CHAL

UNIVERSITY OF TECHNOLOGY

Supercritical carbon dioxide—activated copper/bacterial cellulose aerogels
for the capture of hydrophobic organic liquids

Downloaded from: https://research.chalmers.se, 2024-11-19 04:16 UTC

Citation for the original published paper (version of record):

Le, H., Tran, K., Nguyen, H. et al (2024). Supercritical carbon dioxide—activated copper/bacterial
cellulose aerogels for the capture of

hydrophobic organic liquids. Journal of Chemical Research, 48(5).
http://dx.doi.org/10.1177/17475198241280447

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




'.) Check for updates

Journal of
Chemical
Research Paper Research

Journal of Chemical Research
Supercritical carbon dioxide-activated copper/ R The Author) 2024

Article reuse guidelines:

baCte I"i a-l ce I I u IOse ae roge I S fO r t h e Capt ure Of sagepub.com/journals-permissions

DOI: 10.1177/17475198241280447

hYd ro p h (o) b i CcCO rgan i C I iq u id S journals.sagepub.com/home/chl
S Sage

Ha V Le'? Khoa D Tran'? Hanh HM Nguyen'?, Kiet TA Nguyen'?,
Ha T Bui'2, Trang TP Nguyen'?, Phuoc H Ho?” and Khoa D Nguyen'+?

Abstract

In this study, bacterial cellulose was derived from coconut water via fermentative production of nata de coco, a common food
in Southeast Asia. Bacterial cellulose offers distinct advantages over plant cellulose resources, including three-dimensional
structure, high porosity, high cellulose purity, and the absence of required polluting treatments, making it an ideal candidate
for the facile preparation of various functional aerogel materials. Surface modification of nata de coco-derived cellulose fibers
was obtained by incorporating Cu species (approximately I5wt%) through an aqueous reaction of Cu(CH,COO), with
N,H, at room temperature. The Cu-coated bacterial cellulose aerogels were fabricated via supercritical carbon dioxide
drying to maintain the natural three-dimensional matrix and subsequently characterized by various techniques confirming
high porosity and crystallinity and successful Cu coating onto the cellulose fiber surface. The Cu-containing aerogel showed
a significantly improved adsorption uptake for n-hexane (12.6gg™') in comparison with pure bacterial cellulose—based aerogel
(3.2gg™"). Furthermore, notable adsorption performances of 13.6—19.9gg™' were found for cyclohexane, ethyl acetate, and
soybean oil, indicating the high efficiency of the supercritical carbon dioxide—activated bacterial cellulose aerogel containing
Cu species in the adsorption of water-insoluble liquids. Notably, applying supercritical carbon dioxide drying afforded the
stable aerogel structure for reusing over several cycles with almost unchanged trapping capacity.
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Introduction

Non-polar organic solvents are commonly applied to extract
and dissolve other organic compounds in various scientific
and industrial sectors such as chemical synthesis, manufac-
ture of fuels, lubricants, medicines, paints, polymers, and
agricultural products.'? However, the extensive use of non-
polar organic solvents has resulted in pollution of water,
soil, and air, thereby causing numerous negative effects on
both human health and the natural ecosystem. Consequently,
wastewater treatment processes require complicated and
costly facilities to effectively remove these solvents.>> In
addition, the cleanup of oil spills, which have released a
large amount of liquid petroleum hydrocarbons into the
environment, poses a grand challenge, particularly in marine
ecosystems.*” Among available treatment methods, physi-
cal adsorption of non-polar solvents has proved to be a
rapid, efficient, practical, and environmentally benign
approach. Therefore, there is a critical need to develop novel
adsorption materials with advanced properties such as
advanced hydrophobicity and biodegradability toward
improved performance and environmental friendliness.® '

