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ARTICLE INFO ABSTRACT

Keywords: In this article, the pyrolysis and thermo-degradation of 11 virgin-polypropylene (virgin-PP) with different levels

A_rSiI}e of arsenic in its polymer matrix, was carried out in a discontinuous quartz reactor at 500 °C. To quantify arsine

X‘rtgm folly?mpylene (AsH3), 4 points were sampled during the PP synthesis process and a methodology was applied by GC with 4
utocatalysis

detectors, which simultaneously and with a single injection allowed to quantify multiple components. AsHs in
propylene varied between 0.05 and 4.73 ppm and arsenic in virgin-PP residues between 0.001 and 4.32 ppm for
PPO and PP10. These generated an increase in the melt flow index from 3.0 to 24.51 and maintained a direct
relationship with an R? of 0.9993. The origin of thermo-oxidative degradation and the beginnings of virgin-PP
pyrolysis are explained by the formation to aldehyde, ketone, alcohol, carboxylic acid functional groups, CO
and CO,. These species caused TG and DTG curves to have atypical behavior for PP. For example, PP10 with an
arsenic content of 4.32 ppm presented 3 degradation peaks at 80, 90 and 200 °C with a mass loss ratio of 22%,
18% and 55% °C ™! respectively. During pyrolysis the highest percentage of alkanes was found in PPO with an
average value of 62.4%, and the lowest values were found in PP8 to PP10, with oscillations between 0% and
1.4%. The total concentration of oxidized species for PPO to PP10 was 2.26%, 32.7%, 43.1%, 50.9%, 59.3%,
66.2%, 75.0%, 83.0%, 89.1% and 97.5% respectively. In an O, atmosphere ketones and carboxylic acids were
only identified in PPO to PP5. CO; concentrations in PP5 to PP10 were of 100%.

Degradation start
Free radicals
Pyrolysis

1. Introduction

Industrial polypropylene (PP) residues are associated with pre-
consumer PP or virgin-PP resins that are discarded or reprocessed dur-
ing industrial production due to not complying with the physicochem-
ical parameters that prevent their final purpose. The formation of these
PP residues is related to failures in process controls or by the presence of
chemical impurities in the raw materials required for their synthesis.
Raw materials such as propylene, nitrogen and hydrogen have presented
traces of impurities such as sulfides, mercaptans, hydrocarbons, oxy-
genates and arsine [1]. Arsine (AsHs) is a compound of an inorganic
chemical nature [2] and its formation in liquefied petroleum gas is
associated with natural processes in geothermal vapor [2]. Organome-
tallic complexes of phosphine and AsHj3 are widely applied in catalytic
processes [3-8]. Inhibitors of polymerization reactions such as AsHs,
irreversibly affect the catalytic system and its coordination reaction with
the active center of Ti in the catalyst, the different surfaces of MgCl, and

with the Al-alkyl cocatalyst [9-11]. AsHs and other impurities have
been studied during synthesis of PP and its impact has been quantified as
inhibitors of Zieglar-Natta (ZN) catalysts [12-18], but not its impact on
the onset of PP degradation, and understanding the chemistry of AsHg
and the possible reactions that it may have during the polymerization of
PP will allow to propose the most appropriate reaction mechanisms that
let us to explain how arsine can affect the thermal stability of PP. The
titanium (IV) chloride (TiCly) of the ZN catalyst tends to form multiple
complexes with a wide variety of ligands, as a result of being a strong
Lewis acid [19,20]. Most are of six coordinates [TiCl4L5] or [TiCl4 (L —
L)] (L 1/4 single-toothed, L-L 1/4 bi-toothed ligand), but with very few
(AsH3); ligands [19]. Degradation and pyrolysis of PP has been highly
studied by degradation mechanisms promoted by external environ-
mental effects such as UV rays, temperature, gamma rays, use of cata-
lysts fluidized catalytic cracking (FCC), Zeolite Socony Mobil - 5
(ZSM5), CaCq, alumina, Mg(OH),, ZnO, etc [21-35], where degradation
occurs by homolytic rupture of the PP chain, of oxygen or hydrogen, to
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Fig. 1. Sampling points during the PP production process.

