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The vegetable oil industry is limited by the high cost of the refining

process, and the camellia shells (CS) are beneficial to the development of

the industry as a biomass raw material for camellia oil decolorization. In

this study, CS-based p-doped porous activated carbon (CSHAC) obtained

after the pyrolysis of H3PO4-laden CS-hydrochar (CSH) was used for the

adsorption of carotenoids in camellia oil. The results showed that the

adsorption efficiency of CSHAC for carotenoids was 96.5% compared to

67–87% for commercial decolorizers, and exhibited a fast adsorption rate

(20 min). The results of adsorption isotherms indicated that the adsorption of

carotenoids on CSHAC occurred through a multi-layer process. Furthermore,

the analysis of adsorption kinetics showed that the adsorption of carotenoids

by CSHAC was a complex process involving physical and chemical reactions,

and chemisorption was the dominant kinetic mechanism. This superior

performance of CSHAC in adsorbing carotenoids was attributed to its micro-

mesoporous structure, hydrophobicity, and numerous active sites.
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Introduction

Carotenoids are derivatives of 40-carbon isoprene, which can be derived from a
variety of classes due to different substituents. Common carotenoids in vegetable oils are
β-carotene and lutein, which appear yellow, orange, or red (1). Although carotenoids
have health-benefiting antioxidant properties, they show pro-oxidant activity at high
temperatures during vegetable oil refining process (2). Therefore, research on the
removal of carotenoids is necessary for the subsequent processing of refined vegetable
oils, to meet oil quality standards and to promote a healthy diet.

Frontiers in Nutrition 01 frontiersin.org

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.1058025
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.1058025&domain=pdf&date_stamp=2022-11-16
https://doi.org/10.3389/fnut.2022.1058025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.1058025/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 2

Tian et al. 10.3389/fnut.2022.1058025

Activated clay and activated carbon have been utilized
in oil decolorization (3). However, in the refining process,
acid-activated activated clay catalyzes the oxidation of oil
in oxygenated and high-temperature environment (4). In
contrast, carbon materials are considered to be a better choice.
However, the existing commercial activated carbon (CAC) is not
satisfactory for the decolorization efficiency of vegetable oils,
and the production of high-efficiency carbon materials requires
expensive precursors and equipment. Biomass has attracted
extensive research attention due to its distinctive advantages,
including resource-rich, clean, and eco-friendly (5). Bamboos
(6), peanut shells (7), rubber seed shells (8), and pinewoods (9)
have been used to produce effective activated carbon, which is
used as an adsorbent in many applications and can eliminate
the waste of certain resources. However, detailed studies on
the adsorption of carotenoids from vegetable oils by activated
carbon are rare.

Hydrothermal carbonisation (HTC) refers to operation in
a sealed reactor under mild subcritical reaction conditions
below 250◦C to promote the dissolution of lignocellulosic
components into water (10). The HTC process produces
hydrochar with a high aromatic structure and a high content
of oxygen-containing functional groups (11). A study revealed
that carotenoids were oxidized upon adsorption (12). Therefore,
this process is capable of facilitating the removal of pigments.
Increasing the micro-mesoporous structure, surface area, and
active groups of carbon materials can also improve their
adsorption efficiency (13). Bentonite clays with predominantly
mesoporous structural characteristics have been fabricated, and
the researchers believed that the average pore size of clay
particles affected their oil-bleaching capacity (14). Another
study investigated the bleaching capacity of activated animal
bone with a surface area of 593.27 m2/g on palm oil, but its
efficiency at 120◦C was only 75.14% (15). Some researchers
studied the thermo-mechanical process of bleaching oil on
adsorbents constituted of 5% activated carbon and 95% activated
earth (16). However, the above studies of composite adsorbents
did not fully demonstrate the mechanism of adsorption between
all carbon-based adsorbents and pigments.

Camellia shells (CS) can be used as decolorizers for
refined camellia oil. These shells have great potential for mass
production, and comprehensive utilization of agricultural by-
products can reduce industrial costs, which is conducive to
increasing their economic added value. Moreover, considering
the rich mesoporous structure of the shell, it is a promising
material for the production of porous carbon. There is
minimal research on the HTC method for yielding high-
efficient activated carbon from CS as vegetable oil decolorizing
agents. Although the effectiveness of single-step carbonisation
is acceptable, HTC-assisted carbonisation has been investigated
to optimize consumption of energy, as well as to biomass
applications, since biomass has a high percentage of water.
Therefore, pre-treatment with the HTC process before pyrolysis

is expected to produce carbon materials with improved
physicochemical performances.

In this study, p-doped porous activated carbon (CSHAC)
with high specific surface area and ample surface groups was
prepared from CS. The adsorption mechanisms of adsorbents
for carotenoids of camellia oil were analyzed through adsorption
kinetics, isotherms, and thermodynamics. This is the first report
on CS as a precursor for the synthesis of p-doped porous carbon
for removing carotenoids from vegetable oils, to the best of our
knowledge. This work introduces a new type of biomass for
rapid carotenoid adsorption. It can also provide a reference for
decolorization mechanisms for vegetable oils.

Materials and methods

Chemicals and materials

Crude camellia oil was supplied by the Zhongzhou
Company, China. Camellia shells were from Kaihua County,
Quzhou City, Zhejiang Province, China. Camellia shells were
pretreated by washing thoroughly with distilled water and
drying in the sun for 8 h before being crushed and sieved
with a 100 µm mesh in a stable arm crusher. Phosphoric acid
(H3PO4, 85%) was purchased from Guangdong Guanghua Sci-
Tech Co., Ltd. Commercial activated clay (CC) was purchased
from Gongyi Runsen Water Treatment Materials Co., Ltd.
Commercial activated carbon was purchased from Dongguan
Hongsheng Activated Carbon Co., Ltd.

Preparation of CSHAC

CSHAC was obtained using the HTC method, then acidified
with 20% H3PO4 and carbonized (17). The HTC method was
performed in an autoclave reactor. First, 5 g of CS and 50 ml
of distilled water were mixed well and sealed in a stainless
steel sample reactor. The reactor was then heated at 200◦C for
1 day. Next, the solid product, namely CS-hydrochar (CSH), was
flushed with distilled water and whereafter dried at 105◦C for
1 day. The process was continued by stirring CSH with 50 ml
of 20% H3PO4 at ambient temperature for 5 min and drying
at 105◦C for 1 day. The dried products were then carbonized
at 600◦C at a heating rate of 5◦C min −1 with a continuous
N2 flow for 3 h. The collected product was designated CSHAC
after being rinsed with distilled water to remove excess acid and
by-products up to pH 7.

