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Water pollution caused by organic dyes poses a significant global threat to
human and marine life. Reactive Red-120 dye is one of the textile dyes that is
widely used for dyeing in many countries. The dye and its metabolites have been
shown also to be toxic, carcinogenic, and mutagenic. A screening result of
several bacteria for the dye sorption has yielded the best isolate, Enterobacter
sp. strain MMO05. Then, the bacterial biomass morphological structure was
characterized using Fourier Transform Infrared (FTIR) and Scanning Electron
Microscopy (SEM) techniques. The adsorption kinetics, isotherm, and
thermodynamic parameters for RR-120 dye adsorption were determined in the
study. Twelve (12) different bacterial isolates were screened against RR-120
dye. Of the 12 isolates screened, Enterobacter sp. strain MMO05 biomass was
found to have a higher percentage of dye removal (67.86%). Optimization
techniques such as One-factor-at-a-time (OFAT) and Response Surface
Methodology (RSM) were used to improve the adsorption process. The OFAT
optimum conditions found for the adsorption of the reactive red-120 dye were;
60 min (contact time), 50 ppm (dye concentration), 7.0 (pH), 150 rpm (agitation
speed), 1.5ml (adsorbent amount), and 45 °C (temperature). The RSM
optimisation provided the most ideal condition for the removal of the RR-120 dye,
which increased the percentage removal of the dye to 73%. The models' R? was
determined to be 0.9563. Different non-linear mathematical models were used
to study the adsorption kinetics of the bacterial biomass on RR-120 dye. The dye
exhibited a pseudo-second-order kinetics reaction with the lowest A/Cc value of
-39.09 and adjR? that is closest to 1.0 (0.998). Langmuir, Henry Freundlich, BET,
Toth, Sips, Fritz-Schlunder IV, and Fritz-Schiunder V were the best-fitting
mathematical models for the RR-120 dye in the isotherm studies. Except for the
Henry model, all of the nine (8) isotherm models tested on the RR-120 dye
provided significant fitting results. The Feundlich model was found to be the best
isotherm model after statistical analysis using the corrected Akaike Information
Criterion (AICc), root-mean-square error (RMSE), adjusted coefficient of



determination (adjR?), accuracy factor (AF), and bias factor (BF). The model had
the lowest AICc value of -51.54. Thermodynamic parameters for the adsorption
of reactive red-120 dye were studied at different temperatures (30, 35, 40, 45,
and 50 °C), starting with the rate constants derived from the pseudo-second-
order kinetic (k2) and moving on to the isotherm constant (K.) determined from
the Langmuir model. By converting the K. constant, the dimensionless
thermodynamic constant Kc was obtained. The thermodynamic parameters such
as standard Gibbs free energy (AG), enthalpy (AH), and entropy (AS) were
determined using non-linear regression of the van't Hoff plot. The RR-120 dye
adsorption thermodynamic results showed that the reaction was endothermic
having the positive AH® value of 52.91 kJ/mol. However, the result equally
showed that the adsorption process was spontaneous and feasible having
negative Gibb's free energy. Furthermore, the positive value of the AS° (301.30
kJ/mol/K) indicated the affinity of the bacterial biomass (adsorbent) toward an
adsorbate (RR-120 dye). In other word, the positive AS° value suggested an
increased randomness at the solid/liquid interface with the structural changes in
the adsorbent and adsorbate. The presence of many functional groups, including
hydroxyl, alkyl, and carbonyl, which are essential in the process of dye
adsorption, particularly reactive red-120 dye, is revealed by Fourier transform
infrared (FTIR) analysis. The heterogeneous, non-porous, smooth, and tightly
packed surfaces following the dye adsorption of RR-120 dye are revealed by the
analysis of the SEM data on the biomass of Enterobacter sp. strain MMO05. This
finding has concluded that, the biomass of Enterobacter sp. strain MMOS5 is
essential in the adsorption of reactive red-120 dye and could be employed in
bioremediation processes especially in the removal of azo dyes from the
environment.

Keyword: Biosorption, Enterobacter, Kinetics, Reactive Red-120,
Thermodynamic

SDG: GOAL 3: Good Health and Well-Being, GOAL 6: Clean Water and
Sanitation
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Pencemaran air yang disebabkan oleh pewarna organik menimbulkan ancaman
global yang ketara kepada kehidupan manusia dan marin. Pewarna Reaktif Red-
120 adalah salah satu pewarna tekstil yang digunakan secara meluas untuk
pencelupan di banyak negara. Pewarna dan metabolitnya telah ditunjukkan juga
sebagai toksik, karsinogenik, dan mutagenik. Hasil saringan beberapa bakteria
untuk penyerapan pewarna telah menghasilkan isolat terbaik, Enterobacter sp.
terikan MMO05. Kemudian, struktur morfologi biojisim bakteria dicirikan
menggunakan teknik Fourier Transform Infrared (FTIR) dan Scanning Electron
Microscopy (SEM). Kinetik penjerapan, isoterma, dan parameter termodinamik
untuk penjerapan pewarna RR-120 telah ditentukan dalam kajian ini. Dua belas
(12) pencilan bakteria berbeza telah disaring terhadap pewarna RR-120.
Daripada 12 isolat yang disaring, Enterobacter sp. biojisim MMO0S terikan
didapati mempunyai peratusan penyingkiran pewarna yang lebih tinggi
(67.86%). Teknik pengoptimuman seperti One-factor-at-a-time (OFAT) dan
Response Surface Methodology (RSM) telah digunakan untuk menambah baik
proses penjerapan. Keadaan optimum OFAT yang ditemui untuk penjerapan
pewarna merah-120 reaktif ialah; 60 min (masa sentuhan), 50 ppm (kepekatan
pewarna), 7.0 (pH), 150 rpm (kelajuan pengadukan), 1.5ml (jumlah penjerap),
dan 45 °C (suhu). Pengoptimuman RSM menyediakan keadaan paling ideal
untuk penyingkiran pewarna RR-120, yang meningkatkan peratusan
penyingkiran pewarna kepada 73%. R2 model telah ditentukan untuk menjadi
0.9563. Model matematik bukan linear yang berbeza digunakan untuk mengkaiji
kinetik penjerapan biojisim bakteria pada pewarna RR-120. Pewarna
mempamerkan tindak balas kinetik tertib pseudo kedua dengan nilai AICc
terendah -39.09 dan adjR2 yang paling hampir kepada 1.0 (0.998). Langmuir,
Henry Freundlich, BET, Toth, Sips, Fritz-Schlunder IV dan Fritz-Schlunder V
ialah model matematik yang paling sesuai untuk pewarna RR-120 dalam kajian
isoterm. Kecuali model Henry, kesemua sembilan (8) model isoterma yang diuiji
pada pewarna RR-120 memberikan hasil yang sesuai. Model Feundlich didapati



sebagai model isoterma terbaik selepas analisis statistik menggunakan Kriteria
Maklumat Akaike (AlICc) yang diperbetulkan, ralat punca-min kuasa dua
(RMSE), pekali penentuan terlaras (adjR2), faktor ketepatan (AF), dan bias.
faktor (BF). Model tersebut mempunyai nilai AlCc terendah iaitu -51.54.
Parameter termodinamik untuk penjerapan pewarna merah-120 reaktif telah
dikaji pada suhu yang berbeza (30, 35, 40, 45, dan 50 °C), bermula dengan
pemalar kadar yang diperoleh daripada kinetik tertib pseudo kedua (k2) dan
bergerak. kepada pemalar isoterma (KL) yang ditentukan daripada model
Langmuir. Dengan menukar pemalar KL, pemalar termodinamik tak berdimensi
KC diperolehi. Parameter termodinamik seperti tenaga bebas Gibbs standard
(AG), entalpi (AH), dan entropi (AS) ditentukan menggunakan regresi bukan
linear plot van't Hoff. Keputusan termodinamik penjerapan pewarna RR-120
menunjukkan bahawa tindak balas adalah endotermik yang mempunyai nilai
AH° positif 52.91 kd/mol. Walau bagaimanapun, keputusan sama menunjukkan
bahawa proses penjerapan adalah spontan dan boleh dilaksanakan mempunyai
tenaga bebas Gibb negatif. Tambahan pula, nilai positif AS® (301.30 kJ/mol/K)
menunjukkan pertalian biojisim bakteria (penjerap) terhadap penjerap (pewarna
RR-120). Dalam erti kata lain, nilai AS° positif mencadangkan peningkatan
rawak pada antara muka pepejal/cecair dengan perubahan struktur dalam
penjerap dan penjerap. Kehadiran banyak kumpulan berfungsi, termasuk
hidroksil, alkil, dan karbonil, yang penting dalam proses penjerapan pewarna,
khususnya pewarna merah-120 reaktif, didedahkan oleh analisis Fourier
transform inframerah (FTIR). Permukaan heterogen, tidak berliang, licin dan
padat berikutan penjerapan pewarna pewarna RR-120 didedahkan melalui
analisis data SEM pada biojisim Enterobacter sp. terikan MMO05. Dapatan ini
telah membuat kesimpulan bahawa, biojisim Enterobacter sp. terikan MMO05
adalah penting dalam penjerapan pewarna merah-120 reaktif dan boleh
digunakan dalam proses biopemulihan terutamanya dalam penyingkiran
pewarna azo daripada persekitaran.

Kata kunci: Biosorpsi, Enterobacter, Kinetik, Reaktif Merah-120, Termodinamik

SDG: MATLAMAT 3: Kesihatan dan Kesejahteraan yang Baik, MATLAMAT 6:
Air Bersih dan Sanitasi
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CHAPTER1

INTRODUCTION

11 Research Background

Biosorption can be defined as the process through which substances are
removed from the solution by biological material. Such substances can be
organic, inorganic, gaseous, soluble, or insoluble. It is a physico-chemical
process that includes mechanisms such as absorption, adsorption, ion
exchange, surface complexation, and precipitation. It is an attribute exhibited by
both living and dead biomass (Gadd, 2009). In contrast to biodegradation,
biosorption is considered and proven to be a fast and easy to operate method
for the removal and detection of pollutants from water, which has efficiency and
the possibility of contaminant recovery.

Textile, paper, paint, printing, and cosmetics industries discharge massive
amount of wastewater containing synthetic dyes. Most of these dyes are
poisonous, carcinogenic, teratogenic, and often cause allergic dermatitis and
mutations. They also impart color to wastewater streams, thereby preventing
sunlight penetration, eventually decreasing the photosynthesis of aquatic plants
(Naskar & Majumder, 2017). Dye effluents originating from textile and dyestuff
industries are difficult to treat because of their high alkalinity, Biological Oxygen
Demand (BOD), Chemical Oxygen Demand (COD), and total dissolved solids.
As a result of the environmental hazards associated with the release of harmful
dye effluents, there is an increase in the legislation and regulations of dye usage
imposed by regulatory agencies to mitigate its adverse effects on the
environment (Srinivasan & Viraraghavan, 2010).

Water pollution caused by organic dyes poses a significant global threat to
human and marine life, not only to the climate. These compounds or their
metabolites have been shown to also be toxic, carcinogenic, and mutagenic. In
addition to their toxic, carcinogenic, and non-biodegradability properties, even
the low concentration of dyes (< 50 ppm) found in the water environment is
extremely undesirable due to their detrimental effects on the water ecosystem
and interference with the photosynthetic activities of aquatic organisms
(Baldikova et al., 2019).

A reactive dye can react directly with the fabric, which means that a chemical
reaction occurs between the dyes and the molecules of the fabric, effectively
incorporating the dyes into the fabric. Reactive Red 120 (RR 120) and Reactive
Blue Bezaktiv 150 (RBB 150) are the oldest synthetic dyes that are widely used
in many industrial sectors, particularly in the dyeing of clothes and shoes. On the
other hand, dyeing procedures that use reactive dyes generate many unfixed
dyes, and the wastewater generated as a by-product of this process may impact

1



the ecosystem through effluent discharges. According to surveys, about 20% of
total global production is lost in the dyeing process and is discarded in
wastewater (Navaei et al., 2019).

The application of biological processes for the treatment of coloured wastewater
has not yet been completely developed. Adsorption is rapidly gaining popularity
as a method of treating aqueous wastewater treatment technologies. The most
powerful and frequently used adsorbent is activated carbon. Its high costs
especially in developed countries prevented its application which necessitated
researchers to look for alternative techniques particularly the employment of
microorganisms (including their biomass) because of their abundance and low-
cost operations and applications (Karthik et al., 2016b).

1.2 Problem Statement

In the 218t century, water quality issues are a major challenge for humanity.
Various industries produce large amounts of dye-contaminated aqueous
effluent. Most of these dyes are toxic, causing allergies and skin irritation, as well
as mutagenic and/or carcinogenic (Fathi & Asfaram, 2011). Because of the
release of undesirable dye effluents, the textile industry is responsible for one of
the world's major environmental pollution issues (Yaseen & Scholz, 2019).
Colour is typically the first contaminant detected in wastewater since even a
small amount of synthetic dyes in water (one part per million) has a significant
impact on the aesthetic value, transparency, and gas solubility of water bodies
(Pereira & Alves, 2012). The color associated with textile dyes not only causes
aesthetic damage to water bodies but also prevents light from passing through,
resulting in a reduction in the rate of photosynthesis and dissolved oxygen levels,
affecting the entire aquatic biota (Lellis et al., 2019).

13 Significance of the study

The efficiency of biosorption technology in lowering dye concentrations to
extremely low levels, as well as the utilization of inexpensive biosorbent
materials like bacterial biomass, are two of its major benefits over alternative
methods of sorption like chemical or physical (Pereira & Alves, 2012). Amongst
the sorption methods, the biological method is proven to be widely used because
of its ease, cheaper and eco-friendly. Because biomass is readily available in
large quantities at a low cost, it is increasingly being used for wastewater
treatment. Microbial biomass is one of the low-cost and efficient biosorbents of
dye removal from solutions ( Kumar et al., 2015).

1.4 Research Hypothesis

In this study, bacterial biomass (Enterobacter sp. MM05) was used as a novel
eco-friendly biosorbent in the biosorption of reactive red-120 dye. The
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employment of microbial biomass in the removal of textile dyes was reported
severally in the literature. Response Surface Methodology (RSM) as an
experimental design method has been shown to significantly improve adsorption
over other methods such as One-Factor-at-a-Time (OFAT) and has been
acknowledged by so many researchers. Therefore, this study is not an exception
as it has been studied and reported. Usually, kinetic models such as pseudo-
first-order, pseudo-second-order, and Elovich are used in the determination of
the adsorption mechanism. Similarly, isotherm models like Henry, Langmuir,
Freundlich, Brunauer-Emmett-Teller (BET), etc. are used in the characterization
of the heterogeneity of adsorbent surfaces which can be mono or multilayers.
Therefore, kinetic models were studied and reported in this study. Non-linear
regression in place of linear regression was used in the determination of kinetic
and isotherm models because of its unbiased nature and provision of smaller
residuals. The use of non-linearized regression over linearized one has been
reported severally in the literature. The best models can predict the maximum
adsorption capacity (qe) whereas the rate constant values can be employed in
thermodynamic studies to obtain the values of Gibb’s free energy ([1G), enthalpy
(T7H), and entrofy ([1S) which are used to describe the nature of adsorption.
Based on the above hypothesis, this study is aimed at screening the biomass of
Enterobacter sp. MMOQ5 for the biosorption of reactive red-120 dye and the aim
could be achieved through the following objectives:

1. To screen the bacterial isolate and biomass for reactive red-120
biosorption

2. To optimize the biosorption conditions using One-Factor-At-a-Time
(OFAT) and Response Surface Methodology (RSM).

3. To characterize the bacterial biomass using FTIR and SEM.
4. To determine the isotherms and kinetics of biosorption.

5. To evaluate the effect of thermodynamic parameters on dye biosorption.



CHAPTER 2

LITERATURE REVIEW

21 Dyes

Dyes are color-inducing compounds that are widely used in the textile, food,
cosmetic, handmade paper, plastic, pharmaceutical, and photographic
industries (Chaudhary, 2020). The global colorant market is expected to grow as
a result of increased coloring needs in a variety of end-use industries ranging
from textiles to coatings. Furthermore, rising demand for high-performance
colorants, as well as increased consumer preference for eco-friendly products,
are expected to drive global industry demand over the forecast period (Glrses
et al., 2016a). Color is an important component of our world. They are ubiquitous
and serve both functional and aesthetic purposes. Every material is colored, and
the molecules that make up that material are very selective about which photon
energy they will absorb and which they will not. A red-absorbing object does not
appear red. Colors that are not absorbed are visible. The color seen is said to
be the complementary color to the color absorbed. For example, if the absorbed
color is blue, the observed color will be orange (Chaudhary, 2020).

Dyes have great colorant qualities, are easy to process, and have outstanding
color strength, but they have poor solvent and heat stability, as well as low
durability and migration. The electrical characteristics of the dye molecule's
chromophore determine what color is imparted to the solution. They are utilized
to color substrates that are attracted to them (Gulrses et al., 2016b). The
absorption of radiation in the UV and visible regions causes electronic excitation,
which causes an electron to shift to a higher energy level. A covalently
unsaturated group called Chromophore is responsible for this electromagnetic
radiation absorption. Depending on whether or not it absorbs light in the visible
region, it may or may not impart color to the substrate (Ed, 2014). Another group
that is covalently attached to this molecule is the Auxochrome, which causes a
change in both the wavelength and the intensity of the absorption maximum.
They are also known as color-enhancing groups because they increase the
values of Amax and emax by extending the conjugation by resonance (Giirses et
al., 2016b).