Aecrogels have attracted increasing attention from
researchers due to unique properties including large spe-
cific surface area (up to 1600m?g "), low-to-extremely low
density (0.003-0.5g/cm?), high porosity (80%-99.8%),
and facile textural adjustment. Numerous fields such as
optoelectronics, adsorption, catalysis, sound insulation,
medical materials, and acrospace materials have benefited
from significant achievements in the preparation, improve-
ment, and modification of aerogel materials.''"'3 From
environmental and economic perspectives, acrogels derived
from biodegradable, inexpensive, and non-toxic polymers
are highly desirable. Cellulose, being one of the most plen-
tiful natural polymers, has emerged as a promising candi-
date for the manufacture of aerogel.'*'> The adsorption
performance of aerogels for hydrophobic solvents gener-
ally depends not only on the density and porosity but also
on the hydrophobicity and capillary effect. Therefore, to
improve the hydrophobicity of the cellulose surface, rea-
gents such as silanes, phosphoric acids, and carboxylates
containing alkyl or fluoro groups are commonly applied for
surface functionalization despite their high cost and envi-
ronmental toxicity.'>?° Alternatively, previous studies have
demonstrated that Cu clusters formed on cellulose fibers
via a cost-effective and simple reduction by hydrazine at
room temperature, followed by freeze-drying, can yield
highly hydrophobic aerogel materials.?!?2

It should be noted that the isolation and purification of
cellulose fibers from plants for aerogel preparation usually
involve steps requiring toxic chemicals to remove lignin,
pectin, and hemicellulose, which often inhibit the forma-
tion of the aerogel structure. In addition, energy-intensive
processes are generally required to transform rigid linear
plant cellulose bundles into a porous matrix.>*>* In con-
trast, bacterial cellulose (BC) obtained via the fermentation
of biomass sources containing carbohydrates offers signifi-
cant advantages for the preparation of various functional-
ized aerogels. These advantages include a non-ordered
three-dimensional (3D) structure, high porosity, and high

cellulose purity without complicated chemical treat-
ments.2*3 In tropical regions, for example, Vietnam, coco-
nut water is usually utilized to produce a natural hydrogel
form of BC known as nata de coco. This product is not only
a popular low-calorie food but also serves as an attractive
source of BC to fabricate advanced materials applied in
water treatment, cosmetics, biomedical, paper, electronic,
and textile industries.3'3* We have recently reported prom-
ising and efficient performances of the nata de coco-derived
BC acrogels, generated via freeze-drying, for the adsorp-
tion of organic solvents and the removal of organic dyes
from water. The manufacture and modification of the aero-
gel from nata de coco were simpler and less costly as com-
pared to the plant cellulose-base procedure due to the
natural 3D network of high-quality BC in this abundant
resource.?'3%3¢ Besides freeze-drying, supercritical fluid-
based activation has been widely utilized to produce aero-
gels via dissolving the solvents in the supercritical fluids.
Supercritical carbon dioxide (scCO,) is the most common
agent in this procedure due to its abundance, non-toxicity,
non-flammability, thermodynamic stability, and facile
adjustment of its physical properties.>’? The porous struc-
ture of the scCO,-activated aerogel remains preserved to a
high level as the disadvantages of conventional drying pro-
cesses, in which surface tension effects at the vapor—liquid
interfaces can lead to structural collapse, generally disap-
pear in scCO, drying.’”*** Therefore, as a continuation of
the development of hydrophobic Cu-including aerogel
materials via various drying pathways, this study focuses
on nata de coco-based BC coated with Cu species using a
benign hydrazine reduction procedure that was activated
with supercritical CO, (scCO,) drying to obtain recyclable
aerogels for trapping oleophilic liquids.

Materials and methods
Materials

Copper(Il) acetate monohydrate (Cu(CH,COO),.H,0),
hydrazine hydrate (N,H,.H,0), n-hexane, ethyl acetate, and
cyclohexane were obtained from Sigma-Aldrich. Soybean
oil was purchased from Calofic Corporation. Coconut
water was obtained from coconuts (8-month-old) in Ben
Tre (Vietnam) and used for the fermentation process by
Acetobacter xylinum for 2 weeks, to yield raw nata de coco
(a brown gelatinous form). Purification and decolorization
of nata de coco were conducted by immersing in an NaOH
solution (I1M) for 24h and subsequently washing with
water until neutralization, resulting in translucent white
nata de coco in which BC occupied 0.8 wt%.

