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Abstract: The seeds of Dialium cochinchinense, an agricultural byproduct, were
converted into an eco-friendly and cost-effective activated carbon (DSAC) for the
adsorption of basic dyes, namely Rhodamine B (RB) and Crystal Violet (CV), from
aqueous solutions. Batch adsorption experiments were performed to evaluate the
effects of key parameters, including initial dye concentration, contact time,
adsorbent dosage, and solution pH. The adsorption kinetics followed the pseudo-
second-order model, indicating that chemisorption may play a role in the
adsorption process. Equilibrium data were best fitted by the Langmuir isotherm
model, with correlation coefficients (R?) close to 1, suggesting monolayer
adsorption. The maximum adsorption capacities (g.,) were 416.67 mg g for RB
and 526.32 mg g! for CV at 30 °C. These results demonstrate that DSAC is a
sustainable, efficient, and economically viable adsorbent with strong potential for
industrial wastewater treatment applications.
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1. Introduction

The paper, textile, and cosmetic industries extensively use synthetic dyes.
Industrial effluents often contain various classes of dyes, such as anionic direct,
reactive, nonionic disperse, and cationic dyes [1], many of which are toxic,
resistant to degradation, and pose serious environmental concerns. Basic colors
are often used on paper, wool, silk, acrylic fibers, and leather because of their
high water solubility and vibrant color. Under dyeing conditions, dye molecules
are also cationic dyes because the ammonium group in them carries a high
positive charge [2, 3]. It has been estimated that nearly 100 tons of dyes and
pigments are discharged into aquatic systems each week from industrial
operations, contributing significantly to environmental contamination and
posing risks to aquatic ecosystems. Additionally, the heavy metals contaminated
in these dyes can be harmful, persistent, and nondegradable in the environment.
These dyes pose a significant risk to aquatic life due to their potential mutagenic
effects, as they greatly increase the chemical oxygen demand (COD) and
biological oxygen demand (BOD) in water, indicating low oxygen levels [4].
Growing awareness of the environmental impact of organic loads has led to a
steady rise in the demand for wastewater treatment over recent decades, driven
by concerns about COD and BOD. The discharge of dye effluents has been
identified as a cause of water pollution, requiring urgent action and remediation.
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Industrial wastewater regulations mandate that BOD levels be less than 20 mg L [5], but dye effluents can have
very high BOD concentrations, sometimes reaching as high as 100,000 mg L.

Several treatment methods have been employed to improve pollutant removal efficiency, including
photocatalysis, coagulation, membrane separation, and adsorption [7, 11]. The adsorption process is widely
used in wastewater treatment to eliminate pollutants. Adsorbents such as silica gel, zeolites, chitosan, natural
fibers, magnetic nanocomposites, and activated carbon are commonly used in this approach [12-16]. Literature
reviews have explored the synthesis of inexpensive adsorbents and the sustainability of dye adsorption using
activated carbon derived from agricultural waste components [17]. Dialium cochinchinense, a commercially
important plant grown in Thailand's Pattani province, was selected for the production of activated carbon
(DSAC). DSAC is derived from agricultural waste that is abundantly available in the local area, as Dialium
cochinchinense is commonly processed into seedless products for commercial use. Consequently, large
quantities of seeds are discarded as waste. To add value to this byproduct, the seeds were utilized to produce
granular activated carbon, which is easy to handle, cost-effective, and exhibits excellent adsorption
performance. Rhodamine B (RB) and Crystal Violet (CV) were chosen as model adsorbates due to their toxicity.
Basic dyes are visible in solution at concentrations below 1 ppm and have a high affinity for negatively charged
adsorbent surfaces, facilitating the adsorption process [18]. Although the adsorption of basic dyes (RB and CV)
by Dialium cochinchinensis seed activated carbon has been extensively studied, the adsorption capacities have
often been found to be low [19-21]. Therefore, this study investigates the effectiveness of DSAC in removing
RB and CV dyes.

2. Materials and Methods

2.1 Materials

Granular activated carbon derived from Dialium cochinchinensis seeds was prepared as follows: seeds
were carbonized in a muffle furnace at 400°C for 3 h. The resulting char (DS) was then mixed with ZnClz in a
1:1.5 ratio and activated at 450°C for an hour, representing the highest iodine number. The mixture was
thoroughly washed with distilled water until the pH became neutral, followed by drying at 110 °C for 24 h.
Additional details on the preparation can be found in Hayeeye et al. (2022) [22]. For pH regulation during the
experiments, NaOH and HCl (Labscan, Ireland; Merck, Germany) were used. RB and CV dyes were purchased
from Sigma-Aldrich. A primary stock solution (1,000 mg L) of each dye was prepared by dissolving
accurately weighed amounts in distilled water, and working solutions with concentrations ranging from 50 to
600 mg L-! were obtained by appropriate dilution.

