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REMOVAL OF DYE FROM WASTEWATER OF TEXTILE INDUSTRY USING

BANANA STEM-DERIVED BIOCHAR

ABSTRACT
Banana stem is a natural, low-cost agricultural by-product in Malaysia which has been
studied for its potential application as an adsorbent in its raw and biochar form to
remove methylene blue (MB) and congo red (CR) dyes from aqueous solution. The
banana stem was carbonized at various temperatures (300-700°C) using the muffle
furnace with limited oxygen conditions. The experiments were conducted by using the
batch adsorption technique under different conditions of adsorbents dosage, initial dye
concentration, contact time, agitation speed, solution pH, and temperature on the
removal of MB. The characteristics of adsorbents were determined by using BET, FTIR,
SEM and proximate analysis. The adsorption isotherms of Langmuir and Freundlich
were employed to examine the equilibrium adsorption data. The adsorption kinetics of
pseudo-first-order and pseudo-second-order were employed to explore the mechanism
of adsorption. Thermodynamic parameters such as the changes in AG, AH and AS were
also determined. Desorption studies were carried out in order to further study the
stability of MB adsorbed on the adsorbent. The results showed that biochar produced at
700°C (BC700) is the best in removing MB as it can achieve maximum removal
percentage of more than 98% due to it has high surface area, high porosity, and high
fixed carbon content. The adsorption of MB can be best described by Langmuir
isotherm and the pseudo-second order kinetic model and the adsorption process was
found to be exothermic for biochars (BC300 and BC700) and endothermic for raw
banana stem. The desorption study indicated that the dye was firmly adsorbed onto the
biochar. Thus, all results indicated that biochars prepared from banana stem adsorbed

MB efficiently and could be employed as a low cost alternative in wastewater treatment

il



for the removal of cationic dyes.

Keywords: adsorbent, adsorption, methylene blue, congo red, biomass.
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PENYINGKIRAN PEWARNA DARI SISA EFLUEN DARI INDUSTRI

TEKSTIL MENGGUNAKAN BIOCHAR DARIPADA BATANG PISANG

ABSTRAK
Batang pisang, satu sisa pertanian kos rendah di Malaysia telah dikaji untuk
mengenalpasti potensinya sebagai bahan penjerap dalam bentuk mentah dan bentuk
biochar, bagi menyingkirkan pewarna metilena biru (MB) dan congo merah (CR) dari
larutan akueus. Batang pisang telah dibakar pada pelbagai suhu (300-700°C) dengan
menggunakan relau muffle dalam keadaan oksigen yang terhad. Kajian ini telah
dijalankan mengguna-pakai teknik penjerapan kumpulan di bawah keadaan yang
berbeza seperti dos adsorben, kepekatan pewarna, masa sentuhan, kelajuan pergolakan,
pH larutan, dan suhu, bagi menyingkirkan MB. Ciri-ciri adsorben ditentukan dengan
menggunakan BET, FTIR, SEM dan analisis proksimat. Isoterma penjerapan Langmuir
dan Freundlich telah digunakan untuk memeriksa data keseimbangan penjerapan.
Kinetik penjerapan pseudo-tertib pertama dan pseudo-kedua telah digunakan untuk
mengaji mekanisme penjerapan. Parameter termodinamik seperti perubahan dalam AG,
AH dan AS juga ditentukan. Kajian desorption telah dijalankan untuk mengkaji
kestabilan MB terjerap pada penjerap. Hasil kajian menunjukkan bahawa biochar yang
dihasilkan pada suhu 700°C (BC700) adalah paling efektif dalam menyingkirkan MB
kerana ia boleh mencapai penyingkiran maksimum yang lebih daripada 98% disebabkan
luas permukaan yang tinggi, keliangan yang tinggi, dan kandungan karbon kekal yang
tinggi. Penjerapan MB dapat diterangkan dengan baik oleh Langmuir isoterma dan
perintah pseudo-kedua model kinetik dan proses penjerapan didapati eksotermik untuk
biochar (BC300 dan BC700) dan endotermik untuk batang pisang mentah. Kajian
penjerapan menunjukkan bahawa pewarna dapat diserap ke atas biochar dengan baik.
Oleh itu, semua hasil kajian menunjukkan bahawa biochar yang disediakan dari batang

pisang dapat menjerap MB dengan cekap dan boleh digunakan sebagai alternatif kos



rendah dalam rawatan air sisa bagi penyingkiran pewarna kationik.

Katakunci: penjerapan, penyerapan, metilina biru, congo merah, biojisim.
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CHAPTER 1: INTRODUCTION

1.1 Background of Study
1.1.1 Dye Effluents

With the rapid development of the textile industries and population growth, a large
amount of dye effluent is produced every year due to improper processing. This
associated wastewater pollution has aroused widespread concern (Kaur et al., 2008).
The textile industry is a very complex industry and the dye wastewater treatment is one
of the important issues faced by textile manufacturers. Dyes are usually synthetic and
have complex aromatic molecular structure, hence, dye molecules are stable and
difficult to be biodegraded (Gupta, 2009). If the treatment is not effective, it will cause
serious water pollution. Since the textile industry uses a variety of dyes in their
processes and not all dyes can be transferred onto the fabric (Yasmin, 2004). Hence,
residuals will lead to the production of coloured wastewater. A large amount of dye
wastewater is produced in the different steps during dyeing and finishing processes
(Babu et al., 2007). The dye effluent is characterized by strong colour, high pH,
temperature, chemical oxygen demand and biodegradable materials, therefore, it
belongs to organic wastewater (Syafalni et al., 2012). The coloured wastewater has
become one of the chief causes of environment pollution as millions tons of highly
coloured wastewater are emitted into the environment and these industries include
plastics, textiles, paper, printing, cosmetics, dye manufacturing and leather industries
(Chatterjee et al., 2009). Report shows that nearly 10,000 different known commercial
dyes and pigments with total worldwide annual production over 7 x 105 tons are
estimated to be lost in industrial effluents during the dyeing processes for about 5-10%
of dyestuffs (Garg et al., 2004; Sen et al., 2011). The dye effluents are highly visible

and toxic, even with very minimum amount (Alkan et al., 2004).



1.1.2 Environmental Impacts of Dye Effluents

The release of dyestuffs from textile industries contains many hazardous
substances, which can cause serious environment problems, not only toxic to
microorganisms but also have a variety of negative effects on human health. The
coloured wastewater is objectionable aesthetically pollutant, it has adverse effect on the
environment and marine life by its blocking the light to penetrate into the water (Soni et
al.,2012; Giwa et al., 2013; Sheng et al., 2009). Thus, it is not conducive for water self-
purification and also easily lead to visual pollution. They can persist in the environment
as they are highly stable against light, water, soap, chemicals, temperature, detergents
and other parameters such as bleach and perspiration (Couto, 2009). In Malaysia,
effluent from textile industry contains many pollutants which impose a lot of negative
impacts on the environment and human health. In addition, the workers in the textile
industry are exposed to high risk of not only malfunctioning of reproductive system,
brain, liver, kidney and central nervous system but also vulnerable to bladder cancer due
to toxic effects of some dyes being used in the textile industry (Kadirvelu ef al., 2003;
Singh & Chadha, 2016). Hence, it is important that these wastewaters are treated before
released into the environment and the discharge of dye effluent must be strictly
controlled. The need to remove colour from dye effluent has become very important to
the environment and researchers are investigating and trying to develop more options to
prevent the environment from further deterioration.

Methylene blue is one of the most commonly used cationic dyes, which is mainly
used for silk, cotton, wood and other materials dyeing process. However, methylene
blue can cause eyes burns to both human and animal, which likely to cause permanent
damage to their eyes (Tan et al., 2008). In addition, methylene blue in human can also
cause heart rate increasing, cyanosis, jaundice, vomiting, shock, Heinz body formation

and tissue necrosis (Vadivelan & Kumar, 2005). Congo red is a known anionic dye that



can cause an allergic reaction and can be metabolized into a known human carcinogen,
namely benzidine (Zhang et al., 2011). Therefore, there is an escalating concern to

focus on the removal of such dyes from water bodies.

1.1.3 Dye Removal Techniques

At present, various conventional methods have been widely used for the treatment
of dye wastewater which includes chemical, biological and physical processes. However,
most of these conventional methods have some limitations. For example, a large amount
of sludge is produced at the end of the process, which creates problems in sludge

disposal and high treatment costs (Ghoreishi & Haghighi, 2003).

(A) Chemical Treatments

Coagulants and flocculants are the main agents used in the chemical treatment of
dye wastewater (Shi et al., 2007). Flocculants are formed by the addition of several
substances such as calcium, ferric ions and aluminium to the effluent (Zhou et al., 2008).
Generally, chemical treatment is economically feasible and efficient, but the main
drawback is the high cost of chemicals and the price of chemicals in the global market
are greatly fluctuating due to the escalating demand and low production of chemical rate.
In addition, despite its efficiency, the overall disadvantage of chemical treatment is the
ending stage that generates huge amount of sludge, which creates problems in sludge

disposal (Lee et al., 2006).

(B) Biological Treatments

There are many methods of biodegradation currently used to remove colour and
organic matter from wastewater. Generally, it is easy to apply the adsorption of living or
dead microbial biomass, bioremediation systems, fungal decolourization and microbial

degradation. Biological treatment methods can be divided into aerobic and anaerobic



treatments according to the oxygen requirements (Bhattacharyya & Sharma, 2004).
However, many dyes are difficult to be biodegraded by conventional biological
processes as the structure of most commercial dye compounds are generally complex
with its chemical properties and the molecular size of dyes (Kim et al., 2004). The main
disadvantage is that it requires considerable land area and is limited by the sensitivity of
chemical toxicity and diurnal variation (Crini, 2006). Robinson et al. (2001) noted that
the current conventional biological techniques may not result in eliminating colour
successfully (Robinson et al., 2001). Besides, dyes such as azo are not easy to be
degraded due to their synthetic organic origin, xenobiotic properties, and complex
chemical structure. The conventional biological methods in removing basic dyes are

effective, but not for complex dyes (Banat et al., 2007).

(C) Physical Treatments

Among the treatment in the physical process are reverse osmosis, electrolysis,
membrane filtration and adsorption techniques. The membrane filtration draws several
limitations, such as its limited lifecycle for its membrane. For the analysis of economic
viability, the cost of periodic replacement must be added to ensure the sustainability of
the process. Among all the physical treatments, adsorption has been proven as a most
effective and reliable separation technique for removing dyes from wastewater and such
effective technology has been frequently applied due to its relatively less investment,
simple design, easy operation and insensitivity to toxic substances characteristics (Sen
et al., 2011; Yao et al., 2009). A major concern of adsorption technique is the choice of
the adsorbents used. The adsorbent that is commonly used is activated carbon. It is
efficient for dye wastewater remediation, but the cost of preparing activated carbon is
relatively higher than that of biochar. In order to develop economical and effective

adsorbents, various unconventional low-cost adsorbents have been widely focused, such



as agricultural wastes, siliceous materials, clay materials and industrial waste products
(Crini, 2006; Rauf et al., 2009). Adsorbent produced from agricultural waste not only
will reduce the treatment cost of textile effluent, but also reduce the amount of waste

from entering landfill.

1.14 Biochar

Recently, many studies have focused on the use of agricultural wastes to produce
biochar, which has been used as inexpensive adsorbents to remove dyes from dye
wastewater. Bamboo (Gonzalez et al., 2014), fruit shell (Tongpoothorn et al., 2011),
wool wastes (Gao et al., 2013), peanut hull (Zhong et al., 2012), sugarcane leaves
(Qingye et al., 2012) and rice husk (Mianwu et al., 2011; Qingye et al., 2012) are
considered to be the economic sources for the preparation of biochars. Biochar, the solid
by-product of slow pyrolysis is produced by undergoing this combustion (biomass)
under limited oxygen conditions and at a relatively low temperature (< 700°C) (Sohi et
al., 2010; Joseph & Lehmann, 2009). Biochar has abundant pore structure, large
specific surface area, surface functional groups, high charge density and high surface
negative charge characteristics (Liang et al., 2006; Laird et al., 2009). These properties
of biochar make it be used as an adsorbent to adsorb contaminants (Zhang ef al., 2013;
Meng et al., 2014). As a result, pyrolysis essentially not only reduces pollutants but also
produces environmentally friendly products. In this study, the banana stem waste was
converted into biochar through pyrolysis technology to determine its adsorption

capacity on textile wastewater.

1.2 Problem Statement
In Malaysia, the textile industry is a very well-known and it is one of the fastest

growing industries that provides a significant contribution to Malaysia’s economic



growth. It stands an important role in Malaysia because it meets people’s basic needs
and has maintained sustainable economic growth over the years. However, this industry
produces dye effluent that contains many pollutants, including dyes and other chemicals
that can cause a lot of serious impacts to the environment and human health. Currently,
there are many ways to remove dyes from textile effluent includes chemical treatment,
biological treatment, and physical treatment. However, chemical methods are rather
expensive, limit versatility and require a significant amount of energy. Besides,
biological treatment is less flexible in design and the operation requires considerable
land area while physical treatment through adsorption process can be considered as a
more suitable way and now it is frequently applied in the dye wastewater treatment due
to less investment requirement, easy operation, simple design and insensitive to toxic
substances characteristics (Yao et al., 2009; Sen et al., 2011). In the adsorption process,
the application of activated carbon in dye wastewater remediation was discovered to
have high efficiency due to its high specific surface area and adsorption capacity, but the
application is limited by its expensive cost and the more complex production processes.
Many extensive discoveries were done by using non-conventional low-cost
adsorbents to develop efficient and cheaper adsorbents, such as agricultural wastes,
siliceous material, clay materials, zeolites and industrial waste products (Crini, 2006;
Rauf et al., 2009). Thus, in this study, adsorption of dye effluent by biochar was
selected as the treatment since it is considered to be less expensive and more efficient
technique as compared to other technologies. The most important reason for choosing
biochar is that it is easier to produce with no harmful substances during and after the
treatment. In addition, the waste of banana stem is a potential waste that can be
converted into a useful product to contribute in protecting our environment. On the
other hand, the banana stem is one of the major agricultural waste in Malaysia in which

if it can be utilized properly, it can be a value-added product from waste. Hence, it is



essential to develop a comprehensive reuse plan for agricultural wastes. The aim of this

study is to convert banana stem from agricultural waste into useful product namely,

biochar, and to investigate its potential to remove dyes. This product can reduce

pollution potential and be used as an adsorbent to remove dye from the textile

wastewater. The results of this study can be used as an energy-saving protocol for

highly efficient adsorbent.

1.3

14

Objectives of Study
There are three main objectives of this study, which include:
(1) To produce and characterize biochar from banana stem.
(2) To determine the preparation conditions of biochars from banana stem.
(3) To investigate the adsorption capacity and process of banana stem and biochars

for synthetic and actual dye wastewater.

Significance of Study
The result of this research is useful due to the following reasons:
(1) Preparation of low cost and highly efficient adsorbents from agricultural waste
can help textile industrial to treat dye wastewater efficiently.
(2) Reduction of the amount of banana stem waste and provide a new approach for
banana stem wastes reuse.
(3) Reuse of agricultural waste to provide a new approach for the treatment of dye-

contaminated wastewater and creates potential economic benefits to the society.



CHAPTER 2: LITERATURE REVIEW
2.1 Textile Industry in Malaysia

The textile industry is one of the fastest developing ventures and provides
significant contribution to Malaysia’s economic growth. Because a large amount of
water and chemicals were consumed in the wet processing phase of the textile industry,
the wastewater from the textile industry contains a considerably high amount of
colourants and other chemicals. The main pollutants released into the environment by
the textile industries are mainly derived from some of their wet processing operations
such as dyeing, bleaching, scouring and mercerizing (Radha et al., 2009). In these
various activities, the dyeing process usually requires the use of large amounts of water
and dyes for dyeing, washing and fixing procedures (Rajkumar et al., 2007). Therefore,
the main characteristics of textile wastewater are high COD concentration, widely
fluctuating in pH, strong colour, large amounts of suspended solids, high temperature,
and low biodegradability (Chen ef al., 2003).

The Malaysian Industrial Development Authority (MIDA) clarified that the textile
industry has turned into the tenth largest contributor to Malaysian manufacturing export
earnings contributing approximately 1.7% of total exports of manufactured goods to
Malaysia in 2015. Besides, exports of textile products reached RM13.2 billion in 2015
on which includes apparels, yarn and woven fabrics (MIDA, 2015). Malaysian apparel
manufacturers have vast experience and continue to maintain an excellent reputation for
the production of world-renowned brands reflecting superior quality such as Nike,
Adidas, Armani, DKNY, Ann Taylor and Tommy Hilfiger (MIDA, 2015). United States,
European Union, Canada, and Turkey are the main exporters for Malaysian textile and
apparels, while China, Japan and Taiwan are the main import market. The import of raw
materials is mainly used for the production of fabrics and made-up garments of textile

yarns, and knitted. The main reason for the import of these materials is due to the lack



of quantity and quality of these materials in local supplies (Seong, 2007).

In the early 1970s, when the country begins the export-oriented industrialization,
the growth rate of Malaysia's textiles and apparel industries was increasing (MIDA,
2015). In addition, as the global competition intensifies, Malaysian textile
manufacturers diversify their value chains to produce more value-added textiles and
seeking business cooperation with foreign companies through the implementation of
automated and computerized manufacturing processes to obtain new technologies and to
implement more research activities to study new processes, newer and more novel
applications and value-added products, the industry currently employed more than
68,000 workers (MIDA, 2015). Malaysia’s textile industry consists of these four sub-
sectors, namely, primary textiles (involving polymerization, spinning, knitting, weaving
and wet processing activities), made-up textiles, made-up garments, and textile
accessories. Currently, there are more than 645 licensed companies producing various
textile products from fibers, yarns, and fabrics to made-up garments and dyeing,
printing, and finishing of yarn and fabrics (Seong, 2007). The textile industry has
always been an important industry for the Malaysian economy. Many ongoing
investments and new investors indicate that Malaysia still has the sufficient ability to
maintain the competitiveness of their domestic and global markets because of the high
quality of textiles, and the ability to deliver in a timely manner for the Malaysian textile
manufacturers to win an excellent reputation (MIDA, 2015). Most of the projects
approved in the textiles and textile products industry are for the export of a large portion
of the output. After the implementation of these projects, Malaysia will be able to
generate a lot of export earnings amounting to about RM671 million per year (MIDA,
2015). The new growth areas of the textiles industry are encouraged by the Third
Industrial Master Plan (IMP3) (MITIL, 2006). The industry growth areas include

functional fabrics, ethnic fabrics and key support facilities, home and industrial textiles,



high-end garments and fabric, services such as design houses and fashion centers, and

for specialized dyeing and finishing equipment to name but a few (MIDA, 2015).

2.2 Wastewater from Textile Industry
221 Textile Wastewater Characteristics

It is estimated that about 280,000 tons of textile dyes from the textile industry are
discharged as industrial wastewater into the environment each year worldwide, mainly
due to the low efficiency of the dyeing operations (Jin et al., 2007). The amount of
wastewater varies according to the type of plant operation process. In addition, a variety
of toxic chemicals were used by the wet processes, which mainly consist of dyeing,
scouring, mercerizing, bleaching, and finishing (Meri¢ et al., 2005). The varying
procedure for each textile resulted in the generation of different composition of
wastewater, that the treatments are greatly differ as well. The wastewater from the
textile plant can be classified into (Grande, 2015):

o Wastewater discharged from different processes is characterized by low flow
rate and high loads of pollutants, such as dyeing, bleaching, desizing, printing
and other processes.

e Wash-off water has the characteristics of high flow rate and medium pollutant
load.

e The temperature of the cooling water can be viewed as the unique pollution
parameters.

Figure 2.1 shows the percentage of water used in the wool production chain from

weaving, finishing, spinning and dyeing (Grande, 2015).
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Figure 2.1: Percentage of water usage for a wool milling process (Grande, 2015)

The characteristics of the textile wastewater vary greatly according to the types of
inorganic and organic compounds used in each procedure. Typically, the wastewater
contains obvious colour (mainly from the dyes that are not fixed on the fibre during the
dyeing process), high COD concentrations (due to the presence of organic molecules
such as dyes, dyeing auxiliaries and surfactants) and some dye structures that typically
contain heavy metals (Chen ef al., 2003). In addition, there are a number of chemicals
used to adjust the pH of solution, which is also included in the textile wastewater, such
as salts, acids, bases, and buffers. The processes involved in textile dyeing and printing
are pre-treatment, dyeing/printing, finishing and few other technologies. In the
pretreatment process, desizing, scouring, and washing are among the steps required.
During the pretreatment, it produces pollutants that are resulting from pulp, alkali,
cotton gum, hemicellulose, and cellulose process. The dyes and additive used in printing
also contribute to the pollutions (Ashfaq & Khatoon, 2014). The main purpose of
dyeing is to dissolve the dye in water and to transfer it to the fabric under certain
conditions to produce coloured fabrics. Printing is categorized as part of dyeing and is
usually defined as ‘localized dyeing’. Besides, all the process in finishing contributes to
water pollution. Bleaching is an important process in the textile dyeing industry, which
can comprise of hydrogen peroxide bleaching, sodium hypochlorite and sodium chlorite

bleaching (Ashfaq & Khatoon, 2014). The potential specific contaminants derived from
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the dyeing and printing of textiles is presented in Table 2.1 (Allegre et al., 2006).

Table 2.1: Specific pollutants from textile and dyeing processes (Allégre et al., 2006)

Process Compounds

Printing Urea, metals, colour, solvents.

Finishing Resins, softeners, stearate, acetate, spent solvents, waxes, chlorinated
compounds.

Mercerizing High pH, NaOH

Dyeing Colour, metals, salts, surfactants, sulphide, formaldehyde, organic
processing assistants, acidity/alkalinity.

Desizing Sizes, ammonia, starch, waxes, enzymes.

Scouring Disinfectants and insecticides residues, NaOH, sizes, soaps, waxes,
enzymes, pectin, oils, fats, surfactants, spent solvents, antistatic agents.

Bleaching H»0,, high pH, organic stabilizer or sodium silicate, AOX.

Composite textile wastewater is characterized by a high COD concentration, broad
pH fluctuations, strong colour, high temperature, a large number of suspended solids
and low biodegradability within the environment of the water due to the extreme
fluctuations in many pollutants (Chen ef al., 2003). The composition of the wastewater
primarily depends on the degree of the use of different dyes, chemicals, and organic
compounds in the dyeing and wet processes (Santos et al., 2007). The main pollutants in
textile wastewater are toxicants, coloured and chlorinated compounds, recalcitrant
organic, surfactant, and salts (Mansour et al., 2012). A composite wastewater from an
integrated textile mill is composed of the following contaminants that include dyes,
pigments, starches, soap, dextrin, detergents, fatty acids, sulphides, gelatine, waxes,
pectin, glucose, carbonates, chlorides, and resins (Mansour et al., 2012). Typical
features of textile industry effluent are shown in Table 2.2 (Kdasi et al., 2004).

Table 2.2: The typical features of textile effluent (Kdasi et al., 2004)

Parameters Values
pH 7.0-9.0
Temperature (°C) 35-45
Chemical Oxygen Demand (mg/L) 150 - 12,000
Biochemical Oxygen Demand (mg/L) 80 - 6,000
Total Dissolved Solids (mg/L) 2,900 -3,100
Total Suspended Solids (mg/L) 15 - 8,000
Total Kjeldahl Nitrogen (mg/L) 70 — 80
Colour (Pt-Co) 50 — 2500
Chloride (mg/L) 1000 — 1600
Sodium (mg/L) 6,000
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2.2.2 Toxicological and Environmental Considerations

Discharge of industrial wastewater under uncontrolled and inappropriate conditions
caused serious environmental problems. If the wastewater from the textile mill is
discharged directly into the local environment without any pre-treatment, it will
seriously affect the lands and natural water bodies in the encompassing zone due to its
high contents of colour and organic matter. Dye is a colouring material capable of
applying colour onto substrate in a solution, thereby imparting a colour appearance to
the textile products. Even if only a small amount of dye is discharged into the water
resources, the colour will still have certain impacts on the aquatic life and food web
(Ashfaq & Khatoon, 2014). The coloured effluent does not only bring about toxicity but
has an adverse aesthetic effect on receiving water bodies as well. This is so because the
coloured effluents contain visible contaminants. The visible contaminants contained in
these coloured effluents can cause significant harm to human beings. So the removal of
colour from the coloured effluent becomes an important aspect to ensure a healthy
environment (Verma et al., 2012).

