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The study was focused on the preparation and characterizations of sodium periodate-modified nanocellulose (NalO4-NC) prepared
from Eichhornia crassipes for the removal of cationic methylene blue (MB) dye from wastewater (WW). A chemical method was used
for the preparation of NalO,-NC. The prepared NalO,-NC adsorbent was characterized by using X-ray diffraction (XRD), Fourier
transform infrared (FTIR), scanning electron microscope (SEM), energy-dispersive X-ray (EDX), and Brunauer-Emmett-Teller
(BET) instruments. Next, it was tested to the adsorption of MB dye from WW using batch experiments. The adsorption process was
performed using Langmuir and Freundlich isotherm models with maximum adsorption efficiency (max) of 90.91 mg-g™" and percent
color removal of 78.1% at optimum 30 mg-L ™", 60 min., 1 g, and 8 values of initial concentration, contact time, adsorbent dose, and
solution pH, respectively. Pseudo-second-order (PSO) kinetic model was well fitted for the adsorption of MB dye through the
chemisorption process. The adsorption process was spontaneous and feasible from the thermodynamic study because the Gibbs free
energy value was negative. After adsorption, the decreased values for physicochemical parameters of WW were observed in addition
to the color removal. From the regeneration study, it is possible to conclude that NaIO,-NC adsorbent was recyclable and reused as
MB dye adsorption for 13 successive cycles without significant efficient loss.

1. Introduction

Textile industries have been a major contributor to the world
economy. Conversely, pollution level from dyes is increasing
and maintainability issues should be considered at each
point of the source level. The majority of dyeing
manufacturing industries have a high contaminating foot-
print, and it is estimated that up to 200,000 tons of dyes are
discharged into water bodies because of inefficient waste-
water treatment processes [1]. Methylene blue (MB) (3,7-
bis(dimethylamino)-phenothiazin-5-ium chloride) is a thi-
azine cationic dye that is extensively used to dye textiles,
such as cotton, cellulose, wood, and silk [2]. Despite the

valuable uses of MB in science, the dye has harmful effects on
humans and the environment because of its water solubility.
It is noxious, a mutagenic reagent and is supposed to be a
cancer-causing dye [3]. Furthermore, MB is possibly harmful
to human health and contributes to causing chronic toxicity
[4], predominantly to the central nervous system [5]. The
effluent produced from the textile industry is seriously col-
ored, encompasses high concentrations of salts, and shows
high biological oxygen demand/chemical oxygen demand
values. Thus, there is a crucial requirement to remove MB for
an improved and cleaner environment and health [6].

A number of WW treatment technologies were inves-
tigated for the removal of MB dyes, such as adsorption,
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photocatalysis, ion exchange, electrochemical, oxidation-
reduction, and catalytic processes [7-11]. Among the above-
stated dye removal technologies, adsorption appears the
most economical method because of its inexpensiveness,
easy working principle, and high pollutant uptake capacities
[12]. Most industrial activities normally use activated carbon
as an adsorbing reagent due to its high absorbency and
specific surface area [13]. Activated carbon obtained from
the market is expensive because of its high production cost
for regeneration purposes [14]. Currently, the idea of the use
of nanomaterials as adsorbing reagents is increasing [15].
However, nanomaterials, such as titania nanotube, carbon
nanotube, and nano zerovalent iron, are toxic and not
suitable for dye removal [16]. These limitations were easily
solved by preparing the nanomaterials from cellulose-based
sources such as wheat straw [17], wood [18], waste paper
[19], and agroforestry residues [20]. Cellulose-based ad-
sorbent materials are considered low-cost, easily available,
biodegradable, and nontoxic materials for the removal of
contaminants in general and cationic MB dye in particular
from WW [21].

Therefore, preparing innovative, easily available, and
nontoxic adsorbent materials with high uptake capabilities is
a current world issue for the removal of dyes from the WW
[22]. Nanocellulose (NC) is a natural porous lignocellulosic
biomass; one of its dimensions is in the nanoscale range,
being abundantly available in the environment and fairly
cheap. Depending on the source materials and preparation
methods, NC is classified into nanocrystalline celluloses
(NCCs), nanofibrillated celluloses (NFCs), and bacterial
nanocelluloses (BNCs). This study focuses on the prepara-
tion, characterization, and application of NCCs for cationic
MB dye removals. The NCC adsorbent was prepared by
sulfuric hydrolysis methods. It is testified to be harder than
steel [23] and more operative for the removal of cationic MB
dye. However, the unique characteristics it had shown are of
relatively low efficiency and need surface modification to
enhance the uptake capabilities. Therefore, to increase the
specific surface area and mechanical properties of NCC,
surface modification has been attempted. Esterification [24],
acetylation [25], fluorination [26], and silanization [27] are
the common methods for modifying the NCC surfaces.
However, such chemical modification methods of NCC
mostly performed in a nonaqueous organic solvent method
and required a long time. So, the subsequent surface-
modified NCC loses its inherent environment, which re-
duces its stable contaminant uptake in an aqueous media.
Thus, the periodate oxidation process can be used instead to
modify NCC by introducing two aldehyde groups at C, and
C; with concomitant C,-C; bond cleavage [28, 29]. This
simple one-pot method only requires water and sodium
periodate as a solvent and an oxidation reagent, respectively.
This oxidation process is relatively simple and takes a very
short time to complete the reaction.

