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Abstract: Polymerization of isobutylene (IB) for synthesizing highly reactive polyisobutylene (HRPIB)
is characterized by a complicated fast intrinsic reaction rate; therefore, the features of its products
exhibit a strong dependence on mixing efficiency. To provide uniform and efficient mixing, a rotating
packed bed was employed as a reactor for polymerization of IB. The effects of operating parameters
including polymerization temperature (T), rotating speed (N) and relative dosage of monomers and
initiating systems ([M]y/[I]p) on number-average molecular weight (M) of HRPIB were studied.
HRPIB with M, of 2550 g-mol~! and exo-olefin terminal content of 85 mol% were efficiently obtained
at suitable conditions as T of 283 K, N of 1600 rpm and [M]y/[I]p of 49. Moreover, the M;, can be
regulated by changing T, N and [M],/[I]y. Based on the presumptive-steady-state analysis method
and the coalescence-redispersion model, a model for prediction of the M;,, was developed and
validated, and the calculated M, values agreed well with experimental results, with a deviation of
£10%. The results demonstrate that RPB is a promising reactor for synthesizing HRPIB, and the
given model for M, can be applied for the design of RPB and process optimization.

Keywords: polymerization of isobutylene; highly reactive polyisobutylene; rotating packed bed; modeling

1. Introduction

Polyisobutylene (PIB), the product of isobutylene (IB) polymerization, is an important
organic polymer with excellent low gas permeability and high chemical stability, and it can
be applied in many fields, such as oil additives, adhesive agents, sealants, paint and lubri-
cants [1]. According to molecular weight, the PIB can be classified as low molecular weight
PIB (M, < 5000 g-mol~!), medium molecular weight PIB (40,000 g-mol~! < M,, < 100,000
g-mol’l) and high molecular weight PIB (M, > 100,000 g-mol’l) [2]. Low molecular
weight polyisobutylene with external olefin terminal group accounts for about 75% of the
polyethylene market due to its substantial use as a precursor for the preparation of less dis-
persive agents [2]. In the last fifteen years, the three major methods for synthesizing highly
reactive polyisobutylene (HRPIB) have been proposed in several articles: (i) using an active
cation polymerization technique [3,4], (ii) using the Lewis acid complex as a catalyst [3,4]
and (iii) using a solvent with weak coordination countra-ions to link metal complexes [5,6].
It has been reported that HRPIB with low molecular weights can be directly synthetized
by cationic polymerization of IB with initiating systems of H,O/ AlCl;/dialklyl ether and
H,0/FeCls/dialkyl ether [1,7], which is quite promising for the synthesis of HRPIB.

In the process of synthesizing HRPIB by the cationic polymerization of IB, one of
the most important and difficult problems is the selection of reactors. The difficulty lies
in that the rate constants of propagation in the cationic polymerization of alkenes are
similar for most systems with k, = 10°*1 L-mol~!-s71 [8,9], which means that the cationic
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polymerization of IB is featured with an extremely fast intrinsic reaction rate. The appar-
ent reaction rate would be significantly affected by micromixing [10-14]. The extremely
rapid polymerization needs reactors that can provide uniform mixing with high efficiency
because the properties of the products are greatly affected by the mixing process. Poor
and slow mixing of monomers and initiating agents results in inferior products [13,15,16].
More specifically, a principle for the selection of ideal cationic polymerization reactors
is proposed as t;; < t1/, by Chen et al. [17], where ¢, is micromixing characteristic time
for the species to reach a maximum mixed state at the molecule level and t; /, is reactive
characteristic time. The t;/, of the cationic polymerization with k, of 10°*! L-mol~!-s™!
is estimated in the range of 0.01 to 0.1 ms, while the t,, of a typical stirred tank reactor is
estimated in the region of 5 to 50 ms [18]. Therefore, traditional stirred tanks are not ideal
reactors for the polymerization of IB.

