Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 31 January 2018. Downloaded on 2/7/2026 7:48:54 AM.

.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

New highly hydrated cellulose microfibrils with

a tendril helical morphology extracted from agro-
waste material: application to removal of dyes from
waste water

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 5212

M. El Achaby, ©*2 N. Fayoud,? M. C. Figueroa-Espinoza,® H. Ben youcef?
and A. Aboulkas*®

Cocoa bean shells (CBS) are a by-product of the cocoa bean processing industry. They represent 12—
20 wt% of dry cocoa beans, after having been separated from these by a roasting process. CBS often
end up as a waste product which contains around 34 wt% of cellulose. The transformation of this waste
into valuable and marketable products would help to improve waste disposal. Indeed, the large annual
production of this waste makes it a sustainable and renewable bio-source for the production of
chemicals and fibers for advanced applications. In this work, new cellulose microfibrils (CMFs) with
a tendril helical morphology and highly hydrated gel-like behavior were successfully extracted from CBS
waste using a controlled chemical extraction process. During this study, several physico-chemical
characterizations were carried out in order to identify the properties of each of the products at different
stages of treatment. Microscopic observations show that the extracted CMFs have a tendril helical shape
like climbing plant tendrils. Due to this special morphology, the extracted CMFs show a highly hydrated
state forming a gel network without additional modifications. The as-extracted CMFs were used as
adsorbent material for the removal of methylene blue from concentrated aqueous solution, as an
application to wastewater treatment for the removal of basic dyes. Swelling properties, adsorption
kinetics and isotherms were carried out in batch experiments. The results indicated that the CMFs have
a high swelling capacity (190%). The pseudo second order model can be effectively used to evaluate the
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model with a maximum adsorption capacity of 381.68 mg g~*. Thus, the as-extracted CMFs with unique
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Introduction

Cellulose is considered the most abundant renewable organic
polymer on earth having unique properties such as renew-
ability, biodegradability, light weight and good mechanical
properties." The word yearly biomass production of cellulose
has been estimated to be over 7.5 x 10'° tons, making it an
inexhaustible source of raw material for environmentally
friendly and biocompatible products.> The major sources of
cellulose are wood and cotton, but it can also be derived from
a variety of sources, such as annual plants, marine animals,
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cationic dyes from industrial wastewater.

marine biomass, fungi, bacteria, invertebrates and other agro-
industrial wastes.®* Depending on the extraction process,
various cellulose forms named fibers, microfibers, microfibrils,
nanofibrils or nanocrystals can be extracted for numerous
applications.*®

In nature, depending on the degree of polymerization, the
number of chains, and the way these chains pack together, the
physiochemical properties of cellulose material can be enor-
mously complicated and highly variable.® Cellulose is consid-
ered to be water-insoluble compound and plays an important
role in maintaining the structure of cell walls.>” However, the
hierarchical arrangement of cellulose microfibrils (CMFs) in the
cell wall varies depending on the origin and nature of plants. In
the majority of plants, the MFCs are arranged as linear fibrils
surrounded by others cell wall constituents.® But in some cases,
CMFs can adopt a defined tendril helical structure embedded in
a soft matrix of polysaccharides, aromatic compounds and
structural proteins,®® in which the sugar units and cellulose

This journal is © The Royal Society of Chemistry 2018
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molecules take the form of asymmetric and chiral configura-
tions, at the molecular level. In recent years, considerable
efforts have been devoted to extract CMFs from cellulose-rich
bio-sourced materials.>” However, the research in this filed is
oriented toward of using new bio-sourced materials, new
isolation processes, and new treatments for obtaining of CMFs
with special characteristics to extend the application of
cellulose.

Cocoa bean shells (CBS) are the seed coats covering the cocoa
cotyledons and they constitute 12-20 wt% of the dry cocoa
beans, and they are separated from cocoa beans after roasting
process.'® The word annual production of CBS is estimated at
700 000 tons,' in which the Mexico country produced annually
around 27 000 tons, it is the 13 and the 6™ world's and Lat-
inoamerica’s largest cocoa producer, respectively.'* CBS is thus
an abundant and often underexploited by-product from the
cocoa industry, which can represent serious disposal and
environmental problems, if badly managed.” CBS is devoid of
any marketable value and is mainly used as raw biomass
material (as food additive, garden mulch and soil conditioner)
or as fuel for boilers.'”'*'* CBS is composed mainly of poly-
saccharides, hemicellulose, and lignin and other compo-
nents.'”* making it a sustainable and renewable biosource for
production of cellulose and others biomolecules for advanced
applications. Indeed, the transformation of this waste into
valuable and marketable products, such as cellulose derivatives,
would help to valorize this waste and improve its disposal.

Owing its excellent properties, cellulose has generated much
attention and interest during these last decades in both academic
and industrial fields for various application.*®> Recently, the
research focused on the use of cellulose and its modified forms as
a new class of versatile adsorbents for wastewater treatment.'®
Although many papers have been published so far discussing the
importance of cellulose-based adsorbents in water pollution
treatment.” > Indeed, cellulose-based adsorbents offer significant
advantages over commercially available expensive materials/
adsorbents for water pollution treatment.”® Recently, cellulose
derivatives have been extracted from bio-sourced materials and
used as potential adsorbents for waste water treatment. Hussin
et al. have reported the possible utilization of unmodified micro-
crystalline cellulose (MCC) extracted from oil palm fronds as
adsorbent for removal of methylene blue (MB) from aqueous
solution.”® They found that the extracted MCC exhibited
a maximum adsorption capacity of 51.81 mg g~ '. Batmaz et al.
reported that cellulose nanocrystals extracted from cellulosic fibers
can also be used as adsorbents for removal of cationic dyes (MB)
from concentrated aqueous solutions, and a relatively high
adsorption capacity was measured (118 mg g ').>* Douissa et al.
have reported the efficiency of extracted cellulose from Posidonia
oceanica to remove methylene blue from water. The appropriate
adsorption capacity (305.45 mg g~ ') was found higher than that
obtained by raw material (Posidonia oceanica), showing the very
good potentiality of extracted cellulose as no expensive
adsorbent.”