Furthermore, many of NCCs used for dye removal were
prepared from different sources, including wood, agrofor-
estry, and waste paper; however, to the best of the authors’
knowledge, a few studies have been reported on NCCs
prepared from aquatic weed Eichhornia crassipes. In
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addition to this, these materials do not have negative eco-
nomic effect on the societies and extra cost is needed remove
them from water bodies. Therefore, the aim of this study was
to remove cationic methylene blue (MB) dye from textile
wastewater by investigating its adsorption rates and iso-
therms using NalO,-NC prepared from Eichhornia crassipes
(water hyacinth).

2. Materials and Methods

2.1. Materials and Chemicals. The stem of water hyacinth
(Eichhornia crassipes) weed for nanocellulose preparation
was collected from southern region “Arba Minch,” Lake
abaya (“Ganta Garo” in the local name), Gamo Zone,
Ethiopia. Textile industrial wastewater was collected from
Hawassa city, southern region, Hawassa, Ethiopia. All the
chemicals and reagents used throughout the experiments
were in analytical grade. These include toluene (99%, Loba
Chemie Pvt. Ltd., India), ethanol (97%, Tradewell Interna-
tional Pvt. Ltd., India), sodium hydroxide (99%, Shraddha
Associates (GUJ) Pvt. Ltd., India), conc. hydrochloric acid
(35%, Loba Chemie Pvt. Ltd., India), conc. sulfuric acid
(69%, Loba Chemie Pvt. Ltd., India), conc. nitric acid (69%,
Loba Chemie Pvt. Ltd., India), sodium chlorite (80%,
Shanghai ZZ New Material Tech. Co., Ltd., China), meth-
ylene blue trihydrate (MB) (C;6H;3CIN3S-3H,0, Consoli-
dated Chemical and Solvents LLC, USA), and sodium
bicarbonate (99%, Shraddha Associates (GU]J) Pvt. Ltd.,
India).

2.2. Adsorbate

2.2.1. Preparation of Synthetic Methylene Blue Stock Solution.
A suitable quantity of MB was added to deionized water to
prepare a stoke solution of 1000 mg-L™" in a 1000 mL vol-
umetric flask. The standard series solutions were prepared
from the previously prepared stock solution by using the
dilution method. UV-VIS spectrometer (SM-spectropho-
tometer UV-Vis 1600, MaaLab Scientific Equipment Pvt.
Ltd., India) was used to measure the concentrations of MB
dyes. The standardization curve was obtained using the
maximum absorbance at Amax 664 nm using MB standard
series in the range of 10.0 and 40 mg-L™". The pH values of
the prepared MB dye solution were measured by using a pH
meter of pH 21 Hanna instrument.

2.2.2. Collection and Analysis of Real Textile Wastewater.
The textile industrial WW was collected from the run of the
textile industrial zone of Hawassa city, southern region,
Hawassa, Ethiopia. During the sample collection period, the
textile industry was using MB as a dyeing agent. The NalO,-
NC adsorbents prepared from Eichhornia crassipes were
used for the WW treatment. Then, the measurement of
physicochemical parameters of real textile WW, including
NO;~, PO, SO,*, Cl,and chemical oxygen demand
(COD), was performed using the titration method and UV-
Vis measurement sequentially. The detailed experimental
procedures were described by Zazou et al. [30]. The
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measurement BOD value was performed in agreement with
the standard methods with the help of the Lovibond in-
cubator [31].