Preparation of scCO,-activated Cu/BC
aerogels

In a typical Cu modification experiment, according to the
previous procedure, purified nata de coco (125 g, involving
approximately 1 g of BC) cut into 1-cm cubic pieces was
ground with 75g of water using a Philips blender (model
HR1600, 550 W) for 2 min to obtain a uniform nata de coco
suspension.?*! This suspension was then added to a
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Table I. Detailed preparation of the scCO,-activated BC aerogel samples in this work.

Sample BC mass (g) Cu (ll) acetate N,H, amount Cu content
amount (mmol) (equiv.) (wt%)*

Cel 1.0 0 0 0

Hyd-Cel 1.0 0 13 0

Cu-Cel-13 1.0 4.0 13 145+0.2

Cu-Cel-26 1.0 4.0 26 148+0.1

Cu-Cel-39 1.0 4.0 39 152+0.2

Cu-Cel-52 1.0 4.0 52 150+0.3

*Determined by inductively coupled plasma-optical emission spectrometry measurement (ICP-OES).

Washing

—>

Raw nata de coco

1. Washing 7

G—

2. Drying
with scCO,

1. Adding water
2. Grinding
3. Adding Cu(OAc),

Adding N,H,

Figure |. Procedure of the preparation of scCO,-activated Cu/BC aerogels from nata de coco.

500-mL Erlenmeyer flask containing copper(Il) acetate
hydrate (4.0 mmol, 0.741 g), followed by vigorous stirring
for 1 h. Subsequently, hydrazine hydrate (52 equiv., 3.2mL)
was slowly added to the mixture to initiate the reduction of
Cu?*-to-Cu’. After a 12-h reaction at room temperature, the
Cu-containing solid was collected via filtration, washed
with water, and then subjected to five exchanges with abso-
lute ethanol. The material was then dried under scCO, con-
ditions (at 45°C and 100bar for 6h), resulting in the
formation of the Cu-modified cellulose aerogel denoted as
Cu-Cel-52, in which “52” indicates the number of hydra-
zine equivalents compared to the Cu(II) salt used. For com-
parison purposes, similar experiments were carried out in
the absence of copper(Il) acetate (yielding the aerogel sam-
ple denoted as Hyd-cel) and in the absence of both the
Cu(Il) precursor and hydrazine (yielding the aerogel sam-
ple denoted as Cel) (Table 1). The entire modification pro-
cedure is summarized in Figure 1.

Characterization of the as-synthesized
aerogels

Crystallinity and composition of the materials were investi-
gated by X-ray diffraction (XRD) analysis with Cu-Ko
radiation on a Bruker Diffractometer (Model D8 Advance,
Germany). The diffraction patterns were recorded at 20
from 10° to 80° (0.01°/step and 0.6°min ™).

Thermal behaviors of the materials were studied by ther-
mogravimetric analysis (TGA) using a TA Instruments
Thermal Gravimetric Analyzer (Model SDT-Q600, New
Castle, DE, USA), in which, the sample (~0.01 g) in an alu-
mina crucible was heated from 40 to 900°C (10°Cmin™")
under an air atmosphere. Textural characteristics of the
materials were analyzed by nitrogen adsorption/desorption
at —196°C on Micromeritics equipment (Model ASAP
2020, Norcross, GA, USA). Before each sorption experi-
ment, the sample was reactivated at room temperature
under vacuum for 12 h.

Morphology of the materials was observed on a Hitachi
scanning electron microscope (SEM, Model TM 4000,
Japan) connected with an energy-dispersive X-ray spec-
troscopy (EDX) detector. Fourier-transform infrared spec-
troscopy (FT-IR) analysis was conducted on a Bruker
spectrometer (Model Vertex 70v, Germany) using attenu-
ated total reflectance (ATR) sampling methodology. Each
measurement was performed with an accumulation of 32
scans recorded in the wavenumber range of 4000-400cm™!

at a resolution of 4cm™.

