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Abstract: The successful application of olefin gas-phase polymerization processes shows the progress of polymerization 

processes and reactor design. Detection and control of the atmosphere composition in the gas phase is of great importance 

to design of gas-phase polymerization reactor, especially for copolymerization reactor, because the atmosphere compo-

sition in the gas phase has an important influence on the polymerization kinetics and the properties of the polymers 

obtained. In this work, a method for controlling the atmosphere composition during gas-phase copolymerization of eth-

ylene, propene and hydrogen was developed. Ethylene/propene gas-phase copolymerization with little hydrogen during 

synthesis of PP/P(E-co-P) in-reactor alloy was carried out, and the atmosphere composition was controlled at an almost 

constant level. The effect of the atmosphere composition in the reactor on gas-phase polymerization was investigated and 

the reactivity ratios of ethylene and propene were estimated.

Keywords: olefin copolymerization, gas-phase polymerization, atmosphere composition control, reactivity ratios.

Introduction

Olefin gas-phase polymerization processes, such as Uni-

polTM, Spherilene,1 Borstar® PE,2 Innovene,3 Catalloy,4 and 

Spherizone,5 have been successfully applied to the commercial 

production of polyethylenes and polypropylenes since the end 

of 1960s. Several advantages of gas-phase processes6 are: (a) 

elimination of the costs associated with storage and treatment 

of large quantities of solvents, (b) simplification of the polym-

erization systems, (c) reduction of environmental problems due 

to lack of solvents, (d) ease of preparing ethylene/propylene 

block copolymers, (e) no monomer or hydrogen solubility prob-

lems and (f) no additional cost to dry polymers. The successful 

application of gas-phase processes proves the progress made in 

polymerization processes and reactor design.7

For design of gas-phase polymerization reactor, it is neces-

sary to determine and control the atmosphere composition 

(monomer concentrations) in the reactor,8 especially when 

copolymerization is involved. This is because the atmosphere 

composition in the reactor has an important influence on the 

polymerization kinetics and the properties of the polymers 

obtained.9-12 The papers in the open literature on gas-phase 

polymerization reactors capable of detecting or controlling 

atmosphere composition were mainly based on two different 

methods, one was gas chromatography (GC),8,13-17 the other 

was Fourier transform infrared spectroscopy (FTIR).18-21 The 

reactor systems constructed allowed the analysis or control of 

the atmosphere composition in the reactor, which was very 

important for the study of the influence of the atmospheric 

composition on the properties of polymers. At the same time, 

the monomer consumption rates were also collected, which 

were helpful to the study on polymerization kinetics.

The monomer reactivity ratios are important kinetic param-

eters in Mayo-Lewis copolymer composition equation.22 They 

can be used to evaluate the copolymerization ability of the cat-

alyst and determine the composition and sequence distribution 

of the copolymers.23,24 Han-Adebekun25 and Tan15 estimated the
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monomer reactivity ratios in ethylene/propene gas-phase copo-

lymerization, when the controlled atmosphere composition in 

the reactor was constant. According to Fineman- Ross equation, 

the reactivity ratios were evaluated by the copolymer compo-

sition and feed composition, in which the copolymer composi-

tion was determined by the integrals of monomer consumption 

rates25 or 13C NMR.15

In our previous work,26 based on the series connection of a 

Coriolis flowmeter, a thermal flowmeter and a differential pres-

sure flowmeter, a new method for detecting the atmosphere 

composition in the process of ethylene, propylene and hydro-

gen gas phase copolymerization was proposed, where hydro-

gen plays a pivotal role in the copolymerization process, as it 

regulates molecular weight, influences catalyst activity, and 

controls the morphology of in-reactor PP/P(E-co-P) alloys, 

making it an indispensable component in the industrial pro-

duction process. With this method, ethylene/propene gas-phase 

copolymerization with hydrogen modulation was carried out in 

the process of preparing PP/P(E-co-P) in-reactor alloy. The 

atmosphere composition in the reactor was detected accurately 

and sensitively, and the monomer consumption rates were 

deduced according to the mass balance.

In this paper, the method for controlling the atmosphere 

composition during gas-phase copolymerization of ethylene, 

propene and hydrogen was further developed. In the process of 

synthesizing PP/P(E-co-P) in-reactor alloy, ethylene/propene 

gas-phase copolymerization with hydrogen modulation was 

carried out when the atmosphere composition in the reactor 

was controlled constant. The effects of atmosphere compo-

sition on polymerization behavior and polymer properties 

were studied, and the reactivity ratios of ethylene and pro-

pene were estimated.

