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dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). Demonstrated the
presence of nano-scale particle size and exceptional porosity. Furthermore, the physical
properties of the activated carbon were evaluated, encompassing parameters such as
density, humidity, ash content, iodine number, methylene blue pH, and point of zero
charge (pHezc). Adsorption experiments were performed under optimized conditions, with
a concentration of Eriochrome Black T (EBT) dye at (100 mg/L), and an adsorbent dose
of (0.4g/L), initial concentration(60-110 mg/L), highlighting acidic solutions with a pH of
(3.0) as exhibiting superior dye removal capacity, but considering economic factors, the
natural pH (5.2) level was determined to be optimal for subsequent experiments,
facilitating interaction with EBT dye molecules via electrostatic attraction.
Thermodynamic analysis of the adsorption process, conducted within a temperature range
of (25-65 °C), indicated an endothermic nature (+AH°), signifying physical adsorption
(AH® < 40 kJ/mol). The negative free energy (-AG°) suggested the spontaneity of the
process, while the positive entropy value (+AS°) indicated disorder. Additionally, the
Langmuir isotherm model was found to appropriately describe the adsorption behavior of
the EBT dye.
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1. Introduction

Water is the fundamental essential element crucial for supporting life on our planet, and safeguarding its purity
emerges as a pivotal global concern in the modern era. All living beings depend on pure, untainted water for their existence.
Despite water covering more than 71% of the Earth's surface, only a small fraction is safe to drink due to various impurities.
Even in minimal amounts, the presence of heavy metals, bacteria, and dyes can have detrimental effects on aquatic
ecosystems, human health, and the environment[1]. The ongoing degradation of water quality, resulting from the influx of
numerous organic, inorganic, and microbiological contaminants, underscores the urgent need for global efforts to combat
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water pollution[2]. Given their high toxicity and resistance to degradation, dyes are among the many pollutants present in
industrial effluent and should be taken very seriously. Azo dyes are distinguished by the existence of one or more azo
functional groups, symbolized by —N=N—, in their molecular arrangement. Removing azo dyes from water is notably tricky
due to their considerable resistance to both light and chemical oxidants[3]. Furthermore, the majority of azo dyes are known to
be mutagenic and carcinogenic, thus presenting substantial hazards to the health of humans[4]. The anionic EBT dye,
categorized as an acidic and azo dye, poses an environmental threat primarily owing to the existence of the N=N bond[5].
Thus, the development of efficient methods for separating hazardous EBT from contaminated streams is crucial. Current
studies have focused on utilizing numerous adsorbents to purify wastewater. Selecting the appropriate adsorbent for removing
water pollutants relies on various factors, including the concentration and type of pollutant, adsorption capacity, and
effectiveness of the pollutant. Moreover, adsorbents need to be non-toxic, affordable, capable of regeneration, and readily
accessible. A wide range of adsorbents, including industrial byproducts, agricultural waste, and natural materials, has been
utilized in the process of purifying wastewater [1]. Thus, the ongoing pursuit of new, effective, and economical adsorbents
remains a crucial objective in sorption research. Activated carbon (AC) represents the most extensively researched and utilized
adsorbent materials worldwide. Mainly composed of carbon, these materials exhibit well-developed surface areas and
functional groups. Recognized for its unmatched morphological and chemical attributes, AC is acknowledged as a versatile
adsorbent. It is employed in the elimination of metal ions and organic compounds from aqueous solutions, as well as in gas
removal and storage. With several physical and morphological characteristics, AC can be classified into various forms,
including powder, granular, spherical, and fiber-activated carbon[6]. The distinctive characteristics of nano-materials have
attracted attention across various disciplines, particularly in studies concerning the adsorption performance of nanoporous
carbons. In this study, NSAC was synthesized from Morus Nigra (Mulberry) stems through chemical activation with KOH,
introducing a novel adsorbent. Subsequent treatment with sodium hydroxide (NaOH) yielded highly micro-porous activated
carbon tailored for the adsorption of EBT. Morus, a common agricultural crop belonging to the Moraceae family, comprises a
variety of deciduous tree species commonly referred to as mulberry. It is cultivated in significant quantities in several Asian
countries, including Thailand, Korea, China, Japan, India, and the Kurdistan Region of northern Iraq [7]. The principal goal of
this study is to produce and analyze activated carbon derived from Morus Nigra Stem, followed by modifying its surface
through alkaline (NaOH) treatment. These synthesized materials are then used as adsorbents to remove EBT dye from aqueous
solutions. The activated carbon possesses a wide range of physical properties, including density, humidity, ash content, iodine
number, methylene blue, pH, and pHpzc, which are systematically evaluated. Characterization of the prepared AC, both before
and after the adsorption of the anionic dye, is performed using scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), Brunauer—-Emmett-Teller (BET) analysis, and Fourier-transform infrared
(FTIR) spectroscopy. Following this characterization, batch adsorption studies are conducted to explore optimal parameters
such as adsorbent dose, pH, temperature, contact time, and initial dye concentration. Additionally, various adsorption
isotherms and thermodynamics were used.
2. Materials and Methods
2.1. Preparation of nano-scale activated carbon (NSAC) (Adsorbent)

