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Aldehydes are commonly encountered Volatile Organic Compounds (VOCs) released to the atmosphere

from a variety of anthropogenic sources. Based on the increasing interest in developing sustainable and

environmentally friendly materials for the decontamination of VOCs, cellulose particles have emerged as

one possible candidate, but there is a lack of understanding of the physicochemical properties affecting

the adsorption of VOCs, and the effect of the extraction source on these intrinsic features. The present

study was focused on the evaluation of unmodified cellulose particles extracted from biodiverse sources

in Ecuador as potential VOC decontaminants. Modifications of the natural fibers with polyethylenimine

(PEI) coating were performed to enhance the adsorption effectiveness. Fourier-transform infrared

spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), Brunauer–Emmett–Teller

(BET) measurements, and scanning electron microscopy (SEM) methods were used to characterize the

physicochemical properties of the isolates. Gas chromatography assays demonstrated that unmodified

cellulose can adsorb an aldehyde VOC, hexanal, reaching up to a 56.42 � 7.30% reduction. Electrostatic

coating of the cellulose particles with small quantities of PEI enhanced the VOC remediation capacities

(i.e. 98.12 � 1.18%). Results demonstrated that the biodiverse plant source of the cellulose isolate can

affect the gas capturing properties, and that these particles can be an environmentally friendly solution

for effective adsorption of VOC pollutants.
1. Introduction

Volatile organic compounds (VOCs) are compounds released
into the atmosphere by either biogenic or anthropogenic sour-
ces such as chemical industries, agricultural operations, land-
lls, fuel reneries, and pharmaceutical plants.1 They are
considered as one of the main sources of photochemical reac-
tion in the atmosphere resulting in toxic compounds affecting
the environment and human health, even when their concen-
tration levels are within governmental regulations.2 To address
these environmental concerns, numerous organic and
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f Chemistry 2020
inorganic materials have been developed for VOC remediation
leveraging a variety of different mechanisms.3–5

Cellulose is the most abundant natural polymer on Earth,
and can be obtained from a wide range of sources including
wood, vegetation, algae, and bacteria. It is a biopolymer of b-
(1,4)-linked D-glucose.6 Due to the presence of a large number of
hydroxyl groups on the surface of the material, native cellulose
can be readily functionalized by a diverse array of chemical
transformations that can enhance its physicochemical proper-
ties. Cellulose particles have been of particular interest for the
development of environmental remediation technologies due to
their low cost, wide availability, exibility, ease of processing,
nontoxicity, and biodegradable properties.7 Industries and
governments are beginning to pay special attention to the
development of modied cellulose particles in order to use
them as biological and environmental sustainable decontami-
nating agents.8,9 Thus, several studies have focused on cellulose-
based materials' versatility, renewability, and functionality for
many remediation applications, such as the removal of heavy
metals ions in water and the adsorption of organic compounds
present in polluted air.10–12 Only unmodied cellulose particles
from wood and bacteria have been mostly used for the envi-
ronmental remediation. Kim et al. developed activated carbon-
impregnated cellulose lters as a material for removing VOCs
RSC Adv., 2020, 10, 7967–7975 | 7967
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(e.g. benzene, toluene, ethylbenzene) from indoor pollution. Ion
et al. have demonstrated that bacterial cellulose might be
a promising adsorbent for the removal of polar and non-polar
VOCs, and proposed that blending magnetite can enhance
adsorption efficiency of this biopolymer. Further, our group has
studied the covalent functionalization of commercially avail-
able micro- and nano-scale cellulose with poly(ethylenimine)
(PEI), resulting in materials that demonstrate the ability to
capture aldehydes and carboxylic acid VOCs.13 Materials pre-
senting higher surface-to-volume ratio exhibit better VOC
adsorption performances due to an increase in amine sites
present on the surface per unit volume.13,14 The chemically
modied cellulose particles captured VOCs through a chemical
reaction, but any intrinsic adsorption bymeans of non-covalent,
electrostatic interactions has not been explored. More impor-
tantly, these studies are limited to commercial sources of micro-
or nano-scale cellulose with or without further chemical func-
tionalization. They did not evaluate the potential effects of the
biodiverse source of the cellulose isolates on the resulting
physicochemical properties of the material.

