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the Clz purification process into alum (Al:(SOs);) and to evaluate its implementation in
supporting the concept of circular economy and sustainable environmental management.
The research was conducted through an alum synthesis process using a reaction between
H2SO. waste and aluminum hydroxide (Al(OH)s) with variations in AI(OH)s weight and
stirring speed. Product characteristics were analyzed based on AL:Os content, physical
properties, economic potential, and the level of system circularity using Recycling Rate
and Circularity Rate indicators. The results showed that increasing the amount of Al(OH)s
increased the AL:Os content in the alum product, with the highest value of 18.21%
obtained at a stirring speed of 150 rpm and the addition of 300 grams of AI(OH)s. The
resulting alum products exhibited denser and more homogeneous physical characteristics
at higher aluminum concentrations. Based on the mass balance analysis, 300 liters of
H2SO4 waste produced approximately 391 kg of Alx(SOs)s. From the circular economy
perspective, the Recycling Rate and Circularity Rate values obtained were 80.9% and
72.8%, respectively, indicating a high level of waste reutilization within the production
system. In addition to providing environmental benefits by reducing hazardous waste, this
process offers potential savings in industrial operational costs. Therefore, the utilization
of sulfuric acid waste into alum is considered technically, economically, and
environmentally feasible as an implementation of the circular economy concept in the
chemical industry.

Contribution to Sustainable Development Goals (SDGs):
SDG 6: Clean Water and Sanitation

SDG 9: Industry, Innovation, and Infrastructure

SDG 12: Responsible Consumption and Production

SDG 13: Climate Action

SDG 15: Life on Land

1. INTRODUCTION

1.1.  Research Background

Industrial development has contributed significantly to economic
growth and technological advancement. However, industrial
activities also generate large amounts of hazardous waste that can

negatively impact the environment if not properly managed. One
of the hazardous wastes commonly generated in the chemical
industry is sulfuric acid (H.SOs) waste produced from the
chlorine (Cl) purification process. Sulfuric acid waste is highly
corrosive and has a very low pH, making it potentially harmful to
soil, water bodies, and aquatic organisms if discharged directly
into the environment. Improper management of this waste can
lead to environmental pollution and ecological imbalance.
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In industrial practice, sulfuric acid waste is generally
transported and treated by third-party hazardous waste
management services. Although this method can reduce direct
environmental risks, it requires high operational costs and does
not provide added value from the generated waste. Such
management practices still follow the conventional linear-
economy approach, in which waste is considered the final output
of industrial activities. In contrast, the circular economy concept
promotes the reutilization of waste as a valuable resource that can
be recovered, recycled, and converted into useful products. The
implementation of circular economy principles is expected to
reduce waste generation, minimize environmental pollution, and
improve resource efficiency within industrial systems.

One potential approach to implementing circular economy
principles in the chemical industry is to convert sulfuric acid
waste into alum (aluminum sulfate, Al(SO4);). Chemically,
sulfuric acid can react with aluminum hydroxide (AI(OH)s) to
produce aluminum sulfate through a neutralization reaction.
Aluminum sulfate is widely used as a coagulant in water and
wastewater treatment because of its ability to destabilize
suspended particles and improve water clarity. Previous studies
have shown that aluminum sulfate effectively reduces turbidity,
improves pH stability, and enhances the overall efficiency of
coagulation—flocculation processes in wastewater treatment
systems.

Several studies have investigated the synthesis of alum from
sulfuric acid and aluminum compounds. Research conducted by
Halimatussakdiyah et al. demonstrated that sulfuric acid can be
effectively used in alum production, yielding high yields under
optimal operating conditions. Other studies also reported that
alum remains one of the most stable and widely used coagulants
in industrial wastewater treatment systems due to its effectiveness
and ease of application. However, most previous studies focused
either on alum synthesis or on its application in wastewater
treatment, separately. Integrated studies evaluating the use of
sulfuric acid waste as a raw material for alum production, while
simultaneously assessing its contribution to environmental
management and the circular economy, remain limited.

Therefore, this study was conducted to evaluate the potential
utilization of sulfuric acid waste from industrial processes as a
raw material for alum production through reaction with aluminum
hydroxide. In addition, this study aims to analyze the
environmental and economic benefits of converting hazardous
waste into valuable products within the framework of circular
economy principles. The study also evaluates the recycling and
circularity rates achieved by the process to determine the
effectiveness of waste reutilization in supporting sustainable
industrial waste management. Through this research, sulfuric acid
waste is expected to be transformed from an environmental
burden into a valuable resource that contributes to sustainable
development and environmentally friendly industrial practices.

