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Abstract: The copolymer synthesis process can be affected by failures in the production process
or by contaminating compounds such as ketones, thiols, and gases, among others. These impu-
rities act as an inhibiting agent of the Ziegler–Natta (ZN) catalyst affecting its productivity and
disturbing the polymerization reaction. In this work, the effect of formaldehyde, propionaldehyde,
and butyraldehyde on the ZN catalyst and the way in which it affects the final properties of the
ethylene-propylene copolymer is presented by analyzing 30 samples with different concentrations of
the mentioned aldehydes along with three control samples. It was determined that the presence of
formaldehyde 26 ppm, propionaldehyde 65.2 ppm, and butyraldehyde 181.2 ppm considerably affect
the productivity levels of the ZN catalyst; this effect increases as the concentration of aldehydes is
higher in the process; likewise, these impurities affect the properties of the final product, such as the
fluidity index (MFI), thermogravimetric analysis (TGA), bending, tension, and impact, which leads
to a polymer with low-quality standards and less resistance to breakage. The computational analysis
showed that the complexes formed by formaldehyde, propionaldehyde, and butyraldehyde with the
active center of the catalyst are more stable than those obtained by the ethylene-Ti and propylene-Ti
complexes, presenting values of −40.5, −47.22, −47.5, −5.2 and −1.3 kcal mol−1 respectively.

Keywords: formaldehyde–propionaldehyde and butyraldehyde; green ethylene; Ziegler–Natta;
polypropylene; catalyst; degradation; random copolymer

1. Introduction

Ethylene (C2H4) is one of the essential olefins in petrochemical processes world-
wide [1–9] produced industrially from an endothermic process based on cracking and
pyrolysis of naphtha and light hydrocarbons [2,3]. Ethylene is considered one of the most
manufactured products by the chemical industry, with approximately 75 million metric
tons per year [1–8]. Its use is mainly related to its high energy density, the pi double
bond, and the carbon content, which make it the ideal raw material for obtaining com-
pounds of industrial interest, such as polymers, whether they belong to the families of
homopolymers or copolymers [1,2]. Taking into account that ethylene is obtained from
large amounts of petroleum and its production often leads to poor disposal of by-products
such as carbon dioxide, toxic gases, and effluents [2,3,8], to the use of alternative sources
for the production of ethylene has been considered, and this ethylene is called Green
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Ethylene (GE). It is a viable alternative used by the chemical industry to satisfy the great
demand for ethylene worldwide and, at the same time, mitigate the environmental impact
generated by its production from fossil fuels since both have the same properties and serve
as raw material for the production of ethylene–propylene copolymers (CE-P) [6,7]. The
GE is produced from the pyrolytic dehydration of ethanol, and this ethanol is derived
from renewable sources such as corn, glucose, lignocellulosic biomass, etc. [2,4,5]. The
production of ethylene–propylene copolymers is of great interest since it provides resins
with marked properties, such as less brittleness and rigidity compared to pure polypropy-
lene, which allows the production of materials with greater flexibility, elasticity, and a
higher degree of resistance to impact [2,9–11]. The raw material with which CP-E is made
is one of the most exciting points in the elaboration of these materials. In this process,
we detect ZN catalysts, monomers (propylene, ethylene), cocatalyst (triethylaluminum,
TEAL), selectivity agents and polymerization terminators (hydrogen) [2,4]. However, it is
essential to strictly control the quality of the raw materials used during the synthesis of
polymers since some components, such as the ZN catalyst, may be affected by the presence
of traces of contaminating chemical compounds in the process. The presence of some
chemical compounds such as ketones, hydrogen sulfide, arsine, and carboxylic acids can
affect the production of CE-P since they act as inhibiting agents of the ZN catalytic systems
by reacting with the active titanium (Ti) center of the catalyst, which prevents the formation
of the Ti-Polypropylene complex generating delays or total loss of the polymerization
process [12–18]. The final properties, such as MFI, thermal resistance, tensile strength, and
elongation at the break of some olefins and polyolefins, are affected by the intervention
of these impurities during the synthesis of the polymer. The inhibitor–Ti interaction is
carried out through the interaction of the electropositive Ti with the free electron pair of
the inhibitor, in which the electrons of the π bond of propylene predominate, therefore
The formation of a π complex in Ti-propylene do not have barriers and are accompanied
by a lower energy gain than that of the inhibitor–Ti, so the reaction with the inhibitor
predominates. In the PP synthesis process, polymer chain propagation is carried out by
moving propylene in Ti-PP, where the PP-alkyl chain has the olefin inserted. The growth of
the PP chain is affected when the active site of Ti reacts with inhibitors of different polarities.
The occurrence of these reactions depends on energetic factors [12–14,18,19]. Compounds
such as Acetylene and Methylacetylene in concentrations from 0 to 40 ppm affect the
productivity of the ZN catalyst since these poisons are adsorbed on the MgCl2 surface of
the active center of the catalyst [19,20]. Catalyst productivity is expressed in metric tons
per kilogram (MT/kg) and is understood as the MT of polymer produced for each kg of
ZN catalyst used. Both experimental and computational studies allow us to determine
the magnitude of the impact of these poisons and others not yet reported in the literature.
To conduct investigations that will enable simulating these reactions in computational
chemistry, calculations using density functional theory (DFT), electron configurations, and
atomic geometry optimizations using Gaussian 09 software are required. The study of the
impact of these impurities on the synthesis of CE-P is of great interest to the petrochemical
industry since significant economic losses during the synthesis of these polymers due to
low productivity, low physicochemical properties, excessive stoppages of industrial plants,
etc., related to the presence of traces of these poisons. Previous investigations determined
that compounds such as sulfur, unsaturated hydrocarbons, and permanent gases can affect
the productivity of the ZN catalyst in the ranges of 5% to 22%, decreased thermal stability,
increased melt flow rate, and affect molecular weight. This molecular weight has been
determined experimentally and theoretically using the Bramner equation as a reference
(Equation (1)) [13,16–18].

