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• A novel freeze-drying approach for
fabrication of functional, highly porous
nanocellulose aerobeads was intro-
duced.

• Zwitterionic aerobeads were obtained
by mixing of anionic (HKUST-1) and
cationic (ZIF-67) MOFs in nanocellulose
framework.

• The aerobeads showed an outstanding
adsorption toward both diclofenac
(121.20 mg/g) and methyl orange
(49.21 mg/g).
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Different adsorbents have been applied to remove various anionic pollutants in water treatment processes.
However, the development of economic, sustainable, and high-performance adsorbents is still a challenge.
Herein, we introduce a new strategy to produce highly porous (98.96%), very low density (0.015 g/cm3), and
cost-effective spherical and nanostructured hybrid aerogels, termed aerobeads, from cellulose nanofibers
(CNF) and metal-organic frameworks (MOFs). The zwitterionic MOFs@CNF aerobeads (with 10–50 wt% MOF
loading) were synthesized via simple dropping of a cross-linked hydrogel containing CNF and a binary mixture
of anionic and cationic MOFs in liquid nitrogen, followed by freeze-drying. The flexible aerobeads (diameter of
2–3 mm) with hierarchical porous structure demonstrated an outstanding adsorption capacity toward both
diclofenac (121.20 mg/g) and methyl orange (49.21 mg/g). Moreover, the aerobeads were easily collected
after use from the solution without any complicated separation methods or the formation of secondary
pollutants.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent decades, toxic organic chemicals, which usually originate
from various industries such as chemical companies, have polluted
water resources and caused health problems. Most aqueous pollutants
are in low concentrations, but they threaten drinkable water stocks
and can cause serious ecological implications [1,2]. The emerging dye
atainen).
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and pharmaceutical pollutions with high mobility and toxic and carci-
nogenic effects can exacerbate mortality in plants, animals, and even
humans [3]. For example, diclofenac (DIC), which is a commonly used
anti-inflammatory drug, has been discovered in drinking water [4].
The fatal effects of DIC have been proven on the vultures of the Indian
subcontinent and rainbow trout populations [5,6]. Besides the destruc-
tive effects of pharmaceutical pollutants, azo dyes (a class of dyes with
azo groups (-N_N-), usually one to four, linked to phenyl and naphthyl
radicals) emanating fromdifferent industries (e.g., textile, leather, paint,
cosmetics, food, pharmaceutical, polymers, and additives in petroleum
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products) have detrimental effects on photosynthesis in aqueous
media. Moreover, organic dyes are poorly biodegradable and spoil
water resources due to negative effects on the photochemical activities
[7–9]. Hence, increasing environmental concerns have highlighted the
importance of economic, biodegradable, and efficientmethods for elim-
inating aqueous dye and drug contaminations.

Numerousmethods such asmembrane filtration [10], oxidation pro-
cesses [11], and adsorption [12] have been applied for removing water
contaminants. In particular, adsorption techniques are often considered
efficient, eco-friendly, feasible, and economical approaches for many
water treatment purposes [13]. However, the elimination of highly per-
sistent anionic micropollutants with current adsorbents [14] is chal-
lenging owing to the high polarity of contaminants and repulsive
adsorbent-adsorbate charge interactions. Therefore, new adsorbents
with high removal capacities to quickly remove aqueous anionic pollut-
ants are highly desired.

Metal-organic frameworks, or MOFs, belong to a class of hybrid ma-
terials containing organic ligands and metal clusters with huge surface
areas and crystalline structures. Thesematerials with ultrahigh porosity
typically have heterogeneous pore sizes, selective adsorption sites for
the adsorbents, and high durability [15,16]. Due to these prominent
characteristics, MOFs have been studied in various applications such
as separation processes [17], catalysis [18], sensing [19], and drug deliv-
ery [20]. They have previously been used for the adsorption of gases and
hazardous substances from aqueous media in particular [17]. MOFs
have the ability to adsorb organic pollutants through various
mechanisms such as H-bonding, π-π interactions, electrostatic forces,
and hydrophobic and acid/base interactions [21]. For example,
zirconium-based MOFs (UiO-66) with different functionalities have
been used for the adsorption of methyl orange (MO) and methylene
blue dyes via electrostatic and π-π interactions, as well as H-bonding
[22]. Despite themany advantages ofMOFs, they possess a notable prac-
tical drawback in water treatment as they exist in powder form, which
makes their collection difficult and can create secondary pollutions [23].
Therefore, novel approaches to incorporate MOFs as a part of mem-
branes [24], films [25], composites [26], and aerogels [27] have been
harnessed to overcome the present defects of individualized MOF
particles.

