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Abstract: Petroleum-derived products, such as lubricant oils, are non-renewable resources that, after
use, must be collected and processed properly to avoid negative environmental impacts. A circular
economy of used oils requires the re-refining and reuse of the same. Similar to most countries in
Latin America, the management of used oils in Ecuador is still incipient and few cities collect and
treat this material properly. In Cuenca, the ETAPA company collects ~1344 t/year of used oils, which
are subjected to pretreatment operations prior to their use as fuel in a cement factory. However,
combustion generates polluting gases and disallows the adding of value to the used oils. The lack of
studies on the characterization and methods utilized for recovering used oils under the conditions
found in medium-size Latin-American cities (e.g., Cuenca), alongside a lack of government policies,
have hindered the adoption of re-refining operations. The objective of this work is to characterize the

check for used lubricant oils in Cuenca, to compare them with the properties of used oils from other countries,

updates and to suggest some re-refining technologies for oils with similar properties. Used oil samples were
Citation: Sanchez-Alvarracin, C. collected from mechanic shops and car-lubricating shops for characterization. Its physicochemical
Criollo-Bravo, |.; Albuja-Arias, D.; properties and metal contents are comparable to the used oils in other countries globally. Specifically,
Garcia-Avila, E; Pelaez-Samaniego, the flash point, kinematic viscosity, TBN, and concentrations of Zn, Cd, and Mg are similar to the
M.R. Characterization of Used properties of used oils in Iraq, Egypt, and the United Arab Emirates. Based on these results, the
Lubricant Oil in a Latin-American best re-refining option for used oils in Cuenca is extraction with solvents in which sedimentation
Medium-Size City and Analysis of and dehydration (already conducted in Cuenca) is followed by a solvent reaction process, a vacuum
Options for Its Regeneration. distillation process, a finishing process with bentonite, and a final filtration step.
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1. Introduction

Lubricating oil (or engine lubricant oil), a product derived from petroleum refining, is
a mixture of essential oils (either virgin or processed, mineral or synthetic) and additives.
published maps and institutional affil-  Loubricant oils are used in equipment with moving parts to reduce friction and surface wear
{ations. off [1], which makes these oils widely employed for the operation of internal combustion
engines (ICEs; both gasoline- and diesel-type engines). During the operation of ICEs, the
additives in the oil are partially consumed and the oil quality decreases over time due
to degradation by oxidation, decomposition of oil and its additives, and contamination
with water, gasoline (or diesel), dirt, metals, and carbon particles [2]. The degradation
of lubricant oil reduces its life, which severely limits its reusability. Thus, it needs to be
replaced with new oil [3]. The used lubricant oil must be collected and stored adequately to
avoid environmental pollution, such as from spillage. Often, used lubricant oils are burnt
conditions of the Creative Commons  Without any treatment, which emits harmful gases into the environment. Sometimes these
Attribution (CC BY) license (https:// ~ Materials are even spilled in rivers [4].
creativecommons.org/licenses /by / Used lubricating oils contain heavy metals (e.g., Cr, Cd, As, and Pb) and harmful
40/). chemical compounds, such as polynuclear aromatic hydrocarbons, benzene, chlorinated
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solvents, polychlorinated biphenyl (PCBs), and polycyclic aromatic hydrocarbons (PAHs).
Therefore, proper management of used oils is necessary to avoid the negative effects
inflicted on human health and nature [5]. From an environmental point of view, combustion
of used oils is not recommended [5], since the improper incineration of 5 L of used oil
could pollute an amount of air equivalent to that needed by a person to live over three
years [6]. The adsorption of Cr and its compounds released by burning used oil can cause
some types of cancer [5]. The negative impacts of the improper management of used
oil on the environment and on human health [7] require the exploration of options for
regenerating these oils with the intent of producing new lubricants and other petroleum-
derived products. The yield of lubricant oils through the re-refining of used oils is higher
than the yield from virgin crude petroleum refining [2], promoting a reduction of about 90%
of the environmental impacts that otherwise could result from the production of petroleum-
derived lubricant oils [7]. Some companies in the world, particularly large industries
that consume lubricants, regenerate used oil in their own facilities by physicochemical
processes to remove the contaminants. Then, the regenerated oil is added to new oils to
operate ICEs or is used in other industrial applications, such as gear lubricants, cutting
oil, and metal-rolling lubricants [8]. This option has the advantage of reducing losses in
each processing step, although the regenerated oil cannot be used again in the engines
or gearboxes in vehicles due to degradation. Thus, lubricating oils must be re-refined for
further use as lubricants in ICEs [9].

Our literature review suggests that there is a limited amount of studies reporting
on the collection methods, characterization, and reuse techniques for used lubricating
oils in Latin-American countries. Mexico and Brazil are the leading countries in the
region on the reuse of used lubricant oils. In Mexico, Bravo Energy recovers around
100 million L of used oil in the form of fuels from Mexico and other countries (the US,
Argentina, and Chile) [8]. Brazil consumes around 1 billion L/year of lubricating oil, 60%
of which corresponds to automobile ICEs. More than 36% of the collected used oil in the
country is derived from cars’ ICEs [10]. The Sindicato Nacional da Industria do Rerrefino
de Oleos Minerais, “Sindirrefino” [11], ensures that the oil-refining activities in Brazil
follow the latest technology, obtaining products duly specified by the National Petroleum
Agency, according to Portaria ANP-130/1999. The industrial park has three differentiated
technologies: (a) an acid/clay system with a “cracking term”, obtaining a neutral heavy
base oil; (b) a flash distillation or skin evaporation system, which allows obtaining a light
and medium neutral base oil; and (c) an extraction system selective of propane solvents
to obtain a medium neutral base oil. Currently, there are several Latin-American cities
that possess private re-refining plants. Some examples of re-refining plants include CILCA
(Lima, Peru) [12], Biofactor (Duran, Ecuador) [13], Nueva Energia S.A. (Buenos Aires,
Argentina) [14], and other plants in Medellin and Bogota (Colombia) [15]. In September
2019, the IDB (Inter-American Development Bank) approved a loan to co-finance an oil
recovery plant in Central America in partnership with the Costa Rican company Metalub,
which currently collects and ships used oils to the US for re-refinement [16]. However,
in the region, re-refining is mostly solely conducted at the city scale; thus, countries as a
whole are not involved in the efficient collection and re-refining systems of used oils.

