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Abstract: Additives play an important role in the production of plastic materials through their
application, in which the mechanical, thermal, and physical properties of polymers are improved,
making them last longer and be more resistant. During the synthesis of polypropylene resins, the
remains of additives that are not absorbed by the resin are removed in the purification stage and end
up in the wastewater. In this article, the recovery of (Z)-13-docosenamide from the wastewater from
the process, its purification, and its application in the process was carried out. For the extraction of the
additive, solid phase extraction (SPE) was used, and to guarantee the purity of (Z)-13-docosenamide,
techniques such as high performance liquid chromatography (HPLC), Fourier transform infrared
(FTIR), gas chromatography-mass spectrometry (GC/MS), thermogravimetric (TG) coupled with
a gas chromatography-mass spectrometry (GC/MS), and differential scanning calorimetry (DSC)
were used. The recovered erucamide was added to the PP between 0.05 and 0.3% w/w. The effects
of the properties of the virgin polypropylene with the recovered additive were also evaluated to
determine its effectiveness in improving the properties of the material by measuring the coefficient of
friction (CoF) as well as the mechanical properties and wettability through atomic force microscopy
(AFM) and the contact angle, respectively. It was discovered that using these techniques, it is possible
to recover approximately 95% of the additive present in the water while keeping the material’s
properties within the desired limits.

Keywords: erucamide; polypropylene; coefficient of friction; recovery; wastewater

1. Introduction

The production of plastics has been multiplying more and more in the last 60 years [1],
which is due to its versatile and durable inexpensive nature. With the increase in this pro-
duction, the challenges and opportunities of the industry for the management of the waste
generated by the process have also increased [2]. Among the aggressive compounds gener-
ated at an industrial level that present great contamination are those present in industrial
wastewater, which receives treatment and is later discharged into the aquatic environment,
generating contamination by emerging organic pollutants produced by compounds not
removed during the treatment [3–6]. Today, there is no regulation of these contaminants
and there are no specific methodologies that allow for a chemical characterization of the
trace contaminants present in industrial waste generated in petrochemical plants, so it is
necessary to develop strategies that allow for the identification of contaminants and their
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removal to mitigate their possible impact [7–11]. One of the components that can be found
in industrial waste are the additives, which are an essential part of the polymers, since they
allow the material to improve its resistance to aging [12–14].

Polymeric additives are materials widely used in various fields such as paint, agricul-
ture, and polymers, to name a few. The various substances used in polymers allow for the
improvement in the characteristics of interest at a low cost, and they are classified according
to their function [15,16]. These additives can be plasticizers, flame retardants, antioxidants,
pigment lubricants, antistatic agents, slip compounds, and heat stabilizers [2,17–20]. Some
of the most widely used slip compounds are metal stearates, waxes, and fatty acid amides
such as erucamide (13-cis-docosenamide, C22H43NO) and primary oleamide, which have
been widely used since the late 1960s on an industrial level [21,22]. The main characteristics
of erucamide are its stability and transparency, which allows it to be a multifunctional
additive. However, it can generate hydroperoxide derivatives through the oxidation of the
compound [23–26]. Erucamide is used in the production of polypropylene (PP) as a slip
agent, meaning that it reduces the coefficient of friction (CoF) of PP [27]. Erucamide migra-
tion, distribution, and nanomechanical properties, along with the effect of the erucamide
concentration and ambient temperature on its surface structure, have been widely studied.
From these studies, it is clear that the slip-additive surface assembly and the resultant
performance depend on the additive deposition method and concentration as well as the
substrate surface chemistry. Traditionally, the extraction of erucamide from the matrices of
interest has been performed by Soxhlet extraction or reflux, supercritical fluid extraction
(SFE), and microwave-assisted extraction (MAE) [28–31]. In the PP production process,
there is a stage called deodorization. In this stage, there is a column to which PP, steam,
and hot nitrogen are fed. When the steam comes into contact with the PP, it extracts or
removes a significant amount of erucamide from the PP. This erucamide migrates to water
vapor, which is then condensed and this condensate is stored in a process water collection
tank. This water is mixed with the remains of wastewater that are formed in other stages of
the process, solid phase extraction (SPE) being the most suitable cleaning technique for this
type of sample [32,33]. The SPE has been used to recover additives of different chemical
natures and has shown recoveries of more than 80%, especially for highly complex matrices
such as industrial wastewater [7].

