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Removal of carbon residue precursor in waste plastic pyrolysis oil via oxidation
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Abstract—A novel method to remove the carbon residue precursor from waste plastic pyrolysis oil has been devel-
oped to improve subsequent pyrolysis oil refining efficiency by reducing fouling. The carbon residue content of the
pyrolysis oil that cannot be filtered is reduced by precipitating the carbon residue precursor from the pyrolysis oil under
mild conditions. By emulsifying an aqueous solution of oxidant and the pyrolysis oil, the carbon residue precursor was
oxidized at the oil-water interface without oxidizing the pyrolysis oil. Enhancing intermolecular interaction by hydro-
philic functional groups formed by oxidation induces the precipitation of carbon residue precursors. The precursor
removal was determined by the type and reaction time of oxidants. FeCl, and H,0, are efficient oxidants, and recy-
cling those oxidant solutions can also remove the carbon residue precursor. The number of recycles with the precursor
removal effect was determined by the amount of oxidant remaining in the aqueous solution. Also, a short 15-minute
FeCl, reaction can eliminate the precursor. Reducing the reaction time is expected to increase process efficiency, as
unnecessary oxidation and energy consumption are decreased. Our research suggests the pretreatment of the pyrolysis
oil to reduce the carbon residue content, thereby reducing the fouling during the subsequent pyrolysis oil refining.
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INTRODUCTION

To establish a circular economy for plastics, the chemical recy-
cling of waste plastics is being actively researched [1-10]. Chemi-
cal recycling depolymerizes or cracks waste plastic, which may then
be used as feedstock to generate chemicals with added value [1,2].
Chemical recycling involves chemolysis, pyrolysis, gasification, and
hydrogen technologies, and the type of waste plastic feed determines
the recycling process [3,4]. Among them, pyrolysis is an attractive
technology because it can process a mixture of polyethylene, poly-
propylene, and polystyrene, which makes up more than half of all
waste plastics, at the same time and generates fewer greenhouse gas
emissions than incineration [3,11-13]. However, pyrolysis oil, a lig-
uid product of pyrolysis, requires refining due to impurities and a
wide range of boiling points [14,15]. Also, coke, a byproduct of pyrol-
ysis or pyrolysis oil refining, can be deposited on the catalyst and
refinery, resulting in catalyst deactivation and fouling [14,16].

Numerous methods for preventing coke deposition have been
investigated. The rate of coke formation during refining can be
reduced by changing the sites where coke deposition can occur. For
example, catalysts are steam-treated to make them less acidic [17,
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18], and the metal surface of the reactor is passivated by adding
organophosphorus compounds [19-21]. Furthermore, coke or coke
precursors generated during oil refining, including pyrolysis, can
be removed using processes such as distillation, solvent deasphalt-
ing, and hydrogen technologies [22-24]. These upgrading processes
are expensive and energy-intensive because they require a consid-
erable amount of energy, a large amount of solvent, and expensive
hydrogen, respectively [25-27]. However, depending on the prop-
erties of the waste plastic pyrolysis oil, upgrading could be neces-
sary [14,28]. To improve the efficiency of the upgrading process, a
pretreatment that eliminates the carbon residue from the pyrolysis
oil could be used. Carbon residue is a type of coke that indicates
the tendency of coke formation [29]. By lowering the carbon resi-
due content of the pyrolysis oil as a pretreatment, the problems
caused by coke generation can be reduced during the pyrolysis oil
upgrading.