2.3. Adsorbent Preparation

2.3.1. Preparation of Modified Nanocellulose (NalO,-NC)
from Water Hyacinth (Eichhornia crassipes). The stems of
the collected water hyacinth (Eichhornia crassipes) weed
samples were carefully cut into the length of 8 mm, washed
with distilled water repeatedly to remove dust particles,
dried with the help of sun for 4 days, and ground using a
grinder [32-36]. Short fibers of the sample were treated with
100 mL of 2 M NaOH solution at 50°C for 2 hours to remove
the lignin and hemicelluloses present in lignocellulosic
biomass. The sample treated with NaOH was washed well
with deionized water repeatedly until it becomes neutral.
The neutral mixture was filtered, centrifuged, and dried in
the oven at 50°C for 8 hours. Then, it was ground into a pulp
form and bleached with mixture of sodium chlorite
(NaClO,) and glacial acetic acid (in a ratio of 2:0.5) under
mechanical stirring for 3 hours at the temperature of 80°C.
This procedure was repeated with one-third of the initial
amount of bleaching mixture. Then, this mixture was
centrifuged, washed, and filtered to form cellulose suspen-
sion. The suspension was hydrolyzed by 100mL of 3M
H,SO, for 10 hours to break up the cell wall and to form a
white cellulose nanomaterial suspension. Then, the cellulose
nanomaterial suspension was dissolved in 0.2 gmL™' of
NalO, in a 250 mL flask by covering it with aluminum foil
and agitated at 50°C in the darkroom for 4 hours [32]. By the
addition of 1g ethylene glycol, the excess oxidizing agents
were consumed, followed by the completion of the reaction.
This procedure provides dialdehyde nanocellulose (DANC)
through centrifugation at 1600 rpm for 40 min and purified
by successive water addition and centrifugation. This was
sonicated in the presence of ionic liquid using a 16kHz
(Branson digital Sonifier S-450D, South Korea), washed,
filtered, and dried in a dark place to form NalO,4-NC. Finally,
NalO,4-NC was kept in a suitable place for characterization
purposes. The flowchart for the preparation of NalO4-NC is
given in Figure 1.

Also, the reaction of NC with NalOy, is given in Figure 2.

2.4. Characterization. The X-ray diffraction (XRD) (XRD-
7000 X-ray diffractometer, Shimadzu Co., Japan) with Cu-
Ka radiation (A =0.154nm) at 40kV and 40 mA under a 20
diffraction angle from 10° to 80° at a scan rate of 2°/min
characterization technique was used to determine the
crystallinity size of the NalO,-NC adsorbent material.
Fourier transform infrared (FTIR) (Perkin Elmer65, Per-
kinElmer, Inc., Waltham, USA) spectrophotometer is an
interesting method to determine the functional group of
NalO4-NC adsorbents. Its spectrum was recorded in the
transmittance mode in the range of 4000-400cm™'. The
surface morphology of the different treatment phases of the
NalO4-NC adsorbent material was examined using field
emission scanning electron microscopy (FE-SEM) (JCM-

6000plus, JEOL/EO, America) with energy-dispersive X-ray
(EDX). The specific surface area measurement was deter-
mined by Brunauer-Emmett-Teller (BET) analysis.

2.5. Adsorption Experiments. To evaluate the methylene blue
(MB) adsorption efficiency of the adsorbent, different ex-
perimental parameters such as solution pH, adsorbent dose,
MB initial concentration, and contact time optimization
were performed. To perform this study, contact times ranged
from 10 to 90 min., MB initial concentration ranged from 10
to 40 mg-L’l, adsorbent dose ranged from 0.4 to 2g, and
solution pH ranged from 3 to 10 by making other parameters
at fixed manner. Each of these parameters was performed in
each of the 100 mL flasks at room temperature. For pH
measurement, initially, the pH value of each solution was
adjusted by the addition of 0.1 M HCI or 0.1 M NaOH so-
lution and the pH change was measured using a pH meter
(pH 21 Hanna instrument). After this, to prevent any side
reaction, each flask was covered with aluminum foil in all
experiments, and after the reaction completion, it was
carefully filtered with filtrate paper No 42. Next to this
procedure, the measurement of this solution was performed
by UV-VIS spectrometer (SM-spectrophotometer UV-VIS
1600, MaaLab Scientific Equipment Pvt. Ltd., India) ata A,
of (664 nm).

2.5.1. Adsorption Isotherms and Thermodynamics. The
percentage removal (%R) of MB dye and amount of MB dye
adsorbed on adsorbents at equilibrium were calculated by
the following equation:

C-C
%R = ———" % 100. 1
R="s M
For the pollutant uptake mechanisms, the determination
of uptake isotherm data for different materials is crucial.
Three different models, namely, Langmuir, Freundlich, and
Temkin isotherm models, were tested to investigate the
removal of MB by using NalO,-NC adsorbent. The equi-
librium quantity and quantity at any specified time of MB
dye adsorbed on NalO,-NC adsorbent surface was calcu-
lated using the following equations, respectively:

C,MB - C,MB

go = oo e (2)

N
C,MB - C,MB
@=""3g

where C; and C; are the initial and the final MB dye con-
centrations (mg-L™"); g, and g, represent the amount of MB
dye concentrations adsorbed on NalO,-NC adsorbent
surfaces at equilibrium and any specified time (mg-g '),
respectively; S represents the slurry dosage defined as the
ratio between the mass of NalO4-NC (g) to the initial volume
of WW sample (L). Then, the thermodynamic study of the
adsorption procedure was premeditated by considering the
fundamental thermodynamic parameters, including change
in Gibbs free energy (AG), change in enthalpy (AH), and

. (3)
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FiGure 2: The oxidation reaction mechanism of NC with NalOy,.

change in entropy (AS) values. Thus, the thermal behavior of
the adsorption process was carried out by making all the
predetermined values of parameters (solution pH, sorbent
dosage, contact time, agitation speed, and Pb(II) ions initial
concentration) at optimum value and the temperature was
varied from 25 to 40°C [37, 38].