Mv = −8480.6 × Ln MFI + 62, 836 (1)

In this research, 30 ethylene–propylene impact copolymers are synthesized using
green ethylene as raw material. In this experiment, the impact of three concentrations of
three chemical compounds named formaldehyde, propionaldehyde, and butyraldehyde
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on the productivity of the ZN catalyst is identified and quantified. Gas chromatography
with mass spectrometry (GC-MS) is used to monitor the different concentration levels of
these aldehydes during the synthesis. Thermogravimetric analysis (TGA) and melt flow
index (MFI) are used to study the thermal stability behavior of the synthesized copolymers.
To determine whether these aldehydes affect the mechanical properties of the copolymer,
the tension, bending, and impact are quantified. After this experimental investigation
and to understand the chemical reaction present in the experiment design, a reaction
mechanism is proposed, and a computational evaluation is performed to corroborate the
proposed mechanism.

2. Experimental
2.1. Materials and Methods
2.1.1. Standards and Reagents

A commercial Ziegler–Natta (ZN) catalyst supported on MgCl2 (MgCl2/TiCl4, SINOPEC,
Beijing, China) was used for synthesis. Airgas supplied ethylene (99.5% w/w) and propy-
lene (99.7% w/w) monomers. Hydrogen was supplied by Linde, Colombia, with a con-
centration of more than 99.999%. The triethyl aluminum (TEAL) used as a cocatalyst was
supplied by Albemarle Co. Dicyclopentyl dimethoxy silane (DCPDMS) as a Lewis base.

2.1.2. Green Ethylene Production Process by Microwave-Assisted Ethanol Dehydration

The dehydration of ethanol to ethylene was carried out mainly in a microwave-
assisted process. Two primary devices are used: a microwave-sensitive catalytic bed and its
respective applicator. (1) A catalyst bed was prepared with ZSM-5/Zn/Mn zeolite granules
and silicon carbide granules. This bed was with 8.2 g of ZSM-5 zeolite doped with 7.8 g of
zinc and 0.15 g of manganese. (2) A total of 20 g/min of ethanol was fed to a vaporizer until
it reached its boiling point. (3) A flow of N2 was injected to entrain the steam, and (4) the
N2-ethanol steam mixture was taken to a reaction chamber with a microwave-sensitive
catalytic bed.

2.1.3. Copolymer Synthesis Process Using Green Ethylene as a Sustainable Feedstock

The synthesis was carried out in a stainless-steel reactor with a 2 L capacity and
the polymerization was carried out at 60 ◦C to guarantee the pre-polymerization of the
PP. The TEAL cocatalyst was added to the reactor with an Al/Ti ratio of 100. This ratio
helps to release the active sites of the ZN catalyst and improves the morphology of the
polymer gram. After 20 min, hydrogen was injected to ensure that the polymer chains
have equal chain lengths. Then, ethylene green was injected at 0.6 MPa to initiate the
homopolymerization of the ethylene green in suspension for 30 min. During the synthesis,
approximately 50 mg of ZN-catalyst was added, the solution was saturated with propylene
at 0.1 MPa, mechanical stirring was carried out at 300 rpm and propylene was continuously
added at 1 atm of pressure. This copolymer was synthesized using the proportions of
ethylene and propylene of 25 and 75%, respectively.

Eight ethylene-propylene copolymer standards with different ethylene concentrations
were used. The ethylene concentrations were 0.57%, 2.75%, 4.5%, 10.4%, 21.5%, 33.8%,
33.8%, 42.5%, and 53.9%. The infrared spectra of each standard are shown in Figure 1a,b.
With this information, a calibration curve has been created that has allowed us to determine
the experimental concentration of ethylene within the copolymer samples synthesized in
this investigation. This copolymer was synthesized using the proportions of ethylene and
propylene of 25 and 75%, respectively.



Polymers 2023, 15, 1098 4 of 15Polymers 2023, 15, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 1. Infrared spectra of ethylene standards in ethylene-propylene impact copolymers. (a) 

Between 600–1200. (b) 400–1200. 

The structure of the copolymer macromolecule has a linear chain of C–C and C–H 

moiety (with some branches) in different conformations, which are based on C–H se-

quences. This forms the structure of the ethylene-propylene copolymer. In Figure 1a,b, the 

IR spectra, as expected, are pretty simple and consist of bands mainly corresponding to 

different modes of vibration of C-C and C-H bonds. The IR spectrum in the range of 1000–

4000 cm−1 (Figure 1a,b) for the copolymer standards shows the characteristic absorption 

bands mainly in 2900 cm−1 (C-H stretch) and 1460–1165 cm−1 (C-H flexion and stretching 

C-C). These modes of vibration are highly variable in terms of energy absorption and the 

chemical environment of each functional group or atomic/molecular arrangements within 

the polymer matrix. The samples showed similar spectra containing the same number of 

Figure 1. Infrared spectra of ethylene standards in ethylene-propylene impact copolymers. (a) Between
600–1200. (b) 400–1200.