Aerogels are a class of hierarchical materials that are ultra-
lightweight and have high surface area and porosity, besides very low
density. Previously, mesoporous aerogels were combined with micro-
porous MOFs to obtain hybrid nanomaterials [28]. In particular, the
aerogels derived from cellulose nanomaterials offer an attractive,
green, biodegradable, and tailorable medium to be combined with
MOFs to design multifunctional materials. Earlier hybrids of
nanocellulose aerogels and MOFs were used for the removal of Cr (VI)
ions and bisphenol A [29].

In this study, we demonstrate an advanced concept for removing
aqueous anionic micropollutants based on a novel type of spherical, hy-
brid, nanocellulose aerogel combined with a binary mixture of anionic
and cationic MOFs. The spherical aerogels, termed aerobeads, are
tailorable in size and surface chemistry and have even higher surface
areas and adsorption capacities compared to their bulk counterparts
[30]. To the best of our knowledge, binary MOF mixtures have previ-
ously been used only with chemo-resistive sensors to detect gas mole-
cules [31]. Here, a zwitterionic porous hybrid design based on both
cationic (ZIF-67) and anionic (HKUST-1) MOFs was engineered by
crosslinking MOFs with a cationic cellulose nanofiber (CNF) hydrogel.
The mixture was dropped in liquid nitrogen and freeze-dried to obtain
zwitterionic MOFs@CNF aerobeads (i.e., ZABs). The performance of the
aerobeads in removingDIC andMOwas demonstrated in various condi-
tions. ZABparticles showed excellent pH-sensitive adsorption of anionic
contaminants. Moreover, they were easily collected manually without
applying complicatedmethods. The present study designed a promising
concept to incorporate MOFs in practical application by introducing
them in highly porous nanocellulose aerogels. The results indicate the
potential of the hybrid adsorbent inwastewater treatment in particular.
Moreover, the produced ultra-lightweight hybrids could potentially also
be used inmany other applications such as environmental conservation,
electronic materials, catalysts, etc.

2. Experimental section

2.1. Materials

Collected waste boxboard was used as rawmaterial for CNF fabrica-
tion. 1,3,5-benzenetricarboxylic acid (trimesic acid, 98%), 2-
methylimidazole (2-MI, 98%), and diclofenac sodium salt (DIC) were
purchased from Tokyo Chemical Industry Co. (TCI). Ethanol (99.9%), so-
dium hydroxide (0.1 M solution), hydrochloric acid (0.1 M solution),
and dimethylformamide (technical grade) were obtained from VWR
Co. Copper (II) hydroxide (Cu(OH)2, ≥98%) and cobalt (II) nitrate hexa-
hydrate [Co(NO3)2∙6H2O, 98–102%]were bought fromThermoFisher. 3-
chloro-2-hydroxypropyl trimethyl ammonium chloride (CHPTMAC,
60 wt% aqueous solution), methanol (99.9%), methyl orange (MO),
and glutaraldehyde (25% aqueous solution) were delivered by Sigma-
Aldrich Co.

2.2. Preparation of CNF from waste boxboard

Waste boxboard cellulose was first disintegrated using a Kenwood
pulper (KM020, UK) at a 1/min rotor speed (consistency of 15 wt%),
washed, and then sieved using a screen (Somerville, Lorentzen &
Wettre, Sweden). The cellulose was nanofibrillated with an MKCA6-2J
grinder (Masuko super masscolloider, Japan) to produce aqueous CNF
gel. Briefly, disks of the grinder were brought in near distance of each
other to pass the diluted cellulose pulp (1.5 wt%) though Masuko
disks with zero disks gaps (3 times). The negative gaps (−20, −40,
−50, −60, −80, and −90 μm) of the disks were then set, and the
pulp was passed 17 times more through the disks. Transmission elec-
tron microscopy (TEM) showed successful preparation of cellulose
nanofibers (Supplementary Fig. S1).