form free radicals and start degradation [36-51]. An alternative route
for the onset of virgin-PP degradation has been based on the hydrolysis
of ZN catalyst residuals and triethylaluminium (TEAl) co-catalyst, to
give rise to the ethyl radical and become the initiator of virgin-PP waste
degradation and pyrolysis [52]. This ethyl radical promotes the forma-
tion of aldehydes, ketones, carboxylic acids, alcohols, alkanes, alkenes,
and increases CO5 production between 49% and 66% [52]. No scientific
literature was identified on the quantification of AsHs and arsenic in PP
residues and their impact on the onset of virgin-PP degradation, making
it necessary to explore its analysis techniques and propose a new
analytical methodology. Current analysis methodologies for AsHz and
arsenic refer to desorption/dissolution using dilute nitric acid, followed
by analysis using graphite furnace-atomic absorption spectroscopy
(GF-AAS), GC-MS (Gas chromatography with mass detector), a flame
photometric detector, ion chromatography-inductively coupled plasma
mass spectrometry, a dielectric barrier discharge detector and the use of
GC with other means of detection [53-58].

This research studies the impact of different concentrations of AsHg
on the onset of degradation and pyrolysis of virgin-PP. The effect of
different levels of AsH3 on the MFI will be determined. The arsenic
content in the PP matrix will be quantified by X-ray fluorescence and its
impact on the degradation of PP will be determined with TG and DTG.
The effect of AsHs on the thermo-oxidation and pyrolysis of PP will also

be determined by characterizing the gases formed in each heat treat-
ment and the concentration of the gases will be quantified by gas
chromatography with MS (mass), flame ionization detector (FID) and
pulsed discharge helium ionization detector (PDHID) detectors. The
research was conducted over a period of 5 consecutive years where
sampling was carried out at different stages of the newly synthesized
virgin-PP synthesis process, to identify the presence of AsHs.

2. Materials and methods
2.1. Standard

The standards of interest were those of arsine, oxygenated de-
rivatives and permanent gases.

5.15 ppm of AsHj3 in propylene balance. 5,0 ppm CO5, 5049 CO, 4,96
ppm Hy, and 5,13 ppm O, in He balance. 45.32 ppm of formic acid,
25.32 ppm of acetic acid, 72.67 ppm of acetone, 39.93 ppm of methanol,
5.32 ppm of 1,2-Isobutenediol, 74.88 ppm of isopropyl alcohol, 57.51
ppm of ethanol, 5.01 ppm of 1-Hidroxy-2-propanone, 92.36 ppm of 1-
Propanol, 5.35 ppm of 2,4-Pentadione, 42.67 ppm of 3-Methyl-2-penta-
nol and 92.36 ppm of 1-Butanol in He balance.

Table 1
Characterization of samples of interest.
PPO PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PP9 PP10
As, mg Kg’l 0.001 0.05 0.12 0.23 0.42 0.77 1.18 2.19 3.34 3.84 4.32
Moisture, wt% 0.18 0.33 0.21 0.18 0.22 0.35 0.18 0.18 0.18 0.18 0.18
MFI 3.00 3.11 3.86 4.23 5.10 7.11 9.11 14.61 20.21 21.47 24.51
Ti, ppm 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
Al, ppm 8.55 8.25 8.64 8.41 8.09 8.19 8.31 8.52 8.32 8.15 8.57
CL, ppm 12.25 12.35 12.45 12.08 13.04 12.86 13.54 13.08 13.25 13.64 13.52
Fe, ppm 4.25 4.74 4.65 4.72 4.61 4.44 4.09 4.35 4.82 4.56 4.44

Correlation MFI Vs As, mg Kg~* Y= 4.7569X + 3.111. R2 = 0.9993
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Fig. 2. Simultaneous chromatograms of oxygenates, permanent gases, hydrocarbons and arsine.

