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ORIGINAL STUDY
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ABSTRACT

This research utilized a carbonization procedure via microwave irradiation assisted by H3PO4 to generate a cost-
effective adsorbent (CWDAG) from wood dust (WD) and algal (AG) biomass. The resulting CWDAG adsorbent was
characterized for its methylene blue (MB) dye adsorption properties. The activation process employs 800 W microwave
radiation for 15 min under a nitrogen gas (99.99%) atmosphere. Multiple techniques were employed to study the
physicochemical properties of CWDAG, such as FTIR, XRD, FSEM-EDX, pHp,., and BET. Box-Behnken design (BBD)
was employed to optimize the three important parameters of adsorption, as follows: A: CWDAG dosage (0.02-0.12 g),
B: pH (4-10), and C: contact time (30-420) min. BBD results show the highest removal of MB (98.6%) was met with a
contact period of 225 min, a dosage of 0.12 g/100 mL of CWDAG at pH 10. Analysis of the kinetic profiles show that MB
adsorption onto CWDAG occurred via a pseudo-second order (PSO) model. Adsorption isotherm analysis at equilibrium
confirm that the Freundlich and Langmuir isotherm models fit the equilibrium data with similar goodness-of-fit results.
Based on the Langmuir model, the maximum adsorption capacity (qmax) of CWDAG for MB is 32.3 mg/g. The possible
mechanism of MB adsorption on the CWDAG surface include several contributions such as 7—n stacking, H-bonding
electrostatic forces, and pore filling.

Keywords: Wood dust, Algae, Microwave, Carbonization, Methylene blue, H;PO,

1. Introduction

The pollution of water by pharmaceuticals, heavy
metals, organic dyes, and pesticides that originate
from industrial waste can harm the environment.
These emissions can be attributed to various indus-
trial sectors (e.g., food, antiseptics, plastics, textiles,
cosmetics, leather, and paper), which can negatively

impact aquatic habitats [1]. Among these contami-
nants, methylene blue (MB) dye is a carcinogenic,
highly toxic, and recalcitrant pollutant that poses
a risk to human health and aquatic life. Small
amounts of such synthetic dyes in freshwater environ-
ments can harm aquatic life and food chains [2-7].
To reduce the adverse effect of water contamina-
tion with such mutagenic and carcinogenic organic
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dyes [5-7] requires the treatment of wastewater be-
fore discharge into freshwater sources. A variety of
techniques is generally utilized to remove organic
dyes from wastewater, which includes photocataly-
sis [8], adsorption [9], coagulation/flocculation [10],
ion exchange [11], and electrochemical degrada-
tion [12]. Secondary waste, infrastructure cost, or
technical difficulty presents limitations for many
treatment methods. By contrast, the adsorption tech-
nique is recognized as a highly effective approach
for separating chemical contaminants from water.
This is attributed to some exceptional features of
adsorption that includes resistance to contaminants,
capacity to be reused, minimal waste generation, af-
fordability, and high efficacy [13]. Selection of an
appropriate adsorbent is vital for ensuring the effi-
cacy of the adsorption process. An optimal adsorbent
should possess high contaminant removal efficiency,
widespread accessibility, affordability and technical
feasibility, especially for rural regions. Various agri-
cultural by-products are suitable as raw materials to
produce absorbent materials. These include Phoenix
dactylifera stones [14], maize cob [15], palm kernel
shell and coconut [16], waste palm-oil shells [17],
cashew nutshell [18], Citrus limon wood [19], and
coconut shell [20].

