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Abstract: Single and competitive studies were conducted to investigate the

Received 14 Mar 2025, elimination of positively charged methylene blue (MB) and negatively charged
Revised 28 Apr 2025, methyl orange dye using activated carbon sourced from sweet detar seed shells.
Accepted 29 Apr 2025 The adsorbent properties were analyzed using scanning electron microscopy

(SEM), Fourier transform infrared spectroscopy (FTIR), and pH point of zero

‘/Kex\év:(:?;t}on; charge (pHpzc) analysis. Various factors like pH (2-12), contact time (5 — 150
v’ Anionic dye; minutes), adsorbent weight (0.1 — 0.7 g), initial concentration (20 — 500 mg/L) and
v Cationic dye; temperature (303 — 323 K), were examined for their influence on the adsorption
‘; ﬁ'lrr‘]’;‘t% ;‘}’Stem; process. The experimental findings showed that optimal dye adsorption occurred

at pH of 2 and 12 for anionic MO and cationic MB dye, with equilibrium achieved
o o ~ after 60 minutes for both dyes. Competitive adsorption revealed higher adsorption
T 2 Adsoration of caconre. CaPACities than single adsorption, suggesting synergistic interaction. Mathematical
and anionic dyes in single and Mmodels were used to analyse isotherms and kinetics, with the pseudo-second order
g:::gg’czdyseosr%trzgg aocfti \7:;3”:;; rg‘gg model fitting the kinetics data well. The equilibrium data aligned with the
Freundlich model, representing dye uptake onto the adsorbent. Thermodynamic

derived from agricultural waste. J. AT ) h
Mater. Environ. Sci., 16(5), 881-893  analysis indicated that the adsorption was a spontaneous and exothermic process.

v Thermodynamics;

1. Introduction

Numerous synthetic dyes have been employed across the textile, pharmaceutical, and food
industries. However, discharging the wastewater from these industries poses a significant risk to both
human health and the environment. Therefore, it is essential to eliminate dye pollutants from aqueous
solutions (Chan et al., 2017; Akartasse et al., 2022; N’diyae et al., 2022; Kusumlata et al., 2024).
Among several techniques available for this purpose, including ion exchange and membrane filtration,
adsorption stands out as the most commonly used method. Various adsorbents, including activated
carbons, biological adsorbents, biomaterials and polymeric adsorbents, have been extensively utilized
to remove dyes from aqueous solutions (Elharti et al., 2012; Yahyaei and Azizian 2014; Aaddouz et
al., 2023; Abouri et al., 2024). Using cost-effective and waste agricultural materials as adsorbents has
emerged as a practical solution for treating contaminated water. Researchers worldwide have shown
significant interest in utilizing activated carbon derived from agricultural waste for wastewater
treatment (Santhi et al., 2014). Recent studies have demonstrated that different agricultural material
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containing varying amounts of unburned carbon can function as activated carbon, effectively adsorbing
various pollutants from aqueous solutions (Dhahri et al., 2023; Blachnio et al., 2020; Rohilla et al.,
2018). Indeed, real wastewater systems often contain a combination of cationic and anionic dyes, and
interactions between different dyes may occur during the adsorption process (Guo et al., 2018).
Consequently, researching multi-component adsorption poses a significant challenge compared to
single-component adsorption (Idan et al., 2017). While a considerable amount of research data exists
on single-component adsorption, there is limited literature available on the topic of multi-component
adsorption (Jayalakshmi et al., 2019). Thus, there is a pressing need to develop cost-effective
adsorbents that can effectively handle multiple contaminants due to their widespread occurrence in real
industrial waste (Zhang et al., 2019).

Therefore, the primary objective of this research is to investigate the simultaneous adsorption of
multiple dyes, namely Methylene blue (MB) and methyl orange (MO), from a binary dye solution using
an adsorbent sourced from inexpensive materials. By doing so, this study aims to address the challenges
associated with treating complex mixtures of pollutants and pave the way for more efficient and
economical methods of water purification. Sweet data seed shell activated carbon was utilized as an
adsorbent for both individual and simultaneous removal of dyes from aqueous solutions.

2. Methodology
2.1 Adsorbent Preparation
The adsorbent sample was prepared following the method described by Husaini et al. (2023a).

