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ABSTRACT: The continuous increase in the wastes generated from forestry,
timber, and paper industries has engendered the need for their transformation
into economically viable materials for the benefit of mankind. This study reports
the preparation and application of sawdust-derived cellulose nanocrystals (CNC)
incorporated with zinc oxide as a novel adsorbent for the removal of methylene
blue (MB) from water. The CNC/ZnO nanocomposite was characterized using
Fourier transform infrared, X-ray diffraction (XRD), and scanning electron
microscopy. The amount of MB adsorbed was determined by a UV−vis
spectrophotometer. The microscopic analysis revealed that the nanocomposite
had a narrow particle size range and exhibited both spherical and rod-like
morphologies. The XRD analysis of the nanocomposite showed characteristic
high-intensity peaks in the range of 30−75° attributed to the presence of ZnO
nanoparticles, which were responsible for the enhancement of the crystallinity of
the nanocomposite. The results revealed a relationship between the MB removal
efficiency and changes in solution pH, nanocomposite dosage, initial concentration, temperature, and reaction time. The adsorption
equilibrium isotherm, measured in the temperature range of 25−45 °C and using a concentration of 20−100 mg/L, showed that the
MB sorption followed the Langmuir isotherm with a maximum adsorption capacity of 64.93 mg/g. A pseudo-second-order kinetic
model gave the best fit to the experimental data. Based on adsorption performance, the CNC/ZnO nanocomposite offers prospects
for further research and application in amelioration of dye-containing effluent.

1. INTRODUCTION

Water industries face several environmental challenges, which
include rapid industrialization, population growth, contami-
nation of water sources by hazardous compounds, and the
ever-increasing demands for agricultural, industrial, and
domestic use.1 As such, the release of hazardous contaminants
such as pathogens, heavy metals, and dyes into the environ-
ment is now a major global concern.2 Dyes have been reported
as one of the dangerous organic pollutants that require urgent
attention because they are composed of many chemicals.3,4

The major sources of dyes in water bodies are effluents from
textile, paper, rubber, plastics, paints, printing, and leather
industries.5,6 The most commonly used dye in textiles and
printing industries is methylene blue (MB). It is also used as a
stabilizer and an indicator in chemical industries. Conse-
quently, effluents from these industries contain a significant
amount of MB, which renders water unsuitable for both
industrial reuse and domestic purposes.7 This is because MB,
even at trace levels, has significant effects on the photo-
synthetic activity of aquatic lives. It could also severely damage
human organs by rendering the reproductive system, kidneys,
central nervous system, brain, and human liver dysfunctional.8

Therefore, the discharge of effluent-containing traces of MB
dye must be treated to avoid all the dangers it poses.9

Removal of MB from wastewater could be achieved by
different approaches, including biological, chemical, and
physical methods. Some of these techniques have limitations
such as low performance, non-biodegradability of MB, and
generation of secondary waste that pose disposal problems. To
address these challenges, photocatalysis and adsorption
processes have been recognized as highly efficient methods
in the removal of MB from aqueous medium.4,10 By comparing
experimental results and mathematical modeling, Shavisi et
al.11 reported insignificant differences in the performances of
both adsorption and photocatalytic processes in water
treatment. The simplicity in the design and operation of the
adsorption technique12 and the low energy consumption
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requirement offer high economic and practical feasibility and
suitability in water pollution control, especially in dye removal
from water. As a consequence, this study explores the
application of adsorption in MB removal. The first step in
developing an adsorption technology resides in choosing
appropriate media of known kinetic and equilibrium perform-
ances.
Agro-based lignocellulosic biomasses are gaining more

