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ABSTRACT: A mesoporous carbon (PC-2) obtained by using
sucrose as a carbon source and urea as a nitrogen source has been
used to remove trace mercury (Hg) from honeysuckle water
decoction with high efficiency. The morphology, chemical
composition, and pore structure of PC-2 have been characterized
by scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FT-IR), and Brunauer−Emmett−Teller
(BET). The results show that the specific surface area of PC-2
with the −NH2 functional is 1077.44 m2·g−1, and the mesoporous
pore size is mainly around 2.8 nm. The investigation of the
relationship between the adsorption performance and the structure
of PC-2 indicates that the pore size and the chemical composition
of carbons are significantly correlated with adsorption performance
of mercury in water and honeysuckle water decoction. PC-2 has high efficiency approximated 100% for mercury from aqueous
solutions. The pseudo-second-order kinetic model and the Freundlich model could better fit the adsorption process of Hg(II) onto
PC-2. The process was dominated by chemical adsorption. Meanwhile, the adsorption behavior and the influence on the medicinal
components (chlorogenic acid) of mercury removal in honeysuckle water decoction were determined by high performance liquid
chromatography (HPLC). Results suggest that PC-2 has high efficiency approximated 66% for mercury from honeysuckle water
decoction under optimal adsorption conditions, without affecting its active ingredients (chlorogenic acid). Therefore, PC-2 can
potentially be used for adsorption of mercury in honeysuckle water decoction.

1. INTRODUCTION
Traditional chinese medicine (TCM) has been widely applied
to prevent and cure diseases. However, the presence of heavy
metals in Chinese herbs seriously prohibits the widespread use
of TCM, due to its high toxicity persistence, bioaccumulation,
and long distance transmission.1−3 Mercury is considered as
one of the most toxic heavy metals, when the cumulative
content of mercury in the blood exceeds 200 g·L−1; it may
directly damage the human central nervous system, resulting in
hearing impairment, loss of speech, tetraplegia, and even
dementia.4 Therefore, trace heavy metal in TCM is dangerous
to human health. In recent years, there have been many
research studies focusing on the removal of heavy metals in
simulated Chinese herbal medicines (CHMs), while less
attention has been paid to the in situ removal of trace heavy
metals from CHMs.5−7 Therefore, it is of great importance to
develop a highly active method for in situ removal of heavy
metals from herbal water decoction.

Honeysuckle, a traditional CHM, has various pharmaco-
logical activities such as antibacterial, antiviral, and immunity
enhancing. It is extensively used for the treatment of sore
throat, anemofrigid cold, and so on.8,9 Chlorogenic acid, one of
the main active components of honeysuckle, has significant

biological activities such as anti-inflammation, antioxidant, and
anti-tumor.10−12 Chinese Pharmacopoeia stipulates that its
content is one of the most important indicators for quality
control of honeysuckle. Guo et al.13 have studied the content
of four heavy metals (Pb, As, Hg, and Cd) in different
categories of Chinese herbs, indicating that heavy metal
content in honeysuckle was without the limitation of quantity.
Consequently, the regulation of heavy metals from honey-
suckle before its application in the clinic helps to ensure the
safety of medication. At present, methods of removing heavy
metals in simulated CHMs mainly include flocculation
precipitation,14 adsorption method,15 molecular sieve,16 micro-
organism method,17 nanotechnology, and molecular/ion
imprinting technology.18−20 Adsorption has a social and
economy of advantage over other methods, ascribable to its
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high efficiency, economy, and high feasibility. Adsorbents for
removing heavy metals from CHMs are mainly chelating resin,
γ-mercaptopropyl/allylthiourea silica gel,21,22 chitosan,23 acti-
vated carbon,24 and bionic materials.25 High absorption
efficiency of heavy metals in CHMs is caused by intermolecular
chemical bonding, van der Waals forces, or material capture
ability to adsorb heavy metal ions. The key to high absorption
efficiency of heavy metals in CHMs is to remove heavy metals,
while ensuring that the amount of active ingredients is not
reduced. Although these methods focus upon the changes of
the components of CHMs in the removal of heavy metals,
studies have seldom been carried out on the effects of trace
heavy metals in CHMs on the quality control of TCM and
human health.