This research proposes a system for the recovery and purification of erucamide ((Z)-
13-docosenamide) present in wastewater from the deodorization of polypropylene for
its subsequent application in virgin polypropylene. We used SPE for the removal and
purification of erucamide from wastewater. HPLC, GC-MS, TD-GC/MS, FTIR-ATR and
DSC were conducted for the identification and quantification of erucamide. The CoF,
contact angle, and AFM of the PP films was evaluated to determine the efficiency and
efficacy of the added erucamide in this PP.

2. Materials and Methods
2.1. Materials

For this process, analytical-grade reagents were used. HPLC grade methanol and
acetonitrile from SDS (Pepyn, France), ammonium clarity, and NaOH (purchased from
Merck, Darmstadt, Germany), (Z)-13-docosenamidem, and water, purified with a Milli-Q
system (Millipore, Bedford, MA, USA).

2.2. Sampling

Sampling was carried out a PP production plant. This plant has 4 basic stages for
production: (1) The receipt, purification, and storage of propylene; (2) the polymerization
process; (3) additivation and pelletization; and (4) deodorization. In Figure 1, the basic
scheme of the plant can be observed. In this investigation, we focused on stage 3 and stage 4.
In these stages, significant volumes of wastewater are generated, where stage 3 corresponds
to additivation and extrusion. In this stage, a package of necessary additives is added so
that the PP has the ideal performance in its final applications. In the extrusion process,
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the PP resin is mixed with the additive package, then the material passes to different
heating zones between 190 and 230 ◦C. In this process, the mixture of PP and additives melt
and a homogeneous melt is obtained. This melt is then cooled and passes to the cutting
areas, where the effect of some blades cuts the melt into small spheres. In this cutting
process, significant amounts of water are added to make the cut cold and avoid the high
deterioration of the blades. In this investigation, we wanted to evaluate the quantities of
erucamide that migrated into the water. If the amount of erucamide is of interest, then
the erucamide should be recovered. For the PP manufacturing process, it is necessary to
use a desorber to remove volatile chemical residues that can cause unpleasant odors. To
ensure the efficiency of this desorber, steam and N2 are injected into the desorber column
for approximately 4 h. Experimentally, it has been shown that this time of 4 h is the most
optimal. Table 1 shows the sampling plan to determine the points of interest to evaluate
the recovery of erucamide.

Figure 1. Summary of the five principal stages of PP production.

Table 1. Sampling plan and point of interest.

Sample Point Zone Sample Sample Rate Objective

Stage 3 Extruder outlet Wastewater 4 h/30 days Identification,
quantification,
and recovery
of erucamide

Stage 4 Top deodorant Gases 4 h/30 days

Stage 4 Bottom desorber Wastewater 4 h/30 days

A prototype that permitted modeling of the deodorization process was created for
this method [7,34]. Since the liquid generated during this process may contain traces of
additives that are generally treated as wastewater from this stage of the process, 100 mL of
the desorber condensate was taken. A sample was taken every 30 min for a total period of
four hours, totaling 10 samples. From this sampling, a representative sample was taken,
which was stored in an amber glass at a temperature of 4 ◦C.
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2.3. Preparation of Industrial Wastewater Samples

To avoid possible separation of the compounds present in the sample, it was homoge-
nized and tempered at 25 ◦C to avoid activation of the additive and enzymatic degradation
occurring. Subsequently, it was filtered using a Teflon filter and the resulting sample was
diluted with 100 mL of acetonitrile in a volumetric balloon until reaching a volume of
500 mg L−1, of which 2.5 mL was diluted again with acetonitrile to reach a volume of
50 mL.