As an apparatus for achieving high gravity conditions on the earth, a rotating packed
bed (RPB) reactor mainly consists of a packed rotator and a fixed casing. The high gravity
environment is produced by the centrifugal force created by the fast-spinning packed
rotator. In RPB, the fluids going through the packing are split into very fine droplets,
threads and thin films by the strong shear force, providing a sizeable and fast phase contact
area, and resulting in a significant intensification of mixing and mass transfer between the
fluid elements [19-21]. The rate of the mass transfer between gas and liquid in RPB is one
to three orders of magnitude larger than that in a conventional packed bed reactor [22-27].
Notably, the value of ¢, in RPB is estimated as 0.01 to 0.1 ms [28], which corresponds
to the t1/, of the cationic polymerization. In terms of these unique features, RPB has
been successfully applied to efficiently obtain butyl rubber with M,, of 289,000 g-mol ! via
cationic copolymerization of isobutylene and isoprene, and the production capacity per unit
equipment volume increases by two to three orders of magnitude [17,29]. Therefore, it can
be deduced that a comprehensive study of the polymerization of IB in RPB is prospective.

Based on the above considerations, the polymerization of IB in RPB was carried out
for the first time. Operating parameters including polymerization temperature (T), rotating
speed of the rotator (N) in RPB and relative dosage of monomers and initiating systems
were studied to investigate their effects on the M, of HRPIB. A theoretical model for
prediction of M;, was also developed, and the theoretical values were compared with the
experimental values.

2. Materials and Methods
2.1. Reagents

Isobutylene (polymer grade, purity > 99%, Beijing Yanshan Petrochemical Group,
Beijing, China) was used as the main reactant. The H,O/AICl3/dialklyl ether system
described by Liu et al. [7] was used as the initiating system for the polymerization of
IB and kindly supplied by Liu’s lab. Dichloromethane (purity > 99.5%, Beijing Yili Fine
Chemical Co., Beijing, China) was used as a solvent for the monomers and the initiating
system, and it was distilled before using. Alcohol was used to terminate the polymerization.
Tetrahydrofuran (purity > 99.5%, Beijing Yili Fine Chemical Co., China) was used for testing.

2.2. Experimental Procedures

The experimental set-up for the polymerization of IB in RPB is shown schematically in
Figure 1. The used RPB is mainly composed of a packed rotator, a fixed casing, a distributor
with two liquid inlets, a liquid outlet and a jacket for coolant. The inner and outer diameters
of the rotator are 80 mm and 152 mm, respectively, and the axial width of the packing part
is 42 mm. The rotating speed of the rotator can be changed from 0 to 2850 rpm.
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Figure 1. Schematic diagram of the experimental set-up for the polymerization of IB in RPB: 1—a
tank for the solution of IB, 2—a tank for the solution of the initiating system, 3—metering pumps,
4—liquid inlets and distributors, 5—the packed rotator, 6—the fixed casing, 7—the jacket for coolant,
8-the liquid outlet.

All pipelines and equipment in Figure 1 were washed by dichloromethane and swept
by nitrogen before using. The dichloromethane solution of IB and the initiating system
were stored in tank 1 and tank 2 and refrigerated to a certain temperature with magnetic
stirring. Concentrations of IB and the initiating system were expressed by [M]; and [I];,
respectively. RPB was refrigerated to a certain temperature by cycling the coolant in the
jacket of RPB. The solution of IB and the initiating system were separately pumped into RPB
with volumetric flow rates of Qs and Qj, respectively, then premixed and distributed to the
packing by the distributors. Qp and Q; were controlled by metering pumps. The mixing
and polymerization of the reactants occurred in RPB and were terminated by alcohol at
the liquid outlet of RPB. Operating parameters including T, [M]x, [I]t, Qp, Q; and N were
gradually changed to obtain their effects on the M, of the products.

The molecular weight (M;) of the polymerization products was determined by the
Waters 5151-2410 GPC instrument equipped with three Styragel GPC columns (HT3, HT5
and HT6E). Tetrahydrofuran was used as mobile phase, PS was used as standard sample
curve and the volumetric flow rate was 1.0 mL/min at 30 °C. The molecular structure
of the polymer, especially the exo-olefin terminal content, was determined by 'H-NMR
spectroscopy of the polymer solution in CDCl; with a Bruker spectrometer (400 MHz) at
25 °C [7], with tetramethylsilane as the standard reference.

2.3. Model Development

Based on a coalescence-redispersion model [30], which was successfully used to
describe the micromixing in RPB, a chain analysis method was used to develop a mathe-
matical model for simulating the cationic polymerization process in RPB and predicting
the M;, of IIR as a function of T, N and D [31]. Analogously, this work tried to develop a
new mathematical model, which combines the presumptive-steady-state analysis method
and the coalescence-redispersion model [16,31].

