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ABSTRACT

Rubber industries in Malaysia generate substantial volume of wastewater,
ranging from 50 to 55 thousand m?® during raw rubber production and 100 to
130 thousand m?® daily for its derivatives manufacturing. Treating this
wastewater has generated 240 tons of sludge annually. Due to the ineffective
sludge management plan, the sludge is underutilized. A novel process that
converts this sludge into valuable compound, while minimizing final waste
would be a promising solution in the treatment of sludge. The composition of
sludge from the rubber industry is highly complex due to various chemicals
introduced during the manufacturing process, posing challenges to treatment.
In this study, various characterization methods, including FTIR, SEM-EDX,
XRD and TGA were conducted to provide insights into sludge properties.
Along with that, Ca and Al were found to be the major components.
Subsequently, an Aqua Regia digestion method was employed to determine
the total metal concentration within the sludge. The concentration of Ca was
found to be 71.88 mg/g of sludge, whereas the concentration of Al was found
to be 47.47 mg/g of sludge. To treat the sludge and extract these prominent
metals, acid leaching was selected as the treatment method. The leaching
efficiency was investigated by adjusting its parameters: acid selection (H2SOa,
HNO3, HCI), molar concentration of the acid (0.3, 0.5 and 1.0 M), liquid-to-
solid ratio (3:1, 5:1 and 10:1), temperature (30, 50, 70 and 90 °C), as well as
duration (30, 60, 90 and 120 minutes). In this context, using 1.0 M HNOzat a
liquid-to-solid ratio of 10:1, under 90 °C for 90 minutes were determined as
the optimum conditions for the acid leaching treatment process for the rubber
sludge. The Al extraction efficiency achieved 100 %, while Ca reached
95.21 %. Further analysis of the post-leached residues indicated their potential
for reuse as low-cost adsorbents, soil conditioners or energy sources. Not only
that, but the Al and Ca in leachate could be recovered and utilized in other

applications.
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CHAPTER 1

INTRODUCTION

1.1 Wastewater Generation from Rubber Production

In the year of 2023, Malaysia had produced approximately 160 thousand tons
of natural rubber, securing its position as the seventh largest producer globally.
Furthermore, rubber industry's contribution extends to exports, as being the
fifth largest exporter worldwide. The extensive growth in the production of
natural rubber, encompassing concentrated latex, crepe rubber, technically
specified rubber (TSR) and ribbed smoked sheets (RSS), requires a significant
volume of water, leading to the generation of substantial effluent from the
operations (Dunuwila, et al., 2020; Hasyimah Rosman, et al., 2013).

Figure 1.1 illustrates the stages involved in treating the raw latex to
prepare it for a wide range of industrial applications. According to
Gamaralalage, Sawai and Nunoura (2016), wastewater generated during
manufacturing of concentrated latex primarily arises from the centrifugation
process, which necessitates plenty of water for cleaning the rotating blades. In
the production of crepe rubber, RSS, and TSR, the effluent predominantly
originates from the coagulation, wet-milling, water dipping or post-cleaning
processes. Moreover, a significant volume of water serves as the heating or
cooling utility throughout the various stages of manufacturing (Massoudinejad,
et al., 2015). The statistics indicated that in the course of processing raw
natural rubber, 50 to 55 thousand cubic meters of wastewater was generated
per day (Devaraj, 2021).

After the natural rubber is processed, it can be used to make various
rubber products in industries. For example, concentrated latex serves as the
main raw material for manufacturing of gloves, catheters and latex thread,
while TSR is mainly for the production of tyres and car components (Devaraj,
Zairossani and Pretibaa, 2006). Among these natural rubber products,
Malaysia has consistently maintained its dominance in the global glove market
over the past few years, accounting for 67 % of the world's supply of rubber
gloves (Khoo, 2023). The main sources for wastewater generation in rubber

gloves manufacturing line come from former cleaning, coagulant dipping,



latex compounding and dipping, as well as leaching to eliminate residual
chemicals from the surface of the gloves. To highlight, the downstream phases
of rubber product manufacturing exhibited a notable escalation in wastewater
output compared to the raw latex processing stage, reaching a recorded volume

ranging between 100 to 130 thousand cubic meters daily (Devaraj, 2021).

Latex from Field Waste Rubber
Bulking
k. h
Centrifugation Coagulation
h 4
v v Water Dipping
Storing Wet-milling
i
Drying
Concentrated Latex | |
Making Layers Making Block
Dry-milling Block Rubber
Processing
h 4

h.
Ribbed Smoked™, ~~ Technical Standard
Crepe Rubber

Figure 1.1: Raw Natural Rubber Processing Process (Devaraj, Zairossani and

Pretibaa, 2006; Gamaralalage, Sawai and Nunoura, 2016).

On top of that, the daily release of approximately 80 thousand cubic
meters of untreated rubber effluent into nearby streams and rivers has been
documented in Malaysia. Without proper treatment, the discharge of effluent
from the rubber processing industry into the environment could result in
severe, hazardous, and long-lasting consequences. Therefore, it is essential to
employ suitable technologies and adequate wastewater treatment plants to
manage these effluents (Massoudinejad, et al., 2015). Nevertheless, the
wastewater treatment operations unavoidably lead to the production of sludge,

as it is an inevitable by-product of the process.



1.2 Sludge Generation
In accordance with Water Services Industry Act (2006), sludge refers to the
residual mixture of solids and liquids generated during the partial or full
wastewater treatment processes, explicitly excluding the treated sewage
effluent that is released through a disposal pipe. Such sludge is generally
classified as waste, or even hazardous waste (Santos and Lopes, 2022).
Starting from 1970s, industries have been obligated to adhere to
stringent environmental legislation such as the Environmental Quality Act
1974 and the Environmental Quality (Sewage) Regulations 2009, which
impose compliance with effluent discharge standards. This has prompted the
continual expansion of wastewater treatment facilities through the
implementation of new installations and upgrades (Academy of Sciences
Malaysia, 2015). As a result, there has been a significant increase in the
generation of sludge, which predominantly settles during the primary and
secondary treatment stages in the clarifiers (Yang, et al., 2020). Figure 1.2
clearly depicts the major steps of the wastewater treatment process,

culminating in the formation of sludge.
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Figure 1.2: Sludge Generation Through Wastewater Treatment Operation
(Laura Martin-Pozo, et al., 2022).

With a large manufacturing rate of natural rubber and its products, it
was reported that around 240 tons of sludge from rubber industry were formed
annually (Rani, et al., 2020). While many lab-scale studies have experimented
with techniques to generate a low sludge yield, sludge generation at the

industrial level can still reach up to 10 tons monthly (Wijerathna, et al., 2023).



The composition of the sludge is determined by the pollution load, the
nature of the wastewater treated and the methods of treatment employed.
Based on Arif Billah, et al. (2020), the sludge is typically composed of a
heterogeneous mixture of undigested organic and inorganic compounds. In
comparison to municipal sewage sludge, industrial sludge tends to be enriched
with higher concentration of dissolved metals. It is due to the substantial
quantity of chemicals introduced during the production line and being
concentrated in the sludge after wastewater treatment (Devi and Saroha, 2017).
This indicates that managing this sludge is likely to become more challenging
and problematic.

According to Wijerathna, et al. (2023), the sludge formed during the
rubber wastewater treatment operations is often landfilled, incinerated or
discharged into agricultural fields without any special treatment. These
common practices for disposing of sludge could potentially pose pollution
risks to environment and result in health hazards (Arif Billah, et al., 2020).
Besides, treating the large volume of sludge involves a considerable share of
the total operational expenses of water treatment facilities (Lamastra, et al.,
2018). It has been asserted that the overall expenses associated with sludge
management and handling may make up to 50 % of the total operational costs
of the wastewater treatment plant, despite the fact that the sludge volume to be
treated is less than one percent of the total wastewater volume (Nielsen and
Stefanakis, 2020). To further highlight, it is anticipated to cost at least another
RM 3.1 billion to install adequate treatment facilities by the end of 2035, due
to the existing infrastructure for sludge treatment is constrained (Indah Water,
2019).

Therefore, considering both environmental and economic
perspectives, the safe disposal and proper reutilization of sludge have become
pressing issues. In this context, continuous efforts in the treatment of sludge
should be invested, aiming not only to reclaim its valuable components, but

also convert this waste into value-added application.

1.3 Problem Statement
The growth of the rubber products manufacturing sector in Malaysia has not

only contributed to the substantial economic growth for the country, but it has



also resulted in the generation of a high volume of waste. In this context,
rubber industrial wastewater sludge has been officially categorized as schedule
waste under the stringent Solid Waste (SW) 321 code. Over the past few years,
the quantity of waste generated within this category has exhibited a continuous

upward trend, as illustrated in Figure 1.3.
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Figure 1.3: Trend of Waste Output under Code SW 321 (Department of
Environment, 2022).

As mentioned, the most applied disposal methods for the industrial
sludge are landfill, incineration and land application (Noorain, 2013).
However, the scarcity of available landfill sites, coupled with concerns about
secondary pollution and greenhouse gas emissions, is exerting great pressure
on the landfill disposal method. Another approach to adding value to the
sludge is through incineration, as it offers the maximum volume reduction for
final disposal. However, a limitation of this technique is the formation of toxic
combustion by-products, including dioxins and furans, which eventually raised
the issues about the potential exposure to hazardous pollutants (Devi and
Saroha, 2017).

Sludge land application is recognized as a sustainable approach to
sludge management, as industrial sludge comprises organic compounds
enriched with nitrogen, phosphorus, and potassium. This composition can
significantly enhance soil fertility and support plant growth. Nevertheless,

high concentration of inorganic materials, such as heavy metals and other trace



elements in sludge limits its application to land (Yang, et al., 2020). It is
mainly due to the reason that these metals are not biodegradable, and the
detrimental nature of these substances give rise to environmental risks and
threats to human health through the food chain.

In addition, large amount of sludge is being underutilized, which
represents an untapped opportunity for the recovery of profitable component,
such as metals within the sludge and for the reuse of the sludge itself (Chen,
Ma and Dai, 2010). In this regard, with proper treatment, this industrial sludge
can be considered as a valuable source to be reused in other applications, while
minimizing the final waste. Indeed, the composition of sludge remains
complex. This may render challenges in accurately identify the elements
present, thereby hindering the selection of the most appropriate treatment
method. Therefore, characterizing the physical and chemical properties of
sludge to determine the most prominent elements is necessary before the

treatment being carried out.

1.4  Significance of the Study
Research into the characterization and appropriate treatment method for sludge
can help to address the common public perception of sludge from wastewater
treatment plants as mere waste. In fact, all kinds of substances, like organic
matter, nutrients, and metals which present in the sludge can be recovered,
offering an alternative to the conventional approach of final disposal that leads
to numerous environmental, social and economic implications. To further
highlight, extracting valuable resources from the sludge contributes to the
circular economy. It is mainly due to the fact that the recovered substances can
be converted into marketable commodities, whereas the sludge can also be
given a second life by fully repurposing it in other field. Furthermore, it has
been reported that approximately 25 % of the treatment costs could potentially
be saved through resource recovery from sludge (Rakotonimaro, et al., 2017).
However, the predominant focus in existing research lies in
addressing the removal of organic matter and reducing pathogen concentration
in sludge. Consequently, there is a distinct lack of attention on the
effectiveness of methods for removing inorganic matter industrial sludge. To

bridge this gap, research interest in this industrial waste revolves around



gaining a deeper understanding of the complex constituents of sludge from the
rubber industry. It indirectly allowing for the quantification of essential
inorganic substances within it. This knowledge facilitates the development of
proper treatment method with optimal parameters to extract these elements,
enhancing their potential for recovery and eventual purification of the sludge
to be reclaimed and repurposed. It contributes to Sustainable Development
Goals 9, 12, and 13 by improving resource use efficiency, promoting

sustainable waste management, and reducing hazardous sludge disposal.

1.5 Aim and Objectives
The aim of this research was to study the characteristics of sludge collected
from the wastewater treatment plant in rubber industry, identify the most
prominent elements present within the sludge and investigate the removal
efficiency based on the suggested method.
The objectives of this project include:
1. To determine the physical and chemical characteristics of the sludge
from the effluent of rubber industry.
2. To evaluate the effects of the different operating parameters on the
removal efficiency of calcium and aluminium through acid leaching.
3. To characterize the post-leached residues in order to determine the

potential reutilization.

1.6 Scope and Limitations of the Study

This study covers the analysis of the physical and chemical characteristic of
the sludge, including the functional group attached, mineral structure, thermal
stability, as well as the surface morphology and elemental analysis.

After identifying the most abundant metal elements, which are
calcium and aluminium, the sludge is digested using Agqua Regia to quantify
their actual concentration. Therefore, the extraction efficiency can be
evaluated in the subsequent steps.

Based on the information about the compounds present, treatment
method, which is acid leaching is carried out. Different types of acids are
employed to investigate the leaching efficiency of these compounds from the

sludge. The operating parameters of leaching process, including temperature,



acid concentration, duration, liquid-to-solid ratio are manipulated to achieve
the optimum extraction efficiency. Subsequently, the post-leached residues
undergo testing to evaluate the impact of the acid treatment on them.

