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ABSTRACT

This study investigates the adsorption capacity and the kinetics of commercial waste wood
in the UK, used as solid fuel, in the removal of methylene blue (MB) dye from aqueous media.
The experiments were designed according to a fractional factorial design of experiment (DoE) frame-
work, that is, Taguchi DoE, enabling us to reveal the possible inter-parameter interactions and also to
pinpoint the optimum experimental envelopes via a statistically-systematic approach. The optimum
removal efficiency (i.e. 96.7%) was achieved with a solution pH = 5, an adsorbent dosage = 4 g/L,
an initial dye concentration = 0.015 g/L, and with a mixing speed of 30 rpm. The adsorption pro-
cess was found to be exothermic. The adsorbent was saturated after approximately 60 min, corre-
sponding to a maximum experimental adsorption capacity of 4.8 mg/g . . . The adsorption was
best described by Freundlich isotherm. The maximum theoretical monolayer adsorption capacity
was found to be 29.5 mg/g . . . The adsorption kinetics followed a pseudo-second-order model.
The dimensionless factor, R, indicated that the adsorption process was favorable. The results indi-
cate that the waste wood used in this study could be utilized as a low-cost and efficient adsorbent
for MB removal. However, further studies investigating the leaching behavior of this waste wood
are deemed to be of key importance before any large-scale application of this waste biomass stream.
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1. Introduction

Textile industries are well known for extreme water
pollution and inadequate solid waste management. Studies
have reported the presence of over 8,000 chemicals and
about 1.6 million L of water per day in fabric production
lines [1]. Wastewater streams generated in textile industries
contain toxic synthetic dyes that must be removed/diluted
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prior to disposal into the environment. These dyes would
leave adverse impacts on fragile ecosystems around the
industries and have been associated with serious environ-
mental problems [2]. Industrial dyes are typically classified
based on their particle charge upon dissolution in aqueous
solutions: anionic (direct, acidic, and reactive dyes), cat-
ionic (all basic dyes), and non-ionic (dispersed dyes) [3].
The intensity of colors associated with the basic dyes is very
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high, making them readily visible even in low concentra-
tions. These dyes are typically carcinogenic, mutagenic,
and/or teratogenic [4]. They can cause severe damage to
the human body, which is the kidney, reproductive system,
liver, brain, and the central nervous system [5]. Dye con-
tamination is linked to many types of cancer developments
in different organs including bladder, spleen, liver, and
normal aberrations in model organisms and chromosomal
deformities in mammalian cells. The typical dye concentra-
tion in textile wastewater processing effluent is between 10
to 200 mg/L [6].

Physicochemical, biochemical, bio-electrochemical, and
thermo-chemical techniques have been suggested in remov-
ing contaminants from wastewater coming from textile
industries [7]. The treatment has to be cost-effective. In order
to do this, the utilization of solid waste materials, for exam-
ple, biomass waste has been suggested. These could be good
alternatives to traditional (and relatively costly) adsorbents.
This is due to economic feasibility, simplicity of design, and
often, high removal efficiencies [8]. During the past decade,
there have been many reported on the use of organic adsor-
bents: almond shell, peanut husk, sesame hull, tea waste,
date pits, date stones, jackfruit peel, pomelo skin, oil palm
biodiesel solid residue, pistachio nutshell, pineapple peel,
orange peel, coconut shell, apricot stones, palm date seed,
wheat straw, rice straw, Foumanat tea, bamboo, sugarcane
bagasse, swede rape straw, cocoa shell, pistachio hull, peach
shell, sugar beet pulp, banana peel, peanut sticks wood,
coconut coir, walnut shell, ginger waste, white rice husk
ash, sour cherry stones, macauba seeds, pomegranate peel,
barley straw, pecan nutshells, apricot stones, water hya-
cinth leaves, garlic peel, mustard husk, potato peels, grape
stalk, mung bean husk, sunflower seed shells, soya stalks,
orange peels and corncob [9]. More recently, scientists have
grafted acrylamide and citric acid groups onto rice straws
to remove dyes [10]. As a result, the adsorption capacity
for methyl orange, methylene blue (MB), Cr,02" and Cu*
in the mixed system increased by 210%, 133%, 196%, and
151%, respectively. Other researchers have developed sor-
bents containing cyclodextrins and have reached pollutant
concentrations of <0.001-1 ug/L using cyclodextrin bead
polymer [11]. On the other hand, only a few studies have
focused on the optimization of the adsorption process itself.

