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Abstract

Textile wastewater contains harmful dyes that cannot be denied, making them a significant concern for
both the economy and human health. To address the efficient removal of these dyes, various adsorbents
inspired by nature have been used. This study, utilized black plum seed shell activated carbon (BPAC)
as a new, highly effective, inexpensive, and readily available adsorbent for the uptake of methyl orange
dye. Several experiments were conducted to study the effect of experimental factors using batch
adsorption methods. Scanning Electron Microscopy and Fourier Transform Infrared Spectroscopy (FT-
IR) and pH at point of zero charge (pHpzc) were employed to examine the surface characteristics of the
BPAC. The well-fitted Freundlich models (R? = 0.9956) confirmed that the adsorption process on the
BPAC surface followed a heterogeneous multilayer mechanism. Thermodynamic parameters AS = -
0.169 kJ/K, AH = -49.05 kJ/mol, and AG® =-3.22, -2.53, -1.84, -1.15 and -4.55 kJ/mol (at 303, 308, 313,
318 and 323 K) indicates feasible exothermic and spontaneous adsorption process. The research on
regeneration demonstrated that NaOH solution is more effective in recovering MO from BPAC
compared to distilled water, NaCl and HCI solutions. The BPAC was able to be reused five times and
maintained an adsorption efficiency of 56.51 %.
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1. Introduction

The textile industry plays a significant role in global economic development. However, one of the
challenges associated with textile manufacturing is the discharge of harmful dye waste (Kumar et
al.,2020). Among various industries, textiles use a large amount of dyes for coloring fibers, resulting in
the highest release of dye waste into the environment (Saratale et al., 2020). Approximately 280,000
tons of dyestuff, which accounts for 10%-15% of total dyes used in textile production, are discharged
annually (Baysal et al.,2020).

Textiles are made up of natural and synthetic fibers and are used to produce various types of
clothing. The dyeing, scouring, printing, sizing, mercerizing, de-scouring, bleaching, and finishing
processes in textile production contribute to the discharge of wastewater. It is estimated that one ton of
natural textiles requires about 60 m® of fresh water, while synthetic textiles require approximately 92
m3, resulting in 17%-20% of wastewater discharges (Yaseen et al., 2019). The limited absorption
capacity of fabrics leads to the inefficient adsorption of dye mixtures, resulting in the release of dye
waste and abrics can only absorb around 25% of the dye mixture (Chin et al., 2020).

Dyes, which are colored substances, absorb specific wavelengths in the visible spectrum and
have stable and complex aromatic structures that are resistant to degradation (Ertugay et al., 2017) [6].
They find applications in various industries such as pharmaceuticals, textiles, cosmetics, food, plastics,
photography, and paper production (Yang et al., 2018). Dyes can be classified into synthetic and natural
categories, with natural dyes derived from plants or animals. Synthetic dyes are further divided into azo
and non-azo dyes, and azo dyes can be categorized as acidic, reactive, basic, vat, disperse, and sulfur
dyes (Akartasse et al., 2022). Acidic dye like methyl orange (MO) is commonly used.

Several studies have been published on dye removal methods, which can effectively remove
dyes in a short time. These methods can be classified into three major treatment categories: chemical,
biological, and physical treatments (Aadouz et al., 2023; Akartasse et al., 2022; Goren et al., 2021;
Ofomaja et al., 2019; Salem et al., 2015). Techniques such as advanced oxidation (AOP),
electrochemical treatment, adsorption, biological treatment, and membrane filtration are commonly used
for dye elimination. Each method has its advantages and disadvantages, but adsorption is the most widely
used method due to its ability to remove pollutants at various concentrations (Samsami et al., 2020;
Uddin et al., 2011; Husaini et al., 2019a). Therefore, numerous studies have focused on developing
efficient and cost-effective adsorbent materials.