Several limitations in this study should be acknowledged for future
improvements. Firstly, this study focuses solely on the removal of two specific
metals, namely aluminium and calcium, which are found in high concentration
within the sludge. Organic elements such as the nitrogen, phosphorus and
potassium are not considered in this study. Apart from that, the sludge
digestion step is conducted only through the Aqua Regia extraction, as the
equipment malfunction prevents the incorporation of microwave-assisted total
digestion. This limitation may ultimately affect the depth and breadth of the
research concerning the initial metal concentration within the sludge. Besides,
the study is limited to the use of three different types of inorganic acids, which
are hydrochloric acid, nitric acid and sulfuric acid as the extractants in the

leaching process.

1.7 Outline of the Report

The report will be specified into five chapters. Chapter 1 provides a general
introduction to the topic, focusing on wastewater generation in the rubber
industry, and its resulting sludge production. Besides, problem statement,
significance of the study, aim and objectives, along with the scope and
limitations are included.

Chapter 2 delves into a comprehensive literature review, covering
sludge management techniques, characterization analyses specific to waste
from the rubber industries, sludge digestion techniques and treatment methods
for extracting elements within the sludge.

Chapter 3 highlights the research methodology and experiment
planning, providing detailed information on the analytical instruments and
chemicals employed in the study. Next, Chapter 4 presents the results of the
experimental data, covering the characterization of raw sludge to identify the
potential elements, parameter studies for treatment process, and analysis for
post-leached residues. Chapter 5, the final section of the report concludes the
entire research study and provides potential recommendations for future

investigations.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

On a global scale, the amount of sludge is projected to increase. This is
attributed to growing percentage of industrial activities that being connected to
the wastewater treatment plants, more stringent regulation on the effluent
discharges, and the advancements in technologies that enhance the efficiency
of wastewater treatment process. Despite producing a massive amount of
sludge annually, its utilization has not received much attention. Therefore, to
make strides in the field of sludge recycling in Malaysia, one crucial aspect
that should be taken into account is the characteristics of the industrial sludge.
In this context, a fundamental understanding of the properties of the sludge is
essential in identifying the most suitable treatment method to extract pollutants

from the sludge.

2.2 Sludge Management

The most common pathways of sludge pre-treatment are thickening,
dewatering, stabilization and followed by final disposal strategies. It is crucial
to eliminate the potential consequences by lowering the pathogenic organisms
in the organic matters (Rorat, et al., 2019). Otherwise, it would be extensively
unfeasible to deal with the sludge for the succeeding process (Qrenawi and
Rabah, 2021).

2.2.1  Moisture Removal

A series of sludge moisture removal which include thickening, dewatering and
drying are essential to make it more manageable. Although these processes
differ from each other in terms of their mechanism, technology and end
product, they share a common objective to reduce the water content in the
sludge, while increasing the solid concentration. According to Kamizela and
Kowalczyk (2019), the method of water removal primarily relies on the nature
of the water content within the sludge, as outlined in Table 2.1 below. Not

only that, but Figure 2.1 depicts the types of water bound within the sludge.
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Table 2.1: Types of Water in Sludge with its Removal Process Processing
(Dichtl and Kopp, 2000; Novak, 2006; Kamizela and Kowalczyk,
2019).

Types of Water Description Removal Process

water that moves freely between o
) ] Gravitational
Free Water the sludge particles and is not

Thickening
bound to them.
Interstitial water trapped within the sludge Mechanical
Water floc by capillary forces. Dewatering
Partially via
Bound Water )
) intracellular water presents only mechanical
(Hydration ] )
in the cell. dewatering;
Water)
Thermal Process
o water that held on the solid )
Vicinal Water Drying
surfaces.
Hydration Water '
Vicinal Water
Free Wate

nterstitial Water

Figure 2.1: Water Distribution Inside the Sludge (Guangyin and Youcai, 2017).

On top of that, the effectiveness of the sludge dewatering process is
significantly impacted by its water content or solids concentration after being
treated (Ginisty, et al., 2016). Table 2.2 presents a comparison of the
thickening, dewatering and drying processes, in terms of the moisture content
remained in the treated sludge, as well as the solid content can be recovered

for each mechanism.



Table 2.2: Comparative Analysis of Sludge Moisture Removal Processes.

11

o Moisture _ Solid Content
Process Description Method Mechanism Reference
(%) (%)
Natural settling of )
o ] ] (Kamizela and
Gravitational particles due to gravity and
) ) ) ) 4-6 Kowalczyk,
Settling density differences with
To reduce o 2019)
liquid.
volume for :
Solids attach to
subsequent ) ) ) )
) ) _ microscopic air bubbles (Dentel and Qi,
Thickening process. 92-94  Flotation 3-4
o and float to the surface for 2013)
Product still in
o removal.
liquid :
) ) ) 5-7 (without )
behaviour. High speed centrifugal (Kamizela and
Rotary ) polyelectrolytes)
] _ force to separate solids _ Kowalczyk,
Centrifugation o 6-8 (with
from liquid. 019)

polyelectrolytes)




Table 2.2 (Continued)

Process Description ~ Moisture Method Mechanism Solid Content Reference
(%) (%)
Pressure to expel water from (Qrenawi  and
_ sludge on the porous belt Rabah, 2021);
Belt Filter _ _ 15-25 i
through compression, while (Dentel and Qi,
Further o ]
retaining solids. 2013)
remove  the : i
) _ High-pressure pumps drive
) moisture in o
Dewatering 60-85 Pressure solids into the press, where
sludge to form o o o 25-35 )
] Filtration rising pressure expels liquid (Dentel and Qi,
a solid cake. _
through discharge ports. 2013)
Scroll discharge in a solid
Decanter ] ]
) bowl while decanting the 12-19
Centrifuges
liquid.
To attain an Direct Drying: direct
) ) ) (Gross,  1993);
appropriate thermal contact with heating
) (Chen, Yue and
_ water content Thermal medium. )
Drying <10 _ i : _ 55-95 Mujumdar,
for subsequent Drying Indirect Drying: agitation or

sludge

processing.

scraping of sludge from a

hot surface.

2002); (Aziz and
Mustafa, 2022)
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2.2.2  Lime Stabilization
Lime stabilization is accomplished chemically by adding quicklime (CaO) into
the sludge at a sufficient dose to produce an extremely alkaline pH (Grobelak,

Czerwinska and Murta$, 2019). The reaction is shown as Equation 2.1.
Ca0 + H,0 - Ca(OH), (2.1)

The reaction is exothermic in nature, resulting in a temperature
elevation of over 30 °C. This rise in temperature plays a pivotal role in
deactivating any potential pathogenic organisms that might be present within
the sludge. Furthermore, Dentel and Qi (2013) asserted that the alkaline
condition leads to the deprotonation of acidic odorants like hydrogen sulfide
(H2S), which eventually diminishes odor intensity. Besides, the condition
facilitates the saponification of fats, oils and grease (FOG) to their lower

molecular weight derivatives, thereby enhancing their biodegradability.

2.2.3  Aerobic Digestion

Aerobic digestion of sludge involves the aerobic microorganisms to
metabolize the biologically degradable organic constituents within the sludge
in the presence of oxygen (Bernard and Gray, 2000). Under the aerobic
conditions, bacteria efficiently consume the organic matter, converting it into
carbon dioxide. The sludge is typically aerated with oxygen at a thermophilic
temperature, surpassing 50 °C. This process facilitates the removal of volatile
solids, achieving a potential reduction of up to 38 % (Anjum, Al-Makishah
and Barakat, 2016). Moreover, Grobelak, Czerwinska and Murta§ (2019)
shared the similar view, noting that around 40 % of volatile solids are typically
diminished through this approach. However, aerobic digestion is commonly
employed in smaller treatment facilities, as this method does not result in

energy recovery, and tends to be more costly due to the continued aeration.

2.2.4  Anaerobic Digestion

Anaerobic digestion is a complicated biological process which involves
several stages of biotransformation of organic matter, including hydrolysis,
acidogenesis, acetogenesis and methanogenesis in the absence of oxygen (Aziz
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and Mustafa, 2022). A basic diagram showecasing the anaerobic digestion
process for sludge stabilization is depicted in Figure 2.2. Most high-rate
digesters are operated within the mesophilic temperature range, typically
maintained between 30 and 38 °C. However, it can also occur at higher
temperatures known as the thermophilic region, ranging between 50 and 57 °C.
This range is conducive to the growth of thermophilic bacteria, making it
suitable for their metabolic activity and the ensuing digestion processes
(Appels, et al., 2008). According to Anjum, Al-Makishah and Barakat (2016),
high caloric biogas with over 60 % of methane will be achieved through the
transformation of excessive organic compounds present in the sludge. The
generated biogas holds potential for diverse applications, including building
heating, electricity generation, and potentially serving as vehicle fuel if

cleaned to natural gas quality (Dentel and Qi, 2013).

- — e e e e - T O = = = — 4

________________________________ 1Hydrolysis

Soluble Organic Molecules I

I

) ) Fatty Acids I
Amino Acids and Glycerol Sugars |
I

I

______________________ , Acidogenesis
Volatile Fatty Acid

Y

I I
I I
| I
I ) I
I I
| I
I I

y \; Acetogenesis

{ Acetic Acid } {Hydrogen + Carbon Dioxide

Methane and Carbon Dioxide Methanogenesis

Figure 2.2: Simplified Diagram of Anaerobic Digestion (Dentel and Qi, 2013).
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2.3 Characterization Study of Sludge

2.3.1  Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR analysis is a prominent spectroscopic approach used to identify and
characterize the functional groups within a sample by measuring the
interaction of molecules with infrared radiation. When a specific functional
group is irradiated with a specific wavelength of light, its chemical bond
absorbs energy and vibrates at certain frequencies either through stretching or
bending (Daeid, 2005). The output of the detector will generate an
interpretable spectrum displaying the frequency of light and their absorbance,
allowing for the identification of functional groups within the sample.

In the recent research by Billah, Techato and Taweepreda (2020), the
functional groups presented in the concentrated latex sewage sludge (CLS)
were characterized. It mostly consisted of aliphatic side chains, aromatic
nuclei and oxygen-containing groups such as hydroxyl and carbonyl groups.

Table 2.3 presents the findings.

Table 2.3: Functional Groups in CLS.

Wavelength Transmittance

Functional Group Class
(cm™) (%)
673.13 1.20 o
C-H bond bending in the
757.99 1.23 o ) Alkane
aliphatic side chain
875.64 1.22
C=C bending in the
908.43 1.22 ] Alkene
aromatic group
1037.79 1.13 Amide
1195.81 1.28 C=0 bond stretching Ester
vibration
1521.77 Amide
1.28
1623.99 1.28 C=C stretching Alkene
2108.10 1.37 C=C stretching Alkyne
C-H stretching in the
2923.95 1.32 Alkane

aliphatic side chain

3286.55 1.32 O-H stretching Alcohol
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Besides, the FTIR spectrum of the natural rubber (NR) graded
TSR3CV had been studied by Rolere, et al. (2015), as illustrated in Figure 2.3.
The result featured five prominent bands associated with non-isoprene
compounds, namely amine (3283 cm™), ester (1738 — 1748 cm™), carboxyl
(1711 cm't), amide I (1630 cm™) and amide 11 (1541 cm™).

020
A:NR

0.15 + TSR3CV
3 GT1
% 0.10
i6 1 1800 1750 1700 1650 1600 1550 1500
v L
i 0.05
<L

0.00 T T T T 1l T T 1

3600 3200 2800 2400 2000 1600 1200 800 400

Figure 2.3: FTIR Spectrum of Natural Rubber (Rolere, et al., 2015).

For both CLS and NR, the common vibrational bands contributed to
the carbon-carbon and carbon-hydrogen bonds (Rolere, et al., 2015). It could
possibly be attributed to the presence of isoprene monomer, which is a main
constituent in the rubber compound (Gunasekaran, Natarajan and Kala, 2007).
Figure 2.4 demonstrates the chemical structure of the isoprene monomer.

In addition, the non-isoprene compounds such as amine, ester,
carboxyl, as well as amide group were present in both samples. These
compounds might come from the additives introduced during the rubber
manufacturing process. For example, the isoprene monomer was hydroborated
to add hydroxyl group prior to esterification process with stearic acid in order
to increase the crystallization rate (Kakubo, et al., 1998). In view of the
presence of amine group (N-H) in NR, it might be contributed by the addition
of stabilizer into the NR. This stabilizer, often in the form of neutral
hydroxylamine sulfate, serves the purpose of mitigating storage hardening
concerns (Rolere, et al., 2015).
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H3C CHy H3C CHy T
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Isoprene Natural rubber (polyisoprene)

Figure 2.4: Chemical Structure of Isoprene (Ali Fazli and Rodrigue, 2020).

2.3.2  Scanning Electron Microscopy-Energy Dispersive X-Ray (SEM-

EDX)

SEM analysis entails utilizing an electron microscope to produce a high-
resolution image of the sample’s surface. Meanwhile, EDX analysis is
performed to determine the elemental composition of the sample. X-rays in a
SEM can be generated in two steps. Firstly, the electron beam will strike the
inner shell of the sample, thereby transferring some of its energy to the atom
of the sample. With the received energy, the electron of the atom leaps to a
higher energy shell, leaving a positively charged electron vacant. As a result, it
attracts a negatively charged electron from the outer shell to fill the vacancy.
An X-ray can be released as an outcome of the energy difference of this
transition (AZO Materials, 2018). The EDX detector will then examine the X-
ray, allowing it to identify the elemental composition. Since each element
emits a unique type of X-ray spectrum, the elements can be differentiated from
one another (measurlabs, 2023).

