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characterization of an edible
metal–organic framework/rice wine residue
composite†

Teer Ba, Chenyang Shen, Xiaoshan Zhang and Chang-jun Liu *

In this communication, using rice wine residue (RWR) as the support, an edible g-cyclodextrin-metal–

organic framework/RWR (g-CD-MOF/RWR) composite with a macroscopic morphology was

synthesized. The obtained edible composite is promising for applications in drug delivery, adsorption,

food processing, and others.
As a typical class of porous materials, metal–organic frame-
works (MOFs) have attracted increasing attention since being
rst proposed by Yaghi and co-workers.1 Over the past two
decades, owing to their large surface area, ultrahigh porosity
and tunable pore size,2 MOFs have exhibited great prospects for
gas storage and separation,3,4 catalysis,5–8 sensors,9 drug
delivery,10–12 etc. Among numerous reported MOFs, g-
cyclodextrin-MOF (g-CD-MOF), which is connected by the (g-
CD)6 units of alkaline earth metal ions, was initially synthesized
and reported by Stoddart et al.13,14 in the 2010s. Owing to the
–OCCO– groups derived from g-CD, this kind of MOF is edible
and therefore opens a new path for preparing green, biocom-
patible and edible MOF materials.13,15,16 For example, Stoddart
et al.11 reported a co-crystallization approach to trap ibuprofen
and lansoprazole inside g-CD-MOF, and the resultant
composite microspheres can be used for sustained drug
delivery. Zhang et al.17 proposed a strategy to gra cholesterol
over the surface of g-CD-MOF to form a protective hydrophobic
layer to improve its water stability. Many researchers succeeded
in preparing oral delivery medicine with high drug loading and
an enhanced therapeutic effect by combining the drug mole-
cules with g-CD-MOF.16,18–20 These works present the excellent
application prospects of g-CD-MOF in the medical eld.

Since MOFs possess so many attractive advantages, extensive
studies have focused on combining MOFs with many other
functional materials (metal nanoparticles, quantum dots,
carbon matrices and polyoxometalates, etc.) by means of the
synergistic effect, leading to the formation of novel composites
designed for targeted applications.21–28 However, these reported
composites were still presented as loose powders, which may
not be convenient for the applications. Therefore, the question
ical Science & Engineering, School of

njin University, Tianjin 300072, China.

mation (ESI) available. See

the Royal Society of Chemistry
of how to prepare MOFs-based composites for larger particles at
low cost is of great signicance. On the other hand, as a tradi-
tional alcoholic beverage, rice wine has been popular in
southern China and some other Asian nations for thousands of
years.29 The rice wine lees or rice wine residue (RWR) is a by-
product of the fermentation process of rice wine. It is
a mixture of proteins, amino acids and polysaccharides. It is
traditionally a health food in some Asian nations.30 The edi-
bility, extensive source, low cost and specic macroscopic shape
make RWR a potential functional material for further use of
MOFs.

Herein, a facile and environmental-friendly strategy has
been developed to realize the growth of g-CD-MOF on rice wine
residue, resulting in the formation of an edible MOF/RWR
composite in the shape of rice grains. The material character-
ization conrmed the obtained composite possesses the char-
acteristics of MOF. Except for the edible g-CD-MOF/RWR, other
MOF/RWR composites (HKUST-1, ZIF-67 and MIL-100(Fe)/RWR
composites; shown in Fig. S1†) were prepared to demonstrate
the universality of this synthesis strategy.

The synthesis procedure of the g-CD-MOF/RWR composite is
schematically illustrated in Fig. 1. The rice wine residue was
soaked in deionized water for 12 h and then washed with
deionized water three times before vacuum freeze-drying.
Similar to the synthesis of g-CD-MOF powder,15 KOH was dis-
solved into water. Then certain amounts of the aforementioned
dry rice wine residue were soaked into the K+-containing solu-
tion for 2 h in order to absorb the sufficient potassium ions. K+

was then linked by the coordination of –OCCO– units in g-CD
and RWR with the three-dimensional interconnected network.
Aer vapor diffusion of MeOH and some other procedures
described in the synthesis of g-CD-MOF powder (seen in ESI),
the g-CD-MOF/RWR composite (Fig. 2) was obtained. This
method is convenient as no extra binders are needed during the
whole process. The same procedure was employed to prepare
the RWR composites with other MOFs (HKUST-1, ZIF-67 and
RSC Adv., 2022, 12, 14639–14643 | 14639
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Fig. 1 Schematic illustration of the synthesis procedure of g-CD-MOF/RWR composite.

Fig. 2 Digital photo of the g-CD-MOF/RWR composite.

Fig. 3 XRD patterns (a) and FT-IR spectra (b) of g-CD-MOF/RWR
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MIL-100(Fe)). And the syntheses are briey described in the ESI.
The images of the obtained composites are shown in Fig. S1.†

The rice wine residue, of which the elemental analysis is
shown in Table S1,† is mainly composed of polysaccharides and
proteins. Thus, a broad peak at around 22.2� in the XRD
patterns of rice wine residue can be observed (Fig. S2†), which is
due to its poor crystallinity.31 The XRD patterns of g-CD-MOF
and g-CD-MOF/RWR composite samples are shown in Fig. 3a.
The characteristic peaks at 5.6�, 6.9�, 13.3�, 16.6�, 20.6� and
23.2�, observed from the XRD patterns of g-CD-MOF, agree with
the previously reported works.32,33 Meanwhile, compared with g-
CD-MOF, the g-CD-MOF/RWR composite shows similar char-
acteristic peaks with lower intensity, indicating a lower crys-
tallinity of the MOF within the composite. Fig. 3b shows the FT-
IR spectra of different samples. Compared with the rice wine
residue, the peaks in regions 1 and 2 of g-CD-MOF and g-CD-
MOF/RWR can be ascribed to the stretching vibration of –CH2
14640 | RSC Adv., 2022, 12, 14639–14643
and –C–O–C– of the MOF, respectively.15,34 These results further
conrm the formation of the g-CD-MOF in the g-CD-MOF/RWR
composite.

