
Pertanika J. Sci. & Technol. 31 (4): 1971 - 1990 (2023)

Journal homepage: http://www.pertanika.upm.edu.my/

© Universiti Putra Malaysia Press

SCIENCE & TECHNOLOGY

ISSN: 0128-7680
e-ISSN: 2231-8526

Article history:
Received: 11 June 2022
Accepted: 11 October 2022
Published: 13 June 2023

ARTICLE INFO

DOI: https://doi.org/10.47836/pjst.31.4.22

E-mail addresses:
faizatulfitri23@gmail.com (Nor Faizatulfitri Salleh)
suzana.yusup@tnb.com.my (Suzana Yusup)
pradipbd2002@yahoo.com (Pradip Chandra Mandal)
syafiqhazwan@uitm.edu.my (Muhammad Syafiq Hazwan Ruslan)
* Corresponding author

Extraction of Metalloporphyrins Using Subcritical Toluene-
Assisted Thermally Stable Ionic Liquid

Nor Faizatulfitri Salleh1,2, Suzana Yusup3, Pradip Chandra Mandal4
 and 

Muhammad Syafiq Hazwan Ruslan5,6*
1Department of Chemical Engineering, Universiti Teknologi PETRONAS, 32610 UTP, Seri Iskandar, Perak, 
Malaysia
2Centre of Research in Ionic Liquids, Institute of Contaminant Management, Universiti Teknologi PETRONAS, 
32610 UTP, Seri Iskandar, Perak, Malaysia
3Fuel & Combustion Section, Generation Unit, Generation & Environment Department, TNBResearch, 43000 
Kajang, Selangor, Malaysia
4Titas Gas Transmission and Distribution Co. Ltd., 105 Kuzi Nazrul Islam Avenue, Kawran Bazar, Dhaka, 
1215, Bangladesh
5School of Chemical Engineering, College of Engineering, Universiti Teknologi MARA, 40450 UiTM, Shah 
Alam, Selangor, Malaysia
6Centre of Lipids Engineering and Applied Research, Ibnu Sina Institute of Scientific and Industrial Research, 
Universiti Teknologi Malaysia, 81310 UTM, Johor Bahru, Johor, Malaysia

ABSTRACT

Due to the depleting production of conventional petroleum, heavy oil is turned to as an 
alternative. However, the presence of trace nickel and vanadium in heavy oil poses problems 
for the refining process in producing lighter-end products. Such problems are its tendency 
to poison the catalyst, accumulate during distillation, and corrode the equipment. The 
objective of this work is to remove the metal porphyrins from model oil using the thermally 
stable ionic liquid 1-butyl-3-methylimidazolium octylsulfate, [BMIM][OS] assisted by 
subcritical toluene (above boiling point, 110.6°C and below a critical point, 318.6°C at 
41.264 bar) in a novel attempt. The experiments were conducted at 150ºC to 210ºC under 

a mixing time of 30 to 90 minutes while 
the pressure was monitored. Four metal 
porphyrins are used: nickel etioporphyrin, 
nickel tetraphenylporphyrin, vanadium 
oxide etioporphyrin, and vanadium oxide 
tetraphenylporphyrin. The results show 
that more than 40% of removal is achieved 
for all metal porphyrins, which shows 
great potential for further technological 
improvement. The Nuclear Magnetic 
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Resonance (NMR) shows that the ionic liquid did not decompose at the process temperature, 
which proves great stability. The extraction of metal porphyrins follows the second-order 
extraction model with an R2 of more than 0.98. 

Keywords: 1-butyl-3-methylimidazolium octylsulfate, heavy metals, heavy oil upgrading, metalloporphyrins, 
subcritical toluene 

INTRODUCTION

The growth of population, transportation, and industry growth are the major drivers in 
increasing the demand for petroleum resources (Ali et al., 2018). The International Energy 
Agency reported that heavy oil production from Canada and Venezuela might reach 6 
million barrels daily by 2030. Heavy oil can be defined as crude oil with the American 
Petroleum Institute (API) gravity of 10 to 20º, with high density and viscosity. Heavy oil 
fields are mostly in the United States, Russia, Canada, Venezuela, and the Middle East 
(Santos et al., 2014). 