The analysis of rubber waste through SEM-EDX have been proposed
by few authors. The SEM images of the rubber waste from different sources
are displayed in the Figure 2.5. All the rubber wastes exhibited a non-uniform
size and irregular shape. Nevertheless, the recycled rubber waste in Figure 2.5
(a) had rougher surface than the crushed rubber crumb in (b). Additionally, for
the highlighted part in (b) and (c), thread-like fiber elements had been found in
raw and crushed rubber crumb, due to the inclusion of reinforcing fibers from
the used automotive tyres. Apart from that, the elements on the surface of
these rubber waste with their weight percentage are summarized in the Table
2.4.
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Figure 2.5: SEM Images of (a) Recycled Rubber Waste (Abbas, et al., 2022),
(b) Raw Rubber Crumb (Haworth, et al., 2018) and (c) Crushed
Rubber Crumb (Bisht and Ramana, 2017).

Table 2.4: Elemental Analysis for Rubber Wastes.

Percentage (%)

Elements Recycled Raw Rubber Crushed
Rubber Waste Crumb Rubber Crumb

Carbon (C) 74.83 82.7 87.50
Silicon (Si) 9.90 0.89 0.20
Aluminium (Al) 2.15 - 0.08
Zinc (Zn) 0.82 6.34 1.77
Magnesium (Mg) 0.26 - 0.14
Sulfur (S) 0.87 2.07 1.07
Oxygen (O) 11.17 8.02 9.24

The rubber waste mainly constituted of carbon (C), as it is a crucial
element in the composition of rubber macromolecules. The detected Al may be
due to the application of metallic cords to reinforce the rubber product. Apart
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from that, sulfur plays the role of vulcanization agent for the crosslinking of
rubber compounds, while zinc oxide (ZnO) acts as the vulcanization activator
(Haworth, et al., 2018). Furthermore, silica is always dosed to a polymer in

order to enhance its mechanical and physical properties (Aoudia, et al., 2017).

2.3.3  X-ray Diffraction (XRD)

The core components of X-ray diffractometers include an X-ray detector, an
X-ray tube, and a sample holder. First, X-rays with a specific wavelength are
produced in a cathode ray tube when it is energized. After that, the sample is
targeted by collimating these X-rays. The crystal atoms of the sample will
scatter the incident X-rays, primary through the interaction with the electrons
surrounding these atoms. The detector will then record the intensity of the
diffracted X-rays that pass through various angles (Gotame, 2021).

An XRD analysis studied on the sludge collected from a natural
rubber processing industry by Uttara Mahapatra, Ajay Kumar Manna and
Abhijit Chatterjee (2022) concluded that the sludge exhibited an amorphous
structure with discrete locations of crystalline species. As shown in Figure 2.6,
a significant sharp peak was observed at the 26 values of approximately 26°,
indicating that the calcium carbonate (CaCOs3), also known as calcite,
possessed the highest intensity in the sludge. Besides, prevalent but low
intensity diffraction peaks appeared at around 51, 55, 67.8, 71°, as well as 80
to 85°, which were analogous with characteristic peaks for quartz. The
presence of other minerals, such as hematite (Fe;O3) at 39 and 61°, as well as
dolomite (CaMg(COs).) at around 31 and 33.6°, were also detected, albeit in
very small intensities. The authors asserted that these crystalline compounds
may be derived from the raw materials used during the physicochemical

treatment of the rubber.



20

Intensity (arb. units)

10 20 30 40 50 60 70 80 90

Diffraction angle ("2 Theta)
Figure 2.6: XRD Pattern of Rubber Sludge (Uttara Mahapatra, Ajay Kumar
Manna and Abhijit Chatterjee, 2022).

The XRD diffractogram of raw crumb rubber, obtained by the
analysis carried out by Roychand, et al. (2021) is presented in Figure 2.7. The
sample prominently consisted of amorphous organic compound or carbon
black, as a broad hump was observed rather than a sharp peak at the angle
around 20°. Additionally, the detection of ZnO in a small fraction aligned with
the findings of the previously mentioned EDX analysis on rubber sludge.
Similar to the rubber sludge mentioned above, CaCO3s was detected at an angle
around 29.4°.
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Figure 2.7: XRD Pattern of Raw Rubber Crumb (Roychand, et al., 2021).

2.3.4  Thermogravimetric Analysis (TGA)
TGA is normally carried out to determine the weight change of a sample with

respect to temperature and time. Inside a furnace, the temperature of the
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sample is steadily raised. Meanwhile, the changes in weight of the sample
during the heating process are continuously monitored to link them to various
thermal degradation phases (Ng, et al., 2018).

Uttara Mahapatra, et al. (2021) conducted the experiment of TGA
using the biosludge (BS) from the rubber industry under nitrogen and air
atmosphere. As depicted in Figure 2.8, the TGA profile was divided into three

phases.

110

Mass (%a)

= [R5 (nitrogen) (P —
==== BS (air) (a)

40

200 400 600 200 1000
Temperature (°C)

Figure 2.8: TGA under Nitrogen or Air (Uttara Mahapatra, et al., 2021).

The first stage, occurring in the range from 22 to 200 °C, clearly
showed overlapping curves under both gases, with up to 8.81 % weight loss.
The authors stated that mass loss in this phase was resulted from the
evaporation of interstitial water content and absorbed moisture in the sludge.

The second stage covered the temperature range from 200 to 490 °C
with 36.25 and 27.05 % weight loss under an environment of air and nitrogen
atmosphere, respectively. The weight loss in this phase was mainly contributed
to the decomposition of carbonaceous matrix in the sludge. Furthermore, the
higher percentage of mass loss observed under the air atmosphere indicated
that the decomposition reaction was accelerated by the presence of oxygen.
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Apart from that, Silva, et al., (2020) emphasized that the mass loss of natural
rubber occurred at 374 °C.

Lastly, the final weight loss occurred in the temperature range from
490 to 1000 °C, primary due to the decomposition of CaCOs. This result
confirmed the findings of the earlier XRD study, which indicated the presence
of CaCOz at major concentration. In the end, around 46.76 % of residue was

found under air condition, whereas 49.84 % under a nitrogen atmosphere.

2.4 Sludge Digestion Study

The most common techniques utilized to quantify the concentration of heavy
metals in the samples rely on highly sensitive spectroscopic instruments,
including Flame Atomic Absorption Spectroscopy (FAAS), Inductively
Coupled Plasma — Optical Emission Spectrometry (ICP-OES), Inductively
Coupled Plasma — Mass Spectrometry (ICP-MS). However, a limitation of
these methods is their requirement for converting solid samples into aqueous
form prior to analysis (Uddin, et al., 2016). To ascertain the total metal content
within the sludge, a procedure called acid or wet digestion is necessary to
release the metals from solid sludge into acid solution (Egliven and AKinci,
2011). In this context, acid digestion is preferred due to its effectiveness in
recovering various analyte contents in highly complex matrices. It has been
asserted that environmental samples generally contain silicate, metal oxides,
carbonates, as well as organic matter. Therefore, a rational selection of acid or
acid mixture is important in order to facilitate the solubilization of these

chemical forms (Ramanathan and Ting, 2015).

2.4.1  Single Acid Digestion
In digestion with single acid, the commonly used acids involve concentrated
nitric acid (HNOs3), hydrochloric acid (HCI), hydrofluoric acid (HF), and
sulfuric acid (H2SO4) (Elisabeth, Terry and Azad, 2017). To illustrate, HCI is
effective for the compounds in the form of carbonates, phosphates, certain
oxides and some sulfides (Eguven and Akinci, 2011). Nevertheless, some
elements might form metal precipitates when treated with this acid.
Additionally, HNOs serves as a universal reagent, being non-

interfering with most determinations as it avoids ionic precipitation
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(Matusiewicz, 2003). Besides, it acts as strong oxidizing agent on many
organic substances and metal salts, releasing their trace elements as high
soluble nitrate salts (Hu and Qi, 2013). Due to its oxidizing capacity,
accessibility and affordability for sufficient purity, it is frequently utilized for
digestion purposes as an oxidant reagent (Uddin, et al., 2016).

Regarding the use of H2SOs, its primary role is to dehydrate and
dehydrogenate the organic material, while providing a high temperature
medium for the digestion process (Partridge and Bosuego, 1980).
Unfortunately, the low solubility of certain organic sulfates and the
volatilization of trace elements during the process limit its widespread use for
sample digestion.

In addition, HF is particularly useful for dissolving silicate samples
by forming volatile silicon tetrafluoride. Despite its potency in breaking strong
silica oxide bonds, HF is seldom employed as the sole reagent due to the poor
solubility of most salts (Hu and Qi, 2013). Moreover, HF is among the most
hazardous acids, known for its highly corrosive and toxic properties. Its use
can result in the gradual deterioration of equipment and instruments over time
(Jing, 2004; Watkins, et al., 2018).

2.4.2  Acid Mixtures Digestion

Twyman (2005) claimed that acids mixture is generally more advantageous in
decomposing both organic and inorganic matrices. Different combinations of
acids can be employed for this purpose. For instance, employing HF alongside
another mineral acid with higher boiling point, such as HNO3z or perchloric
acid, proves effective in achieving complete sample decomposition,
particularly in the presence of silicates. The inclusion of a second acid with a
higher boiling point assists in dissolving sparingly soluble metal fluorides into
more soluble salts after the evaporation of HF.

On the other hand, strong attacks but leaving with a residue of certain
minerals can be conducted with various mixtures of concentrated HNO3s, HCI,
and H2SOs. To elucidate, a 1:4 mixture of H,SO4 and HNOg is utilized to
digest organic samples. The high boiling point of H.SO. enables it to
decompose the organic matter that remains after the nitric acid is boiled off

(Twyman, 2005). On top of that, one of the most widely utilized mixtures is
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Agua Regia, a fresh combination of concentrated HNOz and HCI in a volume
ratio of 1:3. According to Elisabeth, Terry and Azad (2017), despite HCI being
a non-oxidizing acid on its own, when mixed with HNO3z in specific
proportions, it transforms into a potent oxidizing agent. The efficacy of this
reagent is likely attributed to the catalytic effect of the products resulting from
their reaction, namely nitrosyl chloride and chlorine (Hu and Qi, 2013). Aqua
Regia is recognized as effective in dissolving a wide range of base element
sulfates, sulfides, oxides and carbonates (Gaudino, et al., 2007). Not only that,
but for samples containing principally inorganic matrices (Matusiewicz, 2003).

Most authors proposed the modification of acids through the
inclusion of strong hydrogen peroxide. Twyman (2005) and Elisabeth, Terry
and Azad (2017) claimed that the introduction of hydrogen peroxide can
enhance the solubilizing capacity of acids and facilitate the decomposition of
organic matter without the risk of explosion. Additionally, Ramanathan and
Ting (2015) stated that hydrogen peroxide will accelerate the digestion process

through oxidation.

2.5 Metal Removal from Sludge

Sludge obtained from the rubber industry has been categorized as hazardous
scheduled waste owing to its high content of heavy metals. According to the
research carried out by Rani, et al. (2020), the analysis of raw rubber sludge
revealed significant percentages of heavy metals, with aluminium (Al) - 30.3%,
zinc (Zn) - 11.7 %, iron (Fe) - 7.1 %, chromium (Cr) - 0.3 % and nickel (Ni)
0.1 %. Table 2.5 highlights several strengths and weaknesses of current

technologies used to remove heavy metal from sludge.
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Table 2.5: Advantages and Disadvantages of Technologies in Heavy Metals
Removal from Sludge (Geng, et al., 2020; Soliman and Moustafa,

2020).
Technologies Advantages Disadvantages
- Long treatment time
) - Poor solubility of metal
= Insitu process o
Electrokinetic ) _ ions in sludge
- No introduction of other )
Process ) ) - High energy
harmful ingredients )
consumption
- Corrosion of electrodes
- Matrix fouled easily due
- Resin can be to concentrated metal
lon-exchange regenerated and - Highly sensitive to pH
Extraction recycled - Regeneration of resin
- High selectivity causes secondary
pollution
- Microbes are sensitive to
) temperature and pH
) ) - Environmentally o
Bioleaching _ - Long leaching time
friendly ) o _
- Infeasible in industrial
application
- Speedy
Acid S
) - Simplicity - Large amounts of
Leaching ) ]
- High  heavy  metal chemical agents needed
Treatment

removal efficiency

From the comparison above, it is obvious that acid leaching method
emerged as the most promising way due to its simplicity in operation and the

requirement for less specialized expertise.

2.5.1  Acid Leaching
Acid leaching had been proposed by several authors. According to Veeken and
Hamelers (1999), metal extraction from sludge generally takes place in three

stages. The actual extraction process begins with the introduction of acid into
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the sludge, which eventually dissociates the metal compounds present,
resulting in the existence of metal ions in aqueous form. The process is
facilitated by the exchange of protons from the acid, leading to the
solubilization of metals in the sludge, as depicted in Equation 2.2 (Lo and
Chen, 1990).

