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The influence of oxygen on the kinetics of chemically initiated seeded emulsion homopolymerisation of styrene 
and the seeded emulsion copolymerisation of styrene/butyl acrylate was investigated by reaction calorimetry. A 
decrease of the inhibition period and an increase of the polymerisation rate have been observed when the system is 
purged with nitrogen. It has also been seen that oxygen has a great influence on the polymerisation kinetics, 
producing not only inhibition, but also decreasing the reaction rate. An increase of the dependence of the average 
number of radicals per particle with the initiator concentration with respect to theoretical predictions was observed 
in the presence of oxygen. The overall experimental results show that, after an inhibition period, there is a 
continuous flow of oxygen from the gas phase, which causes the retardation of the polymerisation rate. © 1998 
Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Emulsion polymerisation is a free radical polymerisation 
whose kinetics is severely affected by the presence of  small 
amounts of inhibitors and retarders. These substances are 
polymerisation suppressors of  different degrees of  effec- 
tiveness 1. Inhibitors completely stop the polymerisation, 
whereas retarders are less efficient and cause only a 
reduction of  the polymerisation rate. Inhibition and 
retardation are often the cause of run-to-run irreproduci- 
bility. 

Oxygen is a common and powerful polymerisation 
suppressor that is often considered to be an ideal inhibitor, 
i.e. it has to disappear completely from the reaction mixture 
to start the polymerisation 2-8. However, data that ques- 
tioned the ideal behavior of  oxygen as an inhibitor have 
been reported 9-15. Thus, Hasan 9 found that below a critical 
concentration oxygen accelerated the thermal emulsion 
polymerisation of  styrene carried out in the absence of  
chemical initiator and using sodium lauryl sulphate as 
emulsifier. Above the critical concentration oxygen inhib- 
ited the polymerisation. Schoonbrood m studied the kinetics 
of  the seeded emulsion polymerisation of  styrene and 
methyl acrylate by means of  consecutive -y-relaxation 
experiments finding that, after the first insertion in the 3'- 
radiation source, the polymerisation rate was slower than in 
the consecutive runs in which the polymerisation rate was 
always the same. This was taken as evidence that species 
present in the reaction, presumably oxygen, acted as a 
retarder of  the reaction rate. However, Adams 11 demon- 
strated that the difference between the first and subsequent 
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polymerisation rates can be accounted for by the difference 
between the initial zero polymerisation rate at the beginning 
of  the first insertion and the non-zero polymerisation rates at 
the beginning of all subsequent insertions. Recently, Vega et  

12 al. noted that the presence of  variable amounts of  02 
distorted the conversion profile in the emulsion copolymer- 
isation of  acrylonitrile and butadiene carried out in an 
industrial reactor. Hattori et  al. 13 found that the presence of 
oxygen affects the colloidal stability during the dispersion 
polymerisation of  divinylbenzene in methanol. They 
proposed that the oxygen promotes the grafting of  
poly(divinylbenzene) to the poly(vinylpyrrolidone) stabili- 
ser molecules because the particle size decreased when the 
concentration of  oxygen increased. Similar results were 
reported by Burnett et  al. 14, whereas the opposite trend has 
been reported by Kourti 15 and Sfienz and Asua 16. However, 

16 the last authors did not interpret their results in terms 
of  non-ideal behavior of  the oxygen as an inhibitor, but as a 
retardation caused by the slow diffusion of the oxygen from 
the head space to the reaction mixture. This mechanism was 
proved by Nomura et  al.17, Kiparissides et  al.I 8 and Donescu 
et  al. 19, who found that, in the presence of oxygen, the 
polymerisation rate decreased when the agitation rate 
increased, namely when the oxygen mass transport rate from 
the head space to the aqueous phase increased. 

Kinetic studies in emulsion polymerisation are normally 
performed in absence of  oxygen. However, in reactions 
carried out in industry or even in the laboratory it is difficult 
to completely eliminate this impurity. For this reason, it is 
important to have some additional insight into its influence 
on polymerisation rates. 