However, heavy oils contain a trace number of heavy metals, the most abundant being 
nickel and vanadium, which are highly troublesome heavy metals (Mandal et al., 2014). 
The content of vanadium can go up to 1200 ppm, while the content of nickel is up to 150 
ppm (Agrawal & Wei, 1984). The presence of heavy metals can significantly impact the oil 
upgrading processes (Castañeda et al., 2014; Mandal & Alias, 2017; Mandal et al., 2011, 
2012a, 2012b). It can cause the catalysts to be deactivated and poisoned, corrosion to the 
equipment, and raise concerns regarding toxic contents that may lead to environmental 
pollution. 

Several porphyrin series are found in crude oil, with the most common type of porphyrin 
being etioporphyrin (ETIO) and deoxophylloerythroetio porphyrin (DPEP) (Zhao et al., 

Figure 1. The general structure of 
porphyrin

2015). Heavy metals in heavy oil are agglomerated 
in the asphaltene portion as porphyrin compounds 
referred to as metalloporphyrin (Rana et al., 2007). 
Treibs is reported to be the first to demonstrate 
the presence of metalloporphyrin in petroleum 
(Mandal et al., 2014). The general structure of 
porphyrins is shown in Figure 1. 

Due to the drawbacks of conventional 
technologies, interest has grown in exploring 
unconventional methods to remove heavy metals 
from heavy oil. Examples of such methods are 
salting-out separation (Ameur & Husein, 2012), 
the use of zeolites as ion exchangers (Ikyereve et 
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al., 2014), electrochemical (Welter et al., 2009), microbial demetallization (Salehizadeh 
et al., 2007), microwave radiation (Wang et al., 2011), supercritical fluid application 
(Mandal et al., 2011, 2012a, 2012b; Manjare & Dhingra, 2019; Trucillo et al., 2019) and 
biosorption (Beni & Esmaeili, 2020). Furthermore, there are a few methods explored to 
remove heavy metals from various environments, such as using ion exchange textiles 
(Elektorowicz & Muslat, 2008), via hydrochloric with alcohol extraction (Yuan et al., 
2019) and integrated remediation processes (Selvi et al., 2019). However, these methods 
have their limitations. 

Toluene is a good solvent for asphaltene (Painter et al., 2015), making it easier for 
metalloporphyrin extraction as it agglomerates in the asphaltene portion. Subcritical toluene 
is when toluene is above its boiling point (110.6ºC) and below its critical point (318.6ºC 
at 41.264 bar). The subcritical condition of toluene can generate a good environment for 
metal transfer during extraction. Furthermore, maintaining a subcritical condition is much 
easier than a supercritical condition due to the lower temperature and pressure requirement 
(Tavakoli & Yoshida, 2005).

Ionic liquids are salts that appear liquid at temperatures below 100°C and consist 
of cations and anions. Ionic liquids have seen applications for various purposes, such 
as CO2 capture (Bara et al., 2010; Bates et al., 2002; Karadas et al., 2010; Ramdin 
et al., 2012), lubricants (Jiménez & Bermúdez, 2007; Qu et al., 2009), drug delivery 
agents (Dobler et al., 2013; Moniruzzaman et al., 2010; Monti et al., 2017), in biofuels 
(Fadeev & Meagher, 2001; Liu et al., 2012; Fauzi & Amin, 2012; Muhammad et al., 
2015; Vancov et al., 2012), in the food industry (Hijo et al., 2016) and liquid-liquid 
extraction (Huddleston et al., 1998; Sun et al., 2012; Visser et al., 2001; Khaidzir et 
al., 2021). Researchers recognize Ionic liquids as a green solvent due to their unique 
properties, including their thermal stability, nonflammability, negligible vapor pressure, 
wide tunability for anions and cations, low volatility, and recyclability (Kumano et 
al., 2006; Sowmiah et al., 2009). In addition, ionic liquids have recently seen wide 
industrial use for applications in the separations, electroplating, reactions, and gas 
processing industry (Siriwardana, 2015). 

