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Crude oil contains trace metal species that impair refinery performance, poison catalysts, and contribute to
environmental contamination. Conventional metal-removal processes, such as hydrotreating and solvent
extraction, are energy-intensive and costly. In this study, deep eutectic solvents (DESs) were evaluated as
alternative media for extracting metal-containing complexes from crude oil. Model experiments using
copper, iron, and nickel phthalocyanines dissolved in toluene showed that all complexes were
transferred intact into the DES phase. Thermodynamic analysis revealed that extraction is exothermic
and driven by protonation of the phthalocyanine ring within acidic DESs, leading to enhanced metal
uptake at lower temperatures. Across the formulations tested, more acidic DES systems consistently
delivered higher extraction efficiencies.The methodology was then applied to a Nigerian crude oil
sample to assess performance under realistic conditions. Acidified DESs effectively extracted
metalloporphyrins and other metal species while maintaining good phase separation. A simple filtration-

based workflow enabled recovery and reuse of the DES phase with minimal energy input, demonstrating
Received 27th November 2025 the potential f tionall straightforward and recyclable metal- 1 Overall, this work
Accepted 16th March 2026 e potential for operationally straightforward and recyclable metal-removal processes. Overall, this wor

establishes acidified DESs as efficient, mechanistically understood, and potentially low-energy media for

DOI: 10.1039/d5ra09189f the extraction of metal species from crude oil, offering a promising basis for next-generation upgrading
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Introduction

Crude oil is composed predominantly of aliphatic and aromatic
hydrocarbons, but it also contains a diverse array of more polar
constituents incorporating sulfur, nitrogen, and oxygen
heteroatoms, together with trace metals such as nickel, vana-
dium and iron, and small quantities of ionic species (Na*, Ca*",
Cl").*»* Even at low concentrations, these heteroatom-
containing and metal-bearing impurities adversely affect
downstream refining and utilisation.>* Metals may enter the
crude either through the biological precursors of the oil - for
example, iron originating from haem proteins - or via contact
with mineral phases during geological processing. The high
natural abundance of N- and S-containing macrocycles such as
porphyrins and phthalocyanines within crude oil is particularly
significant, as these ligands effectively solubilise a wide range of
metal ions including Al, Fe, Ti, Mn, Mg and V.>* Once present,
metal complexes can deactivate cracking catalysts, promote
inorganic deposition that compromises heat transfer, and
accelerate the degradation of lubricants.””®

At present, the most widely applied method for removing
sulfur-, nitrogen-, oxygen- and metal-containing species is
catalytic hydrotreating.'** In this process, crude oil fractions
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are contacted with hydrogen over a solid catalyst at elevated
temperatures and moderate pressures.* Hydrotreating converts
heteroatom-containing and metal-associated impurities into
forms more amenable to separation, but it is energy-intensive
and carries a substantial operational and carbon cost.™ Alter-
native separation strategies—including solid- or liquid-phase
extraction, alkylation, distillation and adsorption—have there-
fore been explored as complementary or lower-impact
methods.*

Among non-hydrogenative approaches, liquid-liquid
extraction remains an attractive option, provided that cross-
contamination between phases is minimised. The extractant
must be immiscible with the hydrocarbon matrix, which
favours polar solvents; however, conventional aqueous systems
introduce complications if water becomes incorporated into
fuels or lubricants. Ionic liquids (ILs) and deep eutectic solvents
(DESs) have thus emerged as promising alternatives.'*>"

DESs are mixtures of Bronsted or Lewis acids and bases that
form eutectic liquids through strong hydrogen-bonding inter-
actions.” Both ILs and DESs have been deployed for the
extraction of complex organic molecules, including proteins,
natural products and reaction products, and the field has been
comprehensively reviewed.””*” Challenges associated with the
high viscosity of ILs and DESs have been addressed through
liquid-phase microextraction,*® microwave-assisted extraction,*
and ultrasound-assisted microextraction.** Notably, DESs have
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proved effective for the extraction of phenolic, sulfur-containing
and nitrogen-containing compounds.*"*

While much early work focused on natural products, DESs
have also been applied to the extraction of metals from diverse
matrices, most commonly from aqueous media using hydro-
phobic DESs.*® Shishov et al. demonstrated the extraction of
metals from vegetable oil and used motor oil employing choline
chloride-based DESs with various hydrogen-bond donors.*
Mohammed et al. applied a choline chloride DES to Iraqi crude
oil and observed appreciable extraction of Fe and Zn; they also
employed ultrasound-assisted oxidative demetalisation, though
extraction of vanadium and nickel remained only moderate.**