Preparation of refined camellia oil

The refined camellia oil contained 35.2 mg/kg carotenoids,
which was obtained by filtering the crude camellia oil through
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a ceramic membrane with a pore size of 0.14 µm to remove
possible suspended impurities.

Batch adsorption studies

Batch adsorption tests were performed to assess the
performance of CSHAC for the adsorption of carotenoids.
All the adsorption studies were performed in a temperature-
controlled incubator shaker with consistent stirring (150 rpm)
(ZQZY-85CN, Zhichu, China). A conical flask was used to
place refined camellia oil during the experiments. The influences
of important factors, for instance, sorbent material, sorbent
dosage, temperature, and contact time on carotenoid adsorption
were investigated. Each adsorption experiment was repeated
thrice, and the results were averaged. After adsorption, the
samples were split from the oil by transiting them through
filter paper. Based on the British Standard Methods of Analysis
(BS, 1993), the carotenoid concentrations of samples were
determined at 454 nm with cyclohexane as the reference
solution using a spectrophotometer (SP-752, Spectrum, China).
The total carotenoid content was expressed as β-carotene
equivalents. Later, 1 g of refined camellia oil was weighed,

dissolved in cyclohexane, and diluted to a final volume of
100 ml. To acquire reliable results, the suspended impurities
were filtered through the membrane (0.45 µm) and residual
carotenoid concentrations were detected. The followings are the
adsorption capacities of carotenoids on CSHAC at time t(qt) and
equilibrium (qe) and the carotenoid removal rate (R):

qt =
(C0 − Ct)× V

m
(1)

qe =
(C0 − Ce)× V

m
(2)

R =
C0 − Ct

C0
× 100% (3)

where C0 (mg/L), Ct (mg/L), and Ce (mg/L) show the
concentrations of carotenoid at the original time, equilibrium,
and time t, respectively; m (g) is the adsorbent dosage; V (L) is
refined camellia oil volume.

Analysis

The N2 adsorption-desorption analysis was determined
by using the Brunauer–Emmett–Teller (BET; ASAP2460;

FIGURE 1

Structures of (A) lycopene, (B) β-carotene, (C) lutein, and (D) astaxanthin.

Frontiers in Nutrition 03 frontiersin.org

https://doi.org/10.3389/fnut.2022.1058025
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 4

Tian et al. 10.3389/fnut.2022.1058025

FIGURE 2

(A) Images of CS and CSHAC on Ixora chinensis leaves. (B) SEM images of CS, CSH, CSHAC, and CSHAC/carotenoids. EDX images of (C) CSHAC
and (D) CSHAC/carotenoids.

Micromeritics, USA) equation. The surface features of samples
were observed using scanning electron microscopy (SEM;
Zeiss Gemini 300, Germany). The X-ray diffraction (XRD)
patterns in the scanning range of 5–80◦ of the samples
were measured using an X-ray diffractometer (SmartLab3KW,
Rigaku, Japan). Raman spectroscopy was performed using a
DORIBA Spectra instrument operating with a 532 nm green
laser (Horiba LabRAM HR Evolution, Japan). The mapping
images were provided with an X-ray spectrometer [energy-
dispersive X-ray spectrometer (EDX); SMART, EDAX Inc.,
USA]. X-ray photoelectron spectrometry (XPS) was used to
analyze compositions of sample surfaces (K-Alpha, Thermo
Fisher Scientific, USA). Contact angles analysis of samples was
obtained by using contact angle equipment (DSA100; KRUSS,
Germany). Fourier transform infrared spectrometer (FTIR) was
used to detect the functional groups of the samples (IRTracer-
100, Shimadzu, Japan). An ultraviolet detector was used for

identifying compounds at a wavelength of 454 nm. The free
fatty acid contents of the samples were determined using the
AOCS Official Method, C. (2017). 3d-63. Acid value fats and oils.
The peroxide values of the samples were determined using the
national standard (GB 5009.227–2016).

Results and discussion

Characterisation of CSHAC

Scanning electron
microscopy-energy-dispersive X-ray
spectrometer studies

The structures of the four common carotenoids were
depicted in Figure 1. As depicted in Figure 2A, CS and
CSHAC could be easily placed on the leaves of Ixora chinensis.
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Unnoteworthy deformation of the leaf manifested that the
density of prepared CSHAC did not change significantly
compared with CS. Surface morphologies of CS, CSH,

CSHAC, and CSHAC/carotenoids were characterized using
SEM. Figure 2B exhibited the typical SEM images. The pristine
CS exhibited a relatively smooth surface. In comparison, the

FIGURE 3

N2 adsorption-desorption isotherms for (A) CS, (B) CSH, and (C) CSHAC. The pore size distribution curves of (D) CSH, (E) CSHAC, and
(F) CSHAC/carotenoids. (G) Contact angles determined for CS, CSH, and CSHAC. (H) X-ray diffraction patterns of CS, CSH, and CSHAC.
(I) Raman spectra of CSH and CSHAC.

Frontiers in Nutrition 05 frontiersin.org

https://doi.org/10.3389/fnut.2022.1058025
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 6

Tian et al. 10.3389/fnut.2022.1058025

HTC process developed some pore space with a multilevel
layered structure on the CSH surface. CSHAC exhibited an
abundant network-like porous structure that could expose more
available active sites for the uptake of carotenoids during the
adsorption process. The lignin skeleton was exposed during
acidification and pyrolysis (18). The pore structure of CSHAC
was well developed, forming delamination within the pore
channel, and even causing surface etching of CSHAC. As
depicted in Figure 2B, the morphology of CSHAC changed
upon carotenoid adsorption. At the end of the adsorption
process, the surface of CSHAC was wrapped with the refined
camellia oil pigments, and the pore structure was no longer
clearly and visibly exposed.

Figures 2C,D exhibited the EDX element mapping images
for CSHAC and CSHAC/carotenoids. The EDX spectra of
CSHAC were mainly composed of C, O, N, and P. It was
evident that the P element were successfully doped into the
carbon skeleton after biomass pyrolysis and evenly distributed
on the CSHAC surface, which ensured that CSHAC had a high
chemical reactivity for carotenoid adsorption. Compared with
CSHAC, the C, N, and O contents of CSHAC/carotenoids were
significantly different, revealing that the chemical composition
of CSHAC changed after the carotenoid adsorption process.