Therefore, this study aims to extract the metalloporphyrin component in the heavy 
oil sample using ionic liquids under subcritical toluene solution as an alternative to heavy 
oil upgrading technology. Four metalloporphyrin components were selected: nickel 
etioporphyrin (NiEP), nickel tetraphenylporphyrin (NiTPP), vanadium oxide etioporphyrin 
(VOEP), vanadium oxide tetraphenylporphyrin (VOTPP), were selected for this study as 
the composition of these metals is significant in the heavy oil sample. A kinetic study on 
the extraction mechanism was also conducted to explain the fundamental behavior of the 
extraction process.
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MATERIALS AND METHODS 

Material and Apparatus

Nickel etioporphyrin (NiEP), nickel tetraphenylporphyrin (NiTPP), vanadium oxide 
etioporphyrin (VOEP), vanadium oxide tetraphenylporphyrin (VOTPP), 1-butyl-3-
methylimidazolium octylsulfate, [BMIM][OS], and toluene were purchased from Avantis 
Laboratory Supply, Malaysia and were used without further treatment. The selection process 
was made using Conductor-like Screening Model for Realistic Solvents (COSMO-RS) 
software, where the prediction of the selectivity, capacity, and performance index toward 
the 4 metalloporphyrin metals. 

All metalloporphyrin structures were drawn and optimized in the TURBOMOLE 
program using its quantum chemical calculation. Functional BP86 with triple-ζ valence 
polarized (TZVP) basis set, a function in density functional theory (DFT), was used to 
optimize the metalloporphyrin structure. The optimized structures were then imported to 
the COSMO-RS software for activity coefficient estimation. Cations and anions for the 
ionic liquids were called from the existing COSMO-RS library. The activity coefficient in 
infinite dilution was used to estimate the selectivity and capacity of ionic liquid towards 
metalloporphyrin. Equations 1 to 3 shows the equation used to calculate the tested ionic 
liquid’s capacity, selectivity, and performance index
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Whereby C∞ is the capacity at infinite dilution, γ1
∞ is the activity coefficient of 

metalloporphyrin at infinite dilution in ionic liquid, γ2
∞ is the activity of toluene at infinite 

dilution in ionic liquid, S12
∞ is the selectivity of metalloporphyrin and toluene towards the 

ionic liquid in infinite dilution, and PI is the performance indicator.
The 12 shortlisted ionic liquids are  1-ethyl-3-methylimidazolium octylsulfate [EMIM]

[OS],  1-ethyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)imide [EMIM][NTf2],  
1-ethyl-3-methylimidazolium hydrogensulfate [EMIM][HS],  1-ethyl-3-methylimidazolium 
methanesulfonate [EMIM][MS], 1-butyl-3-methylimidazolium octylsulfate  [BMIM]
[OS],  1-butyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)imide [BMIM]
[NTf2],  1-butyl-3-methylimidazolium hydrogensulfate  [BMIM][HS],  1-butyl-3-
methylimidazolium methansulfonate [BMIM][MS], tetrabutylphosphonium octylsulfate  
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[TBP][OS],  tetrabutylphosphonium bis((trifluoromethyl)sulfonyl)imide  [TBP]
[NTf2],  tetrabutylphosphonium hydrogensulfate [TBP][HS], and  tetrabutylphosnium 
methanesulfonate  [TBP][MS].

Based on the screening process, [TBP]+ cation shows the best performance index, 
followed by [BMIM]+ and [EMIM]+. However, [TBP]+ has low selectivity towards the 
metalloporphyrin complex. Moreover, it is unstable due to the formation of an unwanted 
by-product, phosphine oxide, in the presence of oxygen. 

Meanwhile, for the anion screening, [OS]- and [NTf2]- show potential since both anions 
show good performance index compared to [HS]- and [MS]-. However, a study has shown 
that [OS] was reasonably non-toxic, has an acceptable biodegradability, and is a cheaper 
option compared to [NTf2]- (Dávila et al., 2007; Davis & Fox, 2003). Therefore, [BMIM]
[OS] was selected as the extractant.

The experiments were conducted in a 100 mL autoclave-stirred reactor from Amar 
Equipment Pvt. Ltd., India. The reactor was manufactured from stainless steel, with a 
stirrer and pressure gauge attached, and was designed for temperatures of up to 500ºC 
and pressures up to 20 MPa.

Generating Calibration Curve

Five standard solutions of model oil ranging from 20 to 100 ppm were prepared. The 
samples were analyzed using UV-Visible Spectrophotometer 1800 model from Shimadzu 
Scientific Instrument, US, and were scanned at 200 to 700 nm wavelengths. The analysis 
used 12.5 × 12.5 × 45 mm quartz cuvettes, and toluene was used as a reference. The 
concentration of porphyrin was computed by applying the Lambert-Beer Law.

