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From waste cooking oil to oxygen-rich onion-like
nanocarhons for the removal of hexavalent chromium
from aqueous solutions

Vegetable cooking oil is used in domestic and commercial kitchens owing to its ability to modify and
enhance the taste of the food through the frying process. However, as the oil is used through several
frying cycles, it changes colour to dark brown and acquires an unpleasant smell. At this point, the
waste oil is usually discarded, thereby finding its way into freshwater streams due to poor disposal and
thus becoming an environmental pollutant. To provide an alternative, ‘green’ route to waste oil disposal,
herein we report on the metal-free synthesis of onion-like nanocarbons (OLNCs) made from waste
cooking oil via flame pyrolysis. The OLNCs were then applied in the removal of hexavalent chromium
ions from aqueous solutions. The as-synthesised OLNCs were found to have similar properties (size,
quasi-spherical shape etc.) to those synthesised from pure cooking oils. The Fourier-transform infrared
spectroscopy data showed that the OLNCs contained C-O-type moieties which were attributed to the
oxygenation process that took place during the cooking process. The OLNCs from waste oil were applied
as an adsorbent for Cr(Vl) and showed optimal removal conditions at pH = 2, t = 360 min, Co =
10 mg/L and Q° = 47.62 mg/g, superior to data obtained from OLNCs prepared from pristine cooking
oil. The results showed that the OLNCs derived from the waste cooking oil were effective in the removal
of hexavalent chromium. Qverall, this study shows how to repurpose an environmental pollutant (waste
cooking oil) as an effective adsorbent for pollutant (Cr(VI)) removal.

Significance:
»  Waste cooking oil outperformed olive oil as a starting material for the production of OLNCs for the
removal of toxic Cr(VI) from water.

e The superior performance of the OLNCs from waste cooking oil was attributed to the higher oxygen
content found on their surface and acquired through the cooking process.

*  Notonly are the OLNCs produced from waste cooking oil effective in the removal of Cr(VI), but they can
be used multiple times before replacement, which makes them sustainable.

Introduction

Urbanisation has seen a rise in industries manufacturing chemicals and oil."® Some of these manufacturing
industries produce or make use of compounds that include vegetable cooking oils which eventually enter freshwater
streams via anthropogenic processes, resulting in aquatic environmental pollution.* Another toxic pollutant that can
contaminate water systems is the Cr(VI) ion. It is known to be toxic to biota and humans alike due to its high
mobility and biological accumulation.® Herein we provide a methodology to address these two issues.

Contamination of water with waste oil also leads to unsightly immiscible mixtures that are a threat to the environment
and the ecosystem. This later issue arises from the lack of systems for the disposal of these oils.? Vegetable oil,
which is mainly used in both industrial and household kitchens, is one such oil. This oil is often discarded in
municipal drains and finds its way into groundwater or rivers. These oils increase the biological oxygen demand
(BOD) and chemical oxygen demand (COD) of water, which could be detrimental to humans, micro-organisms and
the quality of the water through de-oxygenation.?®

One of the most used methods for trace metal removal is adsorption. Adsorption is typically achieved by using
abundantly available carbonaceous materials which have functional groups consisting of oxygen, nitrogen, and
sulfur moieties on their surface that attach to the trace metal ions.” One class of carbonaceous material that
has been recently used for this purpose is based on nanomaterials of carbon. These materials include carbon
nanofibres®, carbon nanotubes®, carbon dots', carbon spheres', graphene'?, carbon nano-onions (CNOs)',
and onion-like nanocarbons (OLNCs)'. Their use is owing to their high surface-to-volume ratio, thermal stability,
chemical robustness, and tunable surface functional groups.™ CNOs and OLNCs can be viewed as fullerene types
of carbon and have found application in numerous adsorption processes, in particular for the removal of Cr(Vl)
ions.'8 The high operational costs, high consumption of energy and the use of a metal catalyst to synthesise such
carbons have to date limited their use in water application processes."

