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Abstract: The impact of constant ratio and constant composition gas feeding modes on the gas-phase copolymerization 

during preparation of polypropene in-reactor alloy was investigated. The polymerization behaviors under these two modes 

were compared by analyzing the molecular weight distribution, sequence structure distribution, thermal properties, and 

mechanical properties of the resulting polymers. It was found that the constant composition feeding mode effectively 

eliminated the copolymer composition drift, resulted in a narrower lamellar thickness distribution of the gas-phase prod-

ucts, and improved the polymer's toughness and elongation at break. Additionally, solvent fractionation results revealed 

that samples prepared under constant composition feeding had a higher mass fraction of Fraction B, which further 

enhanced the material’s toughness. These findings provide theoretical insights for optimizing gas feeding strategies in 

industrial production to enhance polymer product quality and performance.

Keywords: olefin gas-phase copolymerization, constant ratio gas feeding, constant composition gas feeding, polymer 

properties.

Introduction

In our previous studies on olefin gas-phase copolymeriza-

tion, the distributed control system (DCS) can control the flow 

controllers on the intake lines to inject gases into the reactor in 

two modes. In the first mode, gases were controlled to flow into 

the reactor at a constant volume flow ratio (constant ratio gas 

feeding mode, using the described gas composition detection 

process).1 In the second mode, gases were injected into the 

reactor to maintain a constant atmosphere composition (constant 

composition gas feeding, using the described gas composition 

control process).2

In the constant ratio gas feeding mode, there was a drift in 

copolymer composition, while no such drift was observed in 

the constant composition gas feeding mode. The different trends

in the reactor atmosphere composition inevitably affect the 

properties of the polymer products. In the constant ratio gas 

feeding mode, the drift in copolymer composition means that 

the instantaneous composition of the polymer product at dif-

ferent polymerization time points must be different. Compared 

to the constant composition gas feeding mode, the resulting 

polymer will have a broader copolymer composition distribu-

tion.3,4 Since the structure of the polymer determines its prop-

erties and vice versa, differences in the copolymer composition 

distribution, molecular weight distribution, and sequence struc-

ture distribution of the polymer also determine the differences 

in its macroscopic properties (such as thermal and mechanical 

properties).5-8

Chakravarti et al.9 studied the gas-phase copolymerization of 

ethylene and 1-hexene. Initially, 1-hexene was added only at 

the beginning of the reaction, and a significant drift in the reac-

tor atmosphere composition was observed (the concentration 

of 1-hexene in the gas phase was decaying). Later, a gas compo-

sition control system developed by his research group (initially 

realized by Debling and Han-Adebekun using FTIR technolo-

gy10,11 was used to control the feed of 1-hexene and maintain 
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a constant concentration of 1-hexene in the gas phase for copo-

lymerization experiments. This paper focused on the kinetics 

of polymerization and did not compare the structures and prop-

erties of the resulting polymers under the two polymerization 

modes. Jijiang Hu12 conducted ethylene/propylene copolymer-

ization experiments under the constant composition gas feed-

ing mode based on his self-developed gas composition control 

system and studied the kinetics of gas-phase copolymerization 

but did not perform copolymerization experiments under the 

constant ratio gas feeding mode. Ning Tan13 used a constant 

composition of ethylene/propylene mixed gas for feeding and 

found that after a short period (3-5 minutes), the reactor atmo-

sphere composition reached a constant value and remained so 

until the end of polymerization. This system can also be con-

sidered as maintaining a constant reactor atmosphere compo-

sition, and subsequent studies focused on the kinetics of gas-

phase copolymerization. To date, no published literature has been 

found comparing copolymerization under the constant ratio gas 

feeding mode and the constant composition gas feeding mode 

for gas-phase copolymerization during preparation of polypro-

pene in-reactor alloy, especially in terms of the comparison of 

polymerization reaction behavior and the structures and prop-

erties of the resulting polymers, with a significant lack of com-

parisons in the structures and properties of the resulting polymers.

In this work, gas-phase copolymerization during preparation 

of polypropene in-reactor alloy was conducted under both con-

stant ratio gas feeding and constant composition gas feeding 

modes, and the polymerization reaction behaviors under the two 

modes were compared. Through decoupling analysis of the 

alloy products, the molecular weight distribution and sequence 

structure distribution of the products in the gas-phase copoly-

merization was obtained. The thermal properties of the polymers 

were analyzed by continuous self-nucleation annealing to reflect 

the copolymer composition distribution of the gas-phase prod-

ucts. Mechanical property testing and solvent fractionation of 

the alloy products revealed the factors influencing the mechan-

ical properties of the alloy. An in-depth comparison of the 

polymerization reaction behaviors and the structures and prop-

erties of the resulting polymers under these two gas feeding 

modes during the preparation of polypropylene in-reactor alloy 

is provided. This research addresses a significant gap in the lit-

erature regarding such comparisons.

Experimental

The experimental materials and procedure were similar to 

those in our previous article.1,2 For the convenience of the 

reader, it is repeated here.