The Morus Nigra (Mulberry) stems underwent drying and were subsequently finely ground into powder form. Mulberry
Stem Powder was mixed with potassium hydroxide in a ratio of (1:2.5) (wt:wt). (Mulberry Stem Powder: KOH) using a
stainless steel bowl and heated directly over a slow flame using a burner for 90 minutes. After the initial carbonization Process,
the temperature was liberated and consistently stirred for three hours to guarantee a complete libation of vapors and gases. The
thermal activation process was carried out in a muffle furnace (Nabertherm Lilienthal, Germany, Max 1280 °C) at
temperatures of 350 and 550 °C for two hours, respectively, to complete the activation. The mixture was taken off the heat
source to purify the activated carbon. To ensure the activated carbon was free from KOH and metal remains, it went through
numerous washes using distilled water, effectively eliminating alkaline components. The resulting carbon was refluxed with
(10%) hydrochloric acid, and then it was washed several times with distilled water until the removal of any traces of the acid;
the product was dried at 110°C and using a sieve size of 75um and kept in isolation from the air[8].
2.2 Surface treatment of NSAC with NaOH

NSAC was the starting substance for modification through treatment with NaOH, producing NSAC-NaOH. The
modification process was carried out to get more NSAC samples with various surface chemical properties while preserving
their acceptable morphological qualities. Surface chemical modification's primary objective was to modify the activated
carbon's surface acidity and basic to make it easier to add or remove particular surface functional groups. The goal of this
modification was to provide the activated carbon with certain catalytic or adsorptive qualities[9]. The procedure began by
introducing dry NSAC into a conical flask outfitted with a condenser and heating source. For the oxidation treatment aimed at
enhancing the formation of functional groups without surface damage, a 1 M diluted NaOH solution was heated to its boiling
point. The oxidation process lasted for 3 hours at this temperature. Following this, the NSAC-NaOH underwent washing and
overnight drying at 110 °C, followed by sieving through 75pum mesh sizes. [10].
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2.3. Preparation of EBT Dye (Adsorbate)

EBT, an organic azo dye, shares common characteristics with other azo dyes due to its sulfonate groups and aromatic
rings. It displays robust resistance to bacterial or chemical degradation, even at lower concentrations[11]. To prepare a stock
solution of the dye with a concentration of 1000 mg/L, 1g of EBT dye was dissolved in a 1L volumetric flask and then diluted
with distilled water to the designated volume mark. The stock solution was diluted to get the required concentration for the
working solution. Table 1 outlines the general attributes and chemical composition of EBT dye. [12].