In the present study, we hypothesized that the biodiverse
source of cellulose particles extracted from native plants in
Ecuador might affect their physicochemical properties and in
turn, the ability of the material to capture aldehyde VOCs in the
gas phase. Ecuador is one of the most species-rich countries on
Earth, harboring approximately twenty thousand unique
species of plants from which cellulose can be extracted. We
surmised that this rich biodiversity might yield cellulose parti-
cles presenting vastly different morphology, size, porosity,
degradation temperatures, surface chemistry, and crystallinity.
Furthermore, Ecuador possesses seventeen different ecosys-
tems containing natural sources still undisturbed by humans as
well as many endemic species of plants with undiscovered
properties.15 This great biodiversity allowed us to evaluate
a variety of plant sources that leads to cellulose particles having
distinct physicochemical properties that may, in turn, improve
the VOC adsorption efficiency. The ultimate goal of this study
was to arrive at a better choice than commercially available
cellulose previously used (i.e. CNC, CMC) for the development
of affordable, environmentally friendly adsorbents for VOC
removal. Thus, we successfully isolated novel, unmodied
natural cellulose particles capable of adsorbing aldehydes
VOCs. Further, we treated these natural particles with small
quantities of PEI by electrostatic coating on the surface of the
cellulose, thus further improving their adsorption capacity.
2. Experimental section
Cellulose extraction

Cellulose extraction was carried out using established proto-
cols6,12,13 of chemical extraction followed by acid/base treat-
ment, bleaching, and multiple washings with water to remove
residual chemicals. The same process was used for each sample
to prevent any effect of the protocol on the cellulose properties.
Control samples of cellulose microcrystals (CMC) and cellulose
nanocrystals (CNC) were supplied by Sigma-Aldrich.
7968 | RSC Adv., 2020, 10, 7967–7975
PEI-coating of native cellulose

Poly(ethyleneimine) solution (PEI) (1200–1300 Mw, 50 wt% in
H2O), was supplied by Sigma-Aldrich. A 30 mg sample of
unmodied cellulose isolate F28 was suspended in a 0.01% v/v
PEI solution (i.e. 1 mL of PEI, 10mL of H2O). The suspension was
then placed in an ultrasonicator bath at 80 �C for 25 min. The
coated cellulose materials were then collected by centrifugation
and the sample was dried at room temperature for 2 d in
a vacuum oven. The PEI-modied cellulose bers were thor-
oughly washed with water by means of vacuum ltration.
Physicochemical characterization

The surface structure and morphology of the different cellulose
bers were examined by using a MIRA 3 (TESCAN, CZ) eld
emission scanning electron microscope (FEG-SEM). X-ray
diffraction (XRD) patterns were collected on an EMPYREAN
diffractometer (PANalytical, NL) in a Bragg–Brentano congu-
ration at 40 kV and 45 A and monochromatic X rays of Cu K-
a wavelength (l ¼ 1.541 Å) using a Ni lter. The crystallinity
index (CrI) was identied for each cellulose samples following
the method described by Segal et al. using the eqn (1):

CrIð%Þ ¼ I002 � Iam

I002
� 100% (1)

where, I002 is the maximum intensity of the 002 lattice diffrac-
tion peak and Iam is the intensity shown by the amorphous part
of the cellulose samples. Lyophilized cellulose samples were
mounted on a zero-background substrate. Scans were obtained
from 5 to 90 degrees in 0.01 degree steps, 10 seconds per step,
16 spinner revolution time by minute, repeated eight times. CrI
was calculated from the height ratio of the (200) peak and the
height of the minimum between the 200 and 110 peaks.15 FT-IR
data was recorded using a Spectrum Spotlight 200 FT-IR
instrument (PerkinElmer, USA). First a spectra of the gold-
plated sample holder was acquired as background, and then
the spectra of the samples were recorded. The wavelength range
for the analysis was between 4000 to 500 cm�1 with a total
number of scans of 36 and a 4 cm�1 wavelength resolution.
Thermogravimetric analysis (TGA) was used to determine the
thermostability of the unmodied and PEI-treated cellulose
using a Q500 instrument (TA Instruments, USA) under nitrogen
over the temperature range of 27 �C to 600 �C with a heating rate
of 10 �C min�1. Nitrogen gas adsorption was performed at 77 K
with an ASAP 2020 analyser (Micromeritics Instrument Corp.
U.S.) and pore size distributions were determined using density
functional theory (DFT) and the calculated surface areas were
from the Brunauer–Emmett–Teller (BET) equation.
Gas chromatography assays

