Fuel 239 (2019) 737-746

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Performance of metal-functionalized rice husk cellulose for CO, sorption R

Check for

and CO,/N, separation e

Sarah Campbell®, Franciele L. Bernard®, Daniela M. Rodrigues”, Marisol F. Rojas®",
Luz Angela Carrefio’, Vitaly V. Chaban?, Sandra Einloft™"*

 Faculty of Science, Agriculture & Engineering-Newcastle University, NE1 7RU, United Kingdom

Y Post-Graduation Program in Materials Engineering and Technology, Pontifical Catholic University of Rio Grande do Sul — PUCRS, Brazil
©School of Science, Pontifical Catholic University of Rio Grande do Sul — PUCRS, Brazil

4 School of Technology, Pontifical Catholic University of Rio Grande do Sul - PUCRS, Brazil

€ School of Science and Engineering, Universidad de los Llanos, Km 12 Via Puerto Ldpez, Villavicencio, Colombia

fSchool of Chemistry, Universidad Industrial de Santander, Street 9, 27, Bucaramanga, Colombia

8 P.E.S, Vasilievsky Island, Saint Petersburg Leningrad Oblast, Russian Federation

ARTICLE INFO ABSTRACT

Keywords:

CO,, capture
Metal-functionalized celulose
CO,/N, separation

In this work, cellulose was extracted from rice husk. Fe304 and TiO, particles were successfully bonded on the
cellulose surface via hydroxyl group. The products were confirmed and characterized by Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). A pressure decay technique was carried out to
evaluate CO, sorption capacity and reusability. In addition, ab Initio calculations were performed. The ex-
perimental results show an increase in CO, sorption ability upon cellulose modification with metal oxides.
Titanium dioxide modified cellulose fibers (cellulose-TiO,, 184.1 mg/g at 30 bar and 298.15K) and iron oxide
modified cellulose fibers (cellulose-Fe;04, 130.6 mg/g at 30 bar and 298.15 K) exhibited enhanced CO, uptake
than nonmodified cellulose (cellulose, 81.6 mg/g under the same conditions). The best CO»/N, selectivity result
was obtained for cellulose-TiO, (3.56 * 0.16). Selective capacity of cellulose-TiO, for CO,/N, was approxi-
mately 270% higher than raw cellulose fibers. CO, sorption recycling experiments demonstrated high stability
and reuse capacity in CO, capture processes of Cellulose-TiO,.

1. Introduction

Excessive carbon dioxide production is the largest contributor to
global warming of anthropic origin [1]. CO is consistently produced in
excess through various human activity [1,2]. As a potential method to
counteract the serious environmental threat of global warming, re-
duction of CO, is of serious interest to scientists worldwide [1]. Tech-
nologies for carbon capture and storage (CCS) have been widely studied
as a viable method to reduce carbon emissions and mitigate the climate
change effect [2-4]. Research into CO, sorption and separation is cur-
rently being carried out in a wide variety of areas. Zeolites [5,6], amine
technology [7-9], silica [10], silica gel [11,12], mesoporous materials
[13,14], poly (ionic liquid)s [15], metal organic frameworks [16-18],
chemical looping [19], lithium-based ceramics [20] and cellulose
[21,22] all provide a potential solution to the ever-growing CO, pro-
blem. One area of particular interest is the modification of cellulose to
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enhance its adsorptive properties. Cellulose is the most abundant or-
ganic polymer on earth [23], present in the structure of all plant cell
walls. Rice husk is composed of cellulose (35%), hemicellulose (25%),
lignin (20%), crude protein (3%) and ash (17%) [24] An estimated of
500 million tons per year of rice crop is produced worldwide [21].
Isolation from the rice husk waste generated from the cereal process
[25,26] can provide an attractive, low cost method of producing cel-
lulose [22]. Following this, it could provide an efficient base method to
produce cellulose related CO, adsorptive compounds. As well as being
abundant and readily available, cellulosés non-toxicity, resistance and
the fact that its surface can be modified by chemical treatments make it
an attractive candidate for CO, sorption [21,22]. Hydroxyl groups can
be deprotonated readily, which allows for the application of a variety of
reaction mechanisms involving the highly reactive O~ group [27-31].
These reaction pathways can alter or enhance certain properties of
cellulose, allowing for the production of new, cost-effective materials
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with an increased selectivity for certain applications.

