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Abstract

A geomembrane is a material of the geosynthetics group used as a liner in various applications including environmental protection systems.
Two High Density Polyethylene (HDPE) geomembranes exhumed used in different applications including the exposure of various types of
contaminants in different period of time were evaluated. The Gas Chromatography coupled with Mass Spectrometry (GC-MS) technique was
applied to determine and identify the Organic Compounds using their masses (m/z) and spectra (fragmentation) for characterization of materials
and compare with other 5 groups from a previous study and multivariate analysis were applied. Moreover, 347 groups of compounds were
considered and 154 met with interpretation, p-value criterion < 0.05 and cut-off criterion of 2.0 for the fold change analysis and then considered.
Results were obtained for common compounds for all samples (markers) and specific compounds for each exhumed sample. The combination of
GC-MS analysis with multivariate was applied and shown to be an interesting tool for this characterization. The differentiation related to the five
groups and the two exhumed samples can be observed. The marker compounds can also be compared with other groups, classification models
can be proposed and also contribute to future studies for different geomembranes in different applications.
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Introduction
landfills and wastewater ponds. The reasons for the great use of

Ageomembrane isakind of productof the geosynthetics family this material are, among others, the high chemical and mechanical

used, among other applications, as a barrier in the environmental
systems. The geomembranes began to be used in the 1930s but
emerged in the 1940s. In the 1970s, the geomembranes began

resistance combined with a low permeability coefficient and low
production cost [1-7].

to be used for landfills in general. This of polymeric product is Historically HDPE geomembranes began to be used in
manufactured by the industry using different types of polymers  Europe, South Africa and then transferred to North America. In
and, in the field, is installed in different types of applications [1].  the beginning, they were used in channels, and their applications

spread to Canada, Russia and Europe. In the early 1980s, HDPE
became famous for their chemical resistance and for being heat
welded. The application of HDPE in municipal landfills and in
hazardous waste has advanced from 1985, due, mainly, to the high
strength and cost. Currently, HDPE is the most used component of
liner solutions worldwide [8-12]. Although quite subjective, the
current application areas of geomembranes can be observed in

Depending on the resin used, various types of gecomembranes
are available. Among the most used geomembranes we can
highlight: Ethylene Propylene Diene Monomer (EPDM), High-
Density Polyethylene (HDPE), Linear Low- Density Polyethylene
(LLDPE), Reinforced Polypropylene (RPP), Polyvinyl Chloride
(PVC), Reinforced Polyethylene (TRP). HDPE geomembrane is the
main and the most used geomembrane in the world, mainly for
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three main categories: transport, environmental and geotechnical.
Each of these categories has a significant number of applications
that have been published in the literature [8]. The geomembranes

are applied in many kinds of situations and different kinds of
construction works and are shown in Figure 1.

Figure 1: Main types of construction works geomembranes applications.

The geomembranes are exposed to different process,
including thermal degradation, UV degradation,
oxidative degradation, extraction degradation and biological.

swelling,

These processes influence significantly the material’s properties
and even decrease its durability [13,14].

In terms of manufacturing, HDPE are formulated between 96-
97.5% polyethylene, 2-3% UV protection, usually carbon black,
and 0.5-1.0% antioxidants and thermostabilizers [15-19]. This
kind of product, when exposed to aging, may undergo property
changes due to molecular factors like chain scission, bond
breaking and cross-linking [15,20].

Regarding the polyethylene polymer (PE), the main
component of manufacturing, it can be defined as a polyolefin that
has a hydrocarbon group formed of carbon and hydrogen in its
structure. When the co-monomer increases, we observe that the
density of PE decreases and the density of the material influences
their properties (physical and mechanical). Regarding HDPE, it is
a polymer with a semi-crystalline structure that is susceptible to
stress cracking. The composition of HDPE is composed of MDPE
resin added with carbon black and some additives, which makes
its density greater than 0.940g mL* [11,21-23].

Although it was observed several studies in the literature with

different types of exhumed geomembranes used in different types
of applications [24-30], and in no case was the identification or
attempted to identify the compounds formed or adhered after
contact with contaminants from different applications of the
material was explored.

In research from the authors [7], two exhumed HDPE
geomembranes exposed to different conditions were evaluated
using techniques such as thermoanalytical, physical,
mechanical analysis. In this research it was realized that, in the vast
majority of studies, there are no investigations on the chemical
alteration of these materials in order to identify the compounds.
This is undoubtedly a major challenge, as prior information on
materials is generally extremely limited.

and

Recently our group published an article on the chemical
characterization of the five main geomembrane manufacturers in
Brazil [31]. This information is extremely valuable for proposing
markers and differentiating between exhumed samples.