In this paper, we propose a new method to remove the carbon
residue precursor in the waste plastic pyrolysis oil as a pretreatment
for pyrolysis oil refining (Fig. 1). As a method, the pyrolysis oil is
emulsified with an aqueous solution of an oxidant. By emulsifying,
the carbon residue precursor can be selectively oxidized at the oil-
water interface under mild conditions without using any surfactant
or phase-transfer catalyst. Oxidation of the precursor increases the
number of hydrophilic functional groups, such as carbonyl and
hydroxyl groups. Not only the interaction of hydrophilic groups but
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Fig. 1. Schematic illustration of carbon residue precursor removal.

also attractive 77 stacking, coulombic interaction, van der Waals
interaction, and hydrogen bonding can induce the precipitation of
carbon residue precursor in the oxidant solution [30-33]. Further-
more, by recycling the aqueous solution of the oxidant, continuous
precipitation and removal of the precursor are feasible. Therefore,
we suggest a new technique for eliminating the carbon residue pre-
cursor to reduce the carbon residue in the waste plastic pyrolysis oil.

MATERIALS AND METHODS

1. Materials and Chemicals

Waste plastic pyrolysis oil was supplied by Saehan Recycle Co.,
Ltd. from Korea. The properties of the pyrolysis oil are shown in
Table 1. The flash point of plastic pyrolysis oil does not meet the
standard flash point range of 30 to 40 °C required for fuel, due to
the varying range of hydrocarbon carbon numbers present in the
oil. Particularly, the existence of volatile hydrocarbons with low car-
bon numbers results in a low flash point. Thus, in order to use pyrol-
ysis oil as gasoline or diesel, it should undergo a separation process
based on its carbon number range. Chemicals (KMnO,, FeCl;-
6H,0, KI, NaOH, (NH,);Mo,0,,, D;H;KO,, and C;H¢O;) used in
the experiments were obtained from Sigma-Aldrich. H,0, (35%
in water) and C,H;OH (95%) were purchased from Junsei Chem-
ical Co,, Ltd., and Samchun Pure Chemical Co., Ltd., respectively.
Distilled water was used as a solvent.
2. Carbon Residue Precursor Precipitation

Four (4) ml of an aqueous solution of each oxidant and 76 ml
of pyrolysis oil were placed into a 100 ml vial and magnetically
stirred at room temperature for 24 hours. The oxidant solutions
were 4ml H,0,, 4ml distilled water containing 3.16 g of FeCl,-

Table 1. Property of waste plastic pyrolysis oil

Analysis Result
Carbon residue content 0.119 wt%
Sulfur content <0.030 wt%
Flash point 24.0
Higher heating value 45.16 MJ/kg
Kinematic viscosity 1.982 mm?/s (40 °C)
API gravity 42.2 API

Elemental
Precipitate Analysis FTIR
R et renan

6H,0, and 4ml distilled water containing 0.232g of KMnO,,
respectively. The amounts of FeCl;-6H,0 and KMnO, are 80%
soluble in water at room temperature. After stirring, phase separa-
tion of W/O emulsion occurred and the upper oil phase was sepa-
rated by pipetting and tested by micro method, Karl Fischer titration,
and elemental analysis. In addition, the carbon residue, obtained
by the micro method, was analyzed by elemental analysis. In the
case of the lower water phase, UV-Vis spectroscopy was used to
quantify the amount of oxidant in the liquid phase, and the precipi-
tate was washed with distilled water and dried in an oven at 80 °C
for 24 hours. The precipitate was analyzed by elemental analysis
and FT-IR spectroscopy.

3. Continuous Precipitation by Oxidant Recycling

After 24 hours of stirring the mixture of pyrolysis oil and aque-
ous solutions of FeCl, and H,O,, respectively, the top oil phase was
removed by pipetting. In the 100 ml vial containing the oxidant
aqueous solution, 76 ml of new pyrolysis oil was added and mag-
netically stirred. The recycling procedure, which consisted of sepa-
rating the pyrolysis oil after stirring and adding new pyrolysis oil,
was repeated nine times. Therefore, ten oxidation experiments were
conducted with the initial oxidant solution. After the third, fifth,
and tenth oxidation, the upper oil phase was analyzed by the micro
method and elemental analysis, and the amount of oxidant in the
bottom water phase was determined through UV-Vis spectroscopy.
4. Quantification of FeCl; and H,O,