Experiment Procedure

 A stock solution of model oil was first prepared. Then, 0.015 g of metal porphyrin was 
dissolved in 50 mL of toluene at 30ºC with continuous stirring at 150 rpm. Next, 150 mL 
of toluene was added thrice over a certain period. After the metal porphyrin had completely 
dissolved, the mixture was transferred into a 250 mL volumetric flask, and toluene was 
added till the calibration mark. 

Metal porphyrins were extracted by loading 20 mL of model oil and 2 mL of [BMIM]
[OS] into the autoclave reactor. Then, the mixture was heated up at temperatures of 150 
to 210ºC under mixing times of 30 to 90 minutes, with intervals of 30ºC and 30 minutes, 
respectively. Meanwhile, the pressure throughout the extraction process was monitored. 
Next, the mixture was cooled down at room temperature and transferred into a separating 
funnel. In the 2 layers observed to form, the bottom layer was the extract, and the upper 
layer was the raffinate. After that, the two layers were separated and sent for analysis for 
further examination. 
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The percentage of metal porphyrin extraction was calculated using the following 
Equation 4: 

Removal (%) = [(Ci – Cf)/Ci] × 100  [4]

where Ci is the initial concentration of model oil, and Cf is the final concentration of the 
model oil.

Analysis

UV-Visible (UV-Vis spectrophotometer 1800 model, Thermo Fisher Scientifc Inc., US) 
and Fourier Transform Infrared Spectroscopy (FTIR) coupled with diamond Attenuated 
Total Reflectance (Nicolet iS5, Thermo Fisher Scientifc Inc., US) were used for the upper 
layer which contains model oil. The wavelength of FTIR used ranges from 4000 to 400 
cm-1 with 16 cycles of scanning. Meanwhile, FTIR and Nuclear Magnetic Resonance 
(NMR) (Bruker Advance III 500 MHz, Bruker Corporation, US) was used to analyze the 
bottom layer, which contains [BMIM][OS] and the metal porphyrin. The NMR analysis 
was done at ambient temperature, and dimethyl sulfoxide (DMSO) was used as a solvent.

Kinetic Study

A second-order extraction model was used to determine the mechanism of the metal 
porphyrins extraction. The model was calculated using the following linear Equation 5:

t/Ct = [1/(k2Cs
2)] + (t/Cs)    [5] 

where Cs and Ct are concentrations of metal porphyrin at saturation (mg/L) and metal 
porphyrin at any extraction time (mg/L), respectively, k2 was the rate coefficient of second-
order extraction (min-1), and t was the extraction time (min). Cs and k2 were obtained from 
the slope and intercept of the t/Ct vs. t graph. 

RESULTS AND DISCUSSION

Effect of Temperature

Subcritical Condition. The experiment was carried out to study the effect of temperature on 
metalloporphyrin extraction using subcritical toluene-assisted ionic liquid. The experiment 
was done at 150°C (9 bar), 180°C (10 bar), and 210°C (11 bar). The ionic liquid used in 
this work is [BMIM][OS]. Four types of metalloporphyrin are studied in this work: NiEP, 
NiTPP, VOEP, and VOTPP. The results obtained are shown in Figures 2 to 4.

Figure 2 demonstrates the extraction results for NiEP. It was observed that the 
temperature and mixing time affected the extraction of NiEP differently. The removal (%) 
indicates the efficiency of metalloporphyrin extraction using subcritical toluene-assisted 
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thermally stable ionic liquid. As the mixing time increased, the extraction of NiEP increased. 
It is due to the longer contact time between [BMIM][OS] and the metal complexes, resulting 
in more metal complexes being extracted. However, the removal of NiEP increased from 
30% ± 0.9 to 60% ± 1.1 when the temperature was raised from 150ºC to 180ºC. As rising 
temperatures could reduce the viscosity of the extractant, this also leads to a higher solubility 
of the metal complexes. The solubility increased from 265 µg NiEP/g [BMIM][OS] at 150ºC 
to 399 µg NiEP/g [BMIM][OS] at 180ºC. Then, the extraction of NiEP decreased by 13% 
± 0.75 when the temperature reached 210ºC. The maximum extraction of NiEP is achieved 
at 60%, under a temperature of 180ºC and mixing time of 90 minutes. The most significant 
parameter is temperature. However, the deep knowledge of the fate of metal in this reaction 
remains unclear. Mandal et al. (2012b) stated that the fate of the central metal group in the 
reaction was not explained.