Thus, the objective of this work is analyzed and differentiate
two HDPE samples exhumed in different applications and exposure
[7] aiming at the identification of chemical compounds formed
from the differentiation of the proposed marker compounds
comparing with results between groups of virgin samples already
studied [31]. For this, gas chromatography coupled to mass
spectrometry and multivariate statistical tools will be used.
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Material and Methods
Material

For this study, in addition to the results obtained in the
previous work, two different samples of exhumed HDPE were
used, both collected from sanitation works. Sample 1 was exhumed
after 2 years and 9 months of operation from a sewage treatment
aeration pond (LTE). The reason for replacing this membrane
was the damage caused during the operation. Sample 2 from a
municipal landfill leachate pond, was exhumed (LCH). In this case,

this membrane was used for about 5 years and 2 months and the
exhumation occurred due to the need to expand this landfill. Table
1 presents the main properties for LTE and LCH obtained in our
previous study according to ASTM standards [38-43]. Sample 1
is a 1.0mm nominal HDPE and is shown in Figure 2A. Sample 2
shows the landfill leaching pond that had a 2.0mm thick HDPE
Figure 2B For determination of compounds, vials with screw caps
of 22mL and 2mL from Agilent were used and the solvent was
Dichloromethane (DCM) purchased from JT Baker. Both works
are located in Brazil.

Figure 2: A sewage treatment aeration pond, B landfill leaching pond.

Table 1: Main properties for samples LTE and LCH according to ASTM standards.

Properties

LTE LCH

Thickness/(mm)

1.001(+/-0.038)

2.075(+/-0.036)

Carbon Black Content/(%)

2.49(+/-0.47)

2.36(+/-0.11)

Density/(g/cm?)

0.959(+/-0.001)

0.946(+/-0.002)

Melting Flow Index/(g/10min)

0.4555(+/-0.0061)

0.5008(+/-0.0072)

Tensile Break Resistance/(kN m™)

27.12(+/-1.30)

60.40(+/-7.66)

Tensile Break Elongation/(%)

679.33(+/-27.33)

752.60(+/-81.38)

Tear Resistence/(N)

170.13(+/-2.05)

321.80(+/-8.92)

Stress Cracking (NCTL-SP)

30.89(+/-12.31)

542.15(+/-508.17)

OIT-High Pressure

180.0(+/-1.41)

231.50(+/-2.12)

Methods

The determination of compounds was conducted in two stages.

In the first the samples were extracted with DCM with heating
and ultrasonics. Then, in the second phase, all samples were
determined in a GC-MS for the organic semi-volatile compounds.
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Parameters for Determination of Organic Compounds
by GC-MS

The compounds were determined according to [31]. The
sample preparation was conducted as follows: 2g of samples were
weighted and then transferred to vials of 22ml, filled with 10ml
of DCM and finally sealed. The samples were sonicated for 10

minutes at 60°C. 1mL was added to vial and taken to the CTC Comb
Pal Sampler (CTC Analytics). The injection was performed using
liquid injection configuration by GC-MS (7890B Agilent). The
equipment was configured with S/SL inlet with single quadrupole
MS 5977A in scan mode. The complete sample preparation and
determination workflow can be seen in Figure 3. Table 2 lists the
instrument parameters used during the study.

|
".,_ . /
\ Pal Sampler
Figure 3: Workflow for sample preparation and determination.
Table 2: Parameters for GC-MS used for the study.
Parameter Value
Injection volume 1ul
Inlet Split/Splitless 250°C Split 1/10 Spetum purge switched floe mode 3mL/min
Column Agilent DB-5(95% dimethylpolysiloxane and 5% phenyl), 30m, 0.25mm, 0.25pm
Flow 1.22mL/min
Column Temperature 35°C hold 5 min, followed by 250C with 3°C /min and holding 5 min at 250°C total 30min
Transferline Temperature 250°C
Ion Source Temperature 230°C
Quadrupole Temperature 150°C
Scan 33-500m/z
Gain factor 1
Threshold 50
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The qualitative analysis of the results was carried out by
“Mass Hunter Qualitative” version B.10.00 by deconvolution
process. The compounds were processed using Agile 2 integrator
and identified using NIST library (ID Browser). The criteria for
identification were defined with score of 80% at least using NIST
library. All analyses were performed in triplicate including DCM to
evaluate the repeatability and robustness of the method.