2.1.1. Preparation of the calibration curve for AsHs
AsHj standards were used with concentration ranges of 0.1, 0.5, 1.0
and 3.0 ppm in Liquefied petroleum gas (LPG) balance.

2.2. Preparation of PP samples with different concentrations of AsHs

The 11 virgin-PP (PPO to PP10) samples were obtained during the
polymerization process using a ZN catalyst. Fig. 1 shows a summary of
the polymerization stage. 4 sampling points were identified. Each point
was sampled 10 times. Point A corresponds to refinery grade propylene
monomer. Point B, corresponds to propylene recovered after the poly-
merization reaction. Point C, propylene gases inside the reactor and
Point D, synthesized virgin-PP desorption gases. The AsHj is injected
through the bottom of the reactor. During the synthesis of PP, varied

flows of AsH3 were injected to ensure that the 11 samples of PP pre-
sented different levels of AsH3 and arsenic. Table 1 shows the final
concentration of AsH3 and arsenic in LPG and the matrix of each PP
respectively. The 11 virgin-PP samples were taken at point E of Fig. 1.

2.3. Apparatus and procedure

2.3.1. Thermogravimetric analyzer (TGA)

TGA was performed on a Perkin Elmer TGA7 thermogravimetric
analyzer at a heating rate of 20 °C min~! with a scan range from room
temperature to 600 °C. In each test, a 10 mg sample was examined
under Ny with a flowing rate of 60 mL min ! [52]. With the TG and DTG
curves, all the thermal degradation data was obtained [59,60].
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Fig. 3. (3a) Concentration of AsH3 and As in the PP polymerization process and in PP. (3b) Correlation between the concentration of Arsenic compounds in PP

and MFL

2.3.2. X-ray fluorescence
The qualitative and quantitative elementary analysis of arsenic was
made with a Malvern Panalitycal Axios FAST.

2.3.3. Melt flow index (MFI)

MFI of the different PP samples was carried out in a Tinius Olsen
MP1200 plastometer. The temperature inside the plastometer cylinder
was 230 °C and a 2.16 kg piston was used to displace the melt. MFI
values were used to evaluate the average molecular weight for each
formulation by using the Bremner approximation, as indicated in the
following equation.

T — 1.675
v (MFI230°C.2.16kg) X 102

2.3.4. Fourier transform infrared (FT-IR)
FT-IR was carried out using a Nicolet Magna-IR 830 spectrometer
using the attenuated total reflectance method (ATR).

2.3.5. Pyrolysis and thermo-degradation

This experimentation was carried out using a quartz pyrolizer, the
reactor placed in a horizontal tubular oven and an oven with selective
temperature control. For the tests + 20 g of each PP were weighed, the
working temperature was constant at 500 °C, and Ny of 99.999% purity
was used with a flow of 100 mL min~! [52]. At the start of the experi-
ment, 10 g of PP was loaded into the reactor, which was then heated to
120 °C at 5 °C min ! and held for 1 h to remove any moisture and ox-
ygen from the reactor. Once the pyrolysis was finished, the solid
carbonaceous residues present inside the quartz reactor were removed
and discarded. The gas products obtained from the pyrolysis of PPO and
waste PP10 were collected in a duly deactivated stainless steel cylinders,
with a capacity of 200 mL and includes a relief valve. The gases were
transported to the injection port of the chromatograph.

