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SYNOPSIS 

The solubility values of ethylene in polyethylene and vice versa have been evaluated for 
the process conditions. These results could be used in solving real problems of PE-LD 
process. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Phase equilibrium predictions for the ethylene- 
polyethylene system, at  conditions that correspond 
to the separation step during the industrial poly- 
merization of ethylene at high pressures, has been 
performed by several authors.'-" Most of the pub- 
lished articles deal with the development and choice 
of the adequate thermodynamic theories for such 
calculations, and with the exact determination of 
the necessary input data. Information, found in the 
literature, on the applicability of the predicted data 
for optimization on the real separation process of 
the ethylene-polyethylene mixture, in the pressure 
range of 15-30 MPa and the temperature range of 
130-300°C, which are typical for the separation step 
in most of the commercial PE-LD processes, is ex- 
tremely limited. The separation of this mixture gen- 
erally depends on the process conditions and also 
on the geometry of the system, that is, on the size 
and shape of the separating vessel, construction de- 
tails, etc. But since the geometry of the separating 
vessel is more or less similar in most of the industrial 
processes, it is possible, by using the phase equilib- 
rium calculation, to obtain the exact compositions 
of both coexisting phases (polymer rich and mono- 
mer rich phases) for the most favorable process 
conditions. 

Although the patent literature (e.g., see Sittig") 
usually provides information about the conditions 
that should be maintained during the commercial 
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production of PE-LD, little is known about the sit- 
uations in which sudden upsets in the process occur, 
nor about the possible consequences of the upsets. 
For example, information about the behavior of the 
process if one or both of the basic parameters (pres- 
sure and/or temperature) are changed, is not avail- 
able, so that the reliable recommendations for the 
corresponding practical actions cannot be provided. 
Hence, the purpose of this article is ( a )  to obtain 
and present the new quantitative solubility values 
for the ethylene and polyethylene, respectively, in 
each of the coexisting phases for the entire range of 
pressure and temperatures relevant for industrial 
purposes, ( b )  to show how the generated results 
could be used to establish the desired separation 
conditions, and (c )  to point out the possibility of 
using the phase equilibria in analyzing real problems, 
which could arise during the postseparation steps of 
the PE-LD process. 

CALCULATIONAL PROCEDURE 

The Cheng free volume theory4." and the compu- 
tational algorithm of Bonner et al.' have been used 
to calculate the phase equilibrium for the reacting 
ethylene-polyethylene mixture in the pressure range 
17-29 MPa and at temperatures of 130-290OC. This 
theory has been proved valid a t  the pressures of in- 
terest in the l i t e r a t ~ r e . ~ . ~  The complete information 
about the above calculational procedure has been 
presented earlier lV3 and more details about the main 
concepts of the phase equilibrium computations were 
given in our previous work.7 Hence, only the basic 

253 



264 BOGDANOVIC, TASIC, AND DJORDJEVIC 

equations, as well as the most important information 
describing the computations employed, are given 
here briefly. Assuming that two phases ( I )  and (11) 
of the examined ethylene-polyethylene system are 
in equilibrium, the basic thermodynamic principles, 
defined by the equalities of pressure p ,  temperature 
T, and chemical potential for ethylene (pl) and 
polyethylene ( p21) ,  where 1 refers to a polymer with 
a particular molecular weight: 

could be applied. Using the partition function for 
the polymer  solution^,'^ at the conditions of interest 
for the present work and the corresponding state 
principle, the reduced equation of state in terms of 
the reduced quantities: pressure p ,  volume u and 
temperature T 

was obtained.13 Here, r and c denote number of seg- 
ments per molecule and one third the number of 
external degrees of freedom per molecular segment, 
respectively. 

