concentrations in the reactor to be measured
during the reaction and under inflow of N solutes, and are
combined with light scattering and viscosity signals to
compute M,, and [#],,. Since q is constant the ACOMP front
end will maintain a constant dilution factor, d, so that the
concentrations of any solute, s, in the reactor, cs(t), will be
measured in the detector train as dc(t).

Because volume and concentrations in the reactor are
changing, it is best to work on the basis of the mass balance
of component s in the reactor, my(t), measured in grams.
Then, the rate at which my(t) changes is
%%:QQAO—%%Q—&®+%@) 1)
¢/ is the concentration of s in the reservoir from which it is
being pumped into the reactor at rate Q4(t), &st) is the rate
at which mj is lost due to any reactions, and y{t) is the rate
at which s is produced by any reactions. V(t) is the total
volume in the reactor, and is given by

Vio=Vo-at+Y [ Qe @)
s=1

where the partial volume change due to each flowing sol-
ute s is

t
avi(e) = [ ey 3)
0
The concentration of any solute s at any time is hence
mg(t

In this work v; is the constant relating mass concentration of
solute s, ¢; (g/cm?), to molar concentration of s, [s] (mol/L)

Cs = Vs [9] (5)

vs is given by vs=10"2 x My, where M; is the molecular
weight of s. For acrylamide (Am) v, = 0.07108 g L/cm® mol,
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and for potassium persulfate (KPS) wvygps=0.27032¢gL/
cm? mol.

2.1. Effect of reactor inflow and outflow on concentration of
any solution components

The mere act of extracting liquid and injecting compo-
nent-containing liquids into the reactor can alter mass
and concentrations. Consider how the molar concentration
of component s, [s], changes due purely to flow

d[s] 1 dmg ms  dV(t)

dtrow  VV(E) dt yV(r)? dt ©6)
The rate at which ms changes due to flow is
dmg ms
=c — 7
dt row ~ SO~y )

Taking the time derivative of Eq. (2), and combining this
with Egs. (6) and (7) yields

dis]  cQs(t) Cs
dtrow V() V(D) ZJ_:QJ’(” ®)

The first feature to note here is that the continuous
extraction of liquid from the reactor by the ACOMP
‘front-end’ at rate q does not change the concentration of
any of the components when there are no flows Q4(t) into
the reactor (i.e. Q{t) = 0 for all s), so that pure batch formu-
lations are used for ACOMP in which the only flow is
extraction from the reactor at any rate q.

Another feature of Eq. (8) is that the concentration of
any component s will be held constant in the absence of
reactions if

Qs(t) = ¢ Y _Qi(t) ©)
J

If one wishes to hold the concentration of all components
constant, then the two limiting cases for this are to use a
single reservoir pumping into the reactor at rate Q(t), or
to use a separate reservoir for each component, each
pumping into the reactor at rate Qy(t).

In the case of a single reservoir, Q(t)= >,Q;(t), but since
¢/ Q(t) = s 3;Q;(t) by Eq. (9), ¢’ = ¢s for all components; i.e.
the concentration of the reactor can only be held constant
while being fed from a single reservoir if the concentration
of each component in the reservoir is the same as in the
reactor itself.

For multiple reservoirs, Eq. (9) is satisfied for each com-
ponent, and each component has its own flow rate Qs(t)
from its reservoir, which requires

S =3 2300 =30 (10)
s s s J
leading to the condition that
Cs
ZS: o= 1 (11)

i.e. one can independently establish the flow rate Q; from
each reservoir, then use Eq. (9) to compute c,/cs, which will
then also satisfy Eq. (11).

2.2. Free radical batch polymerization kinetics and molecular
weight considerations

This section treats batch kinetics, which are subse-
quently modified in succeeding sections to account for re-
agent and solvent flows into and out of the reactor.

Traditionally, free radical polymerization kinetics is di-
vided into the (i) initiation, (ii) propagation, and (iii) termi-
nation stages, and quantitative kinetics can be obtained
analytically, e.g. via the Quasi Steady State Approximation
(QSSA) [47], or by numerically integrating the rate equa-
tions. The kinetic equations used here follow the conven-
tion of reference [46] as concerns factors of 2’ in radical
balance and kinetic chain length equations. This conven-
tion has been used consistently throughout this group’s
ACOMP publications.

The initiation step in forming initiated radicals R;e is
determined by two reactions, the initiator decomposition,

L %4216 (12a)

where k, is the temperature dependent first-order decom-
position rate coefficient, and the bimolecular reaction

Te tmSRe (12b)

where k; is the initiation rate coefficient. Production of le in
Eq. (12a) proceeds according to

(2] = [I2] exp(—kqt) (13)

Either of the two reactions (12a) and (12b) above can be
rate controlling, and the rate controlling reaction will in
turn affect the propagation rate equation (k, is the propa-
gation rate coefficient),

A _ kyjmire (14)

via the controlling mechanism’s effect of how [R;e] de-
pends on [m]; If the monomer is very dilute the diffusion
controlled reaction (Eq. (12b)) will be rate limiting, and
so [Rie] < [m]'? under the QSSA, whereas for higher
monomer concentrations the initiator decomposition (Eq.
(12a)) is rate controlling, in which case [R;e] is indepen-
dent of [m] under the QSSA, so that monomer conversion
is a simple first-order (exponential) process. Eq. (14) is
the long chain limit in the QSSA. For the degree of polymer-
ization of polymers in this work (N > 100), this is an excel-
lent approximation.

This foregoing is summarized by considering the mass
balance of the entire population of radicals [Re] = > ;[Re];

dgﬂ = 2Fky[l,] — k(R e ]?, decomposition limited (15a)
d[f;] = killo][m] — k[R #*, initiation limited (15b)

The QSSA assumes that the rate that [Re] changes at is
very slow compared to the other processes (decomposi-
tion, initiation, propagation, termination); i.e. it is assumed
that & ~ 0.

In this work the initiator decomposes very slowly so
that [Iz] ~ [I2]o, Where [I;]o is the initial concentration of
initiator. Eq. (14) then yields the forms
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m] = ]y exp(—t), o = ky[Re] = ""\/%d’

decomposition is rate limiting (16)

If initiation is diffusion controlled (Eq. (12b)) then

[m], Tek;
=T k[
<1+\/%ﬁt> “

initiation is diffusion controlled (17)

Recently, this group experimentally monitored and
quantified the cross-over from decomposition-controlled
initiation (Eq. (12a)) to diffusion-controlled initiation (Eq.
(12b)) for free radical polymerization of acrylamide [47].
The QSSA was found to be an excellent basis for describing
the cross-over between the regimes, and the expressions
(16) and (17) were verified for each case. An important
conclusion was that, although the first-order solution (Eq.
(16)) is not always rigorously justified, it provided a robust
and reasonable fit to the data, even in the case of diffusion
controlled initiation. This simplifies computations in what
follows, so that Egs. (12a) and (15a) for decomposition
controlled initiation will be used in the formulation of spe-
cific semi-batch protocols, but the slightly different results
resulting from use of Egs. (12b) and (15b) for diffusion con-
trolled initiation will be mentioned in some cases.

