“‘

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @
http://pubs.acs.org/journal/acsodf

Melamine-Derived Mesoporous Carbon for Efficient and Selective
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ABSTRACT: Melamine-derived mesoporous carbon, which was
igh adsorption efficiency
obtained from pyrolysis of modified melamine, was employed for . suui tor race e an
the purpose of eliminating trace amounts of Hg(II) from honeysuckle
decoction. The specific surface area of the mesoporous carbons with
N-functional (MCN,) was 648.372 m”>-g™". The chemical composition
and morphology of MCN, were thoroughly examined, and a
comprehensive analysis led to the identification of its formation
mechanism. A noteworthy association has been identified between the
adsorption efficacy and the chemical composition of MCN,. In the _
elimination of trace mercury in aqueous solutions over a broad pH o v
range (pH 2—9), MCN, demonstrates high effectiveness, approaching @ u.m
100%. Adsorption kinetics and isotherm results indicate that a more
accurate representation of Hg(II) adsorption on MCN; is provided by
pseudo-second-order kinetics and Freundlich models, with chemical adsorption being the dominant mechanism. This study further
examined the removal of chlorogenic acid, a bioactive component, by MCN|. The findings imply that MCN, has a noteworthy 80%
efficacy in removing mercury from honeysuckle decoction while maintaining the purity of its medicinal ingredients, particularly
chlorogenic acid. As a result, utilizing MCN, for the adsorption of Hg(II) in honeysuckle decoction appears to be a reasonable
approach.

Inteasity(a.u)

1. INTRODUCTION honeysuckle has been potentially harmful to human health due
to the accumulation of heavy metals, which has placed certain

Heavy metals have garnered widespread attention globally due S
restrictions on its promotion and application. = Therefore,

to their recalcitrance to biodegradation, propensity for

accumulation, migratory nature, and extended half-lives even efficient technologies for removing heavy metals. Effective
at trace concentrations, thereby posing a significant threat to removal of the heavy metal components from honeysuckles is
human health_1_3 Hg(II) is considered as a hlghly toxic heavy required before their application in clinical settings. This will
metal." When blood mercury(II) levels rise above 200 ug-L™", not only help improve the overall quality of traditional Chinese
the human central nervous system is directly harmed, leading medicine but will also ensure the safety of medications.”’

to paralysis, language difficulties, hearing loss, and even At present, in CHM environments that mimic heavy metal
dementia.” Multiple studies have indicated a prevalent issue contamination, the primary means of heavy metal removal
of heavy metal residues in traditional Chinese herbs- include coagulation precipitation,”"> adsorption techni-
(CHMs).5™ "' Contamination of Chinese herbal medicines ques,””** molecular sieve filtration, microbial treatment,*®
with heavy metals poses significant health risks to humans and etc. Adsorption technology, valued for its simplicity, cost-
hinders their use and development, as these metals can effectiveness, and high efficiency, is a leading method for
accumulate in organisms through the food chain.'”"? removing heavy metals from contaminated water and environ-
Consequently, the heavy metal content within CHMs stands ments.” >’ There are many kinds of adsorbents used to

as a pivotal factor influencing their quality and safety.'*
Lonicera japonica Thunb, which produces honeysuckle
flowers and buds, is widely utilized in Traditional Chinese
Medicine(TCM) and food products.">”'” Honeysuckle
contains chlorogenic acid, flavonoids, and polysaccharides as
its natural active compounds, exhibiting antioxidant, anti-
inflammatory, antiobesity, and antitumor properties. However,
Bu et al. showed that there were still excessive levels of heavy
metals in Lonicerae japonicae flos (LJF) medicinal materials and
pieces, posing a danger to human health."® For a long time,

remove heavy metals from CHMSs, mainly including
. . .25 . 2 . 30,31
engineered fusion proteins,™ chitosan,”” activated carbons,
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and chelating resins,> as well as biomimetic materials,>®
mesoporous carbons,”* etc. In the decoction of Chinese herbal
medicines (CHMs), heavy metal content is typically found to
be at low levels, while the matrix exhibits a high degree of
complexity.” This version specifies “Chinese herbal medicines”
for clarity and changes “contents”.”> The key to removing
heavy metals from CHMs is to ensure that the amount of
active ingredients is maintained while doing so, by preserving
the effectiveness of the CHMs. Despite the fact that those
methods primarily focused on the changes in the constituent
parts of CHMs during the removal of heavy metals, there were
relatively few studies conducted on the in situ removal of trace
metals.

