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ABSTRACT: Ultrasound-induced polymer scission is a nonrandom process which alters the molecular
weight distribution of polymers. However, transient cavitation, and consequently polymer scission, is
not possible in concentrated polymer solutions due to the high liquid viscosity. The addition of an
antisolvent can be used to circumvent this problem because the antisolvent decreases the gyration radius
of polymer chains, which induces a reduction in liquid viscosity. To determine the influence of carbon
dioxide (CO3) as an antisolvent on the ultrasound-induced scission rate, ultrasonic scission experiments
of poly(methyl methacrylate) have been performed in bulk methyl methacrylate (MMA) as well as in
COgs-expanded MMA. Modeling the experimental time-dependent molecular weight distributions (MWD)
has revealed the scission kinetics at different polymer concentrations and CO; fractions. At low polymer
concentrations, the scission rate is decreased upon an increased CO; content. This is a result of the higher
vapor pressure of COs, which cushions the cavitation. However, at higher polymer concentrations, this
effect is counteracted by the viscosity reduction induced by CO;. As a consequence, the scission rate in
COg-expanded MMA is higher as compared to bulk MMA for solutions with a high polymer concentration.
The results show that ultrasound-induced scission in pressurized CO; can alter and control the MWD of
polymers even in concentrated polymer solutions, whereas ultrasound-induced scission in bulk solutions
is limited to relatively low polymer concentrations.
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Introduction

The molecular weight distribution (MWD) is an
important characteristic of polymers. In the polymer
industry, a postprocessing step is often applied to alter
the MWD, e.g., peroxide-induced degradation of polypro-
pylene.! In this process, fracture of the polymer chains
occurs at random sites. An alternative method is ultra-
sound-induced polymer scission, which involves a much
better controlled, nonrandom process.? It can either be
used as a postprocessing step or can be used during
ultrasound-induced polymerizations.?

Ultrasound is known to enhance chemical reactions,
as well as mass transfer, at ambient temperatures and
pressures. Most of these effects are caused by transient
cavitations, i.e., the collapse of microscopic bubbles in
a liquid. The chemical effects of cavitation result from
the extreme conditions in the bubble (5000 K and 200
bar)? and the high strain rates outside the bubble (107
s~1)® generated upon implosion. Polymer scission arises
from the high strain rates near an imploding cavity. The
chain is fractured approximately in the middle of the
chain, until a limiting molecular weight (M};,,) is reached.®
The My, is defined as the maximum chain length that
does not break by ultrasound. A direct consequence of
the nonrandom scission behavior is that no oligomers
are formed by ultrasound-induced scission, in contrast
to chemical degradation of polymers. Oligomers often
have a negative influence on the polymer properties and
are thus undesired in the final product. Additionally,
an interesting application of ultrasound-induced poly-
mer scission is the production of block copolymers, for
which two different methods are possible. The first route
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involves the dissolution of a homopolymer in a different
monomer.” Subsequently, ultrasonic scission of the
polymer chains will generate the radicals that initiate
the polymerization reaction with the monomer present.
In the second method, two different homopolymers are
dissolved in a nonreactive solvent.® Ultrasound gener-
ates polymeric radicals, which will terminate by cross
combination. The advantage of this method is that block
copolymers can be produced from homopolymers of
which the polymer—monomer systems are immiscible.
For the system considered in this study, poly(methyl
methacrylate) (PMMA) radicals react with a radical
scavenger. In experiments without radical scavenger
present, PMMA radicals would terminate by dispropor-
tionation.

Typically, polymer scission experiments are per-
formed in the corresponding monomer as the solvent.
Several studies have considered the solvent quality
during scission experiments,?19 for which an increased
degradation rate and a decreased My, have been
observed when better solvents are used. In the litera-
ture, these effects have been ascribed to the configura-
tion of the polymer chain, which becomes more open in
better solvents. Additionally, some correlation with the
x parameter has been observed.

