
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
1:

22
:5

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Adsorption and d
aSchool of Chemical Engineering & Phar

Xiongchu Avenue, No. 693, Wuhan, China.
bWuhan WUYAO Pharmaceutical Co., Ltd,

Grand Enterprises Inc., Wuhan Optics V

Base, Gaokeyuan No. 693, Wuhan, China. E

† Electronic supplementary informa
https://doi.org/10.1039/d3ra03476c

‡ These authors contributed equally to
co-rst authors.

Cite this: RSC Adv., 2023, 13, 19235

Received 24th May 2023
Accepted 6th June 2023

DOI: 10.1039/d3ra03476c

rsc.li/rsc-advances

© 2023 The Author(s). Published by
esorption of flavonoids on
activated carbon impregnated with different metal
ions†

Li Lu, ‡a Shuang Cao,‡a Zhexuan Li,a Jingdan Huang,a Yukai Jiang,a

Changyong Deng,a Zhimei Liu*b and Ziwei Liu*a

In this study, four metal ions Mg2+, Al3+, Fe3+, and Zn2+ were loaded on the surface of activated carbon by an

impregnation method coupled with high-temperature calcination to prepare modified activated carbon.

Scanning electron microscopy, specific surface area and pore size analysis, X-ray diffraction, and Fourier

infrared spectroscopy were used to evaluate the structure and morphology of the modified activated

carbon. The findings show that the modified activated carbon had a large microporous structure and

high specific surface area, both of which significantly improved absorbability. This study also investigated

the adsorption and desorption kinetics of the prepared activated carbon for three flavonoids with

representative structures. The adsorption amounts of quercetin, luteolin, and naringenin in the blank

activated carbon reached 920.24 mg g−1, 837.07 mg g−1, and 677.37 mg g−1, while for activated carbon

impregnated with Mg, the adsorption amounts reached 976.34 mg g−1, 963.39 mg g−1, and 817.98 mg

g−1, respectively; however, the desorption efficiencies of the three flavonoids varied a lot. The

differences in desorption rates of naringenin as compared with quercetin and luteolin in the blank

activated carbon were 40.13% and 46.22%, respectively, and the difference in desorption rates increased

to 78.46% and 86.93% in the activated carbon impregnated with Al. The differences provide a basis for

the application of this type of activated carbon in the selective enrichment and separation of flavonoids.
1 Introduction

Activated carbon (AC) is a kind of carbon adsorption material
with a rich porous structure and huge specic surface area.1

Commonly used powdered AC has high mechanical strength
and good mechanical and chemical stability.2 Activated carbon
has a wide range of biomass sources, such as coffee husk,3 shea
residue,4 avocado seeds5 and straws; the biomass can also be
prepared as a graphene material to catalyze the production of
biodiesel frommicroalgae lipids under solar energy.6 Therefore,
it is widely used in adsorption, separation, catalysis, medicine
and other elds.7 In the pharmaceutical industry, AC is oen
used for the removal of pyrogens from puried water and air
purication. AC can be used in clinical settings for the treat-
ment of food poisoning and diarrhea; therefore, AC is consid-
ered to have good biocompatibility.8 The adsorption capacity
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and performance of AC are inuenced by many factors, such as
raw materials, specic surface area, elemental content, surface
functional groups, pore size distribution and surface
charges.9,10 The AC properties can be attributed to the elemental
composition. Besides C element, AC is composed mainly of
O, N, P and S elements; hetero-atoms exist mainly in the form of
surface functional groups and give AC different applications.11

The type and quantity of these elements depend either on the
nature of the starting material or the chemical or physical
reactions during activation.12,13 These basic elements form the
porous skeleton structure and surface carbon-bearing func-
tional groups in AC.14,15 Therefore, the surface chemical prop-
erties of AC can be further modied by oxidation, reduction and
loading of metal ions.16,17 Among these, metal ion modication
of AC is a simple and common method with diverse application
prospects.18 During modication, reactions between AC and
metal ions can form more diverse functional groups, and even
generate chemical adsorption with adsorbate, nally extending
the application of AC.19 Due to the safe and low-cost nature of
AC in the pharmaceutical eld, metal ion modication can also
be combined with other modication methods, and the modi-
cation schemes prefer metal ions with good biocompati-
bility.20,21 For example, studies have shown that water vapor
activation increases the specic surface area of AC mediated by
Fe3O4. The specic surface area aer steam gasication is
RSC Adv., 2023, 13, 19235–19242 | 19235
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546.91 m2 g−1, which is 4 times higher than that before steam
gasication.22 Thus, developing metal ion modication tech-
nologies that are easy to industrialize will be benecial for
improving the application performance of AC and enriching
application scenarios.23