The presence of basic sites on the surface of transition metal oxides,
such as Fe304 and TiO,, make them an interesting candidate for en-
hancing the CO, sorption of certain compounds. This is due to the
acidic nature of CO,. This acid-base attraction could enhance the ad-
sorptive properties of cellulose. A few previous studies suggest Fe;04
has potential in adsorption technology. A study on the adsorption be-
haviors of iron oxide on a mesoporous compound MCM-414 [32]
showed that the CO, sorption capacity of the mesoporous compound
increases with the addition of iron oxide, partly due to the transfer of
electrons from the metal d orbital to the CO, antibonding orbital. A
density functional theory study on the interaction of CO, with Fe304
(111) surface [33] shows the same, with adsorption of CO, onto Fe304
occurring due to this Lewis acid-base interaction. This leads to the
formation of a covalent bond between CO, and Fe30,4. The tendency of
Fe;0,4 to aggregate limits its applicability in the field of adsorption
technologies due to the limitation of the exposed surface [34]. Dis-
persing the magnetite particles onto a solid matrix, such as cellulose,
could reduce this aggregation and enhance the adsorptive properties of
the metal oxide. Past studies on the adsorption potential of TiO,
[35,36] suggest the addition of TiO, into a complex can enhance the
adsorptive properties. A study performed on the interaction of CO, on
rutile TiO, (1 1 0) surfaces [37] investigates further into how CO, can
be physisorbed onto the TiO, surface. As well as previous studies in-
dicating the increase in adsorption relating to TiO,, the addition of TiO,
to the cellulose matrix leads to an increase in surface area of the
complex [32].

The methods of cellulose modification carried out in this work are
implemented with environmental caution in mind. The Fe30, mod-
ification method [28] involves the addition of magnetite particles
across cellulose with virtually no produced waste. The addition of TiO,
to cellulose [38] uses a NaOH/urea solvent dissolution process which is
a new, green approach to this procedure.

This is an innovative area of research due to several key factors —
including cellulose’s natural abundancy and the many potential appli-
cations these transition metals have in adsorption technology.
Furthermore, there have been very few studies on their potential ad-
sorptive properties. In this work, cellulose fibers extracted from rice
husk were modified using both Fe;04 and TiO, nanoparticles; their CO,
sorption capacity was evaluated. To the knowledge of the authors re-
search in this area has not been carried out before.

2. Experimental
2.1. Materials

The rice husks were donated by Cooperativa Arrozeira Extremo Sul
Ltda. The rice husk was washed with distilled water and dried in an
oven at 100 °C for 8 h. The dried husk was grounded in a knife mill. The
product was collected. Sodium hydroxide (NaOH, 97% Vetec), hy-
drogen peroxide (H0,, 35%, Neon), sulphuric acid (H,SO4, F. Maia, P.
A), ferric chloride hexahydrate (FeCly3H,O, 97%, Sigma-Aldrich), so-
dium bicarbonate (NaHCOs3, Dindmica), ascorbic acid (C¢HgO, Vetec),
urea (40%, Sigma-Aldrich), acetic acid (CH3COOH, 99.7%, Sigma-
Aldrich), nitric acid (HNOj;, 65%, Vetec), ethanol (C,Hs0H, 99.5%,
Sigma-Aldrich), toluene (C;Hg, 99.5%, Vetec) and ethyl ether (C,Hs)-0,
99.9%, Sigma-Aldrich) were used as purchased. Tetra-n-butyl-titanate
(C16H3204Ti) (990/0, ACrOS).

2.2. Cellulose extraction

The cellulose fibers extraction procedure was adapted from litera-
ture [22,39]. An alkaline treatment was carried out on the rice husk
(50 g) using 4%wt NaOH (400 mL) for 2h at 90 °C under reflux with
continuous stirring. Following this, an acid hydrolysis treatment was
carried out on the material using 5 mol/L H,SO,4 (400 mL) under reflux
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with continuous stirring at room temperature. Afterward, a bleaching
treatment was carried out on the fibers by addition of 16%wt H,0,
(200 mL) and 5%wt NaOH (200 mL) at 55 °C with continuous stirring.
After each treatment, the material was washed with distilled water until
neutral pH (5-7), filtered and dried in oven for 24 h at 100 °C. Purity
test details are well reported in Technical Association of Pulp and Paper
Industry (TAPPI standard T203 OS-74). Purity tests performed resulted
in 82% of cellulose.

