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Abstract—This research work is based on the isolation of cellulosic fibers from Tunisian olive sawdust (TOS) by alka-
line treatment using a solution of NaOH at different concentrations: 5% w/v (TOS5) and 20% w/v (TOS20). The valo-
rization of these cellulosic supports was assessed by the adsorption ability of methylene blue (MB), chosen as a model
compound of organic dyes. SEM and FTIR analyses have shown that alkaline treatment produces a delignification of
TOS and an elimination of hemicellulose. A transformation of cellulose I to cellulose IT was shown by XRD following
the decrease of the crystallinity indices passing from TOS5 (~37%) to TOS20 (~30%). The spectroscopic study con-
firmed that the intermolecular and intramolecular hydrogen bonds have a primordial role in the forms and the struc-
tural stability of the cellulosic substrates. Thereby, the deconvolution of OH stretching vibration band confirmed the
transition from cellulose I to cellulose II by the occurrence of a new band at 3,080 cm™" for TOS20. The increase of
iodine adsorption values (ISV) from 40 mg-g' for TOS5 to 65 mg-g* for TOS20 is behind the improvement of the
accessibility of cellulosic support with alkaline treatment of TOS. The adsorption of MB onto the surface of cellulosic
substrates in aqueous mixtures was studied quantitatively. The corresponding isotherms in basic medium have shown
the formation of a monolayer following the Langmuir model characterized by 14 mg-g ', 52 mg-g ' and 76 mg-g ' onto
the TOS, TOS5 and TOS20, respectively. The desorption efficiency of MB in acid medium increased with 37%, 57%
and 71% for TOS, TOS5 and TOS20, respectively. Hence, the extracted cellulosic fibers are likely to be a promising
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adsorbent for the removal of organic dye from aqueous solutions.
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INTRODUCTION

The rejection of wastewater has been considered as a serious
problem because of its environmental impact [1]. Its properties
such as color, high content of organic compounds, high carbon
oxygen demand (COD) and the presence of suspended solids have
caused harmful problems that have increased in recent decades
[2,3]. The latter has several diversified sectors, especially the textile
industry, which represents one of the most important economic
sectors in Tunisia [4]. However, the high water consumption asso-
ciated with this sector (up to 150 liters of water per 1kg of dyeing
cotton) and the production of wastewater [5] has hampered the
success of this sector. The wastewater discharged by this industry
is characterized by a complex composition (dyes, toxic heavy met-
als, and inorganic materials) [6]. When it is ejected, certain textile
effluents contaminate surface and groundwater and endanger human
health. In spite of this fact, such industrial wastewaters must be
imperatively ejected. During the past thirty years, research studies
have been increasingly carried out to limit this source of pollution
using common processes, such as biological treatment [7]. How-
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ever, microorganisms are unsuitable in the case of synthetic dyes,
which are bio-refractory. Many techniques have been applied, namely
membrane filtration [8], extraction with solvent [9,10], chemical
methods such as Fenton oxidation [11], ozonation [12], photocat-
alytic degradation [13] and nano-photocatalytic technologies using
self-assembled nanostructures [14-16]. Among the alternative phys-
icochemical processes, adsorption remains a relatively used method
that is easy to implement [17-19,20-26].

Activated carbon is the most manufactured adsorbent and the
most industrially used for organic and inorganic pollutants [17-19].
Its usefulness emanates mainly from its well-developed internal
microporosity of a large surface area ranges from 500 to 1,500 m™-
g ' [27]. Over the past years, many researchers have focused on
the preparation of bio-adsorbents from agricultural by-products
(lignocellulosics), especially natural waste to replace activated car-
bon. These bio-adsorbents available with a virtually zero cost have
proven to be effective against many organic molecules, such as
Kenaf [20] date kernels and palm fiber [21], treated olive pulp [22],
sawdust and wood chips [23]. In our previous study, we demon-
strated the feasibility of sawdust use as a low-cost adsorbent. Fur-
thermore, it has been shown that this adsorbent can be easily
electrochemically regenerated. Besides, multiple adsorption and
regeneration cycles lead to the activation of sawdust by polariza-
tion [24].
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Sawdust is one of many bio-adsorbents used in the adsorption
of organic matters [25] and metals [26]. It is generally recovered
by the rejection of joinery in the furniture and buildings industry.
Sawdust contains mainly hydroxyl groups and carboxylic acid func-
tions [28]. This chemical heterogeneity confers it an acid-base charac-
ter that determines its electric charge [29]. Sawdust is a biomaterial
with a complex chemical composition and a high surface hetero-
geneity that is mainly composed of cellulose, hemicellulose, lignin
and extractable substances with a minor fraction [28]. The propor-
tion of these constituents differs from one fiber to another. Its chemi-
cal composition depends not only on the nature of fibers but also
on the growth condition, the age of the plant, climatic conditions
[30]. The chemical composition taken from the literature for wood
is cellulose (40-47%), hemicellulose (25-35%), lignin (16-31%) and
extractable substances (2-8%) [30,31]. Cellulose extraction leads to
the removal of lignin and hemicellulose from agricultural raw materi-
als waste [32]. Cellulose is the most abundant naturally occurring
and the most technologically interesting polymer. Besides, it is one
of the promising raw materials available, in terms of cost for the
preparation of various functional materials [33,34].