Figure 2. Effect of mixing time and temperature on the removal percentage of NiEP (%)

Meanwhile, Figure 3 illustrates the extraction results for NiTPP. The surface plot shows 
that the removal decreased by 10% (from 50% ± 0.4 to 40% ± 0.9) when the temperature 
increased from 150ºC to 180ºC. Then, it increased up to 60% ± 0.9 of extraction when 
the temperature reached 210ºC, except for the case of 90 minutes of mixing time where 
the extraction was reduced by as much as 20% ± 0.6 as the temperature increased. The 
highest extraction of NiTPP was accomplished at a temperature of 150ºC and a mixing time 
of 90 minutes, where [BMIM][OS] could extract approximately 70% of NITPP. Mandal 
et al. (2011) reported that the fate of a central metal group of NiTPP under supercritical 
conditions remains uncertain. This sentiment was supported by the work of Bonné et 
al. (2001), which also stated that the fate of the central metal group under non-catalytic 
demetallization remained obscure.
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Similarly, the extraction of NiEP was slightly increased when extraction time increased 
from 30 minutes to 60 minutes. Then, it increased by 10% when the extraction time 
increased to 90 minutes. These results indicate that the longer the extraction time, the longer 
the extractant contacted NiEP, thus increasing the NiEP extraction. On the other hand, the 
NiTPP extraction was increased as extraction time increased except for a temperature of 
210ºC, where the NiTPP was slightly decreased. 

Figure 4 shows the effect of temperature on VOEP extraction. As the temperature 
increased from 150ºC to 180ºC, the extraction drastically increased by almost 20% (from 
30% ± 0.5 to 50% ± 0.9). It then increased slightly further by 7% (57% ± 0.8) when the 

Figure 4. Effect of mixing time and temperature on the removal percentage of VOEP (%)

Figure 3. Effect of mixing time and temperature on the removal percentage of NiTPP (%)



1979Pertanika J. Sci. & Technol. 31 (4): 1971 - 1990 (2023)

Metalloporphyrins Extractions Using Subcritical Toluene

temperature was extended to 210ºC. It is due to the reduction of the viscosity of [BMIM]
[OS], which increases the contact surface, thus leading to higher extraction of VOEP. 
Besides, the reduction in viscosity of [BMIM][OS] also leads to an increase in metal transfer 
in ionic liquid (Germani et al., 2007). Consequently, VOEP extraction was increased as 
temperature increased. However, when the mixing time is increased from 30 minutes to 90 
minutes, the removal of VOEP increases slightly. Mandal et al. (2012a) studied the removal 
of VOEP using supercritical water. The results showed that the conversion rate of VOEP 
showed a significant increase, followed by a slight increase when the temperature was 
raised to 490ºC. It is stated that the reversible reaction took place and reached equilibrium 
within a reaction time of 90 minutes.

Figure 5 reveals the extraction of VOTPP using subcritical toluene assisted [BMIM][OS]. 
Based on the surface plot, the VOTPP extraction was reduced by 10 to 13% extraction (from 
30% ± 0.5 to approximately 20% ± 0.5) when the temperature was increased from 150ºC 
to 180ºC. Then, the extraction was increased by 5 to 10% (approximately 30% ± 0.8) when 
the temperature extended to 210ºC. However, the prediction of the structure of porphyrin 
conformation under several environments was challenging because only low amounts of 
energy were used to change the conformation of porphyrin structure. A deep understanding of 
detailed porphyrin conformation in solution remained obscure due to inadequate knowledge 
of solvent-porphyrin interactions (Fleischer, 1970). 

Figure 5. Effect of mixing time and temperature on the removal percentage of VOTPP (%)

Likewise, the VOEP extraction was significantly increased when extraction time 
increased from 30 minutes to 90 minutes. However, VOEP extraction slightly inclined when 
it operated at 210ºC. On the other hand, the VOTPP extraction declined when the extraction 
time increased from 30 minutes to 60 minutes, then increased when the extraction time 
was extended to 90 minutes.
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Comparison of Metalloporphyrin Removal at Normal Condition and Subcritical 
Condition. Experiments were done to compare the performance of toluene-assisted 
[BMIM][OS] on metalloporphyhrin extraction at normal conditions (below boiling 
point, 90ºC) and subcritical condition (210ºC). The results obtained with the error bar 
are shown in Figure 6. It was observed that subcritical toluene had improved in assisting 
[BMIM][OS] to extract the metalloporphyrin. Nickel porphyrin extraction was higher than 
vanadium porphyrin extraction. It is because nickel porphyrin is more stable with regard to 
demetallization due to the shorter distance of the Ni-Nitrogen bond (Fleischer, 1970). The 
extraction of nickel porphyrin increased from 23% to 36% and from 39% to 60% for NiEP 
and NiTPP, respectively. Meanwhile, the extraction of vanadium porphyrin increased from 
40% to 55% and from 23% to 40% for VOEP and VOTPP, correspondingly.