Mesoporous carbon has been attracting a lot of interest in
removing heavy metals from wastewater due to its large specific
surface area, feasible pore, modifiable surface active spots, good
hydrothermal stability, and so on.26,27 Lian et al.28 applied
mesoporous carbon to the removal of heavy metals from water,
which showed a high adsorption performance. However, herbal
water decoction is a heterogeneous mixture of pharmacody-
namic components. The existing mesoporous carbon is not
sufficient as adsorbent for trace heavy metals from herbal water
decoction. In addition, the existence of micro-trace heavy
metals in Chinese herbal medicines are difficult to degrade and
threaten human health.29,30 Therefore, it is essential to develop
a proper treatment of trace heavy metals from herbal water
decoction, without affecting the active components. The goal
of this study is to establish the mesoporous carbon for effective
removal of trace mercury from honeysuckle water decoction
and maintain the concentration of active components of
honeysuckle. The mechanism of adsorption of mercury on the
obtained mesoporous carbon is explained by adsorption
kinetics and adsorption isotherm model.

2. RESULTS AND DISCUSSION
2.1. Characterization of Prepared Mesoporous Car-

bons. Figures 1a−d and 2 show the micromorphology of PC-1
and PC-2. As shown in Figure 1a, the micromorphology of PC-
1 is petal-like lamellae and with a large number of pores. The
TEM image (Figure 2) confirms that there are many micro

pores for PC-1. It can be seen from Figure 1c,d that there are
lots of irregular pores on the surface of PC-2 carbon particles,
and more and more uniform holes are distributed on the
carbon particles. This proves that PC-1 and PC-2 have
different pore structures that have been fabricated by different
methods.

The chemical compositions of PC-1 and PC-2 are analyzed
by FT-IR and XPS. Figure 3 shows the FT-IR spectra of PC-1

and PC-2. It can be observed from Figure 3 that the adsorption
peaks of PC-1 mainly appeared near 3714, 2822, 2057 and
1885, 1691 and 1521, 1244, and 661 cm−1, which were
attributed to the O−H vibration, CH3 vibration, C�O
vibration, benzene skeletal vibration, C−O−C/C−C stretch-
ing vibration, and C−H bending vibration, respectively.31,32

PC-2 shows major adsorption peaks at 3869 and 3718, 3248,
2090 and 1701, 1543, 1369 and 1228, and 654 cm−1,
corresponding to the stretching vibration of the N−H, O−H,
C�O, N−H bending vibration/C�C stretching vibration,
and stretching vibration of the C−N and C−H bending
vibrations, respectively.33−35 The FT-IR spectra of PC-2 show
two absorption peaks N−H and C−N compared to PC-1. This
also proves that the addition of urea enables nitrogen doping
on the surface of mesoporous carbon (PC-2).

The types and contents of the functional groups are
investigated via XPS to confirm the difference of chemical
composition in the PC-1 and PC-2. Figure 4a,c shows the
binding energy spectra of PC-1 and PC-2, respectively. The
results show that PC-1 consisted of intense C 1s (284.7 eV)
and O 1s (532.3 eV), while PC-2 contained three peaks of C
1s (284.7 eV), N 1s (400.0 eV), and O 1s (532.3 eV). The
high-resolution C 1s XPS spectra of PC-1 and PC-2 are
compared in Figure 4b,d. The C ls peaks36 for PC-1 in Figure
4b corresponded to the C�C/C−C (284.79 eV), C−H
(285.69 eV), C−O (285.86 eV), O−C�O (289.61 eV), andFigure 1. SEM images: (a,b) PC-1 and (c,d) PC-2.

Figure 2. TEM images: (a,b) PC-1.

Figure 3. FT-IR spectra.
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C�C/C−C and C−O bond, which were dominated by the
51.48 and 25.33% content; the O−H peak at 532.8 eV
accounted for 9.85% for PC-1. The C ls peaks for PC-2 shown
in Figure 4d corresponded to C�C/C−C (284.81 eV), O−
C�O (288.08 eV), C−O/C−O−C (286.19 eV), and C�C/
C−C and O−C�O bond, which were dominated by the 51.48
and 25.33% content; the O−H peak at 532.4 eV accounted for
15.18%. The combined FT-IR and XPS analysis suggests that
PC-1 mainly contains functional groups of O−H and COOH,
and PC-2 is with functional groups such as O−H, COOH, and
NH2. Moreover, PC-2 has a richer functional group structure
than PC-1 and is rich in −NH2, which can provide more active
sites for mercury adsorption.