Materials and Devices. The experimental materials and     

their usage methods employed in this study are the same as 

those used in our previous work.1,2 n-Hexane (anhydrous, 95%, 

J&K Scientific, China) was used as a diluent. Triethylaluminum 

(TEA, 1 mol L-1 in n-hexane, AkzoNobel, the Netherlands) 

and cyclohexyl(methyl)dimethoxysilane (C-donor, 0.1 mol L-1

in n-hexane, TCI, Japan) served as a cocatalyst and external 

donor, respectively. The Ziegler-Natta catalyst (TiCl4/MgCl2, 

60 mg batch-1, Beijing Research Institute of Chemical Industry, 

China) was employed in the slurry stage. The polypropylene/

poly(ethylene-co-propylene) (PP/P(E-co-P)) in-reactor alloy was

prepared using the described gas composition detection pro-

cess1 and the described gas composition control process.2 The 

schematic diagram of the polymerization experimental appa-

ratus can be found in our previous work and is shown in Figure 

1 here.

Figure 1. Schematic diagram of the polymerization experimental apparatus.1,2
 Polym. Korea, Vol. 50, No. 1, 2026
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Polymerization Procedure. The PP/P(E-co-P) in-reactor alloy     

was prepared via a two-stage polymerization process: the first 

stage involved slurry polymerization of propylene to produce 

polypropylene homopolymer particles with catalytic activity, 

while the second stage involved gas-phase copolymerization of 

ethylene and propylene to produce ethylene/propylene copo-

lymers. The slurry polymerization conditions and steps for all 

the slurry homopolymerization stages are identical to those in 

our previous work. The gas-phase copolymerization of ethylene 

and propylene in the second stage was carried out using the gas 

composition detection and control processes in the reactor. The 

polymerization steps under the constant volume flow ratio mode 

(gases were controlled to flow into the reactor at a constant vol-

ume flow ratio) and the constant atmosphere composition mode 

(gases were injected into the reactor to maintain a constant 

atmosphere composition) are also the same as those described 

in our previous work and will not be repeated.

Polymer Characterization. The determination of the poly-      

mer molecular weights (Mn and Mw), molecular weight distri-

bution (PDI = Mw/Mn), copolymer composition, differential scanning 

calorimetry (DSC) analysis of the polymer samples, and con-

tinuous self-nucleation annealing (SSA) analysis of the polymer 

samples were conducted in the same manner as in our previous 

work and will not be repeated.

The mechanical properties of the polymers were tested using 

low-temperature cantilever beam impact testing and tensile 

testing at room temperature. The preparation steps for the mechan-

ical testing specimens are as follows: Mix approximately 50 g 

of polymer pellets with B215 antioxidant (Irganox 1010/Irgafos 

168 1:1 w/w blend, BASF, Germany) at 0.8 wt%. The mixture 

was melt-blended in a torque rheometer (HAAKE MiniLab II, 

Thermo Fisher Scientific, USA) at 180 ℃, 60 rpm for 8 min. 

The extrudate was hot-cut into strips and compression-molded 

in a laboratory press (GT-7014-A50C, Gotech Testing Machines 

Co., Ltd., Taiwan, China) at 180 ℃. The molding cycle con-

sisted of 8 min pre-heating without pressure, five press-vent 

cycles to 20 MPa, 3 min hold at 20 MPa, and cold-pressing 

under 20 MPa for 5 min using the built-in water-cooling platen. 

Impact specimens (80 × 10 × 4 mm3) were notched with a 

notching machine (QYJ1251, Ssans Material Testing Co., Ltd., 

China) to GB/T 1843-1996. Tensile specimens were die-cut to 

GB/T 528-2009 and conditioned at 23 ℃ for  48 h. Low-tem-

perature (-50 ℃) cantilever beam impact testing was performed 

on a CEAST 9050 pendulum impact tester (Instron, USA) with 

5.5 J hammer according to GB/T 1843-1996. Room-temperature 

tensile testing was carried out on a Zwick/Roell Z020 universal 

testing machine (ZwickRoell Testing Technology (Shanghai) 

Co., Ltd., Germany) at 20 mm min-1 according to GB/T 528-

2009. At least five specimens were tested for each sample, and 

average values are reported.

Fractionation of Polymer. The polymer solvent fractionation     

was performed in the same manner as in our previous work 

and will not be repeated.

Results and Discussion

Polymerization Behavior. The PP/P(E-co-P) in-reactor alloy     

was synthesized using the previously described gas composition 

detection and control processes. The effects of constant ratio 

gas feeding (gases were controlled to flow into the reactor at 

a constant volume flow ratio) and constant composition gas feed-

ing (gases were injected into the reactor to maintain a constant 

atmosphere composition), as well as the presence or absence of 

hydrogen, on the polymerization reaction behavior and polymer 

properties were compared. Table 1 lists the experimental con-

ditions and polymerization results for the two-stage sequential 

polymerization to produce PP/P(E-co-P).

CFR1 corresponds to run 2 under the previous constant ratio 

gas feeding mode.1 CAC1 corresponds to run 3 under the pre-

vious constant composition gas feeding mode.2 When there was 

no hydrogen in the gas phase, ethylene/propylene copolymeriza-

tion was also carried out under constant ratio gas feeding (CFR2) 

and constant composition gas feeding (CAC2) modes. Figure 2

shows the gas phase reactor atmosphere composition and the 

calculated instantaneous monomer consumption rate under CFR2 

and CAC2.

Under CFR2 (constant ratio gas feeding without hydrogen), 

like CFR1 (constant ratio gas feeding with hydrogen), ethylene 

molar fraction in the reactor quickly drops to 0, meaning com-

plete ethylene monomer consumption. Propylene molar fraction 

gradually rises to 1, indicating decreasing propylene consump-

tion, which finally approaches 0. 

