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Abstract

A comparative study of two cellulosic materials i.e., cotton fabrics and bacterial cellulose nanofibers (NBC), is reported as
substrates for metal organic frameworks (MOF-199), to prepare micro and nanocomposites of cellulose @ MOF-199 for CO,
capture. The CO, uptake performance was investigated using gravimetric adsorption and desorption kinetics. NBC was an
efficient substrate with full coverage and uniform distribution of MOF crystals observed in NBC @MOF-199 nanocomposite.
The surface area for NBC@MOF-199 and Cotton@MOF-199 were 553.4 m? g~! and 168.9 m? g~!, respectively. NBC @
MOF-199 showed a high adsorption capacity (2.9 mmol g~!) at ambient temperature and pressure, followed by Cotton@
MOF-199 (1.2 mmol g~!). The kinetic studies revealed that the adsorption process is controlled by film diffusion at lower
temperatures, and by sorption to active sites at higher temperatures. The estimated thermodynamic parameters represent a
spontaneous adsorption with low activation energies of adsorption/desorption, promising a fast adsorption and facilitated
regeneration adsorbent system with minimum energy costs.
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Introduction

The ever-increasing atmospheric concentrations of the
greenhouse gases, particularly CO,, is an environmental
issue that requires developing technologies to restrict its
emissions. Adsorption is a promising technique for CO, cap-
ture, since it is a cost effective, low energy demanding, and
environmentally friendly technology. In this regard, metal
organic frameworks (MOFs) have been considered as CO,
adsorbent due to their tunable micro-/mesoporous struc-
ture, chemical functionality, and high surface areas [1-4].
However, MOFs are usually produced as powder or colloid
crystals, and forming them into monoliths is a challenge
which hinders their practical application, particularly when
structural integrity is needed, e g. for gas adsorptive masks
and filters [5]. One approach for production of such desirable
MOF 3D architecture is to grow the MOF crystals on the
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surface of a substrate [6—9] to shape them into mechanically
durable forms.

Natural polymers, such as cellulose, in addition to
renewability, biodegradability, and low cost, usually show
adequate mechanical strength and porosity to be used as a
substrate for MOF crystals [10—17]. A hybrid of cellulose @
MOF has the durability of the cellulosic substrate along with
a high surface area and adsorption capacity of MOFs [18].
Multiple functionalities have been recognized for this impor-
tant class of green materials, such as antibacterial composite
fabrics (due to the presence of metal ions such as copper,
zinc and silver in the structure of MOF) [17, 19], wastewater
treatment [20, 21], air purification [22], medical applica-
tions [23, 24] and CO, adsorption [25, 26]. Comprehensive
reviews have been recently published on the hybrid cellu-
lose—metal organic frameworks (CelloMOFs) [25], cellu-
lose-zeolitic imidazolate frameworks (CelloZIFs) [26], and
their particular applications to solve environmental issues.

Cellulose in various forms have been used in the con-
struction of cellulose @ MOF [14, 27-30]. The structural
features and availability of a cellulosic substrate depends
on its source of extraction. Bacterial cellulose, for example,
is inherently composed of a network of cellulosic nanofibers,
which offer a very high porosity compared to conventional


http://orcid.org/0000-0003-2750-7074
http://orcid.org/0000-0003-1587-2103
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-022-02504-3&domain=pdf

Journal of Polymers and the Environment (2022) 30:4210-4224

4211

plant-based cellulose, but its large-scale production is costly.
Cotton, on the other hand, has a multilayer microfiber struc-
ture, and it is one of the most abundant plant sources of
cellulose, readily available at a low price for use in the pro-
duction of masks and filter media. Ma et al. used bacterial
cellulose nanofibers as a template for amino-functionalized
ZIF-8 (NH,-ZIF-8) and reported a high CO, adsorption
capacity of 1.63 mmol g~! at 25 °C and 1 bar [31]. Wang
et al. studied a TEMPO-oxidized wood (TO-wood) template
for three types of MOFs [32]. They reported that the TO-
wood/Cu;(BTC), presents a mechanically robust composite
with a high specific surface area of 471 m? g~! and a high
CO, adsorption capacity of 1.46 mmol g~! at 25 °C and
atmospheric pressure [32]. Other forms of cellulose that
have been used to manufacture cellulose @ MOF compos-
ites include cellulose nanofiber (CNF) [14, 27], cellulose
nanocrystals (CNC) [28], and cellulose acetate (CA) [29,
30].

The morphological characteristics of the cellulosic sub-
strate could significantly affect the adsorption behavior of
this class of composites. A comparative study of cellulosic
materials with different structural features for their perfor-
mance as substrate for MOFs is interesting because most of
previous studies have been focused on one form of cellulose
as substrate with various MOFs. The present study aims to
use cotton fabric and NBC, as substrates for MOF powders,
and to investigate the CO, adsorption performance of the
developed cellulose-MOF composite. Potential applica-
tions for these composites would be as CO, capture filters,
antibacterial/gas adsorptive medical masks/clothing, and air
purifying filters. As there is a lack of reports on the effect
of cellulosic substrate on the CO, capture performance of
cellulose @MOF-199 composites, and particularly on the
kinetic and thermodynamic characteristics of such systems,
this work contributes to advancing the knowledge on struc-
ture-adsorption relations of these composites.