In this paper the effect of  the oxygen on the kinetics of  the 
seeded emulsion homopolymerisation of  styrene, and 
the seeded emulsion copolymerisation of  styrene/butyl 
acrylate, was investigated by reaction calorimetry. 
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Table 1 Recipes used for the preparation of the polystyrene seeds (T = 90°C) 

Seed Styrene (g) MA-80 (g) H20 (g) NaI-ICO3 (g) K2S208 (g) dn (nm) 

S 1 403 20.47 959 1.5 1.5 79 
$2 97 18.40 1026 1 1 84 
$3 473 19.82 1125 1.8 1.8 108 

Table 2 Recipes used for the preparation of the polystyrene/polybutyl acrylate seeds 

Seed Step St (g) BuA (g) SLS (g) H20 (g) NaH2PO4 (g) K2S208 (g) T (°C) Feed time (h) d. (nm) 

AS1 1 273.6 182.4 40.2 1520 4.2 4.2 70 - -  - -  
2 477.5 318.5 - -  2600 - -  5 75 9 63 

Seed St (g) BuA (g) SLS (g) H20 (g) Seed AS1 (g) Na2S208 (g) T(°C) 

AS2 67.3 44.9 1.1 1156.2 39.0 0.5 60 100 

Table 3 Recipes used in the first series of styrene emulsion homopoly- 
merizations (without N2 purge) 

Run Np × 10 -13 (particles [Na2S208] × 107 
per cm 3 of water) (mol cm -3 of water) 

Seed $3 
Head space = 150 cm 3, liquid phase = 100 cm 3 
1H1 4.7 40 
1H2 4.7 10 
1H3 9.4 80 
1H4 9.4 40 
1H5 9.4 10 
1 H6 15.6 80 
1H7 15.6 40 
1H8 15.6 10 
Head space = 70 cm 3, liquid phase = 180 cm 3 
1H9 4.7 
Seed $2 
Head space = 150 cm 3, liquid phase = 100 cm 3 
1HI0 10.4 80 
1Hll 10.4 40 
1H12 10.4 20 
1H13 10.4 10 
1H14 19.1 80 
1H15 19.1 40 
1H16 19.1 20 
IHI7 19.1 10 
1H18 42.7 80 
1H19 42.7 20 
1H20 42.7 10 

Table 4 Recipes used in the second series of styrene emulsion homo- 
polymerizations (swelling and calibration under N2 blanket, but reactions 
without N2 purge) 

Run N o × 10 -13 (particles [NazS2Os] x 107 
per cm 3 of water) (mol cm 3 of water) 

Seed $3 (head space = 150 cm 3, liquid phase = 100 cm 3) 
2H1 4.7 5 
2H2 4.7 2.5 
2H3 9.4 40 
2H4 9.4 20 
2H5 9.4 10 
2H6 9.4 5 
2H7 9.4 2.5 

EXPERIMENTAL 

Styrene (St) was purified by distillation under reduced 
pressure and stored at -18°C until used. Butyl acrylate 
(BuA) was washed several times first with a 10% weight 
aqueous solution of sodium hydroxide and afterwards with 
distilled-and-deionised water (DDI) until wash waters were 
neutral. Then, it was dried over CaClz and distilled under 
reduced pressure and stored at -18°C until used. KzS208 

(Merck), Na2S208 (Merck), NaHCO3 (Merck), NaH2PO4 
(Merck), Aerosol MA-80 (sodium dihexyl sulfosuccinate, 
Cyanamid) and sodium lauryl sulphate (SLS, Henkel) were 
used as received. 

To study the effect of the oxygen on the homopolymer- 
isation of styrene, three monodisperse seed latexes (S 1, $2 
and $3) were prepared at 900C in a batch reactor using the 
recipes presented in Table 1. Before being used in the kinetic 
runs, the seeds, whose number average diameters (dn) 
(measured by transmission electron microscopy (TEM)) are 
also included in Table 1, were cleaned by dialysis. To carry 
out the seeded emulsion copolymerisations, two mono- 
disperse seeds were prepared (AS1 and AS2). The smaller 
seed (AS1) was prepared in two steps, following the recipe 
given in Table 2. The first step was carried out in a batch 
reactor at 70°C, and the second in a semibatch reactor under 
starved conditions, at 75°C. The latex obtained in the first 
step was used as seed in the second one. The larger seed 
(AS2) was prepared by swelling the latex AS 1 with a mixture 
of both monomers, which were subsequently polymerised in 
batch at 60°C. Before the use in the kinetic runs, both AS 1 and 
AS2 latexes were kept at 80°C during 48 h, in order to 
completely destroy the initiator. Table 2 presents the average 
number diameter of these seed latexes as measured by TEM. 