2.3.1. Modeling for the Polymerization of IB in RPB

The assumptions of the coalescence-redispersion model, including the packing of RPB,
liquid flow in the packing, coalescence-redispersion of droplets on cages, polymerization
between two adjacent cages and estimation of droplet parameters and residence time are
imitated in the model of this work [17]. The parameter values used in this study are given
in Table 1.

Table 1. Parameter values of RPB used in the model.

Np Np d/mm R;/mm Ro/mm
600 40 0.9 40 76
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2.3.2. Presumptive-Steady-State Analysis for the Polymerization

The monomer is denoted by M, the initiator is denoted by I, the solvent is denoted
by S and the polymer with j units and active center is denoted by Pj. The polymerization
mechanism and the reaction rate are expressed by Equations (1)—(5). Chain transfer re-
actions are mainly the transfer of active chains to chain transfer agents, monomers and
solvents [32]. Transfer of active chain to chain transfer agent was not involved in this study.
Transfer of active chain to monomer is shown in Equation (3), and transfer of active chain
to solvent, including ether-assisted chain transfer reaction, is shown in Equation (4). On
the basis of reactions (1)—(5), the reaction rate of M can be determined by Equation (6).

Initiation: .
I+M =5 PPBY; r; = k;[I][M] (1)
Propagation:
k
PY+M =% P BT rpm= kp[P¥][M] )

Transfer to the monomer:

ktrl

P].@Be +M Pj'FP?B@} Ttr M = ktr,l [P®] [M} ®)

Transfer to the solvent:

. ki
PEBE+S ¥ Pi+SPBY; ryps= kira [P][S)] )
Termination:
PBS % Py ri= ki [P7] 5)
d/M

rvi= — 3 09+, [P M+ K, M ©

For the presumptive-steady-state analysis method, the concentration of the active
center PjEB can be approximately regarded as a constant when the polymerization is in the
stable state, because the polymerization of IB proceeded in an open system. This is to say
r; =1, and then,

kil [M]

4 )

~ d[p?] =k[IM] — k[p®]=0, and [p®] =

kil [M]
ki
Compared with the propagation process, initiation and transfer can be ignored when
the polymerization is in the stable state and a polymer with high M, is continuously
generated. Equation (8) is simplified as Equation (9). A simplification similar to Equations
(6)—(9) is carried out from Equations (10)—(13). The consumption rate of I can be described
as Equation (14).
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—kir2[PY][S]= 0

o [p9] = M+ v S o () M W)
1= kpM]+ki+kip 1 [M] ki 2 [S]

A[B] _ (kM) +1) (k ki M iralS]) kp[M] Vs
dt o kp [M] +kt+ktr,l [M]+ktr,2 [S] kp [M} +kt+ktr,1 [M]+ktr,2 [S]
W~ (14

2.3.3. Calculation of M;,

On the basis of the coalescence-redispersion model in RPB, the concentrations of
M, Pj and I can be calculated by solving Equations (9), (13) and (14). The simulation
flow chart is shown in Figure 2, where the Monte Carlo random functions are adopted
to characterize the coalescence-redispersion of the liquid through the packing, and the
Runge-Kutta numerical method was adopted to solve the concentration of every structural
unit [17,33,34]. Through the calculation on cages 1 to N, [P;] Np out in each droplet can

be obtained, and the average concentration of Pj is calculated by Equation (15). Then,
the number-average molecule weight out of the packing can be theoretically predicted
by Equation (16). With different initial conditions, different M,, can be calculated and the
effect of polymerization parameters on M,, can be analyzed.

Zlg\ljl ( [P]] NL, out) g
Pilng o = No (15)
Y|P M;
M, = L;" (16)
Z] I:PJ NL, out

Initial conditions
Np, N, Mo, [1o, &, ks kiy Ky P

Choose droplets in each cage |—»| Coalescence-redispersion
by Monte Carlo Method model

l

Calculate structural unit
concentration in active droplets

l

I Mcan concentration and Mn I

Figure 2. Simulation flow chart for the models.