2.3. Cellulose modification with Fe30,

First, magnetite particles were prepared using a co-precipitation
method adapted from literature [28]. FeCl3-6H>0 (0.46 g) was dissolved
in deionized water (12.5mL). Then, NaHCO; (6%) was added to the
solution dropwise until a precipitate formed. Ascorbic acid (0.06 g) was
added and the mixture was kept under nitrogen atmosphere and stirring
for 15 min, then completed to 25 mL with deionized water. The freshly
prepared magnetite particles (25 mL) were added to a suspension of
nanocellulose in deionized water (10 g/500 mL) under nitrogen with
continuous stirring at room temperature for 24 h. The products were
filtered, washed with deionized water and dried in oven.

2.4. Cellulose modification with TiO,

This modification method was taken from literature [38]. A cellu-
lose solution was prepared by addition of cellulose (1.62 g) to a 7:12%
wt NaOH/urea solution (50 mL) under stirring at room temperature.
The suspension was immediately cooled in freezer to —12°C for 12h. A
mixture of tetra-n-butyl titanate (25 mL) and the previously prepared
cellulose suspension (50 mL) were poured into a 100 mL Teflon-lined
stainless steel autoclave and kept at 180 °C for 24 h. The product was
centrifuged until a clear liquid was obtained, washed with ethanol and
dried in oven at 60 °C.

2.5. Characterization

Fourier Transform Infrared analysis of the samples was recorded
using the KBr pellet method on a Perkin-Elmer Spectrum 100 FT-IR
Spectrometer with a wavenumber range 4000-400cm~'. Thermal
analysis was carried out using TA Instruments SDT-Q600 with a heating
rate of 10 °C/min and a temperature range of 20-600 °C under nitrogen
atmosphere. SEM was carried out using FEI Inspect F50 equipment in
secondary electrons (SE) mode. Chemical composition was evaluated by
energy dispersion X-ray spectrometry (EDS). For this purpose, samples
were covered with a thin layer of gold. Experiments by X-ray pho-
toelectron spectroscopy (XPS) were carried out with XPS/ISS/UPS-
ACenteno surface characterization platform built by SPECS (Germany).
The platform is equipped with PHOIBOS 150 2D-DLD energy analyzer.
A monochromatic Al Ka X-ray source (FOCUS 500) operated at 200 W
was used for measurements. The pass-through energy of the hemi-
spherical analyzer was set at 100 eV for the general spectra and 60 eV
for high-resolution spectra. The surface charge compensation was
monitored with a Flood Gun device (FG 15/40-PS FG500) operated at
58 uA and 2eV. High-resolution spectra of the elements found were
recorded for quantification, CasaXPS software was used for spectral
analysis and curve fitting using C-C signal position at 284.6 eV as Ref.
[40]. X-ray powder diffraction patterns were recorded using a Bruker-
AXS D8 ADVANCE diffractometer operated at 40 kV voltage and 20 mA
current with Cu Ka radiation (A = 1.5406 10\), 3-80° range with 0.02
step and 1.0°/min scanning time. Segal method (Eq. (1)) was used to
calculate the crystallinity index of the materials (CrI) [41].

_ T —1a
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@

where Ipo, is maximum intensity of the 002 peak and I,y is intensity
scattered by the amorphous part of the sample. The diffraction peak for
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plane (002) is located at diffraction angle around 26 = 22° and in-
tensity scattered by the amorphous part is measured as the lowest in-
tensity at diffraction angle around 26 = 18° [39].

2.6. CO, sorption measurements

A pressure decay technique was carried out using a dual-chamber
gas sorption cell [42] which was equipped with an Edwards RV5 va-
cuum pump and placed inside a thermostatic oil bath at 25°C
(298.15K). A detailed description of sorption apparatus can be found in
our previous works [21,43]. 0.7 g-1g of sample was weighed and
placed inside the sorption chamber, then subjected to a 10~ > mbar
vacuum for one hour. CO, (air liquid/99.998%) was then admitted into
the reservoir at desired pressures. The CO, sorption capacity was cal-
culated using Egs. (2) and (3).

o D Vee Doy (Vi V)
co2 — -
ZemRT Zp, )R Ty 2
neooM
Wco2/g = % 3)
S

where wgoz/ = gas mas adsorbed in the sample, p; and T; = pressure
and temperature in the gas chamber, p., and T,, = pressure and tem-
perature at equilibrium, Vg, = volume of the gas chamber, V,, = volume
of the sample, V, = total volume of the sorption cell and Z = the
coefficient of compressibility calculated using Span-Wagner equations-
of-state for CO, [44].

2.7. Sorption/desorption experiments

Sorption/desorption experiments used CO,. Seven CO, sorption/
desorption cycles were performed on the modified cellulose fibers. CO5
sorption was evaluated at 25 °C (298.15K) and 2 MPa with desorption
following each cycle by vacuum (107> mbar) at 298.15K during 1 h.