In Ecuador, the State, through the Agency of Regulation and Control of Hydrocarbon
Fuels (ARCH) [1], regulates and controls all activities related to the production, distribution,
and use of petroleum and petroleum-derived fuels and lubricants. According to the Central
Bank of Ecuador, from January to July 2018, the country imported 70,081 t of lubricants,
corresponding to an FOB value above US$ 100 million [17]. In May 2019, the Ministry of
the Environment of Ecuador (Ministerio del Ambiente) promulgated Law 042 to regulate
the management of used lubricant oils and the containers of these materials; it establishes
general guidelines on the storage, collection, and final disposal of used lubricating oils, and
the minimum collection goal corresponds to 20% calculated on the total tons of lubricating
oil imported or manufactured annually [18]. However, the law does not make specific
reuse operations or the re-refining of used oils mandatory. According to data from Arc
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& Pieper S.A. (from Quito), around 84 million L/year of used oils are not recovered
in the country. From it, 30% correspond to automotive and industrial used oils [19].
Few municipal governments (i.e., Cuenca, Ambato, Quito, Ibarra, and El Coca) and the
Provincial Government of Tungurahua have protocols to collect and recycle used oils.
In Quito, the BIOfactor company [13] collects all types of oils generated by the city and
neighboring cities in the north of Ecuador. The company has a re-refining capacity of
9 million L/year (in the city of Duran), which corresponds to approximately 11% of the
oil used in the country. Nevertheless, only the municipal government of Cuenca has
an environmental license from the Ministry of Environment (MAE) to collect and treat
used oils [19]. This city (a medium-size Latin-American city, with less than half a million
inhabitants), through the ETAPA company (Municipal Company of Telecommunications,
Potable Water, and Sewerage), has been carrying out a program called “Collection of Used
Batteries and Used Oils” since 1998, aiming to generate environmental awareness among
the population and promoting an adequate management of these wastes [20].

Currently, ETAPA collects 151,200 L/month (~1534 t/year) of used oil from “used
oil generators”, a group of approximately 1300 car-lubricating shops, mechanic shops, car
wash shops, and tire repair shops, and some miscellaneous industrial companies in Cuenca.
This amount of used oil collected is approximately 57% of the total consumed in the city [20].
The remaining is sold to an informal market that employs this oil as fuel in furnaces for
bricks, tile manufactures, and, less frequently, for wood treatment, concrete formwork,
spraying of cars’ bottoms after car-washing, as a pesticide, to reduce dust on unpaved
roads, or to protect cattle from subcutaneous parasites [19]. The practice of employing
used oils as fuel is common in Latin-American countries (see, for example, [21]). Evidently,
some of these uses are not environmentally friendly. It is expected that, in Ecuador, Law
042 could promote better management practices of used oils and reduce pollution.

The oil collected by ETAPA is subsequently treated in its own waste treatment facility
through decantation, filtration, and clarification processes to separate the water and solid
impurities. Following the Ecuadorian Technical Standard NTE-INEN 2266: 2017 for the
transport, storage, and handling of hazardous materials, the treated oil is sent to a cement
company in Guayaquil where it is burnt as fuel [20]. However, the management system
of used oils in the city requires expenses that currently are paid by both the municipal
government and the used oil generators. The sale of used oils to an informal market could
be explained in part by the propensity of used oil generators to reduce such additional
costs. Thus, adding value to used oils could help to reduce its utilization in informal
markets. Despite these problems, the collection and treatment system have been effective
at avoiding spillages and harmful discharges of used oil.

The implementation of Law 042 [18] would boost the required steps towards a circular
economy that prioritizes regeneration and reuse of used lubricant oil. For this purpose,
a deep understanding of the properties of used oil and the potential options for adding
value to this material are critical [22]. In the case of Ecuador, information on the properties
of used oils is scarce. Almeida et al. [4] characterized some properties of used oils in
Quito. In Cuenca, Jaramillo et al. [23] characterized two types of oils commonly used in
taxis (SAE 20W50 and SAE 10W30) to determine the most common causes of engine wear.
Likewise, ETAPA has determined some properties of the used oils they collect (mixtures of
automotive and industrial used oils) [24]. However, there are no current works showing a
complete characterization of used oils or suggestions about possible routes for re-refining
these materials as part of a circular economy strategy in the conditions of Cuenca and
other cities in Ecuador. The objective of this work was twofold: (a) to characterize the
used lubricant oils collected in Cuenca and compare the resulting properties with those of
used oils elsewhere; and (b) to recommend regeneration options for used oils, considering
the characteristics of the oils and the experiences reported in other places. The work
hypothesizes that, if the characteristics of used oils in Cuenca are comparable to those in
other places where used oil management is adequately performed, it is possible to adapt
such proven processes to the conditions of our city. This paper summarizes the main
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findings of the research and expects to contribute with ideas for a better management of
used lubricating oils in medium- (e.g., Cuenca) and small-size cities.

Figure 1 summarizes the process to be developed in this research in order to meet the
proposed objective.

Survey Sampling Sampling Physicochemical
*To determine design eSampling in assigned characterization
storage methods *By type of storage establishments eLaboratory analysis
Method Bibliographic review Statistic analysis
recommendation *Comparison with oil properties from eInfluence of storage
* According to the other studies conditions
similarity found of *Review of re-refinement methods e Physicochemical
several factors applied in other countries properties

Figure 1. Process for the development of this research.

2. Materials and Methods
2.1. Materials

Samples of used lubricant oils were obtained from mechanic car shops and other used
oil generators in the city of Cuenca. A preliminary step consisted of surveying a group
of 265 randomly selected (out of the 1300) used oil generators registered by ETAPA to
identify the collection methods and storage conditions of the used oils [25]. Based on the
preliminary results, it was determined that the number of storage containers in the city is
16, for which a sample was taken from each one and the four most frequently repeated
were duplicated, taken from different establishments (Samples 4 and 7,5 and 6, 8 and 9, 14
and 15). The collection of three extra samples directly from the engines of three gasoline
vehicles (i.e., used oil without being mixed or exposed to contamination from external
agents) also was conducted for a comparison of the properties. Therefore, twenty-three oil
samples were collected in total. The twenty samples were mixtures of various types of used
automotive oils (mostly engine and gearbox lubricant oils) that have been stored under
different conditions (e.g., using plastic or metallic containers), as presented in Table 1. As
seen in the table, in Cuenca, the used oils are stored in the used oil generators’ facilities
for up to three months prior to collection by ETAPA. Samples of ~500 mL were extracted
directly from the storage tanks. The collected samples were then sent to the Chemical
Control Laboratory of the Guangopolo Power Plant (Termopichincha Unit—CELEC EP)
for characterization.