Statistical Analysis

All identified compounds were processed in MassProfinder
software version 10 (Agilent) to evaluate the false positive and
to check the spectral fidelity and still the confirmation of the
fragments. In Profinder, there are some algorithms specific where
can find and then confirm the identity. The algorithm chosen for
this study was Batch Recursive Feature Extraction (BRFE) that
is derived from Molecular Feature Extraction (MFE). MFE is an

untargeted or “naive” feature finding algorithm. It performs
extraction quickly and no specific prior knowledge of the ions to
be extracted is required. In contrast, BRFE with Find by lon FBlon
is a targeted feature extraction algorithm only if searches for a
specific list of ions provided by rMFE. FBlon reduces the number
of false negatives and false positives.

Then, the tolerance percentage was defined by identification,
integrator, spectrum extraction and finally post-processing
parameters. The Profinder compares all samples and blanks
to identify the false positives compounds. All the steps used for
Batch Recursive Feature Extraction can be found in Figure 4. In
each of the steps shown below, is possible to choose the best way
or the desired way to extract the compounds. The parameters
range from the chromatographic peak integrator to the mode of
extracting the mass spectrum or the height-based filter.
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Figure 4: Steps used for Batch Recursive Feature Extraction.
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In the final step, the data were exported to Common Event
Format (.cef) and then to Mass Profiler Professional (MPP) version
15.1 (Agilent) and the statistical were applied. With the MPP was
possible that all samples were grouped (different groups) and
analyzed with multivariate tools. For the multivariate evaluation,
in the first step, the significance analysis was performed checking
if the groups rejected the null hypothesis or not considering p <
0.05. The Principal Component Analysis (PCA) was selected as an
auxiliar method to find the variables and then separate the groups

(geomembranes) according to the clusters. The Fold Change
algorithm was applied as a measure to assess the variation
between the first group and the other groups considering the
ratio between the two measures and the variation of unfolding for
groups.

With all this, a new interpretation was created with the five
virgin samples from the previous work [32] and applied within the
MPP software to analyze with the Find Unique Entities tool. After
finding the markers a new interpretation was created but now
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with only the two HDPE samples exhumed. From there, the two
interpretations were compared and the compounds for the two
exhumed samples proposed. Figure 5 shows, through a didactic
design, the workflow applied to the choice of marker compounds
and the proposal of the compounds formed or aggregated in the
exhumed samples. In step 1 and 2, each doll with different colors

represents a compound belonging to each group. Step 3 the
softwares profinder and MPP for statistical analysis were applied
to find similarities between all groups. In step 4 compounds were
generated which were present in all groups. Then the groups are
compared (step 5) and finally generated the unique compounds in
the exhumed samples (step 6).

[ Compare
E SJEdUWGS

i =«

Figure 5: Representation of workflow for decision of compounds in the groups.

Results

The results obtained for the group of five samples and for
the two exhumed samples were initially evaluated using the
Massprofinder software. In this step, 347 groups of compounds
were obtained by applying the criteria described in the steps
shown in Figure 6. Among the parameters it can be highlighted
the minimum count of 500 counts in the initial step of Extraction
Parameters. A second step that can be highlighted is the Spectrum
Extraction and Centroiding where the Average of spectra at peak
start and end option was applied. In these two chosen parameters
some compounds with a low abundance and which did not have
consistent spectra were avoided. For the extraction, working with
the average, possible coelutions can be evaluated and easily make
the decision between the groups that will be considered. Then, the
responses between triplicates, integration, spectral fidelity and
absence of compounds in the blank were evaluated. With these
criteria, 154 groups of compounds were considered, and these
were taken for statistical evaluation.

In the statistical criteria the value of p<0.05 and a cut-off 2.0
for fold change was considered. Thus, the significance analysis

was applied and the compounds that met the criteria were
used. In the next step, the selected compounds were processed
and considered on the 3D graph with the PCA values. In the PCA
graph it can observe a good separation between the groups which
showed a great indication about the initial proposal of this work.
In Figure 6 is possible to find the result of PCA analysis with 3D
graphics.

With the statistical evaluation applied, a list was proposed and
generated with the markers for the seven groups of compounds
(five virgin geomembranes and two exhumed). Then by comparing
the marker compounds and the exhumed samples differentiation
of the exhumed samples from the others is achieved. As a last
step, it was possible to differentiate the two exhumed samples by
comparing them and evaluating the behavior on the exposure of
these materials to different conditions.

Discussion

Seven samples (5 virgin and 2 exhumed) were determined and
evaluated in this study. The objective number one was identifying
the candidate compounds for markers among all samples using
the GC-MS technique and multivariate statistical. The five virgin
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samples were chosen from a previous study [31] where excellent
results in the chemical characterization and differentiation
of these materials were obtained. In this previous study, five
samples from the main geomembrane manufacturers in Brazil
were evaluated and chemical characterization was performed
using the GC-MS technique [31]. The two exhumed samples were
also obtained from a study by our group [7] where was realized
the importance of identifying these compounds that occurred by
exposing the material to different conditions and exposure time.
The first satisfactory result of this work was to obtain the marker
compounds by comparing the groups with the statistical tools.