An Agilent technologies 7890B gas chromatograph was used for the
analysis of oxygenates, hydrocarbons, arsine and permanent compounds

in gas samples from the pyrolizer. The GC has two Agilent 5977 MS
detectors, one FID detector and one PDHID detector. The MS detectors
have electron impact ionization sources at 230 °C, and a transfer line at
280 °C. GC has 7 Vs (valves):Vs 4 (0.11 on and 0.6 off), Vs 5 (on), Vs 2
(1.45 on and 3.0 off),Vs 3 (0.11 on and 1.8 off), Vs 7 (0.15 on and 0.7 off)
and 8 (1.6 on and 5.1 off)). 9 columns: R (HP-1, 3 m x 0.1 mm), 1 (DB-1,
100% Dimethylpolyxilosane, 60 m x 320 um x 0.25 um), 3 (HP-PLOT
MoleSieve, 15 m x 0.53 mm x 50 pm), 4 (GS-Al/KCl 50 m x 0.53 mm),
5 (HP-PLOT Q, 15 m x 0.53 mmx40 um), 6 (HP-PLOT MoleSieve, 30 m
x 0.53 mm x 50 um), 7a (HP-PLOT Q, 15 m x 0.53 mm x40 pm) and
column 7b (HP-PLOT Q, 15 m x 0.53 mmx50 um)) [61-63]. The oven
temperature starts at 40 °C x 3 min, increasing to 60 °Ca 10 °C min~! x
4min and finally, increasing to 170-35 °C min~! for 25 min Fig. 2
shows the chromatograms of the standards for AsH3 oxygenates, hy-
drocarbons and permanent gases.

3. Results and discussion
3.1. Preparation of PP samples with different concentrations of AsHs

3.1.1. Quantification of AsH3 in the PP polymerization stage and
demonstration of the stage where its absorption in the PP matrix takes place
Fig. 3a shows that the concentration of AsH3 at sampling points Al to
A10 varies between 0.05 and 4.73 ppm. The percentage difference be-
tween the maximum and minimum values was 99%. Intermediate
samples between Al and A10 showed significant percentage increases in
AsHgs. These results indicate that samples at these points are a potential
source of AsHs, Its presence at this sampling points is the product of
deficiencies in the purification stages in the petrochemical plants that
supply this refinery grade propylene. Sampling point B, which corre-
sponds to the recovered propylene, was sampled and analyzed. At this
point the presence of AsHj is not evident. These results indicate that all
AsHj; present in the refinery grade propylene and entering the reactor is
absorbed or adsorbed into the virgin-PP being synthesized. Point C
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Fig. 4. TG(a) and DTG(b) curves of the 11 PP samples.

corresponds to the gaseous propylene inside the polymerization reactor.
At this point the maximum and minimum concentrations of AsHs be-
tween C1 and C10 were 0.001 and 3.75 ppm, indicating that before the
start of polymerization there are traces of AsHsz but as the reaction
progresses or when the ZN catalyst dosing rate is increased, the ppm of
AsHj decrease to a value of zero. This is confirmed, since at point B, the
concentration of AsHg is zero. Point D corresponds to a desorption col-
umn where water steam and Nj are injected into the virgin-PP, to
remove all volatile compounds, which are adsorbed into the polymer
matrix. The gaseous sample was sampled and analyzed, showing the
absence of AsHs, which allows us to conclude that this AsHj3 is not
adsorbed in the matrix of the virgin-PP, and that there is a high proba-
bility that it is absorbed and forms a stable compound. The monitored
process also indicates that the final virgin-PP presented different levels
of concentration of Arsenic compounds, because propylene with varied
concentration of AsHs enters during its synthesis, as evidenced at sam-
pling point A. Therefore, the virgin-PP obtained and sampled at point E
is considered a product that is out of specifications and therefore solid
waste. It is characterized as industrial waste, meaning that because this
virgin-PP is an industrial waste it must have properties different from a
virgin-PP free of AsHs.

