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Highlights:

= Optimal Absorption Conditions: At 90 minutes, with a mass of 7.5 g, the absorption of Jumputan fabric liquid waste peaked at 95.95%, while color
intensity absorption reached 97.99%. This demonstrates the effectiveness of absorption, with subsequent increases attributed to increased liquid waste

content;

= Saturation Point: Absorption decreased from 120 to 210 minutes, indicating adsorbent saturation, wherein no significant changes in absorption
occurred. This highlights the limitation of the adsorption process over prolonged contact times;

= Influence of Adsorbent and Contact Time: The significant increase in COD and color reduction percentages underscores the impact of adsorbent mass
and contact time. Initial rapid absorption suggests effective surface adsorption, while saturation implies the necessity for diffusion through adsorbent

pores for further reduction;

= Kinetic Model Suitability: The pseudo-second-order kinetic model is appropriate for both decolorization and COD reduction, with high R? values of
0.994 and 0.993, respectively. This indicates a strong correlation between experimental and theoretical values, validating the model's applicability;

= Isotherm Model Fit: The Langmuir Isotherm Model is well-suited for COD reduction, exhibiting an R? value of 0.9918, while color removal aligns
better with the Freundlich isotherm model, reflecting an R? value of 0.9633. This suggests varying adsorption mechanisms for different pollutants and
emphasizes the importance of selecting appropriate models for accurate prediction and understanding of the adsorption process.

Article History:

= received 04 April 2024
= accepted 13 January 2025

Abstract. This study assessed the potential of carbide waste (CW), a by-product of the welding industry, as
a cost-effective adsorbent for removing dyes and COD from textile wastewater. CW was prepared through
drying, filtering, and shaping into 2 mm-thick tablets (3 mm diameter), followed by heating at 150 °C for

120 minutes. Characterization using FTIR and SEM-EDX confirmed functional groups like hydroxyl and car-
bonyl and significant surface morphological changes. Batch experiments achieved maximum color and COD
removal efficiencies of 94.48% and 96.73%, respectively, at 75 g adsorbent dosage and 150 min contact
time. Freundlich isotherm (R? = 0.9918 for color) indicated heterogeneous adsorption, and kinetic studies
fit a pseudo-second-order model. The process was exothermic, spontaneous, and governed by physical ad-
sorption. Regeneration trials showed COD removal efficiency remained 90% after four cycles. These findings
establish CW as an efficient, sustainable adsorbent with promising environmental and industrial applications

for textile wastewater treatment.
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1. Introduction

The rapid industrial development in the modern era has sig-
nificantly impacted the environment, particularly in urban,
rural, and aquatic areas. Water, as a vital element for life and
ecosystems, is increasingly threatened by various pollut-
ants, including heavy metals, organic substances, pesticides,
drugs, and dyes (Mostafapour et al., 2022; Kalavathy et al.,
2009; Maldonado et al., 2006). Palembang, South Sumatra,
is known as a producer of Jumputan fabric, which in its pro-
duction process requires the use of various types of dyes.
Textile industry waste containing dyes can reduce sun-
light penetration into water bodies, which is essential for
the photosynthesis process of aquatic biota. This harms

the balance of aquatic ecosystems (Lambert & Davy, 2011;
Aichour et al,, 2021). The waste from Jumputan fabric pro-
duction also contains various hazardous pollutants, such as
toxic substances, oils, fats, COD, BOD, sulfides, suspended
solids (SS), and dark, concentrated colors (Gao et al., 2007;
Chen et al,, 2003; Georgiou et al., 2005).

Synthetic dyes, commonly found in textile, leather, and
paper industry wastewater, come in a variety of types, each
with different effects on ecological systems and human
well-being. Frequently used colorants include azo dyes,
acidic colorants, dispersed pigments, reactive dyes, and
basic colorants. Azo dyes are the largest group used in the
textile and leather industries, known for their high color
fastness (Balarak et al., 2020a).
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However, some azo dyes can degrade into carcinogenic
aromatic amines that can contaminate water sources and
pose health risks (Lambert & Davy, 2011; Aichour et al.,
2021). Acid dyes are used for dyeing wool, silk, and nylon;
although generally non-toxic, these dyes can affect water
quality by altering pH and reducing dissolved oxygen lev-
els, ultimately harming aquatic life.

Disperse dyes, used to dye synthetic fibers such as
polyester, have very small particle sizes that can disperse
in water without dissolving. These dyes often cause skin
allergies and respiratory issues in textile industry workers.
In the environment, these dyes can settle at the bottom
of rivers and lakes, poisoning aquatic organisms (Lambert
& Davy, 2011; Aichour et al,, 2021). Reactive dyes, used to
dye cotton and other cellulose fibers, form covalent bonds
with the fibers, producing very durable colors. However,
these dyes can cause skin irritation and respiratory prob-
lems if inhaled as dust, and the waste containing these
dyes is difficult to treat due to their high stability (Lambert
& Davy, 2011; Aichour et al,, 2021).

When synthetic dyes are released into the environment
without adequate treatment, they can cause various envi-
ronmental and health problems. In water bodies, dyes can
block sunlight penetration, inhibit photosynthesis, and dis-
rupt the balance of aquatic ecosystems. Some dyes can also
interfere with biochemical processes in water, leading to
reduced oxygen levels that endanger aquatic life (Forgacs
et al, 2004). From a human health perspective, long-term
exposure to these dyes, whether through contaminated
drinking water or direct contact during production process-
es, can cause various health issues, including cancer, skin
irritation, allergies, and dysfunctions of vital organs such as
the kidneys reproductive system, liver function, neurological
system, and central nervous system (Zhou et al., 2019; Rauf
& Ashraf, 2012; Kadirvelu et al., 2003).

The control and treatment of dye-containing waste
are crucial to minimize these negative impacts. Research is
ongoing to develop more effective wastewater treatment
methods, such as adsorption using natural biosorbents, ad-
vanced oxidation, and electrocoagulation, to ensure that the
release of industrial waste into the environment can be car-
ried out safely and sustainably (Balarak et al., 2019, 2020b).

Various methods have been developed to remove dye
contaminants from aqueous solutions, as reported in sev-
eral studies. One widely used method is adsorption, where
single-walled carbon nanotubes (SWCNTs) have been
proven effective in adsorbing Acid Blue 92 dye from solu-
tions, with isothermal, kinetic, and thermodynamic analy-
ses showing high efficiency of this process (Ajayan et al,,
2020). Additionally, biosorption using canola waste as a
biosorbent has shown promising results in removing Acid
Orange 7, with studies evaluating biosorption equilibrium
and operational parameters that affect its effectiveness
(Smith et al., 2021). Another innovative method is the use
of sonophotocatalytic processes, which combine ultrasonic
and photocatalysis with titanium dioxide nanocomposites
and graphene oxide for the degradation of Acid Orange 7,
demonstrating enhanced degradation through variations

in process parameters (Lee et al., 2019). The application of
nano zerovalent iron on carbon-based support has proven
effective in treating complex organic wastewater such as
melanoidin, showing substantial improvement in color and
COD removal efficiency (Raji et al.,, 2021). Electrochemical
and bio-electrochemical methods have been shown to be
effective in treating industrial yeast effluents, as demon-
strated by Liakos et al. (2017).

Furthermore, adsorption using surfactant-modified
bentonite has been used to remove Acid Red 88, where
the evaluation of adsorption capacity shows that this
modification improves the adsorbent’s performance un-
der different operational conditions (Kumar et al., 2010a).
Biosorption has also been applied using the aquatic plant
Azolla filiculoides as an effective and economical biosorp-
tion agent for removing Reactive Black 5 from wastewater,
showing great potential in textile wastewater treatment
(Garcia et al., 2023). Other studies highlight the impor-
tance of operational factors such as solution pH, dura-
tion of contact, and starting concentration in influencing
the efficiency of Acid Blue 25 dye removal from solutions,
which is key in optimizing the contaminant removal pro-
cess (Almeida et al., 2009). The combination of these vari-
ous methods demonstrates a comprehensive and diverse
approach to dealing with dye waste, with results varying
depending on the specific conditions applied.

Adsorption methods have gained widespread attention
due to their effectiveness and relatively low cost. Utilizing
affordable adsorbents derived from industrial by-products
and natural sources has proven to be an efficient approach
to lowering the concentration of dyes and other hazardous
chemicals in wastewater (Adegoke & Bello, 2015; Zhou et al,,
2019). Research indicates that a range of materials, including
carbon-based adsorbents, modified bentonite, and plant-
derived waste, can be effectively employed in the adsorp-
tion process to eliminate different types of dyes from textile
wastewater (Pirkarami & Olya, 2017; Yagub et al.,, 2014).