Under CAC2 (constant composition gas feeding without 

hydrogen), from the trend of the gas composition changes in 

the reactor (Figure 2(c)), the control system maintains a rela-

tively stable gas composition. Figure 2(d) shows similar atten-

uation trends of ethylene and propylene consumption rates in 

CAC2. As shown in Figure 3, the ratio of ethylene to propyl-

ene consumption rates remains nearly constant during polym-

erization.

Since the slurry homopolymerization conditions for all two-

stage polymerization experiments match those of run 1 (pro-
폴리머, 제50권 제1호, 2026년
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pylene slurry homopolymerization) in previous work, the slurry 

homopolymerization results are considered the same, with a 

polymerization yield of 14.3 g. This allows for the calculation 

of the second-stage gas-phase polymerization yield and copo-

lymer composition, as shown in Table 2. Table 2 compares the 

propylene insertion in the gas-phase product calculated from each 

polymerization stage’s yield and alloy composition (determined 

by 13C NMR spectra) with that calculated from the gas-phase 

monomer consumption rate curves. The small difference validates 

the reliability of the composition detection and control systems, 

Table 1. Results of Two-stage Sequential Polymerization for PP/P(E-co-P) In-reactor Alloy

Runa
Ratio Pro. Mw

d

PDId e
H f Tm

f Tg
f

E P H (g) (104 g/mol) (J/g) (°C) (°C)

CFR1b 4 5 0.1 60.9 25.7 14.1 0.313 24.1 121.8,160.2 -49.4

CAC1c 4 5 0.1 60.1 22.1 16.9 0.383 12.6 121.0,160.5 -46.6

CFR2b 4 5 0 48.2 34.2 10.1 0.326 17.3 119.9,160.4 -50.4

CAC2c 4 5 0 43.9 28.5 13.7 0.406 21.5 121.1,158.8 -48.3

aPolymerization conditions for stage I: 60 mg of catalyst, 10 mL × 1 mol/L of TEA (Al/Ti=138.9), 18 mL × 0.1 mol/L of C-Donor (Si/Ti=25), 250 mL of    

n-hexane as diluent; propene pressure = 0.6 MPa, T = 40 °C, stir rate = 300 rpm, reaction time = 30 min. Polymerization conditions for stage II: The    

pressure regulators on gas feed lines of ethylene, propene and hydrogen were set to as near 0.40 MPa as possible. The pressure regulator on the drain    

line were set to 0.25 MPa and the three meters on the drain line were manually open with the openings of 50%, 100% and 100%, respectively.    

The Alicat flow meter showed that the temperature of the vented exhaust was near 30 °C and the pressure was maintained at 1 atm. Reactor    

temperature = 40 °C, stir rate = 100 rpm, reaction time = 72 min. bThe DCS controlled the three flow controllers on the feed lines to feed ethylene,    

propene and hydrogen with a constant volume flow ratio (CFR) and the reactor pressure was maintained at 0.30 MPa. cThe DCS controlled the    

three flow controllers on the feed lines to feed ethylene, propene and hydrogen with a constant atmosphere composition (CAC) in reactor and the    

reactor pressure was maintained at 0.30 MPa. dDetermined by GPC. eMolar fraction of propene in alloy, determined by 13C NMR. fDetermined    

by DSC from the second melting curve.

Fp

Figure 2. Atmosphere compositions in reactor during stage II in (a) CFR2; (c) CAC2 monomer consumption rates during stage II in; (b) 

CFR2; (d) CAC2.
 Polym. Korea, Vol. 50, No. 1, 2026
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as well as the instant monomer consumption rate calculation 

based on mass balance.

From Table 2, the constant composition gas feeding mode has 

lower average polymerization activity than the constant ratio 

mode, with lower ethylene and higher propylene average polymer-

ization rates, leading to higher propylene insertion in the copo-

lymer. In the gas phase without hydrogen, both ethylene and 

propylene have lower average polymerization rates, causing 

lower average polymerization activity and propylene monomer 

insertion.

Chain Structure Analysis. The molecular weight distribu-     

tion curve of the alloy product is shown in Figure 4(a). It can 

be seen that when hydrogen is present in the gas phase, com-

pared to when it is absent, the polymer has a lower molecular 

weight and a broader distribution. Compared to the constant 

composition gas feeding mode, the constant ratio mode results 

in a higher molecular weight and narrower distribution. Since 

the prepared PP/P(E-co-P) is a mixture of the first-stage pro-

pylene homopolymer and the second-stage ethylene/propylene 

copolymer, its molecular weight distribution is a combination 

of those from the two polymerization stages. To clearly under-

stand the molecular weight distribution of the second-stage 

product, a deconvolution analysis of the molecular weight dis-

tribution is needed here.

The molecular weight distribution of the polymer prepared 

by two-stage polymerization is a weighted superposition of the 

Figure 3. Consumption ratio of ethylene and propene in CAC2.