Sludge — Metal + Acid - Sludge + Metal** + Acid (2.2)

In order to separate the aqueous phase from the purified sludge, a
solid-liquid separation process is used in the second stage. Subsequently, a
series of precipitation and separation processes are performed to separate the
metals from the extraction solution. This process is essential to prevent
harmful effects on the environment resulting from the discharge of the

extracting fluid (Stylianou, et al., 2007).

2.5.2  Effect of Acid on Leaching Rate

Among the organic and inorganic acid, inorganic eluting agents are commonly
utilized in the leaching process due to their potent dissolution capabilities.
Furthermore, certain inorganic acids possess complexing abilities, allowing
them to efficiently remove metals from sludge (Xiao, et al., 2022). A study
was carried out by Wu, Kuo and Lo (2004) to assess the efficiency of sulfuric
acid, nitric acid and hydrochloric acid in removing the copper, lead, zinc and
nickel from industrial sludge. Under 1 N extractants, the results proved that the
extraction efficiency followed the order: sulfuric acid > nitric acid >
hydrochloric acid. On top of that, Widi Astuti, et al. (2016) also stated that
sulfuric acid emerged as a more favourable reagent due to its ability to
produce twice as many hydrogen ions (H) as nitric acid and hydrochloric acid

under equivalent concentration.

2.5.3  Effect of Time on Leaching Rate

Wahab, et al. (2021) observed a positive relationship between leaching
duration and the percentage of metal extraction, with longer durations leading
to higher extraction rates. This finding was further supported by Alkan, et al.
(2018), who stated that the leaching process is primarily controlled by
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diffusion. Therefore, an extended contact time between the acid and the
sample is believed to contribute to a more substantial yield of the extracted
product.

Cao, et al. (2018) conducted an investigation to assess the leaching
efficiency of three rare earth elements in fly ash under constant conditions,
spanning a duration range of 30 to 180 minutes. The results revealed that the
leaching efficiency was categorized into four distinct stages, which have been

summarized in Table 2.6.

Table 2.6: Leaching Efficiency over Time.

Duration  Efficiency
Stage ) Reason
(min) (%)

The  combination of a high
concentration of H" in the reagent
1 <60 exponentially solution and a high content of
compounds in the sample resulted in a

rapid leaching process.

Surface compounds were completely

leached, while unreacted part was
almost ] ] o
2 60 - 90 mainly tightly packed within samples.
unchanged i )
Leaching was only possible after H*

diffusion.

The diffusion process occurred within

increased  the sample particles, wherein H* came

3 90 -120
dramatically into contact with easily dissociable
compounds contained within.
The remaining concentration of H*
4 > 120 slow decreased, hindering the dissociation of

unreacted compounds.

2.5.4  Effect of Temperature on Leaching Rate
The ideal leaching temperature have to be considered to maximize the
extraction yield, meanwhile, reducing the energy consumption. There is a

proportional relationship between temperature and metal extraction efficiency.
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To explain it, firstly, dissolution reaction is generally endothermic, thereby
higher temperature enhances this reaction (Chi, et al., 2006). In addition,
higher temperature will cause the average kinetic energy between the
molecules to rise, leading to more frequent and energetic collisions, and
further enhancing the leaching reaction. Arrhenius equation with Equation 2.3
can be applied to explain this relationship between the rate constant and
temperature (Wahab, et al., 2021).

Ink=InA— =2 (2.3)
where
k = rate constant
T = temperature, K
A = frequency factor
E, = activation energy, J/mol
R = gas constant, 8.314 ] /mol - K

Mirwan, et al. (2020) conducted an assessment of the Al extraction
rate from clay across temperatures of 30, 50, 70, and 90 °C. The study revealed
a notable increase in Al recovery percentage, reaching up to 91 % at 90 °C, in
contrast to a significantly lower recovery of only 16 % at 30 °C. The outcomes
are graphically represented in Figure 2.9, showcasing a similar pattern to a
study by the same authors, Mirwan, et al. (2017), who explored the leaching of
Al from water treatment sludge. This eventually highlighted the significant
influence of temperature on the extraction efficiency for metals from the

sample.
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Figure 2.9: Leaching Efficiency of Al Under Different Temperature.

255  Effect of Acid Concentration on Leaching Rate

An optimum acid concentration should ensure that the reagent diffusion rate
equivalent to the reaction rate (Chi, et al., 2006). According to Hosseini, et al.,
(2017), the activity of hydrogen ions, H" increases with acid concentration,
leading to more dissolution of metal into aqueous solution. In accordance with
the Le Chatelier’s Principle, the reactivity of materials containing metal with
acid will shift to the right with increasing acid concentration, thereby
increasing the leaching amount.

In this context, Stylianou, et al., (2007) conducted an analysis on the
extraction percentages of nickel (Ni), copper (Cu), chromium (Cr) and lead
(Pb), considering different concentration of acid in relation to contact time.
The results are illustrated in Figure 2.10, indicating that the efficiency of
metals recovery was notably higher when using a 20 % v/v H2SO4 solution
compared to using only a 10 % v/v acid concentration. As an illustration, at a
temperature of 80 °C, Cu demonstrated a significantly higher total recovery
percentage of 86 % when subjected to a 20 % v/v H2SOs concentration. In
contrast, at a 10 % v/v concentration, the total recovery percentage dropped to
55%.
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Figure 2.10: Leaching Efficiency of (a) Ni, (b) Cu, (c) Cr and (d) Pb.

2.5.6  Effect of Liquid-to-Solid Ratio on Leaching Rate

The liquid-to-solid ratio (L/S) is a crucial technical parameter in the leaching
process, denoting the specific proportion of acid solution to the sludge
particles. A higher L/S ratio indicates a larger amount of liquid in the mixture,
which reduces viscosity and enhances mass transfer during leaching process.
This facilitates the quick diffusion of metal ions from the solid phase to the
liquid phase, promoting more effective metal extraction from the sludge (Su,
Liang and Guan, 2016). However, if the ratio is excessively low, it reduces the
effective surface area for the sample to participate in the reaction, ultimately
reducing the leaching rate (Yang, et al., 2023)

The research conducted by Widi Astuti, et al. (2016) demonstrated a
remarkable improvement in the leaching efficiency of manganese with a high
L/S ratio. The efficiency increased from 66.32 % to an impressive 97.02 %
when the L/S ratio was raised from 2:1 to 5:1. Similarly, Su, Liang and Guan
(2016) observed a rising trend in the leaching rate of Al, Cu, and Fe from the
sludge as the L/S ratio gradually increased from 3:1 to 10:1. Furthermore, the
study by Kuan, Lee and Chern (2010) showed that the final heavy metal
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residues increased with a higher solid-to-liquid ratio, which brought the
meaning that most of the metals remained unrecovered in the sample. This
substantial enhancement highlights the significance of selecting a higher L/S

ratio to achieve a more effective leaching rate.

2.5.7  Optimum Combination of the Factors

The leaching efficiency is influenced by a combination of several key
parameters, as mentioned above (Stylianou, et al., 2007). As a result, direct
comparisons between results from various studies become challenging due to
the complex interplay of these factors. In this regard, Table 2.7 provides a
summary of the percentage removal of the most common metals found in the
sludge using different acids, as investigated under various combinations of

factors, from different studies.
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Table 2.7: Comparison of Metals Removal Efficiency.

Metals Removal Efficiency (%0)

Operating Condition Sludge Reference
Fe Ni Cu Cr Cd Zn Pb
Printed-Circuit Board
0.5 M H2SO4 120 ) (Kuan, Lee and
] Manufacturing Wastewater >99.9 -
min; 103 °C; 5:1 L/S Chern, 2010)
Treatment Plant (WTP)
20 % v/v H2S04; 30 o (Stylianou, et al.,
_ Municipal WTP - 74.0 86.0 99.0 - 72.0 11.0
min; 80 °C; 5:1 L/S 2007)
20 % viv H2SOs; 60
- 80.0 50.0 97.5 - 70.0 50.0
min; 25 °C; 5:1 L/S
20 % v/v HNOs; 60 (Naoum, et al.,
) Sewage Treatment Plant - 81.0 22.0 78.0 - 55.0 55.0
min; 25 °C; 5:1 L/S 2001)
20 % viv HCI; 60
_ - 87.0 45.0 98.0 - 68.0 60.0
min; 25 °C; 5:1 L/S
1 N H2SOs4 60 min;
25 °C; 100 g/30 ml 55.0 72.0 20.0 29.0 57.0 78.0 37.0
S/L - - -
i Biopolymer Sewage (‘Yoshizaki and
1 N HNOs; 60 min; 25 )
Treatment Plant 42.0 75.0 24.0 27.0 52.0 74.0  100.0 Tomida, 2000)

°C; 100 g/30 ml S/L

1 N HCI; 60 min; 25
°C; 100 g/30 ml S/L

54.0 77.0 56.0 28.0 60.0 86.0 100.0




Table 2.7 (Continued)
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Metal Removal Efficiency (%)

Operating Condition Sludge i Reference
Fe Ni Cu Cr Cd Zn Pb
H2SO4; 20 hrs; 25 °C;
- 75.0 57.8 20.3 - 82.3 27.6
400:1 L/S
HNOs; 20 hrs; 25 °C; (Mingot, et al.,
Sewage Treatment Plant - 73.6 65.5 18.9 - 72.1 45.1
400:1 L/S 1995)
HCI; 20 hrs; 25 °C;
- 63.6 60.7 13.2 - 85.9 30.7
400:1 L/S
1 N HSOq; 4 hrs; 25 _ (Lo and Chen,
Industrial WTP - 98.9 9.5 97.3 96.9 50.1 36.0

°C;2:1L/S

1990)
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2.6 Hydrocarbon Recovery

Oil is found in rubber sludge due to a variety of processes used in the
production and processing steps of rubber. For instance, during molding
operations to transfer an elastomer into a usable product, lubricants and oils
are typically applied to the rubber as mold release agents. In addition, some
rubber formulations require the use of plasticizers to increase the raw
polymer’s flexibility and make it easy to mold, which may directly introduce
oil-based components into the rubber. As a result, oil may end up as part of

the sludge.

2.6.1  Solvent Extraction Method

Significant advancements have been made in oil recovery technologies for
treating oily sludge. Several innovative approaches have emerged, including
the freeze-thaw method, solvent-extraction method, pyrolysis, mechanical
centrifugation, froth flotation, and electrokinetic techniques. Among these,
solvent extraction stands out as the most promising and viable approach for
effective oil recovery (Thong, et al., 2021). It is because solvent extraction is
one of the most affordable, fastest and most effective techniques for
recovering oil (Hui, et al., 2020).

Solvent extraction ensures complete and precise blending of oil
within sludge with the extraction solvent to remove non-volatile or semi-
volatile organic compounds. This approach relies on the varying solubility of
distinct components in the sludge when exposed to different extractants. After
mixing the sludge and solvent, the mixture undergoes filtration to eliminate
any solids. Subsequently, the filtrate is subjected to distillation, resulting in the
recovery of the oil product from the bottom of the distillation apparatus
(Zubaidy and Abouelnasr, 2010).

2.6.2  Effect of Solvent on Removal Efficiency

Selecting an appropriate solvent is crucial to achieve high solubility and
extraction efficiency of hydrocarbon component within the sludge. Between
the non-polar solvent and polar solvent, Nezhdbahadori, et al. (2018)
suggested that the non-polar solvents tend to have higher oil recovery rate.

This is because the hydrocarbon molecules in the sludge are predominantly
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non-polar. To elucidate, non-polar solvents form stronger binary interactions
with these non-polar molecules, facilitating a more efficient extraction process.
Besides, Latif Ahmad, et al. (2002) studied the performance of six types of
organic solvents, namely hexane, benzene, ether, pentane and heptane, while
exploring the key parameters influencing the extraction process. Their findings
revealed that hexane exhibited the best extraction efficiency, recovering about
0.54 g of oil, compared to only 0.28 g with heptane. Moreover, Thong, et al.
(2021) highlighted hexane offered the best recovery efficiency at
approximately 68 %, attributing it to being the most-used solvent for oil
extraction due to its lower boiling point and higher solubility. Notably, these
results contrasted with the outcome of Abouelnasr and Zubaidy (2008),
suggesting higher oil recovery percentages with heptane due to its higher
molecular weight. This difference may be attributed to the varying
composition of oil present in the sludge being investigated.

2.6.3  Effect of Duration on Removal Efficiency

The extraction duration is pivotal in determining extraction efficiency for two
fundamental reasons. Firstly, it is crucial to allocate adequate time for the
solvent to effectively dissolve the oil present in the processed sludge. Secondly,
the duration must also allow ample time for other contaminants or impurities
to aggregate into larger particles, facilitating their subsequent separation
during the filtration process (Rincén, Cafizares and Garcia, 2005). According
to their findings, with the used of different organic solvents, including 2-
pentanol, 2-propanol and methyl ethyl ketone (MEK), the extraction yield
increased with time and eventually reached a plateau after 20 minutes,
indicating that the system had achieved equilibrium. Nevertheless, when using
the 2-pentanol as the solvent, there was a gradual decrease in efficiency over
time until approximately 25 minutes and remained constant. This behaviour
could be attributed to the higher viscosity of 2-pentanol, which impeded the

dissolution process of the oil.