Mesoporous carbon is highly regarded for heavy metal
removal due to its high surface area, abundant pores, adjustable
active sites, and excellent mechanical and thermal stability,
making it an ideal material for water treatment.”**” In our
previous work,”* we found that amino-functionalization
mesoporous carbon adsorbs approximately 66% of mercury
from honeysuckle decoction without altering any of its active
ingredients (chlorogenic acid) under optimal adsorption
conditions. However, in practical applications, in order to
further enhance the absorption rate of mesoporous carbon, it is
necessary to refine the porous structure for enhancing its
adsorption efficacy. At the same time, in order to guide its
practical application, it is necessary to further clarify the
specific adsorption mechanism. In this research, we have
proposed an N-functional mesoporous carbon obtained from
pyrolysis of modified melamine to improve the removal
efficiency of Hg (II) in CHMs decoction. Furthermore, a
thorough investigation was conducted into the adsorption
characteristics and mechanism of N-functional mesoporous
carbons as adsorbents for the removal of Hg (II) from aqueous
solutions and honeysuckle decoction. A detailed study
examined how N-functional mesoporous carbons adsorb
Hg(II) from water and honeysuckle decoction, presenting a
new, effective mercury(Il) removal method.

2. RESULTS AND DISCUSSION

2.1. Characterization of Prepared Mesoporous Car-
bons. The morphologies of different samples (MCN;, MCN,,
MCN;j, and MCN,) are characterized by SEM and TEM
images. As shown in Figure la,a;, MCN; by using F127 as a
soft template shows small uniform spherical particles with a
smooth surface, and HR-TEM images show a large number of
micropores and mesopores; the particle size is near 1—5 um. A
gradient pore size provides active sites for ion adsorption but
also buffers ion movement in rapid motion.”® As shown in
Figure 1b, MCN, exhibits a surface with uniform and loose
pores, created by using spheres of nano magnesium oxide
(nano-MgO) as templates and ammonium citrate as an
auxiliary agent at 800 °C activation temperature. At the
pyrolysis temperature of 900 °C, part of the pores on the
surface of MCNj collapsed, indicating that the outer carbon
pores collapsed as the pyrolysis temperature increased. When
MCN, is refluxed in ethanol hydrochloride and oxidized by
nitric acid, the carbon layer disappears, and a series of
macropores appear in MCN,, with the pore size becoming
larger. To summarize, MCN;, MCN,, MCN;, and MCN,
exhibit a micro- and mesoporous structure both on the surface
and inside.

For further investigation of the pore structure of carbon
samples, the N, adsorption—desorption isotherms and pore

Figure 1. SEM and HR-TEM images of mesoporous carbon (a, a,)
MCN,, (b, b;) MCN,, (¢, ¢;) MCNj, and (d, d,) MCN,,.

size distribution curves for MCN,;, MCN,, MCN3;, and MCN,
are shown in Figure 2. In Figure 2, all samples’ isotherms are a
typical IV(a)-type isotherm, and the occurrence of a hysteresis
loop is evident at 0.25 < P/P, < 0.85, suggesting that the
samples have a mesoporous structure.”® The materials still
adsorb at P/P, < 0.2, affirming the presence of micropores.’”
In Table 1, parameters describing the pore structure are listed.
N, adsorption/desorption isotherm measurements illustrate
that these MCN, exhibited relatively high specific surface areas
of 648.372 m*¢~" and an average pore size of about 3.366 nm,
as calculated by the Barrett—Joyner—Halenda (BJH) method.
The specific surface areas of MCN,, MCNj;, and MCN, are
1197.054, 1403.363, and 1517.485 m*g ™', respectively. Also,
the average pore size of samples ranges from 2.558 to 5.017
nm. The findings indicate that for MCN, the majority of the
samples primarily consist of mesopores with a small number of
micropores, aligning with the outcomes from TEM and SEM
examination. The approximate Dy of MCN,; and MCN, is
near 3.3 nm, demonstrating that it could provide the same
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—=—MCN, XRD patterns of MCN;, MCN,, MCN3, and MCN,, can be
10009 o —MeN , seen in Figure 4. MCNs from different carbonization periods
PRV /, I”} and templates exhibit diffraction peaks(26 = 25.3°, 43.5°) that
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Figure 2. N, adsorption—desorption isotherms of MCN,;, MCN,,
MCNj;, and MCN,,.

