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Abstract

Waste lubricating oils (WLOs) represent a major stream of hazardous petroleum-based residues, with
global generation exceeding 24 million tons annually. Improper disposal of WLOs poses risks to soil,
water, and air quality, while their chemical composition makes them a potential secondary resource
within circular economy frameworks. This review summarizes conventional, advanced, and
emerging technologies reported for the recycling and valorization of WLOs into high-value
petrochemicals and carbon-based materials. Established processes such as acid—clay treatment,
solvent extraction, and vacuum distillation are discussed together with more recent approaches,
including catalytic upgrading, hydrotreatment, membrane separation, and thermochemical
conversion methods such as pyrolysis and catalytic cracking. Reported data on process performance,
environmental considerations, and economic aspects are comparatively analyzed to outline current
trends and technical challenges in WLO recycling. Particular attention is given to thermochemical
pathways capable of generating carbonaceous materials, including carbon black, porous carbons, and
functional carbon nanostructures with potential applications in adsorption, catalysis, electrochemical
systems, and tribological formulations. Hybrid and integrated process configurations described in
the literature are highlighted for their potential to improve recovery efficiency, enhance product
quality, and reduce environmental burdens. In addition, recent life cycle assessment (LCA) and
techno-economic analysis (TEA) studies are reviewed to provide insight into the environmental and
economic implications of advanced re-refining systems. Overall, the reviewed literature indicates
that WLO recycling represents not only an important element of sustainable lubricant management,
but also a promising waste-to-carbon strategy for the production of value-added carbon-based
materials and petrochemical products.

Keywords: waste lubricating oils; recycling; base oils; carbon-based materials; porous carbon; carbon
black; pyrolysis; fuel fractions; circular economy; sustainable development

1. Introduction

Lubricating oils (LOs) are refined products derived from crude oil and synthetic bases. They
consist mainly of high-molecular paraffins, naphthenes, and aromatic hydrocarbons with carbon
numbers from C20 to C40+ and boiling points above 340 °C [1,2]. Owing to their physicochemical
properties, LOs play a vital role in reducing friction and wear, preventing corrosion, sealing, and
dissipating heat in automotive, marine, and industrial engines [3,4]. They also aid in the removal of
by-products such as soot and sludge formed during combustion. Key quality indicators include
viscosity, viscosity index (VI), flash point, pour point, and oxidative stability [5].

Global demand for lubricants remains high, reflecting their indispensable role in transportation
and industry. In 2021, the lubricants market was valued at USD 157.6 billion, and it is projected to
reach USD 182.6 billion by 2025. Approximately 50% of the consumed lubricants end up as waste
lubricating oils (WLOs), while the remainder is lost through combustion, evaporation, leakage, and
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container residues [6]. Each year, about 24 million metric tons of WLOs are generated from railways,
automotive workshops, shipyards, and industrial equipment [7].

During service, lubricants undergo severe thermal and mechanical stresses. Additives degrade,
viscosity decreases, and contaminants such as heavy metals, polycyclic aromatic hydrocarbons
(PAHs), and soot accumulate [1,8]. As a result, WLOs are classified as hazardous wastes. Their
uncontrolled disposal leads to soil and water contamination, long-term persistence of toxic
components, and greenhouse gas emissions. For example, a single liter of WLO can contaminate up
to one million liters of water, emphasizing the urgency of environmentally sound management [7,9].

At the same time, WLOs represent a valuable secondary resource. They can be recycled into base
oils, regenerated into motor oils, or converted into valuable by-products such as carbon black and
fuel fractions [8,10]. Studies show that 1 L of motor oil can be regenerated from only 1.6 L of WLOs,
highlighting the efficiency of closed-loop recycling [9]. In the European Union, annual lubricant
consumption is approximately 5.7 million tons, with 2.7 million tons considered technically
recyclable [10].

Recent studies also indicate that waste lubricating oils can serve as alternative feedstocks for the
production of carbon-containing materials through thermochemical conversion processes such as
pyrolysis and catalytic cracking. Depending on the process conditions, these technologies can
generate carbonaceous products including carbon black, solid carbon residues, and porous carbon
materials alongside liquid fuel fractions [11,12]. Such products are of growing interest due to their
potential applications in adsorption, catalysis, environmental remediation, and other industrial
fields. Therefore, in addition to conventional recovery of fuels and base oils, the conversion of WLOs
into carbon-based materials is increasingly considered a promising route for waste valorization and
sustainable resource utilization.

The management of WLOs is aligned with the principles of the circular economy, which
promotes resource efficiency, waste minimization, and emission reduction. Recycling reduces
dependence on virgin crude oil, lowers environmental risks, and contributes to sustainable industrial
development [10]. Consequently, the valorization of WLOs is both a technological challenge and a
strategic opportunity for integrating economic and environmental objectives (Figure 1).

Usage
Base oil from crude refining £ ’g\)
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Figure 1. Circular economy concept for WLO management [10].
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Despite numerous studies and implemented technological schemes for the re-refining of waste
lubricating oils (WLOs), the literature still lacks a comprehensive and systematized assessment of
available technologies in terms of techno-economic performance, life cycle assessment (LCA)
indicators, and industrial readiness. Most existing reviews either concentrate on individual methods
(e.g., hydrotreatment or pyrolysis) or provide qualitative comparisons without a unified set of
quantitative metrics. In this work, we aim to address this gap by: (i) systematically comparing major
and hybrid technologies using key performance indicators, (ii) categorizing WLO valorization
pathways according to commercial attractiveness and sustainability, and (iii) highlighting priority
directions for future research and scale-up.

2. Methods of Waste Lubricating Oil Recycling

The recycling of waste lubricating oils (WLOs) involves a series of technological processes aimed
at restoring valuable fractions, primarily base oils, suitable for reuse in lubricant formulations or
conversion into alternative products such as fuels and carbon materials. Several recycling
technologies have been developed and implemented at various scales, ranging from traditional acid—
clay treatment to advanced hybrid systems that combine distillation, extraction, and catalytic
upgrading.

2.1. Acid—Clay Treatment

Acid—clay treatment remains one of the most widely applied methods for regenerating waste
lubricating oils (WLOs) due to its efficiency, simplicity, and low cost [13]. The process includes
filtration, dehydration, acid treatment, clay adsorption, and neutralization. Initially, filtration and
centrifugation remove coarse impurities such as sand, metal particles, and sludge [14]. The oil is then
dehydrated through atmospheric or vacuum distillation to eliminate water and low-boiling fractions,
which prevents emulsion formation and reduces corrosive salts [15]. At the acid stage, asphaltenes,
metal salts, resins, and other contaminants precipitate, producing an acid sludge that is separated
and removed [16,17]. Commonly used acids include oxalic, sulfuric, acetic, and nitric acid (table 1,
often combined with activated clays for improved performance [18].

Table 1. Common acids applied in acid—clay treatment of waste lubricating oils.