attention in the adsorption process because they embody
some useful components necessary in water treatment.13 They
are eco-friendly and abundantly available.14,15 In a critical
review by Charis et al.,16 it was found that waste generated
from sawmills in Zimbabwe and South Africa amounted to
about 70,000 tons per annum. Sawdust and shavings represent
the most underutilized waste fractions, with heaps scattered all
over the region and posing various ecological threats. By using
a comparative cost−benefit analysis and the reported feasibility
studies, utilization of sawdust via transformation is highly
recommended.17,18 In our previous studies, cellulose nano-
crystals (CNC) extracted from this waste have been proven to
be highly efficient in water treatment.19,20 However, the
limitation of low density, which resulted in an unstable
adsorbent powder material, cannot be overlooked. Thus, this
challenge could be addressed by the introduction of eco-
friendly nanoparticles as a filler to improve the density and
stability of the cellulose nanocrystals. The material of choice in
this regard is zinc oxide.
Zinc oxide (ZnO) is a representative of a class of metal oxide

that has received considerable attention owing to many of its
attractive features such as environmental friendliness, high
adsorption capacity, non-toxicity, and cost-effective produc-
tion.21 These properties favor its potential utility in environ-
mental and biological applications. At the nanoscale level, ZnO
exhibits interesting electronic, optoelectronic, and adsorptive
properties. Studies on the adsorptive affinity of ZnO on various
pollutants have been widely reported.22 ZnO nanoparticles
possess high surface area and good chemical stability, and a
band gap energy of 3.37 eV allows them to absorb light in the
UV region.23,24 Therefore, the good biodegradability and
biocompatibility of zinc oxide in conjunction with the good
mechanical properties of cellulose nanocrystals derived from
sawdust could be beneficial in the development of green
nanocomposites that could be very useful in wastewater
remediation. ZnO has been successfully incorporated into
cellulosic materials in different reports using either tedious
synthesis procedure or commercially procured cellulose in

addition to some other toxic chemical additives being
utilized.25−29 This could obviously alter the quality of the
material and render it environmentally unfriendly.
This study explores the conversion of sawdust-derived CNC

into high-value chain green nanocomposites by the incorpo-
ration of ZnO nanoparticles, which possess a very good
photocatalytic property. Some physicochemical properties of
the nanocomposite were investigated to relate them to the
performance achieved. Batch adsorption experiments were
performed, and the nanocomposite dosage, solution pH,
contact time, initial MB concentration, and temperature were
varied to obtain the maximum adsorption conditions for the
MB dye. More so, the CNC and ZnO were utilized separately
to establish their capacities and contribution to MB removal.

2. MATERIALS AND METHODS

2.1. Materials. Deionized water from a Purite water system
(model Select Analyst HP40, United Kingdom) was used for
the preparation of 1 g/L MB stock solution and the
nanocomposite. Cellulose nanocrystals (CNC) were supplied
by CSIR-Durban, South Africa. Other chemicals including zinc
oxide nanoparticles, methylene blue, NaOH, and HCl were
obtained from Sigma-Aldrich, South Africa and were of
analytical grade. The pH was adjusted using 0.1 M NaOH
or 0.1 M HCl.

2.2. Methods. 2.2.1. Synthesis of the CNC/ZnO Nano-
composite. The extraction of CNC from sawdust has been
reported elsewhere.30 Briefly, the procedure involved a one-pot
synthesis route using deionized water and sulfuric acid, which
were subsequently ultrasonicated to produce a cellulose
nanocrystal suspension. The cellulose nanocrystal suspension
and ZnO powder (2:1) were stirred in 1 M NaOH solutions
separately for 30 min. ZnO solution was then ultrasonicated
for another 2 h to ensure complete homogeneity. Afterward,
the ZnO solution was added dropwise to the cellulose
nanocrystals derived from the sawdust solution, and the
mixture was allowed to stir for 24 h. The product, hereafter
referred to as nanocomposite, was centrifuged and washed
twice to remove excess materials until the pH was neutral. The
centrifuged nanocomposite was then air-dried at room
temperature for 3 days. At the end of the drying period, the
nanocomposite was crushed and kept for use in adsorption and
characterization experiments. The material was double washed
after the preparation until the pH was slightly above neutral