Agricultural wastes have been utilized for wastewater treatment due to their easy availability
and favorable physicochemical properties, including high adsorption capacity low cost and good

removal efficiency. Agricultural wastes mainly contain hemicellulose, lignin, and high molecular weight
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cellulose, with small-sized lignocellulosic materials being particularly important for dye removal
(Demba et al., 2022; Husaini et al., 2020; Aljeboree et al., 2020; Ad et al., 2016).

Black plum seed shell, is an abundant, cost-effective material with a large surface area, making
it a suitable adsorbent for treating textile wastewater. There is limited available information regarding
the importance of using Black plum seed shell for the removal of dye wastewater.

The aim of this study is to investigate the possibility of employing Black plum seed shell for
removing methyl orange (MO) from textile wastewater. The results demonstrate the potential of Black

plum seed shell activated carbon as an adsorbent for eliminating dyes from wastewater.

2. Materials and Methods

2.1. Collection and Preparation of Adsorbent Samples

The adsorbent samples were prepared following the methods described by reference (Husaini et al.,
2023a) in which the Gingerbread plum seed shells samples were collected and thoroughly washed with
tap water. They were then rinsed extensively with distilled water to eliminate any dust or soluble
substances. Subsequently, the seed shells were dried for 72 hours at room temperature in the laboratory
until they became crispy. The dried leaves were finely powdered using a mechanical electronic grinder
and impregnated with (30%) phosphoric acid solution for 24 hours and dried prior to carbonization. The
carbonization took place in a furnace, with a temperature of 400°C, for 2 hours. Following that, the
activated samples underwent a washing procedure using distilled water until a neutral solution was
achieved. Subsequently, the samples were dried in an oven at 105°C until they reached a constant weight.

After drying, the sample was sifted and placed in an airtight container, specifically labeled as BPAC.

2.2. Preparation of Dye Solutions

A stock aqueous solution with a concentration of 1,000 mg L™ was prepared by dissolving 1 g of dye in
1 liter of distilled water. From this stock solution, smaller pollutant solutions of different concentrations
were prepared by diluting the stock solution with demineralized water. Hydrochloric acid (HCI) and
sodium hydroxide (NaOH) were used to adjust the pH of the different dye solutions during the

experiments.
o @ / \
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Figure. 1: Structure of Methyl orange
2.3. Batch Adsorption Studies
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Batch adsorption experiments were conducted to study the adsorption of MO dyes by BPAC. The
experiments involved varying parameters such as agitation time (5 - 150 minutes), adsorbent dosage (0.1
- 500 g), particle size (75 — 900 um), initial dye concentration (20 - 500 mg/L), and initial dye pH (2-
12). The experiments were performed in triplicates at a constant agitation speed of 200 rpm and room
temperature (30°C). In each experiment, a specified amount of adsorbent was mixed with 100 cm3
Erlenmeyer flasks containing 50 cm? of dye solution with a known concentration. The solutions were
agitated using an orbital shaker for a specific time period to reach equilibrium. After that, samples were
taken out and the supernatant solution was separated from the adsorbent by filtration using Whatman
No. 41 filter paper. The initial few drops of the filtrate were discarded. The residual dye concentration
in the filtrates was analyzed using a UV-vis spectrophotometer at the respective wavelength of 464.47
nm. The data obtained from triplicate readings were reported as average values. The percentage
adsorption and the adsorption capacity of the substrate at equilibrium (mg/g) were calculated using
Equations 1 and 2, respectively (Ibrahim et al., 2016).
Co— Ce

% Adsorption = —— X 100 (1)

0

_(Co=Ce) xv

ge =——— )

In these equations, C, represents the initial dye concentration in mg/L, Ce represents the concentration
at equilibrium or a predetermined time point, V represents the volume of the dye solution used in liters,

and w represents the weight of the adsorbent in grams.

