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ABSTRACT: This study highlights the potential of using ultraviolet (UV) radiation for initiating polymerization
of n-butyl acrylate (BA) in a narrow channel reactor made of borosilicate. A continuous flow system using a 90
cm long glass reactor with a circular cross section (1.5 mm internal diameter) was used in conjunction with a UV
flood lamp having peak intensity at 365 nm. A series of experiments were performed in order to study the influence
of UV intensity, initiator concentration, and space time on conversion and molecular weight distribution. A
mathematical model incorporating the reactor geometry has been developed for predicting the conversions, and
the results were compared with the experimental findings. Experimental results from this work have been
benchmarked against continuous thermal polymerization studies.

1. Introduction

The advantages of photopolymerization have become obvious
with increasing demand for solvent-free and energy efficient
processing.” The use of UV for converting a monomer into
polymer has found limited applications in industry. As explained
by Jachuck and Dunk,” this is due to the inherent design of the
conventional chemical reactors which mostly use stirred tanks.
Such reactors require considerable penetration depth for the UV
radiation and hence make the process energy intensive. It also
adversely affects the polymerization process, resulting in
polymers with varying degrees of conversion and polydispersity
indices. Process intensification promotes the use of films with
smaller dimensions to gain better control on the quality of the
product. In polymers, polydispersity is used as the measure of
the quality. Iwasaki et al.® have successfully demonstrated the
advantages of process intensification by using microreactors to
carry out thermal polymerization. Significant improvement in
polydipersity indices has been reported using microreactors as
compared to the batch process. Results from photopolymeriza-
tion experiments are compared to results from Iwasaki et al. to
highlight the advantages of the photopolymerization process over
thermal based polymerization.

It has been well-known that the use of UV radiation can
induce very high rates of initiation that directly affect the overall
rate of polymerization.'* So far, work in photopolymerization
has been progressed in curing of static films which include dental
restorations, optoelectronics, and adhesive applications. Another
area this technology is used is in the estimation of kinetic
constants in polymerization reactions which include techniques
such as pulsed laser polymerization (PLP). Poly(n-butyl acrylate)
has several uses in the area of coatings and inks, adhesives,
sealants, textiles, elastomers, etc.

Photopolymerization using thin static films ranging from 5
to 1000 um was investigated by various authors.*” Tt was
reported that the extent of nonuniformity in the polymerization
kinetics in a film increases with the thickness. Decker et al.
have investigated the influence of temperature on photopolym-
erization kinetics and have found the rates of polymerization
to be very high which is attributed to the high rates of initiation
and reaction exotherm.* Although the results were promising,
it is not possible to take advantage of the high reaction rates
and use thin static films to establish a continuous process for
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the production of a polymer resin. Hence, using a narrow
channel reactor with a continuous flow would minimize the
penetration depth which is essential for achieving narrow
molecular weight distribution.® Efficient heat transfer in a
microreactor has been a subject of interest for obtaining polymer
with tighter molecular weight distribution and has been found
to be more significant with highly exothermic polymerizations.?

A continuous photochemical reactor for production of vinyl
polymers using a rotating spiral conveyer was developed by
Kuriyama.” Although conversions up to 90% have been reported,
the polymerization times were in the range of 6 h and the
polydispersity indices of the polymer were also not mentioned
to compare the quality of the polymer produced. A stationary
cylindrical reactor for photopolymerization was developed by
Berthold et al.® A UV lamp was installed in the center, and
reactants were made to flow along the wall of the reactor
concentric to the lamp. It was demonstrated that this reactor
can be used to perform bulk, solution, and emulsion type
polymerizations. In reactors with a free liquid surface, it is hard
to maintain uniform film thickness, as the viscosity varies along
the length of the reactor. Hence, the study of various parameters
on the kinetics of polymerization will not be accurate. Continu-
ous photopolymerization in a narrow channel flow system has
been reported by Hicks and Melville to synthesize block
copolymers.® A channel diameter of 1 mm and length of 30 cm
was used. A length of 4 cm was used as the zone of illumination.
Polymer chains initiated from the illuminated section would flow
into a reservoir containing another monomer which would then
propagate and eventually terminate. The conversions obtained
in the process were very low, and the goal was to obtain linear
block copolymers.