The viscosity is an important factor during ultra-
sound-induced scission.!! A high viscosity hinders both
the growth of a cavity, as well as the collapse of a cavity,
and consequently, the polymer scission rate is reduced.
At increasing polymer concentration, the scission pro-
cess is less effective and eventually stops, as a high
viscosity hinders the bubble implosion. This is a draw-
back for the development of a scission process based on
ultrasound, as concentrated polymer systems are fa-
vored in industry. The addition of an antisolvent for the
polymer can counteract the increase in viscosity at
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higher polymer concentrations.!?2 At relatively low an-
tisolvent concentrations, the viscosity reduction is a
result of the smaller gyration radius of the dissolved
polymer molecules. It is still a one-phase system, due
to which, the scission rate constant is expected to
remain virtually unchanged. At higher CO; fractions,
the polymer precipitates, and as a result, a second phase
is formed. The precipitated polymer cannot be stretched
by cavitation, and subsequently, it is no longer suscep-
tible for ultrasound-induced scission. A constant scission
rate is thus expected with increasing polymer concen-
tration, as the liquid viscosity is unchanged by precipi-
tation of the polymer.

High-pressure CO; is an interesting medium for
ultrasound-induced polymer scission because it exhibits
an antisolvent effect for most polymers, whereas most
monomers have a high solubility in CO2.13 As a conse-
quence, a COqg-based process allows for relative easy
separation of the polymer product from the reaction
medium. Moreover, CO; is regarded as an environmen-
tally friendly compound that is nontoxic, nonflammable,
and naturally abundant.!*15 However, up till now,
ultrasound has rarely been studied at higher pressures
because in most cases a high static pressure hampers
the growth of cavities. Recently, we have shown that
transient cavitation is possible in dense-phase fluids.16
This provides a means for the development of scission
processes based on ultrasound and high-pressure COs.
These types of processes can contribute to a safer and
cleaner way to produce polymers with the desired MWD.
By adjusting the COq fraction in the liquid, the amount
of polymer that is dissolved can be controlled and, hence,
the scission rate. Moreover, the COs fraction influences
the liquid viscosity and the vapor pressure, which
determine the cavitation intensity.2 Therefore, the cavi-
tational collapse, and consequently, the fracture rate
and the My, are dependent on the amount of COg in
the liquid.

In this work, the influence of the COy antisolvent
effect on the ultrasound-induced polymer scission has
been studied. Scission experiments have been performed
at different COs fractions and polymer concentrations.
With the development of the experimental MWDs, as
well as a general scission model based on population
balances, the influence of CO3 and the polymer concen-
tration on the scission kinetics have been determined.

Ultrasound-Induced Scission. The breakage of
polymer molecules due to ultrasound is a direct result
of transient cavitation because no polymer fracture
occurs when cavitation is suppressed.l” Upon bubble
collapse, the entire molecule moves along with the fluid.
Due to the velocity profile near the cavities, friction
between the polymer chain and the liquid occurs (Figure
1). This friction can result in stretching of the polymer
coil and subsequent fracture of the chain. As described
in a previous paper, the breaking of the polymer chain
appears to be the rate-limiting step, not the stretching
of the chain.!8 Since the drag force accumulates in the
middle of the chain, scission primarily occurs at the
center because the chance to break is the largest in the
middle of the polymer chain. Of course, multiple break-
age can occur during one scission experiment. However,
it is not possible to remove a small fragment from a long
polymer chain by ultrasound-induced scission because
the forces acting on that bond are too small. The chain
is fractured if the accumulated drag force in a chain
fragment is higher than the bond strength. This force
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Figure 1. Schematic representation of the velocity profile
near an imploding bubble and the resulting relative liquid
velocity near a stretched polymer chain.

(eq 1) is dependent on the size of the monomer molecules
(a and b represent the radius and the length of a
monomeric unit in a polymer chain,!® respectively), the
shielding factor (S), the solvent viscosity (7), the number
of monomer units (n), and the strain rate (de/dt).1° The
strain rate can be calculated from the distance of the
polymer chain from the center of the cavity (r), the
bubble wall velocity (dR/d¢), and the radius of the bubble
(R) (eq 2).20