The SEM images were collected to further investigate the
micromorphology of the as-prepared samples. As shown in
Fig. 4a, a three-dimensional layered network structure and rich
macropores of the rice wine residue rough surface can be seen.
g-CD-MOF (Fig. 4b) exhibits a uniform body-centered cubic
shape with an average size of 4.27 mm, which is in accordance
composite, g-CD-MOF and RWR.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of rice wine residue (a), g-CD-MOF (b) and g-CD-
MOF/RWR composite (c and d).
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with the reported works.15,35,36 Meanwhile, the images of the g-
CD-MOF/RWR composite (Fig. 4c and d) show that the cubic g-
CD-MOF crystals are well dispersed on the surface of the rice
wine residue and even partially integrated into the framework of
the rice wine residue. Compared with the pristine g-CD-MOF,
some g-CD-MOF in g-CD-MOF/RWR is not an intact cubic
structure, exhibiting a signicantly different morphology. This
suggests a synergistic effect between the MOF crystals and the
rice wine residue during the growth of MOF crystals, rather than
a simple physical mixture of the two materials. The thermal
stability of the g-CD-MOF/RWR composite was investigated via
TGA analysis. As shown in Fig. S3,† the decomposition
temperature of g-CD-MOF/RWR composite slightly increased
compared with those of pristine g-CD-MOF and rice wine
residue. Moreover, the g-CD-MOF/RWR composite was stable in
water, methanol and ethanol (shown in Fig. S4†) even under
mild stirring. These results indicate an improved physi-
ochemical stability of g-CD-MOF aer the incorporation of rice
wine residue. This nding further conrms the synergistic
effect between them.
Fig. 5 N2 adsorption and desorption isotherms (a) and pore size distributi
samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 5a shows the nitrogen sorption isotherms of the g-CD-
MOF and g-CD-MOF/RWR composite. Both pristine g-CD-
MOF and g-CD-MOF/RWR exhibit typical type-I isotherms,
demonstrating their microporous structures. The pore size
distributions of pure g-CD-MOF and g-CD-MOF/RWR (Fig. 5b)
conrm the existence of micropores (between 1 and 2 nm). The
calculated Brunauer–Emmett–Teller (BET) surface areas,
micropore volume and total pore volume are listed in Table 1.
As shown in Table 1, pure g-CD-MOF possesses a high specic
surface area (1096 m2 g�1), which is consistent with the litera-
ture.35,37 The specic surface area of the g-CD-MOF/RWR
composite is 651 m2 g�1, which is signicantly higher than
that of the pure rice wine residue (10.8 m2 g�1). Thus, the
increase in the specic surface area of g-CD-MOF/RWR
composite can be attributed to the growth of g-CD-MOF on
the RWR support. Therefore, g-CD-MOF/RWR composite
inherits both the high porosity of g-CD-MOF and the macro-
scopic morphology of rice wine residue, which should
contribute to its practical applications.

To further investigate the universality of this synthesis
strategy, different MOFs (i.e., HKUST-1, ZIF-67 andMIL-100(Fe))
and their corresponding composites were prepared and inves-
tigated. Digital photos of different samples (Fig. S1†) show that
all composites maintain the original shape of rice wine residue.
Meanwhile, the colours of composites vary with different MOFs.
Moreover, the XRD results in Fig. S5–S7† conrm the growth of
various MOFs on rice wine residue. Therefore, these results
demonstrate that this synthesis strategy is universally appli-
cable. Moreover, compared to other MOF-based composites, it
should be noted that the composites synthesized via this
strategy exhibit a macroscopic shape rather than being a loosely
packed ne powder. Considering the industrial demand for
enhanced mass transfer with low pressure drop, the MOF/RWR
composites are promising for industrial applications.

In conclusion, a facile and environmental-friendly method
has been developed to prepare a g-CD-MOF/RWR composite
without extra binders. The edibility of g-CD-MOF and rice wine
residue has been well demonstrated in the literature,16,38–42

demonstrating that the g-CD-MOF/RWR composite is also
ons (b) of g-CD-MOF/RWR composite and corresponding comparative

RSC Adv., 2022, 12, 14639–14643 | 14641
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Table 1 Summary of the BET areas (SBET), micropore volume (Vmicro) and total pore volume (Vtot) of g-CD-MOF, g-CD-MOF/RWR composite
and pure rice wine residue

Samples SBET (m2 g�1) Vmicro (cm
3 g�1) Vtot (cm

3 g�1)

g-CD-MOF 1096 0.39 0.51
g-CD-MOF/RWR composite 651 0.22 0.28
RWR 10.8 0.024 0.038
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edible. The growth of g-CD-MOF on rice wine residue is based
on the synergetic effect between the two components, rather
than a simple physical mixture of two materials. Due to the
large pore size and high BET specic surface area, the edible g-
CD-MOF/RWR composite in the shape of rice will be more
convenient for applications including drug delivery, food pro-
cessing, adsorption, gas separation, catalysis and others. The
MOF/RWR composites can be also an excellent precursor for
carbon-based material or catalysts.30 The synthetic method
developed here might give inspiration for designing and
preparing MOF-based composites in the shape of rice with the
utilization of RWR.
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