Adsorption studies

In a typical experiment of n-hexane adsorption, an aerogel
sample with the predetermined mass (,,,.» €) Was added
to a 50-mL glass bottle containing n-hexane (i, g) (Figure



Journal of Chemical Research

S1 in Supporting Information). After a predetermined
period, the sample was gently taken from the liquid. Until
no free n-hexane drops were observed, the total mass (m,,
g) of the bottle involving n-hexane was recorded. The
adsorption capacity of the aerogel for n-hexane (0, g, ;. xune’

Z.ilulose) Was determined based on equation (1)
m —m
0=" —= (M)
msample

The effect of the experiment conditions on the adsorp-
tion efficiency was investigated, including the drying
method (thermal drying and scCO, drying) to obtain the
Cu-containing aerogel, the Cu presence in the aerogel, the
N,H, amount used in the Cu**-to-Cu’ reduction (13-52
equiv.), and the adsorption time (0-300s). Furthermore, the
Cu/BC aerogel was applied to adsorb other hydrophobic
organic liquids including cyclohexane, ethyl acetate, and
soybean oil. Each adsorption experiment was performed
three times.

The experimental data of the time-dependent adsorption
capacity of Cu-Cel-52 for soybean oil were applied to first-
order and second-order kinetic models (equations (2) and
(3), respectively) to discover the adsorption kinetics*?

n(0,-0,)=mnQ, -kt ()

t 1 1

— =t

0 kKo 0O
in which Q, (goil/gaemgel) is the adsorption capacity at the
equilibrium, Q, (8,/8,e0g) 18 the adsorption capacity at a
given interval ¢ (min), and &, (min') and %, (8aerogel
g,; 'min ") are the rate constants of first- and second-order
adsorption model.

)

Results and discussion

Characterization of scCO -activated Cu/BC
aerogels

BC in nata de coco possesses a three-dimensional matrix
due to the random arrangement of Acetobacter xylinum dur-
ing the fermentation and production of the cellulose fibers
(Figure 2(a)). However, conventional thermal drying of
nata de coco at 120 °C under normal atmospheric conditions
resulted in the formation of hard cellulose sheets lacking
porosity (Figure 2(b)). To preserve the porous cellulose
structure, scCO, drying was applied to prevent structural
collapse during the removal of solvents, for example, etha-
nol used in the washing step. Consequently, the obtained
product exhibited aerogel-like properties with a size similar
to that of the original nata de coco samples. Moreover, the
cellulose aerogel had softness and lightweight characteris-
tics, making it promising for further modification with Cu
(Figure 2(c)). Surface modification of BC fibers with the Cu
species was achieved through the reaction of the Cu®* cati-
ons with hydrazine to form Cu(0) at ambient conditions in
the nata de coco suspension, as previously described.*' As
shown in Figure 1, upon the addition of hydrazine hydrate,
the mixture color changed from blue to yellow and eventu-
ally to reddish brown, indicating the formation of Cu(0) in

Figure 2. (a) Raw nata de coco sample, (b) nata de coco after
thermal drying, and (c) nata de coco after scCO, drying. The unit
of the ruler is a centimeter.

250 —eo— Cel Adsorption
o —o— Cel Desorption
'u_a —=— Cu-Cel-52 Adsorption
o 200 —=— Cu-Cel-52 Desorption
o
£
A
- 150 -
2 |
'g Cel ,
7} . 150.62 m“/g /
3 100
<
2
£ i " Cu-Cel-52
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04
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Pg)

Figure 3. N, sorption isotherms for the aerogel of fresh BC
(Cel) and the aerogel of Cu-coated BC (Cu-Cel-52).

the suspension. Following scCO, drying, the resulting aero-
gel retained almost the same size as the pristine nata de coco
piece, ready for subsequent adsorption studies.

To gain a comprehensive understanding of the pore tex-
ture, nitrogen sorption at 77K was employed to determine
surface areas, pore volumes, and pore size distribution.
Specifically, the sorption behavior of cellulose aerogel and
Cu-modified materials showed typical type IV isotherms
with a hysteresis loop (Figure 3), which was assigned for
the presence of a pore system with various pore diameters
from meso- to macro-scale sizes.*** The scCO, drying
proved to be an efficient method to remove solvent mole-
cules while preserving the 3D BC network. Moreover, the
Cu-modified material exhibited a significant decrease of
approximately 40% in N, uptake compared to the pristine
aerogel. The BET surface area and pore volume of
Cu-loaded material were determined to be approximately
86 and 0.28 cm? g™, respectively, while these values of the
fresh aerogel were approximately 150 and 0.37cm’g ™!,
respectively. These decreases in the porosity were likely
attributed to the incorporation of Cu species into the frame-
work, which hindered gas phase diffusion, and thereby
inhibited the nitrogen uptake by the cellulose matrix.*!