Nevertheless, little research is focused on the extraction of
cellulose derivatives from bio-sourced materials and their use
directly without further modifications as potential adsorbents
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for wastewater treatment. In the current investigation, new
CMFs with tendril helical morphology and highly hydrated gel-
like behavior were extracted from CBS waste, using the same
chemical treatments that are largely used for cellulose extrac-
tion from typical terrestrial lignocellulosic materials, e.g. alkali
and bleaching treatments.>**” After its successful extraction, the
as-obtained CMFs were successfully characterized in terms of
their physico-chemical properties, and used as potential
adsorbents for adsorption of cationic dyes from concentrated
aqueous solution, as application for wastewater treatment for
the removal of basic dyes. MB was chosen as adsorbate in this
study, due to its strong adsorption on solid surfaces and its
increased use in textile and paper industry. Swelling properties,
adsorption kinetics and isotherms were carried out at batch
experiments, and various theoretical models were used to
evaluate the maximum adsorption capacity and to understand
the adsorption mechanism.

Materials and experimental details
Materials

The dried CBS used in this study were obtained from fermented
and roasted cocoa beans collected from Tabasco (Mexico) in 2016.
Firstly, the CBS waste was chopped, then dried in a fluidized bed
dryer (GRACO, TGA101) for 90 min at 60 °C. The dried CBS was
milled using a Knife Shredder (RETSCH SM100, Haan, Germany)
equipped with 5 mm sieve. Finally, it was stored in the dark at 4 °C
until the extraction was performed. The moisture content of the
CBS was about 4.59 wt%. All the analytical grade chemicals used
for purification and bleaching treatments were purchased from
Sigma-Aldrich and used without further purification. The cationic
Methylene Blue (MB) was purchased from Sigma Aldrich (M9140-
25G) and used as received.

Treatment of CBS and CMFs extraction

CMFs in highly hydrated gel form were extracted from raw CBS
using alkali and bleaching treatments. Firstly, a prewashing of
ground CBS was carried out by distilled water for 1 hour at 60 °C
under mechanical stirring. Then, the prewashed CBS were
treated 3 times with 4 wt% NaOH solution at 80 °C for 2 hours
under mechanical stirring. Then, the obtained alkali treated-
CBS was subjected to a bleaching treatment with a solution
made up of equal parts (v/v) of acetate buffer (27 g NaOH and
75 mL glacial acetic acid, diluted to 1 L of distilled water) and
aqueous sodium chlorite (1.7 wt% NaClO, in water). The
bleaching treatment was performed 3 times for 2 h at 80 °C,
under magnetic stirring. The obtained cellulose product was
washed several times with distilled water, resulting in highly
hydrated white gel composed of CMFs, as confirmed by
microscopic observations. The overall steps these purification/
extraction and digital images of each obtained product are
presented in Fig. 1.

Characterization techniques

Elementary analysis was performed mainly to determine the
total carbon, oxygen, hydrogen and nitrogen contents before
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Fig. 1 Schematic representation of raw CBS treatment and digital images of the obtained products.

and after the extraction of cellulose microfibrils. It was carried
out on elemental analyzer system GmbH; analyzer vario MICRO
V4.0.2. Morphology of samples was evaluated using a scanning
electron microscope (SEM) (Phenom ProX) operated at 10 kV.
Fourier Transform Infrared Spectroscopy (FTIR) of all studied
samples were measured on a Tensor27 apparatus, the experi-
ments were recorded in transmittance mode in the range of
4000-400 cm " with a resolution of 4 cm™" and an accumula-
tion of 16 scans. Thermogravimetric analysis (TGA) (Mettler
Toledo) for all samples was conducted under a nitrogen atmo-
sphere between 25 and 700 °C, at a heating rate of 10 °C min ™.
X-ray diffraction (XRD) characterizations of samples were per-
formed on a Bruker diffractometer D8 Advance using Cu-Ka
radiation. The diffraction patterns were obtained at diffraction
angles between 5 and 50°, at room temperature. The crystal-
linity index (CrI%) of the samples was estimated using Segal's
equation: CrI = ((Ipop — Tam)/To02) X 100, where Ioo, and I, are
the peak intensities of crystalline and amorphous cellulose,
respectively.

Swelling ratio

The equilibrium swelling ratio (SR) of CMFs was measured in
distilled water at room temperature. For that, structural stable
film with thickness of 180 um was successfully casted from the
obtained CMFs gel on Petri dish and air dried (Fig. 1). To
determine the SR of the film sample, square dried film with an
initial weight (W,) was placed in a glass crystallizer with excess

5214 | RSC Adv., 2018, 8, 5212-5224

water. The swollen film was removed after an interval of time.
The excess water on the surface of film was removed with filter
paper, and the weight of each sample (W;) was measured. The
percentage of SR (%) was calculated using the following eqn (1):

U ON
0

SR(%) = 100 (1)

Adsorption studies

All adsorption studies were performed at batch experiments. A
stock solution of MB at a concentration of 1000 mg L™ was
prepared in distilled water and suitably diluted to the required
initial concentrations. The concentration of the MB dye for all
samples during the experimental tests were measured using
a UV-visible spectrophotometer (PerkinElmer Lambda 25 spec-
trophotometer) at a wavelength of 664 nm which correspond to
the maximum absorbance for MB.** For each experiment, the
concentration of MB aqueous solution was obtained from linear
standard calibration curves (R> = 0.999).