Removal techniques for oils are different and include in-situ burning, containment booms, dispersants, and
biodegradation, but all show an incomplete separation of oil from the water.™® An alternative process is to convert
these oils into useful carbonaceous products that could be used in various applications, thus putting value to waste.
The use of oil for the synthesis of nano-carbons such as CNOs has been well documented." For example, Shaku
et al. used flame pyrolysis of grapeseed oil to synthesise CNOs that were applied in supercapacitors.? This method
was used by Sikeyi et al. with olive oil as a starting material for CNOs that were applied in fuel cells.?"
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In the current study, we aimed to simultaneously address the aquatic
environmental problem of trace metals (specifically Cr) and oil pollution
(specifically cooking oil) in water streams. This was achieved by (1)
using waste cooking oil as a precursor for the synthesis of OLNCs and
(2) using the OLNCs for the removal of Cr(Vl) ions from the aqueous
solution. Although similar studies have been conducted, the current
study adds to the literature of using these compounds in that converting
waste cooking oil (an environmental pollutant) to a carbon nanomaterial
(OLNCs) that can be used for the adsorption of Cr(Vl) comes with
several advantages over using pure oil and other methods to produce
carbon nanomaterials. Firstly, waste cooking oil has low economic value
and is an abundant source of carbon, making it an attractive option
for producing carbon nanomaterials. Secondly, OLNCs have a high
surface area to volume ratio compared to metal nanoparticles. In place
of discarding the pollutant (waste cooking oil), we are repurposing it
sustainably. This makes waste cooking oil attractive as a carbon- and
oxygen-rich source for the synthesis of OLNCs via flame pyrolysis. For
example, Khalisanni et al. reported that the chemical compounds found
in waste cooking oils consist mainly of carboxylic acid derivatives.? As
will be shown, the cooking process generates more oxygen groups than
are found in pure oil and this leads to better Cr-OLNCs interactions. The
OLNGs produced in this study were applied as adsorbents for the removal
of Cr(V1) ions from aqueous solutions. The results were compared with
those from our previous study in which we reported the use of olive oil
as a starting material to make OLNCs for the removal of Cr(V1) in water.23

Experimental

Materials and chemicals

The waste cooking oil was donated to us by a local restaurant that uses
a mixture of vegetable oils for the cooking of potato chips and fat cakes.
All the chemicals used were obtained from Sigma-Aldrich (Johannesburg,
South Africa), and were used as received unless otherwise stated. The
pH adjustments were made by the dropwise addition of 0.1 M HCI and
0.1 M NaOH solutions. Stock solutions were prepared in the laboratory by
dissolving appropriate amounts of K,Cr,0, in 1000 mL of distilled water.

Preparation of onion-like nanocarbons by flame pyrolysis

The OLNCs adsorbent was synthesised using a method reported
previously.?® In the experiment, a custom-made glass container was
filled with waste cooking oil and the wick stock was immersed in the
oil and the tip of the wick was ignited. The flame was made to contact
a brass collecting plate; at a 30 mm distance from the tip of the flame,
where the black soot was collected, the flame can reach temperatures up
to 950 °C.?* The collected material was labelled onion-like nanocarbons
(OLNGs) and was obtained with a yield of 8% (Equation 1).

OLNCs produced (g)

Yield = — i ised (g)

x 100% Equation 1

where the OLNCs produced were 8 g and the oil used was 100 g.

Adsorbent characterisation

The surface morphology of the adsorbent was determined by
transmission electron microscopy (TEM; Jeol TEM-2100 F 200 kV) and
scanning electron microscopy (SEM; ZEISS GeminiSEM 560 instrument).
For thermal stability, a Perkin Elmer 6000 thermogravimetric analyser
was employed. For the functional group’s identification and surface
composition, X-ray photoelectron spectroscopy (XPS; Thermo ESCAlab
250Xi) and Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer
Spectrum 100) were employed. A Micrometrics Tristar 3000 surface area
and porosity analyser was used to determine the pore size, volume, and
surface area.