_ 67 pgde 2
F, = 3 nabSdtn (1)
dR
R~
de _ ,  dt
a- i @

The two most important quantities describing an
ultrasound-induced scission reaction are the M, and
the scission rate. The first is determined by the maxi-
mum strain rate in the liquid, which is obtained at the
cavity interface at the moment of implosion. From the
cavitation bubble interface toward the bulk liquid, the
strain rate decreases rapidly. Polymer chains with a
molecular weight slightly higher than M, can only
break in the vicinity of the bubble interface, whereas
higher-molecular-weight polymers can also break fur-
ther away from the cavitation bubble. The scission rate
is thus proportional to the volume around the cavity in
which a polymer chain can stretch and break. Since the
strain rate and the length of the polymer chain deter-
mine this volume, relatively low-molecular-weight poly-
mers have a small volume in which they can break and,
hence, have a low scission rate. The scission volume
increases for polymer chains with a higher molecular
weight and for faster imploding bubbles. The kinetics
of ultrasonic scission can thus be directly ascribed to
the implosion velocity of the cavitation bubbles and the
length of the polymer that is fractured. The implosion
velocity is dependent on the liquid properties, the
content of the bubble, the acoustic pressure, and the
static pressure, respectively.?! Therefore, it is important
to know the phase composition, density, and viscosity
of the liquid.

Assuming first-order scission kinetics, the scission
rate can be determined as a function of molecular weight
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and liquid properties. The kinetic scheme of scission by
ultrasound reads as follows?2

kd(n,m) . .
—P "+P

Scission: . i .

Termination by
recombination: P,°+ P,  ‘—P,
Termination by
disproportionation: P, °+P,_. ° L P,+P,_,
If a radical scavenger is present, the termination
reaction occurs instantaneously only between a macro-

radical fragment and a scavenger molecule. Thus, the
scheme reduces to

kq(n,m)

n Pm + Pn*m

where kq(n,m) is an effective scission rate constant. The
scission rate constant kq is chosen as a function of the
original chain length, n, and fragment length, m, to
allow for the nonrandom character of the scission
process. According to the overall scission reaction, the
population balance then becomes

[+

= z kqn,m)P, — P, ikd(n,m) 3)

dt m=n+1

n

This balance equation is solved with the Galerkin
finite element (FEM) package PREDICI.23 By manipu-
lating the shape of kq(n,m), which is anticipated to be
Gaussian with a width (o), it is possible to obtain a best
fit between the MWD predicted by eq 4 and the
measured MWD. The overall dissociation constant kq
consists of a Gaussian distribution function and a
molecular-weight-dependent scission function (kyw):18

) [~ (5))

ky(n,m) =
am V2ra(n)

4)

As the force in the middle of the chain has a squared
dependence in the number of monomeric units (eq 1),
an almost quadratic function is used to describe the
dissociation rate as a function of the molecular weight
(eq 5). This equation is only valid for polymer chains
with a molecular weight higher or equal to Mj;y,. When
the dissociation constant Zyw is zero, the corresponding
Mim at these conditions is obtained. This molecular
weight is determined by the constants A and B. The
scission rate is defined by all three constants in eq 5:18

—n/C

kyw(n) =A + Bn® (5)

Experimental Section

Materials. The polymer solutions used for the scission
experiments with ultrasound consisted of MMA (Merck), COs
(grade 5.0, Hoekloos), and PMMA (self-made, M,, and poly-
dispersity 2.4 x 108 g/mol and 2.4, respectively). The MMA
was distilled under vacuum to remove the hydroquinone
inhibitor before use. To ensure that no reaction or recombina-
tion of polymer radicals could occur during the scission
experiments, a radical scavenger (1,1-diphenyl-2-picrylhydra-
zyl, Aldrich) was added to the solution.

The composition of the liquid was calculated with the Lee—
Kessler—Plocker (LKP) equation of state (Table 1).2* In previ-
ous papers,?>?6 it was shown that the LKP-eos is the most
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Table 1. Experimental Conditions for the
Ultrasound-Induced Scission Experiments®

T (°C) P (bar abs) Xco, Tus (W/em?)
20 1.0 0.02 31
20 4.0 0.08 59
20 7.0 0.14 70

@ The CO; fraction (Xco,) of the liquid was calculated with the
Lee—Kessler—Plocker equation of state.
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Figure 2. High-pressure ultrasound reactor for scission
reactions.

suitable equation of state to describe COz-monomer systems.
The LKP model uses pure component parameters, such as the
critical temperature, the critical pressure, and the acentric
factor (w), and one binary interaction parameter. The interac-
tion parameter for the MMA/CO; system appears to be 1.08
at 20 °C.?" The influence of the polymer on the CO; fraction
(Xco,) in the liquid at a certain pressure was assumed to be
negligible. The density of the liquid was approximately 0.945
kg/L at 20 °C.2*

Scission Experiments. Ultrasound-induced scission was
studied in a thermostated 175 mL high-pressure vessel at 20
°C (Figure 2). Sonification of the solution was performed using
20 kHz ultrasound, which was produced by a Sonics and
Materials VC-750 generator. A '/o-in. full-wave titanium probe
was applied to couple the piezoelectric transducer to the liquid.
To allow for an accurate comparison, the total configuration
and the ultrasound amplitude (75 um) were kept constant
during all the experiments.