2.5.2. Adsorption Kinetics. The rate of color removal
mechanisms was conducted through the experimental
measurement of contact time ranging from 15 to 150 min
through keeping all parameters (solution pH, adsorbent
dose, and MB dye initial concentration) at optimized value.

2.6. Desorption and Adsorbent Regeneration Study.
Firstly, NalO,-NC adsorbent was saturated with
30mg-L~" of MB dye solution. Then, 1g NalO,-NC ad-
sorbent dosage was added to the mixture and the mixture
was shaken for 60 min. After this, NalO,-NC adsorbent
was separated from the mixture and washed with
deionized water. Then, desorption studies were performed
by shaking NalO4-NC adsorbent containing the adsorbate
(MB) with 1M of HCI treatment for 60 min. The reob-
tained NalO4-NC adsorbent was carefully conducted for
the cationic MB dye removal by replicating the laboratory
experiments for at least 13 successive cycles using the
same adsorbent.

3. Results and Discussion

3.1. Characterization. The NalO4-NC sorbent was charac-
terized with the help of FTIR, XRD, and FE-SEM with EDX
modern instruments. Directly, the information of functional
groups of NalO,-NC adsorbent before and after adsorption
was observed by FTIR spectroscopy. FTIR spectra of NalO,-
NC obtained by acid hydrolysis before and after adsorption
are shown in Figure 3(a). The spectral bands at 3406 cm™
before and after adsorption indicated the presence of O-H
stretching vibrations of cellulose I; those at 2853-2925 cm ™"
before and after adsorption indicated the presence of C-H
stretching; those at 1730 cm ! before and after adsorption
indicated the presence of C-O stretching vibration of al-
dehyde groups due to the addition of NalO, to NC; those at
1058 cm ™" and 1040 cm™" before and after adsorption, re-
spectively, indicated C-O-C stretching of cellulose I [39].
The broadband and the sharp band before and after ad-
sorption, respectively, at 671 cm ™" in the spectra correspond
to f-glycosidic links between the glucose units of cellulose.
The presence of this band in the NC spectra is interesting
since it is an indication that cellulosic material may have not
been lost during the acid hydrolysis. The additional band
appears at 599.9 cm ™' maybe due to the interaction between
adsorbent/adsorbate confirming the adsorption of cationic
MB dye on negatively charged NalO4-NC adsorbent surface
[12] and it also indicates that the roles of alkyl halides
functional groups such as C-I in the adsorption process of
MB onto the adsorbents were significant. Generally, NalO,-
NC adsorbent has plenty of hydroxyl, carbonyl, carboxyl,
and ester functional groups, which are most reactive to
adsorb MB dye cations through electrostatic interaction
formed between the negatively charged NalO,-NC adsor-
bent and positively charged MB dye.

The NalO,-NC sorbent crystalline size was determined
using the XRD diffractogram (Figure 3(b)). The XRD spectra
exhibited a peak at 20=16.6", 22.6", and 34.5°, which are
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FIGURE 3: (a) XRD pattern; (b) FTIR spectrum; (c¢) SEM images; (d) EDX of NalO,-NC sorbent.

supposed to represent the typical cellulose I structure and
assigned to 110, 200, and 004 planes, respectively [40, 41].
The spectra have exhibited the amorphous and semicrys-
talline nature of the adsorbents with a reduced degree of
crystallinity. This is because the crystalline region was ox-
idized progressively with the reaction of NalO, with
nanocellulose suspension.

Figure 3(c) shows the FE-SEM micrographs of the
prepared NalO,-NC sorbent. The FE-SEM images show that
NalO4-NC sorbent was a cylindrical rod-like shape, with a
slightly rough surface, associated with heterogeneous pore
distribution through its matrix. Their energy-dispersive
X-ray diffraction (EDX) attached with FE-SEM was used for

elemental analysis of NaIO,-NC. The EDX spectrum shown
in Figure 3(d) exhibited the peaks for carbon, oxygen,
chlorine, and sulfur corresponding to their atomic weights,
respectively. The NalO,-NC adsorbent contains 0.84 wt%
and 0.09 wt% elemental impurity of chlorine and sulfur
along with the main components, such as carbon (52.68%)
and oxygen (44.65), as shown in Figure 3(d). This elemental
impurity is due to the acid hydrolysis of cellulose suspension.

Brunauer-Emmett-Teller (BET) data analysis is per-
formed according to the BET adsorption isotherm linear
equation (4) to determine the specific surface area of NalO,-
NC. Its measurement was carried out using N, gas as an
adsorbate at a temperature of 77 K.
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where P, and P are saturated and partial vapor pressure of N,
gas at equilibrium in pa, respectively; # is the volume of N,
gas adsorbed at STP in mL; X,,, is BET monolayer capacity; C
is a dimensionless constant associated with the enthalpy of
N, gas adsorption on the adsorbent.