Most of the literature is; however, centered on the
adaptation of a linear individual parametric model by
which the interaction among the experimental parameters
and their significance could potentially be overlooked. In
this study, we have employed a Robust (Taguchi) design
of experiment (DoE) to reveal the presence of any possi-
ble inter-parameter interactions and also to systematically
identify the significant variables affecting the efficiency of
the adsorption. In our previous paper [12], we successfully
studied the effects of pyrolysis conditions on the porous
structure of mesoporous carbon derived from used ciga-
rette filters using a full factorial DoE framework. However,
the application of Taguchi DoE in adsorption experiments
has been studied by only a few researchers as of today:
an experimental optimization for Cu removal from aque-
ous solution using neem leaves adopted the Taguchi
method [13]. The authors used Taguchi (L16) orthogonal
array to optimize the experimental conditions.

In this study, we have used a commercially available
waste wood as an adsorbent to remove MB from aqueous
solutions. Waste wood comes from different sources such
as demolition, wood processing and manufacturing, pal-
lets, wooden packaging, and municipal wood waste and can
pose environmental concerns and challenges upon its dis-
posal, for example, landfilling. At the same time, releasing
large amounts of industrial colored wastewater has created
biological problems [14]. Such polluted wastewaters eventu-
ally end up in the marine environment. Every year, over 10°
types of commercially-available dyes are being produced
[15]. The dyes in water are highly visible and undesirable.
Rapid growth in population and industrial productions
would result in large amounts of highly polluted water
resources carrying dyes and solid wastes. Their resistance
to degradation, adsorption, light, water, and oxidizing
agents demand more efficient removal methods. Various
removal processes including adsorption, coagulation, oxi-
dation, filtration, and ionizing radiation have been inves-
tigated. Adsorption, an effective method, has been long
used in removing dyes from wastewater. However, it can
be costly — depending on the adsorbent used. Waste wood,
a commercial solid waste used as solid fuel, has been stud-
ied in this work for its adsorption capacity of MB. We have
also investigated the adsorption kinetics and have revealed
any interactions among the experimental parameters
involved via a systematically-sound statistical approach.

2. Materials and methods
2.1. Preparation of the adsorbent

Waste wood pellets were supplied by Stobart Group,
(UK) which were then ground and sieved (mesh #50). The
supplied waste wood is typically used as fuel in power gen-
eration in the country. The particle size distribution of the
waste wood powder was measured on a Zetasizer Nano
series (Nano S) particle size analyzer. The porous area
of the waste wood was measured on a nitrogen adsorp-
tion—desorption machine (TriStar 3000 V6.07). The total
(micro + meso) and microporous surface areas were deter-
mined via Brunauer-Emmett-Teller (BET) and ¢-plot mod-
els, respectively. Pore size distribution was determined via
the Barrett-Joyner-Halenda (BJH) method, applied to the
adsorption branch of the nitrogen adsorption/desorption
isotherm. The proximate analysis of waste wood was done
on a thermogravimetric analyzer (TGA Q5000 V3.17 Build
265). The TGA was flushed with oxygen and/or nitrogen
throughout the runs. The gas flow rates were individually
controlled. A small amount of waste wood was transferred
onto an alumina crucible and then inside the TGA before
the test.