Figure 6. Comparison of metalloporphyrin extraction at normal conditions and subcritical condition

Analysis

Fourier Transform Infrared Spectroscopy (FTIR). The functional groups of [BMIM]
[OS] were studied regarding their structural changes before and after extraction. Therefore, 
FTIR analysis was carried out. Figures 7 to 10 illustrate the spectra of pure [BMIM][OS], 
pure toluene, [BMIM][OS] after extraction, and pure metal porphyrins (NiEP, NiTPP, 
VOEP, and VOTPP). It was observed that spectra bands above 3000 cm-1 represented the 
C-H at imidazolium rings of [BMIM][OS], while bands of 2927 to 2853 cm-1 represented 
CH2 of alkyl chains. Wavelengths between 1466.05 to 1457 cm-1 show the symmetry and 
asymmetry stretching of C-H scissoring vibrations of CH3-moiety. C-C stretching vibrations 
were observed at a wavelength of 1572 cm-1.

In addition, the spectra bands at 1379 cm-1 refer to the C=C stretching vibrations. The 
spectra peaks of C-N stretching shifted from the wavelength of 1217 cm-1 to 1219-1210 
cm-1. On the other hand, spectra bands at 1057 cm-1 and 982 cm-1 correspond to C-O and 
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S-O stretching vibrations, respectively, while the spectra at 905 cm-1 represent aromatic 
C-H bending vibrations. However, new peaks were detected at wavelengths of 1637 and 
1060 cm-1. These peaks represent C=N and HC=CH of metal porphyrins in [BMIM][OS] 
after the extraction, respectively, indicating that the [BMIM][OS] was able to extract metal 
porphyrins successfully.

Figure 11 compares IR spectra of pure [BMIM][OS], pure toluene, and NiEP solution 
after extraction. It is noted that no new peaks were found in the NiEP solution after the 
extraction, indicating that the [BMIM][OS] does not dissolve into the model oil solution 
while extracting the metalloporphyrins. The same result was obtained for NiTPP, VOEP, and 
VOTPP solutions. It shows that the ionic liquid is suitable for extraction, as the extracting 
agent is immiscible to the solution containing the solute to be extracted.

Figure 11. IR spectra of pure [BMIM][OS], pure toluene, and NiEP solution after extraction

Model oil )NiEP after extraction

Toluene raw

IL raw

Nuclear Magnetic Resonance (NMR). Initially, [BMIM][OS] was thermally stable at the 
operating temperature used in this work. A study of the structural decomposition of [BMIM]
[OS] was carried out using NMR analysis to confirm this. [BMIM[OS] has the molecular 
formula of C16H32N2O4S. Figure 12 demonstrates the NMR spectrum of [BMIM][OS] 
before and after the extraction of metalloporphyrin, where dimethyl sulfoxide (DMSO) 
was used as a solvent.

The 1H NMR peaks of DMSO were 2.5 and 3.5 ppm. Meanwhile, for [BMIM]
[OS], 1H NMR (δ/ppm): 9.157 (s, 1H), 7.79 and 7.72 (two s, 2 × 1H), 4.19 to 4.16 (t, 
2H), 3.867 (s, 3H), 3.717 and 3.69 (t, 2H), 1.802 to 1.749 (m, 2H), 1.5 to 1.459 (m, 2H), 
1.287 to 1.249 (m, 12H), 0.91 (t, 3H) and 0.9 (t, 3H). The comparison of peaks found in 
Figure 12 indicates that the structure of [BMIM][OS] does not decompose during the 
metalloporphyrin extraction process, therefore confirming the thermal stability of [BMIM]
[OS] for the application within this work. Hence, [BMIM][OS] can be recovered for further 
experiments, though the actual recoverable amount of [BMIM][OS] is not further studied 

3,930.00        3,430.00        2,930.00       2,430.00        1,930.00         1,430.00          930.00          430.00
Wavelength, cm-1
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in this work. However, 1H NMR cannot detect the extracted metalloporphyrin in [BMIM]
[OS] due to the limitations of the equipment.