Table 2. Results of Gas-phase Copolymerization in Stage II

Run
II_Pro.a II_Pro./g

II_ d II_ e

(g) Eb Pc

CFR1 46.6 36.2 10.4 0.161 0.208

CAC1 45.8 31.1 14.7 0.239 0.236

CFR2 33.9 27.9 6.0 0.125 0.137

CAC2 29.6 21.7 7.9 0.196 0.187

aPolymer yield in stage II, calculated according to the polymer yield in stage I and the polymer yield in two-stage sequential polymerization. bMass    

of the incorporated ethylene in stage II, calculated according to the polymer yield and the molar fraction of propene in alloy. cMass of the incorporated    

propene in stage II, calculated according to the polymer yield and the molar fraction of propene in alloy. dMolar fraction of propene in copolymer     

produced in stage II, calculated according to the mass of the incorporated ethylene and propene in stage II. eMolar fraction of propene in copolymer produced     

in stage II, calculated according to the integration of ethylene and propene consumption rates in gas-phase copolymerization.

Fp Fp

Figure 4. (a) GPC curves; (b) 13C NMR spectra of the polymers.
폴리머, 제50권 제1호, 2026년
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molecular weight distributions of the two polymerization stages 

with the mass fractions as weighting factors:

(1)

where, MWD represents the alloy’s molecular weight distri-

bution. m1 is the mass fraction of the first-stage polypropylene 

in the alloy, with MWD1 as its molecular weight distribution. 

m2 is the mass fraction of the second-stage ethylene/propylene 

copolymer in the alloy, and MWD2 is its molecular weight dis-

tribution. Molecular weight distribution functions (MWD, MWD1

and MWD2) typically describe how dw/d(log MW) varies with 

log MW, which is what GPC outputs. As all slurry polymerization 

conditions for the first stage are the same as those for propylene 

slurry polymerization in previous work, MWD1 is considered 

identical to the molecular weight distribution of the propylene 

slurry polymerization product in previous work. Given the 

polymer molecular weight distribution weighted superposition 

formula (Equation 1) and knowing MWD1, we can fit the alloy’s 

molecular weight distribution (MWD) to determine MWD2.

Since Gaussian distribution is often used to model polymer 

molecular weight distribution curves, it’s applied here for MWD1

and MWD2. Firstly, the MATLAB R2014a Curve Fitting app is 

used to fit MWD1 via the least squares method. Then, using the 

superposition formula to fit MWD allows us to find the unknown 

coefficients in the Gaussian function for MWD2, thereby deter-

mining MWD2. Figure 5(a) shows the molecular weight dis-

tribution decoupling process (using CAC1 as an example), and 

Figure 5(b) presents the decoupled second-stage product molec-

ular weight distribution. From this, the average molecular weight 

and dispersity index are calculated (see Table 3). When hydro-

gen is present in the gas phase stage, the second-stage product 

has a lower molecular weight and a broader distribution. Com-

pared to constant composition gas feeding, constant ratio gas 

feeding results in a higher molecular weight and narrower dis-

tribution.

The copolymer composition and sequence distribution were 

determined from the alloy’s 13C NMR spectrum (Figure 4(b)) 

and presented in Table 4. The sequence distribution of the alloy 

is a combination of that from the first-stage polypropylene and 

the second-stage ethylene/propylene copolymer. To gain insight 

into the sequence distribution of the second-stage product, 

decoupling analysis of the sequence distribution is necessary.

The triad sequence distribution in Table 4 is given in molar 

fraction. To convert the triad sequence structure molar fraction 

to mass fraction, the following equation is used.14

(2)

(3)

    (4)

(5)

(6)

(7)

(8)

MWD m1 MWD1 m2 MWD2+=

MEEP MEPE 2ME MP+ /3= =

MPEP MPPE ME 2MP+ /3= =

A fEEE ME fEEP MEEP fPEP MPEP fEPE MEPE+++=

+ fPPE MPPE fPPP MP+

mEEE fEEE ME/A=

mEEP fEEP MEEP/A=

mPEP fPEP MPEP/A=

mEPE fEPE MEPE/A=

Figure 5. Decoupling of MWD in CAC1 (a); decoupled MWD2 in all runs (b).

Table 3. Molecular Weights of Polymer Produced in Stage II

Run
Mw

a Mn
b

PDIc

(104 g/mol) (104 g/mol)

CFR1 25.6 1.5 17.1

CAC1 20.5 1.1 18.6

CFR2 35.4 3.2 11.1

CAC2 27.6 2.1 13.1

aWeight-average molecular weight. bNumber-average molecular weight.    
cPolymer dispersity index = Mw/Mn.
 Polym. Korea, Vol. 50, No. 1, 2026
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(9)

(10)

Herein, ME and MP denote the molecular weights of ethylene 

and propylene, MEEP  , MPEP  , MEPE and MPPE represent the molec-

ular weights of the corresponding sequence structures. fEEE, 

fEEP , fPEP  , fPPE, fEPE and fPPP are the mole fractions of the respec-

tive sequence structures. mEEE, mEEP, mPEP, mPPE, mEPE and mPPP

indicate the mass fractions of the corresponding sequence 

structures. Moreover, after subtracting the triad sequence dis-

tribution of polypropylene (PPP) from the first stage, the mass 

fractions of the sequence structures in the second-stage product 

can be calculated:

(11)

(12)

(13)

(14)

(15)

(16)

Among them, m'EEE, m'EEP, m'PEP, m'PPE, m'EPE and m'PPP are         

the mass fractions of the corresponding sequence structures in 

the second-stage product after removing the polypropylene 

PPP from the first stage. m1 and m2 are the mass fractions of the 

first-stage polypropylene and the second-stage product in the 

overall PP/P(E-co-P). Finally, the mass fractions of the sequence 

structures are converted to mole fractions using the following 

equation:

    (17)

(18)

(19)

(20)

(21)

(22)

(23)

Here, f 'EEE, f 'EEP,  f 'PEP,  f 'PPE,  f 'EPE and  f 'PPP are the mole fractions    

of the corresponding sequence structures in the second-stage 

product after excluding the polypropylene PPP from the first 

stage. Then, the mole fractions of the binary and unary sequence

structures can be determined as follows:

(24)

(25)

(26)

(27)

(28)

After removing the impact of first-stage polypropylene, the 

sequence distribution of the second-stage product is shown in 

Table 5. In Table 5, the content of the PPP triad sequence is 

greatly reduced, nearly zero, and the content of the PP binary 

sequence is also very low, being higher under constant com-

position gas feeding than under constant ratio gas feeding. The 

content of the EEE triad sequence exceeds 55%, with the aver-

age ethylene sequence length ranging from 5.7 to 6.12 and the 

average propylene sequence length around 1.5.

Thermal Properties Analysis. The DSC melting curves of    

the alloy samples, along with those after SSA treatment, are 

shown in Figure 6. The DSC melting curve exhibits a bimodal 

pattern (Figure 6(a)). As per the previous decoupling analysis 

of the sequence distribution (Table 5), the second-stage prod-

uct has minimal PPP and PP content, with EEE and EE content 

exceeding half. The melting peak at around 120 ℃ is attributed    

to the long ethylene segments, which is supported by the aver-

age ethylene and propylene sequence lengths. The melting peak 

mPPE fPPE MPPE/A=

mPPP fPPP MP/A=

mEEE
 mEEE/m2=

mEEP
 mEEP/m2=

mPEP
 mPEP/m2=

mEPE
 mEPE/m2=

mPPE
 mPPE/m2=

mPPP
 mPPP/m1=

B mEEE
 /ME mEEP

 /MEEP mPEP
 /MPEP mEPE

 /MEPE+++=

mPPE
+ /MPPE mPPP

 /MP+

fEEE
 mEEE

 /ME/B=

fEEP
 mEEP

 /MEEP/B=

fPEP
 mPEP

 /MPEP/B=

fEPE
 mEPE

 /MEPE/B=

fPPE
 mPPE

 /MPPE/B=

fPPP
 mPPP

 /MPPP/B=

fEE
 fEEE

 0.5fEEP
+=

fEP
 fPEP

 fEPE
 0.5+ fEEP

 fPPE
+ +=

fPP
 fPPP

 0.5fPPE
+=

fE
 fEE

 0.5fEP
+=

fP
 fPP

 0.5fEP
+=

Table 4. Composition and Sequence Distribution of Polymers Obtained by 13C NMR

Run
Content of unit (mol%)

E P EE EP PP EEE EEP PEP EPE PPE PPP

CFR1 68.70 31.30 57.28 23.03 19.69 50.39 13.78 4.53 8.86 5.51 16.93

CAC1 61.72 38.28 51.79 21.72 26.49 45.3 12.98 3.44 6.62 10.33 21.32

CFR2 67.39 32.61 54.57 21.30 24.13 46.84 15.46 5.09 7.73 1.51 23.37

CAC2 59.41 40.59 48.74 20.74 30.52 41.93 13.63 3.85 5.93 8.30 26.37
폴리머, 제50권 제1호, 2026년
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at around 160 ℃ originates from the first-stage polypropylene.        

Compared to polypropylene, the alloy has a much lower melt-

ing enthalpy and a glass transition temperature below -40 ℃,         

indicating the second stage produces components with lower 

melting enthalpy than polypropylene and generates ethylene/

propylene random copolymer components.

After SSA treatment, the DSC melting peaks can be further 

analyzed. As shown in Figure 6(b), the polypropylene melting 

peak splits into a small shoulder on the left and a main peak on 

the right. The right peak (melting peak near 160 ℃) of PP/P(E-co-           

P) almost replicates the SSA fractionation curve of polypro-

pylene, indicating it represents the first-stage polypropylene. 

The left peak of PP/P(E-co-P), not seen in polypropylene, covers 

a series of melting peaks between 60 and 135 ℃ (Figure 6(c)),     

which belong to the ethylene/propylene copolymer from the 

second stage, arising from the ethylene segments.

The SSA fractionation technique involves thermal treatment 

of polymers via DSC to form crystals of varying sizes. Differences 

in crystal size and mass content lead to variations in melting 

peak temperatures and intensities after fractionation. Each fraction 

corresponds to a set of crystallizable segments, so the distri-

bution of melting peaks in the SSA fractionation curve (peak 

Table 5. Composition and Sequence Distribution of Polymers After Decoupling

Run
Content of unit (mol%)

nE
a nP

b

E P EE EP PP EEE EEP PEP EPE PPE PPP

CFR1 82.81 17.19 68.94 27.73 3.33 60.65 16.59 5.45 10.66 6.63 0.01 5.97 1.24

CAC1 77.16 22.84 63.79 26.75 9.47 55.79 15.99 4.24 8.15 12.72 3.11 5.77 1.71

CFR2 85.02 14.98 71.14 27.77 1.09 61.06 20.15 6.63 10.07 1.97 0.11 6.12 1.08

CAC2 80.06 19.94 66.01 28.09 5.89 56.78 18.46 5.22 8.03 11.24 0.28 5.70 1.42

aAverage ethylene sequence length, . bAverage propene sequence length, .nE
2 E 

EP 
------------= nP

2 P 

EP 
------------=

Figure 6. DSC melting curves of (a) the polymers; (b) the polymers after SSA treatment; (c) SSA curves between 50 and 135℃; (d) variation 