UV-Vis spectroscopy was conducted to determine the concen-
tration of FeCl, and H,O, after reaction, using a UV-Vis spec-
trometer (UV-2600, Shimadzu). UV analysis solution of FeCl; was
prepared with ethanol as a solvent and a 1: 1 molar ratio of FeCl,
to C;HgOs. FeCly and C;H,O; formed [FeC,H,OCOOQ]* complex,
whose visible area peak at 546 nm was examined. Evaporation of
ethanol occurs significantly during the process of making the solu-
tion and measurement. To minimize the effect, using a UV cuvette
with a stopper is recommended.

UV analysis solution of H,O, was prepared by mixing three
solutions, A (10° fold dilution of the lower water phase), B (0.4 M
KI, 0.1 M NaOH, and 0.02mM (NH,);Mo,0O,,), and C (0.1 M
CsH:KO,), in a 1:1: 1 volume ratio. In the presence of H,O, and
the catalyst (NH,)iMo,0,,), I" became I;, whose absorption peak
is 350 nm. The absorbance at 350nm was taken to determine the
concentration of H,O,.
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5. Karl Fischer Titration

The water content of the pyrolysis oil was measured with a Titra-
tor Compact C10SD (Mettler Toledo). Prior to measuring, the
analytical solution (100 ml of Coulomat AG and 20 ml of Com-
posite 5) was agitated for onr hour to reach equilibrium. Then, the
pyrolysis oil was added to the analytical solution. All procedures
were carried out at a voltage of 50 mV.
6. Instruments and Measurement

Functional groups were analyzed using an FI-IR spectrometer
(Thermo Scientific). CHON elemental analysis of carbon residue
was performed using FlashEA 1112 (Thermo Finnigan, Italy) and
Flash 2000 series (Thermo Scientific). CHON elemental analysis of
the pyrolysis oil and precipitate was performed using Flash Smart
(Thermo Fisher Scientific, Germany). Micro method, quantifying
the amount of carbon residue, was conducted by MCRT-160 (Alcor
Petroleum Instruments, USA).

RESULTS AND DISCUSSION

1. Carbon Residue Precursor Oxidation

After emulsifying the pyrolysis oil and aqueous solution of each
oxidant for 24 hours, the color of the water phase changed from
Fig. 2(a) to Fig. 2(b), and Fig. 2(c) depicts the precipitate forma-
tion. These indicate that the oxidants were reduced after the reac-
tion with the pyrolysis oil. The pyrolysis oil was tested for carbon
residue and water content by the micro method and Karl Fischer
titration, respectively. Both of these contents are shown in Fig. 3.
The carbon residue content was reduced most after reacting with
FeCl,, followed by H,0,, and slightly increased when reacted with

Fig. 2. (a) Aqueous solution of oxidants, (b) Phase separation of the
aqueous solution and pyrolysis oil after a 24-hour reaction,
(c) Precipitate formation after a 24-hour reaction: FeCl, (left
column), H,0, (middle column), KMnO, (right column).
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KMnO,. The water content of the pyrolysis oil increased slightly
after each reaction; however, the increment is negligible compared
to the amount of water in the oxidant solution.

To understand how the carbon residue content changed as a
result of the reaction, elemental analysis of the pyrolysis oil was
conducted, as shown in Fig. 4. As our goal is to selectively oxidize
the carbon residue precursor, not the pyrolysis oil, an examination
was carried out to confirm the change in the degree of oxidation of
the pyrolysis oil. Oxygen content and O/C ratio increased slightly
only in the pyrolysis oil following the H,O, reaction. However, this
does not imply that the pyrolysis oil was oxidized. Due to its het-
erogeneity, the variation in oxygen content of the pyrolysis oil was
considerable, and all of the pyrolysis oil after oxidation was within
1 standard deviation of the mean.