For the well-defined BET monolayer capacity of the
nanoparticle materials, the value of C should be >80 [42].
Thus, the results indicated that the C value of NalO4-NC is
192.8, which is >80. Figure 4(a) presents the linear plots of
[(P/P,)/(n(1 — P/P,))] versus P/P,, providing a straight line
with the approximate relative pressure ranging from 0.05 to
0.3. The linear regression value (R”) obtained from this plot
was 0.9985, which is greater than 0.995. This result confirms
the acceptability level of R” value. The specific surface area
(SSA) in m*g ! is calculated according to the following
equation:

a, = ZmlOm (5)

mx22400

where a, is the BET SSA of the NalO,-NC of mass m in
grams, L is Avogadro’s constant (6.022 x 102 mol™), a,, is
molecular adsorptive cross-sectional area occupied by N, gas
molecule in the complete monolayer (equal to 0.162 nm? for
N, gas), and the 22400 is the volume occupied by 1 mole of
N, gas at STP, in mL.

The BET plot of NalO4-NC in Figure 4(b) has indicated
the cylindrical shape model. The symbols used were those
given in the 2007 edition of the IUPAC manual [43]. Results
indicated that the as-prepared NalO,-NC adsorbent has a
higher SSA of 123.9 m*.g~". Therefore, NalO,-NC has shown
higher MB adsorption efficiency due to the decrease of the
particle size, the increase of SSA, and the increase of surface
roughness.

3.2. Treatment of the Real Textile Wastewater (WW) Relative
to Synthetic Wastewater (WW). To assess the effectiveness of
the treatment process by the adsorbent, it is possible to
investigate the uptake of real textile industrial WW, con-
taining MB as the main dye, relative to synthetic WW. The
textile industry WW was characterized by determining its
pH, EC, COD, BOD, NO;~, PO,’", SO,>, and Cl~ before
and after adsorption, given in Table 1. The uptake investi-
gations were performed by using 30 mL of WW with 0.08,
0.5, 1, 1.5, and 2 g of NalO,-NC adsorbent dose for 60 min.
of reaction time at 25°C. From this optimization process, the
optimum value of the adsorbent dose obtained was 1g
because the maximum uptake value was detected at this
value of the adsorbent dose. Figure 5 shows that the ab-
sorbance spectra of synthetic WW (a) and real WW (b),
respectively, before and after treatment, and the comparison
study for the uptake capacity of MB from synthetic
wastewater and real textile industrial WW solutions (c).
From the UV-Vis spectra, it is possible to conclude that
percentage of removal (%R) of synthetic MB was higher than
that of the real WW. This may be because the real WW
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treatment was hindered by the presence of a different matrix
that competes with the MB dye. The decreased values for the
physicochemical property measurement of textile industrial
WW were observed after treatment, as shown in Table 1.
Here, the concentration values of COD, CI~, Mg**, and Cu**
decreased by approximately 95%, 100%, 93%, and 95%,
respectively. Furthermore, the comparison study was con-
ducted and presented in Figure 5(c). The findings have been
shown that a very high %R (99.99%) of cationic MB was
removed from synthetic WW and relatively less %R (78.5%)
of cationic MB was removed from real WW by using 1g
NalO,4-NC adsorbent and 30 mg/L initial concentration and
60 min. contact time. These great variations of adsorption
efficiency were observed between the two systems were
because in real WW, there are competing pollutants that
reduce the adsorption efficiency of MB in real WW by
occupying the surfaces of the adsorbent.

3.3. Adsorption Studies

3.3.1. Effects of Initial MB Concentration. Figure 6(a) in-
dicates the effects of initial MB solution concentrations
(10-40 mg/L) for the removal of cationic MB using NalO,-
NC adsorbent. Findings indicated that on varying the
pollutant MB concentration from 10 to 40 mg/L, the %R is
increased from 39.25 to 78.21% using NalO,-NC adsorbent.
These results are in agreement with findings reported by
Munir et al. and Gupta et al. [44, 45] on MB dye removal.
The adsorption process can be both very rapid and slow. At
low initial concentration, the dye removal process was very
fast until the optimum initial concentration due to the
presence of more available reactive sites on the surface of the
NalO4-NC adsorbent because of the surface modification of
NC by using sodium periodate. At optimum initial con-
centration of 30 mg/L, the maximum adsorption efficiency
and percent removal were observed. At this point, the ad-
sorbent evidently displayed maximum dye percent removal
(%R) capacity of 78.1%. Conversely, beyond this point, the %
R becomes constant. This adsorption process may be at-
tributed to the penetration diffusion of MB into the inner
surface of the NalO,-NC adsorbent [46].