The pore structures of PC-1 and PC-2 are further
investigated by the N2 adsorption−desorption isotherm. It
can be seen in Figure 5a that the isotherm of PC-1 was a

typical type I isotherm.37 As seen in Figure 5a, the absorbed
volume of N2 showed a rapid increase at P/P0 below to 0.1,
indicating that a large number of microporous structures are
present in the PC-1. However, the isotherm of PC-1 became
very slow at P/P0 close to 0.2−0.8, indicating that PC-1
consists of few mesoporous features. The pores are primary
distributed near 1.2 nm and small 2.2 nm mesopores in PC-1,
as observed in Figure 5b. The isotherm (Figure 5a) of PC-2
exhibited a typical type IV based on IUPAC classification,38

and PC-2 represented a hysteresis loop similar to that of H2
(b) at P/P0 near to 0.4−0.9, manifesting that PC-2 consists of
dominant mesoporous pores. The pore size distribution (seen
in Figure 5b) shows that the pore size of PC-2 was mainly
distributed near 2.8 nm, which confirms the existence of
mesoporous pores. The results suggest that PC-1 is mainly
composed of micropores and few mesopores; PC-2 is mainly

Figure 4. (a) XPS survey-scan spectra for PC-1; (b) C 1s XPS spectra for PC-1; (c) XPS survey-scan spectra for PC-2; (d) C 1s XPS spectra for
PC-2.

Figure 5. N2 adsorption−desorption isotherms (a) and pore size distribution curves (b) of PC-1 and PC-2.
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composed of mesopores and some micropores, which is in full
agreement with the results of TEM and SEM analysis.
2.2. Study on the Adsorption Properties of Meso-

porous Carbon. 2.2.1. Effects of Dosages on Adsorption.
The effect of the adsorbent dose on the removal efficiency of
Hg are evaluated in Figure 6. The removal efficiencies of the
PC-1 and PC-2 increased from the initial dose of 5 mg/20 mL
to a dose of 20 mg/20 mL (10 mg·L−1 Hg), with 24 h of the
adsorption time and a temperature of 30 °C. Figure 6a,b shows
that the removal rate of Hg by PC-1 and PC-2 increased
gradually with the gradual rise of PC-1 and PC-2 dosage, which
may be due to the greater concentration gradient of the surface
active adsorption sites on the PC-1 and PC-2. However,
compared with PC-1, PC-2 exhibited a higher removal rate,
which is because PC-2 has a higher specific surface area and
pore volume (Table 1) and richer functional group structure

(Figure 3), promoting the driving force for mass transfer
process. Considering the removal rate and economy, 5 mg was
chosen as the optimal dose for subsequent low-concentration
Hg adsorption experiments.
2.2.2. Effects of Initial Concentration on Adsorption. The

effect of different initial concentrations on the Hg adsorption is

presented in Figure 7 (5 mg of adsorbent amount, Hg (II)
initial concentration of 0.01, 0.13, 0.16, 0.19, 0.22, 0.30, and
0.40 mg·L−1). As seen from Figure 7a,b, the removal rate of Hg
by samples PC-1 and PC-2 with the increase of the initial
concentration of Hg showed a general trend of increasing first
and then leveling off, and the removal rate could reach a high
level at the beginning, because PC-1 and PC-2 have numerous
active adsorption sites necessary for the adsorption of Hg at
the beginning, and the content of Hg in the solution is less.
This may be due to the fact that at the beginning, PC-1 and
PC-2 have a large number of active adsorption sites necessary
for Hg adsorption and less content of Hg in the solution, so
the removal rate is high. Afterward, with the further increase of
Hg concentration, the removal rate of PC-1 and PC-2
remained basically unchanged, which may be due to the fact
that with the increase of Hg concentration, the active
adsorption sites on the surface of the material are gradually
occupied, the concentration difference between inside and
outside the adsorbent decreases, and the adsorption gradually
slows down and finally reaches saturation.39 Therefore, given
the high removal rate, the concentration of the optimal Hg
solution was 0.22 mg·L−1.
2.2.3. Effects of Initial pH on Adsorption. The pH of the