3.2. Quantification of arsenic in virgin-PP samples and determination of
its effects on MFI

Table 1 and Fig. 3b shows significant differences in Arsenic content

in three of 11 virgin-PP industrial samples. Arsenic concentrations do
not have significant estechiometric differences when compared to the
Arsenic content present in the AsHs molecule, demonstrating that the
source of Arsenic is from AsHj impurities as observed in the concen-
trations at sampling point A. These results tell us that AsH3 must react
with the ZN catalyst to form a complex that remains stable in the virgin-
PP matrix. The lowest values of MFI (3.00 and 3.11 ppm) and Arsenic
(0.001 and 0.05 ppm) are observed in samples PPO and PP1, while the
highest values of MFI (21.47 and 24.51) and Arsenic (4.1 and 4.87) are
seen in samples PP9 and PP10. These results tell us that there should be a
reaction mechanism where AsH3 competes with the propylene molecule
from the polymerization stage, and that AsHs is the one with the highest
speed, reacting with the active center of the ZN and affecting the growth
of the polymer chain. Table 1 lets you see there is a linear correlation
between MFI and Arsenic and AsH3 concentration, with an R? 0f 0.9993.
This indicates that, for these industrial wastes of virgin-PP, its MFI in-
creases when the concentration of AsHj in the refinery grade propylene
increases, thus showing the existence of a high reactivity by the ZN
catalyst. Therefore, chain scissions and polymer structure fractures into
smaller macromolecules during degradation are common, resulting in
decreasing the average molecular weight and by the increase in the MFI.
The 11 samples did not show significant differences in the residue
content of Ti, Al, Cl and Fe catalysts, displaying in this way that changes
in MFI and PP stability are not generated by these residuals, as if it has
been demonstrated in other research [52].



H.-F. Joaquin and L.-M. Juan

Journal of Analytical and Applied Pyrolysis 161 (2022) 105385

Table 2
Compounds identified and quantified in pyrolysis with Nj.