Wood dust (WD) is a biomass with porous fea-
tures generated from wood production. In 2020,
worldwide production of wood dust reached over 38
billion tonnes. In the past, WD was often burned
and disposed of in landfills, resulting in various en-
vironmental issues, including the inefficient use of
resources [21-23]. More recently, the recycling and
reutilization of WD has attracted significant inter-
est due to its renewable nature, biodegradability,
and hydrophilic properties. The presence of several
functional groups, including -COOH and -OH serve
as active adsorption sites for chemical species with
compatible functionality. The hydrophilic group in
WD support its capability for the adsorption of heavy
metal ions and dyes [24]. WD can be readily con-
verted into a carbonaceous adsorbent to remove dyes
from water [25]. Employing non-conventional adsor-
bents such as wood dust is a promising alternative
biomass source for traditional physical treatment of
wastewater, owing to its distinctive physico-chemical
properties [26]. Various studies have specifically ex-
amined the adsorption process for various dyes (e.g.,
acidic, basic, reactive, and metal complex dyes) onto
wood dust for different types of biomass such as beech
and oak [27, 28].

Multiple studies have shown that algae (AG)
biomass is highly effective at removal of organic dyes
and heavy metals from aqueous media [29-31]. The
fibrous structure of AG and its amorphous nature of
the embedded matrix of polysaccharides present in

the cell wall of algae offer highly efficient biosorption
capacity [32, 33]. This material was chosen for its
renewability, cost-effectiveness, consistent availabil-
ity throughout the year, tendency to adsorb diverse
substances, and large surface area [34]. The reactive
functional groups of AG include phosphate (-PO4~3),
amino (-NH,), hydroxyl (-OH), and carboxyl (-COOH)
moieties, which support binding of multiple kinds
of contaminants (organic and inorganic) via ion ex-
change and electrostatic interactions [35].

This study utilizes microwave irradiation due to its
notable advantages compared to furnace heating and
oven methods, including rapid heating, improved en-
ergy efficiency, and accurate energy input. As a result,
the cost of energy input and time is reduced, while
the output yield of carbonized products is increased
[36]. Chemical activators, such as ZnCl, [37], HySO4,
KCl [38], H3PO,4 [39], KOH [40], and Na,;CO3 [41].
These activators are key components that enhance
the adsorbent characteristics, which include the ac-
tive area, porosity, and surface area with a mesopore
structure. Consideration of the cost-effectiveness and
environmental impact of phosphoric acid (H3PO4)
provides merit for its utility as a chemical activator
[42, 43].

Thus, this research aims to create and examine
a carbonized absorbent (CWDAG) produced from
blended of wood dust (WD) and algae (AG) via mi-
crowave radiation and H3PO, as the activation agent.
The performance of CWDAG adsorption was analyzed
by examining its efficacy for MB dye removal. The
RSM-BBD was employed in this study to optimize
key adsorption parameters: CWDAG dosage, contact
time, and solution pH. An extensive analysis of the
adsorption mechanism was carried out to elucidate
the MB binding process onto CWDAG.

2. Materials and methods
2.1 Materials

A wood processing factory in Shah Alam, Malaysia
provided the wood dust (WD). R&M chemicals
in Malaysia provided the reagents used in this
study such as sodium chloride (NaCl), phosphoric
acid (H3PO,4), hydrochloric acid (HCI), hydroxide
(NaOH), and methylene blue (MB) with a MW of
319.86 g/mol, and a Ay of 661 nm. The algae
powder (AG) used in this study was received from
Shanghai Sinopharm Chemicals in China.

2.2. Preparation process of CWDAG
The wood dust (WD) biomass impurities were

removed by washing with hot filtered water. Then,
the samples of WD were dried for 24 h at 100 °C in an
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Fig. 1. Synthetic scheme for the preparation of CWDAG.

oven. The wood dust (WD) was transformed into uni-
formly sized (2 mm) particles by grinding and sieving,
followed by mixing with algae (AG). The weight ratio
of 1 ¢ WDAG was comprised of 50% WD and 50%
AG, which was used during activation by combining
2 g of H3PO,4 as the chemical activator [44]. The
microwave irradiation facilitated the carbonization
process as depicted in Fig. 1. The complete drying
of blended WDAG/H3PO, was done by heating for
24 h at 100 °C in an oven. Then, the WDAG/H3PO,4
was placed in a microwave oven (Samsung ME711K)
and irradiated for 15 min at 800 watts in an inert
environment of pure nitrogen (99.99%). The flow rate
(100 mL/min) flow rate was constant. The produced
CWDAG was then cleansed using distilled water until
a neutral pH level was reached. Afterward, CWDAG
was put in an oven at 100 °C for 24 h for the next
drying stage, and then sieved with a 250 xm mesh to

generate an homogeneous particle size. The powder
of CWDAG was stored in a sealed container for
future use.