Experimental

The experimental materials and procedure were similar to 

those in our previous article.26 For the convenience of the 

reader, it is repeated here.

Materials and Devices. Hydrogen (Hangzhou Jingong Spe-      

cial Gas Co., Ltd., 99.99%), Ethylene (Sinopec Beijing Research

Institute of Chemical Industry, Polymerization-grade) and Pro-

pene (Hangzhou Minxing Gas Co., Ltd., 99.99%) passed through 

a gas purification box to remove trace water and oxygen and 

then were injected into the reactor. The catalyst, TiCl4/MgCl2/

9,9-bis(methoxymethyl) fluorene with a titanium content of 

5.76 wt%, supplied by Renqiu LIHE Technology Ltd., serves 

as a vital heterogeneous catalyst in gas-phase polymerization. 

It facilitates the adsorption and polymerization of olefin mono-

mers, ultimately yielding polymers with tailored properties. 

This catalyst is indispensable for achieving the desired struc-

tural, morphological, and performance characteristics through 

the optimization of reaction conditions, such as pressure and 

monomer concentrations. Methyl cyclohexyl dimethoxysilane 

(C-Donor, Renqiu LIHE Technology Ltd., 99.0%) was utilized 

as 0.1 mol L-1 toluene solution and aluminumtriethyl (TEA, 

Albemarle, 93.0%) as 1 mol L-1 toluene solution. Toluene (Sin-

opharm Chemical Reagent Co., Ltd., AR) and n-Hexane (Sin-

opharm Chemical Reagent Co., Ltd., AR) passed through the 

solvent purification apparatus (MBRAUN, MB-SPS) and then 

were stored with 4 Å molecular sieves under nitrogen. All mois-

ture- or air-sensitive compounds were treated in a glovebox under 

high purity nitrogen.

As shown in Figure 1, gas intake lines are equipped with 

Swagelok reduction valves and thermal mass flow controllers 

(Brooks Instruments, SLA5850). Ethylene and propene flow 

controllers are calibrated with nitrogen and the standard pres-

sure and temperature are selected at 1 atm and 20 ℃. Hydrogen     

flow controller is calibrated with hydrogen and the standard 

pressure and temperature are selected at 1 atm and 0 ℃. The     

three lines converge at one point and are connected to the top 

and bottom of the reactor. The top of the reactor is connected 

with a vent line, which is connected in series with a Swagelok 

reduction valve, a Coriolis mass flowmeter (Brooks Instruments, 

Quantim), a thermal mass flowmeter (Brooks Instruments, 

SLA5800) and a differential pressure flowmeter (Alicat Sci-

entific, Alicat MC). The Coriolis flowmeter is calibrated with 

air. The thermal flowmeter on the vent line is calibrated with 

ethylene and the standard pressure and temperature are selected 

at 1 atm and 0 ℃. The differential pressure flowmeter is cal-     

ibrated with air and the standard pressure and temperature are 

selected at 1 atm and 25 ℃. The measurement accuracy of the     

Figure 1. Diagrammatic sketch of experimental devices.26
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Coriolis flowmeter, thermal flowmeter and differential pres-

sure flowmeter is ±0.5%, ±0.18% and ±0.4%, respectively. 

The response time of the Coriolis flowmeter, thermal flowme-

ter and differential pressure flowmeter is below 0.5 s, 1 s and 

0.1 s, respectively. The reactor temperature, pressure, gas feed 

flow and real-time volume flow readings of the three flow 

meters on the vent line can be monitored via a computer equipped

with a distributed control system (DCS, SUPCON). The tem-

perature and pressure of the exhaust are also monitored because 

temperature and pressure sensors are embedded in the differ-

ential pressure flowmeter.