Composts SAMPLES

PPO PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PPO PP10
ALKANS
Methane, % mol 5,5 2,1 1,5 0,8 0,5 0,4 0,3 0 0 0 0
Ethane, % mol 12,8 7,2 5 4,5 4,2 3,5 3 0 0 0 0
Propane, % mol 3,7 2,1 3,4 3 2,5 2,2 1,5 0 0 0 0
Cyclopropane, % mol 0,05 0 0 0 0 0 0 0 0 0 0
Isobutane, % mol 0,6 0 0 0 0 0 0 0 0 0 0
N- Butane, % mol 1,7 1,4 0,5 0,3 0,2 0,1 0 0 0 0 0
Isopentane, % mol 10,8 5,2 4,7 4,2 3,7 3,1 2,1 0 0 0 0
Total Amount 35,15 18 15,1 12,8 11,1 9,3 6,9 0 0 0 0
ALKENES
Ethylene, % mol 1,8 1 1 0,7 0,5 0,4 0,1 0 0 0 0
Propylene, % mol 59,4 44,4 34 29 22 17 10 8 1 0 0
Propadiene, % mol 0,4 0,4 0,4 0,2 0,1 0,1 0,1 0,1 0,1 0 0
Trans-2-Butene, % mol 0,3 0,3 0,4 0,3 0,2 0,1 0,1 0,1 0,1 0 0
1-Butene, % mol 0,2 0,2 0,6 0,4 0,3 0,1 0,1 0,1 0,1 0 0
Cis-2-Butene, % mol 0,1 0,1 0,7 0,4 0,2 0,1 0,1 0,1 0,1 0 0
1,3- Butadiene, % mol 0,1 0,1 0,5 0,1 0 0 0 0 0 0 0
1-Pentene, % mol 0,1 0,1 0,5 0,4 0,2 0,2 0 0 0 0 0
Total Amount 62,4 46,6 38,1 31,5 23,5 18 10,5 8,4 1,4 0 0
ALKYNES
Acetylene, % mol 0,1 1,2 1,6 2,1 2,6 3,2 3,7 4,1 4,7 3,5 1,4
Methyl acetylene, % mol 0,2 1,5 2,1 2,7 3,5 3,3 3,9 4,5 4,9 3,1 1,1
Total Amount 0,3 2,7 3,7 4,8 6,1 6,5 7,6 8,6 9,6 6,6 2,5
ALCOHOL
Methanol, % mol 0,1 2,5 3,9 4,2 4,7 5,1 5,4 5,9 6,2 6,5 6,4
Ethanol, % mol 0,1 2,1 2,5 3,1 3,8 4,4 4,9 5,5 5,9 6,2 6,5
Alcohol isopropyl, % mol 0,01 2,1 2,8 3,3 3,9 4,3 5,2 6,1 6,5 6,9 7,2
N-Propanol, % mol 0,02 1,4 1,9 2,4 2,9 3,5 4,4 4,9 5,2 5,5 5,7
N-Butyl Alcohol, % mol 0 1,4 1,7 2,2 3,2 3,7 4,3 4,9 5,4 5,8 6
1,2- Isobutenediol, % mol 0 1,4 1,8 2,2 2,9 3,2 3,9 4,3 4,9 5,2 5,5
3-Methyl-2-Pentanol, % mol 0 2,4 2,7 3,4 4,2 4,7 5,4 5,9 6,3 6,7 6,9
Total Amount 0,23 13,3 17,3 20,8 25,6 28,9 33,5 37,5 40,4 42,8 44,2
KETONE
Acetone, % mol 0,1 3 4,1 4,8 5,1 5,6 6,4 7,7 8,2 8,5 9
1-Hydroxy-2-Propanone, % mol 0,02 3,2 3,5 4,4 4,9 5,4 5,6 6,4 6,7 7,1 7,5
2,4-Pentadione, % mol 0,01 3 3,8 4,3 4,9 5,3 6,2 6,7 7,1 7,4 7,6
2-Pentanone, % mol 0,1 3,1 3,9 4,4 4,8 5,4 5,9 6,5 6,9 7,3 7,5
Total Amount 0,23 12,3 15,3 17,9 19,7 21,7 24,1 27,3 28,9 30,3 31,6
ACIDS
Formic Acid, % mol 0,1 2,1 3,3 3,9 4,3 4,8 5,3 6,2 6,8 7,2 7,5
Acetic Acid, % mol 0,2 2,3 3,4 4 4,5 5,1 5,5 6,4 6,7 7,1 7,4
Total Amount 0,3 4,4 6,7 7,9 8,8 9,9 10,8 12,6 13,5 14,3 14,9
PERMANENTS
CO, % mol 0,1 0,5 0,7 0,9 1,2 1,4 1,4 0,1 0,15 0,1 0,2
CO2, % mol 0,5 1,1 1,7 2,2 2,4 2,7 3,4 3,8 4,1 4,4 4,5
02, % mol 0,1 0,2 0,2 0,3 0,4 0,4 0,6 0,6 0,7 0,7 0,7
Hy, % mol 0,8 0,9 1,2 0,9 1,2 1,2 1,2 1,1 1,3 1,2 1,4
Total Amount 1,5 2,7 3,8 4,3 5,2 5,7 6,6 5,6 6,25 6,4 6,8
ARSINE
AsHs, % mol 0 0 0 0 0 0 0 0 0 0 0
Total Amount 0 0 0 0 0 0 0 0 0 0 0

3.3. Residual impact of arsenic on the degradation of PP

In Fig. 4, shows TG(a) and DTG(b) for the samples PPO to PP10. The
samples have been analyzed with one and four break down peak at
different temperature. The sample PPO have a thermal behavior in
compare with the literature at 20 °C min~! [19]. PPO and PP1, shows
the smaller value for arsenic in his polymeric matrix and a one break
down peak at 390 and 420 °C with a mass loss for 22% ° C1. The sample
PP2 shows two breaks down peak, one of them at 80 °C and the other at
380 °C, with a mass loss for 9% and 20%° C~! respectively. Every
sample shows significant increase in the arsenic’s concentration, with a
decrease in the PP thermal stability, as show by PP3, PP7, PP8 and PP10,
where each of them have 4 breaks down peak, being PP3 with more
stability, because the thermal decomposition is between 190 and 380 °C.
the remaining samples PP, PP8 and PP10, shows an important mass loss
at temperature under 100 °C, while at 200 °C shows mass loss between
20% and 55%° C~. The biggest mass loss shows the samples PP10, in