One of the difficulties of controlling polymerization
reactions is the fact that they become highly nonlinear,
especially at moderate to elevated reactant concentrations,
which change reaction conditions, such as increased vis-
cosity etc. It was recently shown that at low concentrations
reactions are “well behaved”, kinetic parameters are con-
stant, etc. [47]. This suggests that the reactions are intrin-
sically linear and the difficulties in the polymerization
arise due to high concentrations, exothermicity, heat, mass
transfer, etc.

It should be noted that, although no evidence was found
for changes in k, and k; as a function of conversion for the
dilute Am concentrations in this work, there is extensive
work on how k, depends on monomer concentration and
conversion [48-51], and how k, depends on chain length
[52,53]. In aqueous polymerization k, can show different
behavior than for non-aqueous solutions [2]. In particular,
there has been work devoted to acrylamide [54-56], which
also showed that reaction rate coefficients for Am are not
constant during the polymerization reaction, at least at rel-
atively high monomer concentrations (>10% monomer by
weight in solution). There are theoretical explanations
[57-59] for the changing rate coefficients. These models
have been experimentally verified only at high concentra-
tions. Seabrook et al. report [60], however, that k, and k. do
not change during reactions at lower monomer concentra-
tions (below 10% monomer by weight), consistent with
this group’s measurements.

The molecular weight approach of the predictive con-
trol approach can be addressed using the kinetic chain
length concept for free radical polymerization; the instan-
taneous number average chain length Ny jnse (Npinse is the
number of units in the chain) is given by

kp[m]

Nunst = [Re] + k3[S]

(18)
where ks is the rate constant for chain transfer from prop-
agating radical to chain transfer agent of concentration [S],
and Y is a factor which is equal to 1 when recombination
dominates, and 2 when disproportionation dominates,
and takes on values between these limits when both termi-
nation mechanisms are present. In this work with Am
there is no measurable chain transfer so that ks is taken
as zero in subsequent computations.

2.3. Computing polymer concentration and monomer
conversion

Now it is of interest to consider the monomer and poly-
mer mass balance in the reactor, which will allow mono-
mer conversion to be defined, and to permit computation
of M,, and [#],, from light scattering, viscosity, and concen-
tration data. These computations require knowledge of the
polymer concentration, yet one normally directly mea-
sures the monomer concentration. Polymer concentration
is then found by mass balance.

Let m{t) be the cumulative (or total) mass of monomer
plus polymer in the reactor, which is the sum of initial
monomer mass in the reactor my and that flowed in from
the external reservoir, minus the amount flowed out for
ACOMP sampling. This is computed by solving

dn:ft(t) = CnQm(t) —q n\}c((ft)) -

For free radical reactions, where there is no elimination
and condensation of products, a direct mass balance can
be invoked to relate monomer and polymer mass via

me(t) = m(t) +my(t) (20)

where m(t) and m,(t) are the monomer and polymer mass
in the reactor, respectively. The ACOMP detector train
provides a direct measurement of m(t), typically using
the UV absorbance spectra and/or refractive index data.
m({t) is computed via Eq. (19), whence myt) is directly ex-
tracted from Eq. (20), and c,(t) = m,(t)/V(t) is computed.
Density changes, while measurable, are usually small
(and in fact negligible in this work, due to the very low
Am concentration), and are not corrected for in this work.
They have been addressed in the ACOMP context previ-
ously [45,61].

A typical scenario would be flowing monomer into the
reactor at a constant rate Q,(t) = p from a monomer reser-
voir at concentration ¢/, with an initial amount of mono-
mer mg in the reactor, and a constant, small ACOMP
withdrawal stream at rate gq. Solving Eq. (19), subject to
m¢(0) = mg yields:

my

me(t) =
(1 +60¢

>q/<p—q> + pent (21)

It is also important to have a measure of fractional
monomer conversion fin the reactor at any time. The sim-
plest means, in keeping with standard batch parlance, is to
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define ‘instantaneous conversion’ f(t) as the total mass of
polymer in the reactor divided by the total mass of com-
bined monomer plus polymer in the reactor (mgt))
mc(t) — m(t)
flt)=—>—= 22
=" (22)

Although termed ‘instantaneous conversion’, it is actu-
ally the accumulated state of conversion of all monomer
in the reactor at time t.

In terms of reaction completion for a specified process,
in which a certain total mass of monomer mcy, is to be con-
verted completely to a corresponding amount of polymer
in the reactor, the ‘foreseen’ conversion f, (v for ‘vorausg-
esehen’) is
_ Mey —m(t)

Jolt) = M (t)

Eq. (18) gives the instantaneous number average degree
of polymerization N, 5. The instantaneous number aver-
age molecular weight is simply My inst = NninstMm, Where
M,, is the monomer molecular weight. The instantaneous
weight average molecular weight My, jns is related to My inst
by My, inst = WMy, inst, Where w is the ‘instantaneous polydis-
persity’, which is typically less than 2 for free radical poly-
merization. The cumulative weight average molecular
weight M,,(t), can be conveniently calculated using the
mass of polymer in the reactor my(t);

_ JoMuinse(£)dmy ()
my(t)

This can be used for predicting values of M,(t), which is
what the multi-angle light scattering in ACOMP measures
directly. On the other hand, it can be valuable to use M,,
(t) from ACOMP to compute My, ins(t) as follows

(23)

M. (t) (24)

_ d(Mw(t)m,(t))
Mw,inst(t) = W

It is noted that Eqgs. (24) and (25) depart from tradi-
tional batch ACOMP in that the latter use fractional mono-
mer conversion f, or polymer concentration ¢, instead of
my(t) as the variable of integration. That works for batch
reactions with f because in that case fis a function of only
one time dependent variable c;,(t), and f{t) = 1 — ¢c;y(t)/Cm,0,
where ¢, is the starting concentration of monomer in the
reactor. f(t) for the semi-batch formalism, Eq. (22), is a
function of two time dependent variables and would not
properly average M,, if used as the variable of integration.