The MOF-199 (also known as HKUST-1), extensively
studied for CO, adsorption [33-37], is used here to prepare
the cellulose @MOF composites. This MOF is formed by the
association of Cu®* cations with benzene-1,3,5-tricarboxylic
acid as a ligand (Cu;BTC,). MOF-199 possesses high poros-
ity and ultrahigh surface area, reported in the range of 692
to 1510 m? g~! in different studies [33]. It is a commercially
available MOF with a relatively simple production route.
The coordinatively unsaturated cupper centers in the MOF-
199 structure provide suitable active sites for CO, adsorp-
tion [33-35]. CO, uptake capacities in the range of 4 [36]
to 13 mmol g~! [37], at ambient temperature and pressures
from 1 to 15 bar, have been reported for pure MOF-199. The
approach, used in this research, to elucidate the adsorption
mechanism in the composite of the MOF with the naturally
occurring polymers includes investigation of various well-
known gas adsorption kinetic models to see which ones best

describe the experimental adsorption data of biopolymer-
MOF composites. Finally, we report here an antibacterial
green adsorbent system with a relatively high CO, uptake
capacity, fast adsorption, and facilitated regeneration favor-
ing minimum energy costs of CO, capture.

Materials and Methods
Materials

The Bacterial cellulose nanofiber (NBC) sheet
(purity: >99%, solvent: deionized water, average size:
30-50 nm, source: bacterial synthesis) was purchased from
Nano Novin Polymer, Iran. The copper (II) nitrate trihydrate,
trimesic acid, sodium chloroacetate, and N,N-dimethylfor-
mamide (DMF) were obtained from E. Merck, Germany.
Sodium hydroxide, ethanol (EtOH), and deionized water
were purchased from Mojallali chemicals, Iran.

Cellulose@MOF Composite Preparation Procedure

bacterial cellulose nanofibers and cotton fabric swatches
with dimensions 5 cm X5 cm were used to prepare the
bacterial cellulose-MOF-199 (NBC@MOF-199) and Cot-
ton@MOF-199 composite. The post-synthetic modification
(PSM) approach, as described by Lange et al. [38], was used
to prepare the composites.

The procedure includes three major steps: an esterifica-
tion modification to obtain carboxymethylated cellulose
(1st step) to create anionic sites on cellulosic substrate for
subsequent bonding with Cu ions during the nucleation of
MOF (2nd step), followed by the MOF crystal growth in
trimesic acid solution (3rd step) as shown in Scheme 1. The
details of composite preparation are described in the fol-
lowing sections.

Carboxymethylation of Cellulosic Substrates

In order to enhance bonding between the substrate and the
MOF, an esterification reaction was performed with the
appendant hydroxyl groups of the cellulose sheets to insert
carboxylate functional groups on the surface. The anionic
carboxylate sites chelate with the Cu ions and start the
nucleation and growth of the MOF crystals. In a typical car-
boxymethylation procedure [38], the swatches were soaked
in an aqueous solution of 30 g sodium hydroxide in 150 mL
deionized water for 10 min. The specimens were removed,
patted dry, heated to 45 °C for 10 min, and soaked/stirred
in 150 mL dionized water containing sodium chloroacetate
(30 g) for one more hour. The specimens were again patted
dry and heated in a preheated oven at 85 °C for 30 min. The
resulting samples were washed with 100 mL deionized water
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Scheme 1 Schematic of the process to carboxymethylate and grow the MOF-199 on the surface of bacterial cellulose nanofibers

three times, and acidified with 150 mL of a 2 g/L acetic acid
solution for 5 min. Washing procedure with deionized water
was repeated, and the samples were finally dried in an open
atmosphere.

Nucleation and Growth of MOF-199 on Cellulosic Substrate

The second step is the assembly of the MOF-199 structure
on the modified bacterial cellulose swatches. It was done by
repetitive and sequential dipping the carboxymethylated bac-
terial cellulose (C-NBC) swatches into separately prepared
copper and ligand-containing solutions. A 20 mL mixture
of 1:1 deionized water and ethanol containing 1.90 g copper
(IT) nitrate was used as solution A, and solution B was the
same solvent mixture with 1 g of trimesic acid. Complete
dissolution of the components was assured by proper mix-
ing for sufficient time (30 min) followed by sonication for
20 min.

The carboxymethylated cellulosic specimens were
dipped first in solution A by stirring at room temperature
for 30 min. Then it was removed, and transferred to metha-
nol beaker for 30 s, followed by dipping in trimesic acid
solution (solution B) under magnetic stirring for 30 min.
The cycle was repeated 17 times. The as-synthesized com-
posites were removed from the reaction vessel and stirred
in 50 mL of deionized water for 1 h, followed by 50 mL of
DMF for 1 h, and finally 50 mL ethanol for another hour to
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remove MOF-199 and any unreacted chemicals that are not
attached chemically to the cellulosic substrate. The modi-
fied specimens were then vacuum dried overnight at room
temperature. The composite is labeled NBC@MOF-199.

For comparative studies, the same procedure as
described above was performed using cotton fabrics
instead of bacterial cellulose. The prepared carboxymeth-
ylated cellulose and MOF-cellulose composites are labeled
C-cotton and Cotton@MOF-199, respectively. All the pre-
pared composites have blue color, as shown in Fig. 1 for
NBC@MOF-199.

) A
carboxymethylated NBC@MOF-199 composite

nanobacterial cellulose

Fig. 1 Optical images of carboxymethylated NBC (left) and NBC@
MOF-199 (right)
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Characterizations

FT-IR spectra were recorded using Thermo Nicolet AVA-
TAR 370 FT-IR spectrometer with KBr pellets. X-ray dif-
fraction (XRD) measurements were performed on a Theta/
Theta XRD-Explorer X-Ray Diffractometer (GNR, Italy)
with Cu ko radiation. This device works with an acceler-
ating voltage of 40 kV and a current of 30 mA, emitting
a wavelength of 1.54 A. The X-ray diffraction pattern was
recorded in 2 0 angle range of 5-25°.