2.3. Characterization

The phase of crystalline of CWDAG was investi-
gated with an X-ray polycrystal diffractometer (XRD)
in the range of 10° to 90°. The surface area and pore
volume of CWDAG was measured using BET anal-
ysis using (Micromeritics ASAP 2060). The surface
charge of CWDAG was calculated using the point of
zero charge (pHp,) technique [45]. The functional
group in CWDAG before and after MB adsorption
employed a Fourier transform infrared (FTIR) spec-
trometer (Perkin-Elmer, Spectrum RX I) over a fixed
spectral range of 4000-450 cm™1.
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Table 1. Codes and actual variables and their levels in BBD.

Codes Variables Level 1 (—1) Level 2 (0) Level 3 (+1)
A CWDAG dose 0.02 0.07 0.12
(g)/100 mL
B pH 4 7 10
C Time (min) 30 225 420

Table 2. Experimental matrix based on BBD approach for
the design of experiments and the corresponding response
(MB removal; %).

Dose Time MB removal

Run (g/100 mL) pH (min) (R; %)
1 0.02 4 225 13.3

2 0.12 4 225 51.5

3 0.02 10 225 35.5

4 0.12 10 225 98.6

5 0.02 7 30 4.1

6 0.12 7 30 41.3

7 0.02 7 420 34.9

8 0.12 7 420 96.7

9 0.07 4 30 23.3
10 0.07 10 30 34.3
11 0.07 4 420 44.5
12 0.07 10 420 95.1
13 0.07 7 225 38.6
14 0.07 7 225 34.5
15 0.07 7 225 46.1
16 0.07 7 225 38.1
17 0.07 7 225 41.4

2.4. Design of adsorption experiment

The adsorption experiment was constructed us-
ing RSM-BBD with three independent parameters
(CWDAG dosage, pH, and contact time). The design
of BBD was constructed with the software of Stat-Ease
Design Expert from Minneapolis, USA (version 13.0).
The three parameters code and level are shown in
Table 1. The analysis of MB dye removal was analyzed
statistically using a quadratic Eq. (1).

Y =8+ ZﬂiXi + Z BiaX? + Z Z BijXiX; €9)

Y is the anticipated percentage removal of MB. X;
and X; are the independent variables that have been
encoded. The term denoted by S, represents a specific
term, whereas 8;, B;;, and g;; represent the coefficients
for the linear, quadratic, and interaction terms of the
independent variables used as inputs. Table 2 displays
the output results after employing the BBD model in
seventeen experiments.

2.5. Batch of adsorption study
The CWDAG adsorption capacity and percent re-

moval of MB (R; %) were quantified to measure the
effectiveness of CWDAG adsorption. The optimization

Table 3. Physicochemical characteristics of CWDAG.

Parameters Value
BET Surface Area (m?/g) 25.1
Langmuir Surface Area (m?/g) 48.3
Pore Volume (cm3/g) 0.03
Average Pore Diameter (nm) 5.4

results were analyzed in Table 2, where the highest
removal of MB (98.6%) was reached under a con-
tact time of 225 min, 0.12 g of CWDAG, and pH
of 10. These conditions were adopted for the ad-
sorption investigation. The water bath shaker has a
constant temperature of 25°C and a fixed rate of mix-
ing (100 rpm) in the adsorption study. The optical
absorbance of MB dye was calculated using a HACH
DR 3900 spectrophotometer at various concentra-
tions, at a spectral wavelength (Apay) of 661 nm. The
study of MB dye removal used a MB dye concentration
of 50 mg/L with a fixed volume of 100 mL, which was
putin a 250 mL Erlenmeyer flask. Two kinetic models
(pseudo-first order; PFO and pseudo-second order;
PSO) and several equilibrium isotherm (Temkin,
Langmuir, and Freundlich) models evaluated the
experimental results. The adsorption profiles were
obtained by using a variable MB dye concentration
(20 to 250 mg/L) and time intervals (2 to 480 min).
The adsorption capacity and level of color removal
(%) were calculated by using Egs. (2) and (3).