2.4. Point of Zero Charge (pHpz)

To determine the pHpc of the sorbent, Erlenmeyer flasks containing 50 ml of 0.1 M KNOz solution were
used. The pH of the KNOs solutions was adjusted using 0.1 M HCI and NaOH solutions. Next, 0.1 g of
the BPAC sorbent was added to the KNOgz solutions with different pH values. The samples were then
shaken for 24 hours. After filtration, the final pH values (pHs) were measured using a pH meter. The

PHpzc value was determined based on the plot of ApH as a function of pH; (Ayuba et al., 2022).

2.5. Fourier Transform Infra-Red (FTIR) Spectroscopy

To gain insights into the surface and structure of the adsorbent and better understand the mechanism of
dye binding to adsorbent, FTIR spectroscopy was employed. Both the fresh adsorbent and the adsorbent
loaded with dye were subjected to FTIR analysis using a CARY 630 FTIR spectrophotometer
manufactured by Agilent Technologies (Husaini et al., 2019b).

2.6. Scanning Electron Microscopy (SEM)
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In order to examine the morphology and surface characteristics of the BPAC samples, scanning electron
microscopy (SEM) was utilized. The SEM analysis was performed using a Philips XL30 Scanning
Electron Microscope with an accelerating voltage of 15kV, a beam size of 3.0, a working distance of 10
and a magnification of 1000. Prior to analysis, the samples were coated with carbon under vacuum
conditions to prevent the build-up of static electric charge on the particle surfaces (Husaini et al., 2020).

2.7. Desorption and Recyclability Studies

Batch desorption experiments were conducted using neutral, basic, and acidic desorbing solutions,
including distilled water, sodium hydroxide, hydrochloric acid and sodium chloride. To prepare MO -
enriched adsorbent, 0.1 g of adsorbent was shaken with 50 cm?® of a 50 mg/L MO solution at 200 rpm
for 90 minutes at 303 K.

In the desorption experiments, the MO - loaded adsorbent was mixed with 50 cm® of one of the
aforementioned desorbing solutions. The mixture was shaken at 200 rpm for 90 minutes, and the
concentration of desorbed dye in the supernatant was analyzed. The effect of desorbing solution
concentration was investigated using the eluent that provided the highest dye recovery. A similar
procedure was followed with different concentrations (0.1 — 0.5 M) of sodium hydroxide for desorption
experiments. The influence of contact time on desorption was also examined using at various time
intervals of 5 - 90 minutes (Shahadat et al., 2018). The desorption efficiency was calculated using the
following equation 3.

The recyclability of the BPAC was evaluated by performing five successive cycles of adsorption and the

amount of adsorbed dye in each cycle was recorded.

Desorption efficiency (%) = fﬁ x 100 (3)

d

Where, Cqes and Cags represent the concentrations of desorbed and adsorbed MO in mg/L.

3.0. Results and discussion

3.1. Characterization

FTIR spectra of the adsorbent shown in Figure 2 exhibited notable changes in the observed peaks before
and after adsorption, indicating significant alterations in functional groups. The specific functional
groups corresponding to these changes can be seen in the Table 1.

SEM is a valuable technique for assessing the properties of adsorbent materials. SEM micrographs of
the black plum seed shell activated carbon depicted in Figure 3(a-b) revealed that the powder consisted
of fine particles without a defined shape or size. The surface appeared fibrous with irregular macrospores

and some enlarged cavities, suggesting the potential for dye molecules to diffuse through the
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macrospores of the adsorbent.