Leo 1450 Vp scanning electron microscopy (Carl Zeiss,
Germany) was used to study the morphology of composites
and to examine the changes in the cellulose tissue before
and after MOF fixation on the cellulose. The SEM samples’
surfaces were sputtered and coated with gold using a sputter
coater SC7620 (Quorum Technologies, UK).

BELSORP MINI II (BEL, Japan) was used to measure
the nitrogen adsorption/desorption curves, BET surface area,
and pore size. The samples were cut into tiny pieces or pow-
dered. Sample preparation involves drying and degassing
at 120° C under vacuum for 2 h using BEL PREP VAC II
(BEL, Japan).

The kinetic adsorption tests were performed using a
thermogravimetric analyzer (SDTQ600, TA Instruments)
at atmospheric pressure and three temperatures, including
25,45 and 65 °C. A constant gas flow (1 atm, 40 mL min‘l)
of highly pure CO, (99.99% pure) was used as the adsorb-
ate gas stream. For each adsorption test, a sample of about
20 mg was loaded into an alumina pan. To remove the pre-
adsorbed species, such as atmospheric CO,, water, and other
volatiles, the samples were degassed at 120 °C for 60 min
using pure N, stream at flow rate of 50 mL/min. The sam-
ple temperature was allowed to cool down to the desired
adsorption temperature, and meanwhile, the gas stream was
switched from pure N, to pure CO, with the flow rate set at

40 mL/min. The CO, uptake was followed for 20 min. After
equilibration, the gas stream was switched again to pure N,
at 50 mL/min, while the temperature was raised to 90 °C,
and the desorption at constant temperature was followed for
30 min. The CO, adsorption in mmol g~! was calculated
from the mass of adsorbent at time t and the initial mass of
the sample. Since the gas pressure and flow rate is low, the
buoyancy and drag effects are neglected [39].

Results and Discussion
Synthesis and Structural Characterization

FTIR spectra of the original cotton fabric and NBC, as well
as C-cotton and C-NBC were obtained in order to investigate
the successful substitution of hydroxyl groups by carboxym-
ethylation (Fig. 2). In the spectra of C-NBC, the appearance
of a peak at 1730 cm™! (vertical line) is associated with
the C=0 bond stretch in the carboxylate group. In addition,
the intensity of the peak at 3415 cm™!, corresponding to
OH stretch, decreases in C-NBC compared to NBC, pre-
senting the successful substitution of hydroxyl groups with
carboxylate.

Similarly, the characteristic peak at 1710 cm™' of the
C=0 bond stretch is observed in spectra of C-cotton. It has
been explained that the intensity of peak associated with
the C=0 bond stretch in carboxymethylated cellulose is
proportional to the degree of modification (degree of car-
boxylate substitution) [40]. Comparing the intensity (area
under the peak) associated with C=0O stretching in C-cot-
ton and C-NBC, it is clear that the peak of C-cotton is less
intensive. It can be concluded that a higher degree of sub-
stitution is obtained by chemical modification in the case of
C-NBC. The more exposed surface area of NBC due to its

Fig.2 FT-IR spectra of non-
treated bacterial cellulose
nanofibers (NBC) and cotton
fabric (black curve), in com-
parison with carboxymethylated
bacterial cellulose (C-NBC) and
cotton (C-cotton)
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nanofibrous network structure, results in more effective sub-
stitution reaction. As mentioned in the experimental section,
the substituted carboxylate groups act as nucleation sites
on cellulose fiber to grow MOF-199 crystals, hence, higher
area density of nucleation sites shall be available on C-NBC.

In order to prove the formation of MOF crystals on the
cellulosic substrates the crystallographic structure of the com-
posites was examined by XRD. The X-ray diffractograms of
native bacterial cellulose, MOF-199 powder, NBC@MOF-
199, and Cotton@MOF-199 composites are presented in
Fig. 3. All the graphs are normalized (intensity divided by
total area under the curve) to have an area under the curve
equal to one. The diffraction peaks of NBC appear at 2 0=
14.3°, 16.7°, and 22.5°, characteristic of Cellulose I crystal
structure [41]. A similar pattern was observed for the carboxy-
methylated NBC, confirming that the chemical and solvent
treatments during the composite production process did not
affect the polymorphic behavior of the crystalline NBC. The
crystal structure of MOF-199 is characterized by an octahe-
dral shape 3D structure with characteristic peaks at 2 = 6.9°,
9.5°,11.6°, 13.4°, 17.5°, 19°, 26°, and 29.3° [42]. The dif-
fractogram of the NBC@MOF-199 composite represents all
the characteristic peaks related to the MOF-199. Particularly,
peaks of MOF at 6.9°, 9.5°, and 11.6° do not overlap with
cellulose crystal peaks. Hence, they can be helpful in proving
the formation of MOF on NBC surface. It can be seen that the
crystallographic features of the C-NBC and the MOF-199 are
preserved after treatment (Fig. 3). The existence of the MOF
crystals in Cotton @MOF-199 composites is also confirmed
by the relevant diffraction peaks of MOF-199 observed clearly
in the diffractogram of this sample. However, the diffraction

Cotton@MOF-199
NBC@MOF-199
3
I
2
K7
[
2
[
—| MOF-199
NBC
— — T~
5 10 15 20 25
26°

Fig.3 XRD patterns of NBC, pure MOF-199, NBC@MOF-199, and
Cotton@MOF-199 composite. The graphs are normalized to have the
area of 1
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peaks are relatively less intensive as compared to the NBC@
MOF-199 pattern. Since all the patterns are normalized, the
relative intensity could be considered as the lower amounts of
MOF crystals in Cotton @MOF-199.