Common organic pollutants in the textile wastewater include sediments, oil, high
values of BODs and COD, grease and particulate matter. When these organic pollutants
are released into the receiving water bodies, this can lead to the depletion of dissolved
oxygen. This situation will have a lot of negative impacts on the aquatic ecosystem.
Besides, textile wastewater also contains chromium with a cumulative effect and is
more likely to enter the food chain (Ashfag & Khatoon, 2014). The result of the use of
large quantities of dyes and chemicals in the processing of the textile mills means that
the colour of the effluent is dark, which not only increases the turbidity of the water
body but also makes it aesthetically displeasing. On the other hand, the colour interferes
sunlight penetration through the water bodies, which in turn will weaken the process of

photosynthesis, leading to changes in the habitat of aquatic life (Ashfaq & Khatoon,
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2014). Even at low concentration, dyes can impact on the aquatic life and food web.
Furthermore, eutrophication was occurred due to the coloured allergens may experience
chemical and biological assimilations, depletion of dissolved oxygen, inhibition of the
system’s re-oxygenation capacity and chelate metal ions, and acceleration of
genotoxicity and micro-toxicity (Verma ef al., 2012). Additionally, dyes can be amassed
on the places where wastewater is being discharged then it would affect the stability of
the aquatic system. These contaminants can also be leached from the soil and can affect
the groundwater system (Namasivayam & Sumithra, 2005). Sporadic and excessive
exposure of dye effluents to the human body not only greatly reduces the immune
defense ability, but can also cause reproductive system, kidney dysfunction, central
nervous system and liver brain (Kadirvelu et al., 2003). EPA (2004) also demonstrated
that organic pollutant BOD or COD discharged into the receiving water bodies will
likely lead to the depletion of dissolved oxygen in the water to form an anaerobic
condition. Foul-smelling compounds such as hydrogen sulphides can be produced under
anaerobic condition, leading to the destruction of the biological activity of the receiving
water bodies (EPA, 2004). Table 2.3 summarizes the major direct/indirect influences of
dyed wastewater to the environment (Verma et al., 2012).

Table 2.3: The effects of dyed wastewater to the environment (Verma et al., 2012)

Direct effects Indirect effects
Aesthetically displeasing Eutrophication
Interferes with the ability of the sunlight Coloured allergens accelerate genotoxicity
penetration: damage of aquatic life and microtoxicity
Inhibit the system’s re-oxygenation capacity Reduce the immune defense ability of
human beings
Groundwater pollution Killing aquatic life

2.3 Dye

Dyes are considered to be one of the most significant pollutants and are known as
‘visible pollutants’. Historians are accustomed to use fur, textiles and other natural
substances (mainly vegetables, but also animal sources) to produce dyes. According to

Saxena and Raja (2014), dyes are not only come from natural sources, but also produce
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by synthetic dyes. In the contemporary competitive marketplace, almost every textile
industry uses dyes to colour their goods. It is reported that nearly 10,000 different
known commercial dyes and pigments have a total global annual output of more than 7
x 10° tons and it is estimated that 5-10% of the dyestuff in the industrial effluents are
lost during the dyeing processes (Garg et al., 2004). The development of the dye
industries has been inseparable from the textile industry. In Malaysia, there is an

extensive use of dyes in the textile industry in general and batik industry in particular.

2.3.1 Composition of Dyes

Dyes contain a lot of specific groups that give colour, which are of the
chromophore and auxochromes groups (Lam, 2005). The main function of the
chromophore groups is to produce the colour and the auxiliary pigments that not only
complement the chromophore but also give the molecule the ability to dissolve in water.
Besides, because of their ability to absorb a portion of the visible light, it gives a
stronger affinity for the fibres (Gupta, 2009). In general, the chromophore groups are
predominantly the following groups:

e —C=O0 (carbonyl)

e —C=C- (ethenyl)

e —CH=S (thiocarbonyl)

e —C=N- (imino)

e —N=0 (nitroso)

e —N=N-(azo)

The number of these previous groups can be used to determine the intensity of the
colour. A compound containing a chromophore group of benzene is called a chromogen.
Auxochromes (-NH3s, -COOH, -SOsH and -OH) other than the chromophore also make

the molecule soluble in water and improve the affinity for fibres (Zahrim et al., 2011).
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Furthermore, depending on the chromophores of the dyes, the dyes can be divided into
20 to 30 different groups. As shown in Figure 2.2, the most important dyes are the azo,
anthraquinone, phthalocyanine and triaryl methane dyes. Azo dyes accounted for about

70% on a weight basis of the world’s total annual production (Santos et al., 2003).

Figure 2.2: Most important chromophores (Santos et al., 2003)

2.3.2 Classification of Dyes

Normally, dyes can be classified by two different principles, namely chemical
structure and application areas of dyeing methods (Hunger, 2007). The former method is
carried out by dye chemists using azo dyes, phthalocyanine dyes, and anthraquinone
dyes. The latter method is mainly implemented by the dye technologists that used
phthalocyanine reactive dyes for cotton and azo disperse dyes in polyesters (Hunger,
2007). In addition to the above, dyes also can be classified according to their particle
charges when dissolved in an aqueous application medium, such as cationic, anionic,
and non-ionic (Robinson et al., 2001). Fu and Viraraghavan (2002) stated that basic
dyes are usually cationic dyes in nature whereas reactive, acid and direct dyes are
intrinsically anionic dyes. Nonionic dyes are dispersed dyes because they do not ionize
in an aqueous medium. Moreover, the main chromophores in nonionic and anionic dyes

are anthraquinone types or azo groups (Fu & Viraraghavan, 2002).

(A) Chemical Structure
There are two advantages to the classification of dyes through chemical structure.
Firstly, it is easy to identify the dye as a group with characteristic properties such as that

azo dyes are strong, possess good overall performance and are cost effective while
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anthraquinones dyes are weak and expensive. Secondly, there are a few (about a dozen)
chemical groups for structural changes. The classification of the common categories of
dyes as indicated by the chemical structure and is shown in Table 2.4 (Ali, 2010).

Table 2.4: The dyes classification according to the chemical structure (Ali, 2010)

Class Chromospheres Example

Azo dyes

Reactive Black 5

Anthraquinone dyes
466

Reactive Blue 4

Indigoid dyes

T g
_M wos A A
N = ZN N0 Na

H o H 0
Acid Blue 71
Nitroso dyes
—nN=0
Acid green 1
Nitro dyes
_N//o
o
Acid Yellow 24
Triarylmethane dyes
O
& % J
H O QNHu
Basic Red 9

(B) Usage or Application

Colour Index is one of the most well-known systems of classification that is being
used internationally. Most dyes are used for dyeing the cotton, polyester, and polyester-
cotton blends due to the fact that cotton and polyester are the most important textile
fibres. Other textile fibres are nylon, cellulose acetate, and polyacrylonitrile. The

application categories of dyes are summarized in Table 2.5 (Chun, 2010).
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Table 2.5: The application categories and their chemical types of dyes (Chun, 2010)

Class Substrate Method of Application Chemical types

Acid Wool, inks, silk, Usually from neutral to Azo (including
paper, nylon, and | acidic bath premetallized),
leather. anthraquinone,

triphenylmethane,
xanthene, azine, nitro
and nitroso

Basic Modified nylon, Applied from acidic dye baths cyanine, hemocyanin,
polyacrylonitrile, diaza Hemi cyanine,
inks, paper, and diphenylmethane,
polyester triaryl methane,

xanthene, azine, azo,
oxazine, acridine and
anthraquinone

Reactive | Wool, silk, cotton, | Reactive site on dye Anthraquinone,
and nylon reacts with functional oxazine, formazan,

group on fibre to bind the dye basic, phthalocyanine
covalently under influence of heat and azo
and pH (alkaline)

Direct Rayon, paper, Applied from neutral or slightly Azo, stilbene, oxazine,
nylon, leather, and | alkaline baths containing the and phthalocyanine
cotton additional electrolyte

Disperse | Acrylic, acetate, Fine aqueous dispersions often Azo, nitro, styryl,
plastic, applied by high anthraquinone, and
polyamide, and temperature/pressure or lower benzo difuran one
polyester temperature carrier methods; dye

may be padded on cloth and baked
on or thermal fixed

Solvent | Varnishes, inks, Dissolution in the substrate Azo, phthalocyanine,
stains, lacquers, anthraquinone, and
gasoline, fats, triphenylmethane
plastics, waxes,
and oils

Sulfur Rayon and cotton | Aromatic substrate vatted Indeterminate structures

with sodium sulfide and
reoxidized to insoluble
sulfur-containing products on fiber

Vat Rayon, wool and | Water-insoluble dyes solubilized by | Indigoids and
cotton reducing with sodium anthraquinone

hydrogensulfite then exhausted on (including polycyclic
fiber and reoxidized quinones)

24 Treatment Technologies of Textile Wastewater

As many dyes have a negative impact on human beings, it is necessary to study

some appropriate technologies to remove the colour from effluents or processes to

ensure a healthy environment. The textile wastewater treatment is quite difficult due to

the multi-component wastewater and because it contains many contaminants that can

vary daily and even hourly, make it very difficult to handle (Arumai, 2008). Some of the
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plants do not go through some pretreatment technologies to treat their wastewater and
directly discharge their wastewater into the environment. This situation not only leads to
environmental pollution but also results in the production of their products being not
economical. In Malaysia, the discharge standard is shown in the Third Schedule
Environmental Quality Act, 1974 - Environmental Quality (Sewage and Industrial
Effluents) Regulations, 1979. At present, there are many methods to treat the dyed
effluent. According to the size of plant, the type of waste, and the degree of pollution,
the treatment method varies from plant to plant. Generally, the technologies used for the

decolourization of textile wastewater can be divided into biological, physical and

chemical methods, as shown in Table 2.6 (Foo & Hameed., 2010).

Table 2.6: Existing and Emerging dyes removal processes (Foo & Hameed., 2010)

Physical/Chemical Method Description Advantages Disadvantages
Methods
Fenton reagents Oxidation reaction using | Effective Sludge generation

mainly H,O,-Fe(Il)

decolourization of both
soluble and insoluble
dyes

Ozonation Oxidation reaction using | Application in gaseous Short half-life (20
ozone gas state: no alteration of min)
volume
Photochemical Oxidation reaction using | No sludge production Formation of by-
mainly H,O-UV products
NaCl Oxidation reaction using | Initial and acceleration | Release of aromatic
Cl+ to attack the amino of azo bond cleavage amines
group
Electrochemical Oxidation reaction using | Breakdown compounds | High cost of
destruction Electricity are non-hazardous electricity
Activated carbon Dye removal by Good removal of a wide | Regeneration
adsorption variety of dyes difficulties
Membrane filtration | Physical separation Removal of all dye Concentrated
types sludge production

Ion exchange

Ion exchange resin

Regeneration: no

Not effective for all

adsorbent loss dyes
Electro kinetic Addition of ferrous Economically feasible High sludge
coagulation sulfate and ferric chloride production
24.1 Biological Methods

In comparison to physical and chemical processes, the application of biological
treatment is relatively cheap (Kim et al., 2004). Biological treatment methods are

diversified such as trickling filters, anaerobic process, activated sludge process.
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Biological treatment methods can be classified into aerobic and anaerobic treatments
according to the oxygen requirements (Bhattacharyya & Sharma, 2004). Aerobic
biological treatment is often applied in conventional biological treatment based on its
high efficiency. However, the main disadvantage is that it uses considerable land area
amount and is affected by the diurnal difference and toxic in chemical (Crini et al.,
2007). In the process of activated sludge after the initial precipitation, wastewater is
allowed to be flowed into a tank and the microorganisms are suspended in the
wastewater as aggregates in the activated sludge. Compresses air suspend the sludge
and wastewater by providing ample oxygen for biological activities. The aerated waste
is withdrawn and settled. A feedback mechanism draws a segment of the sludge to
return to the influent (Kornaros & Lyberatos, 2006). Commonly used biodegradation
methods for industrial wastewater treatment include microbial decolourization,
adsorption by (living or dead) microbial biomass, fungal decolourization and
bioremediation systems. Numerous microorganisms such as yeasts, fungi, algae, and
bacteria are equipped for accumulating and degrading distinctive dyes but their
applications are often limited to some techniques (Bekchanov et al., 2012). The
important factors of safe handling of severely hazardous organic wastes are the
reasonable cost and the use of environmentally acceptable methods. There is no doubt
that biological processes may meet the requirements, which states that it can still be
used as a basic treatment method to deal with most of the organic wastewaters. However,
some contradictory results were reported in the current technical review (Robinson et al.,
2001), which indicates that biological treatment does not always achieve satisfactory
results, and is ineffective in colour elimination using current conventional technology.
Among the reasons are many commercial dyes may cause sludge expansion, sludge
rising, and are toxic to the organism, and because some chemical and related industries’

production of many organic substances are inhibitory, toxic or resistant to biological
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treatment (Ahn et al., 2013). It has been demonstrated that biological methods may be
effective to reduce chemical oxygen demand and remove suspended solids, but is

significantly ineffective in terms of colour removal (Rai ef al., 2005).

24.2 Coagulation/Flocculation

The coagulation and flocculation processes are commonly used alone or in
combination with biological treatments to eliminate organic matters and suspended
solids, as well as, to effectively remove colour from textile effluent (Merig et al., 2005).
Aluminum, sulphate, ferrous sulphate and ferric chloride are the coagulants that are
often used in conventional wastewater treatment processes. The coagulants/flocculants
are the main agents for chemical treatment of dyed wastewater (Shi et al., 2007). It
leads to the formation of flocs after these substances such as aluminium, ferric ions, or
calcium are added into the wastewater (Zhou et al., 2008). Commonly used coagulants
are alum or ferric chloride. Although electrokinetic coagulation can remove small
colloidal particles, it is not suitable to remove a wide range of dyes. The coagulation-
flocculation treatment can be effectively used to remove disperse, sulfur and reactive
dyes. However, they form fewer flocs with other types of dyes. The main drawbacks are
that the process requires a lot of chemicals and a large amount of sludge will be
produced. Excessive use of chemicals can cause a secondary pollution problem, produce
a large amount of sludge during the process and become the pollutant itself. Thus,

increases the treatment cost further (Ahn et al., 2013).

243 Ion-exchange Resins
Dyes are categorized as cationic and anionic. Therefore, these dyes can be
combined with the ion-exchange resins to form complexes that can be separated by

filtration, called flocs (Verma et al., 2012). Although this technology has shown good
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results in the absorption of dyes, its regeneration is still quite difficult (Grande, 2015).
The main drawbacks are the low hydrodynamic properties and large amounts of sludge
will be generated. Compared with activated carbon, the resin is intolerable to high
pressure which requires a large volume of liquid, at a high liquid flow rate through the
bed. The end product of sludge needed to be incinerated or dump, which will end up as
air pollution and disposal in landfill which are costly (Gupta, 2009). Grande (2015)
reported that the ion exchange system enables decolourization of the diluted mixture of
coloured wastewater samples. Nevertheless, the regeneration of this technology is not
possible due to the fact that the colourant was irreversibly adsorbed onto the resin,
hence, this technology also seems to have little effect on the treatment of wastewater.
The success of testing the application of ion exchange-macroreticular polymer system
might have been realized, but because the estimation of the initial cost, the need for off-
site resin regeneration and secondary waste disposal cause technology is limited to
coloured wastewater treatment (Morali, 2010). Robinson et al. (2001) also stated that
ion exchange is not suitable to treat dye-containing effluents because of high cost and its

ineffectiveness for disperse dyes.

2.4.4 Separation Techniques

Separations techniques including nanofiltration, ultrafiltration, and reverse osmosis
are often used in chemical recovery and water reuse applications. For example, reverse
osmosis can be very effective in separating salts from water (Babu efr al., 2007).
Ultrafiltration and nanofiltration techniques are effective in removing dyes, but they
also have some restrictions, such as the high cost of investment, rapid membrane
fouling and concentrated baths production which requires to be further processed, these

constraints affect the widespread use of membrane technology (Zhang ef al., 2011).
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(A) Membrane Filtration

Membrane filtration is the method to filter and separate certain substances in the
wastewater using the membrane’s micropores and the selective permeability of the
membrane. Membrane-based separation processes have gradually become an effective
way to remove pollutants from textile wastewaters (Ahmad et al., 2002). But, the use of
membrane filtration technique is still limited because the membrane filtration has a very
limited lifetime before membrane fouling occurs and the initial investment cost is high

due to the periodic replacement of membrane being extremely high (Joshi et al., 2004).

(B) Ultrafiltration

The pore size of the ultrafiltration is only about 1 nm to 0.05 um, which makes it
possible to eliminate macromolecules and particles, but the removal of dyes has never
been completed (Zhang ef al., 2011). In the textile industry (rinsing and washing) 40%
of the treated water by ultrafiltration technique can be repeated during a process known
as “minor” of which salinity is not considered as a problem (Babu ef a/.,2007). The only
usage of ultrafiltration is for reverse osmosis pretreatment or combining with bioreactor.
The high molecular weight and insoluble dyes such as indigo and disperse, auxiliary
chemicals, and water can be recycled by ultrafiltration in an effective manner. On the
other hand, removal of low molecular weight and soluble dyes such as reactive, acid and
basic cannot be done by this method (Babu et al.,2007). Fersi et al. (2005) asserted that
applying reverse osmosis and nanofiltration are the best substitutions for removing the

colours in the wastewater.

(C) Reverse Osmosis
For most types of ionic compounds, the reverse osmosis membrane has a retention

rate of 90% or more and produces high-quality permeate (Kumar et al., 2013). The
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decolourization of wastewater by chemical auxiliaries can be implemented by reverse
osmosis in a single step. All hydrolyzed reactive dyes and chemical auxiliaries in the
wastewater can be effectively removed by reverse osmosis. It is significant to note that
the higher dissolved salt concentration, the more energy is required for the separation

process, and the more important the osmotic pressure becomes (Babu ef al., 2007).

(D) Nanofiltration

Nanofiltration can also be used to treat coloured wastewater. The combination of
adsorption and nanofiltration is an effective treatment. The adsorption process is carried
out prior to nanofiltration since this sequence reduces polarization concentration during
the filtration process, thereby increasing the output of the process. Nanofiltration
membrane maintains large monovalent ions, low molecular weight organic compounds,
dyeing auxiliaries and hydrolyzed reactive dyes. Many researchers have found that

nanofiltration treatment as an alternative is quite satisfactory (Wang et al., 2011).

(E) Microfiltration

Microfiltration is a type of physical filtration process which is often used in
combination with various other separation methods such as ultrafiltration and reverse
osmosis. The pore size of microfiltration, which is about 0.1 to 1 um, is appropriate to
treat the dyed bath and a subsequent rinsing bath (Wang et al., 2011). However,
microfiltration cannot filter the chemicals used in the dye bath and these chemicals will
persist in the bath. Microfiltration can be applied as the pretreatment for reverse osmosis

or nanofiltration (Babu et al., 2007).

2.4.5 Adsorption

The adsorption process has been considered as an economical and effective method
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to remove dyes, pigments and other colourants (Joshi et al., 2004). The adsorption
technology is superior to other wastewater treatment technologies and is currently the
most popular research topic. The advantages of adsorption process include low initial
costs, easy operation, simple design and not sensitive to toxic substances (Garg et al.,
2004). The term adsorption refers to the accumulation of adsorbate (usually a liquid
phase or gas phase) on the surface of an adsorbent (solid). The term of this reverse
process is desorption. The adsorbent surface area, solution pH, temperature, initial dye
concentration, contact time and particle size are the main factors affecting the dye
adsorption. According to Grande (2015), high affinity for target adsorbates is the main
criteria for selecting adsorbents, in order to improve economic -efficiency, he
emphasized that the adsorbents should have high regeneration capacity (Grande, 2015).

The basic process of adsorption theory is illustrated in Figure 2.3 (Worch, 2012).

Figure 2.3: The basic process of adsorption (Worch, 2012)

The two types of adsorption are chemical adsorption and physical adsorption.
According to Wang et al. (2011), due to the exchange of electrons, when there is a
formation of strong chemical bonds on the surface of the adsorbate and adsorbent, the
reaction is called chemical adsorption which is an irreversible reaction (Wang et al.,
2011). It is described to have (Jaafar, 2006):

(a) Adsorption occurs in monolayer.

(b) High activation energy.

(c) High temperature.

(d) High enthalpy: AH ~ 400 KJ/mol.

(e) Interaction type: strong covalent bond between adsorbate and surface.
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In contrast, for physical adsorption, in most cases, the reactions are reversible due
to the low energy interactions, it is described by van der Waals forces, dipole-dipole
interaction, hydrogen bonds, and the polarities between adsorbates and adsorbents
(Grande, 2015). Physical adsorption is defined as physical adsorption of the adsorbate
attached to the surface by weakly intermolecular interactions. Physisorption is an
effective approach to quickly lower the dissolved dyes concentration in an wastewater
(Jaafar, 2006). As indicated by Jaafar (2006), it is described to have:

(a) Adsorption occurs in multilayer.

(b) Low activation energy.

(c) Low temperature, always under the critical temperature of the adsorbate.

(d) Low enthalpy: AH <20 KJ/mol.

(e) Interaction type: intermolecular forces, dipole-dipole interactions, dispersion

forces, induction forces (Van der Waals forces).

Table 2.7 demonstrations the differences between chemisorption and physisorption
(Jaafar, 2006).

Table 2.7: The differences between chemical and physical adsorption (Jaafar, 2006)

Chemisorption Physisorption
Selective surface attachment. Nonselective surface attachment.
Non-reversible. Reversible can be desorption.
With chemical bonding. Without chemical bonding.
Monomolecular layer on the surface. Molecular condensation in the capillaries.

2.4.5.1 Adsorption Isotherms

The fundamental requirements for the adsorption process design are adsorption
isotherms. It is delineated by fixed constants having values describing the balance
among the quality and adsorbents, adsorption affinity, and properties of the surface and
the adsorption capacity of the adsorbent (Lee et al., 2006; Oladoja et al., 2009). Fitting
the equilibrium adsorption data into different isothermal models for analysis is a key
step in finding appropriate models (Lee et al., 2006). The two well-known isotherms

used to carry out the adsorption isotherms are Langmuir and Freundlich. The Langmuir
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isotherms are used to describe and correspond to the homogeneous monolayer
adsorption process where the occupancy occurs at the homogeneous surface with no
further adsorption taking place once the active sites are covered with dye molecules
(Fytianos et al., 2000). However, the Freundlich model assumes that adsorption occurs
on a heterogeneous surface containing unequally available sites with different energies

of adsorption (Weber & Chakkravorti, 1974).

2.4.5.2 Adsorption Kinetics

In order to explore the adsorption mechanism, adsorption kinetics is necessary
because it can predict the removal rate of contaminants from aqueous solutions and
provides valuable data to understand the mechanism of adsorption reactions (Li et al.,
2010). The mechanism and the reaction rate are two important assess factors for an
adsorption process operation unit. A large number of attempts have been made in the
development of general expressions to define the adsorption kinetics on solid surfaces
for the liquid-solid adsorption systems (Shan, 2004). The rate of adsorption is a critical
evaluation element for better selection of the material utilized as an adsorbent, and a
rapid adsorption rate and a large adsorption capacity are the basic characteristics of an
excellent adsorbent (Bharathi & Ramesh, 2013). The residence time required to
complete the adsorption reaction is determined by the rate of solute uptake (Bharathi &
Ramesh, 2013). Kinetics of adsorption process is mainly used to describe the adsorption
rate. The whole adsorption process can be controlled either by one or a combination of
more than one step, such as surface diffusion, film or external diffusion, pore diffusion
and adsorption on the pore surface (Srivastava et al., 2006). In the adsorption kinetics,
the pseudo-first-order and the pseudo-second-order models are considered to identify
the adsorption isotherm and are typically used to examine and fit the experimental data

for adsorbing methylene blue by adsorbents (Tan et al., 2008).
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2.4.5.3 Factors Affecting Adsorption
(i) Effect of initial dye concentration

The initial dye concentration of a wastewater is one of the vital factors affecting
the adsorption of adsorbents. Benaissa (2008) mentioned that decrease in the amount of
dye removal is contributed by the increase in the concentration of initial dye. This is
because the amount of dye adsorbed for a given mass of adsorbent material is fixed. The
higher the dye concentration, the lesser the volume that can be removed. The adsorbent
surface for the active sites will be entirely unoccupied, as the concentration of the initial
dye is low. The dye adsorption that requires the active sites will be insufficient when the

concentration of the initial dyes increases (Kannan & Sundaram, 2001).

(ii) Effect of adsorbent dosage

Dye adsorption is affected by the dosage of the adsorbent which can be achieved
by adding different dosages of the adsorbent with a fixed initial dye concentration to
prepare an adsorbent-adsorbate solution. Usually, the increasing dye percentage is

proportional to the increase of adsorbent dosage (Bharathi & Ramesh, 2013).