The experimental procedure of the ultrasound-induced
scission experiments was as follows. The reactor was filled with
150 mL of bulk MMA or COgs-expanded MMA, in which a
known amount of PMMA was dissolved. To ensure the pres-
ence of nuclei for cavitation bubbles, CO; was bubbled through
a 3-mm tube into the reaction mixture with a flow rate of 2.0
mL/s during the experiments. This bubbling did not strip the
MMA from the liquid phase because a condenser was placed
on top of the reactor. As a result of the high solubility of COs
in MMA, bubbling COs through bulk MMA at atmospheric
conditions already resulted in a CO fraction of 0.02 (Table
1). In the COs-expanded MMA systems, a two-phase system
was applied. The COs gas phase was in equilibrium with the
liquid COs/MMA phase. By adjusting the CO; pressure, the
fraction of CO; could be controlled.

Analysis. During the scission reaction, samples were taken
and analyzed by gel permeation chromatography (GPC), which
was calibrated against polystyrene standards. The MWDs of
the PMMA samples were calculated with Mark—Houwink
parameters (@ = 0.719 and K = 9.44 x 107® m?).28 The
modeling procedure for the MWDs was as follows: the
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Figure 3. Experimental (A) and simulated (B) molecular weight distributions of an ultrasound-induced scission reaction of 4

wt% PMMA in bulk MMA (Xco, = 0.02).

Table 2. Experimental and Modeling Results of Ultrasound-Induced Scission in Bulk MMA (Xco,= 0.02) at Different
Polymer Concentrations

wt% M; lim,experiment M, lim,model A B C Ze’n/c at
PMMA Xco, (10° g/mol) (10° g/mol) (1075 1/s) (10711 1/8) (109) 108 g/mol

0.1 0.02 1.0 0.9 —-2+1 24+0.1 0.2+0.1 1.9

2.0 0.02 1.9 0.9 -0.1+0.1 0.13 + 0.01 5+1 2

4.0 0.02 1.9 1.0 —-0.1+0.1 0.10 + 0.01 5+1 2

experimentally obtained MWDs were fitted using PREDICI.
The applied model in this fitting procedure is described in
detail in a previous paper.!® In this way, the molecular-weight-
dependent scission rate constants (k4(n,m)) could be deter-
mined on the basis of the constants A, B, and C (see eq 5).
Subsequently, the My, was calculated and compared with the
experimentally observed Miin.

The ultrasound intensities were determined at an amplitude
of 75 um for the different conditions by calorimetry and are
given in Table 1. These values give an indication of the
ultrasound power transferred to the liquid in the high-pressure
reactor. The heat flow (@) that was generated by ultrasound
in the calorimeter was calculated on the basis of the surface
area of the reactor wall (A,), the overall heat transfer coef-
ficient (U), and the difference between jacket (7}) and reactor
temperature (7}).2” Subsequently, the ultrasound intensity
(Ius), was calculated by dividing the heat flow by the surface
area of the ultrasound horn (Ays) according to eq 6.%°

UA(T.—T)
Iys = Q = r ) (6)
Ays Ays

Results and Discussion

In this study, the effect of the COs fraction and the
polymer concentration on the scission kinetics has been
determined by comparing experimentally obtained MWDs
with fitted MWDs using PREDICI. First, the ultra-
sound-induced polymer scission simulations will be
discussed briefly. Next, the influence of the liquid
viscosity on the scission kinetics has been determined
in bulk MMA. To quantify the influence of CO2 on the
implosion velocity independently from the COq antisol-
vent effect, first, the influence of the COs fraction on
the fracture rate has been measured at low polymer
concentrations. Subsequently, the antisolvent effect of
COs on the scission kinetics has also been studied for
more concentrated polymer solutions. Finally, the ap-
plication of COg to control the molecular weight during
ultrasound-induced scission is discussed.