Figure 1. Proposed structure of the synthesized CNC/ZnO nanocomposite.
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(7.50) before use.31 The proposed structure of the synthesized
CNC/ZnO nanocomposite is presented in Figure 1.
2.2.2. Characterization of the Synthesized CNC/Zn

Nanocomposite. The raw and spent CNC/ZnO nano-
composites were characterized and compared with the pristine
CNC reported in our previous study.19 The characterization of
the materials was carried out using a (i) Perkin Elmer
Spectrum 100 FT-IR spectrometer, recorded in the 500−4000
cm−1 range at a resolution of 4 cm−1; (ii) a JEOL JSM-7600F
field emission scanning emission microscope (FESEM)
coupled with an EDX analyzer, running at 2 kV accelerating
voltage, for the morphology and elemental composition of the
materials; and (iii) an X-ray diffractometer (PANalytical
Empyrean) running at a voltage of 45 kV and current of 40
mA and with a monochromatic Cu Kα radiation (λ = 0.15406
nm) over a scan range of 5.0149−89.9809° for the
determination of crystallinity. The phase identification analyses
were further investigated using a high score plus program. The
peaks obtained from the experiment were compared with the
X-ray diffraction (XRD) peaks in the program database.
2.2.3. Adsorption Experiment. Factors affecting the

adsorption process, which include the initial concentration of
the MB dye, solution pH, CNC/ZnO dosage, and temperature,
were examined in a batch system. Initially, the effect of solution
pH was explored between pH 2 and 10 by adjusting a 100 mg/
L solution of MB using either NaOH (0.1 M) or HCl (0.1 M).
Thereafter, 0.1 g of the CNC/ZnO nanocomposite was added
to the prepared solution separately in 100 mL plastic bottles to
determine the optimum pH for the process. The bottles were
placed in a thermostatic bath shaker running at a speed of 200
rpm for 24 h. The samples were then filtered using Whatman
filter paper no. 42, and the filtrates were analyzed by UV−vis
spectroscopy to determine the residual concentration of MB.
The above procedure was repeated to determine the effect of
CNC/ZnO dosage, initial concentration, and temperature on
the amount of MB adsorbed. The effect of the initial
concentration of MB was investigated between 5 and 100
mg/L, and the CNC/ZnO dosage was explored by varying the
mass from 0.01 to 0.3 g. The percentage removal of MB
(efficiency), Rt, was calculated using eq 1, while the amount of
MB adsorbed at equilibrium, qe, was calculated using eq 2:

=
−

·R
C C

C
100t

o e

o (1)

=
−

·q
C C

m
Ve

o e
(2)

where Co and Ce are the initial and equilibrium concentrations
(mg/L) of MB, respectively, qe is the adsorption capacity at
equilibrium (mg/g), v is the volume (L) of solution, and m is
the mass (g) of the nanocomposite.
Meanwhile, sorption kinetic experiments were conducted

using a batch reactor operated at a stirring speed of 300 rpm
and a temperature of 25 °C. In the kinetic experiments, 2 g of
the CNC/Zn nanocomposite was added to the reactor
containing 1 L of MB synthetic wastewater. Effects of the
initial concentration of MB were explored between 50 and 150
mg/L. At 5 min time interval, 10 mL of aliquots was withdrawn
from the reaction using a syringe. Each sample was
immediately filtered using a Whatman filter paper no. 42,
and the filtrates were analyzed by UV−vis spectroscopy at a
wavelength of 605.1 nm. The amount of MB removed at any
given time was calculated using the expression below:

=
−

q
C C

m
Vt

t
o

(3)

where qt is the time-dependent amount of MB adsorbed per
unit mass of adsorbent and Ct is the concentration of MB at
any time t. All the adsorption experiments were conducted in
triplicate, and the average values are reported. Desorption of
MB from the surface of the spent adsorbent was also
investigated using three different eluents including deionized
water, NaCl, and HCl. The dried spent CNC/ZnO was
dispersed in these eluents separately, and the mixtures were
placed in a thermostatic bath shaker operated at 160 rpm and
at 25 °C for 24 h. Thereafter, the desorbed solution was
analyzed and the cyclic adsorption−desorption was performed
four times to establish the reusability of the adsorbent.