The surface functional groups of waste wood were
detected on Fourier-transform infrared spectroscopy
(FTIR) in the range of 600-4,000 cm™ (Perkin Elmer, USA).
The attenuated total reflection (ATR) method was used
to directly analyze the powder samples without the need
to mix the samples with KBr or any liquid paraffin. The
ATR method involved pressing the sample against a high-
refractive-index diamond prism and measuring the infra-
red spectrum using infrared light that was totally and
internally reflected in the prism.
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The surface morphology of the waste wood was studied
on a scanning electron microscope (SEM Zeiss SUPRA 35 VP).
An accelerating voltage of 10 kV in a highly-vacuumed envi-
ronment was applied. Prior to any analysis, the samples
were dried and were stored in a desiccator for 2 d. In the
SEM experiments, a small amount of sample was placed on a
small carbon tape and then placed on an aluminum platform.

2.2. Adsorbate

MB was purchased from Sigma-Aldrich (Germany) and
was used as an adsorbate as received without any further
purification.

2.3. Taguchi DoE and the equilibrium studies

Taguchi DoE was employed in order to optimize the exper-
imental parameters and reveal any inter-parameter interac-
tions among the experimental variables. The DoE framework
was developed using Minitab 18 software. Taguchi uses a
special design of orthogonal arrays to study the entire para-
metric space with a statistically-reduced number of exper-
iments. It employs a standard orthogonal array comprising
experimental variables each associated with a different level.

In our experiments, an orthogonal array was employed
using four experimental parameters (i.e. solution pH, dye
concentration (mg/L), adsorbent dosage (g/L) and mix-
ing speed (rpm)), each with four levels and combinations
in an equal number of occurrences to generate a balanced
DoE. The layout of the orthogonal array (L16 (4*)) com-
prises four operational variables, each studied at four levels
corresponding to a total number of sixteen experiments.

Four aqueous MB stock solutions (i.e. 0.005, 0.01, 0.015,
and 0.020 g/L) were prepared in 200 mL analytical flasks.

Table 1

25 mL of each dye solution was transferred into a beaker for
pH adjustment using NaOH (1 M) or HCl (1 M) solutions.
The pH value was recorded using an ultrabasic pH meter.
Different amounts of waste wood (i.e. 0.05, 0.1, 0.15, and
0.2 g) were prepared to a known weight (Denver M-220D
digital scale). The dye solutions were transferred into 40 mL
glass vials to mix with the adsorbent. Each vial was placed
on a rotator for continuous mixing until the equilibrium
was reached (i.e. 5 h). The solution was then centrifuged.
The absorbance of the supernatant liquids was measured
on a UV-1800 Shimadzu spectrophotometer (Japan) at a
wavelength of 664 nm (i.e. the wavelength corresponding
to the maximum absorbance observed). From the absor-
bance, the adsorption capacity and the dye percentage
removal were calculated using Egs. (1) and (2):

(C,-C )V

q.(mg/g)= (1)

C,-C

0 ~e 100 2
o x 2)

0

Removal(%) =

where g, is the amount of MB adsorbed by the waste wood
(mg/g), C, and C, are the initial and final dye concentra-
tions (mg/L), respectively; V is the volume of solution (L)
and m is the adsorbent dosage (g) [8].

Each experiment was run in triplicates and the mean
adsorbent capacity (g,) and the percentage removal (%) were
recorded (Table 1). Subsequently, the adsorbent capacity,
g, (mg/g), and the percentage removal (%) obtained from
the formulae above were fed back into the Taguchi table
on Minitab 18 for further analyses.