The objective of this work is to study photopolymerization
of n-butyl acrylate using a narrow channel reactor system. This
will combine the advantages of using continuous reactors with
smaller dimensions and also the unique advantages of photo-
polymerization. The influence of photoinitiator concentration,
intensity, and exposure time on conversion and molecular
weights were studied. A mathematical model based on the
kinetics of the polymerization in a static film was employed. In
optically thin films, the predictions by Decker et al. suggest
that the rate of polymerization is proportional to the square root
of the intensity.* For optically thick films, the variation in the
intensity is more significant and hence kinetic models that
include spatial variation in intensity and local initiator concen-
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Figure 1. Variation of light intensity in the reactor due to absorption
by photoinitiator (PI) species.

tration have been developed to predict the nonuniformity of the
polymer cure with depth.>'°"'® Interestingly, most of the
theoretical work reported so far used photobleaching initiators.
The effect of temperature on the rate constants has been taken
into account. This has been done by calculating the rate constants
to the corresponding exit temperature using the Arrhenius
equation. The geometry of the channel was included in the
model, since the circular cross section causes nonuniformity in
the penetration of light through the reactor. Experimental results
have been compared with the predicted values from the
mathematical model developed.

2. Mathematical Model

A mathematical model has been developed for predicting the
monomer conversion for different operating conditions. The
geometry of the reactor is taken into account since penetration
of light into the reactor, especially in the orders of millimeters,
has a significant effect on the kinetics. Figure 1 shows the
variation of light intensity with penetration depth based on Beers
law assuming constant light absorbing species concentration
across the path length. The photoinitiator used in this work is
2,2-dimethoxy-2-phenylacetophenone which has an absorption
coefficient value, o, of 345 Lemol~'~cm~1.'*!> The solid and
dashed lines represent the variation of intensity for a photoini-
tiator concentration of 2% w/w monomer and 0.5% w/w
monomer, respectively. The proposed model incorporates
changes in UV intensity due to the variable path length resulting
from the curved surface of the reactor. The exit temperatures
from the experiments have been used to obtain the temperature
profile along the length of the reactor. The temperature profile
obtained has been used in the model to estimate the kinetic rate
constants.

The expression used to predict the monomer conversion is
given by:

AR A by

Magnetic plate stirrer
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Figure 2. One detailed schematic of the experimental setup.
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Equation 2.1 is based on the model explained in Appendices A
and B. The coefficients used have also been presented in detail.
In the equation, f{l) = (e“MIH)12 [C] = [P]pe?™o and [P]y is
the initial concentration of photoinitiator in the feed. The terms
F and & have been included in eq 2.1 to account for the geometry
of the reactor and for the influence of the mixing/hydrodynamics
on the kinetics. On the basis of the branching of 1.08 for 100
repeating monomer units, a 6 (0 = kpbexp/kbb,0) value of 0.26
was obtained. It must be noted that a 0 value of 0.26 has been
obtained for a photoinitiator concentration of 2.0% w/w BA,
intensity of 86 mW/cm?, and exposure time of 24 s. For accurate
prediction of experimental results pertaining to other photoini-
tiator concentrations, and experimental conditions, it is recom-
mended to estimate and use the appropriate value of 0 using
the procedure described in Appendix A.

The model is based on the following assumptions: (a) plug
flow behavior in the reactor, (b) propagation, termination
mechanisms are independent of chain length, (c) temperature
variation along the cross section of the reactor is negligible,
(d) the primary radicals generated have equal mobility and
reactivity, and (e) the concentration of light absorbing species,
[c], is a function of time.

3. Experimental Section

3.1. Description of the Experimental Setup. The experimental
setup consisted of a narrow channel reactor made of borosilicate
with a wall thickness of 6.0 mm. The reactor which can be seen in
Figures 2 and 3 has an approximate length of 900 mm and an
internal diameter of 1.5 mm. The reactor has 10 linear sections
each of 70 mm length and 9 semicircular bends with a radius of 7
mm. Ultraviolet radiation was generated by using a 400 W metal
halide flood lamp supplied by Dymax Corporation. The UV flood
lamp has a maximum intensity at 365 nm which is also the
excitation wavelength of the initiator.'* The lamp was supported
by clamp stands in a manner such that the distance between the
lamp and the reactor surface could be altered in order to study the
influence of UV intensity on the reaction kinetics. The intensity of
the UV radiation received on the reactor was measured by using a
UV-A radio meter (model Accucal 20 series) from Dymax with an
accuracy of +2%. A gear pump was used to deliver the desired
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Figure 3. Photograph of the experimental setup.