211 Classification of Dyes

Because of the remarkable increase in the type and number of dyes, textile dye
classification has become critical. These dyes can be classified structurally using
the following functional groups: anthraquinone, azo, phthalocyanine, sulfur,
indigo, nitro, nitroso, and so on, based on their chemical structures. Table 2.1
shows dyes classification, its substrate and mode of application. Another
classification was based on how these colors were applied on a large scale
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(Benkhaya et al., 2020). Textile dyeing has been a part of human culture for over
4,000 years. Except for the last 150 years, all dyes were derived from natural
sources (Ferreira et al., 2004). The discovery of Mauveine by William Henry
Perkin in 1856, while seeking to find a way to synthesize Quinine, a medication
used to treat Malaria, the scourge of many tropical countries, ushered in a major
revolution in dyes (Abel, 2012). The table below (Table 2.1) shows some
classsifications of dyes.
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21.2 Reactive Red-120 Dye

Reactive dyes are formed by combining azo-based chromophores with various
reactive groups, such as vinyl sulfone, chlorotriazine, trichloropyrimidine, and
difluoro chloropyrimidine. They can react directly with fabric, which means that a
chemical reaction occurs between the dyes and the fabric molecules, effectively
incorporating the dyes into the fabric (Navaei et al., 2019) Because of their
simple dyeing procedures and good stability during the washing process,
reactive azo dyes are widely used in textile dyeing processes. Approximately
20-40% of these dyes are still present in the effluent. Due to their reactivity,
toxicity, and stability, discharges of such wastewater into receiving waters can
become hazardous to aquatic organisms. Azo dyes are the most dangerous
xenobiotic pollutants, causing mutations and cancer (Celekli et al., 2012).

Figure 2.1 shows the structure of Reactive Red-120 (RR-120), one of the azo
dyes that is commonly used in the textile industry and poses a potential threat to
the aquatic environment because of its poor biodegradability (Bazrafshan et al.,
2013).

SO;Na
NaO3S SO3N3
SO3Na
Tl H NaO3S NH
N
SOgNa Cl

Figure 2.1: Structure of Reactive red-120 Dye (An Azo Dye)

2.2 Global Incidences of Dye Pollution

Dyes are substances that, when applied to a substrate, provide color by altering,
at least temporarily, the crystal structure of the colored substances. Such
coloring substances are widely used in the textile, pharmaceutical, food,
cosmetics, plastics, photographic, and paper industries. The dye manufacturing
industry is a small part of the overall chemical industry. (Manzoor & Sharma,
2019). The global production of dyes is nearly 800,000 tons per annum.



A significant portion of the dye is lost to the wastewater stream during the
coloration process because it does not adhere to the cloth. During the dyeing
process, approximately 10-15% of dyes are released into the air, rendering the
effluent highly colored and aesthetically undesirable. Color has a major impact
on how people think of water quality. As a result, the removal of color from
wastewater is often prioritized over the removal of soluble colorless organic
substances. A case of dye pollution occurred in the year 2011 in China when the
Jian River turned red as a result of an illegal dye dump from a local chemical
plant. Residents and farmers reported the health problems among humans and
the death of aquatic organisms such as fishes which were all attributed to dye
pollution. An average t-shirt uses 16-20 liters of water during the dyeing process,
implying that the global textile industry discharges 40,000 — 50,000 tons of dye
into the water system every year. The absorption and reflection of sunlight
entering the water is a major environmental problem with dyes. Light absorption
reduces algae's photosynthetic activity, which has a significant impact on the
food chain because algae are at the bottom of the food chain, impacting all
organisms above them. One of the key factors that marine life fails in areas
where dyes are discharged is a shortage of algae, but another is the toxicity of
the dyes themselves, Trusted Cloth (T.C., 2016).

23 Toxicity of Dyes

Dyes are organic compounds that are soluble and are classified into direct,
reactive, basic, or acidic (Lellis et al., 2019). Their high solubility in water makes
them very difficult to be removed through conventional methods. One of the
characteristics of dyes is their ability to impart colors to a given substrate due to
the presence of chromophoric groups in their molecular structures (Hassan &
Carr, 2018).

The color associated with dyes not only leads to aesthetic damage to the water
bodies but prevents the penetration of light through water thereby causing a
reduction in the rate of photosynthesis and dissolved oxygen level ( Zhou et al.,
2013). Moreover, textile dyes act as carcinogenic and mutagenic agents which
persist as environmental pollutants and cross the food chains resulting in
biomagnification, such that organisms at higher trophic levels show higher levels
of contamination compared to their prey (Lellis et al., 2019).

Textile dyes and many industrial pollutants are toxic and potentially carcinogenic
which cause environmental degradation and various disease in humans and
animals (Malik & Grohmann, 2012). The dyes bioaccumulate in sediments and
soil and are transported to public water supply systems, due to their susceptibility
to being recalcitrant in aerobic environments, particularly in conventional
treatment plants (Hassan & Carr, 2018).

The xenobiotic and recalcitrant nature of the dyes harm ecosystem structure and
function. Long-term exposures, in particular, have far-reaching consequences
for aquatic biota and human health (Benkhaya, et al., 2020).



24 Methods of Dye Removal

Nowadays, the public has become more concerned about environmental
protection, and general awareness has grown about the potential negative
effects of industrial effluents contaminated with various pollutants, including
dyes, on the environment. Dyes are primarily used in the textile, food, and
pharmaceutical industries, as well as cosmetics, plastics, photographic, and
paper industries (Karthik et al., 2014). Although industrialization is the most
efficient means of achieving economic expansion, it directly or indirectly impacts
human health by releasing pollutants into water bodies. Unfortunately, the
maijority of dyes end up in traditional wastewater treatment processes. Textile
plants are the most polluting industrial sector, even though dye effluents seep
into water bodies from a variety of sources. Some dyes are highly toxic,
mutagenic, and carcinogenic, and they also reduce light penetration and
photosynthetic activity, resulting in oxygen deficiency and limiting downstream
beneficial uses such as recreation, drinking water, and irrigation (Algaragully,
2014).

Environmental regulations require businesses to remove the colour from dye-
containing effluents before discharging them into the water bodies. Dye removal
technologies are classified into three types: physical methods, chemical, and
biological (Mohan et al., 2004).

241 Physical method of Dye Removal

The most commonly used physical methods of dye removal are membrane
filtration, adsorption, irradiation, electro coagulation, ion exchange, and
coagulation-flocculation (Warade et al., 2016).

The membrane filtration method can clarify, concentrate, and, most importantly,
continuously separate dye from effluent. It has some unique characteristics that
other methods do not have, such as resistance to temperature, an adverse
chemical environment, and microbial attack. This filtration process is suitable for
water recycling within a textile dye plant if the effluent includes low dye
concentrations, but it is unable to remove dissolved solid content, making water
recycling a challenge. The concentrated residue left over after separation causes
disposal difficulties, as well as high capital costs and the possibility of clogging,
and membrane replacement is one of its drawbacks. (Warade et al., 2016).

Adsorption yields a high-quality product and is a cost-effective process. Its ability
to remove almost all impurities with minimal side effects explains its widespread
use in tertiary treatment and polishing stages (Choy et al., 1999). Many
researchers have investigated the use of low-cost materials such as sawdust,
waste orange peel, bagasse fly ash, rice husk ash, banana pith, bottom ash,
deoiled soya, rice husk, and kaolin. Other researchers used low-cost adsorbents
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like bentonite clay, neem leaf powder, powdered activated sludge, perlite,
powdered peanut hull, zeolite, and bamboo dust (Warade et al., 2016).

A sufficient amount of dissolved oxygen is required in the irradiation method to
effectively break down organic substances by radiation. Because dissolved
oxygen is rapidly depleted, a constant and adequate supply is required. This has
an impact on the cost. A dual-tube bubbling reactor can be used to treat dye-
containing effluent. This method demonstrated that some dyes and phenolic
molecules can only be effectively oxidized at the laboratory scale (Hosono et al.,
1993). The possibility of using gamma rays to degrade or decolorize reactive
dyes in water was investigated by Olpan and Guiven ( 2002).

The electro coagulation method employs a direct current to generate sacrificial
electrode ions, which remove undesirable contaminants via chemical reactions
and precipitation or by causing colloidal materials to coalesce and then be
removed through the use of electrolytic floatation. In addition to being more shear
resistant and easily filterable, electro coagulated sludge contains less bound
water (Warade et al., 2016).

lon exchange has not been frequently employed to treat dye-containing
effluents, owing to the misconception that ion exchangers cannot handle a wide
spectrum of dyes (Slokar & Majcen Le Marechal, 1998). The wastewater is
passed through the ion exchange resin until all of the available exchange sites
are saturated. This method can remove both cation and anion dyes from dye-
containing effluent. The benefits of this method include no adsorbent loss during
regeneration, solvent reclamation after use, and the removal of soluble dyes.
The cost of this method is its major disadvantage. Organic solvents are
expensive, and the ion exchange method is ineffective for dispersing dyes
(Warade et al., 2016).

One of the most widely used conventional treatment methods is coagulation-
flocculation. Polyelectrolytes are commonly utilized as cationic, anionic, and non-
anionic coagulant aids. Polyelectrolyte sludge is typically compact and easy to
dewater for subsequent treatment and disposal. It entails the addition of ferrous
sulfate and ferric chloride, which results in the excellent removal of direct dyes
from wastewaters. The ideal coagulant concentration is determined by the dye's
static charge in the solute, and removing the coagulation sludge is a challenge
(Nigam et al., 2000). Large amounts of sludge are produced, which results in
significant disposal expenses (Gahr et al, 1994).

242 Chemical Method of Dye Removal

Advanced Oxidation process: One of the traditional methods used for de-
colorization is the advanced oxidation method. It is based on a mechanism
involving the generation of hydroxyl radicals (as oxidizing agents), which when

10



attacked by chromogenic groups produces organic peroxide radicals, which
eventually transform into CO2, H20, and inorganic salts (Antoniadis et al., 2010).

The Use of Hydrogen Peroxide H:02: Because of its commercial availability
and low cost, hydrogen peroxide has risen to prominence among oxidizing
agents. It can be used directly in the oxidation process or conjunction with
catalysts or UV radiation (Galindo et al., 2000; Lu, 2000). Hydrogen peroxide
readily reacts with hydrated electrons from the water radiolysis reaction, resulting
in the formation of the hydroxide radical. The degree of degradation caused by
the addition of H20: increases as the amount of hydroxide radical formed
degrades the dye chromophore more efficiently (Salem et al., 2014). However,
significant disadvantages to its utilization have been discovered, such as its
inability to oxidize some organic contaminants. It has been discovered that the
removal efficiency for Methylene Blue dye with this reagent is 86% ( Zhang et
al., 2017). According to reports, the hydrogen peroxide reagent is also effective
at removing Rhodamine —B dye with a 99% efficiency (Thao et al., 2017).

The use of Fenton’s Reagent: Fenton's reagent is a mixture of hydrogen
peroxide and ferrous ion (Fe*2). It is one of the advanced oxidation processes
that has been investigated for the removal of various dyes (Chen et al., 2002;
Khataee et al., 2009; Ma et al., 2005). The efficiency of this process is
determined by the amount of hydrogen peroxide and ferrous ions present, as
well as the pH factor. The oxidation method employing Fenton's reagent
completely degrades the contaminants, breaking them down into harmless
compounds such as carbon (iv) oxide, water, and inorganic salts (Masomboon
et al., 2011). Furthermore, this method is simple to implement, completely reacts
with organic compounds, is a low-cost treatment, and does not generate any
toxic compounds during the reaction. However, its applications have been limited
as excess ferric hydroxide sludge generation remains a disposal problem
(Neyens & Baeyens, 2003).

Ozonization process: Ozone can oxidise chlorinated hydrocarbons, phenols,
and some other hydrocarbons. There are two steps in the reaction mechanism.
Step 1 involves a reaction that takes place at a pH of 5-6, where ozone is present
in the form of O3 and selectively reacts with the double bonds of dye molecules.
Step 2 involves a reaction that occurs at a higher pH value, i.e. above 8 pH,
where ozone readily decomposes, generating hydroxyl radicals that react non-
selectively with organic compounds ( Sharma et al., 2018). The removal of dyes
from textile effluents has been proven to be successful using ozonization (Tosik,
2005). According to some research, reactive dyes show a high degree of
degradation with ozone, whereas basic dyes show moderate results and
disperse dyes show poor results (Aplin & Waite, 2000). The application of ozone
in its gaseous state with no sludge generation is a key advantage of this
technique, making it an excellent instrument for decolorization. However, the
high cost and short half-life of the ozonization process are its disadvantages
(Aplin & Waite, 2000; Sharma et al., 2018). The ozonization method was found
to have a nearly 98 percent removal efficiency for Rhodamine-B dye (Thao et
al., 2017).
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243 Biological Method of Dye Removal

When compared to other physical and chemical processes, biological treatment
has been the most cost-effective alternative method. To treat industrial effluents,
biodegradation technologies such as fungal decolorization, microbial
degradation, adsorption by (live or dead) microbial biomass, or bioremediation
systems have been widely used. Anaerobic biological treatment methods use
bacteria (such as Bacteroides sp., Eubacterium sp., and Clostridium sp.) to
decolorize azo dye solutions by cleaving the azo bond and producing aromatic
amines as a by-product. Many dyes from various classes have been described
as being oxidatively decolorized by aerobic bacteria, with azo dyes proving to be
the most recalcitrant (Lokesh & R, 2014). Dye-degrading fungi are used in
bioreactors to decolorize and degrade azo dyes (Maier et al., 2004).

Biologically based methods for the degradation of industrial textile effluents have
been used successfully. When compared to other techniques, biological
degradation (i.e., bioremediation) is more cost-effective, environmentally
friendly, and produces less sludge. Because the breakdown of the bond (i.e., the
chromophoric group), causes the degradation of synthetic dyes to a
comparatively less toxic inorganic compound, which then aids in the removal of
color ( Babu et al., 2015). The azo dyes are catabolized in two steps: first, the
dyes are broken down to form amines by breaking down the azo bonds, and then
the aromatic amines are catabolized to small nontoxic molecules in an aerobic
environment. The techniques are being developed to take advantage of
bacteria's ability to survive in both aerobic and anaerobic conditions to
completely degrade the azo bonds formed within the dyes (Bhatia et al., 2017).

Electro-coagulation method: This process entails the development of
coagulants within the reactor site without the assistance of any outside source.
The formation of coagulants is followed by the oxidation of sacrificial anodic
electrodes such as aluminum, iron, stainless steel, and other metals, which
results in the formation of hydroxyl species, which helps to neutralize the
electrostatic charge of solids while also speeding up the agglomeration process.
Contaminants, colloidal particles, metal ions, and dyes are all effectively
removed with this method (Demirhan, 2020).

Solvent Extraction Method: Solvent extraction has a high potential for
removing dye from textile wastewater. The basic principle entails the distribution
of a solute in a specific ratio between two immiscible solvents, or the mixing of a
known amount of dye phase in an aqueous phase and solvent phases. The
liquid-liquid extraction technique was used to remove Methylene Blue dye from
this method (Muthuraman et al., 2009). Crystal violet dye extraction efficiency
was found to be around 90% using this method ( Sharma et al., 2018). The
extraction of Malachite Green dye using a solvent extraction method was also
tested, and it was discovered that this method extracted 98.67% of the dye (
Sharma et al., 2018). Some of the advantages associated with this technique
that make it another effective method of treatment are its ease of operation and
high purity. The process is more advantageous because solvent and dye
recovery are both possible in this dye extraction process (Muthuraman et al.,
2009).
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Use of Surfactants in Solvent Extraction: The solvent extraction method with
surfactants has also been used to remove dyes. Encapsulation of dye in a
Reverse micelle from the aqueous phase with solvent phase separation results
in dye separation from water. By using a liquid-liquid extraction process, reverse
micelles have also achieved successful results in protein extraction and enzyme
extraction (Krei & Hustedt, 1992; Srinivas et al., 2002). Reverse micelle dye
removal allows for solvent and dye recovery via back extraction using counter
ionic surfactants. For the extraction of Methylene blue and Malachite green dyes,
anionic surfactants such as Sodium Dodecylbenzene Sulfonate (SDBS) and
Sodium bis (2- ethyl) Sulfosuccinate (AOT) have been reported (Sharma et al.,
2018).

25 Biosorption

The term sorption encompasses both absorption and adsorption. Adsorption is
the physical attachment of molecules/ions on the surface of a solid material by
bonding, whereas absorption is the incorporation of a substance in one form into
another. The adsorbate is the material that is adsorbed at the interface, and the
adsorbent is the solid surface on which the adsorption occurs (Rani & Sharma,
2021).

The primary advantages of biosorption over traditional treatment methods
include; economical, efficient, decreased biological sludge, best in the use of
industrial waste, reuse of biosorbents, do not need additional requirements (for
example, nutrients) and the possibility of recovering contaminants for future use
(in the case of metals).

A diverse range of naturally occurring biomaterials have been employed as
biosorbents for pollutant removal. Different organisms, such as bacteria,
cyanobacteria, algae (including microalgae, macroalgae, and seaweeds), fungi,
and lichens, have been shown to have a high potential for contaminant removal
among the various biosorbents. When compared to living cells as biosorbents,
dead biomass is generally used as a biosorbent because of its various properties
such as long storage time, no limitation by environmental conditions and
adsorbate concentration, and no nutrient requirement (Rani & Sharma, 2021).

Despite significant progress in understanding the complex phenomenon and the
volume of publications in this sector, marketing biosorption technologies is still a
developing global market (Fomina & Gadd, 2014). In the early 1990s,
commercialized biosorbents such as Algasorb™, AMT-BIOCLAIM™ (MRA), and
Bio-fix were marketed. The biosorption approach has proven to be significant
due to its ability to adhere to contaminants on various biological materials.
Because different sorbents have different biological resources, the biosorption
mechanism varies.

The table below (Table 2.2) shows an examples of some commercialized
biosorption techniques:
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251 Factors affecting Dye Biosorption

Because dyes have a wide range of chemical structures, their ability to interact
with microorganisms is influenced by a variety of parameters, including chemical
structure, wastewater or dye solution properties, and biomass structural
specialization (Argun et al., 2017). Factors that affect the dye biosorption are pH,
temperature, biosorbent dosage, agitation speed, ionic strength and initial dye
concentration.

