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Abstract—Sulfonated pomegranate (Punica granatum) peel biochar (SPPBC) was developed via thermal activation
with sulfuric acid (H,SO,) to act as a promising biochar material for the adsorptive removal of toxic cationic dye
namely methylene blue (MB) dye from contaminated water. A Box-Behnken design (BBD) and numerical desirability
function were adopted to optimize the input adsorption variables (SPPBC dosage, temperature, pH, and contact time).
The maximum removal of the MB dye can be accomplished by simultaneous significant interaction between SPPBC
dosage with solution pH, SPPBC dosage with time, SPPBC dosage with temperature, solution pH with time, and time
with temperature. The numerical desirability function identified the highest MB dye removal (93.9%) can be achieved
at the following optimum numerical adsorption conditions: SPPBC dosage 0.18 g, temperature 49 °C, pH 9.7, and time
4.3 h. Equilibrium data were well fitted to the Temkin and Langmuir isotherm models. The maximum recorded
adsorption capacity of SPPBC for MB dye adsorption by using Langmuir isotherm model was 161.9 mg/g. This
research work reveals the possibility of converting lignocellulose pomegranate peel into a renewable and environment-
friendly biochar via a relatively fast acid-activation process with the great potential to be promising adsorbent for
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removal of MB dye.
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INTRODUCTION

The discharged synthetic organic dyes into water bodies have
been known to be one of the major causes of changes in odor, color,
taste, pH, and chemical oxygen demand (COD) [1]. Methylene
blue dye (MB) is commonly released from textiles, plastics, food,
cosmetics, leather, and pharmaceuticals industries [2]. MB dye can
cause serious health problems such as nausea, improper breathing,
vomiting, necrosis, gastritis, nausea symptoms diarrhea, and mental
confusion [3]. Different treatment methods that have been reported
for removing of synthetic dyes from wastewaters include photoca-
talysis [4], biological treatment [5], adsorption [6], and membrane
filtration [7]. Among various treatment methods, adsorption is an
easy and effective method for removing synthetic dyes because of
its simplicity in design, reusability of adsorbent, selectivity towards
water contaminants, and less operation cost [8].

Activated carbon (AC) is the most common adsorbent used to
remove various water/air pollutants in industrial processes, such as
drinking water purification, air purification, and wastewater treat-
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ment facilities [9]. However, the preparation of AC usually involves
high energy and cost consequences [10]. Moreover, unlimited non-
renewable materials such as petroleum coke, lignite, and coal have
been used as non-sustainable precursors for developing AC [11].
Therefore, research efforts have been shifted to find alternative
renewable and sustainable precursors and cost-effective preparation
method for producing carbon-based adsorbent materials. Biochar
(BC) is a solid carbonaceous material that presents itself as a promis-
ing alternative to commercial AC in various environmental tech-
nologies to remove pollutants from wastewater [12]. Production of
BC always involves several desirable outcomes, such as low opera-
tion cost, mild operation conditions, moderate activation tempera-
ture, availability of plenty functional groups on its surface, economic,
and environmental benefits [12].

Application of BC in industrial treatment facilities has some
drawbacks due to BC's low surface area and poor adsorption affin-
ity towards some organic pollutants or heavy metals [13]. The ad-
sorptive property of carbon-based adsorbents mainly depends on
surface area and surface group functionality or both. Several acti-
vation methods such as chemical surface modification (hydrother-
mal carbonization), high pyrolysis temperature, and gasification have
been applied to modify crude precursors for preparation of high
surface area AC [14]. Although pyrolysis method may improve the



1500

surface area property in terms of pore structure and specific sur-
face area, it leads to the decrease of AC surface functional groups
and consumes a high amount of electrical energy [15]. Another suc-
cessful alternative is the adsorbent surface functionalization method,
which offers various desirable adsorption active sites on the adsor-
bent surface for better affinity toward targeted pollutants [16].