2.2 Methods

2.2.1 Characterization of DSAC

The specific surface areas of DSAC were determined using the nitrogen adsorption isotherm in the
Brunauer-Emmett-Teller model, conducted with a Coulter SA 3100 analyzer at the Scientific Equipment
Center, Prince of Songkla University. The pH drift method determined the point of zero charge (pHpzc), where
the surface of DSAC is neutral [23]. To do this, pH-adjusted 0.1 M NaCl solutions (pH 2 - 11) were prepared,
and DSAC was added to 100 mL of each pH-adjusted NaCl solution. The flasks were sealed to prevent contact
with air and left at ambient temperature for 24 hours. After stabilization, the final pH was recorded. The pHpzc
value of DSAC was determined by plotting the initial pH (pHi) against the final pH (pHs) and identifying the
point where pHiand pHr were equal.

2.2.2 Batch adsorption experiments

The basic dyes (RB and CV) were selected for the adsorption process on DSAC. Batch adsorption
experiments [24] were conducted to optimize various parameters, including initial dye concentration (50-600
mg L), adsorbent dosage (0.1-0.6 g), contact time (0-20 h), and pH (2-9). Each parameter was studied
individually while the other parameters were kept constant. In the experiments, 0.10 g of the adsorbent
(DSAC) was added to 50 mL of the RB and CV solutions, and the mixtures were stirred in a shaking bath at
30 °C. The concentrations of RB and CV before and after the adsorption process were analyzed using the UV-
Vis spectrophotometer, with absorbance measured at 554 and 591 nm for RB and CV, respectively. The RB and
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CV residual concentrations were caleulated based on previously determined calibration curves. The residual
EB and CV concentrations were calculated based on the previously determined calibration curve. The
percentage removal and the adsorption capacity, g (mg g7’} of BB and CV on DSAC were then determined
according to equations (1) and (2) [24] as follows:

vrE=S2"% 100 )
Co
o F{C:F— c) o

where W is the dosage of adsorbent (g}, V is the volume of the basic dye solubions (L), Co and Care
the initial and equilibrium liquid-phase concentrations of EB and CV (mg L), respectively. Kinetic
experiments were conducted with initial basic dye concentrations of 50 and 100 mg L for BB and CV,
maintaining a constant initial pH. The DSAC adsorbent was introduced into 50 mL of the basic dye solutions,
which were then continuously shaken. At pre-determined sampling times, 1 mL solution samples were
withdrawn using a syringe and analyzed for BB and CV residuals using UV-vis spectrophotometry. The
experiments were repeated in triplicate to ensure the reliability of the results. The adsorption experiments
were performed to investigate the different effects using 50 mL of 100 mg L' BB and CV solutions at their
natural pH values: pH 4.0 for BB and pH 5.0 for CV. The equilibrium data were further evaluated using the
pseudo-first-order and pseudo-second-order adsorption kinetic models as well as various adsorption
isotherms, namely the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models. [22].

2.2.3 Kinetic models for the adsorption process

The kinetic adsorption models describe the adsorption rate over time, offering insight into the
underlying adsorpton mechanism. The most commonly applied models are the pseudo-first-order
(Lagergren’s model) [25] and pseudo-second-order (Ho and McoKay's model) [26). These models are
represented by equations (3) and (5), respectively, and can be expressed in their linear forms as equations (4)
and {6).

dq
I =k —4q, i
7 g, —q,) (3
In(g, —q,)=Ing, —kt (4)
dg,
T‘i=k2(q,—q,}‘ (5)
t 1 1

;c+—t (6)

Where g. and g, were the amount of dye adsorbed (mg g') at equilibrium and at any time. k; and & were the
pseudo-first-order rate constant (min') and the pseudo-second-order-rate constant (g mg?! min™),
respectively.