Table 1. Structural Parameters of Mesoporous Carbon

N ET Vtgtal Vrgic Vn-;J,eso DBJH
samples (m*/g) (em’/g) (em’/g) (em’/g) (nm)
MCN;, 648.372 0.546 0.3206 0.2254 3.366
MCN, 1197.054 0.897 0.6631 0.2339 2.558
MCN;, 1403.363 1.268 0.6715 0.5965 3.343
MCN, 1517.485 1.501 0.4929 1.0081 5.017

diffusion channel for heavy metal ions. The highest contact
region may be present in MCN, due to its largest surface area.

To compare the surface chemical compositions between
MCN,;, MCN,, MCNj;, and MCN,, we conducted a thorough
investigation of the types and quantities of functional groups
using XPS. Figure 3a shows the binding energy spectrum of
carbon, oxygen, nitrogen, and sulfur atoms of the samples. The
spectra of all samples show that MCN] consisted of C 1s (285
eV), 0 1s (532 eV), and N 1s (400.0 eV).** MCN, and MCN,
show the presence of C (1s), O (1s), and S (2s, 2p) peaks in
Figure 3a, while MCN, contains the C (1s) and the O (1s),
attributed to the degradation of ammonium thiosulfate. The
total carbon contents in MCN;, MCN,, MCNj3, and MCN,, are
83.22, 89.72, 91, and 84.24% respectively. It suggests that the
carbon content of MCNs is related to the carbonization
temperature. The MCN oxygen contents are 9.7, 7.92, 7.31,
and 13.13%. MCN, has the highest oxygen content, ascribed to
being oxidized by nitric acid. The quantitative analysis of the
sample surface functionalities is shown in Table 2. High-
resolution core spectra of C 1s are shown in Figure 3b—e. The
C 1s band of MCN; included Three peaks centered at 284.7,
285.7, and 288.8 eV, attributed to sp2 carbon, sp3carbon, and
carbonyl groups (O—C=0, N—C=0)), respectively.*"** The
existence of elements O and N to provide extra active sites in
MCN] is essential to enhance the chelating ability of MCN,.*®
The peak at 287.1 eV of MCN, is typical of carbon atoms
bound to one oxygen with a double bond (C=0).***>** By
comparing MCN, and MCN3, the sp>C contents range from
73.12 to 56.7%, indicating that sp2C contents decrease with
increasing carbonization temperature. MCN,, MCNj;, and
MCN, contain oxygen-containing functionalized groups.
Therefore, samples prepared by different methods have varying
carbon and chemical compositions, which can provide a
broader range of active sites for mercury adsorption.

correspond with amorphous carbon’s (002) and (101)
peaks.”* ™" The dyy, values of MCN;, MCN,, MCNj,, and
MCN, are 3.55 3.70, 3.71, and 3.53 A, respectively. The d002
values of all samples are larger than that of graphite (3.35 A),
indicating that they all have an amorphous structure. During
the carbonization process, active groups (from both soft and
hard templates) become mobile, resulting in the formation of
dense aromatic compounds. Additionally, the coking process
generates further carbon under high temperatures. As a
consequence, amorphous carbon within MCNs exhibits
characteristic diffraction patterns due to the presence of
aromatic layers.

2.2. Adsorption Studies. Based on the preferential
adsorption results for MCN;, MCN,, MCNj, and MCN, for
Pb(II), As(1I), Cd(II), Hg(II), and Cu(IL), as shown in Table
S1, MCNss synthesized by different template methods all show
certain selective removal performance for Hg(II), and the
selective removal rate of Hg(I) by MCN] s as high as 92.18%.
Figure S2 illustrates the influence of the adsorbent dosage on
the efficiency of Hg(II) removal. Balancing both removal
efficiency and cost-effectiveness, 5.0 mg was deemed the
optimal dosage for subsequent experiments pertaining to the
adsorption of low-concentration Hg(II). Figure S3 demon-
strates the impact of varying initial concentrations on Hg(II)
adsorption. Considering the significant removal rate achieved,
it was determined that 20 mg-L™' was the optimal
concentration for the Hg(II) solution. To investigate factors
affecting the adsorption performance and mechanism of the
samples, experiments were conducted under controlled
conditions on the following samples (MCN;, MCN,, MCN;,,
and MCN,), using an optimal dosage of 5.0 mg and an initial
Hg(1I) concentration of 20 mg-L™".