reactant flow rate (25—70 mL/min) for the purpose of studying the
influence of space time (3.8-1.36 s) on the reaction. The perfor-
mance of a gear pump decreases at high viscosities obtained due
to high conversions; hence, it is replaced with an HPLC pump
(model C-74930-00) from Cole-Parmer for smaller flow rates. A
thermocouple was used to measure temperature at the outlet of the
reactor. The temperature profiles with time were recorded using a
thermocouple—computer interface (Pico Technology Limited).
Polymerization of n-butyl acrylate is an exothermic reaction; hence,
the time—temperature profile was used to identify the steady state
conditions in an experiment. Samples were collected for each
experiment only when the system was under steady state conditions.

A fairly extensive arrangement was made in order to ensure the
feedstock was free of oxygen. It was found that about 20 min was
sufficient to effectively purge the system free of oxygen. As shown
in Figure 2, the monomer and solvent were purged separately in
Erlenmeyer flasks for 20 min and then fed to another Erlenmeyer
flask which contains a premeasured amount of initiator. The transfer
of the monomer and solvent was done by controlling/closing the
exit valve of nitrogen in order to develop a positive pressure on
the liquid. This approach was employed to ensure that the
composition in the feed does not change due to loss of solvent and
monomer by vaporization during the purging process. The preloaded
initiator, monomer, and solvent were mixed for about 20 min using
a magnetic stirrer. All of the experiments were carried out with
20% toluene by volume.

3.2. Chemicals Used. The monomer, n-butyl acrylate (Aldrich),
was passed through an inhibitor remover column (Aldrich packed
columns, 306312). Toluene, 2,2-dimethoxy-2-phenyl-acetophenone,
and hydroquinone were obtained from Aldrich. Tetrahydrofuran
obtained from J.T.Baker was used to dissolve the hydroquinone,
and the solution was added to the product collected from the
experiments to quench any unreacted radicals. Oxygen-free grade
nitrogen was used for purging the feed mixture.

3.3. Characterization. A gas chromatograph (GC) was used for
detection of monomer in the sample. Conversion is obtained by
measuring the monomer peak area in the feed and product. An HP
5890 series II GC equipped with a flame ionization detector (FID)
was used.

A gel permeation chromatography (GPC) system (PL-GPC 50;
2 x PL ResiPore (300 x 7.5 mm) columns; refractive index (RI)

detector) from Polymer Laboratories (PL) was used for obtaining
the molecular weight distribution of the product. The oven was
maintained at a constant temperature of 30 °C. Tetrahydrofuran
(THF) was used as a solvent at a flow rate of 1 mL/min. The
molecular weights of the polymer were obtained by comparing
against a calibration curve generated using poly(methyl methacry-
late) (PMMA) narrow standards. Samples for GPC were made by
dissolving 200 uL of sample in 5 mL of THF. About 500 uL of
the diluted sample was then injected, and the chromatogram
obtained was analyzed for the molecular weight distribution.
Mark-Houwink parameters (K = 12.2 x 1073 dL/g and a = 0.70)
for poly(butyl acrylate) reported by Beuermann et al.'® were used
to estimate the absolute average molecular weights from the SEC
curve.

4. Results and Discussion

4.1. Influence of Photoinitiator Concentration on Conver-
sion and Molecular Weight. Parts a—c of Figure 4 show the
variation of conversion as a function of initial photoinitiator
concentration, [P]y. The data points were obtained from the
experiments, and the solid lines were obtained from the model.
By using an UV intensity of 86 mW/cm?, experiments were
carried out for exposure times of 9.5, 11.9, and 15.9 s. Exposure
times were varied by changing the flow rates. For the experi-
ments studied at different exposure times, an optimum [P]o
concentration of about 2.0% w/w monomer was observed to
yield maximum monomer conversion. This finding is similar
to that obtained by Boodhoo et al. in their investigation of
n-butyl acrylate bulk photopolymerization in static films in the
range of 200 um to 1 mm.” For [P]y values higher than 2.5%
w/w BA, primary radical termination is believed to be the
possible cause for the decrease in conversion. When the local
concentration of the radicals is high, the radicals terminate
bypassing the propagation step to yield dead fragments.>'”
When the [P]y concentration was less than 2% w/w BA, the
amount of polymer formed increased with an increase in the
amount of the [P]y used. Since a [P]y value of 2% w/w BA was
found to be the optimum, the same was chosen for experiments
to study the influence of exposure times and light intensity.
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Figure 4. Influence of initiator concentration on conversion and molecular weights.