1.2.  Literature Review

Various industrial waste management efforts continue to be
developed to reduce environmental pollution impacts and
improve resource efficiency. One approach that is currently
widely implemented is the circular economy, which uses waste as
raw materials for new, higher-value products. This concept aims
to reduce the amount of waste discharged into the environment
while improving the efficiency of industrial production processes.
In the chemical industry, a circular economy can be achieved by

https://doi.org/10.29165/ajarcde.v10i2.1058

using sulfuric acid (H.SO4) waste to produce more valuable
products, including aluminum sulfate (alum).

Sulfuric acid waste is a hazardous waste generated by various
industrial processes, including the purification of chlorine gas
(Cl2). This waste is corrosive and highly acidic, making it
potentially harmful to the environment if not properly managed.
Currently, sulfuric acid waste is generally treated through
neutralization processes or by third-party waste management
services, both of which require relatively high costs. Therefore,
an alternative waste management approach is needed that not only
reduces environmental pollution but also provides economic
added value.

Conventional acid waste treatment is generally carried out
through neutralization with alkaline chemicals or by third-party
waste management services. Although these methods are
effective in reducing the hazardous nature of the waste, they still
generate residues, require high operational costs, and do not fully
support the concept of sustainable industry. Along with the
development of environmentally friendly technologies, various
alternative approaches that are more biocompatible and less toxic
have begun to emerge, including the use of Natural Deep Eutectic
Solvents (NADES) and green extraction media. NADES are
known to possess biodegradable properties, low toxicity, and the
ability to replace conventional chemical solvents in various
industrial processes and compound separation applications [1]. In
addition, research by Dai et al. [2] demonstrated that NADES
have high potential as environmentally friendly solvents because
they are derived from natural components, stable, and safe for use
in various green chemistry applications. The development of
these environmentally friendly technologies reflects the direction
of industrial progress toward safer, more efficient, and more
sustainable production systems by minimizing the use of
hazardous chemicals and reducing the potential for
environmental pollution. Therefore, the utilization of sulfuric
acid waste into valuable products in this study can be regarded as
part of the transition toward more circular and low-toxicity
industrial workflows.

One potential method is the synthesis of aluminum sulfate
(ALx(SO4)s) through a reaction between sulfuric acid and
aluminum hydroxide (Al(OH)s). This reaction produces alum,
which is widely used as a coagulant in clean water and wastewater
treatment processes. Alum functions by binding colloidal
particles and suspended solids, thereby facilitating sedimentation.
Alum is widely used in water treatment for its high effectiveness
in reducing turbidity, Total Suspended Solids (TSS), and other
pollutant parameters.

Several previous studies have shown that using sulfuric acid
as a raw material for alum production yields effective results.
Research conducted by Halimatussakdiyah et al. demonstrated
that increasing the amount of aluminum compounds during
synthesis could increase the Al2Os content of the resulting alum.
In addition, operating conditions such as reaction temperature,
stirring time, and stirring speed also influence the quality of the
final product. The more homogeneous the mixing process, the
more optimal the aluminum sulfate formation reaction becomes

[3]

Other studies have also reported that aluminum sulfate
remains one of the most widely used coagulants in the water
treatment industry because it is easy to apply, relatively
economical, and highly efficient in coagulation—flocculation
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processes. The use of alum accelerates particle sedimentation and
improves the quality of treated water. Therefore, the production
of alum from sulfuric acid waste has significant potential for
industrial implementation as a means of reusing hazardous waste.

In addition to technical aspects, the implementation of a
circular economy can also be evaluated using the Recycling Rate
and Circularity Rate indicators. Recycling Rate indicates the
percentage of waste successfully reutilized in the production
process, while Circularity Rate indicates the level of material
circulation within a production system. Higher values of these
indicators reflect a better implementation of circular economy
principles in industry. The utilization of sulfuric acid waste to
produce alum is expected to improve both indicators and support
more sustainable industrial waste management.

1.2.1.  Sulfuric Acid

Sulfuric acid (H2SOs) is a strong acid widely used in various
industrial sectors, including the chemical, fertilizer, metal
processing, and pulp and paper industries. Sulfuric acid is highly
reactive and corrosive; therefore, its use requires proper control
and safety measures to prevent adverse effects on workers and the
environment. [4]. In addition to industrial applications, sulfuric
acid is used as a hydrolysis agent in lignocellulosic materials
because it can break down amorphous structures and increase
material crystallinity. [S].