(CO - Ce)

[

_ (Co - Ce) 14
qe = —w 3

R % = x 100 (2)

The dye removal (R; %) efficiency and the differ-
ence between the initial concentration (C,) and the
equilibrium concentration (C.) of MB is expressed in
milligrams per liter (mg/L). The value of R depends
on the adsorption capacity (g.) of CWDAG, expressed
as mg/g. The weight of CWDAG is represented by
W (g), whereas the volume of the MB solution is
denoted as V (L).

3. Results and discussion
3.1. Characterization of CWDAG

The CWDAG surface area significantly influence the
MB dye adsorption. Table 3 provides comprehensive
data on the surface area and pore structure
properties of CWDAG. The pore volume of CWDAG
is 0.03 cm®/g, and the surface area is 25.1 m?/g.
The utilization of the H3PO4 as an activator supports
the formation of pores. The use of H3PO, led to
the incorporation of different polyphosphoric acid
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Fig. 3. XRD pattern of the CWDAG adsorbent material.

species, ranging from small (H4P;0s) to large
(H13P11034) phosphoric compounds. This synthesis
yields a broader spectrum of pore sizes for CWDAG
[46]. The results in Table 3 show that the CWDAG has
a mesoporous structure characterized by an average
pore diameter (5.4 nm) that lies between 2.0 nm to 50
nm, according to the standardized IUPAC classifica-
tion [47]. Moreover, Fig. 2 depicts the N, adsorption
and desorption isotherms for the carbonized wood-
derived activated carbon (CWDAG). The isotherm
indicates that the mesoporous structure of CWDAG
has features of a typical Type-IV isotherm [47-49].
The BJH (Barrett, Joyner, Halenda) desorption profile

supports the presence of micro and mesopore sites in
CWDAG (refer to the inset in Fig. 2). As well, Fig. 2
displays a hysteresis loop categorized as H4, which
signifies the presence of mesopores in the CWDAG
system. The results suggest that the created CWDAG
exhibits porosity with a measurable pore volume and
a notable specific surface area. These results indicate
the presence of a significant quantity of active sites
that can effectively interact with MB dye molecules.

The phase structure of CWDAG was examined using
X-ray diffraction (XRD). Fig. 3 exhibits an XRD profile
of the CWDAG adsorbent, where two XRD bands at
20 = 15.9 and 22.4° signify the unique structure
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Fig. 4. FTIR spectral data: (a) CWDAG (before adsorption) and
(b) CWDAG-MB (after dye adsorption).

of crystalline cellulose [50, 51]. The distinct peak
observed at an angle of 24.6° [52] can determine the
detection of crystalline cellulose in conjunction with
AG. Additionally, Fig. 3 displays many peaks resulting
from the residual ash content in CWDAG [53].

The functional groups in both CWDAG and
CWDAG-MB were identified using FTIR spectral

C Mapping

C Mapping

analysis, as depicted in Fig. 4(a-b). Fig. 4(a)
illustrates the spectra of CWDAG, which shows
adsorption bands near 3450 cm~! related to the
bending vibrations of O-H bonds in hemicellulose,
pectin, cellulose, and lignin. The IR bands observed
at 2928 ecm~!, 2354 cm~!, 1630 cm™!, 1430 cm™ !,
1057 ecm™!, and 805 cm™!' correspond to specific
vibrational bands of chemical groupings: C-H,
alkyne (C=C), carbonyl C=0, C-N stretching, C-O-C
stretching, and O-P bond vibrations, respectively
[50, 54, 55]. The IR spectra of CWDAG exhibit
variable peak intensity, indicating surface structure
deterioration during the carbonization and thermal
activation process. The FTIR spectra of CWDAG after
MB adsorption reveal similar spectral features to
CWDAG but with noticeable changes in specific IR
bands. This trend reveals that the functional groups
present in CWDAG have a role in the adsorption of
MB.