(25)

2.4. A note on concentration notation

For convenience, and in keeping with the central aim of
determining masses in the reactor, concentrations in data
tables and figures will usually be represented as mass con-
centrations for solute s as ¢, (g/cm?), whereas reaction rate
equations use the molar concentration of s, [s] (mol/L).

2.5. Semi-batch procedures used in this work

Initial exploration of predictive control in this work was
done under two situations. (I) Monomer in a reservoir at

concentration ¢, was flowed into the reactor with a flow
rate Q,(t). (II) Initiator in a reservoir at concentration ¢,
was flowed into the reactor with a flow rate Q(t), or, alter-
natively, added in discrete ‘delta-function’ injections.

3. Materials and methods

Free radical polymerization of acrylamide (Am) in aque-
ous solution was chosen to demonstrate the predictive
control approach to semi-batch reactions. Acrylamide
(99 + %, electrophoresis grade, hereafter Am) and potas-
sium persulfate (99 + % A.C.S. reagent, hereafter KPS) were
purchased from Aldrich and used without further purifica-
tion. Water was deionized and filtered with 0.22 pm filter
in a Modulab UF/UV system. Polyacrylamide is denoted as
pAm.

All experiments were carried out at 60°C where
ks =1.925 x 107° s~! for KPS (from Sigma-Aldrich web-
site: http://www.sigmaaldrich.com/img/assets/3900/Ther-
mal_Initiators.pdf); ie. it is possible to wuse the
approximation that [I](t) ~ [Iz]e, since the reaction times
were on the order of an hour and 1/ky=14.5 h.

The principle of ACOMP and system specifics have been
reported previously in detail [1,2,62]. Am kinetics were
studied by ACOMP previously, although the central issue
of this work, predictive control of molecular weight, was
not explored [63]. The ACOMP system in this work used
a two pump, one stage dilution in a high pressure mixing
chamber (HPMC), yielding from 11- to 23-fold dilution
depending on the amount of monomer concentration.
The dilution solvent was aqueous 0.1 M NaCl. A Shimadzu
HPLC pump was used for extraction from the reactor at
q=0.1 cm®/min, and an Agilent pump was used to bring
the solvent to the HPMC. The total detector flow rate was
from 1.1 to 2.26 ml/min, yielding from 0.00013 to
0.0012 g/cm?, depending on the experiment, of combined
monomer and polymer concentration in the detector train.
Detectors comprised a Brookhaven Instruments Corpora-
tion (BI-MwA) multi-angle light scattering photometer
(MALS), a Shimadzu RID-10A differential refractometer
(RI), a custom-built single capillary viscometer [64], and
a Shimadzu photodiode array SPM-20A UV/visible spectro-
photometer (UV).

Another programmable Shimadzu HPLC pump was used
to deliver solutes to the reactor in the semi-batch pro-
cesses. Monomer was delivered to the reactor at constant
feeds of 0.2 cm®/min and 0.48 cm®/min where the reservoir
concentration was 0.16 g/cm®. Initiator, in one case, was
delivered at constant feed of 0.94 cm>/min. In another case
the pump was programmed to increase the feed linearly
with the slope of 0.04 cm?®/min?. An experiment with a ser-
ies of initiator injections was also performed. The initiator
reservoir concentration was 0.042 g/cm?>. In all cases reser-
voirs were continuously stirred and degassed with
nitrogen.

The reactions were conducted in a three neck reactor.
One neck was used for a condenser, a second for solute
and nitrogen delivery and the third for the extraction from
the reactor. The reactor was continuously degassed with
nitrogen. In order to keep the reactor temperature constant
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it was immersed in an oil bath that was kept at 65 °C. The
temperature in the reactor was 60 °C, and monitored by a
thermocouple.

Conversion of Am was determined using the decrease
in the UV signal at / =240. The data were corrected due
to polymer absorption/scattering that was obtained from
a semi-batch experiment with a constant inflow of the
initiator to the reactor. In that experiment monomer
was fully depleted and the small, residual UV absor-
bance/scattering was due to the polymer. M,, was deter-
mined using the usual Zimm equation [65] in the
ACOMP context, and weight averaged reduced viscosity,
Nrw, according to previously described ACOMP methods
[1]. Under these low concentrations and shear rates rang-
ing from 950 [1/s] to 1950 [1/s] #, is very close to [#7]w,
which was verified by separate measurements, and so
they are taken to be equal in the results, and [#], is used
henceforth.

The highest monomer and polymer concentration
reached in the reactor was 0.03 g/ml, since beyond this
concentration, under the temperature and initiator condi-
tions used here, there is strong reaction exothermicity
and the reactor liquid becomes viscous, leading to the so-
called ‘Trommsdorf’, or ‘gel-effect’, after which the reaction
kinetics no longer resemble the idealized mechanism. It
should be noted, however, that ACOMP systems have been
developed to continue working at very high reactor viscos-
ities, up to about 10° cP [66], and the control approach ta-
ken here should be readily usable at much higher reactor
concentrations without any problems.

After obtaining detector baselines with the aqueous sol-
vent, the monomer solution was heated up and once the
temperature was stable the initiator was added. It was ver-
ified that there was no thermal polymerization in the ab-
sence of initiator.

The SEC system used an LC-ATvp Shimadzu HPLC pump,
with Shodex 804HQ and 806HQ columns in series. The
injector loop was 100 pl and a flow rate of 0.8 ml/min
was used. The detector train included a Brookhaven Instru-
ments Corporation MALS (BI-MwA), Waters 410 RI, and a
custom built capillary viscometer. The eluent was 0.1 M
NaCl aqueous solvent.

3.1. Convolution problem: extracting reactor component
concentrations using the ACOMP system response function

Because high resolution in the conversion kinetics was
sought, the effects of the ACOMP temporal response func-
tion were accounted for by deconvolving the UV signal. The
signals recorded by ACOMP are convolved according to:

D(t) = / " R(t— 1)S(0)de (26)

where D(t) is the detected (measured) signal, R(t) is the re-
sponse function of the system and S(t) is the true concen-
tration or other physical signal that is to be recovered
through deconvolution.

A common approach to the deconvolution problem is
via the convolution theorem which states that for two
functions f and g, under suitable conditions a Fourier trans-

form of the convolution of f and g, denoted as fx g, is a
product of Fourier transforms, i.e.:

F{f «g} = F{f} - F{g} (27)

In principle a signal can be deconvolved by taking the
reverse Fourier transform of the ratio of Fourier transforms
of the measured (or detected) signal D(t)and the response
function R(t):

1 [F{M(0)}

o0 =F{ e | 28)
However, this approach is extremely sensitive to noise and
failed to produce good results for the data here. For that
reason a Bayesian-based iterative method [67] was imple-
mented, which treats point spread functions as probabil-
ity-frequency functions and applies Bayes’s theorem [68].
Prof. Dimitri Uskov (Tulane University) provided his algo-
rithm adapted to this treatment using the program
Mathematica®.