In general, functionalized carbon-based materials have received
significant attention due to many desirable properties, such as high
selectivity of adsorbents towards a specific class of water contami-
nants, cost-effective preparation method, and high yield of prod-
ucts. The sulfonation process is a critical step of chemical activation,
which produces acid-rich sites on carbon-based materials [17-19].
In this regard, various sulfonation approaches have been reported,
which incdlude H,SO, acid [20], 4-benzenediazonium sulfonate [21],
sodium dodecylbenzene sulfonate (SDBS), and sodium dodecyl sul-
fate (SDS) [22]. Among these chemical activators, H,SO, acid is
one of the most efficient chemical activators for biomass materials
due to its exceptional features, such as introducing plenty of active
sites (e.g. -SO;H groups), cost-effectiveness, relatively low activation
temperature required to achieve the activation process, super oxi-
dation power, and the activation process can be accomplished in a
single step [23]. Moreover, sulfonated biochar has been success-
tully applied in various demanded applications, such as catalytic
reaction [17], biofuel production [24], and promising adsorbent
for various water contaminants [25-27].

Thus, this work aims to use pomegranate peel (PP) as a low-cost
precursor for producing sulfonated pomegranate peel biochar
(SPPBC) as a functionalized and selective adsorbent via thermal
activation with H,SO, acid. The adsorptive property of acidic SPPBC
adsorbent was evaluated to remove cationic MB dye using the
Response Surface Methodology-Box-Behnken design (RSM-BBD).
The RSM-BBD was used to optimize critical parameters such as
SPPBC dosage, solution pH, time, and temperature. The rate of
uptake or kinetics, thermodynamics, and mechanism of MB dye
by SPPBC will be discussed.

MATERIALS AND METHODS

1. Materials and Chemicals

The pomegranate peel (PP) was obtained from a market located
in Shah Alam, Malaysia. MB dye (99% purity, 4,,,=661 nm) and
concentrated (97% wiv) sulfuric acid (H,SO,) were purchased from
the R&M Chemicals, Malaysia. Ultra-pure water was used in the
preparation of reagents and working solutions.
2. Synthesis of SPPBC

PP was repeatedly rinsed with distilled water, dried in an oven
at 80 °C for 24 h, and ground and sieved to obtain the particle size

Table 1. Codes and actual variables and their levels in BBD
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of 250-500 pm. The activation process was done by mixing 1 g of
PP powder with 1 mL of H,SO, solution based on published pro-
cedure [19,23]. The blend was left in an oven at 110 °C for 24 h.
The final yield of SPPBC was washed with boiled water until neu-
tral solution pH reached. Then, SPPBC was dried in an oven for
24N at 100 °C, and finally it was ground to obtain a uniform parti-
cle size of 250 pm for additional applications.
3. SPPBC Characterization

The specific surface area of SPPBC was obtained from the Micro-
meritics ASAP 2060 surface analyzer by the application of the
Brunauer-Emmett-Teller (BET) equation. The scanning electron
microscopy images were characterized using a Zeiss Supra 40 VP
scanning electron microscope (SEM). The crystallinity and amor-
phous nature of SPPBC were examined by X-ray diffraction (XRD,
X'Pert PRO, PAnalytical) machine with a 26 range from 0 to 80°
using Cu-K, as the radiation source. The identification of the
functional groups was done by Fourier transform infrared (FTIR)
spectrophotometer (Perkin-Elmer, Spectrum RX I). The elemen-
tal composition of SPPBC was analyzed using the CHNS-O Ana-
lyzer (Flash 2000, Thermo-scientific).
4. Experimental Design

The BBD based on RSM (Stat-Ease Design-Expert software,
version 13.0) was utilized for the purpose of optimizing the input
key parameters with their ranges as given in Table 1. The MB dye
removal prediction was calculated based on the second-order qua-
dratic model, given by Eq. (1) [28].