Also, an elemental analysis of the carbon residue was conducted
to observe the compositional change of the carbon residue. After
reacting with FeCl; and H,O,, respectively, the oxygen content of
the carbon residue decreased noticeably; as shown in Fig. 5. Con-
sidering the elemental analysis data of the pyrolysis oil and carbon
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Fig. 4. Elemental analysis of pyrolysis oil (a) Oxygen content (square),
(b) O/C atomic ratio (triangle).
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residue, we anticipated that oxygen-containing precursors or oxi-
dized precursors may be removed and found in the precipitate.
2. Precipitation of Carbon Residue Precursor in the Water Phase

The precipitate in Fig. 2(c) was observed from a bottom view of
Fig. 2(b) after removing the oil and water phases. The precipitate
may consist of hydrocarbons from the oil phase and reduced oxi-
dants. FeCl, is reduced into FeCl,, which is soluble in water and
does not precipitate. On the other hand, H,O is formed by the reduc-
tion of H,0,, while KMnO,, under neutral conditions, is reduced
to MnQO,, which is insoluble in water and forms precipitates. In
addition to the differences in the kind of reduced oxidant, the
amount of oxidant added initially and the reaction caused by the
oxidant affect the quantity and composition of the precipitate. The
amount of the precipitate is shown in Table 2 and varies depend-
ing on the oxidant. The standard deviation in Table 2 is for the
amount of precipitate generated after the reaction.

To analyze the composition of the precipitate, elemental analy-
sis and FT-IR spectroscopy were performed. The oxygen content
of the precipitate was higher than those of the pyrolysis oil and
carbon residue, as indicated in Fig. 6. We can infer that the high
oxygen content is due to the precipitation of oxygen-containing
hydrocarbons. Also, after KMnO, reaction, MnO, is included in
the oxygen content of the precipitate.

Functional group analysis of the precipitate was performed to
observe the hydrophilic functional groups of the hydrocarbon that
had precipitated. We expected that oxygen-containing hydrophilic
functional groups would be abundant in the precipitate due to its
high oxygen content. Also, the reaction caused by the oxidant can
be deduced from the data on the functional groups. Fig. 7 shows

Table 2. Amount of precipitate in the water phase after the reaction
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Fig. 7. FT-IR spectra of the precipitate after oxidation by each oxi-
dant (a) FeCl,, (b) H,0O,, (c) KMnO,.

Oxidant Pyrolysis oil (g) Oxidant (g) Precipitate (g) Standard deviation (n=3)
FeCl, 60.4 3.16 0.610 0.0512
H,0, 60.3 1.57 0.121 0.0254
KMnO, 60.6 0.232 0.481 0.0862
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the FT-IR spectrum of three precipitates. Peaks in all three precipi-
tates were observed at 718 cm™' and 2,848-2,923 cm™". The earlier
peak represents C=C bending in the alkene, whereas the latter
range indicates C-H stretching in the aliphatic chain [30]. Other
than the common peaks, unique peaks differ in their absorbance
and wavenumbers. In the case of FeCl; precipitate, O-H bending
for alcohol or carboxylic acid at 1,408 cm™ and C=C for cydlic alkene
at 1,599 cm™" are shown. Thus, there are cyclic alkene and alkene
in the precipitate and O-H bonding as a hydrophilic functional
group. Under acid-catalyzed conditions, the O-H bond can be
formed by hydration of an alkene and ring-opening reaction of an
epoxide [34,35].

In contrast, the precipitate of the H,O, reaction showed four
unique peaks. It were C-O stretching for aliphatic ether or secondary
alcohol at 1,102 cm™, O-H bending of alcohol or phenol at 1,376
cm', C-H bending of methylene group in alkane at 1,462 cm™,
and C=0 stretching of carbonyl groups including carboxyl groups
at 1,712cm™". An especially noticeable one is the carbonyl group,
which can be explained that benzyl alcohol, primary alcohol, alde-
hyde, and cycloalkene can be changed into a product with carbox-
ylic acid. Additionally, the oxidation of secondary alcohol and aryl
carbinol, respectively, might result in the production of ketone and
aldehyde. On the other hand, epoxide, which was oxidized from
alkene, presents C-O. There have been numerous researches on the
oxidation of hydrocarbons by H,0,, although most of these exam-
ples employed catalysts for high yields [36-38]. However, because
our system did not use any catalyst, the oxidized products may be
relatively small.