Calculated adsorbent capacity, removal percentage and the corresponding signal-to-noise based on Taguchi L16 orthogonal array
DoE (Mean 1 and Mean 2 are the S/N ratios for the two control factors)

pH Adsorbent Initial dye Round per Adsorption capacity Removal Mean 1 Mean 2
dosage (g/L) concentration (mg/L) Minute (RPM) g, (mg/g) (%)
3 2 5 25 2.347 93.88% 2.347 0.9388
3 4 10 30 2.422 96.89% 2422 0.9689
3 6 15 35 2.423 96.90% 2.423 0.9690
3 8 20 40 2.413 96.50% 2.413 0.9650
5 2 10 35 4.827 96.53% 4.827 0.9653
5 4 5 40 1.200 96.00% 1.200 0.9600
5 6 20 25 3.224 96.71% 3.224 0.9671
5 8 15 30 1.813 96.72% 1.813 0.9672
7 2 15 40 7.233 96.47% 7.233 0.9647
7 4 20 35 4.829 96.57% 4.829 0.9657
7 6 5 30 0.798 95.25% 0.798 0.9525
7 8 10 25 1.207 96.53% 1.207 0.9653
9 2 20 30 9.622 96.20% 9.622 0.9620
9 4 15 25 3.634 96.88% 3.634 0.9688
9 6 10 40 1.601 95.95% 1.601 0.9595
9 8 5 35 0.593 94.49% 0.593 0.9449
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3. Results and discussion
3.1. Characterization of the adsorbent

The adsorption isotherm (Fig. 1) is a type IV isotherm
according to the International Union of Pure and Applied
Chemistry classification, indicating the mesoporous nature
of the adsorbent. This type of isotherm is consistent with a
structure in which both open and blocked cylindrical meso-
pores can exist.

The BET surface area, BJH cumulative pore volume and
the average pore diameter of the waste wood were calcu-
lated to be 0.58 m?/g, 5.6 x 10 cm?/g and 63.9 nm, respec-
tively. Higher adsorption capacity is justified on the basis

of the higher average pore diameter of the waste wood.
As observed in similar studies, the adsorption was based on
a monolayer chemical adsorption mechanism in the single
pollutant system [10]. The dye particles are attached to the
adsorbent’s surface functional groups. These surface func-
tional groups have been identified and described in the
following sections.

The SEM images of the waste wood before and after
adsorption of dye are shown in Fig. 2. It can be seen that
before the adsorption, the surface of the waste wood is
smooth (Fig. 2a), while after the adsorption of MB, the sur-
face has become slightly coarser (Fig. 2b). This suggests
the presence of interaction and compatibility between MB
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Fig. 1. BET surface area plot for the waste wood used in this study.

Fig. 2. SEM images of the adsorbent surface (a) before and (b) after MB adsorption.
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molecules and the adsorbent surface, altering the surface
morphology upon surface adsorption.

Proximate analysis was done to find out the carbon,
moisture, volatile, and ash contents of the waste wood bio-
mass as shown in the TGA graph in Fig. 3. The sample was
heated in an inert nitrogen atmosphere from 323 to 383 k
and was kept at this temperature for 20 min in order to
eliminate the moisture content. Thereafter, the temperature
was raised to 873 k and the temperature was maintained
for 30 min. The weight loss percentage at this point was an
indication of the volatile matter present in the waste wood.
The temperature was then reduced to 872 k at which point
the weight dropped from 20% to 2% indicating the ash
content of the waste wood used in this work.

The adsorption capacity of the waste wood depends
on the nature and the interaction of the functional groups
accessible on the surface. These surface functional groups,
detected by an FTIR, are shown in Fig. 4. The FTIR spectrum
of the adsorbent shows broad bands at 3,326 cm™ due to the
OH stretch. The absorption band at 2,891 em™ is due to the
contribution from C-H stretching. The stretching vibration
at 1,595 cm™ is attributable to the presence of C=C bonds.
In addition, the infrared spectrum shows an absorption
band at 1,506 cm™, indicating the presence of aromatic rings.
The presence of Si-O linkage is confirmed by the peak at
1,025 cm™. After the adsorption process was complete, some
functional groups were seen to have shifted from their ini-
tial positions. The adsorption band at 3,326 cm™ shifted to
3,329 cm™ due to the presence of the adsorbed MB mole-
cules. The adsorption band at 2,891 cm™ also shifted to
2,898 cm™. These shifts were due to the new hydrogen bonding
(the hydroxyl groups). The big difference in the frequency band
was observed just after the aromatic region where before the
adsorption the stretching vibration occurred at 1,368 cm™.
After MB adsorption, the stretch moved to 1,330 em™.