The styrene emulsion homopolymerisations were con- 
ducted in a calorimeter reactor (Chemisens-Thermometric 
RM-1). The total volume of the reactor vessel is 250 cm 3, 
although the volume of the reaction mixture in the kinetic 
runs ranged between 100 and 150 cm 3. The reaction mixture 
was agitated at 300 r.p.m, by a propeller stirrer. The seeded 
emulsion copolymerisations of styrene/butyl acrylate were 
carded out in the calorimeter reactor RC-1 (Mettler), 
equipped with an AP01 glass reactor. The total volume of 
this reactor is 2.3 1, although the volume of the reaction 
mixture in the kinetic runs was 1.3 1. The reaction mixture 
was agitated at 150 r.p.m, by an anchor stirrer. 

For the kinetic investigation, all the seeded polymerisa- 
tions were conducted in batch at 60°C, starting the reactions 
under interval II conditions (monomer droplets present in 
the reactor), with a 3/1 monomer/seed weight ratio. Prior to 
the polymerisation, the seed and all of the components of the 
recipe with the exception of the initiator and the water 
needed to prepare the initiator solution were mixed and kept 
under agitation at room temperature for 16 h. This time was 
enough to reach the equilibrium swelling. The reactor was 
heated to the polymerisation temperature (60°C). Then, the 
reaction mixture was charged into the reactor and 
the calorimetric reactor calibrated. The polymerisation 
was started by injecting the initiator solution. 
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Table 5 Recipes used in the third series of styrene emulsion homopoly- 
merizations (swelling, calibration and reactions under N2 purge) 

Run 

3HI 3H2 3H3 3H4 

Seed SI" 
Nitrogen flow × 10: 0.7 1.4 3.0 5.8 
(cm 3 s 1) 

Number of r until the 3.6 6.9 15.8 30.6 
beginning of the poly- 
merization b 

"Np = 14.4 × 1013 particles cm-3 of water; [Na2S208] = 2.5 × 
10 -7 mol cm 3 of water; head space = 130 cm3; liquid phase = 120 cm 3 
~'r = Residence time based on the head space volume 

Table 6 Recipes used in the first series of styrene/butyl acrylate emulsion 
copolymerizations (without N2 purge) 

Run Np × 10 -13 (particles [Na2S2Os] × 107 
per cm 3 of water) (mol cm-3 of water) 

Seed AS 1" 
1C1 24.0 160 
1 C2 24.0 120 
1 C3 24.0 40 
1 C4 24.0 30 
I C5 24.0 20 
1 C6 24.0 15 
1 C7 24.0 10 
1C8 47.9 160 
1 C9 47.9 120 
ICI0 47.9 80 
ICl l  47.9 40 
tC12 47.9 20 
IC13 47.9 15 
IC14 47.9 10 

Table 7 Recipes used in the second series of styrene/butyl acrylate emul- 
sion copolymerizations (slow N2 flow along the reaction) 

Run N v × 10 -13 (particles [Na2S208] )< 107 
per cm 3 of water) (mol cm -3 of water) 

Seed AS2" 
2C 1 10.7 40 
2C2 10.7 20 
2C3 10.7 10 
2C4 10.7 5 
2C5 10.7 2.5 
2C6 10.7 0.625 

"Head space = 1000 cm 3, liquid phase = 1300 cm 3 

Three series of experiments were carried out to study the 
influence of the oxygen on the homopolymerisation of 
styrene. The first was carried out using the recipes given in 
Table 3 and no nitrogen purge. Two seeds of different size 
(S2  o f  dn = 84 nm and $3 of dn = 108 nm) were used and 
the concentration of initiator, the concentration of polymer 
particles (Np), and head space/liquid phase volume ratio 
were varied. The second series was carried out with the 
recipes presented in Table 4. In this series, the swelling 
mixture was purged with nitrogen (purity, 99.995%) for 1 h 
(flow rate, 0.1 cm 3 s -l) and the heating of the reactor, 
calibration and stabilisation were carried out under a 
nitrogen blanket. However, the flow of nitrogen was stopped 
when the initiator solution was injected. Both initiator 
concentration and concentration of polymer particles were 
varied in this series. Table 5 presents the recipes used in the 
third series of experiments. In this series, the swelling 
mixture was purged with nitrogen (purity, 99.995%) for 1 h 

(flow rate, 0.2 cm 3 s -1) and a stream of nitrogen was 
introduced into the reactor during the heating, calibration, 
stabilisation and reaction. Runs using different nitrogen 
flow rates were carried out. 