3.3.2. Effect of Contact Time. The time necessary for
achieving equilibrium is one of the greatest significant as-
pects, which decide the effectiveness of the progression,
possibility, and the wastewater treatment cost [47]. The effect
of contact time on the MB dye removal was conducted by
varying the contact time ranging from 10 to 90 min. at
optimum NalO,4-NC dose of 1g, temperature (T) of 25°C,
and initial concentration of MB of 30 mg-L_1 (Figure 6(b)).
These optimum values have shown the values at which the
higher adsorption efficiency was detected. As seen from
Figure 6(b), the color removal is increased with increasing
the time up to the optimum contact time of 60 min, due to
the presence of highly reactive sites resulted from the in-
creased number of carbonyl functional groups on the sur-
faces of the adsorbent [48]. The maximum percentage of
color removal (%R) of 78.1% and high adsorption efficiency
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TaBLE 1: Physicochemical properties of the WW used in the study
before and after treatment.

Parameter Before treatment After treatment
pH 7.4+0.03 7.05 +0.03
Color Black Colorless
EC (uS-cm™) 5.08+0.5 5.02+0.5
COD (mg/L) 504 +0.2 28.9+0.2
BOD (mg/L) 92 +0.04 60.5 + 0.04
NO;~ (mg-N/L) 40.8 +0.04 0.08 +0.04
PO,*>” (mg-P/L) 0.4 +0.02 0.05+0.02
SO,* (mg-P/L) 100+0.3 45+0.3
Cl™ (mg/L) 18.5+0.03 0.2+0.03
Mg** (mg/L) 54.2+0.04 42+0.04
Cu®* (mg/L) 24.26 +0.02 1.2+0.02

BOD: biological oxygen demand; COD: chemical oxygen demand.

were observed at the optimum contact time of 60 min. After
this time, the %R processes proceed in a fixed manner. This is
because the adsorbent has limited active sites and steric
hindrance on its surface, which makes the adsorption
process slow down and reach equilibrium. Therefore, de-
termining the optimum contact time for the adsorption
process is very significant because using more than the
required contact time would result in higher energy stresses
and would be economically costly [44].

3.3.3. Effect of Adsorbent Dose. Figure 7(a) indicates the
effect of adsorbent dose on adsorption ability and degree of
color removal at the optimum temperature of 25°C, MB
initial concentration of 30mg-L™", the contact time of
60 min., and solution pH of 8. Different doses of NalO,4-NC
adsorbent ranged from 0.4 to 2 g were used in the experi-
ments. Results exhibited that the increase of the adsorbent
dosage from 0.4 to 1g increases the %R from 35.51% to
78.50%. The maximum adsorption efficiency was detected at

the optimum adsorbent dose of 1g. After this optimum
value, the color removal remains constant due to the
quantity of ions bond to the adsorbent and the number of
mobile ions in the wastewater becomes fixed even with an
extra addition of the adsorbents dose [23]. Conversely, the
increased %R and efficiency were reported by Tan et al. [23]
for MB dye removal using cellulose-based nanomaterials as
an adsorbent from synthetic wastewater. The relatively low
efficiency and percent removal were observed in this study
due to the computation of other contaminants to the surface
of the adsorbent since this study was focused on the removal
of cationic dye from real textile industrial wastewater. The
cationic MB dye adsorption mechanism with its computing
pollutants by NalO,-NC is presented in Figure 8.

3.3.4. Effect of Solution pH. The solution pH circumstance in
which the surface charge density equals zero is termed the
pH point of zero charges (pHPZC). Figure 7(b) indicates the
pHPZC of the material and its value was 6.5. From the plot, it
is possible to deduce that the adsorbent surface is positively
charged at pH<6.5 and becomes negatively charged at
pH>6.5. Thus, the high uptake capacity was observed at
pH> 6.5, which is a pH of 8. For pH values of pH<6.5
uptake process is delayed by the repulsive electrostatic force
of attractions between the MB dye ions and positively
charged functional groups of the NalO,-NC adsorbent [49].

The effect of solution pH on MB cation removal was
presented (Figure 7(c)). The adsorbent (NalO,4-NC) used in
this study has shown that high color removal abilities in the
solution pH range of 3-8. These are a result of the presence
of hydrogen ions (H") on the adsorption site of MB cations
to the surface of the adsorbent active sites. At low pH values,
the interaction of MB cations with sorbents is decreased
owing to the H" ions competing with the MB cations on the
active sites of the adsorbent. Moreover, as the WW pH
increases (i.e., less H" ions), MB cations adsorption onto the
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comparison study for the uptake capacity of MB from synthetic wastewater and real textile industrial WW solutions (c).