The structure of the copolymer macromolecule has a linear chain of C–C and C–
H moiety (with some branches) in different conformations, which are based on C–H
sequences. This forms the structure of the ethylene-propylene copolymer. In Figure 1a,b,
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the IR spectra, as expected, are pretty simple and consist of bands mainly corresponding
to different modes of vibration of C–C and C–H bonds. The IR spectrum in the range
of 1000–4000 cm−1 (Figure 1a,b) for the copolymer standards shows the characteristic
absorption bands mainly in 2900 cm−1 (C–H stretch) and 1460–1165 cm−1 (C–H flexion
and stretching C–C). These modes of vibration are highly variable in terms of energy
absorption and the chemical environment of each functional group or atomic/molecular
arrangements within the polymer matrix. The samples showed similar spectra containing
the same number of bands without shift, but the intensity of the bands was different
for each type of PP (Figure 1a,b). The spectra observed include bands at 810 cm−1 (C–C
stretching), 841 cm−1 (C–CH3 rocking), 900 cm−1 (CH3 stretching), 974 cm−1 (CH3 rocking),
999 cm−1 (CH3 rocking), 1152 cm−1 (C–C stretching), 1220 cm−1 (CH2 twisting), 1329 cm−1

(CH2 twisting), 1359 cm−1 (CH2 wagging), 1436 cm−1 (CH2 bending), and 1459 cm−1 (CH2
bending). The spectra of the homo PP pellet showed a higher intensity band between
200 and 1220 cm−1 than impact PE-PP and random PE-PP copolymers (Figure 1a,b). The
molecular structure of impact PE-PP and random PE-PP could explain this behavior. Thus,
the homo PP contains major quantity of CH3 groups and could explain the higher intensity
of this band in the spectral region below to 1220 cm−1. Principal vibrational bands observed
correspond to assigned CH2 rocking and C–CH3 stretching at 841 cm−1, assigned CH3
rocking at 974 and 999 cm−1, and assigned CH3 stretching at 900 cm−1. In addition, this
region is characterized by rich skeletal vibration information.

2.1.4. Gas Chromatography with Selective Mass Detector (GC-MSD)

The quantification process was carried out with the help of a gas chromatograph
(Agilent 7890B), which has a front injector and a rear injector (250 ◦C, 7.88 psi, 33 mL min−1)
(250 ◦C, 11.73 psi, 13 mL min−1) respectively. The oven was started at 40 ◦C × 3 min,
increased to 60 ◦C at 10 ◦C min−1 × 4 min, and then increased to 170 ◦C at 35 ◦C min−1 [19].
The working volume varied between 0.25 and 1.0 mL; this depended on the circuit of
each valve.

2.1.5. The Melt Flow Index (MFI)

A Tinius Olsen MP1200 plastometer was used to determine the MFI. The working
temperature inside the equipment cylinder was 230 ◦C, and a 2.16 kg piston was used to
move the molten material.

2.1.6. Thermogravimetric Analysis (TGA)

The determination of the thermal degradation of the samples was performed with the
help of a thermal analyzer TGA Q500 (TA Instruments). The heating process was carried
out at 10 ◦C min−1 from 40 to 800 ◦C in an air atmosphere (50 cm3 min−1) [19].

2.1.7. Fourier Transform Infrared (FTIR)

FTIR was used to measure the structural changes in the polymeric matrix, since, when
exposed to high temperatures (400 ◦C), a thermal degradation of the matrix occurs. A
Nicolet 6700 FTIR (Thermo Scientific, Waltham, MA, USA) was used.

2.1.8. Mechanical Properties of Copolymer

To determine the mechanical properties of the copolymer, composites based on ther-
moplastic sources should be worked with the help of a twin-screw extruder and then
subjected to an injection molding process. Test specimens were prepared according to
ASTM standards, and two molds were used to prepare tensile (ASTMD638) and flexural
(ASTMD790) test specimens. The mold temperature was maintained at 50 ◦C. During the
tensile test, a uniaxial tensile load is applied to both ends of the specimen. After placing
the specimen in clamps, the electromechanical system stretches the material vertically. AST-
MMD638 performed the tensile test on a computerized universal testing machine H50KL
(TiniusOlsen). Considering that the specimens were produced by injection molding, the
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specimens were classified as TYPE I specimens. The calibrated length value (G) of the test
specimens was 50 mm, the narrow section width (W) was 12.7 mm, and the thickness (T)
was 3.4 mm.

The flexural strength was evaluated with the aid of H50KL (TiniusOlsen) equipment,
according to ASTMD790. The Izod impact test was performed with an impact pendulum
model IT504 (TiniusOlsen) according to ASTMD256. For this purpose, one end of the
specimen was fixed with a cantilevered vise. Each specimen was assigned a 45◦ and 2.5 mm
deep AV notch.

Ead = EMg/P − EMg − EP. (2)

2.1.9. Computational Details to Study the Reaction of the ZN Catalyst with Formaldehyde,
Propanaldehyde and Butyraldehyde Residues

The vibrational analysis was performed under controlled conditions (P = 1 Atm
and T = 298 K) in order to calculate the enthalpy (Had) and Gibbs free energy [15]. All
calculations were performed with the help of density functional theory (DFT); the Gaussian
09 software helped to determine the geometrical optimality along with the electronic
configuration [15], the Perdew functional and Ernzerhof (PBEh1PBE) [21] using an ensemble
augmented by a polarization function (Gaussian basis set TZVP) [22]. Unconstrained
calculations are performed with triplet and quintet spin states for the case of Ti (III) species
and those containing O2 molecules, respectively.