2.8. CO/N, separation selectivity

The CO4/N, selectivity experiments were also performed in a dual-
chamber gas sorption cell similar to Koros et al [42]. In the test, samples
(1.0-1.5g) were previously degassed under vacuum (103 mbar) at
298.15K during 1 h. The tests were conducted using a binary mixture
(15.89 mol % of CO, and N, balance) at 298.15K and 2 MPa. The ap-
paratus and complete experimental procedure were described else-
where [10,45,46]. CO, selectivity over N, is calculated from the mole
fractions in the gas phase (Y;) and in the adsorbed phase (X)), as shown
in Eq. (4):

_ Xco,/Yco,

T Xwy/Ya, )

2.9. Molecular modeling

Ab initio calculations were conducted in this work to rationalize
experimental observations of CO, capture. We employed the M11 ex-
change-correlation density functional based on the meta-GGA approx-
imation, i.e. includes terms depending on kinetic energy density [47].
The final form of the employed exchange-correlation functional ac-
counts for high-quality benchmark databases and provides satisfactory
results in most cases, where calculation vs. experiment comparison is
possible. The Los Alamos double-zeta LANL2DZ basis set with core
potentials [48] was used to construct wave functions of the systems.
The wave energetic function convergence criterion was set to
10~ 7 Hartree. The internal forces were minimized in accordance with
the steepest descent algorithm. The procedure was repeated until the
energy difference between two consequent molecular configurations

739

Fuel 239 (2019) 737-746

became smaller than 1 kJ mol ™!, assuming negligible immediate forces
on each atomic nucleus.

For each system, the strongest atom—atom attraction (CO, — sorbent)
was identified and the corresponding distance was increased stepwise
(0.3 nm) to sample the phase space in the vicinity of the sorbent sur-
face. Upon distance increase, only a single selected distance per mole-
cular system was constrained, whereas all other components of the Z-
matrix were allowed to adapt to the changes introduced (relaxed po-
tential energy scan). In total, 1848 single-point calculations (self-con-
sistent field wave function optimizations) were performed to derive
potential curves.

The most energetically favorable configurations of the systems were
obtained via full unconstrained optimization. Each reported adsorption
energy already includes empirical van der Waals correction [49]. All
calculations discussed below were performed in GAMESS 2014 along
with in-home codes including certain scipy.org functions [50]. Initial
geometries of the simulated systems are shown in Fig. 7.

3. Results and discussion

The hydroxyl groups in cellulose favor the hydrogen bond formation
[51], providing an alternate bonding interaction for complex formation.
These aforementioned bonding interactions allow for the dispersion of
the transition metal oxides used in this work, Fe;04 and TiO,, across
cellulose. Previous investigation into this area suggests TiOs is held on
the cellulose surface either by the hydroxyl groups acting as Lewis basic
sites to form a titanium complex [52,53] or through hydrogen bonding
and Van der Waal forces [52]. Cellulose-Fe30, complexes are bound
solely by hydrogen bonds [54] and Van der Waal forces [54,55].

The FTIR of all compounds is displayed in Fig. 1. The FTIR spectrum
of cellulose (Fig. 1a.) displays all characteristic bands [22,39,56,57].
The broad peak at 3446 cm ™' can be attributed to hydrogen bonded
—OH stretching. -CH, and —CHj stretching vibrations are shown by
band 2895 cm ™. The 1635.5cm ™! band is representative of moisture
in the cellulose. The band at 1430 cm ™! is assigned to a symmetric
—CH, bending vibration. -OH bending is shown by the 1369 cm™*
band. C-O-C asymmetric bridge stretching is represented by the band
at 1100 cm ™~ ', Absorption bands at 1060 cm ™! and 890 cm ~! observed
in the spectrum refer to the C-H and C-O stretching of the cellulose
structure. The lack of adsorption band at ~1700 cm ™! indicates there
is little or no hemicellulose and lignin impurities present in the sample
[57,58].

FTIR spectrum of cellulose-Fe;0, (Fig. 1b.) showed appearance of a
band at 478cm™! due to the Fe-O bonding stretch in magnetite
[58,59]. Another significant peak for magnetite is present at
1635.5cm ™! [28]. In this case, there is an overlap with the cellulose
peak relating to moisture, so it cannot be distinguished. Shifting in the
—OH band from 3446 cm ™! to 3421 cm ™! indicates a bonding interac-
tion between hydroxyl groups and magnetite. This supports the theory
that magnetite is incorporated onto the surface via hydrogen bonds as
hydrogen bonding weakens the OH band.