In a narrow sense, the structure of avonoids refers to 2-
phenylchromones, such as avone and avonol types.24,25 For
example, luteolin from the honeysuckle belongs to the
avone type, and quercetin from ginkgo belongs to the
avonol type. Besides avone and avonol, naringenin with
a saturated C2–C3 bond on the C-ring is classied as
a avanone.26 Many avonoids have anti-inammatory,27

expectorant, cough-suppressant, calming, antifungal, and
antibacterial properties.28 Thus, the avonoids are used as
adjunctive treatments for chronic and acute hepatitis,29,30

anti-tumor,31,32 free radical damage33 and oxidative
stress.34,35

The common method for the separation and purication of
avonoids is column chromatography. Silica gel and glucan gel
column chromatography are widely used in the lab for the
separation of isoavone, avanone, avanonol, highly methyl-
ated avonoid and avonol.36 They can also be used to separate
highly polar avonoids, such as polyhydroxy avonols and their
glycosides, but the cost of silica gel and glucan gel column
chromatography in industry is high. Macroporous resins and
polyamide column chromatography are ideal commercial
adsorbents for avonoid enrichment.37 Their adsorption abili-
ties mainly come from the competitive hydrogen bonds that
form between the solvent, avonoid and adsorbent. Macro-
porous resins and polyamide column chromatography can be
used to obtain various types of avonoids, including glycosides
and aglycones, chalcone and avanones from extracts.38

However, with macroporous resins and polyamides, it is diffi-
cult to achieve a ne separation effect for different avonoids.39

Recently, a modied AC column was developed by our group as
a column packing material for saccharide purication.
Research shows that eight monosaccharides, disaccharides,
and trisaccharides can be separated by the columns packed
with AC impregnated with zinc chloride.40 Consequently,
powdered AC was further explored by our group as a separation
and purication agent for avonoids. In this paper, we have
screened different combinations of AC with four commonmetal
ions, studied their adsorption and desorption on three typical
avonoids and explain the mechanism. The prepared AC
exhibits different desorption effects on the three avonoids,
with the desorption rate of naringin exceeding 80%, and the
desorption rates of luteolin and quercetin from modied AC
range from 2% to 20%, providing the AC with the potential for
further development as a avonoid enrichment material.

2 Experimental
2.1 Preparation of modied active carbon

Powdered AC was sieved (300 mesh) to remove the large parti-
cles and washed with 0.1 mol L−1 hydrochloric acid to eliminate
the soluble impurities. The AC was then dried in a drying oven
at 60 °C until use. Aer pre-treatment, 10 g AC was stirred with
19236 | RSC Adv., 2023, 13, 19235–19242
100 mL of aqueous solutions of MgSO4, AlCl3, FeCl3 and ZnCl2
at a concentration of 0.1 mol L−1 for 24 h. The four kinds of
metal ions-impregnated AC and the blank control AC were
further carbonized under N2 protection in a tube furnace at
800 °C for 2 hours. Herein, AC was impregnated with four types
of metal ions and denoted as MgAC, AlAC, FeAC, and ZnAC,
respectively; AC without calcination and ion metal impregna-
tion was denoted as BKAC, and AC with only calcination was
abbreviated as CKAC. All reagents were purchased from Mack-
lin; medicinal grade AC made from straw was obtained from
J&K.
2.2 Preparation of avonoids standard curve

Quercetin, luteolin and naringenin standards (0.1 g) were
accurately weighed in a beaker and the volume was xed with
95% ethanol in a volumetric ask to obtain 100 mg L−1 of
avonoid working solution. Exactly 0.0, 5.0, 10.0, 20.0, 30.0 and
40.0 mL of the avonoid standard solution were pipetted into
a 100 mL volumetric ask. The maximum absorption wave-
lengths detected using a UV spectrophotometer for luteolin,
quercetin, and naringenin were 350 nm, 370 nm, and 288 nm.
The quantitative relationship between the concentration and
absorbance was plotted by measuring the absorbance at
a wavelength with 95% ethanol as a reference. Linear regression
was performed by the least squares method to obtain the
regression equation between avonoid concentration (Y) and
absorbance (A).
2.3 The morphology and structural characterization of AC