The morphological characteristics and elemental
content of CWDAG and CWDAG-MB were determined
using an FSEM-EDX study. Fig. 5 displays scanning
electron microscopy (SEM) images of CWDAG and
CWDAG-MB at variable magnification (3.0k x and
5.0k x). The surface of CWDAG displays uneven,
variable, and rough texture, as evidenced in Fig
5(a-b). The EDX mapping results reveal that C, O, N,
and P are the main components of the CWDAG. The
phosphorus content demonstrates the integration
of AG into the CWDAG adsorbent structure. In
addition, the morphological features of the CWDAG
underwent considerable changes, becoming smoother
in appearance due to the adsorption of MB onto its
surface, as depicted in Fig. 5(c-d). Furthermore, EDX
mapping supports the existence (C, O, N, and P) com-
ponents in the CWDAG after the MB dye adsorption
process.

O Mapping N Mapping P Mapping

N Mapping

O Mapping P Mapping

Fig. 5. FSEM images and mapping of (a-b) CWDAG and (c-d) CWDAG-MB with 5.0 k magnification, along with EDX mapping, before and

after the dye adsorption process.
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Table 4. ANOVA test results for MB removal by CWDAG.

Source Sum of Squares df Mean Square F-value p-value Remark

Model 11692.73 9 1299.19 107.08 <0.0001 Significant
A-Dose 5015.01 1 5015.01 413.34 <0.0001 Significant
B-pH 2141.85 1 2141.85 176.53 <0.0001 Significant
C-Time 3536.40 1 3536.40 291.48 <0.0001 Significant

AB 155.00 1 155.00 12.78 0.0090 Significant

AC 151.29 1 151.29 12.47 0.0096 Significant

BC 392.04 1 392.04 32.31 0.0007 Significant

A? 25.64 1 25.64 2.11 0.1894 Not significant
B2 237.95 1 237.95 19.61 0.0030 Significant

c2 17.57 1 17.57 1.45 0.2680 Not significant
Residual 84.9 7 12.13

Lack of Fit 10.28 3 3.43 0.18 0.9024 Not significant
Pure Error 74.65 4 18.66

Cor total 11777.66 16

R? 0.9928

Adjusted R2  0.9761

3.2. Statistical model confirmation

The model accuracy in MB removal and the
suitability of the statistical data can be analyzed
using Analysis of variance (ANOVA). The findings
of ANOVA are presented in Table 4. According to
Table 4, the F-value = 107.08 with p-value < 0.0001
suggests that the model successfully demonstrates the
suitability of the model [56]. The strong agreement
between the experimental and calculated data was
indicated by the value of (R? = 0.99) [57, 58].
Typically, variables with a p-value higher than
0.05 are considered insignificant in relation to the
effectiveness of the MB dye removal and vice versa.
The terms A, B, C, AB, AC, BC, and B? in the MB
dye removal model displayed statistical significance,
whereas the remaining terms were insignificant.
Thus, the quadratic polynomial models of the
second order terms were derived by establishing a
correlation between the responses (MB dye removal,
%) and the tested components, as demonstrated in
Eq. (4).

MB removal (%) = +39.74 + 25.04A + 16.36B
+21.03C + 6.23AB + 6.15AC

+ 9.9BC + 7.52B2 &)

In addition, the model plots validate the method
used by examining the distribution of residuals, in-
cluding the relative agreement between the observed
and predicted values of MB dye removal. Fig. 6(a)
illustrates the expected probability of the residuals
for the models employed to eliminate the MB dye,
where a linear data alignment suggests a consistent
and uniformly distributed pattern. This alignment

also indicates that the residuals are independent [59].
Fig. 6(b) illustrates the link between the experimental
and theoretical values of MB dye removal. The robust
association observed for the actual responses (MB
dye removal) and the statistically expected values in
Fig. 6(b) provide compelling evidence of the statis-
tical validity of the models. Furthermore, Fig. 6(c)
illustrates the residuals concerning the run number
for MB dye removal. The data points in Fig. 6(c) ex-
hibit a random distribution near zero, which indicates
that the model is highly reliable and accurate. More-
over, the standard Box-Cox plot is used to confirm
the normal distribution of the data and identify the
appropriate power transformation needed to create a
normal distribution for the response data when it is
not normally distributed [60]. Based on the Box-Cox
plot as presented in Fig. 6(d), it was determined that
no transformation was required because the lambda
value was close to 1 [61].