3. RESULTS AND DISCUSSION
3.1. Sample Characterization. 3.1.1. X-ray Diffraction

(XRD) Analysis. X-ray diffraction analyses of pristine CNC, raw
CNC/ZnO nanocomposite, and spent CNC/ZnO nano-
composite displayed peaks associated with crystalline cellulose
at 2θ = 15 and 22.5° (C60H88O8 and C2H192N64O16), which
were assigned to the 1α and 1β phases of cellulose,32

respectively, as presented in Figure 2. Upon the incorporation

of ZnO into cellulose, some broad peaks appeared at 2θ = 30.1,
35.2, 48.3, and 72°, which are the (100), (002), (102), and
(201) lattice planes of hexagonal wurtzite ZnO, respectively.33

The standard JCPDS pattern for ZnO used is 036-1451, while
for the extracted cellulose nanocrystals, the JCPDS number is
00-050-22411. This confirmed the nanocomposite formation.
Also, a narrow peak appeared around 2θ = 25.1°, indicating the
presence of sodium hydroxide, which was used as a solvent in
the synthesis of the nanocomposite. The disappearance of
peaks associated with C54H72O12 from the diffraction pattern of
the spent CNC/ZnO nanocomposite occurred, suggesting the
involvement of this phase in the process of MB adsorption
onto the nanocomposite.34

3.1.2. Fourier Transforms Infrared (FT-IR) Spectroscopy.
FT-IR analyses were carried out to identify the associated
functional groups of pristine CNC, raw CNC/ZnO nano-
composite, and spent CNC/ZnO nanocomposite. The spectra
were recorded in the range of 400−4000 cm−1 and are

Figure 2. X-ray diffraction patterns of pristine CNC, raw CNC/ZnO
nanocomposite, and spent CNC/ZnO nanocomposite.
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presented in Figure 3. The spectra of the raw and spent CNC/
ZnO nanocomposite showed a peak between 3286 and 3486

cm−1 attributed to the O−H stretching vibration. The intensity
of this vibration was reduced after incorporating ZnO into
cellulose, which indicated the involvement of the oxygen atom
in the bonding interaction with ZnO resulting in the
weakening of the O−H bond strength. The intermolecular
hydrogen bonds in pristine CNC enhance its reactivity when
participating in a chemical reaction. A band peak around 1000
cm−1 was ascribed to the stretching vibration of C−O, while
the peak at 1435 cm−1 is attributed to the CH2 vibration and it
is regarded as a crystallinity band in any cellulosic material; the
frequency of vibration of this peak becomes smaller in the

spent adsorbent, suggesting the entrapment of MB onto the
surface. The absorption peak around 2920 cm−1, which
corresponds to the C−H vibration of sp3-hybridized carbon,
disappeared upon nanocomposite formation and after
adsorption.19 The intensity of this peak was found to decrease
with ZnO loading, which could be an indication for the
presence of ZnO within the lattice of CNC. A similar
observation has been reported in a study involving cellulose-
based nanocomposites.32,33