solution affects not only the existing form of Hg in the
solution, but also the form of surface charge and functional
groups of the material in the solution. The mercury ion
concentration is 0.22 mg·L−1 (20 mL), and the pH value at
which the mercury ion begins to precipitate at this
concentration is around 9.8. As a result, this experiment’s
pH range is designated as 2−9. Figure 8a shows that the

Figure 6. Removal rate of heavy metal Hg(II) of different amounts of PC-1 (a) and PC-2 (b).

Table 1. Structural Parameters of Mesoporous Carbon

samples
SBET

(m2·g−1)
Vtotal

(cm3·g−1)
Vmic

(cm3·g−1)
Vmeso

(cm3·g−1)
DBJH
(nm)

PC-1 656.03 0.376 0.3258 0.0502 2.290
PC-2 1077.44 0.802 0.4661 0.3359 2.977

Figure 7. Removal efficiency for different concentrations of mercury ions: (a) PC-1 and (b) PC-2.
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adsorption rate of Hg by PC-1 tended to be flat as the pH
fluctuated from 2 to 8.5 and the removal rate decreased rapidly
when pH > 8.5, which could be because as the pH rose, Hg
could form mercury hydroxide precipitates attached to the
surface of the material, obstructing the removal of Hg by PC-1
or the oxygen-containing functional groups (hydroxyl,
carboxyl) in PC-1.40Figure 8a shows that the removal rate of
Hg by sample PC-2 was lower at lower pH and gradually
increased when pH > 5, which may be due to the surface
−COO− and −NH2 of PC-2 being protonated at lower pH
and the adsorbent being positively charged, which hindered
interaction with the also positively charged Hg2+, resulting in a
low removal rate, and when pH was higher, more OH, COOH,
and NH3+ deprotonated and adsorbent tended to be more
negatively charged, which favored the interaction with
positively charged Hg2+, resulting in an increased removal
rate.41,42 To summarize, PC-1 is within the examined pH
range, with an ideal initial pH of 4−8.5, and PC-2 is also within
the investigated pH range, with an optimal initial pH of 7.5−9.
This study investigated the following variables at pH 7 and 8.5
to permit additional analysis and exploration.
2.2.4. Effects of Different Contact Times on Adsorption.

The adsorption time is one of the main factors to measure the
adsorption efficiency. The experimental conditions are as
follows: 0.22 mg·L−1 of mercury ion concentration; 30, 60, 90,
120, 180, 240, 420, 600, and 960 min of adsorption times. The
experimental results are shown in Figure 9. Figure 9a,b shows
that with the gradual increase of time, the removal rate of Hg
by samples PC-1 and PC-2 showed a trend of rising at first and
then gradually decreasing until the adsorption equilibrium.
However, the removal rate of Hg by PC-1 basically remained

unchanged from 420 min, while the adsorption of Hg by PC-2
basically reached equilibrium at about 30 min, and the removal
rate remained unchanged. Obviously, PC-2 has a faster
adsorption rate and a higher removal rate, which may be due
to the rich micro-mesoporous structure of PC-2 compared
with PC-1. It is conducive to the rapid entry of mercury into
the pores to occupy more adsorption sites, and hydroxyl
groups on the surface, carboxyl, and amino groups are the
binding sites of heavy metals,43 which can undergo ion
exchange or complexation with mercury, thereby shortening
the adsorption equilibrium time and improving the removal
rate. In summary, considering the change trend of removal
rate, the optimal adsorption times of PC-1 and PC-2 were 420
and 30 min, respectively.