The second important aspect was the application of the statistical
tool but, at this time, to obtain the compounds possibly adhered to
or generated by the material by degradation (exhumed samples)
considering the exposure to leachate and sewage for a prolonged
period. The main software tool used for the initial evaluation of
the groups of compounds was the massprofinder and an overview
of this software can be seen in Figure 7. In the left part of this
figure the overlap between the groups of samples compared to the
blank (DCM) and on the right, the spectrum generated for each
of the groups, enabling the evaluation and confirmation of the
identity of these compounds.
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Figure 6: PCA graphic for all groups.
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Figure 7: MassProfinder application for group comparison.
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With the massprofinder, first the parameters for the processing
were applied from the sequence shown in Figure 4. For each group
from A to E and LCH and LTE, the signal to noise, repeatability,
peak symmetry, spectrum (fidelity), fragmentation, absence of the
compounds in the blank and finally the comparison with the NIST
library were evaluated. After all these criteria the compounds
were considered or discarded for this study. Then the groups
of compounds were saved in. cef format and taken to the MPP
statistical software. In MPP, the previously mentioned criteria for
p-value and fold change were applied and the significance analysis
was performed. Graphs were generated with the application and
results of PCA and then the groups were compared. To compare

Table 3: Compounds identified in all samples (markers).

the groups, the five virgin samples were selected first. From the
five samples we obtained a table with the specific compounds for
each group and the common compounds for all samples. Then
the same criteria were applied to the LCH and LTE samples and
confirmed the presence of marker compounds. The next step
was then to evaluate the unique compounds for the LCH and
LTE samples and finally the comparison between LCH and LTE.
Figure 8 shows the groups formed in this evaluation generated
by the MPP software and then, in Table 3, the results with the
compounds that were observed in all the samples and therefore
defined as marker compounds.

Compound Name Formula CASID Type
Tetracosyl heptafluorobutyrate C,gH,,F,0, 1000351-83-7 All samples
Cyclopentane, ethyl-M47:P55 C,H,,0, 82304-66-3 All samples
5-Isopropyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidine C,H, N,O, 17432-95-0 All samples
1,5-Dicyano-2,4-dimethyl-2,4-diazapentane C,H,N, 1000289-23-5 All samples
Phthalic acid, hept-4-yl isobutyl ester C,,H,0, 1000356-78-3 All samples
Phthalic acid, di(2-propylpentyl) ester C,,H,0, 1000377-93-5 All samples
1,3-Benzenedicarboxylic acid, bis(oxiranylmethyl) ester c,H,0, 7184-43-9 All samples
Phthalic acid, butyl non-5-yn-3-yl ester C,,H,,0, 1000315-18-2 All samples
Hexadecanoic acid, methyl ester C,H,,0, 112-39-0 All samples
[1]Pyrindin-4-ol, 1-methyloctahydro- C,H,,NO 1000316-40-8 All samples
2,3-Quinoxalinedione, 6,7-diamino-1, 4-dihydro-1, 4-dimethyl- C,,H,N,0, 1000338-39-4 All samples
Benzoic acid, 2-ethylhexyl ester C,H,,0, 5444-75-7 All samples
1-Naphthalenamine, 4-isothiocyanato-N, N-dimethyl- C,,H,N,S 29711-79-3 All samples
Benzy Iphenethylamine, N-methoxycabonyl- C,,H,,)NO, 10000343-98-4 All samples
4-Chloro-3-methylbut-2-en-1-ol C,H,CIO 53170-97-1 All samples
Diethyl Phthalate C,H,,0, 84-66-2 All samples
3-Hexene, 2,2-dimethyl-, E- CH,, 690-93-7 All samples
Cyclopentane, ethyl- CH,, 1640-89-7 All samples

With this comparison, 18 marker compounds, 23 compounds
exclusive to LCH, 40 compounds only present in LTE and 49
identified in both (LCH+LTE) were identified. Tables 4 to 6 show
the compounds that were identified for LTE sample, LCH sample
and for LTE and LCH samples respectively.

Table 3 shows the compounds that are common among the
materials and that can serve as a basis for further studies and even
compare with new materials that will be studied in the future.
At this point, the use of statistical tools applied with the MPP
software was fundamental for this proposal. The use of the NIST
library provides not only the identification based on the defined
criteria but also with complete information about the compounds,
such as the Chemical Abstracts Service (CAS) number included in
column 3.