GC analyses replicates were carried out on cellulose samples
three times each, as described in our previous studies.1,2,13,19

Hexanal was purchased from Sigma-Aldrich and used without
purication. Agilent Technologies Gas Chromatography vials
with septum screw-caps were used along with a Shimadzu GC-
2014 gas chromatograph equipped with a Shimadzu AOC-20i
This journal is © The Royal Society of Chemistry 2020
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autoinjector, a ame ionization detector (FID) and a 30 m �
0.25 mm � 0.25 mm Zebron ZB-WAX Plus capillary GC column.

3. Results

Based on the low cost, availability, and renewability of cellulose
and Ecuadorian megabiodiversity, we chemically extracted
unique unmodied cellulose particles from six different natural
sources using the same protocol for each source of bers to
prevent the effect of processing on the particle extraction.6,12,13

Six different unmodied cellulose particles were successfully
obtained from Tuna fruit from the family Opuntia (F17), Passi-
ora tripartita, commonly known as Taxo fruit (F19), Chuquir-
agua jussieui plant (F20), Higo fruit obtained from Ficus carica
(F25), Psidium guajava, regionally known as Guava fruit (F27),
and Borojoa patinoi or Borojo fruit (F28). Most of the sources of
cellulose particles were selected due to their native properties
Fig. 1 (A) FTIR spectra of the cellulose crystals (CMC and CNC controls),
and, (D) CNC. (E) SEM micrograph of CMC, and (F) TEM image of CNC.

This journal is © The Royal Society of Chemistry 2020
from the Americas and Andes region (i.e., Ficus caraca is native
to Asia). The physicochemical properties of the cellulose parti-
cles were compared with commercially available cellulose
microcrystals (CMCs) and cellulose nanocrystals (CNCs) puri-
ed from cotton linters, in order to highlight the unique natural
properties present in native cellulose and to facilitate VOC
adsorption capacity comparisons.
Characterization of commercially available cellulose particle
controls (CMC and CNC)

The Fourier transform-infrared (FTIR) spectra of commercial
samples of cellulose microcrystals (CMC) and cellulose nano-
crystals (CNC), illustrated in Fig. 1A, indicate characteristic
peaks for cellulose: C–C, C–OH, C–H ring and side group
vibration bands �1000 cm�1, C–O–C glycosidic ether bands at
�1105 cm�1. Additionally, important peaks are evident at
(B) thermal stability comparison of the controls. XRD graphs of (C) CMC

RSC Adv., 2020, 10, 7967–7975 | 7969
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Fig. 2 Fourier-transform infrared spectra comparison of the unmodified natural cellulose particles obtained from biodiversity.
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�1300 cm�1,�1600 cm�1,�2900 cm�1, and�3300 cm�1 which
correspond to CH2 rocking vibrations at C6, OH bending, sp3

C–H stretching, and OH stretching frequencies, respectively.
Fig. 3 X-ray diffraction analysis and Crystallinity Index (CrI) of the natur

7970 | RSC Adv., 2020, 10, 7967–7975
Slight differences were apparent in the two samples, however.
In the CNC spectrum, the C–C ring breathing, OH bending and
CH2 rocking vibrations at C6 are marginally displaced to the le
al cellulose particles: F17, F19, F20, F25, F27 and F28.

