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Abstract: The research investigated the potential of gingerbread plum seed shell activated to function as a
biosorbent for eliminating methyl orange (MO) dye from water in various dye combinations, including single,
binary, and ternary systems alongside methylene blue (MB) and Congo red (CR) dyes. The characteristics of
the adsorbent were analyzed through techniques like Scanning Electron Microscopy, Fourier Transform
Infrared spectroscopy, and pH point of zero charges. Batch adsorption tests were conducted to examine the
adsorption processes' equilibrium behaviors, thermodynamics, and kinetics. The collected data were
subjected to different isotherm and kinetics equations. The pseudo-second-order kinetics model provided the
best fit for all the sorption systems, irrespective of composition differences, with higher rate constants
observed for binary MO+MB= 0.031 g/mg/min system and lower for binary MO+CR= 0.028 g/mg/min and
ternary MO+MB+CR= 0.029 g/mg/min systems compared to the single system MO= 0.030 g/mg/min. The
maximum monolayer capacity of the adsorbent for methyl orange demonstrated synergistic interaction with
the presence of methylene blue and antagonistic interaction with the presence of Congo red dye. The findings
indicated that the adsorption processes varied based on the system's composition; they were all spontaneous
(with AG values ranging from -1.146 to -10.415 kJ/mol) and exothermic (with AH values between -17.94 and
-54.63 kJ/mol). Additionally, randomness decreased, as reflected by AS values of -054.43 and -382.62 J/K
for the entire process.
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1. INTRODUCTION

Dye contaminants in wastewater are a notable
environmental hazard due to their enduring and
detrimental characteristics, posing risks to human
health and marine ecosystems (1). The discharge of
dye-containing wastewater, even in minimal
concentrations, is aesthetically displeasing and
environmentally troublesome, especially when
originating from textile industries. Therefore,
effectively removing dyes from such wastewater is
essential to address ecological, biological, and
industrial challenges (2). Numerous approaches have
been developed to address this issue, such as
chemical ion exchange, membrane filtration, physical
adsorption, photocatalysis, and biological methods.

Adsorption stands out among these methods as a
promising approach thanks to its simplicity, high

effectiveness, and cost-efficiency (3). The choice of
adsorbent significantly impacts the effectiveness of
adsorption processes. Cost-effective adsorbents that
possess a high adsorption capacity and can be easily
reused are preferred (4).

Due to its favorable characteristics like high yield
during production, cost-effectiveness, eco-
friendliness, and effective adsorption capabilities,
activated carbon derived from carbon-rich organic
materials has been extensively studied for removing
pollutants from wastewater (5,6). Activated carbon
from various waste sources, such as sugarcane
bagasse and peanut biomass, have been investigated
for their potential in dye removal from water (7,8).
However, industrial wastewater typically contains
multiple dyes concurrently. The adsorption behavior
of one dye may change when other dyes are present
(9). While there is a substantial body of research on
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adsorption involving single components (10,11) or
binary combinations (12,13), knowledge regarding
the removal of dyes in complex mixtures is more
limited (14,15).

The lack of research in this area adds complexity to
understanding the adsorption process for industrial
wastewater with multiple components. While some
agricultural waste materials have been tested for the
removal of a single dye, very few have been explored
for the removal of multiple dyes. This study
specifically focuses on utilizing activated carbon
derived from gingerbread plum seed shells to adsorb
Congo red in a competitive environment. The
potential of this agricultural waste in removing the
dye in a competitive setting has not been
investigated previously.

2. METHODOLOGY

2.1 Activated Carbon Preparation

The adsorbent sample was prepared following the
method outlined in references (16,17). Gingerbread
plum seed shell samples were collected and cleaned
with tap water to remove impurities. Afterward, they
were allowed to naturally air-dry for 72 hours. The
dried samples were then finely ground to achieve a
granular texture and immersed in a solution
containing 30% phosphoric acid (CAS 7663-38-2) for
24 hours. After impregnation, the samples were dried
and subjected to carbonization in a furnace at a
temperature of 400 °C for 2 hours. The resulting
activated samples underwent a thorough rinsing
process using distilled water until a neutral solution
was attained. They were then dried in an oven at 105
°C until a consistent weight was reached.
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Subsequently, the samples were sieved and stored in
an airtight container (17,18).