addition show a lost for 22, 18, 40%° C~! in a at range temperature
between 80 and 90 °C respectively. The previous perform is not
commonly in the polymeric chain for the PP and point in the macro-
molecular structure have significant changes, results for the AsHj
addition in the polymerization stage for each of them PPs, generate
molecular extracts with low molar weight, low thermal stability, in
presence to functional groups different from the hydrocarbon. This
phenomenon enables a high relevance for the propose about new reac-
tion mechanism, let interpret the AsHgs reactions with ZN catalyst, and
explain the reduce in the physicochemical properties for the PPs. The TG
and DTG of each sample PP4, PP5, PP6 and PP9 include 3 peaks with
break down temperature on average 80,100-170 and 200-360 °C. For
this samples, the biggest range in loss mass ranges between 18% and
43% ° C~! for PP4 and PP9. Is important to show, PP9 have the most
arsenic concentration and set out mass loss for 22 CE 10% ° C ™! at 80 y
90 °C.
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Table 3

Compounds identified and quantified in thermo-oxidative degradation.
Composts SAMPLES

PPO PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PPO PP10

ALKANS
Methane, % mol 1,2 0 0 0 0 0 0 0 0 0 0
Ethane, % mol 3,5 0 0 0 0 0 0 0 0 0 0
Propane, % mol 1,7 0 0 0 0 0 0 0 0 0 0
Cyclopropane, % mol 0,01 0 0 0 0 0 0 0 0 0 0
Isobutane, % mol 0,1 0 0 0 0 0 0 0 0 0 0
N- Butane, % mol 0,02 0 0 0 0 0 0 0 0 0 0
Isopentane, % mol 0,1 0 0 0 0 0 0 0 0 0 0
Total Amount 6,63 0 0 0 0 1] 0 0 0 0 0
ALKENES
Ethylene, % mol 0,5 0 0 0 0 0 0 0 0 0 0
Propylene, % mol 5,6 0 0 0 0 0 0 0 0 0 0
Propadiene, % mol 0,01 0 0 0 0 0 0 0 0 0 0
Trans-2-Butene, % mol 0,05 0 0 0 0 0 0 0 0 0 0
1-Butene, % mol 0,1 0 0 0 0 0 0 0 0 0 0
Cis-2-Butene, % mol 0,08 0 0 0 0 0 0 0 0 0 0
1,3- Butadiene, % mol 0,07 0 0 0 0 0 0 0 0 0 0
1-Pentene, % mol 0,1 0 0 0 0 0 0 0 0 0 0
Total Amount 6,51 0 0 0 0 0 0 0 0 0 0
ALKYNES
Acetylene, % mol 0,05 0 0 0 0 0 0 0 0 0 0
Methyl acetylene, % mol 0,04 0 0 0 0 0 0 0 0 0 0
Total Amount 0,09 0 0 0 0 0 0 0 0 0 0
ALCOHOL
Methanol, % mol 0,5 0 0 0 0 0 0 0 0 0 0
Ethanol, % mol 0,4 0 0 0 0 0 0 0 0 0 0
Alcohol isopropyl, % mol 0,1 0 0 0 0 0 0 0 0 0 0
N-Propanol, % mol 1,5 0 0 0 0 0 0 0 0 0 0
N-Butyl Alcohol, % mol 2,1 0 0 0 0 0 0 0 0 0 0
1,2- Isobutenediol, % mol 2 0 0 0 0 0 0 0 0 0 0
3-Methyl-2-Pentanol, % mol 3,1 0 0 0 0 0 0 0 0 0 0
Total Amount 9,7 0 0 0 0 0 0 0 0 0 0
KETONE
Acetone, % mol 0,2 0,8 1,4 0 0 0 0 0 0 0 0
1-Hydroxy-2-Propanone, % mol 0,5 1,4 2,4 0 0 0 0 0 0 0 0
2,4-Pentadione, % mol 0,3 5 0,4 0 0 0 0 0 0 0 0
2-Pentanone, % mol 0,2 4,2 0,7 0 0 0 0 0 0 0 0
Total Amount 1,2 11,4 4,9 0 0 0 0 0 0 0 0
ACIDS
Formic Acid, % mol 7,1 6,2 7 5,1 2,2 0 0 0 0 0 0
Acetic Acid, % mol 8,2 7,2 8,1 7,1 2,7 0 0 0 0 0 0
Total Amount 15,3 13,4 15,1 12,2 4,9 0 0 0 0 0 0
PERMANENTS
CO, % mol 7,07 0 0 0 0 0 0 0 0 0 0
CO3, % mol 50 75,2 80 87,8 93,3 100 100 100 100 100 100
02, % mol 0,1 0 0 0 0 0 0 0 0 0 0
Ha, % mol 3,2 0 0 0 0 0 0 0 0 0 0
Total Amount 60,37 75,2 80 87,8 93,3 100 100 100 100 100 100