The property which determines the importance of the use of
cellulose and its derivatives as a bio-adsorbent is the presence of
hydroxyl functions groups considered as the most reactive of the
cellulosic units. Actually; one of these hydroxyls is primary and the
two other hydroxyls are secondary. These three groups involved in
inter- and intra-molecular hydrogen bonds with neighboring chains
can be modified by physical and/or chemical transformation for
various applications [35]. Several chemical treatments modifying
the surface functions of cellulose have been the subject of many
research works [36,37]. The most used treatment is the alkaline
treatment. According to ASTM D1965, this process consists of
interacting fibers with a concentrated solution of a strong base to
have a significant swelling resulting from changes in fine structure,
size, morphology and mechanical properties [38,39]. The type of
alkaline solution (KOH, LiOH, NaOH) and its concentration are
the among parameters which would act on the effectiveness of the
alkaline treatment as well as on the degree of swelling and that of
the lattice transformation into cellulose-II [32]. Studies have shown
that Na" has a favorable diameter able not only to enlarge the small-
est pores between the planes of the lattice but also to penetrate them.
Therefore, the treatment with sodium hydroxide (NaOH) leads to
an increased swelling [38]. Referring to the literature, the treat-
ment with a characteristic concentration of aqueous NaOH solu-
tion (=10 wt%) leads to a polymorphic transformation of cellulose
I to Cellulose II (mercerization) [40,41]. The mercerization pro-
cess is described as follows: In the first step, the water molecules
penetrate into the amorphous regions of cellulose where the hydro-
gen bonds are broken. Then, the sodium hydroxide reaches the crys-
talline zones and reacts with the hydroxyl groups of the anhydro-
glucose unit of cellulose inducing the swelling of cellulose chains.
Chains initially aligned in parallel for native cellulose I are rear-
ranged into anti-parallel chains characteristic of cellulose II by twist-
ing fibers [42]. The transformation of cellulose I into cellulose II
goes through an intermediary called Na-cellulose I [43]. This inter-
mediate structure has relatively large distances between the cellu-
lose molecules and developed in cellulose amorphous region. In

this structure, the -OH groups of the cellulose are converted into -
ONa groups, enlarging the dimensions of the molecules.
The involved chemical reaction can be given by Eq. (1) [44]:

Cellulose-OH+NaOH—>(Cellulose-O™) Na™+H,O impurities (1)

After this first step, Na-cellulose I becomes able to absorb more
alkaline solution and then it is converted into Na-cellulose II with
a helical structure. By washing the Na-cellulose II subsequently
with water, all the Na-ion bonds are broken and the final struc-
ture of Na-cellulose IV is obtained which would be converted into
cellulose II by drying [45]. The cellulose fibers of various micro-
crystalline forms extracted from different natural sources have
been used as adsorbents of organic dyes or metal solutions [46,47].
Siroky et al. [46], studied the adsorption of reactive dyes on Lyo-
cell fibers to understand the effect of alkali treatment on sorption
behavior of cellulose II fibers. However, the adsorption of Cu*,
Cd* and Pb™* into modified non-mercerized and mercerized cel-
lulose was done with succinic anhydride from aqueous single metal
ion solutions [47].

The present research work contributes to the isolation of Cellu-
lose-I and II from Tunisian olive sawdust by alkali treatment and the
ability of native and treated sawdust to the adsorption of methy-
lene blue. The sawdust under investigation is waste from olive
wood obtained from Tunisia, which is located in the south of the
Mediterranean, and known to be one of the most famous coun-
tries in the field of olive growing and olive oil exportation.

EXPERIMENTAL

1. Materials

Tunisian olive sawdust (TOS): The sawdust of olive wood “Chem-
lali” used in this study as an adsorbent was obtained from a furni-
ture factory in the region of Sfax (Tunisia). It was in the form of
corrugated chips of varying lengths. The crude sawdust was washed
with distilled water several times to ensure that all suspended par-
ticles were removed from the wash water and then filtered. The
washed TOS was dried in an oven at 100°C and subsequently
sieved to have a particle size in the range of 0.5 and 1 mm.

Methylene Blue (MB), a cationic dye, was used as the model
compound for its high color intensity at low concentration. MB
was purchased from Merck and used as received without further
purification. The MB solutions at the desired concentration were
prepared with ultra-pure water.
2. Isolation of Cellulose from TOS

The alkali treatment of TOS is presented in organogram (Fig.
1). A quantity of 20 g of sawdust (TOS) was treated with 1L of
NaOH solution for 6h at 80°C (in Universal Oven Memmert
UN30). The concentrations of the NaOH solutions chosen were 5
and 20 wt%. The fibers bundles were then washed with alternat-
ing treatments of acetone and distilled water at ambient tempera-
ture (=24°C). The washing step was repeated several times by
adding fresh quantities of water and acetone (50/50) until a neu-
tral solution (pH=7) was obtained. The used pH meter was Con-
sort 1 C931. A subsequent bleaching treatment was conducted to
remove the residual lignin with a solution of NaClO. A solution of
NaClO (1:1 V/V) (250 mL) was added to residual TOS (20 g) at
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Fig. 1. Process schema of alkali treatment of Tunisian olive saw-
dust (TOS).

room temperature for 1 hour. The bleached fibers were filtered on
paper filter and extensively washed with distilled water. Finally, the
obtained fibers were dried at room temperature followed by dry-
ing in a vacuum oven for 48 h at 80 °C.

INSTRUMENTATION AND CHARACTERIZATION

1. Morphological Characterization (SEM)

The morphology of TOS before and after alkali treatment was
characterized by a scanning electron microscope (SEM) using a
ZEISS-ULTRAS55 SEM microscope. The sample was coated with
gold layer and observed using an applied tension of 1 kV.

2. FTIR Spectroscopy (ATR)

To identify the functional groups, untreated and treated TOS
were analyzed using a Perkin Elmer FTIR system spectrum BX
using an ATR mode within the range of 4,000-500 cm™".

3. X-ray Diffraction (XRD)

The structure and crystallographic properties of native saw-
dust (TOS) and mercerized fibers (TOS5 and TOS20) were char-
acterized by X-ray diffraction using a SIEMENS D5000 automated
wide-angle powder X-ray diffractometer and CuKe radiation (A=
1.5406 A). The intensity diffracted by the sample was collected by
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a detector covering a range from 2° to 12° and the X-ray spectra
were recorded between 5 and 35°.
4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) of the raw and treated TOS
was realized on a Perkin-Elmer TGA?7 analyzer. The heating rate
was 10 °C/min and the sample weight was in the order of 4 mg.
Thermograms were recorded over a temperature range of 30-530 °C
carried out under an oxygen atmosphere with the flow rate of 20
ml/min.