Adsorption kinetics

The adsorption experiments were conducted at room tempera-
ture using an initial concentration of MB of 50 mg L. For all
experiments, the pH of the initial MB solution was kept at 7.
After that, a pre-weighted amount of adsorbent (10 mg) was
added to 20 mL of MB solution in glass bottles, and the mixture
was slowly stirred (100 rpm) for various contact time intervals
(5-150 min). At a predetermined time interval, sample aliquots

This journal is © The Royal Society of Chemistry 2018
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(~3 mL) were withdrawn from the bottle, using 25 mm
disposable syringe filter (0.45 pm cellulose acetate membrane),
and were either introduced directly into plastic cell or diluted
with a suitable volume of distilled water to allow for Beer's law
concentration analysis on the UV-vis spectrophotometer. The
adsorbed amount of MB ¢, (mg g~ '), at a particular time interval
t, was calculated using the following expression (2):

(G-
“= " (2)

where C, (mg L") is the initial concentration of MB, C; (mg L")
is the dye concentration at time ¢, V (L) is the volume of the
solution and W (g) is the weight of used adsorbent.

Adsorption at equilibrium state

The adsorption isotherm at the equilibrium state was carried
out in the same conditions by varying the initial MB concen-
tration from 25 to 500 mg L~ '. The adsorption capacity
g. (mg g™ ') at the equilibrium was measured using the
following eqn (3):

(G -CG)V
Ge= " (3)

where C, (mg L) is the initial concentration of MB, C. (mg L")
is the concentration of MB at equilibrium (150 min of contact
time), V (mL) is the volume of the solution and W (mg) is the
weight of adsorbent.

Results and discussion
Extraction of CMFs

CMFs were extracted from CBS by means of controlled chemical
treatments. Obviously, the initial ground CBS grains have
brown color (Fig. 1), due to its diversified constituents (lignin,
hemicellulose, cellulose, protein, pectin and others). Starting
with the alkali treatment of CBS, the main objective of this
treatment was to eliminate the whole non-cellulosic cementing
components (lignin, hemicelluloses, pectin, ash, and other
impurities), resulting in the alkali-treated CBS. During this
alkali treatment, some alkali-labile linkages (ether and ester
linkages) between lignin monomers or between lignin and
polysaccharides may have been broken, resulting in a partial
breakdown of CBS grains into interconnected fibers, with
yellowish brown color (Fig. 1). The yield of this alkali-treated
CBS was about 39% (in dry mass). The following treatment
was the bleaching treatment, with the main purpose to obtain
pure cellulosic fibers. This whiteness and purification is to be
achieved simply by removing the residual lignin and the other
unwanted non-cellulosic components adhering to the cellulose
fibers, with the help of bleaching agents. During this treatment,
the residual lignin molecules react with NaClO, and an oxida-
tive fragmentation takes place resulting into soluble lignin
molecules in the bleaching solution, which lead into total
removal of lignin, and leave the CMFs unaltered.”® The yield of
the extracted CMFs was determined at 20% (in regard to the
initial weight of raw CBS). Very interestingly, the CMFs were

This journal is © The Royal Society of Chemistry 2018
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extracted in highly hydrated white gel form without any further
chemical treatment (Fig. 1).

It is noteworthy that the extracted CMFs gel can easily be
transformed into powdered form via freeze drying process
(Fig. 1) or in form of stable film using the casting process fol-
lowed by air drying (Fig. 1). This was surprising, because only
the bacterial cellulose or modified cellulose can exhibit this
characteristic.*>** It have been reported that the natural
extracted cellulose could form a thick gel or highly hygroscopic
material after a suitable additional modification such as treat-
ments in an alkaline aqueous solution with cooling by physical
cross-linking.** Herein, we report that a highly hydrated CMFs
gel can be directly extracted from raw CBS via simple bleaching
treatment. Morphological analysis by SEM showed that the
extracted cellulose exhibits a mixture of linear long microfibrils
and tendril helical microfibrils (see below). May be this special
morphology is responsible for obtaining of gel-like cellulose
with highly hydrate state.

Morphology of CBS and CMFs

As a widely employed technique, SEM was used to investigate
and identify the morphological features of CBS and extracted
CMFs, examples of the obtained SEM results are shown in
Fig. 2. According to the above discussion, lignin molecules,
hemicelluloses and other extractive substances were removed
from CBS by means of bleaching treatment, leaving only the
cellulose product. From the SEM results, it is clearly found that

;g{{g\a\s
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Fig. 2 SEM images of raw CBS (a—c), extracted CMFs (d—i) samples
and examples of plant tendrils (j—l) comparable to the morphology of
the extracted CMFs.
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Table 1 Elementary analysis of CBS, alkali treated CBS and extracted
MCFs

C (%) H (%) 0 (%) N (%)
CBS 41.64 + 0.33 5.80 = 0.02 50.27 2.29 £ 0.03
Alkali treated CBS 35.86 & 0.12 5.34 = 0.01 58.39 0.41 £ 0.01
Extracted CMFs 39.00 = 0.10 6.06 = 0.18 54.92 0.00 £ 0.00

the morphologies of CBS and the extracted CMFs are extremely
different. The crushed CBS exhibit a layer of surface deposits
mostly composed of lignin, hemicellulose, and other non-
cellulosic substances that cover the CMFs inside (Fig. 2a-c).
For the extracted CMFs, a remarkable finding of this new
extraction can be seen in Fig. 2d-i. It is found that the
morphology of CMFs consisted of a mixture of linear long
microfibrils and tendril helical microfibrils. The helical shape
of the obtained CMFs was comparable to that of a climbing
plant tendril (Fig. 2j-1). The average diameter of individual
microfibril helices was determined at 10 pm, whereas the
average diameter of microfibril forming helices was measured
at about 1 um. Nonetheless it was not possible to determine the
average length of CMFs by SEM microscopy analysis, because
the CMFs are much entangled forming a spaghetti-like struc-
ture (Fig. 2f).