The surface morphologies of AC dried overnight at approxi-
mately 103 °C under vacuum were characterized by scanning
electron microscopy (SEM-EDS; Zeiss, EVO 50 Model), with an
acceleration voltage of 0.2 to 30 kV, and a magnication of 5 to
1 000 000×. The surface functional groups of AC were deter-
mined using a Fourier Transform Infrared Spectrometer (FTIR)
with a scanning wave range from 4000 to 500 cm−1, resolution
of 1 cm−1, and scanning speed of 2 mm (TuoPu, FTIR920). X-ray
diffraction (XRD) analysis was conducted on an X-ray diffraction
meter (Bruker, D8 DaVinci), equipped with Cu-Ka radiation (l=
1.5404 Å), Lynx-Eye linear position sensitive detector and Ni-
lter, and an angle accuracy of 0.0001 degrees. Data was
collected between 2q = 5° and 90° with a count time of 0.05 per
step. The ACs were dispersed in distilled water for particle size
determination using dynamic light scattering (Horiba, La-300)
over a wide dynamic measurement range of 0.01–5000
microns. BET (Brunauer, Emmett, Teller) gas sorptometry was
conducted to examine the specic surface area and the porous
nature of AC; the analysis range of the specic surface area was
0.005 m2 g−1 without an upper limit, and the pore size analysis
range was 3.5–500 Å. The specic surface area for AC was
calculated using Langmuir and BET equations. The pore size
distribution was calculated from the desorption isotherms
using the Horvath–Kawazoe model, and the pore volume was
calculated using the t-plot model. The above characterizations
were applied to the AC before avonoid separation.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03476c


Fig. 1 SEM images of modified and unmodified AC (×1000). (a) SEM
image of BKAC. (b) SEM image of CKAC. (c–f) SEM images of AC
calcined and impregnated with Mg, Al, Fe, and Zn metal ions.

Fig. 2 FTIR spectra of the AC. From top to bottom are the spectra of
the AC calcined and impregnatedwithMg, Al, Fe and Znmetal ions, the
spectrum of AC only with calcination, and the spectrum of AC used as
blank control.
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2.4 Adsorption and desorption experiments of avonoids on
activated carbon column

In this work, the prepared AC was applied to enrich avonoids
by dynamic column elution. The modied AC powder was
soaked in 95% ethanol, and the column was loaded by a wet
method (column length 30 cm, diameter 1 cm). Here, 0.1 g
luteolin, quercetin, and naringin were precisely weighed and
dissolved in 100 mL of ethanol; 100 mL of 1 mg mL−1

avonoid
solution was soaked in the column to reach adsorption equi-
librium, referring to the time determined by the adsorption
kinetics experiment. Sodium t-butoxide with 95% ethanol
solution (pH = 10) was applied to elute the AC column, and the
ow rate was controlled at 1 mL min−1 by pressurization. The
elution end-point was judged by a 1% FeCl3 colour reaction. The
avonoid content in the eluate was quantitatively evaluated by
HPLC.

2.5 Adsorption kinetics experiment

The steps for the intermittent adsorption method of static
adsorption are as follows. The 0.1 g mL−1 100 mL avonoid
solution was stirred with excess AC at 25 °C in a beaker to
establish the adsorption equilibrium using the constant
concentration of the aqueous avonoid as the ending point. The
upper aqueous phase was extracted at various time intervals
before and aer the establishment of adsorption balance, fol-
lowed by membrane ltration to obtain the samples for UV
determination. The following equation was used to compute the
adsorption capacity:

qe ¼ vðco � ceÞ
m

where qe is the adsorption capacity at an equilibrium concen-
tration of c0, g g−1; v is the volume of the adsorbent solution, L;
c0 is the initial mass concentration of the adsorbent in the
solution, g L−1, ce is the residual mass concentration of adsor-
bent at AC adsorption equilibrium, g L−1; m is the mass of AC
sample, g.

2.6 Statistics

All data were processed at least three times. Data were analysed
using the SPSS 19.0 soware. The results were calculated as
mean ± standard deviation (SD) and evaluated by one-way
ANOVA and Dunnett post hoc test comparisons.