411

3.2. Analysis of variance

In order to investigate the normal distribution of the
data, as a mandatory prerequisite to allow for the analysis
of variance (ANOVA) of the experimental data, the response
values must pass the normality test. The normality test
confirmed that the response data set was normal with a
p-value of 0.438 (i.e. >0.05) — affirming that ANOVA for this
data can now be safely performed.

3.2.1. Main effects plots

The main effects plots were produced on Minitab 18
and are shown in Fig. 5. The means for each value of a cat-
egorical variable is plotted against the experimental param-
eters. The plot shows that MB removal% is the highest at
pH = 5. The optimum adsorbent dosage is 4 g/L. The graph
also shows that MB removal% increases with an increase in
the initial MB concentration up to an initial concentration of
0.015 g/L, corresponding to a removal efficiency of 96.7%.
However, with a further increase in the initial MB concen-
tration to 0.020 g/L, the removal efficiency drops. This could
be mainly due to the saturation of the adsorption sites on
the adsorbent.

The sharp increase in the removal% with an increase in
the initial MB solution concentration can be due to the abun-
dance of dye molecules in the solution which may come in
contact with the surface functional groups of the adsorbent.

3.2.2. Interaction plot using ANOVA

On the main effect plots (Fig. 5), the effect of a single
independent variable on a dependent variable is revealed.
This, however, overlooks the potential interaction among the
independent variables. The interaction plots were generated
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Fig. 3. TGA graph produced as a result of the proximate analysis of the waste wood.
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in Minitab 18 and are shown in Fig. 6. Fig. 6 illustrates the
presence of strong interactions among the experimental
parameters and their effects on MB removal efficiency.

From the interaction plots, the highest MB removal% is
achieved with 4 g/L of adsorbent and an initial MB concen-
tration of 0.015 g/L as indicated by the green line in Fig. 6.
Also, a mixing speed of 30 rpm corresponds to the highest
removal%.

3.2.3. Surface plot for removal%

A predictive response surface plot is constructed based
on the principles of response surface methodology (RSM). It
is a 3-dimensional graph with the predictor values on the x
and y-axis and continuous surface representing the response
values (i.e. the dependent variable). Fig. 7 illustrates how MB
removal% varies as a function of the adsorbent dosage and
the initial dye concentration.

The RSM plot clearly identifies the optimum conditions
for maximum MB removal. The advantage of RSM is that it
can reduce the number of experimental trials and evaluate
the interactions between multiple parameters. The peaks on
the plot correspond with the highest MB removal % for adsor-
bent dosages of 4 and 6 g/L and initial dye concentrations
of 0.010 and 0.015 g/L. As expected, the lowest removal% is
observed at the lowest level of adsorbent dosage (2 g/L) and
an initial dye concentration of 0.005 g/L.

3.3. Effect of temperature on MB adsorption

The effect of temperature on the adsorption capacity and
the removal efficiency is shown in Fig. 8. It is seen that both
the adsorption capacity of the adsorbent and the removal %
drop with an increase in the temperature.

Fig. 8 shows that the adsorption process is exothermic
which can be due to a reduction in the adsorptive interac-
tions between the dye molecules and the active sites on the
adsorbent surface [16]. Adsorption reaction of MB onto pine-
apple leaf powder and clay were similarly found exothermic
in nature [17,18]. This can also be due to the tendency of the
MB molecules to escape from the surface of the solid phase
into the solution with an increase in the temperature [19].
Therefore, the lower the temperature, the more facilitated
the adsorption process becomes. Similar results have been
reported in the literature for malachite green [8] and MB [20].