The ACOMP system response function R(t) was deter-
mined experimentally by rapidly injecting Am into the
reactor to cause a step function in concentration (mea-
sured by the UV absorbance in this case):

1 t>t
S0 = {0 t<ty 29)

The derivative of the corresponding measured D(t) was
used to compute R(t — tp). to is the lag time between with-
drawal of a fluid element from the reactor and its detec-
tion, and ranged between 6.5 and 10 min, depending on
the flow rate to the detectors. In the limit of instantaneous
system response R(t—tg) becomes the delta function
a(t — to)

% _ /j %R(t ~1)dt = R(t - to) (30)

The deconvolved concentration signals are shown and
analyzed in the Results section. They are not much
different than the undeconvolved data, but provide shar-
per initial data which helps in the precision of the
predictions.

3.2. Assessment of detection for flowing components, without
reactions

In the batch situation above, where the only flow is the
ACOMP extraction flow rate q, the detector train furnishes
all information concerning conversion of monomer mass
into polymer, without any auxiliary information. Unlike
the no-flow situation, the semi-batch operation requires
that flow conditions into and out of the reactor be sepa-
rately known in order to interpret the detector signals in
terms of monomer conversion into polymer and carry out
the associated M,, and [#],, calculations.

The purpose of this section is to verify the accuracy of
the flow feeds and withdrawals and their effect on the
reactor contents and detector signals when no reaction oc-
curs. The general form for my(t) when no reactions occur is
Eq. (1) with & and y4t) both zero. The solution will depend
on the forms of Qy(t) and W(t).
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3.3. The case where liquid flowing into reactor does not
contain component s

This corresponds to the case where there is ACOMP
extraction at rate q and a flow of some other component
x (or just solvent) into the reactor Q,t), but no flow of com-
ponent s into the reactor. In the case where no reactions
are taking place, it is simpler to use the mass equations
rather than concentration equations, so that

m(t) = msoexp{ q/ } (31)

and then ¢ (t)=my(t)/V(t).
3.3.1. Constant flow rate into reactor at p (cm’/s) of
component x (e.g. pure solvent)

With Q, (t)=p, where p=constant, and the usual
ACOMP extraction flow rate of q, V(t) = Vo + (p — q)t. Then,
performing the integral in Eq. (31) above and division by
V(t) yields the following temporal dilution profile for the
mass concentration of any component s, present in the
reactor at initial concentration c;g

c
cs(t) = % (32)
(1+520)

Fig. 1 shows the predicted result for c4,,(t) (dashed line,
not a fit), and the experimentally measured result (solid
black curve) for an experiment in which pure water was
flowed into the reactor containing an initial amount of
Am, under the following conditions: csmo=0.0153 g/cm?,
Vo=49.93 cm®, p = 1.8 cm*/min, and the constant ACOMP
extraction rate was g = 0.001667 cm?/min. The agreement
is excellent in this case, and allows the analytical expres-
sion for concentration to be used in predictive control
applications.

3.3.2. The addition rate of component x increases linearly
with time, Qu(t) = ot

With Q (t)=ot, where ¢ =constant, and the usual
ACOMP extraction flow rate of q, V(t) = Vo — qt + ot?2. Per-
forming the integral in Eq. (31) yields

0.016

— 0.014 \ linearly ramped flow
5 V(H)=V satrot’/2
=} ,
T 0012 . S 4
8 N
[ \
§ 0.01
c
8
o 0.008 - 8
3
£
©
> 0.006
S
©
og 0.004 constant flow, V(t)=V0+(p-q)t
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Fig. 1. Effect of pure solvent flow into reactor on c,,, when no reaction is
occurring for (i) constant flow rate into reactor Q= p and (ii) a linearly
ramped flow Q\(t) = at. Dashed lines are computations (not fits) according
to Egs. (32) and (33).

_ 2q -1 —q+at
Cs0 EXP { 7—20\/07‘]2 tan (7—20‘/0%’2) }
(l — gt +57- t2)

Fig. 1 also shows the predicted (dashed line, not a fit)
and measured concentrations of Am, using the above pro-
file under the following conditions: ca, =0.0154 g/cm?>.
ACOMP extraction rate was q=0.001667 cm?/s, initial
reactor liquid volume V, = 48.1 cm?, and the positively ta-
pered flow rate was o =0.2 cm?/min?=5.56 x 107% cm?/
s2. The result again agrees well with the prediction.

cs(t) =

(33)

4. Results

Table 1 gives a summary of the various reactions de-
scribed below, including the conditions used, reactant feed
rate, etc.

4.1. Pure batch reaction, no flow into the reactor (#1)

A pure batch Am reaction was performed to provide the
basic rate coefficient on which to base subsequent predic-
tions. As derived above, the pure batch equations apply if
the only flow during the experiment is the ACOMP extrac-
tion flow rate g, from the reactor. Monomer concentration
for a batch experiment in CGS units is given by:

Cm = Cmo €Xp(—at), o = kp[Re] (34)

As shown in Ref. [51] at such a low monomer concen-
tration monomer diffusion affects the rate of polymeriza-
tion, so that an exponential fit is not rigorously valid, and
is, in fact, measurably worse than a fit according to Eq.
(17). Nonetheless, the exponential fits representing
decomposition limited initiation are robust enough to
make useful predictive calculations. For experiment #1
an exponential rate coefficient o = 0.00056 [1/s] was
found. This value is used in subsequent analysis and pre-
dictive control. Run-to-run reproducibility of o under
nominally identical reaction conditions was +5%.

Fig. 2 shows M,, and [#],, vs. f for the batch experiment
(#1). Over the first 20% of conversion M,, and [#],, are far
above the QSSA prediction, which for M,, is a straight line;
My (f) = My, 0(1 — f]2), where f is fractional monomer con-
version. The trend of M,, reaches the QSSA condition after
f=0.2. The QSSA prediction that M,,(f=1)=0.5M,,(f=0),
is closely met by the fit shown over the linear regime.

4.1.1. Monomer is fed into the reactor at Qu,(t)

A powerful means of controlling M,, is to feed monomer
into the reactor at a rate Q,{t) from a reservoir of monomer
concentration c,,. Following the above procedure for tak-
ing into account both the decomposition reaction (d[I]/
dt = —k4[I7]) and the inflow and outflow, the molar initiator
concentration in the reactor is

) = ) (e + ) (35)

Likewise, the molar monomer concentration in the
reactor is,
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Table 1

Summary of reactions. All were carried out at T =60 °C, g = 0.001667 cm>/s for all experiments.