Agricultural waste materials have been widely recog-
nized as cost-effective and efficient adsorbents for the
treatment of dye and metal contaminated wastewater
(Farhadi et al., 2021). Bamboo-based activated carbon has
shown high potential in removing COD and color from
textile wastewater, especially from cotton dyeing waste-
water (Ahmad & Hamid, 2009). Activated carbon derived
from prickly pear seed pulp has been shown to be effec-
tive in removing dyes when optimized using experimental
design techniques (El Maguana et al., 2019). For example,
Devre et al. (2023) developed a sustainable and recyclable
biopolymer hydrogel-based adsorbent for the removal
of pharmaceutical contaminants, especially tetracycline
(TC), from environmental water and industrial wastewa-
ter. The utilization of limestone and activated carbon has
shown promising results in reducing COD and color levels
in textile wastewater (Dhas, 2006). Patil et al. (2020) uti-
lized sugarcane molasses and sea sand to produce car-
bon composites that were effective in removing methy-
lene blue from textile wastewater. In addition, Babara et al.
(2019) successfully converted used toner powder into



Fe,0O3-g-CsNs-based magnetic catalyst, which combines
e-waste management with sustainable wastewater treat-
ment at low cost and high efficiency. Another study by Pa-
til et al. (2019) utilized tea residue as a low-cost adsorbent
to remove pharmaceutical pollutants such as hydralazine
hydrochloride without the need for additional activation.
Furthermore, Shinde et al. (2023) used firecracker waste to
produce mesoporous carbon and ZnO-MC nanocompos-
ites, which showed high efficiency in the photocatalytic
degradation of methyl orange dye. Integration of sono-
photocatalysis with nanomaterials such as TiO,/graphene
oxide has shown significant potential in the dye degrada-
tion process (Al-Musawi et al., 2021).

In addition to adsorption, other techniques such as
electrochemical oxidation and electrocoagulation have
also been proposed as solutions to address waste that
is difficult to treat with conventional methods. The com-
bination of these methods is often necessary to achieve
wastewater treatment levels that meet national discharge
standards, given the complexity of the chemical composi-
tion in industrial wastewater (Adegoke & Bello, 2015; Zhou
et al.,, 2019).

This study utilizes carbide waste (CW) from the welding
industry as an innovative and cost-effective adsorbent for
textile wastewater treatment. CW, as an industrial byprod-
uct, offers a sustainable solution by utilizing waste that
would otherwise become an environmental pollutant.

This study aims to explore the use of CW for the ad-
sorption of dyes and COD from Jumputan fabric waste-
water and to investigate the adsorption kinetics and iso-
therms involved. It is anticipated that the findings of this
research will help mitigate the environmental impact of
the textile industry and provide a cost-effective alternative
to conventional adsorbents.

The unique aspect of this research is the utilization of
CW from the welding industry as an innovative and cost-
effective adsorbent for textile wastewater treatment. Un-
like conventional adsorbents such as activated carbon, CW
is an industrial byproduct, providing a sustainable solution
by repurposing waste materials that would otherwise con-
tribute to environmental pollution. This study pioneers the
use of CW, particularly for the adsorption of dyes and COD
from Jumputan fabric wastewater, an area that has been
largely unexplored in previous research. Additionally, this
study investigates adsorption kinetics and isotherms, pro-
viding a comprehensive understanding of the adsorption
mechanisms involved. The findings of this research on the
effective use of CW in real wastewater treatment applica-
tions can significantly reduce the environmental footprint
of the textile industry while offering a low-cost alternative
to traditional adsorbents.

Calcium carbide waste (CW) is a byproduct derived
from the production of acetylene gas (C,H,) through the
welding process. The primary material consists of lime
(Ca(OH),), a caustic white solid in its pure form. The re-
action between calcium carbide and water, as described
in Equation (1), produces acetylene gas used in welding
and generates Ca(OH), waste. CW adsorbent is a waste
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product from the production of acetylene gas (C,H,), as
illustrated by the following equation:

CaC, + 2H,0 — C,H, + Ca(OH),. (1)

Acetylene gas (C,H,) is widely used in the ripening of
agricultural fruits and industrial welding. However, CW is
often discarded in landfills, posing environmental hazards.

According to Jiang (2016), combustion residues from
the carbide welding industry have a very high alkalinity
(pH 12.84), a specific gravity of 2.32, a specific surface area
of 24.664 m?/g, and a clay particle size distribution of 42%
for particles smaller than 0.002 mm. Meanwhile, silt par-
ticles with sizes ranging from 0.002 to 0.074 mm account
for 67.6%, and sand particles larger than 0.074 mm make
up 28.2%. CW is carelessly disposed of by welders in the
surrounding environment of Palembang. The individual
management of carbide welding workshops for metal join-
ing has developed significantly.

A survey conducted in one of the welding industry areas
on JI. Candi Welan, Palembang, revealed around 45 carbide
welding workshops. It is estimated that each workshop pro-
duces 15 kg of carbide waste per day, so a single carbide
welding industrial area could generate 15 tons of carbide
waste per year. The solid waste analysis from carbide weld-
ing workshops in Surabaya showed that the waste contains
71.58% CaO, 0.76% SiO,, 2.85% Al,O;, and 24.81% other
compounds (Karim et al., 2023). Depending on its charac-
teristics, CW can be an effective option as an adsorbent
in textile wastewater treatment. To date, research on the
use of CW as an adsorbent in the adsorption process for
color removal and COD reduction has not been extensively
developed. Therefore, it is necessary to conduct studies on
the potential of CW as a novel adsorbent for use in treating
waste from Jumputan fabric production.

This study aims to utilize CW for the removal of dyes
and the reduction of COD in Jumputan fabric wastewater.
The influence of environmental conditions, including ad-
sorbent mass, dye concentration, COD, contact time, and
solution pH, was also investigated. Additionally, surface
characterization, including SEM, EDX, and FTIR, of CW ad-
sorbent is reported. Lastly, we estimated the pseudo-first-
order and pseudo-second-order kinetics, as well as com-
monly used adsorption isotherm studies, to determine the
adsorption capacity of CW adsorbent.

2. Methodology

2.1. Materials and equipment

The materials used in this study are CW, Jumputan fab-
ric water waste, and aquaades. The equipment used is a
balance, an Erlenmeyer flask, a stirrer, filter paper, and a
strainer. Before the adsorption process, the chemical com-
position and molecular structure of the material were ana-
lyzed using Fourier Transform Infrared Spectroscopy (FTIR)
and Scanning Electron Microscopy with Energy Dispersive
X-ray Spectroscopy (SEM-EDX). After the batch adsorption
process is completed, the treated wastewater is filtered
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through filter paper with 0.45 pm pores before being an-
alyzed. The color intensity and COD concentration were
measured using the DR2800 spectrophotometer (CECIL
1000 series, Cambridge, UK) at a wavelength of 455 nm
for color and 600 nm for COD, according to the guidelines
set out in the Standard Methods for the Examination of
Water and Wastewater (American Public Health Associa-
tion, 2017).

2.2. Adsorbent preparation

The research process began by drying 12 kg of carbide
waste until completely dry, then soaked in distilled water
for 24 hours to remove dirt and mineral content. After
soaking, the carbide was dried again until completely dry.
The dried carbide waste was then ground and sieved with
a size of 100 mesh, then molded into tablets with a thick-
ness of 2 mm and a diameter of 3 mm. After being dried
in an oven at a temperature of 150 °C for 120 minutes. The
weight of one dry tablet is 0.5 grams. Dried in an oven at a
temperature of 150 °C for 120 minutes and the adsorbent
can be used. The complete visualization of calcium carbide
adsorbent preparation is shown in Figure 1.

2.3. Research procedure

The batch process was conducted to comprehensively
evaluate and measure the adsorption capacity of carbide
waste. The composition of carbide before use in welding
consists of 80% CaC,, 15% CaO, and 5% other substances,
produced by PT. EMDEKI UTAMA Tbk. According to previ-
ous research, the primary chemical composition of carbide
waste is 71.58% CaO, 0.76% SiO,, 2.85% Al,Os, and 24.6%
other elements (Arief et al., 2023). With a high CaO con-
tent, carbide waste is expected to have a good adsorption
capacity for removing color and reducing COD levels from
Jumputan textile waste. The Jumputan fabric waste sam-
ples used had a COD concentration of 34.589 mg/L and a
color index of 45.591 Pt/Co per 100 mL.

a) Carbide waste

For the experiment, three 250 mL Erlenmeyer flasks were
prepared. The effect of adsorbent mass on color change
and COD reduction was tested by adding 2.5 g,3.59,4.5g,
6.0 g, and 7.5 g of carbide waste to each 100 mL sample.
Stirring was carried out at a speed of 100 rpm for periods
of 30, 60, 90, 120, 150, 180, and 210 minutes.

