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A B S T R A C T

ZIF-67@Yeast was synthesized with in-situ growth procedure by using hydrothermally carbonized yeast as the
substrate material. The prepared ZIF-67@Yeast was characterized in detail by SEM, BET, XRD and TG analysis. In
addition, the adsorption properties of Pb2þ by ZIF-67@Yeast were also investigated. The results show that the
adsorption capacity of Pb2þ by ZIF-67@Yeast is larger than the sum of the adsorption capacity of Pb2þ by in-
dividual yeast and ZIF-67. Yeast could maintain a stable morphology after hydrothermal carbonization at 180 �C.
Therefore, many MOFs synthesized by hydrothermal or microwave methods at 180 �C could also be compounded
with Yeast as a base material. This provides more possibilities that heavy metal ions are adsorbed by the synthesis
of more diverse MOFs composites.
1. Introduction

Metal-organic frameworks (MOFs) are a kind of porous coordination
polymers emerging in recent years [1]. The structural primitives of the
MOFs can be different metal ions or clusters, and the organic reunion
ligands also have different sizes, shapes and different coordination
structures [2]. Therefore, the structure of the MOFs compound formed by
the coordination bond is diverse. MOFs have high porosity and specific
surface area [3], and can be used to in carbon dioxide capture [4], gas
adsorption and separation [5], catalysis [6], and even biomedicine [7].

Meanwhile, MOFs also have some drawbacks. The chemical stability
of MOFs is often lower than that of conventional porous carbon materials
[8]. For example, some MOFs have the very high sensitivity to moisture
[9], and the poor stability to acids and bases [10]. Those limit the range
of applications of MOFs [11]. In order to overcome the shortcomings and
rich applications, choosing the right base material and MOFs for com-
pounding is an effective method to realize the maximum functionaliza-
tion of MOFs [12]. For example: Lei et al. prepared metal-organic
frameworks@cellulose aerogels composite materials by in situ growth
to removal of heavy metal ions in water [13]. Fang et al. successfully
anchored CdS nanoparticles on the surface of Yeast by hydrothermal
processes to remove methylene blue (MB) dyes from aqueous solutions
[14]. Zheng et al. prepared TiO2@yeast-carbon composite microspheres
on the pyrolysis method to investigate the adsorption capacity for
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cationic dye methylene blue (MB) and anionic dye congo red (CR) [15].
In this paper, Yeast was prepared as a substrate material by hydro-

thermal processes [16]. Then ZIF-67 was anchored on the surface of
Yeast by in situ growth at room temperature [17]. The mechanism of
formation process of the ideal composite ZIF-67@Yeast is shown in Fig. 1
[14]. The prepared ZIF-67@Yeast was characterized in detail by SEM,
BET, XRD and TG analysis. In addition, the adsorption properties of Pb2þ

by ZIF-67@Yeast and the effect of initial concentration of Pb2þ on the
adsorption and removal rate of Pb2þ by ZIF-67@Yeast were also
investigated.

2. Experimental section

2.1. Materials

Highly active dry yeast was provided by Angel Yeast Co, Ltd.
(Yichang, China). Glucose (plant cell culture grade), cobalt nitrate
hexahydrate, dimethylimidazole (>98%), formaldehyde, methanol,
ethanol were purchased from Aladdin Biochemical Technology Co, Ltd.
2.2. Synthesis

2.2.1. Synthesis of Yeast
Synthesis of Yeast based on references [16]. In a typical procedure,
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Fig. 1. The mechanism of formation process of ZIF-67@Yeast
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10 g of yeast powder was added in 1 L of 1 wt% glucose solution, fol-
lowed by stirring for 10min, and putted it in a constant temperature oven
at 37 �C for 1 h. Then the yeast solution was washed three times with a
mixed solution of ethanol and water (water: ethanol¼ 1:1). After that the
centrifuged yeast was added to 200mL of a 4wt% formaldehyde solu-
tion, followed by stirring for 10min, and putted it in the hydrothermal
kettle and reacted at 180 �C for 5 h. Finally, the hydrothermally
carbonized yeast was centrifuged three times with a mixed solution of
ethanol and water (water: ethanol¼ 1:1), and dried at 60 �C for 12 h to
prepare the carbonized Yeast sample.

2.2.2. Synthesis of ZIF-67@Yeast
Synthesis of ZIF-67@Yeast based on references [17]. 0.87 g of

Co(NO3)2⋅6H2Owas added to 30 mL of methanol, followed by stirring for
10 min, and added 200 mg of Yeast sample, followed by stirring for 12 h.
Then centrifuged the mixture, and the centrifuged yeast was added to
200 mL of dimethylimidazole methanol solution (1.97 g dimethylimi-
dazole þ20 mL methanol), followed by stirring for 6 h. Finally, the yeast
solution was washed three times with methanol solution, and dried at
60 �C for 12 h to prepare the ZIF-67@ Yeast.