The results obtained in Table 4 give us an overview of the
compounds found only in the LTE samples. By the number of
compounds, it can be highlighted how much time and type of
application influenced this characterization [24-30]. It cannot be
disregarded the variety of materials that are discarded in sewage
pond and consequently the infinity of possibilities of reactions and
interactions between materials. Among all the types of materials
present in a typical landfill, it can be mentioned residues from
agricultural, gardening, hunting management, forestry, fishing
(plastic material residues), fruit residues, textile industry, power
plants and other combustion, waste from production of ceramics
and bricks, packaging, concrete, tiles, earth, metals, asphalt and
waste from wastewater treatment, etc. [32]. With this information,
it will be possible to continue this study with a detailed evaluation
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of the samples around the membranes for an even more accurate
comparison.

Table 5 shows similar results to those mentioned above for the
LTE samples. Significant amounts of compounds identified were
obtained only in the LCH samples. As such Landfill Leachate LL
can contain high concentrations of metals, ammonia and dissolved

Table 4: Compounds identified in LTE samples only.

organic carbon (DOC), it is also known to contain a wide variety of
household waste chemicals such as plasticizers, pesticides, flame
retardants, pharmaceuticals and chemicals from personal hygiene
[33]. With this composition, it will be also possible, in the future,
to perform a specific study to compare the LL composition of the
site and the studied geomembrane.

Compound Name Formula CASID Type
1-Decanol,2-hexyl- C,H,,0 2425-77-6 LTE only
1-Nonadecene C,oHyg 18435-45-5 LTE only
Tridecane,5-cyclohexyl- C,oHyg 13151-90-1 LTE only
1-Tetradecene C, Hy 1120-36-1 LTE only
Cetene C,H,, 629-73-2 LTE only
5-Cyano-1,2,3-thuadiazole C,HN,S 57352-02-0 LTE only
Benzenecarbothioic acid, 2,4,6-triethyl-, S-(2-phenylethyl) ester C,,H,,08 64712-67-0 LTE only
2,6-Octadienoic acid, 3-methyl-, methyl ester, (E,E)- C,,H,,0, 55283-13-1 LTE only
4-Pyridinol, 3,4-dicholoro-2,6-diethyl- CqHUClzNo 1000253-54-3 LTE only
Acetic acid, trifluoro-, 2-methoxyphenyl ester C,H,F.0, 31083-15-5 LTE only
4-Nonylphenol C,H,,0 104-40-5 LTE only
1,4,5,6-Tetrahydro-6-oxo-1,3,5-triphenyl-1,2,4,triazine C,,H,,N,0 33859-50-6 LTE only
4-hydroxy-6-methyl-1-thiophen-2-ylmethyl-1H-pyridin-2-one C,,H,,NO,S 1000318-25-6 LTE only
2-Pyrrolidinone,1-decyl- c,H,,NO 55257-88-0 LTE only
[-Tyrophanamide C,H,,N,0, 1000131-25-3 LTE only
Phosphoric acid, triheptyl ester C,H,0,P 1000309-01-4 LTE only
1-(2,6-Dimethyl-4-propoxyphenyl)propan-1-one C,H,,0, 1000190-22-3 LTE only
Pentanamide, N-(3-methylphenyl)- C,H,,NO 1000306-89-1 LTE only
Bambuterol, N-trifluoroacetyl-O-trimethylsilylderiv C,,H,,F,N,O, 325836-96-2 LTE only
Isothiazole, 4-methyl- C,H,NS 693-90-3 LTE only
1,3,-Dimethyl-5-ethyladamantane C,H,, 1687-35-0 LTE only
p-Fluoroaniline C,H,FN 371-40-4 LTE only
1-Aminocyclopropanecarboxylic acid, N-dimethylaminomethylene-, butyl ester C,H,N,0, 1000375-50-9 LTE only
4-Amino-6-hydroxypyrimidine C,H.N,0 1193-22-2 LTE only
Dibutyl phthalate C,H,,0, 84-74-2 LTE only
1,2-Benzenedicarboxylic acid, butyl cyclohexyl ester C,H,,0, 84-60-0 LTE only
Phthalic acid, 6-ethyl-3-octyl butyl ester C,,H,,0, 1000315-17-4 LTE only
(2’R)-1,4-Dihydroxy-2-(2-hydroxy-2-methyl-pent-4-enyl)-9,10-anthraquinone C,,H,s0, 110561-99-4 LTE only
Indano[1,2-b]pyrrole-3-carboxylic acid, 1,3a,4,8b-tetrahydro-2-trifluromethyl- C,H,,F,NO, 299919-45-2 LTE only
3,4-Methylenedioxybenzylamine, PFP C,,HgF.NO, 1000072-04-3 LTE only
2-ethenyl-3-ethylpyrazine C,H N, 1000365-94-4 LTE only
Cyclohexanone,3-(3,3-dimethylbutyl)- C,H,,0 40564-94-1 LTE only
Cyclopent[a]indene,3,8-dihydro-1,2,3,3,8,8-hexamethyl- ClSH22 17384-72-4 LTE only
5-Imino-2-methylthio-1,4,4-triphenyl-2-imidazoline C,,H,(N,S 52461-01-5 LTE only
Diamyl phthalate C,H,0, 131-18-0 LTE only
Phenol,4,4’-(1-methylethylidene)bis- C,H,0, 80-05-7 LTE only
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2H,8H-Benzo[1,2-b:3,4-b’']dipyran-2-one, 6-methoxy-8, 8-dimethyl- C,H,0, 6054-10-0 LTE only
Phenyl-4-hydroxybenzoate C,H,0, 17696-62-7 LTE only
2-Sec-butyl-10H-acridin-9-one C,,H,,NO 148877-10-5 LTE only
Table 5: Compounds identified in LCH samples only.