2.6.4  Effect of Solvent-to-Sludge ratio on Removal Efficiency
The oil extraction efficiency typically increases with the solvent-to-sludge

(S/S) ratio until reaching an equilibrium point. This phenomenon is attributed
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to the fact that elevating the S/S ratio enhances the mutual solubility of oil in
the solvent, thereby resulting in a higher amount of oil being recovered (Thong,
et al., 2021). To further illustrate it, Hu, Li and Hou (2015) conducted an
experiment employing four different solvents, namely cyclohexane,
dichloromethane, MEK, and ethyl acetate, to investigate the impact of the S/S
ratio. The findings exhibited a gradual increase in the oil recovery rate when
ratio rose from 1:1 to 8:1. To explain, when using cyclohexane as the solvent,
the rate of recovery increased from 26 + 1.5 to 40 £+ 0.5 % as the S/S ratio
was raised to 4:1. However, beyond this point, the recovery rate reached a
plateau, showing minimal or negligible improvement. Furthermore, Zubaidy
and Abouelnasr (2010) conducted a study utilizing Liquified Petroleum Gas
(LPG) condensate as the solvent and investigated different S/S ratios ranging
from 1:1 to 6:1. Their findings indicated that the optimum S/S ratio for oil
recovery was also 4:1, as the percentage of recovery increased from 12.6 to
32.4 %. Beyond this ratio, the percentage recovery of oil exhibited a decline to
30.5 %. This alignment between different studies reinforced the significance of

the 4:1 S/S ratio in achieving the highest oil recovery efficiency.

2.6.5 Optimum Combination of the Factors

It is always necessary to delve into the interaction between the S/S ratio,
contact time and the types of solvents to identify the most efficient
combination for oil recovery from sludge. It is mainly due to the reason that
depending solely on only one parameter may overlook the potential synergistic
effects, thereby hindering the development of an optimized extraction strategy.
Table 2.8 presents a compilation of studies from various literatures, revealing
the optimal conditions that yielded the highest recovery efficiency using

different types of solvents.
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Table 2.8: Comparison of Oil Recovery Efficiency using Solvent Extraction.

Solvent Duration (min) S/S Ratio Efficiency (%) Source
Hexane 30 0.33 (Sludge to 67.8 (Taiwo and Otolorin,
Kerosene Solvent Ratio) 63.3 2009)
MEK 39.0
LPG Condensate 32.0
Heptane 28.0 (Dana Abouelnasr and
120 6:10 o
Hexane 22.0 Isam Zubaidi, 2008)
Propanol 12.0
Iso-butanol 8.0
_ (Abdulatif Mansur, et
Dichloromethane (DCM) 30 1:1 42.0
al., 2015)
Cyclohexane 41.5
MEK 35.0
Ethyl Acetate 30 4:1 36.6 (Hu, Li and Hou, 2015)
2-Propanol 18.0
DCM 36.8
2-Propanol 78 £1.5
(Rincén, Canizares and
2-Butanol 20 2 0/g 93 +15

Garcia, 2005)
MEK 92 £15
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 List of Materials and Equipment

Prior to carry out the experiment, a comprehensive preparation phase for the
chemicals and materials involved is undertaken. Not only that, preparation,
characterization and treatment of sludge necessitated the utilization of
specialized apparatus and equipment. In the subsections of 3.1.1 and 3.1.2,

these components have been presented.

3.1.1 Materials and Chemicals

The sludge generated from the wastewater treatment plant in a local rubber
industry was used as the sample to be characterized and purified in this
experiment. Table 3.1 lists the chemicals with their purity and respective brand

that applied in this research.

Table 3.1: Chemicals Used in the Experiment.

Chemicals Brand Purity Usage
Sulfuric Acid ) )
Chemiz 95 % - Leaching Process
(H2SO4)
Hydrochloric - Digestion of Sludge
] Merck 37 % ]
Acid (HCI) - Leaching Process
Nitric Acid ) - Digestion of Sludge
Chemiz 69 % )
(HNOs) - Leaching Process

3.1.2 Equipment and Apparatus
To conduct this experiment, various equipment and apparatus were utilized, as
listed in Table 3.2.
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Table 3.2: Apparatus and Equipment Used in the Experiment.

Apparatus/ Equipment Specification Purpose
Oven Memmert Drying of sludge.
) ) Sieving to get a
Sieve 300 um-mesh size ) )
consistent size range.
Maintain the desired
) temperature during the
Heating Mantle Mtops ) o
leaching and digestion
process.

Scanning Electron Determination of surface
Microscope Equipped morpholo and
_ P q pp- Hitachi S-3400N ProTogy o

with Energy Dispersive elemental composition

X-ray (SEM-EDX) in the sludge.

Analysis for the

X-ray Diffractometer ) )
Shimadzu XRD-6000 crystalline structure of

(XRD)
the sludge.
Fourier Transform Identification of the
Infrared Spectrometer Nicolet 1S10 functional groups
(FTIR) present in the sample.
_ ) ) Determination of
Thermogravimetric Perkin Elmer -
thermal stability of the
Analyzer (TGA) STA8000
sludge.
Inductively Coupled ] ) Determination of metals
] o Perkin Elmer Optima ]
Plasma Optical Emission 2000 content in the leachate
Spectrometry (ICP-OES) solution.
3.2 Overall Flowchart

Figure 3.1 provides a comprehensive depiction of the overall process in this
study. Some steps were repeated, if necessary, to achieve the optimum
conditions in leaching of most abundant inorganic elements from the sludge

sample.
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{ Sludge Pretreatment }
- Oven Drying
- Grinding
- Sieving

Sludge Characterization ]

- Fourier-transform Infrared Spectroscopy (FTIR)

- Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray Analysis (EDX)
- X-Ray Diffraction Analysis (XRD)

- Thermogravimetric Analysis (TGA)

Sludge Treatment

- Acid Leaching of Ca and Al from Sludge

Sludge Digestion

- Aqua Regia (37 % HCI : 69 % HNO3) in a ratio of

3:1 . Parameter Studies
- Predigested at room temperature for 16 hours
- Digest under reflux condition at 130 °C for 2 hrs. - Effect of Acids (H,S04 , HNO;, HCI)

- Effect of Acid Concentration (0.3, 0.5, 1.0 M)
- Effect of Liquid-to-Solid Ratio (3:1, 5:1, 10:1)
- Effect of Temperature (30, 50, 70, 90 °C)
- Effect of Duration (30, 60, 90, 120 mins)

l

Solid-Liquid Separation

- Separate Filtrate and Solid
Residues

Sample Analysis

- Leachate: Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES)
-Post-leached Residues: SEM-EDX, FTIR, XRD

Figure 3.1: Flow Chart of Overall Study.

3.3 Pre-Treatment of Sludge

The sludge was dried at 105 °C for 24 hours by using a Memmert model oven.
Next, the dried sludge was grinded into powders using powder grinding
machine to reduce the sample size and increase the specific surface area. The
powders were then screened through a 300 pm-mesh sieve to achieve a more
homogenous mixture. The resulting sample was collected and kept in a well-

sealed container before using for the following characterization analysis.



41

3.4 Characterization Study of Sludge

Characterization of sludge was carried out using various analytical instrument
to gain a comprehensive understanding of its chemical and physical properties.
In this context, different analytical techniques provide unique insight into
different aspects of sludge, enabling informed decision-making regarding the

treatment process.

341 FTIR

FTIR spectroscopy is a powerful instrument to analyze the vibrational energy
levels of sample molecules. FTIR Spectrometer model Nicolet 1S10 supplied
from ThermoFisher Scientific was used to analyze the rubber sludge. The
sample powder was pressed into pellet and held at the fixed position in the
sample holder by using the pressure tower and compression tip. The FTIR
spectra were then captured at a resolution of 4 cm™ and 254 scans in the
spectral region of 4000 - 400 cm™. The functional groups and their percentage

transmittance were then identified.

3.4.2 SEM-EDX

Elemental composition and surface morphology of the sludge were analyzed
by SEM Hitachi S-3400N equipped with EDX. The sample was prepared into
pellets by mounting it on standard pin-stubs with carbon tape. A brass carrier
was then used to hold the sample. Under the operating condition at 15 kV, the
SEM images were captured with magnification of 500X, 1000X, 2000X and
5000X. The elemental composition was then identified using the furnished
EDX.

343 XRD

Structural analysis of the sludge was analyzed based on different peaks using
X-ray diffractometer with the model XRD-6000 by Shimadzu. The sample
was pressed tightly on a steel plate and making a smooth surface for a more
precise analysis. The X-ray radiation employed was Cu Ka radiations under
the condition of 40 kV and 30 mA, scanning over two thetas (20) range from

10 to 85 degrees. The diffraction pattern was collected and recorded.
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344 TGA

Analysis on the sample’s thermal stability was conducted using Perkin Elmer
STAB8000 thermogravimetric analyzer. The sample was first placed in a small
crucible above the balance to record its weight. After that, the sample was
heated from 30 to 1000 °C, under inert air flow with a heating rate of 10
°C/minutes. The resulting changes in weight was recorded and plotted against
temperature in order to quantify the percentage of volatile components present

in the sample.

3.5 Sludge Digestion

Based on the information from characterization study, the digestion process
was conducted in order to determine the total calcium (Ca) and aluminium (Al)
concentration within the sludge. The total concentration is important to
determine the leaching efficiency in the sludge treatment process. Based on the
work of Sastre, et al. (2002), Aqua Regia digestion was adopted in an open
vessel. To illustrate, 3 g of sludge was weighted into a 500 ml three neck
round bottom flask. The pre-digestion step was completed at room temperature
for 16 hours with the use of 37% HCI : 69 % HNOz mixture in a ratio of 3:1.
After this, the suspension was digested at 130 °C under reflux condition for 2
hours. The suspension was then filtered and diluted to 100 ml with 0.5 M
HNOa. The diluted filtrate was stored in Schott laboratory bottle for analysis.
The solid residues were dried, grinded and sieved to analyze its content
through EDX.

3.6 Treatment of Sludge

The sludge sample was treated to reduce the concentration of Ca and Al metals.
This step is essential for purifying the sludge and repurposing it for other
applications. In this context, leaching process of the sludge was carried out
with the use of 500 ml three neck round bottom flask. Moreover, a water-
cooled coil condenser was installed to one of the necks to condense the
evaporated liquid, while maintained a constant volume of the solution
(Kurniawan, et al., 2022). Furthermore, a magnetic stirrer was applied to

ensure well-mixing between the sludge and solution, whereas a heating mantle
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was used to maintain uniform heating throughout the process. The
experimental setup is illustrated in the Figure 3.2.

m

L._l Condenser
Thermometer

o

L Magnetic Stirrer

Three-necks | _ —7
Flask <

N
© © W e
e

Mantle

Figure 3.2: Experimental Setup of Acid Leaching (Guan, et al., 2022).

With a liquid-to-solid ratio (L/S) of 5:1, 3 g of sludge powder and 15
ml of 1.0 M H>SO4 were prepared. Once the temperature of the acid solution
in the flask reached 30 °C, the sludge powder was added and the heating
process was maintained for 30 minutes, with a constant rotational speed of 300
rpm. Furthermore, the temperature of the mixture was continuously monitored
throughout the process using a thermometer. After the completion of the
reaction, the mixture was transferred from the flask to the vacuum filter pump
to separate the solid residues from the solution. The filtrate was collected for
the subsequent analysis to determine the amount of Ca and Al being leached
out. Meanwhile, the post-leached residues were washed with distilled water,

dried, ground, sieved and kept in a sealed bag.
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To conduct the parameter studies, the procedure was repeated with
concentration of 0.3 and 0.5 M of H2SO4. Not only that, but each molar
concentration (0.3, 0.5 and 1.0 M) was replicated with the use of HNO3 and
HCI, while other operating parameters kept constant. Following that, the
optimal acid and its concentration in extracting Ca and Al were determined
and employed. L/S ratio was varied across three different sets, including 3:1,
5:1 and 10:1, while keeping the weight of the solid sample at 3 g. After
identifying the optimal L/S ratio, the effect of temperature on the leaching
process was studied at 30, 50, 70, and 90 °C. Finally, the ideal temperature
was utilized to conduct the leaching process for durations of 30, 60, 90, and

120 minutes to obtain the optimum result.

3.7 Sample Analysis
The filtrate from the digestion process and the leaching process was analyzed
with Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
model Perkin Elmer Optima 7000 to determine the Ca and Al concentration.
Prior to carry out the analysis, a multi-element standard solution containing Ca
and Al at a concentration of 500 mg/L was prepared using aluminium nitrate
nonahydrate  (AI(NO3)3-:9H,O) and calcium  nitrate  tetrahydrate
(Ca(NO3)2-4H20) as precursors. About 0.295 g of Ca(NOs3),2-4H20 and 0.695
g of AI(NO3)3-9H20 were dissolved with distilled water. After that, the
solution was transferred into a 100 ml volumetric flask and distilled water was
added until it reached the marked line on the flask. The standard solution was
further diluted to 10, 20, 30, 40 and 50 mg/L to establish the calibration curve
in the system.

The removal efficiency of both metals during the leaching process
can be quantified by using Equation 3.1.