2.3. Characterization

The morphology of samples was observed by using field emission
scanning electron microscopy (FESEM, Hitachi S4800, Japan). The
crystal structure of samples was analyzed by using X-ray diffraction
(XRD, Bruker D8, Germany) with Cu Kα radiation (40mA and 40 kV) at a
scan rate of 3� min�1. The surface areas of samples was calculated by
using Brunauer-Emmett-Teller (BET, 3H-2000 PSI, China). The thermal
stability of samples was characterized by using thermogravimetric
analyzer (TGA, TG 209 F1, Germany) under a nitrogen atmosphere at a
heating rate of 20 �C min�1 and a temperature of 30–700 �C. Measure-
ment of adsorption of Pb2þ by MOF composites by flame atomic ab-
sorption spectrometry (AAS, Spectr AA-220, USA).

2.4. Adsorption experiment

50mL of three solution (Pb2þ concentration 100 ppm) were added to
three 100mL beakers, and 50mg of Yeast sample was added to the
beakers. The mixture solution was sonicated for 2min, then the samples
were taken from the solution at various time of 0.5, 1, 2, 4, 8 and 18 h and
conducted metal ion concentration by using AAS. The same as ZIF-67 and
ZIF-67@ Yeast.

3. Results and discussion

3.1. SEM analyses

The images of surface morphology of Yeast and ZIF-67@Yeast are
shown in Fig. 2. Fig. 2(a) and (b) display the Yeast sample in different
magnifications, which are shown that the hydrothermal carbonization of
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Yeast at 180 �C is uniform spherical and uniform size (1–2 μm). Fig. 2(a)
reveals that the Yeast possessed excellent mono-disperse performance.
Fig. 2(b) expresses the detailed information of surface morphology of
Yeast under a higher magnification. There are many small pores with
uneven size on the surface, which are produced after the cytoplasmic
efflux of the carbonization process. These pores may provide a suitable
location for the growth of ZIF-67. Fig. 2(c) and (d) display ZIF-67@Yeast
in different magnifications, which are shown that ZIF-67@Yeast is uni-
form spherical and uniform size (2 μm). Fig. 2 (d) expresses the detailed
information of surface morphology of Yeast under a higher magnifica-
tion. ZIF-67 random uniform adorned on the surface of Yeast as a
monolayer. Thence, the ZIF-67@Yeast in Fig. 2(d) appears a typical
raspberry-like structure. Additionally, it can be clearly observed that
some residual areas still remained, which may have the enhancement for
the adsorption of some metal ions in aqueous solution. Due to the large
amount of anchorage of ZIF-67, an increase in the specific surface area of
Yeast facilitates the adsorption of some metal ions in aqueous solution.
Furthermore, the BET test results of Yeast and ZIF-67@Yeast are gener-
alized in Fig. S1 and Table S1 (Supporting Information) [3c, 18]. As can
be seen from Fig. S1, Yeast is a type Ⅲ isotherm and ZIF-67@Yeast is a
type Ⅰ isotherm [19]. The specific surface area of Yeast and ZIF-67@Yeast
are 7.1048m2 g�1 and 1644.8435m2 g�1 respectively. This further
proves that it is because the anchoring of ZIF-67 greatly increases the
specific surface area of ZIF-67@Yeast.
3.2. XRD analyses

XRD patterns of Yeast, ZIF-67 and ZIF-67@Yeast are shown in Fig. 3
(a). It is apparent from Fig. 3 (a) that the diffraction peaks(5.9�, 9.0�,
11.3�, 13.4�, 14.6�) of ZIF-67@Yeast is highly fit to those if the simulated
ZIF-67. The peak of ZIF-67@Yeast is reduced because of the composite of
Yeast. This shows that ZIF-67 were successfully obtained through syn-
thesis process and mounted on the surface of Yeast. Again, in addition to
the peak of ZIF-67 in ZIF-67@Yeast, no other peaks were detected, which
indicates the high purity of ZIF-67@Yeast sample.
3.3. TG analyses

Fig. 3 (b) is the TGA curve for Yeast, ZIF-67 and ZIF-67@Yeast. ZIF-67
loading rate on Yeast was tested using Yeast and ZIF-67 for complete
thermal decomposition temperatures. ZIF-67 has a high load rate on
Yeast, reaching 31wt%. After loading the ZIF-67 on the organic matrix
material, the thermal properties of the composite are improved. Because
the complete decomposition temperature of ZIF-67 is higher than that of
organic materials. When the ZIF-67 was coated on the surface of the
organic material, the substrate material is protected. Therefore, the
thermal properties of the substrate material are improved. Furthermore,
the thermal parameters are generalized in Table S2 (Supporting Infor-
mation). Compared to Yeast, the maximum decomposition temperature
(Tmax), initial decomposition temperature (T0) and complete decompo-
sition temperature (Tf) of ZIF-67@Yeast increased by 47.3 �C, 51.8 �C



Fig. 3. (a) XRD patterns of Yeast, ZIF-67 and ZIF-67@Yeast, (b) TGA curves for Yeast, ZIF-67 and ZIF-67@Yeast.