Adsorption experiments

All the Cr(IV) adsorption experiments were carried out in duplicate and in
batch mode.? Various parameters that influenced the adsorption process
were studied. These included the solution pH (2-8), contact time (5-720
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min), initial concentration of Cr(VI) (10-50 mg/g), and the mass of the
OLNCs (0.05-0.25 g). After the adsorption experiment, the adsorbent
and adsorbate were separated via microfiltration, using a 0.45 um
filter. The Cr(VI) ions remained in solution and their concentration was
determined by a Cary 100 ultraviolet-visible (UV-Vis) spectrometer. In
the analysis, the Cr(VI) formed a complex with 1,5—-diphenylcarbazide,
detected at 540 nm, under acidic conditions.? For the determination of
total Cr ions, we used an atomic absorption spectrometer (200 Series
AA). The adsorption of both adsorbents was expressed by the amount of
Cr(V1) ions adsorbed at equilibrium g, and the percentage of Cr(VI) ions
removed (%R) as shown in Equations 2 and 3, respectively.

C-C)V
q,= % Equation 2

CO_CE
%R = 2= x 100

0

Equation 3

where C, (mg/L) and C, (mg/L) are the initial concentration of Cr(VI) and
the equilibrium concentration of Cr(VI), respectively; V is the volume of
Cr(VI) used; m is the mass of the OLNCs; and q, is the amount of Cr(VI)
adsorbed at equilibrium. The equations for the adsorption isotherms,
kinetic models, and thermodynamics are presented in the

as Supplementary equations 1-17.

Results and discussion

Characterisation of the waste cooking oil and adsorbents

The waste cooking oil was obtained from a local restaurant that used a
mixture of vegetable oils for the cooking of potato chips and fat cakes.
Compounds contained in the waste cooking oil were identified using gas
chromatography-mass spectrometry (GC-MS) and the results were
compared to different waste cooking oils found in the literature. The
compounds for the waste cooking oil used for this study are presented
in .

presents the major chemical compounds found in
the waste cooking oil. These data are in agreement with data reported by
Khalisanni et al. who noted that oleic acid and n-hexadecanoic acid were
the two major compounds found in their study conducted at the Universiti
Teknologi MARA, Malaysia,? and similar to data reported by Zayed et
al.%® for waste oils obtained from sunflower, cotton, and soybean oils.
Any oil that is used at high temperatures will contain oxidised functional
groups, which means that our study can be generalised to the synthesis
of OLNCs from many similar waste oils.

During the cooking process, cooking oil undergoes three major
processes — namely, hydrogenation, oxidation and polymerisation —
which can result in the formation of volatile organic compounds
(VOCs).%” Some of these VOCs detected in the current study were
nonanal, hexanoic acid, 2,4-decadienal, farnesene, propanoic acid,
heptane, 2.4-heptadienal, and 2-decenal compounds, which are similar
to those reported by Mannu et al. to be in their waste oil.” We also found
oleic acid, hexadecenoic acid, palmitoleic acid, and 9-octadecenoic acid
(2)- in our waste oil — compounds also reported to be present in waste
sunflower oil and waste cotton oil by Zayed et al.? This finding indicates
that our data are similar to those observed in the literature.

Zhang et al. reported that VOCs such as furan, nonanal, hexanal,
heptanal, octanal, and benzene are highly carcinogenic and that more
VOCs are produced as the temperature of the oil is increased.? These
carcinogenic compounds could be harmful to humans and biota should
they find their way into water streams. Therefore, this study was
motivated by seeking a method to convert waste cooking oil into a more
valuable material. In our study, oil was used as a starting material for the
metal-free synthesis of useful carbon nanomaterials via flame pyrolysis.
The soot produced was collected in good yield (8%) as calculated by
Equation 1. The OLNCs were then applied in the removal of Cr(VI) ions
from the solution.
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SEM micrographs of the adsorbent show that the materials are quasi-
spherical and closely packed together (Figure 1a). The TEM micrographs
show that the adsorbent consisted of interlinked spheres resembling a cut
onion-like structure with multiple shells with an average external diameter
of 41 nm. The OLNCs showed similar morphological characteristics and
diameter with similar materials derived from pure oil."” The Brunauer—
Emmett-Teller (BET) analysis results indicated that the synthesised
material had a surface area of 69 m%g, a pore volume of 0.20 cm?¥/g,
and an average pore size of 11 nm. When compared to the BET results of
the olive oil synthesised OLNCs, it was found that the olive oil materials
had a larger surface area of 81.8 m?g. However, the olive oil material
showed a smaller pore volume (0.08 cm?/g) and a smaller average pore
size (4 nm). The as-synthesised materials had surface areas that were
in the range of those reported previously (60-85 m%g).2'# A closer
look reveals the presence of cavities, another attribute in adsorption
processes as the cavities could encapsulate adsorbate ions.