Chemically, sulfuric acid has the molecular formula H2SOa,
consisting of two hydrogen atoms, one sulfur atom, and four
oxygen atoms. Sulfuric acid is classified as a diprotic acid
because it can release two H* ions in solution, resulting in very
high acidity. In solution, sulfuric acid dissociates into H* ions and
sulfate ions (SO+*"). These H* ions contribute to the corrosive
nature of sulfuric acid and its ability to break chemical bonds in
various organic materials, such as cellulose and proteins. The
structure and reactivity of sulfuric acid make it effective for
hydrolysis and degradation processes of natural polymer
structures. [5]

Sulfuric acid can negatively impact the environment when
released into soil or water bodies at high concentrations. High
sulfuric acid content can drastically reduce environmental pH,
thereby disrupting the balance of aquatic ecosystems. [6]. Studies
have shown that increasing sulfuric acid concentrations can lead
to high mortality among aquatic organisms, such as common carp
(Cyprinus carpio) and tilapia (Oreochromis mossambicus), due to
tissue damage and respiratory disorders. [6].

In addition to being toxic to living organisms, sulfuric acid is
also corrosive to skin, soil, and various materials. Direct exposure
may cause severe burns, while environmental pollution caused by
sulfuric acid waste can reduce water quality and accelerate
material degradation [4]. Higher sulfuric acid concentrations
increase the number of H* ions in solution, thereby accelerating
protein structure damage and harm to living organisms.
Therefore, the use and management of sulfuric acid waste must
be carried out properly to prevent environmental pollution and
ecosystem damage. [5].

1.2.2.  Aluminum Sulfate

Alum or aluminum sulfate (Al(SOs)s) is an inorganic
compound commonly found in hydrated form, particularly
aluminum sulfate hexadecahydrate (Al(SOa4)s;-16H-0). This
compound is widely used across various industrial sectors,
particularly as a coagulant in water and wastewater treatment.
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Aluminum sulfate is an important industrial chemical because it
aids in the coagulation of suspended particles, thereby improving
water clarity. In addition, alum is also used in the paper, textile,
synthetic rubber, concrete, and deodorant industries due to its
antibacterial and antiperspirant properties. [7].

Table 2. SNI10032:2011 for Aluminum Sulfate

Regulations
NO P t Unit
arameter m Solid Liquid
specific gravity .
1 20°C Min. 1,3
2 pH - Min. 3,0 | Min. 3,0
Aluminium
3 Oksida, % (b/b) | Min. 17 Min. 8
Alumina, Al2O3
Maks. Maks.
0,
4 Fe content % (b/b) 0,01 0.01
5 Lead, Pb mg/kg | Maks. 10 | Maks. 10
Arsenic, As mg/kg Maks. 2 Maks. 2

The formation of alum can be achieved by reacting sulfuric
acid (H2SOs) with aluminum compounds, either as oxides or
hydroxides. This process is classified as inorganic chemical
synthesis, which involves forming new compounds through
controlled chemical reactions. Inorganic material synthesis plays
an important role across various fields of modern technology by
enabling the production of materials with specific characteristics
for industrial and environmental applications. In its development,
modern synthesis methods have been directed toward processes
that are more efficient, selective, and environmentally friendly,
since conventional methods generally have disadvantages such as
long reaction times, low yields, high costs, and the potential to
generate hazardous waste. [8].

In the alum synthesis process, aluminum hydroxide reacts
with sulfuric acid to produce aluminum sulfate and water as a by-
product. The chemical reaction for alum formation can be written
as follows:

2A1(OH)s + 3H:SOs — AL(SO4)s + 6H20

The reaction is exothermic and influenced by several factors,
including acid concentration, reaction temperature, stirring time,
and reactant ratio. Excess sulfuric acid can increase the
conversion of aluminum into aluminum sulfate, thereby
increasing the alum synthesis yield. The reaction product can then
be crystallized into hydrated alum, which is commonly used as a
coagulant in clean water and wastewater treatment processes [9].