2.2. Characterization of the Used Oil Mixtures

The twenty three samples were characterized with the purpose of determining the
water content, density at 15 °C, viscosity index, base number, flash point, kinematic
viscosity at 100 °C, and metals content (Al, Ba, B, Cd, Ca, Cu, Ct, Sn, P, Fe, Mg, Mn, Mo, Ni,
Ag, Pb, Si, Na, Ti, V, and Zn). Water content was determined following ASTM D95 [26].
Density was determined as per ASTM D4052-11 [27]. The viscosity index was calculated
from the kinematic viscosity at 40 and 100 °C and following the ASTM D 2270-93 procedure.
The base number (TBN) was obtained by potentiometric titration, following ASTM D2896-
11 Procedure B [28]. The flashpoint was obtained in accordance with ASTM D92-12b [29];
i.e., using the Cleveland open cup method. The thermal bath method (ASTM D445-15
Procedure A) [30] was used for the kinematic viscosity index at 100 °C. The metal content
was determined in accordance with ASTM 6595-00 (2011) [31]. All tests were conducted in
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duplicate. Table 2 show the analytical instruments’ specifications for the characterization
of the used oil mixtures.

Table 1. Storage conditions of the used oils in mechanics and car lubricating shops in Cuenca.

Sample Container Top of Pre-Filtered Covered P Collection

Number Material Tank a Frequency ¢
1 Directly from vehicle’s engine no - -
2 Directly from vehicle’s engine no - -
3 Directly from vehicle’s engine no - -
4 Metal Closed no yes monthly
5 Metal Closed no yes monthly
6 Metal Closed no yes monthly
7 Metal Closed no yes monthly
8 Metal Closed no yes bimonthly
9 Metal Closed no yes bimonthly
10 Metal Closed no yes quarterly
11 Metal Closed no no monthly
12 Metal Closed yes no monthly
13 Metal closed yes yes bimonthly
14 Metal closed yes yes monthly
15 Metal closed yes yes monthly
16 Metal open yes yes monthly
17 Metal open no yes monthly
18 HDPE closed no no monthly
19 HDPE closed no yes bimonthly
20 HDPE closed no yes quarterly
21 HDPE closed yes yes quarterly
22 HDPE closed yes yes monthly
23 HDPE open yes yes monthly

2 Refers to a screening process to remove large particles (e.g., wipe cloth) prior to storing in the tanks. ® Indicates
if the storage container has been under roof conditions or not. ¢ Frequency of collection of the used oils from the
used oil generators’ facilities.

Table 2. The analytical instruments’ specifications.

Parameter A. Instrument Brand Model Serial Number
Water content Distiller Stanhope Seta 24415-2 1031631
Density at 15 °C Digital Mettler Toledo ~ Densito 30 PX LWE13A54
densimeter
Viscosity index Therkr)r; Sﬁtatlc Petrotest Visco Bath 0263125001
Total base Potentiometer Metrohm 916 TiTouch 1916001003195
number (TBN)
Flashpoint Equlpmept to Fisher Tag Flash Tester 926
flashpoint
Metal content Atomic emission Spectroil M/F-W 626
spectrometer

2.3. Statistical Analysis of the Used Oil Properties

The results obtained were statistically analyzed in three steps: The first step focused on
identifying the similarities among the 23 oil samples, from a physicochemical perspective.
For this purpose, a cluster analysis using the SPSS program was conducted and the samples
with similar characteristics were grouped [32]. Then the agglomeration method (i.e., a
hierarchical classification in which algorithms are used to group objects, using a measure
of Euclidean squared distance between data and the Ward linkage that measures remote-
ness between groups) was employed. According to [32], this method is used to analyze
quantitative variables when the sample size is relatively small (<50). With this analysis,
a classification tree or dendrogram was prepared (see Figure 2). Since small distances
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indicate homogeneous conglomerates and large distances show diversified conglomerates,
it is convenient to stop the grouping process when the horizontal lines become long [32];
this procedure determines the number of clusters. In the second step of the analysis, the
inference statistical technique “confidence interval” (with a 95% level of confidence) was
employed [33]. In the third step, a comparison of the physicochemical characteristics of the
used oils in Cuenca to the properties of used oils in other countries was conducted. Box
and whisker plots were employed to summarize the data and to identify outliers (using
the SPSS software).
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Figure 2. Cluster analysis of the physicochemical properties of the mixtures of used oils (a dendro-
gram using the Ward link).

2.4. Analysis of Options for Re-Refining Used Oils in Cuenca

The results of the characterization and experiences reported in the literature served to
propose options of technologies that could be employed to re-refine used oils in Cuenca.
This stage sought to establish the requirements that could enable the processing and
utilization of used oils as part of the circular economy strategy in the city. The options that
were analyzed considered five factors: (1) the amount of available used oil collected in the
city alongside the possibility of expanding used oil collection in neighboring cities; (2) the
quality of the used oil; (3) the yield of byproducts that can be obtained from used lubricant
oils through re-refining, based on the literature and the limitations of some re-refining
technologies; (4) the availability of materials for the treatment process close to the city; and
(5) the costs of the regeneration technologies and the possible uses of the waste.

3. Results and Discussion
3.1. Physical Characteristics of the Used Oils, and Their Metal Content, in Cuenca

The initial test of normality of the properties of the used oils in Cuenca showed that
the physical properties, such as water content, density, viscosity index, kinematic viscosity,
and the presence of elements (Al, B, Cd, Cr, Fe, Mg, Mn, Mo, Ni, Ag, Na, Ti, and V), present
a normal behavior. Thus, the central tendency measure is the mean. However, the TBN
and the concentrations of Ba, Ca, Cu, Sn, P, Pb, Si, and Zn in the used oil did not show a
normal distribution. Therefore, for these properties, we performed a data transformation
through the Cox-Box method, using Minitab 19 software. After these considerations, the
ranges of the values for each physical property and the metal content are shown in Table 3.
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Table 3. Physical properties and metal content of the used oils in Cuenca city.