NalO,4-NC adsorbent surfaces increases, leading to higher
color removal towards the optimum pH value of 8. At an
alkaline pH value, the adsorbent becomes negatively charged
and MB cations effectively adsorbed onto the surfaces of the
adsorbent. This result was in agreement with the study
reported by Salama et al. [50] on the removal of MB on
oxidized cellulose-reinforced silica gel.

3.4. Adsorption Isotherms. Here, adsorption isotherm
models describe the distribution of the cationic MB among
the liquid and solid states according to expectations related
to the heterogeneity or homogeneity of the NalO,-NC
adsorbent surface, the category of coverage, and the prospect

of contact in the cationic MB. This study was performed by
mixing 1g of NalO,-NC adsorbent in different concentra-
tions of MB, 10, 15, 20, 25, 30, 35, and 40 mg-L ", at a pH of 8
for 60 min. of contact time. Langmuir, Freundlich, and
Tembkin isotherms were tested to investigate the removal of
MB by using NalO,-NC adsorbent and their equation was
presented in equations (6), (8), and (9), respectively.
Langmuir isotherm model describes the information for the
adsorption of MB dye onto the surface of NalO,-NC ad-
sorbent homogeneously and the dye molecule formed a
monolayer onto the adsorption sites [51]. The Freundlich
isotherm model predicts that multilayer adsorption occurs
on the uneven surface of the NalO,-NC adsorbent and the
Temkin isotherm model is employed to designate the
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communication among MB and NalO,-NC adsorbents such
as ion exchange and electrostatic interaction where the
molecules in the layer will decrease in linear with coverage
than logarithmic [52].

Figures 9(a)-9(c) indicate that Langmuir and Freundlich
isotherms are fitted for MB dye removal using NalO,-NC
adsorbent and Temkin isotherm is not suitable for the ad-
sorption process due to the low R* value. Table 2 describes
the MB dye uptake by the adsorbent well fitting to Langmuir
isotherm compared to Freundlich and Temkin isotherms
because the R values were 0.965, 0.959, and 0.846, re-
spectively. The maximum MB removal ability (. of the
NalO,-NC sorbent per unit mass was 90.91 mg/g from real
textile industrial wastewater. This result indicated relatively
low removal efficiency compared to the results reported by
Salama et al. [44] regarding the removal of MB on oxidized
cellulose-reinforced silica gel, which maybe is attributed to
the presence of different matrix in real wastewater. If there is
no computing matrix other than the target adsorbate; then,
all the active sites of the adsorbent were occupied by the
target element. This indicated that when an active site of
adsorbent was occupied by a molecule, no other molecules
could be adsorbed onto the surface [53]. This result was in
agreement with the study reported by Qian et al. [54] for the
adsorption of MB on modified bamboo hydrochar adsor-
bent. The calculated value for b and a dimensionless equi-
librium parameter (RL) of NalO4,-NC sorbent were
0.075L-mg™" and 0.308, respectively. A dimensionless
equilibrium parameter (RL) value calculated using equation
(7) for MB was found in the range of 0 < RL < 1, representing
the removal process by NalO,-NC adsorbent was favorable.
Typically, the degree of favorability is linked to the irre-
versibility of the adsorption system, and this may afford the
identification of the interactions between NalO,-NC ad-
sorbent and the MB dye adsorbate [55]. Also, the magnitude

for Kf and n of NalO4-NC sorbent for MB removal was 1.02
and 2.22, respectively, which was found between 1 and 10.
This has shown that the results indicated an easy MB re-
moval from wastewater and clearly described the proposed
removal mechanism. Therefore, NalO,-NC adsorbent could
be considered as one of the renewable, biodegradable,
nontoxic, and highly efficient adsorbents for the removal of
cationic MB dye with slow step bringing factors on the
available surface of the adsorption places after reaching
equilibrium position.

Table 2 presents the calculated Gibbs free energies values
of cationic MB dye obtained by equation (10). The values of
this thermodynamic parameter were determined at tem-
peratures of 20-45°C; the optimum temperature was found
to be 25°C. The more negative value of AG” occurred at the
operational temperature of 25°C. This suggests that uptake
abilities rise by descending the temperature and the negative
value for AG" confirms that the uptake mechanism of cat-
ionic MB dye was spontaneous and feasible [56-59].

c. 1
— = + ) 6

Ry =— %

L7 1+pC,
1
log g = log k; +~log C., (8)
RT

Q, = 5 +log AC,, (9)
AG’ = -RT In kg, (10)

where g.x is the maximum removal capability of MB
per unit mass of adsorbent (mg-g™'), Kis the adsorption
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capability of the NC and NalO,-NC sorbents, n is
the binding intensity, T is the absolute temperature
in Kelvin, R is the ideal gas constant (8.314]-mol K™,
and K¢ is the equilibrium constant calculated by
multiplying the MB molar weight with Langmuir con-
stant (b).