Acid Optimal conditions Clay activation method
Oxalic acid 45-50 °C; settling time 24 h Sulfuric acid treatment
Sulfuric acid Clarification at 110 °C; settling time 24 h -
Acetic acid (glacial) 50 °C; settling time 24 h 1 mL oil per 4 g clay
Nitric acid Settling time 24 h Calcination at 800 °C for 5 h

Subsequent clay treatment adsorbs mercaptans, improves color, and enhances oil stability.
Typically, about 0.4 Ib of clay is applied per gallon of oil [19]. Neutralization is achieved with alkalis
such as sodium hydroxide or lime, followed by water washing and filtration to remove residual acids
and spent clay (figure 2). In some cases, additional distillation or blending with additives restores
properties to near-virgin quality [20].

Despite its simplicity and low cost, acid—clay treatment produces significant quantities of
hazardous sludge that require careful disposal. The method achieves moderate oil recovery (~65-
70%) and improves color and stability, but residual heteroatoms can limit product quality.
Economically, the process is favorable at small-to-medium scale, but scaling up requires management
of acid waste and additional neutralization steps. Hybrid combinations with solvent extraction or
membranes can enhance both recovery efficiency and environmental performance [21].
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Figure 2. Process flow diagram of acid—clay treatment for waste lubricating oil regeneration [13].

2.2. Solvent Extraction

Solvent extraction relies on solubility differences to separate base oil from contaminants,
enabling regeneration under relatively mild conditions [22]. Its main advantage lies in resource
conservation and reduced environmental impact compared with destructive disposal methods [23].
Pre-treated WLOs are first freed from water, sludge, and coarse solids via settling, filtration, or
distillation (Figure 3) [24]. Solvent selection is critical; it should dissolve base oils effectively but
exhibit low affinity for additives and carbonaceous residues [25].

Common solvents include furfural combined with N-methyl-2-pyrrolidone, methyl ethyl ketone
(MEK), isopropanol, and heptane. MEK is reported as the most efficient, while isopropanol is particularly
effective in sludge removal. The oil-solvent mixture is processed in counter-current extractors or stirred
reactors, yielding an oil-rich phase and a contaminant-rich phase. Experimental studies with heptane and
2-propanol have shown that 2-propanol exhibits superior sludge removal efficiency under optimized
conditions (S/O ratio 1:6, 40 °C, 35 min), whereas heptane requires higher temperature and longer mixing
time to achieve comparable results as illustrated in Figure 4, adapted from [24].
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Figure 3. Pretreatment and solvent extraction methods for waste lubricating oil regeneration, redrawn and
adapted from [26].
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Phase separation is achieved by gravity settling or centrifugation [27]. The solvent is then
recovered by low-pressure distillation, condensed, and recycled. Further polishing treatments such
as hydrocracking, hydrotreating, deaeration, or adsorption on activated clay or carbon can enhance
stability, remove metals, and improve color [28]. Solvent extraction reduces oil losses in the sludge
phase by 10-14%, thereby increasing overall recovery efficiency [29].

Quantitative analysis shows solvent extraction achieves 70-80% base oil recovery. Trade-offs
between solvent efficiency and operational cost must be considered, with MEK offering higher yield
and 2-propanol superior sludge removal. Combining solvent extraction with vacuum distillation or
membranes improves overall recovery and product quality, making it a viable method for hybrid
recycling systems.

2.3. Vacuum Distillation

Vacuum distillation is among the most widely applied modern methods for large-scale WLO re-
refining. Operating under reduced pressure lowers boiling points, allowing the separation of lube
fractions without excessive thermal cracking [30,31]. The process involves pre-treatment
(dehydration and degassing), atmospheric distillation to remove light fractions, followed by vacuum
distillation to obtain lube cuts [32]. Residual heavy fractions may be used as bitumen modifiers or
fuel oils.

Mixing tank
p{ Centrifuge »| Sludge
Mix
Rubber v
—DI Clear oil I
Vacuum
distilled oil
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Figure 4. The schematic of vacuum distillation process of preparation of lubricating oil from waste oil, redrawn
and adapted from [33].

Distillates are typically subjected to post-treatment (e.g., clay adsorption or solvent refining) to
meet base oil specifications. Vacuum distillation achieves recovery yields up to 84% of the original
WLO, producing base oils that may meet API Group I-II standards [32]. When combined with
hydrotreatment, the output can reach Group II-III quality. Its main disadvantages are high energy
demand and capital investment, but it remains the backbone of industrial WLO re-refining plants
worldwide. Vacuum distillation has also found wide application beyond lubricating oil re-refining,
particularly in the upgrading of bio-oils derived from plastic and food waste. A schematic
representation of the process is shown in Figure 4, where operation under reduced pressure enables
the separation of fractions at lower temperatures, thus preventing thermal degradation and
improving product quality. Such examples highlight the versatility of vacuum distillation and
reinforce its importance across diverse waste valorization pathways, including WLO re-refining [34].

Despite its high energy requirements and capital costs, vacuum distillation provides consistently
high recovery (~84%) and high-quality base oils. TEA studies indicate that large-scale plants remain

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1459.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2026 d0i:10.20944/preprints202605.1459.v1

6 of 27

economically viable due to favorable yield and product value. Environmental assessments show that
emissions are lower than chemical-based treatments, though energy-related CO, must be managed.

2.4. Hydrotreatment and Hydrofinishing

Hydrotreatment involves reacting WLO distillates with hydrogen in the presence of catalysts
(Ni-Mo, Co-Mo, or noble metals) at elevated pressures (up to 15 MPa) and temperatures (350—450
°C). This process removes sulfur, nitrogen, oxygen, and metallic impurities, while simultaneously
saturating aromatics [35]. Hydrofinishing further improves color, stability, and volatility
characteristics, enabling production of base oils meeting API Group II-III standards, comparable to
virgin refinery products [36]. Hydrotreatment significantly reduces PAHs and enhances oil
performance in modern engines, making it the preferred upgrading method in advanced re-refining
facilities [37]. However, high hydrogen consumption and expensive catalysts remain major
challenges. Recent research highlights the potential of renewable hydrogen sources and
nanostructured catalysts to reduce operational costs. A schematic representation of the
hydrotreatment and hydrofinishing process is shown in Figure 5, adapted from [38].

HNO,+HCl

NH40H i -

Waste aluminum foil y-alumina . l Mo ‘

Co/Ni/Moly-ALO,

Wetness impregnation z
2

* g

. . =
Calcination =

=

Hydrotreating -— —

Temperature, Pressure, LHSY

Hydrotreated lube oil
Extracted waste lube oil

Figure 5. Schematic illustration of hydrotreatment and hydrofinishing of waste lubricating oil (WLO), redrawn
and adapted from [38].

The use of a trimetallic CoNiMo/y-ALOs catalyst derived from waste aluminum foil under
optimized conditions (400 °C, 60 bar) significantly improved oil quality, reducing sulfur and acidity
while increasing the viscosity index, thereby producing base oils comparable to API Group II-III
LCA studies indicate reduced environmental impacts compared with conventional chemical
treatments. Despite higher operational costs due to hydrogen and catalysts, advances in renewable
hydrogen and nano-catalysts can improve techno-economic feasibility.