Y=4)+2 BX;+ Zﬂiixiz+zzlgijxixj ()

Y is the expected response (MB dye removal (%)); X; and X; are
independent variables; — £, £, £ and f3; are constant, coefficients
of linear, quadratic, and interaction coefficient, respectively. Table 2
gives the obtained results of MB dye removal (%) based on BBD
model. An accurate amount (g) of SPPBC was weighed and added
to 100 mg/L MB dye solution (100 mL) before being shaken in a
thermostat water bath shaker. The MB dye concentration was meas-
ured using a UV-Visible spectrophotometer (HACH, model DR
3900) at A,,,,, 661 nm. The percentage of MB dye removal (DR %)
was calculated using Eq. (2):

()
C

[

DR %= x 100% )
where C, (mg/L) is MB concentration at initial, whereas C, (mg/L)
is MB concentration at final.
5. Adsorption of MB Dye by SPPBC

MB dye adsorption experiments were studied in batch mode
based on the numerical desirability function. The best optimized

adsorption conditions were determined to be SPPBC dosage of

Codes Variables Level 1 (—1) Level 2 (0) Level 3 (+1)
A SPPBC dosage (g) 0.05 0.15 0.25
B pH 3 6.5 10
C Temperature (°C) 30 40 50
D Time (h) 2 4 6
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Table 2. The 4-varibles BBD matrix and experimental data for MB removal efficiency

Run A: SPPBC dosage (g) B: pH C: Temp. (°C) D: Time (h) MB removal
1 0.05 3 40 4 7.5
2 0.25 3 40 4 50.2
3 0.05 10 40 4 10.4
4 0.25 10 40 4 89.6
5 0.15 6.5 30 2 10.5
6 0.15 6.5 50 2 30.1
7 0.15 6.5 30 6 15.2
8 0.15 6.5 50 6 88.4
9 0.05 6.5 40 2 59

10 0.25 6.5 40 2 329
11 0.05 6.5 40 6 6.8
12 0.25 6.5 40 6 89.2
13 0.15 3 30 4 13.2
14 0.15 10 30 4 16.1
15 0.15 3 50 4 45.2
16 0.15 10 50 4 87.9
17 0.05 6.5 30 4 6.6
18 0.25 6.5 30 4 29.8
19 0.05 6.5 50 4 7.4
20 0.25 6.5 50 4 92.8
21 0.15 3 40 2 14.7
22 0.15 10 40 2 23.7
23 0.15 3 40 6 27.6
24 0.15 10 40 6 47.8
25 0.15 6.5 40 4 26.5
26 0.15 6.5 40 4 21.1
27 0.15 6.5 40 4 29.9
28 0.15 6.5 40 4 24.7
29 0.15 6.5 40 4 23.2

0.18 g, pH of 9.7, temperature of 49 °C, and contact time of 3.4 h,
which gave 93.9% of MB dye removal. Therefore, all adsorption
experiments were out at these optimal conditions. The initial MB
dye concentrations were varied from 10 to 300 mg/L, while the con-
tact times were varied from 0 to 25 h. At equilibrium time, the ad-
sorption capacity of SPPBC (q, (mg/g)) was estimated using Eq. (3):

_ (Co - Ce)v

== 3

where V (L) is the volume of MB solution, W (g) is the quantity of
the adsorbent.

RESULTS AND DISCUSSION

1. SPPBC Characterization

The results of CHNS analysis are given in Table 3. SPPBC ele-
mental composition was found as follows: C (45.31%), H (3.74%),
N (0.78%), S (0.23%) and O (49.92% by difference). The detected
S can be assigned to the sulfonated SPPBC with -SO,;H groups in
its structure, which is a highly demanded acidic functional group
for capturing cationic dye molecules. As shown in Table 3, the sur-

Table 3. The elemental analysis and textural properties of SPPBC

Elemental analysis (wt%) SPPBC
C 4531
H 3.74
N 0.78
S 0.23
O (by difference) 49.92
Surface property SPPBC
Vm (cm’/g) 0.00011
Total pore volume (cm’/g) 0.00023
BET surface area (m’/g) 1.01
Mean pore diameter (nm) 181.9

face area of SPPBC was found to be quite low (1.01 m*/g). Mean-
while, the mean pore diameter was 181.9 nm, an indication of a
macroporous structure (mean pore diameter >50 nm) based on
TUPAC dlassification [29].