The surface coverage of the MOF onto NBC swatches
and cotton fabrics was investigated using SEM. Figure 4a
and b compare the morphology of the primary NBC and
the chemically modified C-NBC. The structure of primary
NBC intrinsically consists of a network of nanofibers with
an average diameter of about 40 nm (Fig. 4a). After chemi-
cal modification, a significant agglomeration of nanofibers
occurs, as is observed in Fig. 4b. The average fiber diameter
in C-NBC is about 450 nm, more than ten times the original
bacterial cellulose. The treatment of NBC with chemical
solutions and subsequent drying in the atmosphere causes
this significant agglomeration of nanofibers.

The microstructures of the developed composites, NBC@
MOF-199 and Cotton@MOF-199, are also shown in Fig. 4
at two different magnifications. A full coverage of the NBC
surface by the grown MOF microcrystals is observed in
NBC@MOF-199 composites (Fig. 4c and d). The MOF
crystals are evenly distributed on the surface. It can be
concluded that there were plenty of nucleation sites avail-
able at the surface of the C-NBC for MOF crystals to grow.
The MOF crystallites on NBC appear to be approximately
3-5 um in diameter with little twinning of the crystallites.
Hence, little agglomeration occurred due to the growth of
MOF crystals on NBC substrate, and the dispersion is also
acceptable. In conclusion, electron microscope images show
that the products prepared with MOF-199 crystals are coated
with homogeneous sizes and shapes, confirming the success-
ful synthesis of the desired composites.

In the case of Cotton @MOF-199 composites, even distri-
bution of MOF crystals on the fabric surface is observed in
Fig. 4e and d. However, the cellulose fibers are not entirely
covered by MOF crystals in this composite. Obviously, in
the case of carboxymethylated cotton fabrics, there were less
favorable nucleation sites (cellulose with grafted carboxylate
moieties) available for MOF crystals to grow on it. The FTIR
results are in agreement with this observation, since the peak
associated with C=0 stretching (the sign of the presence
of carboxylate groups) was significantly more intense in
the case of C-NBC as compared with C-cotton. The size of
MOF crystallites, however, are a little smaller in Cotton@
MOF-199 composites, (between 1 to 3 um), presenting a
better dispersion.

Adsorption Analysis
N, Adsorption-Desorption Isotherms

The isotherms were collected at 77 K. The samples were
initially outgassed under vacuum for 2 h at 120 °C. The



Journal of Polymers and the Environment (2022) 30:4210-4224

4215

SEM HV: 5.0 kV WD: 9.06 mm

vl

SEM MAG: 135 kx Det: SE 200 nm
View field: 1.54 ym  Date(m/dly): 07/11/21

MIRA3 TESCAN|

RMRC FESEM

Date :25 Oct 2021
Time :20:04:03

Signal A = SE1
Photo No. = 4738

Signal A = QBSD
Photo No. = 2255

Date :9 Mar 2021

EHT =20.00 kV Time :10:27:17

WD= 10 mm

Fig.4 SEM images of a the natural bacterial cellulose nanofibers
(image magnification: 135 kX), b carboxymethylated bacterial cellu-
lose (image magnification: 10 kX). Micrographs of NBC@MOF-199

resulting isotherms for C-cotton, C-NBC, and the compos-
ites are shown in Fig. 5. The sample surface area, total pore
volume, and mean pore size were calculated using the BET
analysis and presented in Table 1.

The C-cotton and C-NBC show a Type V isotherm with
negligible H1 type hysteresis (Fig. 5a), representing weak
interactions between adsorbate and the adsorbent. A very
low surface area of ~3.6 m? g~! was estimated for C-cotton

Signal A = SE1
Photo No. = 4746

Date :25 Oct 2021
Time :20:12:50

Signal A = SE1
Photo No. = 4739

Date :25 Oct 2021

EHT =20.00 kV Time :20:05:11

Date :9 Mar 2021
Time :10:52:03

Signal A= QBSD

EHT =20.00 kV Photo No. = 2260

WD = 10 mm

surface at two magnifications ¢ 2.5 kX and d 5 kX. SEM micrographs
of Cotton@MOF-199 surface at two magnifications e 500 X and f 5
kX

from BET analysis. The C-NBC shows a higher surface
area (agg;~44 m* g~!) and pore volume of ~0.082 cm? g~!
(Table 1), but the isotherm similarly presents weak interac-
tions (Fig. 5a).

The BET surface area for bacterial cellulose has been
reported in the range of 25 to 65 m? g~! [43, 44] which is due
to the network of nanofibrous structure and depends strongly
on the drying procedure of NBC [43]. The reduction in
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Fig.5 N, adsorption/desorption plots for a C-NBC, C-cotton, and b NBC@MOF-199, C-cotton@MOF-199

Table 1 BET model parameters
and pore structure analysis of

BET model parameters

Porosity characteristics

the samples Slope (Linear) Intercept (Linear) *V, C appr  © Total 4 Pore radius
pore
volume
C-cotton 0.713 0.496 083 24 3.6 0.004 49
C-NBC 0.085 0.013 10.2 75 444 0.085 7.6
Cotton@MOF-199 0.026 8E-5 38.8 3222 1689 0.146 35
NBC@MOF-199  0.019 0.0001 51.8 1124 5534 0.263 1.9

2 Unit: [em® (STP) g71].
b Unit: [m? g"].

3

¢ Estimated at (p/py=0.99), Unit: [cm® g7!].