2.5. Membrane Filtration

Membrane-based technologies such as microfiltration, ultrafiltration, and nanofiltration are
increasingly applied as pre-treatment or polishing steps in WLO recycling. These processes rely on
selective pore sizes to separate suspended solids, water, and polar compounds without chemical
additives [39]. Ceramic and polymeric membranes have demonstrated high efficiency in removing
trace metals, oxidation products, and particulates, thereby extending catalyst life in downstream
hydrotreatment [40].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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While membrane fouling and high costs remain challenges, integrating membranes into hybrid
systems with distillation or solvent extraction offers promising results in terms of energy savings and
process intensification. Recent studies have demonstrated that hydrophobic polypropylene
ultrafiltration membranes can effectively remove water, ash, carbon residue, acidity, and trace metals
from WLO, thereby improving viscosity, density, and color quality of the treated oil [41]. As
illustrated in Figure 6, such membrane systems highlight the potential of polymeric membranes not
only as polishing units but also as standalone treatment steps under optimized operating conditions.
Membrane filtration can achieve metal retention up to ~96% and maintain permeate flux at ~79% after
cleaning, improving overall oil quality. Although membrane fouling and high costs are challenges,
combining membranes with distillation or solvent extraction enhances energy efficiency and recovery
rates. This makes membranes valuable both as polishing units and in hybrid recycling systems.

Base oil

Waste engine oil Ultrafiltration (UF) membranes

Figure 6. Schematic representation of waste engine oil ultrafiltration using hydrophobic polypropylene

membranes [41].

2.6. Pyrolysis and Catalytic Cracking

Thermochemical conversion processes such as pyrolysis and catalytic cracking decompose
WLOs into lighter hydrocarbons under oxygen-free conditions [42]. The products include liquid fuel
fractions (diesel- and gasoline-like), carbon black, and combustible gases. Catalysts such as zeolites,
silica-—alumina, and metal oxides improve product selectivity and reduce process temperature [43].

Although primarily employed for fuel production rather than lubricant re-refining, pyrolysis
contributes to waste minimization and resource recovery, aligning with circular economy principles.
Recent studies emphasize that reactor configuration and catalyst selection strongly influence the
efficiency and sustainability of these thermochemical conversion processes. Figure 7 shows
conventional and catalytic pyrolysis processes, emphasizing reactor configurations and catalyst
effects on product yields and environmental performance. Fixed-bed reactors are often highlighted
for their cost-effectiveness and simplicity, while catalytic systems, particularly with zeolite-based
materials, improve liquid fuel quality and reduce emissions. In this review, detailed discussion of
pyrolysis products such as carbon black and fuel fractions is presented in Section 3. Moreover,
emerging alternatives such as electrically heated pyrolysis show promise in enhancing combustion
efficiency and lowering environmental impacts compared to conventional thermal processes [44].
Pyrolysis yields ~80-87% liquid products and generates valuable carbon black. Catalytic pyrolysis
improves selectivity and reduces emissions but increases capital costs. TEA studies show fuel
production is economically viable, while re-refining for lubricants remains preferable when high-
quality base oils are targeted. Emerging electrically heated pyrolysis can further enhance energy
efficiency and lower environmental impacts.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Schematic representation of pyrolysis and catalytic cracking pathways for waste lubricating oil

conversion into liquid fuels, redrawn and adapted from [43].

2.7. Hybrid and Emerging Technologies

Recent research emphasizes the combination of traditional methods with advanced innovations.
Examples include solvent extraction coupled with vacuum distillation, hydrotreatment integrated
with membrane polishing, and plasma-assisted processes for contaminant degradation [45]. These
hybrid approaches enhance product yields, minimize waste generation, and improve the
sustainability of re-refining [46]. Novel methods such as supercritical fluid extraction and ionic
liquid-based separation are under investigation, offering potential breakthroughs in selectivity and
energy efficiency [47]. An illustrative example of such integration is the sequential application of
solvent treated followed by membrane filtration, which combines efficient sludge removal with fine
purification of oil fractions (Figure 8). This hybrid configuration demonstrates how coupling
conventional and membrane-based techniques can significantly improve overall recovery efficiency

and product quality.
=
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Figure 8. Hybrid re-refining process combining solvent extraction and membrane filtration [47].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1459.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2026

d0i:10.20944/preprints20260

9 of 27

To provide a comprehensive comparison of the principal Waste Lubricating Oil (WLO) recycling
methods, Table 2 summarizes their key advantages, limitations, typical product quality, and
scale/economic indicators. This comparative overview facilitates a critical evaluation of process
efficiency, product characteristics, and techno-economic feasibility based on recent studies. The
summarized data highlight the evolution from conventional regeneration routes toward advanced
hybrid and circular-economy-driven systems.

Table 2. WLO Recycling Methods.

Method Advantages Limitations Typical P‘roduct Scale anfi Economic
Quality Indicators
Generates large
Technically simple and low-cost ~ quantities of acid—clay Preliminary cost: 0.15
process widely applied in sludge; handling and USD to recover usable
developing regions. Efficient for ~ disposal cause serious oil — 0.4 USD lower
Acid-Clay removing contaminants (oxidation environmental issues. ~ API Group I base than imported fresh oil
Treatment products, fuel residues, solid Poor reproducibility and oils. (0.55 USD) [48].

particles) from used oils. Capable oflimited oil stability. Not

recovering valuable base oil
fractions with moderate yield.

Provides up to 90 % oil recovery
with superior quality compared to
acid—clay treatment. Reduces
sludge generation and
environmental impact. MEK gives
the highest yield at feed-to-solvent
ratio 1:4 (35-45 °C, 3040 min,
settling time 24 h). Use of activated
charcoal, alumina, or silica gel
improves color and purity. [49].
High oil recovery (up to 80-85%);
commercially mature and scalable;
suitable for base oil regeneration
[51]. Recycled oil comparable to
SN150-SN200 base oils after
modification.

Enables efficient upgrading of

Solvent Extraction
(e.g., MEK, NMP,
butanol)

Vacuum
Distillation

mixed waste and petroleum feeds
into high-quality transportation
fuels. Blending WLO and WCO
with VGO improves conversion

Hydrotreatment & and fuel yield while reducing

suitable for high-
throughput or continuous
systems.

Dependent on solvent
type and recovery
efficiency; solvent losses
and equipment costs may
be significant.

Energy-intensive process;
high capital and
operating expenditures;
requires post-treatment
for higher oil groups.

High hydrogen demand;
expensive catalysts (Ni-
Mo, Co-Mo); catalyst
deactivation by feed
impurities. Requires high
hydrogen pressure (= 7
MPa) and elevated
temperature (380440 °C);
catalyst deactivation and
hydrogen cost remain
significant challenges.

Requires dual-unit
integration and process
optimization; moderate
hydrogen demand at 30
bar and 270 °C.