2.2.4 Isotherm models for the adsorption process

Several isotherm models, including the Langmuir, Freundlich, Temkin, and Cubinin-Radushkevich
isotherms, were tested to fit the adsorption equilibrium data. These isotherms were represented by the
following linear form in equations (7) to (10) [27 - 30]
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Where Ce is the equilibrium concentration (mg L), ge is the amount adsorbed at equilibrium (mg g71),
respectively. The parameters of gm and b are Langmuir constants representing the maximum adsorption
capacity (mg g') and the adsorption equilibrium constant (L mg), respectively. The values of Kr and n are
Freundlich constants, indicating the adsorption capacity (L g') and the adsorption intensity, respectively. Atis
the Temkin isotherm equilibrium binding constant (L g?), R is a universal gas constant (8.314 ] mol'K"), T
signifies temperature at 298K, and B is a constant related to the heat of sorption (J mol!). The s is a theoretical
isotherm saturation capacity (mg g?), K4 is the Dubinin—-Radushkevich isotherm constant (mol? kJ2), and ¢ is
the Dubinin-Radushkevich isotherm constant.

3. Results and Discussion
3.1 Characterization of DSAC

The specific surface area of DSAC was evaluated based on the Brunauer-Emmett-Teller (BET) model
[31]. As shown in Figure 1, the N, adsorption isotherms were interpreted according to the IUPAC
classification, which distinguishes six types of adsorption isotherms [32]. Type I adsorption isotherms are
typically used for tiny pores or microporous adsorbents, where the rate of adsorbate adsorption depends on
available micropore volume rather than total interior surface area. Types II, III, and VI were observed in non-
porous or macroporous materials. Type III and Type V isotherms indicate stronger adsorbate-adsorbate
interactions compared to adsorbate-adsorbent interactions. Types IV and V were identified for mesoporous
materials. The hysteresis loop type H4 suggests the presence of mesoporous particles [33-35]. DSAC
predominantly exhibits mesoporous characteristics, classifying it as a Type IV adsorbent. The activated carbon
prepared with ZnClzis mainly microporous but contains a significant mesopore component, which increases
with the ZnCl,-to-precursor impregnation ratio [36, 37].

The BET surface area of DSAC was calculated (Table 1) and may significantly influence its adsorption
efficiency. Notably, DSAC showed a substantial BET-specific surface area alongside increased mesopore
volume. The physical properties of the raw materials likely influenced the porosity characteristics of the final
activated carbon products. Additionally, the BET surface area values of DSAC are considerably higher than
those of modified granular composite adsorbents such as chitosan-bentonite-zirconium chloride (Cs- Bn- Zr),
S/modified bentonite (GOMBt), granular bentonite (GBt), ZnO-chitosan beads (CZB), chitosan beads (CB), and
chitosan beads coated with ZnO (ZCB), as shown in Table 1 [38-40]. The pHpz graphs were plotted between
the pHrand the pHi for DSAC, as shown in Figure 2. The pHpz value of DSAC was found to be 3.5, indicating
that DSAC carries a positive charge. This positive charge causes electrostatic repulsion with the positive
charges of basic dyes [41]. Consequently, DSAC is attracted to negatively charged species, enabling it to adsorb
RB and CV solutions at pH 4 and pH 5, respectively. Moreover, the morphology of the DSAC bead shows
numerous pores on the surface.
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Figure 1. Mz adsorption isotherm of DSAC: Note the hysteresis in types IV and 'V [32].
Table 1. BET surface area of DSAC compared with the granular adsorbents

BET Specific

Microp 1 A
Sample Surface area ! ore votume w,lﬂgi pore Ref.
em? 1) size (nm)
(m* g)

DsAC 29019 010 4.96 This study
Cs-Bn-Zr 6380 0095 3.57 [38]
GOMBt 36.50 0,097 383 39
CBt 35.65 0076 354 (391

CB 1246 0013 359

CZB 13.11 0016 174 [40]

ZCB 13.54 0018 363
12
10
B
E
4
2
1]

0 2 4 [ B 10 12
pHi

Figure 2. The pHpe of DSAC
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3.2 Effects of various parameters in adsorption studies