2.3. Synthesis of metal-organic frameworks (ZIF-67 and HKUST-1)

Metal organic frameworks were synthesized at room temperature
according to the previously reported methods [32–34]. Cationic ZIF-67
was fabricated by adding 4 mmol Co(NO3)2∙6H2O to 16 mmol 2-MI
(each one in 100 mL methanol) and mixing at room temperature for
2 h. For synthesis of anionic HKUST-1, aqueous Cu(OH)2, and trimesic
acid (in DMF and ethanol) was mixed at room temperature for 5 min
(Cu:trimesic acid:DMF:ethanol:H2O mole ratio was 1:1:12.9:80:100).
The synthesized MOFs were centrifuged in absolute ethanol at
9092 rpm (10,000 × G) for 10 min at 5 °C and then dried in an oven at
60 °C for 48 h.

2.4. Modification of cellulose nanofibers

Thenanofiberswerefirst functionalizedwith amine groups and then
cross-linked with glutaraldehyde to increase the stability of the
aerogels. Cationic CNF (CNF+) was synthesized according to the litera-
ture [35,36] by adding 6 mL of CHPTMAC to 50 mL of aqueous solution
of sodium hydroxide (4 wt%), mixing for 30 min, and then dosing CNF
(1.25 g nanocellulose, 1 wt%) to the above solution followed by stirring
for 24 h. The cationic CNF suspension was adjusted to a pH of 7 after fil-
tering and was washed several times with deionized water. Cross-
linked nanocellulose was prepared with the modified method reported
by Zhu et al. [37]. Glutaraldehyde (6 v/v%) was added to the aqueous
0.5 wt% cationic CNF suspension under magnetic stirring at 65 °C in
acidic media (pH = 3) for 6 h. The product was then filtered, washed,
and diluted to 1 wt%.



Table 1
Composition, porosity, and density of the prepared aerobeads.

Sample CNF (wt%) ZIF-67 (wt%) HKUST-1(wt%) Porosity (%) Density (g/cm3)

AB 100 – – 98.96 0.015
ZIF-67@AB (10%) 90 10 – 98.63 0.020
ZIF-67@AB (30%) 70 30 – 98.25 0.026
ZIF-67@AB (50%) 50 50 – 97.90 0.032
HKUST-1@AB (10%) 90 – 10 98.71 0.019
HKUST-1@AB (30%) 70 – 30 98.18 0.027
HKUST-1@AB (50%) 50 – 50 97.61 0.036
ZAB (10%) 90 5 5 98.62 0.016
ZAB (30%) 70 15 15 98.37 0.024
ZAB (50%) 50 25 25 98.27 0.026
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2.5. Preparation of ZAB aerobeads

ZIF-67 and HKUST-1 particles with different concentrations were
premixed with the modified CNF mixture (1 wt%) for 5 min and then
sonicated using a probe sonicator for 15 min (Table 1). First HKUST-1
was added and homogenized with the nanocellulose hydrogels, and
then ZIF-67 was dosed (pH = 6.5). A scheme for the fabrication of
ZAB hydrogels is shown in Fig. 1. The homogenized MOF-CNF mixture
was filled inside a syringe (0.5 mm tip diameter) and then dropped in
the liquid nitrogen. The frozen aerobeads were dried at −54 °C using
a Scanvac Coolsafe freeze-dryer (55-15 Pro, Denmark) for 72 h. The
zwitterionic MOFs@CNF aerobeads were named ZAB, pure aerobeads
without any MOFs were coded as AB, and aerobeads containing either
ZIF-67 or HKUST-1 were named ZIF-67@AB and HKUST-1@AB, respec-
tively. All MOF containing aerobeads were prepared in three different
MOF/CNF ratios (i.e., 10, 30, and 50 wt%).

2.6. Porosity and density of aerobeads

The porosity (P) and density (ρ) of the aerobeads were determined
according to Eqs. (1) and (2).

P ¼
V− m=ρc

� �

V
ð1Þ

where V and m are volume (cm3) and mass (g) of aerobeads, respec-
tively, and ρc is density of the bulk cellulose (1.528 g/cm3).