To further investigate the adsorption process of Hg by PC-1
and PC-2, the pseudo-first-order and the pseudo-second-order
models were used to describe the adsorption kinetics of PC-1
and PC-2.

q q

q K t

Pseudo first order equation: log( )

log /2.303
te

e 1= (1)

t q q k t qPseudo second order equation: / 1/ /t e
2

2 e= +
(2)

where k1 (1/min) and k2 (g/(mg min)) were the pseudo-first-
order and the pseudo-second-order rate constants of sorption,
respectively. qt (mg/g) and qe (mg/g) were the amount of
adsorbed mercury ions at time t (h) and the equilibrium
sorption capacity, respectively. The kinetic models were

Figure 8. Removal rate of mercury ions at different solutions of pH value: (a) PC-1 and (b) PC-2.

Figure 9. Removal rate of mercury ions at different times: (a) PC-1 and (b) PC-2.
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applied to fit the experimental data; see Figure 10 and Table 2
for detailed results.

Table 2 shows that the correlation coefficients R2 of the
pseudo-second-order models for both samples were above 0.99
and greater than those of their pseudo-first-order kinetic
models. Moreover, the theoretical adsorption amounts (qe)
calculated from the pseudo-second-order equation were closer
to the actual adsorption amounts, indicating that the Hg
adsorption processes of PC-1 and PC-2 could be better
described by the pseudo-second-order kinetic models, which

also implies that the adsorption rates of both were mainly
dominated by chemisorption.44

2.2.5. Effects of Temperatures on Adsorption. This work is
designed to add 5 mg of PC-1 or PC-2 to 20 mL of different
concentrations (0.01, 0.13, 0.16, 0.19, 0.22, 0.30, and 0.40 mg·
L−1) in Hg solution for adsorption experiments. The results are
shown in Figure 11. From Figure 11a, it can be seen that the
mercury removal rate of PC-1 showed a general trend of rising
and then decreasing with the increase of temperature, and the
removal rate of Hg by PC-1 was generally higher at 30 °C, but

Figure 10. Line kinetic plot for the Hg adsorption via the pseudo-first-order model and the pseudo-second-order model for PC-1 and PC-2: (a,b)
PC-1 and (c,d) PC-2.

Table 2. Kinetic Parameters of the Pseudo-Second-Order and the Pseudo-First-Order Models of PC-1 and PC-2 for Hg

pseudo-first-order pseudo-second-order

kinetic models qe,exp(mg/g) qe(mg/g) K1(1/min) R2 qe(mg/g) K2(g/(mg·min)) R2

PC-1 0.5272 0.3342 0.0069 0.9633 0.5645 0.0292 0.9962
PC-2 0.7262 0.0001 2.3072 0.3918 0.7227 −2.1415 0.9999

Figure 11. Removal rate of mercury ions at different temperatures: (a) PC-1 and (b) PC-2.
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the higher the temperature was, the lower was the removal rate.
This suggests that increase of temperature had an effect on the
stability of mercury, thereby affecting the removal rate. In
Figure 11b, with the increasing temperature, the removal rate
of Hg at different concentrations of PC-2 did not change
significantly, and the removal rate was almost 100%, which
indicates that the temperature had little effect on the
adsorption performance of PC-2, which may be determined
by the special physical properties of the PC-2. In a certain
water environment, the sample PC-2 has a certain hydro-
thermal stability, and its pore size, specific surface area, and
pore volume do not change obviously with the change of
temperature, so the removal rate of Hg by sample PC-2 at
different temperatures is basically unchanged when other
conditions remain unchanged. Considering the higher removal
rate of mesoporous carbon per unit mass, the best reaction
temperature was selected as 30 °C.

In order to deeply investigate the adsorption mechanism of
mesoporous carbon on Hg, the Freundlich and the Langmuir
adsorption models were used to analyze the equilibrium data of
Hg onto PC-1 and PC-2 at the optimum temperature of 30 °C.

C Q Q K C QLangmuir: / 1/ /e e max L e max= + (3)

Q n C KFreundlich: ln 1/ ln lne e F= + (4)

where Ce (mg/L) and Qe (mg/g) represented the equilibrium
concentration of Hg and the adsorption amount of Hg after
adsorption equilibrium. Qmax (mg/g) was the maximum
adsorption capacity of PC-1 and PC-2, and KL (L/mg) was
a Langmuir constant, relating to surface adsorption energy. KF
(mg/g) (L/mg)1/n was the Freundlich constants related to the
sorption capacity and n represented the sorption intensity. See
Figure 12 and Table 3 for the fitting curve and parameters.