Table 1. The general characteristic of the EBT dye

Characteristic EBT Chemical structure

General name Eriochrome Black T o

Chemical formula Ca0H12N307SNa @ =x O RN/
Molecular weight (g mol~1) 461.381 O

Dye type Azo dye on Q

Color type Brownish black

Appearance Powder No,

Nature Anionic

Amax (nm) 531

2.4 Characterization of prepared adsorbent
2.4.1. physicochemical properties of the adsorbent:

The precision of experimental characterization for NSAC greatly depends on how samples are prepared. Many
measurement methods require careful handling of samples and controlled drying to remove absorbed moisture and gases,
ensuring accurate analysis of the adsorbent[13]. NSAC can be evaluated based on its activity and physical properties, including
bulk density, moisture content, ash content, iodine number, methylene blue adsorption, pH, and pHpzc. The bulk density[14],

moisture Content, and Ash Content [15] were determined according to Egs. (1,2,3)

Bulk density (g /cm3)= Weight of dry sample (l)

volume sample

_ (me—my)

Moisture content % = 0 X 100 2

where:m.; the initial mass of AC (g),m;: mass of AC after drying (g)

Weight of Ash produced
Ash Content(% ) = x 100 3
( L ) initial weight of sample ( )

The ASTM D4607-94 method (2006) [16] employs the iodine number as a technique for determining the internal adsorption
capacity (mg/g). Meanwhile, the adsorption capacity of methylene blue, represented as qwms, is utilized to evaluate the external
capacity (mg/g) of the adsorbent surface [17]. This evaluation involves computations using the Eq. (4)

qus(mg /g) = =2 x V )
Where m = mass of activated carbon in gram V = volume of tested solution in litter C,= initial concentration of MB dye, Ce=
concentration of MB at equilibrium. Finally, the pH [18]and pHpzc [15] of NSAC were measured using a digital (JENWAY
3505 pH Meter).
2.4.2. Surface Characterization

Functional groups on the surface of NSAC and NSAC-NaOH, which are responsible for dye binding before and after
adsorption, were investigated using FTIR spectroscopy and recorded by (1800 Shimadzu, Japan spectrophotometer). The
determination of the surface area of activated carbons, pore volumes, and pore dimensions was done using the BET method
(BEL, BELSORPMINIII, Japan). FE-SEM was used to examine the surface morphology of both AC adsorbents using
(TESCAN, MIRA 111, Czech). EDX was attached to an FE-SEM to identify the elemental composition of the adsorbent. The
crystal structure and phase purity were determined for NSAC using the XRD technique (Philips, PW1730, Holanda, X-ray
diffractometer).
2.5 Batch Adsorption Study:

Adsorption experiments were performed in 50-ml conical flasks, each containing 25 ml of EBT dye solution with an
initial concentration of (100 mg/L). The solution's natural pH was (5.2), containing 0.01 g of activated carbon. The mixtures
were subjected to continuous shaking at 100 rpm using a thermostatic shaker (CAT No SBS40-POWER 1400W) set at 25°C
for 60 minutes. Subsequently, they were extracted from the shaker at a particular moment and subjected to filtration using filter
paper. A UV-Vis spectrophotometer (model V5100, PIOWAY) at Amax of 531 nm was employed to generate a calibration

83



EDUSJ, Vol, 33, No: 2, 2024 (81-97)

curve. That was used to measure the amount of residual solution. Adsorption tests were performed to investigate the effects of
adsorbent dose (0.01-0.05 g), beginning solution pH (3-9), contact duration (5-100 min), temperature (25-65 °C), and initial
dye concentration (60-110 mg/L) on adsorption isotherm, and thermodynamic properties The equilibrium adsorption capacity
of EBT dye, represented as ge (mg/g), and the percentage of dye removed was determined using the following equations: Egs.

(5.6) [19].