The XRD pattern of the SPPBC (Fig. 1) demonstrates major
broad peaks (20=23" and 44°) that correspond to the (002) and
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Fig. 1. XRD pattern of SPPBC.
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Fig. 2. FTIR spectra of (a) SPPBC, and (b) SPPBC after adsorption
of MB dye.

(100) phases, respectively. These broad peaks can be assigned to
the graphite crystallites signature and signifies the amorphous nature
of SPPBC [30].

The FTIR spectra of SPPBC (before and after MB dye adsorp-
tion) are shown in Fig. 2. The characteristic IR bands of SPPBC
(Fig. 2(a)) are assigned as follows: 3,500 to 3,350 cm ™, 2,900 cm ™,
1,720cm™, 1,540 cm ™", 1,200 cm ™, and 1,090 cm™, which repre-
sent the hydroxyl (-OH), alkyl (C-H), carboxyl (-COOH), alkene
(C=C), ether (C-O-C), and sulfonic (-SO;H) groups, respectively
[17]. This result illustrates that the sulfonation process of the PP
could provide different acidic functional groups such as -COOH
and -SO;H on the SPPBC surface. The FTIR spectrum of SPPBC
after MB dye adsorption (Fig. 2(b)) did not show much difference
from the SPPBC spectrum before adsorption. Except, some slight
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Fig. 3. SEM images of (a) SPPBC, and (b) SPPBC after adsorption
of MB dye.

shifts in IR peaks’ locations can be detected, which might provide
evidence that the acidic functional groups are responsible for cap-
turing the MB cationic dye molecules.

The surface morphology of SPPBC was explored before and
after MB dye adsorption onto its surface with SEM as shown in
Fig. 3. As shown in Fig. 3(a), SPPBC has irregular and wavy sur-
face with numerous pores and crevices and could be considered
heterogeneous. The porous and rough structure of the SPPBC
favored the MB dye adsorption. On the other hand, after MB dye
adsorption, the SPPBC surface became more compact with atten-
uated porosity, as shown in Fig. 3(b).

2. BBD Model Analysis

Table 4 shows the analysis of variance (ANOVA) results, which
was used to validate the statistical analysis. The F-value of the MB
removal model is 36.02 (p-value<0.0001), which suggested that
the BBD model was statistically significant [31]. Moreover, the high
correlation coefficient (R*=0.97) indicated the high compatibility
between expected and experimental MB values [32]. The BBD terms
are considered statistically significant when the p-value<0.05 under
selected conditions, as shown in Table 4. The relationship between
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Table 4. Analysis of variance (ANOVA) for the removal efficiency of MB

Source Sum of squares df Mean square F-value p-Value Remark
Model 22,316.87 14 1,594.06 36.02 <0.0001 S
A-Dose 9,627.67 1 9,627.67 217.56 <0.0001 S
B-pH 1,142.70 1 1,142.70 25.82 0.0002 S
C-Temp. 5,650.68 1 5,650.68 127.69 <0.0001 S
D-Time 2,059.32 1 2,059.32 46.54 <0.0001 S
AB 333.06 1 333.06 7.53 0.0158 S
AC 967.21 1 967.21 21.86 0.0004 S
AD 767.29 1 767.29 17.34 0.0010 S
BC 396.01 1 396.01 8.95 0.0097 S
BD 31.36 1 31.36 0.7087 0.4140 NS
CD 718.24 1 718.24 1623 0.0012 S
A? 210.87 1 210.87 4.77 0.0466 S
B’ 257.58 1 257.58 5.82 0.0301 S
c 361.39 1 361.39 8.17 0.0127 S
D? 8.79 1 8.79 0.1987 0.6626 NS
Residual 619.54 14 4425
Lack of fit 574.77 10 57.48 5.14 0.0644 NS
Pure error 44.77 4 11.19
Cor total 22,936.40 28