Sweet detar seed shell samples were collected, cleaned with tap-water to remove any impurities, and
dried for 72 hours. The dried sample was ground into granules and soaked in a 30% phosphoric acid
solution for 24 hours. Afterward, it was dried before undergoing carbonization at 400°C for 2 hours in
a furnace. The activated samples were washed with distilled water until they reached a neutral pH and
then dried in an oven at 105°C until a constant weight was achieved. Finally, the sample was sieved,
and the resulting material was stored in an air-tight container prior to experiment.

2.2 Adsorbent Characterization

Various analytical techniques were employed to examine the surface morphology and chemical
characteristics of the sample. The adsorbent’s FTIR spectra were recorded using an FTIR
spectrophotometer (Cary 630; Agilent Technologies) in the range of 4000-600 cm™ (Husaini et al.,
2020). Additionally, SEM images of the samples were taken using a scanning electron microscope
(PRO: X: Phenonm World 800-07334) at an acceleration voltage of 10 kv and 500x enlargement
(Husaini and Ibrahim 2019). To understand the distribution of charges on the adsorbent surface, the
pH of the zero charge point (pHpzc) was determined using the salt addition method (Bakatula et al.,
2018).

2.3 Chemicals

In this study, all chemicals utilized were of analytical-grade and were used as they were without
additional purification. The adsorbate employed consisted of a mixture of two dyes: MB and MO
purchased from Sigma Aldrich. The chemical structures of these dyes are illustrated in Figure 1. These
dyes were acquired in their commercial purity and used without any further purification. Methylene
blue and methyl orange dyes were selected as the model adsorbates for this study, in order to assess
the effectiveness of sweet detar seed shell as a natural adsorbent.
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Figure. 1: Structure of (a) Methylene blue (b) Methyl orange

2.4 Adsorbate Preparation

To prepare stock solutions of each dye, 1g of the respective dye was dissolved in 1 liter distilled
water, resulting in a concentration of 1000 mg/L. The binary dye solution, consisting of MB and MO,
was also prepared in the same manner, with a mass ratio of 1:1. From the stock solution, experimental
solutions of lower concentrations were subsequently generated through successive dilution. These
solutions were used for constructing the calibration curve and conducting adsorption studies.

2.5 Adsorption Experiments

The adsorption experiments were conducted in batch mode by mixing a specified dose of the
adsorbent with 50 ml of dye solution in Erlenmeyer flasks. These flasks were then shaken at 200 rpm
at a specific temperature using an incubator shaker (New Brunswick Scientific; Innova 4000). The
initial solution pH was adjusted to the desired value using 0.1 M HCI and 0.1 M NaOH. Various
operating variables were investigated in individual experiments, including the weight of the adsorbent
(ranging from 0.1 to 0.7 g), initial dye concentration (ranging from 20 to 500 mg/L), contact time
(ranging from 5 to 150 minutes), pH (ranging from 2 to 12), particle size (ranging from 75 to 900 pum)
and temperature (ranging from 30 to 50°C). After predetermined time intervals, the adsorbent was
separated through filtration using filter paper (Whatman No. 1). The concentration of unadsorbed dye
in the filtrate was analyzed using a UV-Vis spectrophotometer (Perkin Elmer; Labda 35) at the
absorption maxima of 664.20 nm and 464.5 nm for MB and MO respectively. For the binary dye
system, the experimental procedures and conditions used were the same as those described for the
single dye systems. The experiments were replicated three times, and the presented results are the
averages. The amount of dye adsorbed at equilibrium, ge (mg/g) and percentage removal were
calculated using equation 1 and 2 (Husaini et al., 2023b and c).
ge = (Co—Ce) xv Eqgn. 1

m

CO Ce

R (%) = x 100 Eqgn. 2

Where Co and Ce (mg/L) represent the initial and final dye concentrations, respectively. V (L)
represents the volume of the dye solution, and m (g) is the mass of the adsorbent.