Elementary analysis

Table 1 shows the result obtained from elemental analysis for
all studied samples (CBS, alkali treated CBS and extracted
CMFs). From this result, it should be noted that all samples
present high carbon and oxygen contents, indicating the
organic nature of these samples. The determination of nitrogen
(N) in CBS sample indicates that the presence of proteins in the
original sample. Notably, a total removal of N (%) content in
extracted CMFs indicates a total elimination of proteins after
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bleaching treatment. It must also be noticed that the ratio O/C
of the extracted CMFs was calculated at about 1.40, wherein 0.83
is the theoretical value of pure cellulose.* The relatively high O/
C ratio in our case is probably due to the excess of hydroxyl
groups in the surface of microfibrils, which can explain in first
time the formation of highly hydrated CMFs gel directly after
the extraction process.

Structure and crystallinity

Direct information about changes in chemical functionality can
be obtained by FTIR spectroscopy which has been extensively
used for structural analysis of the material before and after
chemical treatments. FTIR spectra of raw CBS, alkali treated
CBS and extracted CMFs are shown in the Fig. 3. Additionally,
the FTIR spectrum of commercial MCC is also shown in this
Fig. 3 for eventual comparison. Obviously, all samples spectra
exhibit the characteristic bands of cellulose molecule. The
absorption bands located at 3300 cm ' and 2980 cm ™' are
attributed to the —OH stretching vibration of hydrogen bonded
hydroxyl groups, showing the hydrophilic tendency of all
samples,** and the -CH groups of cellulose molecule,* respec-
tively. In addition, the absorption band at 1610 cm™ " is attrib-
uted to the adsorbed water.*® Beside these absorption bands,
other specific absorption bands can also be seen in all spectra.
The band centered at 1160 cm ' is assigned to the C-O-C
stretching of the p-1,4-glycosidic ring linkages between the
p-glucose units in cellulose.”” Noticeably, this band was gradu-
ally going intense from raw CBS to extracted CMFs, indicating
that the cellulose content was increased during different
chemical treatments starting from raw CBS and ending up with
extracted CMFs. In addition, the two bands observed at 1035
and 894 cm™ " in all spectra are attributed to the C-O stretching
and C-H rocking vibrations of cellulose of the carbohydrates.*®

The most distinct spectral changes that can be detected in
the alkali treated CBS and the extracted CMFs comparing to the
raw CBS are the absorption band located at 1742 cm ™', which is

Transmittance (a.u)

1/
)
s [N\ 1
3 :
c H
s |
5 ,
© H
s 1610 §
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1367 162
1319 1035
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4000 3500 3000 1500 1000 500 1500 1000 500

Wavenumber (cm'1)

Wavenumber (cm'1)

Fig. 3 FTIR spectra of CBS (a), alkali treated CBS (b) and extracted CMFs (c). The FTIR spectrum of commercial MCC (d) is included for

comparison.
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assigned to the uronic ester and acetyl groups of hemicelluloses
and the ester linkage of carboxylic group of the ferulic and
p-coumaric acids of lignin,*” and the absorption band located at
1531 cm ™' which is due to the stretching vibration of N-H band
of the protein amide II structure,®® and the C=C stretching
from aromatic hydrocarbons of lignin.** Additionally, the band
observed at 1240 cm ™' is attributed to the C-O out of plane
stretching vibration of the aryl group in the lignin molecules.*®
These three bands are clearly present in raw CBS, as it can be
seen from the Fig. 3b. However, after the alkali treatment, in the
alkali treated SBC spectrum, these bands were drastically
reduced confirming that the lignin and hemicelluloses were not
completely removed.

The disappearance of these bands in the spectrum of the
extracted CMFs was observed, which is an indication that all
non-cellulosic components were completely removed after the
bleaching treatment. These results were already confirmed by
the elemental analysis data (Table 1) in which the % N content
was totally removed after bleaching treatment.

The FTIR spectra of all samples show another absorption
band located at 1102 cm™" and it is attributed to presence of
B-glucosidic ether linkages (C-O-C) resulted in the vibration of
wagging, deformation and twisting modes of anhydro-
glucopyranose ring skeleton.* In addition, the absorbance
bands at 1434 cm™ ', 1367 cm ™' and 1319 cm ™! in alkali treated
CBS and extracted CMFs samples were mainly associated to the
presence of cellulose chain.? It is interesting to observe that raw
CBS sample did not exhibit bands at 1319 cm ™" and 1367 cm ™,
as shown in Fig. 3b. This is an indication that the CMFs were
embedded in the matrix of amorphous non-cellulosic compo-
nents in the raw CBS, as observed by SEM analysis (Fig. 2).
Besides that, the extracted CMFs from raw CBS was comparable
with the commercial available MCC in terms of FTIR analysis
(Fig. 3), suggesting that pure cellulose has been successfully
produced from raw CBS.

