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ty and Ins
A B S T R A C T

A Zn-containing graphite carbon (Zn-GC)with uniform Znmetal sites and hierarchical pore structurewas
obtained by pyrolysis of Zn-basedmetal organic framework (MOF). Zn-GC exhibited excellent adsorption
capacity and reproducibility for formaldehyde. The adsorption capacity of Zn-GC was 736 times that of
commercial activated carbon and 5.6 times that of ZSM-5 adsorbents. The characterization and
experimental results showed that the surface chemical characteristics of the adsorptionmaterial play an
important role in the adsorption performance. The superior performancewas attributed to Znmetal sites
and oxygen-containing functional groups on the MOF derivative as well as hierarchical pore structure.
The material showed a great potential in the field of organic pollutant removal.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Formaldehyde is a volatile organic compound (VOC) with
irritating odor, which is widely present in daily life and industrial
production [1–3]. Long-term exposure of the human body to
formaldehyde can cause damage to health. Therefore, formalde-
hyde has been attracted great attention and identified as Class I
carcinogen by the World Health Organization. There are many
methods for formaldehyde removal, such as adsorption, photo-
catalysis and combustion. So far, the adsorption is the most widely
used method [4–10]. However, the commonly used adsorption
materials (such as activated carbon and zeolite) suffered from
rapid deactivation in practical application due to the short life, low
adsorption efficiency and poor moisture resistance.

In recent years, metal organic frameworks (MOFs) have been
regarded as the ideal adsorption materials due to the uniform
distribution of pores and metal active sites [11–13]. Nonetheless,
because of the unstable organic structure and the existence of only
micropores, the adsorption performance ofMOFs in practical use is
limited, and the structure is easy to collapse [14]. In order to
overcome these disadvantages, the derivatives of MOFs have
recently received more and more attention owing to its stable
structure [15–17]. However, the adsorption of VOCs by MOF
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derivatives has been rarely reported, and the roles of metal sites
and carbon framework in the adsorption need to be further
studied.

In this work, by using a MOFs material ZIF-8 as the precursor of
derivative, a graphite carbon material (Zn-GC) with hierarchical
pore structure and Zn active sites was synthesized. The material
exhibited excellent activity, high stability and renewability in the
adsorption of formaldehyde. To investigate the role of each part of
Zn-GC in the process of formaldehyde adsorption, conditional
experiments and the characterization of the adsorbent surface
structure were carried out and discussed.

The adsorbent Zn-GC was synthesized by the pyrolysis of ZIF-8
[18]. 2-Methylimidazole and Zn(NO3)2�6H2O were respectively
dissolved in 50mL methanol solution, then mixed and stirred for
24 h to obtain ZIF-8. The X-ray diffraction (XRD) pattern of ZIF-8
was shown in Fig. S1 (Supporting information). After washing and
drying, ZIF-8 was calcined under an N2 atmosphere in a series of
temperatures to obtain Zn-GC-X, where the X = 550, 650, 750 and
850 �C. The scanning electron microscope (SEM) measurement
(Figs. 1a and b) showed that the structure and size of Zn-GC were
similar to that of the precursor ZIF-8, the particle size of rhombic
dodecahedron structure was about 200 nm. The energy dispersive
spectrum (EDS) mapping analysis showed that Zn was uniformly
distributed on the surface of the material (Fig. S2 in Supporting
information).
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Fig._1)TD$FIG]