5. Accessibility (Determination of the ISV)

Empirically, the fiber accessibility by reagents is determined by
the iodine sorption value (ISV) test. According to Nelson [48,49],
50 mL of iodine solution (0.1 mol-L™") and 50 mL of saturated sodium
sulfate solution were added accurately to a given weight w (g) of
the raw and treated TOS samples. The system was stirred using
mechanical shaker for 1 h at 23 °C+1 °C and filtered. Then, 50 mL
of the filtrates was titrated using Sodium hyposulfite standard
solution (0.01 mol-L"") in the presence of 1% starch as the indica-
tor. The blank experiment was carried out with the same operation.
The ISV in mg I,/g cellulose was calculated according to Eq. (2).

T,—t,

s

ISV (mgiodine/gcellulasc) = xNxFx126.91 (2)

w

where T,=T,x(I/1,) is the amount of thiosulfate solution (Na,S,0;)
solution equivalent to the initial iodine in aliquot of sample solu-
tion (mL); L, the weight of concentrated iodine-potassium iodide
(I,-KI) solution in a sample solution (g); I, the weight of concen-
trated I-KI solution in a blank solution (g); T, the amount of
Na,S,0; solution for aliquot of blank solution (mL). t, is the
amount of Na,S,0; solution for aliquot of supernatant filtered from
sample (mL); E the aliquot factor considering that the total volume
of sample solution was 102 mL; N, the concentration of Na,S,0;
(mol/L); W, the oven-dry weight of sample (g).
6. Methylene Blue Adsorption Application

The adsorption study of Methylene Blue (MB) onto raw and
treated TOS was carried in a batch reactor using a thermostati-
cally controlled cell. The determination of MB concentration was
carried out by UV-visible spectrophotometer at a wavelength of
663 nm using a UNICAM UV4 UV/Vis spectrophotometer. The
adsorption isotherms were obtained at room temperature with dif-
ferent initial concentrations of MB using TOS, TOS5 and TOS20.
7. Desorption Study

For desorption studies, TOS cellulosic substrates were mixed with
400 mg-L™" of MB solution (pH=10) at room temperature (298 K).
The residual MB concentration in the solution was measured to
calculate dye adsorbed on the adsorbent. Then, MB loaded adsor-
bent was dried and added to 10 mL of distilled water at various
pH values (pH 2, 7 and 10) in 50 mL conical flaks. These flasks
were agitated on the orbital shaker at 150 rpm for 15 min. The
MB dye desorption capacity (qe, desorption, mg-g ') was deter-
mined by the same method of assaying adsorbed MB. As for the
desorption efficiency D of MB dye, it was calculated using Eq. (3):

D(%) = Xeso, 109 3)

ads

where g, and q,,, are the quantities of adsorbed and desorbed of
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MB, respectively.
RESULTS AND DISCUSSION

1. Morphological Analysis

Changes in the fine structure of raw and treated TOS samples
were observed from scanning electron micrographs (SEM) as
shown in Fig. 2. Sawdust (TOS) is a lignocellulosic composite fiber
(Fig. 2(a)), which consists of crystalline cellulose and amorphous
cementing materials: hemicellulose and lignin. The morphology
for untreated sample (TOS) is homogeneous with better bonding
between cellulose and the matrix. In fact, the surrounding fibers
were linked together and their bundles were composed of adhered
pectic and hemicellulosic tissues and incorporated lignin. The
fiber lumen is not so well defined. However, after alkali treatments

O

SED 1.0kV. WD10mmP.C.50 HV x180 100um

100pm

with different concentrations of NaOH (Fig. 2(b) and Fig. 2(c)),
the fibrous structure is well observed on SEM images of TOS5
and TOS20. Thus, the fibers are becoming increasingly convo-
luted and the lumens are well defined with the increase in alkali
treatment. The matrix is abducted due to removal of noncellulosic
compound. The morphology of fiber in TOS5 and TOS20 sample
indicates a conversion of the surface into a swollen and straight-
ened state, indicating that the assembly and orientation of micro-
fibrils were completely changed. The roughened surface of treated
fibers was a direct result of removed hemicellulose, lignin and wax
from the alkali treatment [44,50].
2. XRD Analysis

To evaluate the structural changes in the cellulose before and after
the alkaline treatment, X-ray diffraction (XRD) measurements were
carried out for raw and treated TOS (Fig. 3). Following the decon-

Fig. 2. SEM images at different magnification of: (a) Sawdust (TOS), (b) Cellulose I (TOS5) and (c) Cellulose II (TOS20).
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Fig. 3. XRD pattern of (a) sawdust (TOS), (b) Cellulose I (TOS5)
and (c) Cellulose II (TOS20).

volution of the diffractograms, the individual peaks were adjusted
by the Gaussian functions.

A review of the X-ray diffraction pattern in Fig. 3(b) indicates
the typical appearance of cellulose I. The deconvolution of the X-
ray diffractograms shows the presence of three peaks located at
26=14.36", 15.46° and 21.98°, which corresponds to crystallographic
reflection planes (101), (101) and (002), respectively [35,50]. The
amorphous region is represented by a very broad peak centered at
about 18°. The increase of the concentration of sodium hydroxide
during the treatment of TOS generated a significant variation on
the TOS20 diffractogram (Fig. 3(c)). The peak of the crystallo-
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Table 1. TOS crystallinity index before and after the alkaline treat-
ment by applying two methods: A and B

CI (%)
Samples
Method A [51] Method B [52]
TOS 30.51 ---
TOS5 (CI) 3945 36
TOS20 (CII) 30.16 30

graphic reflection plane (002) was divided into two weaker peaks
located at 20.2° and 21.7°. The deconvolution of the DRX showed
that it was composed of four peaks located in 26 at 12.16°, 20.2°,
21.7° and 35.06° corresponding to (101), (101), (002) and (040) crys-
tallographic planes, respectively, indicating the formation of cellu-
lose II [51] and a fifth very large peak relating to the amorphous
region around 19°.

In the literature, several methods have been based on the use of
the diffractogram to calculate the crystallinity index (CI) of cellu-
losic fibers [49]. First, we adopted the Segal method, designated as
method A, according to which the crystallinity index CL, (%) was
determined using the empirical Segal Eq. (4) [51].