2.51.1 pH

The solution pH is usually a major factor in biosorption, and it appears to
influence the solution chemistry of metals/dyes as well as the activity of the
biomass's functional groups. Metal ion speciation and biosorption availability are
strongly influenced by pH. At higher solution pH, the solubility of metal
complexes decreases sufficiently to allow precipitation, which may complicate
the sorption process. The activity of binding sites can also be altered by adjusting
the pH. For example, during the biosorption of metal ions by bacterial biomass,
pH 3 to 6 is favorable for biosorption due to negatively charged carboxyl groups
(pKa=3-5), which are responsible for binding metal cations via ion exchange
mechanism (Yan & Viraraghavan, 2001). When it comes to dye biosorption,
different dye classes require different pH ranges. Basic dyes, for example,
require alkaline or neutral conditions for optimal biosorption, whereas reactive
dyes require strong acidic conditions (Mahony et al., 2002; Farah et al., 2007).

2.51.2 Temperature

Within the range of 20 to 35 °C, temperature appears to have a minor impact on
biosorption (Veglio’ & Beolchini, 1997). Higher temperatures normally improve
sorption due to the solute's increased surface activity and kinetic energy;
nevertheless, higher temperatures might cause physical damage to the
biosorbent. Increased temperature has been found to limit the biosorption
capacity of biomass due to the exothermic nature of various adsorption
processes. Biosorption should always be conducted or evaluated at room
temperature, as this is the easiest setting to reproduce (Mameri et al., 1999).

2.51.3 Biosorbent Dosage

Biosorption is influenced by the size of the biosorbent. Smaller particles have a
greater surface area, which aids biosorption and reduces equilibration time.
Simultaneously, a biosorption particle must be tough enough to endure the
pressures and harsh conditions encountered during regeneration cycles. As a
result, preparatory experiments are required to determine the appropriate size of
a biosorbent. If a biosorbent is available in powdered form, such as industrial
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waste, measures should be made to improve mechanical strength, such as
granulation, so that it may be used in biosorption columns effectively (Volesky &
Prasetyo, 1994).

2.51.4 Agitation Speed

Due to increased turbulence and a decrease in the thickness of the liquid
boundary layer, the diffusion rate of a solute from the bulk liquid to the liquid
boundary layer around particles increases as the agitation rate is increased
(Evans et al., 2002). The external diffusion coefficient increases in value under
certain circumstances. Finally, as the agitation rate increases, the boundary
layer thins out, increasing the rate at which a solute diffuses across the boundary
layer (Shen & Duvnjak, 2005).

2.5.1.5 lonic Strength

The adsorption of a salute to the biomass surface is influenced by ionic strength.
The influence of ionic strength can be attributed to ion competition, changes in
metal activity, or the electrical double layer's characteristics. Due to electrostatic
interaction, when two phases, such as a biomass surface and a solute in an
aqueous solution, come into contact, they are bound to be surrounded by an
electrical double layer. As a result, adsorption reduces as ionic strength rises.
Some inorganic ions, such as chloride, can form complexes with metal ions and
so interfere with sorption (D6nmez & Aksu, 2002).

2.5.1.6 Initial Dye Concentration

The initial dye concentration appears to affect biosorption, with a higher
concentration resulting in a high dye uptake. This is because, at lower initial dye
concentrations, the initial mole of dye to available surface area ratio is low; as a
result, fractional sorption becomes independent of initial concentration.
However, at higher concentrations, the sites available for sorption become fewer
in comparison to the moles of dye present, and thus the removal of solute is
strongly dependent on the initial dye concentration. It is always necessary to
determine a biosorbent's maximum saturation potential, for which experiments
should be carried out at the highest possible initial dye concentration (Yuh Shan
Ho, 2006).

2.6 Bioadsorbent

A biological treatment, particularly biosorption using nonliving biomass, is a
relatively low-cost method of removing dyes from wastewater. The effective
removal of dyes from the effluent is dependent on the unique surface chemistry
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of microorganisms with the presence of different functional groups in the cell wall
solute concentration (Karthik et al., 2016) such as alcohol, aldehydes, ketones,
carboxylic, ether, and phenolic, which give biosorbents a high affinity for dye and
make them an appealing material for dye removal (Siddiqui et al., 2018).
Biological materials such as chitin, peat, chitosan, yeast, and fungal biomass are
commonly utilized in the sorption of dye from solutions via the chelation and
complexion mechanisms (Almeida & Corso, 2019).

A good dye adsorbent must have several desirable properties, including a large
surface area, high adsorption capacity, large porosity, easy availability, stability,
feasibility, compatibility, environmental-friendly, ease of regeneration, and the
ability to remove a wide range of dyes (Nasar & Mashkoor, 2019). To achieve
high dye adsorption, the pore volume of the adsorbents and the functional groups
of the dyes must be optimized. The presence of a large pore volume allows most
dye molecules to bind to the adsorbent (Hassan & Carr, 2021). Adsorption
capacity is increased by increased surface area, porosity, and low ash content.
The surface functional groups (hydroxyl, carboxyl, etc.) of biomass-based
adsorbents play an important role in determining the hydrophobicity or
hydrophilicity of biochar as well as its adsorptive mechanism (Law et al., 2022).

To remove dye molecules, a variety of microbes including bacteria, fungi, yeast,
and algae have been studied (Karthik et al., 2014). Aside from the high dye
sorption capacity, the dye removal performance can be improved by combining
the biosorption and biodegradation processes by living cells. pH, biosorbent
dose, initial dye concentration, temperature, and contact time are all factors that
influence biomass biosorption capacities. Recently, the potential of biosorbents
derived from bacterial, fungal, algal, yeasts, forest biomasses, and agricultural
and industrial wastes for treating dye-containing simulated and field samples has
been investigated (Singh & Singh, 2017).

2.6.1 Microbial Bioadsorbent

Due to their immunity to toxic wastes, their independence from a steady supply
of nutrients, and their regenerative and recyclable nature, biosorption using dead
microbial cells offers significant advantages for water purification. No
putrefaction will occur if dead cells are kept at room temperature for long periods
of time. They require minimal effort to maintain and can quickly recover from
damage. In addition, studies have shown that dead cells can accumulate
pollutants such as dyes at the same rate as living or dormant cells ( Hu, 1996;
Aksu, 2005). Contaminants are bound to the surface of microorganisms via
chemical interactions, similar to a chemical ion exchange material, and
separated from the liquid stream via biosorption (Zaharia et al., 2020). Microbial
cells (bacteria, fungi, and algae), industrial and agricultural wastes, and other
polysaccharide materials are the most common biosorbents used to remove
dyes and metals (Sylloscolus, 2016). Free microbial biosorbents frequently have
low density, small size, low mechanical stability, and elasticity (difficult
desorption, separation, and regeneration), which could be overcome by biomass
immobilization (allowing for continuous biosorbent processes) on suitable
carriers (Velkova et al., 2018).
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Because of the presence of various functional groups on the microbial surface,
microbial biomass has been shown to effectively remove soluble toxic organic
substances as dyes via biosorption. Complexation, chelation, precipitation, and
ionic interactions can all be used by biosorption to bind dyes from a waste
solution (Lellis et al., 2019; Zaharia et al., 2020). Eukaryotic cells, particularly
fungi and yeasts, were utilized to remove azo dyes from the color of textile
effluent via the cell wall, which is thought to be the principal site of biosorption.
The initial dye concentration, aqueous solution pH, temperature, and biomass
dosage all have a role in biosorption (Zaharia et al., 2020).

2.6.2 Bacterial Biomass as Bioadsorbent

Bacterial roles in bioremediation applications can be based on the adsorption of
contaminants from aqueous media via various mechanisms using dead
biomasses ( Roy et al., 2018). Because of their small size, ubiquity, and ability
to grow in a variety of environments, they make excellent adsorbents (Shin et
al., 2020). Bacterial species have been shown to be particularly successful at
adsorbing reactive dyes from wastewater under ideal environmental conditions
(Oya et al., 2015 ; Nasar & Mashkoor, 2019; Zabtocka-Godlewska et al., 2018).
The rates of bacterial dye decolorization vary depending on the type of bacteria,
dye reactivity, and operational parameters such as temperature, pH, co-
substrate, electron donor, and dissolved oxygen concentration. Extremophiles
can be used to effectively treat textile dyes. For example, haloalkaliphilic bacteria
grown from textile wastewater removed 87% of reactive black and 85% of
reactive red dyes (Seyedi et al., 2020).

At an initial concentration of 2000 mg/L, a bacterial strain (Bacillus catenulatus
JB-022) isolated from polluted ponds and soils for cationic dye biosorption
removed 58% of the cationic basic blue dye. According to the Langmuir
adsorption isotherm, the maximum sorption capacity for basic blue dye was
found to be 139.74 mg/g. Carboxyl and phosphonate groups on adsorbent
surfaces can act as potential surface functional groups capable of binding to
cationic pollutants (Flores-Gallegos et al., 2015). Several functional groups on
the Penaeus indicus biomass surface were probably involved in Acid Blue 25
dye binding, but amino groups and alpha-chitin were by far the most important
(Kousha et al., 2015). Bacillus subtilis was immobilized in calcium alginate beads
and used to remove methylene blue dye in batch and continuous reactors. The
kinetic study in the batch and continuous contactors resulted in greater than 90%
removal (Upendar et al., 2016).

Various biocomposites have been reported to improve dye removal performance
(Hu et al., 2019; Chen et al., 2020) By joining with electrospun polycaprolactone
and polylactic acid nanofibrous polymeric webs, a bacterial strain (Clavibacter
michiganensis) was studied for the removal of a reactive dye (Sarioglu et al.,
2017). With reusable and improvable properties, the biocomposite was a
promising material for the treatment of textile dyes. Furthermore, for methylene
blue dye treatment, electrospun nanofibrous-encapsulated bacterial cells were
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used (Saravanan et al., 2021). A design of a paper-like multifunctional purifier
with a biomass-based structure was reported in another research, with improved
adsorption capabilities toward anionic dyes by embedding polyethyleneimine
generated from ammonium compounds onto the substrate of bacterial cellulose,
including methyl orange, congo red, and methyl red (Hu et al., 2019). Because
of differences in bacterial cell wall compositions, biosorption fidelity is dependent
not only on the kind of ions but also on the type of bacteria. The metal-binding
capacity of the bacterial cell wall was determined by the presence of various
anionic functional groups in gram-negative bacteria with phospholipids,
peptidoglycan, lipopolysaccharides, and teichoic acids in gram-positive bacteria
with peptidoglycan. lon binding is another property of extracellular
polysaccharides ( Roy & Saha, 2021). The figure below (Figure 2.2) shows the
keyword mapping for SCOPUS 2010-2020 based on the co-occurrence of author
keywords in scopus published documents (Keywords: biosorption AND dye AND
bacteria).
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Figure 2.2: Keyword mapping for SCOPUS 2010-2020 based on the co-
occurrence of author keywords in SCOPUS published documents.
(Keywords: biosorption AND dye AND bacteria).
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2.7 Principles and theory of Adsorption Process

Adsorption is the process of adsorptive (gas or liquid) molecules binding to a
solid surface. In reality, however, adsorption is carried out in a column packed
with porous sorbents as a batch or continuous process. Mass transfer effects are
unavoidable in such situations. The entire adsorption process includes mass
transfer and consists of three phases (Tan & Hameed, 2017a):

1. The movement of adsorptive from the bulk phase to the external surface
of an adsorbent is known as film diffusion (external diffusion).

2. The movement of adsorptive from the exterior surface into the pores is
known as pore diffusion [intraparticle diffusion (IPD)].

3. The surface reaction is the adhesion of adsorptive to the sorbent's
interior surface.

The adsorptive is met with resistance at each phase. Total resistance, which is
the sum of the three-component resistances in series, determines the overall
adsorption rate (as determined through experiment) (Viswanathan & Farooq,
2000). The adsorption rate is increased when the resistance of any component
is reduced. When contrasted to the first and second steps, the third step is
usually very quick, and hence presents less resistance. When one step
dominates the total resistance to the point where lowering the other two just
slightly enhances the adsorptive uptake rate, the step is referred to as a sole-
rate controlling step. Many factors influence transport resistance, including
adsorbent and adsorptive kinds, properties, and operating circumstances.
During the adsorption process, the rate-controlling step can change (Plazinski &
Rudzinski, 2010). When the adsorbent is 80% saturated, the control mechanism
for dye adsorption on pine sawdust flips from surface reaction to IPD (Wtadystaw
Rudzinski & Plazinski, 2008). Between adsorbent and adsorbate, two types of
interactions are possible: physical and chemical (Tan & Hameed, 2017a); the
former is referred to as physisorption, whereas the latter is referred to as
chemisorption. Physisorption is the outcome of attractive forces between sorbent
and adsorbate molecules, whereas chemisorption involves the transfer or
sharing of electrons between adsorbent and adsorbate species, resulting in a
stronger connection (Vithanage et al., 2016). As a general rule, isosteric heat of
adsorption between 5 and 40 kJ/mol implies physisorption as the primary
adsorption mechanism, while one between 40 and 125 kJ/mol shows
chemisorption as the main adsorption mode (Kara et al., 2003; Zhou et al., 2014).

An adsorbent's monolayer capacity refers to its ability to hold a single layer of
adsorbed species on its surface. When the adsorptive concentration is high,
subsequent layers often stack onto the original monolayer due to intermolecular
interaction, resulting in multilayer adsorption, which is physical in origin (Zhou et
al., 2014).
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Adsorption equilibrium and kinetics are heavily influenced by the heterogeneity
of the adsorbent surface. Heterogeneous adsorbents have multiple types of
adsorption sites that can bind the adsorbate, each with its adsorption heat.
Surprisingly, the Langmuir isotherm, which is based on homogeneous surface
sites, can explain a wide range of adsorption systems, including many with
heterogeneous surface properties (Foo & Hameed, 2010).

The equilibrium and kinetic studies are the two main components of adsorption
research. Thermodynamics governs the adsorbent's ability to achieve
equilibrium in terms of adsorptive loading. The adsorption mechanism influences
the rate of adsorptive absorption. A broad variety of equilibrium isotherms exist
for representing the equilibrium uptake of any target adsorptive, indicating that
adsorption equilibrium has matured. Adsorption kinetics theory, on the other
hand, is progressing far more slowly, despite its importance in actual applications
of a given sorbent. The kinetic isotherm, which is produced empirically by
recording the adsorbed amount against time, is the foundation for kinetics
research. Kinetic studies are used to create a model that describes the
adsorption rate (Tan & Hameed, 2017a).

271 Kinetics Models in Batch Adsorption

A kinetic isotherm is a plot of uptake vs. time that depicts adsorption kinetics.
Because the shape of this figure represents the underlying kinetics of the
process, it is the foundation of all kinetics investigations. Material parameters like
adsorbent and adsorbate types, as well as experimental parameters like
temperature and pH, influence the kinetics (Regti et al., 2017; Slimani et al.,
2011). To acquire kinetic data, a batch experiment is usually used. It's critical to
maintain consistent experimental conditions during batch adsorption.

The intrinsic kinetics, or chemical kinetics on the adsorbent surface in the
absence of transport constraints, should be revealed by the kinetic isotherm.
Batch operation is a popular way to investigate intrinsic kinetics. Applying (i) a
high agitation speed (reduced film thickness) and (ii) a small particle size
(reduced pore diffusion) can easily reduce or eliminate mass transfer effects
(Froment, 1975).

The adsorptive uptake per unit mass of adsorbent, g (mg/g) is given by:
g=(Co-C)V/m (2.1)

Where;

Co =initial concentration of adsorptive in the bulk liquid (mg/l)
C =concentration of adsorptive in the bulk liquid at time t (mg/l)
V=volume of the bulk solution (I) and

m=mass of adsorbent (g)
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2.7.1.1 Pseudo-First-Order (PFO) Kinetics

Largergren proposed the pseudo-first-order (PFO) equation for adsorption of
oxalic and malonic acid onto charcoal in 1898. Its differential form is as follows:

dg/dt=k1 (ge-q) (2.2)

Where;

g= adsorption capacity (mg/g)
t=time (min) and

k1= rate constant (1/min)

After integrating with the initial conditions of q=0 when t=0, equation 3.2
becomes;

g=qe (1-exp (-kt)) (2.3)

The linearized form of the above equation is;

In (ge/(ge-q)=kat (2.4)

For systems that satisfy this model, plotting In ((qe-q)/ge) vs. t yields a straight
line passing through the origin with a slope of ki.

The rate constant k1 is determined by the conditions of the process. It has been
noted that it decreases when the initial bulk concentration rises (Chinoune et al.,
2016; Zarezadeh-Mehrizi & Badiei, 2014), which may be translated as follows:
The timescale for the process to reach equilibrium is 1/ks; if the initial
concentration (Co) is higher, a longer period (smaller k1) is required. According
to certain studies, k1 is either an increasing function of Co or independent of Co
(Biswas & Mishra, 2015; Yousef et al., 2011). The experimental conditions, such
as pH and temperature, are likely to alter the k1 value. Because these two factors
influence equilibrium behavior (isotherms), it would be impossible to isolate their
impacts on the k1 value empirically. Small particle size is correlated with big k1
values, as expected (Vincent et al., 2014).

The validity of the PFO model for long adsorption has been argued when the
system is close to equilibrium (Plazinski et al., 2009; Wladyslaw Rudzinski &
Plazinski, 2007). The model has also been demonstrated to be only valid at the
beginning of the adsorption process ( Ho & McKay, 1999).

The rate-controlling mechanism is influenced by the experimental settings as
well as the amount of surface covered (adsorption time). As a result, a model's
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validity is restricted to a specific operating range of the supposed mechanism in
which it was generated or interpreted (Tan & Hameed, 2017a).