4 Unit: nm

surface area after chemical modification of bacterial cellu-
lose has been observed in previous reports [44]. For exam-
ple, the phosphorylation of bacterial cellulose resulted in a
reduction in specific surface area from 27.3 to 19.2 m? g!
[44]. It seems that the network of cellulose nanofibers col-
lapsed due to the interaction of cellulosic nanofibers with
solvents and other reactants in the course of chemical treat-
ment. The change in the microstructure of NBC after carbox-
ymethylation is reflected in the SEM micrographs of NBC
and C-NBC samples shown in Fig. 4a and b. The average
fiber diameter increased from about 40 nm in the NBC sam-
ple to about 450 nm in the C-NBC sample, which clearly
shows severe agglomeration of nanofibers after chemical
treatment. Hence, the surface area and pore volume of the
low surface area of original bacterial cellulose is expected to
be even higher than the estimated values for C-NBC.

The N, adsorption isotherm of the Cotton@MOF-199
shows a composite Type IV + Type II isotherm (Fig. 5b)
in which an inflection point is observed at a low relative
pressure of P/P,<0.1 but the isotherm does not level off at
high relative pressure (as it is expected for a pure Type IV
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behavior). The inflection point characterizes the presence
of mesoporous structure, and the fact that the isotherm does
not level off at high relative pressure could be due to the co-
existence of macropores in the structure of Cotton @MOF-
199 composite [45]. The macropores (pore size > 50 nm) are
associated with the structure of the modified cotton sub-
strate, and the micropores (pore size 2—-50 nm) are essen-
tial to the MOF crystals. In other words, both macro and
microporous structures play a role in gas adsorption to this
composite.

The N, adsorption isotherm of NBC@MOF-199 (Fig. 5b)
show completely different behavior compared to Cotton@
MOF-199 composites, and it is more representative of Type
I isotherm for microporous solid with the limited external
surface [45]. In their study of pure MOF powders, Chowd-
hury et al. reported a type I behavior for HKUST-1 [36].
It seems that the microporous MOF-199 plays the main
role in the adsorption in NBC@MOF-199 composites, and
accounts for the negligible hysteresis observed in the des-
orption curve of NBC@MOF-199 compared to the higher
hysteresis observed in the Cotton @MOF-199 composite.
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According to the BET analysis, the specific surface area
and the pore volume in the NBC@MOF-199 composite are
553.4 m? ¢! and 0.263 cm® g~!, respectively, and for the
Cotton@MOF-199 are 168.9 m? g~! and 0.146 cm® g7},
respectively (Table 1). Comparing these values with the spe-
cific surface area of C-cotton and C-NBC (3.6 m? g~! and
44.4 m? g7, respectively) shows a significant enhancement.
The enhanced pore volume of the composites relative to the
original cellulosic materials resulted from the high surface
area provided by the microporous structure of the MOF.

A similar argument applies for the enhanced adsorp-
tion/desorption behavior of the composite NBC@MOF-
199 compared to the Cotton@MOF-199. The difference
in N, adsorption/desorption behavior of the samples must
be related to their different macro and microscopic struc-
ture. As it was seen in Fig. 4, the SEM micrographs show
higher MOF coverage of NBC fibers compared to the cot-
ton fibers. It seems that there was higher density of nuclea-
tion sites available in NBC fiber surface for the growth of
MOF crystals as compared to cotton fabric surface due to
the higher level of carboxymethylation (FTIR results). The
NBC is characterized by a high level of crystallinity made
of a network of interconnected nanofibers. The morphology
of NBC results in the high surface area available for suc-
cessful growth of MOF crystals on the surface. Hence, the
higher area and pore volume in NBC@MOF-199 composite
as compared to Cotton @MOF-199.

These results show that using the NBC as the template in
NBC@MOF-199 nanocomposites, in addition to enhanc-
ing the mechanical stability, provides a material with good
porosity and hierarchical structure. In order to compare the
porous structure of the adsorbents studied here, a pore size
distribution was calculated by the Barrett —Joyner — Halenda
(BJH) method, based on N, desorption isotherms (Fig. 6) for
the composites and C-NBC. The NBC@MOF-199 compos-
ite shows a narrower pore size structure with two distinct
peaks at~4.6 and ~ 16 nm which are characteristic of the
MOF structure. In the Cotton @MOF-199 composite, peaks
are broader and less distinctive, which could be due to lower
MOF coverage on cotton fibers, as observed in SEM micro-
graphs of Fig. 4.

Kinetics of CO, Adsorption

The kinetic study of the adsorption process helps elucidate
the rate-limiting step of the adsorption. In addition, an essen-
tial characteristic of a suitable adsorbent is fast adsorption
kinetics. From a practical point of view, the efficiency of
an adsorbent in an industrial process, such as adsorption in
a fixed-bed column, as well as its capability to withstand
the high flow rate of adsorbate gas, depends on its rate of
adsorption. Hence, the study of adsorption kinetics is inher-
ent to any adsorbent development strategy. As mentioned in
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Fig. 6 BJH pore size distribution of samples
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Fig.7 CO, adsorption with time for C-NBC and the composites
under ambient conditions

the experimental section, gravimetric adsorption tests were
performed at various temperatures.

Figure 7 compares the CO, adsorption behavior of
the C-NBC, NBC@MOF-199, and Cotton@MOF-199
composites at ambient temperature and pressure. The
NBC@MOF-199 shows the highest final adsorption
capacity (2.9 mmol g~'), followed by Cotton@MOF-199
(1.2 mmol g7"), and the C-NBC shows the lowest capacity
of CO, adsorption (0.7 mmol g~ !). The adsorption of CO,
onto cotton fabrics was negligible, and the results are not
presented. It can be seen that the modification of NBC by
growing the mesoporous MOF structure on its surface has
increased the capacity of adsorption more than four times
the C-NBC. These results align with surface area (agg;)
and micropore volume data obtained from the N, adsorp-
tion—desorption isotherms. The higher surface area provided
by the mesoporous structure of MOF enhances the capability
of the surface for the accommodation of CO, molecules.