S: Significant; NS: Not significant; R*=0.97; Adjusted R*=0.95
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Fig. 4. (a) 3D response surface plot of MB removal efficiency showing interaction between SPPBC dosage and pH, and (b) pHp; of SPPBC,
(c) 3D response surface plot of MB removal efficiency showing interaction between SPPBC dosage and temperature and (d) 3D
response surface plot of MB removal efficiency showing interaction between SPPBC dosage and time.
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Fig. 5. (a) 3D response surface plot of MB removal efficiency showing interaction between pH and temperature, and (b) 3D response sur-
face plot of MB removal efficiency showing interaction between temperature and time.

tested variables and the response can be expressed using a second-
order polynomial (Eq. (4)):

MB removal (%)=25.08+28.33A+9.76B+21.70C+13.10D+9.13AB
+15.55AC+13.85AD+9.95BC+13.40CD+5.70A>+6.30D°+7.46C>  (4)

A non-significant lack of fit (LOF) related to the pure error indi-
cates an excellent response to the experimental results [33]. Thus, it
can be deduced that BBD model was suitable to expect the removal
of MB dye on the surface of SPPBC within the range of the stud-
ied parameters.
3. Significant Interactions of Parameters

The p-value of 0.0158 indicated that the relationship between
SPPBC dosage and pH, while keeping the temperature and con-
tact time constant, was statistically significant (Table 4). Fig. 4(a)
presents the 3D surface plot of the combined effect of SPPBC dos-
age and pH. The MB dye removal (%) was found to increase by
increasing the solution pH from 3 to 10. In Fig. 4(b), the pH of
the point of zero charges (pH,,) of the SPPBC was found to be
54. Therefore, the SPPBC surface would take a more positive charge
if the pH of the MB dye solution was less than pH,,.. By contrast,
the SPPBC surface charge would carry a more negative charge at
pH 10, which favored the MB dye adsorption. As a result, the electro-
static attractions would occur between negatively charged SPPBC
surface and positively charged MB dye, denoted in Eq. (5):

SPPBC-SO; +MB'<>SPPBC-SO;...."MB (5)

The interaction between SPPBC dosage with temperature and
time was statistically significant (p-value=0.0004 for dosagextem-
perature, and p-value=0.0010 for dosagextime), as shown by the
3D response surfaces plots (Fig. 4). Fig. 4(c) shows that the MB
dye removal increased from 5.9% to 92.8% as SPPBC dosage in-
creased from 0.05 to 0.25 g This increasing trend could be explained
in terms of the higher number of active adsorption sites as the
SPPBC surface area increased. As shown in Fig. 4(d), a longer
contact time (6 h) was more efficient in removing MB dye from
the solutions, possibly due to the adequate time to overcome the
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internal diffusion process.

The interaction between temperature with solution pH and con-
tact time was also statistically significant (p-value=0.0097 for tem-
peraturexpH, and p-value=0.0012 for temperaturextime). As shown
by the 3D response surfaces plots (Fig. 5). In general, Fig. 5(a) and
5(b) shows that MB dye removal was more effective at a higher
temperature (50 °C) than at lower temperatures, indicating an endo-
thermic reaction [34]. The dye removal (%) increased with rising
temperatures and solution pH up to 50°C and 10, respectively
(Fig. 5(a)), indicating that the ionization process of dye molecules
became more pronounced at a higher temperature, leading to an
enhanced adsorption process. Moreover, increasing the tempera-
ture would facilitate more diffusion of adsorbate molecules into
the adsorbent interspaces structure [35].

4. Optimization using the Desirability Functions

Derringer’s desirability function or known as desirability func-
tion is a multi-response optimization method developed by Der-
ringer and Suich (1980) [6]. In this method, each individual response
first converts into the individual desirability (di) within a numeri-
cal range of 0-1. The desirability value of 1 means the desirable value
of response was attended. In contrast, the desirability value of 0
means the value of response goes over the required acceptable thresh-
old value [8]. Eq. (6) can be utilized to calculate the overall desir-
ability function.