_ Co —Ce
qe =S x v (5)
R % == x 100 (6)

0

Where C- and C, are the initial and equilibrium EBT dye concentrations (mg/L), V(L) is the volume of the EBT dye, and m is
the activated carbon (g) mass. (ge) the dye's adsorption capacity at equilibrium mg/g.
2.6 Adsorption Thermodynamic Study:

The thermodynamic properties such as the change in Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS®) for
the adsorption process of EBT on NSAC and NSAC-NaOH were determined across the temperature range of 298 to 338 K
using the Van’t Hoff equation, outlined in Eq. (7). The values of AH® and AS® were derived from the slope and intercept of the
InK versus 1T plot, depicted in Fig. 12. The calculation of AG® was carried out according to Eq. (8) [20].

i 208 AH° ,
nKe =~ g7 (7)
AG’ = —RTInk, (8)

Where K. is the equilibrium constant and K, = C,4/C. , Cq4is the equilibrium dye concentration on the adsorbent ( mg/L), C,
is the equilibrium dye concentration in solution mg/L, T is the temperature (Kelvin), and R (8.314 J/mol K) is the gas
constant.

2.7 Adsorption equilibrium isotherm Study:

The adsorption equilibrium data were analyzed using two widely employed adsorption isotherm models: Langmuir and
Freundlich [21]. The Langmuir isotherm assumes homogeneous adsorption with uniform energy of active adsorption sites,
while the Freundlich isotherm assumes heterogeneous surfaces. The linear equations representing Langmuir's and Freundlich's
models are described by Egs. (9,10), respectively.

Ce  Ce N 1 ©
e Qmax Kle Qmax
Ing. = InKg +H InC, (10)

Where ¢ is the amount of adsorbed dye at equilibrium (mg/g), Ce is the equilibrium concentration of dye in solution mg, Q ax
is the Langmuir theoretical maximum adsorption capacity mg/g, K;,, Kg, and n are the constants of Langmuir and Freundlich
isotherm models, Langmuir isotherm can be depicted with a dimensionless constant separation factor, R;. The value of Ry,
shows the adsorption condition as unfavorable (R. more than 1), liner (R. = 1), irreversible (RL = 0), and favorable (R,
between 0 and 1). Ry is obtained from Eq.(11) [21]

1

R.= (1+Ky) x Ce (1)

Where C. is the maximum initial EBT concentration.

3. Results and discussion

3.1-Adsorbent Characterization

The physicochemical properties of NSAC prepared from Morus Nigra (Mulberry) Stem were determined and presented in
Table 2 below:

Table 2. Physico-chemical properties of the NSAC

Adsorbent % of Moisture % of Ash Density lodine Number Methylene Blue pH pHpz
mg/g® mg /g mg /g
NSAC 5.2 2.4 0.0942 852.69 183.32 6.77 6.6

Bulk of Density: The density of NSAC can change depending on the raw material utilized, the activation technique
employed, and the properties of the activating agents utilized[22]. Therefore, it is essential to consider bulk density when
preparing activated carbon. A low density may indicate greater porosity and surface area, desirable characteristics for many
applications[14]. Eq. (1) was applied to calculate the density of the NSAC; it was found to be (0.0942 g/cm?®), considered good
when compared to prepared types, and demonstrated high adsorption efficiency.
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Moisture content: Moisture content in activated carbon denotes the quantity of water present, and the acceptable
range is widely less than 10%. The result shows a moisture content of 5.2%, within the permissible range [23]. As Macky [24]
indicated, the presence of moisture in wastewater treatment doesn't impair the efficiency of the adsorbent. Instead, it acts as a
diluting agent, necessitating a larger quantity of adsorbent to achieve the desired dry weight. Moisture content does not pose a
research or scientific issue, as it can be controlled by employing heat in an environment devoid of air.