To further confirm the presence of Cu in the aerogel,
TGA was performed in air from 25 to 900°C. In the TGA
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Figure 4. TGA profiles of (a) Cu-free aerogels and (b) Cu-containing aerogels.
profile of the unmodified acrogel material (Figure 4(a)), the
material was stable up to 300°C and its mass rapidly Cellulose®* CuA CuOV
decreased at the higher temperature region. This can be
rationalized by the thermal decomposition of cellulose, Cu-Cel-52
wherein the carbohydrate chain was broken and combusted, s =
ultimately resulting in carbon oxides and water as final oxi- s € =l 8 =
dized products.*® In contrast, the remaining mass of the - B 8

Cu-loaded samples (Figure 4(b)) ranged from 19 to 21 wt%
after the thermal degradation, indicating the formation of
CuO as the sole solid phase. Based on these CuO amounts,
it was determined that Cu contents accounted for 15 to
16 wt% in the modified aerogel samples. In addition, the
inductively coupled plasma (ICP) analysis also revealed Cu
contents of 14.6-15.2wt% for the Cu-containing aerogels,
30% lower than the Cu(OAc),-based theoretical value of
approximately 20wt%, which can be rationalized by
incomplete reduction and coating as well as Cu losses dur-
ing the washing and filtration steps.

The XRD measurements were carried out to identify
crystalline phases present in the BC-based aerogels.
According to the XRD patterns (Figure 5), the materials
derived from BC were highly crystalline. Specifically, two
typical and intense peaks corresponding to crystalline cel-
lulose were observed at 20 = 14.5° and 22.7° in all of the
XRD profiles. Furthermore, the successful loading of Cu
species in the Cu/BC aerogels was confirmed by the appear-
ance of three additional peaks at 260 = 43.8°, 51.5°, and
74.2°, which were assigned to the (111), (200), and (222)
planes of the Cu’ phase, respectively.*’ Moreover, the mod-
ification process had no significant effect on the cellulose
structure as evidenced by the maintenance of characteristic
peaks of crystalline cellulose with high intensity. This result
is consistent with the findings of Li et al.*' regarding the
modification of plant cellulose with Cu species. On the
contrary, the aerogel samples prepared using 13 and 26
equiv. of hydrazine, namely, Cu-Cel-13 and Cu-Cel-26,
revealed a broad diffraction peak of the CuO phase in their
XRD pattern while this peak was not detected for those of
Cu-Cel-39 and Cu-Cel-52. The Cu-based products of the

Cu-Cel-39

Cu-Cel-26

Intensity (a.u.)

Cu-Cel-13

Hyd-Cel

Cel

T T T T T T

50 60 70
20 (degree)

80

Figure 5. XRD patterns of as-prepared BC-based aerogels.

reduction of the Cu?' cations in the presence of BC
depended on the applied hydrazine amount.**->° Moreover,
as shown in Table 1, the Cu content in the aerogel was
improved from 14.5 0.2 to 15.2 £ 0.2 wt% in response to
the increase of hydrazine from 13 to 39 equiv., indicating
that reduction-based formation and coating of Cu species
onto the cellulose surface required a large excess of hydra-
zine (up to 39 equiv.). In other words, strongly basic condi-
tions (pH > 11) should be applied for the Cu modification
procedure, in line with the literature.**=!52 However, fur-
ther adding hydrazine into the reaction mixture to 52 equiv.
led to a slight reduction in the Cu content to 15.0 = 0.3 wt%.
This can be explained based on the fact that the BC surface
can only host a given number of Cu species and when too
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Figure 6. SEM images of the Cu-Cel-52 aerogel sample.

many Cu species were formed during the reduction, only a
part of them can be located on the BC surface while the rest
would precipitate in the liquid phase.