CL, (%)= 22—l 10 @)
I002

Iy, is the maximum intensity of the crystallographic reflection
plane (002) (2@between 22° and 23°) and I, is the maximum inten-
sity of the X-ray scattering band due to the amorphous part of the
cellulose located between 18° and 19° where the intensity is mini-
mum.
The second method to find the crystallinity index (named method
B) is based on DRX curve fitting [52]. The sum of the area under
the adjusted crystalline peaks (I,) and the broad amorphous peaks
(I.,) was used to calculate the crystallinity index Cl; (%) accord-
ing to Eq. (5).

Cly(%)= chflmx 100 ®)

The crystallinity index CI, values for raw TOS, treated with TOS5
and TOS20 were 30.51% 39.45% and 30.19%, respectively (Table 1).
An increase in the CI, for the treatment of TOS with 5% NaOH
was observed. In fact, for a low concentration of NaOH, the alka-
line treatment led to the removal of amorphous areas of the wood
by removing hemicellulose and lignin in large part [44,53]. How-
ever, the decrease of CI, at the high concentration of soda (20%
w/v) is related to the change in the microstructure of cellulosic
fibers. Indeed, the phenomenon of mercerization had occurred by
modifying the fine structure and morphology of the fibers as well
as the conformation of the cellulose chains. During this process,
soda entered in the cellulose fibers and participated in the swell-
ing of the fibrous structure of the material. The polysaccharide
chains are rearranged from native cellulose I (chains aligned in
parallel) to cellulose II (antiparallel), leading to the increase of the
less ordered areas with the decrease of the crystalline area [42,54].
3. FTIR Analysis

The FTIR spectra of untreated and treated TOS, TOS5 and
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TOS20 are illustrated in Fig. S1 After the alkaline treatment of TOS,
the bands corresponding to the groups C=0 (1,730 cm™"), C-H
(1,236 cm™") and C=C (1,504 cm™") disappeared on the TOS5 and
TOS20 spectra, confirming the removal of hemicelluloses and lig-
nin by hydrolysis in an alkaline solution [35,54]. Likewise, the del-
ignification of TOS was confirmed by the decrease in the intensity
of the bands situated at a wavenumber around 830 cm™' and 1,431
cm™' characterizing the out-of-plane C-H aromatic vibration [55]

and the CH, symmetric bending of lignin, respectively. On the
other hand, the absence of lignin compared to cellulose for the
TOS5 and TOS20 was justified by the increase of the band inten-
sity situated at 897 cm™" characteristic of the symmetrical elonga-
tion of the Sglucosidic linkage C-O-C.

The band situated at 1,645 cm ™, observed on the three spectra,
is attributed to the deformation vibration of water OH groups.
The increase of intensity and the widening of this band as a func-

Table 2. 1,550-1,180 cm ' spectra region linked to the transformation cellulose I (cell I) into cellulose II (cell I) by the alkaline treatment of

TOS and vibration assignment of each band

TOS5

TOS20

cm!
Il - Il Il — |

1480 1380 1280 1180

cm!
=]

y 1 I
T LI s S e

1480 1380 1280 1180

Frequency (cm™)

Vibration assignment References
Cell I Cell I

-OH in plan bending 1205 1200 [35,60]
CH bending 1282 1278 [60,61]
CH i 1317 1315

2WOBES [35,61]
-OH in plan bending 1336 1335
CH bending 1375 1375 [35,61]
CH, symmetric bending 1420 1420 (61,62]
-OH in plan bending 1455 1470 ’

Table 3. 3,050-2,700 cm " spectra region linked to the transformation cellulose I into cellulose II by alkaline treatment of TOS and vibration

assignment of each band

TOS5

TOS20

ome! cm!
3000 2900 2800 2700 3000 2900 2800 2700
Frequency (cm™)
Vibration assignment aneney References
Cell I Cell II
CH stretching 2,892 2,896 [59,64,65]
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Table 4. 3,750-2,950 cm ' spectra region linked to the transformation cellulose I into cellulose II by alkaline treatment of TOS and vibration

assignment of each band

TOS5

TOS20

%T
o

cm?t

3750 3550 3350 3150 2950

cm?t

3750 3550 3350 3150 2950

Frequency (cm™)

Vibration assignment References
Cell Cell IT
3,460 3,453
-OH stretching 3,328 3,316
57-59,64
(hydrogen bond) 3,175 3,175 [ )
3,080
- n—‘< r~opal ~*—0 /‘L 7~ / S
P
” 'p \._/} 7~ o o, "
g
Az ,c// ,4/ /A \ A
r~opl r~opl /O 7 Vol 7
(@) ®) ©

Fig. 4. The transformation of cellulose I (a) to cellulose II (c) takes place via Na-cellulose I (Na is grey circle) (b): Cross-section view of the
elementary lattice cell and index designation according to Meyer and Misch (assuming a parallel chain arrangement for all lattices)

[33,66,71].

tion of the degree of alkaline treatment is probably related to the
increase in the hydroxyl groups accessibility of the cellulosic struc-
ture against water molecules [56].

The region situated between 1,200 cm™" and 1,550 cm™" (Table
2) containing several bands seemed to be affected not only by the
amorphous content of fibers but also by the type of crystal lattice
[57]. The peaks which had a move from TOS5 to TOS20 were
those of approximately 1,372, 1,335 and 1,315 cm ™' [58]. The little
move of these peaks towards a low wavenumber confirms the do-
minance of cellulose I and cellulose I over the fibers of TOS5 and
TOS20, respectively. Similarly, the decrease in the intensity of the
CH, bending band reflects a higher number of disordered crystals in
the TOS20 pertaining to the formation of cellulose II [35,59].