Figure 3 illustrates the effect of contact time and initial concentrations of BB and CV on DSAC. The
results reveal equilibrium times of approximately 12 hours for BB and 7 hours for CV solutions. Moreover, the
amount adsorbed at equilibrium (g.) rises with increasing initial concentrations of BB and CV solutions,
suggesting potential interactons between the basic dye solutions and the adsorbents [42]. The adsorbent
dosage from 0.10 - 060 g was used to study the effect of DC5-AC dosage for removing 100 mg L' of BB and
CV solutions at 30 *C as shown in Figure 4. At equilibrium, the percentage removal of BB and CV solutions
increased with increasing DSAC dosage. However, the amount of adsorbed (g.) decreased with increasing the
DSAC dosage. The result indicated that an increase in adsorbent dosage increases the surface area and
availability of adsorption sites [43]. There are the highest amounts adsorbed at equilibrium, 56.97 mg g (RB)
and 71.62 mg g (CV), on the optimal DSAC dosages, with the maximum amount of adsorbed values being
0.10 g, which is appropriate to use in this study.
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Figure 3. The effect of contact time and initial concentration of BB (pH 4.0} and CV (pH 5.0} on DSAC at 30°C

(50 and 100 mg/L of basic dye solutions, (.10 g of DSAC)
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The pH factor is critical in adsorpton, particularly for dye adsorption.  As illustrated in Figure 5, the
adsorption of RB and CV on DSAC increases slightly as the pH rises above 2. At lower pH levels, protonation
causes H fons to compete with BB and OV molecules for adsorption sites on the DSAC surface. Below the
pHpaze (3.5), the DSAC surface is positively charged, whereas above pHpeze it becomes negatively charged.
The pH increases, the electrical repulsion weakens, enabling more EB and CV molecules to adsorb onto the
activated carbon. Conversely, at pH levels above 7, OH- fons compete with BB and CV molecules for
adsorption sites, and due to their smaller size, OH- ions may migrate more quickly to the activated carbon
surface, the generation of hydrogen bonds between the carbowylic groups of EB or CV and the beads
potentially impact BB and CV of adsorption efficiency [44, 45].

&0

70

60

a, (mg/g)

50

40

3D T T T T T T

Final pH

Figure 5. The effect of pH of BB and CV adsorption on DSAC at 30°C (100 mg/L of basic dye solutions, 0,10 g
of DSAC)

3.3 Kinetic models for the adsorption process

The Kinetic models were employed to understand the adsorption mechanisms behind the interactons
between adsorbate and adsorbent [25, 26]. The experimental results were fitted using pseudo-first-order and
pseudo-second-order kinetic models. Linear plots of afg.—gy) versus t for the pseudo-first-order model and g
versus ¢ for the pseudo-second-order model] are shown in Figure 6. The values of &; and & were determined
from the slopes of the straight lines. Varous kinetic parameters, including the correlation coeffident B2, are
listed in Table 2. The results suggest that the adsorption kinetics of BB and CV onte DSAC are most accurately
represented by the pseudo-second-order model, as evidenced by the B2 values being closest to unity. The
adsorption process on porous materials proceeds through three stages: adsorption on the external surface, a
gradual adsorption phase, and adsorphon within the internal surface, ulimately reaching equilibrium. [48].

Table 2. Parameters of kinetic models for BB and CV solutons on DSAC

Value
Kinetic madels Parameter REB (mg L) CV (mg L)
50 100 50 100
g (mg g°7) 491 6.41 4.96 7.31
Psendo—first order ker (= 107 30 22 36 41
R? 0.97 0.96 0.98 0.95
g (mg g-°) 52.36 136.99 49.75 131.58
Pseudo — second order ke (% 107) 6.56 0.98 1.53 0.25

R (.98 0.97 (.99 0.98
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Figure 6. The kinetic adsorption models: {a) pseudo-first-order and (b) pseudo-second-order models, for RB
and CV (50 and 100 mg L1} adserption on DSAC, at 30°C and pH 5 (0,10 g of DSAC)

3.4 Isotherm models for the adsorption process
Mathematical models for representing adsorption isotherms have been developed. The Langmuir

model in equations (7) suggests monelayer adsorption on a homogeneous surface of the adsorbent at the
interface between the solid and liquid phases, and it also estimates the maximum adsorption capacity of the
process [27]. Furthermore, the Freundlich isotherm in equations (8) is commonly used to describe the
exponential adsorption of target compounds on heterogeneous surfaces. Ky indicates the strength of
adsorption, with lower values indicating stronger adsorption. Another constant, {/, indicates the adsorphon
intensity, and favorable adsorption is typically observed when the n value is between 1 and 10 [28, 48]. The
Temkin isotherm detailed in equation (%) includes a factor that explicitly accounts for adsorbent-adsorbate
interactions and assumes that the heat of adsorption of all molecules in the layer decreases linearly rather than
logarithmically with coverage. This derivation features a uniform distribution of maximum binding energies.
The Dubinin-Eadushkevich isotherm (equation 10) is generally applied to describe the adsorption mechanism
with a Gaussian energy distribution on a heterogeneous surface. This approach is often used to distinguish
between physical and chemical adsorption, with the mean free energy £ per molecule of adsorbate calculated
using equation (11) [30, 47].