2.4. Gas Sample Taking

The sampling of the gases in the upper part of the desorber was a capacity of 1000 mL
including a relief valve. The valve’s relief was adjusted for pressure between 300 and
400 psi. The cylinders were equipped with a maximum level indicator tube (deep tube)
that permitted the release of 20% of the capacity of the container. The desorber had a
sampling point located 1 m from the high point of the column. This point had a nipple, and
a flute-shaped steel tube with a longitude equal to the diameter of the column. This flute
had 20 equidistant orifices that permitted the sampling of more than 95% of the diameter
of the column. The end of the flute had two exits, one of which was connected to a constant
pressure vacuum pump, and the other, with a metallic cylinder covered with sulfinert. This
system permitted us to take an isokinetic sample in such a way that each of the 20 orifices
had the same pressure, and therefore, each one took in the same amount of the sample.
The 20 orifices permitted the entry of more than 95% of the laminar flow of gases from the
column, guaranteeing a representative isokinetic sample. In each orifice, the gases were
mixed in the interior of the flute, and were later collected in the interior of the steel cylinder
covered with sulfinert. The time of desorption of each grade of PP in the desorber was 4 h,
and the samples were taken in triplicate

2.5. Additive Recuperation
2.5.1. Extraction of Solid Phases

After the pretreatment, a solid phase extraction (SPE) was carried out to concentrate
and purify the sample, where the liquid that came out was collected and the solvent
was evaporated by means of a nitrogen current (N2), thus leaving the solid compounds
of the crystallized mixture. For this stage, a 12-port solid phase extraction equipment
(Phenomenex) was used [35].

Methodology for Quantifying in Liquid Waste

The analyses were performed using Agilent 1100 HPLC equipment with the following
modules: degassing unit (G1322A), quaternary pump (G1311A), auto sampler system
(G1313A), column carrier (G1316A), and a DAD detector (G1315B) with the Chemsta-
tion data acquisition system. A Lichrosorb RP-18 column (4.6 mm × 200 mm × 5 mm),
5 and 10 mL syringes, and a precision balance (Mettler-Toledo, Barcelona, España) were
also utilized.

Treatment of Samples Based on SPE

1. Pretreatment

The work sample was homogenized and tempered at 25 ◦C, and then filtered in a
PTFE Teflon filter of 0.22 m to facilitate the subsequent sample preparation and reduce the
microbial activity.

2. Preconcentration and Cleaning

At this stage, the conditioning of Strata X-33 cartridges (6 mL, 500 mg) was performed
with 5 mL of MeOH followed by 5 mL of distilled water. Subsequently, 15 mL of the
sample was uploaded at a rate of 1 mL min−1. Once the entire sample was percolated,
the cartridges were washed with 3 mL of MeOH:H2O at 80:20. Elution of the compounds
retained in the solid phase was performed with 10 mL of ACN. The eluate was evaporated
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until dry with a stream of nitrogen at 5 psi. The final extract was reconstituted with ACN
to a final volume of 1 mL, obtaining a pre-concentration of 10:1.

2.5.2. Chromatographic Analysis (HPLC-DAD)

By means of a chromatographic analysis (HPLC), it was possible to determine the
analyte of interest and subsequently proceed to efficiently recover (Z)-13-docosenamide. At
this stage, an Agilent 1100 HPLC system with modules is required [36]. The separation was
performed in a Lichrosorb column RP 18 (4.6 m × 200 mm × 5 m) from Phenomenex with a
programmed gradient combination of solvents A (ACN) and B (H2O) under the following
conditions: 84% A and 16% B (1 min, 1.5 mL min−1); A 92% and 8% B (2 min, 2.0 mL min−1);
96% A and 4% B (3.5 min, 3.5 mL min−1); 100% A and 0% B (8 min, 3.5 mL min−1). The
column temperature was 50 ◦C, with an injection volume of 20 mL.

2.5.3. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to follow the structural
changes of the polymeric matrix due to induced thermal degradation after exposure to a
high temperature of 400 ◦C. FTIR analysis was performed using a Nicolet 6700 infrared
spectrometer (Thermo Scientific, Waltham, MA, USA). Each measurement was performed
between 4000 and 600 cm−1 with a resolution of 2 cm−1 in the reflection mode.

2.5.4. Differential Scanning Calorimeter (DSC)

The differential scanning calorimeter (DSC) used was a Perkin Elmer DSC Q2000
V24.11. The study was performed using samples weighing between 5 mg. These were then
heated from 40 to 350 ◦C at a rate of 20 ◦C min−1 in a nitrogen atmosphere [37,38].