3.5. Adsorption Kinetics. The adsorption kinetics of cationic
MB dye by NalO,-NC adsorbent was conducted using
pseudo-first-order (PFO), pseudo second-order (PSO), and
intraparticle diffusion given in the following equations,
respectively, [60-62]:

K.t

1 -g,) =1 - 11

og(q, —q;) = log q, 3303 (11)
t_ 1 +t‘ (12)
qr quez qe)
Q, = kpt” +C,. (13)

The parameters in relation to each kinetic uptake model
were established considering their linear best fits
(Figures 10(a)-10(c)). Table 3 indicates the correlation co-
efficient, R?, and values of 0.887, 0.998, and 0.542 obtained
by PFO, PSO, and intraparticle diffusion kinetic models,
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TaBLE 2: Langmuir and Freundlich isotherm constants for cationic MB dye uptake by NC and NalO,-NC sorbent at 25°C.

Langmuir Freundlich Temkin
Isotherm models 5 ) N N
Qumax (mg/g) b Ry R Ky n R (AG") Kr B R
NalO,-NC 90.91 0.075 0.308 0.965 1.02 2.22 0.959 —-1.360 0.89 390.9 0.846
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TaBLE 3: The values of parameters and correlation coeflicients of pseudo-second-order (PFO), pseudo-second-order (PSO), and intra-

particle diffusion kinetics.

PFO PSO Int‘erpartlcle
Kinetics diffusion
qe- cal. (mg/g)  q.. exp. (mg/g) K R? qe- cal. (mg/g)  q.. exp. (mg/g) K, R? K, C; R?
NalO4-NC 4.099 20.58 0.297 0.887 20.83 20.58 5.78 0998 0.16 0.025 0.542

respectively. The resultant R* of PSO kinetic model value
approaches unity. This model offers the greater value of g,
(20.83 mg-g™'), compared to the PFO g, (4.099 mg-g™'),
which is in disagreement with the value obtained experi-
mentally g, (20.58 mg-g™"). According to R* values, the
uptake of cationic MB dye on NalO,-NC fits well with the
PSO kinetic model. A similar result was previously reported
for the uptake of MB on cellulose-based adsorbent Ma et al.
[63].

3.6. Regeneration Test. Regeneration experiments were done
to authenticate the reusability of the material for practical
application in real systems. This experiment was achieved
through desorption of the cationic MB dye from the ad-
sorbent with the reaction of HCI solution with the adsor-
bate-loaded solution wusing batch experiments. The
regenerated adsorbent was washed carefully with distilled
water and dried. The dried adsorbent was subsequently
reused as an adsorbent for at least 13 cycles. The results
found that the uptake capability of cationic MB for NalO,-
NC sorbent was progressively decreased with increasing
cycles of reusable trials (Figure 8). The decrease in uptake
capability of the sorbent with increased reusable times is
ordinarily because of the loss of active sites on the surfaces of
NalO,4-NC sorbent. The satisfied reusability with conserving

basically extraordinary uptake ability for the NalO,-NC
sorbent postulates that the sorbent was effective in ma-
nipulating the uptake process of cationic MB dyes. Gen-
erally, it was found that the color removal ability of the
NalO,-NC sorbent did not suggestively change after the 13"
cycle of the procedure as the %R is still high. The %R for the
13 consecutive cycles was decreased below 5%. On the
whole, this confirms that NaIO,-NC can be used for con-
taminant uptake for a long time with an outstanding pos-
sibility. The results were in agreement with a study
conducted by Kara et al. [64] on the modified cellulose
nanomaterials (CNMs) for remediation of chromium (VI)
ions from wastewater.

4. Conclusion

Sodium periodate modified nanocellulose (NalO4-NC) ad-
sorbent was a natural biodegradable and biocompatible,
which is prepared from easily available and cheap ligno-
cellulosic biomass by sulfuric hydrolysis methods. The
prepared NalO,-NC adsorbent was characterized using
XRD, FTIR, SEM, and EDX characterization techniques.
Next, it was applied for the removal of cationic MB dye from
wastewater. Langmuir, Freundlich, and Temkin isotherm
models fit well the experimental results. The high uptake
capacity (gmay) is found to be 90.91 mg-g™'. Also, 1g of
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NalO,4-NC adsorbent was found to be the optimum amount
of NalO,-NC adsorbent to treat wastewater, containing MB
as the main dye. PSO kinetic model was well-suited for the
uptake of cationic MB by the force of electrostatic attraction
between the negatively charged adsorbent surfaces and
cationic MB dye. This suggests that the MB uptake processes
follow chemisorption processes. In addition to the color
removal, uptake by NalO,-NC adsorbent decreases the
physicochemical parameters of the WW. From the regen-
eration study, it is possible to conclude that the adsorbent
was recyclable and applicable for 13 successive cycles
without significant efficiency loss. Therefore, on the whole,
the obtained results suggested that NalO,-NC sorbent is an
effective sorbent for the removal of cationic MB dye in
particular and contaminants in general from the real WW.
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