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Abstract: Metal-organic frameworks have attracted a great deal of attention for future applications
in numerous areas, including gas adsorption. However, in order for them to reach their full potential
a substrate to provide an anchor may be needed. Ideally, this substrate should be environmentally
friendly and renewable. Cellulose nanofibrils show potential in this area. Here we present a hybrid
material created from the self-assembly of zeolitic imidazolate framework (ZIF-8) nanocrystals on
cellulose nanofibrils (CNF) in aqueous medium. The CNF/ZIF-8 was freeze dried and formed free
standing materials suitable for gas adsorption. A BET area of 1014 m? g~! was achieved for the
CNF/ZIF-8 hybrid materials ZIF-8@cellulose which is comparable with reported values for free
standing ZIF-8 materials, 1600 m? g_l, considering the dilution with cellulose, and a considerable
enhancement compared to CNF on its own, 32 m? g_l.
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1. Introduction—Cellulose and Metal-Organic Frameworks, MOFs

Cellulose Nanofibrils (CNF), also referred to as nanofibrillar cellulose or microfib-
rillated cellulose [1], can be extracted from cellulosic pulp by mechanical liberation of
nano-sized cellulose fibrils [2]. The cellulosic pulp can be oxidized before mechanical treat-
ment in order to decrease the mechanical work needed for fibril liberation [3]. Compared
to pulp fibers, CNF materials are advantageous for the preparation of hybrid materials
engineered on the nano and molecular scales since the fibrils are on a nanometer scale
eliminating defects associated with the hierarchical structure of wood fibers. CNF-based
materials also have high strength and stiffness and are lightweight [3]. Both unmodified
CNF and surface modified cellulose fibrils have been used as filtering membranes [4-6].

More advanced filtering membranes can be envisaged if the filter incorporates materi-
als that can selectively capture molecules or ions, and good candidates might be some of
the new microporous materials that have seen light the last 20 years [7]. Foremost among
these are the metal-organic frameworks (MOFs) [8,9]. For example, recently, normal filter
paper was carboxymethylated and the MOFs ZIF-8 and ZIF-67 (based on 2-imidazolate
and Zn?* or Co?* respectively) were grown directly on the fibers [10]. Materials engineered
on a more molecular level may be obtained if MOFs are combined with the aforementioned
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Cellulose Nanofibrils (CNF) instead of bulk cellulose fibers. Reviews covering MOFs on a
variety of biopolymers, including cellulose, have recently been published [11,12].

Additional uses for these MOF-cellulose hybrid materials may be possible, given
that MOFs now are thought of not only for catalysis, gas storage, drug delivery, and gas
purification, but also for encapsulating viruses and cells [13] or specific applications such
as food quality control [14] and the destruction of chemical warfare agents [15] among
others [8]. Supercapacitor and fire-retardant properties have been reported, [16,17] as well
as ZIF-8 on a CNF composite membrane for highly selective removal of cationic dye [18].
Recently, the detoxification of chemical warfare agent simulants [19] and selective capture
of U(VI) [20] were also reported.

One of the first examples of combining MOFs with cellulose was by Kaskel in 2009
who grew HKUST-1 directly on pulp fibers [21]. Other early examples used mainly cotton
derived fibers, quite different from wood derived cellulose, [22-24] and an example using
paper [25]. In our earlier work we used HKUST-1 layer-by-layer grown on electrospun
cellulose fibers from soft wood [26]. In this work, we take a slightly different approach
with the imidazolate-based MOF ZIF-8 and a green synthesis method.

ZIF-8 is a suitable MOF to combine with cellulose, as it is chemically and thermally
stable and can been synthesized in aqueous medium [27-29]. Recently MOF layers such
as ZIF-COs3-1 were obtained on CNF in an aqueous preparation with the help of the
surfactant polyvinylpyrrolidone (PVP) [30], and also dextran—ZIF-8 composites have been
prepared [31].