The range of wavenumbers from 2,500 to 3,700 cm ™" is strongly
influenced by the alkaline treatment (Table 3). Among the bands
whose absorbance had strongly changed during the alkaline treat-
ment were those attributed to the intermolecular and intramolecu-
lar hydrogen bonds. Thus, the intensity (% T) of the CH stretching
band moved from 2,896 cm™ for TOS5 to a wavenumber less than
2,892 cm™" for TOS20 (Table 2). The decrease in wavenumbers at
this position was probably due to small changes in the angles of
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twist, affected by the hydrogen bonds, £1,4-D-glycosidic bonds
[63]. Indeed, the intermolecular and intramolecular hydrogen bonds
have a primordial role in the structural stability of the cellulosic
supports affecting the vibration movements of the hydroxyl groups
in IR. Thus, the theoretical resolution of hydrogen-bonded OH
stretching following the Gaussian distribution of the spectral region
of 3,000-3,700 cm™ (Table 4) reveals that the mixed modes of O-H
elongation are resolved in three bands for TOS5 and four bands
for TOS20. In fact, compared to the TOS5 bands, the new band (in
blue on Table 4) which appears on the TOS20 spectrum around
3,080cm™ is attributed to the vibration of the -OH groups in
intermolecular hydrogen bond characteristic of cellulose II [35].
The transition from cellulose I to cellulose II for TOS5 and TOS20,
respectively, is also confirmed by the little moves of the bands
around 3,215, 3,328 and 3,460 cm™' [35,63].

The significant changes in the IR spectra related to the transfor-
mation of cellulose I (TOS5) to cellulose IT (TOS20) take place via
Na-cellulose I (Fig. 4), which is responsible for the swelling of cel-
lulose inducing the expansion of its lattice [66,67]. We report that
cellulose I simultaneously contains the I,, form whose triclinic crys-
tal lattice has one chain, and the I, form with monoclinic crystal
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n

Fig. 5. Molecular structure of a cellulose unit, showing the 5 1-4
glucosidic bond with the indexation of carbon atoms.

lattice has two chains. The two forms I, and I, are arranged in a
parallel fashion forming the crystal structure of cellulose I [33,68].
When cellulose is mercerized or dissolved and then precipitated, a
different crystal structure, called cellulose II, appears. It exhibits an
antiparallel arrangement in the two-chain monoclinic crystal lat-
tice [33]. In fact, the transformation from cellulose I into cellulose
II in the TOS5 and TOS20 structures, respectively; is at the origin
of the rupture not only of the intermolecular hydrogen bonds
(plane 002) but also of the intramolecular ones. Then, the inclu-
sion of NaOH and water in the cellulose chain lattice, combined
with a rotation of the molecular chains, leads to an increase in the
distance between cellulose molecules. According to the rotation of
the chains, new intermolecular hydrogen bonds are formed on the
plane (101) during the elimination of the soda (during washing)
and the formation of the cellulose II lattice. The rupture of the
intramolecular hydrogen bonds O(2)H---O(6) and O(3)H---O(5)
implies a detachment of the fixation of glycosidic bond C (1)-O-
C(4) (Fig. 5). This means that the conformational change of the
molecular chains during the transformation of cellulose I into cel-
lulose 1T as found in various studies [69,70] is obtained by break-
ing the intramolecular hydrogen bonds. The formation of new
inter- and intramolecular hydrogen bonds is indicated by a change
in the absorbance bands which reach a different domain from that
of cellulose L.
4. Thermogravimetric Analysis

To compare the influence of alkali treatment on the stability of
cellulose fibers extracted from TOS, thermogravimetric analyses
were conducted (Fig. S2). Contrary to TOS5 and TOS20, the pres-
ence of inflection point at 310 °C on the TOS thermogram can be
attributed to the decomposition of hemicellulose present in raw
olive sawdust. Also, compared to TOS5 and TOS20, TOS degrades
over a wide temperature range from 200 °C to 500 °C with a resid-
ual mass of 9% for temperatures above 500 °C. This is mainly
linked to the heterogeneity of the native wood composition, by the
presence of lignin and mineral components [72]. For the three cel-
lulosic supports TOS, TOS5 and TOS20, a small loss of mass was
observed over the temperature range of 30 °C and 200 °C due to
the vaporization of the adsorbed moisture water. After alkaline
treatment, these losses of moisture had a greater value for TOS20
(8%) compared to TOS5 (4%). This is due to the effect of the vari-
ation in crystallinity that decreased in favor of the amorphous zone
for TOS20 that is probably more accessible to water molecules from
the atmosphere.
5. Accessibility

The study of iodine adsorption used in the present work is a
classical method for the determination of the accessibility degrees,

which takes place in less ordered amorphous regions of cellulose
[48-49]. The iodine adsorption values (ISV) for the cellulosic sup-
ports TOS5 and TOS20 at room temperature are 40 and 65 mg/g,
respectively. The increase in ISV for TOS20 compared to TOS5
fibers is related to the fact that (i) swelling of the fiber structure by
alkaline treatment can help increase the fibers accessibility, and (ii)
alkaline pretreatment can disrupt the primary walls of the fibers
and damage the intra and intermolecular hydrogen bonds, thereby
liberating hydroxyl groups and transforming the fractionated crys-
tallization zone into an amorphous zone [73]. Through these results,
the predominance of the Cellulose I and Cellulose II structure in
the TOS5 and TOS20 samples, respectively, has been confirmed
once again.
6. Methylene Blue Adsorption

Although cellulose fiber is a porous polymer with a wide pore
size distribution, the hierarchical and aggregated winding structures
cause poor accessibility and reactivity of cellulose substrates with
chemical reagents. By the swelling of fibers in a basic medium, the
hydroxyl bonding strength would be weakened, which would
improve the rate of reagent diffusion inside the cellulose fibers.
The initial pH of MB solution is an important factor in the
adsorption process. Therefore, different pH medium was used to
evaluate the relative pH at high adsorption of MB. The initial pH
of the solutions was adjusted ranging from 2 to 13 by adding the
aqueous solutions of sulfuric acid and/or sodium hydroxide (1 M).
The amounts of dye adsorbed by TOS were evaluated by calculat-
ing the percentage of MB removed R(%) expressed in Eq. (6):

C,-C
R(%):OTf x 100 (6)
0

He

O~H OH
H X &
TOS ) To\é on 7058 -0
TO-H g 4\06
\'® OH
P " v©
100 + Hel o

60 T

MB removal R (%)

40 +

o 2 4 6 s 10 1 1
pH
Fig. 6. Effect of pH on the MB removal by TOS; m;,;=250 mg; Cy=
300 mg-L; V,,=20 mL; T=20°C; w=450 rpm. Relative schema
of the charge carried by the TOS surface as a function of the
pH.