(iii)  Effect of contact time

The contact time effect on the dye adsorption can be investigated by preparing an
adsorbent-adsorbate solution with a fixed adsorbent dose and initial dye concentration at
different time intervals. According to Bharathi and Ramesh (2013), the relation of
removal rate of dye and contact time is proportional. Usually, the removal rate of dye
increases as the contact time increases to a certain extent, and a further increase in the

contact time does not increase the uptake (Bharathi & Ramesh, 2013).
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(iv)  Effect of pH

For the adsorption process, pH is used as a vital parameter. It is used to measure
the acidity (pH < 7) or basicity (pH > 7) of an aqueous solution. Onal et al. (2006)
stated that the magnitude of electrostatic charges imparted by the ionized dye molecules
is controlled by the medium pH. Therefore, the change in the pH of an aqueous medium

also causes a change in the adsorption rate (Onal et al., 2006).

v) Effect of agitation speed

The agitation speed is also an essential factor for the adsorption process, which will
affect the solute distribution in the external boundary film and the bulk solution (Crini et
al., 2007). In general, the adsorption percentage of dyes increases as the agitation speed
increases. The four steps are involved in the mechanism of adsorbate removal (Bharathi
& Ramesh, 2013):

(1) Intraparticle diffusion into the interior of the adsorbent.

(2) Adsorption at a site.

(3) Diftusion through the boundary layer toward the adsorbent surface.

(4) The adsorbate molecules migrate from the bulk solution to the adsorbent

surface.

(vi)  Effect of temperature

Research on the dependence of temperature on the adsorption reactions enables
researchers to understand the entropy and enthalpy changes during the process of
adsorption (Alkan & Dogan, 2003). An indicator of adsorption nature is temperature, to
confirm whether an adsorption process is an exothermic or endothermic (Salleh et al.,
2011). If there is an increase of adsorption capacity as the temperature increases, the

adsorption is an endothermic process. In contrast, when the adsorption capacity
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decreases as the temperature increases, the adsorption is an exothermic process

(Senthilkumaar et al., 2006).

(vii)  Surface area of adsorbent
Large sizes indicate a greater adsorption capacity as the number of surface area

increases (Jaafar, 2006).

(viii) Solubility of solute (adsorbate) in liquid (wastewater)

Less soluble substances are easier and faster to eliminate from aqueous solution
(i.e. adsorbate) than high-solubility substances. Nonpolar substances are easier to
eliminate from aqueous solution than polar substances since the latter has a better

affinity for water (Jaafar, 2006).

(ix) Numbers of carbon atoms

A huge amount of carbon atoms are usually associated with a lower polarity for
substances in the same homologous sequence since the higher potential for being
adsorbed will be favoured (e.g., the degree of adsorption increases in the sequence

formic-aceticpropionic-butyric acid) (Jaafar, 2006).

(x) Size of molecule relative to the size of the pores

The larger the molecules the difficult it becomes to penetrate the small pores. Thus,
this will decrease the ability of adsorption independently of other causes (Jaafar, 2006).
Smaller particle sizes reduce internal diffusion and mass transfer limitation to the
penetration of the adsorbate inside the adsorbent (e.g., equilibrium is more easily

achieved and nearly full adsorption capacity can be attained) (Shah et al., 2016).
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2.4.5.4 Mechanism of Adsorption

The basics of sorption/ion-exchanged kinetics have been established by the
Reichenberg (1953) and Boyd et al. (1947) who with the help of mathematical treatment
abled to distinguish the exchange mechanisms amongst film diffusion, particle and
mass-action-controlled (Singh et al., 2003). Generally, the external transport is the rate-
restracting phase in those systems that include small particle sizes, dilute adsorbate
concentration, poor mixing, and high affinity of the adsorbate for adsorbent. In contrast,
the intraparticle step is to limit the entire transfer in the opposite systems that have large
particle size, high adsorbate concentration, good mixing, and low affinity of the
adsorbate for adsorbent (Singh et al., 2003). Three consecutive steps are recommended
for determining the adsorption of a solid chemical substance on a porous adsorbent
(Gupta et al., 2004):

(1) The adsorbate ions are moved to the external surface of the adsorbent (film

diffusion).

(2) The adsorbate particles are moved into the pores of adsorbent in addition to the
small amount of adsorption on the external surface of the adsorbent (particle
diffusion).

(3) The adsorbate ions are adsorbed on the interior surface of the adsorbent.

In a condition where external transport < internal transport, particle diffusion will
take place. Meanwhile, if external transport > internal transport, film diffusion process
will control the adsorption. On the other hand, if external transport = internal transport,
the movement of adsorbate ions to the boundary at a significant rate may be impossible,
because of the possibility of liquid film forming around the solid adsorption particles
(Gupta ef al., 2004). Mechanism of the dye adsorption based on four-stage mechanism

is depicted in Figure 2.4 (Sivakumar & Palanisamy, 2010).
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Figure 2.4: Mechanism of the dye adsorption based on four-stage mechanism
(Sivakumar & Palanisamy, 2010)
2.4.5.5 Desorption

Desorption studies are beneficial for elucidating the adsorption nature and
recycling the dyes and the spent adsorbent. If neutralized water can be used to desorb
the adsorbed dye, the dye attached to the adsorbent is through the weak bonds. If acidic
or alkaline water can be used to desorb the adsorbed dye, the adsorption is carried out
by ion-exchange (Arivoli et al., 2009). Mahmoodi et al. (2011) investigated the
desorption of acid black 26, acid green 25 and acid blue 7 from Pinecone, the result
showed that the maximum desorption of acid black 26 and acid blue 7 were more than
90.00%, and acid green 25 was only 26.97%. The crystal violet dye was desorbed from
ginger waste by Kumar and Ahmad (2011), it was found that acetic acid was able to

desorb about 35-50% of the dye, while NaOH and H>O did not show any desorption.

2.4.6  Activated Carbon
The adsorption using activated carbon has quickly become a prominent way to

remove dyes and a variety of purification and separation processes. The performance of
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the treatment primarily depends on the characteristics of the effluent and the type of
activated carbon used (Joshi et al., 2004). Commercial activated carbon is an important
adsorbent with high adsorption properties, which can be used to remediate the coloured
wastewater and the contaminated groundwater (Joshi et al., 2004). Previous studies on
the use of commercial activated carbon and coal in the removal of dyes are presented in
Table.2.8 (Crini, 2006; Rafatullah et al., 2010).

Table 2.8: Removal of dyes by commercial activated carbon and coal (Crini, 2006;
Rafatullah et al., 2010)

Adsorbents Dye qm (mg/g) Sources
Commercial activated carbon | Methylene blue 980.3 (Kannan & Sundaram, 2001)
Commercial activated carbon | Basic red 46 106 (Martin et al., 2003)
Commercial activated carbon | Reactive orange 107 714 (Aksu & Tezer, 2005)
Commercial activated carbon | Basic red 22 720 (Allen et al., 2003)
Activated carbon produced Methylene blue 588 (Qada et al., 2008)
from New Zealand coal
Activated carbon-Bagasse Acid blue 80 391 (Valix et al., 2004)
Durian shell activated carbon | Methylene blue 289.26 (Chandra et al., 2007)
Activated carbon Methylene blue 400 (Kumar & Sivanesan., 2006)
Peat Methylene blue 324 (Fernandes et al., 2007)
Coal Methylene blue 323.68 (Mckay et al., 1999)
Picacarb Methylene blue 246 (Raposo et al., 2009)
Charcoal Methylene blue 62.7 (Banat et al., 2007)

The most effective adsorbents to absorb dyes in wastewater are the commercial
activated carbon, their porous structure enables their chemical properties and surface
areas can be easily changed and improved by chemical treatment. But, activated carbon
1s very expensive, especially for some small textile enterprises, it is also non-selective
and ineffective against vat and disperse dyes (Babel & Kurniawan, 2003). The
regeneration of saturated carbon is likewise costly and lead to loss of adsorbents. For
most pollution control applications, it is also unreasonable to use relatively expensive
starting materials to produce carbon (Rauf et al., 2009). Therefore, many researchers
have developed a number of effective and unconventional low-cost adsorbents, for
instance, using agricultural wastes, siliceous material, clay materials, zeolites and
industrial waste products (Crini, 2006; Rauf et al., 2009). Besides, ‘“sustainable”

biochar has the characteristics of less investment, high regeneration ability, and simple
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design. Hence, the research of biochar adsorption is attracting more and more attention.

24.7

Low-Cost Adsorbents Derived from Agricultural Wastes

In recent years, in order to improve the economics of treatment process, low-cost

adsorbents have been widely used to remove dyes from wastewater. The term “low-cost

adsorbents” refers to the adsorbents prepared with very little pretreatment to effectively

remove the pollutants from the wastewater, rich in nature, and basically are from the

agricultural, industry or by-products of common solid waste (Gupta, 2009). Some

researchers have shown that adsorbents prepared from agricultural residues are likely to

remove dyes from textile effluents in most cases (Kanawade et al., 2010). Agricultural

waste is almost or without monetary esteem and regularly cause a disposal issue. These

materials are abundant in nature and may have potential as adsorbents to adsorb the

contaminants in the wastewater due to their physicochemical properties and low cost

(Bharathi & Ramesh, 2013). Table 2.9 illustrates some examples of agricultural wastes

as adsorbents to absorb dyes from wastewater (Bharathi & Ramesh, 2013).

Table 2.9: Examples of different agricultural wastes as adsorbents to absorb dyes from

wastewater (Bharathi & Ramesh, 2013)

Adsorbent Dye Maximum References
Adsorption
Capacity (mg/g)

Neem leaf Methylene blue 19.16 (Bhattacharyya & Sharma, 2005)
Citrullus lanatus rind | Crystal violet 11.9 (Suyamboo & Perumal, 2012)
Guava (psidium Methylene blue 185.2 (Ponnusami et al., 2008)
guajava) leaf powder
Date pit Basic blue 9 17.3 (Banat ef al., 2003)
Rice husk Methylene blue 40.58 (Vadivelan & Kumar, 2005)
Orange peel Aid violet 19.88 (Sivaraj et al., 2001)
Straw Basic blue 9 19.82 (Kannan & Sundaram, 2001)
Coir pith Congo red 2.6 (Namasivayam & Kavitha, 2002)
Broad bean peel Methylene blue 192.7 (Hameed & El-Khaiary, 2008b)
Oil palm trunk fibre Malachite green 149.35 (Hameed & El-Khaiary, 2008a)
Almond shell Direct red 80 90.09 (Ardejani et al., 2008)
Peanut hul Reactive dye 55.5 (Tanyildizi, 2011)
Durian peel Acid green 25 63.29 (Hameed & Hakimi, 2008)
Banana peel Basic blue 9 20.8 (Annadurai ef al., 2002)
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2.4.8 Banana Stem Waste

Bananas are four most important food crops after rice, maize and wheat. In the
tropical and subtropical areas, it is mass produced and consumed in more than 100
countries (Shkuri, 2015). In Malaysia, the total planted area of banana (2001) covers
about 33,704.2 hectares (Khalil ef al., 2007). For decades, banana commercial breeds
have increased by 24-27%, where Johor, Pahang, and Sarawak became the largest
banana producers with an area of 27,453 hectares in 2009 (Shkuri, 2015). Banana bears
fruit only once in a lifetime, and from planting to harvest it takes 10-12 months
(Abdullah et al., 2013). After harvesting the fruit, the tree will be cut, leaving the
bottom part of the stem and rhizome untouched in order to grow new sucker. For every
tonne of bananas picked, 100 kg of fruit is rejected and about 4 tonnes of wastes are
generated (Abdullah ef al., 2013). This means that four times of wastes will be produced
in each production cycle. Banana wastes range from the leaves, pseudo-stem, empty
fruit bunch, peel, and rotten fruit. The stem as the main ingredient is often abandoned
on the plantation or processed into low-grade animal feed by local farmers. However,
these treatments can lead to serious environmental and ecological problems, such as
eutrophication (Abdullah et al., 2013). Therefore, it is imperative to find
environmentally friendly methods for pollution control and efficient utilization of the
waste biomass from banana stem.

Banana wastes can be utilized in many ways. The leaves can be used to wrap food,
the rotten fruits and the peels can be used to feed animals, and the stems can be
processed into crafts, ropes and textiles. All parts of banana wastes can also be
composted as fertilizer and a potential source of energy. In Malaysia, farmers only pick
banana fruits for food, and fresh leaves for wrapping food. The rest of the banana plant
are dumped as wastes and accumulated in banana growing areas (Abdullah et al., 2013).

Thus, farmers often face the stems disposal problem. Transforming these wastes into
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energy should be a good consideration for Malaysian banana culture. Banana waste as a
feedstock for energy generation has great potential and it will be an environmentally
friendly way to solve the country's agricultural disposal problems (Abdullah et al.,
2013). In addition, banana stem waste is a lignocelluloses waste, which consists of
lignin, cellulose and hemicellulose. By exploiting this waste material, high value
compound can be produced at a low cost (Shkuri, 2015). A group of researchers studied
the pyrolysis behaviour of four biomass materials: banana stem, bamboo, bagasse and
castor oil plant. They found that pyrolytic carbon from banana stem exhibits higher
liquid adsorption (Manocha et al., 2000). Characterization of lingo-cellulosic materials
extracted from the banana stem has also been reported, it was suggested that more

studies should be done for thermal conversion on banana waste (Abdullah et al., 2013).

2.4.9 Biochar

Generally, the structure of biochar maintains more hydrogen, oxygen, and ash from
the biomass since it is less carbonized than activated carbon. Biochar has a great
potential to purify water and improve soil quality as it can absorb hydrocarbons, other
organic substances, and some inorganic metal ions (Hale ef al., 2012). Thus, biochar can
replace activated carbon as a low-cost adsorbent to remove contaminants and pathogens
from wastewater and can be loaded with nutrients for subsequent use as soil

amendments to provide long-term adsorption capacity (Bernd et al., 2013).

2.49.1 Background and Definition of Biochar

The use of biochar to improve soil fertility originated from the ancient Amerindian
populations in the Amazon region at least 2500 years ago, locally known as Terra Preta
de Indio (Joseph & Lehmann, 2009). The study of the effects of biochar on Terra Preta

soils (Hortic Anthrosols) functionalization was revealed in the soils of the Amazonia
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region (Lehmann, 2009). Since this period, many researchers and farmers around the
world have carried out many types of research to explore the secrets hidden in biochars
because the biochar has great benefits for soil fertility and sustainability. It has been
considered as an excellent soil amendment. Since then, biochar has been considered to
play an essential role in the development of sustainable energy production and
environmental management (Lehmann, 2009; Joseph & Lehmann, 2009). Biochar is a
newly constructed scientific term defined as “a type of carbon-rich product obtained by
heating biomass in a sealed container with little or no available air, called pyrolysis”
(Joseph & Lehmann, 2009). The biomass is mainly from wood, manure, leaves or
wastes generated from industrial activities. Biochar is an adsorbent that is produced by
thermal decomposition of organic materials at relatively low temperatures (< 700°C)
and limited oxygen supply (Nartey & Zhao, 2014). In recent years, many studies have
shown that biochar can be widely used in many fields, for example, to enhance soil
fertility, retain nutrients, improve water quality, increase crop productivity and sequester
carbon (Liang ef al., 2006). In addition, biochar is a good tool to slow down the release
of carbon into the atmosphere (Srinivasan ef al., 2015). These unique properties make it
a highly attractive and powerful tool for mitigating climate change, improving soil
quality, increasing agricultural outcomes, combating food shortages and generating
green energy (Sohi ef al., 2010). As a result, biochar has received increasing attention
due to the fact that it cannot only be used as a soil amendment but also as an adsorbent
for adsorbing contaminants in the wastewater, an important role in agricultural

development and environment remediation (Mohan et al., 2014).

2.4.9.2 Sources of Feedstock for Biochar Production
The production of sustainable biochar is mainly from a variety of biomass

resources, but the mass production of biochar can be limited by these biomass resources.
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For instance, if the biomass derived from agricultural crops or plantations is used
extensively for the production of biochar, it may lead to an increase in soil erosion and a
decrease in soil fertility (Cowie et al., 2012). Brick and Lyutse (2010) divided the
feedstock into the main production of biomass as a resource of bioenergy and biochar,
and by-products as waste biomass. Compared with other types of biomass, the waste
biomass has cost-effective and food security advantages, hence it has been widely used
to produce biochar (Brick & Lyutse, 2010). There are many types of biomass used to
produce biochar, such as woody plants, sewage sludge, palm oil sludge and algae waste
(Wang et al., 2015). Woody plants such as straw and maple contain an important
substance, namely lignocellulose. After the fibres contained in these plants are dried up,
the remaining material will be lignocellulose. The composition of lignocellulose
depends on the resources of biomass. It is mainly composed of cellulose, lignin,
hemicelluloses and other substances (Yuan et al., 2015). Besides, it has become a hot
topic of research in recent years due to the conversion capability of lignocellulose and
its potential in bioconversion (Mohammed et al., 2011). A variety of feedstocks can
produce different types and natures of biochar, so when it is applied to different soil and

environmental pollution treatment, they will also produce different effects.

2.4.9.3 Biochar Production Technologies
The preparation of biochar includes the following three important elements (Nartey
& Zhao, 2014):
(1) Temperature and time control in the production process.
(2) The selection of feedstock types (such as municipal solid wastes, wood chips,
rice hulls, food-processing wastes, animal manure, etc.).
(3) The manufacturing technology (large-scale pyrolysis, gasification and

hydrothermal carbonization units, small farm-scale units, etc.).
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There are three methods for the production of biochar, namely pyrolysis,
gasification and hydrothermal carbonization (Qian ef al., 2015). These three processes
belong to the thermochemical processes of biomass. They not only produce biochar but

also produce bio-oil and tar, depending on the process conditions (Qian et al., 2015).

(A) Pyrolysis

Pyrolysis is the main pathway for the preparation of biochar, which refers to the
thermochemical decomposition of biomass at temperatures of 200°C to 900°C in the
presence of little or no oxygen (Demirbas & Arin, 2002). According to the residence
time and temperature, pyrolysis can be divided into three types, namely, fast pyrolysis,

intermediate pyrolysis and slow pyrolysis (Mohan ef al., 2006).

(i) Slow/Intermediate Pyrolysis

The slow and intermediate pyrolysis processes refer to the fact that the biomass is
heated at a low heating rate and a relatively long residence time to produce the biochar.
The residence time can vary from a few minutes to several hours or even up to several
days (Brown, 2009). The vapours in the rapid pyrolysis can quickly escape from the
biomass, but the vapours in the conventional pyrolysis do not escape rapidly unlike in

fast pyrolysis (Brown, 2009).

(ii)  Fast Pyrolysis

Fast pyrolysis is essentially different from slow pyrolysis. Fast pyrolysis is
commonly used to produce a high yield of bio-oil while slow pyrolysis contributes to
the production of high yield of biochar. Fast pyrolysis requires dry feedstock (< 10% by
weight moisture), rapid heat transfers, and rapid rise in temperature by heating small

biomass particles during a very short residence time (less than 5s) (Lima ef al., 2010).
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B) Gasification

Gasification is different from the general pyrolysis process. For gasification, the
biomass reacts under controlled oxygen condition and at a temperature above 700°C,
which converted into gases rich in carbon monoxide and hydrogen. The resulting gas
mixture is referred to as synthetic gas or syngas (Mohan et al., 2006). The product
yields of fast pyrolysis, slow pyrolysis, and gasification are compared in Table 2.10
(Brown, 2009; Mohan et al., 2014).

Table 2.10: Comparison of the product distributions of biomass after pyrolysis and
asification (Brown, 2009; Mohan et al., 2014)

Mode Product Distribution (wt%)
Liquid (bio-oil) Solid (biochar) | Gas (Syngas)
Fast pyrolysis 70%* 10% 20%
Intermediate pyrolysis 50%* 25% 25%
Slow pyrolysis (carbonization) 30% 35%* 35%
Gasification 5% 10%* 85%%*

*Desired product

© Hydrothermal Carbonization (HTC) — Hydrochar

Biochar and hydrochar are two different scientific terms. It is important to
distinguish between biochar and hydrochar. Hydrochar is produced by hydrothermal
carbonization (HTC) of biomass under high temperature and pressure in water,
producing a char-water-slurry (Libra ef al., 2011). The physical and chemical properties
of biochar and hydrochar are almost different from the initial biomass. The hydrochar is
easy to separate. Hydrochar from agricultural residues is also used for soil and water
remediation (Jindo et al., 2014). Because of the different chemical properties of
hydrochar, it is not included in the ‘“European Biochar Certificate” (EBC)
standardization (Wiedner et al., 2013). In contrast, biochar is prepared by pyrolysis
(slow or rapid) or gasification at different temperatures, pressures and carbonation times.
Therefore, the production methods are essentially different. Table 2.11 compares the
chemical properties of biochar from gasification or pyrolysis with the hydrochar from

HTC, it can be seen that they have the following difference (Wiedner et al., 2013).
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Table 2.11: The chemical properties of biochar from gasification or pyrolysis with the
hydrochar from HTC (Wiedner et al., 2013)

Properties Hydrochar Biochar
Stability Unstable Highly stable
Dominated compound Alkyl moieties Aromatics
Nutrient retention capacity Higher Lower

(D)  Torrefaction and Rectification

The product obtained by “rectification” is considered to be resistant to biological
attack. Its main feature is that the wood "rectification" takes place at a temperature of
230°C to 250°C and the wood colour turns reddish brown/chocolate. Similarly,
torrefaction refers to the occurrence of wood at low heating rates and in the temperature
range of 250°C to 280°C, which produces a very low-strength brown or black product
(Mohan et al., 2014; Antal & Grenli, 2003). Torrefaction greatly reduces the weight of
biomass, increases the biomass energy density and enhances its hydrophobic nature. On
the other hand, its transportation costs are greatly reduced, which provides great benefits
for the commercial use of wood in energy production. Normally, torrefaction and
rectification cannot be used to produce adsorbent char because only part of biomass
decomposition occurs to avoid rot and cause water loss (Mohan et al., 2014). Table 2.12
summarizes the process of biomass conversion with pyrolysis divided into three types
namely fast pyrolysis, intermediate pyrolysis, and slow pyrolysis. Various pyrolysis

processes produce different products (Brewer, 2012; Ameloot et al., 2013).

Table 2.12: The results of the conversion of biomass in different thermochemical
processes (Brewer, 2012; Ameloot et al., 2013)

Thermochemical | Temperature Heating Pressure Residence Desired
Process Range (C ) Rate Time Product
Slow pyrolysis 350-800 Slow Atmospheric | Hours- Biochar
(<10€ /min) seconds
Torrefaction 200-300 Slow Atmospheric | Minutes- Stabilized
(<10€ /min) hours friable
biomass
Fast pyrolysis 400-600 Very fast Vacuum- Seconds Bio-oil
(1000€ /s) atmospheric
Gasification 700-1500 Moderate- Atmospheric | Seconds- Syngas/pro
very fast -elevated minutes ducer gas
HTC 175-250 Slow - Hours Hydrochar
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2.4.9.4 Characterization of Biochars

The chemical and physical properties (e.g. pore size distribution, particle, and
composition) of the biochar are largely dependent on the pyrolysis conditions and the
properties of the raw materials, which determine the suitability of biochar in a given
application (Khanmohammadi et al., 2015). Since the adsorption capacity of biochar is
different under different production conditions, the physical, chemical and mechanical
properties of biochar show different results as the production conditions change, which
also makes the design for carbon sequestration, nutrient storage, water holding capacity,
and adsorption of specially optimized biochar very difficult (Sun et al., 2012). The
International Biochar Initiative (IBI) has divided biochar into three classes in view of
the carbon content:

(1) Class 1 biochar contains 60% or more of carbon.

(2) Class 2 biochar has a carbon content of between 30% and 60%.

(3) Class 3 biochar has a carbon content of between 10% and 30%.

The particle size of biomass, and the heating rate and residence time of pyrolysis
have significant effects on the pore structure, aromaticity and chemical composition of
biochar (Sun et al., 2012). In the fast pyrolysis, the shorter the vaporization residence
time, the less important is for the secondary reactions between vapour and the
developing char. Therefore, the chemical composition of the bio-oil phase and the
resulting gas is primarily affected by the reaction in the vapor phase and the aerosol
phase. In the slow pyrolysis, the vapour is limited and react extensively with the solid
phase, more mass eventually turns into char. Increasing the pyrolysis time and
temperature not only increases the C% in the char but also reduces the O% and its

surface hydrophilicity (Mohan et al., 2014).
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2.4.9.5 Potential Benefits and Application of Biochar

Many countries in the world are facing food security problems. As soil amendment,
the biochar can potentially improve fertility of the soil and enhance the productivity of
crop, it is seemed as a promising way for the food security issues. In addition, biochar
helps to maintain the soil nutrients and water, hence, it can reduce the cost of irrigation
and fertilizers, as well as, improve the barren soil in the long run (Qian et al., 2015;
Kulyk, 2012). Compared with agricultural fertilizers, biochar is a more persistent soil
additive and does not need to be added annually, so biochar is more favorable. In
addition, the ability of biochar to sequester carbon is linked to other climate change
mitigation mechanisms, such as reforestation and afforestation. Biochar can be used in a
number of ways (Mohan et al., 2014; Qian et al., 2015):

o Asupper dressing for shallow rooted plants (grasses, cacao trees).