ρ ¼ m
V

ð2Þ

The volume of aerobeads was determined using an optical micro-
scope, and mass was weighed using a laboratory balance (Mettler To-
ledo, XP6 model, Switzerland).

2.7. Fourier transform infrared (FTIR) spectroscopy

Cellulose nanofiber sampleswere analyzedwith a Bruker FT-IR spec-
trometer (Germany). The samples (2 mg) were dried in an oven and
crushed to powder form and then mixed with dry KBr (200 mg).

2.8. X-ray diffractometry (XRD)

The XRD patterns of the MOF particles were recorded with a Rigaku
Smart Lab XRD instrument (Japan) in a continuous scan mode with a
five-axis θ-θ goniometer then compared with the database of powder
diffraction patterns.
2.9. Thermogravimetric analysis (TGA)

The aerobeads were analyzed with a Netzsch STA 409PC thermal
analyzer (Germany). Each measurement was performed with the
freeze-dried nanofibrillated sample in a DSC-Cp (i.e. platinum-
corundum sample carrier with S-type thermocouples) under dry air at-
mosphere (approximately 60 mL/min), which was heated from 25 to
600 °C.

2.10. Field emissions scanning electron microscopy (FESEM)

A carbon-coated holder was used for imaging aerobeads with the
Ultra Plus instrument (Zeiss, Germany). Briefly, a thin aerogel specimen
with the presence or absence of MOFs was put on the carbon surface of
the holder and sputtered with platinum before being imaged at 5 kV.

2.11. Transmission electron microscope (TEM)

The cellulose nanofiber structure was investigated using the JEOL
JEM-2200FS TEM (Japan) instrument. A small drop of diluted CNF sus-
pension was put on the copper-coated grid, and then excess water
drops were eliminated with a filter paper. The CNF sample was then
negatively stained by placing a droplet of uranyl acetate (2% w/v) on
top of each specimen. The excess amount of uranyl acetate was re-
movedwith a small filter paper, and the samplewas dried at room tem-
perature before being used for imaging at 200 kV.

2.12. Brunauer-Emmett-Teller (BET) analysis

The N2 adsorption-desorption was analyzed at −195 to −196 °C
with a micromeritics instrument. The aerobeads and MOF particles
were degassed before analysis at 75 °C to eliminate all impurities.

2.13. Water uptake test

Water uptake of the aerobeads was analyzed similarly to our previ-
ous work [30]. In brief, approximately 40 mg of aerobeads was im-
mersed in 50 mL deionized water (DI) for 1 min and then weighed
quickly. The water uptake was calculated with Eq. (3):

K ¼ W−W˳
W˳ ð3Þ

whereW˳ andWare theweight of the aerobeads before and after water
uptake, respectively.

2.14. Stability test

The mechanical stability of aerobeads was tested in three different
pH (5, 6.5, and 8). A pre-determined amount of each aerobead was
soaked in water with different pH for 1min andweighted immediately.



Fig. 1. A schematic overview for the synthesis of ZAB hydrogels.
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The wet aerobeads were submerged again in the aqueous media and
were exposed for shaking (120 rpm) and were weighed for the second
time after desired time (1–6 h). Theweight retention of aerobeadswere
calculated using the Eq. (4):

Weight retention ¼ Wt

W0
ð4Þ

where,W0 andWt are thewetweights of the hydrogels before and after
shaking.

2.15. Adsorption test

Adsorption experiments on the aerogels with anionic
micropollutants (DIC and MO) were conducted by shaking the scaled
amount of aerobeads in 10 mL of pollutant solution at 100 rpm for
24 h. To explore the effects of pH, contact time, and pollutant concentra-
tion on adsorption capacity, the experiments were conducted in differ-
ent conditions. The aerobeadswere collectedmanually after adsorption,
and the adsorption capacities of DIC and MO were determined using a
UV–vis spectrophotometer (Shimadzu, Japan) at 276 and 464 nmwave-
lengths, respectively. The adsorption capacity was calculated by Eq. (5):

qt ¼
Ct−C0ð ÞV

m
ð5Þ

where C0 and Ct are the concentrations of the initial solution at time t
(mg/L), respectively. V is pollutant solution volume (L), m is aerobead
mass (g), and qt is adsorption capacity (mg/g) of aerobeads at time t.