This journal is © The Royal Society of Chemistry 2020
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at �1050 cm�1, �1314 cm�1 and �1630 cm�1, respectively,
while the peak corresponding to C–O–C group is at the same
wavenumber when compared with the CMC spectrum. This
conrms that the commercial, control cellulose particles are
mainly composed of cellulose and do not contain hemicellulose
or lignin residual contaminants. Thermogravimetric analyses
(TGA) of commercial, controls revealed that CNC maintains
more weight percentage at temperatures higher than 300 �C
when compared with CMC, as shown in Fig. 1B. The crystallinity
of the controls were also analyzed by X-ray powder diffraction
(XRD), and the peaks observed for CMCs and CNCs graphs
displayed in Fig. 1C and D are quite similar and correspond to
a degree of crystallinity of 57.8% and 60.5%, respectively.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) observations showed that the CMCs presents
a tube-like microstructure while the CNCs possess a ake-like
nanostructure due to partial aggregation when preparing the
sample (Fig. 1E and F).
Characterization of cellulose from natural sources

All of the natural cellulose particles were extracted from
different plant sources using the same extraction process. Each
cellulose isolate exhibited unique physicochemical properties,
as shown in Fig. 2. FTIR spectra were useful to identify cellulose
content and residual molecules of cellular wall components,
such as hemicellulose or lignin. In addition, Fig. 2 indicates
that each ber isolate (i.e. F17, F19, F20, F25, F27, F28) presents
Fig. 4 SEM micrographs of the natural unmodified cellulose particles: (A

This journal is © The Royal Society of Chemistry 2020
similar FTIR spectra with characteristics peaks similar to the
commercial controls, CNC and CMC (cf. Fig. 1).

Powder X-ray diffraction (XRD) analyses of the six cellulose
isolates depicted distinct graphs and different degrees of crys-
tallinity for each, as shown in Fig. 3. The major peaks around 2q
¼ 20–25� are attributed to cellulose crystalline structure, while
the peaks around 2q ¼ 15–18�, represents the samples' amor-
phous region.16

Scanning electron microscopy (SEM) observations on the
new isolates reveal that each cellulose sample presents a unique
morphology, porosity, and size despite the fact that the same
extraction process was used for each sample, suggesting that
the unique sample morphology is related to its plant source
(Fig. 4).

The BET characterization results indicate that while the
particles are closely related, small differences are still apparent
owing to the intrinsically different physicochemical properties
arising from the unique natural sources of the samples. Addi-
tionally, samples surface areas (SSA) and pore volume (PV) are
illustrated in Fig. 5, as well as the correlation between surface
area and pore volume of samples. We found that the BET
analysis of our extracted cellulose materials (Fig. 5) is in
agreement with different types of cellulose reported previ-
ously.17 In addition, for example, F28 (SA ¼ 48) showed higher
capture efficiency of hexanal vapors over both the commercial
CMC (SA ¼ 3) and CNC (SA ¼ 22), highlighting the signicance
of the direct correlation between the surface area and adsorp-
tion capacity and kinetics.
) F17, (B) F19, (C) F20, (D) F25, (E) F27, and (F) F28.

RSC Adv., 2020, 10, 7967–7975 | 7971

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00414f


Fig. 5 Pore volume (PV) and sample surface area (SSA) table of the cellulose samples, and the distribution of the pore volume correlated with the
surface area of the particles and the controls.
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Characterization of PEI-modied cellulose particles F28

In order to surface-modify cellulose particle F28 with amine
functional groups to facilitate the covalent absorption of alde-
hyde VOCs,13 the native isolate was coated with PEI upon
ultrasonication with a 0.01% v/v PEI solution. The presence of
PEI was easily conrmed by the emergence of new N–H bending
Fig. 6 (A) FT-IR spectra of unmodified and PEI-treated cellulose partic
coating, and (C) SEM micrographs of natural and PEI-treated F28 sampl

7972 | RSC Adv., 2020, 10, 7967–7975
resonances around �1550 cm�1 in the infrared spectrum
(Fig. 6A). Thermogravimetric analyses of F28 and F28-PEI are
illustrated in Fig. 6B, and provide additional evidence for the
successful electrostatic coating of the ber using small amounts
of PEI. The thermal degradation of the unmodied F28, initi-
ates at 229 �C. PEI coating on the surface of cellulose particle
le F28, (B) TGA analyses of isolated F28 before and after PEI surface
es, respectively.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00414f