Brunauer–Emmett–Teller analysis
The results of the N2 adsorption-desorption isotherms

investigation were exhibited in Figures 3A–F. It was evident
in Figure 3A that the CSH adsorbent exhibited a typical type
IV isotherm with an H3 hysteresis loop, proving that the CSH
process transformed the adsorbent into a mesoporous material
with inter-granular voids or slit pores (IUPAC classification).
The adsorption isotherms for CSHAC (Figure 3B) exhibited a
sharp rise in the low relative pressure range (p/p0 < 0.1) and
represented a hysteresis loop at a relative pressure of 0.45, which
indicated that the isotherms belonged to the combination of
type I and type IV isotherms (19). Moreover, the hysteresis
loop corresponded to the H4 loop. These results implied that
the prepared CSHAC was micro-mesoporous carbons (20).
The isotherms exhibited an obvious upturn at p/p0 higher
than 0.95, indicating that the adsorbent contained macropores.
These findings were consistent with the results of the SEM
investigation and the reasons for the pore collapse of CSH and
CSHAC proposed by the authors. As depicted in Figure 3C,
the adsorption-desorption isotherm of CSHAC/carotenoids
was a type IV isotherm of the H3 hysteresis loop, proving
that carotenoid adsorption changed the pore structure of the
adsorbent. This might be related to the physical or chemical
adsorption of carotenoids. The specific surface areas, total pore
volumes, and average pore sizes of the samples were calculated
(see Table 1 for details). The specific surface area and pore
volume of CSHAC were significantly higher than those of
CSH, demonstrating that CSHAC was well activated and could
facilitate the capture of colorants from refined camellia oil. By

TABLE 1 Physicochemical properties of CS, CSH, CSHAC, and
CSHAC/carotenoids.

Adsorbent Specific
surface

area
(m2/g)

Pore volume (cm3/g) Average
pore size

(nm)Vtot Vmic Vmes

CS 0.19 0.012 – – 261

CSH 37.87 0.263 0.005 0.231 31

CSHAC 1,359.25 1.162 0.451 0.922 4.1

CSHAC/
Carotenoids

3.86 0.074 0.002 0.073 76

Vtot, total pore volume; Vmic, micropore volume; Vmes, mesopore volume.

comparing the difference in average pore sizes between CSHAC
and CSH, we speculated that the pore size distributions of
adsorbent might affect adsorption efficiency (13). The specific
surface area and pore volume of CSHAC after adsorption were
significantly lower than before, and the microporous structure
disappeared, indicating that the pigments diffused through the
pore surface and inside the pores. This finding also indicated
that CSHAC exhibited good pore-mediated adsorption.

Contact angle measurement
As shown in Figure 3G, a contact angle

measurement apparatus was used for studying the
hydrophilicities/hydrophobicities of CS, CSH, and CSHAC. The
contact angle of the CS surface was 128.9◦, which manifested
hydrophobicity. After the HTC, acidification, and pyrolysis
processes, the contact angles of the CSH (101.0◦) and CSHAC
(91.1◦) surfaces were slightly lower than those of the CS surface.
The decrease in hydrophobicity could be ascribed to an increase
in the porosity and number of functional groups of CSH and
CSHAC (21). The adsorption process proceeded in two steps
(22). First, the adsorbate was transferred through the liquid
film around the adsorbent. Second, the adsorbate diffused
through the pores of the adsorbent and then adsorption took
place in the active sites of the sorbent. The hydrophobicity of
sorbent behaved a significant part in the sorption process (23).
Under hydrophobic conditions, the diffusion rates through
the liquid film and pore could be accelerated to achieve
adsorption equilibrium (section “Effect of contact time”).
Hence, high carotenoid removal and rapid adsorptive rates
could be accomplished during the disposal of colorants in
refined camellia oil.

X-ray diffraction analysis
The crystallinities of CS, CSH, and CSHAC were examined

using XRD spectroscopy in the range of 5–80◦. The results
were shown in Figure 3H. Remarkably, the XRD patterns of
the samples after one- and two-step processing exhibited XRD
patterns similar to those of the raw material, indicating that their
natural structure was preserved. Two broad peaks centered at
approximately 2θ = 23◦ and 43◦ corresponded to the diffraction
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peaks of the (002) and (100) planes of the amorphous carbon
material (24). The absence of a sharp peak from the pattern
further signified that the activated carbon had a lower degree
of graphitisation; at such a temperature, the graphitic structure
had not developed (25). Compared the XRD patterns of CSHAC
with CSH, it was distinct that the diffraction at (002) was less
broad, which meant a higher degree of graphitisation. This
might be the result of a complete reaction between H3PO4

and CSH at a high carbonization temperature. These results
indicated that the characteristics of the high specific surface area
and microporous structure of the adsorbent were closely related
to the orientation of the graphite layer and the expansion and
distribution of the carbon lattice (26).

Raman analysis
Raman analysis of carbon exhibited a further

comprehension of the structural defects on the surface of
the materials. Figure 3I depicted the results of the Raman
analysis of the CSH and CSHAC samples. The Raman spectra
for CSH showed two well-defined peaks at 1,383 cm −1 (D peak)
and 1,588 cm−1 (G peak), respectively (27). The peak at around
2,500–3,200 cm−1 was due to the existence of either the –OH
group of carboxylic acid or disordered substances (28). The D
peak indicated disorders in the graphitic structure of carbon
materials, while the G peak represented the graphitic structure
of carbon materials caused by the vibration of sp2 hybrid carbon
atoms in both rings and chains (29). The relative intensity
ratio of the D peak to the G peak (ID/IG) was approximately
0.73. Furthermore, the Raman spectra of CSHAC exhibited
an increased ID/IG ratio of 0.95, which obviously established
the presence of more structural disorders in CSHAC. Acid
treatment endowed CSHAC with more defective structures,
and thus the increased number of active sites enhanced its
adsorption capacity.