3.4. Effect of contact time on MB adsorption (equilibrium and
kinetics studies)

Kinetics and equilibrium studies provide insights
into the actual feasibility of a large-scale process [21]. It is
observed that fast uptake of MB takes place during the initial
stages of the adsorption process after which the adsorption
rate gradually drops until it levels off where no more MB
molecules can be removed from the solution (i.e. the equilib-
rium/saturation point). Fast adsorption can be an indication
of sufficiently large specific surface areas, pore volumes,
and appropriate porous structures of the adsorbent [22]. The
fast adsorption of MB takes place within the first 5 min of
the experiment, corresponding to a removal of about 94% at
the end of this period (Fig. 9). After this phase, the adsorp-
tion rate significantly drops. The equilibrium is reached
after approximately 60 min, corresponding to a maximum
adsorption capacity of about 4.8 mg/g.

The higher initial adsorption rate is due to the availability
of the surface groups. These sites are gradually taken up by
MB molecules, leading to a reduction in the available sites
for the residual MB molecules in the solution. The adsorption
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Surface Plot of MB Removal (%) vs Adsorbent Dosage, Dye Concentration
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Fig. 7. Surface plot — removal % as a function of adsorbent dosage and initial MB concentration.
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Contact Time Studies
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Fig. 9. Effect of contact time on MB adsorption at 295 K.

process can, therefore, be divided into two phases: an ini-
tial high adsorption rate phase within the first 5 min (rapid
adsorption of dye molecules on the adsorbent surface), fol-
lowed by a second phase associated with a very slow adsorp-
tion rate, eventually leading to the saturation (equilibrium)
state. This is due to the fact that the remaining surface
groups are difficult to be occupied as a result of the repul-
sion between the solute molecules already adsorbed onto the
adsorbent’s surface and the ones in the bulk of the solution
[23]. Consequently, it is also observed that the higher the MB
concentration, the longer it takes for the equilibrium state to
be reached.

3.5. Adsorption isotherms

When the adsorbent and adsorbate are brought to and
remain in contact long enough, an equilibrium state is even-
tually reached between the amount of adsorbate adsorbed
and the amount of adsorbate present in the solution. The
equilibrium relationship is described by the adsorption iso-
therms. Adsorption isotherms provide information on the
nature of the interaction between the adsorbent and the
adsorbate and reveal the adsorption capacity of a partic-
ular adsorbent for a specific adsorbent. Among the many
available isotherm models in the literature, Langmuir and
Freundlich’s models are the most widely used to describe
adsorption isotherms [24] and have been, therefore,
employed to study the adsorption equilibrium in this work.

The Langmuir isotherm model assumes monolayer
adsorption of the species on the energetically-homogeneous
surface sites of the adsorbent. The Langmuir equation is
expressed as:

=l )
+K.C,

where g, is the equilibrium adsorption capacity obtained
from the experiment (mg/g), C, is the equilibrium concen-
tration of dye in solution (mg/L), g, is maximum adsorption
capacity obtained from the isotherm model (mg/g) and K is
isotherm constants for Langmuir (L/mg) [25].

Separation factor, R, can be also determined from the
Langmuir plot using the equation below:

R Tiee, @
L~0

where R/s numerical value indicates the type of adsorption
involved: irreversible (R, = 0), favourable (0 < R, < 1), linear
(R, =1) or unfavourable (R, >1). K, is the Langmuir constant
and C, is the initial MB dye concentration (ppm) [26].

The Freundlich adsorption isotherm model assumes
an energetically heterogeneous adsorption surface. The
Freundlich adsorption isotherm equation is as follows:
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n

where g, is the amount of adsorbate adsorbed at equilib-
rium (mg/g) and C, is the equilibrium concentration of the
MB. K is the Freundlich constant [(mg/g)(L/mg)""] and # is
adsorption intensity (a dimensionless quantity) known as
the heterogeneity factor [27]. The values of K, and n are cal-
culated from the intercept and the slope on the linear plot
of Ing, vs. InC, respectively. The adsorption process type is
determined from the parameter n: the process is linear when
n=1, chemical when n > 1, and physical when n <1 [28].