Simulations of Ultrasound-Induced Polymer
Scission. Figure 3A shows the development of the
MWD for a scission experiment in bulk with 4 wt%
PMMA. A decrease in polydispersity and molecular

weight is obtained by irradiation of the solution with
ultrasound. The modeled MWDs for this scission reac-
tion are shown in Figure 3B. In a previous study, where
monodisperse polymer samples have been used in bulk
MMA, the width of the sigmoidal distribution function
(eq 4) has been determined, which appears to be o(n) =
0.13n.18

In general, the model describes the scission reaction
well, as only minor differences between the experimen-
tal and the model results can be observed. The calcu-
lated MWD for ¢ = 15 min shows a shoulder at the high-
molecular-weight side. This is caused by the grid
division in PREDICI because the calculation steps
increase at higher molecular weight. Table 2 presents
the limiting molecular weight and the constants and the
exponent for the scission rate constant kyw(n) as given
in eq 5.

Influence of Viscosity on Transient Cavitation.
The liquid viscosity has a major influence on the
implosion velocity and, consequently, on the scission
rate and Min. The experimentally observed develop-
ment of M, at different polymer concentrations in bulk
MMA is plotted in Figure 4A. In contrast to the
solutions with 2.0 and 4.0 wt%, the low polymer
concentration of 0.1 wt% is below entanglement and the
coils of the polymer chains do not touch each other.
Figure 4B shows the scission constants (kq), determined
by the simulations as a function of molecular weight at
different polymer concentrations in bulk MMA. It should
be noted that, with decreasing molecular weights, the
reaction time increases. A much lower scission rate
constant is observed at higher polymer concentrations,
which is a result of the higher viscosity. This decrease
is the most distinct between polymer concentrations of
0.1 and 2 wt%, whereas the difference between 2 and 4
wt% dissolved polymer is small. Limiting molecular
weights of 1.0 x 105, 1.9 x 105, and 1.9 x 10° g/mol are
obtained for scission in bulk MMA for PMMA at
concentrations of 0.1, 2, and 4 wt%, respectively (Table
2).

With respect to simulations using PREDICI, Table 2
shows that the calculated My, value at low polymer
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Figure 4. Experimentally observed development of the weight average molecular weight (A) and calculated scission rate constants
(B) for ultrasound-induced scission at different PMMA concentrations in bulk MMA (X¢o, = 0.02).

concentration is in good agreement with the experiment
because the viscosity and, consequently, the cavitation
intensity do not change during the experiment. Due to
these constant experimental conditions, the scission
model accurately predicts M, at low polymer concen-
trations. In contrast, at high polymer concentrations,
the calculated M, values deviate from the experimen-
tally obtained My, approximately by a factor of 2. This
is caused by the constant cavitation intensity in time
used in the PREDICI model. This would imply that the
viscosity of the solution remains constant during soni-
fication. Experimentally, however, the viscosity changes
significantly during the scission experiments of the more
concentrated polymer solutions, as a result of which, the
largest deviation in predicted My, is observed at the 2
and 4 wt% polymer solutions. In contrast to My, the
scission model accurately predicts the initial scission
rate constants at higher polymer concentrations.

In Table 2, the molecular-weight-dependent scission
constants at different polymer concentrations are given.
The exponent (2e~"/C) given in Table 2 describes the
dependence of the scission rate on the chain length (eq
5). The scission rate is expected to be a quadratic
function of the length of the chain (eq 1). Although this
is correct for low-molecular-weight polymers, from the
simulations with 0.1 wt% polymer, it is concluded that
for higher-molecular-weight polymers (10% g/mol), the
scission rate depends on the chain length to the power
1.9 (Table 2). This difference is significant, as described
previously.!® We assume that this deviance is probably
a consequence of overlapping velocity profiles from
neighboring cavitation bubbles (Figure 5). As a result,
the volume in which a polymer with a certain molecular
weight can break is reduced. The scission rate of a
polymer chain is proportional to this volume, as men-
tioned in the theoretical section. In general, high-
molecular-weight polymers can fracture further away
from the bubble interface, and therefore, their scission
rate will be more susceptible to this volume decrease.
Consequently, the deviation from the theory (a qua-
dratic function) is more distinct at higher molecular
weights. Additionally, at higher cavitation intensities
(lower viscosities), the radial velocity profile extends
further in the liquid, which will cause more overlap with
neighboring bubbles and, thus, a larger decrease in
effective volume. As a result, a less-than-quadratic
function is obtained at lower polymer concentrations.