Fourier transform infrared spectrometer
analysis

The FTIR spectra of CS, CSH, CSHAC, and
CSHAC/carotenoids were depicted in Figure 4C. As the
processing steps increased, the intensity of the absorption peak
at 3,417 cm−1 decreased, which implied a decrease in the
content of –OH (30). After the activation of CS at 600◦C, the
inter- and intra-molecular dehydration reactions of cellulose
and hemi-cellulose were intense, and the hydroxyl group was
released in the form of water. The higher the temperature, the
more the hydroxyl groups were released, and the lower the
intensity of their absorption peak in the infrared spectrum.
The oxygen content decreased from 20.16 to 17.58% with the
activation of the phosphoric acid solution (Table 3). This result
was attributed to the dehydration of phosphoric acid, which
could eliminate O and H from carbon. The –CH3 and –CH2

stretching vibrations of aliphatic hydrocarbons or cycloalkanes
were observed near 2,933 cm−1 (31). The intensity of this
absorption peak in the CSHAC spectrum was not significant

when compared with that of CS, mainly because the sample
underwent a demethylation reaction after activation at 600◦C,
producing H2, CH4, and C2H6 gases (32). The peak was found
at 1,625 cm−1 (C=C stretching), which represented the possible
aromatic skeleton in CSHAC and indicated that CSHAC
had some hydrophobicity (20). This result was similar to the
contact angle results (section “X-ray diffraction analysis”). The
positions of C=C (shifted from 1,625 to 1,734 cm−1) on CSHAC
changed after carotenoid adsorption, which manifested that
they might participate in carotenoid complexation. The 1,500–
1,100 cm−1 bands were the absorption peaks of C-O-C, C-H,
C-OH, and other stretching vibrations (33). The 1,039 cm−1

band corresponded to C-O stretching, and 977 cm−1 was the
band between acid and carbon (33). This indicated that the
P element doped into CSH might be combined with the C
and O element. After the high-temperature treatment, some
C-OH groups in the oil shell charcoal were broken, and the
intensity of the absorption peaks was reduced. The results
indicated that activation promoted the pyrolysis of –CH3 and
–OH, however, the oxygen-containing functional groups in the
carbon materials were retained. The unsaturated aromatic units
on carotenoids and the oxygen-containing functional groups
on CSHAC exhibited significant electron absorption capacity
and could be considered as π-electron acceptors, and hydroxyl
and methyl groups could act as π-electron donors. The π–π

interactions enhance the adsorption capacity of carotenoids on
CSHAC.

X-ray photoelectron spectrometry analysis
The surface compositions of the CS, CSH, CSHAC, and

CSHAC/carotenoids were analyzed using XPS. The results
were shown in Figure 4. The survey spectra of all samples
exhibited pronounced peaks of carbon and oxygen (Figure 4F).
There were two other weak peaks at approximately 191.0 and
132.75 eV that were observed in the survey curves of both
CSHAC and CSHAC/carotenoids, which corresponded to the
binding energies of P2s and P2p spectra. These came from
the H3PO4 activation process (20). The C1s spectra of CS and
CSH were divided into three contributions: C-C/C=C, C-O,
and C=O, whose predominant chemical states were C-C/C=C
(Figures 4A,D) (34). Their percentages were ascertained on
the strength of the depth profiles acquired using XPS. When
compared with CS, CSH had a higher C-C/C=C content,
indicating higher aromaticity. The O1s peak recorded for CS
and CSH were split into two peaks at 532.75 (C-O/O-H) and
531.75 eV (C=O), respectively (Figures 4B–E) (14). The result
of the O1s spectrum profile recorded for CSH suggested that
the proportion of each component of CSH was different from
that observed for CS due to reactions such as dehydration and
decarboxylation.

The C1s spectra were recorded for CSHAC (Figure 4G). The
peaks corresponded to C=O (289.02 eV), C-O/C-P (285.13 eV),
and C-C/C=C (284.34 eV) of CSH, respectively (35). The
presence of the peak at 284.34 eV (C-C/C=C) indicated
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FIGURE 4

(A) C1s and (B) O1s spectra of CS. (C) FTIR spectra of CS, CSH, CSHAC, and CSHAC/carotenoids. (D) C1s and (E) O1s spectra of CSH. (F) XPS
survey spectra of CS, CSH, CSHAC, and CSHAC/carotenoids. (G) C1s, (H) O1s, and (I) P2p spectra of CSHAC. (J) C1s, (K) O1s, and (L) P2p spectra
of CSHAC/carotenoids.

that the CSHAC surface had a certain degree of aromatic

structure. Theoretically, phosphoric acid activation of CSH led

to oxidation and catalytic dehydration reactions, as confirmed

by the increased molar percentages of C-O and C=O in the

C1s spectra of CSHAC (Figures 4D,G). The O1s spectrum

of CSHAC was depicted in Figure 4H. The peaks of C-O/P-
O (532.56 eV) and C=O/P=O (531.06 eV) were ascribed to
the CSH after acidification and carbonisation, respectively. As
shown in Figure 4I, the P2p spectrum of CSHAC could be
parsed into C-O-P, C-P-O, and C-P=O components at 135.85,
133.71, and 132.65 eV, respectively (36).
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TABLE 2 Changes in chemical valence states changes of C, O, and P on CSHAC before and after carotenoid adsorption.

Samples C1s (%) O1s (%) P2p (%)

C=C/C-C C-O/C-P C=O/O-C=O C=O/P=O C-O/C-P C-P=O C-P-O C-O-P

CSHAC 49.03 40.00 10.97 26.5 73.5 30 50 20

CSHAC/carotenoids 85.6 8.0 6.4 53.17 46.83 4.5 56.6 38.9

FIGURE 5

(A) Variations in carotenoid removal efficiency using various adsorbents and commercial decolorizers (adsorbent dosage is 2%; temperature is
333 K; time is 20 min). (B) Effect of CSHAC on carotenoid removal. (C) The carotenoid removal efficiency of CSHAC at adsorption equilibrium
and different temperatures. (D) Contact time versus adsorption capacity and removal rate of CSHAC for carotenoids. (E,F) Photographs of
refined camellia oil before and after adsorption for 20 min by CSHAC. Each value manifests the mean ± standard deviation of triplicate
determinations and the mean values with diverse letters (a–d) differ significantly (P < 0.05).
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The C1s spectrum recorded for CSHAC/carotenoids was
depicted in Figure 4J. Compared with CSHAC, the C-C/C=C
content of CSHAC/carotenoids increased after carotenoid
adsorption owing to the carotenoids attached to the CSHAC
surface. Consistent with the above FTIR analysis, π–π

interactions promoted the adsorption of carotenoids. The
result of the O1s spectrum recorded for CSHAC/carotenoids
(Figure 4K) indicated that the ratio and binding energies of
each component of CSHAC/carotenoids differed from those of
CSHAC (Figure 4H). Evidently, the C-O content was reduced
after carotenoid adsorption, which indicated that it participated
in carotenoid complexation. Compared the P2p spectra of
CSHAC (Figure 4I) with CSHAC/carotenoids (Figure 4L).
A slight shift was observed in all three peaks, which was
attributed to the reaction between the adsorbent and adsorbate
during adsorption. The results of the relative contents of
functional groups were listed in Table 2. After carotenoid
adsorption, the molar percentage of C-P=O (relative to the
total P) evidently decreased from 30 to 4.5%. In contrast, the
molar percentage of C-P-O increased from 50 to 56.6%. This
indicated that the C-P=O group served as an active component
for carotenoid adsorption and transformed into the C-P-O
group (35). Therefore, the enhanced functional groups and
aromatic structure could facilitate the adsorption of carotenoids
and improve the decolorization efficiency of camellia oil by
CS-based modified activated carbon.