Figure 12. 1H NMR of [BMIM][OS] before and after the extraction

Kinetic Study

The mechanism of metalloporphyrin extraction using subcritical toluene-assisted thermally 
stable [BMIM][OS] was studied by applying a second-order extraction model. Several 
graphs were plotted using Equation 5 for all the different cases of metalloporphyrin 
extraction (Figures 13 to 16). Based on the linear graph, it was concluded that the second-
order model accurately described the experimental data of metalloporphyrin extraction, 
as the data fitted closely in a straight line.

The value of Cs and k were obtained from the slope and intercept of the linear graphs in 
Figures 13 to 16, and all values found in the kinetic study are tabulated in Table 1. The R2 
of the second-order models was higher than 0.98, further supporting that the model fitted 
the experimental data very well. The Cs calculated using the second-order model are close 
to those obtained from the experiment. The value of k increases as the temperature is raised 
from 150ºC to 180ºC, and it decreases when the temperature rise is prolonged until it reaches 
210ºC, except for NiEP. The main finding here is that the extraction of metalloporphyrin is 
faster at temperatures between 150ºC to 180ºC.
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Figure 16. Linear graph of extraction second-order 
model for VOTPP

Figure 13. Linear graph of extraction second-order 
model for NiEP

Figure 14. Linear graph of extraction second-order 
model for NiTPP

Figure 15. Linear graph of extraction second-order 
model for VOEP

The extraction is kinetic and was compared with the pseudo-first-order kinetic model 
(ln (Cs/(Cs-Ct) = k1t). Based on the tabulated data in Table 1, the pseudo-first-order model 
is not in good agreement with an average R2 value of 0.69. Compared with the second-
order kinetic model R2 value of 0.99, the second-order model shows a better fit. The high 
R2 obtained indicates that the sorption process of extraction of metalloporphyrin is based 
on chemisorption. The results demonstrate good agreement with the FTIR spectra gained, 
where new peaks were found in [BMIM][OS] spectra after the extraction, showing that 
the extraction occurred through chemical interactions. Besides, subcritical conditions’ 
pressure resulted in chemisorption as this sorption required high pressure. However, a 
deep understanding of the underlying mechanism of metalloporphyrins removal using 
subcritical toluene-assisted thermally stable [BMIM][OS] is still obscure.

Previous work done by Mandal et al. (2012a, 2012b) reported that the disappearance 
of NiEP and VOEP under supercritical water followed a first-order model. Similar results 
were also reported by Chen and Massoth, where the disappearance rate of nickel porphyrins 
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using CoMo/Al2O3 catalyst followed a first-order kinetic model behavior (Chen & Massoth, 
1988). Tangentially, the disappearance rate of nickel porphyrins using a CoO-MoO3/Al2O3 
catalyst was reported to follow a half-order kinetic model (Hung & Wei, 1980). 

CONCLUSION

The presence of heavy metals in heavy oils presents significant challenges to current 
upgrading technologies, necessitating the development of pretreatment methods to remove 
these heavy metals. Using subcritical toluene-assisted thermally stable ionic liquid, [BMIM]
[OS] shows remarkable results on metalloporphyrin extraction where approximately 60%, 
68%, 58%, and 40% removal is achieved for NiEP, NiTPP, VOEP, and VOTPP respectively. 
The FTIR spectra supported the results, where new peaks were found in [BMIM][OS], 
representing the metalloporphyrins’ structure. Besides, the NMR spectrum shows [BMIM]
[OS] does not decompose during the extraction process, indicating this IL is thermally stable 
at the operational condition. Furthermore, the extraction has proven to follow a second-order 
model, which reveals that the process involves chemisorption. Therefore, the extraction 
efficiency obtained in this work indicates that subcritical toluene-assisted thermally stable 
ionic liquid had the potential for metalloporphyrin removal. For a future perspective, it is 
suggested that a continuous process is required to study the extraction of metalloporphyrin, 
as this work was done by processing per batch. Furthermore, it is proposed to investigate 
the recovery of ionic liquid with the highest extraction of metalloporphyrin. Besides, it is 
recommended to examine techno-economic analysis to study the feasibility of implementing 
this technology on a larger scale.
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