Fig. 2. SEM images of (a, b) Yeast, (c, d) ZIF-67@Yeast.
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and 37.7 �C. This further supports that the thermal stability of Yeast was
improved by compounding.
3.4. Adsorption performance analysis

3.4.1. Adsorption performance of yeast, ZIF-67 and ZIF-67@Yeast
The equilibrium adsorption capacity of Pb2þ by Yeast, ZIF-67 and ZIF-

67@Yeast was investigated, and the adsorption equilibrium curve and
adsorption capacity are shown in Fig. 4 (a) and (b). The adsorption ca-
pacity of Pb2þ by Yeast is low at 11.09mg g�1. The adsorption capacity of
Pb2þ by ZIF-67 is larger than Yeast at 50.1mg g�1. The adsorption ca-
pacity of Pb2þ by ZIF-67@Yeast is larger than that of Yeast and ZIF-67 at
28
62.5mg g�1, which even slightly larger than the sum of the adsorption
capacity of Pb2þ by Yeast and ZIF-67. This may be due to the fact that ZIF-
67@Yeast has a large specific surface area, which increases contact with
Pb2þ and facilitates absorption Pb2þ.

3.4.2. Adsorption kinetic of ZIF-67@Yeast
In order to explore the adsorption kinetic of ZIF-67@Yeast adsorbed

Pb2þ, two kinetic models were established [20]. The linear formula of
adsorption kinetic is as follows:

lnðqe � qtÞ ¼ lnqe � k1t (1)



Fig. 4. (a) The adsorption equilibrium curve of Pb2þ by Yeast, ZIF-67 and ZIF-67@Yeast, (b) The adsorption capacity of Pb2þ by Yeast, ZIF-67 and ZIF-67@Yeast.
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(2)
The linear formula (1) and (2) respectively represent pscudo-first-
order kinetics model and pscudo-second-order kinetics model, which k1
and k2 respectively are the rate constants. The two kinetic models are
shown in Fig. 5. The linear correlation coefficient R2 of pscudo-second-
order kinetics model of ZIF-67@Yeast adsorbed Pb2þ is 0.987, and the
same of pscudo-first-order kinetics model is 0.8206 (Table S3). It is
obvious that the linear correlation coefficient R2 value of the second-
order kinetics is larger than that of the first-order kinetics. This
Fig. 5. Kinetic models of ZIF-67@Yeast adsorbed Pb2þ.

Fig. 6. (a) The adsorption capacities of different initial concentrat
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indicates that the second-order kinetics are more reasonable, and the
pscudo-second-time kinetics model of the adsorption time and the
adsorption rate constant is more in line with the actual adsorbed
situation.

3.4.3. Effect of initial concentration on adsorption capacity and removal rate
Three initial concentrations (100 ppm, 50 ppm and 10 ppm) were

established to investigate the effect of the initial concentration of Pb2þ on
the adsorption capacities and removal rates of ZIF-67@Yeast. The results
are shown in Fig. 6. As can be seen from Fig. 6 (a), the adsorption ca-
pacities of Pb2þ by ZIF-67@Yeast increases as the initial concentration
increases. At the same time of the first 4 h, the adsorption rate of 100 ppm
is the largest and the lowest is 10 ppm. The adsorption equilibrium was
reached after 4 h at 10 ppm, which was reached after 8 h at 100 ppm and
50 ppm. In Fig. 6 (b), the removal rates of Pb2þ by ZIF-67@Yeast de-
creases as the initial concentration increases. At the same time, the
removal rate of 10 ppm is the largest and the lowest is 100 ppm. In terms
of the amount of Pb2þ removed, 100 ppm is the largest yet.

4. Conclusions

ZIF-67@Yeast was successfully prepared with in-situ growth pro-
cedure by using hydrothermally carbonized yeast as the substrate ma-
terial. ZIF-67 random uniform adorned on the surface of Yeast as a
monolayer, which has a high load rate reaching 31wt%. Compared with
Yeast, the thermal stability of ZIF-67@Yeast was improved. The
adsorption capacity of Pb2þ by ZIF-67@Yeast is larger than that of Yeast
and ZIF-67 at 62.5mg g�1, which even slightly larger than the sum of the
adsorption capacity of Pb2þ by Yeast and ZIF-67. A higher initial
ions, (b) The removal rates of different initial concentrations.
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concentration is more favorable for the adsorption of Pb2þ by ZIF-
67@Yeast, and a lower initial concentration is more favorable for the
removal of Pb2þ by ZIF-67@Yeast. Yeast could maintain a stable
morphology after hydrothermal carbonization at 180 �C. Therefore,
many MOFs synthesized by hydrothermal or microwave methods at
180 �C could also be compounded with Yeast as a base material. This
provides more possibilities that heavy metal ions are adsorbed by the
synthesis of more diverse MOFs composites.
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