3 Results and discussion
3.1 Morphological and structural characterization of AC

The SEM images of AC before and aer modication are shown
in Fig. 1a–f (×1000) and Fig. S1† (×5000). The powdered AC
employed in this study has a homogeneous particle size and low
diffusion resistance, which underpin column elution. As shown
in Fig. 1a, the huge pores of various shapes, sizes, and depths at
the AC micron level can be readily seen on the surface of BKAC.
Fig. 1b–f depict the morphological changes of AC subjected to
calcination at 800 °C and metal ion impregnation. Aer calci-
nation, as a result of large pores collapsing, the surface of AC
© 2023 The Author(s). Published by the Royal Society of Chemistry
became smoother, which reduced the resistance with elution.
The steam thermal expansion and metal ion occupation effect
during calcination give AC a differentiated surface appearance.
3.2 Surface functional groups of AC

Due to the similar chemical environments to which the func-
tional groups on the AC surface belong, the analysis of func-
tional groups on the AC surface oen focuses on the changes in
the numbers of certain types of functional groups.41,42 In this
study, calcination in a hypoxic environment typically leads to an
increase in alkylation in the AC, while the reducibility of metal
ions causes a decrease in the number of carbonyl groups.43

These carbonyl groups are partially converted into hydroxyl
groups, mediated by metal ions, leading to an increase in the
number of hydroxyl groups in the metal ion impregnation
groups.44 The peak attribution of AC is as follows:

The stretching and bending vibrations caused by the
composition difference of C, H, and O elements on the surface
of different AC are described below. The strong absorption
bands appearing at 3790 cm−1 are attributed to the increased
stretching vibrations of the –OH group aer high-temperature
RSC Adv., 2023, 13, 19235–19242 | 19237
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Fig. 4 BET analysis and pore size distribution. (a) The pore size
distribution of activated carbon (BKAC) without any treatment, and (b)
the calcined activated carbon (CKAC).
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calcination;45 the increase is particularly signicant aer the
interaction of the AC surface and metal ions. The symmetric
and asymmetric stretching vibrations of the aliphatic hydro-
carbons, –CH, –CH2, and –CH3,46 are responsible for the
absorption peaks at 3070 and 2734 cm−1. The absorption peak
at 1701 cm−1 represents the –C]O stretching vibration of
a ketone, aldehyde, lactone, or carboxyl group. The impregnated
groups displayed a stronger absorption peak intensity at
1499 cm−1 as compared with that in the blank control. This is
likely because the high-temperature calcination and the metal
ions change the –C–O–C– bonds of ether functional groups on
the AC surface. The absorption peak at 1091 cm−1 corresponds
to the in-plane bending vibration of –C]O.47 The similar peaks
for the six samples indicated the consistency in the patterns of
the functional groups and the differences in the functional
group content (Fig. 2).

3.3 Particle size analysis of AC

The ACs with smaller particle sizes have larger specic surface
areas and relatively simple void and crack structures. In the
study, the large specic surface could improve the interaction
probability between the adsorbate and adsorbent. The simple
void and crack structure in AC powder causes the adsorbate to
be easily desorbed during the elution, thus avoiding the
formation of dead adsorption. The results of this experiment
are presented in Fig. 3 and S2† and show that the calcined AC
has a signicantly smaller particle size than that in uncalcined
AC, and there is no statistical difference in particle size between
calcined AC only and AC calcined and impregnated with metal
ions. The results further demonstrated that calcination has
a signicant effect on the particle size of AC, and metal ion
impregnation has no obvious effect on the particle size of AC.
Moreover, the particle size distribution in all groups could be
tted to the normal distribution with a small deviation. The
homogeneity of AC particles ensures stability and reproduc-
ibility in a column elution process.

3.4 Specic surface area and pore size distribution of AC

The amount of gas that AC adsorbs in a sealed system at a given
temperature corresponds precisely to the pressure at which
Fig. 3 Particle size analysis figures of activated carbon. (a) The particle
size analysis of blank activated carbon (BKAC) without any treatment.
(b) The particle size analysis of calcined activated carbon (CKAC).