2.2.1. Effects of Initial pH on Adsorption. Varying the pH
level of a solution modifies not only the surface charge and
functional groups of the adsorbent but also the existing form of
Hg(II). In particular, when the concentration of Hg(II) in a 20
mL solution is set to 10.0 mg-L™", the pH threshold at which
mercury ions start to precipitate is approximately 9.8.%* The
pH range of this experiment is therefore 2.0—9.0. The removal
efficiencies of Hg(II) on MCN;, MCN,, MCNj, and MCN,
remained consistently high, exceeding 90.0%, across a range of
pH conditions from 2.0 to 9.0, with minimal variations (Figure
5). Due to the oxygen-containing and nitrogen-containing
functional groups in MCN;, MCN, (which contained oxygen-
functional groups such as hydroxyl and carboxyl), and MCN,,
these groups served as active sites for Hg(II) complexation.***
However, the presence of Hg(Il) significantly first increased
and then decreased with increasing pH(pH at 2.0—9.0) for
MCN;, which may be due to the surface —COO of MCNj; and
the change in zeta potential (Figure S5).* It has shown
significant potential to remove Hg(II) from real wastewater
over a wide pH range. Honeysuckle decoction is usually a
traditional Chinese medicine (TCM) or food. Given the
neutral characteristics of the honeysuckle decoction, a pH
value of 7.0 was selected as the most effective condition for the
removal of Hg(II) from the herbal mixture.

2.2.2. Adsorption Kinetics. The adsorption kinetics of
MCNss are described by the pseudo-first-order (eq 1), and the
pseudo-second-order (eq 2)."*
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Figure 3. Overall XPS scan of the MCN,, MCN,, MCNj, and MCN,

(a), C-1s peak analysis of MCN, (b), MCN, (c), MCN; (d) and MCN, (e).
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The pseudo-first-order rate constant is designated as
k;(min~'), while the pseudo-second-order sorption rate
constant is represented by k, (g-(mgmin)™"). At a specific

time t (min), the adsorbed quantity of mercury ions is denoted
as Q (mgg™"), and the equilibrium sorption capacity is
referred to as Q. (mg-g™"). Notably, in this work, MCNs were
considered to be spherical in shape. Detailed results derived
from the application of kinetic models to the experimental data
are presented in Figure 6 and Table 3.

As indicated in Table 3, the four pseudo-second-order
kinetic models exhibited correlation coefficients of R? exceed-

44934 https://doi.org/10.1021/acsomega.4c03269
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Table 2. Contents of MCNs Obtained from the Fitting
Results of the C 1s Spectrum

atomic ratio

binding energy

samples  peaks (eV) oxygen form (%)
MCN, 1 284.7 sp”C 54.68
2 285.7 C-H/C-0/C-N 39.70
3 288.8 0-C=0, 5.32
N-C=0

MCN, 1 284.8 sp”C 73.12
2 285.8 C-H/C-0 16.26
3 287.1 c=0 10.62
MCN; 1 284.8 sp”C 56.70
2 285.3 C-H/C-0 29.04
3 2864 c-0 14.25
MCN, 1 284.8 sp’C 59.36
2 285.5 C-H/C-0 35.34
3 2874 c=0 5.29

C(100)
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Figure 4. XRD patterns of MCN;, MCN,, MCNj, and MCN,,.

100 - -
1 M 4 _ ‘\v
80 o /_\/

)
-
Q
5 60
2
=)
[
I
Z 40
5
- MCNI
20 MCN
—A—MCN,
—¥—MCN,
0 T T T T T T T v T v
1 2 3 4 5 6 7 8 9 10

pH

Figure S. Removal rate of MCNx for mercury ions at different pH
values.

ing 0.999, surpassing those of the pseudo-first-order models.
Furthermore, the Q. values calculated using the pseudo-
second-order equation aligned more closely with the actual
adsorption quantities, suggesting that the Hg(II) adsorption
mechanisms of MCNs may be more accurately described by

the pseudo-second-order kinetic models. This provides
evidence that the adsorption process is primarily influenced
by chemisorption.” The kinetic constant (k,) of MCN; and
MCN, is calculated to be near 0.30 g-(mg- min)~’, due to the
rational design of the hierarchical structure.’

2.2.3. Adsorption Isotherm. 5.0 mg of MCNs was diluted to
20 mL of different concentrations in this study (0.01, 0.13,
0.16, 0.19, 0.22, 0.30, and 0.40 mg-L_l) in Hg(II) for
adsorption experiments. Adsorption results are shown in
Figure S4. To explore the adsorption mechanism of Hg(II)
onto MCNs, both the Freundlich (eq 3) and Langmuir
adsorption models (eq 4)** were employed for equilibrium
data analysis.