Limited oil flux (0.09-0.19
L-m2h); requires

and pressure (0.4-1.2 bar)

Hydrofinishing  environmental pollution and feed
cost. Achieves high diesel yield at
400 °C and complete WCO
conversion at 380 °C over
commercial Ni-Mo/Al,O3; and Ni-
W/SiO,-AlO;5 catalysts  [52].
Combines solvent extraction (35%
-h % n- 1/30% MEK
Integrated Solvent n : exane/35.A>.n }?utano /30% )
Extraction— with hydrofinishing to recover up
to 80% of WLO. Produces high-
Hydrotreatment . o
g quality base oil suitable for reuse.
(Circular Economy o
Reduces dependence on virgin
Model) .
crude and supports circular
economy principles.
Efficient removal of impurities
from waste engine oils: ash (90-99
Membrane %), water (78-82.5 %), carbon
Filtration residue (52.6-65.9 %), acidity (44.9— temperature (30-60 °C)
(Micro/Ultra/Nano) 73.3 %), Ca (50.1-58.9 %), Zn (28.9-

43.8 %). Improves viscosity,
density, and color; enables reuse
and reduces environmental load.

control; membrane
fouling possible.

API Group I-II
(up to II with
hybrid extraction
systems).

API Group I-II
(up to III after
hydrotreatment).

API Group II-II
base oils.

Base oil
comparable to
commercial

Group II

Treated oil with
significantly
reduced
impurities and
improved
physicochemical
properties.

Primarily used in small
and medium-scale re-
refining units

Economically feasible at
laboratory scale; short
settling time (2 h) and
moderate operating
conditions [50].

Simple, economical,
solvent-free, and
environmentally
friendly; suitable for
pilot- to industrial-scale
application [51]

Industrially feasible
using existing
hydroprocessing
infrastructure; energy-
efficient after process
optimisation [53].

22.7% lower overall
annualized cost (OAC)
than linear model;
solvent-to-oil ratio 3:1;
viable for industrial CE
implementation [34].

Lab-scale system;
simple, low-energy
process suitable for pre-
treatment or polishing
stage [34].
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Converts waste lubricating oil to

fuel-like diesel (FLDR2) with yield

up to 96.5 %; sulfur content 0.24 wt
Pyrolysis & %; viscosity 3.4 cSt; heating value
Catalytic Cracking 42.9 MJ kg-. Blending with linseed

Slight increase in brake-
specific fuel consumption
(+5 %) and smoke opacity
for pure FLDR?2; reduced
BTE for blends; long-term

Lab-scale; economically
Liquid fuels and viable at >70 kt/year
carbon products capacity; profitability
(char, carbon sensitive to feedstock

blodlesel. (B20, B30) improves performance yet to be black). supply and oil prices
combustion and reduces smoke assessed [55].
opacity by 32-50 % [54]. ’
Synergistic integration enhances
hydrocarbon recovery (up to 90 %),
Hybrid & reduc.e s sludge v.olume, and allows . . ) ) Laboratory to pilot
. selective separation of Energy-intensive for High-quality ;
Emerging . . . scale; environmentally
. hydrocarbons, water, and solids.  pyrolysis/thermal steps; recovered oil and | . .
Technologies (e.g., . . o friendly; improved
et e Ultrasonic treatment destabilizes  large-scale optimization hydrocarbon .
Distillation— . . . . process economics
emulsions; solvent extraction required; longer fractions; reduced
Solvent, Hydro- . . . o . compared to
recovers light fractions; pyrolysis ~ processing time for residual sludge . .
Membrane, converts residuals to fuels; freeze- freeze-thaw cycles (<5-10 %) conventional disposal
Plasma, ILs, SCF) " g yees. o (56].

thaw improves dewatering; thermal
decomposition produces valuable
byproducts.

As illustrated in Table 2, conventional approaches such as acid—clay treatment and solvent
extraction remain low-cost and technically simple but generate substantial waste and offer limited oil
quality improvement. In contrast, hydrotreatment, membrane filtration, and hybrid systems achieve
higher recovery rates (up to 90 %), improved product quality (API Group II-III), and better
environmental performance. However, these advanced methods demand higher energy input,
catalyst costs, or complex process integration.

Overall, the comparative analysis demonstrates that while traditional techniques remain
relevant for small-scale applications, emerging plasma-assisted, hybrid, and circular-economy-
integrated processes offer the most promising pathway toward sustainable, high-quality WLO re-
refining. To complement the comparative overview presented in Table 2, Table 3 provides detailed
descriptions of the principal WLO recycling processes, highlighting their main technological steps,
scientific contributions, quantitative results, and obtained products. This synthesis illustrates recent
advances in process optimization, catalyst development, and circular-economy-oriented integration,
reflecting the transition from conventional regeneration routes to data-driven, energy-efficient, and
sustainable systems.

Table 3. Main Process Description, Scientific Contributions, and Key Performance Results for WLO Recycling

Methods.
Main Process Scientific
Method .. I Key Results Products Reference
Description Contribution
Filtration, centrifugation C d efficienc
mpar icien
(10,000 rpm, 20 min), 0 .pa cae . ency Flash point, cloud point,
reheating, acid of different acids and and viscosity index
Acid-Clay P & . clays for WLO ) Y
treatment (10 mL acid / L increased; sulfur and water Recovered base
Treatment (H,SO,, . . purification; ) [57]
100 mL oil, 30 min), .. contents decreased; oil (API Group I)
HCI, HNO) optimized pre- .
followed by clay regenerated oil comparable
. treatment and .. .
adsorption and NaOH . to fresh lubricating oil.
- adsorption sequence.
neutralization.
Statistical Optimum: 20 % acid + 15 %
Used engine oil treated L . P . .
. o optimization of acid— clay — 69 % yield, density
A with 15-25 % acid and R . .
Acid-Clay . . clay ratios to 0.886 g/mL, viscosity 94 cSt
bentonite clay; nine S Recovered base
Treatment L maximize yield and (40 °C), ash 0.34 %; 8-10 % . . [58]
.. combinations tested; . . oil and light fuel
(Ethiopian study) followed by vacuum quality; integrated  light fuel recovered; cost
owes oy cost-benefit 0.15 USD, 0.4 USD cheaper
distillation. . .
evaluation. than new oil.
. Developed an eco-  Acid consumption | 21 %,
Waste Acid Ac.tlvated clay prepared. efficient process for  Alleaching |, improved  High-
. using recycled waste acid o . o .
Recycling . clay activation using montmorillonite integrity —performance [59,60]
Co. under optimized . o . . .
Activation . waste acid; identified and uniformity; enhanced activated clay
conditions (H,SO4 22 %, .
structural adsorption performance
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liquid-solid ratio 3.5, 4 h, mechanisms of compared with traditional
90 °C). activation. activation.
Base oil recovered from Introduced a ereener
used truck lubricants (32 . e . 5 Recovery yield (MS-US):
. intensification of base
500 km) using ethanol, . . ethanol 3.1 %, propan-2-ol
oil recovery via o
propan-2-ol, 2- . 25.6 %, 2-methylpropan-1-
combined Recovered eco-
methylpropan-1-ol, and mechanical— ol 71.6 %, butan-1-0l 85.5 %; friendly ba q [61]
butan-1-ol with lfrc s rcl d svstem metals removed: Ca 85-93 1endly base ol
mechanical stirring (220 Zn d"’loilvl_toxizi M 9, Mg 67-83 %, Zn 0-72 %,
rpm) and ultrasound (25 solvents ty Fe, Al, Cr, Mo = 100 %.
°C, 24 kHz, 400 W). ’
Demonstrated a
Waste lubricating oil feasible, recyclable ~ Recovery efficiency 85.27
treated with n-butanol solvent—flocculant % flash point 238 °C;
(1':5 v/m) and. system for industrial- regenerated oil tljansparent Regenerated base
diethanolamine (DEA,  scale WLO and yellow; quality met . [62]
. . . oil (API Group II)
1:500 v/m); solvent regeneration with commercial standards
recovered by vacuum reduced except for slightly higher
rotary evaporation. environmental dynamic viscosity.
impact.
Proposed an
Waste lubricating oil improved multi-
refined through a three- reactor Catalyst life doubled; S, N,
reactor hydrogenation =~ hydrogenation route and Cl removal >80 % for
system, enhancing HDS, to mitigate catalyst 10 weeks (vs. 4 weeksin  High-purity base
HDCI, HDN, deactivation and two-reactor); decolorizationoil; regenerated  [63]
decolorization, and extend operational  sustained up to 7 weeks; Si catalysts
demetallization comparedlifespan; revealed and B effectively removed,
with the conventional mechanisms of Si and preventing pore blockage.
two-reactor process. B poisoning
prevention.
v-AlOs synthesized from S;‘:;;fefoi::gu lar-
waste aluminum foil; y ,y Refractive index | 1.480 —
converting aluminum .
used as support for . 1.460, total acid number | . .
. foil waste to catalyst . o High-quality base
CoNiMo catalyst (co- .. 8.16 — 0.46, viscosity index .
. . support; optimized oil; reusable y-  [64]
impregnation method); i 178 — 129, sulfur | 6752 —
. hydrotreating AlLO; catalyst
hydrotreating of solvent- arameters for 543 ppm; sludge removal
extracted WLO at 400 °C, fe fined base oil highest at solvent/oil = 3.
60 bar, 0.75 h-1 LHSV.
recovery.
il : 90-94 %;
Demonstrated Qil recovery ra'tes 90-94 %
Integration of synergistic hybrid solvent extraction +
gratonot ynergistic iy centrifugation: 93 % (USD
centrifugation with methods for .
solvent extraction, maximizin 200/ton); ultrasonic +
. § & centrifugation: 90 % (USD
ultrasonic treatment, hydrocarbon .
rolvsis, fr tha . v minimizin 180/ton); ultrasonic + Recovered base
Pyrolysis, freeze-thaw CCOVery, MIMMIIZING ¢ ooze-thaw: 91 %; oil and reusable
cycles, and thermal environmental [65]