2.5.5. Gas Chromatograph-Mass Spectrometry (GC-MS)

Quantification was performed using a gas chromatograph (Agilent 7890B, Santa Clara,
CA, USA) with a front injector (250 ◦C, 7.88 psi, 33 mL min−1) and a back injector (250 ◦C,
11.73 psi, 13 mL min−1). The oven was started at 40 ◦C × 3 min, increased to 60 ◦C at
10 ◦C min−1 × 4 min, and increased again to 170 ◦C at 35 ◦C min−1. The MS (Agilent
5977A) was fitted with a 170 mm × 0.11 mm fused-silica restrictor (Agilent G3185-60362) to
achieve a fixed flow rate of 1.4 mL min−1 He. The system worked in selected ion monitoring
(SIM) mode.

2.5.6. TD-GC/MS Chromatographic Conditions

Thermogravimetric (TG) (NETZSCH STA449 F3) coupled with gas chromatography-mass
spectrometry (GC/MS) was used. About 15 mg of the sample was pyrolyzed/combusted
between 40 ◦C and 800 ◦C at 10 ◦C/min. Helium with a flow rate of 20 mL/min was used as
the carrier gas to create an inert atmosphere in the pyrolysis process, while the mixtures of
16 mL/min helium and 4 mL/min oxygen were used as the oxidative atmospheres for the
incineration experiment.

2.6. (Z)-13-Docosenamide Add-On Recovered with the PP Matrix

Following the recovery of (Z)-13-docosenamide, this was followed by mixing it with
the PP (virgin-without additives) with a standard Prodex Henschel 115JSS mixer at 800 rpm
for a period of 15 min at room temperature [39]. The mixture was then passed to an
extruder. The extruder worked with five heating zones, which were 190, 195, 200, 220, and
230. After melting during transportation, the product was passed through a polymeric
matrix and solidified by immersion in water. The resultant solid was then compacted to
provide small irregularly shaped granules. Table 2 shows the samples prepared with the
necessary amounts of erucamide.
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Table 2. Preparation of the mixtures of virgin PP and erucamide recovered.

Samples Recovered Erucamide Added (mg) Virgin PP Resin Added (Kg)

PP1 0 1

PP2 500 1

PP3 1000 1

PP4 1500 1

PP5 2000 1

PP6 2500 1

PP7 3000 1

2.6.1. Fourier Transform Infrared (FTIR)

FTIR was used to measure the structural changes of the polymeric matrix, since, when
exposed to high temperatures (400 ◦C), a thermal degradation of the matrix occurs. A
Nicolet 6700 FTIR (Thermo Scientific) was used [40].

2.6.2. Friction Coefficient (CoF)

A slip and friction tester (Model 32-07; Testing Machines, Inc., New Castle, DE,
USA) was used to measure the CoF (ASTM D1894). The coefficient of friction (CoF)
was calculated by dividing the kinetic force (fk), which is necessary to move one surface
over another [27,41].

2.6.3. Contact Angle Measurement of PP–Erucamide Films

A Drop ShapeAnalyzer–DSA100 (KRÜSS) unit operated with the KRÜSS ADVANCE
1.9.0.8 software was used, using 10 mL of MilliQ water (resistivity of 18.2 MX.cm at 25 ◦C)
as a liquid probe. The drop image was recorded for 60 s at 2 s intervals. Measurements
were made at a temperature of 20 ± 0.5 ◦C.

2.6.4. Atomic Force Microscopy (AFM) Measurement of PP–Erucamide Films

The FMA was used to determine the modulus of elasticity of the surface of films from
PP1 to PP7. For this purpose, an atomic force microscope (Veeco Nanoscope) working in
maximum force mode was used. The force curves were recorded and fitted to mathematical
models to obtain the elastic maps of the square areas of 10 × 10 µm.

3. Results and Discussion
3.1. Recovery of (Z)-13-Docosenamide

For the correct identification and quantification of (Z)-13-docosenamide, separation
by solid phase extraction was started, which is an easy method with rapid execution and
very precise results. Once the erucamide had been separated from the wastewater, it was
quantified and optimized by HPLC. The measurements of the erucamide concentrations
at the top of the desorber, bottom of the desorber, and exit from the extruder are shown
in Table 3. These results indicate that the erucamide concentrations in the gas phase were
not significant, and that these concentrations ranged from 0.1 to 11 ppm. The recovery
system was applied to this sample and the recoveries were 92%. Although the recovery
rates are important, the amount recovered is not of interest compared to the investment
in materials, reagents, and the researchers’ time. The sampling period carried out at the
bottom of the desorber allowed for the identification of erucamide concentrations in the
range of 300 to 600 ppm. At this point, the recoveries were 95%. At the exit of the extruder,
the concentrations of erucamide ranged between 700 and 900 ppm. This highlights that the
volume of water generated at the top of the desorber and at the exit of the extruder is very
significant, which is why the recovery of erucamide was implemented for one year. This
recovered and purified product was characterized with different instrumental techniques
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and later applied to virgin PP resins to evaluate its performance. The results showed
that the recovery percentages of (Z)-13-docosenamide were above 95%. Therefore, the
ability to separate this compound is essential, since it allows the degree of contamination
in wastewater to be significantly reduced, which favors environmental regulations and the
protection of public health.