Q. Q. Q. 3)

1
In =—=InC. +InK
GGt @)

In analyzing the adsorption mechanism of Hg(II) onto
MCNs, we utilized the Freundlich and Langmuir adsorption
models. Here, C.(mg-L™") signifies the equilibrium concen-
tration of Hg(Il), while Q.(mg-g™') represents the adsorbed
amount of Hg(II) at equilibrium. Q. (mg-g™') denotes the
maximum adsorption capacity of MCNX, and K| (L'mg™") is a
Langmuir constant reflecting the surface adsorption energy. Ky
(mg-g™")(L-mg™)"", on the other hand, represents the
Freundlich constants associated with sorption capacity, and n
indicates the sorption intensity. For a detailed view of the
fitting curve and parameters, refer to Figure 7 and Table 4.

As is evident from Table 4, the Freundlich isotherm model
provides a more accurate description of Hg(II) adsorption by
MCNs when comparing the correlation coefficients (R*) of
both models. However, Freundlich models offer a superior
simulation of trace metal adsorption on all MCNs, suggesting a
unimolecular layer adsorption mechanism during the adsorp-
tion process of MCNs.*® The Freundlich constant (1)
exceeded 1 for MCN;, MCN,, and MCN,, suggesting that
the adsorption of Hg(II) onto MCN,, MCN,, and MCN, was
favorable and preferential.”® Further evidence supports the
occurrence of chemical adsorption.

2.3. Performances In Situ Removal of Mercury in
Honeysuckle. In this study, we measured the Hg(II)
concentration in honeysuckle samples obtained from the
laboratory. Our findings revealed the presence of a trace
amount of mercury, with a concentration ranging from
approximately 0.005—0.013 mgkg™". Therefore, under the
optimal conditions, MCNs were used for in situ adsorption of
Hg(II) of honeysuckle water decoction, and the results are
demonstrated in Figure 8. As observed in Figure 8, the in situ
Hg(II) removal efficiencies of MCN,;, MCN,, MCNj;, and
MCN, were 80, 56, 38, and 57%, respectively. Compared to
the Hg(II) solution, MCNs exhibit lower removal efficiency for
in situ Hg(Il) from honeysuckle water decoctions. This
suggests that the decoction itself contains components that
occupy the active adsorption sites on mesoporous carbon.
Additionally, the ultralow concentration of Hg(II) and limited
contact sites may contribute to the difficulty in adsorption,
resulting in reduced adsorption efliciency. Notably, MCN,
demonstrates a higher removal efficiency compared to those of
MCN,, MCNj;, and MCN,, potentially due to its increased
number of adsorption sites or chelating groups.
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Figure 6. Line kinetic plot for the Hg(II) adsorption via the pseudo-first-order model and the pseudo-second-order model for MCNs: (a) pseudo-

first-order model; (b) pseudo-second-order model.

Table 3. Kinetic Parameters of the Pseudo-Second-Order and the Pseudo-First-Order Models of MCNs for Hg(II)

pseudo-first-order

pseudo-second-order

kinetic models Goesp (mg/g) Q. (mg/g) K, (1/min) R? q. (mg/g) K, (g/(mg-min)) R?
MCN, 0.5094 0.0023 6.058 0.1599 0.5088 0.3034 0.99999
MCN, 0.5169 0.0163 4.1168 0.0672 0.5052 0.3499 0.99999
MCN;3 0.4730 0.0363 3.3159 0.7493 0.4749 9.0147 0.99996
MCN, 0.5002 0.0046 5.37612 0.1473 0.4907 2.3255 0.99976
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Figure 7. Langmuir and Freundich isotherm Equation simulation curve of MCNs: (a) Langmuir and (b) Freundich.
Table 4. Parameters for the Langmuir and the Freundlich models of MCN;, MCN,, MCNj, and MCN, for Hg(II)
Langmuir model Freundlich model
samples Qunax (mg/g) Ky (L/mg) R? Kg (mg/g) (L/mg)*/® n R?
MCN, 411.5226 0.000011 0.1764 50.0830 1.2529 0.9704
MCN, 2.4450 0.0060 0.7708 20.2056 12316 0.9729
MCN; —11.7096 0.0016 0.1842 115.3972 0.8753 0.9058
MCN, 2.7581 0.0046 0.8572 25.0642 1.2091 0.9960

2.4. Analysis of Chlorogenic Acid Content of HPLC
Index Medicinal Component. In the “Pharmacopoeia of the
People’s Republic of China” (2020 edition), chlorogenic acid
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is listed as one of the indexes containing the honeysuckle
extract. To evaluate the impact of mesoporous carbon on
chlorogenic acid in honeysuckle water decoctions during
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Figure 8. Removal efficiency of mesoporous carbon against in situ
Hg(1I) from Honeysuckle water decoction.