A modified PFO equation is written as follows:

dqg/dt=k1 ge/q (qe-q) (2.5)

The linearized form becomes:

g/ge+in (ge-q) = In (qe) —kit (2.6)

2.71.2 Pseudo-Second-Order (PSO) Kinetics

The pseudo-second-order kinetic equation has been frequently utilized in the
study of adsorption kinetics to characterize the time development of adsorption
in non-equilibrium situations (Liu, 2008). The equation is as follows:

dq/dt =k2 (qe-q)? (2.7)

Where:
k2= pseudo-second-order (PSO) rate constant

When equation 2.7 is integrated with the initial conditions of g =0 and t =0, the
linearized form of the equation becomes:

t/q = 1/kzqe? + t/qe (2.8)

The initial adsorption rate is kzqe?. For PSO-compliant kinetics, a plot of t/q v s t
yields a straight line. 1/ge is the slope, while 1/k2qe? is the intercept. Other
linearized forms exist, though they are less commonly employed (Yuh Shan Ho,
2006b).

PSO can model most environmental kinetic adsorption well, suggesting its
superiority over other models. The constant k2 is a time scale factor that
decreases with rising Co in the same way that PFO does (El Haddad et al., 2013;
Setiabudi et al., 2016).

Because of the challenges that come from the impact on equilibrium isotherm
shapes, the effects of pH and temperature on k2 have not been well investigated.
Due to the lower IPD resistance, a smaller particle size results in a higher k2
value (Vincent et al., 2014).
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Based on pore diffusion and the Langmuir surface reaction, an adsorption—
diffusion model was devised If the following conditions are met, their model gives
an excellent fit to PSO kinetics: The conditions are as follows:

i. Reaction control, nonlinear (saturated) adsorption, and

ii. A sufficient amount of adsorbent to adsorb half of the adsorptive in the
bulk phase. They claimed that, at least over a given time range, those
PSO kinetics that could not be predicted by their model are governed by
an unknown mechanism.

2.7.1.3 Elovich Equation

To describe the adsorption of carbon monoxide (CO) on manganese dioxide
(Mn02), Roginsky and Zeldovich proposed the term in 1934 (Tan & Hameed,
2017a). The equation is expressed as:

dg/dt = a exp (-Bq) (2.9)

When integrated, the equation becomes:

q= 1/8 In (1+ apt) (2.10)

The linearized form becomes:

Q=1/8In(aB)+1/BInt (2.11)

A straight line should appear on the plot of q vs. In t if the Elovich equation is
followed. The slope is 1/B, while the intercept is [In (af)]/B.

Where:
a= initial adsorption rate (mg/g)
3= desorption constant

The Elovich equation ignores desorption and is well-known for accurately
describing chemisorption (Kumar & Bandyopadhyay, 2006). It's physically
flawed since it predicts infinite g over large periods. As a result, it's appropriate
for kinetics far from equilibrium in which desorption isn't possible due to a lack of
surface coverage.

Many attempts have been made to develop a theoretical foundation for the
Elovich equation, with the majority of these publications assuming significant
heterogeneity at the adsorbent surface (Piasecki & Rudzinski, 2007). This model
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has been used to simulate liquid-phase kinetics. The Elovich equation was found
to be the best fit for lead adsorption onto activated carbon (Largitte & Pasquier,
2016). Dye adsorption on eggshell biocomposite beads was discovered to follow
Elovich kinetics (Elkady et al., 2011). The constants a and [ rise with increasing
initial dye concentration, as expected from their physical definitions. When the
temperature of the bulk solution was raised, the observed values of a increased,
but B decreased (Shehata et al., 2010).

2.7.2 Equilibrium Isotherms study in Biosorption

The equilibrium relations between the concentration of the adsorbate on the solid
phase and its concentration in the liquid phase are known as isotherms.
Langmuir, Freundlich, and Tempkin isotherms were used to analyze the
equilibrium biosorption data. It is necessary to analyze such isotherms to
produce an equation that accurately captures the results and can be used for
design purposes. The Langmuir isotherm model assumes that adsorption
energies on adsorbent surfaces are homogeneous. Furthermore, the Langmuir
equation is predicated on the assumption of monolayer coverage of the
adsorbate at the adsorbent's outer surface, where all sorption sites are identical
(Colak et al., 2009). The Langmuir equation (Marbawi et al., 2019) is as follows:

q, = mioLce (2.12)

1+byCe

Where:

ge= equilibrium dye concentration on the adsorbent (mg g™)
Ce= equilibrium dye concentration in solution (mg I")

gmL= the adsorbent monolayer capacity (mg g)

bL= Langmuir constant

The equation for the Freundlich isotherm model is as follows:

1

Ge = KeCIF (2.13)

Where:

ge= equilibrium dye concentration on the adsorbent (mg g™)
Ce= equilibrium dye concentration in solution (mg I")

Ke= Freundlich constant

Although it can be mathematically determined for an adsorption model in which
the heat of adsorption varies exponentially with surface coverage, the Freundlich
equation was first developed on a purely empirical basis for adsorption
processes happening on gas—solid interfaces (Colak et al., 2009; Cherdchoo et
al., 2019).
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BET isotherm was developed in1938, which is one of the most successful
isotherm models for expressing adsorption phenomena (Brunauer et al., 1938).
The BET equation has a solid theoretical foundation and provides a good
understanding of the nature of adsorption phenomena. Among the adsorption
parameters that can be determined using this isotherm model are multilayer
adsorption behavior, monolayer adsorption capacity, and heat of adsorption at
various adsorption layers. Because of these powerful characteristics, the BET
isotherm model has found widespread use in determining the surface area and
pore size distribution of adsorbents and catalysts (Ebadi et al., 2009). The model
equation is as follows:

AmBET®BETCe
= 214
e (1-BBETCe)(1-BBETCetaBETCe) ( )

Where:

ge= equilibrium dye concentration on the adsorbent (mg g)
Ce= equilibrium dye concentration in solution (mg I'")

a and B are the BET constants

Table 2.3 below shows the studies of isotherms and kinetics of some microbial
adsorbents:
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2.8 Thermodynamic studies in Biosorption

A large number of studies published in various newspapers have currently
enriched the field of biosorption. Large-scale research has been conducted to
understand isotherms and kinetics in adsorption better. Adsorption studies can
only be useful and meaningful if it covers the structure and dynamics of its
various components separately and in interaction with one another. In this
regard, a thorough investigation of thermodynamic biosorption is required
(Ayawei et al., 2017). Adsorption thermodynamic properties are measured as
their value for a two-phase system because adsorption occurs at the interface
between two bulk phases, which are solid and fluid. As a result, different
perspectives can be taken when applying thermodynamic principles to
adsorption equilibrium (Lee, 2015).

The thermodynamic parameters are used to distinguish physical from chemical
biosorption processes. The physical biosorption process is characterized by a
weak physical reaction, whereas the chemical biosorption process is
characterized by a stronger reaction (Tran et al., 2016a). As a result, the
response is either a physical (physisorption) or a chemical (chemisorption)
process, or a combination of both mechanisms (comprehensive adsorption)
(Kuipa & Kuipa, 2015). The impact of temperature on the rate of chemical
reaction in biosorption has been thoroughly established, and the van't Hoff law
has been used to calculate it. According to the law, a 10-kelvin increase in
temperature doubles the reaction time by 2 to 4 times. The reaction time reduces
as the temperature rises. As a result, at various temperatures, the entire reaction
rate may be evaluated experimentally ( Chen et al., 2021).

Several studies have found that increasing the temperature causes a decrease
in the biosorption process, and the process is called an exothermic (—AH)
reaction because heat in the form of energy is released into the environment
(Cherfi, 2014). Endothermic reactions, on the other hand, gain energy from the
environment in the form of heat (+4AH) (Velkova et al., 2018). The total energy
released in the bond-breaking process is less than the total energy absorbed in
the bond formation process between the sorbate and the adsorbent in the
endothermic process. The Gibbs free energy (AG) is utilized to determine the
biosorption process' spontaneity (Yahuza et al., 2020b). A higher negative value
(-AG) at a given temperature implies a favorable spontaneous biosorption
process, whereas a non-spontaneous non-desirable reaction process
represents a positive Gibbs free energy change (+AG). This also shows the sort
of reaction, whether it's physisorption or chemisorption (Venkata et al., 2002).
The degree of randomness of the sorbate in the reaction solution is represented
by the entropy change (AS). A negative entropy value (-AS) suggests an
associative interaction, whereas a positive value (+AS) indicates a dissociative
reaction (Kiran et al., 2006; Imran Din et al., 2013).

In thermodynamic study, activation energy is a significant factor in determining
the rate of a temperature-dependent process. The activation energy (Ea) is the
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amount of energy necessary to start a chemical reaction. In the process of
adsorption, it is defined as the energy required by the adsorbate ion or molecule
to coalesce with the functional groups on the adsorbent surface. Despite the fact
that it is thermodynamically feasible, it is the minimum energy required for a
certain adsorbent-adsorbent interaction. Its unit is kJmol-'. The activation energy
for the adsorption of an adsorbate molecule onto an adsorbent surface in an
adsorption process can be computed using the Arrhenius equation based on
experimental observations of the adsorption rate constant over a wide
temperature range (Teng & Hsieh, 1999; Sarkar et al., 2003) as follows:

Ink =In4 — 22 (2.15)
RT
Where:
k=Adsorption rate constant
A= Frequency factor (constant)
Ea= Activation Energy (kJmol ™)
R=Gas constant (8.314 J.mol'k™")
T=Temperature (K)

The activation energy value indicates the several forms of adsorption that might
happen in a process, such as physical and chemical adsorption. Because
physisorption requires little energy, equilibrium is usually reached rapidly, and
the reaction is reversible. The activation energy for physisorption is usually less
than 4.2 kJ mol" since the forces driving it are minimal. Chemisorption is more
specific and has far stronger pressures than physisorption. As a result, the
chemisorption activation energy equals the heat of chemical processes. Less
broadly, there are two types of chemicals: activated and non-activated.
Chemisorption-inactivation means that the Arrhenius equation (high Ea) rate
depends on the final energy activation temperature, which varies between 8.4
and 83.7 kJ / mol. Chemisorption, on the other hand, occurs very quickly in some
processes, indicating that the energy of activation is nearly zero (Tan & Hameed,
2017; Tran et al., 2017). Table 2.4 below shows the thermodynamic studies of
dye biosorption using some microbial adsorbents:
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Several equations, as shown below can be used to determine thermodynamic
parameters. The most widely used equations for estimating thermodynamic
parameters are the Gibbs free energy and Van't Hoff equations. Because the
use of multiple isotherm models will raise deviation in AH°, Clausius — Clapeyron
equation is rarely employed instead of van't Hoff expression (Miloniji¢, 2007; Tan
& Hameed, 2017; Tran et al., 2017). Table 2.5 below shows the modeling
equations used in thermodynamic studies:

Table 2.4: Modeling Equations in Thermodynamic studies

Expression Equation
4S° AH°
Van't Hoff In(Kc) = c
R RT
Gibb’s free energy AG° = —RTInK,
Clausi Cl on AH®° =R LTy (InCo,
usius — Clapeyr =Re o TnCos
281 Biosorption Thermodynamics using Dimensionless Langmuir
Constant

The Van't Hoff equation's Langmuir isotherm constant (Kc) was computed for
neutral species, dilute, and concentrated ionic solutions. These assumptions
could be attributed to the successful use of Kc as the thermodynamic equilibrium
constant for a non-ionic or dilute solution of an ionic solute expressed in molL™.
Otherwise, the necessary Kc modifications, as listed by several authors, should
be used to adopt Kc as the equilibrium constant. (Milonji¢, 2007; Zhou & Zhou,
2014; Tan & Hameed, 2017; Tran et al., 2017). Concerns about the inaccurate
estimation of the equilibrium constant in various publications, according to the
above-mentioned authors, should be addressed. The adsorption
thermodynamics can be explored with a more accurate estimate of the
equilibrium constant and a more relevant conclusion.

The Langmuir equation (Equation 2.16) was developed first from a kinetic study
and then from a thermodynamic perspective (Liu et al., 2018). The accurate
estimation of the thermodynamic parameters, Kc is directly dependent on the
proper characterization of the equilibrium constant between two phases.

Equations 2.16 and 2.17 below should be used to convert derived Kc values
from the Langmuir model to the dimensionless form (Zhou & Zhou, 2014).

K. =MW x 555 x 1000 x K, (2.16)
Where:
MW= Molecular weight of the adsorbate used

55.5= Number of moles of pure water per liter
K= Langmuir constant
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Equation 14 below describes the relationship between dimensional K. and the
unitless equilibrium constant of Kc:
L o mol
K ~ 7’“("101); £ (2.17)

Where:

C°= Adsorbate selected standard (C°=1molL")

y (dimensionless) = Activity coefficient of adsorbate in solution ( Nguyen et al.,
2020).

28.2 The use of Non-linear Regression in Thermodynamics study

The transformation of the model into linearized equations, from which the
parameters are associated with the slope and intercept of a straight line, is a
popular alternative to non-linear regression. According to several authors, non-
linear regression is more appropriate than linear regression (Miloniji¢, 2007; Tan
& Hameed, 2017; Tran et al., 2017). However, the number of literature papers
that continue to employ this regression method should be questioned because
the linear transformation significantly modifies error distribution, either for the
better or for the worse, bringing statistical bias into experimental data analysis.
It is unclear in many of the investigations whether the parameters produced
through linearization are consistent with those obtained using non-linear
regression or are dependable to any extent (Milonji¢, 2007; Kumar et al., 2008;
Tan & Hameed, 2017; Tran et al., 2017).
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CHAPTER 3
MATERIALS AND METHODS
3.1 Experimental Design

Figure 3.1 depicts the overall research design for the bioadsorption of Reactive
red-120 dye (RR-120) using bacterial biomass. The design includes bacterial
biomass screening, optimization using one-factor-at-a-time (OFAT) and
response surface methodology (RSM), kinetic and isotherm modeling,
thermodynamic studies, and bacterial biomass characterization.

Screening

characterization Kinetics
Experiments

v S A 4
l Isotherms '
OFAT RSM v
— Kiand, Thermodynamic
gtcs modeling

modeling

Isotherms and

Thermodynamic

Experiment

v

\
\
V/ V v v

Figure 3.1: The research design for the bioadsorption of reactive red-
120 dye

3.2 Reagents, Chemicals, and Equipment

The reagents used were all of the highest analytical quality. The reactive red-
120 dye used in this study was purchased from Sigma Aldrich Co., U.S.A. The
Appendix contains a list of all the chemicals, reagents, and equipment used in
this study. Dissolving 1000 mg of the dye salt in 100 mL of deionized water
yielded a dye stock solution of 1000 ppm for RR-120 dye. All dye concentrations
for the experiment were reconstituted using deionized water from the dye stock
solution (1000 ppm). Using a pH meter, the pH of the solution was adjusted with
either 0.5 N HCI or 0.1 mol NaOH.
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The maximum peak of absorption spectra from a spectrophotometer was used
to standardize dye absorbance for reactive red-120 dye (scanned from 400 to
800 nm, visible range). The best absorbance peak for reactive red-120 dye was
between A520 and A535 nm (S. K. Das et al., 2012).

3.3 Preparation of Bacterial Growth Medium

The cultured medium used in the experiment is listed and prepared as follows;

3.31 Nutrient Broth (NB)

The Nutrient Broth (Oxoid, Thermo Fisher (Heysham), Ireland) was prepared by
dissolving 18 g of media in 1 L of distilled water (dH20), autoclaved for 20
minutes at 121 °C, and stored in a chiller at 4 °C. The general compositions in
(g/L) of the NB are; 3.0 beef extract, 10.0 peptone, and 5 NaCl.

3.3.2 Preparation of Glycerol stock solution

A single colony of each bacterial strain was inoculated into 10 mL of nutrient
broth and incubated at 10 °C for 24 hours at 150 rpm. Bacterial glycerol stock
was prepared in 20% (v/v) glycerol by transferring 600 uL of overnight culture
into a sterile 1.5 mL Eppendorf tube containing 400 uL of 20% sterile glycerol.
The stock was then stored at -80 °C for future use. Therefore, sterile glycerol
was used for long-term bacteria preservation (Gorman & Adley, 2004).

3.4 Bacterial Source

Twelve (12) distinct pure bacterial cultures (Isolate 1, Isolate 2, Isolate 4, Isolate
5.1, Isolate 5.2, Isolate 7, Isolate 8, Isolate 29, Isolate 30, Isolate 34XR,
IsolateXW, and Isolate 52) were obtained from the Bioremediation,
Biomonitoring & Ecotoxicology Laboratory (BBE), Faculty of Biotechnology and
Biomolecular Sciences, Universiti Putra Malaysia. These bacterial isolates were
originally isolated from the Juru river banks in Pulau Penang, Malaysia
(Manogaran et al., 2021). This area has been reported to have high levels of dye
pollution originating from nearby textile and pigment industries (lzuan et al.,
2015). As a result, regular sub-culturing was performed under aseptic laboratory
conditions utilizing Nutrient Broth (NB) as a growth medium to maintain the purity
of each isolate. In this regard, a pure colony method was followed.
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3.4.1 Bacterial Biomass Harvesting

Each of the twelve (12) isolates' biomass was harvested and screened for
reactive red-120 dye adsorption. A day-old culture of the isolates with about 1
ODeoo absorbance was centrifuged for 10 minutes at 10,000 rpm (Canizo et al.,
2019). The supernatant from each isolate was discarded, and the pellets were
washed twice with Tris Buffer at pH 7.0. The pellets were then inactivated in a
water bath at 60 °C for 1 hour to kill the bacterial cells. The pellets were then
subjected to reactive red-120 dye adsorption experiments ( Liu et al., 2011;
Huang et al., 2013; Sylloscolus, 2016).