Table 3. Preparation of mixtures of the virgin PP and erucamide recovered.

Sampling Point Sample Status Erucamide Concentration
Range (ppm) Preconcentration Factor Recovery (% w/w)

Top desorber Gases 0.1–11 100 92

Bottom desorber Wastewater 300–600 100 95

Extruder outlet Wastewater 700–900 100 95

3.2. Identification and Verification of the Purity of (Z)-13-Docosenamide
3.2.1. Fourier Transform Infrared (FTIR)

The characteristic functional groups of the analysis by means of the FTIR were iden-
tified and it was verified whether there was the presence of compounds other than the
one of interest that would affect the quality of the recovered additive. Figure 2 shows
the FTIR of the recovered additive, where the functional groups NH2 (stress vibration
at 3312 cm−1 characteristic of primary and secondary amides), C-H= (stress vibration at
3100 cm−1 characteristic of an average intensity of carbon–hydrogen bonds of alkenes), CH
(stress vibration at 2841 cm−1 typical of linear aliphatic alkanes chains, corresponding to
the hydrophobic chain of erucamide), C=O (1695 cm−1, refers to the carbonyl group present
in the amido group of erucamide, which is known as the hydrophilic head), CH2 (bending
vibration at 1465 cm−1), and C–N (bending vibration at 1350 cm−1), characteristic of (Z)-13-
docosenamide, are evident. The information gleaned from this analysis was compared to
records in the literature to see whether they corresponded to erucamide, indicating that the
compound obtained was of acceptable purity and did not contain compounds that could
impair its application performance [42,43].

Figure 2. IR spectrum of the recovered erucamide.
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3.2.2. Identification and Characterization of Erucamide for GC-MS

The recovered erucamide was analyzed by GC-MS to determine its purity by evaluat-
ing its mass spectrum. Figure 3 shows the mass spectrum. A very characteristic spectrum
of linear hydrocarbons was observed. In Figure 4, we propose a fragmentation mechanism
that can help us to elucidate the structure by proposing specific fragmentation patterns.
Figure 3 shows that the peaks with the most stable M/Z ratios were 126, 112, 72, 69, 67, 59,
57, 55, 43, and 41. In the spectrum, it was observed that many peaks were the result of the
loss of small molecules due to the common decomposition of ions with an even number of
electrons. Thus, a peak of good abundance can appear two more units below an ion with an
abundant number of electrons due to the loss of a hydrogen molecule, and cause another
homologous series of ions with an even number of electrons whose structural significance
could be misleading. Due to the above, in Figure 4, fragmentation of hydrocarbons could
be observed that corresponded to M/Z 41, 55, 67, and 69. The fragmented ions with M/Z
43, 57, 59, 72, 112, and 126 corresponded to the chain fragmentation near the amide group
and H–H bond breaks.

Figure 3. MS spectrum of the recovered erucamide.

3.2.3. Identification and Characterization of Erucamide Degradants by High-Resolution
Mass Spectrometry

Table 4 reports the retention time (Tr) of the identified molecules, the names of these
compounds, the molecular weight, the chemical formula, and the most characteristic
fragments. The erucamide analysis was conducted separately on positive and negative
modes of ESI without mobile phase flow splitting. In the present analysis, molecules were
identified that were associated with the presence of erucamide impurities and other results
of the degradation of the erucamide molecule. The result of the chromatography allowed
us to find information such as the retention times, theoretical and observed mass, the
main erucamide MS fragments, and their degradation products. With this information, we
propose the suggested molecular formula based on the exact mass and isotopic fidelity.
All of the information described above is tabulated in Table 4. In Table 4, we present the
oxidized derivatives of erucamide. These derivatives contain the same number of carbon
atoms of erucamide. The formation of the derivatives of hydrogen peroxides that are listed
in Table 4 occurs through the extraction of hydrogen from peroxy radicals. Table 4 also
reports the molecules with the presence of double bonds, which makes unsaturated fatty
acids more prone to hydrogen extraction due to less dissociation energy compared to the
saturated aliphatic chains. It is important to note that hydroperoxides are very unstable,
which causes them to decompose further to form alkoxy radicals, which in turn undergo
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β-cleavage at both sides of the alkoxy carbon to produce aldehyde, ketone, and carboxylic
acid species.