To analyze the kinetics of the pollutant's removal, pseudo-first-order
(Eq. (6)) and second-order (Eq. (7)) models were used for both MO
and DIC.

ln qe−qtð Þ ¼ lnqe−k1t ð6Þ

t
qt

¼ 1
K2:q2e

þ t
qe

ð7Þ

where qe is the adsorption capacity in equilibrium; k1 and k2 are the
first- and second-order kinetic constant, respectively.

3. Results and discussion

3.1. Engineering of MOF@CNF aerobeads

The synthesis of zwitterionic aerobeads was performed through the
cationization and crosslinking of CNFs, mixing of anionic and cationic
MOF crystals with themodified CNF hydrogel and dropping themixture
in the liquid nitrogen, followed by freeze-drying. The cationization of
CNF was used to both improve the loading of anionic MOFs in the
aerobeads and enhance the interaction of aerobeads toward anionic
micropollutants as depicted in the Fig. 1. To facilitate the stability of
aerobeads in aqueous media, the cationic CNF hydrogels were cross-
linked with glutaraldehyde through hydroxyl groups [37]. Previously,
the maximum MOF loading of 50 wt% was obtained with the CNF
aerogels [23]. Here, the maximum total dosage of cationic (ZIF-67)
and anionic (HKUST-1)MOFs was also set to 50wt%. Despite some pre-
vious studies using organic solvents to fabricate materials containing
CNF and MOFs [28], all of the process steps were conducted in water.

3.2. Characterization of MOF@CNF aerobeads

The spherical aerobeads were created via dropping the MOF@CNF
hydrogelmixture in liquid nitrogen. As shown in Fig. 2, theMOF crystals
were suspended homogenously in the CNF hydrogel matrix after soni-
cation. The aerobeads exhibited a uniform size of 2–3mmand symmet-
rical shape, indicating the reproducibility of the dropping method.

Because of the poor stability of aerobeads with MOFs loading higher
than 50 wt%, theMOF@CNF aerobeads were prepared only in three and
up to 50 wt% total weight ratios of MOFs, i.e. 10, 30, and 50 wt%
(Table 1). All the aerobeads demonstrated very high porosity, ranging
from 97.61 to 98.96%, and low densities of 0.015–0.036 g/cm3. The in-
crease of MOF loading only slightly decreased the porosity, but in-
creased the density of the aerobeads >100% at the highest MOF
dosage. However, the MOF particles insertion in the aerobeads did not
have major effects on the other physical properties of the aerobeads.

ZIF-67 and HKUST-1 crystals with rhombic dodecahedral and octa-
hedral structures as determined by FESEM are shown in Fig. 3a and b,
respectively. The images proved the monodispersed shape and sharp
edges of MOF particles with an average size of 800 nm (ZIF-67) and
300 nm (HKUST-1). The size of the ZIF MOFs can be affected by
adjusting interactions between the metal ion and ligands through
changing the type of salt used [38]. By applying cobalt nitrate salt, ZIF-
67 particles of less than 1 μmwere obtained. Unlikemost of the reported
synthesis methods, HKUST-1was prepared under ambient temperature
and in a water/ethanol solution. However, prepared HKUST-1 crystals
had the same framework structure as typically obtained by the
solvothermal method [34].

FESEM images illustrate that theMOF crystalswere dispersedhomo-
geneouslywithout any agglomeration in the interspace network of CNF.
In addition, the MOFs were partly embedded in the thin layers formed
by the cellulose nanofiber network. The hydrogen bonding between
the CNF andMOF presumably promoted adhesion between the constit-
uents (Fig. 3d–f).