2.2 Adsorbent Characterization

To analyze the characteristics of activated carbon
derived from gingerbread plum seed shells, its
infrared spectra were recorded before and after dye
absorption using an FTIR spectrophotometer
spanning from 4000 cm~! to 600 cm~!. The surface
morphology of the adsorbent was assessed through
scanning electron microscopy (19,20). The
adsorbent's point of zero charge (pHzpe) was
determined following the procedure outlined (8). This
involved adding 0.1 g of the adsorbent to a 40 mL
solution of 0.1 M NaNOs (CAS 7631-99-4) with a
predefined initial pH (pH:). In separate adsorbent
flasks, initial pH levels were adjusted using 0.1 M
NaOH (CAS 1310-73-2) or HClI (CAS 7647-01-0).
After agitating the flasks for 24 hours, the final pH
(pHf) was measured using a pH meter. Plotting the
change in pH (pH: - pHy) against the initial pH yields
the pHz, where the plot intersects the horizontal
axis (21).

2.3 Preparing the Adsorbate

The main substance under adsorption investigation is
an anionic dye named Methyl Orange (MO) (CAS
547-58-0), provided by Sigma Aldrich. Different
aqueous solutions of MO dye were made using
varying concentrations from the dye's original
solution (1000 mg/L) in the case of the single dye
system. In the binary system, either Methylene Blue
(MB) (CAS 61-73-4) dye or Congo Red (CR) (CAS
573-58-0) dye was mixed with predefined
concentrations of the primary adsorbate. All three
dyes were mixed in the ternary system. Figure 1
displays the chemical structure of these three dyes.

(I

O:$:O
O
Na*

(c)

Figure 1: Structure of the Dyes (a) Methyl orange b) Methylene blue c) Congo red.

2.4 Batch Adsorption Experiment

Various solutions of methyl orange dye with differing
concentrations and volume (50 mL each) were
introduced into clearly Ilabeled glass bottles
containing a fixed amount of the adsorbent. These
bottles were sealed with lids and placed in a

thermostat-controlled horizontal mechanical shaker
that maintained a consistent speed, temperature,
and pH until equilibrium. Further rounds of batch
experiments were conducted to explore the effects of
adsorbent quantity (0.1 - 0.6 g), contact time (5 -
150 min), pH (2 - 12), and temperature (303 - 323
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K). This involved using varying amounts of
adsorbent, pre-determined contact durations, pH
levels, and specific temperatures. Subsequently, the
mixtures of dye and adsorbent in the flasks were
filtered, and the absorbance of the filtrate was
measured using a UV-visible scanning
spectrophotometer at the specified absorption
wavelength, Amax (464.5 nm) of methyl orange dye
(22).

The quantity of dye adsorbed per unit mass of
adsorbent, denoted as ¢ (mg/g), was calculated
using formulas 1 and 2.

(Co—Co) XV

qe = ekt (1)
Clt = (CO_;t)XV (2)
In this context, g and g: denote the quantity of dye
adsorbed (in mg/g) at equilibrium and at a specific

time t, respectively. Co, Ce, and C: (measured in mg/L)
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represent the initial dye concentration (at t=0), dye
concentration at equilibrium, and dye concentration
at a given time t=t, respectively. V refers to the
volume of the solution (in liters), while m indicates
the mass of the adsorbent (in grams).

3. RESULTS AND DISCUSSION

3.1 Characterization

Figure 2 depicts the FTIR spectra of the adsorbent
both before and after the adsorption of dye. The FTIR
spectrum of activated carbon from gingerbread plum
seed shell is composite, featuring multiple absorption
peaks even prior to dye adsorption. Reflective of
different functional groups, which are potential sites
for adsorption of adsorbate (9). Following the
adsorption of methyl orange, shifts in band positions
of frequencies were evident in the FTIR spectrum of
the adsorbent after adsorption (Table 1). These shifts
in adsorption bands imply potential interaction
between the surface of adsorbent and dye molecules.
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Figure 2: FTIR Analysis before (GBPA) and after Adsorption of MO (GBPA-MO).