The pH at point of zero charge (pHpz) denotes the pH at which the surface charge of the adsorbent
becomes neutral. According to Figure 4, the pHpzc of the BPAC surface is determined to be 5.4. This
indicates that at pH 5.4, the cation and anion exchange capacities of the adsorbent are equal. When the
pH of the solution exceeds the pHpzc, the surface charge of the adsorbent becomes negative due to proton
(H*) desorption. Conversely, when the pH of the solution is below the pHpc, the surface charge of the

adsorbent becomes positive as a result of the adsorption of positive charges (H)
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2. FTIR Spectra of BPAC and BPAC-MO

Table 1. Functional group observed before and after adsorption of MO onto BPAC

Functional group Wavelength  Before Adsorption  After adsorption

range (cm™)

O-H stretching vibration in alcohol 3700-3584 3655 3687
C-H stretching vibration in alkane 3000-2840 2851 2900
C = C stretching vibration in alkyne 2260-2100 2257 2180
C = C stretching vibration in alkyne 2260-2190 2113 2121
C=C=C stretching of allene 2000-1900 1987 1972
C = O stretching of carboxylic acid 1720-1706 1601 1630
N-O stretching of nitro groups 1550-1500 1547 1549
C-H bending of 1,3-disubstituted 880+20 870 879
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3 4

Figure 4. pH at Point of Zero Charge of BPAC
3.2. Batch Adsorption Studies
In The study focusing on batch adsorption and optimization, experiments were conducted to investigate
the impact of agitation time (ranging from 5 to 150 minutes) on the percentage of dye adsorption onto
the adsorbent. The results (shown in Figure 5a) indicated that the dye adsorption percentage increased
rapidly from 45.09 % within the first 5 minutes reaching an optimum level (84.02%) at 60 minutes.
Agitation time is a crucial parameter that influences various transfer processes, including adsorption.
According to Ibrahim et al. (2015), longer agitation time enhances the diffusion rate of dye molecules
from the bulk liquid to the liquid-adsorbent interface by increasing turbulence and reducing the thickness
of the interphase layer. The initial high dye removal by the adsorbents can be attributed to the availability
of numerous vacant sites on the surface for the adsorption of methyl orange.
The impact of adsorbent dosage (ranging from 0.1 to 0.6 g) on the percentage of dye adsorption was
investigated at predetermined equilibrium agitation times. The results, illustrated in Figure 5b
demonstrate an increase in the percentage of adsorption with an increase in adsorbent dosage, ranging
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from 83.89 % to 91.35 %. As the amount of adsorbent increases, the number of active sites available for
adsorption also increases, resulting in a higher percentage of dye adsorption. This can be attributed to
the presence of accessible sites or surface area on the adsorbents that facilitate the transfer of dyes
between the liquid solution phase and the solid phase. At the minimum dosage (0.1 g), there were only
a limited number of exchangeable sites available, which led to the removal of minimal amounts of dyes.
Conversely, at the maximum dosage (0.5 g), a greater number of exchangeable sites or surface areas
were available, leading to the removal of higher amounts of dyes (Yunusa et al., 2021).

Experiments were conducted to investigate the impact of initial concentration of adsorbate (ranging from
20 to 500 mg/L) on the percentage of dye adsorption onto the adsorbent. These experiments were
performed at respective equilibrium agitation times, and the finding is depicted in Figure 5c. The
percentage of dye adsorption onto the adsorbent exhibited a rapid decrease (from 83.99 to 26.23%)
within the concentration range of 20 to 500 mg/L. Conversely, the adsorption capacity of the dye
increased with higher concentrations. For a dilute solution (20 mg/L), the amount of dye uptake per unit
mass was only 8.40 mg/g. However, in the case of a concentrated solution (500 mg/L), the uptake
increased significantly to 65.58 mg/g. These findings clearly indicate that the adsorption process strongly
depends on the initial dye concentration.

The surface area of a biosorbent plays a significant role in adsorption, especially when it is higher. As
the adsorbent size decreases, the surface area increases, resulting in enhanced adsorption of dye
molecules. The percentage of adsorption for methyl orange (85.21% to 35.31% exhibits a notable
decrease as the particle size of the adsorbent increases (75pum to 900um), as shown in Figure 5d This
can be explained by the fact that larger particle sizes have a wider diffusion path and reduced total surface
area, which hinders the dye's ability to penetrate the internal pore structures of the adsorbents.
Conversely, smaller particle sizes have a shorter diffusion path and increased total surface area,
enhancing the adsorption ability (Husaini et al., 2023a).