Parameter Unit Mean Range @
Water content %v/v 0.2 0.1-0.3
Density at 15 °C g/mL 0.88 0.88-0.89
Viscosity index - 132.6 128.1-137

Total Base number (TBN) mg KOH/g 5.8 4.8-6.8
Flashpoint °C 179.5 168-191
Kinematic viscosity at 100 °C mm? /s 12.2 11-13.4
Al mg/kg 8 6.1-9.8
Ba mg/kg 15 0.3-2
B mg/kg 43 24.8-62
Cd mg/kg 0.4 0.02-0.2
Ca mg/kg 1988.7 1744.4-2233.1
Cu mg/kg 13.4 2.8-23.9
Cr mg/kg 2.9 1.5-4.1
Sn mg/kg 9.2 0.5-2.9
P mg/kg 910.5 782.2-1038.7
Fe mg/kg 40.6 21.3-59.8
Mg mg/kg 37.8 14.3-61.2
Mn mg/kg 32 22-42
Mo mg/kg 31 15.5-46.4
Ni mg/kg 1.8 1.1-2.6
Ag mg/kg 0.7 0.1-0.5
Pb mg/kg 39.6 1.3-25.4
Si mg/kg 20.2 13.9-26.4
Na mg/kg 62.7 24-101.4
Ti mg/kg 12 3.1-15.7
\Y mg/kg 3.3 1.7-5
Zn mg/kg 781 671-890.1

2 95% level of confidence.

3.2. Influence of Storage Conditions on Used Oil Properties

The result of the cluster analysis of the physicochemical properties of the twenty-three
samples is presented in Figure 2. For the analysis, Euclidean squared distance and Ward'’s
linkage were chosen to create homogeneous groups [32]. In the dendrogram (Figure 2),
a distance of 5 was chosen, obtaining four clusters (according to the similarity of their
physicochemical properties) called Clusters A, B, C, and D. Cluster A contains nine samples
(i.e., Samples 8, 18, 13, 5, 7, 15, 3, 1, and 12), Cluster B also consists of nine samples (i.e.,
Samples 17, 23,2, 9, 4, 19, 6, 16, and 20), Cluster C consists of two samples (i.e., Samples
14 and 21), and Cluster D consists of three samples (i.e., samples 10, 11, and 22). Sample
2, as seen in Figure 2, corresponds to the average values of the properties of the 23 oil
samples. The corresponding properties moved away as the Euclidean distances of the
other samples moved too. An ANOVA test was performed to compare the means of the
groups (at the 95% confidence level). Figure 2 suggests that the storage conditions are
not grouped but are different within the same cluster. Samples 1, 2, and 3, which were
taken directly from vehicles” engines (Table 1), are located within Clusters A and B, with
characteristics similar to the other stored samples, suggesting that the storage time (i.e., up
to three months) does not affect the properties of the used oils. Clusters C and D, despite
having fewer samples, also show different storage conditions. Therefore, this finding
indicates that there is no correlation between the storage conditions (i.e., type of material
of the containers and time) and the oil’s characteristics. This can be confirmed because
the properties of the oils extracted directly from the vehicle engines, which correspond
to the zero storage date, were analyzed under the same environmental conditions as the
other stored samples. Furthermore, due to the climatic conditions of Cuenca (which is
more or less constant throughout the year), there are no temperature variations that could
compromise the properties of the oil during storage.
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3.3. Physical Properties of the Used Lubricating Oils in Cuenca and Comparison with the
Properties of the Used Oils in Various Countries

Table 4 shows the values of the physical properties and metal content of the used oils
in Cuenca (Column 2) and the new lubricant oils that are employed in the city (Column 3).
The table also presents the typical values and expected limits of both the physical properties
and metal contents reported in the literature, as well as the expected tendencies of each
property or value compared to the new oils. It can be seen that, for used oils in Cuenca,
most values are below the accepted limits, according to [34]. Moreover, the water content
is below the limits reported by [34] and the rest of the results (except the concentration
of some metals) are in the range of expected values [8,35]. This result suggests that the
re-refining options for used oils in Cuenca should take advantage of the experiences in
other places that process used oils with similar properties to guarantee the properties of
the regenerated oil as required for further use.

Table 4. The physical properties and metal concentration of the used lubricant oils in Cuenca, in comparison with other oils.

) t Oils in Cuenca Typical Range Other Studies Expected Teﬁdencytvtvith
roper s espect to
perty This Study A"ce)ri‘;f?;:]ew Ref. [8] Ref. [35] Limits [34] Ne il
Water content (%v/v) 0.2 0.1 - 1.1-13.7 - increases
Flashpoint (°C) 178.1 - 75-240 120214 >38 decreases
Density at 15 °C 0.9 - - - - increases
(g/mL) ’

Viscosity index 134.2 138.1 - 92.5-144 - increases
TBN (mg KOH/g) 5.7 53 - 4.1-4.7 - decreases
Kllr:)eonlagl(cn\f:;; (/):;ty 11.8 16.4 - 9.3-14.8 - increases

Metals content (mg/kg)

Al 8 <1 - 4-20.3 <20 increases
Ba 15 64.7 5-110 - - decreases

B 43 10 - 30-4100 - decreases
Cd 0.4 - 0-3.8 2-94 <2 increases
Ca 1988.7 1396.6 936-1670 606-1890 - decreases
Cu 13.4 <1 - 7-30 <30 increases
Cr 2.9 <1 - 3.2-233 <10 increases
Sn 9.2 <1 - 9.7 <20 increases

P 910.5 802.2 494-973 - - decreases
Fe 40.6 1.3 23-99 15-348 <100 increases
Mg 37.8 12 66-120 43.5-332 - decreases
Mn 3.2 - 0.9-18 - - increases
Mo 31 97.9 24-42 - - decreases
Ni 1.8 <1 0-5.4 2 <10 increases
Ag 0.7 <1 - - <3 increases
Pb 39.6 <1 7-57 2-2813 <30 increases
Si 20.2 4.3 29-76 11-21.9 <20 increases
Na 62.7 48.1 174-606 13-65 <50 increases
Ti 12 <1 0-4.9 - - increases
A\ 3.3 <1 0.2-10 - - increases
/n 781 803.3 444-1280 54.9-1100 - decreases