Thermodynamic studies have provided further insight into
extraction processes. Abbott et al. investigated the transfer of
thiophene from cyclohexane, used as an oil analogue, into
DESs.* Thiophene was preferentially solvated by the non-polar
phase, resulting in a slightly positive free energy of extraction.
The transfer into the DES was endothermic, and extraction
proceeded through a favourable entropy change; heating the
biphasic system enhanced extraction. The most effective DESs
were those with the lowest surface tension, indicating that the
principal energetic barrier was the formation of a cavity within
the DES to accommodate the solute. By contrast, extraction of
more polar solutes such as polyphenols and aromatic carboxylic
acids from olive oil exhibited negative free energies and
enthalpies of extraction, consistent with strong hydrogen-
bonding interactions between solute and DES and proton-
transfer processes occurring during extraction.*

The aim of the present study is to establish whether acidic
DESs can be used to extract metals directly from crude oil via
liquid-liquid extraction. Our working hypothesis is that
protonation of the macrocyclic ligand framework—specifically
porphyrinato metal complexes—facilitates efficient metal
transfer by rendering the coordinated species more compatible
with the DES phase. To develop and test this mechanistic
model, we first employ metallophthalocyanines dissolved in
toluene as a tractable molecular system that mimics the
behaviour of porphyrinic metal complexes in a simplified
hydrocarbon environment. We then extend the optimised
extraction conditions to Nigerian crude oil, a well-characterised
petroleum system whose trace metal composition is represen-
tative of many terrestrially derived crude oils.*”**

Experimental section
Materials

All reagents and solvents used in this study are listed in Table 1
together with their suppliers and stated purities. All materials
were used as received without further purification. Crude oil
samples were obtained from the Samabiri/Biseni flow station in
Bayelsa State, Nigeria.

Preparation of deep eutectic solvents

DESs were prepared following standard procedures described in
the literature.**** Briefly, the hydrogen-bond donor and
hydrogen-bond acceptor components were combined in the
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appropriate molar ratio and heated with stirring until a homo-
geneous liquid was formed. All DESs were stored in sealed
containers to prevent moisture uptake prior to extraction
experiments.

Extraction experiments with metallophthalocyanines

Copper() phthalocyanine green ([Cu(Pc“*®)]), iron(u) phthalo-
cyanine ([Fe(Pc)]), nickel(u) phthalocyanine ([Ni(Pc)]) and free-
base phthalocyanine (H,Pc) were dissolved individually in
toluene at 25 °C to give stock solutions. Liquid-liquid extraction
was performed by contacting the metallophthalocyanine solu-
tion with the acidic DES under controlled mixing conditions.

The concentration of metallophthalocyanines remaining in
the toluene phase after extraction was determined using a Shi-
madzu UV-1601 spectrophotometer. Calibration curves for each
compound were prepared over the range 0.01-0.10 pmol dm .
All samples were diluted as necessary to ensure measurements
fell within this linear range.

Determination of metal content in crude oil

Metal concentrations in crude oil before and after extraction
were quantified using the emulsion-breaking method devel-
oped by de Sousa et al.** Untreated crude oil (0.5 g) was mixed
with 2.5 mL of paraffin wax (mineral oil) to reduce viscosity. An
extractant solution comprising 20% (m/v) Triton X-114 and
6.5 mol dm™® HNO; (3 mL) was then added, and the mixture
was vigorously shaken to form a stable emulsion.

The emulsion was broken by heating at 90 °C for 40 min,
followed by centrifugation at 5000 rpm for 15 min. This yielded
two distinct phases; the denser lower phase was isolated and
submitted for ICP-MS analysis.

For ICP-MS preparation, an aliquot (0.1 g) of the bottom
phase was diluted with xylene to a total mass of 10 g. A
subsample (0.5 g) of this solution was further diluted to 5.0 g
with xylene, and indium was added as an internal standard to
obtain a final concentration of 50 pg kg '. Calibration stan-
dards were prepared by dilution of an organic metal standard in
xylene.

ICP-MS analyses were performed using a PerkinElmer Nex-
ION 300X instrument equipped with a micro-nebuliser and
cooled spray chamber. Oxygen was supplied as an auxiliary gas
to facilitate direct introduction of the xylene-diluted samples
into the plasma.