The adsorption equilibrium (g,) vs. the equilibrium con-
centration (C)) for the adsorption of MB onto waste wood
at 295 k has been presented in Fig. 10. Increasing the initial
concentration from 0.15 to 0.75 mg/L shows an increase in
the adsorption uptakes from 1.20 to 4.96 mg/g. The greater
adsorption uptake at higher initial concentration can be
linked to the higher concentration gradient that served as
a major driving force to support the adsorption process.
A drop in adsorption uptake was observed beyond the ini-
tial concentration of 0.68 mg/L which can be linked to the
saturation of adsorbent’s surface (due to the saturation of
the adsorption sites with the MB dye molecules).

The experimental results were fitted to the Langmuir
and Freundlich models as shown in Figs. 11 and 12,
respectively.

The best fit is determined from the calculated regression
coefficient, R% The equilibrium isotherm studies show that
the MB adsorption on waste wood is best represented by the
Freundlich isotherm model (Table 2).

The results obtained in this study were relatively com-
parable with similar studies in this field. Raw peach shell
particles were used to remove MB (at a pH of 5.5 and
295 K). The data were fitted to Langmuir and Freundlich
isotherm models, revealing R? values of 0.9830 and 0.9966,
respectively [29]. Using modified steel slag (at pH =7 and
293 K), R? values of 0.9943 and 0.9340 were obtained for
Langmuir and Freundlich isotherms model, respectively [30].
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Aqueous medium with lower pH levels (i.e. ~2) was found
to adversely impact the removal efficiency. This was linked
to the neutralization of free OH groups on the surface of
the adsorbent by bonding with H* from the acids used for
pH adjustment. It was found that at a pH of 5, particles are
adequately negatively charged to electrostatically attract
the positively charged MB cations. Moreover, the calcu-
lated separation factor, R, for the Langmuir isotherm was
calculated to be 0.256, 0.186, and 0.147 at initial dye con-
centrations of 10, 15, and 20 ppm, respectively, indicating
favorable adsorption (0 <R, <1).

A comparison of the maximum monolayer adsorption
capacity of MB onto various bio-sorbents is presented in
Table 3. Considering the preparation and the removal cost
and efficiency, waste wood showed to have great potential in
practical applications.

3.6. Adsorption kinetics

The dominant controlling mechanisms of the adsorp-
tion process, that is, chemical reaction and/or diffusion mass
transfer affect the nature and behavior of the kinetics models.
The kinetics of the adsorption determines the most suitable
operating conditions for a viable full-scale batch process. The
study of the adsorption kinetics reveals the solute uptake rate
by the adsorbent which dictates the residence time needed in
the design of an industrial-scale adsorption unit. The kinetics
of MB adsorption by waste wood in this study is analyzed
using pseudo-first- and second-order kinetic models (Figs. 13
and 14, respectively).

The pseudo-first-order model describes the adsorption
rate based on the adsorption capacity:

I(liL

Log(q, —q,)=Logg, - 303

(6)

where ¢, and g, (mg/g) are the adsorption capacity at time
t and at equilibrium, respectively, K, is the rate constant of
the pseudo-first-order adsorption (min™) and ¢ is the contact
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Fig. 10. Adsorption equilibrium (g,) vs. equilibrium concentration (C ) for the adsorption of MB onto waste wood at 295 K.
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Fig. 12. Freundlich isotherm model for MB adsorption at 295 K.
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time (min). Here K, and g, can be determined from the slope
and the intercept of the plot of log(g, — q,) vs. t [43]. The kinet-
ics data were also analyzed using the pseudo-second-order
model:

AN S 7)

9 ka4

where k, (g/(mg min)) is the rate constant of the second-order
adsorption model. The plot of t/g, vs. t shows a linear rela-
tionship that highlights the influence of time on the adsorp-
tion capacity. Values of k, and the equilibrium adsorption
capacity, g, are calculated from the intercept and the slope of
the plot t/q, vs. t, respectively.

