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Abstract

To recycle post-consumer HDPE contaminated with waste lubricating oils, companies include prior washing and drying
in the process. This consumes large amounts of water and energy, generates significant effluent requiring treatment.
This study assesses lubricating oil influence on HDPE properties to evaluate the feasibility of its direct mechanical
recycling without washing. The current lubricating oil packaging reverse logistics in Rio de Janeiro municipality is
also analyzed. HDPE bottle samples were processed with seven oil contents ranging from 1.6-29.4 (wt%). The results
indicated the possibility to reprocess the polymer with oily residue not exceeding 3.2%. At higher levels, the external oil
lubricating action affects the plastic matrix processing in the extruder and injection, and the recycled material has a burnt
oil odor and free oil on the surface. Small residual oil amounts retain the plastic properties comparable to the washed
recycled polymer and exhibited benefits associated with the oil plasticizer action. However, oil presence above 7.7%
significantly changes the properties and reduces the elasticity and flexural modulus and the plastic matrix crystallinity.

Keywords: HDPE, lubricant oils, properties, reverse logistics.

1. Introduction

Plastic materials are presented as the ideal solution for
diverse industry segments. The possibilities related to easy
molding and handling, durability, low weight, among other
characteristics, have consecrated their replacement of other
materials. HDPE is a type of plastic present in almost all
economic sectors!'), but it is precisely the packaging sector
that has highlighted its large capacity to adapt to different
types of usel.

The packaging industry is almost completely dominated
by this material type. As in the food industry, cosmetics,
soft drinks and many others, the producers of lubricating oil
producers also have opted for polymeric materials. In Brazil,
about 2% of plastic container sold products are lubricating
oils®l. In this case, the thermoplastic body of the bottle is
high density polyethylene - HDPE.

Lubricating oils pose an environmental contamination
risk and classified as hazardous waste, according to the
Brazilian standard NBR 10004/04%. The base oil and its
additives cause impacts by various pathways: soil, water
bodies and air. Lei and Wul® stated that a gallon of oil has
the potential to contaminate up to one million gallons of
drinking water.

Similar to oil, post-consumer automotive lubricant
packaging poses an environmental contamination risk,
because significant amounts of oil and additives remain
in their interior®. Furthermore, the residual lubricant is
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hard to remove in the package washing process commonly
used in Brazil™ magnifying the logistic difficulties and
economic viability. The oil and its additives impose a
toxicity characteristic to the used packaging and makes it
a hazardous waste!®). As such, the measures associated with
the contaminated packaging temporary storage, transport
and treatment/disposal must conform to strict controls.
These appear in the Brazilian environmental laws (federal,
state and municipal) and technical standards, such as ABNT
NBR 12.235/92, which deals with hazardous waste storage,
ABNTNBR 13.221/10 and ABNT NBR 7500/13, which set
guidelines for dangerous products and waste transportation,
among others.

In the United States, 20 million gallons of waste oil
are disposed into the environment each year and such
post-consumer plastic packaging with oily residue is not
accepted in most of the country’s recycling programs®.

Besides the residual oil important environmental impact
in the studied waste classification regarding their potential
and logistics system, the oily fraction presence directly
affects recycling process operational aspects.

The post-consumed packaging oily presence makes
recycling difficult, as it increases the material melt index,
and exudes when extruded and after processing. The oily
residue affects the recycled artifacts quality causing their
deformity. Additionally, processing temperatures above 200 °C
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can lead to oily residue thermal degradation, conveying a
strong burnt oil odor to recycled plastict.

Mechanical plastic recycling is deployed on a large scale
in Brazil. Packs with oily residue make mechanical recycling
more difficult due to the required decontamination steps'™.
The conventional cleaning processes include significant
water and energy consumption reducing the feasibility of
lubricant bottle recycling!'”’. Therefore, an environmentally
and economically feasible oily residue cleaning method is
a challenge.

Martins studied the influence of variables such as
temperature and bottle position in the HDPE post-consumer
lubricant packaging decontamination process by gravitational
flow. This focused on the oil collector apparatus structural
characteristics and proposed practices to maximize oily
waste removal and minimize energy consumption!''!.

The technical literature presents various cleaning
techniques with aqueous and non-aqueous solvents as well
with supercritical fluids, as a package pre-recycle treatment
step. However, all techniques are considered expensive, and
generate additional waste, preventing reverse logistics of
such wastes!..

This study aims to simplify the automotive lubricant
plastic packaging conventional mechanical recycling
process by excluding the associated decontamination steps
(washing, drying and effluent treatment). The study evaluates
HDPE packaging mechanical and thermal properties having
been reprocessed with different lubricating oil amounts to
establish the limits for direct recycling (without washing).
Furthermore, the study also shows the feasibility process
for an efficient reverse logistics.