Expt. # Exp description Cam (t=10) Initiator (t=0) @ Vo Qs o Moy final [7]w

[g/cm?] [g/cm?] [g/em®]  [em®]  [ecm’/min]  [cm’/min’]  (g/mol)  [cm’[g]

1 Batch 0.005 0.00078 N/A 199.9 N/A N/A 80,000 30

2 Am flow to keep M,, const 0.005 0.00078 0.156 222 0.2 N/A 260,000 120

3 Am flow to increase M,, 0.003" 0.00047 0.156 192 0.48 N/A 700,000 180

4 Constant KPS flow 0.005 0.00000 0.043 99.2 0.94 N/A 60,000 20

5 Linearly increasing KPS flow 0.005 0.00000 0.042 200.1 N/A 0.08 70,000 30

6 Initiator delta injections” 0.005 0.00011 N/A 198.7 N/A N/A 80,000 40

* Final cay, = 0.0089 g/cm?.

dim] ml (kR Qi (0) [m]' Q. (t) 36 about a 10% increase over the reaction rate coefficient (o)
dt — ~[m]{ kp[Re] + V(t) + V(t) (36) for each of the two experiments shown. Second, the con-

where [m]’ = ¢,,//viy is the molar monomer concentration in
the monomer reservoir feeding the reactor. The expression
used for [Re] depends on whether initiation is decomposi-
tion controlled (Eq. (12a)) or diffusion controlled (Eq.
(12b)). It will generally be assumed that initiation is
decomposition controlled. Once this equation is solved
for [m] the polymer mass in the reactor can be solved from
mass balance.

Although the procedure only involves first-order differ-
ential equations, the solutions can nonetheless be quite
complex for arbitrary forms of Q,;(t) and magnitudes of g
and Qs(t). Of course, the solutions can always be found
numerically, so that the method is computationally robust.

4.1.1.1. Constant flow rate of monomer into the reactor
Qm=p (cm’/s)=constant. The solution to Eq. (35) with
constant monomer flow into the reactor, Qn(t) = p can be
found by direct integration to be

(2] *e!

2] = p/(0—0)
(1 + “’V—;‘”t)

37)

Eq. (15a) can be used to determine [Re] ~ \/2Fkq[I5](t)/k;
within the QSSA. Using [I,] from Eq. (37) for [I,](t) can be
substituted into Eq. (36), and the resulting integral solved
numerically. There are two good approximations that can
be made, however, in order to obtain a good analytical
solution. First, [Am]’ in the feed reservoir can be made high
enough that only a low flow rate Q,, is needed so that rel-
atively little increase of V, occurs during the reaction
(<10%). Then V(t) ~ V. Furthermore, as mentioned above,
the half life of KPS at 60 °C is long compared to the reac-
tion, so the approximation can be used that [I,](t) = [I2]o.
With this, the molar monomer concentration is calculated
to be

i) = fmpexp { - (P30 e}

(IRl () o

Eq. (38) has several interesting features. First, it predicts
that the rate coefficient controlling monomer concentra-
tion increases from « to o + p/Vy, where the added term re-
flects the result of the added volume diluting the reactor.
For the conditions in Table 1, this dilution amounts to only

centration of monomer in the reactor, in this approxima-
tion, approaches a steady state value, [m]s, given by

[m]y, = <p[T—];£,O> (39)

This value is approached with the same rate coefficient
o+ p[Vp, and this steady state concentration may be great-
er than, less than, or equal to [m]o. In fact these three re-
gimes provide a convenient labeling for the period during
which the steady state is being approached:

- [m]'p . -
(1) (m> < [m], ‘Starved regime (40a)
o [ml'p . -
(ii) (m> > [m], ‘Flooded regime (40b)
L mp . . .
(iif) <m> =[m], ‘Isoreactive regime (40c)

The terms ‘starved regime’ and ‘flooded regime’ are in
common parlance for semi-batch reaction work, especially
as regards emulsion polymerization [69]. The starved re-
gime means that all monomer flowing into the reactor is
being consumed in addition to the remaining [m]o,
whereas in the flooded condition, the inflow of monomer
is fast enough that it cannot all be consumed together with
the remaining [m]o, so that monomer concentration builds
up in the reactor.

In the isoreactive regime the rate of monomer addition
is just enough to offset the rate of monomer conversion to
polymer, and to keep the concentration in the reactor con-
stant. This condition also leads to a constant instantaneous
molecular weight, by Eq. (18), as long as [Re] remains
approximately constant because of slow initiator
decomposition.

The existence of the different approach regimes sug-
gests that an index comparing the rates of change of [m]
due to the polymerization reaction and, separately, due
to the flow, would be useful. With this the ‘Approach Index’
can be defined as

dm/dt)

_ ( reaction
A= "dmydr) (41

flow

Some authors occasionally refer to this or a similar
quantity as ‘instantaneous conversion’. Since A can be
greater than unity in Eq. (41) definition it does not resem-
ble a usual fractional monomer conversion, such as in a
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Fig. 2. M,, and [#],, vs. f (fractional monomer conversion) for batch free
radical polymerization of Am (experiment #1).

batch situation, so the ‘Approach Index’ term is used. For
the type of reaction here, and under the scenario of flowing
in monomer, A becomes

_ AmjO)V(t)Vm
gm(t

— A Tm 42
CnQn(t) — G (42

Fig. 3 shows the computed ‘instantaneous’ conversion
fo, and the Approach Index A, for experiments #2 (Isoreac-
tive) and #3 (Flooded). Also shown are f. and A for a hypo-
thetical starved case, in which camo=0.005 g/cm3,
p=0.00333 cm®/s Vp=200cm?, c'an =0.054 g/cm?, and
o =5.2 x 107*s. The steady state value of A at high conver-
sionis A~ aVy/(p + aVo) < 1. This is less than unity at the
steady state because in order for [m] to remain constant at
steady state the amount of monomer flowed into the reac-
tor per second must compensate both the reaction that
consumes monomer and the dilution of the reactor con-
tents caused by the flow itself.