Influence of CO; Fraction on Transient Cavita-
tion. The influence of the COs fraction on the implosion
velocity has been measured independently from the

Liquid velocity

Position

Figure 5. Schematic representation of overlapping velocity
profiles around two imploding cavitation bubbles and the
resulting radial velocity.

antisolvent effect by performing the experiments at low
polymer concentrations (Table 3). At low polymer con-
centrations, the influence of the COq fraction on the
viscosity can be neglected because the polymer chains
are not entangled. Figure 6A shows the development of
M, in time for scission experiments with a low polymer
concentration at different COs fractions. With an in-
creasing COq fraction, the scission rate decreases (slope
of Figure 6A) and the Mj;, increases. The change in
scission kinetics is a result of the lower strain rate
produced upon collapse at higher COq fractions. This is
not an antisolvent effect because the COq fraction has
almost no influence on the viscosity in a 0.1 wt%
polymer solution. However, the lower scission rate and
higher My, at higher COq pressures is a result of the
higher vapor pressure in the cavitation bubble, which
reduces the implosion velocity (cushioning effect) and,
consequently, reduces the drag force acting on the
polymer chain, see eq 1.

Figure 6B presents the overall scission constants at
different COs fractions as a function of the molecular
weight. From the simulations, it is concluded that for
higher-molecular-weight polymers (108 g/mol) the scis-
sion rate depends on the chain length to the power 1.9,
1.93, and 2 at 1, 4, and 7 bar, respectively (Table 3).
This deviance from the theory is probably a consequence
of overlapping velocity profiles from neighboring cavita-
tion bubbles (Figure 5), as mentioned in the previous
section. The larger deviation at lower pressures is
caused by the higher implosion velocities. At lower COg
fractions, the radial velocity profile extends further in
the liquid, which will cause more overlap with neigh-
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Figure 6. Experimentally observed development of the weight average molecular weight (A) and calculated scission rate constants
(B) for ultrasound-induced scission at 0.1 wt% polymer and COq fractions of 0.02, 0.08, and 0.14.
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(B) for ultrasound-induced scission at 4.0 wt% polymer and COq fractions of 0.02, 0.08, and 0.14.

Table 3. Experimental and Modeling Results of Ultrasound-Induced Scission at Different CO; Fractions and
0.1 wt% Polymer

M, lim,experiment M, lim,model A B C 2e/C at
wt% PMMA Xco, (10° g/mol) (10% g/mol) (1075 1/s) (10711 1/s) (109) 108g/mol
0.1 0.02 1.0 0.9 -2+1 24+0.1 0.2+ 0.1 1.9
0.1 0.08 1.6 1.6 —4+1 1.5+0.1 0.3+0.1 1.93
0.1 0.14 1.8 1.8 —-2+1 0.60 + 0.01 5+1 2

Table 4. Experimental and Modeling Results of Ultrasound-Induced Scission at Different CO2 Fractions and
4.0 wt% Polymer

Mlim,experiment Mlim,model A B C 2e—n/C at
wt% PMMA Xco, (10° g/mol) (105 g/mol) (1075 1/s) (107111/s) (109%) 106 g/mol
4.0 0.02 1.9 1.0 —-0.1+0.1 0.10 + 0.01 5+1 2
4.0 0.08 2.6 2.1 —-0.7+0.1 0.16 + 0.01 o 2
4.0 0.14 3.0 2.9 -1+1 0.12 + 0.01 co 2

boring bubbles and, thus, results in a larger decrease
in effective volume.