Two series of experiments were carried out to study the 
influence of the oxygen on the copolymerisation of styrene/ 
butyl acrylate. The first series was similar to the first series 
of the study of the homopolymerisation of styrene (namely 
in the absence of N2 purge), where the initiator concentra- 
tion and the concentration of polymer particles were varied, 
according to recipes given in Table 6. In the second series of 
experiments, a slow (not measured) nitrogen flow was used 
only after introducing all the reactants in the reactor. In this 
copolymerisation group, only the initiator concentration 
was varied. The recipes are given in Table 7. 

All the polymerisations were examined by TEM to check 
for new nucleations. 

The calorimetric conversion XTC was calculated from the 
measured polymerisation heat flow as: 

ItoQr(t)dt 

XTC(t)  = ~ 0  ff XTC't 

Qr(t) at 

where Qr is the heat generation rate of the reaction and XTCtf 
is the final calorimetric conversion. In the case of the 
homopolymerisation, the calorimetric and gravimetric 
conversions are coincident. Hence, XTCtf can be calculated 
from gravimetric measurements. In the case of the copoly- 
merisation, however, both conversions are different. The 
difference increases as the homopolymerisation heats 
( - Aft/i), the reactivities of the monomers and the molecular 
weights of the monomers are more different. The calori- 
metric conversion at the end of the process, assuming that 
the cross-propagation heat is equal to the homopolymerisa- 
tion heat, is calculated as follows: 

~" MioXi,f ( - AHi) 
XTc,f 

Mi0( - AH/) 

where Xi~ is the molar conversion of monomer i at the end of 
the process determined by combining gravimetry and gas 
chromatography and Mio is the amount of monomer i 
initially charged into the reactor. 

RESULTS AND DISCUSSION 

Styrene emulsion homopolymerisation 
Figures 1-6 present the effect of the initiator concentra- 

tion on the conversion profiles in the first series of 
experiments (Runs 1HI - I l l 20 ,  except 1H9), carried out 
without elimination of oxygen. Long inhibition periods 
were observed in some of the polymerisations. The 
inhibition periods are reported in Table 8. It can be seen 
that the inhibition period decreased as the initiator 
concentration increased and no inhibition was observed 
for the runs carried out with high initiator concentrations. In 
addition, the inhibition period increased with the particle 
concentration for the polymerisations carried out with low 
initiator concentrations. This last effect may be due to the 
fact that the solubility of the oxygen in the organic phase (7 

6 3 o 20 × 10- m o l c m - ,  760mm, 50 C ) is higher than the 
solubility in the aqueous phase (1.5 × 10 -7 mol cm -3, 
760mm, 60°C21); hence, an increase of the particle 
concentration, which are swollen by monomer, increases 
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Table 8 Inhibition periods observed in the different homopolymerizations 

Run Nn x 10 -13 (particles cm -3 [Na2S208] x 107 (mol cm 3 Nitrogen flow (cm 3 s-l) Inhibition period (min) 
o(water) of water) 

1H1 4.7 40 No 2 
1H2 4.7 10 No 53 
1 H3 9.4 80 No 0 
IH4 9.4 40 No 3 
1 H5 9.4 10 No  107 
l H6 15.6 80 No 0 
1 H7 15.6 40 No 3 
IH8 15.6 10 No 169 
1 H9 4.7 10 No 0 
IH10 10.4 80 No 0 
1H11 10.4 40 No 1 
IHI2 10.4 20 No 4 
IHI3 10.4 10 No 35 
1HI4 19.1 80 No 0 
1H15 19.1 40 No 2 
lH16 19.1 20 No 2 
IH17 19.1 10 No 73 
IHI8 42.7 80 No 0 
IH 19 42.7 20 No 4 
1H20 42.7 10 No 203 
2H 1 4.7 5 Yes 0 
2H2 4.7 2.5 Yes 6 
2H3 9.4 40 Yes 0 
2H4 9.4 20 Yes 0 
2H5 9.4 10 Yes 0 
2H6 9.4 5 Yes () 
2H7 9.4 2.5 Yes 2 
3HI 14.4 2.5 0.7 x 10 2 243 
3H2 14.4 2.5 1.4 x 10 2 146 
3H3 14.4 2.5 3.0 x 10 -2 2 
3H4 14.4 2.5 5.8 >< 10 -2 0 