Hg(II) removal, we undertook a comparative analysis of the
chlorogenic acid peak areas. In this study, the peak areas of
chlorogenic acid were compared among standard solutions,
untreated lonicerae decoction, and aqueous decoction treated
with mesoporous carbon MCNs to determine the difference in
the peak areas of chlorogenic acid, which is a medicinal
component. A summary of the results can be found in Figure 9
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Figure 9. HPLC diagrams: (a) chlorogenic acid standard, (b)
honeysuckle water decoction, (c) honeysuckle water decoction after
Hg(II) removal by MCN,, (d) honeysuckle water decoction after
Hg(II) removal by MCN,, (e) honeysuckle water decoction after
Hg(1I) removal by MCN3, and (f) honeysuckle water decoction after
Hg(II) removal by MCN,.

The retention time of chlorogenic acid in the standard solution
(a) was 10.044 min, and the retention time of chlorogenic acid
in the honeysuckle water decoction (b) was 9.968 min. The
retention times of chlorogenic acid in the honeysuckle water
decoctions after Hg(1I) removal from MCN; (c), MCN, (d),
MCN; (e), and MCN, (f) were 9.984, 10.023, 10.072, and
9.978 min, respectively.

The peak areas of chlorogenic acid were 22282.5, 22326.2,
23186.8, 23203.4, and 22581.1 mAu-min. The peak area and
retention time of the chlorogenic acid were nearly identical.
The relative standard deviation of peak area (RSD%) was 1.78.

Based on these findings, it can be concluded that mesoporous
carbon MCNs have a minimal impact on the adsorption of
chlorogenic acid.

2.5. Adsorption Mechanism. Since MCN,, MCNj;, and
MCN; have roughly equivalent adsorption rates for Hg(II) in
honeysuckle decoction, MCN,; and MCN, were selected for
adsorption mechanism studies. The adsorption mechanism of
Hg(II) by MCNs was investigated by using XPS. XPS survey
spectra (Figure 10a) revealed that new peaks associated with
Hg 4f core-level signals appeared for both MCN, and MCN,
after Hg(II) adsorption. As evident from the high-resolution
figure of Hg (Figure 10b,c), the intensity of the Hg 4f5/2 peak
at 101.71 eV after adsorption with MCN, is substantially
higher than that of MCN,, indicating that MCN; has a
stronger adsorption capacity for Hg(II). Based on the XPS
results, MCN; exhibits a strong affinity for Hg(II) complexes,
which can be explained by its excellent Hg(II) complexation
ability. These data confirm that Hg(Il) was successfully
immobilized on MCN, through adsorption.

3. CONCLUSIONS

In conclusion, a range of oxygen- and nitrogen-containing
functional mesoporous carbons have been synthesized through
the pyrolysis of various carbon sources. Specifically, meso-
porous carbon with N-functionality (MCN,) was successfully
synthesized using melamine as the carbon and nitrogen source,
with the triblock copolymer F127 serving as the soft template
agent. Additionally, oxygen-functional mesoporous carbon
materials (MCNs) were effectively synthesized using sucrose
as the carbon source and subsequently oxidized with
concentrated nitric acid. Results show that MCN,;, MCN,,
MCN3;, and MCN, have a micro- and mesoporous structure on
the surface and inside. MCN| exhibited a specific surface area
of 648.372 m”-g~". The specific surface areas of MCN,, MCN;,
and MCN, respectively correspond to 1197.054, 1403.363,
and 1517.485 m>g~". The approximate Dgjy of MCN; and
MCN, is around 3.3 nm. All of the materials are present in the
form of amorphous carbon.