Physical characterisation of crude oil

Thermogravimetric analysis (TGA) of untreated and DES-treated
Samabiri/Biseni crude oil samples was conducted from 25 to
1100 °C under controlled heating conditions. Dynamic Light
Scattering (DLS) measurements were performed using a Zeta-
Nano-ZS (Malvern Instruments). Surface tension
measurements were obtained using a Kriiss K9 tensiometer
(model K9MK1) equipped with a Pt-Ir plate (part no. PL21).
Density was determined gravimetrically by measuring the mass
of a known volume of oil in a calibrated volumetric flask, with
reported values representing the average of five measurements.

sizer
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Table 1 List of reagents used in this study
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Materials and solvents Origin Formula and structure Purity
Copper(u) phthalocyanine green ([Cu(Pc“°)]) Chem Cruz /\&k )ﬁ 98%
N
Cs2CitsCuNs
Copper(u) chloride Sigma-Aldrich CuCl,-2H,0 99%
Q
Methanesulfonic acid (MSA) Sigma-Aldrich HsC—-3-OH 99.5%
CHa055
Toluene Fisher CgH5CH;3 99%
Nickel(n) phthalocyanine ([Ni(Pc)]) Thermo Scientific ; é 95%
C32H16NsNi
é \ / é
Iron(u) phthalocyanine ([Fe(Pc)]) Thermo Scientific ; 4 jé 95%
7
Cs2HisFeNs
\iNH :[(
Phthalocyanine (H,Pc) Thermo Scientific ; HN? 95%
P
C32HisNs
OH
Glycerol (Gly) Fisher Ho_h_on 98%
C3Hs0s3
o
Oxalic acid dihydrate (OA) Fisher Hofko*‘ e =99%
C2H20402H,0
Ethylene glycol (EG) Sigma-Aldrich HOCH,CH,OH =99%
I
Choline chloride (ChCl) Sigma-Aldrich HO/\/CI'\ =99%
[CsHuNO][CI]
N’/\ =
1-Butyl-3-methylimidazolium chloride ([Bmim]CI) Sigma-Aldrich SN =99%
[CsH1sN][Cl]
(2
Benzyltrimethylammonium chloride (BTMAC) Sigma-Aldrich ZI_\ =99%
[C10H16N][Cl]
00Q
HO OH
Maleic acid Acros ;<H=C>)L 99%
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Specific gravity was determined using the standard American
Petroleum Institute (API) gravity method (API gravity = 141.5-
131.5 per SG).*

Results and discussion

Establishing a molecular basis for metalloporphyrin
extraction

To design an effective strategy for removing metalloporphyrins
from crude oil, it is first necessary to understand the underlying
molecular chemistry of metal ion transfer from aromatic media
into deep eutectic solvents (DESs). A key question is whether the
metal centre remains coordinated to the macrocycle during the
extraction, or whether protonation under acidic conditions
leads to demetallation (Scheme 1). A further consideration is
whether chloride ions present in the DES compete effectively
with the phthalocyanine donor set for coordination to the metal
centre. To address these questions, we first investigated the
speciation and extraction behaviour of metallophthalocyanines
dissolved in toluene, used here as a simple aromatic mimic for
crude oil.

Copper(u) phthalocyanine green, [Cu(Pc'*®)], was selected as
an initial test solute due to its strong colour contrast and rela-
tively high solubility in toluene. Although phthalocyanato
complexes are generally sparingly soluble in organic solvents
(<1 mmol dm ), toluene provides adequate solubility and
serves as a reasonable model for the aromatic fraction of crude
oil.

Speciation of [Cu(Pc"®)] in toluene and DESs

Fig. 1 shows [Cu(Pc“"'®)] dissolved in toluene, in binary DES
ethaline (1ChCl:2 EG) (Ethaline), and in a ternary DES based on
ethaline (1ChCl:2 EG) acidified with methanesulfonic acid
(MSA). In both DESs, the compound exhibited minimal solu-
bility, but the colour remained characteristic of intact copper

Demetallation

e,

> DES phase

(a)
Inner protonation
(isoindole nitrogen)

+2H* N
-~
/ N

H,Pc
> Toluene phase

Protonation
[M(Pc)]

> Toluene phase
(b)
Outer protonation
(meso nitrogen)

[M(PcH)I*
> DES phase

Scheme 1 Possible protonation routes of metallophthalocyanines via
(a) isoindole-nitrogen and (b) meso-nitrogen (adapted from ref. 44),
and their predicted solubilities in toluene and DES.
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phthalocyanine. No yellow coloration was observed, indicating
that chloride ions in the DES do not displace the macrocycle to
generate [CuClL]>”, in agreement with prior speciation
studies.”®** This conclusion was supported by UV-visible spec-
troscopy  (Fig. S2). Calibration curves for meta-
llophthalocyanines and H,Pc were constructed over 0.01-0.10
pumol dm ™ (Fig. S4 and S7), and all analytical samples were
diluted to fall within this range.