Employing eqs. ( 3  ) and ( 4 ) ,  and the Cheng free 
volume theory, the equations for chemical potentials 
of both ethylene and polyethylene can be obtained 

In the above equations, T, p ,  and k are temperature, 
pressure, and Boltzmann's constant, respectively. 
pT , TT andp*, T* are characteristic pressure and 
temperature of species i and of mixture. The reduced 
volume of species i and of mixture are denoted by 
f i i  and u,  respectively. 9i and 4 stand for segment 
and site fractions for species i, respectively. Finally, 
x is the Flory-Huggins binary interaction parameter, 
and r represents the number of segments per cor- 
responding molecules. Subscript i = 1, 2. Starting 
from the input data (characteristic parameters for 
pure components and for the mixture, as well as for 
the segment fraction of ethylene) the solubility of 
the constituents can be computed for the operating 
conditions and also for the specified conversion of 
ethylene. The numerical values of all input data are 
presented in our previous work (Table I. of Ref. 7 ) .  

RESULTS AND DISCUSSION 

Using the calculational method mentioned above, 
the detailed results about the composition of the 
phases at equilibrium, are obtained here for the con- 
version of 16%. They are summarized in Tables I 
and 11. Table I presents the solubility of ethylene in 
the polyethylene-rich phase for the pressure and 
temperature ranges 130-290°C and 17-29 MPa, re- 
spectively. Table I1 summarizes the solubility of 
polyethylene in the ethylene-rich phase for the same 
ranges of pressure and temperature. 

Published solubility information is fragmentary, 
mostly for a limited number of isobars or iso- 

In our previous work,8 solubility of ethylene in 
polyethylene was investigated, in view of the tem- 
perature inversion phenomena, in a wide range of 
pressures (20.27-101.33 MPa). Also, in the same 
article, the position of the solubility inversion curve 
was given. In the present investigation, however, the 
solubility results are extended toward lower pres- 
sures, corresponding to the separation and post- 
separation steps of the process. In this pressure 
range ( 17-29 MPa) , solubilities are tabulated in suf- 
ficient detail, enabling in this way the investigation 

therms. 1-3,5,8,9,14 
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Table I Solubility (wt %) of Ethylene in the Polyethylene Rich Phase for the Ranges of Temperature 
and Pressure 13O-29O0C and 17-29 MPa, Respectively" 

Pressure (MPa) 
Temperature 

("C) 17 18 19 20 21 22 23 24 25 26 27 28 29 

130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 

5.50 6.09 6.68 7.27 
4.86 5.38 5.91 6.45 
4.32 4.79 5.27 5.75 
3.86 4.29 4.72 5.16 
3.48 3.87 4.26 4.66 
3.17 3.52 3.88 4.24 
2.90 3.22 3.55 3.89 
2.67 2.97 3.27 3.58 
2.48 2.75 3.03 3.32 
2.31 2.57 2.83 3.10 
2.16 2.40 2.65 2.90 
2.03 2.25 2.48 2.72 
1.91 2.12 2.34 2.56 
1.80 2.00 2.20 2.41 
1.71 1.89 2.08 2.28 
1.62 1.79 1.95 2.15 
1.56 1.70 1.86 2.04 

7.85 
6.98 
6.23 
5.60 
5.07 
4.62 
4.23 
3.90 
3.62 
3.38 
3.16 
2.97 
2.79 
2.63 
2.48 
2.35 
2.23 

8.43 
7.51 
6.72 
6.05 
5.48 
5.00 
4.58 
4.23 
3.92 
3.66 
3.42 
3.22 
3.03 
2.85 
2.70 
2.56 
2.43 

9.00 
8.03 
7.20 
6.50 
5.89 
5.38 
4.94 
4.56 
4.23 
3.95 
3.69 
3.47 
3.27 
3.08 
2.92 
2.77 
2.64 

9.56 
8.55 
7.69 
6.95 
6.31 
5.77 
5.30 
4.90 
4.55 
4.24 
3.97 
3.73 
3.51 
3.32 
3.14 
2.99 
2.85 

10.12 
9.07 
8.17 
7.40 
6.73 
6.16 
5.66 
5.24 
4.86 
4.54 
4.25 
3.99 
3.76 
3.56 
3.38 
3.21 
3.07 

10.67 
9.59 
8.65 
7.85 
7.15 
6.55 
6.03 
5.58 
5.19 
4.84 
4.53 
4.26 
4.02 
3.80 
3.61 
3.44 
3.29 