Table 5 shows a comparison of the physical properties, presence of metals, and con-
centration of additives of the used oils in Cuenca with those of used oils in other countries.
Some properties are difficult to compare due to a lack of data. However, it is seen that,
as with other materials, the water content is below the values reported in other countries.
Properties such as viscosity are of interest since they show that the oils have not degraded
too much during their use, as well as indicating a lower water content.
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Metals such as Al, Cd, Cr, Cu, Fe, Pb, Mn, Mg, Ni, Ag, Sn, Ti, and V (Table 6), known
as wear metals [8], arise in the used oil due to the engines” high operating temperatures
and pressures. Thus, the concentrations of metals found in the used oil vary depending
on the brand and the type of used oil, the conditions of the engine that originated them,
and the distance traveled by the vehicle until oil change is performed [36]. Ti is outside
the range of typical values for used oils with a much higher value. Oil liquid Ti is widely
used to reduce the friction and wear of engine components [37], which could explain such
high values for Ti content. In the case of engine wear metals, all values are below the
mean of the countries reported in the literature (except for S and V, from which there are
not enough results to compare in Table 5); however, they are below the typical ranges as
reported by Parry [8] and Widodo et al. [35], as seen in Table 4. The results indicate that
the oils have a low contamination by wear metals, especially in the case of Si, Al, Cu, Cr,
and Fe. Si is considered a highly abrasive material [38]. Its presence in the used oil is
mainly due to contamination by sediments or some brake fluids, as well as by dust (dirt)
entering the engine. The concentration of additives such as Ba, B, Ca, Mg, Mo, Na, P, and
Zn (Table 7) is reduced with respect their initial concentrations. P and Zn are elements
that are generally found in anti-wear additives and antioxidants used to protect metal
segments under engines’ extreme operating conditions. Ca, Mg, and Na sulfonate are
mainly associated with the detergents/dispersants used for engine cleaning. Some engine
oils contain MoS2 to reduce wear at high temperatures and pressures. B and Ba are used
in some synthetic oil formulations and act as anti-wear additives [22,36,39]. Regarding B,
there are not enough data to compare with other countries (Table 5), but it is within a typical
range according to Widodo. et al. as seen in Table 4. Some metals that are components of
the engines also serve as additives in lubricating oils. This is the case of Al, Cu, Mg, Tij,
and Mo. If the concentration of an element in the used oil increases with respect to the
concentration of the virgin oil, it is considered a wear metal, otherwise it is considered
an additive. Ba and Mg content is below the mean of the typical values reported in the
literature (Table 7), which suggests that part of these elements was lost during the operation
of the engines. The Mo, Na, P, and Zn concentrations are also below the mean values (right
column), suggesting loss of these metals, but they are still within the typical ranges (see
Table 4). Ca has a higher value than the expected values [8,9]. Its content depends on the
types or brands of oils present in the mixture.

In general, it is observed that the characteristics of the oils used in Cuenca are within
the ranges of values obtained from other countries. The results of this research are close to
those reported for used oils in other countries in South America (e.g., Colombia, Chile, and
Venezuela), except for the higher water content of the used oils in Chile. This could possibly
result from similar climatic conditions, age of the car fleet, and types of oils consumed.
Likewise, in Peru, a higher presence of wear metals in used oils is seen, although those used
oils retain more additives. The literature also shows that, in Australia, used oils are less
contaminated by wear metals, but there is greater loss of additives. Works conducted in
the US on the concentration of metals in used oils show values close to used oils in Cuenca.
In the case of Spain and Portugal, there is less metal contamination in the used oil, except
for Fe. Iraq, Nigeria, and Poland present approximately similar results, although those oils
appear less contaminated by metals. The same happens in the case of used oils in the UAE,
except for the high content of Pb. The physical characteristics of the used oils in Egypt,
Pakistan, and Saudi Arabia show some similarities to the used oils analyzed in this work.
However, the metals content cannot be compared due to a lack of information. A high
water content and low viscosity index is evident in South Africa’s used oil. Kazakhstan,
Ukraine, and Ghana show the highest metal-contaminated automotive used oil.
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Table 5. The physical properties, concentration of wear metals, and additives of the used lubricating oils in Cuenca, in comparison with the properties of the oils used in various countries.

Element This EQul‘tio- Chile Colombia Venezuela Perd Spain  Portugal UAE USA Kazakhstan Ghana Nigeria ggqth Ukraine Australia Poland 1Iraq Iraq  Pakistan ASaubc!l Egypt M

(ppm)  Work ““[3"  [40] 151 411 (421 [43] Laf Gl D) [46] 2] 47] g 1491 1501 511 1521 [53] [54] s 156l ean
Al 8 - - 17 - 375 - - 4 - 57.9 ) - 20.1 - 64 - - - - - - 89.7
Ba 15 - - - 113 9 297 - <1 29 - - - - - - - - - - - - 84.6
B 43 - - - - - - - 3 - - - - - - - - - - - - - 3
cd 04 - 0.1 - - - - - <1 17 - - - - - 0.04 - 1 - - - - 0.8
Ca 1988.7 - - 2853 190 1250 45 1805 1667 - 171.9 606.5 - - 1445.7 - - - - - - - 825.1
Cu 13.4 - 9.7 14.3 16 15 29 - 7 36 37.9 213 - - 74.1 7 18 46 - - - - 223
Cr 29 - 5 - <1 - - - 4 33 183 - 13 - 52.6 0.2 14 15 - - - - 8.9
Sn 9.2 - 5 - - - - - <1 - - - - - - - - 1.6 - - - - 25
P 9105 - - 18.4 - 1550 931 739 632 - - - - - 2797.1 485 - - - - - - 1021.8
Fe 40.6 - - - 46 240 205 212 15 - - 89.5 - 213 696.4 41 53.5 72 - - - - 153.8
Mg 378 - - - 1.5 - 309 - 38 - 436.1 - - - 549.8 24 - 81 - - - - 205.6
Mn 32 - - - - - - - 1 - - - 53 - 8.8 1 1.8 15 - - - - 3.2
Mo 31 - - - - - - - 7 - - - - - 48.15 - 4629 - - - - - 172.7
Ni 1.8 - 1.4 - - - - 5 <1 15 - 2 08 - 5.8 02 04 - - - - - 2
Ag 0.7 - - - - - - - <1 - - - - - - - - - - - - - <1
Pb 39.6 - 155 454
Si 20.2 - - 23 - - - - 11 - - - - - 140 - - - - - - - 51.1
Na 62.7 - - 216.8 435 - 118 - 20 - - 95 - - - - - - - - - - 733
Ti 12 - - - - - - - 2 - - - - - - - - - - - - - 2
\4 33 - 2 - - - - - <1 - - - - - - - - - - - - - 15
Zn 781 - 340 825.5 651 1025 1 1000 780 1152 403 - - - 4361 254 1106.7 1280 - - - - 1013.8

Water

con- 02 0.4 10 05 0.6 5.1 - - 0.8 - 0.03 - - 11.5 0.2 - - 09 15 - - 03 2.7
tent

Density

at15 " 09 - - 0.9 - - - - 0.9 - 0.9 - 0.9 0.9 0.9 - - 09 09 0.9 0.9 0.9 0.9
°C

\i’fdf:‘”’ 1342 122 - - - 115 - 103.1 - - - - - 255 110 - - 89.1 - 110.6 80 1151 967
Base

Ter 57 186 - - - - 17 - 41 - - - - - 35 - - 01 58 46 13.5 - 6.5

(TBN)

Flashpoint178.1  90.8 - - 1822 - 348 - 152 - 190 - 135 125 511 - - 158 178 183 101 128 190.9