3. Results and Discussion
3.1. Effects of Traces of Formaldehyde, Propianoldehyde and Butyraldehyde on the Polymerization
Process of Random Copolymer Rat

The productivity losses of the ZN catalyst during the production of polypropylene
or copolymers are linked to the interaction that impurities have with the active center Ti,
thus inhibiting polymerization during the process, which prevents obtaining the desired
amount of product. It should be noted that the inhibitory capacity of these impurities on
the ZN catalyst has been previously reported [16,19]. In this experimentation, the impact
of these aldehydic derivatives on the productivity of the ZN catalyst has been evaluated.
These aldehydes are characterized by having a carboxyl group in their molecular structure,
which must react with the active center of the catalyst. In Figure 2a–c of this experiment, it
can be seen that the increase in the concentration of formaldehyde, propionaldehyde, and
butyraldehyde produces a decrease in catalyst productivity. In the absence of these aldehy-
des, the productivity of the ZN catalyst was 47 MT/kg. In Figure 2a–c, productivity losses
of 10% are observed for formaldehyde concentrations between 25.4 and 26.5 ppm, for pro-
pionaldehyde concentrations they are between 64.2 and 65.5 ppm, and for butyraldehyde
concentrations they are between 181.8 and 182.4 ppm. They maintain that the aldehyde
with higher polarity, lower number of carbon atoms, and lower molecular weight has
required lower concentration to decrease productivity from 47 MT/kg to approximately
42 MT/kg. Productivity losses of 20% were observed when formaldehyde concentrations
between 31.4 and 32.8 ppm, propionaldehyde concentrations between 64.2 and 62.2 ppm,
and butyraldehyde concentrations between 200 and 203.4 ppm were added independently
in the reactor. In the research, the most significant productivity losses were 41%; in this
scenario, the ZN catalyst productivity dropped to approximately 27.6 MT/kg, and the
highest levels of formaldehyde, propionaldehyde and butyraldehyde that caused these
losses were 36.7, 181.6, and 221.5 ppm, respectively.
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efficiency of copolymer synthesis.

3.2. Computational Study of Formaldehyde, Propionaldehyde and Butyraldehyde Interaction with
the Active Center of Ti (Poison-Ti Interaction)

This quantum mechanical calculation model was chosen since it shows that the re-
lationship of TiCl4 with the geometric plane (104) is relatively weak and is favored in
energetic terms [23]. These energetic events are of great importance for this research since
we intend to understand the ways in which the reactions of these aldehydes with the ZN
catalyst can occur, propose a reaction mechanism, and understand the ways in which this
can affect the properties of these copolymers. The reactions of formaldehyde, propionalde-
hyde and butyraldehyde with the center of the titanium (Ti) atom of the ZN catalyst on
the MgCl2 surface are favored by −40.5, −47.22, and −49.75 kcal mol−1, respectively. In
this paper, it was indicated that the reactivity of these aldehydes increases with polarity
and decreases with the increase in the length of the carbon numbers in these aldehydes.
So, the formaldehyde reactivity through the center of the Ti atom is greater than that of
propionaldehyde and butyraldehyde. The binding between these aldehyde impurities
and the active Ti of the ZN catalyst is very favorable compared to the other interactions
studied (see Ead data in Table 1). Table 1 shows that the chemical complexes formed by
ethylene-Ti and propylene-Ti are stable only at 1.3 and 5.2 kcal mol−1, respectively [15].
This indicates that the reactions of Ti with the Aldehyde impurities are more visible, given
their excellent stability. Therefore, this explains the decrease in productivity of the catalyst
with the presence of aldehydes and also the potential of the loss of productivity to reach
40% with only the presence of small amounts of these aldehydes.
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Table 1. Binding energies, Ead, in kcal mol−1, for the interaction of different poisons with Ti and Mg
in cluster.

Computational Data ZN Inhibitors Monomers

Formaldehyde Propionaldehyde Butyraldehyde Propylene Ethylene

(kcal mol−1) −40.5 −47.22 −49.75 −5.2 −1.3

Ead b −31.5 −39.6 −41.7 – –

Had b −25.6 −33.4 −35.1 – –

Gad b −24.5 −30.2 −35.2 – –

For the interaction of different poisons with Ti in Mg9Cl18-Ti3 Cl2CH3 cluster. b for the interaction of different
poisons with Mg in TiIIICl2CH3-Mg16Cl32 cluster.

The presence of formaldehyde, propionaldehyde, and butyraldehyde directly affects
the synthesis of polypropylene and, therefore, the production of the copolymer. This
affectation occurs mainly in the polymerization phase of the production of these olefins
where the capacity of the catalyst agent is inhibited. Based on Table 1, a reaction mechanism
of these impurities with the ZN catalyst is proposed, as shown in Figure 3.
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synthesis of the copolymer.

During the synthesis of copolymers, chain propagation is one of the most critical
steps; propylene interacts with Ti to form Ti-PP [24–32]. This process is affected by the
participation of chemical molecules, which act as inhibitors of the ZN catalyst, which
depends on certain energetic factors, as indicated in Table 1. Then, the reactive face of Ti is
occupied by these inhibitors, avoiding the ethylene binding, and propylene results in the
non-growth of the polymeric chain [13]. If the poisoning of the ZN catalyst is complete,
there will be no possibility of catalyst–propylene and catalyst–ethylene interaction.