11.21 
10.09 
9.13 
8.29 
7.57 
6.94 
6.40 
5.92 
5.51 
5.14 
4.82 
4.53 
4.28 
4.05 
3.84 
3.67 
3.51 

11.73 
10.59 
9.60 
8.73 
7.98 
7.33 
6.77 
6.27 
5.83 
5.45 
5.11 
4.81 
4.54 
4.30 
4.08 
3.89 
3.73 

12.25 
11.08 
10.06 
9.17 
8.40 
7.72 
7.13 
6.62 
6.16 
5.76 
5.40 
5.09 
4.80 
4.55 
4.32 
4.11 
3.93 

a Data correspond to the conversion of 16%. 

of the p-T-S behavior of the ethylene-polyethylene 
system. In addition, the solubility inversion curve 
is located out of the present temperature range, a t  
pressures of 17-29 MPa. 

Graphical representation of the results of Tables 

I and I1 could be considered useful for the practical 
work. These tabulations of variable solubilities have 
been converted into the values of constant solubil- 
ities, in order to prepare Figures 1 and 2. 

Figures 1 and 2 present the solubilities for the 

Table I1 
and Pressure 130-290°C and 17-29 MPa, Respectively' 

Solubility (wt %) of Polyethylene in the Ethylene Rich Phase for the Ranges of Temperature 

Pressure (MPa) 
Temperature 

("C) 17 18 19 20 21 22 23 24 25 26 27 28 29 

130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 

0.0017 
0.0017 
0.0018 
0.0020 
0.0022 
0.0025 
0.0028 
0.0032 
0.0036 
0.0041 
0.0048 
0.0056 
0.0067 
0.0081 
0.0098 
0.0120 
0.0148 

0.0019 
0.0019 
0.0020 
0.0022 
0.0024 
0.0027 
0.0030 
0.0034 
0.0039 
0.0044 
0.0051 
0.0059 
0.0070 
0.0084 
0.0102 
0.0125 
0.0153 

0.0022 
0.0022 
0.0023 
0.0025 
0.0027 
0.0030 
0.0033 
0.0037 
0.0042 
0.0047 
0.0054 
0.0063 
0.0074 
0.0089 
0.0107 
0.0130 
0.0159 

0.0026 
0.0026 
0.0026 
0.0028 
0.0030 
0.0033 
0.0037 
0.0040 
0.0045 
0.0051 
0.0058 
0.0067 
0.0079 
0.0094 
0.0113 
0.0136 
0.0166 

0.0030 
0.0029 
0.0030 
0.0032 
0.0034 
0.0037 
0.0040 
0.0044 
0.0049 
0.0055 
0.0062 
0.0072 
0.0084 
0.0099 
0.0119 
0.0143 
0.0174 

0.0035 
0.0034 
0.0034 
0.0036 
0.0038 
0.0041 
0.0044 
0.0048 
0.0053 
0.0060 
0.0067 
0.0077 
0.0090 
0.0106 
0.0126 
0.0152 
0.0183 

0.0040 
0.0039 
0.0039 
0.0040 
0.0043 
0.0045 
0.0049 
0.0053 
0.0058 
0.0065 
0.0073 
0.0083 
0.0097 
0.0113 
0.0134 
0.0161 
0.0193 

0.0046 
0.0044 
0.0044 
0.0045 
0.0047 
0.0050 
0.0054 
0.0058 
0.0064 
0.0071 
0.0079 
0.0090 
0.0104 
0.0121 
0.0143 
0.0171 
0.0205 

0.0052 
0.0050 
0.0050 
0.0051 
0.0053 
0.0056 
0.0060 
0.0064 
0.0070 
0.0077 
0.0086 
0.0098 
0.0112 
0.0130 
0.0153 
0.0182 
0.0218 

0.0059 
0.0057 
0.0056 
0.0057 
0.0059 
0.0062 
0.0066 
0.0071 
0.0077 
0.0084 
0.0094 
0.0106 
0.0121 
0.0140 
0.0165 
0.0195 
0.0232 