4.1.1.2. Keeping M,, constant during the reaction, the
‘Isoreactive regime’. According to Eq. (18), keeping [m] con-
stant while [Re] remains constant should lead to a constant,

3 T 1
f, starved
A, starved
25
108 =
3
f, isoreactive %
< 2+ H
] f, flooded 406 3
2 g
= sk /) G
8 \ o
g A s
Q o
< 1 — @
S
ﬂoded 102 ™
05 [+ g
0 L L L 0
0 5000 110° 1.510° 210*
t(s)

Fig. 3. Computations of approach index A, and ‘instantaneous’ conver-
sion, for semi-batch reactions in the isoreactive (#2), flooded (#3), and
starved (hypothetical p =0.003 cm?[s, V=200 cm® cp0=0.005 g/cm?,
and ¢,/ =0.052 g/cm?). Also shown are the cumulative monomer conver-
sion functions f.

non-drifting molecular mass. Hence, an attempt was made

to keep monomer concentration constant during the reac-

tion. The necessary monomer inflow to keep [m] constant

is (Eq. (40c))

- w
[m'] — [m],

Experiment #2, with cymo=0.005 g/cm® ([m], = 0.071
mol/L) was carried out under this condition.

Fig. 4a shows that the monomer concentration stayed
constant during the experiment and the polymer concen-
tration changed linearly as predicted by Eq. (44) when
p = constant and [m](t) = [m]o = constant, and V(t) ~ Vj,

C/
op(t) Pl (44)
Vo
when [m](t) = constant, and [Re] = constant, as in this
work, the cumulative weight average molecular weight
equals the instantaneous weight average molecular weight,

kZ
My, = My jnst = W”stm[i;;”.}[m} = 1000wcy, o ocTz[ (45)
where w is the instantaneous polydispersity M,,/M,. The
following parameters were used to compute M,: ky2/
k;=14.7 (L/M s), (where w =2 was used in reference 63),
o =0.00052s! (from the batch experiment #1, above),
Cm,o = 0.005 g/ml. The computation yielded: M,, = 262,500
which is in excellent agreement with experiment #2.

a 0.01
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Fig. 4. (a) cam and cpa, (polymer concentration) for experiment #2, where
M,, was kept constant. (b) cam and cpam for experiment #3, where M,, was
made to increase during conversion.
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Fig. 5. M,, vs. time for semi-batch experiment #2, where M,, was held
constant, and #3, where M,, was increased in a predicted fashion. The
dashed lines near the curves for experiments #2 and #3 (Eq. (47)) are the
predictions (not fits). See text for origin of second dashed line ‘predictive
but with measured my’. For reference, the pure batch experiment, #1, is
also shown.

Fig. 4b shows monomer and polymer concentration in the
reactor for the flooded regime, and is described below.

Fig. 5 shows the results for M,, vs. t for experiment #2,
where [m] was held constant, along with the dashed line
prediction. The experiment was successful in keeping M,,
constant. As a reminder, the curve below that for experi-
ment #2 is the batch result (#1), which decreases vs. t
without semi-batch intervention. Fig. 6 shows [#], for
experiment #2, where [m] was held constant. This is also
contrasted with [#],, the batch experiment (#1), for which
[17]w decreases vs. t.

4.1.1.3. Increasing M,, during the reaction. The adjustable
feed rate confers great power for controlling M,, during
the reaction. Whereas the last experiment showed how
M,, can be kept constant, and no feed at all (pure batch)
leads to decreasing M, during the reaction, Egs. (18) and
(38) suggest that it can also be made to increase in a pre-
dictable fashion during the experiment. This requires a
higher value of the monomer flow rate p and operation
in the ‘flooded’ regime defined by Eq. (40b). For this situa-
tion, using Egs. (20), (21), and (38), yields for ¢,(t)

300
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¥ increase MW. #3
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]
4
W3 150~} M = constant, #2 7
(glem®) ;

100

50 B

0 L L L L L L L -
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Fig. 6. [1], vs. time for semi-batch experiment #2, where [#],, was held
constant, and #3, where [5],, was increased. For reference, [#], for the
pure batch experiment, #1, is also shown.

mo + pc,,t +aV
o(t) = % — [m], exp (* pviooo
m'p p+aVo
— Dt av, {1 — exp (— Ve t> } (46)

and M,, is computed by Eq. (25) to be

2 2
3pchmo—gm) (1)

pcl pcl
Py t+mg—(mo——t)e-H——1

K2
2000% 1 o L(em2—2pcy,mo)(1-e2) n (47)
= _ = 7
W o Vot pt P t+mo—(mo Lyt m
2
FZ;;,,t

pc;"t+m0—(mg—@)e*“[—%
The predicted M,, was computed using the following

parameters: % =14.7 (L/Ms), p =0.008 cm?[s, c,, = 0.160
[g/cm®], mp = 0.562 g. o was obtained by taking « from
experiment #1 (o =0.00056s"!) and correcting it with
appropriate initiator and monomer concentrations accord-

Gm__ — 0.00033 s!. The predicted

CL#1Cm 1

(according to Eq. (47)) and experimental M, are shown
in Fig. 5. The prediction is in fair agreement with the exper-
iment, but is not as precise as the predicted trend for #3. It
is important to point out that small deviations in the inte-
gral numerator of Eq. (24) and the denominator can lead to
substantial errors, especially at early conversion, where
these quantities are small. The dashed line labeled ‘Predic-
tive but with measured mj' is the computation of M,, using
the online measured, rather than predicted m, (the other
dashed line). The result is clearly better, and illustrates
how input concentrations from monitoring can be superior
predictors of M,, than the purely predictive ones.

ing to o=o0y

4.1.1.4. SEC results for M,, control experiments. Fig. 7 shows
the MWD obtained from the multi-detector SEC instru-
mentation, and Table 2 gives the numerical results of the
corresponding analyses. The MWD show how effective
the program of maintaining constant M,, was, since its
width is significantly less than the other two experiments,
pure batch (#1), and increasing M,, (#3). In fact, the widths
for reactions #2 and #3 are less than what would normally
be expected in free radical polymerization. The elution in

0.00016 Semi-batch, M_=constant (#2) il
Semi-batch, M _increasing (#3)
Batch, #1 w
0.00014 - ' N ) ]
% 0.00012 i |
°
2 0.0001 :
c
S
® 810°
5
-5
e 610° - ]
3
410° |
210° i
0 s N
10* 10° 10° 107

Fig. 7. MWD from multi-detector SEC for experiments #1-#3. The width
of the constant M,, semi-batch experiment (#2) is markedly narrower
than for the other two experiments, where M,, drifts in time.
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Table 2

Multi-detector SEC results for experiments controlling M,,, and the batch experiment. The numbering of the experiments is the same as Table 1.