Table 1. Effect of Initial Photoinitiator Concentration on PDI of
the Polymer

molecular
[Plo, range of BA weights, PDI exit
% w/w BA conversion, %  M,*1073  (M,/M,) temperatures, °C

0.5 35-50 33.8-369 1.7-1.9 80-90

1.3 51-81 149246 1.8-2.2 66-118

2.0 18-81 12.4-28.6 2.0-2.6 87-130

2.5 65-77 16.5-19.8  2.0-2.7 100-125

3.0 57-76 14.8-19.2  1.9-2.3 95-125

When the photoinitiator concentration, [P]o, is 2% w/w BA, there
is a good fit between the experimental and model predicted
values. This is because the kypexp, the rate constant for
backbiting, value used in the model was experimentally obtained
for a [P]y value of 2% w/w BA. In order to improve the model
so that there is an improved fit between the model and the
experimental values, it is essential to experimentally obtain kpp,exp
values for the corresponding [P]y values.

Parts d—f of Figure 4 show the variation of molecular weight
as a function of [P]y. The data points were obtained from the
experiments, and the dashed lines were obtained by fitting a
curve to the experimental data points. It can be seen that the
molecular weight decreases with an increase in initiator
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Figure 5. Influence of UV intensity on conversion.

concentration. It was also observed that the polydispersity
indices (PDI) increased with an increase in initiator concentra-
tion, as shown in Table 1.
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As seen in Table 1, the PDI values increase as [P]y increases
from 0.5 to 2.0%. Beyond the 2.0% value, the PDI is seen to
stabilize. As explained by Terrnones et al.,'® this is attributed
to the increase in nonuniform rates of initiation as [P], increases.
According to Beer’s law, more light is absorbed at high
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Figure 8. Influence of exposure time on the steady state temperatures.
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concentrations of the photoinitiator species. Hence, increased
photoinitiator concentration shields the incident light from
reaching the bottom of the reactor (Figure 1).

4.2. Influence of Intensity on Conversion and Molecular
Weight. Figure 5 shows the variation of conversion as a function
of UV light intensity. Experiments were performed for a fixed
[P]o value of 2% w/w and an exposure time of 11.4 s. The UV
intensity was varied by changing the height of the lamp from
the reactor surface. It is found that the conversion increases with
an increase in the intensity. In the range of light intensities
studied, the model predicts the experimental findings.

Figure 6 shows the variation of molecular weight with light
intensity. The molecular weight of the polymer formed de-
creased with an increase in intensity. At higher intensities, the
radical concentration increases, resulting in a decrease of the
molecular weight.

4.3. Influence of Exposure Time on Conversion and
Molecular Weight. Figure 7 shows the influence of exposure
time on monomer conversion. For all of the experiments
performed, the exposure time is the same as the space time.
Different exposure times were obtained by varying the flow rate
of the feed. A constant [P]y concentration of 2.0% w/w and
intensity of 86 mW/cm? were maintained in the experiments.
As expected, the initial increase in the conversion was high and
the slope decreased slowly, which corresponds to a reduced rate
of polymerization. It is known that the conversion is a function
of monomer concentration, initiator concentration, and temper-
ature. Therefore, as the polymerization proceeds along the length
of the reactor, the monomer and initiator concentrations
decrease, resulting in a decrease in the rate of conversion.

Along the length of the reactor, exposure time varies and
hence the temperature. As kinetic constants depend on
temperature, it is essential to know the temperature profile
along the length of the reactor for different exposure times.
As temperature can be measured only at the exit for any given
reactor length, experiments were carried out to study the
influence of exposure time by changing the flow rate through
a 90 cm long reactor. The exit temperatures for the above
study have been shown in Figure 8a. A series of experiments
were also carried out using reactor lengths of 70, 50, and 30
cm. The temperatures obtained are shown in Figure 8b. It can
be seen that, for nearly equal exposure times (obtained with
different lengths of reactor and different flow rates), the outlet
temperatures are nearly equal. Hence, it can be assumed that
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the temperature profile along the length of the reactor can be
deduced if the exposure times are known. The time—temperature
data have been used to obtain a polynomial fit for establishing
a continuous time dependent function for integrating eq 2.1 to
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predict monomer conversions. Similar temperature profiles for
predicting monomer conversions were also obtained as a
function of light intensity and initiator concentrations.