Figure 4. Recovered erucamide fragmentation mechanism.

Table 4. Mass of the recovered erucamide oxidation products.

Tr (Min) Compound Mass Formula Fragments

3.06 12-amino-12-oxo-dodecanoic acid 228.16 C12H23NO3 211.13, 210.15, 184.17, 167.14

4.34 14-amino-14-oxotetradecanoic acid 256.2 C14H27NO3 239.16, 212.2, 238.18 195.17

6.58 14-oxotetradecanamide 242.2 C14H27NO2 225.18, 207.17, 197.2

7.26 15-oxopentadec-13-enamide 254.21 C15H27NO2 239.2, 237.18, 219.17, 201.16

7.85 Undecanamide 186.18 C11H23NO 169.16, 158.15, 151.08

8.8 Erucamide keto-epoxide 368.3 C22H41NO3 351.29, 352.32, 333.28, 315.27

10.78 Erucamide with ketone 352.3 C22H41NO2 335.29, 317.28, 307.29, 299.27

11.3 Erucamide with one –OH 354.3 C22H43NO2 337.31, 336.33, 319.29, 309.31, 301.29

12 Cis-11-eicosenamide 310.3 C20H39NO 293.28, 275.27

13 Erucamide (13-cis-Docosenamide) 338.3 C22H43NO 321.32, 303.31

The reaction with oxygen leads to the formation of aldehydes such as nonanal, 13-
oxotridecanamide, 2-decenal, and dodecanamide. These are formed by the β cleavage of
the alkoxy radicals formed at the C14 position of erucamide. Aldehydes, which are the
main oxidative products, can also form respective fatty acids due to over oxidation, for
example: 13-oxotridecanamide undergoes autoxidation to form 13-amino-13-oxotridecanoic
acid. Similar mechanisms can be postulated for the C14, C12, and C15 hydroperoxides
of erucamide. The oxidation of erucamide at C14 results in 14-oxotetradec-12-enamide
transforming into 14-amino-14-oxo–tetradecanoic acid, respectively. The oxidation at C12 of
erucamide yields 12-oxododecanamide (overoxidized to 12-amino-12-oxododecanoic acid)
and undecanamide. Alternatively, oxidation at C15 produces 15-oxopentadec-13-enamide
and 14-oxotetradecanamide. As a result of over oxidation, 15-oxopentadec-13-enamide
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and 14-oxotetradecanamide form 15-amino-15-oxo–pentadec-2-enoic acid and 14-amino-
14-oxotetradecanoic acid, respectively. The decomposition products of this process are
aldehydes, ketones, carboxylic acids, alcohols, epoxides, and hydrocarbons such as those
reported in Table 4.

3.2.4. Differential Scanning Spectroscopy (DSC)

The recovered (Z)-13-docosenamide sample was subjected to a fixed thermal cycle
using DSC to study the behavior of the additive by identifying its melting point, as shown
in Figure 5, where the behavior of the additive could be observed in a range of temperatures
from 50 to 350 ◦C, obtained at a nominal heating rate of 20 ◦C/min to detect small heat
change transitions. The maximum melting point of the additive was identified at 83.36 ◦C,
a temperature that did not differ from the records of pure erucamide, which has a melting
point of 83.5 ◦C. This allows us to state that the recovered clear changes had a high purity.
The melting peak of (Z)-13-docosenamide, on the other hand, was calculated to start at
roughly 70.0 ◦C, which shows that some fractions of (Z)-13-docosenamide started to melt
at temperatures significantly lower than its melting point. Erucamide may soften locally
during this process, which might aid in the development of a shell/core microstructure [44].

Figure 5. DSC of the recovered (Z)-13-docosenamide.