The DCS can control the flow controllers on the intake lines 

to inject gases into the reactor in two modes. The first mode 

(Mode I) was that gases were controlled to flow into the reac-

tor at a constant volume flow ratio, which was reported in our 

previous article.26 The second mode (Mode II) was that gases 

were injected into the reactor to maintain a constant atmo-

sphere composition (monomer molar ratio), which is on the 

basis of the atmosphere composition detection process in the 

previous work.26 Figure 2 shows the atmosphere composition 

control process. When gas mixture of ethylene, propene and 

hydrogen entered the Coriolis flowmeter, the thermal flowme-

ter and the differential pressure flowmeter on the vent line 

from the top of the reactor, the three flowmeters output different 

volume flow readings. The atmosphere composition could be 

calculated by the computer according to a set of equations 

reported in our previous article:26

(1)

(2)

yA + yB + yC = 1 (3)

where QC, QT and QD are the volume flow readings of the Cori-

olis flowmeter, thermal flowmeter and differential pressure 

flowmeter, yA, yB and yC are the molar fractions of ethylene, 

propene and hydrogen. And z1 = 3.20977, a1 = -4.26232, b1 = 4.17147, 

c1 = 0.58209, d1 = -1.26432, z2 = -2.46663, a2 = 5.40595, b2 =

-4.56239, c2 = -1.23629, d2 = 1.54756. By utilizing the real-time 

atmosphere composition of the vented exhaust, DCS feedback 

controlled the flow controllers on the intake lines to feed each 

gas to ensure that the atmosphere composition in the reactor 

reached the set value.

Polymerization Procedure. Ethylene and propene gas-    

phase copolymerization were performed in the presence of 

polypropylene particles produced in the first stage. Before use, 

the reactor was heated to 90 ℃, emptied and replaced with    

propene at least six times to ensure that the reactor was com-

pletely dry. In the first stage, the reactor was cooled down to 

40 ℃ under propene atmosphere, and then n-hexane, TEA and    

C-Donor with specified volume were added. The catalyst was 

loaded into the reactor to initiate the polymerization, and 

immediately propylene was continuously supplied (through 

lines connected to the top of the reactor) to maintain a constant 

reactor pressure. After the preset time, the propene feed was 

closed and the solvent was emptied by evacuation. The mix-

ture of ethylene, propene and hydrogen (through lines con-

nected to the bottom of the reactor) were introduced to initiate 

the gas-phase polymerization. When the reactor pressure rose 

to a set value (about 8 minutes later), the three flowmeters on 

the vent line were opened manually, and the valve openings 

were 50%, 100% and 100%, respectively. After the preset 

time, the gas inlet valves were closed to stop the polymeriza-

tion, the reactor was vented to atmospheric pressure, and the 

polymer was poured into acidified alcohol (hydrochloric acid 

content of 2 vol%). The suspension was stirred overnight, fil-

tered and dried at 60 ℃ for 8 hours in vacuum.

Polymer Characterization. Molecular weight and molecular    

weight distribution of the polymers were determined by gel 

permeation chromatography (GPC) at 150 ℃ using a PL-GPC    

220 system, which was coupled with an in-line capillary vis-

cometer. The column was calibrated using the monodisperse 

polystyrene (PS) standards. The Mark-Houwink constants used 

for PS were K = 1.21 × 10-4 and α = 0.707, and for polypro-    

pene were K = 1.56 × 10-4 and α = 0.76. 1,2,4-Trichlorobenzene 

was used as solvent with a flow rate of 1.0 mL min-1.

The copolymer composition was measured by 13C NMR 

spectra at 120 ℃ with a Varian mercury 300-plus spectrometer.    

10 wt% deuterated o-dichlorobenzene solutions of polymers 

were prepared by stirring for 3-4 hours at 150 ℃. Instrument    

conditions of quantitative NMR were optimized, including 90° 
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Figure 2. Atmosphere composition control process.
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pulse angle, inverse gated proton decoupling, 3 s pulse delay 

time and 0.8 s acquisition time. About 5000 scanned data were 

collected and averaged for each sample. The detailed carbon 

assignments and calculation of the copolymer composition fol-

lowed the Randall’s method.27

The polymers were analyzed by differential scanning calo-

rimetry (DSC) under nitrogen atmosphere with TA Q200 ther-

mal analyzer. 8.0-10.0 mg sample was heated to 220 ℃ at 10 ℃            

min-1, kept for 5 minutes at 220 ℃ to eliminate the thermal his-            

tory, and then cooled down to -90 ℃ at 10 ℃ min-1 for recrys-             

tallization. After 5 minutes of isotherm at -90 ℃, the sample was           

reheated from -90 ℃ to 220 ℃ at 10 ℃ min-1.