0.0066 
0.0063 
0.0063 
0.0064 
0.0066 
0.0069 
0.0073 
0.0078 
0.0084 
0.0092 
0.0102 
0.0115 
0.0131 
0.0151 
0.0177 
0.0209 
0.0248 

0.0073 
0.0071 
0.0070 
0.0071 
0.0073 
0.0076 
0.0080 
0.0085 
0.0092 
0.0100 
0.0111 
0.0124 
0.0141 
0.0163 
0.0190 
0.0224 
0.0266 

0.0081 
0.0079 
0.0078 
0.0079 
0.0081 
0.0084 
0.0088 
0.0093 
0.0100 
0.0109 
0.0120 
0.0135 
0.0153 
0.0176 
0.0205 
0.0241 
0.0285 

a Data correspond to the conversion of 16%. 
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Figure 1 Solubility S ( w t  % ) of ethylene in polyethylene 
for the temperatures 13O-29O0C and the pressures 17-29 
MPa (conversion 16% ) . 

ethylene and polyethylene, respectively, at the pro- 
cess conditions of interest. The lines of constant 
solubility, appearing in these graphs, have been ob- 
tained by applying the bisection method to the equi- 
librium values from Tables I and 11. Figures 1 and 
2 enable the solubility of polyethylene in ethylene, 
or vice versa, to be predicted for any pair of pressure 
and temperature. In order to achieve a particular 
solubility value, which is necessary in the process, 
these graphs enable one to select properly the pro- 
cess pressure and temperature, accounting for var- 
ious reacting requirements. Namely, most of the in- 
formation in the literature indicates that approxi- 
mately 5 wt ?& of retained ethylene should be 
expected in the polymer-rich and that the 
polyethylene content in the ethylene-rich phase is 
in the range of 0.0040-0.01 wt ?&.ls1' Since the shapes 
and the trends of the lines of constant solubility in 
Figures 1 and 2 are different, they should be dis- 
cussed separately. Figure 1 shows that the gradient 
(dp /dT)s  is positive and is practically constant; also, 
in the range of S = 2-12, the ( d p / d T ) s  values rise 
if the solubility is increased. From Figure 2, which 
is valid for the solubility of polyethylene, one can 
note that the gradients ( d p / d T ) s  remain mainly 
negative and variable (they decrease with the low- 
ering of temperature). Graph 2 can be divided into 
two solubility regions: one above and the other below 
the solubility line 0.010 wt 9% of polyethylene. In the 
region S = 0.01-0.02, the gradient, ( d p / d T  )s, is al- 
ways negative and decreases with the increase of S. 
In the region with S = 0.004-0.008, the gradient 

( d p / d T  )s is negative, becoming approximately zero 
for the temperatures 130"-160°C. This is true for 
the entire pressure range of interest. In this tem- 
perature range, any solubility could be maintained 
practically constant without changing the pressure. 
Figures 1 and 2 could also be useful in all cases, 
which occur more or less frequently in the industrial 
practice, when sudden changes of one or both of the 
basic parameters (pressure and/or temperature) 
take place, and, accordingly, when proper decisions 
for the corrective actions should be made immedi- 
ately. In most cases, if the upsets occur in commer- 
cial production, the whole polymerization process is 
stopped, or at least the capacity of the unit must be 
significantly reduced. By using the graphs presented, 
the consequences could be predicted, and most of 
the sudden unfavorable phenomena could be com- 
pensated and/ or prevented. The additional advan- 
tage of using Figures 1 and 2 could be expressed 
fully when optimum separation conditions have to 
be identified, not only from the point of view of ease 
of polymerization reaction and energy savings, but 
also in view of the content of retained polyethylene 
in ethylene and vice versa, after the separation step. 