Thermal analysis showed a single decomposition step between 500 °C
and 800 °C (Figure 2a), which indicates that the material was thermally
stable and contained no impurities.' These temperatures are consistent
with the decomposition temperature of graphitic carbon materials and
were expected for the as-synthesised OLNCs as it can be seen From
Figure 2¢ (Raman spectra) and Figure 3a (XPS spectra) that the OLNCs

WD= 4.7 mm

Signal A = InLens
Mag= 80.00KX
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have a graphitic layer as part of their backbone structure.”® The FTIR
spectra showed that the adsorbent consisted mainly of carbon- and
oxygen-containing functional groups and some 0-H groups (Figure 2b).
For example, the spectrum indicated O-H peaks at 3437 cm”,
representing O-H stretching modes for alcohol moieties and a peak
at 3153 cm for carboxylic acid moieties.®® The O-H bending peaks
at 1400 cm™ and 1100 cm are also consistent with the presence of
carboxylic acid functional groups. The peak at 1635 cm signifies the
C = C stretching mode for conjugated alkenes. The predicted surface
moieties were similar to those reported previously on similar material
synthesised via flame pyrolysis using a liquid paraffin precursor.'
The Raman spectra of the OLNCs before and after the adsorption of
Cr(V1) ions are depicted in Figure 2c. Two major peaks were identified
between 1300 cm™' and 1650 cm, due to the D band and G band. The
presence of the D bands in the aforementioned range can be attributed
to the amorphous nature of the carbon material with graphitic layers.3>3
The /1, ratios computed from the respective peak areas of the D and
G bands were similar, indicating that the presence of Cr on the surface
of the adsorbent did not disrupt the characteristics of the adsorbent.
However, the peak position shifted, indicating possible Cr interaction
with the surface (Table 1). The Raman spectra for the current materials
were similar to those produced via flame pyrolysis of olive oil.?!

Date: 3 Sep 2020 ZEISS
Time: 12:17:45

Figure 1:
like nanocarbons.
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(a) Scanning electron micrographs and (b) transmission electron micrographs of the onion-
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Figure 2:  (a) Thermograms from thermogravimetric (TGA) and differential thermal analysis (DTA)
of onion-like nanocarbons (OLNCs), (b) the Fourier transform infrared (FTIR) spectrum of
OLNCs, and (c) the Raman spectra of OLNCs before and after adsorption of [Cr(VI)].
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Table 1: Raman spectroscopy data of the onion-like nanocarbons
(OLNGs) before and after removal of Cr(VI) ions
D-band G-band
Adsorbent Raman shift Area Raman Area 1/
(cm™) shift (cm™)
OLNCs 1352.6 409 981 1600.3 143752 29
OLNC-Cr 13441 272 281 1593.7 97375 28

deconvoluted spectra (Figure 3 and Table 2) showed threepeaks for
C1s representing carbon bonded to oxygen at 288.7 eV, 288.0 eV,
and 286.1 eV for 0-C = 0, C = 0, and C-0 moieties. The sp? and
sp® hybridised carbon peaks were observed at 284.2 eV and 284.6
eV, respectively (Figure 3a). The material also showed two peaks
for O1s representing carbon bonded to oxygen. These peaks were
observed at 531.7 eV and 533.1 eV, as expected for carboxylic acid
C = 0 and C-0 moieties (Figure 3b). The XPS data for the OLCNs
after the adsorption of Cr were also recorded. The data are shown in