Fractionation of Polymer. About 2 g polymer sample was        

completely dissolved in 200 mL boiling n-octane, where n-

octane contained 0.1 wt% butylated hydroxytoluene (BHT) 

antioxidant. Then the solution was gradually cooled down to 

room temperature for 12 hours and precipitated. The insoluble 

part was separated from the solution by centrifugation. The 

part dissolved in n-octane was recovered from the solution by 

rotating evaporation, which was called Fraction A. The insol-

uble part was further extracted by 250 mL boiling n-heptane 

(containing 0.1 wt% BHT) in a Soxhlet extractor for 12 hours. 

It was further fractionated into two parts, namely soluble part 

(Fraction B) and insoluble part (Fraction C).

Results and Discussion

Gas-Phase Copolymerization Behavior of Ethylene,    

Propylene and Hydrogen under Controlled Atmosphere     

Composition. Firstly, run 1 (Table 1) was carried out at the     

same experimental conditions as the copolymerization run (run 

7) reported in our previous article,26 whereas gases were fed in 

Mode II in run 1 and in Mode I in run 7.

Figure 3(c) shows the atmosphere composition in the reactor 

during gas-phase copolymerization in run 1, which were cal-

culated from the volume flow readings of the Coriolis flow-

meter, thermal flowmeter and differential pressure flowmeter 

(QC, QT and QD, Figure 3(b)) according to Equations (1-3). It 

can be seen that the atmosphere compositions were maintained 

at a near constant level, which verified the feasibility of atmo-

sphere composition control process. The feed rates of mono-

mers are available (monitored by DCS, Figure 3(a)), the volume 

flow of the exhaust equals the volume flow readings of the Cori-

olis flowmeter (QC). Therefore, the consumption rates of each 

monomer can be calculated according to the mass balance:

(4)

where Rp, Qin, Qout and y are the consumption rates, feed rates, 

vent rates and molar fractions of each monomer, V is the reac-

tor volume (1 L) and t is the polymerization time. Since the 

molar fractions of monomer were almost unchanged during 

copolymerization, Equation (4) could be further simplified to:

Rp = Qin  Qout = Qin  QCy (5)

The derived consumption rates of monomers are shown in 

Rp Rin Qout–
d V y 

dt
----------------–=

Table 1. Results of Ethylene/propene Gas-phase Copolymerization Under Controlled Atmosphere Compositions

Runa
Ratioc

Pro.
(g)

Mw
d

(104 g/mol)
PDId

Hf

(J/g)
Tm

f

(°C)
Tg

f

(°C)E P H

1 4 5 0.1 60.1 22.1 16.9 0.3828 12.55 120.95,160.45 -46.64

2 3 6 0.1 42.7 23.1 13.9 0.5662 12.03 119.81,161.04 -40.62

3 3.5 5.5 0.1 46.0 20.6 14.1 0.4903 12.96 120.58,159.67 -42.20

4 4.5 4.5 0.1 74.0 26.3 19.4 0.2992 17.66 121.61,159.82 -46.20

5 9 0 0.1 83.3 41.6 12.2 -- 131.03 135.38,160.55 --

6 0 9 0.1 17.4 22.2 13.6 -- 70.88 163.28 --

7b 4 5 0.1 60.9 25.7 14.1 0.3130 24.08 121.82,160.19 -49.44

aExperimental conditions for preparing polypropylene particles: catalyst = 60 mg, TEA = 10 mL × 1 mol L-1 (Al/Ti = 138.9), C-Donor = 18 mL ×     

0.1 mol L-1 (Si/Ti = 25), n-hexane = 250 mL; propene pressure = 6 bar, polymerization temperature = 40 ℃, stir rate = 300 rpm, polymerization     

time = 30 min. Experimental conditions for gas-phase polymerization: The reduction valves on ethylene, propene and hydrogen intake lines were set     

as close as possible to 4 bar. The reduction valves on the vent line were set to 2.5 bar. DCS controlled the three flow controllers on the intake lines to     

feed ethylene, propene and hydrogen with constant atmosphere composition (monomer molar ratio) in the reactor (in Mode II) and the reactor pressure     

was kept at 3 bar. The Alicat flowmeter showed that the temperature of the exhaust was close to 30 ℃ and the pressure was kept at 1 atm. Polymerization     

temperature = 40 ℃, stir rate = 100 rpm, polymerization time = 72 min; bPreviously reported copolymerization run, where the gases were fed in Mode I26;     
cMolar ratio of ethylene, propene and hydrogen in the gas phase in the reactor; dMeasured by GPC; eMolar fraction of propene in polymer, measured     

by 13C NMR; fMeasured by DSC from the second heating curve.