3.4.2 Screening of Bacterial Biomass

A volume of 10 mL of reactive red-120 dye was mixed with 0.22 g of each of the
12 inactivated bacterial biomass in 50 mL flasks. The flasks were labelled
appropriately and incubated at 25 °C and 150 rpm. Two (2) mL aliquots were
taken at regular intervals of 5 minutes for each flask, centrifuged at 10,000 rpm
for 10 minutes, and examined with a spectrophotometer (RR-120 OD535nm) to
monitor each bacterial biomass adsorption potential ( Liu et al., 2011; Cheng et
al., 2020). This procedure was repeated until the absorbance peak for each flask
set became uniform. All experiments were carried out in triplicate. The formula
below was used to calculate the percentage adsorption:

Dye adsorption percentage (%) %X 100 (3.1)

Where:
A= Absorbance before incubation
B= Absorbance after incubation

Isolate having the highest percentage absorption of reactive red-120 dye was
selected for further studies.

3.5 Optimization of Reactive red-120 dye adsorption using One-
Factor-at-a Time (OFAT)

According to the screening results, Isolate 2 has the highest adsorption
percentage on reactive red-120 dye. Manogaran et al. (2020) identified and
characterized this isolate as Enterobacter sp. strain MMO05. Therefore, using the
isolate Enterobacter sp. strain MMO5, the OFAT approach was used to optimize
the conditions for the adsorption of reactive red-120 dye. The effects of contact
time dye concentration, pH, agitation speed, adsorbent size, and temperature
were all optimized using the OFAT technique. Each parameter was examined
one after the other while keeping the previously optimized parameters constant.
All experiments were performed in triplicate.
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3.5.1 Effect of pH

The chemistry of the solution is influenced by the pH. Therefore, the pH range
investigated for reactive red-120 dye adsorption was 5.0-8.5. (5.0, 5.5, 6.0, 6.5,
7.0,7.5,8.0 and 8.5). ( Liu et al., 2011; Velkova et al., 2018).

3.5.2 Effect of Contact Time

A batch adsorption experiment was set up to optimize the effect of contact time
on the adsorption of reactive red-120 dye at different time intervals (0, 5, 10, 15,
20, 25, 30, 60, and 90 minutes). At each time interval, an aliquot of the reaction
mixture was placed in an Eppendorf tube and centrifuged at 10000 rpm for 10
minutes. The supernatant was then examined with a spectrophotometer at a
specific wavelength (RR-120 535 nm). A graph was used to plot the percentage
adsorption ( Abdelhamid, 2014; Rizzi et al., 2014).

3.5.3 Effect of Dye Concentration

To test the effect of increasing dye concentration on the amount of dye
adsorption, different concentrations of reactive red-120 dye were prepared (5,
10, 20, 30, 40, 50, 100, and 150 ppm). The absorbance was measured, and the
percentage of adsorption was calculated and plotted (Liu et al., 2011).

3.54 Effect of Adsorbent Dosage

One of the most essential criteria in dye adsorption is the adsorbent dose. It
refers to the amount of adsorbent utilized per unit volume of the treated solution
(Rapd and Tonk, 2021). The amount of adsorption is heavily influenced by the
biosorbent dosage. The volumes used were 0.5, 0.75, 1, 1.25, and 1.5 ml (Rizzi
et al., 2014; Sylloscolus, 2016).

3.55 Effect of Temperature

Temperature effects on reactive red-120 dye adsorption were observed at 25,
30, 35, 40, 45, 50, and 55 °C (Sarim et al., 2019; Abdullah et al., 2021).

3.5.6 Effect of Agitation speed

The rate of dye adsorption is affected by increasing the agitation speed. This
parameter was examined on reactive red-120 dye adsorption at 0, 75, 100, 125,
150, 175, and 200 rpm, respectively. The results were appropriately recorded
(Park et al., 2010; Hamzeh et al., 2012).
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3.6 Optimization of Reactive red-120 dye adsorption using Response
Surface Methodology (RSM)

Unlike the OFAT, the response surface approach uses a small number of
experiments to optimize and study relationships between numerous bioprocess
factors (Das & Mishra, 2017; Gopalakrishnan et al., 2020). The RSM is a
collection of statistical and mathematical methods that determines the
relationship between response and independent variables. The RSM has
successfully optimised several parameters in bioremediation processes (Lim et
al., 2013; Manogaran et al., 2021).

The Plackett-Burman design (PBD) and the three-level full factorial design were
used in the Response Surface Methodology (RSM) approach. The PBD
optimization aimed to find the important parameter(s) for reactive red-120 dye
adsorption. To improve the adsorption capacity of the dye by the biosorbent, the
significant parameter(s) obtained from the PBD optimization were further
optimized using the Three-level full factorial approach (Singh et al., 2011; Canizo
etal., 2019). The experimental design and statistical analysis for this optimization
technique were analyzed using Design-Expert 6.0.8 software (Das & Mishra,
2017).

3.6.1 Screening using Plackett-Burman Design (PBD)

According to the software, six independent parameters impacting the adsorption
of reactive red-120 dye were evaluated, resulting in a total of 12 unique
experimental runs. The 6 significant parameters from the OFAT optimization
were used to predict these experiments. The adsorption % was given as the
response in the PBD, and each parameter has a high (+1) and low (-1) value.
The software was used for the analysis of variance (ANOVA), and the
parameters with p<0.05 were found to be significant and were further optimized
using the three-level- full factorial design ( Roy et al., 2018; Sivashankar et al.,
2020). The PBD experimental range and level design for reactive red-120 dye
adsorption are presented in Table 3.1 below:

Table 3.1: Experimental range and level of independent variables
tested using the PBD for Reactive red-120 dye

Factors Variables Unit Low level (-1) High level (+1)
A Dye concentration ppm 40 100
B Contact time minutes 30 70
C pH 6 8.5
D Agitation rate rpm 100 150
E Temperature °C 30 45
F Adsorbent size ml 0.5 1.5
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3.6.2 Optimization using Three-level Full Factorial Design

Following the PBD optimization, two parameters were determined to be
significant and were subjected to three-level full factorial design optimization.
The dye concentration and adsorbent amount were significant parameters. The
high and low levels of the significant parameters were 100ppm and 40ppm (
reactive red-120 dye concentration) and 1.5ml and 0.5ml (Enterobacter sp MM05
biomass amount). A three-level full factorial design was used to investigate the
effect of multiple process variables on the percentage dye removal efficiency
(Farooq et al., 2017). A total of 20 experimental runs were carried out. All
experiments were conducted in triplicate. Each experimental run's adsorption
percentage was calculated and recorded as a response variable. The final
response predicted by the software was further validated using an experiment
(Lim et al., 2013).

Validation of Experiment

The predicted adsorption response by the Design-Expert software was validated
using the three-level full factorial design results. The values of the most
significant parameters were used to validate the experimental results. As a
result, the actual percentage adsorption of reactive red-120 dye by Enterobacter
sp. MMO05 was determined and compared to the predicted value.

3.7 Adsorption Kinetics Experiments

A batch kinetics experiment for reactive red-120 dye adsorption was carried out
at different dye concentrations based on the results obtained from OFAT and
RSM under optimal conditions. The concentrations were 10ppm, 20ppm, 30ppm,
40ppm, 50ppm, 100ppm and 150ppm. The supernatant was examined at various
time intervals using a spectrophotometer set to a specific wavelength (RR-120
535nm). Absorbances were recorded and plotted using a graph. For the reactive
red-120 dye adsorption kinetics modeling, some previously validated adsorption
kinetics models were used (Celekli et al., 2019). The following formula was used
to calculate the amount of adsorption at time t, qt (mg/g):

g = LDy (3.2)

The pseudo-first-order model (Lagergren, 1898), pseudo-second-order model (
Ho & McKay, 1999), and Elovich model (Cope, 1972) were used in this study as
adsorption kinetics models. Because linear regression can cause error distortion,
the nonlinear forms of these models are better suited for modeling the kinetics
of adsorption in the liquid phase than their linear forms.
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3.71 Pseudo-first-order Kinetics model

The difference between the saturation concentration and the amount of solid
adsorption with time is proportional to the rate of change in adsorbate adsorption
with time, as shown in the model (Lagergren &Svenska, 1898) It is usually stated
as follows:

q = q.(1—e™™) (3.3)
The slope (ge- qt) vs t can be used to calculate the values of ki1 and ge.
3.7.2 Pseudo-second-order kinetics model

The adsorption capacity onto a solid phase is the basis for the pseudo-second-
order kinetic model and (Cope, 1972) and Blanchard et al. (1984) were the first
to propose the nonlinear form of PSO. It is expressed as follows:

keqe?t
1+ k3 get

qc = (3.4)

The slope and intercept of the t/qt vs. t plot yield the values ge and kz,
respectively.

3.7.3 Elovich kinetics model

The Elovich equation is suitable for describing the kinetics of adsorption on
heterogeneous solids. It was initially designed to simulate carbon monoxide
adsorption on manganese dioxide. The Elovich model (Cope, 1972) is
expressed as follows:

4 = aexp(—fq.) (3.5)
Where:

a= the initial sorption rate (mg/g min)

3= the extent of surface coverage and

a=activation energy for chemisorption (g/mg)

3.8 Biosorption Isotherm Model

The isotherm describes the relationship between the amount of dye adsorbed
and the dye concentration remaining in a solution at a constant temperature
under specified conditions. Following a batch adsorption experiment at various
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dye concentrations (10, 20, 30, 40, 50, 100, and 150 ppm), isotherm models
such as Langmuir, Freundlich, and BET were used to determine the best
isotherm model for the adsorption of reactive red-120 dye ( Nguyen et al., 2016;
Velkova et al., 2018; Sarim et al., 2019).

Below is the Langmuir equation:

mLbLCe
qe = ql_'_Lb—LLCe (3.6)
Where:
qge= equilibrium dye of the adsorbent (mg/g)
gmL= monolayer capacity of the adsorbent (mg/g)
Ce= equilibrium dye of the sorbate (mg/L)
b= Langmuir constant

The Freundlich isotherm model, on the other hand, describes the sorbent surface
as a non-uniform system with varying sites of different affinities (Velkova et al.,
2018). The equation is as follows:

1

qe = KpCF (3.7)

Where:

ge= equilibrium dye of the adsorbent (mg/g)
Ce= equilibrium dye of the sorbate (mg/L)
Ke= Freudlich constant

The BET isotherm describes multilayer adsorption at the adsorbent surface
using the Langmuir equation for each layer (Gadd, 2009 ; Asgher, 2012). Another
assumption is that a layer does not have to be completed before the next layer
can be built. The equation is as follows:

— AmBET2BETCe (3 8)
(1-PBETCe)(1-BBETCetaBETCe) ’

de

The choice of a Kinetic or an isotherm model for biosorption data is primarily
determined by the goodness of curve fitting, which is typically assessed using
statistical analysis (Gadd, 2009). Curve-Expert software was used to fit all
curves.

3.9 Biosorption Thermodynamic studies

The effect of temperature on the adsorption of reactive red-120 dye was
investigated using batch adsorption experiments at various temperatures (30,
35, 40, 45, and 50 °C). In thermodynamic batch adsorption studies, dye
concentrations of 10, 20, 30, 50, and 100 mg/L were used. The results were
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processed according to previous literature by determining the thermodynamics
parameters (Tran et al., 2016; Monte et al., 2017; Shukor, 2020). Gibbs free
energy change (AG), enthalpy change (AH), and entropy change (AS) were the
thermodynamic parameters. The equations for thermodynamic studies are as
follows:

AG® = —RT InKL (3.9)

AG® = AH — TAS® (3.10)
L\ ool

K ~ —KL(mvl):C e (3.11)

InKe = =5 x 24+ == (3.12)

R=Universal gas constant=0.00831Kj/mol x K

The van't Hoff equation was used to calculate the adsorption thermodynamics
parameters (AG°, AH®, and AS°®) using thermodynamic laws. The free energy
change (AG) is nearly zero when adsorption reaches equilibrium. Equation
(3.11) becomes (3.12) which is commonly used to calculate AG° (standard Gibbs
energy change).

The Langmuir equation (Equation 3.11) was derived first from a kinetic analysis
and then from a thermodynamic evaluation. The proper study of the equilibrium
constant between two phases, Kc, is directly dependent on the accurate
determination of thermodynamic parameters (Tran et al., 2016).

_ qmLKLCe
qe = ET Y] (3.13)
3.10 Biosorbent Characterization

Biosorbent properties such as physical and biochemical properties must be
investigated to identify the characteristics of the adsorbent surface (bacterial
biomass). A Fourier Transform Infrared Spectroscopy (FTIR) and a scanning
electron microscope (SEM) experiment were used to investigate the surface
behavior of the biosorbent.

3.10.1  Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy is a powerful analytical technique
that can be used to identify and characterize bacterial biomass. The technique
is based on the principle that different molecules absorb light at different
frequencies, which can be used to identify them. By detecting the absorption of
infrared radiation by the chemical bonds in the sample, FTIR spectroscopy can
be used to assess the composition of bacterial biomass (Michael et al., 1994).
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To identify the functional group, Fourier transform infrared (FTIR) analysis was
used to characterize the structure of the bacterial biosorbent (Enterobacter sp.
MMO05). Bacterial biomass treated with reactive red-120 dye and untreated
biomass was harvested, washed, and oven-dried at 60°C for 48 hours. The
biomass was ground and sieved to a small size before being sent for FTIR
analysis (Huang et al., 2013; Sheshdeh et al., 2014; Sudha et al., 2018). The
measurements were taken between 400-4000 cm-1 to detect the functional
groups and types of existing bonds in the dyes. FTIR spectroscopy investigations
with attenuated total reflectance (ATR) were carried out using Bruker Optics
Korea Co., Ltd.'s VERTEX 80v equipment. Adsorption occurs in the infrared (IR)
region as a result of the rotational and vibrational displacement of molecular
groups and the chemical bond of a molecule. The dry mixture was compressed
and then homogeneously ground with potassium bromide (KBr) to produce a thin
and fine pellet, which was then scanned using absorption spectra ranging from
400 to 4000 cm™™.

3.10.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an efficient method for characterizing
bacterial biomass. It gives high-resolution images of the surfaces of bacterial
cells, which can be utilized to investigate the morphology, size, and shape of the
cells. SEM can also be used to investigate the distribution of bacteria in a sample
as well as the interactions between bacteria and other materials (Ayeni et al.,
2020).

The surface morphology investigation was performed using a field emission
scanning electron microscope (FESEM, LEO1455) with operating data, 20.0 kV,
13.0 mm working distance, and accelerating capacity. Before placing the
samples on the plate-stub, FE-SEM samples were cut into minute pieces
following the protocol. An SEM-Coating System Machine was used to connect
samples to the sample container and coat them in gold before scanning. Several
SEM micrographs were obtained with a magnification and size range of 500 -
5000x.

3.1 Statistical and Error Function Analysis

Experiments were conducted in triplicate to ensure accuracy. The experimental
errors were represented as standard deviations in an error bar format,
corresponding to three distinct determinations. A one-way ANOVA (with a 95%
confidence interval) was used to examine the difference between variables, with
a p-value <0.05 considered statistically significant. The kinetic and isotherm
models were determined using the Bayesian Information Criterion (BIC), the
Akaike Information Criterion (AlCc), the Hannan-Criterion Quinn's (HQ), the Bias
Factor (BF), the Root Mean-Square Error (RMSE), the Accuracy Factor (AF),
and the adjusted Determination Coefficient (R?).

The root mean square error (RMSE) was determined by Motulsky and Ransnas
(1987), and it was predicted that a smaller number of parameters would result in
a lower RMSE value than a larger number of parameters. The letter n represents
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the number of experimental data points. The letters Ob; and Pd; represent the
experimental and predicted data, respectively, while the letter p represents the
number of parameters.

(3.14)

Because the coefficient of determination, or R2, does not account for the number
of parameters in models, the modified R? is used to address this problem. The
variance of the y-entire variable is represented by the symbol s?, and the
residual mean square (RMS) is a measure of that variance (Equation 29 and 30).

Adjusted (R*)=1- ijs (3.15)
Y
Acyusted(Rz)=1—(1(‘n’i2<il‘)l) (3.16)

The Akaike Information Criterion (AIC) is an information theory-based criterion
that addresses the trade-off between model fit and model complexity (Akaike,
1974). It is used to analyze data with fewer or more parameters (Korner-
Nievergelt et al., 2015). AlCc is calculated as follows, as shown in equation 3.1

AICc=2 p+nln(§£j+2( p+l)+2(pL)(pZ+2—) (3.17)
n n—p—

Where p represents the number of parameters and n represents the number of
data points. The model with the lowest AICc value is more likely to be correct.
Accuracy Factor (AF) and Bias Factor (BF) are statistical evaluations of models
derived from the Ross's work to test the goodness-of-fit of the models and were
calculated as follows:

[Zl (Pd, | Ob, )]

Bias factor = 10 (3.18)

[z”:l Pd,/Obl ]

Accuracy factor =1 0" (3.19)

3.12 Fitting of the Data

The kinetics and isotherm nonlinear data were fitted using CurveExpert
Professional software, Version 2.6, using Marquardt nonlinear regression.
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CHAPTER 4

RESULTS AND DISCUSSION

41 Screening for Dyes and Bacterial biomass

The source of the bacterial isolates was the Juru river banks in Pulau Penang,
Malaysia (Manogaran et al., 2021). The screening results of the twelve (12)
different bacterial isolates against the reactive red-120 dye are shown in Figure
4.1. The adsorption percentages of the reactive red-120 dye vary between
isolates as follows; Isolate 34XR (62.50%), Isolate 34XW (57.14%), Isolate 52
(37.5%), Isolate 2 (67.86%), Isolate 1 (35.71%), Isolate 29 (19.64%), Isolate 7
(41.07%), Isolate 8 (12.5%), Isolate 4 (28.57%), Isolate 5.2 (50.00%), Isolate 30
(1.79%) and Isolate 5.1 (60.71% ). Among the other eleven (11) isolates, Isolate
2 had the highest adsorption percentage of 67.86%. However, all isolates
demonstrated the ability to adsorb the reactive red-120 dye from the solution. It
has been reported that most of these isolates can either decolorize or proliferate
when exposed to reactive red-120 dye (Manogaran et al., 2021). Furthermore,
several previous studies have reported the potential of bacterial biomass in the
adsorption of various dyes (Vijayaraghavan & Yun, 2007; Cheng et al., 2020).
In a study conducted by Wang et al. (2009), Enterbacter sp. was used to
decolorize reactive black 5 dye with the maximum decolourization efficiency of
92.56%. The bacterial isolate (Isolate 2) employed in the adsorption of reactive
red-120 dye was recently identified and characterized by Manogaran et al.,
(2021). The isolate was a bacterium that is Gram- negative, oxidase-negative,
indole-negative, methyl red-negative and Voges-Proskauer-positive that is rod-
shaped and live in water, sewage, soil, plants, human and animal faeces. The
characterization of the isolate was done using 16S-ribosomal RNA sequencing
technique with the gene sequence of 1,439bp linear DNA and accession
number: MW031860.1 Gl: 1908125037 (Manogaran et al., 2021). Bacteria are
such groups of microorganisms that are ubiquitous and can be used as
inexpensive biosorbent in the removal of pollutants such as dyes and heavy
metals. A recent study carried out by (Hasyimah et al., 2021) reported the
potentiality of the dead cells of filamentous bacterium (Aureispira sp.) in the
biosorption of congo red dye and some heavy metals.
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Figure 4.1: Screening result of the adsorption percentage of twelve
(12) different bacterial isolates against reactive red-120 dye

4.2 Optimization of Reactive red-120 dye adsorption using One-
factor-at-a-time (OFAT) method

The One-Factor-At-A Time (OFAT) method is a fundamental approach that has
been widely used in scientific and engineering research. The method is carried
out by varying one-factor level at a time while keeping the other factor levels
constant (Yuangyai & Nembhard, 2014). The technique was used to investigate
the effect of various environmental factors on the adsorption of reactive red-120
dye. The optimum adsorption capacity of 42.14% was obtained at 50ppm.