As an additive for composting.

As a one-time use of soil amendment, in the range of 400 g to 2 kg per square

meter.

As a seed compost ingredient at a level of 1 kg per 20 liter compost.

Spraying of biochar which will minimize the impact of transplanting shock with

trees, shrubs and vegetable plugs.

Compared with other processes, the most attractive feature of biochar is a very low
investment cost, sustainable characteristics, and its simple preparation process (Qian et
al., 2015). Even though biochar application is still in its infancy, but it is used widely in
many environmental fields and has achieved remarkable results instead of dealing with
only one environmental problem. Those fields contain water purification, soil
amendment, energy storage, and catalysis. The main advantages and disadvantages of

various biochar application are summarized in Table 2.13 (Qian ef al., 2015).
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Table 2.13: The main advantages and disadvantages of various biochar applications

(Qian et al., 2015)

Application Purpose Advantage Disadvantage Reference
Adsorbent of | Adsorption of Abundant and Persistence of (Ahmad et al.,
contaminant | heavy metals sustainable resource | heavy metals, and | 2014a; Houben et

and organic and oxygenated effectiveness of al.,2013;
contaminants groups on biochar organic/inorganic | Oleszczuk et al.,
present in water | surface facilitate contaminants 2012)

and soil

adsorption, low cost

remediation is still
uncertain

Activated Precursor for Abundant and Properties vary (Gil et al., 2013;
carbon making sustainable resource, | with different Ioannidou &
activated carbon | low cost precursors, may Zabaniotou, 2007)
not produce
desired granular
or spherical
activated carbon
Soil Carbon Reduce greenhouse Possible PAHs (Lehmann ef al.,
amendment sequestration, gas emission and and heavy metal 2011; Sohi et al.,
soil nutrient losses, contaminants 2010; Zhang et al.,
Quality reduce fertilizer 2012)
improvement consumption,
sustainable resource,
retain water and
nutrient, low cost
Fuel cell Fuel for fuel cell | Renewable fuel Relatively low (Ahn et al., 2013)
compared with coal | power output and
voltage, high ash
content
Catalyst Syngas cleaning, | Easy to recycle Relative low (Dehkhoda et al.,
biodiesel supported metal, abrasive 2010; Mani et al.,
production, co-catalyst, low cost | resistance and low | 2013; Kastner et
Fischer-Tropsch efficiency al.,2012)
synthesis compared with the
commercial
catalyst
Storage CO, High recyclability, Require surface (Hao et al., 2013;
material sequestration, low cost, sustainable | treatment Zhao et al., 2005;
H, storage and abundant Zhang et al., 2013;
resource Gil et al., 2013)
(A) Biochar As a Soil Amendment

There are many applications of biochar in the soil. It not only separates the carbon

in the soil but can also neutralize the acid in soil and increase the activity of soil

microorganisms to improve the soil quality (Ahmad et al., 2014a). In soil remediation,

the most important advantage of biochar is that it can neutralize acidic soil because

biochar is an alkaline substance (Gul et al., 2015). Furthermore, biochar has functional

groups such as phenolic, carboxyl, and hydroxyl. These functional groups in biochar
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have a very important role because they can react with H ions in the soil to reduce the
concentration of H' ions and increase the pH of the soil. In addition, bicarbonates,
carbonates, and silicates in biochar can also be combined with H' to control the soil pH
(Gul et al., 2015). Yuan et al. (2011) studied the effect of biochar on soil pH 10 g/kg of
nine different types of biochar were applied to soil, that soil pH increased by 0.59 to
1.05 within 60 days. Biochar contains high concentrations of N, P, Ca, and K. These
substances can directly provide nutrients for the soil and can be used as nutrients for
microorganisms (Yuan et al., 2011). Soil porosity also increases when biochar is used in
soil remediation. Each pore provides a space for the growth of the microorganisms and
increases the amount of air, moisture and the residence time of nutrients, resulting in the
increased activity of the microorganisms thereby increased the growth rate of plants in
that soil (Ghezzehei et al., 2014). The direct combustion of biomass converts carbon
from biomass into CO; and releases it into the atmosphere, but the pyrolysis or
gasification of biomass will convert carbon into biochar and can be stored in the soil
because the biochar is almost not decomposed by microorganisms or through
mineralization, hence, the preparation of biochar not only reduces carbon emissions but
also improves soil quality (Qian et al., 2015). Lehmann et al. (2006) reported that the
conversion of carbon from biomass to biochar enable to separate 50% of the initial
carbon content of the soil. Relatively, it is much higher than the 3% produced from
combustion or the 10% to 20% from biological decomposition (Lehmann et al., 2006).
Consequently, numerous studies have shown that the use of biochar for soil remediation
not only reduces the gases’ emissions that cause global warming but also improves the

quality of the soil (Yanai ef al., 2007; Spokas et al., 2009; Thomazini et al., 2015).

(B)  Applications of Biochar in Water Remediation

In recent years, the application of biochar has achieved some practical results on
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soil improvement, water pollution control, and other fields. At present, the biochar
adsorption of dyed wastewater has become an important research in water pollution
control technology. This is because biochar has a strong adsorption capacity as
compared to other adsorbents and the sources of material are economical, and the

production process is also simple and easy to recycle (Mohan et al., 2014).

(>i) Colour/Dye Removal

The dyed wastewater can cause serious environmental pollution since it contains
dissolved solids, bases or acids, toxic compounds and other pollutants. Additionally,
most of the fabric dyes are stable against light, oxidizing agents, and resist aerobic
digestion, hence, these dyes are hard to be removed by conventional treatment
techniques (Joshi et al., 2004; Wang et al., 2011). Figure 2.5 schematically illustrates
the mechanism between methylene blue and biochar, involving ion exchange, physical

function, surface complexation, electrostatic interaction, and others (Fan et al., 2016).

Figure 2.5: Schematic illustration of MB adsorption on biochar (Fan et al., 2016)

There are many different types of biochar, which can be prepared for the treatment
of dyed wastewater. For example, biochar prepared from straw (Qiu et al., 2009; Xu et
al., 2011) and bamboo (Mui et al., 2010; Yang et al., 2014) were used to remove dyes

from textile wastewater. The soybean straw, peanut straw, rice hulls, and canola straw
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were slowly pyrolyzed for 4 hours in the muffle furnace at 350°C to prepare their
respective biochar to remove methyl violet from wastewater (Xu et al., 2011). The
waste of bamboo scaffolding by slow pyrolysis under N> for 1 hour to 4 hours at 400°C
to 900°C and different groups of biochar to adsorb acid yellow 117 (AY117), methylene
blue and acid blue 25 (AB25) (Mui et al., 2010). Table 2.14 briefly summarizes
example adsorptions of dyes on various biochars (Tan et al., 2015).

Table 2.14: Adsorption capacities for various biochars used to remove dyes from
wastewater (Tan et al., 2015)

Biomass Feedstocks Dye Adsorption References
Capacity (mg/g)

Rattan sawdust Malachite green 62.71 (Hameed & El-Khaiary, 2008c)

Kenaf fiber Methylene blue 18.18 (Mahmoud et al., 2012)

Sludge-based Methylene blue 90.91 (Shi et al., 2014)

Eucalyptus Methylene blue 2.06 (Sun et al., 2013)

Rice hull Methyl violet 123.5 Xuetal.,2011)

Palm bark Methylene blue 2.66 (Sun et al., 2013)

peanut straw Methyl violet 256.4 Xuetal., 2011)

Soybean straw biochar | Methyl violet 178.6 Xuetal., 2011)

Pine sawdust Methylene blue 16.75 (Cheng et al., 2013)

Sawdust Methylene blue 4.58 (Banerjee et al., 2014)

Rice husk Methylene blue 8.07 (Shih, 2012)

(i) Metal Ion Removal

Nowadays, heavy metal contamination is a very serious environmental problem
because heavy metals can cause serious threats to the environment and humans even at
very low concentrations. Some heavy metals can accumulate poisons and can be
assimilated, stored, and concentrated by organisms exposed for long periods (Mohan et
al., 2014). The accumulation of heavy metal in tissues can eventually cause some
deleterious physiological effects since heavy metals are considered as the main
pollutants of this century (Mohan et al., 2014). Discharge of heavy metals poses a
serious threat to human health and natural waters. Therefore, the studies of biochar
adsorption mainly focused on the adsorption of Cr, Cu, Pb, Cd, Hg, Fe, Zn, and As
metal ions. In the past studies, activated carbon has long been used to remove metal ions,

but usually, only a few milligrams of metal ions are adsorbed per gram of activated

47



carbon while problems related to regeneration and high investment exist (Mohan et al.,
2014). Therefore, these factors make activated carbon use unfavourable for wastewater
treatment when it contains a lot of heavy metals. Also, the use of activated carbon in
developing countries will be subjected to the expensive cost. Alternatively, biochar is
generally utilized as a part of industrial wastewater treatment and ground/surface waters,
which can reduce the removal costs of the metal ion (Mohan et al., 2014). The
summaries of various biochars produced from different feedstocks and technologies for
the treatment of contaminated water are shown in Table 2.15 (Tan et al., 2015).

Table 2.15: The utilization of biochar produced from various raw materials in aqueous
solutions (Tan et al., 2015)

Biomass Feedstocks Contaminants References
Brazilian pepper wood Sulfamethoxazole (Yao et al., 2012)
Bamboo Sulfamethoxazole (Yao et al., 2012)

Hardwood

Zinc and copper

(Chen et al., 2011)

Corn straw

Zine and copper

(Chen et al., 2011)

Dairy manure

Cd, Zn, Cu, and Pb

Xuetal.,2013)

Dairy manure

Atrazine and lead

(Cao et al., 2009)

Cattle manure Aluminium (Qian & Chen, 2013)
Coconut coir Chromium (Shen et al., 2012)
Pinewood Lead (Liu & Zhang, 2009)
Rice husk Lead (Liu & Zhang, 2009)
Peanut shells Trichloroethylene (Ahmad et al., 2012)
Wood Fluorinated herbicides (Sun et al., 2011)
Sugarcane bagasse Sulfamethoxazole (Yao et al., 2012)

Swine manure

Herbicide Paraquat

(Tsai & Chen, 2013)

Orange peel Fluoride (Ohetal., 2012)

Rice straw Aluminium (Qian & Chen, 2013)

Pine needle Hydrophobic organic (Chen et al., 2012a)
compounds (HOCs)

The focus of this review is on the recent development of the use of biochar to
remove dyes and heavy metals from water. The surveys of biochar production literature
reveal that the types of biomass materials can be used to prepare biochar are very
numerous, biochar prepared by different processes can be effective to solve the water
pollution. Literatures show that the result in previous studies on the application of
biochar in wastewater have novelty values and viable adsorbent, contribute by its

excellent adsorption capacity, beneficial for the environment and economical aspect.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Adsorbents Preparation Process
3.1.1 Pretreatment of Raw Material

The banana stem waste was obtained from a Kampung Bukit Cherakah plantation,
Kuala Selangor, Malaysia. The collected banana stems were washed repeatedly using
distilled water to remove soluble impurities and dirt attached to the banana stems and
manually chopped into small pieces to dry under the sun for 2 days. Then, the banana
stems were dried again in an oven at 100€ for 48 hours to accelerate its drying and to
further remove residual moisture contents. The dried products were ground and crushed
using the cutter miller and passed through the standard metal sieves to achieve a
uniform particle size of less than 1 mm. The banana stem powder was stored in a sealed
container for the purpose of adsorption and characterization studies. The Methodology

flowchart describing the overall research procedures was provided in the Figure 3.1.

Preparation of Biochar from Banana Stem

\4

Preparation of Methylene Blue and Congo Red Aqueous Solution

!

An Initial Assessment of the Adsorption Ability of Adsorbents

»  Characteristics of Adsorbents

v

Adsorption Studies of Methylene Blue Aqueous Solution

|

The Influencing Factors of Adsorption

Adsorption Isotherms
Adsorption Kinetics
Adsoption Thermodynamic

\ 4

Desorption

v

Adsorption Studies of Dyes Effluent from Textile Industry

Figure 3.1: The flowchart of the entire research
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3.1.2 Banana Stem Waste to Biochars Conversion Progress
The biochar production method was used as described by Karim et al. (2015) and
Yang et al. (2016). Pyrolysis was carried out in a low-oxygen muffle furnace. The

schematic diagram for experimental setup is provided in Figure 3.2 (Dooley, 2015).

Fume vent

~

Power

\

Temperature & time
controller

Figure 3.2: Photo and diagram of a muffle furnace pyrolysis apparatus (Dooley, 2015)

The muffle furnace was heated from 300€C to 900€ and banana stem waste was
pyrolyzed for 1 hour at these temperatures, as described by Lee et al. (2013) that
holding time maintained for at least 1 hour to allow sufficient time for complete
pyrolysis, biochars prepared above or below 1 hour showed poorer adsorption efficiency
(Lee et al., 2013). In this study, biochar developed with 1 hour was selected to carry out
all the adsorption studies. The steps of preparing biochar were:

(a) 10 g of banana stem powder was put into a stamped porcelain crucible and
inserted into a muffle furnace for carbonization under oxygen-limited
conditions.

(b) Carbonization was conducted at various temperatures including 300, 400, 500,
600, 700, 800 and 900€ at the holding time of 1 hour to allow sufficient time
for complete pyrolysis, respectively.

(c) After putting the sample inside the furnace, the timer for holding time was
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started after the temperature reached the pre-determined temperature.

(d) The carbonized material was taken out after cooling to room temperature in the
furnace, a small amount of the upper layer of ash was removed and sieved
again to obtain a uniform size of 0.2-0.3 mm to avoid the particle size
interference for adsorption experiments.

(e) The categories of biochar used in the current study were named BC300,

BC400, BC500, BC600, BC700, BC800, and BC900, respectively.

3.2 Methylene Blue and Congo Red Aqueous Solution Preparation Process
The adsorbates were selected from the main contaminants in the textile industry.
This is due to the fact that the MB and CR are the main organic pollutants in the textile
industry and are considered to be visible pollution because they can cause serious harm
to the environment and have a certain toxicity to humans and animals. Thus, the
adsorption experiments of wastewater containing these two dyes were extensively used
to evaluate the adsorption capacity of adsorbents. The molecular weight of the MB dye
(cationic dye, chemical formula = C16HisCIN3S) is 373.9 g/mol and the structure of this
dye is shown in Figure 3.3 (Dogan et al., 2004). Besides, the adsorbate CR dye (anionic
dye, chemical formula = C3,H22N¢Na20OsS2) has a molecular weight of 696.66 g/mol
and its structure is illustrated in Figure 3.4 (Fu & Viraraghavan, 2002). In this study, the
accurately weighed dyes were dissolved in distilled water to prepare 100 mg/L of MB
and CR aqueous solutions as standard and stock solutions that could be diluted to obtain

the required various concentrations for the following adsorption studies.

Figure 3.3: The molecular structure of MB (Dogan et al., 2004)
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Figure 3.4: The molecular structure of CR (Fu & Viraraghavan, 2002)

33 Determine Maximum Wavelength and Calibration Curve

In the present study, the volumes of 1 mL, 2 mL, 3 mL, 4 mL, 5 mL, 6 mL, 7 mL
of MB and CR were taken out from the stock solution and diluted in a 100mL
volumetric flask with distilled water. The concentrations of MB and CR aqueous
solutions were diluted to 1 mg/L, 2 mg/L, 3 mg/L, 4 mg/L, 5 mg/L, 6 mg/L, and 7 mg/L,
accordingly. Their absorbance were measured by using the UV-Vis spectrophotometer
to get the maximum absorption wavelength and the calibration curve. The maximum
absorption wavelengths of MB and CR were found at 663 nm and 499 nm, respectively.
Then, the 1 mg/L, 2 mg/L, 3 mg/L, 4 mg/L, 5 mg/L, 6 mg/L, and 7 mg/L absorbance of

MB and CR also were measured and the calibration curves were plotted.

3.4 An Initially Assessment of the Adsorption Ability of Adsorbents

The MB and CR aqueous solutions were used to initially assess and investigate the
adsorption ability of the adsorbents. 0.05 g of raw banana stems and the prepared
biochar from the banana stem that was carbonized at various temperatures from 300€
to 900€ were accurately weighted. They were poured into 100 mL of 10 mg/L MB and
CR aqueous solution. Then the mixed solution was placed on a shaker for 1 hour, at 150
rpm, and at room temperature (30°C £ 1°C). Then, the mixed solution was filtered using
0.45 pm membranes. Then the absorbance of the filtered MB and CR aqueous solutions
were measured using the UV-Vis spectrophotometer at 663 nm and 499 nm,
respectively. The adsorption capacity was calculated at equilibrium (qc) based on the

following Equation 3.1.
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— (CO—Ce)V
€ w

(Equation 3.1)
Where:

de (mg/g) = Adsorption capacity

V (L) = Volume of the dye solution

W (g) = Mass of the adsorbent

Co (mg/L) = The initial concentration of dye

Ce (mg/L) = The equilibrium concentration of dye

Equation 3.2 was used to determine the decolouration efficiency of each

experiment in percentage by calculating the difference in concentration of the dye

before and after the treatment:

(Ab;—Aby) X 100
Ab;

% Dye Removal = (Equation 3.2)

Where:

Ab; = Initial dye concentration

Aby = Dye concentration after treatment

After the preliminary adsorption study of the adsorbents was completed, it was
found that the removal efficiency of all the adsorbents in the CR aqueous solution were
very low, so the CR aqueous solution was not used for further adsorption studies.
However, these adsorbents had good removal efficiency for the dye of MB. Also, the
adsorbents of BC700, BC300, and raw banana stem all have good adsorption capacity
compared with other adsorbents. Therefore, these three adsorbents were selected for

further adsorption studies of MB aqueous solution.

3.5 Characteristics of Adsorbents Prepared

The sample is characterized through six different analyses as follows:
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3.5.1 Biochar Yield
Before and after burning of biochar production, the samples were weighed to

calculate the biochar yield as shown in Equation 3.3.

Biochar yield (%) = % x 100 (Equation 3.3)
1

Where:
W1 = mass of dried raw material

W = mass of biochar

3.5.2 Biochar pH Value

The steps of measuring the pH values of the adsorbents in distilled water are as
follows: 0.5 g adsorbents were weighed accurately and placed in a beaker, 100 mL
distilled water was added, then stirred for 15 minutes and settled for 1 hour. An
appropriate amount of the supernatant of the clear aqueous solution was taken from the

container into the beaker to measure the pH value by using the Hanna GLP pH meter HI

111.

353 The Surface Area and Pore Structure Analysis — BET

Generally, the BET method is important for measuring the surface area of biochar.
In this study, the surface areas and characteristics of porous textures of the adsorbents
were carried out using the BET equation that was calculated from the N2 adsorption
isotherms. The measuring instrument used in this study was the accelerated surface area
and porosity determination system (ASAP 2020, Micromeritics, USA) by using nitrogen
adsorption/desorption isotherms at 77K. The samples were degassed at 573K for 4

hours at a heating rate of 10°C/min prior to the adsorption measurement analysis.
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3.54  The Surface Functional Groups Analysis — FTIR

In this research, the surface functional groups of the prepared adsorbents were
determined through the FTIR spectroscopy (Perkin Elmer Frontier FTIR/FIR
Spectrometers). It belongs to the absorption spectrum recorded by accumulating eight

scans at a spectral resolution of 1cm™ from 4000 cm™! to 650 cm’!.

3.5.5  The Surface Morphology Analysis — SEM

The surface physical morphology structural changes of three adsorbents have been
observed directly by a field emission SEM in this research. High-resolution images of
adsorbents were obtained using the SEM. SEM was required in order to observe the
surface morphology and pore size of the adsorbents produced as well as to study and

verify the presence and nature of porosities.

3.5.6  Proximate Analysis

Thermal behavior of the adsorbents was evaluated and characterized through a
computerized Perkin-Elmer 7 Thermogravimetric analyzer with nitrogen and oxygen.
In this research, the moisture, volatile matter (VM), fix carbon (FC) and ash content in
the samples were measured using the proximate analysis with the aid of TGA (ASTM
E1131 method) by continuously increasing the weight of the sample at increasing heat
to 1000€ . In the TG analysis, 10-30 mg of the sample was loaded into the instrument
and the temperature range used was from room temperature up to 1000€ at a heating
rate of 10€ min! with nitrogen gas at 30 mL/min volumetric flow during pyrolysis
test. The system automatically records changes in mass of the samples in the
combustion process to obtain a sample combustion curve. The results were offered in
graphical form in which the temperature was plotted on the X-Axis and the weight

percentage was plotted on the Y-Axis. The substance that burns off in nitrogen
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between ambient and 150°C is the highly volatile matter. The material that burns off in
nitrogen between 150€ and 700°C is the medium volatile matter. The combustible
matter is a substance that burns off in the air rather than in nitrogen at 700€ . The
material left in the air at 900€ is the ash content. The combustion characteristics of
the samples were analysed by using the combustion characteristic curve (TG-DTS-DSC

curve).

3.6 Adsorption Studies of Methylene Blue Aqueous Solution
3.6.1 Effects of Operating Conditions on Adsorption
Effects of operational conditions on adsorption were carried out using the raw

banana stem, BC300, and BC700.

3.6.1.1 Effect of Adsorbent Dosage

The ability and effectiveness of the adsorbent to adsorb the dyes at the minimum
dose was demonstrated by studying the effects of the adsorbent dose from economic
point of view. The adsorption of MB on adsorbents (BC700, BC300, and raw banana
stem) with the particle size of 0.2~0.3 mm was studied at different adsorbent dosages
(0.05 g, 0.075 g, 0.1 g, 0.125 g and 0.15 g/100 mL) and placed into a 250 mL conical
flask. The MB aqueous solution with an initial dye concentration of 20 mg/L was
poured into these conical flasks and shaken for 1 hour, at 150 rpm, and at room
temperature (30°C = 1€ ). The mixtures were filtered using a 0.45 pm membrane filter.
The absorbance of filtered MB aqueous solution was measured at 663 nm by using UV-

Vis spectrophotometer.

3.6.1.2 Effect of Initial Concentration

Adsorption studies were carried out to determine the effect of changes in dye
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solution concentration on adsorbent adsorption dyes. The adsorption capacity of
adsorbents is significantly affected by the changes in solution concentration where 0.05
g of adsorbents with the particle size of 0.2~0.3 mm were weighed and placed into 250
mL conical flasks. Then, 100 mL of different concentration of MB aqueous solution (10
mg/L, 20 mg/L, 30 mg/L, 40 mg/L, 50 mg/L and 60 mg/L, respectively) were taken in
these conical flasks and shaken for 1 hour, at 150 rpm, and at room temperature (30°C £
1€ ). The mixtures were filtered using a 0.45 pum membrane filter. The absorbance of

filtered MB aqueous solution was analysed at 663 nm using UV-Vis spectrophotometer.

3.6.1.3 Effect of Contact Time

The effect of contact time on dye adsorption was determined by keeping the
solution with a fixed adsorbent dose and the initial concentration of dye at different time
intervals until equilibrium is reached (Bharathi & Ramesh, 2013). The dosage of the
adsorbents were fixed at 0.05 g with the particle size of 0.2~0.3 mm and placed into 250
mL conical flasks. Then, 100 mL of MB solution with dye concentration 20 mg/L were
poured into these conical flasks and kept on the shaker for different durations (30 min,
60 min, 90 min, 120 min, 150 min, 180 min, 210 min, 240 min, 270 min and 300 min,
respectively), at 150 rpm, and at room temperature (30°C = 1€ ). The mixtures were
filtered using a 0.45 pm membrane filter. The absorbance of filtered MB aqueous

solution was analysed at 663 nm by using UV-Vis spectrophotometer.

3.6.1.4 Effect of Temperature

Solution temperature is also one of the most important factors affecting adsorption.
It is also an indicator of the nature of adsorption and used to confirm whether it is an
exothermic or endothermic process (Demirbas & Alkan, 2015). The effect of

temperature on the adsorption process was studied at various temperature (30€C , 40C ,
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50C , 60€ , 70€ ) by using the incubator orbital shaker with temperature control. On
the other hand, the other operating parameters such as adsorbent dosage (0.05 g),
agitation time (1 hour), rotation speed (150 rpm), initial concentration and volume of
solution (20 mg/L; 100 mL) were kept constant. Then, the mixtures were filtered using a
0.45 pm membrane filter. The absorbance of filtered MB aqueous solution was analysed

at 663 nm by using UV-Vis spectrophotometer.