From Table 3, it can be concluded that the adsorption of Hg
by PC-1 was better described by the Langmuir isotherm model
via comparing the correlation coefficients R2 of the two model
fits, while the adsorption of Hg by PC-2 was well described by
the Freundlich isotherm model, which implies that the
adsorption process of PC-1 was unimolecular layer adsorption
and the adsorption process of PC-2 was polymolecular layer
adsorption. The Freundlich constant (n) in the PC-2 was
greater than 1, which indicates that the adsorption of mercury
by PC-2 was easy, and it was the preferential adsorption.45,46

2.3. Analysis of Mesoporous Carbon for In Situ
Removal of Mercury in Honeysuckle. In this experiment,
the Hg contained in the honeysuckle purchased in the
laboratory was measured; we found that it contains a trace
amount of mercury, and its content is about 0.009−0.011 mg·
kg−1. Therefore, samples PC-1 and PC-2 were taken to adsorb
in situ mercury in the honeysuckle water decoction under the
abovementioned optimal conditions, and the results are shown

Figure 12. Langmuir and Freundlich isotherm equation simulation curve of PC-1 and PC-2: (a,c) PC-1 and (b,d) PC-2.

Table 3. Parameters for the Langmuir and the Freundlich Models of PC-1 and PC-2 for Hg

Langmuir model Freundlich model

samples Qmax(mg/g) KL(L/mg) R2 KF(mg/g) (L/mg)1/n n R2

PC-1 1.7182 72.7506 0.9116 3.5880 2.9412 0.3391
PC-2 0.0032 455.8317 0.3850 0.01895 2.6364 0.9123
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in Figure 13. Figure 13 shows that when the Hg concentration
in the honeysuckle water decoction was 0.006 mg·L−1, the

removal rates of in situ Hg in the honeysuckle by PC-1 and
PC-2 could reach 59 and 66%, respectively. Compared with
the mercury ion solution, PC-1 and PC-2 had lower removal
rates of in situ mercury in the honeysuckle water decoction,
which signifies that there exist some components in the
honeysuckle water decoction itself that can occupy the active
adsorption sites of mesoporous carbon, and that the ultra-low
concentration Hg itself is difficult to be adsorbed due to few
contact sites, resulting in lower adsorption efficiency.
Furthermore, PC-2 has higher removal efficiency compared
with PC-1, which may be because PC-2 has more adsorption
sites or chelating groups than PC-1.
2.4. Analysis of Chlorogenic Acid Content of HPLC

Index Medicinal Component. One of the main medicinal
components of the honeysuckle extract is chlorogenic acid, and
the “Pharmacopoeia of the People’s Republic of China” (2020
edition) stipulates that one of the index components in the
honeysuckle extract is chlorogenic acid. Consequently, the
effects of the standard solution of chlorogenic acid, honey-
suckle water decoction, and honeysuckle water decoction after
the removal of Hg using mesoporous carbons PC-1 and PC-2
were compared to determine the difference of peak area on the
medicinal component (chlorogenic acid). The results are
shown in Figure 14. From Figure 14, the retention time of
chlorogenic acid standard (a) was 8.933 min, and the retention
times of chlorogenic acid in honeysuckle water decoction (b),
honeysuckle water decoction after Hg removal from PC-1 (c),
and honeysuckle water decoction after Hg removal from PC-2
(d) were 8.958, 8.716, and 9.043 min, respectively, and the
peak areas of chlorogenic acid were 12796.4, 11801.1, and
11492.7 mAu·min, respectively. The retention time of
chlorogenic acid was basically consistent and the reduction
of the peak area was smaller. These results indicate that the
mesoporous carbons PC-1 and PC-2 have less effect on the
adsorption of chlorogenic acid in water decoction of
honeysuckle.