2. Experimental

2.1 HDPE post-consumer bottle processing

Cleaned and dried lubricating oil bottles were collected
from gas stations and then fragmented in a mill, Primotécnica
model Knives Mill LP 1003 SHP. 600g of fragmented bottles
were blended with known amounts of semisynthetic BR
LUBRAX TECHNO lubricating oil (SAE 15W /40 Flash
Point 236 °C Viscosity index 133) (Table 1).

It is important to emphasize that samples prepared with
post-consumer HDPE packaging with different lubricating
oil content were representative of results obtained in field
research made in 56 gas stations in Rio de Janeiro State
Municipality!'"). The values of 1.6%, 2.4% and 3.2%

Table 1. Recycled HDPE/ lubricating oil compositions.

Composition Oil mass (g) Qil Content (Wt%)

HO* 0 0

H1 10 1.6
H2 15 24
H3 20 32
H4 50 7.7
H5 100 14.3
H6 200 25.0
H7 250 29.4

* Virgin lubricating oil bottle from COSAN supplier.
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simulate residual oil supply drainages of 90%, 92% and
95%, respectively. Values of 7.7% and 14.3% correspond
respectively to minimum and average oil remaining values
after drainage found in the field research. Contents of 25%
and 29.4% correspond to residue supply, according to the
literature™ and residue supply average value according to
field research in 56 gas stations.

The compositions were processed in a twin-screw co-rotating
extruder (TeckTril, model DCT-20) with 20 mm diameter
and a 36 length to diameter (L/D ratio).The temperature
profile was 90 °C /140 °C /160 °C /160 °C /170 °C /170 °C
/180 °C /190 °C /200 °C /210 °C. The sample feed rate in
the extruder was 30rpm and the rotational screw speed was
200 rpm. The extruded filaments were immediately quenched
in water at the die exit and later pelletized in a granulator
and then dried in the oven at 60 °C. Injected samples were
obtained with a linear screw temperature profile between
170 °C and 210 °C from the rear to the injection nozzle
with a mold temperature of 30 °C. The injection and back
pressures were 1400 bar and 450 bar, respectively, and the
injection speed was 26 cm®/s. An Arburg 270S machine
produced Type I samples, according to ASTM D638.

The compositions were characterized regarding the melt
flow index (ASTM D1238-13) in a Dynisco Instruments
model LMI 4000, at 190 °C/2,16 kg. The mechanical
properties (tensile: ASTM D638-10, flexural: ASTM
D790-10, procedure A) were determined in an EMIC
Universal Testing machine with speeds of 25 mm / min
(tensile) and 14 mm / min (flexural).

The impact tests, Izod method with notch were conducted
according to ASTM D256-10 in CEAST equipment with a
2] pendulum. The differential scanning calorimetric (DSC)
analyses were performed on a TA Instruments model Q1000
in the temperature range from 30 °C to 200 °C, heating
rate of 10 °C / min under nitrogen flow of 30 ml / min.
The crystallinity degree was determined using the enthalpy
of fusion of 100% crystalline HDPE which is 293 J / g.

3. Results and Discussion

The processing was easily performed with oil content
compositions up to 2.4 wt%. For higher oil content compositions,
the processing became more difficult. This behavior probably
occurred due to the friction reduction between the polymer
melt and extruder screw.

During the shearing that occurs in processing, the lubricant
molecules can migrate, being deposited on the machine walls/ screw,
with a release film formation between the extruder and
the polymeric mass causing the polymer melt slipt’?! . The
same behavior was observed during the injection process
in the sample production for characterization tests. Table 2
shows the results of the melt flow index of post-consumer
HDPE bottle obtained with different lubricating oil amounts.

A moderate increase in MFI values can be observed
compared to a virgin lubricating oil bottle, while in HS5,
H6 and H7 samples, significant MFI values modification
occurred, exceeding a 100% oil content increase from
14.3%. This fact prevents any potential recycling processes,
and directly affects the blow molding process due to the
difficulties associated with the “parison” formation.
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The residual oil influence in the recycled HDPE
mechanical properties is displayed in Tables 3 and 4. Based
on the samples tensile and flexural tests results, it appears the
measured parameter values (elastic and flexural modulus)
were progressively reduced as the oil content increased.

This behavior strengthens the interpretation that the
lubricating oil has a plasticizing effect on the polymeric matrix.
Plasticizers are inserted between the resin macromolecules,
favoring slippage and molecular mobility, affecting the
mechanical properties!'>'¥. The plasticizing effect is
associated in general with an increase in elongation and a
tensile strength and elastic modulus decreasel'.