In addition to providing higher surface are by the
microporous structure of the MOF, the MOF-199 chemical
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structure presents favorably active sites for CO, molecules
to be attached. The HKUST-1 has been successfully reported
as an adsorbent for CO, due to the great affinity of its open
Cu(II) sites to CO, molecules [35]. Indeed, the presence of
exposed metal ion sites in the structure of MOFs increases
their functionality [34, 35]. The selective adsorption is
facilitated by the presence of these active sites, since they
have greater affinity with some molecules depending on
their polarizability, dipole, or quadrupole moment [35].
Cuy(BTC),(HKUST-1) is a good example of this kind of
MOF. The number of favorable adsorption sites (coordina-
tively unsaturated metal centers) is higher and more uni-
formly distributed in the NBC@MOF-199 composite com-
pared to the Cotton@MOF-199 due to better MOF coverage
and higher density of nucleation sites for MOF growth.
Maximum CO, uptake at ambient temperature and pres-
sure reported in literature for pure MOF-199, and various
polysaccharide @ MOF composite adsorbent systems are
compared with the values obtained in this work in Table 2.
The CO, uptake reported for pure MOF-199 (4.5 mmol g™
is higher than maximum value for NBC@MOF-199 com-
posite (2.9 mmol g~!) observed in the present study. In
addition, the reported BET surface area of pure MOF-199
(~965) [46] is also higher than the surface area of NBC@
MOF-199, i.e. ~553 cm? g~!. It seems that some pores of
the MOF are blocked by cotton/cellulose, anchoring sites
or voids for CO, adsorption. It also must be noted that the
reported adsorption capacity for the pure MOF is in mmol of
adsorbate per gram of the MOF, whilst, in the composites it
is in mmol per gram of composites, hence the lower adsorp-
tion capacities could be due to the concentration of MOF
in the prepared composite. However, from practical point
of view, the adsorption capacity per gram of the adsorbent
system is the determining factor and it is decreased in the
composites as compared to the pure MOF. Consequently,
producing durable monoliths of MOF using cellulose sub-
strate comes with the cost of loosing some adsorption sites,
reducing the adsorption capacity. Comparing to other poly-
saccharide @ MOF systems reported previously, the NBC@

Table2 Maximum CO, uptake at ambient temperatures (25-30 C)
and pressure reported in literature for polysaccharide @ MOF systems

Adsorbent Surface CO, uptake Ref

area (m? (mmol g~ D)

gh
Pure MOF-199 964.5 4.5 [46]
Cyclodextrin (CD)-MOF(K*) 400 0.55 [47]
NBC@NH,-ZIF-8 455 1.63 [31]
TO-wood @MOF-199 471 1.46 [32]
CNF@ZIF-L 12 0.6 [48]
NBC@MOF-199 553.4 2.9 This work
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MOF-199 of this study outperform them in terms of adsorp-
tion capacity at ambient temperature and pressure.

The process of adsorption in C-NBC and the composites
was relatively short, and the equilibrium adsorption amount
was reached in 20-30 min for all samples. The slope of the
breakthrough curve is significantly higher in NBC@MOF-
199 than the two other samples, which indicate that the
process of adsorption was facilitated by the abundance of
favorable adsorption active sites in this composite.

The adsorption kinetic data of the composites were fur-
ther investigated by three kinetic models including pseudo-
first order (PFO), Ritchie’s n™ order (RNO), and the Weber
and Morris (W&M) kinetic models. The selection of these
models is because each model assumes a different rate-lim-
iting step for adsorption kinetics. The PFO model considers
the external or film diffusion as the rate-limiting step [49].
The RNO model is based on the assumption that the sorption
to the active sites is the rate-limiting step [49]. Finally, the
W&M model assumes that internal or intraparticle diffusion
controls the adsorption rate [49]. The model that fits best
to the kinetic data will determine the rate-limiting step of
adsorption in this class of adsorbent composites.

Adsorption kinetic data for Cotton @MOF-199 composite
and NBC@MOF-199 nanocomposite at three temperatures
(RT, 45 °C, and 65 °C) were examined against different
kinetic models. The details of the model parameters obtained
from curve fitting and the correlation function associated
with each curve fitting are available in the supporting infor-
mation, Tables S1 and S2.

In all cases, the equilibrium adsorption capacity decreases
with increasing adsorption temperature. For Cotton @ MOF-
199 composite (Fig. 8a,b, and c), at lower temperatures, both
the PFO and RNO models show good performance to fit
the kinetic data, with PFO showing a slightly higher cor-
relation function of R* = 0.995 compared to the PSO model
with R? = 0.993 (see supporting information, Table S2) for
kinetic data at room temperature.

As the temperature increases, the correlation coef-
ficient decreases for the external diffusion rate-limiting
model (PFO) to R? = 0.969 at 45 °C, and R* = 0.938 at 65
°C. However, the kinetic models that consider the adsorp-
tion to the active sites as the rate-limiting step (Rithchie’s
n™ order) describe better the kinetics of adsorption as the
adsorption temperature increases, with correlation functions
of R? = 0.984 and R? = 0.964 at 45 and 65 °C, respectively
(Table S1).