Table 1: Functional group observed before and after adsorption of Methyl orange.

Functional group

Vibration

Frequency (cm™)

Observed Frequency (cm™)

Before Adsorption

After Adsorption

O-H stretching vibration in alcohol 3700-3584 3661 3674
C-H stretching vibration in alkane 3000-2840 2880 2850
C = C stretching vibration in alkyne 2260-2100 2191 2258
C = C stretching vibration in alkyne 2260-2100 2107 2173
C=C=C stretching of allene 2000-1900 1994 1990
N-O stretching of nitro groups 1550-1500 1547 1562
C-0 stretching of aliphatic ether 1150-1085 1140 1165
C-H bending of 1,3-disubstituted 880+20 870 866
C-H bending of monosubstltuted 750£20 755 749

Additional characterization results are presented in
Figure 3. The scanning electron micrograph of the
adsorbent at x1000 magnification (Figure 3a)
displays an irregular and porous surface texture. This
characteristic surface structure could signify a

favorable attribute for an effective adsorbent with a
substantial surface area. This surface was smoothed
by the presence of dye molecules after the
adsorption process (Figure 3b) (16,23).
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Figure 3: SEM Micrograph (a) before and (b) Adsorption of Methyl orange.

In Figure 4, the point of zero charge (pHz:c) is
depicted and found to be 5.60. Below this pH, the
surface of the adsorbent carries a positive charge,
which attracts negatively charged species in the

3 .

2

solution. Conversely, above the phze, the surface
carries a negative charge, thereby attracting cations
(24,25).

12

Figure 4: pH at point of zero charge of the adsorbent.

3.2 Influence of Solution pH

The pH level of an aqueous system plays a pivotal
role in determining the chemical state and degree of
ionization of the adsorbate during the adsorption
process. This renders it a critical factor in wastewater
treatment via adsorption. Figure 5 illustrates the
influence of pH on the adsorption of methyl orange
onto the adsorbent. The adsorption capacity (ge)
demonstrated a pronounced increase under acidic pH
conditions, gradually diminishing as the pH level
rose. This trend may be attributed to the heightened
presence of OH™ ions, which compete with the anion

9.5 4

8.5 -

qe (mg/g)

7.5 T T

groups on the dye for available adsorption sites on
the adsorbent, especially with increasing pH.
Moreover, when the pH is below the adsorbent’s
point of zero charge (pHz.), the adsorbent’s surface
holds a positive charge, facilitating the attraction of
anionic dyes through electrostatic forces. This
phenomenon amplifies the adsorption of methyl
orange. (26,27) have also reported similar findings
concerning the increased adsorption capacity of acid
dyes in acidic pH conditions.

—— MO

8 10 12

Figure 5: Effect of pH on adsorption of methyl orange.

3.3 Impact of Adsorbent Dosage

The quantity of methyl orange adsorbed per unit
mass of adsorbent, indicated as ge, decreased as the
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adsorbent dosage increased across various
adsorbate systems (single, binary, and ternary), as
shown in Figure 6a. With an increase in the adsorbent
dose from 0.1 to 0.6 g, the adsorption capacity (ge)
consistently decreased from 9.70 to 8.99 mg/g in the
single dye system containing only methyl orange,
from 9.388 to 9.95 mg/g in the binary system with
methyl orange and methylene blue (MO + MB), and
from 8.30 to 7.599 mg/g in the binary system with
methyl orange and Congo red (MO + CR). A
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E
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reduction in the adsorption density (from 8.801 to
8.09 mg/g) was also observed in the ternary system
containing all three dyes. These findings suggest that
at lower doses, the active sites on the surface of the
adsorbent were effectively utilized, but with an
increase in the adsorbent dose, a significant portion
of these active sites likely overlapped, resulting in a
decrease in the specific uptake.
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Figure 6: Effect of a) dosage, b) contact time.