Fig. 2. Optical microscopic images of a) AB, b) ZIF-67@AB (30%), c) HKUST-1@AB (30%), and d) ZAB (30%) hydrogels (up) and aerobeads (down).
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The FT-IR spectra of original CNF, cationic CNF (CNF+), and cross-
linked CNF (C-CNF) are shown in Fig. 4a. The CNF presented peaks at
2860–2900 cm−1, 3400 cm−1, and 1000–1100 cm−1 allocated to
C\\H, hydroxyl, and C\\O bonds, respectively [36,39]. A peak of the
CNF+ at 1481 cm−1 was attributed to methyl groups in the quaternary
Fig. 3. SEM images of a) ZIF-67, b) HKUST-1 MOF crystals, c) CNF, d
ammonium [40,41]. The hydroxyl groups of CNF and aldehyde groups of
glutaraldehyde molecules were cross-linked via C\\O bonds. This ace-
tate crosslinking interaction can be detected in the FT-IR spectra of
C-CNF at 1710 cm−1 [37]. Moreover, the crystallinity and also the purity
of the synthesized MOFs were proved by XRD analysis (Fig. 4b). The
) ZIF-67@AB (30%), e) HKUST-1@AB (30%), and f) ZAB (30%).



Fig. 4. a) FT-IR spectra of CNF, cationic CNF (CNF+), and cross-linked CNF (C-CNF), and b) XRD patterns of ZIF-67 and HKUST-1 MOFs.
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presence of strong and sharp peaks at 8.51°, 12.05, 14.78, 17.08, 19.1,
and 24.25 in the XRD patterns reflect the desirable crystallinity of ZIF-
67 particles. This result match well with the recently reported studies
[32]. HKUST-1 was synthesized with the conversion of insoluble copper
hydroxide into HKUST-1 at room temperature. The XRD results proved
the stability and high crystallinity of the synthesized HKUST-1. In addi-
tion, the crystalline structure of HKUST-1 was similar to that in the pre-
vious reports [33,34]. No distinct impurity peaks were determined in
the HKUST-1 XRD patterns.

Isotherm linear plots for the adsorption-desorption of N2 for the pre-
pared aerobeads (i.e., AB, HKUST-1@AB (30%), ZIF-67@AB (30%), and
ZAB (30%)) andMOFs (HKUST-1 and ZIF-67) are shown in Supplemen-
tary Fig. S2 Adsorption average pore widths (4 V/A by BET) of ZAB, ZIF-
67@AB (30%), and HKUST-1@AB (30%) were 1.2 nm, 3.7 nm, and
12.2 nm, respectively. BET surface area of cellulose aerobeads (AB) in-
creased by introducing MOF particles in their porous structures. For in-
stance, surface area of ZAB (30%) (125 m2/g) was 3 times higher than
that of AB microspheres (41 m2/g).

The TGA of the CNF aerobeads without MOFs (AB) and zwitterionic
aerobeads having variable content of MOFs are shown in Fig. 5. The ap-
propriate incorporation of MOFs in the aerobeads formulation can be
explained with TGA analysis by the consistent weight loss of aerobeads.
The decrease in the aerobeads' weight at 220 °C is presumably attrib-
uted to degradation of the cellulose structure. Subsequently, the signif-
icant mass loss of aerobeads at >300 °C was associated with the
degradation of MOF structure caused by the disjointing of ligand struc-
tures [23,28,32].
Fig. 5. TGA curve of AB, ZAB (10%
3.3. Adsorption behavior and removal of anionic micropollutants using
MOF@CNF aerobeads

First, the water uptake capacity of the aerobeads was analyzed in an
immersion test (Fig. 6). The water uptake of the aerobeads ranged be-
tween 39.7 and 60.6 g/g, and the increase in the MOFs dosage in CNF
aerogels structure decreased thewater uptake. However, the adsorption
capacity of ZAB with the highest MOF dosage of 50% was still at a good
level (75% of capacity of AB) and comparable to what has been previ-
ously reported for the flexible aerogels from cellulose nanofibers [42].
The high water uptake capacity is associated with the unique spherical
and highly porous design of the aerogels. Such a desirable performance
of aerobeads might be conducive for adsorbing of the targeted
micropollutants. [43,44]. The hierarchical mesoporous structure of an
adsorbent can contribute to both capacity and speed of removingpollut-
ants [45]. The freeze-dried aerobeads had interconnected, millimeter
size, and porous (porosity more than 98%) structures which enable
them to accumulate and transfer the water-soluble pollutants.