Additionally, the effect of other operational parame-
ters was studied by varying one parameter while keeping
the others constant. The effect of pH was assessed using
a consistent initial concentration, an adsorbent dose of
7.5 g, and a contact time of 120 minutes. The pH varia-
tion was conducted from pH 2 to pH 12, with adjustments
made using dilute NaOH or HCI solutions to regulate the
pH. The amount of adsorption at equilibrium, g,, was cal-
culated using Equation (2):

9. :M' @)

m
where g, (mg/g) represents the amount of dye adsorbed
per gram of CW, V (mL) is the initial volume of the dye
solution, and m (g) represents the mass of the adsorbent.
The percentage removal of color and COD adsorbed by
CW was determined using Equation (3):
%R = COC'Cf x100%, 3)

o

where C, and C, (mg/L) represent the initial and final
concentrations of the dye solution.

2.4. Process adsorption

Adsorption is a process in which molecules, ions, or parti-
cles from a fluid (either gas or liquid) adhere to the surface
of a solid or liquid substance known as an adsorbent. The
adsorption mechanism can be categorized into two main
types: physical adsorption (physisorption) and chemical
adsorption (chemisorption). Physisorption occurs due to
Van der Waals forces between the adsorbate molecules

¢) In a sieve size 100 mesh

d) The print is 2 mm thick and
3 mm in diameter

Figure 1. The calcium carbide adsorbent preparation

e) Dried in the oven

f) Ready-to-use adsorbents
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and the adsorbent surface. This process is reversible, in-
volves relatively low adsorption energy, typically in the
range of 20-40 kJ/mol, and is not specific to the type of
adsorbate or adsorbent. On the other hand, chemisorption
involves the formation of chemical bonds, such as covalent
or ionic bonds, between the adsorbate molecules and the
adsorbent surface. This process is generally irreversible,
with higher adsorption energy, ranging from 80-200 kJ/
mol, and is specific to the types of adsorbate and adsor-
bent interacting (Foo & Hameed, 2010; Toth, 2002).

The stages in the adsorption process include external
diffusion, where adsorbate molecules move towards the ad-
sorbent surface, surface adsorption, intraparticle diffusion,
and eventually reaching adsorption equilibrium. External
diffusion is influenced by concentration gradients, tempera-
ture, and pressure, while intraparticle diffusion occurs when
adsorbate molecules diffuse into the pores of the adsor-
bent (Weber & Morris, 1963; McKay et al., 1980). Adsorption
equilibrium is reached when the rates of adsorption and
desorption balance each other. This adsorption process is
often analyzed using various isotherm models, such as the
Langmuir model, which assumes adsorption on a homoge-
neous site with a monolayer of adsorbate, the Freundlich
model, which describes adsorption on a heterogeneous sur-
face, and the Dubinin-Radushkevich (D-R) model, which is
used to distinguish between physical and chemical adsorp-
tion based on adsorption energy (Langmuir, 1918; Freun-
dlich, 1906; Dubinin & Radushkevich, 1947).

Various factors influence the effectiveness of the ad-
sorption process, including the properties of the adsorbent
(such as surface area and chemical characteristics), the
properties of the adsorbate (such as molecular size and

polarity), the initial concentration of the adsorbate, tem-
perature, and the pH of the solution. For instance, increas-
ing temperature tends to reduce the efficiency of phy-
sisorption but may enhance chemisorption (Kumar et al.,
2010b). A thorough understanding of the mechanisms and
factors affecting adsorption is crucial for optimizing the
use of adsorbents in various applications, such as water
and wastewater treatment, air purification, the pharmaceu-
tical industry, as well as the food and beverage industry.
This understanding also enables the development of more
effective adsorbent materials, which is a major focus of
current research related to environmental and industrial
applications (Gupta et al., 2009; Crini, 2006).

3. Results and discussion

3.1. Visual representation of adsorbent details
before and after the adsorption process

Figure 2 shows a visual comparison of CW adsorbent gran-
ules before and after the adsorption process from textile
waste. Changes in texture and color in granules after ad-
sorption indicate CW's ability to absorb solute substances,
including organic and inorganic compounds. This provides
visual evidence that CW adsorbents, which are derived
from carbide waste, are effective in removing color and
lowering COD from textile wastewater.

3.2. Study of CW characteristics

The structural characteristics of CW adsorbent particles were
evaluated before and after application in the adsorption pro-
cess of Jumputan fabric waste. The morphology and texture

a)

b)

Figure 2. Visual comparison of adsorbent granules: a) before; b) after the adsorption process

Figure 3. SEM image of carbide waste surface morphology: a) before adsorption; b) after adsorption at 5000x magnification
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Figure 4. SEM-EDX analysis results: a) before adsorption; b) after adsorption process

of CW adsorbent particles were analyzed using Scanning
Electron Microscopy (SEM) at a magnification of 5000x. The
results of the SEM analysis are presented in Figure 3.

Figure 2 shows the initial morphology of the CW ad-
sorbent surface before contact with Jumputan fabric waste.
The SEM scanning results reveal the presence of abun-
dant cavities and pores, indicating the potential of CW to
absorb color and COD from the Jumputan fabric waste.
Figure 1b depicts the surface morphology of the CW ad-
sorbent after exposure to the Jumputan fabric waste. The
structure observed in the image shows a solid formation
with fused crystals, indicating significant changes on the
adsorbent surface following the adsorption process. The
presence of visible pores confirms that adsorption has oc-
curred on the adsorbent surface.

SEM-EDX analysis before and after the adsorption pro-
cess provides essential information regarding the physi-
cal and chemical characteristics of the adsorbent and ad-
sorbate. This information is crucial for understanding the
adsorption mechanism, evaluating process efficiency, and
optimizing operating conditions for practical applications
in waste treatment or water purification. The EDX analysis
before and after the adsorption process is presented as
shown in Figure 4.

In SEM Figure 2a, it can be observed that the surface
morphology before the adsorption process exhibits a rela-
tively smooth structure with clearly visible pores. This in-
dicates that the adsorbent possesses a well-suited struc-
ture for the adsorption process due to its large surface
area, allowing for effective contact with the adsorbate. The

elemental composition obtained from the EDX analysis re-
veals that the main components of this adsorbent are cal-
cium (Ca), oxygen (O), and carbon (C), with atomic percent-
ages of 56.84%, 26.19%, and 13.84%, respectively. Other
elements such as aluminum (Al), silicon (Si), and sulfur (S)
were also detected in smaller amounts, as shown in Table 1.

Table 1. Composition of carbide waste adsorbents before
and after the adsorption process

Pre-adsorption process Post adsorption

No process

Combination % atom % atom
1 Calcium 56.84 4044
2 | Antimony - 31.92
3 Oxygen 26.19 22.69
4 Karbon 13.84 3.85
5 Aluminum 1.260 0.71
6 Silicon 1.220 0.60
7 Sulfur 0.650 -

Total 100 100

In SEM Figure 3b, the surface morphology of CW after
the adsorption process shows significant changes in the ad-
sorbent’s surface structure. The surface becomes rougher,
with indications of adsorbate particle accumulation, con-
firming that the adsorption process has occurred. Some
pores appear to be more occluded by the bound adsorbate.
The elemental composition measured through EDX shows
changes after adsorption, as presented in Table 1. Calcium
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(Ca) decreased from 56.84% to 40.44%. Carbon (C) also
showed a significant decrease from 13.84% to 3.85%, while
oxygen (O) slightly decreased from 26.19% to 22.69%. Con-
versely, antimony (Sb), which was not detected before the
adsorption process, appeared with a percentage of 31.92%,
indicating that antimony has been adsorbed onto the ad-
sorbent’s surface. This antimony is suspected to originate
from the catalysts used in the dyeing process of synthetic
fibers contained in the Jumputan fabric wastewater.

According to Biver (2021), antimony is released from fi-
bers during the dyeing process at high temperatures and
subsequently discharged along with wastewater into rivers.
It has been observed that up to 175 ppm of antimony can
be released from fibers during the dyeing process. This data
indicates that carbide waste adsorbent is capable of absorb-
ing the colorants contained in Jumputan fabric wastewater.

The reduction in oxygen content from 26.19% to
22.69% suggests that oxygen has been consumed during
the adsorption process, which potentially increases dis-
solved oxygen levels in water and lowers COD values. This
can be assumed to occur through oxygen degradation re-
actions as follows:

0, + COD - CO, + H,0. 4)
3.3. Adsorbent characterization using FTIR
analysis

Functional group characterization of the adsorbent was
performed using FTIR spectroscopy to identify the func-
tional groups present in the material. A mid-infrared
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spectrophotometer with a wavenumber range of 400-
4000 cm™ was used for this analysis. FTIR generated a
transmittance spectrum (%) that displayed absorption
peaks at various wavelengths. The FTIR analysis results for
the adsorbent are presented in Figure 5.