Adsorption performance

Effect of sorbent material
By comparing CSH, CSHAC, CC, and CAC (Figure 5A),

the carotenoid removal rate of CSHAC (96.5%) was the highest
among the materials tested in the same conditions. The high
specific surface area and three-dimensional pore structure of
CSHAC exhibited high adsorption efficiency. The carotenoid
removal efficiencies of commercial decolorization agents CC
and CAC were 87 and 67%, respectively, highlighting the
excellent adsorption effect of CSHAC. Hence, we concentrated
on CSHAC and chose it as the best decolorization adsorbent for
refined camellia oil.

Effect of CSHAC dosage
Figure 5B exhibited the effect of the CSHAC dosage on

carotenoid adsorption performance. As the dosage of CSHAC
increased from 0.01 to 2% (w/w), the carotenoid adsorption
efficiency increased, reaching a plateau when the concentration
of CSHAC exceeded 2%. The initial sharp increase was due to
the augment in the specific surface area and abundant activation
sites for carotenoid adsorption. The optimal CSHAC dose at
which optimum carotenoid removal efficiency was achieved was
2%. Further experiments proceeded under these conditions.
Moreover, it was evident from the data in Table 3 that peroxide

and free fatty acids were removed using CSHAC. Therefore,
the porous structure of the CS adsorbent might be effective for
refining oil.

Effect of temperature
High carotenoid adsorption efficiency on CSHAC was

achieved at high temperatures (Figure 5C). Adsorption was an
endothermic process. The increase in temperature facilitated
the oxidation and movement of carotenoid molecules in
solution. The carotenoid removal efficiency increased when the
temperature at 303–333 K.

The thermodynamic parameters were used for describing
the thermodynamic behavior of carotenoid removal on CSHAC.
Enthalpy (1H, kJ/mol), entropy [1S, kJ/(mol K)], and Gibbs
free energy (1G, kJ/mol) were calculated as follows (37):

K =
qe
Ce

(4)

lnK =
−1H
RT
+
1S
R

(5)

1G = −RT lnK (6)

where K is a constant, T (K) is the absolute temperature, and R
[8.314 J/(mol·K)] is the universal gas constant.

Table 4 showed the parameters of thermodynamics.
A positive value of 1H manifested the endothermic nature of
the carotenoid adsorption (38). The value of 1S was positive,
which confirmed an increase in disorder at the solid-solution
interface (39). The value of 1G was negative at the four
temperatures, which indicated that carotenoid adsorption onto
CSHAC was spontaneous (40).

Effect of contact time
An ultrafast adsorption rate was fulfilled on CSHAC,

and the kinetic equilibrium could be accomplished rapidly

TABLE 3 Amounts of free fatty acid and peroxide value in camellia oil
samples bleached with 2% CSHAC.

Treatment Free fatty
acid (mg/g)

Peroxide value
(g/100 g)

Refined camellia oil 0.92± 0.0018 0.32± 0.0034

Bleaching camellia oil 0.76± 0.0064 0.24± 0.0005

Values were expressed as means± standard deviation.

TABLE 4 Thermodynamic parameters for adsorption of carotenoids
on CSHAC (CSHAC dosage, 2%).

Temperature (K) 1H (kJ/mol) 1S [J/(mol·K)] 1G (kJ/mol)

303 11.879875 39.40836 –3.506539

313 –535.9501

323 –879.929

333 –1193.325
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(20 min) in refined camellia oil (Figure 5D). The ultrafast
adsorption efficiency of CSHAC could be ascribed to three
causes. (i) CSHAC (Figures 5E,F) manifested a morphology
consisting of mesoporous, which facilitated the diffusion rate
of adsorbate molecules. (ii) Abundant active groups (aromatic
rings and oxygen functional groups) exposed on the surface of
CSHAC could π–π conjugate with carotenoids, causing rapid
adsorption. (iii) Hydrophobicity as one of the properties of
CSHAC mainly contributed to an increase in the diffusion rate
of carotenoids in the liquid membrane and pores of CSHAC, i.e.,
it greatly reduced the time for adsorption equilibrium.

Adsorption kinetics

The kinetic behavior of carotenoid adsorption onto
CSHAC was further simulated by using kinetic models:

pseudo-first-order (PFO) kinetic and pseudo-second-order
(PSO) kinetic models were given as Eqs 7 and 8, respectively.
And the linear equation of intra-particle diffusion (IPD) was
given by Eq. 9 (41). qe and qt are the adsorption capacities
(mg/g) of CSHAC at equilibrium and time t, respectively; k1

(L/min), k2 (g/mg min), and kd (mg/g min0.5) refer to rate
constants; and C is a constant.

ln
(
qe − qt

)
= lnqe − k1 · t (7)

t
qt
=

1
k2 · q2

e
+

t
qe

(8)

qt = kd · t0.5 + C (9)

Figure 6 exhibited the experimental data fitted using
the PFO, PSO, and IPD models. As is evident from
the corresponding adsorption kinetics fitting parameters in

FIGURE 6

Kinetics model for adsorption of carotenoids. (A) PFO kinetics, (B) PSO kinetics, and (C) IPD. (D) Langmuir, Freundlich, and Temkin model
descriptions of carotenoid adsorption onto CSHAC (CSHAC dosage, 2%; temperature, 333 K).

Frontiers in Nutrition 11 frontiersin.org

https://doi.org/10.3389/fnut.2022.1058025
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 12

Tian et al. 10.3389/fnut.2022.1058025

TABLE 5 Kinetic models parameters for carotenoid adsorption on CSHAC.