It is found that there is a peak temperature corresponding to
the exposure time suggesting that the rate of polymerization
will initially increase and then decrease. A similar trend for rate
of polymerization (Figure 9) has been obtained by using the
model which uses the temperature profile data (Figure 8).

As seen in Figure 7, there is a good fit between the conversion
values obtained theoretically to those obtained experimentally.

Figure 10 shows the influence of exposure time on the
molecular weight of the polymer formed. It can be seen that
the molecular weight of the polymer decreases with an increase
in exposure time. A longer exposure time generates more
photons which in turn increases the radical concentration.
Therefore, the number of competing propagating chains is
increased, resulting in polymers with shorter chains. For smaller
exposure times, the number of radicals initiated was low and
hence polymers with high molecular weights were obtained.

NMR analysis on a sample was performed, and the NMR
spectra obtained can be seen in Figure 11. The following
experimental conditions were maintained for the sample ana-
lyzed: exposure time, 25 s; intensity, 86 mW/cm?; [P)o, 2% w/w
BA.

The degree of branching has been estimated from the ratio
of the sum of the branched CH and CH; integrals (peaks B
and C in Figure 11) to the total integral for backbone carbon
atoms (peaks A and D in Figure 11)."”'® On the basis of the
NMR findings, an average value of 1.08 has been used as the
amount of branches per 100 repeat backbone units. As detailed
in Appendix A, 0 has been calculated using the branching data.

4.4. Comparison of Thermal Polymerization and Photo-
polymerization. In Table 2, an attempt has been made to
compare the experimental results obtained with published data
on thermal polymerization of n-butyl acrylate. Thermal polym-
erization data based on batch and microreactor configurations,
with 2,2'-azo-bis(isobutyronitrile) (AIBN) as the initiator, were
obtained from Iwasaki et al.®> For conversions in the range
81-87%, it can be seen from Figure 12 that significant reduction
in reaction time can be achieved by using the photopolymeri-
zation technique in a narrow channel reactor system. The time
savings is approximately 3 and 4 times compared to thermal
polymerization in a microreactor and batch reactor, respectively.
This effect is due to the high rates of initiation in photopoly-
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Figure 11. NMR spectra with assigned peaks to estimate branching in PBA.
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Table 2. Comparison of Polymerization Kinetics by Different
Schemes (Based on Initiator Concentration = 1 mol % of BA)

space time/ molecular
exposure  conversion, weight, PDI
reactor time, s X% My+1073  (My/My)
thermal macroscale 120.0 50.0 27.1 212.00
batch reactor feed, 180.0 82.1 10.0 9.61
50% viv; temp,
100 °C (3)
210.0 86.0 9.3 10.00
240.0 88.0 9.3 10.30
thermal microreactor 90.0 72.4 33.0 3.63
temp, 100 °C; feed, 120.0 86.5 26.1 3.59
50% vlv; diameter,
0.5 mm (3)
180.0 86.5 22.8 3.14
240.0 89.6 20.8 3.16
300.0 89.3 19.2 3.35
photopolymerization 9.5 51.1 24.6 2.61
nonisothermal; feed, 10.6 52.2 23.2 2.12
80% v/v; diameter,
1.5 mm
11.9 51.7 21.3 1.77
13.6 58.4 20.6 1.79
15.9 59.8 19.7 1.99
19.1 68.5 18.7 1.92
38.2 81.4 14.9 2.03

merization. The high rates of initiation become significant in
curing applications where the excess free volume provides
increased mobility for species improving the overall rate of
polymerization.*'? It can also be seen from Figure 13 that the
PDI achieved using photopolymerization in a narrow channel
is lower than that achieved by thermal polymerization. It should
be highlighted that the amount of solvent used by Iwasaki et
al. was 50% v/v, while this work was carried out with a solvent
of 20% v/v. It is to be expected that the use of an increased
amount of solvent will yield lower PDIs as the viscosity of the
reacting medium is reduced. In continuous flow photopolym-
erization, the exothermic nature of the acrylate polymerization
and the heat from the lamp will provide better mixing of the
radicals generated. Higher temperatures during the reaction will
decrease the viscosity, and this will enhance mixing inside the
channel.