of heat of fusion with melting temperature.
 Polym. Korea, Vol. 50, No. 1, 2026
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position, number, and intensity) effectively reflects the distri-

bution of crystallizable segments in the polymer chain. This is 

a comprehensive reflection of the composition distribution within 

and between polymer chains.15 Here, the differences in com-

position distribution within and between chains of ethylene/

propylene copolymers under constant ratio and constant com-

position gas feeding modes are revealed by calculating the crystal 

size distribution and the distribution of crystallizable methy-

lene sequence lengths. Each fraction in the SSA fractionation 

curve corresponds to a set of crystallizable segments. The crystal 

thickness (lamellae thickness) and crystalline methylene sequence 

length (CMSL) for each fraction can be determined from the 

melting point of that fraction:16,17

(29)

(30)

(31)

Here, l denotes the crystal thickness (in nm).  is the side-

surface free energy of an infinite polyethylene lamella (0.09 

J·m-2). Tm
0   is the equilibrium melting point of a polyethylene 

lamella (418.5 K). Hv is the melting enthalpy of an infinite 

polyethylene lamella (2.93×108 J·m-3). Tm represents the melt-

ing peak temperature of each fraction in the SSA fractionation 

curve. X is the molar fraction of methylene groups. CMSL is 

the crystalline methylene sequence length (in nm).

Using the same calculation principle as for determining the 

average molecular weight (Mw and Mn) and the polydispersity 

index (PDI = Mw/Mn) of polymers, the distributions of crystal 

thickness and CMSL are calculated:

(32)

(33)

(34)

Here, Lj denotes the crystal thickness (lamellae thickness) or 

crystalline methylene sequence length (CMSL) corresponding 

to fraction j, and nj is the normalized mass fraction of fraction 

j. The melting enthalpy fractions from the SSA curve can't be 

directly normalized as mass fractions, as the melting enthalpy 

of a crystal is temperature-dependent. Lower melting tempera-

tures lead to lower melting enthalpies, so the melting enthalpy 

fraction doesn’t reflect the true mass fraction.18 To correct this, 

the ratio of the melting enthalpy of a perfect crystal (293 J·g-1)

to the actual melting enthalpy of each fraction (Hj) is used as 

a correction factor.19 Figure 6(d) shows the fitting relationship 

of the correction factor (293/Hj) versus temperature (data from 

CFR2). The mass fraction of each fraction is obtained by mul-

tiplying its melting enthalpy fraction by the correction factor and 

then normalizing. The average crystal thickness, CMSL, and their 

dispersity indices, calculated in this way, are listed in Table 6.

As per Table 6, under the constant ratio gas feeding mode, 

the ethylene/propylene copolymer in the gas phase has a broader 

distribution of crystal thickness and crystalline methylene 

sequence length compared to the constant composition mode. 

The SSA curve reflects the lamellar distribution within the 

polymer, which is influenced by the composition distribution 

within and between polymer chains. Under the constant ratio 

mode, the reactor gas composition gradually deviates from the 

feed composition, while under the constant composition mode, the 

reactor gas composition remains stable, reducing copolymer 

composition drift and leading to a more uniform lamellar dis-

tribution. This indicates a more homogeneous composition dis-

tribution within and between copolymer chains. However, due 

to the multi-active-site nature of the Ziegler-Natta catalyst sys-

tem, the copolymer composition distribution is relatively broad, 

resulting in a wide lamellar distribution. When compared to 

polymers prepared with single-active-site catalyst systems (with 

dispersity indices between 1 and 1.1 as reported in reference 

[9]), the dispersity indices here are still relatively large.

Mechanical Property Testing. The prepared alloy samples    

were tested for low-temperature (-50 ℃) impact properties, and    

l
2Tm

0

Hv Tm

0
Tm– 

--------------------------------=

ln(X)– 0.331– 135.5/Tm+=

CMSL 0.2534X/ 1 X– =

Ln

n1L1 n2L2 n3L3 , , njLj+ + + +

n1 n2 n3 ,, nj+ + + +
----------------------------------------------------------------------  fjLj= =

Lw

n1L1

2
n2L2

2
n3L3

2
, , njLj

2
+ + + +

n1L1 n2L2 n3L3 ,, njLj+ + + +
-----------------------------------------------------------------------  fjLj= =

I
Lw

Ln

------=

Table 6. Lamellae Thickness and Crystalline Methylene Sequence Length Distribution

Run
lamellae thickness CMSL

 (nm)  (nm) I  (nm)  (nm) I

CFR1 6.5 8.3 1.28 10.8 18.6 1.71

CAC1 6.1 7.3 1.21 9.4 14.2 1.52

CFR2 6.1 7.5 1.22 9.6 15.0 1.57

CAC2 6.0 7.3 1.21 9.3 14.0 1.51

Ln Lw Ln Lw
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none of the samples could be broken by impact, showing their 

excellent low-temperature toughness. Tensile testing at room 

temperature was also performed on the samples, with results 

presented in Table 7. It can be seen that the samples prepared 

under constant composition feeding mode showed higher ten-

sile strength and elongation at break compared to those pre-

pared under constant ratio feeding mode.