Korean J. Chem. Eng.(Vol. 39, No. 3)



768 E Njeh et al.

where C, and C; denote the absorbance of the solution before and
after treatment, respectively.
6-1. Effect of pH

The examination of Fig. 6 shows that the removal percentage
increases initially and tends to stabilize around the pH=6. Then, it
increases again from pH=9 to reach the maximum value of 95%
approximately at the pH 11.5. Beyond this value, the percent of
MB removal decreases reaching 55% at pH=13. According to the
literature, these results could be explained by the fact that the TOS
contains polar groups such as hydroxyl and carboxyl. Thus, the
electrical charge of the adsorbent surface depends on the pH of
the reaction medium, following the ionization of these surface
functional groups [74]. Therefore, in a very acidic medium, the
surface charge of wood support as TOS might be positive. Conse-
quently, its interaction with MB solution, which is also positively
charged (pka=3.8) is weak. By increasing the pH of the solution
over the pH range 9 to 11.5, the charge of the adsorbent becomes
more negative. This enhances the attraction between MB and TOS
surface. However, the decrease of dye adsorption at higher pH
value might be explained by the delignification of the TOS at strongly
basic pH, hence the progressive disappearance of the adsorption
sites [74]. To optimize the removal of MB, the pH medium of solu-
tion for the raw and treated TOS was adjusted to 10.
6-2. Effect of Contact Time

To evaluate the maximum absorption time of MB at basic pH
by TOS adsorbent, an adsorption kinetic study was accomplished.
The variation of the MB removal percent R (%) and the adsorbed
quantity g, of MB as a function of time is shown in Fig. 7. The
quantities of adsorbed MB (q,, expressed in mg of adsorbed MB
per g of TOS (mg-g ")) are calculated using Eq. (7):

(CO - Cz) x V:ln (7)

Qads=
Mros

where C, and C; represent the concentration of the adsorbate in
solution before and after treatment (mg-L™"), respectively, V, the

100 +
| —— B —
]
o
/
80 + -
/
goo 1 /
o~
40 H
20 4
O 1 1 i 1 2 2 i )
0 10 20 30 40 50 60 70 80 90
t (min)

volume of the solution (L) and my the mass of the TOS (g). The
change in the percentage of MB removal of the solution increased
rapidly as a function of time to reach a palate of 95% after 45 min.
The adsorbed quantity of MB onto TOS increased linearly at the
beginning of the treatment then increased slowly to stabilize and
reach equilibrium at 45 min. The amount of adsorbed MB onto
TOS was 22mg-g . To provide information on the adsorption
mechanism, pseudo-first order [75] and pseudo-second order [76]
models of adsorption kinetics were investigated. The pseudo-first-
order kinetic model can be expressed by Eq. (8) [75]:

Ln(q.—q)=Ln(q,)- Kt ®

where q, (mg-g") is the adsorbed amount of MB at time t, q,
(mg-g ") is the maximum adsorption capacity, and k; (min") is
the rate constant of adsorption. Pseudo-first-order constants have
been determined by the extrapolation of the plot In(q,—q;) vs (time)
(Fig. 8(a)).

The linear form of the pseudo-second-order kinetic equation
could be expressed by Eq. (9) [77]:

LU S ©)

4% Kq, 9

where q,, (mg-g™') is the maximum adsorption capacity, and k,
(gmg min"") is the rate constant adsorption. Pseudo-order con-
stants were determined by the extrapolation of the plot (t/q,) vs
(time) (Fig. 8(b)).

The k;, ks, q;, q, and correlation coefficients R} and R} of MB
were calculated and summarized in Table 5.

Fig. 8 and Table 6 show that the correlation coefficients (R;=
0,99) for the pseudo-second order kinetic model are bigger than
the coefficients (R;=0,95) for the pseudo-first-order kinetic model.
On the other hand, by applying the pseudo-first order model, the
calculation of q, for the two substrates shows that the amounts of
adsorbed dye are rather low compared to the experimental amounts.
The obtained results revealed that the adsorption fits better with

25
20 -T
oo 15 H
on
g
10
J
O L 1 i 1 i 1 i i i " i i
0 10 20 30 40 50 60 70 80 90
t (min)

Fig. 7. Adsorption kinetics for methylene blue (MB) onto TOS: Variation of the MB removal percent (ll) and the MB adsorbed quantity
(®). pH=10, myy=1,5 g; C,;=300 mg-L'; V,;,=100 mL; T=20 °C; v=450 rpm.
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Fig. 8. Adsorption kinetic models for MB removal using TOS: (a) First-order plots, (b) second-order plots.
Table 5. Kinetic parameters of the pseudo-first order and the pseudo-second order models for MB adsorption into TOS
Pseudo-first order Pseudo-second order
Qe (M-8 ) qu (mg-g) K, (min) R} . (mg-g™) K, (gmg '-min") R,
22,1 2,57 0,031 0,95 22,22 0,022 0,999
Table 6. Results Related to the Adsorption of MB on TOS, TOS5 and TOS20
Adsorption isotherms Langmuir model
Adsorbent — - - > ~ —
qn (mg-g) qn (mg-g ) Koy (L-mol™) R AG’ (KJ-mol ™)
TOS 14 14.45 94.67 0,9893 -11.07
TOS5 52 50.50 1254 0,9973 -11.80
TOS20 76 72.46 139.47 0,9982 -12.02
ineti 100 T
the pseud(.>-second-.ord.er k}lleUC model [76]. . P Ty ——TIT
According to this kinetic study, the adsorbed quantity of MB 9% ¥ X _TOSS A TOS20
remained constant after 15 min, which implied the establishment 80 o
of the adsorption-desorption dynamic equilibrium. Therefore, in 201
all the experiments adsorption, the reaction medium (adsorbate+ w1
solvent+MB) was kept under stirring for 1 h before measuring the % o I . — 1
en S50 1
adsorption capacity. g . X i '
6-3. Adsorption Isotherm: Effect of Cellulosic Support LR
The adsorption isotherms of MB on the raw and treated TOS 07 A
substrate at room temperature were studied (Fig. 9). Actually; the 20 ¥ )
adsorption isotherm describes the interaction of dyes with adsor- 0+
bent, which is a determinant factor for the performance of adsorp- 0 , , , , , , , ,
tion processes. It expresses the amount of adsorbate on the ad- 0 loo 200 300 400 500 60O 700 800
sorbent q, (in mg-g' of adsorbent) according to the concentra- C, (mgL