3.1.3. Scanning Electron Microscopy Analysis. The details
of the morphological properties of pristine CNC have been
extensively reported in our previous study.19 The material
exhibited particles of similar length and width, however not
very dense. An increase in the density of the material could be
observed upon the formation of the nanocomposite, which was
due to the presence of zinc oxide nanoparticles as shown in
Figure 4A,B. The micrograph of the raw CNC/ZnO
nanocomposite displayed a spherical shape with a rough
surface Figure 4B. The fibers appeared to be swelled up with
an increase in diameter, which is obviously due to the presence
of ZnO nanoparticles on the surface of the material.
Furthermore, the micrographs of the raw and spent CNC/
ZnO nanocomposite confirmed the incorporation of ZnO
nanocrystals on the CNC matrices (Figure 4B,C). This could
be inferred from the agglomeration observed in the micrograph
upon nanocomposite formation and after the adsorption
process. The observed agglomeration could be as a result of
the weak forces between the particles.35 An increase in
agglomeration could also be noticed in the SEM micrograph of
the spent nanocomposite, and this might be due to the increase
in the moisture content as a result of dye molecules attached. A
similar observation has been reported in nanocomposite
formation involving ZnO.36,37

Figure 3. FT-IR spectra of pristine CNC, raw CNC/ZnO
nanocomposite, and spent CNC/ZnO nanocomposite.

Figure 4. SEM images of (A) pristine CNC, (B) raw CNC/ZnO nanocomposite, and (C) spent CNC/ZnO nanocomposite.
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3.2. Adsorption Studies. 3.2.1. Effect of Dye Solution
pH. Solution pH is a very important factor that affects the ionic
species of both the adsorbate and adsorbent. The effect of the
solution pH was investigated in the range of pH 2 to 10, as
summarized in Figure 5. MB usually exists in two forms: one

characterized with positive charges, which is predominant in
acidic medium, and the zwitterion species, which exists in
alkaline conditions.38 The experimental data obtained from the
pH control studies on the MB solution displayed little or no
removal of dye from pH 2 to 6. However, a slight increase in
the removal capacity was noticed in the alkaline region, and
this might be due to the presence of MB zwitterion species,
which usually exist in this range. A similar trend of increased
removal capacities with an increase in pH was observed when
both CNC and zinc oxide were used in their natural forms.
CNC can bind dye molecules strongly through the interaction
of the hydrogen bonding, the π−π interaction, and the
electrostatic interaction between the positive charge of the dye
and the negatively charged site of CNC.39 The ZnO
performance might be related to its photocatalytic potency
as a semiconductor, which absorbs light in the UV region of
the solar spectrum.40,41 Furthermore, the incorporation of zinc
oxide to the surface of CNC displayed improved performance
in the removal of the MB dye from pH 4.0 with a percentage
removal of 90%. At a low pH, the MB dye could enter into the
pores of the CNC/ZnO nanocomposite structure and become
less stable, which tends to enhance the removal efficiency of
MB.38 The formation of zwitterions species from MB solution
in water is also likely responsible for the higher removal in the
alkaline region.23,24

3.2.2. Effect of CNC/ZnO Nanocomposite Dosage. The
effect of adsorbent dosage on the removal of MB is shown in
Figure 6. The CNC/ZnO dosage was varied from 0.01 to 0.30
g. The results show an increase in the adsorption efficiency of
the CNC/ZnO nanocomposite with an increase in dosage.
This is obviously due to an increase in the adsorbent’s active
sites. A maximum adsorption percentage removal of 97.5% was
achieved with 0.15 g of the nanocomposite.

3.3. Adsorption Isotherms. The concept of the
adsorption process is usually described by the adsorption
isotherm. Temperature ranges from 25 to 45 °C were explored
to determine the relationship between the equilibrium
concentration (Ce) of the adsorbate (dye) and the adsorption
capacity (qe) of the adsorbent (CNC/Zn nanocomposite)
(Figure 7).42 As such, a direct relationship is observed between

the temperature and the MB removal efficiency, and this might
be due to the temperature-induced increase in the rate of
diffusion of MB across the external boundary layer and into the
internal pores of the nanocomposite. The data obtained from
sorption equilibrium were then used to describe the interaction
between adsorbate and the adsorbent. For this purpose, two
common adsorption equilibrium models including Langmuir
and Freundlich isotherm models were adopted.
The Langmuir isotherm model assumes that the adsorption

occurs at specific binding sites localized on the homogeneous
surface of the adsorbent, which could only be covered by single
or monolayer. Thus, all adsorption sites are considered
equivalent and identical. On the other hand, the Freundlich
adsorption model is used to explain the multilayer adsorption