19238 | RSC Adv., 2023, 13, 19235–19242
adsorption equilibrium is reached.48 The isotherms of all AC
investigated in this experiment are classied as IUPAC type Ⅳ
isotherms. The type Ⅳ isotherm is distinguished by the slender
hysteresis loop between the adsorption and desorption curves.
As shown in Fig. 4 and S3,† when p/p0 < 0.1, the one-layer
nitrogen adsorption occurs on the surface of micropores in
the AC, and the efficient and rapid adsorption behaviour
conrmed the presence of a large number of micropores in AC.
When p/p0 > 0.1, the adsorption capacity of AC increases as the
relative pressure rises, but the rate of increase is signicantly
slowed down as compared with the low-pressure adsorption
zone. The decrease in the adsorption rate conrmed that
multilayer adsorption occurred in macropores and mesopores.
When p/p0 = 0.5, the phenomena of trailing and hysteresis
loops appeared in all groups, caused by capillary condensation
that occurs in the macropores and mesopores of AC. When p/p0

= 0.9, multilayer adsorption takes place in the AC, and capillary
coalescence occurs at higher partial pressures. Therefore, the
adsorption capacity increases signicantly in this pressure
range. Although the six kinds of AC show similar type Ⅳ
isotherms, their rising curves in the low-pressure zone and the
values of the maximum adsorption capacity have led to the
following conclusions. The N2 adsorption capacity of the
calcined AC is much higher than that of the uncalcined AC, and
there is no obvious difference between the calcined AC
impregnated with different metal ions. Aer calcination, the
enlargement of existing pore channels and the generation of
new pore channels in AC due to the thermal expansion effect
caused an increase in micropores. Moreover, the metal ions
interacting with some components on the surface of AC not only
form new functional groups that are favourable for adsorption
but also increase the total adsorption capacity to varying
degrees.
3.5 Energy dispersive spectroscopy analysis of AC

The changes in the amounts of primary elements in AC aer the
modication are shown in Fig. 5. The impregnation concen-
trations allow metal ion excess as compared to the adsorption
amount of the AC, which is determined by the metal ion
concentration in the impregnation supernatant. Generally
speaking, more oxygen on the surface of AC will result in more
cation exchange properties of AC, which is conducive to
adsorbing polar substances; conversely, less oxygen on the
surface of AC will result in more anion exchange properties,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Surface elements of modified AC were analysed by EDS. Fig. 6 The XRD analysis of AC.
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which is conducive to adsorbing non-polar substances.49 Fig. 5
shows that uncalcined AC was comprised mainly of C and O
with trace amounts of P and S. Compared with the AC
impregnated with metal ions, the BKAC and CKAC have lower
oxygen content, making them more suitable for the adsorption
of less polar or non-polar chemicals. In the impregnation
groups, Mg2+, Al3+ and Fe3+ are considered hard acids under the
theory of hard and so acids and bases (HSAB),50 and Zn2+ is
considered a junctional acid. The MgAC, AlAC, FeAC, and ZnAC
are more suited to the adsorption of polar compounds as
compared with AC without metal impregnation. The surface
acidity of AC could be increased by loading hard acid ions; this
forms the specic adsorption characteristics of AC for adsor-
bents, which leads to rm adsorption, and the adsorbate can be
desorbed under alkaline conditions.51 The surface acidity of AC
could also be increased by the loading of junctional acid ions;
this forms the relatively broad adsorption characteristics of AC
for adsorbents, leading to rm adsorption and difficult
desorption.
Fig. 7 Adsorption and desorption of flavonoids on AC. (a) The
adsorption rates of the three flavonoids on the AC in a column, and (b)
the desorption rates of the three flavonoids from the activated carbon
under alkaline conditions.
3.6 XRD analysis of AC

The X-ray patterns for all AC in this study, as seen in Fig. 6, show
poor crystallinity and a broad diffraction peak at 2q = 23,
showing the existence of a signicant number of microcrystals
with a disordered graphite structure in AC, primarily in the
amorphous form. It is a common phenomenon that the crys-
tallinity of carbon materials remains unchanged and the crys-
tallite lattice changes during the modication, such as in the
evolution of coal. As shown in Fig. 6, the lattice changed in the
different AC groups. According to the peaks on the crystal plane,
there are certain changes in the XRD patterns of AC impreg-
nated with different metal ions. Some diffraction peaks (2q =