3. CONCLUSIONS
In conclusion, the removal of trace mercury (Hg) from
honeysuckle water decoction with high efficiency was achieved
via mesoporous carbon (PC-2) obtained by using sucrose as a

carbon source and urea as a nitrogen source. A high specific
surface area (1077.44 m2·g1) was observed for PC-2, which was
functionalized for −OH/−COOH/−NH2. Compared to PC-1
functionalized for −OH/−COOH, PC-2 functionalized for
−OH/−COOH/−NH2 was more efficient for mercury
removal. It implies that nitrogen doping may contribute to
the adsorption of mercury.

We obtained the best adsorption conditions for mercury by
varying dosages, times, temperatures, and so on. The
mesoporous carbon PC-2 synthesized with sucrose as the
carbon source and urea as the nitrogen source had the highest
Hg removal rate and reached equilibrium after 0.5 h. The
removal rate of PC-2 was close to 100% under optimal
conditions. An adsorption kinetic study reveals that the
adsorption of Hg by PC-2 was better described by the
pseudo-second-order kinetic model; whereas an adsorption
isotherm study suggests that the adsorption process of Hg onto
the PC-2 was better described by the Freundlich isotherm
model. Combined with the structural characterization, it can be
speculated that the process of adsorption of mercury ions onto
PC-2 was mainly chemical adsorption. Further, the in situ
removal rate of mercury ions from honeysuckle water
decoction was 66%, which was higher than anything else
tested so far, and there was little loss of active ingredient
(chlorogenic acid). There is a potential for mesoporous carbon
(PC-2) to remove trace mercury from honeysuckle water
decoction.

4. EXPERIMENTAL SECTION
4.1. Materials. Formaldehyde (37 wt %), phenol, hydro-

chloric acid, nitric acid, and Pluronic F127 were purchased
from Energy Chemical, Shanghai, China. Urea was purchased
from Chengdu Pusi Biotechnology Co. LTD., Sichuan, China.
Sucrose was purchased from Guilin Shunfeng Sugar Co. LTD.,
Guangxi, China. Chlorogenic acid standard was purchased
from Beijing Soleibao Technology Co. LTD., China. Mercury
content (0.009−0.011 mg·kg−1) in honeysuckle was deter-
mined by Guizhou Institute of Products Quality Inspection &
Testing, Guiyang, China. The single element standard solution

Figure 13. Removal efficiency of mesoporous carbon in Hg solution
and removal efficiency of mesoporous carbon against in situ Hg from
honeysuckle water decoction; (1) 0.01 mg·L−1 Hg; (2) 0.13 mg·L−1

Hg; (3) honeysuckle water decoction containing 0.006 mg·L−1 of in
situ mercury.

Figure 14. HPLC diagrams: (a) chlorogenic acid standard, (b)
honeysuckle water decoction, (c) honeysuckle water decoction after
Hg removal by PC-1, and (d) honeysuckle water decoction after Hg
removal by PC-2.
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of mercury (1000 μg·mL−1) was purchased from the National
Non-ferrous Metal and Electronic Materials Analysis and
Testing Center, China. Deionized water was made in the
laboratory. All the abovementioned chemicals were of
analytical grade and commercially available.
4.2. Preparation of Mesoporous Carbon. The template

method is a common method for preparing mesoporous
carbon, which is mainly divided into hard template method
and soft template method. Therefore, in the study, mesoporous
carbons were prepared by soft and hard template methods,
which were applied to honeysuckle extracts to investigate their
feasibility and adaptability for high efficiency removal of trace
mercury in honeysuckle water decoction. The specific synthesis
methods are as follows.
4.2.1. Soft Template Method. 6 g of phenol, 21 mL of

formaldehyde solution (37%), and 90 mL (0.1 mol·L−1) of
sodium hydroxide solution were placed in a flask and stirred at
70 °C for 0.7 h. Then 0.80 g of Pluronic F127 was dissolved in
20 mL of deionized water and slowly poured into the
abovementioned solution and stirred at 70 °C for 3 h. Next,
50 mL of deionized water was added to dilute the solution.
When solids were observed floating on the surface in the
reaction solution, after waiting for a few minutes, and the
reaction was shut down. The obtained solution was cooled to
room temperature; the upper solid layer was primary carbon.
The obtained primary carbons were calcined at 900 °C for 1 h
with a heating rate of 5 °C/min in a nitrogen flow. The
mesoporous carbons (PC-1) were obtained by dissolution of
the soft template in 6 M hydrochloric acid ethanol solution at
70 °C for 12 h, isolated by filtration, washed with distilled
water until the pH did not change, and dried at 60 °C.
4.2.2. Hard Template Method. Sucrose and concentrated