PFO kinetic model PSO kinetic model IPD model

qe,cal
(mg/g)

k1
(L/min)

R2 qe,cal
(mg/g)

k2
[g/(mg·min)]

R2 kd1
[mg/(g·min0.5)]

R1
2 kd2

[mg/(g·min0.5)]
R2

2 kd3
[mg/(g·min0.5)]

R3
2

0.24 0.1381 0.9336 1.77 1.5803 0.9999 0.1952 0.9675 0.0218 0.9156 0.0023 0.9416

Table 5, the PSO kinetics adsorption model exhibited a higher
correlation coefficient value (R2) during the fitting of the
carotenoid adsorption experimental data of CSHAC. Figure 6
also suggested that the theoretical adsorption capacity value
fitted by the PSO model was closer to the experimental data
of qe. Hence, carotenoid adsorption on CSHAC might be a
chemical adsorption rate-controlling step (42). And the IPD
model showed that the adsorption process had three stages, as
shown in Figure 6. The first fitting stage indicated the spread of
adsorbate molecules through the liquid film around the CSHAC
and the outer adsorption on the sorbent surface. The second
portion referred to the penetration of the adsorbate into the
interlayer of the adsorbent. Finally, the plateau portion was
ascribed to the equilibrium stage. In this work, the result of no
plot passed the origin, manifesting that although the adsorption
process contained IPD, it was not the only rate-limiting step
(43). Therefore, carotenoid adsorption on CSHAC was affected
in two manners: chemical adsorption and IPD.

Adsorption isotherms

The assessment of the adsorption isotherms is fundamental
to depict the connection between the equilibrium adsorption
capacity for carotenoids onto CSHAC and the remaining
concentration of carotenoids at a fixed temperature. In order
to understand the behavior of an adsorptive system, adsorption
isotherm studies are necessary (32).

To simulate the monolayer adsorption behavior by using the
Langmuir isotherm model (Eq. 10) (44):

qe =
qmkLCe

1+ kLCe
(10)

TABLE 6 The adsorption isotherm model parameters of the Langmuir,
Freundlich, and Temkin models for carotenoid adsorption on CSHAC
(CSHAC dosage, 2%).

Model Parameters Evaluation

R2 AdjR2 χ2 SSE

Langmuir model qm = 17.63 mg/g;
kL = 0.08 L/mg

0.9762 0.9642 0.22 0.44

Freundlich model kF = 1.69 mg/g; n = 1.56 0.9853 0.9779 0.14 0.27

Temkin model aT = 0.79 L/mg;
bT = 751.38

0.9657 0.9485 0.32 0.64

where qe (mg/g) and qm (mg/g) are the equilibrium and
maximum adsorption capacity of CSHAC for carotenoids,
respectively. kL (L/mg) is the adsorption constant of the
Langmuir isotherm model.

To illustrate multilayer (≥ 2 layers) adsorption behavior by
using the Freundlich isotherm model (Eq. 11) (45):

qe = kFC
1
n
e (11)

where kF (mg/g) is the Freundlich model constant. n is a
constant used for evaluating the intensity of the interaction
between CSHAC and carotenoids.

The Temkin isotherm model suggests that the adsorption
heat decreases linearly rather than logarithmically with the
adsorption capacity. This model is appropriate for adsorption
with a heterogeneous surface and strong interaction between the
adsorbate and adsorbent. This model can be described by Eq. 12
(38):

qe =
RT
bT

ln (aTCe) (12)

where aT (L/g) and bT are the Temkin constants.
In order to evaluate the fitness of the models more

comprehensively, the adjusted correlation coefficient (adjR2),
chi-square (χ2), and residual sum of squares (SSE) were used to

FIGURE 7

Proposed mechanisms for carotenoid adsorption on CSHAC.

Frontiers in Nutrition 12 frontiersin.org

https://doi.org/10.3389/fnut.2022.1058025
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 13

Tian et al. 10.3389/fnut.2022.1058025

consider the influence of the number of parameters of various
models by Eqs 13–15:

adjR2
= 1−

∑n
i=1

(
qexp,i − qcal,i

)2∑n
i=1

(
qexp,i − qmean

)2 ·
(N − 1)
(N − P)

(13)

χ2 =
n∑

i=1

(
qexp,i − qcal,i

)2

qcal,i
(14)

SSE =
n∑

i=1

(
qexp,i − qcal,i

)2 (15)

The adsorption isotherm experiment of CSHAC on
adsorbing carotenoids with various concentrations of CSHAC
(0.25, 0.5, 0.75, and 1%) at 333 K. As depicted in Figure 6D,
Langmuir, Freundlich, and Temkin isotherm models were used
to fit the experimental data. The corresponding parameters were
listed in Table 6. The correlation coefficients, such as adjR2,
χ2, and SSE values (Table 6) indicated that the adsorption
of carotenoids onto CSHAC could be more accurately using
the Freundlich model than the other models. Thus, the results
manifested that the adsorption of carotenoids by CSHAC was
a surface multilayer process (46). The result of 0 < 1/n < 1,
after fitting using the Freundlich model, further indicated
that carotenoids were easily adsorbed by CSHAC. For the
Temkin model, the fitting results were reasonable, manifesting
high correlation coefficients. It could be concluded that there
were strong π–π electron-donor-acceptor interactions between
CSHAC and carotenoid molecules (47).

Proposed adsorption mechanism

Adsorption mechanisms (Figure 7) were proposed
according to the structural characteristics of CSHAC and
carotenoids depicted in available studies (48, 49) and the results
reported herein. XPS results indicated that the presence of
C=C, C-O, C-P=O, and O-C=O groups on the CSHAC surface
was likely to facilitate the uptake of carotenoids. Owing to the
structural characteristics of carotenoid molecules, they were
prone to π–π interactions with CSHAC during adsorption. In
addition, carotenoids were adsorbed onto the inner structure
of IPD. The role of the inner structure was to pre-adsorb and
increase the surface area and pore volume to provide more
active sites. In summary, the superior adsorption performance
of CSHAC was mainly ascribed to the number of C-, O-, and
P-containing functional groups and its exceedingly high pore
volume.

Conclusion

In this study, p-doped activated carbon (CSHAC) was
successfully produced using a simple method and used for

efficient adsorption of carotenoids from refined camellia oil. The
results showed that CSHAC had a better adsorption capacity
for carotenoids than those of existing commercial decolorizers.
This remarkable performance of CSHAC was ascribed to its
stereoscopic structure with massive micropores and mesopores
and the richness of active sites. The adsorption process of
CSHAC was primarily dominated by chemical adsorption, with
C=C, C-P=O, C=O, and O-C=O groups as active components,
and the mechanism might be the π–π interactions between
carotenoids and CSHAC. Pore filling facilitated the physical
adsorption of carotenoids by CSHAC. Therefore, CSHAC
has the potential to substitute commercial adsorbents for
decolorization of camellia oil.

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author.