Kinematic

"lltsycgts 11.8 298 55 81.1 - 17 - 7.8 - - 95 - - 6.5 139 - - 135  -12 155 14.1 1293 222

100 °C
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3.4. Analysis of Options for Re-Refining Used Oils in Cuenca

The treatment of used lubricant oils involves three processes: recovery, reprocessing,
and regeneration (or re-refining) [8]. Reprocessing is carried out by the elimination of
contaminants from used oils and may include distillation and chemical treatment, as well
as a combination of methods with those used for recovery. With the re-refining process, the
highest degree of contaminant removal is reached, obtaining the base o0il to manufacture
new lubricating oils. Table 6 shows the methods commonly employed for re-refining of
used oils at the laboratory scale and Figure 3 summarizes the sequence of these steps.
Regardless of the re-refining process, it begins with a pretreatment step that depends on
the characteristics of the oil. According to Fong et al. [5], good quality oils can be obtained
from used oils and their production costs are relatively lower than the costs of producing
oils through petroleum refining. A gallon of used oil (3.78 L) provides 2.5 L of lubricating
oil, which, otherwise, should require 42 gallons (>158 L) of crude oil [57]. Besides, the by-
products of re-refining can be converted into valued end products for other manufacturing
processes, such as asphalt. The yields of the products and byproducts can cover the cost of
buying the chemicals needed to keep the operation of the re-refining plant and, therefore,
to make the process profitable [5]. An oil of higher quality than the corresponding original
oil cannot be obtained using these processes. For this reason, for cost-effective recycling
of used oil, it is important to separate the different types of oils in the places used oils
are generated because, from the mixture of high-quality and low-quality used oils, only
low-quality oils are obtained [8]. Speight and Exall [58] (cited by [35]) indicated that, in the
re-refinement process, solid particles and water are separated from the used oil by physical
treatments to obtain an oil comparable to the original, but the contaminant metals could
not be completely removed.

Table 6. Steps for re-refining used oils and the technologies employed at the laboratory scale.

Technology Country and Reference

Filtration, centrifugation,

decantation, and South Africa [48], Egypt [59]

sedimentation
Distillation
Pre-Treatment
Filtration Egypt [56]
Sedimentation, magnetization, Nigeria [60]

heating, and agitation

Technology

Country and Reference

Sedimentation

UAE [44]

Acid treatment

Romania [61], Iran [62], Nigeria [47],
Colombia [5]

Caustic treatment

Ghana [2]

Activated carbon/clay
treatment

Regeneration Distillation/clay

Acid clay treatment

South Africa [48]

Irradiation and ultrasonic
adsorption

Kazakhstan [46]

Solvent extraction

Egypt [56], Iraq [53], Portugal [22],
Egypt [59], Nigeria [60], Spain [43],
UAE [44]
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Fractionation of the

Vacuum distillation

Ukraine [49], Egypt [56], Iraq [53],

Ghana [2], UAE [44]

Bases

Atmospheric and vacuum
distillations.

Spain [43]

Adsorption, neutralization,

sedimentation, and filtration.

Romania [61], Nigeria [47]

Finishing

Filtration and heating

South Africa [48]

Filtration

Colombia [5]

Adsorption

Kazakhstan [46], Egypt [56], Iraq [53],

Nigeria [60], Iran [62], UAE [44]

Used lubricating oil

\ 4

Storage (mixed oil)

v

Pre-treatment
Filtration
Centrifugation

Decanting
e Sedimentation
e Heating

4

Magnetization

Regeneration
Acid treatment
Caustic treatment
Actived carbon / clay treatment
Acid clay treatment
Irradiation and ultrasonic
adsorption
Solvent extraction

Solid waste and water

Sludge (heavy metals,
chlorinated hydrocarbons,
and polyaromatic
compouunds)

A 4

Base fractionation
Vacuum distillation
Consecutive vacuum and
atmospheric distillation

Solvent recovered

Additive metals

v

Finish
Adsorption
Neutralization
Decanting
Filtration

e

Re-refined
base oil

+ Additive

Figure 3. Main stages of conventional technologies for the re-refining of used oils. Adapted from [35].

Re-refining consists of four stages: pre-treatment (i.e., removal of water and solid
particles), regeneration (i.e., elimination of degradation products), fractionation of the bases
(i.e., separation of light hydrocarbons), and finishing (i.e., improvement of color and smell
of the treated oil) [35,59,63]. Some of these processes still have some disadvantages, such
as the poor performance of oil regeneration or the generation of other environmentally
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hazardous contaminants [35]. Following the logic of the circular economy, the ideal
regeneration method for used lubricating oils should guarantee the function the product
had at the beginning, as many times as possible after a treatment is conducted.

For the finishing step, excellent results have been obtained with the use of
bentonite [44,50,60,61]. This is the process that appears most suitable for used oil treatment
in Cuenca, due to the large amounts of bentonite available in the province of Napo [64],
located ~400 km from Cuenca. Bentonite can be used as bleaching land to clarify and
reduce (by adsorption purification) the intense color of the oils [65]. It is expected that used
oil generators (e.g., mechanic and car lubricating shops) in the city will play a vital role
in the collection system as they are responsible for the handling, separating, and storing
operations for different types of used oils before delivering them to authorized collectors
to ensure proper treatment [22].

In Ecuador, in the city of Quito, the re-refining of used lubricating oils is carried out,
in this process methods such as filtration, extraction by solvents, and vacuum distillation
are applied, while in the city of Cuenca only filtration, decantation, and sedimentation is
performed; in Figure 3 these processes are marked in red.

At an industrial scale, the main technologies employed for re-refining used oils are
(a) the acid/clay process; (b) activated clay process; (c) thin-film evaporation (TFE), based
in vacuum distillation; (d) solvent extraction process; and (e) hydro-treatment process
(hydrogen extraction) [58,65,66]. The steps for each re-refining technology and the yields
that can be recovered from the process are presented in Figure 4.

Acid clay dehydration H cﬁ:fillllgan H acid wash H a&i’to}{%;%n H filtration }% Reéggzz)e)ry ’

| Recove
d‘;:tcﬁllggzm H clay filter H filtration I (63%)1'y

Acid-
activated
clay

dehydration

)
Thin/clean

film " thin film adsorption R
eVﬁ(P_l?;E;ion sl o evaporation with}zl;y filtration I e(;g}%e)ry
|

Solvent . solvent vacuum adsorption o Recovery
Extraction dehydration }__ reaction distillation with clay H filtration 1> (74%)

)

Hydro- : vacuum : adsorption SR S Recovery |
treatment dehydration distillation _| hydro-reaction H with clay H flkatey (85%) Y
— ’

Figure 4. Summary of the technologies employed at the industrial level for re-refining used lubricant oil. Adapted from [66,67].
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Table 7. The main technologies employed at an industrial scale for re-refining used lubricating oils.