XRD analysis was performed to investigate the crystalline
structure and the crystallinity index (CrI) of all studied

Extracted CMFs

)
s
2>
g Alkali treated CBS
i)
£
Raw CBS
10 20 30 40 50 60
2 Theta (°)

Fig. 4 XRD patterns of CBS, alkali treated CBS and extracted CMFs.
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samples (raw CBS, alkali treated CBS and extracted CMFs).
Herein, it should be noted that the presence of a crystallinity
feature in all samples is generated from the ordered structure
of cellulose, which is generated from intra- and intermolecular
hydrogen bonding occur in cellulose via hydroxyl groups,
resulting in various ordered crystalline arrangements.*® Fig. 4
shows the XRD patterns for raw CBS, alkali treated CBS and
extracted CMFs. From this result, all samples show three
major peaks located at 26 = 14.9°, 16.8°, and 22.6°, which are
characteristic of the crystal polymorphs of cellulose. These
peaks correspond to the 110, 110 and 200 crystalline planes,
respectively.?”

The crystallinity index (CrI) determined was found to be
about 40.46%, 71.3%, and 75.57% for raw CBS, alkali treated
CBS and extracted CMFs, respectively, demonstrating that the
crystallinity of the material progressively increases during the
chemical extraction. In the case of raw CBS, the cellulose is
embedded in the matrix of amorphous non-cellulosic compo-
nents thus a low crystallinity is determined.” In the case of
CMFs, the increased crystallinity was ascribed to the total
removal of amorphous components, leading only cellulose
structure that contains amorphous and ordered regions, which
was also confirmed by FTIR analysis of all studied samples at
different stages of treatment (Fig. 3).
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Fig.5 TGA (a) DTG (b) curves of CBS, alkali treated CBS and extracted

CMFs.
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Thermal stability

Fig. 5 shows the TGA-DTG curves of CBS, alkali treated CBS and
extracted CMFs. From these results, it can be viewed that all
samples demonstrated a weight loss at around 100 °C, which
was caused by evaporation of loosely bound moisture on the
surface and the intermolecular hydrogen bonded chemisorbed
water.”* The degradation of raw CBS occurs at three different
stages. The first and second stages start forward at around
184 °C and 235 °C respectively, which are likely due to the
decomposition of non-cellulosic components, such as hemi-
celluloses and lignin.** The corresponding maximum temper-
atures from DTG curves were observed at 224 °C and 262 °C. The
third degradation stage of raw CBS starts at 286 °C with corre-
sponding maximum temperature of 323 °C, which is due to
degradation of cellulose molecules.*” For alkali treated CBS,
a single decomposition stage is observed, which occurs between
184 and 360 °C, indicated by a shoulder peak at DTG curve with
a maximum temperature of 304 °C. This degradation is due to
decomposition of small amounts of lignin and hemicelluloses
that are still presented in this sample as well as of cellulose
molecules. This finding likely reflect the partial elimination of
lignin, hemicelluloses and other non-cellulosic segments,*
which are started to decompose at low temperatures (<230 °C),
this is confirmed by the absence of small shoulder DTG peaks
observed in raw CBS curve.

Concerning the extracted CMFs, the degradation starts at
269 °C and the corresponding maximum temperature is
reached at 345 °C. It can be noted that the onset thermal
decomposition shifted to higher temperature, in regard to raw
CBS and alkali treated CBS. This is due to the purification
process which lead to the complete elimination of hemi-
celluloses and lignin residues and other impurities.>”*® This
finding is comparable to that observed for cellulose microfibers
extracted from sugarcane bagasse,***” and red algal waste.*®

Generally, cellulose thermal degradation involves dehydra-
tion, depolymerization and decomposition of glycosyl-units and
then formation of a charred residue.*

Time (min)

Fig. 6 Swelling ratio of extracted CMFs in form of casted film (inset:
CMFs film before (a) and after (b) its swelling at 40 min).
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Additionally, the TGA analysis showed minimum residual
mass for extracted CMFs in regard to raw CBS and alkali treated
CBS samples, which probably due to the absence of the charred
residue that can be generated from the degradation of lignin
and hemicelluloses.*”

Swelling ratio of CMFs

With regard to the use of CMFs as adsorbent for removal of MB
from concentrated aqueous solution, the swelling capacity of
the as-extracted CMFs was investigated. It is noteworthy that the
CMFs were extracted in highly hydrated gel form (Fig. 1), and
they were easily transformed into powdered form via freeze
drying process or in form of stable film using the casting
process followed by air drying. Indeed, the swelling ratio (SR) of
CMFs based film was measured by immersing of such film in
distilled water for various contact time intervals. The obtained
results are shown in Fig. 6. From these results, the SR increased
rapidly with the prolongation of immersing time and reached
swelling equilibrium within 40 min. The high obtained SR was
about 190% and reached after 120 min, suggesting that the
CMFs have a high capacity to absorb water. This behavior is due
to the special morphology of the extracted microfibrils (mixture
of linear long microfibrils and tendril helical microfibrils) as
well as the entanglement network (spaghetti-like structure)
formed by the microfibrils at their solid state, as observed by
SEM observations (Fig. 2). This network may have a high
capacity to absorb water throughout its void regions. Addi-
tionally, the extracted CMFs may have an excess of hydroxyl
groups on their surface, as deduced from the high O/C ratio
obtained by elemental analysis (Table 1). The hydroxyl groups
on the surface of microfibrils are able to interact with water
molecules, thus improving the swelling capacity.