Fig. 7 Percent reduction of hexanal vapors after treatment with cellulose crystals controls and unmodified or PEI-treated natural cellulose
samples.
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F28 causes the thermal degradation of the material to initiate at
slightly warmer temperatures (240 �C), (Fig. 6B). Moreover, the
weight loss curves for F28 and F28-PEI present important
differences in the nal values of the graph, which indicates the
efficiency of the electrostatic coating of F28 with PEI. The
thermodegradation proles of both F28 and PEI-coated F28 are
consistent with cellulose materials reported elsewhere sup-
porting our results.18 Structural and morphological nuances are
observable through SEM images (Fig. 6C). It is notable that the
unmodied F28 isolate and its PEI-modied congener present
similar, “shriveled” structures. Nevertheless, there are a few
differences in their overall morphologies; F28-PEI displays at
and folded, rugged surfaces that manifest in tube-like struc-
tures due to the presence of the amine coating. In contrast, the
unmodied F28 isolated shows many uneven and pleated
surfaces.
Gas chromatography assays

Aer the successful isolation and characterization of a series of
cellulose particles, we conducted gas chromatography experi-
ments to assess the VOC absorption efficiency of the particles
and a PEI-coated congener using a model aldehyde VOC,
hexanal. Gas chromatography assay results aer 30 min expo-
sure of the particles to hexanal vapors are shown in Fig. 7. The
VOC absorption efficiency of the commercially available CMC
and CNC samples are also included as controls. The results
demonstrated that unmodied F19 and F28 cellulose exhibited
signicantly higher capturing capacities than the commercially
available cellulose controls. These cellulose samples were
capable of effecting a 25.49 � 0.36% and 56.42 � 7.30%
reduction of hexanal vapors, respectively. For comparison, the
commercial CMC and CNC samples performed a VOC reduction
of 3.87� 1.64% and 4.60� 2.68% respectively. The latter results
are similar (i.e. no statistical differences) to the performance of
isolates F17, F20, F25 and F27, which showed absorption
This journal is © The Royal Society of Chemistry 2020
capacities of 1.15 � 3.47%, 13.90 � 2.26%, 9.98 � 8.97% and
5.33 � 4.62%, respectively.

We have previously demonstrated that surface modication
of particles to display reactive amine functional groups can
increase the VOC remediation properties for cellulosic, poly-
meric, and clay-based materials.19 Indeed, PEI-coated F28
sample results (also depicted in Fig. 7) demonstrated excellent
adsorption performance in the presence of hexanal vapors,
leading to a 98.12 � 1.17% reduction of the target VOC.
4. Discussion

Cellulose is a natural polymer available worldwide from
a diverse array of biological sources, which the literature has
determined as an environmental sustainable material. Six
unmodied cellulose particles were successfully extracted from
natural plant sources native to Ecuador, and the particles
appear to have unique physicochemical properties compared to
commercial cellulose samples. These particles were extracted
using the exact same process and characterized by a combina-
tion of FT-IR spectroscopy, X-ray diffraction, BET measure-
ments, and SEM. Importantly, the FT-IR analyses indicate that
the chemical composition of the particles are quite similar to
commercial cellulose controls. These data indicate that the
particles are chiey comprised of pure cellulose with little
contamination from other biopolymers including hemi-
cellulose and lignin. According to the XRD results, the diffrac-
tion patterns show a typical cellulose conguration with a crys-
talline (2q ¼ 20–25�) and amorphous part (2q ¼ 15–18�).
Therefore, the variation of the crystallinity index between the
samples is likely due to the plant source of the cellulose, since
all samples were extracted using the same protocol. SEM images
of cellulose particles from different natural sources exhibited
very unique morphologies and structures. This fact conrms
that the degree of porosity, shape, and size differ for every
cellulose sample extracted from different natural sources.
RSC Adv., 2020, 10, 7967–7975 | 7973
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Further, characterization of F28-PEI revealed that the cellulose
particles could be successfully surface-coated with PEI to
display reactive amine functional groups for the covalent
capture of VOCs. Previous 1H NMR spectroscopy analysis
carried out in past studies demonstrated the formation of imine
bonds resulting from the interaction between PEI-NPs and
pivaldehyde, thus successfully proving the potential capture
mechanism of aldehydes using PEI-modied materials.19

Evidence of the poly(amine)-coating was provided by FT-IR
spectroscopy and TGA. According to SEM analyses of PEI-
modied and non-modied F28, the presence of the PEI poly-
mer may alter the surface morphology of the sample.