Flow through narrow channels is known to provide very good
convective heat transfer rates. This will result in a uniform
temperature distribution within the polymer across a given flow
cross section. The high rates of initiation associated with photo-
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Figure 12. Comparison for reaction times: photopolymerization vs
thermal polymerization.
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Figure 13. Comparison of polydispersity indices: photopolymeri-
zation vs thermal polymerization (conversion values are given in
parentheses).

Table 3. Arrhenius Rate Coefficients Used in the Model

kp1 = 2.05 x 107 exp(—17890/RT) lit*mol ~!+s~! ref 28°
kpo = 1.25 x 10° exp(—29500/RT) lit*mol ~!+s~! ref 29
kum = 2.9 x 10° exp(—32600/RT) lit*mol~!+s~! ref 30

kobo = 3.5 x 107 exp(—29300/RT) 57! ref 28

k= 2.57 x 10® exp(—5590/RT) lit*mol~!+s~! ref 22

“ A recent publication by Pierik et al.*' reported kp1 = 1.0 x 107 exp-
(—15900/RT) L+-mol~!+s~!. The effect of branching has been neglected by
using high pulse frequencies in their estimation, but Plessis et al.*® have
included the branching in their estimation of the kinetic rate constant and
it was therefore used in this work.

polymerization coupled with narrow temperature distribution may
have resulted in the lower PDIs that were experimentally obtained.

5. Conclusions

An experimental setup was developed and tested for investigating
free radical photopolymerization of n-butyl acrylate in a continuous
flow mode using a narrow channel reactor. The influence of
photoinitiator concentration, UV intensity, and exposure times on
monomer conversion and molecular weights has been studied. It
was found that a photoinitiator concentration of 2% w/w monomer
provided the highest monomer conversion in the range of UV
intensities and exposure times investigated. The PDIs of the
polymer obtained increased with initiator concentration up to 2%
w/w BA. The results of this investigation when compared with
thermal polymerization studies have shown that the kinetics are
faster for photoinitiated systems and the PDIs of the polymer
obtained were lower than those obtained by thermal polymerization.
A theoretical model to predict the monomer conversions which
incorporates the geometry of the reactor has been developed. NMR
study indicated a branching of 1.08% in one of the products
analyzed.

Acknowledgment. The authors would like to acknowledge the
contributions made by late Dr. W. A. E. Dunk, Dr. D. Shipp, and
P. K. Chintamanipeta (NMR analysis) and the financial support
from NYSTAR (New York State office of Science, Technology &
Academic Research) toward this work.

Appendix A: Mathematical Model Development

The following kinetic mechanisms were considered in the
development of the model. In addition to the classical free radical
mechanisms, secondary reactions have also been included. The
secondary reactions are more predominant at higher temperatures
and at lower monomer concentrations.?>*
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Initiation:
hv
P — 2Re (A.1)
k,
Re+M—Re (A.2)
Propagation:
Ky
Re+M-—R,, e (A.3)
* kPZ
Rfe+M—R,, o (Ad)

Chain Transfer to Monomer:

kmM

Re(Rie) +M—=M,+R,e (A.5)

Intramolecular chain transfer to polymer, backbiting:

k,
R,e—> Rl (A.6)

Intermolecular chain transfer to polymer:
klr,
Re+M, — M,+R'e (A7)
Termination by combination:

kll]

Re+Re—M,, (orM,+M) (A.8-1)
* kIIZ
R+ Rle —M, ., (A.8-2)
* ® k|22
Rle + Rle—M,,, (A.8-3)
kl
R o(R}e) + R),O(R;O) —M,, (A.8)

In the above expressions, P represents the photoinitiator, M
is monomer, Re is a free radical, R,* represents a growing
polymer radical with n repeating units, R} represents a tertiary
radical formed either by the backbiting process (eq A.6) or by
intermolecular chain transfer to another polymer (eq A.7), and
M+, Mp, M,,, M,,, and M, represent dead polymer chains
formed containing x +y, p, m, n, and g repeating units,
respectively.

h and v represent Planck’s constant and the frequency of light,
respectively. hv represents a quantum of light absorbed by the
photoinitiator to generate the primary radicals. In the model,
the frequency corresponding to a wavelength of 365 nm was
used. k,; and k> represent the rate constant of propagation for
secondary and tertiary radicals, respectively. ki m, kir.p, kob, ki1,
ki, ki12, and k; represent rate constants for chain transfer to
monomer, intermolecular chain transfer to polymer, backbiting,
secondary radical termination, tertiary radical termination, cross
radical termination, and overall radical termination, respectively.
In n-butyl acrylate polymerization, it is known that termination
by combination is more dominant over disproportionation.
Termination can occur by combination of secondary or tertiary
radicals (eqs A.8-1, A.8-2, and A.8-3). The combination of all
of these reactions has been expressed in eq A.8, where k;
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Table 4. Parameters Used in the Model