The morphology of Cu-loaded samples was investigated
via the SEM measurement. In detail, SEM images of
Cu-Cel-52 (Figure 6) revealed the nanoscale structure of sur-
face-modified cellulose material. It can be observed that the
diameter of the BC fibers or ribbons was in the range of 40—
60nm, forming a three-dimensional fiber matrix with numer-
ous free spaces. The average pore size of 20 voids observed
from the SEM image was approximately 110 = 60nm. In
addition, the Cu species were found in 40-50nm clusters on
the surface of the cellulose bundles. The fiber diameter was
smaller as compared to the size of the Cu cluster; therefore,
the formed Cu clusters could easily agglomerate within the
matrix. On the contrary, the FT-IR measurement was per-
formed to identify the functional groups present in the BC
aerogel and their chemical changes, if any, in the modification
procedure (Figure 7). In detail, the FT-IR spectra of the
unmodified aerogel (Cel sample) revealed the characteristic
bands at the wavenumbers of around 3350, 2850, 1650, and
1100 cm™!, which were assigned to stretching vibrations of the
O-H, C-H, C=0, and C—H bonds in cellulose.?"**-% via No
significant differences were detected for the acrogel samples
treated with only hydrazine (Hyd-Cel sample) and coated
with Cu species (Cu-Cel sample), indicating that the applied
reductive conditions and the Cu modification had no chemi-
cal impacts on the functional groups of the cellulose chain.
Although the presence of the CuO phase in the Cu-Cel-13 and
Cu-Cel-26 samples was confirmed the XRD analysis, the sig-
nature bands at the wavenumber range of 500-600cm ' for
the Cu—O bond disappeared in their FT-IR spectra probably
due to the low content of CuO under the detection limit of
FT-IR.5%7

Adsorption studies

Cellulose acrogel is anticipated to trap various solvents
because it not only contains a lot of hydrophilic hydroxyl

Cel

Hyd-Cel

Cu-Cel-13

Cu-Cel-26
Cu-Cel-39

Transmittance (%)

o L

&Or‘,‘/\f«
stretching  strel h‘ing \
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C-H O-H \
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T

3000

Cu-Cel-52 v

stretching
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4000 3500 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 7. FT-IR results of as-prepared bacterial cellulose-based
aerogels.

groups but also possesses a porous structure.’® However,
employing unmodified materials derived from cellulose for
adsorbing non-polar organic solvents is not particularly
effective due to the abundant presence of polar groups
(—OH groups) on its backbone. To improve the non-polar
liquid adsorption capacity of cellulose-based materials,
covering or blocking hydroxyl groups with metal nanopar-
ticles is an effective approach. This increases the hydropho-
bicity of cellulose fiber surfaces and significantly improves
the affinity for non-polar organic molecules. Besides, the
surface tension of non-polar organic compounds is usually
lower than that of polar chemicals. For example, the sur-
face tension of n-hexane is 18.43mNm™' at 20°C, which is
four times lower than water at the same condition
(72.3mNm™).3° This offers a good opportunity for non-
polar solvents to penetrate the Cu layer because of the good
interaction,”#1-60
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Figure 8. Effect of drying methods and the modification with
Cu on trapping n-hexane (trapping conditions: adsorbent 0.02 g,
contact time 300s).

In this work, a series of experiments were conducted
using different samples of BC aerogel to capture n-hexane
under ambient conditions to investigate the effect of Cu
nanoparticles presence on the surface of cellulose fibers.
The results in Figure 8 demonstrated the important role of
cellulose surface modification as well as the activation
method. Particularly, the adsorption capacities of aerogel
materials prepared by scCO, drying were recorded to be
about 3.0gg !, whereas almost no adsorption of n-hexane
was observed when using BC obtained from nata de coco
via thermal activation. No difference in the activity was
observed for the sample treated with only hydrazine, indi-
cating that hydrazine did not affect the adsorption proper-
ties of the aerogel. Importantly, the n-hexane trapping
capacity of the Cu-modified material was significantly
increased from 3.1 to 10.4 gg!. This suggests that the pres-
ence of Cu species indeed enhanced the hydrophobicity of
the cellulose fiber surface, thereby improving the n-hexane
adsorption capacity.