tion of adsorbate remaining in solution C, (in mg-L™"). The values
of the maximum adsorbed quantities and the different thermody-
namic parameters are summarized in Table 6. The adsorption iso-
therms indicated that the amount of adsorbed MB increased with
the increase of initial concentration C, and reached a plateau situ-
ated at about 14, 52 and 76 mg of adsorbed MB per gram of TOS,
TOS5 and TOS20, respectively. In the low C, range, the adsorp-
tion of MB adsorbent was closer to the theoretical line correspond-
ing to 100% adsorption, which indicates a higher affinity of MB to
the raw and treated TOS. After a C, value of about 200 mg-L"",

Fig. 9. The variation of the adsorbed amount at equilibrium as a
function of the initial concentration of MB.

the adsorption started to increase and the isotherm form sug-
gested the formation of multilayers for the TOS substrate. On the
other hand, only one adsorption plateau was observed for both
TOS5 and TOS20 after a C, value of about 350 mg-L ™. The differ-
ence in MB behavior adsorption between raw and alkaline treated
substrates is essentially due to the purity and the accessibility of
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the materials. This phenomenon has also been considered during
the alkaline dissolution of other bio-materials and biogenic com-
posites [25,28,78].

Many models have been applied to analyze experimental sorp-
tion equilibrium data [79]. The optimization of the design of an
adsorption system to remove dye from solutions is designed to
establish the most appropriate correlation for the equilibrium curve.
The adsorption data of MB were fitted according to a Langmuir
model [80,81] and are represented in linear form in Eq. (10):

C, C, 1
Ze_ ey

— (10)
94 9m qm’k KL

where C, (mg-L™') and q, (mg-g™') are the concentrations of ad-
sorbate in solution and in adsorbent at equilibrium, respectively;
Qy is the maximum adsorption capacity (mg-g ') and K, (L-mg ")
is the Langmuir constant.

The Freundlich isotherm model is an empirical equation that
assumes the multilayer adsorption on heterogeneous adsorption
sites, and the adsorption capacity is influenced by the adsorbate
equilibrium concentration [82]. The equation could be expressed
by Eq. (11) [83]:

Ln(q)=1Ln(C)+Ln(Ky) (i

where Ky and 1/n represent the Freundlich characteristic constants,
suggesting the adsorption capacity and adsorption intensity, respec-
tively.

Figs. 10 and 11 present the curve evolution of the Langmuir
and Freundlich models. The correlation coefficients (R?) of the lin-
ear representations of the Langmuir equation are higher than those
of the Freundlich equation in both samples. The linearity of the
plots for MB adsorbed on TOS, TOS5 and TOS20 (Fig. 10) with
R’ which tends towards 1 has confirmed that the Langmuir model
is the adequate choice. In the case of TOS, only the first region of
the adsorption isotherms was taken into account since the model
applies to monolayer formation. The equilibrium Langmuir con-
stant K; as well as the maximum amount of adsorbed molecules

11 y=00692x+ 02338 ©TOS XTOSS A TOS20
0l R2=10,9893 )
*
o7 v =0.,0198x + 0.0505
gl R*=0.9973
7 4+
6 +
5 -4

Ce/qe (g.L'Y)

v =0,0138x+ 0,0305
R2=10,9982

0 50 100 150 200 250 300 350 400 450 500
Ce (mg.L'")

Fig. 10. Transformed Langmuir adsorption isotherms for untreated
and treated TOS.
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.
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R*=0.7169
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Fig. 11. Transformed Freundlich adsorption isotherms for untreated
and treated TOS.

at the cellulose surface, q,, were calculated and summarized in
Table 6. These results suggest the following remarks:

- The q,, values deduced graphically were close to those ob-
served at the plateau in the adsorption isotherms curves, which
confirms the validity of the model proposed.

- The adsorption equilibrium constants increased in the order
TOS>TOS5>TOS20. In fact, for a concentration of 5% w/v of
sodium hydroxide (TOS5), there is a purification treatment by
removing impurities (hemicellulose, lignin ...) [83]. By increasing
the concentration of NaOH (TOS20), the effect would be more
important. There is, in fact, a modification of the crystalline struc-
ture of cellulose I to cellulose II for TOS5 to TOS20, respectively.
As has been indicated, mercerization induces a decrease in the
crystalline zone with the increase in amorphous zones, thus enhanc-
ing the accessibility of MB as dye absorbate [84]. This was also
confirmed by the progressive decrease in the values of the adsorp-
tion free energy AG’ calculated using Eq. (12):

AG’=—RT LnK (12)

where T is the temperature (K), R is universal gas constant (8.314
J-mol K ™), and K (L-mol ') is an equilibrium constant defined
as the product of the Langmuir constants q,, and K;.

The negative values of AG® indicate the spontaneous adsorp-
tion of MB onto TOS and treated TOS. The absolute values of
AG’ were less than 20 KJ-mol ™, which indicates that physi-sorp-
tion of MB takes place on both TOS and extracted cellulosic fibers
(85,86].