Moreover, there are several examples of composite materials comprised of ZIF-8 and
cellulose being used for potential application such as separation of gases [32-34], and water
treatment [35-38].

The use of water as synthesis medium for MOFs open up the possibility to easily
synthesize MOFs on cellulose and especially on CNF, since it is extracted as water-based
gel. In addition, a water-based synthesis has the potential to be easy and inexpensive to
scale up, and environmentally friendly.

However, a challenge in all post-processing or hybrid material manufacturing of MOF-
containing materials is to maintain the high porosity and large surface area of the MOF.
Therefore, while crystals of ZIF-8 has a surface area Sggt of 1600 m? g_l, [28] recent work on
ZIF-8@cellulose using an aqueous preparation method and cellulose fibers from bleached
softwood kraft pulp gave a surface area of 621 m? g~! [39]. The dimethylformamide
(dmf)-based synthesis of ZIE-8@cellulose with CNF indicated a Sggt of 476 m? g*1 [36].
Likewise surface areas of 299.1, 348.5, and 509.9 m? /g were reported for ZIF-8 on cellulose
nanocrystals [40]. In this work we present the synthesis in aqueous medium of a free
standing ZIF-8/CNF material using 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) oxidized
CNF from softwood kraft pulp which significantly improve the Sggr of the hybrid material
to 1014 m? g’1 [41]. We note ref [18] reports a similar material obtained with a multi-step
process compared to our one pot procedure and without reporting any gas sorption data.

2. Results and Discussion

ZIF-8 was synthesized by addition of Zn(NOj3), to aqueous solutions of CNF/2-
methylimidazole which caused CNF and ZIF-8 to precipitate (Figure 1).

Two distinct phases separated, a clear upper phase and an opaque gel-like lower phase
(Figure 2). ZIF-8 synthesis without CNF yielded only precipitation of solid material and
no distinct phases. This co-precipitation indicates adhesion between the ZIF-8 crystallites
and CNF, since there was a clear upper phase. After removal of excess 2-methylimidazole,
ZIF-8/CNF hybrid materials were created by freeze drying. The ZIF-8/CNF hybrid
materials were free standing, but more brittle than plain freeze dried CNE. The amount of 2-
methylimidazole and Zn(NOs); in each synthesis were fixed, due to the high concentration
ratio of [2-methylimidazole]/ [Zn2*] necessary for the formation of ZIF-8 in water [27].
Two different loadings of CNF were used in order to receive CNF materials with different
loading of ZIF-8.
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Figure 1. (A): Synthesis of ZIF-8 on oxidized CNF in water. (B): The tetrahedral coordination of Zn
in ZIF-8. (C): Structural representation of ZIF-8 (Cambridge Structural Database code FAWCEN [42])
with the cavities represented by yellow spheres and hydrogen atoms omitted for clarity.

Figure 2. A photo of phase separated CNF-ZIF-8 after synthesis.

The presence of ZIF-8 was confirmed with powder X-ray diffraction (PXRD) and
FT-IR. The PXRD patterns of CNF and the ZIF-8@cellulose nanofibril materials are shown
in Figure 3, together with a ZIF-8 reference pattern (CSD-[FAWCEN]) [42] generated by the
software Mercury 3.3. The high similarity of these patterns proves the formation of ZIF-8
crystallites of sodalite topology in the CNF/ZIF-8 hybrid materials.

Figure 3. PXRD patterns of CNF, ZIF-CNF-5 and ZIF-CNF-3 and a calculated ZIF-8 reference pattern
for comparison.

In Figure 4, characteristic vibration bands at 695, 758, 995, 1148, 1180, 1310 cm ! are
visible for the ZIF-8/CNF hybrid materials, these are consistent with published FT-IR
data of ZIF-8 [27,43]. The cellulose polysaccharide vibration bands at 1034, 1056, 1110
and 1160 cm ™! are clearly distinguishable for the CNF Sample. Additionally, a vibration