It seems that, at lower temperatures, the external dif-
fusion (or film diffusion) governs the adsorption pro-
cess with an essential contribution from adsorption to
the active sites. As the temperature increases, the role
of the sorption step to the active sites of the adsorption
becomes more critical and controls the kinetics of adsorp-
tion. As mentioned previously, the active sorption sites in
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Fig. 8 Fitting the kinetic data to PFO, RNO, and W&M models at different temperatures for Cotton@MOF-199 (a), (b), and (¢) and for NBC@

MOF-199 (d), (e), and (f)

MOF-199 are, in fact, the coordinatively unsaturated Cu**
metal centers in the MOF-199 internal and external sur-
faces, which engage with the adsorbed CO, through physi-
cal interactions. It can be speculated that with a higher
kinetic energy of CO, molecules at higher temperatures,
the coordination of these molecules with the active metal

centers slows down since the strength of this coordination
becomes weaker at higher temperatures due to the higher
mobility of CO, molecules.

The Weber and Morris kinetic model, which considers the
intraparticle diffusion as the rate-limiting step, does not give
a good fit to the experimental data of the Cotton @MOF-199
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composites. Hence, the adsorption of CO, to the active sites is
not restricted by the internal diffusion parameters.

A Similar behavior was observed in the case of NBC@
MOF-199 as shown in Fig. 8d, e, and c. The Rithchie’s
n®-order model performs well, specially at higher tem-
peratures, and the W&M model shows the poorest fit at all
temperatures. The sorption to active sites again controls the
adsorption process of CO, molecules onto the composites. The
kinetic behavior of the NBC@MOF-199 composites gener-
ally shows a higher correlation coefficient with all the kinetic
models studied here, as compared to the kinetics of Cotton @
MOF-199 composites. It could be due to more heterogeneous
dispersion of MOF crystals on the cotton surface as well as
the lower adsorption capacity of the cotton fabric substrates as
compared to the NBC sheets. The lower equilibrium capacity
of Cotton@MOF-199 compared to NBC@MOF-199 is due
to the lower concentration of active metal centers in this com-
posite, as discussed before.

Thermodynamics of CO, Adsorption

From the kinetic studies in the previous section, it seems
that the NBC@MOF-199 nanocomposite is an interesting
biocompatible adsorbent system that can be considered for
CO, sequestration applications with relatively high adsorp-
tion capacity. For any newly developed adsorbent system, it
is essential to investigate the spontaneity of the adsorption,
exothermic/endothermic nature of adsorption, and the ease of
CO, uptake and desorption for fast adsorption and low energy
regeneration of adsorbent. These features can be investigated
by thermodynamic parameters such as the Gibbs free energy
change of adsorption,AGY, the enthalpy change of adsorp-
tion,AH®, and the activation energies for adsorption and
desorption. In this section, we use adsorption and desorption
kinetic data to estimate the thermodynamic parameters of the
NBC@MOF-199 nanocomposite using the Langmuir kinetic
model. As it was observed in the previous section, the adsorp-
tion is well described by models based on sorption to active
sites; hence, the selection of the Langmuir model is appropri-
ate for the discussion in this section.
The Langmuir kinetic model is expressed as [50]:

do

=k,C,(1-6)—k,0
=k (=0~ kg (1)

where 6 is the fraction of surface coverage.k,C,, and k, are
the rate constant for adsorption, concentration or partial
pressure of CO, in the gas stream, and the desorption rate
constant, respectively. At thermodynamic equilibrium, the
rate of adsorption,% =k,C,(1-6), and desorp-

tion,, % = kdﬁ, are equal. Considering that the relationship

between fraction coverage,f, the CO, uptake,q(%‘”), and

. . !
the maximum loading,g,,,,( =
g

), can be expressed
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asq = ¢,,,.0, one can integrate the adsorption and desorption
rate equations to obtain:

q= (’Imwc[l — EXp (_kacot)] 2)

4 = 9max €XP (_kdt) (3)

The experimental data for adsorption and desorption
can be fit to Egs. 2 and 3 to determine k, and k,, and con-

sequently, the adsorption equilibrium constant, K, = Z—‘
d

The Gibbs free energy change of adsorption can be esti-
mated by [51] :

AG’ = -RTInK, “)

Considering the relationship between the AG, AHC,
and ASY:

AG’ = AH® — TAS° ®)
substituting from Eq. 4-4 into 4-5, we have:

InkK, = A—HO - @ ©6)
RT R

Hence, by obtaining K, at different temperatures and
plotting InK, vs. lr’ we can estimate the enthalpy and
entropy change of adsorption from the slope and intercept.

To estimate K, at different temperatures, we need to
obtain k, and k, from experimental adsorption and desorp-
tion kinetic data at various temperatures. For this reason,
at the end of the adsorption kinetic experiments of NBC@
MOF-199 at each temperature, presented in the previous
section, the flow of CO, gas stream was stopped, and the
system was purged with non-adsorbing He gas stream, and
the desorption kinetics of the adsorbent was followed by
recording the mass change of adsorbent with time. The
results of the adsorption/desorption cycle are shown in
Fig. 9.

The fittings of adsorption and desorption rate equations
(Egs. 2 and 3) are illustrated separately for the adsorption
and desorption cycles in the supporting information, Fig.
S1. The fitting parameters, the equilibrium constant, and
the estimated Gibbs free energy change are summarized in
Table 3. The estimated Gibbs free energy changes of CO,
adsorption to the NBC@MOF-199 composite are — 1.68 kJ/
mol, — 2.11 kJ/mol, and — 2.39 kJ/mol at RT(~25), 45 and
65 °C temperatures, respectively. The negative sign of free
energy values (AG®) indicates a spontaneous adsorption
process.