Author contributions

RT, YL, DC, LG, and ND performed the experiments. RT
analyzed the data and wrote the original manuscript. JY and
DH revised the manuscript. HL, WL, and KL conceived and
designed the experiments. All authors reviewed the manuscript
and approved the submitted version.

Funding

This research was funded by the China Agriculture Research
System of MOF and MARA.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Frontiers in Nutrition 13 frontiersin.org

https://doi.org/10.3389/fnut.2022.1058025
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 14

Tian et al. 10.3389/fnut.2022.1058025

References

1. Yang R, Zhang L, Li P, Yu L, Mao J, Wang X, et al. A review of chemical
composition and nutritional properties of minor vegetable oils in China. Trends
Food Sci Technol. (2018) 74:26–32. doi: 10.1016/j.tifs.2018.01.013

2. Zeb A, Murkovic M. Determination of thermal oxidation and oxidation
products of β-carotene in corn oil triacylglycerols. Food Res Int. (2013) 50:534–44.
doi: 10.1016/j.foodres.2011.02.039
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A comprehensive approach to investigate the structural and surface properties
of activated carbons and related Pd-based catalysts. Catal Sci Technol. (2016)
6:4910–22. doi: 10.1039/C6CY00159A

28. Sylla NF, Ndiaye NM, Ngom BD, Momodu D, Madito MJ, Mutuma BK, et al.
Effect of porosity enhancing agents on the electrochemical performance of high-
energy ultracapacitor electrodes derived from peanut shell waste. Sci Rep. (2019)
9:13673. doi: 10.1038/s41598-019-50189-x

29. Bharath G, Rambabu K, Banat F, Hai A, Arangadi AF, Ponpandian N.
Enhanced electrochemical performances of peanut shell derived activated carbon
and its Fe3O4 nanocomposites for capacitive deionization of Cr(VI) ions. Sci Total
Environ. (2019) 691:713–26. doi: 10.1016/j.scitotenv.2019.07.069

30. Zhang X, Lv L, Qin Y, Xu M, Jia X, Chen Z. Removal of aqueous Cr(VI) by
a magnetic biochar derived from Melia azedarach wood. Bioresour Technol. (2018)
256:1–10. doi: 10.1016/j.biortech.2018.01.145

31. Wei M, Marrakchi F, Yuan C, Cheng X, Jiang D, Zafar FF, et al. Adsorption
modeling, thermodynamics, and DFT simulation of tetracycline onto mesoporous
and high-surface-area NaOH-activated macroalgae carbon. J Hazard Mater. (2022)
425:127887. doi: 10.1016/j.jhazmat.2021.127887

32. Zeng H, Zeng H, Zhang H, Shahab A, Zhang K, Lu Y, et al. Efficient
adsorption of Cr (VI) from aqueous environments by phosphoric acid activated
eucalyptus biochar. J Clean Prod. (2021) 286:124964. doi: 10.1016/j.jclepro.2020.
124964

33. Yakout SM, El-Deen GS. Characterization of activated carbon prepared by
phosphoric acid activation of olive stones. Arab J Chem. (2016) 9:S1155–62. doi:
10.1016/j.arabjc.2011.12.002

34. Zhang B, Xu P, Qiu Y, Yu Q, Ma J, Wu H, et al. Increasing oxygen functional
groups of activated carbon with non-thermal plasma to enhance mercury removal
efficiency for flue gases. Chem Eng J. (2015) 263:1–8. doi: 10.1016/j.cej.2014.10.090

35. Zhou M, Xu Y, Luo G, Zhang Q, Du L, Cui X, et al. Facile synthesis of
phosphorus-doped porous biochars for efficient removal of elemental mercury
from coal combustion flue gas. Chem Eng J. (2022) 432:134440. doi: 10.1016/j.cej.
2021.134440

36. Chen S, Wang J, Wu Z, Deng Q, Tu W, Dai G, et al. Enhanced Cr(VI) removal
by polyethylenimine- and phosphorus-codoped hierarchical porous carbons. J
Colloid Interface Sci. (2018) 523:110–20. doi: 10.1016/j.jcis.2018.03.057

37. Qu J, Wang Y, Tian X, Jiang Z, Deng F, Tao Y, et al. KOH-activated porous
biochar with high specific surface area for adsorptive removal of chromium
(VI) and naphthalene from water: affecting factors, mechanisms and reusability
exploration. J Hazard Mater. (2021) 401:123292. doi: 10.1016/j.jhazmat.2020.
123292

38. Jung K-W, Lee SY, Choi J-W, Lee YJ. A facile one-pot hydrothermal synthesis
of hydroxyapatite/biochar nanocomposites: adsorption behavior and mechanisms
for the removal of copper(II) from aqueous media. Chem Eng J. (2019) 369:529–41.
doi: 10.1016/j.cej.2019.03.102

Frontiers in Nutrition 14 frontiersin.org

https://doi.org/10.3389/fnut.2022.1058025
https://doi.org/10.1016/j.tifs.2018.01.013
https://doi.org/10.1016/j.foodres.2011.02.039
https://doi.org/10.1016/j.foodchem.2021.130488
https://doi.org/10.1016/j.lwt.2021.110859
https://doi.org/10.1016/j.lwt.2021.110859
https://doi.org/10.1002/adfm.202201584
https://doi.org/10.1016/j.jhazmat.2022.128867
https://doi.org/10.1016/j.cej.2022.136250
https://doi.org/10.1016/j.cej.2022.136250
https://doi.org/10.1016/j.cej.2022.136065
https://doi.org/10.1016/j.cej.2022.135864
https://doi.org/10.1016/j.biortech.2021.126084
https://doi.org/10.1016/j.biortech.2021.126084
https://doi.org/10.1016/j.jiec.2017.08.026
https://doi.org/10.1016/j.foodchem.2021.129455
https://doi.org/10.1016/j.envres.2020.110030
https://doi.org/10.1016/j.clay.2013.08.017
https://doi.org/10.1002/tqem.21729
https://doi.org/10.1080/00986445.2018.1539965
https://doi.org/10.1016/j.chemosphere.2021.131913
https://doi.org/10.1016/j.renene.2020.05.045
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1016/j.renene.2022.02.126
https://doi.org/10.1007/s10853-017-1258-4
https://doi.org/10.1016/j.jhazmat.2020.122156
https://doi.org/10.1016/j.jhazmat.2020.122156
https://doi.org/10.1021/acsami.1c02882
https://doi.org/10.1021/acsami.1c02882
https://doi.org/10.1016/j.cej.2021.134097
https://doi.org/10.1016/j.jclepro.2020.125643
https://doi.org/10.1016/j.jclepro.2020.125643
https://doi.org/10.1016/j.apsusc.2019.143722
https://doi.org/10.1039/C6CY00159A
https://doi.org/10.1038/s41598-019-50189-x
https://doi.org/10.1016/j.scitotenv.2019.07.069
https://doi.org/10.1016/j.biortech.2018.01.145
https://doi.org/10.1016/j.jhazmat.2021.127887
https://doi.org/10.1016/j.jclepro.2020.124964
https://doi.org/10.1016/j.jclepro.2020.124964
https://doi.org/10.1016/j.arabjc.2011.12.002
https://doi.org/10.1016/j.arabjc.2011.12.002
https://doi.org/10.1016/j.cej.2014.10.090
https://doi.org/10.1016/j.cej.2021.134440
https://doi.org/10.1016/j.cej.2021.134440
https://doi.org/10.1016/j.jcis.2018.03.057
https://doi.org/10.1016/j.jhazmat.2020.123292
https://doi.org/10.1016/j.jhazmat.2020.123292
https://doi.org/10.1016/j.cej.2019.03.102
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 15