3.4. Characterization of gases formed during thermo-oxidation and
pyrolysis of PP samples

The 11 samples of interest were pyrolyzed and the behavior of the
data is shown in Table 2. The highest percentage of alkenes was found in
PPO with an average value of 62.4%, and the lowest values were
quantified in samples PP8, PP9 and PP10, where values ranged from 0%
to 1.4%. The total concentrations of alcohols, ketones, carboxylic acids,
and permanent gases, increased with the arsenic content in the matrix of
samples of interest, and this is seen in Table 2 where PPO to PP10 had
total concentrations of oxidized species of 2.26%, 32.7%, 43.1%, 50.9%,
59.3%, 66.2%, 75.0%, 83.0%, 89.1% and 97.5%, respectively. In the
pyrolysis process the alcohols were the groups identified at the highest
concentration, followed by ketones, carboxylic acids and, finally, per-
manent gases. PPO shows an alcohol content of 0.23%, 0.23% ketones,
0.3% acids and 1.5% permanent gases. Samples PP8, PP9 and PP10 had
a higher fluidity rate and higher arsenic content and the highest average
concentrations of alcohols, ketones, acids, and permanent gases of
42.5%, 30.3%, 14.2% and 6.5%. This shows that the higher levels of
degradation are produced by the highest concentrations of AsHjz in

propylene, and the highest values of arsenic in the matrix of industrial
waste of PP. Table 2 and Table 3 show the qualitative and quantitative
results of all the chemical species present in the gases produced during
the thermo-degradation and pyrolysis of the 11 PP samples.

Table 3 show the results of thermo-degradation for the 11 samples of
interest. Samples from PPO to PP10 did not show the presence of al-
kanes, alkenes, alkynes and alcohol functional groups. Ketones and
carboxylic acids were only identified in PPO, PP1, PP2, PP3, PP4 and
PP5. Permanent gases were present in all samples and with increasing
concentrations from PPO to PP5. From PP5 to PP10 CO- concentrations
were of 100%, indicating complete oxidation and related to identified
thermal stability and high concentrations of arsenic in the matrix, which
will increase the rate of degradation of these samples, as the result of
increased free radical formation and oxygenated species.

4. Conclusions
The effect of AsH3 concentrations on the degradation rate of virgin-

PP residues is very high and increases significantly as it transitions from
an atmosphere in N3 to one with O, reducing the hydrocarbon and
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oxygenated content and increasing CO» by 100% especially for those
residues with higher arsenic content in its matrix. During pyrolysis, the
highest percentage of alkanes was found in PPO with an average value of
62.4%, and the lowest values in PP8, PP9 and PP10 with oscillations
between 0% and 1.4%. The total concentration of oxidized species for
PPO to PP10 was 2.26%, 32.7%, 43.1%, 50.9%, 59.3%, 66.2%, 75.0%,
83.0%, 89.1% and 97.5% respectively.
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