Expt. # M, M,, M, M at peak M,[M,, MM, [nlw M,

1 46,000 91,000 167,000 74,000 1.83 1.98 72 66,000
2 246,000 345,000 449,000 290,000 1.30 1.40 142 311,000
3 482,000 713,000 985,000 876,000 1.38 1.49 621 633,000

" M, = viscosity average mass, computed by M, = (243.9[],,)"*** (from Ref. [71]).

each case does not fall within the exclusion limit of the col-
umn, so the values should be reliable. It is noted that there
is no contradiction with the assumption that the width
w =2 above, since it is the numerical value of the entire

cluster w% that is taken from Ref. [63], so any shift down-

wards in w will result in a corresponding shift upwards for
k,?[k.. There is no obvious explanation as to why the poly-
dispersity indices for experiments #2 and #3 are less than
the usual statistical prediction (M,:M,,:M, =3:2:1).

4.1.2. A free radical initiator in a reservoir at concentration c{
is flowed into the reactor at Qy(t)

In this case the flowing initiator will change both the
conversion kinetics and the molecular weight, but offers
less straightforward means for controlling molecular
weight.

Following the above procedure the concentration of ini-
tiator is

dit) Q) |, e
Tl (e + T + 2O 48)

[I;](t) is obtained by the above procedure, whence Re
can be determined by either Eq. (15a), (15b). Monomer
concentration [m] can be computed by

4.1.2.1. Constant initiator flow, Q,(t) = p = constant. The con-
ditions of the experiments (Table 1) again allow for useful
simplifications yielding analytical insight. The loss of reac-
tor fluid due to extraction does not change V; significantly
over the course of the reaction. Likewise, Qs(t) does not
have to be large in order to create large changes in [I3] if
the reservoir concentration ¢/ is large. Considering the in-
flow of I, to be the sole significant source of changing [I5]
(i.e. decomposition is also very slow compared to the in-
flow), solving for [I,](t) from Eq. (48) yields

1](t) = % {1 —exp {f (kd + v%) t} }
+ [I), exp [— <kd + v%) t} (50)

For typical experiments (e.g. #3) (kq + ‘5—’0) tmax ~ 0.1, so
that the approximation e * ~ 1 — x yields

](t) = ["2/];” t+ (L), {1 - <kd +Vﬁ0) t} (51)

(Because the first term quickly becomes larger than the
second term, the time dependent term in brackets can also
be dropped to a good approximation.)

Using Eq. (49) in the decomposition controlled initia-
tion yields [m](t) to the same level of approximation

ml(6) = fmloexp {7~ 37 [+ 110)*” - 137] |
(52a)
where

1= % - (Lo <kd + V%) (52b)
(ot as defined in Eq. (34)).

When the volume change due to constant initiator flow
cannot be ignored, such as in experiment #4 and Q(t)/
V(t) > kg, as it is in the experiments here, solving Eq. (49)
using Mathematica® (version 6.0.0) yields:

_ 1 2, [2FkL)p t
“”“”—vﬁpt{“"}o%exp (3th Tk Vorpt

« \/1 +PY Hypergeometric 2F1 (1.5,0.5,2.5,J’i)}
Vo Vo
(53)

The class of hypergeometric function designated as
Hypergeometric2F1 in Eq. (53) is built into Mathematica®
and was evaluated for the gray curve shown in Fig. 8,
which shows [m](t) for experiment #4 and the prediction
according to Eq. (53) (not a fit) in gray scale. The prediction
is in fair agreement with the experiment in this case. The
prediction using diffusion control of initiation was essen-
tially equivalent to that from decomposition controlled ini-
tiation. The result is so close to that for decomposition
controlled initiation that it is not shown in Fig. 8.

It is also worth mentioning that if Eq. (52a) is used to fit
the data instead of computing the expected data by Eq.
(53), the fit to Eq. (52a) is worse than the prediction by
Eq. (53), but still qualitatively correct (fit not shown). In
that case, the rate coefficients predicted under each type
of fit correspond well to the measured value; 0.0000350
s~15 predicted, 0.0000344 s> measured for decomposi-
tion controlled initiation, and 0.000097 s~'> predicted,
0.000101 s~'*> measured for diffusion controlled initiation.

In terms of the M,, prediction in the decomposition re-
gime yields:

2
 WMaiky[mly [ f\  WMnon # 1000cm0 (, f

MW—WO’j):mm( 2)

k2
]OOOWﬁ Cm0 f
= <] - §> (54)
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Fig. 8. cam(t) for reaction #4, in which initiator was flowed into the
reactor at constant rate. The calculated curve (not a fit), shown in gray, is
from Eq. (53), not a fit. Also shown is cam(t) for reaction #5, where the
initiator flows in at a linearly increasing rate, along with the calculated
curve in gray, from Eq. (57).

and in the diffusion regime:

 WManlyfmly 2 (1= (1=£)F)

" kfRe(r)] 3 f
1000w 0 2 (1 (1-1)?)
=2 3 f 3)

M,, was computed from the above equations again using

%: 14.7(z+;) and w = 2, following Ref. [63], c;o = 0.005 £

and modifying o based on the batch equation according to

the initiator concentration; o = a(#1) %.

that since no monomer is fed into the reactor one can use a
batch type fractional monomer conversion f, using mono-
mer mass m; f=1 — m/m.

The predicted results for both the decomposition and
diffusion controlled initiation cases match the measured
M,, well, with the diffusion controlled results slightly bet-
ter. Fig. 9 shows the experimental result and the predicted
M,, for the diffusion case (not a fit).

It is noted

4.1.2.2. Linearly increasing initiator flow, Q4(t)= at. In this
case there was initially no initiator in the reactor; i.e.
[I2]o = 0. Ignoring the small dilution effect of flowing con-
centrated initiator into the reactor, and using the fact that
the initiator decay is very slow yields, by Eq. (48)

olL]'t?

() = T

(56)

Similarly as in the above example decomposition and
diffusion regimes were investigated, but no significant dif-
ference was found in the prediction of can,(t) or My(t), so
only the decomposition controlled result is presented. In
the decomposition case, using Eq. (56) in Eq. (15a) for
[Re], then solving the rate equation, a Gaussian conversion
profile is obtained:

mi(e) = mloe TV R (57)
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Fig. 9. M,, vs. t for experiments #4 and #5, together with the computed
predictions (in gray scale).

where the predicted rate coefficient is % ZFZ‘:’—V"D[”:
P41 oq  _ =7 -2
el =34x107 52,

Fig. 8 shows the experimental c4,(t) and the computa-
tion in gray scale. The computation is only a fair match
to the experimental data, and the deviations are from
two sources. First, the prediction does not make provision
for residual UV absorbance/scattering, and so declines to
zero, whereas a small tail is left in the experimental cap,
(t). Secondly, if the experimental cam(t) is fit with Eq. (57)
the fit is excellent, but a rate of 2.03 x 1077 s~ is found,
only in fair agreement with the prediction.