Gas chromatography experiments revealed that some of the
natural unmodied cellulose particles (i.e. F19 and F28)
demonstrated a signicant, intrinsic ability to absorb hexanal
vapors (i.e. up to �57% adsorption for F28) as compared to the
absorption capability of commercially available cellulose
microcrystal and nanocrystals controls (i.e. CMC and CNC).
SEM and BET analyses showed that the degree of porosity of the
specic cellulose isolate plays a critical role in the VOC
adsorption capacity of the material. The two samples with the
greatest capacity for VOC adsorption, isolates F19 and F28, had
larger pore volumes (0.093 and 0.072 m3 g�1, respectively) than
the other isolates and the commercial CMC/CNC samples
(#0.061 m3 g�1). The overall surface area of the cellulose
particle also plays an important role in the VOC adsorption
efficiency. Samples F19 and F28 possess surface areas of 28 m2

g�1 and 48 m2 g�1 surface areas, respectively, which are greater
than the surface areas observed for the less-effective F17, F20,
F25 and F27 isolates. Nevertheless, the degree of porosity of the
particle emerged as the main factor affecting the VOC adsorp-
tion capability of the cellulose samples. Note that the
commercially available controls CMC and CNC, which pre-
sented poor VOC adsorption capacity, exhibit small pore
volumes. Particularly compelling, the CNC control effected poor
VOC adsorption, despite having a rather large surface area of 22
m2 g�1 while lacking sufficient pore volume (0.055 m3 g�1) for
optimal VOC capture. The addition, by electrostatic coating, of
small amounts of PEI polymer onto the surface of cellulose
particle F28 greatly increased the aldehyde VOC removal
capacity of the parent materials, obtaining a performance of
a 98% reduction of hexanal vapors.

The results presented in this study clearly indicate that the
physicochemical features that each cellulose sample present
(i.e. surface area, surface morphology, and pore volume) directly
affects the efficiency of VOC remediation. It was reported in the
literature that the surface area-to-volume ratio and porosity
parameters plays an important role in the efficiency of materials
for the remediation of organic pollutants in water and air.11,19,20

Nonetheless, the correlation for absorption of hexanal vapors is
not linear. The twin features of large surface area coupled with
high pore volume of cellulose particles F19 and F28 as
compared with commercially available controls makes these
particles uniquely effective for the capture of VOCs. The
magnitude of the surface area can determine the density and
pore distribution on the surface of the materials, thus
7974 | RSC Adv., 2020, 10, 7967–7975
explaining why isolates with large pore sizes but supercial
surface areas perform poorly in VOC capture studies.

5. Conclusions

In this study, six novel unmodied cellulose isolates were
successfully extracted and puried from different natural plant
sources of Ecuadorian biodiversity. Intensive physicochemical
characterization was performed on cellulose isolates using
FTIR, XRD, SEM and BET, and indicated that the natural source
of extraction directly affects the physicochemical properties of
the isolates. These properties, most notably the varying degree
of porosity, in turn directly affected the intrinsic VOC decon-
tamination capabilities of the isolates. More importantly,
samples F19 and F28 exhibited a better VOC absorption
performance due to their specic intermediate surface area and
pore volume parameters, which are critical factors that directly
affect the adsorption capacities of cellulose bers. Higher
surface area results in larger degrees of porosity, which in turn
yields better VOC adsorption efficiency. This study demon-
strated that there are optimal physicochemical properties of
cellulose that directly affect the intrinsic ability of the material
to capture VOCs. Additionally, the surface coating of cellulose
isolates with small quantities of PEI greatly increased the
absorption capacity of the samples, facilitating the capture of
hexanal vapors up to 98%. Thus, electrostatic coating of cellu-
lose bers results in an efficient manner to modify cellulose,
avoiding several chemical steps and the use of a wide variety of
reagents. Ultimately, this study demonstrates the exciting
potential for mining the inherent biodiversity of ecologically
rich locales such as Ecuador in order to generate unique and
structurally diverse cellulosic platforms for environmental
applications.
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