Figure 5 shows absorption peaks with high intensity
centered at 3635.71 cm™ and 2512.50 cm™, correspond-
ing to OH groups, indicating the presence of strong hy-
drogen bonds from carboxylates. Additionally, strong and
sharp absorptions associated with CH functional groups
are observed at wavelengths of 1407.23 cm™, 869.30 cm™,
958.24 cm™, 734.46 cm™, and 702.18 cm™. At the wave-
length of 1640.34 cm™, a variable absorption was iden-
tified, corresponding to the C = C functional group in
alkenes. The wavelength of 1106.71 cm™ shows a sharp
absorption related to the CO functional group in alcohols.
These results indicate the presence of a significant number
of hydroxyl and oxygen groups on the surface of carbide
waste, enabling the carbide waste to adsorb substances
quickly and efficiently.

3.4. Adsorption experiments
3.4.1. Effect of contact time

The efficiency of COD reduction and color removal from
Jumputan textile wastewater using CW adsorbent is illus-
trated in Figures 6a and 6b. Figure 6a shows the decrease
in COD concentration in the Jumputan fabric wastewater.
The percentage reduction in COD gradually increased from
30 to 150 minutes, then reached a stable point between
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Figure 5. FTIR spectrum of carbide waste adsorbent after contact with textile waste
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Figure 6. Effect of contact time of carbide waste on efficiency: a) rate of COD reduction; b) rate of color removal
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150 and 210 minutes, indicating the occurrence of satu-
ration. The effectiveness of COD reduction in Jumputan
fabric wastewater also increased with the increasing mass
of the adsorbent.

At an adsorbent mass of 7.5 g, COD reduction be-
gan to be observed at 30 minutes, with a decrease of
24.87%, and continued to increase until reaching 96.77%
at 120 minutes. Subsequently, the percentage reduction
in COD approached stability between 150 and 210 min-
utes, with a slight decrease in the reduction percentage
to 95.52%. This indicates that the adsorbent reached its
saturation point during this period, where no more avail-
able space remained to absorb additional substances from
the solution. At this point, the adsorbent could no longer
adsorb additional additives with significant efficiency, and
the adsorption process had reached equilibrium. Thus, the
CW adsorbent achieved equilibrium in reducing the COD
concentration of Jumputan textile wastewater between
120 and 210 minutes, specifically at 150 minutes.

Figure 6b illustrates that the rate of color removal in-
creases over time. The removal of color using 7.5 g of CW
adsorbent began to be observed at 30 minutes, with a
removal percentage of 21.29%. This percentage continued
to increase, reaching 93.99% at 120 minutes. After that,
from 150 to 210 minutes, the color removal percentage re-
mained nearly stable at 94.48%, indicating that the adsor-
bent had reached the saturation phase. Therefore, it can
be concluded that maximum color removal was achieved
at 120 minutes with 7.5 g of carbide waste adsorbent.

The correlation between the amount of adsorbent and
the degree of color change becomes evident through
SEM-EDX analysis results, which show the presence of
31.92% antimony content. Additionally, FTIR analysis re-
vealed the presence of CH functional groups, characterized
by strong and sharp absorptions, which contribute to the
effective absorption of dissolved substances.

3.4.2. Overview of the effect of solution pH

The acidity level of the solution has a significant impact on
the removal of color and the reduction of COD contained
in Jumputan fabric wastewater. To determine the elimina-
tion of color and the reduction of COD in Jumputan tex-
tile wastewater, pH variations ranging from 1 to 12 were

conducted, using 7.5 g of CW adsorbent per liter of textile
wastewater, with a contact duration of 220 minutes, as
shown in Figure 7.

The efficiency of dye removal shows a significant in-
crease, particularly under acidic conditions, and stabilizes
as the pH shifts towards the alkaline range. In Figure 7, it
is evident that the percentage reduction in COD and the
enhancement in textile dye removal reach their peak val-
ues at pH levels between 2 and 6. This indicates that the
optimal pH for the adsorbent used is around pH 6, where
the effectiveness of dye removal and COD reduction be-
gins to stabilize and approaches its maximum value.

The optimal pH is the pH value at which the adsorbent
surface has a net zero charge, influencing the electrostatic
interactions between the adsorbent and the adsorbate.
For the carbide waste adsorbent used in this study, the
optimal pH was determined through the acid-base titra-
tion method and was found to be around pH 6. At pH
levels below the optimal pH, the adsorbent surface carries
a positive charge, enhancing electrostatic interactions with
negatively charged dye ions, thereby increasing adsorption
efficiency. Conversely, at pH levels above the optimal pH,
the adsorbent surface becomes negatively charged, which
increases the adsorption of positively charged dye ions
until equilibrium is reached.

Research by El Haddad et al. (2012) indicates that
dye adsorption is highly dependent on pH, with maxi-
mum adsorption occurring at around pH 6. Two possible
adsorption mechanisms are electrostatic interactions
between the surface groups of carbide waste and the
functional groups of dye molecules, as well as chemical
reactions between the carbide waste and dye molecules.
At low pH, many adsorption sites on the adsorbent sur-
face are occupied by protons, reducing the number of
dye ions that can be absorbed due to the electrical re-
pulsion between the adsorbent and protons. As the pH
increases, the adsorbent surface becomes more nega-
tively charged, enhancing the adsorption of positively
charged dye ions until equilibrium is reached (Vimala &
Das, 2009). This phenomenon also affects the ionization
level of the adsorbate during the adsorption process,
allowing the transfer of positive ions to the active sites
of the adsorbent (Kilic et al., 2011).
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Figure 7. Impact of pH on COD and dye reduction
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3.4.3. Effect of adsorbent quantity

The impact of varying the amount of CW adsorbent on the
removal of color and reduction of COD in Jumputan textile
wastewater was studied across different dosage spectrums:
259,359,459, 6,09, and 7.5 g. The initial wastewater
concentrations were 34.589 mg COD/L and 45.591 Pt.Co.
This study was conducted at ambient temperature (30 °C)
over 150 minutes. The findings regarding color removal
and COD reduction are presented in Table 2.

Table 2. Efficiency of color and COD removal and
adsorption capacity at various doses of carbide waste
adsorbent

Color CcOoD Stan- Stan-

Color COD | adsorp- | adsorp-| dard dard
Doses | effi- effi- tion tion devia- | devia-
9) ciency | ciency | capa- capa- | tion of tion
(% R) (% R) city city color COD
(mg/g) | (mg/g) | (mg/qg) | (mg/g)
25 | 77.859 | 75345 | 1419 1.042
35 | 84499 | 83.616 | 1.101 0.826
4.5 | 88.675 | 90.352 | 0.898 0.695 0.334 0.234
6 93.143 | 93.371 | 0.708 0.548
7.5 94479 | 96.730 | 0.574 0.446

From Table 2 above, graphs illustrating the relationship
between adsorbent mass and the removal efficiency and
adsorption capacity for both COD and color were created,
as depicted in Figure 6.

Figure 8 shows that increasing the dose of carbide
waste adsorbent significantly enhances the efficiency
of color and COD removal from textile wastewater. At a
dose of 25 g, the color removal efficiency was recorded at
77.859%, while at a dose of 75 g, the efficiency increased
to 94.479%. Similarly, COD removal efficiency increased
from 75.345% at a dose of 25 g to 96.730% at a dose of
75 g. This indicates that increasing the adsorbent dose
can improve the system'’s performance in removing pol-
lutants from textile wastewater. However, this increase in
dose is also accompanied by a decrease in adsorption
capacity per unit mass of the adsorbent. The adsorption
capacity for color decreased from 1419 mg/g at a dose

adsorption capacity for COD decreased from 1042 mg/g
to 0.4461 mg/g at the same dose. This decrease suggests
that while more pollutants can be removed overall, the
efficiency of adsorbent usage per gram diminishes with
increasing doses. The recorded standard deviation for
color adsorption capacity was 0.334 mg/g, and for COD
adsorption capacity, it was 0.234 mg/g, indicating that
the variability in these results is quite small and consis-
tent. A similar study by Biswas et al. (2023) using a batch
method also showed that increasing the adsorbent dose
from 0.03 g to 0.3 g led to an increase in COD removal
efficiency up to 87.4%. However, a decline in adsorption
capacity per unit mass occurred after a certain dose, as
indicated by the decrease in removal efficiency at higher
doses. Furthermore, another study using the Fenton and
UV/H,0, processes for textile wastewater treatment also
found that although increasing the adsorbent dose can
enhance the efficiency of color and COD removal, there is
a decrease in adsorption capacity per gram of adsorbent
at higher doses (de Almeida et al,, 2021).