3. Results and Discussion
3.1 Adsorbent Characterization

The surface texture and porosity of the adsorbent material were examined using SEM, which
provided important insights of adsorbent morphological structure. Figure 2a shows the irregular and
porous structure of the adsorbent. However, after MB and MO adsorption (Figures 2b and 2c), the
porous surfaces appeared to decrease, indicating that the dye molecules were accommodated within
the adsorbent pores. To further understand the activated carbon’s surface functionalities, FTIR analysis
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was conducted (Figure 3a). The presence of peaks at various wave numbers suggested the existence of
various functional groups in the adsorbent as presented in Table 1. Notably, the spectra after adsorption
exhibited significant changes in the occurrence or position of some peaks, which may indicate
interactions between the dye molecules and the adsorbent surface (Giwa et al., 2015).
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Figure 2. SEM Micrograph for (a) SDAC (b) SDAC-MB (c) SDAC-MO
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Figure 3. FT-IR spectra SDAC before and after Adsorption of MB and MO
Table 1. Functional group observed before and after adsorption of adsorbates onto SDAC
Vibrational Frequencies
Before MB-loaded MO-loaded Functional Groups
Absorption
3651 3633 3677 O-H stretching vibration in alcohol (3700-3584)
2910 2851 2905 C-H stretching vibration in alkane (3000-2840)
2248 2260 2250 C = C stretching vibration in alkyne (2260-2100)
2117 2199 2113 C = C stretching vibration in alkyne (2260-2190)
1704 1794 1701 C = O stretching of carboxylic acid (1720-1706)
1685 1680 1681 C = O stretching of ketone (1685-1666)
1550 1547 1547 N-O stretching of nitro groups (1550-1500)
1110 1130 1115 C-O stretching of alcoholic groups (1124-1087)
873 863 878 C-H bending vibration of 1,3-disubstituted
(880+20)
747 750 745 C-H bending vibration of monosubstituted
(750+20)
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3.2 Adsorption Studies
3.2.1 Influence of Contact Time

As the adsorption process depends on time, it is essential to explore how quickly substances are
adsorbed in the design of the process. Faster adsorption rates lead to lower operational costs, making
the adsorbent more suitable for large-scale applications (Istratie et al., 2019). To determine the optimal
time required to maximize the removal of dye molecules and understand the adsorption kinetics, the
impact of the contact time between the adsorbates and adsorbent was investigated. Figure 4a illustrates
that the adsorption capacity increases for both individual and binary systems as the contact time
between the adsorbates and adsorbent increases. This is because longer contact time allows the dye
molecules to establish stronger bonds with the adsorbent (Mahaninia et al., 2015).

The graph indicates that the increase in adsorption capacity becomes insignificant after 60 minutes
for MB and MO. Therefore, 60 minutes was defined as the equilibrium time for the respective dyes,
and this equilibrium time was the same in both systems. Figure 4a also suggests that the sorption of
dyes follows a three-step mechanism. In the early rapid step, numerous vacant sites on the adsorbent
are accessible for dye uptake. In the later, slower step, the movement of dyes into the pores creates
repulsion between the dye molecules on the solid and the bulk phases. Finally, in the equilibrium step,
the removal process nearly stops because no vacant sites are available on the adsorbent to accommodate
additional adsorbates (Mokkapati et al., 2016).
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Figure 4. (a) Influence of Time (b) Influence of Concentration

3.2.2 Influence of Initial Concentration

The initial concentration of the adsorbate plays a crucial role in determining the diffusion and mass
transfer dynamics of dye sorption onto the adsorbent. Figure 4b illustrates the impact of the initial
concentration on the removal efficiency of the adsorbates. Higher initial concentration provides the
necessary driving force to overcome mass transfer resistance for the transport of dyes between the
aqueous phase and the surface of adsorbent (Duran et al., 2011). As observed from the plot, the
percentage of the dyes removed decreases due to the saturation point of the adsorbent that limit its
capacity to adsorb more dye molecule, this results in lower percentage removal compared to the cases
with lower initial concentrations (Husaini et al., 2024a).

3.2.3 Impact of Adsorbent Weight

The quantity of adsorbent used in the adsorption process is essential as it determines the adsorbent-
adsorbate ratio and also affects cost considerations (Wanyonyi et al., 2014). The variation in the
percentage of dyes remove with different adsorbent weights in both single and binary solutions is
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presented in Figure 5a. The results indicated that the percentage removal increase as the adsorbent dose
increased until it reached optimum at 0.6 g and later decreased. The increase in percentage removal
with an increase in adsorbent weight suggests that more actives sites become available for dye
molecules to be adsorbed, resulting in increased removal efficiency (Cheruiyot et al., 2019; Yunusa et
al., 2021).
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Figure 5. (a) Impact of Dosage (b) Influence of pH