According to the description of the experimental process and the input parameters
in the modeling flow chart, the main influence factors of M,, are the polymerization
temperature, the concentrations of reactants and the parameters of RPB; the effects of these
three influence factors were systematically studied.
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3. Results
3.1. Effect of T and Estimation of Reaction Rate Constant

The effect of T on the M, of PIB is shown in Figure 3. It is obvious that M,, decreases
with increasing T in the range of 267 K to 290 K. Moreover, the experimental results are
consistent with simulated results. Here, T determined the values of rate constants and M,,.
Based on Figures 3 and 4, it can be deduced that the reaction rate decreased with increasing
T, and the activation energy of the IB polymerization was negative. This inference is
coincident with a report of Thomas et al. [35]. It can be concluded that a higher temperature
is beneficial to obtain PIB with a lower molecular weight. However, the content of exo-
olefin terminals in PIB chains decreases from 94 to 79 mol% with increasing temperature
from 267 K to 290 K; thus, a higher temperature results in a lower content of exo-olefin
terminals in PIB chains, which is similar to the results reported in the literature [7]. At the
reaction temperature of 283 K, HRPIB with M,, of 2550 gomol_1 and exo-olefin terminal
content of 85 mol% was obtained.

E 1
Inkp= (— =% & —+ Ink). (17)
r T
5000 = Experimental
Calculated
4500
~ 4000
o 3500
§= 30004
2500
20004
265 270 275 285 290

280
T (K)

Figure 3. Effect of T on the M, of PIB when Qy; = 33.7 L-h™!, Q; = 6.24 L-h~1, [M]; = 2.00 mol- L},
[1t = 0.22 mol-L~! and N = 1600 rpm.

120
= Calculated ln(kp)
1199 —— Ink )=1843/T+4.99, R*=097 :
118
== 1.7

345m 3.50m 355m 3.60m 365m 3.70m 3.75m
1T (K"

Figure 4. Arrhenius plot of Ink, versus 1/T for the cationic polymerization of IB in RPB.

Based on the effect of T on the M, of PIB and the developed models, the polymerization
rate constant k;, was determined by the calculation flow chart shown in Figure 5. The results
and corresponding T and experimental M,, are listed in Table 2. It can be seen in Table 2 that
ky, decreases from about 10* to 10° L-mol~1-s~! with increasing T from 267 to 290 K, which
is in the magnitude order range of 10°*! L-mol~!-s~!, as reported previously [8,11,12].
From the linear fitting of Ink;, versus 1/T in Figure 4, according to the transformation of
Arrhenius Equation (Equation (17)), the apparent activation energy E, was —15.3 k]-mol 1.
This E, is within the generally accepted E, range from —12.5 to —29 kJ-mol~! for the
cationic polymerization [36]. Furthermore, the k;, ki, and k; under 283 K were respectively
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calculated to be 10* L-mol -s71,10 L-mol s 1 and 10s 7}, according to the flow chart in
Figure 5. These kinetic parameters estimated from experimental data and modeling results
fit well with previous reports such as ki /k, ~ 1074 [37].

Start

;Tj

Input probable kinetics parameters
ki: kp> kb k[l‘

Calculate Mn from equals 8,
12-15

Output kinetics parameters |

Figure 5. Calculation flow chart for the kinetic parameters.

Table 2. The calculated values of k, based on T and experimental M,.

T/IK M,/(g-mol—1) kp/(10* L-mol—1.s~1)
267 4890 15.0
274 3880 12.0
279 3420 10.6
283 2550 10.1
290 2220 8.5

1Qm=337Lh71, Q=624 L-h~!, [M]; = 2.00 mol-L !, [T]; = 0.22 mol-L~!, N = 1600 rpm.

3.2. Effect of N and Estimation of P

The effect of the rotating speed N on the M, of PIB is displayed in Figure 6a. It
is observed that M, increases remarkably from 1400 to 2550 g-mol~! with increasing
N from 600 to 1600 rpm, and then reaches a plateau when N is larger than 1600 rpm.
The simulated M, fits well with the experimental data. These results indicated that the
polymerization of PIB could be intensified by enhancing the mixture in RPB, and the M,
could be tuned by regulating rotating speed. Moreover, both the micromixing rate and
coalescence-redispersion frequency of the liquid droplets could be enhanced by increasing
N [28,38]. The percentage of droplet number participating in coalescence-redispersion
process is denoted by the coalescence probability P; it can be calculated with the analogous
flow chart as shown in Figure 4 and listed in Table 3. It is observed that P increases with
increasing N from 600 rpm to 1600 rpm. LnP is linearly related to InN when N is less
than 1600 rpm, as shown in Figure 6b. The relationship between N and P is deduced
as Equations (18) and (19), which is consistent with a previous report [17]. Moreover,
exo-olefin terminal content in HRPIB is calculated as about 85 mol% and insensitive to
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N, so M, of HRPIB can be tuned by adjusting N from 0 to 1600 rpm without affecting
exo-olefin terminal content.