Figure 5. Effects of solution pH on MB removal from aqueous
solution (dosage: 0.1 g, initial conc.: 100 mg/L, volume: 50 mL, and
temp.: 25 °C)

Figure 6. Effects of CNC/ZnO nanocomposite dosage on MB
removal from aqueous solution (initial conc.: 100 mg/L, volume: 50
mL, and temp: 25 °C).

Figure 7. Adsorption equilibrium isotherms of MB onto the modified
CNC/ZnO nanocomposite.
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on the surface of adsorbent in a non-uniform manner.43 The
linear form of the Langmuir and Freundlich equations is
presented in eqs 4 and 5, respectively:

= +
C
q

C
q k q

1e

e

e

m L m (4)

= +q k
n

Cln ln
1

lne F e (5)

where Ce is the equilibrium concentration of the MB dye (mg/
L), qe is the amount of MB adsorbed on the adsorbent at the
equilibrium (mg/g), qm is the maximum adsorption capacity,
which describes a complete monolayer adsorption (mg/g), kL
is a Langmuir isotherm constant (L/mg) related to the free
energy of adsorption, and kF and n are the Freundlich
constants.
Figure 8a,b displays the linearized Langmuir and Freundlich

plots, respectively, for the adsorption of methylene blue onto
the CNC/ZnO nanocomposite. From these plots, the isotherm
parameters were obtained and are summarized in Table 1. It is

observed that, as the temperature is increased, the Langmuir
isotherm parameters also increase. For instance, the Langmuir
maximum adsorption capacity (qm) increased from 60.24 to
64.93 mg/g with an increase in temperature from 25 to 45 °C.
Similarly, the Freundlich isotherm parameters kF and 1/n
displayed the same trend as the temperature increased. From
the values of the correlation coefficients, the adsorption of MB
onto the CNC/ZnO nanocomposite is well described by the
Langmuir adsorption isotherm in the investigated temperature
range. Meanwhile, a comparison of the Langmuir capacity of
the CNC/ZnO nanocomposite with other biomaterials shows

that the capacity obtained in this study is quite competitive
(see Table 2).

3.4. Adsorption Kinetics. The competitive uptake
capacity of the CNC/ZnO nanocomposite obtained in the
equilibrium determination experiment prompted us to further
study the adsorption kinetic process. The experiments were
conducted using an initial concentration of MB in the range of
50−150 mg/L and using 2 g of CNC-nanocomposite in a liter
of MB solution. As shown in Figure 9, fast adsorption is
observed at the initial stage due to the availability of an ample
number of active sites, which then slowed down after 25 min in
the MB concentration range investigated. The time required
for the adsorption of MB to reach equilibrium using the CNC/
ZnO nanocomposite was found to be less than 2 h. This
indicates that the rate of the diffusion of adsorbate into the
CNC/ZnO nanocomposite pores is very rapid.49 To further
investigate the adsorption phenomenon, kinetic models,
pseudo-first-order (eq 6) and pseudo-second-order (eq 7)
models, were employed and the obtained parameters are
summarized in Table 3:

Figure 8. Fitting of adsorption isotherm models: (a) Langmuir isotherm model. (b) Freundlich isotherm model.