Cl16

Extraction of [Cu(Pc~"")] from toluene into DESs

Fig. 2 shows that copper phthalocyanine initially forms
a homogeneous blue-green solution in toluene. Upon contact
with either 1ChCl:2 EG or 1ChCl:2 EG + MSA, the majority of the
metallophthalocyanine is transferred into the DES phase. After
40 min, the extraction efficiency of [Cu(Pc“°)] from toluene was
96.9% at 25 °C, but decreased to 59.4% at 45 °C, consistent with
an exothermic extraction process.

In both DESs, the extracted material forms a cloudy disper-
sion or colloidal suspension rather than a clear solution.
Although this complicates strict thermodynamic analysis, such
behaviour is advantageous for practical separations: centrifu-
gation or filtration can recover the solid material, enabling
straightforward regeneration of the DES. Previous extraction
systems—for example, thiophene extraction into DESs—expe-
rienced difficulties in regenerating the solvent.*> Here the
formation of a removable dispersed phase is beneficial.

Acidifying 1ChCl:2 EG with MSA substantially enhances
extraction. MSA has previously been shown to behave as
a strong acid in DES media.**** UV-visible spectra of both
phases (Fig. S3) were used to quantify partitioning.

Thermodynamics of extraction

The thermodynamic parameters governing extraction were
examined using the partition coefficients measured at different
temperatures. For fully homogeneous solutions, a partition
coefficient (K;,) is the ratio of concentrations of a solute in
a mixture consists of immiscible layers at equilibrium,® defined
as:

molality of solute),
Kp _ ( 4 ) DES (1)

(m()lahty of S)in toluene

— B 1 b >

| CuPes CuPe+ cuc~ CuQl~

,' Ethaline Ethaline Ethaline !:h;sll:
- MSA

=

Fig.1 (Left to right): 0.08 mmol of [Cu(Pc"®)] in toluene, [Cu(Pc<19)]
in 1ChCL:2 EG, [Cu(Pc®™®)] in 1ChCl:2 EG + 10 mmol MSA, CuCl, in
1ChCL:2 EG, CuCl; in 1ChCLl:2 EG + 10 mmol MSA, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a. before extraction
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R

b
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.

Ethaline+MSA  Ethaline

S ———

BTMAC:EG+MSA  Glyceline+OA lm(;

Fig. 2 (Left to right): 0.08 mmol of [Cu(Pc“"®)] in toluene (top layer)/
and various DES compositions (bottom layer), left to right: 1ChCL:2 EG
+ MSA, 1ChCLl:2 EG, BTMAC:EG + MSA, 1ChCL:2Gly + OA and [Bmim]
CLEG (a) before extraction; (b) after extraction for 40 min at 25 °C.

b. after extraction

and standard relations for AG°, AH® and AS° would apply (see
SI, eqn (S1-S3)).* However, because the DES phase contains
dispersed colloidal material (Fig. 3), its effective concentration
cannot be determined precisely. Instead, an apparent partition
coefficient (Kp, app) Was defined as:

Co— G
Ky app = T 2)

where C, and C; are the initial and final concentrations in
toluene, assuming equal phase volumes, constant temperature
and pressure.

Table 2 summarises the apparent thermodynamic parame-
ters. The extraction is exothermic in all cases, with apparent
enthalpy changes (AH, app) between —30 and —50 kJ mol ™",
similar in magnitude to exothermic protonation reactions of
amines.* These values are consistent with protonation of the
phthalocyanine macrocycle leading to formation of a cationic
species that partitions into (or aggregates within) the ionic DES
phase.