3.2.4 Influence of Solution pH

MB and MO are cationic and anionic dyes existing as positive and negative charged ions in aqueous
environments. Consequently, the extent of their adsorption is mainly governed by the net surface
charge on the adsorbent, which is influenced by the solution pH. The impact of solution pH on the
uptake of dyes is illustrated in Figure 5b. It was observed that the adsorption capacity increased with
higher solution pH for cationic dye and lower pH for anionic dye. The maximum uptake of MB
occurred at higher pH while that of MO at lower pH in both single and binary systems. This indicates
that the adsorption of dye cations is favored under basic pH conditions while that of anionic at acidic
pH condition (Husaini et al., 2023d and e). This phenomenon can be better understood through the
characteristic known as the pH of the point of zero charge (pHpz) of the adsorbent, which was
determined to be 6.9 and 5.9 (Figure 6). At pH > pHpzc (6.9) upon base activation, the adsorbent surface
becomes deprotonated due to the presence of excess hydroxyl ions, resulting in an enhanced affinity
between the dye cations and the negatively charged surface of the adsorbent through electrostatic
attraction, leading to maximum uptake of MB dye. Conversely, at pH < pHpz (5.9) upon acid
activation, the adsorbent surface becomes positively charged due to the protonation of the adsorbent
surface, resulting in rapid MO dye adsorption (Banerjee et al., 2016).
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Figure 6. pH at Point of Zero Charge of Adsorbent (Acid and base Activation)
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3.3 Adsorption Kinetics

To examine the dynamic sorption behavior of the dyes on adsorbent, the pseudo first-order and
pseudo second-order models were utilized to simulate the kinetic data, expressed by Equations 3 and
4 respectively.

In(qe - q¢) = In q, - kqt Eqn. 3

t 1 t
—= +— Eqgn. 4
ar k% qe 9

Where gt and ge represent the amount of dyes adsorbed on the adsorbent at any instance t and at
equilibrium, respectively, while ky and k> are the corresponding rate constants.

Based on the interrelationship coefficient (R?), the kinetic data showed a better fit to the pseudo
second-order model than the pseudo first-order model for all the dye systems (Figures 7a and b). The
kinetic parameters are summarized in Table 2. Notably, the predicted ge values align closely with the
experimental values for the pseudo second-order model. The rate constant, ko, for MB and MO in
binary dye systems is higher than that for mono-adsorbate systems, indicating a synergistic effect in
the adsorption system. Additionally, the rate constant for MB is higher than that for MO in both single
and binary dye systems, indicating that the adsorption process for MB is faster than for MO in both
mono- and binary-dye solutions (Luo et al., 2015).
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Figure 7. (a) Pseudo first order (b) Pseudo second order Plot

Table 2. Kinetic Parameters

Kinetic Model Parameters MB MB(MB+MO) MO MO(MO+MB)
Pseudo-first order ki x 102 (mint) 0.20 3.00 0.30 2.10

(e exp (MQ/Q) 9.78 9.81 9.52 9.90

Qe cal (MQY/Q) 0.63 0.79 0.60 1.19

R? 0.0316  0.4458 0.6166 0.6528
Pseudo-second order Kz x 102 (g/ mg min) 8.00 13.00 7.80 8.16

(e exp (MQ/Q) 9.78 9.81 9.52 9.90

Qe cal (MQY/Q) 9.89 9.82 9.62 9.90

R? 1.0000 0.9998 0.9999 0.9998

3.4 Adsorption Isotherms

The adsorption isotherms are essential for understanding the interaction of sorbate molecules on the
adsorbent surface. In this study, the Langmuir and Freundlich isotherm models were used to analyze
both systems and their linear forms are represented by Equations 5 and 6:
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1= L + = Eqgn. 5

de  qmaxKiCe Gmax

1
Inqe:Ian+;InCe Eqgn. 6

Here, qe (mg/g) and Ce (mg/L) represent the dye uptake and concentration at equilibrium,
respectively. gmax (Mg/g) and K (L/mg) are Langmuir isotherm constants that express the maximum
adsorption capacity and adsorption free energy, respectively. Kr (L/mg) and n are the Freundlich
isotherm constants providing information about adsorption capacity and adsorption yield, respectively.

The characteristic parameters of the Freundlich and Langmuir models are summarized in Table 3.
Based on the interrelationship coefficients, it is evident that the Freundlich model fits the experimental
data quite well for all the dyes. This implies that: (a) The adsorbent surface is heterogeneous; (b) The
adsorption sites on the adsorbent are not energetically equivalent; (c) The adsorbed dye molecules are
organized as a multilayer; and (d) There are interactions between the adsorbed dye molecules (Husaini
et al., 2024b; Rabiu et al., 2023). The Freundlich constant, n, provides information about the
favorability of the process. When the value of n > 1 or n <1, it indicates that the adsorption is associated
with a favorable physical or chemical process, respectively. In all the systems studied, the value of n
is > 1, indicating convenient physical adsorption.