3.3. Addition of Recovered (Z)-13-Docosenamide Quench to the PP Matrix

The additive was added to the process following the procedure established for the
virgin PP resin and was studied as to whether it was absorbed and the effects it had on its
properties. For this purpose, we prepared samples of virgin PP and erucamide recovered
from wastewater. We prepared seven samples identified as PP1, PP2, PP3, PP4, PP5, PP6,
and PP7, as shown in Table 2. Concentrations of erucamide between 0 and 3000 mg were
added to each of these samples.

3.3.1. FTIR of the PP Resins with the Recovered Additive

Once the (Z)-13-docosenamide was applied to the PP matrix, the analysis was carried
out by means of FTIR, which was used to monitor the quantity and/or concentration of the
additive present near the surface of the film [45]. For this technique, it is imperative that
the path of the infrared beam remains constant. This is in order to efficiently compare the
concentrations of the primary amide throughout the thickness of the film in different spatial
locations. In Figure 6, it is possible to observe the spectra related to the concentration of
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erucamide in PP, which followed the same pattern but with increased bands, which was
due to stretching of the carbonyl group (C=O) and bending of the primary amide (NH2). As
the concentration of erucamide from PP1 to PP1 increased, it was observed that the spectral
behavior underwent changes and these changes were more notable for the zone of the
carbonyl group and amide. Figure 2 shows that the previously mentioned bands grew or
increased their values in areas under the curve as the concentration of erucamide increased.

Figure 6. IR spectrum of the PP resins with different concentrations of the recovered erucamide.

3.3.2. PP Resin CoF

The primary function of a slip agent is to reduce the coefficient of friction, which is
accomplished by reducing the adhesion of a plastic material to itself, thus minimizing
stickiness. See Figure 7. For this function to be fulfilled, it is necessary for the slip agent
to have limited compatibility with the polymer so that it can exude toward the surface
and provide the plastic with an invisible coating. To determine to what extent the slip
agent fulfills its primary function, the CoF was evaluated according to ASTM D1894. A
range of 0.8–1.0 is considered no slip; 0.4–0.7 is considered low slip; 0.2–0.4 is considered
medium slip; and 0–0.2 is considered high slip. The aim of this study was to correlate the
concentration of (Z)-13-docosenamide with COF, as shown below in Figure 8.

Figure 7. Representation of the migration of erucamide molecules and the formation of hydro-
gen bonds.

The CoF graph in Figure 8 indicates that as the concentration of recovered (Z)-
13-docosenamide increased, the CoF reduction depends on the concentration of (Z)-13-
docosenamide, its process diffusion, and film thickness. Initially, the COF was observed
at 1, and as time passed, it tended to stabilize at approximately 0.22 [27]. Therefore, it
remained within the recommended levels to facilitate the sliding of the film on the surface.
According to the formulations above-mentioned, it was reported that at CoF levels between
0.2 and 0.4, therefore, according to what could be observed in the graph, the results were at
a medium slip level. It is also possible to analyze that throughout the process, no signifi-
cant changes were observed in the coefficient of friction values. Therefore, there was no
excessive migration of (Z)-13-docosenamide toward the surface of the PP film. Figure 7 is
a representation of the migration of erucamide to the surface of the film. In this way, the
hydrophobic chains remain immersed in the PP matrix while the amide groups migrate
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to the surface. As shown in Figure 7, when these amide groups meet other amide groups,
they form hydrogen oxides that allow the films to not remain 100% adhered.

Figure 8. CoF of the PP samples with varying concentrations of the recovered additive.

3.3.3. Contact Angle Measurement of PP–Erucamide Films

The wettability study further confirmed the general molecular orientation of eru-
camide (i.e., the hydrophobic tails of the CH3–CH2-chains pointing outward in the out-
ermost layer of the PP1 to PP7 films). Contact angle measurements revealed an increase
in the surface hydrophobicity with an increasing concentration of erucamide in the spin
coating solution with the contact angle of water increasing from 85.2 ± 1.7 ◦θ for PP1 to
90.6 ± 1.3 ◦θ, 93.4 ± 0.8 ◦θ, 95.1 ± 1.5 ◦θ, 95.9 ± 1.2 ◦θ, 96.2 ± 1.4 ◦θ, and 97.4 ± 1.3 ◦θ for
PP2, PP3, PP4, PP5, PP6, and PP7, respectively.