Phthalocyanato metal complexes typically undergo “outer”
mono-protonation at the meso-nitrogen atoms to form
[M(PcH)]" species.***"% Qur results are consistent with this
mechanism. No evidence was obtained for isoindole-nitrogen
protonation, which would be expected to promote demetalla-
tion, and no spectral signatures consistent with free Cu®>* or

[CuCl,]*~ were observed.*

. . Wt I 1
Fig. 3 (a) 0.08 mmol of [Fe(Pc)], [Ni(Pc)] and H,Pc in toluene (top

ST BTMACEG A
layer) and BTMAC:EG + 10 mmol MSA (bottom layer) before extraction
and (b) after extraction for 40 min at 25 °C.

@w
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The apparent partition coefficient is highest for 1ChCl:2 EG +
MSA, the most acidic system studied. Replacing the cation (e.g.
[Bmim]Cl), the hydrogen-bond donor (e.g. glycerol in glyceline
1ChCl:2Gly), or the acid (oxalic acid) has relatively little effect,
indicating that acidity is the dominant factor controlling
extraction efficiency.

The strongly negative AG;pp values show that transfer from
toluene into the DES is spontaneous. Increasing temperature
decreases Kp, consistent with an exothermic process, as pre-
dicted by Le Chatelier's principle. The negative entropy changes
suggest increased ordering associated with formation of an
ionic or aggregated species.

Interestingly, 1ChCl:2 EG without added acid gives K, = 1
and only slightly negative AGapp, although this DES is mildly
acidic (pH = 6).* This suggests some degree of protonation or
functionalisation of the phthalocyanato complex may still
occur, albeit to a much lesser extent.

Previous extraction studies have shown that hydrogen-bond
donors (e.g. alcohols) exhibit exothermic extraction into DESs,
whereas non-polar solutes such as thiophene show endo-
thermic extraction.* The larger exothermicity observed here for
[Cu(Pc®®)] indicates that ionic or strongly interacting solutes
extract more favourably than neutral hydrogen-bonding solutes,
in line with expectations.

Extraction of [Fe(Pc)], [Ni(Pc)] and H,Pc

To assess whether the trends observed for [Cu(Pc“*®)] extend to
other phthalocyanines, the extraction of iron(u) phthalocyanine
([Fe(Pc)]), nickel(n) phthalocyanine ([Ni(Pc)]) and the free-base
phthalocyanine (H,Pc) was investigated using benzyltrimethyl-
ammonium chloride-based DES acidified with methanesulfonic
acid (BTMAC:EG + MSA). These complexes were selected to
probe the influence of metal identity and the absence of
a coordinated metal centre on extraction behaviour.

Fig. 3 shows the appearance of the toluene and DES phases
before and after extraction. Initially, all three phthalocyanines
formed homogeneous solutions in toluene, consistent with
their moderate solubility in aromatic solvents. After 40 min of
contact with BTMAC:EG + MSA at 25 °C, the majority of each
species was transferred into the DES phase, as evidenced by the
near-complete decolourisation of the toluene layer.

Quantitative analysis revealed transfer efficiencies of 99.9%
for [Fe(Pc)], 76.2% for [Ni(Pc)] and 77.6% for H,Pc under these
conditions. These values are comparable to those reported for
other DES-mediated extractions, such as lidocaine with deca-
noic acid and hexylethylenediamine/menthol systems,*”~°
highlighting the versatility of DESs as extraction media. The
particularly high efficiency for [Fe(Pc)] suggests that iron
phthalocyanine is more readily protonated or stabilised in the
ionic DES environment, whereas [Ni(Pc)] and H,Pc exhibit
slightly lower but still significant extraction.

As with the copper analogue, the DES phase forms a cloudy
emulsion containing colloidal particles. Dynamic light scat-
tering (DLS) revealed particle diameters of 250-2500 nm (broad
size distribution). Such particles are easily removed by filtration
or centrifugation.

RSC Adv, 2026, 16, 1621116219 | 16215
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C18)] from toluene into a variety of DESs at 25 and 45 °C

Kp,app AGaPP (k-] mOIil) aPP (kJ mol™ ) aPP (J mol ™ 1 1)
DES 25 °C 45 °C 25 °C 45 °C 25 °C 25 °C
1ChCI:2 EG + MSA 4.23 1.36 —3.57 —0.88 —44.7 —138
1ChCLEG 1.05 1.05 —0.12 —0.12 —29.2 -97.9
BTMAC:EG + MSA 3.71 1.67 —3.25 —1.36 —35.4 —108
[Bmim]CLEG 3.44 1.67 —3.06 —1.36 —33.6 —102.3
1ChCl:2Gly + OA 3.71 3.00 —3.25 —2.90 —35.4 —108

Fig. 4 presents a schematic of the separation process. After
extraction, centrifugation at 5000 rpm for 5 min gives a biphasic
mixture in which the DES forms a clear lower layer while solid
phthalocyanine aggregates remain suspended or collect at the
interface. Filtration produces a clear DES filtrate and a solid
residue of extracted macrocycle.