For the FTIR spectrum of cellulose-TiO, (Fig. 1c.), the differences
are slightly more pronounced. The introduced intense band at
673.37 cm ™! is due to anatase TiO, [38]. The broad adsorption band at
474.56 cm ! can be attributed to the Ti-O-Ti stretching vibrations [60].
Shifting in —~OH band from 3446 cm ™! to 3414 cm ™! and a weakening
in band intensity indicates interaction between hydroxyl group and
titanium. Shift corresponding to O=C vibration 1635.5cm™' to
1630 cm ~ ! indicates Ti—O—C vibration. 2910 cm ~ ! band disappearance
in agreement with literature and could be due to the blocking of C-H in-
plane stretching caused by the steric hindrance TiO, creates in the
molecule [61].

Surface composition analysis was done through survey and high-
resolution XPS spectra of all cellulose compounds. The XPS survey
spectra is displayed in Fig. 2. The elemental composition and percen-
tage is shown in Table 1. High resolution C 1s and O 1s data is shown in
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Fig. 1. FTIR spectra of materials: (a) cellulose, (b) cellulose-Fe304 and (c) cellulose-TiOs.

Table 2. The experimental C:O ratio of cellulose 1.76. The true C:O ratio
of cellulose is 1.2 [62]. This suggests the presence of hemicellulose and/
or lignin impurities. The small amount of nitrogen present is due to the
remaining crude protein in the sample. The silicon presence is due to
the small amount of SiO, present in rice husk [63]. The cellulose C 1s
spectrum shows the characteristic peaks of cellulose [21,64]. Peaks
centered at 285.28 eV (C2) are due to the C-O and C-H/C-C bonds.
This peak can also be assigned to the C-N bond in the crude protein
contaminant. The peaks at 287.18 eV (C3) and 288.9 eV (C4) are re-
presentative of the O-C-O/C=0 and O-C=0 bonds, respectively. The
C1 value in C 1s spectra is representative of carbon atoms with zero
neighboring oxygen atoms. Pure cellulose has a C1 value of 0 [21]. The
tabulated value of 7.95at.% at 283.25 eV represents the hemicellulose
and lignin impurities present in the sample. The low value suggests a
small amount present, which agrees with the tested purity value of 82%
and the absence of a lignin band in the FTIR spectra (Fig. 1.). The
cellulose O 1s spectrum shows peaks at 531.20 eV (03) and 533.56
(04) corresponding to C=0 and C-O bonds, respectively, from lignin
and cellulose.

Table 1
Surface composition and elemental ratio of cellulose and modified cellulose
from XPS survey spectra.

Sample Surface composition (at.%) Elemental ratio
C (0] N Si Fe Na Ti Cl Cc/0

Cellulose 63.1 358 05 0.7 1.76

Cellulose-Fe;0, 61.8 36.8 0.4 0.4 0.6 1.68

Cellulose-TiO, 27.7 46.1 04 9.7 15.5 0.7 0.60

The addition of magnetite to cellulose is confirmed by the XPS re-
sults. Past literature using the same synthesis method [28] reported a Fe
wt.% of 4.13 using energy-dispersive X-ray spectroscopy (EDS). Con-
verting wt.% to at.% yields a value of 0.28, similar to the compound
produced in this work. The position of the Fe 2p peak at 710.3 eV agrees
with literature to iron oxides [65-67]. The small amount of Na is due to
the addition sodium bicarbonate in the reaction with magnetite. The
disappearance of Si could possibly be due to dissolution in the alkaline

01s
Ti2p okt Nelog
Cls
3 L G2 | NI
NS O1s
2z
£ b
§ C1s Fe 2 QL Na 1s (b)
£ N 1s
01s
Cls 0 KLL )
. - M
Si2p N 1s
0 200 400 600 800 1000 1200

Binding energy (eV)

Fig. 2. XPS survey spectra of (a) cellulose, (b) cellulose-Fe;0,4 and (c) cellulose-TiO,.
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Table 2
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Carbon type and oxygen percentages in cellulose and modified cellulose from XPS high resolution spectra.