As seen in Table 5, the contact angles from PP1 to PP7 were ≥85, probably due to
low surface coverage, as confirmed by the AFM image, which showed isolated aggregates.
Thus, an increase in the concentration of erucamide showed an increase in the contact angle
and greater hydrophobicity.

Table 5. Contact angles of the virgin PP films and PP films with different concentrations of recov-
ered erucamide.

Samples Water Contact Angle (◦θ)

PP1 85.2 ± 1.7

PP2 90.6 ± 1.3

PP3 93.4 ± 0.8

PP4 95.1 ± 1.5

PP5 95.9 ± 1.2

PP6 96.2 ± 1.4

PP7 97.4 ± 1.3
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3.3.4. Atomic Force Microscopy (AFM) Measurement of PP–Erucamide Films

Quantitative nanomechanical AFM mapping (QNM) allowed us to correlate the
nanomechanics properties (i.e., adhesive response) and topographical aspects of the chem-
ical structure of the erucamide molecule. In these tests, it was possible to show that the
aggregates identified and observed in the images in Figure 9 exhibited a lower adhesive
response toward the AFM silicone tip compared to the innermost part of the PP film. As
shown in Figure 7, the molecular orientation of the exposed erucamide hydrocarbon tails
was outside. Furthermore, the adhesive response differed between that observed within
a single aggregate, with the central section and the interior of the aggregates. The mea-
surements showed a variation in the adhesive response as a function of the erucamide
concentration. During the measurements carried out by AFM, some important changes
were observed during the scan of the tip. The latter may be related to what was observed in
Figure 7. This is as if the tip first came into contact with the amide groups that were on the
surface, and then with the hydrocarbon tail. In general, the presence of erucamide led to a
decreased adhesive response, demonstrating its effectiveness to adjust the nanomechanical
properties of the surface, making it less “sticky”. It can be seen that this stickiness decreased
with increasing erucamide concentration. The highest value of the elastic modulus was
obtained for PP1, which corresponded to pure PP (E = 2.26 GPa). However, erucamide
additivation decreased this value, achieving lower modules in PP7 (E = 1.67 GPa), PP6
(E = 1.82 GPa), PP5 (E = 1.87 GPa), PP4 (E = 1.95 GPa), PP3 (E = 2.01 GPa), and PP2
(E = 2.09 GPa), probably due to the fact that the erucamide molecule can produce some
kind of plasticizing effect.

Figure 9. AFM images of the PP resins with different concentrations of the recovered erucamide.

4. Conclusions

In this work, the potential of industrial waste as a source of raw materials used in
processes was evidenced through the characterization and extradition of the components
of interest, preventing them from being discharged into water, thereby reducing the envi-
ronmental impact and reducing the purchase of used inputs during the process.

The SPE method shows great potential for the quantification of (Z)-13-docosenamide
in effluents since the extracted sample was successfully recovered, obtaining a recovery
percentage above 95%. The foregoing makes this method a fundamental tool when it comes
to optimizing the production processes and making them environmentally friendlier. The
FTIR and DSC methods confirmed the presence of (Z)-13-docosenamide in the sample, since
it presented the characteristic peaks of this additive and, on the other hand, the melting
point varied minimally, approximately 0.1 ◦C. In this way, we guarantee that our recovered
additive is pure and not degraded or oxidized. In the GC-MS, fragmentation patterns
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typical of erucamide could be observed, which guarantees complete characterization. The
analysis by TG-GC/MS shows the fragmentation patterns of the oxidized chemical species
of erucamide.

The results presented show the decreasing trend in CoF as a function of concentration
until its stabilization was generated by the slippery additive in the PP films. The rela-
tionship presented here to analyze this behavior was through the ASTM D1894 standard.
The results indicate that the concentrations of (Z)-13-docosenamide showed a moderate
migration toward the PP surface, which may be due to the degree of oxidation of the
film. The measurements showed a variation in the adhesive response as a function of the
erucamide concentration. During the measurements carried out by AFM, some important
changes were observed during the scan of the tip. In general, the presence of erucamide
led to a decreased adhesive response, demonstrating its effectiveness for adjusting the
nanomechanical properties of the surface, making it less “sticky”. It can be seen that this
stickiness decreases with an increase in erucamide concentration.
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