3.3. Desirability function

A desirability test is performed to compare the
outcomes of experiments with the values of the pre-
diction obtained to assess the reliability of the applied
BBD model [62], as shown in Fig. 7. Fig. 7 also
demonstrates the effective condition for MB removal,
which requires 0.12 g/0.1 L. of CWDAG dosage, pH of
9-10, and a contact time of 249 min. The projected
result for CWDAG is 99%, while the experimental
results for the same condition with a desirability func-
tion show that the MB dye removal onto CWDAG
is 95%. The findings of this experiment reveal that
the values of predicted values and the experimental
results are nearly identical, confirming the reliability
of the BBD model.
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3.4. Dual parameter impact on the removal of MB
dye

The binary impact of CWDAG dosage vs pH at the
constant time (225 min) was displayed in Fig. 8(a)
(3D) and Fig. 8(b) (2D) plots. The results demon-
strate that the MB dye removal efficiency increased
as the dosage of CWDAG increased from 0.07 g to
0.12 g/0.1 L. This phenomenon correlated to the in-
crease of active site as the surface area increased
by the greater dosage of CWDAG. The 3D and 2D
plots (Fig. 8(c-d)) illustrate the effect of contact time
and pH on the MB removal at a constant adsorbent
dose of 0.12 g. The finding shows that alkaline media
(pH = 10) is the best condition for MB dye removal.
This finding is correlated with the pH,,. value of
CWDAG (pHp,e = 3.0), as indicated in Fig. 8(g).
Consequently, when the pH is below pH,, a positive
surface will occur on the surface of CWDAG [63].
The findings indicate that the CWDAG surface primar-
ily comprises negatively charged particles as the pH
exceeds 3.0, which favours MB dye adsorption. The
arrangement of the charged MB dye is controlled in a
liquid phase when the pH value exceeds the pK, (3.8)
for the dye [64]. (Eq. (5)) shows that electrostatic
interactions, at pH values greater than the pHp,. of
CWDAG and the pK, of MB.

CWDAG — O~ + MB" <> CWDAG — O ..."MB (5)

Furthermore, Fig. 8(e-f) demonstrates the impact
of different contact times and CWDAG doses on
the extent of MB elimination at a constant pH
of 7. Fig. 8(e-f) shows that the CWDAG displays
favourable dye removal as the contact time increases
from 225 to 420 min. This trend concurs with the
greater occupancy of the CWDAG’s active adsorption
sites.

3.5. Adsorption study

The adsorption study evaluated the effectiveness
of CWDAG adsorption properties with the influence
of variable dye concentration (20-250 mg/L) and
contact time (0-480 min) and is presented in Fig. 9.
The adsorption experiment utilized a stable pH of
10 at a constant dosage of CWDAG (0.1 g). The
finding of this study demonstrated the improvement
of CWDAF adsorption capacity (2.40 to 29.7 mg/g)
as the initial dye concentration increased from 20
to 250 mg/L. This condition yields a notable dye
concentration gradient, which enhances the dye
transport through the inner pores of the CWDAG to
the active adsorption sites [65].

3.6. Adsorption kinetics

The greater adsorptive removal of MB using
CWDAG is mainly based on the data obtained from
the kinetic analysis. Kinetic models, including the
PFO [66] and the PSO equations [67], which are
presented in Table 5, evaluated the experimental ad-
sorption isotherms. Table 6 details kinetic parameters
obtained, where the PSO model shows higher R? ver-
sus the PFO model. The calculated g, values obtained
by the PSO model was relatively close to the experi-
mentally obtained g, values. This trend supports that
the PSO model provides a favorable description of
the MB dye adsorption onto CWDAG, which provide
support for a chemisorption process [68].