Application of the extracted CMFs for MB adsorption

Freeze dried CMFs were tested as bioadsorbent for removal of
MB from concentrated aqueous solution. Adsorption kinetic
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Fig. 7 Adsorption capacity of the extracted CMFs as function of the
contact time (t).
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and isotherm were evaluated at controlled conditions and the
obtained results were analyzed and simulated using kinetic and
isotherm models. The as-extracted CMFs exhibit native
cellulose-like structure and well-defined morphology. It was
observed that CMFs is microscale material consisting of linear
long microfibrils and tendril helical microfibrils, forming an
entangled network (spaghetti-like structure). As such, CMFs in
aqueous solution contain micropores in the case of helical
microfibrils and contain naturally active hydroxyl groups on
their surfaces. In conventional theory of adsorption, there are
two adsorption processes, firstly, adsorbate must first be in
contact with adsorbent (mass transfer of adsorbate) then the
filling of pores due to capillary forces (diffusion of adsorbate
through pores).'® In our case, the removal of MB by CMFs can be
ensure by both adsorption processes.

o2
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Fig. 8 Adsorption mechanism of MB molecule onto CMFs.
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Effect of contact time and adsorption kinetics

In order to investigate the influence of the contact time on the
removal of MB by the extracted CMFs, the adsorption capacity
was studied at various times ranging from 0 to 150 min. The
obtained results are shown in Fig. 7. From this, it can be
observed that the MB adsorption process on CMFs presents
generally two phases; an initial rapid phase, where adsorption
capacity sharply increased and reached an equilibrium state
within 60 min, due to the rapid surface adsorption, and
a second slow phase associated with the internal surface created
by helical morphology of CMFs. This can be explained by the
fact that initially the adsorption sites of extracted CMFs were
vacant and therefore easily accessible to the MB dye molecules,
considering the associative interactions that take place between
the MB cationic dye and the CMFs' surface,** as shown in the
representative scheme in Fig. 8. However after this initial stage,
the remaining active sites of extracted CMFs are difficult to be
occupied due to repulsive force towards free MB molecules over
times which also resulted in the lower adsorption rate. When
repulsive and driving force reached the equilibrium, the reac-
tion equilibrium achieved and the MB adsorption would not be
influenced by time of the reaction any more.

In order to evaluate the kinetic mechanism that controls the
MB biosorption process, the obtained adsorption data were
analyzed and simulated using four kinetic models including the
pseudo first order, pseudo second order, Elovich and intra-
particle diffusion models. It should be noted that the confor-
mity between the experimental data and the predicted model is
based on the values of the determination coefficients (R%); thus,
the value of R* closest to the unit will indicate the appropriate
model to describe the adsorption kinetic of MB.
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Pseudo first order and pseudo second order models. The
pseudo first order (eqn (4)) and the pseudo second order (eqn
(5)) models were most commonly used to determine the rate
constants and to analyze the adsorption process. The linear
forms of these kinetic models can be expressed as:

In(ge. — g,) = In g. — kyt (4)

tlg, = Ukage + (1/g)t (5)

where g. (mg g~') is the adsorption capacity at equilibrium
state, ¢, (mg g~ ') is the adsorption capacity at contact time ¢
(min), &; (min~") and k, (g mg ™" min~") are the equilibrium rate
constants of pseudo-first-order and pseudo second order
models, respectively. For the pseudo first order model, g. and &,
were determined from the slope and intercept of the plot of eqn
(4). While for the pseudo second order, g. and k, can be
calculated from the slope and intercept of the plot of eqn (5).
The experimental data were fitted linearly by using eqn (4) and
(5), and the obtained results are shown in Fig. 9a and b,
respectively. According to the obtained kinetic parameters
summarized in Table 2, the R? value of the pseudo-second-order
(R* = 0.997) is higher compared with that obtained from the
pseudo-first-order (R> = 0.988). Moreover, the experimentally
determined (ge,exp) Value, obtained from the linear plot, for the
pseudo-first-order model did not agree with the calculated value
(Gescalcur) @s mentioned in Table 2. Indicating that the adsorp-
tion process of MB onto extracted CMFs did not comply with the
latter model. However, the linear plot of t/q, versus t showed
a good agreement between experimental and calculated values
of g.. These findings indicate that the pseudo-second-order
mechanism is the predominant in the MB adsorption process
for the used cellulose.

Therefore, this evidence indicated that the adsorption of MB
onto CMFs follows pseudo-second-order kinetic model. A

Table 2 Parameters of different kinetic models for MB adsorption on
the extracted CMFs

Kinetic model Parameter Values
Pseudo-first order model ky (min™") 0.1036
qe,calcul (mg gil) 78.10
R 0.988
Pseudo-second order model k, (g mg~" min™") 0.0007
Ge,catent (Mg g7 104.16
R 0.997
Ge(exp) (Mg 8™") 95.05
Elovich model a(gg ' min ") 0.127
B(gmg ) 0.047
R 0.939
Intraparticle diffusion model First stage
ki1 (mg g7 min~%?) 12.40
Ci1 (mgg™) 2.55
R 0.987
Second stage
kir (mg g7 min™%?) 0.97
Ci» (mg g™ 82.52
R 0.918
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similar trend was also reported for the adsorption of MB on
cellulose extracted from Posidonia oceanica, and on cellulose
nanocrystal filled polyacrylamide nanocomposite hydrogels,*
which the adsorption rate was determined by the free adsorp-
tion site on the surface of the adsorbent.