Tian et al. 10.3389/fnut.2022.1058025

39. Wang C, Lin G, Zhao J, Wang S, Zhang L, Xi Y, et al. Highly selective recovery
of Au(III) from wastewater by thioctic acid modified Zr-MOF: experiment and DFT
calculation. Chem Eng J. (2020) 380:122511. doi: 10.1016/j.cej.2019.122511

40. Alqadami AA, Naushad M, ALOthman ZA, Alsuhybani M, Algamdi M.
Excellent adsorptive performance of a new nanocomposite for removal of toxic
Pb(II) from aqueous environment: adsorption mechanism and modeling analysis.
J Hazard Mater. (2020) 389:121896. doi: 10.1016/j.jhazmat.2019.121896

41. Wu F-C, Tseng R-L, Juang R-S. Initial behavior of intraparticle diffusion
model used in the description of adsorption kinetics. Chem Eng J. (2009) 153:1–8.
doi: 10.1016/j.cej.2009.04.042

42. Reçber ZB, Burhan H, Bayat R, Nas MS, Calimli MH, Demirbas O,
et al. Fabrication of activated carbon supported modified with bimetallic-platin
ruthenium nano sorbent for removal of azo dye from aqueous media using
enhanced ultrasonic wave. Environ Pollut. (2022) 302:119033. doi: 10.1016/j.
envpol.2022.119033

43. Xie R, Zhou L, Smith AE, Almquist CB, Berberich JA, Danielson ND. A
dual grafted fluorinated hydrocarbon amine weak anion exchange resin polymer
for adsorption of perfluorooctanoic acid from water. J Hazard Mater. (2022)
431:128521. doi: 10.1016/j.jhazmat.2022.128521

44. Jung K-W, Lee SY, Lee YJ. Facile one-pot hydrothermal synthesis of cubic
spinel-type manganese ferrite/biochar composites for environmental remediation

of heavy metals from aqueous solutions. Bioresour Technol. (2018) 261:1–9. doi:
10.1016/j.biortech.2018.04.003

45. Xue H, Wang X, Xu Q, Dhaouadi F, Sellaoui L, Seliem MK, et al. Adsorption
of methylene blue from aqueous solution on activated carbons and composite
prepared from an agricultural waste biomass: a comparative study by experimental
and advanced modeling analysis. Chem Eng J. (2022) 430:132801. doi: 10.1016/j.cej.
2021.132801

46. Ye Z-L, Deng Y, Lou Y, Ye X, Zhang J, Chen S. Adsorption behavior of
tetracyclines by struvite particles in the process of phosphorus recovery from
synthetic swine wastewater. Chem Eng J. (2017) 313:1633–8. doi: 10.1016/j.cej.2016.
11.062

47. Song Q, Liang J, Fang Y, Cao C, Liu Z, Li L, et al. Selective adsorption
behavior/mechanism of antibiotic contaminants on novel boron nitride bundles.
J Hazard Mater. (2019) 364:654–62. doi: 10.1016/j.jhazmat.2018.10.054

48. Chetima A, Wahabou A, Zomegni G, Rahman AN, Bup DN. Bleaching
of neutral cotton seed oil using organic activated carbon in a batch system:
kinetics and adsorption isotherms. Processes. (2018) 6:22. doi: 10.3390/pr603
0022

49. Pohndorf RS, Cadaval TRS, Pinto LAA. Kinetics and thermodynamics
adsorption of carotenoids and chlorophylls in rice bran oil bleaching. J Food Eng.
(2016) 185:9–16. doi: 10.1016/j.jfoodeng.2016.03.028

Frontiers in Nutrition 15 frontiersin.org

https://doi.org/10.3389/fnut.2022.1058025
https://doi.org/10.1016/j.cej.2019.122511
https://doi.org/10.1016/j.jhazmat.2019.121896
https://doi.org/10.1016/j.cej.2009.04.042
https://doi.org/10.1016/j.envpol.2022.119033
https://doi.org/10.1016/j.envpol.2022.119033
https://doi.org/10.1016/j.jhazmat.2022.128521
https://doi.org/10.1016/j.biortech.2018.04.003
https://doi.org/10.1016/j.biortech.2018.04.003
https://doi.org/10.1016/j.cej.2021.132801
https://doi.org/10.1016/j.cej.2021.132801
https://doi.org/10.1016/j.cej.2016.11.062
https://doi.org/10.1016/j.cej.2016.11.062
https://doi.org/10.1016/j.jhazmat.2018.10.054
https://doi.org/10.3390/pr6030022
https://doi.org/10.3390/pr6030022
https://doi.org/10.1016/j.jfoodeng.2016.03.028
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Preparation of highly efficient p-doped porous camellia shell-based activated carbon and its adsorption of carotenoids in camellia oil
	Introduction
	Materials and methods
	Chemicals and materials
	Preparation of CSHAC
	Preparation of refined camellia oil
	Batch adsorption studies
	Analysis

	Results and discussion
	Characterisation of CSHAC
	Scanning electron microscopy-energy-dispersive X-ray spectrometer studies
	Brunauer–Emmett–Teller analysis
	Contact angle measurement
	X-ray diffraction analysis
	Raman analysis
	Fourier transform infrared spectrometer analysis
	X-ray photoelectron spectrometry analysis

	Adsorption performance
	Effect of sorbent material
	Effect of CSHAC dosage
	Effect of temperature
	Effect of contact time

	Adsorption kinetics
	Adsorption isotherms
	Proposed adsorption mechanism

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