Compound Name Formula CASID Type
Docosyl heptafluorobutyrate C,H,.F,0, 1000351-83-1 LCH only
Phthalic acid, ethyl 2-propylphenyl ester C,,H,,0, 1000357-01-6 LCH only
Propanoic acid, 3-bromo-2-oxo-, ethyl ester C,H.BrO, 70-23-5 LCH only
3,6,-Dioxa-2,4,5,7-tetrasilaoctane,2,2,4,4,5,5,7,7-octamethyl- C,,H;,0,5i, 4342-25-0 LCH only
4-Ethyl-5-methylthiazole C,H/NS 52414-91-2 LCH only
Octadecanoic acid C,H,0, 57-11-4 LCH only
N-Acetylcaprolactam C,H ,NO, 1888-91-1 LCH only
3-Buten-2-one,4-(dimethylamino)- C,H,,NO 1190-91-6 LCH only
n-Hexadecanoic acid C,H,,0, 57-10-3 LCH only
Nonane, 2,2,4,4,6,8,8-heptamethyl- C,H,, 4390-04-9 LCH only
1,1’-Azonaphthalene C,,H,,N, 487-10-5 LCH only
5-Heptyl-1H-[1,2,4]triazol-3-ylamine CoH N, 20586-95-2 LCH only
5-Heptyl methyl ethylphosphonate C,,H,,0,P 169662-35-5 LCH only
Thiophene-2-carboxamide, N-(2-iodo-4-methylphenyl)- C,,H,,INOS 1000307-07-5 LCH only
2-[(E)-3-Bromo-1-propenyl]-2-methyl-1,3-dioxolane C,H, Bro, 69803-53-8 LCH only
1-Octanone,1-(2-thienyl)- C,,H,;0S 30711-41-2 LCH only
8-Benzyloxy-1,2,3,4-tetrahydro-dibenzofuran C,H,0, 1000190-54-3 LCH only
Benzene, 1,1’-[1,2-ethanediylbis(oxy)]bis- c,H,,0, 104-66-5 LCH only
2-Ethyl-2-propyl-N-ethylpiperidine C,H,.N 89214-87-9 LCH only
9-[4-[1,3-Diphenyl-2-imidazolidinyl]-2,3-0-[1-methylethylidene]-beta-d- C,;H, N0, 100021-46-0 LCH only
2(3H)-Furanone,3-bromodihydro- C,H,Bro, 5061-21-2 LCH only
1,2,3,4-Butanetetrol, 1,4-dibenzoate, (R*, $*)- C,gH,s0, 74793-33-2 LCH only
1-Acetvl-4,6,8-trimethvlazulene CH,0 834-97-9 LCH only

Table 6: Compounds identified in LTE + LCH samples.

Compound Name Formula CASID Type
Phenanthrene, 9-bromo- CH,Br 573-17-1 LTE+LCH
Tetracosyl heptafluorobutyrate C,.H,,F.0, 1000351-83-7 LTE+LCH
7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione C,,H,0, 82304-66-3 LTE+LCH
1-Dodecanol, 2-octyl- C,,H,,0 5333-42-6 LTE+LCH
1-Decanol, 2-hexyl- C16H34O 2425-77-6 LTE+LCH
Thiophene, 3,4-bis(ethoxymethyl)- C,,H,,0,S 120551-34-0 LTE+LCH
5-Isopropyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidine C,H N,O, 17432-95-0 LTE+LCH
3,6-Dobutyl-1,2-dihydro-1,2,4,5-tetrazine C,,H,N, 68614-67-5 LTE+LCH
Cyclopentylmethylphenylphosphine oxide C,H,,0P 254100-71-5 LTE+LCH
1H-Azepine-1-butanamide, hexahydro-.alpha,.alpha.-diphrnyl- C,,H, N0 3691-21-2 LTE+LCH
(2R,5S)-2-Butyl-5-propylpyrrolidine C, H N 123994-04-7 LTE+LCH