Fig.1. SEM image of (a) ZIF-8, (b) Zn-GC-650. (c) N2 adsorption–desorption isotherms. (d) The aperture distribution patterns of ZIF-8 and Zn-GC-650. (e) FTIR spectra of ZIF-8
and Zn-GC calcined at different temperature.
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From the N2 adsorption–desorption isotherms (Fig. 1c) and the
analysis of pore structure (Table S1 in Supporting information), the
specific surface area of Zn-GC was smaller than that of ZIF-8. The
original pore structure collapsed to a certain extent, so the surface
aera decreased. But as the calcining temperature raised, the
average pore size getting larger and the surface aera began to
increase due to the forming of porous carbon. It can be seen from
the aperture distribution patterns that Zn-GC formed the
hierarchical pore structure including micropores and mesopores
(Fig. 1d). Combined with the SEM characterization, the obtained
Zn-GC inherited the original channel and the active Zn sites of ZIF-
8. The Fourier transform infrared spectrometer (FTIR) results of
ZIF-8 and the calcined samples are shown in Fig. 1e. On ZIF-8, the
imidazole ring vibration signal was found at 1300�1500 cm�1 and
the peak at about 1583 cm�1 could be assigned to the C¼N stretch
mode. As the temperature raised to 550 �C, the characteristic peaks
of C��OH appeared at 1040, 1089 and 1250 cm�1, the peaks of
�CHO occurred at about 1350 and 1480 cm�1 [19,20]. When
further heated up to 650 �C, the signals of the imidazole ring and
most of functional groups disappeared, only the C��OH signal
existed at 1250 cm�1, which indicated that the imidazole skeleton
was converted to graphite carbon.When the calcining temperature
increased to 750 �C, the signals of surface functional groups
disappeared. As the temperature raised to 850 �C, the spectrum
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Fig. 2. Formaldehyde adsorption performance of (a) ZIF-8 and Zn-GC calcined at differ
materials.
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was smoother and no significant peak was found, which indicated
a higher degree of graphitization.

To investigate the adsorption capacity of Zn-GC and the role of
surface functional groups, the formaldehyde adsorption for Zn-GC
samples calcined at different temperatures were tested through a
dynamic adsorption device (Fig. S3 in Supporting information).
0.1 g of dried Zn-GCwasmixedwith 0.2 g of quartz sand in the test,
the relative humidity was adjusted to 0 to avoid the impact of
water and the concentration of formaldehyde was 10 ppm. The
concentration of formaldehyde was detected by a formaldehyde
detector (the details can be seen in Supporting information). As
shown in Fig. 2a, although ZIF-8 had a larger surface area, the
adsorption performance was very poor, the breakthrough adsorp-
tion capacity was only 0.44mg/g, which can be attributed to the
size limitation of the micropore structure. The formaldehyde
adsorption capacity of calcined samples was significantly in-
creased compared with ZIF-8. The breakthrough adsorption
capacities of Zn-GC-550, Zn-GC-650, Zn-GC-750 and Zn-GC-850
were 16.67, 17.57, 13.49 and 11.32mg/g, respectively, among which
Zn-GC-650 exhibited the best performance. In the FTIR pattern
(Fig. 1e), Zn-GC-550 still had a strong signal at 1300�1500 cm�1, it
indicated that Zn-GC-550 also contained imidazole structure and
was accordance with the pore size result in Table S1, which was
similar with its precursor ZIF-8. The formaldehyde adsorption of
ent temperatures, (b) before and after Zn removal, (c) Zn-GC-650 and commercial



Table 1
The formaldehyde adsorption capacities of the samples with different Zn contents.

Sample Mass% of Zn Adsorption capacity (mg/g)

Zn-GC-650 12.84 17.57
Zn-GC-pickling 4.67 9.64
Zn-GC-calcining 1.75 6.06

J. Yang, J. Qin, Z. Guo et al. Chinese Chemical Letters 32 (2021) 1819–1822
Zn-GC-550 was lower than that of Zn-GC-650 also mainly due to
the size limitation. On the other side, with the increase of calcining
temperature, although the surface aera increased, the pore size of
the Zn-GC-750 and Zn-GC-850 were too large to capture the
formaldehyde (Table S1) [2]. And the oxygen-containing functional
groups on the surface of the Zn-GC decreased (Fig. 1e). It is
generally accepted that oxygen-containing functional groups can
interact with VOCs by combining the hydrogen bonds [10]. The
decrease of oxygen-containing groups resulted in the reduction of
the formaldehyde affinity, thus decreasing the adsorption capaci-
ties of Zn-GC-750 and Zn-GC-850.

Tostudythe impactofmetal sites to the formaldehydeadsorption
process, Zn in the material was removed by two methods
respectively: Pickling in 2mol/L HCl (GC-pickling) or high tempera-
ture calcination at 950 �C (GC-calcining), which had been widely
used to remove the Zn metal [18,21] (the details can be seen in
Supporting information). According to the SEM and EDS analyses,
most of the Zn were removed and the samples maintained the
morphology (Figs. S4-S8 in Supporting information). The adsorption
capacity of both Zn-GC-pickling and Zn-GC-calcining significantly
decreased. It was worth noting that lower Zn content had lower
adsorptionperformance (Fig. 2b, Table 1), the adsorption capacity of
Zn-GC-pickling was reduced to 9.24mg/g while that of Zn-GC-
calciningwasonly6.06mg/g,which indicated that theZnmetal sites
had a strong affinity for formaldehyde.