decomposition to enhanceimpact, and
separation and recovery valorizing oily
sludge; evaluated
pilot-scale and semi-
industrial

applications.

of hydrocarbons, water,
solids, and contaminants
from oily sludge.

centrifugation + thermal  gel; reduced

decomposition: 94 %, with sludge volume
reusable gel byproduct.

Energy consumption: 400-

600 kWh/ton; capital costs:

USD 4-7 million (1500

t/day).

The comparative evaluation of the reviewed recycling technologies (see Tables2 and 3)

highlights clear trends in cost, efficiency, environmental performance, and scalability. Processes such

as acid—clay treatment remain the simplest and lowest-cost option, yet they generate substantial
hazardous sludge and offer limited scalability [13,14]. Solvent extraction improves oil recovery and

product purity, but it demands solvent-recovery systems and careful emissions control [26]. Vacuum
distillation and hydrotreatment deliver higher-grade base oils, but at the expense of high energy
input, hydrogen consumption, and capital cost [33].

In contrast, pyrolysis and catalytic cracking technology emerge as the most promising direction

for sustainable recovery of waste lubricating oils (WLO), because they permit conversion into both
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liquid fuels and carbon-rich by-products while minimising the use of chemical reagents and
generating minimal effluent streams [66]. For instance, a two-step pyrolysis process achieved yields
up to ~96.5% WLO conversion with a sulphur content of only 0.24wt% in the product [67].
Additionally, the pyrolysis route enables internal reuse of gaseous effluents for process heating,
enhancing process efficiency and reducing overall environmental burden [68]. Thus, among the
methods examined, pyrolysis stands out as offering the best balance of efficiency, environmental
compatibility, and product valorisation — making it a key technology for further development in
circular economy frameworks [32,69]. Economic considerations play a pivotal role in selecting
suitable waste lubricating oil (WLO) recycling technologies. Low-cost approaches, such as acid—clay
treatment and solvent extraction, generally achieve moderate oil recovery (50-70 %) and produce
relatively low-quality products. Their main advantages lie in minimal capital investment—typically
3-5M USD —and simple operational procedures, which require limited operator training and basic
equipment [14,25]. These methods also feature comparatively low energy demands (=50-100 kWh
per ton of WLO processed), making them attractive for small- to medium-scale operations. However,
the lower quality of recovered products restricts their market value, and profitability may be sensitive
to feedstock availability and fluctuations in product prices. In contrast, advanced technologies, such
as vacuum distillation, hydrotreatment, and pyrolysis, enable the production of high-value base oils
(API GrouplIl-Ill) and carbon-rich by-products suitable for industrial applications. These
technologies require substantial capital investment—for example, large-scale vacuum distillation or
pyrolysis units processing 1000-1500 t/day may cost 4-7 M USD—and high energy input (=300-
500 kWh per ton) [107,108]. Additionally, specialized catalysts, precise process control, and strict
operational conditions are necessary to ensure optimal conversion and product quality [33,67,69]. For
instance, a two-step pyrolysis process can achieve up to 96.5 % WLO conversion while reducing
sulfur content to as low as 0.24 wt % [68]. Nevertheless, the economic feasibility of such high-
efficiency methods depends heavily on continuous large-scale operation, optimized recycling of
process gases, and stable market demand for recovered oils.

Therefore, selecting the most suitable recycling strategy involves balancing process complexity,
product value, energy consumption, and overall costs. Integrated or hybrid processes—which
combine simple, low-cost pretreatment (e.g., acid—clay treatment) with advanced methods (e.g.,
hydrotreatment or pyrolysis) —offer a promising approach to maximize both economic performance
and product quality. Such strategies allow for effective WLO recovery while maintaining manageable
capital and operational expenditures, providing a practical solution for industrial-scale recycling
with enhanced sustainability.

3. Valuable Products Obtained from Waste Lubricating Oils

Pyrolysis and catalytic cracking are key thermochemical technologies applied to WLOs, as
discussed in Section 2.6, These processes generate several valuable products that can be recovered
and utilized.

The major valuable products obtained from WLOs can be broadly classified into four groups:
carbon black, regenerated base oils, fuel fractions, and secondary by-products (Figure 9). The
subsequent discussion focuses on each of these categories individually, highlighting their properties,
production methods, and industrial relevance.
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Figure 9. Valuable petrochemical products and carbon-based materials obtained from waste lubricating oils
(WLOs).