E- 1

=— (11)

The mean adsorption energy (£) can describe adsorption properties. When the value of E was less
than 8 kJ mol?, it followed physical adsorption, but when the value of E ranged from & to 16, it followed
chemical adsorption [30, 48]). The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms were
shown in Figure 7. All the parameters derived from these four isotherms, including the correlation coefficients,
are summarized in Table 3. The parameters were calculated based on the slope and intercept of the respective
isotherm equations. The results indicated that the adsorption process of EB and OV solutions on the DSAC
corresponded more dosely with the Langmuir isotherm model than with the Freundlich, Temkin, and
Dubinin-Radushkevich models, as evidenced by a higher correlabion coefficient (R7). Therefore, the Langmuir
equation was chosen as the best match for the adsorption isotherms. Moreover, this further means that the
adsorption suggested monolayver adsorption on a homogeneous surface, according to Langmuir's theory. The
DSAC surface is relatively homogenous regarding functional groups with significant interaction with BB and
CV molecules [22, 49]. The Langmuir equation determined the maximum adsorption capacities (ge) on DSAC
to be 416.67 mg g for BB and 526.32 mg ¢! for CV solutions. Table 4 provides the maximum uptake capacities
(gm) for EB and CV solutions compared with some reported activated carbons synthesized from different
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sources. The results indicate that the gm values for EB and CV removal on DSAC were higher than those
achieved with other biomass-derived activated carbons. This suggests that the DSAC adsorbent developed in
the current study demonstrates superior performance. Motably, DSAC offers significant advantages over other
carbon-based adsorbents; Therefore, DSAC is an effective adsorbent material for treating wastewater.
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Figure 7. The (a) Langmuir, {b) Freundlich, (¢} Temkin, and {d) Dubinin-Radushkevich isotherms of BB (pH 4.0}
and CV {pH 5.0} solutions on DSAC (basic dye concentration 50-600 mg L, 0.10 g of DSAC)

Table 3 Parameter of Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich for BB and CV on DSAC

Efm
Mo, Adsorbents pH (mg &) Ref.
RB
1. Polysulfone - AC 4.0 2571 [20]
2 White sugar AC 4.0 12346 [45]
3. Magnetic AC 4.0 135.01 [0
4. Cassava peel 4.0 265.36 [51]
A, DsAC 4.0 416.67 This study
v
f. Date palm leaves AC 3.0 37.58 [21]
7. Korean cabbage waste 3.0 195.60 [52]
5. MaOH-activated Aerva javanica leaf 3.0 31520 23]
9. Water hyacinth plants AC 5.0 32258 [54]
10. DsAC 5.0 526.32 This study




ASEAN ]. Sci. Tech. Report. 2026, 29(2), €260465. 10 of 13

Table 4. The maximum adsorption capacities of BB and CV compared with prior literature at 25 *C

[sotherms Parameters Value

RB Ccv
Langmuir g (g 1) 416.67 5132
b(L mg") 0.004 0.005

R 0.97 .98

Freundlich Ee(Lgh) 465 435

n 1.58 1.08

E: 0.96 0.97

Temkin Ar{Lg" 0.05 0.07
B (] mol™) 89.35 10163

E: 0.93 092

Dubinin-Radushkevich K¢ (mol® kJ?) =107 1.41 1.30
s (g g 278.60 33425

E (k] mol!) 0.18 019

R? (.59 0.93

4. Conclusions

Daltum cochinchimense seed-based activated carbon (DSAC) was successfully prepared using EnCly
activation and demonstrated high etficency in removing Bhodamine B (BB} and Crystal Violet (CV) from
aquesus solutions. The adsorption followed the pseudo-second-order kinetic model and fitted well with the
Langmuir isotherm, showing maximum adsorption capacities of 416,67 mg g™ for BB and 526.32 mg g for
CV at 30 “C. Removal effidencies ranged between 80% and 90%, confirming the strong adsorption
performance of DSAC. These findings highlight DSAC as a cost-effective, sustainable, and environmentally
friendly adsorbent derived from agricultural waste. With its simple preparation, high adsorption capacity,
and reusability potential, DSAC shows great promise for practical application in industrial wastewater
treatment systems.
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