3.7 Adsorption isotherm

The potential correlation between CWDAG and MB
dye molecules can be further investigated via anal-
ysis of the isotherms. Table 5 presents the formulae
for the three models, according to the Temkin [71],
Freundlich [70], and Langmuir [69] isotherms. The
isotherm profiles are displayed in Fig. 10, while
Table 7 lists the best-fit results for these isotherms.
The Freundlich and Langmuir isotherm models reveal
similar goodness-offit (R?> = 0.89-0.92) results for the
adsorption of MB based on its favorable R? value.
This validation indicates that MB can undergo mul-
tilayer adsorption onto heterogeneous surface sites of
CWDAG [72]. Table 8 compares the qu.x for CWDAG
with MB (32.3 mg/g) from this study, along with
results from selected literature studies. The synthe-
sized CWDAG adsorbent reveals a capacity to absorb
cationic dyes and favorable adsorption of cationic
dyes such as MB from wastewater.

3.8. Dye adsorption thermodynamics

The standard difference for several thermodynamic
variables, such as entropy (AS®), enthalpy (AH®), and
Gibbs free energy (AG’) were analyzed to explain the
adsorption process of MB onto CWDAG. The analysis
was conducted across a temperature range (303.15 K
to 333.15 K). The AG®, equilibrium constant (K4), and
van’t Hoff Equation was calculated using equations
Egs. (6) to (8) [81, 82].

AG° = —RT InK;, (6)
_ 4%

Ky = C. @

i, = A5 _AH ®

R RT
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Table 5. Kinetic and equilibrium adsorption isotherm models.

Models Formula Descriptions
Pseudo-first order (PFO) qr = qe(1 — e katy k1: pseudo-first-order rate constant (1/min)
2kot
Pseudo-second order (PSO) ¢q; = quiqut ko: pseudo-second-order rate constant (g/mg min)
ef\2
K;C
Langmuir Qe = % gm: monolayer capacity (mg/g)
+ Kite Ki: Langmuir constant (L/mg)
Freundlich qe = KpC,'/" Kp: Freundlich constant (mg/g) (L/mg)Y/™
n: adsorption intensity
RT
Temkin Qe = b—ln(KTCe) Kr: Temkin constant (L/mg)
T

br: Heat of adsorption (J/mol)

Table 6. PFO and PSO kinetic parameters for MB adsorption onto CWDAG.

PFO PSO

MB Concentration  ge exp- Qe cal ki1x10 e cal k2 %100

(mg/L) (mg/g) (mg/g) (1/min) R? (mg/g) (g/mgmin) R?
20 2.40 2.37 6.31 0.95 2.38 86.39 0.98
40 5.20 5.00 2.74 0.94 5.12 10.60 0.98
60 7.17 7.19 0.97 0.96 7.54 1.73 0.97
80 9.44 9.23 1.10 0.94 9.62 1.72 0.97
100 10.3 9.75 0.31 0.86 10.4 0.51 0.93
150 15.4 14.9 0.26 0.92 16.7 0.18 0.95
200 19.9 18.4 0.19 0.95 21.3 0.10 0.97
250 29.7 27.4 0.02 0.92 31.7 0.06 0.95

To estimate the accompanying thermodynamic
values (AH’ and AS°), a plot of the natural logarithm
of Ky vs inverse temperature (1/T) was constructed
in Fig. 11. The slope of the resulting van’t Hoff
plot corresponds to AH°, whereas the y-intercept
represents AS°. According to Table 9, the negative
value of AG° indicates a favourable adsorption
process of MB onto the CWDAG. The endothermic
nature of the MB adsorption by CWDAG was verified
by the value of AH® (+177.3 kJ/mol) [83]. The

positive value for AS® (0.60 kJ/mol K) indicates a
greater randomness at the adsorbent interface upon
MB adsorption onto the CWDAG surface.