. The total C (86.3%) and O (13.7%) surface
concentrations did not change substantially (C = 87.3%; 0 = 12.6%)
with the addition of a small amount of Cr to the OLCNs (0.1%) (Table
2). The oxidation state of the Cr could not be determined from the
small amount of Cr detected. Of interest was the change in the types
of surface C/O detected after adsorption of the Cr; a comparison
of the data is shown in . The data suggest a
change in the Csp?%Csp?® ratios, indicating coverage of the Csp® by
the Cr. Interestingly, the increase in the amount of C attached to O
increased on the Cr coverage, while the O content did not change
significantly. This finding could be due to the presence of the Cr-0
bonds on the surface of the OLCNs.

Table 2: Elemental identification and quantification of the onion-like
nanocarbons (OLNCs) before and after adsorption of Cr
Type of OLNCs Element Peak BE = Atomic % Reference

Cls 284.1 86.3

OLNCs (waste oil) This study
01s 532.1 13.7
Cls 284.1 88.2

OLNCs (olive oil) Ntuli et al.%
01s 532.3 11.8
Cls 248.2 87.3

Cr-OLNCs (waste oil) | 01s 532.3 12.6 This study
Cr2p? 576.7 0.1

Nanocarbons from waste cooking oil for the adsorption of Cr(VI)
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It should be noted that the adsorbent had a higher oxygen content
(13.7%) (see Table 2) than the OLNCs (11.8%) derived from olive oil.2
This difference can be attributed to the oxidation of the starting material
(waste cooking oil) during cooking. The surface moieties shown in the
XPS data were similar to those reported by Ko et al. for carbon nano-
onions (CNOs) synthesised after the annealing of nanodiamonds.*

Overall, the OLNCs synthesised via flame pyrolysis of waste cooking oil
showed similar characteristics to those of OLNCs produced from pure oils
such as olive oil, castor oil, paraffin oil, and ghee oil.""-'*?" The results
show that the hydrogenation, oxidation and polymerisation reactions that
took place during the frying process did not negatively affect the quality
of the OLNCs that were synthesised using the waste cooking oil. This
finding offers the possibility of using waste oils in place of pure oils for
the synthesis of OLNCs. More importantly, the as-synthesised OLNCs also
showed similar characteristics to CNOs synthesised from more expensive
methods such as the annealing of nanodiamonds and laser irradiation.'63
The synthesised OLNCs showed similar characteristics (quasi-spherical,
multi-shells, size diameter >100 nm, disordered and having surface
defects) to carbon nano-onions and carbon black.® The as-synthesised
OLNCs did not show any fluorescent properties, unlike those reported
by Tripathi et al. who synthesised OLNCs using flaxseed oil as a carbon
precursor via flame pyrolysis, with the difference being their acid treatment
of the OLNCs which was not done in our study.*

Cr(VI) ions removal studies

Effect of solution pH on Cr(VI) ions removal

The removal of Cr(Vl) ions is interrelated with the solution pH of the
Cr(VI) ions. The solution pH affects the speciation of Cr(VI) ions as
well as the nature of the surface moieties on the adsorbent. Figure 4
presents the performance of the OLNCs in the removal of Cr(Vl) ions
in the pH range of 2-8. The removal efficiency decreased as the pH
of the solution was increased from 2 to 8 (48% to 81%). This, as
mentioned in the literature, can readily be attributed to an electrostatic
attraction as a result of the nature of the adsorbate and adsorbent as
Cr(VI) ions are present as anionic species (chromate and dichromate)
in a basic and acidic environment.*” In more acidic conditions, Cr,0,>
species are formed and undergo hydrolysis to form HCrO,;, while the
surface moieties of the adsorbent predominantly undergo protonation.
This results in an electrostatic attraction between the adsorbate and the
adsorbent, producing good metal ion removal under acidic conditions.®