In tests (tensile and flexural), reductions in modules
and the stress yield had greater impact on the oil content
samples equal to or higher than 7.7%. The variation has
exceeded 76% in the relation between the Young modulus
case for a sample with 29.4% of oil in comparison with the
pure material value.

Considering these results and potential recycled HDPE
applications, it is possible to conclude that direct packaging
processing with oily residue levels equal to or higher than

Table 2. Melt flow index of recycled post-consumer HDPE /
Lubricating oil bottles.

Sample Oil Content (wt.%) MFI (g/10min)
HO 0 0.32+0.08
H1 1.6 0.37+0.08
H2 2.4 0.37+0.02
H3 32 0.41 +£0.06
H4 7.7 0.48 +0.09
H5 14.3 0.70 +0.05
H6 25.0 1.02 +0.09
H7 29.4 1.34+0.18

the composition represented by H4 could produce much
lower stiffness resins than those commonly used in the
market, compromising their marketing and use. Candian
studied recycled HDPE use and set the limit of 547 MPa
for Young’s modulus for structural applications!'*. The HO
control sample reached this value as also the compositions
H1, H2 and H3. The other compositions (H4, H5, H6 and H7)
presented values below 453 MPa for this parameter.

As previously mentioned, the technical literature has
few evaluations of HDPE lubricating oil bottle applicability.
Only a patent was found presenting a method to produce
composites based on recycling HDPE containers contaminated
with lubricating oil (around 3 wt.%) and cellulosic fibers,
to improve its mechanical properties®.

The impact resistance values of various compositions are
shown in Table 5. The experimental data shows the impact
resistance slightly increased in the H4 sample, and was more
pronounced in the H5, H6 and H7 samples. The H6 and H7
samples did not break under the test conditions.

The impact resistance increase, especially in samples
with oil content equal to or higher than the H5 sample,
proved the oil plasticizing action, which increases the
polymer matrix free volume and leads to an increase in the
material’s ability to absorb energy!?..

Table 6 displays the results for melting temperature
(Tm), enthalpy of fusion (AHm) and crystallinity degree
(Xm) of seven compositions of recycled HDPE / lubricating
oil bottles.

When comparing the results for each HPDE sample, a
reduction trend can be seen in the Tm value with increasing oil
content. The Tm value decrease confirmed the lubricating oil
plasticizing effect. The plasticizers increase the macromolecules
mobility and reduce their melt temperatures. Thus, the Tm

Table 3. Tensile and impact strength data of recycled HDPE / Lubricating oil bottles.

Sample Oil Content (Wt%) Young Modulus Stress at Yield (MPa) Impact Resistence (J/m)
(MPa)

HO 0 750 (+21.4) 22.0 (£0.5) 156.1 (+5.4)
H1 1.6 671 (£6.1) 21.5(=0.2) 155.3 (£2.6)
H2 2.4 623 (£15.1) 20.9 (£ 0.3) 1554 (£7.4)
H3 32 599 (+26.0) 20.6 (£ 0.3) 155.5(+3.4)
H4 7.7 435(£9.3) 18.4 (£0.3) 159.1 (= 4.8)
HS 143 315 (¢11.9) 15.8 (£ 0.4) 179.8 (£ 6.2)
Ho6 25.0 200 (£10.3) 12.2 (£ 0.3) ND*

H7 294 178 (£10.9) 11.4(£0.4) ND*

* Not determined under the studied test conditions.

Table 4. Parameters of Flexural Tests of Recycled HDPE / Lubricating oil Bottles.

Sample Oil Content Flexural Modulus Flexural Offset Yield Strength
(Wt%) (MPa) (MPa)
HO 0 711.5 (£17.6) 22.03 (£ 0.5)
H1 1.6 666.0 (+13.4) 20.91 (+0.8)
H2 2.4 661.6 (+5.7) 20.51 (+0.1)
H3 32 573.9 (5.2) 18.58 (£ 0.3)
H4 7.7 482.3 (£16.4) 16.81 (+0.6)
H5 14.3 416.0 (£23.1) 14.48 (+0.7)
H6 25.0 317.5 (£13.5) 10.70 (£ 0.4)
H7 29.4 310.7 (+4.3) 9.50 (£ 0.3)
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Table 5. Impact resistance data of recycled HDPE / Lubricating
oil bottles.