Elovich model. The Elovich model (eqn (6)) was used to
describe the chemical adsorption mechanism of MB onto
extracted CMFs, because it is based on a general second-order
reaction mechanism for heterogeneous adsorption
processes.* The Elovich equation is expressed in linear form as:

q = % In(ap) +% In ¢ (6)
where « (mg g~ min~?) is the initial adsorption rate and § (g
mg ' min~") is the desorption constant, which is related to the
activation energy and the extent of surface coverage for chem-
isorption.” The experimental data in Fig. 9d were fitted linearly
by using eqn (6) (¢, vs. Int). The values of «, 8, and R* are
calculated and listed in Table 2. From the obtained data, it can
be seen that the Elovich model don't fit to the experimental data
based on its R* value (0.93). This further indicates that the
adsorption of MB onto the extracted CMFs is not a chemical
process.*

Intra-particle diffusion model. The intra-particle diffusion
model (eqn (7)) was used to further determine the mechanism
of MB removal in terms of dye molecules diffusion. The intra-
particle diffusion equation is expressed as:

¢ =kit'? + G (7)

where g, (mg g~ ") is the dye fraction uptake at time ¢, k; (mg g~ *
min~%?) is the intra-particle diffusion constant, and C; (mg g~ ") is
a constant that gives an idea about the thickness of boundary
layer. If C = 0, the intra-particle diffusion is the only rate-limiting
step, conversely if C # 0, the adsorption process is controlled by
various adsorption mechanisms.*® The plot of g, vs. t° is shown in
Fig. 9c and the obtained parameters are listed in Table 2. It's
assumed that the transport of adsorbate from the solution phase
to the surface of the adsorbent particles may be controlled by one
or more steps.* In our study, it can be observed from Fig. 9c that
there are two steps during the biosorption process of MB onto
extracted CMFs. The initial linear portion with higher slope (k;; =
12.4) indicates the transport of dye molecules from the solution to
the external surface of extracted CMFs by diffusion through
boundary layer.* The second linear portion with lower (k;, = 0.97)
slope is the gradual adsorption stage with intra-particle diffusion
dominating.** The MB is first adsorbed by the outer surface of
used CMFs, for that the adsorption rate is very high. Once the
outer surface is completely saturated, the dye molecule diffuses
into the internal pores within the microfibrils network, and is
finally adsorbed by the inner surface of the extracted cellulose.
When the dye molecules diffuse through the internal pores, the
diffusion resistance increases, which results in a decrease in the
diffusion rate. As expected, the values of C (Table 2) show that the
constants C are not zero in any case. This showed that pore
diffusion was not the rate-limiting step. Consequently, the
adsorption process may be of a complex nature consisting of both,

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Adsorption capacity as function of (a) initial and (b) equilibrium
MB concentration.

surface adsorption and intra-particle diffusion.*® Furthermore, as
can be seen in Table 2, the value of R” in first adsorption step is
larger than that in second step while C; was smaller than C,. This
shows that the intra-particle diffusion can predict the kinetic
process at different stages.*®

Effect of dye concentration and adsorption isotherms

The dye concentration in solution can strongly affect the sorp-
tion process. The effect of this parameter on MB removal by
using the extracted CMFs was investigated. Fig. 10 represents
the adsorption capacity (g.) as function of initial (C,) and
equilibrium (C.) MB concentration measured at the equilibrium
contact time of 150 min. From these obtained results, it was
found that when the initial dye concentration increased from 25
to 500 mg L', the adsorbent amount of MB increased from 60
to 380 mg g~ *. This behavior is due to the fact that the initial dye
concentration provides a powerful driving force to overcome the
mass transfer resistance between the aqueous and solid pha-
ses.* Beyond the initial concentration of about 300 mg L™, the
adsorption kept nearly constant owing to the saturation of the
active sites of extracted CMFs."

In order to determine the parameters associated with MB
adsorption, the experimental data were modeled with the three
most commonly used isotherm models namely Langmuir,
Freundlich and Temkin.

The Langmuir isotherm model (eqn (8)) assumes that the
adsorption is monolayer onto identical active sites of adsorbent
with uniform adsorption energies and without lateral

This journal is © The Royal Society of Chemistry 2018
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interaction and steric hindrance between the adsorbed mole-
cules.”® It can be expressed in the linear form as:

C. 1 1

—=—+—0C, 8

qe kL‘Im Gm ( )
where C. (mg L") is the equilibrium concentration of MB, g.
(mg g7") and gmax (mg g~") the equilibrium and maximum

()
1.0
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Fig. 11 (a) Langmuir isotherm, (b) Freundlich isotherm and (c) Temkin
isotherm.
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Table 3 Parameters of different isotherms for adsorption of MB on CCBC sample

Langmuir Freundlich Temkin
gm(mgg™)  k(@mgh) R Gep) (Mgg™")  ke(mgg™™) R kr(Lmg™)  b(mol™) R
381.68 0.079 0.999 375.15 57.68 2.67 0.882 1.56 38.62 0.972

adsorption capacities, respectively, and k; is the Langmuir
equilibrium constant.

The Freundlich isotherm model (eqn (9)) assumes that the
adsorption is multi-layered and that the adsorption on surface is
non-ideal and reversible, which is not restricted to the formation
of monolayer coverage.* It can be expressed in the linear form as:

©)

where, kr (L g~ ') is the adsorption coefficient, 1/n is a constant
related to the surface heterogeneity, and g. (mg g~ ') and C. (mg
L") are the equilibrium adsorption capacity and the equilib-
rium MB concentration, respectively.

Temkin model (eqn (10)) considers the effects of some
indirect adsorbate/adsorbate interactions on adsorption
isotherms and suggests that because of these interactions, the
heat of adsorption of all molecules in the layer decreases line-
arly with coverage.*® Its linear form can be expressed as:

RT
%)
where kr (mL mg ') and b (J mol ') are the isotherm constant
and Temkin-Pyzhev constant, respectively.