Further analysis through tensile stress-strain curves (Figure 7)

allows for a clear observation of the deformation behavior of 

the samples during tensile testing. In the initial stage of tensile 

testing, the tensile stress increases linearly with strain, and the 

sample is uniformly elongated, demonstrating Hookean elastic 

behavior. Subsequently, the tensile stress continues to increase 

with strain at a lower rate until the sample breaks. Throughout 

the tensile process, no yielding inflection point is observed. The 

stress-strain curves suggest that the samples are soft and tough. 

Overall, the alloy samples are toughened plastics (the elastomer 

produced in the gas phase toughens polypropylene plastic).

Polymer Solvent Fractionation. As in the previous work,       

the alloy samples were subjected to a two-step fractionation 

process, with the results presented in Table 8.

As shown in Table 8, the content of Fraction A in the sam-

ples prepared in this work is around 50 wt%, higher than the 

EPR content in impact-resistant polypropylene used in industry 

(which is typically around 40 wt% at most). This places the 

alloy samples in the category of elastomers (with at least 40 wt% 

EPR content). It can be seen that the excellent low-temperature 

toughness of the alloy samples is related to the high content of 

EPR. However, due to the lower content of Fraction C (the high 

isotactic polypropylene component), the modulus of the sam-

ples is reduced. Compared to the constant composition feeding 

mode, the constant ratio feeding mode results in a higher mass 

fraction of Fraction A in the prepared samples (which can also 

be inferred from the (PEP+EPE) sequence data in Table 5). In 

contrast, the constant composition feeding mode yields a higher 

mass fraction of Fraction B. This may be because, under the 

constant ratio feeding mode, the average polymerization activity 

in the gas phase is higher, leading to a higher combined mass 

fraction of Fractions A and B. Since Fraction A has a much 

larger proportion than Fraction B, the mass fraction of Fraction 

A may be higher as a result. Under the constant composition 

feeding mode, the average polymerization activity in the gas 

phase is lower, resulting in a lower combined mass fraction of 

Fractions A and B. Since Fraction A still has a much larger 

proportion than Fraction B, the mass fraction of Fraction A may 

be lower and that of Fraction B may be higher.

Combining the tensile test data of the samples, it is found 

that the toughness of the samples (indicated relatively by the 

integral area of the stress-strain curve) is most affected by the 

content of Fraction B. Compared to the constant ratio feeding 

mode, the samples prepared under the constant composition 

feeding mode have a lower mass fraction of Fraction A but a 

higher mass fraction of Fraction B, resulting in better material 

toughness and higher elongation at break. References [44] and 

[91] reveal that Fraction B consists of ethylene/propylene block 

copolymers and a small amount of medium- to low-isotactic 

polypropylene (mi-PP). The ethylene/propylene block copoly-

mers have crystallizable long ethylene or long propylene chains, 

which provide good compatibility between the ethylene/pro-

pylene random copolymer and the high isotactic polypropylene, 

Table 7. Mechanical Properties

Run

Elastic 
modulus

Tensile stress at
break

Elongation at
break

MPa MPa (%)

CFR1 70.3 2.07 51.2

CAC1 49.1 3.13 189.1

CFR2 50.1 1.38 54.2

CAC2 37.1 1.84 159.0

Figure 7. Stress-strain curves.

Table 8. Fractionation Results

Run
Fraction A Fraction B Fraction C

wt% wt% wt%

CFR1 68.0 3.9 28.1

CAC1 58.6 8.9 32.5

CFR2 51.0 5.8 43.2

CAC2 46.5 12.1 41.4
 Polym. Korea, Vol. 50, No. 1, 2026



124 Z. Zheng
thereby enhancing the toughness of the alloy.

The structure and properties of each fraction of the alloy 

samples were also characterized. The molecular weights and 

their distributions of each fraction of the alloy samples are 

shown in Table 9 and Figure 8. The weight-average molecular 

weights of Fractions A and B are around 100000, while that of 

Fraction C is the highest, ranging from 310000 to 430000. All 

fractions exhibit a unimodal molecular weight distribution. As 

analyzed in the previous work, the unimodal molecular weight 

distribution of Fraction B indicates a low content of polypro-

pylene homopolymer in the alloy and a low content of mi-PP 

in Fraction B.

Further 13C NMR testing was conducted on Fractions A and 

B, with the 13C NMR spectra shown in Figure 9. The calcu-

lated sequence structure distributions are listed in Table 10.

As shown in Table 10, the propylene content in Fraction A 

ranges from 44% to 52%, while that in Fraction B ranges from 

32% to 43%, with a higher ethylene content than propylene. 

The content of EP sequences in Fraction A (about 40%) is higher 

than that in Fraction B (about 25%). The average ethylene and 

propylene sequence lengths are both around 2.5. In Fraction B, 

the content of (EEE+PPP) sequences is higher than 61%, com-

pared to around 40% in Fraction A. The average ethylene 

sequence length ranges from 4.4 to 5.7, and the average pro-

pylene sequence length ranges from 2.5 to 3.3, both of which 

Table 9. Molecular Weight and Polydispersity Index of Each Fraction of Alloys Determined by GPC

Run
Fraction A Fraction B Fraction C

Mw (104) PDI Mw (104) PDI Mw (104) PDI

CFR1 13.9 11.8 11.8 8.7 35.6 8.1

CAC1 14.3 13.5 19.0 9.6 41.7 10.4

CFR2 12.5 14.0 17.9 9.1 42.7 10.5

CAC2 8.6 14.2 10.7 11.5 31.6 7.2

Figure 8. MWDs of each fraction of alloys.