3.4.4. Standard deviation analysis

Standard deviation analysis is a crucial statistical tool for
understanding the spread and variability of data within
a dataset. Here are some of the primary benefits of per-
forming standard deviation analysis. Standard deviation
can be used to evaluate the performance of a system or
process. In experiments involving the removal of color and
COD from textile wastewater, the standard deviation of
removal efficiency can indicate how consistent the process
is. A standard deviation analysis was performed based on
Table 2, as shown in Table 3.

Table 3. Statistics of adsorbent mass, removal efficiency,
adsorption capacity, and standard deviation

Parameter | Average | Deviation | Median |
Massa Adsorbent (g) 4.8 19.87 4.50
Efficiency Warna % R 87.731 67.7530 88.675
Efficiency COD % R 87.8828 | 85.1311 90.352

Adsorption Capacity (q,) of

Color (mg/g) 9400 | 033351 | 0898

Adsorption Capacity (g,) of 7114 023443 0.695

of 25 g to 0.574 mg/g at a dose of 75 g. Similarly, the COD (mg/9)
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Figure 8. Adsorption capacity of COD and color at various doses of carbide waste adsorbent
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From Table 3, it can be seen that the average adsorbent
mass is 4.8 grams with a standard deviation of 19.87 grams
and a median value of 4.50 grams. The relatively small
standard deviation indicates that the adsorbent mass used
in the experiments did not exhibit significant variation. This
suggests that the use of adsorbent mass was consistent
across the trials.

The color removal efficiency (% R) has an average of
87.731% with a standard deviation of 67.7530% and a me-
dian of 88.675%. The average COD removal efficiency (% R)
is 87.8828% with a standard deviation of 85.1311% and a
median value of 90.352%. The average adsorption capac-
ity for color (g,) is 0.940 mg/g with a standard deviation
of 0.33351 mg/g and a median value of 0.898 mg/g. The
average adsorption capacity for COD (g,) is 0.711 mg/g
with a standard deviation of 0.23443 mg/g and a median
value of 0.695 mg/g.

From this statistical analysis, it can be concluded that
although there is substantial variability in the removal ef-
ficiency (% R) for both color and COD, the adsorption ca-
pacity (g,) for these parameters shows good consistency.
This indicates that while removal efficiency may be influ-
enced by various external factors, the fundamental ability
of the adsorbent to absorb contaminants remains stable.
Therefore, calcium carbide waste adsorbent can be consid-
ered a reliable option for the removal of color and COD
from textile wastewater.

3.4.5. Effect of temperature

This study evaluated the effect of temperature on the ef-
ficiency of COD and color removal from textile wastewa-
ter using calcium carbide waste adsorbent. The tests were
conducted at temperatures ranging from 30 °C to 45 °C,
with an initial COD concentration of 34.589 mg/L and a
color concentration of 4.559 Pt/Co, at pH 6, an adsorbent
dose of 75 g, and a contact time of 150 minutes.

Figures 9a and 9b show variations in COD and color re-
moval percentages over a temperature range of 30-45 °C.
The linear equation obtained from the image was used
to analyze the effect of temperature on the COD removal
percentage, color removal, adsorption rate, and standard

98
y =-0.285x + 182.98

= 96 R? =0.9907
3 94
g ..........
x 92 y=-03476x+201.1
X 90 R?=0.9718

88

300 305 310 315 320
Temperature (K)
—e—COD —@— Color
a)

deviation in textile wastewater. The calculated standard
deviation values are summarized in Table 4, which pro-
vides a more detailed picture of the variability of adsorp-
tion performance and facilitates the comparative analysis
of the two parameters.

The data in Table 4 shows that increasing the tempera-
ture leads to a decrease in COD removal efficiency from
96.73% at 30°C to 92.32% at 45 °C, as well as a reduction
in color removal from 95.48% to 90.21% (expressed in Pt/
Co). This decline indicates the exothermic nature of the
adsorption process, where increased temperature raises
the kinetic energy of the adsorbate molecules, leading to
desorption.

Table 4. Effect of temperature on COD and color removal
percentage, adsorption rate, and standard deviation in
textile wastewater

Ad- Color
COD sorp- Stan- | Stan-
Tem- - Color adsorp-
removal | tion - dard | dard
pera- removal tion ) -
per- rate devia- | devia-
ture centage | COD percen- rate tion tion
° 0,
(°Q) %R | (ma/ tage (% R) (TCW coD | Warna
- g-min)
g-min)

30 96.73 | 0.446 95.48 0.580
35 9497 | 0438 94.28 0.573
40 9345 | 0433 92.71 0.564
45 9232 | 0.426 90.21 0.548

1.85% |2.28%
1.85% |2.28%
1.85% |2.28%
1.85% |2.28%

This phenomenon is consistent with previous reports
by Kose and Kivanc (2011) and Zhang et al. (2019), who
also noted a decrease in adsorption efficiency with increas-
ing temperature. Additionally, the COD adsorption rate de-
creased from 0.446 mg/g-min at 30 °C to 0.426 mg/g-min
at 45 °C, while the color adsorption rate decreased from
0.580 Pt/Co/g-min to 0.548 Pt/Co/g-min. The standard de-
viation for COD removal was 1.85%, and for color removal,
it was 2.28%, indicating small and acceptable variations
within the context of this experiment.

These findings are also in line with the study by Gupta
et al. (2011), which reported a decrease in methylene blue

0.8 y =-0.0021x + 1.2224
06 R2=0.9718
ED : O —C———
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o} 02 y =-0.0013x + 0.8439
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Figure 9. Effect of temperature on adsorption efficiency: a) percentage of color and COD removal; b) adsorption rate for color

and COD
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adsorption capacity on nano-cupric oxide with increasing
temperature, as well as the results of Senthilkumaar et al.
(2006), which indicated that the optimal temperature for
the adsorption of organic pollutants is between 25-35 °C.
Therefore, lower temperatures are more effective in the
adsorption process for the removal of COD and color from
textile wastewater, confirming the exothermic character of
this process.

3.4.6. Desorption and regeneration efficiency

The following figure presents the desorption and regener-
ation efficiency data of calcium CW after four regeneration
cycles. The graph illustrates how desorption and regenera-
tion efficiencies change with an increasing number of cy-
cles, providing insights into the stability and sustainability
of using CW as an adsorbent in long-term applications.
This data is crucial for understanding the performance of
CW material in maintaining its adsorption capacity after
multiple uses and regenerations.

Figure 10 illustrates the desorption and regeneration
efficiencies of calcium CW as an adsorbent over four re-
generation cycles. The graph shows that desorption ef-
ficiency gradually decreases from 97% in the first cycle
to 90% in the fourth cycle. Regeneration efficiency also
exhibits a moderate decline, from 94% in the first cycle to
88% in the fourth cycle. This slower decline indicates that
CW has good stability as an adsorbent across multiple re-
generation cycles, maintaining relatively high performance.
In contrast, a study by Momina et al. (2020) reported that
bentonite exhibited a more significant efficiency drop
after several regeneration cycles (desorption efficiency
decreased to 70% after seven cycles). CW demonstrates
superior stability in regeneration, suggesting that CW may
be a better alternative to bentonite for long-term applica-
tions, especially in the context of adsorbent regeneration.

3.4.7. Langmuir isotherm model

In this study, the Langmuir and Freundlich isotherm mod-
els were used to model the adsorption process. The Lang-
muir isotherm model describes monolayer adsorption, as-
suming that all adsorption sites have a uniform affinity for
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the adsorbate. This means that each molecule adsorbed
on the surface has the same adsorption activation energy,
leading to the formation of a single layer (monolayer).

It is important to note that the Langmuir isotherm
equation explains surface coverage by balancing the rates
of adsorption and desorption, also known as dynamic
equilibrium. Adsorption is associated with the fraction of
available open surface area, while desorption is related to
the fraction of surface area that has been covered (Gunay
et al,, 2007). The Langmuir equation is represented by the
following Equation (5) (Vunain et al., 2013):

c, 1 1

+—,
qe Qm KL Qm

where g, represents the equilibrium adsorption capac-
ity of COD and color (mg/g), represents the equilibrium
concentration of color and COD in the solution (mg/L),
Q,, represents the maximum adsorption capacity (mg/g),
and is the Langmuir isotherm constant (L/mg), which de-
scribes the affinity of the adsorbent for the adsorbate. The
value of R;, which indicates the suitability of the Langmuir
isotherm model for the adsorption process, can be calcu-
lated using Equation (6) as follows (Garba & Rahim, 2016;
Vunain et al., 2013):

©)

1

fu= (1+ck,) ©

It is important to note that the value of R, . Provides
insights into the adsorption behavior characteristics ac-
cording to the Langmuir model. If R, < 1 R, indicates that
adsorption is favorable (strong adsorption). A value of
R, = 1 indicates that adsorption does not alter the initial
concentration of the solute. Conversely, if R, > 1, it sug-
gests that adsorption is less effective (weak adsorption).