Metal Removal Ef ficiency (%) = ( <

X100 (3.1
)

Ctotal

where
C = leached Ca and Al content, mg/g
C:orqr = total Ca and Al in the solid sample, mg/g
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization Study of Raw Sludge
Characterization on raw rubber sludge was performed prior to acid leaching in

order to identify the potential elements, as well as its association fraction.

411 FTIR
The functional groups attached on the sludge that collected from rubber
industry were examined by using Fourier Transform-Infrared Spectroscopy
(FTIR). Knowledge about the various functional groups present in the sludge
is crucial, as inorganic substances or trace elements have a tendency to
associate with these groups and form complexes (Arif Billah, Kuaanan
Techato and Wirach Taweepreda, 2020). The spectrum of the sludge at a
wavelength between 400 and 4000 cm™ is shown in the Figure 4.1

First, a relatively strong absorption band at around 3278.02 cm™ was
identified, corresponding to the stretching mode of the hydroxyl group (O-H)
(Kurniawati, et al., 2018). In this scenario, the presence of the O-H bond could
potentially be attributed to the absorption of water molecules on the sample
surface from the surrounding air during sample handling (Dominguez, et al.,
2006).

According to Homkhiew, et al. (2018) and Emilia Agustina, Jefri
Sirait and Silalahi (2017), one of the primary pollutants found in the rubber
sludge waste is latex. In this context, dominant characteristic peaks associated
with cis-1,4-polyisoprene compound, a constituent of natural rubber, were
observed at 2960 cm™ (CHs asymmetric stretching), 2920.19 cm™ (CH:
asymmetric stretching), 2853 cm™ (CH, symmetric stretching), 1632.87 cm™
(C=C stretching) and also 1408.68 cm™ (C-H deformation). The results were
aligned with the findings reported in the studies by Valera-Zaragoza, et al.
(2014) and Rahmabh, et al. (2019). Besides, these functional groups might also
originate from organic compounds, such as carbohydrates, lipids and proteins.
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Figure 4.1: FTIR Spectrum of Raw Rubber Sludge.
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Non-isoprene compounds, such as amide, silica and carbonate groups,
were also observed in the sample. The presence of these compounds could
originate from additives, including vulcanizing agents, plasticizers, softeners,
fillers, antioxidants, stabilizers and other chemical compounds that introduced
during rubber product manufacturing (Lovato, et al., 2023). In terms of the
amide 11 (N-H) stretching at wavenumber 1539.39 cm™, it could possibly
come from extractable proteins, which are natural components present in
natural rubber latex. To elucidate, these proteins tend to migrate to the surface
of the rubber-product during drying and heat vulcanization processes (Perrella
and Gaspari, 2002). In order to eliminate these surface proteins, the leaching
approach was employed during rubber product processing, resulting in their
presence as pollutants in the sludge.

In addition, Kurniawati, et al. (2018) stated that the peak at 1632.87
cmtwas also associated with the stretching vibration mode of the C=0 bond.
Besides, the peak value at 1235.29 cm™ signified the stretching mode of the C-
O bond, whereas the small peak at around 872 cm™ was assigned to the out-of-
plane bending mode of the carbonate group. As indicated in the study by
Molla, et al. (2022), these vibrational bands can be attributed to the CO3z*
group in calcite. On top of that, the band at 1022.63 cm™ was indicative of the
stretching vibration of the Si-O bond, possibly due to the presence of silica
(SiO2), or the characteristic bending of AI-OH (Veerasingam and
Venkatachalapathy, 2014; Azdarpour, et al., 2015).

412 SEM-EDX

Scanning Electron Microscopy (SEM) analysis was conducted to assess the
surface morphology of the sludge. The SEM images of the raw sludge from
the rubber industry are presented in Figure 4.2 with Figure 4.2 (a), Figure
4.2(b) and (c) illustrating the raw sludge at magnifications of 500X, 2000X,
and 5000X, respectively.

From the SEM micrographs, it was observed that there was no well-
defined crystalline structure on the sludge surface, indicating its amorphous
nature. This observation aligned with the findings by Awab, Paramalinggam
and Mohd Yusoff (2012) conducted on water treatment sludge. According to

Haynes and Zhou (2015), sludge typically remains in an amorphous state due
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to the interaction between the inorganic and organic substances during the
wastewater treatment process, which eventually prevents its crystallization.
Besides, the sludge surface was slightly porous and irregular, mainly due to
the heterogeneous distribution of particles. On top of that, Czechowska-
Kosacka (2019) suggested that the small irregular-shaped clusters on the
sludge surface were attributed to the presence of minerals. Additionally, the
sludge exhibited a few microcracks. The formation of microcracks could be
induced by the sample preparation technique prior conducting the analysis.
According to Amin and Salihoglu (2021), the drying process could lead to the
development of microcracks on the sludge surface due to shrinkage.

< 3

e e —m
o W Boaay i 3
Bl ,‘\ 4 S
s i
3

microcrack

UTAR-SEM 15.0kV 5i6fm x500'SE

Figure 4.2: SEM Images of Raw Rubber Sludge at Magnification of (a) 500X,
(b) 2000X and (C) 5000X.

On top of that, Energy Dispersive X-Ray (EDX) analysis was

performed to investigate the elemental distribution on the surface of the sludge.
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Table 4.1 summarizes the major elements that being measured in the analysis.
It was confirmed that the sludge surface mostly contained the elements oxygen
(O) - 27.10 %, carbon (C) - 18.05 %, calcium (Ca) - 19.91 %, aluminium (Al)
- 12.52 % and silicon (Si) - 8.0 %. As stated, the composition of the sludge is
affected by the pollution load, the nature of the wastewater treated and the
methods of treatment employed. Therefore, the availability of these elements

was discussed in relation to these aspects.

Table 4.1: Elemental Composition of Sludge from EDX.

Elements Percentage (wt%o)
Carbon (C) 18.05
Oxygen (O) 27.10

Aluminium (Al) 12.52
Silicon (Si) 8.00
Calcium (Ca) 19.91
Sodium (Na) 1.80
Phosphorus (P) 4.09
Sulfur (S) 3.53
Chlorine (CI) 1.75
Potassium (K) 3.53

The presence of C and O as the organic elements was notable, owning
to their roles as key building blocks of chemical compounds. To elucidate, the
significant proportion of oxygen could be attributed to the bound oxygen
found in organic substances in the sludge, or the dissolved oxygen from the
atmosphere and the aerated wastewater treatment process.

In addition, the source of Ca element was largely be attributed to the
additives introduced during the fabrication of rubber products. For instance,
during the stage of coagulant dipping, formers were soaked in a coagulant bath
containing calcium nitrate and calcium carbonate. Calcium nitrate helps to
ensure good adherence of latex to the former, whereas calcium carbonate

functions as an anti-tack agent to facilitate the detachment of rubber products
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from the mold. Not only that, but calcium carbonate is used as low-cost non-
reinforcing fillers to enhance the mechanical properties of rubber products.

Besides, the presence of Al element was originated from the additives
introduced during the fabrication of rubber products, as well as the chemicals
used during wastewater treatment. To highlight, aluminium-based compounds
act as crosslinkers for the vulcanization effect. In terms of wastewater
treatment, alum is used as coagulants to remove suspended solids, particulary
the fine dispersed latex particles (Perapong and Surajit, 2006). For the Si, it is
typically applied as reinforcing fillers, which can enhance the rubber abbrasive
properties even in small amounts (Amdur, 2019).

Other elements, including phosphorus, sulfur, potassium, sodium and
chlorine were detected in trace quantities, which could be explained by the
contaminants encountered during sludge handling, as well as the small amount
of chemicals used during the processing of rubber products and wastewater

treatment.

413 XRD

The possible crystalline phase within the sludge from the rubber product
industry was evaluated through X-ray Diffraction (XRD) analysis in the range
from 10 to 85 degrees. The diffraction peaks were compared with the RRUFF
database. The results are depicted in Figure 4.3.

The identified peaks were predominantly made up of calcite (CaCOs)
and gibbsite (Al(OH)3). However, only CaCO3 was mainly observable, with
detected peaks at 23.12, 29.46, 31.48, 36.06, 39.50, 43.22, 47.18, 47.52, 48.56,
56.58, 57.46, 60.70 and 70.26°. Apart from that, in terms of AI(OH)s, it was
mainly identified at 19.1, 20.06, 28.36, 38.34, 50.78 and 64.24°. Besides, a
broad peak at around 17° suggested the existence of amorphous silica (SiO>).
These prominent peaks were aligned with the FTIR and EDX results. To
elucidate, due to the high concentration of Ca compared with other elements,
peaks from other substances could hardly be observed against this background.
Nevertheless, the presence of the major elements could still be confirmed by
considering the FTIR spectrum and EDX analysis.
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Figure 4.3: XRD of Raw Rubber Sludge.
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414 TGA

Thermogravimetric Analysis (TGA) was performed under a heating rate of 10
°C/min from 30 to 1000 °C under an inert atmosphere to study the thermal
decomposition behavior of the sludge. Figure 4.4 displays the TGA curve to

assess the weight change of rubber sludge upon heating.
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Figure 4.4: TGA Curve of Raw Rubber Sludge.
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It was evident from the TGA curve that the decomposition of the
sludge occurred in three distinct stages. During the initial phase from 30 to 150
°C, there was an approximately 17.4 % weight loss due to dehydration. To
highlight, the mass loss of up to 100 °C was due to the evaporation of residual
free water that remained after the drying process, or physically reabsorbed
moisture from the atmosphere. In addition, interstitial water occupying the
pore spaces in the sludge was eliminated starting from a temperature of 100 °C
(Uttara Mahapatra, et al., 2021).

The second stage, spanning the temperature range of 150 to 460 °C, a
weight loss of 29.4 % was observed. The dramatic weight loss within this
range was associated with the volatilization of organic substances, comprising
carbohydrates, proteins and lipids. On top of that, it was asserted by Onchoke,
Franclemont and Weatherford (2018) that the decomposition of weaker
hydroxyl bond occurred as well in this phase, between 210 and 310 °C. The
study by Shamaki, Adu-Amankwah and Black (2021) found that the
dehydroxylation of AI(OH)s to alumina occurred at 200 °C, provided
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additional support for this claim. In the studies of Silva, et al. (2020) and
Tertyshnaya, et al. (2022), degradation of natural rubber occurred at 374 and
350 °C, respectively. Accordingly, it was proposed that the disintegration of
the latex residues within the sludge had occurred at this stage.

The third slope in the temperature range of 460 to 700 °C revealed a
total weight loss of 26.7 %. This phenomenon was attributed to the
disintegration of inorganic species like CaCOs to form calcium oxide and
carbon dioxide gas (Onchoke, Franclemont and Weatherford, 2018). Along
with this, at around 579 °C, a transition from a-quartz to f-quartz, which has
the potential to remain stable up to 1000 °C, had taken place (Shamaki, Adu-
Amankwah and Black, 2021). Furthermore, a residue of about 26.5 % was
identified with the trend showing a plateau starting from 700 °C.

In summary, the sludge displayed a relatively balanced distribution of
organic and inorganic substances, as evidenced by the closely comparable

weight loss observed at the second and third stages.

4.2 Acid Digestion of Sludge
In order to investigate the total concentration of Ca and Al metals using
Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES), the
rubber sludge was digested using Aqua Regia, a concentrated mixture of
HNO3z and HCI with a volume ratio of 1:3. To mention, Ca and Al were
chosen for concentration evaluation due to their higher proportion on the
surface compared to other metals. Specifically, Ca accounted for 19.91 % and
Al for 12.52 %, as determined through the characterization study. Furthermore,
it should be emphasized that EDX merely provided the distribution of
elements on the surface, thereby ICP-OES analysis was crucial to obtain more
precise qualitative data on the total metal content (Michalak, et al., 2014).
Through multi-elemental analysis, Ca was found to be present at a
concentration of 71.88 mg/g of sludge, whereas Al was identified at 47.47
mg/g of sludge. The result stayed in agreement with the previous EDX
analysis result. This Ca/ Al ratio was closely comparable, at 1.59 for the EDX
technique and 1.51 for the ICP-OES analysis. Besides, EDX examination was
performed on the residues that remained undigested, as shown in Appendix B.

The result indicated that Ca had fully dissolved, while the amount of Al on the
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surface of sludge was only 0.09 wt. %. This further validated the reliability of
the data concerning the total metals concentration in the sludge.

4.3 Parameter Studies in Acid Leaching of Sludge

Acid leaching is one of the methods used to treat sludge containing high
concentration of Ca and Al metals. It was selected due to its high leaching rate
and ease of execution. Metals embedded in the sludge particles are dissociated
and transformed into their ionic state by hydrogen ions in the acid. The ionic
metal species are then released into the solution, leading to their presence in
the leachate (Gunarathne, et al., 2022). Various parameters can impact the
efficiency of metal extraction, including the types and concentration of acids
used, leaching temperature, liquid-to-solid ratio (L/S), and the duration of the
treatment process. Each of these parameters will be examined in the following

subsections.