Sample Carbon type composition (at. %) Oxygen (at.%)

C1 c2 C3 Cc4 01 02 03 04
Cellulose 7.95 49.40 38.04 4.61 28.53 71.47
Cellulose-Fe304 9.89 55.24 30.33 4.54 43.03 56.97
Cellulose-TiO, 10.52 70.22 11.90 7.37 5.75 72.15 14.02 8.07

sodium bicarbonate solution. The previously reported O 1s Fe304 lattice
peak is ~530eV [65,68,69]. A previous study on the nature of hy-
drogen in XPS [70] reported that hydrogen bonds produce a higher
binding energy shift for O 1s peaks. So, the increase in the amount of
oxygen peak present at 531.32eV (03), in relation to pure cellulose,
can be assigned to the lattice oxygen, showing an energy shift upon
magnetite addition. This supports the idea that magnetite is dispersed
across the cellulose surface via hydrogen bonds.

In the survey spectrum of cellulose/TiO, was identify 15.5 at.% of Ti
2p at 458.3 eV, this binding energy is close to the pure TiO, (458.8 eV),
showing that this one has been dispersed upon cellulose. In the high-
resolution spectrum of Ti, the 464.1 eV and 458.3 eV peaks present for
Ti 2py,» and Ti 2ps3,, respectively agree with past reports of TiO, XPS
spectra [60], showing titanium to be in the Ti** chemical state. The
C:0O at.% ratio reduces from 1.76 to 0.6, due to the addition of large
amounts of TiO,. The large presence of Na is due to the NaOH/urea
solution used in the synthesis of the complex. Trace amounts of Cl
present unaccounted for but could be due to contaminants in the tetra-
n-butyl titanate solution depending on method of preparation. The
disappearance of Si is most likely due to dissolution in the highly al-
kaline solution. The O 1s 529.54 eV (02) peak corresponds to the
Ti-O-Ti lattice oxygen [60,71]. The 531.65eV (0O3) peak is re-
presentative of Ti-O-C [60] and the 533.64 eV (04) peak corresponds
to C-O bonding. The ratio of at.% for O 1s 04:03 decreases from 2.5 to
0.56 upon TiO, addition. This supports the formation of a titanium
complex via the surface hydroxyl oxygen. The small peak at 288.81 eV
(0O1) could be ascribed to O-H surface adsorption of water [71].

The X-ray diffraction pattern of all compounds is displayed in Fig. 3.
Characteristic sharp peaks of cellulose attributed to (11 0), (20 0) and
(004) can be observed at 20 = 15.88°, 22.5° and 34.7° respectively
[39,72]. In the cellulose-Fe30, spectrum (Fig. 4b) there is an absence of
the reflections corresponding to magnetite. This is in agreement with
previous literature [28] using the same synthesis method and is

potentially a result of low magnetite content in the complex. The XRD
patterns of cellulose-TiO, contained only reflections corresponding to
TiO, holding an anatase structure. Peaks at 20 = 28.24°, 40°, 48.2°,
54,9° and 63.82° are assigned to (101), (004), (200), (211) and
(204) of anatase TiO, [38,71,73-75]. No obvious peaks of cellulose
were observed, which can be attributed to the strong peak intensity of
TiO, and is agreement with a previous study using this synthesis
method [38].

Cellulose XRD graph is well defined, indicating a crystalline struc-
ture [22] (Fig. 3a). This is due to hydrogen bonding interactions and
Van der Waals forces between adjacent molecules [76]. The crystal-
linity index (Crl) of cellulose was ca. 93.2%, whereas for the sample
cellulose-Fe30, (Fig. 3b) was ca. 66,9%. The presence of Fe30, does not
affect considerably the crystalline degree. This can be attributed to a
low Fe30, distribution across cellulose and is in agreement with a
previous study [28]. The XRD cellulose-TiO, pattern (Fig. 3c) displays a
visible increase in amorphicity through broader peaks. The reduction in
crystallinity can be attributed to formation of a cellulose titanium
complex via the hydroxyl groups of cellulose. This disrupts the hy-
drogen bonds and Van der Waal forces between adjacent cellulose
molecules, therefore disrupting the crystalline structure. This behavior
indicates the idea that a significant amount of TiO, was loaded into
cellulose structure.

Scanning electron microscopy with EDS was carried out to assess the
surface topography and Chemical composition. The resulting images
spectra and are displayed in Fig. 4. Cellulose displays a typical fibrous
looking surface [21]. The roughness of cellulose fibers is due to rice
husk impurities removal [77] which indicates a successful extraction.
The cellulose assembled structure is due to hydrogen bonding between
adjacent hydroxyl groups [78]. This is shown to be disrupted in cellu-
lose-Fe30, due to the hydrogen bonding interaction between cellulose
hydroxyl groups and Fe30,4. Both Fe;04 and TiO, were successfully
dispersed across the cellulose surface, with a much higher metal oxide

5 200
= |
z
2 | (b)
g 1|1o | _—
| |
! '
| |
| | (a)
0 10 20 30 50 60 70 80

26 (degrees)

Fig. 3. XRD pattern of (a) cellulose, (b) cellulose/Fe3;0,4 and (c) cellulose/TiO,.