In contrast, the precipitate of the KMnO, reaction shows four
distinct peaks. The peaks include C=C stretching of cyclic alkene
at 1,594 cm™', C=0 stretching of carbonyl groups including car-
boxyl groups at 1,716 cm ™', O-H bending of alcohol or carboxylic
acid at 1,399 cm™, and C-O stretching of aliphatic ether or second-
ary alcohol at 1,102 cm™. In particular, O-H bending stands out. This
is because diol or carboxylic acid can be produced during oxida-
tion by KMnO,. The oxidation of an alkene converts a double bond
into a single bond while forming two hydroxyl groups [39]. On the
other hand, when the side chain of an aromatic molecule is oxi-
dized, carboxylic acid is generated [40].

In all three precipitates, an abundance of oxygen and hydro-
philic functional groups was observed. In addition to the intermo-
lecular attraction by hydrophilic functional groups, van der Waals
force, attractive 7-7 stacking, and hydrogen bonding can induce
the precipitation of hydrocarbon molecules [30-33]. After the reac-
tion of FeCl; and KMnO,, in addition to the hydrocarbon, oxi-
dant or reduced oxidant may also be present in the precipitate on
their own or forming a metal coordination complex with the hy-
drocarbon.

However, the carbon residue content and oxygen content of the
remaining carbon residue were only reduced after reactions with
FeCl, and H,O,. We can conclude that the precipitate of the KMnO,
reaction contains hydrocarbons that are not the carbon residue
precursor. KMnO, is a powerful oxidant that can oxidize a variety
of hydrocarbons, including olefins and aromatic molecules [41,42].
As a result, we can infer that the hydrocarbons that are not the car-
bon residue precursor are predominantly oxidized and precipitated.
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3. Carbon Residue Precursor Removal through Oxidant Recy-
cling

After reacting the pyrolysis oil for 24 hours with FeCl; and H,0,
aqueous solutions, the carbon residue content was reduced. We
selected these two oxidants to perform an experiment on continu-
ous oxidation by recycling the oxidant aqueous solution. The aim
of the experiment is to confirm that the carbon residue content
decreases after a reaction with the recycled oxidant solution. If the
content decreases, the number of reactions that can remove the
carbon residue can be examined in order to reduce the amount of
oxidant solution wasted. To test the effect of the recycled oxidant,
we compared the carbon residue contents of the 1st, 3rd, 5th, and
10th pyrolysis oils.

Fig. 8 shows the carbon residue content of the pyrolysis oil based
on the number of 24-hour reactions of the oxidant solution. After
reacting with recycled FeCl, and H,O, solutions, respectively, the
carbon residue content of pyrolysis oil was reduced; however, the
number of reactions showing reducing effects differed. The car-
bon residue content of the 10th pyrolysis oil that reacted with H,O,
solution was reduced to a similar extent as that of the first pyroly-
sis oil. In contrast, the content of the fifth and tenth pyrolysis oils
after reacting with FeCl; showed little change, with the content
remaining within one standard deviation of the mean of the ini-
tial pyrolysis oil. The deviation in carbon residue content is due to
the heterogeneity of the pyrolysis oil. We assumed that the differ-
ence in the tendency of carbon residue content could be affected
by the amount of oxidant remaining after the reactions. Hence,
UV-Vis spectroscopy was used to determine the amount of oxi-
dant left in the water phase.