As a coagulant, alum can bind small particles and colloids
that are difficult to settle naturally. The addition of alum to water
causes suspended particles to aggregate into flocs, making them
easier to settle and separate by sedimentation and filtration.
Therefore, alum is widely used in water purification because it
effectively reduces turbidity and Total Suspended Solids (TSS),
thereby improving overall water quality. [10]. In addition to water
treatment applications, alum is used as a coating material in the
paper industry, a waterproofing agent, a concrete accelerator, an
oil and fat purifier, a foaming agent in fire foam, and an additive
in vaccine development. [7].
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1.2.3.  Circular Economy

The circular economy is an economic paradigm that aims to
maintain the value of products, materials, and resources for as
long as possible within the economic cycle through waste
reduction and resource reutilization. This concept emerged in
response to the linear economy model, which applies the “take—
make—dispose” principle and is considered unsustainable because
it generates large amounts of waste and increases environmental
pollution. In a circular economy, waste is not viewed as the end
of the production cycle, but rather as a resource that still has
economic value and can be reused through reuse, recycling, and
remanufacturing processes [11].

The circular economy applies the 3R principles: reduce,
reuse, and recycle. This concept allows materials and products to
remain within the economic cycle for as long as possible through
reprocessing and reutilization. In the industrial sector, the
implementation of a circular economy is pursued through
strategies such as design for circularity, industrial symbiosis,
recycling, and material reuse to improve resource efficiency and
reduce production waste. [11]. In addition to providing
environmental benefits, the circular economy can improve
economic efficiency, create job opportunities, and enhance
industrial competitiveness, thereby supporting sustainable
development.

In this study, the implementation of the circular economy
concept was carried out through the utilization of sulfuric acid
(H2S0.) waste as a raw material for alum (Al:(SO4)3) production.
The level of circular economy implementation was evaluated
using the Recycling Rate (RC) and Circularity Rate (CR)
indicators. Recycling Rate indicates the percentage of waste
successfully recycled relative to the total waste generated. A high
RC value indicates that most of the waste has been successfully
reutilized within the production system. [12]. The Recycling Rate
equation is expressed as follows:

Amount of waste successfully recycled

RC (%) = x 100%

total waste generated

Meanwhile, the Circularity Rate measures the level of
material circularity within a production system, namely the
proportion of secondary materials used relative to total material
consumption. A higher Circularity Rate value indicates a more
optimal utilization of recycled materials and a lower dependence
on primary raw materials. [13].

secondary materials

Circularity rate = - - -
domestic material + secondary material

1.3.  Research Objective

This study aims to analyze the utilization of sulfuric acid
waste (H2SO4) as a raw material for alum (Al2(SOa4)3) production
through a reaction with aluminum hydroxide (AI(OH)s). In
addition, this study aims to evaluate the effect of variations in
aluminum hydroxide addition and stirring speed on the
characteristics of the resulting alum. The study also aims to
measure the level of circular economy implementation using the
Recycling Rate and Circularity Rate indicators to reduce waste
and improve resource utilization efficiency in the chemical
industry.

https://doi.org/10.29165/ajarcde.v10i2.1058

2. MATERIALS AND METHODS

This study was conducted from January to March 2026 in a
waste-treatment and industrial-chemical process laboratory. The
research was carried out experimentally to utilize sulfuric acid
waste (H2SO.) generated from the chlorine gas (Cl.) purification
process into alum (Al(SO4)3) through a reaction with aluminum
hydroxide (Al(OH)s). The study was also associated with the
implementation of the circular economy concept through analysis
of the recycling and circularity rates in the industrial waste
reutilization process.

The materials used in this study included sulfuric acid waste
(H2S04), aluminum hydroxide (AI(OH)s), distilled water, and pH
indicators. The equipment used included beakers, a hot plate
stirrer, a digital balance, a pH meter, a thermometer, a filtration
apparatus, an oven, and other laboratory analytical instruments.

The research was conducted using an alum synthesis process
with variations in the weight of aluminum hydroxide and the
stirring speed. Aluminum hydroxide was reacted with sulfuric
acid waste under certain conditions to form an aluminum sulfate
solution. The reaction was conducted at stirring speeds of 80, 100,
and 150 rpm to assess the effect of homogenization on the
synthesis results. Furthermore, the reaction products were heated
and crystallized to obtain alum.

The resulting alum products were then analyzed based on
their physical characteristics and Al.Os content. In addition, a
mass balance calculation was performed to determine the amount
of alum produced from the utilization of sulfuric acid waste. The
level of circular economy implementation was analyzed using the
Recycling Rate (RC) and Circularity Rate (CR) indicators. The
research data were analyzed descriptively and compared to
identify the optimal operating conditions for the alum synthesis
process using sulfuric acid waste.