Figure 9. 13C NMR spectra of (a) fractions A; (b) B.
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are higher than the corresponding values in Fraction A. Com-

bined with the DSC analysis below, it can be further demon-

strated that Fraction A is an amorphous ethylene/propylene 

random copolymer, while Fraction B is an ethylene/propylene 

block copolymer containing long ethylene or long propylene 

sequences.

Figure 10 shows the DSC crystallization and melting curves 

of Fraction A in the alloy samples under CFR1. It can be seen 

that Fraction A has no obvious melting or crystallization peaks, 

but a distinct glass transition around -46 ℃ (Figure 10(b)), indi-          

cating that Fraction A is an amorphous ethylene/propylene ran-

dom copolymer. Figures 11(a-b) show the DSC melting and 

crystallization curves of Fraction B. There are obvious melting 

peaks in the range of 60-135 ℃, with two to three sharp melting            

peaks, and two crystallization peaks between 50 and 90 ℃.         

Therefore, Fraction B does not contain polyethylene and poly-

propylene (since the melting temperatures of polyethylene and 

polypropylene are around 135 ℃ and 165 ℃ ℃, respectively).     

The melting and crystallization peaks are contributed by long 

ethylene or propylene chains (from ethylene/propylene block 

copolymers or medium-low isotactic polypropylene). When Frac-

tion B under CFR1 was analyzed using SSA, the original melting 

peaks were further divided into several smaller peaks (Figure 

11(c)). Since each small peak corresponds to a different length 

of crystallizable chain segments (long ethylene or propylene 

sequences), this indicates that Fraction B has a broad distribu-

tion of crystallizable chain segment lengths (sequences).

Figure 12 shows the DSC melting and crystallization curves 

of Fraction C under CFR1. The melting peak is at 161.3 ℃, and     

the crystallization peak is at 112.8 ℃, indicating that Fraction     

C is highly isotactic polypropylene.

Table 10. Composition and Sequence Distribution of Fractions A and B

Sample
Content of unit (mol%)

nE
a nP

b

E P EE EP PP EEE EEP PEP EPE PPE PPP

CFR1-A 55.56 44.44 40.23 36.72 23.05 31.91 16.64 7.01 11.88 19.01 13.55 3.03 2.42 

CFR1-B 62.72 37.28 50.67 24.80 24.53 43.07 15.19 4.45 9.09 7.34 20.86 5.06 3.01 

CAC1-A 53.85 46.15 34.88 39.87 25.25 25.19 19.39 9.27 11.74 18.32 16.09 2.70 2.32 

CAC1-B 67.64 32.36 55.20 24.01 20.79 47.49 15.42 4.73 8.39 6.37 17.61 5.63 2.70 

CFR2-A 54.78 45.22 35.46 38.25 26.29 25.65 19.63 9.50 10.18 17.49 17.55 2.86 2.36 

CFR2-B 65.71 34.29 52.68 26.59 20.72 44.63 16.12 4.97 9.42 8.29 16.57 4.94 2.58 

CAC2-A 48.04 51.96 28.18 38.29 33.53 18.89 18.57 10.58 10.06 16.74 25.16 2.51 2.71 

CAC2-B 57.73 42.27 45.28 25.83 28.89 38.19 14.18 5.36 9.16 8.44 24.67 4.47 3.27 

aAverage ethylene sequence length, . bAverage propene sequence length, .nE
2 E 

EP 
------------= nP

2 P 

EP 
------------=

Figure 10. DSC curves of (a) fraction A in CFR1; (b) glass transition of fraction A.
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Conclusions

In this work, gas-phase copolymerization during preparation 

of polypropene in-reactor alloy was carried out under both 

constant ratio feeding mode and constant composition feeding 

mode. It was found that the polymerization behavior during 

the gas-phase stage was similar whether hydrogen was pres-

ent or not.

By decoupling the alloy chain structure (molecular weight 

distribution and sequence structure distribution), the molecular 

weight distribution and sequence structure distribution of the 

gas-phase products were calculated. SSA analysis indicated that 

the lamellar distribution of the gas-phase products under the 

constant composition feeding mode was narrower than that under 

the constant ratio feeding mode. This suggests that maintaining 

a constant gas composition in the reactor under the constant 

composition feeding mode eliminates copolymer composition 

drift, resulting in a more uniform copolymer composition dis-

tribution in the gas-phase products.

Mechanical property testing of the alloy showed that both 

feeding modes produced toughened plastics, but the samples 

from the constant composition feeding mode exhibited higher 

elongation at break and better toughness. Solvent fractionation 

results indicated that the EPR content in the samples was around 

50 wt%, and the tensile properties of the samples were most 

closely related to the mass fraction of Fraction B in the alloy 

samples. Compared to the constant ratio feeding mode, the sam-

ples prepared under the constant composition feeding mode had 

a higher mass fraction of Fraction B. The chain structure and 

properties of the three fractions after solvent fractionation were 

characterized by GPC, 13C NMR, and DSC. These findings pro-

vide valuable insights for optimizing gas feeding strategies in 

industrial production to improve the quality and performance 

of polymer products.
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CFR1.
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