Sample Oil Content (wt%) Impact Resistence (J/m)

HO 0 156.1 (£5.4)
H1 1.6 1553 (£2.6)
H2 24 1554 (= 7.4)
H3 32 155.5(=3.4)
H4 7.7 159.1 (£ 4.8)
H5 14.3 179.8 (+ 6.2)
Hé 25.0 ND*

H7 29.4 ND*

* Not determined under the studied test conditions.

Table 6. Thermal parameters of recycled HDPE/ Lubricating oil
bottles.

Sample Oil Content Tm (°C) AHm (J/g) Xm (%)
(wt.%)
HO 0 132.4 209.2 71.4
H1 1.6 132.0 202.7 69.2
H2 2.4 131.9 191.0 65.2
H3 32 131.2 187.0 63.8
H4 7.7 131.2 166.6 56.9
H5 143 130.3 160.5 54.8
H6 25.0 129.9 1539 52.5
H7 29.4 127.1 1355 46.2

value reduction with increased oil content was interpreted as
the molecular fraction interference of lubricating oil dispersed
in the polymer matrix. The polymer crystalline phase high
molecular motion leads to less perfect crystals and a lower
crystallinity degree, facilitating an easier melt process!'..

The thermal analysis results, in particular the clear
reduction trend in the samples’ crystallinity degree with
increased oil content, were in accordance with the mechanical
tests results. The crystallinity degree reduction causes an
clastic modulus decrease and an increase in the material
ductility!'”.

3.1 Analysis of current reverse logistics of lubricating oil
plastic packaging

Field research conducted by Martins!''®! demonstrated
that, despite compulsory federal law requirements, the reverse
logistics system of automotive lubricant plastic bottles practiced
in Rio de Janeiro municipality has significant shortcomings
with regard mainly to systematic oily fraction separation from
the plastic waste and bottle temporary storage, with direct
consequences on the recycling process viability, cost and
safe transportation. Field research evidence was collected
and proves the only reverse logistics program of this waste
type operating in Brazil (Jogue Limpo), presents several
operational and logistical problems with direct economic
impact and environmental feasibility of the system.

The actual system of logistics considers the lubricating
oil bottle transportation without residual oil removal or,
in the best case, the post-consumer bottles are taken to
an oil collector apparatus, commonly called “dripping”,
for the gravitational drainage of the waste. The mobile oil
collector is a metallic funnel with a small inclination to the
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horizontal. This structure contributes to poor drainage done
at collection points: the bottles remain in the apparatus,
often “laying” or very slightly inclined and, consequently,
with little oil drainage effect. Furthermore, the lack of
definitions - practice currently developed — such as the
minimum draining time and the best bottle position during
the residual oil gravitational separation process and also
the lack of suitable bottle protection media also provoke
waste disposal losses.

In the case of post-consumer lubricating oil bottles
with oily residue, companies include washing and drying
steps which consume large amounts of water and energy,
as well as generating significant effluents to be treated. In
addition, the excessive residual oil presence hampers the
recycling process, causing deformity and a burnt oil odor
in the final artifact. These factors have made the activity
unfeasible for some recyclers. To recycle such waste and be
attractive to entrepreneurs, an effective collection system
is necessary, associated with the plastic waste separation
from oil contaminant.

Barriers associated with the plastic bottle transport
system indicate bottle fragmentation at the lubricating oil
point of sale can bring several logistical, environmental and
economic benefits associated with the increased material bulk
density, for example, a significant collecting trip reduction
and smaller material temporary storage area.

Finally, the analyses indicate the urgency to reengineer
the reverse logistics system and to suggest the deployment
of lubricant packaging decontamination in more appropriate
gravitational drainage equipment; fragmentation at the
generator point to facilitate material storage and transportation
and direct polymer recycling without the washing step.

4. Conclusions

Direct mechanical recycling (without washing) of
post-consumer lubricating oil bottles is an alternative to
increase the feasibility of this waste type reverse logistics.
For this technology to be technically and economically
feasible, a methodology is necessary to effectively remove
the residual oily fraction from the bottles, for the final waste
not to compromise the reprocessing, and especially not
significantly alter the recycled plastic properties.

Reprocessing HDPE post consumer bottles is feasible
with lubricating oil content up to 3.2%. In larger quantities,
the lubricant oil external action affects the plastic matrix
processing in the extrusion and injection processes, and
the recycled material presents a burnt oil odor and free oil
on the surface. The HDPE properties with small processed
lubricant oil amounts are comparable to the recycled
polymer after decontamination by washing, without any
prejudice related to the automotive oil plasticizing action.
However, the presence of more than 7.7% of lubricant oil
alter the recycled HDPE properties, significantly reducing,
for example, the elasticity modulus (flexural and tensile),
and the plastic matrix crystallinity degree.
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