Ash content: The ash content of carbon denotes the residual material remaining post-combustion of carbonaceous
substances. Various factors, including the chemical composition of the initial components, the temperature during
carbonization, and the specific oxidizing agent employed, impact the composition of this residue.[25] Our study indicates an
ash content percentage of 2.4%; generally, in commercial settings, the acceptable range for ash content in activated carbon
varies from 2% to 10%. A lower ash content is desirable as it contributes to a higher fixed carbon value and enhances the
quality of the activated carbon[26]

lodine Number: The iodine number is commonly used to assess the porosity of activated carbon (AC), often serving
as an estimate of surface area for specific types of activated carbons. However, it's important to recognize that the correlation
between iodine number and surface area isn't consistently reliable, as it is influenced by factors such as the distribution of pore
volume, the type of raw material, operational and processing methods [27]. In our investigation, the iodine number for NSAC
was determined to be 852.69 mg/g, surpassing that of commercial samples. This higher iodine value in NSAC is attributed to
the presence of a substantial micro-pore structure, which can lead to an enlarged surface area due to the expansion of its pore
structure [28].

Methylene blue Adsorption: Adsorption capacity was utilized as a method to evaluate the surface area of AC
comparatively. The value of the methylene blue dye's adsorption capacity was confirmed to be 183.32 mg/g, which gives a
good indication of a considerable external surface area

FTIR analysis: Additional carbonization process occurred using the NaOH base, a comparison was made between the IR
spectrum of the prepared carbon and the modified carbon before and after the adsorption process of the EBT dye .The results
showed varying bands in terms of the type and intensity of the bands, as shown in Fig 1. The spectrum of prepared carbon
NSAC showed two main bands at 1750 cm, which may represent (C=0) or (C=C) bands in aromatic compounds that fall in
the range 1450-1600cm™* and the band at 1161 cm™ represents (C-N) or (C-O). Before adsorption, NSAC-NaOH showed new
bands that appeared at 3417 cm, belonging to a phenolic (O-H) or amino (N-H) group, and a new band that appeared at 1415
cm*. After the adsorption process of the EBT dye occurred on the NSAC, the results showed a band at 3394 belonging to
(O-H) or (N-H). A band at 1573 cm™ may belong to the NO, group, and distinctive bands appeared like a distinctive
fingerprint.

(@)
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Figure 1. FT-IR spectra for (a) NSAC before adsorption, (b) NSAC after adoption, and (¢) NSAC-NaOH

Surface morphology analysis: Analyzing the surface morphology and confirming the porosity of the adsorbents,
samples of the NSAC before and after adsorption underwent examination using SEM (MIRAIII, Tecsan). Fig.2(a) shows an
SEM image of NSAC before adsorption. It can be observed that the micrograph of the surface of NSAC shows that its surface
has the appearance of sheets with irregular and porous morphology due to chemical activation[29]. Fig. 2(b) depicts their
spherical form and diameter of 14.70 nm. This confirms that post-adsorption, the porous surface of NSAC was thickened and
coated with EBT dye.[30]. The SEM image of NSAC-NaOH after modification is shown in Fig. 2(c). The analysis revealed an
increased presence of cavities and a broader pore network on the surface of the AC. Based on the SEM images, it is inferred
that chemical activation stimulates the formation of pores and the expansion of pre-existing ones. This observation validates
the inherent porous structure of activated carbon [31].

(@)
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Figure 2. SEM for (a) NSAC before adsorption, (b) NSAC after adoption, and (c) NSAC-NaOH
Specific surface area analysis: Activated carbon's specific surface area is affected by a variety of factors, which

include the kin of the activation agent employed, temperature, and the absorption characteristics of the starting material. The
temperature of carbonization significantly impacts the formation of pore structure and the overall surface area. Notably,
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NSAC-NaOH demonstrates the highest surface area, largely due to its chemical activation with KOH, followed by treatment
with NaOH [25]. Table 3 displays the findings of the BET analysis; this high-specific surface area for adsorbents makes it a
candidate for use in the adsorption process.

Table 3: BET surface area and porosity of NSAC and NSAC-NaOH.