3.3. Effects of Formaldehyde, Propionaldehyde and Butyraldehyde on the Thermal Properties of the
Random Copolymer

The thermal properties of the copolymer are one of the most critical qualities for
both polymer processing and for evaluating multiple changes that can affect the quality
of polymers during application [25–30]. With MFI, we can estimate melt processing since
the higher the MFI values, the higher the melt flowability, and the lower the MFI values,
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the lower the polymer melt flowability. MFI measurements on each copolymer sample
were performed in triplicate for each aldehyde concentration present, showing RSD values
between 1.07 and 2.63. The MFI results are shown in Figure 4a–c and it can be observed
that the MFI increases with the presence of aldehydes in the green ethylene used as raw ma-
terial in the production of the copolymer. Formaldehyde concentrations (between 25.4 and
26.5 ppm), propionaldehyde concentrations (between 64.2 and 65.5 ppm), and butyralde-
hyde concentrations (between 181.8 and 182.4 ppm) produce MFIs of approximately 21,
which shows a significant increase in the fluidity of these samples. Figure 4a–c show that
formaldehyde (between 31.4 and 32.8 ppm), propionaldehyde (between 64.2 and 62.2 ppm)
and butyraldehyde (between 200 and 203.4 ppm) produce MFI with approximate values
of 23. Since we are able to visualize the increase in the IMF in 3 units, we can observe
that the highest MFI values ranged from 26 to 27, obtained with the highest concentra-
tions of aldehydes (formaldehyde with 36.7 ppm, propionaldehyde with 181.6 ppm, and
butanaldehyde with 221.5 ppm).
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the copolymer.

It is essential to highlight that the inhibitory effect of the presence of impurities in synthe-
sizing resins with industrial interest has already been reported previously (Hernandez et al.,
2022). They demonstrated that compounds such as arsine in concentrations of 0.05 to 4.73
affect the MFI and the molecular weight of the samples studied.

The Bramner equation shows the relationship between the MFI and average molecular
weight (Mw). In Figure 5a–f, an inverse relationship is observed between the MFI and
the Mw. The samples with MFI of 20 g/10 min appeared with Mw that oscillated around
37,430 kDalton. MFIs between 20.5 and 21.1 g/10 min showed Mw between 37,220 and
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36,976 kDaltons. The samples of the copolymers with the highest MFI values ranged
between 25.7 and 27.1 g/10 min, with Mw that ranged between 35,304 and 34,854 kDaltons.
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MFI and Mv of the copolymer.

3.4. Effect of Trace Formaldehyde, Propionaldehyde and Butyraldehyde on the TGA of the Copolymer

The thermal resistance of the copolymer obtained with varying concentrations of
formaldehyde, propionaldehyde, and butyraldehyde was acquired by thermogravimetric
analysis (TGA, Figure 6a–c); the analysis was performed in a temperature range from 90 ◦C
to 600 ◦C, thus identifying the percentage of weight loss in each sample. In the case of
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samples PP1, PP4, and PP7, whose aldehyde concentration was 26 ppm formaldehyde,
65.2 propionaldehyde, and 181.8 butyraldehyde, respectively, there were no significant
differences in thermal degradation concerning PP0 (blank sample). On the other hand,
a second group formed by samples PP2, PP5, and PP8 showed similar behavior in the
degradation process, where the data obtained show that they presented weight loss starting
at 100 ◦C and reached a weight loss of 50% once the temperature of reached 440 ◦C; finally,
these samples showed a total weight loss at 470 ◦C. Samples PP3, PP6, and PP9 showed a
weight loss of 50% at 430 ◦C and 98% at 540 ◦C.
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of the copolymer.

These results show that the concentration of impurities such as aldehydes directly
affects the thermal stability of the copolymer since it is observed that as the amount
of formaldehyde (See Figure 6a), propionaldehyde (See Figure 6b), and butyraldehyde
(See Figure 6c) in the resin increases, its thermal properties decrease; this is due to the
inhibitory effect of aldehydes in the polymerization process [12]. The presence of impurities
in the polymerization process prevents complete polymerization, which generates new
compounds that alter the macromolecular composition of the material [30–38].

Hernandez et al., 2022, showed that compounds such as traces of sulfhydric acid in
concentrations of 0.0 to 5 ppm affect properties such as TGA in synthesizing resins in lower
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temperature ranges concerning aldehyde molecules. In the case of sulfhydric acid, losses of
50% were observed at 205 ◦C at its highest concentration, while for aldehydes, these values
were obtained at 440 ◦C.