As above described, the presence of the Cu-based phases
in the aerogel was affected by the used hydrazine. Therefore,
the quantity of hydrazine also played an important role in
adsorbing n-hexane. In particular, a higher molar ratio of
N,H,/Cu?* led to a higher adsorption capacity was recorded.
The best capacity of 12.6 g/g was obtained for the Cu-loaded
aerogel prepared with 52 equiv. of hydrazine (Figure 9).
When a smaller amount of hydrazine was utilized, the
formed Cu species were insufficient to block all of the
hydroxyl groups on the cellulose surface, thereby hindering
the adsorption of n-hexane. The presence of the unreduced
CuO phase in the XRD patterns might strengthen this
explanation. Therefore, it is necessary to cover the cellu-
lose aerogel surface with Cu species and prevent the unex-
pected oxidation of Cu species to other phases. With the
best performance, the Cu-Cel-52 was applied for the next
studies.

After the n-hexane trapping experiment, n-hexane was
easily removed from the spent Cu-Cel-52 aerogel at room
temperature under atmospheric pressure due to its low
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Figure 9. Effect of the hydrazine amount used for the Cu?*-to-
Cu® reduction on the n-hexane adsorption (coating conditions:
nata de coco 125g, water 75g, grinding time 2min, Cu(Oac),
4.0mmol, N,H, 13-52 equiv., reaction time 12h; trapping
conditions: aerogel 0.02g, contact time 300s).
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Figure 10. Recycling studies for Cu-Cel-52 in the n-hexane
adsorption (trapping conditions: Cu-Cel-52 0.02 g, contact time
300s).

boiling point. The recovered aerogel was subsequently
applied to the next trapping cycle without any further reac-
tivation. As shown in Figure 10, only minor decreases
(<6%) in the capacity of Cu-Cel-52 in capturing n-hexane
were observed in several recycling cycles. At the fifth use,
Cu-Cel-52 can adsorb n-hexane 11.9 times its mass, indi-
cating the high stability of the porous network in the aero-
gel. The SEM images of the spent sample (Figure S2 in
Supporting Information) showed a non-ordered matrix of
the Cu-coated BC bundles, generating a large number of
pores with different sizes (130 = 34 nm), similar to the pris-
tine one. It can be concluded that the collapse of the aerogel
structure was negligible during trapping and eliminating
n-hexane due to the complicated BC network which was
probably strengthened by coating Cu.

To demonstrate the trapping efficiency of the scCO,-
dried Cu/BC aerogel, other water-insoluble organic liquids,
including cyclohexane, ethyl acetate, and soybean oil, were
employed for the adsorption experiment (Figure S1 in
Supporting Information). The liquid-trapping capacity of
the scCO,-dried Cu/BC aerogel was directly proportional
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Figure | l. Trapping capacity of the Cu-Cel-52 aerogel for
different hydrophobic solvents (trapping conditions: Cu-Cel-52
0.02g, contact time 300s).

to the density of the applied liquids (Figure 11). Indeed, a
gram of Cu-Cel-52 could adsorb 19.9 g of soybean oil (d =
0.92 gmL™"), while the uptake of n-hexane (d = 0.66
gmL™") was recorded at 12.6 gg™'. In other words, more
mass of a denser solvent can be captured in the identical
pore volume in the aerogel network, in line with the trend
given for the oil-trapping materials.*'*'*> Based on these
obtained trapping results, if the adsorption performance is
presented in the mLg™! unit, the total volumetric trapping
capacities of the Cu-Cel-52 acrogel for the water-immisci-
ble liquids could be determined to be around 20mLg .
These volumetric values were higher than those previously
reported for the hydrophobic silica aerogel (16 mLg !).3
Soybean oil with the highest viscosity among the tested
organic liquids, similar to crude oil, was further employed
to investigate the effect of the contact time on the adsorp-
tion capacity of various Cu-loaded aerogels. Generally, the
time-dependent adsorption curves of soybean oil into aero-
gels showed a similar trend, wherein the capture efficiency
rapidly increased in the first 120s, then gradually slowed
down before reaching a plateau at 180s. Similar to the
results obtained with n-hexane, as shown in Figure 12, only
12.5gg ! of soybean oil could be adsorbed when Cu-Cel-13
was used. The best performance of about 20gg™' was
observed for Cu-Cel-52, highlighting the importance of the
complete reduction of Cu(Il) into Cu(0) for modifying the
BC surface in the aerogel. These trapping results were used
to describe the trapping kinetics via the pseudo-first-order
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Figure 12. Effect of the contact time on trapping soybean oil
(trapping conditions: Cu-Cel-52 0.02 g, contact time 0-3005s).