Application to Nigerian crude oil

Having established the feasibility of extracting meta-
llophthalocyanines from an aromatic model system, the opti-
mised conditions were applied to real crude oil from the
Samabiri/Biseni flow station (Bayelsa State, Nigeria). The oil is
classified as a heavy crude (API gravity 22.81).°° ICP-MS analysis
of untreated samples (Table S2) revealed metal contents of Mg
(13 307 ppb), V (972 ppb), Fe (104 340 ppb), Ni (10 116 ppb) and
Cu (2914 ppb).

Extraction with a range of DESs (Table 3) showed that iron-
and nickel-containing species in the crude oil are not present
predominantly as metallophthalocyanines, as the extracts are
yellow-brown rather than blue-green. DESs such as 1ChCl:2 EG
and 1ChCl:10A phase-separate cleanly from the oil, whereas

1ChCl:2Gly is unexpectedly miscible. Literature suggests that
glycerol coordinates strongly to chloride, reducing the polarity
of the resulting liquid and enabling mixing with
hydrocarbons.**

Acidifying 1ChCl:2Gly with 10 wt% MSA restores phase
separation and produces a dense, transparent ionic phase. A
coloured solid collects at the interface, consistent with extrac-
tion of metal-containing components. Similar behaviour was
observed for 1ChCl:2EG + MSA and 1ChCl:2EG + OA.

Overall extraction efficiencies exceed ca. 95% for all systems
investigated, with 1ChCl:10A giving the highest value (99.5%).
Thermogravimetric analysis of crude oil before and after
extraction shows negligible differences, indicating that ethylene
glycol is not back-extracted into the oil phase; otherwise
a characteristic exotherm at around 180 °C would be expected.

From a practical standpoint, the use of a liquid extracting
phase offers advantages over solid acids, enabling efficient
phase separation and avoiding blockage by precipitated solids.
Preliminary reuse experiments (five consecutive cycles) show
that the extraction efficiency remains essentially unchanged for
both 1ChCl:2EG + MSA and 1ChCL:10A (Fig. S13 and S14),
supporting the potential recyclability of the DES phase.

T Qv T
A @Q s> g Filtrate
- ¢ &% &,/ A (DES)
[ : P ',': . g - 2
— . . . Residue ———
% g
¢,,' g
%
mitaE
\
: ‘ Extraction — Centrifugation
= DRSS g_;

Fig. 4 (Left to right): 0.08 mmol of [Cu(Pc“"®)] in toluene (top layer)/and various DES compositions (bottom layer), left to right: 1ChCL:2EG +
MSA, 1ChCL:2EG, BTMAC:EG + MSA, 1ChCLl:2Gly + OA and [Bmim]CLEG (a) before extraction; (b) after extraction for 40 min at 25 °C.
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Table 3
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Extraction efficiency of all metals (Mg, V, Fe, Ni, and Cu) from crude oil using a variety of DESs

DES composition

BTMAC:2EG + MSA 1ChCI:2EG 1ChCI:2EG + MSA

1ChCI:2EG + OA

1ChCl:2Gly 1ChCl:2Gly + MSA 1ChCl:10A

I | ».

Total metal extraction efficiency / %

94.6 96.7

96.9 -

96.7 99.5

Potential process design

To translate the laboratory results into an operational metals-
extraction process suitable for crude oil treatment, a concep-
tual liquid-liquid extraction system using DESs is proposed
(Fig. 5). The design aims to maximise interfacial contact
between the crude oil and the DES phase without the need for
ultrasound-assisted oxidative demetallisation, relying instead
on efficient mixing and density-driven phase separation.

The system consists of a crude oil feed tank (1) supplying oil
to a pipeline reactor via an inlet (2) and a regulated pump (3).
The DES is introduced into the reactor through multiple spray
nozzles (4) positioned at the top of the contact zone to generate
fine droplets, thereby increasing the liquid-liquid interfacial
area. The droplet size distribution is critical for mass transfer,
and the DES flow is controlled by a recirculation pump (11),
allowing continuous reuse of the DES as long as its metal
loading remains below saturation.