3.1. Carbon Black

Carbon black is a fine, amorphous carbon material obtained from the partial combustion or
thermal decomposition of hydrocarbons [70]. Its micro- and nanoscale structure imparts unique
reinforcing, conductive, and adsorptive properties, making it indispensable in the production of tires,
rubber goods, coatings, and plastics. Recent research highlights the strategic potential of producing
carbon black from WLOs, oily sludge, and waste tires as alternative feedstocks [71]. Such valorization
not only addresses environmental concerns but also supports the demand for sustainable materials
[72]. In addition to conventional applications, carbon black derived from waste streams such as waste
lubricating oils is increasingly considered a valuable functional carbon material with potential use in
advanced composites, energy systems, and environmental technologies. This shift reflects a broader
transition from petroleum-derived fillers toward circular carbon resources obtained via waste-to-
carbon pathways. Structurally, carbon black consists of more than 90% elemental carbon with
surface-bound oxygen-containing functional groups such as carboxyl, quinone, lactone, phenolic,
and ketonic groups [73]. These functionalities influence its reactivity and surface interactions. The
primary particles, typically spherical and 10-100 nm in diameter, form fused aggregates in the range
of 100-800 nm or larger, resulting in branched, three-dimensional morphologies [74,75]. This
nanoscale architecture underpins its technological versatility across diverse sectors, including its role
as a pigment, reinforcing filler, and conductive agent and precursor for functional carbon materials
[76,77]. The predominant method for producing carbon black from WLOs is pyrolysis, a
thermochemical process performed in the absence of oxygen. Unlike combustion, pyrolysis prevents
complete oxidation of carbon to CO,, yielding solid carbon residues and liquid hydrocarbons [78]. In
recent studies, such carbonaceous residues have also been explored as precursors for further
activation processes to obtain porous and high-surface-area carbon materials, expanding their value
beyond traditional carbon black applications. Accordingly, pyrolysis is regarded as a resource
recovery pathway rather than a waste disposal method, aligning with sustainable development
principles [79].
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3.2. Base Oils

Base oils are complex mixtures of paraffinic and naphthenic hydrocarbons with minor amounts
of nitrogen- and sulfur-containing species [80]. They account for 70-90% of lubricating oil
formulations and determine critical performance parameters such as viscosity, oxidation stability,
and load-bearing capacity [81]. The re-refining of WLOs into base oils involves dehydration, vacuum
distillation to obtain lube cuts, and subsequent hydrotreating to remove heteroatoms and improve
product stability [82]. Re-refining technologies achieve yields of 75-84% of high-quality base oil from
the initial WLO volume, meeting API Group I-III standards [83]. Vacuum distillation offers yields of
approximately 84%, while solvent extraction provides around 78% [84]. Solvent-based approaches,
using methyl ethyl ketone (MEK), 2-propanol, or 1-butanol, enable selective recovery of base oils
followed by adsorption or filtration steps, achieving yields of 75-78% [85]. These methods
demonstrate that regenerated base oils can fully replace virgin products in lubricant formulations
while conserving natural resources.

3.3. Fuel Products from Pyrolysis and Co-Pyrolysis

Fuel fractions obtained from WLO recycling include diesel-like and gasoline-like liquids, light
hydrocarbons, and heating oils. These are primarily produced via pyrolysis or co-pyrolysis with
polymeric wastes, which improve liquid yield and fuel quality [65]. For instance, co-pyrolysis of
WLOs with waste plastics at 450 °C can achieve up to 92.5% liquid yield with octane numbers
reaching 96, surpassing conventional gasoline [86]. Thermal and catalytic pyrolysis under optimized
conditions yield ~60% diesel-like fractions, while additives such as CaO effectively reduce sulfur and
improve combustion properties [87]. Microwave-assisted pyrolysis can further increase oil recovery
to 88%, yielding fuels with high calorific value and reduced PAH content [88].

Catalytic and co-pyrolysis routes not only boost liquid output but also enhance the
physicochemical properties of fuels, depending on catalyst type and feedstock composition [89,90].

3.4. Secondary By-Products

Besides base oils, fuels, and carbon, WLO processing can generate valuable secondary products.
These include bituminous residues that may serve as modifiers in asphalt binders, improving rutting
resistance and durability of pavements [91]. Additive recovery, though less common, offers another
avenue for resource efficiency, since antioxidants, detergents, and anti-wear agents can sometimes be
separated and reused in lubricant formulations [92]. Moreover, sulfur compounds extracted during
re-refining can be converted into elemental sulfur or sulfuric acid, both of which are in demand in
the chemical industry [93].

The integration of WLO-derived products into industrial chains contributes to circular economy
principles. Life cycle assessment (LCA) studies indicate that regeneration of waste lubricating oils
into base oils results in substantial greenhouse gas emission savings—approximately 344-537 kg
COz-eq per tonne of WLO—compared with other waste oil management routes such as combustion
or conversion to fuel [94]. Although direct comparisons with virgin base oil production depend on
system boundaries, regeneration consistently demonstrates lower life cycle greenhouse gas emissions
and energy demand [94]. Similarly, substituting WLO-derived fuels reduces dependency on fossil
feedstocks and minimizes solid waste generation [95]. Economically, the valorization of 1 ton of
WLOs can yield products worth USD 600-900, depending on the technology and market conditions
[96]. This dual benefit of environmental protection and resource recovery positions WLO recycling
as both an ecological necessity and a profitable industrial practice.

3.5. Functional Carbon-Based Materials Derived from Waste Lubricating Oils

Thermochemical conversion of waste lubricating oils (WLOs), particularly via pyrolysis and
catalytic cracking, generates carbonaceous solid residues that can serve as precursors for functional
carbon-based materials. Depending on reaction conditions and catalyst type, these materials range
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from amorphous carbon and carbon black-like structures to partially graphitized and porous carbon
frameworks with tunable physicochemical properties.

Recent studies further demonstrate that waste-derived hydrocarbons, including waste engine
oils, heavy oil residues, waste plastics, scrap tires, and glycerol, can serve as alternative low-cost
carbon precursors for the synthesis of nanostructured carbon materials. Depending on synthesis
conditions and catalytic systems, these feedstocks can be converted into carbon nanotubes, carbon
nanofibers, nanowhiskers, carbon microspheres, and porous carbon materials with tunable structural
and surface properties. Such approaches are attracting increasing attention because they
simultaneously address waste management and reduce the production cost of advanced carbon
nanomaterials compared with conventional fossil-derived precursors [97].

The formation of such carbon materials is governed by dehydrogenation, aromatization, and
polycondensation reactions occurring during thermal decomposition of hydrocarbons. At elevated
temperatures, progressive structural rearrangement promotes the development of aromatic and
microcrystalline carbon domains, whereas catalytic systems facilitate graphitization and pore
formation. Consequently, the physicochemical properties of WLO-derived carbons strongly depend
on process temperature, residence time, catalyst composition, and activation strategy.