P =112 x 107%-N*8, (N < 1600 rpm) (18)

P =015, (N > 1600 rpm) (19)

-16
2800 18] = Caelated P
InP=1581n\-13.7, R*=0.98 .
2400 201
2.2 -/
e -2.4
g 20004 2.6 1 '/
& =i
A = .28
1600
= -3.0
-32
1200+ = Experimental 34
Calculated
800 : ; . . 361
400 800 1200 1600 2000 -38 T T g T T T
6.4 6.6 6.8 7.0 7.2 7.4
N (rpm) InN
(a) (b)

Figure 6. (a) Effect of N on the M, of PIB when Qy = 33.7 L-h~1, Qr =624 L-h~ 1, [M]; = 2.00 mol-L~1, [T}y = 0.22 mol-L !
and T =283 K. (b) Linear fitting of InP versus InN for cationic polymerization of IB in RPB.

Table 3. The calculated values of P based on N and experimental M,,.

N/rpm M, /(g-mol—1) P
600 1400 0.030
800 1650 0.045
1000 2000 0.062
1200 2200 0.075
1400 2480 0.108
1600 2550 0.150
1800 2590 0.151

2000 2560 0.150

1QMm=337Lh71,Q; =624 L-h7!, [M]; = 2.00 mol-L 7!, [T]; = 0.22 mol-L~!, N = 1600 rpm.

3.3. Effect of [Mly/[1]y

The effect of [M]o/[I]o on the M, of PIB is displayed in Figure 7, where [M]y/[I]j is the
initial concentration ratio of the monomer and initiating system in RPB. It is observed that
M,, decreases with decreasing [M]y/[I]o no matter whether [M]y/[I]y is changed through
decreasing [M];, decreasing Qj, increasing [I]; or increasing Qj. The simulated M,, fits well
with the experimental M,,. The decrease in [M]y/[I]o would reduce the relative quantity of
monomers and improve the relative quantity of active centers, resulting in the decrease
in M. It is worth noting that the effect of [M]y/[I]o on the M, in Figure 7a,c is more
remarkable than that in Figure 7b,d, which indicates that M,, is more sensitive to changes
in the monomer parameters. It can be concluded that M, of PIB can be tuned by altering
[M], [1lt, Om and Qy, and a low [M]y/[I]p is necessary to obtain low molecular weights
of PIB. However, a low [M]y/[I] is detrimental to the content of exo-olefin terminals in
PIB [6], since a decrease in exo-olefin terminal content from 92 to 78 mol% is observed
with decreasing [M]y/[I]p from 135 to 30. Therefore, a suitable [M]y/[1]p should be chosen
considering the demands of both the molecular weight and exo-olefin terminal content. In
this paper, optimal [M]o/[]o was found to be 49, where HRPIB with M,, of 2550 g-mol !
and exo-olefin terminal content of 85 mol% could be obtained.



Appl. Sci. 2021, 11, 10194

9of 12

4400 W Experimental 44001 m  Experimental
a000] — Calculated 4000 Calculated
3600 36004
£ 3200 . £ 3200
£ 2500 £ 0]
& " 2
24004 2400
= m-02@al)| = [M]=2.00 (ol L")
2000 ' N 2000 - 1
o Q337 (L") 1600 Q337 (Lh)
Q=624 (Lh") Q=624 (Lh")
1200 . . . : ; 1200 . . . - -
20 40 60 80 100 120 140 20 40 60 8 100 120 140
(a) [M]/0], (b) [M) /1],
44001 MW Experimental 44001  m  Experimental
a000] — Calculated 40004 Calculated
3600 . 3600
o 3200 . £ 3200
=]
£ 2800 E 2800
& o
= 2400 = 2400
= oo [M]=2.00 (mol L), = 000 [M]=2.00 (mol L")
] A ] 4
[1=0.22 (mol L") [1)=0.22 (mol L")
1600 | : 1600 '
Q=624 (Lh") Q=337 (Lh")
12001 : : : ; v 12001 ' v : : v
20 40 60 80 100 120 140 20 40 60 80 100 120 140
(©) [M]/[1], (d [M]/[1],

Figure 7. Effects of [M]y/[I]o on the M, of PIB when T = 283 K and N = 1600 rpm. The [M]y/[I]y was
changed by (a) changing [M];, (b) changing [I];, (¢) changing Qu and (d) changing Q.