The feasible adsorption mechanism of MB dye onto the surface
of cellulosic supports adsorbent might be due to the mechanism
shown in Fig. 12. In the alkaline medium of MB, the hydroxyl
groups can be deprotonated (Fig. 6). Hence, the surface of cellu-
losic supports has a negative charge (CO") that may interact strongly
with cationic MB dye and get adsorbed onto the surface of adsor-
bent by electrostatics forces of attraction [87]. Likewise, hydrogen
bonds are formed between the hydroxyl groups (-OH) of adsor-
bent and electronegative atom (N and S) of MB dye. Fig. 12 depicts
the systematic representation of hydrogen bonding between the
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— = — Hydrogen Bonding

Electrostatic interaction

Fig. 12. Mechanism of adsorption of MB dye onto TOS in basic medium.

hydroxyl group and nitrogen and sulfur atoms of MB. As a result,
MB dye molecules get adsorbed onto the surface of cellulosic sub-
strates.
6-4. Comparison of Performances

The results of the maximum adsorption capacity of raw and
treated TOS fibers towards MB molecules obtained from the Lang-
muir isotherm model were compared with other reported work
listed in Table 7. In our research study, the maximum adsorption
capacity values of methylene blue on cellulosic TOS, TOS5, TOS20
supports were 14, 52 and 76 mg-g ', respectively. These results
were compared to various adsorbents prepared by other research
works. Relatively, a similar study conducted in the same labora-
tory using softwood sawdust gave a maximum adsorption capac-
ity that was almost equivalent to that of TOS.

Table 7. Comparisons between TOS cellulosic supports and other
materials on the removal of MB dye

Maximum adsorption

Adsorbent . ) References
capacity (mg-g )

TOS 14 Current work
TOS5 52 Current work
TOS20 76 Current work
Softwood sawdust 12.6 [91]
NCC powder 118.0 [88]
Carbon nanotube 59.7 [89]
Clay 63 (92]
Activated clay 109.1 [90]
Microcrystalline cellulose 5.0 [93]

e

-
~

raw and treated
TOS fibers

+
methylene bleu

The cellulosic supports under study revealed a higher adsorp-
tion capacity compared to clay and microcrystalline cellulose. Al-
though the adsorption capacity was lower than that of some other
adsorbents reported in the literature (Table 7), such as NCC pow-
der [88], carbon nanotube [89] and activated clay [90], the great
advantages of cellulosic supports over these adsorbents were the
relatively low cost, the feasibility of regeneration and separation of
residues after treatment. Therefore, sawdust was considered as an
excellent adsorbent for removing methylene blue dye from the
aqueous solution because it is characterized by its high adsorption
capacity and ease of regeneration.

7. Methylene Blue Desorption

The study of dye desorption was carried out to investigate the
regeneration capacity of a previously used adsorbent. The desorp-
tion kinetics experiments were carried out on cellulosic TOS raw
following BM adsorption. According to the adsorption kinetic and
isotherm studies, 1.5 g of TOS previously saturated with BM was
immersed in distilled water, pH=10, with constant stirring at
room temperature. Fig. 13 presents the variations of desorption
efficiency D (%) of MB dye (Eq. (3)) calculated during the adsorp-
tion and desorption, respectively, carried out for three combina-
tions of (pH,,; pHys) at (10, 7), (10, 10) and (10, 2). The examination
of these curves reveals that the desorption of MB adhered on
TOS, whose maximum desorption percentages were reached after
15 min, was rapid. The desorption efficiency of MB in an acidic
medium is favored (37%) and it is very low in a basic (0,4%) or
neutral (0,7%) medium. Under acidic conditions, the number of
positively charged sites increases on the TOS cellulosic substrates
[94]. Thus, the increase of the desorption efficiency of MB dye is
probably due to the electrostatic repulsion between positively charged
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Fig. 13. Variations in desorption efficiency D(%) of MB into TOS
by water at different desorption pH : pH =2, 7 and 10.
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Fig. 14. Variation of the amount adsorbed and desorbed for cellu-
losic substrates TOS, TOS5 and TOS20.

sites on the TOS surface and cationic dye molecules [94,95]. The
histogram of Fig. 14 shows that the desorption of MB adhered on
TOS5 and TOS20 by water in acid medium in the first 15 min
and using the above protocol even at room temperature was the
most effective, with ~57% and 71% of the MB desorbed, respectively.

CONCLUSION

The ability of Tunisian olive sawdust, used as an agro-based waste
biomass to the isolation of Cellulose I and II and the adsorption of
MB, was investigated. The results proved that the micro-fibrils of
olive sawdust underwent a change of assembly and orientation by
the conversion of the surface into a swollen and straightened state
after the alkali treatment. Thus, the rearrangement from native cel-
lulose I (TOS5) to cellulose II (TOS20) with the increase of NaOH
concentration was revealed by XRD and ATR analysis. With 5% of
NaOH concentration, the crystallinity index increased by remov-
ing hemicellulose and lignin in large part from raw TOS. How-
ever, the decrease of crystallinity index of the high concentration
with NaOH (20%) is related to the change in the microstructure
of cellulosic fibers by the formation of the cellulose structure IIL
The deconvolution of OH stretching vibration bands of FTIR
spectrum confirmed that the transition from cellulose I to cellulose

March, 2022

IT was achieved by breaking the intramolecular hydrogen bonds
and the formation of new intermolecular bonds in the fibrous
structure.

The positive impact of the change in crystalline structure by the
mercerization process on the degree of accessibility of cellulosic
supports isolated from olive sawdust was confirmed by the in-
creased values of ISV analysis. Therefore, the ability of all cellu-
losic supports in the adsorption of MB was investigated. At room
temperature, a basic medium (pH=10,5) favored the adsorption of
MB on different cellulosic supports from Tunisian olive sawdust
(TOS). The adsorption isotherms of MB on the different cellu-
losic supports of TOS and the related correlation confirmed that
the Langmuir model was the adequate choice. The adsorption
equilibrium constants increased with supports after alkaline treat-
ment in the order of TOS (94 L-mol ")<TOS5 (125L-mol )<
TOS20 (139 L-mol ™). The desorption efficiency D in acidic medium
of MB increased with ~57% and 71% of the MB desorbed onto
TOS 5 and TOS20, respectively. The experimental results show
that the adsorption of MB on the raw and alkali treated olive saw-
dust cellulosic supports was of physical nature, thus allowing reuse
of the adsorbed supports. This may lead to an increase in the
adsorption capacity of regenerated materials, considered as waste,
thus contributing to the fight against water pollution by organic
contaminants.
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FTIR Analysis
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Fig. S1. FTIR Spectrum of untreated TOS (blue) and treated TOS: TOS5 (green) and TOS20 (red).



Thermogravimetric Analysis
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Fig. S2. TG curves of TOS, TOS5 and TOS20.