4.2.1 Initial Dye Concentration Effect

Dye removal becomes more dependent on the initial dye concentration as the
number of adsorption sites decreases at increasing concentrations (Santos &
Boaventura, 2008). The effect of initial dye concentration on the adsorption of
reactive red-120 by the biomass of Enterobacter sp MMO5 was investigated
using a batch experiment at different concentrations of reactive red-120 dye (5
to 150ppm) as shown in Figure 4.2. The percentage adsorption decreases as
the concentration of reactive red-120 dye increases. As the surface saturation of
the binding site on the biosorbent increased with dye concentration, the
adsorption potential decreased ( Velkova et al., 2018).
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Figure 4.2: Effect of dye concentration on reactive red-120 dye
adsorption by the biomass of Enterobacter sp. MM05

4.2.2 Effect of pH

The chemistry of the dye solution and the activity of the functional groups in the
biosorbent are both affected by the pH, which impacts how structurally stable
dye molecules are (Cheruiyot et al., 2019). The structures of the dyes and the
adsorbent have an impact on the interaction between the adsorbate and
adsorbent in the dye removal process. Additionally, two main categories can be
distinguished: basic (cationic) and acidic (anionic) dyes. These two categories
greatly complicate the process of determining pH in dye adsorption studies.
When the surface charge is dependent on variations in the solution, the
adsorbent charge is initially amphoteric ( Tran et al., 2020). As shown in Figure
4.3, the percentage adsorption capacity is higher at pH 6.5 (47.77%) and lower
at pH 7.5 (30.45%). The percentage of dye removal, however, significantly
declines as the pH of the solution rises further to 8.5.

At low pH levels, the surface of the biosorbent is typically positively charged,
which inhibits the biosorption of cationic species. However, as the pH of the
solution rises, the surface of the biosorbent changes to a negatively charged
state, which results in electrostatic interactions between the oppositely charged
sorbate and sorbent ( Huang et al., 2017; Velkova et al., 2018). Adsorption of
basic dyes increases as the pH of the solution rises, whereas adsorption of acidic
dyes decreases as the pH of the solution rises (Velkova et al., 2018). Reactive
red-120 dye is an acidic azo dye that is proven to exhibit that character.
Numerous studies have shown that regardless of the bacteria, fungi, algae, or
yeast, the optimal pH for the majority of biosorbents appears to be slightly acidic

47



to neutral pH (4-7) (Huang et al., 2017; Ribas et al., 2020). Liu and Wang, (2008)
have reported that the biosorption ability of dyes and metal cations increases
linearly with increasing pH of the biosorption system, but not linearly with
increasing pH of the biosorption system.

Reactive red 120 dye

pH

Figure 4.3: Effect of pH on the Adsorption of Reactive red-120 dye by
the biomass of Enterobacter sp. MM05

4.2.3 Temperature Effect

Figure 4.4 depicts the effect of temperature on the adsorption of reactive red-
120 dye at 25, 30, 35, 40, 45, 50, and 55 °C (Liu et al., 2018). The supernatants
were analysed as previously described in Chaper 3. The dye removal efficiency
was optimum at temperatures ranging from 40 to 45 °C (31-51%). Several
studies have shown that dye adsorption increases with increasing temperature
due to the faster rate of diffusion provided by higher temperatures. As shown in
Figure 4.4 below, as temperature increases, the adsorption percentage
increases, and the optimum temperature is attained at 45°C. This is as a result
of chemical reaction that has taken place between the adsorbate (reactive red-
120 dye) and adsorbent (Enterobacter sp. MMO05 biomass). In contrast to this
finding, an increase in temperature lead to the decrease of adsorption capacity
especially in physical adsorption as a result of the increase in the kinetic energy
of the molecule. As reported by Bayramoglu and Yilmaz (2018) in their research
finding, the solubility and chemical potential of the adsorbate are related to
temperature as higher temperature facilitates the adsorption of pollutants on
adsorbent because the mobility of substance interacts more effectively with the
functional groups which enhances the rate of protonation and deprotonation on
the adsorbent.

Similarly, in a research finding reported by Sheshdeh et al. (2014), an increase
in temperature increases the adsorption percentage in the biosorption of Basic-
red dye by nickel oxide nanoparticles.
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Figure 4.4: Effect of Temperature on the Adsorption of Reactive red-
120 dye by the biomass of Enterobacter sp. MMO05

424 Effect of Agitation Speed

The rate of agitation is an important parameter in adsorption. It affects the solute
distribution in the bulk solution as well as the formation of the exterior boundary
film. In general, the degree of agitation affects the rate of dye adsorption and
adsorption increases as the stirring rate increases. The agitation rate reduced
boundary layer resistance and increased system mobility. (Zhu et al., 2010). The
effects of agitation rate on the adsorption of reactive red-120 dye by Enterobacter
sp. MMO0S5 were studied from 0 to 200 rpm as shown in Figure 4.5. Based on this
finding, the adsorption capacity is higher at 150rpm and lower at 200rpm (Figure
4.5). Therefore, the adsorption capacity increases from 0 to 150rpm and
decreases as the speed increases.

Similar studies conducted by Shroff and Vaidya, (2011) demonstrated how the
rate of sorbent/sorbate agitation (60—210 rpm) affected the adsorption of Ni (lI).
At higher agitation speeds, the sorption capacity decreased while the removal
efficiency increased to 150 rpm (15.83 mg/g). The reason is that agitation
encourages proper interaction between metal ions and biomass binding sites.
This lessens the thickness of the exterior mass transfer barrier surrounding the
adsorbent particles, facilitating the transport of sorbate ions to the sorbent sites.
Contrary to this finding, Mahmoud et al. ( 2017) reported the maximum removal
efficiency (80.8%) at an agitation speed of 250rpm. This could be attributed to
the dispersal of the adsorbent particle. Furthermore, in a research conducted by
Long et al. (2017) ,it was found that the agitation speed of 120rpm was enough
to guarantee the availability of every surface combining site needed for B. cereus
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to adsorb S; (ll) ions to their maximum potential. The mass transfer resistance
around the adsorbent particles can be reduced with appropriate agitation,
making it easier for the metal ions and binding sites to make contact. Lower
biosorption at a slower rotation speed was likely caused by insufficient contact
with the adsorbent particles, which caused the particles to stick together.
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Figure 4.5: Effect of Agitation Speed on the Adsorption of Reactive
red-120 by the biomass of Enterobacter sp. Strain MM05

4.2.5 Effect of Contact Time

As shown in Fig. 4.6, the time significantly impacts the adsorption of reactive
red-120 dye. The dye adsorption was quite rapid in the first 30 minutes, then
gradually increased as the contact time was increased. There was no discernible
variation in adsorbed dye after 60 minutes of contact time. Based on this finding,
the equilibrium time in batch adsorption experiments was set at 60 minutes
(Mohammadi et al., 2011). Adsorption capacity generally increases with
increasing time until it reaches an equilibrium where no more dye can be
adsorbed from the solution. The amount of the dye adsorbed represents the
maximum dye adsorption capacity of the adsorbent (bacterial biomass) and the
equilibrium time is the time necessary to reach the state of equilibrium
(Chatterjee et al., 2010). To study the effect of contact time on the adsorption of
reactive red-120 dye by the biomass of Enterobacter sp. MMO05, an experiment
was conducted at different intervals (5, 10, 15, 20, 25, 30, 60 and 90 minutes)
and the highest adsorption capacity was obtained at 60 minutes (1 hour). This
finding is in agreement with the study conducted by Mohammadi et al. (2011),
where they found the equilibrium time of the adsorption at 60 minutes.

In contrast to this finding, Huang et al. (2016) have found the optimum
adsorption capacity of 98% on the biosorption of reactive black 5 dye by the
biomass of Aspergillus versicolor at 420 minutes (7 hours). This could be
attributed to the composition of the biomass as fungi are eukaryotes while
bacteria are prokaryotes.

50



Reactive red-120 Dye

80
c —I\I
2 60 .__../.'/I/.’F
o
9 40 -
2
°\e 20 T

0 ; ; ; ; ; ; ; ; ; ‘
0 10 20 30 40 50 60 70 80 90 100
Time (mins)

Figure 4.6: Effect of Contact Time on the Adsorption of Reactive red-
120 dye by the biomass of Enterobacter sp. Strain MM05

4.2.6 Adsorbent dosage effect

The percentatge of adsorption is heavily influenced by the dosage of the
biosorbent. As the amount of biosorbent increased, the adsorption efficiency of
the biomass increased, resulting to an increase in adsorption percentage, as
shown in Figure 4.7. (Rizzi et al., 2014). The adsorbent amounts used are as
follows: 0.5ml, 0.75ml, 1.0ml, 1.25ml and 1.5ml. As reported by Mane et al. (
2008), the greater the surface area, the greater the availability of adsorption
sites.

In a related research conducted by Sulak and Yatmaz (2012), it was observed
that the uptake of increased with increased biosorbent dosage from 0.25 to 3.0g
with removal efficiency of 93%. Increased percentage of removal may be
attributed to an increase in adsorbent surface areas and, as a result, more active
functional groups, resulting in the availability of more adsorbent surfaces.
Because unsaturated adsorption sites were present throughout the adsorption
process, increasing the amount of biosorbent had a negative effect on the
sample's absorbance capacity. A research on the removal of cationic dyes from
aqueous solution using an alternative adsorbent reported that the removal of
those dyes increased with decrease in particle size which may be attributed to
the fact that smaller particles yield large surface areas (Santhi et al., 2016).
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Figure 4.7: Effect of Adsorbent dosage on the adsorption of Reactive
red-120 Dye by the biomass of Enterobacter sp. MM05

4.2.7 OFAT Results Summary

The optimal conditions for the reactive red-120 dye adsorption optimization using
one factor at a time by the biomass of Enterobacter sp. strain MMO5 are listed in
Table 4.1. The parameters that were optimized were; temperature, contact time,
dye concentration, pH, agitation speed, and adsorbent amount. The optimum
conditions adsorption were as follows; 60 minutes (contact time), 50 ppm (dye
concentration), 6.5 (pH), 150 rpm (agitation speed), 1.5 ml (adsorbent amount),
and 45°C (temperature).

The effectiveness with which an azo dye decolorizes is highly dependent on the
type of nutrients and the quantity of the inoculum used, according to several
pieces of literature that reported different optimization condition ranges for dye
adsorption parameters. They used a one-factor-at-a-time approach to
investigate the effect of various parameters on dye removal (Lim et al., 2014;
Sharma et al., 2016; Manogaran et al., 2021). A study conducted by Mawad et
al. (2021), reported the optimum conditions of pH, temperature, adsorbent
dosage, contact time and initial dye concentration of which environmental
conditions played a significant role in adsorption process. Similarly, Nath et al.
(2015) reported the optimum conditions of contact time (360 minutes),
temperature (30°C), biomass concentration (0.5 g/L) and initial dye concentration
(100mg/L) in the adsorption process. As many researchers reported the impact
of environmental factors in enhancing the adsorption process, this finding as well
is not an exception. Table 4.1 below, shows a summary of OFAT parameters
and their optimum conditions.
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Table 4.1: OFAT Parameters and their Optimum Conditions

Parameter Optimum conditions
1. Dye concentration 50ppm
2. Temperature 45°C
3. pH 75
4. Adsorbent amount 1.5ml
5. Agitation speed 150rpm
6. Contact Time 60minutes
4.3 Optimization of Reactive red-120 dye adsorption using Response

Surface Methodology (RSM)

The optimal conditions of the adsorption of reactive red-120 dye were further
determined using the Plackett Burman Design and Three-level Full Factorial
Design.

431 Screening using Plackett Burman Design (PBD)

A Plackett-Burman design is a popular type of screening design developed by
R.L. Plackett and J.P. Burman in 1946. It was designed to enhance the quality
control process so that intelligent decisions could be made by studying the
effects of design parameters on the system state (Vanaja & Rani, 2007). In this
study, the software, Design Expert 6.0.8 was used to select and screen the
significant variables that influence the adsorption of reactive red-120 dye. The
variables that showed significant impacts on the dye adsorption process were
selected. They include; pH, temperature, adsorbent dosage, agitation speed,
concentration, and contact time. There were a total of 12 separate tests carried
out in the PBD using the stated variables, as shown in Table 4.2 below. The
ranges used for each independent variable used were based on the ranges used
in OFAT.

Several researchers have reported the utilization of PBD as an alternative
method for experimental design in for optimization. Karlapudi et al.( 2018) in their
research finding, reported the use PBD in their work, where the PBD was chosen
to screen the important fermentation process components in relation to their
effects. Furthermore, Ameenudeen et al. (2021) reported the employment of
PBD in their research finding. Manogaran et al. (2018) reported the use of PBD
in the optimization of culture composition in a study on glyphosate degradation
by Burkholderia vietnamiensis strain AQ512. Both the experimental design and
the statistical analysis of the data collected in this study were carried out using
Design Expert software version 6.0.8. According to the design matrix for
screening significant variables, run 6 had the lowest RR-120 dye adsorption
(7.34%), while run 11 had the highest (57.36%).
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Table 4.2: PBD and Reactive red-120 Dye Adsorption Percentage in 12
Experimental Runs

A: Dye B: Contact c: D: E: F: o
Run conc. Time H Agitation Temperature Adsorbent Adso: tion

(ppm) (mins) P (rpm) (°C) size (ml) P
1 100 20 8 100 45 1.5 24.80
2 100 20 4 150 25 0.5 9.22
3 40 5 4 100 25 0.5 20.93
4 40 20 8 150 25 1.5 46.67
5 100 5 8 150 25 1.5 26.59
6 100 20 4 150 45 0.5 7.34
7 100 5 8 100 25 0.5 10.98
8 40 5 4 150 45 1.5 47.67
9 40 5 8 150 45 0.5 21.25
10 100 5 4 100 45 1.5 28.04
11 40 20 4 100 25 1.5 57.36
12 40 20 8 100 45 0.5 25.00

Table 4.3 displays the analysis of variance (ANOVA) and regression analysis of
the first-order model. The initial dye concentration (A) and adsorbent amount (F)
were discovered to be significant. As a result, they were further investigated
using the Three-level Full Factorial Design.

Table 4.3: Analysis of Variance (ANOVA) from PBD for Reactive red-
120 Dye Adsorption

Source Sum of Squares df Mean Square F-Value Prob >F
Model 2275.48 6 379.25 3.81 0.0818 not significant
A 651.07 1 651.07 6.54 0.0508
B 37.14 1 37.14 0.37 0.5681
Cc 142.07 1 142.07 1.43 0.2858
D 67.17 1 67.17 0.67 0.4488
E 453.5 1 453.50 4.56 0.0859
F 924.53 1 924.53 9.29 0.0285
Residual 497.76 5) 99.55

Cor Total 277324 11

Std. Dev. 10.03748 R-Squared 0.9654

Mean 20.1375 Adj R-Squared 0.9545

C.V. 49.84471757 Pred R-Squared 0.9234

PRESS 234.63 Adeq Precision 15.5400

In their research finding, Venkataraghavan et al. (2020) employed PBD to
optimize the adsorption of dye effluents and significant factors responsible for
the adsorption were; time, pH and dye concentration. The predicted and
experimental values were found to be in agreement and the coefficient of
determination value (0.9935) and adjusted coefficient determination value
(0.9818) indicated that the model was significant. For this, they employed Box-
Behnken (BB) design for further optimization. In contrast, this finding showed
that only two factors were significant (adsorbent amount and dye concentration).
Therefore, a Three-level full factorial was used to further optimize the adsorption.
Figure 4.8 below shows the similarity plot between the actual and predicted
adsorption values for the reactive red-120 dye adsorption using the biomass of
Enterobacter sp. Strain MMO5 in PBD:
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Figure 4.8: PBD similarity plot of actual and predicted adsorption
values for Reactive red-120 dye adsorption by Enterobacter sp. MM05

4.3.2 Adsorption optimization for reactive red-120 dye using a Three-
level Full Factorial Design

A Three-level Full Factorial Design is an experimental design with two or more
factors, each with discrete possible levels, and whose experimental units take
on all possible combinations of these levels across all such factors. A researcher
can use this factorial design to investigate the effects of each factor on the
response variable, as well as the effects of factor interactions on the response
variable (Dahbi et al., 2016). Using this factorial design, the significant
parameters identified in PBD (dye concentration and adsorbent amount) were
further optimized. About 13 runs of experiments for the two factors that were
significant in PBD (dye concentration and adsorbent amount) at low and high
levels were conducted. The highest adsorption capacity (72.65%) of the reactive
red-120 dye was recorded in run 3. The coefficient of determination is used to
estimate a model's accuracy (R?). The R? value is always between 0 and 1, and
its order of magnitude indicates the model's goodness between the predicted
and model experimental response variable values (Zhang, 2016). The model’s
R? value was found to be 0.9563 which was close to 1. It shows that there was
95.63% model’s behaviour that could be interpreted for the dye adsorption while
the model cannot explain the only 4.37% of the full variance. It also revealed that
the regression model explained the majority of the data variation.
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Additionally, the model's relevance was shown by the relatively high adjusted
and predicted R? values of 0.9325 and 0.8763 (Table 4.4) respectively which
demonstrates a strong correlation between the actual and predicted values. The
model, therefore, provided a wealth of information regarding the relationship
between the response variable and the independent variables. Similar results for
the second-order RSM experiments based on Box Behnken and three-level full
factorial designs have been reported by other researchers (Salar-Garcia et al.,
2019; Sivashankar et al., 2020 ; Solomon et al., 2020). A sufficient degree of
precision was used to test the signal-to-noise ratio, which was found to be 14.94
indicating a good signal. The value emphasized the model's significance to the
process. In their research finding, Manogaran et al. (2018), reported an
adequate precision value of 31.14 for statistically optimizing culture composition
for glyphosate mineralization by the bacterium Burkholderia vietnamiesis strain
AQ5-12.