nitric acid mixed in a mass ratio of 5:1 were placed in a surface
dish, and they were laid for about 3−4 days. Next, the mixture
was heated in an vacuum drying oven at 160 °C for 2−3 h; it
was then taken out and ground finely after cooling; and then,
1/2 sucrose amount of urea and nano-magnesium oxide were
mixed with the abovementioned mixture again The mixing was
followed by the carbonization at 800 °C for 2 h with a heating
rate of 5 °C/min under a N2 atmosphere in a tubular furnace.
Finally, the mesoporous carbon (PC-2) was refluxed with
concentrated nitric acid at room temperature for 24 h, isolated
by filtration and washed with distilled water until the pH did
not change, and dried at 100 °C.
4.3. Characterization. The morphologies of mesoporous

carbon were observed by scanning electron microscopy (SEM,
Zeiss-Sigma300, Zeiss, Germany) and transmission electron
microscopy (TEM, Axio Scope AI A, Zeiss, Germany). The
chemical composition was determined by Fourier Transform
infrared spectrometry (FT-IR, Vertex70, Bruker, Germany)
and X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+,
Thermo Scientific, USA). The specific surface area and pore
structure were determined by a specific surface area analyzer
(JW-BK122W, Beijing, China).
4.4. Experiment on Mercury Adsorption. The meso-

porous carbon was placed in various Hg concentrations and
then fixed in a water bath thermostatic oscillator and shaken
for a certain time until the adsorption equilibrium; the solution
pH was adjusted by 0.1 M HCl and 0.1 M NaOH. After
reaction, the mesoporous carbon was separated from the
solution and filtered through a 0.22 μm membrane filter. The
Hg concentrations were measured by inductively coupled
plasma mass spectrometer (ICP-MS, iCAP6300MFC, Thermo

Fisher, USA). Then the average value was taken three times in
parallel to calculate the removal efficiency (E (%)). The
removal rate of Hg is calculated as follows.

E
C C

C
(%) 100%0 e

0
= ×

(5)

where C0 (mg·L−1) and Ce (mg·L−1) were the initial
concentration and adsorption equilibrium concentration of
Hg solution, respectively.
4.5. Removal of Mercury from Honeysuckle Water

Decoction. Honeysuckle powder (1 g) was mixed with 50 mL
of deionized water and then extracted for 30 min. The water
decoction was filtered, and deionized water was added for
confirming the concentration. Then 5 mg of PC-1 or PC-2 was
added to 20 mL of honeysuckle water decoction and left to a
thermostatic oscillator (DF-101S, Shanghai, China) at 30 °C
for 420 min or 30 min; other conditions were kept constant.
The subsequent mixtures were separated by a Nylon 0.22 μm
syringe filter. Samples were then determined via ICP-MS, and
then, the removal efficiency was calculated.
4.6. Effect of Mesoporous Carbon on the Pharmaco-

dynamic Component (Chlorogenic Acid) of Honey-
suckle Water Decoction. Mesoporous carbons PC-1 and
PC-2 were mixed with the water decoction of honeysuckle
after a mild agitation of 108 rpm for 30 and 420 min at 30 °C.
Then, the mixed solutions were filtered with a 0.22 μm filter
membrane and sent for HPLC analysis. The reference solution
and the samples were subjected to HPLC (Agilent 1260, USA)
to estimate the effects of mesoporous carbon PC-1 and PC-2
on the active ingredients of honeysuckle. The standard
substance of chlorogenic acid was resolved in 50% methanol
to prepare the reference solution47 (0.0535 mg·mL−1). The
chromatographic conditions were as follows: ZORBAX SB-
C18 column (4.6 × 250 mm 5 μm) with a room temperature,
acetonitrile−0.5% glacial acetic acid solution as the mobile
phase with a gradient elution, and 1 mL/min flow rate with a
detection wavelength of 326 nm.
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