The formaldehyde adsorption performance of Zn-GC-650 with
commercial adsorbents was also compared. The adsorption
capacity of Zn-GC-650 was significantly superior to that of
commercial ZSM-5 and activated carbon (Fig. 2c). The adsorption
capacity of Zn-GC-650was 17.57mg/g, whichwas 763 times that of
commercial activated carbon (0.023mg/g) and 5.6 times that of
ZSM-5 (3.14mg/g). This may be owing to the uniform distributed
metal adsorption sites and oxygen containing functional groups,
which made Zn-GC had a stronger affinity to formaldehyde. This
[(Fig._3)TD$FIG]

Fig. 3. The adsorption performance of (a) Zn-GC-650 and (b) ZSM-5 under different hu
pattern before and after the adsorption; (e) Proposed mechanism of formaldehyde ads
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result indicated that Zn-GC has a promising application prospect in
formaldehyde removal.

The moisture resistance is a key factor for the high-
performance adsorbent, high humidity would cause the block-
ing of the material pores or the collapse of structure [22]. The
formaldehyde adsorption experiment was carried out under the
90% of relative humidity. The adsorption efficiency of Zn-GC
under the high humidity environment maintained above 99% for
at least 56 h (Fig. 3a), which was much higher than that of Zn-GC
under low humidity. This could be attributed to the hierarchical
pore structure, which is able to hold water in the channels to
prevent the pore structure from blocking [23,24]. At the same
time, the adsorbed water on the surface of the material formed
the hydrogen bond with formaldehyde molecules, which further
enhanced the adsorption effect of formaldehyde [25,26].
However, the adsorption capacity of ZSM-5 with microporous
structure decreased under the condition of high humidity
(Fig. 3b). This may be due to the water vapor blocking part of the
channel and the limitation of pore size, making it impossible
for formaldehyde molecules bound to water to pass through
[27–30]. This further exhibited the advantages of the hierarchi-
cal structure for formaldehyde adsorption in the high humidity
environments. The results also showed that the prepared
material has a potential application value for the removal of
pollutants in complex environment.

The renewability of the Zn-GC adsorbent was examined as the
economic efficiency is important for the practical application. The
adsorbed formaldehyde on Zn-GC-650 was detached under the
heating in N2 flow, and no apparent changes were observed in SEM
images after the regeneration (Fig. S9 in Supporting information).
Then the refresh Zn-GC-650 was used again for formaldehyde
adsorption. The activity remained unchanged (Fig. 3c), indicating
that the Zn-GC structure was stable. Comparing the FTIR spectra
before and after the adsorption, the characteristic peaks of
adsorbed aldehyde species occurred at 1600 and 1668 cm�1

(Fig. 3d) [31,32]. The other characteristic peaks were the same,
suggesting that no significant changes occurred on the surface of
Zn-GC during the adsorption process.

Based on the above results, a mechanism to explain the
outstanding performance of Zn-GC for formaldehyde adsorption
can be proposed (Fig. 3e). First of all, the oxygen containing
functional groups andmetal sites on the surfaceof the carbon-based
MOF derivative had a strong affinity for polar formaldehyde
midities, (c) the performance of Zn-GC-650 and Zn-GC-650-refresh. (d) The FT-IR
orption on GC-N-Zn.
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molecules, whichwas conducive to the adsorption of formaldehyde.
Secondly, the carbon-based MOF derivative had stable chemical
properties, which avoided the collapse of the structure during the
adsorption process, and also made it have a good reproducibility.
Finally, the hierarchical porous structure of the framework, which
provided enough space to pass through and hold thewater vapor in
the air,was avail to themass transfer, therebyenhancing the capture
of formaldehyde through hydrogen bonding.

In this work, a graphite carbon material with Zn site (Zn-GC)
was synthesized. The results demonstrated that Zn-GC had
superior adsorption and regeneration performance compared
with commercial adsorbents. These excellent properties were
attributed to the Zn metal sites and oxygen-containing functional
groups on the MOF derivative as well as the hierarchical pore
structure. This study revealed the reason for MOF derivatives with
excellent formaldehyde adsorption capacity and provided new
insights for the application of MOF derivatives as VOC adsorption
materials.
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