117723

m How to cite this article: Leonardo Antonio V, Fernando Luiz L, Clever AV, Marcelo K, Maria d L L. HDPE Geomembranes Exhumed from Environmental
Facilities Evaluated by Mass Spectrometry. Int J Environ Sci Nat Res. 2023; 32(4): 556345. DOI: 10.19080/IJESNR.2023.32.55645



http://dx.doi.org/10.19080/IJESNR.2023.32.556345

International Journal of Environmental Sciences & Natural Resources

1,5-Dicyano-2,4-dimethyl-2,4-diazapentane C,H,N, 1000289-23-5 LTE+LCH
2-(1-Methylcyclopentyloxy)-tetrahydropyran C,H,,0, 122685-12-6 LTE+LCH
5-Isoxazolecarboxylic acid, 4,5-dihydro-5-methyl-, methyl ester, (R)- C,H,NO, 64018-42-4 LTE+LCH
3-Methyl-4-o0xo0-2-pentenoic acid C,H,0, 53663-10-8 LTE+LCH
5H-Tetrazol-5-amine CH,N, 1000273-02-0 LTE+LCH

1H-Tetrazol-5-amine CH,N, 4418-61-5 LTE+LCH

Phthalic acid, hept-4-yl isobutyl ester C,,H,,0, 1000356-78-3 LTE+LCH

Benzene, 2-bromo-1,4-dichloro- C6H3BrC12 1435-50-3 LTE+LCH

Phthalic acid, di(2-propylpentyl) ester C,,H,0, 1000377-93-5 LTE+LCH
1,3-Benzenedicarboxylic acid, bis(oxiranylmethyl) ester C,H,O0, 7195-43-9 LTE+LCH
Phthalic acid, butyl non-5-yn-3-yl ester C,,H,.0, 1000315-18-2 LTE+LCH

Hexadecanoic acid, methyl ester C,H,,0, 112-39-0 LTE+LCH

Benzophenone C,H,,0 119-61-9 LTE+LCH

2,3-Quinoxalinedione, 6,7-diamino-1,4-dihydro-1,4-dimethyl- C,H,N,0, 1000338-39-4 LTE+LCH
S5H-Benzocyclohepten-5-one, 2,3,4,6-tetrahydroxy- C,,H,0, 569-77-7 LTE+LCH
4-Benzo[1,3]dioxol-5-yl-thiazol-2-ylamine C,,HgN,0,S 1000317-37-1 LTE+LCH
2,6-Bis(1,1-dimethylethyl)-4-(1-oxopropyl)phenol C,,H,0, 14035-34-8 LTE+LCH
1-Cyclohexylethanol C,H,0 1193-81-3 LTE+LCH
2-Butyl-delta.1-pyrroline C,H N 64319-86-4 LTE+LCH

Cyclohexane, (2-methoxyethyl)- C,H,,0 51284-32-3 LTE+LCH

Carbamic acid, 4-methoxyphenyl-, butyl ester C,H,,NO, 1000314-73-5 LTE+LCH

Benzoic acid, 2-ethylhexyl ester CH,,0, 5444-75-7 LTE+LCH

Benzoic acid, 2-hydroxy-, 2-methylpropyl ester C,,H,0, 87-19-4 LTE+LCH
Cyclopenta[g]-2-benzopyran, 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethyl- C,H,0 1222-05-5 LTE+LCH
Galaxolide 2 C,H,0 1000285-26-7 LTE+LCH

1-Naphthalenamine, 4-isothiocyanato-N,N-dimethyl- CH,N.S 29711-79-3 LTE+LCH
Cyclopenta[c][1]benzopyran-4(1H)-one, 7-(dimethylamino)-2,3-dihydro- C,H,,NO, 62669-74-3 LTE+LCH
Benzoic acid, 4-(4-acetoxy-3-methylphenyl)- C,H,O, 208349-35-3 LTE+LCH
Cyclopenta[g]-2-benzopyran, 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethyl- C,H,0 1222-05-5 LTE+LCH
Benzylphenethylamine, N-methoxycarbonyl- C,,H NO, 1000343-98-4 LTE+LCH
4-Chloro-3-methylbut-2-en-1-ol C,H,ClO 53170-97-1 LTE+LCH
2,5-Cyclohexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl)- C,H,,0, 719-22-2 LTE+LCH
16-Methyl-heptadecane-1,2-diol, trimethylsilyl ether C,,H,,0,Si, 1000336-70-6 LTE+LCH
2-Butanone, 3-ethoxy-3-methyl- CH,O, 36687-99-7 LTE+LCH