The electrostatic attraction was supported by the pH,,, of the adsorbent,
which was found to be pH 7.2. The pH,,. was determined by measuring
the initial pH and the final pH where the change in pH was plotted against
the initial pH. The point at which the graph intersects the x-axis was taken
as the pH,,.. The adsorbent undergoes protonation at a pH below the
pH,, and deprotonation above it. This arises because Cr ions have hard
acid characteristics and may be bound to the surface of the adsorbent
as a result of the hard base characteristics of the oxygen moieties.” The
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(a and b) The X-ray photoelectron spectra of onion-like nanocarbons adsorbent for G1s and 01s peaks.
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Figure 4:  Performance of the onion-like nanocarbons as a function of solution pH (conditions: m =0.05 g, t =720 min
and G, = 10 mg/L).
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Figure 5:  Performance of the onion-like nanocarbons as a function of adsorbent mass (conditions: pH =2, t= 30 min

and C, =10 mg/L).

high removal of Cr(VI) ions under acidic media has also been extensively
reported by other authors who have used carbon-rich adsorbents, and
our data are in full agreement with the earlier studies.**

Effect of adsorbent mass

The performance of the OLNCs as a function of adsorbent mass is
depicted in Figure 5. From Figure 5, it is seen that an increase in the
mass of the adsorbent leads to an increase in efficiency. This increase
arises as more adsorption sites are available.** However, the efficiency

Research Article
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profile did not reach equilibrium at the selected adsorbent mass range.
This could be an indication that the surface of the adsorbent was not
fully covered by the adsorbate ions and thus still had vacant active sites
available for binding with the Cr ions.

Effect of contact time

The duration for which the adsorbent and adsorbate are in contact
plays a major role in the migration of the adsorbate ions to the
surface of the adsorbent. Figure 6a shows the performance of

6 Volume 119| Number 9/10
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Figure 6:  Performance of the onion-like nanocarbons as a function of time for (a) 0.05 g and (b) 0.1 g absorbent (conditions: pH =2 and G, = 10 mg/L).

the adsorbent as a function of time (15 min to 720 min).*® This
adsorption capacity (q,) changed from 0.96 mg/g (15 min) to 6.4
mg/g (720 min) with increasing time. This shows the removal of
Cr(V1) ions from the total Cr and is thus able to demonstrate the
reduction of Cr(VI) to Cr(lll), as has been observed previously with
carbon-rich materials.*

The removal of Cr(VI) ions was further tested as a function of time using
two adsorbent masses (0.05 g and 0.1 g) (Figure 6b). As expected, as the
adsorbent mass increased, the removal improved from 15.3 mg/g after
15 min to 48.0 mg/g after 180 min. This was attributed to the availability
of more active sites as the adsorbent mass was increased because the
number of active sites could be linked to the amount of the adsorbent.

Kinetics

A summary of the adsorption kinetics for the removal of Cr(VI) ions using
the as-synthesised OLNCs is presented in Table 3. The removal of Cr(VI)
ions for the initial 30 min followed the pseudo-first-order (PFO) kinetic
model. This could be attributed to a removal process taking place through
interface diffusion with a rate constant (k,) of 0.0345 1/min.* However,
after 30 min of contact time, the adsorption kinetics followed a pseudo-
second-order (PSO) route, indicating a chemisorption process with the
rate constant (k,) of 0.0024 g/mg x min.* Ho and McKay have suggested
that the PFO may not be suitable for the whole range of contact times used
and that only the first 20 to 30 min can be attributed to chemical bond
formation between the adsorbate ions and the adsorbate surface.*” The
initial adsorption rate (h) for the reaction was found to be 2.074 mg/g x
min and 0.190 mg/g x min from 30 min to 360 min (Table 3). This could
be attributed to the surface coverage with more exposed sites filled first.