3.4. Model Error Analysis

In the above discussions, the model based on the presumptive-steady-state analysis
method and the coalescence-redispersion model was demonstrated as simulated M, that
fitted well with the experimental M,,. The diagonal plot of all simulated and experimental
M, at different T, N and [M]y/[I]g is shown in Figure 8. It indicates that the model can offer
predictions of the M, of PIB synthesized in RPB, with a deviation within 10%. This 10%
deviation from the experimental values could be regarded as a relative precision, which
is similar to that of the mathematical model based on the chain analysis method and the
coalescence-redispersion model [17].

4800

4200+
+10%
3600- 210%
3000

2400

M, calculated by Model

1800

1800 2400 3000 3600 4200 4800
M, experimental

Figure 8. Comparison between experimental and modeling M,,.

4. Conclusions

With advantages related to its enhanced mixing effect, RPB was employed for the
synthesis of HRPIB with low molecular weights. It was observed that M,, and exo-olefin
terminal content in PIB both decreased with the increase in T and the decrease in [M]/[I]o-
When N was from 600 to 1600 rpm, M,, was from 1400 to 2550 g-mol_l, but exo-olefin termi-
nal content did not change. It was concluded that T, N, [M];, [I];, Qp and Qj could be used
to regulate M;, of HRPIB, and optimal parameters for synthesizing HRPIB were determined
as T of 283 K, N of 1600 rpm and [M]y/[I]o of 49, where HRPIB with M, of 2550 g-mol_1
and exo-olefin terminals content of 85 mol% was obtained. Our results demonstrate that
RPB is a promising reactor for synthesizing HRPIB. Based on the presumptive-steady-state
analysis method and the coalescence-redispersion model, a mathematical model was newly
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presented to simulate the IB polymerization process in RPB and was used to predict M,
of HRPIB. The kinetic parameters of IB polymerization and the coalescence probability of
droplets in the RPB were determined by the model. As a function of T, N and [M]y/ 1,
the simulated M, fitted well with the experimental values, with a deviation within 10%. It
is believed that this model can be widely applied for describing cationic polymerization
processes in RPB.
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Notation

T polymerization temperature, K

N rotating speed of rotator in RPB, rpm (r-min~—1)

M, number-average molecular weight, g-molf1

[M]; concentration of IB in tank, mol-L~!

[M]o initial concentration of IB in RPB, mol-L~!

[M] concentration of IB in RPB, mol-L 1

[T]¢ concentration of initiating system in tank, mol-L ="

o initial concentration of initiating system in RPB, mol-L~!
[1] concentration of initiating system in RPB, mol.L~1

Qm volumetric flow rate of IB solution, L-h™!

Qr volumetric flow rate of initiating system solution, L-h~!
D packing thickness in RPB, mm

N total cage number of packing

Np droplets number in every cage

R; inner radius of rotator in RPB, mm

R, outer radius of rotator in RPB, mm

T initiation rate, mol-L~1.s~1

Tp propagation rate, mol-L~1-s 71

Ttr chain transfer rate, mol-L~1.s~1

T termination rate, mol-L~1.s~1

[Pj@} concentration of active left, mol-L~!

[Pﬂ concentration of polymer with j units, mol-L~1

[ j} Ni o concentration of polymer with j units out of packing, mol-L~?
k; ' rate constant for initiation, L-mol~1.s~1

ky rate constant for propagation, L-mol~!-s~!

kir rate constant for chain transfer to monomer, L-mol~1-s~1
k¢ rate constant for termination, s~

M; 56j molecular weight of polymer with j units, g-mol~!
tm micromixing characteristic time, ms

t1/2 reactive characteristic time, ms

ko pre-exponential factor

R molar gas constant, ]~m01*1 K1

E, apparent activation energy, kJ-mol !

P coalescence probability

Greek letters

6 distance between adjacent cages, mm
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