3.6.1.5 Effect of Agitation Speed

In the adsorption systems, agitation speed is an essential factor in affecting the
distribution of the solute in the external boundary film and the bulk solution (Crini et al.,
2007). The effect of agitation on dye adsorption can be achieved by varying the
agitation speed of the solution at different intervals while other parameters are kept
constant. 0.05 g of adsorbents with the particle size of 0.2~0.3 mm were weighed and
placed into 250 mL conical flasks. Then, 100 mL of 20 mg/L of MB aqueous solution
were taken into these conical flasks and shaken for 1 hour, at different agitation speed
(50 rpm, 100 rpm, 150 rpm, 200 rpm, 250 rpm, 300 rpm, 350 rpm, 400 rpm), and at the
room temperature (30°C £+ 1€ ). The mixtures were filtered using a 0.45 um membrane
filter. The absorbance of filtered MB aqueous solution was analysed at 663 nm by using

UV-Vis spectrophotometer.

3.6.1.6 Effect of pH

pH value is one of the most essential factors in affecting the adsorption capacity of
adsorbents. The dye uptake was also observed under different pH values of MB aqueous
solution with fixed other conditions remain unchanged. In order to study the effect of
pH on the adsorption of MB dye, varied pH (pH 3, pH 4, pH 5, pH 6, pH 7, pH 8, pH 9,

pH 10) were adjusted in different 250 mL conical flasks. The pH of the solutions were
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adjusted by using 0.1 mol/L HCI and NaOH standard solution and measured by using
pH meter. Other operating parameters such as the amount of adsorbent were fixed at
0.05 g, with rotation speed (150 rpm), agitation time (1 hour), initial concentration (20
mg/L; 100 mL) and room temperature (30°C £ 1€ ). The mixtures were filtered using a
0.45 pm membrane filter. The absorbance of filtered MB aqueous solution was analysed

at 663 nm by using UV-Vis spectrophotometer.

3.7 Adsorption Isotherms

The adsorption isotherm is critical to how the adsorbate interacts with the
adsorbent and the maximum adsorption capacity of the adsorbent can be predicted when
the adsorption process is in the equilibrium state. The molecules motion between the
liquid phase and solid phase are related to different isotherm studies, which can identify
whether the distributions processed are homogeneous or heterogeneous (Goh et al.,
2008). Different isotherm models and data adaptability analysis is a very crucial step in
proper model determination. In order to simulate the adsorption isotherm, the following
two different models were used to identify the adsorption mechanism of the biochar,
they are the Freundlich (1906) and Langmuir (1917) models. They are the two most
commonly used isotherm models selected to explicate dye-adsorbents interaction and to

fit the equilibrium data observed in this study.

3.71 Langmuir Isotherm

The Langmuir isotherm is the most commonly used isotherm model and it is used
to describe and correspond to the homogeneous monolayer adsorption process where
the occupancy occurs at the homogeneous surface with no further adsorption taking
place once the active sites are covered with dye molecules (Fytianos et al., 2000). It is

used to determine the relationship between the amount of adsorbate that is adsorbed on
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an adsorbent and the partial pressure or the concentration at a specific temperature
(isotherm) (Weber & Chakkravorti, 1974). In this research, the Langmuir equation
described the distribution of MB dye between the solid-solution interface equilibrium.

Equation 3.4 was used to represent the linear form of Langmuir isotherm.

Ce_ 1 4 Ce :
% bom + o (Equation 3.4)

Where:

Ce (mg/L) = The equilibrium concentration of MB aqueous solution

ge (mg/g) = The amount of adsorbate adsorbed per unit mass of adsorbents at

equilibrium

Qm (mg/g) = Maximum amount of adsorption

b (L mg ') = The adsorption equilibrium constant

The values of Qm and b were calculated from the slope and intercept of the linear
plots C¢/qe against Ce. The applicability of the Langmuir isotherm was shown linearly
through the curve. The Ry is the dimensionless constant separation factor which
represents the isotherm basic characteristics. It is known as equilibrium parameter, as

described by Equation 3.5 (Weber & Chakkravorti, 1974).

1

= Tk (Equation 3.5)

Rr

Where:

b (L mg ') = The adsorption equilibrium constant

Co (mg/L) = The highest initial MB aqueous solution concentration

The range of values of the parameter Ri can be used to indicate the shape of
isotherm, as shown in Table 3.1.

Table 3.1: The range of values of the parameter R

Value of R, Type of Isotherm
Ri>1 Unfavourable
0<Rr<1 Favourable
R.=0 Irreversible
Ri=1 Linear
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3.7.2 Freundlich Isotherm
The Langmuir isotherm model corresponds to the homogeneous monolayer
adsorption and the monolayer coverage of the adsorbate at the outer surface of the
adsorbent while the Freundlich model assumes that adsorption occurs on a
heterogeneous surface containing unequally available sites with different energies of
adsorption, which is characterized by the heterogeneity factor 1/n. The Freundlich
isotherm model was defined by the following renowned logarithmic form as shown in
Equation 3.6 (Freundlich, 1906).
logg, = log Ky + %log Ce (Equation 3.6)
Where:
ge (mg/g) = The amount of adsorbate adsorbed per unit mass of adsorbent at
equilibrium
Kr ((mg/L)(L/mg)'™) = Freundlich constant related to adsorption capacity of
adsorbents
n = Freundlich exponent related to adsorption intensity
Ce (mg/L) = Equilibrium concentration of MB aqueous solution
The suitability of the Freundlich isotherm to adsorb MB on the adsorbent can be
described by the linear curve of log g against log Ce. The intercept and slopes of the
curve can be used to calculate the values of Kr and n. The value of n between 1 and 10

indicated that the adsorption of MB by the adsorbents was a beneficial adsorption.

3.8 Adsorption Kinetics

In order to explore the adsorption mechanism, adsorption kinetics is necessary
because it can predict the removal rate of contaminants from aqueous solutions and
provides valuable data to understand the mechanism of adsorption reactions (Li et al.,

2010). In the adsorption kinetics, the pseudo-first-order and the pseudo-second-order

61



models are considered to identify the adsorption isotherm and are typically used to
examine and fit the experimental data for adsorbing MB by adsorbents (Tan et al.,
2008). Generally, many studies have shown that the pseudo-second-order equation has
been more successfully applied to the adsorption of dyes, herbicides, metal ions and
other organic matters from aqueous solutions than the pseudo-first-order model (Park et

al., 2010).

3.8.1 Pseudo-First-Order
The pseudo-First-Order model can be represented by Equation 3.7.
In(ge — q¢) = Inq. — k;t (Equation 3.7)
Where:
ge and q; (mg/g) = Amounts of MB adsorbed at adsorbents at equilibrium and at
time t (min), respectively
ki (min™") = Rate constant of pseudo-first-order-adsorption
t (min) = The contact time
The plot of log (ge-q¢) versus t can be used to calculate the value of the adsorption

rate with the constant K.

3.8.2 Pseudo-Second-Order

When these values from the pseudo-first-order did not conform to the experimental
results, this proved that the adsorption process did not follow the pseudo-first-order
model. Therefore, in order to verify the applicability of the experimental data with the
adsorption kinetics, the pseudo-second-order model also needs to be carried out. Then,
the adsorption data was analysed according to the pseudo-second-order mechanism, and
the formula of pseudo-second-order was expressed as Equation 3.8 based on

equilibrium adsorption.
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t 1 1 .
i + (;)t (Equation 3.8)
Where:

ge and q: (mg/g) = Amounts of MB adsorbed at adsorbents at equilibrium and at
time t (min), respectively
k> (g/(mg min)) = Rate constant of pseudo-second-order-adsorption
t (min) = The contact time
The plot between t/q; versus t can be calculated for the values of the constants ko

(g/mg min) and g (mg/g).

3.9 Adsorption Thermodynamic

In order to develop the mechanism involved in the adsorption, thermodynamic
parameters of entropy change (AS, kJ/mol), enthalpy change (AH, kJ/mol) and Gibb’s
free energy (AG, kJ/mol) were used to describe the thermodynamic behaviour of the
adsorption of MB towards adsorbents (Shi et al., 2014). The thermodynamic parameters
such as entropy change (AS, kJ/mol), enthalpy change (AH, kJ/mol) and Gibb’s free
energy (AG, kJ/mol) of adsorbent adsorption dyes were calculated using the Equation

3.9 and Equation 3.10.

AG =- RTInKy (Equation 3.9)
_as_aH -

InK4 = = (Equation 3.10)

Where:

R (J K ' mol!) = Gas constant (8.3145 J K! mol )

T (K) = Temperature in K

Kg (m*/mol) = Equilibrium constant

ge (mg/g) = The amount of MB adsorbed per unit mass of adsorbents

Ce (mg/L) = The equilibrium concentration
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3.10 Desorption

Desorption studies were carried out at various pH levels to assess the possibility of
regeneration of the adsorbent for further adsorption as well as to make the adsorption
process of the adsorbent more economical. After adsorption experiments, the dye loaded
adsorbents were separated from the solution and then dried at 100€ in an oven
overnight. Desorption studies were conducted using dried biochar samples. Various pH
levels (3-10) of 100 mL distilled water were conducted using 0.05 g of the dye-loaded
adsorbents. As Li et al. (2011) stated that the conditions of the desorption experiment
should be consistent with the condition of the above adsorption experiments, thus, the
suspension was agitated for 1 hour at 150 rpm for the parameters of the adsorption
process. After desorption, the concentrations of dye desorbed Cqe (mg/L) was similarly
measured using the UV-vis spectrophotometer. The desorbed dye was estimated using

Equation 3.11.

Desorption (%) = % X 100 (Equation 3.11)

ab

Where:
Cab (mg/L) = The difference between the initial and equilibrium concentration of
dye

Cade (mg/L) = The concentration of dye desorbed

Desorption studies help to understand the adsorption mechanism. If the adsorbed
dyes can be desorbed in neutral pH water, then the bonds to which the dye is attached to
the adsorbent are weak. If the dye is desorbed in alkaline water, the surface adsorption is
carried out by ion-exchange. If the dye is desorbed in the organic acid, then adsorption

is by chemisorption (Salleh et al., 2011; Bharathi & Ramesh, 2013).
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3.11 Adsorption Studies of Dyes Effluent from Textile Industry
3.11.1 General Characteristics of Dyes Effluent Samples

For the purpose of this study, textile wastewater sample was collected from a
selected textile industry called craft complex centre in Kuala Lumpur, Malaysia. The
latest Malaysian textiles such as batik, weaving and hand-woven songket which can be
found at the craft complex centre. Textile wastewater was collected during wash out
process for excess methylene blue dye on fabric. According to the laboratory protocol,
these samples were sampled and stored at room temperature. This wastewater was the
complex mixture because it contains a variety of toxic dyes, pigments, and many other
used chemicals. The characteristics of dye effluent were analysed according to the
standard methods. The analysis of characteristics included: chemical oxygen demand
(COD), biochemical oxygen demand (BOD), pH, turbidity, total dissolved solid (TDS)

and total suspended solid (TSS).

3.11.2  Adsorption of Dyes Effluent

Different amount of adsorbents were weighed (0.05 g, 0.1 g, 0.15 g,0.2 g, 025 g
and 0.3 g) and placed into 250 mL conical flask. 100 mL of the dye effluent were
poured into these conical flasks and shaken for 1 hours at 150 rpm, natural pH, and
room temperature. Then, the mixtures were centrifuged. The dye solution after
adsorption treatment was also analysed for chemical oxygen demand (COD),
biochemical oxygen demand (BOD), pH, turbidity, total dissolved solids (TDS) and
total suspended solid (TSS). Data obtained were statistically analysed to determine the
correlation of various factors. Besides, the MB removal percentage was also analysed

using Equation 3.12.

initial values—final values

Pollutants removal efficiency (%) = X100 (Equation 3.12)

initial values
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3.11.3 Analytical Procedure
3.11.3.1 Preparation of BOD Dilution Water
(a) Phosphate buffer solution: 8.5 g KH>PO4, 21.75 g KoHPOs4, 334 g
NaHPO4¢7H>0 and 1.7 g NH4Cl were dissolved in 500 mL of distilled water
and diluted to 1 L. The pH of this buffer was adjusted to 7.2.
(b) Magnesium sulphate solution: 22.5 g MgS04*7H>0O was dissolved in distilled
water and diluted to 1 L.
(c) Calcium chloride solution: 27.5 g anhydrous CaCl, was dissolved in distilled
water and diluted to 1 L.
(d) Ferric chloride solution: 0.25 g FeCl3*7H>O was dissolved in distilled water
and diluted to 1 L.
1 mL of prepared Phosphate Buffer, Magnesium Sulphate, Calcium Chloride and
Ferric Chloride solutions were each added to 1 L of distilled water to dilute and was
mixed evenly to prepare the BOD dilution water. The BOD dilution water needs to be

aerated at room temperature for 24 hours before the BOD testing.

3.11.3.2 Sample Preparation

The dye effluent was diluted 100X with the prepared BOD dilution water and the
pH was adjusted to 7 using HCI or NaOH. The BOD bottles were filled up with the
sample and the initial reading of DOg was determined using DO meter (YSI Pro Plus
multi-probe meter). BOD bottles were completely filled up to the rim to avoid trapping
of air bubbles in the bottles. The BOD bottles were closed tightly with stoppers and kept
in the BOD incubator at 20€ for 5 days. The final reading of DOs was taken after 5
days using Y SI meter. The Equation 3.13 was used to measure the BOD value.

BODs = D0Oy-DOs X dilution factor (Equation 3.13)
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3.11.3.3 Chemical Oxygen Demand (COD)

HI 839800 COD reactor and UV-Vis spectrophotometer were used to test the COD
value. The reactor was preheated to 148°C. 3 mL of textile sample was added into the
vial from the pipette down to the inside of the tilted reaction cell onto the reagent
carefully. The screw cap was replaced tightly attached to the cell and mixed by
inverting the vial. The vials were inserted into the reactor and heated at 148°C in the
preheated reactor for 120 min. Then, the hot vials were removed from the reactor and
allowed to cool to room temperature, the cooling time at least 30 min. The value of
COD was measured by using UV-Vis spectrophotometer with a measuring range of 25-

1500 mg/L COD.

3.11.3.4 pH

pH was measured by using Hanna GLP pH meter HI 111.

3.11.3.5 Total Dissolved Solids (TDS)

TDS was determined by using YSI Pro Plus multi-probe meter.

3.11.3.6 Total Suspended Solids (TSS)

TSS was determined by using Hach DR 5000 UV-Vis spectrophotometer.

3.11.3.7 Turbidity

Turbidity was determined by using Hach DR 5000 UV-Vis spectrophotometer.
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1 Calibration Curve of Methylene Blue/Congo Red Aqueous Solution

Different optical densities were identified by calibrating the MB and CR dyes at
various concentrations namely 1 mg/L, 2 mg/L, 3 mg/L, 4 mg/L, 5 mg/L, 6 mg/L, 7
mg/L and 8 mg/L. Figure 4.1 shows the calibration curve of MB aqueous solution with
Y=0.2052X + 0.03896. The coefficient value of the calibration curve was 0.99915 and
the maximum absorbance wavelength was found at 663 nm for MB dye. Figure 4.2
shows the calibration curve of CR aqueous solution with Y=0.0537X + 0.0614. The
coefficient value of the calibration curve was 0.9998 and the maximum absorbance
wavelength was found at 499 nm for CR dye. The calibrated results showed the
equilibrium concentration of MB and CR dyes after adsorption with adsorbents.
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Figure 4.1: Calibration curve of MB aqueous solution
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Figure 4.2: Calibration curve of CR aqueous solution
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4.2

4.2.1

ability of adsorbents to remove MB and CR from aqueous solutions (Plate 4.1 and Plate

Adsorption Experiments

An Initial Assessment of the Adsorption Ability of Adsorbents

4.2).

Table 4.1: The adsorption results of MB aqueous solution
NO. Carbonization | Carbonization | Removal Adsorption

Temperature Time Efficiency (%) Capacity (mg/g)

1 300 lhr 90.60%=0.10% 18.12+0.02
2 400 lhr 62.10%+0.38% 12.42+0.08
3 500 lhr 39.90%+0.35% 7.98+0.07
4 600 lhr 40.30%+0.25% 8.06+0.05
5 700 lhr 98.50%+0.25% 19.70+0.05
6 800 lhr 96.10%+0.23% 19.22+0.05
7 900 lhr 93.90%+0.55% 18.78+0.11
8 Raw banana stem 91.20%=+0.20% 18.24+0.04

Plate 4.1: Removal of MB onto the raw banana stem and biochars

Table 4.2: The adsorption results of CR aqueous solution

NO. Carbonization | Carbonization | Removal Adsorption
Temperature Time Efficiency (%) Capacity (mg/g)
1 300 lhr 17.60%+0.26% 3.52+0.05
2 400 lhr 25.00%+0.26% 5.00+0.05
3 500 lhr 31.90%+0.23% 6.38+0.04
4 600 lhr 32.80%+0.35% 6.56+0.07
5 700 lhr 36.80%+0.31% 7.36+0.06
6 800 lhr 35.60%+0.38% 7.12+0.08
7 900 lhr 35.30%+0.23% 7.06+£0.05
8 Raw banana stem 36.00%+0.18% 7.20+0.04

Plate 4.2: Removal of CR onto the raw banana stem and biochars

Table 4.1 and Table 4.2 show the results of the initial assessment of the adsorption
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It can be observed from Table 4.1 that biochar at 700°C achieved 98.50% removal
percentage in 10 mg/LL of MB. However, all the adsorbents had little effect on the
removal of CR with a removal efficiency ranging from 17.60% to 36.80%. Therefore,
the MB was selected for the further adsorption studies. Besides, the biochars produced
at 300°C and 700°C have shown better removal efficiency for MB in all biochars.
Hence, the biochar BC300 and BC700 were chosen and used to examine the effects of
the operational condition on adsorption of MB, the raw banana stem was also chosen for
control test and compared with the biochar. Additionally, in order to obtain more
reliable data and reduce error, each experimental analysis was repeated three times and
the average of three experiments were used as the final result.

The results of the initial adsorption proved that adsorbents achieved favourable
removal for the cationic dye MB than that of the anionic dye CR. A similar result was
reported by Nasuha et al. (2011) who pointed out that papaya seeds was better in
removing cationic dye (MB) from aqueous solution as compared to anionic dye (CR),
mainly due to the fact that carboxyl groups were the main functional groups for cationic
dyes adsorption. It indicated that negatively charged carboxyl groups inhibited the
adsorption of anionic dyes (Nasuha ef al., 2011). The main factor that can positively
affect the adsorption of MB is the cation exchange (Yang ef al., 2016). Salleh et al.
(2011) also stated that the adsorption capacity of anionic dye is lower than cationic dye
for the same adsorbent (Salleh et al., 2011). The functional groups within the adsorbent
have an important effect on the adsorption capacity according to the dye class. Since the
carboxyl group is one of the major functional groups in agricultural wastes and the
carboxyl group is negatively charged, therefore, it is beneficial to the adsorption of
cationic dye. In contrast, the adsorption of anionic dyes will be inhibited (Gong et al.,
2005). Gong et al. (2005) demonstrated that the removal of negative charge from the

carboxyl group by esterification can significantly increase the uptake of anionic dye CR.
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As preliminarily analysed in Table 4.1 and Table 4.2, the cation exchange may be
related to the MB adsorption and there are many carboxyl groups in the adsorbents.
Herein, adsorbent was associated with the maximum adsorption capacity of MB
compared to CR. The cation exchange and carboxyl groups may be the main
mechanisms for the retention of MB using adsorbents derived from banana stem. The
results would contribute to the design of wastewater treatment plants to remove various
types of dyes, especially cationic dyes since the raw material namely banana stems, are

abundant in nature and the treatment method is more economical.

4.3 Characteristics of the Adsorbents Prepared
4.3.1 The Yield of Biochar

The biochar percentage yield was calculated and presented in Figure 4.3. It is
extensively recorded in the literature that the yield of biochar decreased with the
increase in pyrolysis temperature (Sukiran et al., 2011; Capunitan & Capareda, 2012).
This study also observed similar results, it can be found that the yield of biochar
obtained from banana stem was significantly decreased as the pyrolysis temperature
raised from 300°C to 900°C. The highest yield of biochar was obtained at the pyrolysis
temperature of 300°C with 41.19%. When the temperature was raised to 900°C, the
yield of biochar was the lowest, only at 12.90%. The maximum yield of biochar was
obtained at lower temperature probably due to the structure of banana stem that was not
completely decomposed, while the higher carbonization temperature could burn-off
more carbon components of the raw materials which eventually reduced the yield of
biochar prepared (Fu et al., 2011). With the increase in pyrolysis temperature, this
downward trend in biochar yield was consistent with the observation by Shinogi and
Kanri (2003) who stated that the yields of adsorbents significantly decreased between

200°C and 400°C probably due to the destruction of cellulose and hemicellulose.
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Hossain et al. (2011) and Khanmohammadi et al. (2015) reported similar trends.
Hossain et al. (2011) noted that the yield of biochar was decreased with the increase of
pyrolysis temperature from 300°C to 700°C. Khanmohammadi et al. (2015) also
illustrated that the yield of biochar was considerably decreased from 72.5% at 300°C to
52.9% at 700°C. From the above studies, it can be concluded that the yield of biochar

decreased with the increase of pyrolysis temperature.
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Figure 4.3: The yield of biochar

4.3.2 The pH Values of Adsorbents

The pH values of adsorbents are shown in Table 4.3. The pH value of raw banana
stem was slightly acidic (pH 6.06). However, the pH of biochars was increased
considerably as the pyrolysis temperature increased, indicating that as the pyrolysis
temperature gradually increased, pH value of biochar also increased accordingly. As
also listed in Table 4.3, the biochar tended to be highly alkaline (pH 10.04-10.56),
except for BC300 (pH 7.58). Among the biochar samples, the biochar prepared at the
lowest pyrolysis temperature (300°C) has the lowest pH value (7.58). However, when
the pyrolysis temperature reached 400°C, pH of biochar increased rapidly and
demonstrated to be an extremely strong alkaline and reached pH 10.40 and pH 10.50 for
the biochar derived at 800°C and 900°C, respectively. After 400°C, the biochars was
extremely strong alkaline.

Table 4.3: The pH values of adsorbents

Adsorbents Raw BC300 BC400 BC500 BC600 BC700 BC800 BC900

pH 6.06 7.58 10.04 1020 10.27 10.38 10.40 10.56

The alkalinity of biochar is influenced by three factors, which are organic
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functional groups, carbonates, and inorganic alkalis (Yuan et al., 2011; Fidel, 2012). The
contribution of organic functional groups such as carboxyl (-COOH) and phenolic (-OH)
is known to be decreased, which would be minor on the alkalinity since these groups
became depleted as the increase of pyrolysis temperature by the progress of thermal
decomposition. The main reason for influencing the inherent alkaline pH of each
biochar is probably the minerals. The increase trend in pH values was due to the fact
that the number of alkaline groups retained by the biochar is higher at higher pyrolysis
temperatures and the alkali salts (Ca, K, Mg, and Na) were separated from organic
compounds (Yuan et al., 2011). Therefore, it can be easily identified that the main
reason for the lowest pH values of BC300 and raw banana stem may be the lowest
concentrations of alkali and alkali earth elements such as Na, Ca, Mg, and K. Tryon
(1948) stated that the increased in the pH of the biochar was due to the increased in ash
content in biochar, especially to hydrolyse Ca, K, and Mg salts in the presence of water.
Mészaros et al. (2007) assumed that the formation of oxygen groups on the surface of
biochar at low pyrolysis temperatures can be catalysed by K, Mg, Na, and P in the
biomass. Oxygen groups like carboxyls, lactones, and phenols are important
composition in the process by contributing to the formation of negative surface charges
(Mukherjee ef al., 2011). Similar trends were stated by Khanmohammadi et al. (2015)
and Yuan ef al. (2011) who found that the pH of biochar increased as the pyrolysis
temperature increased. Hossain ef al. (2011) also stated that the pH values of biochar
were improved as the pyrolysis temperature raised from 300°C to 700°C. Ahmad et al.
(2012) reported a similar result that biochar produced at higher temperatures displayed
higher pH values. Furthermore, it was confirmed in a study by Shinogi and Kanri (2003)
that due to the alkali release from the pyrolysis of feedstock which results in increasing
pH value. The increasing trend of pH value was consistent with the ash content as the

pyrolysis temperature increased. It is supported by the main component of ash, such as
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salts of alkali and alkaline elements (Ca, Na, Mg, K) and calcite (Singh et al., 2010).
Mukherjee et al. (2011) illustrated that the most obvious explanation for the increase in
biochar pH was due to the progressive loss of acidic surface functional groups, mainly
aliphatic carboxylic acids as proposed by the Boehm titration data (Mukherjee et al.,
2011). On the other hand, the high pH of biochar indicated their potential used as soil

amendments for reducing soil acidity.