Fp

e
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Figure 3(d). The decay trends of ethylene and propene con-

sumption were similar, and hydrogen consumption was almost 

zero.

The atmosphere compositions in the reactor and monomer 

consumption rates during gas-phase copolymerization in run 7 

were shown in Supporting Information (SI). The comparison 

between run 1 and run 7 illustrated that the polymerization 

kinetics (evolution trends of monomer consumption rates) var-

ied with the atmosphere compositions in the reactor, which 

also resulted in differences on polymer properties.

To further investigate the effect of atmosphere composition 

on ethylene/propene gas-phase copolymerization, runs with 

different atmosphere compositions in the reactor (runs 2-4, 

Table 1) were performed. In runs 2, 3, 1, and 4, the gases were 

fed in Mode II and the ethylene content in the controlled atmo-

sphere increased. Based on the similar calculation, the atmo-

sphere composition in the reactor and monomer consumption 

rates during gas-phase copolymerization in runs 2-4 were deduced 

(seen in SI). Similarly, the consumption rates of ethylene and 

propylene showed similar decay trends in each run. It was 

found that the ratios of ethylene to propylene consumption 

remained almost unchanged during each copolymerization 

process (Figure 4).

Because propene slurry polymerization in all runs were car-

ried out under the same polymerization conditions (the repeat-

ability has been confirmed in previous work26), the results of 

polymerization were considered to be the same, that is, the poly-

mer yield in propene slurry polymerization was considered to 

be 14.3 g. Then the polymer yield and copolymer composition 

of the products in gas-phase copolymerization in each run were 

calculated (Table 2).

With the increase of ethylene content in the gas phase, poly-

mer yield in copolymerization stage (II_Pro.) increased, while 

propene incorporation in the products in copolymerization 

stage (II_FP) decreased. The calculated II_FP values by the 

polymer yield and the molar fraction of propene in PP/P(E-co-

P) were close to the ones calculated by the integration of eth-

ylene and propene consumption during copolymerization, which 

verified the reliability of the atmosphere composition control 

process. As shown in Figure 5, ethylene consumption increased 

Figure 3. (a) Gas feed rates; (b) volume flow readings of the coriolis flowmeter, thermal flowmeter and differential pressure flowmeter; (c) 

atmosphere composition in the reactor; (d) monomer consumption rates during gas-phase copolymerization in run 1.
 Polym. Korea, Vol. 49, No. 2, 2025
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with the increase of ethylene content in the gas phase, while 

propene consumption decreased slightly. The ethylene con-

sumption rates in copolymerization runs were lower than those 

in homopolymerization run (run 5), while the propene con-

sumption rates in copolymerization runs were higher than 

those in homopolymerization run (run 6), which might be 

attributed to the “comonomer effect” (steric hindrance caused 

by the incorporation of bulkier propene).

Characterization and Fractionation of Polymer. In runs      

1-4 and 6, the molecular weights of the polymers obtained were 

slightly higher than 200000 g/mol, and PDI increased with the 

increase of the ethylene content in the gas phase. The polymer 

with the highest molecular weight and the lowest PDI were 

prepared in run 5, which indicated that the polymer produced 

in copolymerization stage in run 5 had the highest molecular 

weight in all the polymers produced in copolymerization stage 

in all runs.

The polymer obtained in run 6 showed one melting peak 

with Tm of 163.28 ℃. The polymer obtained in run 5 showed     

two melting peaks, one around 135.38 ℃ (Tm of PE) and the     

Figure 4. Ratios of ethylene to propene consumption during copolymerization in runs 1-4 (a-d).

Table 2. Polymer Yields and Copolymer Compositions of the Products in Gas-phase Copolymerization in Runs 1-4

Run
Ratioa

II_Pro.b

(g)
II_ II_

E P H

1 4 5 0.1 45.8 0.2390 0.2363

2 3 6 0.1 28.4 0.3920 0.3871

3 3.5 5.5 0.1 31.7 0.3130 0.3095

4 4.5 4.5 0.1 59.7 0.1774 0.1837

aMolar ratio of ethylene, propene and hydrogen in Mode II; bPolymer yield in copolymerization stage, calculated according to the polymer yield    

in homopolymerization stage (14.3 g) and the polymer yield in two-stage sequential polymerization; cMolar fraction of propene in the products    

in copolymerization stage, calculated according to the polymer yield and the molar fraction of propene in PP/P(E-co-P); dMolar fraction of propene in    

the products in copolymerization stage, calculated by integral calculation of the consumption rates of ethylene and propylene during copolymerization.