741



S. Campbell et al.

(a)

PETITITA T
=<

cpa/eV
o
1

i T L R i L T T L T i T T L, L i i I
0 2 4 6 8 10 12 14 16 18 keV|

1| (b)

cps/eV

| SN LI L S S e S S B B B B S N B B S B B S e |
0 2 4 6 8 10 12 14 16 18 eV

i

(c)

cp/eV
1

LU B S S S B S S B e B B B B S e e e
eV

Fig. 4. Micrographs and EDS spectra of materials: (a) cellulose, (b) cellulose-
Fe304, (c) cellulose- TiO,.

loading capacity for cellulose-TiO,. The bundles of TiO, are char-
acteristic of TiO, holding an anatase structure [79]. EDS spectra of all
samples (Fig. 4) revealed the presence of peaks corresponding to cel-
lulose structure (C,0). EDS Analysis also showed the presence of Fe
peaks in the cellulose/Fe;O4 and Ti peaks in cellulose/TiO, sample
indicating that the cellulose fibers were modified with metal oxides.
Cellulose and modified cellulose thermogravimetric curves are
presented in Fig. 5. Cellulose and Cellulose-Fe30,4 showed two thermal
events. Initial weight loss inferior to 8% occurring below 100 °C is due
to water vaporization [22,58].
In the second stage,

cellulose-Fe304  (Tonser = 331.49 °C,
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Tmax = 332.01 °C) has a total weight loss of 71.66%, whereas cellulose
(Tonset = 320.36 °C, Tmax = 352.46°C) has a total weight loss of
75.79%. This stage is related to cellulose structure degradation [39].
Cellulose-TiO, thermal decomposition occurs in three stages. The first
(weight loss 8%) below 100 °C is attributed to moisture loss, the second
weight loss of 6.85% (Topser = 153.32 °C, Tppax = 135.5 °C) is related to
titanium hydroxyl groups elimination and finally the weight loss of
3.05% correspond to cellulose degradation (Topser = 339.22°C,
Tmax = 313.72°C) [73,80]. Residual weight percentages of cellulose,
cellulose-Fe;0,4 and Cellulose-TiO, were 15.40%, 16.39% and 81.07%
respectively. Cellulose-Fe304 and Cellulose-TiO, higher residual con-
tent can be attributed to Fe;O,4 and TiO,, respectively [81,82].

Experimental results of CO, sorption for cellulose and modified
cellulose are shown in Fig. 6. The overall trend shows an increase in
CO,, sorption capacity for both modified compounds, with the effect
being more pronounced at higher pressures. The lower CO, sorption
capacity value obtained for cellulose is in agreement with a previous
study [21] which placed the value for cellulose as 88 mg/g at 3 MPa
using the same technique.

Cellulose already has adsorptive properties due to the CO, affinity
of the hydroxyl, ether and ester polar groups [22]. Cellulose CO,
sorption capacity values of 81.6 mg/g at 30 bar and 37.6 mg/g at 1 bar
were achieved. Addition of metal oxides to the compound provides a
stronger acid-base adsorption mechanism (see Fig. 7a and b). Cellulose-
Fe304 yielded values of 130.6 mg/g at 30 bar and 40.2 mg/g at 1 bar.
Cellulose-TiO, provides the highest CO, sorption capacity values of
184.1 mg/g at 30 bar and 42.2 mg/g at 1 bar. Cellulose-TiO, presented
high CO, sorption as compared with Pure TiO, (~27.3mg/g or
~0.62mmol/g at 298.15K and 1 bar) [83]. Cellulose-TiO, potentially
provides the more attractive adsorbent due to it’s high sorption capacity
and good thermal stability. It is difficult to compare sorption capacity
between the two metal oxide compounds due to the difference in metal
oxide loading (0.4at.% Fe for cellulose-Fe304, 15.5at.% Ti for cellulose-
TiO,). However, in cellulose-TiO, the higher sorption capacity could be
a result of titanium lower electronegativity when compared to iron.
This can be better explained by simulation studies (see Fig. 9). At lower
pressure cellulose-TiO, sorption capacity was similar to the higher CO,
sorption value reported for cellulose-based poly(ionic liquid) (PIL) CL-
TBA (44.0 mg/g at 298.15K and 1 bar) [22] and superior in relation to
PIL [CelEt3N][PF¢] (38.0mg/g at 298.15K and 1bar) [21]. At high
pressure, cellulose-TiO, exhibited better CO, sorption capacity (184.1
mgCO,/g at 30 bar) than CL-TBA (71.0 mg/g at 298.15K and 30 bar)
[22] and [CelEtzN][PFs] (168 mg/g at 298.15K and 30 bar) [21].