BET Surface area Langmuir surface area Pore Size Pore volume Average Particle size
Adsorbent 2 N 3 3
m‘ /g m‘ /g cm®/g cm’/g nm
NSAC 448.25 407.24 0.6009 102.99 5.3622
NSAC-NaOH 462.59 518.08 0.5495 106.28 4.7517

Elemental composition analysis: EDX analysis was conducted on NSAC to ascertain the percentage weight of
chemical compositions present on the surface, utilizing an X-ray diffractometer (PW1730, Philips, Netherlands). The results,
illustrated in Fig. 3, reveal that the material consists of C: 86% and O: 13.4%, with carbon and oxygen being the predominant
elements. This substantiates the organic nature of the NSAC adsorbent[32].
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Figure 3. EDX images of NSAC

Crystalline structure analysis: Structural assessment was performed through powder XRD investigations, a method
beneficial in discerning the crystalline or amorphous attributes of materials. Crystalline samples manifest sharp peaks, whereas
amorphous ones present a solitary broad diffused peak. The XRD graph for NSAC is illustrated in Fig. 4. Evaluation of the
XRD results for NSAC confirms its amorphous quality, as indicated by the absence of sharp peaks [31].

88



EDUSJ, Vol, 33, No: 2, 2024 (81-97)

Intensity

10 20 30 40 50 60 70 80
2Theta degrees

Figure 4. XRD image of NSAC

3.2. Adsorption study in batch mode
3.2.1 Effect of Adsorbent dose

A sequence of experiments was executed to evaluate the impact of adsorbent quantity on EBT removal efficiency and
determine the optimal loading of adsorbent. The sample volume was adjusted while keeping all other experimental conditions
consistent[33]. The quantity of adsorbent ranged from 0.01 g to 0.05 g while maintaining a constant volume of dye solution
(25 ml). As depicted in Fig. 5, the removal efficiency of EBT dye rose from 74.121% to 91.973% as the adsorbent dose
increased from 0.01 g to 0.03 g, reaching its maximum. However, this juncture marked the sole significant improvement in
adsorption yield. This enhancement can be ascribed to the availability of abundant adsorption sites and increased surface area
with higher quantities of adsorbent. Furthermore, lower concentrations of adsorbent resulted in reduced spatial hindrance in the
molecular structure of EBT dye, leading to enhanced interactions during the initial stages of adsorption [2]. Taking economic
factors into consideration, it was established that an adsorbent dose of 0.01 g of NSAC per 25 ml of dye solution was the
optimal choice for future experiments.
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Figure 5. Effect of adsorbent dose NSAC on EBT dye adsorption.

3.2.2. Effect of pH:

Numerous investigations have utilized economical adsorbents derived from agricultural waste to facilitate the absorption
of basic dyes under neutral pH conditions. However, addressing the elimination of anionic dyes in such scenarios poses
challenges due to the presence of negatively charged functional groups within these adsorbents, leading to electrostatic
repulsion between the surfaces of the adsorbents and the anionic dyes. Although substantial dye absorption has been noted at
acidic pH levels, this strategy is not viable at the commercial level due to the need for chemical adjustment of the solution's
pH. Thus, the main objective of this study was to develop an adsorbent capable of efficiently adsorbing anionic dyes in both
single- and multi-component systems at a neutral pH [34]. The results indicate that NSAC and NSAC-NaOH demonstrate high
adsorption rates for EBT dye within the acidic pH range, rendering them effective for dye removal through adsorption. The
notable removal efficiency at pH=3 is due to the functional groups of the adsorbents' protonated surface. In the case of NSAC,
a consistent decrease in EBT dye removal percentage is observed as pH increases from 3 to 9 (Fig. 6(a)). Conversely, for EBT
adsorption on NSAC-NaOH (Fig. 6(b)), the removal percentage remains relatively constant within the pH range of 4 to 7.
However, at pH levels exceeding 7, a significant decline was observed in the percentage of EBT removal. This decrease
implies the existence of OH- ions, which could potentially compete with EBT anions, resulting in a decrease in removal
efficiency. The pHpzc of NSAC residues was determined using the solid addition method and was found to be 6.6 (Fig. 6(c)).
This implies that when pH levels fall below 6.6, the NSAC surface becomes positively charged and can attract anionic species.
Conversely, if pH levels rise above 6.6, the surface becomes negatively charged, potentially leading to competition with
anionic species due to electrostatic repulsion. The increased efficacy in eliminating EBT dye under acidic pH conditions is
attributed to the formation of a positive charge on the surface functional groups of the adsorbent. This positive charge
facilitates electrostatic attraction between the positively charged adsorbent surface and the anionic dyes. Conversely, when the
adsorbent surface becomes negatively charged, electrostatic repulsion arises between the anionic dyes and the sorbent surface,
resulting in a decrease in adsorption capacity. Similar trends have been observed in the adsorption of CR on bio-based
sorbents. [35].
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Figure 6. Effect of pH on the %R and ge of EBT dye adsorption on (a) NSAC, (b) NSAC-NaOH, and (c) PZC of NSAC.