UV spectra of the water phase after the reaction are presented
in Fig. 9. The spectrum of the [FeC;H,0COO]* complex, which
was formed by Fe™* and C;H(O; in a 1: 1 molar ratio, is shown in
Fig. 9(a). The [FeC,H,OCOOQ]" absorption peak appears at 546
nm [43,44]. In the second spectrum (Fig. 9(b)), the absorption peak
appears at 350 nm due to H;. It was formed from the oxidation of
I" in the presence of H,O, [4546]. Both spectra show that the ab-
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Table 3. Amount of oxidant remaining after a certain number of

reactions
Number of reactions
3 5 10
Remaining FeCl, 24.6 6.90 0.902
oxidant (%) H,0, 72.4 67.4 42.0

sorbance of each peak dedlines as the number of oxidant reactions
increases. This data can imply that the oxidant is present in the pre-
cipitate or was reduced during the reaction with the pyrolysis oil.
To determine the change in the amount of oxidant, the amounts
of remaining FeCl, and H,O, were calculated based on absorbance
data, as shown in Table 3. By correlating carbon residue and UV
data, carbon residue was eliminated in all three consecutive pro-
cesses, leaving 24.6% FeCl, after three reactions. Assuming equal
amounts of FeCl; are consumed in each of the three reactions, 25.1%
per reaction is consumed. Therefore, the residual 24.6% after three
reactions may not be enough to oxidize the fifth and tenth pyroly-
sis oils. In the case of H,O,, however, 42.0% remained even after
the tenth reaction, showing that the carbon residue removal effect
can persist until the tenth pyrolysis oil.

4. Carbon Residue Precursor Removal by Changing the Reac-
tion Time

Previously, we confirmed that a 24-hour reaction with a recy-
cled oxidant solution is able to remove the carbon residue in the
pyrolysis oil. Here, to test the removal effect on a short time scale,
the carbon residue content was examined while the reaction time
was reduced. Unnecessary oxidation will be avoided if the carbon
residue content is reduced by shortening the reaction time. Thus,
the consumption of oxidant is lessened and more pyrolysis oil can
be upgraded simultaneously;, which is expected to improve the effi-
ciency of the process.

The reaction time with the oxidant solution was set to 15 min-
utes, one hour, and three hours. The carbon residue content after
each reaction was tested, as shown in Fig. 10. After a 15-min, 1-h,
and 3-h reaction with the H,O, solution, the amount of carbon
residue in the pyrolysis oil was almost the same as it was before
the reaction. This demonstrates that a short H,O, reaction does
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Fig. 10. Analysis of carbon residue content of pyrolysis oil with dif-
ferent reaction times (a) FeCl; (square), (b) H,O, (triangle).

not significantly affect getting rid of the carbon residue. On the
other hand, the carbon residue was removed after a 15-min reac-
tion with FeCl;. We reasoned that the difference in removing the
carbon residue could be related to oxidation rate. The activity of
H,0, oxidation is relatively low; hence previous research utilized
catalysts to facilitate [47-49] or by increasing the temperature [37].
As with the continuous 24-hour reaction, a continuous 15-min-
ute oxidation with FeCl; was conducted. However, the pyrolysis oil
that was used for 15-min of continuous reaction had much more
carbon residue than the other pyrolysis oil. So, only the current
value of pyrolysis oil was taken into account. Depending on the
number of reactions with an aqueous solution of FeCl,, the amount
of carbon residue and FeCl; was analyzed. As shown in Fig. 11,
nearly identical amount of carbon residue was removed until the
fifth pyrolysis oil. However, the amount of carbon residue reduc-
tion in the tenth pyrolysis oil was less. Differences in the degree of
reduction can be correlated with changes in the quantity of FeCl,.
Therefore, the remaining amount of FeCl, was quantified using
UV-vis spectroscopy; as shown in Table 4 and Fig. S3. Compared
to the 24-hour continuous reaction, the 15-minute continuous reac-
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Table 4. Analysis of FeCl; remaining after different numbers of 15-
minute reactions with pyrolysis oil

Number of reactions
3 5 10
Remaining FeCl; (%) 88.6 82.4 50.4

tion resulted in a lower decrease in FeCl, content, which remained
at 50.4% after ten reactions. So, the 15-minute reaction can be more
economical and takes less time to remove the carbon residue.