Analysis of adsorption experiments demonstrated that
MCN;, has the highest removal efficiency of 80% for trace
mercury(Hg) in honeysuckle decoction, exceeding the highest
removal efficiency achieved in previous studies by 14% (Table
5).** MCN, and MCN, have similar removal efficiencies of 56
and 57% for trace mercury in honeysuckle decoction.
Adsorption mechanism results show that the removal efficiency
of trace mercury benefits from chelation interactions between
Hg(Il) and nitrogen binding, as well as the ion diffusion
channel in the mesoporous pore. Such superior features of
MCN, make it a very good candidate for deep removal of
Hg(II) from honeysuckle decoction in practical applications.
This work presents a new approach to an effective adsorbent
for removing trace mercury(Hg) in complex Chinese herbal
medicine decoctions.

4. MATERIALS AND METHODS

4.1. Materials. Formaldehyde(37 wt %), phenol, hydro-
chloric acid, nitric acid, melamine, and ammonium thiosulfate
were purchased from Shanghai Energy Chemical Co., Ltd.
(China). Pluronic acid F127 was obtained from Sigma-Aldrich
Co.,, Ltd. Nano magnesium oxide was purchased from
Shanghai Macklin Biochemical Co., Ltd. (China). The
chlorogenic acid standard was bought from Beijing Solarbio

https://doi.org/10.1021/acsomega.4c03269
ACS Omega 2024, 9, 44931-44941


https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03269?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(a)
Cls
3 ols e
C Hg 4f " N
g 2 r‘. . 5
£ ’ MCN,
=
1s
MCN
)‘lg af R VPRI VS =P
MCN
’ T T T T T T
0 200 400 600 800 1000 1200
Binding Energy (eV)
(b)MCN, . Hg 4f (©OMCN, , Hg 41
Hg 41712 o
(101.71eV) r g
N (10L71eV) g
3 - \,
d 3
£ s
? Hg 4£5/2 Z
s (105.07¢V) g Hg 41512
= = (105.07eV)
’;Y
’I

T T
9% 99 102 105 108
Binding Enery(eV)

9 ‘;9 I('12 I(l)S I(Ilﬂ
Binding Enery(eV)

Figure 10. Overall XPS scan of the MCN,;, MCN,_,4, MCN,, and MCN,_ (a), Hg 4f peak analysis of MCN_4 (b) and MCN,_4 (c).

Table 5. Comparison of Removal Rates of Hg(II) In Situ
from Aqueous Decoction of Honeysuckle

samples removal (%)
MCN, 80
pC-2% 66

Technology Co. Ltd., China. The content of mercury (0.009—
0.011 mgkg™") in Honeysuckle was tested by the Guizhou
Institute of Products Quality Inspection & Testing, Guiyang,
China. The detection of Honeysuckle mercury content has
been explained in detail elsewhere.”* A mercury standard
solution(1000 pg-mL™") was purchased from the National
Nonferrous Metal and Electronic Materials Analysis and
Testing Center, China.

4.2, Fabrication and Characterization of MCNy. In this
study, the MCNy was obtained from the simple pyrolysis
process described in a previous study.”* This work builds on
our prior research to tailor mesoporous carbon in order to
better control the final structure of the mesoporous carbon,
thereby enhancing the removability of trace mercury from
Honeysuckle water decoction. The optimal fabrication
methods are as follows.

4.2.1. Fabrication of MCN;. A 1.798 g portion of melamine,
2.1 mL of 37% formaldehyde solution, and 15.0 mL of
deionized water were mixed at 80 °C in a flask. Separately, a
solution was prepared by combining 0.6 g of phenol, 2.1 mL of
a 37% formaldehyde solution, and 15.0 mL of sodium
hydroxide. This mixture was stirred for 30 min at 66 °C.
Pluronic F127 was dissolved in 15.0 mL of deionized water and
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gradually added to the previous mixture after stirring for 2 h at
66 °C. Subsequently, 15.0 mL of deionized water was added to
the combined solution. It was observed that the reaction
mixture turned cloudy and formed precipitates after approx-
imately 20 h, at which point the experiment was terminated.
Subsequently, the solution was placed in a hydrothermal
reactor and heated to 130 °C for 24 h, followed by cooling to
room temperature. The upper solid layer was then calcined at
800 °C for 3 h with a heating rate of 5 °C/min under a
nitrogen flow. Finally, the sample was washed with distilled
water, neutralized, and dried (Figure S1). This prepared
sample is designated as MCN,.