From Table 4 and Figs. 13 and 14, it is understood that the
pseudo-second-order kinetics model can best describe the
adsorption of MB on waste wood used in this work. In addi-
tion, the pseudo-second-order model shows a higher adsorp-
tion capacity compared to the first-order kinetics model as
shown in Table 4. Noticeably, a pseudo-second-order kinetics
model has been found to be more suitable for data presen-
tation of MB removal using coconut husk [44], sugar beet
pulp [23], rejected tea [45] and apricot stones [46]. Due to the
good fitting of the second-order kinetic for the entire adsorp-
tion period, the adsorption is believed to be controlled via
chemisorption.

4. Conclusion
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considering the simultaneous interactions among all the
investigated operational variables (i.e. pH, MB concentra-
tion, adsorbent dosage and mixing speed). Each variable was
investigated at four different levels. We employed an orthog-
onal array with an L16 (4*) layout to design the experiments.
It was found that Taguchi provides a simple, systematic,
and efficient method in the optimization of the adsorption
experiment. The analyses of the Taguchi DoE revealed that
the optimum adsorption conditions were: pH = 5, adsor-
bent dosage = 4 g/L, initial dye concentration = 0.015 g/L
and RPM = 30. The adsorption process was found to be
exothermic. Kinetic experiments revealed that adsorption
of MB was initially very fast, followed by a slower phase
where equilibrium was eventually achieved. A consider-
able 94% MB removal was observed in the first 5 min of
the experiment with an average of around 96% removal
at equilibrium. Equilibrium data were best described by
the Freundlich isotherm model. The maximum monolayer
(theoretical) adsorption capacity was found to be 29.5 mg/g
at 295 K. The kinetic studies showed that the MB dye adsorp-
tion process followed a pseudo-second-order kinetic model
and that the adsorption was controlled by the chemisorption
process. Overall, the removal percentage of MB using this
specific waste wood biomass was found to be 96%.

Table 3
Comparison of maximum adsorption capacity values using
various bio-sorbents

This study investigated the feasibility of using com- Adsorbent q, (mg/g) Reference
merc1a.lly—ava11able waste wood as a low-cost acl'sorbent to Marine seaweed 503 [31]
remediate dye-contaminated water. The Taguchi DoE was .

1 .. . Rice husk 9.83 [32]
employed to optimize the experimental parameters affect-
ing MB adsorption using the commercial waste wood, Brown algae 14.97 [33]

Coconut coir 15.59 [34]
Banana peel 20.8 [35]
Table 2 Wheat shells 21.50 [36]
Isotherm model parameters for the removal of MB by waste Magnetic biochar 22.88 [24]
wood at 295 K Activated carbon 24 [37]
Rice hull 29.15 [38]
Isotherm model Isotherm parameters Lemon peel 29.0 39]
Langmuir q, (mg/g) K, R? Waste wood 29.5 In this study
295 K 295 0.291 0.8694 Carbon nanotube 45.66 [40]
Freundlich Kf [(mg/g)(L/mg)""] n R? Pean.ut husk 72.13 [41]
295 K 90.95 113 09998 _Garlicpeel 82.64 [42]
Table 4
Experimental adsorption capacity and kinetics parameters of MB adsorption by waste wood using the pseudo-first- and second-order
models
Experimental Pseudo-first-order Pseudo-second-order
Initial dye (g/L) q, q, K R? q, K, R?
0.005 1.20 0.0233 0.0120 0.5866 1.215 2.82 1
0.010 2.40 0.0194 0.0108 0.3958 2.434 4.00 1
0.015 3.61 0.0415 0.0187 0.6847 3.644 1.42 1
0.020 4.82 0.1292 0.0124 0.7890 4.83 0.53 1
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Fig. 13. Pseudo-first-order kinetics for the adsorption of MB by waste wood at 295 K.
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Fig. 14. Pseudo-second-order kinetics for the adsorption of MB by waste wood at 295 K.
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