3.5. Effects of Formaldehyde, Propionaldehyde and Butyraldehyde on the Random Copolymer’s
Mechanical Properties (Tensile, Flexural, and Impact)

To determine the incidence of aldehydes on the mechanical properties of the copolymer,
tension, bending, and impact of each of the samples under study were evaluated. The
results are illustrated in Figure 7a–c for flexural, tensil and izod impact; they show that the
concentration of aldehydes has an indirectly proportional relationship with the mechanical
properties since as the aldehyde shrinkage increases, the tension, bending, and impact
values decrease. For the impact test, it is observed that the reference or blank sample
obtained values of 12 ft-Lb*in; the values closest to this were obtained in those samples
with a lower concentration of aldehydes; for the case of formaldehyde, values of 11 ft-Lb*in
in those samples with 26 ppm of the compound were acquired. In contrast, this same
value was achieved with samples of 53 and 182 ppm propionaldehyde and butyraldehyde,
respectively. However, the samples with 37 ppm concentration of formaldehyde obtained
a value of 9 ft-Lb*in, with 182 ppm of propionaldehyde and 215 ppm of butyraldehyde
presenting the exact value of 9 ft-Lb*in, this being the lowest data shown in all samples
(see Figure 5).
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In the data obtained during the flexural and tensile test for the samples with formalde-
hyde, propionaldehyde, and butyraldehyde, the behavior does not vary concerning those
obtained in the impact test, where a higher result is obtained in the samples with a lower con-
centration of aldehydes and followed by a decrease in the data of those with a higher pres-
ence of impurities in their composition. In the case of formaldehyde, data of 213,076.33 psi
in bending and 393,333 psi in tension were obtained in the samples with 26 ppm of the
compound. In comparison, the samples with 37 ppm obtained lower results showing
172,785 psi in bending and 333,832.33 psi in tension; this same behavior is observed for
propionaldehyde and butyraldehyde.

The results obtained at the mechanistic level are directly related to those presented
in terms of TGA and MFI, where it is evident that the presence of aldehydes can affect
the behaviour of the properties as the concentration of aldehydes increases in the CE-P,
indicating the presence of a smaller number of propylene chains. Hernandez et al., 2022,
showed that arsenic at concentrations of 0.1 to 3.0 ppm affects the integration of the complex
formed during polymerization, which leads to more ends being inserted into the structural
chains and causes a decrease in molecular weight, increasing the MFI and reducing the
ability to resist stress, which generates failures and that the resins obtained break with
lower elongation [19,24,25].

4. Conclusions

Formaldehyde concentrations (between 25 and 38 ppm), propionaldehyde (between
64 and 182 ppm), and butyraldehyde (between 182 and 222 ppm) decreased catalyst
productivity between 10 and 40%, increased MFI between 3.8 and 25%, decreased flexural
between 0.7 and 18%, decreased the tensile between 2 and 19%, decreased the impact
between 8 and 21%. The computational chemistry studies allow us to determine that the
aldehyde–titanium interactions are more stable than the propylene–titanium and ethylene–
titanium interactions. They have shown that the theoretical and experimental results are
complementary to understanding the impact of these inhibitors during the synthesis of
these copolymers.

Author Contributions: Conceptualization, R.O.-T. and J.H.-F.; methodology, J.R.C.-S.; validation, J.H.-F.,
J.R.C.-S. and R.O.-T.; formal analysis, R.O.-T.; investigation, R.O.-T. and J.H.-F.; writing—original draft
preparation, J.H.-F.; writing—review and editing, R.O.-T. and J.R.C.-S.; supervision, J.H.-F.; project
administration, J.R.C.-S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fan, D.; Dai, D.J.; Wu, H.S. Ethylene formation by catalytic dehydration of ethanol with industrial considerations. Materials 2012,

6, 101–115. [CrossRef]
2. Hernández-Fernández, J.; Guerra, Y.; Espinosa, E. Development and Application of a Principal Component Analysis Model to

Quantify the Green Ethylene Content in Virgin Impact Copolymer Resins During Their Synthesis on an Industrial Scale. J. Polym.
Environ. 2022, 30, 4800–4808. [CrossRef]

3. Penteado, A.T.; Kim, M.; Godini, H.R.; Esche, E.; Repke, J.U. Biogas as a renewable feedstock for green ethylene production via
oxidative coupling of methane: Preliminary feasibility study. Chem. Eng. Trans. 2017, 61, 589–594.

4. Abril, A.; Navarro, E.A. Etanol a Partir de Biomasa Lignocelulósica; Aleta: Valencia, Spain, 2012; pp. 46–47.
5. Himmelmann, R.; Otterstaetter, R.; Franke, O.; Brand, S.; Wachsen, O.; Mestl, G.; Efenberger, F.; Klemm, E. Selective oxidation of

ethanol to ethylene oxide with a dual-layer concept. Catal. Commun. 2022, 167, 106424. [CrossRef]
6. Hu, Y.S.; Kamdar, A.R.; Ansems, P.; Chum, S.P.; Hiltner, A.; Baer, E. Crystallization of a miscible propylene/ethylene copolymer

blend. Polymer 2006, 47, 6387–6397. [CrossRef]

http://doi.org/10.3390/ma6010101
http://doi.org/10.1007/s10924-022-02557-4
http://doi.org/10.1016/j.catcom.2022.106424
http://doi.org/10.1016/j.polymer.2006.06.063


Polymers 2023, 15, 1098 14 of 15

7. Du, Z.X.; Xu, J.T.; Dong, Q.; Fan, Z.Q. Thermal fractionation and efect of comonomer distribution on the crystal structure of
ethylene-propylene copolymers. Polymer 2009, 50, 2510–2515. [CrossRef]

8. Jermolovicius, L.A.; Pouzada, E.V.S.; Do Nascimento, R.B.; de Castro, E.R.; Senise, J.T.; Mente, B.B.; Martins, M.C.; Yamaguchi,
S.M.; Sanchez, V.C. Greening the green ethylene with microwaves. Chem. Eng. Process 2018, 127, 238–248. [CrossRef]