31, 36, 43, 57, 62) arise for AC loaded with Fe3+, which could be
attributed to the divalent and trivalent Fe oxides generated by
the reaction of Fe and water at high temperatures.52 AC loaded
with Mg2+ also generated two diffraction peaks at 2q = 43, 63,
followed by AC loaded with Zn2+ showing one diffraction peak at
2q = 45. The remaining XRD patterns have no signicant
diffraction peaks.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.7 Adsorption–desorption study of avonoids on the AC
column

The adsorption mechanism of AC is generally considered
reversible physical adsorption for most substances. The
adsorption of avonoids by AC is more likely to occur under
acidic conditions, as avonoids containing hydroxyphenyl
structures exhibit weak acidity and exist in the molecular form
under acidic conditions, and the molecular form ts the char-
acteristics of non-polar adsorption of AC.53 For the objective of
cost control and product stability, 95% ethanol was employed as
the solvent for static adsorption in this experiment. Subse-
quently, a mixed solution of organic base and ethanol with a pH
of 10 based on the pKa of avonoids was used as the eluent for
desorption. During the elution, the avonoid adsorbed on the
AC was converted into an ionic state, and the oxygen atoms on
the hydroxyl of the avonoids were exposed in the ionic state
from hydrogen bonding with the eluent. Moreover, in this ionic
state, avonoids lose their ability to interact with acidic oxygen-
containing groups on activated carbon, so that the adsorbed
avonoids can be eluted.

The outcomes displayed in Fig. 7 demonstrate that each AC
has potent adsorption effects for the three avonoids with an
adsorption rate of over 90%. The rich porous structure of AC
and the complex forces between the avonoids and the func-
tional groups can cause rm adsorption. However, the avo-
noids turn into ionic forms under alkaline conditions, greatly
weakening their adsorption on AC, so the adsorbed avonoids
RSC Adv., 2023, 13, 19235–19242 | 19239
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can be eluted by using alkaline organic solvents. As shown in
Fig. 7b, the desorption rates of the three avonoids varied a lot.
The rate of desorption of naringenin can exceed 80% under
alkaline conditions; the high desorption rate of naringenin is
attributed to the low abundance of hydroxyl groups. The
desorption rates of luteolin and quercetin from the modied AC
column are in the range of 2–20%. The desorption rates of the
three typical avonoids are higher in the AC impregnated with
Mg2+ and Al3+ as compared to the AC impregnated with Fe2+ and
Zn2+, which could be because Fe2+ and Zn2+ are hard acids that
have high valences and larger atomic radii in the so and hard
acid–base theory. In the presence of a large number of oxygen-
containing acidic groups on the AC surface, the contribution of
resonance p-electrons to AC alkalinity is masked. Therefore,
increasing the alkalinity of the eluent is a method of neutral-
izing the acidic functional groups on the surface of AC, thereby
reducing the AC adsorption for the adsorbents. Due to the
presence of C-ring double bonds, the degree of dissociation of
naringenin under alkaline elution conditions is stronger than
that of the other two avonoids, so naringenin can be easier
eluted under alkaline solutions.54 The impregnation of metal
ions results in signicant differences in the adsorption capacity
of AC for avonoids. The adsorption and desorption systems
can facilitate the separation application of AC for the above
three typical avonoids.
Fig. 8 The adsorption kinetics curves of six AC samples for three
different flavonoids, and the electrostatic potential energies. (a–c) The
adsorption curves of quercetin, luteolin and naringenin on the modi-
fied AC. (d–f) The electrostatic potential energies of quercetin, luteolin
and naringenin.
3.8 Determination of adsorption equilibrium time

The quasi-primary adsorption rate equation, quasi-secondary
adsorption rate equation, and intra-particle diffusion rate
equation were used to t the adsorption behaviour of avonoids
on AC. The quasi-secondary equation was used to predict the
equilibrium adsorption amount in order to investigate the fast
adsorption on the AC surface relative to the contact time.

The quasi-level model uses the Lagergren equation to
calculate the adsorption rate:55

lgðqe � qtÞ ¼ lg qe � k1t

2:303

where qt and qe are, respectively, the adsorption quantities at
time t and equilibrium, mg g−1; k1 is the quasi-rst-order
adsorption rate constant, min−1.

The quasi-secondary model is described using the Mckay
equation:56

t

qt
¼ 1

k2qe2
þ 1

qe
t

where k2 is the quasi-secondary adsorption rate constant, g (g
min)−1.