Influence of the Antisolvent Effect on the Scis-
sion Kinetics. Carbon dioxide reduces the viscosity of
concentrated polymer solutions due to the antisolvent
effect,!® which induces a smaller gyration radius of the
polymer or even polymer precipitation at higher COg
fractions. As a result, the scission rate constant is
expected to remain virtually constant at higher polymer
concentrations, whereas in bulk, the scission rate
constant strongly decreases. Figure 7A shows the
development of My, in time for scission experiments for
a 4 wt% polymer solution at several COs fractions (Table
4). All the reaction mixtures are one-phase systems, as
no precipitated polymer was observed in a high-pressure
view-cell at these conditions. Figure 7B shows the
scission rate constants for different COq fractions, as

obtained from the model. It can be seen that the scission
rate constant is initially (the right-hand side of point I
and the right-hand side of point II) higher for the COq-
expanded liquids, in contrast to the bulk experiment
(Figure 7B vs 6B). The negative influence of the COq
fraction on the implosion velocity at low polymer
concentrations is thus counteracted at higher polymer
concentrations by the COs antisolvent effect. As no
precipitated polymer is observed, the higher scission
rate is a consequence of the smaller gyration radius of
the polymer chain, which results in a lower liquid
viscosity. At the left-hand side of point I in Figure 7B,
the scission rate in bulk is faster than the scission rate
in COg-expanded MMA at 7 bar (Xco, = 0.14). The
difference with the right-hand side is caused by the
larger viscosity decrease during the scission experiment
in bulk MMA, which results in a larger increase in the
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implosion velocity of the cavitation bubbles. This higher
implosion velocity also results in a lower M, for the
scission experiment in bulk MMA as compared to
scission in COg-expanded MMA. The intersection point
between COg-expanded MMA at 4 bar (Xco, = 0.08) and
bulk MMA (Figure 7B, II) occurs at a lower molecular
weight because at 4 bar less COg is dissolved in MMA,
as compared to 7 bar. Therefore, the cushioning effect
will be less pronounced at 4 bar CO,.

As discussed in the previous sections, the COg anti-
solvent effect and COg cushioning effect have an op-
posite influence on the scission rate. Additionally, when
substantial amounts of polymer are precipitated, it is
possible that the breakage of polymer chains in solution
is limited by the dissolution rate of the polymer from
the precipitated phase. These effects may cause an
optimum in scission rate at increasing static pressure.

Control of Molecular Weight by Ultrasound-
Induced Polymer Scission. In general, ultrasound
can be applied as a clean alternative method to control
polymer properties by tuning the polydispersity and
MWD because polymer scission occurs in situ without
the addition of peroxides.! Especially for polymers where
the high-molecular-weight part of the distribution has
a disadvantageous effect on the product properties,
ultrasound has significant application potential. The
possibility to perform these reactions at higher polymer
concentration by the addition of an antisolvent makes
the ultrasound technique more feasible for industry. In
another study,?! a preliminary process design is pre-
sented for the production of 10 kg/h pure PMMA in COq-
expanded MMA including polymer scission. This process
appears to be especially interesting for the production
of specialty products for biomedical purposes.

Moreover, by combining ultrasound with COg, the
scission rate and My, can independently be altered. In
comparison with bulk experiments, scission in COsq-
expanded liquids results in a lower viscosity and,
consequently, a higher scission rate, as well as a lower
M, in concentrated polymer solutions. Above a given
COgq fraction, the polymer starts precipitating, resulting
in a constant scission rate. The COs fraction influences
the amount of polymer that is dissolved, the My, and
the scission rate. Additionally, an increase in the
ultrasound intensity will result in a lower My, and a
higher scission rate, whereas the sonication area only
influences the scission rate. In summary, the ultrasound
intensity, the sonication area, and the CO fraction can
thus independently influence the limiting molecular
weight and the scission rate. Therefore, ultrasound-
induced polymer scission in COg-expanded liquids al-
lows for an accurate control of the scission kinetics and,
hence, the polymer properties.

Conclusions

In this work, the influence of the CO2 antisolvent
effect on the viscosity and the resulting reaction kinetics
of ultrasound-induced polymer modification have been
studied. For this purpose, ultrasound-induced polymer
scission experiments have been performed in COs-
expanded MMA, as well as in bulk MMA, at different
PMMA concentrations. Modeling the development of the
experimental MWDs in PREDICI has revealed the
scission kinetics at different polymer and COgy concen-
trations. At low polymer concentrations, the scission
rate decreases at higher COs pressures due to the
negative influence of COy on the cavitation velocity.
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However, at higher polymer concentrations, this effect
is counteracted by the viscosity reduction induced by
the antisolvent effect of COy, which results in faster
scission in COg-expanded MMA, as compared to bulk
MMA. When CO; acts as an antisolvent, it is possible
to alter the MWD of polymers by ultrasound in concen-
trated polymer solutions.
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