Fig. 5 Flowchart of experimental design (1) feed bank, (2) crude oil
inlet, (3) influent pump, (4) pump nozzles, (5) metal free crude oil
outlet, (6) voltage stabilised power, (7), (9), (12), (15) manual valves, (8)
DES outlet, (10) circulation Tank, (11) submersible pump, (13) filter
paper, (14) DES filtrate.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Following dispersion and agitation through an electrically
driven mixing system (6), the two phases enter a conical sepa-
ration chamber where phase disengagement occurs due to the
density difference. Metal-free crude oil exits through the upper
outlet (5), while the DES enriched in metal complexes is with-
drawn via valve (7).

Regeneration of the DES is envisioned at stage (14), where
metal-containing particles are removed. In principle, this could
be achieved by simple filtration (13), taking advantage of the
tendency of protonated phthalocyanines and their metal
complexes to aggregate. If the complexes exhibit sufficient
paramagnetism (e.g., Fe-containing species), magnetic separa-
tion could be employed, although this would require validation
since magnetic susceptibility will depend on the oxidation and
spin states of the metal centres. Once regenerated, the DES is
returned to the circulation tank (10) for reuse. Should the DES
become saturated after repeated cycles, valve (9) is closed and
valve (15) opened to introduce fresh DES into the system.

The primary advantage of using a DES rather than a solid
acid is its pumpability and ease of mixing with the crude oil,
ensuring that protonation (and subsequent displacement or
aggregation of the metalloporphyrin) occurs uniformly
throughout the reactor volume. The experimental data pre-
sented above suggest that re-acidification of the DES and
precipitation of the metalloporphyrin species are the key
chemical steps required for regeneration.

Approximate costs of the acids used in the DES formulations
are listed in Table 4. Estimated recovery costs assume an
average metal content of 131 ppm and a stoichiometry of two

Table 4 Approximate costs of acids for metal extraction using DESs®?

Recovery cost

Acid Cost per US$ tonne per US$ tonne oil
Methanesulfonic 2000-3000 0.76-1.15
Oxalic 350-500 0.13-0.18
Lactic 1300-2800 0.47-1.01
Citric 600-1900 0.46-1.45
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moles of acid per metalloporphyrin extracted. These values
indicate that the basic chemical cost of the extraction step is
typically below 1 cent per litre of crude oil. This suggests that
the process could be economically viable at scale, provided that
DES recycling efficiency and metal-complex handling are
optimised.

Conclusions

This study demonstrates that deep eutectic solvents (DESs),
particularly when acidified, are effective media for extracting
phthalocyanato metal complexes from both model solvent
systems (toluene) and crude oil. Copper, iron, and nickel
phthalocyanines were all transferred intact into the DES phase,
confirming that the central metal ion remains coordinated to
the macrocycle throughout extraction. The combined spectro-
scopic and thermodynamic analyses indicate that extraction is
driven by protonation of the phthalocyanine amine function-
ality at the DES-organic interface, yielding the corresponding
ammonium phthalocyanine species. This protonation step
underpins the observed exothermicity of the process and
explains why partitioning into the DES phase is favoured at
lower temperatures.

Across the solvent systems explored, the apparent partition
coefficients at 25 and 45 °C decrease in the order:

1ChCl:2 EG + MSA > 1ChCl:2Gly + OA > BTMAC:2 EG
+ MSA > [Bmim]Cl:EG > 1ChCl:2 EG.

In many cases, extraction resulted in colloidal suspensions
consistent with the formation of protonated metal phthalocya-
nine salts within the acidic DES phase. Importantly, the DESs
could be cleanly recovered through simple filtration, enabling
physical separation of the extracted metal phthalocyanines and
highlighting the potential recyclability of these systems.

Application of this methodology to a Nigerian crude oil
sample confirmed that acidified DESs effectively extract metal-
containing species under realistic conditions. All acidic DESs
showed high extraction efficiencies and good phase behaviour.
Considering reagent cost and performance, oxalic acid emerged
as the most economically advantageous acidifying agent.

Overall, this work provides mechanistic and practical insight
into the use of acidified DESs for metal phthalocyanine extrac-
tion, demonstrating an exothermic, protonation-driven process
that is operationally simple, scalable, and potentially recyclable.
These findings offer a foundation for developing DES-based
strategies for crude oil upgrading and contaminant removal.
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