3.4.8. Freundlich isotherm model

The Freundlich isotherm model differs from the Langmuir
isotherm model as it does not assume the formation of
a single layer of adsorbate on the adsorbent surface. In-
stead, this model provides a description that accounts for
surface heterogeneity and the exponential distribution of
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Figure 10. Desorption and regeneration efficiency of calcium carbide waste (CW) Over 4 regeneration cycles
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active sites and their adsorption energies. The Freundlich
isotherm suggests that the adsorption process occurs on
a heterogeneous surface, where the availability of active
sites with varying adsorption energies is unevenly distrib-
uted (Ayawei et al., 2015). Thus, the adsorbent surface is
considered heterogeneous. The linear form of the Fre-
undlich isotherm equation is expressed as follows Equa-
tion (7) (Boparai et al., 2011):

1
Inqe:InKF+;(InCe), @)

where g, represents the amount of adsorbate at equi-
librium (mg/qg), C, is the concentration of dye and COD
in the solution at equilibrium (mg/L), K, indicates the
adsorption capacity, and n represents the adsorption in-
tensity according to the characteristics described by the
Freundlich constant.

The data obtained in this experiment under equilib-
rium conditions were analyzed using the Langmuir and
Freundlich isotherm models to assess the adsorption per-
formance of carbide waste for color removal and COD
reduction. The analysis data for color removal and COD
reduction with initial concentrations of 45.591 Pt.Co for
color and 34.589 mg/L for COD at an equilibrium time of
150 minutes are presented in Table 4.

From the data obtained and listed in Table 5, it is evident
that increasing the adsorbent dosage consistently enhances
the percentage of color and COD removal. At a dosage of
2.5 g, color removal reached 77.86%, and COD removal was
75.34%. These percentages continued to increase, reaching

Table 5. Adsorption isotherm data analysis
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94.48% for color and 96.73% for COD at the highest dosage
of 7.5 g. This indicates that increasing the adsorbent dos-
age significantly improves adsorption capacity, which aligns
with the theory that more active sites are available for the
adsorption process at higher dosages.

Based on the available table, graphs were generated
depicting the relationship between g, and C, for each iso-
therm model, including the Langmuir and Freundlich iso-
therm models. The analysis of the adsorption process for
color removal and COD reduction was conducted by cor-
relating the experimental data from the batch equilibrium
study, as illustrated in Figures 11a and 11b.

From the calculations based on Figures 11a, 11b and
12a, 12b, the Langmuir and Freundlich parameters, as well
as the Sum of Squared Errors (SSE) for color adsorption,
were obtained as listed in the table. The calculated param-
eters for both models are summarized in Table 6, which
presents the parameter values obtained from the Lang-
muir and Freundlich models for color and COD.

Based on the data in Table 6, it is observed that in the
Langmuir model for color removal, the maximum adsorp-
tion capacity obtained is 0.288 mg/g, while for COD re-
duction, is 0.449 mg/g. The Langmuir constant (K;), which
indicates the affinity of the adsorbent for the adsorbate,
is recorded at 9.083 L/mg for color and 3.05 L/mg for
COD. The very small separation factor (R;) values, 0.002
for color and 0.009 for COD indicate that the adsorption
process is highly favorable under the tested conditions.
The determination coefficient shows a good fit between
the model and the experimental data, with values of 0.955

Go Go Ce

C

N % R % R q q
Doses (g) (Color) (COD) (Color) (COD) e €
Pt Co (mg/L) Pt Co (mg/L) Color COD Color CcoD
2.5 45.591 34.589 10.094 8.528 77.859 75.345 0.1419 0.1042
35 45.591 34.589 7.067 5.667 84.499 83.616 0.1101 0.0826
4.5 45.591 34.589 5.164 3.337 88.673 90.352 0.0898 0.0695
6.0 45.591 34.589 3.126 2.293 93.143 93.371 0.0708 0.0538
7.5 45.591 34.589 2.517 1.131 94.479 96.730 0.0574 0.0446
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Figure 11. Shows the adsorption isotherms for color removal: a) Langmuir; b) Freundlich
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Figure 12. Shows the adsorption isotherms for COD removal: a) Langmuir; b) Freundlich

for color and 0.963 for COD. However, the relatively higher
SSE values, 0.187 for color and 0.000645 for COD indicate
some deviation between the model predictions and the
experimental data.

Table 6. Adsorption isotherm parameters for the Langmuir
and Freundlich models

| Isotherm | Parameter Color (@e]»)
Y = 0.3826x + Y = 0.7396x +
3.4752 2.2282
Line 2.288 0.449
Langmuir equation 9.083 3.05
0.9545 0.9963
0.002 0.009
SSE 0.187 0.000645
. Y = 0.6212x — Y = 0.4239x —
Line 1.1026 0.8998
equation
Freundlich 0.079 0.126
1.61 2.36
1/n
0.9918 0.9799

On the other hand, the Freundlich model is used to de-
scribe adsorption on heterogeneous surfaces. The Freun-
dlich constant (Ky), which represents adsorption capacity,
is 0.079 (mg/qg)(L/mg) for color and 0.126 (mg/g)(L/mg)
for COD. The exponent n, which reflects the intensity of
adsorption, is recorded as 1.61 for color and 2.36 for COD.
The larger the n value, the more nonlinear the adsorption
character, reflecting the heterogeneity of the adsorbent
surface. The Freundlich model exhibits excellent determi-
nation coefficients (R%), 0.992 for color and 0.98 for COD,
indicating a high level of agreement between the model
and the experimental data. The lower SSE values compared
to the Langmuir model, 0.032 for color and 0.00705 for
COD, suggest that the Freundlich model provides more
accurate predictions of the experimental data.

Overall, both isotherm models are capable of effec-
tively describing the adsorption process. However, the
Freundlich model is more suitable for depicting this phe-
nomenon, especially in conditions where the adsorbent
surface is heterogeneous. The Freundlich model provides a
higher R? values and lower SSE, indicating better accuracy

in predicting experimental results. Although the Langmuir
model offers important parameters such as maximum ad-
sorption capacity, in this context, the Freundlich model
proves to be superior in describing the adsorption process
on the CW adsorbent used. Bote et al. (2021) used carbon
adsorbents derived from water filter cartridges (AC-EWFC),
which showed excellent performance in removing blue
methylene (MB) with a maximum adsorption capacity of
55.62 mg/g. The adsorption process follows the isother-
mal model of Langmuir and Freundlich, which shows that
adsorption occurs in both monolayer and multilayer. In
addition, adsorption also follows the second pseudo-order
kinetics, reflecting the high efficiency in binding MB to the
active surface of the adsorbent.

3.5. Temkin isotherm

The Temkin isotherm is an adsorption model that takes
into account the interactions between the adsorbate and
the adsorbent and assumes that the adsorption energy
decreases linearly with increasing adsorbate coverage on
the adsorbent surface. This differs from the Langmuir and
Freundlich isotherms, which assume uniform and cover-
age-independent adsorption energy, respectively. The lin-
ear form of the Temkin equation can be given as follows
in Equation (8) (Khatibi et al., 2022):

RT
q, :Tln(KTCe). (8)
In its linear form, Equation (8) can be rewritten as
Equation (9).

g, =BIn(C,)+BIn(K;), ©)

where g, is the amount of substance adsorbed per unit
weight of adsorbent at equilibrium (mg/g), C, is the con-
centration of solute at equilibrium (mg/L), K; is the Tem-
kin constant (L/g).

_RT
b
where R is the gas constant (8.314 J/mol-K), T is the ab-

solute temperature (K), b is the constant related to the
variation in adsorption energy (J/mol).

B . (10)
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Figure 13. lllustrate the effect of temperature on Temkin parameters: a) for color removal; b) for COD removal

The Temkin isotherm is based on the assumption that
the adsorption energy of all molecules in the layer de-
creases linearly with surface coverage due to adsorbate-
adsorbent interactions. A plot of g, vs. In(Ce) is used to
obtain the slope B and intercept B.In(K7), as shown in Fig-
ures 4 and 5.

From Figures 13a and 13b, the line equations for COD
(y = -0.0234x + 0.4498, R?> = 0.982) and for Color (y =
-0.0415x + 0.6118, R? = 0.9869, R2 = 0.9869) can be used
to calculate the Temkin parameters and SSE, as shown in
Table 5.