Table 1. Summary of Equilibrium Isotherms Parameters of
MB Sorption onto the CNC/ZnO Nanocomposite

Langmuir isotherm parameters
Freundlich isotherm

parameters

temperature
(°C)

qm
(mg/g) b (L/mg) R2

kF
(L/g) 1/n R2

25 60.24 5.283 0.998 3.67 0.66 0.8968
35 62.10 6.016 0.999 5.336 0.61 0.9176
45 64.93 22.39 0.999 6.203 0.60 0.8887

Table 2. Comparison of Uptake Values between the CNC/
ZnO Nanocomposite and Different Adsorbents in
Methylene Blue Removal

adsorbent product
MB

treated
time
(min)

temp.
(°C)

qm
(mg/g) references

CNC/ZnO
nanocomposite

MB 1440 45 64.93* this study

β-cyclodextrin−chitosan
nanoparticles

MB 50 30 2.78 44

Celite-sodium alginate
bio-polymer

MB 120 60 7.5 45

λ-carrageenan-calcium
phosphate-sodium
alginate biopolymer

MB 120 60 6.8 45

carboxyl methylcellulose-
sodium alginate
biopolymer

MB 120 60 6.5 45

Moroccan cactus
(Natural (NC))

MB 60 25 3.44 46

dried cactus (DC) MB 60 25 14.04 46
sago waste (Metroxylon
spp.)

MB 2880 25 36.6 47

sugar scum MB 600 25 24.52 48
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tlog( ) log
2.303te e

1
(6)
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q k q q

t
1 1

t 2 e e (7)

where qe and qt are the adsorption capacity (mg/g) of the
solute at equilibrium and at time t (min), respectively, k1
(min−1) and k2 (g/mg·min) are the rate constants of the
pseudo-first-order and pseudo-second-order adsorption, re-
spectively.
From Table 3, it is seen that the pseudo-second-order model

describes the kinetics of MB adsorption onto the CNC/ZnO
nanocomposite. The linear regression values obtained using
this model gave a higher correlation coefficient (R2) of >0.99
compared to the pseudo-first-order model.
The fit to pseudo-second-order is also illustrated in Figure

9b wherein linear curves are observed further, confirming the
applicability of the model to describe the adsorption process.
The fact that the adsorption process follows the pseudo-
second-order model may suggest that the MB interaction with
adsorption sites was chemical in nature. Given the nature of
the scale used in the linearized form of the pseudo-second-
order model, it was suggested that chemical adsorption
contributed to maximum MB adsorption from simulated
water. To confirm this, the early stage of kinetic experimental
data was also modeled with pseudo-second-order kinetics
(Figure 9b1). In light of this evidence, adsorption kinetics of
MB onto the CNC/ZnO nanocomposite is mainly diffusion-
based mechanisms whereby different adsorption sites on a
homogeneous solid substrate randomly collide with each other
and diffuses through the adsorbent pore size during a rate-
limiting mechanistic step.50

3.5. Thermodynamic Study. Thermodynamic study
provides further information about the adsorption mechanism
of CNC/ZnO on MB; therefore, temperature ranges of 298−
338 K were investigated. All the thermodynamic parameters

such as enthalpy (ΔH), entropy change (ΔS), and the
standard Gibbs free energy (ΔG) were calculated from the
van’t Hoff equation demonstrated the dependence of
equilibrium constant on temperature as follows:

= − Δ + Δ
K

H
RT

S
R

ln d (8)

Δ = −G RTKd (9)

where T (K) is the temperature in Kelvin and R (8.314 J/mol·
K) is the universal gas constant.
Thermodynamic parameters presented in Table 4 shows the

positive value of enthalpy ΔH°, which confirmed that the

adsorption of MB onto CNC/ZnO was endothermic in nature,
while the positive value of ΔS° indicated that the randomness
at the solid/solution interface increased. This was due to the
fact that the water molecules that were displaced by the
adsorbate species gained more transitional energy than was lost
by the adsorbate ions.51 The negative values of ΔG° indicated
that the adsorption mechanism of MB onto the CNC/ZnO
nanocomposite was a favorable spontaneous process. Accord-
ing to some studies,52,53 a value of enthalpy ΔH° < 84 kJ/mol
represents physisorption while the values between 84 and 420
kJ/mol are considered to be chemisorption. Therefore, it is an
indication that the interaction mechanism for the sorption of
MB onto CNC/ZnO could be chemical interaction.