Table 3. Adsorption Isotherm Parameters

System Langmuir Parameters Freundlich Parameters
gm(mg/g)  Ki(L/mg) RL R? |Kg(L/mg) n R?
MB 81.30 0.33 0.13 0.9534 2.30 1.92 0.9946
MB(MB+MO) 65.79 0.84 0.06 0.8979 20.77 2.08 0.9963
MO 96.15 7.25 0.01 0.9757 12.30 1.72  0.9927
MO(MO+MB) 60.98 1.12 0.04 0.8740 20.73 2.08 0.9897

3.5 Adsorption Thermodynamics

Thermodynamic parameters such as changes in enthalpy (AH), entropy (AS), and Gibbs free energy
(AG) are essential for understanding the nature of any adsorption process. These parameters were
calculated to assess the spontaneity, thermal characteristics, and favorability of the sorption. Equations
(7-9) were used to evaluate their values under the employed experimental conditions:

AG = AH - TAS Eqgn. 7
AG =-RTInKc Eqgn. 8
Kc = % Eqgn. 9

Here, Cags and Ce (mg/dm?) are the dyes equilibrium concentration on the adsorbent and in the liquid
phase. K¢ is constant for adsorption equilibrium, R is the universal gas constant (8.314 j/ mol K), and
T is the absolute temperature in kelvin (K). Equation 7 was used to obtain the AG values at different
temperatures.

The graph in Figure 8 was utilized to assess the magnitudes of AS and AH. The estimated values for
AG, AH, and AS during the adsorption of dyes by the adsorbent were recorded in Table 4.
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Figure 8. Thermodynamic Plot

The negative AG values indicated that the sorption process was spontaneous and thermodynamically
favorable. Moreover, the spontaneity of the process decreased with higher temperatures. The AG values
obtained fall within the range for physisorption processes (-20 to 0 kJ/mol) rather than chemisorption
processes (-80 to 400 kJ/mol). The negative AH value suggests that the process was exothermic, while
the negative AS values indicate the decrease in order of the dye molecules on the adsorbent surface
(Adeyemo et al., 2017; Akazdam et al., 2017; Husaini et al., 2019; Vojnovi¢ et al., 2023; Nogueira et
al., 2023).

Table 4. Thermodynamic Parameters

System -AH -AS -AG (kJ/mol)

(kJ/mol)  (J/K) 303K 308K 313K 318K 323K
MB 73.32 217.73  7.570 6.485 5.400 4.315 3.230
MB(MB+MO) 11.79 295.18  8.678 7.203 5.728 4.253 2.778
MO 54.63 159.42 6.451 5.656 4.861 4.066 3.271

MO(MO+MB) 1.517 382.62 10.415 8.542 6.632 4.722 2.812

3.6 Co-adsorption Behavior of Dyes

Combining cationic MB and anionic MO dyes in the binary solution leads to a mutually beneficial
enhancement in percentage removal. The uptake of both dyes rises significantly across various initial
pH levels compared to single dye systems. This synergy suggests that pollutant removal is aided by
forces beyond simple adsorbent and adsorbate interactions. The smaller and lighter MB molecule has
higher mobility and easier access to the negative adsorbent surface. At different pH levels, the presence
of MB molecules attracts MO molecules, leading to a notable increase in uptake capacity. The self-
association of MB contributes to a push-pull mechanism for MO removal (Piccin et al. 2012).

Conclusion

The adsorption of methylene blue (MB) and methyl orange (MO) onto sweet detar seed shell activated
carbon was examined in both individual and combined systems. The optimal conditions for achieving
maximum dye uptake were determined as follows: pH of 2 and 12 for MO and MB dye, adsorbent
weight of 0.5 g, contact time of 60 minutes, and a temperature of 303K. The sorption kinetics aligned
with the pseudo second order model. Equilibrium data indicated that the Freundlich model was suitable
for describing dye uptake onto the adsorbent. Thermodynamic analysis demonstrated that the
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adsorption process was spontaneous and exothermic. In the binary system, the relative adsorption
capacity pointed to synergistic mechanism. the findings confirmed that sweet detar seed shell activated
carbon is a viable alternative adsorbent for removing cationic and anionic dye from aqueous solutions.
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