(R?) of the pseudo-first-order model of trapping soybean oil
by the Cu-coated aerogels were found to be from 0.40 to
0.67 while using the pseudo-second-order model gave
much better R? values (0.97-0.99) (Figure S3 in Supporting
Information). On the contrary, the equilibrium oil uptakes
for the samples calculated from the pseudo-second-order
model were very close to the experimental data (Table S1 in
Supporting Information). Therefore, the capture of soybean
oil into all of the aerogels was well fitted to the pseudo-
second-order model. In fact, according to Wang et al.,*? the
mechanism of capturing organic liquids into the aerogel
was simply suggested to be based on the viscous liquid
flow that inhaled the porous matrix of the acrogel due to the
capillary force.

The adsorption performance of modified BC aerogel
(Cu-Cel-52) was compared to those of several other adsor-
bents, which were previously reported (Table 2).6'-%* To be
more specific, the removal efficiency of Cu-modified aero-
gel for n-hexane and cyclohexane in this work was 12.6 and
13.6gg!, respectively, while Meng et al.®* reported values
of approximately 7.0gg™! using an aerogel composite
derived from cellulose and chitosan (Entry 2). In the study
by Ghorbal et al., a simple method to produce a new and
eco-friendly composite cryogel combined with keratin and
cellulose was introduced.®! The prepared material was fully
characterized and then employed to remove various organic
solvents with adsorption capacities from 6.9 to 17.7gg '.%!
However, the trapping efficiency of n-hexane and vegeta-

and second-order models. The determination coefficients ble oil was recorded at 7.1 and 8.3gg ¢! respectively,
Table 2. Hydrophobic liquid-trapping capacity of cellulose-based materials.
Cellulose-based materials n-Hexane Cyclohexane Soybean oil/vegetable oil Reference

(d =0.66gmL™") (d=077gmL™) (d=091-093gmL™")
Cellulose/chitosan composite 7.0 6.8 - Meng et al.®3
Keratin/cellulose cryogel 7.1 - 8.3 Guiza et al.®!
Coco peat powder/Fe,O, composite - 5.1 5.9 Yang et al.®2
Cellulose-derived carbon nanotube 2.7 - 2.3 Zhang et al.%*
scCO,-dried Cu/BC aerogel 12.6 13.6 19.9 This work
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which is significantly lower than the performance of
Cu-modified aerogel presented in this work. Furthermore,
the adsorption ability of other materials derived from cel-
lulose, such as coco peat powder or carbon nanotube, was
recently reported; however, they could only trap poor
amounts of these organic compounds.®>% Along with a fac-
ile and simple preparation, the high trapping performance
of Cu/BC acrogel provided a great potential solution for
removing various organic solvents in the practical
conditions.

Conclusion

In conclusion, we implemented a simple and efficient
method for fabricating Cu-containing BC aerogel derived
from nata de coco with enhanced trapping capacities for
hydrophobic organic solvents using the scCO, drying tech-
nique. The fabrication involved reductively coating Cu onto
the BC fibers, followed by the scCO,-based activation,
which allowed the BC framework to preserve its pristine
complicated 3D structure. The extensive characterizations
confirmed the significant benefits of scCO, drying in the
aerogel preparation and the presence of Cu species on the
surface of BC fibers and bundles, elucidating its role in trap-
ping hydrophobic organic molecules. Possessing a highly
porous matrix with a hydrophobic surface, the Cu-loaded
aerogel exhibited impressive capture capacities for various
organic chemicals, including n-hexane, cyclohexane, ethyl
acetate, and soybean oil in a range from 12.6 to 19.9gg™".
These results are comparable to or even exceed the perfor-
mances of previously reported trapping materials derived
from cellulose. Importantly, the hydrophobic Cu-containing
aerogel showed high textural stability with five successive
use cycles for n-hexane without significant activity degrada-
tion. Based on the promising findings in this contribution,
the trapping capacity of the scCO,-activated Cu/BC aerogel
for a hydrophobic solvent in both an aqueous solution and
an emulsion and the recycling study for non-volatile sol-
vents have been currently under investigation.
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