4.3.3 Surface Area and Pore Structure — BET

Generally, BET is an important method for measuring the surface area of
adsorbents. The results of BET surface area, pore volume and average pore diameter of
adsorbents are presented in Table 4.4.

Table 4.4: BET surface area characterization

Adsorbents Surface Area Pore Volume Average Pore
(m?/g) (ecm®/g) Diameter ( A)
Raw banana stem 0.7030 0.002342 133.2340
BC300 0.9229 0.002655 115.0805
BC400 1.7437 0.003657 140.2188
BC500 1.8979 0.006112 77.0742
BC600 3.7818 0.008753 92.5838
BC700 26.7128 0.017413 26.0750
BC800 19.6022 0.012118 24.7274
BC900 13.6615 0.007591 22.2242

As can be observed from Table 4.4, the BET surface area and total pore volume
were considerably increased as the pyrolysis temperature raised from 300°C to 700°C,
which indicated when the degree of cracking of the raw material increased, the pore
structure gradually developed. Previous studies have also reported similar surface area
values (Park et al., 2014; Fu et al., 2011; Xiao et al., 2010). The volume of mesopores
in the biochar was not large and maintains the specific surface area which is less than
100 m*/g (Park et al., 2014). The total surface area was found to be less than 10 m?*/g at
pyrolysis temperature from 300°C to 600°C and 26 m?/g at 700°C. Generally, the
surface area of biochar increases with increasing temperature at which deformation

occurs (Brown et al., 2006). As shown in the SEM images, large diameter pores were
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observed on the surface of biochar BC300 due to the rapid evaporation of organic
components, with the BC300 characterized by lower specific area and relatively large
average pore size. It is also observed that, by the increment of the temperatures, the
lamellar structure of biochar (BC700) became thinner and smoother, hence increases its
surface area and made the pores smaller by the layered stack. The BET surface area of
BC700 (26.7128 m?/g) was extremely high compared to that of BC300 (0.9229 m?/g)
and raw banana stem (0.7030 m?/g), indicating the better adsorption capacity of BC700.
However, at 800°C and 900°C, the trend was reversed. As the pyrolysis
temperature raised to 700°C, the number of micropores significantly increased with the
removal of volatile matters, resulting in an increase in the pore volume and surface area.
When the temperature is higher than 700°C, the structural ordering, pore widening and
the agglomeration of adjacent pores seemed to predominate, resulting in a decrease in
the pore volume and surface area. In addition, pores in the biochar may be partially
clogged due to softening, melting, fusing and carbonization (Fu et al., 2011). Park et al.
(2014) reported similar trend that the decrease at 800°C and 900°C could be the results
of carbon deposit formation on the surface of biochar from thermal and catalytic
cracking of tar within the pyrolysis reactor (Park ef al., 2014). The result of the present
study is consistent with the findings of Angin (2013) who noted that as the pyrolysis
temperature raised from 400°C to 500°C, the BET surface area and total pore volumes
values increased significantly and reached the maximum. However, at 550°C and 600°C,
the trend was reversed. This is agreeable to the Shaaban ef al. (2013) reported that the
pyrolysis temperature increased from 300°C to 500°C did not show a significant
increase in BET surface area, but when the temperature increased to 700°C the surface

area rose drastically to 5.493 m%/g.

4.3.4 Surface Functional Groups — FTIR

The adsorption capacity of biochar is affected by the physical/porous structure of
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biochar, but also by the nature of its surface functional groups (Hassan et al., 2014).
FTIR spectroscopy is an important tool for observing the shift change in chemical
composition. The FTIR is used to determine the absorption of IR radiation on the
materials by vibrating atoms on its bonds (Kelesoglu, 2007). The band position in the
FTIR spectra of the raw banana stem and biochar produced from different pyrolysis
temperatures is presented in Figure 4.4. The FTIR analysis showed that the biochars
obtained at different pyrolysis temperatures had similar functional groups, and that
aromatic and aliphatic groups were predominant. Jindo ef al. (2014) indicated that the
presence of ethers groups, hydroxyl groups, and aromatic compounds are contributors to

physical adsorption.
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Figure 4.4: FTIR spectra of raw banana stem and biochars

As shown in Figure 4.4, it was found that the raw banana stem contained abundant
peaks. However, some of the peaks disappeared or shifted and new peaks were also

detected after pyrolysis as compared to biochar FTIR spectrum. Abundant functional
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groups are contained in the raw banana stem, the band at 3327.37 cm™! was typically
attributed to O-H (carboxylic, alcoholic, and phenolic groups) or N-H (amide and amino
groups) stretching. Adsorption band at 2919.19 cm! was typically attributed to C-H
groups (Peng et al., 2011). For the adsorption band at 1617.72 cm™ is for aliphatic
carboxyl and ketone groups which represent by the C=0 stretching (Keiluweit et al.,
2010). The presence of other functional groups/compounds, such as carbonyl (1315.05
cm™), cellulose/hemicellulose/lignin (1030.40 cm™ indicates symmetric C-O stretching)
and aromatic/heterocyclic compounds (800-500 cm! indicating C-H and C-N stretching)
were also indicated (Ertugay & Malkoc, 2014; Malkoc & Nuhoglu, 2006).

At 300°C, the loss of aliphatic C-H stretching (2919.19 cm™) and C-O stretching
(1030.40 cm™) of raw banana stem clearly showed that raw banana stem underwent
gradual dehydration and depolymerisation. The main components of raw banana stem
are hemicellulose and cellulose, their decomposition is much easier than lignin in the
pyrolysis process (Yang et al., 2007). As the pyrolysis temperature increased, compared
with raw banana stem, bands at 3327.37 cm! and 2919.19 cm™ sharply decreased in
biochar corresponding to the stretch vibration of the O-H groups and C-H groups. This
is because of the higher pyrolysis temperature which results in the biomass component
decomposition more fully and under the actions of dehydration and dehydroxylation, the
O-H groups and C-H groups were lost and the peaks were obviously weakened on
biochar (Fan ef al., 2016). The disappearance of the peak representing aliphatic C-H
stretching (2919.19 cm™!) indicates that the loss of aliphatic compounds during the
pyrolysis process is accompanied by the development of additional recalcitrant aromatic
constituents (Wang et al., 2013). The loss of O-H and C-H groups indicate the formation
of pores inside the biochar matrix with the simultaneous development of fused ring
structures (Bagreev et al., 2001). Some new peaks were formed in the biochar produced

at 400°C and above, these peaks between 1900 cm™ and 2300 cm™! indicate carboxyl
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and carbonly groups. The acidic group of C=O stretching for aliphatic carboxyl and
ketone groups at around 1617.72 cm™ in raw banana stem gradually decreased for
biochar. However, The bands were more significant in biochars compared to in raw
banana stem, which arises from aromatic C-H out of plane vibrations (700-900 cm™).
This implies that the increased in aromatization and higher dehydration occurs within
the range of this temperature (Angin, 2013). At the same time, cellulose-derived
transformation products are reflected in more prominent peaks at 1459.41 cm’!
(aromatic C=C skeletal vibrations) and 1374.55 cm™ (C-H deformation modes in
alkenes) for biochar due to the decomposition and condensation of the cellulosic and
lignin components (Angin, 2013). The peak at 1315.05 cm™ decreased quantitatively
with increased pyrolysis temperature and disappeared at 500°C and above. The peak at
1315.05 ecm™ occurred in the feedstock and the biochar produced at 300°C. This
indicates that the biochar produced at the lower temperature retained some
characteristics of its feedstock (Yuan et al., 2011). Biochar IR spectra exhibited that the
loss of chemical diversity seen in the raw material formed a product that is essentially
aromatic but has a low hydrogen content.

The FTIR data showed that the intermediates were formed and the aromatization
was increased when the pyrolysis temperature of raw banana stem was heated from
400°C to 500°C. As the temperature gradually increased, biochar tended to be graphene-
like structure, but still retained in the function of apparent O-contained (Wu et al., 2012).
In general, the effect of pyrolysis temperature on the FTIR distribution of biochar is not
very obvious. The increasing upward drift of the spectrum baseline from low to high
wavenumbers at the high pyrolysis temperature may be due to an increase in the
aromatics content (Hossain et al., 2011). The results of FTIR in this study was
consistent with the findings of Wu et al. (2012) and Angin (2013). Fan et al. (2016) also

showed a similar result that the number of bonds representing functional groups are
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present in tea waste and some peaks in biochar disappeared during the thermal
degradation process. According to Islam et al. (2015), the presence of ethers groups,
hydroxyl groups, and aromatic compounds verified to contribute to physical adsorption,
and MB binding is mostly through the O-H and C-O groups. Kannan et al. (2009) and
Jain and Jayaram (2010) also noted that the nitrogen atom of the amine group of dye
and the hydroxyl groups and the oxygen groups of adsorbents were involved in
adsorption. It is noticeable that the FTIR of BC700 is similar to BC800 and BC900.
Therefore, it is a possibility that chemical bonding is not a core contributor to
adsorption and it might be due to the mechanical absorption as shown in BET. The
surface area of the raw banana stem, BC300 to BC600 were too low, only 0.70-3.78
m?/g. Then, the raw banana stem with low surfaces area but good adsorption for MB,
this is because its chemical bonding is strong in FTIR. As the pyrolysis temperature
increased, the chemical bonding was decreased and destroyed. Therefore, the adsorption
dropped from BC400 to BC600, but adsorption increased when pyrolysis temperature
increased till 700°C because the surface area increases dramatically from 3.78 m%/g to
26.71 m*/g. The study of Yuan et al. (2011) has shown that there is a greater number of
bonds representing functional groups in the biochar obtained at a lower temperature
(300°C and 500°C) and these functional groups are absent in the biochar derived at

700°C (Yuan et al., 2011). This finding is similar to the observation by Jindo et al.

(2014) that pointed out that the pyrolysis temperature of biochar was increased from
400°C to the 800°C, the intensity of the bands such as that of the hydroxyl groups and
aromatic groups gradually weakens and there are many types of functional groups (such
as C-H, C=C, C-C, C-0O, etc) present on the biochar’ surface derived from different
agricultural residues. The main mechanism may involve surface complexation,
including hydrogen bonding and electronic attraction. Oxygen-contained functional

groups played a important role in the process of adsorption or binding (Sun et al., 2015).
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4.3.5  Proximate Analysis

The moisture content, volatile matter (VM), fixed carbon (FC) and ash content (AC)
of raw banana stem and biochar produced at 300°C to 900°C were analysed to evaluate
the quality of adsorbents. The proximate analysis of the raw banana stem and the
produced biochar was performed according to ASTM E1131 method, and the results are
presented in Table 4.5.

Table 4.5: Proximate analysis of raw banana stem and biochars

Temperature Range/Decompost
Adsorbents 0-150°C 150-700°C 700-900°C >900°C
Moisture Content | Volatile Matter | Fixed Carbon | Ash Content

Raw banana stem 11.32% 58.46% 22.91% 7.31%
BC300 17.81% 30.74% 47.44% 4.01%
BC400 17.26% 21.54% 52.48% 8.72%
BC500 16.67% 17.88% 55.61% 9.84%
BC600 15.91% 16.85% 57.13% 10.11%
BC700 14.75% 14.98% 59.55% 10.72%
BC800 14.47% 14.35% 58.73% 12.45%
BC900 13.52% 12.68% 58.14% 15.66%

Table 4.5 presents the moisture content and volatile matter of biochar which
decreased as the temperature increased, indicating that progressive loss of a more
volatile component with the increase in the degree of carbonization, for the same
biomass type, percentage of volatile matter and microporous surface area were
considerably negatively correlated. Therefore, it seems clear that the micropores on the
surface of biochar were filled with volatile components and were released from pores at
higher pyrolysis temperatures, making them accessible to ions (Mukherjee ef al., 2011).
Ash content of biochar increased with increasing carbonization temperature, the loss of
VM increased the relative proportion of the inert fraction (ash content). This trend might
arise due to the decrease in the composition of elements such as carbon, nitrogen,
hydrogen and nitrogen contents. These elements are more likely to lose their bonding
than volatile inorganic salts, resulting in higher AC percentage at a higher pyrolysis
temperature (Maiti et al., 2006). The ash content increased with the increase of

pyrolysis temperature, which may be due to the complete combustion of C, indicating
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that almost all of the biochar produced at above 800°C is ash (Cao & Harris, 2010). If
there is a high AC content in the biochar, it indicates that the biochar is not preferred.
The raw banana stem has the highest percentage of VM around 58.46%. AC of the raw
banana stem was considerably low at around 7.31%. High VM and low AC are desirable
for the thermal conversion process and were suitable to release more vapors emission
while producing solid residue (biochar) that retain less ash, high fixed carbon and
improving the calorific value of the product (Rahman et al., 2014). The VM of the
biochar decreased from 30.74% to 12.68% with the increase of temperature from 300°C
to 900°C. AC was found to be the highest for biochar at 900°C with 15.66% compared
to another biochar at 300°C with 4.01%. FC of biochar ranged from 47.44% to 59.55%
with the increase of temperature from 300°C to 900°C. With the gradual increase in
pyrolysis temperature, biochar further released volatiles and became more carbonaceous.
The fixed carbon content of biochar followed the similar trend as ash content, the fixed
carbon content increased two times as compared to the feedstock. This means that the
biochar became increasingly carbonaceous at high temperatures and released H and O.
The fixed carbon content represents the proportion of solid carbon in the final product
of carbonization. Therefore, a large amount of volatile matter and fixed carbon contents
are essential for the production of highly-porous materials. When banana stem was
subjected to carbonization temperature of 700°C, the biochar showed higher fixed
carbon content, which is prominent properties to be used as a good potential adsorbent.
It 1s well known that fixed carbon is the solid combustible residue remaining after
carbonization of the particulate sample and volatile matters are expelled (Murage et al.,
2007; Haefele et al., 2011). Therefore, it is used as an estimate of the number of
carbonaceous material produced from a solid sample. The higher fixed carbon content
refers to a large carbon surface to which the adsorbate is adsorbed (Ahmad et al.,

2014b). However, the presence of ash may sinter and block the pores, which helps to
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decrease the surface area of pore (Huang et al., 2008). Similar result was reported by

Park et al. (2014) who investigated the slow pyrolysis of rice straw at 300°C to 700°C.

4.3.6 Surface Morphology Characterization — SEM
In this study, the SEM images of adsorbents before and after adsorption of MB are

presented in Figure 4.5.

Figure 4.5: SEM images of (a) raw banana stem before adsorption, (b) raw banana stem
with MB adsorbed, (¢) BC300 before adsorption, (d) BC300 with MB adsorbed, (e)
BC700 before adsorption, (f) BC700 with MB adsorbed
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These images are used to compare the morphological changes in the pore structure
of raw banana stem and biochar of BC300 and BC700 before and after MB was
adsorbed. As can be observed from the Figure 4.5, the structure of raw banana stem was
relatively compact and the pore structure was not obvious. Besides, the surface texture
of raw banana stem waste presented was stalk-like, rough and irregular, which indicated
that the main ingredients of banana stem waste were cellulose and hemicelluloses. Also,
there were many impurities on it, hence the pores were covered by those impurities.
Based on the research done by Baek et al. (2010), porous and rough surface offers better
adsorption process. After the preparation of biochar, the primary surface structures
changed during the carbonization process. Stem structures on the surface of the raw
banana stem (Fig. 4.5a) were transformed into open pores and partially open channels in
the biochar (Fig. 4.5¢ and e). More cleared pore structure and rough surface of biochar
were formed, the pore structure of the porous biochar was uniform and the surface had
many mesopores and micropores, such that the surface area was increased. As shown in
Figure 4.5 (c) and (e), a fully developed pore structure identical to honeycomb voids
was observed in the biochar obtained at a temperature of 300°C and 700°C, the pores
were well pronounced and arranged in an array of honeycombed structures and the
corner lines of the hole openings can be clearly seen. On the other hand, the pore
structure of the biochars that were prepared composed of cylinder-like tubes. The pores
were mainly developed along the axis parallel to the samples cylindrical structure. The
structural properties of biochar determine its potential as an adsorbent. After the
biomass is pyrolyzed, the volatile compounds are allowed to escape from inside the
feedstock. Therefore, more void space and higher porosity can be detected on the
surface of the biochar, which has higher surface areas than the raw biomass.

From these observations, it is clear that there was a significant difference in the

appearance of the adsorbent surfaces. The availability of the pores and the internal
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surface of the adsorbents were clearly shown in the SEM images before adsorption and
correspondingly shown is the coverage of the surface and the pores after adsorption of
MB. It was suggested from the SEM images of the raw banana stem and biochar before
the adsorption, the pores were highly heterogeneous within the adsorbent particles and
exhibited honeycomb shape gaps with different sizes. Dye can be captured and adsorbed
due to these heterogeneous pores. After the dye adsorption, it can be observed that the
surface of adsorbents were covered with a thick layer of MB dye molecules (Mahmoud
et al., 2012; Fan et al., 2016). For the BC300, very little changes were observed
between the samples before and after adsorption of MB, the surface structure did not
show any significant change indicating that no surface precipitation was involved in the
removal of MB dye contaminant by BC300. The dye molecules may be bound to the
active sites of the biosorbent through electrostatic attraction or hydrogen bonding
(Albadarin et al., 2014). Hence, BC300 has a large diameter porous due to the rapid
volatilization of organic components during the pyrolysis, which was consistent with the
lower specific surface area. As the pyrolysis temperature was further increased, the
lamellar structure of BC700 became thinner, smoother, and lead to an increase in the
surface area, while the layered stack made the pores smaller. It can be noticed that the
morphological structure of BC700 was uniform, more dense and lumpy as compared to
raw banana stem and BC300, large pores of honeycomb shapes were found at the
surface of BC700 and cell wall breakdown can be clearly observed for adsorbents after
the MB was adsorbed. The obvious change in surface structure indicated that surface
precipitation was involved in the removal of MB by BC700. Surface precipitation of
dye was reported in other studies and accounted for nearly 70% of dye removal using
lime treatment (Vimonses ef al., 2010).

Overall, these images were evident that the surface morphology of the adsorbent

was different before and after adsorption. Basically, after MB was adsorbed, the porous
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structure gets blurred because of adsorption. The white clumps on the adsorbent surface
represent the adsorbate (Ghosh & Philip, 2005). The result of present study for SEM
images is consistent with the findings of Fan et al. (2016) who stated that the surface
texture of raw material was rough and irregular, but after pyrolysis, the pores within the
adsorbent particles exhibit honeycomb shape gaps, the adsorbent surface was covered

with a thick layer of MB dye molecules after the dye was adsorbed (Fan et al., 2016).

4.4 Effects of Operating Conditions on Adsorption
4.4.1 Adsorption Studies of Methylene Blue Aqueous Solution
4.4.1.1 Effect of Adsorbent Dosage

Since the adsorption of MB is significantly affected by the dosage of the adsorbent
due to its ability to predict the cost of adsorbent per unit contaminants to be treated
(Kushwaha et al., 2012). The effect of adsorbent dosage on the adsorption of MB by the
raw banana stem, BC300 and BC700 were illustrated in Figure 4.6 by the plot of

adsorption percentage of MB against the adsorbent dosage.
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Figure 4.6: Percentage removal of MB onto the raw banana stem, BC300, and BC700

under different dosages (particle size=0.2~0.3 mm, initial dye concentration=20 mg/L,
agitation time=1 hour, rotation speed=150 rpm, temperature=30°C)

It could be seen that the adsorption percentage of MB for each adsorbent
adsorption increased with the increase in different adsorbent dosages from 0.05 g up to
0.15 g at a constant MB concentration (20 mg/1), and the adsorption capacity (qe, mg/g)

was decreased as the adsorbent dosage increased, it could be explained by an increase in
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the adsorbent surface area and pore volume at higher adsorbent doses. Hu et al. (2017)
stated that higher dose of adsorbent contributed to the increase in surface area of
adsorbent and availability of more potential binding sites, leading to higher adsorption
of MB (Hu et al., 2017). This finding is agreeable to the observations of Garg et al.
(2004) and Mahmoud et al. (2012) that the percentage of dye removal increased as the
dose of the adsorbent was increased. In general, the removal percentage of dye
increased as the dose of adsorbent increased. At the beginning, the percentage dye
removal rate increased rapidly, but as the dose gradually increased, the removal rate of
dye slowed down. The removal efficiency of BC300 and raw banana stem increased
sharply when the dose of adsorbent was less than 0.125 g. However, only a slight
increase in MB adsorption was observed for raw banana stem and BC300 as the
adsorbent dose was further increased from 0.125 g to 0.15 g. Similar results were stated
for the adsorption of MB (Hu et al., 2017) and CR (Tor & Cengeloglu, 2006) and
remazol brilliant blue dye (Ratnamala et al., 2012) by red mud, the results showed that
the removal percentage of dyes increased as the dose increased, however, when the dose
of adsorbent exceeds the critical quantity, any additional adsorbent dose had little
contribution to the adsorption process. The dye is easily accessible at lower adsorbent
which has explained this phenomena. This resulted in higher removal rate per unit
weight of the adsorbent (Bharathi & Ramesh, 2013). With the adsorbent dosage
increased, the amount of adsorption is less commensurate increased due to the fact that
many adsorption sites remain unsaturated during the adsorption (Jain et al., 2003).
However, after a certain dose, the increase in adsorption efficiency is negligible in terms
of adsorbent dose increase, because there is a very rapid superficial adsorption onto the
surface of adsorbent under higher adsorbent concentration that produces a lower solute
concentration in the solution than when adsorbent dose is lower. Therefore, as the

adsorbent dose further increased, the amount of dye adsorbed per unit mass of adsorbent
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was reduced which resulted in values of q. decreased (Han et al., 2007).

Moreover, it is clear that the BC700 achieved the total (100%) of MB dye removal
at 0.1 g, while the raw banana stem and BC300 were unable to achieve 100% of dye
removal at 0.1 g even when the dose was up to 0.15 g. Even at the minimum adsorbent
dose studied (0.05 g), the BC700 also reached 96.75% percentage removal of MB dye.
Therefore, the BC700 biochar was found to be a better adsorbent for dye removal as
compared to raw banana stem and BC300 biochar under the same adsorption conditions
and dosage. Overall, the removal efficiency of MB was significantly affected by

adsorbent dosage where high dosage can help to enhance adsorption of MB.