WLO-derived carbon residues can be further upgraded through physical and chemical
activation processes using CO,, steam, KOH, or H;PO,, leading to a significant increase in surface
area, porosity, and surface functionality. Recent studies demonstrated that phosphoric acid activation
of oil-containing sludge at relatively low temperatures (600 °C) produced mesoporous carbon
materials with BET surface areas of approximately 70 m?/g after only 30 min of treatment. The pore
development was strongly dependent on the HsPO, impregnation ratio, while acid-washing further
enhanced pore structure compared with water-washing due to more efficient removal of residual
minerals and inorganic phases. In addition, activated carbons derived from hydrocarbon-rich waste
streams may achieve significantly higher surface areas (>500-1200 m?/g) under optimized activation
conditions [11,98]

Morphological and compositional analyses using SEM and EDS revealed that the obtained
carbon materials possessed porous structures enriched with iron oxides, imparting magnetic
properties to the resulting adsorbents. Such characteristics are particularly attractive for
environmental applications, since magnetic carbon materials can be easily separated and regenerated
after adsorption processes. Due to their developed pore structure and surface reactivity, WLO-
derived carbon materials demonstrate strong potential for adsorption of heavy metals, dyes, and
organic pollutants, as well as for capture of CO, and volatile organic compounds (VOCs).
Furthermore, their conductive carbon framework and defect-rich structure make them promising
candidates for electrochemical applications, including supercapacitors and battery electrodes.

Beyond adsorption and electrochemical applications, waste-derived carbon materials also
demonstrate strong potential as functional lubricant additives in tribological systems. Recent studies
reported that activated carbon nanoparticles (ACNPs) produced from recycled waste streams
significantly improved the tribological performance of lithium grease formulations. The
incorporation of 0.025-1 wt.% ACNPs reduced the coefficient of friction from 0.15-0.17 for base
grease to as low as 0.03-0.06, while simultaneously decreasing wear scar diameter by 30-36% and
improving load-carrying capacity by approximately 20-30%. These results indicate that waste-
derived carbon nanomaterials can contribute to friction reduction, energy savings, and sustainable
lubrication technologies while simultaneously valorizing hydrocarbon-containing waste streams
[99].

From a sustainability perspective, the conversion of WLOs into functional carbon materials
represents an advanced waste-to-carbon strategy aligned with circular economy principles. Unlike
conventional disposal or combustion routes, this approach enables simultaneous waste minimization
and production of value-added carbon materials with potential industrial applications. However,
challenges related to feedstock heterogeneity, reproducibility of carbon structure, and optimization
of large-scale activation processes still limit broader industrial implementation.
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Overall, waste lubricating oils should be regarded not only as a source of fuels and regenerated
base oils, but also as a promising precursor for high-value functional carbon-based materials, thereby
significantly expanding the valorization potential of petroleum-derived waste streams.

4. Technological Innovations in Waste Lubricating Oil (WLO) Recycling

Recent studies increasingly integrate life cycle assessment (LCA) and techno-economic
assessment (TEA) to evaluate the feasibility of modern WLO recycling technologies. Advanced
processes, including plasma-assisted conversion and membrane-based separation, are under
investigation in various industrial contexts and may offer potential environmental benefits. Further
research is needed to quantify their performance specifically for WLO recycling [100]. Hybrid
systems combining solvent extraction with catalytic upgrading have also been shown to offer
environmental benefits relative to conventional treatment routes, although specific reductions
depend on system boundaries and impact categories [101]. TEA analyses highlight that the cost
structure of recycling strongly depends on plant scale, feedstock quality, and input prices—
particularly hydrogen and electricity [102]. At large capacities (>50,000 t/year), nanocatalyst-assisted
hydroprocessing and integrated hybrid systems become cost-competitive with conventional refining,
achieving estimated production costs of 350-450 USD per ton of base oil [103]. Sensitivity analyses
indicate that profitability is most affected by fluctuations in electricity prices and catalyst lifetime,
underscoring the importance of energy integration and catalyst regeneration strategies [104]. From
an industrial perspective, the technology readiness levels (TRLs) of these methods vary: plasma-
assisted and membrane-based technologies are mostly at pilot or demonstration scale, while
hydrotreatment and vacuum distillation are closer to commercial deployment. Integration with
existing refinery infrastructure is feasible for catalytic and distillation processes, leveraging current
equipment. Key barriers to commercialization include catalyst deactivation, feedstock variability,
process scalability, and strict operational control requirements [21,32]. Overall, combining LCA and
TEA perspectives provides a comprehensive framework for evaluating not only the technical
performance but also the environmental and economic sustainability of emerging WLO recycling
technologies.

Plasma-assisted pyrolysis and gasification are emerging as highly efficient methods for
converting WLOs into valuable fuels and carbonaceous materials. Plasma technologies use high-
energy arcs or microwave-induced plasmas to decompose complex hydrocarbons into light fractions
and solid carbon black [105]. Unlike conventional pyrolysis, plasma methods achieve higher reaction
rates, lower residual waste, and enhanced control of product composition [106]. Pilot-scale studies
have demonstrated yields of over 80% liquid hydrocarbons, with reduced sulfur and nitrogen
content, making the products suitable for blending with conventional fuels [107]. In addition, plasma
reactors minimize the formation of toxic by-products, contributing to improved environmental
performance [108]. However, industrial deployment requires careful consideration of energy
consumption, reactor scale-up, and long-term operational stability.

The use of nanostructured catalysts has significantly advanced the efficiency of hydrocracking
and hydrotreating processes in WLO recycling. Catalysts based on transition metal nanoparticles (Ni,
Mo, Co, Fe) supported on mesoporous materials (e.g., SBA-15, MCM-41, zeolites) enhance cracking
activity, sulfur removal, and aromatic hydrogenation [109]. These catalysts increase selectivity
toward middle distillates and base oils, while reducing energy consumption compared to
conventional heterogeneous catalysts [110]. Moreover, the high surface area and tunable pore
structure of nanocatalysts enable superior contact between active sites and WLO feedstocks,
facilitating cleaner product streams [111]. For commercialization, maintaining catalyst activity over
extended runs and regenerating spent catalysts are crucial to ensure cost-effectiveness and
continuous operation. Hybrid approaches that combine two or more processes—such as solvent
extraction with vacuum distillation, or pyrolysis with catalytic upgrading—are gaining traction as
scalable solutions [112]. Such systems improve product yields, enhance removal of additives, and
reduce operating costs by integrating energy recovery. For example, combining solvent extraction
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with hydrofinishing produces API Group II+ base oils with oxidative stability comparable to virgin
oils [67]. Similarly, catalytic pyrolysis using zeolite-based catalysts generates gasoline- and diesel-like
fuels with reduced polyaromatic content, while simultaneously recovering carbon black as a co-
product [113]. The main industrial challenge remains achieving consistent product quality and
process stability at large scale.

Membrane-based technologies, including ultrafiltration, nanofiltration, and pervaporation, are
increasingly applied in pre-treatment and final polishing of WLOs [114]. Membrane processes allow
the selective removal of water, asphaltenes, and metal-containing additives, thereby improving
feedstock quality for downstream refining [115]. Recent developments in ceramic and polymeric
membranes with enhanced thermal stability have enabled continuous operation under harsh
chemical conditions [115]. When integrated with other refining steps, membrane systems can reduce
overall process energy consumption by 20-30% [116]. Nevertheless, scale-up, membrane fouling, and
long-term operational reliability are key considerations for industrial adoption [117]. In recent years,
conventional recycling approaches such as acid—clay treatment, solvent extraction, and vacuum
distillation have been complemented and, in some cases, replaced by advanced technologies. These
innovations aim to improve process efficiency, reduce environmental impact, and produce high-
quality target products that meet international standards. Table 4 provides an overview of modern
WLO recycling technologies and highlights global trends and case studies, illustrating how different
regions adopt innovative approaches to enhance resource recovery and sustainability.