3. RESULT AND DISCUSSION

3.1.  Chemical Characteristics of Al:(S0.4)s

The ALOs content in the Al2(SO4)s product was determined
by titration to quantify the aluminum concentration formed
during synthesis. The data obtained were based on laboratory test
results, with variations in stirring speed and Al(OH)s weight as
the main raw material in the reaction with sulfuric acid.

Table 3. Results of Al2Os; Content Analysis in Al2(SOa4)s
Synthesis Using the Titration Method
eight AI(OH)3 Al203 Content in Al2(SO4)3 (%)

Stirring speed 150 gr | 200 gr 250 gr | 300 gr

80 rpm 13,55 16,43 16,84 17,31
100 rpm 14,07 16,52 16,91 17,67
150 rpm 14,02 16,58 17,03 18,21

At a stirring speed of 150 rpm with an AI(OH)3 weight of 300
grams, the highest Al2O3 content of 18.21% was obtained, while
the lowest Al2O3 content of 13.55% was observed at a stirring
speed of 80 rpm with 150 grams of AI(OH)s. These results
indicate that increasing the amount of AI(OH)s used increases the
Al203 content of the resulting product. In addition, increasing the
stirring speed affected the results, although the effect was less
significant than that of adding Al(OH)s.
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Based on the titration data, a graph can be constructed to
illustrate the relationship between the weight of AI(OH)3 and the
AI203 content in Al12(SO4)3, thereby facilitating analysis of the
pattern among the tested variables.
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Fig. 1. Relationship Between Al-Os Concentration (%) and
Al(OH)s Weight (gr)

It can be observed that increasing the amount of Al(OH)s
added resulted in a corresponding increase in the Al>Os content
of the alum produced across all stirring speeds. This indicates that
the addition of AI(OH)s is directly proportional to the increase in
ALO:s content in the alum product. The higher AL:Os content is
due to more AI(OH)s reacting with sulfuric acid, thereby
converting more aluminum to aluminum sulfate. As the amount
of the main reactant increases, the formation of Al2(SO4)3
becomes more optimal, producing alum with higher ALO;
content.

Although stirring speed influenced the alum formation
process, its effect was not as significant as the addition of
Al(OH)s. Stirring primarily accelerates homogenization and
improves contact between reactants, whereas the primary factor
determining the Al>Os content remains the amount of aluminum
raw material used. Therefore, it can be concluded that the
relationship between AI(OH)s weight and Al.Os content in alum
is directly proportional: higher AI(OH)s weight results in higher
AlLOs content in the final product.

These findings are consistent with previous studies by Delfi
& Nina, which reported that aluminum sulfate produced by the
reaction between Al(OH)s and H>SO4 has an Al:Os content that
depends on the amount of aluminum raw material used, reaching
approximately 17% under optimal conditions. [14]. In addition,
another study by Juli & Abadiyah [15] reported that increasing
the aluminum dosage in the system increases the amount of active
aluminum species in solution, thereby contributing to higher
aluminum content and improved effectiveness of the resulting
product [15].

3.2.  Physical Characteristics of Al2(SO4)s

A visual observation of the physical characteristics of
Al2(SO4); was conducted to determine the shape, texture, and
density of the products produced from variations in Al(OH)s
usage. This observation aimed to evaluate the effect of the
quantity of raw material on the physical quality of the resulting
alum, particularly its density and homogeneity.
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Fig. 2. Product visuals AL(SO4)s

At the use of 150 grams of Al(OH)s;, the resulting alum
product appeared less dense and tended to be fragile. In the 200-
gram variation, the product structure became more compact,
whereas using 300 grams produced alum with the densest, most
homogeneous, and most solid structure. These differences in
physical characteristics were influenced by the amount of AI**
ions formed during synthesis. Increasing the amount of AI(OH)s
increased the concentration of aluminum ions in the solution,
allowing the formation and crystallization of Al2(SOa)s to occur
more optimally. This condition resulted in alum products with
denser and more stable structures.