3.4 Impact of Initial Concentration

To investigate how the initial concentration of methyl
orange affects its absorption by the adsorbent, four
different adsorbate systems were studied: (i) Methyl
orange by itself (single system), (ii) Methyl orange
combined with Methylene Blue (MO+MB, binary
system), (iii) Methyl orange combined with Congo
Red (MO+CR, binary system), and (iv) a mixture of
methyl orange along with methylene blue and Congo
red (MO + MB + CR, ternary system). The
adsorbent’s capacity for methyl orange, indicating
the quantity of methyl orange adsorbed per unit
mass of adsorbent, increased as the initial
concentration of methyl orange increased in all types
of adsorbate-adsorbent systems: single, binary, or
ternary (Figure 6b).

As the initial concentration of methyl orange ranged
from 20 - 500 mg/L, the values rose from 9.04 to
92.60 mg/g in the single system (MO), from 9.34 to
100.77 mg/g in the MO+MB binary system, from
7.64 to 57.60 mg/g in the MO+CR binary system,
and from 8.54 to 80.10 mg/g in the ternary dye
system. The observed increase in dye uptake with
higher initial dye concentrations in all systems is
likely due to the lower availability of dye molecules
at lower concentrations. However, at higher
concentrations, the abundance of dye molecules
overcomes resistance to mass transfer.

Additionally, when starting with the same initial
concentrations of methyl orange and other
competing dyes, there were slight fluctuations in the
adsorption capacity of all the systems. For example,
at an initial concentration of 20 mg/L for methyl
orange, the adsorption capacity of the adsorbent was
9.04, 9.34, 7.64, and 8.54 mg/g for the single,
MO+MB, MO+CR, and MO+MB+CR systems,

respectively. This behavior can be attributed to the
competitive nature of the adsorption processes.

3.5 Influence of Contact Time and Kinetics

The adsorption of methyl orange exhibited a rise in
the single, binary, and ternary dye systems as the
contact time was extended, eventually reaching
equilibrium (Figure 6b). This research delved into
adsorption dynamics, which assesses the speed at
which the solute is taken up, thereby influencing how
long the adsorbate remains at the interface between
solid and solution. The kinetics of methyl orange
adsorption were explored using both the pseudo-
first-order model and the pseudo-second-order
equation. The mathematical expressions for these
models are provided by equations 3 and 4 (28).

The pseudo-first-order equation:
In (ge - q¢) = In qe - kqt (3)

The pseudo-second-order equation:
t 1 t

a ka5 qe

(4)

In this context, q: (mg/g) represents the adsorption
capacity at time t, k1 (min!) stands for the rate
constant of pseudo-first-order adsorption, and k>
(g/mg/min) denotes the pseudo-second-order rate
constant. Graphs depicting these equations can be
found in Figure 7 (a and b), and the resulting rate
parameters are listed in Table 2. Across all adsorbate
systems (single, binary, and ternary), the adsorption
kinetics were most accurately described by the
pseudo-second-order rate model, with R? values
exceeding 0.99. Additionally, both the experimental
and calculated gq. values demonstrated better
agreement with the pseudo-second-order model as
opposed to the pseudo-first-order model. The
conformity of sorption kinetics to the pseudo-second-
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order equation implies that chemisorption likely plays
a role in the rate-limiting step of the process (20).
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Figure 7b: Pseudo-second order plot.
Table 2: Kinetic parameters.
Kinetic Model Parameters MO MO+MB MO+CR MB+MO+CR
Pseudo-first order k1 0.046 0.057 0.063 0.063
e exp 9.00 9.38 7.60 8.10
Je cal 4.83 4.64 4.83 4.83
R? 0.9353 0.0.9459 0.9820 0.9353
Pseudo-second order k2 0.030 0.031 0.028 0.29
Je exp 9.00 9.38 7.60 8.10
Je cal 9.26 9.56 7.88 8.70
R2? 0.9994 0.9993 0.9991 0.9999