The CO4/N, selectivity results for all samples are presented in Fig. 8.
Cellulose showed a poor performance (selectivity is only 0.96 + 0.15)
even presenting some polar groups in the structure [84,85]. The COy/
N, cellulose selectivity can be improved by Fe30, and TiO,. Modified
cellulose fibers showed higher selective in relation to non-modified
cellulose. CO,/N, selective capacity of cellulose-TiO, of 3.56 + 0.16 is
higher when compared to cellulose- Fe;04 (1.77 * 0.16). Preferential
affinity of CO, for cellulose containing the TiO, rather than Fe;0, is
probably due to larger polarity of the Ti-O covalent bonds as observed
by simulations (Fig. 9).

Cellulose-TiO, was selected to a CO, sorption study and recycl-
ability behavior. CO, sorption in cellulose-TiO, was reversible for seven
consecutive cycles. These results evidenced that titanium dioxide
modified cellulose fibers have high stability and capacity of being re-
used in CO, capture processes.

The simulations confirm that although unmodified cellulose is a
fairly weak CO, sorbent, it can be successfully reinforced with inorganic
oxides, such as Fe;0, and TiO,. (Fig. 9). Compare 21 kJ mol ! (pristine
cellulose) to 41kJmol™! (cellulose modified with FezO4) to
46 kJ mol ~! (cellulose modified with TiO,). The non-zero performance
of cellulose originates from medium-strength hydrogen bonding, r
(O-H) ~ 0.20 nm, of the oxygen atom of CO, with one of the hydroxyl
groups of cellulose. In contrast, adsorption of CO, on the inorganic
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oxides fragments occurs in the framework of Lewis acid-base theoretical
description. Since the origin of interactions is the same, the corre-
sponding adsorption energies are expectedly comparable. Somewhat
stronger performance of anatase TiO, is due somewhat lower
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Fig. 8. CO,/N; selectivity of non-modified cellulose and modified samples at
2MPa and 298.15K.

electronegativity of titanium, 1.63, as compared to iron, 1.88, and,
therefore, somewhat larger partial point charges on the sorbent atoms
that attract CO».

We cannot compare TiO, and Fe30, reinforcing agents directly due
to very different content of them in our experimental samples.
However, it is very clear from ab initio modeling that both additives are
successful and that TiO, is somewhat better due to larger polarity of the
Ti-O covalent bonds. Anatase TiO, is also more appealing than iron
oxides thanks to its physical properties. Although a final product in the
reaction of an acidic oxide and a basic oxide is a salt (metal carbonate),
our reactions do not proceed so far, because proper heating was not
attempted. The processes responsible for the experimentally observed
CO, sorption values belong to instances of physical adsorption, in-
cluding hydrogen bonding and acid-based attraction.

4. Conclusion

Cellulose was extracted from rice husk and modified with 0.4at.%
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Fe Fe304 and 15.5at.% Ti anatase TiO via hydroxyl group interactions.
All three products were structurally confirmed through different char-
acterization methods. The pressure decay technique provided evidence
that both transition metal oxides Fe;04 and TiO, increase the CO,
sorption capacity and CO,/N; selectivity of cellulose at all pressures,
theoretically through acid-base interactions. Cellulose-TiO, shown a
more important sorption increase of 125.6% at 30 bar and 12.2% at
1 bar compared to the increase of 8.0% at 1bar and 60% at 30 bar
provided by cellulose-Fe3O4. The Cellulose-TiO, showed the highest
CO,/N, selective capacity (3.56 + 0.16). This suggests cellulose-TiO5
provides the stronger adsorption interaction, but is most likely resultant
of the higher at.% loading of the transition metal oxide when compared
to cellulose-Fe304. To efficiently determine the most effective ad-
sorbent an alternative modification method with a higher Fe loading at.
% must be implemented. Due to their environmentally friendly nature
and their proven CO, sorption ability, these compounds deserve more
attention in this area of research.
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