CONCLUSIONS

‘We have proposed a new method to remove the carbon residue
precursor, which cannot be filtered, from the waste plastic pyroly-
sis oil. By emulsifying the pyrolysis oil and the aqueous solution of
oxidant, the hydrophilicity of the carbon residue precursor was
increased at the oil/water interface through oxidation. In addition
to the existing weak attractions between the carbon residue pre-
cursors, attraction by the generated hydrophilic functional group
induced precipitation of the precursor. Finally, the precipitate can
form in the water phase and can be easily separated. The carbon
residue precursor was oxidized by varying the type of oxidant and
the reaction time under the same mild conditions. The carbon resi-
due content of pyrolysis oil decreased after a 24-hour reaction with
FeCl; and H,0, solutions, respectively. In both cases, the carbon
residue precursor was selectively oxidized in that the oxygen con-
tent of the carbon residue decreased while the pyrolysis oil did not.
The number of continuous 24-hour oxidations that could remove
the carbon residue was three for FeCl; and ten for H,O, solution.
The difference in the number of recycles was determined by the
amount of remaining oxidant. In short reaction times, the 15-min-
ute reaction with FeCl; solution was effective at removing the car-
bon residue. However, the three hour reaction with H,O, solution
was not. Without using a catalyst or a surfactant, carbon residue
can be removed by precipitating the carbon residue precursor,
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whose hydrophilicity has been increased by oxidation. The decrease
in carbon residue can imply a decrease in coke formation during
subsequent pyrolysis oil refining. By reducing fouling, the efficiency
of the refinement can be improved, and our study might contribute
to the commercialization of chemical recycling of waste plastics.
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MATERIALS AND METHODS

A. Micro Method

Micro method is used to determine the amount of carbon resi-
due in the pyrolysis oil [1]. Carbon residue is produced during the
pyrolysis of pyrolysis oil under an N, atmosphere at temperatures
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up to 500 °C. The carbon residue content is calculated by measur-
ing the pyrolysis oil and the carbon residue produced. If the calcu-
lated content is less than 0.1% (m/m), the pyrolysis oil is further
distilled to leave the residual oil (10% (V/V)). The carbon residue
content is determined by measuring the mass of the carbon resi-
due that is produced after the pyrolysis of 10% (V/V) residual oil.
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Fig. S1. (a) UV-vis spectra according to FeCl; concentration (b) Linear relationship between FeCl, concentration and absorbance at 546 nm.
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Fig. S2. (a) UV-vis spectra according to H,0, concentration (b) Linear relationship between H,O, concentration and absorbance at 353 nm [2].
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Fig. $3. UV-vis absorption spectrum of [FeC,;H,OCOO]" complex
in the ethanol in relation to the number of oxidant solution
reactions for 15-min.

B. Oxidant Selection

FeCl;, H,0,, and KMnO, were selected as oxidants for the car-
bon residue precursor. These oxidants have a high standard reduc-
tion potential value; hence, they can act as strong oxidants. In ad-
dition, they are in a solid or liquid state that can dissolve in water.
This enables reactions at a wide interface between the aqueous oxi-
dant and oil phases, as well as easy separation of the aqueous oxi-
dant solution after the reaction.
C. Quantification of Oxidant

UV-vis spectroscopy was used to determine the amount of oxi-
dant. The water phase was diluted to a concentration that satistied
the Beer-Lambert law. The dilution concentration should be lower
than 912 uM for FeCl; and 500 uM for H,O, [2]. After the dilu-
tion, the absorbance was measured, and the absorbance data was
used to calculate the oxidant concentration.
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