The significance of model parameters is typically determined using the F-value
or P-value. As reported by Hassanzadeh-Tabrizi and Taheri-Nassaj (2011), the
higher the size of the F-value and correspondingly lesser the “prob > F’ value,
the most essential is the corresponding coefficient. According to the quadratic
regression model, the models were highly significant. As shown in Table 4.5, the
model’s F-value for the reactive red-120 dye adsorption was found to be 15.98
with a very low probability value of 0.001. Similarly, the model's F-value of this
magnitude had a 0.01% chance of occurring due to noise. The 0.0500 values for
'Prob > F indicate that the model terms were significant. Only A and B models
were significant for adsorption of Reactive red-120 dye by Enterobacter sp. strain
MMO5 biomass in this case. The lack of fit F- and P-values of the model were
0.26 and 0.16 respectively which showed that the lack of fit was not significant,
indicating that the models were sound without any noise. The model F-value
slumps precipitously, raising the associated p-value slightly above acceptable
levels for significance ( Anderson and Whitcomb, 2019). Table 4.4 below shows
an experimental plan and result for the optimization of reactive red-120 dye
adsorption using three-level full factorial design.

Table 4.4: Experimental plan and Result for the optimization of
Reactive red-120 dye Adsorption using Three-level Full Factorial
Design

A: Dye concentration B: Adsorbent amount  Actual value  Predicted value

Run (ppm) (mi) (%) (%)

1 100 1 20.28 26.66
2 70 1 41.92 39.65
3 40 1.5 72.65 73.49
4 70 1 43.43 40.65
5 70 0.5 3.54 412
6 70 1 38.13 37.65
7 70 1 43.43 41.47
8 70 1.5 52.27 51.99
9 100 1.5 41.57 41.01
10 100 0.5 8.63 9.01

1 40 1 55.56 57.15
12 70 1 43.43 44 .67
13 40 0.5 39.74 38.63




Table 4.5: RSM Analysis of Variance (ANOVA) for the Three-level Full
Factorial Design of the Reactive red-120 dye Adsorption

Source Sum of Squares df  Mean Square F-Value Prob > F

Model 387205 5 774.41 15.98 0.0010 significant
A 1583.30 1 1583.30 32.67 0.0007

B 2187.91 1 2187.91 45.14 0.0003

A2 76.38 1 76.38 1.58 0.2497

B2 62.46 1 62.46 1.29 0.2936

AB 0.00 1 0.00 0.00 0.9986

Residual 339.28 7 48.47

Lack of Fit 233.68 3 77.89 0.26 0.1615 not significant
Pure Error 105.60 4 26.40

Cor Total 4211.34 12

Std. Dev. 6.96 R-Squared 0.9563

Mean 37.88 Adj R-Squared 0.9325

C.V. 18.38 Pred R-Squared 0.8763

PRESS 2047.23 Adeq Precision 14.94

In their research finding titled ,Jadhav et al. (2013) employed the Three-level full
factorial design for the optimization. They reported that the predicted values were
found to be in good correlation with the actual values (R?= 0. 9997 and predicted
R2?= 0. 9984), indicating that the used model was also suitable for optimization.
In contrast, the Taguchi technique, machine learning, and artificial neural
networks (ANNs) are a few of the different optimization techniques that are
available in the literature.

The similarities between the actual and predicted values from the three-level full
factorial design for reactive red-120 dye adsorption are shown in Figure 4.9
below. The predicted model value and the actual value were highly correlated.
Equations 3.4 and 3.5 described these in terms of the actual and coded factors.

Y= 47.00-1.36A+76.21B+0.006A%-19.02B?+0.004AB (3.4)

Y=37.65-16.24A+19.10B+5.26A%-4.76B2+0.006AB (3.5)
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Figure 4.9: Experimental and predicted factors for optimal Reactive
red-120 dye adsorption responses

4.3.3 Reactive red-120 dye adsorption 3D response surface plot

The three-dimensional (3D) response surface plots of the dependent variable as
a function of two independent factors can provide information on their
connections. Furthermore, they can aid in comprehending both the main and
interaction effects of these two independent variables ( Singh et al., 2011). In
order to better understand the effects of the independent factors and their
interactions on the dependent variable, 3D response surface plots for the
dignified responses were made using the quadratic model. Plots of the 3D
response surfaces demonstrate how the three different process parameters
affect the response parameter.

Each plot shows the outcome of the interaction between two important
independent factors while keeping the other two components under examination
constant. The contour of the plot is related to the mutual interaction of the three
independent components and their impact on percentage removal. The 3D
response surfaces and contour plots of the model of the interactions between
significant independent variables (A) dye concentration and (B) Adsorbent
amount towards dependent variable (percentage removal) of RR-120 dye from
experimental design are shown in Figure 4.10.
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Figure 4.10: Three-Dimensional Response surface plots for Reactive
red-120 dye adsorption demonstrating the interactive effects of (A) dye
concentration and (B) adsorbent dosage

Several researchers have reported Three-dimensional surface plots on dye
adsorption using the three-level full factorial design. In their research finding
JAshrafi et al. (2016) reported the use of three-level factors (pH, initial
concentration and adsorbent dosage) in the adsorption optimization and showed
the 3D surface plots of the dye adsorption. Similarly, Das and Mishra (2017),
have reported the use of 3D surface plots in the their finding. Contrary to this
finding, many researchers have employed the use of 3D plots in optimization
process using Central Composite Design (CCD) ( Sharma et al., 2017; Ahmad
et al., 2020; Manzar et al., 2021).

4.3.4 Validation of RSM

The Three-level Full Factorial Design-RSM result was used to validate the
quadratic models. The optimal conditions for reactive red-120 dye adsorption
were 48.8 ppm RR-120 dye concentration and 1.38 ml of adsorbent. All other
parameters were kept constant based on OFAT because they were not
significant in the PBD analysis. RSM therefore, predicted a 37.66% adsorption
rate. In order to confirm the outcome predicted by the Three-level full factorial
design, an experiment was then conducted using the optimal parameters
previously identified. Table 4.5 shows the comparison between the predicted
results generated by RSM and those obtained experimentally (41.44%)
illustrating no statistically significant difference in adsorption percentage
between experimental and predicted values after the t-test (p>0.05).

Many researchers discovered that the observed and predicted values were
remarkably similar, implying that RSM was successful
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Table 4.6: Comparison of RSM-predicted generated adsorption and
experimental results for Reactive red-120 dye

Factors Name Predicted levels Experimental levels
A Dye conc. (ppm) 48.8 48.8
B Adsorbent amount (ml) 1.38 1.38
Predicted Experimental
Response (%) 37.66 41.44
44 Determination of Adsorption Kinetic models for Reactive red-120
Dye

The kinetics of an adsorption process crucially describes the rate and
mechanism of a reaction. It is reliant on how the adsorbate and adsorbent
interact. Given that the best biosorbent for use in adsorption studies must have
a rapid and high adsorption capacity rate, the adsorption rate aids in this
decision-making (Eris & Azizian, 2017). Additionally, it gives the adsorption
process the time it needs to reach equilibrium. As a result, kinetic modeling is
essential for research and system development for pollutant removal (Tan &
Hameed, 2017). Several models, such as mass transfer and chemical reaction,
can be used to express the controlling mechanism of the adsorption process
(Miyah et al., 2017).

In this study, the adsorption kinetics of reactive red-120 dye were investigated
using a batch kinetics experiment at various dye concentrations (10, 20, 30, 40,
50, 100, and 150 mg/L) for about 90 minutes. The analysis of the kinetic studies
was done using contact time-dependent of low and high dye concentrations.
Based on the OFAT results, all other parameters were kept constant. The
pseudo-first-order and pseudo-second-order equations were used to analyze
and fit the adsorption data for the reactive red-120 dye using nonlinear kinetic
regression. Since the nonlinear regression was performed on the same abscissa
as the linear regression plot, it was chosen for kinetic model fitting because it
allowed for more precise calculations (Popoola, 2019; Basirun & Shukor, 2021).
These are the most commonly used adsorption kinetic models. The models were
documented as simple, robust, and capable of fitting experimental biotechnology
data and supporting assumptions. It provides a numerical method for fitting
adsorption curves, illustrating how biotechnologists approximate adsorption
kinetics graphically. The process and adsorption rate could be explained by
either the pseudo-first-order or pseudo-second-order models (Neag et al., 2019;
Paredes-Quevedo et al., 2021). However, when compared to the 1st order
kinetic model, the 2nd order kinetic model could estimate the adsorption pattern
for the entire adsorption period. In many adsorption systems studied, first-order
kinetic systems do not fit well across the entire adsorption period and are only
applicable to the very early stages of the adsorption process (Moussout et al.,
2018). Furthermore, the pseudo-second-order equation validates chemisorption
as a rate control step in the adsorption process based on the sorption capacity
of the solid phase (Aljeboree et al., 2017).
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Figure 4.11: Adsorption profile of Enterobacter sp. strain MMO05
biomass fitted to (A) Pseudo-first order kinetic model and (B) Pseudo-
second order kinetic model for Reactive red-120 Dye

Based on the graphs above (Figure 4.11) and the table of the error function
analysis (Table 4.7), the adsorption of reactive red-120 dye by the biomass of
Enterobacter sp. MMO5 is governed by pseudo-second order kinetics model. The
finding suggested that adsorption models could be fitted using the pseudo-
second-order kinetic model. This is consistent with numerous published studies
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that have identified pseudo-second order kinetics as the best model for
adsorption studies (Konicki et al., 2017; Maguana et al., 2020 ; Lin et al., 2020).
In their research finding, Gurav et al., (2021) reported that the adsorption data
fitted best to pseudo-second order kinetics model with R?>0.99. A similar
research finding by Taher et al. (2018) reported the fitness of adsorption data to
Pseudo-second order kinetics model in their research finding. In contrast to this
finding, some researchers have reported the use of kinetic model to describe
some scientific researches not necessarily adsorption. For example, Bilehal et
al. (2001) have reported the use of Pseudo-first order kinetic model to show the
reaction dependence on the concentration of permanganate and ruthenium (l11)
in their research.

Chemisorption is the name given to the rate-controlling phase of the second
order reaction, which is connected to chemical reaction. In other words, the
reaction's mechanism is chemically controlled. Adsorption kinetics are
dominated by two competing reversible 2nd order processes at higher adsorbate
or adsorbent ratios (Shukor & Shukor, 2015; Venkata and Lakshminarayanan,
2020).

4.5 Determination of Adsorption Isotherm models for Reactive red-
120 Dye

The isotherm investigation provides important physicochemical data for future
evaluation of the adsorption process in the laboratory as a single operation. As
a result, isothermal studies and isothermal modelling are critical in optimizing the
design for any adsorption parameters (Karmakar et al., 2019). To select an
acceptable model for the process design, accurate equilibrium data that fits
appropriately into several isotherm models is required. The variable derived from
various models provides critical information about the adsorption process's
mechanism, surface properties, and adsorbent affinities that is not available from
other sources, such as laboratory experiments. When designing an adsorption
system for industrial use, it is critical to have this knowledge. To be most
informative about intrinsic kinetics, which is chemical kinetics that occur on the
adsorbent surface when there are no transport constraints, the kinetic isotherm
should be able to shed light on it (Vijayaraghavan et al., 2008; Limbikai et al.,
2016; Moldovan et al., 2019).

Before any progress can be made in understanding adsorption mechanism
pathways and the practical design of systems, adsorption isotherms must be
thoroughly understood. When developing the best adsorption process plan, it is
critical to determine the most appropriate correlation between the equilibrium
curve and the data obtained from measurements (Monte et al.,, 2017). The
adsorption capacity must be precisely defined mathematically in order to
generate accurate models about equilibrium adsorption variables and to make
quantitative comparisons of the biosorption behaviour of various adsorbent
systems feasible (Hu et al., 2018).
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Table 4.8: Error function analysis for fitting the isotherm of reactive
red-120 dye adsorption

Model p RMSE adR2 AlCc BIC HQC BF AF

Henry 1 2.40 -0.41 24.15 18.74 18.10 0.35 3.27
Langmuir 2 0.05 1.00 -49.65 -59.05 -60.31 0.99 1.02
Freundlich 2 0.04 1.00 -51.54 -60.93 -62.20 0.98 1.02
BET 3 0.05 1.00 -41.71 -56.80 -58.70 1.00 1.01
Toth 3 1.15 0.06 21.17 6.08 4.17 0.53 1.94
Sips 3 0.06 1.00 -37.01 -52.10 -54.00 0.68 1.48
F4 4 0.07 1.00 -24.95 -48.74 -51.27 0.61 1.66
F5 5 0.08 1.00 -8.15 -46.63 -49.80 0.68 1.48

Note:

RMSE  Root mean Square Error
no of parameters

adR? Adjusted Coefficient of determination
BF Bias factor
AF Accuracy factor
AlCc Adjusted Akaike Information Criterion
BIC Bayesian Information Criterion
HQC Hannan—Quinn information criterion
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Figure 4.12: Equilibrium biosorption isotherm data of Reactive red-120
dye by Enterobacter sp. MM05 modelled using (A) Henry, (B) Langmuir,
(C) Freundlich, (D) BET, (E) Toth, (F) Sips, (G) Fritz-Schlunder IV, and
(H) Fritz-Schlunder V.

Eight different isotherm models, including Henry, Langmuir, Freundlich, BET,
Toth, Sips, Fritz-Schlunder 1V, and Fritz-Schlunder V, were used to analyze and
fit the equilibrium data from the batch adsorption studies. As shown in Figure
4.12, only Henry isotherm model fails to fit the data. The Feundlich model was
found to be the best isotherm model through statistical analysis using the
corrected Akaike Information Criterion (AlCc), root-mean-square error (RMSE),
adjusted coefficient of determination (adjR2), accuracy factor (AF), and bias
factor (BF). The best isotherm model, as shown in Table 4.8 above was found
to be the Feundlich model after statistical analysis using the corrected Akaike
Information Criterion (AlCc), root-mean-square error (RMSE), adjusted
coefficient of determination (adjR2), accuracy factor (AF), and bias factor (BF).
Several researchers have reported Freundlich as the best isotherm model in the
adsorption of dyes using different adsorbents. For example, Muthukumaran et
al. (2016) have reported the fitting of adsorption data to Freundlich isotherm
model with the R? value of 0.957 in their research finding. Also, Felista et al.
(2020), have reported Freundlich isotherm as the best model in the adsorption
of reactive black 5 using macademia seed husk ( a plant adsorbent).
Furthermore, Ali et al. (2020) reported the fitting of adsorption data to Freundlich
isotherm model.

In contrast, many researchers have reported the fitting of adsorption data to other
isotherm models such as Langmuir, Toth, BET, etc. For example, Canizo et al.
(2019) have reported the fiiting of adsorption data to Langmuir isotherm model
in their research finding. Similarly, Horciu et al. (2020) have reported the fitting
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of adsorption data to Langmuir isotherm model in their finding. Research
conducted by Rusu et al., (2022) reported the fitting of adsorption data to Toth’s
isotherm model.

4.6 Thermodynamic studies of Reactive-red 120 Dye Adsorption

Establishing the adsorption processes is essential for adsorption research,
whether they include chemical or physical adsorption. Van der Waals forces and
other relatively weak interactions cause physisorption, whereas stronger
chemical bonds and consequent electron transfer between the adsorbent and
adsorbate cause chemisorption to occur (Salem et al., 2016; Elsherif et al.,
2021). The thermodynamic characteristics of an adsorption process determine
its feasibility and spontaneity. The equilibrium Kc constant is essential for
calculating these thermodynamic parameters. Gibbs free energy and other
thermodynamic properties are calculated using constants derived from various
isothermal models, partition constants, and distribution coefficients (Degermenci
et al., 2019).