3.6 Adsorption Isotherms

The adsorption equilibrium isotherm describes the
connection between adsorbates in the liquid phase
and those on the surface of the adsorbent under a
consistent temperature. In this investigation, we
employed linearized versions of the isotherm
equations to fit the equilibrium concentrations of the
remaining methyl orange dye solution (C.) and the
amounts of dye adsorbed onto the adsorbent surface
(ge) in single, binary, and ternary systems. This was
carried out to characterize the equilibrium
association under a constant temperature. The

suitability of the isotherm models was evaluated
based on the correlation coefficients (R?) obtained
from linear plots. The mathematical formulations
utilized in this study are provided below:

Langmuir;
Pt (5)
e AmaxKLCe dmax

1
R, = 1+ K;.Co (6)
Freundlich;
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1
Inqe=Ian+;In C, (7)
Temkin qe = brln C, + brIn Ky (8)
where C. stands for the equilibrium adsorbate

concentration (mg/L), g represents the quantity of
adsorbate absorbed per unit mass of adsorbent
(mg/g), qm and K, are Langmuir constants associated
with monolayer adsorption capacity and adsorbent
affinity, respectively. R, (L/mg) is a dimensionless
Langmuir constant, and Co (mg/L) is the highest
initial concentration. Kr is the Freundlich constant
indicating adsorption capacity and intensity on the
adsorbent or surface heterogeneity, while Kr and Br
are constants for the Temkin model. Additionally, R
represents the universal gas constant (8.314 J
mol-K), and T denotes the temperature in kelvin
(29,30).

The equilibrium isotherm parameters and their
corresponding correlation coefficients for the
adsorption processes are provided in Table 3. The
high values of the correlation coefficients (R2) across
the three isotherm models indicate distinct
characteristics of the adsorption processes at
different stages, thereby influencing the final
mechanism. This suggests that the adsorption of
methyl orange is a complex process.

Langmuir Isotherm Model: The Langmuir isotherm
model posits that adsorption occurs as a monolayer
on a finite number of surface sites without the
adsorbate moving within the surface plane (31). For
this study, the dimensionless (R.) obtained for the
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entire system is less than 1, indicating favorable
adsorption.

Freundlich Model: R? values for the adsorption
processes were high, suggesting a potentially
heterogeneous adsorbent surface and the likelihood
of multilayer adsorption. The n values (Freundlich
constant) above 1 for all adsorption processes
indicate favorable adsorption (32).

Temkin Model: The Temkin isotherm was used to
explore the energy relationship between adsorbate
and adsorbent interactions. High R? values from the
isotherm equation plots indicated model suitability.
This suggests that the energy associated with methyl
orange adsorption decreases linearly with coverage,
in line with the Temkin model’s assumption (33). This
hints at adsorbate-adsorbate interactions in the
studied adsorption processes.

The br constant, linked to adsorption energy, ranged
from 1.99 to 3.92 kJ/mol. This range is lower than
the 8-16 kJ/mol range associated with bonding
energy in ion-exchange mechanisms. This implies
that methyl orange and adsorbent interaction might
involve physisorption rather than ion exchange.
However, this doesn’t rule out the possibility of
chemisorption, as not all chemical interactions follow
ion-exchange mechanisms. The alignment with the
pseudo-second-order rate model suggests a role for
chemisorption, particularly in the rate-determining
step (34).

Table 3: Adsorption isotherm parameters.

Isotherm Parameters MO MO+MB MO+CR MO+MB+CR
Langmuir dm (Mg/g) 48.54 47.17 42.19 47.85
KL (L/mg) 0.11 0.18 0.05 0.07
R 0.31 0.22 0.50 0.42
R? 0.9274 0.8979 0.9691 0.9491
Freundlich Kr 6.83 7.94 4.32 3.23
(mg/g)(L/mg)*/"
n 2.22 2.27 2.22 2.00
1/n 0.45 0.44 0.45 0.0.50
R2 0.9935 0.9909 0.9886 0.9940
Temkin At 16.35 16.77 11.70 15.15
Br 2.52 1.99 3.92 3.27
R2? 0.8923 0.8698 0.9540 0.9170