4.3.1  Effect of Types of Acids and its Concentration

The types of acids, along with its concentration significantly contributed to the
extraction performance of Ca and Al. To investigate the effect of different
types of extractants with varying molar concentration, hydrochloric acid (HCI),
sulfuric acid (H2S0a), and nitric acid (HNOs) at 0.3, 0.5 and 1.0 M were used
as the extracting agents. The extraction rates for Ca and Al are illustrated in
Figure 4.5 (a) and Figure 4.5(b), respectively.
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In terms of Ca extraction efficiency, Figure 4.5 (a) shows that both
HNO3 and HCI were able to extract a significant amount of Ca. However,
H>SO4 was deemed unsuitable for removing Ca from the sludge, as indicated
by a declining trend in extraction efficiency. This could be attributed to the
reaction between the dissociated Ca®** ions and H.SOa, resulting in the
formation of calcium sulfate (CaSOa) (Lee, et al., 2021). To elucidate, CaSQg,
which is low solubility in nature, was believed to precipitate on the sludge
surface rather than dissolving into the solution.

On the contrary, when H>SO4 was utilized to remove Al from the
sludge, it achieved the highest extraction efficiency among the acids, followed
by HNOz and HCI. To further elaborate, Al may exist in the hydroxide form,
as identified in the characterization study. Equation 4.1, 4.2 and 4.3 were used

to indicate the dissolution of Al by acid solutions:

§Al(0H)3 + H,S0, > §Al3+ +S02™ + 2H,0 (4.1)
ZAL(OH); + HNO; - ZAP* + NOZ™ + H,0 (4.2)
ZAI(OH)3 + HCL - ZAIP* + CI™ + Hy0 (4.3)

Based on stoichiometry basic, the reactions revealed that one mole of
H2S04 could dissolve two-third of an AI** ion, whereas one mole of HNO3 and
HCI could only dissociate one-third of an AP ion. Additionally, H2SO4
generates twice as many hydrogen ions at the same concentration as HNOz and
HCI. Therefore, it was suggested that the Al leaching rate using H.SO4 was
significantly more effective. These findings corresponded to the study by Widi
Astuti, et al. (2016) on nickel dissolution.

On top of that, it was shown that increasing the acid concentration
contributed to the extraction rate of both Ca and Al. As the acid concentration
increased from 0.3 to 1.0 M, the rate of Ca removal rose from 65.3 to 78.8 %
when using HNOs. Similarly, the leaching rate of Al raised from 33.4 to 64.9 %
with the used of HCI. On the other hand, the efficiency of Ca removal in
H>SO4 decreased from 33.4 to 12.5 %. It could be explained by the fact that
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more sulfate ions and supersaturation of Ca eventually facilitated the
precipitation of CaSO4 (Nayak and Panda, 2010).

Additionally, poor extraction efficiency was recorded when using 0.3
M acid to remove Al, ranging from 0.1 to 1.2 % for all three acids. Along with
that, H.SO4 demonstrated a notable escalate, from 47.0 % at 0.5 M to 70.7 %
at 1.0 M. Nevertheless, both HNO3z and HCI showed a gradual increase up to
0.5 M, eventually reaching 52.06 and 50.67 %, respectively, at 1.0 M. Overall,
it was apparent that the Al extraction efficiency was lower compared to Ca.
According to He, et al. (2021), this discrepancy could be linked to the higher
valence state of AI®*ions, which resulted in a higher charged density than Ca.
Thence, the absorption ability of sludge particles to Al was stronger, inevitably
affecting the kinetics of the Al leaching process.

In summary, the highest extraction rate for Ca was attained at 1.0 M
of HNOs, while the optimal leaching rate for Al was 1.0 M of H>SOa.
However, considering that the formation of CaSOs precipitates can lead to the
accumulation of insoluble product layer on sludge particles, thereby blocking
pore channels and impeding the diffusion of hydrogen ions into the interior of
the sludge particles (Tao, et al., 2021). This may impact the leachability of Al
in subsequent parameter studies. Therefore, 1.0 M of HNOz was selected as the
leachant for both Ca and Al

4.3.2  Effect of Liquid-to-Solid Ratio

To explore the effect of liquid-to-solid ratio (L/S) on the leaching of Ca and Al,
it was manipulated at 3:1, 5:1 and 10:1. The graph depicting extraction
efficiency against the L/S ratio 30 °C for 30 minutes with 1.0 M of HNOs is
plotted in Figure 4.6. A positive relationship between the leaching rate and the

L/S ratio was observed.
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Figure 4.6: Effect of L/S Ratio on Extraction Efficiency of Ca and Al.

With an increase in the L/S ratio, the leaching efficiency of Ca
improved from 77.93 to 87.64 %, and that of Al increased from 3.02 to
74.41 %. To illustrate, the lower leachability of both metals at a ratio of 3:1
was due to the limited amount of HNOs available for complete contact with the
sludge particles. This, in turn, reduced the effective surface area for interaction
between the sludge particles and extractant, leading to incomplete dissolution
of Ca and Al. Besides, lumps with certain stickiness were easily formed when
the L/S ratio was low. These clumps eventually impeded the contact of Ca and
Al with HNOs (Wang, et al., 2020). As a consequence, there was a lower
extraction efficiency as the mass transfer rate was slower due to diffusion
resistance.

In contrast, a higher L/S ratio of 10:1 had accelerated the leaching
process, as there were more hydrogen ions available to diffuse into the internal
pores or unreacted zone of the sludge and displace the metals. Hence, more
metal ions were formed and practically leached, which led to the optimal
results. Nevertheless, a slight decrease in Ca extraction, around 1.7 % was
observed at the ratio of 5:1. It might be attributed to the slight saturation of the
metal ions around the sludge particles, resulting in a diffusion limitation of
these ions to into bulk solution. To summarize, the optimum L/S ratio for

removing both Ca and Al was found to be 10:1.
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4.3.3  Effect of Temperature

The role of temperature in affecting the leaching rate of Ca and Al was
examined by varying the temperature at 30, 50, 70 and 90 °C, using 1.0 M
HNOs3, 10:1 L/S ratio over 30 minutes. Figure 4.7 reveals the resulting yield

with each temperature increment.
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Figure 4.7: Effect of Temperature on Extraction Efficiency of Ca and Al.

According to the results, the leaching efficiency of Ca exhibited a
consistent upward trend, rising from 51.04 % at 30 °C to 94.14 % at 90 °C. For
Al, ayield of 62.82 % was achieved at 30 °C, with a slight increase to 63.20 %
at 50 °C, and finally a notable improvement to 92.82 % when the temperature
further rose to 90 °C. This phenomenon could be explained in terms of the
mass transfer process, where the kinetic energy of hydrogen ions in HNO3
increased during high-temperature leaching. This sped up the diffusion rate of
ions through the pores of sludge particles, aiding in the dissolution of Ca and
Al (Alkan, et al., 2018). In view of the aspect of reaction, the speed of the
molecular motion and collision frequency between the metal compounds in
sludge particles and hydrogen ions enhanced in response to temperature
(Wang, et al., 2019). This subsequently induced the dissolution of Al and Ca,
leading to their presence in ionic form. Additionally, Chi, et al. (2006) and He,
et al. (2021) suggested that the leaching process is endothermic. Therefore,

higher temperature encouraged the dissolution of Ca and Al as more energy
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was provided to break the associated bonds. Nevertheless, the study was
limited to 90 °C was based on the observation that this temperature resulted
sufficient leaching efficiency to achieve the desired outcomes. Additionally,
conducting experiments at higher temperatures could introduce safety
concerns. To conclude, the temperature of 90 °C ensured a balance between
effective results and safety considerations.

4.3.4  Effect of Duration

To investigate the impact of time on the extraction efficiency of Al and Ca
throughout the leaching process, the leachate was collected at intervals of 30
minutes, until reaching 120 minutes. Figure 4.8 provides an illustration of the

outcomes, under the conditions of 1.0 M of HNOg, 10:1 L/S ratio at 90 °C.
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Figure 4.8: Effect of Duration on Extraction Efficiency of Ca and Al.

Both curves exhibited a similar trend. Both Ca and Al extraction
efficiency augmented with the increased of leaching period up to 30 minutes,
but not markedly in the subsequent period of 30 to 60 minutes. However,
when the leaching period was extended to 90 minutes, the extraction efficiency
increased again, reaching its peak rate of 95.21 % for Ca and 100 % for Al.
Following that, both extraction efficiency of Ca and Al dropped to 82.22 and
81.74 %, respectively.
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This phenomenon could be explained in several phases. In the initial
phase, the exponential increase in leaching efficiency of Ca and Al was
attributed to the presence of readily available hydrogen ions, as well as Ca and
Al compounds on the sludge surface, which prompted a rapid dissolution
reaction at the solid-liquid interface. At the second stage from 30 minutes to
60 minutes, most of the surface metals had already been leached, leaving
behind an unreacted zone containing tightly packed Al and Ca compounds,
which caused a limited growth in the leaching rate. On top of that, further
extending the leaching duration to 90 minutes enhanced the diffusion of
hydrogen ions into the interior part of sludge particles. Meanwhile, there was
also a longer contact between the metals and hydrogen ions, which facilitating
the dissolution reaction of Ca and Al into the solution (Cao, et al., 2018).
However, a prolonged leaching duration had a negative effect on extracting Ca
and Al. It may be due to the reabsorption of dissolved metal ions onto the
sludge surface, ultimately reducing their concentration in the aqueous solution.

In overall, the optimal result in the leaching study was observed at 1.0
M HNOs3, 10:1 L/S ratio, 90 °C and 90 minutes.

4.4 Post-Leached Residues Studies

The post-leached solid residues, including the residues from acid selection
studies (RAS) mainly focused on H2SOj4 to prove the precipitation of CaSOa,
as well as the residues from the optimal results (ROR), were dried and

analyzed in the following sections.

4.4.1 Physical Appearances

The primary focus of this section is to examine the physical appearance of the
RAS and ROR, as depict in the Figure 4.9 (a) and (b), respectively. To clarify,
the raw sludge, which was a type of activated sludge, appeared brown in
colour due to mixing with microbial aggregates. In this context, it was
believed that the removal of Ca and Al had no noticeable effect on the colour,
as the ROR retained its brown colour. Nevertheless, it was clearly observed
that the residues became pale, and white in colour when the sludge was
leached with H>SOs4. This change in colour was mostly associated with the
precipitation of Ca in the form of CaSQg, as discussed previously. This sulfate
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compound was white and sparingly soluble in nature, contributing to the
visually lighter appearance of the residues.

(b)
Figure 4.9: Physical Appearance of (a) RAS and (b) ROR.

442 SEM
In terms of SEM examination, Figure 4.10 (a) and (b) display the
morphological observation of RAS treated with H2SOj, as well as the ROR.
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Figure 4.10: Morphology of the (a) RAS with H,SOsand (b) ROR.

Long-shaped crystals, which were absent in the raw sludge, were
observed on the surface of post-leached sludge treated with H.SO4, as shown
in Figure 4.10 (a). This morphological observation aligned with research
conducted by Havlik, et al. (2019), providing additional confirmation of the
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build-up of CaSO4 on the surface of the sludge. If H.SO4 continued to be
utilized in the leaching process, this may eventually impede the treatment
process for extracting Al. Moreover, the ROR revealed a surface that was
coarser and more porous, which caused by the acid attack during the leaching
process (Nayak and Panda, 2010). However, the residues still consisted of a

few agglomerates, indicating that some impurities were not removed.

443 FTIR

The distinctive characteristics transmittance bands in RAS and ROR are
illustrated in Figure 4.11. In order to prove the existence of CaSOa precipitates,
its fundamental peaks were identified. To illustrate, the peak at 3524.70 and
3399.73 cm? were ascribed to the stretching of the hydroxyl group
(Fernandez-Carrasco, et al., 2012). Based on the work of Nicoara, et al. (2023),
the band at 3524.70 cm™ corresponded to the water molecules, while the band
of CaSO4 was at the value of 3399.73 cm™. Moreover, the peaks at 1620.12
and 1529.30 cm™ represented strong -OH bending. It was inferred that the
CaSO0q4 precipitates were not anhydrite or bassanite, but rather gypsum, which
is the hydrated form. On top of that, the observed peaks at 1100, 665.02 and
598.62 cm™* were due to the S-O stretching, as well as the in and out-of-plane
bending of the sulfate group (Kamaraj, et al., 2017).

Apart from that, it was evident that the peaks related to the carbonate
group in the raw sludge had diminished. As highlighted in Figure 4.11, the
transmittance intensity of the hydroxyl group, as well as the Si-O and Al-OH
had been reduced compared to the raw sludge, which signified the breakage of
these associated bonds. Furthermore, the newly emerging absorption bands at
1453.42 and 1377.55 cm™ were the result of -CHs and C-H group bending
(Awale, et al., 2018). On top of that, the peak at 1161.86 cm™ was caused by
the antisymmetric stretch vibrations of Al-O-Si or Si-O-Si (Hou, et al., 2022).
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444 XRD

The mineralogical analysis from the RAS and ROR are shown in Figure 4.12,
It was noticeable that in the post-leached residue treated with H.SO4, RAS
showed sharp peaks at angles of 12.08, 21.16, 23.86, 29.56, 35.00, 36.34,
37.08 and 43.78°. The results from the RRUFF database and the research of
Azdarpour, et al. (2015) indicated that these peaks were analogous to gypsum.
The results further confirmed the precipitation of Ca in H2SOa.
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Figure 4.12: Diffraction Peaks of RAS with H,SO4and ROR.