Figure 5e presents the relationship between the amount of MO adsorbed and the pH of the solution. The
pH was adjusted from 2 to 12. At lower pH values (higher H* concentration), the amount of MO adsorbed
per unit mass increased from 92.16 % at pH 2 to 78.21 % mg/g at pH 12. This can be attributed to the
positively charged surface of the adsorbents, with pH at point of zero charge (pHpzc) at 5.4. The variation
in pH from acidic to alkaline conditions affects both the degree of ionization of the dye molecules and
the surface properties of the adsorbents, thereby influencing the rate of dye adsorption. Therefore,
conducting adsorption in acidic medium would enhance the positive charge on the adsorbents’ surface,
leading to increased electrostatic interaction between the anionic MO molecules and the adsorbents’

surface, consequently resulting in a higher adsorption rate (Husaini et al., 2023b; Salleh et al., 2011).

AJCER



M. Husaini et al. / Arab. J. Chem. Environ. Res. 10(1) (2023) 1-16 9

Temperature is a crucial parameter in the practical application of adsorption since textile dye effluents
are often produced at high temperatures. If the adsorption capacity decreases with increasing
temperature, it indicates an exothermic process. Higher temperatures reduce the attractive forces
between dye species and the active sites on the adsorbent surface, resulting in lower adsorption quantities
(Foo et al., 2012). As shown in Figure 5e the adsorption of methyl orange on BPAC decreased with
increasing solution temperature, indicating an exothermic reaction. This suggests that a significant

number of molecules gain sufficient energy to interact with the active sites on the surface.
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Figures 5. Effect of Various Experimental parameters
3.3 Adsorption Isotherm Models

The isotherm data presented in Table 2 was tested using five commonly used models: Langmuir,
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Freundlich, Temkin, and Dubinin-Radushkevich (D-R) models. Based on the linear regression
coefficient (R?) obtained for each model across a wide range of initial concentrations, it was found that
the Freundlich model provided the best fit to the data. The order of fit was Freundlich > Langmuir >
Temkin > Harkin Jura > D - R. In the case of the Langmuir isotherm, the dimensionless parameter Ry is
used to assess the nature of the adsorption process. The heterogeneity factor nr is employed for the
Freundlich isotherm, which represents the deviation from linearity in the adsorption. For the Temkin,
Dubinin-Radushkevich (D-R), and Harkins-Jura isotherms, the energy parameters by, E, and By,

respectively, express the adsorption in terms of its physical or chemical nature (Sharma et al., 2017).

Table 2. Isotherm Parameters for the Adsorption of MO on BPAC

Isotherm Model Parameters Values
Langmuir gm (mMg/g) 48.54
Kc (L/mg) 0.11
RL 0.31
R? 0.9274
Freundlich K (mg/g)(L/mg)*" 6.83
N 2.22
1/n 0.45
R? 0.9935
Temkin Kt (L/mg) 0.39
bt (kJ/mol) 16.35
R? 0.8923
D-R qm (Mg/g) 43.60
B (mol?k/J?) 1% 10
E (kJ/mol) 0.71
R? 0.5043
Harkin Jura Bhy 2.14
A 238
R? 0.6788

3.4 Thermodynamic Studies

To determine the favorability of the adsorption process, thermodynamic analysis is necessary.
Thermodynamic parameters such as the change in Gibbs free energy (AG), enthalpy (AH), and entropy
(AS) are involved in assessing the heat change during the adsorption process between the dye and the

adsorbent. Experimental investigations conducted at different temperatures provided the values of AG,
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AH, and AS using equations 4-6 (Ogata et al., 2018; Ibrahim et al., 2014). Table 3 presents all the
thermodynamic parameters.