Fig. 11a-c present the plots of Langmuir, Freundlich and
Temkin isotherm models, respectively. The theoretical param-

eters obtained from Fig. 11 are listed in Table 3. According to
the obtained data, Langmuir model fits better for the MB

lnqe:lnkF—i-1 In C,

n

ge=0BInkr+81InC, [where7 6=

(10)

Table 4 Comparison of maximum adsorption capacities of various
sorbent for MB removal

Gmax
Cellulose-based adsorbent (mgg™) References
Cellulose nanocrystals from 217.4 49
Carex meyeriana Kunth
Nanocrystalline 183.8 50
cellulose-montmorillonite composite
Nanocrystalline cellulose 101.1 51
Hybrid cellulose-cotton fiber 165.4 52
Cellulose nanofibrils 122.2 16
Polyacrylamide/cellulose nanocrystals 326.0 45
Hydrogel nanocomposites of CMC 137.0 20

Regenerated porous 259.7-357.0 47

CMC-based hydrogels beads

Microcrystalline cellulose 51.8 23
extracted from oil palm

Extracted cellulose from P. oceanica 305.4 25

P. oceanica fibers 5.4 25

CMFs 381.6 This study

5222 | RSC Adv., 2018, 8, 5212-5224

adsorption as its correlation coefficient value was higher and
closer to the unity (R> = 0.997) compared with that from
Freundlich and Temkin models (Table 3), indicating that the
MB adsorption onto extracted CMFs is limited with monolayer
coverage. In addition, the active sites are homogeneously
distributed on the surface of the CMFs adsorbent. The
maximum adsorption capacity of extracted CMFs calculated
using Langmuir model was 381.68 mg g *, which is close to the
experimental results (375.15 mg g~ '). Subsequently, it can be
concluded that the MB adsorption occurred through monolayer
adsorption.

Moreover, the Temkin constant by was about 38.62 ] mol™*
which indicates that the interactions between the sorbate and
the used CMFs were weak (physisorption), because the typical
range of bonding energies for an ion-exchange mechanism
(chemisorption) is 8000-16 000 ] mol~."” This behavior is the
case of the majority of cellulose-based adsorbents, where the
adsorption is controlled by physical forces (with some exception
of chemisorption), and the main physical forces controlling the
adsorption are van der Waals forces, hydrophobicity, hydrogen
bonds, polarity and steric interaction, dipole induced dipole
interaction etc.”® Consequentially, the adsorbate gets accumu-
lated on the surface of the adsorbent by the above mentioned
interactions.*®

Basing on the obtained adsorption results, the extracted
CMFs showed a relatively high adsorption capacity. It is worth
mentioning that the unique physical aspect (tendril helical
shape) of the extracted CMFs is crucial for the adsorption
process. The special morphology of CMFs, mixture of linear
long and helical microfibrils as well as their spaghetti-like
structure, play an important role in the MB adsorption mech-
anism. Additionally, the abundant hydroxyl groups on the
surface of CMFs is another important factor that contributing to
its excellent adsorption performance because the -OH groups
could facilitate dye diffusion and adsorption process via the
formation of hydrogen bonds or van der Waals forces. For
CMFs, the adsorption process involves monolayer adsorption,
assuming that the adsorption takes place at specific homoge-
neous sites on the surface of the adsorbent and that all of the
adsorption sites are energetically identical.

To demonstrate the significance of this study and the effi-
ciency of the extracted CMFs as bioadsorbent, a comparison of
adsorption capacity of the used CMFs with other adsorbent was
performed. As shown in Table 4, the maximum adsorption
capacity of as-extracted CMFs was found to be greater than
other cellulose derivatives extracted from various bio-sourced
materials as well as some cellulose based hydrogels, indi-
cating that the extracted CMFs could be considered as

n
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a promising low-cost adsorbent for efficient recovery of cationic
dyes from aqueous solutions.

Conclusion

This study has demonstrated that new cellulose microfibrils
(CMFs) with tendril helical morphology and highly hydrated
gel-like behavior can be extracted from cocoa bean shells waste,
using simple chemical treatments. It was found that the as-
extracted CMFs gel can easily be transformed into powdered
form via freeze drying process or in form of stable film using the
casting process followed by air drying. Morphological analysis
demonstrated that the as-extracted CMFs exhibit a mixture of
linear long microfibrils, with an average diameter of 1 um, and
tendril helical microfibrils with an average diameter of 10 um,
forming an entangled network gel at its hydrated form. Struc-
tural analysis confirmed that CMFs have the same cellulose
crystalline form and its structure is comparable to the
commercial available microcrystalline cellulose. This study
reveals that the as-extracted CMFs have a potential to be used as
efficient adsorbent for the removal of different cationic dyes
from industrial wastewater. The high swelling capacity of CMFs
(190%) and its special morphology were found to be effective for
enhancing its adsorption capacity. By using methylene blue as
cationic dye, batch studies illustrated that the kinetics of the
dye adsorption process was well fitted with the pseudo-second-
order kinetic model, and the adsorption isotherms can be also
described well by the Langmuir isotherm model with
a maximum adsorption capacity of 381 mg g~ . The extraction
of CMFs, with specific morphology and properties, from cocoa
bean shells waste would not only help to reduce the costs of the
production of cocoa products but would also manage the
disposal of this waste in an environmental friendly manner
through the production of new added value materials. This
study will allow us to continue valorizing this waste in order to
produce new value-added materials for advanced application,
such as biomaterials for food packaging.
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