On the other hand, ROR possessed a distinct pattern with the raw
sludge, as presented in Figure 4.3 above. To elucidate, the peaks of CaCO3 and
Al(OH)3 that were identified in the raw sludge were suppressed, proving their
dissolution during the HNO3 leaching process. The newly emerging sharp
peaks were believed to be constituted by quartz, aluminosilicate minerals and
dolomite, which were previously unknown in the raw sludge due to their low
concentration.

Firstly, the presence of quartz was detected at 26 = 60.5°. Besides,

peaks of aluminosilicate minerals, including muscovite at 26 = 28.30, 32.10
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and 65.00°, as well as albite at 38.66 and 42.32°. These findings of minerals
might come from the environmental contamination during sludge handling.
Additionally, peaks at 25.96, 55.50, 61.44 and 74.38° were identified as kaolin.
According to Nadesan (2018), this compound is typically added to the nitrile
rubber compounds as a filler to reduce the possibility of surface defects.
Besides, the characteristic peaks of dolomite were evaluated at 26 = 33.32,
41.80, 66.58, and 72.36°. Due to highly complicated structure of these
crystalline compounds, their solubility is substantially lower and may require
more critical conditions to dissociate. In this regard, Gunarathne, et al. (2022)
stated that the metals encapsulated in crystalline silica assemblages are more
resistant to acid leaching due the extreme stability of Si-O bonds. Furthermore,
a wide peak which in the range of 15 to 30° corresponded to the amorphous

silica.

4.5 Potential for Reutilization
The discussion will analyze the feasibility of reuse for the solid residues and
the leachate. Firstly, the apparent increase in roughness and pore volume, as
well as the primarily carbon-based post-leached residues with HNO3 enable
them to be repurposed as low-cost adsorbents to remove a wide range of
pollutants, such as dyes or heavy metals (Smith, et al., 2009). In this context,
the elemental composition of the post-leached residues with HNO3 is
demonstrated in Appendix E. Additionally, a high carbon and low oxygen
content in the residues can provide an increase in the higher heating value
(HHV), indicating its feasibility as a source of energy, such as bio-oil
(Supaporn, et al., 2019). On top of that, owning to their mostly organic
composition, with up to 68 % of carbon, the sludge residues are believed to
improve the condition of particle aggregation when incorporated into the soil.
This results in a decrease in density and an improvement of the macro porosity,
allowing the soil better aeration and water retention capacity (Campos, et al.,
2019). To elucidate, since most heavy metals have been leached out during the
treatment process, it might reduce the possibility of these pollutants leaking
into the environment when applied to soil.

As for the leachate, which mainly consists of Al ions and Ca ions,

they can be extracted through wvarious techniques, such as chemical
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precipitation, ion-exchange, solvent extraction and crystallization process. Hou,
et al. (2022) proposed that the leachate can be subjected to concentrated
crystallization in order to obtain nitrate crystals. In this context, calcium nitrate
can be further treated for use as fertilizer or reused in the rubber industry for
latex coagulation, promoting a closed-loop circular economy. Aluminium
nitrate can also be used in tanning leather. Accordingly, the authors suggested
that additional decomposition of the nitrate crystals can result in the formation
of metal oxides. At the same time, the gases generated can be absorbed by

water to regenerate it as nitric acid.



67

CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

To conclude, the characterization of sludge collected from the rubber industry,
as well as the utilization of acids in leaching aluminium and calcium from the
sludge had been explored. The FTIR spectrum in the raw sludge illustrated the
stretching mode of hydroxyl group due to the absorption of moisture, alkanes
and alkenes group, believed to come from the isoprene compound, as well as
the presence of silica, carbonate and amide groups, due to the additives
introduced during rubber products manufacturing. Furthermore, the surface
morphology of the raw rubber sludge was found to be amorphous, porous and
irregular. Meanwhile, according to EDX analysis, Ca and Al were the most
abundant elements on the sludge surface. Along with that, XRD analysis
further confirmed the existence of Ca and Al, in the form of calcite and
gibbsite. Based on the TGA results, the thermal stability of the sludge
exhibited three distinct stages of decomposition: the first stage from 30 to 150
°C involved the dehydration process, followed by volatilization of organic
substances, dehydroxylation of weak hydroxyl compound, and disintegration
of latex residues in the sludge from 150 to 460 °C during the second stage,
meanwhile decomposition of carbonate compound at the third phase up to 700
°C. Furthermore, since the weight loss in the second and third stages was
nearly equal, the distribution of organic and inorganic substances in the raw
rubber sludge was substantially equilibrium.

The treatment process to remove Ca and Al was done by acid
leaching due to its speedy and simplicity in operation. Various parameters
were studied, namely types of extractants with their molarity, liquid-to-solid
ratio (L/S), temperature and duration. Inorganic acids, including H2SOs, HNOs
and HCI were used to investigate its extraction efficiency on Ca and Al. In this
context, HNOz was proven to be the best extractant in extracting the Ca, while
H2S04 in removing Al. Although H2SO4 possessed the highest efficiency in
removing Al, deposition of CaSOas precipitates on the sludge surface was

believed to affect the mass transfer process and ultimately impede the leaching
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rate in the subsequent studies. Therefore, HNO3 was selected as the extractant.
In terms of acid concentration, 1.0 M of acid was found to be the most
effective.

With the use of 1.0 M HNOg, L/S ratio of 10:1 achieved the highest
efficiency. On top of that, it was observed that there was a positive
relationship between the leaching efficiency and the increase of temperature
with optimal at 90 °C. The optimum leaching duration was found to be 90
minutes. Overall, the optimal conditions for leaching Al and Ca from the
rubber sludge were under 1.0 M of HNOs, L/S ratio of 10:1, with the
temperature of 90 °C and the duration of 90 minutes. The extraction efficiency
of Al achieved 100 %, while Ca reached 95.21 %. The post-leached residues
further proved the precipitation of CaSO4 on the sludge surface that leached
with H2SO4 through the analysis of SEM, XRD, FTIR as well as its physical
appearance. Meanwhile, residues from the optimal result demonstrated a more
porous structure, rich in carbon content, suggesting its reusability as a low-cost

adsorbent, energy source or soil conditioner.

5.2 Recommendations for Future Work

The steps were taken in order to fulfil the project's goals. Several studies have
not been thoroughly examined because of unforeseen circumstances, such as
deviations from the outcomes that led to repeated experiment work. Therefore,
several recommendations are made for future work.

i To obtain a more precise measure of the total metal content in the
sludge, the acid digestion procedure can be carried out using the
microwave digestion method. This can lead to highly reliable
extraction efficiency results.

ii. The leaching agents such as organic acid or alkali can be employed
to have an in-depth knowledge on the effect of different leaching
agent.

iii. The leachate sample must be analyzed as soon as possible to avoid
degradation.

iv. The interaction between the parameters can be evaluated through

Design of Experiments method to optimize the leaching efficiency.
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The rate-controlling step in leaching process can be determined
through studying the leaching kinetic.

Brunauer-Emmett-Telle study, as well as the content of the organic
elements can be examined for post-residues sludge to ascertain its
reusability.

The investigation into effective methods for recovering high-purity
calcium and aluminum in the form of nitrate crystals can be
conducted.

The post-leached sludge residues can be subjected to pyrolysis
process to examine the yield of bio-oil.
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APPENDICES

Appendix A: Preparation for Multi-Element Standard Solution

To prepare a 100-ml of 500 ppm standard solution containing of Ca?* ions and
AR ions, about 0.295 g of Ca(NOs)2-4H20 and 0.695 g of AI(NO3)3-9H.0 as
the precursors were used. A sample calculation to determine the amount of

salts needed was shown:

Aluminium Nitrate Nonahydrate

500 ppm = 0.5 g/L

Molecular Weight of AI(NO3)3-9H20 = 375.13 g/mol
Molecular Weight of Al = 27 g/mol

There is 1 mol of Al in AI(NO3)3-9H-0.

Amount of Al salt required

0.5 g Al (1 mol Al) 1 mol AI(NO3)3 - 9H,0Y\ [/375.13 g AI(NO3); - 9H,0
27 g 1 mol Al

~ L solution 1 mol
Amount of Al salt required in 1 L solution = 6.95 g

Amount of Al salt required in 100 ml solution = 0.695 g

Calcium Nitrate Tetrahydrate

500 ppm =0.5 g/L

Molecular Weight of Ca(NOs3)2-4H.0 = 236.15 g/mol
Molecular Weight of Al =40.08 g/mol

There is 1 mol of Ca in Ca(NO3)2-4H20.

Amount of Ca salt required

0.5g Ca (1 mol Ca) 1 mol Ca(NO;), - 4H,0\ /236.15 g Ca(NO;), - 4H,0
40.08 g

L solution 1mol Ca 1 mol
Amount of Ca salt required in 1 L solution = 2.95 g

Amount of Ca salt required in 100 ml solution = 0.295 g
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Table A-1: Volume of Multi-Element Standard Solution Required for the

Preparation of Various Concentration of lons in 100 ml Solution.

Concentration of lons

Volume of Multi-Element Standard

Calib Eq'n: Lin Thru 0

Calib Eq'n: Lin Thru 0

(mg/L) Solution (mL)
10 2
20 4
30 6
40 8
50 10
Al 396.153 |Ca 317.933
o -
g
f 2
|
° 0.0 donc(mg/l) 50.0 I ° 0.0 Gonc(mg/l) T 50.0

Corr Coeff: 0.999766

Corr Coeff: 0.999917

Figure A-1: Calibration Curve of Standard Solution.



cledax3Z\igenesisigenmaps.spc 19-Jan 2024 17:02:26
LSecs: &

452,

IC

3624

FUE

1814

Appendix B: EDX Result of Residues from Acid Digestion
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Element Wit%
CK 67.34 75.68
NK 01.91 01.84
OK 21.84 18.43
AIK 00.09 00.04
SiK 06.42 03.08
PK 00.08 00.04
SK 00.14 00.06
. CIK 02.11 00.80
KK 00.07 00.02
CaK 00.00 00.00
K . Matrix Correction | ZAF

1.00 2.00 3.00 -;.:E[g'?ﬂ?v 6.00 1.00 8.00 9.00 1000 1.00 12.00

Figure B-1: EDX of Residues from Acid Digestion.
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Appendix C: Preparation of Acid for Leaching Process

Molarity of H,SO4=17.8 M
Molarity of HNO3z = 15.4 M
Molarity of HCI = 12.08 M

To prepare 50 ml of 1.0 M H2SO4
MV, = M,V,
17.8 (;) = (1)(50)
Vv, = 2.8 ml H,S0,

The steps were repeated to calculate 1.0 M of HNO3 and HCI, as well as 0.3 M
and 0.5 M of H2SO4, HNO3z and HCI.
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Appendix D: ICP-OES Result Analysis

Table D-1: ICP-OES Result with Its Extraction Efiiciency during Leaching

Process.

Acid Digestion (3 g sludge : 100 ml Aqua Regia)

Element ICP-OES Leached Content Extraction
Result (mg/l) (mg element /g Efficiency

sludge)
Al 28.48 47.47 -
Ca 43.13 71.88 -

Acid Leaching

Parameter: Acid and Concentration

Al 1.173 0.5865 1.24
0.3 M H2S04
Ca 49.31 24.655 34.28
Al 2231 22.31 47.00
0.5 M H2S04
Ca 14.33 14.33 19.94
Al 33.57 33.57 70.72
1.0 M H2S04
Ca 9.031 9.031 12.56
Al 0.031 0.0155 0.03
0.3 M HNOs
Ca 93.83 46.915 65.27
Al 1.035 1.035 2.18
0.5 M HNOs
Ca 54.18 54.18 75.37
Al 2471 24.71 52.05
1.0 M HNOs
Ca 54.63 56.63 78.78
Al 0.114 0.057 0.12
0.3 M HCI
Ca 47.96 23.98 33.36
Al 0.264 0.264 0.56
0.5 M HCI
Ca 43.25 43.25 60.17
Al 28.86 24.05 50.67
1.0 M HCI

Ca 55.96 46.63 64.87




Table D-1 (Continued)
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Parameter: L/S Ratio

_ Al 1.435 1.435 3.02
>t Ca 33.61 56.02 77.93
_ Al 32.65 32.65 68.79
o Ca 32.89 54.82 76.26
101 Al 35.32 35.32 74.41
Ca 37.80 63.00 87.64
Parameter: Temperature

Al 29.82 29.82 62.82

%0 Ca 36.69 36.69 51.04
Al 30.00 30.00 63.20

>0 Ca 48.94 48.94 68.08
Al 35.91 35.91 75.65

70 Ca 61.11 61.11 85.01
Al 44.06 44.06 92.82
% Ca 67.67 67.67 94.14

Parameter: Duration

Al 28.66 38.21 80.51

% Ca 28.09 56.18 78.15
Al 30.75 41.00 86.38

°0 Ca 29.92 59.84 83.25
Al 37.10 49.47 100

% Ca 34.22 68.44 95.21
120 Al 29.10 38.80 81.74
Ca 29.55 59.10 82.22
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Appendix E: EDX Results of Post-Leached Sludge with HNO3
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Figure E-1: EDX of Post-Leached Sludge with HNO3z at Different Locations.