-6.2 Table 9 Values of the h ranges and slopes of the runs plotted in Figures 
1-6 
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Figure 7 Effect of the initiator concentration on the polymerisation rate 
measured at x = 0.1 for the runs of the first series of styrene emulsion 
homopolymerisations carried out using a head space/liquid-phase volume 

13 3 ratioof 1.5,Np x 10- particles percm of water): ( I )  10.4; (&) 19.1; (O) 
42.7; ([2) 4.7; (A) 9.4; (O) 15.6 

Seed Np X 10 13 (particles Slope h range 
per cm 3 of water) 

$2 10.4 0.56 0.12-0.38 
$2 19.1 0.49 0.13-0.37 
$2 42.7 0.44 0.12-0.30 
$3 4.7 0.94 o. 11-0.43 
$3 9.4 0.52 0.15-0.47 
$3 15.6 0.31 0.25-0.48 

the  total  o x y g e n  in the  m e d i u m ,  and  subsequen t l y  the  
inh ib i t i on  per iod.  F u r t h e r m o r e ,  it has  to be  po in t ed  out  that,  
as in  these  runs  b o t h  the  to ta l  v o l u m e  o f  the  r eac t ion  and  the  
ini t ia l  m o n o m e r / p o l y m e r  ra t io  were  he ld  cons tan t ,  an  
inc rease  o f  the  v o l u m e  o f  the  o rgan ic  phase  due  to 
an  inc rease  o f  the  par t ic le  concen t r a t ion ,  and  the re fo re  o f  
the  a m o u n t  o f  m o n o m e r ,  is b a l a n c e d  wi th  a dec rease  o f  the  
aqueous  phase ,  and  h e n c e  in the  to ta l  a m o u n t  o f  ini t iator .  

Figure 7 presen t s  the  e f fec t  o f  the  in i t ia tor  concen t r a t i on  
o n  the  p o l y m e r i s a t i o n  rate,  R o, m e a s u r e d  at 10% c o n v e r s i o n  
for  the  e x p e r i m e n t s  o f  the  first ser ies  car r ied  out  wi th  a head  
space / l iqu id  phase  v o l u m e  ra t io  o f  1.5. It can  be  seen  that  
the  e f fec t  o f  the  in i t i a tor  c o n c e n t r a t i o n  is more  p r o n o u n c e d  
for  the  runs  car r ied  out  wi th  smal l  p o l y m e r  par t ic le  
concen t ra t ions .  Table 9 presen t s  the  va lues  o f  the  s lopes  
o f  the  s t ra ight  l ines  in Figure 7, t oge the r  wi th  the  r ange  
ave rage  n u m b e r  o f  rad ica l s  pe r  par t ic le  (h) ca l cu la t ed  by  
t ak ing  in to  a c c o u n t  the  n u m b e r  o f  par t ic les ,  the  va lue  o f  the  
p r o p a g a t i o n  r eac t ion  rate,  kp = 3.4 x 10 5 c m  3 mo1-1 s -1 22 

and  the  m o n o m e r  c o n c e n t r a t i o n  in the  p o l y m e r  par t ic les ,  
[M]p = 5.01 x 10 -3 mo l  c m  -3 23. The  expected dependence 
of  the  p o l y m e r i s a t i o n  ra te  o n  the  in i t ia tor  c o n c e n t r a t i o n  
r anges  f r o m  a ze ro -o rde r  for  S m i t h - E w a r t  case  2 (h = 0.5)  
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1013 particles per cm 3 of water; [12] = 10 × 10 -7 mol cm -3 of water) 
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Figure 9 Evolution of the conversion in the second series of styrene 
emulsion homopolymerisation. (0)  2HI, [12] = 5 × 10 -7 mol cm -3 of 
water; (E3) 2H2, [12] = 2.5 × 10-7 mol cm-3 of water (seed $3, Np = 4.7 × 
1013 particles per cm 3 of water) 
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Figure 10 Evolution of the conversion in the second series of styrene 
emulsion homopolymerisation. (&) 2H3, [I2] = 40 × 10 -7 mol cm -3 of 
water; ( • ) 2H4, [12] = 20 × 10 -7 mol cm -3 of water; (m) 2H5, [I2] = 10 × 
10 -7 mol cm -3 of water; (Q) 2H6, [12] = 5 × 10 -7 mol cm -3 of water; (D) 
2H7, [12] = 2.5 × 10 -7 mol cm -3 of water (seed $3, Np = 9.4 × 
1013 particles per cm 3 of water) 