Initial concentration

The performance of the OLNCs in the removal of Cr(VI) ions was tested as
a function of the initial concentration of the Cr(VI) ions (Figure 7). It can be
observed that as the initial concentration of the Cr(VI) ions increases from
10 mg/L to 100 mg/L, the removal percentage decreases. However, the
adsorption capacity (q,) increases from 7.92 mg/g to 50.40 mg/g, which
is attributed to the possibility of enhanced interactions at the surface of
the adsorbate as the initial concentration increased.*® This phenomenon
is in agreement with data that show that the initial concentration is directly
proportional to the adsorption capacity (see Equation 1).

Adsorption isotherms

The linear forms of the Langmuir and Freundlich adsorption isotherms
were selected for modelling the Cr(VI) ions removal pathway using
OLNCs as an adsorbent; the data are presented in Table 4. Both the
dimensionless constants separation factor (R ) and Freundlich intensity
parameter (n) were between 0 and 1, indicating a favourable removal of
Cr(VI) ions. The coefficient of determination (R?) values for the Langmuir
adsorption isotherm were nearer to unity compared to those of the
Freundlich isotherm. This result corresponds with the chi-squared (X?)
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Table 3: A summary of the adsorption kinetics parameters

Pseudo-first-order kinetics Pseudo-second-order kinetics

k, q, R? k, q, h R?
Overall
0.012 22.60 | 0.7965 | 0.00069 |54.65 | 2.074 0.9951
5 to 30 min
0.046 58.92 1 0.9545 |344.379 1.24 |526.316 | 0.0278
30 to 360 min
0.002 260 | 0.7050 | 0.00235 6.80  0.190 0.9881

values which were nearer to zero for the Langmuir isotherm and not
the Freundlich isotherm. This suggests that the removal pathway was
through a monolayer surface coverage of the adsorbent.** Moreover,
the maximum adsorption capacity was 47.62 mg/g, which was close to
the experimental adsorption capacity of 50.40 mg/g, in agreement with
a Langmuir isotherm or monolayer surface coverage. The adsorption
capacity of the adsorbent was significantly higher than that of similar
material produced from olive oil (26.53 mg/g).% This could be due to
the added adsorbent oxygen content due to oxidation through cooking.
The results discussed thus far indicate that different oils (olive and waste
cooking oil) that undergo flame pyrolysis yield carbon nanomaterials
with similar characteristics. However, due to the difference in the oils, the
surface moieties may be slightly different. Such differences may resultin
significant changes in the application of the materials.