Re-Refining Method

Process

Advantages

Disadvantages

Acid—clay
[68,69]

Dehydration: removal of impurities, water, antifreeze,
and solvents by preliminary distillation at low
temperature.

Vacuum distillation.

Sulfuric acid: reverse reaction with oxygen, sulfur, and
nitrogen to form sludge.

Additional refining to eliminate paraffinic and
naphthenic hydrocarbons.

Adsorption with clay to reduce odor and dark color.

Proven technology.
Low production cost.

Simple and straightforward process.
Does not require qualified operators.
Adequate for small capacities.
Low capital investment, profitable for
small-scale plants.

Low energy consumption.
Produces good quality base oils.

Generates polluting waste.
Causes corrosion of equipment.

Low yield due to loss of oil in mud and clay.
Not compatible with pollution control
regulations.

Technology is prohibited in many countries

Activated clay
[68,69]

Dehydration. Vacuum distillation with conventional
vacuum column. Adsorption with activated clay at 120
°C for 2 h.

Filtered.

No acid is required.
Simple process.
Suitable for small capacity plants.
Produces good quality base oils.

High consumption of clay.

Low performance. Inconsistent quality.
Environmental problems to eliminate large
amounts of spent clay.

Depends on a particular type of clay that may
not be readily available

Thin film evaporation (TFE) [59,68]

Dehydration. Evaporation of thin-film (via vacuum
distillation). Process involves the removal of volatile
materials and the separation of the high boiling
distillate from residues containing heavy metals.
Two options: (a) hydraulic finishing to remove chlorine,
nitrogen, oxygen, and sulfur compounds or (b)
adsorption with clay to remove impurities (e.g., heavy
metals and decomposition products)

Suitable for high capacity plants
The thin-film evaporator is capable of
operating under high vacuum and is usually
used for high value products
It does not cause contamination.
Produces very good quality base oils

Operates at high temperature and high
vacuum.
The plant must have high capacity to be
economically viable.
High energy consumption

Solvent extraction [67,68,70]

Dehydration. Removal of impurities by mixing
solvents that do not include sulfuric acid, the solvent
produces insoluble and suspended substances (e.g.,
asphalt, metal compounds, and resin). The sludge
removed as non-hazardous waste.

Vacuum distillation with conventional vacuum column.

Adsorption with clay to reduce odor and dark color.

The solvent is recyclable.

Does not cause contamination.
Functional recovery of base oils.
Produces good quality base oils.

Propane is used as a solvent to remove
additives, metals, and tar.
It operates at room temperature

Economical only for high plant capacity.
Operates at higher pressure.
Requires operating systems and qualified
personnel.

May involve operating losses of solvent.
Propane can cause fires/explosion.
High energy consumption

Hydro-treatment [66—68]

Dehydration. Vacuum distillation with conventional
vacuum column.

The oil treated with hydrogen in the presence of a
catalyst removing sulfur, nitrogen, and oxygen. The
combination of this process with solvent extraction

strengthens the oil quality. Adsorption with clay.

Corrects the color and smell of the oil.
The distillation process is commonly used to
remove sulfur, nitrogen, metals, or
unsaturated hydrocarbons

Expensive.
Unsafe.
Not suitable at small scale.
High energy consumption.
Operates at high temperature and pressure.
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Details on each technology and the corresponding advantages and disadvantages are
presented in Table 7. Other new technologies are currently available, especially in Europe
and China, including the combined finishing of TFE and clay, TFE and solvent finishing,
TFE and hydro-treatment, thermal deasphalting (TDA), clay finishing, and TDA and
hydro-treatment. Kupareva et al. [66] presented an exhaustive review of the technologies
employed at the industrial scale for re-refining used oils in Europe and CleanQil in China,
as well as a list of the companies/countries using those technologies (see Table 8). Most of
those commercial plants use the technologies described above, with small modifications in
some cases.

The selection of a specific technology for re-refining used oil at an industrial level
involves several criteria [67,68], including (a) technical and sustainability aspects; (b)
health, safety, and environmental impacts; and (c) economic considerations. The thin-
film evaporation (TFE) technology appears to offer the best results (in terms of product
quality), followed by the solvent extraction, the hydrotreatment, and the activated acid—clay
and acid—clay technologies. However, the TFE technology is economically viable only at
large scales. The minimum capacity needed for a plant with this technology, according
to Kupareva, is around 40,000 t/year (see Table 8), which is several times higher than the
~1534 t/year of used oil collected in Cuenca. Therefore, TFE technology is not currently
viable in Cuenca.

The hydrotreatment and the activated acid—clay and acid—clay technologies, how-
ever, are incapable of producing products with adequate quality while possibly creating
environmental problems [67] (see Table 7). Thus, these technologies are not appropriate
compared to the TFE or the solvent extraction technologies. For these reasons, in this study,
we believe the solvent extraction technology is the best option for re-refining used oils
in Cuenca. The solvent extraction process is more adequate for processing relatively low
volumes of used oils and the quality of the product complies with engine requirements.
The oil recovery rate is relatively high (around 74%) and the process accepts both synthetic
and mineral oils used in vehicles [66]. The solvents can be recovered and reused in the
process. Moreover, this technology is widely used in other countries [66]. Since the physical
properties of the used oils in Cuenca resemble those of countries such as the UAE [44],
Iraq [53], and Egypt [56], which recover oils through solvent extraction, the use of this
technology is justified and currently feasible.
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Table 8. The main re-refining processes currently used in European countries and China (adapted from [66,71]).