kinetics to a 0.5-order for Smith-Ewart cases 1 (h < 0.15) 
and 3 (h > 1) 24. Comparison of these values with those 
presented in Table 9 shows that the observed dependence 
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Figure 11 Effect of the nitrogen purge on h. Legend: (E3) first series of 
experiments; (11) second series 

was substantially higher than that predicted by the theory. 
Which means that the oxygen not only inhibits but affects 
the polymerisation rate. Even after the end of the inhibition 
period, when the polymerisation starts, there is still oxygen 
in the reaction mixture. This oxygen present can come from 
the one dissolved in the head space, which slowly diffuses 
into the water and organic phases. In order to check the 
importance of this process, the effect of the head space/ 
liquid-phase volume ratio on the polymerisation rate must 
be investigated. 

Figure 8 presents the effect of the gas-phase/liquid-phase 
volume ratio on the time evolution of the conversion. It can 
be seen that the polymerisation rate increased and the 
inhibition decreased when the head space/liquid-phase 
volume ratio decreased. This is an indication that the gas 
phase plays an important role in the retardation of the 
polymerisation. Kolthoff and Dale 7 and M0rk 25 also found 
that the inhibition period decreased when the head space/ 
liquid-phase volume fraction decreased, although they did 
not observe any effect on the polymerisation rate. 

A possible explanation for these results is as follows: at 
the beginning of the process, the aqueous phase is saturated 
with oxygen that terminates the free radicals produced by 
decomposition of the initiator leading to an inhibition 
period. Oxygen is consumed in this process and hence its 
concentration in the liquid phase decreases. A point is 
reached in which there is not enough oxygen in the liquid 
phase to terminate all the radicals produced by the initiator 
and polymerisation starts. However, oxygen does not 
disappear completely from the liquid phase because more 
oxygen diffuses from the gas phase. According to this 
mechanism the higher the concentration of the initiator the 
more rapidly the initial oxygen is consumed, and hence 
the shorter the inhibition time. It is expected that the 
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Table  10 Inhibition periods observed in the different copolymerizat ions 

Run Np x 10 -13 (particles [Na2S208[ x 107 (mol Seed N2 flow Inhibition period (min) 
per cm 3 of water) cm -3 of water) 

1C1 24.0 160 AS1 No 0 
1 C2 24.0 120 AS 1 No  0 
1 C3 24.0 40 AS 1 No 0 
1C4 24.0 30 ASI No 0 
1 C5 24.0 20 AS 1 No 1 
1 C6 24.0 15 AS 1 No 3 
1 C7 24.0 10 AS 1 No 4 
1 C8 47.9 160 AS 1 No 0 
1 C9 47.9 120 AS 1 No 0 
1C 10 47.9 80 AS 1 No 0 
IC11 47.9 40 AS1 No 0 
1C 12 47.9 20 AS 1 No 1 
1C13 47.9 15 AS1 No 2 
1C14 47.9 10 AS1 No 3 
2C 1 10.7 40 AS2 Yes 0 
2C2 10.7 20 AS2 Yes 0 
2C3 10.7 10 AS2 Yes 3 
2C4 10.7 5 AS2 Yes 1 
2C5 10.7 2.5 AS2 Yes 14 
2C6 10.7 0.625 AS2 Yes 21 
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F i g u r e  12 Effect of the nitrogen flow rate on the t ime evolution of the 
styrene emulsion homopolymerisat ion conversion. Legend: (T)  run 3H1 
(0.7 X 10 -2 cm 3 s - l ) ;  (A) run 3H2 (1.4 X 10 -2 cm 3 s - l ) ;  ( • )  run 3H3 
(3.0 × 10 -2 cm 3 s - l ) ;  ( I )  run 3H4 (5.8 X 10 -2 cm 3 s -1) (seed S1, Np = 
14.4 × 1013 particles per cm 3 of water, [12] ----- 2.5 × 1 0 - T m o l c m  3 o f  
water) 
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F igu re  13 Evolution of the conversion for the first series runs of styrene/ 
butyl acrylate emulsion copolymerisation. (A) 1CI,  [12] = 160 x 
10 -7 mol cm -3 of water; (V) 1C2, [I2] = 120 X 10 -7 mol cm -3 of 
water; (&) IC3, [I2] = 40 × 10 -7 mol cm -3 of water; (©) 1C4, [I2] = 30 × 
10 -7 mol cm -3 of water; ( • ) 1C5, [I2] = 20 × 10 -7 tool cm-3 of water; 
(O) 1C6, [12] = 15 X 10 -7 mol cm -3 of water; ( I )  1C7, [I2] = 10 x 
10 -7 mol cm 3 of water (seed ASI ,  N~ = 24 × 1013 particles per cm 3 of 
water) 