D:(dIXdZX-“an)%l:(n:;ldl)ﬁ o

In Eq. (6), D presents the overall desirability, di shows individual
desirability, and n reflects the total number of responses [6,8]. The
main target is to determine a point in which the desirability has a
maximum value. Thus, a desirability function is an established
method used to find the simultaneous optimization of process
variables (A: SPPBC dosage, B: pH, C: temperature, and D: time)
that achieves optimum performance level for the response (MB
removal %), and the thorough procedure had been previously de-
scribed [36]. The numerical optimization of the software demon-
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Fig.7. (a) Effect of the contact time on MB adsorption at different initial concentrations and (b) adsorption isotherms of MB by SPPBC
(dosage=0.18 g, pH of solution=9.7, temperature=49 °C, agitation speed=100 strokes and volume of solution=100 mL).

strated the optimal removal of MB was obtained at SPPBC dos-
age of 0.18 g, solution pH of 9.7, temperature of 49 °C, and time of
4.3 h; at these operation conditions the MB removal is 93.9% with
desirability value of 1 as shown in Fig. 6. The validity of this pre-
diction was checked by duplicate confirmatory experiments under
the optimized parameters. Overall, the results obtained from experi-
mental data were in a good agreement with data obtained from
numerical optimization using desirability functions. This indicated
that the BBD model with desirability functions can be effectively
used for optimizing the experimental conditions of MB adsorp-
tion by SPPBC. Therefore, the optimal experimental conditions of
MB adsorption were applied in the subsequent works.

5. Kinetic Study

The effect of contact time on MB dye adsorption at five differ-
ent concentrations (10, 50, 100, 200, and 300 mg/L) is shown in
Fig. 7(a). Other optimal parameters, such as SPPBC dosage, pH,
and temperature, were kept constant. The amount of MB dye ad-
sorbed increased from 7.9 to 151.6 mg/g with the increase in the
MB dye concentration from 10 to 300 mg/L. As the concentration
increased, the diffusion of MB dye into the pores would be accel-
erated. Therefore, a much higher driving force would outdo the
mass transfer resistance between SPPBC surface and adsorbate
molecules [37]. Two non-linear equations of the pseudo-first order
(PFO) [38] and pseudo-second order (PSO) [39] were applied to

Korean J. Chem. Eng.(Vol. 38, No. 7)
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Table 5. PFO and PSO kinetic parameters for MB adsorption by SPPBC at 0.18 g dosage, solution pH 9.7, and temperature 49 °C

A. H. Jawad et al.

Concentration qe PFO PSO
(mg/L) (mg/g) q. (mg/g) k, (1/h) R’ SSE q. (mg/g) k, (g/mg h) R’ SSE
10 79 7.8 3.236 0.99 0.67 8.0 1.220 0.98 0.27
50 274 26.9 3.113 0.94 42.7 27.7 0.209 0.98 15.5
100 50.9 50.7 1.024 0.98 60.7 53.8 0.030 0.98 76.7
200 114.5 115.1 0.293 0.98 455.5 132.4 0.002 0.98 493.6
300 151.6 146.0 0.202 0.93 514.5 176.9 0.001 0.99 5713

determine the adsorption kinetics parameters. Both equations are
given by Egs. (7) and (8), respectively:

q,=q(1-exp ) %)
2
_ qcth
1+ q kst ®)

where, q,, q,, k; and k, represent the amount (mg/g) of MB dye
adsorbed at time t (min), at equilibrium time, the PFO rate con-
stant (1/min), and the PSO rate constant (g/mg min), respectively.
Moreover, to identify the best fitting model for the data, the cor-
relation coefficient (R?) and the sum of square errors (SSE) were
used to analyze the differences between the experimental data and
the theoretical data obtained from the models. The sum of square
errors (SSE) was calculated according to the mathematical for-
mula expressed in Eq. (9):