M,, was calculated in the same way as in the previous
example using the same method for correcting k;[Re].
Fig. 9 depicts the experimental result and the calculated
one. These are in fair agreement, with most of the discrep-
ancy coming from the difference between the predicted
concentration and the measured one.

4.1.2.3. Delta function initiator addition. Often times in
industrial situations initiator is added in ‘booster shots’
in order to drive a reaction to the highest possible conver-
sion and to ‘scavenge’ monomer. In this case it is expected
that there should be an abrupt increase in the downward

0.005 ‘ .
0.004 -

cAm 0.003 -

(glem®)
0.002 -
Experimental curve
0.001
Predicted 7

= I 1 1 1 1 1 1 4
0 500 1000 1500 2000 2500 3000 3500 4000
t(s)

Fig. 10. c4,, in the reactor vs. t when two initiator boosts are made after
the reaction begins (#6). The gray scale curve is the predicted reaction
trajectory (not a fit).
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Table 3
Initiator boost experiment #6.

Mon. conc. (g/cm?) Initiator conc. (g/cm?) Addition time (s)

Ccxps (g/cm?) Experimental rates (1/s) Predicted rates (1/s)

0.005 0.000105568 0
0.0043 0.000931407 750
0.0027 0.006222161 1720

0.00011 0.00023 0.000206
0.00093 0.00056 0.000567
0.00622 0.00113 0.00116

slope of [m](t), and an actual discontinuity in M, s (),
since the denominator of Eq. (18) (kinetic chain length)
abruptly changes. Such a discontinuity in M,, js(f) has been
previously observed by ACOMP monitoring [70].

Fig. 10 shows an example of a reaction where two initi-
ator boosts were given, and Table 3 shows the schedule of
initiator booster shots. The gray scale curve in Fig. 10
shows the predicted reaction kinetics using decomposition
controlled initiation. Table 3 also shows the predicted and
experimentally found rates, which are all quite close to
each other.

Again using o = oty , /—Lm

Cr#1Cm#1

yields the following pre-

dicted first-order rate coefficient for the first, second, and
third regimes, respectively; 0.000206, 0.000567, and
0.00116 s~ '. Fig. 11 shows experimental M, vs. t for the
initiator boosts, as well as the predicted values.

5. Conclusions and outlook

It has been demonstrated that fair to good predictive
control of polymer molecular weight and conversion kinet-
ics in semi-batch reactions can be achieved using easily
calculable reactor feed rates and reagent reservoir concen-
trations, and can be verified in near-real time by online
monitoring of the reactions. In the case of acrylamide,
the QSSA provides a robust analytical framework for com-
puting the reactive part of the reagent balance equations. It
was thus demonstrated that M,, during a semi-batch reac-
tion can be held constant or made to increase (or decrease)
in predictable fashion, once the underlying batch kinetics
are quantified. Many other types of desired profiles for
M,, should be attainable by predictive control.

It is recognized, however, that there is room for
improvement between the predictions and the results,

510° T ~
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410° - \A R
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A
310° i
w
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o0l | I I
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Fig. 11. M,, vs. t when two initiator boosts are made. The gray scale curve
is the predicted behavior for M,, vs. t (not a fit).

and that, under stochastic operating scenarios there can
be potentially large deviations from the predictions, espe-
cially due to unforeseen events. The ability to monitor
reactions online, however, will ultimately allow much
more precise, active control of the reactions via feedback.
Hence, the predictive approach may be ultimately more
suited to providing an Ansatz for the reaction protocol,
and incremental feedback-controlled adjustments to reac-
tor feed and other conditions can be made automatically
via the monitoring signals to keep the reaction headed to-
wards producing the desired endproduct. Adaptation of
ACOMP to feedback control will yield model independent
output signals and input will rely on robust kinetic models
based on basic reaction principles rather than empirical
correlations. Anomalies, such as microgelation, massive
cross-linking, initiator dead-end, etc., can be monitored
as they occur, without reliance on inferential models
[71,72].

As polymeric materials become more sophisticated in
their functions, such as the ability to self-heal and to re-
spond to external stimuli, the possibility of producing spe-
cific, highly tailored polymers ‘on-command’ is very
promising.

While semi-batch protocols are frequently used for con-
trolling composition drift in free radical copolymerization
reactions, the current work sets the stage for simultaneous
control of both composition and molecular weight in such
reactions. In fact, there are several natural directions ema-
nating from the approach developed here; molecular
weight and composition control in emulsion copolymeriza-
tion reactions, control of composition gradients in ‘living’
copolymerization, terpolymerization control, and combin-
ing chain transfer agents with predictive control for even
greater flexibility over M,, evolution during reactions.
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Glossary

A: approach index; measures asymptotic approach to steady state

mg(t): mass (g) of component s in the reactor at any time t

m(t): mass (g) of monomer in the reactor at time t

my,(t): mass (g) of polymer in the reactor at time ¢

m(t): m(t) + my(t) = combined mass of monomer and polymer in the
reactor; i.e. the sum of initial monomer in reactor plus monomer
flowed into the reactor, minus the amount flowed out into the
ACOMP sample stream

¢s: concentration (g/cm?) of component s in the reactor at time t

¢': concentration (g/cm?) of component s in the external reservoir that
feeds the reactor

Sf(t): ‘instantaneous’ fractional conversion of monomer into polymer at
time t (Eq. (22))

V(t): total volume of the reactor contents

AVy(t): volume of fluid containing component s that has flowed into the
reactor by time t

q: constant flow rate (cm3/s) out of the reactor for the ACOMP extraction
stream

Qy(t): flow rate (cm3/s) of component s into the reactor at any time.

kg: initiator dissociation constant (s 1)

k;: initiation rate coefficient (L/M s units)

k;: termination rate coefficient (L/M s units)

kp: propagation rate coefficient

o first-order propagation rate constant (s~ 1) = kp Re

F: fraction of decomposed radicals, e, which go on to initiate radicals R;e

M,,: weight average molecular weight

My,inse: instantaneous weight average molecular weight

w: instantaneous polydispersity, My, inse/Mn,inst

[n]w: weight average intrinsic viscosity

All molar quantities (M/L) are expressed with square brackets; e.g.

[s]: molar concentration of component s

[s]': molar concentration of component s in external reservoir feeding
into the reactor

[m,,]: molar concentration of monomer

[I;]: molar concentration of initiator

vs: conversion factor from molar to CGS concentration units (cs = vg[s])
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