The freeze-dried aerobeads were stable in the aqueousmedia. It was
likely attributed to chemical crosslinking used in the nanocellulose
structure. For example, the maximum degradation of ZAB 30 (30%)
after 6 h was less than 9% of aerobeads weight. The initial loss of
aerobeads weight might be associated with the surface corrosion of
the aerobeads (Supplementary Fig. S5).

DIC and MO with the ZAB, ZIF67@AB, HKUST-1@AB, and reference
aerobeads were monitored at 25 °C at different pHs (5, 6.5, and
8) using a constant micropollutant dosage of 10 ppm (Fig. 7a and
), ZAB (30%), and ZAB (50%).



Fig. 6.Water uptake capacity (%) of the aerobeads.

Fig. 7. Adsorption of a) DIC and b) MO with aerobeads at pH 5, 6.5, and 8.
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b). The MOF containing aerobeads showed better adsorption perfor-
mance than that of the reference aerobeads (without any MOFs). It
was likely that micropollutants (i.e. DIC and MO) absorbed on
aerogels through hydrogen bonding. In addition, DIC and MO with
electronegative atoms such as N and O can be adsorbed strongly by
opposite groups of the MOFs. On the other hand, the solution pH
has an intrinsic role in hydrogen bonding and adjusts the deproton-
ation/protonation in the adsorbent. Therefore effects of the solution
pH on the adsorption of DIC and MO were addressed. The adsorption
(qt) for both DIC and MO pollutants using zwitterionic aerogels in
pH 8 were higher than other aerobeads, indicating the successful for-
mulation of ZABs. Interestingly, HKUST-1@AB adsorbed DIC at pH 5
around twice as much as pure aerobeads. This behavior might be at-
tributed to strong H-bonding between carboxyl groups of adsorbent
and DIC molecules. However, the highest adsorption capacity of DIC
(i.e., 121.20 mg/g) was observed with ZIF-67@AB (50%) at pH 6.5.
Such high adsorption of anionic pollutants is likely associated with
the positive surface charge of ZIF-67, which promotes the adsorption
of anionic DIC via electrostatic forces [46,47]. Clearly, aerobeads with
a 50 wt% loading amount of MOFs showed a better adsorbing perfor-
mance than that of reference aerobeads. This result showed that
micropollutant uptake was a surface dependent phenomenon. The ad-
sorption capacity of MO varied from 14.33–49.21 mg/g, and the
highest was for ZAB (50%) (Fig. 7b). The outstanding adsorption ca-
pacity might pertain to the homogeneous distribution of nanoporous,
zwitterionic MOF particles in the hierarchical and interconnected
structure of spherical aerobeads. In general, the existence of nano/mi-
croporous structure strongly enhance the selective adsorption of pol-
lutants [48]. Moreover, the imidazole and benzene rings of ZIF-67
and HKUST-1 might improve the adsorbing performance via π-π inter-
actions with aromatic rings. ZAB particles were gathered from the
aqueous solution manually without using any intricate procedure.

To better understand the adsorption performance of MOF-
containing aerobeads, the kinetics of adsorption of DIC andMOat an ad-
sorption dosage of 10 ppmwas investigated (Fig. 8 and Supplementary
Fig. S4). The adsorption was relatively slow, and the plateau adsorption
was reached after >200 min with all samples. It was also reported pre-
viously that themicroporous adsorbents require a long time to reach an
equilibrium [49]. Considering the empirical results of adsorption and
correlation factors, the pseudo-second-order model resulted in the
best fit between observed and theoretical amounts. The correlation co-
efficients (R2) for the pseudo-second-order model were between 0.97



Fig. 8. Data fitting for adsorption of DIC by a) AB, b) ZIF-67@CNF (50%), c) HKUST-1@CNF (50%), and d) ZAB (50%) as a function of time at pH= 8 with pseudo-second-order equation.
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and 0.99 for DIC and more than 0.99 for MO (Supplementary Table S1).
Therefore, the results indicated that the micropollutant uptake was
based on chemical sorption [50].

The adsorption capacity in most of the prepared aerobeads varied
significantly as a function of pH, meaning that surface charges in the
aerobeads is pH-dependent. As shown in Supplementary Fig. S3, the
charge density of the aerobeads decreased as the pH raised from 3 to
10. In basic pH, deprotonation of acidic groups and also surrounding
the positive charges might explain this effect. The previous reports of
charge density of cellulose nanofibers also support the pH-dependent
charge behavior [51].