The intraparticle diffusion model is based on the model
proposed by Weber,57 with the expression

qt = kpt
0.5

where k2 is the quasi-secondary adsorption rate constant, mg (g
min0.5)−1.

In this experiment, the adsorption equilibrium time and
adsorption amount of quercetin, luteolin and naringenin on the
19240 | RSC Adv., 2023, 13, 19235–19242
prepared AC were studied under the same conditions. As shown
in Fig. 8a–f, the adsorption capacity of AC aer calcination was
generally higher than those without calcination; this result is
highly consistent with the conclusion about the increase in the
specic surface area of AC in the characterization section. The
avonoids have a crossed conjugate system across the three
rings with polyhydroxy properties,58 thus the increasing OH
groups on AC generated during calcination further improved
the binding activities between AC and the avonoids. However,
among all groups aer calcination, the adsorption capacity of
AC on avonoids showed no signicant change trend. Aer
loading metal ions, the physical adsorption sites on the surface
of AC were masked but the selective coordination binding
contributed by metal ions increased. This coordination and
binding ability are highly related to the type of metal ions.
Therefore, the adsorption capacity of MgAC for the avonoids
was greater than that of CKAC, while the adsorption capacities
of the AC treated with other metal ions for the avonoids were
even lower than that of CKAC.

We further analysed Fig. 8a–f to determine the adsorption
mechanism between the different modied AC and the avo-
noids. As shown in Fig. 8a–c, the adsorption equilibrium times
of quercetin, luteolin, naringenin and in BKAC were 20
minutes, 18 minutes, and 20 minutes, and the adsorption
amount reached 920.24 mg g−1, 837.07 mg g−1, and 677.37 mg
g−1, respectively. The equilibrium times of all three avonoids
in the modied AC were similar, but the structural differences
in the compounds resulted in different adsorption amounts in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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AC. As shown in Fig. 8d–f, the spatial electric eld density and
the number of hydrogen bonds together form a differential
binding force between the adsorbent and adsorbate. The
adsorption capacities of avonoid (luteolin) and avonol
(quercetin) are greater than that of avanone (naringenin). In
the study, the molecular force eld analysis was applied to
simulate the surface electron clouds on the three avonoids
(Fig. 8d–f). The red region in Fig. 8 has a negative electrostatic
potential value, indicating that this region gives electrons easily,
or is more nucleophilic as compared with other regions, while
the blue region has a positive electrostatic potential value,
indicating that this region gains electrons more easily and is
more electrophilic. Electron transfer causes the surfaces of
compounds to be distributed with electron clouds of different
densities. Thus, the avonoids can interact with the adsorbate
and solvent, resulting in a difference in adsorption capacity.
More specically, as shown in Fig. 8f, the two hydrogen atoms at
the C4 position on the C-ring of naringenin not only fail to
contribute to the hydrogen bond binding force but also
generate steric hindrance to a certain extent. Therefore, the
adsorption capacity of naringenin is the lowest among the three
avonoids, thus making it easier to be desorbed in the elution.
By comparing quercetin (Fig. 8d) with luteolin (Fig. 8e), quer-
cetin has a more planar structure and is more likely to form
hydrogen bond forces on the carbon plane. Therefore, AC has
a higher adsorption capacity for quercetin.

4 Conclusions

In this work, the structure and surface functional groups of AC
impregnated with metal ions under calcination conditions were
studied. Then, the dynamic desorption and static adsorption
processes of the prepared AC for three typical avonoids were
systematically studied and the adsorption kinetics were estab-
lished. The study conrmed that the prepared AC had consis-
tently high adsorption and differential desorption capacities for
three typical avonoids, the elution rate under alkaline condi-
tions was up to 80% for naringenin, while the elution rates
remained at low levels for quercetin and luteolin. The alkaline
environment mediated the transformation of avonoids into
stable ionic states in the eluate, and the ionic state contributed
to the differences in the interaction forces between avonoids
and AC. Considering that the structures of these three avo-
noids are highly representative, the study established a new
application for modied AC as a column-packing adsorbent to
enrich and separate avonoids. We also considered that the low
micro homogeneity of the AC structure limits its application in
ne separation. Therefore, subsequent research not only needs
to constrain the structural characteristics of AC by compre-
hensive characterization but also needs to explore the produc-
tion and preparation processes of AC to allow it to have better
and more stable performances in separation applications.
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