FP

c
FP

d
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other around 160.55 ℃ (Tm of PP). The area of the right peak            

is very small because the polypropylene produced in the first 

stage accounts for a small proportion of the polymer produced. 

The polymers obtained in runs 1-4 had two melting peaks, one 

around 120 ℃ and the other around 160 ℃. According to the           

sequence distribution of the polymers (Table 3) by 13C NMR 

spectra, the long ethylene or propene segments (EEE or PPP) 

in the ethylene/propylene copolymer may contribute to the left 

peak (Tm at about 120 ℃). The melting enthalpy (ΔH) and          

glass transition temperatures (Tg) of the polymers obtained in 

runs 1-4 were much lower than those in run 6, indicating that the 

elastomer component was produced during gas-phase copoly-

merization stage.

Table 4 shows the fractionation results of the polymer sam-

ples in runs 1-4. As shown, the weight percentages of Fractions 

A of all samples were more than 50%. Generally speaking, with 

the increase of ethylene content in the gas phase, the content of 

Fraction A increased, while the content of Fraction C decreased. 

For PP/P(E-co-P), Fraction A is mainly random ethylene/pro-

pene copolymer, Fraction B is segmented ethylene/propene 

copolymer,28 and Fraction C is basically highly isotactic PP.29

SI gives the GPC, DSC, Successive Self-nucleation and Anneal-

ing (SSA) and 13C NMR analysis of Fractions A-C.

Estimation of Reactivity Ratios of Ethylene and Propene.     

Firstly, Mayo-Lewis equation22 was used to evaluate the mono-

mer reactivity ratios in ethylene/propene gas-phase copolymer-

ization. The equation expresses the relationship between the ratio 

of monomer concentrations in feed (MA/MB) and the instanta-

Figure 5. (a) Ethylene consumption rates in runs 1-5; (b) propene consumption rates in runs 1-4 and 6.

Table 3. Composition and Sequence Distribution of the Polymers by 13C NMR

Run
Content of unit (mol%)

E P EE EP PP EEE EEP PEP EPE PPE PPP

1 61.72 38.28 51.79 21.72 26.49 45.3 12.98 3.44 6.62 10.33 21.32

2 43.38 56.62 33.57 18.59 47.85 28.02 11.10 4.27 5.24 7.06 44.31

3 50.97 49.03 38.91 22.96 38.13 32.68 12.45 5.84 7.00 7.78 34.24

4 70.08 29.92 60.08 21.16 18.76 52.96 14.24 2.89 7.70 6.93 15.30

Table 4. Fractionation Results of the Polymers Obtained in Runs 1-4

Run
Ratioa Fraction A Fraction B Fraction C

E P H wt% wt% wt%

1 4 5 0.1 58.6 8.9 32.5

2 3 6 0.1 51.3 12.4 36.3

3 3.5 5.5 0.1 54.7 13.0 32.3

4 4.5 4.5 0.1 58.3 15.6 26.1

aMolar ratio of ethylene, propene and hydrogen in the atmosphere in the reactor.
 Polym. Korea, Vol. 49, No. 2, 2025
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neous molar ratio of monomers in copolymer (dMA/dMB, i.e. 

the ratio of monomer consumption rates):

(6)

where MA and MB represent the concentrations of ethylene and 

propene, and rA and rB represent the reactivity ratios of eth-

ylene and propene. For semicrystalline PP/P(E-co-P), mono-

mer sorption occurs only in the amorphous polymer phase under 

gas-phase condition. Under low polymerization pressure, the 

actual monomer concentrations can be determined according 

to Henry’s law:

(7)

where cm is the actual monomer concentration in the polymer, 

k is the Henry constant, and P* is the monomer partial pres-

sure. The value of the Henry constant can be calculated from 

the following equation:30

lg (k) = -2.38 + 1.08 × (TC/T)2 (8)

where TC denotes the critical temperature and k denotes the 

Henry constant in mol/(L·atm). The critical temperatures of 

ethylene and propene are 282.34 K and 364.76 K, respectively. 