3.9. Adsorption mechanism of MB by CWDAG

A previous study showed that MB and CWDAG’s in-
teraction mechanism involved several contributions,
which includes hydrogen bonding, pore-filling, w-m
and electrostatic interactions [84]. Fig. 12 illustrates
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Table 7. Isotherm model parameters for MB removal

via CWDAG.

Adsorption isotherm  Parameter Value

Langmuir Jmax (Mg/g) 32.3
K, (L/mg) 8.11
R? 0.89

Freundlich K; (mg/g) (L/mg)'/™  29.7
n 2.78
R? 0.92

Temkin Kr (L/mg) 184.4
bt (J/mol) 487.9
R? 0.78

several contributions to the interaction mechanism
between MB and CDWAG. The BET and SEM find-
ings validated the pore-filling process of MB onto
the mesopores of CDWAG, and the pore diameter

0.0032 0.0033 0.0034

LT (KD

by CWDAG (dose = 0.1 g/100 mL; pH = 10).

Table 8. Comparison of the adsorption capacity of CWDAG to-

wards MB with different adsorbents.

Amax
Adsorbents (mg/g) References
CWDAG 32.3 This study

Activated carbon derived from waste
orange and lemon peels

Silver nanoparticles loaded on activated
carbon

Carbon nanotube (CNT) incorporated
eucalyptus derived activated
carbon-based

Banana stem-based activated carbon

Bamboo waste activated carbon

Activated carbon from pineapple crown

Activated carbons from furfural residues

Palm-based activated carbon-alginate
membrane

38 [73]
75.2 [74]
49.6 [75]
101 [76]
285 [77]
292 [78]
563 [79]
666 [80]
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Table 9. Thermodynamic parameters of MB dye adsorption onto
CWDAG.

AG’ AH° AS°
Temperature (K) Ky (kJ/mol) (kJ/mol) (J/mol.K)
298.15 272 -213
308.15 15.9 -8.15
318.15 3146 142 /73 060
328.15 14413 —20.2

of CDWAG (5.4 nm) possible to be occupied by the
MB dye (1.43 nm) [84]. Moreover, the electrostatic
attraction occurs based on the pH,,. (point of zero
charge) of CDWAG, where it carries a negative charge
in a medium at pH values above its pHy,., based on
the cation nature of MB. The other interaction that
contributes to the adsorption of MB onto CWDAG is
hydrogen bonding between the N-atoms of the MB
dye and H-atom sites of CWDAG. Lastly, the inter-
action of 7-m stacking is supported the favorable
affinity of MB onto the surface of CWDAG because of
donor-acceptor interactions between the arene struc-
ture of CWDAG and the aromatic MB dye.

4. Conclusion

The combination of wood dust (WD) and algae
(AG) was successfully converted into eco-friendly
mesoporous adsorbent (CWDAG) via microwave
radiation and assisted by H3PO, activation. The

impregnation ratio was 2 g of CWDAG per 1 mL of
H3PO4. The ANOVA analysis shows the reliability and
applicability of the developed model with F-value =
107.08 and p-value < 0.0001. Moreover, the dual
interaction of AB, AC, and BC is significant since the
p-value of this variable interaction is less than 0.05.
The equilibrium and kinetic analysis provides support
that adsorption of MB dye onto CWDAG involves
chemisorption onto a heterogeneous surface. The
latter related to comparable best fit results for the
Freundlich (R? = 0.92) and the Langmuir (R?> =
0.89) models. The Langmuir isotherm model enables
estimation of the gmq of CWDAG is (32.3 mg/g).
Several contributions were involved in the adsorption
process of MB dye onto CWDAG, including = —r stack-
ing, H-bonding, electrostatic forces, and pore filling.
The result of this research confirms the economic
feasibility and effective adsorbent properties of
CWDAG for removal of cationic dyes. Future appli-
cations include studies of this adsorption technology
to recover heavy metal ions, pesticides, phenolic
chemicals, and pharmaceuticals from wastewater.
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