3-Hexene, 2,2-dimethyl-, (E)- C,H,, 690-93-7 LTE+LCH

1,8-Octanediol CH,,0, 629-41-4 LTE+LCH

Table 6 shows the composition of the sum of the compounds
found exclusively for the two membranes. This result is
fundamental in the attempt to propose the compounds possibly
resulting from the interaction between these materials and their
respective means of exposure. In this way, we realized that it is
possible to propose, even without information about the identity
of the materials, what were the effects observed in terms of type
of exposure and also over time.

For this study, in general, it was also possible to create a
workflow that details the steps followed. Figure 9 shows the
complete workflow from choosing the material to interpreting
the results with the specific tools used in this study. In step 1 the
samples identified as A and B are evaluated. Then, in step 2, the
determination by GCMS is carried out to separate the compounds
and obtain the mass spectra. In steps 3, 4 and 5 the compounds
are found and evaluated in terms of presence in all groups and

How to cite this article: Leonardo Antonio V, Fernando Luiz L, Clever AV, Marcelo K, Maria d L L. HDPE Geomembranes Exhumed from Environmental
Facilities Evaluated by Mass Spectrometry. Int J Environ Sci Nat Res. 2023; 32(4): 556345. DOI: 10.19080/IJESNR.2023.32.55645


http://dx.doi.org/10.19080/IJESNR.2023.32.556345

International Journal of Environmental Sciences & Natural Resources

absence in the blank, then compared with statistical tools and (m/z) and confirmatory fragments for the compounds, allows the
finally identified. identification of the compounds by comparison with the NIST
library [34,35]. With a simple step of sample preparation by
partition with organic solvent, the liquid injection of the extract
brought information for the chromatographic profile and this step
we can defined as a fingerprint.

For the determinations, the GC-MS instrument was
considered a powerful and fundamental tool leading to a good
chromatographic separation, a excellent determination of masses
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Figure 8: Groups formed in MPP software.

Figure 9: Complete workflow for collecting, determining and processing results.
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Another important result obtained in this study can be found
in Figure 10. This figure shows the results for all groups expressed
as the PCA graph in 2D. In this representation it can be seen the
results for the LTE and LCH samples very close to two other
groups of virgin membranes (sample B light blue and sample D

pink). With this result, can be concluded that it is possible to use
this representation as a proposal for identification between the
groups, which can be used for quality control or even defined as a
classification model.
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Figure 10: PCA 2D graphic for all groups.

For sample preparation, dichloromethane was used as
an organic solvent, which has great extraction power for
geomembranes and other materials. In the process as a whole, the
combination with heating and ultrasound resulted in an efficient
extraction [35].

The use of chromatography with chemometrics presented
valuable results and compounds called markers could be
determined and selected, unique compounds for the studied
samples were proposed and comparisons between groups were
performed [36].

Finally, this study showed that is possible to identify,
characterize and separate differentgroups (types or manufacturers
or both) and distinct samples from different applications using
techniques combined such as GC-MS and statistical analysis. With
this study, it was noticed a large universe for further studies, such
as the comparison between exhumed samples, soil, water, slurry
and other matrices that influence membrane changes in terms
of chemical composition and that will serve to complement and
enrich the results obtained in this and other studies [37-44].

Conclusion

In this work, the previous results of a study for five commercial
geomembranes with different thicknesses were used. Two other

samplesindicated as LTE and LCH were determined and compared
with the previous ones. The GC-MS technique was applied for
the chemical characterization of all geomembranes. Compound
determinations were carried out and as a result, 347 groups of
compounds were selected. Considering the statistical (p-value
and fold change), 154 groups of compounds were considered.
With initial assessment and application of criteria, compounds
were identified using the NIST library and groups separated and
compared by PCA analysis.

Thus, the main conclusions of the work were:

a) Itis possible to analyze and identify a chemical profile
in order to characterize the groups of organic compounds from
geomembranes using chromatography coupled with mass
spectrometry even with limited information for the origin of the
materials.

b)  Withthe combination of chromatographic determination
and mass spectrometry and with multivariate analysis, it was
obtained excellent combination of chemical characterization for
differentiation between the groups studied.

c) It showed the importance of the previous work carried
out for the characterization of the five membranes and how much
it contributed to the continuation of the study.
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d) The previous study with the exhumed samples was also
of fundamental importance to understand the need to continue
with different evaluations.

The marker compounds can be compared with other groups
and still contribute to future studies for different geomembranes
in different applications.
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