9. Wang, Z.; Shi, R.; Zhang, T. Three-phase electrochemistry for green ethylene production. Curr. Opin. Electroche. 2021, 30, 100789.
[CrossRef]

10. Fernández, A.; Expósito, M.T.; Peña, B.; Berger, R.; Shu, J.; Graf, R.; Spiess, H.W.; García-Muñoz, R.A. Molecular structure
and local dynamic in impact polypropylene copolymers studied by preparative TREF, solid state NMR spectroscopy, and SFM
microscopy. Polymer 2015, 61, 87–98. [CrossRef]

11. Hernández-Fernández, J.; Marulanda, K.; Puello-Polo, E. A new Valorization Route of Petrochemical Wastewater: Recovery
of Phenolic Derivatives and their Subsequent Application in a PP Matrix for the Im-provement of their Durability in Multiple
Applications. J. Polym. Environ. 2023, 1–10. [CrossRef]

12. Hernández-Fernández, J.; Cano, H.; Aldas, M. Impact of Traces of Hydrogen Sulfide on the Efficiency of Ziegler–Natta Catalyst
on the Final Properties of Polypropylene. Polymers 2022, 14, 3910. [CrossRef]

13. Nikolaeva, M.; Mikenas, T.; Matsko, M.; Zakharov, V. Effect of AlEt3 and an External Donor on the Distribution of Active Sites
According to Their Stereospecificity in Propylene Polymerization over TiCl4/MgCl2 Catalysts with Different Titanium Content.
Macromol. Chem. Phys. 2016, 217, 1384–1395. [CrossRef]

14. Bahri-Laleh, N. Interaction of Different Poisons with MgCl2/TiCl4 Based Ziegler-Natta Catalysts. Appl. Surf. Sci. 2016, 379,
395–401. [CrossRef]

15. Hernández Fernández, J.A. Uso de Aditivos Sostenibles en la Estabilización Térmica del Polipropileno en su Proceso de Síntesis
(Doctoral dissertation, Universitat Politècnica de València). Ph.D. Thesis, Universitat Politècnica de València, Alcoy, España, 2018.

16. Hernández-Fernández, J. Quantifcation of oxygenates, sulphides, thiols and permanent gases in propylene: A multiple linear
regression model to predict the loss of efciency in polypropylene production on an industrial scale. J. Chromatogr. A 2020,
1628, 461478. [CrossRef]

17. Hernández-Fernández, J.; Vivas-Reyes, R.; Toloza, C.A. Experimental Study of the Impact of Trace Amounts of Acetylene and
Methylacetylene on the Synthesis, Mechanical and Thermal Properties of Polypropylene. Int. J. Mol. Sci. 2022, 23, 12148.
[CrossRef]

18. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. The Effects of Oxidation States, Spin States and Solvents on Molecular Structure, Stability and Spectroscopic
Properties of Fe-Catechol Complexes: A Theoretical Study. Adv. Chem. Eng. Sci. 2017, 7, 137–153.

19. Ernzerhof, M.; Perdew, J. Generalized gradient approximation to the angleand system-averaged exchange hole. J. Chem. Phys.
1998, 109, 3313. [CrossRef]

20. Schäfer, C.; Ahlrichs, H.R. Fully optimized contracted gaussian basis sets of triple zeta valence quality for atoms Li to Kr. J. Chem.
Phys. 1994, 100, 5829–5835. [CrossRef]

21. Correa, A.; Piemontesi, F.; Morini, G.; Cavallo, L. Key elements in the structure and function relationship of the
MgCl2/TiCl4/Lewis base Ziegler-Natta catalytic system. Macromolecules 2007, 40, 9181–9189. [CrossRef]

22. Choudhary, K.D.; Nayyar, A.; Dasgupta, M.S. Effect of Compression Ratio on Combustion and Emission Characteristics of C.I.
Engine Operated with Acetylene in Conjunction with Diesel Fuel. Fuel 2018, 214, 489–496. [CrossRef]

23. Davis, T.E.; Tobias, R.L.; Peterli, E.B. Thermal Degradation of Polypropylene. J. Polym. Sci. 1962, 56, 485–499. [CrossRef]
24. Hernández-Fernández, J.; Rodriguez, E. Dermination of phenolic antioxidants additives in industrial wastewater from polypropy-

lene production using soild phase extraction with high-performance liquid chromatography. J. Chromatogr. A 2010, 1607, 460442.
[CrossRef]

25. Hernández Fernández, J.; Rayon, E.; Lopez, J.; Arrieta, M. Enchancing the termal stability of polypropylene by blending with low
amounts of natural antioxidants. Macromol. Mater. Eng. 2019, 304, 1900379. [CrossRef]

26. Hernández Fernández, J.; Lopez Martinez, J.; Barceló, D. Quantification and elimination of substituted synthetic phenols and
volatile organic compounds in the wastewater treatment plant during the production of industrial scale. Chemosphere 2021,
263, 128027. [CrossRef]

27. Hernández Fernández, J.; Lopez, J. Quantification pf poisons for Ziegler Natta Catalysts and effects on the production of
polypropylene by gas chromatographic with simultaneous detection: Pulsed discharge helium. J. Chromatogr. A 2020, 1614, 460736.

28. Hernández-Fernández, J. Quantification of arsine and phosphine in industrial atmospheric emissions in Spain and Colombia.
Implementation of modified zeolites to reduce the environmental impact of emissions. Atmos. Pollut. Res. 2021, 12, 167–176.
[CrossRef]

29. Hernández-Fernández, J. Films Base don Thermoplastic Starch Blended with Pine Resin Derivatives for Food Packaging. Foods
2021, 10, 1171.