Then, the Henry constants are 0.03784 mol/(L·atm) and 0.1217 

mol/(L·atm), respectively. The atmosphere compositions remained 

almost unchanged during copolymerization, so the monomer 

partial pressures remained basically unchanged, and the mono-

mer concentrations were calculated (Table 5).

The ratios of monomer consumption rates (dMA/dMB) remained 

unchanged, their values were determined by linear fitting (Fig-

ure 4, Table 5), and then the monomer reactivity ratios were 

estimated according to Mayo-Lewis equation (Figure 6(a)). 

Good fitting was obtained and the calculated values with 95% 

confidence were rA = 42.28 ± 7.15, rB = 0.6452 ± 0.1419 and 

rArB = 27.28.

The reactivity ratios were also evaluated by Fineman-Ross 

equation:31

(9)

where X and Y denote the ratio of monomer concentrations in 

feed (MA/MB) and the molar ratio of monomers in copolymer 

dMA

dMB

-----------
MA

MB

-------
rAMA MB+

rBMB MA+
-------------------------

rA MA/MB  1+
rB MA/MB  1+
--------------------------------------= =

cm k P
*=

X
X

Y
---– rA

X
2

Y
----- 

  rB–=

Table 5. Monomer Concentration and Ratio of Monomer Consumption Rates

Run
Ratioa

MA

(mol/L)
MB

(mol/L)
MA/MB dMA/dMB

b

E P H

1 4 5 0.1 0.04990 0.2006 0.2487 3.23

2 3 6 0.1 0.03742 0.2407 0.1555 1.53

3 3.5 5.5 0.1 0.04366 0.2207 0.1979 2.12

4 4.5 4.5 0.1 0.05614 0.1805 0.3109 4.60

aMolar ratio of ethylene, propene and hydrogen in the atmosphere in the reactor; bDetermined by linear fitting of the ratios of ethylene and propene    

consumption rates (Figure 4).

Figure 6. Evaluation of monomer reactivity ratios using: (a) Mayo-Lewis equation; (b) Fineman-Ross equation.
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(calculated by II_FP in Table 2), respectively. The monomer 

reactivity ratios were estimated by linear fitting (Figure 6(b)), 

the values with 95% confidence were rA = 35.48 ± 4.65, rB = 

0.5094 ± 0.0862 and rArB = 18.07. The reactivity ratios estimated 

by these two equations were close, rA > rB indicated that eth-

ylene insertion was preferred, and rArB > 1 indicated the block-

iness of the polymer chains produced in copolymerization 

stage. It's worth mentioning that gas-phase polymerization dif-

fers significantly from solution polymerization in several crucial 

aspects, and these distinctions have an impact on the reactivity 

ratios of the monomers involved. In gas-phase polymerization, 

the monomers react with the catalyst surface in the vapor phase, 

resulting in surface-controlled kinetics due to restricted diffu-

sion. The absence of a solvent eliminates solvent-induced chain 

transfer reactions, leading to cleaner and more predictable kinetic 

processes. Nonetheless, temperature gradients within gas-phase 

reactors, particularly in fluidized beds, may introduce variations 

in the reactivity ratios of the monomers. Conversely, solution 

polymerization boasts higher monomer concentrations, superior 

temperature control, and solvent effects that influence reac-

tivity and selectivity, which are not present in gas-phase pro-

cesses.

Conclusions

In this work, the method for detecting the atmosphere com-

position in the previous work26 was further developed to control 

the atmosphere composition during gas-phase copolymeriza-

tion of ethylene, propene and hydrogen. During preparation of 

PP/P(E-co-P) in-reactor alloy, ethylene/propene gas-phase copo-

lymerization with hydrogen modulation was performed. By the 

atmosphere composition control process, the atmosphere com-

positions were basically kept constant and the ratios of ethylene 

to propene consumption were also kept unchanged. With the 

increase of ethylene content in the gas phase, ethylene consump-

tion rates increased, propene consumption rates decreased slightly, 

and propylene contents in the copolymers decreased. The struc-

tural heterogeneity of the polymers were characterized by GPC, 
13C NMR, DSC analysis and solvent fractionation. The reac-

tivity ratios of ethylene and propene were estimated by Mayo-

Lewis equation and Fineman-Ross equation. The calculated val-

ues by the two equations were close.
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