3.2.3. Effect of contact time

To evaluate the time required for the adsorption of dye, the effect of contact time on EBT removal percentage was
analyzed. As depicted in Fig. 7, both NSAC and NSAC-NaOH showed a rapid increase in dye removal within the first 5
minutes, reaching maximum efficiency within 30 minutes. This swift absorption is credited to the rapid bonding of dye
molecules to the surface of the adsorbent, facilitated by the abundance of available sites on the NSAC surface. Subsequently,
after reaching a plateau until 80 minutes, the stabilization of adsorption values suggests equilibrium was attained. The
adsorption sites gradually being saturated with EBT molecules over time, the elimination of EBT happened more slowly. [36].
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Figure 7. Effect of contact time on the adsorption of EBT on NSAC and NSAC-NaOH at 25 °C

3.2.4. Effect of initial concentration

Fig. 8 demonstrates how the initial dye concentration affects the adsorption process. The removal percentage (%R) declined
from 78.904% to 58.963% for NSAC and from 81.7005% to 68.359% for NSAC-NaOH, respectively. In the lower dye
concentration range of 60 to 110 mg/L, the removal efficiency increased due to the availability of active sites on the surface
necessary for adsorbing dye molecules. However, as the dye concentration continued to increase, the removal efficiency
decreased because the active sites of the adsorbent became saturated, allowing dye molecules to re-enter the liquid phase [37].
On the other hand, the adsorption capacity increased from 118.356 to 162.148 mg/g for NSAC and from 122.550 to 187.987
mg/g for NSAC-NaOH, respectively, as the initial concentration of EBT aqueous solution increased. This increase is attributed
to the saturation of active sites at higher EBT dye concentrations. Higher concentrations of EBT in the solution drive a greater
mass flow from the liquid phase to the solid phase. This is due to the concentration disparity between the surface of the
adsorbent and the EBT in the solution. As the EBT concentration increases, this disparity becomes more pronounced, leading
to increased movement of EBT molecules toward the adsorbent surface. This intensified mass transfer enhances adsorption
efficiency and boosts the adsorption capacity. However, there is a limit to this phenomenon. Once the active sites on the
adsorbent surface are fully saturated, further increases in EBT concentration in the solution do not result in additional
adsorption. At this stage, available active adsorption sites are occupied by EBT molecules, making it impossible for the
adsorbent to remove any more EBT dye from the solution.[38].
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Figure 8. Effect of Initial concentration on the adsorption of EBT on (a) NSAC and (b) NSAC-NaOH at 25 °C
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3.3. Adsorption equilibrium isotherm:

Figs. 9 and 10 illustrate the application of Langmuir and Freundlich adsorption isotherms for EBT on NSAC and NSAC-
NaOH, respectively. Table 4 lists the parameters that define both isotherm models. When compared to the Freundlich
isotherm, the Langmuir isotherm exhibits the highest maximum adsorption capacity and correlation coefficient (R?). This
indicates a strong correlation between EBT adsorption and the Langmuir model, suggesting a uniform monolayer type of
adsorption with consistent adsorption energies; this difference is likely attributed to the uniform distribution of active sites on
the surface of the adsorbent. The Ry values for the data in this study range between 0 and 1, implying favorable adsorption of
EBT on the adsorbent[21]. Values of n greater than 1 or between 1 and 10 This suggests that the physical adsorption process.
This implies that the adsorption bond weakens and is primarily driven by van der Waals forces.
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Figure 9. Adsorption Langmuir isotherm of EBT on (a) NSAC and (b)NSAC-NaOH at 25°C
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Figure 10. Adsorption Freundlich isotherm of EBT on (a) NSAC and (b)NSAC-NaOH at 25°C
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Table 4. Langmuir and Freundlich isotherm constants for the adsorption of EBT on NSAC, NSAC-NaOH at 25 °C