The results of this study are consistent with the findings of
Chen et al. [16], who reported that increasing solute concentration
can enhance the nucleation rate and produce denser and more
uniform crystals [16]. Delfi and F. Nina [14] also demonstrated
that increasing the aluminum concentration in aluminum-based
coagulant synthesis promotes the formation of more compact,
stable materials. Compared with the Indonesian National
Standard (SNI) for aluminum sulfate, a good alum product is
generally characterized as a solid material that is not easily
broken and contains approximately 15-17% ALOs. In this study,
the variation using 300 grams of AIl(OH); produced
characteristics that most closely met these standards, both in
physical form and in Al:Os content, which was approximately
17.67%. Therefore, increasing the amount of AI(OH)s was proven
to improve both the physical and chemical quality of the resulting
alum.

3.3.  Potential Utilization of H:SO. Waste Based on
the Product Yield

The potential utilization of sulfuric acid waste for the
production of valuable products can be analyzed using mass
balance calculations to determine the amounts of raw materials
consumed and the resulting products. Based on the calculation
results, 300 liters of H.SO4 waste with a concentration of 70%
and a density of 1.6 kg/L were able to produce approximately 391
kg of aluminum sulfate (Al(SOas)s) through a reaction with
aluminum hydroxide (Al(OH)s). The 300-liter volume used in
this calculation is a small-scale mathematical simulation based on
an industrial waste profile of approximately 5000 L/day of
H2SOa. In this reaction, H2SOs acted as the limiting reactant,
allowing most of the sulfuric acid to react optimally to form alum
products.

These results indicate that even a relatively small amount of
sulfuric acid waste has significant potential for conversion into
valuable products. The conversion of waste into alum
demonstrates efficient material utilization because most of the
waste was successfully reused, leaving only a small amount of
unreacted material. In addition to reducing the amount of
hazardous waste discharged into the environment, this process
also produces a product that can be reused as a coagulant in water
and wastewater treatment.
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From the perspective of the circular economy concept, this
process demonstrates the transformation of waste into resources
(waste-to-product), thereby providing both environmental
benefits and economic added value. The production of alum from
sulfuric acid waste also has the potential to reduce reliance on
commercial chemicals in water treatment processes. Therefore,
based on the mass balance analysis, the utilization of H.SO4 waste
to produce alum shows excellent potential for product yield,
reaction efficiency, and support for sustainable industrial waste
reduction.

3.4.  Potential Utilization of H:SO. Waste from an
Economic Perspective

The economic potential of using sulfuric acid waste to produce
alum can be evaluated based on investment, raw material, and
operational costs, as well as the company's cost savings. Based on
the calculation results, the production process using 3000 kg/day
of AI(OH); and 5000 liters/day of H.SOs waste produced
approximately 6514 kg/day of aluminum sulfate (Al>(SO4)s). This
amount can partially replace the company’s coagulant demand,
which previously relied on 14,267 kg/day of PAC.

The initial investment required for the procurement of
production equipment was relatively small compared to the
production capacity, at approximately IDR 291 million.
Meanwhile, the annual cost of the main raw material, AI(OH)s,
reached approximately IDR 13.8 billion. On the other hand, if the
company continued using PAC as the primary coagulant, the
required annual cost would reach approximately IDR 32.8 billion.
In addition, the company would incur hazardous sulfuric acid
waste treatment costs through third-party services, amounting to
approximately IDR 41.25 billion per year.

By utilizing H>SO4 waste into alum, the company can reduce
both PAC purchasing costs and hazardous waste treatment costs.
The produced alum can substitute part of the commercial
coagulant demand, thereby providing significant operational cost
savings. Furthermore, sulfuric acid waste that previously required
transportation and treatment costs can now be reused as a
production raw material.

The analysis results indicate that the cost savings obtained are
considerably greater than the production costs incurred. This
demonstrates that the utilization of sulfuric acid waste into alum
has excellent economic potential and is feasible for industrial-
scale development. In addition to providing economic benefits
through cost savings, this process also offers environmental
advantages by reducing the amount of hazardous waste
discharged into the environment.

4. CONCLUSION

From the circular economy perspective, this process
demonstrated a high level of circularity, with a Recycling Rate of
80.9% and a Circularity Rate of 72.8%. The utilization of sulfuric
acid waste also provided economic benefits by reducing chemical
purchasing and hazardous waste treatment costs. Therefore, the
conversion of sulfuric acid waste into alum is considered
technically, economically, and environmentally feasible, while
supporting the implementation of circular economy principles
and the achievement of the Sustainable Development Goals
(SDGs), particularly in sustainable waste management and
resource efficiency.
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