3.6. Adsorption−Desorption Studies. The adsorption−
desorption experiments were investigated to establish the

Figure 9. (a) Adsorption kinetics for MB onto the CNC/ZnO nanocomposite at different concentrations (dosage: 2 g, volume: 50 mL). (b)
Pseudo-second-order model and (b1) pseudo-second order model for early-stage kinetic data.

Table 3. Kinetic Parameters for MB onto the CNC/ZnO Nanocomposite

pseudo-first-order model parameter pseudo-second-order model parameter

Co (mg/L) a (g/mg·min) b × 10−3 (mg/g) R2 qe (mg/g) k2 × 10−3 (g/mg·min) R2

50 1.03 1.26 0.912 17.153 0.007 0.999
100 2.95 1.78 0.921 32.68 0.002 0.999
150 10.08 1.95 0.943 59.17 0.001 0.994

Table 4. Thermodynamic Parameters for MB Sorption onto
CNC/ZnO

temp (°C) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol·K)

25 −263.9 166.9 48.86
35 330.6
45 393.7
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adsorbent economic viability and also to eradicate the
secondary pollution that might occur via the disposal of
spent CNC/ZnO composites. Three different eluents were
utilized for desorption preliminary studies; however, the 2.5 M
sodium chloride solution was found to be more efficient.
Therefore, this concentration was chosen for the subsequent
desorption process. The adsorption−desorption procedure was
repeated four times, and the percentage desorption efficiency
for each cycle was determined using eq 10 as follows:

=%desorption efficiency
released MB concentration

initial adsorbed MB
(10)

The adsorption−desorption results are presented in Figure
10. From the graph, a decrease in the adsorption and

desorption efficiencies could be noticed in each operation
cycle. In each cycle, the adsorption efficiency was higher than
that of desorption, thereby indicating that the recovered CNC/
ZnO still possessed a high adsorption capacity even after four
cycles of desorption−adsorption.
Consequently, only 50% reduction in adsorption percentage

was observed after the fourth cycle. This thus confirmed that
not all active sites were released during the desorption step,
causing the adsorbent to lose its activity. The decrease in
desorption efficiency in each cycle was a manifestation of the
strong bonds formed between the adsorbing MB and active
sites. In addition, the subsequent loss in adsorbent mass and
the dissolution of CNC/ZnO could also affect the adsorption
mechanisms between MB and the composite.54 Overall, the
competitive result obtained in this study is an indication that
the CNC/ZnO nanocomposite could be reused efficiently with
less loss of capacity. Similar observations were reported in the
adsorption−desorption of reactive dyes.55

4. CONCLUSIONS
In this study, the sawdust-derived CNC/ZnO nanocomposite
was successfully synthesized, characterized and utilized for the
adsorption of MB from simulated water. Physicochemical
properties of the raw CNC, CNC/ZnO nanocomposite, and
spent CNC/ZnO nanocomposite were analyzed using the
appropriate analytical techniques. Indeed, the CNC/ZnO
nanocomposite exhibited high removal of MB compared to
raw CNC and ZnO in their natural form. The adsorption of

MB onto CNC/ZnO occurred at specific homogeneous
binding sites, which could only be covered by single or
monolayer, thus conformed to the Langmuir isotherm model.
Fast adsorption at the initial stage was also observed from
kinetic results, which are attributed to the availability of an
ample number of active sites. The kinetic experimental data
conformed to the pseudo-second-order model, with a high
correlation coefficient of 0.999 in all cases. Overall, the CNC/
ZnO nanocomposite has been proven as an efficient and eco-
friendly adsorbent, which could be useful in the remediation of
water from dye pollution.
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