3.4. Comparison of different absorbents in removal of anionic
micropollutants

Recently, many adsorbents have been introduced for the elimination
of anionicmicropollutants, includingMO and DIC (Table 2).When com-
paring the ZAB adsorbents with the previously reported adsorbents, a
Table 2
Comparison of the adsorption capacities of recently reported adsorbents.

Year (ref) Type of adsorbent

2015 [49] Carbon xerogel
2017 [53] ZIF-8 (MOF)
2019 [52] Cyclodextrin-cellulose filter paper
2020 [54] Wood@MIL-101(Fe) membrane
Present work MOF@CNF aerobead
2018 [57] PPy/SBA-15 nanocomposite
2019 [22] UiO-66-NH2 (MOF)
Present work MOF@CNF aerobead
very high adsorption capacity (121.20 mg/g for DIC and 49.21 mg/g
forMO)was reached in the present study, especially with DIC, themax-
imum capacity with ZAB (50%) being higher than that in previous
works. Earlier, the DIC removal with the carbon xerogel, ZIF-8, modified
cellulosic filter paper, and wood-based filtration device were 80, 100,
25, and 178.6 mg/g respectively [49,52–54]. The adsorption capacity
with MO was similar to PPy/SBA-15 nanocomposite, but smaller than
that of UiO-66-NH2 (MOF). Bulk nanocellulose aerogels in combination
with MOFs have previously been used for the selective removal of cat-
ionic dyes [55] and cationic Cr (VI) [29] with high adsorbing capacity,
but reports related to the use of cellulose nanomaterials and MOFs for
removing anionicmicropollutants are lacking. The high capacity is likely
associated with homogenous dispersion of MOFs in interconnected
spaces of CNF microspheres, high adsorbent-absorbate affinity, and
also the high surface area of the spherical aerobeads. The prepared
ZABs overcome many typical drawbacks, such as complicated and poi-
sonous synthesis methods and difficult separation of the powder adsor-
bents from the aqueous suspensions associated to previous adsorbents.
pollutant MOF (% wt) Adsorption (mg. g−1)

DIC – 80
DIC – 100
DIC – 25
DIC – 178.6
DIC 10–50 121.20
MO – 41.66
MO – 148.4
MO 10–55 49.21



9M. KarzarJeddi et al. / Materials and Design 196 (2020) 109106
Concerning the pH of municipal wastewaters (6.5–8), these adsorbents
could be optimal for wastewater cleaning applications. The novel pro-
cessing procedure and employing influential materials could decrease
the cost price of cleaner products named as low-cost sorbents. The com-
ponents of these adsorbents might be a natural byproduct or wastema-
terials. Therefore a fast looking up to the price of nanocellulose realizes
the importance of usingwaste boxboard cellulose (80–100 €) instead of
virgin birch cellulose (600–800 €) in aerobeads structure [56].

The spherical aerobeads were easily separated manually without
complicated methods after adsorbing micropollutants fromwater solu-
tions. The aerobeads remained their spherical shape and mechanical
stability without structural collapse during the adsorption process.
After drying the used aerobeads, they were still in good shape and
could be used for at least three times more. However, cracks were ap-
peared in the surface of beads after multiple use. Therefore, the binary
MOFs and CNF aerobeads with high porosity, ultra-low density, facile
synthesis, and high adsorption performance were developed as a
high-potential nanostructured adsorbent for the removal of anionic
pollutants.

4. Conclusions and perspectives

A combination of twoMOFswith CNFwas applied to produce spher-
ical and nanoporous hybrid adsorbents. For the first time, the advanced
design for stabilizing binary MOFs inside aerogels were conducted, and
aerobeads with zwitterionic properties synthesized. The binary MOF
containing aerobeads showed a very high adsorbing capacity to remove
two important anionic pollutants (121.20 mg/g for DIC and 49.21 mg/g
forMO). The aerobeads were easily collected after use from the solution
without any complicated separation methods or the formation of sec-
ondary pollutants. The produced hybrid absorbents are cost-effective,
environmentally-friendly and they can be produced via facile synthesis
route.
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