The above general remarks could be discussed in 
more detail in order to show how the phase equilib- 
rium results, in Figures 1 and 2, could be applied to 
the operation of an actual industrial process. Thus, 
if one considers the solubility of ethylene in poly- 
ethylene at  a typical pressure value (approx. 27 
MPa) and temperatures (e.g., 270°C), it could be 
seen from Figure 1 that the expected solubility for 
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TEMPERATURE ("C 1 
Figure 2 Solubility S (wt  % ) of polyethylene in ethylene 
for the temperatures 130-290°C and the pressures 17-29 
MPa (conversion 16% ) . 
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these conditions is approximately 4. However, in 
some cases, when the reduced capacity of the whole 
unit is required, either due to upsets in the process 
or because of a shortage in the ethylene supply, the 
pressure of the secondary compressor and, conse- 
quently, the working pressure in the separation 
section, shown in Figure 3, should be reduced up to 
20 MPa. 

This is one of the easiest manners for achieving 
the reduction of the total capacity. However, during 
this action, the solubility of ethylene in polyethylene 
is also significantly reduced (solubility about 2.3 ) 
with further consequences. Namely, since lower 
content of ethylene is expected in the polymer phase, 
the next separation step (low pressure separation) 
is facilitated. In addition, the quality of the final 
product is improved (less ethylene will be present 
in the polymer phase, avoiding in this way possible 
bubble formation). Moreover, the losses of ethylene 
are decreased in the later stages of the process (low 
pressure separation and silo manipulation). It can 
also be concluded from Figure 1 that high solubility 
of ethylene should be expected at low temperatures 
(below 200°C at operating pressures of approx. 27 
MPa). These temperatures are not normally ap- 
plied, but during some upsets of the process, they 
may become realistic with possible consequences, 
such as material loss and quality deterioration due 

E l  

t 1 = 2  - 3  

I 

F 
I- PRIMARY COMPRESSION 
2- SECONDARY COMPRESSION 
3- REPCTOR 
4 - HKjH PRESSURE SEPARATION 
5 -  RECYCLE SYSEM 
6- LOW PRESSURE SEPARATION 
7- ulw PRESSURE COMPRESSION 

I 
LDPE 

Figure 3 Simplified scheme of the PE-LD process. 

to increased ethylene content in the main process 
stream. 

As shown in Figure 2, if the same conditions 
(pressures of 27 and 20 MPa, alternatively, and a 
temperature of 270°C) are considered, the signifi- 
cant decrease of the polyethylene solubility in eth- 
ylene is to be expected at lower pressures. This 
means that less polymer is entrained with the gas 
phase and should be easily removed in the wax sep- 
aration units that are shown in Figure 3. Successful 
removal of waxes is an extremely important step in 
the process, since its improper work causes partial 
or complete shut down of the whole plant. Therefore, 
the quantity of the waxes removed, which represents 
the undesirable by-product of the process, is de- 
creased, causing, a t  the same time, material savings 
up to a level a t  which the product quality is not 
affected. 

It can be concluded that the detailed phase equi- 
librium data, presented in Tables I and 11, and the 
solubility curves, shown in Figures 1 and 2, could be 
employed to yield useful information on various as- 
pects that can occur during the industrial separation 
process of the ethylene-polyethylene mixture. This 
information enables the process engineer to have 
better insight into the complex behavior of the sep- 
aration step, choosing the most favorable process 
conditions, including energy requirements, and pre- 
dicting the solubilities of both components of inter- 
est at different combinations of temperature and 
pressure, which are typical for the investigated step 
of the PE-LD process. 

SUMMARY 

In this work, the detailed quantitative solubility re- 
sults of ethylene in polyethylene and the new sol- 
ubility values of polyethylene in ethylene have been 
predicted. The results have been tabulated for the 
temperature and pressure ranges of 130"-290°C and 
17-29 MPa, respectively, and for the conversion of 
16%. These conditions are typical for the separation 
step in most of the industrial, low-density polyeth- 
ylene processes. The above results have been used 
as a basis for generating the graphs, containing lines 
for which specific solubility values appear as con- 
stant parameters. Use of the graphs has been dis- 
cussed from the practical point of view, that is, in 
selecting the most favorable separation conditions, 
in obtaining better insight into the possible energy 
savings during the recycling of unreacted ethylene, 
and in solving other real problems arising often dur- 
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ing the postseparation steps of the process (fouling, 
quality of the final product, etc.) . 
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