In this study, the Langmuir constant, Kc, and nonlinear regression of the van't
Hoff plot were used to calculate the thermodynamic parameter according to the
Nguyen et al. (2020) and Chen et al. (2021) methods. Despite the linearized
variant frequently being used, the nonlinear van't Hoff plot was used in this study.
Models of linearized kinetics, isotherms, and thermodynamics may experience
significant error deviations due to the peculiar error distribution described by
Lima et al. (2019). In nonlinear regression, the 95% confidence interval is
frequently smaller (Moussout et al., 2018; Lima et al., 2019). Five temperature
data points (30, 35, 40, 45, and 50°C) were used in the thermodynamics
research to maximize the effectiveness of nonlinear regression, which performs
better when more data points are used. The kinetic and Langmuir equilibrium
isotherms of reactive red-120 dye were processed at various temperature points
for different concentrations (10, 20, 30, 40, 50, 100, and 150 mg/L). According
to the kinetic determination, a pseudo-second-order kinetic reaction (PSO) was
used. In order to compute the Langmuir constant, K., the Langmuir isotherm
model was plotted using the ge constants from the PSO model. The Langmuir
constant, Ki, is a dimensionless thermodynamic equilibrium constant that needs
to be transformed (to form dimensionless, Kc) in order to be used in standard
thermodynamic calculations ( Zhou & Zhou, 2014; Tran et al., 2016; Lima et al.,
2019; Tran, 2022). The region containing the actual information for adsorption
equilibrium may be the Langmuir isotherms zone, which is distinguished by
saturation at high concentrations. In order to estimate thermodynamic
parameters, the Langmuir constant (K.) is used in place of the thermodynamic
equilibrium constant (Kc).
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Table 4.9: Thermodynamics parameters of AG, AH and AS determined
from the plot of van’t Hoff and the dimensionless Langmuir constant
for Reactive red-120 dye adsorption

AG* 95% Cl__ 95% Cl A R
Temp (K) Ke (kJmol)  Lower  Upper  (KJimol) AS°(KJ/(molK)
30315 4678667 -384139 4018 -36.65
30815 5718370 -39.6608  -40.86  -38.46
31315  8.004.836 -412799  -42.05  -40.51 52.91 301.30
31815  10.916.889 -42.7485  -4341  -42.09
32315 15595556  -44.4169  -4483  -44.01
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Figure 4.13: The non-linear van’t Hoff plot of dimensionless constant,
Kc against temperature, K of RR-120 dye adsorption process. Error

bars are mean +/- standard error (n=3)
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Figure 4.14: Plot of Gibb’s free energy change (AG°) versus
temperature of RR-120 dye adsorption process indicating the
spontaneous reaction process

The determining performance of the thermodynamic parameters throughout the
entire adsorption process for reactive red-120 dye is summarized in Table 4.9.
The van't Hoff plot in Figure 4.14 with a negative - AG® value (Tran et al., 2016),
demonstrates that the dye adsorption onto bacterial biomass biosorbent
occurred spontaneously without or with little demand for energy and heat. Since
chemisorption corresponds to adsorption with a — AG °of -400 to -80 KJ/mol, the
adsorption took place through chemisorption.

The entropy change (AS°) and enthalpy change (AH®), were obtained from the
non-linear plot of dimensionless Kc versus temperature (Figure 4.13). As the
solution temperature increased from 303.15 to 321.15 Kelvin, the maximum
adsorption capacity of reactive red-120 dye decreased. This could either be as
a result of continuous increase in the broadening sorption site on bacterial
biomass which is unfavourable to the adsorbed dye molecule, or due to
desorption mechanisms caused by poor adsorption contact throughout the
adsorption phase (Silva et al., 2020). In essence, as heat is transferred out of
the system, an exothermic process results in AH < 0, and as a result, the
environment experiences a positive change in entropy. On the other hand,
endothermic reactions have AH > 0. As a result, as heat is introduced into the
system, the environment's entropy changes negatively (Tran et al., 2016; Tan &
Hameed, 2017). The reactive red-120 dye adsorption was endothermic with the
positive AH® value (52.91 kJ/mol).
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Numerous studies have demonstrated that raising the temperature slows the
biosorption process. This is known as an exothermic (-AH) reaction because
heat in the form of energy is released into the environment during the process
(Cherif et al., 2021). On the other hand, endothermic reactions are those that
absorb energy from the environment in the form of heat (Hamdani et al., 2020).
The amount of energy consumed during the bond formation between the sorbate
and the adsorbent between the two components during the endothermic process
is less than the amount of energy released during the bond breaking (Tran et al.,
2016). To calculate the Gibbs free energy of the biosorption process, the
spontaneity of the process must be determined (Yahuza et al., 2020). In the
presence of a specific temperature, a larger negative value (-AG) indicates a
favorable spontaneous biosorption process, whereas a positive Gibbs free
energy change (+AG) indicates a non-spontaneous, undesirable reaction
process in the absence of a temperature. The type of reaction process, either
physisorption or chemisorption, is also depicted in this manner (Srivastava et al.,
2015). The entropy change (AS) in the reaction solution reflects how random the
sorbate (dye) is in the reaction solution. In other word, the AS value indicates
whether a particular reaction proceeds faster or slower than another individual
reaction (Subbaiah & Kim, 2016).

4.7 Bacterial Biomass Characterization using FTIR and SEM
Techniques

The characterization of surface chemistry and biosorbent structure is required
for the development of dye adsorption processes. Dried microbial biomass
contains roughly 50% carbon, almost all of which is present as one of the
numerous reduced organic cell constituents. FTIR and SEM instruments were
used to investigate the physicochemical properties of bacterial biomass
biosorbent (Velkova et al., 2018).

471 FTIR Analysis of Reactive red-120 dye Adsorption

The information provided by FTIR analysis helps identify unknown materials. It
determines the infrared wavelength range that the object being studied absorbs
(Asfaram et al., 2016). The Fourier transform, a mathematical technique that
modifies a function by comparing amplitude against frequency, can be used to
transform non-periodic functions. For each study, a spectrum plot was created,
with the x-axis representing wave numbers and the y-axis representing
compound transmittances. The intensity of IR radiation is expressed as a
percentage of the radiation that can pass through in comparison to a standard
(Ahmad et al., 2021). For example, a transmittance of 100% indicates that the
sample has absorbed the same amount of radiation as the reference. When the
sample had a transmittance value of 0%, the radiation was completely absorbed.

The biosorption of dyes using bacterial biomass is based on the characteristics
of bacterial cell walls, which are composed of various polysaccharides, proteins,
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and lipids that provide a variety of functional groups (carboxylic, hydroxyl,
phosphate, amino, thio, and so on) that can interact with dyes via various
chemical forces (Zaharia, 2015; Blaga et al., 2021). By observing changes in the
functional group, FTIR analysis can validate the biosorption process by
identifying the adsorption binding site (Nouri et al., 2021).

Unknown material information is provided and identified by Fourier Transform
Infrared (FTIR) analysis. It determines the wavelength range in the infrared
region absorbed by the substance under consideration (Seo et al., 2017). The
Fourier transform, a mathematical approach that uses amplitude against
frequency to change a function, can be used to transform non-periodic functions.
For each study, a spectrum plot was created with the x-axis representing
wavenumbers and the y-axis representing the transmittances emitted by the
compound. The intensity of infrared (IR) radiation is defined as the percentage
of radiation that can pass through in comparison to a standard (Alslaibi et al.,
2013). For example, a transmittance of 100% indicates that the sample absorbed
the same amount of radiation as the reference. When the sample had a
transmittance of 0%, the radiation was completely absorbed. Bacterial biomass
has a lot of potential as a dye adsorbent material due to its high carbon content
and lignocellulosic component ( Singh et al., 2020). The characteristics of
binding sites and the attachment of dyes to the surface of proteins are
determined by active functional groups such as amino, hydroxyl, sulphonate,
carboxyl, and carbonyl (Ahmad et al., 2013; Ahmed et al., 2021). By observing
changes in the functional group, FTIR analysis can validate the biosorption
process by identifying the adsorption binding site (Wei et al., 2016). Low
transmittance values indicate the presence of a greater number of light-
absorbing bonds in the sample, whereas high transmittance values indicate the
presence of fewer bonds with vibrational frequencies that correspond to the
incoming light (Mona et al., 2011). Polysaccharides, proteins, nucleic acids,
lipids, and humic compounds are the most abundant chemical constituents in
bacterial biomass. They created various functional groups on the surface site,
such as carboxyl, hydroxyl, and amino, that were capable of attaching the
sorbate ion and molecules to the surface (Gupta & Devi, 2020).

FTIR was used to detect the presence of various functional groups on the surface
of the bacterial biomass. Figure 4.15 (a-c) below depicts several notable peaks
for the RR-120 dye in the 4000-500 cm™' wavenumber region. All peaks in the
vicinity of the current peak were divided into two sections: one for determining
the presence of an active group (1500 cm™ to 4000 cm') and another for
fingerprinting the molecule (peaks less than 1500 cm™'). Also 4.16 (d) compares
the FTIR spectrum of Enterobacter sp. MMO5 biomass before and after treatment
with 30 and 100 mg/L RR-120 dye, respectively.
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Table 4.10 below contain a peak position and probable FTIR Analysis of Inter-
atomic bond of isolated compounds. The FTIR analysis of raw bacterial
biosorbent revealed numerous essential bands ranging from 4000 to 500 cm™'.
Strong and broad absorption band of hydroxyl occurred at 3191.23 cm™’
indicating the presence of —OH stretching depicting the presence of alcohols and
phenols (hydrogen bonded), N-H stretching of amines. The FTIR Peaks obtained
at 2970.07 cm™! indicated the presence of C=0 stretching of carboxylic acids,
ketone and C=C stretching of alkenes. Peak obtained at 2104.05 cm™' indicated
the presence of C=N / C=C stretching of aldehyde/amines/nitriles (Bankole et
al., 2017).

The peak at 1632.98 cm™ showed C=0 stretching of aldehyde/ketone/ester/
amides and C=0/C=C stretching of aromatic hydrocarbons, -NH stretching of
amines, amides. The presence of aromatic hydrocarbon C-H/C=C bonding was
indicated by the peak at 1448.5cm™" (Aravind et al., 2016). The presence of -C-
H bending /C=C stretch and -the peak indicated C-H deformation /CH(CH3) alkyl
group at 1461.84 cm™" (Aravind et al., 2016). The presence of -C-H bending /C=C
stretch and -C-H deformation /CH (CH3) alkyl group was indicated by the peak
at 1461.84 cm™. The presence of C-O stretching of aryl ether and phenol, as well
as C-H stretching of aromatic hydrocarbons, was indicated by the peak at
1296.95 cm. Finally, the existence of C-O stretching of aldehyde was indicated
by the presence of a peak at 1038.20 cm™ (Jayapal et al., 2018; Thanavel et al.,
2019).

Table 4.10: Peak position and probable FTIR Analysis of Inter-atomic
bond of Isolated Compounds from RR-120 Dye

IR-absorption (cm™) Functional group

3191.23 O-H Stretching vibration of alcohol and phenols

2970.7 C-H (Stretching), C=0 Stretching of Carboxylic
) acid and ketone

2104.05 SitEr:\Iles/ C=C stretching of aldehyde/amines/

1632.98 C=C Stretching, N-H bending of primary amines,
) C=0 Stretching of amide

1461.84 C-N stretching of aromatic amines,C-H bending

C-O stretching of aryl ether and phenol, and C-H

1296.95 stretching of aromatic hydrocarbons

1038.20 C-H stretching of aromatic hydrocarbon, C-O
) Stretching

4.7.2 Scanning Electron Microscopy (SEM) Analysis

Scanning Electron Microscopy (SEM) is becoming increasingly useful and
essential as the size of materials decreases to accommodate more applications.
Unlike a light microscope, which uses visible light, a SEM uses electrons for
imaging. Using a focused beam of electrons, scanning electron microscopy
(SEM) scans the surface of a sample or specimen to produce images (Amiri et
al., 2017; Zhou et al., 2018; Li et al., 2020). Different signals are sent when
electrons interact with the atoms in the specimen, and these signals reveal
information about the surface composition and structure of the specimen. These
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methods, along with numerous others, such as Atomic Force Microscopy (AFM),
are used to describe dye biosorption by bacterial biomass (Zaib et al., 2014; Guo
et al., 2020). The samples were washed, dried, and grounded. They were then
examined with a SEM/EDX analyzer at an appropriate resolution (x5000
maghnification) and micrographs were taken, as shown in Figure 4.14 below
(Zhuang et al., 2011). An adsorption study conducted by Nguyen et al. (2016),
employed SEM to examine the surface morphology of the bacterial biomass
samples both before and after adsorption. The samples were first dried at 65°C
to a stable weight before being scanned with a scanning electron microscope.
The surface morphology of the biomass was discovered to be heterogeneous,
non-porous, smooth, and tight based on scanning images. The images
demonstrated the presence of an adhesive binding of the bacterial biomass
surface and that of the dye. Similarly, our finding show that the surface
morphology of the biomass of Enterobacter sp. strain MMOS is heterogeneous,
non-porous, smooth, and tightly packed. After treatment, the images (Figure
4.17) revealed the presence of adhesive binding between the surface of the
bacterial biomass and the dye. In a related study, adhesive interactions and the
presence of phosphodiesters, carboxyl, and amino groups on the surface of
Gram-negative cells were also noted (Nguyen et al., 2016; Tran et al., 2016).
The micrographs also show a clear difference between the surface appearance
of the untreated and treated bacterial biomass.

Mag = 500 X EHT = 10.00 kV WD = 6mm Signal A = SE1
A

I Probe = 30 p Vacuum Mode = High Vacuum

EHT = 10.00 kV WD = 6mm
I Probe = 30 pA Vacuum Mode = High

Figure 4.16: Scanning electron micrograph of Enterobacter sp. MM05
biomass (A) before adsorption (B) after RR-120 dye adsorption
(Magnification: x5,000)
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CHAPTER §

CONCLUSION AND RECOMMENDATIONS

Twelve (12) different bacterial isolates were screened for the adsorption of
Reactive red-120 dye, and it was found that Enterobacter sp. strain MMO05
biomass had a higher percentage of dye removal (67.85%). One-Factor-at-a-
Time (OFAT) and Response Surface Methodology (RSM) optimization methods
were used to improve the adsorption process. These optimization methods
(OFAT and RSM) improve the dye percentage removal. It was discovered that
the RSM optimization provided the most optimal conditions for dye removal.

The kinetics of bacterial biomass adsorption on RR-120 dye was investigated,
and the dye was discovered to follow a pseudo-second-order reaction. In
addition, of all the eight (8) isotherm models employed (Henry, Langmuir,
Freundlich, BET, Toth, Sips, Fritz-Schlunder 1V, and Fritz-Schlunder) in the
isotherm studies, it was only the Henry model that showed the poor fitting result.
The Freundlich model was determined to be the best isotherm model with the
lowest AICc value after statistical analysis using the corrected Akaike
Information Criterion (AICc), root-mean-square error (RMSE), adjusted
coefficient of determination (adjR2), accuracy factor (AF), and bias factor (BF).

The thermodynamic parameters for the adsorption of RR-120 dye were
investigated at various temperatures (30, 35, 40, 45, and 50 °C), beginning with
the rate constants derived using the pseudo-second-order model and
progressing to the isotherm constant (K.) determined using the Langmuir model.
The dimensionless thermodynamic constant Kc was obtained by converting the
constant K, and the van't Hoff plot's non-linear regression was used to calculate
thermodynamic parameters such as standard Gibbs free energy (AG), enthalpy
(AH), and entropy (AS). The RR-120 dye thermodynamic results revealed that it
was an endothermic reaction because the enthalpy was positive, AH® = 52.91
kd/mol. However, the adsorption process was found to be spontaneous and
feasible having the negative Gibb's free energy value for all the temperatures.

The presence of several functional groups such as hydroxyl, alkyl, and carbonyl,
which are crucial for the adsorption of reactive red-120 dye, is revealed by
Fourier transform infrared (FTIR) analysis. The heterogeneous, non-porous,
smooth, and densely packed surfaces of the Enterobacter sp. strain MM05
biomass are revealed through an analysis of the SEM data. The finding has
demonstrated the potentiality of Enterobacter sp. MMO05 biomass in the
adsorption of dyes such as reactive red-120 dye (an azo dye). Bacterial biomass
is eco-friendly and cost-effective. Furthermore, research on the processes of dye
adsorption by inactive bacterial biomass may greatly advance our knowledge of
microbial biodiversity and its role in the environment.
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The following recommendations are made:

1.

This study was performed using a laboratory research method, and it is
uncertain how effectively it would operate in the real world when
implemented. For this reason, a field experiment in naturally dyed
locations should be carried out to determine the bacterial strain's
competence in response to environmental conditions during ex situ
application.

To improve the efficiency of dye removal from an environment, studies
on bacterial biomass consortium using the strain of Enterobacter sp.
MMO5 biomass with other biomass of bacterial strains need to be
conducted.

A column study is required to collect data demonstrating how well the
biosorbent behaves in a column setting as well as possible scale up
limitations in the future. Furthermore, column desorption studies will
demonstrate whether or not the biosorbent can be reused.

Future innovation that can further enhance the findings is the
transformation of high-potential bacterial biomass into activated carbon
using both the conventional method and hydrothermal conversion.

Future research should focus on investigating the dye multisorption
because a dye effluent frequently contains a variety of pollutants such
as heavy metals, salts, microplastic debris, and so on.

There is a need for an improvement in the adsorption capacity of
bacteria through immobolization.
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APPENDIX

List of Instruments with their brands and origins

No. Instrument Brand /Model Origin
1 Adjustable micropipette (10, 200 and Eppendorf, MiniSpin Plus AG Germany

1000).
2 Centrifuge tube (15 and 50 ml) Eppendorf, MiniSpin Plus AG Germany
3 Double water distiller PLT Scientific Malaysia
4 Drying oven Fisher Scientific UK
5 Oven incubator Memmert Germany
4 DTX 800 Microplate reader Beckman Coulter UK
5 Fourier transform infrared spectroscopy Denver Instrument, AL-300 USA
9 Microcentrifuge tube Isolab Malaysia
10 Micropipette tips (White, yello and blue) Isolab Malaysia
11 Mini spin centrifuge Fisher Scientific UK
12 pH meter Metler Toledo Switzerland
13 Rotary shaker Bio Rad, Mini-Protean® tetra USA

cell

14 Vortex mixer Vision Scientific, KMC-1300V Japan
15 Water deionizer Elga, B114/B UK
16 Waterbath Bio Rad USA
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