inhibition period increases when the total amount of 
initiator decreases, and this was observed in the reactions 
1H2-1H5-1H8 and 1H13-1H17-1H20, in which the total 
amount of initiator decreased because the volume of the 
aqueous phase decreased. This mechanism also justifies the 
effect of the head space/liquid-phase volume ratio because 
the rate of oxygen mass transfer per volume unit of liquid 
phase, and hence the extent of its effect, increases with the 
head space/liquid-phase volume ratio. 

In the second series of experiments (Runs 2H1-2HT), 
both the reaction mixture (without initiator) and the reactor 
were purged with nitrogen prior the polymerisation, 
although no flow of nitrogen was used during the 
polymerisation. The evolution of the conversion in this 
series of experiments is plotted in Figures 9 and 10. The 
values reported in Table 8 show that the inhibition periods 
of this set of experiments are much smaller than the 
previous ones (without any nitrogen purge). Figure 11 
presents a comparison of the values of h calculated at x = 
0.1 in this series with those calculated in the first series using 
the same seed and the same particle concentration. It can be 
seen that higher values of h and subsequently higher values 
of the polymerisation rates were observed in the second 
series of runs, due to the presence of a smaller amount of 
oxygen to react with the radicals dissolved in both the water 
phase and the polymer particles. 

The third series of experiments (Runs 3H1-3H4) was 
carried out using varying flow rates of nitrogen in the 
preparation of the reaction. In addition, a very low 
concentration of initiator (2.5 × 10 -7 mol cm -3 of water) 
was used to enhance the inhibiting effect of the oxygen. 
Figure 12 shows that the higher the nitrogen flow rate the 
higher the polymerisation rate and the lower the inhibition 
period observed. Some runs using even higher nitrogen flow 
rates were carried out but an excessive loss of monomer was 
observed, Table 8 shows that no inhibition period 
was observed when a high enough flow rate of nitrogen 
was used. 

Styrene~butyl acrylate emulsion copolymerisation 
Figures 13 and 14 present the evolution of the overall 

conversion of the first series of runs of styrene/butyl acrylate 
emulsion copolymerisation carried out without elimination 
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Figure 14 Evolut ion of the conversion for the first series tuns of styrene/ 
butyl acrylate emulsion copolymerisation. (A) 1C8, [I2] = 160 × 
10 -7 mol cm -3 of water; (~7) 1C9, [I2] = 120 × 10 -7 mol cm -3 of 
water; (V) 1C10, [I2] = 80 × 10 -7 mol cm -3 of water; (A) 1 C l l ,  [I2] = 
40 × 10 -7 mol cm -3 of water; ( • )  1C12, [I2] = 20 × 10 -7 mol cm 3 of 
water; (©) 1C13, [I2] = 15 × 10 7 mol cm -3 of water; (11) 1C14, [12] = 
10 × 10 7 mol cm -3 of water (seed AS1, Np = 47.9 × 1013 particles per 
cm 3 of water) 
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Table 11 Values of the h ranges and slopes of the runs plotted in Figures 
13 and 14 

Seed N o x 10 -13 (particles Slope Range of h 
per cm 3 of water) 