3.7 Impact of Temperature and
Thermodynamics

The influence of temperature on the adsorption
process of Acid Blue 161 was investigated through
batch adsorption experiments conducted at four
distinct temperatures, 303 K, 313 K, 323 K, and 333
K, for both single and mixed systems. The outcomes
are presented graphically in Figure 8. The figure
clearly demonstrates that the adsorbent's adsorption
capacity (q.) for methyl orange dye decreases with

increasing temperature in the single, binary, and
ternary systems. This suggests that elevating the
temperature reduces the adsorption of methyl
orange dye, indicating that the adsorption process is
more favorable at lower temperatures. Moreover, the
rise in temperature likely induced changes in the
morphology of the adsorbent, potentially causing
destabilization of adsorbed adsorbate molecules
(35).
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Figure 8: Effect of temperature.

The changes in free energy (AG), enthalpy (AH), and
entropy (AS) were assessed as thermodynamic
parameters from the batch adsorption results at
different temperatures. The following equations were
utilized:

—_ Cads
K. = o (9
AG = AH - TAS (10)
Ink. =%-2 (11)

In these equations, K. represents the sorption
distribution coefficient, AG (kJ/mol) stands for the

free energy of adsorption, T (Kelvin) denotes the
absolute temperature, R is the universal gas
constant, AH (kJ/mol) indicates the heat of
adsorption, and AS (J/K) signifies the entropy change
(36).

Figure 9 illustrates the In K¢ versus 1/T plots for
methyl orange adsorption in both single and mixed
systems at various temperatures. Enthalpy change
(AH) and entropy change (AS) were determined from
slopes and intercepts, while free energy changes
(AG) were assessed wusing equation 9. All
corresponding values are presented in Table 4.

4 .
3 4
¢ MO
*) 2 ]
I MO+MB
[=
-1 / MO+CR
0 MO+MB+CR
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
-1 -
/T
Figure 9: Thermodynamic plot.
Table 4: Thermodynamic parameters.
System - AH -AS -AG (kJ/mol)
(kJ/mol) — (J/K) 303 K 308 K 313K 318 K 323K
MO 54.63 159.42 6.453 5.656 4.861 4.066 3.271
MO+MB 12.62 382.62 10.415 8.542 6.632 4.722 2.812
MO+CR 17.94 054.43 2.186 1.926 1.666 1.406 1.146
MO+MO+MB 22.58 064.55 3.190 2.870 2.550 2.230 1.910
The Gibbs free energy change (AG) for dye the adsorption processes in all systems were

adsorption in all examined systems demonstrates a
negative value, indicating spontaneous and
thermodynamically feasible sorption processes (37).
With decreasing temperatures, the feasibility of
adsorption also increased in each system. Likewise,

exothermic, as evidenced by their negative enthalpy
values. This implies that heat was released during
the interaction between the dye and the adsorbent
surface. The entropy change (AS) exhibited
negativities for all systems (Table 3). Negative AS

662



Husaini M et al. JOTCSA. 2024; 11(2): 655-664

values suggest reduced randomness at the
adsorbent and dye(s) interface in both single and
mixture systems.

4. CONCLUSION

This investigation shows the effectiveness of
gingerbread plum seed shell-activated carbon in
removing methyl orange from aqueous solutions,
encompassing single, binary, and ternary adsorbate
systems. Various experimental parameters, including

contact time, initial adsorbate concentration,
adsorbent dosage, solution pH, and reaction
temperature, were explored. The adsorption

processes adhere to pseudo-second-order kinetics,
while the Freundlich, Langmuir, and Temkin isotherm
models exhibit high correlation coefficients (>0.9) in
certain cases, indicating distinct characteristics at
different stages that influence the final mechanism.
All adsorption processes were confirmed to be
spontaneous and thermodynamically viable, as
evidenced by negative AG values. Additionally, they
were exothermic in nature, leading to reduced
randomness with negative AS values.
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