4.4.1.2 Effect of Initial Concentration
The effect of initial concentration on the adsorbents removal of MB was examined

under different initial dye concentration and was presented in Figure 4.7.
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Figure 4.7: Adsorption percentage of MB onto the raw banana stem, BC300, and
BC700 wunder different initial concentrations (adsorbent dose=0.05 g, particle
size=0.2~0.3 mm, agitation time=1 hour, rotation speed=150 rpm, temperature=30°C)

The adsorption is greatly influenced by the solution concentration. As the initial
concentration was raised from 10 mg/L to 60 mg/L, the removal efficiency of MB by
each adsorbent was decreased because the capacity of the adsorbent materials was
drastically deleted with the increased of dye initial concentration. This may be due to

the adsorption sites of adsorbents were saturated at higher MB concentrations (Ozer et

al., 2007). Similar results were described for the MB adsorption onto banana stalk waste

87



(Hameed & El-Khaiary, 2008a) and pomelo peel (Hameed & El-Khaiary, 2008b).
Besides, Mahmoud et al. (2012) also showed similar result that the removal percentage
of MB decreased as the concentration of initial MB increased. The MB removal
percentage by BC700 was reduced from 98.50% to 81.12% with the concentration of
initial MB was increased from 10 mg/l to 60 mg/1. It is clear that the removal efficiency
of BC700 was better than BC300 and raw banana stem at the MB’s initial concentration
ranging from 10 mg/L to 60 mg/L, this is due to the different surface area and pore
volume of the adsorbents. The higher surface area and larger pore volume of BC700
than that of BC300 and raw banana stem, the high surface area and large pore volume of
the adsorbent that can provide more adsorption sites, thereby increasing the MB
removal percentage. Besides, the removal efficiencies of BC300 and raw banana stem
are decreased more obviously than that of BC700 sample from 10 mg/L to 60 mg/L,
indicating that BC700 had better adsorption ability (Hu et al., 2017). The total available
adsorption sites are limited to a fixed adsorbent dose, which was saturated at higher
concentrations leading to decreased removal capacity (Dong ef al., 2011). According to
Khataee et al. (2013), the dye concentration provided an important driving force that
could be used to overcome the mass transfer resistance between adsorbent and aqueous
solution. The driving force increased with the initial MB concentration increase, which
resulted in a higher ge values and a lower removal percentage (Khataee et al., 2013).
Based on Feng et al. (2011), at higher initial MB concentration, the MB molecules were
rapidly attached to the outer surface of the adsorbent and then must penetrate the
boundary layer of the adsorbent. But, at lower initial MB concentration, the adsorption
of MB dyes primarily occurred rapidly on the outer surface of adsorbents. A similar
trend was described for the adsorption of basic dye onto neem sawdust which concluded
that the number of surface sites available will reduce over a period of time which will

then repulse the solute molecules of bulk and solid phase (Khattri & Singh, 2009).
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4.4.1.3 Effect of Contact Time

The contact time was also one of the most important factors affecting MB
adsorption. From an economic point of view, useful information was obtained from the
contact time on the feasibility and efficiency of a full-scale operation For the application
of wastewater treatment, the efficiency of the adsorbents has to be able to absorb the
dye quickly and attain equilibrium in a short period of time (Aghayan et al., 2012; Chen

et al., 2012b). The results of the effect of contact time were presented in Figure 4.8.
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Figure 4.8: Adsorption percentage of MB onto the raw banana stem, BC300, and
BC700 under different contact time (adsorbent dose=0.05 g, particle size=0.2~0.3 mm,
initial dye concentration=20 mg/L, rotation speed=150 rpm, temperature=30°C)
Initially, it was clear that the dyes were quickly absorbed by each adsorbent in the
first 30-60 min. Subsequently, the adsorption increased slowly over time and then
gradually leading to equilibrium. Initially, the adsorption rate was very fast as the
adsorbents adsorb dye ions on the exterior surface. At the point when the saturation of
the exterior surface is achieved, the dye ions entered into the pores of the adsorbent
particles and adsorbed by the solid particles’ interior surface, this process takes a
relatively long time and the adsorption rate was slowed down. In other words, this
situation was essentially due to the fact that the saturation of active site did not allow
further adsorption to occur. A similar trend was reported by Kumar and Ahmad (2011)
that the adsorbents rapidly adsorbed the dye in the first 45-60 min, and then the rate of

adsorption gradually slowed down and achieved equilibrium in about 150 min.
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The adsorption equilibrium for BC700 was rapidly attained within 120 min where
the adsorption efficiency eventually reached 100%. The adsorption equilibrium of
BC300 and raw banana stem were achieved at 180 min. This result indicated that
BC700 is a more efficient adsorbent than BC300 and raw banana stem due to the larger
surface area of BC700 as according to BET surface area analysis. Large surface area
enabled BC700 to perform rapid adsorption process which resulted in rapid equilibrium.
The adsorption rate was very rapid at the initial stage due to the increase in the driving
force provided by the MB concentration gradient in the aqueous solution and the
availability of a huge number of active sites on the porous biochar surface (Olgun et al.,
2013). Shi et al. (2014) stated that the shorter contact time required for the adsorbent to
adsorb the dye is more favourable for its application in practical wastewater treatment.
In addition, the change in the contact time of raw banana stem is smaller than BC300
and BC700 under the present conditions due to the larger surface area of BC300 and
BC700 according to BET surface area analysis. Larger surface area enables BC300 and
BC700 to perform rapid adsorption process which leads it achieving equilibrium rapidly.
The result of the present study on the removal capacity of MB is consistent with those
of Khattri and Singh (2009) who stated that an establishment of equilibrium in dye
adsorption in a short time and a sharp uptake of dyes indicate the efficiency of the
adsorbent. In general, the removal efficiency of dyes increases to some extent as the
contact time increased. Crini and Badot (2008) stated that a further increment in contact
time does not expand the deposition of dyes on the available adsorption sites of the
adsorbent. At this point, the amount of desorbed dye from adsorbent is in a dynamic
equilibrium state with the amount of dye adsorbed by the adsorbent. The time for
reaching the equilibrium state is known as the equilibrium time, and the amount of dye
adsorbed at equilibrium time reflects the maximum adsorption capacity of the adsorbent

under those operating conditions (Crini & Badot, 2008).
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4.4.1.4 Effect of Temperature

The adsorption process is additionally influenced by the solution temperature, the
temperature change will cause the equilibrium capacity of the adsorbent to change
(Qodah, 2000). The effect of solution temperature on the adsorption process was studied
by changing the temperature of the dye solution at 30°C, 40°C, 50°C, 60°C, 70°C using
the incubator orbital shaker with temperature control. Figure 4.9 illustrates the MB

percentage removal on the adsorbents prepared versus the various solution temperature.
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Figure 4.9: Adsorption percentage of MB onto the raw banana stem, BC300, and
BC700 wunder different solution temperature (adsorbent dose=0.05 g, particle
size=0.2~0.3 mm, initial dye concentration=20 mg/L, agitation time=1 hour, rotation
speed=150 rpm)

The result indicated that BC300 and BC700 showed an optimum dye removal
capability of 93.05% and 95.45%, respectively, at 60°C. For BC300 and BC700, the
order of effective temperature for removing the MB dye were 60°C > 70°C > 50°C >
40°C > 30°C. 60°C showed the best adsorptive percentage compared to lower
temperature and 70°C, this may be due to the fact that 70°C could have altered and
destroyed the structure of BC300 and BC700 and caused a diminishment in adsorption
percentage. The high temperature will destroy the covalent bond, thereby reducing the
holding capacity of the adsorbents to capture dye molecules. The chemical reaction
between the surface functional groups of the adsorbent and the adsorbate is a highly

important factor for determining the adsorption capacity of adsorbent (Jayarajan ef al.,

2011). When the solution temperature was raised from 30°C to 60°C for BC300 and
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BC700, the adsorption capacity were increased due to the corresponding increase in the
number of adsorption active sites, which indicated that the adsorption properties were
endothermic (Senthilkumaar et al., 2006). Additionally, the relation in solution
temperature increment and the increment of removal efficiency of MB may be
contributed by the increment of large dye cations mobility, and may also be contributed
by the elevated level of affinity sites for this dye and an increase of binding sites in the
biomass (Aksu & Tezer, 2005). Another attribute to this phenomenon is the swelling
effect of BC300 and BC700 internal structure which enables the large dye molecule to
penetrate (Jayarajan et al., 2011; Dawood & Sen, 2012; Salleh et al., 2011). A similar
observation was reported in the literature by Wang and Li (2007).

On the contrary, the optimum dye removal percentage of the raw banana stem was
obtained at 30°C with 88.40%. It was found that the percentage of MB removal in raw
banana stem tends to decrease when the solution temperature was raised from 30°C to
70°C. This indicated the exothermic nature of the adsorption reaction. Comparable
perceptions were described for the adsorption of basic yellow 87 dye by two different
mesoporous adsorbents (Wu et al., 2012) and the adsorption of MB by mesoporous
silica (Huang et al., 2011), where the adsorption process of the aforementioned was an
exothermic process. The increase in temperature may reduce the adsorptive forces
between dyes and the active sites on the adsorbent surface, which result in lowering the
adsorption capacity (Chowdhury & Saha, 2010; Salleh et al. 2011). The high
temperature could destroy the covalent bond, thereby reducing the holding ability of the
adsorbents to capture dye molecules. The adsorption capacity is to a great extent reliant
on the chemical reaction between the functional groups of the adsorbent surface and
adsorbate (Jayarajan ef al., 2011). There are thermodynamic parameters such as changes
in enthalpy (AH), Gibbs free energy (AG) and entropy (AS) to give information about

the adsorption mechanism. The adsorption process was endothermic as shown by the
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positive AH values and this indicates a possibility of physical adsorption. Meanwhile,
the negative AG values reveal that the adsorption is highly favourable. The positive
values of AS indicated that the disorder and randomness increased at the interface of the

solution and adsorbent (Demirbas, 2009; Ge & Li, 2011).

4.4.1.5 Effect of Agitation Speed

Agitation speed has a significant effect on adsorption as it affects the distribution
as can be shown by changing the agitation speed of the solution while maintaining other
parameters constant and sampling at different intervals. In general, the adsorption
percentage of dye increased as the agitation speed increased (Bharathi & Ramesh, 2013).
If the appropriate speed of agitation is used, the mobility of ions in the solution is higher
and mass transfer resistance is lower (Bulut & Karaer, 2015). The effect of agitation
speed was studied by changing the agitation speed between 50 rpm and 400 rpm with a
constant dye concentration (20 mg/L) and agitation time of 60 min. Figure 4.10 shows

the adsorption percentage of adsorbents under various rotating speed.
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Figure 4.10: Adsorption percentage of MB onto the raw banana stem, BC300, and
BC700 under different agitation speed (adsorbent dose=0.05 g, particle size=0.2~0.3
mm, initial dye concentration=20 mg/L, agitation time=1 hour, temperature=30°C)
The result demonstrated that a fast increment of dye percentage removal at the

initial stage and afterward achieved the equilibrium. The adsorption equilibrium for

BC700 was quickly achieved at 150 rpm, indicating a rapid adsorption process. But, for
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the BC300 and raw banana stem, they reached the equilibrium at 250 rpm which was
slower than BC700. And after the equilibrium, the adsorption increases slowly over
agitation speed and a stable percentage was attained. Overall, the change in agitation
speed of all adsorbents under those present conditions were not the major factors that
improve the removal efficiency of dye. Comparable outcomes were reported for the
adsorption of MB from wastewater by pineapple leaf powder (Weng et al., 2009) and
adsorption of crystal violet by tamarind seed powder (Patel & Vashi, 2010). These
results can be contributed by the fact that the resistance through the boundary layer was
very small and the mobility of the system was high under the experimental conditions.
In other words, diffusion of MB ion from the solution onto the adsorbent surface to
enter the pores occurred quickly and easily (Weng ef al., 2009). Therefore, the uptake of
MB was not significantly affected by the degree of agitation. The boundary layer
becomes thinner with high agitation speeds. The rate of diffusion of solute through the
boundary layer will be enhanced and external diffusion coefficient value is high (Mckay
& Poots, 1980). In most cases, Weng et al. (2009) noted that the increment of agitation
speed directly proportional to the adsorption rate increment, substantially in the early
phase of the process. The increase in agitation speed will reduce the boundary layer
resistance to the adsorbate molecules transfer to the adsorbent surface from the bulk
solution. As a result, the adsorbate is forced towards the surface of adsorbent, of which
the diffusion of adsorbate will be increased into the adsorbent surface (Demirbas &
Alkan, 2015; Malamis & Katsou, 2013).

Figure 4.10 shows the values of adsorption percentage firstly increased and then
decreased as the agitation speed increased. Obviously, the removal efficiency of raw
banana stem varied from 92.35% to 90.70% as the agitation speed raised from 300 rpm
to 350 rpm, with removal efficiency of BC300 varied from 89.40% to 88.45% as the

agitation speed raised from 350 rpm to 400 rpm. The change can be contributed by the
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increase in the desorption trend of dye molecules and the velocity of adsorbent particles
and adsorbate ions, in which a more stable film around the adsorbent particles was
formed similarly. Therefore, when the agitation speed was increased to 400 rpm, the
stable film was deformed and film diffusion control disappeared due to the same speed

of the movement of adsorbate ions and adsorbent particles (Giirses et al., 2006).

4.4.1.6 Effect of pH

The pH of the aqueous solution was also a key factor affecting MB adsorption onto
adsorbents. The change in pH will affect the changes in the adsorbate and adsorbent
chemical nature. As a result, the adsorption percentage will change with the pH of an
aqueous solution (Onal et al., 2006). Figure 4.11 shows the MB dye removal rate by the

effect of initial pH as analyzed by the change of pH from 3.0 to 10.0.
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Figure 4.11: Adsorption efficiency of MB onto the raw banana stem, BC300, and
BC700 under different initial solution pH (adsorbent dose=0.05 g, particle size=0.2~0.3
mm, initial dye concentration=20 mg/L, agitation time=1 hour, rotation speed=150 rpm,
temperature=30°C)

For the raw banana stem and BC300, it was seen that the lowest adsorption
percentage of MB was found at pH 3. As pH of the solution increased, the adsorption
percentage also increased, and there was a rapid trend of adsorption percentage from pH
3.0 to pH 5.0. However, after pH 5.0, the removal efficiency changed insignificantly. It

was obvious that the adsorption removal of MB by the raw banana stem and BC300 was

better in neutral. In the lower pH range (acidic), the low adsorption of MB also exhibits
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the possibility of development of a neutral or weakened charge at the porous biochar
surface, which decreases the electrostatic motivation for the adsorption of MB onto it.
However, for the basic medium, the electric double layer formation changes its polarity
and will result in the MB uptake increase (Hameed & EIl-Khaiary, 2008b). In other
words, this trend can be justified as the result of the change in the surface charge of
BC300 and raw banana stem. At lower pH values (acidic), the H" ion concentration in
the aqueous system is comparatively high. The surface of BC300 and raw banana stem
achieved positive charge by absorbing H' ions. The positively-charged surface sites on
BC300 and raw banana stem are not favourable for the adsorption of cationic dye due to
the electrostatic repulsion. It will lead to the decreasing of the dye adsorption. As the pH
of the aqueous solution increased, the quantity of negatively-charged sites increased by
absorbing OH™ ions. As the surface of BC300 and raw banana stem are negatively-
charged at high pH, an attraction of high electrostatic exist between the adsorbents and
cationic dye molecules surface, resulting in maximum dye adsorption (Kumar & Ahmad,
2011). There is also a similar trend in early MB adsorption (Hu et al., 2017) that the
adsorbents are favourable for the adsorption of MB at higher pH values. Definitely, the
removal efficiency of MB increased dramatically when pH range from pH 3.0 to 5.0.
When the initial value was higher than pH 5.0, only a slight increase in MB uptake was
observed in both adsorbents.

By contrast, the BC700 showed the negative correlation in it. The maximum
removal percentage was reached at pH 3.0 and then dropped in case of pH 3.0 to 5.0, as
well as, remained almost constant from pH 5.0 to pH 10.0. Therefore, the adsorption
removal of MB by BC700 could be more favourable in acidic conditions than the
alkaline conditions. This could be explained by the formation of surface complex,
surface hydroxylation, and acid-base dissociation. In addition, the BC700 presented the

stronger alkalinity as the biochar was produced at a higher temperature, which caused
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the higher alkalinity in MB solution. Therefore, the BC700 adsorption to MB was
impaired at the higher pH values. A similar result was reported by Hameed et al. (2008)
who found that the adsorption capacity of banana stalk to adsorb cationic dye MB was
at its minimum at pH 2.0 and was maximum at pH 4.0. Yang and Feng (2010) also
showed a similar trend noting that the increased pH led to a decrease in adsorption
capacity, presumably attributed to the deprotonation of the surface groups and
protonation of the acidic functional groups of azo dye, leading to an electrostatic
repulsion between adsorbent and adsorbate (Yang & Feng, 2010).

It was clear that there was an optimum pH for adsorption and it tended to decrease
rapidly under strong acidic or strong alkaline conditions. Apart from affecting the
surface charge of the adsorbent, the pH solution also affects the ionization and
conformation degree of an adsorbate (MB) (Pavan et al., 2008). The pH of the dye
solution has a significant impact on the adsorption capacity by making the ionization
state of the binding groups to change, and by decreasing or increasing the competition
between the adsorbate molecules and protonated materials for the active sites (Vieira et
al., 2012). This adsorption mechanism can be explained by the interaction of the
electrostatic between the surface of adsorbent that is negatively-charged and MB dye
that is positively-charged (Hameed et al., 2007). Pavan et al. (2008) reported a similar

result for the adsorption of MB onto yellow passion fruit peel (Pavan ef al., 2008).

4.5 Adsorption Isotherms

The adsorption isotherm can illustrate the adsorption capacity at different aqueous
equilibrium concentrations (Shi et al., 2014). It is an important procedure for the
adaptive analysis between the data and different isotherm model for determining the
appropriate model. Two commonly models are applied to reasonably observe the dye

and adsorbent interaction in this study, namely, Langmuir and Freundlich models.
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4.5.1 Langmuir Isotherm
The Langmuir adsorption isotherms of the raw banana stem, BC300, and BC700,
were shown in Figure 4.12. The constant value of b and Qmax are obtained from the

intercept and the slope of the linear plot of experimental data of (Ce/qe) versus Ce.
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Figure 4.12: Langmuir adsorption isotherm of MB onto adsorbents

4.5.2 Freundlich Isotherm
The Freundlich isotherm results of the raw banana stem, BC300, and BC700, were
shown in Figure 4.13. The constants Kr and n can be evaluated from the intercept and

the slope of the linear plot of experimental data of log ge versus log Ce.

2.5 -
.
PR SR BV Ay
g 1> uunn:::.'.A::: .......
00
; 1 1
0.5 - ® Raw A BC300 ®BC700
-1 -0.5 0 0.5 1 - 2
Log Ce

Figure 4.13: Freundlich adsorption isotherm of MB onto adsorbents

The constant values and correlation coefficients of Langmuir and Freundlich
isotherms for adsorption of MB onto the raw banana stem, BC300, BC700 are listed in
Table 4.6.
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Table 4.6: Parameters and correlation coefficients of Langmuir and Freundlich
1sotherms for adsorption of MB onto the raw banana stem, BC300, BC700

Adsorbents Langmuir Isotherm Constants Freundlich Isotherm Constants
Qunax R? b RL n Kr (mg/g) R?
(mg/g) (L/mg)
Raw banana stem | 94.34 | 0.9990 | 0.268 | 0.059 2.11 22.20 0.9517
BC300 73.53 10.9990 | 0.338 | 0.047 2.59 21.32 0.9426
BC700 105.26 | 0.9979 | 0.990 | 0.017 2.64 45.02 0.9658

According to the Langmuir isotherm, the maximum monolayer adsorption
capacities of MB onto the raw banana stem, BC300 and BC700 were 94.34, 73.53 and
105.26 mg/g, respectively. Moreover, the Langmuir model showed a higher correlation
coefficient (R?) values (0.9979-0.9990) at all adsorbents compared to the Freundlich
model, indicating a monolayer adsorption of MB onto the homogeneous surface of
adsorbents. Besides, it also confirmed that Langmuir model was much better to describe
the adsorption of MB onto adsorbents. A comparable result was noticed for the
adsorption of MB onto kenaf fiber char with the highest values of correlation coefficient
(R?) of Langmuir isotherm compared to the Freundlich and Temkin models (Mahmoud
et al., 2012). Furthermore, the calculated parameter (Ri) for MB adsorption on the raw
banana stem, BC300 and BC700 were found to be between 0 and 1 for dye
concentrations of 20 mg/l. It indicated that the adsorption equilibrium was favourable
on the operation condition. Mahmoud et al. (2012) showed similar results with Rg
values and affirmed that there was the favourable adsorption of MB dye. In the
Freundlich isotherm, the lower R? further supported the homogenous monolayer
adsorption mechanism. Aljeboree et al. (2014) stated that if the n value is lower, this
demonstrates that the adsorption process is chemical and if the value is above one, this
suggests a favourable physical process. Therefore, in this study, the values of n of all the
adsorbents were over 1, thereby indicating that good adsorption occurred. Mahmoud et
al. (2012) proved a similar result that by showing the Freundlich model for the value of
n was greater than 1 that represents favourable adsorption condition. Additionally, Kris

used to represent the relative size of adsorption capacity, as illustrated in Figure 4.7. The
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result indicated that the order of adsorption capacity for MB dye removal was BC700 >
raw banana stem > BC300, and the high value of Kr for MB implied ready uptake of the

dye from the solution with high adsorptive capacities of BC700.

4.6 Adsorption Kinetics

The adsorption kinetics has been also investigated. In order to further study the
adsorption mechanisms, two widely utilized kinetic models were connected to fit the
experimental data in this research, namely pseudo-first-order and pseudo-second-order.
The adsorption rate constants for MB dye onto adsorbents were calculated based on the

pseudo-first-order and pseudo-second-order models.

4.6.1 Pseudo-First-Order

The linear plot of In (qe - qt) versus t was shown in Figure 4.14.
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Figure 4.14: Pseudo-first-order kinetic for adsorption of MB onto adsorbents

4.6.2 Pseudo-Second-Order

The linear plot of t/q; against t was shown in Figure 4.15.
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Figure 4.15: Pseudo-second-order kinetic for adsorption of MB onto the raw banana
stem, BC300, and BC700

All parameters of pseudo-first-order and pseudo-second-order were calculated in
each adsorbent. Both models have been fitted with experimental data and the results are
shown in Table 4.7.

Table 4.7: Pseudo-first-order and Pseudo-second-order constants and correlation
coefficients used to adsorb MB onto adsorbents

Adsorbents (e,exp Pseudo-first-order Pseudo-second-order
(mg/g) . (e,cal ko (e,cal
ki (min : R? . ’ R?
L) | (g (g/mg/min) | (mg/g)
Raw banana stem | 36.58 | 0.0074 1.85 | 0.8119 0.0124 36.63 1
BC300 39.12 | 0.0151 | 12.06 | 0.8885 0.0023 40.49 | 0.9997
BC700 40.00 | 0.0211 4.22 | 0.8359 0.0081 40.49 | 0.9999

Table 4.7 shows that the calculated gecal values were lower than the pseudo-first-
order experimental values (qe,exp), indicating that the pseudo-first-order model was not
fit to describe the adsorption process, this is supported by the low value of the
correlation coefficients. However, for the pseudo-second-order model, it is clear that the
Qecal Values determined using the pseudo-second-order showed a good agreement
between the experimental and the calculated qecar values, as opposed to the values of
Qecal calculated using the pseudo-first-order. Besides, the values of the correlation
coefficient for the second-order kinetic model were nearing one and all the values of
correlation coefficients were greater than 0.9990 for all adsorbents. Therefore, when
comparing the obtained R? values and g values between the first-order and second-

order kinetics, it can be easily deduced that the pseudo-second-order model was more
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suitable to describe the adsorption kinetics behaviours than the pseudo-first-order model.
In view of these, it was concluded that the pseudo-second-order kinetic model is more
suitable for interpreting the kinetic data and reasonably described the mechanism of the
MB adsorption process (Salleh et al., 2011). This observation supports the assumption
that the adsorption is predominantly due to chemisorption (Malash & El-Khaiary, 2010).
The good fit between the experimental data and the data calculated from the pseudo-
second-order kinetic model indicates that the rate controlling mechanism for adsorption
was a chemical adsorption between the adsorbate and adsorbent, as reported in some of
the previous studies (Feng et al., 2011; Mahmoud et al., 2012). A similar result was
observed for the adsorption of MB onto corncob hulls activated carbon (Wu et al., 2011).
In addition, Mahmoud et al. (2012) reported similar findings of the adsorption kinetic,
where it was found that adsorption kinetic was better represented by the pseudo-second-
order model due to higher correlation coefficients (R?) and the calculated ge values

showed a good agreement with experimental q. values.

4.7 Adsorption Thermodynamic

Figure 4.16 shows the Van’s Hoff plots in Inkq versus 1/T.
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Figure 4.16: Van’s Hoff plot for the estimation of thermodynamic parameters

The Gibb’s free energy (AG), entropy (AS), and enthalpy (AH) used to determine

the thermodynamics parameters are significant as they contribute features on the final
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state of the system. The values of AH and AS were calculated from the slope and
intercept of the plot between Inkqg versus 1/T, respectively. These parameters enable the
justification on whether the process is favourable from the thermodynamic point of view,
the spontaneity of the system and if the adsorption process occurs with absorption or
release of energy (Vieira et al., 2012). The calculated thermodynamic parameters at
various temperature were listed in Table 4.8.

Table 4.8: Thermodynamic parameters for the raw banana stem, BC300, and BC700

Adsorbents Temperature (K) AG (kJ/mol) AH (J/mol) AS (J/K mol)

303 -6900
Raw banana 313 -6900

stem 323 -6500 1.2 24
333 -6200
343 -6200
303 -6400
313 -7100

BC300 323 -7800 -1.6 20
333 -9100
343 -9200
303 -6400
313 -9100

BC700 323 -9600 2.1 22
333 -10000
343 -11000

As listed in Table 4.8, the raw banana stem showed positive values of AH which
indicated that the adsorption process under the current conditions was endothermic in
nature. This result is in agreement with the kinetic experiments discussed previously. A
similar result was noticed for the adsorption of MB onto sludge-based biochar (Shi et al.,
2014). The adsorption reaction for the endothermic processes could be contributed by
the temperature increment. It expanded the diffusion rate of the adsorbate molecules
across the external boundary layer and in the internal pores of the solution (Ahmad et al.,
2014c). Besides, Senthilkumaar et al. (2006) illustrated that the decreased in the
percentage of adsorption as the solution temperature increased was probably due to an
increase in the mobility of the adsorbate molecules. However, BC300 and BC700 were

shown to have the contrary trend with negative values of AH, which indicated that the
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adsorption of MB by BC300 and BC700 were an exothermic process. Moreover, the
calculated AG for MB adsorptions were both negative for all adsorbents, indicating that
the adsorption process followed a spontaneous and feasible trend (Wei et al., 2012).
Furthermore, the positive values of AS obtained by all adsorbents indicated that the
randomness at the solid/solution interface increased with the internal structure of the
adsorbent adsorbed MB, and there are some structural changes in the adsorbates and
adsorbents (Mahmoud et al., 2012). The boundary between physical adsorption and
chemical adsorption is not very sharp. Usually, if the values of AH are lower than 40
KJ/mol, and the values of AG are within the ranges of -20 and 0 KJ/mol, physical
adsorption was the main mechanism (Feng et al., 2011; Mahmoodi et al., 2010).
According to Table 4.8, the AG values cannot meet the above criteria, which proved that
the adsorption of adsorbents to MB was dominated by chemical adsorption. Similar
results have been described in the literature for the adsorption of amido black 10B dye
(Nethaji & Sivasamy, 2011) and malachite green dye (Nethaji et al., 2010) onto

activated carbon derived from the waste of palm flower.