AS 1 24.0 0.88 0 .09-0.28 
AS 1 47.9 0.72 0 .09-0.25 

of oxygen. The inhibition times are summarised in Table 10. 
It can be seen that inhibition is observed only for initiator 
concentrations smaller than 20 × 10 -7 mol cm -3 of water. 
Furthermore, the inhibition periods are much shorter than 
the ones observed with styrene. A possible explanation can 
be related with the smaller head space/liquid-phase volume 
ratio (half that of the styrene emulsion homopolymerisation 
runs) which reduces the rate of oxygen mass transfer per 
volume unit of liquid phase and, hence, decreases the total 
oxygen amount present in the liquid phase. Morever, the 
reactivity towards molecular oxygen of the butyl acryloyl 
radicals is higher than that of the styryl radicals, due to the 
delocalising ability of the phenyl ring which promotes a 
supplementary stabilisation on the styryl radicals with 
respect to the butyl acryloyl ones. Therefore, the presence of 
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F igu re  16 Evolution of the conversion for the second series runs of 
styrene/butyl acrylate emulsion copolymerisation. (A) 2C1, [I2] = 40 X 
10 -7 mol cm-3 of water; ( • ) 2C2, [I2] = 20 × 10 -7 mol cm -3 of water; 
(11) 2C3, [I2] = 10 X 1 0  - 7  m o l c m  -3 of water; (@) 2C4, [I2] = 5 × 
10 -7 mol  cm-3 of water; (D) 2C5, [I2] = 2.5 × 10 -7 mol cm -3 of water; ( 
+ ) 2C6, [I2] ---- 0.625 × 10 -7 mol cm 3 of water (seed AS2, Np = 10.7 × 
l013 particles per cm 3 of water) 
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Effect of the initiator concentration on the polymerisation rate F igure  17 
measured at x = 0.15 for the copolymerisations carried out with a nitrogen 
purge 

butyl acrylate will increase the oxygen elimination rate, and 
will decrease the inhibition period. 

Figure 15 shows the dependence of the initiator 
concentration on the polymerisation rate at 10% overall 
conversion, for the copolymerisations carried out without 
nitrogen purge. Table 11 presents the values of the slopes of 
the straight lines in Figure 15, and the range of average 
number of radicals per particle calculated taking into 
account the number of6Particles and the average kp X 

[M]p equal to 2000 s -1 . (Note that the average kp × [M]p 
can be considered practically constant because the monomer 
composition in the initial charge is relatively close to the 
azeotropic composition.) It can be seen that the effect of 
the initiator concentration is stronger on the reactions 
carried out with smaller concentration of particles. Further- 
more, as was observed in the homopolymerisations, the h 
dependence on the initiator concentration is much higher 
than that expected theoretically. This point shows again that 
the oxygen present in the system not only inhibits the 
reaction but affects the polymerisation rate retarding 
the polymerisation. 

In the series of copolymerisations conducted with 
nitrogen flow (Figure 16), a significant reduction, 
with respect to the first series of copolymerisations, of the 
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dependence of Rp o n  initiator concentration has been 
observed. The dashed line of Figure 17 shows a 0.22 
power dependence for h between 0.17 and 0.40. According 
to these results, it seems that in this series of experiments, 
there is no retardation provoked by the oxygen. However, it 
must be pointed out that, although in this group of 
polymerisations the dependence of Rp o n  initiator concen- 
tration is smaller, the runs carried out with very small 
initiator concentrations show inhibition periods (Table 11) 
and a very low evolution of the reaction at the beginning of 
the process. 

CONCLUSIONS 

The influence of the oxygen on the kinetics of: (i) the seeded 
emulsion homopolymerisation of styrene, and (ii) the 
seeded emulsion copolymerisation of styrene and butyl 
acrylate, was investigated by reaction calorimetry. Runs 
with different concentrations of polymer particles, initiator 
concentration and oxygen levels were carried out. The effect of 
the head space/liquid-phase volume ratio was also considered. 

It was observed that, in seeded emulsion polymerisation 
systems, the oxygen not only inhibits the reaction, but also 
retards the reaction rate. Moreover, the dependence of the 
average number of radicals per particle with the initiator 
concentration in presence of oxygen was higher than that 
predicted by theory. 

If both the total volume of reaction and the monomer/ 
polymer ratio are held constant, then the inhibition periods 
due to the presence of oxygen increased when: (a) the 
initiator concentration decreased, and (b) the concentration of 
polymer particles increased (for low initiator concentration). 

Under conditions of initial oxygen saturation of the 
reaction mixture, a significant inhibition period was 
observed for the runs of low initiator concentration. 
Furthermore, when the ratio between the head space and 
the liquid phase volume is decreased, an increase of the 
polymerisation rate and a decrease on the retardation period 
was observed. 

It was also observed that the lower the oxygen level in the 
reactor, the higher the reaction rate and the lower 
the inhibition time. Even after the inhibition period, a 
continuous flow of oxygen from the gas phase is present, 
which causes the retardation on the polymerisation rate. 
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