Adsorbent Langmuir constant Freundlich constant
Qmax(mg/g) KL(L/mg) RL R? KF(mg /g) n R?
NSAC 192.308 0.124 0.075 0.9984 63.396 3.986 0.9860
NSAC-NaOH 270.270 0.065 0.133 0.9891 42.888 2.383 0.9880

3.4. Adsorption Thermodynamic Study

Analyzing the thermodynamics of an adsorption method establishes the spontaneity of the process and offers insights into
energy alteration. Table (5) indicates that the (AG") values at all selected temperatures are negative, which confirms that the
adsorption of EBT dye onto NSAC and NSAC-NaOH is a spontaneous process. The spontaneity increases with increasing
temperature, indicating the process's feasibility and favorability at elevated temperatures[39]. The positive values of standard
enthalpy change (AH®) indicate an endothermic lean in the adsorption process, implying the absorption of heat energy from the
environment and heat transfer into the system. This is linked to the finding that as temperature rises, adsorption capacity
increases.[31]. Furthermore, the value of enthalpy changes for eliminating EBT of less than 20 kJ/mol implies that the primary
mechanism for EBT adsorption onto the AC involves physical interactions, specifically electrostatic interactions or van der
Waals forces [38]. Moreover, the positive (AS°®) value signifies an elevation in disorderliness at the interface between the solid
and liquid phases during the sorption process, a phenomenon commonly observed in physical sorptionFig.11 shows how
temperature fluctuations affect the removal efficiency of EBT.
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Figure 11. Van’t Hof plot of the adsorption of EBT onto (a)NSAC and (b) NSAC-NaOH at different temperatures

Table 5. Thermodynamic parameters for the adsorption of EBT dye onto NSAC, NSAC-NaOH at various Temperatures

AG’ K] /mol
Adsorbent AH’ KJ./mol AS’J/mol. K 25°C 35°C 45°C 55°C 65°C
NSAC 14.081 54.31 -2.032 -2.562 -3.236 -3.639 -4.193
NSAC- 5.904 26.606 -2.047 -2.272 -2.573 -2.747 -3.147

NaOH
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4. Conclusion:

This research investigated the synthesis of NSAC and its carbonization using KOH, followed by modifying NSAC surface
chemistry to produce NSAC-NaOH. This involved chemically oxidizing the surface to introduce functional groups like
carboxylic acid and amine, aiming to enhance AC's adsorption potential for various pollutants in water and wastewater. The
method was observed to impact the carbon's pore structure to varying degrees. Typically, treating AC with a base leads to
increased adsorption of anionic compounds in water. In alkaline solutions, it was anticipated that OH ions would interact with
AC's surface functional groups, thereby improving the adsorption of organic species, such as phenol, from water. Overall,
under alkaline conditions, OH ions were expected to react with AC's surface functional groups, creating a more positive charge
on the activated carbon surface, which facilitated the adsorption of negatively charged species from water. An investigation
into the ideal adsorption conditions, encompassing factors such as adsorbent dosage, contact time, temperature, initial
concentration, and solution pH. The Langmuir isotherm equations best represented the equilibrium data. EBT adsorption was
identified as spontaneous and endothermic between 298 and 338 K based on measured thermodynamic variables. A newly
synthesized activated carbon NSAC derived from Mulberry stem emerged as a cost-effective and efficient adsorbent,
highlighting its potential in mitigating industrial waste contamination, particularly in dye removal from water sources.
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