¢i: quantum yield of initiation for DMPA 0.6 ref 10
o molar absorptivity of DMPA 345 lit*mol '+cm  ref 10
A: wavelength of UV light 365 nm

L: length of the reactor 90 cm

d: diameter of the reactor 0.15 cm

V: volume of the reactor, [(7r/4)d2L] 1.59 cm?

t: space time or exposure time, [V/Q] S

Q: volumetric flow rate 2.5-70 mL+min~!
[M]o: initial concentration of BA 5.61 mol-lit™!
[S]: concentration of toluene (20% v/v) 1.88 mol-lit™!

represents the combined rate constant for termination of all of
the radicals.

Chain transfer to polymer occurs by two mechanisms:
Intermolecular chain transfer that yields long chain branches
(LCBs) and intramolecular chain transfer that yields short chain
branches (SCBs). SCBs are formed by propagation of tertiary
radicals formed by the backbiting phenomenon. The backbiting
mechanism is considered to occur by size-membered-ring
transition. Intermolecular chain transfer reaction has been
neglected, so the branching polymer is associated to the
backbiting phenomenon only. Former et al. have reported the
dominance of SCBs over LCBs based on the viscoelastic
behavior of the polymer.®* It was assumed that the tertiary
radicals do not undergo intermolecular chain transfer reactions.
The tertiary radicals also undergo f-scission to yield a dead
polymer chain with a terminal double bond and a live polymer
chain.'”*>¢ This mechanism is found to be dominant at high
temperatures and affects the PDI of the polymer more than the
monomer conversion. Hence, it is neglected in this kinetic
model.

Intermolecular chain transfer by secondary radicals to polymer
was also neglected. The kinetic expression for the rate of
polymerization has been derived on the basis of the assumption
that backbiting is the predominant chain transfer event.

The rate of monomer conversion, rn,, can be estimated from
eqs A.3, A4, and A.5 as follows:

Fin = (K e T K ) M [R}"™"e] (A.9)

In the above equation, R,**™e is the total concentration of radicals
(secondary and tertiary). kp.fr is the effective rate constant of
propagation and can be used in place of the traditional rate
constant for propagation, k,.>"*" It is defined as follows:

k
= (A.10)
P ékbb,o

koM

k

The expression for k,.f given in eq A.10 is valid under the
assumption that backbiting is the predominant chain transfer
mechanism affecting the kinetics. 0 is the ratio of kpp,exp Obtained
from the experiment and kyp o obtained by Plessis et al.*® kip,exp
is estimated from the degree of branching using the following
expression:

Branching = Kierp (A.11)
[kpl [M]O(l - X)] + kbb.exp .
Rate of initiation:
r=2¢a[Clle (A.12)
Rate of termination:
ro=2k[R)"™s)’ (A.13)

ri and r represent the rate of initiation and rate of termination,
respectively. ¢; is the quantum yield of initiation; / is the
penetration depth of light; [y is the intensity of light on the
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UV radiation

(@

Figure 14. (a) Schematic of the reactant under UV radiation and (b) a
cross-sectional view of the reactor.

surface of the reactor; o is the absorption coefficient of the light
absorbing species (it is assumed that the primary radicals and
photoinitiator molecules have the same absorption coefficient);
[C] is the concentration of the light absorbing species across
the cross section. For DMPA, a nonphotobleaching initiator,
the light absorbing species consist of unreacted photoinitiator
molecules and primary radicals in the system. The average
concentration of the light absorbing species is assumed to be
constant for the cross section and has been given as [C] =
[Ploe?™".> This expression has been obtained by using a thin
film approximation and is more realistic for films in the order
of microns.! [P]y is the initial concentration of photoinitiator.

Using the quasi-steady-state assumption on radicals (r; = ry),
eqs A.12 and A.13 lead to

palCll,e
k

[R)'Me] = (A.14)

t
In this expression, (e“*D)”2 is a function of /. As shown in
Figure 14a, the light penetration into the reactor is nonuniform
due to the geometry of the reactor which leads to nonuniform
penetration of light across the sample cross section. The average
value of this expression for the cross section of the reactor can
be obtained on the basis of the derivation given in Appendix B
(eq B.9).