The plot of InK, vs. lT is given in Fig. 10a. From the
slope and intercept of the plot, the AH? and AS are esti-
mated — 3.6 kJ/mol and — 0.018 kJ/(mol. K), respectively.
The negative change of enthalpy shows that the adsorp-
tion is exothermic, yet, the low absolute value of AHO is
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Table 3 Estimated adsorption and desorption rate constants, equi-
librium coefficient, and free energy change of adsorption for NBC@
MOF-199

Temperature k, ky K, AG®

RT~25°C 0.1265 0.0641 1.9735 — 1.68 kJ/mol
45°C 0.1632 0.0734 2.2234 —2.11 kJ/mol
65°C 0.2377 0.1014 2.3442 — 2.39 kJ/mol

characteristic of a physisorption nature of the adsorption
process in this system.

An important characteristic of an efficient adsorbent
system is a high rate of adsorption and desorption that
decreases the operational costs and energy requirements
for regeneration of adsorbent. The activation energy of
adsorption and desorption (E, and E, respectively) give
important information about this characteristic of the
adsorbent system.

They are related to the rate constants of adsorption and
desorption via the Arrhenius equation:

_Ea _Ed
ka =A exp ﬁ & kd =A exXp ﬁ (7)

E, and E,; can be estimated from the slope of lnkvs.%
as shown in Fig. 10b and c. The adsorption activation
energy is estimated E, = 13.14 kJ/mol, and for desorption
E; = 9.51 kJ/mol. The relatively low activation energies are
characteristic of physisorption and represent fast rate adsorp-
tion and facilitated regeneration with low energy costs.

Antibacterial Activity of Composites

In addition to favorable adsorption behavior, as mentioned in
the introduction section, the presented cellulose @ MOF-199
composites are multifunctional and can find applications in
solving many environmental related issues such as global
warming, wastewater treatment, air purification, and medi-
cal masks and clothing. In fact, we studied the antibacterial
activity of the developed cellulose @ MOF-199 composites
and they were very effective against both gram negative and
gram positive bacteria.

In order to investigate the inhibitory effect of the cellu-
lose @MOF-199, coagulase positive Staphylococcus aureus
strain was used as an indicator of gram-positive bacteria
and Escherichia coli strain was used as an indicator of
gram-negative bacteria. These bacteria were inoculated in
the culture medium and then the fabric with growth inhibi-
tory properties was placed in the culture medium containing
bacterial strain. After the incubation time, the tested plates
were examined for growth halo and the results are as follows
(Fig. 11):

- Diameter of non-growth halo of plate containing
Escherichia coli strain (Fig. 11a): 33 mm.

- Diameter of non-growth halo of plate containing Staph-
ylococcus aureus coagulase (Fig. 11b): 25 mm.

Conclusions

The emerging porous polysaccharide- metal-organic frame-
works composites (polysaccharide @MOFs) are promising
as efficient materials for CO, capture and separation. Herein
we report the performance of two composite adsorbents

@ Springer



4222 Journal of Polymers and the Environment (2022) 30:4210-4224
0.9
@ (a)
0.8 + .o
c
| X
0.7 +
y =-436.39x + 2.1528
Rz =0.967
0.6
0.002 0.003 0.0031 0.0032 0.0033 0.0034
T (K1)
-1.2 -2
1.4 - (b) 22 (©
: .
g:\s -1.6 1 g 241 e
c c b T
4 184 P — 26 ¢ o ..
2 ¢ - 2.8 y =-1143.5x + 1.056 e
y =-1579.8x + 3.2089 . 2 -
R? = 0.9786 o Rz =0.9297
2.2 A -3 ' ' : :
0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0029  0.003 0.0031 0.0032 0.0033 0.0034
T (K1) T (K1)
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Fig. 11 Antibacterial effect
(growth inhibitory zone) of
the cellulose@MOF-199 on a
Escherichia coli and b Staphy-
lococcus aureus coagulase

based on MOF-199 with bacterial cellulose nanofibers and
cotton fabric as substrate, for CO, capture at ambient pres-
sure. Bacterial cellulose and cotton fabrics provide effi-
cient substrates to attach MOF-199 via chemical bonding
permanently. The nanofiber network morphology of NBC
provides a high surface area for introducing nucleation
sites for MOF growth. Consequently, the higher degree of

@ Springer

substitution of carboxylate groups, as favorable nucleation
sites, are obtained during chemical modification as revealed
by FTIR and SEM analysis. A maximum adsorption capacity
of 2.9 mmol g~! and 1.2 mmol g~! for NBC@MOF-199 and
Cotton @MOF-199, respectively. The abundance of active
sorption sites, i.e., coordinatively unsaturated copper ion
centers with strong interactions with CO, molecules, due
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to complete coverage of MOF on NBC, is believed to be
responsible for the high adsorption capacity NBC@MOF-
199 composites. The kinetic study of CO, adsorption in the
composites revealed that the mechanism of adsorption at
lower temperatures is controlled by external diffusion and
as the temperature increases, the adsorption to active sites
becomes the rate-limiting step. Thermodynamic parameters
of the adsorption process were reported for the interesting
adsorbent system of NBC@MOF-199 via adsorption and
desorption kinetic data. The negative sign of AG indicates
spontaneous adsorption, and a small negative enthalpy
change represents exothermic adsorption. The relatively
low adsorption/desorption activation energies are char-
acteristic of physisorption and represent fast rate adsorp-
tion and facilitated regeneration with low energy costs for
this class of adsorbents, making them very desirable for
commercialization.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10924-022-02504-3.
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