Table 4. Modern WLO recycling technologies.

Technology/
Approach

Target Products

Notes /1 ti
JOutcomes otes / Innovations

Principle / Method Advantages

Studies with plasma
technology for oil
sludge have shown

Non-thermal plasma  Liquid fuels, carbon black,

High-energy plasma forms active radicals, syngas.

pyrolysis/gasification of WLO Z::ililrfciifﬁztlftsa Z;izzn;elgts: di?f:t;le the production of fuel
Plasma- and oily sludge at voltages 5 i . raffinate and effective
Assisted from 0 to 20 KV, fre . catalyst; target product for 8 minutes )
, frequencies o . pre
Plasma processes was 1.96% less by weight and

filtration/extraction
before processing
[118] Liquid yields
>80%, low S & N
content

Processing from 15 to 25 kHz and
operating time from 0.5 to 8
minutes during the experiment.

reduce residues and  1.38% less by weight.% more
allow you to control  than in commercial diesel
the composition of gas-fuel, the calorific value can
liquid products. reach 44.38 MJ/kg

Hydrotreating/hydrocracking
of WLO using promoted sulfide
catalysts on mesoporous
substrates (for example,
NiMo/CoMo on SBA-15/MCM-
41/Al,05). In the ranges of
operating conditions:
temperature (250-350 °C),
pressure (6-10 bar), hourly
volumetric fluid velocity
(LHSV) (1-3 h -1)

Integrated flowsheets combine
solvent extraction (MEK, 1-
butanol, 2-propanol.
Extraction temp: 20, 30 and 50

Mesoporous/promoted

" .
Systems mnerease Middle distillates and Group Ni, Mo on

II/III base-oil cuts after mesoporous supports.
hydroprocessing/finishing. ~ [119]

Nanocatalysts
in Re-Refining

active-site exposure
and HDS/HDN
performance relative to
conventional supports.

Wiped-film (thin-film)

Integrated Stirred at 275-300 rpm for 30 diesel, lube base oil, and 28 .
. . removal, . separation prior to
Systems min. Gravity residue. .
reduced costs hydroprocessing.
settlement for 24 h. [120]
+vacuum distillation at 80
°C+hydrofinishing/ to remove
additives and recover base oil.
UF/NF/pervaporation to pre-  Continuous operation Pre-treated WLO with Use of ceramic or
Membrane . . . . .
. . treat WLO or oily feeds: is feasible; membranes reduced fouling tendency for polymeric membranes
Filtration & . .. o :
R remove water, colloidal metals, can protect refining or finishing; (PAN, PVDF, PP) with
Separation o . . .
asphaltenes/oxidation products downstream improved flash point and regeneration cycles;
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without phase change. Using  hydrotreaters by particle removal shownin  studies show
operating pressure (0.4-1.2 bar) lowering metals/solids studies. improved flash point,
and temperature (30-60°C) and improving feed  The kinematic viscosities werereduced fouling,

stability. decreased around 2.1-14.2 % higher permeate
and the densities were quality. [121]
decreased by 0.3-0.6 % from
their initial values
Recent PdM work
o . . . shows hybrid physics-
Artificial Machine learning + sensor data . Optimized outputs across all .
. L . Reduced downtime, L ML outperforming
Intelligence & for predicting maintenance and processing lines (WLO

optimized yield and single-method
baselines for process
asset health

monitoring. [122,123]

Process optimizing technological
Optimization processes at refineries

collection, pre-treatment,

energy efficiency upgrading, finishing)

Digitalization and artificial intelligence (Al) tools are now being introduced to optimize WLO
recycling processes. Machine learning models predict product yields, optimize catalyst performance,
and monitor reactor conditions in real time [124]. These tools enable predictive maintenance of
recycling plants, reducing downtime and operational costs. Coupling Al with advanced sensors and
process automation creates a pathway for fully digitized, low-carbon WLO recycling facilities [125].
However, industrial readiness depends on robust integration with existing plant systems and
validation under continuous operation.

The convergence of plasma technologies, nanocatalysis, hybrid processing, and digital tools
marks the beginning of a new generation of WLO recycling. These innovations not only enhance
product quality and process efficiency but also align with global sustainability agendas. Recent
assessments indicate that most advanced WLO recycling technologies currently operate at pilot to
demonstration scales (TRL 5-6), demonstrating technical feasibility but still requiring optimization
for industrial-scale deployment [3]. Integration with existing refining infrastructure is increasingly
achievable, particularly through hybrid configurations that combine solvent extraction,
hydroprocessing, and vacuum distillation, enabling direct blending of recycled base oils with
conventional refinery streams [21]. However, several barriers to commercialization remain, including
catalyst deactivation, feedstock variability, high energy consumption, and challenges in process
control and scalability. Ongoing research focuses on overcoming these limitations via catalyst
regeneration, energy recovery, and digital optimization tools that improve process stability and
economic feasibility [126]. Addressing these technological and operational challenges will be
essential for the transition from pilot plants to full-scale industrial implementation. Nanocatalysts
derived from acid activation, plasma-assisted modification, and pyrolytic treatment demonstrate
strong potential for advancing waste lubricating oil processing and are anticipated to make a
substantial contribution to both nanotechnology and environmental sustainability.

5. Conclusions

The recycling of petroleum-based lubricants has been increasingly addressed in the literature as
an element of sustainable waste management and resource recovery. Conventional processes,
including acid—clay treatment and distillation, continue to be applied; however, numerous studies
report environmental and regulatory limitations associated with these approaches. Advanced
recycling techniques such as hydrotreatment, solvent extraction, membrane separation, and catalytic
cracking have been investigated for improving base oil quality and reducing environmental impacts.
Reported results indicate that, under optimized conditions, these processes can produce re-refined
oils meeting higher performance classifications, although outcomes strongly depend on feedstock
variability and process configuration. In parallel, thermochemical pathways, including pyrolysis and
plasma-assisted conversion, have been explored for the generation of fuels, carbonaceous materials,
and other co-products, expanding the range of potential valorization routes for WLOs. Recent studies
further demonstrate that waste lubricating oils can serve not only as a secondary source of fuels and
regenerated base oils, but also as promising precursors for functional carbon-based materials,
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including carbon black, porous carbons, and nanostructured carbon materials. The development of
waste-to-carbon strategies opens new opportunities for the production of adsorbents, catalyst
supports, electrochemical materials, and tribological additives from petroleum-derived waste
streams. Comparative analysis of the reviewed studies highlights the importance of process
integration and hybrid systems in enhancing recovery efficiency and mitigating environmental
burdens. Recent LCA and TEA investigations suggest that advanced WLO recycling technologies
may offer environmental benefits and economic potential; however, reported results remain case-
specific and sensitive to system boundaries, scale, and regional conditions. Overall, the literature
indicates that WLO valorization represents a technically feasible pathway for reducing hazardous
waste generation and recovering valuable resources. Future research should focus on improving
process scalability, energy efficiency, catalyst stability, and reproducibility of carbon material
properties in order to facilitate industrial implementation of integrated waste-to-carbon and re-
refining technologies within circular economy frameworks.
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