The rate of monomer consumption can be estimated from
eqs A.9 and A.14 as follows:

L _dMI_ [ Kk
" dr Ok
bb,0 +1
kpolM]

(A.15)

In eq A.15, if we define f{l) = (e=*1CD)12 and F as the average
value across the circular cross section, then eq A.15 can be
rewritten in terms of F as follows:

M k — o[C]I, —
m:_d[M] _ NP Frv? $,0[C] @
dr Oky o : k,
—=+1
ko [M]
(A.16)

Monomer conversion, X, can be obtained by

_ M

X=1
M],

(A.17)

Equations A.16 and A.17 can be used to estimate the
monomer conversion as a function of exposure time, photoini-
tiator concentration, and light intensity. In the equations, [C] is
assumed to be constant across the cross section. However, [C],
the local concentration of light absorbing species, can be
expressed as a function of penetration depth / and time as
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derived by Terrones et al.'* and the average value, F, in eq
A.16 can be calculated using the method described in Ap-
pendix B.

The heat of polymerization for n-butyl acrylate is about 500
kJ/kg. Hence, the exothermic nature of the reaction causes a
significant increase in the temperature during polymerization.
The experiments in this work were carried out without any
provisions for removing the heat generated. However, there is
loss of heat by convection of air around the reactor and hence
the reaction conditions were described as nonisothermal and
nonadiabatic. Therefore, the monitored exit temperature from
the experiment is an important measure and was used to estimate
the approximate values for the rate constants. For a given
experiment, only one of the parameters (exposure time, con-
centration of photoinitiator, and light intensity) has been varied
and the steady state exit temperatures were monitored. Hence,
to predict the conversion from the model (eq 2.1) for any value
of the parameter, the corresponding temperatures were used. A
typical profile of steady state temperature as a function of
exposure time is given in Figure 8.

Appendix B: Geometry Incorporation

The schematic and sectional views of the reactor under UV
radiation are given in parts a and b of Figure 14, respectively.
The direction of the flow is along the Y-axis. R is the radius of
the reactor. Light penetrates the reactor from the top surface
(semicircle X;—Z,—X; in the sectional view B.1 (b)) and travels
to the bottom. / is the penetration depth of light to any point in
the reactor. For a point B in the reactor, A is the point where
light enters into the reactor and [ is represented by AB. The
penetration depth, /, in each of the quadrants is represented by
Iy, I, I, and Ly in quadrants I, I, III, and IV, respectively. [ is
expressed in polar coordinates » and 6. r is the distance of any
point from the center “O” and 6 is the angle subtended by the
line connecting the point and center and OX] in the anticlockwise
direction (e.g., for point B, 6 is the angle between OB and OX)).
The reactor is symmetrical along the plane Z;—Z,. In the
following section, the functions are derived for quadrants I and
IV only.

All of the points in quadrants I and IV can be expressed in
polar coordinates, and each point will have an independent
penetration depth, /, given by

L(r,0)=—rsin 0+ VR — (r cos 6)2; Ly(r,0)=rcos 0+
VR® = (rsin 0 (B.1)

For any point B (r cos 6, r sin 0) in quadrant I, there will be
a point B' (—r cos 6, rsin ) symmetrical in quadrant II. The
penetration depth of light is the same from the top of the reactor
to the points B and B'. Therefore, i(r,0) = In(r,0) and liv(r,0)
= I(r,0).

For a function f{/) which is continuous inside the circle (Figure
14b), the integrals of the function f{(/) in quadrants I and IV are
given by

=R pb=n/2
I A, 0)r d6 dr

0=0
and

r=R

L7 (. 0))r d6 dr (B.2)

r=0

Since f(/) is symmetrical along the Z1—Z2 plane,
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LT R oo dr= [ [ Riy(r.0)r d6 dr
(B.3)

=R 0=2x
Sy o R, 0)r 4O dr =
r=R (0=37/2
I Fly(r, 0))r d6 dr - (B.4)

O=m

The average value of the function f{I), given by F, over the
whole cross-sectional area is given by

F= 7% ":’R [{ -ﬁ?i:ij/lzf(ll(’"’ 0))r do dr} +
{ O=mn/2
0=0

Al (r, O))r dO dr}] (B.5)
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