4.2.2. Fabrication of MCNx. Sucrose and concentrated
nitric acid are evenly mixed in a specific ratio and placed for
about 2—3 days, then heated to 160 °C for 2—3 h, cooled to
room temperature, and ground, and a carbonaceous precursor
is obtained. The carbonaceous precursor was then mixed with
1/2 sucrose, ammonium sulfate, and nanomagnesium oxide.
After the mixture was thoroughly mixed, it was carbonized
under a nitrogen atmosphere for 2 h at 800 °C at a rate of 5
°C-min~% Finally, the sample was washed with distilled water
and dried. The obtained sample was denoted as MCN,. With
other conditions unchanged, the calcination temperature was
increased from 800 to 900 °C for 2 h to further remove the
template agent, and the prepared material was named MCNj.
Keeping other conditions kept unchanged, MCN, was refluxed
in an ethanol-hydrochloric acid solution and oxidized by nitric
acid to obtain MCN,.

4.3. Characterization. Mesoporous carbon morphologies
were examined using scanning electron microscopy (SEM,
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Zeiss-Sigma300, Zeiss, Germany) and transmission electron
microscopy (TEM, Axio Scope Al A, Zeiss, Germany). The
chemical constitution of mesoporous carbon was analyzed by
an X-ray photoelectron spectrometer (XPS, ESCALAB Xi',
Thermo Scientific, USA). The surface potential of mesoporous
carbon was analyzed by a zeta potential analyzer (NanoBrook
90plus PALS). The specific surface area and pore structure of
samples were identified by specific surface area and porosity
analyzer (JW-BK122W, Beijing, China), which were deter-
mined by the Brunauer—Emmett—Teller method using
nitrogen as the adsorbate at 77 K. The crystallography of
mesoporous carbon was conducted by X-ray diffraction (XRD,
X’Pert Powder, Panalytical, Netherlands) with Cu Ko radiation
(4 = 0.15406 nm).

4.4. Adsorption Studies. Hg(II) adsorption experiments
were performed at various pHs, adsorption times, and
temperatures using different concentrations of Hg(II) and
the adsorbent. Prior to the analysis of residual heavy metal
concentrations, all samples were filtered with 0.22 um
membrane filters. The Hg(II) concentrations were measured
using an inductively coupled plasma mass spectrometer(ICP-
MS, iCAP6300MFC, Thermo Fisher, USA). The removal
efficiency (E) of Hg(II) is calculated as follows™*:

E(%) = Co=C) o 100

Cy (%)

where C, (mg-L™') and C.(mgL™") are the initial concen-
tration and adsorption equilibrium concentration of Hg(II),
respectively.

Hg (II) equilibrium adsorption amount is calculated as

follows™*?:

(Co - Ce)

Q=LY ©
where Q.(mg-g™") is the equilibrium adsorption capacity of
Hg(II); Cy (mg-L™") is the initial concentration of Hg(II); C,
(mg'L™") is the adsorption equilibrium concentration of
Hg(II); and V (mL) and m (g) are the object volume of
Hg(II) and the amount of adsorbent. Adsorption kinetics,
thermodynamics, and isotherms were all studied under optimal
conditions.

4.5. Removal of Hg(ll) from Honeysuckle Water
Decoction. This process has been well documented in our
previous work.”* The honeysuckle powder (1.00 g) was diluted
in deionized water and extracted for 30 min. After filtering,
deionized water was added to confirm the concentration and to
clarify the water decoction. Subsequently, 5.00 mg of MCNs
were introduced into 20 mL of honeysuckle water decoction
and agitated at 30 °C for 30 min while maintaining all other
conditions constant. The resulting mixtures were then
separated, and the samples were analyzed by using ICP-MS
to determine the removal efficiency. All of the experiments
were performed at least three times.

4.6. Effect of MCNs on the Pharmacodynamic
Component of Honeysuckle Decoction. MCNs were
blended with honeysuckle decoction for 30 min at 30 °C.
Subsequently, the mixtures were filtered and submitted for
high-performance liquid chromatography (HPLC) analysis.
HPLC (Agilent 1260, USA) was employed to assess the impact
of MCNs on the active ingredient, chlorogenic acid, in
honeysuckle. The chlorogenic acid standard was dissolved in
50% methanol to prepare standards (0.0535 mg:-mL™"). The

chromatographic conditions were set as follows: a ZORBAX
SB-C18 column (4.6 X 250 mm, 5 um) was used, maintained
at room temperature. The mobile phase consisted of
acetonitrile and 0.5% glacial acetic acid with a flow rate of
1.0 mL-min~" and a detection wavelength of 326 nm.
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