Technology Raw Material Investment Costs Product Quality Yield% Waste Plant Capacity (t/year)
Solvent Extraction
It can contain up to 5%
MRD process . . .
(Germany, Denmark and Vegetablg oils, completg Relatively l(?w operating Base oils of good quality. 91 It can use as fuel. 120,000
the Netherland) preservation of synthetic and capital costs.
oils.
(S aiglzirilirll_?nited Motor mineral oil and Relatively low operating Low quality of base oil 79 Asphalt Modifier Production Spain: 36,000, United
P Kingdom) industrial oils. and capital costs. (APII). p Kingdom: 50,000
Vacuum distillation/TFE + hydro-treatment, solvent extraction finishing or chemical treatment
Mineral motor and
Vaxon industrial oils and some . . . The average quality of Asphalt extendfer, thermal Denmark: 40,000, Spain:
(Denmark and Spain) stable synthetics in the Financially attractive. the oil produced. 65-70 ei)r}ergy proc%uctlon, orasa 42 000
presence of a strong base. itumen mix component.
. . It does not require a final
. Mineral oils and some stable T .
EcoHuile (Sotulub) synthetics in the presence of step; this decreases the A base 011' of poor 82-92 125,000
(France) alkaline additives investment cost of the quality.
' process.
Hydrotreatment
The capital investment and
Hylube Accept used oil from operational costs of the Pretty high oil quality Stable and acceptable for
(Germany) different sources process are minimizing by (APIII) 8 asphalt mixing
' eliminating superfluous ' '
equipment.
TFE + hydro-treatment
It accepts used oil from
CEP process different sources: industrial ~ High operating and capital High quality base oils 70 60.000
(Finland) and motor, mineral and costs. (APILII). !
synthetic oils.
TDA+ hydro-treatment
Products of comparable As}ﬂﬂﬁ;?ﬁeﬁ?emn;gus
Revivoil Use motor ol types. Operation and capital costs  quality to virgin base oils 79 Hydro-treatment cat al}'fst Italy: 130,000, Poland:

(Italy, Poland and Spain)

higher. meet the requirements of

APIIL

regenerated and reused in
the process.

80,000, Spain: 59,000
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Table 8. Cont.

Technology Raw Material Investment Costs Product Quality Yield% Waste Plant Capacity (t/year)
Solvent extraction + hydro-treatment
Snamprogetti Relatively expensive due to
(ItI;l Sg Use motor oil types. PDA (propane deasphalting) ~ High quality base oils. 74-80 Asphalt production. 84,000
Y and hydro-treatment.
Cyclon process . Operation and capital costs . . . Light hydrocarbon fuel used
(Greece) Use motor oil types. higher. High-quality base oils. 72 in boiler oil heaters. 40,000
A e 10 High quality Group I1/11
CleanOil ORT (China) Use motor oil types. deasphalting), vacuum + base oils, exceed 90 Asphalt flux 20,000

distillation and
hydro-treatment.

performance standards
(API)
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The pretreatment of used oil that ETAPA currently carries out (water and sludge
removal through sedimentation, centrifugation, and filtration) is similar to that used in the
UAE [44] and Egypt [56]. Thus, the preliminary steps required for the solvent extraction
process are already being performed. In the re-refining process through solvent extraction,
a 1:3 oil-to-solvent ratio is proposed (where the solvents are blends of butanol + toluene
+ methanol or butanol + KOH), following the processes used in the two aforementioned
countries [44,56]. The solvent extraction process is followed by a vacuum distillation step
for the recovery of solvents that will be reused in the process to remove metals (especially
Pb and Fe) [44]. For the finishing step, different adsorbents can be used. However,
better results are obtained with alumina, bentonite, and activated bentonite. The use
of almond and palm kernel powders can also be effective [44]. At the moment, ETAPA’s
Used Oil Collection Program sends the filtered and ceded oil sludge to the ECOTECNO
Foundation attached to HOLCIM, where a thermal destruction of the waste is carried
out with the endorsement of the local and regional Environmental Control Entity. The
waste generated by the re-refining plants in Europe and China are used as a component
in asphalt preparation and as fuel in boilers [66]. These could be an option for re-using
the wastes of the re-refining processes since the city has a small asphalt production plant
that could process all this by-product. The development of a re-refining plant with a
capacity to process higher amounts of used oils than that currently collected in the city is
suggested. Our estimates indicate that there could be up to 7330 t/year of used oil to be
processed in the proposed plant (which is around 10% of the total lubricant oil consumed
in Ecuador; see Section 1). This amount would result from (a) a complete recovery of
used oil in Cuenca; and (b) the contribution of neighboring cities in the South of Ecuador
(e.g., Loja, Azogues, Machala, and other smaller cities) that are located at distances less
than 220 km from Cuenca (Figure 5). According to [72], the added total number of cars in
these cities is approximately double that in Cuenca. However, further work is necessary
to better define the collection, transport, and storage logistics of used oil in those cities to
comply with the requirements of a re-refining plant and Law 042. The benefit for Ecuador
is enormous since the import of up to 7330 t/year of lubricant could be avoided in these
conditions. In addition to environmental and social benefits, the country could save around
US$ 30 million/year, according to data from the Central Bank of Ecuador [73], due to
avoiding the import of lubricant oils.
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Figure 5. Map of Ecuador showing Cuenca and some neighboring cities that could supply used
lubricant oils for the operation of a re-refining plant.
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4. Conclusions

Disposing of used lubricating oils by direct incineration causes damage to the environ-
ment while losing a non-renewable resource. A circular economy requires the reuse of used
lubricating oils to reduce waste and environmental damage while promoting social benefits.
While the current used oil collection system in Cuenca is primarily focused on avoiding
spills and the collection of used oils, strategies to re-refine and therefore add value to these
materials are important steps to consider. The work has found that the storage conditions
of the used oil in the generators’ premises do not significantly affect its properties. This
result shows that the system currently used by used oil generators in Cuenca can be used
for further processing and no changes to the system or logistics are required. The charac-
terization of used oils in the city has shown that most of the properties are comparable
to those of used oils in other countries (for example, the United Arab Emirates, Iraq, and
Egypt). Some critical properties, such as the water content, are below those reported in
the literature, which helps the re-refining process. Consequently, technologies to recover
and add value to used oils in Cuenca must consider the experiences of other nations in the
processing of similar used oils. European industries show great progress on the subject, as
well as good recovery rates and quality of the regenerated product. The union of several
methods improves the final product even more, but the economic investment increases.
However, small- and medium-sized cities such as Cuenca do not generate large amounts of
used oil in order to have plants with the same capacities as those in Europe. Therefore, the
selection of treatment technology must also consider aspects such as the available market,
operating costs, transportation, energy, and the quality of oil to be obtained. Due to the
conditions in Cuenca, a good option is the solvent extraction process since it can be adapted
by small-scale plants, providing adequate quality and performance of the products, as
well as reducing negative environmental impacts. For the finish (improvement of color
and odor), bentonite, a material that is available near the city, can be used. Furthermore,
in Cuenca the initial step is already being carried out; that is, the filtration/dehydration
and sedimentation process. Re-refining used oils in Cuenca and other medium-sized cities,
whether in Latin America or elsewhere, is necessary to comply with the principles of a
circular economy, taking advantage of non-renewable resources and contributing to the
economy, society, and environment.
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