SSE= Z(qexp - qml)z (9)

Table 5 summarizes the important kinetic parameters, and it was
found that the R” values of PFO and PSO are close to each other.
Therefore, sum of square errors (SSE) was also calculated and listed
in Table 5. The SSE results indicate that the adsorption kinetics of
MB dye by SPPBC follow the PSO at lowest initial MB concentra-
tion (10 mg/L and 50 mg/L). On the other hand, the adsorption
kinetics at higher initial MB concentration (100 mg/L, 200 mg/L,
and 300 mg/L) follow the PFO kinetics. This observation was recon-
firmed by observing the predicted q, values of PFO model are much
closer to the experimental qe values at higher initial MB concen-
tration than the q, values of PSO model. In fact, the literature re-
ported that the kinetics mainly depends on the initial adsorbate
concentration. Moreover, the PSO model is the most preferable
model for the lowest initial concentration, while PFO is preferable
one for higher initial concentration [40].
6. Isotherm Study

An adsorption isotherm is a plot of equilibrium concentration
of an adsorbate on the adsorbent surface versus the concentration
of adsorbate in the solution. In this regard, three isotherm models,
namely Langmuir [41], Freundlich [42], and Temkin [43], were uti-
lized to study the adsorption isotherm constant and capacities.
Langmuir isotherm model indicates a homogeneous adsorption
process. Meaning that, the affinity of all adsorption sites towards
the adsorbate is equal [44]. In the Freundlich isotherm model the
heterogeneity of the surface as well as the exponential distribution
of the active sites and the active sites energies are described. More-
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over, due to Freundlich model not being restricted to the mono-
layer formation, it is made possible to apply it to multilayer ad-
sorption [45]. Temkin isotherm model considers the interactions
between the adsorbent and the adsorbate in which the extremely
large and low concentration values are ignored, hence making this
adsorption isotherm model only valid for intermediate concentra-
tion ranges [46]. The non-linear formulas of Langmuir, Freundlich,
and Temkin are listed by Egs. (10), (11), and (12) respectively:

qmaxKuCe
“TTK,C, .
q.=KC." i
RT
9= - In(K,C,) (12)
T

where q,,,,, (mg/g) is the maximum adsorption capacity of SPPBC,
q. (mg/g) is the quantity of MB uptake at equilibrium, and n rep-
resents the adsorption intensity. K, (mg/g) (L/mg)"", K, (L/mg), Ky
(L/mg) are Freundlich, Langmuir, and Temkin constants, respec-
tively. The non-linear isotherm plots of MB dye adsorption are shown
in Fig. 7(b), and all the isotherm parameters are listed in Table 6.
Based on the R? and SSE values, MB dye adsorption was better
described by the Langmuir and Temkin isotherm models, which
indicates the monolayer and homogeneous distribution onto ad-
sorption sites and preferability at mild concentration levels. The
Qe Value predicted from the Langmuir model was 161.9 mg/g at
49°C. The efficiency of SPPBC in removing MB dye was com-
pared with other adsorbents as shown in Table 7. SPPBC can be

Table 6. Isotherms parameters of MB adsorption by SPPBC at 49 °C

Model Parameter Values
Langmuir Qnax (ME/) 161.9
K, (L/mg) 0.29
R’ 0.97
SSE 460.8
Freundlich Kr (mg/g (L/ mg)”") 449
1/n 0.29
R? 0.96
SSE 616.5
Temkin Kr (L/mg) 24.3
by (J/mol) 101.9
R’ 0.98
SSE 420.4
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Table 7. Comparative of adsorption capacities for MB by different biochar adsorbents