30. Bonachela, S.; Lopez, J.; Granados, M.; Magan, J.; Hernandez, J.; Baille, A. Effects of gravel mulch on surface energy balance and
soil termal regime in an unheated plastic Greenhouse. Biosyst. Eng. 2020, 192, 1–13. [CrossRef]

31. Hernández-Fernández, J.; Lopez, J. Experimental study of the autocatalytic effect of triethylaluminum and TiCl4 residuals at the
onset of nonadditive polypropylene degradation and their impacto n thermo-oxidative degradation and pyrolysis. J. Anal. Appl.
Pyrolysis 2021, 155, 105052. [CrossRef]

http://doi.org/10.1016/j.polymer.2009.04.006
http://doi.org/10.1016/j.cep.2018.03.032
http://doi.org/10.1016/j.coelec.2021.100789
http://doi.org/10.1016/j.polymer.2015.01.079
http://doi.org/10.1007/s10924-023-02764-7
http://doi.org/10.3390/polym14183910
http://doi.org/10.1002/macp.201500486
http://doi.org/10.1016/j.apsusc.2016.04.034
http://doi.org/10.1016/j.chroma.2020.461478
http://doi.org/10.3390/ijms232012148
http://doi.org/10.1063/1.476928
http://doi.org/10.1063/1.467146
http://doi.org/10.1021/ma071294c
http://doi.org/10.1016/j.fuel.2017.11.051
http://doi.org/10.1002/pol.1962.1205616420
http://doi.org/10.1016/j.chroma.2019.460442
http://doi.org/10.1002/mame.201900379
http://doi.org/10.1016/j.chemosphere.2020.128027
http://doi.org/10.1016/j.apr.2021.01.019
http://doi.org/10.1016/j.biosystemseng.2020.01.010
http://doi.org/10.1016/j.jaap.2021.105052


Polymers 2023, 15, 1098 15 of 15

32. Hernández-Fernández, J.; Martinez, J. Autocatalytic influence of different levels of arsin o the termal stability and pyrolysis of
polypropylene. J. Anal. Appl. Pyrolysis 2022, 161, 105385.

33. Hernández-Fernández, J.; Lopez Martinez, J.; Barceló, D. Development and validation of a methodology for quantifying part-per-
billion levels opf arsine and phosphine in nitrogen, hydrogen and liquefied petroleum gas using a variable. J. Chromatogr. A 2021,
1637, 461833. [CrossRef]

34. Hernández-Fernández, J. Effects of Different Concentrations of Arsine on the Synthesis and Final Properties of polypropylene.
Polymers 2022, 14, 3132. [CrossRef]

35. Hernández-Fernández, J.; Guerra, Y.; Puello-Polo, E.; Marquez, E. Identification and Quantification of Microplastics in Effluents
of Wastewater Treatment Plant by Differential Scanning Calorimetry (DSC). Sustainability 2022, 14, 4920. [CrossRef]

36. Hernández-Fernández, J. Comparative Characterization of gum rosins for their use as sustainable additives in polymeric matrices.
J. Appl. Polym. Sci. 2021, 14, 4920.

37. Hernandez-Fernandez, J.; Cano, H.; Guerra, Y. Detection of Bisphenol A and Four Analogues in Atmospheric Emissions in
Petrochemical Complexes Producing Polypropylene in South America. Molecules 2022, 27, 4832. [CrossRef]

38. Chacon, H.; Cano, H.; Hernandez, J.; Guerra, Y.; Puello Polo, E.; Rio Rojas, J.F.; Ruiz, Y. Effect of Addition of polyurea as an
Aggregate in Mortars: Analysis of Microstructure and Strength. Polymers 2022, 14, 1753. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.chroma.2020.461833
http://doi.org/10.3390/polym14153123
http://doi.org/10.3390/su14094920
http://doi.org/10.3390/molecules27154832
http://doi.org/10.3390/polym14091753

	Introduction 
	Experimental 
	Materials and Methods 
	Standards and Reagents 
	Green Ethylene Production Process by Microwave-Assisted Ethanol Dehydration 
	Copolymer Synthesis Process Using Green Ethylene as a Sustainable Feedstock 
	Gas Chromatography with Selective Mass Detector (GC-MSD) 
	The Melt Flow Index (MFI) 
	Thermogravimetric Analysis (TGA) 
	Fourier Transform Infrared (FTIR) 
	Mechanical Properties of Copolymer 
	Computational Details to Study the Reaction of the ZN Catalyst with Formaldehyde, Propanaldehyde and Butyraldehyde Residues 


	Results and Discussion 
	Effects of Traces of Formaldehyde, Propianoldehyde and Butyraldehyde on the Polymerization Process of Random Copolymer Rat 
	Computational Study of Formaldehyde, Propionaldehyde and Butyraldehyde Interaction with the Active Center of Ti (Poison-Ti Interaction) 
	Effects of Formaldehyde, Propionaldehyde and Butyraldehyde on the Thermal Properties of the Random Copolymer 
	Effect of Trace Formaldehyde, Propionaldehyde and Butyraldehyde on the TGA of the Copolymer 
	Effects of Formaldehyde, Propionaldehyde and Butyraldehyde on the Random Copolymer’s Mechanical Properties (Tensile, Flexural, and Impact) 

	Conclusions 
	References