4.8 Desorption

In order to further study the adsorption mechanism and stability of MB dye
adsorbed on the adsorbent, the adsorbent after saturated adsorption dye was added to
deionized water with different pH value to study the desorption of dye. The
contaminant-loaded adsorbents may cause secondary pollution effects if they are not
handled carefully. Desorption is the most common treatment technique to deplete
adsorbents, but it usually leads to serious side effects to the environment and is not
economical (Feng ef al., 2013). Therefore, it is necessary to recycle the used adsorbent
to make this process more economical and increase its usability (Porselvi &

Krishnamoorthy, 2014). The result of desorption study is shown in Figure 4.17.
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Figure 4.17: Desorption study of the raw banana stem, BC300, and BC700 under
different solution pH (dye-loaded adsorbent dose=0.05 g, agitation time=1 hour, rotation
speed=150 rpm, temperature=30°C)

As can be seen from Figure 4.17, as the desorbing pH was increased, the
percentage desorption decreased from 40.62% at pH 3.0 to 4.25% at pH 10.0 for the raw
banana stem. Desorption tests of raw banana stem showed that maximum dye releasing
(40.62%) was achieved in aqueous solution at pH 3.0. This is just opposite to the pH
effect in adsorption process which indicated the ion exchange is probably the major
mode for the raw banana stem. The result of the present desorption study is in
agreement with the findings of Kumar and Ahmad (2011) who found that the desorption
of crystal violet dye from ginger waste did not show any impact using NaOH and H»O,
while the dye can be desorbed about 35% to 50% using acetic acid. Therefore, the dye-
loaded raw banana stem can be more easily desorbed under the acid condition, it will
cause secondary pollution if released to the environment. By contrast, the desorption of
BC300 and BC700 is impossible, their desorption rates are 0.00%, suggesting that
chemisorption might be the major mode of dye removal by the biochar. Li ef al. (2011)
also showed a similar result. The low desorption rates indicated that the dye was firmly
adsorbed onto the biochar, that it will not cause secondary pollution to the environment
and also can be reused through the regeneration technology. Therefore, biochar is more

environment-friendly adsorbent to remove the dye from textile wastewater. The biochar
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prepared from dye-loaded adsorbents is propitious to avoid secondary pollution effects
caused by the MB-loaded adsorbent, reducing the depleted adsorbents and purifying the
dyed wastewater. This may be a suitable disposal methodology for the contaminant-
loaded adsorbents. But, a systematic investigation and evaluation should be progressed

when this technology is to be put into practice.

4.9 Adsorption Studies of Dye Wastewater from Textile Industry
4.9.1 Characteristics of Textile Effluent before the Treatment

In order to explore the effectiveness of the adsorbent for the actual textile
wastewater, the initial characteristics of the actual textile effluent were determined. The

characteristics of raw textile effluent are given in Table 4.9.

Table 4.9: Characteristics of raw textile effluent

Analysts Textile Effluent | Standard A Standard B
COD (mg/L) 14600 80 250
BODs (mg/L) 456 20 50
pH 10.77 6.0-9.0 5.5-9.0
TDS (ppm) 5752 - -
Turbidity (FAU) 1038 - -
Total Suspended Solid (mg/L) 3.07 50 100

As shown in Table 4.9, the values of COD and BODs of untreated effluent was
14,600 mg/L and 456 mg/L, respectively. The concentrations of COD and BODs were
extremely high as compared to the allowed limits for Standard A and Standard B. It was
clear that this wastewater was contaminated by the organic load in addition to the
dissolved and suspended matters. Organic load was expressed in terms of COD and
BODs. The pH of raw wastewater is pH 10.77, this result clearly indicates that
wastewater is alkaline in nature. This might be due to the presence of sodium hydroxide,
silica and MB dye during the dyeing process. According to Saha et al. (2002), alkaline
pH can cause severe physiological disturbance to most fish, inhibiting the rate of
ammonia excretion, leading to its accumulation and toxicity (Saha et al., 2002). The

precipitation of calcite from alkaline leachates smother benthic and littoral aquatic
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habitats, and reduces light penetration to primary benthic producers (Mayes & Younger,
20006). If this untreated effluent is discharged into natural streams and seeps into ground
water, it will cause serious pollution. The amount of total dissolved solids in wastewater
effluent was 5752 ppm. Dissolved solids contained in the industry wastewaters are also
a critical parameter. Conventional treatment systems are difficult to treat TDS. Disposal
of bearing effluents with high TDS can end up in the increase in TDS of ground and
surface water. Vegetation and aquatic life are vulnerable to the dissolved solids in
wastewater. Therefore, it was restricted for agricultural purpose.

The presence of high level of total dissolved solids is due to inorganic matter
present in the effluent. A high content of TDS reduces the utility of water for drinking,
irrigation, and industrial purposes. Total dissolved solids display the pollution strength
of the wastewater. Higher concentration of total dissolved solids will convey the taste or
odour of wastewater effluent. Total suspended solid of the effluent was 3.07 mg/L. The
turbidity of the untreated effluent was 1038 FAU. Turbidity is a good parameter to
measure the status of polluted water because the higher grouping of dyes, ions and other
contaminating agents will cause the wastewater to become polluted and turbid. The low
value in total suspended solids indicates that the amount of suspended particles in the

wastewater effluent is lower than the standard permitted.

4.9.2  Removal Efficiency of the Dye from the Textile Effluent

The initial concentration of dye effluent was calculated using the MB calibration
curves, and the result of the dye effluent initial concentration was 25.15 mg/L. Based on
Table 4.10, after treatment of wastewater through adsorption, it was observed that the
highest dye percentage removal by each adsorbent was attained at the dosages of 2.5 g
and were more than 90%. Percentage of dye removal was 92.25%, 90.93% and 98.73%

for the raw banana stem, BC300, and BC700, respectively. The sequence of dye
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removal ability was BC700 > raw banana stem > BC300. It is easily implied that the
initial increase in the removal efficiency of MB dye as adsorbent dosages increased
could be attributed to the increased in the surface areas of adsorbent, enlarging the
number of available adsorption sites due to the increase in adsorbent dose. At adsorbent
dosages higher than 2.5 g, the decrease in the removal percentage of MB may be
attributed to the concentration gradient between adsorbate and adsorbent. Increasing
biomass concentration may cause a decrease in the amount of metallic ion adsorbed per
gram of biomass (Lin et al., 2011). The decrease in adsorption percentage with
increasing adsorbent dose is mainly due to unsaturation of adsorption sites during the
adsorption process (Shukla et al., 2002; Yu et al., 2003). It was also caused by the
interaction of inter-particle due to the high adsorbent dose, such as aggregation. The
result of this aggregation would decrease the adsorbent total surface area and the length
of the diffusional path will be increased (Shukla ez al., 2002).

Table 4.10: Adsorption of MB dye from the textile effluent

Amount of Raw Banana Stem BC300 BC700
Adsorbents | Removal | Adsorption | Removal | Adsorption | Removal | Adsorption
Efficiency | Capacity | Efficiency | Capacity Efficiency Capacity
(%) (mg/g) (%) (mg/g) (%) (mg/g)

05¢g 85.21 4.29 80.68 4.06 90.85 4.57
lg 87.91 2.21 83.54 2.10 92.68 2.33
1.5¢g 90.58 1.52 86.12 1.44 94.83 1.59
2g 91.89 1.16 88.87 1.11 97.14 1.22
25¢g 92.25 0.93 90.93 0.92 98.73 0.99
3g 91.57 0.77 89.26 0.75 98.13 0.82

4.9.3 General Characteristics of Dye Effluent after the Treatment

In order to reduce the concentrations of pollutants, the prepared adsorbents were
utilized to treat the actual dye effluent at different doses. The treated effluent is
characterized and the values of various parameters are compared with the raw effluent
through different dosage of adsorbents as shown in Table 4.11, Table 4.12 and Table

4.13, respectively.
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Table 4.11: Characteristics of effluent before and after treatment with raw banana stem

Analyst Raw Raw Banana Stem
Textile After Treatment Maximum
Effluent | 05¢ lg 15g 2g 25¢g 3g Reduction (%)
COD (mg/L) 14600 9700 9200 8700 6600 5500 5900 62.33
BODs (mg/L) 456 312 288 269 256 237 245 48.03
pH 10.77 10.33 | 1028 | 10.26 | 10.22 | 10.15 | 10.19 5.76
TDS (ppm) 5752 4459 4433 3971 3659 3172 3497 44.85
Turbidity (FAU) 1038 163 141 102 87 82 89 92.10
Total Suspended | 3.07 0.17 0.15 0.11 0.09 0.08 0.09 97.39
Solid (mg/L)

Table 4.12: Characteristics of textile effluent before and after treatment with BC300

Analysts Raw BC300
Textile After Treatment Maximum
Effluent | 0.5¢g lg l5g 2g 25¢g 3g Reduction (%)
COD (mg/L) 14600 | 11300 | 10100 9800 7900 6900 7100 52.74
BODs (mg/L) 456 369 342 311 290 264 276 42.11
pH 10.77 10.44 | 1041 10.49 | 10.37 | 1031 | 10.33 4.27
TDS (ppm) 5752 5245 4764 4563 3828 3620 3796 37.07
Turbidity (FAU) 1038 189 175 153 127 96 113 90.75
Total Suspended 3.07 0.38 0.32 0.27 0.22 0.14 0.20 95.44
Solid (mg/L)

Table 4.13: Characteristics of textile effluent before and after treatment with BC700

Analysts Raw BC700
Textile After Treatment Maximum
Effluent | 0.5¢ lg 15g 2g 25¢g 3g Reduction (%)
COD (mg/L) 14600 7600 6200 5200 4300 2600 3200 82.19
BODs (mg/L) 456 267 245 207 171 157 165 65.57
pH 10.77 10.52 | 10.50 | 1049 | 1047 | 10.43 | 10.45 3.16
TDS (ppm) 5752 4158 3997 3875 3194 2964 3078 48.47
Turbidity (FAU) 1038 94 75 56 31 15 20 98.55
Total Suspended 3.07 0.1 0.1 0.1 0.1 0.06 0.08 98.05
Solid (mg/L)

The water quality had improved after applying low-cost adsorbents. After the

treatment of wastewater with the prepared low-cost adsorbent, the percentage of

reduction in each specific contaminant was determined by varying the dose of the

adsorbent. As can be seen from the Table 4.11 to Table 4.13, the adsorbent dosage has a

great influence on the removal of contaminants in the textile wastewater. It was

observed that the dose of the adsorbent gradually increased so that the removal

efficiency of each contaminant was also improved accordingly. However, when the

adsorbent dosages were more than 2.5 g, these indicators were stable and even
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decreased, which indicates that 2.5 g is the optimum dosages for adsorbents and the
adsorption has reached saturation. In view of the outcomes, the effluent quality was
improved after the treatment process. On increasing adsorbent dosage to 3.0 g, lower
adsorption capacity for each pollutant was found. This indicated that the use of 3.0 g or
higher dosage of adsorbent could not improve the removal efficiency of dye, which may
be due to the availability of more adsorbent surfaces for wastewater contaminants to be
adsorbed (Kamboh et al., 2011). The adsorption was a surface phenomenon, where the
percentage and degree of adsorption were influenced by the physicochemical properties
of this specific adsorbent, such as pore size, surface area, and composition (Kamboh et
al., 2009). From the observation and laboratory work, when applied at 2.5 g adsorbent
dosage, it was observed that raw banana stem as an adsorbent helped remove COD
(62.33%), BODs (48.03%), pH (5.76%), TDS (44.85%), Turbidity (92.10%), Total
suspended solid (97.39%). For the case of BC300, it helped remove COD (62.33%),
BODs (48.03%), pH (5.76%), TDS (44.85%), Turbidity (90.75%), and Total suspended
solid (95.44%). On the other hand, for the case of BC700, it showed the best removal
percentage for each of pollutants than raw banana stem and BC300. The adsorbent of
BC700 helped remove the COD (82.19%), BODs (65.57%), pH (3.16%), TDS (48.47%),
Turbidity (98.55%), and Total suspended solid (98.05%). As a result, it was clear that
BC300 caused the least reduction in each pollutant content, which was smaller than the
other two adsorbents BC700 and raw banana stem, and BC700 resulted in the highest

reduction in the concentration of the pollutants.

4.9.3.1 Reduction in COD and BODs
It can be seen from Table 4.11 to Table 4.13 that the COD and BODs of the
wastewater are significantly reduced using various dosages of adsorbents. The values of

BODs and COD in the original wastewater were very high and the values decreased
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significantly when the wastewater passed through the adsorption process. From the
result, it had been proved that the effective removal of BODs and COD was achieved by
the dosage of adsorbent at 2.5 g. It can be interpreted that the reduction in COD and
BODs might be due to adsorption of pollutants by adsorbents. At the optimum dosage of
2.5 g, the textile effluent after treatment was significantly reduced with a lower COD
value which was 5500 mg/L,6900 mg/L and 2600 mg/L for the raw banana stem,
BC300, and BC700, respectively, as compared to the raw wastewater effluent which
was 14600 mg/L. The value of COD after treatment was significantly reduced by the
raw banana stem, BC300, and BC700 with 62.33%, 52.74% and 82.19%, respectively.
For BODs, it is evident from the results that the reduction efficiency of BC700 showed
the highest reduction percentage with 65.57%. The reductions caused by BC300 and
raw banana stem after treatment were 42.11% and 48.03%, respectively. Compared with
BC700, it was observed that BC300 showed the poorest reduction efficiency than
BC700 and raw banana stem. Overall, the BC700 showed the best reduction efficiency
of COD and BODs, while BC300 showed the lowest removal efficiency. From Table
4.10, the order of dye removal efficiency was BC700 > raw banana stem > BC300. This
corresponds to the efficiency of the removal of BODs and COD. The high porosity in
adsorbent could effectively capture and absorb the organic pollutants in the effluent.
SEM analysis confirmed that adsorbents has high porosity, thus, adsorbents were able to
capture organic pollutants. Dye compounds were decomposed and captured by pores of
adsorbents, as well as the elemental chemical behaviour of adsorbents. From the
material analysis, it was found that BC700 has high porosity, highest surface area and
highest fixed carbon content which will result in the best performance in effluent
pollutants reduction. The raw banana stem has a rough, porous surface and abundant
functional groups which make it capable to result in reduced value of BODs and COD.

Based on the research done by Baek et al. (2010), porous and rough surface offers
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better adsorption process. Thus, raw banana stem also has favourable morphological
conditions for adsorption of pollutants. Besides, BC300 has moderate porosity and fixed
carbon. Rajwar and Pandey (2015) stated that adsorbents containing higher carbon
content have given better performance in the COD reduction. According to Islam ef al.
(2015), the existence of ethers groups, hydroxyl groups, and aromatic compounds
revealed to help in physical adsorption and MB binding is mostly through the O-H and
C-O groups. Devi (2010) clarified that the difference between the percentage reductions
of pollutants could be attributed to the difference in the number of carbonaceous
adsorption sites in the different adsorbents. Srivastava et al. (2005) noted that the
removal percentage of COD in the pulp mill wastewater was 50% when treated with 2g
sugarcane bagasse fly ash adsorbent at pH 4. The interface between effluent pollutants
and the prepared adsorbents were highly vital on the adsorption capacity, the adsorption
capacity of organic matters onto adsorbent can be improved with the presence of
inorganic salts. The charges carried by these salt ions of adsorbent is opposite to the
charge of the adsorbed organic ions so that these salt ions can be attracted to the spaces
between adjacently adsorbed organic ions and able to reduce the strength of the

repulsion of the adjacently adsorbed organic ions (Zhang & Chuang, 2001).

4.9.3.2 Reduction in pH

Based on the pH results, treated wastewater has a pH range from pH 10.15 to 10.43
by the raw banana stem and BC700. It is evident that there is a slight improvement in
pH after the adsorption treatment compared to the initial values. The pH of textile
effluent reduced to pH 10.15, pH 10.31 and pH 10.43 for the raw banana stem, BC300,
and BC700 at the dosage of 2.5 g, respectively. Moreover, the original pH of the raw
banana stem, BC300 and BC700 was pH 6.06, pH 7.58 and pH 10.38, respectively. Also,

the reduction of MB present in the effluent will reduce the pH value. But, as the
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adsorbents dose added into wastewater could lead to the pH increase again, thus, the pH
showed no significant improvement after the adsorption treatment. From the results, the

pH removal percentage of the raw banana stem was better than BC700 and BC300.

4.9.3.3 Reduction in Total Dissolved Solids

After the adsorption treatment, the amount of total dissolved solids was slight
improved and less than 50%. There is no significant change as compared to the initial
values. This likely due to the fact that after the dyeing process, most of the solids such
as wax will be removed and filtered before the wastewater is released into water bodies.
Therefore, the remaining total dissolved solids in the wastewater were minimum. Table
4.11 to Table 4.13 shows that the amount of TDS was reduced 44.85%, 37.07% and
48.47% by raw banana stem, BC300, and BC700, respectively. BC700 also was the
most effective for the removal of TDS from wastewater while BC300 was least efficient
in removing TDS. The order in which TDS was removed and the order in which the dye
was removed is also corresponding. The presence of a high level of total dissolved
solids is due to inorganic matter present in the effluent. The dissolved solids were not
effectively removed after treatment, thus, if the value needs to be significantly reduced,

additional methods must be carried out.

4.9.3.4 Reduction in Total Suspended Solids and Turbidity

Total suspended solids and turbidity were the most visible indicators in observing
water clarity. They were major parameters used to evaluate the intensity of domestic
wastewater and to measure the efficiency of the processing units. As can be seen from
Table 4.11 to Table 4.13, the total suspended solids and turbidity showed significant
improvement with the applied adsorption treatment. The present study clearly shows

that percentage removal of these two parameters was effectively achieved more than
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90% at the dosage of 2.5 g. The number of suspended solids was reduced from initial
value of 3.07 mg/L to 0.08 mg/L, 0.14 mg/L and 0.06 mg/L by the raw banana stem,
BC300, and BC700, respectively. This contributes to a decrease in the turbidity of
wastewater effluent from 1038 FAU to 29 FAU, 51 FAU and 13 FAU in treatment with
raw banana stem, BC300, and BC700, respectively. Overall, the percentage reductions
of turbidity obtained were 92.10%, 90.75% and 98.55% by raw banana stem, BC300,
and BC700, respectively, and the percentage of the total suspended solids were 97.39%,
95.44% and 98.05% by raw banana stem, BC300, and BC700, respectively. The dye
removal after adsorption treatment resulted in a decrease in the total suspended solids
and turbidity in the wastewater. Materials with high porosity, high surface area and
functional groups are capable of adsorbing more suspended solids. According to the
adsorption capacity of adsorbent in Table 4.10, the BC700 is the best for removing the
MB dye from effluent, followed by the raw banana stem and BC300. Therefore, the
order of removal efficiency of TSS and turbidity also corresponds to the removal
efficiency of dye. BC700 achieved the maximum removal of total suspended solids and
turbidity from wastewater due to its high porosity and high surface area. Mahmoued
(2010) stated that there is a connection between turbidity and suspended solids. It was
concluded that all the adsorbents used have good removal capacity for COD, BODs, pH,
total dissolved solid, turbidity and TSS. BC700 has high porosity and high surface area,
leading to higher adsorption of pollutants in the effluent compared to another two
adsorbents. These results could be utilized to develop the design parameters of an
adsorption-based industrial wastewater treatment system. The adsorption process
provides an effective and alternative effect in the removal of pH, COD, BODs, Colour,
TDS, TSS and other parameters in the treatment of wastewater using low-cost
adsorbents which are readily available and inexpensive (Arumai, 2008). Jatto et al.

(2010) studied the use of snail shell to treat wastewater from food industry, the result
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showed that snail shell is effective for removing pollutants from wastewater as the
turbidity, COD and BODs decreased (Jatto et al., 2010). Venkateswarlu et al. (2007)
also illustrated that neem leaf powder can be utilized as an effective low-cost adsorbent

to remove organic matters from wastewater.

4.10 Economic Feasibility

One of the key factors that must be considered in preparing the adsorbent was the
cost of the adsorbent. In this study, the cost for raw banana stem and biochar as
adsorbent were calculated and the results of a simple framework were presented in
Table 4.14.

Table 4.14: Cost of preparing raw banana stem and biochars

Process Charge of Raw Charge of

Banana Stem (RM) | Biochars (RM)
Banana stem waste (per kg) FOC FOC
Drying (1 hour x 3.0Kw x RMO0.218) 0.65 0.65
Grinding Process (1 hour x 4.0Kw x RM0.218) 0.88 0.88
Pyrolysis process (1 hour x 1.8Kw x RM0.218) 0.00 0.39
Total (RM/kg) 1.53 1.92
Activated carbon: 2 USD/kg = 8.7 RM/kg (Oleszczuk et al., 2012).

The cost of biochar in this study was mainly affected by the consumption of raw
banana stem. The agricultural waste was cheap, abundant and environmental-friendly in
order to prepare biochar in Malaysia. It is also worth mentioning that the price of
biochar is significantly lower as compared to activated carbon. The result of biochar
price is in agreement with the findings of Oleszczuk et al. (2012) who estimated that
biochar is about 10 times cheaper than activated carbon (2 USD/kg), about 8.7 RM/kg.
Although activated carbon was very effective in removing dyes from aqueous solution,
but the price is too high and some commercial activated carbons are used for the special
purpose for which the price will cost more in the domestic and international markets
(Sarbani et al., 2016). In terms of economic advantage, the cost of biochar may make it

a highly competitive alternative for the purification of dye-contaminated wastewater.
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CHAPTER 5: CONCLUSION

This investigation showed that banana stem as an agricultural waste can efficiently
be used to remove methylene blue dye. The results showed that raw banana stem,
BC300, and BC700 exhibited more than 90% adsorption efficiency at 10 mg/L of
methylene blue dye aqueous solution and at 25.15 mg/L of actual dye effluent. Among
all of the adsorbents, BC700 was the best in removing methylene blue as it can achieve
maximum removal percentage of 98.50% and 98.73% for 10 mg/L of methylene blue
dye aqueous solution and 25.15 mg/L of actual dye effluent, respectively. However,
these adsorbents were not suitable to remove congo red dye from aqueous solution. The
results showed that the properties of biochar are strongly affected by pyrolysis
temperature: (i) the yield of the biochar decreased with increasing pyrolysis temperature;
(i1) the pH of biochar was significantly increased with increasing pyrolysis temperature.
Biochar obtained at a high pyrolysis temperature (700°C) has high surface area, high
porosity, high fixed carbon content and high pH. The removal percentage was found to
increase with increasing dosage, contact time and agitation speed, but decrease with the
increasing initial concentration of methylene blue.

The equilibrium data fitted better with the Langmuir isotherm equation compared
to the Freundlich model. The pseudo-second-order kinetic model fitted very well with
the dynamical adsorption behaviour of methylene blue dye, thus, the adsorption process
is chemisorption. The calculated values of different thermodynamics parameters
indicated that the adsorption process is feasible, giving the spontaneous trend for all
adsorbents. Furthermore, the adsorbent of the raw banana stem was endothermic in
nature while the biochars of BC300 and BC700 was an exothermic process. The
desorption study indicated that the dye was firmly adsorbed onto the biochar, it will not
cause the secondary pollution to the environment and also it can be reused through the

regeneration technology. Hence, biochar is more environment-friendly adsorbent to
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remove the dye from textile wastewater. The actual dye effluent quality had improved
after applying adsorbents, and BC700 resulted in the highest reduction in the
concentration of the pollutants. The cost of preparation of raw banana stem and biochars
ranged between RM1.53 to RM1.92. As compared to activated carbon, these adsorbents
are more viable and economical than activated carbon. Overall, the biochar of banana
stem is economical, effective and environment-friendly adsorbent for the removal of

textile dyes from wastewater.
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