The decrease in AG values indicates that the adsorption of MO on GBAC becomes less favorable as the
temperature rises. The negative AH value suggests that the sorption process is exothermic and releases
energy. Moreover, the negative AS value indicates that the solid-solute interface during adsorption

becomes less random (Jadhav et al., 2022).

Cs
Kc = C_e 4
AG =-RT InkK, 5
Ing =228 6
R RT

The values of AH and AS were obtained by analyzing the slope and intersection point of the InK versus
1/T plot. In this context, Cs represents the amount of adsorbate in the adsorbed phase, while Ce indicates
the remaining concentration of the dyestuff (in mg/L) in the liquid phase at equilibrium time. T denotes
the temperature in Kelvin (K), and R represents the gas constant (8.314 J-mol-K™1).

Table 3. Thermodynamic Parameters

Temperature (K) AG (kJ/mol) AH (kJ/mol) AS (kJ/K) R?
303 -3.22
308 -2.53
313 -1.84 -49.05 -0.169 0.9839
318 -1.15
323 -4.55

3.5. Regeneration studies

The disposal of exhausted adsorbents can lead to secondary pollution, making it necessary to propose a
method for regenerating and reusing the adsorbent. This approach helps reduce the environmental burden
associated with sludge disposal. Additionally, valuable adsorbates recovered during regeneration can be
used as precursors for the synthesis of important chemicals in industrial processes after appropriate
separation (Kankou et al., 2021; Husaini et al., 2023c) (Rabiu et al., 2023). To achieve significant
replenishment of the spent adsorbent, various regeneration solutions were evaluated.

Figure 6 shows that the maximum dye recovery (60.0 %) was achieved using sodium hydroxide (NaOH).
This can be attributed to the fact that NaOH rises the solution pH, and the OH ions compete favorably
with the anionic dye (MO) for the adsorption sites on the adsorbent (BPAC) (Husaini et al., 2023d).
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Figure 6. Screening of desorbing solutions

The influence of contact time on MO desorption from the MO-enriched BPAC is shown in Figure 7. It

can be observed that the dye was desorbed rapidly within the first 20 minutes and reached maximum

elution of 60.51% within 30 minutes. After this initial phase, the percentage recovery remained relatively

stable, indicating the attainment of equilibrium in the desorption process.
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Figure 7. Influence of Contact Time

The concentration of the optimal regeneration solution, NaOH, was also optimized to ensure technical

viability for industrial applications. The percentage recovery increased with increasing concentration of

NaOH, and a maximum recovery of 60.2 % was achieved using a 0.5 M solution (Figure 8). At higher

base concentrations, there were sufficient OH" ions in the solution to compete with MO on the enriched

adsorbent, resulting in higher recovery due to the interference effect.
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Figure 8. Influence of desorbing solution concentration
The reusability of the adsorbent is an important factor in making adsorption more operationally and
economically advantageous (Husaini et al., 2023e). Figure 9 presents the results of the adsorption of MO
for five successive cycles. It can be seen that the adsorption efficiency for MO decreased from 84.32 %
in the first cycle to 56.51 % in the fifth cycle. This suggests that the adsorbent can be consecutively

utilized without significant decline in the adsorption efficacy of MO.
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Figure 9. Reusability for successive five adsorption cycles.
Conclusion
This Study suggests a cost-effective method to remove anionic dye (MO), the primary pollutant in textile
industries. The effect of different experimental parameters such as contact time, initial dye concentration,
adsorbent dosage, particle size, pH and temperature was found to possess a great influence on the

adsorption process. The adsorption process was determined to be physisorption, and the experimental
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data fit well with Freundlich model. This indicates that the adsorption of MO on gingerbread plum seed
shell activated carbon is heterogeneous in nature. Hydrochloric acid served as the best regenerate and
the adsorbent was reused in number of five consecutive cycles. Therefore, utilization of black plum seed

shell activated carbon as an adsorbent reduces the improper disposal of dyes into the environment.
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