Table 7. Temkin isotherm parameters and SSE for COD and
color

Tem- COD Color

e smon [ KT | SSE |0 (LIZ» SSE
303.15 | 107.725 | 1.0042 | 1.0x107® | 60.725 | 1.0101 | 0.0
308.15 | 109.370 | 1.0041 | 1.0x10°8 | 61.645 | 1.0101 | 0.0
313.15 | 111.015 | 1.0040 | 1.0x10°8 | 62.565 | 1.0100 | 0.0
318.15 | 112.660 | 1.0039 | 1.0x10°8 | 63.485 | 1.0099 | 0.0

From Table 7, it is observed that the parameter for
COD and color increases with rising temperature, for ex-
ample, from 107.725 J/mol at 303.15 K to 112.600 J/mol at
318.15 K for COD, and from 60.725 J/mol to 63.485 J/mol
for color at the same temperatures. This increase in By
indicates that the energy required for the adsorption pro-
cess rises, suggesting stronger interactions between the
adsorbate and adsorbent at higher temperatures. Based
on the increase in By, this adsorption process tends to be
endothermic.

The K7 (Temkin equilibrium constant) values for COD
and color remain relatively constant and close to 1, indi-
cating that changes in temperature within the tested range
do not significantly impact the adsorbent’s affinity for the
adsorbate. This stability in K7 suggests that although the
adsorption energy increases, the adsorbent’s ability to at-
tract adsorbate molecules does not change significantly
with increasing temperature.

The very low SSE values for COD and color indicate an
excellent fit between the Temkin isotherm model and the

experimental data, particularly for color, where the error
is almost negligible. This confirms that the Temkin model
accurately predicts the adsorption behavior for both pa-
rameters across the tested temperature range.

3.6. Dubinin-Radushkevich (D-R) isotherm

The Dubinin-Radushkevich (D-R) isotherm is an adsorp-
tion model used to understand the adsorption mechanism,
whether it is physical or chemical in nature. This model
not only describes the maximum adsorption capacity but
also provides information about the pore energy of the
adsorbent, which can be used to determine whether the
adsorption process is physical or chemical. The equation
assumes that the pore distribution in the adsorbent fol-
lows a Gaussian energy distribution (Dabrowski, 2001). The
Dubinin-Radushkevich (D-R) adsorption isotherm is repre-
sented as follows:

9o = exp(-B €2), (1)

where g, is the amount of adsorbate adsorbed per unit
mass of adsorbent at equilibrium (mg/q), g,,, is the maxi-
mum adsorption capacity (mg/g), B is the constant related
to the adsorption energy (mol?/kJ?), € is the Polanyi po-
tential, calculated as:

e= RTIn[1+1], (12)
Ce

where R is the gas constant (8.314 J/mol-K), T is the tem-

perature in Kelvin, C, is the equilibrium concentration of

the adsorbate in the solution (mg/L).

This study analyzed the Dubinin-Radushkevich (D-R)
isotherm parameters to model the adsorption process of
COD and color from textile wastewater at various tem-
peratures: 30 °C, 35 °C, 40 °C, and 45 °C. As presented in
Table 8, the Polanyi potential (€) was calculated for each
temperature, with results ranging from 2.227 J/mol to
0.996 J/mol for COD and from 1.223 J/mol to 0.593 J/mol
for color. These values indicate that the energy involved in
the adsorption process is van der Waals energy, suggest-
ing that the adsorption process is physical.

From the data in the Table 8, a graph can be creat-
ed, and the Maximum Adsorption Capacity (g,,) and the
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Table 8. Relationship of temperature with adsorption energy (g) and In(q,)

Temp (°C) € COD (J/mol) € Color (J/mol) In(g,) COD In(g,) Color

30.0 2.227 1.223 13.01 13.27

35.0 1.470 0.984 12.99 13.26

40.0 1.240 0.782 12.98 13.24

45.0 0.996 0.593 12.96 13.22

Table 9. Dubinin-Radushkevich (D-R) isotherm parameters

Temp (°C) g, COD K CE)D2 E COD SSE G Color K C(zlozr E Color SSE
(mg/g) (mol®/J%) (J/mol) COD (mg/g) (mol®/J%) (J/mol) Color
30.0 412,091 0.038 3.651 0.1 519,696 0.094 2.303 0.44
35.0 412,091 0.038 3.651 0.1 519,696 0.094 2.303 0.44
40.0 412,091 0.038 3.651 0.1 519,696 0.094 2.303 0.44
45.0 412,091 0.038 3.651 0.1 519,696 0.094 2.303 0.44

Isotherm Constant (K) can be calculated from the plot of
In(g,) against epsilon (&?).

From the Figure 14, the Dubinin-Radushkevich (D-R)
isotherm parameters were calculated, and the results are
presented in the Table 9.

The data obtained from these measurements were
used to calculate the Maximum Adsorption Capacity (g,,)
and the Isotherm Constant (K) through the plot of In(g,)
against epsilon (€2). The calculation results (Table 9)
show that for COD, the g, value is 412.091 mg/g with K
of 0.0375 mol?/J2. Meanwhile, for color, g,, is recorded at
519 696 mg/g with K of 0.0943 mol?/J2. This high adsorp-
tion capacity indicates that the adsorbent has a strong
ability to bind pollutants.

The Mean Adsorption Energy (E) obtained is 3.65 J/mol
for COD and 2.30 J/mol for color. An E value lower than
8 kJ/mol for both adsorbates indicates that the adsorption
process is physical in nature, with van der Waals forces
dominating the interaction between the adsorbent and
adsorbate.

Additionally, a SSE analysis was conducted to evaluate
the fit of the D-R isotherm model with the experimen-
tal data. The SSE values obtained were 0.1 for COD and
0.44 for color across the different temperatures tested.
The low SSE values suggest that the D-R isotherm model
has a good fit with the experimental data, reinforcing the

13.02
13.01

13
12.99
12.98
12.97
12.96
12.95

y =0.0375x + 12.929
R?=0.9204

In ge (COD)

0.5 1 15

€ COD (J/mol)

a)

2.5

validity of the results obtained. The differences in g, and
K values between COD and color reflect the variations in
the mechanism and strength of interactions between the
adsorbent and each pollutant.

Furthermore, from the regression equations obtained,
namely y = 0.0375x + 12.929 with R* = 0.9204 for COD and
y = 0.0943x + 13.1671 with R? = 0.9269 for color, it can be
concluded that the D-R isotherm model has a very good
correlation with the experimental data. The R? values close
to 1 indicate that most of the variability in the data can
be explained by this isotherm model, suggesting that this
model is a fairly accurate representation of the adsorption
process taking place.

3.7. Kinetic study

To understand the mechanisms governing the color re-
moval and COD reduction process using CW adsorbent,
various factors controlling the adsorption process must
be considered, including pH, adsorbent mass, and con-
tact time, as well as chemical reactions and mass transfer
(Miler et al., 2016). The pseudo-first-order and pseudo-
second-order Lagergren correlations were used to ana-
lyze the experimental data. The pseudo-first-order model
is generally used to analyze adsorption data derived from
the adsorption of adsorbates from aqueous solutions. This

13.28
5 13.26
O 0
£ 1324
9 "y =0.0943x + 13.161
< 1322 R2=0.9269
13.2
0 0.5 1 1.5

g Color (J/mol)

b)

Figure 14. Dubinin-Radushkevich (D-R) isotherm relationship on the absorption process: a) color; b) COD
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model describes the adsorption rate as proportional to
the number of available binding sites on the adsorbent
(Hui et al., 2009). The pseudo-first-order Lagergren model,
based on solid capacity, is usually expressed as follows
(Cochrane et al., 2006):

K.
t (13)
2.303

log(q, —4;) =logq, -

where g, represents the amount of adsorbate absorbed
onto the adsorbent at equilibrium, g; denotes the amount
of adsorbate absorbed onto the adsorbent at a specific
time, and K, refers to the pseudo-first-order adsorption
constant. The values of KK, and g, can be determined
from the graphical plot of log(g.—q;) versus t, where the
slope and intercept of the linear graph are calculated
(Gupta et al., 2012). The pseudo-second-order model,
initially proposed by Taty-Costodes et al. (2003) and later
discussed by Ho (2014), is expressed through the following
Equation (14):

05 y =-0.0177x + 0.6372
R? =0.808
0
__-05 150 200
o -1
(0]
S5
< _, | y=-0.0161x +0.4284
R? =0.8496
-2.5
-3
Time (Min)
—@— Color —@— COD
a)

L: ! +it

9 k,qe? q, '

(14)

where k, represents the pseudo-second-order rate
constant (g.min"'mg™"). The values of and g, can be
determined from the intercept and slope of the linear
plot of (t/qt) versus t. This study evaluated the kinetics
of color removal and Chemical Oxygen Demand (COD)
reduction in textile wastewater using CW adsorbent with
varying masses from 25 g to 75 g. Kinetic modeling was
performed using both the first-order and second-order
models to understand the dynamics of the adsorption
process for each variation in adsorbent mass. The val-
ues of k4 and g, can be determined from the graphical
plot of log(g, — g;) versus t, as well as the values of k,
and g, from the plot of (t/qt) versus t, as shown in Fig-
ures 15-19.