Biochar adsorbents Qe (ME/Q) References
SPPBC 161.9 This study
Macroalgae and coal-based biochar 353.9 [47]
Orange (Citrus sinensis) peels biochar 208.3 (48]
Date palm fronds biochars 206.61 [49]
Banana pseudostem biochar 146.23 [50]
Fallen leaf-biochar 101.27 [51]
Oak wood biochar 97.55 [52]
Activated reed-derived biochar by tannic acid 77.35 [53]
Date seed biochar 42.57 [54]
7 r Table 8. Thermodynamic parameters for the adsorption of MB dye
by SPPBC
° T (K) k;  AG®° (kJ/mol) AH’ (kJ/mol) AS° (kJ/molK)
T 303.15 40.1 -9.3 95.2 0.34
Laf 313.15 1029 ~12.1
~ R*=0.983 3315 4182 161
= 3 |
2
considered an alternative adsorbent that performed satisfactorily
1r in removing MB dye from aqueous solutions.
0 . . . . . . 7. Thermodynamics Study
0.00305  0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 Adsorption thermodynamic parameters can be obtained from

1T (K" the van't Hoff plot, which is useful in revealing the adsorption fea-

Fig. 8. Van't Hoff plot for MB dye adsorption onto SPPBC (dosage= sibility spontan'elty, and deternunat}on of the degree of randonoi—
0.18 g, pH of solution=9.7, agitation speed=100 strokes and ness. The equations related to the Gibbs free energy change (AG"),

volume of solution=100 mL). enthalpy change (AH’), and entropy change (AS’), are presented in

wnnnn Electrostatic attractions
n-n interactions ~
--------- H-bonding interactions /N s

\N e
/
\
N / S —
p
. /

SPPBC

Fig. 9. Illustration of the possible interaction between SPPBC surface and MB dye including electrostatic attraction, hydrogen bonding inter-
actions, and - interactions.
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the following (13)-(16) [55]:

AG’=-RTInK, (13)

Ki=q./C, (14)

AG’=AG’-TAS’ (15)
_(AS _(Ai 1

InK, = 2 )-(5H)k (16)

The values AH’ and AS’ were acquired from the plot of In K; (K
(L/g) is the distribution coefficient for the adsorption) against 1/T
(Fig. 8), where the slope and intercept represent AH’, and AS’,
respectively. Table 8 shows the negative AG” values, which vali-
dated that MB dye adsorption was spontaneous and enhanced at
higher temperatures [19]. The positive value of AS’ indicated an
increased disorder of adsorbate at the solid-liquid interface [55].
The positive value of AH’ illustrates that the MB adsorption mode
was endothermic [19,55], which is in line with the BBD results that
showed an increase in MB removal with increasing temperature.
8. Adsorption Mechanism

The MB dye adsorption mechanisms on the surface of SPPBC
could be inferred from the FTIR analysis, which demonstrated the
existence of functional groups such as -O”, -COO", and -SOj. Fig.
9 displays various possible interactions that could occur between
MB dye molecules and the SPPBC surface. The electrostatic attrac-
tion was favored due to the MB dyes cationic nature with the SPPBC
negatively charged surface. Another interaction could involve hy-
drogen bonding between the donor and acceptor groups of the
SPPBC-MB system. The 77 interaction also occurred between
the 7=electron system of the adsorbent surface and the aromatic
rings of the MB dye molecules [56]. Similar observation of 77
interaction between the aromatic ring of MB dye molecules and
hexagonal skeleton of activated carbon-based martials can be found
in literature [19,23,57-59].

CONCLUSION

SPPBC was successfully prepared by thermal activation of PP
with H,SO, at 110 °C for 24 h with a fixed impregnation ratio (1 g
PP: 1 g H,SO,). SPPBC was utilized as a promising adsorbent for
removing MB dye using RSM-BBD. The optimized removal con-
ditions were solution pH of 9.7, SPPBC dose of 0.18 g/L, and tem-
perature of 49 °C. SPPBC maximum adsorption capacity for MB
dye at equilibrium was found to be 169.1 mg/g. The adsorption
mechanisms involved were identified as electrostatic attraction, 7
7 interaction, and H-bonding. The results illustrated PP biomass
waste’s feasibility as an inexpensive precursor for preparing SPPBC
with satisfactory adsorption ability towards cationic dyes.
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