Removal mechanism of Cr(Vl) ions

The XPS analysis of the OLNCs before and after the removal of Cr(VI)
ions is presented in . A new peak was observed
at 577.9 eV for Crpz, representing Cr(lll) ions bound to the surface of
the adsorbent (Supplementary figure 3). This peak was absent before
the material was used as an adsorbent for the removal of Cr(V1) ions. It
can be noted that in the process of Cr(VI) ions removal, some ions were
reduced to the less toxic Cr(lll) ions. Figure 6a shows the percentage
removal of Cr(Vl) ions and of the total Cr ions. The thermodynamic
parameters for the removal of Cr(Vl) ions are depicted in Table 5. All
the thermodynamic parameters returned negative values and were
representative of a favourable and spontaneous (-AG) removal of
Cr. The removal of Cr(Vl) ions at the adsorbate/adsorbent boundary
layer involves an associative mechanism (-AS). The -AH value
could indicate that the removal of Cr(VI) ions involved chemisorption,
physisorption, or comprehensive removal (a mixture of chemisorption
and physisorption). Therefore, the removal mechanism as described
fits the proposed removal that involves an adsorption-coupled reduction
mechanism between the Cr(VI) ions and the adsorbent.
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Figure 7:  Performance of the onion-like nanocarbons as a function of the initial concentration of Cr(Vl) ions
(at pH =2, t =120 min, m = 0.025g and C, = 10~100 mg/L).
Table 4:  Adsorption isotherm parameters Comparison of adsorption capacities for
Langmuir ‘ Freundlich differe”t adsorbents
Direct comparison of different adsorption studies in the literature is
0., (/s g)‘ K, (L/mg) ‘ R ‘ x ‘ n ‘ R ‘ x challenging due to the different optimum adsorption conditions used
47,62 0.392 0.9453 | 0.162 0.384 0.8656 142478 in the respective studies. Therefore, the pH, contact time, adsorbent
modification, and adsorption capacity were compared (Table 6).
It can be observed that the optimum pH for the removal of Cr(VI) ions
C, (mg/l) R was under acidic media (pH < 7). Most of the adsorbents in Table 6
underwent functionalisation to improve their adsorption capacity. In
10 0.2033 comparison, the as-synthesised adsorbent was used in its pristine state.
20 01132 Remarkably, the adsorption capacity of the OLNCs was higher than those
) of the pristine adsorbents as well as functionalised ones, except for a
30 0.0784 graphene nanocomposite (Table 6).
40 0.0600 The graphene nanocomposite showed the highest adsorption capacity — an
i indication of the value of surface modification and the synergy between
50 0.0486 different materials to form a composite with high adsorption capacity.*'
However, the as-synthesised OLNCs from waste cooking oil showed a
70 0.0352 comparable adsorption capacity of 48 mg/g at a time of 360 min. This
80 0.0309 is an indication that the adsorbent has potential as an adsorbent for the
’ removal of Cr(VI) ions. It should also be noted that the adsorbent had a
90 0.0276 higher adsorption capacity (48 mg/g) than that of pure oil (26.53 mg/g).3
This was attributed to the higher oxygen content of the OLNCs from waste
100 0.0249 cooking oil, due to the oxidation process that takes place during cooking.
Table 5: Thermodynamic parameters calculated via the Langmuir constant K
T (K) van’t Hoff equation K, AG° (kJ/mol) AH° (kJ/mol) AS° (J/mol)
298.15 y =23092x — 61.419 6213254.8 -38.8 -192.0 -510.6
303.15 R? =0.9333 4082853.0 -38.4
308.15 957665.7 -35.3
313.15 160788.5 -31.2
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Table 6: Comparison of different adsorbents
Adsorbent pH Time (min) Modification q, (mg/g) Reference
(3D) NiO/Ni 4 120 Composite 25.94 Wang et al.%?
1440 None 3.47
Activated carbon 4 Mortazavian et al.®®
4320 Polysulfide 8.93
Graphene oxide 2 1440 Manganese ferrite 34.02 Shahrin et al.
Multi-walled carbon nanotubes 2 6000 Oxidation 31.95 Gholipour and Hashemipours®
Carbon nano-onions 2 720 None 26.53 Ntuli et al.?
PANI/Ag/ GO CDs 2 60 Composite 59.96 Shokry et al.'
Onion-like nanocarbons 2 360 None 48 Current study
Conclusions 4. Mofokeng M, Nthunya LN, Gutierrez L, Matabola P Mishra S, Nxumalo EN.

This study has shown that waste cooking oil be used as a starting
material for the synthesis of high-quality OLNCs. The OLNCs obtained in
this work had a higher oxygen content than pure oils due to the cooking
process and this led to more sites for binding to metal ions.

The OLNCs were applied as an efficient adsorbent for the removal of Cr(VI)
ions from an aqueous solution. With the maximum adsorption capacity of
47.62 mg/g ata pH of 2 and a contact time of 360 min, the OLNCs produced
were better than those made from pure oils. The adsorption-coupled
reduction mechanism was found to be the pathway for the removal of the
Cr(VI) ions, as demonstrated by the presence of Cr(Vl) and Cr(lll) ions in
the adsorption media. The removal was spontaneous and exothermic, and
involved an associative mechanism. We have shown that waste material
can be converted into a useful material for application in adsorption
processes. This was achieved in this study by taking a toxic material (waste
cooking oil) and converting it into a less harmful material that could be used
in the removal of toxic Cr(Vl) ions, thus putting value to waste. This then
provides a means of solving the double aquatic environmental problem of
trace metal removal and oil pollution.
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