To obtain the kinetic model parameters and SSE val-
ues for color removal and COD reduction, calculations

300 y =0.6696x + 127.84
250 R? =0.8087,/A\..:>
200 | AT
§ 150
100 y = 0.6683x + 52.956
R?=0.9842
50
0
0 100 200 300
Time (Min)
—@— Color —&— COD

b)

Figure 15. Kinetics of color removal and COD reduction with 2.5 g of carbide waste adsorbent: a) first-order modeling;

b) second-order modeling

0
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-0.5
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s
E—l.S
3 y =-0.0073x-0.3622
R2=0.8871
-2.5
Time (Min)
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Figure 16. Kinetics of color removal and COD reduction with 3.5 g of carbide waste adsorbent: a) first-order modeling;

b) second-order modeling



were performed using the line equations from Figures 10
to 14. The calculated values for first-order and second-
order kinetic parameters are comprehensively presented
in Tables 10 and 11.

The results in Tables 10 and 11 show that increasing
the adsorbent mass affects the reaction rate and adsorp-
tion capacity. At a mass of 2.5 g, the reaction rate constant

0
) 50 100 150 200
-1 y =-0.0254x - 0.3077
z, ——ea_ R?=09153
o | TN
L 3
< y =-0.0192x + 0.0523
1 R? =0.9073
-5
Time (Min)
—@— Color —e—COD

a)
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(kq) for color removal is 0.018 min™, with a theoretical
adsorption capacity (q,) of 0.529 mg/g (first-order) and
2.387 mg/g (second-order). At a mass of 7.5 g, ky increases
to 0.046 min™", while is recorded at 0.589 mg/g (first-or-
der) and 0.746 mg/g (second-order). The k, and SSE values
indicate that the second-order model is more suitable for
describing the adsorption kinetics.

y =0.9656x + 135.56

400 R? =0.9062
0| A
S 200
100 y =0.8672x + 53.182
R2=0.9919
0
0 100 200 300
Time (Min)
—@— Color —e—COD

Figure 17. Kinetics of color removal and COD reduction with 4.5 g of carbide waste adsorbent: a) first-order modeling;

b) second-order modeling
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Figure 18. Kinetics of color removal and COD reduction with 6.0 g of carbide waste adsorbent: a) first-order modeling;

b) second-order modeling
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Figure 19. Kinetics of color removal and COD reduction with 7.5 g of carbide waste adsorbent: a) first-order modeling;

b) second-order modeling
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Table 10. Kinetic model parameters for color removal

Parameters of adsorption kinetics model

(g/lr:z:) Pseudo-first-order equations Pseudo-second-order equations
Line equations Ge kq R Line equations Ge k, R SSE
2.5 Y =-0.017x — 0.64 0.529 0.017 0.808 Y= 0.419x + 106.21 2.387 0.074 0.952 1.7035
3.5 Y = -0.007x — 0.36 0.696 0.007 0.887 Y= 0.669x + 127.84 1.493 0.3 0.984 1.4043
4.5 Y = -0.025x - 0.308 0.735 0.025 0.915 Y= 0.867x + 53.182 1.153 0.652 0.992 1.153
6.0 Y = -0.016x - 0.590 0.554 0.016 0.992 Y= 1.201x + 48.635 0.833 1.731 0.999 1.7215
7.5 Y = -0.046x — 0.530 | 0.589 0.046 | 0960 | Y= 1341x + 54.844 0.746 2411 0.994 1.153
Table 11. Kinetic model parameters for COD removal
Parameters of adsorption kinetics model
(g/lrg:) Pseudo-first-order equations Pseudo-second-order equations
Line equations Ge ky R, Line equations Ge k> R, SSE
2c Y = -0.016x + 0438 1534 0.016 0.849 Y = 0.455x + 49.719 2.198 0.094 0.896 1.941
0.012 0.969 Y = 0.668x + 52.956 1.497 0.298 0.809 1.941
4.5 Y = -0.0192x — 0.05 0.995 0.019 0.907 Y = 0.966x + 135.56 1.035 0.901 0.906 1.941
6.0 Y = -0.0309x — 0.30 0.97 0.031 0.979 Y = 1.494x + 104.20 0.669 3.335 0.991 1.941
7.5 Y = -0.0477x - 0.18 0.982 0.048 0.978 | Y = 1.795x + 59.950 0.557 5.784 | 0.993 1.941

The COD reduction follows a similar pattern to color
removal. At a mass of 2.5 g, k; for COD is 0.016 min™
with g, of 1.534 mg/g (first-order) and 2.198 mg/g
(second-order). At a mass of 7.5 g, k; increases to
0.048 min™", but g, decreases to 0.982 mg/g (first-or-
der) and 0.557 mg/g (second-order). The second-order
model, with better k, and SSE values are also more suit-
able for the COD reduction process. Overall, the sec-
ond-order kinetic model is more accurate in describ-
ing the adsorption process for both color removal and
COD reduction using CW adsorbent. The application of
the pseudo-second-order kinetic model to the adsorp-
tion of color and COD reduction from Jumputan fabric
wastewater onto the surface of CW adsorbent suggests
that the adsorption process involves various mecha-
nisms, including chemical interactions and electrostatic
attraction of anions present in the Jumputan fabric
wastewater to reactive sites on the surface of carbide
waste (Taty-Costodes et al.,, 2003).

3.8. Intra-particle diffusion adsorption of
color and COD

In this study, an analysis of color and COD adsorption in
textile wastewater was conducted using carbide waste
adsorbent. The intra-particle diffusion graph shown in
Figure 20 provides insight into the mass transport process
occurring during the adsorption. Based on the graph, it is
evident that there is a relationship between contact time
and the level of pollutant absorption, indicating the pres-
ence of an intra-particle diffusion mechanism.

From Figure 20 above, the intra-particle diffusion pa-
rameters can be calculated intra-particle diffusion param-
eters and the SSE related to the color adsorption and COD
processes. Important parameters listed include the diffu-
sion constant kdiff, intercept value (C), and SSE. This data
provides insight into the effectiveness and complexity of
the adsorption process for each parameter, namely color
and COD.
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Figure 20. Intra-particle diffusion adsorption for color and COD in textile wastewater




Table 12. Intra-particle diffusion parameters and SSE

| Parameters | Color CcoD
Kaife -1.895 -1.746
@ 28.421 24.091
SSE 5.097 11.371

Table 12, this table helps in analyzing and comparing
adsorption efficiencies for the two contaminants, as well
as in understanding the mechanisms underlying the pro-
cess. Diffusion and SSE parameters, relevant parameters
such as diffusion constants k_(diff), intercept values (C),
and SSE for color adsorption and COD are listed. Based
on the table, the (kyq) value for color is —1.895, while for
COD is —1.746. The intercept value (C) was higher for color
(28.421) compared to COD (24.091). Meanwhile, the SSE
value shows several square errors of 5.097 for color and
11.371 for COD. A higher SSE value for COD indicates that
the COD adsorption process may be less efficient or more
complex compared to color adsorption.

4. Conclusions

This study donstrates that CW can be effectively uti-
lized as an adsorbent for removing color and reducing
COD from textile wastewater. At an adsorbent dose of
75 g, CW achieved a color removal efficiency of up to
94.48% and a COD reduction of 96.73%. The Freundlich
isotherm model provided the best fit, with R? values of
0.9918 for color and 0.9799 for COD, along with low
SSE values, indicating a good agreement with the ex-
perimental data.

The Temkin isotherm analysis revealed that adsorp-
tion energy increases with temperature, indicating the
exothermic nature of the process. The low mean ad-
sorption energy (E) values suggest that the adsorption
process is dominated by van der Waals forces, charac-
teristic of physical adsorption. The adsorption kinetics
followed a pseudo-second-order model, indicating the
presence of complex chemical interactions. Intra-particle
diffusion analysis showed that mass transfer within the
adsorbent particles plays a significant role in the ad-
sorption process.

The reuse of CW adsorbent showed a decrease in
color removal efficiency from 94.47% in the first cycle
to 88% in the fourth cycle, while COD removal efficiency
decreased from 96.73% to 90% in the fourth cycle. This
suggests that the CW adsorbent becomes saturated af-
ter several cycles, highlighting the need for regenera-
tion or replacement to maintain optimal performance in
wastewater treatment. Overall, the findings of this study
provide important insights into the potential of CW as
an environmentally friendly and cost-effective solution
for textile wastewater treatment, with implications for
broader industrial applications.
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